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1. Introduction

The structural features of a molecule are determined by the covalent bonds within the
molecule. Modification of the structure requires the breaking and creation of covalent
bonds. Similarly, the intrinsic reactivity of a molecule arises from the covalently bonded
functional groups and active sites on a molecule. Again, changing the properties requires
modifications of the covalent bonds. Even if the ability of a molecule to react is dependent
on the covalent molecular structure, the reaction itself is typically launched by non-covalent
intermolecular contacts. The reacting molecules need to “see each other” and they need to
be brought close enough to each other for the reaction to take place. In other words, the non-
covalent interactions provide the glue that brings and holds molecules together, thus
making the intermolecular interplay possible. Supramolecular chemistry and processes such
as self-assembly and crystallization are strongly guided by non-covalent interactions. These
interactions cover a range of different types of intermolecular forces including Columbic
interactions, hydrogen bonds, m-interactions, metallophilic interactions, agostic interactions,
and halogen bonds. Building predesigned supramolecular entities and molecular assemblies
imposes some requirements on intermolecular contacts. They must be sufficiently strong
and they must have directional preferences. If these conditions are met it is possible to
design molecular building blocks with suitable acceptor/and donor sites for different types
of contacts and also to build molecular assemblies in a controlled way.

2. Crystal engineering

When the properties of a molecule are tailored in a conventional way by creating or
removing covalently bound functional groups or active sites on a molecule, the physical or
chemical properties obtained are solely the intrinsic properties of the molecule designed. An
alternative approach to modifying the functionality of molecular material is to link
molecular units together to create coordination polymers or extended molecular systems. In
such systems the interactions between the building units give rise to new properties that do
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144 Recent Advances in Crystallography

not exist in the building block molecules. This is the very essence of crystal engineering.
Desiraju has stated that “crystal engineering is the rational design of functional molecular
solids” and defines crystal engineering as “the understanding of intermolecular interactions
in the context of crystal packing and in the utilization of such understanding in the design of
new solids”.[1] In other words, the goal is to create functional systems by assembling
molecular units into extended molecular structures. Over the past few decades vast
numbers of papers (Fig. 1) and textbooks have been published on this topic.[2—4]
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Figure 1. The number of crystal engineering publications since 1985 (ISI WoK, March 2012, topic
="crystal engineering”). These figures include only those publications whose topic includes “crystal
engineering”. The true number in this field including all related publications is much larger.

As mentioned above, bringing molecules together in a predictable way requires that the
intermolecular forces are directional and strong enough to maintain a certain molecular
architecture. Non-covalent interactions such as hydrogen bonds, halogen bonds, m-m
interactions, metallophilic interactions, and agostic interactions all have directionality to at
least some extent. Especially hydrogen bonds, halogen bonds and 77t interactions are
relatively strong electrostatic forces with strong directionality. The bond energies of very
strong hydrogen bonds range between approximately 65 and 170 kJ/mol, strong bonds
between 15 and 65 k]J/mol, and weak hydrogen bonds around 15 kJ/mol or less.[5] The -7t
interactions are somewhat weaker with interaction energies up to 50 kJ/mol.[6,7] The
strength of the halogen bonds is comparable with the hydrogen bonds ranging between
weak (ca. 5 kJ/mol) to strong (180 kJ/mol) contacts.[8] In addition to strength and
directionality, the third requirement is that the intermolecular interactions should be
selective. If the molecular building blocks contain different types of active sites the contacts
must be predictable. Aakerdy et al have shown that even closely related interactions such as
hydrogen bonds and halogen bonds can be used side-by-side in the same structure in a
hierarcial way to build predictable molecular assemblies.[9,10] The challenge in this kind of
combination is that the halogen bond donor (typically iodine or bromine) can interact not
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only with the halogen bond acceptor (electron-pair donor) but also with the hydrogen bond
donor. An example of the coexistence of halogen bond and hydrogen bond is shown Fig. 2.
In this example two-point N-H:-O hydrogen bond contacts and one point I---N halogen
bond contacts between the 2-aminopyrazin-1-ium and 2,3,5,6-tetrafluoro-4-iodobenzoate are
used to build linear chain structure.[10]
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Figure 2. Halogen bond and hydrogen bond contacts in the linear chain assembly of 2-aminopyrazin-1-
ium and 2,3,5,6-tetrafluoro-4-iodobenzoate.[10]

Building predictable assemblies and extended molecular systems is possible only after the
very natures of the different types of interactions are understood. When the potential and
limitations of these contacts are recognized, they serve as a versatile toolbox for crystal
engineering. The following sections will focus on one of the “new” intermolecular contacts
i.e. halogen bonds. In fact this is not a new discovery. The first observations about halogen
bonds were published as early as 1863. This intermolecular force was, however, almost
forgotten for years. But because of the interest in crystal engineering it was “rediscovered”
and for the past decade it has become topic of growing interest.

3. Halogen bonds (XB)

The definition of halogen bond is not as well established as the definition of hydrogen bond
although these interactions have a lot of similarities. Both contacts are electrostatic
intermolecular interactions involving an electron donor and an electron acceptor. In
hydrogen bonds D-H acts as a hydrogen bond donor, ie. the electron acceptor. The
hydrogen bond acceptors are, then, electron donors such as oxygen or nitrogen atoms (Fig. 3).
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Figure 3. Comparison of the hydrogen bond (top left) and the halogen bond (bottom left). (D = donor, A
= acceptor). Classification of the halogen bonds based on the geometry (right).

Because of the similarities involved, the same terminology has also been adapted in halogen
bonds. The halogen in D-X acts as the halogen bond donor (electron acceptor). While
electron donors such as nitrogen, oxygen, sulfur etc. act as the halogen bond acceptors (Fig.
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3). The key to the halogen bonds is the polarizability of the halogen atom. Therefore, the
strongest halogen bonds are formed by the most easily polarizable halogens, and the
strength of the halogen bonds typically decreases in the order I > Br > Cl > F.

Halogen bonds are commonly defined as electrostatic interactions between Lewis acids (the
halogen atom) and neutral or anionic Lewis bases and abbreviated as XB, where X refers to
the halogen and B the Lewis base.[11] The strong directional preferences of a halogen bond
arise from the tendency to maximize the main two directional attractive contributions to the
interaction energy i.e. electrostatics and charge transfer. These, in turn, minimize the
exchange repulsion that is also strongly directional. Optimizing the electrostatic and charge
transfer aspects have been successfully used in designing of drugs, liquid crystals, organic
semiconductors, magnetic materials, nonlinear optical materials, and templates for solid
synthesis.[12-16] Conventionally, halogen bonds have been divided into two classes, Typel
and Type II (Fig. 3), based solely on the bonding geometry.[4] A few theories and concepts
have been proposed for rationalizing the XB in greater detail. The most familiar one is the o-
hole theory. Other theories such as the lump-and-hole theory and the concept of amphoteric
halogen bonds have been used to cover the “blind spots” in the o-hole theory.

