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Preface

Polymeric materials of the 21st century often contain atoms that are not present
in traditional polymers. Polymers containing nontraditional atoms are now of
interest because of their unique properties. This book demonstrates the breadth
of these properties and some of the specialized analytical techniques that have
been developed to characterize them.

Chapters 1, 2, 3, 4 and 7 emphasize the emerging special properties of materi-
als dealing with the transmission of light for the purpose of communication, as well
as other efforts. Later chapters deal with the use of materials in treating a variety of
disease-causing microbes—including viruses responsible for pandemic herpes and
the common cold (Chapter 8), cancers (Chapter 11), and bacterial infections
(Chapter 17). The interaction of these materials for future biological investigations
is investigated in Chapters 5 and 6.

Chapter 12 provides a comprehensive review of the application of Mdssbauer
spectroscopy to metal-containing polymers and Chapter 13 reviews the application
of a new mass spectrometry technique. The use of metal-containing polymers as
catalysts is described in Chapters 1, 9, and 10. Their use as precursors for advanced
ceramics (Chapter 14), high temperature materials (Chapter 15), and flame retard-
ants (Chapter 16) is also discussed. The unusual property of selected materials to
spontaneously form fibers is described in Chapter 18.

This book includes a cross-section of novel polymeric materials containing
nontraditional atoms and emphasizes current chemical, biological, engineering,
ceramic, and optical areas of application. It is intended for those interested in the
general areas of biomedicine, catalysis, electronics and light, thermal stability, and
analysis of materials. The polymers reported in this volume represent early research
but are inidicative of future application.
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Synthetic Versatility and Structural Modularity
in Organometallic Polymers

Andrew J. Boydston and Christopher W. Bielawski
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1 Background

With regard to tunability within a functional material, there are two primary areas of
general discussion: (1) versatile synthetic strategies and (2) breadth of compatible
structural features within the monomeric scaffold. These two issues rarely avoid some
degree of overlap, yet a universal solution to both within any polymer design is non-
trivial. Synthetic versatility can be further broken down into having either multiple
access routes to obtaining the general monomer template or having a versatile and
multifunctional monomer that can partake in more than one type—or in mechanisti-
cally distinct—polymerizations (e.g., copolymerizations) with high control. Structural
modularity is inherently dependent on several factors: The polymerization method,
the stability of the metal center, and the location of the metal’s center (i.e., whether
main- or side-chain metal incorporation). However, assuming general compatibility
of the reaction conditions with the functional groups desired, the monomer design
should accommodate installation of said groups.

Synthetically, there are a handful of methods for preparing main-chain organometallic
polymers. This chapter provides an introduction to the methods that involve homo- and
copolymerization of organometallic monomers, copolymerization of organome-
tallic with organic monomers, and copolymerization of inorganic reagents with
organic monomers such that those bonds formed to the metal involved are the
ones that lead to polymer formation. There are multiple strategies for each type

A.S. Abd-El-Aziz et al. (eds.), Inorganic and Organometallic Macromolecules: 1
Design and Applications.
© Springer 2008



2 A.J. Boydston and C.W. Bielawski

of polymerization method and additional details can be found in later chapters.
Each method of polymer formation has been studied for years. Although many
intricate details could be elaborated, for the purposes of this chapter only a brief
overview will be given.

1.1 Polymerizations of Organometallic Monomers

Synthesis of functionalized organometallic compounds is often an entry point into
structurally simple metal-containing polymers. With the vast body of knowledge avail-
able for small-molecule synthesis of metal complexes, it is of no surprise that this method
is widely utilized and spans multiple subclasses of macromolecules. Many groups have
had success in designing ligands with reactive sites either distal to the point of contact
with the metal or proximal, such as arenes bearing halogens poised for substitution. The
stability of the organometallic polymer is often determined by the binding affinity
between the ligand and the transition metal incorporated within the polymer chain.

1.1.1 Olefin and Alkyne Polymerization

The polymerization of vinyl ferrocene (1) by Arimoto and Haven (Scheme 1.1) is
regarded as the birth of organometallic polymers [1]. Since that report, the surge of
additional methods and monomer structures suitable for alkene polymerizations has
strengthened considerably. Typically, olefin polymerization approaches are used to
obtain side-chain organometallic polymers, although many examples of main-chain
systems have also been achieved. An attraction of this approach is that, assuming
reasonable stability of the organometallic moieties, virtually any robust alkene or
alkyne metathesis reaction compatible with organic monomers is compatible with
organometallic variants as well. Whereas less focus has been placed on alkyne
metathesis, one of the key features of this method is its ability to generate an
organometallic polymer with a fully conjugated all-carbon backbone [2].

=
= > S
s e

Scheme 1.1
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1.1.2 Substitution and Condensation Reactions

The S Ar approach and polycondensation reactions are excellent methods for
generating organometallic polymers. Most of the examples in these areas involve
use of an organic moiety as a comonomer and are highlighted in Section 1.2. With
regard to structural complexity and control, perhaps the most exemplary organo-
metallic polymers are alternating bimetallic polymers. As shown in Scheme 1.2,
isolation of Fe-complex (3) (Scheme 1.3) and subsequent reaction with cationic
Ru complex (4) gave an alternating bimetallic polymer with excellent control [3].
This route has several key advantages. First, each organometallic monomer can
be constructed and characterized independently. Second, the use of a heterocou-
pling copolymerization reaction gives perfect control over the alternating
positioning of each metal-containing moiety within the polymer chain. Finally,
the number of metal combinations within metallocene chemistry is vast, thus
modularity in this system should be high.

o< <o o< <o

Me |I=e Me 2
VSN
3
Cl—@c' K,COs, DMF
u

Bpe @) | NHPFg

L Me - Me 2

Ilau Fe
Cp* V=N )
5
Scheme 1.2
R
Sonogashira
I Coupl/ng
Fe
8 9

R = alkyl ether, azo crown ether

Scheme 1.3
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1.1.3 Electropolymerization

Electrochemical polymerization [4] is another attractive route to synthesizing
metal-containing polymers from discrete organometallic monomers. Most often,
the polymers obtained are not main-chain, but rather side-chain organometallics
(Figure 1.1, 6) [5]. There are, however, some examples of main-chain organome-
tallic polymers obtained by electropolymerization. Constable, for example, made
use of a functionalized Ru(terpy), complex bearing electropolymerizable thiophenes
on the periphery to achieve polymers such as Figure 1.1, 7 [6].

1.1.4 Alkyne Cross-Coupling Reactions

The examples of homopolymerizations discussed so far are of AA-type mono-
mers. A convenient method for controlled AB-type monomer polymerizations is
to use alkyne cross-coupling methodologies. For example, highly functionalized
monomers (8) were prepared by Plenio [7] that featured an aza crown ether as
well as an iodo and ethynyl group poised for homopolymerization (Scheme 1.3).
It is at the heart of our discussion to point out that Plenio and coworkers had pre-
viously reported polymers showing interesting optical activity with structures
also based on 9 (Scheme 1.3) [8]. The synthesis of polymers having very different
potential applications, yet stemming from a common synthetic design demon-
strates the importance of modularity.

1.1.5 Ring-Opening Polymerization

Ring-opening polymerization (ROP) has seen broad utility for synthesizing main-chain
organometallic polymers. Initially reported by Rauchfuss [9], and thoroughly devel-
oped by Manners and coworkers [10], the transformation from 10 to 11 (Scheme 1.4)
has been optimized to include various conditions for polymerization such as thermal,
anionic, photo, and metal-mediated polymerizations; Both solution and solid-state
polymerization have also been reported. Molecular weights on the order of 10° Da have
been achieved and the ability to prepare monomers of varying functionality has assisted

—I 2n+

Figure 1.1 Examples of polymers obtained via electropolymerization of organometallic monomers
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% Multiple
/ Strategles
D

10 11

Scheme 1.4

in overcoming any inherent solubility limitations. Bridging groups have included
hydrocarbon, sulfur, boron, tin, germanium, phosphorus, and silicon bridges as well as
various segments obtained from block copolymerizations.

1.2 Copolymerization of Organometallic
with Organic Monomers

1.2.1 Alkene Polymerizations

The majority of reactions available for alkene polymerization can be used to
copolymerize organometallic and organic substrates. There has been substantial
progress in this area since Pittman first described the radical polymerization of
acrylate functionalized metal-arene complexes in the early 1970s [11]. Although
some monomers underwent homopolymerization smoothly, typically an organic
comonomer was necessary to obtain macromolecular products of significant molecular
weight. It is noteworthy that in addition to organic comonomers, organometallic
substrates have also been used to obtain mixed-metal copolymers. This method is
also compatible with contemporary, highly controlled polymerization methods. For
example, Frey and coworkers reported the living free radical polymerization of
vinyl ferrocene with styrene [12].

1.2.2 Substitution and Condensation Reactions

Similar to the all-organometallic polymers discussed previously, substitution and
condensation reactions are also widely used for the copolymerization of organic and
organometallic monomers. The S Ar approach utilizes almost exclusively the
application of the metallocene as an electrophile because the halogen is activated by
metal complexation to the arene. Since the report by Segal on the polymerization of
CpRu complexed with p-dichlorobenzene (12) along with various bis(phenate) ions
(Scheme 1.5) [13], this method has been developed to include a wide range of
structures. The greatest structural variations are found in the organic comonomers
(Figure 1.2); However, polyhalogenation of the metallocene offers an avenue for
structural tuning as well. Extending from their work with Cp Ru-dichlorobenzene
complexes [14], Dembek and coworkers have demonstrated the ability to generate
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Figure 1.2 Commonly used organic spacers for S Ar copolymerization with di- or polyhalogen-
ated metallocenes (X = O, S)
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Scheme 1.6

highly branched materials using tri- and tetrachlorobenzene complexes [15]. This
latter example illustrates the molecular and architectural complexity that can be
achieved with this route while requiring only simple synthetic manipulations such as
polyhalogenation of arenes followed by metal complexation.

Many examples exist of metal-arene complexes bearing nucleophiles poised for
polycondensation to give polyesters, amides, imines, etc. As early as 1961, poly-
condensation reactions using diacid chloride variations of metallocenes [16] have
been studied with various linkers such as 1,4-hydroquinone and p-phenylenediamine.
Polycondensation reactions have the added versatility of using the organometallic
monomer as either the nucleophilic or electrophilic partner. Examples of each are
depicted in Scheme 1.6. Jin and Kim showed the use of phenylenediamine-Cr(CO),
complex (14) with terephthaloyl chloride to give the corresponding copolymer (15)
in good yields (Scheme 1.6) [17]. Complimentary to this example, dehydration reac-
tions to form polyimines were performed by Wright and Lowe-Ma using a Cr
complex of terephthalaldehyde (16) and m-phenylenediamine (Scheme 1.6).
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Scheme 1.7

Although this particular polymer showed limited solubility, the approach could
be easily adapted to include monomers with increased solubilizing ability.

1.2.3 Cross-Coupling Reactions

Others have achieved an all-carbon backbone using standard cross-coupling
techniques to install conjugated linkers. In these cases, the metal-arene complex
has been employed in both roles (individually and dually) of the cross-coupling.
As one partner, Wright used the metallocene (18) as the electrophile in combi-
nation with Stille reagent 19 under standard conditions to give the corresponding
highly conjugated organometallic polymer (Scheme 1.7) [18]. As might have
been expected from the linear rigid framework, these polymers displayed poor
solubility despite a relatively low molecular weight (ca 7.8 kDa). Alternatively,
Chujo and coworkers prepared a functionalized thienylene containing copolymer
23 using 1,4-diethynylbenzene chromium complex (21) in combination with
dibromothiophenes (22) under Sonogashira conditions (Scheme 1.7). In these
studies, polymers with molecular weights ranging from 13.5 to 24.4kDa (PDIs = 3.2 —
3.6) were obtained and extensive m-delocalization was confirmed from comparative
UV-Vis spectroscopy. Notably, the polymers were found to be semiconducting when
undoped (A= 10" S/cm) [19].

1.3 Polymerizations Involving Metal-Binding Events
During Polymerization

1.3.1 Metal-Containing Polyynes

The metal-containing polyynes are an interesting class of main-chain organometallic
polymers that have been under investigation since the 1970s. These systems are
known for their rigid-rod structures and electronic communication over the extensively
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L, = = b
X-M-X reagents - -€M
24 25
Scheme 1.8

delocalized mt-system leading to interesting optical properties. Since Hagihara’s initial
report on Pd- and Pt-containing polymers [20], much optimization and development
has followed. Synthetic avenues typically involve use of a metal(Il) halide (24) in
combination with an o,m-diyne (25). As implied in Scheme 1.8, various linkers have
been used and many transition metals have been explored as well as ligand effects at
the metal center. Electronic and solubility tuning is also achieved through simple
functionalization of the arene linkers. Mixed-metal bimetallics have also been
obtained using metal-alkyne linkage in the polymerization step [21].

1.3.2 Coordination Polymers

When one considers the vast body of knowledge that is nearly taken for granted
regarding neutral donor ligands in metal complexes, it is not surprising that many
researchers have used these moieties in the design of organometallic polymers.
The task put forward would seem to simply be one of attaching two known lig-
ands at either end of an extended and/or rigid linker. Whereas this is essentially
the overall scheme, achieving macromolecular materials in this way is simple in
theory, but nontrivial in its execution. Common donor moieties have historically
been phosphines, mono-, bidentate-, or tridentate amines, ethers, imines, nitriles,
and thio compounds. High binding affinities are necessary to generate high-
molecular-weight materials, and often characterization of the polymers is ham-
pered by the inherent tendency toward depolymerization, especially in dilute
solutions typical of gel permeation chromatography (GPC), UV-Vis, and mass
spectroscopy.

High-molecular-weight materials have been obtained using difunctional
bis(phosphines) as in the reports by Sijbesma (Figure 1.3, 26) [22]. In these stud-
ies, it was found that simply combining either Pd(II) or Pt(Il) salts with a
bis(phosphine) produced macromolecular materials. Although a common con-
cern with coordination polymers of labile ligands is there inherent lack of struc-
tural integrity and strength, the polymers reported by Sijbesma were sufficiently
stable to form fibers. Studies were conducted to establish the nature of the metal
center and conditions to control linear versus cyclic oligomerization.
Bis(phosphine)s of conjugated linkers have also been used. Examples reported by
Puddephatt [23] use Au(I) capped bis(acetylides) in combination with
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29

Figure 1.3 Various scaffolds of coordination polymers synthesized from copolymerization of an
organic linker with a transition metal salt

bis(phosphine)s to produce macromolecular coordination polymers (Figure 1.3,
28). Interestingly, they demonstrated that coordination of AuCl to the
bis(phosphine) followed by reaction of the bis(acetylide), in a manner analogous
to those described in Section 1.3.1, also produced to polymeric materials.
Coordinating amines are also widely used. Prior to Puddephatt’s report, Takahashi
had used pyridines linked through hydrocarbon chains to coordinate between
metal centers providing cationic metallo-polyynes of interesting structure and
properties [24]. However, when amines are used it is more common that each
binding pocket is made up of a di- or triamine. Difunctional linkers derived from
terpyridyl (terpy) ligands, for example, offer a very high binding affinity and
many structural derivatives used for polymer formation (Figure 1.3, 29) are
known [25]. In these cases, a range of conjugated and otherwise functionalized
spacers have been used to connect two terpy moieties. Rowan and Weder have
used a pyridine-based chromophore functionalized with two benzimidazoles to
form metal binding sites on the ends of p-phenyleneethynylene oligomers. In the
presence of Zn(II) or Fe(Il), supramolecular polymers such as 27 were obtained
[26]. Closely related are various diamine linkers which have also been used to
make organometallic coordination polymers. Rehahn’s work [27] exemplifies
some of the key features of polymers in this subclass. Using phenanthrolines con-
nected through rigid conjugated spacers, polymers containing Cu(I) or Ag(I)
were synthesized. The properties of these polymers are quite interesting because
macromolecular structure can be solvent-controlled. In noncoordinating solvents,
a linear structure having a “classical” polymeric form is obtained, and concentra-
tion dependence of molecular weight and structure is not observed. In more
coordinating solvents, aggregates are assumed to be formed which, at high dilu-
tion, appeared as cyclic oligomers.
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2 Research and Discussion

2.1 New Approach to Modular Difunctional Monomers

The various methods described so far for achieving organometallic polymers offer
several key features. Multiple transition metals can be incorporated and various
polymerization protocols have been presented. Coordination polymers, although
often too labile for practical implementation in devices, display dynamic behavior
that may be optimized for controlled reversible polymerizations. Metal-arene and
metallocene polymers have the versatility of being either main-chain or side-chain
organometallic macromolecules, with occasional hybrids of the two being studied.
Incorporation of the metal moieties can be accomplished pre-, post-, and during
polymerization (or copolymerization) with equal diversity in the mode of polym-
erization. From a survey of the body of work available on organometallic polymers,
it seems apparent that a universal monomer scaffold of high tunability would offer the
particular features: (1) Monomer synthesis should be simple and straight-forward
with high overall yield, and the general structure should have multiple access routes
to facilitate modification; (2) the steric environment around the metal should be easily
manipulated, predictable, and modular; (3) a broad range of transition metals should
be compatible without the need to significantly alter the polymerization method;
(4) sites for functionalization should be apparent and easily manipulated to control
both physical and electronic features, preferably independent of one another; (5) the
polymers should display “bench-stability” toward moisture and air while dually
exhibiting controllable dynamic behavior at the metal center; (6) the polymerization
protocol should be robust, proceed under mild conditions, and not require the need
for inert atmosphere or dry solvents, and (7) high molecular weights should be
obtainable as well as control over molecular weight and end groups.

Many of the most efficient strategies for organometallic polymer synthesis (with
regard to controllability and molecular weight) make use of highly developed
polymerization reactions optimized initially for all-organic substrates. Many of the
polymers synthesized under these criteria are inherently side-chain type and offer
restricted communication between metal centers. Additionally, polymerization
protocols often require the need for inert atmosphere and dry solvents due to the
sensitivity of either the organometallic moiety or the reactivity of the comonomers.
With regard to metallocene-based systems, it is important to note that because
the point of attachment, and synthetic focus, is primarily on functionalization of the
arene, the same sites used for electronic and steric tuning are often coincident with
those used for attachment of polymerizable functional groups. Although for an
S Ar approach there are plenty of handles for structural tuning, one exception is
that the organometallic complex must almost always be designated as the electrophilic
partner because the substitution reaction relies on activation of the arene-halide
bond after metal complexation. This last issue is resolved for polycondensation
reactions and when precise stoichiometric control and pristinely pure reagents are
used, excellent control over molecular weight can be achieved.
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Though the list of criteria for a highly modular design seems daunting, there
appeared to be an organometallic scaffold that would potentially lend itself to a
solution to such extraordinary demands. We envisioned the use of heterocyclic
carbenes in a new fashion to achieve organometallic polymers exhibiting all of the
features listed above. Prior to our contributions, there were very few reports of
bis(carbene)s used in the synthesis of macromolecular organometallic materials
beyond labile Ag-based aggregates [28]. This was surprising considering the fea-
tures of heterocyclic carbenes that are desirable for polymer formation such as
broad structural diversity and tunable affinities toward virtually every transition
metal. Our design would require the construction of a monomer bearing two
facially opposed heterocyclic carbene moieties linked through a rigid organic
framework that would give control over the site of metallation and shepherd com-
plexation away from intramolecular chelation. Years of effort produced stable and
isolable N-heterocyclic carbenes. The task of a bis(carbene) target, however,
seemed loftier, especially considering the precedence for challenges in preparing
such a class of difunctional ligands [29]. Our current research remains focused on
the design and synthesis of new structures and incorporation of stable bis(carbene)
moieties into macromolecules that are engineered to execute useful tasks.

2.2 Difunctional Heterocyclic Carbenes as Linkers

Our original series of bis(carbene) structures focused on a practical synthesis that
could demonstrate modularity primarily of the conjugated linker between the metal
centers. This was accomplished using tetraamino arenes bearing various aromatic frame-
works including benzo, biphenyl, and dioxin-based chromophores (Scheme 1.9).
Cyclization of the tetraamines (30) with formic acid gave each bis(imidazole) (31) in
excellent yield and high purity. Fourfold alkylation was accomplished by first treating
the bis(imidazoles) each with NaH in refluxing PhCH, followed by introduction of
the electrophile. Addition of dimethylformamide (DMF) as cosolvent at this point
in the reaction facilitated dissolution of partially alkylated intermediates and the final
products (32) were precipitated from the cooled reaction mixture cleanly in good to
excellent yields. This protocol was both rapid and high yielding, however the instal-
lation of N-substituents was limited to primary halides. Expanding the possible
N-substituents involved finding additional pathways to the monomer template.
Installation of larger substituents was accomplished using a two-step high-
yielding protocol (Scheme 1.10) [30] involving a fourfold aryl amination to give
tetraamines (34); using a modified version of Harlan’s procedure [31]. Our initial
efforts focused on bulky aliphatic amines, but were later extended to include functional-
ized arylamines as well. Interestingly, although tetraamino arenes are typically
plagued by oxidative instability, we found that large alkyl groups (e.g., ‘Bu, ‘Oct,
Ad) significantly suppressed the rate of oxidation. These compounds can be stored
for days under ambient atmosphere. Alternatively, more reactive tetraamines were
isolated as their respective hydrochloride salts and found to be highly resistant to
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oxidation. Successful ring-closure was accomplished using triethylorthoformate
and HCI to provide the bis(azolium) salts (35). In cases where increased solubility
was desired, simply performing the double ring closure in the presence of HBF, in
place of HCI provided the more soluble tetrafluoroborate salts. In cases involving
very large N-substituents, deprotonation gives the stable bis(carbene)s (36) which
can be isolated and stored indefinitely.

As mentioned previously, desymmetrization of monomers is often a focal point
for accomplishing structural complexity. We have found that in addition to
symmetric bis(azolium) salts, a short sequence was available to obtain high yields
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of asymmetric monomers as well. Ultimately, we have achieved a level of structural
diversity arriving at bis(carbene) scaffolds bearing two or three different R-groups,
and varying heteroatoms, with complete regiocontrol. This was accomplished using
a double-SNAr reaction, or two sequential SNAr substitutions, with dichloro-
dinitrobenzene (37) and virtually any primary amine of choice. This effectively
installs the first two R-groups regiospecifically. Following an In situ reduction-
cyclization protocol optimized in our laboratories, the N,N’-disubstituted benzimi-
dazoles are obtained in excellent overall yield and high purity. Alkylation is
accomplished in high yield to give the bis(azolium) salts with varying substitution
patterns.

In the first route shown in Scheme 1.11, substitution of two equivalents of an
amine in refluxing ethanol provides the diamine (38) as it precipitates from the reac-
tion mixture. This method is best employed when installing R-groups not compatible
with alkylation via nucleophilic attack on alkyl halides. Following reduction and cycli-
zation to give 39, alkylation can be performed to give the bis(azolium) salt with two
different R-groups regiospecifically. In further studies, we found that mono-alkylation
of 39 could be controlled to give high yields of monoazolium salt (41). This com-
pound proved to be a useful asymmetric building block in preparing alternating
bimetallic polymers as will be discussed below. A second alkylation of 41 yielded the
bis(azolium) salt (42) bearing three different R-groups. Three different R-groups can
also be installed in cases where the desymmetrizing substituents are not compatible
with alkylation. This is accomplished through temperature control during the S, Ar
reaction. Treatment of 37 with an amine in EtOH at room temperature gave a nearly
quantitative yield of the monoamine product. The second substitution was performed
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cleanly and in high yield which effectively desymmetrized the monomer template
(43). Reduction and cyclization to give 44, followed by alkylation, provided the
bis(azolium) (45) that is complimentary in the R-group structure to 42.

Heteroatom variation has been accomplished using NaSH as a nucleophile in the
S Ar reactions (Scheme 1.12). Treatment of 37 with an amine, followed by reaction
with NaSH furnished asymmetric dinitroarene (46). Reduction and cyclization gave
a hybrid structure (47) which was cleanly alkylated to give 48. Use of excess NaSH
with 37 yielded 49 which was used en route to bis(thiazole) (50). Alkylation could
be performed stepwise, as in the synthesis of 42, to ultimately yield asymmetric
structures, such as 51, bearing two thiazolium moieties.

In summary, in monomer syntheses there is broad flexibility with regard to
heteroatom content, N-substituent functionality, electronic asymmetry, steric
asymmetry (through judicious placement of different N-substituents), conjuga-
tion through arene linker, solubility, and overall function. Each synthetic route is
streamlined to be short, high-yielding, and pose minimal technical difficulty. In
the next section we will discuss how these attributes were used to obtain poly-
mers of desired functionality.

2.3 Bis(carbene)-Based Organometallic Polymers

All of the bis(azolium) salts presented above undergo smooth copolymerizations
with Pd(IT) and Pt(IT) salts in the presence of acetate anion in polar solvents (e.g.
dimethyl sulfoxide [DMSO], DMF, N-methylpyrrolidone [NMP], CH,CN) as
described in our original report in this area [32]. Treatment of our bis(azolium) salts
with Pd(OAc), or PtCl /NaOAc in polar solvents between 50 and 110 °C effectively
executed the copolymerization and metal incorporation to yield the bis(carbene)-
based main-chain organometallic polymers (52-54) in high yield after precipitation
into MeOH or H,O (Scheme 1.13). Our first studies focused on monomer bearing
aliphatic alkyl groups as described in Scheme 1.8. Molecular weight analysis by
GPC revealed polydispersities typical of step-growth polymerizations. For this
series, M was higher for Pt-containing polymers than for the structurally analogous
Pd-containing systems. Notably, very high M_(up to 1.8 x 10° Da) were obtained



Synthetic Versatility and Structural Modularity in Organometallic Polymers 15

R R I% R R R R
N N M X N N X N N X
WOR) ——= w4
/N N\ DMSO X /N N\ X /N N\ X
R R R R R n R

52a R = Bn, M(1) = Pd(OAc),, X = Br
bR ilg 52b R = Bu, M() = Pd(OAC),, X = Br
= 2 5. 52¢ R = Bn, M) = PtCl,/NaOAc, X = Cl

52d R = Bu, M = PtCl,/NaOAc, X = CI

Y,
_;;_ 53a R = Bn, M(1) = Pd(OAc),, X = Br
53b R = Bu, M) = Pd(OAc),, X = Br
oy
BSQO % 542 R =Bn, M) = PA(OAGC),, X=Br
jzz OJCE;[ 54b R = Bn, M() = PtCl,/NaOAc, X=Cl

Scheme 1.13

with this method. The electronic absorption spectra revealed a fairly narrow range
of absorption maxima (308-329nm). Thermal stability was measured by thermal
gravimetric analysis (TGA) under nitrogen atmosphere and T, was consistently
found to be between 280 and 300 °C for polymers of this structure.

One key limitation in this synthetic route was the incompatibility of using metals
other than Pd and Pt. Of specific interest initially was the failure to polymerize
using Ni(II) salts, which have also demonstrated nonreactivity in attempts to generate
analogous small molecule Ni-NHC complexes via Herrmann’s procedure [33]. To
verify the stability of the resultant Ni-based polymers, we generated the free
bis(carbene), which reversibly formed the corresponding homopolymer [34], and
subsequently added anhydrous NiCl,. This method provided the desired polymer as
a stable macromolecule. Another alternative route utilized Lin’s Ag-mediated NHC
transfer reaction. Treatment of the bis(azolium) salts with Ag,O produced thick
gels when solvated which, when reacted with divalent metal halides, led to the
corresponding organometallic polymers. This method, however, produces a stoichio-
metric amount of metal waste and results in difficulty confirming complete
transmetallation. Procedures for small molecule NHC-Ni complexes are known
[35] that involve monomeric azolium salts with predried Ni(OAc), at high temperature
under vacuum either neat [36] or in an ionic liquid [33].

In general, the polymers in this series were poorly soluble in most common sol-
vents (THF, CH,Cl,, dioxane, CH,CN), but readily dissolved in more polar solvents
such as DMF, DMSO, and NMP. Subsequent changes have involved simply using
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longer alkyl chains for the N-substituents (e.g., hexyl) which resulted high-
molecular-weight polymers that exhibited good solubility in solvents such as THF,
CHCIB, CHZCIZ, and dioxane. Alternatively, when increased solubility is desired in
combination with relatively small N-substituents, installation of additional func-
tionality on the arene is useful. For example, we are working toward producing
bis(azolium) salts with varying chain-length alkyl groups on the arene (Scheme
1.14). Fourfold electrophilic aromatic substitution was performed on 1,4-dialkyl
benzenes (55) to give either tetrahalo (56) or tetranitro (57) products. Reductive
cyclization of the tetranitro followed by alkylation, or four-fold aryl amination
of the tetrahalo followed by cyclization, should afford the corresponding
bis(azolium) salts (58) which should exhibit markedly improved solubilities.

One key feature of the bis(NHC) organometallic polymers is their reversibility,
or “dynamicity.” The dynamic nature of the copolymerization prompted us to investi-
gate the use of chain-transfer agents to modulate both polymer molecular
weight and end-group structure (Scheme 1.15). Copolymerization with Pd(OAc), in
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the presence of monfunctional benzimidazolium bromide (60) as a CTA produced
end-capped polymers (61). In these experiments, excellent agreement was observed
between the theoretical DP based on loading ratios of 60/59 and experimental DP
determined by 'H nuclear magnetic resonance (NMR) analysis. Later studies have
focused on using the reversible polymer formation to design dynamic copolymers
of varying monomer structure and self-healing networks.

Postpolymerization modification is yet another method of tailoring polymer
properties and can be considered a modular attribute of a macromolecule [37].
Given that the metals in the bis(NHC) polymers are coordinatively unsaturated,
the use of an exogenous ligand added postpolymerization was expected to bind to
the metal thus altering the physical and electronic properties of the polymer.
Addition of PPh, or PCy, to a suspension of polymer 53a in THF quickly affected
complete dissolution of the phosphine-bound polymer. Ligation was confirmed by
'H and *'P NMR spectroscopy.

Generation of bis(NHC)-based organometallic polymers containing varying transi-
tion metals of choice was a key breakthrough. Unfortunately, metals typically
showing poor hydrolytical stabilities as NHC complexes (e.g., Cu) were impractical
using our first generation of monomer scaffolds. To address this issue, we targeted a
monomer that would increase the affinity of the NHC ligand for the metal. Considering
examples from similar small-molecule organometallic complexes, we focused on
using phenolic imidazoles to generate an additional (ionic) bond with the metal. Using
similar chemistry to that described previously, dichloro-dinitrobenzene (37) was reacted
with 2-aminophenol, followed by reduction-cyclization to yield 62 (Scheme 1.16) [40].
Alkylation arrived at the desired monomer (63) in high overall yield. Optimization
studies revealed that polymerization was most successful with the addition of an
exogenous weak base to level the mineral acid generated from reaction of the phenol
with the metal halide. After successful formation of both Pd- and Pt-containing
polymers with the new monomer design, we targeted transition metals such as
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2 e Ty HO on B <§l® @3}
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Ni and Cu. Typically, small-molecule analogs are synthesized via a full deprotona-
tion of both the phenol and the azolium under inert atmosphere, followed by intro-
duction of a soluble (ligated) metal salt [38]. Alternatively, Hoveyda has
successfully employed Lin’s NHC transfer reaction to obtain naphtholic NHC-
metal complexes [39]. Additionally, no studies on benzimidazolium salts function-
alized with phenol substituents had been reported. Subjecting Ni(Il) and Cu(II)
salts to our polymerization conditions in the presence of stoichiometric NaOAc
produced excellent yields of the corresponding polymers. Incorporation of these
transition metals could be done directly under ambient atmosphere in high yields.
Increased thermal stability of the systems was also observed. All of the phenolic
polymers are air and moisture stable, and TGA analysis under nitrogen atmosphere
revealed T, ranging from 340 to 362°C. In comparison to the analogous Pd- and Pt-
based polymers bearing N-alkyl groups (52), thermal stabilities increased by approxi-
mately 50°C via incorporation of phenoxide substituents. Varying the transition
metal had a small, but discernable, impact on the electronic absorption spectra.
Each absorbs in the infrared with A, ranging from 287 (Ni) to 319nm (Cu). The
increased binding affinity appeared to be tailored independently of the overall
electronic nature. That is, the phenolic Pd and Pt systems exhibit A__values nearly
identical to the related N-alkyl polymers (52).

Two independently impressive displays of polymer design lie in areas involv-
ing directionality (head-to-tail selectivity) and mixed-metal systems. We are
working toward accomplishing these goals using our bis(carbene) approach.
Further use of the phenol ligand, in combination with “left-right” desymmetriza-
tion, led to a designer monomer with the potential to form a discrete directional
polymer via head-to-tail ordering of the bis(carbene) linker. Specifically, sequen-
tial temperature-controlled S Ar reactions using an aliphatic amine followed by
introduction of 2-aminophenol gave an asymmetric diamine of structure 43.
Carrying through to the corresponding organometallic polymer gave materials
under study for the potential to exist as depicted in the form shown in Figure 1.4.
Use of 41 to form a transition metal complex with terminal imidazole functional-
ity poised to ultimately generate an alternating bimetallic polymer with excellent
control over metal placement could lead to polymers of the structure 66
(Figure 1.4). The broad combinations of transition metals compatible with our polym-
erization protocols should bring about new opportunities for electronic fine-tuning.

Figure 1.4 Directional polymers and mixed-metal polymers from bis(carbene) monomers
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3 Further Considerations and Outlook

We have demonstrated the high level of modularity that is achieved by using
bis(carbene) scaffolds as monomer for organometallic polymers. Many handles
exist that allow tuning of nearly every desirable feature of the polymers including
solubility, thermal stability, metal compatibility, dynamicity, and electronic com-
munication. The frontier of this approach to main-chain organometallic polymers
will be pushed further and faster with the addition of structurally variable monomer
architectures and will span many areas of material science. The use of cross-linked
networks of our systems are already being investigated for application in conductive
self-healing materials. Other areas of research involve dynamic polymers as
“heat-activated” catalysts. Conductivity optimization through redox matching of
the heterocyclic carbenes and the transition metals will ultimately lead to improve-
ments on the already semiconducting (undoped) properties observed from our
polymers. All of these areas are facilitated by the common theme of a modular
design that not only allows versatility in the metal involved in the polymer, but also
in the steric and electronic features of the organic moieties. The changes in design
have been brought about quickly and efficiently due to a monomer template that has
many avenues for synthesis and ultimately new applications.
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1 Background

Incorporation of transition metals into organic monomers and polymers has been
thoroughly examined over the past five decades in light of the promising electrical,
magnetic, optical, sensing and catalytic properties that these organometallic materials
possess [1-4]. Thanks to their intriguing properties, which are often inaccessible by
their pure organic parents, these organometallic polymers have found applications
in the coating, pharmaceutical, and aerospace industries.

Whereas many of these studies focused on the synthesis of linear polymers with
either transition metals integrated into the main chain or attached as pendant groups
at the side chains, the preparation and study of highly branched three dimensional
(3-D) macromolecular architectures—such as dendrimers and hyperbranched poly-
mers containing organometallic complexes—has only recently received greater
attention. Depending on their position, metal centers have been shown to act as
cores, simulating artificial models of biological systems such as metalloenzymes,
as well as connectors, branching points, and terminal (surface) units distributed
throughout the whole structure with potential applications in the field of sensors,
catalysts, and as light-harvesting antennas [5,6]. Despite their structural beauty,
dendrimer synthesis needs to be carried out in a thoughtful manner involving multi-
step reaction and purification protocols in order to construct the various tree-like
generations, which will in many cases restrict their potential applications to
academic interests only [7]. Moreover, recent advances in mass spectrometric tech-
niques have revealed depictions of dentrimers showing them to be highly idealized
and that the real samples indeed exhibit imperfections and structural defects [8].
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Compared with their “perfect” dentrimer congeners, “imperfect” hyperbranched
polymers often exhibit similar, or even comparable, molecular properties despite
their random and polydisperse structures. Nevertheless, they can be readily pre-
pared by single-step polymerization procedures, allowing access to large-scale
production and thus widening their potential uses and applications.

Our group is particularly interested in the synthesis of hyperbranched conju-
gated organic and organometallic polymers [9—14]. We have developed different
synthetic routes toward high-metal loaded materials by either polymerizing metal
containing monomers or by postfunctionalizing the hyperbranched scaffolding with
organometallic complexes [15-20]. This chapter review our results along with the
relevant work of expert groups on this young but promising research field.

2 Research and Discussion

2.1 Theoretical Background

Hyperbranched polymers exhibit tree-like molecular structures and have been the
focus of active research since the groundbreaking work of Kim and Webster
[21,22]. Throughout the structure three main units can be identified (Chart 1):
Dendritic or branching units (D), linear units (L), and terminal units (T).

Different synthetic strategies have been employed for the preparation of the pure
organic hyperbranched polymers [23-25]. The most commonly adopted approach
is self-condensation of AB -type monomers with n > 2 [26-29]. This type of
polymerization can be carried out in a concurrent mode or by slow addition of the
monomer or even in the presence of a core molecule of B ; (f = 3), which allows
various structural control over the growing polymer [30-32]. Another approach is
copolymerizations of A, monomers with B, comonomers (n > 3) [33-35]. However,
the stoichiometric requirements between the pairs of the functional comonomers

B ..--B-.L B

Chart 1
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and the potential risk of gelation are severe drawbacks. As an alternative concept,
Frechet has reported the synthesis of hyperbranched polymers by self-condensing
vinyl polymerization (SCVP), which has recently been further applied to various
other types of living/controlled polymerization, such as nitroxide-mediated radical
polymerization, atom transfer radical polymerization, group transfer polymerization,
and ring-opening polymerization [32,36—46].

Different from their dentrimer counterparts, hyperbranched polymers contain not
only dendritic and terminal repeating units but also linear ones, which can be expressed
in the degree of branching (DB). The DB is an important structural parameter of hyper-
branched polymers and can be described in the following Eq. 2.1 [47].

DB=D+T) (D+L+T) Q2.1

where D is the number of dendritic units, 7 is the number of terminal units, and L
is the number of linear units. Frey has suggested a modified definition of DB that
is based on the direction of growth, as shown in Eq. 2.1 [48]

DB=2D/(2D +L) =MD +T -N)/(D+T+L-N) (22

where N is the number of molecules. For the hyperbranched polymers with high
molecular weights N is negligible and Egs. 2.1 and 2.2 are almost the same. Frey
also pointed out that the DB statistically approaches 0.5 in the case of the polymeri-
zation of AB, monomers, which is much lower than their dendrimer counterparts
whose DB is unity.

2.2 Synthetic Pathways

In order to directly synthesize organometallic hyperbranched polymers, all
the above described established methods could be utilized to knit metal-
containing monomers together, provided they are stable under the applied
polymerization conditions and do not interfere with the reaction mechanism.
As an alternative, suitable pure organic hyperbranched polymers can be
functionalized with organometallic complexes. Both approaches have been
utilized by other research groups and will be briefly reviewed at the beginning
of Chapters 3 and 4.

2.2.1 Incorporation of Transition Metals through the Building Block

Although a wide range of methodologies exist for the preparation of hyperbranched
polymers, examples of metal-containing materials—which are directly synthesized
from organometallic monomers—are very limited. Reinhoudt and coworkers
reported the preparation of hyperbranched polymers via self-assembly of an
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AB,-type monomer (1) composed of organopalladium complexes, sandwiched in
between SCS pincer ligands and attached labile acetonitrile molecules (Scheme 2.1)
[49]. Ligand exchange through solvent removal leads reversibly to spherical assem-
blies, as confirmed by atomic force microscopy (AFM) and transmission electron
microscopy (TEM). The size of the spheres is controllable through manipulation of
the substituents on the pincer ligand as well as by exchanging the counter anions
[50,51]. Interestingly, linear analogs did not show any globular structures, confirming
the necessity of the branching units.

Lewis et al. attempted hyperbranched organometallic polymers via A, + B, pro-
tocol by reacting Pt(PBu,)Cl, with 1,3,5-triethynylbenzene in a molar ratio of 3:2.
However, the resulting product was insoluble in common organic solvents and only
the addition of excess amounts of p-1,4-diethynylbenzene (triyne:diyne = 1:50)
could depress the involved cross-linking reactions [52]. In an alternative approach
by Takahashi and coworkers, a formally similar hyperbranched polymer was
constructed by self-polycondensation reaction from the AB,-type analog of Lewis’
monomers (Scheme 2.2) [53]. The resultant organometallic polymer was soluble in

.
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—n MeCN self-assembled
hyperbranched
+n MeCN polymers
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Scheme 2.1 Self-assembly of hyperbranched Pd-containing polymers
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Scheme 2.2 Synthesis of hyperbranched platinum-containing polyyne from AB,-type monomers
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common organic solvents and could be characterized by means of spectral analyses
and gel permeation chromatography (GPC).

Recently, Abd-El-Aziz and colleagues reported different hyperbranched
poly(arylethers) (4,5) and poly(arylthioethers) (6) containing cyclopentadienyliron
moieties, which were successfully furnished by nucleophilic substitution of A, + B,
type monomers (Scheme 2.3) [54]. The polymers were thoroughly characterlzed by
standard spectroscopic analysis techniques, they exhibited generally low viscosi-
ties, and the organometallic complexes were stable up to 230°C, as evaluated by
thermal gravimetric analysis (TGA).

Ferrocene is an attractive building block for the preparation of highly branched materi-
als. Galloway and Rauchfuss reported the synthesis of high-molecular-weight poly
(ferrocenylenepersulfides) by desulfurization-induced ring-opening polymerization
(ROP) (Scheme 2.4) [55]. Whereas polymer 9 was insoluble, the attached bulky
t-butyl group of 10 kept the polymer network soluble.

Similarly, our group has utilized ferrocene as a metal-containing building block
and prepared hyperbranched poly(ferrocenylsilanes) through salt-eliminative poly-
coupling of 1,1-dilithioferrocene with alkyltrichlorosilanes (Scheme 2.5) [56,57].
The solubility as well as the molecular weight increased with increasing spacer
length from methyl to n-dodecyl-substituted polymers. Spectroscopic analyses
revealed that the polymers possess rigid skeleton structures with extended conjuga-
tions, with their absorption spectra tailing into the infrared region (>700nm). This

HQ/<>O)H\OH + C—[Ar]-cl — %—o—@?oj
- 4 ’ O

4(1) Oy _OH (P
@-OFO@w O

CI @
Q/@ ./‘ + HX—{ A2 }-xH %%m— ‘0\©
: o x;; ‘x

5(1) 5(2)

Scheme 2.3 Synthesis of cyclopentadienyliron-containing polymers via A, + B, method
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Scheme 2.5 Syntheses of hyperbranched poly(ferrocene)s by desalt polycoupling of dilithiofer-
rocene with trichlorides of silicon, phosphorus and antimony

methodology was recently extended to other group 14 and 15 elements including
germanium, phosphor, and antimony [58]. However, most of the polymers showed
only limited solubility, making a detailed structural analysis difficult. Nevertheless,
all the hyperbranched polymers served as excellent precursors for the preparation
of metal-containing ceramics by heating under an inert gas atmosphere. Generally,
the pyrolytic yields were found to be higher than their corresponding linear ana-
logs. Whereas calcinations of the Si-containing polymers at 1,000 °C under nitro-
gen gave ceramics containing mostly o-Fe nanoparticles, those of Ge- and
Sb-containing polymers were completely transformed into their iron-alloys. The
ceramics from the P-containing polymers showed diffraction patterns of iron phos-
phides. Interestingly, iron silicide nanocrystals of larger sizes were obtained when
the pyrolysis of the methyl-substituted hyperbranched poly(ferrocenylsilane) 11(1)
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was conducted at a higher temperature of 1,200 °C under argon. This ceramic was
highly magnetizable with magnetic saturations (M) up to 51emu/g and showed
near-zero remanence and coercivity.

Recently, our ongoing investigations led to the development of a new protocol
for the synthesis of hyperbranched poly(aroylarylene)s by amine-catalyzed regi-
oselective polycyclotrimerization of bis(aroylacetylene)s containing ferrocene
moieties (Scheme 2.6) [59]. The incorporation of the ferrocene motif was achieved
by either homopolycyclotrimerization of diyne 12 or by copolycyclotrimerization
of 14 with monoyne 15 in yields up to ~70% (M 9 100, M /M = 2.8-3.1).
Furthermore, the two synthetic methodologies, homo- and copolycyclotrimeriza-
tion, allow a tailoring of the molecular structure with the ferrocene building blocks
either well-distributed throughout the whole hyperbranched polymer or mainly
located on the outside as terminal units. The polymers are equipped with numer-
ous benzophenone and triaroylbenzene functionalities, which are known to readily
cross-link upon exposure to ultraviolet (UV) light or other high-energy sources
[60]. Figure 2.1a shows an example of an optical micrograph of 16 after UV irra-
diation. Here, the spin-coated hyperbranched polymer functions as negative photo-
resist and the unexposed parts were completely removed by the organic solvent,
leaving behind well-resolved patterns with sharp edges. The resolution might
reach submicron to nanometer scale as already demonstrated by the nonmetallic
counterparts [59].

[Homopolycyclotrimerization]

plperldlne

m . P
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Scheme 2.6 1,3,5-Regioselective homo- and copolycyclotrimerization of ferrocene-containing
aroylacetylenes
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Figure 2.1 Optical micrograph of (a) 16 fabricated by UV photo-lithography using a Cu-negative
mask and (b) ceramic pattern of 16 pyrolyzed under nitrogen at 1,000 °C for 1h

Ceramization of the silicon wafers of 16 in a tube furnace at 1,000°C for 1 hour
under a steam of nitrogen gave a ceramic pattern with excellent shape retention with
respect to their polymer precursors (Figure 2.1b). Close inspection of the ceramic pat-
tern under higher magnification revealed a morphology transformation from a uniform
thin-film into congeries of tiny ceramic clusters. The composition of these ceramic
patterns consists of Fe and Fe,O, nanoparticles embedded in a carbon matrix.

2.2.2 Incorporation of Transition Metals Through Postfunctionalization

Besides the direct synthesis from their metal-containing monomer building blocks,
organometallic polymers are also accessible through postfunctionalization reactions,
where suitable chelating groups inside the molecular architecture serve as macroligands
for metal complexes and nanoparticles. With this concept in mind, the hyperbranched
scaffoldings might serve as homogeneous nanoreactors for the incorporation of
catalytically active metal species [61]. Such macrocatalysts might furthermore easily
be recovered by precipitation or filtration methods and reused in another reaction
cycle. Depending on the position of the chelating functional groups, the metal com-
plexes can be introduced either in the core, on the surface (along the many terminal
units), or throughout the whole hyperbranched structure.

Pioneering works in this field were performed by the groups of Frey and van
Koten, who functionalized hyperbranched carbosilane polymers (17) by palladium
complexes (Scheme 2.7) and utilized 18 as homogeneous organometallic catalysts for
a standard aldol condensation reaction [62]. The hyperbranched polymer-supported
metal catalysts showed reactivities very similar to those of analogous dentrimers,
implying that structural perfection is not always required. Recently, this nanocapsules-
concept was extended to amiphiphilic hyperbranched polyglycerols (19), which
selectively immobilized pincer-platinum(Il) complexes (20) and palladium(II) salts
(21) into the hydrophilic core [63,64]. The catalytic activity of the Pt-containing
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nanocapsules was tested in a double Michael addition reaction, which was lower
compared with the respective unsupported catalyst possibly because of decreased
accessibility of the catalyst in the interior of the nanocapsule. Furthermore, the optically
active hyperbranched analog produced no enantiomeric excess from the asymmetric
model addition between methyl vinyl ketone and o-cyanopropionate, revealing that
the chiral nanocapsule backbone had no influence on the resulting product [65]. The
Pd salts of 21 could be reduced to metallic nanoparticles, which could be stabilized
by the hyperbranched scaffold. The resulting Pd-colloids were probed as homogeneous
catalysts for the hydrogenation of cyclohexene and were found to exhibit higher activity
than commercial available Pd/activated charcoal catalysts.

A hyperbranched polymer, structurally similar to 19, but terminated with 1,2-dimeth-
ylimidazolium instead of palmitoyl end groups, were functionalized with monosul-
fonated triphenylphosphine via counterion exchange. Immobilization of [Rh(acac)(CO),]
onto the hyperbranched surface successfully furnished polymer-bound complexes,
which showed moderate activity in the hydroformylation of 1-hexene in methanol [66].

Other groups reported in a similar way the formation of metal-nanoparticles such
as Ag, Au, Cu, Pt, and Pd stabilized through different kinds of hyperbranched poly-
mers including poly(ethyleneimides) [67,68], poly(amidoamines) (structurally simi-
lar to PAMAM dentrimers) [69], poly(amine-esters) [70], and aromatic poly(amides)
[71-73] and evaluated their activity towards various chemical reactions.
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Bai and coworkers incorporated CdS nanoparticles into the cavities of a hyper-
branched conjugated poly(phenylenevinylenes) (PPV) comprising different alkoxy
side chains (22) through electrostatic forces (Scheme 2.8) [74]. The results suggest
that the hyperbranched polymers showed efficient energy-transfer to the semicon-
ductor nanoparticles, while at the same time decreasing their self-aggregation
problem. Enhanced dispersion of the nanoparticles was achieved through the intro-
duction of water-solublizing sulfonic groups (23) [75].

Our group has prepared completely soluble high molecular weight conjugated
hyperbranched polyynes (24), whose triple bond scaffold served as an excellent
macroligand for cobalt carbonyls (Scheme 2.9). The cobalt-clusterized hyper-
branched polyynes (25) were successfully transformed into advanced ceramics,
which were found to exhibit outstanding soft-ferromagnetic properties with magnetic
saturations as high as ~118emu/g [76].

Unfortunately, the high metal-loaded polyyne becomes partly soluble or even insolu-
ble as a result of the formation of supramolecular aggregates once precipitated in poor
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Scheme 2.8 Preparation of conjugated hyperbranched polymer/CdS nanoparticle hybrids
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Scheme 2.9 Synthesis of cobalt-containing hyperbranched polyynes
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solvent. Delightfully, thin films of good quality (thickness: ~1000nm, as determined
by ellipsometry) could still be obtained by spin-coating the freshly prepared solutions
of the organometallic polymers onto silicon wafers. Photopatterning of the films
through a Cu-negative mask resulted in a photobleaching and features in the size
range of ~10 to 100 um could easily obtained (Figure 2.2).

Wavelength-dependent refractive index measurements of the unexposed and
exposed thin films of 25 revealed interesting results. Whereas the metallified polymer,
similar to its nonmetallated parent (24), showed very high refractive indexes
(n = 1.813-1.714) in the spectral region of 600 to 1600nm, the refractive index
dropped after UV irradiation significantly (n = 1.777—-1.667) possibly resulting
from the decomposition of the organometallic moieties (Figure 2.3). Materials with
such a high refractive index change are promising for photonic applications: For
example, it may function as photorefractive material in holographic devices [77] or
work as high refractive index optical coatings [78].

Cobalt complexes among other metals such as iron and nickel are known to cata-
lyze the growth of carbon nanotube (CNT) by chemical vapor deposition (CVD)
[79-81]. Thanks to the thermal stability of the hyperbranched polyyne backbone,
spin-coated films of the organometallic polymer were successfully probed to func-
tion as catalyst and arrays of CNT bundles could be prepared (Figure 2.4). This
preliminary result already suggests potential application in the field of patternable
tailor-made catalysts.

Figure 2.2 Optical micrograph of the photopattern generated by UV photolysis of 25 through a
Cu-negative mask. Insets: molecular structure of 25 and enlarged fraction of the optical micrograph
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Figure 2.3 Wavelength dependences of the refractive indexes of a thin film of 25 and its pho-
tolysis product after UV irradiation for 30 minutes

Figure 2.4 SEM image of CNT prepared by CVD from spin-coated thin films of 25
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3 Conclusion and Future Considerations

In this contribution, we have summarized the latest developments in the field of
hyperbranched organometallic polymers. Two main synthetic pathways, namely
synthesis of hyperbranched polymers from metal containing building blocks and
postfunctionalization of hyperbranched architectures, have been reviewed, showing
interesting inorganic—organic hybrid materials. Existing results already suggest that
structural perfection, as it can be found from dentrimers, is not always required. In
particular, future applications in the field of homogeneous reusable catalysis, various
kinds of adhesives and coatings, photoresists, as well as processable precursor for
advanced materials are already on the horizon, which will advance this young but
promising research area.
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1 Introduction

Incorporation of transition metal elements into macromolecular organic struc-
tures allows the combination of the interesting physical characteristics of metals
such as electronic, optical, and magnetic properties with the solubility and proc-
essability of traditional carbon-based polymers [1-5]. Transition metal centers
which can possess a large variety of structural geometries, ligand environments,
and oxidation states may offer novel physical, optoelectronic, and structural prop-
erties on these purely organic polymeric systems. Within the framework of syn-
thetic metal-containing polymers, polymers with metal-carbon 6-bonds in the
main chain represent one of the most common and important categories of these
materials [1-4].” Rigid-rod transition metal acetylide polymers or polymetal-
laynes currently constitute one of the most extensively studied areas of these
metallopolymers in the literature [6].

The development of synthetic methodologies towards transition metal-
acetylide oligomers and polymers has shown tremendous progress following
the initial reports by Hagihara et al. in the 1970s on the synthesis of polymeric
Pt and Pd acetylides [7-10], and the interest has been largely stimulated from
their wide range of applications in molecular electronics and materials science
(Figure 3.1) [1,2]. In the early 1990s, there were also a number of reports on
the synthesis of rigid-rod metal-containing polyynes of groups 8 and 10 by
Lewis and coworkers based on bis(trimethylstannylacetylide) precursors
[11-14]. The linear geometry of the alkynyl unit and its unsaturated character

A.S. Abd-El-Aziz et al. (eds.), Inorganic and Organometallic Macromolecules: 37
Design and Applications.
© Springer 2008
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have made metal alkynyls versatile structural motifs for molecular wires and
organometallic oligomeric and polymeric materials which can exhibit unique
properties, such as electrical conductivities, rich luminescence properties, non-
linear optical properties, liquid crystallinity, and photovoltaic behavior [6]. The
general structure for the polymer is shown in Figure 3.2, in which the polymer
has a linear backbone comprised entirely of the metal center M, the spacer
group R and the auxiliary ligand L. The prototypical polymer for much of this
work is trans-[-Pt(PBu,),C = C(p-C H,)C = C-] (I) and more recently, a large
series of derivatives incorporating various conjugated carbocyclic and heter-
oaromatic ring systems have been prepared [1,6]. All these materials are gener-
ally soluble in organic solvents and the solubility and polymer length can be
modified by an appropriate selection of M, R, or L units. The advance in chemi-
cal synthesis has led to an extremely versatile route for the production of a vast
range of application-tailored conjugated polymers of this kind that can display
diverse optical features and photophysics.

Figure 3.3 illustrates the typical energy level diagram for a simple photolumines-
cence (PL) system in a molecular assembly. Upon absorption of photons by the
molecule, there are two possible radiative decay pathways, namely, fluorescence

o
—
[ PR3 -| ——— |Liquid crystals
Ly = Ar—
N [, —
PR, n

i [Light-emitting devices]

— [Chemical/optical sensors]

Figure 3.1 Different areas of applications for polyplatinaynes

Figure 3.2 General skeleton of transition metal polyyne polymers



Transition Metal o-Acetylide Polymers Containing Main Group Elements 39

Internal Conversion
A [
J 2
5* Intersystem
S, y Crossing (ISC)
T,
. Fluorescence
Absorption "
\ Phosphorescence
\
So |

Figure 3.3 The Jablonski diagram for a simple PL system

(S, — S,) and phosphorescence (T, — S ) (Figure 3.3). The relative positions of
the singlet and triplet excited states strongly affect the intersystem crossing (ISC)
rate into the triplet manifold. For organic systems, this provides a major nonradia-
tive decay mechanism and reduces the luminescence efficiency. Intensive studies of
conjugated polymers over the past few decades have already clarified some funda-
mental issues about the nature of the singlet excited states [15—17], yet still little is
known about the nature of triplet excited states in conjugated polymers. Much of
the recent work has shown that triplet states play an important role in optical and
electrical processes within conjugated polymers with direct implications for their
technological applications [18-26]. It has been demonstrated that the ultimate effi-
ciency of light-emitting diodes (LEDs) is controlled by the fraction of triplet states
generated or harvested [27-31]. Therefore, a thorough understanding of triplet
photophysics is essential if a full picture of basic excitations in conjugated polymers
is to be understood. With this in mind, there has been increasing experimental and
theoretical attention focusing on the energy levels of singlet and triplet states in
conjugated polymers with the aim of designing highly efficient luminescent
materials. Conjugated ethynylated materials, such as arylacetylenes [32-34], poly
(aryleneethynylenes)s [35], and metal-containing acetylide complexes and polymers
[5,6], have been extensively studied in this regard.

Although it is important to control the relative energy levels of the singlet and
triplet excitons for the chemical tuning of the singlet—triplet gap, a vast body of
transition metal-containing polyynes has been extensively employed to study the
triplet excited states in conjugated polymers directly in which the presence of heavy
metal centers can increase the spin-orbit coupling, thus enabling the spin-forbidden
triplet emission (phosphorescence) partially allowed [36-51]. In accordance with
the energy gap law, the ISC rate depends exponentially on the energy gap to the
nearest triplet excited state [53]. In fact, the triplet emission is extremely efficient,
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approaching 100% efficiency at low temperatures. This would render them promis-
ing materials for high-efficiency LEDs [20,53,54].

The synthetic modification of the organometallic acetylide polymers to produce
materials of variable bandgaps can be categorized according to the types of metal
groups, central spacer units, and ligands on the metals. To our knowledge, little
research effort has been devoted to the study of transition metal polyyne polymers
functionalized with main group elements in the main chain. With an appropriate
design of the main group elements, metals, and organic components in these
systems, this research should not only represent a solid contribution to our
fundamental knowledge of this class of materials, but can also lead to the develop-
ment of new advanced materials that could be used in electronic and optoelectronic
industries. All the metal polyynes and their molecular diynes and oligoynes reported
in this chapter were fully characterized by satisfactory elemental analyses such as
fast-atom bombardment (FAB), infrared (IR), and nuclear magnetic resonance
(NMR) spectroscopies. Generally, the metal diynes can be considered as building
blocks for the high-molecular-weight polymers and valuable insights for the poly-
mer properties can be obtained through the studies of these model compounds.
Purification of compounds was achieved by preparative thin layer chromatography
(TLC) or column chromatography on silica using appropriate solvents. The weight-
average (M) and number-average (M) molecular weights of all the polymers in our
studies were determined by gel permeation chromatography (GPC) in tetrahydro-
furan (THF) against polystyrene calibration (Table 3.1). Whereas GPC does not give
absolute values of molecular weights but provides a measure of hydrodynamic
volume, the hydrodynamic properties of rigid-rod type polymers in solution are
quite different from those for flexible polymers. Because of this, calibration of the
GPC with polystyrene standards is likely to inflate the molecular weight values of
the metal polyynes. The lack of discernible NMR resonances attributable to the end
groups supports a high degree of polymerization (DP) for these polyynes in most
cases. The thermal stability data of the polymers studied by thermogravimetric
analyses (TGA) and their optical energy gaps (E,) as estimated from the onset wave-
length of the solid-state absorptions are also summarized in Table 3.1.

2 Research and Discussion

2.1 Metallopolyynes Containing Group 14 Main
Group Elements

2.1.1 Background

With the realization of polyacetylenes and other conjugated heteronuclear poly-
mers as potentially important electronic and optically active materials, research
on electron delocalized organic and metalloorganic polymers has received much
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Table 3.1 GPC and thermal stability data for polyplatinaynes containing main group elements

Ptpolyyne M, M DP (onsed) (°C) E (V)  Ref.
1 78,700 52,000 63 381 3.70 85
4 146,000 82,700 80 366 3.10 90
7 42,970 13,580 1 410 3.05 91
8 22,950 11,150 12 414 3.04 91
9 22,790 16,150 10 407 3.04 91

10 23,970 10,400 15 404 3.00 91

1 28,350 12,830 13 407 3.00 91

12 22,600 17,550 6 418 3.00 91

13 37,390 12,750 46 363 3.40 96

15 11,430 7,020 148 361 3.26 115

16 11,100 6,550 13 354 3.28 115

17 15,480 7,930 18 335 3.18 115

18 17,530 9,930 18 348 2.10 115

27 219,940 a 3010 b 2.80 120

28 181,900 56,180 69 275 2.55 120

29 82,860 64,560 72 281 2.40 120

¢ Calculated from M,
® Not reported

attention [1,17,26]. The cross-fertilization between organic and main group ele-
ment chemistry is growing rapidly in the scientific community [55,56]. Among
these, organosilicon polymers are becoming important in many aspects of device
technology and play an increasingly vital role in the electronics industry today
[56-58]. Moreover, the use of chemical approaches to improve the processing
properties and performance of advanced ceramic materials is another rapidly
growing area of research and development. In this context, it was found that
polysilanes, polycarbosilanes, and poly(silylacetylene)s could be pyrolyzed to
silicon carbides (SiC) and such a discovery has been commercialized for the pro-
duction of SiC fibers [59]. More recently, the chemistry of main group element—
alkyne molecular systems has drawn increasing attention. In particular, the
molecular design and synthesis of linear or dendritic systems composed of silicon
atoms and acetylene units have attracted enormous research interest within the
field of materials science [55,60—-64]. For instance, all polymers II-V (Figure 3.4)
exhibit semiconductivity in the range of 107 to 10 S cm™ after doping [55],
while II-IV can show second (¥?)® and third harmonic (¥*) nonlinear optical
properties [66]. These substances possess good potential as functional materials
such as semiconductors [67], hole-transporting [68,69] and heat resistant materi-
als [70,71], photoresists [72,73], and ceramic precursors [59]. The role of the
cross-linking process in the ceramization of V has been demonstrated [55,74].
n-Conjugated organosilicon systems incorporating phenylene, anthrylene, or
oligothienylene bridges have been extensively studied regarding their applica-
tions to electro- and optical devices [75-80]. As shown in Table 3.2, the lower



42 W.-Y. Wong

—_—

R = Me, Ph, etc.

w=O-
™) NM\ / o

o WS B

(I1D) av) Q

';Ullw(_li.—-;j

an

\\

//

Figure 3.4 Some examples of poly(aryleneethynylenesilylene)s

Table 3.2 The first ionization energies (I.E.) of some group 14 elements

Group 14 element First LE. (kJ mol™)
C 1,090
Si 791
Ge 762
Sn 704

ionization energy (I.E.) of the silicon atom and its higher congener compared
with carbon is expected to enhance the through-bond interaction of ethynyl units
along the backbone [81].

To set the future direction of the rapidly advancing field of novel conjugated materials,
a program was initiated in our laboratory to investigate the capacity of main group
elements to alter the chemical and physical properties of m-conjugated metal alkynyl
oligomeric and polymeric materials. Based on the energy gap law, the radiative rate
of triplet emission can be optimized by raising the energy level of the triplet excited
state of the material [51,52]. Although the sp’-silicon unit is generally not as
good as an sp- or sp>carbon structural motif in facilitating electronic conjugation,
recent studies have demonstrated that deliberate inclusion of conjugation-interrupting
units shows good potential in improving the resulting optical and photophysical
properties of these conjugated compounds [82—-84]. We therefore embarked on a
project aimed at preparing and characterizing new molecular and polymeric materials
through incorporation of main group 14 elements and alkyne functionalities with
transition metals.

2.1.2 Synthesis and Chemical Characterization

Although considerable effort has been devoted to the use of (hetero)aromatic or
carbon-rich spacer units, much less is known about the silicon-linked system and



Transition Metal o-Acetylide Polymers Containing Main Group Elements 43

little research has been performed in the area of metal polyyne chemistry. Along
these lines, the first synthesis, characterization, and luminescence behavior of a
series of novel platinum-containing oligo- and poly(silylacetylenes) (1-3) was
described based on the use of dichlorodiethynylsilane (L,) [85]. The relevant
synthetic pathways are outlined in Scheme 3.1. Complexes 2 and 3 provide the
best finite models for the polymeric analog 1. These new compounds were prepared
using the Cul-catalyzed dehydrohalogenating route at room temperature (r.t.)
and isolated as off-white to light yellow solids. Complex 2 was structurally characterized
by X-ray crystallography (Figure 3.5) and was the first example of a silylacetylene-
linked diplatinum complex in the literature. Two discrete mononuclear group 8
metal complexes of ruthenium and osmium(II) containing the ligand L, were also
known, which proved useful as synthons to afford other homo- and heterometallic
alkynyl compounds [86].

All these Si-bridged platinum complexes were air-stable and had good solubility
in common organic solvents. The number of repeat units per chain calculated from
M_ was lower for 1 than that for trans-[-Pt(PBu,),C=CC=CC=C-] [87,38].
The single resonance in the *'P-{'H} NMR spectra flanked by platinum satellites for
1 and 2 confirmed the trans arrangement of the phosphine ligands in a square-planar

Si (i)

n

(ii)

(iif) @

Si PB Et,P
LN / \ P 2N /@
Pt Pt
S _

Ph,
3)
Reagents and conditions: (i) trans-[PtCl,(PBu,),] (lequiv.), Cul, 'Pr,NH-CH,CI,, r.t.; (i) trans-[PtCI(Ph)(PEt,),] (lequiv.),
Cul, 'Pr,NH-CH,CL,, r.t; (iii)trans -[PtCL,(PBu,),] (0.5 equiv.), Cul, 'Pr,NH-CH,CIL,, r.t..

Scheme 3.1 Formation of 1-3



44 W.-Y. Wong

Figure 3.5 X-ray crystal structure of 2

Table 3.3 *Si NMR data for oligo- and polyplatinaynes containing alkynylsilane ligands

Compound »Si NMR (ppm) Compound »Si NMR (ppm)
L, -48.42 L, -48.49
1 -57.50 4 —48.16
2 -58.10 5 —48.33
3 -57.75 6 -49.32

geometry. Two distinct *'P-{'H} signals were observed for the terminal and central
phosphine groups in 3. The ?Si NMR chemical shifts of 1-3 (6 = —57.50 to —58.10)
appeared at further downfield positions in comparison with L, (6 = —48.42) (Table 3.3)
and do not differ significantly from those for related polymers consisting of sily-
lacetylene and mt-conjugated organic groups [66]. Polymer 1 was thermally stable up
to (~380°C and the onset decomposition temperature was higher than those in related
polymers trans-[-Pt(PBu,),C = CRC = C-] (R = I,4-phenylene, 2,5-thienylene,
2,5-pyridyl, 9-substituted 2,7-fluorenylene) [36], suggesting that the silylene unit can
help increasing the thermal stability of Pt(Il) polyynes. The decomposition step was
found to result from loss of two PBu, groups from the polymer.

2.1.3 Optical and Light-Emitting Properties

For 1-3, the first electronic absorption band was mainly based on 1—7t" transition in
the organic system and m-conjugation of the ligand was preserved through the Pt site.
The apparent lack of an energy shift in the S S, transition among them showed that
the lowest singlet excited state was confined to a single repeat unit. When compared
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with the other conjugated spacers, the degree of electronic conjugation roughly
followed the order C=C 2 2,5-thienyl > 1,4-CH, > 2,5-pyridyl > SiPh, for both
diynes and polyynes (Figure 3.6), implying that the energy of the S, singlet state was
highest for the Si-bridged compounds. These results were also consistent with the
density functional theory (DFT) calculations at the B3LYP level for 2, 30 (vide infra),
and trans-[Pt(Ph)(Et,),C = CC = CC = CPt(Ph)(PEt,),]. The highest occupied molec-
ular orbitals (HOMOs) are t-bonding orbitals in the conjugate organic structural units
that are mixed with the metal d orbitals. The lowest unoccupied molecular orbitals
(LUMOs) are largely related to the vacant p orbitals of the Pt center mixed with 1t
orbitals of the conjugate organic moieties. Here, p, stands for the p orbitals perpendicular
to the square planes around Pt center. From the contour plots shown in Figure 3.7,
the calculated HOMO-LUMO gaps were in line with the extent of nt-delocaliza-
tion in the conjugation chain as depicted in Figure 3.6.

The temperature dependence of the PL spectra of 1 is shown in Figure 3.8. There
was a strong increase in triplet emission intensity with decreasing temperature. At
11K, the emissive peak occured at about 508 nm for 1. The luminescence lifetime
(t,) values for 1 were determined to be about 11.0us at 290K and 40.2 s at 11K
(versus T, = 30us at 10K for I), which was in line with the n—n" character of the
phosphorescent triplet state of the emission. The reduced conjugation in 1 shifted
the phosphorescence to the blue by 0.06 and 0.38¢eV, respectively, as compared
with the related Pt(II) polyynes I and 30.

Attempts were also made to extend the work to some robust and stable silylacetylene
derivatives functionalized with aromatic entity such as L, [89], which can then afford
new Pt polyynes 4 and oligoynes 5 and 6 [90]. Scheme 3.2 depicts the synthetic routes
to these materials. Polymer 4 was prepared as a structural analog to frans-[-Pt(PBu,),C=C
(p-CH,)C = CPt(PEt,),C=C(p-CH,)C=C-] (VD) in order to evaluate the effect of

[ PBuj, -| 1|’B113 1|3Bu3
1'%:."\: @—Il’t:}'{:}it—@
\\ PBu; Jn PBu, PBu,
Decreasing delocalization of m-electrons
-
%’h
R= ——— —Z/ \§— —< >— —<\ />— —Si—
S N z
Ph
E, (eV) = 282 2.85 2.98 3.05 3.70

Figure 3.6 Optical bandgaps (£,) for platinum polyynes and diynes with different spacer groups
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Figure 3.8 Temperature dependence of the PL spectra of 1

SiPh, in the metal polyyne system. Compounds 4-6 were generally organic-soluble in
aromatic, chlorinated, or ethereal solvents. The 2Si NMR chemical shifts of these plati-
num-rich alkynylsilanes (§ = —48.16 to —49.32) remained relatively unshifted
relative to L, (0 = —48.49) (Table 3.3). Once again, it was shown that addition of SiPh,
units in 4 could enhance the thermal stability of these Pt(II) polyynes.
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Scheme 3.2 Synthesis of 4-6

For 4-6, we assigned the lowest energy absorption peak to the (0,0) vibronic peak
of a Sy—S, transition from the HOMO to the LUMO, which were essentially delocal-
ized T and 1" orbitals. The observation of a red shift in the bands upon introducing
Pt units indicated mt-conjugation of the ligands through metal sites. Polymer 4 possessed
a well-extended singlet excited state. The absorption maximum followed the
order I (380nm) = VI (383nm) > 4 (355nm), showing that SiPh, was a less effective
spacer than the C.H, and Pt(PEt,), units in electronic Conjugatlon and was thus
associated with the hlghest S, level Moreover, we found that the E values gradually
decreased in the order 5 > 6 > 4 with increasing oligomer chain length

Two characteristic emission bands were observed at 11K for 4 in which the higher
energy weak emission peak near 400 nm corresponded to fluorescence and the lower-
lying emission beyond 500 nm was attributed to the spin-forbidden phosphorescence.
In addition, the emissions did not change in dilute solutions, excluding an excimer
origin. The temperature dependence of the PL spectra for 4 is displayed in Figure 3.9.
For 4, the T, state appeared to be strongly localized. Compounds S and 6 also showed
similar PL features. Based on the spectroscopic data, the energy level diagram shown
in Figure 3.10 was obtained for the polymers 4, I, and VI and their corresponding
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Figure 3.10 Electronic energy level diagram of 4, I, and VI (solid lines). The levels for the cor-
responding Pt diynes are shown by the dashed lines. All energy values are quoted in eV

dimeric model compounds. We noted a very high phosphorescence rate efficiency for 4,
and the order of S T crossover efficiency was 4 > VI > L. This agreed with the solu-
tion PL data in which the ratio of integrated intensities of phosphorescence to fluo-
rescence was greater than 1 for 4 but was less than 1 for VI (Figure 3.11). The
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Figure 3.11 Solid-state absorption and PL (11K) spectra of 4 and VI (solid line). The PL spec-
trum in CH,Cl, solution at room temperature is represented by the dotted line in each case

intensity of phosphorescence thus reduces with energy of the T,—S  emission. The use
of a conjugation-interrupting silyl segment in 4 fine-tuned the effective conjugation
length of metal polyynes and gave rise to efficient crossover between the S, and T,
states. The S —T, energy gap for 4 was found to lie within the constant range of 0.7 +
0.1eV, typical of other analogous polymetallaynes [36].

Extension of these synthetic methodologies to other group 14 elements also
warranted examination. Although study of oligo- and poly(aryleneethynylenesilylene)s
represents a topical research area nowadays, little is understood on related systems
with the heavier group 14 element germanium of even lower L.LE.. Knowing this, the
first examples of Ge-containing Pt(II) metallopolymers, derived from the blue-
light-emitting oligo(fluorenyleneethynylenegermylene)s L-L, are described which
can display very fast phosphorescence decay rate [91]. Inclusion of a conjugation-
interrupting sp*-Ge linker can limit the effective conjugation length and trigger the
triplet light emission by taking advantage of the heavy-atom effect of Ge atoms.

Stable polyplatinaynes 7-12, as shown in Scheme 3.3, were obtained by dehy-
drohalogenative polymerization between trans-[PtCl(PBu,),] and the germanium-
based oligomers. The excellent film-forming properties and GPC data suggested
high-molecular-weights for these materials. Polymers 7-12 displayed excellent
thermal stability in the TGA curves. The onset decomposition temperatures were
almost invariant of the chain length and the R unit. Relative to the parent polymer
trans-[-Pt(PBu,),C=CRC=C-] (R = 9,9-dihexylfluorene-2,7-diyl), which decom-
poses at 349°C [40], the presence of the GeR, unit between the fluorene-acetylene
segment significantly increased the thermal stability of the Pt polyynes.
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Scheme 3.3 Synthesis of 7-12 from oligo(fluorenyleneethynylenegermylene)s

The transition energies of 7-12 were lowered relative to those of the metal-
free oligoacetylenic germanes, suggesting a well-extended singlet excited state in
the polymers. Examination of their absorption behavior in both CH,Cl, and in the solid
state precluded the formation of solid-state aggregates in thin films. For 7-12, both fluo-
rescent and phosphorescent emissions arose from ligand-centered (m)” transitions. In
dilute fluid solutions, we observed an intense (") fluorescence near 400nm, which
did not show a large energy shift at high concentrations. The presence of an excimeric
state is therefore unlikely. At low temperatures, another phosphorescence band emerged
at a wavelength (A, ), between 545 and 548 nm. The substantial Stokes shifts of these
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peaks from the dipole-allowed absorptions, coupled with the long emission lifetimes
in the microsecond range, are suggestive of their triplet parentage. The triplet
energy did not vary much with oligomer chain length. In other words, the lowest
T, state wass confined to a single repeat unit. Variation of the R group did not
appear to alter this strong confinement. Insertion of conjugation-hindered GeR,
group in these polymers shifted the phosphorescence peaks to the blue relative to
trans-[-Pt(PBu,),C=CRC=C-] (R = 9,9-dihexylfluorene-2,7-diyl). Values of S T,
separation were found to be about 2.27-2.28 eV for both the Me and Ph series. This
corresponded to S-S gaps of ~ 3.0eV. The S ~T, gaps were between 0.73 and 0.75¢V,
falling into the usual range for other metal polyynes of group 10—12 elements.

For systems with third-row transition metal chromophores in which the ISC
efficiency is close to 100% [92-94], the phosphorescence radiative (k ), and nonra-
diative (k ), decay rates were related to the measured lifetime of triplet emission
(t,) and the phosphorescence quantum yield (®,) by Egs. 3.1 and 3.2:

(k ),=(1-d)yr, 3.1

(k)p = @, /7, (3.2)

Using Egs. 3.1 and 3.2 7, ®,, (k),, and (k,_ ), values at 20K were calculated for 7-12
(Table 3.4). The measured @, values were relatively insensitive to the value of m but
they changed with the ER, group (E = Si, Ge). The phosphorecence of the GeMe,
systems was twice as efficient as the GePh, congeners. However, substituting SiPh,
for GePh, reduced @, by almost half (®, ~ 10-13% for the SiPh, assembly) which
was attributed to the heavy-atom effect resulting from the presence of Ge groups in
the former case. The (k), values at 20K were (2.1-3.5) x 10° s~ for 7-9 and (1.3-1.7)
x 10° s7' for 10-12. Relative to trans-[-Pt(PBu,),C=CRC=C-] (R = 9,9-
dihexylfluorene-2,7-diyl) ((k,), ~ 4.4 x 10* s™), insertion of the germylene compo-
nent increased (k ), by about 10 times. Remarkably, it is possible to get comparable
orders of magnitude for (k ), and (k ), which was previously unprecedented in the
literature for polymetallaynes. Hence, heavy-atom derivatization using Pt and Ge
atoms together with conjugation interruption by the latter can greatly boost (k ),
values by about. 5 orders of magnitude [95]. It is probable that the high energy ben-
zene stretching modes of Ph group are efficient at promoting (k ), for 10-12, making
@, and (k ), values smaller than those observed in 7-9.

Table 3.4 Photophysical data of 7-12 at 20K

Ptpolyyne  (h,),(nm) & T, (1) (k)p 57 k), 57
7 547 0.45 1.27 43 x 10° 35x10°
8 544 0.43 2.08 2.7 x 10° 2.1 x 10°
9 544 0.45 1.41 39x10° 32x10°
10 548 0.17 1.32 6.3 x 10° 1.3x10°
11 545 0.18 1.21 6.8 x 10° 1.5x 10°

12 545 0.20 1.16 6.9 x 10° 1.7 x 10°
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We also recently reported using the electron-poor silole unit in the preparation
of a soluble donor-acceptor polyplatinayne 13 and its model compound 14 (Figure
3.12) [96]. A silole ring is of great interest by virtue of its low-lying LUMO level
because of the 6"~1" conjugation in the ring and so 2,5-difunctional silole ring sys-
tems were frequently employed as a prominent structural unit of -conjugated poly-
mers of low E, values [91-101]. The incorporation of electron-accepting silole
units in the metallopolymer main chain created a new m-conjugated system with
unique donor—acceptor characteristics that reduced the HOMO-LUMO gap of 13.
The ultraviolet (UV)-vis absorption spectra of both compounds 13 and 14 in
CH,Cl, exhibited strong T—t" transitions in the near UV region and relatively low-
energy shoulder bands in the visible range that tailed off between 570 and 590 nm.
Compared with the absorption band for 2,5-dibromo-1,1-diethylsilole (A, =
326nm), the positions of the low-lying shoulder bands (A = 504 (13) and 470
(14) nm) were remarkably red-shifted by about 178 and 144nm for 13 and 14,
respectively, after the inclusion of heavy transition metal chromophores. This likely
resulted from an intramolecular interaction between metal ethynyl units and silole
rings that notably perturbed the electronic structure of the silole unit. The E, value for
13 was 2.10eV and it was significantly lowered by about 0.6 to 1.0eV relatlve tol
(3.10eV) [90] and the electron-rich thienyl analog (2.70eV) [102]. Metallaynes 13
and 14 also showed broad and unstructured PL bands peaking between 537 and
525nm, respectively. The small Stokes shifts and the measured lifetimes in the
nanosecond time region for 13 and 14 identified S, as the emitting state. Unlike
other Pt polyynes of higher bandgaps, we observed no room temperature emission
from a T, state over the measured wavelength range for both compounds.

Complexes 13 and 14 displayed a low-lying LUMO energy level ranging from
—3.52 to —3.54eV. These LUMO levels were lower than those of 2-(4-biphenylyl)-

\ — - /
O/ Pt\PEt3 14 / t\©

Figure 3.12 Chemical structures of 13 and 14
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5-(4-tert-butylphenyl)-1,3,4-oxadiazole (-2.4eV) and other oxadiazole-based
materials [103,104] and that of poly(p-phenylenecyanovinylene) (—3.10eV) [104],
which featured good electron-transporting ability in polymeric LEDs (PLEDs).
Such energy levels match quite well with the work function of Al when it is used
as the electron-transporting material in PLEDs. The HOMO energy levels of 13 and
14 ranged from —5.62 to —5.72eV which made them attractive candidates as the
hole-blocking unit in PLEDs.

2.2 Metallopolyynes Containing Group 16
Main Group Elements

2.2.1 Background

We were interested in the synthesis of oligoacetylenic compounds containing
main group elements. The chemistry of some oligoacetylenic sulfides, such as
VII and VIII, has recently been described (Figure 3.13) [105]. In the literature,
work on the nonradiative decay of triplet states in conjugated polymers is still in
its infancy. Yet radiationless transitions are more common than radiative transi-
tions, so that knowledge of triplet state decay mechanisms is necessary for a full
understanding of the photochemistry of conjugated aryleneethynylene systems.
A number of literature reports have shown that the nonradiative decay of the triplet
states in a series of platinum-containing conjugated polymers and their metal
model complexes can be described by the energy gap law [52]. Work should
therefore be focused on materials with high-energy triplets in order to avoid
competition with nonradiative decay processes.

We continued to work on novel systems to circumvent the problem of the tri-
plet state being nonemissive by using a model system consisting of d® Pt-contain-
ing ethynylenic conjugated complexes and polymers containing some
non-m-conjugated group 16 chalcogen units. Also, although numerous research
reports have appeared on the syntheses and applications of purely organic poly-
meric systems of arylene ether, sulfide, sulfoxide, and sulfone [106-109], work on

R S : )
\S/S\S/ \S/ \R R = H or TIPS

VII
R S S R = Si
S \s/ \5/ S\s/ TIPS 51{

VIII

Figure 3.13 Some examples of oligoacetylenic sulfides
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rigid-rod chalcogen-derived metallaynes and their corresponding polyynes
remains unexplored. Whereas such heteroatoms can act as the conjugation-break-
ing unit to interrupt the electronic m-conjugation akin to the silyl fragment
described in Section 2.1, these materials can also offer an attractive combination
of physical, optical, and mechanical properties. In fact, sulfone-based poly(arylene
ether)s have gained considerable commercial and industrial importance. Aromatic
polymers that contain aryl ether or aryl sulfone linkages generally have lower
glass-transition temperatures and greater chain flexibility than their correspond-
ing polymers that do not have these groups in the chain [110-112]. In addition, it
is well documented that aromatic sulfoxides are photochemically active mole-
cules and characterization of the triplet states of simple organic molecules such
as PhEPh (E = S, SO, SO,) have played a major role in the development of their
photochemistry and photophysics [113,114].

We have widened our scope in the current work to form a new series of platinum
aryl-acetylide polymers and their dinuclear counterparts containing O, S, SO, and
SO, functional groups. These are remarkable model systems that can be used to
evaluate how chalcogen-based conjugation-interrupters would limit the effective
conjugation length of polymetallaynes.

2.2.2 Synthesis and Chemical Characterization

The syntheses of bis(alkynylated) precursors bearing 4,4’-diphenyl ether, 4,
4’-diphenyl sulfide, 4,4’-diphenyl sulfoxide, and 4,4’-diphenyl sulfone L,-L,, are
outlined in Scheme 3.4. The as-prepared diethynyl synthons were then used to form
a series of platinum(II) metallopolymers 15-18 and their model complexes 19-22
by adaptation of the classical dehydrohalogenation protocols (Scheme 3.5) [115].
The feed mole ratios of the platinum chloride precursors and the diethynyl ligands
were 2:1 and 1:1 for the diyne and polyyne syntheses, respectively. All the new
complexes and polymers were air-stable and could be stored without any special
precautions. They were soluble in chlorinated solvents such as CH,Cl, but were
generally insoluble in hydrocarbons. The three-dimensional molecular structures of
20-22 were confirmed by single-crystal X-ray diffraction studies (Figure 3.14). All
of these molecules adopted angular geometry at the sp® hybridized heteroatom. The
coordination geometry at each Pt center was square-planar with the two PEt, groups
trans to each other and the metal capping groups connected by the three diethynyl
chalcogenide ligands. None of these structures exhibited n—m stacking of the arene
rings in the solid state.

It is well-documented that aromatic polymers containing aryl ether or sulfone
linkages have excellent thermal and mechanical properties [107]. Analysis of
the TGA traces for 15-18 revealed that they all exhibit good thermal stability. They
retained more than 95% of their mass in the range of 335 to 363 °C. Their onset
decomposition temperatures appeared higher than that in trans-[-Pt(PBu,),C=C
(p-CH),C=C-] (~300°C) [116]. Thus, the introduction of a heteroatom can
enhance the thermal stability of this class of metal polyynes. We observed a sharp



Transition Metal o-Acetylide Polymers Containing Main Group Elements 55

0.
o O _O'D,
Br Br Me,Si Z =

SiMe,
(Ly)

CHO S CHO
©/ \© i) ﬁ \©\( (iv) K(Q/ m
al a
i
S
S
) =z S
P N (vii)
Ly \ A’
POACWH

(Lyp)

Reagents and conditions: (i) Trimethylsilylacetylene, Cul, PPh,, Pd(OAc),, iPerH‘ reflux; (i) K,CO,, MeOH, r.t.;
(iii) Acetyl chloride, AICL; (iv) POCI,, DMF; (v) NaOH, dioxane- water; (vi) H,0,, CHCI,; (vii) m-Chloroperoxybenzoic acid, CH,Cl,.

Scheme 3.4 Synthesis of the diethynyl chalcogenide ligand precursors L-L ,
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Scheme 3.5 Synthetic pathways to compounds 15-22

weight loss of 28% for 15 whereas 40% of the weight was lost for 16—18. The decom-
position step was ascribed to the removal of one PBu, group from 15 and the loss
of six Bu groups from 16—18. These platinum polymers also revealed no discernible
glass transitions in the DSC curves.

