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Properties of the organic semiconductors can be finely tuned via changes in their molecular structure.

However, the relationship between the molecular structure, molecular packing, and (opto)electronic

properties of the organic semiconductors to guide their smart design remains elusive. In this study, we

address computationally and experimentally the impact of subtle modification of a thiophene–phenylene

co-oligomer CF3-PTTP-CF3 on the molecular properties, crystal structure, charge transport, and

optoelectronic properties. This modification consists in the substitution of two C–H atom pairs by N

atoms in the thiophene units and hence converting them to thiazole units. A dramatic effect of the N-

substitution on the crystal structure—the crossover from the herringbone packing motif to p-stacking—

is attributed to significant changes in the molecular electrostatic potential. The changes in the molecular

and crystal structure resulting from the N-substitution clearly reveal themselves in the Raman spectra.

The increase of the calculated electron mobility in the corresponding crystals as a result of the N-

substitution is rationalized in terms of the changes in the molecular and crystal structure. The charge

transport, electroluminescence, and photoelectric properties are compared in thin-film organic field-

effect transistors based on CF3-PTTP-CF3 and its N-substituted counterpart. An intriguing similarity

between the effects of N-substitution in the thiophene rings and fluorination of the thiophene–

phenylene oligomer is revealed, which is probably associated with a more general effect of

electronegative substitution. The obtained results are anticipated to facilitate the rational design of

organic semiconductors.
1. Introduction

Organic semiconductors (OSs) with high charge-carrier mobility
and efficient luminescence are necessary for organic optoelec-
tronic devices, e.g., organic light-emitting diodes,1 organic light-
emitting transistors,2 and electrically pumped solid-state
organic lasers.3 These features are luckily combined in conju-
gated oligomers and co-oligomers, which makes these
compounds promising candidates for using in organic opto-
electronics.4 Some (co)oligomers combine strong light absorp-
tion in UV-vis spectral region with decent charge-carrier
r Centre of Lomonosov Moscow State
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mobility so that the photoelectric effect can be efficient making
them useful for development of novel organic phototransistors.5

Moreover, synthetic exibility of the conjugated (co)oligomers
enables their prompt chemical modication for ne-tuning of
the electronic and optical properties.

Although a plenty of conjugated (co-)oligomers were synthe-
sized, the structure–property relationships for their rational design
remain poorly understood. Specically, it is well known that very
small changes in the chemical structure can dramatically affect the
crystal packing and physico-chemical properties of the OSs (see,
e.g., ref. 6–9). For instance, substitution of hydrogen atoms with
uorine ones (uorination) typically facilitates a crossover from
the herringbone packing commonly observed in OS crystals to the
p-stacking motif, which is considered more favorable for charge
transport.7–15 However, the effect of uorination on the optoelec-
tronic properties is not always positive: in several cases, uorina-
tion results in a decrease in photoluminescence quantum yield
(PLQY) and absorption,9 and extensive uorination can deteriorate
the charge mobility.7,8,16 Moreover, in exotic cases uorination
induces the opposite crossover in the crystal structure—from the
This journal is © The Royal Society of Chemistry 2020
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p-stacking to herringbone motif.17–19 Thus, it is important to
predict whether certain changes in the molecular (chemical)
structure will be favorable or detrimental for optoelectronic
applications. This prediction could be based on general “molec-
ular structure – crystal structure – (opto)electronic properties”
relationships, which are now in the focus of the material science.

Very recently, two ways of tailoring the optoelectronic prop-
erties of the thiophene–phenylene co-oligomers—addition of
terminal groups20 and uorination16—have been investigated in
detail. However, there is another tool for tuning the OS prop-
erties—the heteroatomic substitution in the very conjugated
core. This type of modication can have a stronger impact on
the optoelectronic properties because it is directly related to the
distribution of the electron density at the frontier molecular
orbitals, which determine the optoelectronic properties. Among
heteroatoms, nitrogen attracts a particular attention. Intro-
duction of nitrogen into the conjugated core of the OSs (intra-
ring N-substitution) signicantly decreases the energies of the
frontier orbitals and can change the conductivity type from the
hole to electron one.21,22 An interesting material among the N-
substituted conjugated co-oligomers is 2,20bis[4-(tri-
uoromethyl)phenyl]-5,50-bi-1,3-thiazole (CF3-PTzTzP-CF3) (see
Fig. 1 for chemical structure). According to ref. 23 and 24, the
electron mobility, me, in CF3-PTzTzP-CF3 exceeds that in CF3-
PTTP-CF3 (its counterpart without nitrogen) by an order of
magnitude. The me value higher than 1 cm2 V�1 s�1 reported in
ref. 23 for CF3-PTzTzP-CF3 is very unusual for oligomers and is
usually observed for fused aromatics,25 which generally show
more favorable molecular packing with the stronger electronic
interaction between the molecules. The earlier computational
studies reproduced the reported difference in me in the two
aforementioned oligomers.26,27 The difference was tentatively
assigned to the dramatic difference in the crystal structure for
the two compounds: while CF3-PTTP-CF3 packs in a herring-
bone motif typical for OSs, CF3-PTzTzP-CF3 shows p-stacking,
which is considered benecial for charge transport.28,29 But
what is the mechanism underlying the change of the crystal
packing for these compounds? Is this mechanism specic for
these compounds or general for conjugated oligomers? And
does the N-substitution affect optical properties of conjugated
(co)oligomers? These questions have not been answered yet.

