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ABSTRACT: Conjugated poly(alkoxythiophenes) such as poly-
(3,4-ethylenedioxythiophene) (PEDOT) have attracted consider-
able interest for use in a variety of applications such as biomedical
devices, energy storage, and chemical sensing. Functionalized
versions of the 3,4-ethylenedioxythiophene (EDOT) monomer
make it possible to create polymers with properties tailored for
specific applications. The maleimide functional group shows
particular promise due to the wide variety of chemical
modifications that it can undergo. Here, we examine the role that
control of the chirality of the maleimide (MA) substituent has on
the crystal structure and crystallization of the EDOT-MA
monomer. We describe a method for the synthesis of a homochiral
(S) variant of EDOT-MA and compare its crystallography,
morphology, and thermal properties to that of the (R,S) EDOT-MA racemic compound. The conformation of the EDOT-MA
molecule was substantially different, with the molecules adopting an “L” shape in the homochiral crystal, while in the racemic
crystals, they were more colinear. The thermal stability of the homochiral crystals (Tm = 128.6 °C) was slightly higher than the
racemic ones (Tm = 102.8 °C). We expect these results to be important in better understanding the solid-state assembly of the
corresponding polymers prepared from these monomers.

1. INTRODUCTION
Conducting polymers have attracted great interest recently due
to their ability to form extended conjugated pathways that
facilitate electronic and ionic transport. Being organic in
nature, their mechanical and physical properties are signifi-
cantly different than those of inorganic conducting materials.
They have been investigated for use in a variety of applications
such as organic electrochemical transistors,1,2 capacitors,3,4

photovoltaics,5,6 electrochromic displays,7 bioelectronics,8 and
chemical sensors9

Poly(3,4-ethylenedioxythiophene) (PEDOT), in particular,
has received considerable attention due to its low oxidation
potential,10 high conductivity,11 low toxicity,12,13 and high
chemical and thermal stability.14 Due to its ability to conduct
both electronically and ionically, PEDOT is an attractive
candidate for interfacing ionically conducting living tissue and
electronically conducting biomedical devices.15,16

A powerful strategy for improving the electrical and
biological performance of PEDOT has been to chemically
modify the 3,4-ethylenedioxythiophene (EDOT) mono-
mer.17,18 We have recently synthesized a group of modified
EDOT monomers and demonstrated their polymerizability.19

The maleimide-functionalized monomer 2′-maleimideomethyl
-3,4-ethylenedioxythiophene (EDOT-MA) is of particularly

high interest because maleimides can react with an array of
functional molecules. For example, maleimides readily react
with the thiols20 and amines,21 which are ubiquitous in
biological molecules such as peptides and enzymes.22 Thus, the
presence of the maleimide functionality opens up the
possibility of using a host of different biomolecules to improve
the biological performance of PEDOT.

In our previous work, we have demonstrated the ability of
EDOT-MA to react with proteins containing free thiol
groups23,24 through thiol-maleimide click chemistry. Impor-
tantly, we also showcased the ability of EDOT-MA monomers
to be modified with a range of biomolecules and amino acids
like cholesterol, adamantane, and cysteine. We also demon-
strated that these modified monomers retain their ability to be
polymerized electrochemically.25

We have also demonstrated that polymers made from
racemic EDOT-MA (PEDOT-MA) form continuous films that
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show improved capacitive behavior.4 The UV absorbance of
these polymers is similar to that of unmodified PEDOT,
indicating the formation of an extended molecular conjugation.
Electrochemical impedance spectroscopy data confirm this
with over 3 orders of magnitude drop in the low-frequency
region (less than 1 kHz) critical to biological function.
1.1. Importance of Chirality. Due to the nature of

biomolecular interactions, it is important for us to understand
and control chirality in these molecules. Singly functionalized
EDOT monomers have a chiral center at the sp3 hybridized
carbon where the side group is attached onto the alkoxy ring.
The previous version of EDOT-MA did not control the
stereochemistry of this site and so corresponded to a racemic
compound of both R and S enantiomers.19

