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ABSTRACT: This work is focused on a polymorphic and crystallographic study of a
novel p-type organic semiconductor 2,7-bis(2-(2-methoxyethoxy)ethoxy)benzo[b]-
benzo[4,5]thieno[2,3-d]thiophene (OEG-BTBT). The well-known BTBT core is
functionalized by eight-atom-long oligoethylene glycol side chains. Our results
demonstrate the discovery of three crystal forms of the OEG-BTBT molecule, namely,
Form I, Form II, and Form IIJ, in different experimental conditions. Crystal structures
of Form I and Form III are reported, while only unit cell indexing of Form II could be
determined. Form I and Form II are enantiotropically related, and Form II is stable at
temperatures higher than 127 °C. The kinetics of transformation to Form II was
studied by the Avrami equation. Form III is a solvate crystal form which is rarely
observed in the field of organic electronics, and upon release of dichloromethane, it
converts to Form I. Furthermore, we studied the mechanical properties of the Form I
crystals, which exhibit plastic bending upon applying mechanical stress in the [100]

OEG-BTBT

Form I (RT form) Form III (Solvate)
Form II (HT form)

direction. This distinct mechanical behavior is rationalized by the slip layer topology, the intermolecular interactions energies from

energy frameworks, and the Hirshfeld surface analysis.

B INTRODUCTION

compound chemically.”

2% S0, it is very crucial to explore the

Organic semiconductors (OSCs) have been widely studied in
the past three decades fueled by their high versatility and large
number of advantages in electronics owing to the merits such as
solution-processability and the low cost of production.'~* While
dealing with organic molecules, where weak van der Waals
interactions prevails, it is expected that the molecules adapt
different crystal packings, thus leading to polymorphism. This
may induce variation in electronic, mechanical, or optical
properties.”””

A key property in OSCs is charge carrier mobility, which is
defined as the derivative of the drift velocity of the charge carrier
with respect to the applied electric field.” The changes in the
charge carrier mobilities of OSCs depend on the crystal packing
as the thermal fluctuations can disrupt the molecular order
which causes an effect on the charge mobility.””'? It has been
reported that even minor changes in the packing have a
remarkable impact on the mobility, thereby affecting the
electronic performances by orders of magnitude.'"”'> While
polymorph screening is a well-established standard technique
for pharmaceutical molecules, for organic electronics this
technique is not widely popular in spite of a known fact that
OSCs exist in different crystal forms »'* as observed in OSCs
such as pentacene,”””'" rubrene,"” oligothiophene,””*' and
[1]benzothieno[3,2-b]benzothiophene (BTBT) deriva-
tives.”””* Polymorphism can serve as a great tool to enhance
charge carrier mobilities without having to modify the
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different polymorphs of an organic molecular semiconductor to
have a complete understanding of various packing arrangements
that a molecule can adopt depending on its thermodynamic and
kinetic behavior.”® Understanding the packing also provides in-
depth knowledge of the structure—property relationships.””**
The stability of the crystal forms should be investigated as well to
avoid conversion upon storage. Polymorph prediction can
support polymorph screening and gives important hints on the
presence of stable forms; however, its complexity increases with
the number of degrees of freedom of the studied molecule. The
most stable form at room temperature, among the polymorphs
known, can be easily determined by thermal and slurry
experiments, although it does not guarantee that a more stable
form could not be found later.”” ™’

BTBT derivatives are reported to have fairly good mobility
values.”*” Substitutions and functionalization at 2 and 7
positions on BTBT core with various chains have been explored
to understand the correlation of linear alkyl and bulky chains
with the properties."”>*****33373% We wanted to inspect the
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structural aspects and molecular packing arrangements of the
molecule with an oligoethylene glycol functionalized chain,
which should have a different set of chain—chain and chain-core
interactions compared to that of alkyl chains of similar length.
In an attempt to reveal the structural attributes by ethylene
glycol chain substitutions at the 2 and 7 positions of the BTBT
core, we have investigated 2,7-bis(2-(2-methoxyethoxy)-
ethoxy)benzo[b]benzo[4,5]thieno[2,3-d]thiophene (OEG-
BTBT) (Figure 1) in this work, which is a p-type semiconductor

s, A \/\o/
A o~
/o\/\ °/\/ O / - O

Figure 1. Chemical structure of OEG-BTBT.

molecule. On the account of the well-studied and well-
performing C8-BTBT-C8,”°" we selected a similar and
symmetric chain length of OEG in our study. One of the most
critical tasks in the study of novel materials is the ability to
anticipate and control the distinct properties in the solid state.”
The packing of BTBT is driven by the core (which is responsible
for the charge mobility) and by the chains.Length and steric
hindrance of the alkyl chain play a key role in the final
structure.”>*>¢ In OEG-BTBT, we would like to explore how
the different polarities of the chain impact the molecular
packing.

