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ABSTRACT

Understanding of polymorphism of organic semiconducting materials is the key to structural control

of their electrical and mechanical properties. Motivated by the ambipolar n-type charge transport and
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electroluminescence of thienopyrrolyldione end-capped oligothiophenes, here we studied the
propensity of one representative to crystallize as different polymorphs which display distinctly
different mechanically properties. The crystal structures of the two polymorphs (denoted ‘o’ and “B’)
of the material, 2,2'-(2,2'-thiophene-5,5'-diyl)bis(5-butyl-5H-thieno[2,3-c]pyrrole-4,6)-dione (C4-
NT3N), were determined. In the a phase, the molecules interact strongly by m-stacking, forming
columns which are bonded via C—H---O and chalcogen bonds, and this packing is consistent with
the elastic behaviour observed with the crystals. Instead, the B phase has the molecules aligned along
their core forming layers. Whilst the molecules interact strongly within the layers, they are practically
unbound between the layers. The presence of slip planes in this form explains the plastic deformation
induced by applying a force perpendicular to the (001). The thermal behaviour and the enantiotropic

relationship of the polymorphs are reported.

1. INTRODUCTION

One of the most important tasks in the design and preparation of novel materials, yet a very
challenging one, is the ability to predict and to control specific properties in the solid state. This is
normally attempted by varying the chemical nature of the molecule and/or by using different 3D
arrangements of the molecules in the structure via polymorphism, since polymorphs can present
remarkably different properties.! Specifically, in case of molecular semiconductors, polymorphism
is usually associated with prominent differences in photophysical and charge-transport properties,
since the HOMO and LUMO energies are significantly perturbed by the crystal packing.® Within this
context, efforts have been made to improve the charge transport and optoelectronic properties by

modifying the molecular packing, either via chemical variation of the molecules’™!! or by controlling
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the polymorphic outcome during deposition.'>”! Comparatively less studies are available that
correlate the impact of crystal packing with the mechanical behaviour of this class of materials.?’ %

Typically, molecular crystals are fragile, tend to break during deformation, and do not display
flexibility.?* In some cases, it is possible to elicit (irreversible) plastic deformation in crystals, and
this is often accompanied by increased amount of structural defects and occasionally by delamination.
However, there is a growing number of authors reporting elastic behaviour of molecular crystals
where the original shape of the crystal is recovered after the deformation.?*¢ This is an attractive
feature for real-world applications and, in particular, for semiconductor materials, since elasticity is
of fundamental relevance to the fabrication and operation of mechanically compliant elements, such
as flexible electronics and optoelectronic devices.?’

In the past years, we have been researching thienopyrrolyldione end-capped oligothiophenes, for
simplicity hereafter referred to as thienoimides (TI), which display ambipolar charge transport with
major n-type behaviour and many are also electro-luminescent.?® ! This combination of properties

turns these materials into potential candidates for field-effect transistors (OFETs)!%?8

and single-layer
ambipolar light-emitting transistor devices (OLETs).?**? The possibility for variations in the basic
chemical structure provides access to a large variety of Tl-based oligothiophenes which can be
obtained by changing the length and shape of the alkyl chains, by modifying the number of thiophene
rings, or by inserting different bridges between them.?®3! It is noteworthy that most of these solids
are obtained as different polymorphs, depending on the recrystallization conditions or the deposition
procedure,'® but the polymorphism is also evident for different alkyl chain lengths, as it has been
observed with odd- and even-number alkyl chains.*> The polymorphs usually can be easily
distinguished by the different crystal morphology and luminescence.** Although the mechanical

properties are apparently very important for their application, however, they have not been explored

yet.
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To provide more insight into their mechanical behaviour, we focused on the molecule 2,2'-(2,2'-
thiophene-5,5'-diyl)bis(5-butyl-5 H-thieno[2,3-c]pyrrole-4,6)-dione) (hereafter abbreviated C4-

NT3N), which has been studied as potential ambipolar material.?’

The material appears in two
crystalline forms denoted as ‘a phase’ and ‘B phase’ which are easily distinguished by their colour: a
phase appears as orange crystals while B phase appears as yellow crystals. The material was used to
construct a Time Temperature Integrator (TTI) device,* however the properties of the two crystal
forms were not explored in detail. Herein, we describe the intriguing and distinct mechanical
behaviour of the two polymorphs of C4-NT3N: while crystals of the  phase undergo plastic
deformation, those of the a phase show complete elastic recovery in response to bending, a feature
that is very rarely encountered with crystalline organic semiconductors. We were also able to

determine the crystal structures of both polymorphs and we correlated the mechanical differences to

their different packing.

