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Many small-molecule organic semiconductors can crystallize in different polymorphs, which influences
their electronic (charge transport) and optical (absorption and fluorescence) properties. Understanding
polymorph formation and transformation is crucial to control these properties for potential applications.
Here we explore different thin films of a newly synthesized derivative of 5,10-dihydroindolo[3,2-blindole,
which shows high photoluminescence quantum yields even in the solid state as well as hole transport.
Deposition of this indoloindole-based p-type semiconductor by thermal evaporation and zone-casting
from solution results in distinct film morphologies and a metastable polymorph that can transform into
more stable polymorphs at room temperature over timescales from hours to months. Their conversion
and changing structural, optical and electronic properties are characterized by grazing incidence wide-
angle X-ray scattering (GIWAXS), atomic force microscopy (AFM), absorption, fluorescence, and Raman
spectroscopy as well as charge transport measurements in field-effect transistors (FET). Rough and
polycrystalline films result in very fast polymorph transformation, while defect-free and smooth zone-

Received 14th May 2025, cast films are stable for several months. Annealing these films does not lead to faster conversion but

Accepted 24th July 2025 instead to thermodynamic stabilisation of the metastable polymorph and thus even a reversal of aged
DOI: 10.1039/d5tc01928a thin films. For this and potentially other organic polymorphic systems, long-term retention of a
metastable polymorph and its electronic and optical properties can be achieved by controlling the initial

rsc.li/materials-c film morphology, while annealing can indeed induce the formation of metastable polymorphs.

1. Introduction

Many small organic molecules can form several different
stable or metastable crystal structures, that is, they exhibit
polymorphism." For organic semiconductors (OSCs), the orbi-
tal overlap and electronic coupling between the molecules can
strongly vary between different polymorphs giving rise to sub-
stantially different electrical and optical properties that impact
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their applicability in optoelectronic devices.”® Different poly-
morphs are usually identified by single-crystal X-ray structure
analysis'®'" or grazing incidence wide-angle X-ray scattering
(GIWAXS) for thin films.>'*>™® Furthermore, low-frequency
Raman spectroscopy,”'®'” and even fluorescence spectra'®
can reveal the presence of different polymorphs.

The formation of a specific polymorph can be controlled
by the type of film deposition or crystal growth methods (e.g.,
physical vapor transport, thermal evaporation, or solution pro-
cessing) and their specific conditions.'®*° However, the initially
formed polymorphs are often not the most thermodynamically
stable polymorph," allowing for polymorph transformations
and potential device degradation to take place over time. Long-
term stability or transformation into other metastable or stable
polymorphs depend on intrinsic as well as extrinsic factors.
Intrinsic factors are, for example, the intermolecular interaction
strength and film morphology, while temperature, humidity,
and the presence of additional compounds (e.g., solvent vapours)
are important external parameters.®'%**?*> These parameters
mainly affect the kinetic barriers to molecular reorientation and/

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Molecular structure of Cg-C-inin. Normalized (b) absorption and (c) photoluminescence (PL) spectra of Cg-C-inin in hexane solution (grey), of

thermally evaporated (blue) and zone-cast (red) thin films.

or the relative thermodynamic stability (i.e., Gibbs free energy) of
the different polymorphs.'® The latter determines the thermo-
dynamic driving force behind polymorph transformations.

Here we investigate the polymorph transformations of a
newly synthesized derivative of 5,10-dihydroindolo[3,2-b]indole
(ININ, also known as dibenzopyrolo[3,2-b]pyrrole) with methylated
nitrogen atoms and an octyl chain at each of the benzene rings (3,8-
dioctyl-5,10-dimethylindolo[3,2-b]indole; Cg-C-inin, see Fig. 1a). Cg-
C-inin can be viewed as nitrogen-substituted near-analogue of
the benchmark p-type organic semiconductor Cg-BTBT.>® ININ
derivatives possess an electron-rich and rigid planar core
structure,?” which has led to their use as p-type semiconductors
in organic field-effect transistors (OFETs)***° and as donor
molecules in solar cells (both as small molecules and donor-
acceptor copolymers).>*™* In addition, many ININ derivatives
have high photoluminescence quantum yields (PLQYs), even in
the solid state, and can be functionalized to exhibit thermally
activated delayed fluorescence (TADF).>**® Consequently,
ININ-based materials have been used for high-efficiency
organic light-emitting diodes (OLEDs).>>*”*® The small mole-
cular core and easy functionalization with additional side-chains
enable thin film deposition via thermal evaporation as well as
solution-based methods. This versatility of film formation and
functionalization also facilitates variations of morphology and
molecular packing over a wide range.”> However, unlike the
sulfur-substituted analogues of ININs (such as BTBTs:
benzothieno[3,2-b]benzothiophene),"****° and despite the intri-
guing properties of the ININ class molecules, their polymorph-
ism and its impact on optoelectronic properties have not yet
been explored.