While dealing with organic molecular semiconductors and
electronic properties, one must not disregard the importance of
mechanical properties of the crystals of OSC. Generally, organic
molecular crystals are fragile and exhibit brittle mechanical
behavior. They tend to crack on mechanical impacts and
therefore significantly limit the durability of the devices.*”*' A
crystal’s response to applied mechanical stress is intrinsically
linked to the molecular packing and the intermolecular
interaction strengths.*>** This manuscript principally illustrates
the structural and mechanical properties of the OEG-BTBT
semiconductor molecule.

In this work, a series of experiments on polymorph screening
starting from solubility tests were performed since it is evident
that, at the molecular level, the solvent may have a profound
impact on the nucleus structure through some solvent—
molecule interactions that may govern the formation of a
particular structure. Interestingly, after an intensive range of
conditions were tested for this system, we discovered three
crystal forms which are described in detail in later sections. The
thermodynamically stable form at room temperature is Form I,
while the high temperature form is called Form II. During the
investigations of the solvent-induced polymorphs, we discov-
ered a metastable solvate form in dichloromethane solvent,
which is reported as Form IIL”>'* This finding is indeed
interesting as the occurrence of solvate crystal forms in the OSCs
is quite rare,"’ while it is common for active pharmaceutical
ingredients (APIs).** Further future research is needed to
understand if the rarity of solvates in OSCs is due to the intrinsic
instability or the lack of research. The research herein focuses on
a detailed analysis of these three crystal systems of the OEG-
BTBT molecule.

B EXPERIMENTAL SECTION

Polymorph Screening. Solubility screening was performed for
OEG-BTBT using 25 different solvents prior to further study (Table

1681

S1). Solubility was examined at room temperature (RT) and 50 and 75
°C (depending on the boiling point of solvents). Recrystallization was
carried out by solvent evaporation at RT in chloroform (CHF),
dichloromethane (DCM), N,N-dimethylacetamide (DMA), N,N-
dimethylformamide (DMF), cyclohexanone, toluene (TOL), and
tetrahydrofuran (THF). Antiprecipitation from supersaturated sol-
utions was carried out with chloroform/propyl acetate (1:1) and
dichloromethane/1,4-dioxane (1:1). Crystallization through the
solvothermal technique was performed using CHF and DCM. All
precipitates were characterized by PXRD. In all of the experiments,
Form I was obtained except in DCM where we obtained Form III

Single-Crystal X-ray Diffraction (SCXRD). Suitable crystals of
Form I and Form III for single-crystal X-ray diffraction were obtained
from CHF and DCM solutions (1 mg/mL), respectively.

Data collection of room temperature (298 K) Form I OEG-BTBT
was performed at the X-ray diffraction beamline (XRD2) of the Elettra
Synchrotron, Trieste, Italy.* Small, rodlike crystals were grown on the
silicon wafer. Single crystals were dipped in NHV oil (Jena Bioscience,
Jena, Germany) and mounted on a goniometer head with Kapton loops
(MiTeGen, Ithaca, USA), using a SO ym aperture. Data were acquired
using a monochromatic wavelength of 0.620 A on a Pilus 6M hybrid-
Pixel area detector (DECTRIS Ltd., Baden-Daettwil, Switzerland) at a
working distance of 185 mm, using MXCuBE3 control software.*®
Form I and Form III at low temperature (100 K) SCXRD was
performed by a Bruker Apex-II diffractometer with a Photon II detector.
Low-temperature data were collected for Form I and Form III with the
Bruker APEX2 program, and integrated and reduced with the Bruker
SAINT software.

