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Understanding the interplay between the molecular structure and material properties of emerging p-type
organic semiconductors marks a significant stride in the advancement of molecular electronics. Among the
array of promising materials, mechanically flexible single crystals of w-conjugated molecules stand out due
potential for cutting-edge applications in organic electronics. Notably, derivatives of
pyrazinoquinoxaline (PQ) are recognized as versatile building blocks for constructing m-conjugated systems,

to their

showcasing good semiconductor performance in organic field-effect transistors (OFETS). In this study, we
present an exploration into the p-type charge transport and mechanical characteristics of two newly
synthesized PQ derivatives: 5,10-diphenyl-2,3,7,8-tetra(thiophen-2-yl)pyrazino[2,3-glquinoxaline (DPTTQ)
and 2,3,5,7,8,10-hexa(thiophen-2-yl)pyrazino[2,3-glquinoxaline (HTPQ). HTPQ crystals exhibit flexural
behaviour under applied stress, effortlessly returning to their initial configuration upon relaxation. Conversely,
two polymorphic forms of DPTTQ crystals display brittle fracture when subjected to a similar stress.
Specifically, DPTTQ molecules adopt a B-sheet packing, while HTPQ presents a y-packing with a corrugated
arrangement. Field-effect charge transport measurements reveal p-type charge transport in both DPTTQ
and HTPQ, with HTPQ showcasing hole mobility up to 0.01 cm? V=1 s7%, while DPTTQ exhibits mobility that
is at least one order of magnitude lower. This variance in the field effect mobility can be directly correlated
to the difference in crystal packing, highlighting a clear structure—property correlation. Moreover, taking
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eceived 24th June 20 advantage of the flexural nature of the HTPQ crystals, we fabricated durable electronic devices, which retain
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their conductivity for over 60 cycles of strain, indicating the efficacy of our chemical design in demonstrating

DOI: 10.1039/d4sc041579 high-performance flexible devices. These findings underscore the promise of semiconducting organics with

rsc.li/chemical-science y-packing for achieving both better mobility and elasticity for integration into organic electronic devices.

tunability, and cost efficiency, have garnered significant interest
in the realms of organic field-effect transistors (OFETs),"”

Introduction

Organic semiconducting materials, distinguished by their
distinctive advantages of room temperature processing,
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organic light-emitting diodes (OLEDs),* organic photovoltaics
(OPVs),” and sensors.® Among these, OFETs have substantial
commercial applicability in next-generation electronic
devices.”” Flexible devices,'*** possessing notable benefits like
thinness, lightweight, foldability, and stretchability, show great
potential for the future of electronics. This includes wearable
smart electronic appliances such as e-skin, artificial intelli-
gence, and robotics, indicating an upcoming revolution in
human lifestyles.”® Over the past two decades, significant
advancements have been made in high-performance flexible
OFETs, and their utilization in flexible electronics has seen
notable success.'*'?

Acenes are polycyclic aromatic compounds comprising
linearly fused benzene rings.'® They have received a lot of
interest in the field of materials science in recent decades due to
their tuneable absorption, emission, and charge transfer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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properties.””*® The introduction of nitrogen atoms into the
acene framework is regarded as a viable method of generating
semiconducting materials with a variety of uses in electronic
devices."” Acenes with one or more C-H units replaced by
pyridine-type nitrogen atoms are known as azaacenes or N-
heteroacenes.”® Azaacenes and their derivatives have a wide
range of uses in OFETs.”*

N-heteroarenes exhibit good field-effect mobilities,
environmental stability, and have sufficient solubility in
common organic solvents.® The position and the number of
nitrogen atoms in the acene framework determine the solu-
bility, stability, and electronic properties of N-heteroarenes.*> As
a result, it is worthwhile to synthesize different types of N-
heteroacenes and study their structure-property relation-
ships.”® Li et al. synthesized linearly fused hexazapentacene
derivatives with enhanced electron mobility.”* Studies on pyr-
ene fused N-heteroacenes have revealed promising potential for
utilization in organic electronics and energy harvesting appli-
cations.” Hoffmann et al. investigated the influence of N atoms
in the acene framework.>® Das et al synthesized an N-
heteroacene and studied its hole mobility and acid-sensing
properties.>

