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Preface

Halogen atoms in organic compounds can typically be found at the periphery
of molecules. For this reason, they are ideally positioned to be involved in
intermolecular interactions. Indeed, halogen atoms are frequently involved in
a wide variety of non-covalent interactions which can be remarkably different
regarding their energetic and geometric features. Theoretical studies predict
that the electron density distribution around halogen atoms forms an ellipsoid
elongated in the direction perpendicular to the covalent bond axis. A clear
trend of increasing electropositive potential develops along the covalent bond
axis upon increasing the polarizability and atomic mass of the halogen. Exper-
imental results confirm this anisotropic distribution and prove the amphoteric
character of halogens. This can produce interactions in a direction perpendic-
ular to the covalent bond axis when the halogen is the electron donor (Lewis
base), and along the axis when the halogen is the electron acceptor (Lewis
acid).

This book focuses on the interactions wherein halogens work as elec-
trophilic species and interact with electron rich sites (namely, electronegative
partners). Of the numerous non-covalent interactions involving halogens, this
particular subset is typically referred to as halogen bonding. The book begins
by introducing theoretical calculations on the characteristics of halogen bond-
ing (A. Karpfen), then focuses on the adducts wherein the electron donor is
a lone pair possessing species (n donor). The complexes formed by halogens
and interhalogensin the gas (A. Legon) and solid phase (W. T. Pennington etal.)
are presented and the role of halocarbons in halogen bonding-based crystal en-
gineeringis discussed (P. Metrangolo, G. Resnati et al.). A chapter exploring the
complexes in which halogen atoms interact with 7 electron donors (J. K. Kochi
et al.) concludes the part of the book that deals with the generalities of halogen
bonding. In contrast, the last two chapters of this book discuss halogen bonded
adducts endowed with useful applicative properties. Among the many novel
applications of halogen bonding, liquid crystals (D. Bruce) and conducting or
magnetic materials (M. Fourmigue) are discussed as prototypical examples.

The findings presented throughout this book consistently converge towards
the use of the term halogen bonding, independent of the energy of the interac-
tion or its prevailing character, whether electrostatic or charge-transfer. The
effectiveness of a scientific concept and the associated terminology often rest
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on an optimized balance between generality, resulting in a wide applicability,
and specificity, enabling it to predict specific phenomena. In this respect, it is
our opinion that the concept of halogen bonding is beneficial if it is defined as
comprehensively as possible, while assigning the specific role of the positive
site in the interaction to the halogen. At one extreme, the term can be used for
interactions in which a very strong polarity difference exists between interact-
ing partners (as it is the case of dihalogen/halide anion complexes, e.g., I3).
At the other extreme, the term halogen bonding can be used for interactions
wherein the polarity difference between the interacting partners is very small
(e.g., in the triangular bromocarbon trimer synthon).

This book is a first in the field of halogen bonding. Focussing on interactions
in which halogens work as the electrophilic sites, this book identifies the
boundaries of the concept of halogen bonding. In addition, it organizes the
diversified profile of intermolecular interactions involving halogens.

In order to reflect the differences in geometric and electronic parameters,
a term different from halogen bonding might be used to address interactions
wherein halogens work as electron donor sites. Halide bonding could be con-
sidered for this purpose, however, the best terminology to be used will emerge
from the increasing interest in interactions involving halogens and will be
spontaneously identified by the consensus of the scientific community.

The field of halogen bonding is still in its infancy. Nevertheless, this book
proves its potential in the numerous and diverse fields in which recognition
and self-assembly processes are crucial. Hopefully, this book will prompt new
studies in the field that deepen the basic understanding of halogen interactions
and implement its potential in the design of useful materials.

Milan, Pierangelo Metrangolo
September 2007 Giuseppe Resnati
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Abstract Theoretical investigations of the systematic trends in the spectroscopically ob-
servable properties of small intermolecular complexes bound via halogen bonding are
reviewed. As a representative example of the charge-transfer or electron donor-acceptor
complexes XY- - -B of dihalogens XY with different electron acceptors B, the case where
B is an amine, in particular NH3 or a methylated amine, has been selected. Additionally,
a survey of the calculated properties of complexes of the type C — X. - -B, formed between
molecules carrying the C-X group, such as halomethanes, and amines is provided. The
borderline case of complexes with C—X..-H—C interactions, in which halogen bond-
ing and hydrogen bonding occur simultaneously, is included as well. The close analogy
between the features characteristic of halogen bonding and those typical for hydrogen
bonding is pointed out. The stabilization energies, structural parameters, theoretical vi-
brational spectra, and other properties useful for describing the charge transfer in these
complexes are discussed in detail.

Keywords Halogen bonding - Hydrogen bonding - Charge-transfer complexes -
Ab initio calculations

Abbreviations

B3LYP Becke’s three-parameter exchange functionals and Lee, Yang, and Parr’s cor-
relation functionals

BH&HLYP Exchange functional with equal-weighted contributions of Hartree-Fock,
local spin density, and Becke functionals and Lee, Yang, and Parr’s correlation
functionals

BSSE Basis set superposition error
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CP Counterpoise
CCSD(T) Coupled cluster approach with single and double substitutions and inclusion
of noniterative triple excitations

DFT Density functional theory

MP2 Second-order Moller-Plesset perturbation method
NQCC Nuclear quadrupole coupling constant

RHF Restricted Hartree-Fock method

1

Introduction

Intermolecular interactions in gas-phase complexes, liquids, and organic and
inorganic molecular crystals are, in general, characterized by intermolecular
distances in the range of van der Waals distances. The most important excep-
tion is the case of hydrogen bonding. There, considerably shorter intermole-
cular distances are observed. The formation of a hydrogen bond A-H---B
is usually encountered by a significant elongation of the A—H bond and an
increase in the polarity of the A — H bond. Consequently, a spectroscopically
observable, substantial red shift of the A — H stretching frequency occurs, ac-
companied by a large increase of the infrared intensity.

Among the noncovalent interactions, there is a second interesting ex-
ception with shorter intermolecular contacts: the case of halogen bonding.
Originally, the term halogen bonding was introduced for complexes of di-
halogens XY with different Lewis bases as interaction partners. Previously,
complexes of this type were actually often characterized as charge-transfer
complexes or as electron donor-acceptor complexes. Later, a more general
definition of halogen bonding was suggested, following closely the analogy to
the hydrogen bonding case. Thus, any noncovalent intermolecular arrange-
ment A —X. - -B, where X is a halogen atom, is included in the definition. The
characteristic structural and spectroscopic properties of the halogen bond
have indeed much in common with those of the hydrogen bond. There too,
the X-Y or A—X bond is usually elongated upon complex formation, the
A —X stretching frequency is red-shifted, and the corresponding infrared in-
tensity is enhanced.

In sharp contrast to the case of hydrogen bonding, most of the experi-
mental gas-phase investigations on the complexes between dihalogens and
Lewis bases stem exclusively from rotational spectroscopic investigations. For
these complexes, there are hardly any vibrational spectroscopic data avail-
able. Therefore, theoretical investigations are currently the only way to obtain
answers on all questions concerning the details of the intermolecular inter-
action, in particular, the structure changes induced by the formation of the
halogen bond and the frequency shifts taking place upon complex formation
in the interacting monomers.
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Since the interactions in these complexes are occasionally quite weak and
the interaction potentials are quite soft, only high-level quantum mechanical
methods that take account of electron correlation are suitable for a reliable
description of these compounds. The theoretical results obtained are indeed
quite sensitive to the level of electron correlation chosen. Moreover, the in-
clusion of the counterpoise (CP) correction to the basis set superposition
error (BSSE) in the course of the geometry optimization is often necessary,
even when large basis sets are applied. Additionally, the conventional Mgller-
Plesset second-order (MP2) approach, which has been successfully applied
to the calculation of intermolecular potential energy surfaces in the case of
hydrogen bonding, has the tendency to overestimate the intermolecular in-
teraction in these complexes. This becomes visible when comparing it to the
methodically superior coupled cluster singles and doubles approach includ-
ing a triples contribution via perturbational theory, CCSD(T). Quite similarly,
several of the currently frequently applied density functional theory (DFT)
methods may fail badly in the description of these complexes while others
produce quite promising results.

2
XY. - .B Complexes

The interaction strength of complexes of dihalogens XY with different ac-
ceptors B spans a very wide range. The weakest complexes are those where
the acceptor is a rare gas atom. Experimental and theoretical results on the
structure, energetics, and dynamics of these rare gas-dihalogen complexes
in the electronic ground and excited states have been summarized in recent
review articles [1-3]. Their binding energies are all well below 1 kcal/mol,
quite often even substantially below 100 cm™'. In the electronic ground state,
there are mostly two minima present, one for a linear arrangement and one
for a T-shaped structure. Quite apart from the interesting dynamical ques-
tions connected with these weakly bound complexes, the rare gas-dihalogen
interactions are of importance for all spectroscopic investigations of XY- - -B
complexes and halogenated organic molecules in inert rare gas matrices. Nev-
ertheless, the intermolecular interaction in these complexes is too weak to
justify the notion of a halogen bond. Therefore, they are excluded from this
review.

The interaction of dihalogen molecules XY with different acceptors B quite
often leads to vicious chemical reactions. In most cases, the 1:1 complexes
are extremely short-lived. To investigate these prereactive complexes exper-
imentally in a collision-free environment, pulsed-nozzle, Fourier-transform
microwave spectroscopy has turned out to be the ideal technique. Legon and
coworkers prepared a large number of these complexes and performed de-
tailed rotational spectroscopic analyses. Several series of simple molecules
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have been chosen as Lewis bases B, among them CO, C;H;, C;Hy, H,0, H,S,
HCN, NHj3, N(CH3)3, CH3CN, H,CO, PHj3, aromatic rings like benzene, fu-
ran, thiophene, and saturated rings like oxirane and thiirane. These data have
been discussed in two extensive reviews [4, 5] and are also treated in the con-
tribution by Legon to this volume [6]. Of particular importance is the series
of complexes between dihalogens and the ammonia molecule, since in these
cases rich experimental data exist. Equally, a substantial number of theor-
etical calculations are already available. Therefore, the series of XY---NHj
complexes with X,Y € {F,CL,Br} is chosen as a representative example of anal-
ogous series with other Lewis bases. The most important structural and
vibrational spectroscopic properties of these complexes are thus discussed in
some detail in the following sections.

2.1
XY- - -NH3 Complexes

Five out of the six conceivable XY---NHj3 complexes have previously been
investigated with the aid of rotational spectroscopy by the group of Legon [7-
11]. Only the complex with BrF is missing because of the known instability
of this molecule toward a disproportionation reaction. A large number of
theoretical calculations have already been devoted to these complexes, rang-
ing in quality from conventional restricted Hartree-Fock (RHF) to MP2, and
various DFT calculations [12-33]. The trends in the calculated equilibrium
structures, stabilization energies, vibrational frequencies, dipole moments,
and nuclear quadrupole coupling constants (NQCCs) within the series have
been discussed by various groups [23,26,29-34]. Calculations beyond the
MP2 approximation are, however, quite rare. CCSD(T) calculations including
geometry optimizations are so far only available for the complexes with F,
CIF, and Cl; [26].

In the following, a new set of data for the dihalogens BrF, BrCl, and Br, as
obtained with MP2 and CCSD(T) calculations applying the aug-cc-pVTZ ba-
sis set, is presented. Comparison is made with the earlier MP2 and CCSD(T)
data for F, CIF, and Cl, [26]. Two of the currently often used DFT vari-
ants, B3LYP and BH&HLYP, are also included. Because of the well-known
BSSE error, optimized complex structures, as evaluated with and without
CP correction, are reported. The BSSE error is negligible for the RHF and
DFT calculations when using extended basis sets like aug-cc-pVTZ. How-
ever, for the MP2 and CCSD(T) approaches the BSSE error for structures
and stabilization energies is definitely nonnegligible. The set of data neces-
sary for the characterization of the halogen bond, namely intramolecular X-Y
and intermolecular Y- - - N distances, harmonic vibrational frequencies, fre-
quency shifts, and infrared intensity changes as obtained with MP2 and DFT
methods, is also discussed.
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The most important calculated and experimental monomer data, such as
equilibrium distances, dipole moments, polarizabilities, and the harmonic vi-
brational frequencies of the dihalogens XY, are reported in Tables 1-4.

Overall, the trends in the calculated XY properties are satisfactorily re-
produced with all four approaches: MP2, CCSD(T), B3LYP, and BH&HLYP.
For the harmonic vibrational frequencies, the CCSD(T) data are far superior.

Table 1 Calculated equilibrium bond distances [A] of the dihalogens as obtained with
different methods applying the aug-cc-pVTZ basis set [35]

MP2 CCSD(T)
F, 1.401 1.418
CIF 1.638 1.647
cl, 1.999 2.020
BrF 1.758 1.765
BrCl 2.138 2.160
Br, 2.279 2.303

B3LYP

1.397
1.649
2.024
1.775
2.170
2.317

BH&HLYP  Exp.

1.361
1.615
1.996
1.742
2.141
2.286

1.412
1.628
1.988
1.759
2.136
2.281

Refs.

(26]
(26]
(26]

Table2 Calculated dipole moments [D] of the dihalogens CIF, BrF, BrCl, and NH; as

obtained with different methods applying the aug-cc-pVTZ basis set [36]

MP2 B3LYP
CIF 1.64 1.65
BrF 1.32 1.39
BrCl 0.45 0.49
NH3 1.52 1.49

BH&HLYP

1.62
1.41
0.48
1.51

Exp.

1.63
1.29
0.57
1.47

Refs.

(36]
(36]
(36]
(36]

Table 3 MP2/aug-cc-pVTZ calculated polarizabilities (o, 2z, 0xx) [a.u.] of the dihalogens

F,, CIE Cl,, BrE BrCl, and Br,

MP2
F, 7.83, 11.21, 6.14
CIF 17.94, 22.39, 15.71
Cl, 30.33, 41.55, 24.72
BrF 23.61, 28.08, 21.38
BrCl 36.98, 50.54, 30.20
Br, 44.08, 60.83, 35.70

? Experiment or superior calculation
b o from experiment
¢ oy, calculated (MBPT(4))

Exp. or calc.?

9.31b
22.48°¢
30.98b
27.82°¢
51.50°¢
47.37b

Refs.

(37]
(38]
(37]
(38]
(38]
(37]
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Table4 Calculated harmonic vibrational frequencies and infrared intensities of the di-
halogens as obtained with different methods applying the aug-cc-pVTZ basis set? [35]

MP2 CCSD(T)  B3LYP BH&HLYP  Exp. Refs.
F, 1003 916 1050 1158 917 [26]
CIF 800 (27)® 771 787 (29) 854 (36) 786 [26]
cl, 573 542 537 580 560 [26]
BrF 693 (30) 672 676 (32) 728 (41) 671
BrCl 461 (1.5) 434 430 (1.5) 461 (2.0) 444
Br, 341 322 316 338 325

2 Frequencies in cm™, infrared intensities in km/mol
Y Intensities in parentheses

From these monomer properties alone it is not quite clear how the trends in
the interaction strength with a fixed given acceptor B will develop. For the X,
molecules the polarizabilities rise in the series F,, Cl;, and Br,. The dipole
moments of the interhalogens XY decrease in the series CIF, BrF, and BrCl,
whereas the polarizabilities increase in this series.

In agreement with experiment, all XY- - -NH3z complexes have the expected
Csy equilibrium structure, irrespective of the computational level chosen, and
in all XY- - -NH;3 complexes, the heavier halogen atom forms the halogen bond
Y- - -N. The presence of the Cs, symmetry is verified via vibrational frequency
analyses. Hence, the XY- - -N substructure is perfectly linear. Assuming stan-
dard van der Waals radii values of 1.6 A for N, and 1.5, 1.8, 1.9, and 2.1 A for
the halogens F, Cl, Br, and I, respectively, one arrives at intermolecular dis-
tances of 3.1, 3.4, 3.5, and 3.7 A for the hypothetical intermolecular van der
Waals distances of the XY---NHj; complexes. The experimental [7-11] and
calculated interatomic distances of all six XY - -NHj complexes, as compiled
in Table 5, demonstrate conclusively that the Y- - -N distances are significantly
shorter by about 0.4-1.1 A, thus fulfilling one criterion that resembles the be-
havior of hydrogen-bonded complexes. The comparison between optimized
structures obtained with and without CP correction shows once more that
the CP corrections are still substantial (0.02-0.07 A) and nearly identical
for MP2 and CCSD(T), but are entirely negligible for both DFT variants.
The encouraging and amazingly good performance of the BH&HLYP method
for the halogen-bonded cases, judged by the agreement with CCSD(T) and
with experiment, has already been noted earlier by several other groups [20-
22,27-30, 32, 34].

The calculated intramolecular XY distances and the lengthening relative
to the unperturbed monomers are given in Table 6. In all cases, the XY dis-
tances are elongated in the complex and these elongations range from about
0.01 A in F,---NH; to about 0.07 A in BrF..-NH;. With the exception of
F,- - -NH3, all methods predict quite similar modifications of the XY distances
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Table5 Calculated intermolecular distances R(Y-N) [A] of the XY- - -NH; complexes as
obtained with different methods applying the aug-cc-pVTZ basis set

XY MP2 CCSD(T) B3LYP  BH&HLYP Exp. Refs.
F, R(F-N) 2.61 2.63 2.10 2.73 [26]
Rep(F-N)  2.65 2.67 2.10 2.73 2.708 (7]
CIF R(CI-N) 2.24 2.32 2.27 2.34 [26,27]
Rep(CI-N) 226 2.35 2.27 2.35 2.37 (8]
cl, R(CI-N) 2.59 2.65 2.52 2.68 [26]
Rep(CI-N)  2.63 2.72 2.52 2.69 2.7340.03  [9]
BrF R(Br-N) 2.29 2.34 2.35 2.37
Rep(Br-N) 233 2.38 2.35 2.37
BrCl R(Br-N) 2.47 2.54 2.50 2.57
Rep(Br-N) 253 2.57 2.50 2.57 2.627 [10]
Br, R(Br-N) 2.54 2.60 2.56 2.66
Rep(Br-N) 261 2.64 2.57 2.66 2.7240.03  [11]

Table6 Calculated intramolecular distances R(X-Y) [A] of the XY- - -NH; complexes as
obtained with different methods applying the aug-cc-pVTZ basis set

XY MP2  CCSD(T) B3LYP BH&HLYP  Exp. Refs.

F, Rep(F-F) 1415 1430 1518  1.369 [26]
ARcp(F-F)  0.014  0.012 0121  0.008

CIF Rep(CI-F) 1712 1702 1733  1.668 [26,27]
ARcp(CI-F) 0.077  0.056  0.084  0.053

cl, Rep(Cl-Cl)  2.034  2.044  2.088  2.023 2.00 [9,26]
ARcp(CI-Cl) 0.035  0.024  0.064  0.027

BrF Rep(Br-F)  1.824  1.821 1851  1.801
ARcp(Br-F) 0.066  0.056  0.076  0.059

BrCl  Rep(Br-Cl)  2.194 2211 2249  2.192 2.186 [10]
ARcp(Br-Cl) 0.056  0.051  0.079  0.051

Br, Rep(Br-Br) 2324 2341 2385  2.327 2.335 [11]

ARcp(Br-Br) 0.045  0.038  0.068  0.041

in the complex. F,- - -NHj3 is so far a special case as it constitutes an instance
of a very weak interaction, dominated by the dispersion contribution [25].
Therefore, in this case the deviation of the DFT methods from the CCSD(T)
results is larger. The widening of the XY distances is actually slightly larger
than in comparable (judged by the size of the interaction energy) hydrogen-
bonded complexes.

The calculated interaction energies are collected in Table 7. Experimen-
tal data on the stability of these complexes are not available. The CP-
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Table 7 Calculated stabilization energies [kcal/mol] of the XY---NH3 complexes as ob-
tained with different methods applying the aug-cc-pVTZ basis set

XY MP2 CCSD(T) B3LYP BH&HLYP Refs.

F, AE -2.0 -2.0 -4.6 -1.2 [26]
AEcp -1.8 -1.7 -4.5 -1.2

CIF AE -11.8 -10.1 -12.6 -9.7 [26, 28]
AEcp -11.0 -94 -12.4 -9.5

Cl, AE -55 -4.9 -59 -4.2 [26]
AEcp -4.9 -4.4 -5.8 -4.1

BrF AE -16.8 -15.0 -15.8 -13.8
AEcp -14.6 -13.2 -15.6 -13.6

BrCl AE -10.1 -9.0 -9.5 -7.6
AEcp -85 -94 -7.5

Br; AE - 8.6 -7.6 -5.9
AEcp -6.9 -7.5 -5.8

corrected CCSD(T) stabilization energies of the XY- - -NH3 complexes range
from -1.7 kcal/mol for F,-NH3 to about -13 kcal/mol for BrF-NHj3. This
range is also typical for weak to medium strong hydrogen bonds. The dif-
ferences between AE and AEcp, as evaluated with MP2 and CCSD(T), are
very systematic. Apart from F,- - -NHj3, the agreement between CCSD(T) and
BH&HLYP is again excellent. The interaction strength increases in the series
of X,---NHj3 in the order F,, Cly, and Br,, as dictated by the trends in po-
larizabilities, and in the series of XY---NHj in the order CIE, BrCl, and BrF,

Table 8 Calculated dipole moments (1) [D] and dipole moment enhancements (Aw) rela-
tive to monomers of the XY-NH3 complexes as obtained with different methods applying
the aug-cc-pVTZ basis set

XY MP2 B3LYP BH&HLYP  Refs.
F, M 1.99 4.57 1.95 [26]
Ap 0.47 3.08 0.44
CIF © 5.68 5.98 5.10 [26, 28]

Ap 2.50 2.80 1.97
Cl, M 3.40 441 3.26 [26]
Ap 1.88 2.92 1.65
BrF © 6.48 6.64 6.19
Ap 3.68 3.67 3.27
BrCl M 5.23 5.77 4.93
Ap 3.26 3.79 2.96
Br, M 4.59 5.16 4.22

Ap 3.07 3.67 2.57
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thus following neither purely the trends in XY dipole moments nor in XY po-
larizabilities. Overall, the interaction energies follow the order F;, Cl,, Bry,
BrCl, CIF, and BrF. The calculated dipole moments and the dipole moment
enhancements relative to the sum of monomer dipole moments, displayed in
Table 8, show a somewhat different trend. Au increases in the order F,, Clj,
CIF, Br,, BrCl, and BrF and varies from about 0.4 D in F,- - -NH3 to about 3.6 D
in BrF- - -NHj. These quantities are probably also a more reliable guideline
to the relative importance of charge transfer than the notoriously basis set
dependent atomic charges.

Finally, MP2 and DFT calculated intramolecular X-Y stretching frequen-
cies, their red shifts relative to the monomers, and the intermolecular Y- - -N
stretching frequencies are collected in Table 9, together with the correspond-
ing infrared intensities. Although there are no experimental gas-phase data
available, the predictions can be considered as reliable. The MP2 calcu-
lated red shifts of the X-Y stretching mode are in the range of - 37 cm™!
for Bry---NH3 to - 174cm™! for CIF---NH;. Their infrared intensities are
quite large. Comparable intensities are also predicted for the intermolecular
stretching vibrations.

Table9 Calculated harmonic X-Y and X.--N stretching frequencies, frequency shifts,
and infrared intensities of the XY- - -NH3 complexes as obtained with different methods
applying the aug-cc-pVTZ basis set®

XY MP2 B3LYP BH&HLYP Refs.
F, VE_F 932 (10) 631 (328) 1109 (48) [26]
AVE_F - 106 -419 -49
VE_N 96 (2) 191 (132) 89 (2)
CIF VCI-F 626 (232) 607 (249) 711 (241) [26, 28]
Avclp -174 - 180 - 144
VCI-N 237 (104) 253 (66) 206 (57)
Cl, val-al 505 (45) 435 (90) 525 (42) [26]
Avgl_al -68 -102 -55
VCI-N 138 (34) 164 (57) 130 (23)
BrF VBr_F 598 (133) 554 (164) 618 (181)
AvVp_E -95 -122 -110
VBr-N 247 (58) 258 (52) 237 (58)
BrCl VBr_Cl 393 (48) 359 (56) 405 (52)
Avgr_ql -68 -71 -56
VBr-N 186 (87) 195 (70) 164 (57)
Br; VBr-Br 294 (23) 266 (29) 301 (23)
AVBr_Br -37 -50 -28
VBr-N 168 (76) 174 (65) 145 (47)

2 Frequencies and shifts relative to the XY monomers in cm™, infrared intensities in
km/mol in parentheses



10 A. Karpfen

Table 10 BH&HLYP/aug-cc-pVTZ calculated nuclear quadrupole coupling constants x (N)
and x(Hal) [MHz] of the complexes XY- - -NH3?

Molecule x(N) x(CD X (Br)

NH; -4.34

CIF - 143.40

Cl, -110.96

BrCl -102.5 878.5

Br; 808.2

CIF. - -NH;3 -3.26 - 146.95

Cl,- - -NH3 -3.97 -116.5/ - 100.0

BrCl- - -NH3 -3.59 -84.2 932.4

Bry- - -NHj3 -3.74 863.0/690.6

2 Taken from [30]

Other key properties of these complexes relevant for comparison with ex-
periment are the nuclear quadrupole coupling constants. Theoretical NQCC
values, as calculated via electric field gradients, are discussed exhaustively
in several recent theoretical investigations [26, 28, 30, 33,34] and in experi-
mental work [4-11]. BH&HLYP/aug-cc-pVTZ calculated NQCCs [30, 34], as
evaluated for XY - -NH3 complexes, are listed in Table 10.

The complexes XY- - -NHj with Y =1 have also already been investigated
theoretically [29, 31,33, 34] and for the case of ICl- - -NH3 an experimental
investigation has been reported [39]. Summarizing the experimental and the-
oretical results on XY---NH3 complexes, one may characterize them all as
“outer” complexes in the terminology suggested by Mulliken [40], i.e., they
all have “intermolecular” equilibrium structures in which the dihalogens X,
or XY are still recognizable as molecular entities, and in which the intermole-
cular Y- - -N distances are distinctly larger than the covalent N-Y distances in
halogenated amines.

2.2
Other XY- . - Amine Complexes

Experimental information on the complexes between dihalogens and methy-
lated amines is still comparatively scarce. Gas-phase investigations are avail-
able only for the complexes of trimethylamine with F, [41] and with CIF [42].
So far only a few theoretical investigations on XY- - -amine complexes have
been presented [16,17,22,24,28, 32, 34,43,44]. On the basis of rotational
spectroscopic analysis, the N(CHj3)3- - -CIF complex was described as being
dominated by a significant contribution of an ionic [(CH3)NCI]*---F~ va-
lence bond structure [41]. For the (CH3)3N---F, complex an even stronger
tendency toward an ionic [(CH3)NF]*- - -F~ structure was reported [40].
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Table 11 MP2/6-311++G(3df,2p) calculated intermolecular Y---N distances and in-
tramolecular X-Y distances [A] of XY- - -amine complexes?

XY NH; CH;NH, (CH3),NH (CH3)N

F, 2.69/1.409P 1.83/1.734 1.84/1.763 1.85/1.774
CIF 2.27/1.703 2.14/1.743 2.08/1.769 2.06/1.787
cl, 2.71/2.010 2.51/2.037 2.30/2.093 2.20/2.138
BrF 2.34/1.837 2.26/1.859 2.22/1.874 2.21/1.881
BrCl 2.57/2.184 2.42/2.218 2.34/2.248 2.30/2.263
Br, 2.66/2.320 2.49/2.353 2.39/2.384 2.34/2.403

2 Taken from [32]
b Notation R(Y-N)/R(X-Y)

A systematic theoretical study of XY.--(CHs)s-,NH, complexes per-
formed at the MP2/6-311++G(3df,2p) level and with several DFT vari-
ants [32] revealed that the structural trends taking place upon consecutive
methylation (with increasing base strength) are highly systematic. As an
illustration, the MP2 calculated intermolecular N---Y and intramolecular
XY distances are shown in Table 11. It is evident that upon increasing the
base strength of the amine, the N---Y distances are shortened considerably.
Simultaneously, the dihalogen distances are widened, thus moving the equi-
librium structure in the direction of an “inner” complex [40]. However, most
of the complexes are still best described as “intermediate”. Among all the
complexes considered, the (CH3)3N- - -F, complex is probably closest to Mul-
liken’s “inner”-type charge-transfer complex. The (CH3);N- - -XY complexes
are significantly more stable than their H3sN---XY analogs. The calculated
interaction energies are close to 20 kcal/mol for the (CH3)3N---BrF com-
plex [32].

3
C-X. - - B Complexes

C-X: - -B interactions play an important role in supramolecular chemistry,
particularly in the self-assembly of molecular crystals [45-47]. C-X- - -O and
C-X. - -Ninteractions are quite typical examples and are often responsible for
the specific architecture of organic crystals. An interesting series of complexes
are those with an A-X. - -H-C intermolecular contact. Adopting the currently
accepted definition of halogen bonding advocated in other contributions to
this volume, the latter complexes do not belong to the class of halogen-
bonded complexes. These complexes are more often discussed in the context
of hydrogen bonding, in particular blue-shifted hydrogen bonds. However, in
view of the structural and spectroscopic consequences of C-X- - -B halogen
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bonding, lengthening of the C-X bond, red shift, and intensity increase of
the C-X stretching vibration, they may equally be treated as a separate group
within the family of halogen-bonded complexes.

3.1
C-X- - - N Complexes

The interaction of a series of fluoroalkyl halides, CH3I, CH,FI, CHF,I, CF3],
CF3Br, and CFsCl, with the ammonia molecule was investigated theoretic-
ally with MP2 and DFT methods [48]. A linear C-X.--N arrangement was
assumed for all these complexes. In all cases, the calculated X- - -N distances
are shorter than the sum of van der Waals distances, and the interaction ener-
gies of the complexes are in a range of about 2-6 kcal/mol with comparatively
small charge-transfer contributions. With increasing fluorine substitution the
complexes become significantly more stable. The same trend was also found
for a broader range of C-X molecules interacting with ammonia [33]. Con-
trary to the interaction of XY dihalogens with methylated amines discussed
in Sect. 2.2, the interaction energy of molecules with C-X bonds and methy-
lated amines decreases upon successive methylation [33]. The same result was
also found in a study of CFsl interacting with trimethylamine and related
acceptors [49].

Among other halogen-bonded C-X: - -B complexes, theoretical vibrational
frequencies of the complexes CF3;Cl---NHj3; and CF3Br---NHsz were inves-
tigated too, with the interesting result that the calculated C-X stretching
frequencies turned out to be shifted to higher wavenumbers [50]. Because
of the analogy to the blue-shifting hydrogen bonds [51, 52], these particular
C-X. - -B complexes have been called blue-shifting halogen bonds.

Comparing C-X bonds with different hybridization states of the carbon
atom revealed that sp-hybridized C-X bonds form the strongest halogen
bonds, followed by sp?- and sp>-hybridized C-X bonds [33], again a trend
similar to the relative hydrogen bonding ability of C-H bonds. Ab initio and
DFT studies on halogen bonding between appropriately substituted aromatic
molecules, such as halobenzenes and pyridines or Schiff bases, mimicking
the bonding situation in molecular crystals, are also available [53-56]. These
investigations confirm that halogen bonds are highly directional. Although
in most cases the interaction energies appear to be quite small, of the order
of 2 kcal/mol, they are sufficiently strong to have a prominent influence on
crystal packing.

3.2
C—X- - - H-C Complexes

Among the C-X: - -H-C complexes, the case of C-F---H-C is the best inves-
tigated. The C-F---H-C moiety is not linear. From the experimental side,
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the gas-phase structures of a few dimers formed between fluoromethanes
were investigated, e.g., the difluoromethane dimer (CH,F;); [57, 58] and the
CHF3; — CH3F dimer [59, 60]. For the latter, cryospectroscopic investigations
on the FTIR spectra have recently been reported [61]. Theoretical investiga-
tions are also available for the (CH,F,), dimer [57,62], the CHF; — CH;3F
dimer [59-61, 63], and the (CHF3), dimer [64]. All conceivable dimers that
can be formed between CHy4, CH3F, CH,F,, CHF3, and CF4 were studied
at the MP2/6-31+G(d,p) level [65]. The interaction of molecules carrying
sp>-hybridized C-F bonds (CH3F, fluorocyclopropane C3HsF) with small
molecules carrying either sp-, sp>-, or sp>-hybridized C-H bonds was also
recently studied [66].

There are several features common to the interaction of fluoromethanes. In
the case of sp>-hybridized C-F and C-H bonds a single C-F- - -H-C contact
is comparatively weak (about 0.5 kcal/mol [65, 66]). However, the calcula-
tions showed that some of these dimers have interaction energies in the
2-3 kcal/mol range. This can be traced back to multiple C-F- - -H-C contacts
in the cyclic equilibrium structures of these dimers. The strongest bound
of these complexes is the dimer formed between CHF3; and CH3F with an
equilibrium structure with three C-F- - -H-C contacts. Most of the investiga-
tions on the various fluoromethane dimers were actually carried out to learn
more about weak hydrogen bonds or about blue-shifting hydrogen bonds.
As a general structural feature, the C-H bonds in these complexes are con-
tracted, while the C-F bonds are all elongated. Since this kind of interaction,
the C-F- - -H-C contact, can be viewed as a hydrogen bond and, simultan-
eously, also as a halogen bond, the term halogen-hydrogen bond has been
coined in the related case of the interaction of fluoromethanes with hydrogen
fluoride clusters, in which the C-F- - -H-F contact plays a leading role [67]. C-
F- . -H-C contacts are considerably stronger when the C-H bond is adjacent to
a C=C or a C=C bond. The calculated interaction energy between CH3F and
ethyne is close to 1.6 kcal/mol [66].

4
Summary

Different types of halogen bonding as they occur in the interaction of small
molecules have been reviewed. In all cases studied so far, the halogen bond
turned out to have a number of characteristic properties reminiscent of the
well-known hydrogen bond. The best investigated cases are those in which
a dihalogen XY interacts with a Lewis base B.

Depending on the type of dihalogen and the chosen Lewis base, the inter-
action can vary from very weak, e.g., as in F,- - -NHj3, to about 20 kcal/mol in
the complex of trimethylamine with BrF. The XY - -amine complexes are of
“outer” or “intermediate” types. The molecular entity XY can still be recog-
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nized. Among the complexes considered, the complex of trimethylamine with
F, is probably closest to the Mulliken “inner”-type complexes.

The other types of halogen bonds, C-X: - -B or C-X: - -H-C are all consid-
erably weaker. The interaction energies of the C-X. - -B contacts rarely exceed
5 kcal/mol, and those of the C-X- - -H-C contacts are even weaker. Neverthe-
less, in most cases they show all the structural and vibrational spectroscopic
features also encountered in the case of hydrogen bonding. The intermole-
cular distances are all consistently shorter than those expected from the sum
of van der Waals radii. Even the case of blue-shifting halogen bonds, in anal-
ogy to the blue-shifting hydrogen bonds, may occur. In both cases, the blue
shift is a consequence of the intramolecular coupling in the monomer [68].
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Abstract This chapter is concerned exclusively with the experimentally determined prop-
erties of halogen-bonded complexes of the type B- - -XY in isolation in the gas phase and
their relationship with those of the corresponding hydrogen-bonded complexes B- - -HX.
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B is one of a series of simple Lewis bases and XY is a homo- or hetero-dihalogen molecule
Fy, Clp, Br, CIE, BrCl or ICl. The method used to determine these properties (angular and
radial geometry, binding strength, and the extent of electric charge redistribution on for-
mation of B---XY) is first outlined. A comparison of the angular geometries of the pair
of halogen-bonded and hydrogen-bonded complexes B---CIF and B---HCl as B is sys-
tematically varied follows. Systematic relationships among the radial geometries of the
two series are also summarised. The intermolecular stretching force constants k, and the
extent of electron transfer (both inter- and intramolecular) on formation of B- - -XY, for
XY = Cl,, Bry, CIE, BrCl or ICl, are shown to vary systematically as B is varied. A strik-
ing similarity noted among the properties of halogen-bonded complexes B- - -XY and their
hydrogen-bonded analogues B- - -HX demonstrates that rules for predicting the angular
geometries of hydrogen-bonded complexes (and other generalisations) may also be ap-
plied to the halogen-bonded series, but with the caveat that while the hydrogen bond
shows a propensity to be non-linear when B- - -HX has appropriate symmetry, the halo-
gen bond tends to remain close to linearity. A model for the halogen bond, successfully
applied earlier to the hydrogen bond, is proposed.

Keywords Lewis bases - Dihalogens - Halogen bond - Angular geometry -
Electric charge transfer

Abbreviations

Efg Electric field gradient

n-pair Non-bonding electron pair
m-pair w-bonding electron pair

XY Generalised dihalogen molecules
HX Generalised hydrogen halide

1
Introduction

This chapter is restricted to a discussion of halogen-bonded complexes B- - -XY
that involve a homo- or hetero-dihalogen molecule XY as the electron acceptor
and one of a series of simple Lewis bases B, which are chosen for their simplicity
and to provide arange of electron-donating abilities. Moreover, we shall restrict
attention to the gas phase so that the experimental properties determined refer
to the isolated complex. Comparisons with the results of electronic structure
calculations are then appropriate. All of the experimental properties of iso-
lated complexes B- - -XY considered here result from interpreting spectroscopic
constants obtained by analysis of rotational spectra.

1.1
Historical Background

The first report of an adduct of the type to be discussed here was that
of Guthrie in 1863 [1], who described the compound H3N- - -I,. The spec-
troscopy of the interaction of benzene with molecular iodine in the UV/visible
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region carried out by Benesi and Hildebrand in 1949 [2] was the initial focus
of the important work of Mulliken [3] on the theory of electron donor-
acceptor complexes in the 1950s and 1960s. During that period, Hassel and
co-workers [4,5] carried out X-ray diffraction studies of crystals of add-
ition complexes formed by dihalogen molecules with Lewis bases. They
concluded that the hydrogen bridge and halogen bridge were closely re-
lated. Of particular interest in the context of the work to be described here
is Hassel’s statement that, in complexes formed between halogen molecules
and electron-donor molecules possessing lone pairs of electrons, it is to
be assumed “that halogen atoms are directly linked to donor atoms with
bond directions roughly coinciding with the axes of the orbitals of the lone
pairs in the non-complexed donor molecule”. Hassel’s investigations involved
crystals of the adducts, so that the complexes were therefore mutually in-
teracting, albeit quite weakly. Complexes in effective isolation in cryogenic
matrices were studied by infrared spectroscopy in the 1980s, particulary by
Pimentel [6], Ault [7-10] and Andrews [11-14]. The so-called fast-mixing
nozzle [15] incorporated into a pulsed-jet, Fourier-transform microwave
spectrometer [16,17] allowed complexes formed from simple Lewis bases
(such as NHsz, H,CCH;, etc.) and dihalogen molecules to be isolated and
probed by microwave radiation before they could undergo the (sometimes vi-
olent) reaction that attends normal mixing. This technique allowed the power
and precision of rotational spectroscopy to be brought to bear on many sim-
ple complexes. Moreover, the Lewis base and the dihalogen molecule could
be systematically varied to reveal conclusions of general interest about the
binding that holds the two components together.

