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The ability of numerous organic molecules to adopt different crystal structures without changing their

chemical structure is called polymorphism which has gained interest in recent years due to the influence it

has on the solid-state properties of organic materials, e.g. charge transport in organic semiconductors.

Here we present a new polymorphic crystal structure of the p-type small molecule semiconductor

2,9-didecyldinaphtho[2,3-b:2",3'-flthieno[3,2-b]thiophene (C10-DNTT). The polymorphic transition is

observed during heating the films over 400 K and investigated by in situ cross-polarized optical microscopy
Received 26th October 2021, (CPOM) and in situ grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements. From these
Accepted 31st January 2022 measurements, we refine the thin-film crystal structure of both the low temperature and high temperature
polymorphs. We further analyze the thermal expansion of both polymorphs and perform density-functional
theory (DFT) calculations to trace back the anisotropic thermal expansion to anisotropic molecular
rsc.li/molecular-engineering interactions.

DOI: 10.1039/d1me00153a

Design, System, Application

Polymorphic phase transitions in small molecule organic semiconductors have been extensively studied in recent years. This is due to the potential of
increasing the device performance significantly if a beneficial crystal structure of a material can be identified and be produced or stabilized in the active
device thin film. On the other hand, phase transitions of materials are often accompanied by strong changes in the morphology, i.e. cracking due to
thermal stress and dewetting. If these effects happen in an already fabricated electrical device, the performance is severely diminished and special
measures should be taken in order to avoid them. Here we investigate the small molecule 2,9-didecyldinaphtho[2,3-b:2,3"-f]thieno[3,2-b]thiophene (C10-
DNTT), which due to its low solubility has to be processed around temperatures close to a newly found polymorphic phase transition, which is described
here for the first time. This in-depth analysis of the transition and the thermal expansion behavior of C10-DNTT can be used as the foundation for the
development of design strategies to either promote or hinder polymorphic phase transition in DNTT or similar rod-like small molecules with solubilizing
side-chains. This will lead to better performance and stability in devices comprising organic semiconductors.

Introduction thiophene (DNTT) derivatives have been in the center of
research as active materials in high performance organic thin
film transistors."® Especially with the solution-processable
derivatives of DNTT and BTBT, very good performances have
been achieved.”®
Notably, for the small molecule 2,9-didecyldinaphtho[2,3-
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Together with benzothieno[3,2-b][1]benzothiophene (BTBT)
derivatives, naphtho[2,3-b]naphtho[2',3":4,5]thieno[2,3-d]
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chains in the case of 2,7-dioctyl[1]benzothieno[3,2-b][1]
benzothiophen (C8-BTBT) increases the solubility enough to
process it from solution at high concentrations in a variety
of commonly used solvents. On the other hand, for DNTT
derivatives with the introduction of even longer alkyl chains
to the core, the solubility at room temperature in commonly
used solvents, e.g. toluene or chloroform, is too small for an
efficient and simple fabrication of thin films."* In order to
overcome this challenge, special measures have to be taken.
An increase of solubility can be achieved by heating the
solution. In the case of C10-DNTT in toluene, the saturation
concentration is below 0.9 mg ml™ at 373 K."' Because the
solubility drops significantly at lower temperatures, the
solution processing step has to be performed at
temperatures around 373 K and higher, as well.>'* Other
recent approaches to fabricate C10-DNTT thin films from
solution include processing at very slow coating speeds
below 10 um s™',"* several coating steps,"* modifying the
coating setup e.g. heating the blade as well as the substrate
in blade coating,"* or using edge casting techniques with
slow processing speeds.'>'® More drastic approaches include
modifying the structure of the side chains or the core
shape.»>'” Additionally, post-deposition thermal annealing
of the films is a standard practice in order to improve the
ideality of the devices by improving the interfaces between
the semiconductor, contacts and dielectric,
respectively.'*'®'® Even for thermal deposition under high-
vacuum, the optimal substrate temperature for C10-DNTT is
reported to be 353 K, after which the charge carrier mobility
in the films drops significantly.”> The wide range of
temperatures and processing parameters used in fabrication
have a drastic effect on the device performance. Together
with the many reports in the literature about polymorphism
in similar rod-like molecules,***"*! this makes it desirable to
investigate the morphology and crystal structure of C10-
DNTT thin films at those temperatures which are routinely
used during and after solution processing.

In this paper, we employ grazing-incidence wide-angle
X-ray scattering (GIWAXS), cross-polarized optical microscopy
(CPOM), and atomic force microscopy (AFM) to investigate
thermally induced changes in the structure of C10-DNTT thin
films. From the obtained GIWAXS data, we refined two
different crystal structures at two different temperatures.
Refinement at room temperature resulted in a phase similar
to the one reported by Nakayama et al. from bulk crystals.'®
At elevated temperatures, a different diffraction pattern
appeared that led to a significantly changed crystal structure.
Furthermore, we observed a strong anisotropy in the thermal
expansion of the two in-plane unit cell axes a and b, for both
polymorphs. In order to understand this anisotropy, we
performed density-functional theory (DFT)-based simulations.
The simulations show that this is caused by different
molecular interactions in these directions. Additionally, we
were able to show that the two polymorphs show different
vibrational mode patterns, which might cause the different
thermal expansion behavior of the two polymorphs.

