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ABSTRACT: The performance of molecular materials in optoelectronic devices critically
depends upon their electronic properties and solid-state structure. In this report, we have
synthesized sulfur and selenium based (T4BT and T4BSe) donor—acceptor—donor (D—A—D)
organic derivatives in order to understand the structure—property correlation in organic
semiconductors by selectively tuning the chalcogen atom. The photophysical properties exhibit
a significant alteration upon varying a single atom in the molecular structure. A joint theoretical
and experimental investigation suggests that replacing sulfur with selenium significantly reduces
the band gap and molar absorption coefficient because of lower electronegativity and ionization
potential of selenium. Single-crystal X-ray diffraction analysis showed differences in their solid-
state packing and intermolecular interactions. Subsequently, difference in the solid-state packing

879 70%

PLQY

T4BT T4BSe

results variation in self-assembly. Micorstructural changes within these materials are correlated
to their electrical resistance variation, investigated by conducting probe atomic force microscopy (CP-AFM) measurements.
These results provide useful guidelines to understand the fundamental properties of D—A—D materials prepared by atomistic

modulation.
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1. INTRODUCTION

m-Conjugated organic materials are promising candidates for
next-generation optoelectronic devices."”* The main advantages
of organic over the silicon-based devices are flexibility, roll-to-
roll processing, and cost-effective device fabrication.” Diverse
synthetic possibilities and manipulative structure-dependent
electronic properties have encouraged researchers to explore
the horizons in material design and synthesis.* ® Subsequently,
the integration of these materials in optoelectronic devices has
laid the cornerstone for fundamental understanding of
structure—property relationship to develop high-performance
materials for optoelectronic applications.”® The performance of
organic semiconductors in electronic devices is primarily
restricted by moderate charge-carrier mobilities as compared
to their inorganic counterparts,” though such a bottleneck in
recent years has greatly been overcome by rational material
design and synthesis,"*'> foreshowing bright prospects. The
charge-transport property of organic semiconductors is limited
by the weak molecular organization and absence of long-range
macroscopic order, essential to drive the charges with minimal
barriers and scattering.9 To surmount these drawbacks, control
at nanoscale morphologies has paramount importance in the
bottom-up fabrication of devices based on organic semi-
conductors.>~"> Supramolecular self-assembly with a variety of
weak intermolecular interactions enhances the electronic
coupling among neighboring molecules leading to the decrease
in trap-states.1 "7 Because the transport in organic semi-
conductors generally follows hopping of charge carriers among
the localized centers,'® a one-dimensional (1D) self-organ-
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ization of organic molecules along the direction of charge
transport (7—7 stacking) is presumed to provide the channel
for charges to migrate with a minimum energetic barrier.'” Such
anisotropic transport along the 1D nanostructure has
demonstrated to improve the charge carrier mobilities in
contrast to the bulk or thin film.*°

In recent years, a lot of emphasis has been given to elucidate
the role of the heteroatom, mainly the influence of the
chalcogen atom in governing the electronic properties and
solid-state packing of organic semiconductors.”** Optimized
energy levels with favorable intermolecular interactions have
contributed to the superior device performance and in
particular thiophene and its derivatives have shown consid-
erable interest.”® Recently, selenophene-based functional
materials have exhibited superior properties.'"**">” Theoretical
analysis has predicted selenium-containing molecules to have
advantages over their sulfur-based counterparts because of their
suitable electronic structures.”®*® Moreover, stronger inter-
molecular interactions in selenophene derivatives exhibit
favorable nanomorphologies, which in general have showed
enhanced charge transport.*>*° Of late, atomistic approach in
determining the fundamental structure-property correlation in
chalcogen derivatives has attracted a lot of attention to fine-
tune the electronic and structural properties because these
directly influence the solid-state packing and hence, the
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Scheme 1. Synthesis of T4BT and T4BSe
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transport characteristic of the organic semiconductors.” ="

As a result, the evaluation of charge transport has become one
of the effective ways to establish the structure dependent
molecular properties in organic semiconductors. Functional
materials comprising of molecular semiconductors are the ideal
choice to investigate such correlations as subtle variations in
molecular architecture reflect distinctive alterations in their
functionalities.>> Hence, molecular materials with higher purity
and definitive structural integrity have opened up the real
possibility to ascertain structure—property correlation in
organic semiconductors and in this respect, small molecule
with donor—acceptor—donor (D—A—D) structure confers the
ideal platform to realize the chan%es in the property bestowed
due to structural manipulation.”* D—A—D structure with
electron-donating and electron-accepting groups reduces the
band gap by the newly formed high-lying HOMO and low-lying
LUMO as compared to their corresponding individual donor
and acceptor moieties.”> Because molecular orbitals are
generated by mixing of atomic orbitals, variation of a single
atom, either in the donor or acceptor unit, clearly reflects on its
electronic properties.*® Therefore, the atomistic influence of a
chalcogen element on charge transport can be perceived in a
molecular semiconductor with D—A—D backbone. However, it
should be mentioned that the chalcogen atom replacement can
have cascading, unintended effects in the bulk film form where
the transport properties need not necessarily reflect the
electronic structure, but are also governed by microstructure
and geometrical factors.