Pyrazinoquinoxaline (PQ) derivatives are azaacenes, which
have a central benzene ring symmetrically sandwiched between
two pyrazine units. Their properties can be easily tuned by
changing the substituent on the PQ.*”” The PQ unit can be
considered as a good building block to synthesize low band gap
organic semiconductors (OSCs) due to their planar m-conjuga-
tion and electron-deficient nature.”®* Due to their symmetri-
cally organized conjugated structure and multiple reactive sites,
they provide an additional benefit for further structural

have
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modification, and they may also be used to create luminescent
materials.>>** Structural modification can alter photophysical,
mechanical, and electrochemical properties as well as change
their band gap. Different PQ derivatives and their polymers with
various substitutions have been studied for their photophysical
properties, morphology, and performance in OFET, OLED, and
OPV devices.””*>* Although many PQ derivatives have been
reported to date, the mechanical properties of these molecules
have remained relatively unexplored.

In this work, we present the synthesis, comprehensive
characterization, mechanical property investigation, and device
application of two recently developed novel PQ derivatives.
Notably, these compounds demonstrate high solubility in
common organic solvents and reasonable hole mobility in
OFET devices. Moreover, the crystals of HTPQ showcase
remarkable elastic flexibility, marking a notable milestone as
the first documented instance of a PQ derivative exhibiting such
elastic behaviour. This property is taken advantage of in the
demonstration of a high-performance durable device with no
degradation of device performance for up to 60 cycles of strain
and projected retention for up to ~650 cycles of operation.

Results and discussion
Synthesis

The compounds 5,10-diphenyl-2,3,7,8-tetra(thiophen-2-yl)
pyrazino[2,3-g]quinoxaline (DPTTQ) and  2,3,5,7,8,10-
hexa(thiophen-2-yl)pyrazino[2,3-g]quinoxaline (HTPQ) have
been synthesized by the condensation reaction of the corre-
sponding tetraamino compounds with diketo compounds
(Scheme 1). Compounds 3 and 5 were synthesized in situ from
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Scheme 1 Synthesis of HTPQ and DPTTQ.
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compounds 2 and 4 by reducing them with Zn/AcOH and H,O.
Compounds 2 and 4 were synthesized from 1 using a previously
reported procedure (details in the ESIf).** The purity and
formation of the compounds have been confirmed by 'H, *C
NMR, HRMS, and single-crystal X-ray structures.

Optical and electrochemical properties

To get an idea about the optical properties of the molecules, the
UV-vis spectra of DPTTQ and HTPQ were recorded using chlo-
roform as a solvent (Fig. 1(a)). Both compounds show signifi-
cant absorption in the visible spectral region. The absorption
spectrum of DPTTQ shows two strong intensity peaks; the
intense peak at 357 nm results from a w—7* transition, while the
significant peak at 486 nm results from intramolecular charge
transfer.*® Similarly, HTPQ has two strong intensity peaks at
399 nm and 518 nm. The optical bandgaps for DPTTQ and
HTPQ were calculated using a Tauc plot and found to be 2.33 eV
and 2.26 eV, respectively (Fig. 1(c) and (d)). The band gap
decreases slightly once thiophene rings replace the phenyl
rings. This phenomenon can be attributed to the stronger donor
properties of thiophene relative to phenyl rings and the more
planar conformation of HTPQ compared to DPTTQ. Fig. 1(b)
depicts the emission spectra of DPTTQ and HTPQ. DPTTQ has
an emission peak at 547 nm, while HTPQ has an emission peak
at 708 nm. The fluorescence quantum yield for both
compounds was calculated using eqn S(1).1** The quantum
yields (¢¢) for DPTTQ and HTPQ were determined to be 3.6%
and 0.4%, respectively, with respect to quinine sulfate
(quantum yield = 54%) in 0.1 M H,SO, solution.*”
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Fig. 1
DPTTQ and (d) HTPQ.
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An electrochemical study of the compounds has been per-
formed by recording cyclic voltammetry (CV) in CH3;CN : CH,Cl,
solution (1: 6; v/v) containing compounds (2.0 mM) and tetra-
butylammonium hexafluorophosphate (TBAPFs, 0.1 M) as
a supporting electrolyte at a scan rate of 50 mV s~ . The onset
oxidation potential (Egx*") values of DPTTQ and HTPQ are 1.37
and 1.32 Vug/aec1, whereas the onset reduction potential values
(Ered) are —0.90 and —0.83 Vagagar (Fig. 2(a) and (b))
E2**“values were used to calculate HOMO energy levels (Exomo)
by using eqn (1a), whereas LUMO energy levels (Epuymo) were
calculated from Eyomo and Eqpe (eqn (1b)). Epomo and Epywmo for
DPTTQ are —5.85 eV and —3.52 eV, whereas the corresponding
values for HTPQ are —5.78 eV and —3.52 €V, respectively. The
electrochemical band gaps are found to be 2.27 eV and 2.15 eV
for DPTTQ and HTPQ, respectively, which closely match with
the optical band gap value calculated from the Tauc plot.

