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Report on the experimental performance on the original application

The beamtime application was originally formulated for beamline ID10-EH1. The experience
with the set-up there was expected to be sucessful, since comparable measurements were
already performed there. Although, the allocation of the beamline BM25B gave us the
possibility to get insight into a new experimental facility with new possibilities, the
alternative allocation cause some risk for a successful experimental performance. There is an
excellent documentation of the beamline BM25B present at the homepage and several
scientific publications on the performance of the beamlines are available, but the optimisation
of the beamline is more in the field of inorganic materials.

In summary, the originally suggested experiment on self-assembled molecules did not work
properly, but the two alternative projects gave excellent results.

beamline configuration:

height of the beam: 0.1 mm, vertical divergence of 0.25 mrd ( = 0.14 deg)

width of the beam: 0.5 mm, horizontal divergence 2 mrd ( = 0.11 deg)
wavelength: 0.9998 Angstrom, determined by Si-standard SRM 640C from NIST

The multi-purpose X-ray diffraction end-station was used together with the portable
UHV/ambient pressure chamber. The thin film sample was mounted horizontally. The sample
stage was covered by a cylindric Beryllium window to protected the organic film from
degradation. A constant flow of Helium through the sample chamber was used.

Two detectors were used. A point detector was used for alignment of the sample relative to
the primary beam, also for x-ray reflectivity and for specular diffraction. A two-dimensional
CCD camera (photonic Science Ltd.) with a horizontal size of 250 mm and a vertical size of
83 mm (single pixel size of 62.5 pm x 62.5 um) was used. The distance of the sample and the
2D-detector was 371.4 mm.

The critical angle of total external reflections was determined by x-ray reflectivity rocking
curves using the position of the Yoneda peaks. A position of 0.14° deg was found for
thermally oxidised silicon surfaces (most of the samples was on this surface). Finally an
incidence angle of 0.13° was used for GIXD experiments. This angle is slightly below the
critical angle of total external reflection, but it guarantees a penetration of the primary beam
into the organic film but only weak penetration into the substrate material. Weak scatting
singal from the substrate is expected. The position of the Yoneda poeak was regulary checked
during the experiments



structure and thermal stability of self-assembled monolayers:

The synchrotron experiments were prepared by x-ray reflectivity studies perfomed with
laboratory equipm,ent. Self-assembled monolayers of PBI-PA and PBIF-PA as well as of the
spin coated monolayers of PBI-alkyl were studied. Even the thermal stabilities of these
monolayers are determined by using laboratory equipment.

The starting point of the GIXD experiments at the synchrotron was the inverstigation of drop-
casted films. These films are much thicker than monolayers, these films represent the bulk
properties of the materials and not the monolayer structure. Figure 1 gives the GIXD pattern
of a drop-casted PBI-alkyl film. The scattering from the organic material appears at low
values of the scattering vector g (g < 2A™), while the background scattering of the set-up
appears at larger g — values. The diffraction pattern shows quite well the expected features,
e.g. a broad peak at g = 1.8 A (d = 3.5 Angstrom) for the parallel stacking of the aromatic
core of the molecule.

Unfortunately, no clear diffraction features could be obtained from the monolayer. The
background of the experimental set-up is too high for the detection of a weakly ordered
organic monolayer (compare Figure 2).

Similar results was obtained also for the two other self-assembled monolayers PBI-PA and
PBIF-PA. While drop-casted films give a clear diffraction feature, monolayer does not give
detectable intensities.
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Figure 1: GIXD pattern of a drop-casted film of PBI-alkyl plotted as a reciprocal space map with gy as the in-plane
part of the scattering vector and g, the out-of-plane part of the scattering vector. The illumination time was 10 minutes.
Diffraction features below q = 2 A™ arise from the organic film, while diffraction features at large g-values are from the
experimental set-up mainly from the beryllium window. The arrow gives the diffraction peak arising from the pi-pi
stacking of the perylene units of the molecule.



q, [A]

0.5

0.0

10 15 20 25 30 35

Oy [A1]

Figure 2: GIXD pattern of a spincoated monolayer of PBI-alkyl plotted as a reciprocal space map with gxy as the in-
plane part of the scattering vector and gz the out-of-plane part of the scattering vector. The illumination time was 60
minutes. No clear diffraction feature of the monolayer could be detected, The sharp diffraction peak (marked with a

black arrow) arises from the experimental set-up.
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unstable polymorphic structures is a challenge. However, solid
surfaces are well established aids for the formation and
stabilization of polymorphic structures within, for instance,
organic electronics. In this study, we report the stabilization of