Here we employ thermal evaporation and zone-casting from
solution to create thin films of Cg-C-inin with markedly differ-
ent macro- and microscopic morphologies and study their
influence on polymorph formation, transformation, and stabi-
lity. By combining atomic force microscopy (AFM), GIWAXS,
Raman and absorption/fluorescence spectroscopy we explore
the different polymorphs and the molecular rearrangements
during polymorph transformation. Variations in crystallinity
and morphology directly affect the transformation kinetics (fast

This journal is © The Royal Society of Chemistry 2025

or slow) in different thin films as large molecular reorientations
occur. Furthermore, we identify conditions for which poly-
morph transformation processes can be reversed.

2. Results and discussion

2.1. Optical properties of Cs-C-inin

The new ININ derivative Cg-C-inin (see molecular structure in
Fig. 1a) was synthesised via a reductive ring closure approach
adapted from Qiu et al. (see reaction scheme, synthesis details
and analysis in ESL Fig. $1-S11).** Thermogravimetric analy-
sis (TGA) shows that Cg-C-inin remains stable up to 220 °C with
only 5% weight loss up to 300 °C (see ESLi Fig. S12), thus
enabling a broad temperature window for processing. Cyclic
voltammetry of a 1 mM Cs-C-inin solution in degassed dichlor-
omethane (see ESL T Fig. S13) indicates two sequential oxida-
tion steps. However, the second oxidation step is irreversible.
The corresponding ionization potentials (IPs) relative to the
vacuum level were extracted as IP1 = —4.76 eV and IP2 =
—5.44 eV (see ESIL,t Table S1). The first IP is sufficiently close
to the work function of gold or silver to enable hole injection
into Cg-C-inin in OFETs, although, the secondary irreversible
oxidation process may limit device stability.

The absorption spectrum of Cg-C-inin in hexane solution
(Fig. 1b) shows two main absorption bands that are common
for ININ-derivatives and are associated with the S, — S;
(376 nm) and the S, — S, (333.5 nm) transition.*® Absorption
and emission band positions were determined from the second
derivatives of the smoothed spectra to correct for peak shifts
due to band overlap. The S, — S; transition shows a typical
vibronic progression with the 0-0 band at 376 nm and the 0-1
band at 357.5 nm. The photoluminescence spectrum (Fig. 1c)
mirrors the vibrational progression of the absorbance (0-0
band at 379 nm and 0-1 band at 403 nm). The relatively rigid
molecular core structure is reflected in a small Stokes shift of
only 3 nm. High photoluminescence quantum yields (PLQY) of
87 + 11% were observed for deoxygenated toluene solutions of
Cg-C-inin.
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Thin films of Cg-C-inin were deposited in two different ways,
by slow thermal evaporation (0.2 A s™) in vacuum and by zone-
casting from toluene solutions (Tstage = 80 °C, Tsolution = 60 °C,
casting speed 0.1 mm s '). Both types of films show nearly
identical absorption spectra (see Fig. 1b) indicating very similar
molecular packing orders. An additional peak not detectable in
the solution spectrum appears at ~354 nm in the fresh thin-
film spectra. Its exact identity remains uncertain, but it might
correspond to the 0-2 peak, which is too weak to be observed
for the isolated molecules in solution as it would be covered by
the strong S, — S, transition. For both thin films, the 0-0/0-1
band intensity ratio is lower than in the solution spectrum.
This change in ratio indicates the formation of H-aggregates as
a result of close molecular packing with direct overlap of the
n-electron systems of the neighbouring molecules.”' However,
the observed redshift of the 0-0 (solution: 376 nm, therm.
evap.: 395 nm, zone-cast: 394 nm) and 0-1 absorption bands
(solution: 357.5 nm, therm. evap.: 373 nm, zone-cast: 372 nm)
is in contrast to the expected blueshift for H-aggregates. Due to
the rigidity of the molecular core (the m-electron system) we can
rule out conformational changes in the solid state as the reason
behind the changed vibronic coupling and the spectral red-
shift. However, this discrepancy might be attributed to a
relatively small excitonic coupling, with the blueshift due to
H-aggregation being smaller than the stabilization by disper-
sive forces in the solid state resulting in a ‘solution-to-crystal’
redshift. Similar behaviour has been observed for H-aggregates
of other molecules.*" Thermally evaporated Cg-C-inin films still

Zone-cast film
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showed fairly high PLQYs of 34 + 4% despite H-aggregates
usually leading to suppressed PL.*" Some solid state emitters
with vibrational coupling and low excitonic coupling have been
shown to retain high PLQYs if the non-radiative decay rates are
slow.”'™3 However, this is relatively rare for polycrystalline
films, in contrast to single-crystals, as large numbers of grain
boundaries often lead to fast non-radiative decay.

Zone-cast films of Cg-C-inin clearly show fewer grain bound-
aries, however, their PL spectra also differ substantially from
the evaporated polycrystalline films. The PL spectrum (see
Fig. 1c) shows a strong and broad emission band around
500 nm and a reduced 0-0/0-1 intensity ratio compared to the
thermally evaporated film. The spectral evolution of the PL
spectra of thermally evaporated Cg-C-inin films at 77 K from 0
to 10 ns and time-resolved PL decay measurements reveal a long-
lived emission at 500 nm (see ESI,T Fig. S14). Together with its
occurrence only in the solid state, we attribute this broad
emission feature to excimer species that are more pronounced
in the zone-cast films due to increased long-range order. The
increased excimer intensity and its overlap with the 0-1 band but
not the 0-0 band explains the smaller 0-0/0-1 PL band ratio of
the zone-cast film compared to the thermally evaporated film
despite their very similar 0-0/0-1 absorption band ratios.