4. o-hole theory

In most cases, the o-hole theory has successfully explained the contradictory nature of
halogen bonding. Conventionally covalently bonded halogens are seen as negatively
charged entities. How, then, is it possible that they can participate in inter-atomic
interactions as electron acceptors? In the o-hole theory the o-holes are defined as regions of
positive electrostatic potential on the outer sides of halogen atoms, centered close to the
extension of the halogen atoms’ covalent bonds (Fig.4).[17]In general three factors determine
the o-hole’s presence or absence and their magnitudes: a) the polarizability of the halogen
atom, b) its electronegativity, and c) the electron-withdrawing power of the remainder D of
the D-X molecule.[17] When the halogen is more polarizable and has lower
electronegativity, the potential of the o-hole can become more strongly positive. So the
positivity of the o-hole increases in the order F « Cl < Br <L

Figure 4. Regions of concentrated negative electrostatic potential (blue) and regions of depleted
potential (red) on pentafluoroiodobenzene.
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Apparently, the o-hole determines the existence and, the strength of the halogen bonding.
Since the o-hole is located on the extension of the covalent bond along the D-X axis, it
generates the directional preferences of the halogen bonding. When the halogen atom in D-
X:--A acts as the halogen bond donor, the D-X--A angle is close to 180° (Fig. 3 and Fig. 4). If
the halogen acts as the halogen bond acceptor (electron donor), the angle is close to 90°

because the electron density around the halogen atom is concentrated at an angle of 90°
from the D-X bond (Fig. 3).

5. Lump-hole theory

The o-Hole theory has satisfactorily explained most halogen bonding interactions, but it fails
in some cases. For example, CH3Cl can form a halogen bond with OCHz, which is impossible
according to the o-hole theory because of the lack of a positive potential region around the
Cl.[17,18] In lump-hole theory there are no true positive regions of the halogen bond donor.
The charge density is, however, polarized and there are regions of charge depletion and
charge concentration on the donor and acceptor. When these two interact, the areas with
charge concentration on the halogen bond acceptors are interacting with the charge depleted
areas of the halogen bond donor. Based on lump-hole theory, the participation of fluorine in
halogen bonds can be also explained, since a true positive o-hole is not needed.

6. Amphoteric character of halogen bonds

The amphoteric character of halogen bonding was first proposed by Nelyubina et al. in 2010.[19]
They were unable to find a true o-hole in halogen bonds between I> and I'. Rather, the I in both I
and I had regions of electron density accumulation and depletion. When the I and I-I were
interacting, both of them acted as donors and acceptors of electron density simultaneously.
Nelyubina et al. defined this type of halogen bond as an ‘amphoteric’ interaction.

7. The effect of the halogen bond acceptor

When fine-tuning halogen bonding interactions it is, at least in principle, possible to modify
the properties of both the halogen bond acceptor and the halogen bond donor. According to
the o-hole theory, the XB acceptor should be rich in negative electrostatic potential, or the
acceptor is at least expected to be charge concentrated, which is required by lump-hole
theory. Even according to the concept of amphoteric halogen bonds, the acceptor should be
able to act as an electron donor. Probably the most commonly used halogen bonding
acceptors are covalently bonded halogens and nitrogen atoms.[8,11,20-24] Metal halides,
oxygen, sulfur, selenium and even silicon have, however, been reported to have the capacity
to act as halogen bond acceptors with suitable donors.[25-31]

8. C-X/N/S/O...1, 2-diiodoterfluorobenzene systems

One of the most commonly used XB donor is 1,4-diiodoterfluorobenzene due to its strong
positive o-hole on the iodine atom.[28,32,33] Similarly, 1,3-diiodoterfluorobenzene has been
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widely used as the Lewis acid in halogen bonds.[22,34,35] In the present study, however, we
focus first on the XB systems with the less commonly wused isomer of
diiodotetrafluorobenzene, i.e., 1,2-diiodoterfluorobenzene (1,2-TFIB).[33,34,36-39] We will
use 1,2-TFIB as the “probe donor” to study the halogen bonding interactions with different
type of XB acceptors and to elucidate how the halogen bonding acceptor affects the
properties of halogen bonding.

Cauliez. et al, used thiocyanate anion as the XB donor to construct co-crystals with 1,2-TFIB
(Fig. 5).[34] Halogen bonds were observed between the neutral iodinated species (XB
donor) and both the S and the N end of the thiocyanate anions, demonstrating the
bidentate nature of SCN-. Both C-I--N and C-I-S presented strong linearity, and relatively
strong halogen bonding interactions. On the other hand, the C-S-I and C-N-I angles
follow roughly the directions of the free electron pairs on the acceptor atoms, providing an
example of how the electronic structure of the XB acceptor affects the overall geometry of
the molecular assembly. In this particular structure, weaker C-I-F interactions were also
observed. In these contacts the fluorine atoms of the halogenated benzene acted primarily
as XB acceptors. In addition to the XBs mentioned above, series of F-m, I--m, 7, and F~H
hydrogen bond contacts contributed to the crystal structure of the co-crystals of
thiocyanate and 1,2-TFIB.
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Figure 5. The halogen bond contacts in the co-crystal of the thiocyanate anion and 1,2-TFIB.[34]

A zigzag chain structure have also been obtained through C-I--N, and C-I--S halogen bonds
in co-crystals of thiomorpholine (TMO) and 1,2-TFIB (Fig. 6).[33] Like thiosyanate, the
thiomorpholine is able to act as a bidentate N, S halogen bond acceptor.[33,34] The co-
crystal of TMO and 1,2-TFIB have been obtained by a simple mechanocemical synthesis i.e.
by grinding the components together. The interesting feature of this stepwise co-
crystallization process is that it is proposed to be guided by the competition of the strong
and weak halogen bonds. The initially formed finite molecular assemblies are held together
mainly by the stronger N-I bonds. These intermediates are then polymerized into infinite
chains by cross-linking through weaker S-Iinteractions.
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Figure 6. The zigzag chain of TMO/1,2-TFIB co-crystals.[33]

Yet another zigzag chain structure has been obtained by co-crystallizing 1,2-TFIB with
phenazine through C-I--N halogen bonds (Fig. 7).[36] Here the C-I:‘N halogen bonding is
slightly weaker than that of the example shown in Fig. 6. This was most probably caused by
the steric effect of the XB donor. It demonstrates that the overall geometry of the XB acceptor
has an effect on the halogen bonding. The directionality of XB is clearly shown in the
example on Fig. 7. The angle of the C-I-"N is 169°, which is almost linear.

