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ABSTRACT: The crystal structures of organic semiconductors are <, L.

critical when they are integrated into optoelectronic devices, such as P \;‘( 7 ’:“L\

organic field-effect transistors (OFETs). In this study, we introduce a 2 XNy T f*“'ﬁ End
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Upon elucidation of the crystal structures, we found a distinct "%Z"“M-""’& 3 " Edge-toface  End-to-face
difference between symmetrical and unsymmetrical derivatives. The Ly _-/?‘"‘" o g

unsymmetrical derivatives are prone to forming a sandwich X \\ .;\ ~

herringbone (SHB) motif, while symmetrical derivatives exhibit a L n \

typical herringbone (HB) motif. In most of the rylene derivatives, TMT  OMT

substitutions at the peri-position triggered an “end-to-face” orientation

within the HB structure, rather than an “edge-to-face” orientation, which occurs more often. Results from the Hirschfeld surface
analysis provide evidence that the “end-to-face” orientation promotes C—H—r interactions between terminal methyl groups and the
m-core of the molecules. While these C—H,,q,y 17 interactions contribute to the overall stability of the packing structure, they
remain ineffective in enhancing the charge transport properties. In contrast, a particular derivative, tetramethyl perylene (TMP),
exhibits a HB structure with an edge-to-face orientation, promoting both C—H---7 and z---7 interactions. These interactions are
crucial for improving the charge carrier mobility, as evidenced by mobility values. For TMP, we could obtain the mobility value of
0.05 cm® V™' s7! in OFETs, whereas a slightly higher mobility of 0.2 cm® V™! s™" was observed with Field-Induced Time-Resolved
Microwave conductivity (FI-TRMC) technique.

Crystal engineering involves the design and synthesis of and Gavezotti took several PAHs and built a mapping to
organic materials with specific and predictable crystal predict crystal packing based on the molecular structure and
structures.””” This research effort is crucial in the development the overall shape of molecules. Disc-shaped z-conjugated cores
of new functional organic materials with the desired properties. preferentially undergo self-assembly driven by z---7 inter-
The design of new materials is mostly based on the actions, whereas the packing of rectangular-shaped cores is

manipulation of directional intermolecular interactions, such
as hydrogen and halogen bonds, to achieve a desired crystal
structure.” Among the different classes of crystalline materials,
m-conjugated systems such as polycyclic aromatic hydro-
carbons (PAHs) are particularly interesting as organic
molecular semiconductors. In this class, the self-assembly
driving forces are composed of less or nondirectional
intermolecular interactions, such as dipolar and quadrupolar
electrostatic interactions, in addition to spatial constraints Received:  February 4, 2025
caused by steric hindrance. Due to their low degree of Revised:  April 14, 2025
conformational freedom, the packing motifs of PAHs are Accepted:  April 15, 2025
largely governed by their shape and by electrostatic Published: April 23, 2025
interactions between negatively charged (§~) z-orbitals and

peripheral hydrogen atoms (6).* In a seminal work, Desiraju

governed by C—H---7 interactions. In short, the shape and the
C/H ratio of molecules rule their crystal structures." However,
this simplified approach does not consider the electron
distribution in the aromatic systems. For example, in Clar-
type aromatic systems (i.e., Triphenylene and Hexabenzocor-
onene), the z-electrons are assigned to single six-membered

© 2025 The Authors. Published b
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rings such that the maximum number of 7-electron sextets is
formed.” In these systems, some of the six-membered rings are
electron-rich, whereas their adjacent ones are electron-poor,
creating a periodic electrostatic potential within the molecules
that influences their packing. Non-Clar PAHs, such as acenes,
azulene, and pyrene, tend to exhibit more uniformly
distributed 7-electron densities across their structures.’
However, perylene, which is also a non-Clar system, represents
an interesting exception that underscores the limitations of
assuming uniform distribution of electron densities. The crystal
structure of perylene reveals that lengths of the bonds linking
the peri-positions of the two naphthalene units are 1.47 A,
being longer than typical aromatic hydrocarbons such as
benzene (1.42 A).” As a result, two fused naphthalene units
have limited or partial electronic connectivity between their 7-
systems, which implies that the z-electrons are not fully
delocalized over the entire skeleton. Hence, relying solely on
shape and C/H ratio concepts cannot adequately explain the
crystal packing of complex 7-systems.

In this work, we present an attempt of crystal engineering in
oligorylenes, i.e., naphthalene, perylene, and terrylene, simply
by introducing bulky side groups at the peri-position of the
rylene cores. Oligorylene cores are particularly intriguing due
to their remarkable chemical stability in ambient conditions,
excellent optoelectronic properties, as well as their significant
applications in the field of dyes and pigments.”’

Oligomeric rylene series developed in this work comprises
two types of molecular structures, as shown in Figure 1. The
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Figure 1. Molecular structure of the oligomeric rylene series
developed in this work and previously studied analogous rylene
compounds la—c, 2a—c, 3a—b, and 4a—b.1071

first type consists of unsymmetric structures including
Tetramethyl Acenaphthene (TMA), Tetramethyl Perylene
(TMP), and Tetramethyl Terrylene (TMT), while the second
type features symmetric structures named as Octamethyl
Pyracene (OMPy), Octamethyl Perylene (OMP), and
Octamethyl Terrylene (OMT).
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We hope that the comparison of the crystal structures of the
two analogous series, with not entirely uniform 7-electron
density, will help identify the molecular ingredients leading to
specific packing motifs in this class of PAHs. The
corresponding parent molecule such as naphthalene, perylene,
and terrylene and other derivatives with tert-butyl side groups
(la—c and 2a—c), 1,2-dihydroacenaphthylene (3a), 1,2
dihydrocyclopenta[cd]perylene (3b), pyracene or 1,2,5,6-
tetrahydrocyclopenta[fg]acenaphthylene (4a), and 3,4,9,10-
tetrahydrodicyclopenta[cd,lm]perylene (4b) have been re-
ported in literature and are considered here for the sake of
comparison.' > '>'® To the best of our knowledge, the crystal
structures of 1a, 1b and 2a, 2b have not been reported, but
those of 1c and 2c¢ have been discussed in the frame of singlet
fission (SF) spectroscopic studies.'” Unfortunately, the
corresponding crystallographic information files (CIF) are
not reported, precluding detailed structural comparison. The
crystal structures of naphthalene, perylene, and terrylene are
known (vide infra). Crystal structures of 3a, 3b and 4a, 4b
were previously reported.'”'"'*'> This brief literature survey
shows that comparative assessments are rare and that the
understanding of the molecular structure—crystal packing
relationship is incomplete for rylenes, which are an important
class of compounds. This fully justifies our systematic approach
based on two analogous oligomeric series to establish links
between molecular and crystal structures.

Polymorphism is an inevitable phenomenon in crystal
engineering. Unsubstituted perylene has two polymorphs: “a-
perylene” determined by Donaldson et al. is packed in a
sandwich-herringbone (SHB) motif and also classified as a
dimeric structure, while “f-perylene” obtained and resolved by
Tanaka et al. is arranged in the so-called y-type herringbone
(HB) packing (monomeric structure) and, as a consequence of
different packings, they exhibit different absorbance, fluo-
rescence, and charge mobility properties.®™>* Notably, the
dimer structure has been found to be detrimental to the charge
transport process, as it works as a trap for charge carriers.
Consequently, low mobility is observed for organic semi-
conductors with dimer gpacking rather than monomeric
herringbone packing.zo’z"24 Similarly, in singlet fission
processes, molecules adopting a slip-stack orientation in crystal
structures demonstrated suzperior performance compared to
cofacial or parallel stacking.” Quaterrylene, a higher analogue
in the rylene series, has been identified as one of the best
potential candidates for solid-state SF-based solar cells.”®
However, the performance of quaterrylene is limited by SHB
packing in its crystal structure. To overcome this limitation, it
has been proposed that transitioning to HB packing could
significantly enhance the performance of quaterrylene.”® For
that purpose, crystal engineering via a modified molecular
design is a promising route. In this regard, our design strategy
can help, which is built based on the observation that
substitution at ortho or meta positions disrupts the HB
packing, which relies on “edge-to-face” interactions between
molecules. Ortho- and meta-substituted rylenes are often
reported to adopt brick-wall packing or 1-dimensional
columnar packing.”*’~* Given that edge-to-face interactions
are essential to form the HB motif, we chose the peri-position
for substitution to preserve these interactions. Methyl groups
were selected as the substituents, providing optimum steric
hindrance without significantly disturbing the HB structure.
The steric bulk was intended to prevent the formation of a
dimeric/sandwiched structure while preserving HB packing.

https://doi.org/10.1021/acs.cgd.5c00145
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B EXPERIMENTAL SECTION

Synthesis. All commercial reagents used were purchased from
TCI, Sigma-Aldrich, Across, or Alfa-Aesar and were used as received,
without further purification. The catalyst Pd (PPh;), was purchased
from Sigma-Aldrich and used after washing with methanol and n-
pentane. The term “inert atmosphere” is used herein to refer to an
argon atmosphere. All reactions were carried out in standard oven-
dried glassware. Technical grade solvents were supplied from
ChemLab and used as received. THF used in cyclodehydrogenation
reaction was distilled by standard procedures and dried by the freeze—
thaw-pump standard procedure before use. Thin layer chromatog-
raphy (TLC) analyses were performed on precoated aluminum plates
of silica gel 60 F254 plates (0.25 mm, Merck). The silica or alumina
used for the column chromatography was Merck silica gel 60 (0.063—
0.200 mm) or alumina 150 (0.050—0.200 mm).