1.2
Definitions and Nomenclature

The aim of this chapter is to show that there is a strong parallelism be-
tween the measured properties of halogen-bonded and hydrogen-bonded
complexes and, consequently, that the terms halogen bond and hydrogen bond
carry similar connotations. After extensive consultations and discussions,
the IUPAC Working Party on the hydrogen bond, and other molecular in-
teractions, put forward the following definition of the hydrogen bond for
consideration by the Chemistry community [18]:

“The hydrogen bond is an attractive interaction between a group X-H and
an atom or a group of atoms, in the same or different molecule(s), when there
is evidence of bond formation.”

Of several properties simultaneously recommended as providing criteria
of such evidence, the most important in the present context are:

1. The physical forces involved in the hydrogen bond must include electro-
static and inductive forces in addition to London dispersion forces
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2. The atoms H and X are covalently bound to one another, and B- - -HX is
polarised so that the H atom becomes more electropositive (i.e. the partial
positive charge ** increases)

3. The lengths of the H-X bond and, to a lesser extent, the bonds involved in
B deviate from their equilibrium values

4. The stronger the hydrogen bond, the more nearly linear is the Z- - -H-X
arrangement and the shorter the B- - -H distance

5. The interaction energy per hydrogen bond is greater than at least a few
times kT, where T is the temperature of the observation, in order to ensure
its stability

We shall show both from experimental evidence about gas-phase complexes
and, to a lesser extent, from the results of electronic structure calculations
that a parallel definition of the intermolecular halogen bond is appropriate:

“The halogen bond is an attractive interaction between a halogen atom X
and an atom or a group of atoms in different molecule(s), when there is evi-
dence of bond formation.”

The atom X may be attached to another halogen atom Y or some other
group of atoms R and the criteria (1-5) can be used with appropriate modi-
fication.

This definition was implied by the author [19,20], who used the terms
halogen bond or chlorine bond in these and in earlier articles referred
to therein. The definition is also similar to that proposed by Metrangolo
et al. [21], who used the term halogen bond (with XB as an abbreviation anal-
ogous to HB for the hydrogen bond) to describe any non-covalent interaction
involving halogens as electron acceptors. Thus, the general notation for the
halogen bond would be B- - -XY, where B is a Lewis base (electron donor), X
is a halogen atom (electron acceptor) and Y can be a halogen atom or some
other atom that is a constituent of a group R attached to X. The Lewis base B
and XY might undergo a chemical reaction when mixed under normal condi-
tions of temperature and pressure. This is especially so when XY is F, or CIF,
both of which are notoriously reactive. To obtain the experimental results dis-
cussed here, pre-mixing of the components was avoided and instead we used
a coaxial flow technique [15] to form B- - -XY but to preclude chemical reac-
tion of B and XY. Accordingly, the phrase pre-reactive complexes is used to
describe such species [22].

Mulliken [3] presented a classification of electron donor-acceptor com-
plexes based on the extent of intermolecular charge transfer that accompanies
complex formation. An outer complex is one in which the intermolecular in-
teraction B- - -XY is weak and there is little intra- or intermolecular electric
charge redistribution, while an inner complex is one in which there is exten-
sive electric charge (electrons or nuclei) redistribution to give [BX]*---Y~.
Inner complexes are presumably more strongly bound in general than outer
complexes.
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1.3
Summary

The structure of the remainder of this chapter is as follows: First, in Sect. 2,
we shall summarise briefly how the various properties of isolated complexes
B---XY may be derived from the molecular constants that are determinable
by analysis of rotational spectra. Then, in Sects. 3, 4 and 5, we shall present
some generalisations about the halogen bond through the discussion of pre-
reactive, outer complexes of the type B- - -XY. The approach will be to com-
pare the properties of halogen-bonded complexes B---XY, as determined
from rotational spectroscopy, with those of the corresponding hydrogen-
bonded analogues B- - -HX, similarly determined. We shall show by systematic
variation of both B and XY that there is a striking parallelism of the prop-
erties (angular geometry in Sect. 3, intermolecular stretching force constant
in Sect. 4, electric charge redistribution on complex formation in Sect. 5)
between the two types of complex. We shall also show in Sect. 5, by a compari-
son of the series H3N- - -HX and (CH3)3N- - -HX with corresponding members
of the series H3N---XY and (CH3)3N.--XY, that hydrogen- and halogen-
bonded complexes that tend towards the limiting Mulliken inner type can be
identified in the gas phase and that there is here also a strong analogy be-
tween the two classes of complex. In conclusion, in Sect. 6, we shall indicate
that a simple, essentially electrostatic model for the hydrogen bond is also
appropriate for the halogen bond in outer complexes.

2
Properties of Isolated Complexes B- - - XY: How to Measure Them

Rotational spectroscopy is a precise means by which the properties of
molecules in effective isolation in the gas phase may be measured. Only
for strong complexes (particularly those linked by a hydrogen bond) have
rotational spectra been detected by using equilibrium gas mixtures of the
two components at normal or slightly lower temperatures [23]. Techniques
that involve supersonic jets or beams are usually employed when the rota-
tional spectra of more weakly bound species are sought. The two methods
most used in this context are molecular beam electric resonance spectroscopy
(MBERS) and pulsed-jet, Fourier-transform (F-T) microwave spectroscopy,
both of which have been described in detail elsewhere [16,17,24]. A super-
sonic jet or beam of gas mixture is formed by expanding a mixture of the
components of interest (e.g. B and XY here) in, e.g., excess argon through
a small circular hole (nozzle) into a vacuum. When the gas pulse enters the
vacuum chamber it is rich in weakly bound complexes, which achieve col-
lisionless expansion after ca. 10 us. Thereafter, the target species are frozen
in their lowest rotational states and usually in the zero-point vibrational state
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until they undergo collision with the walls of the vacuum chamber. The com-
plexes can absorb microwave radiation while in the collisionless expansion
phase and their rotational spectra can be detected. The results presented here
have been established mainly by using a pulsed-nozzle, F-T microwave spec-
trometer, but modified to incorporate a so-called fast-mixing nozzle [15]. The
latter device allows complexes of B- - -XY to be formed from two reactive com-
ponents B and XY (e.g. ethyne and CIF) and achieve collisionless expansion
in the vacuum chamber before the reaction (often violent) that would at-
tend mixing under normal conditions. A detailed description of this nozzle
is available elsewhere [25].

The form of the observed spectrum of B- - -XY can often give a clue to the
symmetry of the species responsible for it. Thus asymmetric-top molecules,
symmetric-top molecules and linear molecules give rise to different spectral
patterns. Once the rotational spectrum of a complex B---XY has been as-
signed, the observed transition frequencies may be fitted to give a range of
precise spectroscopic constants, usually for the zero-point state, which can
then be interpreted to give various molecular properties of B- - -XY. Of princi-
pal interest here are the rotational constants, centrifugal distortion constants
and nuclear quadrupole coupling constants.

Rotational constants G = A, B or C are inversely proportional to principal
moments of inertia I, through the expressions G = h/87n*I,, where « refers
to one of the three principal inertia axis directions a, b or c. The I, are re-
lated to the coordinates of the atoms i in the principal axis system via the

relations I, = Y m;(B? + y?), where a, B and y are to be cyclically permuted
i

over a, b and c. Hence, the principal moments of inertia are simple functions
of the distribution of the masses of the atoms of the complex in space. Ac-
cordingly, these quantities can be used to determine the separation of the two
subunits B and XY and their relative orientation in space, i.e. the radial and
angular geometries of the complex, respectively. All molecular geometries of
B. - -XY considered here are of the ry-type, that is, are obtained by fitting the
zero-point principal moments of inertia of a limited number of isotopomers
as though they are equilibrium quantities. Moreover, the geometry of each
component is assumed to survive complex formation.

Although there are several centrifugal distortion constants that can be de-
termined from the rotational spectrum of a complex B- - -XY, one is of special
importance, namely, D; ( for linear or symmetric top molecules) or, equiva-
lently, A; (for an asymmetric-rotor molecule). Both D; and Ay are inversely
proportional to the intermolecular stretching force constant k,, according to
simple and convenient expressions presented by Millen [26] in the approxi-
mation of rigid, unperturbed subunits B and X and with the neglect of terms
higher than quadratic in the intermolecular potential energy function. Thus,
ks offers a measure of the strength of the interaction, given that it is the
restoring force per unit infinitesimal extension of the weak bond.
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The final spectroscopic constants of particular interest here are the halo-
gen nuclear quadrupole coupling constants x,g(X) and xug(Y) [27], where
o and B are to be permuted over the principal inertial axis directions a, b
and c. Halogen nuclei (with the exception of °F) have an intrinsic (or spin)
angular momentum, Ix, with a spin quantum number Ix > 3/2 and there-
fore with a non-zero electric quadrupole moment Qx. The nuclear spin vector
Ix can couple in only a limited number of discrete orientations to the rota-
tional angular momentum vector J of the molecular framework. Each allowed
orientation of the angular momentum and spin vector corresponds to dif-
ferent orientations of the nuclear electric quadrupole moment with respect
to the electric field gradient VEx at X and therefore to a different interac-
tion energy. Hence, rotational energy levels (and therefore transitions) carry
a hyperfine structure. Analysis of this nuclear quadrupole hyperfine struc-
ture gives various components (depending on the molecular symmetry) of
the nuclear quadrupole coupling tensor yxg(X), where o and f are to be per-
muted over the principal inertial axes a, b and c¢. The importance of this
tensor follows from its definition yqg(X) =- (eQxh)d?Vx /dadB where Qx is
the conventional electric quadrupole moment of nucleus X and - 82V /30
is a component of the electric field gradient (efg) tensor at the nucleus X.
This direct proportionality of x,g(X) and xug(Y) to the efgs at the nu-
clei X and Y, respectively, means that the changes A x,s(X) and A x4s(Y) in
Xap(X) and xqp(Y) that accompany formation of B- - -XY lead directly to the
changes in the efgs at X and Y. Hence A xq4(X) and A xqp(Y) carry quan-
titative information about the electric charge redistribution associated with
the process. We shall see in Sect. 5 that intra- and intermolecular electron
transfer on formation of B- - -XY can be estimated from these quantities. For
an asymmetric rotor of Cs symmetry, only one off-diagonal element (ab or
ac normally) of the tensor xs(X) or x,(Y) is non-zero but its value pro-
vides important information about the orientation of the XY subunit with
respect to the principal inertial axis system (g, b, ¢) in complexes B- - -XY (and
indeed of the HX subunit in hydrogen-bonded complexes B- - -HX [28,29]).
This leads to an estimate of the deviation of the Z.- - X -Y (or Z-- -H—X)
atoms from collinearity, where Z is the electron-donor atom of B, as discussed
in Sect. 3.

3

Comparison of the Angular and Radial Geometries
of Halogen-Bonded Complexes B- - -XY

and their Hydrogen-Bonded Analogues B- - -HX

In this section, we discuss the observed geometries, both angular (the relative
orientation of the components B and XY in space) and radial (the distance
between B and XY at the observed orientation) of complexes B- - -XY.
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Attention will be paid to the systematic relationship of the geometries
of B- - -XY to those of hydrogen-bonded complexes in the corresponding se-
ries B- - -HX, especially for angular geometries, which are dealt with in detail
in Sects. 3.1, 3.2 and 3.3. Radial geometries are treated only in summary
(Sect. 3.4) here, but a detailed analysis is available in [19].

Many complexes B- - -XY, where B is a Lewis base and XY is F,, [30-37],
Cl, [22,38-48], BrCl [49-58], CIF [34, 59-85], Br, [86-92] or ICl [93-102],
have been investigated by means of their rotational spectra. Those in the
group B- - -CIF cover the largest range of Lewis bases B, mainly because CIF
contains only a single quadrupolar nucleus and the rotational spectra are
relatively simple. Except for F,, all the other dihalogen molecules contain
two quadrupolar nuclei and hence the rotational transitions of the B- - -XY
complexes display complicated nuclear quadrupole hyperfine structure. For
this reason, the complexes B- - -Cly, B- - -BrCl, B- - -Br; and B- - -ICl investigated
have been limited mainly to those of relatively high symmetry (molecular
point groups Cooy, Czy and Csy), which simplifies the spectral analysis. Nec-
essarily, these complexes yield more information about the electric charge
redistribution that accompanies complex formation (Sect. 5).

It will be shown in Sect. 5.1 that the extent of electron transfer to XY from
B and the extent of electron transfer within XY when B- - -XY is formed are
both small in most complexes so far investigated in the gas phase. Mem-
bers of this group also have small intermolecular stretching force constants
ks and are weakly bound (see Sect. 4). Such complexes are therefore of the
Mulliken outer type and the discussion of geometries here will be limited
to these. There are a few complexes B- - -XY that exhibit significant electric
charge rearrangement and are strongly bound. This group can be categorised
as approaching the Mulliken inner complex limit and will be discussed in
Sect. 5.2.

The discussions of Sects. 3.1, 3.2 and 3.3 are structured by reference to a set
of rules that were proposed some years ago [103, 104] for rationalising the an-
gular geometries of hydrogen-bonded complexes of the type B- - -HX, where X
is a halogen atom. These rules are as follows:

The equilibrium angular geometry of a hydrogen-bonded complex B---HX
can be predicted by assuming that the axis of the HX molecule lies:

1. Along the axis of a non-bonding (n) electron pair carried by the acceptor
atom of B, with ®*H closer to the n-pair than X%, or

2. Along the local symmetry axis of a - or pseudo-m orbital (with °*H in-
teracting with the n-density) when B carries no n-pairs, or

3. Along the axis of a n-pair, when B carries both n- and m-pairs (i.e. rule 1
takes precedence over rule 2 in this case)
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Guided by these rules, we shall compare in most detail the observed angu-
lar geometries of pairs of complexes B- - -CIF and B- - -HCI for a wide range
of Lewis bases B, although we shall also refer to other B---XY and B- - -HX.
The reasons for choosing B- - -HCl and B- - -CIF as the series of halogen- and
hydrogen-bonded complexes for comparison are: (i) that these are by far
the most systematically studied of all the pairs of B- - -HX/B- - -XY series and
(ii) that deviations of the hydrogen bond atoms Z- - -H — Cl from collinearity
have been determined for a number of B- - -HCl of Cs symmetry and are avail-
able for comparison with the corresponding quantity for B- - -CIF, similarly
determined. For each complex, the geometry was obtained by fitting the prin-
cipal moments of inertia of one or more isotopomers under the assumption of
unperturbed monomer geometries.

3.1
Angular Geometries of B- - -CIF and B- - -HCl in Which B is a n-Pair Donor

We begin by comparing pairs of B---CIF and B---HCI that test rule 1. We
shall show a diagram comparing the experimental geometries, drawn to scale,
of B- - -CIF and B- - -HCl for each B, together with a representation of B, also
to scale but with its n-pair(s) drawn in the form of an exaggerated electron
density distribution that is traditionally used among chemists. We shall then
employ a similar approach for various prototype mw-electron donors to test
rule 2 and for mixed n- and w-donors appropriate to rule 3 in Sects. 3.2 and
3.3, respectively.

3.1.1
B Carries a Single n-Pair

The prototype Lewis base that carries a single n-pair and no 7w-pairs is am-
monia. The observed geometries of H3N---CIF [63] and H3N---HCI [105]
are shown in Fig. 1, as is the n-pair model of NH3;. Both complexes are
symmetric-top molecules belonging to the Cs, molecular point group and
clearly both obey rule 1. The geometries of the complexes H3N- - -F, [30],
H3N- - -Cl, [45], H3N- - -BrCl [52], H3N- - -Br, [86] and H3N- - -ICl [97] were
found also to be of C3, symmetry and isomorphous with their H3N---HX
counterparts (X = F 1 Cl [105], Br [106] and I [107]). The halogen atom of
higher atomic number acts as the electron acceptor in complexes containing
a heteronuclear dihalogen molecule. The same conclusions have been reached
for the pairs H3P- - -XY, for XY = Cl, [40], BrCl [55], Br, [88] and ICI [102],
and their H-bonded analogues H3P- - -HX, where X = CI [108], Br [109] and
1[110].

! Howard BJ, Langridge-Smith PPR, unpublished observations
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Ammonia

000000

H CN OTF S C]
Fig.1 Comparison of the experimentally determined geometries of the hydrogen-bonded
complex H3N- - -HCI and its halogen-bonded analogue H3N- - -CIF (both drawn to scale)
with a non-bonding electron-pair (n-pair) model of NH;s. Here, and in other figures, the
n-pair electron distribution is drawn in the exaggerated style favoured by chemists. The
key to the colour coding of atoms used in this and similar figures is also displayed

3.1.2
B Carries Two Equivalent n-Pairs

3.1.2.1
Linear Halogen Bonds and Hydrogen Bonds

The prototype Lewis bases in this category are H,O and H,S. The complex
H,O-. - -HF is sufficiently strongly bound to have been investigated in an equi-
librium mixture of H,O and HF held at 200 K in the cell of a conventional
Stark-modulation microwave spectrometer [111,112]. This allowed vibra-
tional satellites associated with low-frequency, intermolecular stretching and
bending modes to be observed and analysed and vibrational wavenumbers
for these modes to be determined. It was not only possible to conclude that
in the zero-point state this complex is effectively planar but also to determine
the potential energy (PE) as a function of the out-of-plane, low-frequency,
hydrogen-bond bending co-ordinate. The mode in question inverts the con-
figuration at the oxygen atom and is shown schematically in Fig. 2. The
O---H - F nuclei were assumed to remain collinear during this motion. The
energy levels associated with the motion were calculated by using the ex-
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Fig.2 The experimentally determined potential energy V(¢), expressed as a wavenumber
for convenience, as a function of the angle ¢ in the hydrogen-bonded complex H,0- - -HF.
The definition of ¢ is shown. The first few vibrational energy levels associated with this
motion, which inverts the configuration at the oxygen atom, are drawn. The PE barrier at
the planar conformation (¢ = 0) is low enough that the zero-point geometry is effectively
planar (i.e. the vibrational wavefunctions have C,, symmetry, even though the equilib-
rium configuration at O is pyramidal with ¢, = 46° (see text for discussion)). See Fig. 1
for key to the colour coding of atoms

pression for the conventional quartic/quadratic PE function in terms of the
dimensionless reduced coordinate z given in Eq. 1. This function was fitted
to a range of experimental data to give the potential constants a and b and
then converted to the equivalent ¢-dependent form of the type given in Eq. 2,
where ¢ is the inversion angle defined in Fig. 2. The form of the reduced mass
for the inversion motion and details of the calculation are given in [112]:

V(z) = a(z* - bz?) (1)
V(¢) = Ag* - By @)

We note from Fig. 2 that the hypothetical equilibrium conformation is pyra-
midal, with ¢, = 46(8)°, even though the geometry of the complex is effec-
tively planar in the zero-point state (i.e. the vibrational wavefunction has Cy,
symmetry) because the PE barrier at the planar (¢ = 0) form is low. At the
time of the publication of [112] this was a critical result because it demon-
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strated that rule 1 is appropriate in the case of the important prototype Lewis
base H;O, given that half the angle between the n-pairs in the n-pair model of
H,0 should be ~54° (See Fig. 2).

It was not possible to determine experimental PE functions for H,O- - -HCl
[113] and H,O- - -CIF [72] in same way. However, another approach was pos-
sible. The energy of each complex was obtained by carrying out a full geom-
etry optimisation at fixed values of the out-of-plane bending coordinate ¢
in the range 0 to ~70°. The aug-cc-pVDZ/MP2 level of theory was used and
correction for basis set superposition error was applied. This ab initio po-
tential function was then fitted numerically to the expression of Eq. 1 to give
the coefficients A and B and thence a and b. Once a and b were available,
the matrix of the Hamiltonian H = p2/2u + V(z) was set up using a basis
composed of 100 harmonic oscillator functions and was diagonalised to give
the vibrational energy levels. This approach for H,O- - -HF gave values of
¢min and the PE barrier height in good agreement with those of the exper-
imentally determined function. Thus we can have some confidence in the
results obtained when the same procedure was applied to H,O- - -HCl [114]
and H,O0- - -CIF [34]; the plots of V(¢) versus ¢ and the energy levels are
displayed in Fig. 3. The equilibrium values of the angle ¢ are 45.7° and
57.4° for H,0O---HCI and H;O0- - -CIF, respectively, and the two equivalent
minima are separated by PE barriers of Vy =80 and 174 cm™!, respectively.
These values are similar to the experimental results 46(8)° and 126(70) cm™!

a4 S004
500 ]l l[ 5004 \ I
v=3 v=3
400 \ / 400 \ ]
. -1
J cm
30N v=1 @ 300 v=2
200 2004
v=1 v=1
100 :
v=0 100 v=0
0 04
-150 -100 -50 0 s0 100 150 150 100 0 o s 100 150
d/deg $/deg

@ o .¢ ------ o @ (b) "b ,,,,,,, ®

Fig.3 The potential energy V(¢), expressed as a wavenumber, as a function of the angle ¢
for a H,0- - -HCl and b H,O- - -CIF. These have been obtained using ab initio calculations,
by the method discussed in the text. The same approach reproduces the experimen-
tal function of H,O- - -HF (Fig. 2) very well. Several vibrational energy levels associated
with the motion in ¢ are also shown. As for H,O- - -HF, the PE barrier at ¢ =0 is low
enough that both molecules are effectively planar in the zero-point state, even though the
molecules are pyramidal at equilibrium. See Fig. 1 for key to the colour coding of atoms
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for H,O---HF [112]. Indeed, when the zero-point rotational constants of
all isotopomers investigated for each of H,O- - -HCl or H;0- - -CIF were fit-
ted under the assumption of unchanged monomer geometries and collinear
O---H-Cl and O- - -Cl - F arrangements, the results for the effective angle ¢
were 36.5(3)° and 58.9(16)°, respectively. Thus, there seems little doubt that
the configuration at O in these complexes is pyramidal, a result consistent
with rule 1 and the chemist’s simple n-pair model of H,O. Similar ana-
lyses have been applied with similar results to H,O- - -F, [34] H,0- - -Cl; [48],
H,0- - -BrCl [56], H,0- - -Br, [91] and H,O- - -ICl [101]. In each case, the low-
est vibrational energy level lies near to or above the PE maximum at the
planar geometry, so the zero-point geometry is effectively planar while the
equilibrium geometry is pyramidal at O. The hydrogen-bonded complexes
H,0. - ‘HX, where X = Br [115] and I [116], are both effectively planar, but
the above-described treatment is yet to be applied to give the form of the PE
function.

The situation for the complexes H,S- - -HX and H,S- - -XY is different from
that of their H,O analogues. It has been shown by rotational spectroscopy
that the conformation at S is much more steeply pyramidal, with ¢ ~ 90°, and
that there is no evidence of inversion in H,S- - -HF [117], H,S- - -HCI [118] or
H,S- - -HBr [119], i.e. each is permanently pyramidal at S on the time scale
of the microwave experiment. Similar conclusions hold for H,S- - -CIF [60],
H,S. - -BrCl [54], H,S- - -Br; [90] and H,S- - -ICl [98]. The experimental zero-
point geometries of H,S- - ‘HCl and H,S- - -CIF (derived under the assumption
of unchanged monomer geometries) are compared in Fig. 4. A collinear ar-
rangement of the S- - -Cl — F nuclei was demonstrated in the case of H;S: - -CIF
but assumed for S---H - Cl in H,S- - -HCL The 90° structures seen in Fig. 4
suggest that for H,S the n-pairs can be modelled as occupying sp hybridised
valence orbitals whose axis is perpendicular to the nuclear plane, as illus-
trated in Fig. 4. The PE as a function of the angle ¢ for each of H,S. - -HCI
and H,S- - -CIF, as calculated? by the method outlined for H,O---HCl and
H,O0-. - -CIF earlier, is shown in Fig. 5. The first few vibrational energy levels
are drawn on each function. Each energy level is actually a pair having a very
small separation, which indicates that the inversion motion between the two
equivalent forms of each complex is very slow as a result of the relatively high
PE barrier and the large separation of the two minima, in agreement with the
experimental conclusion. We note that minima are at ¢ ~ +90° in both cases,
as expected from the proposed n-pair model, thereby providing evidence for
the isostructural nature of pairs of hydrogen- and halogen-bonded complexes
B---HCl and B- - -CIF when B is H,S. For H,S- - -HI? and H,S- - -F, [35], on the
other hand, there is evidence of a lower barrier to the ¢ = 0°(planar) struc-
ture, both through the observation of vibrational satellites in the rotational

2 Davey JB, Legon AC, unpublished calculations
% Legon AC, Suckley AP, unpublished observations



30 A.C. Legon

93.8(5)°

O—20

Fig.4 The experimentally determined geometries of HS- - -HCI and H,S- - -CIF drawn to
scale. The n-pair model of H,S, as discussed in the text, is shown for comparison. See
Fig. 1 for key to the colour coding of atoms
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Fig.5 The potential energy V(¢), expressed as a wavenumber, as a function of the angle ¢
for a H,S- - -HCl and b H;S. - -CIF. These have been obtained using ab initio calculations,
by the method discussed in the text. Several vibrational energy levels associated with the
motion in ¢ are also shown. The PE barrier at ¢ = 0 is high in both molecules, so that in
each case the v=0 and v =1 vibrational energy levels are negligibly separated and hence
both molecules are pyramidal in the zero-point state and at equilibrium. The values of ¢.
and the effective values ¢y determined experimentally (see Fig. 4) are in good agreement.
See Fig. 1 for key to the colour coding of atoms
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spectra and the angle ¢ determined by fitting rotational constants. This ob-
servation can be readily rationalised when we note that, in general, complexes
B---F, and B- - -HI are more weakly bound for a given B than those involving
other HX or XY molecules.

3.1.2.2
Non-linear Halogen Bonds and Hydrogen Bonds

The ab initio calculations for HyZ. - -HCI and H,Z- - -CIF, where Z is O or S,
(referred to in Sect. 3.1.2.1) reveal that the nuclei Z---H-Cl and Z---CI-F
deviate insignificantly from collinearity. For example, the angular deviations
0 are less than 2° in H,0- - -F,, H,O- - -CIF and H,0- - -HCI [34, 114]. Is this
always the case and, if not, can the deviation from a linear arrangement be
measured experimentally?

The position of the subunit HX in the principal inertia axes system of
an effectively planar complex H,O- - -HX is difficult to determine from zero-
point rotational constants because of the large amplitude motion of the H,O
and HX subunits, which involves mainly the H atoms, and the small con-
tributions that the H atoms make to the principal moments of inertia. If
H,0 is replaced by the cyclic ether oxirane, (CH;),0, to yield the com-
plex (CH;),0- - -HX, the inversion motion is quenched and the complex has
a pyramidal configuration at O and Cs symmetry, even in the zero-point
state [120]. This allows the orientation of the oxirane subunit in the prin-
cipal inertia axis system of the complex to be established. Moreover, if the
atom X has a quadrupolar nucleus, determination of the complete nuclear
quadrupole coupling tensor xqg(X) of X from the rotational spectrum of
the complex gives the orientation of HX in the principal inertia axis sys-
tem. If a is the principal inertia axis (which passes almost through the centre
of the oxirane ring and close to the centre of mass of the HX subunit), ab
is the molecular symmetry plane and z the HX internuclear axis, it can be
shown [28,29] that the angle a,; between a and z is given in terms of the
elements of xqp(X) by the expression:

®q, = tan! ( ~ Xab ) . (3)

Xaa — Xbb

Of primary interest here is the important result that «,, so obtained is in-
dependent of the large amplitude, zero-point angular oscillation of the HX
subunit even when components of the zero-point coupling tensor are used in
Eq. 3. The assumptions made in deriving Eq. 3 are that the electric field gra-
dient at X is unperturbed on complex formation and that the effect of the
intermolecular stretching motion on the coupling tensor is negligible. Once
g is available, the principal moments of inertia of sufficient isotopomers of,
for example, (CH;),0- - -HCl can be fitted under the constraint that the result-
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ing structure must also reproduce this angle. The geometry of (CH;),0- - -HCI
so obtained [28, 120] is shown in Fig. 6.

The angle 6 defines the non-linearity of the hydrogen bond and ¢ is
the angle O-H-Cl, as indicated. Also shown in Fig. 6 is the geometry simi-
larly determined for the halogen-bond analogue of (CH;),0- - -HCl, namely
(CH3),0- - -CIF [67]. We note immediately a striking similarity between the
angles ¢ of these two complexes [69.1(1)° and 67.3(1)°, respectively], a re-
sult that can be understood on the basis of rule 1 if the oxygen atom of
oxirane carries two equivalent n-pairs, as drawn schematically in Fig. 6.
By contrast, there is a significant difference in the non-linearities [6 =
16.5(1)° and 2.9(1)°] of the hydrogen bond O- - -H — Cl and the halogen bond
O---Cl-F in the two complexes. We shall see that this relationship between
(CH2)20- - -HCl and (CH3);0- - -CIF is an example of a common property of
the two series B- - -HCl and B- - -CIF and, moreover, that the propensity to be
non-linear is an important characteristic of the hydrogen bond.

Other Lewis bases in which the electron donor atom Z carries two equiva-
lent n-pairs and which form complexes of Cs symmetry with HCl and CIF
have been investigated by the same approach. The resulting geometries when
B is formaldehyde are shown, together with the conventional n-pair model
of CH;O0, in Fig. 7. The angle ¢ is virtually identical in H,CO- - -HCI [121]
and H,CO- - -CIF [79] and is close to that expected from the n-pair model in
which the angle between the n-pairs is ~120°. The hydrogen bond again de-
viates significantly from linearity [0 = 20.3(8)°] but the O- - -Cl —F system is
essentially collinear [6 = 3.2(7)°].

Oxirane

A ’7 ;1-).;159.1(1)0 ;):1)-:“6"?_3(1)“

\

0=16501)° 0=29(1)

Fig.6 The experimentally determined geometries of oxirane.--HCl and oxirane- - -CIF
drawn to scale. The n-pair model of oxirane is shown for comparison. While the angle
¢ is similar in both complexes, the non-linearity 6 of the hydrogen bond is much greater
than that of the halogen bond. See Fig. 1 for key to the colour coding of atoms
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Formaldehyde

¢ = 7000y : ; / ¢ =69.1070

9 =203(8) \\j =32(7)

Fig.7 The experimentally determined geometries of CH,O---HCl and CH,O- - -CIF,
drawn to scale, are shown in comparison to the n-pair model of formaldehyde. The angle
¢ is again similar in both complexes but the non-linearity 0 of the hydrogen bond is much
greater than that of the halogen bond. See Fig. 1 for key to the colour coding of atoms

It is possible to test the n-pair model more precisely when O is the elec-
tron donor atom. In the series of cyclic ethers oxirane [(CH;),0], oxetane
[(CH;)30], and 2,5-dihydrofuran [(CHCH;),0], the internal ring angle COC
increases from ~60° through ~90° to ~109° (the tetrahedral angle). It is
generally accepted that this increase is accompanied by a corresponding de-
crease in the angle between the n-pairs carried by O; if so the angle ¢ should
decrease correspondingly. The n-pair models of these three Lewis bases are
shown in Fig. 8 together with the observed geometries of their complexes
with HCL. Table 1 gives the angles ¢ and 6 for the two series B---HCl and
B. - -CIF, where B is oxirane [67, 120], oxetane [122] or 2,5-dihydrofuran [29,
77], all determined from their rotational spectra under assumptions identical
to those described earlier for the oxirane complexes [(CH;)30- - -CIF has not
yet been investigated].

It is clear from Fig. 8 and Table 1 that the angle ¢ does indeed decrease
as expected if the n-pair models and rule 1 were applicable. Moreover, the
hydrogen bond non-linearity 6 decreases along the series B = oxirane, oxe-
tane, 2,5-dihydrofuran. On the other hand, the values of 6 for oxirane- - -CIF
and 2,5-dihydrofuran- - -CIF (included in Fig. 8) reveal that the halogen bond
shows little propensity to be non-linear.

Oxirane is an important Lewis base in the present context. The O atom car-
ries two equivalent n-pairs of electrons, as it does in H,O, but oxirane has the
advantage over water in that it is possible to determine both angles ¢ and 6
for its complexes with HCl and CIF because the non-zero off-diagonal element
Xab(Cl) of the Cl nuclear quadrupole coupling tensor is available. The cor-
responding Lewis base in which an S atom carries two equivalent n-pairs is
thiirane. Each of the pair of complexes (CH;),S- - -HCl and (CHj;),S- - -CIF has
Cs symmetry and here it is the off-diagonal element y,.(Cl) that is non-zero
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2,5-Dihydrofuran \
&
| \ﬂﬂ,
(oxetane/CIF
not investigated)
Oxetane
“/613(1F
Oxirane
16.5(1)° 9 =291

Fig.8 The n-pair models of 2,5-dihydrofuran, oxetane and oxirane (first column) and the
experimental geometries of their complexes with HCl (second column) and CIF (third col-
umn), each drawn to scale. The angle ¢ is almost identical in B---HCI and B- - -CIF for
a given B but increases from 2,5-dihydrofuran, through oxetane, to oxirane, as expected
from the model (see text). The non-linearity of the hydrogen bond increases monotoni-
cally from 2,5-dihydrofuran to oxirane. See Fig. 1 for key to the colour coding of atoms

Table 1 The angles ¢ and 0 (in degrees; see Fig. 8 for definitions) in complexes B- - -HCI
and B- - -CIF, where B is one of the cyclic ethers 2,5-dihydrofuran, oxetane or oxirane

B---HCl B---CIF
B o 9 o 0
Oxirane 69.1(1) 16.5(1) 67.3(1) 2.9(1)
Oxetane 59(2) 12(2) cee e
2,5-Dihydrofuran 54.3(3) 9.5(1) 53.0(3) 2.0(2)

because the axis a and c lie in the molecular symmetry plane. Thus both ¢ and
0 can be determined for each complex, in contrast to the position for the H,S
analogues, for which onlyin H; S. - -CIF was it possible to establish the collinear-
ity of the S---Cl-F nuclei. The determined geometries (drawn to scale) of
(CH2)2S- - -HCI [28,123] and (CH3),S- - -CIF [69] are displayed in Fig. 9.

The values of ¢ are both close to 90°, which suggests an n-pair model of
thiirane (see Fig. 9) similar to that described for H,S earlier. A reason for the
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Thiirane

0'=21.0(5)° L 9=350)°

Fig.9 The experimentally determined geometries of thiirane---HCl and thiirane- - -CIF
drawn to scale. The n-pair model of thiirane is shown for comparison. The angle ¢ is
slightly different in the two complexes for reasons discussed in [69]. The non-linearity 6
of the hydrogen bond is again greater than that of the halogen bond. See Fig. 1 for key to
the colour coding of atoms

slightly smaller angle in the case of (CH3),S- - -CIF is discussed in [69]. It is
clear that the hydrogen bond in (CH3),S- - -HCI deviates significantly from
linearity [¢ = 21.0(5)°] while the halogen bond in (CH3),S- - -CIF is close to
linear[¢ = 3.5(2)°]. The hydrogen bonds in the complexes (CH3),S- - -HF [124]
and (CH3),S- - -HBr [28, 125] are also significantly non-linear.

3.1.3
B Carries Two Inequivalent n-Pairs

Sulfur dioxide is an example of a simple Lewis base that carries two sets of in-
equivalent n-pairs, one set on each O atom. The n-pair model (in which the &
bonding pairs are not drawn and are ignored here) is shown in Fig. 10. The
geometries of SO;- - -HF [126, 127], SO,- - -HCI [28,126] and SO, - -CIF [70]
have all been determined from investigations of their rotational spectra. Each
molecule is planar and belongs to the Cs point group. Scale drawings for
SO;- - -HCl and SO;- - -CIF are displayed in Fig. 10.

We note that the HCI and CIF molecules attach, approximately at least,
along the axis of the cis n-pair, as required by rule 1, with angles ¢ of 143.0(1)°
and 131.9(6)°, respectively, although the former value may be influenced by



36 A.C. Legon

Sulphur dioxide A

143001 % 131.9(6)

Fig. 10 The n-pair model of sulfur dioxide and the experimental geometries of SO,- - -HCI
and SO;- - -CIF. Note that neither the hydrogen bond nor the halogen bond deviate signifi-
cantly from linearity. See Fig. 1 for key to the colour coding of atoms

the non-rigid behaviour noted in SO;- - -H — Cl. The hydrogen bond and the
chlorine bond are both nearly linear [6 = - 2.5(7)° and - 0.7(2)°, respectively],
a result which is different from those obtained for other B- - -HCl and B- - -CIF
pairs belonging to the Cs point group. This will be discussed when the rules
for rationalising the geometries of hydrogen- and halogen-bonded complexes
are refined in Sect. 6.

3.2
Angular Geometries of B- - -CIF and B- - -HCl in Which B is a s-Pair Donor

According to the rules for predicting angular geometries of hydrogen-bonded
complexes B- - -HX, given earlier, the HX molecule lies along the local sym-
metry axis of a 7 orbital when B carries no non-bonding electron pairs and
only m pairs. In this section, we examine whether this rule also applies to
halogen-bonded complexes B- - -XY. We consider first Lewis bases that offer
only a single  pair.

3.2.1
B Carries a Single-rn-Pair

The experimentally determined geometries of the complexes of the simplest
7 electron donor, ethene, with HCI [128] and CIF [65] are displayed in Fig. 11.
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Ethene H

Fig. 11 The experimental geometries of ethene- - -HCl and ethene- - -CIF (drawn to scale)
and the w-electron model of ethene. See Fig. 1 for key to the colour coding of atoms

These two molecules are clearly isostructural and of C;, symmetry, with the
XY or HX molecule lying along the C, axis of ethene that is perpendicu-
lar to the plane containing the C;H4 nuclei. Other complexes ethene- - -XY,
where XY = Cl, [46], BrCl [51], Br, [89] and ICI [96], and other complexes
ethene- - -HX, where X is F [129] or Br [130], have also been shown to have
the form illustrated in Fig. 11. It is of interest to note that C;Hy- - -Cl, was
detected through its UV spectrum many years ago [131] and that the pre-
reactive complex C;Hy- - -Br; has recently been shown to be important on the
overall reaction coordinate for bromination through autocatalytic action of
bromine [132].

Each angular geometry can be rationalised on the basis of rule 2 (see
earlier) with the aid of the familiar = bonding electron density distribution
of ethene, which is included in Fig. 11. In all cases, the electron acceptor
molecule XY or HX lies along the symmetry axis of the m orbital of the Lewis
base. The electrophilic end, °*X of XY or ®*H of HX, as appropriate, interacts
with the m-electron density. There is no evidence that the hydrogen bonds
or the halogen bonds in these complexes are not strictly linear in the equi-
librium geometry (i.e. that the arrangements *. - -H-X or *---X-Y are not
collinear, where x* is the midpoint of the C — C bond). In view of the symmetry
of ethene, non-linear hydrogen or halogen bonds are not expected.

Ethyne has two m bonding orbitals at right angles to each other and a re-
sultant 7 electron density that is cylindrically symmetric with respect to the
internuclear axis. Complexes of ethyne with HF [133], HCI [134], HBr [135],
CIF [66], Cl; [47], BrCl [50], Br; [92] and ICI [95] have been characterised by
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rotational spectroscopy. Each complex has the planar, T-shaped geometry of
Cyy symmetry that is predicted by applying rule 2 using the n-bonding model
of ethyne.

