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ABSTRACT: Designing materials to have three unique, but predictable thermal expansion axes, represents a major challenge. 
Inorganic materials and hybrid frameworks tend to crystalize in high symmetry space groups, which necessarily limits this by 
affording isotropic behavior. On the other hand, molecular organic materials tend to crystallize in lower symmetry space groups, 
offering significant opportunity to achieve anisotropic properties. The challenge arises in self-assembling the organic components 
into a predictable arrangement to afford predictable thermal expansion properties. Here, we demonstrate a design strategy for 
engineering organic solid-state materials that exhibit anisotropic thermomechanical behaviors. Presented are a series of multi-
component solids wherein one component features a BODPIY core strategically decorated with orthogonal hydrogen- and 
halogen-bond donor groups. A series of size-matched halogen-bond acceptors are used as the second component in each solid. By 
matching the molecular dimensions with the interaction strength, good control over the anisotropic thermal expansion of the 
molecular materials was obtained. Moreover, using shape-size mimicry and propensity for molecular motion, a rare ternary 
molecular system that is isostructural to the two binary solids was successfully achieved. The diiodo-functionalized BODIPY core 
in this study has been previously used in photocatalysts, and halogen bonding was hypothesized as a driving force; here, we 
provide corroborating solution and solid-state evidence of intermolecular halogen bonding in multi-component solids featuring 
a 2,6-diiodo BODIPY. 

1. INTRODUCTION 

The thermomechanical response of a molecular crystalline 
solid can be difficult to predict and control. Generally, 
thermal expansion with a coefficient (αL) of less than 20 x 
10-6 K-1 is observed upon heating.1,2 This results from 
increased vibrational motions in all directions. Strategies for 
controlling the thermal response and achieving non-
standard thermal responses have slowly started to emerge3–

6. While the desired thermal response depends on the real 
or perceived application, they generally can be categorized 
as isotropic or anisotropic, negative, zero, or positive.7,8 
Materials that undergo negative thermal expansion have 
found use in optics, composites, and thermal expansion 
compensators,9,10 while those that undergo positive thermal 
expansion are often used in sensors and actuators.4,11 The 
atomic/molecular displacements from the equilibrium 
position are anisotropic for bond stretching vibrational 
motions as well as for phonons that change intermolecular 
separations (Figure 1). Typically, for the same energy, a 
bond can be stretched further than it can be compressed. 
This results in thermal expansion. Large thermal expansion, 
therefore, correlates with shallow and highly anisotropic 
energy potentials between atoms/molecules in the solid 
state. In principle, thermal expansion along a given direction 
in molecular solids can be maximized by organizing 

molecules along their short axis by weak interactions.12,13 
Conversely, thermal expansion is minimized when long 
molecules are organized by strong intermolecular 
interactions along their long axis. In crystalline molecular 
solids, molecular thermal expansion contributes very little 
to the observed thermomechanical properties since the 
potentials associated with intramolecular vibrations are 
much higher than the potentials associated with 
longitudinal phonons (Figure 1). Following these 
arguments, it is the number and strength of intermolecular 
interactions over a given distance that should govern most 
of the observed thermomechanical behavior of crystalline 
molecular solids. Thus, gaining control over the 
intermolecular interaction identity and strength in three 
directions will enable control over the corresponding 
thermal expansion along those directions. 
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Figure 1. Kinetic energy surfaces representing displacement along 
O–H bond (blue, 458 kJ/mol modelled with Morse potential), O···H 
hydrogen bond (red, 23 kJ/mol modelled with Lennard-Jones 
potential), and π··· π stacking (purple, 10 kJ/mol modelled with 
Lennard-Jones potential). Arrows indicate elongation (solid) or 
compression (dotted) at a given kinetic energy. Resulting thermal 
expansion (elongation – compression) is depicted with black 
arrow. 