Enomo = —[Ered®™ — Eip(erro) + 4.8] eV

Erumo = Enomo + Eopt €V

Electropolymerization of HTPQ was carried out using
repetitive cycles (10) in an applied potential range from 0 to
1.1 V (Fig. 2(c)). The increase in both cathodic and anodic
currents following each repetitive cycle demonstrated polymer
formation on the surface of the electrode. (Fig. 2(d)) shows the
scan rate dependence study of HTPQ at 50 mV s~ ' to 500 mV s~ *
with an interval of 50 mV s~ . The linear increment of peak
current with respect to the scan rate indicates that the polymer
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(a) UV-visible spectrum of DPTTQ and HTPQ in chloroform, (b) PL spectrum, and Tauc plots to calculate the optical band gaps of (c)
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(a) Cyclic voltammograms (CVs) of DPTTQ and (b) HTPQ, (c) CV with a repeated potential scan of HTPQ, (d) scan rate dependence study

of pHTPQ films, and (e) linear fit of variation of current with the scan rate obtained from the figure (d).

films strongly attach to the electrode surface with a non-
diffusional redox behavior*® (Fig. 2(e)). DPTTQ could not be
polymerized under electrochemical oxidative polymerization
conditions. The DFT calculated HOMOs of DPTTQ and HTPQ
showed significant coefficients only on 5,10-diphenyl/dithienyl
substituents. In the case of DPTTQ, 5,10-substituents are
phenyl groups that do not undergo electrochemical polymeri-
zation due to their weak donor properties. Due to a lack of
significant HOMO coefficients, thienyl substituents at 2,3,7,8-
positions may not be taking part in electrochemical
polymerization.

X-ray single crystal analysis

The needle type single crystals of DPTTQ and HTPQ were ob-
tained via the anti-solvent method from a dichloromethane
solution with a hexane (anti-solvent) layer on top in 3-4 days
(Fig. 5(a)). In the case of DPTTQ, a slightly higher diluted solution
of dichloromethane gave thin and longer needles as compared to
those obtained from concentrated solutions (thick needles). The
solutions of DPTTQ and HTPQ in DCM were drop-cast over
a polyethylene terephthalate (PET) substrate. We found that the
crystal grown over the substrate (Form-B) is different from the
crystals obtained by the slow evaporation technique (Form-A), in
the case of DPTTQ, confirming the possibility of two polymorphs,
which is evident from the PXRD, DSC, and Raman data (Fig. S5,
S7, and S8t). To distinguish the two polymorphs (Form A and
Form B) of DPTTQ, we performed a DSC analysis. Although their
melting points are close, i.e., 361 °C for Form A and 358 °C for
Form B, there are notable differences in their phase transitions.
Form A exhibits two phase transitions before melting, while
Form B only shows one, occurring at a different temperature than
Form A. Additionally, the recrystallization temperatures differ

© 2024 The Author(s). Published by the Royal Society of Chemistry

significantly, with Form A at 268 °C and Form B at 228 °C,
highlighting distinct crystal packing in the two polymorphs. The
DSC data of HTPQ indicate that it melts at 371 °C. We have
performed Raman spectroscopy of the thin films of Form A and
Form B to check the possibility of an existing concomitant
polymorph. However, our observations indicate that there is no
possibility of concomitant polymorphs existing in these films.
The Raman spectra of both polymorphs have significant differ-
ences. The Raman spectra recorded for different crystals of Form
B are identical. Despite several attempts, it was not possible to
grow single crystals suitable for structure determination by X-ray
diffraction for the second polymorph (Form-B). In contrast,
HTPQ crystals obtained via both slow evaporation and drop
casting methods exhibit a needle-like shape. Consequently, the
PXRD data of HTPQ crystals from drop casting match well with
the simulated pattern generated using their single crystal data
(Fig. S6(b)T). The crystal data of DPTTQ of Form-A reveal that it
crystallizes in a monoclinic C2/c space group with a 2D ‘brick-
layer’ arrangement, often referred to as a B-sheet packing motif
(Fig. 4(a)).*** In the crystal structure, the aromatic core (pyr-
azinoquinoxaline ring or PQ core) is slightly distorted, while the
peripheral phenyl rings are also significantly twisted with respect
to the PQ core with a dihedral angle of about 44° (Fig. 3(a) and
(b)). The distortion of the PQ core in DPTTQ may be caused by the
high steric crowding of the phenyl rings.

