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2,2'-(Arylenedivinylene)bis-8-hydroxyquinolines
exhibiting aromatic n—n stacking interactions
as solution-processable p-type organic
semiconductors for high-performance

organic field effect transistorsy

Suman Sehlangia,® Shivani Sharma,® Satinder K. Sharma*° and
Chullikkattil P. Pradeep () *@

Solution-processable organic semiconductors capable of functioning at low operating voltages (~5 V)
are in demand for organic field-effect transistor (OFET) applications. Exploration of new classes of
compounds as organic thin-film transistor (OTFT) materials is an emerging research area. In this paper, a
new series of m-conjugated oligomeric compounds, 2,2’-(arylenedivinylene)bis-8-hydroxyquinolines, has
been explored as solution-processable organic semiconductor materials for low voltage OFET
application for the first time. Crystal structure as well as Hirshfeld surface analyses of one of the
compounds revealed the existence of strong face-to-face n—mn stacking interactions among the molecules
leading to the infinite chain-like arrangements in the crystal lattice. These n—n stacking interactions are
further supported by several O—H---O, C-H---O and C—-H---S interactions as well. In the slipped face-to-
face m—n stacking interactions exhibited by these molecules, the inter-planar distances were in the range
3.491-35262 A, while the slippage angles were in the range 18.8-20.4°. This class of compounds is soluble
in common organic solvents such as tetrahydrofuran (THF), which ensures their solution processability.
The semiconducting properties of these compounds were established by fabricating OFET structures
using polymethylmethacrylate (PMMA) as the dielectric material. The transfer and output characteristics
revealed p-type semiconducting behavior exhibiting considerable high field-effect hole mobilities of
~1.28 cm? V1 s71 at low operating voltages (<6 V) and a considerable /oo ratio of 10° at 75 °C. These
results successfully demonstrated the potential candidature of 2,2’-(arylenedivinylene)bis-8-hydroxy-
quinoline derivatives for high-performance OFET applications.

purity, low-temperature processability, flexible substrate printing,
tuneable properties and so on.” One major area wherein SMOSCs

Small-molecule organic semiconductors (SMOSCs) have gained
attention in recent years because of their increasing utility in
areas such as organic light-emitting diodes (OLEDs)," organic
field-effect transistors (OFETs),” organic solar cells (OSCs)®
and dye-sensitized solar cells (DSSCs). In comparison to the
traditional inorganic semiconducting materials, SMOSCs exhibit
many desirable features including solution processability, high
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find extensive application is OFETs. During the last decade, many
studies have reported the development of new OFET materials
as bio/chemical sensors, radio frequency identification components,
organic active matrix displays, inverters, and logic circuits.®” Despite
the commendable progress achieved so far, there are still many
open challenges to be addressed in the field of organic electronics.
One such challenge is the poor carrier mobility of organic semi-
conductors in comparison to inorganic semiconductors.® A second
challenge is the high operating voltage of OFETs, which leads to
large power dissipation in the circuitry. Therefore, attaining high
drain currents (I4) at relatively low operating voltages is extremely
important for the practical applications of OFETs. A third challenge
is the lack of sufficient knowledge about the structure-activity
relationship of organic semiconductor materials. The structural
and supramolecular analyses of organic semiconductors are
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important for establishing a reliable structure-activity relationship.’
It has been noted that the semiconducting properties of an organic
conjugated molecule depends to a large extent on its intermolecular
interactions and packing-order in solid-state.'® Especially, the face-
to-face m-m stacking interactions among the molecules are
known to provide transport channels in SMOCs.'®'" Therefore,
there has been considerable interest in the development of new
materials exhibiting excellent face-to-face m-m stacking inter-
actions for SMOC applications in recent years.'” In n-n stacked
SMOCs, factors such as large n-m orbital overlap, short n-n
distance, optimal n-r displacement, etc. are shown to enhance
the charge transport properties.'?