It is well known that chirality can influence crystal size,
shape, and the associated materials properties. Louis Pasteur
noted the differences in crystal shape and size for the
enantiomers of tartaric acid in 1848,26 which led to a
difference in compressive strength and fracture toughness by
33 and 66%, respectively.27 In 1886, Arnaldo Piutti discovered
that enantiomers of asparagine had different crystal shapes. He
also discovered that there was a striking difference in the taste
of L-asparagine and D-asparagine, with the former being
tasteless and the latter being intensely sweet. This became
the first example of chiral selectivity in receptor-mediated
biological activity.28

In addition to formation of enantiopure crystals, solutions of
racemic enantiomers often form crystals with both enantiomers
present in the unit cell.29 These types of enantiomers are called
racemic compounds or racemates in the literature as opposed
to racemic mixtures, which are composed of equal quantities of
enantiopure crystals. The presence of both enantiomeric forms
in the unit cell of a racemic compound often leads to different
crystal structures and material properties compared to
homochiral crystals. Perlovich and co-workers found that
racemic compounds and homochiral ibuprofen formed crystals
in differing space groups and unit cell dimensions due to
hydrogen bonding.30 These differences in chirality can have
profound effects on the chemical properties of drugs.
Ibuprofen, along with ketoprofen, and omeprazole are all
common drug molecules that show significant differences in
potency among their enantiomers and racemic compounds.31

Similarly, these differences in crystal domains can also have a
significant effect on the conductive properties of organic
materials. Pu et al. found that the median current of
oligo(arylene−ethynylene) devices could be enhanced by up
to 80-fold by using a homochiral material as opposed to
racemic versions of the same compound.32 Hatakeyama et al.
have shown photoinduced charge transport in bulk films of
azaboradibenzo[6]helicene is sensitive to chiral composition.33

Conductive properties of poly(alkoxythiophenes) are known
to be influenced by their crystalline properties. Lovinger et al.
found that conductivity in α-hexathienyl was influenced by
crystal size.34 Aiyar et al. established the relationship between
the degree of crystallinity and charge transport in poly(3-
hexylthiophene) (P3HT),35 while Wang et al. were able to
control the crystallization of P3HT to decrease the exciton
bandwidth and increase its hole mobility.36 Thus, it has been
well established that chirality and the associated crystalline
properties can influence biological activity and conductive
properties that are relevant for the development of EDOT-MA
and its associated polymer as a conductive biomaterial.

1.2. Chirality in Biological Systems. Chirality is known
to have a significant impact on the macroscopic properties of
both small molecules and polymers.37 Chirality affects the
efficacy of biological processes, resulting in profound effects on
drug delivery,38 biointerfacing,39 and biocompatibility.40

Natural proteins and their constituent amino acids are
intrinsically chiral. They are known to specifically recognize
chiral substrates and receptors in biological systems. The
attachment, spreading, proliferation, and differentiation of cells
is highly associated with chirality.41 For example, Addadi et al.
did important studies in this regard, looking at the interactions
of antibodies with chiral crystals.42−45 They found that certain
antibody 48E selectively bound to the (01̅1) face of the
(L)leu−(L)leu−(L)tyr protein crystal but did not bind to the
(D)leu−(D)leu−(D)tyr crystals. Through theoretical modeling,
they determined that the chiral recognition was a function of
the geometric configuration of the binding sites. If the
geometric configuration was suitable, H-bonding groups
andhydrophobic groups on the antibody binding sites would
interact with the carboxylic groups, amine groups, and
hydrophobic side groups on the surface of the crystal, thus
giving chirally selective antibody interactions.

Separate studies have found that cell adhesion, growth,
spread, and assembly can be chirality dependent.46−48

In addition to examples of chirality influencing biological
processes, there is also some evidence of chirality having a
direct impact on interactions with neurological cells and
tissues. Baranes et al.49 demonstrated that D-cysteine
significantly promotes neuronal growth and attachment to
surfaces as compared to L-cysteine, which has a retarding effect.

1-Hydroxy-3-aminopyrrolidone-2 (HA-966) is a chiral drug
used for a variety of central nervous system actions, including
anticonvulsion, antitremor, muscle relaxant, and antimyclonic
effects, among others.50,51 (−)HA-966 enantiomer required a
tenth of the dose as compared to (+)HA-966 enantiomers to
block neuronal impulse flow receptors and elevate dopamine
levels in the forebrains of rats.

These studies demonstrate the importance of understanding
and controlling the chirality of organic and biomolecular
materials.

