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ABSTRACT

The thermal expansion behavior of a series of halogen-bonded cocrystals containing 1,4-
diiodoperchlorobenzene as the donor is described. Two of the solids are polymorphs and contain
4-stilbazole as the acceptor, while the third solid contains 4-(phenylethynyl)pyridine as the
acceptor and this solid is isostructural with one of the polymorphs. All solids are sustained by
I'-*N halogen bonds, and the least thermal expansion occurs along this direction in all solids. The
polymorphs exhibit significant differences in © stacking, and we show that electronically similar
face-to-face stacked rings undergo more expansion when compared to electronically different
stacked rings. Moreover, in the two polymorphs, the directions of moderate and most expansion

are reversed, demonstrating how cocrystal polymorphism can affect material properties.

1. INTRODUCTION

Controlling the three dimensional self-assembly of organic molecules into a solid-state structure
remains challenging for crystal engineers and materials scientists. The extended solid-state
structure, as well as the intermolecular forces sustaining the solid have a direct influence on the
properties of the material.!® TI-stacking interactions,** for example, play a role in protein folding
and binding of small molecules,® affect conductivity in organic semiconductors,”® and can be
used to drive molecular recognition.”! One property affected by solid-state structure and
intermolecular forces is thermal expansion (TE); the response of a material to temperature
change. Stronger intermolecular interactions, such as halogen and hydrogen bonds, are typically

less affected by temperature than weaker interactions,'! such as 7 stacking. Several studies have



demonstrated the correlation between intermolecular interaction type and TE and the type of
interaction can be used as a way to control TE in solid materials.'?!® This concept has been

referred to as interaction dependence.!”!®

One focus within our research is to understand the role that intermolecular forces, extended
solid-state structure, and molecular motion play in the TE properties for both organic and
inorganic solids. Specifically, we have reported that motion-capable functional groups such as
the azo (N=N) or ethylene (C=C) will yield larger TE tensors along the direction in the solid
where this motion happens if the group undergoes solid-state pedal motion.!*?° Moreover, the
tensors are larger in solids that undergo motion when compared to those containing a rigid group,
such as acetylene (C=C), which is not capable of pedal motion.?! Recently, we reported the roles
of molecular pedal motion and ligand stacking on the TE parameters for a series of related
silver(I) coordination complexes.?? In these discrete-based assemblies, ligands n-stacked in an
edge-to-face or face-to-face geometry, and polymorphic behavior was also observed. We
determined that the combination of pedal motion and an edge-to-face stacking of the aromatic

rings resulted in the largest TE within these silver-based solids.

Using this as inspiration, we sought to investigate influences of n stacking differences and
motion capability in a system sustained by halogen bonds. Previously, cocrystallization of
diiodoperchlorobenzene (Cel2Cls) with 4-stilbazole (SB) has been reported to yield a pair of
polymorphic solids.?* The components within the two polymorphs are held together by the same
type of halogen bonds; however, they exhibit differences in m stacking geometries (face-to-face
vs. edge-to-face) and extended crystal packing, and TE properties have not been investigated.
We selected this known polymorphic system, then, to investigate the influence of molecular

pedal motion,?* we also choose 4-(phenylethynyl)pyridine (PAB) as a motion-incapable halogen-



bond-acceptor molecule. We expected that cocrystallization of PAB with the same halogen-bond
donor (Cel2Cls) would yield a solid that was isostructural with one of the two polymorphs
featuring SB. Here, we describe the solid-state structure of the cocrystal containing Cel2Cls and
PAB, as well as the TE behavior for the series of related halogen-bonded solids that contain
Cel2Cl4 along with either SB or PAB as the acceptor (Scheme 1). These unsymmetrical halogen-
bond acceptors are either capable of molecular pedal motion (SB) or incapable of motion (PAB)
to investigate if molecular motion occurs and how it might affect the TE parameters. We show
that differences in © stacking geometries impacts the direction where expansion occurs in each
solid, and less expansion occurs along the direction where aromatic rings are stacked edge-to-
face when compared to the direction where rings are stacked face-to-face. Moreover, we show
face-to-face stacked aromatic rings that are electronically similar undergo more expansion than

face-to-face stacked aromatics which are electronically different.