In this study, we address computationally and experimen-
tally the structure–property relationships underlying the
difference in the properties between CF3-PTTP-CF3 and CF3-
PTzTzP-CF3. Specically, we focus on the relationships between
the molecular structure and properties, the molecular and
crystal structures, and impact of the molecular/crystal structure
Fig. 1 Chemical structure of the compounds studied.

This journal is © The Royal Society of Chemistry 2020
on the charge-carrier mobility. First, density functional theory
(DFT) calculations along with absorption, photoluminescence
(PL) and Raman spectroscopies are applied to compare the
electronic, optical, and vibrational properties of the isolated
molecules. Then, the physics underlying the difference in the
crystal packing is unraveled, and the impact of this difference
on charge mobility is modeled. To explore the potential of both
oligomers for (opto)electronic devices, organic eld-effect
transistors (OFETs) with thin-lm active layers of both oligo-
mers are fabricated and studied, and they demonstrate elec-
troluminescence and a photoelectric effect. The observed
impact of the intra-ring N-substitution on the structural, elec-
tronic, vibrational, optical and charge-transport properties is
compared with the effect of uorination recently addressed in
ref. 16, and intriguing similarities possibly related to general
relationships between the molecular structure, crystal structure
and (opto)electronic properties are revealed.
2. Methods
2.1. Calculations

Density functional theory (DFT) and time-dependent DFT (TDDFT)
calculations were performed using GAMESS package30,31 at B3LYP/
6-31G(d,p) level. The reorganization energy for electron transport,
l, was approximated by its inner-sphere part, which is typically
consideredmuch larger than the outer-sphere part for OSs.32 The l
values were calculated according to the common adiabatic
potentials (4-point) scheme33 from the energies of the molecule in
the following four states: the neutral state in its optimized geom-
etry (EN), the neutral state in the optimized geometry of the
negatively charged state (EN*), the negatively charged state in its
optimized geometry (EC), and the negatively charged state in the
geometry of the neutral state (EC*): l ¼ (EN* � EN) + (EC* � EC).
Electron transfer integrals Ji were calculated using a home-written
code based on the dimer projection method (DIPRO).34–36 Electro-
static potential was visualized using JMol package,37 andmolecular
orbitals were visualized using Chemcra.38 Conjugated lengths
were calculated as suggested in ref. 16. Hirshfeld surface analysis
and energy framework calculations were performed at B3LYP/6-
31g(d,p) level in CrystalExplorer17.5 soware.39,40
2.2. Sample preparation

The CF3-PTTP-CF3 was synthesized according to previous work41

and CF3-PTzTzP-CF3 (97% purity) was purchased in Sigma-
Aldrich.
RSC Adv., 2020, 10, 28128–28138 | 28129
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2.3. Raman spectroscopy

For Raman measurements, powders of CF3-PTTP-CF3 and CF3-
PTzTzP-CF3 were compressed into tablets. Raman measure-
ments in the spectral range 10–1800 cm�1 were conducted
using a Raman microscope (inVia, Renishaw) with a 50�
objective lens (Leica DM 2500 M, NA ¼ 0.75). The excitation
wavelength was 633 nm provided by a He–Ne laser (RL633,
Renishaw) with the maximum power of 17 mW. Low-frequency
(LF) measurements were conducted using a NExT mono-
chromator, high-frequency (HF) measurements were performed
with a 633 nm edge lter. The LF and HF measurements were
performed separately, and then the LF and HF spectra were
merged. The accumulation time and the pump intensity were
selected to increase the signal-to-noise ratio and minimize
photodegradation. All spectra were measured in several points
of the sample and then averaged to reduce the anisotropy effect
on the Raman spectra.
2.4. Absorption and photoluminescence

The absorption spectra were recorded on a Shimadzu UV-
2501PC spectrophotometer in a 10 mm-thick photometric
quartz cuvette using tetrahydrofuran (THF) solutions with the
oligomer concentrations of 10�5 M. Photoluminescence spectra
(PL) in solution were recorded by using of a scanning spectro-
uorimeter ALS01M operating in the single-photon-counting
mode.42 The PL measurements were carried out in the 90�-
geometry for several optical densities of the sample in the range
of 0.06–0.12 absorbance units by using a 10 mm-thick cuvette.
The PL quantum yield (QY) was measured by comparing the
integral PL intensity of 10�6 M diluted solutions in THF with the
integral PL intensity of the standard as described elsewhere.43

As a PLQY standard, solution of 1,4-bis(5-phenyloxazol-2-yl)
benzene (POPOP) in cyclohexane (PLQY ¼ 0.93) was used.
2.5. OFET fabrication and characterization

