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Obituary
Professor R. R. Gupta (1941–2008)

Professor R. R. Gupta
Great Heterocyclic Chemist

Highly Spiritual Person

R. R. Gupta, distinguished professor, eminent scientist, founding editor of
International Journal of Heterocyclic Communications, founding editor of
the well-known series Topics in Heterocyclic Chemistry (Springer), editor of
volumes within the Landolt-Bœrnstein series, and author as well as co-author
of several research monographs and books, passed away suddenly on 8th March
2008 due to cardiac arrest.



X Obituary Professor R. R. Gupta (1941–2008)

Prof. Gupta was born on the 18th Aug 1941 in Rajgarh, a small town of the
Alwar district in Rajasthan state of India. He received his MSc and PhD in
Chemistry from the University of Rajasthan, Jaipur, India. After receiving his
PhD degree Prof. Gupta joined the Chemistry Department of the University of
Rajasthan as an Assistant Professor in 1968. Prof. Gupta had a distinguished ca-
reer not only in science but in education, too. He served University of Rajasthan
for 33 years as an Assistant Professor, Associate Professor, and Professor. He
was a highly distinguished faculty member who was loved and admired by
colleagues and students alike.

Prof. Gupta was a prominent scientist who contributed commendable work
in chemical research. The areas of research interest included heterocyclic and
theoretical chemistry (diamagnetism and chemical bonding).

Prof. Gupta made significant contributions to the field of heterocyclic chem-
istry. He introduced an international journal of heterocyclic chemistry called
Heterocyclic Communications (published by Freund Publishing House, Lon-
don) and served as Editor-in-Chief in collaboration with the regional editors
from the US, France, and Japan and an international editorial board of nearly
80 eminent scientists from all over the world. Prof. Gupta introduced an inter-
national series in heterocyclic chemistry Topics in Heterocyclic Chemistry, pub-
lished by Springer, with an International editorial board of five distinguished
professors and eminent scientists including Nobel Laureate Prof. R. Noyori
(Japan). Fifteen volumes of Topics in Heterocyclic Chemistry have already been
published on different recent and emerging topics of heterocyclic chemistry
and five to six volumes are in process of publication.

Prof. Gupta authored, co-authored, and edited nearly 15 volumes on NMR
spectral data of different elements in the most prestigious and oldest series of
chemistry, the Landolt-Bœrnstein series, published by Springer. Prof. Gupta
also edited three volumes on “Diamagnetic Susceptibility and Anisotropy of
Organic and Organo-metallic Compounds” in the Landolt-Bœrnstein series.
Two volumes have already been published and a third volume is to appear soon.

Prof. Gupta edited a handbook on Physical Methods in Heterocyclic Chem-
istry (published by Wiley, New York) to which top ranking distinguished sci-
entists from all over the world contributed. He edited a book Phenothiazines
and 1,4-Benzothiazines: Chemical and Biomedical Aspects (published by El-
sevier, Amsterdam); also to this volume a number of distinguished scientists
contributed their research articles.

Prof. Gupta not only contributed research monographs to self-edited books,
but also to books edited by other renowned scientists. He contributed to
the prestigious series Chemistry of Functional Groups edited by S. Patai and
published by Wiley. He also contributed a chapter to the CRC Handbook of
Chemistry and Physics in its 59th Edition.

Prof. Gupta authored not only a number of reference books and monographs
relating to his research field, but also authored text books on heterocyclic chem-
istry published by Springer, which are used in Indian and foreign universities
at post-graduate level.
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Prof. Gupta was Chairman and Member of several national and international
committees. He visited 28 countries for his scientific research and delivered
plenary and invited lectures and chaired scientific sessions at international
conferences. He also organized as chairman an international conference spon-
sored by the International Union of Pure and Applied Chemistry (IUPAC)
“Phenothiazine and Related Psychotropic Drugs” in 1996 held at Jaipur, India.
He was a member of the International Advisory Board for an international
conference on “Reversal of Drug Resistance” (Szeged, Hungary). He was also
a member of the International Advisory Board of the International Society of
Antimicrobial Activity of Non-Antibiotics and organized the 2nd international
conference in Denmark. Prof. Gupta was a member of the Advisory Council of
the International Biographical Centre (Cambridge, England), and a member
of the International Society of Heterocyclic Chemistry. For his service to sci-
ence and to education, Prof. Gupta was included among the top 100 scientists
of the world by the International Biographical Centre (England). Prof. Gupta
was a member of the UGC committee (UGC, New Delhi) which framed the
chemistry syllabus for UG and PG classes in Indian universities.

Prof. Gupta supervised more than 30 students for their Doctorate degree.
He published nearly 250 scientific articles in journals of international repute
(including ACS Journals). Prof. Gupta was awarded an International Fellowship
by the International Union against Cancer (UICC, Switzerland) to carry out
research work in the cancer research laboratory of the Medical School of
Auckland University in New Zealand. He was awarded fellowships for Post-
Doctoral research work in Marseille (France) and Munich (Germany).

R. R. Gupta retired in 2001 and remained active in research as a distinguished
editor until his death. Though quite healthy till the end, he passed away rather
suddenly. Personally, we have lost our respected father and Guru. It is a great
loss to his family, friends, well wishers, and of course the scientific community
which benefited from his significant contributions.

We’ve never been cold here in your shadow because we’ve had your sunlight
on our faces... but you weren’t content to shine... You wouldn’t dare leave us
behind so...... we’ve had a part in all of your glories, now we share a part of
your strengths. Your beautiful face... for so long. The beautiful smile that hid
your pain. It might have appeared to have gone unnoticed... but we’ve got it
all here in our hearts. We want you to know, we know the truth... Of course
we know... We might have been nothing without you. Did you ever know that
you were our hero? You were all of those things we’re striving to be... Now we
can climb toward that higher mark... Because you were the wind beneath our
wings. WE THANK GOD FOR YOU with much love.

Dr. Vandana Gupta (Editor-in-Chief)
Heterocyclic Communications, A-13, Jai Jawan Colony-I, Tonk Road
Jaipur-302018, India, e-mail: dr_vandana27@yahoo.co.in



Preface

This treatise pertains to dyes composed of a central polymethine moiety and
two cyclic terminal subunits. The polymethine linker can be unsubstituted
or substituted, and at least one terminal subunit is a heterocyclic system.
The classes of compounds reviewed range from classical cyanines, first syn-
thesized in the 1850s, to hemicyanines, to styryl dyes, to merocyanines, to
coumarin polymethines, and to squarylium dyes that were synthesized for the
first time in the 1960s. These structurally diverse classes of compounds have
one common denominator, namely electron conjugation that involves the ter-
minal heterocyclic/aromatic subunits and the central polymethine linker of the
molecule. Such conjugated molecules show absorption and fluorescence that
are a function of the structure of the three moieties. By changing the length
and substitution of the polymethine linker and/or the structures of the ter-
minal moieties, molecules can be designed with absorption and fluorescence
ranging from the blue visible region (> 400 nm) to the near-infrared region
(> 700 nm) of the electromagnetic spectrum. The synthetic developments of
the last decade are reviewed and references to older but important work are
provided to help design a dye of interest for a desired specific application. It is
the fluorescence properties that are most important for a large array of modern
applications of the dyes, especially in biotechnology. Some of the applications
are clearly visible from the titles of the individual chapters, and additional
features can be found upon inspection of the corresponding tables of contents.
The subject index should be consulted for other properties and applications
of the dyes that could not be elaborated on extensively in this relatively short
review book. The authors took excellent care of such information by providing
leading references on the additional subjects. I wish to thank the authors for
their outstanding contributions. Thanks are also due to Ms. Birgit Kollmar-
Thoni of Springer and Ms. Cornelia Gründer of le-tex publishing services oHG
who effortlessly and with grace coordinated the technical aspects of the total
project.

Atlanta, May 2008 Lucjan Strekowski
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Abstract Recent developments in the general synthesis of cyanine dyes are reviewed. This
short chapter provides a background to the subsequent reviews of applications of cya-
nines.

Keywords Heptamethine cyanines · Monomethine cyanines · Pentamethine cyanines ·
Synthesis · Trimethine cyanines

1
Introduction

Classical cyanine dyes are cationic molecules in which two terminal nitro-
gen heterocyclic subunits are linked by a polymethine bridge as shown by the
general structure 1.

Their common names denote the number of methine groups in the
polyene chain. For example, compounds 1 with n = 0 and n = 3 are referred
to as monomethine and heptamethine cyanines, respectively. The end sub-
units containing a nitrogen atom may be identical or different. Hemicyanines
may be represented by a general structure 2, and particular derivatives with
the shortest bridge (n = 1) are often called styryl dyes. The first member of
cyanine compounds was synthesized in 1856. Several cyanine dyes are natural
products [1]. The monomethine and trimethine cyanines generally show ab-
sorption in the visible region, and each extension of the chromophore by one
vinylene moiety (CH= CH) causes a bathochromic shift of about 100 nm [2].
Depending on substituents, absorption of pentamethine derivatives can reach
a near-infrared region (>700 nm), and heptamethine cyanines may show ab-
sorption beyond 1000 nm. Cyanine dyes have narrow absorption bands and
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extremely high extinction coefficients, often reaching 200 000 M–1 cm–1. Cya-
nine dyes are mildly fluorescent in solution and the fluorescence quantum
yield decreases with increasing length of the polymethine chain [3]. The fluo-
rescence efficiency is greatly increased upon binding of the dyes with nucleic
acids or proteins as a result of the rigidization of the fluorophore.

A large number of cyanine dyes have been synthesized and reviewed [1–
10]. The most recent synthetic methodologies are briefly summarized in this
chapter and an additional recent synthetic work is described in the chap-
ters Cyanine Dye – Based Compounds for Tumor Imaging With and Without
Photodynamic Therapy and Stability and Reactivity of Polymethine Dyes in
Solution. The older reviews mentioned above should be consulted for a com-
plete picture of the preparation of cyanine dyes.

In general, structural diversity is reached through varying the polyene
chain, the nitrogen substituents, or the heterocycles themselves. However,
this general approach is not compatible with some reactive groups that are
required for a fine tuning of the solubility, reactivity, and spectroscopic prop-
erties of the cyanine dyes, as may be necessary for a wide range of modern
applications. In fact, only carboxylic and sulfonic acid groups are completely
inert toward the reagents and reaction conditions used for synthesis of cya-
nine dyes. This major drawback can be by-passed by an alternative synthetic
approach based on the preparation of a precursor of the target functionalized
cyanine dye, a so-called “convertible cyanine dye”, and the subsequent post-
synthetic chemical transformations to give the molecule bearing the desired
substituents.

2
Synthesis

2.1
Monomethine Cyanines

Highly fluorescent derivatives of this class of compounds have been de-
veloped as molecular probes that bind strongly with nucleic acids [11–17]
and proteins [18]. Additional information can be found in the respec-
tive Chapters Cyanine Dye – Nucleic Acid Interactions and Cyanine Dye –
Based Compounds for Tumor Imaging With and Without Photodynamic Ther-
apy. A novel method for the preparation of symmetrical and asymmetrical
monomethine cyanine dyes 3 was developed by Deligeorgiev et al. [19]. The
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Equation 1

chemistry is illustrated in Eq. 1 and it involves melting under basic condi-
tions of a quaternary heterocyclic salt containing a 2- or 4-methyl group and
a 2-sulfobetaine derived from a cationic heterocyclic system. The applicabil-
ity of this method depends on the melting points of the substrates and their
thermal stabilities.

2.2
Trimethine Cyanines

The classical orthoester approach to trimethine cyanines involves condensa-
tion under basic conditions of orthoesters with quaternary heterocyclic salts
substituted with an activated methyl group [20]. The methodology is illus-
trated in Eq. 2 by the preparation of a water-soluble sulfonated dye 4 [21]. In
similar transformations, a central one-carbon component of the trimethine
bridge is derived from N,N′-diphenylformamidine [22, 23] or iodoform [23].
The diphenylformamidine method allows for the synthesis of unsymmetri-
cal dyes containing two different end-heterocyclic subunits or two different
N-substituents at the identical heterocyclic systems [24]. The central methine
moiety of the trimethine bridge in dyes 6 and 7 can also be supplied by a novel
Vilsmeier-type reagent derived from N,N-dimethylformamide and hydrogen
bromide (Scheme 1) [25].

Equation 2

A post-synthetic modification at a meso position of a meso-methyl-
substituted trimethine dye is illustrated in Eq. 3 by condensation with an
aldehyde to give dye 8. An ethyl analogue undergoes a similar condensation
at the α position of the ethyl group [26].
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Scheme 1

Equation 3

2.3
Pentamethine Cyanines

A major synthetic route to this class of compounds involves condensation
of cationic heterocyclic compounds containing an activated methyl group
with derivatives of malondialdehyde. Recent synthetic examples are shown
in Eq. 4 by the preparation of a water soluble dye 9 [21] and in Scheme 2
by the preparation of a dye 10 containing two different N-substituents [27].
A modification of the latter synthetic route for the synthesis of a different
penthamethine dye has also been published [24]. A series of cyanines sub-
stituted with methyl and ethoxycarbonyl groups at the pentamethine chain
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Equation 4

Scheme 2
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have been synthesized by using ethyl 3-oxobutanoate as a precursor to the
substituted pentamethine chain [28] (not shown).

Highly polar dyes, such as 9 and 10, are difficult to purify. Crystallization
seldom furnishes pure compounds, and a substantial amount of the dye is
irreversibly adsorbed by using classical silica gel chromatography. The purifi-
cation method of choice is reverse-phase chromatography using a commercial
C18 adsorbent. This and similar adsorbents are currently quite inexpensive
and can be used in low-pressure reverse-phase column chromatography for
purification of highly polar compounds on a several-gram scale. Dye 10 was
purified by using this method [27].

2.4
Heptamethine Cyanines

Currently there is an immense interest in the chemistry of heptamethine
cyanines due to their application as fluorescence markers in biological sci-
ences. A separate chapter Cyanine Dye-Based Compounds For Tumor Imaging
With and Without Photodynamic Therapy has been devoted to this topic.
A vast majority of such dyes contain a six-membered carbocyclic subsystem
as part of the heptametine chain, such as in compound 13 (Eq. 5), which
increases rigidity of the molecule for an increased quantum yield of fluores-
cence. For steric reasons, this structural feature also decreases aggregation of
dye molecules in solution.

Equation 5

The first dyes of this class were synthesized about 30 years ago [29] by
condensation of Vielsmeier–Haack reagent 11 derived from cyclohexanone
and a heterocyclic salt (mostly an iodide) containing an activated methyl
group. An analogue of 11 derived from cyclopentanone is sometimes used
for the preparation of the corresponding analogues of 13 [30]. Strekowski
has introduced recently an ethoxycarbonyl-substituted reagent 12 for a facile
functionalization of the corresponding dyes 13 (R1 = COOEt) [31]. He also
has shown that the chloro-substituted dyes 13 can additionally be function-
alized at the meso position by the reaction with nucleophiles that are good
single-electron donors [30]. The mechanism, scope, and limitations of this
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efficient transformation are discussed in more detail in the chapter Stability
and Reactivity of Polymethine Dyes in Solution of this book. It is important to
note that amino derivatives of 103 (X = substituted amino) obtained in this
way are highly fluorescent and show a large Stokes shift in solution [32, 33].
Achilefu has shown recently that dyes 13 (R1 = H, X = Br) undergo Suzuki
coupling reaction with organic boronic acids to give the corresponding dyes
substituted at the central meso position [34].

Strekowski and coworkers reported for the first time the synthesis of
a novel class of near-infrared bis(heptamethine cyanine) (BHmC) dyes con-
taining a flexible polymethylene linker between the two cyanine subunits [35,
36]. Such bis-cyanines may be of significant bioanalytical utility due to their
negligible fluorescence in aqueous solution and a strong increase in fluores-
cence (∼1000 fold) upon binding with a protein. More specifically, the bis-
dyes form an intramolecular stacking complex in solution, which quenches
fluorescence, and the complex opens-up upon binding of the dye with pro-
tein, which greatly increases the fluorescence efficiency. The synthesis of dyes
BHmCs is presented in Scheme 3. Briefly, indolenine 14 was quaternized with

Scheme 3
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an α, ω-dibromoalkane to yield a bis-indolium salt 15, which was subse-
quently condensed with a half dye 17. Compound 17 was obtained by using
excess of the Vielsmeier reagent 11 relative to the indolium salt 16.
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Abstract Cyanine dyes are widely used in biotechnology due to their ability to form fluor-
escent complexes with nucleic acids. This chapter describes how the structure of the dye
determines the mode in which it binds to nucleic acids as well as the fluorescence prop-
erties of the resulting complexes. Related dyes, such as hemicyanines and styryl dyes, are
briefly described as well. In addition, covalent conjugates of cyanines with nucleic acids
or with nucleic acid-binding ligands allow fluorescent labeling and probing of DNA/RNA
structure and function. Several examples of different types of conjugates and their appli-
cations are described.

Keywords Cyanines · Dyes · Fluorescence · Intercalation · Nucleic Acids
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FRET Förster resonance energy transfer
G Guanine
HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
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PNA Peptide nucleic acid
RNA Ribonucleic acid
T Thymine

1
Introduction

The cyanines are among the oldest synthetic dyes commonly used today. The
name “cyanine” comes from the first member of this class, which was reported
by Williams in 1856 and was blue in color [1]. In the ensuing 150+ years, thou-
sands more cyanines have been synthesized due to demand based on diverse
applications of these versatile dyes [2]. Their ease of synthesis and rich palette
of colors initially motivated the use of cyanines in the textile industry. Later,
the cyanines became important components of photographic films, making
possible the development of vibrant color images. Both of these applications
rely on the ability of cyanines to efficiently absorb light at specific wavelengths
in the visible region. Most recently, the cyanines have found a third home in
the biotechnology sector that relies on their ability to emit light, i.e., fluoresce.
In particular, cyanine dyes have become widely used as fluorescent labels and
sensors for bioimaging and detection applications. Many of these applications
involve the interaction between the dyes and nucleic acids (DNA and RNA),
which is the subject of this chapter. A brief summary of the structural and
spectroscopic properties of the cyanines is in order.

The general structure for a cyanine is shown in Fig. 1. In these dyes, two
nitrogen-containing heterocycles are linked by a polymethine bridge con-
taining an odd number of carbons, which allows resonance delocalization
of a positive charge between the two nitrogens. Variation of the length of
the polymethine bridge and the identity of the heterocycles allows tuning

Fig. 1 Generic structures of cyanine dyes and typical heterocyclic components
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of the absorption and emission spectra throughout the visible and near-
infrared regions of the electromagnetic spectrum. For example, addition
of two extra methine units typically causes a ca. 100 nm spectral shift to
a longer wavelength. Meanwhile, dyes based on dimethylindole and benzo-
thiazole heterocycles have comparable absorption and emission wavelengths,
whereas benzoxazole-containing dyes absorb at shorter wavelengths. Adding
substituents to one or both rings allows further fine-tuning of the spectra.

Cyanines can be categorized structurally as being either symmetrical or
unsymmetrical, examples of which are shown in Fig. 2. This chapter will con-
sider these two structural classes separately, since they often exhibit vastly
different spectral and nucleic acid binding behavior, which leads to distinct
applications. For example, the fluorescent DNA labels Cy3 and Cy5 are sym-
metrical cyanines, while the commonly used fluorescent DNA stain thiazole
orange (TO) and the dimeric analogue TOTO-1 are unsymmetrical cyanines
(the latter with respect to the chromophore, not the overall structure).

Fig. 2 Commonly used symmetrical and unsymmetrical cyanine dyes. (Counterions are
not shown; these are typically iodide, bromide, or tosylate.)

This introduction concludes with a brief description of nucleic acid bind-
ing modes. Cyanine dyes typically associate noncovalently with double-
helical DNA in one of two ways: (1) intercalation, in which the dye inserts
between two adjacent base pairs resulting in a π-stacked sandwich complex,
or (2) minor groove binding, in which the dye inserts lengthwise into the
narrower of the two grooves present in the DNA structure. Methods for de-
termining DNA binding modes are reviewed elsewhere [3] and so will not
be discussed here. For additional information, interested readers are also re-
ferred to recent detailed reviews of the interactions between cyanine dyes and
DNA [4, 5]. This chapter will focus on how the dye structure relates to nu-
cleic acid binding mode and photophysical behavior, with emphasis on both
fundamental properties and applications.
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2
Symmetrical Cyanines

2.1
Noncovalent Binding

The earliest report of a cyanine dye–DNA interaction was published by Ler-
man in his classic paper proposing the intercalation binding mode for planar,
cationic dyes that were commonly used to stain DNA for microscopic obser-
vation [6]. The dye, pinacyanol, caused a decrease in the viscosity of a DNA
solution, in contrast to acridine dyes, which increased the viscosity of the same
solutions. Intercalation necessarily causes the DNA to lengthen, leading to the
observed increased viscosity, so Lerman concluded that pinacyanol bound in
a nonintercalative manner and this conclusion was supported by later stud-
ies. However, simply decreasing the bridge length of the dye by two methines
yields pseudoisocyanine, which unequivocally binds to DNA by intercalation at
low dye to DNA ratios [7]. Another example is provided by the tricationic dye
DiSC3+(5), which binds to various types of DNA by intercalation as well as by
minor groove binding as either a monomer or a cofacial dimer [8].

An interesting class of symmetrical cyanines features substitution of the
methine bridge. For example, Yarmoluk and coworkers synthesized Cyan2,
an analogue of DiSC1(3) bearing a methyl group at the beta (i.e., central)
carbon of the trimethine bridge [9]. Under identical conditions, the unsubsti-
tuted dye exhibits a <5-fold increase in fluorescence in the presence of DNA
while the β-methyl analogue displays a ca. 100-fold fluorescence enhancement
(Table 1) [9, 10]. The difference can be traced to the background fluorescence
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Table 1 Fluorescence enhancements for symmetrical cyanines in the presence of DNA

Dye F (Buffer) F (DNA) Enhancement

DiSC1(3) 560 2570 4.6
Cyan2 24.5 4350 178
1 8.6 610 71
2 5.4 1120 207

of the two dyes in the absence of DNA. A similarly large enhancement is
observed for the β-methyl dye in the presence of RNA as well. The origin
of this behavior has been attributed to a change in the stereochemistry of
the trimethine bridge [11]. In the unsubstituted dye, the strongly fluorescent
all-trans isomer should be favored. However, substitution on the bridge is
expected to lead to cis isomers, which are nonfluorescent (Fig. 3). Whether
binding of Cyan2 to DNA or RNA induces isomerization to the all-trans form
or promotes fluorescence by another mechanism is unclear. Regardless of the
mechanism, the fact that the β-methyl dye has a low fluorescence quantum
yield in solution allows it to exhibit a large enhancement upon nucleic acid
binding. The idea of using fluorogenic dyes as indicators for the presence of
nucleic acids will also be an important theme for the unsymmetrical cyanines
described later in this chapter.

Fig. 3 Effect of a meso alkyl substituent on conformation and fluorescence of a symmet-
rical cyanine dye

The same group studied the impact of substituents at carbon 6 of the
benzothiazole ring system for trimethine dyes bearing unsubstituted or
β-substituted bridges [10]. Bulky benzoylamino groups at these positions
(e.g., dyes 1 and 2) led to improved fluorescence enhancements in the pres-
ence of DNA, relative to DiSC1(3) and Cyan2 (Table 1). In both cases, the
larger fluorescence enhancement is due to lower fluorescence in buffer rather
than higher fluorescence in DNA. The likely explanation for these results is
enhanced formation of nonfluorescent aggregates by the 6,6′-substituted dyes
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in the absence of DNA rather than to a change in the inherent photophysi-
cal properties of the dye. The peripheral amide substituents also increase the
selectivity for DNA over RNA and bovine serum albumin, a protein that is
known to bind organic dyes via hydrophobic interactions.

The complexity of noncovalent DNA binding by symmetrical cyanines
has led to very few applications. One exception is the monocationic dye
DiSC2(5), which was found to assemble into helical aggregates in the presence
of a hybrid duplex composed of complementary DNA and peptide nucleic
acid (PNA) strands [12]. (Like many symmetrical cyanines [13, 14], DiSC2(5)
also aggregates in water, but only at higher concentrations than were used in
the assay.) Aggregation of DiSC2(5) in the presence of PNA–DNA duplexes
leads to a 120-nm shift to shorter wavelength of the absorption spectrum, re-
sulting in a visible blue-to-purple color change. Thus, the PNA oligomer and
cyanine dye constitute a simple qualitative sensor for the presence of specific
DNA sequences. Several subsequent reports described improvements on the
original assay [15–17].

2.2
Covalent Binding

In contrast to the dearth of applications involving noncovalent binding of
symmetrical cyanines to DNA or RNA, covalently bound versions of these
dyes, particularly Cy3 and Cy5 [18], are among the most widely used fluor-
escent labels in biotechnology. For example, in DNA/RNA microarray experi-
ments, captured target strands are usually detected using Cy3 (green) or Cy5
(red) fluorescence, where the dye is introduced either in the form of a Cy-
labeled secondary probe strand that hybridizes to the captured target or by
enzymatic synthesis of a Cy-labeled DNA strand complementary to the target,
with subsequent capture of the fluorescent strand on the array.

Two structural features of Cy3 and Cy5 are evident (Fig. 2): the dimethylin-
dole heterocycles and the peripheral anionic sulfonate substituents are
present to suppress intercalation into DNA as well as dye aggregation, which
is a concern for multiply labeled probes. These properties help to give the
“CyDyes” high fluorescence quantum yields (and, therefore, sensitive detec-
tion) without interfering with DNA hybridization.
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3
Unsymmetrical Cyanines

3.1
Noncovalent Binding

3.1.1
Insights into Photophysics

The unsymmetrical cyanines such as thiazole orange (TO, Fig. 2) are best
known for their fluorogenic behavior in the presence of DNA and RNA.
These dyes exhibit very low fluorescence quantum yields in aqueous so-
lution but 102–103-fold enhancements upon binding to nucleic acids [19].
The fluorescence response has long been attributed to restricted torsional
motion of the dye excited state when intercalated into DNA [20]. Recent ul-
trafast time-resolved experiments by Ernsting and colleagues were consistent
with a twisting motion leading to nonradiative relaxation of TO in fluid so-
lution [21]. In addition, calculations by Yaron and coworkers indicate that
twisting beyond an interplanar angle of 60◦ is required before nonradiative
relaxation becomes efficient [22]. Thus, TO and presumably other unsym-
metrical cyanines need not be planar in order to exhibit a large fluorescence
enhancement: rigidification with an interplanar angle less than 60◦ should
also lead to strong fluorescence from the dye. This phenomenon has also
been observed in the case of the fluorogenic dye malachite green bound to
a specific RNA aptamer: the interplanar angle between the A and B rings is
57◦ [23], yet the fluorescence is increased more than 1000-fold upon binding
to the RNA [24].

The unsymmetrical cyanines typically bind to DNA with Kd values in the
low to mid micromolar range, depending on the ionic strength of the medium
and the charge state of the dye [25]. This means that nucleic acids present
at nanomolar or lower concentrations will not be detected by the fluorogenic
dye. In order to improve the affinity and, therefore, sensitivity of DNA/RNA
detection, a series of bis-cyanine dyes such as TOTO-1 (Fig. 2) have been syn-
thesized [26]. The presence of two intercalating groups as well as four positive
charges leads to binding at nanomolar concentrations.
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Vauthey and coworkers showed that the maximum fluorescence enhance-
ments observed for bis-intercalating cyanines are lower than those for the
corresponding monointercalating analogues [27]. This is not due to differ-
ences in the quantum yields of the bound dyes, which are very similar. Rather,
in the absence of DNA, the two chromophores of a bis-intercalating cyanine
dye can π-stack, yielding an intramolecular dimer. The authors propose that
stacking of the two chromophores actually suppresses the twisting motion
that leads to deactivation of the dye excited state. Thus, where fluorophore
dimerization is often associated with reduced fluorescence, in the case of the
bis-cyanines dimerization enhances fluorescence, albeit only slightly. Since
the quantum yield in the absence of DNA is higher for the bis dyes, they ex-
hibit smaller enhancements upon intercalating into DNA. In practice, the sig-
nificantly higher affinity of the bis-intercalators usually outweighs the lower
fluorescence enhancement, so dyes such as TOTO-1 are more widely used
than monointercalating analogues.

3.1.2
New Unsymmetrical Dyes

Synthetic efforts are continuing to focus on new fluorogenic dyes for detect-
ing DNA and/or RNA. Deligeorgiev and coworkers recently reported several
interesting new unsymmetrical cyanines [28]. The novel feature of these dyes
is an expanded heterocyclic system that includes the benzothiazole normally
found in TO derivatives, such as in compound 3. These dyes also substitute
a nitrogen atom for one of the CH groups in the polymethine bridge. Dye
3 exhibited a 360-fold fluorescence enhancement in the presence of double-
stranded DNA.

Silva and coworkers synthesized several TO analogues bearing electron-
withdrawing fluorine and trifluoromethyl groups on the benzothiazole or
quinoline ring systems (Fig. 4, [22]). These substituents significantly alter the
HOMO–LUMO gap, leading to predictable spectral shifts. For example, fluor-
ination of the benzothiazole system results in blue-shifted absorption and
emission spectra. This is because the HOMO is spread over both rings but the
LUMO is localized on the quinoline. Therefore, electron-withdrawing fluor-
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Fig. 4 Fluorinated thiazole orange derivatives

ine substituents on the benzothiazole will stabilize the HOMO more than
the LUMO, leading to the observed blue-shift. These authors also reported
that while increased fluorination resulted in improved photostability (as ob-
served previously for a symmetrical cyanine dye [29]), DNA binding affinity
was reduced.

The hemicyanines can be classified as unsymmetrical dyes due to the fact
that only one of the two nitrogens is part of a heterocyclic system. Hemicya-
nine 4 was synthesized and characterized by Kostenko and coworkers [30].
This dye is similar to TO in that it has a benzothiazole group and a single
methine in the bridge between the two ring systems, although the longer con-
jugation in 4 leads to absorption and emission at longer wavelengths. The dye
exhibits a 10–15-fold fluorescence enhancement in the presence of double-
stranded DNA. The weaker fluorogenic behavior compared to TO appears to
be due to stronger fluorescence of 4 in the absence of DNA. Based on the
computational study by Yaron described above [22], it would be interesting to
determine whether the torsional barrier in the excited state is lower for 4 than
for TO.

Another mechanism for enhancing fluorescence in hemicyanines was de-
scribed in the same paper by Kostenko [30]. A precursor dye possessing an
exocyclic methyl ether instead of an amine was synthesized and exhibited
ca. 100–150-fold lower fluorescence than 4, both in aqueous buffer and in
the presence of DNA. However, in situ reaction with a primary amine led to
substitution of the methoxy group and concomitant enhancement of fluores-
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cence. This reaction was used to label a protein with the dye, but could also
be extended to labeling of other biomolecules and probes.

A hemicyanine dye has also found use as a reporter for guanine (G)
quadruplex DNA. Quadruplexes are the subject of increasing scrutiny due to
their suspected involvement in regulating gene expression at multiple levels,
including transcription, splicing, and translation [31]. Dye–peptide conju-
gate 5 was discovered by screening of a combinatorial library for binding
to a DNA quadruplex structure modeled on the human telomeric DNA se-
quence [32]. The dye bound to the quadruplex at low micromolar concentra-
tions and exhibited greater than 600-fold lower affinity for double-stranded
DNA. The same dye was subsequently used to monitor the unfolding kinet-
ics of a DNA quadruplex [33]. The DNA was covalently labeled with tetra-
methylrhodamine, which served as the energy acceptor in a Förster resonance
energy transfer (FRET) assay where noncovalently bound 5 was the donor.
Unfolding of the quadruplex and trapping by a complementary DNA oligonu-
cleotide resulted in release of the hemicyanine donor and loss of FRET. The
results are significant because the dynamics of quadruplex folding/unfolding
as well as the interconversion between different quadruplex polymorphs are
likely to be intimately associated with the biological functions of these in-
triguing structures.

The styryl dyes are similar to unsymmetrical cyanines in that they have
two heterocyclic nitrogen atoms and are cationic, but the charge is not de-
localized as effectively by resonance as in the cyanines. Nevertheless, these
dyes can exhibit substantial shifts and enhancements in fluorescence in re-
sponse to environmental changes. Recently, Chang and coworkers screened
a combinatorial library of styryl dyes for selective RNA staining and obtained
three useful compounds [34]. The best dye 6 exhibits more than 50-fold en-
hancement of fluorescence upon binding to ribosomal RNA from Escherichia
coli. Both green and red fluorescence were observed, depending on the dye
structure, and effective staining of intracellular RNA was observed by confo-
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cal microscopy. The dearth of selective labels for RNA makes this work highly
significant and it will be interesting to learn the specific interactions the dye
uses to recognize RNA.

3.1.3
Applications

An interesting application for the intercalating unsymmetrical cyanines was
recently reported by Benvin and coworkers [35]. Whereas most applications
of these dyes involve detection of the DNA or RNA into which they inter-
calate, these investigators used a DNA–dye assembly to fluorescently label
other things, such as mammalian cells and polystyrene beads. The concept is
shown in Fig. 5: intercalating dyes bind to the DNA template at high densi-
ties, creating very bright fluorescent objects (where “brightness” is defined as
the product of the molar extinction coefficient and the fluorescence quantum
yield). By virtue of having so many dyes bound to the same DNA template,
the overall assembly has a very large extinction coefficient. (A similar concept
was proposed by Glazer in a patent [36]; the main innovation in the pub-

Fig. 5 Illustration of the DNA nanotag concept. Intercalating dye is an unsymmetrical cya-
nine such as a high-affinity thiazole orange or oxazole yellow analogue. Branched DNA
substrates allow assembly of high-density fluorophore arrays
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lished work is the use of a branched DNA template to increase the density of
fluorophores.) This supramolecular fluorophore, referred to as a “DNA nano-
tag”, can be functionalized with various groups that allow its attachment to
a wide variety of substrates, imparting an intensely fluorescent label. Further-
more, additional attachment of longer-wavelength energy acceptor dyes leads
to efficient FRET. This allows large separation between the excitation and
emission wavelengths, which should improve image quality due to reduced
background fluorescence from the sample. The main drawback to the system
is that the dyes are noncovalently bound to the DNA template, meaning they
are free to dissociate and bind to other molecules in the sample. Neverthe-
less, straightforward chemistry is available that allows dyes to be covalently
attached to DNA, so this problem should be readily addressed.

The binding of various small molecules to DNA is typically studied under
decidedly nonbiological conditions with respect to the nucleic acid. Ge-
nomic DNA generally exists in highly compacted states when packaged into
cellular nuclei, and an important question concerns how this affects DNA
binding of dyes that are used for microscope imaging. Åkerman and cowor-
kers approached this question by studying the association of four different
unsymmetrical cyanines with genomic DNA packaged into protein capsids
of bacteriophage T5 [37]. The dyes varied with respect to overall charge
(+1 to +4) and DNA binding mode (intercalation vs minor groove bind-
ing). Binding of the dyes to the packaged capsid DNA was compared to the
same DNA extracted from the capsid. The binding kinetics were consid-
erably slower, particularly for the tetracationic bisintercalator, YOYO-1. In
addition, the affinities of the dyes were ca. fivefold lower for the capsid DNA.
Possible explanations for these results include conformational constraints
imposed by packaging of the DNA into the capsid, which is expected to im-
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pact intercalation because of the structural distortion imposed on the DNA
by the dye, and competition with multivalent cations that are present in-
side the capsid to help balance the high negative charge density compared
with extended DNA in solution. Another intriguing result from this study
was the tendency of the dication intercalator (YO-PRO-1) and groove binder
(BOXTO-PRO [38]) to induce aggregation of the bacteriophage. The authors
suggest that this is due to association of the dyes with the phage tails by
electrostatic attraction, resulting in cross-linking of the phage and assembly
into clusters.

3.2
Covalent Binding

The large fluorescence enhancements exhibited by TO and related dyes upon
binding to DNA and RNA has led to their widespread use in the laboratory
over the past two decades. While much is known about the photophysics of
these dyes, a lingering question concerns the sequence dependence of fluor-
escence. Early work by Netzel and coworkers revealed that both TO-PRO-1
and YO-PRO-1, dicationic analogues of TO and YO, respectively, exhibited
ca. 50–80% greater fluorescence in alternating G-C versus alternating A-T
sequences [39]. Even in the simplified DNA copolymers used for those ex-
periments, uncertainty exists about the dye binding site since there are two
distinct intercalation sites, e.g., 5′-A-T-3′ or 5′-T-A-3′.

The challenge in further refining our understanding of how sequence
determines fluorogenic response is controlling where the dye binds. In an
attempt to address this, Seitz and coworkers synthesized a series of PNA
oligomers in which the central base was replaced by TO and was flanked by
various combinations of bases [40]. The PNA–TO conjugates were then hy-
bridized with their corresponding perfectly matched and mismatched single-
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stranded DNA oligonucleotides. (A thymine was always placed directly across
from the TO.) In contrast to the earlier report by Netzel et al., the highest
quantum yields (φf = 0.20–0.27) were observed when at least one of the flank-
ing base pairs was A-T/T-A. When both flanking base pairs were G-C or C-G,
φf = 0.13–0.16. Whether the lower quantum yields in G-C/C-G intercalation
sites reflect a less restrictive environment or partial quenching by a competi-
tive mechanism such as electron transfer is unknown. Similar experiments in
which TO is forced to intercalate at a specific site within DNA–DNA duplexes
would also be interesting because the different helical parameters for DNA–
DNA and PNA–DNA could lead to different fluorogenic responses by the dye
in homologous sequence contexts.