Crystallography. Single crystals of the oligorylene series were
obtained by different crystallization methods. Crystals of TMA and
OMPy were obtained from slow evaporation of heptane solution (10
mg/mL). For TMP and OMP derivatives, large single crystals (up to
100—250 ym) were obtained by cooling a hot saturated solution in a
mixture of heptane/chloroform (7:3). For TMT, single crystals were
obtained from slow evaporation of acetone solution (3 mg/mL). For
OMT, slow evaporation of chloroform solution (3 mg/mL) yielded
small needle-like crystals.

Single crystal data collection was conducted by a Rigaku-Oxford
Diffraction Xcalibur S diffractometer with Mo Ka radiation (4 =
0.71073 A) and a graphite monochromator. The crystal structure was
resolved using WingX software-SHELXT codes and refined with
SHELXL (version 2018/3). Table S2 in SI summarizes the
crystallographic parameter. 3D Electron diffraction (3DED) experi-
ments were performed on a FEI Tecnai G* 20 microscope (200 kV, 1
= 0.0251 A) with an LaBg cathode equipped with a Cheetah ASI
direct detection camera (16 bit). TMT and OMT crystals were
measured at room temperature and 150 K (sample holder tip
temperature). Data were measured using a continuous rotation
method with an integration semiangle of 0.15°. A pile of tiny single
crystals was directly transferred onto the TEM grid (holey carbon).
Data were processed with PETS2.°° Optical distortions were
compensated using calibrated values.”® Both crystal structures were
refined in Jana2020/Dyango, using dgrnamical refinement and the
concept of overlapping virtual frames.”>>* For visualization of the
crystal structure, Mercury 2020.3.0 was used.*

Hirshfeld Surface Analysis. The CrystalExplorer 17.5 package
was used for the Hirshfeld surface analysis, which was carried out
based on the crystal structure. The corresponding 2D fingerprint plots
were generated in the d, ., range of 0.0033—1.4654.

Thermal Properties. Thermogravimetric analysis (TGA) meas-
urements were conducted on a Pyris 6 TGA instrument with Pyris
software. About 5 mg of sample was placed in an open ceramic
crucible and scanned at a rate of 5 °C/min from 20 to 600 °C under a
nitrogen flow at 20 mL/min. TGA curves and their first derivatives
reveal temperature of either evaporation, sublimation, or thermal
degradation. Differential scanning calorimetry analysis was performed
on a Netzsch Polyma 214 instrument with Proteus software.
Approximately 5 mg of compounds was scanned at the rate of 10
°C/min under nitrogen purge at 20 mL/min in an aluminum crucible
with pierced lids.

Thin-Film Sample Preparation for Solid-State UV-Vis
Spectroscopy. Thin-film samples for solid-state UV—vis spectros-
copy were prepared by vacuum sublimation on a 2 cm X 2 cm quartz
substrate by means of Scienta Omicron with a setup operating
pressure of ~10™® mbar and a deposition rate of 0.2 A 57!, yielding a
nominal thickness of ca. 1S nm monitored by a quartz crystal
microbalance. TMA and OMPy could not be processed as thin films
probably due to their smaller sticking coeflicient associated with their
lower molecular masses and therefore higher volatility in a vacuum.

UV-Vis Spectroscopy Measurement and lonization Poten-
tial. Optical spectra were recorded with a PerkinElmer’s Lambda
950UV/Vis/NIR spectrophotometer. A background correction was
performed prior to measurement for 100% transmittance or 0
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absorbance over the wavelength range. For Ionization energy/
potential, photoelectron yield spectroscopy (PYS) was performed at
ambient conditions with a Riken Keiki spectrophotometer (Japan)
model AC-2 with an energy step of 0.05 eV and an UV spot intensity
of 10 nW. Ultraviolet photoelectron spectroscopy (UPS) measure-
ments were carried out in an ultrahigh-vacuum system (107'° mbar)
using the monochromatized He—I, line (21.22 eV) that was produced
with a Helium discharge lamp. All spectra were recorded at room
temperature by using a hemispherical SPECS Phoibos 100 analyzer.

Powder X-ray and Thin-Film Diffraction. Powdered samples
and thin-film samples were characterized using an Empyrean
diffractometer from PANalytical, the Netherlands, equipped with a
copper tube creating X-ray photons with a wavelength A = 0.154 nm
and typically operating at accelerations conditions of 40 mA and 40
kV. Diffraction patterns were measured over the range of 2—50° (26)
by step scanning at a rate of 1 s/0.05°. All the fabricated thin films
exhibited similar bulk crystals forms observed by X-ray Diffraction.

Transfer Integrals. The transfer integrals in the herringbone
plane were computed within a fragment approach, using the B3LYP
functional and a DZ basis set.’® In our approach to computing the
transfer integrals, the phase of our atomic orbitals is chosen arbitrarily.
We evaluated the transfer integral signs by checking the phase
consistency of the HOMO orbitals, by relying on the fact that the
orbitals of equivalent monomers (i.e., in P pairs) must have the same
phase (++ or — —) by translational symmetry. This helps us to deduce
in the second stage the phase of the HOMOs in transverse pairs (T1
and T2). Reorganization energies were computed using the 4-point
approach using the same level of theory.

Device Fabrication and Mobility Measurements. Thin-film
transistors (OFETs) were fabricated on highly doped silicon wafers
with 30 nm of Al,O; provided by the Christian-Albrecht University of
Kiel, Institute for Electrical Engineering, and Information Technology.
These substrates were cleaned by Oxygen plasma (Diener Electronic;
oxygen flow rate 20 sccm, pressure 0.50 mbar, plasma power 100 W,
duration 2 min) before use and then immersed overnight in a 1.5 mM
solution of n-tetradecyl phosphonic acid in 2-propanol (Acros
Organics) to obtain a 1.5 nm-thick self-assembled monolayer
(SAM). Subsequently, the substrates were rinsed first in 2-propanol
and then in deionized water and finally in 2-propanol again and dried
on a hot plate at 100 °C for 10 min. Thus, the Al,O;/SAM dielectric
has a capacitance of 185.52 nF cm™2 In BG-BC devices, gold bottom
contacts were deposited by vacuum sublimation using UNIVEX 300
(Leybold GmbH; pressure of ~10™° mbar, deposition rate of 0.7 A
s™!, and nominal thickness of ca. 50 nm) monitored by a quartz
crystal microbalance through a shadow mask onto the gate-dielectric
substrates at room temperature. Afterward, the substrates were
immersed in a 10 mM solution of pentafluorobenzenethiol (PFBT,
Alfa Aesar) in 2-propanol for 30 min, obtaining a SAM on the gold
bottom contacts, then rinsed with 2-propanol and dried on a hot plate
at 100 °C for 10 min. OSCs were evaporated in vacaum (pressure of
~107% mbar, deposition rate of 0.5 A s, and nominal thickness of ca.
25 nm) through a shadow mask onto the substrates held at room
temperature, obtaining the final devices with a channel width of 480
pum and channel lengths of 65, 115, 165, and 215 um. Thin-film
transistor electrical measurements were conducted using an Agilent
4155C Semiconductor Parameter Analyzer.

Mobility values in linear (y;,) and saturation (i) regimes were
calculated using the gradual channel approximation model

ay L
9V, WV,

2
[
'usat a‘/g C1W
where I is the source-drain current, V, is the applied source-gate
voltage, L is the channel length, W is the channel width, C; is the

specific capacitance of the dielectric, and Vy is the applied source-
drain voltage.

#linz
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Scheme 1. Synthetic Route toward Target Compounds (I) 1-Bromonaphthalene (1 equiv), Pd(PPh;),, K,CO;, Ethanol/
Toluene/H,0, Reflux; (II) Compound $ (1 equiv), Pd(PPh,),, K,CO;, Ethanol/Toluene/H,0, Reflux; (III) 3-Bromoperylene
(1 equiv), Pd(PPh,),, K,CO;, Ethanol/Toluene/H,0, Reflux; (IV) 1,4-Dibromonaphthalene (1 equiv), Pd(PPh;),, K,CO;,
Ethanol/Toluene/H,0, Reflux; a = 1 equiv of Compound 8, b = 2 equiv of Compound 8

"BuLi, -78 5 °c MeMgBr, AlCl,
[Bucocl EtZO rt, CH3N02
NBS, DM§ THF, 6h, 12h, 88 % OoH DCM, rt, 3h,
rt 18 h 190 % 7 87% OMPy

"BuLi, -78 °C
iso-Bpin, .
——

THF, 6h, O

80 %

O'B\O
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For FI-TRMC measurements, metal—insulator—semiconductor in product 6 with a 90% yield. Methylation of 6 using
(MIS) devices were prepared on the SiO, substrate with PMMA as methylmagnesium bromide (MeMgBr) gave compound 7 in

the dielectric and an organic semiconductor was deposited by vapor
deposition as the active layer, resulting in a diode-type device with a
(bottom Au/SiO,/PMMA/OSC/Au) configuration. The microwave
frequency and power were set at ~9.0 GHz and 0.9—1.0 mW,
respectively, with a Rhode Schwarz SMF 100 A signal generator.