HTPQ has a triclinic structure with a P1 space group and
exhibits a herringbone packing motif with dense face-to-face -
orbital overlap, often referred to as a y-type structure**>**
(Figure 3(c) and 4(b)). The PQ core of HTPQ adopts a distorted
structure with the thiophene rings A and B nearly in the same
plane and another four thiophene units twisted out of the plane

(Fig. 3(d)).

Chem. Sci., 2024, 15, 19000-19012 | 19003
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(d)

W -

Fig. 3 Crystal structures of (a) DPTTQ and (c) HTPQ are represented with a ball-and-stick model. Side views of the molecules of (b) DPTTQ and

(d) HTPQ.

It is generally known that in different crystal structures, the
tighter the arrangement between neighbouring molecules, the
better the charge transport due to stronger intermolecular
interactions. In y-type structures, the dense face-to-face -
orbital overlap primarily drives charge transport, which is ex-
pected to result in higher mobility compared to the B-sheet type
packing motif.** Analysing the crystal packing in the y-type
structure of HTPQ), it is evident that it possesses a corrugated
packing pattern, which is also a key desirable condition for
achieving elastic flexibility in crystals.**** Hence, the crystal
packing of HTPQ aligns with the established favourable crite-
rion for both higher mobility and elastic flexibility.

(a)

DFT calculations

To better understand the optoelectronic properties, we opti-
mized the molecular structures of DPTTQ and HTPQ using
B3LYP/6-311+G (d,p). The optimized structures obtained
through DFT align with the structural features identified in the
X-ray analysis of single crystals. The pyrazinoquinoxaline (PQ)
core exhibits greater torsional twisting in DPTTQ, attributed to
the presence of 5,10-diphenyl substituents, in contrast to HTPQ
with 5,10-dithienyl substituents. The torsional angle between
the PQ core and 5,10-diphenyl substituents is notably more
significant in DPTTQ compared to the angle between the PQ
core and 5,10-dithienyl substituents in HTPQ.

Fig. 4 Crystal packing of (a) DPTTQ with a B-sheet structure and (b) HTPQ with a y-type structure in capped stick model.
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Table 1 Frontier molecular orbitals of DPTTQ and HTPQ
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Compound HOMO

LUMO

DPTTQ

HTPQ

This structural variation is evident in the UV-vis absorption
spectra, where HTPQ demonstrates absorption at longer wave-
lengths compared to DPTTQ. Time-dependent DFT (TD-DFT)
calculations using B3LYP/6-31G(d) on the optimized struc-
tures reveal a longer wavelength and lower intensity HOMO-
LUMO transition in HTPQ, as observed in the absorption
spectrum centered at 600 nm (Fig. S10 and Table S27).
Conversely, in the case of DPTTQ, the HOMO-LUMO

RN
/' b
1
1
HTPQ Hexane
—
(Anti-solvent)
=TS S
’
1
1
DPTTQ Hexane
— —)
(Anti-solvent) evaporation

Microcrystals
Dropcast
or —

Fig. 5

(a)

(a) Schematic showing growth of DPTTQ and HTPQ crystals, (b) optical images of orange-colored crystals of DPTTQ, (c) and (d) video

absorption band occurs at a relatively lower wavelength and is
integrated with the band centred at 486 nm (Fig. S9 and Tables
S1t and 1).

