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Thermal expansion along one-dimensional chains
and two-dimensional sheets within co-crystals
based on halogen or hydrogen bonds†

Kristin M. Hutchins, *a Daniel K. Unruh, a

Dontrell D. Carpenterb and Ryan H. Groeneman *b

The ability to vary the thermal expansion parameters within

halogen- or hydrogen-bonded co-crystals is reported. An acceptor

molecule, 1,2-bisĲ4-pyridyl)acetylene, was selected due to its ability

to form supramolecular one-dimensional chains, regardless of the

ditopic donor type. We demonstrate that the smallest expansion

occurs along the chain, and greater expansion occurs within the

two-dimensional sheet, which is based on weaker halogen

interactions.

The ability to control the physical and chemical properties of
molecular solids continues to be an important area of
research within materials science.1 Co-crystallization strate-
gies, preparation of new solid phases through the combina-
tion of two or more neutral solids, have proven to be a reli-
able approach to modify the properties of these materials.2

These properties are generally different compared to those of
either of the single-component solids. The introduction of a
second component gives rise to different crystal packing ar-
rangements, and the presence of additional non-covalent in-
teractions will ultimately influence the resulting properties of
the new material.

To this end, it has been previously reported that small
modifications to the hydrogen- or halogen-bond donor or ac-
ceptor molecules can alter the thermal expansion (TE) prop-
erties of various co-crystals. For example, Metrangolo and
Resnati reported co-crystals based on trans-1,2-bisĲ4-
pyridyl)ethylene (4,4′-BPE) with two different halogen-bond
donors, namely, 1,4-diiodoperfluorobenzene (C6I2F4) and 1,4-
dibromoperfluorobenzene (C6Br2F4), that yielded iso-
structural, one-dimensional (1D) chains.3 The TE was calcu-

lated using the observed changes in bond lengths as a func-
tion of temperature where the I⋯N halogen bond was shown
to be stronger than the Br⋯N bond in these solids. Recently,
TE properties were varied by changing the strength of
halogen-bonding interactions within a series of co-crystals
based on 4,6-diX-resorcinol (where: X = Cl, Br, I) and 4,4′-
azopyridine.4 By changing the halogen atoms on the resor-
cinol, the type and strength of the halogen bond was tuned
and, in turn, the TE parameters. Modification of hydrogen-
bond strength has been investigated within 1D chains based
on 1,2,3,4-cyclobutanetetracarboxylic acid with 4,4′-BPE,
wherein Saha reported that the stronger O–H⋯N hydrogen
bond undergoes less TE than the weaker C–H⋯O interac-
tions in the solid.5

Here, we report the ability to influence TE by varying the
type of non-covalent interaction that assembles donor and ac-
ceptor molecules into 1D chains (Scheme 1). The chains are
held together by either halogen or hydrogen bonds between
the donor molecule and 1,2-bisĲ4-pyridyl)acetylene (4,4′-BPA)
as the acceptor molecule. The focus of this study was to
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Scheme 1 Components of the co-crystals and the 1D chain that form
via the co-crystallization process.
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determine how the TE would vary based on the type and
strength of the non-covalent interaction. We selected the
halogen-bond donors C6I2F4 and C6Br2F4 due to their ability
to form reliable interactions with various pyridines.6 The
hydrogen-bond donor 1,2,4,5-tetrabromobenzene (C6Br4H2)
was chosen because of its reported ability to form a
hydrogen-bonded 1D chain with 4,4′-BPE, a similarly shaped
bipyridine.7

We have recently demonstrated that the molecular pedal
motion of olefin and azo groups contributes to TE in co-crys-
tals.8 Thus, to remove the effects of pedal motion from the
TE parameters and focus primarily on non-covalent interac-
tions, an acetylene-containing molecule, 4,4′-BPA, was se-
lected as the acceptor molecule because it cannot undergo
pedal motion (Scheme 1). In addition to the 1D halogen- or
hydrogen-bonded chains, the components of the co-crystals
are further assembled into two-dimensional (2D) sheets via
halogen interactions involving the substituents on the ben-
zene ring. The principal axis (i.e. strongest interaction) for
the co-crystals sustained by 1D halogen bonds is observed
along the vector of the 1D polymeric chains, and the princi-
pal axis for the co-crystal assembled by 1D hydrogen bonds
lies along the 1D polymeric chains. More expansion occurs
within the 2D sheet, which is based on weaker halogen
interactions.