2.2. Thin film morphology

The similar molecular packing of the evaporated and zone-cast
films as indicated by their closely resembling absorption spec-
tra but their differences in long-range order as implied by the
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Fig. 2

(a) Darkfield optical micrograph (scale bar 200 pm) and (b) AFM image of zone-cast Cg-C-inin film (scale bar 1 um). (c) AFM image of thermally

evaporated thin film (scale bar 1 pm). GIWAXS data of zone-cast film with X-ray propagation direction (d) parallel and (e) perpendicular to crystalline
ribbons. White dots (also included in the missing wedge) indicate diffraction peak positions calculated from unit cell parameters. The associated crystal
planes are labelled by their Miller indices. (f) GIWAXS data of thermally evaporated Cg-C-inin film.
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different excimer emission intensities are further visualized and
confirmed by optical micrographs, AFM images, GIWAXS and
X-ray diffraction (XRD) data as shown in Fig. 2. Zone-casting
leads to highly aligned, millimetre-long, smooth crystalline
ribbons (see Fig. 2a and b), while thermal evaporation yields
polycrystalline films with a rough island-like morphology (see
Fig. 2c). The excellent in-plane and out-of-plane order of the
zone-cast films is highlighted by sharp GIWAXS reflections and
their dependence on sample orientation (90° rotation, compare
Fig. 2d and e). The unit cell parameters for the crystalline zone-
cast ribbons were extracted from the GIWAXS data via iterative
diffraction peak simulation and are listed in Table S2 (ESI}). An
out-of-plane stacking distance of 2.2 nm (c-axis = 2.8 nm, f =
127°) was further corroborated by a minimum step height of
2.1 £ 0.2 nm extracted from AFM images of the zone-cast films.
With a total molecular length (molecular long axis, extended
alkyl chains) of approximately 2.8 nm, the out-of-plane packing
distance of 2.1-2.2 nm suggests that the molecules are standing
upright but slightly tilted on the substrate surface. Such a
molecular orientation was also observed for several other ININ
derivatives.”® While the thermally evaporated films did not
show any long-range in-plane order in GIWAXS experiments
(see Fig. 2f), their crystallinity and out-of-plane order are clearly
represented by sharp XRD reflections (see ESI,f Fig. S15). The
out-of-plane packing distance of 2.1 £ 0.1 nm of the thermally
evaporated films suggests a local packing order that is very
similar to the zone-cast films.

Large single-crystals of Cg-C-inin were grown from a
THF:hexane solvent mixture (slow solvent diffusion) and also by
recrystallization from toluene. The obtained single-crystal struc-
tures are different for crystals grown from the THF:hexane com-
pared to crystals from toluene solution (see ESILT Fig. S16-S19).

Fresh films

Aged > 4 months
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However, both crystal types show nearly the same peaks in
differential scanning calorimetry (DSC) (see ESL 7 Fig. S20) with
an endothermic peak on first heating at 103.5 °C/104.6 °C
(potential polymorph transformation) and a second endothermic
peak at 151.6 °C/152.6 °C (melting). We attribute the similarity of
the DSC data for the two crystal types to their similar intermole-
cular interactions. The two bulk-phase single-crystal structures
share an interlocking pattern of the octyl chains between layers
and small overlaps between the m-electron systems of neighbour-
ing molecules. Both single-crystal structures exhibit unit cell
parameters that are different from those of the thin films (see
ESLT Table S3). A much larger c-axis length of 3.5-3.6 nm
compared to the 2.8 nm of the thin films is most obvious. The
smaller out-of-plane packing distance of the thin films excludes
the possibility of interlocking octyl chains between layers. Overall,
Cg-C-inin layers created by thermal evaporation and zone-casting
yield a unique thin-film polymorph that is different from bulk
single-crystals. The existence of multiple crystal structures poses
the question of packing stability and the possibility of polymorph
transformations.

2.3. Polymorph transformations

The occurrence of metastable polymorphs and their successive
transformation into more stable polymorphs can lead to per-
formance degradation of small-molecule thin-film optoelectronic
devices. The optical and charge transport properties of different
polymorphs often deviate substantially due to variations in their
intermolecular interactions. Furthermore, degradation may occur
due to changes in film morphology or volume during polymorph
transformation, leading to cracks or adhesion issues at the
interfaces between different layers (electrode-semiconductor or

semiconductor-dielectric interface).”>** Hence, we analysed the
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Fig. 3 AFM images (scale bar 1 um) of (a)—(c) zone-cast and (d) and (e) thermally evaporated Cg-C-inin films, either freshly deposited or after storage in
dry nitrogen for more than 4 months. (f) Schematic of the proposed molecular reorientation during the aging process.
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stability of the Cg-C-inin thin-film polymorphs that were created
by thermal evaporation and zone-casting from a few hours to
several months.