SCHEME 1. (a) Molecules used in this study. (b) Self-assembly through primary I-N
halogen bonds. (¢) 1D assembly through I-N halogen bonds and C-H-Cl contacts (shown

with SB as an example).
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2. EXPERIMENTAL

The compounds Cel2Cls, SB, and PAB were synthesized using reported or modified methods? %’

(see SI). Crystals of (Cel2Cls)(PAB) and both forms of (Cel2Cls)-(SB) were prepared through
slow evaporation of a toluene solution. In the cases of the polymorphic cocrystals with SB, the
polymorphs crystallized concomitantly (see SI). Each cocrystal was characterized using powder
X-ray diffraction (at room temperature) and variable-temperature single-crystal X-ray
diffraction. The variable temperature single-crystal X-ray data was collected over a temperature
range of 290-190 K in 20 K increments. The TE parameters were calculated using the variable
temperature single-crystal X-ray data and the software PASCal®® (Figures S1-S6). Mercury was
used to measure intermolecular interaction distances and calculate the root mean square
deviation (RMSD) of isostructurality.?’ ISOS was also used to calculate unit cell similarity.>%!
Powder X-ray diffraction demonstrated bulk purity of (Cel2Cls)«(PAB) and concomitant
polymorphism for (Ceél2Cls):(SB) (Figures S7-S8). Differential scanning calorimetry (DSC) was
used to characterize the thermal behavior of the concomitant polymorphs (Figure S11-S12). DSC
was performed on the mixture by heating the sample from 25 °C to 200 °C, followed by cooling

the sample back to 25 °C. The experiment was conducted using a heating/cooling rate of either 5

°C/min or 2 °C/min.

3. RESULTS AND DISCUSSION

Crystal Structures of the Solids. The components of (Ce¢l2Cls)(PAB) crystallized in the
triclinic space group P-1 (Figure 1). The asymmetric unit contains one molecule of PAB and one
half of a molecule of C6Clal2. One molecule of C¢Clsl2 interacts with two molecules of PAB via

I---N halogen bonds to form the targeted assembly. Each molecule of C6Clsl2 also engages in



two C-H---Cl contacts with the hydrogen atoms in the para position of the benzene ring of PAB
to form a one-dimensional (1D) chain. While the pyridine and benzene ring of PAB lie nearly
coplanar, the halogenated benzene ring of Cel2Cly is rotated from the plane of the pyridine ring
by 70° at 290 K, which supports formation of the 1D chains. Within the 1D chain, PAB
molecules are stacked in an antiparallel arrangement with the aromatic rings lying face-to-face
and separated by ca. 4 A. Neighboring chains engage in slightly offset and weak 7-- 7 stacking
interactions with a separation of 3.846 A at 290 K. The 7w separations are both outside of the
sum of the van der Waals radii. The two remaining chlorine atoms on Cel2Cls engage in
Cl---n(pyridine) interactions with pyridine rings above and below the 1D chain. The neighboring
stacks interact in the third dimension through weak C-H---C-H and C-H:--Cl contacts. Along this

direction, the PAB molecules lie perpendicular to the C¢I2Cls molecules (Figure S10a).

(a) targeted assembly

FIGURE 1. X-ray crystal structures of (Ce¢l2Cls)-(PAB) highlighting (a) targeted assembly

through I---N halogen bonds (blue box) and 1D chains through C-H---Cl contacts and (b)



extended packing. I---N halogen bonds and C-H:--Cl contacts are shown with yellow dashed

lines.