88% yield. Cyclization of 7 was triggered by a mixture of AICl,
and nitromethane in anhydrous DCM, yielding OMPy in 87%
yield. Next, lithiation of § with n-butyl lithium followed by
addition of 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaboro-

When the MIS device was set in a microwave cavity, holes were lane produced boronic ester 8 in 80% yield. A Suzuki coupling
injected by the application of a microsecond-pulse bias voltage using a reaction between 8 and 1-bromonaphthalene, in the presence
Wave Factory Multifunction Generator WF 1937 through amplifica- of Pd(PPh;), (1 mmol %) and mixed solvents (Toluene/
tion with a Turtle Industry T-HVAO2. Changes of reflected EtOH /HZO), afforded binaphthyl derivative 9 in 70% yield.
microwave power were monitored using a Tektronix Similarly, Suzuki coupling between 8 and § gave product 10 in

TDS5054MDO3022 Digital Phosphor Oscilloscope after evolving
with a Schottky diode and FET amplification with Ciao Wireless
CA812—304. Injection current was measured simultaneously through
evolving with a terminating resistor. All of the measurements were
carried out in air.

80% yield. A coupling reaction between 5 and 3-bromoper-
ylene in the presence of Pd(PPh,), resulted in compound 11,
but with a lower yield of 65%, likely due to the low solubility of
3-bromoperylene. However, when 1,4-dibromoperylene was
coupled to 8 under the same conditions, we obtained
compound 12 in a good yield of 88%. The conversion of

W RESULTS AND DISCUSSION oligorylenes 9, 10, 11, and 12 into 2D rylene cores was carried

Synthesis and Molecular Characterization. The out using a procedure adapted from Rlckhaus et al,, which is an
synthetic pathway that has been employed is summarized in extension of Miillen’s original method.”® Treatment of 9, 10,
Scheme 1, and it was largely inspired by the pioneering work of 11, and 12 with freshly cut potassium metal in THF for 3 to 5
K. Miillen and co-workers on alkyl-substituted oligorylene days afforded TMP, TMT, OMP, and OMT in yields of 80%,
series.'” Their methodology involved two key reactions: First, 60%, 80%, and 60%, respectively. All reactions were scaled up
a Suzuki—Miyaura coupling to link naphthalene units and form to the gram level, and the products were purified by column
binaphthyl or ternaphthyl intermediates and second, an alkali- chromatography for characterization. Additional gradient
metal-assisted cyclization to convert these intermediates into sublimation at 300 °C under 1 X 107 Torr was performed
2D rylene cores. We applied this procedure to synthesize our for TMT and OMT to ensure product purity.
novel oligorylene series, starting with TMA, which was Thermal Property Analysis. Figure 2 shows thermal
prepared following a reported procedure.”” TMA was both a gravimetric analysis (TGA) curves of oligorylene derivatives.
target molecule in our series and a key intermediate used for Onset temperatures of different members of the oligorylene
further product formation. Bromination of TMA with 1 equiv series correspond to different phenomena. TMA, TMP, and
of N-bromosuccinimide in dimethylformamide (DMF) gave OMP evaporate, whereas OMPy evaporates and sublimes
monobrominated product § in 95% vyield. Lithiation of § (vide infra) before degradation because their residual mass loss

followed by reaction with pivaloyl chloride (1.1 equiv) resulted tends to be 0%. The thermal profiles of TMT and OMT differ

3090 https://doi.org/10.1021/acs.cgd.5c00145
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Figure 2. TGA curves of TMA, TMP, TMT, OMPy, OMP, and
OMT, with respective onset temperatures.

from those of lower molecular weight compounds. TMT and
OMT undergo up to 40% mass loss before reaching a plateau.
The two terrylene derivatives degrade and form a carbona-
ceous film at the bottom of the crucibles. A general trend was
observed in this oligorylene series. The onset temperatures of
rylene molecules follow the mass order: TMA < OMPy <
TMP < OMP < TMT < and OMT. Despite the observed
trend in oligorylene molecules, there is no discernible linear
correlation between their molecular weight and onset temper-
ature.

Differential scanning calorimetry (DSC) was used for an in-
depth investigation of the thermal behavior of all six
compounds. We found that only three oligorylene compounds,
namely, TMA, TMP, and OMP, melt before displaying a mass
loss. In DSC, only TMA melt at 34.9 °C (AH,, = 268.9 kJ/mol
and AS,, = 268.9 kJ/mol) and TMP at 179.3 °C, whereas no
phase transition was observed for other remaining products
(see SI, Figures S3 and S4). Thermodynamic data are
calculated and reported in Table 1. The value of AH,, and
AS,, of melting and the reduced transition entropies (AS,,/R)
are in line with rigid aromatic compounds.*

Table 1. Thermodynamic Data Obtained from DSC for
TMA, TMP, and OMP

compounds T, (°C)  AH, (kJ/mol) AS, (J/molK)  AS,/R
TMA 349 11.9 38.6 4.6
TMP 179.3 17.5 394 4.7
OMP 326.8 27.2 45.3 S.5

The values of AH,, and AS, in OMPy cannot be reported
with accuracy because its melting point at 193 °C is
concomitant with the onset temperature measured by TGA.
No phase transition was observed for TMT and OMT within
their thermal stability window.

Crystal Structure and Hirshfeld Surface Analysis. The
crystal structures of TMA, OMPy, TMP, and OMP were
determined using SCXRD, while the 3D electron diffraction
(3DED) technique was employed for TMT and OMT, due to
the quality of crystals which was not sufficient for SCXRD.
Only one polymorph of OMP, referred to as OMP-I (see S,
Table S3), was serendipitously discovered through slow
evaporation of a crude reaction mixture in DCM solvent.
Noteworthily, OMP-I was observed only once and subsequent
crystallization attempts consistently yielded the initial form of
OMP. For the sake of clarity in further discussion, OMP-I is
excluded from crystal structure comparison. Regarding other

oligorylenes, no other polymorphic form was observed during
this study.

Comparison between crystal structures of the oligorylene
series developed in this work and other rylene derivatives
reported in the literature (i.e., molecules in Figure 1) provided
insight on how the increasing degree of substitution at the peri-
position of the rylene core influences the crystal packing.
Moreover, for perylene derivatives, it was interesting to explore
whether steric effects from substituents could influence the
packing motif by preventing sandwich or dimer formation
while still favoring HB packing. A key observation was whether
similar packing motifs could be consistently observed
throughout the whole series. The result of this work shows
that steric effects in combination with weak and nondirectional
dispersion forces can play a role in shaping the packing
arrangement, though the extent of control remains limited. To
see the intermolecular interactions working in the crystal
structure, we performed Hirshfeld surface analysis using the
CrystalExplorerl7 software package. Hirshfeld surface analysis
of the oligorylene derivatives predominantly revealed only
white and blue regions (see SI, Figure S7), indicating that the
intermolecular distances are equal to and greater than the van
der Waals distance, respectively. Except for OMT, no red
regions (i.e., intermolecular distances shorter than the van der
Waals distance) were observed in oligorylene derivatives.
Fingerprint plots were used to quantify the relative
contribution of different intermolecular interactions in the
packing structures.

Naphthalene Derivatives. Crystal structures of naph-
thalene, 3a, and 4a are already known, and their data is
summarized in Table S1.'”'"*° Overall crystal packing of
naphthalene and 4a looks quite similar, both exhibiting an HB
packing structure but a varied HB angle due to the presence of
sterics in 4a (see Figure 3). In contrast, 3a shows a peculiar
packing. In the unit cell, 3a is composed of four molecules.
They fall into two crystallographically independent sets.
Therefore, 3a forms two different layers consisting of different
molecular arrangements (see SI, Figure SS). In one layer, 3a
molecules are arranged in a cofacial configuration, forming a

Figure 3. Crystal packing and herringbone angle (°) of the rylene
molecule with a naphthalene core (hydrogen atoms are omitted for
the sake of clarity).

https://doi.org/10.1021/acs.cgd.5c00145
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Figure 4. Crystal packing and HB angle (°) of rylene molecules with a perylene core (green arrow depicts the displacement of the molecule in the
plane 4b and OMP; brown arrow depicts the offset of the OMP core inside and outside the bc plane (hydrogen atoms are omitted for the sake of

clarity).

layered structure, whereas in the consecutive layer 3a,
molecules form an HB structure with an angle of 57.05° as
shown in Figure 3. The steric hindrance brought into play by
terminal methyl substituents in TMA induces a different
packing of the molecules as shown in Figure 3. TMA is packed
in an SHB-type motif, with an HB angle of 73.36°. In this case,
formation of a dimer does not promote the 7---7 interaction
between the 7z-cores as seen in SHB motifs of other PAHs like
perylene (a-form), quaterrylene, pyrene, etc."’ In TMA, the
intermolecular distance between the molecules is higher than
van der Waals limits, and at such a large distance, 7---7
interactions are almost negligible. Therefore, TMA dimers are
different from dimers observed in conventional SHB packing,
and this packing can be classified as an unconventional SHB
motif, which is unique. Hirshfeld surfaces provided greater
insight into the intermolecular interactions supporting such an
unconventional SHB packing of TMA. It revealed that C—
H,petmy -7 interactions hold together the two molecules and
form the dimer unit. Shape index map (see SI, Figure S9a)
shows the red color region above the 7-core of one TMA
molecule and blue region above methyl groups (encircled by
1) on another TMA molecule, matching each other and
validating C—H contacts or C—H,, -7 interactions between
molecules forming dimers.