3.2.1
DNA-Conjugated Dyes

The fluorogenic properties of unsymmetrical cyanines have been exploited in
several different conjugation formats, where a dye is covalently attached to
a nucleic acid, protein, or other molecule. If the dye conjugate binds to an-
other molecule and the local environment of the dye is substantially changed
in the resulting complex, a change in fluorescence might be observed allowing
sensing of the binding event. The first example of this concept was reported
by Ishiguro and coworkers, who attached oxazole yellow to a DNA oligonu-
cleotide at an internal position [41]. (The dye was linked to the phosphorus
in the internucleotide linker, so no base was replaced.) Hybridization of the
YO–DNA conjugate to a complementary DNA resulted in a ca. 20-fold fluores-
cence enhancement. This effect was attributed to intercalation of the dye into
the DNA double helix.

More recently, Lartia and Asseline investigated a large number of cyanine–
DNA conjugates [42]. Several different monomethine dyes were attached to
either internal or terminal positions on DNA oligonucleotides. Surprisingly,
most of the conjugates exhibited lower fluorescence after hybridization to
complementary DNA strands. This insensitivity to hybridization could arise
from stacking of the dye with the nucleobases in the single-stranded conju-
gate, leading to substantial fluorescence even in the absence of the comple-
mentary strand. A similar effect has been noted for conjugates of these dyes
with PNA, described in more detail in the next section.

The same research group also reported on the behavior of DNA probes
labeled at the 5′ end with TO [43]. Once again, the hybridized probes ex-
hibited lower fluorescence than the single-stranded probe, but the significant
finding was that hybridization to oligonucleotides having single mismatches
resulted in greater fluorescence than for perfectly matched complements. The
reason for this discrimination is unclear, although one possibility is that the
mismatched base pair allows the DNA to adapt better to the TO intercalator,
creating a more effective binding site for the dye.
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3.2.2
PNA-Conjugated Dyes

The high affinity and sequence selectivity of PNA for complementary DNA
and RNA targets [44] has generated great interest in its use in a wide variety
of hybridization-based applications [45]. Thiazole orange, oxazole yellow, and
other analogues have been conjugated to the ends of PNA oligomers [46]. The
resulting PNA–TO conjugates have been commercialized as “LightUp® probes”
and have found use as reporters in real-time PCR assays that measure viral
loads in patients infected by cytomegalovirus and SARS coronavirus [47].

LightUp® probes have been used primarily to detect specific DNA or RNA
target sequences. A slightly different application involves using the fluores-
cence enhancement of the conjugated TO to report on successful hybridiza-
tion of a PNA to a desired nucleic acid. For example, Peteanu and cowor-
kers developed a FRET assay for RNA splicing, a posttranscriptional process
that deletes internal regions of RNA (introns) and connects the flanking re-
gions (exons) [48]. PNA probes labeled with fluorescent donor and acceptor
dyes were designed to hybridize to the exons on either side of an intron.
Splicing deletes the intron and links the exons, bringing the donor- and
acceptor-labeled PNAs into close proximity and leading to a large increase
in FRET efficiency (Fig. 6). TO-labeled probes were used initially to demon-
strate that both PNAs bound to the large, folded RNA target. In the FRET
experiments, TO was retained as the donor fluorophore while an Alexa dye
was conjugated to the acceptor PNA. Splicing resulted in >75% FRET effi-
ciency and was detected both in bulk solution and by using single molecule
microscopy.

Fig. 6 Use of fluorescent PNA probes to assay RNA splicing. Unsymmetrical cyanine
dyes exhibit fluorogenic responses upon hybridization, verifying RNA labeling. Increased
FRET indicates splicing



26 B.A. Armitage

The fluorogenic dye used in hybridization probes need not be attached to
a terminal position. As described earlier, Seitz and coworkers have synthe-
sized PNA probes in which TO was attached directly to the backbone at an
internal site [40]. The resulting PNA–TO conjugates are called “forced inter-
calation” (FIT) probes due to the fact that TO, like other intercalators such
as ethidium bromide [49], binds only weakly to PNA–DNA hybrids. These
probes can be hybridized to complementary DNA targets having any base op-
posite the TO [50]. Good mismatch discrimination was observed when the
dye was attached to the PNA via a short linker extending from the quino-
line ring. Fluorescence enhancements of 10–20-fold were observed upon hy-
bridization to perfectly matched targets, whereas lower enhancements result
from targets having single mismatches directly adjacent to the TO site. Com-
parison of a series of linker lengths and conjugation site revealed that an
acetyl linker to the quinoline ring gave the best results, with tenfold greater
fluorescence than the same linker to the benzothiazole ring.

3.2.3
Peptide- and Protein-Conjugated Dyes

The fluorogenic properties of the unsymmetrical cyanines have also been ex-
ploited for studying DNA-binding peptides and proteins. For example, Kelley
and coworkers synthesized a series of TO-conjugated cationic peptides and
studied their binding to calf thymus DNA [51]. Substantial fluorescence en-
hancements were seen in most cases, with conjugation of the peptide to the
quinoline ring leading to ca. threefold greater quantum yields than conju-
gation to the benzothiazole ring. The better performance of the quinoline-
linked conjugate is similar to that reported for the FIT probes described in
the preceding paragraph, and it will be interesting to see if similar results are
obtained for other types of TO conjugates.

Along similar lines, Thompson synthesized conjugates where YO was at-
tached to sequence-specific DNA binding peptides [52]. In the presence of
double-stranded DNA containing a binding site for the peptide, the peptide-
conjugated dye exhibited a fluorescence quantum yield of 0.37 and an es-
timated enhancement factor of 770, values that compare well with those of
DNA-bound YO (i.e., without the peptide): 0.44 and 920, respectively. How-
ever, the peptide enhances the affinity of the dye for the DNA by ca. 200-fold
(Kd = 10 nM for the conjugate versus 2 µM for the free dye).

While the two preceding examples demonstrate that peptide–dye conju-
gates can bind to and signal the presence of DNA via fluorescence enhance-
ment, they lack the ability to recognize any predetermined sequence. To
achieve this goal, a general DNA recognition module is needed. The minor
groove binding polyamides developed over the past decade by Dervan’s group
are capable of high affinity and sequence-specific recognition of virtually
any target sequence [53]. Conjugation of TO to three different polyamides
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did not alter their specific recognition sequences [54]. Fluorescence enhance-
ment values of >1000 were observed for specific targets and these were at
least tenfold greater than for mismatched sequences. The affinities were in
the expected range for the polyamides (Kd = ca. 10 nM). In addition, DNA
footprinting experiments verified that the polyamide domain bound in the
minor groove while plasmid relaxation assay demonstrated unwinding of the
DNA, indicating that the TO chromophore intercalates into the DNA. Thus,
the polyamide–TO conjugates could be useful for detecting specific sequences
of DNA in the low nanomolar concentration regime.

Genomic DNA is highly compacted into nucleosome particles consisting of
double-helical DNA wrapped around cationic histone proteins. A fluorogenic
reporter dye could allow study of the structure and dynamics of nucleosome
assembly. Woodbury and coworkers reported the conjugation of TO to a cys-
teine residue in the histone H3 protein to provide a sensor for the protein–DNA
interactions [55]. Assembly of the labeled histone with DNA to form reconsti-
tuted nucleosomes resulted in a ca. 20-fold enhancement of fluorescence when
performed at low salt concentration. Reconstitution at higher ionic strength
leads to somewhat lower enhancement and the reason for this difference is un-
clear. The probe also exhibits different enhancements based on the sequence
and length of the DNA used to reconstitute the nucleosomes.

In summary, conjugating cyanine dyes to various oligonucleotides, peptides,
proteins, or their analogues can yield useful fluorescent labels, probes, and sen-
sors for biological imaging and detection. The desired application dictates the
dye selection, with symmetrical dyes such as Cy3 or Cy5 ideally suited for la-
beling because their fluorescence quantum yields are relatively insensitive to
changes in environmental conditions. The unsymmetrical dyes such as TO are
more useful in sensing schemes due to their fluorogenic behavior.

4
Conclusions

The popularity of cyanine dyes has never been greater than it is now, with
applications in nucleic acid detection leading the way. A strong foundation
of fundamental knowledge concerning how the dye structure influences DNA
binding and the mechanisms for fluorogenic behavior assists in the design of
new dyes with improved properties. An area for future growth lies in the de-
velopment of RNA-specific dyes. The need for such probes grows seemingly
on a daily basis, with each new discovery of RNA involvement in regulat-
ing gene expression. The ability to detect and track these short RNAs as
they maneuver through the cell could dramatically increase our knowledge of
these critical biological pathways.
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Abstract Recent developments in the applications of near-infrared cyanine dyes involving
their interactions with proteins are briefly reviewed.
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1
Introduction

Dyes have been used extensively in biological research throughout the last
several decades. When examining the published literature, it is important to
note that this research has always been dictated by dye availability as well as
detector technology. Because visible dyes were made available much earlier
than their longer wavelength counterparts, a significant part of the literature
focuses only on dyes exhibiting absorption and emission in the visible region
of the electromagnetic spectrum. Despite the numerous advantages of using
near-infrared (NIR) dyes, the limitations of earlier detection methods made
the utilization of the longer wavelength range (700–1200 nm) less attractive.
However, with the advent of both semiconductor detectors and laser excita-
tion sources in the 1980s, instruments working within the NIR region began
to emerge. The use of the compact and inexpensive GaAlAs laser diode with
its high power output and long lifetime (≥ 100 000 h) opened up opportuni-
ties for researchers that had not previously been available. Since then a large
number of research groups have been actively utilizing the NIR spectral re-
gion for a broad range of biological applications.

Heptamethine cyanine dyes commonly absorb in the NIR region. In re-
cent years, such NIR dyes have been used to study proteins in solution. Few
biomolecules absorb and fluoresce within the NIR region and, as a result,
Raman and Rayleigh light scattering are greatly reduced in this region. Con-
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Fig. 1 Typical ranges of absorption and fluorescence of common classes of compounds.
The inset shows the absorption (left) and fluorescence (right) spectra of the indicated
cyanine dye

sequently, improved signal-to-noise ratios are typically observed in the NIR
region. In addition, typical impurities need not be considered because such
species are not detected at longer wavelengths.

The main spectral advantage of NIR dyes is illustrated in Fig. 1. Proteins
that may be present in their natural environment, especially in in vivo studies,
have significant absorption and fluorescence in the visible spectral range. By
moving detection to the longer wavelength spectrum, the detection becomes
virtually free from background interference and, hence, is limited only by the
detector technology.

2
Protein Labeling

Protein labeling or probe technology involves the attachment of a chro-
mophore to a biomolecule either covalently or noncovalently. Labeling allows
for much higher sensitivity and better detection limits because the detection
of the extrinsic chromophore has a much higher molar absorptivity than the
protein’s intrinsic chromophore. As previously mentioned, greater sensitivity
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is also achieved when studies are performed in the more advantageous NIR
region of the electromagnetic spectrum. For both qualitative and quantita-
tive analysis either covalent labeling or noncovalent labeling techniques can
be employed [1–5].

2.1
Covalent Labeling

Although many NIR dyes containing reactive groups are commercially avail-
able, the majority of covalent labels must be synthesized for specific biological

Fig. 2 Covalent labeling of amine and thiol groups of proteins R2NH2 and R2SH
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applications. Reactive moieties on the protein that are targeted by dyes for
conjugation by the reaction with functionalized dyes are mostly primary
amines and thiols [6]. Dyes functionalized with an isothiocyanate (SCN)
group or N-hydroxysuccinimidyl (NHS) ester are used to target a lysine moi-
ety. In addition, dyes derivatized with iodoacetamide or maleimide can be
reacted with protein thiols. Hydrazide or amine groups on dyes have been
used for the attachment to carboxylic acid groups on proteins. Figure 2 shows
the reactive pathways of some common labeling reagents, and Fig. 3 shows
selected NIR reagents for labeling of proteins at the amino group [7, 8]. Re-
actions involving lysine moieties of proteins occur easily and cleanly with
a variety of commercially available reagents. Covalently labeled complexes
are usually stable, and the probability for nonspecific interactions is greatly
minimized. Some fluorescent covalent labels in particular exhibit good pho-
tostability, water solubility, and favorable photophysical properties. Due to
the specificity which can be achieved with covalent labeling, it is often the la-
beling method of choice in quantitative analysis. In quantitative studies, the
number of reactive sites or at least the degree of substitution can be deter-
mined [9]. This particular feature of covalent labeling is useful in determining
the number of functional groups (e.g., amines) present on the surface of

Fig. 3 Typical NIR cyanine dyes for covalent labeling of proteins at an amino group
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a protein of interest. Covalent labeling schemes can be quite time consuming
and require laborious purification steps. Often, covalent labeling reactions
also require harsh, sometimes denaturing, conditions such as elevated pH [6].
In addition, band broadening in chromatographic applications can be ob-
served as a result of analyte/dye heterogeneity [10].

Frangioni’s research group has studied intraoperative NIR fluorescence
imaging systems for small-animal surgery. Thus, human serum albumin
(HSA) was covalently labeled with IRDye78 to produce an HSA–dye conju-
gate as a fluorescent lymph tracer [11, 12]. This tracer is adequate for use in
the intraoperative NIR fluorescence imaging study since it is nontoxic and
the excitation light source is safe for animals. Furthermore, the tracer ex-
hibits clearly resolved images. Frangioni has also compared the utility of NIR
probes with that of quantum dots (QDs) and found that the former probes are
clearly superior [13].

NIR dyes have found application in capillary electrophoresis (CE) of pro-
teins. The most attractive feature of covalent labeling is that very low limits
of detection (LODs) can be achieved by CE with laser-induced fluorescence
(LIF) detection [14]. Less than an attomole range of detection can be achieved
when NIR dyes are used with this technique. In conjunction with immunoas-
says, CE-LIF is particularly beneficial [15]. An antibody labeled with a NIR
dye reduces the LOD for an antigen. The role of antibodies is important in
that the antibody has a specific binding site and this specificity allows for
only a particular antigen. The combination of the selectivity of immunoassays
with the sensitivity of NIR detection makes combining the two techniques
quite desirable for protein analysis [15]. Note that the relationship of anti-
body and antigen is a type of ligand–receptor relationship; thus, it is a type
of noncovalent interaction. Furthermore, the use of immunoassays in CE an-
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alysis is a type of affinity capillary electrophoresis (ACE) because the mobility
of unbound fluorescence tagged antibody is quite different from that of the
antigen-bound covalently labeled antibody [16].

Patonay investigated the detection of biomolecules with a fluorescent fiber-
optic immunosensor (FFOI) [17]. In this analysis, anti-immunoglobulin G
(anti-IgG) was immobilized on the tip of the FFOI so that the antigen–
antibody complex was formed. Then, NIR dye-labeled secondary antibody
was introduced to generate a fluorescence signal. This type of immunoassay
is called a sandwich assay.

2.2
Noncovalent Interaction

Some of the drawbacks of covalent labeling can be minimized in noncovalent
labeling techniques. Noncovalent labeling is fast with little or no pH depen-
dence. Also, the functional activity of labeled protein is affected to a lesser
extent than with covalent labels [18]. Noncovalent labels are affected by a se-
ries of neighboring subunits in the protein binding site. Thus, before any
binding studies are performed, one needs to consider protein–dye binding
equilibria characteristics such as stoichiometry, association constants, and
cooperativity. Both homogenous and heterogeneous ligand binding can be af-
fected by cooperative binding effects [19]. Therefore, cooperativity must be
investigated if more than 1 : 1 stoichiometry is determined. Although non-
covalent labeling minimizes this concern, the effects of ligand binding on
structure and function must be closely monitored. Experimentally, circular
dichroism (CD) and X-ray crystallography are commonly used for this pur-
pose [19–21]. In the sections that follow, the methods for the determination
of stoichiometry and binding equilibria will be discussed further.

In order to fully appreciate the infinite utility of noncovalent labels,
binding equilibria must be understood in detail. Several methods for the de-
termination of stoichiometry have been introduced. The Hummel–Dreyer
method was originally developed to explain the stoichiometry between
a macrobiomolecule and small ligands in gel filtration [22, 23]. Ultracentrifu-
gation [24] was used in another method for measuring stoichiometry. For
these techniques, the diffusion or sedimentation coefficients were used. Un-
fortunately, equilibrium dialysis, gel filtration, and sedimentation analysis
require relatively large samples. Therefore, excitation and emission spec-
troscopy has been the preferred method for determining binding parameters.
The molar ratio method uses the spectral changes observed upon protein–dye
complex formation to determine binding parameters [25–27]. Other methods
that use spectroscopic changes to determine association constants include
Scatchard, modified Scatchard, Hill, and Job’s plots. The Hill’s plot method
is typically used to measure cooperativity of a protein–ligand complex. And
because Scatchard plot analysis requires the spectral data of unbound and
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bound molecules with two different absorbance maxima, Job’s plot is of-
ten a more useful method for determining binding stoichiometry when the
spectra are not well separated [19].

In 1962, Hummel and Dreyer introduced a valuable theory for the sepa-
ration of macromolecules and small ligands using gel filtration [23]. In this
method, the separation is dependent not only on the size of the free ligand
and complex, but also on the sieving material. Nowadays, with the increas-
ing use of CE in the areas of chemistry and biology, the Hummel–Dreyer
method has been reapplied. In CE, a tiny sample is generally separated in
a few minutes with high detection response. The separation is based on the
charge-to-mass ratio of a molecule, so that the bound ligand and free lig-
and, possessing different charges and mass inside the capillary, can be readily
separated.

In CE, there are generally five methods of binding analysis: Hummel–Dreyer
(HD), vacancy peak (VP), frontal analysis (FA), affinity capillary electrophore-
sis (ACE), and vacancy affinity capillary electrophoresis (VACE) [28–30]. In
the HD method, the capillary is filled with a ligand dissolved in running buffer
and a protein prepared in the same buffer is injected. This method is useful
when the mobilities of unbound protein and the protein–ligand complex are
identical. The negative, or vacant, peak corresponds to the absence of unbound
ligand when the ligand binds to a protein; the positive peak represents the
protein–ligand complex. In order to quantify the bound ligand, a simple re-
lationship between the negative and positive peaks using either peak area or
peak height can be employed. Either an internal or external standard is used for
these measurements [31]. In the VP method, the complex is prepared in run-
ning buffer and the concentration of the ligand is changed. Two negative peaks
are observed with the first peak corresponding to the complex and the second
representing the free ligand. Using internal calibration, the concentration of
bound ligand can be calculated. It is important to note that in this method the
mobility of the protein and the complex is nearly identical [30]. In FA, the cap-
illary is filled only with buffer and the sample plug contains unbound ligand,
unbound protein, and the protein–ligand complex. During analysis, the com-
ponents are separated based on their mobilities. The mobility of bound and
unbound protein is nearly identical, but the mobility of the unbound ligand is
sufficiently different. Therefore, by using a calibration curve, the concentration
of bound ligand can be calculated. The experimental setup for the ACE method
is the same as for the HD method, but the mobilities of the free protein and
bound protein are different. Diffusion or sedimentation coefficient analysis
can also be used to determine binding parameters. The drawback of methods
utilizing sedimentation or diffusion is that a ligand must have a relatively large
mass. Otherwise, a protein or macromolecule bound to a small ligand will be
not be distinguishable.

Increased LODs can be achieved with noncovalent labeling using CE with
LIF [32]. Colyer and coworkers have studied noncovalent labeling using CE-
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LIF extensively [1, 28, 33, 34]. With the help of several NIR dyes they have
successfully separated HSA, bovine serum albumin (BSA), β-lactoglobulin A,
and trypsinogen.

The propensity of cyanine dyes to form aggregates in polar solution has
been extensively reported [35–37]. The type of aggregate is dependent upon
several factors, such as dye structure, concentration, solvent polarity, pH,
ionic strength, and temperature [38]. The phenomenon of achiral cyanine
dyes spontaneously forming chiral J-aggregates has gained much attention
in recent years for its potential to increase the spectral sensitivity of photo-
graphic emulsions [39–41]. The formation of J-aggregates has recently been
extended to using biomolecules, such as proteins [42–44] and DNA [45, 46],
as templates for aggregate formation.
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Abstract Among the near-infrared (NIR) dyes, cyanine dyes in general have shown enor-
mous potential for optical imaging. Efforts are underway to increase their tumor-targeted
specificity by conjugating these fluorophores with those targeting moieties known to
bind certain receptors having high expression in tumor cells. Attempts are also under-
way to develop “multifunctional dyes” with nuclear, magnetic resonance (MR) and optical
imaging properties. Recent studies have shown that certain tumor-avid photosensitizers
conjugated with cyanine dyes can be used as “bifunctional agents” for tumor imaging and
photodynamic therapy (PDT). Such compounds, which effectively function as imaging
and therapeutic agents, would create an entirely new paradigm for tumor diagnosis and
therapy. In this review article, the synthesis, imaging and therapeutic potential of selected
cyanine dyes are briefly summarized.

Keywords 3-(1′-Hexyloxyethyl)-3-devinyl-pyropheophorbide-a · Fluorodeoxyglucose ·
Indocyanine green · Magnetic resonance · Near-infrared fluorescence ·
Photodynamic therapy
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Abbreviations
CDF CaD sensitive peptide [Gly-Pro-Ile-Cys (Et)-Phe-Phe-Arg-Leu-Gly-Lys(FITC)-Cys-

NH2]
FDG Fluorodeoxyglucose
FH Familial hypercholesterolemia
FITC Fluorescein isothiocyanate
FR Folate receptor
HPPH 3-(1′-Hexyloxyethyl)-3-devinyl-pyropheophorbide-a
ICG Indocyanine green
LDL Low-density lipoprotein
MPEG Methoxy poly(ethyleneglycol)
MR Magnetic resonance
NIRF Near-infrared fluorescence
PDB Protein Data Bank
PDT Photodynamic therapy
PET Positron emission tomography
PGC Protected graft copolymer
RGD Arg-Gly-Asp sequence
RIF Radiation-induced fibrosarcoma
DTPA diethylenetriaminepentaaceticacid

1
Introduction

A large number of articles dealing with the synthesis [1–4], self-aggregat-
ion [5–7], nonlinear optical properties [8–10], adsorption [11–14], pho-
todimerization [15–18], cis–trans isomerization [19–21], photocolorat-
ion [22], photodynamic therapy (PDT) [23, 24], solvatochromism [25, 26],
fluorescent labeling [27], photography [28], optical data storage [29], and
proteomics [30] of cyanine dyes have been reported. This chapter is fo-
cused on tumor imaging and PDT applications of certain cyanine dyes
and their porphyrin-based conjugates. The reviewed dyes are classical cya-
nines 1 and merocyanines 2. The syntheses of certain dyes are also briefly
discussed.

Among the cyanine dyes, indocyanine green (ICG) 3 [31] has generated
great attention in the academic and industrial world. It is a tricarbocyanine
type of dye exhibiting long-wavelength absorption near 800 nm with little or
no absorption in the visible region of the electromagnetic spectrum. Shortly
after its introduction by Fox et al. (1957) [138], ICG was adopted and used
for recording dye dilution curves, particularly in the determination of car-
diac output. When dissolved in blood, ICG binds to proteins such as human
serum albumin and lipoproteins. The absorption maximum shifts to 805 nm,
but the fluorescence wavelength stays at 830 nm and the fluorescent inten-
sity depends on its concentration. Although ICG is a nonspecific agent that is



Dyes for Tumor Imaging and Therapy 43

cleared rapidly from the blood, it tends to collect in regions of dense vascu-
larity through extravasation.

In recent years, ICG and the related analogs have been explored for their
capability of detecting tumors by fluorescence imaging. Tumor detection via
fluorescence is a consequence of a complex series of events that occur at the
molecular level [32]. The net effect is that a fluorescent molecule absorbs
light within a molecular-specific absorption band and subsequently emits
light isotropically at a longer wavelength. The wavelength shift accompanying
fluorescence emission and the isotropic nature of these emissions facilitate
discriminating between excited and emitted light in fluorescence measure-
ments [33].

Multiple complementary techniques for tumor detection, including mag-
netic resonance (MR), scintigraphic, and optical imaging are under active
development [34–59]. Each approach has particular strengths and advan-
tages. Optical imaging includes measurement of absorption of endogenous
molecules (e.g., hemoglobin) or administered dyes [60, 61], detection of bio-
luminescence in preclinical models [62], and detection of fluorescence from
endogenous fluorophores or from targeted exogenous molecules [63–67].
Fluorescence, which involves absorption of light and re-emission at a longer
wavelength, can be highly sensitive: a typical cyanine dye with a lifetime of
0.6 ns can emit up to 1032 photons/s/mol [68]. A sensitive optical detector
can image <103 photons/s. Thus even with low excitation power, low concen-
trations of fluorescent molecular beacons can be detected.

As with other noninvasive techniques, fluorescence imaging has the po-
tential for in vivo diagnosis in situ, with real-time display of the resulting
information [69]. Optical tomographic techniques are being devised to visu-
alize the fluorescent probes within tissue volumes [70]. Optical imaging in-
struments may be simpler and less expensive to operate than those required
for other imaging technologies, thus facilitating their future incorporation in
less specialized medical centers. Therapeutically (especially in applications
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such as endoscopic examination), fluorescence imaging can allow precise as-
sessment of the location and size of a tumor and provide information on its
invasiveness. During debulking surgery, where malignant loci can be difficult
to identify, the presence of a fluorescent signal might assist the surgeon in
identifying the diseased site.

Fluorescence techniques are attractive because they are highly sensitive,
and we are capable of detecting picomoles of light-emitting fluorophores
in heterogenous media. As a result, aberrant molecular events that indicate
early manifestation of diseases can be assessed by tissue-specific fluorescent
biomolecules. A variety of such target-specific molecules has been developed
for in vitro and in vivo studies. Optical imaging has a number of advantages
over radionuclide-based functional imaging techniques. It is relatively inex-
pensive, the optical imaging probes can be stored, and radioactivity is not
a concern. Furthermore, because a fluorophore is not annihilated upon radi-
ation emission, as is a radiotracer, there is potentially greater signal available
for imaging.

The optimal wavelength range for in vivo fluorescence excitation and emis-
sion is determined by tissue optical properties [71]. Hemoglobin has strong

Fig. 1 Light fluence vs. depth for three wavelengths illustrating the advantage offered
by long-wavelength sensitizers. The graph is a measure of the total light dose available
for absorption by a sensitizer at different depths below the surface (i.e., the number of
photons (of a given wavelength) per square centimeter that pass through an imaginary
infinitesimal surface at that point). The curves are calculated from measurements of the
attenuation of light in rat brain, but similar results are obtained in other tissues
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absorption at wavelengths less than about 600 nmand there can be significant
background fluorescence from endogenous biomolecules up to about 680 nm.
At longer wavelengths into the near-infrared (NIR), tissue absorption and
scattering decrease with increasing wavelength [71]. As shown in Fig. 1, there
is a large increase in light penetration as wavelengths increase from ∼600
to 800 nm. Although tissue penetration is limited compared to NIR dyes,
fluorophores with visible (red) excitation may provide high-resolution delin-
eation of infiltrating tumor cells adjacent to tumor excision margins. Because
of the possibility of detecting both dye and photosensitizer fluorescence, our
multifunctional agents can allow excitation and detection at both red and NIR
wavelengths.

In addition, the difference between the fluorophore’s absorption and emis-
sion bands (Stokes shift) should be at least 20 nm, to readily discriminate be-
tween the excitation and emission light. Many NIR fluorescent dyes are based
on carbocyanine molecules such as ICG, an FDA-approved agent with 730 nm
excitation and 830 nm emission maxima. Various novel ICG analogs have
been evaluated because of the high biocompatibility and desirable spectral
properties of the carbocyanines.

2
Modified ICG Analogs with Enhanced Stability

Since the discovery of ICG, cyanine dyes have found widespread use as fluor-
escent labels for biomolecules. The appeal of this class of fluorophore de-
rives from their straightforward syntheses, broad wavelength tenability, large
molar extinction coefficients, and moderate-to-high fluorescence quantum
yields. ICG with its 778–830 nm excitation/emission maxima was an early
contrast agent used as a blood-pooling agent for assessing hypervascularity
and “leaky” angiogenic vessels of high permeability. However, two common
problems encountered by cyanine dyes and numerous other fluorophores are
(a) their susceptibility to form nonfluorescent aggregates and (b) their ten-
dency to undergo photobleaching.

Armitage and coworkers [72] have reported the synthesis of certain
polyfluorinated cyanine dyes with substantially improved resistance to both
aggregation and photobleaching as well as enhanced fluorescence quantum
yield. Synthesis of the octafluorinated thiadicarbocyanine dye 6 was accom-
plished in two steps from the precursor 2-methyl-4,5,6,7-tetrafluorobenzo-
thiazole 4 through the intermediary of 5. Alkylation of the heterocycles was
achieved by reaction with diethyl sulfate, and the resulting benzothiazolium
salt converted directly to the cyanine dye without isolation (Scheme 1).

A series of ten pentamethine indocyanine dyes 7–16 were synthesized [73],
and the photophysical characteristics relevant to applications in cell biology
and single molecule detection were analyzed. It was observed that substitu-
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Scheme 1

tions in the polymethine chain increased the nonradiative energy dissipation
of the excited singlet state and decreased the fluorescence quantum yield,
relative to the unsubstituted compound. For substituents at the aromatic
rings, the fluorescence quantum yield was found to be negatively correlated
with the position of the substituents in the auxochromic series – SO3, – H,
– F and – CH3. Compounds with sulfonic acid groups and halogen atoms
attached to the indolenine systems had the highest fluorescence quantum
yields.

3
Water-Soluble Cyanine Dyes

During the past decade, intensive research efforts have been devoted to the
design and synthesis of water-soluble fluorescent dyes for life science applica-
tions [74]. Among these dyes, pentamethine and heptamethine cyanine dyes
are in general more important, due to their long wavelength absorptions in
the NIR region. Among these cyanine dyes, Cy5.5 and Cy7.0 are two that are
widely used. Despite its good optical properties in the NIR region, the sul-
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fobenzoindocyanine 17 is prepared in low yield from a poorly reproducible
synthetic route. Major synthetic difficulties are related to poor solubility. This
synthesis problem and the drastic reaction conditions are the main reasons
that a limited number of derivatives are commercially available. As far as the
heptamethine cyanine dye 18 is concerned, its poor chemical stability limits
its use as a fluorescent marker. To overcome this problem, numerous studies
have shown that incorporating a rigid cyclohexenyl ring in the polymethine
chain increases the stability of the resulting Cy7.0 analog. The substituted
ring system also provides an opportunity to incorporate desired functional-
ity for structure–activity relationship studies and target specificity. Recently,

Scheme 2
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Renard, Romieu and coworkers have reported the synthesis of two novel NIR
cyanine fluorophores 21 and 22, which are analogs of Cy5.5 and Cy7, respec-
tively (Scheme 2) [75]. These dyes display absorption and emission maxima
in the NIR region, large extinction coefficients, excellent solubility and no
tendency to self-aggregate. The utility of these agents is illustrated by the
preparation of an internally quenched fluorescent probe of caspase-3 pro-
tease 23.

Strekowski et al. [76] have also reported an efficient approach for the
preparation of water-soluble NIR cyanine dyes functionalized with [(suc-
cinimido)oxy]carbonyl group. The desired dye 25 (Eq. 1) was obtained by
esterification of the respective carboxylic acid 24 with disuccinimido carbon-
ate in a pure form by simple crystallization from a crude reaction mixture.
The high polarity of ester makes these dyes soluble in water, which is de-
sirable for labeling of water-soluble molecules containing a primary amino
group. These dyes exhibit large Stokes’ shifts (>30 nm) and can be excited by
using commercially available diode lasers.

Equation 1

4
Tumor-Targeted Cyanine Dyes

A challenge is to deliver fluorescent dyes selectively and in high enough
concentration to detect small tumors. Use of ICG alone to image hypervas-
cular or “leaky” angiogenic vessels around tumors has been disappointing
due to the dye’s limited intrinsic tumor selectivity. Multiple approaches have
been employed to improve optical probe localization, including administer-
ing it in a quenched form that is activated within tumors or coupling the
fluorescent agents to antibodies or small molecules such as receptor ligands.
Recent studies have focused on developing dye conjugates of small bioactive
molecules to improve rapid diffusion to target tissue, incorporate combinato-
rial and high throughput strategies to identify and optimize new probes, and
enhance in vivo stability of the compounds. Some of the peptide and folic acid
analogs of certain ICG derivatives have shown some tumor specificity and are
at initial stages of preclinical studies.



Dyes for Tumor Imaging and Therapy 49

4.1
Cyanine Dye–Small Peptide Conjugates

In an attempt to prepare target-specific fluorescent agents, Achilefu et al. [77]
and Bugaj et al. [78] conjugated cyanine dye to small peptides for targeting
somatostatin (SST) and bombesin receptors. A commercial nuclear diag-
nostic agent, Octreoscan, is based on targeting the SST receptor, which is
over-expressed in neuroendocrine tumors. In Achilefu’s approach, to prepare
the target-specific cyanine dye 28, the macrocyclic molecule 26 was incorpo-
rated to the C-terminus of a cyclic SST receptor avid octapeptide 27 (Eq. 2).
The spectral properties of 28 (absorption at 792 nm, emission at 811 nm) are
similar to those of the nonpeptide analog 26.

Equation 2

In a parallel study, Licha et al. [79] also evaluated SST receptor-specific
peptide H2N-(D-Phe)-cyclo[Cys-Phe-(D-Trp)-Lys-Thr-Cys]-Thr-OH, which
was labeled with a carboxylated indodicarbo and an indotricarbocyanine dye
at the N-terminal amino group. The preparation was performed by automatic
solid-phase synthesis, with subsequent attachment of the cyanine dye and
cleavage of the entire conjugate from the resin (Scheme 3).

The ability of these agents 36–39 to target the SST receptor was demon-
strated by flow cytometry in vitro. To evaluate the effect of incorporating
lysine at the C-terminus and subsequent macrocyclization of the peptide,
receptor-binding assays of these compounds were performed. The IC50 values
were quite close and showed that the binding of the peptide to the dye re-
tained its receptor binding affinity.

In a similar study, Becker et al. [80] reported the in vivo diagnostic use of
a peptide-dye conjugate consisting of a cyanine dye and the SST analog oc-
treotate agent for optical tumor imaging. In their approach indocarbocyanine
dye (IDCC) or indotricarbocyanine (ITCC) was coupled to octreotate, a sta-
bilized analog of SST. An IDCC-SST-14 conjugate was also prepared for com-
parison with the native ligand. When used in whole-body in vivo imaging
of mouse xenografts, ITCC accumulated in tumor tissue. Tumor fluorescence
rapidly increased and was more than threefold higher than that of normal tis-
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Scheme 3

sue from 3 to 24 h after application. Primary human neuroendocrine tumor
cells specifically internalized the targeting conjugate.

In another study involving peptide conjugation, Zaheer et al. [81] con-
jugated a biophosphonate derivative, pamidronate, which exhibits specific
binding to hydroxypatite to an indocyanine dye to image bone structure in
hairless mice. The system may be capable of NIR detection of osteoblastic
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activity, enabling NIR imaging of skeletal development, coronary athero-
sclerosis and other diseases.

In a related study Brock and coworkers [82] conjugated the indocyanine
dye with SINFEKL (MHC class I epitope) and EQKLISEEDL (myc-tag) pep-
tides. The dye-labeled peptide did not show any aggregation and produced
specific binding to tissue culture cells and proteins. The dye is therefore an
attractive new fluorophore for in vitro and cell-based detection of receptor
ligand interaction at nanomolar concentrations by flow cytometry, fluores-
cence correlation spectroscopy, and laser scanning microscopy.

4.2
Hydrophilic Cyanine Dyes With and Without Carbohydrate Moieties

A few years ago, Licha, Chance and coworkers [83] synthesized a group
of glucamine- and glucosamine-substituted cyanine dyes 42–45 structurally
related to ICG. In brief, the symmetric dicarboxylated ITCC 40 and the non-
symmetric monocarboxy derivative 41 served as key substrates for further
reactions. The carboxylic acid groups of 40 and 41 were readily converted into
amides. To provide high hydrophilicity, two different amino-sugar deriva-
tives, D-glucamine and D-glucosamine, were used to synthesize the four dif-
ferent iodotricarbocyanines 42–45. These compounds exhibited increased hy-
drophilicity and less plasma protein binding with respect to ICG. For deriva-
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tives with the highest hydrophilicity the efflux from tumor and normal tissue
was monitored by intensity-modulated diffuse optical spectroscopy in tumor-
bearing rats. In comparison with ICG, 45 exhibited a considerably enhanced
tissue-efflux half-life (73 min versus less than 10 min for ICG in tumor tis-
sue) and a twofold higher initial tissue absorption compared to ICG. It also
generated an elevated tumor-to-tissue concentration gradient up to 1 h after
injection.