OFET samples were fabricated in the top-contact bottom-gate
architecture on silicon substrates with 200 nm-thick thermally
grown oxide (SiO2) dielectric layer covered with a poly(-
methylmethacrylate) (PMMA) or hexamethyldisilazane (HMDS)
layer. Si/SiO2 substrates were treated as described in ESI,
Section S6.† Thin-lm (polycrystalline) OFET active layers of the
CF3-PTTP-CF3 and CF3-PTzTzP-CF3 were thermally evaporated
in a vacuum chamber at a pressure in the range 3.3 � 10�6–4.7
� 10�6 mbar with the evaporation rate in the range of 1.0–2.5�A
s�1, the thickness was 50 nm according to a thickness monitor
(TM400, Maxtek). On the substrates with the deposited active
layer the source and drain electrodes were thermally evaporated
in vacuum through Ossila shadowmasks. As a result, 20 devices
per substrate with different channel lengths from 10 to 30 mm
with a step of 5 mmand the channel width of 1mmwere formed.
The two types of source/drain electrodes were used: calcium
(Ca) for electron injection and bilayer of molybdenum oxide and
silver (MoO3/Ag) for hole injection. Output and transfer char-
acteristics of OFET samples were measured for all devices using
a probe station (Printeltech 100) and a source measure unit
28130 | RSC Adv., 2020, 10, 28128–28138
(Keithley 2636A). The transfer characteristics were measured in
both forward and backward directions of the voltage sweep to
reveal hysteresis in the charge carrier mobility. The electron
mobility (me) values, as well as threshold voltage (Vth), in the
linear and saturation regimes were calculated by approximation
of the measured transfer characteristics to the common
Shockley equations. The voltage ranges of approximation were
chosen to achieve the best t, wherein the tting ranges were
not less than 2/3 of the range of measurement in the corre-
sponding regime. The mobility and Vth data were averaged over
20 devices and both directions of the voltage sweep for each
OFET substrate. Light emission was captured using a micro-
scope equipped with a CCD-camera (Innity 3, Luminera) at an
exposition time of 60 s during transfer characteristics
measurement. The relative electroluminescence intensity was
calculated as a sum of intensities of pixels belonging to the
channel area in a captured light-emission image. The study the
photoelectric effect in the OFET samples, their transfer char-
acteristics under white-LED light illumination with an intensity
of 100 mW cm�2 were measured. The thicknesses of OFET
active layers and their surface proles were measured with an
atomic-force microscope (AFM) Ntegra Spectra (NT-MDT).
Other details of the OFET fabrication and characterization are
given in ESI.†
3. Results and discussion
3.1. Molecular structure and properties

3.1.1. DFT calculations. Fig. 2 presents the equilibrium
geometries and patterns of the frontier molecular orbitals: the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). From this gure it
follows that although the phenylene rings are twisted in CF3-
PTTP-CF3 with respect to the thiophene ones, in CF3-PTzTzP-
CF3 they are in the same plane with thiophene ones. This is in
line with the results of ref. 26 and 44. The torsion of the phe-
nylene rings with respect to the thiophene ones, which is
observed in CF3-PTTP-CF3, is explained by the repulsion
between positively charged hydrogen atoms of the phenylene
and thiophene rings.33,45 On the contrary, in CF3-PTzTzP-CF3,
the substitution of thiophene rings with thiazole ones elimi-
nates this repulsion because of the absence of the correspond-
ing hydrogen atom. Moreover, Fig. 2(e and f) indicates that
nitrogen atoms in the thiazole rings bear a negative electrostatic
potential attracting the positively-charged hydrogen cores of the
phenylene rings, further stimulating the molecular planariza-
tion. Importantly, the emergence of the areas of strongly
negative charge on the conjugated core upon the intra-ring N-
substitution signicantly affects crystal packing as shown
below.

The HOMO and LUMO energies are presented in Table 1.
The N-substitution results in a decrease of the HOMO and
LUMO energies of CF3-PTTP-CF3 by 0.44 and 0.38 eV, respec-
tively. The HOMO–LUMO gap, EHL, and optical gap, Eg, slightly
widen with substitution, and the oscillator strength slightly
decreases. These effects can be attributed to the slight decrease
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Equilibrium geometries, HOMO (a and b) and LUMO (c and d) patterns, and electrostatic potential maps (e and f) for the compounds
studied.
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in the conjugation length from 6.65�A for CF3-PTTP-CF3 to 6.59
�A for CF3-PTzTzP-CF3.

3.1.2. Absorption and photoluminescence in solution.
Fig. 3 presents absorption and photoluminescence spectra in
THF solutions for both oligomers, where molecules are sepa-
rated by the solvent so that optical properties of the individual
molecules are probed. This gure clearly shows that the N-
substitution results in a blueshi of both the absorption and
photoluminescence (PL) spectra, which is in line with our
computational results (see Table 1). PL quantum yield some-
what increases from 17% to 25% as a result of the N-
substitution.

3.1.3. High-frequency Raman spectra. Raman spectroscopy
provides important information about vibrational properties of
the materials reporting on the molecular and crystal structure.
Fig. 4 collates Raman spectra of the polycrystalline powders of
the two oligomers. As follows from the gure the high-frequency
Raman spectra (u > 200 cm�1), which are associated with
Table 1 The HOMO and LUMO energies, HOMO–LUMO gaps, optical
gap, and oscillator strength, f, for the compounds studied

HOMO LUMO EHL Eg f

CF3-PTTP-CF3 �5.45 �2.13 3.32 3.055 1.34
CF3-PTzTzP-CF3 �5.89 �2.51 3.39 3.091 1.28

This journal is © The Royal Society of Chemistry 2020
intramolecular vibrations,46,47 are very similar for CF3-PTTP-CF3
and CF3-PTzTzP-CF3. Specically, all the most intensive bands
are located in the range 1000–1700 cm�1. The positions of
bands at frequencies at �1411, 1518, 1615 cm�1 are similar for
both oligomers. For CF3-PTTP-CF3, these modes were previously
suggested to possess a dominant contribution from vibrations
of the phenylene rings,20 and hence it is natural that they are
weakly affected by the chemical modication of the thiophene
Fig. 3 Absorption and photoluminescence spectra of CF3-PTTP-CF3
and CF3-PTzTzP-CF3 in THF solution.