\

Figure 7. C-I-N halogen bonding in the zigzag chain structure of the co-crystal of 1, 2-TFIB with
phenazine.[36]

The co-crystals of 4,4’ -bipyridine and (1,2-TFIB) (Fig. 8) provide another example of C-I-\N
contacts. In this structure the C-I"N bonds linked the bipyridine (XB acceptor) and 1,2-TFIB
together into two independent and almost perpendicular wave-like chains.[39]
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Figure 8. Co-crystals 4,4’-bipyridine and (1,2-TFIB). The I-N distances range from 2.909 to 2.964 A.[39]

The co-crystals of 2-mercapto-1-methylimidazole (mmim) and 1,2-TFIB show nicely the
bonding preferences of XB (Fig. 9).[38] The mmim molecule and 1,2-TFIB form a complex, in
which N-H--S bound imidazole dimers are connected through C-I--S interactions to a pair of
1,2-TFIB molecules, forming infinite chains. The C-I--S bonds are different in strength (the C-
I--S distance of the weaker one was 3.843 A, while the stronger one was 3.291 A) and the
bonds involving sulphur can be defined as trifurcated bonds. They consisted of two halogen
bonds and one hydrogen bonds. The sulfur acts as the electron donor for both bonding
types. In principle, the iodine could be also a hydrogen bond acceptor. However, it is solely
devoted to the halogen bond, while the hydrogen bonds are formed only between the sulfur
and NH of the imidazole ring.

Figure 9. The halogen and hydrogen bonds in the structure of (mmim)-(1,2-TFIB).[38]

As mentioned previously, oxygen can also be used as an XB acceptor to construct
supramolecular structures. Co-crystals of the nitroxide 1,1,3,3-tetramethylisoindolin-2-



Halogen Bonding in Crystal Engineering

yloxyl (TMIO) and 1,2-TFIB are formed under standard sublimation conditions.[37] The
formed 2:2 cyclic tetramer structure (Fig. 10), (TMIO)2:(1,2-TFIB)2, showed that each
nitroxide oxygen atom, when serving as the XB acceptor, set up bifurcated halogen bonding
with two iodine atoms from two 1,2-TFIB molecules, respectively. Again, the N-O-1 angle
follow the direction of the free electron pairs on the oxygen atoms, thus encouraging the
tetrameric assembly of molecules. The O-I contacts in this motif were clearly shorter than
the van der Waals contacts (down to 81.2%-83.1%), with strong directionality (C-I--O angles
range from 170.30°-179.2°).

Figure 10. The tetrameric unit (TMIO)2:(1,2-TFIB)2 (red = oxygen, purple iodine).[37]

As the examples above show, the 1,2-TFIB can be used as the XB donor with various
acceptors. If, however, there are no other acceptors available, the “amphoteric” nature of
1,2-TFIB is revealed. When the 1,2-TFIB is crystallized from methanol, a structure with series
of weak XB bonds can be obtained (Fig. 11).' The iodines form XB contacts, functioning as
both the donors and the acceptors. The I-I distances are relatively long, ranging from 3.258
A to 3.740 A. Nevertheless, the distances are less than the sum of the van der Waals radii,
and the directionality support the existence of the halogen bonds. The I--I contacts resulted
in a zigzag structure that is further expanded through the F-F, F-I, and F-m halogen bonds.
The F-F and F-I contacts are weak with long distances consisting of 2.783-2.924 A and 3.258
A for F-F and F-1, respectively. It should be noted that, to judge from the C-F-F angle
(147.3°), the F~F contacts showed some amphoteric character. In the case of C-I-F, the
fluorine atom behaves more clearly as the halogen bond acceptor, due to the existence of the
negative lateral sides of the fluorine atom caused by the aspherical charge density
distribution.[40]
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Figure 11. Halogen bonding interactions in the crystal structure of 1,2-TFIB.*

9. X/Se-X system (X=Cl, Br, I)

As early as in 1984, a study of Cl-Cl halogen bond in crystal structures of six
dichlorophenols was carried out by Thomas and Desiraju.[41] This study was extended in
2011 by Mukherjee and Desiraju to 3,4,5-trichlorophenol and 2,3,4-trichlorophenol.[42] In
the crystal structure of 3,4,5-trichlorophenol (Fig. 12), one Cl atom forms bifurcated halogen
bonds with another chlorine and oxygen, respectively. This Cl, however, functions as XB
acceptor with the other Cl, while at the same time, it serves as the XB donor for the oxygen
atom, thus showing its dual nature.

Figure 12. Halogen and hydrogen bonding in the crystal structure of 3,4,5-trichlorophenol.[42]



Halogen Bonding in Crystal Engineering

Crystals with a zigzag sheet packing structure have been obtained by crystallizing 1-butyl-4,
5-dibromo-3-methylimidazolium iodide (Fig. 13).[43] The two bromine atoms of the cation
act as the XB donors, while the iodine anion is the XB acceptor. The crystal structure shows
that the iodide anions in the c-axis direction are positioned either at the top or the bottom of
the zigzag structure, suggesting that the size of the halide anion has a strong effect on the
zigzag sheet formation.[43]

Br

Figure 13. Halogen bonding interactions in crystal structure of 1-butyl-4,5-dibromo-3-
methylimidazolium iodide.[43]

The structure of co-crystal of 1,2-diiodoimidazole with 1,3,4-triiodoimidazole (Fig. 14) was
studied by our group.t In this structure the two 1,2-diiodoimidzol molecules are linked by a
I-1 halogen bonding interaction (3.916A), forming a dimeric unit. This unit is further
connected with other 1,3,4-triiodoimidzole molecules, expanding the structure along
crystallographic directions a, and b. The N-H-“N hydrogen bonds expand the structure
further in direction of c axis, constructing a 3D network. The bonding preferences of
different interactions can be clearly seen in this structure. Halogen bonds are formed only
between the iodine atoms, and each iodine atom of diiodoimidzol is trifurcated. In addition,
it demonstrated the dual character of iodines, serving both as XB donors and as acceptors.
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Figure 14. Hydrogen and halogen bonds in the co-crystal of 1,2-diiodoimidazol and 1,3,4-
trilodoimidazol.¥

Halogen bonds involving selenium as the XB acceptor have not been widely studied.[29]
The chain structure formed by connecting di-ter-butyliodophosphane selenide molecules
through Se-I halogen bonding is one example of such a system.[29] In this structure the Se-1
distance was found to be only slightly shorter than the sum of the van der Waals radii of
selenium and iodine. Another example of Se-I interaction can be found in the crystal
structure of iodoisopropylphosphane selenide.[29] In both structures, selenium is also
involved in Se-"H hydrogen bonds, providing another example of the interplay between the
closely related electrostatic interactions.

10. M-X/N/NCS/CN...X systems

Simple metal bound ligands, capable of donating electrons, can also be used as XB acceptors
in the construction of supramolecular structures.[44] Metal complexes are of particular
interest because of the possibilities of using halogen bonds as a tool in the modification of
the redox, magnetic, optical, and chemical reactivity of the metal complexes.[44-46]

The palladium pincer complex {2,6-bis[(di-t-butylphosphino)methyl]-phenyl}palladium
(PCPPd) halides, PCPPdX (X=Cl, Br, or I) have been studied by Johnson and Rissanen as the
XB acceptor in systems with I2as XB donor.[47] The all three crystal structures have similar
basic features (Fig. 15). However, the halogen bond strength was found to increase in the
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order Cl «Br <1, suggesting that the XB interactions are mainly electrostatic as expected.[47]
The other intermolecular contacts were relatively weak. It is, however, worth mentioning
that in PCPPdIL> the Pd-I-I-mt interaction also appeared to result in the formation of a
chain-like structure. This was not observed in the other two structures.