Mechanical properties

Generally, the mechanical durability of functional materials can
be improved by incorporating mechanical flexibility**** or self-

grabs, before and after the three-point bending mechanical tests of DPTTQ, (e) optical images of dark crystals of HTPQ, and (f) and (g) video
grabs, before and during the three-point bending tests of HTPQ. Insets in (b) and (e) show the molecular structures of compounds DPTTQ and

HTPQ, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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healing nature***® and controlling the crystal packing in the
materials. We explored the mechanical properties*+**->* of the
crystals of HTPQ and DPTTQ (Fig. 5). It was observed that HTPQ
is elastically bendable (ESI Movie S17),** whereas the latter is
brittle under external mechanical stress (ESI Movie S2).* To
rationalize the distinct mechanical behaviour of the two crys-
tals, we analysed their structures (Fig. 6, S11 and S13%). In the
case of HTPQ, crystals grow along the [100] axis with two pairs of
side faces (001)/(00—1) and (010)/(0—10). The major faces are
(001)/(00—1) as identified from face indexing using a single
crystal X-ray diffraction technique (Fig. S13(c)t). When a needle-
shaped crystal is subjected to three-point bending tests by
applying external mechanical stress with the help of forceps and
a needle, it bends elastically on the major face and breaks when
the stress is applied on the minor face, i.e. (010)/(0—10) face. In
the crystal, the molecules are stacked along the crystal growth
axis, i.e., along the length of the crystal. Molecules in the
adjacent stacked columns are tilted with respect to each other to
form a corrugated structure with an angle of ~102° between the
adjacent stacks.

Existing mechanisms suggest that corrugated stacks with
buffering regions in crystal structures can accommodate elastic
strain energy.*>*****¢ During bending, the crystal's inner arc
contracts, and the outer arc expands along the bending axis.

(a)

View Article Online
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From SCXRD analysis of pristine crystals, it is evident that the
packing in HTPQ adopts a corrugated packing dominated by
dispersive interactions (Fig. 6). When the crystal is subjected to
three-point bending, the angle between two molecules in the
adjacent column (f) is expected to decrease/increase on the
outer/inner arcs of the crystal (see Fig. 6(c)). After the release of
the stress, the molecules regain their original positions.

In contrast to HTPQ, DPTTQ crystals (Form A) are red-
colored and grow along the [001] axis (Fig. S13(d)}). These
crystals grow as both thin and slightly thick needles, depending
on the crystallization conditions. In a three-point bending test,
these crystals break easily from all the faces without showing
any flexibility (Fig. 5(c) and (d)). DPTTQ molecules stack parallel
to the length of the crystal. Here, we do not see corrugated
layers; the molecules form parallel adjacent stacks (Fig. S117).
Perhaps, due to the lack of corrugated packing, the crystal is
unable to accommodate elastic strain energy from any of the
side faces and, hence, is brittle. The microcrystals of DPTTQ
Form B also show brittle fractures under similar conditions
(Fig. S12(b)1). As revealed by the mechanical bending tests on
the crystals of HTPQ and DPTTQ, the former can bend smoothly
into a loop and recover to their original shape without any
permanent deformation upon releasing external mechanical
stress, confirming their elastic nature. In contrast, crystals of

Fig. 6

(a) Structure of HTPQ crystals (interactions are shown with an edited CIF that does not contain disorder), (b) FESEM images of the major

and minor faces of HTPQ crystals, and (c) schematic of the angle that is expected to change upon bending the crystal on the major face.

19006 | Chem. Sci, 2024, 15, 19000-19012
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Table 2 Aspect ratio and elastic strain tolerance limit of the acicular single crystals of DPTTQ and HTPQ. Elastic strain tolerance limits are

estimated from three-point flexural tests on each of the crystals

DPTTQ (brittle fracture)

HTPQ (elastic bending)

Length Width Aspect ratio Elastic strain Length Width Aspect ratio Elastic
Crystal no. (mm) (nm) (length/width) (%) Crystal no. (mm) (nm) (length/width) strain (%)
1 0.5 13 38.5 0.9 1 1.1 26 42.3 3.5
2 0.4 10 40 0.6 2 3.3 71 46 3.6
3 0.7 16 43.8 0.73 3 1.4 26 53.8 4.2
4 0.6 13 46.2 0.4 4 0.7 12 58.3 3.11
5 0.4 8 50 0.5 5 1.2 17 70.6 3
6 0.8 15 52 0.86 6 1 13 77 3
7 0.9 16 56.3 0.6 7 4.3 50 86 3.9
8 0.9 13 69.2 0.93 8 3.3 34 97 3
9 0.5 6 83.33 0.82 9 2.5 25 100 4.1
10 1.1 13 84.61 0.83 10 3 30 100 3.1

DPTTQ Form A with comparable morphologies under similar
conditions do not show a significant elastic nature.