The components of (Ceél2Cl4):(SB) crystallize as two polymorphs, namely Form I and II, as
previously described.?* Form I lies in the triclinic space group P-I, and the cocrystal described
above featuring PAB is isostructural with the Form I polymorph (Figure 2a). Using Mercury, the
two structures have an RMSD of 0.24.?° Using ISOS, the two structures had a cell similarity of
0.032, wherein identical cells would have a value of zero.***! In Form I, the halogenated ring of
Col2Cl4 is rotated from the planarity of the pyridine ring of SB by 75°, and the pyridine and
benzene rings of SB lie nearly coplanar at 290 K. The SB molecules in the 1D chains lie
antiparallel and separated by 4.107 A, and between chains, the offset face-to-face n-- - stacking
separation is 3.921 A at 290 K. At all temperatures studied, the olefin groups within SB are
disordered over two positions. The disorder is quite small as the major site occupies 90-97% of
the position, depending on the temperature (see refinement details in SI). The SB component
within the Form I cocrystal undergoes only a small amount dynamic motion over the 100 K

temperature range, as the site occupancies change by 7% between 290-190 K (Table S9).



FIGURE 2. X-ray crystal structures of (C6I2Cl4):(SB): (a) Form I and (b) Form II, highlighting
the extended packing (disorder omitted for clarity). I---N halogen bonds and C-H---Cl contacts

are shown with yellow dashed lines.

Form II (Cel2Cls)«(SB) lies in the monoclinic space group P2;/c.*> The asymmetric unit
contains one molecule of SB and one half of a molecule of C¢Clal2, and the components also
interact via I--N halogen bonds and C-H:--Cl contacts to form the 1D chain. However, the
pyridine and benzene rings of SB lie twisted by 56° rather than coplanar. Moreover, the
halogenated benzene ring of Cel2Cl4 lies nearly coplanar with the benzene ring of SB and is
rotated from the planarity of the pyridine ring by 68°. Due to the non-planarity of the SB
molecules, within the 1D chain, the SB molecules are stacked edge-to-face and separated by
4.530 A. Moreover, neighboring chains are further engaged in edge-to-face n---m stacking with

long separations of 5.642 A (pyridine-pyridine) and 6.245 A (benzene-benzene) at 290 K (Figure



2b). In the Form I polymorph of (Csl2Cl4)«(SB) and (Cel2Cls)(PAB), neighboring chains are
simply translated along this m-stacking direction; however, in the Form II polymorph, the
neighboring chains are rotated though a two-fold screw axis. Another difference in Form II arises
in the behavior of the halogen-bond donor; the two remaining chlorine atoms on Cel2Cls engage
in a C-H---Cl interaction with a pyridine ring on an adjacent chain instead of CI---x interactions.
The stacks interact in the third dimension through various weak C-H-- -7 interactions. Along this
direction, due to the twisting of the SB molecules, the benzene rings of SB lie parallel to the
Col2Cls molecules and engage in heterogenous face-to-face m stacks that alternate in an ABA
manner (Figure S10b). At all temperatures studied, the SB molecule in Form II is disordered
over two positions. The disorder in Form II is more significant as the major site only occupies
slightly over half (55-62%) of the position, depending on the temperature (see refinement details
in SI). Although the disorder in Form II is more significant than in Form I, the SB component
within Form II only undergoes a small amount dynamic motion as the site occupancies also

change by 7% over the 100 K temperature range (Table S9).

Characterization of Concomitant Polymorphs. The polymorphs of (Cel2Cls)-(SB) were
isolated concomitantly, as supported by powder X-ray diffraction (Figure S8). Concomitant
cocrystallization occurred even when evaporation rates and concentrations were varied. DSC
performed on the mixture demonstrated one endothermic signal at 127 °C corresponding to
melting, and the signal did exhibit a shoulder at the onset when a heating rate of 5 °C/min was
used (Figure S11). Upon cooling from 200 °C to 25 °C, an exothermic signal corresponding to
crystallization occurred at 91 °C using a cooling rate of 5 °C/min. The same experiments were
conducted using a slower rate of 2 °C/min, and the melting and crystallization signals were

within 1 °C of the values from the previous experiment (Figure S12). Prior to the DSC



experiment, powder X-ray diffraction demonstrated the sample contained both polymorphs of
(Cel2Cl4):(SB). Powder X-ray diffraction was conducted for the sample of (Cel2Cls)-(SB) after
completion of the DSC experiment (heating/cooling rate of 2 °C/min) to determine if any change
in the sample occurred after the melting and crystallization. The powder X-ray diffraction data
shows changes in the sample, and Form II is the dominant phase after melting and crystallization

(Figure S9).