Both enhanced fluorescence quantum yields in physiological media and
a slower tissue efflux in vivo are considered to be important features of an op-
tical contrast agent that is not directed against molecular targets but utilizes
tumor physiological properties. Polyhydroxyl moiety between hydrophobic
groups enhanced the solubility and probably minimized aggregation in aque-
ous media. The preliminary results of the in vivo distribution of 45 in normal
nude mice showed that conjugate 45 rapidly clears from blood and is predom-
inantly excreted by the hepatibiliary system within 5 min after injection. The
fast clearance from blood reduces background fluorescence, thereby enabling
rapid visualization of target tissue.

A new NIR fluorescent molecular probe 48 derived from indocarbocya-
nine and galactose was prepared by Achilefu and coworkers [84] (Scheme 4).
The presence of a nonionic polyhydroxyl moiety between hydrophobic groups
enhances solubility and minimizes aggregation in aqueous solutions.

Scheme 4

Lysosomes are membranous organelles found in almost all mammalian
cells. Recent studies demonstrated that lysosomes can play a pivotal role
in cancer cell invasion and metastasis because several crucial proteolytic
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enzymes, such as cathepsin D, B and L, which actively participate in the di-
gestion of extracellular matrix (ECM) proteins, are sequestered in lysosomal
vesicles [85]. Moreover, under the conditions of acidic extracellular pH, which
are frequently found in the tumor environment, cells with a high degree of
malignancy exhibit larger lysosome sizes and increased nucleus–lysosome
distances than poorly metastatic cells. Therefore, assessing lysosomal morph-
ology and trafficking in vivo by using NIR optical imaging probes should help
elucidate the role of lysosomal parameters in cancer invasion and metastasis
and may provide a novel means of diagnosing malignant lesions in their early
stages.

Bhujwalla, Glunde and coworkers [86] synthesized two novel NIR fluores-
cent probes by linking a carbocyanine fluorophore and glucosamine through
different linkers (Scheme 5). These probes 52 and 53 demonstrated a high
quantum yield, low cytotoxicity, reversible pH dependent fluorescence in the
physiological pH range, and a decreased aggregation tendency in aqueous
solutions. In vitro NIR optical imaging studies revealed cellular uptake and
strong intracellular NIR fluorescence of these two probes in four breast ep-
ithelial cell lines.

Scheme 5

Although radionuclide imaging has several advantages, including intrin-
sically high sensitivity, capability of quantitation and clinical translation, it
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often suffers from relatively low spatial resolution, high cost and limited radi-
ation to personnel. Moreover, positron emission tomography (PET) imaging
often requires an on site cyclotron and a radiochemistry laboratory to pro-
duce short half-life radionuclides and radiolabeled agents. Therefore optical
imaging has emerged as an attractive imaging modality to study the biologi-
cal/molecular events in both cell culture and small living objects. Consider-
ing the extensive applications of [18F] fluorodeoxyglucose (FDG) in nuclear
medicine and the rapid advancement in optical imaging, the development
of near-infrared fluorescence (NIRF) deoxyglucose analog 55 developed by
Gambhir and coworkers [87] may serve as novel probes with the ability to
evaluate the glucose metabolic rate of tumors (Eq. 3). These probes could be
useful for (a) the accurate detection of abnormalities such as tumors and
(b) the noninvasive monitoring of the therapeutic efficacy of drugs in small
living animals. Gambhir and coworkers have recently synthesized a series of
FDG-Cypate analogs Cy5.5-2DG and Cy5.5-NHS. Both demonstrated tumor-
targeting abilities in cell culture and living mice but not through the glucose
transporters/hexokinase pathway [88, 89].

Equation 3

4.3
Cyanine Dye–Arg-Gly-Asp sequence (RGD) Conjugates

Integrin is a family of transmembrane cell adhesion receptors that control
cell–cell and cell–ECM) interactions [90]. They recruit many ECM molecules
as their ligands and the interactions between integrins and their ligands are
essential for many biological functions of cells. Integrins are heterodimeric,
consisting of one α-subunit and one β-subunit that are bound noncovalently
(Fig. 2). Twenty four integrins have being identified; they are composed of
24α- and 9β-subunits. Integrin αVβ3 has been demonstrated to promote
angiogenic processes or formation of neovasculature. It has been used as
a marker for tumor angiogenesis. Many of these findings strongly suggest that
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Fig. 2 Asp interacts with residues from β3 subunit and Mn ions embedded in β3 sub-
unit. Especially, the middle Mn ion is directly coordinated with Asp side chain (COO –)
group. In turn, this Mn ion is coordinated by Ser 121, Ser 123, and Glu 220. These residues
in turn are coordinated to two other Mn ions, which form additional coordination with
other residues from the β3 subunit. The Asp side chain of Arg-Gly-Asp sequence (RGD)
peptide also makes a direct interaction with Asn 215. This network of interaction involv-
ing three Mn ions seems to be a very important stabilizing factor

this endothelial integrin is a valuable target for developing therapeutic agents
for cancer diagnosis, treatment and prognosis [91].

Sequence analysis of the integrin αV subunit from various organisms
(human, mouse, bull, chicken, frog, and zebrafish) using T-Coffee and
ClustalW multiple sequence alignment programs shows high degree of con-
servations, especially among the mammals. Similar results are also perceived
for the β3 subunit from the sequence analyses of various organisms (human,
rat, mouse, chicken, frog, and zebrafish). From the sequence alignment re-
sults, it is clear that the ligand binding regions are well conserved [92]. Several
crystal structures are available at the Protein Data Bank (PDB). For integrin
αVβ3, three crystal structures of the extracellular segment are available [93].
1JV2 is the crystal structure of the extracelluar segment of αVβ3. 1L5G is the
crystal structure of the extracellular segment of αVβ3 in complex with an
Arg-Gly-Asp (RGD) ligand. 1M1X is the crystal structure of extracellular seg-
ment of αVβ3 bound to Mn2+. Another αVβ3 plexin–semaphorin–integrin
(PSI) domain crystal structure is also available at the PDB (1U8C).

To understand the interaction and recognition between αVβ3 and its an-
tagonists, integrin αVβ3 with an RGD ligand was chosen to be the template
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for studying the specific interaction of photosensitizer conjugate with αVβ3.
The crystal structure of the αVβ3–RGD peptide complex indicates that the
RGD peptide binds at the interface of αV and β3 subunits while three Mn
cations in β3 seem to play an important role in the ligand binding (Fig. 3).

It is believed that integrins, especially integrin αvβ3, play an import-
ant role in tumor progression, angiogenesis, and metastasis [94]. Integrin
αvβ3 in tumor cells binds to matrix metalloprotease-2 in a proteolytically
active form and facilitates cell-mediated collagen degradation and invasion.
An increase in its expression is correlated with increased malignancy in
melanomas. A critical role is played by αvβ3 in angiogenesis, and it is up-
regulated in vascular cells within human tumors. Significant overexpression
of αvβ3 is reported in colon, lung, pancreas, brain and breast carcinomas,
and the expression of αvβ3 was significantly higher in tumors of patients with
metastases than in those without metastases. Integrin αvβ3 binds factors such
as vitronectin that contain the RGD amino acid sequence and this binding ap-
pears to be critical in mediating the ligation signal, allowing endothelial cells
to attach to the ECM, thus supporting endothelial survival and growth. The
important role of αvβ3 in tumor angiogenesis and metastasis suggests that
integrins could be an excellent diagnostic and therapeutic target in cancer.

Fig. 3 Crystal structure of integrin RGD peptide complex. A flat arrow indicates the β

strand and a cylinder the α helix. Red is used for the αv subunit and blue for the β3 sub-
unit. Integrin RGD peptide, Arg-Gly-Asp-D-Phe-N-methyl Val is located between the αv
and β3 subunits shown in the ball and stick figure. The Mn ions located near the RGD
peptide are shown as purple spheres
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In a recent study, Chen and coworkers [95] synthesized a series of NIRF
imaging agents in which the cyanine dye (Cy7) was attached to mono-,
di-, and tri-RGD moieties 57–59 (Scheme 6). Mice bearing subcutaneous
U87MG tumor were intravenously injected with these conjugates at a dose
of 500 pmol/mouse and these mice were imaged at 30 min, 1, 2, 4 and 24 h
post injection. Among these conjugates, the RGD-conjugated cypate moieties
showed enhanced tumor imaging ability. The sulfonic acid groups attached
to the cyanine dye made a significant difference in the clearance of the fluo-
rophore from the tumor.

Scheme 6
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In a similar study Li and coworkers [96] evaluated Cy5.5-RGD conjugate
61 (Eq. 4) in mice bearing human melanoma M21 (integrin+) and M21L
(integrin–) tumors. Fluorescence intensity in the tumors of mice was 2.3 and
1.3 times that of normal tissue, respectively. Dynamic imaging revealed that
Cy5.5-C(KRGDf) was rapidly taken up by KS1767 tumor immediately after
bolus injection. The rate of its uptake in tumor was reduced by preinjection of
C(KRGDf) in an interval time-dependent manner. These studies suggest that
NIRF imaging may be applied to the detection of tumors expressing αvb3.

Equation 4

Chen and coworkers have also followed this approach previously for in
vivo NIRF imaging of brain tumor xenograft mice [97].

4.4
Cyanine Dye–Endostatin Conjugates

The angiogenesis inhibitor endostatin is a 20 kDa C-terminal fragment of
collagen XVIII, a proteoglycan/collagen found in vessel walls and basement
membranes. The endostatin fragment was originally identified in conditioned
media from a murine endothelial tumor cell line. Endostatin inhibits endo-
thelial cell migration in vitro and appears to be highly effective in murine in
vivo studies. The molecular mechanisms behind the inhibition of angiogene-
sis have not yet been elucidated. Studies of the crystal structure of endostatin
have shown a compact globular fold, with one face particularly rich in argi-
nine residues acting as a heparin-binding epitope [98, 99]. It was initially
suggested that zinc binding was essential for the antiangiogenic mechanism,
but later studies indicate that zinc has a structural rather than a functional
role in endostatin. The generation of endostatin or endostatin-like collagen
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XVIII fragments is catalyzed by proteolytic enzymes, including cathepsin L
and matrix metalloproteases, that cleave peptide bonds within the protease-
sensitive hinge region of the C-terminal domain [100]. The processing of
collagen XVIII to endostatin may represent a local control mechanism for
the regulation of angiogenesis. Citrin et al. [101, 102] conjugated endostatin
to a NIR probe (Cy5.5) monofunctional dye and injected it into mice bear-
ing Lewis lung carcinoma tumors. Mice were imaged at various time points
while under sedation. The best images were observed at 48 h post injec-
tion. No signal was emitted from mice injected with unlabeled endostatin or
Cy5.5 dye alone or those that received no injection. This study suggests that
the NIR- labeled endostatin can provide translational information, noninva-
sive tumor imaging, and basic mechanistic information in an in vivo animal
model.

4.5
Cathepsin-D-Sensitive Cyanine Dyes

A variety of proteases are overexpressed or activated during pathogenesis
and represent important targets for therapeutic drugs [103–111]. Cathepsin
D is an aspartic proteinase that is normally localized in lysosomes of vari-
ous mammalian tissues. Its main function is in protein catabolism; however,
a 2- to 50-fold increase in enzyme levels has been reported in breast cancers,
demonstrated by immunohistochemistry and in situ hybridization.

High cathepsin D levels in tumors have also been associated with higher
metastatic potential, invasion, angiogenesis, degradation of basement mem-
brane and activation of other proteolytic enzymes as part of the metastatic
cascade. In the Tung and Weissleder approach [112], a NIR cyanine fluoro-
phore serving as the optical reporter was attached to the amino terminal of an
11-amino-acid peptide sequence with specificity for cathepsin D. The peptide
was subsequently attached to a synthetic graft polymer for efficient tumoral
delivery (Scheme 7). Cell culture experiments using a rodent tumor cell line
stably transfected with human cathepsin D confirmed enzyme-specific ac-
tivation within cells. This sequence, but not a scrambled control sequence,
showed enzyme specificity in vitro. The development of a biocompatible,
enzyme-activatable NIRF imaging probe 67 represents a critical step toward
development of in vivo molecular optical imaging. This technique is cur-

Scheme 7
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Fig. 4 Schematic structure of near-infrared fluorescence (NIRF) probes. The undulating
line represents the enzyme-specific peptide. The Cy5.5 fluorochrome is depicted as a dark
circle and fluorescein isothiocyanate (FITC) as an open triangle. The cleavage position by
target protease is indicated by the arrows (see [103]). MPEG Methoxy poly(ethyleneglycol)

rently being applied by Weissleder and other researchers to other enzymes,
including matrix metalloproteinases, caspases and prostate-specific antigen,
etc. (Fig. 4).

4.6
Tricarbocyanine-Cholesteryl Laurates

For monitoring low-density lipoprotein receptors (LDLr) in tumors and in
livers of patients with familial hypercholesterolemia (FH) [113] treated with
gene therapy, a series of tricarbocyanine cholesteryl laurates were synthesized
with the cholesteryl laurate moiety serving as a lipid-chelating anchor of LDL.
The conjugate 70 was successfully used to label LDL and its preparation is
illustrated in Scheme 8.

To confirm the selective delivery of the conjugate to tumors via LDLr-
mediated endocytosis, a low temperature 3-D redox scanner was used as
a NIR fluorescent imager on a LDLr overexpressed tumor model, HepG2.
A strong fluorescence signal of the fluorescent agent was detected only inside
the tumor tissue, demonstrating that the LDL conjugate 70 was selectively
internalized into the tumor [105]. Because of its target specificity and its
high sensitivity, this approach could be useful for monitoring LDLr in tu-
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Scheme 8

mors overexpressing LDLr and in the liver of FH patients treated with gene
therapy.

4.7
Cyanine Dye–Folic Acid Conjugates

Tung, Weissleder and coworkers [114] reported the preparation of cyanine
dye–folic acid conjugate 74 with a goal of determining whether a fairly abun-
dant receptor on tumor cells could serve as a target for NIRF-enhanced optical
imaging. The folate receptor (FR) was ideally suited for this study because it
overexpresses in several cancers such as breast, lung, cervical, ovarian, col-
orectal, renal, and nasopharyngeal cancers. Additionally, it has low expression

Scheme 9
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in normal tissues, thus facilitating the use of MR and nuclear imaging. The
conjugate was prepared by following the approach shown in Scheme 9.

The conjugate 74 was evaluated for in vivo NIRF imaging, specifically on
tumor enhancement characteristics as a function of time and comparison
of the folate and NIRF conjugate to the NIR fluorochrome alone. The re-
sults revealed that the folate–cyanine dye conjugate has potential applications
in improved detection of FR-positive tumors. Compared to nontargeted dye,
intravenous injection of the targeting probe was shown to significantly in-
crease tumor contrast 4–48 h in the nude mouse xenograft model.

5
Cyanine Dyes for Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) uses photosensitizing agents and light to kill
cancer cells [115]. Once incorporated in the body, time is allowed for the
drug to localize in the tumor in high concentration, and then a light source
is applied to the treated area. The light causes the drug to react with oxy-
gen, producing singlet oxygen, a cytotoxic agent that kills the cancer cells.
PDT may also work by destroying the blood vessels that feed the cancer cells
and by alerting the immune system to attack the cancer. This novel treat-
ment has several advantages over traditional cancer treatments like surgery,
chemotherapy, radiation and/or hormone therapy. Patients have fewer, if any,
long-term side effects, the treatment is less invasive, it can be precisely tar-
geted and can be repeated several times at the same site if necessary. PDT has
been approved by the FDA and is used worldwide for early- and late-stage
lung cancer, obstructive esophageal cancer, high-grade dysplasia associated
with Barrett’s esophagus, age-related macular degeneration and actinic ker-
atoses [116–124].

Certain cyanine dyes such as merocyanines and ketocyanines have been
studied extensively as potential photosensitizers for PDT [23, 125] and radi-
ation sensitizers [126] for the treatment of solid tumors. Merocyanine 540
(75) showed a selective recognition for leukemia cells and has also been pro-
posed as a reagent for both diagnosis and treatment of early stage leukemia by
PDT. The intracellular dyes 75–81 act as a phototoxin to destroy the host cells
under illumination due to a long-lived triplet excited state of the dye, which
plays an active role in the whole process [127]. The dominant photoprocess
involves isomerization from the first excited singlet state progressing to an
all-trans configuration to a long-lived cis-isomer. Therefore for merocyanine
derivatives to be clinically useful, it is necessary that (a) photoisomeriza-
tion, which competes with intersystem crossing and radiation deactivation,
is inhibited, and (b) highly fluorescent dye is photobleached in cellular me-
dia to recognize leukemia. Photobleaching occurs via oxidative attack of
singlet oxygen produced from the long-lived triplet excited state on the poly-
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methine chain [128]. Thus, a group of merocyanine dyes giving no triplet
state, and therefore useful for detection purposes, and another group of such
dyes displaying high triplet yield, and therefore useful as phototoxins, are
needed.

For a series of merocyanine derivatives it was observed that the presence
of heavy atoms enhances the triplet yield by spin–orbit coupling and changes
the rate and yield of isomerization [129]. Among these compounds, mero-
cyanine 80, containing Se, was shown to be a potent sensitizer [130]. The
lipophilicity increases by the inclusion of heavy atoms and it possesses high
toxicity toward leukemia cells due to high intracellular solubilization and the
faster rate of uptake into infected cells improves biological activity. Benniston
et al. [131] investigated a series of these dyes 75–81 in depth and suggested
that the presence of heavy Se atom 80 is more effective for PDT than replacing
the Se with an O atom as in 81 for diagnosis.

6
Porphyrin-Based Photosensitizer-Cyanine Dye Conjugates
as Bifunctional Agents: a “See and Treat” Approach

The cyanine dyes related to ICG, Cy5.5 and Cy7.0 are excellent candidates
for optical imaging of tumors, but do not produce singlet oxygen, and are
therefore not suitable as photosensitizers for PDT (Pandey RK et al [132]).

Porphyrin-based photosensitizers (porphyrins, chlorins, bacteriochlorins
and phthalocyanines) generally fluoresce and the fluorescence properties of
these porphyrins in vivo has been exploited by several investigators for the
detection of early-stage cancers in the lung, bladder and various other sites.
In addition, for treatment of early disease or for deep-seated tumors the
fluorescence can be used to guide the activating light [115–124]. However,
photosensitizers are not optimal fluorophores for tumor detection for several
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reasons. First, they have low quantum yields. Because the excited state en-
ergy is transferred to the triplet state and then to molecular oxygen, efficient
photosensitizers tend to have lower fluorescence efficiency (quantum yield)
than compounds designed to be fluorophores, such as cyanine dyes. Second,
they have small Stokes’ shifts. Porphyrin-based photosensitizers have a rela-
tively small difference between the long-wavelength absorption band and the
fluorescence wavelength (Stokes’ shift), which makes it technically difficult
to separate the fluorescence from the excitation wavelength. Third, they have
relatively short fluorescent wavelengths, which are not optimal for deep tissue
penetration.

Pandey and coworkers [133, 134] have shown the utility of tumor-avid pho-
tosensitizers in the corresponding bifunctional conjugates (83) to target the
NIR fluorophores to the tumor. The function of the fluorophore is to visual-
ize the tumor location and treatment site. The presence of the photosensitizer
allows subsequent tumor ablation. A compound that effectively functions both
as a fluorescence imaging agent and a photosensitizer would create an entirely
new paradigm for tumor detection and therapy. The optical imaging allows
the clinician performing PDT to continuously acquire and display patient data
in real time. This “see and treat” approach may determine where to treat su-
perficial carcinomas and how to reach deep-seated tumors, in sites such as the
breast, with optical fibers delivering the photoactivating light.
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The bifunctional conjugates provide an opportunity to independently
select appropriate photosensitizers and fluorophores. For treating large
and deeply seated tumors, photosensitizers exhibiting long-wavelength ab-
sorption in the range of 780–800 nm and higher tumor avidity than 3-
(1′-hexyloxyethyl)-3-devinyl-pyropheophorbide-a (HPPH) (a chlorophyll-
a based photosensitizer developed in our laboratory and currently in Phase
II human clinical trials) [98–102, 122–124] will be conjugated with NIR flu-
orophores. As shown in Figs. 5–7, the conjugate 83 can achieve high tumor
localization and effective photodynamic activity. By varying parameters such
as lipophilicity, it may further optimize the pharmacokinetics, biodistribu-
tion and tumor selectivity of the conjugates by modifying the tumor avidity

Fig. 5 In vivo photosensitizing efficacy of conjugate 83 in mice (C3H) implanted with ra-
diation induced fibrosarcoma (RIF) tumors at drug concentrations of 2.5 and 3.5 µmol/kg
(ten mice/group). The tumors were exposed to light (665 nm, 130 J/cm2) at 24 h post
injection

Fig. 6 Localization of the conjugate 83 in a live mouse 24 h after injection (drug dose
0.3 µmol/kg)
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and photophysical characteristics. For example, to produce a conjugate with
only tumor-imaging capability without photosensitization, the singlet oxy-
gen (1O2)-producing capability can be eliminated or reduced by introducing
certain quenchers (e.g., carotenoids) or by using the Cu(II) photosensitizers.

In initial studies investigating the utility of a tumor-avid photosensitizer
as a vehicle to target imaging moieties to tumors, HPPH was conjugated with
a non-tumor-specific cyanine-dye-based fluorophore to visualize the tumor
by optical imaging. The presence of the photosensitizer allows subsequent tu-
mor ablation. The resulting conjugate 83 was an effective photosensitizer both
in vitro and in vivo (Fig. 5). At a therapeutic/imaging dose the conjugate did
not show significant skin phototoxicity (a major drawback associated with
most porphyrin-based photosensitizers). The conjugate 83 also was found to
be a promising imaging agent even at low doses (Fig. 6).

Results of the whole body fluorescence imaging in radiation-induced fi-
brosarcoma (RIF) tumor-bearing C3H mice with excitation of the fluorescent
cyanine dye (780ex and 865em in vivo) 24 h post injection are shown in Fig. 7.
Even at a dose of 0.3 µmol/kg, which was later found to be eight- to tenfold
less than the therapeutic dose, the conjugate showed significant tumor imag-
ing capability. Under similar conditions, unconjugated cyanine dye had no

Fig. 7 Accumulation of a 3-(1′-hexyloxyethyl)-3-devinyl-pyropheophorbide-a (HPPH)+
dye 83 in various organs A 48 hr, B 72, and C 24 h post injection from RIF-tumor-bearing
mice
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Fig. 8 In vivo biodistribution of conjugate 83

tumor localization. For optical biodistribution experiments the organs were
removed, dried, weighed, placed on a black surface and imaged.

The ability to determine fluorescence from individual organs is depicted
in Fig. 8. The fluorescence distribution was averaged over multiple mice, as
shown for three mice; the data are relative to blood. At 48 and 72 h, there was
more than eight- to tenfold more HPPH dye in the tumor than in the blood,
muscle, skin, liver and kidney (Fig. 8).

In a parallel study, Pandey and coworkers also showed that porphyrin-
based compounds linked to Gd(III)DTPA conjugates are successful as combi-
nation tumor MR imaging and PDT agents. In their initial work, HPPH was
used as a vehicle to deliver the Gd(III) chelates to tumor cells. Insertion of
paramagnetic metals (e.g., Cu) in the HPPH portion of the conjugate elim-
inated its singlet oxygen producing capability without any significant effect
on its imaging capability. Thus, this approach is quite versatile and shows an
enormous potential for developing tumor-imaging agents with and without
PDT efficacy.

6.1
In Vivo Fluorescence Imaging of Glioma Tumors and PDT Efficacy

Malignant gliomas are the most common primary brain tumor and are re-
sponsible for approximately 2.5% of all cancer deaths [135]. Surgery, radiation
therapy and chemotherapy offer palliation of neurologic symptoms and pro-
longation of survival. For glioblastoma multiforme, however, mean survival
is still less than 1 year [136]. Since local control remains inadequate, there is
a strong rationale for the development of adjunctive treatments to enhance
destruction of tumor cells beyond the margins of resection. Selectivity for
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tumor tissue is a vital element of this strategy. The prognosis for patients
with malignant brain tumors is linked to the completeness of tumor re-
moval. However, the borders of such tumors are often indistinguishable from
surrounding brain tissue, making completeness of tumor removal highly de-
pendent upon the neurosurgeon’s judgment. The information provided by
tumor-targeted multifunctional photosensitizers allows for an additional lo-
calization of the tumor as well as assessment of therapeutic effect, thus as-
sisting the neurosurgeon in performing tumor resection more completely.
Fluorophores with long-wavelength absorptions and a significant Stokes’ shift
(>50 nm) provide the means to localize deeply seated nests of tumor cells that
are otherwise difficult to locate [135]. The conjugate 83 fulfills these require-
ments nicely. Its imaging and therapeutic potential was evaluated in mice
bearing U87 tumors.

The tumor images at variable time points are shown in Fig. 9 with ex-
citation of the fluorescent cyanine dye moiety of conjugate 83. In initial
experiments, the imaging and therapeutic doses were kept the same. It is ex-
citing to note that even at a dose of 0.3 µmol/kg, which was 10- to 12-fold less
than the therapeutic dose, the conjugate 83 shows significant tumor-imaging
capability. To visualize the actual localization of the conjugate in the tumor
versus the skin over the tumor, the tumor was surgically removed from the
original site and placed away from the original site. Upon imaging, a promi-
nent fluorescence intensity of 83 was found in the tumor compared to the
normal skin.

Fig. 9 Fluorescence images of male athymic nude mice (CD-1, nu/nu) implanted with U87
tumor on the shoulder with the conjugate 83 at variable time points in the therapeutic
dose (3.5 µmol/kg, λex = 782 nm; λem = 865 nm). Skin was removed and flapped back to
expose the tumor at a 24 h, b 48 h, and c 48 h post injection

Fig. 10 Nude mice bearing U87 tumors on the right flank. A Before injecting the drug.
B Fluorescence image at 72 h post injection. Imaging agent: the HPPH–cyanine conjugate
83 (0.3 µmol/kg)
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The imaging potential of the conjugate 83 in nude mice bearing U87
(glioma) tumors (three mice/group) at a dose of 0.3 µmol/kg at 24, 48, and
72 h post injection was found to be quite promising. The fluorescence images
of mice before and after injecting the imaging agent are shown in Fig. 10.

For in vivo photosensitizing efficacy, nude mice were implanted subcuta-
neously with U87 tumors and the conjugate 83 was evaluated for PDT efficacy
at various drug doses (0.5, 1.0, 2.5 and 3.5 µmole/kg) with a constant light
dose (135 J/cm2, 75 mW/cm2). Under these treatment conditions, at a dose
of 3.5 µmoles/kg, the conjugate 83 was found to be quite effective with 60%
of the mice (6/10 mice) being tumor-free on day 60.

7
Conclusions

Fluorescence-enhanced imaging has been known for a long time in evalu-
ating the spatial distribution as well as the pharmacokinetics of porphyrin-
based photosensitizers in PDT. Most of the monopyrrole-reduced porphyrin
systems exhibit long-wavelength absorptions in the range 650–700 nm with
highly efficient fluorescence. The long-wavelength absorption can further be
extended (750–800 nm) by reducing two pyrrole rings, which are diagonal
to each other. Such systems are known as bacteriochlorins [137]. Both se-
ries of compounds are known for their photosensitizing capability and high
singlet oxygen producing efficiency. However, compared to porphyrins and
chlorins, the bacteriopurpurinimide analogs are less fluorescent. One of the
main problems with most of the porphyrin-based compounds (including
chlorins and bacteriochlorins) is a small Stokes’ shift between the absorption
and emission peaks, which limits their application in fluorescence imaging.
On the other hand, most of the cyanine dyes exhibit strong fluorescence
and a large Stokes’ shift with limited tumor avidity. Therefore, the recent
approaches for developing target-specific fluorophores by conjugating them
with various target-specific moieties have created enormous interest in op-
tical imaging. One of the problems in fluorescence imaging is quantitation,
which may be resolved by conjugating the fluorophores with various nuclides
or MR imaging agents, and such studies are currently underway at various
laboratories.

Some of the cyanine dyes (e.g., merocyanine 540 analogs) have been in-
vestigated for PDT, but their utility is quite limited due to low tumor avidity,
isomerization and singlet oxygen quenching characteristics. Compared to
merocyanines, cyanine dyes (Cy5.5, Cy7 etc.) exhibit longer wavelength ab-
sorptions. Therefore, a recent report by Pandey and coworkers [134] in which
the modified cyanine dye (IR 820) was conjugated with HPPH is of particular
interest. The impressive in vivo tumor imaging (fluorescence) and PDT data
suggest the utility of this approach in developing bifunctional agents. As re-
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ported by the same authors, this approach can further be extended toward
the development of target-specific multifunctional agents in which target-
specific cyanine dyes are conjugated with photosensitizers with and without
radionuclide-attached functionalities. Consequently, development of more
stable cyanine dyes will certainly enhance their applicability in the area of
cancer detection, thus enabling physicians to treat early-stage cancer patients.
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Abstract The rapid progress of information technology continues to stimulate the explo-
ration of innovative materials and architectures for digital processing. Merocyanine dyes
appear to be potential candidates for the realization of future data-elaboration, -storage,
and -communication devices. While the early stages of this research have been mainly
concerned with applications in the fields of photography and medicine, most of the
current work on these dyes involves investigation of moderate-to-large intermolecular
aggregates, including both red-shifted “J” and blue-shifted “H” aggregates, optical and
fluorescent sensors, and applications in solar engineering and medicine. This review sum-
marizes advances in the synthesis, structure, and applications of merocyanine dyes over
the last decade.
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Abbreviations
CNDO/S Complete neglect of differential overlap/spectroscopic
DBU 1,8-Diazabicyclo[5.4.0]undecene-7
DMF N,N-Dimethylformamide
DMF-DMA N,N-Dimethylformamide dimethyl acetal
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EFISH Electric-field-induced-second-harmonic
Het Heteroaryl
IWFO Integrated waveguide fluorescence optodes
LB Langmuir–Blodgett (films)
LOX Lipoxygenases
MC Merocyanine
MNDO Modified neglect of differential overlap
NIR Near-infrared
NLO Non-linear optics
NOE Nuclear Overhauser effect
P3HT Poly(3-hexylthiophene-2,5-diyl)
PDT Photodynamic therapy
PM3/COSMO Parameterization method 3/conductor-like screening model
PR Photorefractive
PVC Poly(vinyl chloride)
SAM Self-assembled monolayer
SHG Second-harmonic generation
THF Tetrahydrofuran

1
Introduction

Merocyanines (I) are neutral unsymmetrical polymethine dyes comprised of
two fragments—nitrogen donor and oxygen acceptor connected by an ethyl-
ene or polyethylene chain. The transfer of charge from donor to acceptor
through the polyene chain gives rise to the deep coloration that depends both
on chain length and nature of donor and acceptor groups that usually belong
to carbo- or heterocycles (II).

Advances in computer science and nanotechnology in the last decade
have provoked new interest in dye chemistry including merocyanines. Me-
rocyanine dyes have found wide application in various areas of science and
technology. They are used as optical sensors, spectral sensitizers for silver
halide photography [1–3], and recording medium in optical disks. Their po-
tential application as photosensitizers for photodynamic therapy (PDT) [4–6]
and radiation sensitizers for solid tumor treatment [7] has been extensively
studied. Merocyanine dyes are promising materials for future technological
applications, including nonlinear optics, solar and hydrogen energy, laser
technology, and nanotechnology. It is worthy of special attention that mero-
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cyanines (often called photomerocyanines) are obtained during the UV ir-
radiation or heating of spiropyrans [8–10]. Their photo- and thermochromic
properties are of considerable interest, and spiropyrans have been proposed
for optical memory and switches [11], metal ions extraction [12, 13], pho-
tocontrollable ferromagnetics [14, 15], and optical and fluorescence sensors
on metal ions and biological objects [16–18]. Some merocyanine dyes are so
well known that they have specific names; for example, Brooker’s merocya-
nine and MC540, the former showing remarkable solvatochromism and the
latter being used in a number of medicinal applications.

This review covers the literature over the last decade concerning synthesis,
structure, properties and application of merocyanine dyes. Though some data
on merocyanines has been presented in a number of reviews [19–23] con-
cerning color chemistry and polymethine dyes, no work summarizing data
exclusively on merocyanines has been published over the last decade.

Although in the last few years papers have appeared dealing with
“merocyanine-type” dyes [24–26], traditional merocyanines are the most
widespread. So, this work is focused on classical dyes of general structure II.
The data for photomerocyanines will not be given except for the case of
structure discussion, since significant efforts have been made for the deter-
mination of their structures. Special emphasis is given to merocarbocyanine
dyes (II, n = 1) because of their prevalence and importance among other
merocyanines as well as the multiplicity of synthetic methods.

2
Synthesis

The methods for the synthesis of merocyanines vary depending on the bridge
length (number of methyne groups, n). The merocyanines can be divided
into three groups, namely simple merocyanines (n = 0), merocarbocyanines
(n = 1), and meropolycarbocyanines (n > 1). There are specific synthetic
methods applied for the particular group of compounds, as well as common
methods. The chemistry of merocyanine dyes is rather conservative, and the
methods used for the synthesis of the first merocyanines [27] are widely uti-
lized now.
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2.1
Simple Merocyanines

The simplest merocyanines (n = 0) are commonly prepared by the reac-
tion of nitrogen heterocycles containing a leaving group in the 2- or 4-pos-
ition with active methylene bases. In this way merocyanines, precursors to
rhodacyanine dyes, were prepared [28–30]. The condensation of 2-(methyl-
mercapto)benzothiazole with rhodanine in acetonitrile in the presence of
triethylamine at 10–15 ◦C results in merocyanine 1 in 87% yield (Eq. 1).
A number of merocyanines were prepared starting from salts of other hete-
rocycles such as pyridine, benzoxazole, naphthothiazole, and thiazoline.

Equation 1

A similar method was used for the synthesis of merocyanines based on
the pyrazolin-5-one system [31]. The reaction of 2-chloroisatin 2 with pyra-
zolones 3 in boiling THF leads to merocyanines 4 in about 50% yields (Eq. 2).

Equation 2

The key stage in the synthesis of Brooker’s merocyanine analog is the re-
action of 2-(4-hydroxyphenyl)-substituted pyrylium tetrafluoroborate 5 with
aniline resulting in pyridinium salt 6, which after treating with solid sodium
hydroxide gives merocyanine 7 [32] (Scheme 1).

The construction of thioxopyrrolidine-2,3-dione ring by the reaction of
a pyridinium salt 8 with oxalyl chloride is a convenient approach to the syn-
thesis of merocyanines such as 9 [33] (Eq. 3).

Oxidation of indoxyls 10 is used for the preparation of famous indigo dyes 11
that have been highly valued since ancient times [34] (Eq. 4). It is interesting
that 6,6′-dibromoindigo, best known as Tyrian, or Royal purple, was so expen-
sive that it was used exclusively by the richest and most powerful men [35], and
later, in Imperial Roman times, a purple cloak distinguished Emperors.
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Scheme 1

Equation 3

Equation 4

Air oxygen is usually used as the oxidation agent though to oxidize other
heterocyclic ketones, the use of stronger oxidants may be necessary. Thus,
FeCl3 was used for the synthesis of indigo analogue 12 (pyrazole blue) [31].

2.2
Merocarbocyanines

Methods for the preparation of merocarbocyanines (n = 1) or their higher
vinylogues are much more varied. The classical route for the synthesis of
merocarbocyanine dyes is a reaction of heterocyclic enamines or corres-
ponding salts with hydroxybenzaldehydes or their heterocyclic analogs. Re-
cently this method was applied to the synthesis of merocyanines of cumarine
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13 [36], 8-hydroxyquinoline 14, 15 [37, 38], chromen-4-one and thiochromen-
4-one 16 [39] series (Eq. 5).

Equation 5

When quaternary salts are used, the reaction should be carried out in the
presence of base (usually triethylamine or piperidine), otherwise merocya-
nine salts like 17 are formed [38] (Scheme 2). The treatment of the salt 17 with
bases such as aqueous ammonia affords dye 18.

Scheme 2

The capability of merocyanines to produce salts was used for their isola-
tion [40]. Tetrafluoroborate 19, that is easily obtained by addition of sodium
tetrafluoroborate to a crude solution in water, is readily deprotonated by
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the subsequent treatment with alkali to obtain neutral merocyanine dye 20
(Eq. 6).

Equation 6

A versatile method for the preparation of merocyanine dyes involves the
treatment of methyl-substituted quaternary salts of nitrogen heterocycles
with anilinomethylene derivatives of heterocyclic ketones. Thus, the conden-
sation of picoline salt 21 with the compounds 22 in ethanol in the presence
of piperidine afforded a large series of merocyanines 23 in high yields [41]
(Eq. 7).

Equation 7

A similar reaction of anilinomethylene derivative of rhodanine 24 with
methyl quaternary salts of heterocycles results in the substitution of aniline
residue by piperidine yielding product 25 [41] (Eq. 8).

Equation 8

This result can be explained in terms of the weak electron acceptor prop-
erties of the rhodanine ring. Merocyanine dyes based on rhodanine using
24 as starting material can still be prepared in acetic acid in the presence
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of DBU [42]. Apparently, the activated acetanilidomethylene derivatives of
rhodanine 26 are formed, which subsequently undergo condensation with ni-
trogen heterocycle salts.

Acetanilidomethylene-substituted heterocycles 27 are useful, versatile syn-
thones, and they have been extensively used for the preparation of merocya-
nine dyes 28 that are based on rhodanine [28–30], barbituric acid [43] and
pyridinedione [43, 44] (Eq. 9). The reaction is carried out in acetic anhydride
in the presence of potassium acetate or in acetonitrile with triethylamine.