Figure 15. Crystal structures with halogen bonds in PCPPdX--I2 ( X=Cl, Br, or I). (a) PCPPdCI-1
interactions, (b) PCPPdBr--I interactions, (c) PCPPdI I interactions.[47]

The bonding preferences of halogen and hydrogen bonds can also be found among the
assemblies of metal complexes. The co-crystals of [Rul2(H2dcbpy)(CO):] (Hzdcbpy = 4,4'-
dicarboxylic acid-2,2’-bipyridine), I and methanol is an example of such system (Fig.
16).[48] The two [Rul2(H2dcbpy)(CO)2] complexes are held together strongly by the
hydrogen bonds between the carboxylic acid groups. The iodide ligands bonded to the
ruthenium centers are involved only in halogen bond, thus extending the structure into a
chain of metal complexes. The halide ligands are linked by halogen bonds through two I
molecules. It is worth noticing that the halogen bonds between the I» molecules are
bifurcated, and the solvent molecule is supporting the structure via hydrogen bond. The I-
I--I bond angle was nearly linear (167°) for the first I, but due to the bifurcated nature only
137.8° for the second I'-I> contact, which differs from the conventional XB bond ang]les.
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Figure 16. Halogen and hydrogen bonds in the structure of [Rul2(H2dcbpy)(CO)2]-12.[48]

Any ligand possessing a free electron pair can be seen as a potential halogen bond acceptor.
The N-bound thiocyanate in cis-diisothiocyanato-bis(2,2’-bipyridyl-4,4’-
dicarboxylato)ruthenium(Il) provides an example of such a ligand. The structure of the
[Rul2(H2dcbpy)(CO)2]-2I2(Fig. 17) adduct have been obtained at room temperature by mixing
> and the complex in methanol.[49] In this structure, the sulfur atom of one of the
thiocyanate ligands forms bifurcated halogen bonds with two I molecules. Based on the
distances, these bifurcated bonds are weaker than the non-bifurcated one.

Figure 17. Halogen bonding interactions in [Rul2(H2dcbpy)(CO)2]-212.[49]

Ormond-Prout, Smart, and Brammer proposed that halogen bonds can be used to predict
and control the process of self-assembly and to fine-tune the electronic properties of
cyanometallates.[50] To confirm this assumption they synthesized two types of
halopyridium hexacyanometallate salts, (3-XpyMe)s[M(CN)s] and (3, 5-XoapyMe)s[M(CN)e]
(X=Cr, Fe, Co).[50] The authors harvested a total of ten crystals, and found out that five out
of each family of compounds were isostructural, while other structures were the solvates, (3-
IpyMe)s[Fe(CN)e]-2MeCN(2:2MeCN) and  (3,5-BrapyMe)s[Cr(Cr(CN)s]-(10-4H20).  The
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halogen bonding distances in these structures were shorter than the sum of the van der
Waals radii. In the case of (3,5-BrzpyMe)s[Cr(Cr(CN)s]-(10-4H20), a weak additional C-Br-O
halogen bond was found, which can be attributed to the competition between the halogen
bonding and the O-H-N hydrogen bonding. The close-to-linear geometry of the CN-X
halogen bonds found in the all structures suggests that these interactions predominantly
involved the exo lone pair of nitrogen atom. However, the structures contained another type
of halogen bonds with less linear CN-X contacts (CN-X « 105°). Such angles indicate that
the triple bond between the C and N contributes to the halogen bonding interaction leading
to X7t contact (Fig. 18). In this series the strength of the halogen bonds was found to be
dependent on the metal center (Cr <« Fe < Co). This is a good example of how the metal center
can be used for modification of halogen bonds. In this particular example, the primary
reason for the different behavior of the different metals has been attributed to the metal-
cyanide mt-back-donation.[50]

|
2.927(16) A

Figure 18. Halogen bonding contacts in (3-IpyMe)s[Fe(CN)s]-2MeCN.[50]

11. Hydride-halogen systems

In addition to the more conventional electron donors, the hydride, R-H*>, has also been
proposed as potential XB acceptors.[51] This type of halogen bonds, R-H®>XRx, has been
investigated computationally by analyzing a series of model systems. The results indicate
that H> is a potential electron donor for halogen bonds.[51-53] The halogen bonding
interaction between LiH or HBeH and either XCFs or XCCH (X=F, Cl], Br, I) has been studied
with high-level quantum mechanical calculations, quantum theory of atoms in molecules
(QTAIM), and natural bond orbital (NBO) methods. The most important finding of these
studies has been that the hydride-halogen bond formation causes the elongation of R®-H?®
bond due to the involvement of hydride in the halogen bond. It has been suggested that the
interaction is inductive in nature, and the formation of hydride-halogen bond results in the
charge transfer from the hydride to a halogen-donor molecule.[51]
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12. Modification of the halogen bond donor

The modification of the halogen bonds acceptor molecule for halogen bonding has been
reviewed in many papers. As the above examples show a variety of acceptors can be used
for halogen bonds. In general, it can be said that a good halogen bond acceptor is a strong
electron donor. Much less have been written about the modification of the XB donor.
[21,54]

Some of the strongest halogen bond donors are dihalogen molecules, which form strong
halogen bonds.[55] This is of course due to the polarizing effect of the other halogen
atom. All dihalogen molecules can act as halogen bond donors and the order of the XB
bond strength follows the order > Br»> Cl»> F.. This is again the result of the
polarizability of the halogens increasing in the same series.[20] The bond strength can be
increased further by substituting the second halogen atom in dihalogens with fluorine,
which polarizes the other halogen even more strongly. [56,57] The lighter dihalogens are
volatile and so the crystal structures of such systems are rather rare. However, some of
these structures have been characterized in gas phase by rotational spectroscopy.[58] The
results indicate that for Clz, CIBr, CIF and ICl the covalent halogen-halogen bond
strength increase in the order Cl2 < BrCl < CIF < ICl. When combined with the known
crystallographic data the increasing strength of the halogen bond donors for dihalogens
can be given: Fo< Clo< Bro< In< IBr < ICL. This order seems to be independent on the
halogen bond acceptor.[54]

Polyhalides is another well known group of XB donors.[59] In these systems the halogen
bonding typically occurs solely between the polyhalogenides and do not include other
molecules. This is especially true with the polyiodides.[59] The polyiodide networks are
often complicated three-dimensional networks, layers, or chains. The properties of these
compounds have been intensively studied. There are even examples of systems where some
of the iodines can be released into solution without breaking the crystal structure.[60] The
removal of iodines have then been used to change the nonlinear optical properties of the
compound.[9]

In the polyhalides iodine and bromine can often act both as halogen bond donors and as
acceptors, and occasionally, the same atom can act both as acceptor and donor.[59]
Amphoteric halogen bonds have also been found within polyhalide networks, though they
are not very common.[8] In addition to the homonuclear polyhalides, mixed polyhalides are
also known. The most common type is the mixed trihalide.[61,62]