508 | Mol Syst. Des. Eng., 2022, 7, 507-519

View Article Online

MSDE

Cross-polarized optical microscopy

In order to obtain information about any macroscopic
changes in the morphology or crystallinity of C10-DNTT thin
films during heating and cooling, we took cross-polarized
optical microscopy images at different temperatures. For this,
we used the solution processed thin films with large ribbon-
like crystallites that cover the entire substrate. These ribbons
are several hundred micrometers wide and therefore easily
observable at low magnification levels.

The thin films were heated stepwise from room
temperature up to 465 K and images were taken at fixed
intervals. The heating rate was 2 K min™" and the dwell
time at each temperature was approximately 300 seconds.
The images obtained during the heating and subsequent
cooling procedure are shown in Fig. 1. At room
temperature, large crystallites with the distinct ribbon-like
morphology can be observed which are typical for
meniscus-guided coated films with a coating speed in the
evaporative regime. On top of these ribbons, smaller
crystallites form, which are typical for solution-processed
C10-DNTT films."***** The ribbons show two distinct colors
at room temperature, a greenish yellow and a bright orange,
which indicates that for the two ribbons the fast-growing
and slow-growing crystal axes are orientated differently with
respect to the polarization of the incoming light. Up to a
temperature of 375 K, no significant change regarding color
or intensity in the microscopy images can be observed and
the amount of cracks visible in the films stays constant.
However, for temperatures higher than 375 K the color of
the orange ribbons turns into dark purple, whereas the
green crystallites do not show a significant color change.
We attribute this change of color in the orange/purple
ribbon to a change in the birefringence of the crystals,
which is caused by a reorientation of the molecules inside
the thin film. The green ribbons do not undergo a color
change to the same extent as the orange/purple ribbon,
because the crystals are orientated in such a way towards
the polarizer, that a reorientation of the molecules will not
alter the birefringence significantly. This is supported by
the cross-polarized images taken from the same area, but
with the substrate rotated by 45°, as shown in Fig. S1.F
Upon rotation, the orange ribbons change their color to
green and no significant change in color is visible upon
heating the samples. This observation also rules out the
possibility that the color change was due to thin film
interference effects in conjunction with thickness changes
upon heating, since then the color change would be
observable for the samples rotated by 45° as well. We assert
that this reorientation is due to a polymorphic transition of
C10-DNTT to a new polymorph, which we will call high
temperature (HT) polymorph II in the following. In addition
to the change in color, extensive cracking in the film can be
observed when the films are heated above this transition
temperature. During the subsequent cooling, a transition
back to the original colors occurs, again at around 375 K.

This journal is © The Royal Society of Chemistry and IChemE 2022
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Fig. 1 Cross-polarized optical microscopy images of shear-coated C10-DNTT thin films during heating and cooling. The color change of the
ribbon from orange to purple and back from 405 K and 395 K during heating and cooling, respectively, indicates a change in crystal structure. The
shear-coating direction is indicated by the white arrow. The scale bar corresponds to 400 um.

Grazing-incidence wide-angle X-ray
scattering with in situ heating

In order to gain insights into the corresponding temperature
dependence of the molecular-level packing in the solution
processed and evaporated thin films, we performed grazing-
incidence wide-angle X-ray scattering (GIWAXS) experiments
with in situ heating. For the main part of this investigation,
we used vacuum-deposited 25 nm thick C10-DNTT thin films
on silicon wafers. This fabrication technique leads to many
small crystallites with no preferred in-plane orientation. This
is usually referred to as a 2D-powder, for which we assume
that the crystallites are so small that all orientations are
equally probed during exposure of the samples to X-rays in a
grazing-incidence configuration. This allows us to analyze the
peak intensities of the obtained scattering images without
the need to rotate the sample simultaneously. Solution
processed samples were also investigated, but the large area
and the high degree of in-plane texture of the large
crystallites, while beneficial for the cross-polarized optical
microscopy images, render these samples anisotropic in
regard to rotation around the substrate normal. This effect
can be accounted for by rotating the sample 360° during

This journal is © The Royal Society of Chemistry and IChemE 2022

illumination, but this was not possible with the available
heating setups.

In Fig. 2, the 2D-detecor GIWAXS images that were
obtained during heating and cooling are shown. The peak
indexing and extraction of the unit cell parameters was
performed by a least-squares-error optimization procedure
with the convention that the a and b axes are parallel to the
substrate plane. The indexed 2D image of a room temperature
measurement is shown in Fig. S21 and the calculated unit cell
parameters are shown in Table 1. In order to compare our
results for thin films to the results obtained by Nakayama
et al. for bulk crystals, we calculated the theoretically expected
2D scattering image of the reported crystal structure.'® A
comparison between the calculated 2D image and an image
of a C10-DNTT film measured at room temperate is shown in
Fig. S3. The diffraction patterns in the images are quite
similar which leads us to the conclusion that the thin film
phase and the single crystal phase of C10-DNTT are almost
identical. We attribute the minor changes between the
literature bulk crystal structure and our thin film structure to
thermal expansion and substrate induced effects.”® Because
of these small differences and considering the overall
similarity, we decided to call the crystal structure that was
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Fig. 2 2D scattering images obtained by GIWAXS measurements at
different temperatures of evaporated C10-DNTT thin films. A clear
change in the diffraction pattern can be observed above 400 K, which
persists to over 453 K and during cooling down to room temperature.
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Table 1 Comparison between the unit cell parameters of the crystal
structure reported in literature and the unit cell parameters for the two
polymorphs found in this work