Here in our study, we have synthesized thiophene coupled
2,1,3-benzothiadiazole (T4BT) and its selenium analog
(T4BSe) D—A—D molecules and studied their photophysical
and electrical properties to investigate the effect of selenium
substitution in the acceptor moiety. These two molecular
semiconductors quite distinctly and spontaneously self-
assemble from common organic solvents and such self-
organization was utilized to evaluate the electrical conductivity
to apprehend the role of the chalcogen atom in governing the
molecular properties.

2. EXPERIMENTAL SECTION

2.1. Materials. 3-Bromothiophene, Ni(dppp)Cl,, n-butyllithium,
and n-tributyltin chloride were received from Sigma-Aldrich. Triethyl-
amine, o-phenylenediamine, thionyl chloride, hydrobromic acid (HBr),
bromine, sodium sulfate (Na,SO,), toluene, dimethylformamide
(DMF), dimethyl sulfoxide (DMSO), diethyl ether, dichloromethane
(DCM), chloroform, hexane, and ethyl acetate of analytical grade were
purchased from SD. Fine chemicals. Sodium borohydride (NaBH,),
cobalt chloride (CoCl,), ethanol, and 1-bromohexane were supplied
by Spectrochem. All the chemicals were used as received without any
further purification.

2.2. Synthesis. Two molecules, 4,7-bis(3’-hexylthiophen-2-yl)-
2,1,3-benzothiadiazole (T4BT) and 4,7-bis(3’-hexylthiophen-2-yl)-
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2,1,3-benzoselenadiazole (T4BSe), were synthesized by Stille coupling
reaction between 4-hexyl-2-tributylstannylthiophene and 4,7-dibromo-
2,1,3-benzochalcogenadiazole as reported in the literature.>”™** 4-
Hexyl-2-tributylstannylthiophene was synthesized from 4-hexylthio-
phene following Grignard reaction. On the other side, 4,7-dibromo-
2,1,3-benzochalcogenadiazole was synthesized following a multistep
reaction scheme. Synthetic procedures with 'H and *C NMR spectra
of T4BT and T4BSe have been provided in the Supporting
Information.

2.3. Characterization. The 'H and *C NMR spectra were
recorded on Bruker Avance NMR spectrometer using CDCl; and
TMS as solvent and internal standard, respectively. The optical
absorption spectra of two chalcogen derivatives were collected in six
different solvents; toluene, chloroform, DCM, ethanol, DMF, and
DMSO on PerkinElmer (Lambda 35) spectrometer at room
temperature. Steady state fluorescence spectra of T4BT and T4BSe
were monitored in Horiba JobinYvon Fluorolog3 fluorometer and
fluorescence quantum yield was determined using integrated sphere
attached as an additional accessory to the fluorometer. Time-resolved
fluorescence decay measurements were carried out by time-correlated
single photon counting (TCSPC) method with picosecond laser (469
nm, 25 ps). Field-emission scanning electron microscopy (FESEM)
images were collected in the Ultra SS, Zeiss electron microscope at S
kV at room temperature. Atomic force microscopy (AFM) images
were recorded in tapping mode on Dimension ICON from Bruker
Corporation. Single-crystal X-ray diffraction data was collected on an
Oxford Xcalibur (Mova) diffractometer equipped with an EOS CCD
detector with Mo Ka radiation (1 = 0.71073 A). The temperature was
maintained at 110 K during data collection using the cryojet-HT
controller. Differential scanning calorimetry (DSC) analysis was
performed in Mettler Toledo DSC1 STARe system with N, flow of
40 mL/min at a heating and cooling rate of 5 °C/min with an empty
Al pan taken as standard. Thermogravimetric analysis (TGA) was
carried out in Mettler Toledo TGA SDTA 851 instrument at a heating
rate of 10 °C/min under a nitrogen atmosphere. Redox properties of
the two molecules were evaluated by cyclic voltammetry (CH
instrument). Ag/AgCl was used as a reference electrode, whereas
platinum (Pt) disk and wire were employed for working and counter
electrodes, respectively. Dry chloroform and 0.1 M tetrabutylammo-
nium hexafluorophosphate were used as solvent and supporting
electrolyte. Ferrocene/ferrocenium (Fc/Ec*) couple was used as
standard electrochemical reference. The energies of highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) were calculated from the respective oxidation and reduction
potential. At the experimental condition, ferrocene oxidizes to
ferrocenium jon at 0.4 V with respect to Ag/AgCl system, the
position of HOMO and LUMO were computed from eq 1 and the
electrochemical band gap was determined from the difference between
them.

HOMO = —(E,, + 44) eV; LUMO = —(E 4 + 44) eV (1)

Electrical transport with nanometer resolution was probed by
conducting probe-AFM (CP-AFM), which provides a direct
correlation of conductivity with topographical features of an organic
semiconductor. The sample was drop casted from a 10 mg/mL
solution of 1,2-dichlorobenzene onto Cr-gold coated glass coverslips
(5 nm Cr/50 nm gold coated by physical vapor deposition at 1 X 107°
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Figure 1. (a) Absorption and (b) emission spectra of T4BT and T4BSe in chloroform solution and thin film. Inset shows the photographs of T4BT

and T4BSe under (a) white light and (b) UV light (~365 nm).

