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The halogen bond is emerging as an important driving force for supramolecular self-assembly, and has
attracted great interest in the past decade. Among the ample halogen-bonding donors, we note the ability
of 1,3,5-trifluoro-2,4,6-triiodobenzene (1,3,5-TFTIB) to co-crystallize with various halogen-bonding accep-
tors, ranging from neutral Lewis bases (nitrogen-containing heterocycles, N-oxides, and triphenylphosphine
selenide (PhzPSe)) to anions (halide ions and thiocyanate ion), leading to a wide diversity of supramolecular
architectures. Some of them are promising optoelectronic functional materials. In this review, we concen-
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trate on the structures of multicomponent supramolecular complexes, highlight typical examples, and
point out the main possible directions that remain to be developed in this field. From the perspectives of
supramolecular chemistry and crystal engineering, the complexes reviewed here should provide useful in-
formation for further design and investigation on this fascinating class of halogen-bonding supramolecular
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1. Introduction

Since Jean-Marie Lehn's famous description of supramolecu-
lar chemistry, supramolecular synthesis as a rapidly growing
field is still in its formative stages.'™ The co-crystallization
strategy in crystal engineering offers a rational approach to
the design and synthesis of multi-component supramolecular
complexes (such as co-crystals and salts) with desired struc-
tures and special functionalities,®* which gain an advantage
over single-component compounds on the control of molecu-
lar arrangements and physicochemical properties.”* The co-
crystallization process has been largely associated with molec-
ular recognition and self-assembly between components
driven by non-covalent interactions. Hence, the understand-
ing of non-covalent interactions is of great importance, for in-
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stance, hydrogen bonds, halogen bonds, n-m stacking, van
der Waals forces, etc.'**°

Currently, focus has been extended towards halogen
bonds from the better-known hydrogen bond since these
have been proven to be an alternative powerful tool in supra-
molecular chemistry and crystal engineering.'’>* The rele-
vant research on halogen bond covers a wide scope from
fundamental studies (for example, the nature of a halogen
bond**™*® and the construction of novel supramolecular ar-
chitectures®”*®) and materials sciences (optoelectronic mate-
rials,>*° anion recognition,®* liquid crystals,*® capture
and release of small molecules,*® supramolecular gels,*” and
so forth) to biological systems.*®3°

Recent developments have significantly enhanced our
understanding of halogen-bonding interactions. A halogen
bond (R-X:'Y) occurs when an attractive interaction exists
between the electrophilic region on a halogen atom (the so-
called c-hole) and an electron donor (Lewis base), sharing
many similar features with a hydrogen bond.**** The
electron-deficient halogen atom (X = Cl, Br, I, named the
halogen-bonding donor) acts as an electron acceptor of the
electron-rich Lewis base (Y = N, O, S, P or halogen atoms,
called the halogen-bonding acceptor). The distance (X:-Y)
between the halogen atom and the electron donor atom is
shorter than the sum of the van der Waals radii, and the
corresponding bond angle (R-X:--Y) is close to 180°.** In ad-
dition to the conventional linear halogen bond, two types of

This journal is © The Royal Society of Chemistry 2017
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halogen---halogen contacts (R-X;''-X,-Z) are frequently en-
countered in the crystal structures of halogen-substituted
molecules, where contacts with 1 (R-X;"'X;) = 02 (X;"Xp—
Z) were defined as type I, and type II with 01 =~ 180° and 62
~ 90°.*

The halogen-bonding strength increases in the order of
Cl<Br<I depending on their electronegativity,* and can be
further enhanced by introducing -electron-withdrawing
groups to the halogen-bonding donor, such as the fluorine
atom.*>*® For this reason, perfluorinated 1,3,5-trifluoro-2,4,6-
triiodobenzene (1,3,5-TFTIB) was envisaged as an ideal
halogen-bonding donor and has been widely used for the
construction of various supramolecular architectures by co-
crystallizing with diverse halogen-bonding acceptors, ranging
from neutral Lewis bases (nitrogen-containing heterocycles,
N-oxides, and triphenylphosphine selenide (Ph;PSe)) to
anions (halide ions and the thiocyanate ion) (Scheme 1). In
view of its potential in the design and synthesis of new
multicomponent crystalline materials, we believe that it is
timely and necessary to give an overview of the research prog-
ress on 1,3,5-TFTIB. In this review, our attention is focused
on the structures of multicomponent supramolecular com-
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plexes, which were investigated by crystallographic and theo-
retical methods.

2. Co-crystallization of 1,3,5-TFTIB
with various halogen-bonding
acceptors

2.1. Nitrogen-containing heterocycles as the halogen-bonding
acceptors

2.1.1. Aromatic nitrogen-containing heterocycles

2.1.1.1. Pyridine derivatives. The co-crystals concerning
1,3,5-TFTIB were first reported by van der Boom and co-
workers, with bipyridyl derivatives (bis-1,4-(4-pyridylethyl-
enyl)-benzene (BPEB), trans-1,2-bis(4-pyridyl)-ethylene (BPE)
and 4,4"-bipyridine (BPY)) as halogen-bonding acceptors.?” In
all three cases, the halogen-bonding donor and acceptor are
inclined to co-crystallize in a 1:1 molar ratio instead of the
anticipated 2:3 ratio, and only two iodine atoms in 1,3,5-
TFTIB are involved in halogen bonds rather than 3-fold C-
I--'N intermolecular interactions. Intermolecular C-I---N
halogen bonds, in combination with the n-stacking between
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Scheme 1 Chemical structures of most Lewis bases in order of their appearance.
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aromatic systems and C-I---F contacts, afford interesting su-
pramolecular architectures. There seems to be no apparent
correlation between the size/length of bipyridyl derivatives
and the distance of these intermolecular interactions. DFT
calculations were performed to investigate the nature of the
interaction between the pyridine nitrogen and 1,3,5-TFTIB,
and the results demonstrated a weakening of N---I interac-
tions as more electron-donor moieties coordinate to 1,3,5-
TFTIB, which may be a contributing factor to the experimen-
tal findings that the number of halogen bonds on a single ar-
omatic halogen-bonding donor is limited. Alternatively, an-
other likely reason was postulated to be the favorable
packing arrangements.