Literature’®®  Polymorph Ib”  Polymorph II°

al(A) 5.99 6.09 + 0.02 6.28 + 0.07
(A) 7.62 8.03 + 0.07 8.95 + 0.06
N 38.04 37.93 £ 0.10 37.43 £ 0.38
al(°) 90.00 90.9 + 0.3 90.3 + 0.3
BI(°) 94.5 (85.5) 86.3+ 0.2 86.8 + 0.4
7/(°) 90.0 90.1 + 0.5 92.8 + 0.5
In-plane area/(A%)  45.7 48.9+0.5 56 + 2
Volume/(A%) 1731.8 1850.0 + 18 2096 + 35

¢ Literature unit cell parameters indexed from a bulk crystal
measurement obtained at 200 K. ” Unit cell parameters of low
temperature polymorph Ib indexed from room temperature GIWAXS
data. The difference between the low temperature unit cell parameters
obtained from the literature and our experiments is attributed to
thermal expansion and substrate induced effects. © Unit cell
parameters of the high temperature polymorph II obtained from
GIWAXS measurements at 443 K. The indexed GIWAXS images of
polymorph Ib and II are shown in Fig. S2.}

indexed and refined in this work at low temperatures as
polymorph Ib and the literature bulk phase as Ia.

The GIWAXS measurements recorded at higher
temperatures are shown in the following images of Fig. 2.
The samples were heated on a heating stage with a rate of 5
K min~* and a dwell time of 60 s before each measurement,
and then exposed for 30 s. During the heating procedure, a
shift of the peaks towards smaller Q-values can be observed,
especially for the Bragg rods at Q,, = 1.3 A", 1.6 A™" and 1.9
A™', stemming from the thermal expansion of the unit cell.
However, around 400 K the obtained scattering images start
to change drastically. The single Bragg rod at Q,, = 1.3 A™" for
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the 11/ and 1-1/ reflections starts to split into two Bragg rods
with Q,, values of 1.23 A™ and 1.28 A™". This indicates a
change of the in-plane y angle. Additional peaks start to
appear on the 02/ rod (Q,, = 1.46 A™) at higher Q, values,
which showed only a single peak at low temperatures close to
the “horizon” (Q, ~ 0.0 A™). This rod does not split into two
rods as it has only a contribution from the b-axis and is
therefore unaffected by a change in y. For the 21/ Bragg rod
around 1.9 A™ again the splitting into two Bragg rods can be
observed at higher temperatures.

At all temperatures during heating, low intensity peaks at
the original positions for the low temperature (LT)
polymorph Ib can be observed, indicating the presence of
still unconverted crystallites of the original polymorph. We
suggest that the unconverted crystallites are located as the
first monolayer (ML) on the substrate, as they would not
produce higher order reflections and have a streak-like
appearance located close to the “horizon”. The first ML of
many organic semiconductors is more strongly bound due to
interactions with the substrate in comparison to the
following multilayers, which is shown by a drastic increase in
desorption temperature.””*® The increase in binding energy
will also have a significant effect on the transition
temperature. Additionally, in a measurement with the
temperature above the transition point of 375 K with
extensive beam damage, only ML-typical streaks at the Bragg
rod positions of polymorph Ib were observed. The
corresponding images are shown in Fig. S4.f We hypothesize
that this is due to the destruction of the molecular layers by
the beam propagating from the top downwards. For areas
without extensive beam damage, the diffraction pattern of
the HT polymorph II is still clearly visible at 473 K, showing
the high temperature stability of the material itself.>®

During the cooling shown in Fig. 2, the reflections from the
HT polymorph are clearly visible at all temperatures down to
room temperature. The peaks shift back to larger Q-values,
because of the shrinking of the unit cell with the decrease in
temperature. Based on the CPOM results shown earlier, one
might expect a transition back to the original LT polymorph Ib
to be visible also in the GIWAXS data after cooling past the
transition temperature measured before. However, this was not
observed, but around 373 K, the peaks attributed to polymorph
Ib start to gain in intensity but do not become stronger than the
peaks originating from polymorph II until cooling below room
temperature. The reason for this very likely lies in the difference
in film thickness between the thick films used for the CPOM
investigation and the much thinner films used for the GIWAXS
study. Diao et al have shown that the hysteresis of the
temperature cycle can be increased by reducing the film
thickness.”” The proposed nanoconfinement effectively reduces
and constrains certain molecular degrees of freedom and in
doing so hinders the transition to an energetically more
favorable crystal structure, stabilizing a meta-stable polymorph.
In their study, the hysteresis of a TIPS-pentacene phase
transition between polymorph I and IIb can be reduced from 26
K for 300 nm thick films to over 80 K for 30 nm thick films.