Fig. 19 shows the typical features of the polyiodides. In this example, there are two
crystallographically different Is- units, one of which has two nearly identical I-I bonds. The
second Is- has unequal I-I bonds and it is closer to a I>-I- motif. The two Is- units are then
linked via I molecule. This is a typical example of a polyiodide structure. In this
particular network the I> molecule acts as a halogen bond donor and the Is- units act as
acceptors.[12]
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Figure 20. The halogen bonding in (CsH4Br2Ss)2 IBr2.[64]

Fig. 20 provides an example of a structure containing a mixed trihalide. The structure
contains halogen bonds between the trihalide and two dibromo tetrathiofulvalene
molecules. Additionally, there are also bifurcated halogen bonds between the bromine and
sulfur atoms of the tetrathiofulvalenes. The very similar halogen bond distances between the
trihalide (Br-I-Br) and Br-atoms of tetrathiofulvalene indicate that the bond strengths are
nearly identical for both of the Br--Br contacts. In this case the Br-atoms dibromo
tetrathiofulvalene act as the halogen bond donors and the trihalide as the acceptor.[64]

Organic compounds containing a C-X bond are often relatively easy to modify, which makes
them attractive halogen bond donors. As discussed earlier, among the most commonly used
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XB donors are fluorinated iodobenzenes.[22,47,65] There is obviously a large number of
halogen containing organic compounds that could be used as halogen bonding donors. For
the purpose of crystal engineering, the interesting parameters of these compounds are the
geometry and expected strength of the halogen bonds. If the halogen atom is only singly
bonded to a carbon atom, the formed sigma hole will be pointing in the opposite direction of
that bond.[22] Hence, the direction of the halogen bond is clear and easy to predict.
However, controlling the strength of the halogen bond donor requires further information.
Numerous studies of this topic have been published, especially on aromatic halogen bond
donors.[24,55-57,66] On the basis of both the existing experimental and theoretical studies, it
can be stated that electron withdrawing substituents increase the strength of the halogen
bond donor, while the electron-donating groups reduce it.[24,55,66]

Figure 21. Halogen bonding of the iodine atoms for (Ci2H13Fs I')(CF30s35°) (a); (CitH12CLI*)(CFs0s )
(b) and 2(CisHi2Fel*) 2(CF30sS -) CH2Cl2 (¢) [67]

In Fig. 21 there are three structures each of which contains the same basic building blocks of the
alkenyl(aryl)iodonium trifluoromethanesulfonate salts, while one of them also contains
dichloromethane. From the point of view of halogen bonds, these provide a useful illustration
of the effects that the electron withdrawing groups have on the halogen bonding donor. In the
first compound (a) there is one —CFs substituent on the aromatic ring. The halogen bonds are
formed between the iodine of alkenyl(aryl)iodonium cation and oxygen atoms of the triflate.
The I-O distances are 2.910 A and 2.991A. In the second structure (b) there are two chlorine
substituents on the aromatic ring, which makes it more electron-deficient than the previous one.
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There are now two crystallographically independent dimers (only one is shown in Fig. 21.) that
are involved in similar type of halogen bonding between the iodines and triflates. However, the
iodine-triflate distances are different. The I-O distances are 2.848 A and 2.802 A for the first
dimer and 2.832 A and 2.850 A for the second. The halogen bond distances for the structure (a)
are clearly shorter compared to the distances of the (b) structure as one might expect based on
the electron withdrawing substituents. The third compound (c) in Fig. 21 contains two —CFs
substituents on the aromatic ring, making it the most electron deficient of the three. Again there
are two crystallographically independent dimers (only one is shown if Fig. 21) that have slightly
different geometries. Despite of this the basic halogen bonding geometry involving the iodine
atoms is similar with slightly different I.-O distances (2.767A and 2.985A for the first dimer and
2.881A and 2.893A for the second). Now the message obtained from the halogen bond distances
is not so obvious. Although the shortest distance in (c) is clearly the shortest of them all, the
variation of the distances is large. This is a useful reminder that the final solid state structure is a
result of several competing interactions and conclusions based only on distances is often an
oversimplification and may be misleading.[67]

In most cases metal bound halogens act as halogen bond acceptors.[44,68] There are some
examples where the interaction seems to be more amphoteric, but these are relatively rare
cases.[69-71] In general, using metal centers to form synthons for halogen bonding networks
can be beneficial, because they readily permit the formation of well defined geometries. In
addition, by changing the oxidation state of the metal, the geometry and chemical properties
of the system can also be changed.[72] Metal compounds can also possess interesting
magnetic and luminescent properties.[46,73]

\

Figure 22. The halogen bonding network of PtCl2(CsNBrHa4)2.[70]
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In Fig. 22 there is an example of a network consisting of PtCl2(NCsH4Br): linked together via
halogen bonds. In addition to the halogen bonds, the two dimensional layers consist of weak
hydrogen bonds and m-it stacking interactions. The structure shown is a good example of a
network structure of a metal complex formed by halogen bonding.[70]

13. Future perspectives

Even if the very essence of crystal engineering is to produce functional materials, a large
number of studies and papers in this field are still devoted solely to the structural aspects of
the molecular assemblies and frameworks. The same is true with halogen bonding. The
latter is understandable since establishing the whole concept of halogen bonding has
required (and still requires) a considerable amount of work. Nevertheless, examples already
exist of the utilization of halogen bonding in the production of functional materials. The role
of halogen bonding has been investigated in the context of the inhibition of the human
protein kinase CK2a.[74]It has also been used for selective recognition of halide anions and
employed in host-guest systems.[23] There are examples of the use of halogen bonding for
controlling the luminescent properties of Auz-Ag> clusters and the birefringence properties
of chains of square planar Au complexes[45,75]. There are also examples of the utilization of
halogen bonding in catalysis.[76] In the future the number of these types of applications is
expected to grow rapidly. All of this means that halogen bonding is in the process of being
transformed from a strange solid-state phenomenon to a versatile tool in the hands of crystal
engineers.
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14. Footnotes

tCrystal data for 1,2-TFIB: CeFalo, M = 401.86, brown block, 0.43 x 0.32 x 0.20 mm?,
monoclinic, space group P2i/n (No. 14), a = 10.606(4), b = 5.770(2), ¢ = 14.548(5) A p=
110.344(4)°, V = 834.7(5) A3 Z =4, Dc=3.198 g/cm?, Fooo = 712, Bruker SMART APEX II CCD,
MoK radiation, & = 0.71073 A, T = 100(2)K, 26max = 70.0°, 18326 reflections collected, 3673
unique (Rint = 0.0353). Final GooF = 1.105, R1 = 0.0184, wR2 = 0.0375, R indices based on 3154
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reflections with I >2sigma(I) (refinement on F?), 109 parameters, 0 restraints. Lp and
absorption corrections applied, ¢z = 7.540 mm. The crystal was obtained in methanol by
slow evaporation. CCDC-875313 contain the supplementary crystallographic data for this
structure. It can be obtained free of charge from The Cambridge Crystallographic Data
Center via www.ccdc.cam.ac.uk/data_request/cif.