Recently, a comment was made on the interpenetrated
network structure of 1,3,5-TFTIB-BPY by Schéellhorn et al.,®
while 1,3,5-TFTIB-BPE was synthetized at the micro-/nano-
scale by Hu's group to gain insight into the “assembly-
structure-charge transfer (CT)-properties” relationship.*® In
the latter case, wire-like crystals with segregated stacking are
measured to be quasi-1D semiconductors and exhibit strong
violet-blue photoluminescence (PL) from the lowest CT; exci-
tons (Ppy, = 26.1%), which can be confined and propagate op-
positely along the 1D axial direction (Fig. 1). Furthermore,
the appearance of CT interactions has been confirmed by
relevant experiments and DFT calculations, and is attributed
to the n electron-rich character in the BPE columns, which
promotes the CT process from the donor BPE to the
acceptor 1,3,5-TFTIB. Impressively, it gives a deep under-
standing of the relationship among molecular packing, CT

(a) Bpe-IFB
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interactions and optoelectronic properties in halogen-
bonding co-crystals.

A larger conjugated bipyridyl acceptor, 9,10-bis((E)-2-
(pyridin-4-yl)vinyl)anthracene (BP4VA), was investigated later,
which is a typical aggregation-induced emission (AIE)
luminogen.”® Two polymorphs of co-crystals C1 and C2 were
prepared by the self-assembly of BP4VA with 1,3,5-TFTIB in a
1:1 molar ratio, a THF solution for C1 while a THF and etha-
nol mixed solvent for C2. The two polymorphs crystallized in
the monoclinic space group P2,/c and triclinic space group
P1 respectively, in which BP4VA is highly twisted with dihe-
dral angles of 66.09° for C1 and 54.32° for C2 between the
central anthracene and the double bond (Fig. 2a and d). Al-
though both packed in segregated-stacking modes, the block-
like C1 displays strong H-type interactions between BP4VA
and 1,3,5-TFTIB molecules due to strong m---m interactions,
whereas for needle-like C2, the BP4VA molecules adopt
J-aggregation (Fig. 2b, c, e and f). In contrast with the pure
BP4VA crystal, the formation of H-aggregates in C1 probably
leads to non-radiative decay in the highly interacting solid
state, and there are no obvious m-interactions in C2, which
may allow efficient radiative transition and enhanced fluores-
cence emission. As was expected, C1 shows a weak green
emission peaking at 510 nm with a low quantum yield ¢ of
2%, but C2 exhibits a bright yellow emission located at 554
nm with a high ¢ of 34%. In addition, a unique
mechanochromic behavior was observed in C1.

When extending this work to the tripyridyl system, a 1:2
co-crystal was obtained by slow evaporation of the CHCl;
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Fig. 1 (a) Intermolecular interactions and molecular packing structures of 1,3,5-TFTIB-BPE. (b) Schematic diagrams of segregated stacking. (c)
Confocal laser scanning microscopy (CLSM) images. (d) Electric conductivity. Reprinted with permission from ref. 49. Copyright 2015 The

American Chemical Society.
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Fig. 2 Two polymorphs C1 and C2 of 1,3,5-TFTIB-BP4VA. Conformational structure (a), stacking of the molecular columns (b) and optical image
(c) of C1. Conformational structure (d), stacking of the molecular columns (e) and optical image (f) of C2. Reprinted with permission from ref. 50.

Copyright 2017 The Royal Society of Chemistry.

solution containing 1,3,5-tris[4-pyridyl(ethenyl)|benzene (TPEB)
and 1,3,5-TFTIB.>' X-ray crystallographic analysis revealed the
formation of a halogen-bonding architecture, with both
tripyridyl component and 1,3,5-TFTIB involved in n-n stack-
ing interactions. Two nitrogen atoms from TPEB feature a
strong and single C-I--*N halogen bond (dy..; = 2.812 A, ~C-
I-*N = 176.59°) with two 1,3,5-TFTIB molecules, and the third
nitrogen atom forms two relatively weak C-I---N halogen
bonds (dy..; = 3.244 A, ZC-1-“N = 158.87°) with the other
two 1,3,5-TFTIB molecules (Fig. 3a). After two N atoms trans-
fer their electron density to 1,3,5-TFTIB, the lower electron
density in the third N atom may be responsible for the for-

2.812A

mation of a different halogen bond. As described in Fig. 3b,
tripyridyl molecules are aligned in parallel, whereas 1,3,5-
TFTIB molecules consist of two types of planes with a 41.7°
angle.

In a general way, halogen bonds follow the best-donor/
best-acceptor rules like hydrogen bonds and the “better”
halogen-bonding donor preferentially interacts with the ac-
ceptor atom with a larger negative electrostatic potential.
With a view to establishing how effectively the ranking and
hierarchy of acceptor sites based on molecular electrostatic
potential translate into predictable primary interactions,
Aakeroy et al. conducted systematic co-crystallizations on

Fig. 3 (a) TPEB is halogen bonded to four 1,3,5-TFTIB molecules through C-I---N interactions. (b) Schematic diagrams of crystal packing.
Reprinted with permission from ref. 51. Copyright 2008 The American Chemical Society.
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three multi-topic N-heterocyclic acceptors, namely 1,1
bis(pyridin-3-ylmethyl)-2,2"-biimidazole (BP3MBM), 1,1"-bis-
(pyridin-2-ylmethyl)-2,2"-biimidazole (BP2MBM) and 1,1-
dibenzyl-2,2"-biimidazole (DBBM).”*> Thereinto, the latter one
is employed as a control experiment to ensure that observed
binding preferences are not simply the result of steric hin-
drance. Electrostatic potential calculations state clearly that
pyridine nitrogen atoms carry the more negative electrostatic
potential than those in the imidazole making them the
better acceptors.

Indeed, theoretical calculations are consistent with the ex-
perimental results. In the co-crystal between 1,3,5-TFTIB and
BP3MBM, both pyridine and imidazole N atoms participate
in the halogen-bonding interactions (Fig. 4a), and the C-
I--'N(im) distances are much longer than the C-I---N(py)
length, giving an indication that N(py) is the preferred bind-
ing site. Besides, a combination of intermolecular C-I--‘F
halogen bonds and C-H-:--N(im) hydrogen bonds together
drive the formation of supramolecular architectures.
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As for the system of 1,3,5-TFTIB and BP2MBM, two iodine
atoms are halogen bonded to pyridine nitrogen atoms
forming the 1D zig-zag chains without imidazole nitrogen
atoms involved in any significant short contacts (Fig. 4b). In
terms of the control group, terminal phenyl groups as ‘arms’
of the acceptor are unexpected to appear on the same side of
the aromatic core. One of the N(im) atoms is engaged in a
near-linear halogen bond while the other one generates dis-
symmetric bifurcated halogen bonds with two adjacent 1,3,5-
TFTIB molecules (Fig. 4c). Such bifurcated halogen bonds are
rare, as nitrogen atom only has one lone pair and tends to
form one non-covalent interaction with a single electron-pair
acceptor.