Table 1. Summary of Optical, Electrochemical, and Theoretical Data for T4BT and T4BSe

optical properties electrochemical properties® DFT?
Aqps(Max) Epmax Ao (Max) PLQY (%) Stokes shift GARES HOMO LUMO Egelec
compds (nm) (M 'em™) nm soln (eV) (ev) (eVv) (eV) (eV) E e
T4BT 445 14640 578 87 0.63 229 —S5.55 -3.27 228 2.69
T4BSe 491 6560 622 70 0.53 2.13 —5.49 -3.39 2.10 2.55

“The data calculated from cyclic voltammetry experiments with reference to the Ag/AgCl electrode and ferrocene/ferrocenium (Fc/Fc*) couple as
standard. The values obtained from the difference between the HOMO and LUMO energy levels optimized at the B3LYP/ 6—31g(d) basis set.

mbar base pressure). Although the underlying gold acts as one
electrode, a conducting cantilever (ElecrtiCont-G from Budget
Sensors) coated with chrome-platinum with a tip size less than 25
nm was used as the other electrode for I(x) measurements. The
experimental setup for CP-AFM is shown in Figure S5 (Supporting
Information). The cantilever is connected to a circuit board on the
head of a JPK nanowizard III atomic force microscope. A stable DC
bias in the range —10 to 10 V can be applied to gold and the resulting
current flowing through the self-assembled semiconducting molecules
into the cantilever tip in contact mode is obtained along with its
corresponding topographic image.

3. RESULTS AND DISCUSSION

Two D—A—D derivatives, T4BT and T4BSe (Scheme 1) were
prepared by Stille coupling between 4-hexyl-2-tributylstannylth-
iophene and 4,7-dibromo-2,1,3-benzochalcogenadiazole. The
purity of the compounds was confirmed by 'H, *C NMR, and
ESI-mass spectroscopy (see the Supporting Information).

3.1. Optical Properties. Significant changes were observed
in the optical properties with a single atom variation in T4BT
and T4BSe reflecting the substantial contribution of the
chalcogen atom on the electronic properties. UV—visible
absorption and fluorescence spectra of T4BT and T4BSe in
solution and solid state are shown in Figure 1a, b, respectively.
The donor—acceptor property of these molecules is exhibited
in their characteristic dual-band absorption spectra where the
high energy band attributes to the # — #* transition. In
addition, the low energy band indicates an intramolecular
charge transfer transition. For both molecules, because of close
packing and aggregation, these two bands show a bathochromic
shift in the thin film as compared to the solution. For T4BT,
peaks at 310 and 445 nm in chloroform shifted to 319 and 480
nm in thin film, respectively. Similarly, in the case of the
selenium analog (T4BSe), those two peaks were shifted to 329
and 510 nm in solid state from 322 and 491 nm in chloroform
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solution. In both the molecules, greater red shift was observed
for the low energy band in comparison with the high energy
band and in the thin film, the intensity of the charge transfer
band is enhanced as compared to the 7 — #* bands. Especially
for T4BT molecules, we always observe a broad tail in the
charge transfer band in the thin film absorption spectrum
indicating the presence of a higher degree of aggregation.
Higher red shift with concomitant enhancement of the low
energy transition suggests that the intermolecular charge
transfer also simultaneously plays a crucial role in the optical
properties of the thin film and the peak intensity is enhanced
because of strong interaction in the solid state.”’ As we move
from T4BT to T4BSe, the significant red shift in the charge
transfer band by 47 nm in solution and 43 nm in the thin film
clearly demonstrate the influence of a single atom (S to Se)
substitution on the optical properties. As a result, the optical
band gap decreases from 2.29 eV (T4BT) to 2.13 eV (T4BSe)
(calculated based on absorption onset). The benzothiadiazole
derivative is yellow, whereas it is orange-red for T4BSe. As
observed previously, the decrease in band gap is due to
destabilization of the HOMO and stabilization of the LUMO
by replacing sulfur with selenium.*"*** Incorporation of
selenium in the acceptor unit reduces the aromaticity, which
increases the energy of HOMO and reduces the energy of
LUMO and hence the band gap.

Fluorescence followed a similar trend as that of their
absorption spectra; T4BT emits at 575 nm, whereas emission
of T4BSe red-shifted to 622 nm. Thin film emission maxima
remained at the same position in solution for the respective
molecules. The nature of the thin film absorption and emission
spectra suggests that in solid-state the aggregation phenomenon
affects the ground state to a greater extent than the excited
state. For both the molecules, we observe large Stokes shift in
chloroform solution. The Stokes shift of 0.63 eV was measured
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Figure 2. Absorption and emission spectra of (a) T4BT and (b) T4BSe collected in different polarity solvents at room temperature. (C) shows the
fluorescence excited state decay profile for T4BT and T4BSe in different polarity solvents.

for T4BT, whereas 0.53 eV was recorded for T4BSe, indicating
substantial stabilization of the excited state due to solvation.
Similar to our previous observation, the photoluminescence
quantum yield (PLQY) reduces from the sulfur to selenium
analog because of the heavy atom effect.**** In chloroform
solution, T4BT exhibited PLQY about 87%, but it drops to
70% for T4BSe. The optical properties are summarized in
Table 1.