In our previous paper, we synthesized a racemic compound
(with both R and S enantiomers) of EDOT-MA.19 In this
paper, we demonstrate the synthesis of a homochiral version of
EDOT-MA consisting of only the S enantiomer. We also
characterize the crystal structure of both the racemic and
homochiral compounds. We compare the crystallographic
properties of both the homochiral and racemic EDOT-MA
samples using optical and electron microscopy, powder X-ray
diffraction (XRD), single-crystal XRD, and differential
scanning calorimetry (DSC). As we show, the ability to
control the monomer chirality has a dramatic impact on the
symmetry of the crystal unit cell as well as the size and shape of
the crystals that were formed when precipitated from dilute
solutions.

2. MATERIALS AND METHODS
3,4-dimethoxythiophene, (R)-3-chloro-1,2-propanediol, triphe-
nylphosphine, maleic anhydride, and p-toluenesulfonic acid
were purchased from Sigma-Aldrich Chemicals and were used
as received. Sodium sulfate, sodium azide, glacial acetic acid,
sodium hydroxide, and hydrochloric acid were procured from
Thomas Baker Ltd., Mumbai, India, and were used as received.
All solvents were of reagent grade and were purified according
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to standard procedures. Synthesis of the racemic EDOT-MA
monomers has been conducted in the past by us using the 3,4-
dimethoxythiophene as a precursor. We introduced chirality
into our molecule by reacting the 3,4-dimethoxythiophene
with chirally pure (R)-3-chloro-1,2-propanediol to give us the
chiral chlorine-functionalized EDOT product. We further
converted this into chiral (2-azidomethyl-2,3-dihydrothienol-
[3,4-b][1,4]dioxin (EDOT-azide) and 2,3-dihydrothieno[3,4-
b][1,4]dioxin-2-yl)methanamine (EDOT-amine) before finally
reacting it with the maleic anhydride to obtain the homochiral
EDOT-MA. The reaction scheme is described in Scheme 1.
The detailed synthetic procedures are given below.
2.1. Characterization Methods. NMR spectra were

recorded on a Bruker 400 MHz spectrometer at resonance
frequencies of 400 MHz for 1H NMR and 100 MHz for 13C
NMR measurements using CDCl3 as a solvent. Attenuated
total reflectance−Fourier transform infrared (ATR−FTIR)
spectra of thiophene monomers were recorded on a
PerkinElmer Spectrum 100 ATR−FTIR spectrometer.

Polarized optical microscopy images were acquired in
transmitted white light by using a Nikon-Eclipse LVPOL100
with a full-wave red filter.

Differential scanning calorimetry was done using a Discovery
DSC at the Advanced Materials Characterization Lab at the
University of Delaware. Three DSC cycles were conducted
from − 80 to 150 °C at a ramp rate of 10 °C/min for both the
heating and the cooling cycles.

Scanning electron microscopy was performed using a Zeiss
Auriga 60 focused ion beam−scanning electron microscope
(FIB−SEM) operating at 1 kV.

Powder X-ray diffraction was performed on a Bruker D8
diffractometer in a symmetric θ/2θ reflection geometry using
monochromated CuKα radiation (λ = 1.54 Å) with 2θ ranging
from 5 to 70°. Mercury 3.0 software was used to simulate
powder X-ray spectra.52

Unit cell visualization and projections were done using
Mercury 3.0. and Vesta 3.

Wide-angle (Figure S1) and small-angle X-ray (Figure S2)
scattering (WAXS and SAXS) were performed on a Xeuss 2.0
HR SAXS/WAXS. The X-ray source was Cu Kα with a
wavelength of 1.54 Å. The sample-to-detector distance was 75

mm for WAXS and 1200 mm for SAXS. The acquisition time
of WAXS and SAXS was 5 and 30 min, respectively. Kapton
tape was used to seal the samples into the sample holder.

ATR−FTIR spectra for the compounds (Figure S3) were
recorded on a PerkinElmer Spectrum 100 FTIR after averaging
64 scans.