Chart 1. Molecular structure of the 2,2'-(2,2'-thiophene-5,5'-diyl)bis(5-butyl-5H-thieno[2,3-

c]pyrrole-4,6)-dione (C4-NT3N).

2. RESULTS AND DISCUSSION

2.1. Polymorphism and crystal structure determination
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The presence of different crystal phases was reported in the previous work of Gentili et al.,>® but
they did not assign the phase name, so hereafter the polymorphs are called a phase (Figure 1a) and 3

phase (Figure 1b).

Figure 1. Appearance and emission of the crystals of the two polymorphs of C4-NT3N, the a phase
(a), and the B phase (b). The images were recorded while the crystals were being irradiated with UV

light (365 nm) at 30-fold magnification.

Crystals of the a phase suitable for single crystal X-ray diffraction (SCXRD) were obtained by
solvent evaporation from a toluene solution. Plate-like crystals of the B phase, suitable for SCXRD,
were obtained by slowly cooling a hot (100 °C) supersaturated solution of C4-NT3N in toluene or by
using a solvothermal procedure. It was observed that usually the B phase crystallizes with some
crystals from the o phase on the surface (see Supporting Information, SI, figure SI1). The structure
of the o phase is triclinic, space group P1, and cell parameters a = 4.833(4) A; b=11.579(6) A; c =
21.82(1) A; o =79.98(4)°; B = 89.87(6)°; y = 83.60(5)°; volume = 1194.8 A?), with one molecule in
the asymmetric unit. The aromatic fragment is planar and the thiophene rings adopt an anti-anti
conformation (Figure 2a) which allow the molecular core to assume a curved shape, while the alkyl

chains are almost perpendicular to the thienoimide rings. The molecules are piled one above the
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others, connected through 7—r stacking interactions (Figure 2d). The main intermolecular interaction
is in the direction of the columns which are formed by the molecules translated along the a axis
(Figure 2c¢ and 3). A secondary intermolecular interaction is due to the presence of C—H---O bond
and chalcogen bond (S---O)*® between two adjacent molecules, as suggested by the energy
framework. The structure of the o form resembles that of the polymorph labelled form A observed
for the similar molecule C4-NT4N.?* The crystals grow along the [100] direction, and the visible

faces are (010) and (001) (SI, Figure SI7).

a) b)

Figure 2. Crystal structure of the a phase. (a) View of the molecular conformation; (b) Intermolecular
interactions between the NT3N cores; (c) Packing viewed along the a axis showing the interdigitation
of the columnar stacks of molecules; (d) 7—r interaction among the molecules (the alkyl chains have

been omitted for clarity). The hydrogen atoms have been omitted in panels ¢ and d for clarity.
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Figure 3. Graphic representation of the energy framework in the orange phase calculated with
CystalExplorer’’°, The thickness of the line is directly correlated with the intensity of the

interaction. (a) View along the a axis; (b) Details of the z— interactions.

The structure of the f phase was solved in the monoclinic space group P21/c, with one molecule of
C4-NT3N in the asymmetric unit (¢ = 22.937(2) A; b = 5.6167(4) A; ¢ = 19.323(1) A; g =
104.806(8)°; volume = 2406.8 A*). The molecular core presents an internal disorder in the position
of the sulphur atoms in one of the thienoimide groups. The disorder was modelled with 79% in the
syn conformation (Figure 5a) and 21% in the anti conformation. Overlapped model of the C4-NT3N
molecules in the a and B phases clearly shows that the molecules possess very similar conformations
(Figure 4), however the molecule in syn conformation is less curved than the one in anti conformation.
The crystal packing of B is similar to that of phase B of C4-NT4N.?? The structure is wafer-like with
layers where the molecules are strongly interconnected, as described by the 2D energy framework
(Figures 6), and layers occupied only by alkyl chains that are almost free to move (as suggested by
their high thermal parameters) and do not interdigitate with the upper layer of molecules. The crystals
of the B phase are plate-like, and the morphology reflects the layered structure with preferred growth
in the direction of the 7—= interactions (SI, Figure SI9) and expectedly, the shortest dimension

corresponds to the long a axis.
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Figure 4. Overlap of the C4-NT3N molecules of the a and § polymorphs. The hydrogen atoms have

been omitted for clarity.

A\ A

Figure 5. (a) View of the molecular conformation of the 3 phase; (b) View of the packing along the

b axis, showing the organization of the molecules in layers; (c) 7#—r interactions between the
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molecules from one molecular layer (the alkyl chains omitted). The hydrogen atoms in panels b and

¢ have been omitted for clarity.

