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Use of a Diels-Alder reaction to modify thermal expansion 
properties in charge-transfer cocrystals  

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

A strategy for modifying thermal expansion properties in dichroic, 

charge-transfer cocrystals is described. A solid-state Diels-Alder 

reaction is used to covalently connect adjacent molecules in the 

cocrystal, and thermal expansion along the direction of these bonds 

is reduced when compared to the unreacted cocrystals. 

 The ability to control the thermal expansion (TE) behaviors 

of materials is of high interest within chemistry, materials 

science, and engineering.1 Understanding and controlling how a 

material responds to temperature changes (i.e., TE) is 

important,2 especially for materials used in applications where 

thermal changes occur.3 The molecular structure of the 

component(s) and the way in which components are connected 

in three dimensions has an impact on how a material responds 

to temperature changes.4 For organic solid materials, the TE is 

often dictated by the strength of the noncovalent interactions 

holding neighboring molecules together.5 Work by our group 

and others has focused on using noncovalent interactions such 

as hydrogen and halogen bonds to control TE within organic 

solids.6 Some work has focused on cocrystals, which are solids 

containing two or more molecular components in a fixed 

stoichiometric ratio.7 Inclusion of multiple components in the 

crystal lattice can also lead to useful properties such as 

reactivity, enhanced solubility, and unique optical properties.8  

 In the area of reactivity, our group demonstrated that a 

solid-state [2+2] cycloaddition reaction altered TE behavior in a 

cocrystal.9 Specifically, the TE was halved along the direction 

where covalent bonds formed after the cycloaddition. This 

initial observation led us to a hypothesis; replacement of 

noncovalent interactions with covalent bonds will increase the 

strength along a given direction and, therefore, decrease TE.  

 To test this hypothesis, we chose to investigate a charge-

transfer cocrystal system containing bis(N-allylimino)-1,4-

dithiin (DA2) and 9-bromoanthracene (BrAn) because the 

cocrystal has been reported to undergo a single-crystal-to-

crystal Diels-Alder reaction in the solid state.10 The reported 

reactive cocrystal has the nearest BrAn molecules arranged 

head-to-tail (H-T) within the π stack, meaning that every other 

BrAn molecule is rotated by 180° (Scheme 1a). The authors 

mention that a second crystal of different morphology was 

observed in the crystallization vial containing DA2 and BrAn, but 

was unable to be characterized.  

 

Scheme 1. Charge-transfer cocrystal polymorphs containing DA2 and BrAn 
arranged in a (a) H-T or (b) H-H geometry to undergo a Diels-Alder cycloaddition 
in the solid state. 
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 Here, we demonstrate that TE of organic solids can be 

modified by forming covalent bonds via a Diels-Alder 

cycloaddition. We show that although the overall TE in the 

solids before and after reaction is comparable, the directions of 

highest TE switch following the reaction, and less TE occurs 

along the direction where newly formed covalent bonds lie. In 

addition to conducting a variable-temperature solid-state 

behavior analysis of the previously published H-T DA2-BrAn 

cocrystal, we successfully determined the structure for the 

second charge-transfer cocrystal that forms concomitantly. The 

second cocrystal is a polymorph, and the nearest BrAn 

molecules are arranged head-to-head (H-H) within the π stack 

(Scheme 1b). We show that the H-H DA2-BrA cocrystal also 

undergoes a Diels-Alder reaction in the solid state upon heating 

at 90-100 °C for one week. Interestingly, the H-T cocrystal reacts 

in the solid state at ca. 40 °C for a period of one month, but the 

H-H cocrystal is unreactive at the same temperature. Thus, 

cocrystallization of DA2 and BrAn affords two reactive 

polymorphs that require different temperatures to undergo a 

solid-state Diels-Alder cycloaddition. To the best of our 

knowledge, this is the first report using Diels-Alder reactions to 

modify TE properties of organic materials. 

 DA2 was synthesized using the previously reported method 

(Figure S5-S6).10 The previous report obtained concomitant 

cocrystallization of plate- and needle-shaped crystals using 

vapor diffusion of hexane into dichloromethane (DCM), and X-

ray data was collected for crystals with the plate morphology.  

 We used vapor diffusion or slow evaporation to isolate 

cocrystals of the two DA2-BrAn polymorphs. Vapor diffusion of 

hexanes into a DCM solution containing a 1:1 molar ratio of DA2 

and BrAn resulted in a larger amount of the H-T polymorph 

(plates), while giving concomitant crystallization of the H-H 

polymorph. On the other hand, slow evaporation of a DCM 

solution containing a 1:1 molar ratio of DA2 and BrAn afforded 

primarily the H-H polymorph (needles), but there was still 

concomitant crystallization of the H-T polymorph.  