This journal is © The Royal Society of Chemistry and IChemE 2022
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The wunit cell parameters were extracted from the
scattering images at room temperature for polymorph Ib and
at 443 K for polymorph II, respectively. The 2D images from
which the peak positions were extracted with the indexed
reflections are shown in Fig. S2.f In Table 1 the values of
both wunit cells are listed, together with the unit cell
parameters reported in the literature.'® As expected the
values for the a and b axes change towards larger values due
to the thermal expansion of the unit cell. The difference
between the in-plane unit cell axes a and b between
polymorph Ib and II is minor compared to the significant
change in the y angle between them. The long c-axis does not
significantly differ between polymorph Ib and II.

We performed in- and out-of-plane cuts through the data
in order to analyze in more detail the change in peak
position during the heating/cooling cycle. The results are
shown in Fig. 3. Discussing the in-plane peak positions first,
the peak splitting for the peaks at Q,, = 1.3 A and 1.9 A™
can be clearly seen from 423 K onwards. Additionally, the
shift to smaller Q-values with increasing temperature as
caused by thermal expansion can be seen. The splitting of
the two Bragg rods stays visible even when the samples are
completely cooled down to room temperature again. For the
02/ Bragg-rod at roughly Q,, = 1.5 A", a second peak appears
which we attribute to polymorph Ib crystallites which
converted back during cool down or were not converted
during the heating.

In Fig. 3, the out-of-plane peak positions of the 00/ Bragg
rod at different temperatures are shown on the right side. We
observe that some peaks change their position upon heating.
The peaks located at Q, = at 0.7 A™*, 0.8 A" and 1.1 A™* do
not change position with increasing temperature, whereas
the high intensity peaks at Q, = 1.3 A and 1.5 A™* move
towards smaller Q-values during heating and to larger
Q-values during cooling. This leads us to conclude that these
peaks originate from crystals with different structures or
orientations. The two peaks at Q, = 1.3 A™ and 1.5 A™ are
very intense and vanish first upon heating. In the AFM
images shown in Fig. S5b),f nanostructures can be seen
which also disappear upon heating to high temperatures,
and we therefore attribute these peaks to these
nanostructures. Interestingly, the two out-of-plane peaks at
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Q, = 1.3 A" and 1.5 A show the same dependence of
intensity on temperature as the two in-plane peaks at Q,, =
1.3 A™ and 1.5 A™%. The good agreement in peak position in
combination with the identical thermal behavior strongly
suggests that the nanostructures are polymorph Ib crystallites
that grow vertically on top of the film. In these crystallites,
the molecules are aligned such that they adopt a lying-down
geometry relative to the substrate plane. The out-of-plane
peaks at Q, = 1.3 A" and 1.5 A™ can thus be identified as the
110 and 020 reflections from these crystallites. In Fig. S5,f we
included a sketch of the film composition in combination
with a scattering image, in which the peak origins are
highlighted. Finding such rotated crystallites is in agreement
with recent reports from Peng et al’>* We can therefore
assume that only the non-shifting peaks at Q, = at 0.7 A™, 0.8
A and 1.1 A™* belong to the 00/ Bragg rod. Since these do
not change their peak positions during heating or cooling,
we conclude that the interlayer distance of the C10-DNTT
films stays constant during heating or cooling. In Table 1, it
can be seen that neither the length of the c-axis nor the o
and S angles are significantly different when comparing the
two polymorphs and the literature phase. Here it should be
noted that due to the large length of the c-axis and the low
number of peaks visible in the diffraction images, the « and
p angles are difficult to extract with high precision from the
2D images.

In order to test how a capping layer on top of C10-DNTT
might affect the polymorphic transition and whether or not it
can protect the film from beam damage and potential loss of
material due to wunwanted sublimation, a protective
polystyrene (PS) capping layer was also tried on otherwise
identical samples. The corresponding GIWAXS images are
shown in Fig. S6.f The films undergo the same phase
transition as the films without a capping layer at around 403
K and also exhibit a large hysteresis, as the diffraction
pattern of polymorph 1II is still visible after cooling the films
down to room temperature. In Fig. S7, further cooling to 278
K and a time series of images taken at a 30 min interval at
room temperature is shown. The HT polymorph II still
persisted down to 278 K and it was only after letting the films
rise to room temperature again that the diffraction pattern of
polymorph Ib started to dominate again. After 30 min, almost
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g )
£ 398 9

=
2 373 &
NE o
= 348
£ £
é 323 9

298

Q /(A™1)

Fig. 3 On the left, in-plane cuts of the 2D scattering images obtained during in situ heating GIWAXS measurements are shown. A clear splitting of
the peak at 1.2 A™ can be observed at elevated temperatures. The shift of the peaks during heating and subsequent cooling is due to thermal
expansion and contraction. On the right, out-of-plane cuts at different temperatures are shown. No shift in the position of the 00! peaks is visible,
which indicates that the inter-distance stacking does not change with temperature.