Figure 6. Graphic representation of the energy framework in the [ phase calculated with
CystalExplorer’”*°, The thickness of the lines is directly correlated with the intensity of the

interaction. (a) View along the a axis; (b) view along the b axis.

2.2. Thermal properties

The morphological changes that occur during the phase transition were investigated by using hot-
stage microscopy (HSM) and differential scanning calorimetry (DSC). The DSC curve of the a phase
shows two distinct events (SI, Figure SI4). The first one, at 205 °C with AH = 2.47 kJ/mol, is
associated with transition to the B phase, as it was confirmed by variable temperature X-ray powder
diffraction (VT XRPD) and in hot-stage microscopy (SI, figure SI2), while the second one, at 224 °C

with AH = 35.5 kJ/mol, is relating to melting. On cooling the DSC shows two very close yet distinct
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events. The first at 200 °C with AH = -2.36 kJ/mol correspond to a transition from the melt to a
metastable liquid crystal phase that crystallizes at 199 °C with AH = -32.8 kJ/mol (second peak) as 3
phase. No solid-solid transition from 3 to a phase was observed during cooling.

The thermal behaviour was also monitored by HSM with a sample presenting both a and  phases.
During heating o phase converts to the B phase above 205°C (Figure 7). By cooling, the liquid C4-
N3TN forms liquid crystal, which can be easily detected at 201 °C (Figure 8a). Usually the transition
from liquid crystal to crystal resulted in formation of B phase only, however the presence of impurities
was found to induce concomitant crystallization of the two polymorphs (Figure 8c). Together with
the DSC results, these results suggest that o crystals are the stable phase at room temperature, while

the B crystals are the stable form at high temperature.

Figure 7. Hot-stage microscopy of a sample with both o and § phases. The transition of the a crystals

to the B form is visible between 205 and 212 °C.

Figure 8. Hot-stage microscopy of a melted sample of C4-NT3N during cooling. (a) Onset of the
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transition from melt to liquid crystal; (b) Onset of the transition from a liquid crystal to solid, in the
blue circle the impurity which promotes a crystallization; (c¢) Crystallization of the two concomitant

polymorphs.

2.3. Mechanical properties

As mentioned above, the two polymorphs exhibit very distinct mechanical properties. Specifically,
upon application of external mechanical stress, the o phase undergoes elastic deformation and the
phase tends to plastically deform with development of defects and delamination (Figure SI11). Face
indexing of both forms (SI, Figures SI8 and SI10) revealed that crystals of the a phase can be bent if
subjected to a force perpendicular to their (001) face, while crystals of the B phase can be readily
deformed when mechanical stress is applied perpendicular to their (100) face (Figure 9). The plastic
behaviour of the B form can be ascribed to the presence of van der Waals interactions between the
layers of C4-NT3N which involve the (100) slip planes, in fact, the energy framework indicates
interaction energies on the (100) slip plane that range between -0.6 and -3.8 kJ/mol. Application of
mechanical force on (100) causes slippage of adjacent layers, resulting in irreversible plastic
deformation of the crystal (Figure 9c and SI, Figure SI111) while when the mechanical force is applied
to different faces the crystal is fragile and brittle. For the a phase, the dispersive forces between the
C4-NT3N columns are stronger, as it is apparent from the energy framework calculations, and prevent
the slippage of z-stacked columns, allowing a reversible deformation of the lattice once an external

force is applied perpendicular to the (001) face (Figure 9d).
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Figure 9. Representative crystals of both polymorphs of C4-NT3N showing elastic and plastic
deformation. (a) From left to right, one straight crystal and two plastically deformed crystals of 3
phase; (b) From left to right, an o phase crystal is deformed and it readily recovers its original shape
after the external force has been removed; (¢c) C4-NT3N columns in the structure of the  form viewed
along the b axis with the slip plane responsible of the plastic behaviour highlighted in green and
parallel to the (100) face of the crystal; (d) C4-NT3N columns in the structure of a form with the
hindered plane responsible for the elastic behaviour highlighted in red and parallel to the (001) face

of the crystal.

Nanoindentation measurements were performed to quantify the mechanical properties of the two
crystalline phases.*’ The difference in mechanical behaviour was further confirmed at microscale via
Atomic Force Microscopy (AFM) nanoindentation. The crystals were indented perpendicular to the
(100) face for the B phase and to the (001) face of the o phase to obtain the respective Young’s moduli
(E) (for details, see the figure SI12). Surprisingly, an exceptional difference of one order of magnitude

was found between the elastic moduli of the § form (£ = 13 £ 3 MPa) and the a form (£ = 147 + 30
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MPa), with the o form being stiffer than the  one. This result confirms that differences in crystal
packing can have a profound impact on the mechanical properties of molecular crystalline materials.
This result demonstrates for the first time difference in mechanical properties of an organic

semiconductor by taking advantage of polymorphism.

