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ABSTRACT  

The impact of intermolecular interactions and molecular motion on solid-state properties is an 

active field of interest for chemists and materials scientists. For example, cocrystallization has 

been shown to modify and/or enhance the solid-state behaviors of a molecule when compared to 

the single-component solid. Here, we describe a series of cocrystals containing bis(pyridin-4-

ylmethylene)benzene-1,4-diamine (BPDI) and ditopic or tritopic hydrogen-bond-donor molecules 

that are conformationally flexible. The components in all the cocrystals self-assemble through 

hydroxyl-pyridine heterosynthons to afford one-dimensional chains due to the conformations of 

the donor molecules. BPDI is torsionally flexible, and in cocrystals with ditopic hydrogen-bond 

donors the molecule is almost planar whereas, in cocrystals with tritopic hydrogen-bond donors, 

BPDI is significantly twisted. This twisting in BPDI affects crystal packing and affords higher 
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thermal expansion coefficients. Cocrystallization of BPDI with resveratrol, another torsionally-

flexible molecule, induces molecular pedal motion in BPDI and results in larger expansion 

behavior in the cocrystal. 

 

INTRODUCTION 

Cocrystallization, a process of synthesizing multi-component solids based on well-defined 

supramolecular interactions,1, 2 has gained an immense amount of interest and importance in the 

past two decades.3-5 The use of crystal engineering to design cocrystals by modifying the molecular 

components (e.g., co-formers), noncovalent interactions, and, ultimately, solid-state properties, 

continues to be an ongoing area of research for materials scientists.6-11 Incorporating functionalities 

that impart specific behaviors to the overall solid can be useful for enhancing physicochemical 

behaviors. Non-covalent interactions, specifically hydrogen bonds, are one of the most frequently 

employed interactions in crystal engineering and cocrystallization because of their strength and 

directionality. Specifically, solids incorporating benzoic acids or phenols as hydrogen-bond donors 

and pyridines as hydrogen-bond acceptors are some of the most-studied complexes.12-18 Energy 

calculations have been performed to quantify noncovalent interaction strengths in such 

complexes.19, 20 For example, quantum mechanical calculations have shown that formation of 

heterosynthons in molecular crystals can be more favorable than homosynthons,21 and the 

supramolecular synthon energy for a hydroxyl-pyridine heterosynthon has been calculated to be 

ca. 30 kJ/mol.22 The robustness of the hydroxyl-pyridine (O-H···N) synthon has been utilized to 

template synthesis of pyridine-containing macrocycles,23 enforce topochemical alignment of 

olefins for photoreactions,24-27 and construct liquid crystals with photoswitchable properties,28 
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among others. Although the hydroxyl-pyridine synthon is robust, it still remains challenging to 

control the extended solid-state packing of molecular assemblies. Use of molecular building blocks 

or tectons containing functional groups that recognize each other and facilitate self-assembly and 

formation of networks is one strategy that has been used to predict and control supramolecular 

structures.29 However, introduction of moieties that are conformationally flexible can affect crystal 

packing, as well as the intermolecular interactions formed in the solid state.30  

One solid-state property that our group and others have shown to be influenced by hydrogen-

bonding interactions in cocrystals is thermal expansion (TE).31-34 TE describes how a solid 

experiences changes uniaxially or volumetrically in response to temperature alterations. TE 

properties can be modified by incorporating different molecules into the solid, which changes the 

crystal packing and/or intermolecular interactions. Most solids experience positive TE (PTE), or 

expansion upon heating,35 whereas the behavior of contraction upon heating is unusual and termed 

negative TE (NTE).36, 37 Recently, uniaxial NTE has been observed in some organic materials.35, 

38 Understanding TE behaviors of materials is important in designing electronic devices such as 

organic semiconductors and within engineering fields. However, the ability to alter and control TE 

properties in multi-component solids continues to be highly challenging for material scientists 

since the behavior depends on multiple structural characteristics. Colossal TE behaviors (α ≥ 100 