Often, it is argued that thin needle-type crystals with a high
aspect ratio (length x/width y) show higher elasticity than thick
crystals. Hence, it becomes important to consider the aspect
ratio, which is defined as the ratio between the length and width
of crystals (x/y),”” for comparing the mechanical properties of
different forms or systems. We carried out a statistical analysis
of the two crystals and plotted the aspect ratio against the
elastic strain tolerance. When we compared the data from the
DPTTQ and HTPQ crystals with comparable aspect ratios, the

elastic limit was found to be in the range of 0.4 to 0.9% and 3 to
4.2%, respectively (Table 2 and Fig. 7). This suggests that the
DPTTQ crystals are inherently far less elastic than HTPQ crys-
tals. Hence, the mechanical properties of the crystals studied
here depend much more on their structure than on their
morphology.

Flexible device study

To investigate the effect of mechanical strain on the electrical
conductivity, we have utilized vertical sandwich devices of

Aspect ratio= x/y

Three-point bending

Aspect ratio= x/y Three-point bending

(b) 45

Elastic strain (%)
2 2N N o
o o o o« o
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Fig. 7

(a) Schematic of brittle fracture of DPTTQ crystals and (b) histogram of elastic strain plotted against the aspect ratio of DPTTQ crystals

(form-A) from the data set of Table 2. (c) Schematic showing elastic bending of HTPQ crystals and (d) histogram of elastic strain plotted against

the aspect ratio for HTPQ crystals from the data set of Table 2.
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DPTTQ and HTPQ fabricated on a flexible PET substrate (Fig.
S187 depicts the fabrication process). I-V measurements were
performed on these vertical devices and the device character-
istics are presented in Fig. 8. In general, devices fabricated from
HTPQ exhibit a current value of at least 3-4 times higher than
those fabricated from DPTTQ. The conductivity of HTPQ-based
devices was obtained to be ~(4.2 £+ 0.9) x 10°® S m™ ', which
decreased to ~(2.3 £ 0.7) x 10~ S m™" (Fig. S191) for DPTTQ.
We then subjected these flexible devices to significant
mechanical strain by bending them with strain radii ranging
from 15 mm to 2.5 mm (Fig. S207), corresponding to a strain
range of 0.43% to 2.6% (details of the strain calculation are in
ESI Section 14). For flexible devices fabricated from DPTTQ
Form B crystals, I,.x (at 100 V) decreased by ~6 orders of
magnitude as the strain increased from 0.43% (strain radius =
15 mm) to 1.3% (strain radius = 5 mm) (Fig. 8(a)), with the
conductivity dropping to (7.1 £ 0.7) x 10" S m~* (Fig. 8(c)).
Interestingly, for the flexible devices fabricated with HTPQ
crystals, we did not observe any degradation in the I,,,, value;
instead, it increased (3-4 times the pristine value) as the strain
radius was increased from 0.43% (strain radius = 15 mm) to
2.6% (strain radius = 2.5 mm) (Fig. 8(b)). The conductivity of
the HTPQ-based flexible devices reaches a maximum value of
(1.6 £ 0.1) x 1077 S m™" at 2.6% strain. The performance
degradation in DPPTQ-based flexible devices is attributed to the
brittle nature of the crystals, which cannot accommodate the
strain, leading to crystals' breakdown and disrupted charge
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10}
107} 7
_108f°
< 100
10"}
-11
107 = Pristine
1012} e Strain = 0.43%
13 s Strain = 0.65%
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Fig. 8
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transport. In contrast, devices fabricated from flexible crystals
can accommodate the strain and retain the charge transport
owing to the inherent flexibility of the semiconducting material.
We then analysed the mechanical durability of the flexible
devices by subjecting them to multiple cycles of strain with
a 2.5 mm radius (2.6% strain). Consistent with the flexible
nature of the crystals, no drop in conductivity was observed
(Fig. 8(d)). Based on simple linear extrapolation, we expect that
the devices will retain their conducting properties (>107*° S
m ") for up to 650 cycles, which is significant considering the
inherent crystalline nature of the material (Fig. S21%).