Engineering highly anisotropic thermomechanical 
properties in molecular materials requires careful design 
strategies. One such strategy is to create a scissor-gate motif 
in one plane of the crystal.14,15 Here, as one principal axis 
elongates, the other contracts. In this case, the changes in 
bond angles are primarily responsible for the observed 
behavior. An alternative strategy is to create space for low-
energy transverse phonons that will allow the system to 
contract along the longitudinal axis as the transverse modes 
become populated.16,17 
In the current study, the possibility of designing molecular 
crystals to have predictable thermal expansion along each 
principal axis is explored. The design principle proposed 
here is to organize molecules along their long axis through 
strong intermolecular interactions. Medium strength 
interactions will be used to control assembly (and thermal 
expansion) along the medium length molecular axis, and the 
weakest interactions will align with the shortest molecular 
axis. This strategy is illustrated in Figure 2. To achieve this, 
we propose to use a combination of three different 
interaction types: 1) strong halogen bonds (HaB), 2) 
weak/medium hydrogen bonds (HB) and 3) weak π-π 
interactions. Ideally, each of these interaction types should 
be orthogonal to each other and aligned with the molecular 
axis. Typically, multi-substituted, planar aromatic molecules 
that engage in π-π stacking interactions have functional 
groups substituted at angles other than 90° from each other, 
e.g., 120° for meta substitution or 180° for para substitution. 
Thus, equally important is the choice of scaffold on which to 
introduce these features. Motifs for (co-)crystal engineering 
using HaB typically rely on di- or multitopic perhalogenated 
iodoalkyl and iodoaryl systems,18–20 or iodoethynyl 
systems.21,22 Iodine was chosen to act as the halogen bond 
donor as it has been shown to facilitate the strongest 
halogen bonds amongst the halogens.19,23 
Perfluorination/perchlorination is generally required to 
introduce a sufficiently large maximum in the electrostatic 

potential (Vmax) at the iodine so as to predictably direct the 
formation of HaBs. To achieve the orthogonal distribution of 
the intermolecular interactions, the BODIPY molecule was 
chosen as a platform. The BODIPY fragment has been 
identified as being significantly electron withdrawing, 
comparable to a tosyl or a pentafluorophenyl group.24 
Recently, it was proposed that the formation of HaBs to an 
iodo-functionalized BODIPY molecule, influenced the 
intersystem crossing in solution.25 In a separate study, a 
halogen bonding network was observed in the solid state 
between an iodo-functionalized BODIPY and a HaB acceptor 
on a neighboring BODIPY. It was determined that the 
presence of the HaBs had a marked influence on the 
photophysical properties in the solid state.26 Iodine 
functionalized BODIPY systems have seen applications in 
photocatalysis, taking advantage of the high molar 
absorptivity of the BODIPY core and the heavy atom effect 
to facilitate intersystem crossing.27–32 

 
Figure 2. Idealized design strategy for highly anisotropic 
thermomechanical properties involving planar molecules with a 
combination of HaB and HB donors/acceptors. 

In I2BODIPY (Figure 3, 1), the near collinearity of the two C–
I bonds when BODIPY is iodinated at the 2 and 6 positions 
makes it an ideal candidate for directing supramolecular 
self-assembly. A phenyl group at the 4-position would 
introduce a weak HB donor that could pair with the fluorine 
atoms which are moderately strong HB acceptors. Iodine 
can act as a HaB donor and acceptor, resulting in zig-zag 
chains that could undermine the proposed design strategy. 
Furthermore, polymorphism has been observed in 1, where 
either the iodine33 or the fluorine34–36 atoms act as the HaB 
acceptors. To circumvent these issues, a cocrystallization37 
strategy (Figure 2) with bipyridyl HaB acceptors was 
adopted to achieve the desired orthogonal self-assembled 
solid-state materials. The cocrystallization strategy is based 
on the principles of Etter,38 wherein the strongest donor 
(iodine) will pair with the strongest acceptor (pyridine) to 
form the supramolecular synthon.39   