Low-temperature data (100 K) are still consistent with the room
temperature model of Form I (i.e., no detectable phase transition has
been detected upon flash cooling in liquid nitrogen).

Form I (LT and RT) and Form III crystal structures were solved
using WingX software SHELXS and SHELXT codes and refined with
SHELXL (version 2018/3).

For visualization, pictures of crystal structures from CCDC Mercury
2020.3.0 were used.*”**

Powder X-ray Diffraction (PXRD). Qualitative PXRD to identify
the crystalline form were collected with a Rigaku MiniFlex 600
diffractometer with Cu Ka radiation from a copper-sealed tube with 40
kV voltage and 15 mA current in Bragg—Brentano geometry.
Diffraction patterns were measured over the range of 3—40° 26 by
step scanning at a rate of 1 s/0.01°.

Thermogravimetric Analysis-Evolved Gas Analysis (TGA-
EGA). TGA-EGA was performed on Mettler-Toledo TGA coupled
with a Thermo Nicolet iS 10IR FT_IR spectrometer with a scan rate of
10 °C/min and analyzed using STARe software.

Differential Scanning Calorimetry (DSC). The DSC for all of the
samples was performed on a Mettler-Toledo DSC1 instrument. About
2—4 mg of samples was crimped in hermetic aluminum crucibles (40
uL) and scanned from room temperature to 300 °C at a heating rate 10
°C/min under a dry N, atmosphere (flow rate 80 mL/min) for Form I
and Form III. The data were dealt with using STARe software.

In-Situ Variable Temperature X-ray Diffraction (VTXRD).
VTXRD was performed at the Paul Scherrer Institut (PSI) Synchrotron
radiation facility (Switzerland) using PXRD in the capillary trans-
mission mode at MS-X04SA beamline from 20 to 136 °C. The beam
energy of 12.4keV (1.0 A) was used for data collection. The MS powder
diffractometer in Debye—Scherrer geometry, equipped with a solid-
state silicon microstrip detector, called MYTHEN (Microstrip sYstem
for Time-rEsolved experimeNts) was utilized. Starting from room
temperature, the XRD pattern was collected at various intervals until
complete conversion of Form I to Form II (136 °C).*

Hot Stage Microscopy (HSM). Single crystals on a glass-slide and
covered with a coverslip were placed in a heating chamber (hot stage)
onan OLYMPUS BX41 stereo-microscope equipped with an LINKAM
LTS350 platinum plate for temperature control and VISICAM
analyzer. The heating chamber was capped with a sealable lid during
heating and cooling cycles, and the rate was kept constant at 10 °C
min~". Time-lapse images were taken using a Nikon DS FI3 high speed
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camera for all in-situ experiments, and the images were analyzed using
software Nikon NIS Elements and Linksys32 data capture.

Attenuated Total Reflection-Fourier Transform Infrared
(ATR-FTIR) and Raman Spectroscopy. Infrared spectra of the
crystals of OEG-BTBT were obtained using a Fourier—transformation
infrared spectrometer (spectrometer: Nicolet iS50 and detector: DTGS
ATR). The spectra were measured over the range of 4000—400 cm ™.
For Raman spectroscopy, a Raman confocal imaging microscope with a
HeNe laser (laser with a maximum power 100—240 V 50/60 Hz) was
used.

We employed the ATR-FTIR measurement on both Form I and
Form III of OEG-BTBT crystals. On comparing both the forms, Form
III was found to have signals of both Form I and DCM, which further
confirms our previous analysis for solvate Form III (Figure S6).

Mechanical Deformation Tests. Mechanical bending tests on the
single crystals of OEG-BTBT were performed on a stereo-microscope
equipped with cross polarizers and a Nikon DS-Fi3 camera using a
needle and forceps.

Hirshfeld Surface Analysis. The package CrystalExplorer 17.5
was used for the Hirshfeld surface analysis on each of the forms. The
analysis was carried out based on their respective crystal geometries.
The corresponding 2D fingerprint plots were also generated using
CrystalExplorer 17.5.