RSC Adv., 2020, 10, 28128–28138 | 28131
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Fig. 4 Experimental Raman spectra of polycrystalline powders ofCF3-
PTTP-CF3 (black) and CF3-PTzTzP-CF3 (red) normalized to the
maximal intensity in the high-frequency range. Insets show the low-
frequency (LF) range. Dashed blue lines indicate the positions of
selected Raman bands of CF3-PTTP-CF3.
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rings. On the contrary, the modes observed at 1463, 1555 cm�1

in CF3-PTTP-CF3 are redshied in CF3-PTzTzP-CF3. These bands
have a dominant contribution from the vibrations of the thio-
phene rings.20 Thus, the N-substitution in the thiophene rings
results in a frequency shi of the mentioned bands probably
because of higher mass of nitrogen as compared to carbon. The
low-frequency (LF) range (<200 cm�1) of the Raman spectra is
discussed in the next section.
3.2. Molecular and crystal structures

3.2.1. Crystal structure. To rationalize the impact of N-
substitution on crystal packing, we compared crystal struc-
tures of CF3-PTTP-CF3 and CF3-PTzTzP-CF3 reported by Ando
et al. (CCDC numbers 1427491 and 291639, respectively),48,49

and analyzed them using the energy framework and Hirshfeld
approaches. These structures are sketched in Fig. 5 showing
that CF3-PTTP-CF3 has a clear layered structure: the molecular
layers correspond to the ab plane (nearly normal to the long
molecular axes) and are separated by terminal CF3 groups.
Within the layers, molecules are arranged in the herringbone
packing motif without face-to-face overlap (Fig. 5(b)). As follows
from the energy framework analysis (Fig. 6(a) and ESI, Section
S2†), the strongest interactions are observed within the layers.
In the CF3-PTzTzP-CF3 crystal, the layer structure changes: the
strongest (intralayer) interactions here are in the planes con-
taining the long molecular axes and direction(s) of p-stacking
(see Fig. 5(c) and 6(b)). The packing motif transforms into
brickwall packing with two-dimensional p-stacking
(Fig. 5(d)).50,51 Surprisingly, the unit cell parameters are altered
moderately (see Fig. 5): the crystal system for CF3-PTzTzP-CF3
stays monoclinic as for CF3-PTTP-CF3, and there are also two
molecules in the unit cell (Z ¼ 2).

3.2.2. Hirshfeld analysis. Hirshfeld surface analysis52 of
CF3-PTTP-CF3 and CF3-PTzTzP-CF3 crystal structures was
carried out to reveal the intermolecular interactions governing
the packing motifs in these crystals. The Hirshfeld surface
28132 | RSC Adv., 2020, 10, 28128–28138
denes the space occupied by a molecule in the crystal: inside
this surface, the electron density from the given molecule is
larger than that from the others.53 Fig. 7 displays the Hirshfeld
surfaces for the two crystals mapped with two important prop-
erties: curvedness (C) and electrostatic potential (ESP); see ESI,
Section S1,† and ref. 52 and 54 for their denitions. The curv-
edness maps shown in Fig. 7(a) can be used to analyze the
molecular packing motifs.52 Specically, the p-stacking
arrangement of the molecules can be identied by relatively
large green at regions (see also ESI, Section 1†) at this map.
Themap for CF3-PTTP-CF3 has no such regions, which indicates
a herringbone packing.52 On the contrary, the map for CF3-
PTzTzP-CF3 shows two extended green regions at its face, which
reveal p-stacking of CF3-PTzTzP-CF3 with two adjacent mole-
cules per one molecule face (i.e., two-dimensional p-stacking).
The directions of p-stacking correspond to the directions of the
strongest intermolecular interactions (see Fig. 6(b)).

Fig. 7(b) shows that the electrostatic potential of CF3-PTzTzP-CF3
differs from that of CF3-PTTP-CF3: whereas the thiophene rings in
CF3-PTTP-CF3 generally have the electronegative center and the
electropositive periphery (hydrogen atoms), the nitrogen atoms in
thiazole rings of CF3-PTzTzP-CF3 pull out the electron density
making the rest of the ring electropositive. This is in line with our
calculations for isolatedmolecules (see Fig. 2(e and f)). As a result, in
theCF3-PTzTzP-CF3 crystal, the thiazole rings always packnext to the
phenylene rings, resulting in the ESP complementarity (Fig. S3†).55

Thus, we suggest that the abovementioned two-dimensional p-
stacking observed in the CF3-PTzTzP-CF3 crystal is partially induced
by the face-to-face electrostatic interactions between the N-
substituted and non-substituted aromatic rings. In addition, the
emergence of strongly electronegative areas at the edges of the
molecule facilitates edge-to-edge interactions in the CF3-PTzTzP-CF3
crystal, which is indicated by formation of close edge-to-edge
contacts (see Fig. S1†). As a result, we attribute the observed cross-
over from the herringbone packing inCF3-PTTP-CF3 top-stacking in
CF3-PTzTzP-CF3 to the fact that the face-to-face and edge-to-edge
interactions (facilitating p-stacking) in the latter crystal overwhelm
the edge-to-face interactions (facilitating herringbone packing).