ABSTRACT: The preparation of typically thermodynamically Paracetamol form Il i% ‘I
a pharmaceutically relevant substance via a solid surface at \

ambient conditions. Form III of paracetamol, which is typically

unstable in the bulk at standard conditions, can be stabilized with a model silica surface by a standard spin coating procedure
followed by rapid heat treatment. Such a preparation technique allows the use of atomic force microscopy and grazing incidence
X-ray diffraction measurements revealing detailed information on the morphology and structure of the polymorph. Furthermore,
the results exhibit that this polymorph is stable over a long period of time revealing surface mediated stabilization. These findings
demonstrate a novel approach to provide thermodynamic stability when applied to similar molecules with specific applications.

he controlled preparation of polymorphic structures and

different crystal morphologies has become a hot topic in
several research areas such as pharmaceutical technology,"”
crystal engineering,”* organic electronics® as well as in material
science.’ Various polymorphs of a single substance differ by
means of their physical and chemical properties such as
solubility, bioavailability, morphology, crystal structure, or even
thermodynamic stability.”® Paracetamol, also known as
acetaminophen (N-(4-hydroxyphenyl)acetamide), is widely
used due to its antipyretic (fever depressant) and analgesic
(painkiller) properties and is nowadays produced by many
pharmaceutical companies at large scale.” The commercially
utilized polymorph form I has a monoclinic crystal structure,
which is not suitable for direct compression into tablets due to
the lack of slipping planes which are necessary for plastic
deformation.'® In contrast, the orthorhombic paracetamol form
II has well-defined slipping planes and undergoes plastic
deformation upon compaction.'® The crystallization behavior
was studied intensively over the last decades, but nevertheless
the elusive form III was recently characterized experimentally
by means of its crystal structure.'”'? A few procedures are
known which describe the isolation and characterization of the
thermodynamic less stable polymorph, e.g., nanoconfined in
monoliths'>'* or confined between glass slides'® under the
exclusion of air. It was shown that the confinement between
glass slides is not necessary to isolate form L' but the
handling of the elusive polymorph in an air environment at
standard conditions is still nowadays a challenge. These
confined preparation conditions however lack the ability to
use techniques such as atomic force microscopy (AFM) or
grazing incidence X-ray diffraction (GIXD) to get further
information on the morphology and structures within layers as
thin as a couple of nanometers. It is known that surfaces are

-4 ACS Publications  © 2014 American Chemical Society 3680

able to induce specific polymorphs upon deposition.”'”'® Even
the occurrence of surface mediated phases can be observed with
distinct properties from the bulk.’

In this work, we describe different approaches to prepare
paracetamol thin films containing defined polymorphs at a solid
model surface. For this purpose, paracetamol was dissolved in
ethanol (EtOH) or tetrahydrofuran (THF) and spin coated on
precleaned thermally oxidized silicon wafers. The usage of
silicon wafers as model substrates allow exclusion of roughness
induced effects on the crystallization behavior. Both as-prepared
samples result in completely amorphous films, followed by
different crystallization kinetics and crystal morphologies. While
the EtOH spin coated samples crystallized in a time frame of 24
h, the THF prepared samples revealed spherulitic crystallization
induction after approximately S5 min. Compared to the
literature,'® the crystallization behavior in a confined environ-
ment is prolonged compared to crystallization at ambient
conditions as it was done in this study (298 K, relative humidity
30%, 1 atm and under air). To prepare the elusive and
thermodynamically unstable form III, a fresh and thus
amorphous film was prepared from THF and was put in an
oven at 383 K for 10 min without the exclusion of air. To
provide optimal thermal contact, the oven was equilibrated
whereby the fresh spun wafers were put on a heat-equilibrated
alumina plate. The thermal conductivity of the used silicon
wafer ensures fast thermal transfer, whereby the heat flow
gradient is directed from the substrate toward the amorphous
film. Variation in the preparation conditions showed that the
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Figure 1. Experimental grazing incidence X-ray diffraction (GIXD; wavelength 1 = 0.9998 A; incidence angle @; = 0.13°) patterns of all three
polymorphs of paracetamol stabilized on SiO, (upper row) with the corresponding theoretical indexation (lower row) with form I having a powder
character and form II and form III having a 001 or 021, respectively, contact plane.

rapid temperature increase was necessary to obtain form IIL
This allows the assumption that the crystallization in the oven
occurs at the hot solid substrate further allowing the
thermodynamic unstable polymorph to be entrapped and
stabilized at the silica substrate even without the exclusion of
air. It is well-known in the literature that form III is unstable at
arlxébient conditions under air and interconverts into form II and
L