This journal is © The Royal Society of Chemistry and IChemE 2022
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no contributions of polymorph II can be seen in the
diffraction patterns. The conversion from the high
temperature polymorph back to the low temperature
polymorph upon cooling shows that the polymorphs are
enantiotropically linked. This can also be seen in the DSC
trace reported by Kang et al.*®

Thin film structure refinement

In order to obtain the full crystal structures of polymorph Ib
and II including the molecular packing, we refined the
structures from the obtained diffraction patters. For the LT
polymorph Ib we used the data measured at room
temperature and for the HT polymorph II we used the data
collected at 443 K. The used images are shown in Fig. S2.f
For the refinement procedure, we extracted the intensity for
each peak from the corrected and background subtracted
diffraction image. From the intensities of the peaks, we can
gain information of the molecular orientation inside the unit
cell since within the kinematic approximation, the maximum
intensity of a diffraction peak can be calculated from the
structure factors Fyy; using eqn (1):

4
e 2
max _ ro mNPLDCT2 (4.)| Fual, 1)

where I, is the intensity of the incoming beam and N is the
amount of unit cell that contributes to the scattered intensity,
ie. which fulfill the Bragg condition. PLDCT> describes
correction factors. P corrects for the polarization of the X-ray
beam (we assumed 95% linear polarization in the
calculations, the actual linear polarization at ALBA
synchrotron is 99%), and L is the so-called Lorentz correction
factor L = 1/cos(a)sin(y)cos(f). The angles are indicated in
the sketch of the GIWAXS setup in Fig. S8a).f This correction
has to be applied because lattice sites that cause scattering
close to the horizon pass faster through the Ewald's sphere
upon rotation and therefore create lower scattering intensity
than lattice sites which remain longer inside the Ewald's
sphere.”® Even though the sample is not rotated during
exposure in our experiment, the Lorentz factor still has to be
applied because the evaporated C10-DNTT films form a 2D
powder, which is equivalent to a rotation of a single crystal
around the substrate normal. The Debye-Waller factor D =
exp(—(U*)q?) corrects for molecular vibrations, for which we
assume an isotropic mean molecular displacement (U?). The
correction C = cos®(20) is the solid-angle normalization for
flat area detectors.’® Here it should be noted that this
correction applies to single pixels and is only to be applied if
the maximum intensity is used. If the intensity of a complete
peak is integrated over several detector pixels, it is not to be
used. The last correction term describes the Fresnel
transmitted wave intensity function 7%(gq,), which is only
different from 1 for very small g, values. The structure factor
Fuig = ; fj(q)eiq’i describes the scattering of the molecule by

summing up the individual contributions of the single atoms
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J at their respective positions rj. The first part f; describes the
atomic scattering factors.

The crystal structures were determined by calculating the
crystallographic residual R= 3 Wy[| Fons(q)| — k| Fea(q)|]’-

gEpeaks
The observed structure factor F,,s is calculated from the
observed intensity as explained previously and compared to the
structure factor F.,., which is calculated from the refined
structure. With the help of W, an individual weight to every
peak intensity can be applied and the scale factor & is described

by k= > Wq|F0bS(q)||FcaIC(q)|/Z |Fca16(q)‘2-31 A
gE<peaks

gEpeaks
detailed description of the refinement procedure on the
example of TIPS-pentacene and TIPS-thiotetracene is given by
Mannsfeld et al.>*

When crystal structures are refined from single crystals or
powders, the number of measurable or absent reflections is
often high enough to fit the data well despite the high
number of degrees of freedom during the fit. In order to get
reasonable results with the limited amount of peaks we
observe, a couple of assumptions need to be made. We
assume that there are two molecules in each unit cell, which
is reasonable regarding the unit cell volume of 1850 A® at
room temperature and 2100 A® at 443 K, which are listed in
Table 1, and the volume of a single molecule of 865 A® and
considering thermal expansion. The volume of a single
molecule was estimated from the electron density with
Gaussian 16.>* Secondly, we keep the position of the center
of mass of these two molecules fixed in the unit cell at high
symmetry positions, assuming that they both rest in the a-b-
plane forming densely packed a-b sheets. Thus, for the
calculations one molecule is positioned at 0/a, 0/b and 0/c
and the second molecule is positioned at the relative unit cell
coordinates 0.5/a, 0.5/b and 0/c. The shape of the molecules
is obtained from bulk crystal data.'® If we were to keep the
molecular geometry rigid, the six Euler angles of the two
molecules would thus be the only fitted parameters. However,
if the entire molecular geometry is kept rigid, most
importantly the connection between the core and the alkyl
chain, only specific orientations of the molecules would be
possible in which both the core and the alkyl chains of both
molecules are parallel. In order to lift this artificial restriction
and the emulate the conformational flexibility often found in
alkyl chains, we treat the first carbon atom of the alkyl chain
like a “ball joint” within which the rest of the chain can be
freely rotated. A sketch of the molecules in the unit cell with
the introduced “ball joints” is shown in Fig. S8b).f This
allows for a free rotation of the alkyl chain around three axes
and therefore new orientations of the cores with parallel side
chains are possible, leading to a total of 12 fitted parameters.
To illustrate the benefit of introducing this additional degree
of freedom per alky chain, the refined structures for
polymorph Ib and II with stiff side chains are shown in Fig.
S9t for comparison.