1 Crystal data for co-crystals of 1,2-diiodoimidazole and 1,3,4.-diidoimidazole: CoHsI7N,
M =1085.49, colourless plate, 0.19 x 0.15 x 0.08 mm?3, monoclinic, space group P2i/m (No. 11),
a = 4.27080(10), b = 27.9241(6), ¢ = 8.8926(2) A, = 101.6110(10)°, V = 1038.81(4) A3, Z = 2,
Dc = 3.470 g/cm3, Fooo = 944, Bruker SMART APEX II CCD, MoKa radiation, A = 0.71073 A,
T = 100(2)K, 26max = 71.2%, 17788 reflections collected, 4803 unique (Rint = 0.0353). Final
GooF =1.124, R1 = 0.0433, wR2 = 0.0785, R indices based on 3855 reflections with I >2sigma(l).
(refinement on F?), 103 parameters, 0 restraints. Lp and absorption corrections applied,
4 =10.461 mm. The crystal was obtained in methanol by slow evaporation. CCDC-875314
contain the supplementary crystallographic data for this structure. It can be obtained free
of charge from The  Cambridge  Crystallographic = Data  Center via
www.ccdc.cam.ac.uk/data_request/cif.

15. References

[1] Desiraju G.R. (2010) Crystal engineering: A brief overview. Journal of chemical sciences.
122(5):667-75.

[2] Weber E., editor (1998) Design of Organic Solids, Topics in Current Chemistry. 1st ed.
Springer;

[3] Tiekink E.R.T., Vittal ]., editors (2006) Frontiers in Crystal Engineering. 1st ed. Wiley;

[4] Desiraju G.R. (1989) Crystal Engineering. 1st ed. Elsevier Science;

[5] Desiraju G.R., Steiner T. (2001) The Weak Hydrogen Bond: In Structural Chemistry and
Biology, IUCr Monographs on Crystallography. Oxford University Press;

[6] Steed J.W., Atwood J.L. (2009) Supramolecular Chemistry. John Wiley & Sons;

[7] Chen X., Tong M. Supramolecular Interactions in Directing and Sustaining
Coordination Molecular Architectures. In: Tiekink ERT, Vittal J]J, editors. Frontiers in
Crystal Engineering. John Wiley & Sons, Ltd; p. 219-63.

[8] Metrangolo P., Resnati G., Pilati T., Liantonio R., Meyer F. (2007) Engineering functional
materials by halogen bonding. Journal of Polymer Science Part A: Polymer Chemistry.
45(1):1-15.

[9] Aakeréy C.B., Fasulo M., Schultheiss N., Desper ], Moore C. (2007) Structural
Competition between Hydrogen Bonds and Halogen Bonds. J. Am. Chem. Soc.
129(45):13772-3.

[10] Aakeréy C.B., Chopade P.D. Ganser C. Desper J. (2011) Facile synthesis and
supramolecular chemistry of hydrogen bond/halogen bond-driven multi-tasking
tectons. Chem. Commun. 47(16):4688-90.

163



164 Recent Advances in Crystallography

[11] Metrangolo P., Neukirch H., Pilati T., Resnati G. (2005) Halogen Bonding Based
Recognition Processes: A World Parallel to Hydrogen Bondingt. Acc. Chem. Res.
38(5):386-95.

[12] Bruce D.W., Metrangolo P., Meyer F., Pilati T., Prasang C., Resnati G., et al. (2010)
Structure-Function Relationships in Liquid-Crystalline Halogen-Bonded Complexes.
Chemistry - A European Journal. 16(31):9511-24.

[13] Fourmigué M., Batail P. (2004) Activation of Hydrogen- and Halogen-Bonding
Interactions in Tetrathiafulvalene-Based Crystalline Molecular Conductors. Chem. Rev.
104(11):5379-418.

[14] Hanson G.R,, Jensen P., McMurtrie J., Rintoul L., Micallef A.S. (2009) Halogen Bonding
between an Isoindoline Nitroxide and 1,4-Diiodotetrafluorobenzene: New Tools and
Tectons for Self-Assembling Organic Spin Systems. Chemistry - A European Journal.
15(16):4156—64.

[15] Cariati E., Cavallo G., Forni A., Leem G., Metrangolo P., Meyer F., et al. (2011) Self-
Complementary Nonlinear Optical-Phores Targeted to Halogen Bond-Driven Self-
Assembly of Electro-Optic Materials. Crystal Growth & Design. 11(12):5642-8.

[16] Sun A., Lauher J.W., Goroff N.S. (2006) Preparation of Poly(diiododiacetylene), an
Ordered Conjugated Polymer of Carbon and Iodine. Science. 312(5776):1030—4.

[17] Politzer P., Murray ].S., Clark T. (2010) Halogen bonding: an electrostatically-driven
highly directional noncovalent interaction. Phys. Chem. Chem. Phys. 12(28):7748-57.

[18] Eskandari K., Zariny H. (2010) Halogen Bonding: A Lum-Hole Interaction. Chemical
Physics Letters. 492:9-13.

[19] Nelyubina Y.V., Antipin M.Y.,, Dunin D.S., Kotov V.Y, Lyssenko K.A. (2010)
Unexpected “amphoteric” character of the halogen bond: the charge density study of
the co-crystal of N-methylpyrazine iodide with I.. Chem. Commun. 46(29):5325.

[20] Legon A.C. (2010) The halogen bond: an interim perspective. Phys. Chem. Chem. Phys.
12(28):7736.

[21] Politzer P., Lane P., Concha M.C., Ma Y., Murray ].S. (2006) An overview of halogen
bonding. ] Mol Model. 13(2):305-11.

[22] Roper L.C.,, Prasang C., Kozhevnikov V.N., Whitwood A.C., Karadakov P.B., Bruce
D.W. (2010) Experimental and Theoretical Study of Halogen-Bonded Complexes of
DMAP with Di- and Triiodofluorobenzenes. A Complex with a Very Short N--I
Halogen Bond. Crystal Growth & Design. 10(8):3710-20.

[23] Sarwar M.G., Dragisic B., Sagoo S., Taylor M.S. (2010) A Tridentate Halogen-Bonding
Receptor for Tight Binding of Halide Anions. Angewandte Chemie International
Edition. 49(9):1674-7.

[24] Tsuzuki S., Wakisaka A., Ono T., Sonoda T. (2012) Magnitude and Origin of the
Attraction and Directionality of the Halogen Bonds of the Complexes of CsFsX and
CsHsX (X=I, Br, Cl and F) with Pyridine. Chemistry - A European Journal. 18(3):951-60.

[25] Alkorta I., Sanchez-Sanz G., Elguero J., Del Bene J.E. (2012) FCI:PCX Complexes: Old
and New Types of Halogen Bonds. J. Phys. Chem. A. 116(9):2300-8.