Subsequently, several pyridine-containing imidazoles
with two different acceptor sites were utilized to react with
1,3,5-TFTIB, ie. 1-(pyridin-3-ylmethyl)-benzimidazole (PMBI),
4-((2-phenyl-imidazol-1-yl)methyl)pyridine ~ (4PIMP), 5,6-
dimethyl-1-(pyridin-3-ylmethyl)-benzoimidazole (DMPMBI)
and 3-((2-phenylimidazol-1-yl)methyl)pyridine (3PIMP).>* The

Fig. 4 Primary halogen-bonding interactions in 1,3,5-TFTIB-BP3MBM (a), 1,3,5-TFTIB-BP2MBM (b) and 1,3,5-TFTIB-DBBM (c). Reprinted with per-

mission from ref. 52. Copyright 2014 Elsevier.
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“better” halogen-bonding donor shows a preference for the
acceptor atom with a more negative electrostatic potential
value, but the selectivity for binding sites is crucially depen-
dent on the magnitude of potential-energy differences. If the
difference in molecular electrostatic potential is not large
enough, structural selectivity will be lost and both potential
acceptor sites are simultaneously engaged in halogen bonds.
As with every situation here, both N(py) and N(im) are halo-
gen bonded to 1,3,5-TFTIB through C-I-*N interactions.
Furthermore, 4-dimethylaminopyridine (DMAP) was included
in their study that has been previously reported by Bruce and
co-workers.>® The difference in electrostatic potential reaches
up to 167 kJ mol™ and only the best acceptor site is preferred
by the halogen-bonding donor, whereas the second-best
acceptor is not involved in any short C-I---N contacts.

An extension of this work was carried out based on a se-
ries of 4-[5-(4-alkoxyphenyl)-1,3,4-oxadiazole-2-yl|pyridines with
hexyloxy- to decyloxy- alkyl chains (APOP).>® In spite of the re-
actions from a 3:1 mixture of pyridine-containing oxa-
diazoles and 1,3,5-TFTIB, all complexes show a 1:1 stoichi-
ometry and similar crystal packing, in which three nitrogen
atoms and iodine atoms are all active in the formation of
halogen bonds. A couple of 1,3,5-TFTIB connect each other
through F---F interactions with a separation from 2.54 to 2.62
A, and are linked to four oxadiazole molecules via C-I---N
halogen-bonding interactions (Fig. 5a). The iodine atom para
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to this fluorine forms a halogen bond with the pyridine N
atom of one oxadiazole molecule while the two ortho ones
bind to the oxadiazole N atoms from a different molecule.
The C-I---N distances do not change much with the alkyl
chain length, in good agreement with the electronic structure
calculations. The most negative electrostatic potential is on
the oxadiazole nitrogen closest to the phenyl ring rather than
the pyridine N atom that has the least negative value in all
three nitrogen atoms unexpectedly. That is to say, the most
favourable binding site would be the oxadiazole N atom
nearest to the phenyl ring if the interaction with 1,3,5-TFTIB
is only electrostatic in nature and no crystal packing effects
are considered. However, the differences between the three
nitrogen sites are small enough that all the N atoms simulta-
neously are involved in the formation of halogen bonds,
and the C-I-'N(ox) interaction is as strong as the classic
C-I---N(py) interaction.

The substitution of sulfur for the oxygen atom on the oxa-
diazole ring gives rise to a different supramolecular packing.
For instance, the thiadiazole derivative, 4-[5-(4-
nonyloxyphenyl)-1,3,4-thiadiazole-2-yl|pyridine (NPTP), when
reacted with 1,3,5-TFTIB, produced a 2:1 co-crystal.>® In this
case, only the pyridine nitrogen atom is favored, which can
be rationalized by the change in the molecular electrostatic
potential. Two iodine atoms from one 1,3,5-TFTIB molecule
are linked with two thiadiazole molecules, giving rise to the

T &6N3 !

(b)

Fig. 5 (a) A couple of 1,3,5-TFTIB are halogen bonded to four 4-[5-(4-hexyloxyphenyl)-1,3,4-oxadiazole-2-yllpyridine molecules. (b) Crystal
packing in the co-crystal between 1,3,5-TFTIB and 4-[5-(4-nonyloxyphenyl)-1,3,4-thiadiazole-2-yllpyridine, showing two adjacent layers (above in
bold, below in light colour). Reprinted with permission from ref. 55. Copyright 2016 The Royal Society of Chemistry.
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V-shaped trimer that is staggered with its neighbours
(Fig. 5b). It can be drawn from these results that the arche-
typal iodine---pyridine interaction is not necessarily the most
favored when halogen-bonding acceptors such as oxadiazole
are present. However, one can tune their electrostatic poten-
tial by using the appropriate strategy.

In order to explore the structural competition between
n---n interactions and halogen bonds, two co-crystals have
been prepared by Ji's group with 1,24 5-tetra(3-
pyridyl)benzene (T3 PB) and 1,2,4,5-tetra(4-pyridyl)benzene (T4
PB) as the halogen-bonding acceptors.”® X-ray crystallo-
graphic analyses reveal that the =n--'m interactions between
two 1,3,5-TFTIB molecules can successfully compete with
intermolecular C-I--*N halogen bonds. Quantum chemical
calculations at the SCS-MP2/SDD** level of theory explain the
structural competition well and confirm that the n---7 inter-
action is much stronger than the C-I---N halogen bond, indi-
cating that n---7 interactions serve as the primary force in the
co-crystallization process.

Self-assembly of 1,3,5-TFTIB with acridine or 1,10-
phenanthroline (PHEN) has resulted in the formation of a
halogen-bonding co-crystal with a 1: 1 molar ratio, both crys-
tallizing in the P2,/c space group.”” In the two co-crystals, the
three iodine atoms all participate in C-I---N and C-I---I halo-
gen bonds, which offer novel supramolecular frameworks.
3C and 'F solid-state magic-angle spinning (MAS) NMR is
an effective tool to probe the formation of a halogen bond.
To be specific, **C solid-state NMR using '°F — *C cross po-
larization (CP) from the halogen-bonding donor to the *C
nuclei of the acceptor indicates that the chemical shifts of
the carbons bonded to iodine atoms increase in terms of the
donor and gives a direct indication of co-crystallization. Upon
the occurrence of a halogen bond, the '°F chemical shift de-
creases in the '°F solid-state NMR. Gauge-including projec-
tor-augmented wave density functional theory (GIPAW DFT)
calculations of magnetic shielding constants provide final
structures in best agreement with the experimental *C and
'9F chemical shifts.
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Halogen bonding can also be applied in surface molecular
engineering. The first 2D open porous halogen-bonding net-
work on a highly oriented pyrolytic graphite (HOPG) surface
has been fabricated by Wan's group, using the tripyridyl
derivative (4-(2-(3,5-bis(2-(pyridin-4-yl)ethynyl)phenyl)ethynyl)-
pyridine (BPEPEP)) and 1,3,5-TFTIB.”® The electrical stimuli
of a scanning tunneling microscopy (STM) tip can induce the
formation of a binary supramolecular structure through
halogen-bonding interactions. The proposed structural model
and high-resolution STM image for the honeycomb network
are given as depicted in Fig. 6. The lattice parameters were
measured to be a = b = 2.5 + 0.2 nm, y = 60 + 2°. The size of a
typical honeycomb pore is in accordance with the expected
size of 2.5 nm predicted by DFT calculations.