The crystal structure of OMPy was comparable to the HB
packing of naphthalene and 4a (see Figure 3) with slight
variations in packing parameters, such as HB angle, perturbed
by steric factors. OMPy forms an HB angle of 73.75°, which is
larger than that of naphthalene (50.60°) but smaller than that
of 4a (89.10°). In 4a, molecules stack along the crystallo-
graphic b-axis with an interplanar distance of 3.585 A (see SI,
Table S2), which points toward potential 7---7 interactions
between the molecules in the stack. 2D fingerprint plots of 4a
(see SI, Figure S10) confirm a minor contribution of 0.2%
from C—C contacts. Unlike 4a, steric repulsion in OMPy
induces substantial slipping and increased the intermolecular
distances between molecules (~4.802 A, see SI Table S2) and
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completely prevent the close contacts. The d., surfaces,
provided in SI Figure S7, show only white and blue regions,
which indicate that the distance of intermolecular contact or
interactions was equal to and greater than the van der Waals
distance, respectively. Contribution given by 2D Fingerprint
plots (SI, Figure S8) confirmed that the HB structure of
OMPy is mainly stabilized by H—H contacts (86.3%) and
C—H contacts (13.7%). Figure 3 illustrates that end-to-face
orientation in OMPy engages the terminal methyl groups with
the 7-core of adjacent OMPy and promotes C—Hiy 7
interactions. Features that support C—Hmethyl"'ﬂ interactions
in OMPy were evidently visible in the shape index map (see SI,
Figure S10b).

Perylene Derivatives. Crystal structures of 3b, 4b, TMP,
and OMP showed that substitution at the peri-position does
not affect the molecular structure, and all derivatives maintain a
perfectly planar conformation like the parent perylene. As we
have mentioned in the beginning, perylene has two
polymorphs, a-perylene with SHB and f-perylene with an
HB packing (see Figure 4). Compound 3b, reported by
Pigulski et al.,, shows an SHB structure like a-Perylene with
sterics from one —CH,—CH, bridge bond unable to inhibit
dimer formation."® In contrast to this, the presence of two —
CH,—CH,— bridge bonds in 4b induces slippage (illustrated
by green arrows in Figure 4) between the molecules due to
steric repulsion and directs the packing of 4b from dimer
arrangements toward HB packing with an HB angle of 51.82°.
It is worth noting that f-perylene presents an edge-to-face HB
motif, whereas in 4b, the molecules showcase an HB motif
with an end-to-face molecular arrangement. The steric
hindrance by methyl groups prevents dimer formation in
TMP and OMP and both molecules pack in the HB structure,
as shown in Figure 4. The HB structure of TMP closely
resembled to f-perylene, with steric effects inducing small
variations in packing parameters of TMP.'* Like P-perylene,
TMP forms a layered structure that extends along the
crystallographic c-axis with an edge-to-face configuration and

https://doi.org/10.1021/acs.cgd.5c00145
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a smaller HB angle than p-perylene (72.66°), indicating
compact packing. In adjacent stacks, along the crystallographic
b-axis, TMP molecules are related by 2-fold screw axis, and
thus, methyl groups point in opposite directions (see SI, Figure
S6a). We believe that this alternating arrangement reduces
sterics and allows for closer packing of TMP molecules. The
shorter interplanar distance of 2.813 A in TMP compared to /-
perylene (3.44S A, shown in Table S2) suggests compact
packing with stronger C—H---7 and 7---7 interactions among
TMP molecules. 2D fingerprint plots of TMP show
considerable contribution from C—H (33.9%) and C—-C
(5.1%) contacts. The shape index map provided the
information about the carbon atoms involved in C—C contacts
or 77---1r interactions. In SI, Figure S11 shows that due to edge-
to-face orientation, carbon atoms C4, C5, C8, and C9 on one
TMP molecule engage in close contact with carbon atoms
C10, C7, C6, and C3 of the neighboring TMP molecule
approaching from top. These close contacts appear as
complementary red-blue regions in the shape index map,
referring to potential sites of 7---7 interactions. Effective 7---7
interactions are key factors for enabling efficient charge carrier
transport. Given the crystal structure similarities of TMP and
P-perylene, it was interesting to explore the charge transport
ability of TMP, as it may potentially yield better or comparable
results with f-perylene. For f-perylene, charge transport
mobility has already been measured in thin-film organic
field-effect transistors (OFETs), with a reported mobility of
0.06 cm?/V-s.”*

Steric effects strongly influence the crystal structure of OMP,
affecting the overall molecular arrangement. The presence of
eight methyl groups increases the interplanar distance (~4.583
A, Table S2) and induces significant roll and pitch angles (see
Table S3), resulting in large offsets in the transverse direction
(3.83 A) and in the longitudinal direction (9.34 A),
respectively. The offset/displacement values are nearly
equivalent to full molecular length along each axis. As a result,
the molecules get arranged in the HB structure with no short
contacts or C—C contacts. End-to-face orientation and an HB
angle of 68.03° promote C—H,,.4y---7 interactions. Finger-
print plots (see SI, Figure S8) reveal that the HB structure of
OMP s stabilized by contributions from C—H (30.2%) and
H-H (69.8%) contacts.

In short, while 4b and TMP retain HB structures with
possible 7---7 interactions, steric hindrance totally disrupts
close contacts/interactions in OMP.

Terrylene Derivatives. As CIF files for 1c and 2c were
unavailable, the comparison of the crystal structures of TMT
and OMT was conducted solely with terrylene. The crystal
structure of terrylene has already been determined by Hall et
al. using 3D electron diffraction (3DED) which revealed an
SHB packing with a P2,/a space group.*”

Similarly, TMT showed an SHB packing (shown in Figure
5). Similar to TMP, molecules of TMT adopt an antiparallel
arrangement to minimize steric hindrance, which regardless of
methyl substituents makes the interplanar distance between
molecules in the TMT dimer comparable to the terrylene
dimer: 2.984 A and 2.674 A, respectively (see SI, Table S2). In
contrast, a slightly higher HB angle of 86.73° was observed for
TMT, compared to terrylene with an HB angle of 71.51° (as
shown in Figure 5). The curvedness map of TMT presents a
large flat surface, while the shape index map shows
complementary red-blue triangles, both features are indicative
of m---r interactions (see Figure S12).*' The symmetric
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o

Figure S. Crystal packing and HB angle (°) of the rylene molecule
with a terrylene core (hydrogen atoms are omitted for the sake of

clarity).

substitution present in OMT significantly influences the crystal
packing. The 7-core of OMT was planar, but the bridge bonds
were found to be slightly twisted out of the molecular plane.
Methyl groups were disordered over two positions with an
occupancy ratio of 0.566:0.434 (see SI, Figure S6b). With the
help of sterics, OMT managed to avoid dimeric form and
packed in a y-type HB packing with an end-to-face
configuration, shown in Figure S. A y-type HB packing is a
structure that includes both HB and stacking geometries.” This
means that in these molecular arrangements, molecules are
positioned in a staggered 7-stacked manner while adopting a
HB orientation. Thus, the structure is stabilized by C—H---z
and 7---7 interactions. However, in OMT, the bulkiness or
sterics from methyl substituents created large intermolecular
distance (~5.188 A, Table S2) in the stacking direction,

https://doi.org/10.1021/acs.cgd.5c00145
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Table 2. Summary of Key Structural Features for Oligorylene Derivatives, Including Their Packing Motif, Primary
Intermolecular Interactions, Intermolecular Distances, and Contribution of Different Short Contacts

molecules  packing motifs molecular arrangement (edge-to-face versus end-to-face) interplanar distances (A) primary intermolecular interactions
TMA SHB end-to-face S.135 C—Hmethyl---z
TMP HB edge-to-face 2.813 C-H---z, -1
TMT SHB edge-to-face 2.984 C—-H---z, n---1
OMPy HB end-to-face 4.802 C—Hmethyl---7
oMP HB end-to-face 4.583 C—Hmethyl---7
OMT HB end-to-face S.188 C—Hmethyl---z

preventing 7---7 interactions, and the HB structure with an
end-to-face orientation engages methyl substituents with the 7-
core of the adjacent molecule promoting C—Hgphy--7
interactions. This interaction was visible as red spots in the
dyom surface (see SI, Figure S13), indicating that the distance
between the atoms was lesser than the van der Waals distance.