Equation 9

Dimethylaminomethylene derivatives 29 prepared by treatment of carbo-
and heterocyclic ketones with DMF-DMA or with DMF in acetic anhydride
have been used for the synthesis of various merocyanine dyes 30 [45–47]

Equation 10
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(Eq. 10). Pyridine, ethanol or acetic anhydride are suitable solvents in this
reaction depending on substrate nature.

No merocyanine dyes based on pyrazol-3,5-dione were obtained under
similar conditions. It was stated that dimethylaminomethylene derivatives
of five-membered heterocycles have extremely low activity and could not
be utilized in this reaction [45]. However, this very method was success-
fully used for the preparation of merocyanine dyes of thiophen-3(2H)-one,
benzothiophen-3(2H)-one, pyrazol-5(4H)-one, and coumarine series [48]
(Scheme 3). The discovered rearrangement of benzothienopyrrole salt 31 to
2H-pyrrole derivative 32 allowed investigators to obtain merocyanines of two
types 33 and 34 with absorption maxima covering the 500–650 nm range.

Scheme 3

This reaction is suitable for the preparation of merocyanines with carbo-
cyclic moieties containing a carbonyl group. When difunctionalized ketones
are condensed with two equivalents of quaternary salt, symmetrical ketocya-
nines 35 (R1 = R2) are obtained. Non-symmetrical dyes can be prepared by
step-by-step addition of different reagents [49, 50]. The yields of ketocyanines
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(52–75%) are significantly higher than those for the reactions of carbocyclic
ketones and Fischer’s aldehydes [51].

Other leaving groups, for example cyano group, can also be utilized.
The reaction of 4-methylquinolinium bromide 36 with (dicyanomethy-
lene)indene 37 results in merocyanine 38 containing cyano group in the
methine bridge [52] (Eq. 11).

Equation 11

The transfer of a formyl group from hydroxyaldehyde derivatives to ni-
trogen containing heterocycles is suitable when the required heterocyclic
aldehydes are difficult to obtain. The condensation of aldehydes 39 with
active methylene compounds 40 in absolute ethanol [31, 53, 54] or acetic an-
hydride [55, 56] leads to merocyanines 41 in moderate yields (Eq. 12).

Equation 12

Aza derivatives of unsaturated heterocyclic aldehydes are the most util-
ized starting materials for the preparation of merocyanine dyes since the
first merocyanine syntheses [27]. To prepare dimer dyes based on barbituric
acid anilinomethylene derivatives 42 were used. The reaction is carried out
in dichloromethane at ambient temperature leading to merocyanines 43 in
42–89% yields [57] (Eq. 13).
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Equation 13

Crown-substituted merocyanines based on tellurazole 45 were prepared
by the reaction of acetanilide salts 44 with active methylene compounds [58]
(Eq. 14). Rhodanine and dimedone derivatives were best synthesized in pyri-
dine, and the efficient preparation of merocyanines based on barbituric acid
required the use of butanol in the presence of piperidine.

Equation 14

Recently, Würthner et al. developed a versatile one-pot synthesis of mero-
cyanines 48 based on multi-step reaction of nitrogen heterocycles 46 with ac-
tive methylene compounds 47 and DMF in acetic anhydride [45, 59] (Eq. 15).
The process is uninfluenced by impurities in starting compounds, including
water, and can be used in combinatorial synthesis.

Equation 15

The preparation of merocarbocyanines that are vinylogues of indigo dyes
by the condensation of pyrrol- or indol-3(2H)-ones with glyoxal in the
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presence of inorganic acid generally proceeds in low yield [60]. The modi-
fied method using 3-acetoxy-1-methylindole 49 gave dye 50 in 51% yield
(Eq. 16).

Equation 16

A number of methods have been developed for the transformation of
chloro-substituted carbocyanine dyes 51 and analogues to ketocyanines, such
as 52, the absorption spectra of which are very sensitive to pH [61] (Eq. 17).
The best results were achieved when the reaction was catalyzed with succin-
imide N-oxide anion [62].

Equation 17

2.3
Long-Bridge Merocyanines

The same methodology as utilized for the synthesis of simple merocyanines
was found to be useful for the preparation of their cyclic higher vinilogues.
The reaction of 2-methylmercapto-substituted benzisoxazole 53 with thio-
barbituric acid derivative 54 in pyridine leads to merodicarbocyanine 55 in
53% yield [63] (Eq. 18). Compound 54 was synthesized by condensation of
dibutylthiobarbituric acid with 3,5,5-trimethylcyclohex-2-enone.
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Equation 18

The importance of merocyanine MC-540 in medicinal chemistry was
briefly mentioned in the Introduction. Analogues 57 were synthesized in
14–25% yields as shown in Eq. 19 [63]. The substrate 56 was obtained from
thiobarbituric acid and 1,3,3-triethoxypropene.

Equation 19
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The methodology was also applied to the synthesis of other analogues of
MC540 including sterically hindered 58 [64], barbituric derivative 59 [65],
and a series of merocyanine dyes 60, 61 [66].

The reaction of acetanilide 62 with indoline salt was used for the prepar-
ation of merotricarbocyanine 63 [67] (Eq. 20).

Equation 20

Acetanilino derivative of the vinylogue of Fischer’s aldehyde 64 was util-
ized for the synthesis of the cyclic merocyanine 65 [68] (Eq. 21).

Equation 21

Anils were also used for the preparation of oxonole 66 [69]. Two molecules
of 1,3-dibutyl-2-thiobarbituric acid undergo reaction with one molecule of
glutacondialdehyde dianil monohydrochloride to afford the dye 66 in 37%
yield (Eq. 22).
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Equation 22

3
Structure and Isomerization

The structure of merocyanine dyes is of considerable interest both from
theoretical and practical aspects. Great attention has been paid to establish-
ing a relationship between structure and properties, in particular the abil-
ity to form aggregates and supramolecular assemblies. Merocarbocyanines
can exist as four transoid isomers with regard to two double bonds of the
bridge fragment. They are usually labeled as TTC, TTT, CTC, and CTT (ab-
breviations of cis/trans configuration for three bridge bonds), but the use of
E,Z-nomenclature seems to be most proper because in many cases it is not
possible to name a compound using cis/trans terms. Special attention will
be drawn to the study of photomerocyanines (open forms of photochromic
spiropyrans) because very limited data are known concerning structures of
classical merocyanine dyes.

X-ray diffraction analysis of merocyanine 67 showed that the double bond
connected to the isoxazolone moiety has Z-configuration [41]. On the other
hand, the E,E-isomer was found for 68 both in crystal and solution [74].

Merocyanines 69–71 studied in the work by Shimkin et al. [48] have Z-con-
figuration of the double bond near the benzothiophen-3(2H)-one moiety. The
E,Z-structure of the indoline derivative 69 was proved by X-ray diffraction
analysis. The 2D NMR study of merocyanine based on 1-benzothieno[3,2-b]-
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pyrrole 70 showed E,Z-isomer as the only detectable form in solution. This
conclusion was confirmed by MNDO calculations of the four possible iso-
mers of 70. The results of the calculations were consistent with the highest
stability of the E,Z-isomer and the relative low stability of the E,E-isomer.
Blue-colored dye 71 has been described as Z,Z-isomer both in crystal and
solution.

Significant efforts were made to determine structures of photomerocya-
nines that are metastable open forms of photochromic spiropyrans. Quan-
tum mechanics calculations suggested that the E,Z-isomer of photomero-
cyanines (for example 72, R = H) is the most stable, with E,E form being
the second most favorable [70–73]. Experimental data often confirm these
results: both in solutions (usually by NOESY) and crystals (by X-ray diffrac-
tion analysis) merocyanines commonly exist in E,Z or E,E form or both.
For example, merocyanine 72 (R = NO2) crystallizes as E,E-isomer though
in solution it exists in the major E,Z and the minor E,E forms [74, 75].
Analogous data were obtained for 72 (R = Br) in solution by NOE spec-
troscopy [76]. The energy difference between E,Z and E,E-isomers was esti-
mated to be 4.6 kJ ·mol–1, and the isomerization activation energy barrier of
43.6 kJ ·mol–1 was calculated.

1H-NMR study of the protonated dye 73 showed the presence of the E,Z-
isomer only [77], while the E,E structure was found by X-ray diffraction
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analysis for the protonated form of another photomerocyanine 74 [78]. These
data may be only of limited interest because it was revealed that the relative
stabilities of isomers for protonated and non-protonated forms of merocya-
nines are different [78].

Other isomers (Z,Z and Z,E) are much less stable, though they can be
formed by irradiation in the visible absorption band of stable E,Z- or E,E-
isomers as a result of cis-trans isomerization reaction [71]. The relative stabil-
ity of the isomers could be changed by the alteration of the structure. Thus,
the quantum mechanics calculations suggested that the replacement of the
hydrogen atom in position 3 of benzothiazole derivative 75 (R = H) with
methyl group (R = Me) results in the strengthening of sterical interactions
between substituents leading to stabilization of E,E form [70].

4
Properties and Applications

4.1
Solvatochromism

Solvatochromic merocyanines exhibit bathochromic or hypsochromic shifts
in solvents of various polarities. Other characteristics such as dipole mo-
ments [73], fluorescence [79] and Raman [80] spectra, and NLO proper-
ties [81] change as well. The solvent effect can be used as a tool to make
a dye solution that absorbs at a predetermined wavelength and intensity. Sol-
vatochromic properties of merocyanines have been extensively studied over
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the last decade. Among them, Brooker’s merocyanine and its analogs (76) are
of particular interest [82–85].

It has been postulated that the origin of the large hypsochromic shift in the
spectrum of Brooker’s merocyanine 76 (R = H) is due to a distinct change in
structure from a covalent quinone (A) in pyridine or chloroform to a zwitte-
rion (B) in water or methanol. The extent of this shift is critically dependent
on the solvent used for measurement in each case with the highest energy ab-
sorption found in water and the lowest one in chloroform with an observed
change in color from yellow to blue. Recently the spectroscopic properties
of derivatives of Brooker’s merocyanine 76 with increased solubility have
been studied both experimentally and theoretically using molecular orbital
methods [86]. Analysis of 1H- and 13C-NMR spectra taken in a range of sol-
vents suggests that merocyanines exist as resonance hybrids that are weighted
toward the zwitterion form even in solvents of low dielectric constants. In
protic solvents, the large hypsochromic shift observed for merocyanine in the
visible region arises from both a dielectric effect and a hydrogen bonding ef-
fect. Theoretically, the PM3/COSMO method gives a reasonable account of the
structure and spectroscopic shifts of merocyanines in aprotic solvents. The
significant shifts observed arise because solvents with large dielectric con-
stants have a much greater stabilizing effect on the more polar ground state of
merocyanines than they do on the first excited state. While the same method
predicts stable hydrogen-bonded structures for a dihydrate and hexahydrate,
it is unable to reproduce the known hypsochromic shift for these solvated
species. In contrast, a version of the CNDO/S method does predict the correct
trends on hydration though the magnitude of the effect is less than that found
experimentally.

Katoh et al. prepared and studied the solvatochromism of bismerocya-
nine 77 linked by a 1,8-naphthylene skeleton [42]. The absorption band of
the bismerocyanine 77 compared to that of the corresponding monomero-
cyanine was bathochromically shifted in chloroform (568 vs. 551 nm) and
hypsochromically in acetonitrile (516 vs. 550 nm). The absorption spectra
of 77 in a mixture of dichloromethane and methanol showed both the hyp-
sochromic and bathochromic bands, with the hypsochromic band becoming
more intense with an increase in methanol concentration. These data could be
interpreted by the existence of equilibrium between syn and anti conformers
of the bismerocyanine 77.
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4.2
Ion Sensors

Solvatochromic merocyanine dyes are promising candidates for solvent po-
larity and pH sensors [87, 88] as well as indicators for the presence of transi-
tion metal cations [38]. They also were proposed for personal opto-chemical
ammonia sensor with sensitivity in the 5–100 ppm range [47]. The design
of chemical sensors that are specific for the detection of biologically import-
ant cations, such as Na+, K+, Ca2+, and Mg2+, continues to be a field of
active research. Suzuki and co-workers synthesized and characterized new
calcium-sensitive chromogenic crown ethers 78, 79 based on Brooker’s me-
rocyanine [89]. The mechanism of calcium ion sensing includes size-selective
binding with crown ether and strong electrostatic attraction between the pos-
itively charged calcium ion and two negatively charged parts of the dye moi-
eties. The water-soluble dye 78 can be used for calcium ion sensing in solution
while lipophilized derivative 79 has been successfully applied to ion-exchange
type optode PVC membranes. By using these sensors, calcium ion can be de-
tected in the range of concentration of 10–5–10–2 M without cross-sensitivity
for other physiologically important cations (Mg2+, Li+, Na+, and K+).
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A series of novel NIR ketocyanines 80 was synthesized and studied as po-
tential pH fluoroionophores to be used in the development of new integrated
waveguide fluorescence optodes (IWFOs). Upon protonation, ketocyanines
undergo transformation to meso-hydroxy-substituted carbocyanine dyes 81
(Eq. 23). The process is accompanied by a large bathochromic shift (up to
200 nm) of the absorption band as well as significant decrease in fluorescence
intensity.

Equation 23

Ketocyanine dyes have demonstrated their suitability for application as
acidochromic fluoroionophores in bulk optodes for the development of
IWFOs. They exhibit high fluorescence intensities in the far-visible region,
an adequate photostability and an optimum pH response [49, 90]. Ketocya-
nines were also proposed as sensitizers for lithographic printing with image
resolution reaching 7 µm [51].

4.3
Molecular Aggregation

Molecular aggregates are self-assemblies of molecules by non-covalent inter-
actions. They have significant technological applications such as molecular
optoelectronic devices, fluorescence probes for mitochondrial membrane,
and as models of antenna systems that function to transfer energy and elec-
trons in biological systems [91–93]. Usually two types of aggregates can be
formed, the spectra of which contain bathochromically (J-type) and hyp-
sochromically (H-type) shifted bands compared to the spectrum of the non-
aggregated monomer species. Generally J-bands are narrow, and H-bands
much more broad [94, 95]. Both H- and J-aggregates are one-dimensional
molecular arrangements in which the transition moments of individual
monomers are aligned perpendicular (H) or parallel (J) to the line joining
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Fig. 1 Molecular arrangement in J- (a) and H-aggregates (b)

their centers (Fig. 1). The arrangement changes the energy difference between
ground and excited states of the dye molecule. The H-aggregation increases
the difference leading to a hypsochromic shift, and J-aggregation decreases
the energy gap resulting in a bathochromic shift. The bands are anisotropic
and can be easily distinguished from the band of free dye molecules.

The aggregation of merocyanine with the long alkyl chain McC18 (82)
was studied and the formation of J-aggregates in the mixed monolayers
and the Langmuir–Blodgett (LB) films with Cd2+ salts of fatty acids was
found [96, 97]. The aggregation number of 40 and the two-dimensional struc-
ture were estimated by using the extended dipole model for the spectral
shifts [98]. It was also found that McC18 dye in the ternary mixed LB
films with cadmium stearate (or arachidate) and octadecane forms the H-
aggregates, which have been found as the transient state in the compression
process in the ternary mixed monolayer of McC18 with methyl arachidate and
hexadecane [97–99].

Nakahara et al. have found that merocyanines 82 and 83 form J-aggregates
in the presence of arachidic acid and cadmium ions [100, 101]. In LB films,
merocyanine 84 is included in J-aggregates in mixture with dyes 82 and
85, although not mixed with other dyes it does not form aggregates. The
band of J-aggregate was separated by a difference spectrum method [102].
The studying of the structure of merocyanine dyes 86 by IR spectroscopy
shows that the compounds with n = 2, 3, 12–18 form intermolecular hy-



96 V.Z. Shirinian · A.A. Shimkin

drogen bonds, while the dyes with medium-length methyne bridge (n = 4–
10) form cyclic dimers [103]. The treatment of cast films of merocyanine
86 (n = 18) with NaCl, CaCl2 or BaCl2 solution leads to the formation of
J-aggregates [104].

A series of merocyanine dye dimers tethered at different sites with spacers
ranging from 0 to 5 methylene groups 87, 88 have been synthesized [57]. The
formation, structure, and excited state properties of the consequent mero-
cyanine dye “aggregates” in solution and in rigid glass have been studied
by UV/visible absorption spectra, steady-state fluorescence, and fluorescence
lifetime measurements.

The dimers 87 with 0 and 1 methylene spacers show a very weak and
distance-dependent “J”-type exciton coupling, evident in both absorption
and fluorescence spectra. For the dimers with 2, 3, and 5 methylene spacers
in polar solvents a blue-shifted absorption spectra were observed, suggest-
ing a folded configuration resulting in “H” dimers. Remarkably, both the “J”
coupled dimer (n = 0) and the dimers having 2–5 methylene groups show
a much stronger solvatochromic behavior than the corresponding monomer,
which could be attributed to interchromophoric charge-transfer interactions
in both ground and excited states.

Aggregation processes of merocyanine dyes on lyposomes (artificial cell
membranes) were also studied [105]. Codispersing lipids and J-aggregate
forming water-insoluble amphiphilic dye molecules, which do not form lipo-
somes by themselves, are the main features of the method. It is noteworthy
that two types of aggregate dispersions were obtained, one that exhibits an
absorption band at 635 nm and the other at 600 nm. Upon addition of magne-
sium or cadmium ions to the dispersions, the long-wavelength absorbing ag-
gregates irreversibly undergo transformation to short-wavelength aggregates,
which is accompanied by significant changes in fluorescence and absorption
spectra.
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4.4
Non-Linear Optics

In the search for optically nonlinear organic chromophores and photore-
fractive materials [106, 107], a great deal of research has focused upon the
molecular engineering requirements to optimize optical nonlinearities in
push–pull compounds [41, 108–110]. Merocyanines show NLO properties
both in polymer matrix and crystals, though most NLO chromophores nor-
mally are difficult to crystallize [111]. Co-crystallization of Brooker’s mero-
cyanine with 2,4-dihydroxybenzaldehyde readily provided crystals with the
ideal packing for an electro-optic application. Nonlinear optical responses of
a self-assembled monolayer (SAM) containing merocyanine chromophore 89
on gold in water and in ethanol were studied by second-harmonic generation
(SHG) [112].

The pH dependence of the SHG response clearly showed a solvatochromic
change of the merocyanine from a protonated form to a zwitterionic form.
A large second-order susceptibility χzzz = 5.0×10–7 esu (2.1×102 pm/V) was
found in a basic solution of ethanol where the merocyanine is in the zwitteri-
onic form.

Boxer et al. have reported the results of Stark and electric-field-induced-
second-harmonic (EFISH) measurements for a series of merocyanine dyes 90
which demonstrate the correlation between optical nonlinearities and |∆γ |
along with a large solvent dependence of their electronic structure [113].

A novel supramolecular architecture in which two merocyanine dyes are
assembled in a head-to-tail fashion by multiple hydrogen bonds was recently
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proposed [114]. The strong geometry of the complex 91 leads to diminish-
ing of the propensity towards antiparallel aggregation. The authors intend to
apply this concept to optimized NLO and PR chromophores and to design
self-complementary merocyanine dyes.

4.5
Solar Cells and Hydrogen Energy

Construction of an efficient system for light energy conversion into chem-
ical energy is one of the most important subjects from the viewpoint of
solar light energy utilization. Photocatalytic water splitting into H2 and O2 is
a promising process for solar energy conversion and storage [115–117], but
a satisfactory system workable under visible light irradiation has not yet been
established. As a strategy for effective visible light harvesting, spectral sensi-
tization of wide bandgap semiconductors by dye molecules has been studied
for photocatalytic H2 production from water [118–120]. Abe et al. [121, 122]
reported the dye-sensitized photocatalysts for efficient hydrogen production
from aqueous I– solutions under visible light irradiation. It was found that
hydrogen production with quantum efficiency of ∼2.5% took place using
merocyanine or coumarine dye-sensitized Pt/TiO2 photocatalysts in water–
acetonitrile mixed solutions containing iodide electron donor [123, 124].

Dye-sensitized solar cells based on nano-crystalline TiO2 electrodes have
been investigated since the report by Gratzel and co-workers on attaining
reasonable conversion efficiencies of high intensity solar light into electric
power [125]. Tremendous efforts have been made to improve the conversion
efficiency [126–128], the optimization of cell structures and the reliability of
the cells, though practical uses seem still quite vague. Takahashi et al. re-
ported that when the photosensitizing merocyanine dye NK2097 (92) was
blended into regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT), the per-
formance of the TiO2/P3HT solar cell was remarkably improved, resulting in



Merocyanines: Synthesis and Application 99

0.85% of energy conversion yield under the illumination of simulated sun-
light with 100 mW/cm2 intensity [129].

Recently Matsui and co-workers reported the design of multi-colored solar
cells sensitized with organic dyes using optimized electrolytes and electrodes
with enhanced transparence [130]. The solar cells were assembled using
nano-crystalline TiO2 electrodes adsorbing sensitizing dyes, an electrolyte
consisting of a mixture of iodine and 1-butyl-3-methylimidazolium iodide in
a 0.2 : 10 molar ratio and the counter platinum electrode to give cells bearing
red, purple, blue, green and black colors. The multi-colored solar cells were
connected in series, and the assembly exhibited a 2.1% conversion efficiency
under 100 mW · cm–2 irradiation with a total semiconductor area of 25 cm2.

4.6
Medicine

The development of new synthetic dye agents and advances in dye chemistry
have greatly increased the potential for synthesis of novel drugs based on
dyes and dye-containing compounds with applications in medicine. A series
of voltage-sensitive cyanine dyes including merocyanines have been studied
for the development of methodology for monitoring of multineuronal activ-
ity in the intact central nervous system [131]. The simple in vitro method for
screening of photoelectric dyes towards their use for retinal prostheses has
been proposed [132]. Merocyanine dyes are promising sensitizers in photody-
namic therapy (PDT) of cancer [22, 133–135]. They can selectively inactivate
neoplastic cells (leukemia, lymphoma, neuroblastoma cells) in autologous
bone marrow grafts and also pathogenic viruses in bone marrow and blood
fractions [133, 136–138]. Merocyanines localize mainly in the plasma mem-
brane of tumor cells and most of their phototoxicity is attributed to damage
occurring in this compartment [136].

Actually, the major part of the work has been carried out on one struc-
ture, merocyanine 540 (93, X = O, Y = S). Compound MC540 has been used
in the purging of leukemic cells from autologous bone marrow grafts, but its
use in the photoinactivation of blood-borne enveloped viruses has also been
studied [139]. The chemical structure of MC540 is appealing to the medi-
cinal chemist as it offers much scope for functionalization. Thus, replacing
a ring heteroatom with one of higher atomic number (e.g., oxygen for sulfur,
93, X = Y = S) normally leads to increased singlet oxygen yields [140]—
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the heavy atom effect—though for cyanine dyes these values are usually low
in comparison with, for example, methylene blue. The use of heavy atoms
also stabilizes the polymethine chain to photoisomerization (a major deacti-
vation pathway) [6]. As expected, varying the N-alkyl side-chains in MC540
causes changes in the lipophilicity of the system [139]. Perhaps the main
drawback to the use of merocyanines in PACT (photodynamic antimicrobial
chemotherapy) is the inactivation of such compounds by plasma and serum
components, although recent work has shown that this effect may be inhibited
by the replacement of the ring oxygen with sulfur or selenium [141].

Various derivatives of MC540 of general structure 93 were prepared and
studied as intracellular dyes for PDT. They act as phototoxins to destroy the
host cells under illumination due to the long-lived triplet excited state of the
dye. They display a selective recognition for leukemia cells and have been pro-
posed as reagents for both diagnosis and treatment of early stage leukemia by
PDT [141, 142]. The dominant photoprocess involves isomerization from the
first excited singlet state possessing an all-trans configuration to a long-lived
cis isomer [143].

A large series of various rhodacyanine dyes 94 was synthesized and eval-
uated for their properties such as solubility, stability, and antitumor activ-
ity [29, 30, 144–146]. The main efforts in these works have been focused on
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the structure-activity study of compounds with heteroaromatic substituents
that are conjugated to rhodanine moiety. Rhodacyanine dyes 94 composed of
benzothiazole (A ring) and pyridinium (B ring) with n = 0 have showed the
best activity. The counter-anion had a marked effect on solubility in water,
while it had virtually no effect on the biological properties.

Several new rhodacyanine derivatives were found to possess strong in vitro
activity against Plasmodium falciparum combined with low cytotoxicity [28].
Rhodacyanines were also used in therapy of cancer [147]. In cancer cells, but
not in normal cells, they induce release of wild-type p53 from cytoplasmically
sequestered p53-mot-2 complexes and rescue its transcriptional activation
function.

Würthner and Yao have synthesized and studied various merocyanine
dyes containing imide functional groups on hydrogen bonding to melamine
receptors [43]. They have demonstrated that the triple hydrogen-bonding co-
ordination to ditopic melamine helps dissolve the highly dipolar dye even in
relatively nonpolar solvents, such as methylcyclohexane. On the basis of the
optical properties of the resulting solutions, it was concluded that colloidal
assemblies are formed by supramolecular polymerization through hydrogen
bonding to melamines and dipolar aggregation between the dyes.

5
Conclusions

Merocyanine dyes with nitrogen donor and carbonyl acceptor fragments have
found a wide application in various areas of science and technology, includ-
ing optical and fluorescent sensors, silver halide photography, optical data
storage, and photodynamic therapy. Over the last decade, both the synthetic
potential and application studies have grown significantly.

The synthesis of merocyanines has been reviewed. The combination of
the electron donor and acceptor parts allows the preparation of many mero-
cyanines with various properties. Recent progress in computer science and
nanotechnology have stimulated new investigations, including the studies
of solar and hydrogen energy storage, lasers and biotechnology, non-linear
optics, and new areas of medicine.
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134. Staśkowiak E, Dudkowiak A, Hanyż I, Wiktorowicz K, Fra.ckowiak D (2004) J Photo-

chem Photobiol A 163:127
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Abstract Boron complexes of acyl(hydroxy)coumarins, their acyl(hydroxy)-2-pyrone, and
acyl(hydroxy)-2-quinolone analogs are useful intermediates in the polymethine dyes
synthesis. Such polymethine dyes show strong light absorption and strong fluorescent
emission. Structures and properties of merocyanine forms derived from spiropyrans
(coumarin derivatives) are also discussed. The compounds formed by the condensation
of the indoline derivatives with 3-formyl-4-hydroxycoumarin exist only in open mero-
cyanine forms. The effects of solvent, polymer matrix, and other factors on stability
and color properties of merocyanines (derivatives of coumarino(indoline)spiropyrans)
are summarized.

Keywords Color · Coumarins · Merocyanines · Polymethine dyes · Spiropyranes

1
Introduction

Many coumarin derivatives exhibit strong fluorescence [1]. This feature
makes potential polymethine dyes interesting subjects for many applica-
tions. Few coumarin polymethine dyes were known a decade ago, since the
most important synthetic routes to this class of compounds have been de-
veloped only recently. Sensitivity of the lactone ring to the bases used in
polymethine dyes synthesis strongly hampered the early synthetic efforts.
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However, there are examples of polymethine synthesis under acid cataly-
sis [2, 3]. The use of boron complexes of acyl(hydroxy)arenes provides an-
other convenient way for conducting condensation reactions. These com-
plexes are characterized by high reactivity. For example, the methyl group
in boron complexes of substituted o-hydroxyacetophenones, benzoylacetone,
and acetylnaphthols is readily involved in condensation with carbonyl com-
pounds and their equivalents, and in particular, with aldehydes, formamides,
acetals, orthoesters, and anils [4–7]. The boron complexes procedures of
polymethines have been successfully elaborated for coumarin derivatives and
their analogs. These reactions are reviewed in this survey. Another novel
method for coumarin polymethines preparation is based on spiropyranes
photochromism. Open (merocyanine) forms, which are available by this
method, differ in their stability depending on their structures, solvent, and
polymer matrixes.

2
Boron Complexes of Coumarin Polymethines

3-Acetyl-4-hydroxycoumarin (1), 8-acetyl-7-hydroxy-4-methylcoumarin (2),
and 7-hydroxy-4-methyl-8-propionylcoumarin (3) react easily with boron tri-
fluoride etherate and 1,2-phenylenedioxaboryl derivative (4) to form com-
plexes (5a–d) (Scheme 1) [8, 9].

The structures of the boron complexes were established by 1H and 11B nu-
clear magnetic resonance (NMR) spectroscopy. In the 1H NMR spectra of the
chelates, the signals for the protons of the methyl group of the acetyl fragment
are shifted downfield compared to the signals of the starting acetylhydroxy-
coumarins, due to a lower electron density on the carbonyl oxygen atom.

The 11B NMR spectra of compounds 5a–d show signals for the four-
coordinate boron atom. The mass spectra of all these complexes show mo-
lecular ion peaks as the base peaks (100%). The structure of complex 5a has
been studied by X-ray diffraction method and compared to the data obtained
earlier for 3-acetyl-4-hydroxycoumarin (1) [10–13]. It has been demonstrated
that molecule 1 in the crystal is planar, and the acetyl group is rotated relative
to the 4-hydroxycoumarin fragment by 6.2◦. Complexation of compound 1
with BF3 leads to a pronounced change in the molecular geometry and the
bond lengths in the O–C=C–C(O)Me fragment.

In order to estimate whether a distortion of the boron-containing ring
in complex 5a is a characteristic feature of this compound or is caused by
the crystal packing effects, quantum chemical calculations (B3LYP/6-311G∗)
with the use of the G98W program have been performed [9]. The observed
differences in the geometry of isolated molecule 5a (calculated data) and
the molecule in the crystal (experimental data) are apparently attributed to
both the difference in the degree of distortion of the boron-containing ring
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Scheme 1

and an elongation of the B–O bonds (1.532 and 1.515 Å), which is a general
characteristic of donor-acceptor bonds involving the boron atoms [14, 15].
Therefore, it can be concluded that complexation with the boron atom is ac-
companied by equalization of the C–C and C=O bonds due to delocalization
of π bonds.

Boron complexes 5a,b differ in their hydrolytic stability and reactivity.
Complex 5a is stable during prolonged storage and does not undergo hydro-
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lysis even on refluxing in water in neutral and acidic media. Hydrolysis was
successfully performed only in an aqueous alcoholic solution of sodium car-
bonate, which produced compound 1 in quantitative yield. On the other hand,
the phenylenedioxaboryl derivative 5b is much less stable and is hydrolyzed
in aqueous solution at pH 7. It has been suggested that the high stability of
5a is due to its quasi-aromatic structure, as shown in Scheme 2.

Scheme 2
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Due to high stability of complex 5a to hydrolysis and high proton acidity
of its methyl group, this compound can be used in condensation reactions
with different carbonyl derivatives (Scheme 2) for the polymethine dyes syn-
thesis [16–18].

All these reactions provide dyes in high yield. For example, condensa-
tion of 5a with triethyl orthoformate in acetic anhydride in the presence
of triethylamine furnishes symmetric dye 6 of high purity by direct crys-
tallization from the reaction mixture. In a similar way, the reaction of 5a
with Fisher’s aldehyde 7 in acetic anhydride gives a non-symmetric dye 8.
Condensation of 5a with N,N-dimethylformamide in acetic anhydride pro-
vides highly reactive enamine 9, which undergoes reactions with CH-acids,
such as 1,4-dimethylquinolinium iodide or 1,2-dimethylquinolinium iodide.
Polymethine dyes 10 and 11 have been prepared in good yields using this
approach.

Coumarin polymethine dyes show electronic absorption in the vis-
ible region 500–650 nm with high extinction coefficient ranging from
96 000 M–1 cm–1 to 145 000 M–1 cm–1. These features are comparable to the
absorption characteristics of analogous cyanines and suggest similarity in the
frontier orbitals of these classes of chromophores. The electronic spectrum of
6 is illustrated in Fig. 1.

As shown in Fig. 1, the absorption spectrum of 6 is characterized by a re-
markably narrow band with high extinction coefficient and a vibrational
structure, which are specific for polymethine dyes. Compound 6 and its
analogs are also fluorescent.

Fig. 1 Electron absorption spectrum of compound 6 in ethanol: λmax = 581 nm, ε = 145000
(c = 510×10–5 M)
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In spite of its hydrolytic instability, complex 5b can also be reacted with
triethyl orthoformate to give dye 12 (Eq. 1).

Equation 1

The difluoroboron complexes of polymethine dyes are remarkably stable
when stored in the solid state or in solution in the presence of air. For ex-
ample, no changes were observed for solid samples of 6 and 10 stored under
normal laboratory conditions for several months, and no changes were ob-
served for their solutions in water or aqueous mineral acids heated under
reflux for 1 h.

Scheme 3



Coumarin Polymethines, Their Boron Complexes and Analogs 113

Dyes 13–15 (Scheme 3), obtained by condensation of complex 5a with alde-
hydes possess narrow intensive bands in the region 430–600 nm of electron
absorption spectra and are fluorescent [17, 18]. The condensations were car-
ried out with benzaldehydes, cinnamic aldehydes, and heterocyclic aldehydes
(Scheme 3).

Hydrolysis of boron complexes 13–15 produces the corresponding boron-
free coumarin polymethines. Maxima in the visible absorption spectra (taken
in ethanol) of the compounds 15a–c and the boron-free hydrolysis products
of 15a,b (in parentheses) are as follows: 15a, 527 nm (475 nm); 15b, 500 nm
(453 nm); 15c, 536 nm.

Unlike boron complexes of 3-acetyl-4-hydroxycoumarin 5a,b, complexes
of 7-hydroxy-8-acylcoumarins 5c,d (Scheme 1) are colored and show fluo-
rescence both in solution and in the solid state. In contrast to boron com-
plexes 5a,b, complexes 5c,d are not stable during prolonged storage. Never-
theless, boron complexes 5c,d can be reacted with carbonyl compounds or
their equivalents with the formation of polymethine dyes, such as 16 or 17
(Scheme 4) [16–18].

Scheme 4

The synthesis of a symmetric dye 16 involves condensation of 5c with tri-
ethyl orthoformate. Complex 5d undergoes a reaction with Fisher’s aldehyde
7 to give a non-symmetric dye 17. The hipsochromically shifted absorption of
17 (λmax = 431 nm, ε = 62 000 M–1 cm–1), in comparison to that of its analog
8, is due to the steric hindrance caused by the presence of the methyl group at
the polymethine chain in 17.
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3
2-Pyrone Analogs of Coumarin Polymethines

Boron complexes of similarly substituted 2-pyrone derivatives possess similar
reactivity [19]. The complex 19 has been synthesized from a pyrone 18 in the
same manner as the coumarin analog 5a (Scheme 5).

Scheme 5

The structure of 19 has been studied by X-ray diffraction analysis. In con-
trast to complex 5a, the molecule 19 is planar. The lengths of the two B–O
bonds are similar. In the 1H NMR spectrum of the chelate 19, the signals
for the protons of both methyl groups (acetyl fragment and 6-methyl) are
shifted downfield, compared to the signals of the starting 3-acetyl-6-methyl-
2-oxo-2H-pyran. The shifts (0.20 ppm and 0.14 ppm, respectively) show an
increased CH-acidity of both methyl groups in the complex 19. As a result,
the complex 19 easily undergoes condensations with aldehydes without base
catalysis. These reactions are particularily facile with aromatic and heteroaro-
matic aldehydes containing electron-donating substituents. The synthesis of
dye 20, by the reaction of 19 with aldehyde 21, is shown in Scheme 5 as an
example.

Complex 19 can also be condensed with cinnamic aldehydes. For example,
reaction with 4-dimethylaminocinnamic aldehyde provides dye 22, the subse-
quent hydrolysis of which gives a boron-free dye 23 (Scheme 6).
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Scheme 6

A facile condensation of complex 19 with heterocyclic aldehydes is illus-
trated in Scheme 7.

Scheme 7
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Base-catalyzed condensation of 3-acetyl-6-methyl-2-oxo-2H-pyran with
benzaldehyde has been shown to take place at the 6-methyl group of the
pyran [20]. The more reactive complex 20 undergoes reaction with aldehydes
at the 6-methyl group, even in the absence of a basic catalyst. The synthesis
of a boron chelate 24 by the reaction of 20 with a benzaldehyde 21 is given in
Scheme 8 for illustration.

Scheme 8

The boron chelate 24 has also been synthesized by one-pot condensation of
the complex 19 with two equivalents of 21. A facile hydrolysis of 24 in diluted
alcohol in the presence of sodium carbonate is also shown in Scheme 8.

4
2-Quinolone Analogs of Coumarin Polymethines

Very recently, we have shown that the boron complex 26 of 3-acetyl-4-
hydroxy-1-methyl-2-quinolone (25) can also be utilized in the synthesis of
polymethine dyes (Eq. 2) [21, 22].

The structure of 26 was solved by X-ray diffraction analysis. The introduc-
tion of a boron difluoride fragment into 25 leads to significant equalization of
the lengths of the C–O bonds in the boron-containing ring in the complex 26.
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Equation 2

As in the coumarin and 2-pyrone derivatives, this equalization is due to con-
jugation of π-O and n-O orbitals with vacant B-orbitals in the six-membered
boron-containing ring. The molecule 26 is approximately planar (compared
to 5a), with deviation of atoms (other than H and F) from the molecular plane
not exceeding 0.01 Å.

Complex 26 reacts easily with a variety of carbonyl compounds with the
formation of polymethine dyes. This work is underway in our laboratories.