2.4. Electronic and Optoelectronic Properties

As it can be expectable from the different packing features, the two polymorphs showed different
electronic and optical properties. The energy band gap (E;) of crystalline C4-NT3N is largely
dependent on the molecular arrangement within the crystal lattice of the two phases. From reflectivity
measurements, we were able to obtain the £, of both polymorphs. In particular, the « phase has E, =
2.10 eV and the B phase has E, = 2.29 eV (Figure 10). The photoluminescence spectra showed
different emission maxima and lifetimes, confirming the results recently reported by some of the

authors of the present work (see Experimental Section 4.8 and SI, Figure SI13).

) Eg=2.10€V ) E =229eV
g
3 5 .
E © \
'3 o
g g
350 400 450 500 550 600 650 350 400 450 500 550
Wavelength / nm Wavelength / nm

Figure 10. (a) Reflectivity spectrum of a phase, and the extrapolated E;. (b) Reflectivity spectrum of

B phase, and the extrapolated E.
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To determine the electrical performance of both crystalline phases, capacitance-voltage (C—V)
measurements were carried out on representative crystals of B and a forms (as specified in the
Experimental Section 4.9). The C—V curves provide direct information on the electric field inside the
crystals, which is strongly dependent on the variation of the charge carriers response in both
polymorphs and their packing features. From the C—V measurements, we were able to obtain insights
into the dielectric constants of both systems as function of frequency in the range 1 kHz — 2 MHz by

using the following equation:

Y* ¢ G

1T 50C,  Cy fwCy

where C and G are the measured capacitance and conductance of the dielectric material, Y* the
admittance and w is the angular frequency (v = 2nf) of the applied electric field. The real part of the
complex permittivity, the dielectric constant (¢), at various frequencies was calculated using the

measured capacitance values under 25 V bias voltage as follow:

where, d and A are the measured crystals thickness and area, respectively, and o (8.85 x 1072 F/m)
is the permittivity of vacuum. The calculated values of ¢ (reflecting how easily the crystal can be
polarized by applying an electric field of 25 V/d) were found to be in the range of 116-100 and 106-
94 for the f and the o polymorphs, respectively. High dielectric values were obtained at low

frequencies in both crystal forms. This result can be explained as follows: at low frequencies, the four
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types of polarization processes, i.e. the electronic, ionic, dipolar and interfacial and surface
polarization, contribute to the magnitude of €. On the other hand, at high frequencies, the contributions
of the interfacial, dipolar and the ionic polarization become ineffective, leaving behind only the
electronic part. This is due to the fact that at high frequencies, the interfacial dipoles have less time
to orient themselves in the direction of the alternating field, which ultimately results in low dielectric

values in both crystals.

3. CONCLUSIONS

The crystal structures of C4-NT3N in its a and § phases were determined, and the crystal packing
allowed understanding of the remarkably different mechanical behaviour. The o form is characterized
by 1D strong interactions due to the presence of 7—r interactions. The weak hydrogen bonds and
chalcogen bonds between the columns prevent their slippage, while allowing a reversible deformation
of the lattice when an external force is applied perpendicular to the (001) face of the crystal. On the
other hand, the B form presents 2D layer packing parallel to (001) with very weak interlayer
interactions and without interdigitation of the alkyl chains. When force is applied perpendicular to
the slip plane, plastic deformation occurs. The results of the nanoindentation measurements are
consistent with the mechanical behaviour, with the o phase Young’s modulus (£) being one order of
magnitude higher than that of the  one (£ = 147 + 30 MPa and E = 13 + 3 MPa, respectively). Since
the electrical performances of the two polymorphs are comparable, the crystal form which should be
implemented in the devices should be selected while considering the mechanical behaviour, and

elastic crystals are preferred in case of bendable supports.

4. EXPERIMENTAL SECTION
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4.1. Crystallization

C4-NT3N was synthesised following a procedure described in a previous aricle.*® Precipitation of
C4-NT3N in toluene as described in the synthetic protocol affords the § phase. The original powder
was used for subsequent experiments without further purifications. The o phase can be obtained by
solvent evaporation from a C4-NT3N solution (in CH2Cl», CH3Cl, toluene, xylene, THF). The B phase
can be obtained inside a solvothermic reactor where a toluene solution of C4-NT3N is heated to a

temperature of 120 °C and then slowly cooled down to the room temperature.