The comparison of molecular structures and crystal packing
in oligorylenes provides valuable insights into how the peri-
position substitution and steric effects influence packing
arrangements and intermolecular interactions. Notably, sub-
stitution at the peri-position does not disrupt the planarity of
the 7-core, as all oligorylene cores maintain a planar structure.
To provide a clearer comparison of the key structural features
and intermolecular interactions across the different derivatives.
Table 2 summarizes the packing motifs, the preference of
molecules arrangement, interplanar distances, and intermolec-
ular interactions. On comparing all structures, it can be
concluded that the sterics cause moderate effect on the packing
of unsymmetric structures, while more significant changes
occurred in the packing of symmetric structures. On one hand,
oligorylenes like 3b and TMT adopt conventional SHB
packing, and TMA showed unconventional SHB packing. On
the other hand, oligorylenes OMPy, OMP, and OMT exhibit
an HB packing, where steric hindrance increases intermolec-
ular distances and reduces short molecular contacts, weakening
intermolecular interactions. Exceptionally, the unsymmetric
TMP and symmetric 4b exhibit an HB packing with 7---7 and
C—H---7 interactions, which highlights the critical balance
between molecular geometry, steric factors, and intermolecular
interactions.

lonization Potential. The ionization potential (IP) for
different members of the oligorylene series was determined by
photoelectron yield spectroscopy (PYS) on the powdered
sample, whereas ultraviolet photoelectron spectroscopy (UPS)
operating in UHV was used to determine IP values from thin-
film samples.'® PYS measurements show that TMT has the
lowest IP value of 4.9 eV, followed by 5.07 and 5.27 eV for
OMT and TMP, respectively. The IP value of OMP, 5.4 eV, is
within an acceptable margin and suitable as an OSC layer in
device fabrication. UPS measurements reveal IP values
measured on thin films of TMP, TMT, OMP, and OMT.
Apparently in thin films, OMT shows the lowest IP value of
4.51 eV, followed by TMT, TMP, and OMP with 4.88, 5.29,
and 5.45 eV, respectively. Interestingly, IP values for most of
the molecules analyzed in thin films by UPS were comparable
to those observed from powdered form by PYS. An exception
was OMT, which exhibited a significant drop in IP value by 0.5
eV. Since interactions with the substrate surface, molecular
orientation, and crystal packing in thin films influence a
molecule’s ionization potential, the discrepancy in ionization
potential values may arise from the lack of short-range ordered
arrangements and interactions in amorphous thin films
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compared to polycrystalline powders."”** A detailed inves-
tigation into the factor influencing the IP values of OMT in
thin films was not part of this study due to its scope and focus.
However, IP values found from both the experiments fall
within the optimum range to match with a work function of
gold (5.2 eV).®
Optoelectronic Properties.
present the absorption spectra

Figure 6a and Table 3
of the oligorylene series
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Figure 6. UV—vis absorption spectra of TMP, TMT, OMP, and
OMT in (a) CHCI,; and (b) solid-state (thin films).

recorded in the CHCI; solvent. Emission and excitation
spectra are provided in the Supporting Information, Table S4.
The oligorylene molecules produced in this work show
absorption spectra with well-resolved vibrational features,
similar to those of their unsubstituted counterparts. However,
they exhibit significant bathochromic shifts in their absorption
maxima. An additive effect was noted in the value of
bathochromic shifts as the molecular structure progresses

https://doi.org/10.1021/acs.cgd.5c00145
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Table 3. Absorption (4,,,,) Values of Oligorylene Molecules
in Solution and Solid-State (Thin Films)

compound Amax (NM)
solution thin film
TMP 450 480
TMT 5§72 587
oMP 460 466
OMT 582 592

from unsubstituted to tetramethyl to octamethyl derivatives.
TMP and OMP display bathochromic shifts of 20 and 30 nm,
respectively, relative to unsubstituted perylene. Similarly, TMT
and OMT show bathochromic shifts of 12 and 22 nm,
respectively, when compared to unsubstituted terrylene (4,,,, =
560 nm).

In the fluorescence spectra, all four oligorylenes exhibit
mirror-image symmetry for their longest-wavelength absorp-
tion peaks with Stokes shifts. The shifts range from 6 to 15 nm,
with the smallest Stokes shift (6 nm) observed for OMP and
the largest (15 nm) for TMT. Small Stokes shifts indicate
minimal changes in geometry during the excited-state
transition, which is typical for rigid and planar hydrocarbons
like rylenes. Figure 6b presents solid-state absorption spectra of
TMP, TMT, OMP, and OMT recorded on thin films. For
clarity, excitation and emission spectra are provided in the
Supporting Information (Table SS). The solid-state absorption
spectra of OMP and OMT looks similar to solution with minor
change in terms of bathochromic shift and peak broadening,
whereas the solid-state spectra of TMP and TMT look
different. OMP retains the vibrational transition pattern and
displays the expected bathochromic shift of approximately 6
nm, suggesting minimal intermolecular interactions in the solid
state. This behavior is consistent with weak interaction
concluded from Hirshfeld surface analysis and also with the
amorphous nature of the thin film, confirmed via PXRD (see
SI, Figure S14). Similarly, the amorphous thin film of OMT
shows a bathochromic shift of 10 nm and a usual alteration in
the ratio of vibrational transition peaks. This change in ratio of
absorption peaks is commonly seen in thin films of terrylene
dimides and other terrylene derivatives.'”*°

In contrast, the crystalline films of TMP show a significant
bathochromic shift of 30 nm and a significant decrease in peak
intensities. Such behavior is likely due to a preferential
orientation of molecules relative to the substrate plane. Since
the S; < S, transition dipole is aligned along the longitudinal
axis of the molecule, the perpendicular orientation of
molecules to the substrate plane led to reduced absorbance
under normally incident light. By correlating the diffractogram
pattern obtained from out-of-plane XRD measurements,
recorded on the thin film and powdered sample, to the
SCXRD data of TMP, we concluded that TMP molecules are
standing upright on the substrate plane. Thin films of TMP
exhibited diffraction peaks corresponding to the 00L family of
planes (see SI, Figure S14a). The extracted d-spacing value of
the thin films of TMP was about 15.009 A, which is nearly the
same as the c-axis of the unit cell (15.094 A), therefore
confirming the upright-orientation of TMP in thin films.

A decrease in absorbance was reported for the annealed thin
film of compound 1c, where molecules adopt a near-
perpendicular orientation to the substrate plane (within 10°
of perfect perpendicular alignment).'” For TMT, a broader
and weaker absorption spectrum was anticipated, as the
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aggregation in the solid-state form typically results in weaker
and more diffuse peaks compared to the monomeric state.

Quantum Chemical Calculations and Performance of
Materials in OFET Devices. We computed the transfer
integrals for TMP, TMT, OMP, and OMT. As expected, low
transfer integral values were obtained for OMP and OMT (see
the SI, Figure S15), with the highest transfer integral value up
to 4 meV in both. Such a low value of transfer integrals was
expected, owing to the adverse effect of steric hindrance on
their packing structure which led to large intermolecular
distances and, in turn, ineflicient molecular orbital overlaps.
Since TMT crystallizes in the SHB structure, it was expected to
see a high transfer integral value of 239 meV between
molecular pairs forming dimers. The second highest value of
33 meV was found between TMT molecules related by
translation symmetry along the crystallographic b-axis. Due to
the HB angle lying close to 90°, a very low transfer integral (3
meV) was found between the molecules arranged in an edge-
to-face orientation. Moreover, the SHB packing motif is known
to limit charge transport capacity, because the strong coupling
within dimers tends to localize charges on the dimer unit,
thereby impeding subsequent intersite hopping of the charge
across the crystal."” In contrast to the other three oligorylenes,
isotropic transfer integrals were seen for TMP. The balanced
HB structure of TMP possesses C—H---7 and 7#---7
interactions, resulting in the same value of IJ;| = Il = 30
meV along the herringbone direction (crystallographic b-axis)
and nearly a similar value of IJ;| = 27 meV in the 7—7 stacking
direction (crystallographic a-axis) (Figure 7a). Except TMT,
the other three derivatives—TMP, OMP, and OMT—were
examined for charge transport properties in OFETs with a
bottom gate—bottom contact (BG-BC) setup. OFET devices
with OMP and OMT did not exhibit a field-effect response
due to the formation of inhomogeneous, amorphous thin films,
as shown in polarized optical microscopy (POM) images (see
Figure S17) observed for the films at 25 and 50 nm thickness.
Additionally, very low transfer integrals of OMP and OMT
confirm their limited intrinsic ability for field-effect response,
rendering them unsuitable as semiconductors. In contrast,
TMP-based OFET devices with a crystalline thin film of 50 nm
thickness demonstrated moderate field-effect response. How-
ever, devices with a thinner film at 25 nm lacked full coverage
of the channel, resulting in no observable response. Transfer
characteristic curves of TMP are shown in Figure 7b, while
those for OMP and OMT are given in SI, Figure S16. In the
saturation regime, TMP demonstrated an average mobility of
0.05 cm? V™' s7! with an I, ¢ ratio of 10> and a threshold
voltage of —2.03 V. This mobility value was comparable to that
in p-perylene.”* Reason behind low mobility can also be
discerned based on the newly developed Transient localization
theory which highlights that charge carrier mobility in
molecular semiconductors depends primarily on both the
isotropic value of transfer integrals and the sign of transfer
integrals.">*” In 2D herringbone-packed materials, hole
mobility is higher when the sign of the overall product of
the three transfer integrals in the plane is positive. While TMP
exhibits isotropic transfer integrals, the overall sign of the
product is negative. This contrasts with compounds like C,y-
DNBDT, where the sign criterion was positive and satisfied,
ex%lilzioting higher mobility values (yavg =121 + 1.41 cm® V!
s71).