2.2.3 Optical and Light-Emitting Properties

Compounds 15-22 all displayed similar structured absorption bands in the near UV
region and the dependence of the absorption energies on the ligand type suggested
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Figure 3.14 X-ray crystal structures of 20 (a), 21 (b), 22 (c), and 25 (d)

that the absorption pattern was dominated by intraligand !(—7t") transitions, possibly
mixed with some contributions from metal orbitals. We noted a red shift of the lowest
energy absorption upon the insertion of metal fragments. w-Conjugation was thus
preserved through the metal site through mixing of the frontier orbitals of the metal
and ligand. A well extended singlet excited state in the Pt polyynes was also
indicated by the transition energies of the platinum polymers, which were lower
than those of the diplatinum complexes. The absorption energy of the oxygen-
linked metal compound was the largest whereas the sulfone-containing counterpart
showed the lowest absorption energy between 15-18 and 19-22 (Figure 3.15).
Relative to rrans-[Pt(Ph)(PEt,),C = C(p-C H),C = CPt(Ph)(PEt,),] and trans-
[-Pt(PBu,),C=C(p-CH),C=C-] (4, = 346 and 372nm, respectively), we
found that the non-m-conjugated chalcogen unit between the two phenyl rings hin-
dered conjugation and causeed a blue shift in the absorption wavelength (325-345
and 343-361nm) for our Pt diynes and polyynes, respectively. In other words, the
energy of the S state varied with the electronic properties of the spacer group,
which goverened the efficiency of triplet-state emission (vide infra). Upon photoex-
citation, we observed an intense purple-blue '(m—1t") fluorescence peak near 400 nm
in dilute fluid solutions at 290K for each. As the temperature was cooled to 20K,
there was almost no fluorescence band but rather a prominent phosphorescence
band from the central ligand chromophore. At 20K, the intense PL peaks in
the low-lying region exhibited large Stokes shifts from the absorption spectra
(Figure 3.15) and possessed long emission lifetimes. The emission maxima were
dependent on the nature of the acetylide ligand; thus, the lowest emissive states in
these compounds can tentatively be assigned as metal-perturbed ligand-localized
3(m—m") transitions. The emission assignment was also supported by the observed
temperature dependence of the emission data. Although we have had a long-term
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Figure 3.15 The absorption and PL spectra of 15-18. The absorption spectra are the higher
energy dotted lines measured at 290K. PL spectra were taken at both 290 (dashed lines, in
CH,Cl)), and 20K (solid lines, as thin films). For the polyyne 18, the 290K PL spectrum (dash
dotted line) as thin film is also shown

interest over the past decade in rendering the observation of triplet emission under
ambient conditions, this work was attractive in that room-temperature phosphores-
cence was clearly identified for our platinum polymers (Figure 3.15). This is not
well documented for related systems containing extensively conjugated spacers.
Presumably because of the internal heavy-atom effect of the sulfone group, polyyne
18 showed the most intense phosphorescence band at 290 K among the four polymers
and we even observed very strong solid-state triplet emission for 18 in which the ratio
of integrated intensities of phosphorescence to fluorescence was greater than unity.
Table 3.5 lists some photophysical parameters for 15-18 and Figure 3.16 dis-
plays the energy level scheme for their lower-lying excitations; the data for the
silylene-spaced congener 4 is also included for comparison. The lowest T, state
essentially remained strongly localized, and can be inferred from the small energy
difference between triplet emissions in the Pt diynes and polyynes. All polymers
exhibit T —S; gaps of 2.5V or above, which correspond to S,(PL)-S gaps in the
range of 3.13 to 3.57¢V. The measured S T, gaps are constant at around 0.7 £ 0.1eV,
corresponding closely to the S —T, energy gaps estimated for some organic con-
jugated polymers [117,118]. All of the sulfides had triplet energies lower than the
corresponding sulfoxides, whereas those of the sulfones were typically higher than
those of the sulfoxides. These findings are in agreement with some simple organic
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Table 3.5 Photophysical data of 15-18 at 20K

Pt polyyne (A, (nm) o, T, (1s) (k), (s™) k), (s7)
15 454 0.46 6.38 7.18 x 10 8.50 x 10*
16 484 0.49 6.02 8.08 x 10* 8.54 x 10*
17 475 0.51 7.27 7.06 x 10* 6.69 x 10*
18 484 0.46 8.57 5.41 % 10* 6.26 x 10*
4.0
| S, Abs. 3.62

S, Abs. 3.52 | S1 Abs. 3.55
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Figure 3.16 Electronic energy level diagram of Pt diynes and polyynes containing group 16 main
group elements determined from absorption and PL data. Dashed lines represent the levels for the
Pt diynes and polyyne containing bi(p-phenylene) spacer. The S levels are arbitrarily shown to
be of equal energy and all energy values are quoted in eV

aromatic molecules ArEAr (Ar = aryl, E = S, SO, SO). It was observed that the
T S, gap generally changed with the E unit according to the order O > SO, > SO >
S for the metal diynes. However, the T, level for 18 appeared to be slightly lower
than those of 16 and 17 probably because of its higher degree of polymerization
(DP~18) than the latter two (~13—14). Hindered conjugation through use of different
group 16 element-derived units shifted the phosphorescence to the blue as com-
pared with the conjugated biphenyl-spaced counterparts whose largest blue
shift was encountered for the diphenyl ether derivatives (ca. 0.44-0.48¢V).
Generally, we observed that the Pt polyynes gave more efficient phosphores-
cence than the Pt diynes. But, ®, did not vary much with the type of E groups in
this study. Comparing (k), and (k_), values for the individual metal polyynes and
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diynes, it was noted that the values for (k ), were comparable to those for (k).
Incorporation of the group 16 conjugation-interrupters in the Pt polyyne systems
resulted in (k,), values of (5.4-8.1) x 10* s™' which were more efficient relative to I
((k), = 6 x 10* s at 20K) by about 1 order of magnitude [95]. This implied that
high-energy triplet states (and concurrently high optical gaps) intrinsically led to
more efficient phosphorescence in these metal-containing aryleneethynylenes.

In a related context, a series of platinum(II) acetylide complexes of oligoacety-
lenic sulfides of various chain lengths 23-26 were prepared as molecular models
for their long-chain organometallic polymers (Figure 3.17) [119]. The crystal
structure of 25 was determined (Figure 3.14). Compounds 23 and 25 with
monoacetylenic sulfide units were shown to be air-stable in the solid state, but the
oily diacetylenic sulfide species 24 and 26 turned dark within several days when
exposed to light at room temperature. The optical properties of these molecules
were briefly examined and will likely act as a benchmark for future polymer
characterization. Compounds 24 and 26 showed significant red shifts in the emis-
sion wavelengths with respect to the monoacetylenic counterparts 23 and 25,
respectively.

Extension to the oligothiophene system was equally appealing as a versatile syn-
thetic step toward sulfur-containing metallaynes and a series of conjugated
platinum(II) acetylide polymers containing oligothiophene units 27-29, and their
corresponding dimeric complexes 30-32, were synthesized according to Scheme 3.6.
The solid-state structures of 30 and 31 were established by X-ray crystallography
(Figure 3.18). The photophysical, optoelectronic and structural properties of these
metallaynes have been extensively studied in terms of the number of oligothienyl
units within the bridging ligand [120,121].

The absorption and PL spectra of 27-29 at room temperature are shown in
Figure 3.19. The optical gap energy of 27-29 decreased with an increase in the
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Figure 3.17 Chemical structures of 23-26



60 W.-Y. Wong

S /N
H = ST H
I"Bux 6} (i) - -
7\ . . |
Pi—— = / p—— (1))
VS e AN “"@
B, J’El\ PEL
m=1@27 m=1(30) ’
m =2 (28) m =2 (31)
m=3(29) o33
Reagents and conditions: (i) trans-[PtCl,(PBu,),] (1 equiv.), Cul, 'Pr,NH-CH,CL,, r.t.; (i) trans-[PtCl(Ph)(PEt,),], Cul, Pr,NH-CH,CI,, r.t..

Scheme 3.6 Preparations of compounds 27-32
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Figure 3.19 Absorption (a) and PL spectra (b) of 27-29 at room temperature

number of thienyl rings (m). We attributed this to an increased delocalization
of m-electrons along the polymer chain. As the m value increased, the overall
effect on the optical gap decreased. Moreover, addition of Pt fragments into the
ligands lowered the transition energy. Likewise, the transition energies of the
polymers were lowered compared with the corresponding platinum dimers 30-32,
consistent with m-conjugation of the ligands through the metal center. The
emission features were shifted to lower energy with increasing chain length of
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the thiophene segment. We ascribed the peaks at 2.85, 2.44, and 2.28eV for
27-29, respectively, to arise from the singlet state. Such singlet emissive transi-
tion involved the mixed ligand—metal orbitals, dominated either by the intralig-
and HOMO-LUMO rn—n* transition or charge-transfer type transition. The
broad PL feature within 1.6 to 2.2eV for 27 can be assigned to the phosphores-
cence emission. The triplet emission peak at 2.05eV in 27 strongly increased
in intensity as the temperature was lowered. This emission intensity enhance-
ment revealed a triplet exciton that was quenched by thermally activated diffu-
sion to dissociation sites at room temperature. For 28, there was a weak triplet
emission shoulder centered at about 1.67eV. There was no room temperature
triplet emission for 29 over the measured range (1.2-3.0eV). At 18K, the triplet
emissive bands became more apparent at 2.05, 1.67, and 1.53eV for 27-29,
respectively, and they all ranged from 0.80 to 0.88¢eV below the S, energy level
(Figure 3.20). The intensity of this triplet emission decreased rapidly with
increasing m value. This was anticipated because the higher m value in the ligand
reduced the influence of the heavy metal center, which was mainly responsible
for the ISC process. Also, in oligothiophene systems themselves, ISC is reduced
with an increasing m value, as the energy of the singlet excited state drops
below the corresponding resonance state for ISC in those systems [122]. The
energy of the triplet emission also experienced a red shift when additional thi-
ophene rings were added to the ligand, suggesting that the triplet excited state
should be extended over several thiophene rings (i.e., three or more) in that
system. This shift of triplet emission energy observed in 27-29 was in agree-
ment with the calculations by Beljonne et al. on the evolution of the triplet
excitation energy in purely organic oligothiophene systems [122,123].
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Figure 3.20 Energy versus chain length dependence of 27-29 for S -S (a), T,-S, (b), and S -T,
(¢) gaps
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2.3 Potential Optoelectronic Applications

A study of these new metal alkynyl compounds in suitable electronic and optoelectronic
structures forms an essential part of our research program [124-129]. Some
examples are given below. The photoconductivity of polymer 4 was examined,
and a photocell in a single-layer structure of ITO/4/Al was fabricated (Figure 3.21).
The quantum efficiency detected was about 0.01%, a typical value for single-
layer devices. The photocurrent was found to increase with an increase in bias
voltage (Figure 3.21b) [90]. Similar to polyyne I, the excited states were mainly
strongly bound triplet excitons in such Pt polyynes upon photoexcitation and
were confined to one monomer unit [124]. Alternate substitution of Pt(PBu,),
units in I by SiPh, did not appear to significantly alter the photoconducting
properties of this class of polymetallaynes.

It was shown that 27-29 were also good photoconductors in suitably fabricated
configurations [120,126]. The photocurrent spectra of the Au/27/Al, ITO/28/Al,
and ITO/29/Al photocells showed two peaks, one at the onset of absorption [2.92
(27), 2.64 (28), and 2.43eV (29)] and one at higher energies [3.81 (27), 3.56 (28),
and 3.38eV (29)] (Figure 3.22). The second photocurrent peaks were likely resulted
from absorption into the higher-lying absorption bands. Polymers 27-29 showed a
short-circuit quantum efficiency of about 0.04% at the first photocurrent peak,
which is a common value for single-layer devices. We observed no great difference
in quantum efficiency with variation of the thiophene content in these Pt-containing
polymers. The quantum efficiency of the second peak was different among 27-29
and was very sensitive to air exposure [126]. The overall photocurrent increased
when exposed to air and was reduced after annealing under vacuum. The I-V char-
acteristics at the first peak in the spectral response resulted in open-circuit voltages
of 0.50, 0.75, and 0.47V and fill-factors of 0.32, 0.35, and 0.30 for 27-29, respec-
tively (Figure 3.22b).

@) Pt polymer (b)

film 4 ITO glass| =

Al < 100
mechanical\ it
hv g
150 w == E
xenon lamp §
band pass filter ‘— n‘—:i

resistor
10
100 ’ 000
lock-in amplifier Electric Field (kV/cm)

Figure 3.21 Device structure for photoconductivity measurements based on a ITO/4/Al photocell
(a) and the corresponding logarithmic plot of the photocurrent against the applied electric field (b)
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Figure 3.22 Photocurrent spectra for 27-29 (a) and I-V curve for the ITO/28/Al photocell in the
dark () and under light illumination (o) (b)
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Figure 3.23 Experimental setup for the measurement of optical-limiting properties

Optical limiters are devices that strongly attenuate optical beams at high intensities
while exhibiting higher transmittance at low intensities [130]. Such devices are useful
for the protection of both the human eye and optical sensors from intense laser beams.
Examination of the nonlinear optical transmittance characteristics of 28 at 532nm
(Figure 3.23) showed that it is an excellent optical limiter with performance comparable
or superior to those of the state-of-the-art reverse saturable absorption dyes such as
fullerene C_, and metal phthalocyanine complexes (Figure 3.24) [131]. The optical-
limiting threshold for 28 was 0.12J/cm? at 82% linear transmittance. It was conceived
that this class of polymeric materials would be promising candidates for use in practical
optical-limiting devices. At present, the predominant materials practically employed
for optical limiting are small molecules and much less work has been done on the
optical-limiting properties of metal-containing polyyne polymers. To our knowledge,
related studies for metal-aryleneethynylene copolymers of the type trans-[-Pt(PBu,),-
C=CArC = C-] remain very sparse.
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Figure 3.24 The open aperture Z-scan results for 28 and C solutions at the same linear
transmittance of 82%
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Figure 3.25 The proposed optical-limiting mechanism for the platinum polyyne 28

From Figure 3.19b, there is no obvious triplet emission in the PL spectrum of 28
at room temperature and its optical-limiting effect may therefore not be induced by
the triplet absorption. Thiophene is well known as an electron-rich five-membered
aromatic system [132]. Dithienyl unit can act as a donor (D) in the main chain,
and the platinum ion as a strong acceptor (A), leading to a donor—acceptor (D-A)
structure along the polymeric backbone in 28. Because of the presence of strong
D-A components, when polymer 28 was exposed to the strong incident irradiance
of the laser beam, there were intramolecular charge-transfer (ICT) states between
the metal ion and the ligand. In this case, the proposed optical-limiting mechanism
for 28 is outlined in Figure 3.25. The molecules leapt to the S, state from the S,
state upon absorption of optical energy. Following this, they are capable of
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absorbing optical energy in order to get promoted to the higher singlet state (S),
thereby inducing the optical-limiting effect or undergoing the nonradiative decay
process to form the (ICT), state. When the molecules in the (ICT), state gained
certain population, absorption of optical energy took place, followed by electronic
excitation to the higher (ICT), state. The strong energy absorption, together with the
(ICT),—(ICT), process, was responsible for the optical-limiting behavior of 28.
The same phenomenon applied to complex 31. As shown in Figure 3.24, polymer
28 exhibited better optical-limiting response than 31, revealing that the nonlinear
effect was caused not only by the single repeating segment but also the entity that
was delocalized over more than one repeating unit.

3 Further Considerations and Perspectives

This chapter has focused on the chemistry and properties of a novel family of
synthetic metal-containing polymers that carry main group elements in the
main chain in various capacities. These metal-based macromolecular materials
have been recognized for their exciting photophysical properties, structural
variability, and potentially important commercial applications. We envisage
that the electronic interactions along the m-conjugated backbone will be strongly
influenced by the nature of the heteroatom fragment. For instance, conjugation
should be disrupted by incorporation of group 13 boron or enhanced by group
15 elements such as phosphorus. With this in mind, it would be interesting to
prepare metal polyynes bridged by these main group units [9]. We believe that
incorporation of different metal centers to these alkynyl species will likely lead to
new metallated materials. In-depth exploration of these newly synthesized com-
pounds as semiconducting and light-emitting materials in the fabrication of
LEDs and photocells will be of great interest. The solid-state chemistry of these
compounds (e.g., within the realm of ceramization) will also be studied, partic-
ularly at the nanostructural level. Success in this work could open new avenues
for production of nonoxide ceramics and mixed-metal carbides from their
molecular precursors. In the long run, the possible use of materials such as
metal-containing organosilicon materials as molecular precursors to the prepa-
ration of various nanoparticles or other related materials would be interesting
areas of research [11]. In the short term, development of a completely new class
of inorganic materials is therefore likely and will be of interest to a wide cross-
section of the research community; applications in the area of novel functional
materials that combine the essential features of organic polymers, metals, and
ceramics may arise in the future.
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1 Introduction

The field of organometallic and coordination oligomers and polymers has rapidly
flourished in recent years [1-11]. The quest for finding new materials is driven by
applications in photonics such as light-emitting-diodes, nonlinear optical and photo-
conducting materials and photovoltaic cells, electronic devices including materials
based on semi-conductivity properties, liquid crystals useful in digital display, nano-
materials, and heterogeneous catalysis. Although the field is “dominated” by the use
of N-containing and organometallic assembling ligands, relatively little is known
about oligomers and polymers built on diphosphines and diisocyanides [2]. This
chapter deals more particularly with recent advances in spectroscopy and photophysi-
cal behavior of coordination and organometallic polymers based on the diphosphine
and diisocyanide bridging ligands involving direct P-M and NC-M bonds in the
backbone, mainly for cases where the metals are palladium, platinum, cooper, silver,
and gold. The photophysical parameters and phenomena addressed in this chapter are
triplet energy extracted from the emission maxima, excited state lifetimes extracted
from luminescence kinetics, emission quantum yields, emission quenching, photo-
induced electron and energy transfers, and exciton phenomena. In addition,

A.S. Abd-El-Aziz et al. (eds.), Inorganic and Organometallic Macromolecules: 71
Design and Applications.
© Springer 2008
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photovoltaic cell performance for one case is also addressed. Although this field
appears to be in its infancy when compared with the well established organome-
tallic and N-donor ligand-containing polymers, very clear advances are being
reported at an ever-increasing pace. This chapter stresses the comparison between the
polymers, oligomers, and the mononuclear related complexes in an attempt to show
how the phophysical parameters and phenomena are influenced by the presence of
interacting short-, medium-, and long-chains.

2 Palladium and Platinum

2.1 Valence +2

Palladium(Il)- and platinum(II)-containing oligomers and polymers built with
diphosphine and diisocyanide assembling ligands—which allow for the presence of
metal in the backbone—are not luminescent based on the author’s personal experience
(e.g., 1 and 2) [12], but also according to literature (e.g., polymers 3-5) [13,14]. This
contrasts drastically with the well-known palladium(II)- and platinum(II)-containing
oligomers and polymers built with ethynyl assembling fragments (also called
polyynes), with the general formula as shown for polymer 6 [15,16].

The nonluminescent versus luminescent (and strongly luminescent) photophysi-
cal property differences between polymers 1-5 and 6 stem from the nature of the
ligands and the strong Pt-CC- bond. The bis(ethynyl)aryl spacers are already, in
most cases, strongly luminescent and intense fluorescence can be readily detected
with a simple ultraviolet light (UV) that is used for thin layer chromatography (TLC).
This is not true for most common diphosphines and diisocyanides. Exceptions do
exist, but literature shows that such ligands have not yet been employed to syn-
thesize coordination and organometallic polymers. In addition, photo-induced M-P
and M-CN bond scission are also possible, which contribute to the waste of
absorbed light energy (energy wasting process); luminescence is therefore not

Ph *Ph Fh Ph
P-(CH,)-P X J:|4+ 'I‘;"Phphs:f_: —|+ 'I:"glh Ph:/’P
A0 LE A il A
id
Nzc’ L Nac Ph": \/\}‘\#W Ph\)P\/\/\/\/\/\g\g,W/Ph
-(CH,), P Ph kPhPh n Ph kPh n
1 (m=5; P = PPh,) 3 (L = MeCN; X = Me) 5
2 (m = 6; P = PPhy) 4 (L = Me(CO); X = Me)
PRy
[ ,1 e ] R =aryl
[ T = - J R'= Phoralkyl
PR, n
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detected at room temperature in fluid solution, and in general, the luminescence is
very weak in both the solid and frozen (77 K) state. On the other hand, the M-CC-
bond is very strong and does not undergo photo-induced scission. This results from
the stronger conjugation between the —C=C- fragment and the M d orbitals, in
comparison with P d- and CN-R m-orbitals, and the extra electrostatic attraction
between the mono-negatively charged —C=C- ligand and the positively charged
metal (2+). Both phosphine and isocyanide are neutral. Rigidity also contributes to
enhance the radiative processes by reducing the number of low-frequency vibra-
tional channels for nonradiative excited state relaxation.

2.2 Valence +1

With the lower valence species—such as +1, +0.5, and 0—medium to weak
luminescence arising from oligomers and polymers (along with their “related mono-
meric” models) was detected on many occasions. The simplest examples are the d°-d°
Pd-Pd bonded complexes, sz(dmb)zX2 (dmb = 1,8-diisocyano-p-menthane; X = Cl,
Br), which were originally synthesized in 1992 [17], and investigated for their photo-
physical properties the following year [18]. But it was only recently that it was unam-
biguously demonstrated that these simple complexes exist as polymers in the solid
state and a stressed Pd-Pd-bonded complex in solution (Figure 4.1). In the solid state,
the Pd,(dmb),Cl, (7) is amorphous and exhibits a glass transition at about 5°C
(from differential scanning calorimetry [DSC]) and can make stand alone films [19].
In solution, the polymer becomes a binuclear complex as is demonstrated by the
estimation of the molecular dimension from the measurements of spin-lattice relaxa-
tion time (T,) and nuclear Overhauser enhancement (NOE) constants using closely
related binuclear palladium complexes. The technique was recently established
[20,21], and used successfully on several occasions thereafter [12,22,23].

o o= )
y \QV\% W
N Dy N N
--------- Pd—C= ¢ ¢ ¢ ¢
< | > == XPg———Pd-X X—Pd Pd—X
N=C—Pd-------- ¢ & G &
N N N N
X W M
\_ JN=Croe n
solid state solution Pds(tmb)oXs
7(X = Cl), 8 (X = Br) 9 (X = CI), 10 (X = Br)

Figure 4.1 (Left) Equilibrium taking place when the solid {Pd,(dmb),X,} polymers (X = Cl, Br)
are dissolved in solution to generate stressed Pd-Pd-bonded d°-d° complexes. (Right) structure of
the Pd,(tmb),X, complexes in solution
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Figure 4.2 Computer modeling showing the binuclear species, Pd (dmb),X,, resulting from the

»
dissolution of the corresponding organometallic polymers, stressing the ring deformation in
the Pd (dmb) fragment

The driving force for such phenomena is the the ease of dissolving small
molecules—with better solute-solvent interactions—rather than large polymers, par-
ticularly when the polymers do not incorporate soluble side-chains. The process is
obviously aided by the rather facile lability of the isocyanide ligands, which is
completely consistent with the low valence of the palladium (I). The stressed Pd-Pd
bond can be seen in Figure 4.2 (computer modeling) where the natural bite distance
in dmb is 4.4 A whereas the normal Pd-Pd bond distance is about 2.6 A [17,18].
This stress is responsible for the ring-opening-polymerization when the solute-solvent
interactions decrease during precipitation.

The emission spectra of Pd,(dmb),Br, in ethanol at 77K is shown in Figure 4.3
as an example, and was assigned to a triplet state originating from a do-dc" excita-
tion localized mainly in the Pd-Pd bond based upon extended Hiickel molecular
orbital (EHMO) calculations and polarization of the emitted light. The emission
lifetimes (t,) and emisson maxima (A_ ) for 4 related compounds are as follows:
(1) 71ns and 625 nm for Pd (dmb),Cl, (7), (2) 177 ns and 650 nm for Pd (dmb) Br,(8),
(3) 8Ins and 625nm for Pd(tmb),Cl, (9), and (4) 125ns and 650nm for
Pd (tmb),Br, (10) where tmb = Me (CN)CCH,CH,C(NC)Me,. The shot emission
lifetime was explained by both photo-induced homolytic Pd-Pd and Pd-X bond
cleavages based on ps flash photolysis measurements. The goal of replacing dmb
by the more flexible tmb ligand was to reduce the ring stress within the material.
The emission quantum (® ) in all cases could not be measured because their intensity
was too weak (<107). In the solid state, the emissions were barely perceptible at
about the same wavelength as mentioned above, but they were too weak to be analyzed
accurately, suggesting efficient intra-polymer emission quenching. The nature of
this quenching has not yet been elucidated.

The replacement of the halides by triphenylphosphine and diphosphines such as
Ph P(CH,) PPh, (m = 4; bis(diphenylphosphino)butane; m = 5, bis(diphenylphosp
hino)pentane; m = 6, bis(diphenylphosphino)hexane) and Ph,P-C=C-PPh, (bis(dip
henylphosphino)acetylene) new model complex (11), and polymers (12-15) are
obtained, respectively [19].
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Figure 4.3 Emission spectrum of Pd (dmb),Br, (8) in ethanol at 77 K. Excitation is at 420 nm
in the do-do” band located in the Pd-Pd chromophore. The band located at about 440 nm is due
to an impurity. Modified from reference 18
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Table 4.1 Photophysical parameters of 11-15 in butyronitrile at 77K [19]
Compound or polymer A, (dG-dG")/nm A, /nm T /ns D,
11 475 627 2.75 0.14
12 480 632 1.87 0.026
13 484 634 2.70 0.071
14 485 636 2.24 0.046
15 488 638 2.30 0.15

These species are moderately luminescent at 77 K in butyronitrile, but are
not luminescent at room temperature, both in the solid state and in solution. Their
luminescence also originates from a do-do”™ triplet excited state based on DFT computa-
tions. Details of the photophysical parameters are presented in Table 4.1.

The position of the do-dG™ absorption and emission bands were found to be
phosphine-dependent. The trend going from 11 to 14 is explained by the increase in
electronic density on the P-atom by inductive effect destabilizing the highest occupied
molecular orbital (HOMO) when Ph, (CH,),, (CH,),, and (CH,), are compared. The
stronger red-shift in absorption and emission between 12-14 and 15 is explained by
the change in C hybridation state going from sp? to sp, stabilizing the lowest
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unoccupied molecular orbital (LUMO) via coupling of the empty d orbitals on P and
the empty m-orbital on the ethynyl moiety. The emission lifetimes are particularly short
(ns time scale) which was consistent with the data found for 7, and do not follow the
quantum yield data, which are larger than expected for such short lifetimes. At this
time, this phenomenon has yet to be explained. It is interesting to note that both the
lifetimes and quantum yields decrease from 11 to 12-14, stressing the presence of a
slight emission quenching when flexible ligands are attached to the chromophore. This
behavior is known as the loose bolt effect. The full-width-at-half-maximum (FWHM)
of the emission band remains about constant all along the series (4,900-5,200cm™)
indicating absence of significant electronic interactions between the units.

Other examples of d°-d° Pd-Pd-bond containing polymers were reported (19).
These polymers, 16-18, are structurally related to 12—15 but differ in the relative
position of the phosphine and isocyanide ligands (equatorial versus axial, where
axial is along the M-M bond). As a consequence, the electronic density is not dis-
tributed the same along the Pd-Pd bond (i.e., the chromophore), and the absorp-
tion and emission do-dG” bands are significantly more blue-shifted with respect
to 12-15 (Table 4.2) which indicates a stabilization of the HOMO by having less
electronic density on the Pd-Pd axis. This observation is entirely consistent the
weaker ¢-donor ability of the isocyanide ligand in comparison with the phos-
phines in general.

Polymer 18 was synthesized in order to verify whether the molecular weight is
influenced by side chain groups (it is not), but a notable difference in kabs(dc-dc*)
and A was observed (17 and 18) despite the fact that the FWHM (2,300-2,500cm™)
were relatively constant all along this series. And similarly, the FWHM for the
emission band varied only from 5,300 to 5,600cm™" going from 17 to 18. The loose
bolt effect does not apply here because the photophysical parameters increase for

MNEC'_ C/O \MN’:C“‘
H
(Hzci)m_Tth ICN —|2+ (HzCle N 2+
|
PhP, —Pd——Pd—PPh2

! - Pd—PPh,
] Ph, | . CO
' PhyP —(CH,)m n 1 PhyP

(

16 (m = 2), 17 (m = 3), 18

Table 4.2 Photophysical parameters of 16-18 in butyronitrile at 77K [19]

Compound or polymer A, (do-dG™)/nm A, /nm T /ns D,
16 424 509 1.94 0.13
17 406 508 1.50 0.12

18 390 500 1.98 0.17
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18 whereas the opposite was anticipated. All in all, there is no clear evidence that
the different unit electronically interacts with each other.

The model compounds 19 and 20, along with polymers 21 and 22, are interest-
ing because the effect of substituting all 4 equatorial positions with P-donors
and the 2 axial ones with CNR ligands can be compared [24]. Table 4.3 summarizes
some photophysical data for 19-22.

From this table one can now state that kabs(dc-dc*) for the Pd-containing materi-
als vary as 19 and 21 ( equatorial 4 P; axial 2 CNR) <16-18 ( equatorial 2 P and
2 CNR; axial 2 P) <11-15 ( equatorial 4 CNR; axial 2 P), consistent with the elec-
tronic density argument. The emission lifetime for Pd-containing materials are still
in the ns regime, but the Pt-materials exhibit longer lifetimes going all the way up
to the us. Such lifetimes are normal for such experimental conditions and metal,
and may reflect the stronger Pt-Pt and Pt-L bonds where excited state deactivation
via a nonradiative photo-induced homolytic bond cleavage and reformation does
not occur efficiently.

The investigations of the model compounds 23 and 24 and the polymers 25 and 26
provided the first clear evidence for inter-unit interactions [24]. Whereas all previ-
ous model compounds and polymers discussed in this chapter showed very little
clear-cut evidence for inter-unit interactions based on the comparison between
band shift and FWHM within the model compounds and the polymers, where (at
best) several ~20-nm shifts (in one case), were observed, 23-26 show otherwise.
Modest red-shifts in kabs(dc-dc*) were observed for 23 and 25 and 24 and 26, but
the red-shifts were far more spectacular for the A data (85 and 42nm) (Table 4.4).
This is clear evidence for electronic conjugations along the backbone, which places
the triplet state—a state from which luminescence arises—lower in energy.

2+
PO Ph, _I N
PhaP ~ “PPh, 2+ P C
?—NEC—M—M—CEN phop M
I ' EM/ \PPh2 ot
Ph,P~_PPh, L N,
P ‘Cr-
Ph2 n
19 (M = Pd), 20 (M = Pt) 21 (M = Pd), 22 (M = 23)
Table 4.3 Photophysical parameters of 19-22 in butyronitrile at 77 K [24]
Compound or polymer A, (dG-dG")/nm FWHM/cm™! A, /nm T,
19 (M = Pd) 366 3,100 730 too weak
21 (M =Pd) 366 2,830 750 6.2ns
20 M =Py) 328 2,150 675 3.2us

22 (M = Py) 332 2,440 676 4.1ps
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Table 4.4 Photophysical parameters of 23-25 in butyronitrile at 77K [24]

Compound or polymer A, (do-do")/nm FWHM/cm™ A, /nm T,

23 364 - 635 4.5ns
25 (M =Pd) 370 2,640 720 3.7ns
24 340 1,680 673 3.2us
26 (M =Pt) 344 1,160 715 3.1us

]

Figure 4.4 MO drawings for the frontier orbitals (HOMO and HOMO-1: degenerated)
for Pd,(H,PCH,PH,),(CNMe),**.**

The presence of conjugation was also indirectly noted by the important gain in
thermal stability when the alkyl- and the aryl-isocyanide series (aryl far more stable
than alkyl) were compared.

Evidence for conjugation is easily depicted in the pictures of the frontier orbitals
(HOMO and HOMO-1 extracted from DFT computations; Figure 4.4), where
atomic contributions from the Pd d orbitals placed parallel with are depicted. In
many ways (i.e., structures, presence of thermal stabilities, and luminescence), the
arylisocyanide-containing polymers have much in common with the corresponding
aryl polyynes. The major difference is that the former exhibit a lesser degree of
emission intensity, particularly at room temperature.

2.3 Valence +0.5

Polymers of clusters are a very rare type of coordination and organometallic poly-
mers. The mixed-valent model clusters 27 and 28 [i.e., Pd(0.5) and Pt(0.5)] and
polymers 29-32 were prepared and thoroughly investigated from a spectroscopic and
photophysic standpoint [25,26]. From crystallography, the M-M bond distances were
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obtained and ranged from 2.52(1) to 2.60(2) A for 27 and 29, and 2.65(2) A for 28.
Evidence of M-M bonding was obtained via Raman and UV-vis spectroscopy. Strong
low-frequency Raman-active modes associated with v(Pd,) at 165 and 86 cm™ for 27,
and to v(Pt) at 162, 84cm™ for 28, were detected. Similarly, a strong and narrow
absorption associated with a do-dG™ absorption—which also undergo a large decrease
in FWHM upon cooling (due to the disappearance of vibrationnaly excited modes
known as “hot vibronic bands”)—were observed at 534, 488, 412 and 394, 394, and
394 nm for 27, 29, 28, and 30-32, respectively.

The photophysical data are compared in Table 4.5. The most striking informa-
tion is the very low emission lifetimes in all cases (lower than all those previously
discussed), and the rather weak intensity for all emission bands despite the fact that
emissions are triplet do-dc™ excited states. The weakness in intensity may result
from facile photo-induced M-M and M-L bond cleavages, which make them
particularly subject to oxidation. They are indeed air sensitive in solution, but also
decompose easily into oxidized species when submitted to mild redox agents
[25,27]. No emission was observed at room temperature, both in fluid solution and
in the solid state.

7 T

PhsP —M ——M ——M ——M —PPh, -0 N
= i
—

27 (M = Pd), 28 (M = Pt)

8 —N:C—Pd—Pd—Pd—Pd- - - - -Pt—P{—Pt— ——-PPh2 P- -
} ‘ 4 Ph,
n n
29 30 (m =4), 31 (m = 5), 32 (M = 6)

Table 4.5 Photophysical parameters of 27-32 in EtOH at 77K [25,26]

Compound or polymer A, (do-do")/nm A, /nm T /ns
27 534 635 0.67
29 488 720 1.14
28 412 750 2.71
30 394 736 4.78
31 394 750 5.15

32 394 755 5.17
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2.4 Zero Valence

To our knowledge, no investigation on organometallic and coordination polymers
of palladium and platinum has so far been reported, presumably because these
materials exhibit extreme air-sensitivity in solution in most cases and the particularly
enhanced lability of the ligands around the metal atom prevent proper and adequate
investigation of the structure. However, strong luminescene is documented for such
phosphine- and isocyanide-containing mono- and polynuclear complexes [28—-33].
There is still room for investigation, notably with the strongly luminescent d'°-d"
M, (dba), precursors (M = Pd, Pt; dba = dibenzylideneacetone), which are robust in
solution while in the presence of air [28,29,31].

3 Copper and Silver

These metals are very different from palladium and platinum. Silver presents almost
one exclusive oxidation state the d'° metal Ag(I), whereas copper exhibits two—Cu(I)
and Cu(Il). Mixed-valent species are extremely rare for these metals. Conversely, the
Cu(I)- and Ag(I)-containing species, have a tendency, when bearing phosphine and
isocyanide ligands, to luminesce in the solid state, in solution at room temperature,
and at lower temperatures [34—36]. This makes them interesting targets for new phot-
onic materials. Because of the very strong similarity in photophysical behavior, these
two metals are addressed simultaneously in this chapter.

3.1 Homoligand-Containing Polymers

Very little research has been performed on this category of polymers. The earliest
example is the {Ag(dmb),*} polymer (33; dmb = 1,8-diisocyano-p-menthane)
[37]. The X-ray results revealed a one-dimensional polymeric structure with Ag
atoms tetra-coordinated by isocyanide fragments. Each metal was doubly bridged
by dmb liegands and formed a zig-zag at the 104° Ag, angle; the Ag-Ag separation
was 5.0 A. Overall, these polymers form rigid sticks as shown in Figure 4.5. The
rigidity can be seen in the rapid conformation change, from deformed to linear,
when a bent structure is set as a starting point in a computer-modeling file.

The counter ion can be simple anions such as PF, BF, and NO," and find a
vacancy in the lattice, thereby playing no role in the photonic behavior of the materials.
The polymers are luminescent in both solid state and solution, particularly at 77K
(Figure 4.6).

The unresolved emission band takes its origin from a metal-to-ligand-charge-
transfer (MLCT) state according to EHMO calculations [38]. This is not
surprising because the metal center is electron-rich (d'°) and the isocyanide fragment
exhibits m-acid empty orbitals. The absorption spectrum peaks placed at 204nm
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Figure 4.5 Space filling model of rigid-stick polymer 33 showing the zig-zag arrangement of the
silver metals
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Figure 4.6 Emission spectrum of 33 (as a PF_" salt) in the solid state at 77K stressing the
particularly large width

(UV-excitation), making this singlet MLCT one of the most high energy states
known. It has received worldwide attention [39,40]. The emission lifetime is
found in the us regime, which is normal for such a metal and ligand. However,
anomalies have been noted by time-resolved emission and polarized emission
spectroscopy. These anomalies are discussed below.
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When the counter-ion is TCNQ~ (tetracyanoquinodimethane anion), lumines-
cence is no longer detected [41]. This likely results from a photo-induced electron
transfer from the high-energy electron-rich MLCT triplet state (one can see that the
unresolved emission band starts at about 400nm at 77 K, designating the location
of the 0-0 band), to the TCNQ™ acceptor (a single TCNQ may exits under three
forms: neutral, mono- and di-anion). The reaction is shown in Eqgs. 4.1 and 4.2:

(Ag(dmb),"} * + TCNQ™ — [{Ag(dmb),"} ]" + TCNQ* (4.1)

[{Ag(dmb),*} ]+ + TCNQ* — {Ag(dmb),"} + TCNQ~ 4.2)

But efficient back electron transfer occurs, which leads to nonet photochemistry (in
the absence of oxygen). It is important to note that Ag(II) is an unlikely oxidation state,
but the hole created by this electron transfer must be delocalized on the polycation
polymer, [{Ag(dmb),*} T*. The supporting argument for this is that the oxidation
waves measured by cyclic voltammetry (unpublished results) are extremely large,
which is consistent with the existence of oligomers of different length in solution for
which a delocalized hole would result in different oxidation potential. Further research
should prove extremely useful in the design of photonic materials based on this
polymer.

3.2 Mixed Ligand-Containing Polymers

This category of polymers is interesting because of the possible structural diversity
for such materials and the “mixed-ligand” nature of the excited state. As for the
structures, both the diphosphines and diisocyanides can act as assembling ligands for
the metal. The mixed-nature of the excited state in the “poly-chromophore” is easy to
predict from EHMO calculations on the luminescent mixed-ligand di-copper and di-
silver models such as 34-37 [42,43], which can serve as useful polymer models for
polymer (38) [44]. In complex 34, the atomic contributions for the HOMO are
mainly the P-lone pairs and Cu d-orbitals, whereas for the LUMO, these were the CO,

34 35 (X = Cl), 36 (X = Br), 37 (X = I) 38 (P = PMe,)
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7'-system, making the lowest energy excited state a mixed metal-ligand charge trans-
fer excited state (L/ML'CT) [42]. Similar conclusions were obtained for the complexes
35-37 with L = X [43]. As far as interunit interactions are concerned, a comparison
of the spectroscopic signature and photophysical behavior between the model
compounds and polymers is needed to address them.

Two series of model compounds (39, 40, 43, 44) and coordination polymers
(41, 42, 45, 46) were recently investigated using dmb as the assembling ligand,
and the diphosphine as a simple chelating ligand [45]. Noting the d'° configura-
tion of the metal, a L/ML'CT (L = P, M = Cu or Ag, L’= CNR) absorption and
emission were anticipated. Figure 4.7 shows an example of absorption and emis-
sion spectra of one of these materials (42).

For all cases, the emission bands are unresolved and very broad. This is often
encountered for such tetra-coordinated materials [33,42,43], but no anomaly is
detected in the decay traces. The lifetime decays are all mono-exponential,
suggesting the absence of excitonic phenomena, as discussed later in this chap-
ter. However, the emission position red-shifts by about 22 nm going from 40 to
42 and from 43 to 45 (Table 4.6), suggesting interactions between the poly-
meric units. However, taking these uncertainties into account, the emission
lifetimes are mainly constant. The large blue-shift from 39 to 41 is not explained
at this time.

Another family of coordination polymers of the same type, 47-52, where a
diphosphine was used as an assembling unit and tert-butyl isocyanide as the mon-
odentate ligand (to be placed at the other vacant site of the tetrahedral about the
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Figure 4.7 UV-vis spectrum (left) in MeCN and solid state emission spectrum (right) for 42 at
298 K. (Modified from reference [45])
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Table 4.6 Solid-state emission data for 39—46 at 298 K [45]

Model compound or polymer A, (L/ML’CT)/nm T/Us

39 540 42 +4
40 515 21+4
43 478 18+3
41 480 38+5
42 548 272
45 500 22+4
46 480 48 +4

A Py - Iy A

§ /f - Z A A
N=C—N, M, %:c—mw A\l
1S4 1 NP 1N

PP g n P Pq n

39 (M=Cu), 40 (M=Ag) 41 (M=Cu), 42 (M=Ag) 43 (M=Cu), 44 (M=Ag) 45 (M=Cu), 46 (M=Ag)
P = PPh, (counter-anion = BF4)
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M dppb (m = 4) dpppen (m = 5) dpph (m = 6)
Cu 47 48 49
Ag 50 51 52

metal), were also investigated [46]. A similarity in emission maxima and lifetimes
was noted between 39-46 and 47-52 (Table 4.7), indicating that a given chro-
mophore (here P,M(CNR),") exhibits a given emission band (with varying
maxima depending on the presence of interactions), and a given range for
lifetime.

By replacing the two monodentate tert-butyl isocyande ligands by dmb, weakly
soluble materials identified as {M(diphos)(dmb)*} (M = Cu, Ag; diphos = dppm,
dppb, dpppen, dpph) were obtained (53-60) [46]. The polymers tend to swell when
dissolving, consistent with their polymeric nature. One of them made crystal of
suitable quality for X-ray analysis (54). However, the strucutre for the dppb-,
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Table 4.7 Solid-state emission data for 47-52 at 298 K [46]

Model compound or polymer A, (L/ML'CT)/nm T/us
47 475 225
50 481 14+3
48 483 31+5
51 491 55+4
49 485 12+3
52 486 56 +4
e~ :
h . TN NZ
U U = -
PF PF n
M (P = PPh,)) dppb (m = 4) dpppen (m = 5) dpph (m = 6)
Cu 53 55 57 59
Ag 54 56 58 60
Table 4.8 Solid-state emission data for 53—60 at 298 K [46]
Model compound or polymer A, (L/ML’CT)/nm T /U
53 {Cu(dppm)(dmb)*} 495 42+7
54 {Ag(dppm)(dmb)*} 499 27+3
55 {Cu (dppb)(dmb)*} 490 15+5
56 { Ag(dppb)(dmb)*}_ 487 26+5
57 {Cu (dpppen)(dmb)*} 492 24 +5
58 {Ag(dpppen)(dmb)*}, 483 48 + 4
59 {Cu (dpph)(dmb)*}_ 485 18+3
60 {Ag(dpph)(dmb)*} 487 6+1

dpppen-, and dpph-containing polymers cannot be addressed at this time. Polymer
54 formed a one-dimensional stick baring a strong similarity to polymer 33, but the
chromophore was obviously different.

Table 4.8 gathers the photophysical properties of polymers 53—-60 and again
similar conclusions can be drawn about the nature of the chromophore.

3.3 Electron Transfer and Photovoltaic Cells

The photo-induced electron transfer in polymers 33 and 61 was also investigated in some
detail and a design of photovoltaic cells was made based on the research [47,48].

Both 33 and 61 form semi-conducting materials when the counter-anion is
exchanged with TCNQ- followed by a doping with neutral TCNQ. The materials
exhibit formula of the type {[M(dmb),]TCNQ - xTCNQ“}n where M = Cu, Ag,



86 P.D. Harvey

N N
dmb Il I
c (¢}

61

and x = 1 and 1.5. The Ag-containing materials exhibited better conductivity,
which was consistent with the better crystalline nature of the materials as found
by X-ray powder diffraction methods. However, the Cu-containing materials
demonstrated photoconductivity (with a rather slow kinetic) where the Ag materi-
als did not—likely because Ag(II) is thermodynamically difficult to stabilize for
a long period of time). This highly reversible and reproducible slow kinetic is
shown in Figure 4.8 for a pressed pellet of the pure Cu-containing material using
the 4-point probe.

The Cu-containing materials are semi-crystalline (X-ray powder diffraction
pattern) making it more difficult to extract crystals that are suitable for X-ray struc-
ture determination. The crystalline part of these materials can be analyzed in the
X-ray powder diffraction patterns, and it can be noted that both Cu- and Ag-con-
taining materials are isostructural. Luckily, a crystal structure was obtained for the
semi-conducting {[Ag(dmb),]TCNQ- 1.5TCNQ°}" materials (Figure 4.9), which
establishes the structure for the Cu-analogs.

Polymer 61 (as PF -, BF, ClO, salts) is also strongly luminescent at room
temperature and at 77K (A = 517nm, solid state). From quenching experiments,
the emission of a pellet-containing polymer 61 is quenched, or almost totally
quenched, when in the presence of both solid TCNQ° and TCNQ- (as with the
Ag-analog). The photo-induced reactions (Eqgs. 4.3—4.6) are electron transfers from
the electron rich d'® copper center to the electron acceptors TCNQ™:

23 =

22 -

21

20

Current (#A)
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Figure 4.8 Evolution of the photo-current when {[Cu(dmb)z]TCNQ'TCNQO}n is pressed as a
pellet and broadband irradiated with visible light. The light was water-jacketed to prevent heat
from interfering with the measurements
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Figure 4.9 X-ray structure of {{Ag(dmb),]TCNQ- 1.5TCNQ°}H. The parallel {Ag(dmb),*} polymer
chains are seen along their z-axis where the Ag zig-zag are clearly seen. The {TCNQ, "}  bi-dimen-
sional network lies between the polymer rigid rods. The box indicate the unit cells

{Cu(dmb),"}.* + TCNQ™ — [{Cu(dmb),"} ]+ + TCNQ>  (4.3)

[{Cu(dmb),"} ]+ + TCNQ* — {Cu(dmb),"} + TCNQ~ 4.4)

{Cu(dmb),"}. * + TCNQ® — [{Cu(dmb),*} ]+ + TCNQ" (4.5)

[{Cu(dmb),"} ]+ + TCNQ" — {Cu(dmb),*} + TCNQ" (4.6)

It is assumed that these photo-induced electron transfers for TCNQ™ acceptors
(n=0, 1) should occur for any n value between 0 and 1, which explains the lack of
luminescence in the TCNQ-containing materials. As the number of electrons in the
conducting band increases, the conductivity of the materials increases as well,
explaining the trend depicted in Figure 4.8. The slow kinetic is first explained by
the large distance that the electron has to travel (through an insulating organic layer
of dmb) when moving from the chromophore, Cu(CN),* to the {TCNQ, ,"}  bi-dimensional
network. Second, based on crystal field theory the photo-product—a d® Cu(II)-
containing center—prefers octahedral geometry over the imposed rigidity of a tet-
rahedral polymer backbone. This makes the activation energy barrier for electron
transfer higher than that of a structurally flexible mononuclear complex.
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Taking advantage of the photo-conducting ability of the {[Cu(dmb),]JTCNQ-
XTCNQ"}, (X =1, 1.5), photovoltaic cells were built using the design presented in
Figure 4.10.

The photo-response, or amount of electricity produced at a given wavelength
(photo-current), is presented in Figure 4.10 (right). The signal exhibits a long tail
extending from the UV- down to the visible region. This trace is the same as the tail
observed in the absorption spectrum of polymer 61, which exhibited a maximum at
253 nm—which was not observed due to the the cut-off absorption of the glass-tin
oxide layers. The quantum yield (i.e., number of photons sent versus number of
electrons measured) range from 10~ to 103, which is modest, but again explainable
by the slow kinetic previously discussed. Based on these results, it does not seem
that the use of such materials should ultimately lead to industrial applications. The
ligand, which is useful to keep the cooperative chromophores together, is too bulky
in these cases.

3.4 Exciton Phenomena

The “exciton phenomena” is a delocalization of energy through a material. This
energy can be electricity (i.e., electrons or holes) or simply energy (i.e., involving
electrons and holes). While some circumstantial evidence from cyclic voltammetry
was observed for a hole being delocalized along the backbone of the {Ag(dmb),*}
polymer as discussed above, there was, until recently, no evidence for a delocalized
energy transfer (exciton) along the backbone of a single polymer chain. Before the
findings on the subject are presented, a description of the phenomenon is necessary.
Figure 4.11 shows a schematic representation of a one-demsional coordination or
organometallic polymer denoted by -M, —M, —M, —M, —, etc, where M, represents
a mono- (n = 0) or polynuclear center (n > 0) somewhat similar to that described
above. The incident irradiation is absorbed by a single chromophore, M , along the
backbone (hv,). The stored energy is then reversibly transmitted via an energy
transfer process to the neighboring chromophore, with no thermodynamic gain or

Al voltmeter 011 ; R R
Y (Cu(dmb), TCNG TCNCe),
2008 p
{Cu(dmb),[TCNQXTCNQ?},, (film) 'E
X Eo0os |
Sno, g
v go02 b
Glass 1 1 1 L 1
h\ 200 300 400 500 600 700 800

Wavelengtn (nm)

Figure 4.10 Structure of the photovoltaic cell built with the {[Cu(dmb),]TCNQ xTCNQ‘)}“
materials (left). Photo-current as a function of irradiation wavelength (right). The cut-off below
300nm results from the absorption of the tin oxide layer



Focus on Palladium and Platinum, Copper, Silver, and Gold 89

7‘{2"1 h;a/*j:’;/i‘;“r/

—1 1 1 1 1
= Mn == Mn == Mp == Mp == Mp == M, =

| U U U

% % *

Figure 4.11 An exciton phenomenon where the incident irradiation is absorbed by a single
chromophore along the backbone (hv,), where the energy is reversibly transmitted to the neigh-
boring chromophore which can re-emit the light (hv,, hv,, hv,,...) at any given moment
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Figure 4.12 Scheme showing the Dexter (left) and Forster (right) mechanims between a donor
and an acceptor. For reversible exciton phenomena, the molecular enegy levels (HOMO and
LUMO) are of the same energy

loss (i.e., AG = 0), which can either retain or re-emit the light (hv,, hv,, hv,, ...) at
any given moment.

The energy transfer phenomena have been well known for several decades. Two
mechanisms are known: (1) Forster (the most common) and (2) Dexter [49-51].
The processes are shown in Figure 4.12.

The Forster mechanism consists of interactions via the electric field of the excited
molecule or metal complex, either in the singlet or triplet excited states for diamag-
netic molecules, The interactions are known as donors or accecptors. Currently, the
energy gap between the HOMO and LUMO designate the donor (larger gap) and
acceptor (smaller gap). At any given time, the excited electron on the LUMO can be
relaxed to the HOMO, thereby inducing an excitation of one electron on the acceptor
HOMO up to the LUMO, again via electric field interactions. The Dexter mecha-
nism is far different and consists of a concerted double electron transfer—
HOMO-HOMO and LUMO-LUMO—between the donor an acceptor. When the
chromophores are identical, this process can go back and forth endlessly, inducing
formation of a delocalized state. The choice of mechanism, Forster or Dexter,
depends entirely on the distance of the process [52,53]. The transfer rate is fast in
the singlet state. The rate of the triplet state is significantly slower because only
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the Dexter process can occur due to the diradical nature of the excited species.
Figure 4.13 shows the exciton phenomenon in a polymer.

The energy levels in a polymeric material are almost identical taking into
account that a chromophore placed at the end of the polymer rod cannot have the
same chemical environment as one placed in the middle. Nonetheless, assuming
that they identical, the energy delocalization proceeds via a reversible migration of
energy. For coordination and organometallic polymers, the presence of heavy
atoms promotes spin-orbit coupling so that the triplet-excited states are heavily
populated. As a result, the mechanism is Dexter and therefore strongly dependent
on distance. Efficient exciton processes should occur only for closely separated
chromophores. The rate of transfer according to Dexter is shown in Eq. 4.7 [51]:

ke (Dexter) = (2m/h) KJ exp(=2d/L) 4.7

where d is the distance between the two chromophores, J is the integral overlap, K
is an experimental constant, and L is the average Bohr radius. The spectral signature
for the identification of an exciton phenomenon are: (1) difference in emission posi-
tions between the model compounds and the corresponding polymers (polymers
exhibit broader and red-shifted emissions), (2) presence of an infinite number of
emission bands in the time-resolved emission spectra, (3) presence of nonexponen-
tial decay traces for the emissions, and (4) presence of depolarized emissions.

The first report on coordination of exciton processes with organometallic poly-
mers was for polymers 33 and 61 [38]. The model compounds are the correspond-
ing M(CN-t-Bu),* complexes (M = Cu (62), Ag (63)), assuming that the steric and
electronic environment are comparable to the corresponding polymers 33 and 61 as
illustrated in Figure 4.14. The emission maxima for 62 and 63 are 490 and 474 nm,
respectively (solid state at 77 K), comparatively at 517 and 500 nm for 61 and
33, respectively. The 26—27 nm red shifts indicate the presence of interactions in the
triplet excited states.

Time-resolved emission spectroscopy demonstrated the presence of an infinite
number of emission bands with no evidence of an isosbestic point, as exemplified
by Figure 4.15. At early photophysical event (delay time = 0.1 ms), the emission
band was blue-shifted at 511 nm, a value moving in the direction of model compound

LUMOs & — — — — —... — 4 — .

— % E — etc
HOMOs 4= 4 4 4 4 4. 4 b 4Lt

Figure 4.13 Scheme showing how the exciton propagates along the chromophores placed in the
backbone of a polymer. Only a Forster mechanism is represented and only a limited number of
energy levels (i.e., for 6 chromophores) are shown
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Figure 4.14 Drawing showing the similar chemical environments of model compounds 62 and
63 and organometallic polymers 33 and 61
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62. As the delay increased, the overall emission intensity decreased, consistent with
a relaxation process of the excited state. However, the measured band maxima had
a substantial red-shift (up to 548 nm), larger than 517 nm, the value measured by
conventional steady state methods. Overall, the steady state method resulted in a
weighted average of all the components. In addition, whereas the emissions of the
model compounds were polarized, those for 33 and 61 were not. The most striking
piece of evidence came from the emission decays of the polymers. The model com-
pounds exhibited linear plots of In of the emission intensity after laser pulse (from
which emission lifetimes are extracted) yet the corresponding plots for the poly-
mers were nonexponential (Figure 4.16).

It was also noted for polymer 33 that the In plots of the emission intensity
matched the delay time after the excitation pulse in crystalline form, as fine powder,
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Figure 4.15 Time resolved emisson spectra of 61 in the solid state at 293 K. The delay times after
excitation pulse are 0.1 (purple), 2.0 (green), 4.0 (orange), and 6.0ms (blue)
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Figure 4.16 Decay trace of the emission intensity of polymer 33 (as a BF, salt). Modified from
reference [38]
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and in solution at 77 K. This means that the morphology of the material or the pres-
ence of neighboring chains did not interfere with the process. The exciton phenom-
enon occurred strictly within the backbone of the polymer chain. In the solid state,
the distance separating the inter-chain chromophores (>8 A) is too large to assume
that any process will ocurr with efficiency. In fact, the intermolecular N-N distances
(8.25 and 8.67 A) [38] indicate that the chains are relatively isolated in the solid
state, whereas the intramolecularN-N separations are on the order of 4.5 A (dmb in
its U-conformation). If this process occurs within the backbone of the chain, then
it should be length-dependent. The PI recently reported two oligomers, 64 and 65,
which both averaged 3 units based on 'H nuclear magnetic resonance (NMR), infra-
red (IR), chemical analyses, and thermal gravimetric analyses (TGA) [54].

The model compounds, 66—68, were characterized by X-ray crystallography and
exhibited rich luminescence as illustrated by the data presented in Table 4.9.

Despite the fact that no X-ray data is available for 64 and 65, it is possible to antici-
pate what the approximate inter-chromophore distances in the solid state are by
examining the X-ray data for the building blocks 66—68. For these species, the clos-
est intermolecular P-P distances are 6.683 A for 66, and 6.328, 6.585, and 6.982 A
for 2 [54]. These distances are greater than the intramolecular N-N separation in the
linking dmb ligand (Z-conformation) in the recently reported computed model
compound Cu,(dmpm),(dmb),(CN-£-Bu),** (~5.8 10\;0 PC-Model; Figure 4.17) [54]
and in the polymer {[Pd, (dmb),(dmb)]**} (5.549 A; X-ray) [25]. If one accepts
that the rate for exciton hopping (or energy transfer; k. ) varies as ko 1/r°
(r = interchromophore distance; for a Forster mechanism) [49,50], then the contribu-
tion of the intermolecular process is minor.

A
M+ ’!A+ P = PPh,
X X
66 (M = Cu), 67 (M = Ag) 68

Table 4.9 Spectroscopic and photophysical data for 64—68 [54]

PrCN solution (77 K)
Solid state (298 K) MeCN solution (298 K) or polymer

Model compound A, /mm T /us A, /mm  T/us D A, /mm T /us
66 Not measured 500 16.5 0.020 505 840
68 476 291 501 3.8 0.0043 502 712
64 482 257 550 <2 0.0013 474 523
67 445 41 466 3.0 0.0031 482 6300

65 447 31 520 ~2 0.0014 500 542
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Cuz(dmpm)32+

Figure 4.17 Representation of a fragment of the {[Cu,(dmpm),(dmb), ,.]I(BF,),}, oligomer (64),
where the computed intrachain interchromophore distances are indicated (5.8 and 9.1 A for the
N-N and Cu-Cu separations, respectively) [54]

Figure 4.18 shows the time resolved emission spectra (20-2,000 us) for 64 and
65 in the solid state. 64 and 65 exhibit blue emission maxima at 482 and 447 nm,
respectively, when submitted to continuous wave excitation [55]. At the early event
after the light pulse, the recorded emission band is blue-shifted with respect to
the emission band measured in continuous wave mode. As the delay time increases,
the observed emission band red-shifts constantly and the intensity decreases. All in
all, the emission bands measured with continuous wave light are composed of a
number of blue- and red-shifted components. The maximum band shifts are ~10 and
~34nm for 64 and 65, respectively [55], which are smaller than those observed for
the longer {M(dmb),*} polymers (33 and 61, up to 40nm) [38]. The 298 K decay
traces are found to be linear for 66, 67, and 68 with emission lifetimes of 251 (472),
41 (445), and 291 ps (476 nm), respectively [54]. These results indicate for the first
time that, qualitatively, the amplitude of red-shift increases as the polymer length
increases. The shorter lifetimes normally encountered for the Ag species with respect
to the Cu homologs results from the larger spin-orbit coupling of the heavier
element, commonly called “heavy atom effect” [56].

As stated, the decay traces are nonexponential for 64, 65, 33, and 61. A typical
example is shown in Figure 4.19, where a straight line is observed for the model
compound 3 and a curve is measured for the polymer 33 in the In plot of the
emission intensity versus delay time after the excitation pulse.

In these cases, the data were analyzed using the ESM, and the results were plotted
as population distribution (or relative amplitude) versus lifetimes in Figures 20
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Figure 4.18 Time-resolved emission spectra for 64 (up) and 65 (down) in the solid state at 298 K.
The measurements were made in the following time frames: for 64: 474 nm, 20-70; 478, 500—

600; 481, 1,000-1,300; 484; 2,000-2,500 us; for 65: 444 nm, 20-70; 453, 300-400; 472, 500-600;
478, 1,000-1,300 us [55]
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Figure 4.19 Solid-state decay traces for the emission of 68 (—) versus 61 (----) at 298 K [55]
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and 21. The maximum of probability represents an average lifetime or the most prob-
able lifetime, and these are 257 (64) and 31 us (65). The width of the distribution is
related to the curvature of the decay traces (log plot); as the width increases, the cur-
vature increases. The data are not dependent on the excitation intensity (using neutral
density filters), indicating that local heating has little or no effect on the results.

However, one interesting question does arise. The number of units is 1, 3, and ~
45 (as evaluated here by the measurement of the intrinsic viscosity) for 66, 64, and
61, and 1, 3, and “very large” for 67, 65, and 33, respectively. The width of the popu-
lation distribution plots in Figures 20 and 21 does not follow the trend proportion-
ally, particularly for 64 and 61 as a large change in the number of units should be
accompanied by a large change in width. This observation cannot be explained
straightforwardly. First, one has to consider that the exciton process is reversible
(Figure 4.22). So a small-chain can exhibit the same spectroscopic feature as a long-
chain depending on the efficiency of exciton hopping.

Secondly, it is not necessarily true that the extent of exciton migration is as exten-
sive for one chromophore as another, simply because the atomic distribution of the
HOMO and LUMO is not identical for all chromophores. Therefore, the probability
of energy transfer cannot be the same. In addition, the distances between the chromo-
phores measured as MC=N---N=CM or M---M or P---P are different as well.

One interesting and important remark concerning this point is the comparison of
the photophysical properties of the Cu(I) and Ag(I) species described above with
Pd-Pd and Pt-Pt bond-containing oligomers and polymers are also built with dmb
and diphosphine bridgingligands, suchas {Pd,(dmb) (diphos)**} , {Pd,(dmb),(dmb)**} ,
and {Pt,(dmb),(diphos)**} [19,25,26]. Whereas the former polymers exhibited
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Figure 4.20 Comparison of the distribution of lifetimes as a function of lifetime fitting the emission
decay traces for 66 (...), 64 (— ), and 61 (...) in the solid state at 298K [55]
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Figure 4.21 Comparison of the distribution of lifetimes as a function of lifetimes fitting emission
decay traces for 67, 65, and 33 in the solid state at 298 K [55]
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Figure 4.22 Scheme showing energy hopping over a short oligomer

nonexponetial decay traces and depolarized broad emissions, the latter ones exhib-
ited monoexponetial luminescence decays, indicating the presence of noninteracting
chromopohores within the chain as well as polarized emissions, strongly suggesting
that the exciton process is either very weak or absent in these cases. A close exami-
nation of the atomic contributions of the HOMO and LUMO revealed that a large
contribution of the C and N p orbitals (7 and " orbitals) are computed for the Cu(I)
and Ag(I) chromophores (Table 4.10) [38], whereas these are minor or nonexistent
for the Pd and Pt species as exemplified in Figure 4.23 [25,26]. In other words, the
electronic density is more spread out in the former.

Knowing that dmb exists in a U- and a Z-conformation (Figure 4.24), the dis-
tance between the last atoms involved in the chromophores is a function of both
the conformation and the atomic contribution of this chromophore, and then the
exciton process will be equally dependent.
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Table 4.10 Selected atomic contribution for the HOMO
and LUMO in Ag(CNH),* [38]

Atomic contributions

LUMO HOMO

60% C(p) 55% Ag(d_)

26% N(p) 10% C(p)
25% C(s)

9
LUMO HOMO

Figure 4.23 Pictures of the HOMO and LUMO of Pd (CNH) (PMe,),** giving rise to singlet and
triplet do-dc™ excited states. Note the modest atomic contribution of the equatorially placed
isocyanide ligands with respect to the axially coordinated phosphines

58A

45A
U-conformation Z.-conformation

Figure 4.24 Drawings showing the dmb ligand in its U- and Z-conformations stressing the
distances between the N-atoms, the closest atom between the two chromophores

In Figure 4.24, the distances between the two N and M atoms are about the same
depending whether the N=C—M axes are parallel or not. This means if the atomic
contributions on N and C are important for Cu- and Ag-containing chromophores,
but less or absent for Pd- and Pt-containing species, the exciton phenomenon will
be as important for the U-conformation for both types of chromophores. On the
other hand in the Z-conformation, the N---N separation is about 5.8 A. If the atomic
contribution on the N atom is important as indicated for Cu- and Ag-containing
chromophores (Table 4.10), then energy migration is still possible. On the other
hand, if this contribution is weak or nil, then transfer is very inefficient. In the cases
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of Pd- and Pt-containing species discussed earlier in this chapter, the contribution
is negligible (Figure 4.23). So, the closest separation is that for M---M, which is in
the order of 11.4 A. At such a distance, through space energy transfer and exciton
processes are extremely inefficient, particularly in the triplet states where only the
Dexter mechanism operates (Eq. 4.7). In support for this affirmation, Raman
spectroscopy was extensively used to demonstrate evidence for M- --M interactions
in dimers and polymers [57]. Ultimately, it was demonstrated that exceeding 5 A,
M:---M interactions are so weak that they are barely detected [58].

4 Gold

Gold(I) and gold(IIl) have the tendency to be involved in M---M interactions
(aurophilic interactions) and in the solid-state form polymeric structures for which
properties in solution, for example, are different from those in the solid state. For
example, calix[4]arene-containing ligands have the tendency to form oligomers and
polymers [59], and in a recent work on mono- (69) and tetra- functionalized
calix[4]arene (70) by isocyanidegold(I) chloride. Their emission spectra are slightly
different from each other in the solid state as presented in Figure 4.25, suggesting
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Figure 4.25 Solid-state emission spectra of 69 and 70 at 298 K. Modified from reference [60]
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the presence of either intra- or intermolecular interaction [60]. Because the
luminescence spectra are identical in solution, the difference in the solid-state spectra
can only result from the presence of intermolecular Au---Au interactions. The
matrix assisted laser desorption/ionization time-of-light (MALDI-TOF) spectrum
did indeed confirmed the presence of at least a dimer in the solid state [61].

A related binuclear gold(I) compound, 71, crystallizes to form an Au---Au poly-
mer (Figure 4.26) [61]. A strong Raman scattering at 50 cm™' is consistent with

(|3|
ﬁl\u
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ﬁ:\u
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71

Figure 4.26 Drawing of 71 (left) and X-ray structure of it polymeric form in the solid state
(right: r(Au---Au) = 3.3063 (3) A) The line in red represents the Au---Au interactions (Au =
yellow, Cl = green, N = blue, the other are C atoms). The H-atoms are not shown for clarity.
Modified from reference [62]
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Figure 4.27 Solid-state absorption (left) and emission spectra (right) of 71 at room temperature.
Modified from reference [62]
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the presence of weak d'® Au---Au interactions. The solid-state absorption spectrum
exhibit an absorption band at about 290nm as shown in Figure 4.27, which is
absent for the spectra measured for solution, assignable to a d6”-pc along the
metallic chain. The solid-state emission spectrum exhibits a strong structureless
emission at about 435nm (bright yellow) with an excited lifetime of 0.70us,
assignable to a do"-pc phosphorescence. In solution this emission disappears and
only a very small emission centered at 403 nm is perceptible.

Polymers 72-74 emit strongly at 495 nm with emission lifetimes of 8.5, 8.3,
and 5.7 us, respectively, assignable to d—p triplet excited states [63]. A spec-
tacular emission quenching in the solid state at room temperature has been
reported for 75 [63]. This quenching was not investigated in detail but an intra-
or inter-chain triplet-triplet through space energy transfer, or photo-induced
electron transfer from the rich d'° metal to the aromatic is suspected. The former
explanation appears more probable because of the lower triplet energy of the
naphthyl group, and would also suggest that the aryl must be placed close to the
Au* atom.

On the other hand, model compound 75 and polymer 76 emit strongly at 462 and
450 nm, respectively, in EtOH solution at room temperature [64]. The small blue-
shift of the emission band relative to dimeric species suggest that no Au---Au
interaction occurs. The absorption spectra of both species superpose each other,
with no band attributable to a d6*-pG witnessing the Au---Au interactions.

Puddephatt et al. also investigated an exhaustive list of rigid-rod gold-contain-
ing model compounds and polymers built upon diphosphine and diisocyanide
assembling ligands [65]. Eight were model compounds (78-81) and organometal-
lic polymers (81-85) containing a bis(ethynylgold(I)) fragment, all of which were
found to be luminescent in the solid state at room temperature. The wavelength

H
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of maximum emission is indicated below with the molecule number. The emission
bands are located between 455 and 600 nm, and, surprisingly, the polymers turn out
to be strongly red-shifted. The important feature is that the solid-state emission
maxima are red-shifted in comparison with the solution data (78, 424 nm; 79,
410nm; 80, 415nm; 81, 415nm, in CHZCIZ). These shifts result from the presence
of Au---Au interactions. Possibly, the lowest energy excited state for the species
in solution when no Au---Au interactions occur, is an intra-ligand nt” mixed
with some Au d orbitals. The assignment for the nature of the excited state was
aided by EHMO calculations.
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A list of 12 model compounds (86-91) and organometallic polymers (92-96)
where a diisocyanide is employed are shown below [65]. Again, the luminescence
band associated with the polymers was also red-shifted in comparison with the
model compounds with the exception of 89. In this case, the presence of the NO,
moiety may play a role in the nature of the excited state. Similarly, the emission
band in CH,CI, solution (86, 429nm; 87, 432nm; 89, 503nm) was also blue-
shifted with respect to the solid state, and similar conclusions about the presence
of Au---Au interactions occurring in the solid state were drawn.

The presence of luminescence is not only reserved for linear model com-
pounds and one-dimensional organometallic and coordination polymers. Two-
dimensional polymers using tri-coordinated 16-electron gold(I) center were also
found to emit in the solid state (very broad emission centred at about A . =
420nm) [66]. In this case, no Au---Au interactions were possible because of obvi-
ous steric hindrance from the PPh, fragments (inter-planar contacts). The assign-
ment for the emitting state must be primarily d—p mixed with some ©* phenyl
contributions, as described above for other d'® systems (i.e., see for example
model compound 34) [42].

It is interesting to note that the one-dimensional polymer 98, also exhibited the
same maximum at that found for 97 (also very broad emission centered at about
A, = 420nm) [66]. Steric must certainly play a major role in the “choice” of
nature of excited state in these unsaturated gold species.

5 Conclusion

There is a welt of photophysics in diphosphine- and diisocyanide-containing
coordination and organometallic oligomers and polymers. This chapter is limited
to palladium, platinum, copper, silver, and gold, but other metal-containing oli-
gomers and polymers do exist. Some of the results on photo-induced electron
transfer are very promising in that photonic devices such a photovoltaic cells and
polymer light emitting diodes are possible. The discovery that energy transfer
excitons occur in the backbone of the polymer is unprecedented, and to this day
has major relevance in electron transfer excitons as well. Thus, even though the
coordination and organometallic polymers are not conjugated, electron exciton
along the backbone is possible. This statement is supported by the electrochemi-
cal findings on the {M(dmb),*} polymers (M = Cu, Ag). The presence of Au---
Au interactions in gold-containing polymers is also an interesting feature because
the color of the emission is regulated by simple structure modification (i.e.,
steric hidrance). Overall, the potential for using such species to design new pho-
tonic materials is enormous and needs to be explored and exploited to its full
capacity. Based on the growing interest in such species, future developments are
anticipated.
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1 Introduction

The electrochemical detection of cations binding to a ligand that is equipped with
a redox active group, such as Fc or cobaltocene, is of great interest. The specificity
of ion detection is dictated by ligand-ion interactions and the efficiency of the elec-
tronic communication between the ligand-ion complex and the redox active group,
either through-space or through-bond interactions [1].

Various Fc-substituted macrocycles (Schemes 5.1 and 5.2) such as crown ethers
1 [2], cryptand 2 [3,4], closed aza-oxa crown 3 [2,5], cylam 4 [3], open aza-oxa 5§
[3], and calixarenes 6, 7 [6] have been shown by electrochemical methods to sense
the coordination of alkaline-, alkaline earth-, transition- metals, and lanthanide ions
to the macrocycle.

Peptides are known to show some specificity toward metal binding, as was
shown by titration experiments using 'H-NMR [7,8], potentiometry [9], lumines-
cence measurements [10], infrared (IR), circular dichroism (CD), and ultraviolet
(UV_ spectroscopies [11]. Poly-L-aspartic acid binds to metals such as Eu**, Ce?*,
La*, Cu*, and Pb**, and acts as a corrosion inhibitor for steel and iron. This prop-
erty has been ascribed to the carboxylate side chain of aspartic acid [12,13].

Lanthanide, alkaline earth metals, and alkaline metals coordination to peptides
and amino acids generally involves the carboxylate terminal. Various coordination
modes are identified in the literature. Monodentate modes are generally associated
with alkaline metal-carboxylate interactions. Bidentate carboxylate coordination
networks in the typical syn-syn bridging, chelate bidentate and tridentate modes

A.S. Abd-El-Aziz et al. (eds.), Inorganic and Organometallic Macromolecules: 109
Design and Applications.
© Springer 2008
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Scheme 5.1 Fc functionalized macrocylics for metal ion detection. crown ethers 1 [2], cryptands
2 [3,4], closed aza-oxa crown 2 [2], cylams 4 [3], open aza-oxa 5 [3]
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Scheme 5.2 Fc-calixarenes 6 and 7 for lanthanide ion detection [6]

have been observed in the crystal structure of N-methylglycine Eu(III) complexes
and glycine-Nd* complexes, as well as in lanthanide glutamate and aspartate
complexes [14-19]. IR spectroscopy is a diagonistic tool which provides structural
insight into the coordination mode of the carboxylate group [**?']. The acid group
in the IR spectra is a single band in the range of 1700 to 1730 cm™! resulting from
antisymmetric C=0 stretching mode [22]. In peptide-metal complexes this singlet
disappears and is replaced by a doublet corresponding to the symmetric v (COO")
and asymmetric v, (COO") stretching modes. The difference between the symmet-
ric and asymmetric stretching vibration of the carboxylate group (Av) in complexes
with alkaline metals, alkaline earth metals, and transitional metals can be used
qualitatively to determine the coordination mode in the complex. Tacket has proposed
an empirical relationship for Av bridging carboxylates showing a Av=140-170cm,
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Scheme 5.3 Examples of Fc-amino acid and peptide conjugates for metal ion binding [24,25]

whereas for bidentate carboxylates Av = 40-80cm™', and for unidentate carboxy-
lates Av =200-300cm™" [21]. Gericke and Huhnerfuss proposed a similar empirical
relationship from interactions of saturated fatty acids with metals and reported Av
values of Av = 158cm™ for ionic complexes, of Av = 150-200cm™" for bridging
bidentate, and Av = 80-110cm™! for bidentate chelating [23].

Fc-functionalized amino acids and peptides have received some attention as
metal binding ligands (Scheme 5.3). Chohan has shown from spectroscopic
evidence that 1.1’-dimethyl-Fc derivatives of amino acids formed square planar
metal complexes with Cu(Il) 8, whereas with Co(II) and Ni(II) octahedral metal
complexes of 9 were formed. [24]. Electrochemical detection of metal ion interaction
was demonstrated by Hirao, who showed that the electrode potential of Fc-peptide
10 shifted cathodically by 20mV when complex 11 was formed [25].

Cheng and co-workers recently reported Fc-cyclopeptides 12-15 (Scheme 5.4)
and showed that they acted as redox-switchable cation receptors [26]. These
Fc-cyclopeptides exhibited strong anodic shifts of their electrode potentials in the pres-
ence of alkaline earth metals and lanthanides. The extent of the anodic shift can be cor-
related with the charge density of the metal ion with a bias toward binding of lanthanides,
alkaline earth metals, and the least sensitivity to alkaline metals [26]. Chowdhury et al,
reported the syntheis and interaction of cyclic Fc-Histidine conjagates 16 with metal ions
(Scheme 5.5). Electrochemical measurements showed that the compound exhibited
cathodic shifts in the order Na*>Li*>K*>Cs* which in the order of their ionic sizes and
suggest that the observed shift relates to the cavity of the compound [27].
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Scheme 5.5 Cyclic Fc-Histidine conjagates 16

To date, no systematic studies of Fc-peptide-metal interactions have been carried
out. A more systematic study involving linear Fc-peptide-metal interaction is there-
fore required to answer questions such as: Is it possible to use electrochemical
methods to observe metal binding to Fc-peptide conjugates? Do these systems
display specificity towards certain metals? How are the metals coordinated?

This chapter presents the synthesis and characterization of mono- and disubsti-
tute Fc-peptides. Their characterization and their solution properties are discussed.
Quantification of the metal binding to Fc-peptide/acids is reported. The coordina-
tion environment of the Fc-peptide binding site is examined by spectroscopic and
electrochemical methods.
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2 Synthesis and Characterizations of Ferrocene Peptides

The synthesis of monosubstituted Fc-peptide esters, Fc-GlyOEt 17, Fc-AspOMe
18, Fc-GluOEt 19 (Scheme 5.6) and their disubstituted analogs Fc-[GlyOEt], 23,
Fc—[AspOBz], 24, and Fc—[GIuOEt], 25 (Scheme 5.7) was achieved with moderate
to good yield using the carbodiimide-HOBt method.

Ester deprotection by base hydrolysis yielded the corresponding acids
Fc-GlyOH 20, Fc-AspOH 21, Fc-GluOH 22, Fe—[GlyOH], 26, Fc-[AspOH], 27,
and Fc-[GluOH], 28.

Scheme 5.8 shows the pathway for the synthesis of Fc-GluOEt 19, Fc-[AspOBz],
24, and Fc—[GIuOEt], 25. The deprotection of Fc-GluOEt 19 and Fc—[GIuOEt], 25
with NaOH in methanol yielded the desired Fc-GluOH 22 and Fc-[GluOH], 28.
The synthesis of Fc—[AspOH], 27 from its corresponding ester Fc-[AspOBz], 24

& 0 O._OFEt
I OEt o) OMe
H O \ /@)N
H O \_ H O
17 18 19
o O._OH
0
0 OH o}
OH I |
oY @*~¢°“ o e
H O H O
20 21 22

Scheme 5.6 Monosubstituted Fc-peptides esters Fc-GlyOEt 17, Fc-AspOMe 18, Fc-GluOEt 19,
and acids Fc-GlyOH 20, Fc-AspOH 21, and Fc-GluOH 22
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Scheme 5.7 Disubstituted Fe-peptides esters Fe—[GIuOEt], 23, Fc-[AspOBz], 24, and acids
Fc-[GlyOH], 25, Fc-[AspOH], 26, and Fc-[GluOH], 27
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Scheme 5.8 Synthesis of compounds 19, 24, and 25 starting from monosubstituted and the
disubstituted Fc carboxylic acid, respectively. (i) Dry CHCL/HOBtEDC at 0°C and H-Glu(OEt)-
OEt or H-Asp(OBz)-OBz/Et,N/CH,ClL,. Deprotection of 19 and 25 with (ii) NaOH aq/MeOH yielded
22 and 28 or by (iii) hydrogenolysis of 24 with H, using Pd/C catalyst in wet methanol to obtain 27

was achieved by hydrogenolysis of the benzyl protecting group in the presence of
a Pd/C catalyst at 60 psi in wet methanol.

Figure 5.1 shows representative "H-NMR spectra of compounds 19 and 24. The
position of the amide NH in Fc—[GIuOEt], 25 is further downfield compared with
Fc-GIuOEt 19. Such a downfield shift of amide NH is generally the result of H-bonding.
The use of different solvents has an effect on the position of the chemical shift,
especially for species that have the tendency to form H-bonds with the solvent. It was
observed that the amide NH of the monosubstituted 17-19 was shifted further down-
field in CDCI, as compared with DMSO-d6 (Tables 5.1 and 5.2). Kraatz previously
reported the effect of protic solvents on the NH proton chemical shifts in a series of
Fc-peptides that were attributed to strong H-bonds between the solvent and the amide
moiety, which also affected the electronic structure of the Fc group [28].

Some selected 'H-NMR chemical shifts in CDCI, for Fc-GlyOEt 17, Fc-AspOMe
18, Fc-GluOEt 19, and their disubstituted analogs Fc—[GlyOEt], 23, Fc—[AspOBz],
24, and Fc-[GluOEt], 25 are presented in Figure 5.1. Table 5.2 also presents some
selected "H-NMR chemical shifts in DMSO-d6 for Fc-GlyOEt 17, Fc-AspOMe 18,
Fc-GluOEt 19; the disubstituted analogs Fc—[GlyOEt], 23, Fc-[AspOBz], 24,
Fc—[GluOEt], 25; and corresponding acids Fc-GlyOH 20, Fc-AspOH 21, Fc-GluOH
22, Fc—-[GlyOH], 26, Fc-[AspOH], 27, and Fc—-[GluOH], 28. The Fc moiety of the
monosubstituted systems showed a 2:2:5 peak ratio for the 2 ortho, the 2 meta
protons, and the 5 protons for the unsubstituted Cp ring. The Asp and Glu conjugates
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Figure 5.1 Representative 'H-NMR spectra for compound for Fc-GluOEt 19 (fop) and Fc—
[GIuOEt], 25 (bottom) (SmM) with some prominent labeled peaks taken in CDCI,. Labeled peaks
amide NH (1), o H (2), O-CH,CH, (3) and (4), CH, of Glu (5) and (6). “ and # are the residual
CHCI, and H,0, respectively

Table 5.1 'H-NMR chemical shifts of Fc-peptides esters in CDCL,. & in ppm versus TMS

Compounds NH Cp ester
Fc-GlyOEt 17 6.15 4.25,4.81,4.36 4.13,1.05
Fc-AspOMe 18 6.75 4.73, 4.65,4.34,4.24 3.62
Fc-GIuOEt 19 6.55 4.75, 4.66, 4.35, 4.25 4.05,1.22,1.17
Fc—[GlyOEt], 23 7.94 4.84,4.48 4.10, 1.19
Fc—[AspOBz], 24 7.56 4.80, 4.73, 4.46, 4.36 7.35,5.10
Fc—[GIuOEt], 25 7.84 4.99, 4.75, 4.56, 4.37 4.07,1.21, 1.17

Table 5.2 'H NMR chemical shifts of Fc-peptides 17-28 in DMSO-d6. § in ppm versus TMS

Compounds NH Cp OH
Fc-GlyOEt 17 8.31 4.80, 4.39, 4.24 -
Fc-AspOMe 18 8.23 4.80, 4.76, 4.38, 4.20 -
Fc-GluOEt 19 8.01 4.89, 4.82,4.38, 4.21 -
Fc-GlyOH 20 8.14 4.79,4.35,4.24 12.51
Fc-AspOH 21 7.98 4.80,4.79, 4.35,4.21 13.12
Fc-GluOH 22 7.84 4.87,4.82,4.36 ,4.21 12.40
Fc-[GlyOEt], 23 8.30 4.85, 4.44 -
Fc-[AspOBz], 24 8.30 4.80, 4.78, 4.29 -
Fe—[GIuOEt], 25 8.30 4.83,4.82,4.42, 4.39 -
Fc-[GlyOH], 26 8.22 4.80, 4.38 12.40
Fc-[AspOH], 27 8.38, 8.01 4.83,4.38 12.38
Fc-[GluOH], 28 8.12,7.92 4.90,4.87,4.42,4.37 12.35
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18, 19, 24, and 25, however, showed some differentiation of the 2 ortho protons of the
substituted Cp moiety.

For the disubstituted compounds, two singlets in a 1:1 ratio were observed for
the Fc moiety in compounds 23, 26, 27, whereas for 24, 25, and 28 a 4 proton in a
1:1:1:1 ratio was observed. The successful deprotection of the esters to the free
acids is indicated by both the appearance of a resonance at § 12.3—13.2 as a result
of the acid OH (Table 5.2) and the disappearance of the resonances as a result of
the ester protecting groups (Table 5.1).

IR spectroscopy in solid state (KBr pellets) has provided valuable informa-
tion about the structural identity of Fc-modified peptides. The salient IR peaks
of interest for compounds 17-25 are listed in Table 5.3. The position of the
Amide A band between 3,400 and 3,300 cm™" is quite informative. Amide NH
stretches below 3,400 cm™" are diagnostic of the H-bonded amide NH [29,30].
The peak positions of all compounds except that for 83 are indicative of H-bonded
structures.

In addition all the esters showed additional non-H-bonded peaks. It was surprising
that compound 23 appeared to be non-H-bonded whereas the disubstituted
analog Gly 26 was H-bonded. Intramolecular H-bonding involving the two
podant amino acid groups is a common structural motif in 1,n’-bis-amino acid
substituted ferrocenes [31,32]. This was comfirmed by the crystal structure of
Fc-[GlyOH], 26 which showed strong intramolecular H-bonding between the
two amide NH and the opposite carbonyl on the two podant amino acid substit-
uents (Figure 5.6).

Table 5.3 Selected IR and UV data for Fc-peptides

IR/cm™! UV/vis
Compound Amide A Fc C=0 Amide I  Amide II A (®
Fc-GlyOEt 3,475, 3,253 3,079 1,747 1,637 1,547 444
Fc-AspOMe 3,450, 3,300 3,081 1,734 1,627 1,537 446
Fc-GluOEt 3,447,3,288 3,095 1,731 1,639 1,560 442
Fc-GlyOH 3,422 3,099 1,746 1,604 1,548 444
Fc-AspOH 3,344 3,089 1,752 1,600 1,539 442
Fc-GluOH 3,322 3,095 1,752 1,616 1,562 446
Fc-[GlyOEt], 3,340, 3,269 3,090 1,743 1,632 1,540 450
Fc-[AspOBz], 3,425, 3,365 3,089 1,735 1,653 1,532 449
Fc—[GIluOEt], 3,442, 3,306 3,094 1,733 1,634 1,541 440
Fc-[GlyOH], 3,385 3,096 1,715 1,631 1,548 460
Fe-[AspOH], 3,356 3,118 1,731 1,693 1,576 446
Fc-[GluOH], 3,342 3,099 1,733 1,619 1,540 446

IR was recorded in KBr for both free acids and esters. UV recorded in methanol in 1 to 10mM
concentration range. A, in nm and (¢ ) extinction coefficient in Lmol™'cm™
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Figure 5.2 Partial IR spectra for compounds Fc-[GlyOEt], 23 and Fc-[GlyOH], 26. Amide A,
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Figure 5.3 CD spectra of Fc-GluOEt 19 (broken line) and Fe-[GluOEt], 25 (solid line) in MeOH
(1.0 x 10* M)

Thus, these systems exist in conformations that facilitate intramolecular
H-bonding between the two podant amino acids. The presence of a broad peak in
the 3,600 to 2,600 cm™! region of the deprotected acids shows the presence of OH
stretching vibrations which are characteristic of acids in their associated form
(Figure 5.2, 26) [33,34]. The UV-vis spectra for all Fc-peptide were recorded in
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MeOH solution and the results are tabulated in Table 5.3. The Fc moiety shows a
broad weak absorption band in the visible region at about 450 nm with extinction
coefficients lower than 400 Lmol~'cm™" that is attributed to the d—d transition.

CD spectra of the 1,n"-compounds 24, 25, 27, 28, with exception of the glycine
analogs 23 and 26, in MeOH showed an induced positive Cotton effect in the Fc
region at A = 440-480nm (Figure 5.3).

This indicates that the two L-amino acids on both rings force the Fc into a P-helical
structure. This is usually attributed to the formation of intramolecular H-bonds
between the two substituents on the Fc. The monosubstituted analogs do not show
such organization in solution and therefore exhibit only a weak peak at about
405nm. It was demonstrated by Metzler-Nolte that this weak peak is an intrinsic
property of the molecule and is not caused by intermolecular H-bonding [35].

