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The ability to tune the thermomechanical properties of organic
solids by utilizing a mixed cocrystal approach is described. The
components of each solid are self-assembled through hydrogen
bonds, and changing the composition of the solid at the molecular
level provides control over the solid-state property. Specifically,
two binary solids are prepared using the same hydrogen-bond
donor molecule and an unsymmetrical, isosteric hydrogen-bond
acceptor. The mixed cocrystal is realized by incorporating both
acceptors into the solid material. The thermomechanical response
of the mixed cocrystal lies numerically in between the two binary
systems along all three principal directions of the solid. Mixed
cocrystals are underexplored when compared to their binary coun-
terparts, and this work demonstrates the tunability in solid-state
material properties that can be achieved using the mixed approach.

In recent years, the power to alter the solid-state structure of an
organic solid by modifying the molecular structure has been
widely demonstrated.'™ Furthermore, addition of a second mole-
cular component allows for synthesis of supramolecular solids
such as coordination polymers, cocrystals, and host-guest com-
plexes, while offering a significant opportunity to tune both the
solid-state structure and properties by controlling the identity of
the second component and the corresponding self-assembly
process.”” These solids are typically sustained by supramolecular
interactions such as coordination, hydrogen, or halogen bonds,
and other electrostatic or van der Waals forces.® Incremental
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changes to either component of these solids can significantly
influence not only the resulting structure but the properties
as well.

Cocrystals are typically binary multi-component solids and
have received considerable attention over the last two decades.’
Mixed cocrystals are a class of molecular solids that contain two
isosteric molecules, which are interchangeable in a given crystal-
lographic position, along with an additional molecule in the
lattice (Fig. 1).">** Mixed cocrystals have been significantly less
investigated, but exhibit promise because of the inherent ability
to incorporate multiple components in the solid that impart
different chemical or physical properties to the solid material."

Thermomechanical behaviors of molecular crystals are challen-
ging to predict, and recently, several groups have made efforts to
control and tune these properties.”**® Molecular crystals with
unique thermomechanical behaviors can be used in sensors,
actuators, or multi-functional materials."” Our groups have recently
demonstrated the property of thermal expansion (TE)'® can be fine-
tuned in mixed cocrystals*®*° by using molecules that are either
capable or incapable of undergoing dynamic molecular motion>"
in the solid state. In particular, we have reported symmetrical
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Fig. 1 Structures of binary and mixed cocrystals with molecular compo-
nents shown. Dashed lines represent hydrogen bonds.
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molecules containing a motion-capable group such as ethylene
(C=C)yield larger TE tensors in solids where motion occurs when
compared to isostructural solids containing a motion-incapable
group such as acetylene (C=C).

We sought to further investigate the hypothesis that using a
mixed cocrystal approach offers a pathway for tuning thermome-
chanical properties of organic solids. Both of our previous
studies'®?° included symmetrical molecules containing an accep-
tor moiety on each side, and strong noncovalent bonds held this
symmetrical molecule in place from both sides, limiting structural
flexibility. Thus, we modified the motion-capable molecule to an
unsymmetrical structure lacking an acceptor on one side, which
could disrupt the solid-state structure and influence corres-
ponding properties. Here, we show that local self-assembly is well
controlled in the binary and mixed solids; however, the extended
packing of the two binary systems does differ, likely due to the
unsymmetrical component. However, the directions of TE across
the series are analogous. Most importantly, the thermal and
thermomechanical properties of the mixed cocrystal lie in between
the two binary solids, demonstrating the ability to tune material
properties using molecular-level control strategies.