MK-1)39 have been achieved in solids containing functional groups that undergo solid-state 

motion.35, 40-42 For example, dynamic solid-state pedal motion has been observed in molecules with 

azo (N=N), ethylene (C=C), and imine (C=N) functional groups attached to aromatic rings43, 44 

and has been shown to afford colossal TE.6, 31, 45 Multi-component solids that include co-formers 

functionalized with azo and olefin groups have also been reported to exhibit pedal motion, as 

confirmed by variations in the molecular conformations with temperature.46, 47 Imines are a 
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broadly-studied class of organic compounds because of their straightforward synthesis via acid-

catalyzed condensation of primary amines with aldehydes. In Schiff-base compounds, imines 

frequently undergo enol-keto tautomerism, which depends on molecular motion ability, proton 

transfer, and overall crystal packing.48-50 Imines also exhibit torsional flexibility51 and often 

crystallize in non-planar geometries, which impacts extended crystal packing.49, 52 We recently 

investigated the solid-state properties of molecules containing one imine group and showed that 

the torsional flexibility affords unique TE properties.53 Imine-based molecules have frequently 

been used as ligands in metal-organic frameworks54, 55 and as components within covalent-organic 

frameworks;56-59 however, cocrystals containing imines are less explored.60 Thus, we were 

motivated to design and synthesize hydrogen-bonded cocrystals featuring imine functional groups, 

with the goal of investigating torsional flexibility, dynamic pedal motion, and impacts on TE 

properties.  

We selected a molecule containing two imine groups, namely, bis(pyridin-4-

ylmethylene)benzene-1,4-diamine (BPDI) (Figure 1). As a single-component solid, BPDI is 

torsionally flexible and the pyridyl and benzyl rings lie twisted in the solid state. Four hydrogen-

bond-donor molecules containing either two or three hydroxyl groups were used as co-formers to 

target synthesis of cocrystals with different dimensionalities. Interestingly, one-dimensional 

hydrogen-bonded assemblies formed in all cases due to the conformational flexibility of the 

hydroxyl groups (syn-syn, anti-anti, or syn-anti) (Figure 2). Moreover, pedal motion within BPDI 

was only observed in the cocrystal with resveratrol, wherein both components are actually motion 

capable. The cocrystal of BPDI and resveratrol also exhibited the largest uniaxial TE coefficient 

within the series.  
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Figure 1. Torsional flexibility in BPDI. The planes of the two pyridine rings (which may or may 

not be coplanar) are shown with red and green, while the phenyl ring is shown in blue. The dihedral 

angle is the angle between the red and blue planes or the green and blue planes. 

 

Figure 2. Hydrogen-bond-donor molecules in this study depicting conformational flexibility in 

the hydroxyl groups. 

EXPERIMENTAL  
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We selected the ditopic hydrogen-bond-donor molecules resorcinol (RC) and hydroquinone 

(HQ), as well as the tritopic donor molecules phloroglucinol (PG) and resveratrol (RV). All four 

donors contain hydroxyl groups connected to aromatic rings (Scheme 1). The hydrogen-bond 

acceptor, BPDI, was synthesized mechanochemically using a Form-Tech Scientific FTS1000 

shaker mill following a reported method,61 with the addition of a purification step via 

recrystallization in methanol (see SI for details). Single crystals of BPDI and each cocrystal were 

grown using slow evaporation methods (see SI for details). Variable-temperature single-crystal X-

ray diffraction (VT SCXRD) experiments were performed for each solid over the temperature 

range of 290-190 K in 20 K intervals (Table S1-S10). The bulk crystalline material was 

characterized by 1H NMR spectroscopy (Figure S9-S13) and powder X-ray diffraction (PXRD).  

Scheme 1. Formation of 1D hydrogen-bonded assemblies within cocrystals containing BPDI. The 

O-H···N hydrogen bonds are represented by dotted lines. 

 

 

RESULTS AND DISCUSSION 

Characterization 
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The PXRD data was obtained by gently grinding single crystals of BPDI or the cocrystals, and 

in each case, showed good correlation with the simulated PXRD pattern obtained from SCXRD 

data at 290 K (Figure S14-S18). The components of RC·BPDI and HQ·BPDI crystallize in a 1:1 

molar ratio, while components within PG2·BPDI3 and RV2·BPDI3 crystallize in a 2:3 molar ratio 

as confirmed by SCXRD data and 1H NMR spectroscopy.  