5
Coumarin Merocyanines Derived from Spiropyranes

5.1
Synthesis and Structure

Indoline spiropyrans, such as A in Eq. 3, and their heteroanalogs are pho-
tochromic compounds [23–32]. The photochromic transition involves a spiro
derivative, such as A, and a merocyanine, such as B. The photoinduced open-
ing of the pyran ring in A is followed by the thermal cis–trans isomerization
of the open form with the formation of colored merocyanine and the sub-
sequent thermal or photochemical recyclization of the open form B to the
starting colorless spiro-compound A.

Equation 3

The important parameters of the photochromicity are the absorption
wavelength of the merocyanine form, the lifetime of this form, and the
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quantum yield of the photoreaction. A change in the structure of the spiro-
derivative exerts a substantial effect on these parameters. Spiropyranes de-
rived from coumarin derivatives are of special interest, because both cyclic
and open merocyanine forms are fluorescent.

The first syntheses of indoline spiropyrans of the coumarin series were
patented nearly 20 years ago [33, 34], but were only recently reported in
periodicals [35–37]. However, at the time, details of the syntheses and iden-
tification of the products were not presented adequately in the literature.
The systematic studies, including the study on the influence of the coumarin
component on the photochromic properties of indoline spiropyrans, have
recently been undertaken in our laboratories. [38–40]. 8-Formyl-7-hydroxy-
4-methylcoumarin and 5-formyl-6-hydroxy-4-methylcoumarin were used as
coumarin components in the synthesis of spiro compounds 27a–e and 28a–c.

Spiropyrans 27 and 28 were synthesized by the Wizinger–Wennig
method [41], which involves the condensation of Fischer’s base (or its substi-

Scheme 9
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tuted analog) with a formylhydroxycoumarin. A unified mechanism for the
synthesis of spiropyrans 27 and 28 is suggested in Scheme 9.

The structures of compounds 27 and 28 have been studied by 1H NMR
and electronic absorption spectroscopy, taking into account that they can
exist in both the cyclic (spiro) and open forms. The high field region of
the 1H NMR spectra of spiropyrans 27 and 28 exhibits two signals from
the magnetically nonequivalent (due to the nonsymmetric spiro atom) gem-
inal Me groups, which indicates the cyclic structure of these compounds.
On the other hand, the analysis of the 1H NMR spectra of compounds syn-
thesized by condensation of 3-formyl-4-hydroxycoumarin and 5-substituted
1,3,3-trimethyl-2-methyleneindolines, showed that these compounds exist in
the open form 30a–d, rather than in the spiro form 29. This conclusion comes
from analysis of the 1H NMR spectra. Thus, the methyl groups in position 3
of the indoline fragment of compound 30 give rise to one six-proton singlet at
δ1.75–1.82. This absorption pattern unambiguously indicates the open form
of these compounds in solution. A rather complicated absorption pattern for
the two protons of the central vinylene group in 30, which is consistent with
the presence of several isomers for these compounds in solution [38].

5.2
Photochromism

The compounds 27a–e in toluene solutions (c = 210×10–4 M) at room tem-
perature exhibit the photochromic properties, which are observed as re-
versible changes in the absorption spectra [39]. For instance, when colorless
solutions of spiro compound 27a are UV irradiated, a maximum at 584 nm
and a shoulder at 620 nm appear in the long wave spectral region (Fig. 2,
curve 1).

The highest values of the photoinduced absorbance are observed for the
substances containing electron releasing substituents in the indoline deriva-
tives 27. In particular, the presence of the methoxy group in the indoline
moiety (compound 27e) results in the greatest increase in the absorption in-
tensity in the long wave maximum of the absorption band (Fig. 2, curve 2).
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Fig. 2 Electron absorption spectra of photoinduced merocyanine form B of compounds
27a (1) and 27e (2) in toluene (c = 210×10–4 M); D denotes optical density

The efficiency of photochromic transformations of compounds 27a–e can
be estimated from a comparison of the kinetic curves of photocolorization
and spontaneous decolorization (not shown). The differences observed in
the photochromic properties can be explained from the dependence of the
kinetics of spontaneous relaxation of the photoinduced merocyanine form
on the nature of the substituent in the indoline fragment. The introduction
of electron releasing substituents increases the lifetime of the photoinduced
form, while the lifetime is decreased with an enhancement of the electron
withdrawing properties of the substituents. This agrees with the earlier re-
vealed dependences of the properties of indoline spiropyrans on their struc-
ture. Electron releasing substituents in the indoline moiety favor the positive
charge delocalization on the nitrogen atom, and the increase in the stability
of compounds in the merocyanine form.

An important property of compounds 27a–e is the fluorescence of their so-
lutions before and after irradiation. A comparison of the fluorescence spectra
of compound 27a before and after irradiation (Fig. 3) shows that the initial
colorless cyclic form of the compound is characterized by the fluorescence
band at 475 nm (Fig. 3, curve 1). Upon UV irradiation of the solution, the
intensity of this band decreases with the simultaneous appearance of a new
fluorescence band with a maximum at 668 nm (Fig. 3, curve 2), which is
caused by the formation of photoinduced colored merocyanine, as follows
from the comparison of the absorption and fluorescence spectra.

Spiropyrans 28a–c are characterized by less pronounced photochromic
changes in solution at room temperature compared to those of compounds
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Fig. 3 Fluorescence spectra of spiropyran 27a in benzene (c = 210×10–3 M) before (1) and
after (2) UV irradiation; I denotes fluorescence intensity in arbitrary units (a.u.)

27a–e. This feature may be related to a sharp shortening of the lifetime of
their photoinduced merocyanine form B (Eq. 3).

Distinct photochromic transformations were detected only for compound
28c. As compared with compounds 27a–e, the absorption maxima of the open
forms of compounds 28a–c are noticeably shifted hypochromically.

Unlike spiropyrans 27 and 28, compounds 30 exist in a stable merocyanine
form B. The narrow shape of the absorption bands in the electronic absorp-
tion spectra of compounds 30a–d with a maximum at 498–500 nm (Fig. 4) is
remarkable. As can be seen, the spectra contain a shoulder in the short wave
region of the major band. The ratio of the intensities of these absorptions
depends on the nature of the substituents at the molecular skeleton of 30.
The intensity of the shoulder increases upon the introduction of electron re-
leasing substituents into the molecule (Fig. 4, curve 2) and decreases for the
electron withdrawing substituents (Fig. 4, curves 3 and 4), compared to the
unsubstituted compound 30a (Fig. 4, curve 1). By contrast, the introduction
of electron acceptors into position 5 of the indoline fragment increases the
intensity of the long wave absorption band. These experimental data may in-
dicate the presence of both monomeric and J-aggregated structures of the
merocyanine forms of compounds 30a–d.

The analysis of the obtained spectral data for compounds 27a,b suggests
that UV irradiation results in the J-aggregation of molecules of the mero-
cyanine form, which is indicated by an increase in the intensities of ab-
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Fig. 4 Electron absorption spectra of solutions of merocyanines 30a (1), 30b (2), 30c (3),
and 30d (4) in chloroform (c = 110×10–4 M)

sorption and fluorescence bands due to the photoinduced increase in the
number of molecules in the merocyanine form. The absorption and fluores-
cence spectra of a more concentrated solution of compound 27a in benzene
(c = 210×10–3 M) are shown in Fig. 5.

Fig. 5 Electron absorption (1, 2) and fluorescence spectra at λexc = 400 nm (3) be-
fore (1) and after (2, 3) UV irradiation of solution of compound 27a in benzene
(c = 110×10–3 M)
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The electronic absorption spectrum of compound 27a before irradiation
(Fig. 5, curve 1) contains the absorption band of the initial spiro-form A in
the UV spectral region and a band in the visible region with a maximum at
565 nm, which most likely belongs, to merocyanine form B of this compound
(Eq. 3). The appearance of the latter band is caused by the partial shift of equi-
librium in concentrated solutions toward the formation of an insignificant
amount of the merocyanine form. UV irradiation of the solution increases the
concentration and, hence, the intensity of the absorption band of merocya-
nine form B (Fig. 5, curve 2). In this case, the absorption band becomes broad
and has two maxima at 575 and 618 nm.

The first maximum is close to the absorption maximum of the merocya-
nine form before irradiation, while the second maximum is shifted toward
the long wave region by approximately 40 nm. As followed from the pho-
toinduced absorption spectra, monomeric compounds and, possibly, dimeric
aggregates are present in the solution along with the J-aggregates. The spec-
tral interval between the long wave absorption maximum and photoinduced
fluorescence maximum (668 nm) (Fig. 5, curve 3) is 50 nm (Stokes shift).
Similar spectral changes are also observed for concentrated solutions of com-
pound 27b in benzene.

It should be mentioned that the efficiency of aggregation of 27 depends on
the polarity of the solvent. For instance, it decreases with an increase in the
solvent polarity as a result of the replacement of benzene (ε = 2.25) by ace-
tone (ε = 20.7). In addition, the aggregation decreases in the presence of the
5-methyl substituent in the indoline moiety compared to that for the unsub-
stituted compound.

Unlike in solution, a polymolecular layer of compound 27a is characterized
by a large Stokes shift of 100 nm (Fig. 6). The spectral characteristics of the
initial and photoinduced forms of compounds 27a,b in polymolecular layers
and the large Stokes shift indicate that the J-aggregation process does not
occur. The molecular packing probably prevents the aggregation of molecules
in the polymolecular layer.

Unlike the indoline spiropyrans discussed above, compounds 30a,b are not
photochromic in solution and in a solid state. The prolonged UV irradiation
or visible irradiation of these compounds and/or heating of their solutions to
65 ◦C did not result in any noticeable spectral changes. The absorption and
fluorescence spectra of compound 30a indicate that the starting solution of
this compound contains J-aggregates. Efficient aggregation is also observed
for merocyanine 30b. The replacement of nonpolar benzene by more polar
acetone broadens the absorption and fluorescence bands, due to the appear-
ance of monomeric and dimeric molecules.

Absorption and fluorescence spectra of the polymolecular layers of com-
pound 30a are shown in Fig. 7. The maxima of the absorption and fluores-
cence bands of this compound virtually coincide, which means that resonance
fluorescence is observed. This feature is a convincing proof for the formation
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Fig. 6 Electron absorption (1, 2) and fluorescence spectra at λexc = 550 nm (3) before (1)
and after (2, 3) UV irradiation of the one-component polymolecular layer (nine mono-
layers), based on compound 27a

Fig. 7 Electron absorption spectrum (1) and fluorescence spectrum (2) of compound 30a
in the polymolecular layer (nine monolayers)

of J-aggregates of molecules of the merocyanine form. The polymolecular
layers of 30a containing J-aggregates were used for studying their nonlinear
optical properties [42].

As can be seen from analysis of the resonance structures of merocyanines
27 and 28 (Scheme 10) and 30 (Scheme 11), the conditions for negative charge
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Scheme 10

Scheme 11

delocalization differ in the fragments of 7-, 6- and 4-hydroxycoumarins. Each
of the open forms (form B in Eq. 3) of compounds 27a–e and 30a–d has three
resonance structures, and only two structures can be found for compounds
28a–c (Eq. 4).

The heat of formation ∆H◦ values for the cyclic (spiro, B) and open (A)
forms of compounds 27a and 28a and merocyanine 30a, which were calcu-
lated by the standard procedure of AM1 calculations, are given in Table 1.
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Table 1 Heat of formation [∆H◦
f (kcal mol–1)] values for the spiro (A) and merocyanine

(B) forms of unsubstituted indoline spirocoumarins

Compound ∆H◦
f (A) ∆H◦

f (B) ∆∆H◦
f

[∆H◦
f (B) – ∆H◦

f (A)]

27a –4.4676 –2.2853 +2.1823
28a +2.0103 +6.0439 +4.0336
30a +0.9123 –8.6327 –9.5450

Equation 4

The results of the calculations show that the 1,3-diketo form of compound
30a is the most stable. It is most likely that its spiro-form of structure 29a
is not formed in the studied temperature interval just for this reason. Fi-
nally, according to the results of calculations, the open form B of 28a is
less stable than its isomeric spiro form A. As can be seen, the heat of for-
mation of open form B of 28a is higher than the heat of formation of
the cyclic form A of this compound. The observed high rates of the ther-
mal decolorization of compounds 28a–c may be due to the discussed fea-
ture. In summary, compounds 27a–e synthesized from 8-formyl-7-hydroxy-
4-methylcoumarin have the most pronounced photochromic properties. The
electron releasing substituents in the indoline fragment of 27a–e increase
and the electron withdrawing substituents decrease the lifetime of the pho-
toinduced form. Spiropyrans 28a–c synthesized using 5-formyl-6-hydroxy-4-
methylcoumarin are characterized by a shorter lifetime of the photoinduced
merocyanine form at room temperature. Under normal conditions, com-
pounds 30a–d based on 3-formyl-4 hydroxycoumarin are not photochromic
and exist in the merocyanine form. According to the quantum chemical cal-
culations, the experimental data can be explained by differences in the nega-
tive charge delocalization in the coumarin fragments of the corresponding
merocyanines.

This stability pattern is also observed for dyes 31 and 32, which are deriva-
tives of benzothieno[3,2-b]pyrrole. Only the open (merocyanine) forms 31
and 32 have been found [43].
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5.3
Coumarin Merocyanines in Polymeric Matrices

The photoinduced merocyanine forms of spiropyrans 27 are more stable in
polymeric matrices of poly(methyl methacrylate) than in solution [40]. In
particular, UV irradiation of spiro compound 27e results in the appearance
of a broad absorption band at 594 nm for the photoinduced merocyanine
form, the intensity of which increases with an increase in the duration of
UV irradiation. Similar results were obtained for compounds 27b,c. On the
other hand, the photoinduced merocyanine form of the nitro derivative 27d
shows two absorption maxima at 574 nm and 599 nm. Overall, the absorption
for the photoinduced form of the nitro derivative 27d is much broader than
the absorption of the open forms of 27a–c, especially in comparison to the
absorption band of the methoxy derivative 27e. The increase in the absorp-
tion intensity in the long-wavelength region of the photoinduced absorption
band of 27d in poly(methyl methacrylate) is apparently due to J-aggregation
of the merocyanine form [44]. Irradiation of the merocyanine forms with
a visible light causes photobleaching, which is a result of the formation of
the spiro forms. This effect is illustrated in Fig. 8 for the transformations
of 27a.

At ambient temperatures in the dark, the merocyanines derived from 27a–
c undergo spontaneous transformation into the initial spiro form. However,
unlike the fast processes in solution of tens of seconds [39], the sponta-
neous dark bleaching in a polymer matrix lasts for tens of minutes [40]. In
addition, the process in the solid state is not exponential [45]. The com-
parison of the times of thermal bleaching corresponding to the sponta-
neous twofold decrease in the photoinduced absorbance suggests that the
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Fig. 8 Electron absorption spectra of compound 27a in block poly(methyl methacry-
late) before UV irradiation (1), after UV irradiation (810 s) (2), and after visible light
irradiation for 20.5 (3) and 35.5 min (4)

rate of thermal bleaching decreases with an increase in the electron–donor
ability of substituents in the indoline system, as for solutions of these
compounds.

Photochromic compounds 27a–c in the polymeric matrices exhibit pho-
toinduced fluorescence (Fig. 9), which is due to the formation of the pho-
toinduced merocyanine form [29, 46, 47]. The Stokes shift for the methoxy-
substituted compound 27e under these conditions is 55 nm. By contrast, the
Stokes shift for the nitro derivative 27d in the poly(methyl metacrylate) film
is only 5 nm.

Compounds 30a,b, both in polymeric matrix and in solution [40], ex-
hibit no photochromic transformations. As already mentioned, they exist in
the fluorescent merocyanine form. The absorption and fluorescence spectra
of dye 30b in the polymer matrix are shown in Fig. 10 for illustration. The
Stokes shift of 38 nm for this compound is smaller than those for other pho-
tochromic analogs discussed above.

The strong fluorescence of the merocyanine dyes in polymer matri-
ces is mimicked in their non-covalent complexes with proteins. Some of
the coumarin polymethines have been studied for interaction with protein
bovine serum albumin. For example, fluorescence of compounds 6 and 8 is
increased about 1200-fold and 2500-fold, respectively, in the rigid complex
with the protein, in comparison to fluorescence intensity of these dyes free in
solution.
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Fig. 9 Electron absorption (1) and fluorescence (2) spectra upon irradiation (420 nm) of
the photoinduced merocyanine form of compound 27e in the poly(methyl methacrylate)
film

Fig. 10 Electron absorption (1) and fluorescence (2) spectra of the merocyanine form of
non-photochromic compound 30b in the poly(methyl methacrylate) film
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Abstract Squarylium dyes, first synthesized in the 1960s, consist of an oxocyclobuteno-
late core with aromatic or heterocyclic components at both ends of the molecule.
As squarylium dyes show intense absorption and often fluorescence emission, they
have attracted much attention from the viewpoint of technological applications. Efforts
have been made to develop new synthetic methods for constructing squarylium-based
chromophores. Here novel synthetic protocols for construction of novel squaryliums
and related chromophores are reviewed. The present chapter starts with modifi-
cation of squarylium dyes affording amino- and dithio-substituted dyes, and then
the synthesis of unsymmetrical squarylium dyes is introduced. The syntheses of
methine- and arene-bridged bis-squarylium dyes are next reviewed, and the bisquaryl-
based analogues are also discussed. Applications of squarylium dyes and related
compounds are discussed, including xerographic devices utilizing photoconductive
properties of squarylium dyes, photovoltaic devices employing the dyes as photo-
sensitizers, and biolabeling and chemosensory materials for analytical uses. Low
band-gap electroconductive materials are available by polymerization of squarylium
skeletons. As a future aspect, supramolecular systems based on squaryliums are also
introduced.
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1
Introduction

The chemistry and industrial use of synthetic organic dyes started in the
19th century, and numerous classes of dyes and pigments have so far been
investigated. Polymethine dyes have seldom been used for dyeing purposes
due to low photo and chemical stability. However, they have been practically
used as photosensitizers in photography [1]. Thereafter, the development of
optoelectronics has brought about great demand for various types of dyes
with suitable optical properties for device performances. In particular, op-
tical recording technology using diode lasers such as Ga-Al-As (emission
at 780 nm) and YAG (emission at 1064 nm) facilitated investigation of new
π-based structural backbones because of needs of near-infrared (NIR) light
absorbers [2]. Nowadays, polymethine dyes are placed at the center of stud-
ies on functional organic dyes and have also been receiving much interest
as advanced materials for applications to optical recording media, sensitizers
of inorganic semiconductors for photography and photoenergy conversion,
and display devices, among others [3–7]. They have also been employed as
colorimetric and fluorometric labeling reagents in clinical and bioanalytical
fields [8].

Squarylium dyes, which are often called squaraines, possess polymethine
structures and are occasionally classified as cyanine dyes. They exhibit in-
tense light absorption and sometimes fluorescence emission, similar to cya-
nine dyes. There is, however, an important difference between the electronic
structures of cyanine and squarylium dyes (Fig. 1). As already discussed in
Chap. 1, the cyanine dye is cationic and its two terminal nitrogen atoms are
linked by an odd number of methine carbons. One of the nitrogen atoms
is a positively charged iminium, and the other is an amine. Thus, the cya-

Fig. 1 Resonance structures of typical squarylium dyes
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nine dye has a push–pull electronic conjugation structure which enhances
the electronic transition dipole. As shown in Fig. 1a, the squarylium dye
also consists of the polymethine structure with amine and iminium termi-
nals, and this is the reason why squarylium dyes are sometimes classified
as cyanines. However, the squarylium dye has an oxocyclobutenolate core,
affording a neutral, zwitterionic structure that is often represented by a res-
onance structure with a cyclobutenediyliumdiolate core (Fig. 1b). As the cen-
tral four-membered ring intensely pulls the electrons, the squaryliums have
a donor–acceptor–donor charge transfer structure. Therefore, the squarylium
dyes should be classified as compounds that are different from the classical
cyanine dyes.

Squarylium dyes are generally stable, and heterocyclic or aromatic com-
ponents introduced at the both ends result in various optical properties.
Recently, they have received increased attention from scientific as well as
technological viewpoints. In the present chapter, new aspects in squarylium
chemistry are reviewed, especially focused on the syntheses and technological
applications. We start with the conventional synthesis of squarylium dyes
because the historical aspect is necessary to see how the syntheses of squaryli-
ums and related compounds have been developed. We next discuss the syn-
theses of unsymmetrical squarylium dyes, and then move to the syntheses of
various squarylium analogues. The optical properties are also shown. We also
review the recent development of technological applications of squarylium
dyes. The potential application of squarylium dyes in supramolecular systems
is also an area of focus.

2
Synthesis and Optical Properties of Squarylium Dyes

2.1
Conventional Synthesis of Squarylium Dyes

The first synthesis of squarylium dyes was reported by Treibs and Jacob in
1965 (Scheme 1) [9, 10]. The condensation of squaric acid (3,4-dihydroxy-3-
cyclobutene-1,2-dione) with two equivalents of electron-rich aromatics such
as α-unsubstituted pyrrole and phloroglycinol (1,3,5-trihydroxybenzene)
under acidic conditions yielded the squarylium dyes 1 and 2, respectively.
Similar reactions producing a series of azuleno-squarylium 3 and anilino-
squarylium 4 were reported by Sprenger and Ziegenbein [11, 12]. They used
condensation of nucleophilic aniline or azulene derivatives with squaric acid
in a 1-butanol-benzene mixed solvent with azeotropic removal of water.
These conditions were used afterwards as a generic synthetic protocol to pre-
pare squarylium dyes. The proposed reaction mechanism in the squarylium
synthesis has been discussed by Sprenger and Ziegenbein in their review
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Scheme 1

(Scheme 2) [13]. The condensation starts with the nucleophilic attack of the
aromatic molecule (Ar–H) on the carbonyl carbon of the half ester of squaric
acid, and the elimination of the alcohol affords a mono-substituted squaric

Scheme 2
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Table 1 Electronic absorption data of the squarylium dyes 1 and 3–8

Compound Solvent λmax (nm) ε (M–1 cm–1) Refs.

1 CHCl3 550 230 000 [9, 10]
3a CHCl3 680 110 000 [11]
3b CHCl3 770 132 000 [11]
3c CHCl3 720 – a [11]
4a CHCl3 (CH2Cl2) b 628 (627) b 309 000 b [12]
4b MeOH 640 – a [12]
4c CHCl3 624 – a [12]
4d MeOH 621 – a [12]
5 CHCl3 630 (633) b 321 000 c [14]
6 CHCl3 670 (667) c 160 000 d [14]
7 DMF 678 – a [14]
8 CHCl3 730 – a [14]

a No data is listed in the literature
b Data from [15]
c Data from [16]
d Data from [17]
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acid as an intermediate product. The subsequent reaction of another aromatic
molecule followed by removal of a water molecule gives a squarylium dye.
Although this mechanism has not been experimentally verified, the synthe-
sis of unsymmetrical squarylium dyes, as discussed later, is fully consistent
with this pathway. As summarized in Table 1, the representative squarylium
dyes are colored blue to green, and their molar absorptivities can be as large
as those observed for cyanine dyes.

Fig. 2 Electronic absorption spectra of squarylium dyes in CHCl3 at ambient temperature;
a 4e and b 5: R = C2H5
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It did not take long to find that it is possible to prepare squarylium dyes
with heterocyclic components in addition to those with electron-rich aro-
matic moieties. Sprenger and Ziegenbein reported the synthesis of a series of
squarylium dyes 5–8, where the corresponding heterocyclic quaternary salts
with an activated methyl group 9–12 were used as starting materials [14].
Elimination of a proton from the methyl group is essential to convert the qua-
ternary salts to the nucleophilic enamines, and quinoline was added to the
reaction mixture to facilitate the enamine formation. Light absorption prop-
erties of these squarylium dyes depend on the constituent heterocycles, as
summarized in Table 1. The absorption maxima range from 630 to 730 nm,
and their solutions are deeply colored. As an example, the electronic absorp-
tion spectrum of 5 (R = Et) is shown in Fig. 2 together with that of the
anilino-squarylium dye 4e.

2.2
Unsymmetrical Squarylium Dyes

Although the synthetic protocol for symmetrical squarylium dyes was de-
veloped as early as the 1960s, the methodology could not be applied nor
modified to the preparation of unsymmetrical squarylium dyes. Only two
decades later in the 1980s did Law and Bailey report a rational approach to
the synthesis of unsymmetrical squarylium dyes (Scheme 3) [18, 19]. Thus,
the organic salt consisting of a mono-substituted squaric acid and an aniline
derivative was heated in 2-propanol containing a small amount of tributyl or-
thoformate (method A) or in a 1-butanol/benzene mixture (method B). As can

Scheme 3
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Table 2 Structures and electronic absorption data in CHCl3 of the squarylium dyes 13–15
(data abstracted from [19])

Compound R1 R2 λmax (nm) log εa

13a 578.8 5.37

13b 563.6 5.20

13c 583.5 5.32

13d 581.1 5.40

13e 583.6 5.23

14a 587.0 5.34

14b 572.1 5.20

14c 592.4 5.35

14d 590.6 5.32

14e 582.4 5.08

15a 583.1 5.39

15b 562.4 5.12

a ε in [M–1 cm–1]
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be seen from the mechanistic Scheme 2, the monosubstituted squaric acid was
postulated previously to be an intermediate product in the synthesis of sym-
metrical dyes. Thus, it is reasonable to employ mono-substituted squaric acid
as a dye precursor for the preparation of unsymmetrical dyes. It should be
noted, however, that the mono-substituted squaric acid was not derived from
squaric acid by Law and Bailey. They prepared the precursors by the [2 + 2]
cycloaddition reaction of tetraethoxyethane with arylacetylchloride accord-
ing to the method reported by Belluš [20]. Three precursors were reported,
which were allowed to react with a series of substituted anilines to afford the
squarylium dyes 13–15. The structures and optical properties are listed in
Table 2. The yields of the squarylium dyes obtained by either method ranged
from 32% to 87%. These were the first examples of the synthesis of squarylium
dyes without using unsubstituted squaric acid as a starting material.

Mono-substituted squaric acids are key precursors for the synthesis of un-
symmetrical squarylium dyes. The first preparation of an aryl-substituted
squaric acid derivative was described by Green and Neuse. They reacted
benzene with 3,4-dichloro-3-cyclobutene-1,2-dione in the presence of AlCl3
and obtained 3-chloro-4-phenyl-3-cyclobutene-1,2-dione [21]. Thereafter,
this type of reaction was found to occur without any Lewis acids when
electron-rich aromatic compounds were employed [22]. The obtained squaryl
chlorides were easily hydrolyzed under acidic conditions to afford the mono-
substituted squaric acids. As the dichloride of squaric acid is easily ob-
tained by the reaction of squaric acid with SOCl2 [23], this is a versatile
method for preparing the precursors for unsymmetrical squarylium dyes.

Scheme 4
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Table 3 Structures and optical data in CHCl3 of the unsymmetrical squarylium dyes 19–24
(data abstracted from [24])

Compound R1 R2 Yield (%) λmax (nm)
(log(ε/M–1 cm–1))

19 58 729 (4.92)
794 (5.03)

20 20 712 (4.99)
782 (5.18)

21 71 751 (4.92)
821 (4.96)

22 19 725 (5.01)
800 (5.10)

23 55 720 (4.97)
774 (5.00)

24 73 682 (5.02)
739 (4.98)

Yagi and Nakazumi prepared a series of unsymmetrical squarylium dyes
using the precursors 16–18 shown in Scheme 4a [24]. This method is applica-
ble to the synthesis of the mono-substituted squaric acid with a heterocyclic
component. For example, the reaction of the indolenine-derived enamine
with squaryl dichloride followed by acidic hydrolysis yielded the precur-
sor 18. Using this protocol, one obtains various NIR-absorbing dyes 19–24
which consist of a squarylium skeleton with an aromatic-heterocycle or
a heterocycle-heterocycle combination (Scheme 4b). The structures and op-
tical data of 19–24 are summarized in Table 3. Employing the benzindolium
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Fig. 3 Molecular structure of the squarylium dye 21. One water and 0.5 benzene molecules
are included in a unit cell. Hydrogen atoms are omitted for clarity

Scheme 5
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and benzopyrylium salts afforded large π-conjugation systems exhibiting low
energy gaps of electronic transition. This feature is consistent with the X-
ray crystallographic analysis of 21, which shows a highly planar structure
of the π-electron system (Fig. 3). In contrast to the single absorption band
of symmetrical dyes, the unsymmetrical dyes 19–24 show two broadened
absorption bands. Indeed, the introduction of aromatic or heterocyclic com-
ponents with different electronic contributions to the chromophoric system
should result in two or more electronic transitions with different energy-gaps,
as observed.

Unsymmetrical squarylium dyes were also reported by Terpetschnig and
Lacowics (Scheme 5), who employed diethyl squarate as a starting mate-
rial [25, 26]. Similar to 3,4-dichloro-3-cyclobutene-1,2-dione, the squarate
was reacted with quaternary heterocyclic salts to afford the compounds
25a–c, which were converted to 26a–c by hydrolysis under basic conditions.
The unsymmetrical squarylium dyes 27 and 28 were prepared by conden-
sation of 26 with a series of quaternary heterocyclic salts. In the prep-
aration of the quinaldine-based unsymmetrical squarylium dyes without
a hydrolysis step, as reported by Ramaiah et al. [27], the mono-substituted
squarate 29 was employed as a dye precursor (Scheme 6). In this case, it
appeared that the substituent at the 6-position significantly affected the re-
activity of the squarate 29. As shown in Scheme 6, the reactions of the
6-hydroxy- and 6-iodo-2-methylquinaldiniums with 29 were examined, and
the reaction of the former compound did not afford any squarylium dyes,
whereas the reaction of the latter compound yielded the unsymmetrical
squarylium dye. It was also found that the reaction of squaric acid with
the 2-methylquinaldinium with an electron-withdrawing substituent at the
6-position (X = H, Br, I, NO2 or CN) yielded a squarylium dye, whereas
the reaction with the 2-methylquinaldinium substrate with an electron-

Scheme 6
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Scheme 7

donating substituent (X = OH or OEt) afforded only a squarate (half-dye)
(Scheme 7).

2.3
Modification of Squarylium Dyes

In order to develop new squarylium-based chromophores, introduction of
hetero atoms such as nitrogen and sulfur in the central four-membered
ring in place of oxygen has been examined. Kim et al. synthesized the
aminosquarylium dyes 31, as shown in Eq. 1 [28]. The key starting material
was the aminosquarate 30 which was prepared by the reaction of a dialkyl

Equation 1

squarate with a primary amine. Then, condensation of 30 with 1-ethyl-2,3,3-
trimethylindolium iodide afforded the aminosquarylium derivatives 31 in
9–15% yield. These dyes possess a cationic chromophore like a cyanine dye,
with the light absorption maxima ranging from 650 to 653 nm in CHCl3,
which is somewhat red-shifted compared to the absorption of indolino-
squarylium dye 5. In the IR spectrum, the aminosquarylium 31 exhibits
absorption at 1730 cm–1. Squarylium dyes usually exhibit the C=O stretching
vibration at ca. 1600 cm–1 showing significant delocalization of the π-system
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in the cyclobutene core, and such a conjugated double bond character has
been indicated by X-ray crystallographic analyses [29, 30]. Therefore, the
result from the IR spectra of the aminosquarylium dye indicates the exis-
tence of the localized double bond in the central four-membered ring. Kim
et al. also reported that the photostability of 31 under exposure of a high-
pressure Hg lamp was improved by the counter anion exchange from iodide

Scheme 8

Table 4 Electronic absorption data of the squarylium derivatives 32–35 (data abstracted
from [31])

Compound X λmax (nm) a log(ε/M–1 cm–1)

32a S 650 5.24
32b Se 665 5.49
32c CH=CH 707 5.39
33a S 632 5.27
33b Se 647 5.28
33c CH=CH 671 5.62
34a S 659 5.23
34b Se 674 5.26
34c CH=CH 707 5.43
35a S 668 5.27
35b Se 686 5.22
35c CH=CH 719 5.55

a Data obtained in MeOH/CH2Cl2 (99/1, v/v)
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to a bis(dithiolate)copper(II) anion. Nevertheless, the aminosquarylium dyes
are photochemically less stable than squarylium dyes.

An improved synthesis of aminosquarylium dyes involves methylation of
the oxygen atom in the cyclobutene core of the squarylium dye 32 followed by
nucleophilic displacement of the resultant methoxy group in the intermediate
product 33 by a primary or secondary amine, as shown in Scheme 8 [31]. The
yields of the methylation steps were 76–95%, and the aminosquarylium dyes
34 and 35 were obtained from the corresponding squarylium dyes in overall
yields of 44–89%. Optical properties of the dyes 32–35 are listed in Table 4.

Synthesis of a dithiosquarylium analogue 36 by the reaction of the cor-
responding squarylium dye with the Lawesson’s reagent or P4S10 was also
reported by Kim et al. (Eq. 2) [32]. The dye 36 exhibits red-shifted elec-
tronic absorption by 27 nm in comparison to absorption of the correspond-
ing squarylium dye. The shape of the absorption is similar to that of the
squarylium, showing a large and narrow band. The molecular structure of 36
was confirmed by X-ray crystallographic analysis [33].

Equation 2 Method A; Lawesson’s reagent/HMPA, reflux. Method B; P4S10/pyridine, reflux

2.4
π-Extended Squarylium Dyes and Analogues

From the technological viewpoint, color tuning of dyes has been an important
objective because the absorption properties of the dyes involved in photonic
and optoelectronic devices are closely related to the light sources in deter-
mining the device performance. In particular, the design of NIR-absorbing
chromophoric systems is of immense current interest because the inexpen-
sive Ga-As-Al diode lasers are used as light sources in applications such as
xerography, optical recording, and sensory devices. In the present section,
construction of extended π-conjugation systems using squarylium-based
chromophores is reviewed. Using a variety of starting materials with large π-
conjugation structures and taking into account reactivity of a squarylium dye
enables us to design novel NIR-absorbing chromophores.

In order to obtain π-extended electronic structures, stilbenoid compounds
have been used as starting materials. The stilbenoid substrates are available
employing Wittig-type reactions. Meier and Dullweber prepared the stilbene-
derived squarylium dyes 37–42 (Eq. 3), the absorption maxima of which
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Table 5 Structures, yields, and electronic absorption data of the squarylium derivatives
37–42 (data abstracted from [34])

Compound R1 R2 R3 Yield (%) λmax (nm) a

37 H OC6H13 H 33 714
38 H OH H 49 696
39 OC6H13 OC6H13 H 28 730
40 OC6H13 H OC6H13 16 680
41 OC6H13 OC6H13 OC6H13 20 727
42 OC6H13 OMe OC6H13 21 735

a Data obtained in CHCl3

ranged from 680 nm to 735 nm in CHCl3 solutions (Table 5) [34]. Meier et al.
also prepared dendric molecules of the stilbenoid-based squaryliums 43–47,
achieving construction of chromophoric assemblies with large light absorp-
tivity [35]. It is interesting to note that the stilbene-linked bis-squarylium dye
43 exhibits the electronic absorption maximum at 778 nm, which matches the
output of the commercial Ga-As-Al diode laser.

Equation 3

The stilbenoid-based squarylium dye with electrochromic activity 48 was
reported by Ajayaghosh et al. [36]. The dye 48 can be oxidized to the radical
cation and dication and reduced to the radical anion. The electrochemical in-
terconversion occurs reversibly. The dye exhibits absorption at 678 nm, and
upon the one-electron oxidation, it shows NIR absorption bands at 1000 and
1600 nm. Further oxidation leads to disappearance of these absorption bands,
and new light absorption appeared at 850 nm, assignable to the electronic ab-
sorption of the dication of 48. On the other hand, significant bleaching of the
absorption of the neutral dye occurs upon one-electron reduction.
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The unique cationic squarylium analogue 49 was synthesized by Nakazumi
et al. [37]. The cationic dye 49a was produced by the reaction of 1-butyl-
2-benzothiazolium iodide with squaric acid under azeotropic conditions
(a 1-butanol/benzene mixture, reflux) (Scheme 9). This dye is deeply colored,
exhibiting an intense absorption band in the NIR region (λmax = 797 nm,
log ε = 5.44, in CHCl3). By anion exchange with tetraphenylborate BPh4

–,
a single crystal suitable for X-ray crystallographic analysis was obtained and,
thus, the molecular structure of the dye 49b was confirmed (Fig. 4). The
π-conjugation system is extended from one benzothiazolino-squaryl moiety
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Scheme 9

Fig. 4 Molecular structure of the cationic squarylium analogue 49b. Hydrogen atoms and
tetraphenylborate anion are omitted for clarity

to the other via the central methine carbon with the help of intramolecular
hydrogen bonding. On the other hand, the central benzothiazolium subunit is
barely involved in the π-conjugation because the dihedral angle between the
carbon-bridged bis-squarylium subunit and the benzothiazolium subunit is
62.5◦. Upon treatment of 49a with sodium hydroxide, a di-zwitterionic neu-
tral dye was obtained (not shown).