GIXD measurements of the three samples are shown in
Figure 1. The GIXD measurement in general allows netplanes
which are close to the surface-normal to be detected within
thick films'® (up to hundreds of nanometers for organic layers)
as well as within thin films consisting of a monolayer.”® High
intensity spots correspond to Bragg reflections which can be
used to index the pattern and thus to identify their crystal
structures. The measurements of the sample containing form I
reveal ring-like Bragg reflections showing that the crystallites
arrange like a random oriented powder; ie, no preferred
orientation is observed. The indexation shows that all rings are
a result of paracetamol being in the thermodynamic stable
polymorph form I with a monoclinic unit cell (Figure 2). The
GIXD pattern of form II shows defined spots at g, = 0.0, 0.8,
1.7 nm™" and various qu The indexation reveals that these
spots are a result of paracetamol being in form II conformation
with an orthorhombic unit cell. In addition, the crystallites of
form II show a preferred orientation with respect to the surface,
whereby the 001 plane is in contact with the surface. However,
rings are also present within the pattern indicating random
oriented form I domains. This shows that the sample contains
two polymorphs simultaneously, even if the amount of form I is
very low compared to form II. The form III sample reveals a
GIXD pattern with spots being distinct from the previously
observed ones. The indexation of the spots can be achieved by
introducing a 021 contact plane with respect to the surface with
an orthorhombic unit cell (compare Figure 2). The smearing of
the Bragg spots shows that the mosaicity of the crystalline
needles is relatively high. This means that the molecules have a
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FormII (001)

Form IIT (021)

Polymorph Form I Form II Form III
CSD code HXACAN30 HXACANO8 HXACAN29
Temperature [K] 298 208 300

Space group P2i/a Pbca Pca2,

a[A] 7.01 17.17 11.84

b [A] 9.21 11.78 8.56

c[A] 11.60 7.21 14.82

BI°] 97.84 90.00 90.00

Figure 2. Visualization of the molecular arrangement within the crystal
structures of paracetamol form L* 1,*! and ImI"! together with the
contact plane with respect of the SiO, surface. The table below
summarizes the used crystal lattice parameters with their correspond-
ing CSD code, space group, and corresponding temperature at which
the experiments were performed.

certain degree of freedom to assemble at the silica surface
which is different compared to form II with a nearly perfect
alignment.

In Figure 2, the visualization of the three different crystal
structures of the surface stabilized polymorphs is shown with
the corresponding crystal structure parameters, which were
used for indexation. Form I is shown in its typical herringbone
packing of the paracetamol sheets, whereby the delocalized 7-
orbitals of the phenyl units are oriented toward the methyl
groups of the next molecule. The intersheet assembling of the
molecules is a result of H-bonding, while the intrasheet
connection (sheet—sheet stacking) completely lacks any of

dx.doi.org/10.1021/cg500573e | Cryst. Growth Des. 2014, 14, 3680—3684
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those. Form I is visualized with its monoclinic unit cell with no
preferential alignment with respect to the surface due to its
random orientation. The herringbone structure also is
responsible for the mechanical stability and the disability for
compaction required in tablet preparation.

In Figure 3 the morphologies of the three samples containing
each polymorph of paracetamol at room temperature are shown

" Form 1
Form 11 ]
Form 11
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Figure 3. Atomic force microscopy height images of paracetamol form
I, I, and IIT and the corresponding horizontal texture cuts taken in the
middle of each image (lower right corner).

with their corresponding height profiles. The AFM image of
form I reveals the typical shape of monoclinic crystals with
prismatic to plate-like morphology, whereby the crystallites are
randomly rotated with respect to each other. Form II shows a
distinct growth morphology, and plate-like structures are
present. While the crystal morphologies are distinct, the height
and consequently the coverage are very similar to form I and II,
showing that diffusion in the upward direction from the surface
is negligible. These two observed morphologies fit very well to
previously observed experiments on paracetamol, where
morphological differences are explained by different growth
faces being dominant.*> The morphology of form III is distinct
from the previous two forms, and needle-like structures are
present. The coverage of the surface is strongly reduced, and
consequently the heights of the needle-islands are higher
compared to those of form I and II even though the nominal
film thickness of the spin coated sample was very similar. The
height of the needles is around 450 nm, which is about three
times larger compared to the previous observed heights of form
I and IL