2.1.1.2. Other aromatic nitrogen-containing heterocycles.
Apart from pyridine derivatives, other aromatic nitrogen-
containing heterocycles can also act as halogen-bonding ac-
ceptors. In the case of 4,4',6,6"-tetramethyl-2,2-bipyrimidine
(TMBP) co-crystallizing with 1,3,5-TFTIB, it was found that
the ©---7 interactions between two 1,3,5-TFTIB molecules can
successfully compete with intermolecular C-I---N halogen
bonds by single-crystal X-ray diffraction analysis and quan-
tum chemical calculations at the SCS-MP2/SDD** level of
theory.”®

2,3,5,6-Tetramethylpyrazine (TMP) was also chosen as the
halogen-bonding acceptor to interact with 1,3,5-TFTIB, giving
rise to a novel co-crystal that features two linear C-I---N halo-
gen bonds, with angles of 178.09 and 179.81°, and lengths of
2.991 and 2.993 A, respectively.’” As illustrated in Fig. 7, a
zig-zag halogen-bonding chain is produced and linked with
the adjacent one by C-1--'F close contacts (d;...r = 3.133 A),
presenting 2D supramolecular networks. **C and 'F solid-
state NMR has been used to characterize structural features
of the halogen-bonding donor and acceptor, along with
GIPAW DFT calculations.

As described above, the selectivity for halogen-bonding
binding sites is crucially dependent on the magnitude of
potential-energy differences. When the difference in the

Fig. 6 (a) Structural model of the honeycomb structure between 1,3,5-TFTIB and BPEPEP. Possible halogen bonds are depicted by yellow dashed
lines. (b) High-resolution scanning tunneling microscopy (STM) image. Tunneling conditions: Vy,,s = 888 mV, I = 1060 pA. Reprinted with permis-

sion from ref. 58. Copyright 2015 The American Chemical Society.
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Fig. 7 Crystal packing in 1,3,5-TFTIB-TMP. Reprinted with permission
from ref. 57. Copyright 2017 The International Union of Crystallography.

molecular electrostatic potential is not large enough, as in
the case for [1,2,3]triazolo-[3,5-a]pyridine (TAP), both poten-
tial acceptor sites are simultaneously involved in halogen
bonds with 1,3,5-TFTIB through C-I'-'N interactions (Fig. 8)
and structural selectivity is lost.> DFT calculations on the
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Fig. 8 Primary halogen-bond interactions in 1,3,5-TFTIB-TAP.
Reprinted with permission from ref. 59. Copyright 2016 The Royal
Society of Chemistry.
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triazole molecule reveal that the two possible acceptor
sites have electrostatic potential values of -180 kJ mol™* and
-206 kJ mol™, respectively, giving rise to a small difference
(26 k] mol™).

2.1.2. Alicyclic nitrogen-containing heterocycles. 1,4-
Diazabicyclo[2.2.2]Joctane (DABCO) is a potentially ditopic lin-
ear halogen-bonding linker because of the diametrically op-
posed directionality of the lone pairs from nitrogen atoms.
Co-crystallization of DABCO with 1,3,5-TFTIB gave a well-
defined complex (1,3,5-TFTIB),(DABCO) by slow evaporation
from a solvent mixture (ethanol:acetone:water = 2:7:7),
even though the initial crystallization experiment was carried
out in a 3:2 stoichiometric ratio of DABCO: 1,3,5-TFTIB.®® In
the co-crystal, DABCO was halogen bonded to two 1,3,5-TFTIB
molecules through C-I--'N interactions. However, 1,3,5-TFTIB
can be described as “unsaturated” in a supramolecular sense,
where one of iodine atoms is involved in two halogen bonds
(as both donor and acceptor), another is a halogen-bonding
acceptor, and the third one does not participate in a halogen-
bonding interaction. The I---I halogen bonds connect adja-
cent trimers into 2D tapes that propagate parallel to the ab
plane (Fig. 9a). The n-stacking interactions between 1,3,5-
TFTIB molecules from adjacent 2D tapes lead to their inter-
digitation (but not interpenetration) (Fig. 9b).

1,3,5-TFTIB exhibited lower-than-expected supramolecular
connectivity when co-crystallized with a neutral nitrogen-
based halogen-bonding acceptor (DABCO). The likely reason
may be the favorable packing arrangements, combined with
the possibility that charge donation from the halogen-
bonding interaction at two I atoms has an adverse effect on
the ability of the third iodine atom to accept a pair of
electrons and form the third halogen bond. Such interesting
results inspired a search for polymorphs in a different sol-
vent and reactant ratio.

Polymorphous (1,3,5-TFTIB)(DABCO) was obtained by ex-
posing equimolar solutions of 1,3,5-TFTIB and DABCO in

Fig. 9 (a) 2D tape-like networks in (1,3,5-TFTIB),DABCO. (b) Adjacent tapes interdigitate (one black, the other green) via n-stacking interactions.
Reprinted with permission from ref. 60. Copyright 2012 The American Chemical Society.
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Fig. 10 (a) Bifurcated halogen bonds in the co-crystal between 1,3,5-TFTIB and pyridine-1-oxide. (b) Complementarity of angle and geometry
leading to fused hexagons in the co-crystal between 1,3,5-TFTIB and TMPD. Reprinted with permission from ref. 61. Copyright 2014 The Royal

Society of Chemistry.

chloroform to a saturated n-hexane atmosphere at room
temperature.*® In contrast with the polymorph above, it bears
a different crystal stacking. An infinite zig-zag chain was
found in the co-crystal with a 1:1 ratio, where only two of
the three iodine atoms are involved in halogen-bonding inter-
actions. The 1D ribbons are aligned to form distinct 2D
sheets interconnected by short C-H---F contacts. The layers
are stacked in the third dimension with hydrocarbons and
perfluorocarbons being segregated.