For a polycrystalline thermally evaporated Cg-C-inin film,
the first morphology changes occurred within a few hours after
deposition (see ESLT Fig. S21). Consecutive AFM images col-
lected over 8 hours at room temperature (ESIL, 1 Video S1) show
significant diffusion of material and drastically changing sur-
face topology. In contrast to that, zone-cast films only showed
significant morphology changes after 1-2 months. Fig. 3 shows
the morphology changes of the thermally evaporated and zone-
cast films after more than 4 months of storage in dry nitrogen
at room temperature. A clear transformation to needle-like
layers and a strong reduction of the minimal step height from
2.1 £ 0.2 nm to 0.7 & 0.2 nm occurred for most zone-cast films
(Fig. 3a and b) and all of the thermally evaporated films (Fig. 3d
and e). However, for a few zone-cast crystalline ribbons (Fig. 3c)
with very smooth surfaces (homogeneous height, very low
number of molecular steps, edges, and defects), no morphology
or significant step height changes (2.1 + 0.2 nm to 2.3 +
0.2 nm) were observed even after over 4 months. These differ-
ent transformation kinetics for thermally evaporated films and
zone-cast films of different roughness clearly indicate different
kinetic barriers for the transformation in these films.

The decreased out-of-plane packing distance of the trans-
formed films suggests that the Cg-C-inin molecules not only
diffuse over the substrate but also tilt to a more parallel
orientation to the substrate plane (see schematic of molecular
orientations in Fig. 3f). GIWAXS data of the aged thermally
evaporated films provide further evidence for the reorientation
of the molecules (see ESI, T Fig. S22). They show sharp reflec-
tions instead of diffuse rings, thus indicating increased in-
plane order. The unit cell parameters of the aged thermally
evaporated film were extracted from GIWAXS data via iterative
diffraction peak fitting and simulation (see ESI,t Table S4).

a)
- fresh therm. evap. film

- aged therm. evap. film
- single-crystal powder

b)

— fresh therm. evap. film
- aged therm. evap. film
— single-crystal powder
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These unit cell parameters differ from all other polymorphs
that were discussed so far, thus indicating a polymorph trans-
formation during film aging. The extracted out-of-plane dis-
tance of ~0.7 nm corresponds well to the minimal AFM step
height. The longest in-plane distance of ~2.8 nm is in good
agreement with a mostly parallel orientation of the molecular
long axis relative to the substrate plane.

The aging/polymorph transformation processes of Cg-C-inin
thin films are also reflected in their absorption and PL spectra.
Fig. 4a and b show the corresponding spectra of a fresh and
aged thermally evaporated film and bulk-phase single-crystals
(recrystallized from hexane). The relative absorption band
intensities changed significantly with aging while transition
energies remained mostly the same with only a slight blueshift
of 9 nm, indicating a modified intermolecular orientation but
no chemical degradation. The 0-0/0-1 absorption band ratio is
sensitive to changes in the intermolecular excitonic coupling,
which in turn is related to changes in the molecular packing.*'
The similarity between the 0-0/0-1 absorption band ratios of
the aged film and the single-crystal powder suggests a similar
packing order in both. The 0-0/0-1 ratio is near unity and thus
equal to the ratio observed for the molecules in solution
(see Fig. 1b), suggesting very small intermolecular excitonic
coupling in contrast to the small 0-0/0-1 ratio of the fresh films
indicative of H-aggregates.

The main difference between the PL spectra of aged thermally
evaporated film and the bulk-phase single-crystals (Fig. 4b) is the
very low emission intensity at the 0-0 band for the single-
crystals. This can be explained by the higher self-absorption of
the latter caused by an increased optical path length due to the
thickness of the crystallites as well as waveguiding. Both single-
crystals and aged films show relatively low excimer emission
intensities despite the clearly higher long-range order compared
to the freshly thermally evaporated film. For single-crystals, this
could be a consequence of the small overlap of the n-n-electron
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Fig. 4 Normalized (a) absorption and (b) PL spectra of fresh and aged (>4 months) thermally evaporated thin-film and of bulk-phase single-crystals. (c)
Baseline-corrected normalized low-frequency Raman spectra of fresh and aged/transformed zone-cast films and bulk-phase single-crystals.
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systems between neighbouring molecules (ESL i Fig. S16-S19)
and represents additional evidence for a similar molecular
packing order in aged films.

To summarize, while the unit cell parameters of the poly-
morphs of the aged films and single-crystals are clearly different,
the next-neighbour orientations and interactions appear to be
quite similar for the two samples. Only the longest unit cell axes
are significantly different (~2.8 nm vs. 3.5 nm) which might be
explained by a slightly higher symmetry in the packing along
these axes. Nearest neighbour interactions along these axes
should only consist of interactions between octyl-chains. Hence,
the intermolecular excitonic coupling along these axes is negli-
gible due to the large distances between the molecular cores.
They should have no significant influence on the absorption and
emission properties. These observations explain the seemingly
contradictory results of similar optical properties but different
unit cell parameters of the aged thin film polymorph and the
bulk-phase single-crystals.