Differences in the crystal structure and alignment are also
reflected within their morphologies. The structure of form II is
shown in a 001 orientation (Figure 2, green plane) which is
parallel to the silica surface. This visualization reveals that the
paracetamol molecules arrange in a way that maximizes their
contact areas with the silicon surface. Further, the delocalized
m-orbitals are slightly tilted toward the surface, but due to the
large contact area, also the polar groups are in the highest
possible contact to interact with the semipolar silica. Again
intersheet H-bonds are visible, while intrasheet bonds of the
hereby flatly arranged paracetamol sheets are not present
(slipping plane of form II). According to the literature, form II

3682

exhibits a plate-like growth whereby the slowest growing crystal
face is the 001, which is in excellent agreement with our
observations.”” These findings indicate that growing into the a-
and b-axis direction of the orthorhombic unit cell is equally
likely and more favorable compared to the stacking into the c-
axis direction. The arrangement of paracetamol molecules
within the orthorhombic form III unit cell with respect to the
021 direction indicates that the molecules form hydrogen
bonds toward the silicon surface and that the molecules stand
nearly perpendicular to the substrate (Figure 2). Again the
intersheet connection exhibits H-bonds, while the intrasheet
stacking lacks any of those. The upright alignment of the form
III sheets is in very good agreement with the observed needle-
like morphology which was measured with AFM (Figure 3),
whereby the paracetamol sheets seem to grow into the c-axis of
the orthorhombic unit cell, or the molecules are perpendicular
to the long needle axis. Further, the stability and reproducibility
of the surface mediated stabilization of all three polymorphs of
paracetamol was investigated. During the course of the
synchrotron experiment, fresh prepared samples as well as 4-
week-old samples were characterized revealing the same
diffraction patterns. The samples were stored at ambient
conditions (25 °C, relative humidity ~30%, 1 atm and under air
environment), which reflects the potential of surface mediated
stabilization. In addition, AFM investigations of the older
samples did not reveal any significant change in the
morphology, indicating that there is no rearrangement upon
storage.

The surface mediated polymorph stabilization which was
studied within this work using paracetamol is in excellent
agreement with Ostwald’s step rule which states that the least
thermodynamic stable polymorph crystallizes first.'® In
particular, this means that a system moves to a thermodynamic
equilibrium from an initial high energy state, whereby the least
stable polymorph crystallizes first and rearranges stepwise into
the different polymorphs (form III > form II > form I) due to
changes within the free energy. Further, the different
preparation conditions and the preferential alignment of the
paracetamol molecules with respect to the surface indicate that
the intensive (e.g, temperature, viscosity, chemical potential,
density, etc.) and extensive (e.g, Gibbs free energy, entropy,
mass, number of molecules, etc.) parameters of the solvent,
analyte, and substrate in use are of crucial importance during
surface mediated stabilization. EtOH exhibits a relatively low
vapor pressure compared to THF. This suggests that EtOH
solvent residues remain within the amorphous film, whereby
molecule diffusion promotes the rearrangement in a thermody-
namic stable configuration even if the viscosity of EtOH is
about 2 times higher. Contrarily, the vapor pressure of THF is
about 3 times larger compared to EtOH at standard conditions,
meaning that THF molecules evaporate fast allowing the
thermodynamic metastable polymorph II to be stabilized at the
silica surface at 298 K. A shorter time frame typically means
that formation of a thermodynamically less stable form is
favored in accordance with other literature reports.”*** The
unstable forms II and III most likely develop due to the fast
processing condition within the THF solutions. A rapid
temperature increase to 383 K of an amorphous paracetamol
film spin coated from THF results in polymorph III being
stabilized at the silica surface. An increase in temperature
typically reduces the H-bonding interaction strength which
reduces the affinity for the molecules to interact with the
substrate. Furthermore, higher temperatures mean that the

dx.doi.org/10.1021/cg500573e | Cryst. Growth Des. 2014, 14, 3680—3684
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molecules require more space on account of molecular
vibration. Both effects favor the formation of upright standing
molecules on top of the substrate surface which in the case of
paracetamol means additionally assembling into form IIIL

By comparing the observed alignment of paracetamol form
III with different literature statements, it can be seen that the
orientation of form III crystallites is highly influenced by the
surface in use even if different preparation methods indicate
similar growth kinetics of form IIL In a recent publication,* the
authors state that form III, when confined in self-ordered
anodic aluminum oxide nano tubes (AAO), preferentially
crystallizes with its 001 plane being parallel to the AAO
interface. This alignment indicates that no H-bonds are formed
between the AAO host and the paracetamol molecules.
Contrarily, our investigations strongly indicate the formation
of H-bonds between the semipolar silica substrate and the
paracetamol molecules with the 021 reflection plane being
parallel to the surface. The differences in the preparation
method aside, this direct comparison indicates the strong
influence of the surface energetic properties of the surfaces in
use; ie, variation of the surface induces a distinct growth
behavior. A previous work? suggested that along the g-axis of
paracetamol only short-range order is present, which also
corresponds to the slowest growth direction in the calculated
morphology of form IIL>* This is in excellent agreement with
the observed morphology of paracetamol form III revealing
preferential growth in the needle axis of the c-direction of the
orthorhombic unit cell.
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ABSTRACT: Substrate-induced phases (SIPs) are polymorphic phases that are found in Herringbone A