Replacing DABCO with hexamethylenetetramine (HMTA),
an isostructural co-crystal was formed, (1,3,5-TFTIB)(HMTA),
which is composed of arcade-like chains in virtue of the ge-
ometry of tetramine, with only two of the four HTMA nitro-
gen atoms being halogen-bonding acceptors.*® A multitude of
short C-H-‘F contacts connected such arcade-like chains
into unique 2D sheets, which show a striking similarity to
its isostructural complex (1,3,5-TFTIB)(DABCO). It is notable
that the layers of the DABCO-containing compound are
completely planar, whereas (1,3,5-TFTIB)(HMTA) displays
undulated sheets. "*C and "F solid-state NMR was carried
out by Bryce's group and offered information on the halogen-
bonding chemical environments of (1,3,5-TFTIB)(HMTA),
along with GIPAW DFT calculations.””

2.2. N-oxides as halogen-bonding acceptors

N-oxides show the ability to form bifurcated non-covalent
bonds due to their high polarization from the charge separa-
tion of the N-O bond. On account of the bifurcated angle
(donor-O-donor), which is usually close to 120°, Aakerdey
and co-workers employed two N-oxides (pyridine-1-oxide and
2,3,5,6-tetramethylpyrazine-1,4-dioxide (TMPD)) as potential
halogen-bonding acceptors and 1,3,5-TFTIB as the halogen-
bonding donor, which would offer the appropriate geometric
complementarity in order to facilitate the assembly of the de-
sired hexagons.®" They used a 1:1 stoichiometry during the
solvent-assisted grinding preparation of supramolecular com-
plexes, and indeed obtained 1:1 co-crystals. Both co-crystals
contained bifurcated halogen bonds to the N-oxide oxygen
atoms with the I---O---I angles of 117° and nearly 120°, re-
spectively. The halogen-bonding complex formed from mono-

5512 | CrysttngComm, 2017, 19, 5504-5521

N-oxide featured an infinite chain instead of the intended
discrete hexagons while the crystalline complex based on bis-
N-oxide afforded the desired chain of hexagons (Fig. 10).

With the aim of achieving a higher number of halogen-
acceptor units, Raffo et al. attempted to use a 1:9 (1,3,5-
TFTIB: pyridine-1-oxide) molar ratio, generating a 1:2
analogue.®> However, it did not exhibit a greater number of
C-I'--O interactions than its analogue discussed above, even
if the double N-oxide component is shared. Apart from very
minor differences, they are very similar to each other.

2.3. Triphenylphosphine selenide (Ph;PSe) as halogen-
bonding acceptor

Co-crystallization of triphenylphosphine selenide (Ph;PSe)
and 1,3,5-TFTIB yielded a novel compound (Ph;PSe)(1,3,5-
TFTIB), featuring P=Se---I-C halogen bonds.®® The co-crystal
has two crystallographically distinct P—Se environments
(Fig. 11). The first selenium atom is surrounded by three io-
dine atoms from different 1,3,5-TFTIB molecules, forming a
one-dimensional zig-zag chain along the b axis. The second
one interacts with a single iodine atom, leading to discrete
entities in the crystal lattice.

7’Se isotopic chemical shifts increase due to halogen
bonding with iodine and correlate with the P=Se distance,
which in turn correlates with the strength of the halogen
bond. J("’Se,>'P) coupling constants increase in magnitude as

Site 1 Site 2

Fig. 11 Two crystallographically distinct selenium sites in
(PhzPSe)(1,3,5-TFTIB). Reprinted with permission from ref. 63.
Copyright 2014 The Royal Society of Chemistry.
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the selenium-iodine halogen bonds weaken, and computed
J(”7Se,*'P) improve relative to the experimental values when
the iodinated halogen-bonding acceptor is included in the
structural model used for calculations, suggesting that
J(”7Se,*'P) are at least in part a characteristic of the halogen bond.
The natural localized molecular orbital analysis indicates that
contributions from the selenium lone pair orbital tend to
dominate both the magnitude and trend in J("’Se,*'P), with
the selenium-phosphorus bonding orbital being the second
largest contributor.

2.4. Anions as the halogen-bonding acceptors

Anion coordination and anion-templated assembly under the
control of halogen bonds are still in their infancy but
expected to have a bright prospect due to the fundamental
role of anions.®*®® Anions are better halogen-bonding accep-
tors than neutral species, as the increased electron density
on the electron-donor site enhances its Lewis basicity, pro-
moting the involvement in a strong and directional halogen
bond.*
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In general, halogen-bonding supramolecular architectures
formed by anions are divided into two groups, namely hetero-
meric two-component and three-component systems.”’ In
heteromeric two-component systems, the anion serves as the
halogen-bonding acceptor and the halogenated organic cat-
ion functions as the halogen-bonding donor. The necessity to
balance the positive and negative charges greatly affects the
number of halogen bonds formed by the anion. In the latter
case, the cation actually plays no active role and the halogen-
bonding donor is the third neutral component. The three-
component systems are better tailored to study the halogen-
bonding potential in anion coordination chemistry since
there is no other limiting factor in the number, geometry and
topology of halogen bonds but the ability of the anion to tem-
plate the halogen-bonding donor.

In the three-component systems, anions, particularly
halides, are readily halogen bonded to the iodinated conju-
gated molecule such as 1,3,5-TFTIB, affording attractive
supramolecular architectures with various connectivities and
dimensionalities. Halide ions show preference for the forma-
tion of two or three halogen bonds.

chain of
cations

2D rippled
halogen bond
sheet ‘

(©

3D halogen bond
network

chain of
cations

o b (b)
Y'Y 1D chain of metal
i ¢ complex cations

Offset-face-to-face
n-interactions

Fig. 12 (a) Supramolecular 2D rippled sheet between 1,3,5-TFTIB molecules and Cl ions in [Ni(phen)s][(1,3,5-TFTIB),Cl,]. (b) 1D chain of
[Ni(phen)s]** ions propagating through n-n interactions. (c) A fragment of the 3D halogen-bonding networks between 1,3,5-TFTIB molecules and I
ions in [Ni(phen)s][(1,3,5-TFTIB),l,]-0.5MeOH-1.5H,0. (d) A perspective view of the lattice highlighting the 2D (6,3) net of [Ni(phen)s]?* cations (cat-
ions abbreviated as black spheres; 2D (6,3) net depicted as black rods). Reprinted with permission from ref. 71. Copyright 2016 The American

Chemical Society.
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2.4.1. Halide anion-templated (Cl, Br, I') assembly of
1,3,5-TFTIB

2.4.1.1. Metal complex cations as the counterions. The
reaction of [Ni(phen);]X, (phen = 1,10-phenanthroline; X = CI”
or I') and 1,3,5-TFTIB resulted in the formation of two co-
crystals, [Ni(phen);][(1,3,5-TFTIB),Cl,] and [Ni(phen);][(1,3,5-
TFTIB),1,]-0.5MeOH-1.5H,0.”" The [Ni(phen);]** cations are
conserved and arranged into ordered arrays, without usually
participating in halogen bonding. In [Ni(phen);][(1,3,5
TFTIB),Cl,], the metal complex cations interact through
Offset Face-to-Face (OFF) & interactions to form the less com-
mon 1D inner OFF zig-zag chain, in which the cleft between
the overlapping phen ligands is parallel to the chain's axis of
propagation (pink square in Fig. 12b). In the latter case,
[Ni(phen);]** cations form a 2D (6,3) net, with a distance of
12.01 A perpendicularly between each net (Fig. 12d).