Single-crystal X-ray diffraction was performed by mounting
the crystals using viscous oil onto plastic mesh at the data
collection temperature on a Bruker-AXS D8 Venture Photon
III diffractometer with CuKα radiation (λ = 1.54178 Å)
focused with Goebel mirrors for the racemic crystal and on a
Bruker-AXS APEX II DUO CCD diffractometer with graphite-
monochromated MoKα radiation (λ = 0.71073 Å) for the
homochiral crystal. Unit cell parameters were obtained from 36
data frames, 0.5° ω, from three different sections of the Ewald
sphere.53 The unit cell parameters, systematic absences in the
data, and equivalent reflections were consistent with P31 and
P32 for the homochiral case and, uniquely, with P21/c for the
racemic crystal. Refinement of the absolute structure parameter
to nil within experimental error indicates the true hand of the
data was determined in P31. The data was then treated with
multiscan absorption correction, and the structure was solved
using intrinsic phasing methods and refined with full matrix
least squared procedures on F2.54 Non-hydrogen atoms were
refined using anisotropic displacement parameters. The
maleimide hydrogens were located from the electron density
difference map and were allowed to refine freely. All other
hydrogens were treated as idealized contributions with
geometrically calculated positions and with Uiso equal to 1.2
Ueq of the attached atom. Atomic scattering factors are
contained in the SHELXTL program library.55 For the
homochiral case: CCDC 2262792; 15192 reflections were
measured (5.288° ≤ 2θ ≤ 63.01°), out of which 3554 were
unique (Rint = 0.0269, Rsigma = 0.0217), which were used in all
calculations. The final R1 was 0.0237 (I > 2σ(I)), and wR2 was
0.0616 (all data). For the racemic case: CCDC 2262811; 1815
reflections were measured (7.274° ≤ 2θ ≤ 130.14°), out of
which 1815 were unique (Rint = 0.0339, Rsigma = 0.0196), which
were used in all calculations. The final R1 was 0.0314 (I >
2σ(I)), and wR2 was 0.0784 (all data)

Scheme 1. Reaction Schematic for Homochiral EDOT-MA Synthesis
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2.2. Synthesis of S-EDOT-Maleimide: (S) EDOT-MA.
The formation of (R)-EDOT-Cl is the first step of the reaction.
For that, 3, 4-dimethoxythiophene and (R)-3-chloro-1,2-
propanediol were mixed, and the reaction was catalyzed
using p-toluenesulfonic acid (p-TSA) to yield (R)-EDOT-Cl.
The next step involved the conversion of (R)-EDOT-Cl into
(S) EDOT-N3. This was achieved by nucleophilic substitution
of the chloride group with sodium azide, with DMF used as the
solvent. The next step involved the conversion of (S) EDOT-
N3 into (S) EDOT-NH2 through a reduction reaction with
triphenylphosphine and sodium hydroxide. In the final step,
(S) EDOT-NH2 was reacted with maleic anhydride in glacial
acetic acid to give us the (S) EDOT-MA. Purification was done
using column chromatography, followed by recrystallization
from petroleum ether/ethyl acetate (70:30, v/v).
2.2.1. Synthesis of (R)-EDOT-Cl. A 500 mL two-neck round-

bottom flask with a reflux condenser and argon inlet was set
up. 3,4-Dimethoxythiophene (15.0 g, 104.02 mmol), anhy-
drous toluene (300 mL) with (R)-3-chloro-1,2-propanediol
(23.57 g, 231.24 mmol), and p-toluenesulfonic acid (p-TSA)
(1.79 g, 10.40 mmol) were added to the flask. The reaction
mixture was then stirred at 90 °C for 24 h. After 24 h, (R)-3-
chloro-1,2-propanediol (23.57 g) was further added to the
mixture. This reaction mixture was allowed to stir at 90 °C for
a further 3 h, after which it was allowed to quench to room
temperature, and the solvent was removed under vacuum. A
10% sodium bicarbonate (200 mL) solution was added to this
crude mixture, and the (R)-EDOT-Cl was extracted using
dichloromethane (3 × 200 mL). Then, the organic phases were
combined and washed with water (2 × 200 mL) before being
dried over anhydrous sodium sulfate, filtered, and evaporated
under vacuum. The filtrate was then purified by column
chromatography using a petroleum ether/dichloromethane
mixture (50:50, v/v) to give us (R)-EDOT-Cl (11.54 g, 58%).