. . - . « » - s-prepared
thin films of a material and are different from the single crystal or “bulk” structure of a (SIP)
material. In this work, we investigate the presence of a SIP in the family of . - - stacked

[1]benzothieno[3,2-b]benzothiophene (BTBT) organic semiconductors and the effect of (bulk) Si0
aging and solvent vapor annealing on the film structure. Through extensive X-ray [\ % %

structural investigations of spin coated films, we find a SIP with a significantly different
structure to that found in single crystals of the same material forms; the SIP has a
herringbone motif while single crystals display layered 7—x stacking. Over time, the
structure of the film is found to slowly convert to the single crystal structure. Solvent

vapor annealing initiates the same structural evolution process but at a greatly increased
rate, and near complete conversion can be achieved in a short period of time. As po po
properties such as charge transport capability are determined by the molecular structure, & e

this work highlights the importance of understanding and controlling the structure of
organic semiconductor films and presents a simple method to control the film structure by solvent vapor annealing,

X

Aging SVA

KEYWORDS: organic electronics, X-ray diffraction, substrate-induced phase, polymorphism, organic thin films

H INTRODUCTION substrate, such that in the presence of the substrate it is the
most stable form.>"?*> The structural difference between the
SIPs and bulk phases of 7-conjugated molecules is most often
related to a small change in the tilt angle between the
approximately upright-standing molecules and the substrate,
resulting in more favorable molecule—substrate interactions
and a decrease in the out-of-plane lattice spacing such that the

In the field of organic electronics, the dependence of charge-
transport capabilities on molecular structure is well-established
and consideration of the semiconductor molecular structure is a
key aspect in the optimal design of organic field-effect
transistors (OFETs).'™* As the majority of charge transport

occurs within the first few molecular layers, knowledge and o - 132324
control of the molecular structure at the substrate—film two phases are similar but distinct from one another.

interface is therefore of great importance when considering Moreoyer, SIPs are fo‘?nd to be present only up to a certain
materials for OFETs.S It has been demonstrated that the film thickness, after which the bulk form grows on top so that
two phases coexist within a thick film.">**7>° It is therefore

clear that the structure of the SIP may influence charge mobility
and potential device performance when present due to its
proximity to the substrate.

For solution-processed OFETsS, other considerations are the

structure close to the substrate is not always the same as that of
the bulk and so-called thin film, surface-mediated, or substrate-
induced phases (SIPs) may form.%” These polymorphic phases,
which are typically not found as single-crystal structures, were
first observed in films of the prototypical organic semi-

conductor pentacene,® "> and have since been found in other various secondary effects (eg, rapid solvent evaporation,
systems.'*~*° In films of pentacene, the SIP is found to be less
energetically favorable than the bulk phase in isolation, but is Received: October 31, 2014
stabilized close to the substrate because of improved Accepted: January 8, 2015
compatibility of the structure with the flat surface of the Published: January 8, 2015
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dewetting, etc.) which occur during coating and impact on the
long-range molecular order.**?” This has led to the routine
treatment of films postcoating, with a view to improving
molecular ordering; thermal annealing, and more recently
solvent vapor annealing (SVA),?® are two examples of processes
which may be utilized. The sometimes high temperatures
required for thermal annealing can limit the choice of substrate
and the choice of semiconducting material because of melting
or thermal decomposition; this makes SVA an attractive
proposition, as it is less harsh on the sensitive systems used
in organic electronics. Furthermore, it has been demonstrated
that use of a SVA processing step can lead to improved device
performance when compared with using thermal annealing
alone.”” When applied to pentacene films displaying a SIP,
thermal annealing or SVA initiates a conversion to the bulk
form.”***! This shows further potential for annealing to not
only increase long-range order but also to lead to a
reorganization of molecules and potentially alter film properties
significantly.