We selected 4,6-dibromoresorcinol (4,6-diBr res) as a
ditopic hydrogen-bond donor and two monotopic, unsymmetrical
hydrogen-bond acceptors, 4-stilbazole (SB) and 4-(phenylethynyl)pyr-
idine (PAB) (Fig. 1). The crystal structure of (4,6-diBr res)-2(SB) has
been previously reported,” so we knew cocrystallization was possi-
ble with one of our selected binary pairs. The donor, 4,6-diBr res,
was synthesized using a modified literature method,” while PAB*
and SB> were synthesized as reported. The binary coctystals, (4,6-
diBr res)-2(SB) and (4,6-diBr res)-2(PAB), were prepared by combin-
ing a 1:2 molar ratio of 4,6-diBr res and the acceptor, respectively,
in ethanol. The mixed cocrystal (4,6-diBr res)-(SB)-(PAB) was pre-
pared by combining a 1:1: 1 molar ratio of 4,6-diBr res, SB, and PAB
in ethanol. Each solution was allowed to evaporate slowly, which
yielded single crystals suitable for X-ray diffraction in each case.
Powder X-ray diffraction confirmed the bulk phase purity of each
solid (Fig. S1-S3, ESIT). "H NMR spectroscopy was also used to verify
the composition of the mixed cocrystal (Fig. S4-S7, ESIt). Thermo-
gravimetric analysis (TGA) and differential scanning calorimetry
(DSC) were used to characterize the thermal behavior of each
coctystal (Fig. S8-S13 and Table S7, ESIY).

Single-crystal X-ray diffraction data demonstrated the
cocrystal (4,6-diBr res)-2(SB) crystallizes in the space group P1
(Tables S1 and S2, ESIf). The asymmetric unit contains one
molecule of 4,6-diBr res and two molecules of SB. The compo-
nents are held together by O-H:--N hydrogen bonds [O-- ‘N
2.689(3) and 2.690(3) (A) at 290 K] to form a three-component
assembly (Fig. 2a). The ethylene group within one SB molecule
is disordered at 290 K, while the other SB molecule is fully
occupied. The occupancies of this disorder were determined by
free variable refinement, where the ratio of the two positions
must sum to 1.00. At 290 K, the major and minor conforma-
tions are present in a 0.95/0.05 ratio. Upon cooling, the ratio of
the conformations varied, which is indicative of dynamic pedal
motion, with values of 0.96/0.04 at 270 K and 0.98/0.02 at 250 K.
With additional cooling, the disorder of the ethylene group
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Fig. 2 X-ray crystal structure of (4,6-diBr res)-2(SB) at 290 K: (a) three-
component hydrogen-bonded assembly at 290 and 230 K and (b)
extended packing highlighting quadruple stack of SB molecules. Hydrogen
bonds are shown with yellow dashed lines and other contacts shown with
black dashed lines.

fully resolved and in turn the dynamic motion ceased at 230 K
(Fig. 2a).

In (4,6-diBr res)-2(SB), the aromatic rings within each SB
molecule are nearly coplanar with the mean planes twisted from
coplanarity by 8.07° (ordered SB) and 8.35° (disordered SB) at
290 K. The rings undergo minimal changes in planarity upon
cooling. Within the hydrogen-bonded assembly, the stacked SB
molecules are rotated away from coplanarity by 28.26°. Due to
inversion symmetry, there is a quadruple stack of SB molecules
that is capped at both ends with a pair of 4,6-diBr res molecules
(Fig. 2b). Each 4,6-diBr res engages in a Br---n contact with a
neighboring phenyl ring of SB. This stacking pattern extends
approximately along the a axis and is accompanied by dimeric C-
H- - -Br contacts between 4,6-di-Br molecules®® along the ¢ axis, to
constitute a sheet. The sheets are stacked parallel along the b axis
and interact through C-H---Br and C-H: - - contacts.