 The two charge-transfer polymorphs containing DA2 and 

BrAn are distinguishable by polarized optical imaging. The H-T 

polymorph exhibits orange to green dichroism and crystallizes 

as large plates, whereas the H-H polymorph is only orange, and 

crystallizes as thin, elongated plates (Figure 1). The use of vapor 

diffusion and slow evaporation methods afforded differing 

amounts of the two polymorphs in solution. Powder X-ray 

diffraction (PXRD) demonstrated that the bulk material 

obtained from vapor diffusion contained approximately 80% of 

the H-T polymorph and 20% of the H-H polymorph (Figure S16). 

On the other hand, use of slow evaporation afforded 

approximately 13% of the H-T polymorph and 87% of the H-H 

polymorph as evidenced by PXRD characterization of the bulk 

material (Figure S17). 1H NMR spectra of the concomitantly 

obtained DA2-BrAn cocrystals demonstrated that the 

components were present in a 1:1 ratio (Figure S7). 

The components within the H-T cocrystal crystallized in the 

monoclinic space group, P21/n, whereas the components in the 

H-H cocrystal crystallized in the triclinic space group, P-1. Both 

cocrystals contain one molecule of DA2 and one molecule of 

BrAn in the asymmetric unit. Both solids consist of infinite π-  

 

Figure 1. Polarized light microscopy images of the two DA2-BrAn polymorphs: a) large 

dichroic plates of the H-T polymorph and b) thin, elongated plates of the H-H polymorph. 

stacks of alternating DA2 and BrAn molecules. As shown in 

Scheme 1, H-T and H-H refer to the location of the bromine 

atom on the BrAn molecule within the stacks (Figure 2). The 

position of the allyl groups on DA2 also differs in the 

polymorphs. The allyl groups of DA2 in the H-T polymorph 

alternate so that from one DA2 to another within the π-stack, 

they are oriented trans to each other, whereas in the H-H 

polymorph, the allyl groups in one DA2 are cis to the next DA2 

molecule in the π-stack. The packing between neighboring π-

stacks also differs between the two polymorphs (Figure S22-

S23). In the H-T polymorph, neighboring π-stacks are close 

packed and the BrAn molecules lie in the same orientation 

between the stacks. In the H-H polymorph, neighboring π-stacks 

are arranged pairwise, where the stacks within each pair lie 

close packed to each other. Each pair is separated by a longer 

distance, and the BrAn molecules are rotated by 180° between 

neighboring π-stacks. 

 Solid-state cycloaddition reactions were conducted by 

placing vials that contained both polymorphs (due to 

concomitant crystallization) in an oven at 40-50 °C for 

approximately one month. These conditions afforded a Diels-

Alder reaction for the previously described H-T polymorph.10 

The H-T polymorph undergoes a Diels-Alder reaction in the solid 

state at room temperature, but heating accelerates the 

reaction. Upon reaction, the H-T polymorph showed enhanced 

mosaicity by viewing under an optical microscope (Figure S12), 

along with a color change from the orange-green dichroism to 

an opaque yellow, and the absence of meaningful diffraction 

peaks in a SCXRD experiment. Under the same experimental 

conditions, the H-H polymorph showed no sign of reaction as 

the crystals retained crystallinity and complete diffraction 

capabilities even after extended periods of time in the oven. 

SCXRD data collected on the H-H polymorph after one month of 

heating also demonstrated that no reaction had taken place. 

Thus, the reaction temperature was increased to determine if 

reactivity was possible for the H-H polymorph. Crystals of the H-

H polymorph were heated in an oven at 90-100 °C for a period 

of one week, which resulted in enhanced mosaicity as 

evidenced by optical microscopy (Figure S13), absence of 

meaningful diffraction peaks in a SCXRD experiment, and a 

change in color from orange to opaque yellow.  
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Figure 2. X-ray crystal structures of DA2-BrAn polymorphs: (a) H-T and (b) H-H 

highlighting π-stacking arrangement and positions of the bromine atoms and allyl 

groups. 

 Following cycloadditions, the products were recrystallized 

to obtain high-quality single crystals, and two unique products 

were isolated, in accordance with the previous report. Slow 

evaporation of the reacted H-T material from DCM afforded a 

DCM solvate of the cycloadduct (CA). The previous report also 

obtained the non-solvated CA of the H-T product from DCM. 

Here, we obtained the non-solvated CA via slow evaporation 

from chloroform. The reacted solid of the H-H polymorph was 

also recrystallized from DCM and chloroform. Both experiments 

afforded single crystals that were isostructural to the H-T 

cycloadducts (solvate with DCM and non-solvate, Table S13). 