2.1 X-ray Crystal Structures

Single crystals of compounds 82, 86, and 89 were obtained by the diffusion of
hexane into dichloromethane or methanol solutions of the peptides giving yellow to
orange crystals. Fc-GluOEt 82 crystallizes in a trigonal space group P3 [36]. The
asymmetric unit contained two independent molecules, in which the most notable
difference is in the conformations of the diethyl ester groups (Figure 5.4). The C-C
bond distance in the substituted Cp rings 1.419(6) A and 1.428(4) A were longer
than in the unsubstituted 1.402(6) A and 1.403(4) A. Selected Fe-C distances
included Fe(1)-C(11) = 2.018(3) A , Fe(1)-C(14) = 2.053(3) A , Fe(1)-C(17) =
2.035(3) A , and Fe(2)-C(31) = 2.017(3) A, Fe(2)-C(34) = 2.054(3) A , Fe(2)-C(37)
= 2.048(3) A. The bond angles between N(2)-C(21)-C(31)-(35) were 177.9(3)°
whereas those for O(6)-C(21)-C(31)-C(32) were178.3(3)°, showing the coplanarity
of the amide moiety with the Cp ring.

The nonbonding distance between the carbonyl group and an amide NH of an
adjacent molecule are d(O(1)---N(2) = 2.822(3) A and d(O(6)---N(1) = 2.861(3) A.
There is no intramolecular H-bonding but intermolecular H-bonding is possible
(Scheme 5.9), leading to extended H-bonded networks in the solid-state however
linking the amide NH(1) and O(6) in a head to head fashion (Scheme 5.9).
Structural arrangements found for compounds 82, has been reported for crystal
structures Fc-Glu(OBz), and Fc-AlaOMe 92 [37,38].

The X-ray crystal structure of 21 shown in Figure 5.5 was obtained from a solu-
tion of CH,Cl, layered with Et,O [28]. The geometric features of 21 shows two Cp
rings of the Fc group are parallel with a small bent angle CpFeCp of 1.1° and adopt
an eclipsed conformation. Compound 21 crystallizes with a molecule of water,
which occupies a position that enables H-bonding with the Fc-amide NH and the
Asp C=Ogroups. The Fc-C=0 group is involved in hydrogen bonding interactions
with the acid groups of the Asp acid side chain as well as the o-carboxyl group of
two adjacent molecules, forming a bifurcated H-bond with O-H---O=C(Fc) con-
tacts of 2.678(2) and 2.605(2) A. The H-bonding distance to the oi-carboxy group
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Figure 5.4 ORTEP plot of Fc-GluOEt 82 showing the asymmetric unit
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Scheme 5.9 Head-to-head intermolecular H-bonding patern in Fc-GluOEt 19

OuuIT—2Z

is shorter, indicating a stronger H-bond, which is in line with the lower pKa for this
group (pKa = 1.88) compared with the side chain carboxyl group (pKa = 3.65). The
compound shows extensive hydrogen bonding network involving the water mole-
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Figure 5.5 ORTEP diagram for Fc-Asp(OH)-OH showing a single molecule of 21

cule and three Fc-aspartic acid molecules. The water molecule is nestled in a pocket
created by the Fc-aspartic acid moiety, which enables it to establish a series of
H-bonding contacts [28].

The structure of the disubstituted Fc glycine-ethylester 23 and its correspond-
ing acid 26 are shown in Figures 5.6 and 5.7. The crystal structure of compound
23 (Figure 5.6) shows that the substituents on the Fc are in the 1,3’'-conformation
which allows it to engage in intermolecular H-bonding between N(1) and (O1) of
neighbouring molecules [39]. No intramolecular H-bonds are formed in the
molecular structure. Compound 86 exhibits features common to many monosub-
stituted Fc-amides [40, 41]. The coplanarity of the 2 Cp rings with a small Cp—Fe—
Cp bent angle of 1.8°. In addition, both amide groups exhibit only a slight twist
with regard to their respective Cp planes (Cpl-amide: 14.1° and Cp2-amide 15.2°)
allowing the interaction between the m-systems of the Cp ring and the amide
group. The Cp—C(O) distances of 1.482(5) A and 1.487(5) A for C(1)-C(11) and
C(6)-C16), respectively, are within the range of other Fc-amino acids and pep-
tides, and simple Fc-amides [42, 43]. Similarly, the amide C=0 (O(1)-C(1) =
1.235(5) A, O(4)-C(6) = 1.230(4) A) and amide C-N (C(1)-N(1) = 1.326(5) A,
C(6)-N(2) = 1.344(5) A) bond distances are normal compared to related Fc-amino
acids and peptides.

The molecule interacts with its adjacent neighbours through H-bonding, resulting
in the formation of a one-dimensional H-bonded chain, in which O(1) interacts with
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Figure 5.6 ORTEP drawing of Fc-[GlyOEt], 23 showing the 1,3’- conformation of the Fc group.
Ellipsoids are drawn at the 30% probability level. All hydrogen atoms are omitted for clarity (left).
Formation of a one-dimensional H-bonded polymeric chain involving H-bonding of N(1) and
O(1) of adjacent molecules (O(1)¢EEN(1) = 2.839(5) A (right)

Figure 5.7 ORTEP drawing of Fc-[GlyOH], 26 showing the 1,2"-conformation of the two
podents peptide substituents. The intramolecular H-bonding distances between N and O(2A) is
2.875(3) A [39]
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the N(1) of the Gly group of an adjacent molecule (O(1)---N(1) = 2.839(5) A
(Figure 5.6). Interestingly, the amide group on the other Cp ring is not involved in
H-bonding and is well-separated from other molecules (~ 4 A). This H-bonding
pattern is reminiscent of that reported by Hirao and coworkers for the monosubsti-
tuted Fc-Gly-Gly-OEt and Fc-Ala-Pro-OEt with an alternating up-down orientation
of the molecules [40,44].

The resulting dihedral angles of the podant glycine ethylester which were involved
in H-bonding are ® =65.4(4)° and W, =-158.4(3)°. In comparison, those of the other
substituent not involved in H-bonding are ® ° = —6?.9(5)", W ° =162.3(3)°. The
individual chains are separated from each other by 4 A and form a layered structure
with a layer thickness of 11.4 A. In sharp contrast, the deprotection of the ester group
in Fc-[GlyOEt], 23 to the free acid Fc-[GlyOH], 26 causes a change in the con-
formation from a 1,3” into a 1,2’-conformation (Scheme 5.10) [39].

The crystal structure of Fc-[GlyOH], 26 is shown in Figure 5.7 and its packing
diagram is shown in Figure 5.8. The crystal structure of this centro-symmetric
molecule, exhibits a strong intramolecular H-bonding between the two podant substi-
tutents which force the Fc framework into a 1,2’-conformation (d(N---O(2A) and
0(2)-+-N(A) = 2.875(3) A. This provides a rigid framework, in which the amide twist
is reduced considerably (2.9°). The resulting dihedral angles ®, and V', are signifi-
cantly different from the ethyl ester (@, = 79.0(2)° and ¥, = -178.60(18)°).

The intramolecular H-bonding interaction involving the two amide NH and the
two acid C=0 on opposite Cp rings forces them into a 1,2’-conformation. This
allows the formation of a two-dimensional H-bonded network, in which there are
strong interactions between the Fc-C=0 and the OH groups of adjacent molecules

(
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Scheme 5.10 Structural transformation by hydrogen bonding. Conformational change from 1,3’-
conformation in Fc-[GlyOEt], 23 into the 1,2’-conformation in the free acid Fe-[GlyOH], 26
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Figure 5.8 Two-dimensional network formed by the interaction of adjacent molecules of
Fc-[GlyOH], 26. H-bonding interactions between adjacent molecules involving the interaction of
the Fc-C=0 group with the acid OH (d(O(1)¢¢¢0O(3*) = 2.620(3) A. Individual molecules display
intramolecular H-bonding pattern with d(IN-O(2)) and d(N(A)-O(2)) = 2.875(3) A. Additional
weak O ---H—C interactions between O(1) and H(12) on the Cp ring, which may support the struc-
tural motif are shown

(d(O(1)--0(3*) = 2.620(3) A). In addition, there are weak O¢¢¢H-C interactions
between O(1) and H(12) on the Cp ring, which may support the structural motif.
Weak C-H--O and C-H---N H-bonding interactions are well documented and
known to be important factors in stabilizing and sometimes even controlling the
structure in the solid state (Figure 5.8) [45].

2.2 Electrochemical Characterization of Ferrocene Peptides

In this section, the effect of solvent and the nature of the peptide substituent on the
electrochemical properties of the Fc redox probe are discussed. The redox proper-
ties of Fc-peptides esters 17-19 and 23-25 were investigated in methanol, acetonitrile
and dichloromethane, while the acid analog 20-22 and 26-28 were studied in
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Figure 5.9 Cyclic voltamograms of Fc-peptides; Fc-AspOMe 18 (i), Fc-AspOH 21 (ii), and
Fc-[AspOBz], 24 (iii), and Fc-[AspOH], 27 (iv). 2.0M NaClO /MeOH glassy carbon working
electrode, Pt counter electrode, and Ag/AgCl reference electrodes at a scan rate of 100mVs™!

methanol and water. The choice of solvent is related to the solubility of the compounds.
Figure 5.9 shows CVs for the monosubstituted and disubstituted Asp ester 18, 24
and their corresponding acids 21 and 27 as representative examples.

In all systems, the Fc-peptides displayed a single oxidation step Fc — Fc* + e~
which is quasi-reversible under all conditions. The scan rate (v is related to the peak
current i, by the Randle-Seveik relationship at 25 °C as shown in Eq. 5.1[46].

i, =2.59 x 10° n** AD)*C v'"? (5.1

where ip is the peak current of the CV peak, A is the area of the electrode (cm?),
C represents the bulk concentration of the electrochemically active species (mol/l),
and 7 is the number of electrons transferred per active species (n = 1 for the
Fc-peptides). D is the diffusion coefficient. Thus for systems where diffusion is the
sole mode of transport of redox ions, the cathodic and anodic peak currents vary
linearly with the square root of the scan rate. Figure 5.10, shows a representative
CV for Fc—[GlyOEt], 25 at various scan rates.

Table 5.4, summarizes the £, and AE, for compounds 17-28. Fc-amino acid
conjugates exhibit a single redox peak cathodlcally shifted by about 30mV com-
pared to the Fc-COOH. In contrast, the disubstituted conjugates shift to more
anodic potentials of the same magnitude from Fc-[COOH],. This indicates that
the Fc-amino acid conjugation has a profound effect on the electronic properties of
the Fc moiety. Kraatz and coworkers have shown that the electronic difference
between a Fc-CO-NH, versus Fc-COOH originates from the differences in the
interaction of the mt-obitals of the substituent with those of the Cp ring [40]. The LUMO
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Figure 5.10 CV for Fc-[GlyOEt], 25 at scan rate 100, 200, 300, 400, and 500mV/s (direction of
the arrow indicating increasing scan rate). Inset Plot of oxidation and reduction peak currents
versus the square root of the scan rate in 2.0M NaClO, /MeOH carbon working, Pt counter elec-
trode, and Ag/AgCl reference electrode

Table 5.4 Halfwave potentials (£, ,) and peak separation (AE) for Fe-peptides at 25°C, glass
carbon working electrode, Pt counter electrode, and Ag/AgCl reference electrode in selected
solvent systems

2M 0.2M 0.2M 2M

NaClO /MeOH TBAP/CH,CN TBAP/CH,Cl, NaClO,/aq
Compound E , AEp E, AEp E, AEp E, AEp
Fc-COOH 491 85 - - - - - -
Fc-[COOH], 654 104 - - - - - -
Fc-GlyOEt 17 461 75 608 89 626 165 - -
Fc-AspOMe 18 458 91 601 85 640 113 - -
Fc-GluOEt 19 465 73 608 100 636 145 - -
Fc-GlyOH 20 459 75 - - - - 373 73
Fc-AspOH 21 464 75 - - - - 384 69
Fc-GluOH 22 460 76 - - - - 379 66
Fe-[GlyOEt], 23 681 76 810 98 828 146 - -
Fc[AspOBz] 24 688 75 818 105 840 160 - -
Fc—[GIuOEt], 25 680 85 811 92 847 200 - -
Fc-[GlyOH], 26 677 70 - - - - 612 72
Fe-[AspOH], 27 686 85 - - - - 612 66
Fc—[GluOH], 28 674 88 - - - - 633 62

Standard seviations on E,, = 5-8mV and AE = 5-10mV. All values in mV
Standard seviations on £, , = 5-8mV and AE' = 5-10mV. All values in mV
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of the Fc-amide is lower than that of the Fc-acid, which makes the amide slightly
more electron withdrawing, and thus makes it more difficult to oxidize.

There is also the general trend of the disubstituted Fc conjugates 23-28 having
electrode potentials anodically shifted by about 200 to 240mV compared to the
monosubstituted counterparts 17-22 (Figure 5.8). Similar differences in electrode
potentials have been observed between Fc—(Pro) OBz 29-32 and its disubstituted
analogs Fc—[(Pro) OBz], 33-36 (where n = 1 to 4) (Scheme 5.11) [47,48].

For Fc-amino acid conjugates, virtually no differences were observed in the
redox potentials. Sheely reported redox potentials of closely related monosubsti-
tuted Fc conjugates such as Fc-GlyOMe 37, Fc-AlaOMe 38, Fc-LeuOEt 39, and
Fc-PheOEt 40 with electrode potential values in the range of 598 to 608 (+ 5) mV
in 0.2M TBAP/CH,CN (Scheme 5.12) [49].

It is known that increasing the number of substitutents on the Fc moiety has a
significant effect on the electrode potential of the Fc redox probe [50]. For example
the redox potental of [Fc]*~ 41, [Me Fc]*~ 42, and [Me, Fc] *~ 43, showed cathodic
shifts of up to 500mV in going from compound 41 to compound 43, which was
attributed to the electron donating properties of the methyl substituents on the Cp
ring (Scheme 5.13) [50].

Increasing the chainlength of the Fc peptides, however, has an influence on the
electrode potential. In a series of Fc-oligoproline conjugates Fc—(Pro) OBz 29-32,
Fe—[(Pro) OBz], 33-36, and [Fc—(Pro) CSA], 44-47 (where n =1 to 4) (Scheme 5.11)
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Scheme 5.11 Fc-proline analogs 29-32, 33-36 and 44-47
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Scheme 5.12 Fc-amino acid analogs 37-40
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Figure 5.11 Electrode potentials of Fe—(Pro) OBz 29-32 —8—, Fc-[(Pro) OBz], 33-36 —6—, and
[Fc—(Pro) CSA], 44-47 —%— (where n =1 to 4) [47,48]

cathodic shifts of their electrode potentials were observed with increasing chain
length (Figure 5.11) [47,48].

Significant solvent influences on electrode potential are observed (Table 5.4). In
solvents that are also capable of forming H-bonds such as H,O and MeOH, elec-
trode potentials were observed at more cathodic potentials compared with those
measured in solvents that are unable to establish H-bonds with the Fc-peptides. The
observed cathodic shift order has been linked to the ability of solvents to H-bond with
the amide linkage of these compounds [28]. This observation is consistent with the
NMR results described above where changes in solvent from the nonpolar and non-
H-bonding CDCI, to the polar and H-bond acceptor DMSO affected the chemical
shift of the ortho H’s, which is ascribed to the interaction of the solvent with the
amide NH.

AE, (peak separations) values shown in Table 5.4 are greater than 59/n mV
(wheren n is number of electrons) and therefore generally denote quasi-reversible
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behaviour. However AE, values were much larger in nonpolar solvent, especially in
CH,CI,, than in polar solvents, which may be attributed to incomplete iR compensation

in nonpolar solvent [50].

2.3 pH Effects on Electrode Potentials of Fc-Peptide Acids

The effect of pH on the redox properties of the Fc-peptide acids Fc-GlyOH 20,
Fc-AspOH 21, Fc-GluOH 22 and Fc-[GlyOH], 26, Fc—[AspOH], 27, and
Fc—[GluOH], 28 were studied in phosphate buffer (containing 5% methanol to
ensure solubility) to provide an approximate pK-of the Fc-peptide acids and
to determine the effect of substituents on the electrochemistry of the Fc moiety.
Figure 5.12 shows the CV of compound 26 at pH 2.0 and pH 8.0. The redox proc-
ess remained fully reversible over the entire pH region, with AE = 50-69 mV and ratio
of peak currents close to unity. This indicates that the redox process is under thermo-
dynamic control with respect to proton transfer. The faradaic response however
changes drastically from the acidic to basic condition. A plausible explanation for this
effect is that H* promotes the voltammetric response by reducing electrostatic repul-
sion between the negatively charged Fc-peptide and the negatively charged electrode,
thus resulting in an increase in the rate of electron transfer [51,52].
Figures 5.13 and 5.14 show the plots of electrode potentials of the monosubstituted
Fc-peptide acids Fc-GlyOH 20, Fc-AspOH 21, Fe-GluOH 22 and their disubstituted
analogs Fc—[GlyOH], 26, Fc-[AspOH], 27, and Fc—[GluOH], 28 as well as

Fc-COOH and Fc-[COOH],.
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Figure 5.12 CV of Fc-[GlyOH], 26 at pH 2.0 and pH 8.0 (T = 25°C = 1, glassy carbon working
electrode, Ag/AgCl reference electrode and Pt counter electrode 0.5mM in 2.0 M phosphate buft-

ers pH 2.0 to 8.0 (containing 5% methanol to ensure solubility)
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Figure 5.13 Effect of pH on the electrode potentials of monosubstituted compounds Fc-COOH
(0), Fc-GlyOH 20 (m), Fc-AspOH 21 (A), Fc-GluOH 22 (A). (T =25°C =+ 1, glassy carbon work-
ing electrode, Ag/AgCl reference electrode and Pt counter electrode 0.5mM in 2.0 M phosphate
buffers pH 2.0 to 8.0 (containing 5% methanol to ensure solubility)
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Figure 5.14 Effect of pH on the electrode potentials of disubstituted Fc compouds; Fc(COOH),
(0), Fe-[GlyOH], 26 (m), Fc—[AspOH], 27 (A), Fc—[GluOH], 28 (A). (T = 25 “C = 1, glassy
carbon working electrode, Ag/AgCl reference electrode and Pt counter electrode 0.5mM in 2.0M
phosphate buffers pH 2.0 to 8.0 (containing 5% methanol to ensure solubility)
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Two conclusions can be reached. Firstly, the half-wave potential (£, ,) is depend-
ent on the proton concentration of the solution, reaching a limit at pH 5.0 to 6.0
below which the £, is independent. The region of dependence is associated with
the deprotonation of the carboxylate groups of the compounds. The redox signals
shifts cathodically with increasing pH and demonstrates the sensing of carboxylate
protonation and deprotonation. Secondly, the slope for the acids 16 and 17 com-
pared with that observed for the Fc-peptides Fc-GlyOH 83, Fc-AspOH 84,
Fc-GluOH 85 and Fc-[GlyOH], 89, Fc-[AspOH], 90, Fc—[GluOH], 91 is steeper.

For the protonation/deprotonation equilibria of compound 16 and 17,
(Scheme 5. 14) the limiting slope 6E, ,/6pH of —50 and -56 mV per pH unit respec-
tively is obtained which is close to the -57mV per pH unit value expected for a one
electron-one proton equilibrium calculated from the Nernst equation (Eq. 5.2). For
the monosubstituted Fc-peptide conjugates Fc-GlyOH 20, Fc-AspOH 21, Fe-GluOH
22, a slope of 8E, ,/0pH 10-14mV/pH is observed. Similarly, for the 1,n"-disubstituted
analogs Fc—[GlyOH], 26, Fc—[AspOH], 227, Fc—[GluOH], 28 a slope 8E, /0pH, of
—18 to 23 mV/pH was observed.

The shifts for the disubstituted are about two times the value for the monosub-
stituted analogs. These show that the pH-potential relationship of Fc modified
compounds is largely governed by its substituent. The E -pH dependence is
accounted for by the presence of ionizable functional groups on the Fc-peptide that
undergoes a change in pKa upon electron transfer [53,54]. With increasing pH
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Scheme 5.14 Scheme showing the protonation/deprotonation equilibra for Fc-COOH,
Fc-[COOH],, Fc-GluOH 19, and Fe—-[GlyOH], 26
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values the carboxylates stabilize the Fc* state compared with the Fc, and as a con-
sequence the redox potential shifts cathodically [55]. The magnitude of the cathodic
shift per pH unit may be related to the proximity of the acidic substitute to the Fc
group as well as conformational or polarity changes caused by the ionization of the
amino acids. As shown above the electronic difference between Fc-CO-NH, versus
Fc-COOH, which originates from the differences in the interaction of the m-obitals
of the substituent with those of the Cp ring Fc [40], has considerable influence on
the electronic properties and may explain the significant differences in their
pH-dependent electrochemical behavior.

The measured E, , is predicted by the Nernst equation to have a pH dependence

according to Eq. 5.2 [56].

E, = E, — (0.059/n) log {(K, + [H' D/(K,, + [H'])} (5.2)

red
where n is the number of electrons, [H*] is the proton ion concentration, E, and E,
are the initial and final halfwave electrode potential respectively, and K _and K,
are the apparent equilibrium constants for the deprotonation in the oxidized and
reduced states, respectively. From Eq. 5.2, one can deduce that

AE,, = =59/ (pK,, — pK, ) (5.3)

Thus for n = 1, we would expect a limiting slope 6E ,/0pH = -59mV per pH
unit. Martinez-M4diez has shown that if the interaction between redox active centre
and the charged substrate is electrostatic, the AE, , vs pH response is a function of
the charge of the oxidized framework, the substrate, the number of electrons,
number of electroactive groups, the distance between the redox-active center and
the charge substrates and the relative permittivity [57]. The method however gives
approximate pKa’s of redox-active pH-responsive molecules and has been applied
to Fc-COOH, Fc-[COOH]2 and compounds such as Fc-boronic acid 48, open
Fc-aza macrocycles 49 and 50 and to Fe-(CH,) -COOH (where n = 0-2) 51-53
(Scheme 5.15) [56,58-60]. For compounds 51-53, it was reported that OE,, /OpH
decreased with an increasing aliphatic chain length [60].

Least-square curve fitting of the experimental £ -pH curves using Equation 2.3
allows for the determination of the pKa’s for protonation and deprotonation of the
oxidized and reduced species. For example, the curve fitting applied to compound
26 is shown in Figure 5.15. However, the CV titration does not allow us to distin-
guish between a stepwise deprotonation involving the mono-deprotonated species
Fc—(GlyO")(GlyOH) and fully deprotonated Fc—[GlyO],>". A pKa of 3.8 + 0.2 for
Fe—[GlyOH], and 3.3 + 0.2 for [Fe~(Gly-—OH)]* was obtained [39].

To test the validity of the method, an NMR titration experiment was carried out
by following the changes in the proton shift for the methylene protons of Fc—GlyOH
as a function of pH (Figure 5.15). The 6 of CH, experiences a pH dependence over
the range of pH 2.0 to 8.0 and allows us to extract information regarding the acidity
of the carboxyl group. Importantly, electrochemical and NMR pH titrations give
identical pKa values for the free acid 26 of 3.8 £ 0.2 (3.8 = 0.15 for NMR). Again,

172
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Scheme 5.15 Structures of compounds 100-115

Figure 5.15 Dependence of E , (o), and o (@) on pH for Fc-[GlyOH], 26 (T = 25°C £ 1,

CH2
glassy carbon working electrode, Ag/AgCl reference electrode and Pt counter electrode 0.5mM in

2.0M phosphate buffers pH 2.0 to 8.0 (containing 5% methanol to ensure solubility) (T =25°C + 1)

the NMR titration experiments do not allow us to distinguish between two separate
deprotonation events. Thus the pKa of both protons is assumed to be identical or
close to identical [39].

The absolute value of the pKa is in good agreement with values reported before
for the pKa’s of pyruvic acid (3.2-3.9) and other N-substituted-Gly (3.75-4.07)
[61-63]. The deprotonation/protonation equilibrium for compounds 19 and 26 is
shown in Scheme 5.14. Unlike in Fc-GluOH 19, the two carboxylic acid groups
(o pKal and 7y pKa2) of Fc—[GlyOH], 26 are completely distinguishable. pKa values
were determined from a least-square fit of the experimental E , data. Data for



Metal Binding Studies of Ferrocene Peptides in Solution 133

Fc-peptides are presented in Table 5.5. The measured pKa’s are close to those
reported for n-terminal functionalized amino acid also shown in Table 5.5 [61].

2.4 Ferrocene Peptides as Ligands for Metal Ion Interaction

Metal ion interaction with Fc-peptides was studied by two methods: (i) electro-
chemical titrations of the Fc-peptides with metal ions in aqueous solution having
the pH adjusted to 7.0, and by (ii) synthesis of metal complexes of the Fc-peptides
from aqueous solution at pH 7.0 and the spectroscopic examination of the
products.

The direct electrochemical measurement of interactions of a Fc-peptide host
(FcL) with metal ions M forming the redox active complex FcL-M, can be repre-
sented by Scheme 5.16.

The four square reactions constitute a closed loop which gives a total Gibbs free
energy change of zero (Eq. 5.4),

Table 5.5 Approximate pKa determination from voltammetric measurements.

pKal pKa2
Compound Fc* Fc Fc* Fc
Fc-COOH 3.3(0.2) 5.4 (0.4) - -
Fe-[COOH], 3.9 (0.4) 5.9 (0.3) - -
Fc-GlyOH 20 3.3(0.1) 3.6 (0.1) - -
Fc-AspOH 21 2.0 (0.1) 2.1(0.1) 3.8 (0.1) 4.3 (0.1)
Fc-GluOH 22 1.9 (0.1) 2.0 (0.2) 3.9 (0.1) 4.5 (0.1)
Fc-[GlyOH], 26 3.3(0.2) 3.8 (0.2) - -
Fe-[AspOH], 27 1.4 (0.1) 2.1(0.1) 3.8(0.2) 4.1 (0.1)
Fe—[GluOH], 28 2.0 (0.1) 2.3(0.1) 4.0 (0.2) 4.2 (0.1)
Fc-COOH * 3.34 (0.04) 6.44 (0.01) - -
Fc-[COOH], " 3.48 (0.07) 6.74 (0.01) 3.00 (0.10) 5.76 (0.01)

Standard deviations in brackets. (“literature values) [57]

Efree
Fcl - FctL
M | Kreg M | Kox
) Ecomp *)
FcL-M Fc'"'L-M

Scheme 5.16 Square scheme of the complexation of metal ion by Fc-peptide. The free FcL forms
a complex with M in their reduced and oxidized forms. E, " and E ¢ are the half-wave potentials
and K _and K are the stability constants
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AXG =AG

FcL

+ AGOX + AGFchM + AGred = 0 (54)

nF(E - E.. )-RTIn(K ) + nF(E

o comp — E)+RTIN(K ;) =0 (5.5)

Rearranging Eqs. 5.4 and 5.5 which links the change in half-wave potential AE
between the free ligand (E| ") and the complexed state (E, ), is indicative of the
binding strength shown in the following Eq. 5.6 [1]:
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AE, =E, — E," =(RT/nF)In(K_/K,_,) (5.6)

where K., and K are the stability constants in the reduced and oxidized states,
respectively. The magnitude of K /K  is a measure of the binding strength. The
measurement of the electrochemical response of the compounds in the presence of
either La*, Tb**, Zn?*, Mg? or Ca’* as guest cation species was investigated by CV
by addition of aliquots of aqueous solutions of metal salt to 5.0mL, 0.5 mM
solution of the free Fe-peptide acid in 0.2M NaClO, at pH 6.8 to 7.0.

Figure 5.16 shows a typical CV and DPV obtained for a solution of Fc-GluOH
22 before and after the addition of 2 equivalents of Tb** at pH 6.8. Table 5.6
summarizes the changes in electrode potentials obtained from CV measurements
for the Fe-peptides Fc-GlyOH 20, Fc-AspOH 21, Fe-GluOH 22 and Fe—-[GlyOH],
26, Fc—[AspOH], 27, Fc-[GluOH], 28 in the absence and in the presence of metal
ions. In all cases, addition of metal ions to the solution causes anodic shifts. For the
monosubstituted acidic systems, Fc-AspOH 21 and Fc-GluOH 22, the addition of
La’* and Tb** caused large shifts in the E|, (Table 5.6), whereas shifts caused by
the addition of Mg?* and Ca?* were much smaller. Unexpectedly, addition of metal
ions to the disubstituted Fc derivatives 27 and 28 caused significantly smaller
changes in E, .. The E , for Fc—[GlyOH], 26 for the addition of Mg** and Ca** was
surprisingly larger. The anodic shift is rationalized by a through-space coulombic
interaction of the metal ion and the positively charged ferrocenium [64]. Similarly,
Beer and coworkers observed anodic shifts of 15 to 55mV and 80 to 205mV for
the interaction of Fc-Calixarances 6 and 7 with La**, Gd**, and Lu*" [6]. The inter-
action of the Fc-amino acids with La* and Tb**, causes anodic shifts that appear to
be related to an increase of the ionic radii and the charge/size ratio [1,26,65]. Huang
has shown that Fc-cyclopeptides 14 showed strong anodic shifts in their electrode
potentials in the presence of alkaline earth metals and lanthanides [26]. For La*
and Yb*, anodic shifts of 132mV and 151 mV were observed. The extent of anodic
shift correlated with the charge density of the metal.

A reduction in peak current after addition of the metal is also observed. This
results from changes in the diffusion coefficient of the complex compared to the free
ligand, which in turn is caused by the increase in molecular weight as expected from
the Randles-Seveik equation. This may therefore not be a direct measure of the
binding affinity for the metal ion by the ligand even though it has been used as a
means of quantification by other researchers in which the metal ion is usually the
redox probe [66—68]. We therefore chose to express the binding activity by
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E/mv

Figure 5.16 CV (top) and DPV (bottom) plots for Fc-GluOH 22 before (solid lines) and after addition
of 2mol equivalents of Tb** at pH 6.8, 0.2M NaClO, glassy carbon working electrode, Pt counter
electrode, and Ag/AgCl reference electrode. For the CV studies the scan rate was 100mV/s whiles
for the DPV experiments a scan rate of 20mV/s and pulse amplitude of 50mV was used

Table 5.6 Electrochemical data for Fc-modified compounds 20-22 and 26-28 from CV
measurements

M 20 21 22 26 27 28

Free 376(69) 388(76) 392(87) 632 (80) 636(83) 605(80)
Mg 424(83) 394(80) 400(93) 744(180) 646(90) 611(88)
Ca* 422(80) 393 (88) 401(130) 720(144) 652(81) 616(80)
Zn2 412(96) 403 (93) 421(120) 646(114) 652(82) 625(89)
La* 400(90) 424(110) 459(120) 716(180) 656(83) 639(82)
Tb* 398(92) 452(120) 471(125) 669(184) 678(78) 655(88)

E,, values are reported in mV and numbers in parentheses are the peak separation (AE=E _—E )

values in mV

the changes in the electrode potential of the Fc group. This effect may be brought
about by through-bond, through-space or conformational interaction which is
detected by the redox probe [64] and is related to the relative ratio of K /K, from
Eq. 5.6. [1,65]. The metal complexation results are summarized in Table 5.6.

In general, binding to La** and Tb** is stronger for compounds 21 and 22 whereas,
the Gly-substituted compounds, 20 and 26, exhibit preference for Mg>* over the other
ions. Hall and Chu reported the results of a CV study investigating the co-ordination
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of alkaline earth and lanthanide metal cations to a series Fc-cryptants 2 [4]. It was
noted that there is a correlation between the AE, , and the charge/radius ratio of the
metal ion. Similar trends were observed for 12-15 complexes with alkaline metals,
alkaline earth metals and lanthanides [26]. Thus, on the basis of the ratio of charge to
ionic radius which increases in the order Tb** > La** > Zn** > Mg** > Ca**, one would
expect lanthanides to show much larger shifts compared to the alkaline earth metals,
as was observed for Fc-AspOH 21 and Fc-GluOH 22 [64].

The preference of the Fc-GlyOH 20 and Fe-[GlyOH], 26 to bind with Mg** and Ca*
is rationalized by the peptides flexibility and its preference for smaller cations and lower
coordination numbers. From potentiometric titrations, Cefola calculated the stability
constant for the amino acid-metal complexes Gly-Mg?*, Gly—Ca**, and Gly-La** com-
plexes as 3.44, 1.38, and 2.24, and for Asp-Mg*, Asp—Ca*, and Asp-La** as 2.43, 1.60,
and 3.42, respectively [69]. This means that while Gly was more selective toward Mg*,
Asp was selective towards La*". Therefore, it is not surprising for Fc-GlyOH 20 and
Fc-[GlyOH], 26 to show a higher affinity toward Mg** and Ca** compared with the
Fe-AspOH 21, Fc—[AspOH], 27, and Fc-GluOH 22 and Fc-[GluOH], 28 (Table 5.7).

The addition of the lanthanides to Fc-GluOH 22 resulted in a maximum anodic
shift AE, ) of 70 to 80mV after the addition of two equivalents of Ln** (Figure 5.17).
The alkaline earth metals resulted in a negligible increase with metal additions. The
disubstituted conjugates Fc—[AspOH], 27 and Fc—[GluOH], 28 exibited maximum
anodic shifts after four equivalents of metal ions were added. For Fc-[GlyOH], 26 the
maximum shift is reached after the addition of two equivalents of metal ions (Table
5.5). Maximum equivalence are observed at 2:1 molar ratio for the monosubstituted
Fc-peptide and at 4:1 molar ratio for disubstituted Fc-peptide. We speculate reasona-
ble structures of the Fc-peptide complexes to be as shown in Scheme 5.17.

To further investigate the metal coordination properties of Fc-peptides, metal
complexes of Fc-—GlyOH 20 and Fc-GluOH 22 were synthesized in aqueous

Table 5.7 Electrochemical response of Fc-modified 20-22 and 26-28 to metal additions from
CV measurements

Mg2+ Ca2+ Zn2+ Tb3+ La3+

0.86%, 2.3 0.99%, 2.0 0.74%, 2.7° 0.92¢, 3.3 1.06%, 2.8"

AE‘I/Z C AE‘I/Z C AE1/2 C AE‘I/Z C AEl/Z C
20 48(2) 6.3 46(2) 59 36(2) 40 22(2) 23 24(2) 25
21 104) 1.5 8(4) 14 18(4) 2.0 66(2) 127 39(2) 4.5
22 12(4) 1.6 16(4) 1.9 294) 3.1 80(2) 21.7 68(2) 13.7
26 115(4) 833 88(4) 295 14¢4) 1.7  37(2) 26 80(2) 21.7
27 114) 1.5 244) 25 134) 1.6 42(4) 5.0 20(4) 22
28 6(4) 1.3 114) 1.5 204) 22 50(4) 638 34(4) 3.7
The values in parentheses represent the number of metal equivalents required to cause maximum

change in E

* Jonic radii of cation in A
® Charge/size ratio, AE,,
equivalents required to cause maximum change in £

= E ™ — E P values in brackets represent the number of metal
(where C=K /K )

1/2° red:
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Figure 5.17 Graph of metal ion titration with FcGluOH 22 at pH 6.8. Tb** , La’**, Ca* , Mg,
Zn** A. (Lines are only to guide the eye)

N
A o) B ’:|e OE‘M"‘ | H O""“}Mn<
i 0\ g; e
Ml\‘
Mn+ /MI'M-
[ 1/
0 © 2
<=~ ° i i
N <= = Ye
Fe | H O——jyn+ F| O—
Fe 2
@f\ﬁ’ﬁf\w. g
o o n+/0 HN: [e} N F
P M\OH o E o
\,o o
0=.H\Mm M/r..fo

Scheme 5.17 Proposed schematic representations of Fc-GlyOH 20 (a), Fc-AspOH 21 (b), Fc-
GluOH 22 (¢), Fc—[GlyOH], 26 (d), Fc—[AspOH], 27 (e), and Fc-[GluOH], 28-metal complexes
from electrochemical deductions (f)
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Figure 5.18 Portions of *C-NMR spectra of Fc-GluOH 22 and its Ca** and La** complexes in
DMSO-d6. ortho C of substituted Cp (a) and C ™ of Fc (b); C=ONH (¢), C* (d), C # (e), CV (f) ,
COOH of Glu (g)

solution at pH 7.0 and analyzed by spectroscopic methods. Figure 5.18 shows por-
tions of a stack plot of the *C- NMR spectra of Fc-GluOH 22 complexed with Mg
and La**. The formation of the complexes results in changes in the chemical shifts
of various carbons. The study shows that the carboxylate carbon is the most
affected while the amide C=O0 is virtually unaffected by the complexation. It is also
fascinating to observe that the ortho C of the substituted Cp ring that are magneti-
cally equivalent in the free Fc-GluOH 22, is differentiated into 2 signals upon com-
plexation. This suggests that the coordination influences the spatial environment of
the Fc. Table 5.8 lists the magnitude of Ad experienced by the various C atoms of
Fc-GlyOH 20 and Fc-GluOH 22 as a result of complex formation.

For the complexes of 20 and 22 with metal ions, the carboxylate carbon experi-
ences downfield shifts from the uncoordinated state of Ad = 3.3-7.0. The Ad for the
aliphatic C centre were A8 2.7-3.4 for y-CH,, 2.3- 2.4 for the § CH,, and 2.0-3.4 for
Ao-CH (Figure 5.17; Table 5.8). The fact that the 3 CH, for Glu shows values lower
than o-CH and y-CH, demonstrates the proximity of the latter two aliphatic C to
the site of coordination. Interaction of Asp, Glu, Phe, and glutathione with Pd** [70]
and Ln** [8,10] have been reported to exhibit similar magnitudes of Ad for the car-
boxylate and aliphatic carbons.
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Table 5.8 Metal complexation induced Ad of identified peaks of the Fc-GlyOH 20-metal and
Fc-GluOH 22-metal complex

Compd C=ONH C=00H oC  B-CH, YC(CH)  C™(C,)
20-Mg> 0.5 33 20 - - 0.8
20-Ca? 0.5 4.1 27 - - 0.9
20-La* 0.7 3.6 28 - - 0.7
22-Mg> 0.6 3.7,4.0 30 23 2.7 0.6
22-Ca* 0.5 47,48 34 20 29 0.8
22-La* 0.5 6.7,7.0 32 24 3.4 0.8

Values are in ppm

12 v ' T T g v 1.0

05 2
22
22-Tb*
00} .
02 i A A i L " i i i
2000 1900 1800 1700 1600 1500 1400 2000 1800 1600 1400
Wavenumber / cmi’ Wavenumber / cni’

Figure 5.19 Partial IR of 20 and 20-Mg** complex (left), 22 and 22-Tb* complex (right) as KBr
pellets in the carboxylate and Amide I and II region

The downfield shifts of the carbonyl carbon chemical shifts are consistent with
complexation with the metals because it causes a decrease in the electron density
around the corresponding carbon atom [71]. The amide carbon and carbons of the
Cp ring showed shifts of less than 1.0 ppm indicating that they do not participate
directly in binding of the metal ions. The fact that the C'*° of the substituted Cp
exhibits remains virtually unchanged in the presence of the metal ion excludes
through bond interactions. This means that metal ion binding in these systems may
be purely electrostatic through- space interactions.

IR spectroscopy provides useful information about the coordination mode of the
carboxylate. Typical IR spectra are shown in Figure 5.19 for Fc-GlyOH 20 and
Fc-GluOH 22 and their metal ions complexes. After complexation, the characteris-
tic C=0 stretches of the free acid at 1756cm™ for Fc-GlyOH 20 and 1733,
1717 cm™ for Fe-GluOH 22 are absent.

The carboxylate groups in the metal complexes give rise to bands at 1,550 to
1,575 cm™ which are assigned to the antisymmetric stretching vibration v (COO").
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The bands in the 1419 to 1435cm™ region are the symmetric stretching vibration
VS(COO*) [20,21,72]. These values are consistent with established values of Mg?*,
Ca?, and Ln** complexes of Glu. Literature values for free and complexed Glu are
1,700cm™" for v(COOH), 1,540 to 1,680 cm™" for v (COO") and 1,410 to 1,420 cm™!
for v (COO") after complexation [73-75]. Table 5.9 summarizes the stretching
vibrations for the free acids 83 and 85 and their metal complexes. The difference
between the symmetric and asymmetric stretching vibration of the carboxylate
group (Av) is a diagnostic tool that provides structural insight into the coordination
mode of the carboxylate group [20,21]. In systems with Av = 105-110cm™" a biden-
tate chelating coordination is suggested, while for systems with Av = 135-155cm™!
a bidentate bridging mode is most likely.

The results indicate that Fc-GlyOH 20 and FcGluOH 22 coordinated differently to
different metal ions. For example FcGlyOH 20 coordinates to Mg?** by a bidentate
chelating fashion whereas with Ca* it is mainly a bidentate bridging mode and a
mixture of the two modes with La** and Tb** ions. Schemes 5.15 and 5.16 show pro-
posed structural representations of the complexes and reported crystal structures of
Gly and Glu metal complexes. Except for the bidentate bridging Fc-GlyOH-Ca
coordination mode, deductions from the IR confirms earlier proposed structures made
on the basis of the electrochemically determined stoichiometry of Fc-peptide-metal
complexes in Scheme 5.17. Bidentate carboxylate coordination networks in the
typical syn-syn bridging bidentate, chelate bidentate and a mixture of the two modes
shown in the proposed structure (Scheme 5.18), were observed before in the crystal
structure of N-methylglycine Eu(IIl), glycine-Nd?**, as well as in other lanthanide
complexes of glutamate and aspartate (Scheme 5.19) [14-17,19,76-78].

ESI-MS is a useful tool in the identification of metal complexation and allows
deductions about the complexation behaviour of ligands [79,80]. In order to con-
firm the stoichiometry of the metal complexes in solution, ESI-MS experiments
were carried out.

The ESI-MS spectrum of a solution of ligand Fc-GluOH 22 with Tb* is shown
in Figure 5.20. The spectrum shows peaks related to the ligand as well as the

Table 5.9 Selected IR stretching frequencies of the carboxylate group (KBr disc)

Compound vCOOH v, C=0 v, C=0 AWV, o Viceo)
Fc-GlyOH 20 1756 - - -

Fc-GluOH 22 1733, 1717 - - -

Fc-GlyOH 20-Mg** - 1556 1,438 118

Fc-GlyOH 20-Ca** - 1579 1,444; 1,422 135 and 157
Fc-GlyOH 20-La* - 1570 1,455; 1,415 125 and 155
Fc-GlyOH 20-Tb** - 1572 1,443; 1,422 129 and 150
Fc-GluOH 22-Mg? - 1538 1,440; 1,425 98 and 113
Fc-GluOH 22-Ca? - 1550 1,445; 1,419 105 and 131
Fc-GluOH 22-La** - 1550 1,440; 1,418 110 and 132

Fc-GluOH 22-Tb* - 1571 1,435; 1,418 105 and 153
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Scheme 5.18 Proposed structure of metal complexes bidentate bridging Fc-GlyOH-Ca (a),
bidentate Fc-GlyOH-Mg (b), mixed bidentate and bidentate bridging Fc-GlyOH-Ln (c¢), bidentate
Fc-GluOH-metal complexes (d), and bidentate bridging Fc-GlyOH-Ln (e)
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Scheme 5.19 Reported crystal structures of Gly and Glu metal complexes: Mixed bidentate, and
bidentate bridging CH,—Gly-Eu** complex (a) [14] bidentate bridging Glu-Dy (b) [78]
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Figure 5.20 ESI-MS of [M,L,(H,0),]** of 4:1 Fc-GluOH 22-Ca* (left), [M,L,(H,0),]** of 4:1
Fc-GluOH 22-Tb* in 1:1 methanol/H,O at pH 6.5 (right). a Raw data, b Expanded region of
molecular ion and, ¢ simulated isotopic ratio

complex. The ligand is indicated by peaks m/z at 382.0342 and 404.0163 represent-
ing [L+Na]* and L-H+2Na]* respectively.

The spectrum also shows a prominent peak at m/z 597.0024, which is assigned
to [Tb2L2(H20)9]2+(L =7) on the basis of modeling the correct isotopomer. The iso-
topic peaks are separated by 0.5 m/z units, which clearly reveal the +2 charge state
of this ion. Minor peaks are the result of other complexes such as
[M,L,(H,0),(CH,OH)]** which is observed at m/z 595.0052 which shows the coor-
dination of a solvent molecule to the metal. A similar experiment for Fc-GlyOH 20
with Ca?* and Tb*, showed ligand peaks at m/z 287.0234, 310.0156 representing
[L+H]* and [L+Na]*, respectively. Peaks relating to m/z 410.0261, 637.1237, were
identified for [ML(H,0),(CH,OH)]* and [ML(H,0),(CH,OH)]* for the Ca** and
Tb** complexes, respectively [64].

3 Conclusions

In this chapter, the synthesis and characterization of Fc-functionalized amino acids
were reported. The monosubstituted Fc-peptides, generally are involved in intermo-
lecular H-bonding while the corresponding disubstituted systems are generally
stabilized by intramolecular H-bonding involving the “Herrick” pattern. The crystal
structure of Fc—[GlyOEt],, however, exhibited an unusual 1,3’-conformation allowing
only intermolecular H-bonding between adjacent molecules. Deprotecting the ester
moiety of Fc—[GlyOEt], to the free acids Fc—[GlyOH], results in a structural
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change from the 1,3-conformer to a 1,2"-conformer which is stabilized by two
strong cross-strand intramolecular H-bonds.

Electrochemical characterization of Fc-GlyOEt, Fc-AspOMe, Fc-GluOEt,
Fe—[GlyOEt],, Fc-[AspOBz],, Fc—[GluOEt], and their free acid analogues shows
that (i) they exhibit quasireversible redox behavior in a variety of solvents, (ii) the
amino acid had no significant effect on the halfwave potential, and (iii) the type of
solvent had significant influence on the halfwave potential. Expectedly the redox
potentials of the monosubstituted Fc-peptide are cathodically shifted compared to
their disubstituted analogs.

Acidic Fc-peptides display a protonation-deprotonation equilibria, which was
probed by electrochemical and NMR titrations. The pKa’s values obtained through
electrochemical titration compare well with those obtained with NMR titrations.
Using CV and DPV, it was shown that the Fc group provides an electrochemical
response to metal binding to the carboxylate group. Acidic Fc-peptide selectively bind
to some metal ions. It has been established that Fc-GlyOH shows selectivity
towards Ca?* and Mg*, whereas Fc-AspOH and Fc-GluOH are selective towards
lanthanide metal ions. This preference is rationalized in terms of their charge to size
ratios. Structural evidence was obtained from IR, NMR spectroscopy and mass
spectrometry. Bidentate and bidentate bridging carboxylate—metal complexation
modes were predominant with each carboxylate forming a metal binding center.
The amide group is not involved in metal complexation which reflects the findings
of most published crystal structures of Gly, Asp, Glu with oxophilic metals such as
the alkaline earth metals and the lanthanides [14-17,19,76-78,81]. These findings
are invaluable for metal complexation studies of surface-bound peptides, since it is
expected that the coordination behavior is similar on the surface and in solution.
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1 Introduction

Self-assembled monolayers (SAMs) of peptides molecules linked to a gold surface
via gold-thiol linkages have received considerable attention [1-4]. Recently, the
focus has shifted from understanding the formation and structure of such SAMs
toward their application. Electrochemical sensing of metal ions using SAMs is such
an application [5]. The ability to control the density and conformation of functional
groups on surfaces have allowed the design of systems that exhibit some selectivity
toward binding of certain metal ions, which is useful for chemical sensing [6,7], as
well as for environmental cleanups [8].

The detection of electrochemically active metal ions at SAM interfaces is typi-
cally done by voltammetric methods [9]. The ability to alter amino acid sequences
within oligopeptides provides considerable control over the affinities of the peptide
ligands for specific metal ions. For example, using an L-cysteine modified gold
electrode, Chen et al. showed that Cu®* can be detected at a limit below 5 ppb [10].
Films of poly(L-aspartate) conjugates of 3-mercaptopropionic acid exhibit a detec-
tion limit of 0.2 ppb for Cu?* [11]. This approach was extended to the Cu-binding
oligopeptide sequence HS-CA-Gly-Gly-His (Figure 6.1a, [12], which exhibits a
sub-ppt detection limit for Cu®". Ab initio calculations suggest that Cu binding
involves the formation of a wrap-around complex as shown in Figure 6.1, involving
coordination to the imidazole of His as well as coordination to three additional
backbone Ns [13]. The detection of metal ions that are not redox active is possible
using external redox probes such as [Fe(CN), J*”*~ or [Ru(NH,),J**”**. The film controls

A.S. Abd-El-Aziz et al. (eds.), Inorganic and Organometallic Macromolecules: 147
Design and Applications.
© Springer 2008
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Figure 6.1 Metal ion detection at monolayer interface. a the direct electrochemical method with
HS-CA-Gly-Gly-His detects Cu2+ in the sub-ppt limit [12]. b Ion gated channel method based on
Fe(CN)63—-/4— at a glutathione monolayer interface with a detection limit of about 1 mM La3+
[16-18]

the ability of the redox probe to approach the surface, a process that has been
compared with gated ion channels. Complex formation between the peptide and the
nonredox active metal ion controls the permeability of the film toward the redox
probe as indicated in Figure 6.1b [14,15]. For example, using glutathione-modified
Au surfaces, it was possible to detect nonredox active metal ions such as La*", Eu’*,
Lu*, Ca*, Mg*, and K* in the presence of the redox probe [Fe(CN)*”*. The
detection limit towards lanthanides (La* 1uM) was about three orders of magni-
tude greater than that for alkaline earth metals [16—18].

Films that contain redox active groups as well as metal binding sites have shown
to be particularly useful. There are several examples of metal ion detection at
electropolymerized films possessing a metal binding site. Examples are the detection
of Cu* and Ni** using films prepared from thioazo-phenol [19] and the detection of
alkaline metals using films of tetrathiofulvalene (TTF)-dithia-crown ethers [20].
Majoral and coworkers demonstrated that electrodeposited films of a third genera-
tion TTF containing dendrimer (Scheme 6.1) give an anodic electrochemical
response towards binding of Ba** [21].

Another interesting example is the detection of alkaline and alkaline earth metals
at Fc-crown polypyrrole films prepared by electropolymerizing a substituted pyrrol
(Scheme 6.2) [22,23]. Upon binding of Ca?* and Ba** to these Fc-crown polypyrrole
films, the signal at 565 mV disappeared and a new signal at 680 mV appeared as a
result of the formation of the 1:1 metal ion complex.

In our work, we were interested in exploiting the metal ion recognition of
peptides, while maintaining the ability to electrochemically detect nonredox active
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Scheme 6.1 Third generation TTF crown of metal ion detection

@ﬁf Oﬂh
S TTD

Scheme 6.2 Structure of Fc-functionalized pyrrole crown ether used for the formation of
Fc-crown polypyrrole films. This polymer is active as sensor for Ca** and Ba**

metal ions. For this purpose, we began to speculate that Fc-peptide conjugates
might enable us to achieve this goal. This approach would allow us to monitor the
electrochemical characteristics of the Fc group as a function of metal ion concentration,
and provide an alternative to an ion-gated approach that relies on solution-based
redox probes. Prior to our work, Fc-peptide functionalized surfaces had not been
exploited as metal ion sensors. In fact, the Fc group may interfere with metal ion
binding and this posed obvious questions about the ability of metal ions to interact
with Fc-peptide modified surfaces as well the magnitude of the Fc-based electro-
chemical response. Thisa chapter outlines the use of Fc-glutamic acid cystamine
conjugates for thin film formation and metal binding.

2 Synthesis of Ferrocene Peptide Cystamines

The synthesis of the Fc cystamine conjugates [Fc-G1(OH)CSA], 2and [Fe-G2(OH)CSA],
4 is shown in Schemes 6.3 and 6.4. Carbodiimide coupling of FcCOOH and
[Glu-CSA], results in the formation of the two esters [Fc-G1(OBz)CSA], 1,
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Scheme 6.3 Synthesis of [Fc-Gl(OBz)CSA]2 1 and [Fc-G1(OH)CSA], 2. (i) cystamine - HCV/
Et,N, HOBY/EDC in CH,Cl; (ii) in situ TFA deprotection of Boc group followed by coupling with
Fc COOH in presence of EDC/HOBt in CH,Cl}; (iii) base hydrolysis of [Fc-G1(OBz)CSA],
1 with NaOH in methanol
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Scheme 6.4 Synthetic scheme for formation of [Fc-G2(OMe)CSA], 3 and [Fc-G2(OH)CSA], 4.
(i) Et3N, EDC/HOBt, CH2CI2; (ii) hydrogenolysis in methanol; (iii) coupling of cystamine and
Boc-Glu(Glu)-OH with EDC/HOBt in CH2CI2; (iv) Boc deprotection and coupling with
Fc-COOH; (v) base hydrolysis

[Fc-G2(OMe)CSA], 3, which are subjected to base hydrolysis to yield the corre-
sponding acids [Fc-G1(OH)CSA], 2 and [Fc-G2(OH)CSA], 4.

The Fc-conjugates were obtained as orange solids after purification by column
chromatography and were characterized spectroscopically. Representative "H-NMR
spectra of compounds 1 and 3 are shown in Figure 6.2.

For compounds 1 and 3 three classes of amide NH appear downfield including
the Fc-CO-NH doublet NH, the cystamine triplet NH, and the side-chain glutamate
amide doublet NH. The downfield position of these amide protons is indicative of
their involvement in H-bonding (Table 6.1) [24-26]. The o-proton appears as a
multiplet in the & 4.5-4.8 region. The number increases with increasing number of
generations. The methylene protons of cystamine are differentiated into two multiplets
at 8 3.5-3.6 and a triplet at & 2.8-2.6 whereas those due to the side-chain glutamate
occur in the 8 2.0-2.6 range. The complete deprotection of the esters 1 and 3 by
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Figure 6.2 'H-NMR spectra of [Fc-G1(OBz)CSA], 1 and [Fc-G2(OMe)CSA], 3. Cp: H™, H™,
H'*; Amide NH: Fc-CO-NH doublet NH?, the cystamine triplet NH*, Glu amide doublet NH’ in 3.
The o-proton H? appears as a multiplet in the 84.5-4.8 region. The CH, of cystamine are differ-
entiated into two multiplets H® and a triplet H® (8 2.8-3.6) while those due to the side chain Glu,
H7 and H* occur in the & 2.0-2.6 region. Protecting groups for 1: the OCH, (H'") and Ph (H'?); for
3: OMe (H'°) " Residual solvent

Table 6.1 Selected 'H-NMR (8 in ppm) signals of Fc-peptide cystamine dendrimers

Compounds NH? NH peptide Cp CH, (CSA)

1 7.47 7.28 4.21 4.38, 4.84 2.78 3.47, 3.68
2 8.39 7.50 4.124.33,4.82 2.823.43,3.86
3 7.72 7.247.56 4.22 4.38, 4.85 2.833.43,3.86
4 8.18 7.84 8.11 4.20 4.33, 4.89 2.79 3.42, 3.86

Spectra for ester 1 and 3 were recorded in CDCI, whereas those of the acids compounds 2 and 4
were recorded in DMSO-d6

base hydrolysis can be seen from the loss of the signals resulting from benzyl and
methyl protons and the appearance of the acid protons in 'H-NMR at about 8 12.0
in dimethylsulfoxide (DMSO)-d6.*C-NMR spectroscopy shows the loss of
resonances resulting from the methyl and benzyl carbons at 852 and, & 136-1209.
IR spectroscopy data on the Fc dendrimer conjugates is summarized in Table 6.2.
Figure 6.3 shows IR plots of [Fc-G2(OMe)CSA], 3 and [Fc-G2(OH)CSA], 4. As
expected the deprotected free acids exhibited a characteristic strong broad band in the
region of 3,500 to 2,500cm™, because of OH stretching vibration of the free acids
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which is absent in the protected dendrimers [27,28]. The Amide A peaks are observed
at about 3,300cm™" which are indicative of hydrogen bonded NH protons [24,29].
The lower wavenumber region for the compounds shows peaks for the stretching
vibrations of ester carbonyl C=0 ranging from 1,730 to 1,722cm™! from 1,647 to
1623cm™ for the Amide I band originating predominantly from the C=0O stretching
vibrations, and from 1,535 to 1,525cm™ for the Amide II bending vibration. The C-H
stretching of the Fc group occurs in the range of 3,095 to 3,080cm™" [30-32]. The UV-
vis spectra for all compounds exhibit a single broad absorption with absorption maxima
(A, in the range 450 to 442 + 4nm) that is independent of the peptide substituent.

Table 6.2 IR and UV-vis data for Fc-peptide cystamine dendrimers

IR UV-vis
Compound AmideA Cp C=0 Amide I Amide I A (¢)
1 3,300 3,087 1,735 1,627 1531 442(240)
2 3,299 3,091 1,739 1,629 1525 446(220)
3 3,297 3,086 1,733 1,629 1529 446(255)
4 3,313 3,086 1,722 1,630 1530 450(320)

IR (KBr, cm™); UV-vis (MeOH, ¢ = 1.0-6.0mM) A___in nm, € in cm™'M™!
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Figure 6.3 Partial IR spectra of [Fc-G2(OMe)CSA], 3 and [Fc-G2(OH)CSA], 4 as KBr pellets.
Amide A (a), Cp C-H (b), C-H’s of peptide (c), C=0 carbonyl acid/ester (d), Amide I (e), Amide
1L (f)
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2.1 Characterization of Surface Immobilized Films

Films of Fc-peptide conjugates 1-4 adsorbed on Au surfaces were prepared via
immersion of Au electrodes in ethanolic solution of compounds 1-4. Cyclic vol-
tammetric (CV) studies of the resulting films were carried out using a 2.0M
NaClO, as a supporting electrolyte at pH 7.0. A representative CV of film 2 at various
scan rate and a plot of oxidation and reduction peak currents i, versus scan rate v
are shown in Figure 6.4.

The CVs show the characteristic reversible one-electron oxidation-reduction
redox couple associated with the Fc group. The relationship between i and € is linear,
indicating the presence of surface-bound Fc groups [33]. The formal potential E°
and the peak separation AE for 1-4 are listed in Table 6.3. The formal potential
E’ of 3 is shows a slight cathofic shift compared with 1, which is attributed to a
better stabilization of the Fc*. Abrufia and coworkers observed similar relationship
and concluded that from a one-dimensional model perspective, there is one metal
centre per dendrimer molecule, so that the larger sized dendrimers allow a more
stable charge distribution as a result of lower charge density [34]. Earlier reports
have shown that the amino acid sequence influenced the redox potential [35,36].
However, the same can not be said of 2 and 4, and the difference may result from
the ionization of their carboxylate interface at the prevailing pH of the experiment.
The E° for the acid films was also cathodically shifted by about 30 to 40mV compared
with their ester counterpart (Table 6.3).

Ideally, CV of adsorbed redox species should exhibit a sharp, symmetric anodic
and cathodic peak with a peak separation AE = 0mV [37]. However, a nonzero peak
separation was observed for all films of these compounds, which might result from

500

=, | 1 1 L L R

00 02 04 06 08 10 00 200 300 400 500
E/V Scanrate v/mV.s™!

Figure 6.4 CV of compound 2 at scan rates between 100 and 500mV/s (left). A plot of anodic
peak current versus scan rate (right). 2.0M NaClO, at pH 7.0, a reference electrode Ag/AgCl,
BAS Au electrode (geometric area 0.025 cm?) working electrode
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Table 6.3 Summary of the electrochemical properties of films of compounds 1-4 on gold
electrodes (0.025 cm?)

Films E° AE AEM,,, I Sp.A Cal.Sp.A.
1 467 20 735 163 = 18 3.12 +0.40 530 = 60 390
2 425 + 18 47 x5 125 25 3.75 £ 0.09 440 + 70 370
3 45515 109 =12 184 =20 3.35+0.20 500 = 50 480
4 424 + 15 42+6 130 =28 3.03 £ 0.40 550 =40 440

Surface concentration? I', in 107'" mol-cm™, experimental specific area (Sp.A) and calculated

specific areas (Cal.Sp.A.) in A2 E°, AE, and AE,; in mV. Supporting electrolyte 2.0M NaClO,
at pH 7.0, Ag/AgCl reference, and Pt counter electrode

slow kinetics. The electron transfer rate k_ associated with surface confined redox
active species is known to affect the AE value [38]. The peak separation AE for the
acids 2 and 4 was lower than that of corresponding esters 1 and 3. The relatively
small AE values (about 40mV) for the acids suggest a faster kinetics for the acids
compared with the corresponding esters.

The peak full width at half maximum, AE, , . is used to evaluate the organizational
behavior of monolayers [38]. The parameter provides a quantitative measure of the
relative interactions taking place between the electroactive groups. In systems of
minimal interactions the ideal value is 90.3/n, when 7 is the number of electrons)
[38]. A AE, , of 90 to 100mV for Fc-containing films indicates a homogenous
environment around the redox centers [39]. AE,  in the range of 125 to 184mV
was observed for films of the Fc-conjugates 1-4, which suggest the presence of Fc
moieties with different environments, brought about by electrostatic repulsion
between the redox moiety and disorder within the film [40]. Surface concentrations
I, 0f3.0-3.7 x 107" mol-cm™ were obtained for all films. These values are slightly
higher than the 1.0-2.5 x 10~"" mol/cm?reported for Fc-functionalized poly(propylene
imine) dendrimers [41]. The experimentally observed specific areas for these den-
dritic compounds range from 440 to 820 A2, which is close to the theoretical val-
ues derived from Spartan modelling. This shows that the Fc-dendrimer films
constitute approximately monolayer coverages.

Blocking studies were carried out on modified Au electrodes of the Fc dendrimer
esters and acids using CV experiments in order to probe the compactness of films.
Figure 6.5 shows the results of the blocking study with [Fe(CN) > in the absence
and in the presence of Fc-peptide films of compound 1 and 2. In the potential range
of —0.2 to 0.8V, both systems showed some blocking toward [Fe(CN),J*"*, as
indicated by the lack of the signal of the [Fe(CN) *”*~ redox probe. Instead, the
only redox signal observed is that of the Fc/Fc* of the Fc-dendrimer film itself.

It was observed that the anodic peak current of Fc was enhanced in the presence of
the [Fe(CN),]*”* redox probe. This effect was rationalized by a possible communication
between the [Fe(CN),[*"*~ redox probe in close proximity to the Fc/Fc* couple. Thus,
the oxidation Fc— Fc* + ¢ is followed by a reduction process which involves
[Fe(CN)6]4‘, and which allows another reduction process to the Fc to continue the CV
cycle. Similar observations have been reported for immobilized Fc-peptides and
Fc-functionalized poly(propylene imine dendrimers [41,42]. The differential in the
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Figure 6.5 Blocking studies with films of compounds 1 and 2 in 2.0M NaClO, at pH 7.0 aq at a
scan rate of 100mVs™. a [Fe(CN),]*”* at bare gold (i), films 1 on Au in [Fe(CN)J*”* (ii), and
films 1 on Au (iii). b [Fe(CN) ]*** at bare gold (i), film 2 on Au in [Fe(CN)J*"* (ii), and film 2
alone (iii). Using a, Ag/AgCl reference electrode, Au working electrode (geometric area
0.025cm?)

anodic and cathodic peak currents has also been associated with differences in the
kinetics of ferrocyanide mediated ET rates [41,42]. It is believed that the rate of the
Fc-mediated [Fe(CN) >+ oxidation is faster than its reduction, therefore resulting in
a larger signal [41,42].

2.2 Electrochemical Studies of Metal Interactions
at Monolayer Interface

The electrochemical response of 1, 2, and 4 films to Ca?* and Tb** were examined
by CV. Figure 6.6 shows a representative CV of films 2 before and after addition of
2.0uM of Tb*. Unlike films involving Fc-crownether, metal interactions with films
1, 2, and 4 do not lead to the appearance of a new redox signal. Instead, the E° of
the Fc/Fc* couple is slightly anodically shifted. There is however a drastic decrease
in the ip and, hence, the surface charge Or. with each addition of metal ions which
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Figure 6.6 CV of a film of 2 before (a) and after (b) addition of Tb*". 2.0M NaClO, supporting
electrolyte at pH 7.0, versus Ag/AgCl, Pt counter electrodes

eventually reaches a steady state value. This Q. decrease inthe analyte-binding
films has been rationalized by others in terms of an ion-pair effect [43-55]. Based
on the ion pair theory [44,56], the counterions in the electrolyte necessary to sup-
port the Fc redox process are blocked with each addition of M"™* to the monolayer.
The formation of layers of metal ion-counter ion M™[ClO,"] instead of Fc*[ClO,"]
is the result. This blocks the penetration of ClO,” counter anions, resulting in the
decrease in Q. [49,57].

Ulman and coworkers have shown that binding of Cd?**, Ca*, Pd**, and Ba** to
®-COOH SAMs on Au formed dense overlayers at the interface the between the
electrolyte and the functionalized monolayer. The investigations revealed that
strong chemical interactions between the carboxylate groups, the metals, and the
counter ion induced dense counter-ion overlayers [58]. Figure 6.7 shows plots of
Oy, versus molar concentrations of metal ion added for films of 1, 2, and 4, showing
a correlating decrease in Q. with an increase in the addition of [M"] [46,48,49].
There was an initial sudden decrease in the films of 1, which may have resulted
from reorganization of the film followed by a more gradual decrease. The rates of
change for acidic films were more gradual throughout the titration.

The changes in O, versus [M™] were fitted to the Langmuir adsorption isotherm
[43,46,49]. The Langmuir model is based on the assumptions that adsorption is
limited to one monolayer that all surface sites are equivalent and the adsorption to
one site is independent of the occupancy condition of the adjacent sites. The com-
plexation equilibrium is given by:

Au - (Fc - peptide)+ M™ (aq) &= Au-(Fc-peptide-m"™)
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Figure 6.7 Graph of the apparent surface charge Q. /uC of films of 1, 2, 4, versus molar concentration
of metal ion added ([M™]/uM). 2.0M NaClO, at pH 7.0 versus Ag/AgCl. (line = guide to the eye)

The conditional equilibrium constant K can be determined using the Langmuir
adsorption isotherm equation. [43,46,49]:

0=K[M™ ]/(1+K[M"™]) 6.1)

where 0 is the ratio of the surface charge Q. of metal ion at a concentration [M™]
to its maximum surface charge Q. Equation 1 thus becomes [43,46,49]:

M™]/0=01/KQ, )+(M"1/Q,.0). (6.2)

The surface charge of M™ is equal to the surface charge of electroinactive Fc,
which can be evaluated from the difference in Fc surface charge measured in the
presence and absence of Th*.

Linear plots of [M™]/Q_ versus [M™] (Figure 6.8) for the oxidation give the con-
ditional equilibrium constant (Table 6.4). The equilibrium constant for the interaction
of Tb* and Ca?* with 3 shows a higher binding constant compared with that of 4. This
result is similar to observations made by Blankespoor in the study of Cu** interactions
on nitrilotriactetic and imminodiactetic surfaces [59]. As expected, the ester showed
very weak binding to the metal ions. These logK values of Tb* and Ca?* interaction
with 2 and 4 are comparable to the literature values of metal-carboxylate interactions
for some mono- and dicarboxylate ligands [60-64]. The lowest detection limit for
Tb* and Ca?* interaction at Fc-dendrimers films is 10.0 WM.
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Figure 6.8 Langmuir plots of [M™]/Q_ of films of 1 e, 2 m, 4 0 versus [Tb*] /uM

Table 6.4 Data for interaction of Tb* and Ca*" with Fc-dendrimer films

1/Tb* 2/Tb 4/Tb* 2/Ca? 4/Ca?*
E’ 483 (15) 433 (8) 440 (10) 437 (8) 451 (12)
AE 21 (5) 7(4) 15 (6) 11 (6) 18 (8)
KIM 60 (10) 2700 (21) 2100 (15) 1600 (68) 700 (74)

Logk 1.76 (0.08) 3.43 (0.02) 2.98 (0.04) 3.20 (0.04) 3.03 (0.05)

The decrease in the charge, O which occurs in the presence of additional metal
ions leads to the following hypothesis: (i) The facilitation of electron transfer of
ClIO, across the film interface for ion pair formation of Fc*[ClO,] is blocked by the
formation of M™[CIO,"] layers at the interface; (ii) the barrier originates from the
compactness of the COO-metal ion complex formation at the interface; (iii) the actual
surface concentration of the Fc-dendrimers in the film does not change. The total
charge of the electrode depends on the electronic charge of the gold electrode, the
charge of the film, and any ions that are adsorbed or tightly ion-paired with the film.
Scheme 6.5 illustrates the proposed effect of metal ion complexation on the transfer
of anions in solution across the monolayer interface.

The ion-pair theory was invoked by Dong and coworkers to explain the behavior
of adsorption of various surfactants at coassembled Fc-teminated alkanethiol-alkylth-
iolphene thiol SAMs on gold [51]. It was proposed that the adsorption of surfactants
at the mixed monolayer created an energy barrier that inhibited the diffusion of
counter ions present in solution from diffusing into the adsorbed layer as compensa-
tion for the oxidation of the Fc to Fc* ions [51]. The creation of a barrier at an interface
can be tested with electrochemical impedance spectroscopy (EIS) where an increase
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Scheme 6.5 Representation of formation of metal assisted ion pair at the film interface 4. a In
the absence of M™ the supporting electrolyte can freely diffuses into the film. b Formation of
strong M™-carboxylate layer prevents the effective diffusion of counter ions into the film

in the film thickness will result in the reduction of the total capacitance. Second, the
existence of the barrier-effect from the complex formation can be tested by using eth-
ylene diamine tetraacetic acid (EDTA) complexation to regenerate the interface.
Binding of metal ions to the dendrimer immobilized on the electrode is believed
to affect the interfacial properties of the monolayer through ionic interactions.
These changes are monitored by changes in the capacitance of the film [65,660]. The
total capacitance C,  as described by Eq. 6.3 is composed of a series of capacitances

(Coomotayer AN C oo formed by the protonation/deprotonation of the COOH group
at the pH 7.0) [40,67-69]. For a capacitance in series:

1 / Clot = 1 / Cmunulayer + 1 / Cintefacial layer (63)

C,=¢e¢e/d (6.4)

where ¢€ is the dielectric constant of the monolayer and € is the dielectric constant
of the solution and d is the film thickness, Cmonolayer andC, . Jayer AT€ defined by
the circuit diagram as shown in Figure 6.9. This means that the capacitance is
inversely proportional to the thickness and one would expect a decrease in capaci-
tance with increasing layer formation.

The impedance spectra are acquired at twenty frequencies ranging from 0.1 Hz
to 100kHz at an applied potential equivalent to the E” of the individual Fc-peptide
cystamine film. Figure 6.9a is a typical example of the impedance plot in the
capacitance plane for films of 2 in the absence and the presence of Ca** ions. Fitting
of the experimental impedance spectra to an equivalent circuit allows us to evaluate
the individual components of the equivalent circuit. A constant phase element
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d Interaction of Ca®* with a film of 2

(CPE) is used here is to account for the inhomogeneity of the film because of the
surface roughness effects. Therefore the CPE, . or CPE are pseudocapacitances
that require an additional exponent, 7.

Values n from fittings range from 0.85 to 0.95 (Table 6.5), which is sufficiently
close to unity for the CPE to be interpreted as capacitance. The titration with metals
does not change the equivalent circuits, indicating that conformational integrity on
the surface is maintained [65,66,70]. As was observed in metal titrations of other
Fec-films [14,15], the capacitance of the systems decreased significantly with the
addition of the metal ion (Figure 6.9 b). The most reasonable explanation for the
observed drop in capacitance is the stronger neutralization of the COO~ charges on
the surface by Tb** compared with the Na* supporting electrolyte [57,70,71]. The
differences observed in values for the solution R, for the various films are unexpected.
Nahir and Bowden from experiments of immobilized cyt ¢ on HS(CH,),,-COOH
and HS(CH,),-COOH have shown that for the shorter films the two parameters R,
and R_are indistinguishable [71]. Films of the Fc-conjugate are quite thin and the
R_value may have contributions from the R, and/or R , which we cannot separate.
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Table 6.5 Data for Impedance titration of Tb* and Ca** at film interfaces of 2 and 4: CPE,

int

(WFem™), CPE_ (uWFem™), R (uQcm?), R (10°Qcm?), R (Qcm?) from EIS studies taken at E°
of Fc redox probe
2 2+Tb* 2+Ca** 4 4+Tb* 4+Ca*
R 10.9(0.5) 11.3(0.3) 11.9(04) 5.1(0.2) 5.1(0.2) 5.1(0.5)
CPE, n 43.5(0.2) 21.8(0.4)  20.8 (0.1) 14.2 (0.4) 11.9 (0.2) 10.9 (0.2)
0.85 0.90 0.80 0.80 0.95 0.90
CPE _ n 9.5(0.2) 8.3 (0.1) 7.4 (0.1) 11.4 (0.2) 11.9 (0.2) 10.9 (0.1)
0.90 0.95 0.90 0.90 0.85 0.80
R, 0.6 (0.3) 0.6 (0.2) 0.5(0.2) 1.5 (0.4) 1.5 (0.3) 1.3 (0.2)
R 0.2 (0.1) 0.3 (0.1) 0.3 (0.2) 1.7 (0.3) 2.0 (0.1) 1.9 (0.3)
0.12 .
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Figure 6.10 Normalized DPV scans showing the regeneration of a 2+Tb*" film by exposure to a
1.0mM EDTA solution (EDTA). film of 2 prior to exposure to Tb*, 2+Tb**(b). DPV scan rate of
20mV/s and pulse amplitude of 25mV at gold electrodes (BAS with geometric area 0.025cm?),
Reference electrode Ag/AgCl, supporting electrolyte 2.0 M NaClO, (aq) solution pH 7.0

2.3 Surface Regeneration

EDTA is a strong chelating agent for metal ion such as lanthanides and alkaline
earth metals (binding constant EDTA-Ln** about logK = 18.0) [72]. Fc-peptide acid
films were regenerated by stripping the sorbed metal ions using EDTA chelation.
This was achieved by soaking the metal-carboxylate bound film in a solution
of 1.0mM EDTA solution for 30 minutes. Figure 6.10 shows DPV scans for films
of 3 in the presence and absence of Tb* and after soaking a Tb* film in EDTA solu-
tion. The results show that treatment with 1.0mM EDTA solution results in the
recovery of the signal, lending further support to the importance of ion-pairing
effects that are responsible for the decrease in the peak intensity. Though the films
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are washed after regeneration experiments, 100% signal recovery was never
achieved. This may result from EDTA forming a complex with the peptide on the
surface by H-bonding, thus trapping some metal ions in the process. The use of
strong acids coupled with mechanical shaking has been reported for stripping
lanthanides bound to glycine-functionalized adsorbent materials [73]. The use of
strong acids, however, leads to the decomposition of the Fc moiety and cannot be
applicable in this experiment.

2.4 Metal Ion -Film Interaction by XPS

X-ray photospectroscopy (XPS) allows an in-depth analysis of the coordination of
metal ions to the films of 2 and 4. All XPS spectra were calibrated with reference to
the Au 4f, ) peak at 84.00eV. Studies by Winograd and coworkers describing the
interaction of AI** with mercaptohexadecanoic acid (MPA) films showed that Cls
and Ols core-level peaks shifted in the presences of Al** [74]. Figure 6.11 shows for
example the Cls core peaks for 2 in the absence and presence of Ca?* and Tb**. The
Cls core level of 2 was deconvoluted into 3 peaks 284.68, 285.95, and 288.03eV
corresponding to CH-, C-O/C-N, and C=0 moieties respectively [75,76].

Table 6.6 lists the deconvoluted peaks associated with the Cls, Ols, and Nls
core elements. The Cls peaks for the C-O and C=0O experience shifts towards
higher binding energies upon addition of Ca** and Tb** (Figure 6.11). This is consistent
with changes associated with metal ion coordination as observed for Al** on MPA
surfaces [74]. Shifts rangin from 0.35 to 0.40eV were observed for C=O compo-
nents which compares well with shifts observed for metal coordination to other
surfaces (ABE = 0.45¢V for AI**-MPA; ABE = 0.5¢eV for Cu>*ANTA [77]). Shifts
associated with the C-O/C-N peak for the Ca** and Tb* of 0.71-0.89¢V with 4
were significantly higher than the smaller shifts rangin from 0.15 to 0.20eV for 2.
Interactions with NH of the peptides are unexpected but a differentiation between
the C-N and C-O groups is not possible in this study. The Ols spectrum shown in
Figure 6.11 is deconvoluted into 2 peaks: the double bonds -C=0 at 531.23 and
531.28 eV, and the single bonded C—O-H centered at 532.61and 533.65¢eV for 2 and
4 respectively [78].

Table 6.6 XPS analysis of films of 2 and 4 and their interactions with Ca®* and Tb**

Cls Ols Nls

Films CH- C-O/C-N C=0 C-O-H C=0 N

2 284.68 285.95 288.03 532.61 531.23 399.74
2-Ca>*  288.70 286.15 288.38 532.96 531.66 399.79
2-Tb*  284.68 286.10 288.43 533.43 531.69 399.78
4 284.78 285.49 288.09 532.65 531.28 400.01
4-Ca>*  284.81 286.20 288.43 533.04 531.76 399.96
4-Tb*  284.78 286.35 288.49 533.04 531.82 399.98

Listed are the Cls, Ols, and N1s levels. All binding energies are in eV
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Figure 6.11 Deconvoluted high-resolution spectra of films of 2 and in the presence of Ca** and
Tb**; showing the Cls region (a); showing the Ols region (b)
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It has been suggested that the changes observed in these peaks after coordina-
tion to metal ions are indications of the involvement of the oxygen in the metal
binding process [78]. As can be seen from Table 6.6, Ols signal shifts towards
higher binding energies, thereby increasing the peak separations between them.
Increases in peak separation observed for AI**-MPA and Cr**-MUA films have
been associated with bidentate coordination [74,79] whereas decreases in peak
separation observed for Cu**-MUA complexes have been linked with monoden-
date coordination [79].

The bidentate complexation modes of Ca?* and Tb*, with the acid groups of
Fc-peptide acids from the IR and NMR studies, have been alluded to in previous
solution studies [80].

Based on our surface spectroscopic results, a bidentate mode of coordination
of Ca?" and Tb** with the carboxylate group of Fc-peptide acid cystamine films
is proposed (Scheme 6.6). There is precedence for bidentate metal coordination
to surface-bound ligands. In a study of lanthanide selective sorbents, Fryxell
and coworkers showed that self-assembly of glycinate monolayers on mesopo-
rous materials bound Eu** in an 8-coordinated fashion. In this system, the close
proximity of the ligands allowed four bidentate ligands to chelate the lantha-
nide cation [73].

Using scanning force microscopy of elaidic acid monolayers prepared on a
terbium-containing subphase, Dérue et al. provided evidence for the formation of
a bidentate complex betweeb Tb** and three elaidic acid molecules [81].

Films of Fc-peptide acids 2 and 4 exhibited a single peak for the N1s peak
between 399.74 and 400.01eV resulting from the various amide functional
groups (Figure 6.12). Individual amide groups were not distinguishable. The peak
position was consistent with the literature as the amide groups gave a peak
between 400.0 and 400.5eV [82]. The peak position and shape did not change in
the presence of Ca?* and Tb*, which suggest that the amide groups are not
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Scheme 6.6 Bidentate complexation mode of Fc-peptide acids linked to gold surfaces and with
Ca® and Tb**
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Figure 6.12 Nls core-level spectra of films of 2 in the absence and presence of Ca** and Tb**

involved in metal binding. This, however, is significantly different from the films
of amino acids/peptide, such as Cys, Gly-Cys, and Val-Cys films where terminal
NH,* provides an additional binding site. The N1ls peaks for these films were
between 402.2 and 401.4eV and were shifted upon coordination to Cu?* to 399.4,
399.5, and 399.8eV [12,83].

The XPS spectrum for films in the presence of Tb** and Ca** (Figure 6.13)
shows the peaks for Td 3d and Ca 2p, respectively. The peaks related to the Tb3d
occur as a doublet at 1243.62 and 1277.43eV in 2-Tb film and 1242.41 and
1277.13 eV in 4-Tb film displaying the spin-orbit splitting of 33.81 and 34.72¢eV,
respectively, compared with literature value of 34.6 eV which is characteristic of
binding energies for Thb** species [84,85]. The signals related to the 2p of Ca*
are centered between 343.32 and 347.13eV [86,87] and demonstrate their low
intensity masked by the presence of the strong interference from the Audd
peaks, which occur in the same region. From the XPS section, the attenuation of
C=0 and Ols strongly suggest that both oxygen atoms of the acids functional
group reacts with the metal ion to form the metal-carboxylate complexes.
Calculations of compositional ratios of Ca?* and Tb**:S show a 1:1 ratio for films
of 2 and 2:1 ratio for 4.
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Figure 6.13 High-resolution XPS for Tb3d and Ca2p spectra of Au surface modified with 2-Tb*,
4-Tb*, 2-Ca ?*, and 2-Ca ** films

Angle resolved XPS (ARXPS) measurements were used to measure the thickness
of the films of 2 and 4 in the presence and absence of the metal ions from the attenuation
of the Au signals. The photoelectron intensity from the thin film-covered substrate
varies with the takeoff angle, 6 (taken as the angle between the surface plane and
entrance to the analyzer), and is given by Eq. 6.5 [88,89]:

In(I)=—d/(Asin®)+In(I,) (6.5)

where I and I are the intensities of the photoelectron from the clean substrate and
from the covered substrates respectively, d is the film thickness, and A is the inelastic
mean free paths of photoelectrons. Accordingly, In (/) should be linearly related to
1/sin © with a slope of (-d/A) according to Eq. 6.5. Figure 6.13 shows the Au4f XP
spectra of the for 2, 2-Tb*", 2-Ca** films Au measured at various 0 angles and the
plots In (/) versus 1/sin 0. The two peaks resulting from Au,_, and Au,_, were at
87.55 as well as 83.83eV, respectively. The intensities of these peaks decreased
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with decreasing 0 and plots of In (1) versus 1/sin 6 were linear. The slope of —d/A
from the In () versus 1/sin 0 plot for the Au 4 At 83.83 eV showed that the slope
for films containing metal ions increases considerably (Figure 6.14). Using a A
value of 421&, [90,91] the thicknesses are calculated and compared with those
from Spartan modeling (Table 6.7).

The thicknesses of the films are increased by 3 A in the presence of Ca*, by
7-8 A in the presence of Tb*. The differences between the thicknesses of the two
metal films may be related to their coordination numbers in aqueous solution Ca*
(C.N. of 6) and Tb* (C.N. of 8-12). These values are similar to Abbott’s XPS
measurements of thicknesses of MUA films which showed increases of 3 and 7 A
in the presence of Ni(ClO,), and Cu(CIO 422, respectively°[92]. )

Taking the ionic size of ClO,” as 2.4 A, Ca* as 1.3A and Tb* as 1.2A [93],
suggests that one layer of Ca(ClO,),, and two layers of Tb(ClO,), are formed

180 ' :

2 ' ' 2-Ca2+l
0°
30°
45° 60
100k ]
ik
1]
£ g
= £
o -
< ol 1 8 30
of i 0T
80 85 90 80 85 90
Binding energy / eV
. . - 12
3+
ool 2-Th |
1
%“ _—
S 40} 1 £ 10
E 3
E
g j o
20t 9 -_—
3 8
o} |
; ; i 7t
80 85 %0 10 12 14 16 18 20
Binding energy / eV 1/sin®

Figure 6.14 XPS stackplots of Au4f region for 2, 2-Tb*, 2-Ca* films on gold at various angles.
Graphs of relation between 1/sin 0 and logarithm of the integrated peak intensities of the Au 4fin
the XPS of 2, 2-Tb*, 3-Ca** films on gold at various angles
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Table 6.7 Calculated thickness from XPS and
Spartan modeling

XPS Spartan
Film Slope A dA dA
2 1.63 42 7 9
2-Tb** 3.38 42 14 -
2-Ca** 2.42 42 10 -
4 1.86 42 8 9
4-Tb* 3.85 42 16 -
4-Ca** 2.51 42 11 -
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Scheme 6.7 Proposed model for the formation of metal complexes on surfaces for single layer
bidendate of 2-Ca’>* (a), bilayer bidentate 2-Tb** (b), single layer bidendate of 4-Tb** (c), and
bilayer, bidentate of 4-Tb** (d)

respectively (Scheme 6.7). These increases in thickness of the Fc-dendrimer films
in the presence of metal ions confirm the observation from the titration monitored
by electrochemical impedance. The XPS results discussed above are consistent
with observations made from IR spectroscopy of metal complexes of Fc-GluOH for
bidendate coordination modes [80].
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3 Conclusions

This chapter presented the surface characterization of disulfide-linked Fc-peptide
[Fc-G1(OBz)CSA], 1, [Fe-G1(OH)CSA], 2, [Fe-G20MeCSA], 3, and [Fc-G2(OMe)
CSA], 4. These systems have a disulfide group that was used for immobilization on
Au. On gold surfaces, the acids, unlike the corresponding esters, formed multilay-
ers held together by intermolecular H-bonding. Monolayer coverages, however, are
attainable by sonication in mixtures of solvents. CV measurements in the presence
of [Fe(CN),]*”* reveal that the Fc-peptide-modified electrodes exhibit excellent
barrier properties.

The immobilized films of the acids [Fc-GI(OH)CSA], 2 and [Fc-G2(OH)CSA], 4
responded to the presence of Ca** and Tb**. The interaction monitored by CV
shows an attenuation of the Fc signal, which is the result of changes in ion pair-
ing between the Fc* and ClO,". Expectedly, the interactions lead to an increase
in the film thickness as reflected in a decrease in the total capacitance C  from
EIS studies and from XPS depth-profiling experiments. Regeneration
experiments using EDTA show that biding of the metal ions to the carboxylate
groups is virtually reversible. Binding constants are higher for Tb** than for
Ca?* and are comparable with those lanthanide and alkaline earth metal-
dicarboxylic acid metal interactions. The detection limit for Tb* and Ca?*
interaction at Fc-dendrimers films is ~ 10.0 uM. XPS analysis of films in the
presence of Ca?* and Tb* indicates that binding takes place at the carboxylate site
and that the amide group is not involved in binding. Further compositional
analysis of films of Tb* on [Fc-G1(OH)CSA], and [Fc-G2(OH)CSA], show
thata1:1 complexis formed with [Fc-G1(OH)CSA], whereas [Fe-G2(OH)CSA],
can coordinate with two metal ions.
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1 Introduction

Interest in organometallic macromolecules has grown exponentially ever since
Arimoto and Haven first polymerized vinylferrocene in 1955 [1]. Organometallic
polymers are known to possess unique optical, magnetic, and thermal properties
which allow for potential applications as chemical sensors, electrocatalysts, modi-
fied electrodes, and photo-active molecular devices [2—7]. Organoiron polymers are
one of the most prevalent classes of organometallic polymers, with many reports on
their synthesis and properties published over the past 50 years [8—11]. Of the many
varieties of organoiron species, ferrocene and cationic cyclopentadienyliron
complexes are most commonly incorporated into polymers.