The refined structure of polymorph Ib is shown in
Fig. 4a). It can be seen that the molecules are orientated in a
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Fig. 4 a) Refined crystal structure for the low temperature polymorph
Ib and the corresponding intensity profiles. b) Refined crystal structure
for the high temperature polymorph Il and the corresponding intensity
profiles. The observed and calculated intensities are represented by
the radii of the orange and purple half circles, respectively. The green
b-axis and the red a-axis are located in the substrate plane.

herringbone packing motif, which was already expected by
the missing 01 L and 10 L Bragg rods in the scattering
images. Additionally, the long axis of the molecules is
orientated in the same direction as the long c-axis of the unit
cell, which was also expected due to their similarity in length.
The alkyl chains are pointing away from the rest of the core.
The agreement between the obtained crystal structure and
the one described in the literature is good, showing that the
crystal structure in thin films at room temperature and bulk
crystals are similar. Fig. 4a) also shows the observed
intensities and the calculated intensities obtained from the
refined structures.

According to Purdum et al., the absence of short interlayer
contacts indicates that the crystal structure is meta stable
and therefore might change upon a post-deposition
treatment e.g., thermal or solvent-vapor annealing.** In the
case of the low temperature phase, there are no short C-H
contacts between two molecule layers, neither in the crystal
structure reported in the literature nor in our refined
structure. This is in agreement with our observation that the
low temperature phase undergoes a phase transition upon
heating and is therefore metastable.

For the HT polymorph II, the same refinement is
performed and the molecular packing is shown in Fig. 4b).
Due to the change in y and the following splitting of the
Bragg rods, we were able to extract the intensity of more
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peaks from the scattering image, leading to a statistically
even more dependable refinement process. The molecules
are still packed in a herringbone fashion towards each other
and the angle between them does not change significantly.
The cores of the molecules however are tilted significantly
towards the b axis in the HT crystal structure. The tilt of the
cores towards the a unit cell axis does not change. The inter-
layer distance does not change between polymorph Ib and II,
as a rotation of the alkyl chains cancels the rotation of the
core towards the b axis.

Thermal expansion and simulation

On the basis of the large number of data obtained during the
heating cycles, we can also analyze the thermal expansion
characteristics of polymorph Ib before the phase transition
and the thermal contraction characteristics of polymorph II
before its transition back to polymorph Ib during cooling.

In Fig. 5a) the thermal expansion of the in-plane unit cell
parameters is plotted. It can be seen that for the LT
polymorph the g-axis expands by 0.0008 + 0.0002 A K™ and
the b-axis by roughly three times more namely 0.0024 +
0.0003 A K™ in the investigated temperature range during
heating. In the following we want to investigate this
anisotropy of the thermal expansion for the a and b axes of
the unit cell. For HT PII we investigated the contraction of
the unit cell during cooling, as we have more data points in
this direction at our disposal. The anisotropy is even stronger
than for polymorph Ib, with the a-axis almost staying
constant and even slightly increasing during cooling with an
expansion coefficient of -0.0002 + 0.0001 A K*. For the b axis
we found a decrease in length during cooling with an
expansion coefficient of 0.0013 + 0.0002 A K. In Fig. 5b) the
in-plane areas of the respective polymorphs at different
temperatures are shown. It can be seen that the area thermal
expansion coefficient of the high temperature polymorph II
is smaller than the expansion of the first polymorph. The
larger fluctuations in the measurements are caused by the
realignment of the sample stage during the GIWAXS
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Fig. 5 a) Lattice constants a and b during heating (>, A) and cooling
(<1, V). The filled triangles denote the high temperature polymorph Il. It
can be seen that the change in length is stronger for the b-axis in both
polymorphs upon heating and cooling. b) The in-plane unit cell areas
of both polymorphs plotted against the temperature. The filled in
triangles denote polymorph II.
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measurements, which is necessitated by the thermal
expansion of the measurement setup.

To understand the experimentally observed anisotropy in
the thermal expansion we also performed simulations based
on density-functional theory (DFT). To this end, we checked
the simulated anisotropy in the expansion of the unit cell
and relate it to the anisotropy in the molecular vibrations.

In the first step, we analyzed the anisotropic expansion of
the unit cell as the anisotropic response of the system to an
artificial increase of the unit cell volume. The principle of the
simulation is sketched in Fig. 6a. The simulations start with
the experimentally resolved unit cells (lattice + atomic
positions) of the respective phase, henceforth defined by the
unit cell volume V,, and lattice vectors a and b. In the first
step, the unit cell volume is artificially increased by a factor
x; (e.g. x; = 1.05 for an increase of the volume by 5%), which
is evenly distributed over a and b. Next, a constant volume
relaxation of both the lattice and atomic positions is
performed with DFT as implemented in VASP.>* That is, the
volume of the unit cell is kept constant during the relaxation,
but the shape and therefore lattice vectors may change. As a
consequence, the artificial increase of the unit cell volume
will distribute anisotropically over the lattice vectors due to
the anisotropic molecular interactions. The resulting
expansion in a and b directions with respect to the volume
increase is presented in Fig. 6 for the LT phase (b) and HT
phase (c). A clear anisotropy between a and b directions is
observable for both phases similar to the experiment. For the
LT phase, the anisotropy can be quantified by calculating the
linear change of the lattice vectors with respect to the volume