In this work, we investigate the possible presence of a SIP in
films of a symmetrically alkylated [1]benzothieno[3,2-b]-
benzothiophene (BTBT) derivative and the effect of time
and SVA on the stability or evolution of the crystalline structure
and morphology. Alkylated BTBT derivatives have shown great
potential for use in air-stable, high performance, solution-
processable OFETs.*>™* Charge transport mobilities of up to
3.5 cm* V7! s7! have been recorded for polycrystalline films of
dioctyl-BTBT (Cg—BTBT-Cy),** with even higher values
recorded for single crystals.>>*® Modification of the alkyl
chain length of symmetrically substituted BTBT cores does not
alter the arrangement of these BTBT cores; symmetrically
dialkylated derivatives are isostructural with a herringbone
(HB) packing motif and no SIPs are currently known for this
class of molecule. The subject of this study, dioctyloxy-BTBT
(C4O-BTBT-OC;) (Figure 1), has an oxygen atom added

H,,CgO
178 S

Figure 1. Molecular structure of CgO-BTBT-OCs.

between the BTBT core and the alkyl chains to encourage a
different packing motif;** we will investigate whether this
structural change leads to the presence of a SIP, using a variety
of techniques to determine the solid-state arrangement of
molecules in spin-coated films.

B EXPERIMENTAL SECTION

Synthesis of CgO-BTBT-OCg is detailed in the Supporting
Information.

Crystal Structure. Single crystals of CsO-BTBT-OC; were grown
by slow evaporation of unsaturated HPLC grade hexane solutions. X-
ray diffraction data for crystals of the compound were collected at 123
K with graphite monochromated Mo Ka radiation (4 = 0.71073 A)
using an Oxford Diffraction Xcalibur E instrument. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were included in
calculated positions utilizing riding modes. The structure was refined
to convergence using all unique reflections and against F* with the
SHELXL-97 program.41 C30Hy0,S,, M, = 496.74, triclinic, space
group PT, a = 5.5225(4), b = 8.0712(4), ¢ = 31.0578(15) A, a =
94.482(4), B = 92.994(5), y = 105.696(5)°, V = 1324.76(13) A3, Z = 2,
U =0226 mm™; 20, = 54.0° 10939 reflections, 5633 unique, Ry, =
0.0474; final refinement to convergence on F* gave R = 0.0537 (F,
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4012 obs. data only) and R, = 0.1040 (F? all data), GOF = 1.054.
Detailed crystallographic data with refinement parameters are listed in
complete crystallographic information files (CIF).

Polarized Optical Microscopy. Films were studied with a Nikon
Eclipse E200 microscope equipped with a Nikon DS-Fil digital
camera. Images were treated using the NIS-Elements software package
(version 3.0).

Atomic Force Microscopy (AFM). Measurements were per-
formed using a Nanosurf Easyscan 2 instrument in noncontact mode.
A TAP 190 cantilever (Budgetsensors) with a nominal resonance
frequency of 190 kHz was used. Data analysis and visualization were
performed using the Gwyddion software package.

Thin Film Preparation. Samples were prepared on silicon wafers
(SIEGET WAFER Gmbh) with a 150 nm thick thermally grown oxide
layer (SiO,). Substrates were cleaned in an ultrasonic bath in acetone
for 15 min and then isopropanol for a further 15 min, before drying
with CO, gas. Films were prepared by spin-coating from chloroform
solutions (150 yL, 10.8 mg mL™") at a rotation speed of 2500 rpm for
4Ss. Solutions were filtered through a 0.2 uL PTFE syringe filter
immediately before film deposition. Films were solvent vapor annealed
by placing the spin-coated film in a sealed glass beaker with chloroform
solvent (S0 mL) for 6 days.

X-ray Measurements. Specular X-ray diffraction (sXRD)
measurements were performed on a PANalytical EMPYREAN
reflectometer setup equipped with a copper sealed tube, a 1/32°
primary slit, 10 mm beam mask and a multilayer mirror (4 = 1.54 A)
on the primary side. A receiving slit of 0.1 mm and a 3D PANalytical
PIXcel detector were used on the secondary side. Grazing incidence X-
ray diffraction (GIXD) measurements were performed at the BM2Sb
beamline*® at the ESRF (Grenoble, France) using X-rays with a
wavelength of 0.9998 A and an incident angle of a; = 0.13°, just below
the critical angle of the substrate. The sample was placed in a beryllium
chamber* and data were collected under an N, gas flow. Diffracted
intensities were measured using a 2D CCD area detector (Photonic
Science Ltd.). Data were converted to reciprocal space maps using the
in-house-developed software package PyGID, which was also used for
peak indexation.” Additional GIXD measurements were conducted at
BESSY II (Berlin, Germany) at the KMC-2 beamline using X-rays with
a wavelength of 1.00 A and a 2D cross-wire detector (BRUKER).* An
incident angle of a; = 0.13° was chosen to enhance the scattered
intensities.To minimize the beam damage of the samples, we directly
applied a constant flow of argon on the samples. The reciprocal space
maps were calculated with the xrayutilities library for Python.*”