Energy Frameworks Analysis and Interaction Energy
Calculations. CrystalExplorer 17.5 was used to evaluate and visualize
the pairwise interaction energies of OEG-BTBT Forms. The tube size
(scale factor) used in all the energy frameworks was 100, and the lower
energy threshold (cut off) value was set to S kJ/mol. The energy
components calculated within this method are electrostatic, polar-
ization, dispersion, and exchange-repulsion and finally the total
interaction energy. These energy calculations are accomplished at the
B3LYP/6-31G(d,p) level of theory and using crystal geometries
(experimental structures) of the respective forms.

B RESULTS AND DISCUSSION

Polymorph Screening. Solubility tests show that OEG-
BTBT is highly insoluble in most of the organic solvents, except
in CHF, DCM, DMA, DMF, TOL, THF, and cyclohexanone.

OEG-BTBT is a crystalline material, and it was recrystallized
in the various solvents mentioned above and, in all cases, yielded
to the formation of the starting crystalline material called Form I,
while by recrystallization of OEG-BTBT in DCM, the solvate
crystal form called Form III, was obtained concomitantly with
Form I (Figure S4). Surprisingly, after many attempts, no Form
III was obtained by prolonged slurry experiments in DCM.
However, we were able to obtain the single-crystal structure of
Form III at 100 K (see below).

In addition to recrystallization from solution, other methods
to explore the polymorphs were investigated, such as the
solvothermal method in CHF and DCM, precipitation at
gradient temperature, antisolvent crystallization, slurry, and
mechanochemistry. All of these experiments and different
experimental conditions resulted in Form I, and no amorphous
phase was detected.

Thermal Analysis. TGA and EGA analysis revealed that
Form I is anhydrous and Form IIl is a solvate Form (Figure S1),
and the DCM molecules are easily lost from the crystal lattice at
high temperatures (48 °C) or at room temperature in less than
seven days’ time (Figures S2, S3 and SS).

The DSC curve of Form I revealed that there is a solid—solid
reversible transition at around 127 °C (AH = 27.96 kJ/mol)
confirmed also by the VIXRD at synchrotron, whereas the
melting starts at 153 °C (AH = 22.76 kJ/mol) (Figure 2a).
Upon cooling from the melt, first, we observe Form II at a higher
temperature, which converts to Form I, and this shows the
reversible behavior of the solid—solid transition. It is worth
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Figure 2. OEG-BTBT Form I (a) DSC plot showing the onset
temperature of the transition and melting (Endo UP), (b) HSM
showing transition at 135 °C and melt at 160 °C. The heating rate for
both DSC and HSM was 10 °C/min.

noting that the energy involved in the solid—solid transition is
higher than the energy involved in the melting, which suggests
that Form II is a disordered phase, and most heat stored in the
crystal is exchanged during solid—solid transitions rather than at
melting. In the DSC curve of Form III crystals (Figure S3), a
small endothermic peak near 48 °C is clearly visible, which
indicates the loss of DCM solvent, whereafter Form III solvate
converts to the pristine Form I as the thermal behavior after the
first peak is identical to Form I DSC.

The thermal transitions were also monitored by hot stage
microscopy (HSM) experiments to observe the morphological
changes taking place as a result of the thermal energy input.
Form I crystal starts to convert at 129 °C, and the crystal shows
cracks and changes on light polarization, but the crystallinity is
highly maintained (Figure 2b).

The HSM of Form III visually confirms the onset of release of
solvent at around 75 °C. Interestingly, it is not a destructive
transition as commonly observed, and it converts into Form I,
and then the conversion into Form II is observed to start at 125
°C and the melting at 140 °C. By cooling the melt, Form II
crystallizes, which exhibits a reversible transition at 125 °C
resulting in the stable polymorph (Form I) at room temperature
(Video S1).

Crystal Structure Analysis of Polymorphs. Crystalliza-
tion of the OEG-BTBT compound leads to mainly flat and thin
crystals with plate-like morphology when subjected to very slow
evaporation. Form I crystal data were collected at room
temperature (RT) and low temperature (LT); it is monoclinic
with space group P2,/c and a half molecule in the asymmetric
unit, and the inversion center generates the whole molecule (see
Table 1).