Co-crystallization was achieved by dissolving 25 mg of
4,4′-BPA in 2 mL of toluene and combining the solution
with a separate solution containing the appropriate donor
(C6I2F4, C6Br2F4, or C6Br4H2; 1 : 1 molar ratio), which was
also dissolved in 2 mL of toluene. The combined solutions
were allowed to evaporate slowly, and crystals suitable for
X-ray diffraction‡ formed within two days for each co-
crystal.

Single-crystal X-ray analyses determined the components
of each co-crystal to be present in a 1 : 1 ratio, namely,
(C6I2F4)·(4,4′-BPA), (C6Br2F4)·(4,4′-BPA), and (C6Br4H2)·(4,4′-
BPA). All three co-crystals crystallize in different centrosym-
metric space groups.

In the case of (C6I2F4)·(4,4′-BPA), the solid crystallizes in
the orthorhombic space group Pnnm, and one-fourth of each
molecule is found in the asymmetric unit. X-ray diffraction
data revealed that the two components of the co-crystal as-
sembled into a 1D chain held together by I⋯N halogen
bonds [I⋯N (Å): 2.586(2) at 270 K] (Fig. 1a). Within the chain,
the pyridine and perfluorobenzene rings are found to be
nearly co-planar, only deviating from the planarity by 0.85°.
The chains stack slightly offset, such that the iodine atoms
lie between a pyridine and perfluorobenzene ring (Fig. 1a).
The offset stacking may have arisen from the negative
electrostatic potential region of the halogen interacting with
the electron deficient pyridine ring. The stacked chains inter-
act with neighbouring stacks that lie nearly perpendicular
(89.92°) via C–H⋯F forces [C⋯F (Å): 3.170(2), 3.264(2) at 270
K] (Fig. 1b). All fluorine atoms engage in this interaction to
produce a 2D sheet, with the C–H⋯F forces extending along
the crystallographic c-axis.

The co-crystal (C6Br2F4)·(4,4′-BPA) crystallizes in the mono-
clinic space group P21/c and the asymmetric unit contains
half of each molecule. Again, the single-crystal X-ray diffrac-
tion data revealed that the co-crystal is also a 1D polymer,
but this time the chains are held together by Br⋯N halogen
bonds [Br⋯N (Å): 2.893(2) at 270 K] (Fig. 2a). Unlike the pre-
vious halogen-bonded polymer, the aromatic rings along the
chain of (C6Br2F4)·(4,4′-BPA) deviate from the planarity by
18.58°. The chains stack in a similar fashion, and, similarly,
the stacked bromine atoms are neighboured by a pyridine
and perfluorobenzene ring. The perfluorobenzene interacts
with two 4,4′-BPA molecules via C–H⋯F forces [C⋯F (Å):
3.401(3) at 270 K] resulting in a 2D sheet-like structure that
extends along the crystallographic b-axis (Fig. 2b). These
perfluorobenzene and pyridine rings are nearly perpendicular
with a measured angle of 87.26°.

The final co-crystal, (C6Br4H2)·(4,4′-BPA), crystallizes in the
triclinic space group P1̄.§ The asymmetric unit contains one-
half of two unique C6Br4H2 molecules and one-half of two
unique 4,4′-BPA molecules. Single-crystal X-ray diffraction
data revealed that the co-crystal is also a 1D polymer
sustained by C–H⋯N hydrogen bonds [C⋯N (Å): 3.345(4)
and 3.394(4) at 270 K] (Fig. 3a). The chains exhibit a slight
zigzag pattern running along the hydrogen-bond axis. Both

Fig. 1 X-ray crystal structure of (C6I2F4)·(4,4′-BPA) illustrating: (a) the
I⋯N halogen bonds and (b) the C–H⋯F forces that produce the 2D
sheet. Thermal expansion axes (X1–X3) are denoted.