3.2.2
B Carries Pseudo-rt-Pairs

Cyclopropane resembles an alkene in its chemical behaviour. This fact led
Coulson and Moffitt [136] to propose a model for cyclopropane in which
a pseudo-7t carbon-carbon bond is formed by overlap of a pair of sp> hybrid
orbitals on adjacent carbon atoms. A schematic diagram showing the elec-
tron density distribution between a pair of C atoms in cyclopropane resulting
from such a model is shown in Fig. 12. The symmetry axis of the pseudo-m or-
bital coincides with a median of the cyclopropane equilateral triangle. Hence,
according to rule 2, the angular geometry of cyclopropane: - -CIF [73], or of
cyclopropane- - -HCI [137], is predicted to have C,, symmetry, with CIF, or
HC], lying along the extension of the median. The electrophilic end °*Cl of
CIE, or ®*H of HCI, is expected to interact with the pseudo- electron dens-

Cyclopropane

Fig.12 The experimental geometries of cyclopropane---HCl and cyclopropane- - -CIF
(drawn to scale) and the Coulson-Moffitt pseudo-mw-electron model of cyclopropane. See
Fig. 1 for key to the colour coding of atoms
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ity of the C— C bond in preference to F*~ or C1°-, respectively. The observed
geometries of the two complexes, included in Fig. 12, are clearly as predicted
by rule 2. Cyclopropane: - -HF has a similar angular geometry [138].

3.2.3
B Carries Several-n-Pairs

Rule 2 can also be tested when the Lewis base B carries no n-pairs but
two or more m-electron pairs, either conjugated or cumulative. Strictly, cy-
clopropane might be considered in this category but has been discussed in
Sect. 3.2.2 as the prototype of a pseudo-mn donor for convenience.

3.2.3.1
B is a Conjugated w-bonded System

trans-1,3-Butadiene is the prototype Lewis base offering a pair of conjugated,
but non-aromatic,  bonds as electron donors. According to rule 2, the axis of
a CIF or HCI molecule, for example, should lie along the local symmetry axis
of one of the w-orbitals in the equilibrium geometry of a complex with trans-
1,3-butadiene. There will be four equivalent geometries because there are two
equivalent 7 orbitals and either may be approached from above or below the
molecular plane. Two possibilities then exist, however. If the potential energy
barriers to tunnelling between the four equivalent positions are sufficiently
high, the CIF/HCI molecule will be localised at one of the  bonds. On the
other hand, if the PE barriers are low enough, the diatomic molecule might
tunnel quantum mechanically through them and sample the four equivalent
positions. The geometry of the 1,3-butadiene- - -CIF complex, as determined
from its ground-state rotational spectrum [76], is shown, drawn to scale, in
Fig. 13. There was no evidence from the observed spectrum of tunnelling
between the equivalent structures and therefore it was concluded that the
CIF molecule is localised at one site. The geometry displayed in Fig. 13 is
consistent with rule 2. Thus, the CIF axis lies perpendicular to the plane of
the nuclei in 1,3-butadiene and the angle ¢ (/C; - *---Cl) is 95°, where *
is the mid-point of a terminal C— C bond. The rotational spectrum of 1,3-
butadiene- - -HCl exhibits the characteristics of non-rigid-rotor behaviour,
probably as a result of a low potential energy barrier between equivalent
conformers*, but the analysis is incomplete and therefore comparison of the
geometries of the CIF and HCl complexes with 1,3-butadiene is unavailable.
Benzene is the prototype aromatic Lewis base. It offers formally three pairs
of equivalent, conjugated 1 bonds as the potential electron donor. Symmetric-
top-type rotational spectra have been observed for the benzene- - -HX com-
plexes, where X is F [139], Cl [140] or Br [141], by methods (molecular-beam

4 Kisiel Z, Legon AC, unpublished observations
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1,3- butadicne

Fig.13 The experimental geometry of 1,3-butadiene- - -CIF drawn to scale and the =-
electron model of 1,3-butadiene. The geometry of 1,3-butadiene- - -HCl is not yet available
for comparison. See Fig. 1 for key to the colour coding of atoms

electric resonance spectroscopy and pulsed-jet, Fourier-transform microwave
spectroscopy) involving supersonic expansion of gas mixtures of benzene and
HX in argon. In each case, only information about the vibrational ground
state is available. Benzene- - -CIF also has a symmetric top-type spectrum
but exhibits evidence of non-rigid-rotor behaviour [80]. The ground-state
spectrum is accompanied by a single vibrational satellite spectrum which is
presumably associated with a low-energy vibrationally excited state, given
the low effective temperature of the experiment. A possible interpretation of
these observations for benzene- - -CIF is that the geometry of the complex is
as shown in Fig. 14, that is, in the zero-point state, the CIF subunit executes
the motion defined by the angle ¢, with a PE maximum at the Ce,(¢ = 0°)
conformation. Thus, the electrophilic end ®*Cl of the CIF subunit interacts
with the m-electron density as it traces out the nearly circular path in the ¢
coordinate, as indicated, encompassing the six carbon atoms. This path pre-
sumably corresponds to a potential energy minimum relative to a maximum
at the Cs, (¢ = 0°) conformation but is itself likely to present small maxima at
the carbon atoms.
It is possible that the complexes benzene- - -HX can be described in a simi-
lar way, but in the absence of any observed non-rigid-rotor behaviour or a vi-
brational satellite spectrum, it is not possible to distinguish between a strictly
Cey equilibrium geometry and one of the type observed for benzene- - -CIF. In
either case, the vibrational wavefunctions will have Cs, symmetry, however.
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Fig. 14 The experimental geometries of benzene- - -HCI and benzene- - -CIF (to scale) and
the m-electron model of benzene. See text for discussion of the motion of the CIF sub-
unit, as inferred from an analysis of the rotational spectrum of benzene- - -CIF. See Fig. 1
for key to the colour coding of atoms

=

3.2.3.2
B is a Cumulative n-Bonded System

The rt-electron density model of allene, the prototype of molecules that carry
two cumulative m bonds, is shown in Fig. 15. According to rule 2, complexes
of allene with either HCl or CIF should have the diatomic subunit lying along
an axis that passes through, or close to, the midpoint of one of the C — C bonds
and is perpendicular to the plane formed by the two C atoms involved and
the two H atoms attached to one of them. The geometries of allene- - -HCI®
and allene- - -CIF [75], as determined by means of their rotational spectra,
are included in Fig. 15. The angle of rotation v about the C = C = C axis
cannot be determined spectroscopically because allene is a symmetric-top
molecule. The angle vy would be 0° if, as seems likely, the electrophilic end
%*H of HCl or °*ClI of CIF interacts with the maximum of 7 electron dens-
ity, but ¢ = 90° would require that HCI or CIF lies in the nodal plane of
the m orbital. Hence, the angle ¢ was set to zero. It is possible to deter-
mine both the angles 6 and ¢ for these molecules of Cs symmetry by the
methods outlined in Sect. 3.1.2.2 because the off-diagonal element x,, of
the Cl nuclear quadrupole coupling tensor is non-zero and determinable. We
note from Fig. 15 that the angle ¢ for each complex is close to the value
of 90°, as required by rule 2. The non-linearity is 6 ~ 7° for the hydro-
gen bond in allene- - -HCI°® and 0 = 4.9(15)° [75] for the halogen bond in
allene- - -CIF. Both these observations indicate only a minor secondary inter-
action of ®~Cl and °"F, respectively, with the nearest H atom on the C atom

5 Fillery-Travis AJ, Legon AC, unpublished observations
6 Fillery-Travis AJ, Legon AC, unpublished observations
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Fig.15 The experimental geometries of allene---HCI and allene- - -CIF, drawn to scale.
The m-electron model for allene is also shown. The angles C,—*- - -H and Cy-x- - -Cl, re-
spectively, where * is the centre of the C— C bond, are both close to 90°, as required by
rule 2. The hydrogen and halogen bonds both show small non-linearities. See Fig. 1 for
key to the colour coding of atoms

remote from the primary interaction. Allene- - -HF exhibits a similar geom-
etry [142].

3.2.3.3
B Carries Both-t- and Pseudo-n-Pairs

Methylenecyclopropane has two pseudo-n C—C bonds of its cyclopropane
ring adjacent to the 7 bond between C; and C,. It is therefore the prototype
for a Lewis base that offers cumulative 7w and pseudo-m-bonds in competition
as electron donors. The observed geometries of complexes of methylenecy-
clopropane with CIF [78] and HCI [143], as determined from spectroscopic
constants obtained by analysis of rotational spectra, are shown in Fig. 16.
Each has Cs symmetry, with the ab principal inertia plane coincident with
the plane of symmetry. Accordingly, the off-diagonal element y,;(Cl) of the Cl
nuclear quadrupole coupling tensor was found to be non-zero and was accu-
rately measured in each case. By applying the approach set out in Sect. 3.1.2.2,
it was possible to determine both the angles ¢ and 6, as defined in Fig. 16.
The hydrogen and halogen bonds clearly involve the interaction of **H and
5+l respectively, with the C; — C,t bond rather than with a pseudo-m bond
of the cyclopropane ring. Moreover, the angles ¢ are close to 90° in both com-
plexes, as would be predicted from rule 2, but we note that while the hydrogen
bond is significantly non-linear [6 = 17.5(2)°] the halogen bond is much less
so [0 = 4.9(1)°]. It is now established for several such pairs of complexes of Cg
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Methylenecyclopropane ——

6 =17.52)° B=49(1)¢

Fig.16 The experimental geometries of methylenecyclopropane- - -HCl and methylene-
cyclopropane- - -CIF, drawn to scale. The m-electron model for the Lewis base is also
shown. The angles C—#- - -H and C-s - - -Cl, respectively, where * is the centre of the C—C
double bond, are both close to 90°, as required by rule 2. The halogen bond again exhibits
a smaller non-linearity 6 than the hydrogen bond. See Fig. 1 for key to the colour coding
of atoms

symmetry that the hydrogen bond is significantly non-linear while the corres-
ponding halogen bond is not. We shall return later (Sect. 6) to this important
difference between the two types of intermolecular bond. Other complexes of
methylenecyclopropane with HX (X = F [144] and Br [145]) have geometries
similar to that for X = Cl.

3.3
Angular Geometries of B- - -CIF and B- - -HCl
in Which B is a Mixed n-Pair/m-Pair Donor

According to rule 3, if a Lewis base B carries both non-bonding and -
bonding electron pairs, the n-pairs are definitive of the angular geometry.
There are many examples of simple Lewis bases B that can in principle act
as either n- or w-electron pair donors. These include CO, HCN, H,CO, furan,
thiophene, pyridine, etc. We note that, for convenience, we considered H,CO
earlier as an example of a Lewis base carrying a pair of equivalent n-pairs
and ignored the  pair. In fact, H,CO- - -HCI [121] and H,CO- - -CIF [79] are
examples that obey rule 3. The complexes HX with carbon monoxide when
X =F [146], Cl [147], Br [148], and I [149] have all been investigated through
their rotational spectra. Each is linear, with the order of the atoms OC-. - -HX
in the lowest energy conformer, so that the n-pair on the C atom takes prece-
dence over the 7t pairs (and indeed the n-pair on O), as predicted by rule 3.
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Likewise, the complexes of CO with the dihalogen molecules XY = CIF, [61]
Cly, [39], BrCl [49], Br, [87] and ICl [94] are all linear in their equilibrium
geometries with atoms in the order OC. - -XY and with X as the more elec-
tropositive halogen atom when XY is a heteronuclear dihalogen. Thus, the
n-pair carried by C again defines the angular geometry in preference to the
7 pair. Complexes of the type N,---HX, where X = F [150], Cl [151, 152]
and Br [153] are all linear, as are N;- - -XY, where XY is CIF [71], BrCl [58]
and ICl [100]. Thus the complexes of N; also obey rule 3. The same pattern
emerges for the series of complexes formed by hydrogen cyanide with hy-
drogen halide molecules and with dihalogen molecules. Thus, each complex
has been shown to have a linear equilibrium geometry, with atoms in the
order HCN- - -HX, when X = F [154, 155], Cl, [156], Br [157] or I [158], or
HCN. - -XY, when XY = F, [32], CIF [64],Cl, [41], BrCl [53] or ICI [99]. Again,
when XY is a heteronuclear dihalogen, X is always the more electropositive
atom. Those members of the two series CH3CN- - -HX and CH3CN- - -XY so
far investigated (namely HX = HF [159, 160] and HCI [161] and XY = F; [31]
and CIF [84]) indicate that the same conclusion appears to hold when methyl
cyanide is the electron donor. So, there is ample evidence that rule 3 holds for
both hydrogen- and halogen-bonded complexes.

Is there any evidence that this rule can be contravened? To answer this
question, the complexes of vinyl fluoride, furan and thiophene with HCI and
CIF will be considered. Vinyl fluoride, CH,CHF, is an example of a mixed n-
pair/m-pair donor in which, unlike CO, HCN, CH3CN or CH,O, the pairs of
electrons (a 7-pair shared between C; and C; and an n-pair on F) do not
have an atom in common. In addition, its complexes with HCl and CIF are
important in the context of linear/non-linear hydrogen and halogen bonds.
On the other hand, furan and thiophene are examples of mixed n-pair/w-pair
aromatic donors in which the n-pair can be withdrawn into the ring.

The geometries of complexes CH,CHF- - -HCI 85, 162] and CH,CHF- - -CIF
[85], as determined from their ground-state spectroscopic constants, are dis-
played in Fig. 17. Each complex is effectively planar and we note that in each
case the F atom of vinyl fluoride acts as the electron donor. The simple elec-
tron density model showing the three n-pairs on F (see Fig. 17) leads to the
prediction of a value of ~115° for the angles C—F---H and C—F--.Cl in
CH,CHF- - -HCl and CH,CHF- - -CIF, respectively. The observed values ¢ =
123.7(1)° and 125.7(3)°, respectively, are very similar and reasonably close
to 115°. This indicates that rule 3 is again obeyed. The angular deviations of
the F- - -H — Cl nuclei and the F- - -Cl - F nuclei from a collinear arrangement
(defined as 6 in Fig. 17) are different, however. As is the case for several com-
plexes of Cs symmetry discussed earlier, the halogen bond is strictly linear
[0 = 0.6(1)°] while the hydrogen bond deviates by 6 = 18.3(1)° from linear-
ity. The complexes vinyl fluoride- - -HF [163] and vinyl fluoride- - -HBr [164]
are isostructural with vinyl fluoride- - -HCI and exhibit similarly non-linear
hydrogen bonds.
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Vinyl fluoride

LY
123.7(1)°

\e= 18.3(1)°

Fig.17 The n-pair/m-pair model of vinyl fluoride and scale drawings of the experimental
geometries of vinyl fluoride- - -HCI and vinyl fluoride- - -CIF. Note that rule 3 is obeyed,
with the n-pair taking precedence over the m-pair in defining the angular geometry in
both cases. The angles C;-F---H and C;-F-: - -Cl of the HCI and CIF complexes, respec-
tively, are similar, but the non-linearity of the hydrogen bond is large compared with
that of the halogen bond, which is negligible. See Fig.1 for key to the colour coding
of atoms

125.7(3)°

6=0.6(1y

Furan is the prototype of molecules that carry both non-bonding and
aromatic T bonding electron pairs. The usual model for the n-pair and = elec-
tron density in this molecule is shown in Fig. 18. The oxygen atom is taken
to have a non-bonding electron pair in an orbital whose symmetry axis coin-
cides with the C, axis of furan.

If rule 3 is applied to complexes of furan with HCl or CIF, the pre-
dicted geometry would be one that retains C;, symmetry, with the HCI or
CIF molecule lying along the axis of the n-pair, and hence along the fu-
ran C, axis, with *H or **(], respectively, nearest to O. The experimentally
determined geometry of furan---HCI [165], which is shown in Fig. 18, is
indeed precisely as predicted, as is that of furan---HF [166]. The geom-
etry of furan---CIF [81], established by rotational spectroscopy, is strik-
ingly different, as may be seen from Fig. 18. It is obviously not the ana-
logue of that obtained for furan---HCI Instead, the end 5+Cl of CIF ap-
pears to interact with the m electron density associated with carbon atoms
C; and GC;, so that this geometry violates rule 3. When furan was re-
placed by its sulfur analogue thiophene, both thiophene- - -HCI [167] and
thiophene- - -CIF [83] were shown to posses a face-on geometry and both vi-
olate rule 3. Thiophene- - -HF [168] and thiophene- - -HBr [169] have face-on
geometries similar to that of thiophene- - -HCL
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[ S

3 ¢ 'g Furan

Fig.18 The n-pair/m-pair model of furan together with the experimental geometries of
furan. - -HCl and furan. - -CIF. Furan. - -HCl, which has a planar geometry of C,, sym-
metry with HCI lying along the C, axis, clearly obeys rule 3 but the observed face-on
arrangement for furan- - -CIF demonstrates that rule 3 is violated in this case. See Fig. 1
for key to the colour coding of atoms

The behaviour of the n-pair/aromatic m-pair donors can be understood
by considering the electric charge distributions for the series of heterocyclic
molecules pyridine, furan and thiophene. A convenient tabulation of the mo-
lecular electric dipole and quadrupole moments of these compounds is given
in ref. [19]. The electric dipole moment decreases along the series, an obser-
vation which has been interpreted as indicating a progressive withdrawal of
the n-pair on the heteroatom into the ring. On the other hand, the magnitude
of out-of-plane component, Q. of the electric quadrupole moment, which
is a measure of the extension of the w cloud above and below the molecular
plane, increases along this series. Thus, thiophene is the member of the se-
ries most likely to violate rule 3 and pyridine the least likely. Certainly, both
the HCl and CIF complexes of thiophene are of the w-type. The complexes
pyridine- - -HX, for X = F [170], Cl [171] and Br [172] are all of the n-type,
with HX lying along the C, axis and forming a strong hydrogen bond to the
heteroatom. Furan is the intermediate case and whether the n- or mw-electron
pairs define the geometry of the complex is evidently sensitive to the pre-
cise nature of the electron acceptor. Thus, furan. - -HCl is an n-pair complex
while furan- - -CIF has a m-type interaction. Interestingly, furan. - -HBr [173]
also has the face-on conformation, so there is a changeover between X = CI
and Br in the furan complexes.
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34
Radial Geometries of Complexes B- - -XY and B- - -HX: A Summary

Radial geometries of B - -XY and B- - -HX are also systematically related. Only
a summary will be given here; the reader is referred to earlier publications for
detailed discussion [19,174-178].

There are two general conclusions of importance. First, the distance
r(Z- - -X), where Z is the electron donor atom/centre in the complex B- - -XY,
is smaller than the sum of the van der Waals radii oz and ox of these atoms.
This result has been shown [179] to be consistent with the conclusion that the
van der Waals radius of the atom X in the dihalogen molecule X is shorter
along the XY internuclear axis than it is perpendicular to it, i.e. there is a po-
lar flattening of the atom X in the molecule XY of the type suggested by Stone
et al. [180]. This result has been shown to hold for the cases XY = Cl, [174],
BrClI [175], CIF [176] and ICI [178], but not for F;, in which the F atom in the
molecule appears (admittedly on the basis of only a few examples) to be more
nearly spherical [177].

The second conclusion concerns the difference Ar=rg...ux(Z---X) -
rB...xy(Z - - - X) between the Z to X distances in the two series B---HX and
B - -XY. Ar is positive and nearly constant for a given B and X, when XY
is Clp, Brp, BrCl or CIF. Since the order of the internuclear distances is
r(XY) > r(HX) for any given atom X, this result means the outer atom Y of the
dihalogen molecule XY is always more distant from a given point in B for the
complex B---XY than is the atom X from the same reference point in B for
the complex B- - -HX. This second general result is relevant to the discussion
of linear versus non-linear hydrogen and halogen bonds in Sect. 6.

4
Intermolecular Binding Strength in Halogen-Bonded Complexes:
Systematic Behaviour of k,

The quadratic intermolecular stretching force constant k, provides a measure
of the force required for a unit infinitesimal increase in the separation of the
subunits B and XY along the intermolecular bond in complexes B- - -XY and
hence is one criterion of binding strength. Values can be determined from
centrifugal distortion constants D; or A; using the expressions set out by
Millen [26], who assumed a model involving rigid, unperturbed subunits. In
practice, this model implies that the complexes are weakly interacting, that
the intermolecular stretching mode has a much smaller force constant than
any other stretching mode, and that the geometrical perturbations of the sub-
units are negligible. Strictly, the expressions apply only to complexes in which
the halogen bond coincides with the principal inertia axis a (e.g. to complexes
of Czy and C3, symmetry here). The heavy atoms S- - - X — Y in H,S- - -XY com-
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plexes lie so nearly along the a axis that the expressions can also be applied
in such cases with insignificant error. We seek the answers to two questions:
(1) Are the complexes B- - -XY weakly bound according to the k, criterion?
(2) Are there any systematic relationships between the k, values as B and XY
are varied?

Table 2 displays the values of k, for some B---XY complexes of ei-
ther axial symmetry or C,, symmetry and also those for H,S. - -XY, where
B is one of several Lewis bases and X is F,, CIE Cl,, BrCl, Br, or ICIL
These values are taken from papers referred to earlier. It is evident from
Table 2 that, for a given XY, the order of k, is N < OC < HCCH ~H,CCHj,
~HCN < H;0 ~PHj3 < H,S < NH3. Moreover, for a given B, the order of k, is
F, < Cl; < Bry < BrCl < CIF < ICl, although the number of data for complexes
B- . -F, is small.

It has been shown [181] that the hydrogen bond interaction in complexes
B.--HX are of the weak, predominantly electrostatic type and that the k,
values in a large number of complexes can be reproduced by means of the
empirical equation:

k, = ¢cNE, (4)

where N and E are numbers representing the gas-phase nucleophilicities and
electrophilicities of the individual molecules B and HX, respectively, and c is
a constant arbitrarily assigned the value 0.25 N m™!. Values of N and E for
a range of B and HX [181] are given in Table 3. The observed and predicted
values of k, for various B- - -HX are included in [181] and illustrate that Eq. 4
gives good agreement with the experimental values. Examination of the data
in [181] and Table 2 shows that the k, for two types of complex B- - -HX and
B. - -XY are similar in magnitude and that most complexes B- - -XY are weakly

Table2 Values of k, (in N m™) for series of complexes B- - -XY and those (in parentheses)
calculated using the values of Ng and Exy from Table 4 and Eq. 4

B XY
F, cl, Br, BrCl CIF ICl

N, e < (2.0) . (3.2) 4.4(3.9) 5.0(4.3) 5.4(5.3)

co e 3.7(3.3) 5.1(4.8) 6.3(5.9) 7.0(6.6) 8.0(8.0)

CH, e 5.6(4.9) 7.8(7.2) 9.4(8.9)  10.0(9.8)  12.1(12.0)
CHy e 5.9(5.7) 8.8(8.4)  10.5(10.4) 11.0(11.5) 14.0(14.0)
HCN 2.6 6.6(5.9)  ---(8.7) 11.1(10.7)  12.3(11.9)  14.5(14.5)
H,0 3.7 8.0(6.4) 9.8(9.4)  12.1(12.2) 14.2(13.5) 15.7(16.5)
H,S 24 6.3(6.8) 9.8(9.9)  12.2(12.2) 13.3(13.5) 16.6(16.5)
PH; e 5.6(6.4) 9.8(9.5) 11.6(11.7) ---(25.0)  20.7(15.8)

NH; 4.7 12.7(12.5)  18.5(18.3)  26.7(22.6) 34.3(25.0)  30.4(30.5)
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Table3 Nucleophilicities Ng of Lewis bases B and electrophilicities Exx of hydrogen
halides HX

B N, co CH, CH, H,S PH; HCN H,0 NH;
N 2.1 34 5.1 4.7 48 54 7.3 100 122
HX HF HCl  HBr
Eax 100 5.0 42

bound according to this criterion. It is of interest to examine whether the k.,
of the B- - -XY series can be reproduced by assigning electrophilicities to the
various dihalogen molecules. The complexes B- - -F, are excluded from this
analysis because of insufficient k, values. We assume that c in Eq. 4 has the
same value (0.25 N m™') for both the B- - -HX and B- - -XY series and make the
arbitrary choice that Ejc) = 10.0. We then use k, for the B---ICl series [93-
102] in Eq. 4 to obtain the Np values for N, CO, C;H,, C;Hy4, HCN, H,0, H,S
and NHj3 shown in Table 4.

Table 4 Nucleophilicities N of Lewis bases B and electrophilicities Exy of dihalogens XY

B N, co CH, CH, HCN H,0 PH; H,S NH;
N 2.1 3.2 48 5.6 5.8 6.3 6.3 6.6 12.2
XY Cl, Br, BrCl  CIF ICl
Exy 4.1 6.0 7.4 8.2 10.0

We do not use k, for H3P- - -ICl [102] to obtain Npy, because the k, for this
complex is anomalously high [20.7(1) N m™]. Figure 19 shows the straight
line that necessarily results for the B- - -ICl series when k, is plotted against
Np. Also shown in Fig. 19 are the results for the other series B- - -XY, where
XY is Cl,, CIF, BrCl and Bry, when the Ny values determined from the se-
ries B- - -ICl are used with the appropriate k, values. We note that for each
series the points lie on a reasonable straight line, the slope of which is, ac-
cording to Eq. 4, cExy. Each line drawn results from a least-squares fit and
leads to the values Exy for XY = Cl,, Bry, BrCl and CIF included in Table 4.
The value of Np = 6.3 used for PH; was that obtained by requiring that the k,
for H3P- - -Cly, H3P- - -Br; and H3P- - -BrCl fitted best onto the existing straight
lines for B- - -Cly, B- - -Br; and B- - -BrCl, respectively. The anomalous nature of
the point for H3P- - -ICl (added subsequently) is then obvious. The k, values
for H3N- - -CIF and H3N- - -BrCl were not included in the least-squares fit for
the series B---CIF and B- - -BrCl, respectively, because they also appear to
be anomalously high. These high values are thought to arise from a non-
negligible charge transfer, as represented by a small contribution of the ionic
structure [H3NX]"---Y~ to the valence bond description of these complexes
(discussed in Sect. 5.2) [52, 63].



50 A.C. Legon

40
o B--ICl
310 B-CIF Nig®
30 {4 B-BiCl ’
v B.-Br, N
2548 B...C‘|2 PI|']3
H,S
g HCN 2
k,/(Nm™) 20 A HZQO
15 C,H, o
CH,
10 co v
s{ O
0 . : . ; . .
0 2 4 6 8 10 12 14
N

Fig.19 Variation of the intermolecular stretching force constant k, with nucleophilicity
Ng for several series of halogen-bonded complexes B- - -XY, where B is one of a series of
Lewis bases and XY is Cly, Br, BrCl, CIF or ICl. Ng were assigned by use of Eq. 4 with
the choice of Ejc; = 10.0, hence the perfect straight line for the B. - -ICl series. The lines
for the other series are those obtained by least-squares fits to the k, values using the Np
determined from the B- - -ICl series. Points for H3P- - -ICl, H3N- - -CIF and H3N- - -BrCl are
anomalous and were excluded from the fits (see text for discussion)

A comparison of the Np values determined from the B---HX series
(Table 3) with those determined here for the B- - -XY series (Table 4) reveals
that the magnitude of Np obtained in the two different ways is similar for
a given B. The notable exception is H,O, which appears to have a significantly
greater nucleophilicity when determined using the B- - -HX series than it has
with respect to halogen or interhalogen diatomic molecules. The order of the
electrophilicities of the dihalogen molecules determined as outlined above is
Ec1, < Epry < Eprc1 < Ecir < Ejc) and is reasonable in view of the fact that ICI,
CIF and BrCl have small electric dipole moments of 4.14(6) x 107° Cm [182],
2.962 x 10°° Cm [183] and 1.731(12) x 10°° Cm [184], respectively, while
Cl, and Br, are non-polar but have electric quadrupole moments of
10.79(54) x 10740 Cm? [185] and 17.52 x 10~4° C m? [186], respectively.

5
Extent of Electron Transfer in Halogen-Bonded Complexes B- - -XY

5.1
Electron Transfer in Weak (Outer) Complexes B- - -XY

In Sect. 2, it was indicated that changes A xqs(X) and A xqs(Y) in halogen
nuclear quadrupole coupling constants xqg(X) and xqg(Y) of a dihalogen



Interaction of Dihalogens and Hydrogen Halides with Lewis Bases 51

molecule XY that accompany formation of B- - -XY lead directly to the changes
in the efgs at X and Y. In turn, the changes in the efgs at X and Y can be inter-
preted in terms of a simple model to give quantitative information about the
electric charge redistribution within XY that attends formation of B- - -XY. We
briefly discuss how the extents of intermolecular electron transfer &;(B — X)
and intramolecular molecular electron transfer §,(X — Y) can be extracted
from the observed nuclear quadrupole coupling constants of X and Y. Townes
and Dailey [187] developed a simple model for estimating efgs at nuclei, and
hence nuclear quadrupole coupling constants, in terms of the contributions
from the electrons in a molecule such as XY. First, they assume that filled
inner shells of electrons remained spherically symmetric when a molecule
XY is formed from the atoms X and Y and, second, they make a similar as-
sumption for valence-shell s electrons. Accordingly, filled inner shells and
valence s electrons contribute nothing to efgs, which therefore arise only
from p, d, ... valence shell electrons. Moreover, because the contribution of
a particular electron to the efg at a given nucleus varies as (r‘3), where r is
the instantaneous distance between the nucleus and the electron, only elec-
trons centred on the nucleus in question contribute significantly to the efg
at that nucleus.

We assume that, on formation of B- - -XY, a fraction §; (i = intermolecular)
of an electronic charge is transferred from the electron donor atom of Z of the
Lewis base B to the np, orbital of X and that similarly a fraction 6, (p = po-
larisation) of an electronic charge is transferred from np, of X to n'p, of Y,
where z is the XY internuclear axis and n and n’ are the valence-shell principal
quantum numbers of X and Y. Within the approximations of the Townes-
Dailey model [187], the nuclear quadrupole coupling constants at X and Y
in the hypothetical equilibrium state of B---XY can be shown [178] to be
given by:

X5:(X) = x0(X) = (8; - 8p) xa(X) (5)
and
X5 (Y) = xo(Y) - 8p xa(Y). (6)

In Egs. 5 and 6, xo(X) and x4(X) are the coupling constants associated with
the free molecule XY and the free atom X, respectively, and similar defi-
nitions hold for xo(Y) and xa(Y). The free molecule values are known for
Cl, [188], BrCl [189], Br; [190] and ICI [93], as are the free atom coupling
constants for Cl, Br and I [191]. The equilibrium coupling constants x;,(X)
and x;,(Y) are not observables. The observed (zero-point) coupling constant
Xaa(X) for B- - -XY is the projection of the equilibrium value xZ,(X) onto the
principal inertia axis a resulting from the angular oscillation 8 of the XY
subunit about its own centre of mass when within the complex B- - -XY. If
the motion of the B subunit does not change the efgs at X and Y (which is
likely to be a good approximation here) x4,(X) and x4,(Y) are given by the
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expressions:
Xaa(X) = xz;(X) (P2(cos B)) , @)
Xaa(Y) = Xz, (Y) (P2(cos B)) » ®)

in which B is the instantaneous angle between a axis and the XY internu-
clear axis z and (P;(cos §)) is the second Legendre coefficient. Substitution of
Egs. 7 and 8 into Egs. 5 and 6 leads to the following expressions for §; and &,
the fractions of an electronic charge transferred from B to X and from X to Y,
respectively, when B- - -XY is formed:

b= XO(Y) _ Xaa(Y)

xa(Y)  xa(Y)
_ XO(X) n XO(Y) _ {Xaa(X) n Xaa(Y)
Coa® o [ xa® T xal)

Hence, the inter- and intramolecular electron transfer §;e and pe can be de-
termined once the value of P,(cos ) is available. It has been possible to make
good estimates of the last quantity for members of each of the series B- - -Cly,
B.--BrCl, B- - -Br; and B- - -ICl as follows. By making the reasonable assump-
tion that §; = 0 in the weak complexes Ar- - -BrCl [57] and Ar- - -ICl [93], the
values By = cos™! (cos2 ,B)l/z = 6.4° and 5.4°, respectively, and &, = 0.0035(6)
and 0.0054(1), respectively, are determined. The very small values of 3, jus-
tify, a posteriori, the assumption §; = 0 initially. All other complexes B- - -BrCl
and B- - -ICl considered are much more strongly bound than Ar- - -BrCl and
Ar- - ICl, respectively, and so smaller values of S,, (in the range of 5.0(5)°
and 4.0(5)°, respectively) were assumed. Moreover, (Py(cos B)) is close to
unity even for the Ar complexes and changes so slowly as B,y deceases that
any errors incurred by such assumptions are negligible. A similar treatment
was employed for B- - -Br; and B- - -Cl, complexes using OC- - -Br, [87] and
OC. - -Cl; [39] as the complexes appropriate to the weak limit having 6; = 0,
in the absence of experimental knowledge of linear complexes Ar- - -Br, and
Ar- - -Cly. Hence, values of §; and &, have been determined for the four se-
ries B- - -XY, where B is N,, CO, C;H,, C,Hy4, PH3, H,S, HCN, H,0 and NH3;
and XY is Cly, Bry, BrCl and ICL. Some systematic trends are evident in §; and
Op.

' Figure 20 displays plots of §; against the first ionisation potential Iz of
the Lewis base B for each of the three series B---Cl,, B---BrCl [55] and
B.-ICl [178]. Each set of points can be fitted reasonably well by a function
8; = A exp(- a Ig). This function is shown by a continuous line in each case.
The points for the series B- - -Br; lie very close to those for the B- - -BrCl series
and are omitted for clarity.

Figure 20 demonstrates that there is a family relationship among the
curves and that the smaller the energy required to remove the most loosely

(Py(cos B))™! )

} (Py(cos )" . (10)
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Fig.20 Variation of the fraction & of an electronic charge transferred from B to XY

on formation of B---XY with the ionisation energy Iz of B for the series XY = Cl,,

BrCl and ICI. See text for the method of determination of §; from observed XY nuclear

quadrupole coupling constants. The solid curves are the functions §; = A exp(- alg) that

best fit the points for each series B---XY. Data for B.--Br, are nearly coincident with
those of B- - -BrCl and have been excluded for the sake of clarity
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Fig.21 Variation of the fraction &, of an electronic charge transferred from X to Y on
formation of B---XY with k, for the series XY = Cl,, Bry, BrCl and ICl. See text for the
method of determination of 8, from observed XY nuclear quadrupole coupling constants.
The solid line represents the least-squares fit of the points for each B- - -XY series
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bound electron (n-type or w-type) from B, the greater is the extent of elec-
tron transfer from B to XY on formation of B- - -XY. It is also clear that for all
members of the B- - -Cl, series the intermolecular charge transfer is negligible,
except possibly for B = NHs. For a given B, the order of the extent ;e of elec-
tron transfer is Cl, < Br,~BrCl < ICl. Values of §; have also been calculated
using ab initio methods by several authors [132, 192-195]. In summary, these
ab initio calculations lead to values of §; of the same order of magnitude as
those obtained experimentally and show similar trends as B and XY are var-
ied. The conclusion from both experiments and ab initio calculations is that
the extent of electron transfer is generally < 0.06 e, except when B = NHj3 and
PH; and XY = BrCl and ICL

The values of §;, also behave systematically, as shown in Fig. 21, in which
dp is plotted against k, for the various series B---XY. It is evident that, for
a given XY, 8p is an approximately linear function of k, and hence of the
strength of the interaction. Moreover, for a given B the order of 4, is ICI
> BrCl ~ Br, > Cl,, which is the order of the polarisabilities of the leading
atoms X in B---XY and therefore seems reasonable from the definition (see
earlier) of &,.

5.2
Do Mulliken Inner Halogen-Bonded Complexes Exist in the Gas Phase?

A detailed analysis of the halogen and nitrogen nuclear quadrupole coupling
constants for the series of hydrogen-bonded complexes(CH3)3_,H,N- - -HX,
where n =0 and 3 and X = F, Cl, Br and I, has allowed conclusions about
how the extent of proton transfer changes with both #n and X. The work has
been reviewed in detail elsewhere [196] and only a summary is given here.
It was concluded that progressive methylation of ammonia, which leads to
a monotonic increase in the gas-phase proton affinity of the base, coupled
with a decrease in the energy change accompanying the gas-phase process
HX = H* + X~ along the series X = F, Cl, Br and I, allows the Mulliken inner
complex [(CH3)3_,H,NH]*---X~ to become more stable than the Mulliken
outer complex (CH3)3_,H,N- - -HX when X = Br and I and n = 0. In fact, the
extent of proton transfer was crudely estimated to be ~0%, ~60%, ~80% and
~100% for the series (CH3)3N- - -HX, when X is F, Cl, Br and I, respectively,
a result which indicates that the proton is gradually transferred as HX be-
comes progressively easier to dissociate in the case when the proton affinity
of the base is greatest. Is there any evidence for Mulliken inner complexes
[BX]*---Y?

Evidence for a significant contribution from the ionic form [BX]*---Y™ in
a gas-phase complex B- - -XY was first deduced from the spectroscopic con-
stants of H3N- - -CIF, as obtained by analysis of its rotational spectrum [63].
In particular, the value k, = 34.3 N m™! of the intermolecular stretching force
constant (obtained from the centrifugal distortion constant D; in the man-
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ner outlined in Sect. 2 is large compared with that (ca. 25N m™) expected
from the plot of k, versus Np shown in Fig. 19. Similarly, the Cl-nuclear
quadrupole coupling constant is smaller in magnitude than those of more
weakly bound B---CIF complexes. A detailed analysis suggested [63,68]
a contribution of H3NCI*- - -F~ of roughly 20% to the valence bond descrip-
tion of H3N- - -CIF.

In view of the fact that complete methylation of H3N.--HX to give
(CH3)3N- - -HX leads to an increased extent of proton transfer from HX to the
base when X is Cl and essentially complete transfer when X is I, it seemed rea-
sonable to seek a more significant contribution from the ionic valence bond
structure [(CH3)3NCl]*- - -F~ in (CH3)3N- - -CIF by examining properties sim-
ilarly derived from its rotational spectrum [68].

It was found that (CH3)3N- - -CIF has a centrifugal distortion constant Dy
consistent with the large value k, ~ 70 Nm™' for the intermolecular stretch-
ing force constant. The distance r(N---Cl) = 2.090 A, as obtained by iso-
topic substitution at N and Cl, is very short compared with that predicted
for an intermolecular N---ClI bond in an analogous complex in which lit-
tle ionic character is expected, for example HCN- - -CIF [64], which is weakly
bound (k, =12.3Nm™") and has r(N---Cl) = 2.639(3) A. The Cl nuclear
quadrupole coupling constant of (CH3)3N---CIF is significantly smaller in
magnitude than expected of a weakly bound complex. A detailed analysis
of the observed coupling constant leads to an estimated contribution of ca.
60% for the ionic valence bond structure [(CH3)3NCIl]*-..F~. In addition,
the N nuclear quadrupole coupling constant of (CH3)3N- - -CIF is consis-
tent with a substantial (roughly 70%) contribution of the ion-pair form. It
should be emphasised that the models used to interpret the Cl and N nu-
clear quadrupole coupling constants were crude and that the percentage ionic
characters deduced thereby are only semi-quantitative. Nevertheless, there
is evidence of a substantial (~50%) contribution from the ionic structure
[(CH3)3NCl]*---F~ in a valence-bond description. Hence, (CHj3)3N- - -CIF
appears to be intermediate between a Mulliken outer and inner complex.
These experimental conclusions are consistent with the results of ab initio
calculations [197, 198].