To further explore the similarities and distinctions of the
different molecular packing orders, we applied low-frequency
Raman microscopy. As Raman modes below ~200 cm ™' are
mostly attributed to intermolecular vibrations and rotations
they depend on the molecular packing and can be used to
distinguish between different polymorphs.*'®*’ Fig. 4c shows
the low-frequency Raman spectra of a freshly zone-cast film of
two different aged zone-cast films and of bulk-phase single-
crystals. While the single-crystals showed Raman bands at 80,
90 and 158 cm ', the freshly zone-cast films exhibited one
main band at 107 cm™ ' and smaller features at 87, 96, and
116 cm ™!, again indicating different polymorphs in agreement
with AFM, GIWAXS, and absorption data. Aged zone-cast films
exhibited two distinct types of Raman spectra (referred to as
type 1 and type 2 in the following) associated with slightly
different morphologies (ESI,T Fig. S23). Here, type 1 was the
predominant form of aged zone-cast films and had a mostly
needle-like morphology as already shown in Fig. 3b (see also
ESLt Fig. S23). This morphology is similar to that of aged
evaporated films, suggesting that the type 1 polymorph
observed in aged zone-cast films is probably the same as that
of aged evaporated films. Type 1 films display Raman signals
identical to those of single-crystal powder (80, 90 and
158 cm '), indicating similar intermolecular vibrations and
rotations, thereby confirming the presence of the same or at
least very similar polymorphs in the aged zone-cast film and the
single-crystal powder.

In contrast to that, type 2 was only observed for a small
minority of aged zone-cast Cg-C-inin ribbons and exhibited a
more island-like surface morphology (ESL,t Fig. S23) but still a
similar minimum step height of 0.7 £ 0.2 nm. Type 2 films
feature a unique Raman signal at 75 cm™ ', alongside additional
peaks with small relative intensities close to those observed in
fresh zone-cast films (85, 97 and 110 cm™ ') and single-crystal
powder (153 cm™'). We postulate a co-existence of the fresh
thin-film, the bulk-phase single-crystal-like, and a potential
third polymorph in different areas of the type 2 films. This
third polymorph may represent a transitional phase from the

This journal is © The Royal Society of Chemistry 2025
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metastable thin-film polymorph to the stable bulk-phase
single-crystal-like polymorph. Overall, low-frequency Raman
spectroscopy can be used to identify and track different poly-
morph transformations of Cg-C-inin films by probing the whole
volume of a measurement spot and not just the surface (as
in AFM).

Interestingly, smooth zone-cast films did not show any
morphology changes (AFM) or changes of the low-frequency
Raman modes compared to the fresh zone-cast films even after
nine months (ESLt Fig. S24). Hence, we hypothesize that the
differences in polymorph stability and the transformation
speed of rough and smooth zone-cast films and thermally
evaporated films are the result of a higher kinetic barrier for
molecular diffusion and rotation/reorientation in closely
packed crystalline ribbons. Molecular reorientation requires
free volume, and such space would only be available at grain
boundaries, crystal edges, and packing defects. At these posi-
tions, which are numerous in the polycrystalline thermally
evaporated films and rougher zone-cast ribbons, the kinetic
barrier should be low enough to permit polymorph transforma-
tion at room temperature.

We tested this hypothesis by observing the birefringence of
different Cg-C-inin films with cross-polarized microscopy at
different temperatures. The transformed polymorphs of aged
thin films (both type 1 and type 2) were strongly birefringent
but nearly no birefringence was observed for the metastable
polymorph of freshly deposited films (see ESL Fig. S25a and
b). Bright-field optical microscope images did not show enough
contrast to locate areas with polymorph transformation (see
ESLt Fig. S25¢ and d). However, differences in birefringence
allowed for tracking the polymorph transformations over much
larger areas than AFM or Raman measurements.

Films consisting mainly of very smooth, low-defect ribbons
were deposited by lowering the Cs-C-inin concentration of the
toluene solutions used for zone-casting to 0.25 mg mL
(compared to 2.5 mg mL '). The smooth zone-cast films
showed no transformation of the metastable thin-film poly-
morph even after prolonged heating (up to 4 hours) at 60 °C,
80 °C, 110 °C, or 130 °C. Heating to 150-160 °C resulted in
melting of the thin film (melting temperature of bulk-phase
single-crystals ~152 °C). The stability observed at low tempera-
tures (close to room temperature) might be attributed to a high
kinetic barrier for polymorph transformation in highly ordered
crystal ribbons. However, the absence of transformations at
elevated temperatures, such as 130 °C, indicates the presence of
another contributing factor. In addition to kinetics, thermo-
dynamic aspects must also be considered.