Fig. 2 X-ray crystal structure of (C6Br2F4)·(4,4′-BPA) illustrating: (a) the
Br⋯N halogen bonds and (b) the C–H⋯F forces that produce the 2D
sheet. Thermal expansion axes (X1–X3) are denoted.
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the C6Br4H2 and 4,4′-BPA molecules are found to engage in
homogeneous face-to-face π–π stacking along the crystallo-
graphic a-axis, as seen in similar co-crystals based on this do-
nor (Fig. 3a).7 Turning to the extended structure, the bromine
atoms on neighbouring C6Br4H2 molecules interact via type I
Br⋯Br contacts9 [Br⋯Br (Å): 3.678(1), θ1 = 156.96°, θ2 =
141.13° at 270 K] (Fig. 3b) to generate a 2D sheet. As a result
of these Br⋯Br contacts, the nearest neighbouring C6Br4H2

molecules are arranged in a stair-like pattern where the phe-
nyl rings are twisted by 41.83°.

In order to determine the TE values, a variable tempera-
ture crystallographic study was performed on the same crys-
tal with five data sets collected at: 270, 250, 230, 210, and 190
K. The first data set in each case was collected at 190 K, and
then the crystal was warmed to the additional temperatures.
PASCal10 was employed to calculate the TE coefficients and
the principal axes of each co-crystal over the temperature
range of 270 to 190 K. If the crystallographic axis length in-
creases upon heating, positive TE has occurred, while a de-
crease in the axis length upon heating corresponds to nega-
tive TE.11 It is well-known that stronger interactions are less
affected by temperature changes, and weaker interactions are
more affected.11

The least TE (X1 axis) occurs along the crystallographic
b-axis for (C6I2F4)·(4,4′-BPA) and (C6Br2F4)·(4,4′-BPA) and pri-
marily the c-axis for (C6Br4H2)·(4,4′-BPA) (Table 1). The positive
and negative TE values correspond to the changes in the dis-
tance between the layers of the 1D chains upon heating. The
co-crystal (C6I2F4)·(4,4′-BPA) undergoes a minimal increase
(0.001 Å) in the distance between layers, corresponding to a

very small positive TE value (Fig. 1a). On the other hand, the
co-crystals (C6Br2F4)·(4,4′-BPA) and (C6Br4H2)·(4,4′-BPA) un-
dergo small decreases in the distance between the layers of
the 1D chains upon heating. Although the decrease is small,
the overall length change in (C6Br2F4)·(4,4′-BPA) (0.009 Å) is ap-
proximately double that in (C6Br4H2)·(4,4′-BPA) (0.004 Å),
which is in agreement with the TE values (Fig. 2a and 3a).

The supramolecular interactions that contribute to the X1

axis include primarily either the halogen or hydrogen bonds
that produce the 1D supramolecular chain. The halogen or
hydrogen bonding interaction is the strongest non-covalent
force within each co-crystal; thus, these bonds experience the
smallest change in length when the temperature is altered.
Upon heating, the strongest N⋯I halogen bonds underwent
the smallest increase in length (0.015 Å), followed by the C–
H⋯N hydrogen bonds (avg. 0.018 Å), and the N⋯Br halogen
bonds experienced the largest change (0.029 Å).

In all three co-crystals, the X2 axis encompasses primarily
the supramolecular interactions that constitute the 2D
sheets. In the case of (C6I2F4)·(4,4′-BPA) and (C6Br2F4)·(4,4′-
BPA), the interactions include halogen bonds, C–H⋯F, and
weak C(benzene or pyridine)⋯X (between stacked chains)
forces. The halogen bonds and C–H⋯F forces are stronger in
(C6I2F4)·(4,4′-BPA) (see ESI,† Table S8). All the interaction
lengths in both co-crystals increased upon heating; however,
the changes were smaller for the stronger forces in (C6I2F4)
·(4,4′-BPA) (ca. 0.01–0.04 Å) when compared to those in
(C6Br2F4)·(4,4′-BPA) (ca. 0.02–0.04 Å). Thus, (C6Br2F4)·(4,4′-
BPA) exhibits a larger TE coefficient. In the hydrogen-bonded
co-crystal (C6Br4H2)·(4,4′-BPA), the contributing interactions
involve weaker C–H⋯Br, Br⋯Br, and π⋯π forces. All these
interactions were more affected by heating and their lengths
increased by ca. 0.03–0.05 Å, which is supportive of a slightly
larger TE coefficient compared to that of the halogen-bonded
co-crystals.