Further, we have performed a solvatochromic study of these
two molecules to ascertain the role of the chalcogen atom in
governing the optical properties of T4BT and T4BSe. We have
found that with the increase in solvent polarity, T4BT showed
only a blue shift in its low energy absorption band, but there
was no shift in T4BSe absorption peak maxima (Figure 2). The
position of the 7 — 7* band remained unchanged for T4BT
but minor shift and intensification of the specific transition of
the 7 — 7* band were observed by increasing the solvent
polarity. The effect of solvent polarity on the charge transfer
band of T4BT clearly reflects as maxima shifts from 455 to 415
nm from toluene to DMSO. This observation indicates that
either T4BT has substantial ground state polarity which
changes significantly from the ground to the excited state in
amplitude or in direction, leading to reorientation of solvent
molecules around the chromophores or it forms aggregates in
the solvents of a higher dielectric constant and hence shows
polarity-dependent absorption spectra. To investigate such
behavior, we further recorded temperature-dependent UV—
visible absorption spectra of T4BT in toluene and DMSO.
Temperature-dependent absorption measurement (see Figure
S6a in the Supporting Information) in toluene showed that the
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maxima of low as well as of high-energy band did not shift with
increase in temperature and the intensities of the spectra
remain the same as a function of temperature. On the contrary,
in DMSO, when the temperature increased from 15 to 60 °C, a
drastic change in the UV—visible absorption spectra (see Figure
S6b in the Supporting Information) was observed. The charge-
transfer band red-shifted from 427 to 457 nm with gradual
increase in temperature with concomitant increase in the
intensity although the 7 — #* band did not shift much from
411 nm. This observation explains the origin of the blue shift of
the low energy band. T4BT molecules tend to aggregate with
an increase in the solvent polarity and the aggregation affects
mainly the charge transfer band whereas the high-energy band
remains unaffected. The intensity enhancement can be ascribed
to the increased solubility of T4BT with the rise in
temperature. In toluene, however, T4BT molecules stay in a
nonaggregated, solvated state. In the case of T4BSe, in different
solvents, we did not observe any shift in the maxima of the
absorption band, indicating that the polarity of the solvents
does not affect its solubility. Because of higher polarizability and
the lower electronegativity of selenium compared to sulfur,
solubility of T4BSe does not change with an increase in the
solvent polarity.

Similar to the absorption spectrum, fluorescence spectra were
also monitored in solvents of different polarities (same set of
solvents used in the UV—visible absorption experiment). Both
the molecules showed a bathochromic shift with an increase in
solvent polarity, as excited state is more polar in comparison
with the ground state. The fluorescence of T4BT in toluene
exhibited a peak centered at 557 nm when it was excited at 440

dx.doi.org/10.1021/am506905b | ACS Appl. Mater. Interfaces 2015, 7, 670—681
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nm, but in DMSO, the peak maxima shifts to 595 nm. In case
of T4BSe, an increase in the solvent polarity red shifts the
fluorescence maxima by 30 nm from toluene to DMSO. From
this observation, we can consider that the degree of stabilization
attained by the excited state due to an increase in the solvent
polarity was comparable for both the molecules. Moreover, a
new vibronic feature arises for T4BSe, but was not visible in
T4BT as we move from toluene to DMSO.

The fluorescence lifetime measurement also highlights the
influence of a single atom substitution in the molecular
semiconductor as we observe drastic changes in the excited-
state lifetime of the corresponding species in different solvents
(Figure 2c). Three solvents, toluene, ethanol, and DMSO were
used to analyze the time-dependent fluorescence measure-
ments. Toluene is a highly nonpolar solvent, whereas DMSO
has the highest dielectric constant among the three solvents.
On the other side, ethanol is a polar protic solvent with
intermediate polarity. Excited-state lifetime values of T4BT and
T4BSe with corresponding amplitude are listed in T1 (see the
Supporting Information). In toluene, T4BT and T4BSe show
single-component excited-state decay though lifetime reduced
to 6 ns for T4BSe from 10 ns of T4BT. Biexponential decay is
observed for T4BT in DMSO, whereas T4BSe showed a single
exponential decay profile. For T4BT in DMSO, the lifetime of
two excited-state components are 9 and S ns. Lifetime (4.8 ns)
of the single excited-state species of T4BSe is shorter than both
the species of T4BT in DMSO. In a similar fashion, we have
found that the lifetime of the two excited-state species of
T4BSe is much shorter than the single component of T4BT in
ethanol. Because selenium is more electropositive than sulfur, it
is expected that the selenium will have stronger interaction with
the ethanol molecules, leading to faster decay in protic solvents.

3.2. Theoretical Calculations. Density functional theory
(DFT) calculations were performed to determine the
optimized geometry of the ground state, electron density
distribution and the energy associated with the frontier
molecular orbitals. The B3LYP function with 6-31G(d) basis
set was employed for the geometry optimization in Gaussian 03
suite program. The optimized geometries and electron density
distribution in the HOMO and LUMO of these two
benzochalcogenadiazole derivatives are shown in Figure 3.
The optimized geometry of T4BSe exhibits the trans-
orientation of the thiophene rings with respect to each other.
But in T4BT, thiophene units orient in cis-geometry with the
sulfur atom of the thiophene ring facing in opposite direction to
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Figure 3. Electron density distribution associated with the energy
minimized ground state geometry of the (a, ¢) HOMO and (b, d)
LUMO in (a, b) T4BT and (c, d) T4BSe.
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the thiadiazole moiety. The donor and the acceptor groups are
placed almost in the same plane with small variations in
torsional angle. In T4BT, the torsions were measured to be 2
and 5°, whereas the torsions are 3 and 14° for T4BSe. The
electron density distribution in frontier molecular orbitals is
similar to both the molecules. In the HOMO, the electron
density mainly delocalizes over the two thiophene rings and
phenyl ring of the benzochalcogenadiazole unit. But in the
LUMO, it localizes only on the benzochalcogenadiazole moiety.
The inter-ring C—C bond lengths between the donor and
acceptor are similar in both the molecules with 1.46 A, but the
N—X (X = S/Se) distance varies significantly in T4BSe from
T4BT. N-S bond length is 1.64 A, whereas N—Se bond
distance increases to 1.79 A.