Fig. 8 depicts the contributions of various atoms types to the
intermolecular contacts in the crystals studied; the details of the
analysis of the molecular contacts are given in ESI, Section S1.†
As follows from this gure, the major contribution for CF3-
PTTP-CF3 comes from C/H (typical for herringbone packing),
F/F (because of the layered structure) and F/H contacts
(because of electrostatic attraction of these atoms). For CF3-
PTzTzP-CF3, the main contribution also comes from F/H and
C/H contacts; however, the percentage of the former contacts
increases signicantly as a result of the interpenetration of the
molecules into adjacent layers, while the percentage of the latter
contacts signicantly decreases as a result of the disappearance
of the herringbone structure. Importantly, for CF3-PTTP-CF3,
the percentage of the “conducting” contacts, i.e., the contacts
between the atoms bearing large HOMO and/or LUMO electron
density (see Fig. 2), is just 4% and stems from S–C and S–S
contacts. On the contrary, for CF3-PTzTzP-CF3, this percentage
increases to 13% and stems from C–C and N–C contacts. The
increase in the “conducting” contacts number (C/C, S/C, S/
This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Crystal structures (two projections) for CF3-PTTP-CF3 (a and b) and CF3-PTzTzP-CF3 (c and d) and the corresponding unit cell
parameters.
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S, N/C, N/S, N/N) with the N-substitution should be
attributed to the change in the packing motif from the
herringbone one (CF3-PTTP-CF3) to brickwall packing (CF3-
PTzTzP-CF3), in line with Fig. 4(a) and ES1.† This increase is
favorable for charge transport as discussed below.

3.2.3. Low-frequency Raman spectra. As mentioned above,
LF Raman spectra are sensitive to the crystal structure and
hence can monitor its changes.46,56,57 Fig. 4 shows that the LF
bands for CF3-PTzTzP-CF3 have a considerably lower intensity
than those for CF3-PTTP-CF3. It was previously suggested that
the LF Raman spectra are related to vibrational modulation of
the charge transport integrals and the molecular polarizability:
the more intense the LF Raman signal, the stronger this
modulation.46,58 Thus, the decrease in the LF Raman intensity
can be attributed to a weaker impact of the corresponding
vibrations on the charge transfer integrals between the mole-
cules, i.e., the lower dynamic disorder. The latter is favorable for
charge transport.59,60 The other factors affecting the charge
mobility are analyzed in the next section.
3.3. Charge transport

3.3.1. Calculations. To address the impact of the molecular
structure change in the crystal structure on the charge-carrier
Fig. 6 Graphical representation of the total interaction energy in blue
cylinders link molecular centroids, and their thickness is proportional to
magnitudes less than 5 kJ mol�1 are not shown. Details are given in Tab

This journal is © The Royal Society of Chemistry 2020
(electron and hole) mobility, m, we calculated the m values
within the widely used hopping model based on the Marcus
formula for the charge-transfer rate:61

k ¼ 2p

ħ
J2

�
1

4plkBT

�1=2

exp

 
� ðDE � lÞ2

4plkBT

!
; (1)

where ħ is the reduced Planck constant, kB is the Boltzmann
constant, T is the absolute temperature, J is the charge transfer
integral describing the electronic coupling between the sites, l
is the reorganization energy of the site that describes the local
electron–phonon interaction, and DE is the electron energy
difference between the initial and nal sites (DE ¼ 0 if the
molecules are identical). Then, the charge-carrier mobility was
estimated using the common Einstein–Smoluchowski
relation:32

m ¼ eD

kT
¼ e

6kT

X
i

kiri
2pi; (2)

where D is the charge-carrier diffusion coefficient, ri is the
distance between the adjacent molecules along the i-th trans-

port direction, and pi ¼ kiP
j
kj

is the probability of the charge

carrier to move in this direction. As follows from eqn (1) and (2),
on panel in CF3-PTTP-CF3 (a) and CF3-PTzTzP-CF3 (b) crystals. The
the magnitude of the energy; for clarity, the pairwise energies with

le S1 and S2.†.
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Fig. 7 Hirshfeld surfaces of CF3-PTTP-CF3 and CF3-PTzTzP-CF3 mapped with curvature C (a) and ESP (�65.6 kJ mol�1 per unit charge) (b).
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the higher the Ji and ri values and the lower the l values, the
larger the m values.

The calculated reorganization energy for electron transfer, l,
is 420 meV for CF3-PTTP-CF3 and 320 meV for CF3-PTzTzP-CF3;
these values correspond well with the results of previous
works.26,44 Thus, the N-substitution signicantly decreases l,
and this is benecial for charge transport. The decrease of l in
CF3-PTzTzP-CF3 can be attributed the elimination of repulsion
between the hydrogen atoms of the thiophene and phenylene
rings (which torsionally distorts the conjugated core in CF3-
PTTP-CF3) leading to planarization of the conjugated core and
restriction of torsional degrees of freedom, which signicantly
contribute to the reorganization energy of thiohene-phenylene
co-oligomers.62

Fig. 9 presents the charge transfer integrals, J, for the two
crystals. In CF3-PTTP-CF3, there is a single direction with large J
� 80 meV; there are also two directions with J � 20 meV. For
CF3-PTzTzP-CF3, there are two directions with J � 70 meV and
one direction with J � 20 meV. Since it is frequently assumed
that the charge transport is efficient if J exceeds the energy of
thermal uctuations (25meV at room temperature), in the latter
crystal, the charge transport is quasi-two-dimensional, whereas
in the former it is quasi-one-dimensional. The increase in the
charge transport dimensionality can be favorable for m.63

Moreover, in CF3-PTzTzP-CF3, high J are observed for directions
Fig. 8 Distribution of intermolecular contacts for CF3-PTTP-CF3 and
CF3-PTzTzP-CF3 arranged by molecules on the basis of Hirshfeld
surface analysis. “Conducting” contacts (see details in the text) are
highlighted with the dashed frames.