A series of unsymmetrical analogues of the cationic dye 49 was pre-
pared by the reaction of the benzothiazolino-squarylium dye 6 with mono-
substituted squaric acid derivatives 50 or 52 (Eqs. 4 and 5) [38]. Two methods
were examined for the dye preparation. The precursors 50a and 50b were
allowed to react with the squarylium dye 6 under azeotropic conditions
(a 1-butanol/benzene mixture, reflux) in the presence of HI, yielding the
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cationic dyes 51a and 51b in 72% and 35% yields, respectively, as iodides
(method A). In method B, the diethyl squarates 52a–c were used as the start-
ing materials. The unsymmetrical dyes 53a–c were obtained as tetraphenyl-
borates in yields of 10–17% after anion exchange. The dyes 51 and 53 exhibit
NIR absorption in the range from 771 nm (log ε = 5.02) for 51a to 815 nm
(log ε = 5.43) for 51b. In the 1H NMR spectra of these dyes, the signal of the

Equation 4

Equation 5
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OH proton is observed at δ18–19, indicating that the OH group is involved in
hydrogen bonding. Thus, the intramolecular hydrogen bonding should keep
high planarity of the bis-squarylium π-conjugation system.

Related dyes 54a–c were reported by Yagi and Nakazumi (Eq. 6) [39].
These dyes were obtained in 3–10% yields by the reaction of an anilino-
substituted squaric acid with an excess of tributyl orthoformate in 2-propanol
under reflux. In comparison with the cationic dyes 51 and 53, the dyes 54
are neutral. The structure of 54a was confirmed by X-ray crystallographic
analysis (Fig. 5), where the methine-bridged bis-squarylium skeleton shows
high planarity, indicating an extensively π-conjugated structure. Intramolec-
ular hydrogen bonding bridging the squaryl moieties was also found, and this
noncovalent interaction was also indicated in solution by 1H NMR spectrum
showing a large downfield shift of the OH proton to ca. δ19. The unique elec-
tronic structure of the dyes 54 is reflected in the intense light absorption in
the NIR region.

Equation 6

Fig. 5 Molecular structure of the neutral squarylium analogue 54a
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2.5
Bis-squarylium Dyes

Yagi and Nakazumi reported the synthesis of a series of arene-bridged
bis-squarylium dyes [40–42] (Scheme 10). The key substrates are arene-
bridged bis-squaric acids, which react with hetrocyclic quaternary salts at
both squaric acid moieties. These compounds are available, employing the
palladium-promoted cross-coupling reaction of tributylstannylsquarate with
dihalogenated arenes followed by hydrolysis. This Stille-type reaction has
been developed by Liebeskind [43]. As shown in Scheme 10, the m- and
p-phenylene-bridged and 4,4′-biphenylene-bridged bis-squaric acids 55a–c

Scheme 10
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were prepared and allowed to react with a series of heterocyclic quater-
nary salts under typical conditions for squarylium synthesis to yield bis-
squarylium dyes 56–59 [40]. The yields and optical properties of the ob-
tained dyes are summarized in Table 6. The optical properties depend on the
spacer, with the electronic absorption maxima in CHCl3 solution ranging
from 543 nm to 768 nm. The p-phenylene-bridged dyes exhibit more red-
shifted absorption and large molar absorptivity (log ε > 5.0) relative to the
m-bridged dyes. The X-ray diffraction analysis of the dye 56a is shown in
Fig. 6. The structure is planar with the π-conjugation system extended over
the whole molecule. The possible resonance structure of the p-phenylene-
bridged dye 56a is shown in Scheme 11a, where the π-conjugation is ex-
tended across the phenylene spacer. On the other hand, the m-bridged dye
56b exhibits blue-shifted absorption relative to the p-bridged analogues. This
hypsochromic effect of 127–198 nm is explained by the resonance structures
shown in Scheme 11b, where the π-conjugation is terminated at the central
phenylene moiety. The bathochromic shifts in the biphenylene-bridged dyes
56c and 57c relative to the m-bridged dyes 56b and 57b are modest because
the biphenylene spacer is not planar, partially inhibiting π-conjugation. The
fluorescence emission properties of 56–59 were also investigated. Some com-

Table 6 Yields and electronic absorption and emission data of squarylium analogues
56–59 (data abstracted from [40])

Compound Yield (%) λmax (nm) λem (nm)
(log ε) a (relative intensity)

56a 75 699 (5.25) 714 (126)
635 (4.93)

56b 22 572 (5.27) 587 (56)
535 (4.87)

56c 45 618 (5.28) 656 (226)
57a 90 685 (5.28) 706 (206)

623 (4.99)

57b 30 543 (5.15) 586 (34)
479 (4.71)

57c 60 609 (5.01) 651 (157)
58a 8 704 (5.29) 736 (77)

641 (4.98)

59a 8 768 (5.13) 809 (15)
692 (4.80)

59b 12 570 (5.30) 571 (3.4)
4e 640 (5.50) 667 (2000)

a ε in M–1 cm–1
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Fig. 6 Molecular structure of the bis-squarylium dye 56a

pounds show emission in the visible-to-NIR regions (571–809 nm), although
the intensity is lower than that of the dye 4 (Table 6).

Yagi and Nakazumi also employed polycyclic arene spacers such as an-
thracene and pyrene to prepare bis-squarylium dyes 60–63 [41, 42]. The
anthracene- and pyrene-bridged dyes 60 and 61 have lower energy gaps of the
electronic transitions compared to the phenylene- and biphenylene-bridged
dyes with the same heterocyclic components (56a and 56c, respectively)
and, as a consequence, exhibit absorption maxima in the NIR region with
the absorption bands broadened. The absorption maxima of the reference
squarylium dyes 64 and 65 are significantly blue-shifted compared to the cor-
responding bis-squarylium dyes. Thus, the anthracene and pyrene spacers
give rise to extension of the π-conjugation system over the whole molecule.

In further development of the bis-squarylium dyes, the thiophene-bridged
dyes 66–68 were investigated. Their optical properties are summarized in
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Scheme 11

Table 7. It is interesting to note that the mono-thiophene-bridged dyes ex-
hibit electronic absorption in the NIR region in spite of relatively short π-
conjugation of the thiophene. As the number of the thiophene unit increases,
the absorption maxima shift hypsochromically. This can be explained in
terms of the inhibition of the π-conjugation by non-planarity of the thio-
phene subunits, as mentioned for the biphenylene-bridged dyes 56c and 57c.

2.6
Squarylium Analogues Derived from Bisquarate

As shown in Sect. 2.3, modification of the central 4-membered ring of
squarylium dyes results in variation of optical properties. Nakazumi and Yagi
reported the preparation of a series of new squarylium analogues 70–73 by
employing bisquarate in place of squaric acid [44] (Scheme 12 and Table 8).
The preparation of isopropyl bisquarate 69 was reported by Liebeskind
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et al. [45] by a coupling reaction of isopropyl tributylstannylsquarate with
chlorosquarate in the presence of a palladium catalyst. An attempted reaction
of bisquaric acid, obtained by hydrolysis of 69, with heterocyclic enamines
was not successful, whereas the condensation of the bisquarate 69 with a het-
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Table 7 Electronic absorption data of the squarylium homologues 66–68

Compound λmax (nm) (log ε) a

66a 785 (5.4), 708 (5.0)
66b 771 (5.1), 705 (5.0)
66c 735 (5.1), 695 (5.1)
67a 772 (5.2), 696 (4.8)
67b 725 (4.9), 687 (5.0)

67c 717 (5.0), 784 (5.0)
68a 807 (5.4), 728 (5.0)

a ε in M–1 cm–1

Scheme 12

erocyclic quaternary salt in the presence of triethylamine yielded squarylium
analogues 70–73 in 36–67% yields. The structure of the bisquarate-based dye
70 was confirmed by X-ray crystallographic analysis (Fig. 7). Spectral data for
70–73 are given in Table 8.

The preparation of unsymmetrical derivatives of this class was achieved by
using mono-substituted bisquarates (Scheme 13). Typical synthesis is shown in
Scheme 13. The reaction of 3,4-dichloro-3-cyclobutene-1,2-dione with 1-butyl-
2,3,3-trimethylindolium followed by a palladium-promoted cross-coupling re-
action of the resultant product with isopropyl tributylstannylsquarate afforded
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Table 8 Structures, yields, and electronic absorption data in CHCl3 solutions of the sym-
metrical dyes 70–73 (data abstracted from [44])

Compound R Yield (%) λmax (nm) (log(ε/M–1 cm–1))

70 39 657 (4.87)
601 (4.73)

71 67 653 (4.92)
595 (4.73)

72 41 692 (5.04)
628 (4.79)

73 36 757 (5.14)

682 (4.76)

Fig. 7 Molecular structure of the bisquarate-based squarylium analogue 70. Hydrogen
atoms are omitted for clarity

the intermediate bisquarate 74a. The subsequent reaction of 74a with 1-butyl-
2-methylbenzothiazolium iodide in the presence of triethylamine yielded the
unsymmetrical bisquarate-based dye 75a. Employing 1-butyl-2-methyl and 1-
butyl-4-methylquinolinium salts yielded 75b and 75c, respectively (Table 9).
Aniline derivatives 74b–d were also used to obtain the unsymmetrical dyes 76–
78. These dyes are characterized in Table 9. The absorption maxima of these
unsymmetrical dyes varied from 640 nm to 705 nm in CHCl3. The λmax of the
unsymmetrical dye is an averaged value of the absorption bands of the symmet-



160 S. Yagi · H. Nakazumi

Scheme 13

rical dyes possessing the corresponding aromatic or heterocyclic components.
For instance, the value of λmax of 75c (705 nm) is approximately half of the sum
of 657 nm for 70 and 757 nm for 73. Thus, it is possible to predict absorption of
the bisqurate-based dyes without using theoretical methods.

3
Applications of Squarylium Dyes

3.1
Squarylium Dyes as Photo-conducting Materials

As copying and printing technology has evolved, organic photoconductive
materials have received much attention as xerographic photoreceptors. The
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Table 9 Structures, yields, and electronic absorption data in CHCl3 solutions of the un-
symmetrical dyes 75–77 (data abstracted from [44])

Compound R1 R2 Yield (%) λmax (nm)
(log(ε/M–1 cm–1))

75a 70 653 (5.01)
598 (4.85)

75b 50 672 (5.02)
613 (4.82)

75c 50 705 (5.10)
641 (4.82)

76a 38 640 (4.71)
600 (4.68)

76b 70 648 (4.73)
620 (4.72)

77a 33 642 (4.70)
604 (4.67)

77b 30 649 (4.73)
620 (4.72)

78a 35 656 (4.70)
620 (4.61)

78b 30 673 (4.73)
630 (4.67)

availability of Ga-Al-As diode lasers emitting in the NIR region (ca. 780 nm)
has facilitated the demand for organic photoconductors with response to the
NIR light. The photoconductivity of squarylium dyes was found in 1974 [46].
Thereafter, aniline-derived squarylium dyes have been intensively studied be-
cause they exhibit broad and intense absorption bands from the visible to
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the NIR region. The major studies of photoconductive squarylium dyes, in-
cluding synthesis, solid-state chemistry, and xerographic performance, have
been carried out by Law and coworkers [47–51]. Representative examples
of photoconductive squarylium dyes are 4a and 79a–c. These dyes exhibit
visible-to-NIR absorption in the solid state, but they show narrow and in-
tense absorption bands at ca. 625–645 nm in solution. It has been suggested
that the vis-to-NIR absorption, suitable to the diode laser-based xerogra-
phy, is due to the intermolecular charge transfer (CT) interaction. In X-ray
powder diffraction and single-crystal studies [52, 53], the stacking between
the anilino moiety of one molecule and the central ring of the neighbor-
ing molecule was found to be ca. 3.5 Å, indicating that the intermolecular
donor–acceptor CT interaction results in a specific arrangement of the dye
molecules. Introduction of N-alkyl substituents longer than ethyl dimin-
ishes the intermolecular CT interaction, and the bathochromic effect in the
solid-state absorption is small. Indeed, in the X-ray structure of the anilino-
squarylium dye 4e (Sect. 2.1), the dibutylamino group of one molecule is
located over the central ring of the other molecule, but the mean-plane dis-
tance of the π-conjugated planes (ca. 3.9 Å) is longer than that observed
for 79c [54].

In an attempt to improve the xerographic performance of squarylium dyes,
Law et al. synthesized a series of unsymmetrical dyes (Sect. 2.2). Low dark-
decay (∆V/∆t; the decrease in the electric potential per unit time upon the
dark-discharge process) as well as high sensitivity, i.e., a low E0.5 (E0.5; the
energy required to discharge the initial electric potential to half upon photoir-
radiation), are required to develop good xerographic devices. In particular,
the unsymmetrical dye 14d exhibits very low values of ∆V/∆t (–15 V s–1) and
E0.5 (3.1 and 1.9 erg cm–2 upon exposure to 600 nm and 790 nm light, respec-
tively), showing high xerographic performance among the photoconductive
squarylium dyes studied by Law et al. [55].

3.2
Squarylium Dyes as Photosensitizers in Photovoltaic Devices

Because of the global fuel energy shortage, sunlight has been receiving in-
creasing attention as an alternative energy. The greenhouse gas problem,
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mainly caused by combustion of fossil fuels, also has made us consider the
use of solar energy. In this respect, solar energy conversion devices have been
developed, and those based on inorganic photoconductors, such as silicon
devices, have been commercialized. From the viewpoint of the low cost of
preparation, photoenergy conversion devices based on organic materials, i.e.,
organic solar cells, have been attracting an increasing interest. The applica-
tion of squarylium dyes to organic solar cells is described as follows.

In the early work, a squarylium dye was applied to a Schottky barrier-
type solar cell, taking advantage of its photoconductive properties. In such
a device, the anilino-squarylium dye 80 [56] was sandwiched by two elec-
trodes (transparent In2O3 and metal electrodes). The photo-initiated gen-
eration of the hole–electron pair enabled photoenergy-to-electricity conver-
sion, but the efficiency was less than 1%. Thereafter, squarylium dyes have
been used mainly as photosensitizers for inorganic semiconductors such as
TiO2 and ZnO. Organic dye-sensitized solar cells (DSSCs) using ruthenium
complexes as the sensitizers for TiO2 electrodes have realized relatively high
energy conversion efficiencies (more than 10%) and have been widely studied

Fig. 8 Typical configuration of a dye-sensitized solar cell with indium-tin-oxide (ITO) and
platinum electrodes
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(Fig. 8) [57–59]. From the viewpoints of low-cost fabrication and saving of
precious metal resources, organic dyes have been increasingly focused on. In
order to have organic dyes adsorbed on a TiO2 surface, a carboxyl anchor
group forming a titanate bond is required. Hence, squarylium dyes with car-
boxylate groups have been investigated. Wang and Zhang applied a series of
anilino-squarylium dyes 81–84 to DSSC [60], and the photoelectric conver-
sion efficiencies of the solar cells employing 83 and 84 were 3.2 and 3.4%,
respectively. Development of the synthesis of unsymmetrical squarylium dyes
has extended the availability of squarylium-based sensitizers. Das et al. im-
proved the photoelectric conversion efficiency employing the unsymmetrical
dyes 89–91 [61]. Although the solar cells with the symmetrical dyes 85–88
(λmax = 630–670 nm in MeOH) showed conversion efficiencies of 0.06–1.04%,
those with 89–91 (λmax = 600–630 nm in MeOH) afforded conversion effi-
ciencies of 1.25–2.08% upon exposure to visible-NIR light. The results of
molecular orbital calculations have suggested that the intramolecular charge
transfer upon the HOMO–LUMO transition gives rise to the directional flow
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of the electron from the anilino moiety to the carboxyl-anchored heterocy-
cle to achieve effective electron injection to TiO2, leading to relatively high
conversion efficiencies.

In order to improve the performance of solar cells, the efficient use of
NIR solar illumination has been receiving increased interest. Current dye-
sensitizers for photoenergy conversion are effective only with visible light,
but solar light ranges from the visible to the NIR regions. Squarylium dyes
are suitable candidates for harvesting the NIR light. Recently, Grätzel et al. de-
veloped a solar cell with the squarylium dye 92 absorbing red light [62]. They
prepared liquid and solid cells (the cells composed of liquid and solid elec-
trolytes, respectively), and achieved photoelectric conversion efficiencies of
3.7 and 1.5%, respectively. It is noteworthy that these conversion efficiencies
for both types of cells are the highest values of the squarylium-based DSSCs
so far reported. In a further attempt to improve DSSC performance, sensitiza-
tion of TiO2 by a co-adsorbed mixture of ruthenium complex and squarylium
dye has also been examined (so-called “cock-tail cells”) [62–64].

3.3
Squarylium-based Conjugated Polymers as Conductive Materials

Low band-gap π-conjugated polymers have received much attention with
respect to application in electroconductive devices [65–67]. Conjugated
squarylium-based polymers were first reported by Treibs and Jacob in their
report on the synthesis of the pyrrole-derived squarylium dyes [9]. The syn-
thesis and conducting properties of squarylium-based polymers have been
developed by Ajayaghosh et al. [68–71]. Thus, polymerization of electron-
rich pyrroles without substituents at the 2- and 5-positions with squaric
acids yielded the squarylium-based π-conjugated polymers 93–96 [68, 69]
(Scheme 14). Depending on the reaction conditions, two types of resonance-
stabilized zwitterionic polymers were selectively obtained as shown. Poly-
mers 93 and 95 constitute the first class of products, and block copolymers
94 and 96 are the second type of products. Broad electronic absorption spec-
tra in which shoulders reach the NIR region are observed for thin films
of these polymers, with λmax around 630–640 nm. The low band-gap fea-
tures result in electrical conductivity without any chemical doping. The
block copolymers 94 and 96 exhibit higher conductivity (2.5×10–6 and
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Scheme 14

2.3×10–5 S cm–1 for 94 and 96, respectively) than the polymers 93 and 95
(2.4×10–6 and 2.5×10–6 S cm–1, respectively). Doped with iodine, the con-
ductivities of these polymers were significantly improved and reached values
of 2.5×10–4 S cm–1 for 93, 1×10–3 S cm–1 for 94, 6.0×10–4 S cm–1 for 95, and
1.8×10–3 S cm–1 for 96.

Employing electron-rich bienamine heterocycles yielded low band-gap
polymers 97 and 98, as reported by Havinga et al. (Eq. 7) [72]. These
polymers exhibit small band-gaps in the solid state, 1.15 eV for 97 and

Equation 7
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Scheme 15

0.8 eV for 98, as estimated by the cut-off of their absorption bands, and
exhibit electric conductivity on the order of 10–7 S cm–1. The solid sam-
ples heavily doped with iodine as well as the thin cast films doped with
2,3-dichloro-4,5-dicyanobenzoquinone exhibit extraordinary conductivities
reaching 1 S cm–1.

Ajayaghosh et al. prepared another type of squarylium-based π-conjugated
polymers, employing a stilbenoid dipyrryl monomer [71]. Thus, condensa-
tion of 99a–g with two equivalents of squaric acid afforded the squarylium-
based polymers 100a–g (Scheme 15, route A). The same polymers were ob-
tained by starting with the squarylium derivatives 101 which were obtained
by condensation of two equivalents of 99 with one equivalent of squaric acid
(Scheme 15, route B). These polymers exhibit broad electronic absorption in
the visible-to-NIR region, showing low band-gap optical features (band gaps of
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Table 10 X-ray diffraction and electric conductivity data of the polymer 100 (data ab-
stracted from [71])

Compound Inter-column Inter-layer distance Intrinsic Iodine-doped
distance (Å) (Å) conductivity conductivity
d1 d2 d3 (S cm–1) (S cm–1)

100a 11.0 5.3 3.4 5.30×10–4 5.20×10–2

100b 14.7 4.6 3.4 8.75×10–4 2.98×10–2

100c 19.2 4.6 3.4 4.21×10–6 6.17×10–2

100d 17.0 4.4 3.8 2.20×10–5 1.10×10–2

100e 18.4 4.2 – 4.40×10–6 2.80×10–2

100f 20.5 4.3 – 6.20×10–6 5.10×10–2

100g 21.0 4.5 – 6.30×10–7 1.10×10–2

0.7–1.1 eV). Their intrinsic electric conductivity ranges from 6.3×10–7 S cm–1

to 5.3×10–4 S cm–1, depending on the length of the N-alkyl groups at the pyr-
role units. As the length of the alkyl group increases, the band-gap increases
also, resulting in a decrease in conductivity (Table 10). The X-ray diffraction
analysis of the polymers 100 revealed that the inter-column distance (d1 in
Table 10) in the molecular packing geometry of the polymer backbone is tuned
by the alkyl side chains although the stacking of the polymer layers is present
for all polymers (d2 and d3 in Table 10). Hence, the intrinsic conductivity is
affected by the polymer chain packing, modulated between 10–7–10–4 S cm–1.
By exposing the polymer samples to iodine vapor the conductivity was sig-
nificantly improved, up to 10–2 S cm–1. Thus, squarylium-based π-conjugated
polymers are good candidates for low band-gap polymers.

3.4
Application of Squarylium Dyes to Biological and Environmental Analyses

Organic dyes have frequently been used as labeling and sensing materials
to detect biologically and environmentally important molecules and ions be-
cause their optical properties such as light absorption and fluorescent emis-
sion are often sensitively perturbed by electrostatic interactions or chemical
reactions with those molecules and ions. For such analytical uses, the follow-
ing types of dye-based sensing materials have been investigated: (1) dyes that
bind to the analyte, (2) dyes that are conjugated with the synthetic receptor
of the analyte, and (3) dyes that undergo a selective binding reaction with the
analyte. These dyes should exhibit dramatic changes of their optical proper-
ties detectable by the naked eye or spectroscopic methods, when affected by
external chemical stimuli. In this section, recent developments in the area of
analytical chemistry using materials based on squarylium chromophores and
fluorophores are described.
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In attempts to develop non-destructive detection methods for pro-
teins, squarylium-based labeling materials have been investigated. Since
squarylium dyes are fluorescent from the far-visible to the NIR region,
read-out of fluorescent signals from squarylium chromophores is free of
background emission from analytes, leading to accurate quantitative an-
alysis. Lakowicz et al. attempted to apply symmetrical and unsymmet-
rical squarylium dyes 102a–e to fluorometric analysis of bovine serum
albumin (BSA) [26]. In methanol, the dyes exhibit electronic absorption
at 628–635 nm and fluorescence at 644–662 nm (quantum yield ΦMeOH =
0.07–0.10), as shown in Table 11. The addition of 102a–e to aqueous solutions
of BSA resulted in a dramatic enhancement of fluorescence (ΦBSA = 0.34–
0.78), although only slight bathochromic shifts of the electronic absorption
spectra were observed. The fluorescence enhancement could be caused by
specific complexation of the dyes to the hydrophobic binding site of BSA.
The indolenine-based symmetrical squarylium dyes 102a and 102b exhibited
large emission enhancement of up to ΦBSA = ca. 0.7 and showed high pho-
tostability upon exposure to ambient light (< 10% bleaching in BSA-H2O,
after 120 h) in the presence of BSA. The indolenine-based unsymmetrical

Table 11 Electronic absorption and fluorescence data of the squarylium dyes 102a–e in
alcohol and BSA aqueous solutions (data abstracted from [26])

Com- λmax (nm) λem (nm) Quantum yield Mean lifetime (ns)
pound MeOH BSA MeOH BSA i-PrOH BSA MeOH BSA

102a 628 636 644 669 0.09 0.70 0.20 3.25
102b 632 642 653 652 0.10 0.68 0.21 2.80
102c 629 643 648 655 0.07 0.34 0.20 2.29
102d 635 647 651 662 0.10 0.78 0.24 3.53
102e 634 651 653 661 0.08 0.34 0.26 3.01
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dye 102c also showed high photostability upon complexation with BSA, but
the fluorescence was less efficient (ΦBSA = 0.34). On the other hand, the
unsymmetrical dye 102d, composed of indolenine and benzothiazole hetero-
cycles, exhibited less photostability (55% bleaching in BSA-H2O, after 120 h)
although the fluorescence enhancement was most effective. Another spectro-
scopic feature of the squarylium dyes 102 is prolonged fluorescent lifetime
upon binding to BSA. The lifetime of these dyes in the presence of BSA in
aqueous solution was one order of magnitude longer than that in methanol
without the analyte. Thus, the BSA detection by time-resolved fluoromet-
ric technique is possible taking advantage of such particular photophysical
properties [73, 74].

From a practical viewpoint, the low solubility of squarylium dyes in aque-
ous solvents is a serious problem in analyses of water-soluble biomolecules.

Table 12 Electronic absorption and fluorescence data and stability constants Ks of the
squarylium dyes 103 and 104 upon complexation with HSA (data abstracted from [75])

Com- without HSA a with HSA b

pound λmax (nm) Φem λmax (nm) λem (nm) c Φem Ks (M–1) d

(log ε) e

103a 564 (4.81) 0.05 621 656 0.70 8.7×105

103b 550 (4.89) 0.05 550 618 0.39 1.1×106

103c 604 (4.96) 0.03 643 654 0.92 8.0×105

103d 558 (4.66) 0.04 656 677 0.06 1.7×105

104 658 (5.08) 0.01 658 680 0.34 5.8×106

a 5.0×10–7 M solution of the dye dissolved in trizma buffer (pH 7.4) at 298 K
b 5.0×10–7 M solution of the dye dissolved in trizma buffer (pH 7.4) with 5.0×10–6 M HSA
at 298 K
c The λem in the presence of HSA was the same as that in the absence of HSA for each
dye
d Obtained by fluorescence titration experiments
e ε in M–1 cm–1
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Nakazumi and Yagi introduced a carboxyl tail to a squarylium skeleton to
improve the solubility in water [75]. The reported unsymmetrical dyes 103
and 104 exhibit high solubility in polar solvents (see Sect. 2.2 for prep-
aration). A small volume of a methanolic solution of the dye can be di-
luted in a trizma buffer solution without precipitation. For all the dyes ex-
cept 103d, fluorescence enhancement was observed upon binding to human
serum albumin (HSA), as shown in Table 12. In particular, the quantum
yield of 103c reached 0.92, giving the limit detection of 2 nM HSA under
the signal-to-noise ratio of 15. Job’s analysis based on fluorescence changes
revealed that the complexation stoichiometry was 1 : 1, and the binding con-
stant, also determined by fluorescene spectroscopy, ranged from 1.7×105

to 5.8×106 M–1. HSA has three substrate-binding sites, namely digitoxin,
warfarin, and diazepam sites. From the results of the competitive binding
experiments, it was concluded that these squarylium dyes bind to the war-
farin site. The emission enhancement of 103a was also observed in the pres-
ence of BSA. Using the water-soluble squarylium dyes, researchers have ana-
lysed proteins by capillary electrophoresis with laser-induced fluorescence
detection [76, 77].

Inspired by the development of crown ethers, many chemists became in-
terested in the design of chemosensory systems based on ionophore-dye
conjugates [78–80]. The development of squarylium-based ionophores has
also been focused on selective sensing of metal ions [81–85]. In order to
maximize electronic perturbation between the chemosensor and an analyte,
the binding site should be included in the squarylium chromophore. Akkaya
et al. developed the squarylium dye 105, in which monoazacrown ethers
were integrated into the aniline moieties [81, 82]. The chromoionophore 105
was prepared by one-pot synthesis using 1,3,5-trihydroxybenzene, aza-18-
crown-6, and squaric acid (Eq. 8). The addition of a series of alkaline earth
metal ions to an acetonitrile solution of 105 (free ligand: λmax = 640 nm,
ε = 240 000 M–1 cm–1), caused blue shifts and hypochromic effects in light ab-
sorption and a decrease in fluorescence intensity. Significant changes were
observed in the presence of a Ba2+ ion, and Na+ and K+ ions were much
less effective. It was concluded that such spectral changes upon binding to al-
kaline earth metal ions resulted from formation of the H-aggregated dimer.
Thus, 105 is a potential chemosensor selective to alkaline earth metal ions,
especially to Ba2+. For a Ca2+ ion, the non-crowned chemosensor with chelat-
ing moieties 106 was developed [83]. Upon addition of Ca2+ in an aqueous
buffer solution of 106, hypochromic effects on electronic absorption as well
as bleaching of fluorescence emission were observed, whereas the addition
of Mg2+ had no effect on the optical properties. As Ca2+ and Mg2+ ions are
the alkaline earth metal cations existing in biological systems, the ligand
106 may be applicable to bio-analytical and clinical uses. Akkaya also de-
veloped a squarylium-based fluorescent sensor 107 that is selective for a Zn2+

ion [85].
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The ligand 108 is a chemosensor for selective detection of Na+ ion [84].
This diazacrown-derivatized squarylium dye was prepared in a one-pot syn-
thesis similar to the preparation of 105. The complexation of a Na+ ion by 108
was monitored by bleaching of the original absorption band (λmax = 642 nm)
and a decrease in fluorescence (λem = 651 nm). On the other hand, a K+ ion
had no effect on the electronic absorption and fluorescence of 108.

Equation 8
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Fig. 9 Metal ion-sensing protocol using the squarylium-based chromoionophore 109

For analysis of transition metal ions, Martínes-Máñes et al. developed the
squarylium-based chemosensor 109 (structure in Fig. 9), which had sulfur-
containing azacrowns as metal binding sites [86]. The chromoionophore 109
exhibits monomer and H-aggregate absorption bands at 647 and 560 nm,
respectively, in an acetonitrile-H2O solution. The intensities of these bands
depend on the concentration of 109 and the composition of the solvent. When
a Hg2+ ion was added to a H2O-enriched solution (e.g., 20 : 80, CH3CN/H2O,
v/v) of 109, complete bleaching of both the monomer and H-aggregate bands
was observed. This spectral change was fully reversible as confirmed by the
addition of EDTA. On the other hand, the addition of a Ag+ ion induced
bleaching of the H-aggregate band, and the monomer band was enhanced.
Other cations such as Li+, Na+, K+, Mg2+, Ca2+, Ba2+, Fe3+, Ni2+, Cu2+, Zn2+,
and Cd2+ did not give rise to any spectral changes of either the monomer or

Equation 9
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H-aggregate bands. Therefore, utilizing the monomer-H-aggregate equilib-
rium of 109 provides the Hg2+-sensing protocol for aqueous media (Fig. 9).
It is worth noting that Hg2+ could be detected at nM levels. This analytical
limit meets well the practical level of the analysis of drinking water.

Taking advantage of electrophilic reactivity of a squarylium dye, “chemo-
dosimeter” was developed for selective detection of biorelevant thiol com-
pounds. Martínes-Máñes et al. employed water-soluble squarylium dyes 110a
and 110b for this purpose [87]. They studied the reactivity of these dyes
with a series of naturally occurring α-amino acids in aqueous solutions
(CH3CN/H2O, 20/80, v/v, buffered at pH 6). Among 19 amino acids examined,
only cysteine induced remarkable decoloration and fluorescence quenching
of 110a and 110b. Although it is known that a cyanide anion reacts with an
anilino-squarylium dye under basic conditions [88], the present squarylium
dyes do not exhibit any reactivity toward cyanide at the neutral pH. Thus, the
squarylium dyes 110a and 110b are selective for thiols. The bleaching process
was tentatively assigned to the nucleophilic addition of a thiol to the cen-
tral four-membered ring, as shown in Eq. 9. Using the squarylium dyes 110,
quantitative analysis of low-molecular mass aminothiols in human plasma
was successfully achieved [87].

3.5
Supramolecular Systems Based on Squarylium Dyes

Dye molecules often form aggregates under specific conditions because their
planar structures tend to stack through electrostatic and/or solvophobic in-
teractions. The aggregation significantly affects optical, electrochemical, and
photochemical properties of the dyes due to excitonic interaction among
the constituent chromophores [89–91]. Two types of dye aggregates, H-
and J-types, are known, where the dye molecules are aligned in card-pack
and slipped-stack manners, respectively. These special arrangements of dye
molecules result in different types of excitonic interactions of the chro-
mophores. The H-type aggregation, in which transition dipole moments of
the chromophores are arranged in a parallel manner, yields a hypsochromic
shift of the electronic absorption band. On the other hand, the J-type aggre-
gation, in which the transition dipoles are arranged in a head-to-tail manner,
yields a bathochromic shift. Squarylium dyes also form aggregates [92–97],
and taking advantage of aggregate formation of squaryliums, new types of
molecular-scale materials as well as nano-scale self-assembled materials are
expected to be developed.

Ajayaghosh et al. prepared the polyether-tethered squarylium dimer 111
to apply the intramolecular aggregate formation to sensing devices for metal
ions [98]. The metal-free dimer is expected to exhibit optical properties as-
cribed to the monomeric chromophores, whereas the metal-bound dimer is
forced to adopt a folded structure through the conformational change with
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a metal ion surrounded by the polyether chain, and the chromophores elec-
tronically perturb each other. Indeed, the addition of a Ca2+ ion to CH3CN
solution of 111 resulted in the decrease of the monomer absorption at
630 nm along with the generation of the H-aggregate absorption at 552 nm,
accompanied by considerable fluorescence quenching where the quantum
yield decreased from 0.03 to 0.008. These spectral changes in electronic
absorption as well as fluorescence emission were ascribed to the complexation-
induced intramolecular H-aggregate formation (i.e., “H-foldamer” forma-
tion), as shown in Eq. 10. Modest spectral changes were observed upon add-
ition of other alkaline earth metal ions, and alkali metal ions such as Na+ and
K+ had no effect on the optical properties of 111. Therefore, the metal ion-
induced H-aggregate formation is specific for Ca2+, and the squarylium dimer
111 is potentially applicable to Ca2+ sensing.

Equation 10

Another type of metal ion-induced H-aggregate formation of squarylium
dimers was reported by Yagi and Nakazumi, using alkyl dimeric dyes 112a
and 112b [99]. Upon addition of a Ca2+ ion to CHCl3/CH3CN solution (3/1,
v/v) of 112a, the absorbance at 645 nm assigned to the monomer band de-
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Fig. 10 a Electronic absorption spectral changes of 112a (4.0×10–6 M) in CHCl3/CH3CN
(3/1, v/v) upon addition of increasing amounts of Ca(ClO4)2 ([Ca2+]/[112a] = 0, 0.1, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0). b Absorbance changes of a CHCl3/CH3CN solution (3/1,
v/v) of 112a at 574 nm titrated with Ca(ClO4)2; [112a] = 4.0×10–6 M. The inset is the
Job’s plot for the 112a-Ca2+ system; [112a] + [Ca2+] = 4.0×10–6 M

creased, and this was accompanied by appearance of a new absorption band
at 574 nm, as shown in Fig. 10a. From the result of the Job’s analysis in-
dicating a 1 : 1 stoichiometry of the dimer and Ca2+, this blue shift was
ascribed to the H-foldamer formation similar to the 111-Ca2+ complex. Fur-
thermore, the sigmoidal profile of the spectral changes implied Ca2+-induced
cooperative supramolecular assembly of 112a (Fig. 10b). Such a Ca2+ ion-
induced allosteric assembling of the squarylium dimer was confirmed by
electrospray ionization mass (ESI-MS) measurements showing the formation
of metallo supramolecular complexes, that is the H-aggregate composed of
at least three units. In addition, the IR study revealed coalescence of the
absorption bands of the C=O stretching at 1582–1616 cm–1 into one at ca.
1590 cm–1, showing that the complexed Ca2+ ions interact with the oxy-
gen atoms of the cyclobutenolate core of the squarylium skeletons. More
specifically, the H-foldamer is formed first by chelation of two squarylium
moieties to Ca2+ (Fig. 11a), and then reorganization of the other chelat-
ing site facilitates the allosteric binding of Ca2+ resulting in complexation
of the next dimer (Fig. 11b). Finally, successive alternations of the unit H-
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Fig. 11 Schematic illustration of the formation of the supramolecular H-aggregate of the
squarylium dimer 112 with Ca2+

aggregates and Ca2+ ions yield a one-dimensional metallo supramolecular
array of the H-foldamers (Fig. 11c). Such a complexation mechanism was also
supported by the fact that the ferrocene-linked squarylium dimer 112b [100],
which has no podand linker, showed effective formation of the metallo
supramolecular assembly upon addition of Ca2+. Coordination of the oxy-
gens of the central four-membered ring to metal ions was also found in
an inclusion complex composed of a crown ether-bridged molecular cage
and an anilino-squarylium dye, yielding a pseudorotaxane supramolecular
complex [101].
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4
Concluding Remarks

Novel syntheses of squarylium-based chromophoric systems such as amino-
and dithio-substituted squaryliums, unsymmetrical squaryliums, methine-
and arene-bridged bis-squaryliums, and bisquaryl-based squarylium ana-
logues have been reviewed. In most cases, the key intermediates are mono-
substituted squaric acid (or squarate) derivatives, which show specific elec-
trophilicity to heterocyclic enamines and electron-rich aromatics to afford
substituted squarylium skeletons. Establishment of synthetic protocols for the
squarylium-based chromophores allows one to obtain a wide range of opti-
cal properties such as light absorption and fluorescence emission, especially
responsive to far visible-to-NIR light. These achievements should open the
door to specific syntheses of functional squaryliums and related compounds
by rational molecular designs. Applications of squarylium dyes were also re-
viewed. The unique optical and electrochemical properties provide numerous
opportunities to develop a wide range of materials for photonics and opto-
electronics applications such as xerographic and photovoltaic devices. Poly-
merization of squarylium chromophores led to construction of low band-gap
conjugated polymers with intrinsic electric conductivity. Squarylium dyes
have also been applied to labeling of biological polymers and as chemosen-
sory materials. By using electronic perturbation to squarylium chromophores
upon binding to analytes, drastic changes of electronic absorption and flu-
orescence emission spectra can be induced. Along with the advance in
host-guest chemistry, squarylium-based chemosensory systems selective to
various metal ions have been successfully developed. As a new aspect of
squarylium chemistry, supramolecular systems of squarylium dyes were also
reviewed. Squarylium chromophores are important cornerstones for the de-
velopment of advanced materials with various functionalities. There is no
doubt that the chemistry of squarylium and related compounds will greatly
contribute to further development of organic optics devices in the near future.
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Abstract One of the most important applications of asymmetric cyanines is related to
their use as fluorescence probes for monitoring the progress of polymerization. Inde-
pendently, cyanine dyes paired with organoborate anions are very effective visible-light
photoinitiators of vinyl monomer polymerization. This chapter is focused on the influ-
ence of different factors on polymethine dye properties applied as fluorescence probes,
and on the kinetics of free radical polymerization.
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Abbreviations
IR Infrared
NLO Nonlinear optical properties
VIS Visible
UV Ultraviolet
CT Charge transfer
HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
TICT Twisted intramolecular charge transfer
PMM Poly(methyl methacrylate)
FTIR Fourier transform infrared spectroscopy
TMPTA 2-Ethyl-2-(hydroxymethyl)-1,3-propanediol triacrylate
MP 1-Methyl-2-pyrrolidinone
D Electron donor
A Electron acceptor
DMF N,N-Dimethylformamide
PET Photoinduced electron-transfer process

1
Introduction

Photopolymerization is a field undergoing significant growth because it is an
efficient, energy-saving, economical and environmentally friendly method for
the formation of high molecular weight polymers [1]. There is one striking
point when considering the thermodynamics of polymerization photosensi-
tization by dyes. The photophysical energy transfer between an excited state
of the dye and another chromophore, which is able to generate free radicals,
is generally disfavored due to the fact that the energy needed to dissociate
a bond is larger than the energy transferred to the chromophore. However,
with hydrogen or electron transfer involved, it is possible to generate free rad-
icals from molecules with low excitation energy [2, 3]. There are numerous
studies on dye photoinitiators in which a free radical is formed via the pho-
toinduced electron-transfer process. These dyes include acridines, xanthenes
and thiazines, first reported by Oster [4], a wide group of fluorone dyes [5–8],
cyanine dyes [9–11], and dyes based on pyrene [12, 13], safranine T [14], and
quinaxolin-2-one [15, 16], among others [17, 18]. It is noteworthy that only
cyanine borates [11] are “tunable photoinitiators”, that is, their color change
can be achieved by altering the number of conjugated vinylene units sepa-
rating the aromatic parts of cyanine dye. Cyanine dyes are not only widely
used as photoinitiators, but also as fluorescence probes of free-radical poly-
merization. Fluorescence probes are spectroscopic tools used in chemistry for
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monitoring specific properties of the medium in which they are incorporated.
It is possible because their fluorescence is sensitive to changes in temperature,
polarity or rigidity of the environment. Therefore, one can use them to esti-
mate polarity of medium or degree of cure by measuring the changes in their
emission intensity or value of the emission maximum shift. New photoini-
tiating systems based on cyanine borate salts operating in the visible-light
region and fluorescence probes used for monitoring the progress of acrylate
polymerization are described in this chapter.