The SCXRD data confirmed that the solid-state Diels-Alder 

reactions were successful for both the H-T and H-H polymorphs, 

as the DA2 and BrAn molecules are connected through covalent 

bonds in the structure. Unfortunately, we were not able to 

conduct the cycloadditions in a single-crystal-to-single-crystal 

fashion, which would result in distinct crystal structures due to 

the arrangement of bromine atoms in the extended structure.  

 1H NMR spectra of the non-solvated CA and DCM solvate of 

the CA showed significant upfield shifts for the aromatic 

hydrogens on BrAn (Figure S8-S9). The hydrogen in the center 

of the BrAn component also shifts upfield significantly due to 

the change in carbon hybridization from sp2 to sp3. The DA2 

component also becomes unsymmetrical following the Diels-

Alder reaction, which is evidenced in the NMR spectra. A total 

of six signals for the hydrogens on the allyl groups are present 

(instead of three) in the non-solvate and DCM solvate of the 

CAs. A small amount of unreacted material is also present in the 

NMR spectra of the CAs. 

 The non-solvated CA crystallized in the P21/c space group 

and contains one CA molecule in the asymmetric unit. Upon 

expanding the structure, neighboring CAs are oriented 

perpendicular to each other (Figure 3a). The CAs stack into 

columns that extend approximately along the ab plane. Within 

the column, the CA molecules stack in an AABB pattern, wherein 

A is a CA with the covalent linkage oriented vertically and B is a 

CA with the covalent linkage oriented horizontally. The non-

solvated CAs interact through a combination of weak 

interactions including C-H···O, O···N, C-H(allyl)··· π(allyl), S···S, C-

H···Br, Br···O, and C-H···π.  

 The solvated CA crystallized in the P-1 space group and 

contains one molecule of the CA and one molecule of DCM in 

the asymmetric unit. The CAs within the DCM solvate are 

arranged in infinite parallel stacks, with all the newly formed 

covalent bonds lying in the same direction (Figure 3b). The 

solvated CAs interact through a combination of weak 

interactions including C-H···O, O···S, S···S, C-H···S, and C-H···π. 

The DCM solvent molecules interact with the CA units via C-

H···O, C-H···π, and Cl···O interactions. A SCXRD experiment was 

performed for a single crystal of the DCM solvate of the CA after 

solvent had been lost from the crystal lattice; however, the 

crystal was highly mosaic and failed to produce any meaningful 

diffraction peaks. 

 

Figure 3. X-ray crystal structures of the CAs: a) non-solvated and b) DCM solvate.  

Table 1. TE coefficients for the crystals. Errors are denoted in parentheses and 

approximate crystallographic axes are denoted in brackets. 

Crystal X
1
 (MK-1) 

[axis] 

X
2
 (MK-1)  

[axis] 

X
3
(MK-1) 

 [axis] 

V(MK-1) 

DA2-BrAn H-T 8 (1) 

[3 0 -1] 

56 (2) 

[3 0 4] 

113 (3) 

[0 1 0] 

179 (5) 

DA2-BrAn H-H 17 (1) 

[2 5 -1] 

38 (1) 

[-4 1 2] 

130 (3) 

[5 -1 2] 

188 (3) 

DA2-BrAn CA 

non-solvated 

28 (3) 

[1 0 -5] 

47 (1) 

[0 -1 0] 

90 (8) 

[4 0 3] 

168 (6) 

DA2-BrAn CA 

solvate 

16 (1) 

[-1 1 1] 

58 (2) 

[1 1 0] 

109 (3) 

[4 -1 3] 

186 (5) 

 

A variable temperature X-ray diffraction experiment was 

conducted for both DA2-BrAn cocrystal polymorphs, as well as  

the solvated and non-solvated CAs. Each crystal was mounted 

at 100 K and warmed to 300 K while collecting data sets every 

20 K. A total of 11 full X-ray data sets were conducted for all four 

crystals. PASCal11 was used to calculate the three principal axes 
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of TE (X1, X2, and X3), the three linear TE coefficients (αX1, αX2, 

and αX3), and the volumetric TE coefficient (αV) using the 

variable temperature X-ray data (Table 1). Variable-

temperature optical microscopy was also conducted for each 

crystal before and after the solid-state Diels-Alder reaction to 

assess dimensional changes between the original cocrystal and 

pre-recrystallized cycloadduct (Figure S24-25).  

 The TE properties for both DA2-BrAn cocrystals (H-T and H-

H) are dominated by C-H···O interactions in the X1 direction, 

with the average C-H···O distance change of 0.056 and 0.075 Å, 

respectively, and C-H···O, C-H···π, and C-H···S contacts in the X2 

direction. The TE of the H-T and H-H forms are dominated 

primarily by π-π stacking in the X3 direction, with an average π-

π stacking distance change of 0.082 and 0.084 Å, respectively. 