X-ray crystal structure analysis 

The single crystal structure of BPDI has been reported at 298 K.61, 62 We obtained isostructural 

crystals here, and conducted the VT SCXRD study over the temperature range of 190-290 K. Over 

this range, BPDI did not show evidence of solid-state pedal motion (i.e., disorder) as a single-

component solid. BPDI has also been demonstrated to crystallize as various hydrates,61, 63 but here, 

we only focus on the anhydrous form. To compare to the cocrystals, we will briefly discuss the 

structural characteristics of BPDI. BPDI crystallized in the centrosymmetric, triclinic space group 

P1̅ and the asymmetric unit contains half of two crystallographically unique molecules. The two 

crystallographically unique molecules adopt a non-planar conformation due to the torsional 

flexibility of the imine group (Figure 3a). The dihedral angles between the pyridine and phenyl 

rings in the two unique molecules are 53º and 59º at 290 K. Neighboring molecules interact via 

long C-H···N(pyr) hydrogen bonds (3.433(2) Å at 290 K) to form one-dimensional (1D) chains. 

Each chain includes both crystallographically unique molecules, which alternate in an ABAB 

fashion (Figure 3b, A and B are the molecules with N3 and N1, respectively). The adjacent chains 

interact via C-H(α)···N(pyr) contacts to form a sheet-like structure. The imine groups engage in 

C-H(imine)···N(imine) weak hydrogen bonds that lie in parallel with the aromatic C-

H(pyr)···π(benz) forces between the sheets. There are also two types of face-to-face π···π 

interactions present, as a result of A and B type molecules between the sheets. 
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Figure 3. X-ray crystal structures of BPDI at 290 K highlighting: a) two crystallographically 

unique half molecules with dihedral angles and b) extended packing of the 1D chains. 

Cocrystallization of BPDI with the ditopic donors RC or HQ afforded the cocrystals RC·BPDI 

or HQ·BPDI. The components within both cocrystals crystallized in the monoclinic, 

centrosymmetric space group P21/n in a molar ratio of 1:1. The asymmetric unit of RC·BPDI 

consists of one molecule of BPDI and one molecule of RC, whereas the asymmetric unit of 

HQ·BPDI contains half a molecule of BPDI and half a molecule of HQ. The BPDI molecule 

within both solids crystallizes in a nearly planar geometry, with a dihedral angle between the 

benzene ring and the pyridine rings of 5° and 10° in RC·BPDI (Figure S1a) and 10° in HQ·BPDI 

(Figure S1b). The two molecules within RC·BPDI interact via two unique O-H···N hydrogen 

bonds (2.759(2) Å and 2.803(2) Å), while in HQ·BPDI there is only one unique O-H···N hydrogen 

bond (2.771(2) Å). 

The hydroxyl groups within RC can exist in three conformations, syn-syn, syn-anti, and anti-

anti (Figure 2). Nearly all of the reported cocrystals of bipyridines with RC exhibit zero-

dimensional (0D) assemblies with RC in the syn-syn conformation.26, 32, 64-66 One exception was 

reported by MacGillivray and coworkers, where 1D chains form because RC adopts the anti-anti 

conformation.67 Although we expected BPDI and RC to self-assemble into a 0D assembly, the 

components unexpectedly arrange into 1D chains because RC crystallizes in the anti-anti 

conformation (Figure 4a). Within the chain, every other pair of RC and BPDI molecules are 
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rotated by 59°. In HQ·BPDI, the HQ component adopts the syn-anti conformation and also affords 

a 1D hydrogen-bonded chain (Figure 4b). In both cocrystals, adjacent chains interact via C-

H(pyr)···O interactions to form a sheet. Neighboring sheets stack approximately along the b axis 

in RC·BPDI, and the sheets interact via offset π···π interactions, C-H···π interactions between 

BPDI molecules, and C-H···O interactions between RC molecules. In HQ·BPDI, the sheets stack 

along the c axis in an ABAB fashion, where A and B are rotated by 59° and interact through C-

H···π and C-H···O interactions between BPDI and HQ molecules.   