 
Figure 3. Molecular structure of I2BODIPY 

This study demonstrates a hierarchical approach to 
achieving highly anisotropic thermal expansion that takes 
advantage of three different classes and strengths of 
supramolecular interactions arranged orthogonally around 
a molecule. The role that molecular motion can play in 
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modifying thermal expansion properties is also discussed. 
Furthermore, a rare example of a ternary cocrystal that is 
isostructural with the binary cocrystal systems was 
successfully designed and obtained using differences in 
propensity for molecular motion. Overall, we show the 
degree of thermal expansion along each direction is directly 
tied to the type and strength of supramolecular interaction 
sustaining the direction, showing the power of hierarchical 
and orthogonal self-assembly to achieve desired solid-state 
properties. 

2. RESULTS AND DISCUSSION 

Halogen bond donor ability of I2BODIPY 
In order to confirm the HaB donor ability of 1, an analysis of 
the wavefunction produced from DFT calculations (B97-D3, 
TZVP, ZORA) was performed. An electrostatic potential 
energy surface was generated (Figure 4), and it was noted 
that the maxima in the electrostatic potential (Vmax, plotted 
on the 0.001 isosurface) exist along the extension of the CH 
bonds in the phenyl ring (91 kJ/mol)  and along the 
extension of each C–I bond (86 kJ/mol). Despite the 
similarity in values, the high polarizability of the iodine will 
allow for a strong contribution from stabilizing dispersion 
forces that will supplement any electrostatically governed 
interaction at the iodine. The largest, in magnitude, minima 
on the electrostatic potential surface are localized on the F 
atoms (–125 kJ/mol) reflecting the distribution of the 
formal negative charge assigned to the boron atom. 

 
Figure 4. Electrostatic potential of 1 mapped onto the 0.001 
electron density isosurface. Color scale ranges from –160 (red) to 
105 (blue) kJ/mol. 

Preparation of I2BODIPY cocrystals 
Compound 1 was prepared by following literature 
procedures.29,40 Cocrystals of 1 with ditopic HaB acceptors 
BIPY (4,4′-bipyridine), BPA (1,2-bi(4-pyridyl)acetylene), 
Azo (4,4′-azopyridine), BPE (1,2-bi(4-pyridyl)ethylene) and 
Cl-Azo (3-chloro-4-[4-pyridinylazo]pyridine) were 
prepared by dissolving equimolar amounts (0.025 mmol) of 
1 and HaB acceptors in 4 mL toluene and ethanol (1:1 v/v). 
Vials were monitored under slow-evaporation conditions 
and single crystals suitable for X-ray diffraction were 
observed after ~2 days. Analysis of the unit cells was 
performed to identify new phases. The resulting structures 
are depicted with the observed I···N HaB motifs in Figure 5.41 

In order to study the thermal expansion behaviors, 
crystallographic data sets were collected on the same crystal 

at 190 K, 210 K, 230 K, 250 K, 270 K, and 290 K with a 
heating/cooling rate of 2 K/min between temperatures. 

 
Figure 5. Chemical structures of cocrystals in this work: (a) discrete 
assembly with 1 and BIPY and (b) infinite assembly with 1 and 
bridged bipyridines. 