In the two heteromeric three-component systems, halide
ions (CI', I') balance the charge of metal complex cations
and simultaneously act as halogen-bonding acceptors for the
iodine atoms of the 1,3,5-TFTIB donors. Tritopic halide ions
and 1,3,5-TFTIB form trigonal nodes, which afford high-
dimensional halogen-bonding motifs. In [Ni(phen);][(1,3,5-
TFTIB),Cl,], unusual rippled 4.8 2D supramolecular sheets
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are formed between 1,3,5-TFTIB molecules and chloride ions,
and cationic chains propagate through channels in the
stacked halogen-bonding sheets (Fig. 12a). In the iodide
counterpart, two interpenetrating 3D halogen-bonding net-
works are present, which take the form of a (10,3)-b or three-
connected net (Fig. 12c). The 2D (6,3) nets of cations men-
tioned above are penetrated and linked by the two interpen-
etrating halogen-bonding networks. Therefore, the nature of
halide anions significantly affects the halogen-bonding net-
works and metal complex motifs. Stronger halogen bonds
were expected with the smaller CI" anion due to its greater
charge density while the I anion forms longer halogen bonds
in virtue of its greater size, suggesting that the corresponding
halogen-bonding networks may be more flexible in accommo-
dating metal complex cations.

The cryptate K.2.2.2.CKI can also serve as a source of
naked iodide anions, where K.2.2.2. is 4,7,13,16,21,24-
hexaoxa-1,10-diazabicyclo[8,8,8]hexacosane (HDABCOH).”> Sin-
gle crystal X-ray analysis revealed that both 1,3,5-TFTIB and I
are engaged in three short C-I---I" contacts, offering a supra-
molecular anionic network. The cationic layer is separated
from supramolecular anionic layers, with an interlayer dis-
tance of 12.209 A.

Fig. 13 (a) 1,3,5-TFTIB molecules are linked by chloride ions to create a pseudotrigonal 2D network in (1,3,5-TFTIB),[(DABCO-CH,Cl)Cl]5-CHCls.
(b) Three 2D pseudotrigonal networks interpenetrate in Borromean fashion to create a supramolecular “tri-net” layer. (c) 1,3,5-TFTIB molecules are
linked by chloride ions to create 2D nets propagating in the ab plane in (1,3,5-TFTIB)[(TEA-CH,CICI]. (d) Contiguous nets stack through n-=n inter-
actions between 1,3,5-TFTIB molecules. Reprinted with permission from ref. 60. Copyright 2012 The American Chemical Society.
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2.4.1.2. Onium ions (NR,', PR,, SR;’) as the counterions.
The Menshutkin reaction has been applied to the synthesis
of halogen-bonding supramolecular salts by McMurtrie and
co-workers, which occurs between amines and alkyl halides,
producing halide anions and quaternary ammonium cations.
The in situ generation of 1,3,5-TFTIB and DABCO (in a 2:3
molar ratio) in a 50:50 mixture of CH,Cl, and CHCl; facili-
tated the formation of a new halogen-bonding network,
(DABCO-CH,CI);[(1,3,5-TFTIB),Cl;]-CHCl;, differing signifi-
cantly from neutral co-crystals stated above.®” In fact, they
have attempted using neat CH,Cl, solvent but failed. More-
over, kinetic studies carried out by Gainza et al. indicate that
CHCI; is essentially unreactive toward tertiary amines at
ambient temperature and pressure,”” though the mechanism
for the Menshutkin reaction is nucleophilic substitution.
However, CHCI; as the ideal solvent can be utilized to dilute
CH,CI, for the purpose of Menshutkin reaction.
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The chloride ions act as ditopic linear halogen-bonding
bridges between 1,3,5-TFTIB molecules where each iodine is
involved in one halogen bond, forming a 2D pseudo-trigonal
(6,3) framework by charge-assisted C-I---Cl” halogen-bonding
interactions (Fig. 13a). Three such 2D networks interpene-
trate in a rare example of Borromean entanglement by seren-
dipity and offer a supramolecular “tri-net” layer, as depicted
in Fig. 13b. The cavities in triply interpenetrated nets are oc-
cupied by the cations while CHCl; molecules reside in the
space between the “tri-net” layers.

The method was found to be versatile and substitution of
DABCO with a different tertiary amine, triethylamine (TEA),
gave (TEA-CH,CI)[(1,3,5-TFTIB)CI.°® Iodine atoms from a
1,3,5-TFTIB molecule are all halogen bonded to tritopic chlo-
ride ions, unlike that in the supramolecular complex
discussed above. A 2D (6,3) net with a trigonal crystallo-
graphic symmetry has been observed with CI" and 1,3,5-
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Fig. 14 A detailed view of the polymeric anionic [(1,3,5-TFTIB)Br]™ network in (1,3,5-TFTIB)(n-Bu4NBr) (a) and (1,3,5-TFTIB)(Ph4PBr) (b). Reprinted

with permission from ref. 74. Copyright 2008 The American Chemical Socie
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TFTIB alternating as connecting nodes (Fig. 13c¢ and d). The
cations are completely enclosed in the cavities between 2D
trigonal halogen-bonding nets.

By comparison, we find that the two products by the
Menshutkin reaction both include 1,3,5-TFTIB and CI™ as the
supramolecular connectors, and exhibit 2D (6,3) networks.
However, the former supramolecular salt contains ditopic CI”
ions and forms interpenetrating nets with Borromean entan-
glement while Cl™ anions are tritopic in the latter case and
no interpenetration arises. Hence, there is no doubt that the
counter cations with a different size, shape and flexibility
make a significant contribution through electrostatic charge
balance and space filling although they do not play a direct
role in the halogen-bonding interaction. Small TEA-CH,CI"
cations occupy the well-defined cavities in the tightly
connected network. But the larger and less flexible DABCO-
CH,CI" needs a different halogen-bonding topological frame-
work in which the requirements for space filling are allevi-
ated by interpenetration.