1H NMR (400 MHz, CDCl3): δ = 6.37 (dd, 2H), 4.40−4.37
(m, 1H), 4.28 (dd, 1H), 4.16 (dd, 1H), 3.73−3.65 (m, 2H),
13C NMR: δ = 141.0, 140.5, 100.0, 72.7, 65.4, 41.2 ppm.
2.2.2. Synthesis of (S) EDOT-N3. Similar to the previous

step, a 500 mL two-neck round-bottom flask equipped with a
reflux condenser and argon inlet was set up. (R)-EDOT-Cl
(10.0 g, 52.45 mmol) was added along with N,N-
dimethylformamide (150 mL) to the flask. Following this,
sodium azide (6.82 g, 104.91 mmol) was added, and the
reaction mixture was allowed to stir at 120 °C for 3 h.
Following this, the mixture was allowed to cool to room
temperature, and the N,N-dimethylformamide was then
removed using rotary evaporation under vacuum. Following
this step, excess water (300 mL) was added to the residue in
preparation for extraction. The product was then extracted
using diethyl ether (2 × 250 mL). A pale yellow oily liquid
(9.32 g, 90%) of (S) EDOT-N3 was obtained after the solution
was dried over anhydrous sodium sulfate, followed by filtration,
and evaporated under reduced pressure.

1H NMR (400 MHz, CDCl3): δ = 6.39 (dd, 2H), 4.34−4.30
(m, 1H), 4.20 (dd, 1H), 4.05 (dd, 1H), 3.61−3.48 (m, 2H),
13C NMR: δ = 141.0, 140.6, 100.2, 100.1, 72.4, 65.7, and 50.5
ppm.
2.2.3. Synthesis of (S) EDOT-NH2. A 500 mL two-neck

round-bottom flask with a reflux condenser and a magnetic
stirring bar was set up. Tetrahydrofuran (100 mL), (S) EDOT-
N3 (9.0 g, 45.64 mmol), triphenylphosphine (14.36 g, 54.76
mmol), and 2 mol L−1 sodium hydroxide aqueous solution
(100 mL) were added to this flask, and the reaction mixture
was allowed to stir at 50 °C for 3 h. The mixture was then
quenched to room temperature. The tetrahydrofuran was then
evaporated, and a 2 M hydrochloric acid solution was used to
keep the pH of the mixture below 3. Extraction was done from
the aqueous layer using dichloromethane (2 × 100 mL), and
the combined organic layers were discarded. A 1 M sodium

Figure 1. 1H NMR spectrum of (S)-EDOT-MA.
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hydroxide solution was added to the aqueous part to adjust the
pH to 12. The second extraction of the aqueous layer using
dichloromethane (3 × 100 mL) was performed at this pH. The
organic layer was dried with anhydrous sodium sulfate, and the
solvent was removed under vacuum to give us (S) EDOT-NH2
as a colorless oil (5.71 g, 73%).

1H NMR (400 MHz, CDCl3): δ = 6.33 (dd, 2H), 4.20 (dd,
1H), 4.12 (m, 1H), 4.00 (dd, 1H), 2.97 (m, 2H), 1.32 (s, 2H)
13C NMR: δ = 141.6, 140.5, 99.5, 75.2, 66.6, and 42.3 ppm.
2.2.4. Synthesis of (S) EDOT-MA. For the final synthesis

step, a 250 mL two-neck round-bottom flask equipped with a
mechanical stirrer, a gas inlet, and a reflux condenser was used.
(S) EDOT-NH2 (5.0 g, 29.20 mmol), maleic anhydride (3.44
g, 35.04 mmol), and glacial acetic acid (100 mL) were added
to the flask. The reaction mixture was then stirred at 120 °C
for 12 h before being cooled to room temperature. The glacial
acetic acid was removed by evaporation under vacuum. The
product was then dissolved in ethyl acetate and washed with
water (3 × 50 mL). This ethyl acetate solution was then dried
over anhydrous sodium sulfate, followed by filtration and
evaporation under vacuum to remove the ethyl acetate. The
obtained crude product was then purified using column
chromatography with petroleum ether/ethyl acetate (70:30, v/
v) as the mobile phase to give us purified (S) EDOT-MA (4.16
g, 57%).