2
Polymethine Dyes as Fluorescent Probes

2.1
Asymmetric Polymethine Dyes as Fluorescent Probes
for Monitoring of Polymerization Process

Asymmetric cyanine dyes consist of an electron-donating moiety and a dif-
ferent electron-deficient acceptor that are conjugated via a mono- or polyme-
thine π-system. The acceptor moiety itself can be charged or uncharged [19].
The asymmetric cyanine dyes with electron donor–acceptor moieties on op-
posite sides of the styryl bond are particularly attractive for their spectral
sensitivity towards the local host environment, and can be used as prob-
ing fluorophores. Fluorescent probes are, perhaps, the most popular and
powerful tools that can be used in order to understand the physical and
chemical processes that occur at the molecular level. It is possible because
their fluorescence is sensitive to the mobility and/or viscosity of the molecu-
lar environment in which the probe molecules are located. This sensitivity
can be achieved via a number of physical interactions such as intramolecular
reorientation [20], intramolecular excimer formation process [21], diffusion-
controlled interaction [22], and solvent stabilization of the probe’s excited
state [23, 24]. It is important to note that the physical origin of the sensitivity
to the molecular environment, for a given probe molecule, can be deter-
mined by several of the above-mentioned interactions [25]. One of the most
important applications of fluorescence probes in polymer chemistry is mon-
itoring of a polymerization process. The local and macroscopic viscosities
of polymers are often different. The local viscosity combines the effect of
solvent and interaction of polymer segments surrounding the relaxing flu-
orophore. The difference between local and macroscopic viscosity can be
measured by commonly used viscometric techniques, as shown by Nishijama
and coworkers [26–28]. They compared the local viscosity measured by the
depolarization of fluorescence to the melt viscosity of polyethylene. It was
documented that the local viscosity increases linearly up to a certain degree
of polymerization and then becomes independent of molecular weight. Flu-
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orescence probes, in polymer chemistry, are used to observe the changes in
properties of a polymerization mixture that occur during polymerization by
measuring the changes in the fluorescence intensity and spectral characteris-
tics of a small molecular probe incorporated in the polymerizing formulation.
Changes in fluorescence yield [20, 29–33], the position of fluorescence max-
imum [24], changes in fluorescence polarization [27, 28] and the efficiency of
intramolecular [34, 35] or intermolecular [22] excimer formation have been
related to the local viscosity changes occurring during polymerization. More
detailed discussion covering various aspects of this problem can be found in
other reviews [36, 37].

A very important group of fluorophores are fluorescent organic salts that
can undergo a photoinduced intramolecular electron-transfer process (PET).
The asymmetric cyanine dyes, which are organic salts of the D-π-A+X– type,
where D and A denote donor and acceptor, respectively, belong to this class of
compounds. They are called charge-resonance probes because they resemble
charge-transfer (CT) probes D-π-A or D-σ -A [38–41]. However, the spec-
troscopic behavior of the charge-resonance probes is quite different. They
display blue shift in their emission maximum during polymerization, but
their fluorescence is only slightly dependent on changes in solvent polarity.
That is why they are essentially nonsolvatochromic probes. The structures
presented in Chart 1 exemplify the hemicyanine dyes investigated by our re-
search group [39, 40, 42].

Similar dyes have been reported [43–46]. Fluorescing molecules of this
type can exist as trans and cis isomers, as exemplified in Chart 2.

The electronic absorption spectra of these dyes contain absorption bands
that correspond to the S0 → CT transition, which appears at the blue-energy
side of the absorption spectrum. A well-separated CT absorption band is ob-
served for almost all dyes. The position and intensity of the CT absorption
band strongly depend on the molecular structure. In particular, the pres-
ence of a planar conformation of a molecule increases the probability of the
radiative transition in comparison to a molecule in which coplanarity is de-
creased for steric reasons. This feature is supported by the data obtained by
Gawinecki et al. during the study on the resonance substituent constants of
para-substituted benzaldoximes [39, 40, 47]. The CT character of the long-
wavelength absorption band is additionally reflected by the values of the
ground state dipole moments.

The asymmetric cyanine dyes show large Stokes shifts. This indicates that
an emitting state is not the Franck–Condon S1 state reached in the absorp-
tion transition but the solvent relaxed state. It cannot be assumed that the
excited state dipole moment remains unchanged during transition from the
Franck–Condon state to the emitting state. The nature of the emitting state
in D-π-A molecules may change with the solvent or can be changed with the
dye structure that is forcing or precluding the excited-state relaxation via se-
lected channels or that may be controlled by viscosity of the medium [48, 49].
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Chart 1
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Chart 2

Considering the influence of dye structure on the CT fluorescence, one should
take into account the nature of the electron donor part of the molecule. The-
oretically, the energy level of the molecule excited CT state, relative to its
ground state, can be expressed by Eq. 1, where Eox(D) and Ered(A) are one-
electron oxidation and reduction potentials of donor and acceptor and C is
a constant that depends on the degree of charge separation [50]

ECT = Eox(D) – Ered(A) + C .

Equation 1

Verhoeven [51], analyzing the properties of rod-shaped donor–acceptor sys-
tems, illustrated that the fluorescence frequency of intermolecular exciplexes
and excimers, as well as intramolecular donor–acceptor systems, is linearly
dependent on the value of Eox(D) – Ered(A). Dyes described in this chap-
ter fulfil this dependence, and their emission occurs from the excited CT
state [39]. The effect of the media on the absolute and relative energies of the
electronic states of solute molecules is of considerable importance in photo-
physics and photochemistry [39, 40, 42, 52–66].

Using Bakshiev’s solvatochromic method [58] for determination of the
dipole moments of the excited state, the linear relationship between the
spectral shift and the polarity parameters (dielectric constant and refractive
index) of solvents should be observed [64]. The dipole moments estimated
from the obtained linear relationships and the calculated Onsager’s cavity ra-
dius [59–63] for selected dyes are summarized in Table 1 [64].

2.1.1
Probing of Thermally Initiated Polymerization of Methyl Methacrylate

The hemicyanine dyes used as fluorescence probes for monitoring of a poly-
merization reaction are involved in the electron-transfer process and show
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Table 1 Calculated Onsager’s cavity radius, the ground state dipole moments (µg) and
estimated excited state dipole moments (µe) of selected dyes [64]

Dye Onsager’s µg µe
radius [Å] [D] [D]

F1 5.27 2.47 5.85

F2 5.27 1.81 4.93

F3 5.72 1.78 4.94

F13 5.49 2.63 4.77

F18 5.56 1.90 5.78

F19 5.19 2.37 5.06

F20 5.48 3.89 9.19
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Table 1 (continued)

Dye Onsager’s µg µe
radius [Å] [D] [D]

F21 5.78 7.40 11.7

F22 5.52 3.00 8.8

F23 6.10 5.26 6.11

F25 5.24 8.55 13.85

F26 4.99 4.24 8.6

F27 5.37 9.35 12.2

F28 5.19 12.31 13.28
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Fig. 1 Changes in the fluorescence spectra of hemicyanine dye F1 during thermally
initiated polymerization of methyl methacrylate recorded for the conversion below the
transition point of the liquid sample into a rigid polymer matrix [41]. (Reprinted from
John Wiley & Sons, Inc.)

fluorescence spectra that depend on the environment in which the probe
molecules are located. Figures 1 and 2 illustrate the changes in the emission
spectra recorded for selected dye F1 during thermally initiated polymeriza-
tion of methyl methacrylate. A gradual increase in intensity of the probe
fluorescence is observed for a low degree of monomer conversion, whereas
there is a distinct blue shift and a strong increase in the fluorescence intensity
during a subsequent conversion of the sample into a rigid polymer matrix.
An increase in medium rigidity causes essential reduction in the rates of all
processes controlled by diffusion [39–42].

Two mechanisms have been put forward to explain the observed pho-
tophysical behavior of D-π-A salt. Using the chromophore shown in Fig. 3
as an example, Neckers et al. [38] assumed that the positive charge in the
cation is localized on the pyridinium ion in the ground state, but changes
its location in the excited state. Based on the calculation of the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO), it can be concluded that in the excited state the positive charge
is transferred from the pyridinium ion to the (N,N-dimethylamino)phenyl
group. It is also assumed that the positive charge is primarily stabilized by the
counterion.
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Fig. 2 Changes in the fluorescence spectra of hemicyanine dye F1 during thermally initi-
ated polymerization of methyl methacrylate recorded above the point of transition of the
liquid sample into a rigid polymer matrix. The inset shows normalized emission curves
illustrating a blue shift observed during thermally initiated polymerization recorded at
a high degree of monomer conversion: 1 57%, 2 94% of degree of polymerization [41].
(Reprinted from of John Wiley & Sons, Inc.)

The lack of solvatochromism is consistent with the fact that the ground
state and the fully relaxed excited state are roughly equivalent. Therefore,
the polarity of the solvent does not influence the emission wavelength of the
probe. The ability of these types of probes to monitor the rigidity of their en-
vironment is explained by the low mobility of the counterion, which is not
able to follow the cation in rigid media, which in turn destabilizes the excited
molecule (see Fig. 4).

A more convincing explanation of the specific photophysical properties of
stilbazolium salts was provided by Rettig et al. [23, 67, 68]. These authors ap-
plied the global analysis technique to construct the spectral profile of several
emitting states. A global fit of the emission data, obtained from time-resolved
fluorescence spectroscopy, showed that a three-exponential model was neces-
sary to obtain an acceptable fit. The well-known model of twisted intramolec-
ular CT states (TICT) [23, 67, 69–71] can be a good basis for the description of
the multiple fluorescence of tested molecules. According to Rettig [67, 68], the
excited and ground states energies for the selected probe A9 can be presented
as plotted in Fig. 5.
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Fig. 3 Schematic representation of the ground state, the Franck–Condon excited state,
and the fully relaxed excited state proposed for D-π-A+X– type of probes. (Reprinted
from [38])

Figure 5 shows that simultaneous fluorescence can occur from the states E,
A2, and A3, and this explains the broad steady-state spectra. The twist of
the N,N-dialkylamino group leads to a TICT state A1. However, its energy
level is considerably higher than that for the nontwisted conformation E and,
therefore, it cannot be easily thermally activated to contribute in the emission
spectra. A twist of the double bond gives a state P with a relatively narrow
S1–S0 gap. The deactivation of this state should be radiationless in character
because of the small energy gap to the ground state. An emission from A2

and A3 should be possible because their energies are similar to that of the E
state. The suggested mechanism of multiple fluorescence is consistent with
the data for probe D8 shown in Fig. 6.

The S-shaped curve shows a distinct transition from fluid to a rigid glass
and demonstrates that the probe emission intensity increases as polymeriza-
tion propagates. In other words, as monomer concentration decreases due
to polymerization, probe molecules are starting to be trapped in the rigid
poly(methyl methacrylate) (PMM) environment and, as a result, the emis-
sion intensity increases. In general, the specific behavior of the probes in the
transition area of fluid monomer to a rigid polymer is explained by the dra-
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Fig. 4 Schematic representation of the probe’s emission as a function of the medium
relaxation [38]. 2007 the American Chemical Society

matic increase in viscosity that, in turn, rapidly decreases the efficiency of
nonradiative deactivation of the emitting state.

Changes in the probe emission intensity can be used to characterize a de-
gree of polymerization. The relationship is linear for low degrees of poly-
merization (Fig. 7). At higher degrees of conversion, a sudden increase in
fluorescence intensity occurs, which is caused by the conversion of polymer
solution into the rigid polymer matrix [39–42].

The increase in the fluorescence intensity during polymerization is also
consistent with the reduced efficiency of the trans–cis isomerization about the
C= C bond as the viscosity increases. This, in turn, decreases efficiency of the
formation of the radiationless state P and, as a result, causes more effective
emission from E, A2 and A3 states. This effect can be rationalized in terms of
the activation energy needed for isomerization of aromatic imines, which is
on the order of 20 kcal/mol or less [71–74].
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Fig. 5 Conceptual presentation of energy gaps between the ground state energy and the
lowest excited states for probe A9. The indexes 1, 2 and 3 denote the states reached
after the twist of a single bond, P corresponds to the state after the twist of the double
bond and E is the lowest excited state for the planar conformation [68]. (The American
Chemical Society)

Linearity of the fluorescence intensity versus a degree of monomer conver-
sion into polymer for low degrees of polymerization can be used for analysis
of polymerization progress by using the factor called the “probe sensitivity
parameter”. This parameter is also an approximate characteristic of probe
response, as shown in Fig. 8 [39–41].

Several parameters that describe the sensitivity of selected pyridinium
probes together with values of the blue shifts in their emission maxima ob-
served during methyl methacrylate polymerization have been published [39–
41]. The quantitative explanation of the specific probe sensitivity comes from
the estimation of a reorganization energy that is related to the solvent and
solute motions and the reorganization energy corresponding to the changes



196 J.P �aczkowski et al.

Fig. 6 Changes in fluorescence intensity (measured at λ = 600 nm) for styrylpyridinium
probe D8 during thermally initiated polymerization of methyl methacrylate in the pres-
ence of α, α′-azobisisobutyronitrile (AIBN) [40]

Fig. 7 Relationship between the probe emission intensity A7 (recorded at λ = 565 nm)
versus degree of monomer conversion into polymer during methyl methacrylate polymer-
ization [39]. (Reproduced by permission of the Royal Society of Chemistry)
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Fig. 8 Linear relationships between the fluorescence intensity and a degree of polymer-
ization for selected probes D4 (top) and D15 (bottom) illustrating their sensitivity [40]

in the solute bond lengths and angles accompanying the excited-state elec-
tron transfer [75–77]. The lowest sensitivity is often observed for molecules
possessing the highest value of reorganization energies. Replacement of per-
chlorate anion by iodide decreases the probe sensitivity. This observation
supports the mechanism proposed by Neckers et al., in which a change in
anion size causes a change in the excited state stabilization efficiency [38].
Another explanation of the counterion size influence is the possibility of its
effect on the relationship between solvation and CT fluorescence. Thus, an in-
crease of a counterion size increases the effective Onsager’s cavity radius [78],
and this effect, according to Lippert [79] and Mataga [80], can change the
energy of the emitting state.

2.1.2
Probing of Photoinitiated Polymerization of Multifunctional Acrylate

The real-time kinetics of photopolymerization can be investigated by using
a system that is schematically presented in Fig. 9 [81].

The laboratory studies on the changes of probe fluorescence during
polymerization initiated photochemically can be carried out using a suit-
able alkene monomer, a photoinitiator absorbing UV light and a flu-
orescence probe that does not absorb in the same range as the pho-
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Fig. 9 Measurements of kinetics of a photoinitiated polymerization by using a fluorescent
probe

Fig. 10 Emission spectra of pyridinium salt A16 (structure of the dye market in Fig. 11)
for different degrees of photoinitiated of 2-ethyl-2-(hydroxymethyl)-1,3-propanediol tri-
acrylate (TMPTA)–1-methyl-2-pyrrolidinone (MP) (9 : 1) mixture. The degree of poly-
merization was calculated using Fourier transform infrared spectroscopy (FTIR) spec-
troscopy. Inset Normalized fluorescence spectra of the probe illustrating a blue shift of
fluorescence λmax during polymerization of TMPTA-MP (9 : 1) mixture [39]. (Reproduced
by permission of the Royal Society of Chemistry)

toinitiator (visible-light probe). The emission spectra of the probe and
Fourier transform infrared spectroscopy (FTIR) spectra of the alkene (to
monitor a decrease in the monomer concentration) are measured after
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subsequent irradiations. Examples of the emission spectra are presented
in Fig. 10.

As can be seen, an increase in the intensity of the probe fluorescence
during a photochemically initiated polymerization parallels the degree of
monomer double-bond conversion. This effect is accompanied by a blue shift
in the emission maxima. No sudden increase caused by formation of the
rigid gel is observed. However, the increase in the probe’s emission inten-
sity versus monomer double-bond conversion is not usually a well-defined
linear function. On the other hand, the relationship between the ratio of emis-
sion intensities at two selected wavelengths and degree of vinyl monomer
double-bond conversion is a linear function with a high correlation coeffi-
cient (Fig. 11).

Additional effects that cause changes in the intensity of fluorescence are
a decrease in temperature when polymerization is completed and a strong in-
crease in viscosity as a result of a transition of a liquid monomer into solid
polymer matrix. Reduction of a probe may also be a factor if the probe is used
as a photoinitiator [82].

Fig. 11 Ratio of emission intensity at two selected wavelengths for styrylpyridinium
probe A16 versus degree of double bond conversion during photoinitiated polymerization
of TMPTA-MP (9 : 1) mixture. The inset shows changes in the infrared (IR) absorption of
– C= C – of TMPTA recorded at 810 cm–1 [39]. (Reproduced by permission of the Royal
Society of Chemistry)
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3
Dye-Based Photoinitiators for Visible Light Polymerization

3.1
General Information

Polymer photoinitiating systems, introduced by Dupont in the 1950s [83], are
an important application of photochemical technology [84]. Polymerization
reactions can be carried out in an image-forming fashion, as a thin film or
layers [85–87].

The photoinitiator system generates free radicals that initiate radical chain
polymerization of the unsaturated monomer or monomers. It may be a sin-
gle compound, typically called a photoinitiator, rather than a photoinitiator
system that absorbs light and undergoes unimolecular reactions to form rad-
icals, or it may consist of several different compounds that undergo a complex
series of reactions to produce the initiating radicals [88].

3.2
Dyes as Photoinitiators

A few photoreducible dyes, such as xanthene and acridine dyes, can di-
rectly photoinitiate polymerization of methyl methacrylate, styrene and
acrylonitrile, with low efficiency [84, 89, 90]. Photoinitiation occurs by
electron-transfer between the singlet excited dye molecule and the monomer
(Scheme 1).

Scheme 1

Electron-deficient monomers (like acrylates) react preferentially as elec-
tron acceptors, whereas polymerization of electron-rich monomers occurs by
monomer oxidation [84, 87].
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3.3
Dyes/Coinitiator Photoinitiating Systems

Usually, photoinitiation of polymerization does not occur upon interaction of
the excited singlet or triplet state of the dye with a monomer molecule [84].
In most practical applications of photoinduced radical polymerization, the
sensitizers are UV-absorbing compounds that undergo unimolecular frag-
mentation in an excited state to form the initiating radicals. It has proven
difficult to extend this feature far into the visible region of the spectrum. Most
of the useful initiating systems that respond to visible light are based on quite
different, usually bimolecular chemistry. For example, a sensitization that is
useful in the blue region requires a bimolecular electron-transfer reaction be-
tween an excited compound and an electron-donor compound. In the case
of neutral reactants, a radical anion and a radical cation are formed. Subse-
quent proton transfer results in the formation of radicals that are capable of
initiating polymerization [91]. Two types of sensitization of free radical poly-
merization can occur, namely photoreducible dye sensitization, reported first
by Oster in 1954 [4], and photooxidizable dye sensitization [3, 84]. Initiation
of polymerization by photoreducible dyes in the presence of different coini-
tiators (electron donors) is very common, whereas polymerization initiated
by photooxidation of a dye in the presence of an electron acceptor is very
rare. For example, thiazine dyes such as methylene blue can react either as
electron acceptor in the presence of N-phenylglycine [92] as electron donor,
or as electron donor in the presence of benzyltrimethylstannane as electron
acceptor [84, 93].

The secondary reaction following the electron-transfer process involves ei-
ther a proton transfer or a fragmentation reaction (cleavage). The latter type
of reaction can occur as reductive cleavage (Eq. 2) or as oxidative cleavage
(Eq. 3), depending on whether the compound that undergoes the cleavage re-
action has been initially reduced or oxidized. Here, D∗ represents an excited
state of an electron donor, A∗ represents an excited state of an electron ac-
ceptor and X–Y is the compound that undergoes cleavage. When the X–Y
molecule is charged, the most likely photoinduced electron-transfer reaction
is either reduction if the molecule is a cation, or oxidation if the molecule is
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an anion. Both processes form a neutral radical X–Y·, the fragmentation of
which generates a radical X· and a neutral species Y [91]

D∗ + X – Y+ → D·+ + X – Y· → X· + Y ,

Equation 2

A∗ + X – Y– → A·– + X – Y· → X· + Y .

Equation 3

A number of examples of reductive cleavage of cationic acceptors (Eq. 2) and
oxidative cleavage of anionic donors (Eq. 3) have been reported [91].

Most photoreducible dyes absorb in the visible region. A suitable dye/co-
initiator system must exhibit a high absorption in the wavelength delivered
by visible light sources (lasers) in order to efficiently generate the reactive
initiating radicals [91].

3.4
Polymethine Dyes as Sensitizers in Two-Component Photoinitiating Systems

3.4.1
Cyanine Dye/Alkyltriphenylborate Salt

Cyanine dyes act as a primary absorber of the visible light in many pho-
toinitiator systems. The ion pair composed of a cyanine dye cation and an
alkyltriarylborate anion was first described by G.B. Schuster et al. [9, 10].
Work on the photochemistry of cyanine borates led to the preparation of
commercial photoinitiators that are color-tunable and operate in the visi-
ble region [94–99]. The cyanine cation and borate anion exist as an ion
pair even in medium polarity solvents, and some of them even form pen-
etrated ion pairs for which the center-to-center distance between the ions
is less than the sum of their individual radii [100–103]. Since the lifetime
of the excited singlet state of a cyanine dye is too short to allow for an
efficient diffusive encounter at an achievable concentration of the borate,
self-association of the cyanine cation and borate anion is a prerequisite
for efficient photoinduced reaction. The mechanism of free radical forma-
tion from cyanine borates was established using photolytic studies includ-
ing laser flash photolysis [100]. Laser flash photolysis of a cyanine benzyl-
triphenylborate salt showed very fast bleaching of the cyanine absorption
and the formation of a transient cyanine dye radical. Similar experiments
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Scheme 2

performed with a vinyltriphenylborate analogue showed that the process oc-
curs with significantly less efficiency than that of the benzyltriphenylborate
salt. On the other hand, in the photolysis of a tetraphenylborate salt, the
cyanine radical is not generated and the excited singlet state of the dye is
nearly completely returned to the cyanine ion ground state at the end of the
pulse.

The laser flash photolysis data helped delineate the mechanism of the poly-
merization initiation process. The initiation step of the reaction involves alkyl
radical formation as a result of photoinduced electron transfer from the bo-
rate anion to the excited singlet state of cyanine dye, followed by a rapid
cleavage of the carbon–boron bond of the boranyl radical (Scheme 2). Pos-
sible processes for free radical photoinitiated polymerization with the use
of cyanine borate initiators are presented in Scheme 2, where kBC denotes
the rate of the carbon–boron bond cleavage, the reverse step is designated
as k–BC, and kbl is the rate constant of the free radicals cross-coupling step
yielding bleached dye.

3.4.2
Symmetrical Cyanine Borate Photoredox Pairs as Visible-Light Photoinitiators

In this section, the experimental results describing the application of the
cyanine borate salts as the photoinitiators of polymerization of acrylic
monomers are presented [11, 42, 105–118]. The effect of the photoinitiating
ion-pair structure on the rate of photoinitiated free radical polymerization is
also considered.

The structures of symmetrical polymethine dyes as n-butyltriphenylborate
salts tested as visible light photoinitiators for free radical polymerization are
shown in Chart 3.
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Chart 3

The choice of the photoinitiator is essential in laser-induced polymeriza-
tion, since even the most reactive acrylic monomers polymerize slowly when
exposed in pure form to the laser beam (less than 3% conversion after 1 min.).
In our studies, the polymerizations in the presence of cyanine borate salts
were performed under irradiation at 514 nm by using an argon-ion laser.

Fig. 12 Kinetic curves recorded during the measurements of the heat flow for the pho-
toinitiated polymerization of the TMPTA/MP (9 : 1) mixture initiated by the tested
borate salts (X–= n-butyltriphenylborate). The dye concentration was 1×10–3 M, Ia =
64 mW/cm2 [105]. (Reprinted with permission of John Wiley & Sons, Inc.)
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The benzothiazolium trimethine dyes (X=S) are characterized by an in-
tense absorption at 550–600 nm and a second, less intense, hypsochromically
shifted absorption. For the corresponding benzoxazolium analogues (X=O),
the absorption bands are hypsochromically shifted by about 60–70 nm.
The two bands are assigned to the 0,0 and 0,1 vibronic transitions within
the first excited state of the dye. The position of absorption λmax essen-
tially does not depend on the type of borate ion. The series of symmetri-
cal polymethine dyes also contain several meso-substituted analogues (R9 =
alkyl). The principal difference between the meso-substituted and non-
substituted dyes is reflected in the value of the molar absorption coeffi-
cient, which is smaller for meso-alkyl substituted derivatives. The introduc-
tion of meso-alkyl substitution is known to destabilize the all-trans isomer
of cyanine dye in solution, which is normally the preferred ground state
isomer [11, 105, 106, 110, 111, 118, 119].

The sensitivity of cyanine borate salts to the photoinitiation of free radical
polymerization of a solution composed of 1-methyl-2-pyrrolidinone (MP),
2-ethyl-2-(hydroxymethyl)-1,3-propanediol triacrylate (TMPTA) and initiat-
ing cyanine borate with a concentration of 1×10–3 M depends on the struc-
ture of the dye (Fig. 12) and on the structure of the borate anion (Fig. 13).

Fig. 13 Kinetic curves recorded during the measurements of the heat flow for the
photoinitiated polymerization of the TMPTA/MP (9 : 1) mixture initiated by the tested
borate salts. (1) X–= n-butyltriphenylborate, 2 X–= sec-butyltriphenylborate, 3 X–=
tert-butyltriphenylborate. The dye concentration was 1×10–3 M, Ia = 64 mW/cm2 [105].
(Reprinted with permission of John Wiley & Sons, Inc.)
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High rates of free radical polymerization are observed for symmetrical
polymethine dyes without substituents at the end-heterocyclic units. The in-
troduction of an electron-withdrawing atom, e.g., chloride and fluoride, into
the heterocyclic system causes an increase in the rate of polymerization. On
the other hand, electron-donating substituents such as methyl, methoxy and
phenyl groups cause a decrease in the rate of free radical polymerization.

3.4.3
Hemicyanines as Photoinitiators for Free Radical Polymerization

Several photoredox pairs consisting of an asymmetric cyanine dye (acting
as electron acceptor) and n-butyltriphenylborate anion (acting as electron
donor) were tested as a photoinitiating system for the polymerization of the
multiacrylate monomer. Their structures were presented earlier in Chart 1.
The kinetic curves obtained for the photoinitiated polymerization of TMPTA-
MP (9 : 1) mixture in the presence of selected hemicyanine borate salts, under
irradiation with a visible light, are shown in Fig. 14 for illustration.

Fig. 14 Kinetic curves recorded during the measurements of the flow of heat for the
photoinitiated polymerization of the TMPTA/MP (9 : 1) mixture initiated by the tested
borate salts. The dye concentration was 1×10–3 M, Ia = 64 mW/cm2. The dyes are E13
(top) and A11 (bottom), and the anion is n-butyltriphenylborate [107]. (Reprinted with
permission of John Wiley & Sons, Inc.)
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Generally, the initiators with electron-donating groups other than dialky-
lamino groups or with electron-withdrawing groups induce somewhat higher
rates of heat evolution (slope of the linear part of kinetic curve) in compari-
son to the photoredox pairs with the dyes possessing dialkylamino electron-
donating substituents.

3.4.4
Modified Hemicyanines as Component
of Effective Photoinitiating Photoredox Systems

Chart 4 shows dicationic styryl dyes (series K–M) and N-methoxypyridinium
styryl dyes (series N) as novel photoinitiating systems for free radical poly-
merization of acrylate monomers.

Properties of the dicationic hemicyanine dyes of the series K–M as poly-
merization initiators have been compared to the properties of other mono-
cationic styryl dyes of the series A–H discussed previously [41, 105, 107, 108,
120, 121]. These hemicyanines paired with borate electron donors are not
the most sensitive reagents for inducing photopolymerization. For example,
a rose bengal derivative is much more efficient [122].

Chart 4
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The photoinitiation efficiency of a dicationic hemicyanine of the series M
(R = NMe2, X–= n-butyltriphenylborate) is comparable to the sensitivity of
the rose bengal-based initiation systems (a triplet state photoinitiator [122])
and is the best of all the two-component photoinitiating systems described
here.

Experiments with dyes of the series K and L revealed that these pho-
toinitiators possess better photoinitiating abilities than their monocationic
equivalents [123–126]. On the other hand, they initiate free radical poly-
merization with lower rates than monochromophoric dicationic hemicyanine
borates, despite a similar value of degree of dissociation (about 45%). How-
ever, the specific spectroscopic properties make those symmetrical dicationic
bischromophoric polymethine dyes good candidates for two-photon-induced
initiators for free radical polymerization.

The third group of modified hemicyanine dyes as photoinitiators consti-
tutes substituted N-methoxypyridinium borate salts (series N).

The replacement of an N-methyl group by N-methoxy group at the pyri-
dine ring sharply increases the rate of photoinitiation of TMPTA free rad-
ical polymerization (Fig. 15). The better photoinitiating ability of the N-

Fig. 15 Photopolymerization kinetic traces recorded during polymerization of the
TMPTA/MP (9 : 1) mixture initiated by Nα (top) and A10 (bottom) n-butyltriphenylborate
salts. The dye concentration was 4.5×10–2 M, Ia = 64 mW/cm2. For clarity of presen-
tation the rate of polymerization is expressed in logarithmic form [113]. (Elsevier (or
appropriate Society name))
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methoxy derivatives is a consequence of an increase in the quantum yield of
free-radical formation, caused by the fragmentation of the electron-acceptor
radical obtained after electron transfer. The type of N-methoxypyridinium
substitution (α, β or γ ) does not significantly affect the photoinitiation
efficiency [113].

3.4.5
Influence of Coinitiator Concentration

Initiation of polymerization via photoinduced intermolecular electron-
transfer process may involve many steps such as photoinduced electron
transfer from an electron donor to the excited state of a dye or from an ex-
cited electron donor to the ground state of an electron acceptor followed
by secondary reactions yielding a neutral radical initiating polymerization.
The steps determining the reaction rate of the free-radical-initiated polymer-
ization via intermolecular electron-transfer process (PET) are dependent on
the nature of the dye and the electron donor (or acceptor). It has been sug-
gested that symmetrical cyanine borate salts [10, 102] in nonpolar or medium
polarity solvents can be treated as ion pairs. However, our studies on the
influence of the borate anion concentration on the rate of photoinitiated poly-
merization showed a distinct increase in the rate of polymerization as the
concentration of borate anion increased [41, 107, 108]. This finding suggests
that at the concentration of borate anion that is equal to the concentration
of cyanine cation, only a part of the photoredox pairs exists as ion pairs.
Since the electron transfer in cyanine dyes occurs in their singlet state, the
existence of a cyanine cation and borate anion as an ion pair is the basic
prerequisite for effective electron transfer. It can be suggested that the ad-
ditional amount of borate anion in the polymerizing composition should
shift the equilibrium between free ions and ion pairs to a higher ion-pair
concentration and cause an increase in the photoinitiation efficiency of the
dye-borate salt. Indeed, a study of the influence of borate concentration on
the rate of photoinitiated polymerization revealed a distinct increase in the
rate of photopolymerization with the increase in concentration of borate
anion [11, 105, 106, 115].

3.5
Cyanine Dye/N-Alkoxypyridinium Salt
as Three-Component Photoinitiating Systems

N-alkoxypyridinium salts are useful sources of radicals for photoiniti-
ated polymerization. Single-electron transfer from cyanine chromophore to
N-alkoxypyridinium salt results in N – O bond cleavage and the formation of
an alkoxy radical (Scheme 3).
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Scheme 3

The driving force for the fragmentation reaction is the formation of
a stable pyridine molecule. N-alkoxypyridinium salts have proven to be ef-
fective as photoinitiators with a wide range of sensitizers [91]. When the
reduction potential of the donor molecule is more negative than that of
N-alkoxypyridinium salt (i.e., it is more difficult to reduce), the photochem-
ical electron-transfer reaction will be exothermic. Thus, the energetics of
electron transfer from an excited hemicyanine dye to N-alkoxypyridinium
salt, and thus the efficiency of forming initiating radicals, can be a function
of the difference in the reduction potentials of the two reactants [91]. Dyes
used in combination with N-methoxypyridinium n-butyltriphenylborate in
our studies to photoinitiate polymerization are the unsymmetrical benzoth-
iazolium derivatives (Chart 1). From these studies it was concluded that the
reduction potential of the dye is the main factor controlling the initiation
efficiency of polymerization.

From the laser flash photolysis measurements performed for a model
triplet state chromophore, it was concluded that the chromophore radical is
quenched by N-alkoxypyridinium cation (+PyOR) [104, 109].

The lifetime of a chromophore radical in MeCN solution is about 10 µs
and it decreases as the concentration of +PyOR increases. The Stern–Volmer
plots obtained from the Py· lifetime measurements are linear over the whole
range of the quencher concentration used [109]. Therefore, it appears that
the alkoxypyridinium cation is reduced by dye radical. This reaction gener-
ates alkoxypyridinium radical that undergoes fragmentation giving neutral
pyridine and alkoxy radical. Gould et al. have documented that exothermic
photochemical electron-transfer reaction requires the reduction potential of
the donor molecule to be more negative in comparison to the reduction po-
tential of the alkoxypyridinium cation [91]. The dyes F1 and F10 (Chart 1)
in combination with N-methoxy-4-phenylpyridinium n-butyltriphenylborate
were studied. The dyes F1 and F10 undergo reduction at about – 1.06 V
and at about – 0.73 V, respectively (versus Ag – AgCl). The measured value
of reduction potential for N-methoxy-4-phenylpyridinium cation is about
– 0.67 V. Thus, in the presence of the methoxypyridinium cation, only dye F1
can initiate polymerization because the energy of its photoredox pair is
close to the region where the electron transfer becomes exothermic. It is
commonly assumed that the oxidation potential of the dye radical is ap-
proximately equal to the reduction potential of the dye cation. Thus, the
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reduction potentials for the dye radicals under study are – 1.06 V for F1· and
– 0.73 for F10· , respectively. The reduction potential of the N-methoxy-4-
phenylpyridinium cation is about – 0.67 V. Thus, the driving force of elec-
tron transfer between the dye radical and N-methoxy-4-phenylpyridinium
cation is 0.42 eV (– 40.5 kJ mol–1) for dye F1 and – 0.06 eV (– 5.8 kJ mol–1) for
dye F10. The negative values indicate that the electron transfer between dye
radicals and N-methoxy-4-phenylpyridinium cation is thermodynamically
allowed [109]. It was found that in the presence of F1, the polymerization rate
increases with increasing concentration of N-methoxy-4-phenylpyridinium
n-butyltriphenylborate.