Attempts to extend this work to other onium ions, such as
Bu,N" and Ph,P’, afforded two chlorides ((1,3,5-TFTIB)(rz-
Bu,NCl) and (1,3,5-TFTIB)(Ph,PCl)-(H,0)05), and two bro-
mides ((1,3,5-TFTIB)(n-Bu,NBr) and (1,3,5-TFTIB)(Ph,PBr)).”*
The four supramolecular salts are almost isostructural, where
each halide anion (Cl, Br') is halogen bonded to three I
atoms from different 1,3,5-TFTIB molecules, producing a 2D
anionic network (Fig. 14), characterized by short I---X dis-
tances and linear C-I---X but acute I---X--'I angles (X = CI,
Br ). Topological analysis of the electron localization function
(ELF) has shown a perfect match between the iodine valence
shell electrons, with a “belt”-shape arrangement around the
C-I axis, and the spherical halide anions. Moreover, the acute
I---X---1 angles are not attributed to any distortion of the
halide electron density or any intermolecular bonding I--'I
interaction but rather to favored intermolecular dispersion
forces of van der Waals type.

Another bromide, (1,3,5-TFTIB),(n-Pr,NBr), was reported
by Metrangolo's group, which was prepared by slow evapora-
tion of a methanol solution containing n-propyl ammonium
bromide as a source of Br ions and 1,3,5-TFTIB as the
halogen-bonding donor.®® The tetradentate Br~ anion func-
tions as the halogen-bonding acceptor and bridges four
different 1,3,5-TFTIB molecules through C-I---Br™ interactions
with the distances of 3.291 and 3.562 A. The I---Br I angles
are in the range of 70.74-124.47°. In turn, two iodine atoms
from 1,3,5-TFTIB generate two halogen bonds with two differ-
ent bromide ions while another iodine atom not involved in
C-1---Br interactions is engaged in short contacts with fluo-
rine atoms. As a consequence of these robust halogen-
bonding interactions, a 2D (4,4) supramolecular network
forms, in which Br anions sit at the nodes of a highly
distorted square defined by four Br~ anions (vertexes) and
four 1,3,5-TFTIB molecules (sides) (Fig. 15).

When it comes to the iodine ion, a series of supramolecu-
lar salts were prepared, namely (1,3,5-TFTIB)(Me;SI), (1,3,5-
TFTIB)(Et4NI), (1,3,5-TFTIB),(n-Pr,NI)-CH,Cl,, (1,3,5-TFTIB)(n-
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Fig. 15 The 2D (4,4) supramolecular network between 1,3,5-TFTIB
molecules and Br~ anions in (1,3,5-TFTIB),(n-PrsNBr). Reprinted with
permission from ref. 69. Copyright 2010 Elsevier.

Bu,NI)-(CH,Cl,), 5, (1,3,5-TFTIB)(Et,PI) and (1,3,5-TFTIB)(Ph,-
PI)-CHCl;, with the counterions ranging from sulfonium to
ammonium and phosphonium.72 In all cases, a 1,3,5-TFTIB
molecule and a naked I" anion work as a tridentate halogen-
bonding donor and acceptor, respectively.

To be specific, in (1,3,5-TFTIB)(Me;SI), the trigonal coordi-
nation profile of a 1,3,5-TFTIB molecule and an iodine ion
results in the formation of a honeycomb-like (6,3) supramolecu-
lar anionic network via C-I---I" interactions with distances that
vary from 3.385 to 3.508 A. Planar honeycomb-like 2D layers are
3.608 A apart from each other. The small Me,S" cations sit per-
fectly in the centre of the hexagonal frameworks (Fig. 16a),
which are pinned by weak H--'F contacts and electrostatic in-
teractions, slightly deforming the hexagonal frameworks with
I--I---1 angles in the range of 110.25-139.41°.

With the purpose of identifying the critical cation size in
relation to the ability of the 1,3,5-TFTIB-I" system to form
(6,3) networks, Metrangolo's group challenged 1,3,5-TFTIB
with various ammonium iodides possessing larger and larger
cations (Et,NI, n-Pr,NI and n-Bu,NI). In all of the three cases,
tridentate 1,3,5-TFTIB and I produce 2D supramolecular an-
ionic networks through short C-I---I" contacts. Interestingly,
heteromeric crystals obtained from Et,NI and n-Pr,NI both
display the (6,3) network topology, while the one achieved
from n-BuyNI presents a different network. Although Et,N°
cations still sit perfectly in the centre of the hexagonal frame-
works (Fig. 16b), n-Pr,N" cations are moved slightly out of the
hexagonal frameworks (Fig. 16¢) and n-Buy,N' cations are
moved even further out of the 2D layer so that alternating
anionic and cationic layers compose its overall crystal pack-
ing (Fig. 16d). As the cation size increases, the anionic net-
works become more corrugated and their distance enlarges,
moving from 4.529 to 5.549 and 7.986 A. Accordingly, the
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Fig. 16 Overall packing of heteromeric crystals. (a) (1,3,5-TFTIB)(MesSl), (b) (1,3,5-TFTIB)(Et4NI), (c) (1,3,5-TFTIB),(n-PryNI)-CH,Cl,, (d) (1,3,5-
TFTIB)(n-BugNI)-(CH,Cly)o s, () (1,3,5-TFTIB)(Et4PI) and (f) (1,3,5-TFTIB)(Ph4PI)-CHCls. Anionic networks are in ball-and-stick style while cations are
in spacefill style. Reprinted with permission from ref. 72. Copyright 2008 The Royal Society of Chemistry.

upper limit of the cation size for preventing the 1,3,5-TFTIB-
I' system from forming (6,3) networks seems to lie between
the dimensions of n-Pr,N" and n-Bu,N" cations.

As far as the heteromeric (1,3,5-TFTIB)(Et,PI) is concerned,
the halogen-bonding pattern and overall topology are strik-
ingly similar to that of its ammonium analogue, exhibiting a
supramolecular anionic network with the (6,3) topology. The
centres of the hexagonal frameworks are occupied by the
Et,P" cations (Fig. 16e and 17). Since the Et,P" ion is larger
than Et,N" cation, the separation between layers of anionic
networks is slightly greater (4.601 A).