Since OFET's were not able to corroborate the better charge
transport properties of oligorylenes, additional FI-TRMC

https://doi.org/10.1021/acs.cgd.5c00145
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Figure 7. (a) HB structure of TMP resulting in isotropic transfer
Integrals (J, J,, and J3) in the ab plane. (b) Transfer characteristic of
TMP OFETs (solid line curve indicates current (A) and dashed line
curve indicates mobility, cm* V™' s7!). (c) FI-TRMC results, red line
indicates mobility (u) at low charge carrier density (N).

measurements were performed in a metal—insulator—semi-
conductor (MIS) device.””> A detailed description of this
technique is given in SI Section 1.12. In the FI-TRMC
technique, microwave absorption by charge carriers produced
via incident pulsed irradiation is observed, providing insights
into charge carrier dynamics such as mobility and recombina-
tion. In this technique, the charge transport is monitored based
on the local motion of charge carriers induced by microwaves
absorption. A more precise assessment of intrinsic charge
transport can be achieved through FI-TRMC measurement, as
it operates independently of extrinsic factors such as grain
boundaries, defects, and contact resistance, which are
unavoidable in OFETs. The data collected in FI-TRMC are
typically plotted as change in conductivity Ac versus time,
showing how conductivity evolves after excitation of charge
carriers. The differential conductivity is evaluated from AP,
(see Supporting Information, eq 1). The parameter N
represents the number of charge carriers generated. Therefore,
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another common plot is AN X u (ie. pseudo conductivity)
versus AN, which helps analyze the dependence of charge
carrier mobility on charge density. In our case, as expected,
TMP exhibited a response to microwaves (see SI, Figure
S20a). In contrast, other two materials OMP and OMT
showed no response (see SI, Figure S20b,c), indicating a lack
of charge carrier mobility originating from negligible transfer
integrals. These responses from OMP and OMT were
consistent with the observed field-effect response in OFETS
since, in FI-TRMC, the length scale (~nm) of charge carrier
motion detected, corresponding to intragrain charge transport,
is shorter than in OFETs (~um), corresponding to intergrain
charge transport. Therefore, higher mobility of charge carriers
has been often reported in FI-TRMC. In our case, a mobility of
0.2 cm® V7! s7! from FI-TRMC (Figure 7c) was obtained for
TMP, which was higher than the mobility of TMP (0.05 cm*
V™' s7!) in OFETs.

Bl CONCLUSION AND PERSPECTIVES

In this work, we have synthesized and characterized a novel
series of alkylated oligorylenes, with a tailored packing
structure driven by weak and nondirectional dispersion forces
such as steric repulsion. We showed a crystal engineering
attempt based on steric hindrance leading to different packing
motifs in oligorylenes substituted at the peri-positions. Except
for TMA and TMT, both of which showed SHB, all the other
rylene derivatives showed an HB packing. Steric factors
imposed by methyl groups worked well to inhibit the sandwich
form in the crystal structure. The change in structure induced
by the substituents on the packing motifs of each rylene
derivative was unique and a systematic trend in the packing of
oligorylene series was challenging to confirm, which differed
from our initial expectations. In terms of interactions, mostly
dispersion forces consisting of unique C—H -7 inter-
actions were seen to provide stability to the crystal structure in
most of the oligorylenes. C—H,,.uy—7 interactions were
preferred over C—H---7 interactions promoting the end-to-face
HB. Though the steric effect successfully prevented the
formation of the undesirable formation of dimers, in some
crystal structures, they led to a significant increase in
intermolecular distances. Unfortunately, this escalation in
distances had adverse consequences like inefficient intermo-
lecular orbital overlap which resulted in low transfer integrals
in OMP and OMT and, therefore, poor performance in
OFETs. Owing to the symmetric HB structure that enabled
equivalent interaction with neighboring molecules through 7---
7 and C—H---7 interactions, TMP exhibited isotropic transfer
integrals which helped TMP to exhibit a moderate response in
OFETs. These results highlight the importance of HB packing
coupled to crystal engineering to exhibit essential interaction
and isotropic transfer integrals. Moreover, knowledge gained
from the unsymmetric molecular design of TMP and its
influence on the packing structure could play a pivotal role in
guiding and refining the molecular structure of a novel
semiconductor for OFETs as well as SF processes, where the
HB structure is also important. Optoelectronic properties of
these materials hint at their potential for SF, and further
studies will be conducted in the future to explore this prospect.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.cgd.5c0014S.

https://doi.org/10.1021/acs.cgd.5c00145
Cryst. Growth Des. 2025, 25, 3087—3099



Crystal Growth & Design

pubs.acs.org/crystal

Synthesis procedures, 'H and *C NMR spectra of all
compounds, physicochemical characterizations of all
compounds (TGA, DSC, emission, and excitation
spectra), crystal structure parameters, Hirshfeld surfaces
calculated for all compounds, transfer integrals, OFET
transfer curves, and FI-TRMC plots for TMT, OMP,
and OMT (PDF)

Accession Codes

Deposition Numbers 2418925—2418931 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge via the joint Cambridge Crystallo-
graphic Data Centre (CCDC) and Fachinformationszentrum
Karlsruhe Access Structures service.Accession Codes CCDC
2418925—2418931 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/ cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033

B AUTHOR INFORMATION

Corresponding Authors

Guillaume Schweicher — Laboratory of Polymer Chemistry,
Université Libre de Bruxelles (ULB), Bruxelles 1050,
Belgium; ® orcid.org/0000-0002-6501-0790;
Email: Guillaume.schweicher@ulb.be

Yves Geerts — Laboratory of Polymer Chemistry, Université
Libre de Bruxelles (ULB), Bruxelles 1050, Belgium;
International Solvay Institutes, ULB, Bruxelles 1050,
Belgium; WEL Research Institute, Wavre 1300, Belgium;

orcid.org/0000-0002-2660-5767; Email: Yves.geerts@

ulb.be

Authors

Rahul Meena — Laboratory of Polymer Chemistry, Université

Libre de Bruxelles (ULB), Bruxelles 1050, Belgium;
orcid.org/0000-0002-1451-3873

Priya Pandey — Laboratory of Polymer Chemistry, Université
Libre de Bruxelles (ULB), Bruxelles 1050, Belgium

Caterina Zuffa — Dipartimento di Chimica “G. Ciamician”,
Via Selmi 2—Universita di Bologna, Bologna I-40126, Italy;

orcid.org/0000—0002-7150—3292

Petr Brazda — Department of Structure Analysis, Institute of
Physics, Czech Academy of Sciences Na Slovance 2/1999,
Prague 8 18221, Czech Republic

Erika Samolova — Department of Structure Analysis, Institute
of Physics, Czech Academy of Sciences Na Slovance 2/1999,
Prague 8 18221, Czech Republic

Nemo McIntosh — Laboratory for Chemistry of Novel
Materials, University of Mons, Mons 7000, Belgium

Martina Volpi — Laboratory of Polymer Chemistry, Université
Libre de Bruxelles (ULB), Bruxelles 1050, Belgium

Federico Modesti — BASF SE RGD—]542S, Ludwigshafen
67056, Germany

Christos Gatsios — Institut fiir Physik and IRIS Adlershof
Humboldt-Universitat zu, Berlin, Berlin 12489, Germany

Nicholas Turetta — University of Strasbourg, CNRS, ISIS,
Strasbourg 67000, France; © orcid.org/0000-0002-4932-
5768

Luca Catalano — Dynamic Molecular Materials Laboratory,
Dipartimento di Scienze della Vita, Universita degli Studi di
Modena e Reggio Emilia, Modena 41125, Italy; Department

3097

of Chemistry, University of Rochester, Rochester, New York
14627, United States; © orcid.org/0000-0002-1003-6512

Wookjin Choi — Department of Molecular Engineering,
Graduate School of Engineering, Kyoto University, Kyoto
615-8510, Japan