Bulk charge transport study

To obtain an understanding of the charge transport of these
solution-grown crystals, we performed space charge limited
current measurement by fabricating electron only and hole only
devices from DPTTQ and HTPQ (device schematic in Fig. S227).
All the devices exhibited a distinct transition from a linear to an
SCLC regime (Fig. 9(a)). The mobility was estimated from the
3
SCLC regime using the Mott Gurney equation J = 250‘*“%’
where J is the current density, ¢, is the vacuum permittivity, ¢, is
the dielectric constant, V is the applied bias, and L is the
thickness of the film. The hole mobility values (uy,) for DPTTQ
and HTPQ were obtained to be 2.1 x 10 *ecm?V s ' and 3.4 x
10% em® V' 577, respectively, and electron mobility (u.) values
were found tobe 5.7 x 10" em*V 's "and 2.3 x 10 *em® V!

104} (b)
10 I
10}
§—10'7 I | == Pristine
3 || e Strain = 0.43%
10°} e Strain = 0.52%
o e Strain = 0.65%
10° [ Strain =1.3%
40 Strain = 2.6%
107}
-100 -50 0 50 100
V (V)
10°F ——utPa (d)

108}

0 30 60
No. of Cycles

|-V characteristics of flexible vertical devices fabricated from (a) DPTTQ and (b) HTPQ, upon bending with different extents of strain. (c)

Variation in the conductivity of the flexible devices fabricated from DPTTQ (red) and HTPQ (blue) crystals as a function of strain (inset: an optical
image of the flexible device). (d) Variation in the conductivity of the flexible devices fabricated from HTPQ crystals upon multiple cycles of
bending at a strain radius of 2.5 mm. Error bars represent the standard deviation over 7 devices.
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Fig. 9 Room temperature transport measurements. (a) J-V characteristics on the log—log scale for different molecules in electron-only and
hole-only device configurations. The current density is scaled with the dielectric constant and film thickness to directly visualize the mobility
trend. (b) Bar plot of the hole and electron mobility of both the molecules.

s, respectively (Fig. 9(b)), indicating a general p-type nature of
this semiconductor. However, the enhanced electron transport
in HTPQ can possibly be attributed to the enhanced electron-
donating nature of the thienyl substituents in HTPQ
compared to the phenyl substituents in DPTTQ (evident from
the electrochemical measurements). Moreover, it is evident
from the relative energetics (Fig. S227) that the hole only devices
fabricated from the HTPQ based semiconductor exhibit a lower
injection barrier in comparison to the hole only devices fabri-
cated from DPTTQ, which can be correlated to the higher hole
mobility. Notably, the near-ideal nature of the SCLC character-
istics and relatively high bulk mobility indicate the advantages
of these semiconducting materials for a variety of applications.
To estimate the trap density of the molecules, we utilized the
2
t

trap-filled voltage: Vi = % where g is the elementary charge
€

of an electron, n, is the trap density, L is the thickness of the
semiconducting film, and ¢ is the permittivity of the thin film.
The estimated trap densities were consistent with the trends of
the observed mobility (Fig. S23t). Temperature dependent j-V
characteristics were determined on all the devices. The charge
transport exhibits a typical thermally activated behaviour (Fig.
S24 and S251) with the value of activation energy generally
consistent with the trends of trap density estimated from the
SCLC measurements at room temperature describing the
internal consistency among the measurements.

In order to probe the inherent stability of the devices, we
performed I~V measurements while the devices were continu-
ously illuminated with a light source of intensity 200 W m™>.
Irrespective of continuous illumination, the devices exhibit
outstanding stability to optical stress (Fig. S26%). Under
ambient conditions, the devices also exhibit reasonable
stability. DPTTQ devices exhibit only a marginal fall in
conductivity from 6 uS m™* to ~4.8 uS m™" over a period of 10
days, whereas HTPQ devices exhibit a decrease in conductivity
from ~22 uS m ' to ~5 uS m " (Fig. $271), indicating the
general stability of these semiconductors under ambient
conditions.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Field effect transistor measurements