Discrete assembly of 1 and BIPY with binding energies 
The ditopic HaB acceptor 4,4′-bipyridine (BIPY) was 
cocrystallized with 1 and the HaB motif is depicted in Figure 
6. While it was anticipated that infinite chains would form 
through I···N HaBs, only discrete supramolecular trimers of 
1 and BIPY with a formula 12·BIPY were observed. Even in 
the case where a three-fold excess of BIPY was present, the 
only cocrystals that grew had a unit cell that matched the 
12·BIPY cocrystal. In the 12·BIPY cocrystal, both nitrogen 
atoms on BIPY are engaged in I···N HaBs with a distance of 
2.997(3) Å at 190 K. The structure of 12·BIPY is extended 
through weak CHPh···F and πBODIPY···F interactions that are 
perpendicular to the BODIPY plane. Additional CHPh···π 
interactions complete the supramolecular network.  
The most striking aspect of the structure of 12·BIPY is the 
presence of only one HaB per 1. We were curious if this 
resulted from negative cooperativity in which binding on 
one side weakens binding on the other.42 This was probed 
computationally using pyridine to test the effects of HaB 
formation with 1 at one I atom on the Vmax of the other. HaB 
formation caused a reduction in Vmax of only ~15 kJ/mol 
from 86 kJ/mol. The stepwise binding energies were –25 
kJ/mol for the first pyridine and –24 kJ/mol for the second. 
This suggests that minimal negative cooperativity occurs 
and simultaneous binding to both iodine atoms should not 
be energetically prohibited. 1,2,4,5-Tetrafluoro-3,6-
diiodobenzene (C6F4I2) is known to form two halogen bonds 
with pyridyl donors,43 and an equivalent analysis was 
performed on it. It was found that the Vmax associated with 
the halogen bond donors were larger to begin with, 137 
kJ/mol, and they experienced a larger decrease, 20 kJ/mol, 
upon forming a halogen bond. This indicates a greater 
degree of negative cooperativity with this smaller system. 
This is consistent with the stepwise binding energies, –38 
kJ/mol for the first pyridine and –34 kJ/mol for the second. 
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Figure 6. Supramolecular trimer of 12·BIPY. Carbon, hydrogen, 
boron, nitrogen, fluorine, and iodine atoms are represented by 
gray, white, pink, blue, green, and purple, respectively. HaBs are 
depicted as hashed bonds. Blue shaded box depicts asymmetric 
unit. Distances in Å. 

Solution-state binding  
We sought to validate the computational method by 
measuring the solution phase binding of pyridyl HaB 
acceptors. Binding was monitored by through changes to the 
UV/vis spectrum upon titration with a HaB acceptor. In the 
case of pyridine, only a linear increase with the 
concentration of pyridine (following the Beer-Lambert Law) 
was observed preventing a meaningful analysis. Titration 
with 4-dimethylaminopyridine (DMAP) yielded a binding 
constant of 2470 M–1 (ΔG = –19.4 kJ/mol) when fit to a 
simple 1:1 binding model. A titration with BIPY gave a 
binding constant of 1070 M–1 (ΔG = –17.3 kJ/mol) for 1:1 
binding. These values are consistent with DMAP being a 
stronger HaB acceptor than BIPY. The value obtained for 
DMAP indicates that the HaB is weaker than the HB 
observed with a carboxylic acid44 but should outcompete 
the weak HB donors in 1.  
 
DFT calculations suggested that both iodine atoms should 
be able to simultaneously participate in HaBs. A possible 
reason for the lack of infinite chains is that the size and 
shape mismatch between the two molecules prevents 
efficient crystal packing. This may account for the challenges 
with previous efforts to grow cocrystals of 1 with several 
nitrogen-based HaB acceptors, including monotopic, 
ditopic, and tetratopic molecules.45  

Size-matched cocrystal featuring 1 with BPA and 
anisotropic thermal expansion behavior 
To test the size/shape match theory, 1 was crystallized with 
BPA, which is nearly identical in length to 1 and has a 
complementary shape that permits the two molecules to 
stack efficiently. The asymmetric unit contains two 
molecules each of 1 and BPA (Figure 7) denoted 1·BPA. In 
this case, the 1D chains do form by the anticipated I···N HaBs 
(avg. 3.051 Å at 190 K) coincident with the long axis of 1. 
These HaBs are slightly longer than those observed when 
BPA cocrystallizes with 1,4-diiodoperchlorobenzene 
(2.929(2) Å)41 and significantly longer than those involving 
electron-poor iodoethynylbenzene-based HaB donors or 
1,4-diiodoperfluorobenzene (2.586(2) Å at 270 K).22,43,46 
The molecules are further organized in the lattice through 
weak hydrogen bonding between the hydrogen atoms on 
the aromatic/pyridyl rings and the fluorine or iodine, 
coincident with the medium axis of the molecule. Sets of π-π 
interactions organize the molecules along their short axis, 
coincident with the b axis, to complete the structure. 
Notably, 1 and BPA stack with the acetylene group situated 