 

Figure 4. Crystal structures of (a) RC·BPDI and (b) HQ·BPDI showing packing of 1D hydrogen-

bonded chains. The O-H···N bonds are shown in green and C-H···O interactions in grey. The TE 

axes are highlighted by the included planes and arrows with X1 in red, X2 in dark blue, and X3 in 

green.    
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Cocrystallization of BPDI with the tritopic donor molecules, PG or RV, afforded the cocrystals 

PG2·BPDI3 or RV2·BPDI3. The components of both solids crystallize in the triclinic, 

centrosymmetric space group P1̅ in a molar ratio of 2:3 (donor:BPDI). The asymmetric unit of 

PG2·BPDI3 contains two crystallographic unique molecules of PG, two unique molecules of 

BPDI, and two unique half molecules of BPDI. Thus, two BPDI molecules are symmetrical and 

two are unsymmetrical. The symmetrical BPDI molecules exhibit dihedral angles of 27° and 31°, 

while the unsymmetrical BPDI molecules exhibit dihedral angles of 42° and 63° within one BPDI 

molecule and 31° and 24° within the other BPDI molecule (Figure S2a). The asymmetric unit of 

RV2·BPDI3 consists of one crystallographically unique RV molecule, one unique molecule of 

BPDI, and one unique half molecule of BPDI. Thus, one of the BPDI molecules is symmetrical 

and the other is unsymmetrical. The symmetrical BPDI molecule exhibits a dihedral angle of 37°, 

while the unsymmetrical BPDI molecule exhibits dihedral angles of 47° and 75° (Figure S2b).  

We envisioned that the tritopic donors could facilitate formation of 1D chains or 2D sheets, as 

both structural types have been reported with these donors.68-72 In the cocrystals of BPDI and PG 

or RV, the hydrogen-bond donors adopt the syn-syn conformation and form infinite 1D arrays via 

strong O-H···N hydrogen bonds. Within each chain, due to the syn-syn conformation, two donors 

organize two identical BPDI molecules into stacked dimer. The remaining third hydroxyl group 

engages in a hydrogen bond with a symmetrical BPDI molecule (Figure 5). 

 



 11 

 

Figure 5. Depiction of the 1D arrays formed by the tritopic hydrogen-bond-donor molecules, PG 

and RV.  

For PG2·BPDI3, adjacent 1D chains are stacked in an ABAB fashion, as a result of the two 

unique PG molecules. Within the stacked BPDI molecules, the ABAB pattern results from a BPDI 

dimer (A) and a single BPDI (B). The 1D chains interact via C-H···O interactions between PG 

molecules, π···π interactions between BPDI molecules, and C-H···π interactions between BPDI 

molecules to form a sheet (Figure 6a). The sheets form stacks via C-H···π interactions between 

BPDI and PG molecules, C-H···N interactions between BPDI molecules, and C-H···O 

interactions between BPDI and PG molecules (Figure S25).  



 12 

 

Figure 6. Crystal structures of (a) PG2·BPDI3 and (b) RV2·BPDI3 showing packing of 1D 

hydrogen-bonded arrays. The O-H···N bonds are shown in green, C-H···O interactions in grey, 

and C-H···π interactions in yellow. The TE axes are highlighted by the included planes and arrows 

with X1 in red, X2 in dark blue, and X3 in green. Disorder in BPDI in part b has been omitted for 

clarity. 

 

Within RV2·BPDI3, the adjacent 1D chains interact via C-H···O forces between BPDI and RV 

molecules, C-H···π interactions between BPDI molecules, and C-H···π between BPDI and RV 

molecules to form a sheet (Figure 6b, Figure S29). The sheets self-assemble into stacks via C-

H···π and C-H···O interactions between BPDI and RV molecules (Figure S26). As a single-

component solid, RV is polymorphic due to its torsional flexibility.73, 74 Within RV2·BPDI3, the 
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RV molecule exhibits a dihedral angle of 26°. Moreover, half of the unsymmetrical BPDI 

molecule is disordered over two sites, and the site occupancies for the two conformations vary 

over the temperature range of 190-290 K, indicating molecular pedal motion in the cocrystal (Table 

1, Figure S27). Interestingly, incorporating a torsionally-flexible co-former turned pedal motion 

on in BPDI.   