Replacing Et,P" with a large Ph,P" cation, (1,3,5-
TFTIB)(Ph,PI)-CHCl; was formed, where the (6,3) topology
has been blocked and opens up into a hexagonal helical net-
work, mimicking the honeycomb-like structure and accom-
modating the bulky tetraphenylphosphonium cations
(Fig. 16f). Polymorphic (1,3,5-TFTIB),(Ph,PI);-MeOH crystal-
lized from a methanol solution, refined as a perfect inversion
twin.”” Differing from the cases mentioned above, 1,3,5-
TFTIB serves as the bi- or tridentate halogen-bonding donor
and the iodide anion functions as the bi-, tetra- or penta-
dentate halogen-bonding acceptor.

Fig. 17 The Et,P* cations are accommodated in the hexagonal frameworks with the (6,3) topology between 1,3,5-TFTIB molecules and I~ anions
in (1,3,5-TFTIB)(Et4PI). Reprinted with permission from ref. 72. Copyright 2008 The Royal Society of Chemistry.
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In brief, (6,3) anionic network is robust enough to resist
disruption due to small changes in the cation for Me;S",
Et,N', Pr,N" and Et,P’, but is destroyed when larger cations
are incorporated such as BuyN' and Ph,P’". Consequently,
honeycomb-like anionic networks are obtained if the cation
nicely fits in the hexagonal frameworks; if not, supramolecu-
lar architectures with different topologies form to accommo-
date the counterions, with the tridentate character of
halogen-bonding donors and acceptors being maintained.

2.4.2. Thiocyanate anion-templated (SCN') assembly of
1,3,5-TFTIB. Self-assembly of the Et,N" or n-BuyN" thiocyanate
salts with 1,3,5-TFTIB yielded two different supramolecular
complexes, (Et,;NSCN)(1,3,5-TFTIB) and (n-Bu,NSCN),(1,3,5-
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TFTIB), respectively.”® In the former complex, two iodine
atoms from one 1,3,5-TFTIB molecule act as halogen-bonding
donors and interact with the S or N ends of thiocyanate
anions. The linear C-I--:(N,S) interactions afford the halogen-
bonding chains of alternate 1,3,5-TFTIB and SCN viewed
along the a axis (Fig. 18a). Another iodine atom of the 1,3,5-
TFTIB molecule is engaged in a short C-H:---I hydrogen bond
rather than a halogen bond, involving a methylene group of
the Et,N" cation with d..; = 2.095 A, ~C-H--'I = 147.6° and
£C-I--H = 128.5°. This acute value for the C-I---H angle
contrasts strongly with the linear C-I--+(N,S) interaction. The
iodine atom in the hydrogen-bonding interaction acts as a
nucleophile through its lone pairs delocalised in an

Fig. 18 (a) Halogen-bonding chains in (Et;NSCN)(1,3,5-TFTIB). (b) Halogen-bonding chains between 1,3,5-TFTIB molecules and SCN™ anions in (n-
BusNSCN)»(1,3,5-TFTIB). The n-BusN* cation has been omitted for clarity. Reprinted with permission from ref. 76. Copyright 2010 The Royal Soci-

ety of Chemistry.
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equatorial region around the C-I bond while it acts as the
electrophile in the halogen-bonding interaction through the
so-called o hole in the extension of the C-I bond.

The corresponding tetrabutylammonium  salt, (n-
Bu,NSCN),(1,3,5-TFTIB), is found to crystallize with a differ-
ent stoichiometry. The three iodine atoms of the 1,3,5-TFTIB
molecule are all involved in halogen bonds, in which two of
them with one SCN™ anion to form interesting chains
through C-I--'S interactions running along the b axis while
the third one is linked to the nitrogen atom of another SCN™
anion with a slightly longer C-I---N distance (Fig. 18b). Espe-
cially deserving to be mentioned, the SCN™ anion features
two kinds of bonding modes, namely terminal and bridging.
All in all, the bitopic character of the SCN™ anion, with both
the S and N atoms engaged in halogen-bonding interactions,
has been revealed by the analyses of the two crystal structures
combined with theoretical calculations.

3. Conclusion

In this review, we have attempted to outline the efforts to
obtain new multicomponent supramolecular complexes by
the co-crystallization between 1,3,5-TFTIB and various
halogen-bonding acceptors, ranging from neutral Lewis
bases (nitrogen-containing heterocycles, N-oxides, and
triphenylphosphine selenide (Ph;PSe)) to anions (halide ions
and thiocyanate ion). Among them, nitrogen-containing
heterocycles have been widely studied, including six-
membered rings (pyridine, pyrimidine and pyrazine) and
five-membered rings (imidazole, oxadiazole, thiadiazole and
triazole). The examples presented here illustrate that halogen
bonds play a major role in the intermolecular recognition
and self-assembly processes, showing a great variety of im-
pressive supramolecular architectures (e.g. V-shaped trimer,
1D zig-zag chain, 2D tape-like network, rippled 4.8> 2D sheet,
2D (6,3) network, 2D (4,4) network and interpenetrating 3D
network). Besides the crystallographic method, electrostatic
potential and chemical shifts have been utilized to explain
halogen-bonding interactions.

1,3,5-TFTIB is a potentially tritopic halogen-bonding do-
nor with three-fold symmetry, but it forms the more-usual
two halogen bonds with neutral acceptors despite the exis-
tence of the case of one (for example, 1-(pyridin-3-ylmethyl)-
benzimidazole) or three halogen bonds (such as
4-dimethylaminopyridine). This reluctance to reach a full “co-
ordination” was attributed to a deactivation of the iodine
atoms upon successive interactions with one, two or three
Lewis bases. Even so, if the crystal packing is favorable,
1,3,5-TFTIB may act as a tritopic halogen-bonding linker with
neutral Lewis bases. As for anionic species, all the three io-
dine atoms can simultaneously participate in halogen-
bonding interactions, resulting in 2D trigonal networks. An
increased electron density in the anion enhances its Lewis
basicity thus promoting the involvement of three iodine
atoms from 1,3,5-TFTIB in the simultaneous formation of
three halogen bonds.

This journal is © The Royal Society of Chemistry 2017
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Although the use of 1,3,5-TFTIB in the co-crystallization re-
search field has been nearly for ten years, we believe new
supramolecular architectures will appear in the near future.
Exploration of functional materials, such as efficient opto-
electronic materials, has only just begun, and it is worth
looking forward. Even less is known about surface molecular
engineering. This review is anticipated to provide useful in-
formation and stimulate further research into this fascinat-
ing class of halogen-bonding supramolecular complexes. Fur-
thermore, a review on the linear ditopic 1,2,4,5-tetrafluoro-
3,6-diiodobenzene (TFDIB) is now in progress and will be
reported in due course.
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