between the 1 and 5 positions of 1, which appears to be 
important for the shape-matching of the two molecules. The 
IR spectrum lacks a peak associated with the C≡C bond as 
expected for symmetrically substituted acetylenes (see 
Figure S14). 

 
Figure 7. Ball and stick diagram of asymmetric unit of 1·BPA. 
Carbon, hydrogen, boron, nitrogen, fluorine, and iodine atoms are 
represented by gray, white, pink, blue, green, and purple, 
respectively. HaBs are depicted as hashed bonds. Disorder in 
pyridine rings omitted for clarity. 

The thermal expansion behavior of 1·BPA was investigated 
by calculating the principal axes of thermal expansion (X1, 
X2, and X3) and the thermal expansion coefficients using 
PASCal,47 which accepts variable-temperature unit cell data 
as input. Three linear thermal expansion coefficients were 
obtained (αX1, αX2, αX3), as well as a volumetric coefficient 
(αv) (Table 1). The solid 1·BPA undergoes the least thermal 
expansion along X1, which coincides with the 1D HaB 
direction and the long axis of 1. A total of four unique I···N 
halogen bonds comprise the solid, and the halogen bonds 
increase in length as temperature is increased (Δ 0.02 to 
0.06 Å). Slightly more expansion occurs along X2, which 
corresponds to the orthogonal, hydrogen-bonding axis of 1. 
A combination of C–H···F and C–H···π interactions between 
and within stacked chains encompass the X2 direction. The 
weaker nature of these interactions leads to larger 
expansion along the direction. Colossal positive thermal 
expansion occurs along X3, and the direction corresponds to 
the π-π stacking direction. The π-π interactions are the 
weakest of the three intermolecular forces used to assemble 
the solid. Thus, the orthogonal design strategy featuring 
three supramolecular interactions (HaB, HB, and π-π) 
successfully afforded a solid wherein different degrees of 
thermal expansion occurred along each bonding direction. 
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Table 1. Thermal expansion coefficients for the cocrystals 
over temperature range 190–290 K. The error is shown in 
parenthesis, and the approximate crystallographic plane is 
shown in brackets. 

Cocrystal αX1 (MK-1) αX2 (MK-1) αX3 (MK-1) αV (MK-1) 

1·BPA 13 (1) 

[103] 

29 (1) 

[-100] 

136 (2) 

[0-10] 

178 (1) 

1·BPE 10 (1) 

[-50-1] 

21 (1) 

[001] 

148 (2) 

[0-10] 

179 (4) 

1·Azo (alpha) 12 (1) 

[-30-2] 

34 (1) 

[-506] 

148 (1) 

[0-10] 

194 (1) 

1·Azo (beta) –28 (12) 

[201] 
98 (3) 

[0-10] 
136 (5) 

[-105] 
207 (5) 

12·Azo·BPE 17 (1) 

[-30-1] 

26 (1) 

[-104] 

150 (1) 

[0-10] 

194 (1) 

1·Cl-Azo 15 (1) 

[-60-1] 

52 (1) 

[010] 

124 (1) 

[108] 

192 (3) 

 