Shu Seki — Department of Molecular Engineering, Graduate
School of Engineering, Kyoto University, Kyoto 615-8510,
Japan; ® orcid.org/0000-0001-7851-4405

Jérome Cornil — Laboratory for Chemistry of Novel Materials,
University of Mons, Mons 7000, Belgium; ® orcid.org/
0000-0002-5479-4227

Peter Erk — erConTec GmbH, Wachenheim an der
Weinstrasse 67157, Germany

Norbert Koch — Institut fir Physik and IRIS Adlershof
Humboldt-Universitat zu, Berlin, Berlin 12489, Germany;

orcid.org/0000-0002-6042-6447

Paolo Samori — University of Strasbourg, CNRS, ISIS,
Strasbourg 67000, France; ® orcid.org/0000-0001-6256-
8281

Lucia Maini — Dipartimento di Chimica “G. Ciamician”, Via
Selmi 2—Universita di Bologna, Bologna 1-40126, Italy;

orcid.org/0000-0002-0703-2617

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.cgd.5c0014S

Author Contributions

R.M. participated in the design and synthesis of materials and
conducted Hirshfeld analysis. P.P., C.Z., E.S, and P.B. did the
crystal structure collection and RM. did analysis of crystal
packing. N.M and J.C calculated transfer integrals. M.V, W.C,
and S.S performed FI-TRMC measurements. FM and P.E
provided facilities for transistor fabrication and measurements.
C.S, N.T, N.K, and P.S provided facilities for UPS and PYS
measurements. L.C., L. M, G.S, and Y.G. supervised the
project, discussed the results, and reviewed and edited the
manuscript.

Funding

This work has received funding from the European Union’s
Horizon 2020 research and innovation program under the
Marie Sklodowska-Curie grant No 811284. Financial support
from ULB and the French Community of Belgium through the
concerted research action ARC SADI, n°® 20061, is also
gratefully acknowledged. G.S. thanks the FNRS for financial
support through research project COHERENCE2 N°
F.4536.23. G.S and ].C. are FNRS research fellows. G.S.
acknowledges financial support from the Francqui Foundation
(Francqui Start-Up Grant) and Wiener-Anspach Foundation
(FWA, ZT1 research project). P. B. and E. S. acknowledge
CzechNanoLab Research Infrastructure supported by MEYS
CR (LM2023051), Terafit project supported by MEYS CR
(CZ 02.01.01/00/22008/004594), and Czech Science Foun-
dation project 24—124038S. Research in Mons is supported by
FRS-FNRS within the Consortium des Equipements de Calcul
Intensif — CECI and by the Walloon Region (ZENOBE and
LUCIA Tier-1 supercomputers).

Notes
The authors declare no competing financial interest.

Bl ABBREVIATIONS

OFETs, organic field-effect transistors; HB, Herringbone
packing; SHB, Sandwich Herringbone Packing; FI-TRMC,

https://doi.org/10.1021/acs.cgd.5c00145
Cryst. Growth Des. 2025, 25, 3087—3099



Crystal Growth & Design

pubs.acs.org/crystal

Field-Induced Time-Resolved Microwave Conductivity; PAH,
polycyclic aromatic hydrocarbons.

B REFERENCES

(1) Desiraju, G. R.; Gavezzotti, A. Crystal Structures of Polynuclear
Aromatic Hydrocarbons. Classification, Rationalization and Predic-
tion from Molecular Structure. Acta Crystallographica Section B 1989,
45 (5), 473—482.

(2) Desiraju, G. R. Crystal Engineering: Solid State Supramolecular
Synthesis. Curr. Opin. Solid State Mater. Sci. 1997, 2 (4), 451—454.

(3) Desiraju, G. R. Designer Crystals: Intermolecular Interactions,
Network Structures and Supramolecular Synthons. Chem. Commun.
1997, No. 16, 1475—1482.

(4) Bishop, R. Organic Crystal Engineering beyond the Pauling
Hydrogen Bond. CrystEngComm 2015, 17 (39), 7448—7460.

(5) Sola, M. Forty Years of Clar’s Aromatic 7-Sextet Rule. Front
Chem. 2013, 1, 66422.

(6) Razus, A. C. Azulene Moiety as Electron Reservoir in Positively
Charged Systems; a Short Survey. Symmetry 2021, 13 (4), 526.

(7) Markiewicz, J. T.; Wudl, F. Perylene, Oligorylenes, and Aza-
Analogs. ACS Appl. Mater. Interfaces 2015, 7 (51), 28063—2808S.

(8) Wiirthner, F.; Saha-Méller, C. R; Fimmel, B; Ogi, S;
Leowanawat, P.; Schmidt, D. Perylene Bisimide Dye Assemblies as
Archetype Functional Supramolecular Materials. Chem. Rev. 2016,
116 (3), 962—1052.

(9) Miillen, K. Evolution of Graphene Molecules: Structural and
Functional Complexity as Driving Forces behind Nanoscience. ACS
Nano 2014, 8 (7), 6531—6541.

(10) Simmons, G. L.; Lingafelter, E. C. The Crystal Structure of
Pyracene. Acta Crystallogr. 1961, 14 (8), 872—874.

(11) Ehrlich, H. W. W. A Refinement of the Crystal and Molecular
Structure of Acenaphthene. Acta Crystallogr. 1957, 10, 699—708.

(12) Koch, K.-H.; Miillen, K. Polyarylenes and Poly-
(Arylenevinylene)s, V. Synthesis of Tetraalkyl-Substituted Oligo-
(1,4-Naphthylene)s and Cyclization to Soluble Oligo(Peri-
Naphthylene)S2). Chem. Ber. 1991, 124 (9), 2091—2100.

(13) Pigulski, B.; Ximenis, M.; Shoyama, K.; Wiirthner, F. Synthesis
of Polycyclic Aromatic Hydrocarbons by Palladium-Catalysed [3 + 3]
Annulation. Org. Chem. Front. 2020, 7 (19), 2925—2930.

(14) Tanaka, J. The Electronic Spectra of Aromatic Molecular
Crystals. II. The Crystal Structure and Spectra of Perylene. Bull.
Chem. Soc. Jpn. 1963, 36 (10), 1237—1249.

(15) Li, T; Zhang, C. Z.; Su, Y. X;; Niu, M. X;; Gu, C. Y.; Song, M.
X. Crystal Structure and Optoelectronic Properties of Antiaromatic
Compound 3,4,9,10-Tetrahydrodicyclopenta[ Cd,Lm]Perylene. Crys-
tallography Reports 2017, 62 (6), 885—888.

(16) Anderson, A. G.; Wade, R. H. The Synthesis of Pyracene. J. Am.
Chem. Soc. 1952, 74 (9), 2274—2278.

(17) EatonMillerMarguliesShoerSchaller, S. W. S. A. E. A. L. E. R.
D.; Wasielewski, M. R. S. A.; Margulies, E.; Shoer, E.; Schaller, L. D.
R.; Wasielewski, R.; Singlet, M. Singlet Exciton Fission in Thin Films
of tert-Butyl-Substituted Terrylenes. J. Phys. Chem. A 2018, 119 (18),
4151—-4161.

(18) Pookpanratana, S. J.; Goetz, K. P.; Bittle, E. G.; Haneef, H,;
You, L.; Hacker, C. A.; Robey, S. W.; Jurchescu, O. D.; Ovsyannikov,
R.; Giangrisostomi, E. Electronic Properties and Structure of Single
Crystal Perylene. Org. Electron. 2018, 61, 157—163.

(19) Pick, A.; Klues, M.; Rinn, A,; Harms, K.; Chatterjee, S.; Witte,
G. Polymorph-Selective Preparation and Structural Characterization
of Perylene Single Crystals. Cryst. Growth Des. 2015, 15 (11), 5495—
5504.

(20) Datta, A.; Mohakud, S.; Pati, S. K. Comparing the Electron and
Hole Mobilities in the @ and f Phases of Perylene: Role of 7-Stacking.
J. Mater. Chem. 2007, 17 (19), 1933—1938.

(21) Sato, K; Katoh, R. Fluorescence Properties of f-Perylene
Crystals Prepared by a Physical Vapor Transport Method under
Atmospheric Pressure. Chem. Phys. Lett. 2019, 730, 312—3185.

(22) Friedlein, R.; Crispin, X.; Pickholz, M.; Keil, M; Stafstrém, S.;
Salaneck, W. R. High Intercalation Levels in Lithium Perylene

3098

Stoichiometric Compounds. Chem. Phys. Lett. 2002, 354 (5), 389—
394.

(23) Wang, C.; Abbas, M.; Wantz, G.; Kawabata, K.; Takimiya, K.
Heavy-Atom Effects” in the Parent [1] Benzochalcogenopheno [3, 2-
b][1] Benzochalcogenophene System. J. Mater. Chem. C Mater. 2020,
8 (43), 15119—15127.