A detailed examination of the rotational spectrum (CHj3)3N- - -F; led [37]
to molecular properties that suggest that this complex too has significant ion-
pair character. Thus, the behaviour of the spectral intensity as a function
of microwave radiation power led to an estimate of ~10D for the electric
dipole moment, a value which is an order of magnitude large than that (~1 D)
expected on the basis of the vector sum of the component dipole moments
(i.e. with no charge transfer). The centrifugal distortion constant Dy is con-
sistent with a large intermolecular stretching force constant k,. The value
of the *N-nuclear quadrupole coupling constant implies a substantial con-
tribution from [(CH3)3NF]*---F7, as do all the other properties mentioned.
If the complex is assumed to be entirely [(CH3)3;NF]*-.-F~ and the geom-



56 A.C. Legon

etry of trimethylamine is assumed to be unchanged when F, approaches it
along the C3 axis to form [(CH3)3NF]*- . .F~, the observed ground-state mo-
ments of inertia of the three isotopomers (CH3)3'*N. - .F,, (CH3)3°N. . .F,
and (CD3)3"*N. - -F, can be fitted to give the distances r(N —F) = 1.29(4) A
and r(F—F) =2.32(4) A, a result consistent with significant covalent char-
acter of the N—F bond, with a substantially lengthened F-F bond, and
therefore with an ion-pair type of structure. Subsequent ab initio calcula-
tions [197-199] showed that this approach overestimates the ionic character,
largely because the trimethylamine geometry is significantly perturbed on
formation of the complex. If this perturbed geometry of trimethylamine is
used in place of the unperturbed geometry and the observed experimental
moments of inertia are refitted, the revised bond lengths involving fluorine
are r(N—F) =~ 1.7 A and r(F—F) =~ 1.9 A, which are in good agreement
with the ab initio values [199]. Evidently the (CH3)3N- - -F, complex has a sig-
nificant ion-pair character. We conclude therefore that even in the gas phase
there are complexes, such as (CH3)3N- - -CIF and (CH3)3N- - -F,, for which the
description “inner complex” is partially appropriate.

6
Conclusions: A Model for the Halogen Bond in B- - -XY

We have established in Sect. 3 a strong case to support the conclusion that
a complex B- - -XY involving a given Lewis base B and a dihalogen molecule
XY has an angular geometry that is isomorphous with that of the corres-
ponding member of the series of hydrogen-bonded complexes B- - -HX. This
was achieved mainly by a comparison of pairs of complexes B---HCI and
B.--CIF for a given B, coupled with the systematic variation of the Lewis
base, although there is also similar, but less complete, evidence from com-
parisons of other series B---HX and B---XY, where X is Cl, Br or I and Y
is Cl or Br. The observed parallelism among angular geometries of B- - -HX
and B.--XY suggests that the empirical rules [103, 104] for predicting an-
gular geometries of hydrogen-bonded complexes B---HX can be extended
to halogen-bonded complexes B- - -XY. The polarity of the heteronuclear di-
halogen molecules CIF, BrCl and ICI is such that the more electropositive
atom of each pair, ie. Cl, Br and I, respectively, carries a small net pos-
itive charge °* while the other atom carries a corresponding net negative
charge 8-, Although the homonuclear dihalogen molecules F;, Cl, and Br;
have no electric dipole moment, each has a non-zero electric quadrupole mo-
ment that can be represented by the following electric charge distribution:
5+X 5~ X%*. Thus we can envisage the partial positive charge °* associated with
the atom X in XY or X; as interacting with a n- or a w-electron pair on the
Lewis base B when we restate the rules for halogen-bonded complexes B- - -XY
as follows:
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The equilibrium angular geometry of a halogen-bonded complex B- - -XY can
be predicted by assuming that the internuclear axis of a XY or X, molecule
lies:

1. Along the axis of a non-bonding (n) electron pair carried by the acceptor
atom Z of B, with order of atoms Z- - -*X — Y%, or

2. Along the local symmetry axis of a 7w or pseudo-7 orbital if B carries only
T-pairs, or

3. Along the axis of a n-pair when B carries both n- and w-pairs (i.e. rule 1
takes precedence)

The main difference between hydrogen bond and the halogen bond lies in the
propensity of the hydrogen bond to be non-linear [28,29], when symmetry
of the complex is appropriate (molecular point group Cs or Cy). In so far as
complexes B- - -CIF are concerned, the nuclei Z. - -Cl — F, where Z is the accep-
tor atom/centre in B, appear to be nearly collinear in all cases, while the nuclei
Z---H - Cl in complexes B- - -HCI of appropriate symmetry often show signifi-
cant deviations from collinearity. This propensity for the hydrogen-bonded
species B- - -HCI to exhibit non-linear hydrogen bonds can be understood as
follows.

We imagine that ®*H-CI°~ approaches B, ®*H first, along the axis of, e.g.,
an n-pair, as required by the rules. Then a secondary attraction, between the
nucleophilic end C1°~ of HCI and the most electrophilic region E of B, causes
Cl’~ to move towards E but with " H fixed, so that the motion is pivoted at
%*H. The angle Z- - -H — Cl (defined as ¢ in most of the figures) therefore re-
mains constant in first approximation, which explains why the values of ¢ in
complexes B- - -HCI are those predicted by the rules even though the hydro-
gen bond is non-linear. In the new equilibrium position the force of attraction
between E and CI°~ is balanced by the force tending to restore the hydrogen
bond to linearity. There are three factors that conspire to keep the Z- - -Cl1-F
nuclei in B- - -CIF more nearly collinear than the nuclei Z- - -H — Cl in the cor-
responding complex B- - -HCL:

1. For a given B, the Z- - -Cl bond in B- - -CIF is stronger than the Z- - -H bond
in B- - -HCI (as measured by k) and is presumably more difficult to bend

2. CI* in HCl is probably a better nucleophile than F>~ of CIF

3. F is further away from the electrophilic region E of B than is CI*~ (see
Sect. 3.4)

It is of interest to note that systematic studies [200-204] of complexes
B---HCCH involving weak primary hydrogen bonds Z---HCCH have re-
vealed large non-linearities, but with an angle ¢ that remains reason-
ably close to those predicted by the rules. Figure 22 illustrates this result
through the experimentally determined geometries for the cases when B is
2,5-dihydrofuran [200], oxirane [201], formaldehyde [202], thiirane [203],
and vinyl fluoride [204]. On the other hand, as noted in Sect. 3.1.3, both
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Fig.22 Experimentally determined geometries, drawn to scale, for a series of weak,
hydrogen-bonded complexes B- - -HCCH, where B is 2,5-dihydrofuran, oxirane, formalde-
hyde, thiirane or vinyl fluoride. The values of [¢ and 6] are [57.8(18)° and 16.2(32)°],
[90.4(12)° and 29.8(4)°], [92.0(15)° and 39.5(10)°], [96.0(5)° and 42.9(23)°] and
[122.6(4)° and 36.5(2)°], respectively. The non-linearities of the hydrogen bonds are
large because the primary Z.--H hydrogen bonds are weak. The exception is 2,5-di-
hydrofuran- - -HCCH, in which the distance between the centre of the ethyne = bond and
the most electrophilic region of B is larger because the angle ¢ is smaller than for other
B, thus making the secondary interaction correspondingly weaker. See Fig. 1 for key to
the colour coding of atoms

SO;- - -CIF [70] and SO;- - -HCI [28,126] have negligible non-linearity of the
halogen and hydrogen bonds, respectively, even though weakly bound. Exam-
ination of Fig. 10 reveals that the Fo~ and Cl’~ are far away from the centre S°*
in each case and that, therefore, the linear arrangements are to be expected.

The rules for predicting angular geometries of halogen-bonded complexes
B- - -XY have recently received support from a wide ranging analysis of X-ray
diffraction studies in the solid state by Laurence and co-workers [205]. This
study not only confirms the validity of the rules in connection with complexes
B.--XY, where XY is Cly, Bry, I, ICl and IBr, with many Lewis bases B but
also reinforces the conclusion that halogen bonds Z- - - X — Y show a smaller
propensity to be non-linear that do hydrogen bonds Z- - -H —X.
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There are other parallels between the series of complexes B---XY and
B. - -HX. We established in Sect. 4 that B- - -XY and B- - -HX have, in general,
similar binding strengths, as measured by the intermolecular stretching force
constant k,, and both are, for the most part, weakly bound. We have also shown
in Sect. 5 that the electric charge redistribution that occurs when B- - -XY is
formed from its components B and XY is generally small (exceptions among
both halogen- and hydrogen-bonded complexes were discussed).

The striking parallel behaviour among the various properties of B- - -XY
and B- - -HX suggests that the origin of the halogen-bond interaction might be
similar to that of the hydrogen bond interaction. An electrostatic model has
had much success in predicting angular geometries, both qualitatively [103,
104] and quantitatively [206]. In first approximation, an electrostatic model is
one which takes into account only the interaction of the unperturbed electric
charge distributions of the two component molecules as they come together
to form the complex in its equilibrium conformation, with contributions from
interactions of any induced moments assumed minor. The empirical rules
set out in Sect. 3 and this section for hydrogen-bonded and halogen-bonded
complexes, respectively, are inherently electrostatic in origin. The reason why
the electrostatic component of the energy is definitive of the angular geom-
etry has been investigated in detail through ab initio calculations [207] for
H,O0- - -HF. The systematic behaviour of the intermolecular force constants k,
of hydrogen-bonded complexes has been discussed in terms of a predomin-
antly electrostatic interpretation [181].
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Abstract The fact that iodine forms complexes with Lewis bases has been recognized
since at least the middle of the nineteenth century. With the development of X-ray crys-
tallography and modern spectroscopic techniques, the directionality and strength of
halogen bonds has been determined. Halogen bonds between dihalogens and Lewis bases
fall into four main categories: simple adducts, bridging adducts, amphoteric adducts, and
adducts that are both bridging and amphoteric. In the case of very strong interactions
between the electron donor and the dihalogen, the halogen-halogen bond is broken, lead-
ing to ionic or oxidative addition products. The theoretical description of the halogen
bond has also progressed, in parallel with the development of increasingly sophisticated
theories of bonding. Relatively accurate predictions of structural parameters and interac-
tion energies are now possible, but they present a challenge to available computational
hardware and software.

Keywords Halogen bond - Crystallography - Molecular modeling - ab initio -
Charge transfer

Abbreviations
BSSE  Basis set superposition error
DFT  Density functional theory
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ECP  Effective core potential

GGA  Generalized gradient approach

HF Hartree-Fock

HOMO Highest occupied molecular orbital

IRC Intrinsic reaction coordinate

LCAO Linear combination of atomic orbitals
LSDA  Local spin density approximation

LUMO Lowest unoccupied molecular orbital

MO Molecular orbital

MP2  Second order Mpller-Plesset perturbation theory
NBO  Natural bond order analysis

NERP Negative eigenvalues progression reduction
QCC  Nuclear quadrupole coupling constants
RHF  Restricted Hartree-Fock

UPS  Ultraviolet photoelectron spectroscopy
Voc Open circuit voltage

ZORA Zero order regular approximation

1
Introduction

1.1
Historical Background

It has long been known that iodine dissolves in solvents possessing electron
lone pairs and that the colors of these solutions are related to the solvent’s
basicity. Explaining this simple observation has required decades of work
and has consistently required the application of the most sophisticated ex-
perimental tools available. The observation has also continually challenged
theories of bonding, and even today taxes the capabilities of the fastest com-
puters in efforts to provide accurate descriptions of its origin.

In 1863, Guthrie added iodine to a saturated solution of ammonium nitrate
to give a material that he formulated as NH3I, [1]. This complex sponta-
neously decomposed to give ammonia and iodine when isolated, and was
decidedly different from products obtained from combinations of the two
compounds under different conditions. This study highlighted several ques-
tions that were to become central to the study of halogen bonded complexes.
These include (1) the nature and structure of the donor-acceptor complex;
(2) the origin of the changes in the electronic (and later vibrational, rota-
tional, nuclear magnetic, and microwave) spectra; (3) the strength of the
donor-acceptor interaction; and 4) the role of the halogen bonded complex in
other reactions.

For most of the next century, studies of halogen bonded systems in solu-
tion were of primary interest. It was soon learned that the non-halogen com-
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ponent of the complex contained lone pairs of electrons (or w systems). The
complexes that were initially formed were not ionic, but with time or stronger
bases, salts could be isolated. On the theoretical front, halogen bonded sys-
tems were found to be inconsistent with Lewis’ theories of valence [2]. In
response, Mulliken [3,4] and others developed a classification system and
conceptual framework for donor-acceptor complexes.

A major breakthrough in the field began with the elucidation of the
solid-state structure of a 1:1 complex between molecular bromine and 1,4-
dioxane using X-ray crystallography [5]. This, and subsequent structures
determined by Hassel and others, provided dramatic evidence that com-
plex formation involved short intramolecular contacts between electron pair
donors and one or both atoms of the dihalogen. This interaction was found
to be accompanied by a lengthening of the halogen-halogen bond. By the
late 1960s, several functional groups were found to serve as electron pair
donors, while a variety of halogens, interhalogens, organohalogens, and
others were found to act as electron acceptors. A comprehensive review by
Bent in 1968 indicated that most of the gross structural features of electron
donor-dihalogen complexes were well-described at this time [6]. Like a hy-
drogen bond, a halogen bond was recognized as being relatively strong (on
the order of 40 k]/mol) and highly directional. Bent also suggested that the
halogen bonded complex was related to the transition state of the Sn2 re-
action, going so far as to describe the complex as akin to the first step in
a “Walden inversion”.

Bent lists some 20 descriptive phrases used during the “first century” of
halogen bonding that illustrate the struggle to understand the phenomenon.
These include purely geometrical descriptions (“bumps-in-hollows”, “pairs-
in-pockets”), chemical descriptions (“exaltation of valency”, “donor-acceptor
interactions”), physical descriptions (“electron clutching”, “charge-transfer
interactions”), and descriptions arising from the emerging theory of quan-
tum mechanics (“complex resonance”, “filling of antibonding orbitals”) [6].
Some of these terms are still common today, while others are obsolete and
even amusing. Yet all of them necessitate an anisotropic distribution of elec-
tron density around the halogen atoms.

By the beginning of the “second century” of the halogen bond story it had
become clear that quantum mechanical treatments would be required to pro-
vide a conceptual framework for eventual application of the interaction to
practical problems. An important contribution was the early work by Flurry
to develop a simple MO theory using the linear combination of atomic or-
bitals (LCAO) approach [7, 8]. This work provided a semiempirical method
for predicting complex geometry, bond strengths, and spectroscopic features.
Along with the collection of large quantities of experimental data, the refine-
ment of theoretical models has been a hallmark of modern halogen bonding
research.
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1.2
Significance of Halogen Bonding with Dihalogens

Much of the current research into halogen bonding involves organohalogen
or inorganic halide acceptors. However, the dihalogens (X;) and interhalo-
gens (XY) continue to attract attention. This review will focus specifically on
structural and theoretical studies of such systems over the past decade. While
polyhalide anions are closely related to the neutral donor-acceptor concepts
that are the focus here, they will be discussed only when necessary to elabo-
rate on the central theme of the review.

Spectroscopic studies of the X, and XY charge-transfer systems have pro-
vided fundamental insights into the nature of the interaction. The charge-
transfer band of organoiodine halogen bonded complexes typically lies in the
UV region and is obscured by other chromophores in the system [9]. These
are readily observed, however, in complexes of the dihalogens. The C-X and
halogen bond vibrations are also difficult to identify unambiguously in the
organoiodines, and vibrational spectroscopy has not been commonly used in
the study of such complexes [10]. This is not the case with X, and XY, where
valuable structural information is readily obtained [11, 12]. Microwave stud-
ies of organohalogen complexes are also rare. Conversely, such studies are
a powerful tool for examining gas phase bond energies and geometries of
X, and XY complexes [13-15], and a chapter from A.C. Legon in this book
specifically deals with this topic [16].

Halogen bonding is increasingly being discovered to play an important
role in biochemical systems, particularly in thyroid biochemistry. While halo-
gen bonding involving the halogenated thyroid enzymes is often the focus of
studies in this area, the role of I, is also of interest [17, 18]. Closely related
to this are investigations into the interaction of various antithyroid drugs
with I, [19]. Recently, it has also been found that certain psychotropic drugs
also affect thyroid function, with halogen bonding potentially playing a major
role [20]. Interestingly, halogen bonding has also been used as a spectroscopic
tool for the determination of drug concentrations in tablets and formula-
tions [21-23].

Other applications involving X, and XY halogen bonding include dye-
sensitized solar cells [24-26], batteries [27-29], membrane electrodes [30],
and polymorph control [31]. Iodine has been used to evaluate the active elec-
tron donor sites in zeolites by monitoring changes in the visible absorption
band [32]. Halogen bonding was even found to play an important role in the
rheology and carbonization of coal tar pitch [33] and in the recovery of metals
such as gold [34] and mercury [35]. In some cases, it is the complex itself that
is of interest, while in others, the complex is an initial intermediate that insti-
gates a chemical reaction. No matter what the process, a better understanding
of halogen bond strength and structure is desirable.
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2
Crystal Structures

2.1
General Observations

Structural results for N-donor Lewis base molecules (B) with dihalogens (X3)
and interhalogens (XY) began to appear with regularity in the late 1950s
and 1960s with the extensive work of Hassel [36-42], Stromme [39-42],
Romming [42, 45, 46], McCullough [47-51], and others [52-54]. Since then,
a large number of such complexes have been studied. This interest has
been driven in large part by research in two areas: the unusual electric
properties imparted to materials when doped with dihalogens (particu-
larly iodine) [55], and the study of dihalogen and interhalogen complexes
with potential antithyroid drugs and related derivatives, including dithiole
thiones [56-65], imidazole thiones [19,66-73] and selones [68, 74-76], thi-
azole thiones [77] and selones [78-80], oxazole thiones [81], and various
thiourea derivatives [77, 82]. Additional activity has involved the fundamen-
tal study of halogen bonding in particular classes of compounds, such as
aromatic nitrogen heterocycles [31,83-94, 96], thioethers [95-106], phos-
phines [107-118] and arsines [119-124], and phosphine sulfides [125-132]
and selenides [133-136].

A recent study of halogen bond geometry based on 141 homo- and het-
eronuclear dihalogens provides a thorough investigation of the metric data
for halogen bond geometry, and supports the generally recognized similari-
ties between this interaction and hydrogen bonding [137]. In particular, the
authors verify that halogen bonding in the solid state and for a wide as-
sortment of interhalogens (XY) and Lewis bases (B) is essentially identical
to that for gas phase complexes as reported earlier [138-142]. For the com-
plexes studied, the following was found. (1) The mean B- - -X-Y bond angle
is 176°, which is 11-38° more linear than the corresponding O-H- - -B hydro-
gen bonds. (2) The direction of the halogen bond is very close to the axis
of the nonbonding electron pair for sp>-hybridized N, P, and As, and sp*-
hybridized N bases. (3) For thio- and selenoethers and carbonyl bases, the
halogen bond is quasi-perpendicular to the R;S(Se)R; plane or to the plane
bisector of the R;CR; angle. But for thio- or selenoamides, the NCS(Se)- - -X
torsion angle changes from ~0 or 180° to ~90° when bulky R groups crowd
the S or Se lone pairs. (4) For R3P =S or = Se bases, the chalcogen lone
pairs of electrons are staggered relative to the substituents on P. (5) The
lengthening of the X-Y bond obeys a bond order model [n(X-Y)+n(B- - -X)
= 1]. (6) The Lewis acid strength (Br, < I, < IBr < ICl) is independent of the
softness of the base. (7) The length of the B- - -X halogen bond and the elon-
gation of the X-Y bond are significantly related to the donation strength of
the Lewis base.
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For the structural discussion of this report, a CCDC search [143] for com-
pounds containing X, or XY molecules with intermolecular B - -X (B =N, O,
P, S, As, Se; X = Cl, Br, I; Y = Cl, Br, I)! distances less than the sum of their
van der Waals radii was performed. Results which did not include atomic
coordinates, or those reporting crystallographically disordered or otherwise
structurally suspect results, were ignored. Ionic salts were included only if
they also contained halogen bonded adducts, or served as interesting data
points along the complex-ionic salt continuum. Metric data for the resulting
210 complexes are reported in Tables 1-3 for nitrogen and oxygen, phospho-
rus and sulfur, and arsenic and selenium, respectively.

Depending on a complex balance of the strength of the electron donor-
halogen interaction, packing requirements resulting from the size and shape
of the electron donor B, the presence, strength, and directionality of other
attractive interactions, and the ability, particularly of iodine, but also to
more limited extents of bromine and chlorine, to catenate through halogen-
halogen donor-acceptor interactions, several different structural modes are
observed.

Electron donors which interact at only one end of the X; or XY molecule
form simple adducts (Fig.1, mode A), often referred to as a “spoke”
structure. The diiodine complex of tris(diethylamino)phosphine selenide
(PAQKIB) [135] shown in Fig. 2a is an excellent example of this mode, as the
Se- - -I distance at one end of the I, molecule is 2.715 A, while at the other end
there are no close contacts with any other atom.

Adduct (A) Amphoteric Adduct (AA) Bridged Amphoteric (BA)

By - XX By Xa=Xd By~~~ Xa=Xd
Bridged (B) | a | a

X" X"
By----- Xa—X'----By ;

Xg—Xq -~ By
lonic (/)
©

B?—xa ----- X'

Fig.1 Dihalogen interaction modes

When B - -X interactions occur at either end of the dihalogen, the electron
acceptor molecule serves as a bridge (Fig. 1, mode B). This interaction more
typically occurs with weaker electron donors, as a strong donor polarizes the
dihalogen to the extent that the Lewis acidity of the second halogen atom is

! Despite a recent computational article suggesting that organofluorine compounds could partici-
pate in halogen bonding [190], to date no F, complexes have been observed in the solid state.
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Fig.2 Structures illustrating bonding modes from Fig. 1. a PAQKIB, mode A; b DOXABR,
mode B; ¢ HAMCAA, mode AA; d QARGIZ, mode BA

reduced. This mode is illustrated in Fig. 2b for the dioxane complex of di-
bromine (DOXABR), in which interactions at either end of the Br, molecule
with oxygen electron donors of two different dioxane molecules result in an
extended donor-acceptor chain.

For some strong electron donor molecules the polarization of the X,
molecule may be sufficient that the X atom not complexed to B serves as
an electron donor to a second X; molecule, i.e., the dihalogen is “ampho-
teric”, acting as a Lewis acid to Lewis base B, and as a Lewis base to the
second X, molecule, acting as a Lewis acid. For a 1:1 B-X;:X; ratio, an
extended adduct (Fig. 1, mode AA) is formed, as illustrated in Fig. 2¢ for 4,5-
bis(bromomethyl)-1,3-dithiole-2-thione-diiodine diiodine (HAMCAA) [58].
This is often referred to as an “extended spoke” structure. If the sec-
ond X, acts as Lewis acid acceptor at either end of the molecule, then
a bridged amphoteric adduct (Fig. 1, mode BA) is formed, as illustrated for
(acridine - I3), - I, (QARGIZ) [31] in Fig. 2d.

2.2
Nitrogen and Oxygen Electron Donors

Second only to sulfur-based systems, nitrogen complexes are relatively well
represented in the structural literature with 41 complexes reported. Of these,
25 are with I as the electron acceptor, 11 are with the interhalogen ICl, three
are with Bry, and two are with IBr. As expected, in every case the halogen
bond forms between the nitrogen and the softest halogen atom, i.e., iodine,
in all of the complexes except those with dibromine. Most N - I, complexes,
and all N-Br;, N-IBr, and N-ICI complexes are simple adducts, mode A.
Exceptions for the diiodine complexes include: bridging mode (B) observed
for diazines, such as pyrazine [86], tetramethylpyrazine [86], phenazine, and
quinoxaline [87], and for 9-chloroacridine [89] and the 1:1 complex of di-
iodine with hexamethylenetetramine [144]; and amphoteric bridging mode
(BA) observed for 2,2'-bipyridine [85], acridine [89], 9-chloroacridine [89],
and 2,3,5,6-tetra-2’-pyridylpyrazine [91]. The occurrence of both B and
BA complexes with 9-chloroacridine, and of B and A complexes and an
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ionic salt [145] for tetramethylenetetramine, highlights the obvious diffi-
culty in predicting which mode will be favored for a given donor-acceptor
pair.

Oxygen complexes with dihalogens are relatively rare, with only eight
complexes known, and none of these involves interhalogens. Diiodine and
dibromine complexes are equally represented with four and three known ex-
amples of each, respectively, and one dichlorine complex is known. It should
be pointed out that this complex, dioxane dichlorine [41], is the only halo-
gen bonded complex of dichlorine that has been structurally characterized.
As opposed to those observed for nitrogen, all of the oxygen complexes ex-
cept one crystallize with bridging dihalogens (mode B). The sole exception is
a relatively complex manganese formate salt, in which an I, molecule inter-
acts as a simple adduct [146].

23
Phosphorus and Sulfur Electron Donors

True halogen bonded complexes with phosphorus as the electron donor atom
are even more rare than those with oxygen, and all of these involve diiodine as
the electron acceptor. Three examples of simple adducts and one with a bridg-
ing diiodine were found. All other phosphorus halogen complexes are better
described as salts with ion pairs closely associated through X.--X interac-
tions. One bromo- (JOMSE]) and two iodo salts (SORPUK and ZEKMOR) are
related to simple adduct (mode A, Eq. 1) complexes, in which the P---X in-
teraction has strengthened to a covalent bond, while the X-X bond has weak-
ened to the point of being an interaction. Likewise, one bromo- (SUHJIO) and
five iodo- (LOBKOC, LOBKUI, LOBLAP, FILTEZ, and FILTID) salts with tri-
halide anions can be considered as coming from extended adducts (mode AA,
Eq. 2).

@
R3P----- =1 «——» RP—I----- 16
Equation 1
@
RyP----- =] «—» RyP—I----- %e
: I
i I
i I
Equation 2

With 112 structurally characterized complexes, sulfur-based electrons are
by far the most commonly encountered. This is attributed to its importance
in antithyroid drugs, as described above. The majority of these complexes
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(87) have diiodine-based electron acceptors, but all of the halogens and
interhalogens except for dichlorine are represented. Of the diiodine com-
plexes, 60 are simple adducts, 17 are bridging, four are extended adducts,
and nine are bridged extended adducts. One ionic salt is included (LOPQIQ)
due to the presence of a simple adduct structure in the asymmetric unit
in addition to two iodonium cations closely linked to one I3~ and an addi-
tional discrete I3~ anion. All of the interhalogen IBr complexes are simple
adducts, as are all of the ICl complexes, except one (HAMCII) [59] which
is a bridged extended adduct, with the chlorine atoms acting as Lewis base
donors to a bridging I molecule. Two of the three known Br, complexes
are simple adducts, while the third is bridging. In addition, three bromo
salts are known, two with S—Br*' cations and Brs~ anions (BEMLIO and
YESGUY), and one with bis-donor-iodonium cations and an I"---I,---I” an-
ion (FIMDOU).

24
Arsenic and Selenium Electron Donors

Few arsenic based complexes have been characterized. Three sets of struc-
tural data (FESKAP, FESKAP01, FESKAP02), a set for a second polymorph
(FESKAP10), and a set for a toluene solvate (FUTTAP) have been reported for
triphenylarsine-I,, and all are simple adducts, as is the same electron donor
complexed with the interhalogen IBr (CUXCON). For trimethylarsine, on the
other hand, two electron donors are bridged by a single diiodine (ZODJOR),
but with dibromine a simple ionic salt, Me3AsBr* - - - Br~ (TMASBRO1), is
formed.

Like sulfur, selenium based electron donors are heavily studied due to their
potential as antithyroid agents. Of the 28 complexes reported, the majority
(20) are diiodine based, and most of these (16) are simple adducts. One di-
iodine complex is bridged, one contains only extended adducts, one contains
only bridged adducts, and one contains both bridged and extended adducts.
All of the interhalogen complexes are simple adducts except one with iodine
monobromine, which forms an extended adduct.

In addition to halogen bonded complexes or ionic salts, it is also pos-
sible for sulfur and selenium electron donors to form complexes in which
the electron donor atom inserts into the X, bond, giving a hypervalent
donor atom with a T-shaped geometry. It has been recently reported [147]
that for dibromine and selenium, this type of complex is favored over halo-
gen bonded complexes. While no purely halogen bonded complex is re-
ported for dibromine, there is one complex (IRABEI) in which one selenium
atom of each of several selenanthrene molecules in the asymmetric unit
does insert into a Br, bond, but for one of the molecules, the other sel-
enium atom forms a halogen bond with a Br, molecule to form a simple
adduct (A).
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3
Computation Studies

3.1
General Observations

The Lewis dot formalism shows any halogen in a molecule surrounded by
three electron lone pairs. An unfortunate consequence of this perspective is
that it is natural to assume that these electrons are equivalent and symmetri-
cally distributed (i.e., that the iodine is sp® hybridized). Even simple quantum
mechanical calculations, however, show that this is not the case [148]. Con-
sider the diiodine molecule in the gas phase (Fig. 3). There is a region directly
opposite the I-I sigma bond where the nucleus is poorly shielded by the
atoms’ electron cloud. Allen described this as “polar flattening”, where the ef-
fective atomic radius is shorter at this point than it is perpendicular to the I-I
bond [149]. Politzer and coworkers simply call it a “sigma hole” [150, 151].
This area of positive electrostatic potential also coincides with the LUMO of
the molecule (Fig. 4).

Fig.3 The electron density map (0.002 au contour) for diiodine, colored by the electro-
static potential. Red is the most negative potential and blue is the most positive

Fig.4 The lowest unoccupied molecular orbital for diiodine

The sigma hole is the key to understanding halogen bonding. Based upon
the crystallographic and spectral data presented in the literature and the com-
putational studies outlined below, the following generalizations may be made:
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1. Halogen bonding is largely an electrostatic phenomenon. Therefore, when
the halogen is bound to a more electronegative element, it becomes a bet-
ter electron acceptor. Conversely, base strength parallels (at least to the
first order of approximation) the effectiveness of a given species as a halo-
gen bond electron donor.

2. Halogen bond electron acceptor ability decreases in the order I > Br > Cl.
Fluorine (acting as an electron acceptor) forms only very weak halogen
bonds, if at all.

3. When a halogen is in close contact with another atom approximately 180°
from the halogen-halogen sigma bond, it is acting as an electron acceptor.
When the contact is approximately 90°, it is acting as an electron donor.

4. Formation of a halogen bond at one atom of a dihalogen does not preclude
the second atom from also acting as an electron acceptor. The stronger the
electron donor, however, the less likely that a D- - -X-X: - -D complex will
be formed.

5. Halogen bond formation results in partial occupation of a ¢* antibonding
orbital, weakening the bond. Depending on the electron donor strength
and the environment, this can result in heterolytic fragmentation of the
bond, leading to ionic products.

While the general features of halogen bonding are now well known, it has
proven challenging to develop models with sufficient accuracy to predict
spectroscopic features and bond energies. This is particularly problematic
with iodine, where high quality basis sets are not readily available and are
computationally expensive. There have been numerous approaches taken to
address this issue during the past decade, many of which are discussed below.

Some surveys of computational methods involving charge-transfer com-
plexes of dihalogens have recently been reported. Alkorta and coauthors
looked at Fy, Cl,, Bry, FBr, FCl, and CIBr interacting with several ¢ and 7 elec-
tron donors and using both the B3YLP DFT and MP2 methods [152]. Two
basis sets were used in this study: a 6-31G* was used with the DFT method,
while a 6-3114++G** basis set (which includes diffuse and additional polar-
ization functions) was used with both the DFT and MP2 methods. Where
possible, the calculated halogen bond geometries were compared with experi-
mental values.

MP2 calculations gave better halogen bond distance estimations than did
DFT, with the latter method consistently underestimating the bond length
with both basis sets. The electron donor X-Y angle was found to be nearly lin-
ear in all cases, with a maximum deviation of 8° in the case of HE- - -Cl,. Bond
energy calculations followed the trends noted above, and the results corre-
late with hydrogen bond strengths with the same electron donor. However,
there were significant variations in the values predicted from each approach.
This is not surprising, given the different equilibrium geometries used; how-
ever, the correlation with bond distance was not consistent. The authors noted
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that basis set superposition errors (BSSEs) [153, 154] could be large in these
calculations, particularly at the 6-31G* level.

More recently, Zhao and Truhlar created a benchmark database of non-
bonding interactions, including halogen bonded complexes, and compared
a large number of computational methods [155,156]. Neither iodine nor
bromine electron acceptors were included in the surveys, but the results do
reveal some of the challenges that exist in this area. For example, it was
shown that all local spin density approximation (LSDA), generalized gradi-
ent approach (GGA), and hybrid GGA (GGA with HF exchange) function-
als systematically overestimate binding energies, though the latter approach
was typically more successful. The best functionals were found to be the
MPWBIK and MPW1B95, which are hybrid meta GGA functions (where the
functional also depends on kinetic energy density). These are recently de-
veloped functionals [157] that outperform the MP2 approach with these test
complexes. Other functionals, including BHandHLYP [158] and the widely
used B3LYP (both hybrid GGA) [159], also performed well.

3.2
Oxygen Electron Donors

While the first observations of halogen bonding were probably complexes
formed in aqueous solutions, there are relatively few investigations of the oxy-
gen halogen bond in the recent literature.

Davey, Legon, and Thumwood have studied several classes of donor-
acceptor interactions through combinations of rotational spectroscopy and
ab initio calculations. In a recent paper, they investigate the H,O- - -Cl, com-
plex, noting that it probably plays a role in both the ozone depletion cycle
(through the reaction HOCI + HCl — Cl; + H,0) and in water treatment
through the reverse reaction to form hypochlorous acid [160]. They exam-
ined seven isotopomers resulting from various combinations of deuterium
and *C1/*’Cl labeled complexes by pulsed-jet microwave spectroscopy. An-
alysis of the spectra provided rotational and nuclear quadrupole coupling
constants that were used in conjunction with models to give the geometry,
binding energy, and estimations of electron transfer in the complex. The
authors noted that the geometry of the complex is virtually identical to that
of the hydrogen bonded analogue H,O- - -HCI, though the binding is not as
strong. They also suggest that the extent of charge transfer from H,O to
chlorine is very small, but the charge transfer of the bound chlorine to the
unbound chlorine is significantly larger. Thus the interaction is primarily
electrostatic in nature. Similar studies with ICl or IBr and a series of elec-
tron donors have shown that the extent of electron transfer decreases with the
order PH3; > NH3; > C,Hy~H,S > C,H; > H,0 > CO~HCN [142, 161].

Grabowski and Bilewicz have found an interesting effect in the study
of halogen bonding between formaldehyde and CIF (1) [162]. Using MP2/
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6-311++G(d,p) and correcting for BSSEs using the counterpoise method, the
authors examined the effect of cooperativity on the halogen bond strength.
That is, after performing a full geometry optimization of the 1:1 complex,
they added a second CIF molecule to the system. Geometry optimization of
the new complex gave structure 2, where the fluorine on the first CIF acts
as an electron donor to the second CIF. Interestingly, the calculated O- - -Cl
bond length decreases as the second halogen bond is formed. Extension of
the CIF- - -CIF chain out to six interhalogen units (3, where n =5) resulted
in further shortening of the O---Cl bond, and a corresponding increase in
the halogen bond energy. The authors conclude that cooperativity in halogen
bonding is similar to the effect observed in hydrogen bonded systems.

Structure 1

33
Nitrogen Electron Donors

The pyridine-I, system has received considerable attention over the years.
While the single crystal diffraction data for this complex have not been
reported, closely related structures are known, including 4-methylpyridine-
I, [42] and pyridine-ICI [163]. Studies of pyridine-I, in solution give a dipole
moment of 4.5-6.3 D and a binding energy of 7.4-8.6 kcal/mol, depending on
the solvent [164-168]. Bopp and coworkers have studied the systems using
ab initio methods (MP2) and compared several basis sets, including both all-
electron and effective core potential basis sets [169]. In addition to examining
the geometry and binding energies of the system, the vibrational frequencies
were also computed and compared to experiment [170]. While ultimately un-
satisfied with the level of accuracy obtainable with the available computers,
the group was able to show that inclusion of electron correlation is important.
The smaller effective core potential basis sets were not particularly accurate,
but the authors suggest they might be used if their shortcomings were well
described and could be taken into account.

Karpfen published a study of trends in halogen bonding between a series
of amines and halogens and interhalogens [171]. Iodine-containing electron
acceptors were not included. This study involved the use of RHE, MP2, and
various DFT methods using extended, polarized basis sets and made exten-
sive use of pulsed-nozzle, FT-microwave spectroscopic data (similar to that
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discussed above) collected by the Legon group [172]. The calculated bond
strengths ranged from 6.7 to nearly 85 k]J/mol. Bond strength increases with
increasing gas-phase basicity of the amine, larger dipole moment, and polar-
izability of the halogen. All of the complexes can be described as “outer”-type
charge-transfer complexes in the Mulliken terminology [173]. The RHF ap-
proach was found to be unsatisfactory for calculating equilibrium geometries,
while MP2 and DFT (particularly using the BHandHLYP functionals) were
found to be of comparable accuracy.

The Legon group, in addition to their extensive work in studying com-
plexes of N bases and halogens by rotational spectroscopy, have also explored
computational strategies for studying them. In a very recent paper [13], they
used both the GAUSSIAN98W [174] and ADF2004 program packages in an
effort to accurately calculate both halogen bond strength and the nuclear
quadrupole coupling constants (QCC, as obtained from microwave data). For
the former, geometry optimizations were carried out using the BHandHLYP
density functional in conjunction with such extended standard basis set as
aug-cc-pVTZ and the small-core relativistic pseudopotential correlation con-
sistent basis sets for iodine.? For ADF calculations, they used the OPTX
exchange functional combined with the PBE correlation functional using an
all-electron triple-¢+ polarization basis set of uncontracted Slater orbitals.
Scalar relativistic effects were considered using the zero order regular ap-
proximation (ZORA) [175]. The authors found good correlation between both
methods and gas phase geometries (though not solid-state N-X bond lengths
from X-ray diffraction). The experimental QCCs correlate well with those
predicted by the BHandHLYP density functional, with the exception of io-
dine. The pseudopotential used in this treatment did not reproduce the effect
of the occupied core orbitals particularly well. The less computationally ex-
pensive ZORA model was shown to give acceptable results for the QCCs,
including iodine. The halogen bond energies in these complexes were best
described as being more electrostatic than covalent.

In a particularly interesting investigation, Kusama and Sugihara [25] used
MP2(full)/LANL2DZ* calculations to try to understand the influence of six
nitrogen heterocycles on the performance of some dye-sensitized solar cells.
The heterocycles have been shown to increase the open circuit voltage (Voc)
as well as the solar energy conversion efficiency. The authors suggest this ef-
fect results from a shift in the I"/I;~ redox electrolyte equilibrium due to the
formation of a charge-transfer complex (Eq. 3).

\
7 N+ 1y — N NTI e
Equation 3

2 Basis sets were obtained from the extensible computational chemistry environment basis set
database, version 02/25/04. Pacific Northwest Laboratory, P.O. Box 999, Richland, WA 99352.
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The LANL2DZ basis set was augmented by a set of six d polarization func-
tions as successfully used by Bopp [169] and others. Complex geometries
were optimized and the effects of the acetonitrile solvent were modeled using
the polarized continuum model of Tomasi and coworkers [176, 177]. The na-
ture of the halogen bond was described using NBO analysis. The authors
found a rough correlation between the electron donor HOMO and the Voc.
The higher the HOMO, and thus the smaller the energy difference between
that orbital and the I, LUMO, the higher the V. Likewise, decreasing AG of
complex formation (increasing halogen bond strength) also correlated with
Voc.