Cocrystals of 1 with motion-capable HaB acceptors  
Previous studies have reported molecules containing 
groups that undergo molecular pedal motion48,49 can disrupt 
the interactions along the π stack and lead to changes in the 
thermomechanical properties.50–53 In an effort to exploit 
this, the current study was extended to include the ditopic 
HaB acceptors with similar topologies to BPA: BPE and Azo, 
and Cl-Azo (Figure 5). The cocrystals of these three 
bipyridines with 1 yield structures that are analogous to 
1·BPA. The structure of 1·BPE is shown in Figure 8. The 
asymmetric unit contains two molecules of 1 and two 
molecules of BPE. Halogen bonds between the I and NBPE 
atoms lead to infinite 1D chains that propagate 
approximately along with the [102] axis. Akin to the 
cocrystal with BPA, there are four unique HaBs in 1·BPE that 
range from 2.923–3.025 Å in length. These distances are 
approximately the same as those observed in the 
literature.51 The extended structure is isostructural with the 
BPA cocrystal, with one key difference: one of the two 
crystallographically unique molecules of BPE is disordered 
between 290-250 K and fully ordered from 230-190 K 
(Table 2). The change in site occupancies with change in 
temperature is indicative of dynamic motion within the 
solid, albeit the amount of motion is quite low. The IR 
spectrum confirmed the presence of the C=C with a stretch 
at 1594 cm-1 (see Figure S15). 

 
Figure 8. Ball and stick diagram of asymmetric unit of 1·BPE. 
Carbon, hydrogen, boron, nitrogen, fluorine, and iodine atoms are 
represented by gray, white, pink, blue, green, and purple, 
respectively. HaBs are depicted as hashed bonds. Highlighted BPE 
displays disorder at elevated temperatures. 

The thermal expansion behavior of 1·BPE is also anisotropic 
(Table 1). The least expansion occurs along the HaB 
direction, mild expansion occurs along the weak HB 
direction, and colossal expansion occurs along the π-π 
stacking direction. The degree of expansion along X1, X2, 
and X3 for 1·BPE is similar to 1·BPA. Notably, a small 
increase can be observed along X3 where the thermal motion 
can disrupt the π stacking. 

Table 2. Major site occupancies as a function of temperature 
for disordered HaB acceptor molecule within 1·BPE, α-1·Azo, 
and 1·Azo·BPE. In the ternary cocrystal, only the Azo 
component is disordered. The error is shown in parentheses. 

Temperature (K) 1·BPE α-1·Azo 12·Azo·BPE 

290 0.92(1) 0.68(1) 0.75(1) 

270 0.94(1) 0.71(1) 0.77(1) 

250 0.94(1) 0.74(1) 0.78(1) 

230 1.00 0.76(1) 0.79(1) 

210 1.00 0.79(1) 0.80(1) 

190 1.00 0.82(1) 0.84(1) 

 
A cocrystal of 1 and Azo, shown in Figure 9, is also 
isostructural to the previous two cocrystals. Due to the 
observance of polymorphism (discussed below), this solid 
will be referred to as the alpha polymorph, α-1·Azo. The two 
molecules of 1 and two Azo molecules generate four distinct 
I···N HaBs with distances ranging from 2.962–3.090 Å. 
These are shorter than the HaBs observed in 1·BPE. The 
FTIR analysis indicates a peak at 1586 cm–1 verifying the 
presence of N=N stretching vibration as shown in Figure 
S16. One of the two crystallographically unique molecules of 
Azo is also disordered; however, the molecule is 
dynamically disordered over the entire temperature range 
(Table 2). The second crystallographically unique Azo 
molecule becomes disordered at 290 K (site occupancies 
0.91:0.09).  
α-1·Azo also exhibits the same anisotropic thermal 
expansion behavior as 1·BPA and 1·BPE (Table 1). The 
expansion along X2 and volumetrically is slightly larger than 
the previous two cocrystals, possibly due to occurrence of 
more significant molecular motion. Simultaneously, 
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increased expansion along X3 is observed consistent with 
the pedal motion disrupting the π stacking. 
 