With the substitution of sulfur by selenium, HOMO has been
found to destabilize with concomitant stabilization of LUMO,
leading to the decrease in the band gap. HOMO energy level of
T4BT has been calculated to be —5.24 eV as compared to
—5.16 eV of T4BSe. The decrease in aromaticity with the
selenium inclusion leads to the increase in the HOMO energy
level. It can be seen that the electron density resides on a
chalcogen atom in the LUMO. Hence, changes in the
chalcogen atom directly influence the LUMO energy level of
organic semiconductors. In present study, LUMO has been
found to stabilize by 0.06 eV from —2.55 eV of T4BT to —2.61
eV of T4BSe, as a result the band gap is reduced by 0.14 eV by
integration of selenium.

3.3. Electrochemical Studies. The redox properties of
studied molecules were evaluated by cyclic voltammetry. The
HOMO, LUMO, and corresponding band-gaps were calculated
from the measured potentials (Figure 4). T4BT and T4BSe
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Figure 4. Cyclic voltammograms of T4BT and T4BSe recorded in
chloroform.

exhibit a reversible reduction, but irreversible oxidation peak.
The oxidation potential of T4BSe decreases to 1.09 V from
1.15 V for T4BT. On the other side, incorporation of selenium
stabilized the LUMO substantially, which can be seen from
their reduction potentials. The reduction potential is reduced
by 0.12 V from T4BT to T4BSe. Calculated energy levels of
the HOMO and LUMO of corresponding molecules are given
in Table 1. The HOMO energy level increases to —5.49 eV
from —5.55 eV and the LUMO energy reduces to —3.39 eV
from —3.27 eV in T4BSe in comparison with T4BT. As a
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result, there was an overall decrease of 0.18 eV by incorporating
selenium in the organic framework, achieved by elevating and
lowering the energy levels of HOMO and LUMO than that of
T4BT, respectively. The destabilization of HOMO orbital in
T4BSe is associated with the lower aromaticity and weaker
electron-withdrawing power of the benzoselenadiazole acceptor
unit, whereas the stabilization of LUMO has been assigned to
the lower electronegativity and ionization potential of
selenium.”!

3.4. Crystal Structure and Packing Diagram. The crystal
structure and packing of molecules in a unit cell were studied
by single crystal X-ray diffraction measurement. Both the
molecules formed fine fiber like single crystals from chloro-
form/acetone solvent mixture during the slow evaporation
method. Both of them grew in the triclinic space group P-1 with
z = 2 with an inversion symmetry with respect to two
thiophene groups. The thiophene units show trans-orientation
in both the molecules (see Figure S7 in the Supporting
Information). The packing of molecules in the unit cell follows
a slip-stack pattern where the acceptor group, e.g., benzothia-
diazole or benzoselenadiazole appears closer to the donor
thiophene unit (Figures S and 6). The 7—x stacking distances

Figure 5. (a) Unit-cell packing diagram and (b) different short

noncovalent interactions in T4BT.

between the thiophene and benzothiadiazole/benzoselenadia-
zole in T4BT and T4BSe have been measured to be 3.74 and
3.95 A, suggesting stronger 7—x overlap in T4BT as compared
to T4BSe. Both the molecules are almost planar with donor
and acceptor groups lying in the same plane. The thiophene
units attached to the benzochalcogenadiazole show different
torsion in T4BT and in T4BSe. In T4BT, the observed torsion
angle is 5 and 9°, whereas torsions of 3 and 10° are observed in
T4BSe. Different short noncontact interactions, like S---N, C---
S, C---H are present in both the molecules. Similar kind of an
intramolecular S---N interaction was found to operate between
S atom in thiophene and N atom of benzothiadiazole or
benzoselenadiazole in both the crystals. The S--N distances
were found close to 2.83 and 2.85 A in T4BT and T4BSe,
respectively.

In both the molecules, the degree of torsions is varied
because of the S---N interaction between donor and acceptor
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Figure 6. (a) Unit-cell packing diagram and (b) different short
noncovalent interactions in T4BSe.