Valdes and Sordo have studied the interaction of PH; and NH3 with BrCl
using either all-electron or effective core potential (ECP) MP2 methods, and
several different basis sets [178]. They found that ECPs could give results
nearly equivalent to their all-electron counterparts. PH3 was found to form
weaker halogen bonds than NHs.

34
Sulfur and Selenium Electron Donors

The interaction of dihalogens, particularly diiodine, with sulfur and selen-
ium electron donors has been an area of increasing interest over the past
decade because of potential biological, pharmaceutical, and electronic mate-
rials applications [35, 179]. Devillanova and coworkers have recently reviewed
the solution behavior of a large number of chalcogenides and I, partic-
ularly thiones, selones, sulfides, and selenides [180]. Correlations between
computational methods, thermodynamic parameters, and spectroscopic data
(UV/Vis, 3C NMR, Raman, UPS) were discussed.

The interaction of chalcogenides and dihalogens can lead to a large variety
of complexes and salts. The initial interaction in both the gas phase [15] and
in solution [180] seems to be the formation of a halogen bonded structure.
The available literature shows that Se electron donors bind I, more strongly
than do S electron donors, and that thiones and selones bind more strongly
than the corresponding sulfides and selenides. The electron donor ability of
or Se depends greatly on the environment, and the formation constants vary
widely. For compounds containing the framework R — C(= X) — R (X=S, Se),
the K values decrease according to the following sequence of R: NR > alkyl >
aromatic > S > O.

Bouab, Yanez, and coworkers have noted that thiocarbonyl electron
donors can form two distinctly different charge-transfer complexes in so-
lution [181]. Calculations at the HF/LANL2DZ* and MP2(full)/LANL2DZ*//
LANL2DZ* levels indicate that a charge-transfer band in the 300-nm region
results when the halogen bond lies in the plane of the C=S group, while
a band at 350 nm results when the bond is perpendicular to that plane (4 and
5, respectively). The halogen bond in both types of complexes is primarily
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S T
~C< \
4, planar 5, perpendicular

electrostatic in nature. The perpendicular arrangement arises primarily from
steric interactions at the o positions.

The reactivity of the initial halogen bonded complex has also received con-
siderable attention. Husebye and coworkers have suggested a process whereby
the dihalogen bond is cleaved to give a key cation intermediate and a halide
anion (Eq. 4) [182]. This mechanism is consistent with that often proposed for
nitrogen electron donor systems.

X=X 5 x X5 ® 5

©

JEl —> EI/ &
e mw T wds
E=S,Se X=1,Br,Cl
Equation 4

Devillanova and coworkers have also addressed this issue with some sim-
ple thiones and selones. Using spectroscopic analysis and quantum me-
chanical calculations, they examined the various possible reaction pathways
shown in Fig. 5 [72, 183]. The geometries and relative stabilities of the charge-
transfer and “T-shaped” hypervalent adducts were compared using DFT cal-

7 XY
e
(@) (@)
X—E-Y / (b) \ & X—-Y _
Ji E
e s
t-shaped k (E/XYO %’ ﬁt;?];%g;

Bgﬁ E=S,Se

X, Y =1,Br, Cl
Other ‘/ ’ B, C
Species

Fig.5 Pathways for the reaction of thiones and selones with dihalogens
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culations with the Becke3LYP functional and LANL2DZ basis set as well as
the mPW1PW [184] functional. The latter adds diffuse and polarization func-
tions for halogen atoms to the LANL2DZ basis set [186].

The calculated optimized geometries were found to be in good agree-
ment with available experimental data. In general, the T-shaped hypervalent
structures were found to be of lower energy than the charge-transfer struc-
tures. This energy difference was greater with chlorine than bromine and
even smaller (or reversed) with iodine. Stronger electron donors also encour-
aged formation of hypervalent complexes. These results are consistent with
the Husebye model, where initial formation of the charge-transfer complex
is followed by X-Y bond cleavage to give ions (Fig. 5 pathways (a) and (c),
respectively).

The possibility that the hypervalent complex might be formed directly
from the starting fragments in an oxidative addition reaction (pathway (a’))
or by rearrangement of the charge-transfer complex (pathway (b)) was in-
vestigated using the negative eigenvalues progression reduction (NERP) [183]
and the intrinsic reaction coordinate (IRC) techniques [187]. Both methods
identified reasonable transition states for (b) (see, for example, adduct 6),
but not for (a’). In fact, attempts to find a saddle point for the conversion of
the starting fragments into the hypervalent complex inevitably identified only
the transition state for pathway (b), leading the authors to conclude that dir-
ect addition of the dihalogen to the electron donor is unfeasible. However,
pathway (b) is predicted to be lower in energy than the Husebye route (path-
ways (c) and (d)). The authors did note that solvent effects would be expected
to play a major role in the reaction.

/1L
[’,\IN»—é--‘-l
\ 6

3.5
m-Electron Donors

Other electron donor systems have received attention over the past decade.
In 1949, Benesi and Hildebrand observed an absorption band in solutions
of iodine in benzene that they attributed to a charge-transfer complex. The
structure(s) contributing to this band have been a matter of some debate ever
since. In this book, the chapter of J.K. Kochi and coworker discusses these
adducts in the solid and in solution [185]. Figure 6 shows various geometries
that have been proposed. Grozema and coworkers examined the potential
energy surface of the benzene-I, system at the MP2 level, correcting for coun-
terpoise errors across the entire surface rather than only at energy minima, as
had been the case for earlier studies [188].
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X X X
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X

X X+X
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. X
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Fig.6 Proposed structures for iodine-benzene complex: a resting, b axial, ¢ oblique
(turned 30° around center of mass), d above carbon, e above bond, f resting on bond,
g displaced resting, and h T-shaped [79]

The lowest energy structures were found to be the above carbon and
above bond geometries (Fig. 6d and e, respectively). This is a function of the
anisotropy of the electron density around the iodine and the geometry depen-
dent polarization of the dihalogen.

More recently, Mukherjee et al. [189] applied time dependent HF and
DFT methods to examine the ground- and excited-state geometries of the
benzene-ICl complex optimized at the HF, B3LYP, and MPW1PWO91 levels
in both the gas phase and in CCly solution. The experimental CCly CT ab-
sorption was not well reproduced by HF methods due to inadequate electron
correlation, but DFT calculations using B3LYP and MPW1PW91 functionals
did reproduce the values closely. The optimized geometry closely resembles
the “above bond” geometry for the ground state and the “above carbon”
geometry for the excited state (Fig. 6e and d, respectively).
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Abstract The term halogen bonding encompasses any non-covalent interaction involving
halogens as electrophilic species. High strength and directionality are the remarkable fea-
tures of halogen bonding that fully justify its use as a primary intermolecular interaction
to dictate molecular self-assembly processes. This chapter will outline the use of halogen
bonding in crystal engineering and will highlight the obtainment of heteromeric crystal
structures with complex topologies. Even though the use of halogen bonding is still in
its infancy, the growing interest in the field shown by the crystal engineering community
promises major advances in the future.

Keywords Halogen bonding - Supramolecular chemistry - Crystal engineering - Tecton -
Topology

Abbreviations

BPE (E)-1,2-Bis(4-pyridyl)ethylene
BPY Dipyridine

DABCO Diazabicyclooctane
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DBTFB Dibromotetrafluorobenzene
DIB Diiodobenzene

DITFB Diiodotetrafluorobenzene
HB Hydrogen bonding

HMTA Hexamethylenetetramine
PFC Perfluorocarbon

TIE Tetraiodoethylene

TMEDA Tetramethylethylenediamine

XB Halogen bonding
1
Introduction

Following the concept introduced by Jean-Marie Lehn in 1978, supramolecu-
lar chemistry can be considered as “... the chemistry of molecular assem-
blies and of the intermolecular bond” [1]. This concept encompasses several
poorly related disciplines, both within chemistry and at the interface of chem-
istry with condensed matter physics, materials science, and biology. This
chapter will have a more specific focus on some of these topics and we will
focus on crystal engineering involving organic compounds, a subject of the
diversified topics addressed by supramolecular chemistry. Moving from the
paradigm shift [2] that supramolecular chemistry generated from the focus
on atoms and the bonds between atoms, to the focus on molecules and bonds
between molecules, in this chapter we will concentrate on the atomic charac-
teristics conferring to molecules, or to molecular sites, the specific properties
that determine their mutual complementarity via halogen bonding.

Intermolecular recognition and self-assembly processes both in the solid,
liquid, and gas phases are the result of the balanced action of steric and
electronic factors related to shape complementarity, size compatibility, and
specific anisotropic interactions. Rather than pursuing specific and defini-
tive rules for recognition and self-assembly processes, we will afford some
heuristic principles that can be used as guidelines in XB-based supramolecu-
lar chemistry.

The term halogen bonding (XB) [3-8] indicates any D- - -X-Y interaction
in which X is the electrophilic halogen (Lewis acid, XB donor), D is a donor
of electron density (Lewis base, XB acceptor), and Y is carbon, nitrogen, halo-
gen, etc. (Fig. 1).

Most of the energetic or geometric trends found in hydrogen-bonded com-
plexes (wherein hydrogen functions as the acceptor of electron density) and
other interaction features known from spectroscopic or theoretical investi-
gations are encountered in halogen-bonded complexes as well [9-12]. Ex-
pectedly, halogen atoms being much larger than hydrogen atoms, XB is more
sensitive to steric hindrance than hydrogen bonding (HB) [13].
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S I

D=N,0,S,Se... X=I,Br,Cl
I,Br,CI,F ... Y=C,Halogen,N ...

Fig.1 Schematic representation of XB. XB acceptors (D) are neutral or anionic species,
while donors (X) are halogen atoms bound to a wide diversity of molecular arrays (Y)

Architectures originating from halogens and interhalogens (Fig. 1, Y = F,
Cl, Br, I) gave fundamental contributions towards the identification of the in-
teraction [14-17] and are still attracting great interest [18,19] (see also the
chapter by Legon in this volume) as it is the case, for instance, for poly-
halide anions [20] or for adducts wherein sulfur, selenium, or arsenic deriva-
tives work as electron donors [21]. Numerous architectures in which the
electrophilic halogen is bound to nitrogen, phosphorous, or other elements
(Fig. 1, Y = N, P, etc.) [22] present the standard XB characteristics (Table 1).
However, the focus of this chapter will be limited to the supramolecular ar-
chitectures formed by carbon-bound halogens (Fig. 1, Y = C).

Both n and = electrons can be involved in XB formation [23-27] and usu-
ally the latter give weaker interactions than the former [18, 28] (see also the
chapter by Legon and the chapter by Kochi in this volume). In this chapter we
will consider only n XB acceptors.

The first unequivocal report on a halogen-bonded complex was made by
F. Guthrie who described, in 1863, a solution-based synthesis of the NH3- - -I,
complex [29]. In 1881 J. W. Mallet described an alternative synthesis for
the same compound based on a gas/solid protocol [30]. Two years later
O. Roussopoulos described the 1:3 co-crystal formation between iodoform
and quinoline as well as other related adducts [31,32]. In 1893 I. Remsen
and J. F. Norris demonstrated the tendency of methylamines to form similar
adducts with chlorine, bromine, and iodine [33]. It can thus be stated that the
basics in the topic of halogen-bonded adducts had been laid in the nineteenth
century. The field begun to be systematized only after the crystallographic
studies of O. Hassel in the 1950s. In his Nobel lecture, Hassel stressed the sim-
ilarities between interactions wherein hydrogen and halogen work as electron
acceptors, and also the similarities between interactions given by dihalogens
and halocarbons [17]. Important contributions to the topic and its systemati-
zation have been given by H. A. Bent [16] and ].-M. Dumas [34].
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Table 1 Examples where the XB donor is bound to nitrogen and the acceptor is an oxygen
atom (A), an anion (B), or a nitrogen atom (C)

A O
) .
(0]
X N-X.--O N-X.--O C=0--X Refs.
A) ©) ©)
Cl 2.880 168.87 136.50 [240]
Br 2.802 169.54 140.88 [241]
I 2.580 175.71 121.65 [242]
() o

N—X---Y- Cation*

O

X Y Cation N-X---Y~ N-X---Y~ Refs.
[A] [deg]

Cl Cl- Ph4P* 2.892, 2.898 178.64, 176.91 [243]
Br Cl- Ph4P* 2.822, 2.852 177.50, 179.10 [244]
Br Br~ Ph4P* 2.900, 2.929 177.52, 178.35 [244]
Br Br~ EtyN* 2.836 175.80 [245]
Br Br~ Cs*t 3.038 178.40 [246]
I Cl- PhyP* 2.845, 2.910 177.59, 179.22 [247]
I Br~ PhyP* 2.933, 3.007 177.19, 179.35 [247]
I I- PhyP* 3.103, 3.170 176.87, 179.18 [247]
Br (CH3),CCO;N-  EtyN* 2.109 177.40 [248]
() 0 o]

N—-Br N/\/N--- Br—N

O

N---Br 23324 [249]
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2
General Features of XB

2.1
Relative Effectiveness of XB vs. HB

According to the definition given above, the term XB comprehensively cov-
ers a vast class of non-covalent interactions, from the weak N- - -Cl XB [35] to
the very strong I"- - -I, interaction, which forms the triiodide anion; 10 and
200k mol™! can be assumed as the energy extremes for these interactions,
respectively.

The remarkable strength of some XBs allows them to prevail over HBs in
identifying the modules to be involved in self-assembly. For instance, in ex-
periments of competitive co-crystal formation, a dipyridyl derivative prefers
to co-crystallize with XB donors rather than HB donors and the same oc-
curs for N,N,N’,N’-tetramethylethylenediamine (TMEDA) [36]. In solution,
solute-solute intermolecular HBs are considerably diminished if a strong XB
donor co-solute is added. If haloperfluorocarbons (halo-PFCs) are used, the
HB breaking potency increases moving from perfluorocarbons to chloro-,
bromo-, and iodoperfluorocarbons [37-43], perfectly consistent with the
order of the increasing XB donor ability of the halo-PFCs co-solutes. In aque-

%T

3600 3400 3200 3000 2800 2600

4

cm
Fig.2 IR spectra of 4,4'-dipyridyl N,N’-dioxide in the vo_g stretching region for the hy-
drated compound (black line, bottom) and the complex it gives with 1,4-DITEB (grey line,
top). Hydration water disappears on complex formation
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ous solution, the nitrogen lone pairs of TMEDA are hydrogen-bonded to the
solvent. When a stochiometric amount of 1,2-diiodotetrafluoroethane, which
is insoluble in water, is added to an aqueous solution of TMEDA, N- - -I XB is
strong enough to drive the phasing out of the diamine from the aqueous so-
lution and the pure TMEDA/diiodoethane co-crystal rapidly precipitates [3].
From a preparative point of view, when the hydrated forms of hydrocarbon
electron donors are crystallized with iodo-PFCs, no crystallization water is
found in the formed complexes and this is largely independent of the sol-
vent used for the crystallization. For instance, several diamine and dipyridyl
derivatives are hygroscopic compounds (e.g. 4,4'-dipyridyl (4,4'-BPY) and
its N,N’-dioxide), but crystallization of their hydrated forms in the presence
of diiodoperfluoroalkanes or -arenes affords water-free halogen bonded co-
crystals (Fig. 2).

This ability of halogen-bonded halo-PFCs to substitute water in the crystal
packing of the hydrocarbons donors possessing a lone-pair, coupled with the
easy removal of halo-PFCs from the formed perfluorocarbons-hydrocarbons-
HC co-crystals through vacuum pumping, could be developed as a general,
economic, and large scale way to obtain dinitrogen electron donors (or their
derivatives) in anhydrous form.

2.2
XB and Electron Density Around Halogen Atoms

Theoretical studies explain XB occurrence in terms of anisotropic distri-
bution of the electron density around halogen atoms. This anisotropicity
determines the formation of a region of positive electrostatic potential on
the outermost portion of some covalently-bonded halogen atoms [44-46]
(see also the chapter by Karpfen in this volume). The electron density is
represented by an ellipsoid elongated in the direction across the bonding
axis, a feature called polar flattening [47]. Consistent with the direction-
ality of the approach of the lone pair of the electron donor on the halo-
gen [48], namely with the XB directionality, the effective atomic radius along
the extended C—X bond axis is smaller than in the direction perpendicular
to this axis.

Within a homogeneous series of compounds, and independent of their
structure, a clear trend of increasing electropositive potential along the
C—X axis occurs moving from fluorine to iodine. In halocarbons, the elec-
trostatic potential of F remains negative all around the atom, whereas CI, Br,
and I show the emergence of an electropositive crown along the C—X axis,
which is surrounded by an electroneutral ring and, further out, an elec-
tronegative belt. The size of this electropositive crown increases with the
polarizability of the halogen, consistent with the experimental finding that
iodocarbons give rise to the strongest D- - -I-C XBs [49, 50]. The presence and
the magnitude of the positive halogen crown also depend on the electron-
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withdrawing power of the groups neighbouring the halogen on the carbon
skeleton [51]. Chlorine in CH3Cl does not present any positive electrostatic
potential, but it appears in CH,FCl, and becomes even greater in CF3Cl; the
most positive chlorine potential in HOCH,CH,Cl is - 1.1 but it becomes 7.8
in O;NCH,CH;Cl. Similarly, the atomic charge increases with the fluorina-
tion degree in iodomethane derivatives, being 0.009 in CH3I and 0.165 in
CF51 [52].

The possibility to carefully tune the XB strength of a given halocarbon
by modifying the substituents on the carbon skeleton is also confirmed ex-
perimentally. As expected, the stronger an XB, the shorter the interaction
length (see onwards). The N---I-C interaction length in the infinite chain
given by 1,4-BPY with 1,4-diiodobenzene (1,4-DIB) is 3.032 A and the N- - .1

Table 2 Interaction of 1,4-DIB and 1,4-DITFB with XB acceptors

Co-crystals I.- N distance I- - -N interaction
X-ray DFT calculations energy (DFT)
[A] [A] [kcal mol™!]
1,4-BPY-1,4-DIB 3.032 3.151 3.29
1,4-BPY-1,4-DITFB 2.851 2.936 5.81
BPE-1,4-DIB 2.996 3.119 3.44
BPE-1,4-DITFB 2.810 2.891 6.02
HMTA-1,4-DIB 3.011 3.124 3.52
HMTA-1,4-DITFB 2.844 2.919 6.07

On interaction with a variety of XB acceptors, 1,4-DITFB forms shorter and stronger con-
tacts than 1,4-DIB. Clearly, the electron withdrawing ability of fluorine boosts the donor
ability of the iodine atoms

Nucleophilic end
Electrophile entrance

S

{ \5+ Electrophilic end
\ *v\ Nucleophile entrance
6_ Cmin

Fig.3 Due to the anisotropic distribution of the electron density, halogen atoms show
a negative electrostatic potential and a larger radius (rmax) in the equatorial region and
a positive electrostatic potential and a smaller radius (7min) in the polar region. As a con-
sequence of this, halogens behave as nucleophiles at the equator and as electrophiles at
the pole
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interaction energy (density functional theory, DFT) is 3.29 kcal mol~!. The
same parameters become 2.851 A and 5.81 kcal mol™!, respectively, when 1,4-
diiodotetrafluorobenzene (1,4-DITFB) is used [50] (Table 2).

Similarly, the experimentally determined N- - -I distances in the co-crystals
given by (E)-1,2-bis(4-pyridyl)ethylene (BPE) and hexamethylenetetramine
(HMTA) with 1,4-DIB were longer than with its tetrafluorinated analogue and
the computed N- - -I energies weaker. The I"- - -I-C interaction length in the
adduct between a cyclopropenium iodide and iodobenzene is 3.535 A when
one nitro group is on the aromatic ring and becomes 3.431 and 3.328 A when
two and three nitro groups are present, respectively [53].

In keeping with the anisotropic electrostatic potential model for the halo-
gen atoms, halogens show an “amphiphilic” character and can work both as
the electrophilic sites and the nucleophilic sites when involved in short con-
tacts (Fig. 3).

The halogen acts as an electron-deficient site when it gives contacts to-
wards the pole (electrophilic end) [54, 55], while the same halogen can act as
an electron-rich site when it gives contacts towards the equator (nucleophilic
end) (for instance with metal ions, protons [56], or halogens [57]).

Table 3 Interaction of XB donors with different acceptors

C-1I Act ? I. - -donor distance AL donor &

distance Expected® Observed®

(A] (%] (A] [A] (%]
1,4-DITFB 2.075
1,4-BPY.--1,4-DITFB  2.094 0.92 3.53 2.851 19.2
1,4-BPE---1,4-DITFB  2.089 0.67 3.53 2.768 21.6
TMDCN---1,4-DITFB  2.079 0.19 3.53 3.061 13.3
DABCO---1,4-DITFB  2.119, 2.121 2.12,2.22  3.53 2.739, 2.748 22.4, 22.1
DMAB. --1,4-DITFB  2.084 0.43 3.50 3.097 11.5
2,2-BPY---1,4-DITFB 2.086 0.53 3.53 3.111 11.9
TMPDA. --1,4-DITFB 2.091 0.77 3.53 2.935 16.8
TMACI.- - -1,4-DITFB 2.096, 2.083 1.01, 0.38  3.65 3.134/3.153 14.0, 13.6

When a given XB donor interacts with different acceptors, the shortening of the D---X
interaction (Ap...1) is greater than the lengthening of the C— X bond (Ac_p). This proves
how the D- - -I distance is more sensitive to XB strength than the C -1 distance.

? Percentage change of C —I distance, Ac_ = difference between C —1I distance in the XB
donor as pure compound and as an halogen bonded complex

b Sum of van der Waals radii of XB donor and acceptor atom

¢ From single crystal X-ray analysis

d Percentage change of I.--donor distance, AJ..4onor = difference between the expected
and the observed distances. TMBDCN 2,3,5,6-tetramethyl-1,4-benzodicarbonitrile, DMAB
4,4'-bis(dimethylamino)benzophenone, TMPDA N,N,N’,N’-tetramethyl-p-phenylenedi-
amine, TMACI tetramethylammonium chloride
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The term halogen bonding addresses exclusively the former contacts and
its usefulness relies on the identification of a specific subset of the numerous
and diverse non-covalent interactions that halogens can give rise to [58].

The attractive nature of XB causes D- - -X distances shorter than the sum
of van der Waals radii of involved atoms; the stronger the interaction, the
shorter the D- - -X interaction lengths. Consistent with the rationalization of
XB as an electron donation from D to the antibonding X — Y orbital [59], XB
formation results in an elongation of the X —Y covalent bond. The D- - -X in-
teraction length is usually a more sensitive probe for XB strength than the
X —Y covalent bond elongation (Table 3).

In many cases the XB adduct is a pre-reactive complex (or intermediate)
formed prior to chemical reaction or significant charge transfer [18] (see also
the chapter by Legon in this volume). The stronger interactions easily evolve
into different molecular species if concentration, temperature, solvent polar-
ity, or other parameters are changed [60]. The 1:1 complex that dihalogen

N /
N N
7 N

(CF,)H

UV light DMF

/
N\ I(CF gl

.

N
wee [ (CF )l ooee
(CF)s /N

I(CF,),l [ CHCI,/ 24 °C

\N N/
7 N

I(CF,)gl CF4(CF )|

CHCly/ 22°C DMF /K,CO,/ 22 °C

N / Ny N
|(CF2)8|“}N Ni.. I(CF gl = . N

(CF,),CF,

Fig.4 Halogen-bonded adducts are pre-reactive complexes, which, under convenient con-
ditions, can lead to covalent bonds breaking and forming. Perfluoroalkylation occurs
when the complexes between iodoperfluoroalkanes and anilines are heated or irradiated
in certain solvents
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molecules form with alkenes is a particularly well-known example. It lies
on the way to the addition products formation and its evolution depends
on solvent polarity [24]. After Mulliken’s terminology, the outer complex
NH3- - ‘I, evolves into the inner complex [NH3I]*- - I, which finally affords
NH,I, NH4* and I” [61, 62]. When iodoperfluoroalkanes interact with ani-
line derivatives, halogen-bonded adducts or perfluoroalkylation products are
formed depending on the adopted reaction conditions [63-65] (Fig. 4).

2.3
Structure and Role of the Halocarbon

Both theoretical and experimental data (in the solid, liquid, and gas phases)
prove that the tendency of halocarbons to work as XB donors decreases in
the order I > Br > Cl [66-68]. Clearly, polarizability and not electronegativity
plays a key role. 3-Halo-cyanoacetylene works as self-complementary mod-
ule and the N- - -X distance is beautifully consistent with the scale reported
above, being 2.932, 2.978 and 2.984 A in the iodo, bromo and chloro deriva-
tives, respectively [69, 70]. The same trend is observed when a phenyl, rather
than a triple bond, spaces the donor and acceptor sites. The N- - -Br distance
in 4-bromobenzonitrile is longer than in the 4-iodo derivative [71,72] and
no XB is present in the chloro and fluoro analogues, wherein molecules are
pinned by N- - -H and X: - -H short contacts [73]. PFCs have a very poor ten-
dency, if any, to work as XB donors [74-77] and no crystal engineering can
be based on such tectons. However, F; is a quite strong XB donor and several
adducts have been described in the gas phase [11, 18] (see also the chapter by
Legon in this volume).

Consistent with the fact that the more electron-withdrawing the atom,
or the moiety, bound to a given halogen, the stronger the XB it gives
rise to, the strength order C(sp)-X>C(sp?)-X>C(sp3)-X is usually fol-
lowed [78]. Haloalkynes (e.g. diiodoacetylene [79-81] and bromo- or iodo-
ethynylbenzenes [82, 83]), are particularly good XB donors. For instance, the
O- - I interaction length in the infinite chains that 1,4-dioxane iives with
diiodoacetylene and tetraiodoethylene (TIE) are 2.668 and 3.004 A, respec-
tively [84,85]. Similarly, when 1,4-diselenane interacts with the same XB
donors, the Se- - -I distances are 3.34 and 3.43 A, respectively [86-88]. As ex-
pected, on increasing the electron withdrawing ability of the benzene ring
in iodo-ethynylbenzenes, the iodoalkyne moiety becomes a better XB donor.
The Br~---I interaction length in the tetrathiafulvalenium bromide/1,4-
bis(iodoethynylenzene) complex is 3.266 A and becomes 3.141 A when the
benzene ring is tetrafluorinated [83].

Haloarenes routinely form XB. The same holds for haloheteroarenes and
when the heteroaromatic ring is positively charged, the halogen becomes
a particularly good XB donor [89-94]. This strategy has been applied with
particular success in order to control the packing of bromo- and iodo-
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substituted tetrathiafulvalene derivatives, which are interesting molecular
conductors [95-106]. On interacting with unfunctionalized monohaloalka-
nes, n electron donors usually give Sy2 type products rather than halogen-
bonded adducts, as the entrance of electron donors from the back-side of the
C —X covalent bond (nucleophilic attack at carbon) prevails over the front-
side entrance (nucleophilic attack at halogen). Particularly strong electron-
withdrawing residues geminal to the halogen atom of monohaloalkanes boost
the Lewis acidity of the halogen and allow it to give strong XBs. This
is the case, among others [107,108], for various iodomethyl onium salts
(e.g. Ph3P*-CH;-I anion~) wherein both the anion- - -I-C distances and the
anion- - -I-C angles show the presence of strong XB [109-111]. Similarly,
short CI™- - -Cl-C XBs are present in chloromethyl onium salts [112, 113] (e.g.
Me3;N*t-CH,-Cl Cl~ [114] and in Ph3P*-CH,-Cl ICl4~ [115]).

For steric and electronic reasons, the entrance of n electron donors
from the front-side of the C—X covalent bond is favoured over the back-
side entrance in polyhaloalkanes. The latter compounds thus routinely form
XBs. The interaction can further evolve into chemical reactions [63, 64, 116].
Tri- and tetrabromomethane have been extensively used to form halogen-
bonded adducts [117], and iodoperfluoroalkanes are particularly tailored to
XB-based crystal engineering [118]. The general rule that strong electron-
withdrawing groups geminal or vicinal to the halogen atom boost its XB
donor ability holds also for polyhaloalkanes [119]. The Br™---Br distances
in tribromomethyl-triphenylphosphonium bromide (Ph3P*-CBr; Br) are
shorter than in the tetraphenylphosphonium bromide/tetrabromomethane
adduct (PhyP* Br~/CBry) [120, 121].

24
Structure and Role of the Halocarbon Partner

Increased electron density on the XB acceptor site increases its Lewis ba-
sicity and favours XB formation. In solution, the XB acceptor ability of sp?
hybridized oxygens increases moving from acetone, to dimethylsulfoxide, to
hexamethylphosphortriamide [67, 68]. Nitrogen is usually a better XB accep-
tor than oxygen (see onwards), but the reverse is true when pyridines and
corresponding N-oxides are compared, consistent with the electron densi-
ties on the respective electron donor sites [122]. 1,4-Dicyanobenzene does
not give a co-crystal with 1,4-DITFB, but 1,4-dicyano-tetramethylbenzene
does [123]. Pyrazine and its 2-methyl derivative afford solid and halogen-
bonded co-crystals when interacting with 1,2-diiodotetrafluoroethane, but
this is not the case starting from pyrazinecarbonitrile, even on cool-
ing to - 20°C [124]. Neither the oxygen nor the nitrogen atoms of w-
iodoperfluoroalkylsulfonamides form XBs [125], but when a formal negative
charge is on the sulfonamide group, intermolecular O- - -I XB occurs and gives
rise to infinite chains. Similarly, w-iodoperfluoroalkylsulfonic salts present
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in the solid intermolecular O---I XBs that connect the anions into infinite
chains [126, 127].

Anions are usually better XB acceptors than neutral species [128] and the
more naked they are, the stronger their XB acceptor ability is. Most of the
halogen-bonded systems reported in the literature are formed by halide an-
ions. In this series, iodide examples are the most frequently recurring, and
fluoride anions are the least common. In solution, association of halide an-
ions with XB acceptors decreases in the order I" > Br~ > Cl~ > F~ [128]. This
scale contrasts with the scale based on percentage shortening of X™---I-C
distances with respect to the sum of van der Waals radii. Clearly, the solva-
tion energies of the starting anions, and formed superanions, as well as the
strength of the formed XBs affect association processes and the relative rel-
evance of the two parameters is different in solution and in the solid. Also
polyhalide anions (e.g. Is™ [129], Br3~ [120], ICl,~ [111], ICl4~ [115]) form
XBs; usually they give longer, namely weaker, XBs than the corresponding
halides [112, 120, 128] and work as electron density donors at the two ends
of the ion. CN™ [96-98, 130-132] and SCN~ [133, 134] anions have been re-
ported to give XBs.

Typical nitrogen atoms (e.g. in amine and pyridine derivatives) give
stronger XBs than typical oxygen and sulfur atoms (e.g. in ethers, alco-
hols, thioethers) [67,68,135,136]. When 1,2-diiodotetrafluoroethane and
N-methylmorpholine interact [124], they both work as bidentate modules
and form infinite chains thanks to the formation of O--.I and N.--I XBs,
the two interactions corresponding to 0.82 and 0.80 times the respective sum
of van der Waals radii [137]. The relative effectiveness of oxygen and sulfur
in XB formation often depends on the nature of the XB donor, as the pair-
ings after the HSAB theory are favoured. A very rigorous and general scale
wherein XB acceptors, or donors, are listed according to their strength cannot
be filed as the relative effectiveness of a given set of XB acceptors (or donor)
may also depend on the used XB donor (or acceptor, respectively). Steric hin-
drance around the XB acceptor site decreases its effectiveness and may affect
the relative strength of two electron donor sites, as in the case for 2,2'- and
4,4'-BPY. Moreover, when subtle differences have to be compared, it may hap-
pen that scales based on thermodynamic and spectroscopic measurements
(or theoretical calculations) are not identical.

2.5
Directionality of XB

XB is a particularly directional interaction, more directional than HB. The
angle between the covalent and non-covalent bonds around the halogen in
D. - -X-Y is approximately 180° [48]. As discussed above, the origin of this di-
rectionality is in the anisotropic distribution of electron density around the
halogen atom. Figure 5 shows the Cambridge Structure Database (CSD, ver-
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Fig.5 Scatterplot derived from the CSD reporting the N---I-C angle (deg) vs. the N-- I
distance (A) for crystal structures containing intermolecular N---I contacts; only error-
free and non-polymeric structures containing single-bonded iodine atoms and showing
no disorder with R < 0.06 are considered. The scatterplot clearly demonstrates the high
directionality of the N---I XB

sion 5.26, October 2005) scatterplots of intermolecular N- - -I-C interactions
versus N- - -I distances, respectively.

Clearly, short interactions are more directional then long ones. A simi-
lar trend is observed also when bromine and chlorine atoms are the XB
donor sites or when XB acceptor sites other than nitrogen and oxygen are
used [138].

When n electron donors are involved, the XB is preferentially along
the axis of the donated lone pair on D. For instance, XBs around ethers,
thioethers, and amines feature a tetrahedral arrangement with preferential
axial directions for the XBs around hexacyclic amines, and equatorial direc-
tions for hexacyclic thioethers [16, 17, 124, 139-142] (Fig. 6).
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Fig.6 XBs around ethers, thioethers and amines feature a tetrahedral arrangement with
preferential axial directions for the XBs around hexacyclic amines (A, co-crystal be-
tween 1,4-dimethylpiperazine and 1,2-diiodotetrafluoroethane) and ethers (B, co-crystal
between 1,4-dioxane and tetraiodoethene), and equatorial directions for hexacyclic
thioethers (C, co-crystal between 1,4-dithiane and iodoform)

In pyridine- - -X-C interactions, the C — X moiety is roughly coplanar with
the pyridine and the two C-N---X angles are approximately 120° [129, 143,
144]. The same holds for other nitrogen heteroaromatics (e.g. pyrazine,
quinoline, etc.) [145-147]. A carbonyl group pins the donors after a trigonal
planar geometry and works either as a mono- [148, 149] or bidentate XB ac-
ceptor [150]. Sulfoxides behave similarly [151, 152] and imines form XB along
the expected axis of the lone pair [153].

3
Halogen-Bonded Supramolecular Architectures

After considering the atomic and molecular characteristics determining the
properties of the XB given by a halocarbon and its partner, let’s focus on the
potential of this interaction in relating the geometries of the starting modules
with the geometries of the supramolecular architectures that the halocarbon
and its partner give rise to. The attention will be focussed on some prototype
topologies in order to show the XB effectiveness in bridging molecular and
supramolecular topologies and to formulate some basic concepts in XB-based
molecular tectonics. The key starting points are the remarkable strength and
the particularly high directionality (both on the donor and on the acceptor
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partners) of the XB. These features give a substantial contribution to the reli-
ability of XB-based crystal engineering and allow a precise structural control
of the formation of the supramolecular aggregates to be obtained whenever
reliable tectons are used.

3.1
1D Architectures

As discussed above, XBs tend to be linear, namely to be formed along the
C—-X bond axis on the XB donor module and along the lone pair axis of
the heteroatom on the XB acceptor module. The angles between these axes
determine the halogen-bonded adducts geometry.

For instance, pyramidal tetramers are formed when a pyramidal and tri-
dentate XB donor interacts with a monodentate XB acceptor (e.g. the ad-
ducts CHIs/isoquinoline [32] and CHBrs/tris(tetrakis(4-nitrophenyl)me-
thane) [154]). According to the same geometric paradigm, linear trimers are
formed when a linear and bidentate XB donor interacts with a monoden-
tate XB acceptor (e.g. the adducts 1,4-DITFB/Ph4P*Cl", 1,4-DITFB/Ph4P*Br~
[155], 1,4-di(2-iodoethinyl)-2,5-dimethylbenzene/bis(tetrathiafulvalenium)*
Cl~ [83]) and when a monodentate XB donor interacts with a linear and
bidentate XB acceptor (e.g. the adduct C¢FsI/(Me;N)3STF~ [156]).

When both the donor and the acceptor modules are bidentate, infinite
chain (1D polymers) are formed. The simplest case is when the axes of the
donor and acceptor sites are parallel and coaxial so that linear polymers are
formed. This is the case in the homopolymers formed by bidentate and self-
complementary tectons (e.g. 4-iodopyridine [157], 4-iodobenzonitrile [71,
72], halocyanoacetylenes [70]) and in the co-polymers formed when dihalo-
carbons interact with dinitrogen, or dioxygen, substituted hydrocarbons (e.g.
the systems formed when 1,4-DITFB, or 1,4-DIB, interact with 4,4'-BPY [50],
when 1,4-dinitrobenzene interacts with 1,4-DIB [158-162]!, and when 1,4-
DITFB interacts with DABCO [163]) (Fig. 7).

Weaker XBs usually result in less linear geometries and this accounts
for the waved geometry in the copolymer given by 1,4-DITFB with 1,4-
dicyano,2,3,5,6-tetramethylbenzene [123] and for the reduced linearity of
the homopolymer given by 4-bromobenzonitrile compared to 4-iodobenzo-
nitrile [71].

Stepped infinite chain are formed when the binding sites, while remaining
parallel, are no more collinear, but are translated from each other. Examples
are the homopolymer given by 4'-bromo-2,3',5,6'-tetrafluorostilbazole [163]
and the copolymers obtained starting from bidentate XB donors having
collinear sites, and XB acceptors with translated sites (e.g. the adducts 1,4-
DITFB/BPE, 1,4-dibromotetrafluorobenzene (1,4-DBTFB)/BPE [49, 50], 1,4-

1 M. Bolte, private communication, CCDC structure reference code ISTHUN)
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Fig.7 Linear 1D infinite chains formed on self-assembly of bidentate and self-
complementary modules where donor and acceptor sites axes are parallel and coaxial (A),
of bidentate donor and acceptor modules where donor and acceptor sites axes are paral-
lel and coaxial (B), or are parallel and translated from each other in the XB donor (C) or
acceptor (D) module, respectively

DITFB/1,4-bis(N,N-dimethylamino)benzene [64], diiodobutadiyne/dicyano
and diiodobutadiyne/dipyridyl derivatives [80, 81]). Similarly, the stepped in-
finite chains geometry is obtained when XB acceptor tectons with collinear
sites interact with stepped XB donors. Examples are the chains formed by TIE
(e.g. with phenazine [129]), by (E)-1,2-diiododifluoroethene (e.g. with 1,4-
BPY [164]), and by a,w-diiodoperfluoroalkanes, or their dibromo analogues
(e.g. with 1,4-BPY, pyrazine and its derivatives) wherein the perfluoroalkyl
chain typically adopts a trans conformation along the carbon chain [124,
165-167]. Stepped 1D networks are generated also on self-assembly of tec-
tons, both of which have parallel and translated binding sites (e.g. a,w-
dicyanoalkanes/a,w-diiodoperfluoroalkane adducts [168] and TMEDA/(E)-
1,2-diiododifluoroethene adduct [164]).

When the binding sites axes on starting modules are not parallel but form
an angle, the resulting self-assembled chains assume a herringbone arrange-
ment, the angles along the chain corresponding to the angles of binding sites
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Fig.8 Herringbone 1D infinite chains formed on self-assembly of bidentate donor and ac-
ceptor modules wherein acceptor sites axes are parallel and coaxial and donor sites axes
are angled

axes in starting modules. For instance, this happens when a linear module
interacts with an angled partner, as is the case of 4,4-BPY interacting with
1,3-DBTFB (angle 120°), 1,2-DBTFB (angle 60°) [49] or the corresponding
diiodo analogues [169, 170]) (Fig. 8).