 
Figure 9. Ball and stick diagram of asymmetric unit of α-1·Azo. 
Carbon, hydrogen, boron, nitrogen, fluorine, and iodine atoms are 
represented by gray, white, pink, blue, green, and purple, 
respectively. HaBs are depicted as hashed bonds. Highlighted Azo 
displays dynamic disorder at all temperatures. Non-highlighted 
Azo only displays disorder at 290 K. Disorder omitted for clarity. 

A second polymorph, β-1·Azo (Figure 10), was obtained 
from a toluene/ethanol solution of 1 and Azo (the 
components were dissolved in a 1:2 ratio). The two 
components assemble into the same type of supramolecular 
structure sustained by the same interactions; however, 
there is only one crystallographically unique molecule of 1 
and Azo present in the asymmetric unit (instead of two, as 
in the other solids). The Azo molecule is also dynamically 
disordered over the entire temperature range (see 
experimental details in SI). Of all the compounds studied 
here, β-1·Azo was the only one to show negative thermal 
expansion along the X1 axis. The negative expansion arises 
because the distance between molecules in the halogen-
bonded chains, which lie primarily along the 
crystallographic a axis, decreases as the temperature 
increases. Large positive thermal expansion occurs along X2 
and X3. The X2 expansion consists of C-H···F halogen bonds 
which resulted in a near-colossal TE, with a slight increase 
of 0.017 Å upon increasing the temperature. The dynamic 
motion along with larger changes in intermolecular 
interaction distances results in the significant expansion 
along X2 and X3. 

 
Figure 10. Ball and stick diagram of asymmetric unit of β-1·Azo. 
Carbon, hydrogen, boron, nitrogen, fluorine, and iodine atoms are 
represented by gray, white, pink, blue, green, and purple, 
respectively. HaBs are depicted as hashed bonds, minor component 
of dynamically disordered Azo is faded. 

The compound Cl-Azo (Figure 5) was isolated as an impurity 
in commercial Azo.54 Cocrystallization of 1 with Cl-Azo in a 
toluene/ethanol mixture afforded cocrystals that are 
isostructural with β-1·Azo (Figure 11). The asymmetric unit 

of 1·Cl-Azo consists of a molecule of 1 and a molecule of Cl-
Azo. There are two unique halogen bonds with an I···N 
distance of 3.058 and 3.083 Å. 1·Cl-Azo showed moderate 
PTE along X1 and X2, colossal PTE along X3, and colossal 
volumetric PTE. As with all other compounds in this study, 
the least expansion occurred along X1, resulting from two 
unique I···N halogen bonds, which showed increases in 
interaction distances of 0.043 and 0.057 Å upon increasing 
the temperature. The X2 expansion axis includes C-H···F 
halogen bonds, which showed an increase in distance of 
0.026 Å upon increasing the temperature. The X3 axis is 
dominated by C-H···Cl halogen bonding as well as π-π 
stacking, with both types of interactions showing moderate 
increases in distance upon increasing the temperature. The 
Cl-Azo molecule is statically disordered over two positions 
through a simple rotation. Evidence of pedal motion is not 
observed at any temperature. The lack of pedal motion 
could be due to the chloro substituent adjacent to the 
motion group, although pedal motion has been observed in 
stilbenes with ortho-substituted methyl groups.55  

 
Figure 11. Ball and stick diagram of asymmetric unit of 1·Cl-Azo. 
Carbon, hydrogen, boron, nitrogen, fluorine, and iodine atoms are 
represented by gray, white, pink, blue, green, and purple, 
respectively. HaBs are depicted as hashed bonds. Static disorder of 
the Cl-Azo unit is shown. 