Halogen Bonding in Crystal Engineering

[26] Brezgunova M., Shin K.-S., Auban-Senzier P., Jeannin O., Fourmigué M. (2010)
Combining halogen bonding and chirality in a two-dimensional organic metal (EDT-
TTF-I2)2(D-camphorsulfonate)-H20. Chem. Commun. 46(22):3926.

[27] Cametti M., Raatikainen K., Metrangolo P., Pilati T., Terraneo G., Resnati G. 2-lodo-
imidazolium receptor binds oxoanions via charge-assisted halogen bonding. Org.
Biomol. Chem. 10(7):1329-33.

[28] Cinci¢ D., Fris¢i¢ T. Jones W. (2008) Isostructural Materials Achieved by Using
Structurally Equivalent Donors and Acceptors in Halogen-Bonded Cocrystals.
Chemistry - A European Journal. 14(2):747-53.

[29] Jeske J., du Mont W., Jones P.G. (1999) lodophosphane Selenides: Building Blocks for
Supramolecular Soft-Soft Chain, Helix, and Base-Pair Arrays. Chemistry - A European
Journal. 5(1):385-9.

[30] Madzhidov T.I., Chmutova G.A., Martin Pendas A. (2011) The Nature of the Interaction
of Organoselenium Molecules with Diiodine. J. Phys. Chem. A. 115(35):10069-77.

[31] Politzer P., Murray J. (2012) Halogen bonding and beyond: factors influencing the
nature of CN-R and SiN-R complexes with F-Cl and Cl2 Theoretical Chemistry
Accounts: Theory, Computation, and Modeling (Theoretica Chimica Acta). 131(2):1-10.

[32] Aakerdy C.B., Desper J., Helfrich B.A., Metrangolo P., Pilati T., Resnati G., et al. (2007)
Combining halogen bonds and hydrogen bonds in the modular assembly of
heteromeric infinite 1-D chains. Chem. Commun. (41):4236-8.

[33] Cinci¢ D., Frisci¢ T., Jones W. (2008) A Stepwise Mechanism for the Mechanochemical
Synthesis of Halogen-Bonded Cocrystal Architectures. J. Am. Chem. Soc. 130(24):7524—
5.

[34] Cauliez P., Polo V., Roisnel T., Llusar R., Fourmigué M. (2010) The thiocyanate anion as
a polydentate halogen bond acceptor. CrystEngComm. 12(2):558-66.

[35] Prasang C., Whitwood A.C., Bruce D.W. (2008) Spontaneous symmetry-breaking in
halogen-bonded, bent-core liquid crystals: observation of a chemically driven Iso-N-N*
phase sequence. Chemical Communications. (18):2137.

[36] Cinci¢ D., Frisc¢i¢ T., Jones W. (2011) Experimental and database studies of three-
centered halogen bonds with bifurcated acceptors present in molecular crystals,
cocrystals and salts. CrystEngComm. 13(9):3224-31.

[37] Davy K.J.P., McMurtrie J., Rintoul L., Bernhardt P.V., Micallef A.S. (2011) Vapour phase
assembly of a halogen bonded complex of an isoindoline nitroxide and 1,2-
diiodotetrafluorobenzene. CrystEngComm. 13(16):5062-70.

[38] Jay ]J.I,, Padgett CW., Walsh R.D.B., Hanks T.W., Pennington W.T. (2001) Noncovalent
Interactions in 2-Mercapto-1-methylimidazole Complexes with Organic Iodides. Crystal
Growth & Design. 1(6):501-7.

[39] Liantonio R., Metrangolo P., Pilati T., Resnati G. (2002) 4,4"-Bipyridine 1,2-diiodo-
3,4,5,6-tetrafluorobenzene. Acta Crystallographica Section E Structure Reports Online.
58(5):0575-0577.

[40] Metrangolo P., Murray J.S., Pilati T., Politzer P., Resnati G., Terraneo G. (2011) Fluorine-
Centered Halogen Bonding: A Factor in Recognition Phenomena and Reactivity. Crystal
Growth & Design. 11(9):4238—46.

165



166 Recent Advances in Crystallography

[41] Thomas N.W., Desiraju C.R. (1984) An investigation into the role of chloro-substituents
in hydrogen-bonded crystals: The crystal structures of the dichlorophenols. Chemical
Physics Letters. 110(1):99-102.

[42] Mukherjee A., Desiraju G.R. (2011) Halogen Bonding and Structural Modularity in
2,3,4- and 3,4,5-Trichlorophenol. Crystal Growth & Design. 11(9):3735-9.

[43] Mukai T., Nishikawa K. (2010) Zigzag Sheet Crystal Packing in a Halogen-bonding
Imidazolium Salt: 1-Butyl-4,5-dibromo-3-methylimidazolium Iodide. X-ray Structure
Analysis Online. 26:31-2.

[44] Bertani R., Sgarbossa P., Venzo A., Lelj F., Amati M., Resnati G, et al. (2010) Halogen
bonding in metal-organic-supramolecular networks. Coordination Chemistry Reviews.
254(5-6):677-95.

[45] Ovens ].S., Geisheimer A.R., Bokov A.A., Ye Z.-G., Leznoff D.B. (2010) The Use of
Polarizable [AuX2(CN)2]- (X = Br, I) Building Blocks Toward the Formation of
Birefringent Coordination Polymers. Inorg. Chem. 49(20):9609-16.

[46] Coronado E., Day P. (2004) Magnetic Molecular Conductors. Chem. Rev. 104(11):5419-
48.

[47] Johnson M.T., Dzoli¢ Z., Cetina M., Wendt O.F,, Ohrstrom L., Rissanen K. (2011)
Neutral Organometallic Halogen Bond Acceptors: Halogen Bonding in Complexes of
PCPPdX (X = Cl, Br, I) with Iodine (I2), 1,4-Diiodotetrafluorobenzene (FsDIBz), and 1,4-
Diiodooctafluorobutane (FsDIBu). Crystal Growth & Design. 12(1):362-8.

[48] Tuikka M., Niskanen M., Hirva P., Rissanen K., Valkonen A. Haukka M. (2011)

Concerted halogen and hydrogen bonding in
[Rul2(H2dcbpy)(CO)2]12(CH3OH)2[Rul2(H2d cbpy)(CO)2]. Chem. Commun. 47(12):3427-
9

[49] Tuikka M., Hirva P., Rissanen K., Korppi-Tommola J., Haukka M. (2011) Halogen
bonding—a key step in charge recombination of the dye-sensitized solar cell. Chem.
Commun. 47(15):4499-501.

[50] Ormond-Prout J.E., Smart P.,, Brammer L. (2011) Cyanometallates as Halogen Bond
Acceptors. Crystal Growth & Design. 12(1):205-16.

[51] Jabtoriski M., Palusiak M. (2012) Nature of a Hydride-Halogen Bond. A SAPT-,
QTAIM-, and NBO-Based Study. J. Phys. Chem. A. 116(9):2322-32.