As mentioned above, Gould and Farid described reactions of photoiniti-
ated polymerization that apply the electron transfer occurring between the
excited state of dye and N-alkoxypirydinium salts, acting as the efficient
ground-state electron acceptors [91]. The photochemistry of such electron-
transfer reactions was, in part, clarified by Schuster et al. [9, 10, 127], who
concluded that for the singlet state reaction, the nitrogen–oxygen bond
cleavage competes successfully with the back electron transfer. When reac-
tion occurs in an overall triplet state, back electron transfer cannot occur
and solvation and nitrogen–oxygen bond cleavage to form an alkoxy rad-
ical become competitive. Following the Schuster and Gould studies we have
compared the reactivity of systems composed of positively charged hemi-
cyanine dye acting as light absorber, n-butyltriphenylborate (Ph3BBu–) an-
ion acting as electron donor and methoxypyridinium (+PyOMe) cation act-
ing as ground-state electron acceptor. Salts Ph3BBu–Me4N+, +PyOMe F4B–

or +PyOMe Ph3BBu– were used in the polymerizing formulations. There
are two significant structural differences between the main system studied
by us and that reported by Schuster [9, 10, 127]. First, the absorbing dyes
are positively charged and this feature allows the obtaining of a neutral
radical after an electron transfer. Second, we use coinitiators paired ei-
ther with different counterions or in the form of an ion pair, which al-
lows substrates of electron-transfer reactions in a specific form to organize.
As a result, the diffusion effect on overall efficiency of photoinitiation is
minimized [109, 113].

The highest rate of polymerization is observed for the formulation in
which a n-butyltriphenyl borate and N-methoxy-4-phenylpyridinium ion
pair acts as coinitiating pair. The relative rate of photoinitiated polymeriza-
tion is the lowest for the system containing only n-butyltriphenylborate salt
as electron donor [109, 113].

On the basis of the photochemistry of the borate anion [9, 10] and the pho-
tochemistry of N-alkoxypyridinium cation [91, 109, 113] the following unified
mechanism was proposed (Scheme 4).
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Scheme 4 (Reprinted with permission from [109])

Two possible pathways of free radical generation are considered. The upper
path describes the processes that can occur when all initiating components
are not organized, e.g., they are present in formulation as salts of photo-
chemically inert counterions. After excitation, in order to make an electron
transfer effective the electron donor and electron acceptor must diffuse to
each other to form an encounter complex, in which an electron-transfer re-
action takes place. The resulting boranyl radical undergoes decomposition
generating neutral triphenylboron and butyl radical [9, 10, 127]. The other
product of the electron-transfer reaction is dye radical that could partic-
ipate in a second electron-transfer reaction with alkoxypyridinium cation
to form alkoxypyridinium radical and in this way to generate a second
radical.

It was suggested that for the photoinitiation occurring via the singlet ex-
cited state, the diffusion of photoinitiator components and the back electron
transfer limit an overall efficiency of photoinitiation. The simplest way to
eliminate the diffusion effect is to covalently link a dye with either an elec-
tron donor or electron acceptor. An example of such a dye is N1 (Chart 4)
as n-butyltriphenylborate salt. The mechanism of free-radical generation was
clarified with the use of laser flash photolysis experiments. Electron trans-
fer to the dye N1 generates radical localized on the pyridine nitrogen atom.
Then this radical undergoes fragmentation forming methoxy radical and
reduced dye.

3.6
Thermodynamics of Photoinitiation

Discussion of the cyanine borates photochemistry should include the estima-
tion of the thermodynamic driving force of photoinduced electron-transfer
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reaction (PET). The main prerequisite for PET reactions is described by the
Rehm–Weller equation, Eq. 4, which states that the free energy of activation
for the PET (∆Gel) process should have negative value [128, 129]

∆G0
el = Eox

(
D/D·+)

– Ered
(
A·–/A

)
– Ze2/εa – Eoo .

Equation 4

Fig. 16 Cyclic voltamperograms of dicationic dye M (Chart 4, R=H) and tetramethyl-
ammonium n-butyltriphenylborate in 0.1 M tetrabutylammonium perchlorate solution in
dry acetonitrile as the supporting electrolyte [115]. (Reprinted with permission of John
Wiley & Sons, Inc.)
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Fig. 17 Oxidation potentials (Eox) of borate salts

In this function, Eox
(
D/D·+

)
is the oxidation potential of the electron donor,

Ered
(
A·–/A

)
is the reduction potential of the electron acceptor, Eoo is the en-

ergy of the excited state and Ze2/εa is the Coulombic energy associated with
the process.

Usually the electrochemical data are measured in acetonitrile solution. The
electrochemical reduction of dye M (Chart 4, R=H) in acetonitrile solution is
reversible (Fig. 16). However, the oxidation of n-butyltriphenylborate is dis-
sociative, which causes the electrochemical process to be irreversible.

The thermodynamically meaningful oxidation potential can also be esti-
mated using an indirect kinetic method described by Murphy and Schus-
ter [102]. The oxidation potentials measured electrochemically and kineti-
cally differ by about 0.3 V [106, 115].

In spite of the fact that the obtained electrochemical values for both
components of photoredox pairs are only approximate, they allow estima-
tion the free energy of activation (∆Gel) for the PET. The experimental
values of the oxidation potentials of three isomeric borate salts are presented
in Fig. 17.

3.7
Marcus Theory Applied to Kinetics Study
of Multifunctional Acrylates Polymerization

The rate of the photoinitiated polymerization (Rp) can be described by
Eq. 5 [17, 58, 59, 63, 105, 130]

ln Rp = A – (λ + ∆Gel)
2/8λRT ,

Equation 5

where A combines all constant data for the initial time of polymerization,
λ is defined as the total reorganization energy, and ∆Gel is the free energy
of activation for PET as expressed by Eq. 4. It is apparent from Eq. 5 that for
the photoinduced polymerization occurring via the electron- transfer pro-
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cess, the relationship between the rate of polymerization Rp and free energy
of activation ∆Gel should present a classical, Marcus parabolic relationship.
Equation 5 predicts that the rate of polymerization may be controlled, in part,
by the rate of photoinduced electron transfer. As a consequence, the Marcus
equation can be applied for the description of the rate of the polymerization
photoinitiated via the photoinduced intermolecular electron transfer. Experi-
mental verification of Eq. 5 for the tested ion pairs is possible by measuring
the rate of the primary process of the polymerization initiation process, e.g.,
the rate of the electron transfer between the borate and cyanine ions.

As already noted, Schuster and coworkers [9, 10] established that the
single-electron transfer from the alkyltriphenyl borate to the excited cyanine
dye occurs at a rapid rate. These authors also established that the unasso-
ciated cyanine cations fluoresce and there is no (or very little) fluorescence
from the cyanine borate ion pair. Finally, they concluded that the fluoresc-
ing state of the cyanine is not the state that is reduced by the borate [9, 10].
In order to clarify the relationships between the rate of the polymerization
and the photophysical properties of cyanine dyes, fluorescence lifetime meas-
urements were performed. The fluorescence lifetimes were measured for the
cationic dyes with a variety of counteranions. Surprisingly, these measure-
ments revealed mostly two-exponential fits with the experimental residual
very close to the theoretical one.

For a few dyes, a three-exponential model was necessary in order to ob-
tain the acceptable fits. There are also examples, mostly for meso-substituted
cyanines, of single-exponential decay [127, 131–134]. The alkyl substitution
in the meso position of the polymethine chain dramatically decreases the flu-
orescence lifetime, which is attributed to faster torsional relaxation to the
ground state of the excited dye [135]. The exchange of ethyl sulfate or iodide
anion for borate ion also strongly decreases the cyanine ion fluorescence life-
time.

Theoretical calculations of the cyanine ground states in the trans and cis
forms of the polymethine chain have been conducted [106, 110, 133, 136]. The
spectroscopic properties of the cis form of cyanine dyes should be clari-
fied here. In literature, there is controversy about the interpretation of the
transient absorption spectra of cyanine dyes. Indolium trimethine cyanines
display characteristic transient absorption (apparent absorption maximum
at 580 nm) that decays in a nanosecond time scale and which, according to
Schuster [127], can be attributed to mono-cis excited isomer. On the other
hand, Serpone et al. [135], in their study of benzothiazolium trimethine
dyes (Chart 3) attributed this transient absorption to the triplet excited state
of the dye. However, it is necessary to emphasize that the heavy atom ef-
fect creates a transient with an apparent absorption maximum recorded at
620 nm [127] and that the triplet energy transfer sensitization of benzothia-
zolium trimethine dyes also gives an absorption band with a maximum at
630 nm [127, 137]. These observations allow us to anticipate that the nonemit-
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ting state exhibiting a transient absorption band in the range 480–580 nm can
be assigned to the absorption related to the presence of the excited mono–cis
isomer.

The occurrence of the electron transfer between cyanine and borate ions
leads to quenching and simultaneous shortening of the fluorescence lifetime
of cyanine. Under the assumption that the electron transfer is the only addi-
tional quenching route available in the ion pair (lifetime τCyB), as compared
to the parent dye (lifetime τCyX), the rate of the electron transfer (kel) for the
ion pair can be obtained from Eq. 6

kel =
1

τCyB
–

1
τCyX

.

Equation 6

The calculated rate constants for the symmetrical polymethine dyes are in
the range 2.74 × 108 s–1 to 6.6×1010 s–1 [106, 110]. The main question aris-
ing during the quenching experiments is whether the fluorescing state of the
cyanine is the state that is quenched and reduced by the borate. It is well
known that the rate of the electron transfer is related to the free energy of
the reaction through the classical Marcus equation [75]. It has been suggested
that the quenched state is the fluorescing state [106, 110]. It is important to
emphasize that the relationship predicted by the Marcus equation is fulfilled
only for cyanines without substitution in the meso position. Accordingly, it
can be suggested that meso-substituted cyanines are not quenched in their
fluorescing state.

3.8
The Photobleaching Reaction of the Dye

It is evident from Scheme 2 that the photochemical reactions occurring after
irradiation of the photoinitiator redox pair with visible light involve, besides
the initiation of free radical polymerization, the color loss of the light ab-
sorber.

The colorless product obtained during polymerization originates from
a cross-coupling reaction between an alkyl radical and a cyanine radical
formed from an electron donor or an electron acceptor [9–11, 107, 122, 131,
138]. The above-mentioned reaction may decrease the efficiency of free rad-
ical photopolymerization.

The quantum yields of the dye photoreduction processes range from 0.005
to 0.3 [11, 105–108, 110, 111]. The efficiency of the bleaching process can be
described using the Marcus relationship.
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64. Kabatc J, Ośmiałowski B, P �aczkowski J (2006) Spectrochim Acta A 63:524
65. Koti SR, Bhattacharjee B, Haram NS, Das R, Periasamy N, Sonawane ND, Rang-

nekar DW (2000) J Photochem Photobiol A 137:115
66. Jager WF, Lungu A, Chen DY, Neckers DC (1997) Macromolecules 30:780
67. Rettig W (1994) Photoinduced electron transfer. In: Mattay J (ed) Topics in current

chemistry. Springer, Berlin, p 93
68. Strehmel H, Seifert W, Rettig W (1997) J Phys Chem 101:2232
69. Rotkiewicz K, Grellman KH, Grabowski ZR (1973) Chem Phys Lett 19:315
70. Grabowski ZR, Rotkiewicz K, Siemiarczuk A, Cowley D, Baumann W (1979) Nouv J

Chim 2:443
71. Herstroeter WG (1973) J Am Chem Soc 95:8686
72. Herstroeter WG (1975) J Am Chem Soc 97:3090
73. Smith WF, Herstroeter WG, Eddy KL (1975) J Am Chem Soc 97:2764
74. Herstroeter WG (1976) J Am Chem Soc 98:6210
75. Marcus RA (1989) J Phys Chem 93:3078 and references cited therein
76. Kapturkiewicz A, Herbich J, Karpiuk J, Nowacki J (1997) J Phys Chem A 101:2332
77. Herbich J, Kapturkiewicz A (1998) J Am Chem Soc 120:1014
78. Onsager L (1936) J Am Chem Soc 58:1486



Polymethine Dyes as Fluorescent Probes and Visible-Light Photoinitiators 219

79. Lippert E (1955) Z Naturforsch A 10:541
80. Mataga N, Kaqifu Y, Kouzumi M (1955) Bull Chem Soc Jpn 28:690
81. P �aczkowski J, Neckers DC (1992) Macromolecules 25:548
82. Lis S, Konarski J, Hnatejko Z, Elbanowski M (1994) J Photochem Photobiol A 79:25
83. Plambeck LF (1956) US Patent 2 760 863
84. Cohen AB, Walker P (1989) Imaging processes and materials. In: Sturge J, Wal-

worth V, Shepp A (eds) Neblett’s, 8th edn. Van Nostrand Reinhold, New York, p 240
85. Neckers DC, Jager W (1998) Photoinitiationfor photopolymerization: UV and EB at

the millennium. Wiley, Chichester
86. Lowe C, Webzter G, Kessel S, McDonald I (1997) Formulation. chemistry and tech-

nology for UV and EB formulation for coatings, inks and points. Wiley, Chichester
87. Reiser A (1989) Photoreactive polymers: the science and technology of resists. Wiley,

New York
88. Monroe BM (1993) Chem Rev 93:435
89. Katley AD (1982) J Radiat Curing 3:35
90. Eaton F (1984) Pure Appl Chem 56:1191
91. Gould R, Shukla D, Giesen D, Farid S, (2001) Helv Chim Acta 83:2796
92. Matsumoto S (1962) Bull Chem Soc Jpn 35:1860
93. Eaton DF (1979) Photogr Sci Eng 23:150
94. Gottschalk P, Neckers DC, Schuster GB (1980) US Patent 4 772 530
95. Gottschalk P, Neckers DC, Schuster GB (1987) Chem Abstr 107:187434n
96. Gottschalk P, Neckers DC, Schuster GB (1988) US Patent 4 842 980
97. Gottschalk P, Neckers DC, Schuster GB (1987) Chem Abstr 107:187434n
98. Gottschalk P (1989) US Patent 4 874 450
99. Weed G, Monroe BM (1992) US Patent 5 143 818

100. Lan LY, Schuster GB (1986) Tetrahedron Lett 27:4261
101. Yang X, Zaitsev A, Sauerwein B, Marphy S, Schuster GB (1992) J Am Chem Soc

114:793
102. Murphy S, Yang X, Schuster GB (1995) J Org Chem 60:2411
103. Owen DJ, Schuster GB (1996) J Am Chem Soc 118:259
104. Griller D, Ingold KU, Patterson LK, Scaino JC, Small RD (1979) J Am Chem Soc

101:3780
105. Kabatc J, J�edrzejewska B, P �aczkowski J (2000) J Polym Sci A Polym Chem 38:2365
106. Kabatc J, Pietrzak M, P �aczkowski J (2002) J Chem Soc Perkin Trans 2 2:287
107. Kabatc J, J�edrzejewska B, P �aczkowski J (2003) J Polym Sci A Polym Chem 41:3017
108. J�edrzejewska B, Kabatc J, Pietrzak M, P �aczkowski J (2002) J Polym Sci A Polym

Chem 40:1433
109. Kabatc J, P �aczkowski J (2005) Macromolecules 38:9985
110. Kabatc J, P �aczkowski J, Karolczak J (2003) Polimery 48:425
111. Kabatc J, P �aczkowski J (2003) Polimery 48:321
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121. Kabatc J, J�edrzejewska B, Orliński P, P �aczkowski J (2005) Spectrochim Acta A 62:115



220 J.P �aczkowski et al.

122. Valdes-Aquilera O, Pathak CP, Shi J, Watson D, Neckers DC (1992) Macromolecules
25:541

123. J�edrzejewska B, Kabatc J, P �aczkowski J (2007) Dyes Pigm 73:361
124. J�edrzejewska B, Kabatc J, P �aczkowski J (2007) Dyes Pigm 74:262
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Abstract The widespread use of polymethine dyes in high-technology applications such
as optical recording, thermal displays, laser printers, laser filters, and infrared photo-
graphy involves a solid state of the dyes. The polymethine dyes are relatively stable in the
solid state. By contrast, a common limitation of the application of the polymethine dyes
in solution, especially those with long-wavelength absorption bands, is their susceptibility
to chemical and photochemical degradation. The features that affect stability of the dyes
in solution under dark and light conditions are the subject of this review. The reactivity
of polymethine dyes, that can be used in synthetic modifications, is also discussed.

Keywords Cyclodextrin · Encapsulation · NIR · Pyroninocyanine dyes · Rigidization ·
Rotaxane · pH-sensitive dyes

1
Introduction

As shown in other parts of this volume, solid polymethine dyes are widely
used in many commercial products. They serve as active ingredients in semi-
conducting materials, laser materials, optical recording media, paints, and are
used in infrared photography, among others. Polymethine dyes are relatively
stable in the solid state. The last decade has seen an increase in the applica-
tions of the dyes in solution, such as labeling of nucleic acids and proteins
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and for use in medicine, as described by other authors in this volume. The
first efforts of the use of these dyes in solution were strongly hampered by
relatively low stability when compared to stability in the solid state. Subse-
quently, numerous studies have been undertaken to better understand the
factors behind the instability. As a result, improved dyes for use in bioan-
alytical chemistry and medicine are being synthesized. As shown in other
parts of this volume, the modern synthetic chemistry permits an easy prepar-
ation of various polymethine dyes, the absorption and fluorescence of which
range from visible to near-infrared regions. The use of near-infrared dyes in
the biological sciences is especially advantageous because of the low inter-
ference from background absorption and fluorescence [1]. More specifically,
the interaction of a near-infrared dye with a biomolecule of interest can
be studied directly without prepurification of the complex biological sam-
ple. Unfortunately, certain near-infrared dyes have been known to be much
less stable in solution than their visible counterparts. The factors responsi-
ble for this low stability and the synthetic modifications that are known to
increase stability of polymethine dyes are discussed herein. Degradation of
the dyes in the presence of light and molecular oxygen and under dark con-
ditions is discussed. Then, structural modifications of the dyes to improve
their stability are presented. Since it is known that dyes in the aggregated
state in solution are especially prone to photodegradation, special atten-
tion is given to a decrease in aggregation of polymethine dyes in solution.
Specifically, bulky groups and cyclodextrin inclusion [2] of the cationic poly-
methine chain have been shown to inhibit aggregation by limiting the dye’s
self-sensitizing photooxidation [3]. Aggregation is also decreased for dyes
containing sulfonate or sulfonatoalkyl groups attached to the heterocyclic
subunits [4].

Reactivity of the dyes in relation to synthetic transformations for a facile
introduction of various functional groups at the chromophore is also dis-
cussed. Overall, the conditions under which the chromophore is stable or not
stable are analyzed.

2
Photodegradation

2.1
Mechanism

Degradation of polymethine dyes in solution in the presence of light and air
has been a recurrent and troublesome problem over the years. The essen-
tial agents that contribute to this degradation process are molecular oxygen
and light. However, these two components are ubiquitous and, in order to
improve the chemical and light stability, a synthetic chemist must under-
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stand the mechanism of the photodegradation process. The major pathway
of photodecomposition involves the reaction of singlet oxygen 1O2 with the
chromophore [5–7]. Specifically, upon light absorption the molecule under-
goes intersystem-crossing from the excited singlet state S1 to the excited
triplet state T1 followed by interaction of T1 with endogeneous ground state
triplet oxygen 3O2 to generate the destructive singlet species 1O2. Subsequent
attack on the polymethine chain by 1O2 results in fragmentation of the chro-
mophore. Another reactive species is superoxide anion O2

– which is also
generated in the photochemical process.

Lepaja et al. have studied the main degradative pathway of indolium hepta-
methine cyanine 1 in aerated solution using sensitization techniques and
specific quenchers [6].

Their results established that the photooxidation reaction proceeds, in
part, with the involvement of 1O2 and the regioselectivity is controlled by
the electrophilic centers of the chromophore. One major photoproduct in the
degradation pathway of the indolium heptamethine dye 1 was identified by
1H NMR and IR analysis as 1,3,3-trimethyl-2-indolinone 2. This photoprod-
uct is the result of the oxidation of the C1′ – C2 or C7′ – C2′′ bond. Because
of the electropositivity of the 2 or 2′′ carbon relative to the electron-rich pos-
ition 1′ or 7′ [8] of the cationic chromophore, singlet oxygen (1O2) is directed
towards the polymethine chain. Thus, the formation of the major photoprod-
uct 2 is consistent with addition reaction of 1O2 to the cyanine C1′ – C2 or
C7′ – 2′′ bond followed by fragmentation of the resultant adduct to the car-
bonyl compound 2.

Photosensitization in the presence of methylene blue and molecular oxy-
gen also leads to degradation and oxidation of many cyanine dyes [9]. For
example, the photoproducts obtained during such oxidation of the benzo-
thiazolium trimethine cyanine dye 3 (Eq. 1) are a 3-penten-2-one 4 and

Equation 1
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a 2-benzothiazolone 5. These results are consistent with the addition of sing-
let oxygen to the polymethine chain before the bonds fragment to the corres-
ponding carbonyl compounds.

A brief study of the mechanism of the photooxidation of heptamethine
cyanine dye 6 (Scheme 1) was conduced by Chen et al. [7] utilizing VIS/NIR
absorption and electron-spin resonance (ESR) techniques. The main photo-
products were characterized by 1H NMR spectroscopy and fast-atom bom-
bardment (FAB) mass spectrometry. The results of the experiments using
spin-trapping probes 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 2,2,6,6-
tetramethyl-4-piperidone (TEMP) in conjunction with ESR were consistent
with the formation of singlet oxygen (1O2) and superoxide anion (O2

–) as
the reactive species responsible for the photofading process. Spectrophoto-
metric analysis of the decrease of the absorption maximum at 756 nm in
acetonitrile indicated that the rate of photooxidation follows first-order ki-
netics with a rate constant of 0.39 min–1. This degradation process follows
the mechanism shown in Scheme 1 where benzothiazolium heptamethine
cyanine dye 6 undergoes an addition reaction of singlet oxygen (1O2) or su-
peroxide anion (O2

–) to the C1′ – C2 or C7′ – C2′′ bond to give a precursor
to the conjugated aldehyde 7 and 3-ethyl-2-benzothiazolone 8. Subsequent
oxidation of aldehyde 7, apparently by superperoxide anion, furnishes the
carboxylic acid 9.

Scheme 1

To enhance the chemical and light stability of cyanine dyes, synthetic
chemists have made various structural modifications [3, 10] to the chromo-
phore. Most of these modifications include rigidization of the polymethine
chain to inhibit radiationless internal conversion (IC) and subsequent isomer-
ization [3, 5]. Further modifications to instill durability on the chromophore
rely on limiting the intermolecular interactions by altering the steric and/or
ion-pair properties of the dye.
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2.2
Structural Effects

2.2.1
Rigidization

The longer the polymethine chain the lower the stability, and starting with
nonamethine dyes such as 10 the stability is marginal. However, the sta-
bility of 10 in solution was enhanced by incorporating the central portion
of the polymethine chain into a ring system to instill rigidization of the
chromophore [11]. It was found that the unbridged nonamethine cyanine 10
decomposes by approximately 70% in a 45 min period, while the rigidized
nonamethine analog 11 decomposes by only 5% in a 24 h period.

Another example is dye 12, where the 11-methine chain is partially
rigidized by incorporating part of the chain into two six-membered rings.
Stable, structural analogs of 12 are also known [12].

In a similar way, the stability of heptamethine cyanine dyes is dramat-
ically increased by incorporating all but two of the methine groups into
a ring system [13, 14]. As an added benefit, rigidization increases fluorescence
quantum yield with a concomitant decrease in the efficiency of the internal
conversion (IC) process for cyanine dyes [5, 15]. The IC process is problem-
atic for near-infrared absorbing cyanine dyes due to the linear correlation of
the rate of IC to excitation energy [5]. In addition, the IC process proceeds
more efficiently if twisted intramolecular charge-transfer (TICT) structures
are formed. These TICTs result in photoisomerization of the chromophore
and a subsequent degradation. However, the process of radiationless deacti-
vation through torsional release is reduced and subsequent photoisomeriza-
tion of the chromophore is inhibited if the skeleton of the chromophore is
modified by rigidization [5].
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2.2.2
Inhibition of Aggregation and Steric Protection

Modification of the chromophore to include bulky β-cyclodextrins (CDs) has
been found to not only inhibit intermolecular association but also to lend to
the enhancement of emission intensity and lifetime of the excited state [4].
Guether et al. analyzed the photostabilities of a series of indolium pentame-
thine cyanines in aqueous solution [2]. These studies included a substituted
dye 13 and the parent dye devoid of the dextrin substitution. The chromo-
phore of 13 apparently forms an intramolecular inclusion complex with the
cyclodextrin.

The inclusion process inhibits photodegradation of the chromophore but
the effect is dye dependent. For example, photodecomposition of benzothia-
zolium dyes occurs even after complexing with cyclodextrin, whereas analo-
gous indolium dyes become more resistant to photobleaching upon cyclodex-
trin complexation.

An alternative way to form a permanently encapsulated chromophore is
to construct an interlocked structure with a rotaxane. Smith et al. reported
that encapsulation of a squaraine dye 14 with rotaxanes to form complexes 15
greatly increases the dark and photochemical stability of the dye [16, 17]. The
enhanced stability of 15 may be due to two factors. First, the surrounding
macrocycle that sits perfectly over both faces of the electrophilic cyclobutane
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core of the squaraine blocks nucleophilic attack [17]. Second, aggregation
of 15 is hindered in comparison to the aggregation of 14, which results in en-
hanced stability, as observed. The rotaxane inclusion complexes 15 exhibit the
same photophysical properties as the precursor squaraine 14.

Encapsulation of dyes, so that their aggregation is inhibited for steric
reasons, provides a means to increase photostability. Another way to hin-
der aggregation is to modify dyes with sterically bulky groups. Such groups
do not have to be as large as the cyclodextrin portion of 13. For example,
the profound increase in stability of 11 in comparison to 10 and the re-
markable stability of 12 may be attributed, at least in part, to the steric
protection effect. By simply utilizing a 3,3-dimethylindolium moiety as the
end-heterocyclic unit of the dye, in comparison to benzothiazolium, ben-
zoxazolium and similar planar heteroaromatic systems, the aggregation is
inhibited by unfavorable steric interactions between the chromophores. More
specifically, the molecules with bulky substituents overlap inefficiently their
molecular orbitals to form a triplet dye species. Another structural factor
that increases stability of the chromophore is the presence of anionic moi-
eties at the periphery of the molecule [2, 4]. These moieties are normally
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sulfonatoalkyl groups, and they are generally affixed to the nitrogen atoms
of the end-heterocyclic units. Dye 16 is shown for illustration [3]. Most dyes
of this class contain one sulfonate group as part of the internal salt with the
cationic π-system and the second sulfonate group is neutralized by a metal
counter ion such as Na+ or K+. The two alkylsulfonate substituents are in
a constant dynamic motion, shielding the chromophore from intermolecular
interactions with other chromophores and attack by degradative species. This
prominent stabilizing factor is further enhanced by the presence of additional
sulfonate groups at the heterocyclic end-units of the dye molecule. This sta-
bilizing effect can be explained in terms of the inhibition of aggregation of
polyanionic molecules. An added benefit to the use of polysulfonated dyes is
their increased solubility in aqueous solvents relative to the solubility of un-
substituted parent compounds. It should be noted that dyes with and without
sulfonate substituents exhibit similar absorption and fluorescence properties.

These structural features that affect stability of cyanine dyes are illustrated
by an unstable compound 17 and its relatively stable analog 16 [4]. After
a four-day period of exposure to light, the indolium pentamethine dye 16
containing the N-propylsulfonate moieties decomposed by 21%, while the N-
methyl pentamethine analog 17 decomposed by 98%. On the other hand, the
benzothiazolium pentamethine dye 18 decomposed by 67% under the same
conditions. Thus, the indolium cyanines are less susceptible to photodegra-
dation than their benzothiazolium counterparts, as already discussed.

Waggoner et al. reported that polyfluorination of cyanine dyes inhibits ag-
gregation and concomitant photobleaching. The structure of stable dye 19 is
provided for illustration [18].
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Brichkin et al. have studied the influence of surfactants, such as cationic
CTAB, anionic SDS, AOT, and nonionic Triton X-100, on the spectral prop-
erties and aggregation of benzothiazolium cyanine dyes and found that the
result significantly depends on the surfactant type and concentration. They
found that the addition of surfactants to aqueous solutions of these dyes at
concentrations below the critical micelle concentration (CMC) favors the for-
mation of aggregates, whereas surfactant concentrations above CMC cause
dissociation of the aggregates [19]. As already noted, photostability of cyan-
ine dyes increases with a decrease in the polymethine length [20]. However,
substituents on the terminal heterocyclic units do not have much effect on the
photostability of the dyes. On the other hand, photostability of the dyes in so-
lution can be greatly affected by solvent polarity. The greater the polarity, the
smaller the rate of the generation of singlet oxygen and the related rate of the
photooxidation reaction [20].

2.2.3
Miscellaneous

Kim et al. reported squarylium dyes 20–22 with dihydroperimidine end-units
that are additionally modified with other groups. The authors claimed that
the introduction of a quinoline moiety into the squarylium dye afforded con-
siderable protection against fading [21]. The order of photostability for these
squarylium dyes is 22 > 20 > 21.
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Symmetrical and unsymmetrical pyroninocyanine dyes 23–25 reported by
Shandura et al. are photostable long-wavelength dyes [22]. However, they are
not stable in the presence of nucleophiles under dark conditions. They under-
go nucleophilic addition at the position 9 of the xanthylium moiety.

Peng et al. studied photostability of near-infrared indolium dyes 26a–f [23].
After irradiation for 6 h in ethanol, the nitro-substituted dye 26d showed
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100% photofading, but dye 26e (R = H) showed only 24% decrease in max-
imal absorbance. The authors claimed that photostabilities decrease in the
order of 26e > 26b > 26c > 26a > 26f > 26d. The quite low stability of
the 5-(carboxy)pentyl-substituted dye 26f is unfortunate because this dye is
widely used for labeling of biomolecules.

In a recent study, Strekowski and coworkers [14] synthesized a series of
merocyanines 27–30 that absorb in the visible region in a neutral or basic
solution. In acidic solution (pH < 5) these merocyanines undergo protona-
tion at the central oxygen atom to give hydroxy-substituted cyanine dyes that
absorb in the near-infrared region. The authors studied relative stabilities of
methanolic solutions of these dyes in the presence of molecular oxygen under
dark and light conditions. After 1 day the samples exposed to sunlight of an
average intensity decomposed completely, except for compound 28 which ex-
hibited exceptional stability. The relative stabilities are in the order of 30 > 27
∼ 28 > 29 (Table 1).

Table 1 Half-lives (t1/2) for decomposition of dyes 27–30 (0.1 mM) in methanol at pH 7 in
the presence of air under dark and light conditions (light intensity of 0.08 W/cm2)

Dye t1/2 (h)
Dark Light

27 45 2.3
28 45 2.3
29 21 1.8
30 836 59
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3
Dark Reactions

3.1
General

Stability of polymethine dyes in the presence of common reactive species
under dark conditions is reviewed in this section. Facile synthetic modifica-
tions that are related to reactivity of the dyes, that is “controlled instability”
for a specific transformation, are also included to give an interested reader
a more complete picture of the chemical properties of this important class of
molecules.

3.2
Nucleophile Addition

3.2.1
Reactions of Cyanines with Hydride and Cyanide Ions

Studies by Khanna et al. on Basic Violet 21 and Basic Red 14 (31 and 33, Eqs. 2
and 3) indicated that a cyanide or hydride ion undergoes a regioselective add-
ition to the position C2 of the indolium system of these styryl dyes to give
an adduct 32 or a reduced derivative 34, respectively [24]. These and similar
addition reactions were studied using mass spectrometry and 1H NMR.

Equation 2

Equation 3

Briks et al. studied the reactions of symmetrical and unsymmetrical trime-
thine and pentamethine cyanine dyes and trinuclear dicationic pentamethine
indocarbocyanine dyes with sodium borohydride as the source of the hydride
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ion [25]. They showed that the reduction of asymmetrical cyanines contain-
ing two different end-heterocyclic units is regioselective and takes place at the
more electron-positive heterocyclic system. Two examples of the reduction of
dye 35 (Scheme 2) and dye 38 (Scheme 3) are given for illustration. As can
be seen, these reactions produce the respective products 37 and 40, and the
alternative products 36 and 39 were not found.

Scheme 2

Scheme 3

A similar treatment of the dicationic pentamethine indolium cyanine 41
resulted in addition of hydride at both cationic centers to produce the dihydro
derivative 42 (Eq. 4).

On the other hand, an entirely different reduction pattern was observed
when certain symmetrical cyanine dyes were allowed to react with sodium
borohydride in methanol. Thus, meso-addition of hydride was observed with
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Equation 4

both benz[c,d]indolium and pyrylium trimethine cyanine dyes to give the
respective adducts 43 and 44.

3.2.2
Reactions with Hydroxide and Alkoxide Ions

In addition to the reactions described above, the π-framework of the polyme-
thine dyes is also prone to the addition reaction of hydroxide and alkoxide
ions. This addition takes place at the alternating electrophilic carbons of
the polymethine chain. For example, the telluropyrylium dye 45 undergoes
a reaction with hydroxide ion at the central meso-carbon [26]. The resultant
adduct 46 subsequently undergoes fragmentation with the formation of the
telluropyrylium aldehyde 47 and 4-methylidenetelluropyran 48 (Scheme 4).
The final product 49 is apparently formed by the reaction of 48 with sub-
strate 45.

Gray et al. [27] observed a hydrolytic breakdown of the commercial near-
infrared dye IR140 50 upon treatment with aqueous NaOH in a mixture with
dichloromethane in the presence of tributylammonium bromide as a phase-
transfer catalyst. This reaction converts the benzothiazolium heptamethine
cyanine 50 (Scheme 5) to the unexpected merocyanine derivative 52, appar-
ently through the intermediary of an adduct 51.



Stability and Reactivity of Polymethine Dyes in Solution 235

Scheme 4

Scheme 5

The addition reaction of hydroxide or ethoxide ion with benzindolium hep-
tamethine cyanine dyes was studied by Strekowski et al. and the reactivity
pattern of a benz[c,d]indolium derivative 53 is given in Eq. 5 for illustra-
tion [28]. An interesting feature of this addition reaction is the formation of
an ethoxy or hydroxy adduct in aqueous ethanol or methanol, respectively.
A similar addition of hydroxide ion to a 3,3-dimethyl-1H-benz[e]indolium ana-
log of 53 was also observed. The parent dye is regenerated quantitatively upon
treatment of the corresponding adduct with a weak acid, including silica gel.
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Equation 5

The treatment of indolium heptamethine cyanines such as 56 with sodium
methoxide in the presence of methanol-d4 results in a highly selective
hydrogen-deuterium exchange at positions C1′ and C7′ [8]. The reaction can
conveniently be monitored by 1H NMR when conducted in deuteriochloro-
form. The mechanism is suggested in Scheme 6. As can be seen, the meth-
oxide adducts 57–59 are the suggested precursors to the final product such
as 60. On the other hand, all hydrogens of the polymethine chain can be dis-
placed by deuterium atoms upon treatment of a cyanine dye with deuterium
chloride.

Heptamethine indolium cyanines containing a chlorine atom at the central
meso position, such as 61 in Eq. 6, are easily synthesized, and recently they
became important substrates for modification of the heptamethine indolium
chromophore [14, 28–36]. Specifically, treatment of 61 with nucleophiles re-
sults in derivatization of the chromophore at the central meso position, as
illustrated in Eq. 5 by a facile preparation of cyanines 62–68. Importantly,

Scheme 6
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Equation 6

the reaction of 61 with 4-(isothiocyanato)benzenethiol directly gives com-
pound 67 which is a useful reagent for labeling of proteins with a near-
infrared chromophore. The mechanism of these highly efficient transfor-
mations involves a SRN1 pathway which starts with a single-electron-transfer
(SET) from a nucleophilic species to the dye. These transformations are es-
sentially instant for nucleophiles that are good single-electron donors, such as
phenoxide or benzenethiolate ions, when conducted in a solvent that supports
the SET process, such as dimethyl sulfoxide or N,N-dimethylformamide.
Conversely, the synthesis of derivatized dyes is strongly inhibited in solvents,
such as water and alcohols, that do not support the SET process. This analysis
of the reactivity of dye 61 and analogs has important ramifications for fu-
ture design, synthesis, and application of functionalized indolium heptame-
thine cyanines. Thus, dyes 61 and similar chloro-substituted chromophores
are readily available, and their chlorine atom can be displaced by the re-
action with nucleophiles under SRN1 conditions. When used for labeling of
biomolecules in aqueous media, the derivatized dyes are stable at neutral
pH but may undergo a nucleophile addition reaction with the chromophore
under basic aqueous conditions, as discussed above. However, the resultant
adducts are quantitatively decomposed to the starting near-infrared dyes by
weak acid.
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