Thermal Expansion Behavior. All three solids were stable during the variable temperature
single-crystal X-ray diffraction experiment, and no significant structural changes were observed
(Figures S4-S6). PASCal*® was used to calculate the principal axes (Xi, Xz, and X3) and
coefficients of TE based on the unit cell parameters from the variable temperature single crystal
X-ray data (Table 1). All three cocrystals show zero to slightly positive TE along the principal
axis of expansion, X;. The primary contributions to this direction within the structures include
the strong I---N halogen bonds present in each cocrystal, as well as the weaker C-H:--Cl
interactions that form the 1D chain. The I---N halogen bond lengths shorten by 0.032 A (1.1%
change) for (Cel2Cls)(PAB), 0.028 A (1.0% change) for Form I (Cel2Cls)«(SB), and 0.004 A
(0.1% change) for Form II (Cel2Cls)+(SB) upon cooling over the 100 K temperature range
studied. The C-H---Cl interactions shorten upon cooling by 0.018 A (0.5% change) for
(Cel2Cls)(PAB), 0.013 A (0.3% change) for Form I (CsI2Cls)*(SB), and 0.020 A (0.5% change)

for Form II (Cel2Cls)*(SB) over the same range.

TABLE 1. Linear and volumetric TE coefficients for each cocrystal. Errors are denoted in

parentheses and approximate crystallographic axes are denoted in brackets.

Cocrystal ax, (MK")|ax, (MK™) | ax, (MK | ay (MK™)
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[axis] [axis] [axis]

(Csl:Cls)-(PAB) 1(1) 54 (3) 146 (2) 200 (4)
[5-10] [11-7] [130]

(CslzCls)(SB) Form I | 12 (2) 47 (2) 130 (1) 190 (1)
[4-1-2] [401] [0-21]

(CsI2Cls)(SB)  Form | 2 (1) 67 (1) 112 (1) 181 (1)

! [10-7] [0-10] [201]

FIGURE 3. X-ray crystal structures of (a) Form I (Cel2Cls)+(SB) and (b) Form II (Cel2Cl4):(SB)
highlighting the principal axes of TE, with X5 and X3 being reversed in the two structures. The
directions of TE for (Cel2Cls)-(PAB) are nearly identical to Form I (part a). The directions of the
principal axes of TE are shown by the included planes and arrows, where X; is green, X> is blue,

and X3 is red.
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Although the X axis encompasses a similar direction in the three cocrystals, the directions of
X2 and X; differ. Form I (Cel2Cls):(SB) and (Cel2Cls)(PAB) are isostructural; thus, the X» and
X3 directions are similar in the two solids. Both Form I (Cel2Cls)-(SB) and (Cel2Cls)-(PAB)
exhibit moderate positive TE along X, with similar coefficients of 47 and 54 MK'!, respectively.
The C-H---C-H and C-H:---ClI contacts between stacked chains contribute primarily to the X»
direction. The X> axis also encompasses the direction where molecules are arranged in an offset
edge-to-face packing pattern (Figure 4a). On the other hand, TE along X3 for Form I
(CeI2Cly)*(SB) and (Cel2Cls)(PAB) is dictated primarily by face-to-face m---m stacking,
affording colossal positive TE with coefficients of 130 and 146 MK!, respectively. These are
also the two largest linear TE coefficients in the series of solids. For (Cel2Cls)(PAB), the long
n---m interactions decrease upon cooling by 0.045 A within the chain and 0.058 A between
chains. Form I (Cel2Cls)+(SB) also exhibits face-to-face m-stacking due to the rings of the SB
molecules being coplanar, and the n---m separations decrease by 0.066 A within the chain and
0.049 A between chains upon cooling. The Cl---n(pyridine) interactions, which lie along the
same direction as the face-to-face m-stacking direction, also decrease by ca. 0.050 A upon

cooling both solids.
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FIGURE 4. X-ray structures at 290 K showing packing in third dimension of (Cel2Cls)-(SB): (a)
Form I and (b) Form II. Disorder is omitted for clarity. The Form I structure is representative of
(Cel2Cls)(PAB). The relevant axes of TE are also noted. The directions of the principal axes of

TE are shown by the included arrows, where X» is blue, and X3 is red.