Finally, we fabricated a bottom-gate, bottom-contact field-effect
transistor to obtain an understanding of the field effect charge
transport of these semiconducting molecules. For the device
fabrication, both DPTTQ and HTPQ were spin-coated on litho-
graphically patterned substrates at 1000 rpm for 1 minute and
annealed at 100 °C for 30 minutes (device schematic in Fig.
S287). Transistor characteristics were measured inside a Lake-
shore Probe station using a B1500A semiconductor character-
ization system. The devices exhibit a clean p-type output
characteristic with a well-defined linear and saturation regime
over the entire gate voltage range (Fig. 10(a) and (c)). However,
these devices exhibit high threshold voltage (Vi) in the range of
—10 V to —25 V, which is evident from the transfer character-
istics shown in Fig. 10(b), (d) and S29.1 This high value of Vi,
may be associated with the inherent doping of the semi-
conductor during the device fabrication process or the nature of
traps at the dielectric semiconductor interface.*>*® The field-
effect mobility for the best DPPTQ device in the saturation
regime was obtained to be 0.0015 cm® V' s~ ' with an ON/OFF
ratio >10% (Fig. 10(b)). In contrast, HTPQ devices exhibited
a field-effect mobility that is at least one order of magnitude
higher, reaching a value of 0.01 cm”* V™' s~ and an ON/OFF
ratio of 10* (Fig. 10(d)).

In order to account for the high Vy;, values in the devices, we
have quantified the reliability factor of mobility in these
devices,* which was observed to be >100%, indicating that the
mobility values in the manuscript are rather conservative and
underestimated (details in ESI Section 17). The higher hole
mobility value in the case of HTPQ is likely due to the better
crystal packing, which facilitates enhanced charge transport.
Specifically, the smaller torsional angle between a thienyl ring
and a PQ core than between a phenyl ring and a PQ core
potentially makes the HTPQ structure more planar, thereby
enhancing the in-plane field effect charge transport proper-
ties.®>®* Furthermore, thienyl acts as a stronger electron-
donating phenyl. Therefore,

substituent compared to

Chem. Sci., 2024, 15, 19000-19012 | 19009
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(a) Output and (b) transfer characteristics measured on bottom contact bottom gate devices fabricated from the DPTTQ semiconductor.

(c) Output and (d) transfer characteristics measured on bottom contact bottom gate devices fabricated from HTPQ semiconducting films.

thiophene transfers additional electrons to the PQ core of
HTPQ, consequently enhancing the effective donor nature of
the molecule, which results in higher p-type mobility in HTPQ.
The study emphasizes the close relationship between the
mechanical and electronic properties of HTPQ and DPTTQ.
Electronic properties, such as charge carrier mobility, are
greatly affected by the molecular structure and how molecules
are arranged in the solid state. When molecules are tightly
packed, charge transport is usually improved due to a higher
charge transfer integral, which may arise from a shorter w-=
stacking distance or increased m-overlap. This molecular
packing can also influence the material's mechanical flexibility.
For example, molecules with corrugated packing often exhibit
elastic behaviour, whereas those without such interactions are
more prone to brittle fracture. In this study, HTPQ molecules
show a corrugated crystal packing pattern with significant w—m
interactions, leading to elastic behaviour and higher mobility
compared to DPTTQ, which lacks these interactions.

Conclusion

In summary, we accomplished the synthesis of two pyr-
azinoquinoxaline (PQ) derivatives with thienyl and phenyl
substitutions. Detailed structure-property correlation was ob-
tained by investigating the optoelectronic properties, crystal
packing, mechanical properties, and charge transport
measurement of these PQ derivatives. Analysis of the HOMO
and LUMO obtained from DFT calculations elucidates the facile
electropolymerization of HTPQ and the inability of DPTTQ to
undergo electropolymerization. The packing arrangement of

19010 | Chem. Sci, 2024, 15, 19000-19012

DPTTQ resembles a B-sheet structure, while HTPQ adopts a y-
type arrangement. Notably, HTPQ crystals display elasticity
under bending stress, while both the polymorphic crystals of
DPTTQ show brittleness. The charge transport behaviour indi-
cates a clear p-type semiconducting nature. Owing to the
difference in crystal packing, we observe a significant difference
in the charge transport behaviour between HTPQ and DPTTQ.
Devices fabricated from HTPQ exhibit a field effect transport of
0.01 cm®V ' s " and a bulk hole mobility of 3.4 x 10> em* V!
s~'. Moreover, flexible devices fabricated from HTPQ flexible
crystals exhibit retention of performance for up to 650 cycles of
operation, whereas DPTTQ crystal-based devices exhibit severe
degradation of performance by five orders of magnitude with
just one cycle of strain. Overall, our measurements underscore
a clear correlation between chemical design and high-
performance flexible devices, highlighting the advantages of
the HTPQ molecule over DPTTQ.

Data availability

All data supporting the findings of this study including
synthesis and characterization, single crystal analysis and
mechanical properties, and device fabrication and character-
ization are presented in the ESL}
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