groups. Greater torsion of 9 and 10° in T4BT and T4BSe has
been measured between benzochalcogenadiazole and the
thiophene ring, which is involved in an intramolecular S---N
interaction. On the other side, the donor—acceptor intermo-
lecular interactions are mainly governed by the two C---S and
three C---Se weak interactions in T4BT and T4BSe,
respectively. The distances of 3.46 and 3.49 A are determined
between C atoms of thiophene unit and S atom of
benzothiadiazole moiety in T4BT, whereas those three
distances in T4BSe are 3.58, 3.54, and 3.52 A in between the
Se and C atom. The S atom of thiophene that interacts with the
N atom of selenadiazole unit also involved in S-S interaction
with a similar S atom of neighboring T4BSe molecule present
in a unit cell. This distance is measured to be 3.26 A. But the
same kind of interaction is not observed in T4BT because the
distance between two similar S atoms is too large to have any
kind of noncovalent interaction. Another quite unusual
intermolecular C—H:--C interaction has been found to operate
within very short distances in both the crystals. The hydrogen
atom present in the hexyl chain interacts with a carbon atom of
the benzene ring of benzochalcogenadiazole in a neighboring
molecule with a distance of 2.87 and 2.82 A in T4BT and
T4BSe, respectively. In T4BSe, we also observe a C—H:--S
interaction between a hydrogen atom of the alkyl chain and S
atom of the donor thiophene unit. The hydrogen—sulfur
distance was measured to be 2.94 A. The same kind of
interaction is not observed in T4BT.
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Figure 8. AFM images and corresponding height profile of the self-assembled microstructures from T4BT and T4BSe on silicon substrate.

3.5. Self-Assembly and Morphological Studies. The
self-assembly of T4BT and T4BSe were further characterized
by electron microscopy. We observe self-assembly in the solid
state, which leads to the formation of microstructures when
drop-casted or spin-coated on common substrates. Figure 7a, b
are the FESEM images of T4BT and T4BSe spin-coated from a
chloroform/dichlorobenzene solvent mixture (3:1), respec-
tively. Two different morphologies were observed. T4BT
showed a fibrillar structure, whereas in the case of T4BSe, a flat
microribbon-like morphology appeared in both spin-coating
and drop-casting method. In all the samples, we observed the
growth of the microstructures from some specific points which
acted as nucleation centers to grow the microfiber or ribbon
depending on the nature of the semiconductors. All these
structures were found to be ~100 um in length and few
micrometers in width. Regardless of the nature of the substrate,
we observed similar morphologies. The T4BSe microstructure
was much wider as compared to the T4BT microfibers. This
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can be attributed to the various intermolecular interactions in
T4BSe, observed in the single-crystal analysis leading to
stronger anisotropic stacking. Nucleation and growth of T4BT
microfibers is associated with extensive branching. The
ribbonlike morphology of T4BSe was almost devoid of such
branched structure. But, by controlling the solution concen-
tration of T4BT during SEM sample preparation, we were able
to fabricate unbranched single microfiber up to 300 ym in
length.

Morphological evolution of T4BT and T4BSe in solvents of
different polarities was investigated by SEM imaging after drop-
casting a film on a silicon wafer. There was a fine correlation
between optical properties with the morphological features.
The morphology of T4BSe did not change with variation in
solvent polarities. From toluene to DMSO, the characteristic
flat morphological feature remained unperturbed though the
microstructures varied in their length, indicating similar packing
irrespective of solvent dielectrics (see Figure S8 in the

dx.doi.org/10.1021/am506905b | ACS Appl. Mater. Interfaces 2015, 7, 670—681



ACS Applied Materials & Interfaces

Research Article

Current(pA)

Current(pA)

40

02 T T T
73 80 85 20

slow [um]

Resistance/10" ohms

Distance from electrode(um)

fast [pm]

9
(El) 8'(1)) C)-wo
10 g 7 >
£ ;] c 18
S 2 <
S 5] ° —extend |5 B
° @ =
3 S : — retract S
o ° t : 14 E
4 & %1 T : 4 3
3] 2 : ] {2 ©
; M
& 11 > — o
—————————————— 0 e ———————— e
74 78 78 80 82 84 86 88 90 92 74 76 78 80 82 84 86 88 90 92 76 78 80 82 84 86 88 90
Distance from electrode(um) Distance from electrode(um) Distance (um)
)t::
L=3
1.366 pym

486.3 pA

slow [um]

0 pA

fast [um]

Figure 9. Representative curves showing the typical trend in CP-AFM measurements. (a, d) Current and (b, f) resistance obtained for different
distances at the point of contact of tip with the microstructures from (a, b) T4BT and (d, f) T4BSe in a force scan for a bias of 8 V. (c)
Representative force curve along with the current values for one cycle of extend and retract of the AFM cantilever tip. (e) Topography and current
image as a function of distance from the gold electrode of T4BSe (y-axis is relative). Width of the micro ribbon is 8.48 ym and height is 1.36 ym.
The error bar for spatial resolution in the scanning mode is ~2 nm and the current was measured using an amplifier where the background noise
level is ~0.3 pA. A number of fibers for which the contact resistance was <1 kQ (channel resistance is of the order of MQ2) were scanned for each
material type, and it was ensured that the loading force and voltage bias were held constant for all the scans.