Zig-zag chains are also obtained starting from many other neutral
tectons wherein the donor and/or acceptor sites have an angled geom-
etry, e.g. (Z)-diazaalkenes [171]3, phosphine oxides [79], carbonyl [150],
phosphoramidyl [124,139], and sulfinyl [151] sites, tetrahedral molecules
that work as bidentate modules (e.g. the adducts CBry/DABCO [172],

2 A.L. Spek, private communication, CCDC structure reference code FEGYARO1
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CBr4/N,N,N’,N’-tetramethyl-p-phenylendiamine [134], CBry/4,4’-bis(N,N-
dimethylaminophenyl)methane [134], CHBr3/HMTA [173], CHBr3/1,4-di-
methoxybenzene [134], 1,4-DITFB/TMEDA3, and other systems [64, 134, 147,
174-177]).

When halide anions are used as electron donors, they frequently work
as bidentate modules with either linear or angled geometries. Thus, on
interaction with bidentate XB donors, linear [83,178,179] or herringbone
chains [57, 90, 92, 155, 180-185] are formed.

When the binding sites are conveniently pre-organized on the start-
ing modules, topologies that recall 1D infinite chains are formed, also
starting from polydentate modules. This is the case, for instance, of the
ribbons [186, 187] given by a tetradentate module (where m-7 interactions
point the four arms two by two to opposite sides of the core), and the nanopil-
lars [188] given by an hexadentate module (where a phosphazene scaffold
directs the six pendants three by three to the opposite sides of the phosp-
hazene ring). In both cases a linear bidentate partner works as connector
of the polydentate modules and translates the polydentate module geometry
into the supramolecular architecture geometry.

3.2
2D Architectures

When one, or both, the interactive modules are tridentate, bidimensional
(2D) architectures can be formed. A frequently recurring pattern is the (6,3)
network (honeycomb structure), which is sometimes formed when onium
halides self-assemble with dihalocarbons. Halide anions work as tridentate
XB acceptors and occupy the nodes while the dihalocarbons work as biden-
tate XB donors and form the sides that space the nodes. Such architectures are
present in the co-crystals 1,4-DITFB/PhsP*Br~, 1,4-DITFB/MesN*I~ [155],
and o,w-diiodoperfluoroalkanes/K.2.2.2.CKI [128, 189]. The less planar the
trigonal arrangement around the nodes, the more corrugated the honeycomb
structure (Fig. 9).

The same (6,3) topology can be formed on self-assembly of tridentate
XB donors with tridentate XB acceptors. After this self-assembly paradigm,
the complementary partners alternate at the nodes of the 2D architec-
ture. Examples are the co-crystals CHI3;/HMTA [190], CHI3/PhsP*Cl™ [183],
CHI3/BnMe3;N*tI~ [191], CBry/n-BugsN*tBr~ [192], and CBrs/n-BuyN*tSCN-
[134]. In these structures the halomethane molecules obviously have a tetra-
hedral geometry and the XB linearity translates the pyramidal arrangement
of these tectons, which sit at the nodes of the network, into the corrugation of
the honeycomb structure (Fig. 10).

3 M. Bolte, private communication, CCDC structure reference code QIHCOZ01
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Fig.9 Honeycomb-like architectures formed on self-assembly of halide anions (which
work as tridentate XB acceptors and sit at the networks nodes) with 1,4-DITFB (which
works as bidentate donor and forms network sides) (A). The angles formed by the XBs
around the halide anions determine the corrugation of the honeycomb architecture,
a more planar arrangement around the halide anions (as is the case of the iodide an-
ions in adduct 1,4-DITFB/MesP*I~ (B) with respect to the bromide anions in adduct
1,4-DITFB/PhyP*Br~ (C)) results in a less corrugated honeycomb architecture

The self-assembly of tridentate modules with bi- or tridentate partners
may afford architectures other than the (6.3) nets described above. For
instance, in the co-crystal 1,4-DITFB/PhsP*I" the iodide anions work as
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Fig. 10 Honeycomb-like architectures formed on self-assembly of tridentate XB donors
with tridentate XB acceptors

T-shaped tridentate nodes, the diiodobenzenes as linear bidentate modules
that space the nodes and ribbons compounded of consecutive rectangles
are formed [155] (Fig.11). A similar topology is present in the co-crystal
CBr4/PhyP*Br~ where bromide anions and carbon tetrabromide both work as
tridentate notes that alternate in the ribbon [121].

The overall crystal packing of both the 1D and the 2D networks described
above frequently present a layered structure wherein cationic layers alternate
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Fig. 11 Ladder-type architecture formed by self-assembly of a tridentate module (I") with
a bidentate module (1,4-DITFB)

with layers formed by the halogen-bonded supramolecular anions [83, 128,
155, 156, 178, 189, 193] (Fig. 12).

The layer thickness usually depends on the compounding module’s size
and an accurate metric engineering can be done according to which the
length of starting module determines the thickness of the layer. This holds for
self-assembled architectures wherein the XB acceptor is both an anionic [189]
(Fig. 13) and a neutral tecton [168].

3.3
3D Architectures

When one, or both, of the interactive modules are tetradentate, bi- or
tridimensional (3D) architectures can be formed. An example of 2D archi-
tecture is the (4,4) network present in the complex diiodoacetylene/PhyP*
Cl” (and the analogous complexes formed by bromide or iodide an-
ions) [194] as well as in the complex 1,6-diiodoperfluorohexane/tetrakis(4-
pyridyl)pentaerythritol [195]. In all these complexes, the XB acceptor works
as the tetradentate tecton sitting at the node of the network and the
XB donor works as the linear bidentate module that spaces the nodes.
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Fig. 12 Examples of layered crystal packing wherein cationic layers alternate with anionic
halogen-bonded layers

From a topological point of view, the homocrystal of 1,3-di(4-pyridyl)-2,4-
di(4-iodiotetrafluorophenyl)cyclobutane, which is a self-complementary and
tetradentate module, also presents a (4,4) net [176].

An example of 3D architecture is the adamantanoid network that is formed
after various self-assembly protocols. This network is in fact present in the



Halogen Bonding in Crystal Engineering 127

I-(CF,CF;)-I
Height: 9.638 A reSereteretere® & € &Y,
I-(CF,CF5)o-I
Height: 10.207 A
I-(CF,CFy)4-

Height: 12.384 A

I-(CF,CFy),I

Height: 15529 A

Fig.13 Self-assembled architectures wherein the XB acceptor is I” and the donors are
differently sized o,w-diiodoperfluoroalkanes. The layer thickness depends on the size of
the XB donor module, thus allowing an accurate metric engineering of the layers to be
realized

homocrystal of self-complementary tetradentate modules (e.g. 4,4’-diiodo-
4,4 -dinitrotetraphenylmethane [196], and in a variety of co-crystals)
(Fig. 14).

For instance, adamantanoid architectures are formed on the self-assembly
of tetradentate XB donors with tetradentate XB acceptors, both the com-
plementary tectons alternating at the nodes of the network (this is the
case in the complex CBry/Et4N*Cl~ and its bromide and iodide ana-
logues [192], in the complex tetrakis(4-pyridyl)pentaerythritol/tetrakis(4-
iodiotetrafluorophenyl)pentaerythritol [195], and in other systems [197]).
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Fig.14 Different adamantanoid architectures formed on self-assembly of: A a self-
complementary tetradentate module; B a tetradentate XB acceptor and a bidentate XB
donor; C a tetradentate XB acceptor and a tetradentate XB donor

Adamantanoid architectures are formed also on the self-assembly of tetraden-
tate XB acceptors, that sit at the nodes, with bidentate XB donors, that work
as nodes spacers (e.g. in the complex 1,4-diiodooctafluorobutane/tetrakis(4-
pyridyl)pentaerythritol [195]).

The halogen-bonded 2D and 3D networks described above frequently
present large meshes. As is the case for similarly sized networks, which are
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assembled thanks to hydrogen bonding or other interactions [198-202], the
empty space potentially present in the overall crystal packing is filled by sol-
vent molecules or through interpenetration [189, 195,196]. The XB role and
potential with respect to these phenomena of the overall crystal packing still
have to be established.

4
Conclusions

It has been shown how the XB is a specific, directional, and strong inter-
action that can be successfully employed as a general protocol to drive the
self-assembly of a wide diversity of molecular modules.

Paraphrasing Corey’s historic definition of synthon [203], Desiraju defined
a supramolecular synthon as a structural unit within a supermolecule that
can be formed or assembled by known or conceivable synthetic operations
involving intermolecular interactions [204]. The robustness of the XB has
allowed several supramolecular synthons based on this interaction to be iden-
tified and some examples have been presented in this chapter.

According to Wuest’s definition [205, 206], a tecton is a molecule that in-
teracts with its neighbours in strong and well-defined ways, as it inherently
possesses the molecular structure and intermolecular recognition features
to predictably self-assemble into crystalline networks. Iodine atoms, and to
a lesser extent bromine atoms, can be used to build up reliable tectons.
In fact, whenever the electropositive crown present in the polar region of
these halogens is incremented by electron-withdrawing neighbouring groups,
these halogens effectively work as “sticky sites” that direct molecular asso-
ciation. Several cases of such XB-based tectons have been discussed above.
Thanks to this potential in identifying and designing supramolecular syn-
thons and tectons, the XB can be considered as a new paradigm in supra-
molecular chemistry. Halocarbons work as effective XB-based tectons for
the construction of a wide and predictable diversity of architectures. Using
fancier words, it can be stated that halocarbons are the blocks for the con-
struction of an XB-based Legoland. While XB-based crystal engineering is
still in its infancy, the growing interest in the field promises remarkable future
advancements.

The ability of XB to control recognition, self-organization, and self-
assembly processes in the different phases of matter is clearly emerging in the
literature. This chapter focusses on self-assembly in the solid phase, while the
chapters of B. Duncan and A. Legon (in this volume) deal with the liquid crys-
talline phase and gas phase, respectively. Relatively few papers are reported
in the literature on self-assembly processes in solution [66-68, 207, 208]. Sev-
eral analytical techniques have been used to detect XB formation, to define its
nature, to establish its energetic and geometric characteristics, and to reveal
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the striking similarities between XB and HB (e.g. IR and Raman spectro-
scopies [209-213], '°F [67, 68, 213-215], 1N [67], 'H [216-220] and !*C [57,
221,222] NMR spectroscopies, NQR [223, 224], ESR [225], XPS [226], UV-vis
spectroscopy [66, 134, 171, 227, 228], dielectric polarization [229-234], calori-
metric analysis [235], GC analysis [236,237], vapour phase pressure [238,
239]). All these techniques consistently prove the existence and the relevance
of XB also in solution, but an XB-based supramolecular chemistry in the
liquid phase still remains to be fully developed.
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Abstract The spectral characteristics and thermodynamics for the formation of inter-
molecular complexes of dihalogens, halocarbons, and halide anions with various organic
(aromatic and olefinic) w-receptors show their direct relationship to the more tradi-
tional donor/acceptor complexes. The unified Mulliken dependence indicates the com-
mon (charge-transfer) origin of the long-distance m-bonding of the halogen centers.
X-ray structural analyses of the molecular complexes of various arene donors with di-
halogen (X;) and halocarbon (XR) acceptors reveal that such non-covalent interactions
are characterized mostly by over-the-rim halogen coordination, with the intermolecular
halogen-carbon contacts shortened by about 0.3-0.4 A relative to the sum of the van
der Waals radii. The location of dihalogen and halocarbon acceptors generally follow the
position of highest electron density on the aromatic ring, and the X-X or X-R bonds
are directed perpendicular to the aromatic planes. Likewise, the structural arrangements
of the halide donors in the molecular complexes with cyano-substituted arenes (by and
large) follow the LUMO shape of the aromatic acceptor. Such long-distance w-bondings
are attributed to the presence of multiple (close-lying) local energy minima, so that the
donor/acceptor arrangements are rather easily modulated by external forces.
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1
Introduction

The direct intermolecular (non-covalent) interaction involving a halogen cen-
ter represents an important example of long-distance bonding [1-4] (see also
the chapter by Legon in this volume). Indeed, in the solid-state the interac-
tions of halogen-based (electron-density) acceptors with various organic and
inorganic donors are recognized as a powerful motif for the supramolecu-
lar design of non-linear optical materials and even pharmaceutical drugs -
and also for the control of solid-state reactivity, chiral resolution, etc. [5-11].
On the other hand, solution studies have shown that such interactions are
critical for the reactivity of halogenated derivatives [1,12-14] and in mo-
lecular recognition [15,16]. Halogen interactions also play important roles
in biochemical systems [17]. As such, the quantitative characterization of
halogen bonding (this generic term is usually reserved for systems involving
halogen-based electron acceptors [18, 19])!; and in general, the non-covalent
interactions involving halogen centers are of prime importance for chemical
fundamentals and for a variety of applications in crystal engineering, in bio-
chemistry, and in organic synthesis.

Most of the recent studies of halogen bonding have concentrated on
the structural features of solid-state complexes with n-type (electron)
donors [2,20-22]. By comparison, the nature and properties of the w-mode
for halogen-centered interactions is much less explored, in spite of their cru-
cial role in the molecular reactivity of aromatic and olefinic compounds, as
well as in their synthetic prospects for the development of m-receptors and
other applications [1,12-14,23-25] (see also the chapter by Legon in this
volume). Accordingly, this chapter is focused on the long-distance interac-
tions of halogen centers with organic (olefinic and aromatic) m-receptors.
In particular, two basic types of complexes are considered: (i) associates be-
tween dihalogens as well as halocarbon acceptors with organic nt-donors, and
(ii) associates of halide anions with organic m-acceptors.

It is important to recognize that the intermolecular long-distance bond-
ing with the participation of halogen derivatives represents a specific ex-
ample of the broad general area of donor/acceptor interactions. Moreover,
the complexes of molecular iodine, bromine and chlorine with aromatic
donors represent classic examples of charge-transfer compounds [26-28] that
are vital for the development of Mulliken theory of intermolecular associ-
ation [29-31]. The latter thus provides the convenient framework for the

! For a discussion on usage of the term halogen bonding, see [18,19].
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consideration of the electronic spectra, the structures, and the energetics
of intermolecular complexes of halogen derivatives; and most importantly,
these facets provide significant insight into the electronic nature of halogen
donor/acceptor interactions and the reactivity of halogen derivatives.

Accordingly, this chapter begins with a description of the diagnostic fea-
tures of donor/acceptor associates, as shown by their distinctive charge-
transfer absorption bands with the transition energies that are closely cor-
related with the redox potentials, i.e., the ionization potential and electron
affinity of the donor and acceptor, respectively [29-31]. The spectral char-
acterization of the 1:1 complexes formed in solution is followed by the
structural elucidation of the corresponding associates in the solid-state. (For
a review of gas-phase studies, see [1] and chapter by Legon in this volume).
In order to avoid obfuscation of the relatively weak long-distance halogen
interactions by electrostatics, metal-ion induced effects, etc., principal atten-
tion in this work is paid to various halogen complexes with neutral organic
(donor/acceptor) m-receptors. Notably, our consideration is focused on the
experimental (spectral, structural, thermodynamics) data as well as their
implications on the nature and properties of halogen interactions. The high-
level quantum mechanical computations (see e.g., [32-38]) of such bondings
are beyond the scope of this review.

2
Electronic Spectroscopy and Thermodynamics
of Donor/Acceptor Interactions with Halogen Derivatives

2.1
Dihalogen Complexes with Arenes and Alkenes

The (UV-Vis) spectroscopic detection of the interaction of dihalogen accep-
tors with aromatic m-donors was one of the first studies of intermolecular
donor/acceptor complexes. Indeed, more than 50 years ago, Benesi and Hilde-
brand published their seminal work describing the distinct spectral (UV-Vis)
changes that accompany the spontaneous complexation of various aromatic
hydrocarbons (ArH) with diiodine in non-polar solvents such as CCly, CsH14,
etc. [39]. Shortly thereafter, these studies were extended to include dibromine,
dichlorine and interhalogen acceptors [26-28, 40]. For example, when pure
benzene is added incrementally in small amounts to a 5mM solution of
dibromine in carbon tetrachloride, the red-brown color changes almost im-
perceptibly. However, inspection of the UV-Vis spectrum readily reveals the
progressive growth of a new absorption band at Apax = 285 nm (Fig. 1), while
the “local” band of the dibromine moiety is essentially unchanged relative to
the absorption of free dibromine, as shown by the series of invariant spectra
at A > 350 nm [41].
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Fig.1 Progressive growth of the charge-transfer band (Act = 285 nm) attendant upon the
incremental addition of benzene (from 2:1 to 40: 1 ratio) to 5 mM solution of dibromine
in carbon tetrachloride. From [41]

The additions of other (polycyclic) aromatic donors to solutions of dichlo-
rine, dibromine or diiodine afford similar new bands, which show significant
red shifts with increasing strength of the arene donor. For example, the ab-
sorption maximum of the dibromine complexes varies from 280 nm (with
chlorobenzene) to 369 nm (with hexamethylbenzene); and similar variations
of the new absorption maxima are observed with diiodine complexes (Fig. 2).

The quantitative (Benesi-Hildebrand) treatment of the spectral data in-
dicated that the equilibrium constants Kpa for the formation of these inter-
molecular (1:1) complexes:

Kpa

ArH + X, = [ArH, X3], (1)

are typically rather small with: Kpy <3M™! for X; =1, Bry, and Cl, or
the interhalogens, and the extinction coefficients of these complexes are of
the order of ecy ~ 10* M~! cm™! [26-28]. Furthermore, the temperature de-
pendence of the equilibrium constant affords the enthalpy of the complex
formation of AHpa ~ - 3 to - 5 kcal M~! [26-28].

The dihalogen complexes with olefin donors were first identified spectro-
scopically in the mid-1960s [42-45] and extensive experimental and compu-
tational studies have been carried out by Chiappe, Lenoir and coworkers in
recent years [46-48]. These systems are highly unstable, since the complexation
of dihalogens with olefins is followed rapidly by the formation of ionic inter-
mediates and further chemical transformations. Therefore, attention in the
corresponding work has mostly focused on hindered olefins, although the spec-
tral characteristics of complexes with less sterically crowded and alkyl- as well
as chloro-substituted and cyclic olefins are also reported [44]. The absorption
maxima for the dihalogen complexes with olefins (evaluated by the subtraction
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Fig.2 Electronic spectra of the carbon tetrachloride solutions of diiodine attendant upon
addition of excess amounts of benzene (Act =285 nm), mesitylene (Acr =327 nm) and
hexamethylbenzene (Act =369 nm) with the charge-transfer band showing significant
red-shifts with increasing strength of the aromatic donors

of the spectra of the separate components from the spectrum of the mixture)
are found to lie mostly in the range Acr ~ 260-300 nm, with the extinction
coefficients varying between ect = 2000 and 5000 M cm™! [44-48].

2.2
Complexes with Halocarbon Acceptors

In contrast to the dihalogens, there are only a few spectral studies of com-
plex formation of halocarbon acceptors in solution. Indeed, the appear-
ance of new absorption bands is observed in the tetrabromomethane solu-
tions with diazabicyclooctene [49, 50] and with halide anions [5]. The for-
mation of tetrachloromethane complexes with aromatic donors has been
suggested without definitive spectral characterization [51, 52]. Moreover, re-
cent spectral measurements of the intermolecular interactions of CBry or
CHBr; with alkyl-, amino- and methoxy-substituted benzenes and poly-
cyclic aromatic donors reveal the appearance of new absorption bands only
in the case of the strongest donors, viz. Acr = 380 nm with tetramethyl-p-
phenylendiamine (TMPD) and Acr = 300 nm with 9,10-dimethoxy-1,4: 5,8-

/N\ /O

TMPD DMA
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dimethano-1,2,3,4,5,6,7,8-octahydroanthracene (DMA) are examples where
distinct bands are observed [53].

No new absorption bands are observed in other cases, largely due to
the fact that the strong absorptions of the aromatic donors obstruct the
UV-spectral measurements. For the complex between CBry and TMPD, the
quantitative analyses of the temperature and concentration-dependent ab-
sorptions of the new band at 380 nm afford the extinction coefficient of
ect = 3.2 x 10> M~ cm™!, as well as the thermodynamic parameters for com-
plex formation: AH =-4.5kcalM™!, AS=-14e.u., and Kpp =03M! at
295 K. Such thermodynamic characteristics are similar to those of the dihalo-
gen complexes of as well as those of other acceptors with aromatic donors.
Similar results are also obtained for CBry associates with halide and thio-
cyanide anions [5, 53].

23
Complexes of Halide Anions with Aromatic and Olefinic n-Acceptors

Although non-covalent interactions of anions are one of the most actively ex-
plored areas of supramolecular chemistry [15], the anion sensing and recog-
nition have up to now relied primarily on electrostatic binding or hydrogen
bonding to the receptor [16, 54-61]. However, recent UV-Vis and NMR spec-
tral studies clearly reveal that complex formation takes place in the solutions
between halides and neutral olefinic and aromatic w-acceptors such as those
in Fig. 3 [23, 62].

NO,
NC CN NC. _N._CN
X L
NC CN O,N NO, NC~ N~ “CN
TCB TNB TCP
o Cl
Cl Cl Cl 0O NC CN
cl ol ol o NC "CN
(¢ Cl
p-CA 0-CA TCNE

Fig.3 m-acceptors and their identification

Solutions of the alkylammonium salts of Cl-, Br~, I in acetonitrile show no
visible absorptions beyond 300 nm. The aromatic m-acceptor, tetracyanopy-
razine (TCP) is characterized by strong absorptions in the 220-300 nm range
and a shoulder at 350 nm. However, the electronic spectrum of a mixture of
the bromide salt and TCP reveals a new absorption band at Acr = 400 nm
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Fig.4 Spectral changes upon incremental additions of PryN*Br~ (from 0 to 208 mM) to
the 5mM solution of TCP in acetonitrile showing the appearance of the new charge-
transfer band at Act = 400 nm. Insert: deconvolution of the 400-nm band into two Gaus-
sian components [23]

(Fig. 4) related to the 1:1 complex [Br~/TCP] [23]. Additions of chloride or
iodide salts to the same acceptor also result in the immediate appearance of
new absorptions characteristic of the donor/acceptor complexes. Importantly,
the band maxima are red-shifted in [I7/TCP] and blue-shifted in [Cl~/TCP]
relative to that in [Br~/TCP].

In a similar way, the formation of halide complexes with other m-acceptors
in Fig. 3 are revealed by the appearance of new absorption bands in the
electronic spectra to reflect the yellow to red colorations of the mixtures.
The spectral data thus indicate that halide salts form well-defined electron
donor/acceptor complexes with organic m-acceptors, as typified by Eq. 2:

Kpa
Br~ + TCP = [Br~, TCP]. (2)

Table1 Formation constant and spectral characteristics of bromide (charge-transfer)
complexes with various acceptors?®

Acceptor AcT ecr Kpa
[nm] M cm™] M]

TCB 355 625 0.8
p-CA 460 1450 1.5
TNB 360 1400 1.0
TCNE 465 5600 8
TCP 400 3900 7
CBry 292 10000 2.8

2 PryN*Br~ salt, acetonitrile solution, 22 °C (data from [23, 53])
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Quantitative analysis of the absorption intensity affords values of the forma-
tion constants (Kps) and extinction coefficients (ecr) listed in Table 1 for
comparison with the corresponding characteristics of the bromide complexes
with tetrabromomethane.

24
Unified Mulliken Correlations of Donor/Acceptor Complexes
with Halogen Derivatives

According to Mulliken [29-31], the donor/acceptor associates such as those in
Eqgs 1 and 2, are described via the ground-state (¥gs) and excited-state (Egs)
wave functions expressed as the combination of the principal non-bonded
van der Waals (¥p a) and dative (Yp+5-) states:

Ugs =a ypa +b Ypra- (3a)
Ygs =b ¥pa —a Yp+a-, (3b)

and the energies of ground and excited states Egs and Egs are:

5 1/2
Egs, gs = (Epa + Ep+a-) /2% ((ED+A- -Epa)” + 4H123A> /2, (4)

where Epa = [ YpaH ¥pa and Ep+a- = [ Yp+a-H Yp+s- represent the en-
ergies of the van der Waals and dative states, respectively, and Hpp =
J ¥p,aH Yp+a- represents the electronic coupling matrix element. The optical
(charge-transfer) transition is related to electron promotion from the ground
to the excited state:

5 1/2
hvcr = Egs — Egs = ((ED+A— - ED,A) + 4H12)A> . (5)

In a series of structurally related donors with the same acceptor, or the same
donor with various acceptors, the electronic coupling element (Hpa) as de-
termined mostly by orbital overlap, are usually rather invariant. As such, the
changes of the absorption energy in such a series are determined mainly by
differences in the energy gap (Ep+a- — Ep,a) related to the donor/acceptor
properties (i.e., HOMO/LUMO energies). In solution, these properties are
quantitatively evaluated as the oxidation and reduction potentials, EJ, and
E] ;> respectively, to represent the conversion energy of the donor to its
cation-radical, and the acceptor to its anion-radical. The gas-phase mea-
sures of the ionization potential (IP) and electron affinities (EA) represent
alternative and closely related measures of donor and acceptor strengths, re-
spectively [63, 64]. Equation 5 thus predicts an essentially linear relationship
between the absorption energy for the series of associates involving the same
acceptor on the oxidation (or ionization) potential of the donors. Likewise, in
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the series of complexes of the same donor, the linear dependence of the tran-
sition energy will be observed as a linear function of the reduction potential
of the acceptor.

Indeed, the charge-transfer absorption energies of dibromine complexes
with various arenes [65] and alkenes [45] both show clear correlations with
the ionization potentials of various donors (Fig. 5).

Bromocarbons are weak acceptors, as typically revealed by cyclic voltam-
metric measurements of tetrabromomethane and bromoform with reduction
waves at — 0.96 and - 1.5V vs. SCE, respectively, in dichloromethane solu-
tion [5, 53]. As such, the electronic absorptions of their complexes with most
arene and alkene donors are expected to lie in the far-UV region, where
they are overshadowed by strong donor absorptions. Therefore among aro-
matic donors, the charge-transfer bands with the CBry acceptor have been
unambiguously identified only with TMPD and DMA, since these are char-
acterized by strong donor strengths with E°* = 0.12 and 1.11 V, respectively,
in combination with their rather high-energy absorptions. By comparison,
the absorption band of the CBry complexes with halides are relatively easy
to identify owing to the spectral transparency of these anions at A > 250 nm,
combined with the good donor properties of iodide, bromide and chloride
that show CV oxidation waves at 0.42, 0.96, and 1.5V, respectively [53]. Most
important, however, is that the clear Mulliken correlations were unambigu-
ously demonstrated in the series of CBry associates with different donors,
as well as in the series of bromide and iodide complexes with various ac-
ceptors [53]. Such correlations confirm the charge-transfer character of the
bromocarbon complexes with various donors and their close relationship to
the associates with other organic acceptors, as well as the same character as
halide complexes.

A
40 -
Bry/Arenes (s)
i
mo 35 ,
2
-
S
< 30 Bry/Alkenes (»)
¢ L 4
25
7.5 8.5 9.5 10.5

IP, eV

Fig.5 Mulliken dependence of the charge-transfer energy in the series of dibromine com-
plexes with alkyl and chloro-substituted arenes and alkene donors (data from [45, 65])
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3
Structural Features of Donor/Acceptor Complexes with Halogen Derivatives

3.1
Complexes of Dihalogen Acceptors with Aromatic and Olefinic s-Donors

In spite of the numerous spectral observations of complex formation between
aromatic and olefinic donors with the dihalogens, the preparations of the
corresponding crystalline complexes have been hindered by their enhanced
reactivity (as well as the relatively weak bonding). As such, only few examples
of the X-ray structural characterization of the corresponding intermolecular
associates are reported, the most notable exception being the dibromine com-
plex with benzene.

According to the earlier X-ray studies of Hassel and Stremme [66, 67], the
structure of the isomorphous complexes of dichlorine and dibromine with
benzene (measured at 183 K and ~ 230 K, respectively) are characterized by
the symmetrical location of the halogen molecules along the sixfold axis of
the aromatic ring to form infinite --- Ar---Br—Br---Ar---Br—Br---Ar---
chains. However, recent X-ray measurements [68] of the Bry/benzene system
at lower temperatures (123 K) reveals the less symmetric arrangement of the
dihalogen, and a phase transition at 203 K that led to the diffraction pattern
originally reported by Hassel and Stremme. In the precise low-temperature
structure, the bromine atoms are positioned over the rim of the benzene
ring (Fig. 6) and oriented nearly perpendicular to the aromatic planes (with
the slight deviation « of typically less than 8°). Furthermore, a pair of di-
bromines is coordinated to each benzene ring from opposite sides in the
meta-positions, which are known to be relatively more electron-rich in arenes
with acceptor substituents.

The X-ray structure of the dibromine complex with toluene (measured at
123 K) is more complicated, and shows multiple crystallographically inde-
pendent donor/acceptor moieties [68]. Most important, however, is the fact
that in all cases the acceptor shows an over-the-rim location that is simi-
lar to that in the benzene complex. In both systems, the acceptor is shifted
by ~ 1.4 A from the main symmetry axis, the shortest Br- - - C distances of
~ 3.1 A being significantly less than the sum of the van der Waals radii of
3.55 A [20]. Furthermore, the calculated hapticity in the benzene/Br, com-
plex (n = 1.52) is midway between the “over-atom” (1 = 1.0) and “over-bond”
(n = 2.0) coordination. In the toluene complex, the latter varies from 1 = 1.70
to 1.86 (in four non-equivalent coordination modes) and thus lies closer to
the “over-bond” coordination model. Moreover, the “over-bond” bromine is
remarkably shifted toward the ortho- and para-carbons that correspond to
the positions of highest electron density (and lead to the transition states
for electrophilic aromatic bromination [12]). Such an experimental location
of bromine is in good agreement with the results of high level theoretical
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BriA

Fig.6 Molecular structure of the Br, complex with benzene (from [68])

calculations, which consistently favor both over-atom and over-bond (i.e.,
n'- and n%-) coordinations without a significant energy barrier between
them [69-74].

The only reported X-ray structure of a m-bonded diiodine exists in the
I,/coronene associate [75], which shows the I, to be located symmetrically
between the aromatic planes and to form infinite donor/acceptor chains.
n2-Coordination of diiodine over the outer ring in this associate is similar to
that observed in the bromine/arene complexes (vide supra), and the I — C sep-
aration of 3.20 A is also significantly contracted relative to the sum of their
van der Waals radii [75]. For the highly reactive dichlorine, only X-ray struc-
tures of its associates are observed with the n-type coordination to oxygen of
1,4-dioxane [76], and to the chlorinated fullerene [77].

It is should be noted that high reactivity precludes the X-ray structural
characterization of the m-complexes between dihalogens and olefinic accep-
tors. Indeed, quantum mechanical calculation of the interaction between

@

e

LA )
’ .
’ A}

Fig.7 Molecular structure of adamantylideneadamantane bromonium, as its salt with
Brs~ counterion (Rosokha et al. unpublished results)
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dibromine and ethylene leads to T-shaped structures with C,, symmetry,
with a separation of about 3.0 A between the bromine atom and center of
the double C—C bond [13,14]. However, the low-temperature interaction
of bromine with highly sterically encumbered adamantylideneadamantane
in dichloromethane results in the (reversible) formation of the crystalline
adamantylideneadamantane bromonium adduct shown in Fig. 7 (as the salt
with Br;~ [78] or Brs~, Rosokha et al. unpublished results) with elongated
Br — C bonds of about 2.1-2.2 A.

3.2
Complexes of Polyhalogenated Methanes with n-Donors

The Cambridge Structural Database [79] contains numerous examples of
close contacts of at least 0.2 A shorter than the sum of the van der Waals
radii that exist between aromatic or olefinic donors and the halogen atoms
of the halocarbon derivatives - especially in dichloromethane and chlo-
roform solvates. However, most of the structures involve metal-ion com-
plexes or charged species, in which the intrinsic features of the halogen
n-bonding might be obscured by electrostatics, hydrogen bonding, crystal
packing and other extraneous factors. The intermolecular complexes between
a halocarbon and neutral aromatic donors are rather rare; and the structural
overview of some complexes of tetrabromomethane with various aromatic
donors [53,80-82] are summarized in Table 2.

Tetrabromomethane shows two types of w-bonding with aromatic donors
that are contrasted in Fig. 8a and b, showing over-the-rim coordination to the
aromatic C— C bond and over-the-center coordination to the benzene ring.
The over-the-rim coordination is generally similar to that observed in the
dibromine complexes but the C — Br distance in the former is longer, in agree-
ment with weaker acceptor abilities of tetrabromomethane. Note that picryl
bromide shows similar bromine coordination to the outer pyrene C — C bond
with Br — C distances of 3.35 and 3.39 A [83]. A second type of coordination
was reported earlier in the p-xylene complex [80] and recently in the associate
with dimethylnaphtalene [53].

Notably, tetrabromomethane prefers coordination to n-type donors, if
available, over the aromatic ring (and such a preference is also observed
in complexes of bromoform with p-dimethoxybenzene [53], and in di-
iodopolyfluorocarbons with TMPD or DAM donors [84]) — with the only ex-
ception being its complex with triphenylamine. In addition, the bromine sep-
arations with n-type oxygen and nitrogen centers are much shorter than the
bromine-carbon separation in w-bonded complexes, which indicates (even
with a correction for the slightly smaller van der Waals radii of nitrogen and
oxygen) stronger bonding of bromine to the former.

Spectroscopic and phase-diagram studies suggest complex formation be-
tween tetrachloromethane and chloroform with alkylbenzene donors, and
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Table2 Overview of crystal structures of CBry complexes with aromatic donors

Donor Coordination®P, Separation® C—Br---Ard
[A] [deg]

p-Xylene® Ar-center! 3.53-3.74] 179

Durenef Ar-rim! 3.26, 3.34% 163

DMN# Ar-center! 3.51-3.73) 173

OMTP#® Ar-rim ! 3.20, 3.32K 166, 175

TBAS Arrim 3.38, 3.49! 179

TPM" Ar-rim 3.4, 3.58! 179

TMPD# N 2.77 169™

DAMS® N 2.82 170™

DMAE (¢} 2.86, 2.82 173™, 174™

2 Donor atom

b Fach acceptor should have two contacts with the donor and vice versa

¢ Br---X separation

4 Angle between C— Br bond and normal to aromatic plane

¢ [80]

t 1]

& [53]

" [82]

Halogen m-bonding to benzene ring
Distances to six ring carbons
Distances to two carbon atoms
Distance from Br to aromatic plane
™ C—Br---X angle

&HQo-0o O
%QL@

TB DMN

— =

99

provide values of the enthalpy of their formation (e.g., - AH =- 3.2, 4.0 and
9.3kJM™! for complexes of CCly with benzene, toluene and p-xylene, re-
spectively) [20]. However, X-ray structural data for the associates of these
acceptors with simple arene or olefin donors are lacking, in spite of numer-
ous examples of close chlorine-carbon contacts in chlorocarbon solvates of
polycyclic, charged, or metal-complexed aromatic donors. Most frequently,
they show over-the-rim m-bonding with the more or less symmetrical ar-
rangement of the chlorine atom over the aromatic C—C bond, although
coordination over the ring center and as well as over the carbon atoms are
also available. For example, the short and almost identical separations of
3.284 and 3.296 A between a chlorine atom and the two carbon atoms of ben-
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Br(2)

Br(1A)

Br(1

ces) C7AA) CUIAA)
Q' Cl4l \ap CI6AI CI2AA) CisB) \C(3B)

e i ci28)

CISA) CI3AA) CISAA)
o - ci78)

Fig.8 Two modes: over-the-rim (a) and over-the-center (b) coordination of tetrabro-
momethane to aromatic donors (data from [53, 80])

zene is observed in the complexes of chloroform with calixarene [85]. In the
CHCl3 complex with 2,2'-dimethoxy-9,9’-biacridine, one chlorine atom is lo-
cated over the aromatic bond (with C— Cl separations of 3.25 and 3.33 A)
and another chlorine is coordinated to the carbon (with a 3.33 A separa-
tion) [86] On the other hand, coordination close to the aromatic ring center is
observed in the chloroform complex with cobalt-coordinated diphenylphos-
phinomethane (with Cl — C separations varying from 3.27 to 3.58 A) or in the
tetrachloromethane complex with dicorannulenobarrelene (with Cl - C sepa-
rations varying from 3.27 to 3.46 A) [87, 88].

Finally, a weak 7t-type halogen bonding involving a cyclopentadienyl ring
and the iodine atom of an iodofluorocarbon [89] is a rare example of a -
bonded iodocarbon derivative, in contrast to numerous examples of halogen
bonding of the latter with n-type electron donors [2, 20].

3.3
Complexes of Halide Anions with Aromatic and Olefinic n-Receptors

X-ray structural information on halide binding to neutral organic n-receptors
is limited to a few recent reports [23, 24, 62, 89-91]2. In fact, the slow diffusion
of hexane into a dichloromethane solutions of tetracyanopyrazine contain-
ing the alkylammonium salts of either chloride, bromide or iodide affords
yellow to red crystals with UV-Vis absorptions closely resembling the elec-

2 Anion-7 interaction is also recognized in halide associates with aromatic rings when the lat-
ter represents a part of the (positively charged) metal-ion complex and/or when m-bonding is
supported by hydrogen bonding.
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—_ o
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Absorbtion
o

400 600
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Fig.9 Solid-state spectra of bromide complexes with TCP (solid lines): 1 PryN*[Br",
(TCP)4], 2 (Et4N*),[(Br7),,(TCP)3], 3 BugsN*t [Br~,(TCP)4]. Note: spectra of the corres-
ponding complexes in solution are shown as gray dashed line [23]

Table 3 Solid-state characteristics of halide associates with m-acceptors®

Molar ratio X-...cb
[A]
Br~/TCP 2:3d 3.16
1:4¢ 3.15
I"/TCP 1:24 3.52
1:1f 3.49°¢
Cl-/TCP 1:4f 3.07
NCS™/TCP 1:1f 2.9511
3.288]
Br /TCNE 2:14 3.20
1:1¢ 3.11
1:1f 3.20
I-/TCB® 1:28 3.46
1:2h 3.45
Br /TCB¢ 1:2b 3.34
Br~/o-CA 1:1¢ 2.93

2 From [23] unless noted otherwise
Halide-carbon distances with closest contacts.
Note that van der Waals radii are (in A) 1.70 (C), 1.52 (0), 1.55 (N), 1.80 (S), 1.80 (Cl),
1.85 (Br), 2.1 (I) [20]

From [24]

EtyN™ salt

PryN* salt

BuyN™ salt

Na(18-crown-6)" salt

K(18-crown-6)* salt

1 C...N separation

J .- -8 separation

= - B S S - VR o)
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tronic spectra of the corresponding of 1: 1 complexes [X/TCP] measured in
solution (Fig. 9) [23].

However, X-ray analysis of these salts reveals the overall ratio of the accep-
tor to donor to vary (depending on the counterion and halide) from 4 : 1 to
1:1 (Table 3), and they show halide anions in close contact with two to four
acceptor moieties, as illustrated in Fig. 10.