[52] Lipkowski P., Grabowski S.J., Leszczynski ]J. (2006) Properties of the Halogen—-Hydride
Interaction: An ab Initio and “Atoms in Molecules” Analysis. ]J. Phys. Chem. A.
110(34):10296-302.

[63] Li Q., Dong X., Jing B., Li W., Cheng J., Gong B., et al. (2010) A new unconventional
halogen bond C-X:-H-M between HCCX (X = Cl and Br) and HMH (M = Be and Mg):
An ab initio study. Journal of Computational Chemistry. 31(8):1662-9.

[54] Ouvrard C., Le Questel ].-Y., Berthelot M., Laurence C. (2003) Halogen-bond geometry:
a crystallographic database investigation of dihalogen complexes. Acta
Crystallographica Section B Structural Science. 59(4):512-26.

[65] Chudzinski M.G., Taylor M.S. (2012) Correlations between Computation and
Experimental Thermodynamics of Halogen Bonding. J. Org. Chem. Available from:
http://dx.doi.org/10.1021/j0300279m



Halogen Bonding in Crystal Engineering

[56] Lu Y.-X., Zou J.-W., Wang Y.-H., Yu Q.-S. (2006) Ab initio and atoms in molecules
analyses of halogen bonding with a continuum of strength. Journal of Molecular
Structure: THEOCHEM. 776(1-3):83-7.

[57] Zou J.-W,, Jiang Y.-].,, Guo M., Hu G.-X,, Zhang B., Liu H.-C,, et al. (2005) Ab Initio
Study of the Complexes of Halogen-Containing Molecules RX (X=Cl, Br, and I) and
NHs: Towards Understanding the Nature of Halogen Bonding and the Electron-
Accepting Propensities of Covalently Bonded Halogen Atoms. Chem. Eur. J. 11(2):740-
51.

[58] Legon A.C. (1999) Angular and radial geometries, charge transfer and binding strength
in isolated complexes B--ICl: some generalisations. Chemical Physics Letters. 314(5—
6):472-80.

[59] Svensson P.H., Kloo L. (2003) Synthesis, Structure, and Bonding in Polyiodide and
Metal Iodide-Iodine Systems. Chem. Rev. 103(5):1649-84.

[60] Yin Z., Wang Q.-X., Zeng M.-H. (2012) Iodine Release and Recovery, Influence of
Polyiodide Anions on Electrical Conductivity and Nonlinear Optical Activity in an
Interdigitated and Interpenetrated Bipillared-Bilayer Metal-Organic Framework. J. Am.
Chem. Soc. 134(10):4857-63.

[61] Robertson K.N., Cameron T.S., Knop O. (1996) Polyhalide anions in crystals. Part 2.
Isasymmetry and N—H...I bonding: triiodides of the Me:NH->*, Phal*, tropanium,
N,N,N’,N'-Mes-1,2-ethanediammonium, N,N,N’,N’-Mes-1,3-propanediammonium, N-
Me-piperazinium(?*), and N,N'-Me>-piperazinium(?*) cations, and Me:NH-I. Canadian
Journal of Chemistry. 74(8):1572-91.

[62] McIndoe ].S., Tuck D.G. (2003) Studies of polyhalide ions in aqueous and non-aqueous
solution by electrospray mass spectrometry. Dalton Trans. (2):244-8.

[63] Jircitano A.J.,, Colton M.C., Mertes K.B. (1981) Unique octaiodide configuration in
congested macrocyclic ligand complexes. Inorg. Chem. 20(3):890-6.

[64] Domercq B., Devic T., Fourmigué M., Auban-Senzier P., Canadell E. (2001) Hal---Hal
interactions in a series of three isostructural salts of halogenated tetrathiafulvalenes.
Contribution of the halogen atoms to the HOMO-HOMO overlap interactions. Journal
of Materials Chemistry. 11(6):1570-5.

[65] Walsh R.B., Padgett C.W., Metrangolo P., Resnati G., Hanks T.W., Pennington W.T.
(2001) Crystal Engineering through Halogen Bonding: Complexes of Nitrogen
Heterocycles with Organic Iodides. Crystal Growth & Design. 1(2):165-75.

[66] Bauza A., Quinonero D., Frontera A., Deya P.M. Substituent effects in halogen bonding
complexes between aromatic donors and acceptors: a comprehensive ab initio study.
Phys. Chem. Chem. Phys. 13(45):20371-9.

[67] Hinkle  R.J., McDonald R. (2002) (Z)-2-Methylbuten-1-yl(aryl)iodonium
trifluoromethanesulfonates containing electron-withdrawing groups on the aryl moiety.
Acta Crystallographica Section C. 58(2):0117-0121.

[68] Libri S., Jasim N.A., Perutz R.N., Brammer L. (2008) Metal Fluorides Form Strong
Hydrogen Bonds and Halogen Bonds: Measuring Interaction Enthalpies and Entropies
in Solution. J. Am. Chem. Soc. 130(25):7842—4.

167



168 Recent Advances in Crystallography

[69] Ovens ].S., Truong K.N., Leznoff D.B. (2012) Structural organization and dimensionality
at the hands of weak intermolecular AuAu, AuX and XX (X = Cl, Br, I) interactions.
Dalton Trans. 41(4):1345-51.

[70] Zordan F., Brammer L. (2006) M—-X--X'-C Halogen-Bonded Network Formation in
MX2(4-halopyridine)2 Complexes (M =Pd, Pt; X = ClL, I; X" = Cl, Br, I). Crystal Growth &
Design. 6(6):1374-9.

[71] Hathwar V.R.,, Row T.N.G. (2010) Nature of CI---Cl Intermolecular Interactions via
Experimental and Theoretical Charge Density Analysis: Correlation of Polar Flattening
Effects with Geometry. The Journal of Physical Chemistry A. 114(51):13434-41.

[72] Friese V.A., Kurth D.G. (2008) Soluble dynamic coordination polymers as a paradigm
for materials science. Coordination Chemistry Reviews. 252(1-2):199-211.

[73] Cooke M.W., Chartrand D. Hanan G.S. (2008) Self-assembly of discrete
metallosupramolecular luminophores. Coordination Chemistry Reviews. 252(8-9):903—
21.

[74] Wasik R., Lebska M., Felczak K., Poznanski J., Shugar D. (2010) Relative Role of
Halogen Bonds and Hydrophobic Interactions in Inhibition of Human Protein Kinase
CK2a by Tetrabromobenzotriazole and Some C(5)-Substituted Analogues. ]J. Phys.
Chem. B. 114(32):10601-11.

[75] Laguna A., Lasanta T., Lopez-de-Luzuriaga ].M., Monge M., Naumov P., Olmos M.E.
(2010) Combining Aurophilic Interactions and Halogen Bonding To Control the
Luminescence from Bimetallic Gold-Silver Clusters. Journal of the American Chemical
Society. 132(2):456-7.

[76] Dordonne S., Crousse B., Bonnet-Delpon D., Legros J. Fluorous tagging of DABCO
through halogen bonding: recyclable catalyst for the Morita—Baylis—-Hillman reaction.
Chem. Commun. 47(20):5855-7.