FTIR: 1704 cm−1; 1H NMR (400 MHz, CDCl3): δ = 6.77
(s, 2H), 6.34 (dd, 2H), 4.40 (td, 1H), 4.21 (dd, 1H), 3.98−
3.89 (dddd, 2H), 3.74 (dd, 1H); 13C NMR (100 MHz,
CDCl3): δ = 170.2, 141.0, 134.3, 100.2, 70.9, 66.1, 37.7 ppm.
Melting point (DSC) was 128.6 °C (Figure 1).

3. RESULTS AND DISCUSSION
3.1. Solution Crystallization. Homochiral EDOT-MA

readily crystallized from a 1:1 ethyl acetate−petroleum ether
solvent mixture, forming large single crystals at times visible to
the naked eye. These crystals showed high birefringence, as
seen in the polarized optical micrographs. The higher refractive
index direction was along the longer axis of the crystals.

Racemic EDOT-MA crystals, on the other hand, were grown
in a closed chamber over 3 months from a 1:2 acetonitrile in
water solution. The chamber was sealed with a rubber cork and
a fine 20-gauge needle to allow for slow solvent evaporation.
Large needle-like crystals were formed, which showed
birefringence, with the higher refractive index direction along
the orientation of the needle.

The racemic EDOT-MA crystal structure has been
deposited at the Cambridge Structural Database under
CCDC 2262811. The homochiral (S) EDOT-MA crystal
structure was deposited under CCDC 2262792.
3.2. Optical Microscopy. Polarized optical microscopy

images of homochiral EDOT-MA confirmed their single-
crystal nature. The crystals were often several hundred
micrometers in length and showed a consistent hexagonal
shape with tapered tips. Clear evidence of anisotropic
birefringence was seen under crossed polars with a full-wave
red filter. The color of the crystal remained uniform
throughout when the sample stage was rotated, indicating
that the relative orientation of the molecules was consistent
within a given crystal domain. The images showed clean
symmetric hexagonal single crystals tapering on both ends
along their length (Figure 2). The typical size of the single
crystals varied from 50 to 600 μm in length, with relatively
small aspect ratios (L/D) between 1 and 5.

The racemic single crystals, on the other hand, had high
aspect ratios (L/Ds of 50 or more) with a much more needle-
like shape (Figure 2). Although some crystals were quite long
and visible to the naked eye (more than 1 mm), their typical
size was much smaller than that of the homochiral samples.
Anisotropic birefringence was observed for these crystals as
well. Racemic crystals were typically more brittle than the
homochiral crystals, possibly due to their higher aspect ratio.
3.3. Single-Crystal X-ray Diffraction. Individual crystals

were isolated from both the homochiral (S) EDOT-MA and
racemic (R,S) EDOT-MA samples, and the crystal structures
were determined using single-crystal X-ray diffraction. The
results are summarized in Table 1, and the CIF files with

Figure 2. (S) homochiral (left) and racemic (R,S) (right) crystals of EDOT-MA under a polarized optical microscope with a full-wave red filter.
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atomic coordinates are included in the Supporting Informa-
tion.

There is a distinctive difference between the unit cells of
both the racemic and homochiral crystals (seen in Figure 3).
The homochiral crystal forms a 3-fold helix along the c-axis,
with the maleimide units extended to the side of the helix and
the maleimide groups pushed outward. Comparatively, the
racemic version has four EDOT-MA molecules in inverted
pairs, with the maleimide units parallel to the EDOT molecule.
The homochiral crystals show the S-symmetry of the chiral
center and are oriented in a polar fashion, with the maleimide
units all pointing in the same direction (along [001]).

Looking at the organization of the EDOT-MA molecules
within the unit cell for both structures, we can see that the
local packing is heavily influenced by steric effects caused by
the maleimide functional group. The inversion in the racemic
molecules and the helicity in the homochiral variant have the
effect of reducing steric interactions between the maleimide
functional groups. Also, the conformations of the EDOT-MA
molecule are substantially different in the two polymorphs. In

the homochiral crystal, the maleimide side group is sticking out
to one side of the alkoxy-thiophene, creating a shape
approximately similar to that of the capital letter “L” (Figure
3a). Because of the controlled chirality, all of the molecules in
the homochiral crystal have the same overall shape. On the
other hand, the overall conformations of the EDOT-MA units
in the racemic crystals are more colinear, with the maleimide
and the alkoxy-thiophene rings nearly aligned (Figure 3b).
There is a crystalline inversion center between each
neighboring pair of molecules, and hence, chirality alternates
between molecules as we go down a line as R-S-R-S and so on.