 

Table 1. Site occupancies of the major conformation within half of the BPDI molecule in 

RV2·BPDI3 as a function of temperature. The error is denoted in the parentheses. 

Temperature 

(K) 

Major conformation 

site occupancy (%) 

190 97 (1) 

210 94 (1) 

230 91 (1) 

250 87 (1) 

270 83 (1) 

290 80 (1) 

 

Thermal expansion behaviors 

To investigate the effects of torsional flexibility, crystal packing, and motion on the TE 

properties of the 1D hydrogen-bonded cocrystals, the TE coefficients (X1
, X2

, and X3
) and the 

principal axes of TE (X1, X2, and X3) were calculated using the software, PASCal75 (Table 2). 

Along X1 in BPDI and the four cocrystals, uniaxial zero TE or NTE occurs along the direction of 

the strongest hydrogen bonds within each solid. Mild or moderate PTE occurs along X2, and 



 14 

colossal or near colossal PTE occurs along X3 in BPDI and all the cocrystals. The volumetric TE 

coefficient for each cocrystal is lower than that of BPDI because the components are held together 

by stronger hydrogen bonds.  

Table 2. TE coefficients for the crystals with errors denoted in the parentheses and approximate 

crystallographic axes denoted in brackets. 

Crystal X1 (MK-1) 

[axis] 

X2 (MK-1) 

[axis] 

X3(MK-1) 

[axis] 

V (MK-1) 

BPDI 0 (1) 

[-2 -1 3] 

40 (1) 

[-1 1 0] 

152 (1) 

[-3 -1 -1] 

192 (2) 

RC·BPDI -4 (1) 

[-1 0 0] 

66 (1) 

[0 0 1] 

111 (3) 

[0 -1 0] 

174 (4) 

HQ·BPDI -17 (1) 

[1 0 7] 

46 (1) 

[0 -1 0] 

155 (2) 

[-1 0 0] 

184 (3) 

PG2·BPDI3 -5 (2) 

[-2 0 -1] 

66 (1) 

[2 -3 0] 

94 (2) 

[-1 -1 1] 

155 (1) 

RV2·BPDI3 -25 (2) 

[5 1 0] 

29 (1) 

[-3 2 1] 

172 (5) 

[1 -2 3] 

177 (2) 

 

Two of the four cocrystals exhibit more significant NTE along X1. In HQ·BPDI (X1
= -17 MK-

1), the NTE is due to a decrease in the c-axis length upon heating, which coincides with the 1D 

hydrogen-bonded chains and a decrease in the length of the BPDI molecule upon heating. 

RV2·BPDI3 exhibits NTE along X1 (X1
= -25 MK-1) due to a contraction of the a axis upon 

heating, as well as a shortening between neighboring RV molecules by 0.03 Å upon heating from 

190 to 290 K. 

The intermolecular interactions that contribute to the PTE along X2 are the C-H···O interactions 

that hold neighboring 1D chains together and facilitate formation of the sheets. For the cocrystals 

with tritopic donors, PG2·BPDI3 and RV2·BPDI3, C-H···π and offset π···π interactions between 

stacked BPDI molecules also contribute to the PTE along X2 (Figure S32, S33). The cocrystal 
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RV2·BPDI3 exhibits less expansion due to some contribution from the strong hydrogen bonds to 

the X2 axis (Figure 6b). The coefficients for RV2·BPDI3 along X1 and X2 are -25 MK-1 and 29 

MK-1, respectively; thus, the coefficients nearly cancel each other out, resulting in unique two-

dimensional zero TE behavior.  

Three of the four cocrystals exhibit ‘colossal’ TE along X3, and for all four cocrystals, the X3 

axis lies along the direction that the sheets are stacked. In the cocrystals containing ditopic donors, 

the TE coefficient is higher for HQ·BPDI than RC·BPDI. In HQ·BPDI, neighboring sheets are 

rotated by ca. 60°, and the stacking of sheets is facilitated through t-shaped, C-H···π interactions. 