The molecule is characterized by the flat rigid core and the
flexible oligoether chain, which is almost perpendicular to the
core. The chain, due to the presence of the oxygen, loses the
regularity of the alkyne chain with the formation of a torsion
angles (O—C—C—0) in the range 68.66(8)—70.29(7)°, which
is close to the average value of the torsion angle of ethylene
glycol statistics obtained from Mogul software (Figure $9).%° As
observed in most BTBT systems, the OEG-BTBT molecules
form a herringbone packing motif with an angle of 52.74° (LT)
and 53.01° (RT) and short contact face-to-edge interactions S—
C. In fact, the sulfur atom interacts with two carbon atoms

https://doi.org/10.1021/acs.cgd.1c01203
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Table 1. Cell Parameters of Form I (RT and LT), Form II, and Form III (LT)

parameters Form I (298 K) Form I (100 K) Form II (404 K) Form III (100 K)
formula Cy, HysO4S, C,,H,504S,, CH,Cl,
molecular weight (g mol™) 476.58 561.51

crystal system monoclinic monoclinic monoclinic orthorhombic
space group P2,/c (14) P2,/c (14) C Pnma (62)

a(A) 18.635(4) 18.407(2) 11.653 8.303(1)

b (A) 7.667(2) 7.607(1) 41255 41.759(1)

c(A) 8.293(2) 8.202(1) 8.338 7.491(1)

B (deg) 99.35(3) 100.423(4) 64.552 90.000

v (A% 1169.1 (4) 1129.6(2) 3619.745 2597.3(1)

z/z 4/0.5 4/0.5 6/1.5 8/0.5

density (g-cm™) 1.354 1.401 1311 1.436

F(000) 504.0 504.0 1176.0

u (mm™") 0.183 2.468 4.083

GOF on F 0.996 1216 1.021

R, (on F, I > 206(I)/R,,) 0.103 0-097 0.031

wR, (F all data) R, 0.237 0.264 0.075

CCDC no. 2109678 2109679 2109680

Figure 3. Crystal structure of Form I (RT).

having a distance of 3.374(2) A and 3.440(2) A (LT). The
twisted chains are involved in short O—H contacts as also
highlighted by the Hirshfield calculation (see below).

The intermolecular interactions which take place organizes
the molecules in parallel to form layers, which are characterized
by the inner part occupied by the aromatic core and the surface
by the OEG chains. If the core of the molecule is described by
the vector as shown in Figure 4c, it is easy to observe that all the
parallel molecules have a tilt angle of 60.32° with respect to the

Figure 4. Form I (a) herringbone packing arrangement of the core, (b)
herringbone angle of the core, (c) core-tilt angle, and (d) packing (2 x 2
X 2) along the b-axis, showing the parallel arrangement of layers. For
simplicity, the OEG chains from (a—c) and hydrogens in (d) are
deleted.

1683

(1 00) face. These layers are stacked one over the other, and in
the case of Form I the molecules are parallelly arranged also in
interlayers (Figure 4d).

Form III crystallizes as orthorhombic with space group Pnma
and half a OEG-BTBT molecule and half a solvent molecule in
the asymmetric unit. The whole OEG-BTBT molecule is
generated by the inversion center, while the solvent molecule lies
on the mirror plane. Despite the possibility of having different
chain configurations, the OEG-BTBT molecules in Form I and
Form III are superimposable with root-mean-square deviation
(RMSD, defined as the square root of the mean squared error,
commonly used for analyzing packing similarities**>") of 0.023
A for one molecule (Figure 5), while for 15 molecules, it is 0.141
A (Figure S15).

; 3

Figure S. Superimposition of Form I and Form III with a RMSD of
0.023 A.

Similar to Form I, Form III also has a herringbone packing
motif of the core with the herringbone angle 50.62° and which
forms layers stacking along the b-axis. Form III also exhibits face-
edge short contacts between S—C having a distance of 3.371(2)
A and 3.406(2) A, which are slightly shorter than in Form I due
to the smaller angle.

Form III molecules are also arranged in layers as in Form I, but
in this case the layers are antiparallel to each other with the
solvent molecule in between them (Figure 6d). The solvent
molecules which are placed between the layers of OEG-BTBT
are involved only in weak interactions with the oligoether chains
and among themselves. Because of the solvent contribution,

https://doi.org/10.1021/acs.cgd.1c01203
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Figure 6. Form III (a) herringbone packing arrangement of the core,
(b) herringbone angle of the core, (c) core-tilt angle, and (d) packing
along the b-axis, showing the antiparallel arrangement of layers. For
simplicity, the OEG chains in (a—b) and hydrogens in (c—d) are
deleted.

there are a greater number of short contacts in Form III when
compared to Form I (RT and LT). A comparative list of all the
short contacts is depicted in Table S2 and Figure S12. As the
solvent molecule disappears from the structure, the molecular
packing loosens, due to which the molecules reorient themselves
back to the original Form L.