To our surprise, simple substitution of PAB for SB in
cocrystallization with 4,6-diBr res yielded cocrystals that lie in
a different crystal system. The components within (4,6-diBr
res)-2(PAB) crystallize in the space group P2,/c (Tables S3 and
S4, ESIt). The asymmetric unit contains one 4,6-diBr res and
two molecules of PAB, affording a similar three-component
hydrogen-bonded assembly sustained by O-H---N hydrogen
bonds [O- - -N 2.729(3) and 2.749(3) (A) at 290 K] (Fig. 3a). Due
to the rigid acetylene core within PAB, there is no possibility of
molecular pedal motion. The aromatic rings within a molecule
of PAB are twisted from coplanarity by 7.77° and 15.89°. Within
the hydrogen-bonded assembly, the stacked PAB molecules are
twisted from coplanarity by 59.47°, significantly more when
compared to the SB system.
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Fig. 3 X-ray crystal structure of (4,6-diBr res)-2(PAB) at 290 K: (a) three-
component hydrogen-bonded assembly and (b) extended packing high-
lighting offset quadruple stack of PAB molecules. Hydrogen bonds are
shown with yellow dashed lines.

Although the replacement of SB with PAB in the cocrystal could
be expected to cause minimal disruption to the solid-state struc-
ture, the extended packing of (4,6-diBr res)-2(PAB) does differ from
(4,6-diBr res)-2(SB). Similarly, (4,6-diBr res)-2(PAB) also contains a
pair of hydrogen-bonded assemblies that form a quadruple stack;
however, the closest PAB molecules are displaced and stacked with
little overlap of the n surfaces. The capping group on the quad-
ruple stack is a PAB molecule, rather than 4,6-diBr res, and it
interacts with the stack through an edge-to-face n-stacking inter-
action (Fig. 3b). The bromine atoms of 4,6-diBr res engage in C-
H. - -Br contacts with the para hydrogen on the phenyl ring of PAB
and Type I Br---Br halogen contacts®” with adjacent 4,6-diBr res
molecules in the sheet. The sheets also interact through C-H- - -Br,
C-H-- -0, and C-H- - -7 contacts.

Given that the three-component hydrogen-bonded assembly
was persistent across (4,6-diBr res)-2(SB) and (4,6-diBr res)-2(PAB),
we investigated the possibility of forming a mixed cocrystal. We
expected that the three-component assembly would persist; how-
ever, the extended packing could match either one of the binary
forms. A mixed cocrystal approach was realized when a 1: 1 ratio of
SB and PAB along with an equimolar amount of 4,6-diBr res were
combined and allowed to slowly evaporate. The components of the
mixed cocrystal crystallize in the space group, Pi with a formula of
(4,6-diBr res)-(SB)-(PAB), which is isostructural to (4,6-diBr res)-
2(SB) (Tables S5 and S6, ESI).

Single-crystal X-ray diffraction demonstrated that the solid is
indeed a mixed cocrystal rather than a ternary cocrystal, because
the two acceptors occupy an equivalent crystallographic position.
In a ternary cocrystal, each molecule would occupy a crystal-
lographically unique (independent) position.'®"*® Importantly,
both hydrogen-bond acceptor sites exhibit molecular disorder
such that both pyridyl sites are readily replaced with either
acceptor, SB or PAB (Fig. 4). The three-component assembly is
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Fig. 4 X-ray crystal structure of (4,6-diBr res)-(SB)-(PAB) illustrating the
three-component hydrogen-bonded assembly at 290 K. Hydrogen bonds
are shown with yellow dashed lines. The ethylene moiety is shown in
burgundy, and the acetylene moiety is shown in green.

persistent, and the components self-assemble via O-H: - -N hydro-
gen bonds [O- - -N 2.696(3) and 2.699(3) (A) at 290 K]. The ethylene
and acetylene groups were readily located in both acceptor mole-
cules; however, modeling the disorder of the corresponding aro-
matic rings was more nuanced and full details are described in the
ESLT

The mixed cocrystal was synthetically prepared using a 1:1
molar ratio of SB and PAB. Based on the single-crystal X-ray data
at 290 K, SB occupies ca. 60% of the assembly and PAB occupies
ca. 40% of the assembly. "H NMR spectroscopy collected using
the bulk crystalline solid demonstrated that the ratio of SB to PAB
is 54% :46%. Overall, both the NMR and X-ray data show good
agreement with each other, as well as the initial synthetic feed
ratio. Due to the isostructurality, (4,6-diBr res)-(SB)-(PAB) has an
identical extended packing as (4,6-diBr res)-2(SB). Notably, we
attempted to prepare mixed cocrystals using unequal ratios of SB
and PAB, but only isolated binary cocrystals in these cases.
Specifics for the crystallizations are given in the ESL¥