Polymorphic systems exhibit a transformation temperature
at which the relative thermodynamic stability (Gibbs free
energy) of the polymorphs switch order (see schematic for a
dimorphic system in Fig. 5a).>" Hence, while the kinetic barrier
of molecular reorientation in a system might be overcome at
higher temperatures, the thermodynamic driving force for the
transformation is lost. Consequently, no conversion from thin-
film polymorph to bulk-phase or aged thin-film polymorph can
occur. However, at temperatures above the transformation
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Gibbs
free energy

'

a)

> T

b) Reverse polymorph transformation

40 °C 80°C

Fig. 5 (a) Schematic representation of the Gibbs free energy — tempera-
ture relationship of a dimorphic system (polymorphs A and B) with room
temperature (r.t.) and transformation temperature (Ty indicated with
dashed lines. (b) Cross-polarized images (white crosses indicate relative
orientation of polarization filters) of aged (transformed) zone-cast film
before and after heating to 80 °C in steps of 10 °C for 10 min starting at
40 °C (scale bar 1 mm).

point the reverse process should occur, i.e., conversion of the
formerly thermodynamically stable polymorph into the meta-
stable polymorph. The only additional conditions are that the
transformation temperature must be lower than the melting
temperature of both polymorphs (enantiotropic system)> and
the kinetic barrier can be overcome.

To test for such a reverse polymorph transformation, an
aged zone-cast Cg-C-inin film with clear birefringence was
heated from 40 °C to 80 °C in steps of 10 °C for 10 min each.
The birefringent polymorph remained stable up to 70 °C but
around 80 °C a fast transformation towards the non-
birefringent polymorph occurred (see Fig. 5b and ESLt
Fig. S26). AFM images show that the film surface changed from
a needle-like morphology to an island-like morphology (see
ESLt Fig. S27). The minimum step-height of the film changed
from 0.7 &+ 0.2 nm to 2.1 £ 0.2 nm. In addition, the low-
frequency Raman spectrum of the annealed film showed no
significant differences to the spectra of freshly zone-cast films
(see ESI,t Fig. S28). Thus, AFM and Raman data confirm that
annealing indeed induced a reverse polymorph transformation
back to the thin-film polymorph of freshly zone-cast Cs-C-
inin films.
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Cross-polarized microscope images during annealing of the
aged zone-cast film show that the polymorph transformation
occurred via a nucleation and growth mechanism (see Video S2
and Fig. S29, ESIt). Nucleation and growth transitions are the
most common transition types and occur generally for poly-
morph transformations with significant changes in molecular
packing, where molecules move individually across phase
boundaries (in contrast to martensitic transitions).>*> Note,
that all nucleation events occur at positions where lower kinetic
barriers towards molecular reorientation can be expected (i.e.,
crystal edges, grain boundaries). For nucleation and growth
transitions, defects in molecular packing and grain boundaries
increase the rate of polymorph transformation.*>*®

Overall, these experiments support our hypothesis that the
polymorph metastability of Cg-C-inin is strongly influenced by
the film morphology, especially the presence or absence of
grain boundaries and defects. They are the origin of the vastly
different polymorph transformation kinetics in thermally eva-
porated films and different zone-cast films.

2.4. Charge transport properties

The ability to maintain the metastable thin film polymorph for
certain crystalline ribbons but observe polymorph transforma-
tion for other film morphologies allows us to distinguish the
impact of polymorph transformation on the charge transport
properties of Cg-C-inin films from other processes that may
occur during long-term storage. The close molecular packing
and long-range order of the zone-cast films of Cg-C-inin as well
as the ionisation potential should enable hole injection from
gold electrodes and charge transport in OFETs. Bottom-gate/
top-contact field-effect transistors based on zone-cast Cg-C-inin
films were fabricated and measured at different times to monitor
changes in hole mobility and threshold voltage. The first transfer
characteristics were measured shortly (1-5 days) after the initial
film deposition and again 9 months later for both a rough film,
for which polymorph transformation occurred (see Fig. 6a), and
for a smooth film, where no conversion of the thin-film poly-
morph was observed (Fig. 6b).

Both fresh films showed low hole mobilities of up to pga =
0.01 cm® V™' s in the saturation regime. Determining hole
mobilities in the linear regime was not possible due to large
bias-stress instabilities when only small drain voltages were
applied. Large and mostly irreversible negative shifts of the
threshold voltage occurred during those measurements (see
ESI,T Fig. $30). The irreversible shift of the threshold voltage
might be caused by the irreversible secondary oxidation step of
Cg-C-inin molecules (to Cg-C-inin®**) as indicated by cyclic
voltammery (see ESI,T Fig. S13). Permanently trapped positive
charges in the semiconducting layer could lead to such large
threshold voltage shifts.

The charge transport properties of the zone-cast Cg-C-inin
thin films changed over the course of 9 months depending on
their morphology and polymorph stability. For rough films with
polymorph transformation, a strong reduction in the drain
current on/off ratio was observed, the hole mobility dropped
below 0.001 cm”® V™' 57, and the onset voltage shifted to more

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Transfer characteristics (saturation regime) of OFETs with different
zone-cast Cg-C-inin films measured shortly (1-5 days) after film deposi-
tion and 9 months later. (a) Metastable Cg-C-inin film showing polymorph
transformation (V4s = —80 V) including schematic transistor layout. (b)
Stable Cg-C-inin film without polymorph transformation (Vg5 = —40 V).

negative voltages. This degradation might be explained by
differences in the transfer integrals for the changed molecular
packing orders. Furthermore, the presence of many different
crystal orientations in the transformed polymorph as well as
phase boundaries between transformed and metastable poly-
morphs (see ESL T Fig. S23) are likely to contribute to charge
trapping and overall reduced charge carrier mobilities.