Form II is stable at a temperature higher than 134 °C before
melting, so no single-crystal data could be collected. However,
we were able to determine the unit cell of Form II using the
powder XRD pattern collected at the PSI synchrotron. The
pattern was indexed using TOPAS (Figure S14) and was found
to have a monoclinic crystal structure (C2) having the unit cell
parameters a = 11.653 A, b=41.255 A, c = 8.338 A, # = 64.552°,
and volume 3619.745 A™3, which corresponds to the presence of
one and a half molecules in an asymmetric unit. The strong peak
atalow angle (2.77°) suggests the presence of layers as observed
in Form I and Form III. The distance between the layers
increases from 18.37 A in Form I (at 110 °C) to 20.59 A in Form
I1, which could be due to the core-tilt angle or the straightening
of the chain. Despite numerous attempts, it was not possible to
solve the structure of Form II, maybe due to the high number of
degrees of freedom (30 DoF) and/or by the presence of
disorder. Taking evidence from the DSC plot, the higher
enthalpy of transition with respect to the enthalpy of fusion
indicates the presence of a disordered phase of Form IIL
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Hirshfeld Surface Analysis. For 3D visualization and clear
understanding of intermolecular interactions, Hirshfeld surfaces
and their respective 2D fingerprint plots were calculated using
Crystal Explorer.”” The electron density Hirshfeld surface plot
of Form I was mapped over d, ., with the range of —0.1025 to
14721, and —0.1732 to 1.2442 for Form IIL The d,q, plots
were chosen for mapping since they combines both the distance
from the point to the nearest nucleus external to the surface (d,)
and the distance to the nearest nucleus internal to the surface
(d), each normalized by the van der Waals radius for the
particular atoms involved in the close contact to the surface.”*>

The plot clearly indicates the dominant interactions with the
red-colored spots, which denotes the distance shorter than the
van der Waals distance. Form I at LT exhibits a total of 10 red
regions of d,o.m 4 C—S and 6 O—H red regions (Figure 7a),

Form 111

Figure 7. Hirshfeld plot of OEG-BTBT (a) Form I mapped over d,o,
—0.1025 to 1.4721 and (b) Form III mapped over d,,,, —0.1732 to
1.2442. (Arrows indicate the d, ., short contacts in OEG-BTBT
molecules; solvent interaction in (b) is not visible in this viewing
direction.)

while Form III also possesses 14 major red regions containing 4
C—S and 6 red regions associated with O—H interactions from
OEG-BTBT molecule and 4 O—H interactions of the OEG-
BTBT and solvent molecule (Figure 7b).

The 2D fingerprint plots have proven to be highly useful for
the identification of all of the short contact interactions. The
single pointed spike in the middle of the fingerprint plot and the
two spikes are indicative of the H-H and O—H interactions
respectively, while the two wings and the inner part are due to
the C—C and C-S interactions, respectively. C—H and C—S
interactions are ascribable to the core of the molecules with a
herringbone motif, and their plots are almost identical in the two
forms, as seen in Figure 8, which confirms the similarity of the
packing. Although they contribute only 25% of overall
interactions, they are the driving force in the packing
arrangement. In fact, the energy frameworks calculation
indicates that the stronger interaction is among the molecules
involved in the herringbone motif (see later). This surface
analysis also reveals the absence of 7—7 contacts. The main
differences are observed only in the H—H interactions, and small
variations in O—H, which correspond to the chain as highlighted
by the superimposition of the fingerprint plots (Figure S13).
The H—H interactions are clearly hampered by the increased
number of the O—H interactions in Form III due to interactions
with the solvent.

In-Situ Variable -Temperature X-ray Diffraction-
Kinetics Transformation. The VIXRDs of Form I were
collected at the PSI synchrotron. The diffractograms were
collected at regular intervals up to 136 °C. The transition was
observed in the range of 117—131 °C (Figure 9).