Ternary cocrystal based on molecular motion propensity 
Given the isostructurality of 1·BPE and α-1·Azo and the fact 
that two sets of crystallographically unique molecules are 
present in each asymmetric unit, we hypothesized that the 
system could offer a platform for synthesizing ternary 
cocrystals. In 1·BPE, the olefin component is only slightly 
disordered at high temperature, whereas the azo 
component in 1·Azo is disordered over the entire range. 
Thus, we hypothesized that differences in motion 
propensity would allow us to apply the shape-size mimicry 
strategy for synthesizing ternary cocrystals. This strategy 
was employed to form ternary cocrystals only a few other 
times, including examples by the groups of Desiraju in 1994, 
2011 and 201456–58 and Sustmann in 1999,59 it relies on the 
substituting molecule to have a volumetric and interaction 
equivalence.57,60 
The ternary cocrystal 12·Azo·BPE was prepared under the 
same conditions as the previous cocrystals, except a (2:1:1) 
stoichiometric mixture of 1, BPE, and Azo was used (Figure 
12). Crystallographic analysis revealed that 12·Azo·BPE was 
isostructural with 1·BPE and α-1·Azo, confirming that the 
size-shape mimicry design strategy can be applied when the 
size/shape equivalency results from molecular motion in 
the solid state. The asymmetric unit of 12·Azo·BPE consists 
of two molecules of 1 and one molecule each of Azo and BPE, 
where the two unique molecules of 1 HaB to either a unique 
molecule of BPE or a unique molecule of Azo. As such, this is 
different from examples that are considered non-



 

 

7 

stoichiometric or solid solutions/organic alloys.60 The I···N 
HaB distances between 1 and BPE were 2.944 and 3.018 Å, 
which are relatively shorter when compared to the I···N 
distances between 1 and Azo at 3.014 and 3.16 Å. FTIR 
analysis revealed two distinct peaks at 1594 and 1585 cm–1 
corresponding to C=C and N=N stretching vibrations, 
respectively, and confirming the presence of both Azo and 
BPE in the bulk phase (see Figure S17). Most importantly, 
the ternary cocrystal was achieved using differences in 
motion propensity. The Azo molecule sits in the disordered 
position and exhibits dynamic motion over the entire 
temperature range (Table 2). On the other hand, BPE lies in 
the ordered site and remains in one conformation at all 
temperatures.  

 
 

Figure 12. Ball and stick diagram of asymmetric unit of ternary 
cocrystal, 12·Azo·BPE. Carbon, hydrogen, boron, nitrogen, fluorine, 
and iodine atoms are represented by gray, white, pink, blue, green, 
and purple, respectively. HaBs are depicted as hashed bonds. 
Highlighted Azo displays dynamic disorder at all temperatures, 
disorder omittedfor clarity. 

 
12·Azo·BPE also exhibits anisotropic thermal expansion 
behavior (Table 1). The expansion along all three principal 
axes is similar in magnitude to the traditional two-
component cocrystals, 1·BPE and α-1·Azo. 

 

3. CONCLUSION 

An orthogonal self-assembly strategy was used to construct 
and control the anisotropy in the thermal expansion 
coefficients in organic binary and ternary solids of 1 and five 
different bipyridine coformers. Typically, there was an 
order of magnitude difference between the largest thermal 
expansion coefficient (which all exhibited colossal thermal 
expansion) and the smallest coefficient. Strategic 
incorporation of groups capable of molecular motion 
resulted in a 10% increase in the largest thermal expansion 
coefficient. Finally, a size-mimicry strategy based on 
propensity for solid-state molecular motion allowed for a 
rare example of a well-defined ternary cocrystal to be 
designed and studied. Orthogonal directing substitutents 
not only allow for control over solid-state self-assembly, but 
also afford control over material properties and achieving 
anisotropic behavior. 
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Synopsis: 

A strategy for designing organic solid-state materials 
with anisotropic thermomechanical behaviors is 
described. A BODPIY core strategically decorated with 
orthogonal hydrogen- and halogen-bond donor groups is 
cocrystallized with a series of halogen-bond acceptors 
that are size-matched with the BODIPY. A rare ternary 
cocrystal isostructural to the two binary solids was 
achieved by employing shape-size mimicry and 
propensity for molecular motion. 

 