In stark contrast to these devices, the hole mobilities of
OFETs with thin smooth films of zone-cast Cg-C-inin, which
showed no polymorph transformation, actually increased by an
order of magnitude (up to pg,e = 0.1 cm> V™' s71) after aging for
9 months. A steeper subthreshold swing also indicates a lower
density of trap states. This enhanced performance might be

This journal is © The Royal Society of Chemistry 2025
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due to the high molecular mobility of Cg-C-inin molecules at
crystal edges and defects as discussed above, which may facil-
itate healing of trap-states through equilibration of the mole-
cular orientations at grain boundaries. It also confirms that the
observed device degradation for rough films was not the result
of any chemical changes of the Cg-C-inin molecules.

In summary, the stabilization of the Cs-C-inin thin-film
polymorph in highly ordered and smooth zone-cast films not
only prevents device degradation due to polymorph transfor-
mation but even enhances charge transport after long-term
storage in contrast to many other organic semiconductors.

3. Conclusion

Thin films of Cg-C-inin, a new derivative of 5,10-dihydroindolo[3,2-
blindole, were prepared by thermal evaporation and zone-casting
from solution, resulting in distinct morphologies. Both types of
films exhibited a metastable polymorph that transforms at room
temperature and over different time scales into a thermodynami-
cally more stable polymorph. Rough and polycrystalline films with
packing defects and grain boundaries (such as those obtained
through thermal evaporation) promote and accelerate the large
molecular reorientations required for this transformation. Conver-
sely, reducing the density of packing defects through optimized
film deposition via zone-casting prolongs the time necessary for
polymorph transformation from hours to several months or longer.
As an enantiotropic polymorphic system with a polymorph transi-
tion temperature not far from room temperature, annealing Cg-C-
inin films does not lead to faster polymorph transitions. Instead, it
provides thermodynamic stabilisation of the metastable polymorph
and thus a reversal of the polymorph transformation. This example
of the small-molecule organic semiconductor Cg¢-C-inin demon-
strates that long-term stability of a metastable polymorph and thus
the retention of electronic and optical properties can be achieved by
controlling the initial film morphology while annealing can provide
an additional pathway to metastable polymorphs. Similar effects
can be expected for other organic polymorphic systems.

4. Experimental methods

4.1. Materials

Cg-C-inin was synthesized and purified as described in the
ESIL.i All chemicals were obtained from commercial sources
(Sigma Aldrich, Alfa Aesar, Fluorochem, Fisher Scientific, etc.)
and used without further purification. Dow Cyclotene 3022-35
resin from micro resist technology GmbH was used as the
precursor for the crosslinked B-staged divinylsiloxanebenzo-
cyclobutene (BCB) layer.

4.2. Zone-cast films

Alkali-free glass substrates (AF32eco, Schott AG, 2 cm x 2.5 cm,
thickness 500 um) and substrates of p-doped silicon (2 em X
2.5 cm, thickness 500 pm) with and without thermally grown
oxide (300 nm SiO,) were cleaned by sonication in acetone and
2-propanol followed by rinsing with deionized water. A diluted
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solution of BCB precursor in mesitylene (volume 4: 1) was spin-
coated onto the substrates at 4000 rpm in dry nitrogen atmo-
sphere followed by annealing at 290 °C for 1 minute to
complete crosslinking. The resulting BCB layer had a thickness
of ~100 nm (on glass substrates) or 65 nm (on Si/SiO,
substrates). The Cg-C-inin layer was zone-cast using a home-
built zone-casting setup as described previously.**® A solution
of 0.25 or 2.5 mg mL ' Cg-C-inin in toluene, a nozzle and
solution temperature of 60 °C, a stage temperature of 80 °C and
a casting speed of 0.1 mm s ' were applied, which yielded
aligned Cg-C-inin films with a thickness of 15-150 nm.

4.3. OFET device fabrication

Thermal evaporation of 30 nm thick gold source/drain electro-
des through a shadow mask (channel width 1500 pm, channel
lengths 40-150 pm) on Si/SiO,/BCB substrates with Cg-C-
inin thin films completed bottom-gate/top-contact field-effect
transistors. To reduce gate leakage, the Cg-C-inin films were
patterned by mechanically removing the semiconductor around
the individual transistor structures.

4.4. Thermally evaporated films

Quartz substrates and substrates of silicon with thermally
grown SiO, (300 nm) were soaked in acid mixture (HCI/HNOj;)
for 24 hours, then washed with water and sonicated in iso-
propanol, followed by ozone cleaning for 20 mins. Homoge-
neous thin films of Cg-C-inin were thermally evaporated in
vacuum at a rate of 0.2 A s™' using a thermal evaporator
(Angstrom Engineering Inc.). The thickness of the films was
80 nm for optical measurements and thin film XRD but 20 nm
for AFM measurements.