Interestingly, the directions of X> and X3 in the Form I and II polymorphs of (Cel2Cls)-(SB)
are switched (Figure 3). In Form II (Cel2Cls)+(SB), the X> direction includes edge-to-face n---m
interactions between stacked 1D chains. Within the 1D chain, the two SB molecules that are
arranged edge-to-face undergo a slight increase in distance upon cooling, and the average change
upon cooling is ca. -0.010 A. However, the separations between the stacked 1D chains, which are

also arranged edge-to-face, decrease upon cooling by 0.028 A and 0.052 A to afford the overall

13



positive TE. The coefficient of TE along X, is 67 MK!, the largest in the series for the X
direction. On the other hand, the X3 direction encompasses the interactions between stacked
chains and the coefficient is the smallest in the series, 112 MK™!. Along the X3 direction, the
Cel2Cla molecule engages in face-to-face m stacks with the benzene ring of SB, alternating in an

ABA pattern (Figure S10b). These 7 -1 separations decrease by 0.040 A upon cooling.

Influence of m Stacking on Thermal Expansion. Saha and coworkers have shown that
stronger 7---m stacking interactions exhibit less TE than weaker -7 stacking interactions.*?
Specifically, they showed that a solid containing n-stacked electron deficient and electron rich
aromatics exhibited less TE along the stacking axis than a solid containing only n-stacked
electron rich rings. The cocrystals (Csl2Cls)<(PAB) and Form I (Cel2Cls)*(SB) exhibit both face-

4,33,34 and

to-face parallel and offset stacked aromatic rings that are electronically similar
separated at long distances. Thus, this direction exhibits the most expansion in both solids. For
Form II (Cel2Cls)*(SB), the electronically similar rings of SB are stacked edge-to-face, and this
direction expands less when compared to the two other cocrystals. Furthermore, along X3, Form
IT (CeI2Cls)+(SB) contains face-to-face parallel stacked rings that are electronically different; one
is substituted with six halogens while the other is substituted with six hydrogens (Figure 4b).
These m interactions, which are electronically different, also undergo less expansion when

compared to the other two cocrystals with face-to-face parallel stacked rings that are

electronically similar.

4. CONCLUSIONS

Here, we described the TE behavior of a pair of polymorphic solids, wherein the components

self-assemble into a 1D chain sustained by the same type of halogen bonds. However, the

14



polymorphs exhibit significant differences in & stacking, allowing study of the influence face-to-
face and edge-to-face stacking has on TE. A novel solid containing a planar molecule was also
prepared and determined to be isostructural with one of the polymorphs. The solids sustained by
face-to-face parallel and offset stacking of electronically similar aromatics exhibited the largest
TE along the stacked direction. The solid containing face-to-face parallel stacked aromatics that
are electronically different exhibited less expansion. Cocrystal polymorphs can give differences
in properties, and here, although the primary driving force for self-assembly is persistent, the
directions of moderate and most expansion are reversed in the two solids. The dependence of TE
on intermolecular interaction type has been previously shown for several types of interactions,
and here, it is shown for halogen bonds and = stacking. Using specific classes of intermolecular
forces to direct self-assembly and corresponding TE will also promote the designability of

materials with targeted TE behaviors.
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A pair of halogen-bonded, polymorphic cocrystals, along with an isostructural cocrystal was
investigated. Although the halogen bonds are identical in all solids, the halogen-bond acceptor
crystallized in either a face-to-face or edge-to-face stacked geometry. Differences in the =
stacking between the polymorphs contributed to different coefficients and directions of thermal

expansion in the solids.
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