(24) Hsieh, C. T.; Chen, C. Y,; Lin, H. Y; Yang, C. J.; Chen, T. J,;
Wy, K. Y,; Wang, C. L. Polymorphic Behavior of Perylene and Its
Influences on OFET Performances. J. Phys. Chem. C 2018, 122 (28),
16242—16248.

(25) Pensack, R. D.; Purdum, G. E.; Mazza, S. M.; Grieco, C.;
Asbury, J. B,; Anthony, J. E.; Loo, Y.-L,; Scholes, G. D. Excited-State
Dynamics of 5,14- vs 6,13-Bis(Trialkylsilylethynyl)-Substituted
Pentacenes: Implications for Singlet Fission. J. Phys. Chem. C 2022,
126 (23), 9784—9793.

(26) Wang, X,; Liu, X.; Cook, C.; Schatschneider, B.; Marom, N. On
the Possibility of Singlet Fission in Crystalline Quaterrylene. J. Chem.
Phys. 2018, 148 (18), 184101.

(27) Gsinger, M.; Bialas, D.; Huang, L.; Stolte, M.; Wiirthner, F.
Organic Semiconductors Based on Dyes and Color Pigments. Adv.
Mater. 2016, 28 (19), 3615—3645.

(28) Wiirthner, F.; Stolte, M. Naphthalene and Perylene Diimides
for Organic Transistors. Chem. Commun. 2011, 47 (18), S109—5115.

(29) Chen, Z.; Debije, M. G.; Debaerdemaeker, T.; Osswald, P.;
Wiirthner, F. Tetrachloro-Substituted Perylene Bisimide Dyes as
Promising n-Type Organic Semiconductors: Studies on Structural,
Electrochemical and Charge Transport Properties. ChemPhysChem
2004, S (1), 137—140.

(30) Palatinus, L.; Brazda, P.; Jelinek, M.; Hrd4, J.; Steciuk, G.;
Klementovd, M. Specifics of the Data Processing of Precession
Electron Diffraction Tomography Data and Their Implementation in
the Program PETS2.0. Acta Crystallographica Section B 2019, 75 (4),
512-522.

(31) Brazda, P.; Klementova, M.; Krysiak, Y.; Palatinus, L. Accurate
Lattice Parameters from 3D Electron Diffraction Data. I. Optical
Distortions. IUCr]. 2022, 9 (6), 735—75S.

(32) Klar, P. B.; Krysiak, Y.; Xu, H.; Steciuk, G.; Cho, J.; Zou, X,;
Palatinus, L. Accurate Structure Models and Absolute Configuration
Determination Using Dynamical Effects in Continuous-Rotation 3D
Electron Diffraction Data. Nat. Chem. 2023, 15 (6), 848—8S5.

(33) Palatinus, L.; Petficek, V.; Corréa, C. A. Structure Refinement
Using Precession Electron Diffraction Tomography and Dynamical
Diffraction: Theory and Implementation. Acta Crystallogr, Sect. A
2015, 71 (2), 235—244.

(34) Petticek, V.; Palatinus, L.; Pl4sil, J.; Dusek, M. Jana2020 — a
New Version of the Crystallographic Computing System Jana. 2023,
238 (7-8), 271-282. DOI: .

(35) Macrae, C. F,; Sovago, L; Cottrell, S. J; Galek, P. T. A;
McCabe, P.; Pidcock, E.; Platings, M.; Shields, G. P.; Stevens, J. S.;
Towler, M.; Wood, P. A. Mercury 4.0: From Visualization to Analysis,
Design and Prediction. J. Appl. Crystallogr. 2020, 53 (1), 226—235.

(36) Giannini, S.; Blumberger, J. Charge Transport in Organic
Semiconductors: The Perspective from Nonadiabatic Molecular
Dynamics. Acc. Chem. Res. 2022, 55 (6), 819—830.

(37) Abd El-Aal, H. A. K; Khalaf, A. A. Modern Friedel-Crafts
Chemistry. Part 38. Facile Synthesis of Acenaphthenes via Direct and
Rearranged Intramolecular Friedel-Crafts Cyclialkylations of Inter-
mediate Carbinols. Polycycl Aromat Compd 2013, 33 (4), 331—346.

(38) Rickhaus, M.; Belanger, A. P.; Wegner, H. A; Scott, L. T. An
Oxidation Induced by Potassium Metal. Studies on the Anionic
Cyclodehydrogenation of 1,1'-Binaphthyl to Perylene. J. Org. Chem.
2010, 75 (21), 7358—7364.

(39) Jackson, K. A; Hunt, J. D. Transparent Compounds That
Freeze like Metals. Acta Metall. 1965, 13 (11), 1212—1215.

(40) Warta, W.; Karl, N. Hot Holes in Naphthalene: High, Electric-
Field-Dependent Mobilities. Phys. Rev. B 1985, 32 (2), 1172—1182.

(41) McKinnon, J. J.; Spackman, M. A; Mitchell, A. S. Novel Tools
for Visualizing and Exploring Intermolecular Interactions in Molecular

Crystals. Acta Crystallogr. B 2004, 60 (6), 627—668.

https://doi.org/10.1021/acs.cgd.5c00145
Cryst. Growth Des. 2025, 25, 3087—3099



Crystal Growth & Design

pubs.acs.org/crystal

(42) Hall, C. L; Andrusenko, L; Potticary, J.; Gao, S.; Liu, X;
Schmidt, W.; Marom, N.; Mugnaioli, E.; Gemmi, M.; Hall, S. R. 3D
Electron Diffraction Structure Determination of Terrylene, a
Promising Candidate for Intermolecular Singlet Fission. ChemPhy-
sChem 2021, 22 (15), 1631—1637.

(43) Koch, N.; Salzmann, L; Johnson, R. L.; Pflaum, J.; Friedlein, R.;
Rabe, J. P. Molecular Orientation Dependent Energy Levels at
Interfaces with Pentacene and Pentacenequinone. Org. Electron. 2006,
7 (6), 537—545.

(44) Duhm, S.; Heimel, G.; Salzmann, 1; Glowatzki, H.; Johnson, R.
L; Vollmer, A; Rabe, J. P; Koch, N. Orientation-Dependent
Ionization Energies and Interface Dipoles in Ordered Molecular
Assemblies. Nat. Mater. 2008, 7 (4), 326—332.

(45) Schweicher, G.; Garbay, G.; Jouclas, R.; Vibert, F.; Devaux, F.;
Geerts, Y. H. Molecular Semiconductors for Logic Operations: Dead-
End or Bright Future?. Adv. Mater. 2020, 32(10).

(46) Margulies, E. A;; Miller, C. E.; Wy, Y.; Ma, L.; Schatz, G. C;
Young, R. M,; Wasielewski, M. R. Enabling Singlet Fission by
Controlling Intramolecular Charge Transfer in 7-Stacked Covalent
Terrylenediimide Dimers. Nat. Chem. 2016, 8 (12), 1120—1125.

(47) Takimiya, K; Osaka, I; Mori, T.; Nakano, M. Organic
Semiconductors Based on [1]Benzothieno[3,2-b][1]Benzothiophene
Substructure. Acc. Chem. Res. 2014, 47 (5), 1493—1502.

(48) Fratini, S.; Mayou, D.; Ciuchi, S. The Transient Localization
Scenario for Charge Transport in Crystalline Organic Materials. Adv.
Funct. Mater. 2016, 26 (14), 2292—2315.

(49) Fratini, S.; Ciuchi, S.; Mayou, D.; De Laissardiére, G. T.; Troisi,
A. A Map of High-Mobility Molecular Semiconductors. Nat. Mater.
2017, 16 (10), 998—1002.

(50) Mitsui, C.; Okamoto, T.; Yamagishi, M.; Tsurumi, J;
Yoshimoto, K.; Nakahara, K; Soeda, J; Hirose, Y.; Sato, H,;
Yamano, A,; Uemura, T.; Takeya, J. High-Performance Solution-
Processable N-Shaped Organic Semiconducting Materials with
Stabilized Crystal Phase. Adv. Mater. 2014, 26 (26), 4546—4551.

(51) Seki, S.; Saeki, A.; Sakurai, T.; Sakamaki, D. Charge Carrier
Mobility in Organic Molecular Materials Probed by Electromagnetic
Waves. Phys. Chem. Chem. Phys. 2014, 16 (23), 11093—11113.

(52) Honsho, Y.; Miyakai, T.; Sakurai, T.; Saeki, A; Seki, S.
Evaluation of Intrinsic Charge Carrier Transport at Insulator-
Semiconductor Interfaces Probed by a Non-Contact Microwave-
Based Technique. Sci. Rep. 2013, 3 (1), 3182.

3099

CAS INSIGHTS™

EXPLORE THE INNOVATIONS
SHAPING TOMORROW

Discover the latest scientific research and trends with CAS Insights.
Subscribe for email updates on new articles, reports, and webinars
at the intersection of science and innovation.

Subscribe today

.
)

»

CAS ~

A division of the
American Chemical Soclety

https://doi.org/10.1021/acs.cgd.5c00145
Cryst. Growth Des. 2025, 25, 3087—3099