It is to be noted that we found that the homochiral EDOT-
MA molecule was found to pack in the chiral space group #144
(P31), which can accommodate the right-handed symmetry of
the 3-fold helices that the molecules are seen to adopt in the
solid state. We expect that the EDOT-MA with the opposite
handedness, i.e., EDOT-MA (R) would adopt helices of the
opposite (left) handedness, and thus would be expected to
adopt the space group that is the enantiomeric pair of #144:
#145, or P32.

56 At the moment, the EDOT-MA (R) molecule
is difficult to synthesize because of the limited availability of
the corresponding chiral starting reagents. However, this
possibility can be evaluated in the future and seems to be
reasonable based on symmetry considerations alone.

In previous studies of carboxylic acid functionalized EDOT
(EDOT-acid), we found that the solid-state packing was
dominated by hydrogen bonding between side groups.57 No
such hydrogen bonding is possible in these maleimide-
functionalized compounds. This contrast tells us that the
stereochemistry of the functional group has a strong effect on
the packing of the monomers. Additionally, the maleimide
functional groups have a strong steric effect such that they
dominate effects with van der Waals forces, unlike the polar
carboxylic acid functional group.

The theoretical densities of the homochiral (S) and racemic
(R,S) EDOT-MA crystals determined by single-crystal X-ray
diffraction were nearly equivalent: 1.566 and 1.552 g/cm3,
respectively. These densities are higher than the density of
unsubstituted EDOT (1.42 g/cm3) and just slightly lower than
the density of EDOT-acid crystals (1.63 g/cm3).57 The unit
cell of EDOT-acid has eight molecules with orthorhombic
symmetry, with hydrogen bonds formed between carboxylic
acid dimers in the solid state. This presumably leads to its
slightly higher density. No such effects are expected in
unsubstituted EDOT or in EDOT-MA. Thus, we can estimate
that the average intermolecular forces in homochiral EDOT-

Table 1. (S) EDOT-MA Homochiral and EDOT-MA-
Racemic Unit Cell Descriptions

name
homochiral (S)

EDOT-MA racemic EDOT-MA

temperature of
measurement (K)

120 100

crystal system trigonal monoclinic
space group P31 (No. 144) P21/c
a (Å) 8.8959 (13) 12.7721 (7)
b (Å) 8.8959 (13) 6.0118 (3)
c (Å) 11.662 (2) 14.7151 (8)
α (°) 90 90
β (°) 90 107.897 (2)
γ (°) 120 90
volume (Å3) 799.3 (3) 1075.2 (10)
Z 3 4
densitycalc (g/cm3) 1.566 1.552
M (mm−1) 0.305 2.736
F(000) 390.0 520.0
crystal dimensions

(mm3)
0.445 × 0.313 × 0.148 0.179 × 0.066 × 0.042

radiation Mo−Kα (λ = 0.71073) Cu−Kα (λ = 1.54178)
2θ range for data

collection (°)
5.288−63.01 7.274−130.14

Figure 3. Projections of unit cells in the b [010] direction: (a) (S) EDOT-MA, (b) EDOT-MA.
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MA are stronger than those in EDOT but weaker than those in
EDOT-acid. This hypothesis is supported also by the fact that
homochiral EDOT-MA melts at 128.6 °C, which is slightly
lower than the melting temperature of EDOT-acid (139 °C)
(Figure S4). On the other hand, unsubstituted EDOT melts
below room temperature at about 10 °C.
3.4. EDOT-MA Thermal Analysis. During the first heating

cycle of the DSC, a sharp melting peak was seen with a peak
temperature of 128.6 °C for the homochiral EDOT-MA
molecule, with no observable glass transition occurring (Figure
4a). Notably, we saw no recrystallization peaks during any of
the three cooling cycles. During the second and third heating
cycles, however, we noticed the appearance of a glass transition
without a melting peak, indicating that the heating cycle had
changed the material from primarily crystalline to primarily

amorphous. The midpoint for the glass transition in the second
heating cycle was at 10.1 °C, while it was at 23.4 °C for the
third heating cycle. This indicated that the thermal treatment
was causing some subtle changes in the macroscopic properties
of the material.