28134 | RSC Adv., 2020, 10, 28128–28138
with large ri, which is also benecial for charge transport (see
eqn (2) and Table S3†). Noteworthily, in both crystals, the effi-
cient charge transport should occur exclusively within the layers
(see Fig. 5 and 6; note that layered structure differs for the two
crystals). This is reasonable since intralayer intermolecular
interactions are much stronger than the interlayer ones (see
Fig. S5†).

The me values calculated using eqn (1) with the above-
mentioned J and l are 0.065 cm2 V�1 s�1 for CF3-PTTP-CF3 and
0.43 cm2 V�1 s�1 for CF3-PTzTzP-CF3. Thus, the N-substitution
results in about one order of magnitude increase in me, in line
with earlier calculations27 and experimental23,24 data. The hole
mobility increases as well from 0.0047 cm2 V�1 s�1 in CF3-PTTP-
CF3 to 0.43 cm2 V�1 s�1 in CF3-PTzTzP-CF3; however, the
experimental data for hole transport in these materials are
unavailable. The me increase with the N-substitution can be
attributed to the two factors: decrease in l and increase in the Ji
values for the directions with large ri.

3.3.2. Experiment. To compare the charge-transport prop-
erties in CF3-PTTP-CF3 and CF3-PTzTzP-CF3, thin-lm OFETs
were fabricated in the closest possible conditions for both
oligomers. The devices showed only electron transport in line
with the earlier studies on CF3-PTTP-CF3 and CF3-PTzTzP-CF3
thin-lm OFETs.23,24 Fig. 10 demonstrates typical transfer
characteristics for the OFETs prepared with HMDS (panels a, b)
and PMMA (panels c, d) interlayers. The corresponding output
characteristics and the electron mobility, me, vs. the threshold
voltage, Vth, diagrams for all fabricated devices are given in
Fig. S10 and S11,† correspondingly. Fig. 11 shows histograms
Fig. 9 Charge transfer integrals, J, for CF3-PTTP-CF3 and CF3-
PTzTzP-CF3; the J values are labeled. The thickness of the arrows
illustrates the J magnitude.

This journal is © The Royal Society of Chemistry 2020
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Fig. 11 Maximal and average electron mobilities and average
threshold voltages for all prepared devices with HMDS or PMMA layers
based on thiophene-containing (CF3-PTTP-CF3) and thiazole-con-
taining (CF3-PTzTzP-CF3) oligomers.
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with the maximal and average values of me and the average
values of Vth for all the prepared OFETs. The maximum me

values among the all devices were in the range 0.03–0.07 cm2

V�1 s�1. In the OFETs with HMDS layers, the electron mobility
for the N-substituted oligomer is about 1.5–2 times higher than
that for its non-substituted counterpart. The higher me values in
the N-substituted oligomer are in line with our computational
results (see above) and the earlier experimental studies.23,24

Nevertheless, the analogous devices with PMMA layers showed
the somewhat higher but very close me values for both oligo-
mers. The higher me values for these devices correlate with the
lower average roughness of the active layer surface deposited on
PMMA as compared to HMDS (see the AFM data in Fig. S15†).
Accordingly, the lm morphology on PMMA for both oligomers
is more favorable for charge transport than that on HMDS. Note
that the dispersion in the Vth values (Fig. 11) is considerably
lower for the OFETs with PMMA layers, and, therefore, the data
on the devices with PMMA layers are more conclusive for
comparison of the charge-transport properties of CF3-PTTP-CF3
and CF3-PTzTzP-CF3. Thus, we do not observe a clear difference
in charge transport in CF3-PTTP-CF3 and CF3-PTzTzP-CF3 thin
lms. Possibly, the polycrystalline structure of the thin lms
Fig. 10 Typical transfer characteristics of OFETs based on CF3-PTTP-C
PMMA (c and d) dielectric layers. Mobilities are shown for the backward d
direction.

This journal is © The Royal Society of Chemistry 2020
studied masks the difference in charge transport predicted by
our calculations presented above. To get rid of possible effects
of the polycrystallinity, single-crystal OFETs should be fabri-
cated and studied; however, this is a subject of our further
studies.
F3 (a and c) and CF3-PTzTzP-CF3 (b and d) with HMDS (a and b) and
irection of measurement, as their values are higher than for the forward
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Finally, we assessed the optoelectronic performance of both
oligomers, namely, electroluminescence and photoelectric
effect in OFETs. Though the fabricated OFETs were unipolar,
with the only one type of charge carriers are present in the
channel (electrons), light emission is suggested to originate
from charge recombination at (or near) the interface between
the organic semiconductor and the electrode (source or drain),
which injects the minor charge carriers (holes).64 Similarly the
photoelectric effect in such devices can occur near the one
electrode.65 Electroluminescence was observed in OFETs based
on both oligomers and its intensity was 2.5 times higher in the
N-substituted oligomer. OFET images taken during the current
characteristics measurements and other details are given in
Fig. S13.† For both oligomers, a comparable photoelectric effect
was observed so that the drain current exhibited an enhance-
ment up to �30% depending on VG under illumination by
a white LED (Fig. S14†). In summary, the thin-lm OFETs based
on the two oligomers showed comparable charge-transport
properties, electroluminescence intensity, and photoelectric
effect.
3.4. Comparison of N-substitution and uorination of
thiophene–phenylene co-oligomers