The cis-trans photoisomerization of azobenzene chromophores is a well-studied
phenomena that allows for these materials to be used as electrooptic modulators,
photorefactive switches, reversible storage systems, and in nanoscale applica-
tions [12-18]. The incorporation of these chromophores into polymers is
especially interesting for producing new properties. Manners and coworkers
have reported liquid crystalline poly(ferocenylsilanes) containing azo dyes in
their side chains [19]. Our group has prepared a number of different organoiron
polymers containing azo chromophores in either the main or side chains [20-
23]. This chapter reviews the work that has been performed in this area by our
research group.

A.S. Abd-El-Aziz et al. (eds.), Inorganic and Organometallic Macromolecules: 173
Design and Applications.
© Springer 2008
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2 Synthesis of Organoiron Polymers Containing
Azo Dyes in Their Side Chains

2.1 Polyethers and Polythioethers

Over the past 10 years our group has reported the preparation of many different
classes of organometallic macromolecules. Using the excellent electron-withdrawing
nature of the cationic cyclopentadienyliron moiety, the nucleophilic aromatic
substitution of cyclopentadienyliron-coordinated chloro-arenes can be accomplished
in mild conditions at room temperature. Our group has prepared the easily functionalized
organometallic complex 3 from the reaction n°-dichlorobenzene-n’-cyclopentadi-
enyliron (1) with 2 (Scheme 7.1). The carboxylic acid function on this complex can
be reacted with a number of different compounds to give monomers that can be
polymerized to give polymers with a variety of different side chains. Compound 3
has been utilized in the synthesis of linear polymers containing both cationic and
neutral organoiron moieties, and in the preparation of star-shaped molecules.

Recently, we reported the synthesis of azo dye-functionalized organoiron com-
plexes from the reaction of the bimetallic organoiron complex 3 with azo dyes 4
(Scheme 7.2). These monomers displayed excellent solubility in polar organic sol-
vents and were isolated as vibrantly colored powders ranging from orange to purple
in good yields.

Polymerization of § gave organoiron polymers containing azo dyes in the side
chains. The polymers (7, 8, 9) were prepared by nucleophilic aromatic substitution
reactions between S and various O- and S- containing dinulceophiles (Scheme 7.3).

The cationic organoiron polymers were isolated in high yields and displayed good
solubility in polar organic solvents. Exposure of these polymers to ultraviolet (UV)
light caused the photolytic cleavage of the cationic cyclopentadienyliron moieties and
gave organic polymers containing azo dyes in their side chains (Scheme 7.4).

Interactions between the cationic organoiron moieties and the gel permeation
column (GPC) prevented direct determination of the molecular weights. However,
the molecular weights could be estimated from the molecular weights of the
organic polymer analogs. The weight averaged molecular weights (M, ) of polymers
7, 8, and 9 ranged from 11,800 to 31,600 with PDIs between 1.16 and 2.24.
Thermal gravimetric analysis (TGA) of polymers 7, 8, and 9 showed two weight
losses, the first between 200 °C and 250 °C corresponding to both the cleavage of
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the cationic iron moieties and the degradation of the azo dye. The second weight
loss starting between 400°C and 570°C was was the result of degradation of the
polymer backbone. Differential scanning calorimetry (DSC) indicated that polymers
7, 8, and 9 possessed glass transition temperatures (Tgs) ranging from 100 to 180°C
depending on the spacer used.

Studies on the UV-vis properties of polymers showed polymers 7, 8, and 9 had
A_.s between 417nm and 490nm in dimethylformamide (DMF) depending on the
substituents present on the azo dye. These absorption are attributed to the n — 7
transitions of the azo dyes. The polymers containing the most electron withdrawing
groups were red-shifted compared to the polymers with less electron-withdrawing
groups. Upon addition of a hydrochloric acid solution the polymers underwent a
bathochromic shift in their A, to between 515nm and 530nm as a result of the for-
mation of the azonium ion (Figure 7.1). Also, at low to moderate (10-90%) concen-
trations of acid both the azonium and azo forms of the dye coexist; only at high
concentrations of acid does the azo dye completely convert to its azonium species.

The substituents on the azo dye greatly affected the A, observed for the n —m*
transition; the more electro-withdrawing substitutent the higher the observed A__ .
Figure 7.2 for example shows the UV-vis spectra of 8 where, peak a has the shortes
wavelength resulting from the presence of the nitro group. Peak b shows that the
acetyl substituent gives a longer A in comparison to the polymer of peak a,
however, it was shorter than that of peak ¢ (nitro group).
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2.2 Polynorbornenes

A.S. Abd-El-Aziz and P.O. Shipman

Polynorbornene organoiron polymers containing pendent azo dyes were prepared
by our groups. The nucleophilic aromatic substitution of the organoiron complex
14 with azo dyes (13) gave the azo dye-functionalized organoiron complexes (15).
These complexes were isolated as brightly colored powders in high yields and
showed excellent solubility in polar organic solvents. The reaction of 5-norbornene-
2-carboxylic acid (16) with the benzylic alcohol function of these organoiron
complexes (15) gave the organoiron monomers 17 (Scheme 7.5).
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Ring-opening metathesis polymerization (ROMP) of 18 with Grubbs’ catalysts
gave the azo dye-functionalized polynorbornenes containing pendent organoiron
moieties. Photolytic demetalation of 19 gave their organic analogs (20) (Scheme 7.6).
The organic polymers possessed M ranging from 11,400 to 21,800 with PDIs
between 1.10 and 1.11. These molecular weights correspond to M ranging
between 16,000 and 31,600 for organometallic polymers.
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DMF/10%HCI (b), 8:2 (v/v) DMF/20%HCI (c), 8:2 (v/v) DMF/40%HCI (d), 8:2 (v/v) DMF/
60%HCl (e), 8:2 (v/v) DMF/100%HCI (f)
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Figure 7.2 The effect on A _resulting from substituients on the azo dye in 8

A second method for the synthesis of organometallic polynorbornenes containing a
bound azo dye involved the reaction of m°-chlorotoluene-n’-cyclopentadienyliron
complex 21 with bifunctional azo dyes to yield the azo dye-containing organoiron
compounds, which were then further reacted with 5-norbornene-2-carboxylic acid (16)
to form the azo dye functionalized norbornene monomers, 24, shown in Scheme 7.7.

ROMP of the azo dye functionalized norbornene monomers 24a,b with Grubbs’
catalyst gave the organometallic polymers. The photolytic cleavage of the cyclopen-
tadienyliron groups yielded their organic analogues (Scheme 7.8). The M of the
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organic polymers ranged between 9,200 and 11,200 with PDIs between 1.12 and
1.14, the M of the organometallic polymers ranged between 14,300 and 16,800.
Electrochemical studies on the organometallic polymers (25) showed that the cationic
iron centres underwent reduction between —1.2V and —14V (figure 7.3). UV-Vis
investigations showed that the polymers displayed A, between 420nm and 430nm in DMF
solutions; however, the addition of a HCl solution caused bathochromic shifts (figure 7.3).
TGA analysis showed that polymers 25 were thermally stable with the first
weight loss starting between 225 and 241 °C as a result of the decomplexation of the
cyclopentadienyliron moieties as well as partial decomposition of the polymer side
chains. The second weight-loss beginning between 400 and 450 °C was attributed
to the degradation of the polymer backbone. DSC analysis showed that the organoiron
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Figure 7.3 Cyclic Voltammogram of polymer 25 (R = CH,) obtained in propylene carbonate at
—40°C using a scan rate of 0.2 V/s (top). UV-vis spectra of polymer 25(R = CH,) obtained in
DMF (a), DMF/10% HCI (b), DMF/30% HCI (c), DMF/50% HCI (d), and DMF/100% HCI
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polymers possessed T s higher than those of the organic polymers. Polymers 19
also possessed T s 30 °C higher than those for polymers 25 resulting from the dif-
ferences in the léngths of the side chains and the placement of the cationic iron
centers within them.

A similar polymer containing a hetaryl-azo dye was prepared by reacting the
benzothiazole azo dye 28 with the organoiron complex 27 to give complex 29
(scheme 7.9). The subsequent reaction of 29 with 4-hydroxybenzyl alcohol gave
benzothiazole-containing organoiron complex 31.

Reaction of complex 31 with 5-norbornene-2-carboxylic acid (16) yielded the
organoiron monomer 32. ROMP of monomer 32 using Grubbs’ catalyst (18) gave
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polymer 33 in good yield (scheme 7.10). Polymer 33 displayed a A___at 511 nm
which is much higher than those reported for aryl-azo dyes, the addition of HCI
caused a bathochromic shift in the A, to 608nm with a shoulder at 574nm
(Figure 7.4).

3 Synthesis of Organoiron Polymers with Azo Dyes
in their Backbones

Polymers containing both netural and cationic iron moieties have been prepared
from organoiron complexes containing ferrocene and azo dyes in the main chain
with pendent cationic iron units. The monomers were prepared by first reacting
bifunctional azo dyes 34 with the organoiron complex (1) (Scheme 7.11).
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The azo dye-functionalized organoiron complexes 35 were isolated in good
yields and contained a hydroxyl group available for condenstation with 1,1’-fer-
rocene dicarbonyl chloride (36) (Scheme 7.12). The monomers 37 were isolated as
vibrantly colored materials in high yields that showed good solubility in polar
organic solvents.

Polymers 39 containing both neutral and cationic organoiron moieties as well as
azo dyes in their backbone were isolated from the condensation polymerization of
azo dye-containing organoiron monomers 37 with various N-, S-, and O-containing
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Figure 7.4 UV-vis spectrum of polymer 33

dinucleophiles (Scheme 7.13). Polyferrocenes 40 containing azo dyes in the back-
bone were isolated by photolytic cleavage of the cationic cyclopentadienyliron
moieties.

The M of polyferrocenes 40a—f ranged from 8,000 to 21,000 with PDIs between
1.15 and 1.20 which corresponds to a M between 11,000 and 25,000 for polymers
39a—f. Thermal gravimetric analysis indicated that polymers 39a—f were thermally
stable and showed two major weight-losses. The first weight loss occurred between
210 and 300 °C corresponding to the cleavage of the cationic organoiron moieties as
well as, the degradation of the azo dye. The second weight loss between 400 and
500 °C was the result of decomposition of the polymer backbones. The glass transi-
tion temperatures of polymer 39a—f were higher than those of their corresponding
neutral polymers 40a—f. The T,s of polymers 39a—f were between 126 and 164 °C
whereas the T s for photolyzed polyferrocenes 40a—f ranged between 85 and 92 °C.
Electrochemical studies on polymers 39a—f showed two distinct electrochemical
processes. The reduction of the cationic organoiron centers occurred at —1.42V and
the neutral organoiron centres were oxidized at 0.89 V. UV-vis analysis showed that
polyferrocenes 40a—f displayed A, around 419nm in a DMF solution, addition of
hydrochloric acid caused a bathochromic shift to 530nm, the spectrum of 40c is
given in figure 7.5 as an example.
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4 Effects of Photoloysis on Organoiron Polymers
Containing Azo Dyes

Azo dye-containing polymers must be able to resist decolouration by UV light to
maintain their structural and mechanical integrity for any potential applications
[24]. The affect of UV radiation on the photostability of polymer 7 was studied
and compared to the photostability of the organic analogues 10. Azo dyes are
known to act as chelating ligands, forming complexes with various metals includ-
ing iron. This metal-dye complex is formed by interaction of the metal d-orbitals,
azo nitrogens, and if present a heteroatom in the ortho position. These complexes
can form in a 1:1 Fe- and 1:2 Fe-azo dye complexes, which can facilitate azo dye
degradation [25,26].
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The affect of the iron moiety on the photodegradation of the azo dye containing
polymers 7 and 10 was studied. In this study [27] polymers 7 and 10 were dissolved
in acetonitrile and exposed to UV radition and observed over time to determine the
photo-discolorization. Figure 7.6 displays the discoloration of polymer 7.

Polymer 7 showed a slow decrease in the absorbance between 400 to 550 nm,
and complete discoloration after 2 hours at low concentrations. As shown in Table
7.1, the photo-discoloration follows pseudo first order kinetic rate constants for
direct photolysis of the organometallic polymers at intial concentrations ranging
from 0.01 to 0.2mM. When the concentration was incresed 20-fold, a 16-fold
decrease was observed in the rate constant under constant UV irradation. However,
the darker the initial color of the original solution, the slower the discoloration
occurred. The decrease in the discoloration rate of the darker solutions was attrib-
uted to increased light attenuation. As the solution becomes more instensely
colored, the penetration and availability of photons decreases and causes the poly-
mers to absorb less light [28]. Because of the increase in light attenuation at higher
polymer concentrations the energy absorbed is only great enough to remove the
iron moiety from the polymer, giving the organic analog with a negligible effect on
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Figure 7.6 Direct photolysis in acetonitrile solution of: () 0.2mM, () 0.15mM, () 0.05mM, ()
0.03mM, and () 0.0l mM of metallated polymer

Table 7.1 Rate constants for the
discoloration of metallated polymer
solutions for direct photolysis

Concentration (mM) K(h™)
0.20 0.053
0.15 0.071
0.05 0.457
0.03 0.590
0.01 0.855

the color. The corelation between the discoloration rates and the initial polymer
concentration is shown in Figure 7.7.

Figure 7.8 shows the comparison of direct photolysis of the various forms of the
polymer in acetonitrile solutions over 9 hours of irradiation. The organometallic
polymer shows only 30% discoloration during this time period and its organic ana-
logue shows a very similar behavior. However, a polymer solution containing the
organic analog with the decoordinated cyclopentadienyliron moiety still in solution
displayed total discolouration in the 9-hour time frame. It is well documented that
the photolytic cleavage of the cationic cyclopentadienyliron group in acetonitrile
leads to the formation of [(N-C,H,)Fe(CH,CN),]*, which quickly decomposes into



0.9

08|

0.7

06

-K (1/h)
o
n

04

03}

02

0.1

———

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
Initial Conc (mM)

Figure 7.7 Rate relationship for direct photolysis of metallated polymer in acetonitrile

10}

09|

08|

0.7

A/Ao

06|
05
0.4Ff

03

W N T N S [ | | L1 l__L L1 | N Y N N | Ll 1

0 2 4 6 8 10 12 14 16 18 20 22 24
Irradiation Time (h)

Figure 7.8 Photolysis of 0.2mM demetallated polymer in acetonitrile with addition of: ()
0.1 mM Fe(II) and () 0.1 mM Fe(II) perchlorate




Iron-Containing Polymers with Azo Dyes in their Side Chains or Backbones 191

ferrocene and iron (II) salts as the final demetallation products [28]. Therefore the
rapid discoloration of the polymer solution containing the decoordiated metal is
likely mediated by the presence of the ferrocene or the iron (II) salts. To verify
which of the demetallation products resulted in the discolouration of the polymer
solutions, ferrocene and Fe(Il) salts were added to solutions of the organic ana-
logues. The addition of ferrocene to the organic polymer solution showed no effect
on the discoloration, indicating that the increased discolouration was due to the
presence of the charged iron species.

Because Fe(Il) salts are generated by the decoordination of the cyclopentadieny-
liron moiety, they are the most likely candidates responsible for the discoloration.
However, because Fe(IlI) plays a role in the Photo-Fenton reaction, both Fe(II) and
Fe(III) salts were added to the organic analogue polymer solutions. Solutions con-
taining 0.1 mM iron (II) and (III) perchlorate gave similar rates in discoloration
(Figure 7.8), indicating that both Fe(II) and Fe(III) take part in the discoloration.

Interestingly, at higher concentrations of Fe(IIl) perchlorate (=1 mM), the rate of
the discoloration was not affected. However the rates improved when low concenta-
tions of salts were used. Complete discoloration of the polymer solutions were seen
after 3 hours with solutions containing 0.02mM Fe(III). This behaviour suggests
that a complex forms between the azo chormophore and the iron species. This
complex is excited through UV radiation and causes an electron transfer from the
azo group to the iron species [29,30]. However, as the iron concentration is
increased, the complexes form agglomerates with arrangements that prevent the
iron-azo dye interactions [29].

5 Summary

This chapter provides an overview of polymeric materials that contain azo dyes and
cationic and/or neutral iron moieties. The azo groups are attached to the backbone or
the side chains of the polymers. Changes in the azo dyes described in this article gave
rise to materials that absorb in the 400 to 600 nm regin. Also, the protonation of the
azo groups gave rise to a bathochromic shift of 50 to 120nm. TGA analysis showed
that these metal-containing macromelcules are thermally stable up to 200 °C.
A number of organoiron polymers have been prepared that contained azo dyes either
in the side chains or in the main chains. These polymers were found to be thermally
stable and to possess unique UV-vis properties and electrochemical behavior.
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1 Introduction

The spotlight is again on the urgent need for the development of antivirals to treat
both old and emerging virus outbreaks. The recent attempt to reinitiate the smallpox
vaccination program to deal with biological terrorism has been halted, in part
resulting from observation of adverse cardiac events following vaccination, and has
resulted in the Centers for Disease Control recommending that people at risk for
heart disease should be excluded from the vaccination program. Although the
number and severity of adverse reactions associated with most if not all vaccines
does not appear to be increasing, the percentage of the human population suscepti-
ble to these problems does appear to be increasing. Increased longevity and both
infectious and environmental factors are producing a population increasingly har-
boring immunocompromised individuals for whom vaccinations are unworkable.

A.S. Abd-El-Aziz et al. (eds.), Inorganic and Organometallic Macromolecules: 193
Design and Applications.
© Springer 2008
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Diseases caused by old foes such as influenza always maintain the potential to initi-
ate new pandemics of disease. Antivirals, unlike vaccines have the potential to act
against new variants of old viruses and new viruses such as SARS [1,2], and the
bird flu, and as interventions in biological terrorism. Additionally, a new climate
appears to be emerging in which the acceptance of the risks inherent to vaccines is
very low, the most recently casualty of this being the rotavirus vaccine [3].

Antivirals, however, all suffer from the problem of target specificity [4,5.
Viruses, for the most part, utilize cellular machinery to replicate the viral genome
and produce new virus particles. In an attempt to target viral replication, the cellular
processes in uninfected cells are also undesirably affected. Polymeric drugs offer
the opportunity to avoid some of these effects. This is reviewed in recent articles
and briefly described following [6,7].

We have been surveying a number of metal-containing polymers as potential
antiviral agents emphasizing both platinum and organotin-containing polymers
[8—11]. Polymeric drugs offer many potential advantages over monomeric or small
molecule drugs. These reasons have been described elsewhere and will be briefly
described later in this chapter.

Researchers have suggested that at least some cancers have a viral relationship.
Thus, we have begun testing polymers that show good anticancer activity against a
variety of viruses.

Recently, we first tested a number of organotin products derived from known
antibacterial drugs, namely ciprofloxacin, ampicillin (Scheme 8.1), and nor-
floxacin (Scheme 8.2). All of these products exhibited some antiviral activity
against a number of viruses, that is reovirus ST3, vaccinia virus, herpes simplex
virus (HSV-1), and varicella zoster virus (VZV) [8,9]. The organotin polymers
from norfloxacin and ampicillin showed total inhibition to virus growth at con-
centrations of about 2mg/ml, whereas norfloxacin and ampicillin, themselves,
exhibited no viral inhibition. We also looked at organotin products derived from
the known antiviral drug acyclovir [9]. Again, the organotin polymers showed
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Scheme 8.1 Dibutyltin-ampicillin polymer
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Scheme 8.2 Dibutyltin-norfloxacin polymer

inhibition of the viruses at lower concentration that found for acyclovir itself.
Thus, the combination of known drugs with organotin moieties within polymers
appear to be effective antiviral agents, more effective than either of the reactants
themselves.

Our interest in these organotin-containing polymers is also derived from the fact
that they are potent anticancer agents capable of inhibiting cancer cell growth at
concentrations within the same range and less than that of cisplatin itself [12—19].
Further, these organotin polymers are much less toxic than cisplatin, the most
widely used anticancer drug.

We have been investigating a number of polymeric derivatives of cisplatin as
anticancer drugs for about 30 years [20]. Again, we have synthesized polymeric
drugs that inhibit cancer cell growth within the same concentration range as cis-
platin itself and these drugs, are again, much less toxic. We have also been
investigating some of these polymeric cisplatin derivatives as antiviral agents.
The use of polymeric derivatives of cisplatin as antiviral agents is the focus of
this chapter.

2 Inhibition

The majority of known viruses are RNA viruses. It is not surprising that they also
cause the majority of human diseases. The following are some of the more familiar
diseases caused by RNA viruses:

e common cold
e poliomyelitis
o hepatitis

e encephalitis

o yellow fever
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¢ rubella

¢ influenza

e measles

e mumps

e various hemorrhagic fevers

2.1 Features of an Ideal Antiviral Drug

Features of an ideal antiviral drug might include the following: effective inhibition
of an essential viral process, mechanism to prevent drug-resistant viruses from
developing, broad-spectrum activity against RNA and DNA viruses, and no nega-
tive effect on host cell processes.

2.2 Strategies for Antiviral Therapy

Most antivirals target one of five major viral processes: (1) attachment of the
virus to the host cell, (2) penetration and/or uncoating of the virus to release the
viral nucleic acid into the host cell, (3) replication of the viral genome, (4) viral
gene expression to produce viral proteins, and (5) assembly and maturation of the
virus structure and the release of the progeny virions with or without lysis of the
host cell.

2.3 Attachment

Virus attachment can be inhibited by two broad methods which are described below.

1. Agents that mimic the viral attachment protein (VAP) can be introduced into
the infected host. These VAPs will then bind to the cellular receptor and
block the virus binding [21]. Anti-idiotypic antibodies can be produced that
mimic the VAP. When these antibodies are introduced into the host they
bind the cellular receptors that would normally be available to infectious
virus. This effectively “blocks” the viral receptor on the cells and prevents the
virus from attaching and infecting the cell [22]. Natural ligands of the viral
receptor can be employed that bind the receptor and block virus use of this
receptor. One example of this is vaccinia virus and the epidermal growth fac-
tor (EGF) receptor [23]. The fourth possibility is the use of synthetic ligands
that resemble the receptor-binding domain of the VAP itself. These peptides
will bind a cell receptor and render the receptor unable to bind the VAP, pre-
venting virus infection [24,25].

2. Agents that mimic the viral receptor on the host cell and function by binding the
VAP. Antibodies to the VAP, naturally produced as the humoral response to most
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viruses, bind the VAP and prevent its interaction with host cell receptors
[26,27]. Anti-idiotypic antibodies can be produced that mimic the cell receptor
or extraneous receptors such as rsCD4 used by HIV [28]. When introduced
into the host these antibodies serve as “binding targets” for the virus, but
unlike the cells normally expressing these receptors, cannot be infected or sup-
port virus replication [28,29]. Additionally, synthetic receptor mimics can be
produced to bind virus before it has an opportunity to bind cell receptors. One
example of this approach is the use of sialic acid derivatives to bind influenza
virus [30,31].

2.4 Penetration and Uncoating

These processes have proven difficult to examine at the molecular level for most
viruses and therefore it has been difficult to specifically target these stages of the
virus life cycle. Uncoating is for the most part mediated by cellular enzymes but
like penetration, is often influenced by one or more virus proteins [32,33].

Pleconaril is a broad spectrum anti-picorna virus agent [34]. It is a small cyclic
drug which binds to a canyon pore of the virus. In doing so it blocks the attachment
and uncoating of the viral particle [35,36].

Amantadine (Scheme 8.3), and rimantadine (Scheme 8.4) are active against
influenza A viruses. The action of these closely related agents is complex and
incompletely understood, but they are believed to block cellular membrane ion
channels [37,38]. Both drugs target the influenza A matrix protein (M2). Drug-
treated cells are unable to lower the pH of the endosomal compartment (a function
normally controlled by the M2 gene product), a process which is essential to induce
conformational changes in the HA protein to permit membrane fusion.

2.5 Genome Replication

Many viruses have evolved their own specific enzymatic mechanisms to divert cellular
energy to the replication of viral genomes. Very often there are sufficient differences
between viral and cellular polymerases to provide a target for an antiviral agent
without harming the unaffected agents. This strategy has yielded the majority of the
antiviral drugs currently in use. Most of these drugs function as polymerase substrate,
as nucleoside/nucleotide analogues. The toxicity of these drugs varies considerably
from some which are well tolerated such as acyclovir [39] to others which are highly
toxic such as IdU/TFT [40] and AZT [41,42]. There is a serious problem with the
pharmacokinetics of these nucleoside analogs, as most typically have short serum half
lives of 1 to 4 hours [43]. Nucleoside analogues are in fact pro-drugs, meaning that
to be activated they need to be phosphorylated. Acyclovir [44] (Scheme 8.5), is phos-
phorylated by the herpes simplex virus (HSV) thymidine kinase 200 times more
efficiently than by cellular enzymes. Gancyclovir [45] (Scheme 8.5) is 10 times more
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effective against cytomegalovirus (CMV) than acyclovir since it is specifically phos-
phorylated by a CMV-encoded kinase not present in HSV.

Other nucleoside analogs active against herpesviruses have been derived from
Acyclovir and Gancyclovir and include Schemes 8.6-8.14. Additional nucleoside
analogues with activity against HIV are shown in Schemes 8.15-8.17.

2.6 Gene Expression

Most viruses are heavily dependent upon the cellular machinery for transcription of
viral genomes, mRNA splicing, translation, and protein transport. Unlike genome
replication, uniquely viral proteins are not involved in these processes and to date
none have been utilized as targets for antiviral therapy.

2.7 Assembly, Maturation, and Release of Progeny Virus

For the majority of viruses, assembly, maturation, and release of progeny virus
processes are poorly understood. Two drugs with anti-influenza activity are availa-
ble. These are Relenza [69,70] taken as an aerosol and Tamiflu [71,72] taken as a
pill. Tamiflu is active against both influenza A and B strains. Both of these drugs
function as neuraminidase inhibitors and prevent the release of budded viruses from
the cell.

6 Gancyclovir

J

0O

OH
HO

Scheme 8.6 Gancyclovir
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Scheme 8.9 BVDU [52-54]

2.8 Additional Antiviral Drugs

Foscarnet [73,74](Scheme 8.18) is a first line treatment for CMV retinitis and a
treatment for CMV colitis if ganciclovir therapy is ineffective or not tolerated.
Foscarnet crosses the blood—brain barrier and can treat susceptible infection in the
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brain. Strains of herpes that are resistant to treatment with acyclovir can be treated
with foscarnet. Idoxuridine (IdU) [52] (Scheme 8.19) acts by irreversibly replacing
thymidine in newly synthesized DNA and producing an abnormal and essentially
nonfunctional DNA molecule. The drug acts on viral and host cell DNA and is
highly toxic to host cells. Because of its high systemic toxicity, IdU has been
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limited to topical therapy of herpes simplex keratoconjunctivitis. Ribavirin is a
guanosine analog that inhibits the replication of many RNA and DNA viruses.
Ribavirin (Scheme 8.20) is thought to inhibit messenger RNA formation. Ribavirin
exhibits inhibitory activity in vitro against respiratory syncytial virus (RSV), influ-
enza A and B, HSV-1, HSV-2, and many other viruses. Vidarabine (adenine arabi-
noside, ara-A) (Scheme 8.21) interferes with viral DNA synthesis and is effective
in the treatment of HSV infections.
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3 Currently Approved Platinum-Containing Drugs

Although thousands of cisplatin analogues have been synthesized and screened
only about 28 platinum compounds have entered clinical trials as anticancer agents
[6,9]. Of these only four are currently approved. Those approved are cisplatin
(Scheme 8.22), carboplatin (Scheme 8.23), oxaliplatin (Scheme 8.24), and nedapla-
tin (Scheme 8.25). Only the first two are commercially available for general use in
the treatment of cancer.

Next to cisplatin (Scheme 8.22), carboplatin (Scheme 8.23) is the most widely
used metal-containing anticancer drug. Although it is similar to cisplatin in its
cell-killing ability, it shows moderate effectiveness with some malignancies that



Cisplatin Derivatives as Antiviral Agents 205

NH,

a0

N

OH
HO

OH
21 Vidarabine79-80
Scheme 8.21 Vidarabine [79,80]

NH;

NH; — pi—qi

Cl

22 Cisplatin, Cis-DDP
(Cis-diaminedichloroplatinum(I)),

Scheme 8.22 Cisplatin, Cis-DDP (Cis-diaminedichloroplatinum(II) )
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Scheme 8.23 Carboplatin (Diamine cyclobutane dicarboxylate platinum(Il) ); cis-diamine-1,1-cy
clobutanedicarboxylatoplatinum(II);cis-diamine-(cyclobutane- 1, 1-dicarboxylato)-platinum(II)

are less responsive to cisplatin such as non-small cell lung cancer. It also offers a
different pharmacokinetic behavior. The presence of the bidentate carboxylate moi-
ety gives decreased rates of reaction with the biological environment. Thus, it
shows less nephrotoxicity and is preferred for patients suffering from kidney fail-
ure. It also shows a reduced rate of serum protein binding with only 10 to 20%
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Scheme 8.24 Nedaplatin (cis-diamineglycolatoplatinum (II))

)

25 Oxaliplatin
(Oxalatoplatinum(I1))

Scheme 8.25 Oxaliplatin (Oxalatoplatinum(II))

irreversibly bound to protein. This results in greater bioavailability and larger con-
centrations of the administered drug to about a five fold extent.
There are a number of good reviews covering carboplatin and related drugs [81-84].

4 Active Form of Cisplatin

While the active form of polymeric derivatives of cisplatin may be different, it
may be informative to know how the active form of cisplatin itself as a beginning
point in understanding how polymeric forms are active against both cancers and
viruses.

In aqueous solution cisplatin is known to undergo spontaneous hydrolysis. The
reaction produces species such as monoaquo platinum and diaqua platinum
complexes, as shown in Eq. 8.1, arising from nucleophilic substitution in water.
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H;N Cl H3N Cl H;N OH,"!
\/ \/ \ /
Pt + HLO —> Pt + H,O —> Pt (8.1)
/\ /\ /A

H;N Cl H;N OH,*'! H;N OH,*'!

Additionally, other aqueous species can exist including hydroxy complexes such
as Schemes 26 and 27. The actual form of the hydroxyl species is pH dependent.
At a pH of 7.4, 85% of the monohydrated complex will exist in the less reactive
dihydroxy form. Lowering the pH to 6.0 results in the most common form (80%)
being the monohydrate species. Thus, the number of possible aquated forms
derived from cisplatin is high and dependent on pH, temperature, time, and the
concentration of associated reactants such as the chloride ion and ammonia. Figure 8.1
contains structures of some of these aquated forms of cisplatin including ones
already noted.

The relatively high chloride concentration (about 100 mM) in blood minimizes
hydrolysis and the formation of aquated species [9,13,85,86]. Once inside of
the cell, where the chloride ion concentration is much lower (~4 mM), hydrolysis
readily occurs giving a number of aquated species including the diaqua complex.
At 37 °C the half-life for the completion of the formation of the diaqua complex
is 1.7 hours with an activation energy of about 20 Kcal/mol (80KJ/mol)
[9,13,85,86].

Although the active form within the cell is believed to be the monohydrated
structure (Scheme 8.28), the “preferred” extracellular species contains two
cis-oriented leaving groups that are normally chloride ligands. As noted before,

Scheme 8.26
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Scheme 8.27
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due to the high chloride ion concentration in blood these leaving groups will
remain in position resulting in the molecule being electrically neutral until it
enters the cell.

As noted above, cis-DDP enters cells by diffusion where it is converted to
an active form. This results from the lower intracellular chloride concentration
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which promotes ligand exchange of chloride for water thus formation of the active
aquated complex. Thus, the platinum-containing complex should be neutral to enter
the cell and labile chloride groups need to be present to form the active species
within the cell [87].

The antineoplastic activity of cis-DDP appears to be related to its interaction
with DNA nucleotides as a monoaquo species [15]. The monohydrated complex
reacts with the DNA nucleotides forming intra and interstrand crosslinks. Of
the four nucleic acid bases, cis-DDP has been shown to preferentially associate
with guanine. The most common are intrastrand crosslinks between adjacent
guanines [6].

There are several possible crosslinks with DNA. One favored interstrand option
occurs between the 6-NH groups of adenines on opposing strands in an A-T rich
region [13,83-86,88-99]. This is because these groups are approximately 3.5 A
apart, close to the 3 A distance between the cis leaving groups on the platinum. The
second favored option is cross-linking occurring between the amino groups of gua-
nine and cytosine in opposing strands. This is favored because the platinum is at
right angles to the bases that in turn are coplaner with one another. This implies that
the bases will have to either “bend down” or “turn edge” to achieve the necessary
configuration to bind to the platinum complex. This binding pattern is believed to
lead to perturbation of the secondary structure and minor disruption of the double
helix. This is sufficient to cause inhibition of DNA replication and transcription
with eventual cell death, yet too small to cause a response by damage recognition
proteins and consequent excision of the affected segment and repair of the strand
[13,83-86,88-103].

Although there are a variety of types of crosslinks that can be formed by cispla-
tin, the intrastrand crosslinks are the most common. Most of these crosslinks can
be repaired but at least one type of interstrand crosslink may not induce response
of cellular repair enzymes. Further, whereas intrastrand crosslinks are important in
describing the activity of cisplatin, inducing apoptosis also appears to be a factor in
the mechanism of cisplatin’s anticancer activity [104,105].

Whereas cis-DDP is believed to act within the cell, some platinum-containing
compounds appear to act on the cell membrane such as the so-called “platinum
blues” [70,71]. Thus, the precise mode and site of activity may vary.

Despite the unquestionable success story of cisplatin, limitations remain includ-
ing the powerful toxic side effects [103]. These toxic side effects include gastroin-
testinal problems such as acute nausea, vomiting and diarrhea; occasional liver
dysfunction; myelosuppression involving anemia, leukopenia and thrombocytope-
nia; nephrotoxicity, and less frequently cases of immunosuppression, hypomagne-
sia, hypocalcemia, and cardiotoxicity [69]. The most serious side effect is damage
to the kidney [13,106,107]. Much of the administered cis-DDP is filtered out of the
body within a few hours, exposing the kidneys to bursts of high concentrations of
platinum. The rapid rate at which the kidneys filter the platinum from the blood is
believed to be responsible for the kidney problems. Another problem is the cumula-
tive and irreversible hearing loss.
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5 Structure-Activity Relationships

The topic of structure-activity relationships is complex and not fully defined for
anticancer activity and is unknown for its ability to inhibit viruses. Most strategies
employing polymeric derivatives of cisplatin are based in part on the assumption
that the platinum-containing polymer will act similarly to cisplatin itself. However,
it is likely that at least some of these polymeric drugs act in other ways to inhibit
cancer growth. Although this complicates describing overall strategies, this may be
an advantage because they would operate in another manner to complement cispla-
tin as a drug. Thus they may operate in several ways, allowing inhibition of cancer
growth to occur via several mechanisms. Even so, it may be informative to briefly
look at some structure-activity relationships established for cisplatin acting as an
anticancer agent.

Although many promising products have been made, overarching structure-
activity relationships are uncertain for a number of reasons, not the least of which
is that different platinum-containing compounds may inhibit cancer growth in dif-
ferent ways. Thus, the following discussion should be considered as only one brief
attempt at describing general structure-activity relationships. First, there should be
two available anionic leaving groups such as chloride, bromide, or oxalate.
Bidentate chelating groups such as dicarboxylate dianions, except for the especially
labile malonato ligand, are often preferable to monodentate ligands because of their
superior ability to remain intact in the bloodstream. Complexes with more labile
groups such as the nitrate ion hydrolyze too rapidly for in vivo use, whereas ligands
such as the cyanide ion bind the platinum too tightly impairing its activity
[9,13,85,103]. Further, such complexes should have the cis geometry and be neutral
with relatively inert amine or nitrogen donor groups. The neutrality of the molecule
is believed to allow the platinum-containing drug to more easily traverse the cell
membrane. The amines should be primary or secondary amines allowing for hydro-
gen-bonding to occur.

The relatively high Pt—N bond strength results in tight bonding of the amine, or
related, ligands whereas the leaving groups such as chlorides and carboxylate ani-
ons are more weakly bonded and are readily replaced by other nucleophiles.
A number of aqua complexes are formed with these aqua structures susceptible to
replacement. When the pH is greater than 6.0, chloride displacement by the
hydroxyl anion is favored leading to complexes containing the hydroxo group
which is a relatively poor leaving group.

6 Arguments for Cisplatin-Derivative Drugs

Since the discovery by Rosenberg [88] that cisplatin is an effective anticancer drug,
large synthesis and evaluation programs have aimed at the creation of cisplatin
derivatives that show greater and more wide-spread activity against cancer but with
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lowered toxicity. More recent activity has focused on the construction of platinum-
containing homing compounds that act specifically at the desired cancer site.
For many decades now, oncologists worldwide have taken advantage of the cyto-
toxic action of a great variety of drug systems in the fight against cancer. However,
despite undisputed successes in cancer chemotherapy, particularly in combination
with surgery and other treatment modalities, numerous important pharmacological
deficiencies of anticancer drugs have been well recognized in the medical frater-
nity. Most drugs lack cell specificity, failing to discriminate between normal and
cancer cells. Thus, they tend to cause severe and dose-limiting systemic toxicity.
As extraneous agents, they immediately expose themselves as targets for scavenger
proteins or as substrates for glomerular filtration and first-pass liver metabolism.
As a consequence, serum residence times are commonly short, predominant frac-
tions of administered doses are prematurely excreted (and wasted in the process),
and bioavailability (concentration in the target tissue) is generally low. Many drugs
are polar, charged, or salt-like. Therefore, they are poor substrates for membrane
penetration, intracellular trafficking, and cell entry by the passive diffusion mecha-
nism common to neutral and nonpolar compounds. In addition, drugs possessing
poor solubility in aqueous media are sluggishly and incompletely dissipated in the
central circulation and become easy targets for the reticuloendothelial system.
Lastly, and most importantly, acquired drug resistance, which gradually builds up
in the target cells after initially successful chemotherapy, is a relatively common
phenomenon requiring premature treatment termination. The overall result of these
shortcomings is a narrow therapeutic window and grossly limited overall chemo-
therapeutic effectiveness.

One approach to circumvent these deficiencies is to convert the active agent into
some form of prodrug that will encounter minimal interference by scavenger
mechanisms. This prodrug will be able to cross intercellular membranes and
approach the target site, which in cancer chemotherapy means being able to breach
the lysosomal compartment of the cancerous cell. One such group of prodrug
involves the presence of the platinum-containing agent in polymers.

7 Arguments for Polymeric Drugs

Polymers can act as carriers or drugs or some combination of these two extremes.
This topic is more fully discussed elsewhere. As carriers, polymers can be designed
that contain many positive elements including so-called homing devices as well as
the “bullet.” The polymer can also be modified to achieve water solubility, desired
control release kinetics, a balance of hydrophilic and hydrophobic character, and be
nontoxic and nonimmunogenic. Its bulk helps to shield the drug temporarily from
attack by serum proteins giving extended serum circulation half-lives. An often
cited molecular weight range is from 25,000 to 80,000 as this will retard premature
renal excretion while minimizing toxic effects as occasionally shown by high
molecular weight polymers.
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Using a pinocytotic cell entry mechanism, the carrier-attached drug, even if
polar or charged, will be transported into the intracellular space, thereby overcom-
ing possible influx inhibition, or efflux acceleration, mediated by certain well-
defined drug resistance mechanisms. The process is expedited by the presence of
potentially cationic moieties, such as ferf-amino groups. Cationic sites in a polymer
are known to facilitate pinocytosis while at the same time increasing affinity for the
neoplastic cell, which in many cancers is negatively charged. Lastly, the enhanced
permeation and retention (EPR) effect associated with macromolecules, in contrast
to small compounds, provides preferred distribution of polymers to tumorous tis-
sue. As a consequence, conjugate accumulation in the tumor is favored over that in
healthy tissue. The overall result is reduced systemic toxicity and enhanced bioa-
vailability. The drug-containing polymer can also act as a drug itself.

It is hoped that inclusion of the cisplatin-like moiety into a polymer will achieve
the following:

1. It will limit movement of the biologically active drug. Because of their size,
polymers are not as easily passed through membranes present in the body.
Cisplatin itself is rapidly excreted from the body causing the kidney and other
organs to be exposed to high concentrations of platinum. Polymers with chain
lengths of about 100 units and greater typically are unable to move easily
through biological membranes. Restricted movement may prevent a build-up in
the kidneys and other organs thereby decreasing renal and other organ damage.
Further, the platinum from polymers could be released slowly, reducing the
exposure of organs to large concentrations of platinum-containing complexes.

2. It may enhance activity through an increased opportunity for multiple bonding
interactions at a given site (e.g., chemical bonding, hydrogen bonding, hydro-
phobic interactions).

3. It should increase delivery of the bioactive moiety and decrease toxicity. In
aqueous solutions, cisplatin hydrolyzes with a reaction half-life of nine hours at
room temperature or 2.4 hours at 37 °C. Cisplatin hydrolyzes in the body forming
a wide variety of platinum-containing agents, none of which is as active as
cisplatin itself and most of which exhibit increased toxicity to the body.
Formation of these hydrolysis products increases the amount of platinum complex
that must be added to effect desired tumor reduction. Consequently, this
increases the amount of platinum complexes that must be processed by the
body. The polymeric structure should also shield the platinum moiety from
unwanted hydrolysis increasing the concentration of platinum in the beneficial
form that is retained in the body thus permitting lower effective doses of the drug
to be used. The nature of the more hydrophobic polymer chain should also act
to protect the platinum moiety from ready attack by water.

4. Tt should by-pass the cell’s defense system. The cell’s defensive response is
armed as a result of invasion of other chemo drugs. Recent studies are indicating
that introduction of chemo drugs into cells causes the buildup of “housekeeping”
proteins that are rather general in their ability to select and remove foreign com-
pounds present in the cell. This may be a principal reason why chemo treatments
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lead to resistance to drugs, even to drugs that have not been previously used. It
is possible that the polymeric nature of the platinum carriers will discourage the
housekeeping proteins from removing them allowing the polymers to function
as anticancer drugs under conditions where smaller platinum-containing drugs
are not successful.

8 Polymer Synthesis

The polymers were synthesized by simply adding equal molar aqueous solutions of
potassium tetrachloroplatinate II and the diamine-containing reactant with the
resulting polymer captured as a precipitate. Polymer is formed in several minutes
to several days depending on the reactivity of the Lewis base. The polymers can be
made in gram to larger quantities as needed employing simple equipment and com-
mercially available reactants. Thus, the polymers are ideally suited for
commercialization.

9 Antiviral Activity

Some cancers are believed to have a viral relationship. As such it is informative to
look at the viral response to some of the platinum polymers.

Tetramisole is an antihelmentic which acts on the cyclic nucleotide phos-
phodiesterases. It actually consists as a combination of optical isomers, the most
active one being levamisole. Levamisole was the first synthetic chemical that
exhibited immunomodulatory properties. It appears to restore normal macro-
phase and T-lymphocyte functions.

Cisplatin polymer analogs, made through reaction of tetrachloroplatinate with
tetramisole, were tested for their ability to inhibit EMC-D viruses that are respon-
sible for the onset of juvenile diabetes symptoms in ICR Swiss male mice [109].
Briefly, the mice were treated with 1, 5, and 10mg/kg. Doses of 1 and 5mg/kg
decreased the severity and incidence of virus-induced diabetes in comparison to
untreated mice. In another series of tests, doses of 1 and 10 mg/kg were adminis-
tered 1 day prior to injection of the virus but here there was an increase in the
severity and incidence of virus-induced diabetes. Other studies were undertaken
showing that the polymer showed different activity profiles than the tetramisole
(Scheme 8.29), itself.

Methotrexate is a folic acid antagonists that indirectly suppresses the synthesis
of purine and is particularly effective in rapidly proliferating cell populations such
as cancer. It depresses the primary and secondary antibody response, the homograft
reaction, the graft-versus-host response, and the development of hypersensitivity.
Methotrexate is used in the treatment of certain cancers. It is very toxic in long-term
use, especially to the liver. The toxic effect of methotrexate is reversed by use of
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folinic acid. This “finding” led to the development of the “rescue technique” where
the most rapidly dividing cells are killed and the other cells are left unchanged.

The polymers were synthesized by simply adding equal molar aqueous solutions
of potassium tetrachloroplatinate II and the methotrexate with the resulting poly-
mer (Scheme 8.30) captured as a precipitate.

In a study related to that carried out employing tetramisole, a methotrexate poly-
mer (Scheme 8.30) was similarly tested. In the initial study female mice were
treated. Generally, only male IRC Swiss mice develop diabetes-like symptoms.
Female mice must first be treated with testosterone before they can develop diabe-
tes-like symptoms. The mice were divided into 3 groups all of which received
injections of the polymer (0.5cc IP of polymer solution containing 6.4 mg/kg).
Groups I and II were treated with testosterone 1 week later. On day 8, group 1 was
again given a second 0.5 cc intraperitoneal (i.p.) inoculation of the polymer solu-
tion. On day 9, all groups received 1 x 10* pfu (plaque forming units) of EMC-D
virus. On day 17, all mice were given a 1 hour glucose tolerance test. The glucose

Tetramisole
29

Scheme 8.29 Tetramisole

30 Methotrexate Polymer

Scheme 8.30 Methotrexate Polymer
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level for groups I and IIT were similar and significantly below the level for the
diabetic mice in group II. This is consistent with the polymer effectively blocking
the diabetogenic effects of the virus. Further, other results from this study were
consistent with this strain of female mice being susceptible to developing diabetes-
like symptoms even without the testosterone treatment.

A related study was carried out except using male mice. Here, again, the poly-
mer (Scheme 8.30) showed a greater positive effect on the control of diabetes than
either of the reactants themselves. The glucose levels were near those of non-
infected mice for the polymer-treated mice. Again, the incorporation of both the
platinum and methotrexate into a polymer was the effective agent and not either of
the drugs themselves. These two experiments are related to generation of a vaccine
that can be employed to prevent onset of B-cell damage by RNA viruses.

The third experiment focused on treatment subsequent to viral infection
[108,109]. The polymer was 100% effective in viral control with delivery of the
polymer (Scheme 8.30) 1 day after the mice were infected. In summary, the meth-
otrexate polymer (Scheme 8.30) is an effective antiviral agent against at least the
EMC RNA virus.

Recently, we looked at the ability of methotrexate, tetrachloroplatinate, a physi-
cal mixture of methotrexate and tetrachloroplatinate and a methotrexate-platinum
polymers to inhibit various viruses. A related study employing tilorone and a tilor-
one derivative and cisplatin polymeric derivatives was carried out. The results will
be briefly reported later. For these studies each cell line is especially chosen to be
compatible to support growth for the particular virus. DSC-1 cells are African green
monkey kidney epithelial cells, mouse L.929 are fibroblast cells, vero cells are
African green monkey kidney epithelial cells, and human 143 cells are fibroblast
bone osteosarcoma cells.

The virus were chosen to represent a broad range of virus. The reovirus ST3 virus is
a RNA virus that is currently being investigated because of its ability to inhibit certain
cancer cells while leaving normal cells alone. Generally, drugs that are capable of
inhibiting one RNA virus will be effective against other RNA viruses. The other viruses
are all DNA virus and the activity against different DNA viruses must be studied
individually. Vaccinia is responsible for small pox; herpes simplex is responsible for at
least 45 million infections yearly in the United States, or 1 out of 5 adolescents and
adults; and varicella zoster is responsible for chickenpox and shingles.

The cell lines chosen for viral replication studies are cancer cell lines so that a
measure of the ability of the test agents to inhibit cell growth is obtained. Each cell
line is especially chosen to be compatible to support growth for the particular virus.
The cell lines are all transformed cell lines.

Table 8.1 contains the GI, values for these compounds for the various cell
lines in pg/ml. Viral replication studies are carried out at concentrations where
cell death is less than 5%.

For comparison, the GI for cisplatin for L929 cells is 50 pg/ml. Thus, all of the
tested compounds except for the tetrachloroplatinate exhibit GI, values less than
that of cisplatin, and with the exception to the tetrachloroplatinate exhibit similar
abilities to inhibit cell growth.
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Table 8.1 Toxicity of methotrexate-related compounds to cancer cell lines

GI,, (microgram/mL)

Compound L929 Cells 143 Cells Vero Cells BS-C-1 Cells
K,PtCl, 375 275 225 225
Methotrexate 15 10 12 10
Polymer 10 10 10 12
Methotrexate Mix 12 8 10 10

Table 8.2 Inhibition concentrations (ltg/ml) for the tested compounds

Tested Compound — K, PtCl, Methotrexate Polymer mixture

Reovirus ST3
GI50 - - - -
GI100 - - - -
GI50" - - - -
GI100" - - - -

Vacinia WR
GI50 - -
GI100 - -
GI50" - -
GI100" - -

HSV-1
GI50 -
GI100 -
GI50" -
GI100" -

VZV
GI50 -
GI100 -
GI50" -
GI100" -

“Based on the amount of methotrexate
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Tables 8.1 and 8.2 give the results of preliminary studies involving the ability of
the various polymeric drugs to inhibit the DNA and RNA associated viruses. The
results are presented as means of four experiments using duplicate samples in each
experiment.

Using a plaque reduction assay, the ability of each compound to prevent viral
growth is summarized in Table 8.2.

The tetrachlorate is essentially inactive against the tested viruses. Methotrexate,
the physical combination of tetrachloroplatinate, and the polymer all exhibit good
activity against HSV-1 and VZV, both DNA viruses whose genome replication
occurs in the nucleus with some activity against vaccinia virus—a DNA virus with
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cytoplasmic DNA replication—and no activity against reovirus—a dsRNA virus
with cytoplasmic replication. The polymer and physical mixture show good activity
at lower concentrations than the methotrexate itself. Table 8.3 also contains the G,
and GI,, for the various compounds including columns based on the amount of
methotrexate itself because much of the activity appears to come from the presence
of the methotrexate and little if any from the tetrachloroplatinate. It is seen that the
polymer generally exhibits the lowest concentrations for inhibition consistent with
the greater ability of the polymer to inhibit the tested viruses. Polymer activity may
result from controlled release of the methotrexate, through the polymer itself acting
as a drug, or some combination of these two extremes.

In summary, methotrexate, the mixture, and the polymer are all active against
HSV-1 and VZV viruses whereas the tetrachloroplatinate showed little or no activ-
ity against any of the tested viruses. The best inhibition, that is inhibition at the
lowest concentration, was found for the polymer and the mixture consistent with
there being some cooperative effect of the methotrexate and platinum moieties. It
is possible that the mixture of tetrachloroplatinate and methotrexate may have
formed polymer when mixed together in solution consistent with the similar find-
ings found for the mixture and polymer.

A similar study was carried out employing tilorone (Scheme 8.31) and a tilorone
derivative. It is known that a molecular complex of tilorone and RNA exhibit an
antiviral effect similar to that of polynucleotide interferon (IFN) inducers such as
poly(I)-poly(C), larifan, and ridostin [110]. It is possible that the current responses
are related to this.

Tilorone, 2,7-bis[2-9diethylamino)ethoxy]-9H-fluorene-9-one, is the first rec-
ognized synthetic small molecule structure that is an orally active interferon
inducer. Because of its potential importance a number of similar structures were
synthesized. These derivatives are given various numbers that follow the name
tilorone. Tilorone 11,567 is one of these derivatives.

Structures of the platinum polymers are presented in Schemes 8.32 and 8.33.
Each is a cis-derivative obeying the trans-effect.

The toxicity of the tilorone polymers to the various cell lines is given in Table
8.3 in ng/ml. Both compounds show similar toxicities to the cancer cell lines tested
but not to the Balb 3T3 cells which are partially transformed cells. Again, for compari-
son, cisplatin shows a GI50 of 50,000 ng/ml, over 250 times that of either plati-
num-tilorone polymer.

Table 8.4 gives the results of preliminary studies involving the ability of the
Pt-tilorone polymeric drugs to inhibit DNA and RNA associated viruses.

Table 8.3 Toxicity of tillorone compounds to various cell lines

GI, (nanogram/mL)
Compound 1929 Cells 143 Cells  Vero Cells  BS-C-1 Cells  Balb 3T3 Cells

Pt-Tilorone 11,567 225 200 175 200 10,000
Pt-Tillorone 180 125 175 200 500
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Scheme 8.31 Tilorone
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32 Product of potassium tetrachloroplatinate II and tilorone.

Scheme 8.32 Product of potassium tetrachloroplatinate II and tilorone

Both of the tillorone polymers exhibited good inhibition of all of the tested
viruses at low concentrations. For comparison, the organotin polymers of norfloxacin and
ampicillin showed good inhibition of these same viruses at alittle higher concentrations,
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33 Product of potassium tetrachloroplatinate II and tilorone 11,567.

Scheme 8.33 Product of potassium tetrachloroplatinate II and tilorone 11,567
Table 8.4 Plaque-reduction assay results for the platinum-tilorone polymers
‘ GI,,, Concentration (ng/ml)
Compound Reovirus ST3 Vaccinia WR HSV-1 BS-C-1
Pt-Tilorone 11,567 200 150 150 150
Pt-Tilorone 125 100 125 100

H,N N NH,
\& e ‘ X7 N
Pt\ _ _o

Cl Cl

34

Scheme 8.34

within the range of less than 1 to 2 mg/ml, whereas the tilorone compounds showed
good activity at 0.2 mg/ml as noted above.

In summary, the tilorone polymers inhibit both RNA and DNA viruses and deserve
further consideration as antivirial agent in the war against viruses and possible
bioterrorism involving viruses. Further, they show good inhibition of virus replica-
tion in both transformed cell lines but also in normal cell lines, a condition that
better mimics antiviral therapy of humans.

A number of platinum polyamines were tested for antiviral activity in tumor
cells [111]. For instance, the polymer from tetrachloroplatinate and 2,6-diamino-
3-nitroso-pyridine (Scheme 8.34) which exhibited a cell differential ratio of 3.4,
was tested at a concentration of 2.2pg/ml on L929 cells infected with
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Encephalomyocarditis (EMC) virus, strain MM. A virus reduction of about 25% was
seen. This is considered to be a moderate antivirial response.

In general, agents capable of inhibiting one RNA virus will inhibit other RNA
viruses but each DNA virus must be evaluated separately. The platinum
polyamines were studied against RNA viruses. The behavior toward RNA viruses
was varied with some showing little activity but the majority showing inhibition
of viral replication at polymer concentrations below which tumoral inhibition is
found (< 1 pg/ml).

The effect of platinum polyamines on the transformation of 3T3 cells by SV40
virus was also studied [111]. In summary, these polymers showed no effect on the
transformation process.

10 Conclusions

Polymeric derivatives of cisplatin inhibit the replication of a number of important
viruses. The results are consistent with this family of compounds showing promise
as a new family of antiviral agents. Further, the results indicate that additional study
of members of this family as antiviral agents is warranted.
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1 Introduction

Essentially all vanadium-containing organometallics are derived from dicyclopen-
tanylenevanadium (IV) dichloride, vanadocene dichloride. Vanadocene dichloride
and its derivatives are members of a family of distorted sandwich compounds.
Unlike ferrocene, vanadocene dichloride has a distorted tetrahedral geometry with
the cyclopentadienes facing the vanadium atom. It is structurally related to a
number of other metallocene dichlorides including those where the metal is Ti, Zr,
Hf, Mo, and Nb. These compounds not only share related geometries, but also simi-
lar chemical reactions and biological activities.

The major interest in these metallocenes involves their use as catalysts in the
synthesis of a number of stereoregular vinyl polymers such as polyethylene and
polypropylene. They are also being investigated for their biological activities.
Because one of the major driving forces for the synthesis of polymeric derivatives
is their biological activity, we will briefly review some of this effort focusing on
vanadocene dichloride, since that is the compound most often studied.

A.S. Abd-El-Aziz et al. (eds.), Inorganic and Organometallic Macromolecules: 225
Design and Applications.
© Springer 2008
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2 Anticancer Activity

The distorted tetrahedral metallocene dihalides form a class of hydrophobic orga-
nometallic anticancer agents that inhibit a wide range of cancer cell lines. They
inhibit such cell lines as leukemias P388, and L1210, colon 38, Lewis lung carci-
nomas, B16 melanoma, and solid and fluid Ehrilich ascites tumors. Titanocene
dichloride is active against xenografted tumors of rectum, stomach, colon, breast,
neck, and stomach and is now undergoing phase II clinical trials [1-6].

Both titanocene and vanadocene dichloride inhibit DNA and RNA replication
accumulating in nucleic acid rich portions of tumor cells [7,8]. Because of this it is
believed that the formation of DNA-metallocene adducts in vivo is involved in their
ability to inhibit cell growth. Further, it has been found that metallocene-protein
interactions are also important and that metal-tranferrin compounds have been
included in their mode of action [9].

Along with blood plasma proteins, proteins involved in cellular replication have
also been implicated in the action of several metallocenes. Vanadocene dichloride
inhibits both protein kinase C and bacterial topoisomerase activity [10].

Mokdsi and Harding recently studied the inhibition of human topoisomerase
I employing a number of different metallocenes [11]. Their findings indicate that
the mechanism of activity involves a complex pathway involving a different spe-
cies that influences transport and delivery of the active compounds to the cancer
cells. Subsequent interaction with nucleic acids and/or proteins is also involved.
Whereas inhibition of toposiomerase II is a possible site of activity, other sites are
not ruled out. Several recent reviews have been published in this area [12-14].

In contrast to cisplatin, vanadocene complexes did not increase the DEL
recombination frequency in yeast nor encourage any of the DNA damage associ-
ated promoters in HepG2 cells [15]. Vanadocene compounds do promote the
activation of the c-fos promoter without affecting the minimal promoter contain-
ing p53 response elementsor the GADD45 promoter. The results were consistent
with the apopotic signal associated with the presence of vanadocene compounds
not being triggered by primary DNA damage and not requiring p53 induction
[15]. Thus, it appears to control cell growth differently than cisplatin and may
complement its use.

It is important to note that many metallocene derivatives lack the biological
activities cited before, so their presence does not automatically impart biological
activity onto molecules containing this moiety.

3 Spermicidal Activity

Researchers at the Wayne Hughes Institute have pioneered work related to the use
of metallocene complexes, focusing on vanadocene derivatives, as spermicidal
drugs. Briefly, several vanadium salts were found to act as modulators of cellular
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redox potential and to exert pleiotropic effects in a number of biological systems by
catalyzing the creation of active oxygen compounds [16,17]. Such reactive oxygen
species affect sperm motility through peroxidation of membrane lipids and proteins
[18,19]. Peroxidative damage to the sperm plasma membranes is also believed to
be important in the onset of male infertility [20]. Sperm are susceptible to oxidative
stress because of the high content of unsaturated fatty acids and the relative paucity
of cytoplasmic enzymes to scavenge reactive oxygen compounds that initiate lipid
peroxidation [21].

They have tested metallocenes containing Ti, Zr, Mo, and Hf and found that they
did not have spermicidal activity [22]. In comparison, a wide range of vanadocene
compounds exhibit good spermicidal activity. Some of these compounds are shown
in Figure 9.1 in decreasing order of efficacy [22].

Vanadocene dichloride disrupts mitotic spindle formation in cancer cells
[23]. Although the control cancer cells had organized mitotic spindles, organ-
ized as a bipolar microtubule array with the DNA organized on a metaphase
plate, the vanadocene dichloride treated cancer cells had aberrant monopolar
mitotic structures where the microtubules were found on only one side of the
chromosomes with the chromosomes arranged in a circular pattern. This is evi-
dence that the vanadocene dichloride can stop cell division though disrupting
bipolar spindle formation causing an arrest in the G2/M phase of cell cycle
reproduction [23].

Thus, results from studying vanadocenes as antiproliferative compounds have
shown another potential avenue for their anticancer activity.

4 Model Compounds for Polymer Formation

Polymer formation is generally achieved through reaction of Lewis acid (the vana-
docene dichloride) base reactions. The exception to this is reviewed first. Lee and
Brubaker [23] described the attachment of various metallocenes, including vana-
docene, to polystyrene-divinylbenzene beads for the purpose of creating stabilized
catalysts. The reactions occurred by employing exchange reactions between Cp,V,
Cp,V, or (CH,CH,C,H)Cp,VCl and the polystyrene-divinylbenzene beads
through exchange of the Cp groups resulting in the attachment of the various vana-
docenes to the beads.

Tarasov and coworkers reported on the formation of 1:1 complexes from the
reaction of vanadocene dichloride and tartaric acids.”® The products probably
include materials with structure (1) when in basic solution.

Chelated materials were formed from reaction of vanadocene dichloride with
heterocyclic 1,2-dithiolates [26]. The product from 1,3-dithiolene-2-thione-
4,5-ditholate is given in (2).

Cyclic phosphate compounds are formed when aqueous solutions of vanadocene
dichloride and phosphates are brought together. The proposed structure is given as
3) [27].
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This work is aimed at helping understand the ability of metallocene dichlorides to
inhibit nucleic acid growth. These reactions are similar to ones that can be carried out
to form polymers.

5 Dendrimers

Several examples of the formation of complexes from dendrites are present in
the literature. The first report describes the formation of metallosilicates that are
subsequently incorporated into a silica matrix using the sol-gel method. The
metallosilates structure is given in (4). These dendrimeric silanes show good
activity and selectivity towards the epoxidation of alkenes with #-butylhydroper-
oxide [28].

Malik, Duncan, Tomalia, and Esfand [29] reported the use of a variety of amine
and acid-containing polymers that chelated platinum forming cisplatin derivatives.
They also reported the synthesis of similar dendritic-antineoplastic drugs using
vanadocene dichloride. The structure from the poly(propyleneimine) dendrimers
contains units are shown in (5) and (6).

(2

3 o)
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6 Linear Polymers

Recently we reported the synthesis of vanadocene polyethers [30] from the reaction
of vanadocene with diols forming products with structure shown in (7).

We also synthesized the analogous polyesters (8) from reaction with salts of
carboxylic acids [31].

7 Acyclovir Polymers

Acyclovir is widely used to inhibit several herpes viruses, particularly HSV-1 and
HSV-2 [32-34]. Tt is also used to treat varicella-zoster virus (VZV), Epstein-Barr
virus (EBV), and cytomegalovirus (CMV). The inhibitory activity of acyclovir is
highly selective. Thus, acyclovir is a first line antivirial drug.

Recently, we reported the synthesis of organotin products, as shown in (9),
containing acyclovir [35,36].
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These materials are potent antivirial agents [37,38]. More recently we reported
the synthesis of Group IVB metallocene products and the synthesis of Group IVB
acyclovir polymers of the following structure from reactions with titanocene
dichloride shown in (10) [39].

As part of our effort to create anticancer, antibacterial, and antiviral agents we
recently synthesized the analogous product except employing vanadocene dichlo-
ride giving polymers [40] of the form shown in (11).

Our main reason for synthesizing the vanadocene polymers is for comparison
with the organotin and Group IVB analogous polymers containing the acyclovir
moiety with respect to biological activity.
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Polymers offer potential advantages compared to smaller, monomeric drugs.
First, a polymer should be filtered out by the kidneys more slowly than small com-
pounds, decreasing kidney damage and increasing the time the compound remains
in the body to attack the cancer or other target organism. By selective targeting of
the polymer it can be used to deliver local, high-dose chemotherapy simply through
control of membrane penetration. Second, a polymer may be effective against
tumors that have developed resistance to other chemotherapeutic agents because the
polymer is not recognized by cellular resistance mechanisms. Third, the size and
structure of the polymer provides more binding sites to cellular targets, increasing
effectiveness. Fourth, a polymer can be designed to incorporate multiple anticancer
agents within the same molecule that act against cancer cells by different mechanisms.
Fifth, polymer structure can permit easy coupling to other molecules, such as those
that specifically target cancer cells, allowing delivery of a polymeric drug to a par-
ticular site without impairing its effectiveness. Sixth, a polymer can be designed as
either a large stable compound that enters the cell by pinocytosis and is active in a
polymeric form, or as an unstable compound that slowly degrades into active mono-
meric units in a time-delivery fashion. Seventh, polymers accumulate in solid tumors
more than in normal tissues because of the enhanced permeability and retention
effect, resulting in high amounts of polymers in the interstitial space resulting from
leaky vasculature and limited lymphatic drainage typical of tumors. Finally, poly-
mers can be synthesized to fine-tune many structural characteristics, such as mono-
meric components, chain length, crosslinking, and polarity, to maximize anticancer
activity and vary the spectrum of activity. Thus, polymers have great flexibility in
their design and many potential benefits compared to monomeric drugs.

The reaction between acyclovir and vanadocene dichloride occurs almost instan-
taneously with a color change from green to a brown or brownish green. The product
is formed in about 61% yield. It is a high polymer with a weight average molecular
weight in HMPA of 2.1 x 10° (dn/dc = 0.3) corresponding to an average degree of
polymerization of about 5,200. Chain length was followed as a function of time.
Condensation polymers generally degrade though a random scission route [41,42].
The Schultz-Flory equation (Eq. 9.1) was developed to describe the change in chain
length with time for such systems.

1/(DP), =1/(DP), + 0.5k[K]t 9.1)

where DP is the weight average degree of polymerization at time ¢, (DP), is the
original weight average degree of polymerization, k is the rate of chain scission, and
K is the molar concentration of the solvent which is generally taken to be a con-
stant. Thus, a plot of 1/(DP) as a function of time should give a straight line. This
is what is roughly found in Figure 9.2. Thus over approximately 7 weeks molecular
weight decreases from 2.1 x 10° to 6.8 x 10*.

Infrared spectroscopy was carried out on the products and reactants. Table 9.1
contains infrared bands and assignments for acyclovir and the vanadocene polymer.
All locations are given in cm™.
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Figure 9.2 Plot of 1/DP as a function of time

Table 9.1 Infrared band locations and assignments for selected bands for the polymer
derived from reaction of acyclovir and vadanocene polymer

Assign Acyclovir Cp,V(Cl, Cp,VCl, Polymer
CH St Arom. 3172 3095 3101

CH St Alip. 2930 2929

2851; 2716 2851; 2,720

Cp CC st. 1445 1461

Cp CH ip Bending 1025 1016

Cp CH op Bending 850 850; 810
Purine Carbonyl 1716 1699

OH St. 3441; 3523 3450

NH St 3295 3300

COC Ether 1070 1067

NH 1632 1630

C-H; C-N Purine 1485 1480

C-N; N-C Purine 1183 1182
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The metallocene monomers and polymers all show bands at about 1440 (CC
stretch), 1015 (CH ip bending), and 820 (CH op bending) characteristic of various
Cp bending and stretching modes. Consistent with other studies, these bands are
less intense than most bands associated with most organic compounds. Even so,
they are present in the products. The OH is absent or greatly diminished for the
products consistent with the formation of the M—O and absence of the R—-OH
groupings.

The location of bands associated with the V-O was reported to be at about 950
for the symmetric stretch. The presence of a new band at about 979 was tentatively
assigned to the V-O stretch. Acyclovir had a single band at 454 that was present in
the product at 449. A new band about 419 was tentatively assigned as the asymmetric
V-0 stretching. The location of the V-N band was not know but believed to be in
the general area of 400. The new band at 397 was tentatively assigned to the Zr—N
stretch. The V—CI stretching band occurs in the range of 385 to 300 [21] and is not
identified in the present work.

8 F HR Matrix-Assisted Laser Desorption/Ionization
Time-of-Flight Mass Spectrometry (MALDI-TOF MS)

We have been developing procedures for the analysis of metal-containing polymers
because of their general difficulty in achieving sufficient solubility to allow full
advantage to be taken of analysis techniques that require the polymer to be decently
soluble in appropriate solvents. One of these techniques is mass spectrometry. We
recently investigated the use of matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI MS) as a tool to better describe the composition
of such metal-containing polymers. Because the focus is on the fragments rather
than entire chains we have named this approach Fragmentation MALDI MS or
simply F MALDI MS. Here we report some of the results of the acyclovir-vanadocene
polymers. Table 9.2 contains the ion fragments created in the 100 to 1,000amu
range. A number of abbreviations are employed to describe ion fragment assign-
ments. V represents Cp,V, Ac represents acyclovir minus two protons; C represents
a methylene moiety. The symbols “+” and “—* represent additions or deletions.

Table 9.2 Most abundant ion fragments generated in the 100 to 1,000 amu range for the product
of vanadocene dichloride and acyclovir

m/e assignment (Possible) m/e assignment (Possible)

152 Ac-OCCOC 226 Ac

248 Ac,Na 264 V,Na+OCCO
304 V+20CCO 481 U+0CCOC
494 U,Na+OCCO 508 U,Na+OCCOC

522 UAc-OCC,0CCOC 537 U,Na—OCC,0CCOC
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Although we have often somewhat arbitrarily divided the mass range for low
(below 1,000amu), medium (11,000-10,000 amu) and high (10,000—100,000 amu)
range ion fragments, there is a difference that needs to be taken into account as the
ion fragment mass increases. Briefly, the masses used to calculate proposed ion
fragment structures must be more precise as the mass range increases.

To illustrate a strength of MALDI MS, Table 9.3 concentrates on only a small
spectral range, from 3,680 to 3,910amu, which corresponds to about 10 units.
There is an orderly breakage at the expected sites. The only internal fragmentation
was the loss of two cyclopentadienyl groups which gave rise to the ion fragments
at 3,910, 3,888, and 3,753 amu. It was believed that most of the chain remains intact
with little fragmentation except at the site of bond scission. Here, one end of the
chain has a Cp,V moiety that probably loses the Cp groups. Loss of Cp groups is
common for EI-MS, which is less gentle than MALDI MS. Even so, the loss of two
Cp groups is not unexpected and occurs only at the site of bond scission.

Only a few “inner-chain” breakages are believed to occur. Again, these scissions
occur at terminal Cp,V groups and involve the loss of Cp, whereas this is not preva-
lent, it does occur occasionally. Bond breakages are as expected and noted below
by arrows in (12). It is interesting to note that there was not widespread breakage
of the guanosine-NH bond, as there was evidence for the breakage of the Cp,V-O
and/or Cp,V-NH linkage and breakage of the methylene-ether system.

Table 9.3 Ion fragments in the mass range of 3,680 to 3,910 daltons for the product of acyclovir
and vanadocene dichloride

m/e (Tentative) assignment m/e (Tentative) assignment
3910 10U-2Cp 3888 10U-2Cp,0,C
3860 9U+Ac 3849 9U+V,0C
3833 9U+V,0 3825 9U+9U+V
3800 9U+Ac-OCCOC 3786 9U+Ac-PN
3753 9U+V-Cp 3716 9U+0CCOC
3680 9U+0CC

Q N

HN \ N
\_-©0 VO S
N NN

12)
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9 Fibers

In an unrelated study we found that the vanadocene polymers produce fibers when
isolated. The fibers were mixed in with nonfiberous flat plate-like structures. Fibers
have been found for a number of different metal-containing condensation polymers,
normally those that have rigid backbones. The acyclovir backbone contains both
the rigid guanosine portion and the more flexible ether-tail. Apparently, the pres-
ence of the guanosine ring system is sufficient to cause fiber formation. Some of
the fibers were sufficiently small and therefore not readily visible with the naked
eye but rather can be seens only with tenfold magnification. There appeared to be
two types of fibers—one that was relatively short (with lengths of about 0.4 mm)
and thicker fiber (diameter about 0.01 mm) with aspect ratios ranging from 40 to
100 (Figure 9.3). These fibers appeared to have many spurs coming off the main
shoot and were very abundant.

The second fibers were much longer (4 mm) and somewhat thinner (0.01 mm),
with aspect ratios ranging from 400 to 1,000 (Figure 9.4). They were more slick,
more flexible, and clear. As noted before, this was not the only report of such
anomalous fibers. Mechanical tests should be made of these fibers and their poten-
tial in composites determined.

Figure 9.3 Representative shorter fibers at x60 magnification
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Figure 9.4 Fibers at x10 magnification. Representative “longer” fibers
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1 Introduction

In recent years, a great deal of attention has been paid to various approaches to
produce metal-polymer nanocomposites containing ultrafine particles of metals or
their compounds, in polymer matrices through polymer synthesis [1]. The
development of effective processes for the fabrication of high-temperature
composites based on refractory compounds, such as hafnium oxides and carbides,
is of considerable interest for the preparation of thermally stable, high-strength
coatings. For example, the melting point of hafnium carbide is as high as
3928 +20 °C [2] and is only exceeded by that of tantalum carbide (3,983 °C).
Hafnium compounds are widely used in the fabrication of composites capable
of withstanding high temperatures and aggressive attack and also in basic organic

A.S. Abd-El-Aziz et al. (eds.), Inorganic and Organometallic Macromolecules: 241
Design and Applications.
© Springer 2008
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synthesis, in particular as Ziegler—Natta catalysts. Hafnium carbide composites
are perspective candidates as oxidation-resistant high-temperature materials
which can, for example, survive surface temperatures of 4,800 °F for more than
10 minutes [3]. It is known that some missile components are exposed to temper-
atures exceeding 5,000 °F and for their protection high-temperature materials are
needed.

The most simple methods for preparation of hafnium carbide and its composites
are the follows. The powder of HfO, was thermally treated with Mg in molar ratio
5:4 under a CH, flow ranging from 800 to 950 °C [4]. The effective high tempera-
ture coating for carbon fiber reinforced carbon and carbon fibre reinforced silicon
carbide was prepared with use of HfC [5]. For this purpose hafnium carbide layers
were obtained in a thermally simulated chemical vapor deposition (CVD) reactor
on nonporous substrates by reaction of hatnium tetrachloride, methane and addition
of hydrogen (Eq. 10.1):

HICIl, + CH, + H, — HfC + HfCI,, + HCI (10.1)

Thermodynamic modeling of the reaction shows the possibility of depositing
a nearly carbon-free hafnium carbide layer. The carbon-to-hafnium ratio of the
deposited layer closely agreed with the thermodynamic predictions. The same
method is described in reference [6]. Such an approach allowed the production
of hafnium carbide as a wear resistant coating for hard metal cutting tools as
well as a barrier for oxygen in multilayer coatings to protect carbon fiber rein-
forced carbon composite materials at high temperatures [7]. The CVD process
was carried out 850 °C, at temperature above 1,050 °C HfC-whiskers are
formed [8]. The thermally induced CVD technique was used to produce multi-
layer coatings containing HfC for carbon materials protection [9]. It is impor-
tant that such coatings show high adhesion properties. Problems concerning the
formation of coatings composed of the carbides of metals of the IV-V groups
on fiber under conditions of chemical transport through the gas phase are con-
sidered in reference [10].

For the CVD processes organometallic hafnium compounds are often used.
Thus, thin films of hafnium carbide were obtained in a planar reactor from bis(cycl-
opentadienyl)dimethylhafnium, (n’-C_,H,)Hf(CH,), as precursor [11]. The carbon
content ranged from 11 to 40 weight % and increased with the deposition rate. The
film hardness varied between 1,300 and 2,000 HK.

There are currently three basic approaches to the preparation of metal-
containing polymers [12] as shown in Structure 10.1 (I) reactions of metal
compounds with functionalized linear polymers in which the main polymer chain
remains unchanged (so-called polymer-analogous conversions); (II) polyconden-
sation of appropriate precursors, a process in which a metal ion is incorporated
into the main chain, and its removal leads to destruction of the polymer;
(III) polymerization and copolymerization of metal-containing monomers (recently
devised approach):
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Transition-metal-containing polymers prepared by process I (Structure 10.1, I)
are, as a rule, characterized by a low content of combined metal and are used pri-
marily in ion-exchange extraction, preconcentration, and separation of metals by
selective extraction [13-15].

Unfortunately, little or no data have been reported on the preparation of Hf-
containing polymers. Most effort has been concentrated on polymers containing Ti
and, to a lesser extent, Zr, electronic analogs of hafnium [12]. Thus, even the recent
reviews [16,17], devoted to macromolecules contained the triads of these metals
have almost no information about hafnium-containing polymers. Also, no data exist
on the feasibility of the synthesis and polymerization of Hf-containing monomers—
compounds containing unsaturated ligands capable of polymerization. The same
refers to the pyrolysis of Hf-containing polymers.

This chapter details the synthesis of appropriate Hf-containing precursors,
their polymerization, the composition and structure of the resulting Hf-containing
polymers, approaches to controlled thermolysis of the polymers, and the composition
of the Hf-containing thermolysis products. Hf-containing polymers were pre-
pared by the three processes I-III.

2 Results and Discussion

2.1 Preparation of Hf-Containing Polymers
Via Polymer-Analogous Conversions (Process I)

By reacting methanolic solutions of PAA and HfOCI,, up to 34wt% Hf can be
introduced into the polymer. The IR spectra of such macrocomplexes show a strong,
narrow absorption band at 1,720cm™', which points to a significant concentration of

~CHy=CH=CH,~CH=CHy=CH~ +MX,
L L L

— *CH3_$H_CH3_$H_CH3_?H“ s M

L L L
¥
MX,,

HL-R-LH + MX, 5+ ~L-R-L-MX, _»~,  (II)

CH2=?H Initiation "-‘CH)__CH"-‘

|
IZ % , (D
M xn = M X"_m

where L, X, and Z are functional groups, and R is a bridge group.
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unreacted carboxyl groups. At the same time, the presence of totally symmetric
(1,328 and 1,457cm™) and asymmetric (1,751 cm™) stretching modes of COO-
confirm that the hafnium ions are in bidentate and bridge coordination with car-
boxylate ions. Moreover, the presence of residual chlorine (up to 2.6%) in the syn-
thesized macrocomplex indicates that the PAA-Hf(IV) (polymer 1) chain contains
monosubstituted hafnium oxychloride units. The general structural scheme of the
oxypolyacrylate complex is represented in Structure 10.2.

In addition to interchain coordination (Structure 10.2, A), intramolecular cycli-
zation (Structure 10.2, B) cannot be ruled out. Moreover, the formation of
crosslinked structures may also be contributed by oxobridges with the participation
of hafnyl groups, as will be shown below.

2.2 Preparation of Hf-Containing Polymers through
Polycondensation (Process II)

To prepare polymers containing metals (e.g., Sn, Pb, Ni, Pd, Pt, or Ti) in the main
chain, use is commonly made of the linear condensation of metal dihalides and
bifunctional Lewis bases [16], such as diols, diamines, dicarboxylic acids, hydrazines,
oximes, and dithiols. The preparation of such metal-containing polymers can be
represented in Scheme 10.1.

Although this scheme includes the titanium triad, no case of the preparation of
Hf-containing polymers has come to our notice.

Consider the most characteristic condensation reactions for the preparation of
Hf-containing polymers.

2.2.1 Diol-Based Hf-Bontaining Polymers

Polymers containing Hf atoms in the main chain were prepared by the reactions in
Scheme 10.2.

Reaction 1 in Scheme 10.2 was used to prepare polymers based on 1,4-butane-
diol (m =4) and 1,9-nonanediol (7 = 9) (Table 10.1, polymers 2 and 3, respectively).
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Table 10.1 Elemental analysis data for Hf-containing polymers (process I)

?RO—
-0-(CHz)m—0—lil1‘—0—(CH2)m—0'
ORO— n

~O=(CH3)y—O0—Hf=0—(CHy),—0T~

Weight percent (assay/nominal)

Polymer Hf (o8 H

2 42.5/43.03 24.89/26.51 5.19/5.31
3 43.4/43.34 18.06/26.30 4.52/5.84
4 45.41/43.0 24.82/34.7 5.41/4.59
5 44.94/43.20 22.54/42.23 5.31/4.61
6 42.42/38.23 31.07/47.71 5.35/6.92

“ The low carbon content may be the result of the formation of hafnium carbide
in the course of analyses. The carbon content was higher if analyses were

carried out in the presence of PbO.
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Table 10.2 Molecular weight of Hf-containing polymers

Polymer M, M, Y 1, YC
2 4,100 5,600 1.37 90

3 150,000 314,000 2.09 90

4 33,000 46,000 1.4 -

5 42,000 57,000 1.36 -

6 41,000 68,000 1.66 -

9 132,000 224,000 1.70 56

Note: M and M are the number-average and weight-average
molecular weights, respectively; y = M, /M,; 1 is the glass transi-
tion temperature.

Reaction 2 in Scheme 10.2 was used to prepare polymers based on 1,4-butanediol
(m =4, polymer 4), 1,6-hexanediol (m = 6, polymer 5), and 1,9-nonanediol (m =9,
polymer 6). The Hf content of these polymers is 42-45wt %. Their molecular
weight was determined by analyzing the shape of the thermomechanical curve
(Table 10.2).

The polymers have the form of white, fine powders (specific surface of up to
120m? /g) which dissolve very little in organic solvents and water.

The IR spectra of the polymers show absorptions characteristic of diol residues
and free hydroxyls: 3,369, 2,929, 2,854, and 1,626cm™" (Figure 10.1).

The formation of three-dimensional networks of the form shown in Structure 10.4
is hindered sterically and is accompanied by side reactions, e.g., diol cyclization, as
in reactions of 1,4-butanediol with organoaluminum compounds [18], or dehydrocy-
clization, as in reactions of 1,4-butanediol and other diols with Cp MCl,_ [19].
Such processes prevent conversion from reaching 100%, as also evidenced by the
presence of residual chlorine in the polymers.

Characteristically, Hf(IV) compounds contain oxo-bridges [20] of the form
shown in Structure 10.5.

?RO—
'—DRD*[i[f—ORO-'
ORO—

?R ?R
—0 —-II[f—O—]iI f—0—
OR OR

o

Hf—0—(CH,),—0

V)
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Figure 10.1 IR spectra of (/) 1,9-nonanediol and Hf-containing polymers (2) 2 and (3) 3

Chemical analysis data indicate that, on the average, 3.0-3.8 Cl atoms per Hf
atom are replaced in reactions of diols with HfCl " and 1.5-1.7Cl atoms, in reac-
tions with Cp,HfCl,. Given this, we took into account the possible formation of
oxobridges in calculating the compositions of the condensation-type Hf-containing
polymers from chemical analysis data (Table 10.1).

The basic approach to the preparation of Hf(IV)-containing organic polymers is
to react readily available cyclopentadienyl derivatives of hafnium (most frequently,
hafnocene dichloride) with the ligands used in reactions (1) and (2) (Scheme 10.2).
This approach was used to prepare polymers of the type shown in Structure 10.6.
The hafnium content of these polymers is in the range of 44 to 46 wt%, and their
molecular weight is between 46,000 and 68,000. Their IR spectra show absorption
bands arising from the Cp ring and diol fragments (Figure 10.2).

2.2.2 n-Diethynylbenzene-Based Hf-Containing Metal- Organic Polymers

Compounds containing M—C (M = transition metal) bonds are known to be unstable
and to decompose at low temperatures. Polymerization of such monomers is
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H H
)=-( oo | — YT
M

Scheme 10.3

M . M =Pt Pd, Ni,
PBU3

é—lt-fl N Hc—C—Q—C—CH % %r_c-c—c—c-c . @
Cl ol

Scheme 10.4

"



Hafnium-Containing Nanocomposites 249

§1‘€1+ LiC-C—Q—C-CLi — éf—c-c—O—c-c . 8]

Scheme 10.5

HC-C—O—C-CH il LiC-C—-O——C-CLi : (6)

Scheme 10.6

n

accompanied by metal elimination (in hydride form) and the formation of metal-
free polymers (Scheme 10.3):

One way of preventing the undesirable B-hydrid transfer is by eliminating the
hydrogen atom bonded to the 3-carbon atom of the metalorganic compound. To this
end, the hydrogen can be replaced by CH, or another group. Even more effective is
the use of aceylenic metalorganic compounds. Such monomers were synthesized
for Ni, Pd, and Pt (with stabilizing ligands) (Scheme 10.4) [21-23]:

It seems likely that there are no fundamental limitations on the preparation of
Hf-containing polymers using this strategy. Among possible stabilizing ligands are
cyclopentadienyl rings. Indeed, using n-diethynylbenzene as an acetylenic mono-
mer containing active hydrogen for the formation of Hf—C—C bonds, one can
achieve polymer chain growth through condensation. This acetylenic precursor is
often used in the preparation of metal-containing polymers; its synthesis was
described in detail by Hay [24].

Polycondensation was carried out according to Scheme 10.5 (polymer 7).

Synthesis was run under an inert atmosphere (Ar or N2) in a mixed solvent
(DMSO + diisopropylamine, (i-Pr), NH) at 20 °C by adding equivalent increments of
Cp,HICl, or n-diethynylbenzene. The molecular weight of the polymers thus synthe-
sized was ~10,000 and depended on the reaction conditions. The yield and molecular
weight of the polymer can be raised using the dilithium salt of n-diethynylbenzene as
a precursor in the polycondensation process shown in Scheme 10.6 (polymer 7a).

Only general information regarding the synthesis of this dilithium salt is availa-
ble in the literature [25].

We devised a special process for quantitative synthesis of the dilithium salt from
BuLi and diethynylbenzene in toluene at —40 °C. The synthesized Hf-containing
polymers are light yellow to yellow-brown in appearance, depending on the process
conditions, and do not dissolve in toluene. The low-molecular fraction is THF-solu-
ble (M, =12970, M = 37530, polydispersity index y = 2.89) (Table 10.3).

The molecular weight of the THF-insoluble fraction is 100,000 to 200,000. The
IR spectra of these polymers show the C=C stretching band (2110cm™) and the
bands arising from C=C stretches in the benzene (1,600cm™") and Cp (855, 1,024,
and 1,440cm™) rings. According to scanning electron microscopy results, the
polymers have a characteristic filamentary texture; the fibers are several tens of
microns in length and about 1 um in diameter (Figure 10.3).
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Table 10.3 Characteristics of diethynylbenzene-based Hf-containing polymers

wt % Vv c=C VvV C=c, Vv Cc=C T CH
Polymer  Hf (Ar),cm™  cm ! (Cp), cm™! (Cp),em™ M, M,
7 36 1,600 2,110 1,024; 1.440 855 10,000
7a 43 1,600 2,110 1.024; 1,440 855 12,970 37,530

Figure 10.3 Scanning electron micrograph illustrating the typical particle shape of polymer 6

2.3 Preparation of Hf-Containing Polymers Through
Polymerization of Metal-Containing Monomers (Process I11)

Reacting HfOCI, wlith the sodium or potassium salt of acrylic or methacrylic acid,
we obtained for the first time Hf(IV)-containing monomers. Hafnium oxoacrylates
and methacrylates were syn-thesized according to the Scheme 10.8 (polymer 7).