B RESULTS AND DISCUSSION

The single-crystal structure of CzgO-BTBT-OC; is shown in
Figure 2 and the unit-cell parameters are displayed in Table 1.
The structure is found to be layered, with slipped 7— stacking
of the molecular cores and an interdigitation of molecules, in
contrast to the HB motif displayed by other dialkylated BTBT
derivatives (the unit-cell parameters of Cg-BTBT-Cjy are listed
in Table 1).>* This interdigitated structure could intuitively lead
to an incompatibility with a flat surface so that, as in the case of
pentacene, a different structure may form in the presence of a
surface because of this incompatibility."*>***

CgO-BTBT-OC; films were spin-coated from chloroform
solution onto precleaned silicon wafers with a 150 nm layer of
thermally grown oxide. AFM measurements (Figure 3a) and
optical microscopy (see the Supporting Information) show that
the as-prepared polycrystalline films are very rough with many
individual crystallites visible; AFM measurements show a film
thickness of approximately 65 nm with an average roughness of
18 nm. This thickness suggests the film is approximately 22
molecular layers thick, if molecules are standing upright with
the long molecular axis perpendicular to the substrate
(molecular length of 33.88 A), as is commonly the case for
films of rodlike conjugated molecules.*®

DOI: 10.1021/am5075908
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Figure 2. Single-crystal structure of CgO-BTBT-OCg showing the unit
cell and interdigitation of molecules. Hydrogen atoms have been
removed for clarity.

Specular X-ray diffraction (sXRD) measurements, which
measure only the lattice spacing perpendicular to the plane of
the substrate, show several diffraction peaks (Figure 3c). The
001 reflection is observed at q, = 0.20 A™', along with higher
order reflections, giving an out-of-plane lattice spacing of 30.85
A. This is comparable to the 31.06 A of the 001 of the bulk
single-crystal structure but distinct; the d-spacing of 30.85 A is
close to the molecular length (33.88 A) suggesting upright-
standing molecules are present. This is very similar to other
examples of SIPs such as pentacene, where only small changes
in the out-of-plane lattice spacings occur even though a new
molecular arrangement exists.*’

Grazing incidence X-ray diffraction (GIXD) measurements
were carried out to investigate the in-plane structure, i.e., the
periodic packing within a sheet of C;O-BTBT-OC;g, and the
results show that the structure is in fact very different to that of
the bulk. Films were first measured at the ESRF in Grenoble,
France, and the same samples were then measured again 6
months later at BESSY II in Berlin, Germany. Peaks are
observed along rods at Q. = 1.34, 1.64, and 1.95 A™! at various
q, none of these peaks should be present from the bulk
structure and no other peaks are observed, showing a SIP has
formed (Figure 4, left). The broadness of the peaks suggests
that the crystalline domains are small. Using the unit cell of the
known Cyg—BTBT-Cj structure (Table 1) as a starting point,>
all diffraction peaks can be indexed by a slight adjustment of all
unit cell parameters of this known structure; a monoclinic unit
cell with two molecules in the asymmetric unit is able to explain
the experimental GIXD pattern (Figure 4 and Table 1). The
similarity of this unit cell to those of other dialkylated BTBT
derivatives suggests that the SIP of CgzO-BTBT-OC; has

molecules in a HB packing formation, in contrast to the layered,
slipped 7—n stacked structure observed in the bulk. Close
packing is accepted to be the main driver in crystal structure
formation and, therefore, the fact that the SIP is found to be
less dense than the bulk structure (Table 1) may sug%est that
the SIP is a metastable form induced by the substrate.”® It has
not been possible to determine the exact HB angle or angle of
tilt from the from these X-ray measurements, however, the
strength of 020 reflection suggests that the BTBT cores (as the
most electron dense fragments) are aligned approximately
parallel to the g-axis in the 020 plane and that the difference
between the out-of-plane lattice spacing and the molecular
length likely arises from the alkyl chains bending away from the
BTBT cores toward the substrate as opposed to a tilting of the
core itself.

The measurements conducted 6 months later show a similar
diffraction pattern, however, now with the addition of new
peaks (Figure 4, middle). The SIP is still the dominant phase,
while new peaks are visible at Q. = 0.82, 1.16, and 1.66 A™! at
various q,. These new peaks can be assigned to the bulk
structure and show an evolution from a metastable SIP toward
the bulk has occurred over time. It is unclear if over a longer
period of time the complete structure would convert to the
bulk (including at the interface with the dielectric); even a
slight conversion between forms could have a significant impact
on the electronic properties and further underlines the
importance of identifying and understanding SIPs.