Most expansion occurs along the X3 axis, which is com-
posed of the weakest interactions sustaining the co-crystals. In
the case of (C6I2F4)·(4,4′-BPA), the C–H⋯F interactions contrib-
ute primarily to the expansion and their lengths increase upon
heating by ca. 0.04 Å. For the co-crystal (C6Br2F4)·(4,4′-BPA),
the C(benzene)⋯F and C(benzene or pyridine)⋯Br (between
stacked chains) forces lie along the X3 axis and lengthen upon
heating by ca. 0.03 Å and 0.02 Å, respectively. The N⋯Br halo-
gen bonds also contribute slightly to the X3 axis, lengthening
upon heating by ca. 0.03 Å. The overall similar changes in
these interaction distances results in similar TE values for the

Fig. 3 X-ray crystal structure of (C6Br4H2)·(4,4′-BPA) illustrating (a) the
C–H⋯N hydrogen bonds and (b) the Br⋯Br contacts that produce the
2D sheet. Thermal expansion axes (X1–X3) are denoted.

Table 1 Thermal expansion coefficients (270–190 K) for co-crystals with errors denoted in parentheses and approximate crystallographic axes denoted
in brackets

Co-crystal αX1
(MK−1) [axis] αX2

(MK−1) [axis] αX3
(MK−1) [axis] αV (MK−1)

(C6I2F4)·(4,4′-BPA) 4(1) 46(3) 124(4) 177
[0 1 0] [−1 0 0] [0 0 1]

(C6Br2F4)·(4,4′-BPA) −25Ĳ4) 58(2) 121(1) 155
[0 1 0] [−3 0 –1] [1 0 5]

(C6Br4H2)·(4,4′-BPA) −13Ĳ1) 69(1) 143(2) 200
[0 1 2] [2 2 −1] [−5 1 0]

CrystEngCommCommunication

Pu
bl

is
he

d 
on

 3
0 

A
ug

us
t 2

01
8.

 D
ow

nl
oa

de
d 

on
 9

/2
5/

20
24

 1
:3

3:
10

 A
M

. 
View Article Online

https://doi.org/10.1039/c8ce01090k


CrystEngComm, 2018, 20, 7232–7235 | 7235This journal is © The Royal Society of Chemistry 2018

two halogen-bonded co-crystals. The TE value along X3 for the
hydrogen-bonded co-crystal is larger, however. The interactions
that contribute to the TE in (C6Br4H2)·(4,4′-BPA) are C–H⋯Br,
C(benzene)⋯Br, and π⋯π, all increasing in length upon
heating by ca. 0.03, 0.05, and 0.05 Å, respectively.

Using strong, directional halogen or hydrogen bonds to as-
semble components in co-crystals can provide a means to con-
trol TE along the bonding directions, here, the 1D chains and
2D sheets (X1 and X2 axes). Minimal TE occurs along the stron-
gest, non-covalent interaction bonding directions, while TE oc-
curs to a larger degree along the weaker interactions that sus-
tain the co-crystal. In the co-crystals reported here, we have
achieved control over two dimensions; however, the ability to
design and realize full control over the intermolecular interac-
tions that sustain co-crystals in all three dimensions will aid in
achieving predictable TE properties.

Conclusions

In this report, we describe the TE parameters of co-crystals
assembled into 1D chains via either halogen or hydrogen
bonds. In all cases, the least expansion occurs along the
halogen- or hydrogen-bonded chain. The 2D sheet structure
in each co-crystal is sustained by weaker interactions, and
more expansion occurs within the sheet structure. It is well-
known that both halogen and hydrogen bonds can be utilized
to modify TE properties; however, only a few studies compare
them as in this report. We are currently expanding this study
to 2D systems that are held together by stronger halogen- or
hydrogen-bonding interactions.
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‡ Due to issues with crystal decay during data collection at 290 K for (C6Br2F4)
·(4,4′-BPA), we were not able to get a quality X-ray crystal structure. All TE param-
eters are based on 270 K as the highest temperature.
§ (C6Br4H2)·(4,4′-BPA) was determined to be isostructural with the previously
reported co-crystal (C6Br4H2)·(4,4′-BPE).
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