Supporting Information). On the contrary, for T4BT there was
a significant turnaround in morphology when the solvent
polarity was gradually increased (see Figure S9 in the
Supporting Information). In a highly nonpolar solvent like
toluene, it formed long-branched fibers, which remained the
same in chloroform. But in DCM, these fibers could not grow
longer as DCM evaporates very fast limiting their length. In
ethanol, sharp needlelike structures were observed. Clear
differences were further visible when samples were prepared
from two highly polar solvents like DMF and DMSO. In these
two solvents, the morphology flattened from the spherical
microfiber and they were shortened in their length. The
decrease in length and the reduction in branching can be
attributed to the higher dielectric constant of these polar
solvents, which reduced the intermolecular interactions. We
believe that becaues of low solubility in highly polar solvents,
T4BT remained as aggregates and while the solvent evaporates
the molecules precipitate out faster as smaller crystallites
without any fibrillar morphology. On the contrary, in solvents
of low polarity, the molecules dissolve well and when the
solvent evaporates the molecules come close to each other and
self-assemble as fibers with different length-scales depending on
the rate of solvent evaporation. Thus, the variation in
aggregation is directly reflected in their absorption spectra, as
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observed previously in the solvatochromic studies. Because of
the change in morphology, conjugation length varies, resulting
in solvatochromism in the absorption spectrum of T4BT. But
T4BSe was found to be more soluble in all the solvents because
of the electropositive nature of selenium and hence T4BSe
does not show any solubility dependent aggregation behavior.
Thus, our microscopic observation correlates the optical
characterization to establish the solvent-dependent aggregation
phenomenon in this class of molecular semiconductors.

From AFM images and corresponding height profiles (Figure
8), it is distinctly evident that a single atom variation provides
drastic changes in molecular packing leading to the
morphological variation in organic semiconductors. T4BT
packs in a tubular fashion from toluene resulting in microfiber
formation with a diameter of a few hundred of nanometers. The
height of such microfibers was measured to be 500 nm while
the width was around 1-1.5 ym. On the contrary, T4BSe
forms ribbonlike flat morphology with the ribbon width around
8—12 pm and height of ~2 ym, which implies stronger packing
in the selenium incorporated molecular semiconductor as
observed in single-crystal X-ray analysis.

3.6. Thermal Properties. Thermal characteristics were
evaluated by TGA and DSC analysis. TGA (see Figure S10 in
the Supporting Information) indicates higher thermal stability
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of T4BSe as compared to T4BT. The TGA plot suggests that
the T4BT has lesser decomposition temperature as compared
to T4BSe and completely decomposes before 400 °C but
T4BSe does not. Hence, integration of selenium in place of
sulfur provides superior thermal stability as clearly reflected in
their TGA analysis.

DSC experiment was further performed to monitor the
thermal behavior of these two materials during heating and
cooling processes (see Figure Slla in the Supporting
Information). T4BT melts at a lower temperature (55 °C)
(29 kJ/mol) as compared to the T4BSe (72 °C) (18.4 kJ/mol),
indicative of stronger intermolecular interaction in T4BSe than
in T4BT. The interesting observation in the DSC curve for
T4BSe is the presence of a dual thermal transition in the
heating and cooling cycles. The first transition appears at 47 °C
(5.1 kJ/mol) and second at 72 °C. From polarizing optical
microscopic (POM) studies, we observed that at the first
transition a liquid crystalline phase (nematic) appears (see
Figure S11b in the Supporting Information) and exists until it
melts completely into an isotropic phase at 75 °C. In the
cooling cycle, these two peaks overlap with each other with a
substantial hysteresis. The strong intermolecular interaction in
T4BSe observed in single-crystal X-ray analysis is believed to be
responsible for liquid crystalline behavior.

3.7. Conductivity Studies. Conducting AFM technique
was used to monitor charge transport pathways along the long
axis of the fiber between a gold coated AFM cantilever and a
conducting substrate and relate it to the topography image. The
gold electrode was patterned on glass coverslips to carry out
electrical transport measurements on an isolated microfiber or
ribbon. It was possible to lay the microfiber or ribbon on the
gold region of the electrode with a fraction extending outside
on the substrate. This enabled us to perform a distance
dependent current scan to observe the lifetime of injected
charges as the tip is moved farther away from the gold
electrode. This is quantitatively depicted in Figure 9 for an 8 V
bias applied to the gold electrode. The current reduces linearly
as the distance between the AFM cantilever tip is increased
from the gold electrode confirming the origin of resistance.
Beyond 90 um, current is negligible and cannot be resolved.
The resistance measured is the total resistance R, which can be
decomposed as follows

Rtot ~ RAFMtip + Rtip/sample + Rsample + Rback

Rppmep is the intrinsic resistance of the AFM tip. This can be
neglected since it is of the order of 300 €2 as obtained from the
cantilever datasheet. Ry, is the back contact resistance between
the gold electrode and the semiconductor which can also be
neglected in view of the large area of contact. R, is the
intrinsic resistance of microstructure equal to pl/S where p, |,
and S are the resistivity, the length and sectional area of the
fiber/ribbon, respectively. Ry, mpie refers to the contact
resistance involving the AFM tip and the semiconducting
sample. This was minimized by increasing the applied force (set
point) during a contact, using a high voltage bias (8 V) and
slow scan speeds to reduce frictional resistance which arises due
to high forces. All the above-mentioned parameters were
maintained for both the samples for ease of comparison. The
conductivity (6) of the sample can be obtained from the graph
above by 6 = 1/(AAR/Al) where, A is the cross-sectional area
of the ribbon and (AR/Al) is the slope obtained from the
resistance plot. The conductivity was estimated from regions
exhibiting linear R(L). It should be mentioned that the accurate
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estimate of ¢ presumes exact knowledge of the cross-sectional
geometry and assumption of the uniformity in shape across the
entire length of the ribbon or the fiber. For a ribbon of width
8.48 yum and height 1.97 um, the conductivity is ~5.6 X 1077 +
10% S/m. Similarly, by performing an AFM scan on the T4BT
fiber at a bias of 8 V, we obtain a spatial response as shown in
Figure 9 a, b. Figure 9e shows the topography and current
images of T4BSe. A current map could not be obtained for
T4BT as the adhesive force between the glass substrate and the
fiber was weak, which led to breakage of the fiber during the
scan. However, multiple force scans at different points along the
fiber were performed and the current obtained at the point of
contact was plotted as a function of distance as shown in Figure
9a. Figure 9c shows a representative force scan with
simultaneous current measurement at a point on an isolated
T4BT fiber. The conductivity of T4BT can be then obtained
with the set of assumptions as mentioned above. For a fiber of
width 3.2 um and height of 594 nm, the conductivity obtained
is ~1.4 X 107% S/m (for a rectangular cross-section), 6 = 1.7 X
1075 S/m (for an elliptical cross-section) with an uncertainty
factor of +10%. This estimate of ¢ in T4BT fibers appears to be
marginally higher than T4BSe.