To determine the solid-state kinetics, we rapidly heated Form
I up to 121 °C, which corresponds to the temperature of
transition, and collected the pattern at isothermal conditions.
The diffractogram collected shows the presence of a mixed
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Figure 9. VTXRD of OEG-BTBT at the PSI synchrotron (a) 2D
isolines view of the temperature range of 20—136 °C, (b) 2D isolines
zoomed in the transition region and compared with the respective
diffraction.

phase in the start and finally corresponds to Form II. The
quantification of the emergence of Form II was determined
using the PONKCS (partial or no known crystalline structures)
method. The quantification depends on the derivation of the
calibration factor of each phase that is present in the mixture.’
The weight of each phase is proportional to the product of the
scale factor. The weight fraction (W) of phase (p) is be written as

Wp = (Sp(zMv)p)/( Y. ilsi(zmv)il) W

where Z, M, V, and S are the number of formula units per unit
cell, mass of the formula unit, unit volume, and the scale factor,
respectively.”* Hence, for each phase p, (ZMV), is the “phase
constant”. We quantified the weight fractions of Form I and
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Form II as a function of time, which indicates that with Form II
increasing in weight fraction, Form I decreases simultaneously.

The rate coefficient depending on the crystal composition was
evaluated by the general equation for determination of solid-
state reaction kinetics, called the JMAK kinetic model (Johnson,
Mehl, Avrami, and Kolmogorov).ss’56 This model can be used as
a physical model of a crystalline phase fraction which is
continually growing.”” It is a fact that the S-shape of sigmoidal
graph (Figure 10b) is attributable to the slow rate initially, which
is due to the time required to form the nuclei of Form II and to
start the growth. The transition is faster in the middle since the
nuclei then grows into particles of Form II, while the nucleation
continues in Form I. And finally, the rate becomes slow again in
the end as there remains very few untransformed Form I, and
thus the transformation reaches completion. A straight line least-
squares fit of In[In(1/(1 — W,)] versus In t (eq 3), where W, is
the extent of the reaction at time ¢ at 121 °C, yielded a slope n =
226 and an y-intercept In K = —4.73. The slope (n) gives
information about the kinetics, and it depends on the
temperature.

Wp =1 — exp[—Kt]n (2)
This equation can be written as
In[[In[(1/(1 — Wp))] = InK + n In t]] (3)

The value of # must be an integer varying between 1 and 4.
When n = 4, there is contribution from three-dimensions of
growth, while when the distribution of nucleation sites becomes
nonrandom, the value of n could become 1 or 2. Therefore, it is
known that n = 2 is consistent with nucleation and one-
dimensional growth processes.

Similar plots for slightly lower (117 °C) and higher (124 °C)
temperatures were also studied (Figure S15). We observed that
as the temperature increased from 117 to 124 °C, the value of
the Avrami constant decreased from 3.81 to 1.33, indicating that
the nucleation to growth ratio was decreasing. The Avrami
constant is higher at lower temperature since the nucleation was
occurring in all three directions randomly, and the growth was
unhindered in the beginning, which led to a high value of n
(3.81). But as the temperature was increased, the value of n went
lower indicating two- and/or one-dimensional growth (Figure
S15¢,d).

Mechanical Deformation Tests. We tested the mechanical
properties of Form I since Form II and III cannot be used in
devices due to their metastability at RT. The crystals of Form I
present a plate morphology, and the main faces are (1 0 0) and
(100). The analysis of the crystal packing revealed that there is a
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Figure 11. (a) (i—iv) Mechanical deformation tests of OEG-BTBT Form I crystals under an optical microscope, (b) BFDH morphology with packing
showing the layer separation along the indentation direction (the crystal was held in the corner by forceps and pushed in the middle by a needle).

slip plane present in Form I with a molecular layer separation of
0.991 A parallel to theses faces which may account for a bending
characteristic of the crystals. On this account, we performed
mechanical deformation tests on the suitable crystals perpen-
dicular to the [1 0 0] direction using a needle and forceps. We
clearly observed a plastic bending behavior of the OEG-BTBT
Form I crystals, and it undergoes to an almost complete plastic
behavior until the needle’s diameter (Figure 11a,i—iv), whereas
in deformation tests along other directions, it led to the breakage
of crystals. This type of observed bending deformation is
intrinsic to this material and not artifacts of extrinsic factors like
particle shape and morphology.*> The observed bending
confirmed that molecular packing is fundamental for plastic
behavior, which is facilitated by the energetically favored slip
plane.