It is instructive to compare the impact of the N-substitution on
various properties of CF3-PTTP-CF3 with the effect of uorina-
tion on the properties of the another thiophene–phenylene co-
oligomer PTPTP (P and T stand for phenyl(ene) and thio-
phene, respectively), which was recently reported in ref. 16. Both
series of oligomers have been investigated as active layers of
OFETs and OLETs and have shown promising characteristics.
In both cases, electronegative atoms (N or F) are introduced into
the molecule resulting in a dramatic change of the electrostatic
potential (see Fig. 2(e–f) and ref. 16). The difference between the
uorination and N-substitution is that in the former case,
peripherical atoms that are not signicantly involved into the p-
conjugation are substituted, while in the latter case, the very
interior of the conjugated core is altered. In the following, we
briey compare the impact of the two substitution strategies on
the HOMO/LUMO energies, optical properties, Raman spectra,
crystal structure, and electron transport.

Both type of substitution resulted in planarization of the
molecules induced by the elimination of the repulsion of the
hydrogen atoms from the adjacent thiophene and phenyl(ene)
rings. Introduction of 4, 10, and 14 uorine atoms into the
PTPTP molecule resulted in the decrease of its theoretical
HOMO (LUMO) by 0.2 (0.35), 0.4 (0.5) and 0.6 (0.8) eV, corre-
spondingly. Similarly, the N-substitution via replacement of just
two N atoms in CF3-PTTP-CF3 resulted in the decrease of theo-
retical HOMO (LUMO) by 0.4 (0.4) eV. The stronger effect of the
N-substitution can be attributed to the higher p-electron
density at the substituted atoms as mentioned in Section 3.1.1.
The optical properties also varied in a similar way: both the F-
and N-substitution resulted in the blueshi of absorption and
emission spectra (see Fig. 8 and ref. 16). The PLQY in diluted
solutions did not change signicantly with the substitution.
The changes of the Raman spectra revealed the difference in the
28136 | RSC Adv., 2020, 10, 28128–28138
position of substitution: in the PTPTP series, the phenyl(ene)-
associated modes are shied since the phenyl(ene) rings are
uorinated, whereas in the CF3-PTTP-CF3/CF3-PTzTzP-CF3 pair,
the thiophene-associatedmodes are altered since the thiophene
rings were converted into the thiazole ones.

In both series, the substitution resulted in the change of the
crystal structure from herringbone motif to p-stacking. This is
in line with the widely observed transition to p-stacking as
a result of substitution with electronegative atoms (e.g. N, F, Cl,
etc.).7,15,66–68 For instance, whereas bithiophenes pack in
a herringbone motif, bithiazoles pack in a p-stacking manner.28

The intra-ring N-substitution of oligoacenes also results in the
crossover to the p-stacking structure.69 These changes can be
explained by the changes in the molecular electrostatics: the
mentioned atoms in the molecular structure bear a negative
charge, which attracts positively charged hydrogen and carbon
atoms of the adjacent molecules stabilizing the face-to-face and
edge-to-edge molecular interaction and hindering C/H
contacts, which are dominant in herringbone packings (Fig. 5).
As a result, these rings stack preferentially with the non-
substituted rings.

The similar changes in the crystal structure for both series—
crossover from herringbone packing to p-stacking with substi-
tution—reveal themselves in the similar changes in the LF
Raman spectra, which are very sensitive to the molecular
interactions.47,56,57 Specically, the LF Raman spectra in both
CF3-PTzTzP-CF3 and uorinated PTPTP (PFTPFTPF, PF stands for
uorinated phenyl(ene)) have much lower intensity (relative to
the high-frequency part) than that in CF3-PTTP-CF3 and PTPTP
(see Fig. S8†). Since the Raman intensity is associated with
vibrational modulation of the material polarizability,47,70,71

a decrease of the LF Raman intensity can be attributed to
a weaker impact of the corresponding vibrations on the charge-
transfer integrals between the molecules and intramolecular
charge delocalization, which determine the OSs polarizability.
This decrease is expected to be favorable for charge trans-
port.46,47,59,60 Thus, the uorination and N-substitution not just
increase the charge-transfer integrals but also inhibit their
vibrational modulation.

The abovementioned similar changes in the crystal structure
also result in similar changes in the electron transport path-
ways. Specically, in both CF3-PTTP-CF3 and PTPTP crystals,
electron transfer integrals are large only in one direction –

where the molecules are arranged in a parallel manner. On the
contrary, in the crystals of CF3-PTzTzP-CF3 and uorinated
PTPTP (PFTPTPF, and PFTPFTPF) these integrals are consider-
able in two directions. As a result, the charge transport changes
from quasi-one-dimensional to quasi-two-dimensional, which
can increase the charge mobility and make it less susceptible to
defects.45 Whether the increase of the charge transport dimen-
sionality is a general effect of electronegative substitution is
a subject of further studies.