To further understand the ability to isolate mixed cocrystals
when the binary solids are not isostructural, the molecular
electrostatic potential energy surfaces for 4,6-diBr res, SB, and
PAB were calculated with the Spartan’20 molecular modeling
program, using density functional theory (DFT) at the B3LYP/6-
311++G** level.” For 4,6-diBr res, two regions of positive potential
are localized on the syn-syn hydroxyl groups, with an energy value
of 316.4 k] mol ", demonstrating the strong potential for hydrogen-
bond formation at both sites (Fig. S15, ESIT). Regions of negative
potential lie on the opposite side of the oxygen atoms, adjacent to
the bromine groups. Notably, the energy value on the bromine
atoms is 73.6 k] mol *. Thus, 4,6-diBr res is a much weaker
halogen-bond donor than hydrogen-bond donor, which explains
why there is not competition from halogen bonding in the cocrys-
tals. For SB and PAB, regions of negative potential lie on the pyridyl
nitrogen atoms, demonstrating their hydrogen-bond-accepting abil-
ity. The energy value for SB is —197.8 k] mol " and the energy value
for PAB is —189.6 k] mol " (Fig. $15, ESIt). The lower value for SB
indicates that in competition with PAB, SB would serve as a slightly
stronger hydrogen-bond acceptor for 4,6-diBr res. These calcula-
tions support the successful preparation of the mixed cocrystals
with a slight bias in stoichiometry toward SB. The difference in
energy may also support our observation of binary cocrystal
formation when the ratios of the acceptors are unequal.

This journal is © The Royal Society of Chemistry 2025
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TGA demonstrated a single decomposition event for each
cocrystal that began at ca. 150 °C for (4,6-diBr res)-2(PAB) and
(4,6-diBr res)-(SB)-(PAB), and ca. 175 °C for (4,6-diBr res)-2(SB)
(Fig. S8-510, ESIT). DSC characterization for each solid showed
a single endothermic signal upon heating, corresponding to
melting. All solids also exhibited a single exothermic signal
upon cooling from the melt, corresponding to crystallization.
The melting point ranges for the solids are 142-144 °C ((4,6-
diBr res)-2(SB)), 116-117 °C ((4,6-diBr res)-2(PAB)), and 119-
126 °C ((4,6-diBr res)-(SB)-(PAB)). Notably, the melting and
crystallization temperatures of the mixed cocrystal, (4,6-diBr
res)-(SB)-(PAB), lie in between the two binary solids, demon-
strating the influence of the mixed environment on thermal
properties (Fig. S11-S13 and Table S7, ESIT).

To investigate the impact of molecular-level mixing and the
motion propensity that accompanies it on the thermomecha-
nical behavior of each solid, a variable-temperature single-
crystal X-ray diffraction experiment was conducted for all three
cocrystals over the temperature range of 290 to 190 K in 20 K
increments (Tables S1-S6, ESIT). The TE coefficients and prin-
cipal axis directions for each cocrystal were calculated with the
software PASCal***' by using the unit cell parameters obtained
from the variable-temperature experiments (Table 1 and Fig. S16-
S18, ESIt). Even though the packing of the binary cocrystal with PAB
differs from the other two solids, the directions of the principal axes
of TE were similar for all three cocrystals, where X; is in the
direction of the hydrogen bonds, X, is between the sheets, and X;
is in the m-stacked direction (Fig. S19-S21, ESI}).