Usually, the organic crystals exhibit brittle behavior which
leads to poor contacts with other components of the device since
they might develop cracks upon mechanical impact which highly
impacts the device durability.’® Therefore, our system with
anisotropic plasticity can prove to be advantageous for device
applications.
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Energy Framework Analysis. In order to rationalize the
plastic deformation of the Form I crystals, the intermolecular
energies and topology were analyzed using “energy frameworks”
which offers an intelligent way to visualize the supramolecular
architecture of molecular crystal structures.”” ' We calculated
the pairwise interaction energies of the Form I crystal structure
which allowed us to investigate the 3D topology of the packing.
The highest intermolecular interaction is —73.8 kJ/mol along
the herringbone direction, while it is —39 kJ/mol in the stacking
direction. Along the slip direction of the tapes [1 0 0], the
intermolecular interaction energies were found to be the lowest
(=3.7 kJ/mol and —4.9 kJ/mol), while in the intratape
interactions are the highest, thus forming a 2D network (Figures
S16 and S17). Therefore, this suggests that the weakest plane, (1
0 0) in this case, can act like a slip plane which allows the
molecular layers to slide along.>* With the mechanical impact
in the direction of the 2D network (b-axis, (1 0 0) plane), the
interaction energy of the molecules is strong enough to avoid the
breakage; rather, it allows the bending by the aid of the slippage
of the plane which is present between the two layers, thus
keeping the layer interactions intact. It is evident that in
molecular solids, bending occurs when there is a significant
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difference in the strenégth of the intermolecular interactions in
orthogonal directions. * From the energy frameworks, the same
phenomenon is observed in the case of OEG-BTBT Form I
(Figure 12).

(a) a-axis

(b) b-axis
Fa,

Figure 12. Energy frameworks corresponding to the total energy
component in Form I along the (a) a and (b) b crystallographic axes.
The energy scale factor is 25, and the energy threshold is 5 kJ mol ™.

B CONCLUSION

To summarize, we have reported the first detailed polymorphic
study of BTBT core functionalized with oligoethylene glycol
chains at 2 and 7 positions (OEG-BTBT). The polymorphic and
structural investigation carried out for this system reveals the
presence of three crystal forms. The thermodynamically stable
Form I structure dominates since Form II and Form III are
metastable at RT. Form II, which is a high-temperature
polymorph, exists only at a temperature above 127 °C and
below the melting point (153 °C). It was not possible to
determine the crystal structure of Form II, but the energy
involved in the phase transitions suggests that Form II is a
disordered phase. We tried to understand the kinetics of
transformation from Form I to Form II using the Avrami
equation. At 121 °C, when the transformation was completed
with increasing time, the value of the Avrami constant from the
slope of the straight line was determined to be nearly 2, which
denotes one-dimensional growth. Form III, which is a solvate of
dichloromethane, found at ambient conditions again converts
back to Form I as the DCM dries out of the crystal lattice (upon
heating or within seven days of time). Both Form I and Form III
were found to have herringbone packing motifs, although the
packing differs in the arrangement of the adjacent tapes. Form I
layers run parallel to each other, while Form III layers are
arranged in an antiparallel fashion, with DCM molecules
between them. The structural differences can also be seen in
the short contacts and in Hirshfeld plots. However, in spite of
the structural differences, the two molecules are superimposable.

Furthermore, mechanical properties were tested for Form I
crystals, which revealed that Form I exhibits anisotropic plastic
bending. This mechanical behavior turns out to be an additional
benefit of our system in terms of organic electronics. Since most
organic molecules exhibit brittle or elastic behavior, plastic
crystals in our case offer a great advantage for better and flexible
devices in the future. The presence of different polymorphic
forms is common in the BTBT systems, and several studies
suggest the active role of the chain on the crystal structure and
also on the final applications.”>*>**% Up to now, it is still
challenging to design a material with the desired properties
because it is difficult to control the final packing. Increasing the
number of known structures increases the possibilities to
rationalize the role of the chains for the packing.
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