In RC·BPDI, the sheets are stacked in a parallel fashion and interact via offset π···π interactions. 

The weaker, t-shaped, C-H···π interactions in HQ·BPDI undergo a larger change with temperature 

(Δ = 0.06 Å) when compared to the π···π interactions in RC·BPDI (Δ = 0.04 Å) (Figure S30-S31). 

In the solids containing tritopic donors, PG2·BPDI3 experiences nearly colossal PTE and 

RV2·BPDI3 exhibits the largest TE coefficient along X3 within the series. Along X3, the C-H···π 

interactions and C-H···N(pyr) interactions in PG2·BPDI3 undergo a smaller increase (Δ = 0.04 Å) 

when compared to the C-H···π(benz) interactions within the sheet and C-H···O interactions 

between sheets in RV2·BPDI3 (Δ = 0.06 Å) (Figure S32-S33). Furthermore, for RV2·BPDI3, X3 

also lies along the direction where pedal motion occurs and the pyridine ring twisting in the 

unsymmetrical BPDI molecule, and hence the motion along with twisting contributes to the 

colossal PTE (Figure S28).  

The dihedral angles within the BPDI molecules are larger in the cocrystals containing tritopic 

hydrogen-bond-donor molecules as compared to the ones with ditopic hydrogen-bond donors. The 

near planar geometry of the BPDI molecule in the cocrystals with ditopic donors results in sheets 

and stacks that are relatively planar. However, the twisting of the BPDI molecule in the cocrystals 



 16 

with tritopic donors results in sheets and stacks that contain edge-to-face and/or twisted molecules. 

The torsional flexibility and twisting affect the X2 axis in PG2·BPDI3 and the X3 axis in 

RV2·BPDI3. 

 

CONCLUSION 

A series of hydrogen-bonded cocrystals were designed and synthesized and feature a hydrogen-

bond acceptor molecule containing two imine functional groups (BPDI), which are torsionally 

flexible and capable of solid-state motion. Using ditopic and tritopic hydrogen-bond donor 

molecules, the components self-assemble through hydroxyl-pyridine synthons, and unexpectedly, 

all cocrystals assemble into one-dimensional hydrogen-bonded chains. In the ditopic hydrogen-

bonded cocrystals BPDI crystallizes in a nearly planar geometry, while in the tritopic hydrogen-

bonded cocrystals, BPDI exhibits significant twisting. One of the tritopic donors is also 

conformationally flexible and capable of solid-state motion, and although motion was not observed 

in the donor, motion was induced in half of the BPDI. The motion and twisting resulted in higher 

TE behavior along the direction of motion, among other cocrystals that were discussed here. The 

effect of twisting in BPDI molecules in tritopic cocrystals affected the X2 and X3 principal axes. 

From the above reported cases, controlling the torsional flexibility in imine-based molecules is 

challenging; however, achieving significant twisting along with molecular pedal motion in imines 

can result in large TE behavior in the materials. We are continuing to investigate the predictability 

of motion and torsional flexibility in imine-containing molecules as a path to controlling TE 

behaviors in these materials.  
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Supporting Information. Experimental procedures, variable temperature single-crystal X-ray 

data, powder X-ray diffraction data, thermal expansion data, NMR spectra, crystal structures, 

and variation of unit cell parameters with temperature.  
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Impact of Torsional and Conformational Flexibility on Pedal Motion and Thermal Expansion in 

Pyridyl Bisimine Cocrystals      

Navkiran Juneja, Daniel K. Unruh, Gary C. George III, and Kristin M. Hutchins 

 

Synopsis: A torsionally-flexible bipyridine containing two imine groups was cocrystallized with 

ditopic and tritopic hydrogen-bond donor molecules, and the components self-assemble into one-

dimensional chains. When a torsionally-flexible donor molecule is used, molecular pedal motion 

is achieved in the bipyridine molecule accompanied by the largest uniaxial thermal expansion 

coefficient within the series. 

 