HfOCI, + 2CH,=C(R)-COONa —— HfO(CH,=C(R)-COO), + 2NaCl (7
Scheme 10.7
HfOCI, + 2CH,=C(R)-COOH ——> HfO(CH,=C(R)-COO0), + CO,+H,0 (8)
R=H, CH,
Scheme 10.8
HfOCI, reacts with fumaric acid to form the coordination polymer 8.
HfOCI, + HOOC-CH=CH-COOH — -(-Hf(O)-OCOCH=CH-COO-)- +2Hul  (9)
Scheme 10.9
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Table 10.4 Elemental analysis data for Hf-containing polymers (process III)

Weight percent (assay/nominal)

Polymer Hf c H

8 50.45/51.80 14.82/13.94 2.01/1.76
9 53.6/50.40 14.86/20.28 2.44/2.25
10 47.0/46.86 22.40/25.00 3.21/3.15
11 41.01/39.81 29.04/42.47 4.11/3.57
12 36.62/37.48 40.74/44.99 4.91/4.20

“ The low carbon content may be the result of the formation of hafnium carbide
in the course of analyses. The carbon content was higher if analyses were
carried out in the presence of PbO.

Table 10.5 Characteristic frequencies (cm™) in the IR spectra of Hf-containing polymers

VCH dcH (Cp) VOH
Polymer vc=c A V™ (Cp) I 11 vHfO (H,0)
9 1,641 1,449; 1,374 1,544 667,470 3,429
10 1,645 1,461; 1374 1,548 473,621 3,402
11 1,638 1,446; 1,374 1,549 3,104 1,018 814 676,452

12

Note: I, in-plane modes; II, out-of-plane modes; v, stretches; 8, bends; as, asymmetric modes; s,
symmetric modes; Cp = cyclopentadienyl group.

The elemental analysis data for HHO(CH,=CHCOO), H,0 (Scheme 10.9, 9) and
HfO(CH,=C(CH,)COO0), « H,0 (polymer 10) are listed in Table 10.4.

The IR spectra of these polymers show absorption bands due to carboxylate groups
(v°=1,373,1,449, 1,461 cm™ ;v _“°°=1,544, 1,548 cm™) (Table 10.5; Figure 10.4),
which indicates that the complexes have bidentate and bridge structures.

The strong absorptions in the range 800 to 1,000cm™ are attributable to
the SOH(HzO), n(-CH=CH,), and v_(=CH-C)modes [26]. At the same time,
the broad bands between 700 and 900 cm™!, characteristic of ...HfOHfO ... chains,
are missing. The absorption bands at 473, 621 (polymer 10), 470, and 667 cm™
(polymer 9) are the result of Hf—O stretching vibrations. Zirconium and hafnium
oxyacetates, formates, and propionates [27] and zirconium methacrylate
[28] are known to exist as dimers and tetramers. Carboxylates of cyclopenta-
dienyl derivatives of hafnium, Cp,Hf(CH,=CHCOO), (Scheme 10.10, 11)
and Cp,Hf(CH,=C(CH,)COO), (Scheme 10.10, 12), were obtained by reacting
Cp,HfCI, with the potassium salt of acrylic or methacrylic acid. The composi-
tion and structure of these compounds were determined by elemental analysis
and IR spectroscopy. Their IR spectra show bands arising from the carboxy-
late group (v ° = 1,373, 1,446, 1,458 cm™; v *° = 1,538, 1,549, 1,567 cm™)
and also (VMO (432, 452, 492, 640, 676cm™) and (vCC (1,636, 1,638cm™)
(Table 10.5, Figure 10.5). In addition, the spectra of these compounds
show strong absorptions at 3,004, 3,005 (CH stretches), 1,421, 1,446 (CC
stretches), 1,018, 1,020 (in-plane CH bends), 814, and 816 cm™" (out-of-plane
CH bends), which result from vibrations of the Cp ring [29]. Most of the
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Figure 10.5 IR spectra of the Hf-containing polymers (/) 12 and (2) 11 and (3) Cp2HfCI2
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synthesized monomers are insoluble in organic solvents. Their thermal polym-
erization yields high-molecular polymers (based on HFO(OCOCH=CH,), * H,O
(9), HfO(OCOC(CH,)=CH,)), H,0 (10), Cp,Hf(OCOCH=CH,), (11), and
Cp,Hf(OCOC(CH,)=CH,), (Scheme 10.10, 12)(Table 10.2, polymer 9). These
polymers range in Hf content from 37 to 51 wt%, just as the corresponding
monomers. IR spectroscopy results confirm that the cyclopentadiene structure
is retained during polymerization:

3 Thermodynamic Analysis of the Hf-C-H-O System

Hafnium oxide and carbide are known to be among the highest melting point materials:
the melting point of hafnium carbide (fcc Hf sublattice) is 3,928 + 20°C.The only
hafnium compounds with carbon are monocarbides, Hny 0, @ is a carbon vacancy),
with the basic B (NaCl) structure. The monocarbides have broad homogeneity ranges.
The carbon-rich phase boundary of the cubic monocarbide coincides with the stoi-
chiometric composition HfC, . In order to reinforce carbon foams for high tempera-
ture applications, the possibility of covering such a substrate by a few micrometers
thick deposit of hafnium carbide was investigated [30]. The conditions of HfC deposit
are studied by means of thermodynamical calculations which allows for selection of
the appropriate gaseous product, experimental parameters and associated various
range. Evaporation of cubic non-stoichiometric HfC (0.6 < y < 1.00) and its
enthalpies of both atomization (AH® .. = (672-998) + 65kJ/mol) and formation,
depending on composition were studied [31]. The phase diagram was compiled tak-
ing into account the regulating character of these compounds [32].

A key issue in studies of thermolysis kinetics in hitherto unexplored systems,
including Hf-containing polymers, is the optimization of the experimental proce-
dure. Preliminary thermodynamic analysis of the Hf~C-H-O system offers the
possibility of establishing the temperature stability limits of HfC and HfO,. Earlier,
thermodynamic studies of the Hf—-C—H-O system were carried out in relation to
hafnium acetylacetonate, which is used to prepare HfC [33]. The most convenient
approach to producing hafnium-containing nanocomposites with the aim of



254 A.D. Pomogailo et al.

optimizing the formation of refractory hafnium oxide or carbide nanoparticles is
controlled thermolysis of polymers 1-12. Note that polymer-mediated synthesis is
an effective means of producing nanoparticles without aggregation during thermo-
lysis, in contrast with other processes [34]. Thermodynamic analysis results for the
Hf-C-H-O system lead us to the following conclusions: In the absence of hydro-
gen (system Hf—C-0), the solid phases existing in the range of 0 to 3,000 °C at an
Hf:C:O atomic ratio of 1:3:2 are HfC, HfOz, and C, and the gas phase consists of
CO. Below 1,700 °C, the solid phases present are Hfo2 and C; above 1,700 °C, the
phase composition is HfC(s) + CO, which corresponds to the overall reaction HfO,
(5)+3C(s)=HfC(s) + 2CO.

Increasing the O and C contents (e.g., Hf:C:O = 1:5:4) causes no changes in
the content of the solid phase or in the temperature of the HfO, (s) —HfC(s) con-
version (~1,700-1,750 °C), but the composition of the gas phase changes to CO
+ CO,.

The addition of hydrogen (bonded) (e.g., Hf:C:O:H = 1:3:2:4) (Figure 10.6)
which corresponds, in particular, to the initial composition of the system HfO, + 3C
+2H,, causes little or no reduction of HfO, and produces insignificant changes in
the content of the solid phase and the temperature of the HfO, (s) — HfC(s)
conversion. At the same time, below 800 °C hydrogen reacts with C(s) to form a
number of volatile hydrocarbons, primarily CH,. In the temperature range of 800
to 1,700 °C, the major phases in the system are HfO2 (s), C(s), CO, and H,. Above
1,700 °C, the phases present are HfC(s), CO, and H,. Thus, at thermodynamic
equilibrium, the HfO, (s)—>HIfC(s) conversion in the HfCxOyHz polymer system
occurs between 1,700 and 1,750 °C. One should keep in mind that, under real
thermolysis conditions, the initial stages of the HfO, (s)—>HfC(s) conversion
involve highly reactive nanoparticles with an increased heat content, and the reac-
tion system is far from equilibrium. At Hf:C:O:H = 1:3:2:4, increasing the heat
content of HfC(s) by just 40kJ/mol (Figure 10.7) reduces the temperature of the
HfO, (s)—HfC(s) conversion to between 1,450 and 1,500 °C [35] or probably to
an even lower level.
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Figure 10.6 Phase composition of the Hf:C:O:H = 1:3:2:4 system at thermodynamic equilibrium
(p = 0.1 Mpa, c denotes condensed phases)
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Figure 10.7 Phase composition of the Hf:C:O:H = 1:3:2:4 system at thermodynamic equilib-
rium (p = 0.1 Mpa, ¢ denotes condensed phases)

3.1 Thermal Transformations of Hf-Containing Polymers

The solid-state thermolysis under consideration can be initiated by reactions taking
place around structural inhomogeneities (e.g., point defects, dislocations, cracks,
vacancies, and others) and propagating to structurally homogeneous regions. From
this viewpoint, solid-state polymerization initiates thermal decomposition of the
metal-containing polymer, which is a product common to these coupled processes.
The free energy liberated during thermolysis exceeds that absorbed by the forming
metal-containing polymer. Moreover, the concept of coupled processes is an impor-
tant step in describing self-organization as being due to feedback processes.
Polymer-mediated synthesis plays a key role in the formation of nanoparticles:
impregnation processes lead to severe aggregation of hafnium particles during
thermolysis.

The thermolysis of organohafnium compounds has been studied very little.
According to studies of Cp,Hf(BH,) thermolysis in the range of 300 to 600 °C at
20Pa by Hanko et al. [36], the product of thermolysis at 600 °C is HfC.
Thermolysis of mixed-ligand bis(cyclopentadienyl) complexes Cp,HfR, (R = Cl,
N(C,H,),, C,H,) leads to Cp elimination and the formation of HfC film at tem-
peratures as low as 250 to 350 °C [37]. In light of this, it was expected that the
thermal transformations of the Hf-containing polymers and monomers would be
accompanied by the formation of refractory hafnium compounds, in particular
HfC. This led us to investigate the thermolysis of the synthesized Hf-containing
compounds (Scheme 10.11).

The H:O atomic ratio in these compounds decreases in the order 6 (14.0) > 5
(11.0)>3(6)>12(5.0)>11 (4.0) =2 (4.0)>9 (1.2) > 8 (0.4). At 370 °C the gas
release from these compounds reaches completion in 60 to 300 minutes, with 337
x 10° =2.62 (2), 0.905 (3), 1.48 (5), 2.09 (6), 1.74 (9), 2.42 (8), and 3.37mol/g (11)

Tr . .
(here, B= =V | where P is the total pressure of the released gas at 20 °C V is the
0

mRT.
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PAA-(O)HIf(IV) 1
HfIO(CH,),0], 2
Hf[O(CH,),0], 3
Cp,Hf|O(CH,)4,0] 4
Cp,HfIO(CH,);0] §
Cp,HfIO(CH,);0] 6
CpoHI[Cy(CsHy)Ca) 7
HfO(OCOCH=CHCOO) 8
HfO(CH,=CHC00), 9
HfO(CH,=C(CH;)COO), 10
Cp,Hf(CH,=CHCOO), 11
L~ Cp,Hf(CH,=C(CH,)CO0), 12

Hf(IV) polymer

> A, HfO,+ HfC,.

NN

volume of the reaction vessel, m, is the initial mass of the sample, R is the gas
constant, o* = By, is the total number of moles of the gaseous reaction products
per mole of the sample, and [, is the molecular mass of substance, i. The weight
loss Am under these conditions is 7.3 (2), 31.8 (3), 30.6 (5), 35.7 (6), 14.1 (9),
26.1 (8), and 29.0% (11). At 600 °C gas evolution becomes insignificant as 3,°*°
x 10° reaches 2.62 (2), 6.95 (3), 4.7 (5), 7.4 (6), 12.3 (9), 12.55 (8), or 9.52mol/g
(11). The associated weight loss Am is 28.4 (2), 37.9 (3), 40.05 (5), 42.25 (6),
28.4 (9), 33.7 (8), and 42.3% (11). Thermolysis at 1,000 °C for 150 minutes
results in B,10°C x 10°= 19.7 (2), 24.65 (3), 11.85 (5), 36.95 (6), 16.65 (9), 8.0
(8), and 34.1 mol/g (11), and Am = 30.3 (3), 40.15 (4), 38.9 (6), 31.2 (9), 36.5 (8),
and 43.3% (11).

The thermolysis kinetics of 1-12 have the following features in common: In all
of the samples, the gas evolution rate decreases steadily with time, the considerable
gas evolution was observed already on the initial stage of the heating of sample.
Figure 10.8 illustrates typical gas evolution kinetics during thermolysis.

At a given conversion time, increasing the thermolysis temperature increases the
total gas volume evolved and, accordingly, the weight loss. The slope of the gas
release and weight loss curves is a nonlinear function of time, which indicates that
the contribution of the pyrolysis of the volatile reaction products increases with
temperature (Table 10.6).

It should be mentioned that such kinetic behavior of gas evolution (Figure 10.8)
is typical for multistage successive reactions which are the first order ones with
decreasing rate constants for the each subsequent stage [38]. At constant tem-
perature the dependence of conversion on time N* () = o*(t)/ o*(&infinity;) in
coordinates [— In(1 —n?*), ¢] is linear plots following one by one. Indeed, if there
are a few successive reactions accompanied by gas evolution on each stage
(Eq. 10.2).
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Table 10.6 Thermolysis of Hf-containing polymers.
Polymer  [HEO] T, Tmin a4 e ®.
2 4.0 370 270 1.03 147
600 180 6.50 154 160.3 182.2
1000 150 7.74 -
3 9.0 370 200 0.37 130.5
600 120 2.76 155.5 199.7 219.6
1000 130 10.10 125.0
5 11.0 370 135 0.59 121.5
600 150 1.89 161.5 163.8 185.8
1000 150 4.63 158.5
6 14.0 370 122 0.97 166.8
600 150 3.48 197.4 256.4 276.5
1000 160 17.2 181.8
9 1.2 370 380 0.61 47.7
600 80 4.03 95.5 125.9 146.0
1000 150 591 -
8 0.4 370 160 0.67 80.7
600 85 3.54 104.0 98.0 118.05
1000 95 2.52 112.0
11 4.0 370 290 1.52 131.0
600 150 4.35 194.0 240.0 260.5
1000 150 5.76 195.5
12 5.0 370 370 1.78 159.0
600 145 5.17 263.9 268.0 288.0
1000 200 6.88 260.5
kl
1(s) - A2(S) + mlcl(g)
kz
AZ(S) - A3(S) + m2C2(g)
A +mC (10.2)

n(s)

nn-l(g)

on the assumption of the rate constants k >> k >>..>>k_ and n*() = 1 one may
assume from Eq. 10.3,that:

NX()=2,_,"'N[1-exp(-k )]

(10.3)

where N=0.%(o)/Z,_ "'0L¥(0), Z_ ""0t*(e0) = 0*(o0), and X_"'N=n*(e0)=1 (hear

0.%(e0) is the maximum molar gas evolution in the i-reaction).

If for the successive stages i = 1, 2....n—1 both ¢ >> l/kj foralli=1,2...jand ¢
=1/ ij for all i = j+1, j+2... n—1, taking into account ZH'”Ni =1, then
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Figure 10.8 Gas evolution kinetics during thermolysis of (/-3) 12 and (4-6) 2 at (I, 4) 370,

(2, 5) 600, and (3, 6) 1,000°C

W()=Z_N+ X "N, [1-exp(-k D] =Z_N+X "N -3 "N

j+1 j+1 ] j+l j+1 j+1

exp(—kjﬂt) = Zi:lei_ ZJ.H“*leH exp(—kj+lt) =1- ZJJ.H‘HNj+1 exp(—kjﬂt). (10.4)
Then,
1-n*0)= Zjﬂ"*l]\/jﬂexp(—kjﬂt) (10.5)
In the case when i =j + 1, j + 2...n—1, the values

I/kj+l<< l/kjﬂ,.... 1/k__,, then Zﬁz“*ll\fﬁz[1—exp(—kj+2t)]0, and

1- nz(t)zl\/jﬂexp(—kjﬂt) (10.6)
Thus, for two-stage reaction
N*(t)=N,[1-exp(—k,1)] + N,[1-exp(-k,1)]. (10.7)
If during heating ¢ = 1/k, >>1/k , then

NX(0)=N, [ 1-exp(=k,0] =1- N,exp(k,f) (10.8)
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and -n(1 -n* =In N, + kt =0, + ky, that is observed experimentally (Figure 10.9).
At thermolysis of the sample 3 at 600 °C in semilogarithmic coordinates:

[F(n)=-In(1 —n*).1],

F(M) = 0,07 + 5,36 10 for the first stage,
F(M) = 0,18 + 1 ¢ 1073 for the second stage;

and at 1,000 °C, respectively

F(M) = 0.28 + 3.13 « 107 for the first stage,
F(M) =0.62 + 2.02 « 10% for the second stage.

The total gas volume evolved at 600 and 1,000 °C is lower for the polycondensation
polymers (2-6) compared with the carboxylate polymers (8, 9, 11, 12) (Figure 10.10).
The net weight loss is, as a rule, lower than would be expected for decomposition of
the polymers to HfO, or HfC (%): 40.6 (46.2) for 2, 48.7 (53.6) for 3, 50.4 (55.1)
for 5, 54.8 (59.2) for 6, 37.4 (43.4) for 9, 31.8 (38.3) for 8, and 53.3 (5§7.7) for 11.
Only in the case of 8 (hafnyl fumarate) is the weight loss at 600 and 1,000 °C close
to that for decomposition to HfC. According to mass spectrometric analysis of the
gas phase, the major gaseous product is CO, during thermolysis of the Hf-containing
carboxylate polymers (8, 9, 11) at 370 °C and cyclopentadiene vapor in the case of
11. Increasing the thermolysis temperature to between 600 and 1,000 °C leads to a
considerable release of H,, a thermolysis product of C-H-O compounds. As shown

- In(1 -n%)

14+

0IIIIIIIII:IIIIIIIIIIIIII

25 50 75 100  ¢,min

Figure 10.9 The kinetics of gas evolution at thermolysis of 3 in semilogarithmic coordinates at:
1-600, 2 - 1,000 °C (for 0.5 In(1 —n¥)
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Figure 10.10 Yield of thermolysis products as a function of rmeas for diol-based Hf compounds
(a) and carboxylate derivatives (b): (1) 2, (2) 3, (3) 5, (4) 6, (5) 9, (6) 8, (7) 11, (8) 12

by mass spectrometric analysis, the volatile thermolysis products of the Hf—diol
polymers include a wide variety of diols and their oxygen-free fragments, even at
370 °C. With increasing temperature, the mass spectrum becomes richer in the
pyrolysis products of these compounds.

3.2 Composition of Solid Pyrolysis Products
of Hf-Containing Polymers

Optical examination shows that the as-prepared polymers have the form of fine
powders consisting of colorless, glassy particles transparent in transmitted light.
Comparison with specific surface data indicates that the particles have rather high
porosity. Optical examination of 370 °C thermolysis products indicates that all of
the powders are close in morphology and consist of irregularly shaped particles
containing opaque inclusions. At 600 and 1,000 °C we obtained opaque, coke-like
substances. The solid thermolysis products were also characterized by X-ray
diffraction (Table 10.7). All of the 300 °C thermolysis products, except sample 8,
were amorphous. Sample 8 consisted of an amorphous phase and crystalline HfO,.
The solid products of the 600 °C thermolysis of 9, 2—4, and 6 consisted of well-
crystallized m-HfO, (monoclinic) and trace amounts of HfC with different degrees
of crystallinity (sample 9 after thermolysis consisted of a mixture of m-HfO, and
t-HfO,). The product of the 600 °C thermolysis of 11 was amorphous. In the case
of 8 (hafnyl fumarate), the solid phase consisted of HfC and trace levels of HfO,.
In the thermolysis product of 7, the dominant phase was cubic hafnium carbide,
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Table 10.7 Effect of thermolysis temperature on the phase composition of solid thermolysis
products

Phase composition

Polymer 370 °C 600 °C 1,000 °C

2 Amorphous m-HfO, + HfC* m-HfO, + HfC"

3 Amorphous m-HfO, + +-HfO, m-HfO, + +-HfO,"+ HfC"

5 Amorphous m-HfO, + t-HfO,"+ HfC"  m-HfO, + HfC"

6 Amorphous m-HfO, + t-HfO,” + HfC*  m-HfO, + +-HfO," + HfC"

9 Amorphous m-HfO, + t-HfO, + HfC®  m-HfO, + +-HfO, + HfC"
11 Amorphous Amorphous m-HfO, + +-HfO, + HfC"
12 Amorphous Amorphous m-HfO, + +-HfO, + HfC"

8 Amorphous + t-HfO, +  Amorphous + HfC + m-HfO, + HfC"

HfC* +-HfO,

Note: m and ¢ denote monoclinic and tetragonal phases, respectively.
* Heavily disordered phase.

c-HfC. The d-spacings of the strongest reflections from c-HfC and the relative intensi-
ties for stoichiometric c-HfC (in parentheses) are 2.68 (100), 2.32 (90), 1.64 (70),
1.40 (80), 1.34 (30), 1.065 (50), 1.038 (50), 0.95 (40), and 0.89 A (50).

Typical X-ray diffraction patterns of the thermolysis products are displayed in
Fig. 10.11. Note that the diffraction patterns show a number of relatively strong
diffraction peaks which cannot be attributed to m-HfO, or o-HfO, (orthorhombic).
One possible reason is the formation of ordered HfC| phases. It should also be taken
into account that the pyrolysis of organic ligands may lead to the formation of carbon
(graphitization). This seems to be evidenced by the diffraction peaks close in position
to those from hexagonal carbon (4-C):3.36 (100), 2.03 (50), 1.67 (80), 1.16 (50),
0.99 (40), and 0.83 A (40). The products of thermolysis at 1000 °C consist mainly
of m Hf, and trace levels of HfC, just as at 600 °C. Sample 5 consists of well-
crystallized m-HfO, and imperfect HfC. For 8, the percentage of HfC decreases
with increasing temperature, and the sample consists of a mixture of m HfO2 and
trace levels of HfC.

In the case of 11, the product of 1,000 °C thermolysis consists of HfC and
m-HfO,. The observed significant broadening of diffraction peaks from the thermolysis
products suggests that thermal transformations of the Hf-containing precursors lead
to the formation of fine HfO2 and HfC particles stabilized by the polymer matrix.
According to preliminary electron-microscopic examination, the particle size of the
forming nanocomposites ranges from 10 to 50nm, and the particles have a core—shell
structure: the core consists of hafnium carbide or oxide and is surrounded by a
pyrolyzed polymer shell (Figure 10.12).

Polymers containing Hf(IV) in the main chain or side chains can be prepared by
any of the known processes for synthesis of metal-containing polymers. An attractive
approach is the polycondensation of dicyclo-pentadienyl derivatives of hafnium(IV)
with diols or oxygen-free diacetylenic ligands. An alternative approach is polymeri-
zation of the Hf(IV) monomers with (meth)acrylate and fumarate groups, synthesized
for the first time in this study. We investigated the thermolysis of the synthesized
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Figure 10.11 X-ray diffraction patterns of HfC (a) and thermolysis products of Hf-containing
polymers based on 7 and 8 (b,c), respectively

organohafnium polymers in a self-generated atmosphere between 300 and 1,000 °C
and determined the compositions of the gas and solid phases that were formed in
the static nonisothermal system. This analysis, in conjunction with X-ray diffrac-
tion results, indicates that pyrolysis leads to the formation of metal-polymer nano-
composites consisting of crystalline HfO, and HfC stabilized by the polymer
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Figure 10.12 Electron micrographs of thermolysis products of polymers 11 (a,b), 1 (c), and
4 (d); thermolysis temperature of 370 (a), 1,000 (b), and 1,350 °C (c,d)

matrix. The hafnium carbide content depends on the ligand shell of Hf(IV) and
thermolysis conditions. Kinetically, the polymer-mediated synthesis of nanoparticles
is a two-step process involving polymerization transformations of the metal-con-
taining precursor, which initiate subsequent transformations of the polymer formed.
In this process, the free energy liberated during thermolysis exceeds that absorbed
by the forming metal-containing polymer [39]. In other words, the free energy lib-
erated through chemical reactions was consumed by other concurrent processes—
an approach to describing self-organization (i.e., feedback processes) [40].
Solid-state reactions, including thermolysis, can be initiated by transformations tak-
ing place around structural inhomogeneities (point defects and dislocations) and
propagating to structurally homogeneous regions. We hope that further research
will make it possible to optimize both the synthesis and thermolysis of Hf-con-tain-
ing polymers for the preparation of HfC-based nanocomposites.

4 Experimental

We used standard procedures to synthesize (n*-C,H,),HfCI, (Cp,HfCI,, where Cp =
cyclopentadienyl), HfOCO,, diethynylbenzene, its dilithium derivative, and LiBu
and to purify solvents and inert gases.
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4.1 Preparation of Poly(Acrylic Acid) (PAA)

K.S,0, (0.36¢g, 1.33mmol) was added dropwise, while stirring to a solution of
acrylic acid (6.0g, 0.08 mol) in H,O (22ml) at 80 °C over a period of 1 hour. The
resulting viscous solution was diluted with a mixture of acetone (140 ml) and water
(40ml), filtered, and reprecipitated by adding a 4:1 mixture of acetone and petro-
leum ether. The polymer was filtered, washed with petroleum ether, and dried in
vacuum. The intrinsic viscosity N of the PAA thus prepared was determined in
dioxane at 30 °C. The molecular weight M_was determined from the relation N =K
M (K =8.5+10" a=0.5), M, = 330000.

4.2 Preparation of Hf(IV) Polyacrylate

A solution of HfOCl2 (1.33 g, 0.005mol) in methanol was added dropwise, while
stirring to a solution of PAA (1.0g, 0.01 mol) in methanol. After precipitation of the
resultant macromolecular complex, the reaction was heated at 50 °C for 90 minutes.
The desired product was isolated by centrifugation, washed with methanol, and
dried in vacuum. The yield was 0.6 g. Elemental analysis showed C 26.59, H 3.92,
Cl12.62, and Hf 34.4wt %.

4.3 Polycondensation of Hf-Containing Precursors

4.3.1 Polycondensation Through Diethynylbenzene in a Mixture
of DMSO and Diisopropylamine, (i-Pr)2NH

Freshly distilled diethynylbenzene (0.77 g) in DMSO (6 ml) and Cp,HfCl, (1.054 g)
in DMSO (8ml) was added to a three-neck flask fitted with a magnetic stirrer and
inert-gas inlet. Next, (i-Pr),NH (0.58g) and Cu,Cl, (0.02g) were added dropwise,
while heating, and the mixture was stirred for 3 hours at room temperature. In the
second step, an excess of Cp,HfCI, (1.52g) in DMSO was added, and then (i-Pr),NH
(2ml) was added dropwise at room temperature over a period of 3 hours. In the third
step, an excess of diethynylbenzene (0.52g in 4ml of DMSO) was added. In subse-
quent steps, we added Cp,HfCl, (1.39¢g), (i-Pr)2 NH (2ml), and Cu,Cl, (0.016¢) in
DMSO (4ml) over a period of 3 hours. The polymer was filtered off, dried to remove
DMSO, and extracted with toluene between 50 and 60 °C. Distilling off the toluene,
we obtained 3.29 g of the polymer. Its molecular weight was 56100.

4.3.2 Polycondensation Through the Dilithium Derivative
of Diethynylbenzene

BuLi (3ml, 5.3 mmol) at 45°C was added to diethynylbenzene (0.36g) in tet-
rahydrofuran (THF). After stirring, Cp,HfCl, (1.99 g) was added to the suspension
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of the dilithium derivative. The mixture was slowly heated to 50 °C, the reaction
medium turned yellow. After LiCl removal, the polymer was yellow-brown. The
number-average molecular weight of the THF-soluble fraction was M = 12,970,
and its weight-average molecular weight was M = 37,530. The molecular weight
of the THF-insoluble fraction (20-40%) ranged from 100,000 to 200,000.

4.3.3 Polycondensation of Hf-Containing Precursors With Diols

The best results were achieved when a mixture of ether and toluene was used as the
solvent, the reaction temperature was 70 °C, and the resulting HCI was removed
from the reaction zone in order to shift the chemical equilibrium toward the forma-
tion of the desired product. Attempts to remove HCI by passing Ar had limited
success. The most effective approach was to combine HCI with triethylamine,
(C,Hy), N, to give a quaternary ammonium salt. At a reaction time of 1h, the reaction
yield was between 56 and 66%. This process, however, requires subsequent
removal of the ammonium salt from the polymer (for example, through extraction
with chloroform in a Soxhlet apparatus).

4.4 Preparation of Hf-Containing Monomers

4.4.1 Hafnium(I'V) Oxocarboxylates

These compounds were prepared by reacting HfOCI, with the sodium or potassium
salt of acrylic or methacrylic acid. The reaction mixture in methanol was stirred
between 40 and 50 °C for 5 hours. The resulting precipitate was filtered off,
washed, and dried in vacuum.

4.4.2 Carboxylates of Cyclopentadienyl Derivatives of Hafnium(I'V)

These compounds were prepared by reacting Cp,HfCI, with the potassium salt of
acrylic or methacrylic acid. An excess of the salt was added to a Cp,HfClI, solution
in benzene, and the reaction was stirred at 50 °C. The unreacted potassium meth-
acrylate and KCI were separated by filtration. Removing benzene in vacuum, we
obtained powder products.

4.5 Thermal Transformations of Hf-Containing Precursors

Thermolysis was performed isothermally, at 370, 600, and 1,000 °C and occasion-
ally in the range of 1,350 to 1,400 °C. The tube containing the sample was placed
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in an isothermally heated zone, whose volume was approximately 5% of the total
volume of the reactor.

The process was run in a self-generated atmosphere, under dynamic vacuum, or
in argon (p = 72-74kPa). The kinetics of gas evolution were followed using a
membrane manometer. The morphology of the starting solid materials and reaction
products was examined by optical microscopy in transmitted—in particular, with
crossed polarizers,—and reflected light, using the thermal stage of an MBI-6
microscope and an MBI-15 microscope. IR absorption spectra of both precursors
and reaction products, gaseous and condensed, were measured in the range 400 to
4,000cm™ (Specord 75IR spectrophotometer). Gaseous reaction products were
also analyzed by mass spectrometry using an MS-3702 quadrupole mass spectrom-
eter (75eV). X-ray diffraction studies of powder samples were performed on a
DRON UM-2 diffractometer with Cu Ko~ radiation. In electron-microscopic
examination, we used JEOL JSM-840 and JEM-100CX instruments.

4.6 Thermodynamic Data

The equilibrium composition of the Hf—~C—O-H system for Hf-containing polymers
was evaluated by thermodynamic analysis at a pressure of 0.1 MPa, temperatures
from 0 to 3,000 °C and a varied initial composition of the reaction system, using
the Terra program (Bauman State Technical University).
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1 Introduction

1.1 Development of Conventional Polymers as Drug
Carriers for Platinum Anticancer Drugs

The observation that platinum compounds inhibit bacterial cell division brought
about a rather massive examination of the biological activity of these compounds
[1]. Platinum(II) compounds which contain 2 inert cis ligands and 2 labile ligands
(chloride displays a near optimum hydrolysis rate under physiological conditions;
a half-life of about 1 hour at 37 °C) display remarkable antitumor activity.
Cisplatin [cis-dichlorodiammineplatinum(II)], the first of these to be synthesized
and commercialized, is a broad-spectrum cancer drug effective against a wide
range of tumors [2]. Cisplatin is currently the most widely used anticancer drug.
It is often used in combination with organic antitumor compounds or with carbo-
platin [1,1-cyclobutanedicarboxyalato(diammine)platinum(Il)] the second plati-
num anticancer drug to gain widespread commercial use. Carboplatin displays a
somewhat different toxicity profile than does Cisplatin, making it an attractive
compliment to Cisplatin [3-6].

A.S. Abd-El-Aziz et al. (eds.), Inorganic and Organometallic Macromolecules: 269
Design and Applications.
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Figure 11.1 Structures of cisplatin, carboplatin, nedaplatin, and oxaliplatin

The potential of these drugs has been limited because of the severe side
effects, which accompany their administration. Among the most debilitating side
effects induced by organoplatinum drugs are severe kidney damage [7] and
extreme nausea (as a class the platinum compounds are among the most effective
nausea producing agents known. to the point that some patients refuse to com-
plete the treatment regimen [8]). In an attempt to identify active but less toxic
drugs, literally hundreds of platinum compounds in which the structure of the
amine ligand has been varied have been synthesized and evaluated for antitumor
activity. For the most part, this has been a fruitless undertaking. Whereas some
ligands impart better solubility, activity, or toxicity than similar properties associ-
ated with compounds derived from simple ammonia ligands, no compounds with
clearly superior performance have been found. Of the hundreds of compounds
synthesized, fewer than 30 have entered clinical trials as antitumor agents [9,10].
Of these, two in addition to those noted above, Oxaliplatin and Nedaplatin
(Figure 11.1), have received approval for use in the treatment of cancer.

The generation of Oxaliplatin makes use of trans-1,2-diaminocyclohexane as
the amine ligand. This ligand has proven to be an excellent inert component of
organoplatinum antitumor agents. In an alternative approach we have, for some
time, been using water soluble polymers as platforms on which a platinum drug or
prodrug might be supported and from which it might be slowly released into the
extracellular fluid [11-19]. This approach has several major potential advantages
over the traditional forced hydration therapy currently practiced. Firstly, the solu-
bility of the drug formulation may be dramatically enhanced such that the volume
of the fluid required to introduce a satisfactory dose of drug is strongly diminished
[Cisplatin has a solubility of about 10mg/l in aqueous saline]. More importantly, if
the release rate is optimal, the drug is released into the blood stream at a level that
is beneath the toxicity threshold such that side effects may be mitigated [20]. Early
attempts involved the formation of noncovalent complexes with poly(N-vinylpyrol-
lidone) [11-14]. A strong positive with the respect to the use of this polymer is its
long history in biological applications and its approval for use in food and drug
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applications. More recently platform polymers have been poly(acrylamide)s in
which the amine portion of the amide is derived from a 1,2-oxazine [21,22]. These
polymers are versatile materials and may be readily modified in a number of ways
for covalent attachment of organoplatinum species [23]. The advent of dendritic
polymers, particularly the poly(amidoamine) (PAMAM) dendrimers, has provided
a water-soluble, nontoxic base for the preparation of multivalent organoplatinum
drugs [24-28].

1.2 The Development of Dendrimer Chemistry

Since Herman Staudinger proposed the macromolecular hypothesis in 1926 [29],
the 20th century has witnessed significant development of macromolecular chemistry.
Three major macromolecular architectures have evolved since then, namely linear
(class 1), crosslinked (class II), and branched types (class III), as shown in Figure 11.2.
These three classes of traditional synthetic polymers are produced by largely statis-
tical polymerization processes.

Dendritic polymers have recently been recognized as the fourth major class of
macromolecular architecture consisting of four subclasses, namely: (1) random
hyperbranched (IV(a)), (2) dendrigrafts (IV(b)), (3) dendrons (IV(c)), and
(4) dendrimers (IV(d) ), (Figure 11.3). Among the four subclasses of dendritic poly-
mers, dendrons and dendrimers are the most intensely studied subset and have a
high degree of structural definition. The term dendrimer was coined by Tomalia
from the Greek term dendro for tree-like. Figure 3a shows that dendritic polymers
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Figure 11.2 Four major classes of macromolecular architecture
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Figure 11.3 a Dendritic polymers as open, covalent assemblies of branch cells. b Dendritic
polymers: subclasses of the 4th major new class of macromolecular architecture. (Courtesy of
reference [27]).

are generally open, covalent assemblies of branch cells. The level of structure con-
trol, such as symmetry and polydispersity, of respective subclasses are dependent
on the propagation methodology as well as the branch-cell (BC) construction
parameters. The BC parameters are determined by the compositions of the BC
monomers and the nature of excluded volume defined by the BC, i.e. the length of
the arms, the symmetry, rigidity or flexibility, and the branching and rotation angles
within each of the BC domains.

The structure of dendrimer depends on the core multiplicity (N ), the branch-cell
multiplicity (N,), and the critical molecular design parameters (CMDPs) [30].
A typical branching structure is given below [31].

For simulation purposes the PAMAM dendrimers can be constructed by fixing
the branch-cell lengths (/) and the branching angles (a) and assigning random angles
for the rotational angles (b). The initial stage of a PAMAM dendrimer, an initiator
core with three polymeric strands, is known as generation 0. When each of these
strands branches out to two more strands, the dendrimer is designated generation 1.
Subdividing each polymeric strand of the dendrimer produces higher generations.
The two-dimensional projections of these dendrimers help to illustrate the geometric
progression (Figure 11.4).

The polymeric strands expand symmetrically until there is no room for addi-
tional terminal groups (z). As seen in Figure 11.5, it is necessary to control the
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Figure 11.4 Control parameters: I, initiator core; 1, branch-cell
length; a, branching angles; and b, rotational angles (Courtesy
of reference [27]).
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Figure 11.5 Two-dimensional projections of Starburst dendrimers with initiator core multiplicity
(N, = 3) and branch-cell multiplicity (N, = 2).

branch-cell length (/) and the branching angles (a) in order to create the two-
dimensional projections of the dendrimers. The tree-like structures are called
Bethe Lattices or Cayley Trees. The branching process and the means by which
polymeric strands occupy space are reflected by mathematical concepts. Cantor
used such concepts to create two-dimensional graphics. Cantor Dust was devel-
oped by removing the middle third of a line segment and repeating this process
on the two remaining segments and so forth (Figure 11.6). The pattern becomes
more congested in higher generations. The same observation applies to the two-
dimensional projections of PAMAM dendrimers in Figure 11.6.

The initiator-core multiplicity (N ) and the branch-cell multiplicity (,) directly
affect the number of terminal groups, the number of repeating units (branch cells),
and the molar mass of the dendrimers. The percolation threshold for a Cayley tree
having z branches is p_ = 1/(Z - 1) [32].

Dendrimers have attracted considerable attention in the polymer field over the
past two decades as they have been recognized as the most important macromolecules
possessing tunable internal packing density, void volumes, solvent-dependent size,
branching dimensions, and surface functionalities. Since the first report of a
dendrimer-like molecule in 1978 [33], significant progress has been made in
the dendrimer chemistry. A large number of dendrimer compositions (families) and
dendrimer surface modifications have been reported. A plethora of applications
related to controlled release of pharmaceuticals have been reported. Currently, there
are two widely studied dendrimer families, namely the Tomalia-type polyamidoamine
(PAMAM) dendrimers and the Fréchet-type polyether dendrimers. PAMAM
dendrimers are the first complete dendrimer family to have been synthesized,
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Figure 11.6 Cantor Dust

characterized, and commercialized and are the best-understood series at the present
time [26]. Based on these extensive studies, dendrimers have been recognized as
a unique new class of nanostructures, which are being studied and developed for
many industrial and medical applications such as: (i) size or mass standards
(i1) medical diagnostics (iii) controlled delivery of pharmaceuticals or other guest
molecules (iv) new materials.

The merger of dendrimer chemistry and coordination chemistry lead to the
creation of the metallodendritic regime. Incorporation of metal ions into the frame-
work of dendrimers was initiated in the early 1990s, either through the use of metal
branching centers or by internal metal complexation or encapsulation at specific
binding site(s) [34-37]. Recently, several groups have focused on the incorporation
or complexation of (transition) metal components onto the dendrimer branches or
periphery and currently a broad spectrum of metallodendritic species are known.
A detailed review of metallodendrimers, in which the metals serves as branching centers,
building block connecters, terminal groups, and structural auxiliaries, has been
presented [38]. Metallodendrimers represent novel supermolecular architectures
possessing new physical, optical, electrochemical, photochemical, biological, and
catalytic properties. In general, these metallodendrimers reflect advantages of both
homogeneous and heterogeneous catalysts because the metal sites in these well-defined
spherical polymeric assemblies are easily accessible to substrate molecules and
reagents, and therefore exhibit characteristics usually encountered in homogeneous
catalysis such as fast kinetics, specificity, and solubility. Several reports of specific
metallodendrimers and applications have been appeared [39-62].

1.3 Dendrimer Synthesis: Divergent and Convergent Methods

Dendrimers are highly branched macromolecules with precisely controlled size,
shape and end-group functionality. In contrast to conventional synthetic polymers,
dendrimers are unique core-shell structures consisting of three basic architectural
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Scheme 11.1 Dendrimer synthesis methods

components: a core, an interior of shells (generations) having repeating branch-cell
units, and terminal functional groups (the outer shell or periphery).

The synthetic methodologies used for the construction of dendrimers generally
involve divergent or convergent hierarchical assembly strategies, which require
relevant construction components with multiple functionalities and need the repetitious
alternation of a growth reaction and an activation reaction, as shown in Scheme 11.1.
Recently, a new “double-stage convergent” approach has been reported, in which
the combination of divergent and convergent growth allows the synthesis of the
fourth generation acetonide-protected monodendron with a reduced number of
purification steps [63]. Within each of these major methods, there may be variable
selections for branch-cell construction and dendron construction. For details of the
chemistry employed in the synthesis of dendrimers, several comprehensive reviews
may be consulted [64—66].

The divergent method can be envisioned by considering the sequential addition of
repeating units (building blocks, monomers, or dendrons) to a starting core site, thus
forming the layers or generations of repeating units within the superstructure. This
protocol is exemplified by two commercial products, PAMAM dendrimers [27,28,67]
and poly(propylene imine) (PPI) dendrimers [68,69]. During the 1980s, virtually all
dendritic polymers were produced by construction from the root of the molecular
tree. In the case of PAMAM dendrimer synthesis, the divergent approach involves in
situ branch-cell construction in stepwise, iterative stages around a desired core to
produce mathematically defined core-shell structures. Normally, ethylenediamine
[core multiplicity (V) = 4], ammonia (N, = 3), or cystamine (N_ = 4) may be used as
cores and allowed to undergo repeating, two-step reaction sequences. These sequences
involve: (1) an exhaustive alkylation of primary amines (Michael addition) with
methyl acrylate, and (2) amidation of amplified ester groups with a large excess of
ethylenediamine to produce primary amine terminal groups. The alkylation step
produces ester terminated subshells that are referred as “half-generations” and are
designated as (Gn.5). The second step involves amidation of the ester terminated
(Gn.5) intermediates with substantial excesses of ethylenediamine to generate amine
terminated full generations, referred as (Gn). The iteration of alkylation-amidation
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reaction produces amplifications of branch cells (generations) as well as surface func-
tional groups. The mathematical calculation of molecular weight (MW), branch cells
(BC), and terminal groups (Z) has been demonstrated for the example of PAMAM
(cystamine core) dendrimers, as shown in Figure 11.2. It is apparent that both the core
multiplicity (V) and branch-cell multiplicity (V,) determine the precise number of
terminal groups (Z) and mass amplification as a function of generation (G). It is
generally noted that the molecular weights approximately double as one proceeds
from one generation to the next. The surface groups (Z) and branch cells (BC)
amplify mathematically according to a power function, thus producing discrete,
monodispersed structures with precise molecular weights and a nanoscale diameter
enhancement as described in Figure 11.7.

The convergent method essentially constructs dendritic architectures starting from
the periphery inward to a reactive focal point at the root (Scheme 11.1). This leads
to the formation of a single reactive dendron. In other words, unlike the divergent
approach used for PAMAM, the growth involves a limited number of reactive sites.
The dendrimer assembly is obtained by the connection of several dendrons through
the single functional focal point. Notable features of the convergent method include
simplicity and great precision, ease of purification, and functional versatility enabling
the preparation of dendrons with differentiated functionalities located respectively at
the focal point and at the chain ends of dendrons [70,71]. Two well-known dendrimer
families are prepared by the convergent method: the polyether dendrimers derived
from the 3,5-dihydroxybenzyl alcohol moiety [70], and the aliphatic polyester
dendrimers derived from the 2,2-bis-hydroxymethylpropionic acid repeat unit [72].
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Figure 11.7 Mathematical expressions for calculating the theoretical number of surface groups
(Z), branch cells (BC), and molecular weights (MW) for [cystamine Core]-PAMAM dendrimers
as a function of generation. Approximate hydrodynamic diameters (Gen = 0-7) based on gel
electrophoretic comparison with the corresponding [Ethylenediamine Core]-PAMAM dendrimers.
(Courtesy of reference [27])
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1.4 Properties of Dendrimers

One of the important properties of dendrimers compared with those of traditional
polymers is monodispersity, which has been verified by mass spectroscopy, size-
exclusion chromatography, gel electrophoresis, and electron microscopy (TEM)
[73]. Generally, convergent methods produce the most nearly monodisperse
dendrimers as a result of purification at each step of dendron synthesis. Mass
spectrometry studies have shown that PAMAM dendrimers produced by divergent
methods are remarkably monodisperse and have masses consistent with predicted
values for earlier generations (G0-5) [30,74—75]. Because of their molecular archi-
tecture, dendrimers show some significantly improved physical and chemical prop-
erties when compared to traditional linear polymers. In solution, linear chains exist
as flexible coils; in contrast, dendrimers form a tightly packed ball. This has a great
impact on their rheological properties. Dendrimer solutions have significantly
lower viscosity than those of linear polymers [43]. When the molecular mass of
dendrimers increases, their intrinsic viscosity goes through a maximum at the
fourth generation and then begins to decline [76]. Such behavior is unlike that of
linear polymers. For classical polymers the intrinsic viscosity increases continu-
ously with molecular mass. The presence of many chain-ends is responsible for
high solubility and miscibility and for high reactivity [43]. The solubility of den-
drimers is strongly influenced by the nature of surface groups. Dendrimers termi-
nated with hydrophilic groups are soluble in polar solvents, while dendrimers
having hydrophobic end groups are soluble in nonpolar solvents.

The unique branched architecture and the multifunctional end groups make
dendrimers important as unimolecular nanocontainer and scaffolding molecules.
These properties are determined by the size, shape, and multiplicity of the construc-
tion components that are used for the core, interior, and surface of dendrimers. As
discussed above, the unique core-shell structure of the dendrimer is manifest as a
specific function of each architectural component. The core is thought of as the
molecular information center from which size, shape, directionality, and multiplicity
are expressed via the covalent bonding with outer shells. The branch-cell moieties
within the dendrimer define the type and volume of interior void space that may be
enclosed by terminal groups as the dendrimer grows. The interior composition and
volume of solvent-filled void space determines the extent and nature of the guest-host
(endo-receptor) properties that are possible within a particular dendrimer family
and generation. Meanwhile, the terminal groups may serve as template polymerization
regions for dendrimer growth and may also function as passive or reactive gates
controlling entry or departure of guest molecules from the dendrimer interior.
These three architectural components essentially determine the physical and chemi-
cal properties, as well as the overall size, shape, and flexibility of a dendrimer.
There have been many efforts to describe theoretically the maximum core-shell
filling and to predict the architecture to be generated in megamer synthesis. The most
successful is reflected in the Mansfield-Tomalia-Rakesh equation (Figure 11.8)
[27,77]. Many of the interesting properties of dendrimers—from design and
synthesis to applications—have been reviewed [3—41,54,55,58,62,78-80].
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The unique properties of dendrimers have lead to many promising applications
in the field of host-guest chemistry and pharmaceuticals, such as their use as molecu-
lar carriers, enzyme mimics [81], and drug-delivery vehicles [82—85]. The concept
of dendrimer as drug delivery agent is principally based on the dualistic role of den-
drimers as either endo-receptor (nano-container) or exo-receptor (nano-scaffolding).
The interior void space within dendrimer was first noted in 1989 [86] and subsequently
has been demonstrated by NMR studies and computer-assisted simulations [87],
molecular inclusion work [34], and extensive photochemical probe experiments [88].
These studies showed that symmetrically branched dendrimers can be viewed as uni-
molecular micelles (nanoscale containers) and can manifest behavior reminiscent of
either regular [89] or inverse micelles [90] depending on the nature of the surface
groups and interiors. This “unimolecular encapsulation” behavior has been demon-
strated via the concept of a “dendritic box,” in which the surface of a generation-5
poly(propylene imine) (PPI) dendrimer was modified by conjugation with
1-phenylalanine or other amino acids [91]. Such modifications induced dendrimer
encapsulation properties by the formation of dense, hydrogen-bonded surface shells
with solid-state character. Small guest molecules could be entrapped in such den-
drimer interiors and were unable to escape even after extensive dialysis [92].
A simple and general synthesis concept for the selective shell functionalization of
dendritic polymers (e.g., PG and PEI) to generate molecular nanocarriers for the
encapsulation and transport of polar guest molecules has been presented [93].
Dendritic polymers with a pH-responsive shell (PG-acetal/ketal and PEI-imine
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bonds) have been prepared which can selectively release the encapsulated guest
molecules in a physiologically relevant pH range. The maximum number of
captured guest molecules was determined by the shape and size of the guest molecules
as well as by the amount, shape, and size of the available internal dendrimer cavities.
In addition, hydrophobic and hydrophilic properties, as well as other supramolecular
(i.e., noncovalent binding, acid-base reaction) properties, of these spatial binding-
sites are expected to strongly influence the host-guest relationship.

2 PAMAM Dendrimer-Platinum Conjugates and Applications

2.1 PAMAM Dendrimer-Encapsulated Platinum Nanoparticles

PAMAM dendrimers have drawn considerable interest in recent years because of
their well defined structures and number of potential applications. In particular,
PAMAM dendrimer interior tertiary and secondary nitrogen atoms and surface
amine groups provide versatile binding sites for metal ions through coordination
chemistry or ligand exchange reactions. Higher-generation PAMAM dendrimers
have spherical core-shell structures with closely packed surface groups surrounding
interior voids. These attributes make PAMAM dendrimers useful as a template
and stabilizer for synthesizing metal nanoparticles with controlled size, shape, and
composition. Recently, there have been a number of reports which have described
the synthesis, characterization, and applications of dendrimer-encapsulated nano-
particles (DENs) [94-111]. DENs are synthesized by a template approach in which
metal ions are incorporated into the interior of dendrimers and then chemically
reduced to yield nearly size-monodispersed particles having dimensions of less
than 3nm, as shown in Scheme 11.2. The dendrimer component hereby serves not
only as a template for preparing metal nanoparticles but also as a platform to stabilize
the nanoparticles. This makes it possible to tune solubility and provides a means for
immobilization of the nanoparticle. DENs have a number of potential applications,
but the current focus is on catalysis, such as homogeneous catalytic reactions in
various solvents with the advantage of recycle for the catalytic DENs.

In the instance of dendrimer-encapsulated platinum nanoparticles, a general
template-based approach for preparing monodisperse platinum nanoparticles suitable
for use as electrocatalysts for oxygen reduction [99] and as homogeneous hydro-
genation catalysis has been demonstrated [107]. Dendrimer-encapsulated platinum
nanoparticles are prepared via a two-step process (see Scheme 11.2). First,
platinum(II) ions are loaded into a PAMAM (G4) dendrimer containing hydroxyl
surface groups. The platinum ions coordinate in fixed stoichiometries with interior
functional groups. Second, the Pt**/dendrimer composites are reduced with borohydride
to yield encapsulated platinum nanoparticles. Such encapsulated nanoparticles are
soluble in water and are stable, either dry or solvated, for at least several months as
a result of the porous stabilizer function of the dendrimer. High-resolution transmission
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DEN

G4-0OH Dendrimer

Scheme 11.2 Dendrimer-encapsulated nanoparticle synthesis (Reprinted with permission from
reference [112]

electron microscopy (HRTEM) images show that the nanoparticles are quite mono-
disperse and that their shape is roughly spherical with average diameters of 1.4 +
0.2nm (G4-OH(Pt,)), 1.6 = 0.2nm (G4-OH(Pt)), respectively. The size of the
platinum naonparticles is generally dependent on the type and generation of the
dendrimer used as the template, as well as on the number of metal ions preloaded
into the dendrimer interior prior to reduction. The nanoscale, monodisperse, and
stable encapsulated platinum nanoparticles may act as electrocatalysts for oxygen
reduction. The encapsulated nanoparticles could be attached to a gold electrode
surface [99] or coupled to glass carbon electrodes via an electrooxidation reaction
[111]. The results conclusively demonstrate that the surface of the dendrimer-
encapsulated platinum nanoparticles is accessible to reactants in solution and can
exchange electrons with the underlying electrode surface. Both platinum and palla-
dium DENSs display high catalytic activity for the hydrogenation of alkenes in aque-
ous solution. These DENs are quite stable before, during, and after hydrogenation
reactions [107]. Importantly, the hydrogenation rate can be controlled though use of
dendrimers of different generations by virtue of selective nanoscopic filtration by
higher generation dendrimers. Platinum and bimetallic platinum-gold nanoparticles
prepared by using (G4-OH) PAMAM dendrimers have been adsorbed onto a high
surface area silica support and thermally activated to remove the dendrimers to
generate highly active nanoscale catalysts [113,114]. Utilizing dendrimer-encap-
sulated nanoparticles as catalyst precursors offers the opportunity to exert a degree
of control over the metal size and composition, while varying the carrier or sub-
strate. These platinum and bimetallic platinum-gold nanoparticles are active for
both toluene hydrogenation and carbon monoxide oxidation.

Despite the considerable work on dendrimer-encapsulated nanoparticles, the
mechanisms by which PAMAM dendrimers function as the template to form DENs
and the feasibility for controlling the shape and size of nanoparticles using dendrimer
templates are not fully understood. The platinum(II) ion uptake by PAMAM (G2 and
G4) dendrimers containing terminal hydroxyl groups was studied using 'H, 1*C, and
1Pt NMR and AFM measurements [115]. For the PAMAM(G?2) dendrimer, it was
found that half of the platinum(Il) precipitated after 2 days. The remaining
platinum(II) species were coordinated to 1, 2, or 3 nitrogen ligands in the open struc-
ture of the PAMAM(G2) dendrimer. In the case of the G4-OH dendrimer, 80% of
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platinum(II) was taken up deep within the dendrimer in a very slow process but with-
out precipitation. Reduction of the G4-OH-Pt(I) complexes with borohydride gener-
ated platinum nanoparticles 80% of which were less than 1.1nm in height; small
enough to be within individual dendrimers. Thus, the dendrimer not only acts as a
template for the formation of small nanoparticles within it but also more generally
acts to prevent precipitation of platinum nanoparticles that are larger than 1.1 nm. In
a more recent study employing AFM measurements, the size of dendrimer-stabilized
platinum nanoparticles deposited on mica surfaces provide insights into the mecha-
nism of PAMAM-mediated templating of metal nanoparticles in solution [116]. If the
complexation of a platinum precursor with PAMAM (G4-OH) is prematurely termi-
nated, AFM images and feature height distributions show evidence of arrested
precipitation of platinum colloids. In contrast, sufficient Pt-PAMAM complexation
time leads to AFM images and height distributions that have relatively narrow, normal
distributions with mean values that increase with the nominal Pt:PAMAM ratio. The
surface density of the features in the AFM images suggests that these platinum nano-
particles reside on the mica surface as two-dimensional surface aggregates. These
observations are consistent with an intradendrimer templating mechanism proposed
for platinum and other metal nanoparticles [117,118].

2.2 PAMAM Dendrimer as an Exo-Receptor for Platinum Drugs

2.2.1 Antitumor Activity of PAMAM(G3.5)-Cisplatin

Organoplatinum antitumor drugs, particularly Cisplatin, are widely used for the
treatment of human testicular, ovarian, bladder, head and neck carcinomas.
However, the severe side effects accompanying administration of these drugs as
well as the development of Cisplatin resistant diseases have spurred continued activity
in this area. Both new compounds and new delivery vehicles continue to be formulated
and evaluated [20]. New platinum compounds containing trans-1,2-diamminocy-
clohexane as an inert ligand such as Oxaliplatin offer promise for the treatment of
Cisplatin resistant tumors such as colorectal tumors [119]. There has been a
continuing interest in the development of hydrophilic, biocompatible polymeric
materials that could serve as drug carriers to achieve site-specific and time-controlled
delivery of therapeutics both to alleviate undesired side effects and enhance the
efficacy of treatment [120,121]. For drug carriers, high molecular weight materials
(>20,000Da) provide advantages over low molar mass compounds (<1,000Da)
including enhanced targeting of tumor tissue and efficiency of treatment [122—124].
The use polymeric prodrugs takes advantage of the endocytotic cell uptake mecha-
nism and also may overcome problems of water solubility and lower the toxicity of
the drug until it is delivered to the target tissue. As noted above, the advent of
dendrimers, which are highly branched macromolecules with precisely controlled
shape, nanoscale size and end-group functionality, has provided an excellent
opportunity to design novel drug carriers.
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The first preclinical study of a PAMAM dendrimer-platinate conjugate for the
delivery of antitumor agents was reported in 1999 [125]. A generation 3.5 PAMAM
dendrimer containing carboxylate surface groups was treated with Cisplatin to
generate a dendrimer-platinate (20-25 wt% Pt, about 22 Cisplatin units) which was
highly water soluble and had a much higher platinum loading than observed for
N-(2-hydroxypropyl)methacrylamide (HPMA) copolymer platinates (3-8 wt%
platinum) [126]. Size exclusion chromatography (GPC) and particle size photon
correlation spectroscopy revealed that the PAMAM(G3.5)-cisplatin conjugate
consisted of a number of species including those arising from monodentate and
bidentate to carboxylate groups as well as cross-linked dendrimer via platinum
bridges, which caused an increase in particle size from 3 to 4nm in the parent
dendrimer to between 30 and 40 diameter of the dendrimer-Cisplatin adduct. Thus,
a variety of platinum species, including some physically entrapped Cisplatin, were
present in the polymer-drug conjugate. In vivo the dendrimer-Cisplatin and
Cisplatin administered intraperitoneally (i.p.) were equally active against L1210,
and at high dose dendrimer-cisplatin displayed activity against BI6F10 whereas
Cisplatin did not. Additionally, when administered intravenously (i.v.) to treat a
palpable squamous cell (s.c.) BI6F10 melanoma, the PAMAM(G3.5)-Cisplatin
adduct displayed antitumor activity whereas Cisplatin was inactive. Measurement
of platinum levels in blood and tissues after i.v. injection of Cisplatin (1 mg/kg) or
dendrimer-Cisplatin (15 mg/kg)—the maximum tolerated dose (MTD) of these
compounds—showed selective accumulation of the dendrimer-Cisplatin in solid
tumor tissue by the enhanced permeability and retention (EPR) effect. The
improved activity in the s.c. solid tumor model versus the i.p. ascites is indicative
of the importance of the EPR effect in tumor targeting. This PAMAM(G3.5)-Cisplatin
conjugate was also less toxic (3- to 15-fold) than Cisplatin and thus has potential
for further investigation as a novel antitumor approach. However, the release of
active platinum species was not detected by atomic absorbance spectrometry (less
than 1% of the total platinum released) in pH 7.4 and pH 5.5 buffer solutions over
a period of 72 hours. It should also be noted that the exact proportion of the
dendrimer-Cisplatin made available as the active diaquo species is not yet known
and indeed the time course of platinum liberation is yet to be determined.

2.2.2 Synthesis and Characterization of PAMAM(G4.5)-[(DACH)Pt]

Although the activity of the above polymer-platinum conjugate is impressive, the
ill-defined nature of the multiple species present as well as the variable release rates
for these entities makes this less than an ideal formulation for the treatment of
disease. More recently, a generation 4.5 PAMAM dendrimer nanoconjugate con-
taining (1,2-diaminocyclohexane)platinum(Il) [(DACH)Pt] moieties covalently
bound to surface carboxylate groups has been prepared [127]. For the preparation
of a useful drug formulation, the PAMAM(G4.5) dendrimer has several positive
features. Generally, high generation symmetrical dendrimers (G=4) have globular
structure with peripheral densely-packed terminal groups [127]. In the case of
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PAMAM (G4.5), 128 carboxylate groups are closely packed on the dendrimer surface.
This strongly facilitates the interaction of carboxylate groups with platinum species
to construct a dendrimer-based multivalent platinum conjugate. In addition, the
carboxylate functionality should serve as labile ligands for platinum moieties such
that release of active platinum species [(DACH)Pt] should occur at a sustained rate
over a period of time. Biological studies using PAMAM dendrimers have also
demonstrated that high generation PAMAM dendrimers are nonimmunogenic and
display low mammalian toxicity, while anionic PAMAM dendrimers (surface
groups with carboxylate or hydroxylic functionalities) are non-toxic in vitro.
[128,129] These intrinsic properties of PAMAM (G4.5) dendrimer make it an inter-
esting multivalent macromolecule that can serve as an exo-receptor for the
construction of novel dendrimer-based platinum anticancer agents. The frans-1,
2-diaminocyclohexane platinum(Il) moiety was selected as the active species for
the dendrimer-platinum nanoconjugate because 1,2-diaminocyclohexane is known
to serve as a superior inert ligand for the preparation of platinum antitumor com-
pounds and to contribute to enhanced antitumor activity. Furthermore, the relative
bulky size of [(DACH)Pt(OH,),](NO,), and the hydrophobic nature of DACH
inhibit the guest drug from penetrating the sterically-crowded surface to access the
interior of the dendrimer.

The synthesis of the PAMAM(G4.5)-[(DACH)Pt] nanoconjugate and a diagram of
a structural model are presented in Scheme 11.3. [(DACH)PtCL,] was prepared from
tetrachloroplatinate as previously described [16]. This, in turn, was treated with aque-
ous silver nitrate to generate the corresponding diaquo species. Treatment of this
intermediate with a pH 5.0 aqueous solution of PAMAM(G4.5) dendrimer produced
the dendrimer-based platinum conjugate with carboxylate groups as the labile ligands
at the surface of the dendrimer. The PAMAM(G4.5)-[(DACH)Pt] conjugate was puri-
fied by dialysis against deionized water (3500 Da cut-off). The water solubility of the
resulting PAMAM(G4.5)-[(DACH)Pt] is extremely good. The resultant sample was
checked for purity using thin layer chromatography and dried by lyophilization.

This nanoscale multivalent PAMAM(G4.5)-[(DACH)Pt] conjugate was fully
characterized using a variety of spectroscopic, chromatographic and thermal methods.
The complexation of surface carboxylate groups by platinum is apparent from the
downfield chemical shift of the carboxylate group in the *C NMR spectrum of the
PAMAM(G4.5)-[(DACH)Pt], as shown in Figure 11.9. Generally, the chemical shift of
surface carboxylate of a PAMAM half-generation is smaller than that of interior carbonyl
groups [64]. Here the strong peak at & 175.2 ppm in Figure 11.9a corresponds to the 128
surface carboxylates of PAMAM (G4.5). Upon formation of the PAMAM(G4.5)-
[(DACH)Pt] conjugate, this absorption is shifted downfield to 177.7ppm (Figure 9b),
reflecting coordination of the surface carboxylate groups with platinum.

The '"H NMR spectrum of the conjugate unambiguously shows two characteristic
regions representing the ethylene groups (3.60-2.40ppm) of the PAMAM den-
drimer and the cyclohexyl portion of the inert ligand (1.80-1.20ppm). It is also
important to note that the integration of the signal in the 2 regions indicates that
there are about 40 [(DACH)Pt] units coordinated to each dendrimer. That this is
a maximum possible loading of [(DACH)Pt] units per dendrimer is apparent from
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Table 11.1 MALDI-TOF mass values for six preparations of PAMAM(G4.5)-[(DACH)Pt]
Molar Ratio of

Batch G4.5:[(DACH)Pt] Observed Mass Value No of [(DACH)Pt]*
1 1:48 29271 33
2 1:64 30706 38
3 1:64 31075 40
4 1:72 31538 41
5 1:128 32318 44
6 1:192 30935 39
Pure PAMAM 20665 -
(G4.5)

“No. of [(DACH)Pt] is calculated on the basis of mass value of pure PAMAM(G4.5)

a series of experiments in which the ratio of [(DACH)Pt(H,0),](NO,), to dendrimer
was increased well beyond the theoretical maximum of 64 [(DACH)Pt] units. For
example, even when the ratio of [(DACH)Pt(H,0),](NO,), to dendrimer was 192 to
1 (well above that required to saturate the carboxylate surface), the dendrimer-Pt
conjugate generated contained 39 (DACH)Pt units. The matrix assisted laser desoprtion/
ionization time-of-flight mass spectroscopy (MALDI-TOF MS) data in Table 11.1
support this observation and indicate an average of 40 [(DACH)Pt] moieties per
dendrimer are bound to the PAMAM(G4.5) surface. This is in close agreement with
the results from "H NMR spectra and clearly supports the observation that the maxi-
mum loading is approximately 40 [(DACH)Pt] moieties per dendrimer molecule.
The loading capacity of 40 [(DACH)Pt] units onto the nanocarrier PAMAM(G4.5)
is consistent with a recent report of a similar limitation for the interaction of
PAMAM (G4, amine surface) with an organic ligand [131]. Thermogravimetric
(TGA) analyses of the PAMAM(G4.5)-[(DACH)Pt] conjugate was carried out to
further ascertain this value. The conjugate begins to decompose at 173 °C and a
stable residue of platinum oxide is obtained at 910 °C, as shown in Figure 11.10.
The mass of the residual oxide corresponds to 24.1% of the initial sample mass.
This is in excellent agreement with that expected (24.7%) for a dendrimer-Pt
conjugate containing 40 [(DACH)Pt] moieties. In poly(acrylamide) gel electro-
phoresis (PAGE), the migration difference between PAMAM(G4.5) and its
[(DACH)Pt] conjugate is clearly a result of loading of [(DACH)Pt] moieties onto
dendrimer, leading to the increment of the mass value of the conjugate. Remarkably,
the drug loading capacity about 40 [(DACH)Pt] units on PAMAM(G4.5) dendrimer
is significantly higher than that observed for the PPI “dendritic-box” (4 large or 8—10
small guest molecules)® and in traditional N-(2-hydroxypropyl)methacrylamide
(HPMA) copolymer (3—8 wt% platinum) [126].

Molecular dynamic simulation is a powerful tool for the theoretical evaluation
of the energetic and structural properties of this new class marcomolecules—
dendrimers. There have been numerous molecular dynamics studies for dendrim-
ers which are in good correlation with experimental results. Molecular dynamic
simulation has been carried out to investigate the various binding sites for interac-
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Figure 11.10 Thermogravimetric analysis for PAMAM(G4.5)-[(DACH)Pt]

tion of surface carboxylate groups of PAMAM (G4.5) dendrimers with [(DACH)Pt]
species. To some extent, available experimental results have been used to form a
base for the computational study. For example, preferred binding sites, in some
cases, could be inferred from the results of NMR studies of the binding of platinum
moieties to similar polymers, DNA in particular. The available NMR data are not
always as useful as might be expected. However, this has proven to be a useful
starting point for molecular simulation. Computational simulation has been used
to probe the attachment of active organoplatinum fragments to dendrimers, which
would serve as a nanocarrier from which the active species might be released over
an extended period of time.

The molecular dynamic simulations for the PAMAM(G4.5)-[(DACH)Pt] conju-
gate were performed using the Forcite module of Accelyrs with universal forcefield
[Accelrys Software Inc., San Diego] for 500 psec with 1 femto-second time inter-
vals at 298 K in vacuum after global minimization of 5000 iterations. The minimum
energy was then computed for each addition of [(DACH)Pt] to 2 carboxylates at the
PAMAM(G4.5) surface. Various methods have been employed to authenticate the
total number of [(DACH)Pt] units which can be attached to the surface carboxylate
groups of the dendrimer. The simulation for PAMAM(G4.5)-[(DACH)Pt] shows
that the minimum energy for the conjugate is reached when 44 [(DACH)Pt] units
are attached to PAMAM(G4.5) dendrimer surface (Figure 11.11). This simulation
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Figure11.11 Total minimum energy versus number of (DACH)Pt units added onto PAMAM(G4.5)
(using 500 ps simulation)

Figure 11.12 Molecular model of PAMAM(G4.5)-[(DACH)Pt] with 44 units of [(DACH)Pt]

result is in good agreement with the experimental data which demonstrate that
about 40 [(DACH)Pt] units are attached to the surface carboxylate groups of the
PAMAM(G4.5) dendrimer. A molecular model of the PAMAM(G4.5)-[(DACH)Pt]
conjugate is presented in Figure 11.12.
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¥-range: 500 nm

Figure 11.13 AFM images of PAMAM(G4.5)-[(DACH)Pt] nanoconjugate (left) and profile data
for a dendrimer-Pt molecule (right)

Dendrimers are viewed as a unique new class of synthetic nanodevices and
PAMAM dendrimers have been generally used as nanoscale building blocks to
construct more complex dendritic topologies [132]. The dimensions of this
PAMAM(G4.5)-[(DACH)Pt] conjugate have been determined using MAC mode
atomic force microscopy (AFM). The AFM images of the conjugate on a freshly
cleaved mica surface clearly show both individual single molecules and a few
aggregates, as shown in Figure 11.13. Detailed cross-sectional measurements on
150 isolated features give an average height of 0.40 (+ 0.16) nm and an average
diameter of 7.83 (£ 1.62) nm. The right images of Figure 11.13 exhibit a cross-
sectional profile for this particular dendrimer-Pt molecule with a diameter of
11.7nm and height of 0.49nm. The AFM images document the formation of a
novel nanoconjugate of the PAMAM(G4.5) and [(DACH)Pt]. The size of the
Pt-conjugate is in the nanoscale range as has been observed for other dendrimer
species [73]. The particles depicted in the AFM image appear to be substantially
uniform in size and globular in shape except for a few aggregates present. The
aggregates represent dimmers and trimmers present in the PAMAM(G4.5)
dendrimer as received from a commercial source (Dendritic Nanotechnologies,
Inc.). This was confirmed by MALDI-TOF MS. There was no change in the spec-
trum on conversion of the dendrimer to the conjugate (i.e., there would appear to
be no platinum binding between dendrimer molecules).

2.2.3 1In Vitro Release of [(DACH)Pt]

The release profile for the active component [(DACH)Pt] was investigated in pH
7.4 phosphate buffer and pH 5.0 phosphate-citrate saline solutions at 37 °C by
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Figure 11.14 In Vitro release profile of [(DACH)Pt] from PAMAM(G4.5)-[(DACH)Pt] in pH 7.4
() and pH 5.0 () buffer saline

measuring the UV-vis absorbance of the dialysis saline at 292nm, which is the
characteristic UV-vis absorbance peak of the [(DACH)Pt] species. The preliminary
in vitro release tests showed that most of the active species [(DACH)Pt] is smoothly
released from the dendrimer nanocarrier over a period of 24 hours. The profile for
the release of [(DACH)Pt] from the substrate PAMAM(G4.5) is shown in Figure 11.14.
Overall, the release rate is very good with 76% in pH 7.4 buffer and 85% of the
available platinum species in pH 5.0 buffer released in 24 hours, respectively. This
behavior suggests that sustainable release should occur inside endosomes at lower
pH. The mode of release is probably similar to that observed for other classic plati-
num drugs in which the labile ligands are carboxylate groups. Generally, under
physiological conditions, hydrolysis occurs in a stepwise fashion to form first the
monohydrated and subsequently the diaquo platinum species. A study of hydrolysis
of Oxaliplatin showed that the ring-opening step has a half-life 16 min and the
loss of the oxalate ligand occurs with a half-life of 92min at 37 °C [133]. In this
case, the [(DACH)Pt] units are released from PAMAM(G4.5)-[(DACH)Pt] nano-
conjugate with a half-life of 105min in pH 5.0 and 310min in pH 7.4 saline.
Therefore, the loss of labile ligand is considerably slower for the PAMAM(G4.5)-
[(DACH)Pt] conjugate than that of the similar process for Oxaliplatin and suggests
a sustainable release of active drug. These observations suggest that the use of
PAMAM(G4.5) nanocarrier for [(DACH)Pt] may be used to generate a drug formulation
with water solubility, dosage limitations, and response characteristics superior to
those of classical platinum drugs.

Clearly, dendritic polymers may be utilized as nanocarriers for the improved deliv-
ery of antitumor agents. They offer several advantages over conventional polymers.
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Most notably, the nanoscale size, uniform shape, and high surface functionality of
these polymers offer the potential for the generation of “multivalent” drugs which
permit the administration high dosage at low volume and which display enhanced
delivery of active agent to the tumor site. In this case, a PAMAM(G4.5) dendrimer has
been utilized as a nanocarrier for the generation of a dendrimer-platinum conjugate
containing [(DACH)Pt] as the active agent. The dendrimer-platinum conjugate is
well-defined with approximately forty [(DACH)Pt] units bound through surface
carboxylate groups. This is distinctly unlike an earlier dendrimer-platinum formu-
lation generated from the interaction of a PAMAM(G3.5) dendrimer with cisplatin
in which some platinum species are bound at surface groups, some are bound at
interior tertiary nitrogen atoms, and some are physically trapped as unchanged cis-
platin. There are probably at least two reasons for this difference. The first is the
more open structure of the smaller generation 3.5 dendrimer. In addition, the large
difference in reactivity toward nucleophilic ligands of Cisplatin and diaquo(1,2-dia
minocyclohexane)platinum(II) probably limits the effectiveness of the interaction
of Cisplatin with surface groups. The loading of active platinum species is much
larger than that achieved for earlier PAMAM(G3.5) dendrimer conjugates and
considerably higher than that normally observed for linear polymer platinum
conjugates. At the same time, the water solubility and release characteristics are
superior to those observed for most polymeric platinum drugs. This conjugate
displays sustained release of active platinum species over a period of 24 hours under
physiological conditions. The PAMAM(G4.5)-[(DACH)Pt] represents a considerable
improvement over previous dendrimer-platinum formulations and offers significant
opportunity for clinical use.

3 Perspectives on Dendrimer Platinum Conjugates

The availability of nontoxic, water-soluble dendritic polymers containing high
surface functionality offer great potential for the development of novel, highly
effective organoplatinum antitumor formulations of toxicity much lower than that
characteristic of simple platinum drugs. For the development of well behaved
dendrimer-platinum conjugates, the dendrimer should be large enough so that sur-
face crowding prevents entry of reactive species into the interior of the molecule
and the platinum reagent should be sufficiently reactive so as to be readily bound
by ligands at the surface of the dendrimer. These conditions seem to be well met by
a generation 4.5 PAMAM dendrimer (128 surface carboxylate groups) and
diaquo(1,2-diaminocyclohexane)platinum(Il). Presumably, because of the steric
crowding, the theoretical maximum number of platinum moieties (64) cannot be
attached to the dendrimer surface. In the case of (1,2-diaminocyclohexane)platinu
m(II) approximately 40 units may be placed at the surface of the dendrimer. This
dendrimer-platinum conjugate displays sustained release of active platinum species
over 24 hours under physiological conditions. These results offer considerable
optimism for the use of dendrimers in the development of more effective but less
toxic organoplatinum antitumor agents.
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1 Introduction

Maossbauer spectroscopy allows the structural analysis of certain metal atoms situated
in complex structures. Briefly, Mossbauer spectroscopy is a resonant absorption spec-
troscopy that is observed best in isotopes having long lived, low-lying excited nuclear
energy states. The largest recoil-free resonant cross-section is found for *’Fe.
Currently, Mossbauer spectroscopy is being used on Mars to identify iron compounds
that are present in the Martian landscape. There are over 20,000 entries in SciFinder
for Mossbauer spectroscopy, of which the two largest entries are for iron and tin-
containing compounds. There are only about 100 entries for organotin compounds,
with only a handful related to organotin-containing polymers. Mossbauer spectros-
copy is an extremely powerful structural characterization tool that has been greatly
overlooked because each Mossbauer spectrometer must be dedicated to a single
element and measurements generally take hours to days to complete.

This chapter deals with the study of a particular potentially important set of orga-
notin polymers that illustrates the strength of this spectral technique.

A.S. Abd-El-Aziz et al. (eds.), Inorganic and Organometallic Macromolecules: 295
Design and Applications.
© Springer 2008
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2 Basics

2.1 Mossbauer Spectroscopy

Mossbauer spectroscopy is a powerful technique that may give information on
electronic distribution on about 44 different nuclei as a consequence of their struc-
tural environment [1-9]. The effects of interaction between the nuclear magnetic
moment, an external magnetic field, electric charges and moments of the absorbing
and surrounding atoms are known as hyperfine interactions [10].

The three main hyperfine interactions are:

1. Electric monopole interaction, detectable as a line shift (isomer shift §, mm s™');

2. Electric quadrupole interaction, detectable as a line splitting (nuclear quadrupole
splitting A, mm s'), and;

3. Magnetic dipole interaction, detectable as a line splitting (nuclear Zeeman effect).

This third interaction, which arises from the interaction between the nuclear
magnetic moment and local magnetic field created by electronic spins, or external
applied magnetic field, completely removes the degeneracy of nuclear levels. For
the sake of simplicity, and because it does not apply to ordinary organotin com-
pounds, it will not be considered in this brief summary of the Mossbauer effect.

The first two interactions allow the extraction of two important Mossbauer
parameters, isomer shift, 8, and nuclear quadrupole splitting, A, by considering the
energy of the electrostatic interaction of the nucleus (W) (supposed to have a non-
spherical symmetry), and the electric field, having a symmetry lower than cubic,
created by the charge distribution around the Mdssbauer nucleus.

W= [ p(x,. 2,2+ UCx,,x,,x,)dV (12.1)

where p (x,,x,,x,) is the nuclear charge density at coordinates x ,x,,x,, and U(x,,x,.x,)
is the electric potential exerted on the same point, by the charges distributed around
the Mossbauer nucleus. Equation 12.1 is integrated over the whole nuclear volume
(Figure 12.1).

\

X2

Figure 12.1 Interaction of the nucleus, supposed to have a nonspherical symmetry, and the elec-
tric field, having a symmetry lower than the cubic
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The 7y rays responsible of Mossbauer effect originate from a transition between
excited and ground nuclear states in the emitter:

E =(E,+W)—(E +W)=(E,-E)+W -W)=E+W, (122)

where E| is the nuclear transition energy in absence of interaction with surrounding
electric fields, while W, is the difference between we and Wg-", the interaction ener-
gies for the source nucleus in the excited and in the ground state respectively, which
may be calculated according to equation 12.1. After a Maclaurin series expansion
and some simplifications, it is possible to get

1 r’ 2
W, = EZUWJP()CI ,xz,x3)(x§ —?J dv +§7te|‘1‘(0)|2 Jp(xl %y, x,)r’dV(12.3)
a=1

where U is the appropriate component of the electric field gradient along an x,_
axis, calculated at x_ = 0; [y(0)]* is the probability to find electrons around the
Mossbauer nucleus in the (0,0,0) point; > = x> + x,> + x>,

The first term of Eq. 12.3 represents the interaction of the nuclear quadrupole
moment with a non-cubic external electric field in the (0,0,0) coordinates and deter-
mines the nuclear quadrupole splitting, the consequence of the degeneracy removal
of the excited state. The second term describes the interaction of the nuclear charge
with the electronic cloud around the nucleus, and determines the shift of the nuclear
level energies.

2.1.1 Isomer Shift

If we consider a y emitting source as a spherical nucleus in a electric field with
cubic symmetry, the first term of Eq. 12.3 is equal to 0, and

2
W, =gﬂe|‘P(0)|2jp(xl.xz.x3)r2dv (12.4)

and the only effect shown will be the shift of both the excited and ground energy
levels. The energy of the emitted vy ray will be:

j((r(,2>—<rg2>) (12.5)

. . 2
E =E,+(W -W)=E, +§7rZez [#(0)
where
Jp(xl’xz’xs)'rezdv
jp(xl,xz,x3)dV

()

and
B J.p(x,,xz,x3)-rg2dV
Jp(x,,xz,x3 )av

()
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Ee+We2
Eo+Wes [
Ee E. /
Ea
ES
EO EO
y
Y Egwg v EgWe
E Eq
SOURCE ABSORBER
8=E,-E,

Figure 12.2 Shifts of the energy levels of the source and absorber nuclei

For an absorbing spherical nucleus, in the same electric field with cubic symmetry,
it is possible to write an analogous relation for the energy of the absorbed 7y rays:

E, =E,+(W'-W)=E, +§7rZez [®(0)[; (<rf>—<r2>) (12.6)

g

so that if [¥(0)| * is different from [¥(0)| > and <r > from <r>>, then E, will be dif-
ferent from E_(Figure 12.2).
From Eq. 12.6 we have

2
6=(,~£)=3nze (vl -rol () {z) 27
which, owing to the fact that <r>> = 3/5 R * and <rg2>= 3/5 Rg2, leads to
5= %nZe2 (PO - [¥O) )R> -R?) (12.8)

Replacing (R - Rgz) with 2R*(AR/R), it is finally possible to describe the isomer
shift as

6=(E,-E,)= %nZesz %(I‘P(O)i —I‘P(O)If) (12.9)

The isomer shift, & (mm s™') depends from an atomic factor, (AR/R), and on a
nuclear factor [([y(0)|>- [w(0)[)] [2,3,6,10,11].

(AR/R) is positive for 119§ and, as a consequence, 0 reflects the increase
of the electronic density in the 5s orbital. The increase of the electronic density
in the 5p orbitals produces a decrease in d orbitals following the deshielding
action of the p electrons. Such an effect is less important of that of s electrons,
so that covalent tin(IV) (5s55p?) containing compounds will have a more positive
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44" 4d""5sp’ 4d'%ss’
SnVfaaiaas s Spiewd  eEhada Qi Ssinsiviasss
BaSnO; (CH3)sSn  «-Sn SnS  Snl,
K,SnF Sn$; | Snl, B-Sn SnF; |SnBr;
l l SnCl,
T j T >
-1 0 +1 +2 +3 +4 &(mm/s)

Figure 12.3 Scale of '""Sn isomer shifts of some selected compounds, at liquid nitrogen tem-
perature, with respect to BaSnO,

Table 12.1 Limiting 8 values, mm s!, for organotin(IV) derivatives

Absorber® &" range,mms™ References
RSn" 0.52 -1.80 12,13
R, Sn" 0.75 - 1.81 14, 15
R3Sn'v 0.86-1.72 16, 17
R4Sn” 0.82 -1.40 18, 19

*R = organic radical

*Isomer shift with respect to R.T. CaSnO,, BaSnO,, SnO,, referred to solid state absorbers at liquid
nitrogen temperature, unless otherwise stated in the cited Refs. Low and high & values in each class
are reported, inherent to literature data 1986-2005.

d than those containing “ionic” Sn**(4d'). Increase of the tin-ligand bonds
polarity will be followed by decrease towards to the limit value of a perfect Sn**
ion (Figure 12.3). Characteristic 8, mm s~!, values for organotin(IV) derivatives
are reported in Table 12.1.

2.1.2 Nuclear Quadrupole Splitting

The interaction between a non-spherical nucleus and the electric field generated by
the ligands contains a term that describes the interaction between the electric field
and the nuclear quadrupole moment:

W, = zUan.P(xl,xz,xg)( 3Jdv (12.10)

Nuclei having I > 1/2 possess a quadrupole moment which interacts with the
electric field gradient (efg) generated by the surrounding charges. Such an interac-
tion provokes the splitting of the nuclear levels due to the partial removal of the
degeneracy of the (2I + 1)* nuclear level. The splitting (of the nuclear levels) arises
because a nucleus not possessing spherical symmetry may assume different orienta-
tions respect to the electric field, each corresponding to a different energy content.
The efg can be defined as:
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[’V 8V 9V |
x> axdy oxoz
2 2 2
grad£=| 2V TV 9V (12.11)
dyox  dy dydz
R A B VA I V4
| 0z0x  dzdy 0 )

Diagonalizing and choosing the corresponding axis system, the efg is completely
defined as

> (9°V 0V 9V
grad.E = (yyy) = (Vex- Vi Vi) (12.12)
The three components V, ., V, , V_, are not independent, since they must obey
the Laplace relation:
Vg *Viy +V,, =0 (12.13)

Moreover, by convention, |V, | > |V, | >|V,,]|.
Thus, only two components are needed, in particular V,, (often indicated as eq),

and the asymmetry parameter 1, defined as:

Vxx — VYY
v

Y74

n= (12.14)

For '"°Sn, I is equal to 1/2 for the ground level, which consequently is not split,
whereas I = 3/2 for the excited level, so that it will be split into two levels having
m ==+ 3/2 and £ 1/2 (Figure 12.4).

The energy difference, A, between the two permitted nuclear transitions is (Table
12.2):

1 nz 172 1 2 nz 172
AZEGQVZZ(1+?) =§e qQ(l+?) (12.15)

— m=+3/2

Eo+W,s _f

Ee .~ A
=32 — 2~ |
—+1/2

I=1/2 — -7 EgtWgs "

9

Figure 12.4 Permitted nuclear transitions for tin nuclei
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Table 12.2 Limiting A values (mm s™!) for several tetra-, penta-, hexa- and hepta-coordinated
organotin(IV) derivatives

Structure Absorber® A® range,mm s~ References
tet R Sn(IV) (n=1-3) 1.19-3.21 [22,23]
tbp RSn(IV) 2.02-2.45 [24]
cis-R Sn(IV) 2.21-3.88 [25,26]
trans-R, Sn(IV) 2.15-4.16 [27,28]
eq-R,Sn(1V) 2.474.11 [29,30]
fac-R,Sn(IV) 1.82-2.55 [16,31]
mer-R,Sn(IV) 2.99-4.08 [32]
oct RSn(IV) 1.48-2.08 [33,34]
cis-R Sn(IV) 1.76-2.58 [35,36]
trans-R, Sn(IV) 2.31-5.70 [12,37]
pbp RSn(IV) 1.92-2.23 [24]
R, Sn(IV) 3.12-4.66 [38,39]

*R = organic radicals
"Nuclear quadrupole splittings, referred to solid state absorbers at liquid N, temperature, unless

otherwise stated in the cited Refs. Low and high A values are generally reported for each class,
when available, inherent to literature data 1986-2005.

oct, octahedral; tbp, trigonal bipyramidal; tet, tetrahedral; eq, equatorial; fac, facial; mer, meridi-
onal; pbp, pentagonal bipyramidal

where e is the electron charge; Q the nuclear quadrupole moment; V.,

component along the Z axis; and 1 the asymmetry parameter [2,3,6,20,21].

the efg

2.1.3 Molecular Dynamics of Mossbauer Nuclei

Mossbauer spectroscopy is a powerful technique that may give information on the
occurrence of tin and organotin polymeric structures. This is made possible through
the investigation of molecular dynamics of "“Sn nuclei embedded in molecular
fragments and in particular through the well established correlation between the
recoil free fraction of y rays (Debye-Waller-Mossbauer or Lamb-Mossbauer factor)
and the mean square displacement <x*> of the nuclei (or of the masses bound to the
Mossbauer nuclei). This correlation appears to be a linear dependence of the
logarithm of the resonant peaks area, InA  (proportional to Lamb Mdssbauer
factor, f) and the absolute temperature, T.

A number of researchers have reported [2,3,5,6,40—44] results on polymeric orga-
notin derivatives based on reticular dynamics investigated through the Mossbauer
effect and the related theory of lattice vibrations according to the Debye model.