The intermolecular interaction length changes are provided in 

Table S15. In the H-T cocrystal, the least and median expansion 

(αX1 and αX2) occurs between the neighboring π stacks of DA2 

and BrAn molecules in nearly perpendicular directions. The X1 

axis lies along the short length of the molecules and the 

direction of the bromine atoms, while X2 is along the longer 

length of the molecule and in the direction of the allyl groups 

(Figure 4a, Table 1). The most expansion, αX3, within the DA2-

BrAn H-T cocrystal occurs along the π-stacking direction. This is 

also the direction in which the new covalent bonds will form 

during the Diels-Alder reaction.  

 For the DA2-BrAn H-H cocrystal, the least expansion (αX1) 

occurs in a similar direction as the H-T polymorph, but the plane 

is shifted slightly from being completely vertical (Figure 4b). The 

median expansion (αX2) also occurs in a similar direction as the 

H-T polymorph, but again the plane is shifted from vertical and 

includes some contribution from the π-stacking direction. The 

most expansion (αX3) occurs along the π-stacking direction, but 

the plane does not lie perfectly horizontal as in the H-T 

polymorph. Many organic materials exhibit positive TE (PTE),1g, 

2a and expansion coefficients range from small to moderate to 

colossal, with colossal corresponding to a TE coefficient above 

100 MK-1.1d Both DA2-BrAn cocrystals undergo slight PTE along 

X1, moderate PTE in X2, and colossal PTE along X3 and 

volumetrically. Overall, the most TE in both unreacted DA2-

BrAn cocrystals occurs along the π-stacked direction. 

 

Figure 4. Crystal structures and the planes in which TE occurs perpendicular to for: a) 

DA2-BrAn H-T polymorph, b) DA2-BrAn H-H polymorph, c) non-solvated CA, and d) DCM 

solvate of CA (solvent removed for clarity). The TE planes are shown with X1 in green, X2 

in blue, and X3 in red. 

 The TE behavior of both CAs is also dominated by C-H···O 

interactions in the X1 direction with an average C-H···O distance 

change of 0.081 Å for the non-solvated CA and 0.099 Å for the 

solvated CA. A variety of interactions contribute to expansion 

along X2, including S···O and C-H···π interactions, and X3 consists 

of S···S, O···N, and C-H···π interactions. Both CAs lack any 

significant form of π-π stacking. Both CAs show slight PTE along 

X1, moderate PTE along X2, and colossal or near-colossal PTE in 

X3, with colossal positive volumetric coefficients. Thus, when 

examining the TE coefficient values, the overall behavior does 

not initially appear to be affected by the Diels-Alder reaction.  

 However, to compare how the new covalent bonds affect 

TE, the directions of TE within the structure before and after 

reaction must be compared. In the unreacted DA2-BrAn H-T and 

H-H cocrystals, the expansion along X1 and X2 occurs between 

the π stacks of DA2-BrAn molecules and encompass interactions 

between stacks, while X3 includes the π-stacked direction. The 

TE along X3 is colossal PTE in both cocrystal polymorphs (αx3 = 

113 and 130 MK-1 for H-T and H-H, respectively). In the 

nonsolvated CA, the new covalent bonds linking DA2 and BrAn 

lie along X1 and X2 instead of X3, and these directions exhibit 

small to moderate PTE (αx1 = 28 MK-1 and αx2 = 47 MK-1). Overall, 

TE along the directions where noncovalent bonds changed to 

covalent bonds was altered from colossal to small/moderate.  

 In the DCM solvated CA, the X1 plane lies between stacks of 

CA molecules. The covalent bonds in the solvated CA structure 

lie along the X2 and X3 directions, which exhibit moderate and 

colossal PTE (αx2 = 58 MK-1 and αx3 = 109 MK-1). The formation 

of covalent bonds has reduced TE in the solvate structure 

because they contribute to X2; however, X3 also includes the 

covalent bonds and still exhibits colossal expansion. The 

included DCM molecules engage in weak interactions with 

neighboring CA molecules and lie along X1 and X3. These solvent 

interactions contribute to the larger TE observed along X3 in the 

solvate CA when compared to the non-solvate CA.  

 A new method for modifying TE properties in organic 

cocrystals by conducting Diels-Alder reactions to covalently 

connect adjacent molecules was described. Before reaction, 

cocrystals exhibit large PTE along the π-stacked direction. After 

reaction and recrystallization of the product, the cycloadducts 

exhibits less TE along the direction where new covalent bonds 

lie, which formed through the Diels-Alder reaction. We are 

currently investigating other systems and techniques as 

platforms for modifying and controlling TE. 
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