: - oa
increase. These coefficients compute to AV 0.01A/% and

ob . . . N
AV 0.04 A /%, being 4 times larger in the b direction than

in the a direction, in decent agreement to the experimentally
observed anisotropy of aj/af =~ 3. A similar calculation can
be performed for the HT phase (see values in c), however
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since the initial volume V, of the thermally expanded HT
phase is far from the DFT equilibrium, the results are more
qualitative than quantitative in nature. Interestingly, the
calculations, which used the refined crystal structure of
polymorph II, reproduce the negative expansion coefficient of
the a-axis, which we observed experimentally as an expansion
of the unit cell in this direction during cooling. Capturing
this effect confirms that the crystal structure refinement
procedure extracted HT polymorph II reasonably well. Please
note that the inclusion of a temperature-dependency to the
expansion, e.g. by calculating the free energy for every volume
V; using the quasi-harmonic approximation,*® is prohibitive
due to the large amount of atoms in the unit cell and the
flexible C10 side-groups, which lead to significant numerical
uncertainties in the required free energy. A further study of
anharmonic vibrational effects causing the thermal
expansion is prohibitive for similar reasons.

We thus study the anisotropy of the molecular vibrations
within  the  harmonic  approximation, which is
computationally feasible. To this end, we treat the
molecular vibrations as quantum-harmonic oscillators and
analyze the anisotropic fluctuations ((X?)%) - (X2 in the
displacement X? of these oscillators in § = @ and 6 = b
directions. The necessary crystal mode patterns for both the
LT and HT phases were obtained via a normal mode
analysis with periodic density-functional tight binding
theory®” (DFTB) using DFTB+.*® To ensure that the unit cell
consists of one neighboring molecule in both a and b
directions, the experimental unit cell was doubled in the a
direction. The normal mode analysis yields a set of crystal
modes 1 at the [ point defined by their vibration
frequencies ®; and normalized polarization vectors é;
(which is represented as a matrix containing the
displacement of every atom in the three cartesian
directions). To analyze the anisotropy between a and b, we
computed the projection of €, onto the normalized lattice
vectors 0 = a, b:

a Vo Vi=x;-Vy b | E—— T T T < —
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Fig. 6 Simulation of the anisotropic lattice expansion. a) Scheme of the simulation procedure for an exemplary 2D unit cell. As a first step, the
volume is expanded and in a second step, the anisotropy of the expansion of the a and b unit cell axis is calculated. b and c) Simulated lattice
expansion in a and b directions with respect to the volume expansion for the LT phase (b) and HT phase (c), showing the anisotropic expansion of
the a- and b-axes. The values for the linear change of the axis length are shown in the inset.
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Pﬂ. = e}_'w7 (2)
which is a vector containing the projected displacement of
each atom. We now treat each mode 1 as a quantum-
mechanical harmonic oscillator, for which the projected
displacement X? in direction # can be expressed as:

| &
0 _ f 0
X; = My, (bl + bl) P;. (3)

In eqn (3), M; is the effective mass of the oscillator and b}(b;)
are bosonic creation and annihilation operators. The final
fluctuation of X? is calculated in the thermal average to:

(0" = ((x0)") - ()" = o m DRI, (@

The fluctuation (¢f)* depends on the mode frequency w,, the
thermal activation n; = (exp(fiw;/kgT) - 1)" and the projected
polarization vector P/ in direction # = a or # = b. As a
consequence, the fluctuation increases with decreasing mode
frequency at constant temperature due to the increased
thermal occupation. To account for the over 1000 normal
modes A of the system, we compute the total fluctuation

D’ =3 (6?)* as a sum of all normal modes for both the LT

and HT phases in a and b directions. For the LT phase we
obtain D{; = 32 A% and D?;. = 36 A, while for the HT phase we
obtain Df; = 23 A* and D}y = 33 A% That is, for both phases
anisotropy is observable, whereby the fluctuation of the
displacement is stronger in the b direction than in the a
direction. This affirms that the molecules are more weakly
bound in the b direction than in the a direction, enabling the
more pronounced thermal expansion in the b direction
observed in the experiment and simulation above.

We finally show in Fig. 7 the mode patterns of the
vibrations that contribute most to the displacement
fluctuations in the b direction for the LT phase (a) and HT
phase (b). The arrows represent the direction of movement of
each atom and the length represents the relative weight of
the atom in the polarization vector é;. We find that for the LT
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phase the dominating vibration is an intramolecular butterfly
mode showing an anti-parallel vibration of the DNTT core
and the C10 side-chains. In contrast, for the HT phase, the
dominating mode is intermolecular and the cores are
vibrating in an anti-parallel fashion in the direction of the
long molecule axis in a slipping motion. As a consequence,
we find that the phase transition from the LT to HT phase,
despite retaining the herringbone packing motif, significantly
changes the intermolecular vibrations. The reason therefore
is probably the changes in the side-chain orientations, which
alter the intermolecular interactions and structural
constraints in the molecular motion. It is thus not surprising
to observe significantly different thermal expansion behaviors
for both polymorphs in both the experiment and simulation.