However, it must be pointed out that the dynamics of tin nuclei embedded into
polymeric materials, as investigated by variable temperature 'Sn Mossbauer
spectroscopy, does not give information on the polymericity of the material because
it depends only upon the bonding situation at tin atoms. In fact, monomeric and
polymeric di-p-tolyl-di-p-styryltin(IV) and tetra-p-styryltin(IV), as well as poly-
meric p-styryl-SnR, (R = Me, Ph) and 1,4-divinylbenzene-SnPh,, all show InA /T
slopes corresponding to those for monomeric Me,Sn and Ph,Sn [11,21].
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Reticular dynamics of Sn atoms have been cataloged on the basis of finger-
print criteria [5,6].

Using the Herber notation, for T > 6,/2, (where 6, is Debye temperature for the
sample), f can be expressed as:

f, = exp(- 3 E’T/Mc’K®;) (12.16)

where E is the Mossbauer transition energy; M is the effective vibrating mass
(EVM); c, is the velocity of light; K, is the Boltzmann constant; and 8 , is the
Debye temperature.
Taking into account, for a thin absorber, the relationship between the total area,
Am’ and absolute recoil free fraction, f, Eq. 12.17 is obtained as:
dlnAtoz _ dll’lf; _ _3E12/
dT ~ dT  Mc’K6>

(12.17)

thus the relative and absolute factors, f, el f(T) may be obtained.
Once f, values have been calculated, the mean square displacements of ''"Sn
nuclei, <x*>(7T), could be extracted from the equation:

f. = exp(—k* <x’>) (12.18)

where k is the wave vector of y rays.
The Debye temperatures, 6,, are calculated from Eq. 12.17, assumed to be tem-
perature independent; as a consequence, the Debye cut-off frequencies, v,, can be

obtained from:

K6,
v, =—2% (12.19)

h
where /1 and K are, respectively, Planck and Boltzmann constants.

Absolute f, values, f “*, may be calculated according to the following procedure.
The Lamb-Mdssbauer factor of the source, f,, may be calculated from the area of
Mossbauer spectra, A, at liquid nitrogen temperature, of 0.1 mm thin -tin, whose
effective thickness, 7, is

t, = (w/2)r,, Nof, (12.20)
in which ' is the 'Sn natural line width; N, the number of absorbing resonant
atoms for cm?; and o, the "'°Sn resonant cross section [45,46], whereas the fu values
are those reported in the literature. Once ¢, has been calculated, together with the
corresponding tabulated saturation functions L(z) [46], it is possible to get f::

A

1= T L) (12.21)

The absolute recoilless fraction, fa s may be calculated with a reverse procedure.
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L(t) values for the tin(IV) and organotin(IV) derivatives are calculated from the
areas A, and A, of the two absorption peaks according to:

A

M Gy (12:22)
Once 7, and 1, are interpolated from L(z ) and L(z,) values, f, s may be calculated
according to Eq. 12.23:

fabs — tl + t2
a

(m2)r (12.23)

nalGON

<x*>(T) functions, 6, and v, parameters may be subsequently calculated
from f “**(T) by applying Eqs. 12.16, 12.18, and 12.19. Fingerprint criteria
have been applied based on the temperature dependence of <x*> [47], of the
magnitude of “parameter of intermolecular interaction” M6,> (M = molecular
mass) [48]; and of the slope of functions In A(7) [and, consequently, of Inf **“**(T)].

Solid state organotin(IV) polymers are characterized with low <x?> incre-
ments with increasing 7, high 6, (and M6,?) values (from 58.6 to 132.2K) [48],
and low slopes d(Inf““**)/dT, whereas monomers and monodimensional poly-
mers are distinguished from bi- and tri-dimensional polymers by the borderline
<x*>=0.8-102 (77.3K); 2.0-102 (200K); 2.8- 102 (280K), A2 and 0, ranging
from 21.6 to 68.5K [48].

Ample collections of slopes d(InA)/dT for tin(IV) and organotin(IV) derivatives
have been reported [5,6,24,49-51]. In particular slopes d(InA)/dT ranged from
—1.73-107 to —2.87-107 and from —2.11-107* to —2.73- 1072, respectively, for
diorganotin(IV) and triorganotin monomeric derivatives; from -0.49-107 to
—1.35-107* and from —0.68-107* to —1.40- 1072, respectively, for diorganotin(IV)
and triorganotin(IV) polymeric derivatives (Figure 12.5a,b).

0 0
-0.5 =0.5
-1 1
-15 palymers =15
- polymers
3 -2 e
g - B
= -25 i e 5
-3 -3
-35 monomers -35
monomers
o 50 100 150 00 g 50 100 150 200
TK TK
a b

Figure 12.5 Estimates of the extent of intermolecular interaction in organotin(IV) derivatives,
from '"°Sn molecular dynamics, determined through the slopes of (dInA, /dT) for monomeric and
polymeric diorganotin(IV) (a) and triorganotin(IV) (b) derivatives. (A = total area under the
resonant peaks at 7, K). Slope zones and limiting values include data extracted from references
[5,6,24,50-55]
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3 Research with Organotin Compounds

A number of groups are employing Mossbauer spectroscopy as a structural analy-
sis tool. This includes groups lead by Lorenzo Pellerito. As noted before, little of
this work is associated with polymers. Work related to polymers will be briefly
reviewed in this chapter. Before we move to polymers, the work of Pellerito and
co-workers will be discussed because of the structural similarities of the com-
pounds studied by then to the ciprofloxacin products described in this chapter.
The use of Mossbauer spectroscopy for assisting in structure determination of
polymers has been practiced since the 1960s with an early review dated in 1971 [56].
Mossbauer spectroscopy is typically coupled with infrared (IR), nuclear magnetic
resonance (NMR), and/or X-ray evidence, the latter for only monomeric model
compounds. Even so, we will concentrate on the Mossbauer spectroscopy results.

3.1 Noncarbonyl-Containing Polymers

As with many lead-containing organometallic compounds, some organotin
products have a different structure in the solid in comparison with their structure in
solution. Many of these are viewed as being polymeric in the solid state but mono-
meric in solution. These determinations are generally made based on the bond
lengths that connect the various units. If the bond lengths connecting the various
units are within those found for typical covalent bonds, then the material is consid-
ered to be polymeric. This tendency for some organotin compounds to be polymeric
in the solid state but monomeric when dissolved is true for both carboxylate and
noncarboxylate-containing compounds. This section focuses on noncarbonyl-
containing polymers. Apperley and co-workers [57] report the following solid-state
structures (1) and (2) for products containing a number of metal atoms including
cobalt and gold. In the solid state the bond lengths are sufficient so that the products
are considered polymeric.

deMello and co-workers formed products from the reaction of organotin com-
pounds as well as tin(IV) tetrachloride from rutin (quercetin-3-rutinoside) (3) [58].
The products probably consist of a variety of structures but they reported by the
authors as being six-coordinated (octahedral) in the solid and solution about the tin.
Presumably the diorganotin atoms are complexed with four oxygen atoms for each
tin atom. While referred to as polymeric, the molecular weights are only on the
order of 7- 10? corresponding to a degree of polymerization of about 8.

Recently, Deacon, Price, and coworkers reported the synthesis and study of
polymers containing triphenyl and tributyltin as side chains and of polystannanes
produced using the Wurtz polymerization [59]. The polystannanes were character-
ized employing Mossbauer spectroscopy. The polystannane shown below exhibits
some liquid-crystal behavior. The products have weight average molecular weights
of 2.5-10°. The coordination number for tin is 4 with the tin present as a distorted
tetrahedral geometry (4).



Moéssbauer Spectroscopy and Organotin Polymers 305

@ R

Ri—C N*—Sn—R

@ R,

N

n

s}
—un——2

Mossbauer spectroscopy was carried out on polymers of the following form
(5). As expected, the organotin is present in a distorted tetrahedral arrangement
[60].

Another solid state example is the formation of organotin complexes with tetra-
ethyl ethylene- and propylene-diphosphates as shown below (6). The complexes
were described as being polymer chains with bridging bidentate ligands and an
octahedral tin environment. Again, these complexes should dissociate in solution
[61].

3.2 Carbonyl-Containing Polymers

Much of the effort has focused on the use of Mdssbauer spectroscopy in determining
the geometry of carbonyl-containing structures with respect to the arrangement
about the organotin moiety.

Molloy, Blunden, and Hill studied 24 triphenyltin derivatives of substituted benzoic
acids. The products were either tetrahedral monomers or trans chain polymers [62].
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3

R
Sn (0]

A prior study by Ford and Sams found similar results except employing triphe-
nyltin haloacetates. In the solid state, many of the products are pentacoordinate
polymers with O—C-O bridging between the tin atoms. Suggested repeat units are
given below (7) where R = phenyl [63].
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Organotin mercaptocarboxylates were formed and studied employing Mdssbauer

spectroscopy. Some of the compounds were linear polymers involving chelation by
both oxygen atoms of the carboxyl group [64].
Another solid-state study involves the formation of organotin esters of 3-ureidopropionic
acid with triphenyltin. The compound takes on a trigonal bipyramidal geometry with
the axial positions occupied by the ester oxygen and the ureido-oxygen of an
adjacent molecule with the polymer units held together by intermolecular hydrogen
bonding between the NH group of the ureido fragment and the oxygen of the
carboxylate carbonyl [65].

The description of diorganotin complexes with penicillamine enantiomers and
3-thiopropanoic acid in the solid state was undertaken. The 3-thiopropanoic acid
complexes derivatives contain both trigonal bipyramidal and tetrahedral structures
about the tin. These structures are maintained initially after solution. Again, cyclic
formation with chelation occurring with the carbonyl oxygen of the carboxylic
group occurs [66].

Organotin esters of 3-(2-furanyl)-2-propenoic acid were synthesized and studied
employing Mossbauer spectroscopy. In the solid state, most of the products were
polymeric with bridging carboxylate groups generally forming trigonal bipyramidal
structures. In solution, the organotin complexes became monomeric with the
organotin having a tetrahedral geometry (8) [67].

Recently, a number of compounds have been synthesized and analyzed employ-
ing Mossbauer spectroscopy by the group of Nath and Eng. Many of these
compounds are monomeric but some are polymeric. Here we will look at one of
these studies. Products were formed from reaction with ascorbates and various
triorgano- and diorganotin halides. Below is the suggested structure about the
dibutyltin-ascorbic acid product emphasizing the octahedral nature about the tin
atom (9) [68-71].

For comparison, the product from trialkyltin halides take on a trigonal bipy-

ramidal structure as pictured below (10) again emphasizing the geometry about the
tin atom forming linear polymers in the solid state.
In summary, carbonyl-containing compounds often complex with the organotin
moiety forming dative coordinate bonds. Carboxyl-containing compounds typi-
cally chelate the organotin moiety employing both oxygen atoms forming both
trigonal bipyramid and octahedral structures. This chelation may have the two
oxygen atoms bonded to the same tin atom or bonded to two different tin atoms.

4 Experimental

The '"Sn Mossbauer spectra were measured at liquid nitrogen temperature with a
multichannel analyzer [TAKES Mod. 269, Ponteranica, Bergamo (Italy)] and the
following Wissenschaftliche Elektronik system [MWE, Miinchen (Germany)]: an
MR250 driving unit, an FG2 digital function generator and an MA250 velocity trans-
ducer, moved at linear velocity, constant acceleration, in a triangular waveform. The



Moéssbauer Spectroscopy and Organotin Polymers 309

R1/60\34_0
TN

®

O (0] 0]
R =
)
OH
OH
HO HO
0
o} . o A /R
° \
/ \ \Sn/ >Sn\R
Ry O/\\R o} \ 1
HO R HO :

(10



310 A. Zhao et al.

organotin(IV) samples were maintained at liquid nitrogen temperature in a model NDR-
1258-MD Cryo liquid nitrogen cryostat (Cryo Industries of America, Inc; Atkinson,
NH) with a Cryo sample holder. The 77.3 + 0.1 K temperature was controlled with a
model ITC 502 temperature controller of the Oxford Instruments (Oxford, England).
The multichannel calibration was performed with an enriched iron foil (*’Fe = 95.2%,
thickness 0.06mm) (Dupont, MA), at room temperature, by using a *’Co-Pd source
(10mCi, Ritverc GmbH) (St. Petersburg, Russia), while the zero point of the Doppler
velocity scale was determined, at room temperature, through absorption spectra of natu-
ral CaSnO, ("”Sn = 0.5mg/cm?) and a Ca'’SnO, source (10mCi, Ritverc GmbH)
(St. Petersburg, Russia). The obtained 5- 10° count spectra were refined, to obtain the
isomer shift, 8 (mm s7!), and the nuclear quadrupole splitting, |Aexp| (mm s™).

5 Structural Possibilities

The present study focuses on the characterization of organotin polymers formed
from the reaction of organotin(IV) with antibiotics forming polymers with the fol-
lowing general repeat units (Figures 12.6—-12.11).

-0-Sn-0- —-N-Sn-N- -N-Sn-0-

Whereas for R,Sn(IV) ciprofloxacinate (Figure 12.11) this is the general repeat
unit, there are several structural variations. These variations involve the precise
structure about the organotin moiety. The organotin moiety can be connected
through two oxygen atoms, two nitrogen atoms, or one nitrogen atom and one oxy-
gen atom. The structures with two nitrogen and two oxygen atoms are referred to
as the symmetric structures and the structure containing one oxygen atom and one
nitrogen atom connected to the organotin is referred to as the asymmetric structure.
These possibilities are shown below.

Figure 12.6 Proposed structure of R SnClpenem antibiotic polymer. [R = Me, Bu, Ph;
R, = CH(NH)-CH,-4(OH) (antibiotic = amoxicillin); R, = CH,(NH,)-C H, ( = ampicillin);
R, = C.H,-3,5(0CH,) ( = methicillin); R, = CH,-C H, ( = penicillin G)]
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Figure 12.7 Proposed structure of R,SnClpenem antibioticNa polymer. [R = Me, Bu, Ph; R, =
CH(NH,)-C H,-4(OH) (antibiotic = amoxicillin); R, =CH,(NH,)-CH, (= ampicillin); R, = C H,-
3,5(0CH,) ( = methicillin); R, = CH,-CH, (= penicillin G)]

Figure 12.8 Proposed structure of R Snpenem antibiotic polymer. [R = Me, Bu, Ph; R, =
CH(NH,)-CH,-4(OH) (antibiotic = amoxicillin); R, = CH,(NH,)-C H, (= ampicillin)]

The carbonyl group can be attached by what is referred to as bridging and
nonbridging. The bridging structure forms a distorted octahedral arrangement
about the organotin moiety whereas the nonbridging structure forms a distorted
tetrahedral structure. Infrared and Mdssbauer spectroscopy can be used to assign
these structures. Furthermore, the bridging structures can be either cis or trans.
Mossbauer spectroscopy is capable of making this assignment.
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O
NH, Figure 12.9  Proposed structure of R,Sncephem
antibiotic polymer. [R = Me, Bu; cephemic antibiotic
= cephalexin]

Figure 12.10 Proposed structure of R Sncephem antibiotic polymer. [R = Me, Bu; cephem
antibiotic = cephalexin]
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Figure 12.11 Proposed structure of R,Snciprofloxacinate polymer
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6 Mossbauer Data and Analysis

The experimental Mssbauer parameters, isomer shift, 8, and nuclear quadrupole
splitting, |Aexp|, mm s~' of organotin-antibiotic derivatives, Tables 12.3—-12.5, are
characteristic of organotin(IV) derivatives [2,5,72]. The isomer shift, 3, increased
within the organotin(IV) antibiotics series from diphenyl to dibutyltin(IV) com-
pounds, and from triphenyl to tributyltin(IV) for the triorganotin(IV) derivatives
[2,5,72-74]. The small differences could result from small differences in the cova-
lency of the tin-carbon bonds in the complexes.

The |Aexp| data for diorganotin(IV)chloro and triorganotin(IV)chloro antibiotic
derivatives have been then rationalized according to the point charge model formal-
ism [72-74] applied to the proposed trigonal bipyramidal structures of Figures
12.6-12.9 and to the skew trapezoidal of Figure 12.10.

The partial quadrupole splittings, p.q.s., mm s7', [{Alk}®™ = —1.13; {Ph}®™ =
-0.98; {Alk}*™ = —0.95; {Ph}** = -0.89; {COO}*™ = -0.10; {Cl}* = 0.20;
(CI}™ = 000; {C=0},, = (C=0}™,, = 0.10; {C=0)%,, =
{C=0}",,, = 0.40; DMA = dimethylamide], which have been used in the appli-
cation of the p.c.f., were literature or calculated values [72-75].

The resulting A, values differ from the experimental data (Tables 12.3 and
12.4) less than + 0.4 mm s!, the maximum difference allowed between experimen-
tal and calculated A for accepting the proposed geometry [74].

Furthermore, from the experimental nuclear quadrupole splittings of the previously
mentioned complexes, |Aexp|, C-Sn-C angles have been calculated as (180 — 26), where
6 has been extracted by solving the equation A = 4{R} x [1 — 3 cos?’8sin*6]"2, by
applying the Sham and Bancroft model [76] and reported in Tables 12.3 and 12.4.

The C-Sn—C angles, as calculated, are in good agreement with those expected
for cis-R, trigonal bipyramidal structures around the tin(IV) atom.

The analysis of the experimental spectra (+ +) of the Et Sn(IV)ciprofloxacinate
gives two doublets, the first attributable to N-Sn-N environment (— —), the second
to OCO-Sn—OCO (- -) (Figure 12.12).
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Table 12.3 Experimental Mossbauer parameters, isomer shift, 8, mm s™!, nuclear quadrupole
splittings |ACXP|, mm s~', measured at liquid N, temperature, calculated nuclear quadrupole splittings,

A .- and C-Sn-C angles for R Sn(IV) ClI antibiotic and R,Sn(IV) C1 antibiotic derivatives [antibiotic
= amoxicillin, ampicillin, methicillin and penicillin] [78-80]

C-Sn-C
Compound® ) Al A Figure angles
Me,SnClamox-2H,0 1.21 2.99 3.17 12.6 120
Bu,SnClamox-2H,0 1.27 2.86 3.17 12.6 117
Ph,SnClamox-2H,0 0.98 2.69 2.78 12.6 123
Me,SnClamp-H,0 1.18 3.12 3.17 12.6 123
Bu,SnClamp-H,0 1.35 2.98 3.17 12.6 120
Ph,SnClamp-H,0 1.07 2.64 2.78 12.6 121
Me,SnClmet'H,0 1.27 3.20 3.17 12.6 125
Bu,SnClmet'H,0 1.37 3.19 3.17 12.6 125
Ph,SnClmet'H,0 1.19 2.73 2.78 12.6 124
Me,SnClpenG 1.26 3.29 3.17 12.6 128
Bu,SnClpenG 1.30 3.22 3.17 12.6 126
Ph,SnClpenG 1.21 2.79 2.71 12.6 126
Me,SnClamoxNa2H,0 1.26 3.24 -3.77 12.7 n.c.
Bu,SnClamoxNa-2H,0 1.40 3.42 =3.77 12.7 n.c.
Ph,SnClamoxNa2H,0 1.16 2.87 -3.26 12.7 n.c.
Me,SnClampNa'H,0 1.31 3.52 =3.77 12.7 n.c.
Bu,SnClampNa'H,0 1.43 3.33 =3.77 12.7 n.c.
Ph,SnClampNa'H,0 1.17 2.73 -3.26 12.7 n.c.
Me,SnClmetNa'H,0O 1.32 3.53 -3.77 12.7 n.c.
Bu,SnClmetNa'H,0 1.44 3.53 -3.77 12.7 n.c.
Ph,SnClmetNa-H,0 1.28 2.82 -3.26 12.7 n.c.
Me,SnClpenGNa 1.36 3.48 =3.77 12.7 n.c.
Bu,SnClpenGNa 1.44 3.30 =3.77 12.7 n.c.
Ph,SnClpenGNa 1.30 2.93 -3.26 12.7 n.c.

aSample thickness ranged between 0.50-0.60mg ''°Sn cm2; Isomer shift, 8, + 0.03, mm s~ with
respect to BaSnO, values; Nuclear quadrupole splittings, |Aexp| +0.02, mm s\

amox, amoxicillinate; amp, ampicillinate; met, methicillinate; penG, penicillinate G; R, Me, Bu, Ph.
n.c., not calculated

The structures of six-coordinate R,SnCh, (Ch = chelating ligand) species were
considered to be simple octahedral. Most early studies interpreted results on the
basis of simple frans or cis structures [83—89]. It is true that some structures are
trans in solution [90,91] and the solid state [93], and others are certainly cis [93,94].
In 1977 Kepert reported that many octahedral organometallic complexes, including
several tin complexes, are of neither regular frans (11) nor regular cis (12) geome-
try, but that an intermediate geometry, skew or trapezoidal bipyramidal, is more
stable (skew structures have C—Sn—C angles of 135-155 °C) [95].

As arule, R,SnCh, complexes prefer a trans arrangement when the ligand bite
(distance between the two coordinating atoms) is large and tend to be cis when
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Table 12.4 Experimental Mossbauer parameters, isomer shift, , mm s™!, nuclear quadrupole
splittings |A_ | mms~', measured at liquid N, temperature, calculated nuclear quadrupole split-

tings, A and C-Sn-C angles for and R, Sn(IV)antlblotlc derivatives (antibiotic = amoxicillin,
amplclllm and cephalexin) [78,79,81,82]

Compound® ) A, ted Figure C-Sn—C angles
Me,SnamoxH,0 1.34 3.44 -3.51 12.8 n.c.
Bu,Snamox-H,0 1.44 3.32 -3.51 12.8 n.c
Ph,Snamox'H,0 1.27 2.70 -3.06 12.8 n.c
Me,Snamp-H,0 1.33 342 -3.51 12.8 n.c.
Bu,Snamp-H,0 1.43 3.34 -3.51 12.8 n.c.
Ph,Snamp-H,0 1.24 2.78 -3.06 12.8 n.c.

Me ,Snceph'H,0 1.33 3.46 -3.69 12.9 n.c.

Bu Snceph H O 1.42 3.22 -3.69 12.9 n.c.
MSZSnOHceph H,0 1.21 3.47 n.c. 12.10 141
Bu,SnOHceph'H,0 1.36 3.76 n.c. 12.10 152

*Sample thickness ranged between 0.50 and 0.60mg '“Sn cm™; Isomer shift, §, + 0.03, mm s™'
with respect to BaSnO, values; Nuclear quadrupole splittings, |A | +0.02, mm s~!; amox, amoxi-
cillinate; amp, amp1c1llmate ceph, cephalexinate; R, Me, Bu, Ph "h.c. = not calculated

Table 12.5 Experimental Mossbauer parameters for diorganotin(IV)ciprofloxacinate*®

Compound 3, Al A, 3, Al
Et,Sncipro, 0.97 1.96 -1.82 1.08 2.29
Bu,Sncipro, 0.98 2.03 -1.82 1.20 2.66
Ph,Sncipro, 0.82 1.61 -1.61 0.92 2.04

acipro = ciprofloxacinate; sample thickness ranged between 0.50 and 0.60mg '"Sn cm2; isomer
shift, § + 0.03, mm s™', with respect to BaSnO,; nuclear quadrupole splittings, |Aexp| +0.02, mm s~

*The partial quadrupole splittings, mm s~', used in the calculations are: {Alk} = —1.37; {Ph} =
-1.26; {N} = -0.564.

the bite is small [86]. For example, acetylacetonate (acac)-type ligands form a
six-membered chelate-metal ring, and trans configurations are expected. The calculated
and experimental C—Sn—C angles range from 175 to 178° for the benzoylacetonates
and dibenzoylmethanates trans structures [96-98]. Both picolinates and tropolonates
(trop) have smaller bites than the acac family ligands and the structural assignment
was described as skew or cis-skew configurations for R Sn(trop), (119-143° for
C-Sn—C angle) [99]. In the quinolinolate group of complexes, the oxinates, with
less steric crowding about the central atom, have structures that are nearly cis
(109-120°) [87].

The analysis of the Mdssbauer spectra of the three diorganotin(IV) ciprofloxacinate
complexes allowed the calculation of the Mdssbauer parameters, isomer shifts, 8, and
quadrupole splittings, |Aexp|, reported in Table 12.5. Each complex showed the occur-
rence of a characteristic two doublets spectrum. This indicates that two different
tin(IV) environments exist in the organotin polymers. The values of Mossbauer
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Figure 12.12 Mossbauer spectrum of the product of diethyltin dichloride and ciprofloxacin
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parameters are in the range found for other organotin (IV) derivatives. As mentioned
before, because of the electro-withdrawing property, the isomer shift of the diphenyltin
derivative, & (0.82, 0.92), is lower than that of the dialkyltin(IV) compounds

(0.97,1.08; 0.98,1.20) [72-74,100]. As far as the experimental |[A | values are

lexp
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Figure 12.13 Tetrahedral configuration of tin connected to two nitrogens of two ciprofloxacin-
derived moieties

concerned, they ranged from 1.61 for Ph,Sn(IV)ciprofloxacinate to 2.03mm s for
Bu,Sn(IV)ciprofloxacinate, whereas |A2€xp| ranged from 2.04 to 2.66mm s~' for these
organotinciprofloxacinates (Table 12.5).

The |Alexp| values are consistent with a R,SnN, tetrahedral configuration
(Figure 12.13). The |A26xp| values are consistent with a tetrahedral environment
around the tin (IV) atoms, presumably distorted towards a skew trapezoidal trans-
R,SnO, configuration, with C-Sn—C angles <<180°.

6.1 Molecular Dynamics

Molecular dynamics of R2SnC1amOX'2HzO, R3SnC1am0xNa'2H2O have been inves-
tigated by variable temperature ''°Sn Mdossbauer spectroscopy in an appropriate
temperature range (Table 12.6) [101]. The lines representing the InA (T) functions for
R,SnClamox-2H,0 and R,SnClamoxNa-2H,0O derivatives are definitely inside the
polymeric zones, (Figure 12.14a, lines A—C; Figure 12.14b, lines D-F).

Once the absolute recoil free-fraction functions, fa s (T, have been obtained for the
previously mentioned complexes, sets of mean square displacements, <x*>(T), of the
Debye temperatures, 6,, and of the frequency cut-off, v, were calculated using Egs.
12.6, 12.18, and 12.19 of Basics and the data reported in Table 12.6, whereas the
functions Inf ** *(T) and <x*>(T) are shown in (Figure 12.15). The slopes
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Figure 12.14 Estimates of the extent of intermolecular interaction in organotin(IV)amoxicillin
derivatives, from '°Sn molecular dynamics, determined through the slopes of (dInA_/dT). (A,
total area under the resonant peaks at 7, K)(a) A = Me,SnClamox2H,0; B = Bu, SnClamox 2H,0;
C = Ph,SnClamox-2H,0. (b) D = Me, SnClamoxNa 2H,0; E = Bu, SnClamoXNa 2H, 0
F= Ph3SnC1amoxNa . 2HZO
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Figure 12.15 Recoil free fraction of absorber '“Sn nuclei, f,, and mean square displacements of
"Sn, <x*>, as functions of T for R,SnClamox-2H,0 (A-C), R,SnClamoxNa2H,O (D-F). Lines
are f (T) and <x*>(T) functions obtained from slopes dInA /dT whereas data pomts are f“** and
related <x?> values
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Figure 12.16 (a) General formula for penemic antibiotics: R, = CH(NH,)-C H,-4(OH) (antibiotic
= amoxicillin); CH,(NH,)-C H, (= ampicillin); CH,-3,5(0CH,) (= methicillin); CH,-C H; (= penicillin
G)]; (b) Formula of cephalexin (cephemic antibiotic) and (c) of ciprofloxacin

dlnf " //dT are almost coincident with those obtained from In A (7). The lines of
<x2>asfunctionofthetemperature,bothforlgSnCIamonHzOandR3SnClam0xNa~2H20,
lay in the typical zone for tin containing multi-dimensional polymers.

7 Infrared Data

A well characterized series of polymeric complexes, in solid state, is represented by
organotin(IV) complexes with B-lactamic antibiotics, both penemic and cephemic.

The difference between the two classes of antibiotics is in the condensed (non-
lactamic) ring, pentaatomic for the first class, hexaatomic for the second. This differ-
ence constraints different geometries, and thus different way of generating polymers.
Polymeric behavior is strongly dependent on reagent used in complex synthesis.

In complexes with antibiotics [amoxicillin, ampicillin, methicillin, penicillinG,
cephalexin and ciprofloxacin (Figure 12.16, a—c)], polymeric compounds may be
originated by direct reaction between dialkyltin(IV) chlorides and antibiotic sodium
salt, or by direct reaction between trialkyltin(IV) hydroxides and free antibiotic
acid. Other combinations (diorganotin oxide/free acid ligand; triorganotin(IV)
chloride/antibiotic salt) produce monomeric species.

The coordinating mode of the penemic antibiotic ligands towards the tin(IV)
atom, in the isolated diorgano and triorganotin(IV) complexes and triorganotin(IV)-
chloro adducts, can be extracted from the analysis of infrared spectra of the free and
coordinated ligands. In fact, the bands attributable to Vou of the water molecules are
present both in the free amoxicillin, ampicillin and methicillin and in all the
hydrated complexes, also if as broad band, due probably to hydrogen bonded water
molecules. The v, .+ of the B-amino-p-hydroxyphenyl group, present in amoxicillin
and ampicillin between 2,700 and 2,500 cm™', bd disappeared in the corresponding
organotin(IV) complexes owing to the deprotonation of NH,".

The bands attributable to v, to lactamic Ve tO amidic Voo 10 Vi 1O Vg have
been all identified both in the free and coordinated antibiotics [78—82]. The stretching
bands v, were shifted at higher wavenumbers, whereas the lactamic and amidic



Mossbauer Spectroscopy and Organotin Polymers 321

V..o, Were shifted towards lower wavenumbers. The bands attributable to CN and
CS stretchings, v and v, were practically found in the same position, in all of
the complexes.

The above mentioned findings would suggest an involvement of lactamic C=0
in coordinating tin(IV) [102—103], but would exclude any involvement of lactamic
nitrogen and thiazolidinic sulfur in tin(IV) coordination. As far as the amidic NH
and C = O stretchings are concerned, the shifts observed, in all the synthesized
derivatives, in respect to the free ampicillin and methicillin ligands, are a conse-
quence of intermolecular hydrogen bondings [104]. In conclusion, differences
between free and coordinated antibiotics occurred both in the 4,500 to 3,100 and in
the 1,650 to 1,300cm™! regions, apart from the presence down to 600cm™ of the
characteristic absorptions of the organotin(IV) moieties [105-108].

There are three possible structures about the organotin, two symmetrical and one
asymmetrical. The —O—-Sn—O- structure can be tetrahedral where the carbonyl is not
directly associated with the organotin moiety. This structure is referred to as the non-
bridging structure. By comparison, the carbonyl oxygen can be directly associated with
the tin resulting in the formation of an octahedral structure. This structure is referred to
as a bridging structure since the carbonyl oxygen bridges onto the tin. In general, when
the symmetrical -O—Sn—O- structure is present, the product takes on a distorted octa-
hedral structure whereas asymmetrical structures occur as distorted tetrahedral struc-
tures when the asymmetric -O—Sn—N- structure is present. The difference between the
bridging and nonbridging structures results in a difference in the location of the carbo-
nyl stretching bands. Bridging structures show a strong asymmetric stretching band at
about 1,580cm™ and a weaker band assigned to symmetric stretching near 1,400cm™.
Non-bridging structures exhibit a strong asymmetric stretching band near 1,650cm™
and a weaker symmetrical stretching band near 1,360cm™.

Finally, v_..,-and v . - in the coordinated antibiotic ligands are likely to occur

from 1,582 to 1,621 and 1,360 to 1,456cm™, respectively, with Av [=V,.co0
— V001 ranging from 141 to 275cm™, following the salification of the carboxylic
group [109,110].

The Av values are increased over 200cm™ (210-275cm™), both in the
RZSnClantibiotiC'nHzO (R =Me, Bu, Ph; antibiotic = amoxicillin, n = 2; ampicillin,
methicillin, n = 1; penicillinG, n = 0), and R3SnantibiotiC'H20 (R = Me,
Bu, ph; antibiotic = amoxicillin and ampicillin) suggesting a monodentate ester
type coordination [109,110] of the carboxylate group towards the tin(IV) atom,
whereas in R3SnC1antibioticNa'nH20, (R = Me, Bu, Ph; antibiotic = amoxicillin,
n = 2; ampicillin, methicillin, n = 1; penicillinG, n = 0), Av ranged between
148 cm™ in Bu,SnClamNa'H,O and 197 cm™! in Me,SnClpenGNa derivatives, in
which carboxylate group seems not involved in coordination.

In conclusion, IR evidence indicates that tin(IV) reached five coordination in
R,SnClantibiotic'nH,0 coordinating lactamic C=0O and the oxygen atom of the
ester type carboxylic group, R,SnClantibioticNa'nH,O through the coordination of
only the lactamic C=0.

In R Snantibiotic'H,O, the antibiotic coordinates the triorganotin(IV) moieties
through monoanionic bidentate bridging carboxylate groups.

cs’
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Where cephemic antibiotic are concerned, the different ring arrangement
favors a chelating behavior from carboxyl-carbonyl couple. The larger the bite
angle, the more probable a skew octahedral arrangement for tin atom. For exam-
ple, in diorganotin(IV) complexes, Alk,Sn(IV)OHceph'H,O, complexation leads
to a octahedron. But to attain the polymer, a coordination by aminic group of the
side chain is required, thus differentiating from penemic series. Moreover, to
complete the coordination sphere of tin an OH™ group is bound to the metal. Even
in this case, such deductions came from IR findings. In the case of triorganotin(IV)
derivatives, Alk,Sn(IV)ceph'H,O, the situation is completely different: the conju-
gate effect of large bite angle and steric hindrance by three organic groups leads
to polymeric complexes with tin in tbp environment, with carboxylic groups act-
ing as bidentate ligands, bridging between organotin centers. This can be deduced
from the absence of modifications in B-lactamic stretching absorption upon coor-
dination [82].

The diorganotin(IV) ciprofloxacinate polymer is complicated because of the
presence of an additional carbonyl, the ring ketone, assigned at about
1,623 cm™.

The strong peak at 1,708 cm™ in the ciprofloxacin spectrum, assigned to the
carbonyl group of the carboxylic acid, is missing in the spectrum of the products.
A new band is found in all of the polymer spectra at 1,578cm™". This band is
assigned to the asymmetric stretching for bridged carboxylic groups. A new band
is also found at about 1,420cm™ for all of the polymer products assigned to the

13)
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symmetric carbonyl stretching. The ketone carbonyl band is also present at about
1,620cm™! for all of the polymer products.

The infrared spectrum data are then consistent with the organotin moiety being
present in a distorted octahedral structure in the symmetric -O—Sn—O- structure.
The data are also consistent with the structural assignments given by the
Mossbauer data.

8 Reaction Implications

The most reasonable way symmetrical structures are formed about the organotin
moiety is that preferential addition of one of the Lewis bases, either the nitrogen or
oxygen, to the organotin occurs with subsequent growth occurring from coupling
of these units.

We believe that the initial growth step in the polymerization is the formation of
the —O—Sn—O- based on the following reaction with antibiotics, in particular enro-
floxacin, occurs rapidly and in good yield. Here, only the enrofloxacin-Sn-
enrofloxacin compound can form (13).

By comparison, reaction with the ester of ciprofloxacin where only the amine
reacts gives poor yield of the corresponding dimer (14).
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Both products were formed employing reaction conditions similar to those
employed for the polymer synthesis. As noted, the yield for the enrofloxacin was
high whereas the product yield for the ciprofloxacin ester was low, consistent with
the initial formation of the —O—Sn—O- product.

9 Chain Length

Average molecular weight was determined employing light scattering photom-
etry. The three R Sn(IV)ciprofloxacinate polymers examined in this study have
the following molecular weights and chain lengths: diethyltin(IV)ciprofloxacinate
3.7-10° daltons and 7,400 units; dibutyltin(IV)ciprofloxacinate 5.8-10°
daltons and 10,300 units; and diphenyltin-ciprofloxacin 4.1-10° daltons and
7,800 units. Thus, the materials studied here are high polymers.

10 Importance of Present Products

The organotin-antibiotic products exhibit a wide range of biological activity.
Against a large battery of bacteria, the polymers are able of inhibiting all tested
bacteria including Sacchyromyces cerevisiae, Staphylococcus aureus, Bacillus
subtilis, Escherichia coli, Pseudomonas aeruginosa, and Alcaligenes faecalis.
Some of the polymers are also able to inhibit a number of DNA viruses such as
vaccinia (smallpox), herpes simplex (herpes), and varicella zoster (chicken pox and
shingles). It also inhibits the growth of a number of cell lines including 1.929,
BS-C-1, Balb 3-T-3, vero cells, and 143 cells.

11 Conclusions

According to the information drawn from Mdssbauer spectra, there are three
major configurations around tin atoms for the organotin antibiotic polymers: one
is trigonal bipyramidal, both for penem and cephem antibiotics, while a tetrahe-
dral consisting of a N-Sn—N structure, and a distorted tetrahedral or a skew trap-
ezoidal frans-R,SnO, configuration consisting of a O-Sn-O structure for
diorganotin ciprofloxacinate. All the structures are considered as symmetric con-
figurations. The expected asymmetric structure, N-Sn—O for ciprofloxacinate,
was not detected. One possible reason for the existence of only the symmetrical
structures is the high reactivity of O—Sn bond and high stability of O—Sn—O struc-
ture due to the chelating of carboxyl group allowing the O-Sn-O structure to
preferentially form leaving the N to react with remaining Sn atoms. As noted
before, the structural results are consistent with the infrared spectral data for the
compounds.
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1 Introduction

In 1981 Barber and Liu and coworkers [1,2] independently introduced the concept
of employing matrix-assisted desorption/ionization where the absorption of the
matrix is chosen to coincide with the wavelength of the employed laser to assist in
the volatilization of materials. In 1988 Tanaka, Hillenkamp and coworkers [3,4]
employed the laser as the energy source giving birth to matrix-assisted laser/
desorption mass spectroscopy (MALDI MS).

MALDI MS was developed for the analysis of nonvolative samples and was
heralded as an exciting new MS technique for the identification of materials with
special use in the identification of polymers. It has fulfilled this promise to only a
limited extent. Whereas it has become a well-used and essential tool for biochem-
ists in exploring mainly nucleic acids and proteins, it has been only sparsely
employed by synthetic polymer chemists. Why has MALDI MS been largely
neglected by most synthetic polymer chemists? The answer involves the lack of
congruency between the requirements of MALDI MS and most synthetic polymers.
This chapter describes a new approach that allows MALDI MS to be of greater use
to the analysis of synthetic polymers and investigates why it has not been useful in
the past to the analysis of such polymers. We have employed various forms of
MALDI MS for about 5 years and have developed a technique that will be described
here. We have previously reported some of our results in journals and national
meetings but have not previously given the foundational data that allows this
technique to be viable.

A.S. Abd-El-Aziz et al. (eds.), Inorganic and Organometallic Macromolecules: 329
Design and Applications.
© Springer 2008
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We have recently employed MALDI MS for the identification of a number of
metal and nonmetal containing polymers [5—11]. The technique employed by is not
straight-forward MALDI MS. Classical MALDI MS requires that the material be
soluble in a suitable solvent. A “suitable solvent” means a solvent that is suffi-
ciently volatile to allow it to be evaporated prior to the procedure. Further, such a
solvent should dissolve both the polymer and the matrix material. Finally, an ideal
solvent will allow a decent level of polymer solubility, preferably a solubility of
several percentage and greater. For most synthetic polymers, these qualifications
are only approximately attainted. Thus, traditional MALDI MS has not achieved its
possible position as a general modern characterization tool for synthetic polymers.
By comparison, MALDI MS is extremely useful for many biopolymers where the
polymers are soluble in water. Even so, we have employed a variety of MALDI MS
techniques that appear to be suitable for poorly or insoluble samples. Even though
MALDI MS is a mild or gentle technique causing a minimum of fragmentation, we
have observed fragmentation in polymer samples [5—12].

We have named our approach Fragmentation Matrix-Assisted Laser Desorption/
Ionization mass spectrometry, or simply F MALDI MS, because it is the fragmenta-
tion fragments that are emphasized in the study. The technique should be applicable
to any solid when the proper operating conditions are employed.

Although the technique is useful for nonmetal and metal-containing polymers,
this chapter emphasizes its use with metal-containing polymers. Identification
of polymer structure is an essential characterization imperative. For metal-containing
polymers, this is more difficult for metal-containing polymers. The difficulty
involves both increased complexity of possible structures and decreased (or lack of)
solubility of the polymers. F MALDI MS allows for ready identification of the
repeat unit and can allow determination of some low-molecular-weight range
chains. This chapter describes our overall approach and presents data that justifies
the use of this technique for the identification of polymer structure.

2 Experimental

Sample preparation varies but essentially we grind together our polymer with the matrix
dissolved in a suitable solvent and employ this mixture for our analysis.

A HP MdIG2025A MALDI-TOF mass spectrophotometer was employed to
obtain MS spectra in the range of 400 to 1,200 daltons. This MALDI MS is considered
a low-mass range instrument and a low-end performance-wise instrument by
today’s standards. For the high-range studies, high-resolution electron impact positive
ion matrix assisted laser desorption ionization time of flight (HR MALDI-TOF)
mass spectrometry was carried out employing a Voyager-DE STR BioSpectrometer
(Applied Biosystems; Foster City, CA). The standard settings were used with a
linear mode of operation and an accelerating voltage of 25,000 volts; grid voltage
90% and an acquisition mass range of 2000 to 100,000. Two hundred shots were
typically taken for each spectrum. This is considered a “state-of-the-art” instrument.
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Several matrix materials were employed but here only results employing o.-cyano-
4-hydroxycinnamic acid are included.

3 Results and Discussion

3.1 Theory

Analysis is not straight-forward because most elements contain naturally occurring
isotopes. This includes even simple elements such as hydrogen and carbon. As the
number of atoms increases, spreading occurs [13,14] so that by the time
there are 20 or more units of even a somewhat simple polymer such as nylon 66,
the spread is significant. Even so, computer models show that whereas spreading
continues as the number of units increases, the abundance of particular elements
appears to approach the natural abundance of the particular elements allowing the
identification of higher molecular weight ion fragments [14].

We began by running blanks that contained the matrix and solvent. Ion frag-
ments were found that corresponded to the matrix and its decomposition.
Corresponding MS containing the polymer were then run. These spectra did not
contain ion fragments from the matrix and solvent consistent with the relative
abundance of fragments from the polymer being greater than those generated by
the matrix/solvent. Conditions were such that different matrix/solvent combina-
tions worked better for different polymers so that some effort was taken to get a
decent match. Typically, an accumulation of many laser “shots,” from 100 to 500,
were employed to accumulate a decent population of fragments. Because of
spreading, it was somewhat surprising that preferred ion fragments were even
distinguishable for fragments containing 200 or more units. Even so, ion frag-
ments that were 3 or more times the background are found. It is these fragments
that are identified.

For shorter chains, it is possible to identify intact chains including the identifica-
tion of end-groups. For high polymer fragments, typically no fragmentation occurs
other than that necessary to generate the particular fragmentation. We have identi-
fied fragments in a continuous sequence from dimmers and trimers to over 200
units long. The results allow the identification of materials that are oligomeric to
polymeric and which are either insoluble or only partly soluble. At lower masses
the technique also allows for identification of the repeat unit as well as natural iso-
topic abundances. Identification of natural isotopic abundances is important in veri-
fying the assignments for units that contain elements such as tin and antimony that
contain a number of isotopes in reasonable percentages.

As the mass of the fragment increases, more precise masses of each element
have been used rather than simply rounding off masses to the nearest whole
number. (All masses are given in amu or daltons.) Thus, C = 12.011 rather than
simply 12, H = 1.00794 rather than 1, and so on. Also, precise masses of the metals
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were employed so that Ti = 47.88 rather than 48. This gives the mass for the
product of titanocene dichloride and acyclovir as 401.260 (1).

For the Cp,Ti-Ac the “precise” value compared with the “rounded off” value for
each unit was only 0.26 amu which was not too significant for the lower mass range
but became increasingly significant as the number of repeat units increases. For 30
units, the difference was only 8 amu units (12,037.8 compared with 12,030). For
100 units this difference increases to 26 amu (40,126 compared to 40,100) or a
difference of more than 1 oxygen or methylene moiety. The assignment of the
96,898 ion-fragment was 242 units plus a NH unit, minus the acyclovir moiety. The
calculated value was within 1 amu of the ion fragment value. Using the rounded off
value of 401, a value of 96,834 was calculated for this assigned structure with a
difference in 64amu that could correspond to a O-CH,~CH,-O or almost a
cyclopentadiene (65 amu) group.

An alternate calculation involves assuming that the most abundant ion will be
composed entirely of the most abundant isotope. For Zr this isotope is 90. Thus,
rather than using for the repeat unit for the zirconocene dichloride-acyclovir
product of 444.6038, a mass repeat unit value would be 443 or a difference of
1.6038 amu. Again, for short chains this is not too damaging, but for longer
chains it would be misleading. Thus, for 30 units the values would be 1,338.1
compared with 13,290 or a difference of 48 amu that might correspond to
O-CH,-CH, for the present system. For the ion fragment at 40,488, assigned as
91 units plus O—CHZ, calculated mass is 40,492 or a difference of 4 amu, whereas
using the most abundant isotope value the mass assigned would be 40,343 or a
difference of 149 amu.

In reality, using computer programs, the isotopic contribution approaches an
average, after 10 units, with that average corresponding to the atomic weight
reported in periodic tables which is a summation of the various isotopic masses
times the natural abundance.

Preliminary results are consistent with F MALDI MS being a new general use
characterization tool for oligomers and polymers. Employing a low-mass-range
MALDI MS it is reasonable to identify ion fragments to a mass of about 1,000
daltons and using a high range MALDI mass spectrometer it is reasonable to
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identify fragments to 100,000 daltons, the useful upper limit for the MALDI MS
employed. Thus, the combination of the high-energy laser source and matrix
allows for the creation and identification of much higher mass ion fragments than
is possible for classical electron impact mass spectrometry, EI MS (which is
typically below 1,000 daltons).

3.2 Application

3.2.1 Low-Range F MALDI MS

For the next few examples results employing a low-range MALDI MS instrument are
given. This MALDI MS had an upper useful limit of about 1,100 daltons. We used
F MALDIMS to identify fully-intact chains for some lower molecular weight products.
For instance, the product of dioctyltin dichloride and norfloxacin (2), has a M of 4.2
x 10° M which corresponds to about 6 repeat units [5,6]. Table 13.1 contains the
most abundant fragment clusters in the range of 600 to 1,050 daltons (all fragment
weights are given in daltons). Three end groups are possible—NH, COCl and COOH.
It is difficult to distinguish between HN-R as an end group and N-R derived from
fragmentation of the chain creating N-R end groups because the instrument is not

- O o

N N CHs

(2
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Table 13.1 Most abundant fragment clusters (600—1050 daltons) for the
product of dioctyltin dichloride and norfloxacin where Oct = octyl

m/e (Possible) Assignment

663 One Unit

699 One unit+Cl

718 Cl-Unit-Sn-OH minus 3 Oct
779 Unit-Sn minus 20ct

869 pip-Unit-Sn minus 20ct
1,024 Unit-Sn-OH

1,035 Unit-Sn-20H

Table 13.2 Ion fragments in the 400 to 1000amu range from the product of levodopa
and adipoyl chloride. Here the letter “L” , is used to describe the levodopa portion
whereas “A” represents the adipoyl moiety. The letter U represents one repeat unit and
Amac represents the amino acid group, -CH(NH,) COOH

(Tentative) (Tentative)
m/e Assignment m/e Assignment
417 ALA 544 2U-Amac
432 LAL-CH,,Amac 550 2U-CO,,NH,
439 LAL-CO,,0 566 2U-CO,
446 LAL-CO,NH , 583 2U-20
455 LAL-CO, 596 2U-CO
490 LAL-O 607 2U-NH,
504 LAL 622 2U
526 2U-CH,,Amac 795 3U-CO, Amac
883 3U-CO, 899 3U-CO

971 3U+CO,

capable of distinguishing one dalton mass difference. In comparison, it is possible to
identify COCI and COOH end groups. For this product, end groups are identified as
being both COCI (at 699) and COOH (1,024 and 1,035). Intact chains containing one
and one and a half units are found (at 699 and 1,035).

End-groups can also be identified for polymers with moderate chain lengths.
For instance, for the reaction of organic acid dichlorides and L-dopa [10], there
are three reasonable end-groups. These are R-CO-Cl, R-CO-OH, and R’-OH.
The presence (or absence) of Cl end groups and the amount of these end groups,
that is one or two, is ascertained by looking at the isotopic abundance of Cl-asso-
ciated fragments. Table 13.2 contains representative data, for the product from
levodopa and adipoyl chloride (M, 6.3 x 10°; DP = 20) (3). No chlorine end-
groups are identified in the fragments. R-COOH end groups are found (for
instance at 971).
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Table 13.3 Ion fragments in the 400 to 1000 amu range for the product of levodopa and
isophthaloyl chloride

(Tentative) (Tentative)
m/e Assignment m/e Assignment
409 ILI-2CO 634 2U-0
432 ILI-CO 658 2U
459 ILI 702 2U+CO,
522 LIL 899 3U-Amac
547 LIL+CO 987 3U
575 LIL+2CO

Similar results were found for the product of levodopa and isophthaloyl chloride
(Table 13.3; M 3.4 x 10% DP = 103). The site of bond breakage along the back-
bone of the chain appeared to be at the ester linkage, as expected. Another site for
frequent bond breakage was the amino acid-containing moiety.

Thus, up to three units are easily identifiable employing a low-range instrument.
Also, sites of preferred bond breakage are easily identifiable.

3.2.2 High-Range F MALDI MS

Next, the focus is on the use of a state-of-the-art MALDI MS. Figure 13.1
contains the F MALDI MS for the matrix employed in the present study, o-cyano-
4-hydroxycinnamic acid (4), and solvent alone for the 100 to 100,000 daltons
range. Figure 13.2 contains the MALDI MS spectra over the range of 100 to 1,000
daltons. The sole fragments found in Figures 13.1 and 13.2 were assigned to the
matrix and its fragmentation and were found about 247 and below. The major frag-
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ments were found at 177 (matrix minus CO,), 207 (matrix minus methyl), 225
(matrix), and 247 (matrix plus Na).

For comparison, Figure 13.3 contains a similar spectra except for the polymer
derived from 1,1’-dicarboxylferrocene sulfonyl dichloride and acyclovir (M =
1.3 x 10% 5). In Figures 13.1 and 13.2 no significant fragments were found
above ~247 dalton, but for the acyclovir product ion fragments were found up
to about 100,000 daltons that corresponded to fragments over 200 units long
(Tables 13.4 and 13.5). Further, in the 100 to 1,000 daltons range, no ion frag-
ments derived from the matrix were found. Ion fragments for the product of
1,1’-disulfonylferrocene and acyclovir in the 100 to 1,000 daltons range are
given in Table 13.4. Assignments for the major fragments given in Figure 13.3
are given in Table 13.5.

Figure 13.4 contains an expansion of the about 3,000 to 4,000 dalton mass range
for the matrix. Only background is found. By comparison, Figure 13.5 contains a
similar expansion for the product of I,1’-disulfonylferrocene and acyclovir.
Numerous fragments are found for this expanded range beyond the background
“noise” shown in Figure 13.4.

The agreements of the proposed structures and the masses are generally within
+3 daltons to 100,000 daltons or within 3 x 1073%.

F MALDI MS is also capable of identifying isotope abundances. Figure 13.6
contains the low-range F MALDI MS for the product of triphenylantimony and
acyclovir (M _=7.7 x 10%) (6). Antimony has two natural occurring isotopes, Sb-121
at 57% and Sb-123 at 43%. Table 13.6 contains assignments for the fragments given
in Figure 13.6.

The couplets have ratios of about 57/43 that correspond to the natural abun-
dance of antimony isotopes (Table 13.7) consistent with the presence of one
antimony atom. Spectra at higher masses were found that corresponded to the
presence of 2, 3, and 4 antimony atoms within fragments that corresponded to
approximately dimers, trimers, and tetramer-containing fragments (Table 13.8).
In each case the agreement was reasonable and consistent with the number of
antimony atoms assigned to the proposed structure.
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Table 13.4 Fragments from the product of 1,1’-disulfonylferrocene and acyclovir over the mass
range of 100 to 1,000 daltons

m/e Assignment m/e Assignment

113 SO20CC 133 Pu

165 NHPuC 189 Fe

238 ASO2-0CC 405 U-Pu

421 U-S020CC 438 U-S020C

544 U 612 US020

644 U+S020CC 700 U+NPuC

756 U+A 882 U+FeNPuC-SO2
939 2U-Pu

Table 13.5 Fragments derived from the product of 1,1’-disulfonylferrocene chloride and acyclovir
in the range of 5,000 to 100,000 daltons (where Fe is the ferrocene moiety and Pu is the
pyrimidine unit)

(Tentative) (Tenative)
m/e Assignment m/e Assignment
5,450 17U+NPu 5817 19U-S0,0CC
8,459 27U+0C 13696 44U-0CC
20,547 66U-OCCO 27673 89U-50,0CC
33,757 108U+0OCC 42647 137U0-S0,0CCO
46,285 148U+S0,0 49550 159U0-S0,0
53,928 173U-0CCOC 64165 206U-Pu
74,563 239U-0CC 80673 259U-Fe

87,526 281-Fe 92274 296U-50,0CCO
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Voyager Spec # 1[BP = 131.2,64366]
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Figure 13.4 Expanded mass range of 3,000 to 4,000 daltons for the matrix derived from Figure 13.1

4 Further Considerations

In the examples reported above, analysis of higher mass fragments were relatively
straight forward because the only bond scission found for the most abundant frag-
ments were those occurring within the polymer backbone required to create the
fragment. Additional bond breakage occurred in some instances, making such
assignments more difficult, but still possible. For the product of dibutyltin dichlo-
ride and ticarcillin loss of units away from the polymer backbone occurs. The most
abundant fragment clusters and assignments for fragments appear in Table 13.9. In
the presentation of data several abbreviations are used in the assignment of fragment
identities. The letter “T” is used to represent the ticarcillin moiety (minus two pro-
tons); Sn represents the organotin moiety, that is R,Sn moiety; U represents one
unit, 2U represents two units, and so on; AB represents the azabicyclo ring system
(7), and SP is used to represent the thiophene moiety.

The bonds most broken are indicated below by arrows (8). Nonbackbone
breakage is minimal with only the thiophene group lost on a regular basis.

Of interest is the lack of significant loss of the alkyl or aryl groups on tin. This
is in contrast with other HR EI MS [5-12] and is consistent with the overall more
“gentle” nature of the particular instrument used in this study. In comparison, we
found that loss of organotin alkyl groups does occur with the low-range instruments
employed by us (Table 13.1).

Another difference we found between the two instruments was the loss of the
cyclopentadiene groups for the lower range instrument that did not occur with the
high range instrument. Thus, results from the product of titanocene dichloride and
norfloxacin (9) are given in Table 13.9 derived from the low-range instrument. Ion
fragments consistent with up to 5 units were found. The most common breakage
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(6)

Table 13.6 Fragments derived from the product of triphenylantimony dichloride and acyclovir
employing o-cyano-4-hydroxycinnamic acid as the matrix

m/e Assignment m/e Assignment
136 Pu 152,154 SbOC
198,200 SbPh 248 Ac,Na
278,280 SbPh ,

430,432 Ph,SbOCCOC

507,509 U-0ccocC

Table 13.7 Isotope abundance ratios for various single antimony-containing fragments from
Figure 13.6

m/e 121 123
Natural Abundance,% 57 43
SbPh 198 200
Found 57 43
SbPh, 278 280
Found 57 43
Ph, SbOCCOC 430 432
Found 52 48
U-OCCOoC 507 509

Found 55 45
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Table 13.8 Isotope abundance ratio for fragments containing multiple antimony atoms for the
product of triphenylantimony dichloride and acyclovir

Two antimony-containing fragments

Calculated percentage 33 49 18

2U-COCCO; m/e 1,078 1,080 1,082

Found 36 46 18

2U-NPuCO; m/e 1,323 1,325 1,327

Found 35 48 17

Three antimony-containing fragments

Calculated percentage 19 42 31 8

3U; m/e 1,718 1,720 1,722 1,724

Found 15 47 30 8

Four antimony-containing fragments

Calculated percentage 11 32 36 18 3
4U-NPuOC 2,121 2,123 2,125 2,127 2,129
Found 11 31 38 16 4

Table 13.9 Most abundant ion fragment clusters for the product from dibutyltin dichloride and
ticarcillin; >500 daltons

Structural Structural
m/e Assignment m/e Assignment
3,708 6U 1,760 3U-SPCH
3,625 6U-SP 1,618 3U-Sn
3,580 6U-SPCHCO 1,582 2U+T-CO
3,472 6U-Sn 1,555 2U+T-CHCO,
3,256 6U-Sn,SP 1,407 2U+0O,CCHSPCO
3,189 5U+0O,CCHCONH 1,264 2U+0
3,133 5U+CO, 1,236 2U
3,090 5U 1,153 2U-SP
2,968 5U-SPCHCO 1,012 U+Sn,0,CCHSPCO
2,812 5U-Sn,CO, 993 2U+SPCHCO,-T
2,708 5U-T 883 U+Sn,CO
2,611 4U+SPCHCO, 866 U+Sn,O
2,431 4U-CO, 851 2U-T
2,240 4U-Sn 809 U+O,CCHSPCONH
2,090 4U-T 704 U+0,CCHCO
2,008 3U+0,CCHSPCO 665 U+CO,
1,854 3U 633 U+O
1,838 3U-0 529 U-SP
1,810 3U-CO,

1,771 3U-SP
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Table 13.9 Abundant ion fragments clusters (>600 Daltons) derived from the MALDI mass
spectrometry of the product of titanocene dichloride and norfloxacin where Ti = Cp,Ti, pip = pip-
erazinyl, and Nor = norfloxacin moiety

(Tentative) (Tenative)
m/e Assignment m/e Assignment
642 One unit-Ti-CI minus Cp 686 One unit-Ti-OH
707 One unit-Ti-Cl 861 Twounits-OHminusCp,pip
884 Two units-OH minus 2Cp 957 Two units-Cl minus Cp
1,004 Two units-OH 1,028 Two units-Cl
1,047 2Units-Ti-OH minus 2Cp 1,205 HO-Two units-Ti-OH
1,226 Two units-Nor minus pip 1,369 Threeunits-OH minus 2Cp
1,381 3Units-Ti minus pip,3Cp 1,403 Three units minus pip
1,547 Three units-Ti-OH minus 2Cp 1,614 3Units-Ti-pip minus 2Cp
1,690 Three units-Ti-OH 1,779 4Units minus 3Cp
1,832 4Units minus pip,Cp 2,051 4Units-Ti-pip minus 3Cp
2,250 Nor-4Units-Ti-Cl minus 4Cp 2,480 5U-Cp,Ti
2,560 S5U

H CHs,
) CHs3

®
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R CH
\<<\N ’

IIQY@

points were those expected, the Ti—O, Ti—pip, and breakage between the pip and the
larger ring system of the norfloxacin. Furthermore, as with the HREI results for the
Group IVB metallocene products, loss of Cp groups was common. This loss of Cp
groups was a reoccurring theme for the present study and for studies involving the
mass spectral analysis of other Group IVB products.

In comparison, F MALDI data obtained from the high-range instrument is
shown in Table 13.10 for the product of titanocene dichloride and acyclovir (1). No
loss of the cyclopentadiene groups occurs.

Thus, attention should be paid to the capabilities and functioning of the particu-
lar MALDI MS employed in making assignments.

Even with the high-mass ion fragments, the ion fragments were actually clumps
or groups of ions reflecting the isotopic range for the particular chains. Only the ion
fragment with the highest abundance was reported.

Thus, F MALDI MS is capable of giving end groups for low- to moderate-
length chains, and for longer chains it is able to give fragments that can be
assigned up to the 300 DP range. It also allows a determination of sites of least
stability towards the employed laser. It is a potentially important tool for poly-
meric materials that do not lend themselves to the requirements to do classical
MALDI MS.

®
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1 Background

To properly explain the subject area of this chapter, it is important to specify that
boron-containing polymers can be classified into two different categories depend-
ing on the expected final uses or applications:

1. Functional polymers in which boron-containing groups permit to tailor the physical
and/or chemical properties of the materials (e.g., flame retardants, neutron capture/
sensor systems, reversible hydrogen storage, optoelectronic or biomedical
applications)

2. Non-oxide preceramic polymers which are expected to yield, under convenient
thermal and chemical conditions, boron-containing amorphous or crystallized
ceramics including boron nitride (BN), boron carbide (B,C), boron carbonitride
(B—C-N), and boron silicon carbonitride Si—-B—C-N.

The purpose of this chapter is to provide an overview of the chemistry, processing
and application of boron-containing preceramic polymers in the BN system. The non-
oxide precursor route, also called the Polymer Derived Ceramics (PDCs) route, rep-
resents a chemical approach based on the use of air- and/or moisture-sensitive
(molecular or polymeric) precursors by means of standard Schlenk techniques and
vacuum/argon lines. This precursor route allows the chemistry (e.g., elemental com-
position, compositional homogeneity and atomic architecture) of molecular precur-
sors to be controlled and tailored in order to provide the ensuing preceramic polymers

A.S. Abd-El-Aziz et al. (eds.), Inorganic and Organometallic Macromolecules: 351
Design and Applications.
© Springer 2008
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with desirable composition, structure and thermal properties [1-2]. The preceramic
polymers receive increased attention to prepare advanced nonoxide ceramics with a
tailored chemical composition and a closely defined nanostructural organization by
convenient thermal/chemical treatment (curing and thermolysis processes) under
controlled atmospheres [3—7]. The main advantage of the PDCs route lies in the pos-
sibility to design preceramic polymers whose rheological properties allow the fabri-
cation of near-net-shapes in a way not known from other techniques.

This chapter will be divided into three parts corresponding to the 3 main class of
boron-containing preceramic polymers which are used for BN preparation: (1) poly-
borazylene and other polymers derived from borazine H,B,N,H,, (2) poly[B-ami-
noborazines] obtained from B-chloroborazines, and (3) polyborylborazines, a new
class of BN polymer exhibiting increased rings-spacing. The potentialities of some
preceramic polymers to generate non-oxide ceramics through the PDCs route will
be illustrated within this chapter through some examples of realizations including
BN powders, coatings, matrices and fibers. In a final part, some outlooks will be
drawn and we will try to put into the light further scientific challenges in the field.

2 Boron-Containing Polymers

The review is in part based on our own work related to the poly(alkylaminoborazines)-
and poly(borylborazines)-derived boron nitride fibers, but will also cover a com-
prehensive state of the art including the published literature in this field.

2.1 Boron-Containing Polymers Derived from Borazine

Polymers included in this category are generally called polyborazylenes. Synthetic
route to these polymers have been reviewed [8]; thus, we provide an overview of
typical synthesis procedures starting from borazine derivatives and leading to BN
preceramic polymers.

Borazine (Figure 14.1), which was originally synthesized in 1926 by Stock et al.
[9], finds considerable interest as molecular candidate for the preparation of boron
nitride, beause it offers the advantages of a source of boron and nitrogen elements
with the correct atomic ratio and geometry to yield polymers (i.e., polyborazylene,
then boron nitride in a high ceramic yield) [8].

Its synthesis was recently reported by Wideman and Sneddon through three one-
step procedures using various starting compounds including 2,4,6-trichlorobora-
zine, metal borohydrides and ammonia-borane [10].

Because of the difficulties encountered for handling borazine due to its high
reactivity and volatility at room temperature, very few efforts were devoted to the
preparation of borazine-based preceramic polymers. Sneddon et al. have demon-
strated that polymers derived from borazine, namely polyborazylenes, could be
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Figure 14.1 Structure of the borazine H

simply produced by heating the liquid borazine in vacuum at moderate temperature
(T =70 °C; 48 hours) through thermally-induced dehydrocoupling reactions of
N-H and B-H units (Eq. 14.1) [11-13].

H
H. _N_ __H RN
B” "B’ Vacuum/70° C /N_B\
UNC N \ /
H |} H ,N—B
H H _In
H H
H JH H H I |
B—N B—N/ H\ /N\ /N\ .H
/ \ Y \ B
H—N B—N B—H | I I
\ / \ 4 N\ re N -~
B—N B—N ’ B B N
4 N 4 \ H | | H
H H H H

Figure 14.2 Biphenyl and naphtalen-type units formed during thermolysis of borazine

The empirical formula of the resulting thermoset polymer (B, N, H, ) suggests
the formation of a complex structure made of linear and branched-chain by extra-
ring B-N bonds (biphenyl-type unit) and fused-cyclic segments (naphtalenic-type
unit) which can be related to those of polyphenylenes (Figure 14.2).

A more detailed structural study of the polyborazylene by ''B and >N solid-state
NMR allowed the identification of BHN, and BN, environments as well as NHB,
and NB; sites suggesting that thermolysis occurs in part through ring-opening path-
ways [14]. This mechanism seems to lead to eight-membered ring structure
(Figure 14.3) in addition to the expected six-membered borazine rings.

Typical polymer samples, which display an average molecular weight (M) of
7600 g mol™', are solids soluble in polar solvents providing an interesting source for
coating applications in solution. In contrast, access to complex shapes of ceramics
through melt-processing is limited as a result of the high chain entanglement of the
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—N_ B—

4
B—N
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Figure 14.3 Basal eight-membered ring structure proposed for the polyborazylene

polymer and latent reactivity of B-H and N—H units at low temperature resulting in the
occurrence of crosslinking reactions prior melting. Nevertheless, in accordance
with (i) the absence of carbon, (ii) a structure close to that of A-BN, and (iii) the
presence of low-weight leaving groups, this polymer provides one of the best routes
to prepare A-BN powder at low temperature (1200 °C; argon or ammonia atmos-
phere) in a high-ceramic-yield (85-93%) through hydrogen release.

Economy and Kim [14] have proposed an alternative synthesis route to prepare
more tractable polyborazylenes. Their objective was to develop a polymer with a
low viscosity that allows the preparation of BN matrices by impregnation technique
for carbon fiber-reinforced composite materials. In contrast to the synthesis proce-
dure reported by Sneddon et al. [11-13], they have performed the thermolysis of
the borazine in a nitrogen atmosphere at 70 °C for 40h. The as-obtained viscous
polymer displays a different chemical composition (B, N, H. ), and could readily
wet ceramic fibers. The green composite was first cured under applied pressure to
400 °C including a weight loss of 5%, and then pyrolyzed between 1200-1500 °C
in a nitrogen atmosphere in a 83% ceramic yield. The lower ceramic yield com-
pared with that described by Sneddon et al. [10-13] results from a lower chain
branching in the polymer. Authors have showed that heating up to 1200 °C is very
important to produce a stabilized BN matrice.

In another paper [15], these authors have prepared the first inorganic mesophase
by low-temperature thermolysis of the borazine. Following the synthesis procedure
reported by Sneddon et al. [11-13] (Eq. 14.1), the prediction made on the formation
of biphenyl and naphtalen-type units and requirements for the formation of pitch
mesophases [16], the authors have modified the thermolysis rate to maintain a
certain mobility in as-formed molecules, and therefore obtain optically anisotropic
phases during thermolysis of borazine. The formation of a liquid-crystalline phase
during thermolysis provides an efficient way to produce a final BN material with a
high degree of crystalline order by heating to 1800 °C.

Transition-metal-catalyzed reactions of borazine with a series of olefins is
an alternative method of turning polyborazylenes into processable materials
(Eq. 14.2) [17-20].

Some of these compounds lead to poly(B-alkenylborazines) (Eq. 14.2) through
thermally-induced polymerizations at moderate temperature, leading to boron
nitride-based ceramic in ammonia and nitrogen atmosphere. Depending on the
reaction conditions, it is interesting to note that either insoluble or soluble polymers
are produced. The latter is particularly valuable for producing either boron nitride-
based films or coated ceramics with both high ceramic and chemical yields.
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As the preparation of ceramic fibers is one of the most demanding prospects,
the preparation of dialkylamine-modified polyborazylenes was an interesting
strategy of designing spinnable polyborazylenes [21-22]. This novel method of
improving the processability of polyborazylene by its reaction with dialkylamine
(Eq. 14.3) at 75 °C in vacuum was described by Sneddon et al. The amine-
modified polyborazylene exhibits inter-rings B—N bonds with the pendent
amine. These bonds are formed by dehydrocoupling reactions of the amine N—
H units and borazine B—H units leading to the polyborazylene without destroy-
ing borazine rings.

N(R),
H\ IH H\ N BIH H\ /
- - N—B
/N B\ Vacuum/75 °C / \ / \
B N _— B\ /N— B\ /N
\ , . .
N—B Dialkylamine N—B N—B (14.3)
Y \ N \
H H _In H H H H _in
R =C,Hs, CsHy)

In contrast to polyborazylene which crosslinks prior melting, the dipentylamine-
modified polyborazylenes are soluble in hydrocarbons and most interestingly,
become fluid without pronounced crosslinking or decomposition upon heating
from 75 to 95 °C. It was postulated that dipentylamino groups lower the glass
transition temperature of polyborazylene, because they block the crosslinking
progress during thermolysis and act as plasticizers to render polymer more trac-
table when heating at a sufficient temperature. Green fibers could be generated
from the dipentylamine-containing polymer at temperatures ranging from 75 to
95 °C. As-spun fibers could then be cured in air before pyrolysis to 1000 °C in
an ammonia atmosphere to obtain boron nitride fibers with 10 um in diameter in
a ceramic yield which is significantly reduced (~64 %) in comparison with that
of polyborazylene (85-93%). Resulting boron nitride fibers display poor mechan-
ical properties.

Hence, these works provide information on the feasibility of producing fibers
starting from polyborazylenes. It was clearly demonstrated that the high degree of
branching associated with the formation of fused-rings and extra-rings B-N bonds
in the polyborazylene structure are not adapted to the spinning of such polymers.
The addition of pendent groups improves the processability of polyborazylene,
because they act as plasticizers to render the polymer more tractable, but the lack
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of flexible bonds in the maintained basal polyborazylene network did not allow the
preparation of high performance fibers.

2.2 Boron-Containing Polymers Derived from
B-Chloroborazine

A second variety of BN preceramic polymers (i.e., poly[B-aminoborazines]) were
well described in the literature [8,23]. Synthetic routes to poly(B-aminoborazines)
involve first nucleophilic reactions of the B-chloroborazine with appropriate linking
reagents then deamination reactions of the as-obtained B-aminoborazine. The
resulting polymers are composed of B,N, rings mainly linked through nitrogen-
bonded organic groups of the -NR-type. Such polymers can be synthesized starting
either from aminoborane or B-chloroborazine [8,23-24]. Since the use of aminobo-
rane is widely reported [24], we have provided an outline of typical methods which
involve the use of B-chloroborazines as a source of poly(B-alkylaminoborazines).

Because borazine is a poorly handling compound that is difficult to work with,
most of the researchers focused their work on the use of B-trichloroborazine
(Figure 14.4).

This molecule is likely the ideal molecular precursor for the preparation of proc-
essable polymers and the subsequent conversion into #-BN complex forms.

Two chemical approaches, which involve nucleophilic reactions of the chlorine
atoms attached to boron with linking reagents, are reported in the literature.

In a two-step synthesis procedure, the B-trichloroborazine reacts with ammonia or
amine derivatives as linking reagents to form B-aminoborazines which are subse-
quently thermolyzed at moderate temperatures to generate poly[B-aminoborazine]
[25-47]. Pioneering works in this chemistry have described the preparation of B-
aminoborazine-type polymers through a two-step procedure [31,32,34], but no
attention has been given to the materials as BN precursors.

In the 1970s, Tanigushi et al. reported the preparation of boron nitride fibers
from a melt-spinnable poly[B-aminoborazine] (Eq. 14.4) [25]. However, little
information has been provided and the lack of reproducibility in the melt-spinning
process rendered the production of BN fibers difficult.

)
Al _N_ .a
B B
| |
/N\B/ N
R | R
Cl

Figure 14.4 Structure of the B-trichloroborazine
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H H H
| | | H
C{ _N_ _.a (GHspN _N_ __N(C,Hy), NO
B B”  + (HN(C,Hs), B B Ammonia | B
| I - 2 | | | I
’N\B/N‘ Chlorobenzene ’N\B/N‘ /N\B/N‘ (14.4)
H | H H | H H I H

a N(C,Hs), NH,

Following a similar approach, starting from B-trichloroborazine, Kimura et al. [26]
as well as Paine et al. [27] reported the ammonolysis reaction of the as-obtained
B-trialkylaminoborazine (R = C,H,[26], CH,[27]) followed by its thermolysis to pre-
pare untractable polymers composed of bridged units (-N(H)-) and fused rings. The
former are formed by condensation reaction while the latter are formed by borazine ring-
opening pathways. Poly[B-aminoborazine] is converted into boron nitride powder in 80%
ceramic yield through a thermal treatment in a nitrogen atmosphere up to 1800 °C [26].

Using methylamine as linking reagent, Kimura et al. [28] reported the
synthesis of poly[B-(trimethylamino)borazine] by reaction of methylamine
with 2,4,6-trichloroborazine followed by self-condensation of the as-obtained
2.,4,6-(trimethylamino)borazine above 200 °C in a nitrogen atmosphere (Eq. 14.5).
Infusible preceramic BN polymers are produced as a result of an important
chain entanglement through -N(CH,)— bridges.

H H H,C H
Cl 3C\II\/ 3 \Tl\l/
B _H
Hs 07N Toluenel-60 °C N T > 200 °C NS 14.5)
I e P (O O e G N O A
II{ H H CH CH, H  CHj

n

Kimura et al. described a melt-spinnable poly[B-(methylamino)borazine] by
controlling the crosslinking progress during thermolysis through addition of laur-
ylamine as a blocking agent for the crosslinking progress during thermolysis.
Curing in air followed by pyrolysis in ammonia and nitrogen atmospheres gener-
ated BN fibers with suitable mechanical properties (Tensile strength, ¢ = 0.98 GPa;
Young’s modulus, E = 78 GPa).

Extending this work, we investigated the synthesis of poly(B-trimethylaminobo-
razines) obtained by thermolysis of the B-trimethylaminoborazine without blocking
agents [29]. A series of melt-spinnable poly[B-trimethylaminoborazine] can be
generated by self-condensation of the B-trimethylaminoborazine by applying dif-
ferent thermolysis temperatures in an argon atmosphere. It could be deduced from
5N solid-state NMR and GC/MS experiments that the structure of a typical melt-
spinnable poly[B-trimethylaminoborazine] ([B, N, C, H,.] . T, inesis = 180 °C) is
composed of borazine rings, connected via a majority of —-N(CH,)— bridges and
direct inter-rings—N bonds forming a crosslinked network with a low proportion of
terminal -N(H)CH, groups [30]. Bridging units were initially suggested by Lappert
et al. [31] for the preparation of polymers in which borazinic rings are linked by
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amino groups —N(R)- (Eq. 14.6), whereas NB-containing motifs (i.e., extra-ring
B-N bonds) were initially proposed by Gerrard et al. [32] and have been demon-
strated by Paciorek et al. (Eq. 14.7) [33].

B—N—H + B—N—H —— > B—N—B + RNH, 14.6
/] /o (14.6)
R R R

R = H, alkyl

N—H + B—N—H ——————> B—N_ + RNH, (]4.7)
/ / \

R R = H, alkyl

It has been shown that -N(CH,)— bridges provide flexibility, whereas -N(H)CH,
end groups act as plasticizers to provide a tractable polymer upon heating at moder-
ate temperature. As a proportion of bridging units and methylamino end groups
decrease upon heating to the detriment of inter-rings B-N bonds, melt-spinnability
is reduced for thermolysis above 195 °C [30].

Bridging —-N(H)— units and/or -NH, ending units could be considered in a low
proportion in such system. Therefore, ring-opening pathway most probably occurs
during thermolysis as suggested by Toeniskoetter et al. [34] and confirmed by
Paciorek et al. during the self-condensation of B-(trianilino)borazine [33]. Paciorek
et al. have described a series of concurrent thermolysis mechanisms to obtain a
poly[B-(trianilino)borazine] in which ring-opening pathways (Eq. 14.8) proceeded
along the occurrence of above-described mechanisms (Eqs. 14.6 and 14.7).

[ ¢ w7 e
P N H/N\B/N\B//N R
,Il\I\ /ll\I\ ll\I N—H Il\I\ /ll\I\ (14.8)
H }|3 H H \]|3/ \H u E 0]
o N\H /N\H W OH

Green fibers derived from melt-spinnable polymers have been cured in an
ammonia atmosphere, then pyrolyzed in ammonia and nitrogen atmospheres to
generate at 1800 °C boron nitride fibers with excellent mechanical properties. It
was interesting to note that boron nitride fibers, with controlled mechanical
properties and crystallinity, could be produced through simply changing the melt-
spinning conditions (Table 14.1) [35].

A large variety of nitrogen-containing linking reagents, some of them basically
being derivatives of ammonia, are available. Choosing special amines instead of
methylamine provides an opportunity of major importance, because through the
functionality of the amine—primary or secondary—the degree of crosslinking, and
thus the viscosity and the ceramic yield of the resulting polymer, can be tuned. In
addition, such works provide a comprehensive mechanistic study of the thermolysis
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Table 14.1 Boron nitride fibers with controlled mechanical properties and crystallinity

BN Diameter  Strength 6 Modulus Strain  d, L, L 0100
Fibers  (m) (GPa) E(GPa) e(%) (A) A) A) A)
A 7.8 15 105 1.30 3.45 31 86 2.13
B 8.3 15 130 1.10 3.44 42 110 2.13
C 9.8 1.0 235 0.43 3.37 100 280 2.14
D 10.5 2.0 280 0.55 3.38 109 280 2.15
E 93 1.6 315 0.46 3.36 120 310 2.15
F 7.4 1.4 400 0.31 3.35 117 357 2.16

process of various types of B-alkylaminoborazines. With this in mind, we devel-
oped a route for the synthesis and thermolysis of a series of B-trialkylaminobora-
zines using various nitrogen-based linking reagents [36].

In accordance with Gerrard’s observations [32], if dialkylamino groups
(R = CH,, C H,) are attached to the boron atoms in 2,4,6-tri(dialkylamino)borazine (R =
CH,, C,H,), only dialkylamine (HN(CH,),, HN(C,H,),) is identified by GC/MS
during self-condensation. This is exclusively consistent with a mechanism of for-
mation of direct inter-rings B-N bonds (Eq. 14.9) [36].

II\IRZ RzI\I\ /H RZI\{ H
H. Bl __H B—N B—N
- R,NH / \ / \

) | | H—N B—N B— N(Et),
_B_ _B. NN
RoNT N7 UNR, ,BTN BTN (14.9)
H RoN H R,N H
R = CH3, C2H5

Interestingly, a detailed picture of both the thermolysis mechanisms and the
role of bonds which compose poly(B-alkylaminoborazines) on the degree of
crosslinking and processability could be provided by synthesizing asymmetric
B-alkylaminoborazine models. We developed a route through the two-step nucle-
ophilic reaction of B-trichloroborazine with various amine derivatives yielding
molecular compounds 1-3 [37]. Comparison was made with the symmetric
B-trimethylaminoborazine (4) that provided melt-spinnable polymers as described
above (Figure 14.5).

The self-condensation of each B-alkylaminoborazine in an argon atmosphere
allows the establishment of bridging units as well as direct B-N bonds yielding the
related poly[B-alkylaminoborazine], thus revealing competition between the different
reaction mechanisms. The proportion of bridging units has been shown to decrease
going from 4- to 1-derived polymers.

It has been confirmed that the presence of bridge-type bonds in such poly
(B-alkylaminoborazines) confers flexibility and an increased melt-spinnability, thus lead-
ing to the conclusions that melt-spinnability increases from 1- to 4-derived polymers. In
addition, the ceramic yield is reduced with the increased proportion of -N(CH,), in
the B-(alkylamino)borazine leading to important shrinkages during the further polymer-
to-ceramic conversion of green fibers derived therefrom. Hence, it is relevant to assume
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Figure 14.5 Structure of B-alkylaminoborazine derivatives

that both morphological variations are observed in the resulting fibers and mechanical
properties are reduced in going from 4 to 1-derived boron nitride fibers (Table 14.2).

The second approach which generates poly(B-aminoborazines) is based on the
reaction of B-chloroborazine derivatives with linking reagents such as silazanes
in an one-step synthesis procedure. The earliest successful efforts to prepare
poly[B-aminoborazine] according to this one-step synthesis procedure are those
made by Paine et al. [38] They have synthesized a large variety of polymers by
reaction of B-chloroborazine derivatives with disilazanes.

Starting from the B-trichloroborazine, they have obtained highly 3D cross-
linked gels by reaction with hexamethyldisilazane (Eq. 14.10).

¥ |
H B H
H\N/ B solvents “NTOONT
| | + (Me3Si),NH ——» ]I3 ]I3
B B - i ~ ST 14.10
o \1|\]/ ~q CISi(CH3); | .~ ll\]/ ll\]/ ( )
H B H H_n

In order to provide a detailed picture of the thermolysis mechanisms, model
reactions with substituted B-chloroborazines and heptamethyldisilazane have been
made [38-41]. Thermolysis mechanisms through bridging unit (-N(H)-, -N(CH,)-)
formation have been demonstrated. N(H)Si(CH,), ending groups are shown to
remain after thermolysis. Pyrolysis of polymer at 900 °C under vacuum, then
briefly up to 1200 °C in air results in the formation of ~2-BN. Using an alternative
pyrolysis procedure in an ammonia atmosphere to 1200 °C, then 1600 °C in a
nitrogen atmosphere, highly crystallized 4-BN is generated.

Building-up these results through the preparation of highly microporous BN
[42] and thin coating [43], they have devoted their study to the synthesis of linear
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Table 14.2 Characteristics of typical melt-spinnable 1-4-derived polyborazines and typical
morphology and mechanical properties of BN fibers derived from 1-4

1-Derived 2-Derived 3-Derived 1-Derived
polymer [37] polymer polymer polymer
Empirical
formUIa [B3,0N4.6C2,1H9.5]n [B3.0N4v6C2.8H10.2]n [B3.0N4.4C2.8H10,6]n [B3,0N3.9C2,6H9.9]n
Spinning
temperature (°C) 173 165 120 150
Ceramic yield (%) 55.5 524 51.3 *
Ze [ 1
yo s
Morphology
Mechanical
properties 0 =1.6GPa 1.4GPa 0.5GPa *

* Not measured

poly(B-aminoborazine) using a blocking group attached to one boron atom in B-
trichloroborazine (i.e., N-dimethyl B-dichloroborazine) (Eq. 14.11) [44].

TI\I(CH3)2 II\I(CHa)z I|—I
H_ B _H HQ B\ AH
H\N/B\N/H hexane SN H,BeTHF NN
| [+ (Me,Si),NR' ——» | [ —— I !

o _B_ N/B\Cl — CISi(CH,), /B\N/B\ diethyl ether [ .~ B\N/ B

\ ) | | |

) nooR| H R (14.11)

R' =H, CH,

These insoluble gels are interesting candidates for the preparation of BN
powders after pyrolysis at 1200 °C in ammonia and nitrogen atmospheres.
Oxidation resistance of these ceramics are as high as 900 °C.

A similar approach has been reported by Paciorek et al. [45—46] Poly[B-ami-
noborazines] have been prepared through nucleophilic reactions of the chlorine
atoms in the B-trichloroborazine (Eq. 14.12).

g |
H B H H H
\I I - 1(CHy:Sh,NH Benzene/hexane | N7 \1|\1/
5 + 9381),NH ——— + I5CIS(CHy);  (14.12)
B B —35°C N (14.
a” \II\I/ ~al \II\I/ \I
H H H

The as-synthesized polymer is soluble in pentane and hexane but does not melt
upon heating preventing the preparation of complex shapes by melt-processing
such as melt-spinning. However, its solubility offers potential for the preparation of
BN matrices and coatings for ceramic fibers through pyrolysis up to 1000 °C in an
ammonia atmosphere. A significant improvement of the oxidation resistance of
carbon fibers has been observed with BN matrices.
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It is further noted that a low-melting polymer could be generated from the reac-
tion of N-trimethylsilyl B-trichloroborazine with excess of hexamethyldisilazane
(Eq. 14.12) when the sample is exposed to liquid ammonia. A foamy white solid is
obtained and could be hand drawn to form green fibers, but no information is pro-
vided on the mechanical properties of samples [47].

2.3 Polyborylborazine: A New Class of Boron-Containing
Polymer Exhibiting Increased Ring-Spacing

In 1984, Wynne and Rice reported what would be an ideal polymeric precursor for
fibers preparation [48]. They suggested that 6-membered rings (to avoid reversion
reaction) linked through 2 to 5 atom-bridges (to decrease rigidity) represent the best
compromise between ceramic yield and viscoelastic properties optimized for melt-
shaping process, like melt-spinning operation (Figure 14.6).

Even if the rheology of inorganic polymers is much more complex than one can
thought from this view, Wynne and Rice put into the light an exciting scientific
challenge: how to improve the length of the bridge (spacer size) between the bora-
zine rings into BN polymeric precursors? An answer was given 16 years ago by
Clement and Proux [49], who established that transamination reactions can permit
conversion of B-tri(dimethyl)-N-trimethylborazine into various polymers exhibit-
ing larger ring-spacing compared to polyborazines derived from B-trialkylaminob-
orane or B-(trialkylamino)borazine (Eq. 14.13).

H,;C CH H-C B CH
%\N/\N/ 3 +HoX—H 3\N/\N/ 3
\N/ \N/ ~ N/CHs ’2nHN(CH3)2 % ~ /

H; CH3

\

with X : /N—(CH2-)6—N\ /N—(CHz-)é—N\
H H H,C CHj;

~(= OO

To our knowledge, these derivatives represent the first examples of borazine-
derived polymers exhibiting several atom-bridges between the rings. Their main
drawback is that they incorporate carbon atoms into their backbones, which
drastically reduces their interest as BN precursors. Knowing this, we improved the
Wynne and Rice model with an ideal BN polymeric precursor designed for melt-
drawing fibers, namely polyborylborazine (Figure 14.7). This polymer structure

(14.13)

z
=N
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Figure 14.6 Idealyzed structure of a polymer designed for melt-processing
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Figure 14.7 Model of an ideal BN polymeric precursor

can be considered as ideal since its “flexible” backbone corresponds to the sequence
found in #-BN ceramics.

Two routes were envisaged for the preparation of such polymer: a “thermal way”
consisting in the thermolysis of tailored molecular precursors, and by opposition a
“low-temperature chemical way” which can be assimilated to a “metathesis route.”