A similar effect was seen in the racemic molecules as well.
Interestingly, the controlled chirality of the molecules had a
significant impact on the melting points of these crystals, with
the racemic molecules melting at 104.2 °C (Figure 4b)
compared to 128.6 °C for the homochiral molecule. This
indicates that the change in chirality impacts the intermo-
lecular binding forces for EDOT-MA, with the homochiral
crystals showing stronger binding forces.
3.5. Scanning Electron Microscopy. SEM images of the

EDOT-MA single crystals were taken at an accelerating voltage

Figure 4. Differential scanning calorimetry scans for homochiral (a) (S) EDOT-MA and (b) racemic (R,S) EDOT-MA. The homochiral sample
melts at 128.6 C, whereas the racemic sample melts at 104.2 C.

Figure 5. Top panels: SEM Images of single crystal and with facets: homochiral (S) EDOT-MA (left) and racemic (R,S) EDOT-MA (right).
Bottom panels: Theoretical simulations of crystal shape were obtained using the BFDH analysis from Mercury software.
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of 1 kV after mounting the crystals on carbon tape to minimize
charging. We were able to clearly see the various facets of the
crystals in the SEM (Figure 5). The shapes of the crystals were
consistent with simulations predicted using Bravais−Friedel−
Donnay−Harker (BFDH) analysis with Mercury 3.0 software.
3.6. Crystal Morphology. From the SEM and OM

observations and the single-crystal X-ray structures and
BFDH shape simulations, it is possible to assign the external
facets seen in individual crystals to crystallographic orienta-
tions. The trigonal homochiral (S) EDOT-MA crystals have
their c-axis parallel to the long axis of the crystal, while for the
monoclinic, racemic (R,S) EDOT-MA crystals, the b-axis is
oriented along the longest crystal axis (Figure 5). The trigonal
homochiral crystals have their (100) planes perpendicular to
the a and b axes, forming predominant lateral faces of the
crystal, while the (101) type planes form the facets on the
tapered crystal ends. The monoclinic racemic (R,S) EDOT-
MA crystals have (100) type crystal faces in the a-direction;
while (002) type faces are present perpendicular to the c-axis,
making up the lateral planes of the crystal. There are (110),
(111̅), and (011̅) type planes along the longitudinal b-axis.
3.7. Powder X-ray Diffraction. The positions of the

observed peaks as well as the absence of the simulated patterns
(Mercury 3.0) were consistent with those of the experimental
powder patterns. The reflections for the planes corresponding
to the single crystals could be clearly identified in the
experimental results (Figure 6). This further confirms that
the single-crystal reflections obtained are compatible with the
powder XRD results. Wide-angle X-ray diffraction (Figure S1)

and small-angle X-ray diffraction (Figure S2) aligned well with
the powder X-ray diffraction data.

4. CONCLUSIONS
In this paper, we were able to synthesize the homochiral
version of EDOT-MA, (S) EDOT-MA. We characterized the
solid-state structure of both homochiral (S) EDOT-MA and
racemic (R,S) EDOT-MA in order to examine the effects of
controlled chirality on the EDOT-MA unit cell crystal
structure, crystal morphology, and thermal properties. The
steric effects of the maleimide functional group dominated the
local packing in these crystals. The (R,S) EDOT-MA racemic
crystals were monoclinic, highly elongated, and much smaller
than the homochiral (S) EDOT-MA variant under similar
crystallization conditions. The (S) EDOT-MA homochiral
crystals showed trigonal symmetry, with smaller aspect ratios,
hexagonal shapes, and much larger sizes. Both crystals had
similar densities, with the homochiral version only slightly
denser. The homochiral (S) EDOT-MA crystals had somewhat
higher melting points (Tm = 128.6 °C) than the racemic (R,S)
EDOT-MA samples (104.2 °C). Both samples formed
amorphous glasses after melting.

Our results show the impact of chirality control on the solid-
state structure of these materials. We expect these results to be
important in better understanding directing the solid-state
assembly of the corresponding polymers prepared from these
monomers.

Figure 6. Top panels: experimental powder XRD spectra for the homochiral (S) EDOT-MA (left) and racemic (R,S) EDOT-MA (right). Bottom
panels: Mercury 3.0 powder diffraction calculations for single-crystal unit cell homochiral (S) EDOT-MA (left) and racemic (R,S) EDOT-MA
(right).
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