The thermomechanical response of most solids to cooling is
contraction or positive TE. However, in this system, along X;, all
three cocrystals exhibited negative TE, ie., an increase in dimen-
sion upon cooling.*> Approximately 30% of known organic crystals
exhibit uniaxial negative TE.*>** Negative TE for organic solids has
been attributed to transverse vibrational motions,**” has been
seen in frameworks that exhibit scissor-style motion,*® and has
been observed perpendicular to the direction of molecular
motion,'® although, in many cases, the behavior is discovered
anomalously.

The X; axis encompasses the direction of the O-H:-'N
hydrogen bonds, which are the primary noncovalent bonds
responsible for the self-assembly of the components (Fig. 5).
These hydrogen bonds in each cocrystal exhibit minimal
changes in length over the temperature range, and the angle
of each hydrogen bond increases upon cooling to become
closer to ideal, 180° (Table S9, ESIt). While all three crystal-
lographic axes in each cocrystal decrease in length upon cool-
ing (positive TE, Fig. $22-S24, ESIt), the negative TE arises from
a small increase in crystallographic angle dimension(s) upon

View Article Online
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Fig. 5 X-ray crystal structure of (4,6-diBr res)-(SB)-(PAB) with the principal
axes of TE denoted by planes and accompanying arrows. The direction of
X, goes into the page. The ethylene group is in burgundy and the acetylene
group is green.

cooling. In (4,6-diBr res)-2(SB), the y angle increases by 0.14°
and in (4,6-diBr res)-2(PAB) the B angle increases by 0.64°. In
the mixed cocrystal, (4,6-diBr res)-(SB)-(PAB), the B and y angles
both increase by 0.13°, demonstrating the influence of multiple
acceptors in the mixed environment. The angles that exhibit
negative TE behavior include contribution from the changing
hydrogen bond angles. The dimeric C-H---Br interactions
involving 4,6-diBr res molecules also lie along this direction.

The TE values for X, range from moderately positive (SB and
mixed) to colossal*® (PAB). The direction of X, encompasses the
direction between stacked sheets in each cocrystal. This direc-
tion includes several weak intermolecular interactions, such as
C-H- - -Br, C-H-- -0, and C-H- - -, interactions. Within (4,6-diBr
res)-2(SB), the C-H: - -Br bond distances decrease upon cooling
by ca. 0.037 A (average), the C-H---O interactions shorten by
0.012 A, and the C-H. - -rt distances shorten by 0.047 A over the
range. The mixed cocrystal (4,6-diBr res)-(SB)-(PAB) behaves
very similarly to the binary cocrystal with SB. The C-H-:--Br
distances shorten by ca. 0.038 A (average), the C-H- - -O inter-
actions shorten by 0.025 A, and the C-H- - -1 distances shorten
by 0.042 A over the range. Overall, this results in very similar TE
coefficients along X,.

Within (4,6-diBr res)-2(PAB), the interactions that give rise to the
colossal expansion along X, are C-H-: - -Br, C-H: - -O, and long/weak
dispersive C-H- - -n contacts. The C-H- - -Br distances shorten by ca.
0.039 A (average), the C-H. - -O interactions shorten by 0.047 A, and
the C-H contacts shorten by ca. 0.047 A over the range. In addition

Table 1 TE coefficients for binary cocrystals, (4,6-diBr res)-2(SB) and (4,6-diBr res)-2(PAB), and mixed cocrystal (4,6-diBr res)-(SB)-(PAB). The errors in
the coefficients are shown in parentheses. The approximate crystallographic directions are shown in brackets

Crystal ax, (MK ™) [axis] ax, (MK ™) [axis] ax, (MK ™) [axis] ax, (MK ™)
(4,6-diBr res)-2(SB) —20(1) [0 1 1] 70(1) [-1 3 -3] 145(3) [1 0 0] 196(5)
(4,6-diBr res)-2(PAB) —4(1) [4 0 3] 106(1) [0 1 0] 120(1) [1 0 2] 223(1)
(4,6-diBr res)-(SB)-(PAB) —14(1) [0 1 1] 76(1) [0 4 —3] 130(3) [7 0 1] 194(3)

This journal is © The Royal Society of Chemistry 2025
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to larger changes in distances with temperature, the difference in
extended packing of (4,6-diBr res)-2(PAB) affects X,. Between sheets,
acceptor molecules are primarily stacked adjacent to other acceptors
or m systems, but the arrangement is offset with minimal overlap in
n systems. Ultimately, this results in relatively weak van der Waals
interactions, which are more thermomechanically compliant,
undergoing larger changes in response to temperature."® In the
binary cocrystal with SB and the mixed cocrystal, the acceptor
molecules are stacked in an edge-to-face geometry with 4,6-diBr res
molecules, providing more attractive/stabilizing interactions.