2.3.1 Thermal Route: From Borylborazine to Polyborylborazine

With knowledge of B-trialkylaminoborazine and polyborazine derived therefrom,
an envisioned route to polyborylborazine was the thermolysis of tailored molecular
precursors under convenient atmosphere. For that purpose, we decided to explore
the chemistry of a new class of 2.4,6-trialkylaminoborazines in which the
alkylamino -N(H)R groups bore by the B,N, rings would incorporate boron atoms.
As mentioned above, 2,4,6-trialkylaminoborazines, (NHR)B,N,H., can be easily
prepared from the reaction of 2.,4,6-trichloroborazine, CI,B,N.H,, with a molar
excess of the corresponding alkylamine, RNH,. With the structure of Figure 14.6,
there are two possibilities: (1) both trialkylaminoborane (B(NHR),, and dialkylami-
noborylamine ([(RHN),B]NH) can match the point and play the role of the amine
in the reaction pathway. Considering that the chemistry and synthetic accessibility
of B-trialkylaminoborane are by far much easier than that of the diborylamine
derivatives, we focused our attention exclusively on trialkylaminoboranes.

In addition to our work, there are, to our knowledge, only two other examples of
borylborazine derivatives: R,B,N,(BR,), in which the nitrogen atoms of the ring
bound to dialkylboryl groups [50], and N-trimethyl-B, B’-dimethyl-B ”-[dimethylbor
ylmethylamino]borazine [51] (Eq. 14.14). Neither compound is as convenient as the
BN molecular precursor because of their structural lack of latent reactive groups,
which affords subsequent polymerization or polycondensation during thermolysis.
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To begin, we examined the chemistry of borylborazine derivatives in BN, core
surrounded by three aminoboryl groups. We found that this compound can be easily
obtained from the reaction of C1,B,N.H, with symmetric or asymmetric trialkylami-
noboranes, (R(H)N)B(NRR"), (with R= alkyl, R’=H or alkyl) in a 1 : 3 molar ratio,
and in presence of a tertiary amine (e.g., Et,N) to precipitate the corresponding
amine hydrochloride (e.g., EG;N.HCI) [52]. Equation 14.15 presents the general
reaction scheme for preparing borylborazine derivatives. This reaction must be
driven at low temperature (—10 °C) to avoid the possible polycondensation reac-
tions of aminoborane [53].

T
N N
Popo
H
CI\B/N\B/Cl solvent /N\B/N\B/N\B/N\R
IL IL +3 (RHN)B(NRR), _—10°C | | |
No HN NH
b N Ny + 3EGN R Dr 7w (14.15)
él -3Et;N.HCI L IL
R \]|3/ ~p
N
R R

The borylborazine, which is collected as a viscous liquid or a solid depending
on the nature of the alkyl group, can be prepared in quantitative yield as a result of
the high reactivity of the B—Cl groups towards primary and secondary amines.
Various borylborazines can be prepared by the synthetic pathway depicted above
andFigure 14.8 shows the X-ray diffractioncrystal structure of [(NPr',),B(NMe)],B,N H,
obtained from C1,B,N.H, and the asymmetric alkylaminoborane (Pr'(H)N)B(NPr',),
[54]. It is interesting to note that in the solid state, the Bring—Nemyc]iC bonds are in the
plan defined by the BN, ring.

The next step is the thermal conversion of borylborazine into polyborylborazine.
With regard to the continuous elimination of starting alkylamine as the main
by-product during the thermal polycondensation of 2,4,6-trialkylaminoborazine,
we expected the continuous elimination of starting B-alkylaminoborane during the
thermal polycondensation of borylborazine. Therefore, the thermolysis had to be
conducted in vacuo in order to continuously distillate the evolving B(NHR), from
the reaction mixture. This procedure elimiates the possibility of any parasitic poly-
condensation reaction from B(NHR),.
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As we found, borylborazines behave as 2,4,6-trialkylaminoborazines and two
competitive mechanisms occurred to link the rings during the thermolysis in vacuo:
the formation of direct B-N bonds between two rings, and the formation of three-
atom bridges, —-N-B—N- bonds, between two rings (Eq. 14.16). Similar to 2,4,6-
trialkylaminoborazines, the latter linkage mechanism is preponderant according to
liquid and solid-state NMR investigations [55].

NHR),B
R R R R ( ) \
Y BN g w SR
N_ _N_ _N
~HR),BT BT SB7 CB(NHR), R B” BT Mg N N—E
" Ao S S I S A A W
N, - - B(NHR), [HN_ _NH  -N<. \ /
B N—B
| : N (14.16)
N N —B(NHR)
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R” TBNNHR), R” “B(NHR), R/N
n/2
(major) (minor)

Figure 14.9 presents a typical "B NMR spectrum of a polyborylborazine
obtained by the thermolysis in vacuo of 2,4,6-tri[(bismethylaminoboryl)methylami
noJborazine, {[(NHMe),B](Me)N}.B.N.H, [56].

This spectrum displays four signals attributed to the four kinds of boron site
contained in the polymer, namely, from high field to low field, boron atoms from
terminal aminoboryl groups, boron atoms from aminoboryl bridges, boron atoms
from borazine rings bearing the bridges, and finally, boron atoms from borazine
rings bonded directly to another ring.

As an illustration of the utilization of polyborylborazine as BN polymeric
precursor, BN matrices incorporating carbon or nicalon micrometric fibers and
oxidation-protective coatings on graphite substrates were prepared [57]. Moreover,
polyborylborazine displaying adequate melt-viscosity for spinning have been
prepared from 2,4,6-[(NHPr') B(NPr')],.B,N H. [57]. Indeed, this polymer allowed
us to obtain kilometers of continuous BN fibers of 10.5um diameter (Figure
14.10) [56].

Despite the low ceramic yield of this polymer, related to the presence of heavy
isopropyl groups, these fibers exhibited interesting mechanical performances with
a tensile strength of 1.1 GPa and a Young’ modulus of 170 GPa [56].
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Figure 14.9 Typical ''B NMR spectrum of a polyborylborazine

Figure 14.10 SEM images of BN fibers

On this basis, it was interesting to examine whether the mechanical perform-
ances of the ensuing BN fibers could be increased by an improvement in ceramic
yield of the polymeric precursor. To this end, 2,4,6-[(NHMe), B(NMe)],B N H, was
thermolysed in a vacuum at up to 150 °C [56-57]. It is important to note that, given
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the high reactivity of the ~-B(NHMe), groups, the starting molecular precursor
could be isolated as itself at room temperature and already contained a panel of its
oligomers (obtained via polycondensation reaction) (see Figure 14.10). The kinetic
of polycondensation is by far faster than that of 2,4,6-[(NHPr'),B(NPr')],B,N.H, as
aresult of the high reactivity of the ~-B(NHMe), groups. Therefore, from a technical
viewpoint, this resulted in difficulty of controlling the polycondensation degree
(or T, value). The problem lies with the preparation of polyborylborazines exhibit-
ing visco-elastic behaviors, which are not favorable for melt-spinning. This may be
the result of a more crosslinked structure and/or a higher scattering of the molecular
masses within the samples.

2.3.2 Metathesis Route to Polyborylborazine

As previously mentioned, the main drawbacks of the thermal route to polyboryl-
borazine are (i) the presence of both direct intercyclic bonds and three-atom
bridges between the rings and (ii) a difficulty to control the polycondensation rate
when working with high-ceramic yield but also high-reactive dimethylaminoboryl
groups. One solution we investigated was a metathesis route based on the room
temperature reaction of B-chloroborazine with trialkylaminoborane [58,59]. In
order to reduce the crosslinking in the polymer structure and therefore potentially
increase its melt-shaping ability, we started with 2-dialkylamino-4,6-dichlorobo-
razine instead or B-trichloroborazine. The reaction was also conducted in
presence of a tertiary amine (e.g., Et,N) to precipitate the corresponding hydro-
chloride (e.g., Et,N.HCI). The dialkylamino group bound to the B,N, ring was not
reactive toward B(NHR), and was retained during the room temperature reaction.
Moreover, it can be considered as a latent crosslinking agent because it reacts at
high temperatures with ammonia to afford reticulation (e.g., shape-keeping after
the melt-processing step). After reaction, the polyborylborazine, which remained
soluble during the whole process, was easily obtained through filtration and
solvent-elimination steps.

The main advantage of this technique is that polyborylborazine displayed only
three-atom bridges, —~N—B—N- between the rings. As an illustration, a polyborylborazine
was prepared at room temperature from (Me,N)CL,B,N.H, and B(NHMe), in a 1:1
molar ratio, and in presence of triethylamine (Eq. 14.17).

Me Me
Me _Me SN
|
| H H B
N | | + 2nEt,N NHMe HII\I/ \II\IH NHMe
N N -
n | |+ @) pe” Sp7 SMe - MEGNHCL [ B +B\ _B_ _B_ *H (14.17)
Bl B N N* N N N7ln
Cl N Cl NHMe | | H | |
ll—I Me Me Me Me

The polymer characterization clearly supports the proposed structure. For
instance, Figure 14.11 presents a typical "N CP MAS solid state NMR spectrum
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Figure 14.11 Typical solid state "N CP MAS spectrum

Figure 14.12 SEM images of BN fibers derived from polyborylborazines

showing four peaks after fitting [55]. They can be attributed to the four kinds of
nitrogen sites found within the polymer, from low to high chemical shift values:
BN(H)Me, BNMe,, B,NMe and B,NH.

As expected, this polymer was suitable for a spinning process and continuous
green fibers were melt-spun [56,58—-59]. Figure 14.12 shows SEM pictures of the
10 um diameter BN fibers obtained after a convenient thermal and chemical treat-
ment up to 1800 °C. These fibers were striated lengthwise without surface defect.
The circular cross-section is retained and numerous randomly distributed flakes
are visible. The presence of these defects can be related to the removal of the
carbon species and the volatilization of low-molecular-weight species upon
heating. Despite these defects, the BN fibers show promising mechanical proper-
ties with a tensile strength above 1.0 GPa and an average Young’s modulus value
of 200 GPa.

3 Future Considerations

In several advanced sectors electronic, opto-electronic, optic, transport, and
aeronautic and aerospace technology, the synthesis of new materials display-
ing wide sets of functional or structural properties is a challenge which can
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be tackled via the chemistry of molecular and polymeric precursors, with
numerous advantages. For instance, this chapter has demonstrated that the
pyrolysis of preceramic polymers allows for fabrication of ceramic fibers
without use of pre-prepared ceramic powders. Several borazine-based poly-
meric precursors of boron nitride have been described and compared in terms
of their ability to generate BN fibers. Our results led to a strategy for obtain-
ing meltable and spinnable polyborazines based on the functionalization of
the boron atoms of borazinic derivatives. In our opinion, the borylborazine
route, which permits the elaboration of linear polymers with -N-B—N- flexi-
ble bridges provided by the utilization of a “two-points” polymerization, is an
excellent example of what the mastery of the chemistry of the precursors can
provide. It was also shown that the ceramic yield of a precursor, which is clas-
sicaly considered the key point in materials science, must be counterbalanced
with its chemical structure when the shaping of the ceramic needs to be
controlled.

What is clear is that considerable efforts should be devoted to the develop-
ment and finalizing of tailored molecular and polymeric precursors for prepara-
tion of boron nitride fibers displaying mechanical properties required for
integration in composite materials as reinforcing agents. Furthermore, the
design of new precursors should be developed by linking novel substituents to
the borazinic monomers in order to introduce new types of linkages in derived
polymers. The development of novel bonding, along with different energies,
should play a crucial role in synthesizing linear polymers with a controlled
architecture.

Improvements in the control of polymerization reactions is essential and
studies should be directed toward measurement of the molecular masses—M
and M _—of inorganic polymers through use of suitable Steric Exclusion
Chromatrophy techniques. The air- and moisture-sensitivity of these boron-
based polymers make this a difficult undertaking, and collaboration will be
required throughout the scientific community. With regard to fibers that imply
a melt-spinning step, methods determining the rheological parameters of such
polymers—such as viscosity as a function of processing temperature—should
be investigated. Advances in this area will also require the skills and knowl-
edge of those studying chemistry, materials science, rheology, and
modeling.
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1 Introduction

Since the discovery of siloxanes by Kipping and coworkers [1], classical polysi-
loxanes —[(R)(R")SiO] —, or silicones, have been extensively studied and some
of them commercialized as early as the 1940s. Their broad range of unique properties
has facilitated their application in such diverse fields as aeronautics, biomedical,
cosmetics, surface water-proofing, sealants, and unmolding agents. The most
impressive properties of silicones are their very low glass transition temperatures
T resulting from the flexibility within their backbones and their low surface
tension. These two properties account for their wide range of applications.
Silicones also exhibit impressive thermal stability, the origins of which can be
appreciated from their basic structural characteristic, the siloxane bond —Si—-O-. It
is a partially ionic bond that also possesses some characteristics of a double bond.
The former property result from the relatively large difference in the electronega-
tivities between silicon and oxygen, determined by Pauling [2] as 1.8 and 3.5,
respectively. This difference results in an estimated 37 to 51% ionic character of the
Si—O bond [2,3]. The latter characteristic, however, is associated with the partial
overlap of the vacant low-energy silicon d orbitals with the p orbitals of oxygen,

A.S. Abd-El-Aziz et al. (eds.), Inorganic and Organometallic Macromolecules: 373
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which occurs because of the relatively large difference in sizes between these
two atoms, thus enabling oxygen to back-donate its lone electron pairs and create
a dn-prm bond in addition to the normal ¢ bond [4].

These two fundamental characteristics of the siloxane bond are, in essence, the
reasons for its pronounced thermal stability and specific chemical behavior.
However, under certain conditions such as in an acid or a base medium, or at high
temperature, a silicone backbone consisting of polarizable siloxyl units is suscepti-
ble to degradation by ionic reactions. As a result of such reactions, the backbone is
observed to depolymerize by chain scission of some of the —Si—O-Si moieties
through a six-centered mechanism resulting in the formation of the thermodynami-
cally more stable low-molecular-weight cyclic products and shorter linear chains
(Figure 15.1) [5]. This intramolecular cycloreversion or depolymerization of sili-
cones has been observed to occur from as few as four consecutive Si—O bonds [6].
To alleviate this problem of depolymerization, several groups of hybrid silicones
were synthesized as early as the 1950s, and were generated through inclusion of
large and bulky groups such as alkyl, aryl, alkyl, aryl, carboranyl, and fluoroalkyl
in the backbone of silicone precursors [7]. It was theorized that the presence of such
large rigid groups would provide pronounced resistance to depolymerization by
preventing formation of cyclic siloxane volatile products, a result of making the
reaction considerably more difficult.

Among the hybrid silicones that were developed, the most extensively researched
were the silarylene-siloxanes and the carboranylenesiloxanes (Figure 15.1) [7]. In
each of these silicone groups a percentage of oxygen atoms in the parent backbone
are substituted with aromatic or carboranyl groups, respectively. In the case of
carboranes, several research groups in the mid-1960s began investigating the effect
that incorporation of closodicarbaborane units into chains and networks of almost any
known type of polymers would have [8]. It was soon recognized that the carborane
units attached as pendant groups to the otherwise organic or inorganic backbone of
the polymer produced no practical advantage [9]. However, if the carborane became
part of the polymeric chain (e.g., regularly interspersed among repeating —Si(R),0-
units) they induced an appreciable thermal stability in the product [10]. In polymeric
systems, it was observed that the meta and para congeners of the closodicarbaborane

R R
Q’LL‘R///,X /O\ !\\\\R < <
0—si Si \$ \$
Si Si
50 NN
ST X of
R R X = Carborane; Carboranylenesiloxane

X = Aromatic; Silarylene-siloxane

Figure 15.1 Schematic representation of (a) a six-centered mechanism for depolymerization of
siloxanes and (b) hybrid siloxanes
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with the formula, C B, H,,, imparted the best properties relative to other carborane
molecules. The ortho congener was observed to form stable monomeric, or at best
dimeric, cyclic species that were of no use in polymer formation [11]. The best group
of thermally stable high-molecular-weight hybrid carboranylenesiloxane polymers
were obtained from the family of poly-m-carboranylenesiloxane, which became
renowned under the trade name DEXSIL (Figure 15.2) [10,12].

Around the same time, several groups attempted to incorporate aromatic units
into organic and inorganic polymers [13]. As was the case with carboranes, it was
observed that there was an appreciable improvement in the thermal stability of
silicones only when the aromatic groups were incorporated into the backbone and
not as pendant groups on the silicones. The incorporation of aromatic groups
into the backbones of silicones was achieved through condensation reactions of disi-
lanol monomers with various reactive silane monomers. Four principal methods
were developed: (1) the chlorosilane route [14], (2) the aminosilane route [15],
(3) the acetoxysilane route [16], and (4) the ureidosilane route [17], based on the
reactive functionality on the siloxane monomer that reacted with the alcohol func-
tionality on the siloxane reactant to yield the hybrid silicone.

The improved performance of these two groups of hybrid silicones was the direct
consequence of the carborane or aromatic-imparted strengthening of the Si—O bonds
and their described impedance of the depolymerization reaction. Additionally, in the
case of the carboranylenesiloxanes, the thermo-oxidative stability of the boron-
containing carboranes [18] also contributed to the polymer’s improved stability.
However, it was soon recognized that forming thermally robust siloxane polymers
through inclusion of large and rigid molecules between the flexible siloxane segments
resulted in overall reductions in polymer elasticity [7]. Hence, even in its early stages,
research and development of hybrid silicones was geared toward preparing structures
which took advantage of the high-temperature stabilization while simultaneously
maintaining the low temperature properties of polysiloxanes. The generation of net-
worked or vulcanized versions of the developed hybrid silicones was pursued to pro-
duce polymers of improved mechanical and thermal properties that also possessed
enhanced processablity. The vulcanization of polysiloxanes was traditionally achieved
through either an “activated cure,” in which various crosslinking agents were utilized
together with pressure and heat, or through the “room-temperature vulcanization”
(RTV) processes in which no external energy was necessary.
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Most of the activated cure methods were known to make use of free radical
initiators such as organic peroxides to cause crosslinking reactions. The RTV cures
were achieved either by a condensation reaction in which reactive polymer end-
groups such as silanol or acetoxysilane units were combined in the presence of a
catalyst, or by platinum-catalyzed hydrosilation reactions of pendant groups such
as vinyl or allyl [7]. Similar routes were also explored for the vulcanization of
carboranylenesiloxanes and silarylene-siloxanes. The majority of the reports on the
vulcanization of carboranylenesiloxanes polymers and the properties of their vul-
canizates were concerned with the m-CB, H, C-containing polymers. Several
different unsaturated groups were examined as potential reactive sites for the
vulcanization of carboranylenesiloxane polymers. The reported groups included
organic unsaturations such as vinyl, allyl, and vinyl-o-carboranyl units [19]. It was
discovered that the best combination of properties was obtained, particularly before
heat aging, from the vulcanization of the vinyl-o-carboranyl groups. However, this
approach was later abandoned because of the difficulties in preparing such com-
pounds. Vulcanization of carboranylenesiloxanes was also attempted through
reactions with organic peroxides at high temperatures and pressures. One example
is the production of a network polymer through polymerization of the vinyl groups
of a pendant vinyl-containing carboranylenesiloxane by organic peroxides in air at
315 °C for 300 hours [20]. This polymerization could also be accelerated under
pressure, resulting in completion in about 2 hours. Room temperature vulcanization
of m-CB, H, C carboranylenesiloxane elastomers has also been attempted and
reported based on either: (1) platinum-catalyzed silylhydride-vinylsilane reaction
or (2) the reaction of tris(acetoxy)silane with carboranylsilanol terminated
prepolymers. However, neither of these methods was developed to the level of
practical use [21].

The vulcanization of silphenylene-siloxane polymers was reported at room
temperature either in solution or in bulk with silicate esters [22]. For crosslinking
in solution, toluene was used as solvent, and the additives used for curing consisted
of 20 parts of partially hydrolyzed ethyl silicate and 2.5 parts of dibutyltin diacetate
to 100 parts of the polymer. In another report, the crosslinking of silarylene-
siloxane polymers, which contained p-phenylene and p,p’-diphenyl ether units in
their silarylene groups, and various amounts of vinylsiloxane groups with pendant
vinyl groups were performed using dicumyl peroxide as the crosslinking reagent
because of its low reactivity to methyl side groups and its high reactivity toward
vinyl groups [23]. These polymers were designed to permit controlled vulcaniza-
tion for the preparation of elastomers with specific crosslinking densities so as to
enable an investigation of their mechanical properties as functions of different
crosslink densities. A report containing two vulcanization reactions of vinyl-
containing silarylene-siloxane polymers using in one case 2,5-dimethyl-2,5-di
(t-butyl-peroxy)hexane and in the other dicumyl peroxide as the crosslinking agent
is also available [24]. In these vulcanizations, compounded gum-stocks were first
milled and then vulcanized under unspecified pressure for 20 minutes at 170 °C,
followed by another cycle of 16 hours at 232 °C [24].
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Recently, however, research into hybrid silicones of silarylene-siloxanes and
carboranylenesiloxanes has been focused on development of hybrids with crosslink-
able groups in the backbone of the polymer. Keller and coworkers [25-36] modified
the chemistry of the carboranylenesiloxane system to incorporate unsaturation
within the backbone, or at the terminal sites, as a source for the polymerization to
a thermoset or network. The developed precursors contained either crosslinkable
diacetylene groups (in oligomers) [25] or RTV organic groups such as vinyl or
ethynyl group (in monomers) which enable their conversion into extended network
polymers [30]. The network polymer in each case was generated by the thermal
polymerization of the diacetylene group or by the hydrosilation reaction of vinyl or
ethynyl units, respectively. The initial examples of the thermally- and hydrosila-
tively-formed carboranylenesiloxane and silarylene-siloxane network polymers
were observed to possess plastic characteristics [25,30]. More recent modifications
in the synthetic strategies for production of such materials have resulted in the
development of elastomeric versions of network polymers for both of the systems.
This chapter briefly summarize these developments.

2 Research and Discussion

2.1 Theory

2.1.1 Solid-State Polymerization of Diacetylene Groups

Even though the polymerization of diacetylenes in the hybrid silicones described
in this review per se is not conducted in their solid states, an understanding of the
solid-state polymerization of diacetylenes is deemed useful for a greater
appreciation of the crosslinking processes occurring in these hybrid silicones.
The diacetylene solid-state polymerization has been studied extensively by Wegner
[37]. The polymerization is known to produce polydiacetylenes with an
extensive m-conjugation in the backbone [38]. The available modes of polymeri-
zation for diacetylenes are the 1,2-addition, 1,4-addition, and cyclic trimerization
reactions [39]. From his studies in the 1970s, Wegner concluded that the most
prevalent mechanism in the diacetylene solid-state polymerization is the 1,4-addi-
tion mechanism (Figure 15.3). The polymerization is usually carried out by subject-
ing the monomer crystals to thermal annealing, ultraviolet (UV) radiation, or by
high-energy irradiation [37,38,40]. A detailed description of diacetylene solid-state
polymerization theory is beyond the scope of this chapter. In general, the theory
includes a least-motion criterion which predicts the solid-state reactivity of different
diacetylene phases and the most likely polymerization mode for a particular phase
from a two-parameter description of the relationship between neighboring monomer
molecules [41]. The theory also considers the phase stability criteria for character-
istic free energy diagrams that explain the phase behaviors that have been observed
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Figure 15.3 Topochemical solid-state polymerization of diacetylenes (1,4-addition). Parallel
diacetylene molecules (A) reacting to form the trans, trans polymer, which can be represented by
the alternate monomeric structures (B) and (C)

for various polymerizing diacetylenes. It also takes into account the reaction
uniqueness criteria as they relate to monomer site point group symmetry, symmetry
relations between mutually reacting monomer molecules, and dimensional changes
during polymerization. It has been observed that during a diacetylene solid-state
polymerization reaction, as the reaction proceeds, a homogeneous solution of the
polymer chains is formed in the solid monomer matrix. The polymers are usually
brightly colored and are generally insoluble in common organic solvents in which
the monomers are soluble [42]. The difference in the degree of solubility of the
monomer and the polymer in common solvents has been utilized to extract the
unreacted monomer from the partially polymerized samples and to obtain a
measure of the monomer to polymer conversion [40].

2.1.2 Hydrosilation Reaction

The addition of Si—H bonds to organic unsaturations such as olefins, acetylenes,
and ketones is known as the hydrosilation reaction. A majority of the hydrosilation
reactions are catalyzed by soluble transition-metal complexes and are known as
homogeneous hydrosilation reactions [43]. Catalytic hydrosilation reactions are
known to be very complex reactions. However, a few generalizations have been
drawn about the mechanism of such reactions (Figure 15.4). Homogeneous olefin
hydrosilation are presumed to start with an obligatory oxidative addition of the
Si—H bond in a cis fashion to the catalytic metal [44]. This process is followed
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Figure 15.4 A generalized mechanism for catalytic hydrosilation of olefins

by a hydride migratory insertion that is followed by an irreversible reductive elimi-
nation of the final product. The oxidative addition and migratory insertion steps are
known to be reversible in nature. Heterogeneously catalyzed hydrosilation reac-
tions are also known [45]. Heterogeneous catalysts such as the Speier’s catalyst and
the Karstedt catalyst have been known to operate by similar heterogeneous mecha-
nisms wherein the formation of a fine catalytically active colloidal Pt particles is
believed to occur during the catalyst initiation step [46]. Hydrosilation reactions are
important in the manufacture of silicones [47].

2.1.3 Carboranes

Carboranes are compounds of boron, carbon, and hydrogen in which both boron
and carbon atoms are incorporated into three-dimensional, polyhedral skeletons of
the general formula CquHwq [48,49]. All known members of this family could be
classified into three major groups: the closo-, nido-, and arachno-carboranes, where
the first represent the C0_2BqHc1+2 compounds which are built of closed polyhedral
cages, whereas the latter two include those carboranes in which the boron-carbon
polyhedra resemble the shapes of nest skeletons. The closed-shell structures of the
closo-dicarbaboranes are known to contribute to their astonishing chemical
inertness, especially to acids. Thus, icosahedral carboranes are not attacked by hot
sulfuric acid and are essentially inert to the conventional mixture of nitric and
sulfuric acid that smoothly nitrates most aromatic organic species. Apparently the
most stable closo-dicarbaboranes are the three members of the icosahedral family,
the 1,2-, 1,7-, and 1,12-dicarba-closo-dodecaboranes better known by the more
popular names o-, m-, and p-carborane, respectively.
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A weak point of carboranes is their susceptibility to alkaline degradation. This
weakness applies practically only to the species with adjacent carbon atoms. Thus,
o-carborane is quantitatively converted to the nido-[7,8-C,B;H ,]~ ion within a few
hours by sodium methoxide in ethanol or by sodium (or potassium) hydroxide in
ethanol [50]. With m-carborane the same type of degradation proceeds at least 100
times more slowly and a temperature of at least 70 °C is required for any practical
effect [51]; the first observed degradation of the para isomer could only be forced
using a 30% solution of potassium hydroxide in propylene glycol at 180 °C [52].

Carboranes, in general, and icosahedral carboranes, in particular, in their neutral
and anionic forms are also known for their exceptional characteristics such as low
nucleophilicity, high hydrophobicity, and their electron-withdrawing properties
having highly polarizable c-aromatic character [48,49].

2.2 Carboranylenesiloxane Polymers Containing Thermally
Crosslinkable or Vulcanizable Diacetylene Groups

Since Wegner’s studies on solid-state polymerization of diacetylenes, organosilicon
polymers with bridging diacetylene units were being synthesized and reported by
1990 [53]. The interest in these polymers containing unsaturated organic units
bridged by substituted silicon atoms primarily stemmed from their conductivity and
nonlinear properties. The initial reported examples consisted of only silane or
silylene polymers, and not siloxane polymer. The first example of the incorporation
of a diacetylene group into a siloxane polymer was reported in 1994 by Henderson
and Keller [25]. For the incorporation of the diacetylene group, the dilithia-
diacetylide formation route used by Barton et al [53] was utilized to generate the
reactive lithiated unsaturated organic unit which was subsequently reacted by a
condensation reaction with a halogenated carboranylenesiloxane to produce the
poly (carborane-siloxane-acetylene) polymers. In the synthesis which was a one-pot,
two step reaction, hexachlorobutadiene was cleanly converted to dilithiobutadiyne
through reaction with 4 equiv of n-BuLi in tetrahydrofuran (THF) and was subse-
quently reacted with an equi molar amount of the precursor carboranylenesiloxane,
the Dexsil monomer, 1,7-bis(chlorotetramethyldisiloxy)-m-carborane, to generate
the linear polymer 1 in high yield (Figure 15.5). The siloxane unit in the carboran-
ylenesiloxane was the disiloxyl unit. The GPC analysis of the polymer 1 which is
soluble in most common organic solvents had indicated the presence of low-
molecular-weight species (M = 400) as well as higher molecular weight polymers
(M, =4,900, M, = 2,400) averaging to about 10 repeat units. Heating of 1 at 150 °C
under reduced pressure resulted in the removal of lower molecular weight
polymeric species, leaving the product in a 92 to 95% overall yield. The FTIR
spectrum of 1 (Figure 15.6; fop) exhibited prominent absorptions at 2,963 (C—H),
2,600 (B-H), 2,175 (C=C), 1,260 (C-Si), and 1,081 (Si—O) cm™'. The absorption of
the internal diacetylenes at 2,175cm™ was found to be as intense as the other
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Figure 15.5 Synthesis of the poly(m-carborane-disiloxane-diacetylene) (1) reported by Henderson
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Figure 15.6 FT-IR spectrum of 1 (zop) and the network produced from 1 (bottom)

vibrational absorptions of 1 even though internal alkynes are often known to pos-
sess very weak or nonexistent transitions [37].

The liquid linear polymer 1 was found to readily convert into a thermoset under
thermal conditions by the crosslinking of diacetylene units as observed by the dis-
appearance of the acetylenic absorption at 2,175cm™ and the appearance of a new,
weak peak centered at 1,600 (C=C) cm™ indicative of a 1,4-addition reaction
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(Figure 15.6; bottom) [37]. DSC analysis revealed that the crosslinking of the
diacetylenes commenced at 250 °C and peaked at 341 °C (Figure 15.11a). The
completely crosslinked product was observed to be plastic in nature and was
observed not to exhibit a glass transition temperature.

Pyrolysis of the crosslinked product to 1,000 °C in argon was reported to yield
a black solid ceramic material in 85% yield. However, pyrolysis of the crosslinked
product to 1,000 °C in air was observed to yield a ceramic with a yield of 92%
presumably resulting from an uptake in weight on oxidation of the borons on the
outer surface to B,O, yielding a protective outer layer. Further characterizations of
the ceramic products using scanning electron microscopy (SEM), X-ray photoelec-
tron spectroscopy, Raman and scanning auger microprobe scattering studies were
reported [54]. Samples heated under inert conditions to between 400 °C and 900 °C
were observed to display little or reduced surface inorganic segregation, respec-
tively, compared with material oxidized at 500 °C. The surface and the bulk of
samples heated to 400 °C in argon consisted primarily of carbon, with lesser
amounts of oxygen, boron and silicon. The microstructures and surface layers
formed by oxidation at 500 °C and responsible for the resistance of the char to sub-
sequent high-temperature oxidation were observed to consist of an antioxidative
boron oxide and silicon oxide bilayer developed after oxidation at 500 °C. The SiO,
layer was suggested to act as an oxygen barrier, whereas boron oxide was believed
to be able to fill cracks formed in the silica layer due to thermal expansion mis-
match with the underlying bulk. Prolonged oxidation exposure at 500 °C was
observed to result in the volatilization of the boron oxide leaving a SiO, layer on
the outer surface.

Soon after the report of Henderson et al., Son et al. reported the high-yield
synthesis of similar diacetylene polymers containing only siloxane groups in 1995
(Figure 15.7) [26]. The disiloxane 2a and trisiloxane 2b variants of the polymers
were synthesized following the convenient dilithiadiacetylide formation route. The
high yields of the synthesis had represented an improvement over the synthesis of
the disiloxane-diacetylene polymer reported by Parnell et al. [55] that was obtained
via the oxidative coupling of 1,3-diethynyltetramethyldisiloxane, which had yielded
only low molecular weight products in addition to some insoluble material. GPC
analysis of both polymers indicated broad molecular weight distributions, with
peak maxima occurring at ~10,000 (relative to polystyrene). This report is significant
for its clear demonstration of the superiority of the dilithiadiacetylide formation
route in incorporating diacetylene units in siloxane polymers. In addition, it also serves
as a bench mark for comparing diacetylene polymers of carboranylenesiloxanes
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Figure 15.7 The poly(diacetylene-disiloxane) and poly(diacetylene-trisiloxane) systems of Son et al.
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with their parent siloxane versions. The disiloxane and the trisiloxane polymers
were studied by DSC analysis and were found to undergo vulcanization by thermal
curing reactions of their diacetylene groups with the exotherms peaking at 289
and 315 °C for the disiloxane and trisiloxane polymers, respectively, to yield hard,
void-free thermosets with T, values between 144 and 170 °C. This was in contrast
to the non existence of any glass transitions in the thermosets formed on curing of
the diacetylene-containing carboranylenesiloxane polymers up to 450 °C [25].
The dilithiadiacetylide formation route was used subsequently by Sundar et al.
in their reported synthesis of linear boron-silicon-diacetylene copolymers that
explored an alternate boron source, namely, phenylboron dichloride (PBD) for
carborane in the synthesis of diacetylene polymers of boron-containing siloxanes
(Figure 15.8) [27]. The compositions of the boron-silicon-diacetylene copolymers
3a—d are summarized in Figure 15.8. The mole percent ratios of silane/siloxane
(dimethylsilane [DMS], tetramethyl disiloxane [TMDS], and hexamethyltrisi-
loxane [HMTS] to boron [PBD]) were reported as 90:10 and 80:20. They reported
that only low-molecular-weight materials were formed when other siloxanes to
boron ratios (such as 40:60 and 50:50) were used in the synthesis. The isolated
copolymers 3a—-c were reported to be solids at room temperature whereas 3d
containing the trisiloxane group was reported to be a viscous liquid. Molecular
weight determination using polystyrene as standard was performed only on the
trisiloxane copolymer 3d and was found to be in the 2,300 g/mol range because the
copolymers 3a—c were not completely soluble in THF. On thermally treating the four
polymers to 1,000 °C in argon, char yields of 77.4, 75.0, 72.1, and 44.4% were
obtained for 3a-d, respectively. The char yields were reported to decrease with
increasing siloxane spacer group length; DMS (3a: 77.4wt%)>TMDS (3b and
3c: 75.0 and 72.1wt%)>HMTS (3d: 44.4wt%). All of the polymers produced
thermosets on crosslinking reactions of their diacetylene units under an inert atmos-
phere at 400 °C. However, no discussion on the nature of the thermosets was
reported. They reported that a DSC analysis had revealed that the exotherms for the

X Y z
3a 0 0.8 0.2
3b 1 0.8 0.2
3¢ 1 0.9 0.1
3d 2 0.9 0.1

Figure 15.8 The general structure of the (boron-silicon-diacetylene) copolymers of Sundar et al.
(top) and the compositions of the representative polymers (bottom)
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Figure 15.9 The linear (ferrocenyl-carboranylenesiloxyl-diacetylene) polymers of Houser et al.

crosslinking of the diacetylenes in 3a—d had onsets ranging from 200 to 225 °C and
peak maxima ranging from 285 to 300 °C.

Houser et al. reported the synthesis of linear ferrocenyl-carboranylenesiloxyl-
diacetylene polymers in 1998, which are diacetylene-containing carboranylenesi-
loxanes wherein some of the carborane groups have been replaced by bridging
organometallic ferrocenyl groups 4 (Figure 15.9) [29]. The polymers were pro-
duced by the reaction of dilithiobutadiyne with 2 equivalents of 1,7-bis(chlorotetra-
methyldisiloxyl)-m-carborane (Dexsil monomer) followed by treatment with
dilithioferrocene-tmeda (1 equiv). The GPC measurements of this material were
reported to yield a molecular weight of approximately 10,000 relative to polysty-
rene thereby accounting for the presence of ~10 repeat units in the polymer. Heat
treatment of the polymer to 350 °C under an inert atmosphere was observed to
result in the formation of a black, elastomeric thermoset with 98% weight retention.
The curing of the diacetylenes exhibited an exotherm peaking at 280 °C in the
product’s DSC thermogram. It was reported that a small amount of shrinkage
occurred during the formation of the thermoset. The elastomeric nature of the thermoset
was in sharp contrast to the hard and tough thermosets obtained from siloxyl-
diacetylene polymers such as poly (tetramethyldisiloxyl-diacetylene) reported
by Son et al. [26] or the poly(carborane-tetramethyldisiloxyl-diacetylene) reported by
Henderson et al. [25]. Thus, it represented the first example of a diacetylene-
containing siloxane system which yielded an elastomeric networked thermoset
upon curing. Further heating of the thermoset to 1,000 °C under N, afforded a hard,
black ceramic in 78% ceramic yield.

In pursuit of elastomeric networks of the diacetylene-containing carboranylenesi-
loxane polymers, Kolel-Veetil et al. in 2003, reported the effects of the concentration
dilution of the diacetylene units in the parent poly(carborane-disiloxane-diacetylene)s
on the plasticities of the corresponding networks [34]. In the parent polymer, the
concentration/ratio of the carborane, disiloxane and diacetylene moieties in its repeat-
ing unit was 1:2:1. The network polymer/thermoset obtained from this polymer had
exhibited plastic characteristics at ambient temperature and had not displayed any
discernible glass transitions in the product [25]. The study was based on the premise
that the plasticity of the cured network of the parent system was a result of the high
concentration of the crosslinkable diacetylenic groups in the parent polymer which
had created an extensively crosslinked network on curing in which the resultant
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freedom of the —Si—O-Si— backbone flexibility was greatly reduced. It was, hence,
postulated that a reduction in the concentration of the diacetylenic groups in the back-
bone of the precursor linear polymer 1 would afford an elastomeric networked mate-
rial upon curing. Therefore, the elastomeric properties of networks formed from a
linear poly(carborane-siloxane-acetylene)s should be controllable by varying the
concentration of the diacetylene unit in the precursor polymer. In line with this pos-
tulation, the report included the synthesis and thermal characterization of three linear
hybrid poly(carborane-disiloxane-diacetylene) systems, Sa—c, that differed in the
carborane:siloxane:acetylene ratios (Sa ~ [2:3:1], Sb ~[4:5:1], and S¢ ~[9:10:1]). A
set each of blocky and alternating polymers were synthesized having the same
carborane:siloxane:acetylene ratios (Figure 15.10). During the synthesis of each
blocky polymer, two oligomeric intermediates, one that was a lithium end-capped
carboranylenesiloxane and the other which was a chlorine terminated diacetylene-
siloxane intermediate, were prepared individually and combined to afford the final
viscous brown poly(carborane-disiloxane-diacetylene)s in high yield (85-95%)
(Figure 15.10; right). Similar alternating polymers were also prepared by the reaction
of the lithiated diacetylene with the respective dichlorodisiloxane-capped m-carbo-
rane (Figure 15.10; leff).

The linear polymers were readily formed by both methods. A salient feature in
both of the syntheses was the in situ production of a desired carboranylenesiloxane
oligomer by the reaction of a lithiated carborane and a chlorinated siloxane species
rather than the use of the commercial Dexsil monomer as in the case of Henderson
et al. [25] and Houser et al. [29]. This has afforded an enormous degree of variation
in the compositions of diacetylene-containing carboranylenesiloxane polymers that
is not available by the conventional route of Henderson et al. [25]. The effect of the
reduction in the diacetylene concentration was apparent in the positions and the
intensities of the DSC peak maxima of the crosslinking endotherms of Sa—c. Thus,
it was observed that as the concentration of the diacetylene units in the polymer
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Figure 15.10 The synthetic schemes for the diacetylene-diluted (a) alternating (left) and (b)
blocky poly (m-carborane-disiloxane-diacetylene)s reported by Kolel-Veetil et al.
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Figure 15.11 DSC thermograms of (a) the alternating poly(carborane-disiloxane-diacetylene) Sa
(3:2:1), 5b (5:4:1), 5¢ (10:9:1), and 1(2:1:1) (left) and (b) DCS thermograms of glass transitions
of the crosslinked networks 6a, 6b, and 6¢ produced from 5Sa, 5b, and Sc, respectively (right)

decreased from 5a to Sc, the peak maximum of the corresponding endotherm
shifted to higher temperature and also decreased in its intensity (Figure 15.11; left)
indicating the requirement of a greater amount of heat and a longer duration for
curing of the diacetylene units in the diacetylene-diluted systems. As expected the
peak maximum and the intensity of the DSC exotherm of the parent poly(carborane-
disiloxane-diacetylene)s, 1, appears at the lowest temperature and as the most
intense exotherm in a series of comparative DSC exotherms of 1 and Sa—c (Figure
15.11; left). The crosslinked networks 6a—c produced from the polymers Sa-—c,
respectively, were reported to possess Tg values of 56 °C, 45 °C and 35 °C (Figure
15.11; right). Even though the T values of these networks were observed to
decrease proportionally with an increase in diacetylene dilution in the precursor
polymer, they were still observed to be predominantly plastic in nature at ambient
temperature. However, in contrast, the crosslinked network obtained from 1 has
been reported not to exhibit any glass transitions [25]. Importantly, this report very
clearly demonstrated that the elasticity of the networks obtained from poly(carborane-
disiloxane-diacetylene)s networks was controllable by the control of the concentra-
tion of the crosslinking groups in carboranylenesiloxanes.

Based on the observations with the diacetylene-diluted carboranylenesiloxanes
containing the trisiloxyl groups, Kolel-Veetil et al., in 2004, synthesized and
reported similar polycarboranylenesiloxane copolymers containing the trisiloxyl
groups [35]. The substitution of the siloxane moiety was made in order to harvest
the beneficial effect that a more flexible siloxane (trisiloxyl vs. disiloxyl) was
expected to impart on the elasticity of the generated networks. Using the two syn-
thetic methods described in Figure 15.10, they reported the synthesis of a set each
of alternating and block copolymers with the same trisiloxane:carborane:diacety-
lene molar ratios of 10:9:1, 5:4:1, and 3:2:1, respectively. Both sets of copolymers
were observed to yield networks upon thermal curing by the 1,4-addition reactions
of the diacetylene units. Even though the two methods were observed to produce
materials of comparable molecular weights and overall compositions, the variation
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in the copolymer sequence was discovered to cause noticeable differences in the
calorimetric glass transitions for the copolymers in which the diacetylene group
was most concentrated (i.e., the 3:2:1 and 5:4:1 copolymers) (Table 15.1). For a
given reactant ratio, the alternating copolymers exhibited slightly higher molecular
weights than the block copolymers.

The glass transitions (7)) of the cured networks were determined from the DSC
thermograms for both sets of polymers (Figure 15.12). Major glass transitions for
both sets of polymers were found to occur below 0 °C (Table 15.1). Minor transi-
tions also appeared for the alternating copolymers between 13 and 19 °C and at 46 °C,
and for the block copolymers around 18 °C and between 60 and 65 °C. In general,
as the diacetylene concentration increased in a set, yielding an enhancement in
crosslink density, the 7 was observed to increase proportionally. The T, values
were found to be well defined for the two copolymers with lowest concentration
of diacetylene groups (7A,,, and 8B, ). In fact, these glass transitions (46 °C for

7A,,., and =49 °C for 8B, ,) were similar to the T, of —50 °C reported for the
uncrosslinked polycarboranylenesiloxane containing m-carborane and hexamethyl-
trisiloxane units [56]. For the alternating copolymers with higher diacetylene con-
centrations (7A,, and 7A ), the glass transition remained relatively well-defined.

However, the block copolymers with higher diacetylene concentrations (8B, , and 8B, ,)

Table 15.1 GPC molecular weights and thermal properties of the cured alternating (7A, ,, 7A,,
and 7A,,,) and block (8B;,, 8B;, and 8B,,) polymers

Copolymer M, (Kg/mol) M, (kg/mol) T,(°C) Char yield (%)
7A,, 4.3 6.6 =30 70
7A,, 33 54 -39 65
TA 5.2 8.6 -46 46
8B, , 34 6.2 =27 74
8B, , 2.9 4.3 -34 70
8B, 4.1 6.7 -49 52
-0.4 ~0.2]
~0.8 4 ~0.4-
5 -12 = -0.6+
2 164 s %%
= ; —1.0
% 2.0 4 S 2] 8Bi0:0
% 2.4 B A B _q4]
-2.8 —80°C 7A;5., T 6] 8B;,,
3.2 -1.84
36 . . . . .7A3:2 —2.04 . . . . .833:2
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Figure 15.12 DSC thermograms of the glass transitions of the networks formed from (a) alter-
nating and (b) blocky poly(m-carborane-trisiloxane-diacetylene)s
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exhibited broadened glass transitions that reflect a greater distribution of segment
lengths between cross links as compared with the samples with sharper glass transi-
tions. The thermal stabilities of the crosslinked networks were analyzed gravimetri-
cally by heating to 1,000 °C in N, (Table 15.1). For a given siloxane:carborane:
diacetylene ratio, the char yields were about 4 to 6% higher for the block copoly-
mers as compared to the alternating copolymers. Thus, this study demonstrated that
a combination of diacetylene-dilution and the substitution of disiloxane by trisi-
loxane moieties in the parent diacetylene-containing carboranylenesiloxane 1 lead
to the production of polymers that yield elastomeric networks upon curing.

2.3 Silarylene-Siloxane Polymers Containing Thermally
Crosslinkable or Vulcanizable Diacetylene Groups

The first examples of silarylene-siloxanes polymers containing crosslinkable
diacetylene groups were reported by Sundar et al. in 1997 (Figure 15.13) [28]. They
reported the synthesis of a series of inorganic-organic linear diacetylenic hybrid
polymers (9a-e) that were prepared by the polycondensation reaction of 1,
4-dilithiobutadiyne with 1,4-bis(dimethylchlorosilyl) benzene and/or 1,7-bis(tetra
methylchlorodisiloxane)-m-carborane. These polymers in fact are a hybrid of the
carboranylenesiloxane and silarylene-siloxane polymers. The polymers exhibited
solubility in common organic solvents and were viscous liquids or low melting solids
at room temperature. Broad prominent exotherms, attributed to the reaction of the
diacetylenic units, were observed by DSC in the 306 °C to 354 °C temperature
range. As in the case with the diacetylene-containing carboranylenesiloxane
systems, the crosslinking of the diacetylenes units was observed to proceed by a
1,4-addition mechanism. The networks produced from all of the polymers were
found to be thermosets. No molecular weight information was reported for the
systems. When 9a—e were analyzed by TGA to 1,000 °C under nitrogen, weight
retentions between 79 and 86% were obtained. When heated to 1,000 °C, the
polymers 9a—e exhibited char yields of 83, 86, 80, 73, and 71%, respectively. The
high char yield values reflected the thermal stabilizing effects of the aromatic unit
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Figure 15.13 The hybrid silarylene-siloxane/carboranylenesiloxane reported by Sundar et al.
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in the polymeric backone. When heated to 1,000 °C in a flow of air, the chars
obtained from 9b—e were reported to exhibit no weight losses and to actually attain
a slight weight gain (1-4%) associated with the oxidation of boron to B,0O, and of
silicon to SiO,.

In 2002, Homrighausen et al. reported the synthesis of three groups of silarylene-
siloxane polymers containing diacetylene crosslinking groups. The first of the
reports involved the synthesis and characterization of a silarylene-siloxane-diacetylene
polymer that converted to a thermosetting plastic on curing [31]. The linear polymer
10 was prepared via polycondensation of 1,4-bis(dimethylaminodimethylsilyl)-
butadiyne with 1,4-bis(hydroxydimethylsilyl)benzene. The synthesis was an
adapted version of the aminosilane-deficient method (Figure 15.14) [15]. It was
determined that during the formation of linear polymer 10 some cleavage of the
polymer occurred at the alkynyl carbon-silicon bond via dimethylamine reaction.
This cleavage reaction was reported to disrupt the alternating nature of the polymer
structure and to hinder the formation of a truly high-molecular weight polymer. The
weight average molecular weight for 10 was determined to be about 10,000 g/mol.
Conversion to a thermoset was observed to occur through the crosslinking reactions

toluene
reflux

S WS s ¢
/{Si _ /Si\o /Si\@/Si\O}/ + HN(CH5), (1)
n

heat 350°C;
cross-linking reaction

Figure 15.14 Synthesis of the thermosetting silarylene-siloxane-diacetylene polymer reported by
Homrighausen et al.
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11a-c
11a n=1; 11b n=2; 11¢ n=3

Figure 15.15 Structure of the elastomeric diacetylene-diluted silarylene-siloxane-diacetylene
polymer reported by Homrighausen et al.

of the diacetylene groups above 300 °C with the exotherm peaking at 336 °C in its
DCS thermogram. The cross-linked polymer was observed not to display any glass
transitions on evaluation.

The second set of networks of silarylene-disiloxane-diacetylene polymers 11a—c
(Figure 15.15) reported by Homrighausen et al. contained a series of linear
silarylene-siloxane-diacetylene polymers with a varying diacetylene content
synthesized, again, by an adapted version of the aminosilane-deficient method [32].
The linear polymers were prepared via polycondensation of 1,4-bis(dimethylamino
dimethylsilyl)butadiyne [(CH,),N-Si(CH,),~C=C-C=C—(CH,),Si-N(CH,),] with a
series of disilanol prepolymers. The low-molecular-weight silarylene-siloxane
prepolymers terminated by hydroxyl groups were synthesized via solution conden-
sation of an excess amount of 1,4-bis(hydroxydimethylsilyl)benzene with bis(dime
thylamino)dimethylsilane. The length of the prepolymer was varied by adjusting
the molar ratio of 1,4-bis(hydroxydimethylsilyl)benzene to bis(dimethylamino)
dimethylsilane in the prepolymer synthesis. By altering the prepolymer length,
the distance between the diacetylene units in the linear polymer was varied. Thus,
the crosslinking density of the thermally prepared elastomers was controllable. The
weight average molecular weight of 11b was determined to be 10,000 g/mol by size
exclusion chromatography. Heat treatment of silarylene-siloxane-diacetylene linear
polymers 11a—c was reported to result in a reaction between diacetylene units
producing crosslinked (networked) polymers. The networked polymers were
elastomeric materials that were completely insoluble in typical organic solvents.
Thermal treatment of polymers 1la—c to temperatures at or above where the
crosslinking reaction occurred was reported to lead to the formation of soft, flexible,
and void-free elastomeric materials. Thus, this second set of diacetylene-containing
silarylene-siloxane polymers reported by Homrighausen et al. [32] validated the
effectiveness of diluting the concentration of diacetylene units as a means for
introducing elasticity in an otherwise plastic network.

The third set of silarylene-siloxane-diacetylene polymers that were reported by
Homrighausen et al. also produced elastomeric networks on curing (Figure 15.16)
[33]. The precursor polymers were produced by aminosilane—disilanol polycon-
densation reactions between a series of oligomeric, hydroxy-terminated silarylene—
siloxane prepolymers and 1,4-bis(dimethylaminodimethylsilyl)butadiyne [(CH,),
N-Si(CH,),-C=C-C=C—(CH,),Si-N(CH,),]. The oligomeric, hydroxy-terminated



Recent Advances in High-Temperature Network Polymers of Carboranylenesiloxanes 391

S
N N \\
N R N
> N ~

\E
HO” \@/SI\OH ' H/ \@/

Excess
CIRh(PPhjy);

12an=2,12bn=4,12¢cn=6,12dn =8

Figure 15.16 Structure of the elastomeric diacetylene-diluted silarylene-siloxane-diacetylene
polymer reported by Homrighausen et al. wherein Wilkinson’s catalyst was used

silarylene—siloxane prepolymers of various lengths were prepared via dehydro-
genative coupling between 1,4-bis(dimethylsilyl) benzene [H(CH,), SiCH,
Si(CH,),H] and excess 1,4-bis(hydroxydimethylsilyl)benzene [HO(CH,),SiC H,Si
(CH,),OH] in the presence of a catalytic amount of Wilkinson’s catalyst [(Ph P)
RhC1]. A number-average molecular weight ranging from 10,000 to 15,000 g/mol
was obtained for 12a—d with a polystyrene standard. The heat treatment of silarylene—
disiloxane—diacetylene linear polymers 12a—d resulted in a reaction between diacety-
lene units producing the crosslinked (networked) polymers. The networked polymers
were reported to be completely insoluble in typical organic solvents. By varying the
length of the hydroxy-terminated prepolymer in the synthesis of 12, they were able
to control the crosslinking density as demonstrated in the reports by Kolel-Veetil et
al. [34,35]. Polymeric materials could, therefore, be obtained that produced slightly
(elastomeric) to highly (plastic) crosslinked systems. The glass-transition tempera-
tures for corresponding crosslinked polymers obtained from 12a—d were determined
by DSC as —-29, —22, 29, and -29 °C, respectively.
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Figure 15.17 Reported synthesis of a poly (siloxylene-ethylene-phenylene-ethylene)

Recently, Grignard reagents have been used to prepare hybrid silicones that
contain phenyl and unsaturated organic groups, however, not necessarily as a
diacetylene group [57,58]. The synthesis of poly (siloxylene-ethylene-phenylene-
ethylene)s 13 has been reported by a reaction of a bischlorosiloxane with the bis-
magnesium derivative of a diethynyl compound according to the following scheme
(Figure 15.17). These compounds have been reported to be useful for composites
with good heat resistance.

2.4 Hybrid Siloxane Network Polymers From Hydrosilation
Reactions of Siloxane and Carboranylenesiloxane Monomers

Hydrosilation reactions are an important, if not the most important, class of
reactions utilized in the manufacture of silicones [47]. Such reactions may also be
conceived in the synthesis of elastomeric carboranylenesiloxanes and silarylene-
siloxanes. In 1998, Houser et al. reported the syntheses of the monomeric
carboranylenesiloxane 1,7-bis(vinyltetramethyldisiloxyl)-m-carborane 14, and its
hydrosilation reactions with the polymeric crosslinker, poly(methylhydrosiloxane)
15 (Figure 15.18) [30]. The reactions were catalyzed by the Speier’s catalyst,
H,PtCl,. The amount of the crosslinker was varied with regard to the amount of the
monomer to determine the ratio of the reactants that imparted the highest thermal
stability to the product polymer. This was done on the premise that the thermal
stability of a polymeric material depended partly on its crosslinking density [59].
Three samples of 16 were prepared with monomer to polymer ratios of 18.2, 9.3,
and 4.8. The values corresponded to a vinyl to Si—H group ratios of 1.04, 0.53, and
0.27. All of the products were found to be hard and colorless materials. None of the
ratios was observed to yield an elastomeric product. Even though the reactions
were performed with neat reagents, the formations of the products were reported to
take a day to several days at room temperature.

In the interest of producing elastomeric network polymers, Kolel-Veetil et al.
reported the modification of the preceding hydrosilation reaction system. They
reported the Karstedt catalyst-catalyzed ambient-condition hydrosilation reactions
of a monomeric vinyl 14 or ethynyl-containing 17 carboranylenesiloxane with
three different monomeric branched siloxane crosslinkers in hexane (Figure 15.19)
[36]. The reactions involving the vinylcarboranylenesiloxane were reported to
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Figure 15.18 Hydrosilation reactions producing hard, colorless network plastics reported by
Houser et al.
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Figure 15.19 The carboranylenesiloxane monomers and the branched siloxane crosslinkers used
in the hydrosilation reactions reported by Kolel-Veetil et al.

produce a set of completely hydrosilated network polymers 18. In the case of the
ethynyl monomer, the reactions were carried out at two different ratios yielding a
partially (19) and a completely saturated (20) set of network polymers. The logic
behind their choice of the Karstedt catalyst was that it is more active than the
Speier’s catalyst for heterogeneous hydrosilation reactions due to its ability to form
finer colloidal Pt particles during the catalyst initiation step [60]. The ambient reac-
tions performed in hexane were observed to proceed rapidly to generate elastomeric
network polymers in contrast to the slow formation of hard, colorless solids in the
report by Houser et al. [30]. The flexible and transparent films of the saturated
elastomeric network polymers from the vinyl monomer had 7', values below —35 °C
while the T, values of the films formed from the ethynyl monomer were below
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Figure 15.20 (7op) Schematic representations of the completely hydrosilated elastomeric net-
work from 14 + 4 C-Ls (18) (left) and the partially hydrosilated elastomeric network from 17 + 4
C-Ls (19) (right). (Bottom) DSC thermograms depicting the completely hydrosilated networks
from 14 + 4 C-Ls (18) (a), and the partially and completely hydrosilated elastomeric network (19)
(b) and (20) (c), respectively, from 17 + 4 C—Ls reported by Kolel-Veetil et al.

0 °C (Figure 15.20). The elastomeric polymeric networks from 14 and 17 were
found to have degradation temperatures ranging from 500 to 550 °C.

3 Further Considerations

3.1 Observations

Recent developments in the area of the network polymers of carboranylenesi-
loxanes and silarylene-siloxanes have resulted in the generation of new synthetic
routes and in the manipulation of the existing synthetic routes to yield elastomeric
versions of the materials in both groups. In the synthesis of hybrid siloxanes of both
groups of compounds, the utilization of diacetylene groups as crosslinking units has
afforded some exceptional new materials as is evident from the examples reviewed
in this chapter. Even though the evaluation of the elastic properties of the generated
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materials in these studies has been restricted to the determination of glass transition
temperatures of the crosslinked networks, it has proven informative to compare
such values with similar values of parent carboranylenesiloxane polymers. A great
deal of information about a material can be obtained from its glass transition
temperature. For example, there have been numerous efforts to understand the
nature of glass transitions in materials and to relate T, values to some easily meas-
urable quantities of materials. Tanaka has proposed a relationship between 7. and
the mean coordination number [61]. Gibbs and Di Marzio have developed a second-
order phase transition model and obtained an empirical relationship (GDM
equation) between the transition temperature and the density of cross linking agents
inserted inside a system of molecular chains [62].

In the systems reported in this review, the manifestation of the elastomeric
properties can be seen to be a synergistic effect of the crosslinking density, and the
molecular weight and also the molecular structure of the constituent groups in the
materials that are crosslinked. The elastomeric properties of the crosslinked
networks from the diacetylene-containing carboranylenesiloxanes and silarylene-
siloxanes with similar molecular weights are found to markedly depend on the
nature of the constituent groups in the polymers and the concentration of the
crosslinking diacetylene units in the polymer backbone. For example, even though
the molecular weights of the poly (disiloxane-diacetylene) or poly(trisiloxane-
diacetylene) [26], poly(ferrocenyl-siloxyl-diacetylene) [29], and the diacetylene-
diluted poly(m-carborane-trisiloxane-diacetylene) [35] are reported to be 10,000,
10,000, and 4,300 to 8,600 g/mol respectively, the networks produced from the
latter two are elastomeric in nature while the one produced from poly(disiloxane-
diacetylene) or poly(trisiloxane-diacetylene) is a plastic with a T, value of 144 or
170 °C, respectively. The T, values can be shifted to larger values by exposing
the plastics to high temperatures during postcure. Thus, the former two polymers
with similar molecular weights have very different elastic properties. This marked
difference may be attributed to the excessive degree of crosslinking in poly-
(disiloxane-diacetylene) or poly(trisiloxane-diacetylene) due to the presence of a
greater concentration of the diacetylene units in its repeating unit when compared
to the other two systems.

Similar excessive degree of crosslinking of diacetylene (or 1,3-butadiyne) units in
the silsequioxane network, [O, SiC =CC =CSiO, ] (21) has been exploited by
Corriu et al. for the preparation of silica by the pyrolysis of such systems in air
between 400 and 550 °C (Figure 15.21) [63]. The initial gel with bridging diyne
units was discovered to have thermally crosslinked through ene-yne formation to
form a rigid thermoset that on subsequent pyrolysis was reported to yield silica by
oxidative decomposition. In the case of the diacetylene-diluted poly(carborane-
trisiloxane-diacetylene) possessing the lowest range of molecular weights (4,300—
8,000 g/mol), the presence of a decreased amount of crosslinking diacetylene units
is believed to have contributed to the elasticity of their cured networks. In similar
diacetylene-diluted poly(carborane-disiloxane-diacetylene), the 7 values of the
crosslinked networks are found to be in the 30 to 50 °C range possibly resulting
from a net increase in the crosslinking density arising from the shorter disiloxyl
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Figure 15.21 The synthesis of silica reported by Corriu et al. from an extensively crosslinked
siloxane system by the crosslinking of diacetylene units

groups [34]. This effect that the diacetylene-dilution has on the elastomeric proper-
ties of the resultant networks is also evident in the networks produced from diacety-
lene-containing silarylene-siloxanes. Although the three groups of
diacetylene-containing silarylene-siloxane polymers 10, 11, and 12 reported by
Homrighausen et al. have molecular weights of 10,000, 10,000, and 10,000 to
150,000 g/mol, respectively, only the networks produced from 11 and 12 are seen to
be elastomeric whereas 10 is observed to yield a thermosetting plastic due to an
excessive concentration of crosslinking diacetylene groups.

In general, a study of the glass transition temperatures of the crosslinked
networks of the recently developed carboranylenesiloxanes reveal that the T, values
decrease gradually in tandem with a reduction in crosslinking density in the precur-
sor poly(carborane-siloxyl-diacetylene) oligomers. Although this trend in the
decrease in the T values renders the disiloxyl systems progressively less plastic, a
more dramatic decrease in the 7', values in the case of the networks of similar trisiloxyl
systems render them elastomeric at ambient temperature. Such generalization can
also be made in the case of the networks produced from the poly(silarylene-siloxane-
diacetylene)s. The improvement in the elastic properties of crosslinked networks on
crosslinking density-dilution is also very well demonstrated in the work by Kolel-
Veetil et al. on the hydrosilation-cured networks [36]. However, in all of these sys-
tems, one of the disadvantages in reducing the crosslinking density is in the
lowering of the thermal and thermo-oxidative stabilities of the less crosslinked sys-
tems in comparison to the parent systems. Thus, the most optimum elastomeric and
thermal properties can be attained by a judicious manipulation of these two compet-
ing factors.



Recent Advances in High-Temperature Network Polymers of Carboranylenesiloxanes 397

The effect that the nature of the constituent groups in a developed hybrid
siloxane system has on its molecular weight is also worth evaluating. This is important
as it has a direct bearing on the high-temperature thermo-oxidative stability of the
polymer. It has been well established that hybrid siloxanes with ultra high-molecu-
lar-weights gain weight on heating in air compared with their low-molecular-weight
counterparts [56]. This results from two competing oxidation processes, one of
which causes crosslinking and the other fragmentation and volatilization. The rela-
tive rates of these two processes may change with changing polymer molecular
weight because lower molecular weight polymer can produce volatile fragments
more readily [56]. On perusing the examples in this chapter, it is apparent that the
introduction of the crosslinking diacetylene groups in carboranylenesiloxanes sub-
stantially reduces the molecular weights of the resultant polymers when compared
to the parent systems. For example, the molecular weights (either M or M ) of the
diacetylene-containing carboranylenesiloxanes are seldom seen to exceed 10,000
g/mol while many examples of the parent polymers with ultra high molecular
weight (> 500,000) are available in the literature [7].

The effect that the steric nature of the group that replaces a diacetylene unit in a
diacetylene-containing hybrid siloxane has on the product’s molecular weight is
evident when similar diacetylene-containing siloxanes, carboranylenesiloxanes,
and silarylene-siloxanes are compared. As a matter of clarification, it is to be noted
that the ensuing observation is based completely on steric factors and has entirely
ignored the differences in the chemical reactivity of the groups. In the three exam-
ples of 2a, 10, and 1, whereas the replacement of a diacetylene group in 2a by a
1,4-phenylene group does not seem to have had an effect on the molecular weight
of the resultant 10 (2a and 10 have similar M s of ~10,000), the replacement of the
diacetylene group by a m-carborane group seem to have reduced the molecular
weight of the resultant 1 dramatically (1 has a M of ~4,900). This could be
attributed to the differences in the proximities of the respective sites of attachment
of the two groups 1,4-p-phenylene and m-carborane in the polymer chain. Thus,
the closeness of the two carbons sites (that are meta in positions) that involve in the
polymerization in a m-carborane in comparison to the two carbon sites (that are
para in position) in 1,4-p-phenylene group possibly makes it harder for the polym-
erization to proceed to a greater extent. It is well known in carboranylenesiloxane
chemistry that progressively higher molecular weight materials could be obtained
from carboranes with carbon sites that are farther apart, thus making o-carborane
practically useless in producing polymers of any appreciable molecular weights
[11]. Similar observations can also be made in connection with the linear boron-
silicon-diacetylene copolymers (3a—d) reported by Sundar et al. When the mole
percent ratios of silane/siloxane (DMS, TMDS, and HMTS) to boron (phenylbo-
rondichloride) were 90:10 (3¢ and 3d) and 80:20 (3a and 3b), respectively, the
molecular weights of the polymers obtained were reasonably high. However, only
low-molecular-weight materials were formed when other siloxanes to boron ratios
(such as 40:60 and 50:50) were used in the synthesis. Again, this likely results from
the increased proximity of the reactive carbon sites in 1,3-phenylborondichloride
causing a decrease in the polymerization reaction in polymers containing a larger
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ratio of phenylborondichloride. However, the preceding arguments may be at odds
with the observed differences in molecular weights of 2a or 1 and the known car-
boranylenesiloxane (Dexsil) polymers. While ultra high molecular weight
(>500,000) carboranylenesiloxane (Dexsil) polymers have been synthesized, the
M_ of 2a or 1 is only 10,000 or 4,900 g/mol, respectively. The lack of degree of
polymerization of the diacetylene-substituted variants in contrast to the parent poly-
mer that contain m-carborane alone and no diacetylene groups may have to do more
with the differences in the chemical reactivity of the diacetylene and m-carborane
groups than simply on the differences in their steric nature. A more in depth study
of these features will be rather illuminating.

With the diacetylene-containing carboranylenesiloxane, it will be interesting to see
what effects the crosslinking means will have on the elastomeric properties. As
described in the section on the theory of the solid-state diacetylene polymerization, in
addition to thermal annealing, UV radiation or high energy irradiation can effect the
polymerization of diacetylenes [37,38,40]. In fact, Boileau et al. reported that UV-initi-
ated crosslinking of diacetylene units contained in the main chain of a polysiloxane
produced by the oxidative coupling of telechelic [2-(propyn-1) oxyethyl]oxypropyl-
terminated polydimethylsiloxanes by a copper catalyst [64]. Even though it is unlikely
that the use of UV radiation in place of thermal annealing as the means of crosslinking
will cause any change in the mechanism of diacetylene polymerization, it should be
interesting to compare the networks formed by both means.

In the case of all of the developed hybrid silarylene-siloxane and carboranylen-
esiloxane polymers, an evaluation of the nature of different phases containing aro-
matic or carborane groups will be illuminating to understand what contribution
does each distinct phase has on the elasticity and other material properties of the
generated networks. Other in-depth mechanical studies are also in order to better
evaluate the high temperature elasticity of the materials.

3.2 Applications

3.2.1 High-Temperature and Miscellaneous

The interest in high-temperature elastomeric materials stems from the high demand
for such materials for application in advanced technologies, particularly the
aerospace, defense, and computer industries. Such materials are expected to have
long-term thermal, thermo-oxidative and hydrolytic stability at and above 300 to
350 °C and to also have the ability to maintain pronounced flexibility to well below
ambient temperature. The elastomeric crosslinked network polymers of carboran-
ylenesiloxanes and silarylene-siloxanes described in this chapter possess similar
properties and are therefore ideal candidates for a wide variety of engineering
applications under unusual service conditions. In addition, these network polymers
also have the utility in other applications that may or may not directly relate to their
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elastomeric properties and are available as a result of the presence of the introduced
crosslinking groups such as diacetylene and ethynyl. Such applications are currently
being evaluated.

One such application is in the thermo-oxidative protection of high-perform-
ance organic fibers. Keller has reported the use of the poly(carborane-disiloxane-
diacetylene) polymer in the protection of carbon fibers [65]. Carbon fibers coated
with poly (carborane—siloxane—acetylene) are reported to form a protective bar-
rier against oxidation at elevated temperatures. When used as a matrix material
(ceramic), the polymer was found to protect the carbon fibers from oxidative
breakdown. The use of linear carborane-siloxane-acetylenic polymers as precur-
sor materials for thermosets and ceramics for composite applications between
500 and 1,500 °C, respectively, in an oxidizing environment was also described.
These linear polymers have the advantage of being extremely easy to process and
to be converted into thermosets or ceramics because they are either liquids at
room temperature or low melting solids. The elastomeric versions of the
poly(carborane-siloxane-acetylene) and of the hydrosilated carboranylenesi-
loxanes should be even more convenient for use as protective coatings for high-
performance fibers because of their ease of application. Kolel-Veetil et al.
recently described the protection of high-performance organic fibers Zylon
(PBO, poly (p-phenylenebenzobisoxazole), Kevlar, and carbon fibers by such
polymers [66]. As these crosslinked networks are stable in air above the degrada-
tion temperatures of the organic fibres (450-700 °C), they prevent the cata-
strophic degradative oxidation of the high-performance fibers when applied as
coatings.

The diacetylene-containing carboranylenesiloxanes have been evaluated to be
exceptional high-temperature dielectric insulators in preliminary investigations
[67]. The polymers have also shown impressive high-temperature adhesive
characteristics during such investigations [67]. When obtained in their clear form,
these materials can also conceivably function as mechanochromic sensors because
of the crosslinking in the diacetylene units [68]. The elastomeric networks of
hybrid silicones should also be able to function as high-temperature gas separation
membranes [69].

In the case of the transparent hydrosilated networks of carboranylenesiloxanes
obtained by hydrosilation reactions, the possibility exists for the use of the networks
in coating and sensor applications. Additionally, with the partially hydrosilated
network systems, the opportunity does exist for the reaction and sensing of mole-
cules at the organic unsaturation sites that are uniformly dispersed in the hydrosi-
lated membrane.

In the case of all of the carboranylenesiloxane network polymers produced
either by thermal polymerization or by hydrosilation means, the opportunity exists
for their use as neutron absorption materials that may find applications in nuclear
reactor shields. The presence of boron atoms in these polymeric materials that are
known to be exceptional neutron absorbing species by the well known boron
neutron capture (BNC) reaction enhances the importance of them in nuclear
applications [70].
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3.2.2 Production of Ceramic Nanomaterials

The pyrolysis of various metallic derivatives of diacetylene-containing carboranyle-
nesiloxanes, which has metal groups bound to the diacetylene fragment or being
included in the polymer backbone, has been reported to afford an impressive group
of ceramic nanomaterials with diverse conducting properties [71]. The derivatization
of a diacetylene-containing carboranylenesiloxane was achieved by the complexation
of the triple bonds in the diacetylene moiety with a chosen organometallic moiety.
Depending on the ratio of the carboranylenesiloxane and organometallic moiety reac-
tants, uncomplexed 22a, partially complexed 22b, and completely complexed 22¢
carboranylenesiloxane could be obtained in various ratios from the reaction
(Figure 15.22). Prior to conversion into the ceramic, the metallic derivatives are
converted to a thermoset through the crosslinking reactions of 22a and 22b. The
thermoset, thus formed, was pyrolyzed to desired temperatures to produce the
ceramic nanomaterials with diverse magnetic and conducting properties.

Using this strategy, Kolel Veetil et al. recently reported the production of a
superconducting mixture of -Mo,C and carbon nanotubes in an amorphous
mixture of silicon and boron compounds by the pyrolysis of the metallic product
obtained from Cp,Mo,(CO), and a diacetylene-containing carboranylenesiloxane
[71]. The equimolar reaction of Cp,Mo,(CO), with the carboranylenesiloxane
1 in THF was found to result in the displacement of two of its carbonyl ligands
by each triple bond in the diacetylene unit to yield a w-bonded complex. FT-IR and
BC NMR spectral evidences corroborated the formation of metallic derivatives
such as 22b and 22¢ and the retention of some unreached 22a. During the thermoset
formation, the successive losses of the labile carbonyl and cyclopentadienyl

22b 22¢

R = -SiMe,-polymer M, = organometallic moiety

Figure 15.22 Schematic representations of the uncomplexed (22a), partially complexed (22b),
and completely complexed (22¢) metallic derivatives of a diacetylene-containing carboranylenesi-
loxane
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Figure 15.23 The resistivity plot, the XRD spectrum and TEM micrographs of the pyrolysis of
the Cp,Mo,(CO), complex of 1

ligands were observed from the mixture around 222 and 267 °C, respectively.
During the pyrolysis of the thermoset, the loss of silicon-bound methyl groups
was also observed around 500 °C. On completion of the pyrolysis at 1,000 °C,
concomitant formations of nanoparticles of 3-Mo,C and carbon nanotubes were
observed as verified by X-ray diffraction and TEM studies (Figure 15.23). The
nanoparticles were obtained in an amorphous matrix of silicon and boron com-
pounds. Resistivity studies of the mixture revealed that it was superconducting in
nature with a critical temperature (T) of 8 K (Figure 15.23). This represents only
the third example of a formation of carbon nanotubes catalyzed by the metal Mo
alone [72].

Nanomaterials of various transition metal borides, carbides and silicides with
diverse magnetic and conducting properties have been obtained from 1 and other
diacetylene-containing carboranylenesiloxanes using the same strategy as used in
the -Mo,C formation. Some of the nanomaterials produced include CoB, FeCoB,
CuB,, and FeSSi3.

In summary, recent advances in the area of network polymers of carboranylen-
esiloxane and silarylene-siloxanes have produced exceptional high-temperature
elastomeric materials as a result of the incorporation of new methodologies in their
syntheses. In addition to their high-temperature properties, the presence of various
diverse constituents in the materials has opened avenues for the utilizations of these
materials in myriad applications.
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1 Introduction

This chapter reviews efforts to include organoantimony into polymers. This is not
an exhaustive review but will contain most of the reports. Polymers containing
organoantimony moieties have been reported to exhibit some potentially useful
properties including an unusually low solution viscosity relative to molecular
weight, antimicrobial activity, semiconducting properties, and flammability
resistance. While antimony is typically found in both the plus 3 and plus 5 state,
essentially all polymers are of the plus 5 state.

In 1975 we reported the initial synthesis of antimony polyesters and polyoxa-
mines. The work was an extent of our efforts with other metal-containing electron
deficient metal sites. Reactants typically employed in the formation of ogranoanti-
mony polymers are triphenylantimony dichloride and dibromide, along with
trimethylantimony dichloride. These materials are commercially available and as
such are primary candidates for use as conveyers of the organoantimony moiety into
polymers. These materials act similarly to regular organic acid chlorides with respect
to hydrolysis by water and addition to typical mono-Lewis bases. Thus, the synthesis
of organoantimony-containing polymers is a somewhat straightforward extension of
our other work. The organoantimony polymers synthesized by our group emloyed
the classical aqueous interfacial system where the organoantimony dihalide is
contained within an organic solvent and the Lewis base is present in an aqueous
phase. Reactions were generally rapid occurring within 30 seconds or less.

A.S. Abd-El-Aziz et al. (eds.), Inorganic and Organometallic Macromolecules: 405
Design and Applications.
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Organoantimony (V) dihalides exist in a triangular bipyramidal geometry with
the typically bond angles as shown below for trimethylantimony dichloride (1). The
two halides reside in the axial positions whereas the organic moieties are present
on the equalitorial plane.

2 Polyesters

Unlike reactions with organic acid chlorides in the presence of water where
hydrolysis proceeds faster than addition to the organic Lewis base, hydrolysis of
organoantimony dihalides occurs more slowly than addition to typical Lewis bases
as salts of carboxylic acids, allowing for the formation of esters. Thus, reaction of
organoantimony dihalides with salts of monocarboxylic acids yields the diesters
(2). [1,2]

We employed a simply extension of this employing salts of dicarboxylic acids
to form polymers (3) [3-7].

A number of dicarboxylic acids were employed including, a series of p-phe-
nylene dicarboxylic acids such as dimethylterephthalic, dimethylterphthalic acid,
bromoterephthalic acid, nitroterephthalic acid, terephthalic acid, and dichloroter-
ephthalic acid. The best yield of about 50% was achieved from terephthalic acid,
consistent with steric concerns being important. A number of aliphatic diacids were
employed including ferrocene-1,1’-dicarboxylic acid, fumaric acid, maleic acid,
and oxalic acid.

Along with the ferrocene polymers, the analogous cobalticinium products were
synthesized (4) [6,7]. If the hexafluorophosphate-containing monomer is dissolved
in sodium hydroxide and immediately used a good yield is found on the order of
90%. But, if the solution is allowed to “age” for several hours, exchange occurs and
poorer yields, on the order of 30%, are found.
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Whereas the hexafluorophosphate anion was typically employed, products con-
taining a number of other anions were synthesized. Anions included the bromide
and nitrate ions. The use of these other anions resulted in greatly reduced yields on
the order of less than 10%. It is believed that the hexafluorophosphate moiety is
closely associated with that of cobalticinium and, because of size, makes it more
difficulty for water to approach. The water likely promotes hydrolysis of the poly-
mer and possibly of the organoantimony chloride, either during reaction or as a
growing end group.

Most of the organoantimony polyesters are near semiconductors with resistivity
values generally within the range of 10" to 10" ohm cm [7]. Resistivity decreases
slightly as pressure is applied consistent with most organic semiconductors.
Resistivity increases with applied voltage. There was no clear trend for organic
semiconductivity. In comparison, the cobalticinium were superior conductors with
resistivity values in the range of 10° to 107 ohm cm well within the semiconductor
range and approaching the near conductor range. Values were similar as the anion
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was varied. Resistivity slightly decreased as voltage increased, reaching a mini-
mum and then generally increasing. Resistivity remained approximately constant
as the pressure was increased.

3 Polyoxamines

Harrison and Zuckerman [8] reported the formation of monomeric oximes from
reaction of triphenylantimony diethers (5). The analogous condensation of orga-
noantimony dihalides with oximes was not reported by them.

Again, the shift to dioximes permitted the synthesis of polymers (6) [9,10].

One of the reasons for the synthesis of new polymers is their evaluation in light
to general polymer theories. One such product is pictured below. Typically,
polymers give a relatively large drag in dilute solutions because they reside in a
number of flow planes. Some of these materials gave unusually low viscosities in
comparison with their molecular weight. Three factors were identified as potential
contributions to this behavior. First, many of these polymers are rigid-rod like. One
such polymers structure is noted below (7).
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Resonance structures can be drawn that show that the polymer backbone from
triphenylantimony dichloride and p-benzoquinone dioxime is quite stiff. The
product had a low viscosity (6 mL/g) but a molecular weight of about 7 x 10’ with
a LVN/weight average molecular weight of 0.09 x 10~*. In comparison, polysty-
rene has a LVN/M_ of 8 x 107 or about 100 times the antimony product.
Polyethylene has a LVN/M_, value of 35 x 107, or a value about 400 times that
of the antimony polymer. Because of this stiffness, it is possible that the stiff
chain is caught between flow planes rather than residing within a number of flow
planes as modest flow occurs. This would result in a greatly decreased viscosity.
Second, errors exist because of the possibility that such polymers fluorescence.
Thus, this same polymer showed a M of 1.5 x 10° before correction for fluo-
rescence. After correction, the M~ was reduced to 7 X 105, Third, anomalous
scatter may result from color or absorption. This was tested for the antimony
polymer and not found to be a factor.

Theoretically, the effect of stiffness can be understood in terms of the Flory
and Fox description of K, from the Mark-Houwink relationship shown in Eq.
16.1 [11]:

LVN = KM? (16.1)
In Eq. 16.2, K is described as follows [11]:

K = o(r *IM) (16.2)

where r_ is the end-to-end distance for the chain with a molecular weight M with a
semiconstant referred to as the Universal Light Scattering Constant, ¢.

Less flexible chains offer larger end-to-end distances per molecular weight unit,
r /M, resulting in a larger K value. The K value for the antimony polyoxime is
95 x 107 in comparison to a value of K being 9 x 10~ for polystyrene. Another
factor that may contribute to the polymer residing in fewer flow planes is the poor
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solubility of the antimony polyoxime. Dimethly sulfoxide (DMSO), the solvent for
which values are given above, is a poor solvent for the antimony polyoxime giving
essentially no slope in the plot of intrinsic viscosity as a function of concentration.
Sulfolane is a better solvent and a LVN of 39ml/g is found more in line with the
observed molecular weight.

This behavior for both new polymers produced and values for more common
polymers have been reviewed and the behavior appears to be general for rigid
poorly soluble polymers and is not related to the presence of metal or metal-like
atoms in the polymer backbone.

4 Polyamines

Doak and Freedman [12] synthesized the monomeric organoantimony amines (8)
from reaction of organoantimoney dihalides with monoamines. The analogous
polyamines (9) were synthesized employing the diamine [13-15].

The products are oligomeric to high polymers with DP values ranging from 10
to 1,000. Yields ranged from about 10 to over 90%. A wide range of diamines were
employed including simple aliphatic diamines such as 1,6-diaminohexane, simple
aromatic diamines such as p-phenylenediamine, to more complex diamines such as
adenine, 2,6-diamino-8-purinol, 4,4’-diaminodiphenylsulfon, Zineb, and
2,4-diamino-5(3,4-dimethoxybenzil)pyrimidine.

The products were tested for their ability to inhibit a wide range of bacteria,
fungi, and yeast [13]. The ability to inhibit ranged from essentially no inhibition
against any test organism for the product from adenine and triphenylantimony
dichloride to inhibition of all ten test organisms for the 4,6-diamino-2-methyl-5-
nitrosopyrimidine and triphenylantimony dichloride product.

The products were also tested for their ability to inhibit a number of cancer cell
lines including BHK-21, 1.929, and HeLa cells [13]. The products generally exhib-
ited decent cell inhibition with 50% growth inhibition values in the range of
5 ug/mL for the HeLa cells.

A number of other triphenylantimony dichloride-derived products were recently
tested for their ability to inhibit Balb 3T3 cells as a measure of their ability as
potential anticancer drugs [16]. This included those derived from cobalticinium-
1,1’-dicarboxylic acid nitrate and thiopyrimidine. These materials showed GI50
values of about 10 micrograms/m.
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The effect of use of phase transfer agents and crown ethers was studied [15].
Comparison was made with the use of sodium hydroxide alone as the added base.
Results were varied, with some added catalysts resulting in an increase in prod-
uct yield and chain length and others giving a lower yield and chain length, and
still others showing no change in product yield and chain length. For instance,
the use of tetrahenyl phosphonium iodide showed an increase from 35 to 45% in
product yield and a threefold increase in molecular weight for the reaction of
2,6-diamino-8-purinol and triphenylantimony dichloride. In comparison, the
same phase transfer catalyst showed a decrease in yield from 38 to 28% and a
fourfold decrease in chain length for the product of 2,5-dichloro-p-phenylenedi-
amine and triphenylantimony dichloride in comparison to the simple sodium
hydroxide system.

5 Polyethers

Mati and coworkers [17-21] synthesized a number of polyethers using a novel
nitrate displacement polymerization. The structures of these materials is given
below (10-12). This is part of an extensive study that includes evaluation of solu-
bility parameters, biological characteristics, thermal properties, density, crystallin-
ity, mechanical properties, and flame retarding ability. In fact, one of the most
common uses for antimony oxides and organoantimony compounds is as flame
retardants. The following is a description of some of these results.

Mechanical properties and hardness for NR and CR rubber impregnated by these
antimony polymers were found to increase mildly. The flame retardancy of various
rubber vulcanizates containing the antimony polymers increases based on the limiting
oxygen index so that these materials may be nonleaching (nonmobile) antiflame
additive materials. The polymers show decent activity against Escherichia coli
bacteria and Saccharomyces cerevisiae yeast. They were also found to offer decent
antifouling activity. The products are semiconductors with bulk resitivity values in
the range of 10® to 10° Q cm. The surface conductivities are also consistent with
them being semiconductors.



412 C.E. Carraher Jr.

R CHs
0 0 R,
\S/
CHs R— iQ\R‘
10) R
(10)
Br Br
CHs
0 O R,
i’ \ /
R CH, R1/Sb\R
1
Br Br X<
R
(11)
aamn
R
‘Qo
o)
X
N N o R
.
>Sb‘R1
0"\
(12) Ry
(12)

6 Incorporation of Known Drugs

Recently a number of organoantimony-containing polymers have been synthesized
employing incorporation of known drugs. Incorporation of cephalexin was achieved
[22,23] producing mixed amine-ester polymers (13).

These products were tested using Balb 3T3 cells [23]. The triphenylantimony
derivative showed a GI50 of about 2 ug/ml whereas the product of trimethylanti-
mony dibromide showed a GI50 of about 10 g /ml.
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Ticarcillin was recently incorporated into similar products. As in the case of
reactions utilized to produce the polyesters, ticarcillin possesses two acid groups
that are neutralized by addition of sodium hydroxide producing the product below
(14).

Reaction with organoantimony dihalides yielded products with the repeat unit
shown below (15) [24].

Infrared spectra were consistent with the presence of both reactants and the
formation of a new Sb bond. For the product of triphenylantimony dichloride and
ticarcillin a new band about 1204cm™" (all IR bands given in cm™) is assigned to
the Sb-O stretch. The upward shift in the salt carbonyl from about 1598 to 1645
was consistent with Sb—-O—CO-R bond formation. A new band around 1280 was
assigned to the Sb—O bond formation. An Sb—Ph stretch was found at 1440, smaller
than that found for triphenylantimoney dichloride itself at 1434. Other phenyl-asso-
ciated bands were found at 720 and 680, near those for triphenylantimony dichloride
itself with bands at 732 and 686. The broad band centered at 3432 was assigned to
NH stretching. The bands about 3059 were assigned to the C—H aromatic stretch
present in the antimony moiety whereas those centering above this result from the
C-H stretch in the ticarcillin. A series of bands from about 2990 to 2920 were
derived from the C—H aliphatic found in ticarcillin.
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The antimony product was soluble in DMSO and partially soluble in HMPA,
1IMPO, DMF, and sulfolane. The antimony product melts at about 156 °C becoming
black at 222 °C with the coloration consistent with degradatoin of the product.
Onset of coloration precedes the final darkening to black so that some thermal-
induced degradation begins at a lower temperature.

Antimony has two natural-occurring isotopes, '2!Sb at 57% and '>*Sb at 43%. For
a unit containing one antimony, the percentage of the 121-associated ion fragment
should be 57% compared with 47% for the 123-containing unit. Table 16.1 contains
some of the matches for the one-antimony ion fragments. The percentages are in
rough agreement with what is expected.

Table 16.2 contains results for two, three and four units.