4.2. Single-crystal X-ray diffraction

Single crystal data were collected on an Oxford Xcalibur S instrument with MoK, radiation (1 =
0.71073 A) and graphite monochromator at room temperature. SHELXS*! was used for structure
solution and SHELXL* for the refinement based on F2. The non-hydrogen atoms were refined
anisotropically, and the hydrogen atoms were added at calculated positions. All crystallographic data
and further details on the data collection and structure determination are reported in the Supporting
Information. The software Mercury 4* was used to generate the molecular packing representation
and for calculation of the diffraction pattern from the crystal structures. Using the software
CrystalExplorer’® it was possible to estimate the magnitude of the interaction energies in the two
crystal forms. The CE-HF/3-21G was chosen as model energy (see SI for further details). The
experimental data were deposited within the Cambridge Crystallographic Data Centre.
CCDC1950934 and 1950920 contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from the Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.

4.3. X-ray powder diffraction
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The powder diffraction patterns were recorded on a PANalytical X Pert PRO diffractometer in
Bragg-Brentano configuration equipped with a copper anode (CuK, A = 1.5418 A) and an
X’Celerator Detector (Soller 0.04 rad, anti-scatter slit 1/8, divergence slit V4, step size 0.017°). The
synchrotron radiation XRPD measurements of C4-NT3N were performed at the Swiss Light Source
(SLS) Material Science (MS) Powder Diffraction (PD) end station with a nominal photon energy of
16 keV. Fine Si640D NIST standard refinement returned a wavelength of 0.775375(2) A and a
residual zero error of —0.0253(4) 26, step size of 0,0036°. The measurements were performed in
transmission geometry. The material was loaded inside a glass capillary with a diameter of 0.5 mm,

spun at 4 Hz, and exposed to X-rays for 5 sec.

4.4. Hot-stage microscopy

The analysis was performed using a microscope OLYMPUS BX41 equipped with a VISICAM 5.0
and a NIKON DS FI3 camera. For the temperature control a Linkam TMS 94 stage was used. The
photos were taken under polarised to underline the modification due to solid state transition, with a
40x and 100x magnification. Some photos were taken irradiating the crystals with a UV lamp at 365

nm in order to be able to observe differences in the emitted light.
4.5. Differential scanning calorimetry (DSC)
The analysis was performed with an instrument Perkin-Elmer PyrisDiamond DSC-7 equipped with

a PII intracooler, in N> atmosphere and a scanning speed of 5°/min.

4.6. AFM nanoindentation
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A commercial AFM (Keysight 5500, USA) was used to determine the mechanical properties of the
crystal. Force modulation tip (Budget sensors model 75G, resonance frequency 75 kHz, spring
constant 3 N m™") was used to perform the indentation experiments. The deflection sensitivity of the
cantilever was estimated from the slope of the loading curve obtained on freshly cleaved mica, and
the spring constant of the cantilever was calibrated according to the thermal tuning method. Force
curves were acquired using the PicoView 1.20.2 software (Keysight Technologies) in the force
volume mode, where a matrix of 16 x16 forces curves were obtained on the crystal surface. Data
analysis were performed using the SPIP software (Image Metrology, Denmark). Young’s moduli of
samples were estimated from fitting individual force-separation curves using the Johnson-Kendall-
Roberts (JKR) model*’. A nominal tip radius (20 nm) was used to estimate the mechanical properties

from the force—distance profiles using the Johnson—Kendall-Roberts (JKR) modelling.

4.7. UV-visible spectroscopy
Solid-state UV-Vis spectra was acquired with Shimadzu NIR-Vis-UV 3600-UV spectrophotometer
equipped with an ISR-3100 integrating sphere. Barium sulphate was used as a reference material and

UV-Vis spectra were recorded in the range 300-800 nm.

4.8. Confocal microscopy

The confocal fluorescence measurements were performed on Leica TCS SP8 using a PicoQuant
PDL 880-B 40 MHz pulsed 405 nm diode laser as excitation source. The fluorescence spectra were
recorded with £7 nm resolution. The measured lifetime of both polymorphs was uniformly distributed

across the whole bent crystal with 1 ns lifetime for the o polymorph and 0.4 ns for the § polymorph.

4.9. Electrical characterization
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The capacitance-voltage (C—V) measurements were carried out using an Agilent B 1505 A curve

tracer at room temperature on single crystals of both polymorphs coated with silver paint (silver in

isobutyl methyl ketone from Ted Pella Inc.) as electrical contacts.
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