4. Conclusions

We addressed computationally and experimentally the impact
of substitution of two C–H atom pairs with N atoms in the
This journal is © The Royal Society of Chemistry 2020
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thiophene ring of a thiophene–phenylene co-oligomer on its
properties. The crossover from the herringbone packing motif
to p-stacking as a result of N-substitution was explained by the
changes in the molecular electrostatic potential and formation
of strongly electronegative areas. The Raman spectra indicated
the frequency shi for the high-frequency vibrational modes
with dominant contribution from the motion of thiophene/
thiazole rings, while the modes associated mostly with phe-
nylene rings vibrations were nearly unaffected. The low-
frequency part of the Raman spectra was suppressed with the
N-substitution, which can be attributed to the suppression of
thermal uctuation of the charge-transfer integrals. The theo-
retical charge mobility for N-substituted oligomer was found
considerably higher than that for unsubstituted one; this was
attributed to the large charge transfer integrals in the directions
with large distance between the centers of adjacent molecules
and decrease in the reorganization energy. Thin lms of both
oligomers demonstrated in OFET only electron transport with
comparable charge-carrier mobilities, electroluminescence
intensities, and photoelectric effect. An intriguing similarity
between the effects of N-substitution and uorination of thio-
phene–phenylene oligomers was revealed, which is probably
a part of more general effect of electronegative substitution. The
obtained results are anticipated to be an important contribu-
tion into the investigation of the structure–property relation-
ships for organic semiconductors that will stimulate the
rational design of these materials.
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Wójcik and J. Popp, Wiley, 2019, ch. 15, pp. 425–458.
28138 | RSC Adv., 2020, 10, 28128–28138
48 S. Ando, J. Nishida, H. Tada, Y. Inoue, S. Tokito and
Y. Yamashita, CCDC 1427491: Experimental Crystal
Structure Determination, 2015, DOI: 10.5517/cc1jxf3z.

49 S. Ando, R. Murakami, J. Nishida, H. Tada, Y. Inoue,
S. Tokito and Y. Yamashita, CCDC 291639: Experimental
Crystal Structure Determination, 2006, DOI: 10.5517/cc9sgq7.

50 M. Y. Chen, L. J. Yan, Y. Zhao, I. Murtaza, H. Meng and
W. Huang, J. Mater. Chem. C, 2018, 6, 7416.

51 G. Gryn'ova, K. H. Lin and C. Corminboeuf, J. Am. Chem. Soc.,
2018, 140, 16370.

52 J. J. McKinnon, M. A. Spackman and A. S. Mitchell, Acta
Crystallogr., Sect. B: Struct. Sci., 2004, 60, 627.

53 M. A. Spackman and P. Byrom, Chem. Phys. Lett., 1997, 267,
215.

54 M. A. Spackman and J. J. McKinnon, CrystEngComm, 2002, 4,
378.

55 A. J. Edwards, C. F. Mackenzie, P. R. Spackman, D. Jayatilaka
and M. A. Spackman, Faraday Discuss., 2017, 203, 93.

56 A. Brillante, I. Bilotti, R. G. Della Valle, E. Venuti and
A. Girlando, CrystEngComm, 2008, 10, 937.

57 A. Brillante, I. Bilotti, R. G. Della Valle, E. Venuti, M. Masino
and A. Girlando, Adv. Mater., 2005, 17, 2549.

58 A. Y. Sosorev, D. R. Maslennikov, I. Y. Chernyshov,
D. I. Dominskiy, V. V. Bruevich, M. V. Vener and
D. Y. Paraschuk, Phys. Chem. Chem. Phys., 2018, 20, 18912.

59 S. Fratini, D. Mayou and S. Ciuchi, Adv. Funct. Mater., 2016,
26, 2292.

60 G. Schweicher, Y. Olivier, V. Lemaur and Y. H. Geerts, Isr. J.
Chem., 2014, 54, 595.

61 R. Marcus and N. Sutin, Biochim. Biophys. Acta, 1985, 811,
265–322.

62 A. Y. Sosorev, Moscow Univ. Phys. Bull., 2019, 74, 639.
63 A. Y. Sosorev, Phys. Chem. Chem. Phys., 2017, 19, 25478.
64 C.-F. Liu, X. Liu, W.-Y. Lai and W. Huang, Adv. Mater., 2018,

30, 1802466.
65 K.-J. Baeg, M. Binda, D. Natali, M. Caironi and Y.-Y. Noh,

Adv. Mater., 2013, 25, 4267–4295.
66 E. O. Levina, I. Y. Chernyshov, A. P. Voronin, L. N. Alekseiko,

A. I. Stash and M. V. Vener, RSC Adv., 2019, 9, 12520.
67 X. P. Cui, C. Y. Xiao, W. Jiang and Z. H.Wang, Chem.–Asian J.,

2019, 14, 1443.
68 S. E. Koh, B. Delley, J. E. Medvedeva, A. Facchetti,

A. J. Freeman, T. J. Marks and M. A. Ratner, J. Phys. Chem.
B, 2006, 110, 24361.

69 K. E. Maly, Cryst. Growth Des., 2011, 11, 5628.
70 C. Ambrosch-Draxl, H. Auer, R. Kouba, E. Y. Sherman,

P. Knoll and M. Mayer, Phys. Rev. B: Condens. Matter Mater.
Phys., 2002, 65, 064501.

71 R. Scholz, L. Gisslén, C. Himcinschi, I. Vragović,
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