The presence of multiple antimony atoms in ion fragments causes a broadening
of ion frequencies as seen in Tables 16.1 and 16.2. This broadening of ion frequen-
cies, due to at least distributions of isotope abundances, causes a clustering of asso-
ciated ion fragments. In Table 16.3, we note the maximum ion fragment mass
number assuming that each noted ion location is really the most abundant ion

Table 16.1 Ion fragment abundances for one antimony-containing ion fragments

9%121-Containing % 123-Containing
M/e Assignment Unit Unit
740,742 U 52 48
767,169 U+20 53 47
771,779 U+CO, 53 47
825,827 U+2CO0, 54 46
890,892 U+CO,CHSP 55 45

Table 16.2 Isotope abundance results for multiple antimony-containing chains

2U+OH

M/e 1,484 1,486 1,488

Calculated (%) 325 49.0 18.5

Found (%) 33.7 48.9 17.4

3U+OH

m/e 2,220 2,222 2,224 2,2226

Calculated (%) 18.5 41.9 31.6 8.0

Found (%) 20.8 39.6 31.3 8.3
3U+triphenylantimoney and 20H

m/e 2,583 2,585 2587 2,589 2,591
Calculated (%) 10.6 319 36.0 18.1 34
Found ()% 12.5 35.6 38.1 9.4 4.4
4U+OH

m/e 2,949 2,951 2,953 2,955 2,957
Calculated (%) 10.6 31.9 36.0 18.1 34

Found (%) 4.6 35.7 44.4 114 39
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Table 16.3 Most abundant ion fragment clusters for the product from triphenylantimony dichlo-
ride and ticarcillin; >2000 daltons

Structural Structural
m/e assignment m/e assignment
2,006 3U-CO,AB 3,874 5U+CO,AB
2,093 3U+CO,AB 4,227 5U+SbO,CAB
2,222 3U+OH* 4,903 7U0-O,ABNHCO
2,404 3U+0,CAB 5,432 7U-Sb,20H*
2,583 TU+T* 6,475 9U-O,CCHTP
2,632 3U+Sb,2CI* 6,997 OU+T*
2,772 4U-O,CCHTPCO 7,735 10U+Sb,20H*
2,985 4U+CO, 8,299 11U+T-0,CCHTPCO
3,322 4U+T* 8,690 12U0-O,CCHTP
3,378 4U+Sb,0,CHCO 8,988 12U+0,CCHTPCO
3,631 5U-CO,

O

LN CHs

S

(16)

fragment location for that cluster of ion fragments. Furthermore, only the most
abundant ion fragments are identified. Numerous secondary (less intense) ion frag-
ments are present. In the presentation of data, several abbreviations will be used in
the assignment of ion fragment identities. The letter “T” is used to represent the
ticarcillin moiety (minus two protons); Sb represents the triphenylantimony moiety,
that is PhBSb moiety; U represents one unit, 2U represents two units, and so on; AB
represents the azabicyclo ring system, shown in 16, and SP will be used to represent
the thiophene moiety. All ion fragment masses are given in m/e = 1, that is in
daltons.

Table 16.3 contains results for the triphenylantimony polymer.

Some full units are found designated by a “®*”. Although there are some ion
fragments that contain CI end-groups, the bulk of the ion fragments do not. The
presence of only a few Cl end-groups is consistent with the high tendency for
the Sb-Cl to undergo hydrolysis.

Products have also been synthesized incorporating the known antiviral acyclovir
as part of a project to synthesize third generation antiviral agents [25]. The products
are of structure shown below in 17.
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7 Other

Gudyno and coworkers [26] reported the used of cation exchanges based on anti-
mony polymers. The exchange resins were able to remove strontium.

Belinskaya and coworkers [27] reported a similar study looking at the sorption
of cadmium by inorganic cation exchangers based on antimony polymers. These
products were also described as being of possible therapeutic use. Thus, rats were
given doses of CdCl, and then given 100mg of the silicoantimonic or phospho-
noantimonic polymer resulting in 2 to 67% decrease in uptake of the cadmium by
the liver and kidney in comparison to a control group of rats.

A patent by Predvoditelev and coworkers [28] describes the synthesis of anti-
mony-containing polymers from reaction of trialky antimonites with such hydroxyl
compounds as cellulose, starch, and poly(vinyl alcohol). The products presumably
contain Sb—O units and as such are antimony ethers.

Feng and coworkers [29] reported on the synthesis and fluorescence properties
of ternary complexes of polymer-bound organometal moieties including tripheny-
lantimony. These complexes also contain the rare earth metal ions Eu, Sm, and Tb
and thenoyltrifluoroacetone. The general structure is given below (18) where R =
phenyl.

The fluorescence properties were investigated. The Eu* product was the best,
giving fluorescence lifetimes between 0.35 and 0.47MS. The relative intensity
compared with a simple binary complex for the antimony product was over 150.
The highest relative intensity was for the analogous arsenic product with a value of
300. The most intense emission peak occurred ay about 614nm and corresponded
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to the °D_ — 7F, transition of the Eu*’ (electric dipole transition that is sensitive to
the crystalline field). Other peaks occurred at 592 and 648 nm and corresponded to
the 5D1 - 7Fj transition, which is insensitive to the crystalline field. Thus, the for-
mation of polymeric ternary complexes enhances the fluorescence intensity of the
rare earth ions tested. The precise results varied with the rare group and main group
ions as well as the particular polymer employed.
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1 Bacteria Basics

Bacteria are small (about 0.0003 to 0.002mm (0.00001 to 0.00008 in.) one-celled
organisms living throughout our earth. A single cup of soil may contain more than
10 billion bacteria.

Most bacteria do not cause diseases. They help in digestion and in destroying harmful
microorganisms. Some intestinal bacteria produce needed vitamins. In soil and water
they assist in the recycling of nutrients. Many assist in the decay, and decomposition of
dead organisms and animal waste. Some bacteria convert nitrogen in the air, soil, and
water into nitrogen compounds needed by plants. Fermentation, used in making alco-
holic beverages by converting sugar into ethanol (“drinking alcohol”), cheese and other
foods, is caused by certain bacteria. Sewage treatment plants utilize bacteria to help in
the purification of water. Bacteria are also employed in the synthesis of certain drugs.
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Many bacteria are harmful only when present in the wrong part of the
body. A prime example of this is Escherichia coli, which is generally harmless but
when located in the intestines can cause food poisoning. Other bacteria, such as
anthrax, are poisonous regardless of where they are located in the body. Bacteria
from the same family may exist as any number of strains with both similar and dif-
ferent properties. For instance, Pseudomonas aeruginosa strains can react toward
selected drugs in a variety of ways depending on the particular strain. Unfortunately,
strains found in hospitals are generally the most difficult to control and are called
resistant strains. Some bacteria produce poisons—toxins that cause diseases such
as tetanus, diphtheria, and scarlet fever. Others produce toxins only after their
demise. Some enter the body through sores, punctures, cuts, and abrasions, whereas
others are passed mistakenly from one organ to another. Bacteria also cause dis-
eases in animals and plants.

Once in the body, harmful bacteria are met by white blood cells that destroy
them. Antibodies assist in the control of these invaders. When our body is not able
to effectively control bacterial invasion, a physician may prescribe a shot and/or
pills that contain an antitoxin from an animal or another person or a vaccine made
from dead or weakened bacteria. The vaccines stimulate antibody production in the
body and some can provide long-term protection.

Bacteria are generally enclosed by a tough protective layer called the cell wall.
Scientists identify strains of bacteria based on the shape of the their cell wall and
their ability to retain or reject specified organic dyes (called stains). There are four
major “shapes of bacteria.” Cocci are round and linked together, bacilli are rod like,
spirilla are spiral shaped, and vibrios appear as bent rods. Three prefixes can be
added to these four major shapes to identify additional bacterial. Diplo is employed
to describe paired shapes, strepto-chains, and staphlo-clusters. Thus, a staphylococci
is a cluster of round bacteria. The description of the size, shape, structure, and
arrangement of living objects is called the morphology of those living objects.

Certain structures, such as the mesosomes and flagellum, are not common to all
bacteria. Some bacterial cells are surrounded by a vicious material which forms an
envelope about the cell wall. The envelope serves to protect the bacteria from drying
out through regulation of water emission, acts to block attachments and engulfment
by unfriendly microorganisms, and promotes attachment of the bacteria to surfaces.

Streptococcus mutons, a bacterium associated with the production of dental car-
ies, attaches itself to the smooth surface of teeth. The envelopes can be made of
polypeptides but are generally composed of polysaccharides.

Two major groups of bacteria exist: (1)the eubacteria—which are typical of
most bacteria we have about us— and (2) the archaeobacteria—which are less com-
mon and include methane-producing bacteria. This chapter focuses on eubacteria.
For eubacteria, the shape-determining part of the cell wall, is largely peptidogly-
can—an insoluble, porous, crosslinked giant molecule of good strength and rigidity.
Whereas the peptidoglycan varies from one species to another, it is basically a
polymer of N-acetylglucosamine, N-acetylmuramic acid, L-alanine, D-alaine,
D-glutamate and a dipeptide. Because the peptidoglycan wall is rigid, it is con-
stantly degraded and rebuilt to allow for growth.
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Bacteria are further divided according to their ability to be stained. Thus gram-
positive bacteria retain the stain from a crystal violet-iodine complex whereas
gram-negative bacteria do not. The cell walls of gram-negative bacteria are
generally thinner (10-15nm) than the cell walls of gram-positive species
(20-25nm). The membranes connected to the cell walls may contain many
features. Thus for gram-negative cells, the outer membrane is anchored to the
peptidoglycan by means of a lipoprotein. The membrane is a bilayer composed
mainly of phospholipids, proteins, and lipopolysaccharides (LPSs). A LPS consists
of three covalently bonded units: a lipoprotein, polysaccharide, and polysaccha-
ride O-antigens that extend like long arms from the membrane surface.

Although impermeable to giant molecules, the outer membrane allows smaller
molecules—such as amino acids, water, small sugars, and nucleosides—to pass
through using channels in special proteins called prions which span the membrane.
The prions also serve other functions.

The cytoplasmic membrane lies immediately below the cell wall. It is about 7.5 nm
thick and is composed largely of phospholipids and proteins. This membrane acts as
a hydrophobic barrier to penetration in most water-soluble molecules.

Bacterial cells do not contain membrane-enclosed organelles corresponding to
the mitochondria and chloroplasts of eucaryotic cells. Some bacteria contain
mesosomes that are involved in DNA replication and cell division. The cell material
bounded by the cytoplasmic membrane can be divided into: the cytoplasmic area,
rich in the RNA-protein bodies called ribosomes; the chromatinic area rich in
DNA; and the fluid portion.

Unlike animal or plant cells, there is no endoplasmic reticulum to which ribos-
omes are bound. Bacteria contain storage deposits of certain building blocks. The
volutin granules serve as a reserve source of phosphate and are themselves com-
posed of polyphosphates. Poly-f-hydroxybutyrate (PHB) a lipid-like material,
serves as a carbon and energy source.

Again, in contrast to eucaryotic cells, bacterial cells contain neither a distinct
membrane-enclosed nucleus nor a mitotic part. They do contain an area near the
center of the cell that is called the nuclear structure, which is where DNA is
found. This DNA is a single, circular, giant molecule in which all of the genes are
linked.

Bacteria reproduce asexually, each cell simply dividing into two identical cells
by a process called binary fission. Most bacteria reproduce rapidly, often doubling
every hour. Thus in 24 hours there would be about 2%* or 17,000,000 (17 million)
cells from one bacterial cell if adequate nutrients were available.

Binary fission results in the two bacterial cells having identical DNA. Some
bacteria can exchange DNA via a single sexual process called conjugation, within
which direct transfer of DNA from one type of cell—called a male—to a second
type of cell—called a female. DNA may also be transferred from one cell to another
through employment of viruses. Finally, some bacteria can pick up fragments of
DNA from dead bacterial cells. Interestingly, traits can be transferred from one cell
to another in this way. Thus, bacterial cells that are resistant to specific drugs may
transfer this characteristic to nonresistant cells in this manner.
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2 Antibacterial Action

It is beyond the scope of this chapter to cover antibacterial activity in any manner
save an elementary and brief fashion. As noted before, bacterial cells grow and
divide, eventually reaching large numbers sufficient to cause infections under cer-
tain conditions. In order to grow and divide, the bacteria must synthesize and/or
procure many types of building blocks. Essentially, all antibacterial agents interfere
with specific processes which allow the bacteria to grow and/or divide. Figure 17.1
contains an abbreviated general structure of a bacterium, highlighting sites of
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Figure 17.1 Brief description of a general bacteria highlighting sites for drug intervention
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antibacterial action. The general divisions of antibacterial agents are as follows
along with examples of drugs that act at that site:

1. Inhibitors of cell wall growth, including those that combine with the cell wall sub-
strates, inhibit polymerization and attachment of new agents to the cell wall,
combine with carrier molecules and those that inhibit enzymes critical to cell
growth. Bacitracin, vancomycin, penicillins, cephalosporins;

2. Inhibitors of nucleic acid synthesis that include drugs that influence DNA
template actions in cluding replication, inhibit RNA polymerase, and those that
inhibit nucleotide metabolism (e.g., flucytosine (fungi), acyclovir (viruses), and
quinolones);

. Folate metabolism antagonists (e.g., sulfonamides, trimephoprim); and

4. Inhibition of ribosome functions (e.g., steptomycin, kanamycin, tetracyclines,
fusidic acid, and erythromycin).

O8]

2.1 Inhibition of Cell Wall Synthesis

As noted before, bacteria have somewhat solid walls that are often in need of
rebuilding as a result of growth and reproduction. Most antiwall-building antibacte-
rial agents focus on the peptidoglycan layer. This layer protects the bacteria’s
hypotonic environment. Damage to this layer destroys the cell wall rigidity, leading
to the demise of the bacteria. The peptidoglycan synthesis occurs in three stages.
Briefly, the first stage occurs in the cytoplasm where low-chained peptides are
made. Many antibacterial agents interfere with the early stages of cell wall
construction. The second stage of the wall development is catalyzed by membrane-
bound enzymes. The transporter is a phosphorylated undecaprenyl alcohol. Some
antibacterial agents interact with this alcohol, thereby diverting it from its essential
role. The third stage of wall synthesis involves the polymerization of the small units
and attachment of nascent peptidoglycan to the cell wall. B-lactam antibacterial
agents interfere with the cleaving of an essential peptide bond again preventing cell
wall construction. Penicillin and most derivatives inhibit bacterial growth acting as
B-lactam antibacterial agents.

2.2 Inhibition of Cytoplasmic Membranes

Lipids, lipoproteins, and proteins makeup cytoplasmic membranes. This mem-
brane is a diffusion barrier for ions, nutrients, transport systems, and most
importantly, water. It is composed of a lipid grouping with globular proteins
that penetrate the lipid bilayer. Most antibacterial agents that inhibit cytoplas-
mic membranes do so by influencing the balance of cations, anions, or neutral
compounds, thus disrupting membrane operation. Of interest is that fungal
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membranes contain sterols whereas bacterial membranes do not. Thus, selective
inhibition is possible if sterile well-being is compromised.

2.3 Inhibition of Nucleic Acid Synthesis

Antibacterial agents can interfere with nucleic acid synthesis at a number of
junctures including replication and/or transcription of DNA through preferential
binding or insertion into the DNA. They may also influence the proteins involved
with the replication. Other antibacterial agents interfere with the RNA synthesis,
action, or proteins associated with these functions. They may also interfere with
the coiling and uncoiling necessary for appropriate action.

2.4 Inhibition of Ribosome Function

Bacterial ribosomes can be divided into two subunits referred to as 50S and 30S.
It is possible to limit action to just one or to both subunits. Aminoglycosides bind
to ribosome subunits. These aminoglycosides are complex sugars. These agents
must have a free amino or hydroxyl group(s) that binds to specific ribosomal
proteins, thus inhibiting their activity. Thus, streptomycin binds to a protein in the
30S subunit causing the ribosome to misread the genetic code. In general, such
drugs kill bacteria by causing misreading.

2.5 Folic Acid Inhibition

Some drugs interfere with folate metabolism whereas others block the synthesis
of various components of folic acid. Unlike mammals, bacteria typically do not
have a transport system to obtain preformed folic acid from their environment so
folic acid must therefore be synthesized on site. Sulfonamides act through
blocking the conversion of p-aminobenzoic acid and pteridine to dihydrofolic
acid. Blocking occurs because sulfonamides have a greater activity toward
pteridine synthetase as compared with p-aminobenzoinc acid, thus preventing
the pteridine synthetase from performing its role of converting pteridine and
p-aminoacid to dihydrofolic acid.

This section has briefly reviewed some of the sites thatantibacterial agents are
known to attack. Numerous and varied, these sites show that a well planned com-
bination of drugs within the same polymer chain have a definite possibility of
intersecting. They also show that there are many combinations within which
organotin compounds may inhibit bacterial growth.
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3 Organotin Activities

3.1 Monomeric

Organotin compounds are the most widely used organometallic compounds with a
variety of commercial uses [1]. The widespread use of organotin compounds results
from a number of factors. First, tin is a relatively abundant metal and is readily
available. Second, the synthesis of a number of organotin compounds is straightfor-
ward and has been widely employed for over half a century. Third, the bioactivity
of organotin compounds was discovered more than 75 years ago. Because of the
relatively low toxicity of certain of these organotin compounds, they offered a good
window of application compared to toxicity.

Today, there is legislation that prohibits use of monomeric organotin compounds
for many applications, thus there is an increased emphasis on the synthesis and
application of bound organotin compounds (i.e., organotin moieties that are part of
a polymer). The polymer can be part of the polymer backbone or as an appendage
draping from the polymer backbone.

We have been involved in the synthesis and characterization of organotin poly-
mers for over 30 years. The synthesis of organotin polymers was recently reviewed
[2]. Much of our interest in organotin polymers is related to their antibacterial,
anticancer, and antiviral activity [2-32]. The antibacterial and anticancer activity of
these polymers has been recently reviewed [2,3].

Tin is a ubiquitous element and enters mammals through the food chain. It has
never been found to be dysfunctional in either plant or animal tissue and has been
regarded as an innocuous background material. In the inorganic state tin is gener-
ally accepted as being relatively nontoxic. The addition of one or more organic
groups to the tin atom, however, has a profound effect in terms of overall biological
activity. The nature and magnitude of bioactivity is determined by the nature,
number, and configuration of the organic substituents. In general, the biological
activity within each class of aliphatic organotins is related to the number of Sn—C
bonds and the number of carbon atoms per side chain. Variation of the inorganic
group, X, within any given R,Sn X series is usually found to have no significant
effect on the overall bioactivity of the molecule, except that X itself may be a toxic
component. In this case the biological activity of the organotin compounds may be
enhanced. The bioactivity profile resulting from substitutions within R SnX, may
therefore be most easily appreciated by considering the effects of sequential
changes in R and n. It is now well established that the progressive introduction of
organic groups into the above model produces maximal toxicity when n = 3.
However, the impact of R varies with the biological test system. The highest mam-
malian toxicity is seen when R is ethyl. The tributyl- and triphenyl- tins on the other
hand, show highest activity against fungi and have been applied commercially
without apparent adverse effects to the persons applying them. Within the class of
trialkyltin compounds there are considerable variations in toxicity depending on the
side-chain length of the alkyl groups. An increase in the n-alkyl chain length
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produces a sharp drop in biocidic activity and the long-chain species, like octyltin
derivatives, are essentially nontoxic to all organisms. Tetraorganotins show a
delayed toxic activity in organisms. It is suggested that only after their degradation
to trisubstituted compounds will symptoms of poisoning be observed. The environ-
mental degradation of organotin compounds, such as via ultraviolet (UV) irradia-
tion and biological cleavage, is especially important [33]. Study showed that
trisubstituted organotin compounds degraded to an inorganic tin species, via di-,
and monosubstituted organotin intermediates [34]. This is one of the advantages of
organotins as plant protection over conventional fungicides and pesticides, espe-
cially those based on mercury, copper, or arsenic. These latter elements are perma-
nently toxic. Their residues remain behind on the crops and repeated spraying has
raised concern over their accumulation within the environment and food chains.
With organotin compounds, toxic residues are considered to be less of a problem
because the toxicity of the compounds resides in the organotin radical and not the
tin itself. Organotin compounds are broken down gradually over time by both UV
light and weathering to SnO,, which, like other inorganic tin compounds, is essen-
tially without biocidal activity [35].

The general toxicity of organotins seems to follow no general rules. Toxic
effects are often highly species-specific [36,37] (Table 17.1).

Some distinction can be made between the general toxic effects of the di-, tri-, and
tetra- substituted compounds. It has been established that some of the trisubstituted
compounds act within the central nervous system (CNS), producing cerebral
edema. The disubstituted compounds, on the other hand, have no neurological
effects but are powerful irritants and cause hepatic biliary inflammation following
ingestion. The tetraorganotins resemble their triorganotin counterparts, although
there is some delay before their effects become apparent. It has been suggested that
this lag period stems from the fact that the tetraorganotin form is converted to a
triorganotin derivative following metabolism in the liver [40] and/or gastrointestinal
tract [41]. For the insect and plant toxicity in R,SnX compounds, the X anion has
only a minor influence on overall bioactivity, although in R SnX, compounds the X
group does show an effect on bioactivity [42]. The immunotoxic effects of organotin
compounds also are species-specific. The dietary administration of organotin com-
pounds produced marked dose-dependent thymic atrophy and reduced splenic and
lymph node weights. It is noteworthy that these effects do not cause any overt
pathological change in other body tissues [43,44].

Table 17.1 Biological activity of triorganotin compounds
as a function of species [38,39]

Most active “R” group in

Species R,SnCl compounds
Insects Me

Gram-negative bacteria Et

Gram-positive bacteria Bu

Fungi Bu

Fish, Mollusks Bu

Mammals Et
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Little is known about the effects of organotins in humans. There are no epide-
miological studies available on the chronic low-level exposure. However, some
case reports have described various health effects after acute exposure to tributyltin
and triphenyltin conpounds. The patients developed acute nephropathy and mainly
CNS disorders [45-47]. Some reports described the neurotoxicity of trimethyltin,
triethyltin, and triphenyltin compounds in humans [48,49]. There are even some
reports about cases of tributyltin, triphenyltin, and TBTO induced tumors [50-52].
However, the precise mechanism of tumor induction is not known.

3.2 Polymeric

Because of the added evaluative studies required for internal use, organotin materi-
als are studied as materials suitable for treatment of infections (here mainly topical),
contaminated sites, preventative agents, and as treatments for water sources. The
organotin-containing drugs studied here were rapidly synthesized (generally within
30 seconds) with good yield employing readily available reactants. Thus, small to
large scale availability of these target drugs is readily achievable. They can be used
internally or topically as additives to creams, cleaning detergents and soaps, coat-
ings (i.e., paints), plastics, and paper. They can be handled without gloves or other
protective ware and have shelf-lives in excess of several years [2].

The polymers studied here have inhibited a wide variety of bacteria, fungi, and
yeast. The following is a list of agents successfully inhibited by the compunds
discussed in this chapter [2].

Escherichia coli Bacillus subtilis Saccharomyces
cerevisiae
Branhamella catarrhalis Staphylococus epidermidis  Alcaligenesfaecallis
Enterobacter aerogenes Neisseria mucosa Staphylococcus aureus
Klebsiella pneumoniae  Acinetobacter calcoaceticus P s ud o monas
aeruginosa
Aspergillus flavus Aspergillus niger Candida albicans
Aspergillus fumigatus Penicillin sp. Trichp[hyton
mentagrophytes
Trichoderma reesei Chaetomium globosum Methicillin-resistant

Stpahylococcus aureus

Most of these products can be incorporated into paper, plastics, textiles with
little loss in biological activity [2]. The products from PVA and some from lignin
deserve special mention because of their ability to inhibit Candia albicans, the
microorganism most responsible for yeast infections [53-56]. This inhibition is
selective leaving much of the natural flora in tact. The organotin modified PVA prod-
ucts (Structure 17.1) dramatically out performed commercial preparations [56].
Products from dihaloorganotin are crosslinked whereas those from monohaloorganotin
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reactants are linear and soluble. Flexible films and fibers can be made from the linear
products and ionomeric materials.

With the appearance of new resistant strains of common bacteria the need for new
treatment rationales increases. In response to this, we have looked at particularly
dangerous microorganisms where the “cure” is either extreme or unavailable. The
most insidious microorganism involved in nosocomial infections is methicillin-
resistant S. aureusMRSA (also called Staph MRSA). This microbe commonly colo-
nizes those patients who are seriously ill and is prevalent in high-risk areas such as
intensive care and burn units. It is also a significant risk factor in surgical wound
infections. The incident of MRSA infection in hospitals is increasing at an alarming
rate. It may be carried by otherwise healthy healthcare providers and transferred to
the patient during routine bedside attendance. Other areas that may harbor the
organism are air handling ductwork, linens, and general room contamination. We
have developed a number of organotin-containing polymeric materials that inhibit
MRSA and may be incorporated into soaps, cleaning agents, and coatings for the
purpose of prevention and decontamination [57,58]. These include products derived
from dextran, cellulose, and lignin.

The ability of these organotin-containing polymers to successfully inhibit a wide
number of microorganisms, including resistant bacteria as MRSA, makes them
prime candidates as anti-biological terrorism agents. They may be used to treat
microorganisms such as Bacillus anthracis, which is not responsible for anthrax;
Yersinia bub., which is responsible for bubonic plague; and Francisella tularensis,
which is responsible for tuleramia. Some of these products are also active against a
number of fungus that cause mildew and rot as well as against the microorganisms
responsible for ringworm and athlete’s foot [2].

4 Specific Organotin Antibacterial

Because of the increased worldwide production or organotin compounds for com-
mercial use considerable amounts of organotins have entered various ecosystems.
Inorganic tin compounds are often said to be nontoxic, but their toxicity ranges
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from being nontoxic to moderately toxic. Organotin compounds offer varied
toxicities from being mildly toxic to highly toxic with most of the compounds
falling in the mildly to moderately toxic range. The toxicity—ecosystem relationship
has been recently reviewed [1].

It seems strange that organotin compounds have been employed as antibacterial
agents for over 50 years when relatively little is known about how they act to
inhibit bacterial growth. This may be why many pharmaceutical companies steer
away from organotin drugs. Although organotin compounds are widely used in
industry for the prevention of bacterial infection, they are generally not prescribed
by physicians to treat internal bacterial infections. Thus, drug companies have little
stake in determining their biological mechanisms. They also offer a number of sites
for activity and it is not simple to locate merely one site of activity, as is the case
with many other antibacterial agents. It must also be noted that the variety of bac-
teria is so great that studying each variety of bacteria may yield different mechanistic
results. Thus, alterations on growth, oxygen consumption, and physical properties
of membrane lipids are stronger in Bacillus stearothermophilus as compared with
B. subtilis.

Here we will look at some findings that highlight potential modes of activity as
well as problems associated with looking at organotin activity. Further, essentially
no mechanistic studies have been carried out on tin polymers, so results from stud-
ies of small molecule-containing organotin agents will be examined.

Because of their widespread use industrially many of the mechanistic studies
have involved trialkyltin chlorides and dialkyltin chlorides. Di-n-butyltin dichloride
(DBTC) and tri-n-butyltin chloride (TBTC) are the most widely used organotin
compounds because of their relatively low toxicity to humans and their high toxic-
ity to bacteria. We will also look at results from other organisms to indicate possible
sites of attack.

Organotin pesticides inhibit oxidative phosphorylation intervening in the dini-
trophenol uncoupling thus preventing the formation of adenosine triphosphate, a
high-energy phosphate. The trialkyltins also inhibit photophosphorylation in
chloroplasts and as such can serve to prevent the growth of algae.

Trimethyltin (TMT) is a powerful toxin that selectively kills cells in the CNS,
lung, kidney, spleen, and in the immune system [60-62]. In fact, its toxicity has
lead to its use to describe the phenotype observed after intoxication in rodents.
Abnormalities after intoxication include self-mutilation, vocalization, whole-body
tremors, hyper-reactivity to touching, and spontaneous seizures [63].

Similar pathological responses have been found for other mammals including
humans [64,65].

TMT poisoning leads to apopotic cell death including nuclear fragmentation,
chromatin condensation, membrane blebbing, caspase activation, mitochondrial
dysfunction, and production of reactive oxygen compounds [60,66—69].

Davidson and coworkers found that the target for both TMT and dimethyltin
dichloride (DMT) in the mitochondria is Stannin (Snn) [70].

Thus, on the cellular level, TMT poisoning results in widespread disruption of
cellular machinery.
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Results from five taxonomic kingdoms have been reported for TBT [71-74].

The main toxic effects reported have been endocrine disruption [75] and mito-
chondria function impairment [76]. Even so, the molecular mechanisms involving
TBT inhibition are far from understood. Along with the sites mentioned above, bio-
logical membranes have been suggested as targets because of the high-lipophilicity
of TBT [71,77].

Martins and coworkers found that there was a putative relationship between
respiratory activity impairment and growth inhibition brought about by TBT sug-
gesting that TBT influences the behavior of membrane lipids [59].

5 Combining of Antibacterial Agents

We attempted to combine antibacterial agents in the same polymer chain. One of
the antibacterial agents was typically an organotin moiety. The other antibacterial
agent was often a member of the penicillin family. There were reasons for combining
such agents. First, by judicious choice of such agents, the combined drug can
inhibit bacterial growth through several distinct routes, thus enhancing the chances
for its eradication. Second, combined drugs act to prevent bacterial resistance.
Third, a judicious choice of such agents can also act to inhibit mixed infections
where the infecting agents contain a mixture of bacteria. Fourth, combined drugs
can be employed where the precise identity of the particular bacteria is unknown—
resulting in greater effectiveness of treatment. Fifth, a correct choice of combined
drugs may allow synergy to occur resulting in a lower dose of drug to be utilized to
successfully treat the bacterial infection.

6 Case for Polymeric Antibacterial Agents

The case for polymeric drugs is somewhat different depending on their intended
use. Organotin-containing polymeric antibacterial agents can act singularly as
drugs or as reservoirs for long-term release of the drug(s). Some reasons why the
delivery of antibacterial drugs via polymers may be advantageous for internal use
as drugs are briefly described here. First, controlled release of the drug will allow
a more concentrated presentation level of the drug over a longer time period than
use of small-molecule drugs. This may allow a lower dosage to be effective in cur-
tailing the bacterial infection. Second, the polymeric drugs allow multiple contacts
with the same drug-containing macromolecule. This may be important in situations
such as RNA, protein, and DNA synthesis, where multiple bondings may perma-
nently disrupt synthesis. Third, polymers can be specially designed to offer a
desired solubility and hydrophobicity/hydrophilicity. The polymeric nature of such
drugs make their design dominant factors in determining solubility. Fourth, polymers
may be included in special delivery (so-called magic bullets) systems or have the
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components of the delivery system as part of their polymer. Polymers containing
attached specific binding recognition agents, such as hormones or antibodies, can
bind to biological receptor sites thus allowing the desired drugs, also contained in
the polymer, to be delivered at appropriate concentrations to the site of infection.
Sixth, an appropriate design of the chain size can greatly reduce the excretion rate,
thereby increasing efficacy and reducing the required dosage. Control of chain size
also can be utilized to isolate or prevent movement of the polymer drug past
barriers in the body such as the blood—brain barrier. Seventh, in some cases, the
body prevents rapid elimination of polymeric drugs because of their preferential
attachment to various parts of the blood stream. Finally, we have found that poly-
mers that contain unstable drugs, such as certain penicillin derivatives, are stable
for two decades at room temperature.

If the material is employed externally there are additional reasons why polymers
containing the organotin portion are favored over small molecules. First, regula-
tions require use of bound tin for environmental reasons. Second, polymeric
molecules are less apt to leach out remaining within the material longer offering
longer term protection and activity.

7 Organotin-Containing Polymers

There are a wide variety of organotin-containing polymer structures. Some of these
structures are reviewed briefly in this section in order to illustrate the types of
tin-containing polymers that have been synthesized. There are a number of poly-
mers where the organotin moiety exists as an appendage off of a polymer chain.
The organotin appendage may be closely bound to the polymer, as in the case of
reactions with poly(vinyl alcohol) (Structure 17.2). Here, the product may be either
crosslinked if the organotin moiety has two or more reactive sites or linear when
the organotin moiety has only one reactive site. The crosslinked products are
typically not soluble whereas the linear products are soluble [2].

The organotin-containing moiety may also be somewhat removed from the poly-
mer chain as in the case of poly(tributyltin-4'-vinyl-biphenylcarboxylate) (Structure
17.3) where biphenylene spacers have been introduced [78,79].

The polymers may be synthetic as in the case of poly(vinyl alcohol) or may
be natural as in the case of dextrin and cellulose where the products may again be
either crosslinked (Structure 17.4) or linear (Structure 17.5) depending on the func-
tionality of the reactant.?

In either case, the products are composed of a variety of repeat units including
unreacted units.

The products may be connected to the organotin-containing moiety through noncarbon
atoms such as oxygen, sulfur, and nitrogen, or through carbon atoms (Structure 17.6).

The organotin polymers can also contain the organotin-containing moiety in the
backbone (Structure 17.7). Again, the organotin moiety can be carbon or noncarbon
connected [2,79].
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Structure 17.2

Structure 17.3

C.E. Carraher Jr. et al.
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The polymers can also contain other metals as in the case of the ferrocene
(Structure 17.8) [80,81] and cobalticinium (Structure 17.9) [82,83].
Thus, there exists a wide variety of organotin-containing structures already

synthesized.



Bacterial Inhibition by Organotin-Containing Polymers 435

Structure 17.4

3

Structure 17.5

8 General Experimental

Polymers were synthesized employing the interfacial polycondensation procedure
as previously described [2—14].
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Structure 17.6

Structure 17.7

C.E. Carraher Jr. et al.
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Bacterial studies were conducted in the usual manner. A suitable growth medium,
such as Luri Bertani (LB) medium for prokaryote (S. aureus and P. aeruginosa) or
C medium (glucose; 2% polypeptone, 0.2% yeast-extract, 0.1% potassium dihydro-
genphosphate, 0.05% dipotassium hydrogenphosphate, 0.1% MgSO, x 7H,O,
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distilled water) for eukaryote (C. albicans) cells were used. Typically, LB agar
medium plates were seeded with suspensions of the test organism and incubated at
28 °C for 24 hours. The test compounds were placed on the plates as solids in an
emulsion or in solution employing paper disks. The plates were then incubated
overnight at 30 °C and noted for inhibition which is indicated by a clear zone on
the plate.

9 Current Test Organisms

Nine microorganisms were tested. These included both fungi and bacteria. S. aureus
is a gram-positive cocci that causes “pimples,”’ abscesses, impetigo, wound
infections, pyelitis, cystitis food poisoning, pneumonia, meningitis, and enteritis.
P. aeruginosa is a gram-positive rod that is a common inhabitant of soil and
frequently found as part of the normal flora of the intestine and skin. It is an oppor-
tunistic pathogen which infects wounds; drains sinuses and decubitus ulcers; and
causes urinary tract infections, eye infections, and meningitis. It is also a chief
cause of death in burn patients. The family A. faecalis is gram-negative, aerobic,
nonfermentative chemoorganotrophic, nonsporing bacteria. It often produces unusual
amino acids such as D-pipecolic acid, and does not assimilate most carbohydrates
as a carbon source. Some strains are being considered for industrial uses. A. faecalis
AFK?2 is a phenanthrene-degrading bacterium isolated from a soil sample as a
polyaromatic hydrogen-degrading species [84]. This strain degraded phenan-
threne through protocatechuate. Thus AFK2 and Pseudomonas species are being
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used as friendly scavengers that decompose a wide range of organic compounds
including polyaromatic hydrocarbons. B. subtilis is a gram-positive straight rod that
grows in long chains. They are aerobic, spore-producing bacteria found in soil
and water. B. subtilis is often found in old sinuses or chronically infected wounds.

E. coli is found all about us. It is a popular lab organism because if grows
quickly and in complex mediums. It can grow in the absence or presence of air and
thus is a facultative anaerobe. There are over 70,000 cases of E. coli illness yearly
in the United States. S. cerevisiae is also known as bakers’ and brewers’ yeast. It is
a fungus that reproduces by budding. Because it is very small and unicellular, it has
been widely used in genetic studies. It was the first eukaryote to have its entire
genome sequenced. C. albicans is the major cause of yeast infections.

Thus, the tested bacteria and fungi are important pathogens and represent a
somewhat broad range of microorganisms. This is a part of an ongoing study of the
ability of organotin polymers to inhibit various microorganisms.

10 Monomer Results

Table 17.2 contains results for the organotin monomers tested. Whereas the
majority exhibited some ability to inhibit microorganism growth, the best inhibi-
tion was by the dibutyltin dichloride and dimethyltin dichloride as expected. The
ability for dibutyltin dichloride to be so active is positive as it has the lowest
toxicity toward human beings. It is difficult to compare the inhibition results for
the monomeric organotin dichalides with the polymers because the organotin
dihalides probably have some solubility in the tested medium whereas the poly-
mers have none.

Table 17.2 Bacterial inhibition results for organotin monomers

Test 1 2 3 4 5 6
Compounds — Organisms

S. cerevisiae ++ 0 0 ++ 0 T+
C. albicans ++ 0 0 + 0 ++
Staph. aureus TAM1095 ++ 0 + +++ o+ ++
B. subtilis IAM 1145 +++ 0 + +++ o+ ++
B. subtilis RM 125 ++ 0 + +++  + +
E. coli C600 +++ 0 + +++  + +
Ps. aeruginosa PA0590 ++ 0 0 +++  + +
Al faecalis AFK2 ++ 0 + e +
Al faecalis ITAM 1015 ++ 0 +-  +++ + +

Test compounds: 1. Bu,SnCl; 2. (PhCH,),SnCl,; 3. Cy,SnCl ; 4. Me,SnCl,
(as suspension in water); 5. Oc,SnCl ; 6. Ph,Sn,Cl, where +++ = outstanding
inhibition; ++ = excellent inhibition; + = good inhibition; +/— = slight
inhibition; 0 = no inhibition
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In general, dimethyltin and diethyltin-containing polymers are the most active at
inhibiting bacterial growth [2]. This is consistent with the findings given in Table
17.1. In the present study, only dibutyltin polymers were examined because these
polymers were found to be the most effective at inhibiting cell growth. Thus,
diethyltin and dimethyltin derivatives should exhibit greater inhibition toward the
microorganisms studied.

11 Organotin Polymers

Several groups of polymers were tested. The initial group consists of a series of
organotin polyethers synthesized as part of our overall anti-cancer effort, Table
17.3 [85,86]. They have the following general structures (Structure 17.10).

The compounds are generally not active. The most active polymer is derived
from 2-butyne-1,4-diol, whose synthesis was recently reported. It forms fibers on
mechanical agitation so might be a candidate as a combination fiber-bacterialcide
for use in composites.

12 Organotin Polyamines

The second series of compounds were derived from pyrimidine polyamines (Structure
17.11) and were synthesized as part of developing conducting polymers [87]. Their
synthesis was also recently reported. Bacterial results are given in Table 17.4.

Table 17.3 Bacterial inhibition results for dibutyltin polyethers

Bu,Sn Bu,Sn Bu,Sn Bu,Sn
2-Butyne-  Diethylene  Triethylene  Ethylene
Test polymers 1,4-Diol Glycol Glycol Glycol
Organisms
S. cerevisiae 0 0 0 0
C. albicans 0 0 0 0
Staph. aureus + 0 0 0
B. subtilis IAM 1145 + 0 0 +
B. subtilis RM 1015 + 0 0 0
E. coli + 0 0 0
Ps. aeruginosa 0 0 0 0
Al faecalis AFK2 + 0 0 0
Al faecalis IMA 1015+ 0 + 0

+++, outstanding inhibition; ++, excellent inhibition; +, good inhibition; =+,
slight inhibition; 0, no inhibition
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Table 17.4 Bacterial inhibition results for dibutyltin pyrimidine polyamines
Bu,Sn Bu,Sn Bu,Sn Bu,Sn
Test polymers 1 2 3 4
Organisms
S. cerevisiae + 0 0 0
C. albicans + 0 0 0
Staph. aureus + 0 0 0
B. subtilis IAM 1145 0 0 + +
B. subtilis RM 1015 + 0 0 0
E. coli + + 0 0
Ps. aeruginosa 0 0 0 0
Al faecalis AFK2 + 0 + +
AL faecalis IMA 1015 + 0 + +

Where the diamine 1. 4,6-diamino-5-isoamyl-2-(3-phenylpropylamino)pyrimidine;

2. 4,6-diamino-5-nitropyrimidine; 3. 4,6-diamino-2-methyl-mercaptopyrimidine; and

4. 4,6-diamino-2-methyl-5-nitrosopyrimidine; and where +++ = outstanding inhibition;
++ = excellent inhibition; + = good inhibition; + = slight inhibition; and 0 = no inhibition
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As with the polyethers, inhibition was selective occurring for most of the organ-
isms for the 4,6-diamino-5-isoamyl-2-(3-phenylpropyl-amino)-pyrimidine product.

The low activities for the polyethers and polyamines are not unexpected because
they are all dibutyltin derivatives. As noted before, the most active organotin deriva-
tives against bacteria are the methyl and ethyltin derivatives with the butyltin
derivatives exhibiting markedly less activities. Even so, some of the polymers
inhibit selected bacteria.

13 Combined Antibacterial Agents

We have synthesized and tested a number of organotin polymers containing known
drugs, in particular known antibacterial agents. These include ampicillin, cephalexin,
norfloxacin, and ticarcillin [2]. We have also synthesized organotin-containing
polymers incorporating ciprofloxacin. Some results for these compounds, along
with a comparison to monomeric model compounds containing the ciprofloxacin
moiety, are discussed in this section.

Ciprofloxacin recently received much press because it was the drug of choice for
combating anthrax. Ciprofloxacin hydrochloride, C,_H,;FN,O,-HCI'H,0, is a synthetic
broad-spectrum antibacterial agent. Ciprofloxacin differs from other quinolones in
that it has a fluorine atom at the 6-position, a piperazine moiety at the 7-position,
and a cyclopropyl ring at the 1-position.

We have already reported on the synthesis and structural characterization
(Structure 17.12) of organotin-ciprofloxacin polymers [88-91]. They are moderate
antiviral agents inhibiting such viruses as reovirus ST3, vaccinia WR, herpes sim-
plex virus (HSV)-1, and varicella zoster virus (VZV) [92]. These viruses are
responsible for smallpox, chickenpox, herpes, and other related illnesses.

The ciprofloxacin polymers also exhibit good inhibition of Balb 3T3 cells and
the dibutyltin derivative is a candidate for further study as an anticancer drug. The

(12)

Structure 17.12
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dimethyltin-ciprofloxacin product has a GI,, of about 25ug/mL; the diphenyl-
ciprofloxacin has a G, of about 0.5 ig/mL and the dibutyltin-ciprofloxacin has
a Gl of about 0.1ug/mL, well within the range found for cisplatin. Again,
methyl groups result in a much less active polymer as compared with butyl
groups, consistent with the general trend previously found with other organotin
polymers [93].

Table 17.5 presents data related to the ability of the organotin-ciprofloxacin
polymers and model compounds to inhibit a variety of bacteria and yeast.

The most active polymer was the divinyltin-ciprofloxacin. It inhibited all of the
tested microorganisms, with diethyltin-ciprofloxacin the second most active, as
expected. Of interest was the similar, but varied activity of the di-n-butyltin and
di--butyltin products. This is consistent with small structural changes resulting in
changes in a products ability to inhibit microorganism growth.

As part of our structure-property study related to the inhibition of viral, cancer
cell, and bacterial growth, we synthesized various model “monomeric” or “dimeric”
small model compounds. Here, the diester compound was synthesized from enro-
floxacin and dibutyltin dichloride (Table 17.6, compound 1) (Structure 17.13). The
corresponding diamine was also formed from the diester of ciprofloxacin
(Table 17.6, compound 2 (Structure 17.14).

Table 17.5 Bacterial inhibition results for organotin polymers of ciprofloxacin

Test Polymers (Organotin) Diallyl Divinyl Diphenyl Dibenzyl Dicyclo

Organisms

S. cerevisiae 0 +++ 0 0 0

C. albicans 0 A+t 0 0 0
Staph. aureus + +++ + +++ +
B. subtilis IAM 1145 + +++ ++ +++ ++
B. subtilis RM 1015 +++ +++ +/— +++ +
E. coli ++ +A+ + + +
Ps. aeruginosa e e+ A+ + +++
Al faecalis AFK2 ++ +++ + + +
Al faecalis IMA 1015 +++ +++ + + +
Test Polymers (Organotin) Diethyl  Dipropyl  Di-n-butyl  Di-z-Butyl Dioctyl
Organisms

S. cerevisiae 0 0 0 0 0

C. albicans 0 0 0 0 0
Staph. aureus +4++ ++ + + +
B. subtilis IAM 1145 +++ + + ++ ++
B. subtilis RM 1015 ++ + +/- ++ +/—
E. coli + bt + + +
Ps. aeruginosa +++ + +++ + +++
Al faecalis AFK2 ++ +++ ++ ++ +
Al faecalis IMA 1015 +++ +++ ++ +++ +

Where +++ = outstanding inhibition; ++= excellent inhibition; += good inhibition; +/—= slight
inhibition; and O = no inhibition
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Table 17.6 Bacterial inhibition results for organotin model
compound of ciprofloxacin and other small organotin

compounds

Test compounds 1 2 3 4
Organisms

S. cerevisiae 0 0 0 0

C. albicans 0 +/- + 0
Staph. aureus +++ + +++ +++
B. subtilis IAM 1145 +++ + +++ +++
B. subtilis RM 1015 ++ +++ oot e
E. coli o+ ++ 4+
Ps. aeruginosa +++ +++ +++ +++
Al faecalis AFK2 +H+ +++ +++
Al faecalis IMA 1015 +++ + +++ o

1 = enrofloxacin-ciprofloxacin-dibutyltin; 2 = diester-
ciprofloxacin-dibutyltin; 3 = ciprofloxacin-tributyltin,
4 = ciprofloxacin

n

CHj;

(13)

Structure 17.13

A third model compound was made from reacting tributyltin chloride with cip-
rofloxacin (Table 17.6, compund 3). It is believed to have Structure 17.15.

The ability to inhibit the various microorganisms by the three model small mole-
cules is similar to that of the dibutyltin-ciprofloxacin polymer.
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Whereas widespread inhibition is important for some applications—such as in
caulks, sealants, and coatings—selective inhibition is important for other applications
such as the treatment of yeast infections and protection from unwanted bacteria
such as Al faecalis.
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1 Background

It is unusual for most metal-containing polymers to form fibers because of a lack of
appropriate solubility of the polymers and subsequently fiber formation. It is more
unusual for polymers themselves to spontaneously form fibers. We initially reviewed
this tendency for a number of Group IVB polyester more than three decades ago
[1,2]. Briefly, the polymers were formed through employment of the interfacial
polymerization process. The product is precipated from reaction, collected on filter
paper in a Buchner filter with suction, washed with the organic solvent and water to
remove unreacted materials and salts, and subsequently washed in a glass Petri dish
with acetone to remove the product from the filter paper. The product is allowed to
dry. When first scraped from glass Petri dishes, many of these products produced
fibers. Generally, no fibers were observed from visual or microscopic observation. As
the product was recovered from the dish, fibers were spontaneously formed. In some
cases the fibers were present on evaporation of the liquid. More typically, fiber was
formed as the polymer was scraped, using a flat-ended steel spathula. It appears that
the mechanical agitation is sufficient to induce fiber formation.

Most of the fiber-forming structures contain rigid backbones as is the case with
the terephthalic acid-derived products shown in (1).

Others contain semi-rigid backbone structures as in the case of the itaconic acid
(methylene succinic acid) (2).

whereas others have relatively flexible backbones as those from azelatic acid
(nonanediolic acid) (3).

A.S. Abd-El-Aziz et al. (eds.), Inorganic and Organometallic Macromolecules: 449
Design and Applications.
© Springer 2008
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Although the structures are all drawn for M = Ti, products from Zr and Hf also
gave fibers.

The structures and physical properties of these fibers were studied and compared
with analogous nonfibrous portions of the product. The phase transitions via differ-
ential scanning calorimetry were at essentially the same locations and magnitudes
and were the same in both air or nitrogen. Degradation was similar. Whereas DSC
noted transitions occurring in the 90 to 250 °C range, weight loss occurred for many
of the products to about 1,000 °C with less weight reduction occurring in nitrogen
as opposed to to air. Infrared spectra of the solids prior to heating were similar to
those taken after heating. Finally, there were no noticeable differences in the infrared
spectra between the fibrous and nonfibrous portions of the same polymer in the
range of 3,000 to 200cm™". The nonfibrous products typically exhibited a sharp
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band 3,130cm™ associated with the Cp and terphthalate moieties for the terephthalic
acid-derived product. This peak was less prominent in the fibrous product being
somewhat covered by bands between 3,480 and 3,100 cm™". These bands were more
intense for the fibrous products as compared with the nonfibrous products.
Increased intensity of these bands may result from increased hydrogen bonding.

The fibers were flexible and some retained some flexibility up to 500 °C. The
fibers retained their original flexibility and other properties for more than 30 years.

Since that time we have noticed fiber formation for only a few products and have
generally only noted it in passing when presenting the synthesis of new polymers.

Recently, we noticed a number of fiber-forming products, some derived from
acyclovir and various metallocene dichlorides such as vanadocene [3], and niobocene
(4) [4]. The formation of fibers from a simple organotin polyether and from other
organotin products is described here.

As a side note, the method of synthesis may be critical for fiber formation. The
interfacial polymerization system is believed to offer not only a rapid alternative
method for polymer synthesis when employing “high-energy” Lewis acids, such as
acid chlorides, but it also offers some orientation to the forming polymer chains.
This orientation is probably a result of polymerization occurring in a somewhat
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two-dimensional, layered environment similar to that of lignin. For lignin, this
results in a somewhat layered, two-dimensional structure. Similar structures were
found for other polymers when formed within cavities that resemble two-dimensional
templates. Similar constraints are also found for most of the self-assembly polym-
erizing systems. Thus, such orientation is not unusual.

2 Organotin Polyethers-General

We have synthesized a number of organotin condensation polymers for several
reasons, including study of their biological activity. The topic of organotin polymers
was recently reviewed [5], as was their use as anticancer agents [6]. In general, the
order of ability to inhibit cell growth with respect to the alkyl chain on the organotin
is Bu >Pr > Et > Me with the methyl, octyl, and lauryl groups all essentially
inactive [5,8-14].

Some time ago, we synthesized a number of organotin polyethers of the general
form (5) [16-20].

Recently, we tested the ability of some of these to inhibit Balb 3T3 cell growth
as a measure of their potential as anticancer drugs. We will focus on only the dibutyltin
products here [21]. The GIS0 (growth inhibition of 50%) for the 1,6-hexanediol
product was 5 ug/ml. For the 1,4-butanediol dibutyltin dichloride product the GIS0
was 0.25 ug/ml. And for the 1,4-butenediol product the GI5S0 was 0.025 ug/ml , the
lowest GI50 thus far found for the organotin polymers. By comparison, the GI5S0
for cisplatin, the most widely employed anticancer drug, is 0.4 pug/ml.

These results suggested two structural windows to be investigated. First, as the
distance between the oxygen atoms decreased, activity increased. Second, that
unsaturation—the presence of T bonds—may contribute to the ability of the organotin
polyethers to inhibit cell growth. In investigating these windows the product of
dibutyltin dichloride and 1,4-butynediol was synthesized (6). This product is
described in this chapter.
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3 Experimental

Dibutyltin dichloride was used as obtained from Aldrich as was 1,4-butynediol.
Reactions were carried out using the interfacial polycondensation technique.
Briefly, an aqueous solution (30 ml) containing the diol (0.00300M) and sodium
hydroxide (0.0060 M) was transferred to a one quart Kimax emulsifying jar fitted
on top of a Waring Blender (model 1120; no load speed of about 18,000 rpm; reac-
tions were carried out at about 25 °C). Stirring was begun and a hexane solution
(30ml) containing dibutyltin dichloride (0.00300 M) was rapidly added (over 3—4
seconds) through a hole in the jar lid using a powder funnel. The resulting solution
was blended for 15 seconds. The precipitate was recovered using vacuum filtration
and washed several times with deionized water and chloroform to remove unre-
acted materials and unwanted by-products. The solid was washed onto a glass Petri
dish and allowed to dry at room temperature.

Solubilities were determined by placing between 1 and 10mg of polymer in 3 ml of
liquid. The solid-liquid combinations were observed over a period of 2 to 4 weeks.

Light scattering was carried out employing a Brice-Phoenix BP 3000 Universal
Light Scattering Photometer. Refractive indices were obtained using a Bauch &
Lomb Abbe Model 3-L refractometer.

Infrared spectra were obtained employing KBr pellets using a Mattson Instruments
galaxy Series 4020 FTIR using 32 scans and an instrumental resolution of 4 1/cm.

The fibers were examined using an Olympus CH30 Microscope with variable
magnifications (x10-100).
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4 1,4-Butynediol Product

We noticed an important similarity with respect to structures that are apt to form these
fibers, namely that rigid structures are more likely to form fibers. In the present study,
several of the created polyethers did not produce fibers upon recovery from the Petri
dish. These structures included products from ethylene glycol, 1,6-hexanediol,
1,4-hexanediol, and 1,4-butenediol. When we made the analogous polyether
using 1,4-butynediol, fibers were present. Of the polyethers made in this series, the
1,4-butynediol product should be the most rigid to be consistent with the former observa-
tion. We repeated the reaction several times with varying results as a result of the deli-
cate balance required in forming these fibers. In all cases, some fibers were made but
in different amounts. The fibers are described in greater detail in a subsequent
section.

The product was polymeric with a molecular weight in HMPA via light scattering
photometry of 12,0000 corresponding to an average chain length of 380. The
molecular weight was taken weekly for 5 weeks and did not change. Thus, the polymer
is reasonably stable in solution for at least a month.

Infrared spectral analysis was consistent with the presence of units from each of
the reactants and with the formation of the Sn—O unit (Table 18.1). The product
showed bands at about 2955 (all bands are given in cm™) from the C-H structure
for the butyl groups from the dibutyltin moiety. Bands around 2921 and a doublet
near 2856 are from the C—H structure of the diol-methylene moiety. The band at
3400 was believed to result from the presence of a Sn—OH unit end group. It was
relatively small, consistent with a low population of Sn—OH groups relative to other
groups, and with the long chain length of the product. The Sn—ClI band found in
dibutyltin tin at about 630 was missing, consistent with a lack of detectable Sn—Cl
end groups. The Sn—C assymetric structure was found at 594 and the symmetric
Sn—C structure was found at about 566. The CC triple bond appeared in the 2260
to 2190 region. It is a “forbidden” IR band but appears weakly for many compounds.
For the 1,4-butynediol it appeared at about 2214 and for the product it was a very
weak band at about 2240.

The Sn—O stretch was assigned to be within a wide range of 400 to 700. For the
dibutyltin product of acyclovir the Sn—O was found at 420. The presence of a new
band at about 426 was tentatively assigned to the Sn—O moiety. Bands attributed to

Table 18.1 Selected IR locations for 1,4-butynediol and the derived organotin

polymers

Assignment 1,4-Butynediol Organotin polymer
C-H Stretch 2864 2856

CH, Scissor 1443 1466

CH, Wag 1411; 1363 1421; 1377

CH, Twist 1250 1287

C-C,C-O St., CH, Twist 1130 1128

C-C,C-0St., CH,Rock ca850 861
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the Sn—O-C, C-O stretch were found at 1012 and 861. The aliphatic C—O-C ether
asymmetrical stretching vibration band was found in the range of 1150 to 1060.
This band was found at 1068 for the product. Bands characteristic of methylene
deformation were present at 1466 and 1150. The CH, scissoring band was assigned
to 1377. The CH, twist was found at 1287.

The product was tested for ability to inhibit Balb 3T3 cells. Preliminary results
showed that they exhibited a G, value of 0.05 ig/ml. By comparison, cisplatin, the
most widely used anticancer drug, shows a GI,; value of 0.50g/m; —about ten
times the concentration found for the dibutyltin/2-butyne-1,4-diol product. This
was consistent with our idea of a structural window including a low number of car-
bons between oxygen and present of unsaturation being positive features in developing
anticancer drugs that inhibit cell growth at low concentrations.

5 Organotin Polymer Fibers

As part of an effort to better understand the structural requirements for forming
fibers, we surveyed a number of organotin polymers. Table 18.2 contains the results
of this survey.

As seen in Table 18.2, fiber formation has a complex structural relationship and
is not usual. For the approximately 50 polymers tested, only 5 formed fibers.

As previously noted, the product of dibutyltin dichloride and 2-butynene-1,4-diol
formed fibers. The fibers were generally clear and colorless. They were generally
smooth and linear, with some having small branches coming off the main fiber.
These branches were clearly seen on inspection at greater magnifications. Some of
the fibers were 1 mm in length and 0.007 mm diameter corresponding with aspect
ratios (length to diameter) generally greater than 100. Using a needle, the fibers can
be bent without breaking. The nonfiber portion was present as somewhat flat plates.
The percentage by bulk that were fibers varied depending on the particular synthe-
sis from about 1% to more than 15%.

The synthetic procedures appeared to be the same but obviously small changes
affect the amount of fiber formation.

Following are pictures of these fibers. Figure 18.1 contains a picture showing
both the fibers and nonfiber plates under 10-fold magnification.

Figure 18.2 contains a similar picture except emphasizing one of the longer fibers.

Figure 18.3 contains a magnification of the fiber to 60-fold.

Figure 18.4 contains the fiber magnified 100-fold.

Figure 18.5 shows a fiber with branch points at 60-fold magnification.

In summary, the product from dibutyltin dichloride and 1,4-butynediol forms
fibers on mechanical agitation.

Two of the products from 1,1'-dicarboxylic ferrocene formed fibers (7). The fibers
from dibutyltin dichloride were light brown in color with the product containing
only about 5% fiber mass. Again, the fibers had some short spikes coming off a
central fiber (Figure 18.6). Fiber lengths were about 200 mm with a diameter of
about 8 mm for an aspect ratio of about 25. The product from dimethyltin dichloride



Table 18.2 Fiber forming capability of selected organotin polymers

Organotin dichloride Lewis base Fiber formation
Me,SnCl, Norfloxacin No
Et,SnCl, Norfloxacin No
Pr,SnCl, Norfloxacin No
Bu,SnCl, Norfloxacin No
Oc,SnCl, Norfloxacin No
Me,SnCl, Ampicillin No
Et,SnCl, Ampicillin No
Bu,SnCl, Ampicillin No
Bz,SnCl, Ampicillin No
Me,SnCl, Cephalexin No
Et,SnCl, Cephalexin No
Bu,SnCl, Cephalexin No
Me,SnCl, Kinetin No
Et,SnCl, Kinetin No
Pr,SnCl, Kinetin No
Oc,SnCl, Kinetin No
Et,SnCl, 2-Chloro-p-phenylenediamine Yes
Pr,SnCl, 2-Chloro-p-phenylenediamine Yes
n-Bu,SnCl, 2-Chloro-p-phenylenediamine No
-Bu,SnCl, 2-Chloro-p-phenylenediamine No
Ph,SnCl, 2-Chloro-p-phenylenediamine No
Bu,SnCl, Ethylene glycol No
Bu,SnCl, Diethylene glycol No
Bu,SnCl, Triethylene glycol No
Bu,SnCl, Tetraethylene glycol No
Bu,SnCl, Pentaethylene glycol No
Bu,SnCl, 1,3-Propanediol No
Bu,SnCl, 1,4-Butanediol No
Bu,SnCl, 1,6-Hexanediol No
Ph,SnCl, Ethylene Glycol No
Bu,SnCl, 1,4-Benzenediamine No
Bu,SnCl, Polyethylene glycol (MW 400) No
Bu,SnCl, 2-Butynene-1,4-diol Yes
Me,SnCl, Tricarcillin No
Et,SnCl, Tricarcillin No
Pr,SnCl, Tricarcillin No
Bu,SnCl, Tricarcillin No
Oc,SnCl, Tricarcillin No
Cy,SnCl, Tricarcillin No
Ph,SnCl, Tricarcillin No
Bu,SnCl, Bisphenol A No
Bu,SnCl, Adipic Acid No
Me,SnCl, Adipic Acid No
Me,SnCl, 1,1'-Dicarboxylic Ferrocene Yes
Et,SnCl, 1,1'-Dicarboxylic Ferrocene No
Bu,SnCl, 1,1'-Dicarboxylic Ferrocene Yes
Oc,SnCl, 1,1'-Dicarboxylic Ferrocene No
Cy,SnCl, 1,1'-Dicarboxylic Ferrocene No
Benzyl SnCl, 1,1'-Dicarboxylic Ferrocene No

Ph,SnCl, 1,1'-Dicarboxylic Ferrocene No




Figure 18.1 Fiber and nonfiber plates under 10 fold magnification

Figure 18.2 Picture of longer fiber under 10-fold magnification

gave about 50% fibers that bunched together forming balls (Figure 18.7). They
were also light brown in color with a few spikes coming off of the central fiber with
an average length of about 100 mm and diameter of 0.001 mm giving an aspect ratio
of about 10°, which is high.
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Figure 18.3 60-fold magnification of fiber

Figure 18.4 Fiber magnified 100-fold
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Figure 18.5 60-fold magnification of fiber with branch points

Figure 18.6 Product from dibutyltin dichloride and 1,1'-dicarboxylic ferrocene
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Figure 18.7 Fibers from the product of dimethyltin dichloride and 1,1 -dicarboxylic ferrocene

Two products derived from 2-chloro-p-phenylenediamine also gave fibers (8).
The dipropyltin dichloride fibers were also light brown containing a few spikes off
a central main fiber (Figure 18.8). They were formed in about 5% yield with fiber
lengths of 200mm and diameters of about 10mm giving an aspect ratio of about
20. The diethyltin dichloride derived products gave about 1% production of light
brown fibers (Figure 18.9). The fibers were about I mm by 0.05mm giving an
aspect ratio of about 20.

It is too early to describe the structural requirements for fiber formation. Further
work is needed to see if there are structural requirements for fiber formation and
what those structural requirements are.

6 Application

The most obvious area of application are as fibers for composites. There are a
number of metallic whiskers that are employed as high-strength fibers in com-
posites. These composites are among the strongest known. The mechanical and
electrical properties of the fibers also need to be studied. It is possible that the
fibers are semiconductors to near conductors, allowing their use as directional
electrical wires.
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Figure 18.8 Fibers from the product of dipropyltin dichloride and 2-chloro-p-phenylenediamine
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Figure 18.9 Fibers from the product of diethyltin dichloride and 2-chloro-p-phenylenediamine
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1,3-diethynyltetramethyldisiloxane, 382

Differential scanning calorimetry (DSC), 55,

73, 175, 179, 382-384, 387, 388, 450

Difunctional heterocyclic carbenes, 11-14

Dihydroxybenzyl alcohol 3,5-, 276

Dilithiadiacetylide, 380, 382, 383

Dilithiobutadiyne, 380, 384, 388

Dilithioferrocene-tmeda, 384

Dilithium salt of n-diethynylbenzene, 249

Dimethylsilane (DMS), 383, 397

Dipentylamine-modified polyborazylenes, 355

Directionality, 18, 277

Disilazanes, 360

Disiloxane, 381-386, 388, 390, 391, 395
diacetylene polymer, 382

1,1’-Disulfonylferrocene chloride, 340

Divergent, 274-277

DNA viruses, 196, 203, 215, 216, 219,

220, 324

Drug-delivery vehicles, 278

E

Elastomeric
carboranylenesiloxanes, 392
materials, 390, 398, 401
network polymers, 392, 393
polymeric networks, 394
thermoset, 384

Elastomers, 376, 390

Electrical conductivity(ies), 38

Electrical,magnetic, optical, sensing and

catalytic properties, 21

Index

Electrochemical impedance spectroscopy
(EIS), 158, 161, 169

Electron microscopy (TEM), 249, 261, 277

Electron transfer cells, 85-88

Electronic absorption spectra, 15, 18

Electrooptic modulators, 173

Electropolymerization, 4

Electropolymerized films, 148

Electropolymerizing, 148

Encapsulated platinum nanoparticles, 279-281

EPR effect, 212, 282

Ethylenediamine, 275, 276

Eubacteria, 422

Eukaryotic cells, 437, 438

Exciton Phenomena, 71, 88, 89

Extended Hiickel molecular orbital (EHMO)
calculations and polarization, 74

F
Fast-atom bombardment (FAB), 40
Fc
crown polypyrrole films prepared, 148
cyclopeptides, 111, 112, 134
dendrimer films, 154, 158, 168
functionalized amino acids and
peptides, 111
functionalized poly (propyleneimine)
dendrimers, 154
GluOH, 113-116, 125, 128-130,
132-143, 168
Histidine conjagates, 111, 112
Fe Si,, 401
Ferrocene, 2, 5,25-27, 113, 123, 133, 149,
173, 182, 183, 191, 340, 406, 434, 455,
456, 459, 460
dicarbonyl chloridel, 1 -, 183
peptide cystamines, 149-168
Ferrocene peptide dendrimer films
characterization, 153-155
metal ion binding, 147-169
surface regeneration, 161-162
synthesis, 149-168
Ferrocene peptides
electrochemical characterization, 123—128,
143
as ligands, 133-142
metal ion interactions, 111, 133
pH effects, 128-133
x-ray crystal structures, 118-123
Ferrocene-1,1”-dicarboxylic acid, 406
Ferrocenyl-carboranylenesiloxyl-
diacetylene, 384
FIAC, 201
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Fibers, 8, 41, 237-238, 249, 351-371, 399,
430, 439, 449-463

Flame retardants, 351, 411

Fluorescence, 38, 39, 47, 48, 50, 56, 57, 72,
409, 417,418

Forster mechanism, 89, 90, 93

Foscarnet, 200, 201, 203

Fragmentation matrix assisted laser
desorption/ionization mass
spectrometry (F MALDI MS), 235,
236, 329-349

FT-IR, 381, 400

Fumaric acid, 250, 406

G

Gancyclovir, 197, 199

Gas separation membranes, 399

GC/MS, 357, 359

GDM equation, 395

Ge-containing Pt(II) metallopolymers, 49

Gel electrophoresis, 277, 285

Gene expression, 196, 199

Genome, 194, 196-199, 216, 438

Germanium bridges, 5

Gold and copper containing polymers, 71-105

GPC, 8, 14, 25, 40, 41, 49, 174, 282, 380, 382,
384, 387

Grignard reagents, 392

Group transfer polymerization, 23

Groups 8 and 10 containing polymers, 37

H
H, 13C, and 195Pt NMR, 280
Hafnium acetylacetonate, 253
Hafnium carbide, 241, 242, 245, 251, 253,
260, 261, 263
Hafnium oxide, 241, 253, 254
Hafnium
oxoacrylates, 250
(IV) oxocarboxylates, 265
oxyacetates, 251
particles, 255
tetrachloride, 242
containing nanocomposites, 241-266
Hafnocene dichloride, 247
Halogenated carboranylenesiloxane, 380
Hard metal cutting tools, 242
h-BN, 354, 356, 360, 363
h-BN powder, 354
Heat resistant materials, 41
Herpes, 194, 197, 201, 203, 215, 231, 324, 441
Heterogeneous hydrosilation reactions, 393
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Heterogeneously catalyzed hydrosilation
reactions, 379
Hexachlorobutadiene, 380
Hexamethy ltrisiloxane (HMTS), 383, 397
Hexamethyldisilazane, 360, 362
Hexamethyltrisiloxane units, 387
Hexanedioll,6-, 246, 352, 454, 456
Hf(IV) Polyacrylate, 264
Hf(IV)-containing monomers, 250
Hf(IV)-containing organic polymers, 247
HfC, 242, 253-255, 257, 259-263
HfCIl,, 242, 247
Hf
containing carboxylate polymers, 259
containing metal-organic polymers,
247-250
containing monomers, 243, 265
HfCxOyHz polymer, 254
HfO,, 242, 253, 254, 259-262
HfOCI,, 243, 250, 252, 264, 265
HfOCO,, 263
High refractive index optical coatings, 31
'"HNMR, 109, 114, 115, 150, 283, 285
Hole-transporting, 41
Homogeneous hydrosilation reactions, 378
Hybrid silarylene-siloxane/
carboranylenesiloxane, 388, 398
Hybrid silicone, 374, 375, 377, 392, 399
Hybrid siloxane network polymers, 392-394
Hydride migratory insertion, 379
Hydrogen storage, 351
Hydrosilated, 393, 394, 399
carboranylenesiloxanes, 399
elastomeric network, 394
network polymers, 393
Hydrosilation, 376-379, 392, 393, 396, 399
Hydroxy-terminated silarylene-siloxane
prepolymers, 390-391
Hydroxybenzyl alcohol,4-, 181
Hyperbranched, 21-31, 33, 271
poly(aroylarylene)s, 27
polymers, 21-33

I
1dU, 197, 201, 204
Induced dendrimer encapsulation, 278
Influenza, 194, 196, 197, 199, 203
Inorganic
organic hybrid materials, 33
organic linear diacetylenic hybrid
polymers, 388
Interfacial condensation, polymerization, 435,
449, 451, 453
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Interferon, 217
Inverse micelles, 278
Ton
exchange extraction, 243
pair theory, 156, 158
Iron-containing Polymers, 173-191

J
Jablonski diagram, 39
Juvenile diabetes, 213

K
Karstedt catalyst(s), 379, 392, 393
Kevlar, 399

L
Langmuir
adsorption isotherm, 156, 157
model, 156
Lanthanide, alkaline earth metals, 109, 111,
134, 136, 143, 161, 169
Laurylamine, 357
Levamisole, 213
Levodopa, 334, 335
Light
emitting properties, 44, 55
harvesting antennas, 21
Light-emitting diodes (LEDs), 39, 40, 53,
65,71
Linear boron-silicon-diacetylene copolymers,
383, 397
Linkers, 6-9, 11, 14, 18, 49
Liquid crystallinity, 38
Living free radical polymerization, 5
Luminescence properties, 38
Lung cancer, 205

M
Main
chain organometallic polymers, 1, 4, 7,
14, 19
group elements, 40-42, 53, 58, 65
Mansfield-Tomalia-Rakesh equation, 277, 278
Mass spectrometry, 143, 235, 266, 277, 330,
333, 346
Matrix assisted laser desorption/ionization
mass spectrometry (MALDI MS), 100,
235, 236, 329, 330, 332, 333, 347
Mechanochromic sensors, 399
Medical applications, 274
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Melt
spinnable poly[B-aminoborazine], 356
spinnable poly[B-methylamino)
borazine], 357
spinnable polymers, 358, 359
spinning, 356, 361, 362, 367, 369
Metal
arene, 5-7, 10
containing polyynes, 7-8, 37, 39, 63
Metallodendrimers, 274
Metallodendritic species, 274
Metalloenzymes, 21
Metallopolyynes containing group 16 main
group elements, 53-61
Metal
mediated polymerizations, 4
polymer nanocomposites, 241, 262
Metal-to-ligand-charge transfer (MLCT),
80-82
Metathesis, 2, 177, 363, 367
Methacrylates, 250, 251, 265
Methacrylic acid, 250, 251, 265
Methicillin, 310, 311, 314, 320, 321, 429, 430
Methicillin-resistant S. aureus (MRSA),
429, 430
Methotrexate, 213-217
Methyl acrylate, 275
Methylamine, 357, 358
(Me,N)CLB,N.H,, 387
Michael addition, 29, 275
Migratory insertion, 379
Mixed-metal systems, 18
Modular difunctional monomers, 10-11
Molecular dynamic simulations, 285, 286
Monomeric scaffold, 1
Mossbauer spectroscopy
applications, 295, 296, 301, 304, 305, 311
basics, 296-303

N

N-(2-hydroxypropyl)methacrylamide
(HPMA), 282, 285

N-, S-, and O-containing dinucleophiles,
183-184

(n*-C,H,),HfCl, (Cp,HfCl,), 263

Nanocapsules, 28, 29

Nanoparticles, 26, 28-30, 65, 254, 255, 263,
279-281, 401

Nanoscale catalysts, 280

n-diethynylbenzene, 247, 249

N-dimethyl B-dichloroborazine, 361

Nedaplatin, 204-206, 270

Negative photoresist, 27
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Network polymers, 376, 377, 384, 392-394,
398, 399, 401
Neutron absorption, 399
Neutron capture/sensor systems, 351
2,4,6-[(NHMe),B(NMe)],, 366
2,4,6-[(NHPr') B(NPr') ], 365
Nido-carboranes, 379
Niobocene-containing polymers, fibers, 451
n — 1" transitions, 175
Nitroxide-mediated radical
polymerization, 23
13C NMR, 138, 283, 284, 400
SN CP MAS
solid state NMR, 367
spectrum, 368
5N solid-state NMR, 353, 357
NMR studies, 164, 278, 286
Nonanediol1,9-, 244, 246, 247
Nonlinear optical, 38, 41, 63, 71
properties, 38, 41
transmittance, 63
Nonoxide
ceramics, 65, 352
preceramic polymers, 351
Norbornene-2-carboxylic acid5-, 176, 178, 181
Norfloxacin, 194, 195, 218, 333, 334, 341,
346, 347, 441, 456
N-trimethylsilyl B-trichloroborazine, 362
Nuclear
quadrupole splitting, 296, 297, 299-301,
310, 313-315
reactor shields, 399
Nucleophilic aromatic substitution, 174, 176

(0]
O-carborane, 380, 397
Olefin polymerization, 2
Oligo(fluorenyleneethynylenegermylene)s,
49, 50
Optical
limiters, 63
properties, 8, 38, 41, 59
Optoelectronic, 37, 40, 59, 62, 351
applications, 62—65
properties, 37, 59
Organoantimony polymers, 405
Organohafnium polymers, 262
Organoiron
complexes, 174, 176, 181-183
monomers, 176, 181, 183
Organoiron polymers, 173, 174, 176, 182,
185, 191
conatining azo dyes, 174-182
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Organometallic
hafnium compounds, 242
polynorbornenes, 178
Organoplatinum antitumor
agents, 270, 290
drugs, 281
Organoplatinum drugs, 270, 271
Organotin
ester(s), 308
fibers, 449-462
toxicity, 427, 428, 431
Organotin polymers
antibacterial activity, 424-427
anticancer activity, 427, 441, 452, 455
antiviral activity, 194, 195, 427
fibers, 455-460
F MALDI MS, 333, 334, 341, 345, 346
Mossbauer spectroscopy, 295-324
Oxaliplatin, 204, 206, 270, 281, 289
Oxazinel,2-, 271
Oxidative addition, 378, 379
Oxypolyacrylate, 244

P
PAA-Hf(IV) (polymer 1), 244
Palladium and platinum
valence +0.5, 78-79
valence +1, 73-78
valence +2, 72-73
Palladium and Platinum, Copper, Silver, and
Gold, 71-105
PAMAM, 29, 271-273, 275-277, 279-290
PAMAM
(cystamine core) dendrimers, 276
dendrimer(s), 271-273, 275-277, 279-290
dendrimer synthesis, 275
dendrimer-encapsulated platinum
nanoparticles, 279-281
dendrimer-platinum conjugates, 279-290
(G3.5)-Cisplatin, 281, 282
(G3.5)-Cisplatin conjugate, 282
(G4.5)-[(DACH)Pt, 282-290
(G4.5)-[(DACH)Pt] nanoconjugate, 283,
284, 288, 289
P-containing polymers, 26
Pd containing polymers, 24
Penicillin G, 310, 311, 320
Peptides, 109, 111-116, 118, 120, 123-127,
130, 133, 134, 136, 142, 143, 147, 148,
154, 162, 425
Percolation threshold, 273
1,3-phenylborondichloride, 397
1-phenylalanine, 278
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Phenylborondichloride, 397
1,4-p-phenylene, 397
Phosphorescence, 39, 45, 47-51, 57-59
rate efficiency, 48
Phosphorus bridges, 5
Photobleaching, 31
Photocells, 62, 63, 65
Photoconducting materials, 71
Photoconductivity, 62, 86
Photodegradation, 188
Photo
discoloration, 188
fenton reaction, 191
Photoisomerization, 173
Photoloysis, 185-191
Photoluminescence (PL), 38, 46, 48, 49, 57
Photolytic
cleavage, 174, 178, 189
demetalation, 177
Photo-mediated polymerizations, 4
Photonics, 71
Photopatterning, 31
Photorefractive, 31
Photorefactive switches, 173
Photoresists, 27, 33, 41
Photo-response, 88
Photovoltaic behavior, 38
Photovoltaic cells, 71, 72, 85-88
Platinum, 24-64, 71-107, 193-224, 269-294
anticancer drugs, 259-271
drugs, 270, 271, 281, 289, 290
nanoparticles, 279-281
polymers, 55-57, 212, 213, 215, 217
Platinum
catalyzed hydrosilation, 376
containing drugs, 204-206, 210, 213
containing polyyne, 24
Platinum-containing polymers
anticancer activity, 210
antiviral activity, 213, 269
structure-activity relationships, 210
synthesis, 24, 43
Pleconaril, 197
Poly(aryleneethynylenes)s, 39, 42, 49
Poly(carborane-siloxane-acetylene) polymers,
380, 385, 399
Poly(disiloxane-diacetylene), 386, 395
Poly(m-carborane-disiloxane-diacetylene)s,
381, 385
Poly(p-phenylenebenzobisoxazole), 399
Poly(siloxylene-ethylene-phenylene-
ethylene), 392
Poly(tetramethyldisiloxyl-diacetylene), 384
Poly(acrylamide) gel electrophoresis, 285

Index

Poly(acrylamide)s, 271
Poly(acrylic acid), 264
Poly(alkylaminoborazines)-, 352
Poly(amidoamine) (PAMAM) dendrimers, 271
Poly(amidoamines), 29
Poly(amine-esters), 29
Poly(aryleneethynylenesilylene)s, 42, 49
Poly(arylthioethers), 25
Poly(B-aminoborazine), 350, 356, 361
Poly(borylborazines)-derived boron nitride
fibers, 352
Poly(B-trimethylaminoborazines), 357
Poly(carborane- disiloxane-diacetylene)s,
384-386, 395
Poly(carborane-siloxane-acetylene)s,
385, 399
Poly(carborane-siloxyl-diacetylene)
oligomers, 396
Poly(carborane-tetramethyldisiloxyl-
diacetylene), 384
Poly(carborane-trisiloxane-diacetylene), 395
Poly(disiloxanediacetylene), 395
Poly(ethyleneimides), 29
Poly(ferocenylsilanes), 173
Poly(ferrocenyl-siloxyl-diacetylene), 395
Poly(m-carborane-disiloxane-diacetylene), 381
Poly(methylhydrosiloxane), 392
Poly(N-vinylpyrollidone), 270
Poly(propylene imine) (PPI) dendrimers,
275,278
Poly(silarylene-siloxanediacetylene)s, 396
Poly(silylacetylenes), 43
Poly(trisiloxane-diacetylene), 395
Poly(vinyl alcohol), 417, 433
Poly[B-(trianilino)borazine], 358
Poly[B-(trimethylamino)borazine], 357
Poly[B-aminoborazine], 356, 357, 360
Polyamidoamine (PAMAM) dendrimers, 273
Polyamines, 219, 220, 410, 411, 439-441
Polyborazine, 361-363, 369
Polyborazylene, 352-356
Polyborazylene network, 356
Polyborylborazine, 362-368
Polycarboranylenesiloxane copolymers, 386
Polycarbosilanes, 41
Polycondensation, 3, 6, 10, 24, 244-253
Polycondensation reactions, 3, 6, 10, 24, 364,
367, 388
Polycyclotrimerization of
bis(aroylacetylene)s, 27
Polyesters, 6, 231, 276, 405-408, 413, 449
Polyether dendrimers, 273, 276
Polyethers, 174, 231, 273, 276, 411, 412, 439,
441, 451, 452, 454
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Polyferrocenes, 26, 184
Polyferrocenes 40 containing azo dyes, 184
Poly-m-carborane-siloxanes, 375
Polymer derived ceramics (PDCs) route,
351, 352
Polymeric drugs, 194, 195, 210-213, 216,
217,233, 432,433
Polymerization
diacetylenes, 377, 378, 380, 398
metal-containing monomers, 250-253
Polymer-mediated synthesis, 254, 255, 263
Polymers
containing Hf, 244, 261
containing metals, 244
derived from borazine, 352-356
Polymetallaynes, 37, 49, 51, 54, 62
Polynorbornene organoiron polymers, 176
Polynorbornenes, 176-182
Polyoximes, 409, 410
Polyplatinaynes, 176-185
Polysilanes, 41
Polysiloxanes, 375, 398
Polystannanes, 304
Polythioethers, 174-176
Postfunctionalization, incorporation of, 28-32
Postpolymerization modification, 17
Preceramic polymers, 352, 356, 369
Protective coatings, 365, 399
Pt containing polymers, 8, 14, 17, 62
Pt polyynes, 45, 50, 52, 56, 58, 62
Pt-PAMAM complexation, 281
Pyrolysis of Hf-containing polymers, 243

Q

Quantum efficiency, 62

R
Raman, 79, 99, 100, 382
Randles-Seveik equation, 134
Redox probes, 127, 147, 149
Reductive elimination, 379
Relenza, 199
Reversible storage systems, 173
Ribavirin, 203, 204
Rigid-rod
metal-containing polyynes, 37
transition metal acetylide polymers, 37
Rimantadine, 197, 198
Ring-opening metathesis polymerization
(ROMP), 177, 178, 181
Ring-opening polymerization (ROP), 4-5, 23,
25,74
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RNA viruses, 195, 215, 220

ROMP. See Ring-opening metathesis
polymerization

“Room-temperature vulcanization” (RTV),
375-377

Ruthenium polymers, 43

S
SARS, 194
Sb-containing polymers, 26
Scaffoldings, 22, 28, 277, 278
Scaffolds, 9, 13, 17, 19
Scanning auger microprobe scattering
studies, 382
Scanning electron micrograph, 250
Scanning force microscopy, 164
Schultz-Flory equation, 233
Sealants, 373, 444
Self-assembled monolayers (SAMs), 147,
156, 158
Self-condensing vinyl polymerization
(SCVP), 23
Semiconducting, 7, 19, 65, 405
Semi-conductivity properties, 71
Semiconductor(s), 30, 41, 407, 411, 460
Shingles, 215, 324
SiC fibers, 41
Si-containing polymers, 26
Silarylene-disiloxane-diacetyelene polymers,
390
Silarylene-disiloxane-diacetylene linear
polymers, 391
Silarylene-siloxane, 374, 376, 377, 388, 394,
396, 398
polymers, 388-392
prepolymers, 390
diacetylene polymer(s), 389-391
Silarylenesiloxnes, 398
Silazanes, 360
Silicides, 401
Silicon bridges, 5
Silicon carbides (SiC), 41, 242
Silicones, 373-375, 377, 379, 392, 399
Siloxane, 373-377, 380, 382-386,
388-393, 397
Siloxyldiacetylene polymers, 384
Silphenylene-siloxane polymers, 376
Silver containing polymers, photo
properties, 80
Silylene polymers, 380
Silylhydride-vinylsilane reaction, 376
Size exclusion chromatography, 282, 390
Smallpox, 193, 215, 324, 441
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Solid
pyrolysis, 360-363
thermolysis, 260-261
Solid-state
NMR, 353, 357, 365
polymerization, 4, 377-378, 380
thermolysis, 255
Solution and solid-state polymerization, 4
Sonogashira conditions, 7
Speier’s catalyst, 379, 392, 393
Spherical assemblies, 24
Starburst dendrimers, 273
Starch, 417
Steric Exclusion Chromatrophy, 369
Stille reagent, 7
Stokes shifts, 50, 52, 56
Substitution
and condensation reactions, 3, 5-7
reactions, 3, 5, 10, 174
Sulfur bridges, 5
Superconducting, 400, 401
Supermolecular architectures, 274

T
Tamiflu, 199
Tantalum carbide, 241
Telechelic [2-(propyn-1) oxyethyl]Joxypropyl-
terminated polydimethylsiloxanes, 398
TEM, 24, 277, 401
Terminal (surface) units, 21
Tetramethyl disiloxane (TMDS), 383, 397
Tetramisol, 213, 214
Thermal gravimetric analysis (TGA), 15, 18,
25,174,179, 184, 191
Thermal
polycondensation, 364
polymerization, 253, 377, 399
stability, 15, 18, 19, 31, 40, 41, 44, 46, 49,
78,374
mediated polymerizations, 4
Thermally crosslinkable, 380-388
Thermodynamic
analysis, 253-255
modeling, 242
Thermolysis, 243, 253-263, 265, 352-355,
357-360, 363-365
Thermolysis kinetics, 253, 256
Thermo-oxidative stability, 375, 396-398
Thermosetting silarylene-siloxane-diacetylene
polymer, 389
Ticarcillin, 341, 345, 413, 416, 441
Tilorone, 215, 217-219
Time-resolved emission spectroscopy, 90

Index

Tin
bridges, 321
containing polymers, 433
Titanocene-containing polymers, fibers, 226,
232,332, 341, 346-348
Topochemical solid-state
polymerization, 378
trans-1, 2-diaminocyclohexane
platinum(II), 283
Transamination reactions, 362
Transition metal
light emission, 44-53
optoelectronic applications, 62
synthesis, 42—44
2,4,6-tri[(bismethylaminoboryl)methylamino]
borazine, 365
2,4,6-tri(dialkylamino)borazine (R :CH3,
C,Hy), 259
Trialkylaminoborane, 362-364, 367
Trialkylaminoborazine, 2,4,6-,
363-365
Trichloroborazine, 2,4,6-, 352, 357, 363
Trimethylaminoborazine, 2,4,6-, 357
Tris(acetoxy)silane, 376
Trisiloxane, 382, 383, 386-388, 395
Trisiloxane polymers, 383

U

Ultraviolet (UV), 7, 8, 27, 28, 31, 32, 52,
55,72,79, 80, 83, 88, 109, 116, 174,
377,428

Unimolecular micelles, 278

UV photo-lithography, 28

UV-vis, 7, 8,79, 83, 117, 152, 175, 178-180,
184, 186, 191, 289

v
Vaccination, 193
Vanadocene-containing polymers
acyclovir polymers, 231-235
anticancer activity, 226, 227
dendrimers, 229-230
F MALDI-TOF MS, 235-236
fibers, 237-238
spermicidal activity, 226-228
Vidarabine, 203, 205
Vinylcarboranylenesiloxane, 392
Vinyl-containing
carboranylenesiloxane, 376
silarylene-siloxane polymers, 376
Vinyl ferrocene, 2, 5
Vinyl-o-carboranyl groups, 376
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Vulcanizable diacetylene groups, 380, 388
Vulcanization, 375, 376, 383
of polysiloxanes, 375

W
Wilkinson’s catalyst, 391

X
X-ray
diffraction, 54, 260-262, 266, 364, 401
photoelectron spectroscopy, 382
X-ray photospectroscopy (XPS), 162,
165-169
XRD, 401
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