From the CP-AFM in Figure 9e and the current/distance
graphs (Figure 9f), it is clear that the current along the fiber
reduced as the cantilever was moved farther from the gold
substrate. Indeed, this confirms that the injected charge is
transported along the axis of the fiber and indicates that
molecular packing plays an important role in determining
conduction pathways in organic semiconductors. While
comparing two materials with different molecular packing,
CP-AFM is a useful technique for electrical characterization at
the microscopic scale. This enabled us to obtain conductivity
estimates for both the materials, which relates very well with
the comparison of molecular packing as explained by the
characterization techniques mentioned above. Some important
conclusions relating the current values as obtained from CP-
AFM and the supramolecular ordering in T4BT and T4BSe are
explained below. First, the observation of a variation in the
current in the planar configuration is a proof of 7— stacking of
the molecules along the long axis of the fiber/ribbon. However,
the short, noncovalent, intermolecular interactions in these two
molecules are different which affect their supramolecular
stacking. Crystal structure and packing data yield a larger
intermolecular 7—7 stacking distance (3.95 A) between the
donor and acceptor units in T4BSe as compared to 3.74 A in
T4BT.

Similarly, C---S intermolecular distance (3.48 A) in T4BT is
shorter as compared to the C--Se intermolecular distance (3.58
A) in T4BSe. Second, the shift in absorption maxima in a
charge transfer band from solution to thin film in T4BT and
T4BSe is 45 and 19 nm, respectively. This shows a greater
degree of aggregation in T4BT as compared to T4BSe. The
difference in torsional angles of the two thiophene moieties is
larger in T4BSe (7°) as compared to T4BT (4°). This could
point to the fact that stacking in T4BT could lead to a more
planar supramolecular structure as compared to T4BSe. It
should be noted that besides these factors, contribution of
defects at the bulk, macroscopic level can significantly alter the
structure—property correlation. The energetics and the
distribution of the trap states in the two model systems can
further elucidate the trends in the electrical measurements.

The studied molecules show extraordinary luminescence at
their respective band edge which enabled us to perform
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Figure 10. Confocal images (0.1 X 0.1 mm) of (a) T4BSe and (b) T4BT microstructures in false color. The color palette shows the intensity

amplitude of luminescence in pixels.

confocal microscopy simultaneously with CP-AFM on the
microstructures to observe any qualitative changes between the
two molecules. Figure 10 shows a representative confocal scan
for each molecule type (in false color). The intensity of
luminescence is not uniform in both the microstructures.
Although T4BSe shows comparatively higher intensities at the
edges of the microstructure, T4BT is more luminescent at the
center. This reveals that the stacking of chromophores is not
similar in the two molecules, but no quantitative conclusions
can be made because of their varied microstructure size. Unit-
cell packing data shows that both grow in the triclinic space
group P-1 with z = 2 but different nature of molecular
interactions leads to the different density of packing. However,
because the melting points of both the compounds were very
low, analysis of the self-assembled stacking pattern through
transmission electron microscopy was not successful.

4. CONCLUSION

In conclusion, we have investigated in detail the structure—
property relationship in organic semiconductors with respect to
their electrical and optical properties by comparing two D-A-D
molecules differing only by a chalcogen atom. These two
molecules, T4BT and T4BSe show substantial variation in their
properties with the mere substitution of sulfur with a selenium
atom at the acceptor unit of the semiconductors. Introducing
selenium caused a decrease in the band gap of T4BSe as
compared to T4BT with concomitant changes in optical
properties. Inclusion of selenium in the acceptor moiety
reduces the oscillator strength leading to the decrease in the
absorption coeflicient of selenium derivative. Single-crystal X-
ray diffraction clearly reflects stronger intermolecular inter-
actions in the selenium analog in comparison with its sulfur-
based counterpart. Heteroatom substitution also led to different
molecular packing and aggregation behavior in the two
molecules. This was further reflected in their microscale
morphology with T4BT forming microfibers and T4BSe
forming microribbons. Conductivity measurements performed
by CP-AFM on single microstructure gave a further insight into
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the structure—property correlations of these two molecules.
The conductivity of T4BT was marginally higher than T4BSe,
possibly because of smaller 7—n stacking distance, higher
degree of aggregation, and higher degree of planarity of the
molecule and a possible difference in the trap distribution and
energetics.
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