With the presence of the SIP established, the effect of SVA
on the film morphology and structure was investigated. Films
were solvent annealed for 6 days using chloroform vapor. Long
annealing times were chosen to ensure that samples had fully
undergone any changes arising from the SVA process. AFM
(Figure 3b) and optical microscopy (see the Supporting
Information) measurements show significant changes to the
film morphology. Larger domains of a regular shape are now
present with a lower surface coverage and exposed (molecule
free) substrate. sSXRD measurements (Figure 3c) show only a
small change in the out-of-plane structure (lattice spacing of
31.10 A), whereas sharper diffraction peaks and the regular
shape of domains indicate improved film crystallinity.

GIXD measurements after SVA reveal a large number of new
peaks. Many of these peaks are affected by splitting, making
interpretation of the data more difficult. Despite this difficulty,
it is clear that the bulk structure dominates and peaks at 0.82,
1.18,1.58, and 1.66 A™! in q,y can be indexed with the bulk unit
cell (Table 1 and Figure 4, right). This shows that the SVA
process has induced a conversion from the SIP to the bulk
phase, effectively the same process which occurs due to aging
but at a significantly increased rate. The conversion may,
however, not be complete and peaks at 1.62 A™! in q,, could
correspond to the bulk or the SIP. There are also peaks present
at 1.20 and 1.54 A™! in q,, that cannot be indexed using the
two, now known, structures of CgO-BTBT-OCs. These peaks

Table 1. Unit-Cell Parameters of the Different Crystal Phases of CgO-BTBT-OC; and the Related Cg-BTBT-Cy

sample a (A) b (A) c (A) a (deg) p (deg) y (deg) P (g cm ™)
C4O-BTBT-OC; Single X-tal® 5.5225(4) 8.0712(4) 31.058(2) 94.482(4) 92.994(5) 105.696(5) 1.245
C4O-BTBT-OC; Bulk SVA” 5.56 8.27 30.89 96.50 93.00 107.80 1233
C4O-BTBT-OC; SIP 6.02 7.75 31.08 90 97.00 90 1.146
Cy—BTBT-Cg* 5.927(7) 7.88(1) 29.18(4) 90 92.443(4) 90 1.133

“Single-crystal data collected at 123 K. bFilm measured at room temperature.
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Figure 3. AFM images of (a) as-prepared and (b) solvent-annealed films and (c) sXRD patterns of the same as-prepared (black) and solvent

annealed (red) films.
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Figure 4. Experimental GIXD patterns of CgO-BTBT-OC; films (above) and the corresponding peak indexation (below). Black crosses show peaks

belonging to the SIP, whereas red crosses belong to the bulk phase.

could arise from a third, unknown, polymorphic phase or they
could be the result of a supercell of either the SIP or the bulk
phase, as a doubling of the in-plane lattice parameters of either
phase can then account for these peaks and was also observed
for a similar system previously."

Films were also prepared from o-xylene solutions using the
same preparation parameters (solution concentration, spin-
coating speed, etc.). Optical microscopy, AFM, sXRD, and
GIXD data are presented in the Supporting Information. The
films display the same behavior as those described above, with a
SIP transforming into the bulk by long time aging and more
rapidly by SVA. This shows that, in the case of CgO-BTBT-
OC; on silica, the choice of solvent during preparation does not
have an effect on the crystal structure of resultant films, and an
SIP still forms regardless.

B CONCLUSIONS

In conclusion, we have presented a detailed structural
investigation of spin-coated films of C3O-BTBT-OC; on a
solid silica surface. A SIP with a HB packing motif is formed, in
contrast to the slipped 7—x stacking of the bulk, and the same
structure persists regardless of the solvent used during sample
preparation. Over 6 months, the SIP structure slowly evolves
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toward that of the bulk. Using SVA, the rate of conversion to
the bulk can be greatly increased and gives almost complete
conversion within a few days, providing a simple method to
switch from the SIP to the bulk polymorph. Furthermore, this
is the first example of a SIP that has a completely different
packing arrangement from that of the bulk and is not only
related to a change in the molecular tilt of the core typically
responsible for the charge transport. This work emphasizes the
importance of SIPs when dealing with organic electronics and
shows the potential for SVA to be used for polymorph
selection.

B ASSOCIATED CONTENT

© Supporting Information

Synthesis of CgO-BTBT-OC;. Crystallographic information file
for CgO-BTBT-OC;. Optical microscopy data of films
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