B C

G#&:

Fig.10 Fragment of crystal structures of tetracyanopyrazine complexes with halides
showing coordination of anions to four, three or two acceptor moieties in BuyN*[CI",
(TCP)4] (@), Et4N*[(Br7),, (TCP)3] (b) and BusN*[I", (TCP)] (c) salts, respectively [23]

In related complexes of bromide and iodide anions with tetracyanoben-
zene, the halide anions are also surrounded by four acceptor molecules [24].
The coordination of the halides in two of these moieties is similar to that
observed in TCP complexes, i.e., the anion is arranged above (or slightly out-
side) of the ring and forms close contacts with the cyano-bearing carbons.
On the other hand, coordination with the third TCB occurs via the unsubsti-
tuted carbon, and the halide is positioned far outside the ring in this case The
fourth acceptor moiety is hydrogen-bonded to the halide (Fig. 11).

o
X

Fig.11 Fragment of the crystal structures of tetracyanobenzene/bromide complex
showing different modes of anion coordination to the acceptor moieties (coordinates
from [24])

Notably, the thiocyanide anion as a pseudohalide forms similar complexes
with the aromatic m-acceptors. Indeed, in the recently characterized complex
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with tetracyanopyrazine, the NCS™ is arranged over one side of the acceptor
moiety (Fig. 12), and the presence of very short nitrogen and sulfur con-
tacts with the cyano-bearing carbons (Table 3) indicate an especially strong
donor/acceptor bonding®.

Fig.12 Fragment of crystal structure of BuyN*[NCS~, TCP] salt showing close contact of
nitrogen and sulfur atoms with the acceptor moiety (Han et al. private communication)

In anion-T interactions with electron-deficient (neutral) aromatic m-ac-
ceptors, the halide lies preferentially over the periphery of the aromatic ring
(as illustrated in Fig. 13a) and this is apparently related to the shape of the
acceptor LUMO (presented for comparison in Fig. 13b).

A B

N O X=N[18] N
O X=CH[19]

Fig.13 a Location of the halide anions above the tetracyanopyrazine (o) and tetracyano-
benzene (OJ) nt-systems (adapted from [24]) in comparison with b the LUMO shape of the
TCP acceptor

3 Han et al. private communication. Note that the S— C distance of 3.29 A in the complex with TCP
is close to separations of 3.16, 3.24 and 3.27 A measured in the NCS™ associates with CBry [53].
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On the other hand, the over-the-center coordination in a “carousel”
copper(Il)-triazine complex (Fig. 14) [92] appears to be the result of multiple
hydrogen bonding and steric effects.

Fig.14 Fragment of crystal structure of “carousel” copper(II)-triazine complex showing
over-the-center coordination of chloride anion to a triazine (coordinates from [92])

In a similar manner, the diffusion of hexane into dichloromethane solu-
tions containing mixtures of the alkylammonium salts of bromide and the
olefinic acceptors 0-CA and TCNE result in the formation of brown-red crys-
tals [23]. X-ray analysis reveals the (1:1) complex of bromide with 0-CA, in
which the anion is located over the center of the C— C bond of the accep-
tor moiety (Fig. 15b) and Br- - -C contacts are shortened by as much as 0.6 A
relative to the sum of van der Waals radii (Table 3). In bromide complexes
with TCNE, the location of the anion relative to the acceptor is variable. In
fact, a 2: 1 complex [(Br™);,TCNE] is isolated in which both anions reside
over the olefinic bond when the tetraethylammonium salt of bromide is used.
In comparison, if the tetrapropyl- or tetrabutylammonium salts of the same
anion are employed, the (1:1) complexes [Br~,TCNE] are formed in which
the bromide donors are shifted toward the cyano substituents (Fig. 15a). In
both cases however, the short intermolecular separations that are characteris-

A B

Fig. 15 Molecular structures of bromide complexes with TCNE (a) and 0-CA (b) acceptors



X-ray Structures and Electronic Spectra of w-Halogen Complexes 155

tic of m—w bonded CT complexes [26-28] are indicative of strong anion/TCNE
interactions (Table 3).

34
Donor/Acceptor (Structural) Effects on n-Halogen Interactions

3.4.1
Intermolecular Separations Relevant to Halogen Bonding

Halogen-carbon separations in m-complexes are significantly less than the
sum of their van der Waals radii. It is notable, however, that the contrac-
tions of ~ 0.4 A relative to equilibrium van der Waals separations, which
are observed in these Br, complexes, are somewhat less than those meas-
ured earlier with various n-type donors. For example, the X: - -Br distance
contraction (relative to the corresponding equilibrium van der Waals sepa-
rations) is 0.55 A in the acetone/Br, complex (O- - -Br 2.82 A), 0.56 A in the
acetonitrile/Br, complex (N- - -Br 2.84 A), 0.57 A in the [Te,Clyo]>/Br; com-
plex (Cl---Br 3.03 A), and 0.60 A in the [Se;Brio]*/Br, complex (Br---Br
3.10 A) [41]. A similar tendency is observed in tetrabromomethane com-
plexes with m-type (aromatic) vs. n-type donors, with the former showing
contractions of up to ~ 0.3 A relative to the sum of the van der Waals radii,
while the contraction in the oxygen, nitrogen, or halide complexes reach
as much as 0.5-0.8 A. Most importantly, the shortening of the interatomic
distances within various halogen complexes apparently correlates with the
donor/acceptor strength of the components. Thus, the average C- - -Br sepa-
ration of 3.156 A in the toluene/Br, complex is somewhat shorter than that
in the benzene complex (3.18 A), as expected from the better donor strength
of toluene [63, 64]. In the carbon tetrabromide complexes with w-donors, the
separation between the bromine atom and the benzene plane is decreased
from 3.34 A in the tetrabromomethane complex with the weak p-xylene
donor to 3.21 A in the associate with the stronger durene donor, and further
to 3.14 A in the complex with OMTP (oxidation potentials for these donors
are 2.01, 1.84 and 1.75, respectively [53]. Such data provide clear indications
of the increase in the halogen-bonding strength (structurally represented as
the interatomic distance) with increasing donor/acceptor strengths that are
similar to those observed in halogen bonding with n-type donors [53].

3.4.2
Molecular Geometries of Donor/Acceptor Moieties

The C(arene)- - -Br bonding does not markedly perturbed the geometry of the
dibromine, which is rather sensitive to coordination/ polarization effects and
the bond readily elongates from 2.284 A in the non-coordinated molecule to
2.53 A in the [Br3]™ anion [41]. Indeed, the Br — Br bond lengths of 2.301(2) A
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in the benzene complex and an average of 2.302(1) A in the toluene com-
plex do not exhibit significant elongation during complex formation, with
the longest Br — Br bond length being 2.307(1) A. The shortest contact C- - -Br
3.053(4) A is found in the toluene complex with unsymmetrical coordination
of bromine. Interestingly, a similar asymmetric coordination of dibromine is
found in the complex with methanol, in which the O- - -Br distance is shorter
(2.705 vs. 2.723 A) and the Br — Br bond length is longer (2.324 vs. 2.303 A)
than those in the closely related (but symmetric) dioxane complex. However,
the precision of the bond-length determination (o¢cc = 0.6 pm) is insufficient
to allow the detection of (small) polarization effects in the arene donor since
such changes in C — C bonds are typically less than 0.5 pm [41].

Minimal changes are also observed in the C - Br bond length of coordi-
nated tetrabromomethane. Indeed, the average C—Br bond length in tetra-
bromomethane for most of the m-bonded complexes in Table 2 is about
1.93040.003 A, i.e., within the accuracy limit of the free acceptor (measured
at 123 K) of 1.930 4 0.006 A [5]. The somewhat higher tetrabromomethane
average bond length of 1.941 in the complex with durene is still within 30 of
that in the free acceptor to preclude a reliable conclusion to be drawn. Notably
however, in complexes with n-type donors, the elongation of the C — Br bond
is more pronounced and shows some correlation with donor strength [53]. In
a similar way, the small degree of charge transfer occurring in the halide com-
plexes is insufficient to produce notable changes in the molecular geometry of
the aromatic and olefinic acceptors.

4
Summary and Conclusions

X-ray structural analyses reveal that the w-bonding of dihalogens, halocar-
bons and halides to arene donors and acceptors are characterized mostly by
over-the-rim coordination in which the dihalogen acceptor generally follows
the position of highest electron density on the aromatic donor, and the ar-
rangement of halide donor mostly follows the LUMO shape of the aromatic
acceptor.

In the arene complexes of halogen acceptors, the X—X or X—R bonds
are directed perpendicular to the aromatic planes, in comparison with nearly
180 deg between these bonds and halogen bonds with n-type donors. The
halogen-bond lengths show an apparent correlation with the donor/acceptor
strengths: the stronger donor and/or acceptor leading to more significant
shortening of the Br- - -X separation. However, the effects of w-complex for-
mation on the reactant moieties are rather minor, indicating a relatively small
degree of donor/acceptor charge transfer.

The structures of the benzene/Br, and toluene/Br, complexes at 123 K
show over-the-rim coordination with hapticities varying from about 1.5
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to 1.9, but X-ray measurements of the benzene/Br, associate at 230K are
consistent with the symmetrical arrangement of dibromine over the ring
center. t-Bonded complexes of tetrabromomethane also show over-the-rim
and over-the-center arrangement of the coordinated bromine atom. Fur-
thermore, the halide associates with tetracyanoarenes are characterized by
significant scattering of the anion positions over the aromatic ring. In the
complexes with tetracyanoethylene, the bromide anion is located over the
double bond and also shifted toward the cyano group. Such structural data
suggests that various modes of coordination are possible. Such a structural
variability on the halogen m-bonding is reminiscent of that observed in the
n-complexes of aromatic ion-radicals with their diamagnetic parents [93].
The latter suggests that in long-distance w-bonding, the subtle balance be-
tween the attractive interaction of partially occupied frontier orbitals vis 4 vis
the repulsion of filled atomic orbitals led to several shallow, close in energy,
local minima involving various mutual donor/acceptor arrangements. As
such, we posit that the interactions between halogen acceptors and m-donors
(similar to ion-radical m-bonding) can be readily modulated by tempera-
ture, electrostatics, crystal packing, solvation, etc., to produce a variety of
polymolecular associates within a relatively narrow range of intermolecular
separations.

Spectral studies of the intermolecular interaction of dihalogens, halo-
carbons and halide anions with various organic m-receptors (including the
unified Mulliken dependence of their absorption bands) show the direct rela-
tionship of the spectral characteristics and formation thermodynamics of the
corresponding associates with those of traditional organic donor/acceptors
complexes. This indicates the common (charge-transfer) origin of the long-
distance bonding of halogen centers. Such a conclusion is of particular in-
terest for the m-interactions of halides, since the formation constants of the
halide complexes with neutral m-acceptors, together with their intense ab-
sorptions and compression of the intermolecular separations found by X-ray
structural analysis, indicate the existence of substantial anion- interactions.
As such, we believe that the relatively strong complex formation together with
the distinctive colorations of various anion-m interactions encourage their
use in the design of anion-sensing receptors, provided systems with multicen-
tered binding sites are offered for optimal recognition.
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study.
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Abstract This chapter discusses the relatively new discovery of liquid crystallinity in-
duced by halogen bonding. Liquid crystals are first introduced and then, to give the
work some context, background information is given concerning liquid crystal phases in-
duced by other, non-covalent interactions. In particular, hydrogen bonding is examined,
as the two interactions are rather similar as are the molecular components that might be
used as the acceptor. Low molar mass and polymeric halogen-bonded mesogens are then
described and future prospects are evaluated.

1
Preamble

As described most elegantly elsewhere in this volume, the halogen bond is
an intermolecular, charge-transfer interaction between a Lewis base and an
electron-deficient halogen. Other chapters that accompany this chart its use
in, for example, supramolecular chemistry, molecular conductors and coordi-
nation chemistry. In this chapter, a much more recent application of halogen
bonding is described, namely in the realisation of liquid-crystalline materials.
The literature amounts to few published papers to date, but nonetheless
the potential is significant and there is a good deal of work from the author’s
laboratory that will find its way to publication in the coming period.
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It is the author’s view that a chapter such as this needs some sort of con-
text and needs to be self-contained. From this point of view, it will begin with
a general introduction to liquid crystals themselves and will then introduce
hydrogen-bonded liquid crystals in order to provide some context. The intro-
duction to liquid crystals will not be referenced or illustrated heavily, so those
readers requiring more information are directed to reference [1].

2
An Introduction to Thermotropic Liquid Crystals

The liquid crystal state represents the fourth state of matter and exists be-
tween the solid and liquid states, which form its boundaries. The liquid
crystal state is reached from the solid state either by the action of temperature
(thermotropic liquid crystals) or of solvent (lyotropic liquid crystals) and it is
the former that will be the subject of this chapter.

Being bordered by the solid and liquid states, the liquid crystal state has
some of the order of a solid, combined with the fluidity of a liquid. As such, it
is an anisotropic fluid and it is this anisotropy that has led to the widespread
application of liquid crystals.

The idea of anisotropy in liquid crystals is an important one and indeed,
it is shape anisotropy that distinguishes liquid-crystalline molecules (meso-
gens) from those that are not liquid crystalline. In general, mesogens have
one axis that is very different in dimensions to the other two, the most com-
mon examples being rod-shaped molecules (one long and two short axes)
and disc-like molecules (one short and two long axes). This shape anisotropy
leads to additional anisotropic dispersion forces between the molecules and
these are sufficiently strong to stabilise phases intermediate in order between
the solid and the liquid.

Thermotropic liquid crystals may be classified as either low molar mass
(i.e. non-polymeric), or high molar mass (i.e. polymeric) and within each of
these broad classifications, there are several sub-classifications.

2.1
Low Molar Mass Liquid Crystals

There are now three major shape classifications of low molar mass liquid
crystals - rod-like (calamitic), disc-like (discotic) and bent-core. The last of
these is the most recent, and while examples of bent mesogens have been
known for some years, it is only since the mid-1990s that the area has at-
tracted widespread attention [2].

Calamitic liquid crystals generally contain two or more rings, at least
one flexible chain and often a small, polar function; in some cases, small,
lateral groups (normally fluorine) are attached. Some will contain metal
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Fig.1 Examples of calamitic liquid crystals

atoms [3-6]. The core of the molecule establishes the basic anisotropy and
this is reinforced by the flexible, terminal chain, which also acts to reduce the
melting point. Some representative examples are given in Fig. 1.

The liquid crystal phases of calamitic mesogens fall into two types - ne-
matic (N) and smectic (Sm). The nematic phase is the most disordered of the
liquid crystal phases and possesses only orientational order, so that the long
axes of the molecules are correlated in one direction (known as the direc-
tor, n) while being positioned randomly (Fig. 2A). There are several smectic
phases and these differ from the nematic phase in possessing partial posi-
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Fig.2 Schematic representation of the molecular arrangement in the A nematic,
B smectic A (SmA) and C smectic C (SmC) phases
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tional order, manifest as a loose ordering of the molecules into layers. There
are now very many different smectic phases known, but in general they may
be classified as either possessing in-layer order or not. The SmA and SmC
phases do not have in-layer order and they are represented as Figs. 2B and 2C.
The SmA phases has its molecules orthogonal to the layers, while in the SmC
phase they are tilted. The probability for interlayer diffusion of molecules is
high and these are truly fluid phases.

In-layer order is normally of the hexagonal kind, so that the SmB phase
is an orthogonal, hexagonal phase while the SmF and SmI phases are tilted
variants. While, strictly, the symmetry of all of these phases is reduced when
the constituent molecules are chiral, the effect is significant only for the ne-
matic phase and the tilted smectic phases (SmC, SmF and SmI). The chiral
phase (N*) has a helical structure that arises due to a precession of the di-
rector through space. The helical structure confers a periodicity on the phase
and it turns out that the pitch (p) is often of the order of the wavelength of
visible light. As such, the helix can exhibit simple Bragg reflection with the
reflected wavelength (1) being given by:

A=np

where 7 is the average refractive index of the phase. Note that the reflected
light is circularly polarised. As p changes with temperature (p generally de-
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Fig.3 Examples of discotic liquid crystals
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Fig.4 Schematic representation of the molecular organisation in three common columnar
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creases with increasing temperature), then the reflected colour also changes
and so chiral nematic liquid crystals (also sometime known as cholesteric
liquid crystals) find application in temperature sensing.

Discotic liquid crystals on the other hand are based around a fairly flat core
structure and are generally surrounded by six or eight peripheral alkyl(oxy)
chains. Examples are given in Fig. 3.

A nematic phase of discotic molecules exists where the short molecular
axes are correlated directionally but this phase is still rather rare. By far and
away the most common behaviour is for the molecules to stack in columns,
which are then arranged in a particular way with respect to one another [7].
Examples are given in Fig. 4.

2.2
High Molar Mass Liquid Crystals

In general terms, high molar mass liquid crystals are classified according to
the location of the mesogenic unit in the polymer. Thus, they are either incor-
porated into the main chain (main-chain liquid crystal polymers - MCLCP;
Fig. 5A) or they are pendant from the main chain (side-chain liquid crystal
polymers - SCLCP; Fig. 5B).
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Fig.5 Schematic representation of the molecular arrangement in A main-chain and B side-
chain liquid crystal polymers

Many MCLCP are highly insoluble, high-melting materials (if they melt at
all) as they are rigid. However, if they can be processed then they make very
strong materials, an example of which is Kevlar (Fig. 6) - a copolyamide of
terephthalic acid and p-phenylene diamine — which is spun into high-strength
fibres from its nematic phase in oleum. One way in which MCLCP can be
made more tractable is if the rigid link between mesogenic groups is replaced
by a flexible chain to give semi-flexible MCLCP.

(0]
/H
o} C iN4©~N
H 7

Fig.6 Molecular structure of Kevlar®

SCLCP tend to have a conventional backbone, the two most common be-
ing methylsiloxane and (meth)acrylate, the former giving low glass transition
temperatures (Tg), while the latter gives high values of Tg. In the case of silox-
anes, the mesogenic groups are grafted onto the preformed polymer while for
acrylates, the monomeric unit already contains the mesogenic moiety.

3
Characterisation of Liquid Crystal Mesophases

The principal technique is polarised optical microscopy, which exploits the
anisotropy in refractive index of the liquid crystal mesophases. Thus, the mi-
croscope is configured (Fig. 7) so that the sample is between two polarisers
that are crossed (no light would normally pass through) and the sample is
placed on a heated stage through which light may pass. Plane, polarised light
then impinges on the sample (< 1 mg of sample held between two micro-
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Fig.7 Figure to show the origins of birefringence (left) and a schematic diagram of
a polarised optical microscope (right)

scope cover slips) and becomes circularly polarised, generating two refracted
rays, n. and n,, the difference between them (An) being termed the birefrin-
gence. These two rays can then interfere with one another and, as the plane
polarisation is lost, an interference pattern is seen by the observer [8, 9].

The interference pattern depends both on the symmetry of the liquid crys-
tal mesophase and on the arrangement of the molecules between the glass
cover slips. Three examples are given in Fig. 8.

4
Liquid Crystals Formed Through Non-covalent Interactions

4.1
Quadrupolar Interactions

First, it is important to appreciate that all liquid crystal mesophases exist
due to non-covalent interactions between molecules, namely the anisotropic
dispersion forces mentioned earlier. However, this section will address more
specific non-covalent interactions that have been used either to induce liquid-
crystalline behaviour or to generate a new species that is liquid crystalline.

For example, Marder and co-workers [10] (among others) have studied li-
quid crystal mesophases induced by the presence of quadrupolar interactions
between non-mesomorphic phenyl- and perfluorophenyl-containing moieties
(e.g. 1).

Quadrupolar interactions (termed complementary polytopic interactions
by the authors) are also responsible for mesophase induction and modifi-
cation in a series of disc-like materials (e.g. 2 and 3) as described by, for
example, Bushby and co-workers [11-13].
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(c)

Fig.8 Optical micrograph of: a a nematic phase, b a SmA phase (reproduced with kind
permission of the American Chemical Society) and ¢ a SmC phase (reproduced with kind
permission of the copyright owner, D.W. Bruce)

4,2
Charge-transfer Interactions

A different mechanism is that of charge transfer, of which there are many
examples based, in particular, on metallomesogens [14]. In these cases,
mesophases can be induced by adding the electron-poor TNF (2,4,7-trinitro-
9-fluorenone) and Fig. 9 shows Pd mesogen 4, which shows a particular type
of SmA phase when TNF is added [15].
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Fig.9 The two components that form a charge-transfer complex, which exhibits the biax-
ial SmA phase

5
Hydrogen Bonding

However, by far the most common non-covalent interaction responsible for
generating new liquid-crystalline species is the hydrogen bond, and this area
has been well reviewed [16, 17]. In fact, hydrogen bonding in liquid crystals is
a very old concept and it has been known for some time that, for example, the
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mesogenic behaviour of 4-alkoxybenzoic acids, 5, depends totally on the fact
that they exist as hydrogen-bonded dimers.

More exotic systems have also been described and, for example, Lehn
and co-workers described the complementary system, 6, which was found
to exhibit a columnar mesophase [18], while neither of the components was
mesomorphic.

O''H-0
CnH2n+1OA®_</ />—©70CnH2n+1
O-H:0

(0]
CmH2m+1)J\O/j/
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Diamides such as 7 and 8 (Fig. 10) were described originally by Mat-
sunaga and Terada [19] and then later reinvestigated by Malthéte and co-
workers [20-23]. In many ways, at first sight it is surprising that these systems
are liquid crystalline at all, but the “secret” is in intermolecular hydrogen
bonding, which causes the molecules to form columns. These columns can
than organise to form nematic and columnar phases.

However, the hydrogen-bonded mesogens that are of most interest in the
context of this article are those elaborated initially by Kato and Fréchet in
the early 1990s [24-33]. In this approach, a pyridine, which may or may not
have liquid crystal properties, was hydrogen bonded with a 4-substituted ben-
zoic acid to form a new species with its own, distinct mesomorphism. For
example, complex 9 shows a SmA phase that persists to 238 °C (n =2, m = 4),
while its free component pyridine is nematic to 213 °C; the component ben-
zoic acid is also nematic (as the H-bonded dimer) to 147 °C (although note
that the notional “monomer” would not be liquid crystalline).
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A particularly elegant example of this approach is complex 10, which rep-
resents a very simple situation, namely that of an alkoxybenzoic acid and an
alkyl pyridine and which shows a nematic phase at room temperature. There
are, of course, very many examples of mesogens constructed in this was using
pyridines, benzoic acids and even phenols; these are helpfully collected in the
relevant review literature [16, 17].
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This work raises some interesting issues. The first is that the stoichiom-
etry of a complex is not necessarily the most obvious. For example, it was
reported initially that phthalic acid formed a 2:1 complex with alkoxystil-
bazole [34], when in fact a careful study carried out by constructing a binary
phase diagram (Fig. 11) revealed the complex to have a 1: 1 ratio of the two
components [35]. The reluctance of the system to form the more obvious 2: 1
complex may relate to the presence of intramolecular hydrogen bonding or
could even relate to the change in the pK, of the second acid proton on com-
plexation.

o o — OC1oH21

170
T/I°C
SmA +1
Cry + 1
80 7 °
Cr.+E
SmA + Cr,
CI’a + CI’c CI’C + Cl'a
30
0 50 100

% Stilbazole

Fig. 11 Binary phase diagram between phthalic acid and decyloxystilbazole. (Cr. and Cr,
are the crystal phase of the complex and the acid, respectively; E is the crystal smectic E
phase). Adapted from [35]
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Note that this phase diagram points to a very useful fact, namely that when
a hydrogen-bonded (or, indeed, a halogen-bonded) complex has the two com-
ponents in the correct ratio, it will melt as a single entity and there will be
no biphasic behaviour (indeed, it was the lack of such well-defined behaviour
that led to the careful examination of the phthalic acid/stilbazole system in
the first place). However, one complication can be the presence of multiple
thermal events. For example, complex 11 fails to form from the two compo-
nents after evaporation of the solvent, rather forming an intimate mixture.
On heating, the cyanostilbazole first melts to give a mixture of the crystalline
phase of the acid and the isotropic phase of the stilbazole. At a higher tem-
perature, the complex does, however, form giving rise to a nematic material
that clears in the normal way. Cooling leads to decomplexation and the whole
cycle is repeated [36].

Another important issue relates to the behaviour at the transition to the
isotropic liquid (known as clearing) and the question of whether the rup-
ture of the hydrogen bond drives the clearing process or whether the complex
passes from mesophase to isotropic as a complete unit. Simple consider-
ation of complex 10 gives an immediate answer, for these materials clear
around 50 °C, at which temperature the benzoic acids are solids. Clearing
should then lead to immediate crystallisation, which is not observed. This
conclusion is reinforced by a variable temperature electronic spectroscopy
study of the behaviour of decyloxystilbazole and 2,4-dinitrophenol [37,
38]. 2,4-Dinitrophenol is a relatively strong acid (pK, =3.96) and the
study showed that while at room temperature, a neutral hydrogen-bonded
species existed (-N---H-O-), at higher temperature through the SmA
phase, proton transfer occurs to give the ionic hydrogen-bonded species
(-NH"---70-) and that this species persists beyond the clearing point. In-
deed, there is no reason why hydrogen bond strength should limit the
stability of a mesophase, for studies of the hydrogen-bonded complex be-
tween the two, non-mesomorphic components, 4-biphenylcarboxylic acid
and 4-cyanostilbazole (12), have shown the existence of a nematic phase to
temperatures above 200 °C [36].
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6
Halogen-bonded Liquid Crystals

It was from this background in hydrogen bonding that our own work in halo-
gen bonding had its genesis. We became aware of the work published by the
Milan group [39] and considered whether we could use such a general ap-
proach to form new liquid-crystalline species. We had worked with stilbazoles
since the mid-1980s and they seemed the obvious choice of Lewis base, with
iodopentafluorobenzene a good starting point as a source of electron-poor
halide.

The first thing that became immediately apparent is that the synthetic
route had to be re-evaluated. In hydrogen-bonded systems, it is normally suf-
ficient to mix the two components in a common solvent and then remove it to
leave the pure complex. On occasions when this does not work (often due to
the high lattice energy/low solubility of one component), it is necessary only
to heat the mixture into the melt for a few minutes and then allow the whole
thing to cool down. In the case of the halogen-bonded materials, however, this
was often not the case and in many cases attempts to proceed in this way led
to materials that were clearly not single component in nature, as evidenced
by the observation of more than one melting event and of biphasic behaviour.
Clearly then, however stable a halogen bond might be, it would appear to be
much more labile than an analogous hydrogen bond. Therefore, the approach
adopted by us and followed since has been to try to grow single crystals of the
complexes and work exclusively with those, although it is apparent that this
is not always necessary. This presents obvious immediate advantages (lots of
crystal structures) and disadvantages (some complexes will simply not crys-
tallise). Thus, single crystals were obtained of complex 13-n for n =4, 6, 8, 10
and 12 and the mesomorphism was determined. X-Ray single crystal struc-
tures were also obtained for n = 8 and 10 [40]!.

CnH2n+1 )

The molecular structure of 13-8 (Fig. 12) shows the presence of the halo-
gen bond (dy..1 =2.811(4) A compared with the sum of the van der Waals’
radii of 3.53 A) with a N -I-C angle of 168.4°. The structure of 13-10 was
also determined, and this time the following parameters were observed:
dn..1=2.789 A; N- . 1-C = 177.9°.

Analysis of the packing of the complexes (e.g. Fig. 13) also showed the
absence of quadrupolar phenyl/perfluorophenyl interactions, an observation

1 Nguyen HL, Horton PN, Hursthouse MB, Bruce DW, unpublished work
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Fig. 12 Molecular structure of the complex between 4-octyloxystilbazole and iodopentaflu-
orobenzene. Reproduced by kind permission of the American Chemical Society

“aa...,":.'.. . "l‘.o‘..:::.. .
"Wy = 33
5': b ‘I"ll . ‘ : .5'!‘ & ‘.l’
b lf;l||" 'Il‘l|||'| ' ”fs.;l.s
!‘gl..,.‘ ¥ 't‘.l‘#‘lf | '.'.li ' I ] {5
(LT ] .l i “; i " 'l‘ll"l,
.;‘:,'0 ) e'i g O:I:'fs
la:o.o‘.o - .0..::‘... .

Fig. 13 One projection of the packing of 13-8 - hydrogen atoms omitted for clarity

backed up by the lack of any evidence for interactions between stilbazole and
hexafluorobenzene [41]. In relation to this, it was observed that while the
starting stilbazole was colourless, the halogen-bonded complex was slightly
coloured. Such an observation is entirely consistent with a charge-transfer in-
teraction at nitrogen and parallels the red shift observed in the VT electronic
spectra for stilbazole and 2,4-dintrophenol (vide supra) [37, 38].

The liquid crystal properties of the complexes were characterised using po-
larised optical microscopy and showed a nematic phase for n =4 and 6 and
a SmA phase for n =6, 8, 10 and 12. The mesophases were monotropic for
n =4 and 6 and enantiotropic for the others; the progression from a nematic
phase for shorter chain lengths to SmA at longer chain lengths is quite typical
for simple, polar mesogens.

Halogen bonding is also observed with electron-poor bromides, and so
attempts were made to form complexes between stilbazole and bromopenta-
fluorobenzene. We were never able to find evidence that such a complex
formed and indeed, heating crystallised samples only reproduced the ther-
mal behaviour of the stilbazoles themselves. Thus, any halogen bonding is
supposed weak (there was no observable colour change in the stilbazole) and
unable to sustain the complex at temperatures much above ambient.

Moving on from an aromatic monoiodo species, attention then turned to
a,w-diiodoperfluoroalkanes where it was possible to demonstrate 2: 1 com-
plex formation (14) [42].
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The structure and packing of the complex with n =8 and m = 3 are shown
in Figs. 14 and 15, respectively (dn...1 = 2.746 AN I-Cc= 176.99°). The for-
mer shows an expected disposition of the stilbazoles and the perfluoroalkyl
entity, while the latter shows an effective segregation of the fluoroalkyl and
stilbazole segments.
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Fig. 14 Molecular structure of the 2: 1 complex between 4-octyloxystilbazole and 1,6-di-
iodoperfluorohexane
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Fig.15 Packing in the crystal of the 2: 1 complex between 4-octyloxystilbazole and 1,6-
di-iodoperfluorohexane. Reproduced from [42] by kind permission of the Royal Society
of Chemistry

The complexes studied had n = 8, 10 and 12 and m = 2 and 3. With the ex-
ception of the complex with n = 10 and m = 3, all complexes showed a nematic
phase which, in all cases, was monotropic. Thus, melting points were in the
range 95 to 108 °C, with clearing points between 90 and 104 °C.

Another series of trimers was reported (15-n,m) that consisted of two
stilbazoles halogen bonded to a dimeric iodotetrafluorobenzene unit [43].
Examples were reported for m =2, 4, 6 and 8 and n =6, 8, 10 and 12. In char-
acterising the halogen bonds in these complexes, XPS data were examined
and it was reported that the binding energy of the N 1s level increased by
around 0.9 to 1.1 éV on complexation, while small hypsochromic shifts (typ-
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ically 2 to 3cm™') were seen in the aromatic C-C stretching region of the
stilbazole in the infrared spectra on complex formation.

Examination of the thermal behaviour showed that with three exceptions,
all complexes showed a monotropic SmA phase with in almost all cases, melt-
ing being observed between 88 and 99 °C, with clearing between 82 and 89 °C.
Of the three exceptions, 15-6,8 and 15-8,10 showed no liquid crystal phase at
all, while 15-12,6 showed an additional monotropic nematic phase. A curi-
ous feature of these complexes is the apparent insensitivity of the melting and
clearing points to both 7 and m.

Simpler examples generated 2:1 complexes from alkoxystilbazoles and
1,4-dihalotetrafluorobenzenes (16 and 17).

F F
F F
CnH2n+1O \ — 7
oN N
Walks XN _ N\ OC.H X=1I; 16-n
nti2n+1 X=Br;17-n
F F

Crystallographic characterisation of 16-8 showed the expected arrange-
ment and gave an N - - -1 separation of 2.812 A with an N---I-C angle of
175.09°.

Complexes 16-6, 16-8 and 16-10 all showed monotropic nematic phases
with melting points between 115 and 130 °C and N to I transitions around
110 °C; neither 16-4 nor 16-12 showed any LC phases. However, enantiotropic
mesomorphism was found when mixtures were prepared. Thus, an equimolar
mixture of 1,4-diiodotetrafluorobenzene, hexyloxystilbazole and decyloxys-
tilbazole was prepared, which it was assumed contained a statistical mixture
of symmetric and unsymmetric complexes. The melting point was 110 °C,
with clearing occurring just afterwards at 111.5 °C. However, a mixture con-
sisting of 1:2:1:2 butyloxystilbazole : octyloxystilbazole : dodecyloxystilb-
azole: diiodotetrafluorobenzene showed a wider range, melting at 100 °C and,
once more, clearing at 111.5 °C [44].

The same paper also described an analogous complex of 1,4-dibromotetra-
fluorobenzene, 17-8, whose molecular structure, as obtained by single crystal
methods, is shown as Fig. 17.

The structure is very similar to that of 16-8 with N-..Br distance was
2.867 A (again shorter that the sum of van der Waals radii) and the N- - -Br-C
angle at 174.11°. Indeed, the crystals of 17-8 and 16-8 are almost isomor-
phous.
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Fig. 16 Molecular structure of the 2:1 complex between octyloxystilbazole and 1,4-di-
iodotetrafluorobenzene (16-8). Reproduced from [44] by kind permission of the Royal

Society of Chemistry

e e
0‘ A - e, 09___‘ g . i
::ﬁ e % e [~} r;./. ® .::' o® _.‘ « .

Fig.17 Molecular structure of the 2:1 complex between octyloxystilbazole and 1,4-di-
bromotetrafluorobenzene (17-8). Reproduced from [44] by kind permission of the Royal
Society of Chemistry

Complex 17-8 melted at 92 to 93 °C - higher than the melting point of di-
bromotetrafluorobenzene at 78-81 °C - yet no mesophase was seen [24]. It is
believed that this is due to the much weaker nature of the N***Br interaction,
an observation consistent with those made for complexes between alkoxystil-
bazoles and bromopentafluorobenzene [20].
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Fig. 18 Components used to form mesomorphic, halogen-bonded polymers
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Polymeric examples have also been reported using similar chemistry.
Thus, dimer a (Fig. 18) was allowed to react with dimer b and also with com-
pounds ¢, d and e to give polymers whose degree of polymerisation was
unreported [45].

Polymers formed between a and ¢, d and e all failed to show any liquid-
crystalline behaviour. However, for all a examined (m = 2, 4, 6 and 8), nematic
phases were observed with b-4 (all monotropic) - a further monotropic ne-
matic material was the copolymer of a-6 and b-3. Unidentified crystal smectic
mesophases were reported for a further three examples.

7
Future Prospects

At the time of writing, the five papers described in the preceding section
represents the sum total of published work in the area and while this vol-
ume is timely in terms of the broader field of halogen bonding, it is slightly
premature with respect to liquid crystals. Of course, this is not the end
of the story and the author alone and also in collaboration with the Mi-
lan group, has a good deal of unpublished work that will come to fruition
shortly. For example, it has been shown that iodoperfluoroalkanes will com-
plex with stilbazoles to form mesomorphic materials, again characterised by
X-ray methods with some interesting results?.

This area is just beginning and there is a great deal to learn from previ-
ous work with hydrogen-bonded systems. However, the need, in our view, to
obtain single crystals in order to be confident about stoichiometry will in-
evitably limit some of what can be achieved, as this author is only too well
aware of the problems associated with crystallising materials containing long
and/or multiple alkoxy chains. Nonetheless, there will be systems for which
this is not an absolute requirement and there is confidence that other ways
will be found to accommodate this issue. It is hoped that the examples given
above will whet the appetite and encourage others to join the search for ever
more imaginative materials.
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Abstract The role of halogen bonding interactions in conducting or magnetic molecular
systems is evaluated here in various series of halogenated radical molecules, such as neu-
tral nitroxides or tetrathiafulvalene (TTF) salts where short and linear C — Hal. - -Hal,O,N
interactions are identified. Oxidation of halogenated TTFs to the cation radical state ac-
tivates the halogen bonding interaction with counter ions of Lewis base character, i.e.
halide, polyhalide or halometallate anions on the one hand, and polycyanometallate or
organic nitrile anions on the other. Iodoperfluoroalkanes or -perfluorarenes can also act
as halogen bond donors when associated with neutral nitroxide radicals or with halide
anions in cation radical salts of non-halogenated TTFs.

Keywords Crystal engineering - Halogen bonding - Nitroxide - Tetrathiafulvalene

Abbreviations

BEDT-TTF Bis(ethylenedithio)tetrathiafulvalene
CCDC Cambridge Crystallographic Data Centre
DIA Diiodoacetylene

DTPY 1,6-Dithiapyrene

EDO-TTF Ethylenedioxo-tetrathiafulvalene
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EDT-TTF Ethylenedithio-tetrathiafulvalene
SOMO Singly occupied molecular orbital
TEMPO  2,2,6,6-Tetramethyl(piperidin-1-yloxyl)

TSF Tetraselenafulvalene
TTF Tetrathiafulvalene

1

Introduction

Crystal engineering, defined by Desiraju as “the understanding of intermole-
cular interactions in the context of crystal packing and the utilization of such
understanding in the design of new solids with desired physical and chem-
ical properties”, has been the subject of several excellent reviews [1-3]. As
a favourite tool to build such supramolecular crystalline systems, directional
intermolecular interactions, such as the prototypical hydrogen bond [4],
have demonstrated their remarkable efficiency, extended since to the weaker
C-H- - X hydrogen bonds [5]. However, among these desired physical prop-
erties invoked by Desiraju, a metallic conductivity or a magnetic ordering
are not considered to possibly derive solely from the structural requirements
brought by hydrogen or halogen bonding interactions in molecular solids. In-
deed, molecular conductors are primarily based on radical molecules interact-
ing more or less strongly with each other in one-, two- or three-dimensional
structures, allowing for the formation of partially filled conduction bands
and their associated metallic behaviour through the overlap interaction of
the singly occupied molecular orbitals (SOMOs) [6-8]. Similarly, a magnetic
ordering in molecular solids requires a precise distribution and topology of
spin density interactions between radical molecules [9]. However, it was soon
discovered that the band structures of molecular conductors are excessively
sensitive to minute structural modifications [10], and hence that intermole-
cular interactions as weak as C—H---X interactions could bring dramatic
effects on the conduction properties [11]. Similarly, magnetic interactions,
much weaker in essence, can possibly be transmitted through such weak
C-H-. . -X intermolecular interactions [12, 13].

The combination of both approaches, toward a crystal engineering of rad-
ical molecules, has led to numerous conducting or magnetic molecular mate-
rials which exhibit normal hydrogen bond interactions thanks to their func-
tionalization with hydrogen bond donor groups (- OH, N — H). This has been
recently reviewed in the field of molecular conductors [14, 15], while many ex-
amples can also be found in the family of nitroxide radicals [16]. Therefore,
it is not totally surprising that halogen bonding, once identified as a pow-
erful structural tool, would also be considered in the frame of molecular
conductors and magnets. This is the topic of the present review article, which
will be divided into two parts, a shorter one dedicated to halogen bonding
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in neutral radical nitroxides, and a longer one involving conducting materi-
als derived from halogenated tetrathiafulvalenes (TTFs). We will particularly
show that halogen bonding is not only compatible with a metallic conduc-
tivity in molecular solids, but also that it is activated in these salts where
it might contribute to the conductivity itself through its involvement in the
conduction band dispersion.