4.5. Characterization

Thin film XRD. X-ray diffraction data were collected using
Cu-Ka (A = 1.541 A) radiation on a Bruker D8 ADVANCE X-ray
diffractometer in Bragg-Brentano Geometry equipped with a
high-resolution energy dispersive Lynxeye XE detector. Inter-
planar distances were calculated using Bragg’s law ni = 2dyy,
sin(0p4), where 0y, — Bragg angle, dy;,; — interplanar distance, 1 -
wavelength, and n - order of reflection.

Grazing incidence wide-angle X-ray scattering (GIWAXS).
GIWAXS measurements of zone-cast films were performed at
the BL11 NCD-SWEET beamline at ALBA Synchrotron Radiation
Facility (Spain). The incident X-ray beam energy was set to
12.4 keV using a channel cut Si (111) monochromator. The
angle of incidence was set between 0.1° and 0.15° to ensure
surface sensitivity. The scattering patterns were recorded using
a Rayonix LX255-HS area detector. Data are expressed as a
function of the scattering vector (g), which was calibrated using
Cr,0; as standard sample, obtaining a sample-to-detector dis-
tance of 194.5 mm. 2D GIWAXS patterns were corrected as a
function of the components of g. 2D GIWAXS patterns of BCB
coated silicon substrates were used for background substrac-
tion after applying a weighting factor of 0.5.

GIWAXS measurements of thermally evaporated films were
carried out on a Xeuss 2.0 instrument equipped with an
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Excillium MetalJet liquid gallium X-ray source. Films prepared
on glass were collected for 900 s using collimating slits of 0.5 x
0.6 mm (“high flux” mode). Alignment was performed via three
iterative height (z) and rocking curve (Q) scans, with the final
grazing incidence angle set to Q = 0.3°. Scattering patterns were
recorded on a vertically-offset Pilatus 1M detector with a sample to
detector distance of 385 mm, calibrated using a silver behenate
standard to achieve a g-range of 0.035-2.0 A™*. Data reduction was
performed using the instrument-specific Foxtrot software.

Unit cell sizes and lattice parameters were obtained from
GIWAXS data using the MatLab script GIWAXS-SIIRKkit provided
by Savikhin et al.>® GIWAXS-SIIRkit allows calculating lattice
parameters from a GIWAXS pattern by fitting well-defined and
oriented diffraction peaks.

Atomic force micrographs. Atomic force micrographs of
zone-cast Cg-C-inin films were recorded using a Bruker Dimen-
sion Icon atomic force microscope (AFM) in ScanAsyst™ mode
under ambient conditions. Images were processed with Gwyd-
dion 2.6. For thermally evaporated Cg-C-inin films, Peak Force -
Quantitative Nanomechanical Mapping (PF-QNM) in air was
used for imaging, maintaining a modulation frequency of
2 kHz and a peak force value no greater than 500 pN. Bruker™
SNL AFM probes were used for imaging. Imaging was per-
formed with Nanoscope 9.2 software. Nanoscope Analysis
1.8 and MATLAB 2017a were used for data analysis.

Raman spectroscopy. Raman spectra were recorded with a
Renishaw InVia-Reflex confocal Raman microscope in back-
scattering configuration with a 785 nm excitation laser. For
each sample, 21 to 64 spectra (50 accumulations) were collected
from equally spaced spots over areas of 225 to 1225 um?>.
Spectra were averaged, smoothed and baseline corrected by
subtracting a reference spectrum of a clean substrate without
Cg-C-inin and an exponential decay background to correct for
remaining intensity from scattered laser light.

Absorption spectroscopy. UV-vis absorption spectra of zone-
cast films and single-crystal powder placed on a cleaned glass
substrate were acquired with an Agilent Cary 6000i UV-Vis-NIR
absorption spectrometer with a linear transmittance setup.
A small aperture was placed in front of the sample for film
measurements to select a uniform film area. Measurements of
a Cg-C-inin solution in hexane (5.5 pmol L") were carried out
with a 1 cm cuvette. Absorption spectra of thermally evaporated
films were measured using an Agilent Technologies Cary 60
Spectrometer with a linear transmittance setup.

Photoluminescence spectroscopy. Photoluminescence spec-
tra of a dilute Cg-C-inin solution in hexane (5.5 pmol L"), of a
zone-cast Cg-C-inin film, and of single-crystal powder on a
cleaned glass substrate were acquired with a Horiba Scientific
Fluorolog-3 spectrometer. Photoluminescence spectra of ther-
mally evaporated Cg-C-inin film were measured using Jobin
Yvon Horiba Fluoromax4 (equipped with xenon arc lamp) or
Agilent Technologies Cary Eclipse Fluorescence (equipped with
xenon flash lamp) spectrofluorometers.

Electrical characterization. Output and transfer characteristics
of OFETs were recorded in air with a 4155C Agilent semiconductor
parameter analyzer. The overall areal capacitance C; of the SiO,/
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BCB bilayer dielectric layer was estimated to be 8.66 nF-cm™>.
Field-effect mobilities in the saturation regime (us,) were
calculated based on the gradual channel approximation:
2L (31
sat — WiC, < 8Vgs
width, Vs - gate-source voltage, and Iy - drain current.

), where L - channel length, W - channel
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