The X; direction lies along the stacking direction within the
sheet and is mainly comprised of n-n stacking, as well as the
direction affected by dynamic molecular motion. In particular,
the highest expansion within (4,6-diBr res)-2(SB) and (4,6-diBr
res)-(SB)-(PAB) occur along the face-to-face n—r stacking direction
(Fig. 5). In (4,6-diBr res)-2(SB), these separations decrease by ca.
0.45 A for the stacked pair within the assembly and 0.034 A
between assemblies in the quadruple stack. In (4,6-diBr res)-(SB):
(PAB), the separation between the stacked pair in the assembly
and between assemblies in the quadruple stack both decrease
by ca. 0.40 A. The stacking direction also includes interactions
involving the 4,6-diBr res molecules, namely Br---m and
C-H(pyr)- - -O. The Br- - -1 contacts decrease by ca. 0.70 A in both
solids, and the C-H(pyr)---O separations decrease by 0.60 and
0.80 A for the SB and mixed solids, respectively. The binary
cocrystal, (4,6-diBr res)-2(SB), exhibits a small amount of dynamic
motion over the temperature range, which can weaken the strength
of the m-stacking interactions and contribute to increased TE along
the X; direction.

In the case of (4,6-diBr res)-2(PAB), the aromatic rings inter-
act via edge-to-face n—n stacking interactions and res molecules
engage in Br---Br and C-H(pyr) --O interactions, which all
contribute to X;. Interestingly, within the quadruple stack, the
distance between the centroids of PAB molecules within each
assembly increases upon cooling and the distance between the
assemblies stays constant. This is partially compensated for by a
decrease in separation between PAB molecules at the edges of
the quadruple stack and the rotated PAB ‘capping‘ molecules.
The behavior of the binary PAB cocrystal contrasts the solid with
SB and the mixed solid. In the latter cases, all the separations
between acceptor molecules in the quadruple stack decrease
upon cooling. Overall the lack of motion ability and difference
in interaction behavior on cooling leads to less TE along X; in
the binary PAB cocrystal.

Our groups have previously described the first two examples
of using mixed cocrystals as a novel strategy for tuning TE
behavior in materials.’®?° The ability to control the composi-
tion of materials at the molecular level leads to incredible
power in controlling properties. The mixed cocrystal strategy
offers an additional handle for tuning structure as a way to fine-
tune properties. In the examples discussed here, the TE coeffi-
cients for the mixed cocrystal lie between the binary systems
along all three principal axes. Even though the mixed solid is
isostructural with the binary SB solid, the thermomechanical
response is clearly impacted by the inclusion of both SB and
PAB at the molecular level. Moreover, the melting point of the
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mixed cocrystal also lies in between the two binary solids. We
expect that the approach of using mixed cocrystals to influence
properties is likely broader than thermomechanical behavior
alone. By using differences at the molecular level, tuning
material properties could be expanded to optical, electronic,
and other solid-state behaviors.

Conclusions

In this contribution, we expanded the application of a mixed
cocrystal approach to tune the thermal and thermomechanical
properties within hydrogen-bonded solids. All three thermal
expansion parameters for the mixed cocrystal lie between the
two binary cocrystals. This work demonstrates that the thermo-
mechanical properties of molecular solids can be altered even
when their binary ‘parent’ cocrystals may not be isostructural,
which opens the door for greater molecular diversity in con-
trolling properties within organic solids.
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