2
Neutral Radical Nitroxides

In the search for molecular magnetic materials, nitroxide free radicals have
been widely used as materials in their own right [16] or in combination
with paramagnetic ions [17]. The first organic ferromagnetic material was
reported in 1991 in these series, namely the p-nitrophenyl nitronyl nitrox-
ide [18]. The overall magnetic behaviour of these radical molecules is con-
trolled not only by the distribution of the spin density in the molecule and
the interactions between spins if there is more than one electron, but also by
the intermolecular interactions, through space and/or through non-covalent
bonds. In that respect, hydrogen bonding interactions between nitroxide-
based radical molecules have been extensively investigated as they bring
a strong control over the supramolecular arrangement of the radical species.
Let us mention, for example, the TANOL (1) [19, 20] or the 4-hydroxyimino
derivative 3 of TEMPO (2) [21] (Scheme 1) where O—-H---O—-N inter-
actions were unambiguously identified. Similarly, OH---O—N [22,23] or
C-H---O-N [12,24,25] interactions were observed in various nitronyl ni-
troxide derivatives. It is therefore highly surprising that halogen bonding
interactions were not used purposely in these extensive series as the N—O
groups, which proved to be good hydrogen bond acceptors, can also be con-
sidered as potential good halogen bond acceptors.

*O-N OH *O-N *O-N NOH

1 TANOL 2 TEMPO 3

Scheme 1 Examples of neutral nitroxide radicals

2.1
Halogenated Neutral Nitroxides

A survey of the CCDC database on halogenated nitroxides revealed only
a few examples of structures showing halogen bonded motifs, which will be
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described below. Among the simplest halogenated nitronyl nitroxides 4a-c
(Scheme 2), only the bromo (4b) and iodo (4c) derivatives have been de-
scribed and structurally characterized [26]. These are isostructural and ex-
hibit short N—O- - -Br (2.970(3) A) and N—0---I (2.928(3) A) interactions.
Despite a similar molecular packing, the dominant magnetic interactions
in 4b and 4c are antiferromagnetic and ferromagnetic, respectively, with
Curie-Weiss temperatures above 150 K of - 2 (4b) and + 5K (4c). The three
p-halophenyl derivatives 5a-c have also been structurally characterized [27-
29]. In the chloro compound 5a (Fig. 1) [27], a type I CI- - -Cl halogen inter-
action is identified rather than a CI---O — N interaction, with the following
structural characteristics: CI- - -Cl 3.360(2) A c-cl-.cl 154.22(7)°.

.0 ,0
i/ i/
m\-N X=Cl 4a 1m.A~N X=Cl 5a
[ )X X=Br 4b -j>—©—x X=Br 5b
/TN X=1 4c W/N X=1 5c
\r I\
0] (0]
Scheme 2 Halogenated nitronyl nitroxides

[ 9]

Fig.1 Type I Cl- - -Cl interaction in the p-chlorophenyl nitronyl nitroxide 5a

The iodo derivative 5c¢ (Fig. 2) is characterized by a linear N — O- - -I inter-
action with a relatively long O- - -I distance (3.412(4) A) and N-O-. - I angle
(167.9(2)°) [29]. The iodine atom lies on the plane defined by the nitronyl

Ng 12.‘3.'4.‘3‘53 $¢ 8 '\1

L>Y

Fig.2 N-O---I interaction in the p-iodophenyl nitronyl nitroxide 5¢

ce@e
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nitroxide heterocycle while the N — O- - -I angle amounts to 136.3(3)°, indicat-
ing that the interaction is directed toward one of the lone pairs of the oxygen
atom.

2.2
Binary Systems Involving Nitroxides

An alternative to broaden the possible X-ray crystal structures adopted by
a given radical molecule lies in the possibility to associate it with other radical
or diamagnetic molecules through strong intermolecular interactions. This
approach has been successfully investigated by taking advantage of the known
capacity of the oxygen atoms of the nitronyl nitroxide molecules to act as hy-
drogen bond acceptors, for example when co-crystallized in the presence of
hydroquinone [30]. Very recently, a similar concept based on halogen bond-
ing has been explored by Boubekeur and Schollhorn upon co-crystallization
of nitroxide radicals with 1,4-diiodotetrafluorobenzene (pTFDIB) [31]. As
shown in Scheme 3, a trimeric entity was obtained with the 4-phenyl-2,2,5,5-
tetramethyl-3-imidazolin-1-yloxyl radical 6, however through a N--.I in-
teraction rather than an O- - I interaction as anticipated. Alternatively, the
co-crystallization of pTFDIB with the 4-amino-2,2,6,6-tetramethyl(piperidin-
1-yloxyl) radical 7 afforded one-dimensional polymer chains where one
pTEFDIB molecule is halogen bonded to the N—O groups of two radicals,
while another crystallographically independent pTFDIB molecule is hydrogen
bonded to the NH; groups of 7.

6---(pTFDIB)----6] Ph R F
N N/O.
N-----I I----=- N
N \
o 7& )/F
F F Ph
-{-7/(pTFD|B)-}-n-
R F R F
N N-O----I I-----O-N N----I I---
FF F F

Scheme 3 The trimeric (top) and polymeric (bottom) organization of the neutral radicals
6 and 7 with p-diiodotetrafluorobenzene (pTFDIB)

In the former case, the nearly linear arrangement of C—1I. - -N (176.75(9)°)
is consistent with the presence of N---I halogen bonding, albeit the I.--N
distance (3.209(3) A), which is shorter than the sum of van der Waals radii
(3.68 A), is longer than in comparable systems involving imines (2.89 A) [32,
33], indicating a relatively weak interaction. In the 1:1 pTFDIB-7 complex
(Fig. 3), the C—1I.--O—N interaction is probably stronger as the I---O dis-
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Fig.3 Detail of the O- - -I interaction in the binary system associating the 4-amino-2,2,6,6-
tetramethyl(piperidin-1-yloxyl) radical 7 with pTFDIB
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tance (2.827(9) A) is much shorter than the sum of the van der Waals radii
(3.48 A), and comparable to the I.--O distances found in halogen bonded
systems with pyridine N-oxide (2.75 A) [34]. The C—1I. - -O bond is approxi-
mately linear (175°) and the N — O- - -I characteristics indicate that the halo-
gen bond forms along the lone pair direction of the oxygen. These two recent
examples demonstrate that halogen bonding is a promising, largely unex-
plored tool for the construction of novel nitroxide assemblies, comparable in
that respect to hydrogen bonding and transition-metal coordination.

The attractive possibility of spin delocalization through the halogen bond
was not specifically addressed for these compounds, because the central car-
bon atom of the ONCNO moiety is known to be a node of the SOMO of
nitronyl nitroxides, hence little delocalization is expected from substitution
at this point. However, the influence of halogen bonding on the -N -0’
group was investigated recently in solution by EPR spectroscopy [35]. In-
deed, addition of an iodoperfluorocarbon to the TEMPO radical molecule 2
causes a substantial increase of the nitrogen hyperfine splitting, ay, of the
nitroxide, a behaviour related to an increase of the spin density on the ni-
trogen atom upon halogen bond formation. Furthermore, the equilibrium
constants (K;) for the formation of the halogen bonded systems were deter-
mined, since, at the timescale of the EPR spectroscopy, the experimental spec-
trum represents the concentration-weighted average of the spectra due to the
free and halogen bonded radicals. The strongest interaction was found with
iodoperfluoroalkanes and the temperature dependence of K; afforded the
corresponding thermodynamic parameters, AH® =— 7.0 £ 0.4 kcal mol™' and
AS° =-18.1 % 1.4 kcal mol~! K~!. Note that this AH® value of - 7 kcal mol™!
compares favourably with strong hydrogen bonded systems.

3
Conducting Materials Based on Tetrathiafulvalenes

The involvement of halogen bonding in conducting molecular materials is
essentially based on the use of halogenated TTFs in electrocrystallization ex-
periments with counter ions of Lewis base character prone to act as halogen
bond acceptors. This concept was first successfully introduced by Imakubo
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and Kato in 1995 [36] as they described the 2: 1 cation radical salts of EDT-
TTF-I with Br~ and [Ag(CN),]~ (Scheme 4). In these two salts, each anion is
“coordinated” by two partially oxidized EDT-TTEF-I molecules.

Scheme 4 Typical halogen bonded motifs involving a partially oxidized TTF molecule
such as EDT-TTF-I with halide (fop) or cyanometallate (botfom) counter ions

This original report prompted the preparation of numerous salts based
on halogenated TTFs. Reviews on this topic have recently appeared [15, 37],
showing the generality of this concept and even the activation of halogen
bonding in these salts. In the following, we will therefore recall the essen-
tial conclusions that were reached from these compilations and then highlight
the most recent developments. Indeed, following a first period where halo-
gen bonding interactions were shown to be able to coexist with the overlap
interactions of open-shell molecules to afford conducting organic salts, ef-
forts have been pursued to demonstrate that the halogen bonding interaction
itself could carry some “information” by eventually (1) contributing to the
band dispersion of the organic stacks, (2) transmitting magnetic interactions
if both halogen bond donor and acceptor are themselves paramagnetic, or
(3) allowing for the formation of porous materials.

3.1
An Introduction to Conducting TTF Salts

Since the discovery of the first organic conductors based on TTE, [TTF]CI in
1972 [38] and TTF — TCNQ in 1973 [39], TTF has been the elementary build-
ing block of hundreds of conducting salts [40]: (1) charge-transfer salts if an
electron acceptor such as TCNQ is used, and (2) cation radical salts when an
“innocent” anion is introduced by electrocrystallization [41]. In both cases,
a mixed-valence state of the TTF is required to allow for a metallic conductiv-
ity (Scheme 5), as the fully oxidized salts of TTF" cation radicals most often
either behave as Mott insulators (weakly interacting spins) or associate into
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TTE: S S BEDT-TTF: ~S~_S_ S-S
[S%S] [SISﬁSISJ

Uniform chain of Dyad formation]  Partially filled
weakly interacting or with 2e bond conduction band
TTF* cations in (TTF),2*

+
+
++ ¥

1:1 TTF* salts Mixed-valence TTF salts

Scheme 5 Electronic structures of TTF salts, showing charge localization into uniform
chains or dicationic dimers in the TTF*' X~ salts (left) or the partially filled conduction
bands in mixed-valence (TTF),X salts (right)

dicationic dyads (strongly interacting spins in the bonding combination of
the two SOMOs).

The role of weak C—H- - -O hydrogen bonds in the neutral-to-ionic phase
transition in TTF — chloranil [42] and the importance of C—H---Hal (Hal
= halogen) contacts in the superconductivity of BEDT-TTF salts [11] have
served as an incentive to develop the chemistry of TTFs functionalized with
hydrogen bonding groups, such as alcohols [43,44], acids [45], phosphonic
acids [46] or amides [47-49]. This topic was reviewed by Bryce in 1995 [14]
and by Fourmigué and Batail in 2004 [15]. It was demonstrated not only that
the hydrogen bond can coexist with the formation of partially filled conduc-
tion bands, but also that the hydrogen bond itself was activated in those salts
when the hydrogen bond donor group is conjugated with the m system of the
TTF core. In this situation, the positive charge carried by the partially ox-
idized TTF enhances the O —H or N — H hydrogen bond donor ability. The
identification in the crystal engineering domain of a similar interaction based
on halogen atoms to take part in halogen bond interactions has prompted
a similar development of halogen-substituted TTFs, as discussed below.

3.2
Neutral Halogenated TTFs

The synthesis of halogenated TTF is most often based on the lithia-
tion/electrophilic halogenation of either the TTF core itself [50] or the
five-membered 1,3-dithiole-2-thione [36,51]. This procedure has been re-
cently expanded to the analogous 1,3-diselenole-2-thione [52, 53], allowing
for the formation of a wide variety of iodo- and bromotetraselenafulvalenes
or dithiadiselenafulvalenes shown in Schemes 6 and 7.
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R.__s s._Hal s s s I R__s S |
T~ CIo=T T~
RS SR s~ S S IS SR

R=H TTFA EDT-TTE R=H E-TTFl,
R=Me Me;TTF-Br R=Ph E-TTFPhyl,
R=Me MesTTF-I

Scheme 6 Mono- or E-dihalo TTFs

= 3=

E=0 EDO-TTF-l E=0 EDO-TSF-I
E=S EDT-TTF-, E=S EDT-TSF-,
E =Se EDS-TTF-, E =Se EDS-TSF,
E s Se_ | E Se S !
C=CC (I
E7 S se N E” "Se ST
E=0 EDO-DTDSF-l, E=0 EDO-DSDTF,
E=S EDT-DTDSF-l, E=S EDT-DSDTF-l,
E = Se EDS-DTDSF-l, E=Se EDS-DSDTF-l,

Scheme 7 Examples of ortho-diiodo TTFs and selenium analogues used in cation radical
salts

Considering the eventual presence of halogen bonding interactions in the
X-ray crystal structures of these neutral molecules, one observes different
behaviours depending on the substitution pattern and number of halogen
atoms on the TTF core. Monohalo TTFs often exhibit a Me/halogen disorder
indicative of the absence of any strong directional halogen bonding inter-
action. Among dihalo TTFs, the E-TTFI, [54] and E-TTFPh,I, [55] exhibit
intermolecular I.- I interactions. They are characterized by relatively short
I. - -I intermolecular distances (4.12(2) A) and a type I motif (6; =6, = 120°)
in E-TTFPh,I,, while much shorter I- - -I distances with type II motifs (I- -
3.676(3) A, 6, = 88.7(6)°, 6, = 175.9(5)° and 3.817(3) A, 6, = 87.7(5)°, 6, =
175.9(6)°) are found in E-TTFI,. Note that the evaluation of “short” Hal. - -Hal
intermolecular distances is based here and in the following on the polar flat-
tening model [56], which attributes to each halide an rmyip and rmax rather
than one single van der Waals radius. In this anisotropic model, the contact
distance (Dapis in Table 1) for a type I interaction C—X: --Y corresponds to
the sum (rmax(X) + rmax(Y), while the contact distance for a type II interac-
tion corresponds to 7min(X) + rmax(Y) (Scheme 8). Representative values are
collected in Table 1 for comparison with experimental data. Halogen bond-
ing will be considered as relevant when the X---Y distance is shorter than
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Scheme 8 The two main types of halogen bond interactions

Table1 Contact distances predicted by the anisotropic model [56] (reproduced from
ref [15], with permission of the ACS)

Interaction Danis (type I) (A) Danis (type II) A
C-Cl---Cl 3.56 3.36
C—Br---Br 3.68 3.38
C—Br--1 3.97 3.67
C-I1.-..Cl 391 3.54
C-1I--Br 3.97 3.60
C-I.-1 4.26 3.89
C-Cl---N - 3.18
C-Br---N - 3.14
C-I.--N - 3.36
C-I1.--0 3.67 3.30
C-1I.--§ 4.16 3.79

the corresponding D,pis value. Note that I. - -I distances reported above for
E-TTFPhy1, (type I, 412 A) and E-TTFI, (type II, 3.7-3.8 A) are indeed
shorter than the Dypis values for a C—1I- - -I interaction reported in Table 1 as
4.26 A for a type I and 3.89 A for a type II interaction, respectively.

In the numerous examples of ortho-dihalo TTFs described so far
(Scheme 7) [53,57-62], one observes the formation of inversion-centred
dyads with strong S- - -S, S---Se or Se- - -Se interactions (Fig. 4), a recurrent
motif among TTFs with C,y symmetry [63]. This dyadic motif eventually in-
teracts with neighbouring ones through short Hal- - -Hal contacts and also
Hal. - -S(Se) contacts, demonstrating that the favoured packing of such TTFs
into dyads with the associated S(Se)- - -S(Se) van der Waals interactions over-
comes in most cases possible Hal. - -Hal interactions. The situation is reversed
in the tetrahalotetrathiafulvalenes [57, 64] where the larger size of the halo-
gen atoms hinders such dyadic association. As a consequence, type I motifs
can now be observed in the chloro and bromo derivatives, while type IT motifs
are found in the structure of tetraiodotetrathiafulvalene (Fig. 5) with the fol-
lowing structural characteristics: I- - -I 3.85 A, 6, = 87°, 6, = 166° and 3.99 A,
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Fig.4 Illustration of the head-to-tail dyadic association of ortho-dihalo TTFs in the struc-
ture of neutral EDS-TSF-I,

Fig.5 A view of the two crystallographically independent TTFI, stacks, halogen bonded
through two type II I- - -I interactions (dotted lines)

6, = 101°, 6, = 174°. Note that the I---I distances are, however, close to the
Danis value for such a type II C—1I- - -I interaction.
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3.3
Cation Radical Salts of Halogenated TTFs

As mentioned above, (EDT-TTF-I),Br was the first, beautiful example of halo-
gen bonding in TTF salts (Scheme 4) [36]. It possesses most of the character-
istics of the other salts described so far, that is, a linear C — Hal. - -Hal~ inter-
action with short Hal- - -Hal distance, found at 3.213 A and to be compared
with the corresponding type II Dapjs value (Table 1) for C—1I. - -Br interaction
(3.60 A). The other salt described by the same authors (Scheme 4) involved
the linear [Ag(CN);]", affording upon electrocrystallization of EDT-TTF-I
a similar 2 : 1 salt where now each nitrile of the [Ag(CN),]~ anion is halogen
bonded to the iodine atom of the partially oxidized EDT-TTF-I molecule [36].
A linear C=N. - I interaction was observed with N. - -I distance at 2.88 A, to
be compared with the corresponding type II D,pjs value (3.36 A). The remark-
ably short halogen interactions found in these two examples demonstrate
that, upon oxidation of the TTF derivative to the radical cation state, the
positive charge density in the polar region of the iodine atom is enhanced,
for a stronger interaction with the negatively charged counter ion [15]. The
other examples which have been described since can thus be organized into
two such series, one involving halide, polyhalide or polyhalometallate anions
through C - Hal. - -Hal interactions, the other involving polycyanometallate
or organic nitrile anions through C—Hal. - -N=C interactions. They will be
presented successively in the following sections.

3.3.1
Hal- - -Halypjon Interactions

3.3.1.1
Halide Anions as Halogen Bond Acceptors

The (EDT-TTF-I),Br salt described above [36] and the 1:1 (TTFI4)I salt re-
ported by Gompper [51] were the only structurally characterized salts with
simple halide anions until Imakubo recently described an extensive series of
Cl~ and Br~ salts from several ortho-diiodo tetrathiafulvalene, tetraselena-
fulvalene and dithiadiselenafulvalene derivatives (Scheme 8) [62]. The X-ray
crystal structure analysis of the nine salts described there show a variety of
halogen bonded motifs, demonstrating the adaptability of the supramolecu-
lar interactions to other structural requirements imposed by the nature of the
heteroatoms (O, S, Se) in the TTF frame. Indeed, in (EDT-TTF-I,),X-(H,0),
(X = CI, Br), a bimolecular motif (Fig. 6) associates two partially oxidized
EDT-TTF-I, molecules with one Br~ anion and one water molecule.

Note that the acute (C—)I-- -Br™- - -I(— C) angle observed here (85.35(2)°)
has already been observed in similar situations where one Br~ or Cl” an-
ion is bonded to two activated iodine atoms, as reported, for example,
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Fig.6 Detail of the halogen bonded motif in (EDT-TTF-I,);Br-(H,0);

in the adducts of tetraphenylphosphonium chloride or bromide with 1,4-
diiodotetrafluorobenzene [65]. The corresponding salts with the tetraselena-
fulvalene analogue, EDT-TSF-I,, are not isostructural, as no water molecules
are included in the structure but rather a methylene chloride one. As a con-
sequence, one halide anion links two EDT-TSF-I, molecules with short

--Cl"(Br~) distances and an I.--Br™---I angle of 121. 11(2) A. The two
molecules with the ethylenedioxo substituents, that is, EDO-TTF-I, and EDO-
DTDSF-I,, gave isomorphous salts with Cl~ and Br™. The four salts are char-
acterized by a halide anion bonded to four TTF molecules in a distorted
tetrahedral environment (Fig. 7)

Fig.7 Detail of the halogen bonded motif in (EDO-TTF-I,),Br

In all these salts, the intermolecular I.--Cl"(Br~) distances are much
shorter than the corresponding D,nis distances (Table 2), indicating very
strong interactions, most probably attributable to an important electrostatic
contribution. Furthermore, these salts are highly conducting and exhibit
a variety of electronic structures, from completely two-dimensional to quasi
one-dimensional, with original TTF. - -TTF overlap patterns observed here
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Table2 Intermolecular halogen bond distances (in A) in the iodotetrathiafulvalene salts
with CI™ or Br™ anions, measured at 293 K

C-I.-.ClI” C-I.--Br~ Refs.
(Danis = 3.54 A) (Danis = 3.60A)
(IET),X - 3.213 [36]
(DIET),X-(H,0); 3.313(1) 3.211(2) [62]
(DIETSe),X-CH,Cl, 3.074(5) 3.136(1) [62]
(DIEDO),X 3.252(2) 3.3569(9) [62]
3.213(2) 3.362(1)
3.521(2) 3.5872(8)
3.113(2) 3.2720(8)
(DIEDO - STF),X 3.316(11) 3.382(12) [62]
3.235(8) 3.372(9)
3.603(10) 3.611(11)
3.213(12) 3.268(14)

because of the structural requirements of the strong halogen bonding inter-
actions.

3.3.1.2
Polyhalide Anions as Halogen Bond Acceptors

After the description of halogen bonded systems with the simplest CI~ or
Br™ anions, we now describe those salts involving complex polyhalide an-
ions such as I3~ or IBr,~ as halogen bond acceptors. Several salts have
been obtained upon electrocrystallization with EDT-TTF-Br; [66], BTM-TTE-
Br, [61,64], EDO-TTF-I, [67] or EDT-TTF-I, [66], which all exhibit type II
C—Br(I)- - -Br(I) interactions. A good example is offered by the 2:1 salt
(EDT-TTF-I;)(I3) where halogen bonding interactions are identified, not only
between the iodo TTF and I3~ but also between iodo TTFs (Fig. 8). As shown
in Table 3, the intermolecular distances, albeit shorter than the correspond-
ing Danis, are not as short as observed above in Sect. 3.3.1.1, the signature of
a weaker halogen bonding interaction with anions where the negative charge
is now delocalized on three rather than on one atom.

Moreover, it was shown that the presence of Hal- - -Hal interactions be-
tween the partially oxidized molecules also contribute to the electronic delo-
calization. Indeed, the presence of non-zero atomic coefficients on the halo-
gen atoms in the HOMO of EDT-TTF-Br; or EDT-TTF-I, [66], together with
the short Hal- - -Hal contacts, leads to a sizeable increase of the band disper-
sion and stabilizes a rare B’ structure through the side-by-side arrangement
of the inversion-centred dyads connected by Hal---Hal interactions. Both
I3~ salts are semiconductors with room temperature conductivities around
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Fig.8 A view of both types of I- - -I interactions in (EDT-TTF-I,)(I3)

I

Table 3 Halogen bond distances and angles in various salts with I3~

Interaction Dgnis  Br(I)I 61 6, Refs.
A A (°C) (°C)

(BTM—-TTF-Br),(I3) C—Br---I 3.67 3.635(1) 163.6(3) 72.08(3) [61,64]

(EDT-TTF-Br);(Is) C-Br---1 3.67 3.51(5) 165.3(1) 110.48(2) [66]

(EDO - TTE - 1,)(I3) C-I-1 389 3.402) 173.2(2) 133.1(3)  [67]
3.399(8) 163.4(2) 71.54(2)

(EDT — TTF - I,),(I3) C-I-I 389 35505 164.8(2) 107.21(2) [66]

1Scm™, a large value when compared with other B’ structures such as p’-
(BEDT-TTF),(ICL,).

3.3.1.3
Halometallate Anions as Halogen Bond Acceptors

Only a few recent examples of halogen bonding of halogenated TTFs with
halometallate anions have been described and this most probably represents
a broad development field in this area. Indeed, these halometallate salts of-
fer a wide variety of complexes and specifically here a large variation of
the ratio of anion charge vs number of halide atoms, as already discussed
above in the comparison between Br~ and I3~ salts. This point is illustrated
by the superb structures of two salts of EDT-TTF-I, with the polymeric
one-dimensional PbIs~ (Fig.9) and two-dimensional (Pbs/s[J;/sI2)3 anions
where shorter C —1I- - -I nion contacts are observed with the linear Pblsz~ chains
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Fig.9 I.--I interactions in (EDT-TTF-I,),(Pbl3) with the polymeric (Pbl3)s~ anionic
chains

with a charge per iodine atom of - 0.33 [68], when compared with the two-
dimensional (Pbs;s[J1/612); layers [69] where the charge per iodine atom
amounts to - 0.17 for the same oxidation state of EDT-TTF-I, (o =0.5). In
the latter, the inorganic layers exhibit the CdI, structure type while the exact
negative charge of the layer is governed by the presence of a specific number
of lead vacancies. The shortest Ionor - -~ Ianion distances (3.81, 4.09 A), albeit
longer than in the other salts described above, are still much shorter than the
I - -I separation across the van der Waals gap in 2H-PbI, (4.95 A).
Polyhalometallates are also particularly interesting since they often exist in
a paramagnetic state, allowing for investigation of possible m-d interaction in
these salts between the conducting, delocalized electrons of the organic slabs
(the m electrons) and the localized spins of the counter ions, for example,
the $ =5/2 FeCly™ ions [71-73]. Enoki et al. have reported the very first ap-
proach aimed at associating halogen bonding to the m-d interaction, first
in the (EDO-TTF-Br;),(FeBry) salt [74], then in two salts of EDT-TTF-Br,
with paramagnetic FeBrs~ and diamagnetic GaBry~ [75]. These three sys-
tems are isostructural and exhibit Brgonor - --Branion interactions at distances
(3.65-3.68 A) associated with a weaker, type I halogen interaction. Neverthe-
less, the antiferromagnetic ordering of the FeBr,~ anion lattice was shown to
affect the transport properties of the conducting  electrons, demonstrating
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the usefulness of the n—d interaction mediated here by the halogen bonding.
This approach was extended to the tetraselenafulvalene analogues, EDT-TSF-
Br, and EDT-TSF-I,, by Imakubo who electrocrystallized these two donor
molecules with FeCl;~ and FeBrs~ and their diamagnetic analogues GaCly~
and GaBr4~ [76].

In conclusion, because of the highly delocalized charge of the anion on
several halide atoms, the halogen bonding with polyhalometallate anions ap-
pears to be much weaker than with the simplest anions. The n-d interactions
identified in several of these salts suggest, however, that the organic and inor-
ganic lattices are indeed interconnected, with a probable contribution of the
through-bond halogen bonding interactions. Contrariwise, we will see in the
following that the marked directionality of the C — Hal- - -N=C - interaction
will be very useful to favour such interactions with polycyanometallates or
organic nitriles, even when the negative charge of the anion is also strongly
delocalized.

3.3.2
Hal- - -Nitrile Interactions

3.3.2.1
Inorganic Cyanometallate Anions

Following the first described example reported by Imakubo and Kato with
the linear Ag(CN), ™ anion [36], various polycyanometallates have been inves-
tigated as electrolytes in electrocrystallization experiments with essentially
iodotetrathiafulvalenes, such as the square-planar [M(CN)4]%, [Pt(CN)4]*"
or [Au(CN)4]~ or the octahedral [Cr(CN)g]>~ or [Fe(CN)sNO]?~ [15]. From
the halogen bonding point of view, this approach is very successful as short,
linear C-1I- - -N=C contacts are observed in every salt. More recently, larger
cluster anions such as [RegSeg(CN)g]4 were also associated with E — TTE-I,
and EDT-TTF-I [77], affording one- or two-dimensional halogen bonded
systems where two or four of the six possible CN groups of the anions
enter into halogen bond interactions with the fully oxidized cation rad-
ical of E-TTF-I, or EDT-TTEF-I, respectively (Fig.10). In these salts, the
(C-)I---N(=C) distances amount to 2.79 and 2.83 A, withC-1.- N(=) an-
gles of 177 and 176°, respectively. These distances are far shorter than the
Danis value (Table 1) estimated at 3.36 A, but also shorter than those observed
in [EDT-TTE-I],[Ag(CN),] (2.88 A) [36].

The association of magnetic ions through halogen bonding, already
investigated with the hexacyanometallate anions, has been extended to
more complex ions such as the low spin, S =1/2, [Fe(bpca)(CN)3]~ (bpca:
bis(2-pyridylcarbonyl)amide) anion [78]. Associated with EDT-TTF-I; or
EDO-TTF-I,, it gives rise to 2: 1 salts characterized by two halogen bond-
ing interactions with the anion, one involving one cyano substituent and
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Fig.10 One-dimensional halogen bonded system involving E-TTFI, and the octahedral
polycyano cluster anion [RegSes(CN)g ]

the other involving the oxygen atom of a carbonyl (Fig. 10). This work was
further extended by the same authors to thiocyanate anions such as the
S =3/2 [Cr(is0q)2(NCS)4]~ ion where, upon association with EDT-TTF-I, or
EDT-TSFE-I,, C—1I- - -SCN — interactions can now be identified [79].

3.3.2.2
Organic Nitrile-Containing Anions

The most popular organic nitrile-containing anions used so far in their salts
with halogenated TTFs are the square-planar metal dithiolene complexes of
the mnt dithiolate, formulated as [M(mnt),]~, M = Ni, Pt, Pd (Scheme 9).
Dithiolene complexes have been extensively used for the elaboration of con-
ducting [80] or magnetic materials [81-83]. The non-innocent character of the
dithiolate ligand allows for multiple redox states, some of them paramagnetic.
Let us mention the [M(mnt),] complexes, known in their dianionic (S = 0) or
monoanionic (S = 1/2) states, or the [M(dmit), ] complexes, known as dianion,
monoanion or mixed-valence, formally - 0.5 ions in conducting systems. The
presence of nitrile substituents combined with their negative charge make the
[M(mnt),] complexes ideal counter ions to favour halogen bond interactions
with halogenated TTFs. There are, however, only five reported examples of such
salts, which are collected in Table 4 with their structural characteristics. Note
the short and strongly linear C — I - -N=C interaction in all of them.

© ©
NC_s_ s N S—-S_ ,5~S ]
TOCT =TT s
NC S S CN S S S S
1 © .
[M(mnt)z]e M = Ni, Pt, Pd [M(dmit)] ~ M = Ni, Pt, Pd

Scheme 9 Metal dithiolene complexes

In (TTF - I);[Pd(mnt),], dyads of fully oxidized (TTF-I)** radical cations
alternate with the dianionic [Pd(mnt),]%" affording an insulating salt [84].
On the other hand, the EDO-TTE-I, salts of [Ni(mnt),]” and [Pt(mnt),]”
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Table 4 Structural characteristics of the metal dithiolene salts of halogenated TTFs

Compound I.--N(A) C-I--N(°C) I.--N=C (°C) Refs.
(TTF -1);[Pd(mnt),] 3.04 175 173 [84]
(EDO-TTF-1,),[Ni(mnt),]  3.04 169 165 [85]
(EDO-TTF-1L),[Pt(mnt),]  3.05 169 167 [85]
(EDT - TTF - I), [Ni(mnt),] 2.93 178 172 [86]
(EDT - TTF - L,),[Ni(mnt),]  2.93 177 172 [86]

organize into segregated stacks of cations and anions [85], linked together
by the C—1I.--N=C interaction (Fig. 11), giving rise to a salt with metallic
conductivity while the localized spins of the dithiolene complexes behave as
a one-dimensional ferromagnet. Finally, the [Ni(mnt); ] salts of the monoiodo
EDT-TTF-I and diiodo EDT-TTF-I, molecules provide examples of both be-
haviours [86]. Indeed, based on the magnetic, electrical and structural prop-
erties, the 2 : 1 salts obtained with both TTF derivatives were formulated as
(EDT-TTF-I'");[Ni(mnt);]? and [EDT-TTF-I,],* [Ni(mnt),]", respectively,
with diamagnetic dicationic dyad and dianion with EDT-TTF-I, and para-
magnetic mixed-valence dyad and monoanion with EDT-TTF-I,. These few
examples demonstrate that the delocalization of the anionic charge is not
a drawback when nitrile substituents are involved in the halogen bonding
interaction, by contrast with its weakening in larger polyhalometallates (see
Sects. 3.3.1.2 and 3.3.1.3). This observation opens new promising routes for
the elaboration of such salts since dithiolene complexes are known with
a wide variety of geometries and stoichiometries, not only as square-planar
complexes but also within tris(dithiolene) complexes with geometries in be-
tween octahedral and trigonal-prismatic [81].

Fig.11 The trimeric motif formed upon halogen bonding interaction between the par-
tially oxidized EDT-TTF-I;, and the dithiolene complex [Ni(mnt),]~

3.3.23
Inverting the Polarity with Cyanotetrathiafulvalenes

As already mentioned above, the oxidation of halogenated TTFs to the radical
cation state is found to activate the halogen atom for entering into a halo-
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gen bond as the charge depletion along the C — Hal bond is enhanced. This
adds a strong electrostatic contribution to the halogen bond, besides the im-
portant polarizability component. In order to test this assumption, a TTF
substituted with a CN group, that is, EDT-TTF-CN (Scheme 10), was prepared
and its electrocrystallization investigated in the presence of various halide,
polyhalide or polyhalometallate anions [87].

SN S| S__s s _CN
(LT = (LT
s7 S S s~ S S
EDT-TTF-I EDT-TTF-CN
Scheme 10 Inverting the polarity of halogen bonding with EDT-TTF-CN

Six different salts of EDT-TTF-CN were obtained upon oxidation in the
presence of I3~, FeBry~, InBry~, AuBr4™, MogBri14>~ and MogClgBrg?~. In none
of them was an interaction between the EDT-TTF-CN and the halogen atom
of one anion identified, demonstrating at least by the negative that the oxi-
dation of the cyano TTF does favour such an interaction, while is known to
occur in neutral systems such as in p-halobenzonitrile [88].

3.3.3
lodopyrazino TTFs, lododithiapyrenes

Another very beautiful illustration of halogen bonding in TTF-based mo-
lecular conductors is found in Imakubo’s work on dihalopyrazinodithiaful-
valene and analogues [89]. The neutral chloroiodopyrazinotetrathiafulvalene,
denoted CIIPS in Scheme 11, crystallizes in the neutral state with a short
N- - -I halogen bond (3.08(3) A), demonstrating that this interaction is indeed
favoured with iodine rather than chlorine [90]. Most probably here in CIIPS,
the chlorine atom, with its electron-withdrawing character, partly activates
the neighbouring iodine atom for entering into the C—I. - -N interaction.

No-Se s N_se se ! _Nos s
N N N
[T~ CX =T (I~
N~ “Se S | N~ "Se  Se™ N~ S ST ¢l
DIPS DIPSe CIIPS

Scheme 11 The dihalopyrazinotetrathiafulvalenes and analogues involved in threefold
symmetry salts

Furthermore, electrocrystallization of the diodo derivatives DIPS and
DIPSe afforded original salts with threefold symmetry and varying stoi-
chiometries, such as (DIPS)3 (PFﬁ)(PhCI) 1.15 or (DIPSe)3 (PF6)1.33
(CH2Clz)12 [91]. In these salts, the halogen bond is further enhanced as
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the (C-)I---N distance is now found at 2.84-2.88 A in the DIPS salts
(DIPS)3(PFg)(S), with S = PhCl, CH,Cl; or CICH,CHCI,, and at 2.85-2.87 A
in the DIPSe salts (DIPSe);(X)1.33(CH,Cl; )1, with X = PFg, AsFg or SbF¢. The
halogen bond network affords a lacunary crystal structure with two types
of channels (denoted A and B in Fig. 12) where the counter ion and solvent
molecules are dispersed. These extraordinary porous materials exhibit high
conductivities, with opr = 10 Scm™ and E,; = 50 meV for the DIPS salts, and
orT = 100 Scm™' and a metallic behaviour for the DIPSe salts.

Recently, the ability of halogenated TTFs to enter into halogen bond in-
teractions was also extended to other families of donor molecules such
as the dithiapyrenes (DTPYs) (Scheme 12) [92]. The better solubility of

@cre

Fig.12 The threefold symmetry rigid structure adopted by the DIPSe salts with PFs~,
AsFg~ or SbFs~, showing the two types of channels (denoted A and B) occupied by the
anions and solvent molecules

<G
| \ | \ |
DTPY-I, O ° DTPY-I O )

Scheme 12 Mono- and diiododithiapyrenes
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the monoiododithiapyrene DTPY-I, when compared with the diodo deriva-
tive DTPY-I,, allowed for its successful electrocrystallization with NO3;~ or
chemical oxidation with various quinones (Fig. 13). The short and linear
C-1.--O-=NO;" interaction identified in its 1:1 nitrate salt demonstrates
that any donor molecule substituted with a bromide or iodine atom is po-
tentially able to enter into a halogen bond interaction upon oxidation to the

cation radical state.

¢ N S ®
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Fig. 13 A detail of the C—1---O — NO;" interaction in (DTPY-I)NO3

34
Ternary Systems

Following Dehnicke’s report in 1996 on the co-crystallization of diiodoacety-
lene (DIA) with various halide anions to form two-dimensional networks
through C—1I.--X" interactions [93], Kato et al. investigated these supramo-
lecular anions in the electrocrystallization of classical TTFs such as BEDT-
TTE

Highly conducting 2 : 1 BEDT-TTF salts were obtained with diiodoacety-
lene with chains of alternating DIA neutral molecules and X~ anions
(Scheme 13) [94]. Increasing the size of the neutral molecules with difluorote-
traiodobenzene (DFTIB) or 1,4-(bisiodoethynyl)benzene (pBIB) decreases
the overall charge per surface unit in the anionic layer, thus affording
3:1 salts such as (BEDT-TTF);X(DFTIB) or (BEDT-TTF);X(pBIB), X =
Cl, Br [95]. These salts exhibit a two-dimensional character and a metallic
conductivity down to 1.6 K. Other donor molecules derived from BEDT-
TTF are also currently being investigated, such as bis(methylenedithio)-
tetrathiafulvalene (BMDT-TTF) [96]. With the latter, slightly smaller than
BEDT-TTF, a 4: 1 salt was isolated in the presence of difluorobis(iodoethynyl)
benzene and Cl™ or Br™.

4
Summary and Outlook

This short review has demonstrated that halogen bonding interactions have
already been used in many ways in the field of magnetic or conducting or-
ganic systems. Only a few examples are available in the nitroxide family, but
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Scheme 13 Polymeric anionic networks formed upon electrocrystallization of BEDT-TTF
with X~ (CI7, Br7) in the presence of iodoalkynes or iodoperfluoroarenes

the formation of binary systems with perfluoroiodoalkanes or -arenes offers
new perspectives for the elaboration of original structures based on the ex-
tensive library of such neutral radicals investigated so far. In the cation radical
salts of halogenated TTFs, a strong electrostatic component is added to the
halogen bonding interaction, as the oxidation of the TTF to the cation rad-
ical state enhances the partial positive charge along the C — Hal bond toward
the anion. As a consequence, halogen bonds in these salts, when present,
are strongly directional and systematically shorter than in neutral systems.
This charge effect decreases when replacing small halide (Cl~, Br~) anions by
larger polyhalide (IBr,™, I3”) or polyhalometallate (FeBr,~, Pbls™, ...) anions.
On the other hand, C — Hal- - -N=C halogen interaction of partially oxidized
halogenated TTFs with polycyanometallate anions or organic anionic nitriles
is systematically strong, offering probably a more predictable structural tool
than the Hal- - -Hal interactions. Also, beyond this reliable structural role, we
have shown that halogen bonding could also play an important electronic role,
by contributing to the band dispersion of the organic stacks, or by transmit-
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ting magnetic interactions indicating that part of the spin density is most
probably delocalized on the halogen atoms involved in the halogen bonding.
This assumption still remains to be validated, on the basis of experimen-
tal and theoretical determinations of the spin density in such conducting or
magnetic halogen bonded systems.
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