Summary and conclusion

In summary, we presented an unreported polymorph of the
small molecule semiconductor C10-DNTT and investigated the
new polymorph in detail with different methods including in
situ heating grazing-incidence wide-angle X-ray scattering and
density-functional theory based simulations. From the X-ray
data, the crystal structure of both the known low temperature
phase and the high temperature polymorph was refined in its
thin film form. Additionally, the thermal expansion of the unit
cell of C10-DNTT is investigated. Experimentally, we found a
strong anisotropy in the thermal expansion of the in-plane unit
cell axes and can explain it, based on our simulations, with the
strong difference in molecular interactions in these directions.
We were also able to predict qualitatively the expansion of the
a- and b-axes by using our refined crystal structures, which are
in agreement with our experimental findings.

The discovery of a polymorph of C10-DNTT poses an
important step towards fully understanding film formation,
degradation and the resulting performance fluctuations of
devices employing this and materials with similar structures.
Due to its easily accessible high temperature polymorph, C10-
DNTT is a good candidate for further investigations regarding
polymorphic transitions in its material class. The detailed
analysis of the thermal behavior of the thin films will help to
improve the thermal stability of devices in order to make
organic devices even more stable and reliable in the future.

Fig. 7 Visualization of the polarization vectors that contribute most to the deflection in the b-direction (arrow in the center) for the LT phase in
(a) and HT phase in (b). The mode patterns of the vibration change from an intramolecular anti-parallel motion between the cores and the alkyl
chains in (a) to an intermolecular shear vibration between the molecules in (b).

This journal is © The Royal Society of Chemistry and IChemE 2022
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Experimental section
Materials

The self-assembled monolayer materials (SAM)
phenyltrichlorosilane (PTCS) and octadecyltrimethoxysilane
(ODMTS) were purchased from Sigma-Aldrich.
2,9-Didecyldinaphtho[2,3-b:2',3"f Jthieno[3,2-b]thiophene ~ (C10-
DNTT) was purchased from Lumtec and used without further
purification.

Film fabrication

We investigated thin films that were fabricated by both
thermal vacuum deposition and solution processing. For the
thermally evaporated films, first an octadecyltrimethoxysilane
(ODTMS; Sigma Aldrich) self-assembled monolayer (SAM)
was deposited on silicon wafers with a native oxide as
described in the literature.>® After that, a layer of C10-DNTT
(Lumtec) with a nominal thickness of 25 nm was deposited
on the substrate under high vacuum at a rate of 0.25 A s,
For the solution processed thin films, we employed solution
shearing in which a thin film is deposited on a substrate by
moving a solution reservoir across the sample with a blade
angled at 8° and at a defined gap of 100 um to the substrate.
This results in a meniscus in front of the blade at whose tail
end molecules start to aggregate and finally crystallize into a
solid film. Before the solution shearing procedure, the
substrate was prepared by depositing a self-assembled
monolayer of trichlorophenylsilane (PTCS; Sigma Aldrich).
The advantage of the solution shearing method is the
possibility to obtain millimeter-sized, single crystalline
domains, which are observable with light microscopy at low
magnifications. A detailed description of the shear coating
setup, procedure, and the accompanying surface
modifications can be found in the literature.*’

GIWAXS measurements

Preliminary in situ heating GIWAXS experiments were
performed at the Sirius beamline at the SOLEIL synchrotron
in Paris, France. The main part of the in situ heating GIWAXS
investigations was performed at the NCD-SWEET beamline of
the ALBA synchrotron. An area detector (LX255-HS, Rayonix)
was placed approximately 14-20 cm (depending on the
desired g-range) behind the sample, which was mounted on
top of a Linkam heating stage. In order to minimize any
oxidative beam damage from the prolonged exposure to
X-rays in combination with increased temperatures, nitrogen
was blown onto the samples and the sample position was
changed periodically to a fresh area. The beam size was 80
pm horizontally and 30 um vertically and the beam energy
was 12.4 keV. The incidence angle was 0.12°; the collected
images were calibrated using a chromium oxide calibration
standard and background-subtracted using background
images from a silicon wafer samples treated with ODTMS. A
scaling factor for the background subtraction was obtained
by measuring the integrated background intensities in an
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area without diffraction peaks for both images. Due to the
data being recorded in grazing-incidence geometry with a flat
2D area detector, the raw data has to be corrected.** To
facilitate direct measurements of scattering vectors, the raw
images are converted to Q-space with orthogonal in-plane
(Qx) and out-of-plane (Q.) components. The conversion and
correction procedure was described by Mannsfeld et al.*' The
GIWAXS data was corrected and analyzed with WxDiff.*

Simulations

The constant-volume relaxation of the unit cell to study the
anisotropic expansion for different initial volumes is
performed with periodic density functional theory (DFT) and
the VASP program package.”> The calculations were
performed based on the PBE** functional and the inclusion
of Grimme's DFT-D3 dispersion correction®® to account for
van der Waals interactions.

Due to the elevated system size of C10-DNTT with 4
molecules per unit cell (384 atoms per unit cell), the normal
mode analysis used to analyze the crystal modes is performed
with density functional tight binding (DFTB)*” within the
DFTB+ program package.’® We used the 30b-3-1 parameter
set*>* for third order density functional tight binding*® and
included Grimme's dispersion correction.*®
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