8-Hydroxyquinoline (8-HQ) is a heterocyclic moiety useful
for diverse applications. Derivatives of 8-HQ are known to exhibit
biological properties including antibacterial and anti-cancer
activities."* 8-HQs are also important because of their unique
coordination and photophysical properties.’> For example, the
excellent optical and chelating properties of 8-HQ have led to the
development of tris(8-hydroxyquinolinato)aluminium(u), which
is one of the most successful metal complexes reported so far for
OLED applications.'® Although 8-HQ derivatives have been widely
explored for their photo-luminescence and biological applications,
relatively few studies have been devoted to their semiconducting
applications. A plausible explanation for this could be that a
majority of the reported 8-HQ derivatives have a single 8-HQ unit
per molecule and thus possess limited molecular conjugation. In
2005, Liang et al reported a series of m-conjugated oligomers
bearing two 2-vinylene-8-substituted quinolines per molecule for
photoluminescence and electroluminescence applications.'” The
applicability of 8-HQ derivatives in the development of hole-
transport materials has been reported by Zeng et al in 2006.'®
However, reports on 8-HQ based extended m-conjugated systems
for organic semiconductor applications are extremely rare and
there is a huge potential in the development of such materials for
diverse electronic applications.

Herein, we report two 8-HQ based n-conjugated oligomeric
compounds, 2,2’-(arylenedivinylene)bis-8-hydroxyquinolines, D1
and D2, as shown in Scheme 1(a), as p-type organic semiconductors
exhibiting good hole mobility at relatively low operative voltages
(<6 V). To understand the structure-activity relationship,
the single crystal X-ray crystallography and Hirshfeld surface
analyses of one of the compounds have been performed, which

(b)

DI: R =-SCHj, D2: R = -OCHjs

Scheme 1
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revealed strong face-to-face n—n stacking interactions among the
molecules leading to the formation of n-n stacked 1-D infinite
chains in the crystal lattice. The solution processability of these
compounds permitted spin coating on large area substrates like
indium tin oxide (ITO), which acts as a gate, along with PMMA
as the dielectric material and silver as the source (S) and drain
(D) electrodes for OFETs structures. The fabricated OFET
devices were found to operate at relatively low operating voltages
(<6 V) exhibiting high hole mobilities up to ~1.28 em* V" s ".
These preliminary studies, therefore, revealed the exciting
potential of this class of compounds for commercial-scale
organic semiconducting applications.

Results and discussion

The m-conjugated oligomeric compounds, D1 and D2, were
synthesized by reacting 8-hydroxyquinaldine with the corres-
ponding dialdehydes in acetic anhydride under reflux condi-
tions following a reported procedure.’® D1 and D2 showed
solubility in tetrahydrofuran (THF) and a few aprotic solvents.
Single crystals of D1 suitable for crystallographic analyses
were grown from methanol by the dichloromethane diffusion
method. The crystals of D2 grown under similar conditions
were poorly diffracting and our repeated attempts to grow good
quality crystals were unsuccessful. D1 crystallized in monoclinic
P24, space group having one molecule and one solvent water
molecule in the asymmetric unit. The structure and refinement
data of D1 are given in Table S1 in the ESIt and the molecular
structure showing atom labeling scheme is given in Fig. 1.
The molecule shows E conformation about both the styryl
C=C bonds. The plane of the 8-HQ ring consisting of the atoms
C10-C18 and N1 makes a dihedral angle of 31.23° with the
plane of the central phenol ring (consisting of atoms C1-C6),
while the second 8-HQ ring consisting of atoms C21-C29 and
N2 makes a dihedral angle of 54.31° with the plane of the
central phenol ring. This shows that the molecule is not planar
and exhibits a twisted geometry, see Fig. 2. This contrasts with
the similar compounds reported by Liang et al.,"” in which the
two quinolyl rings were more or less coplanar with the central
aromatic ring. The bond distances C8-C9 and C19-C20 of
the styryl moieties are 1.327(6) and 1.349(6) A respectively,

& Electron
“ Hole

(a) Chemical structure of the organic semiconducting materials D1 and D2; (b) cross-section of OFETs based on D1 and D2 as the organic

semiconductor layers in Bottom-Gate-Top-Contact structures: Ag(S&D)/D1 or D2/PMMA/ITO; (c) at negative applied voltage, the accumulation of holes

occurs for active transistor action.
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Fig. 1 Molecular structure of D1 showing atom labeling scheme.

which are characteristic of the double bonds of alkenyl groups.
The C6-C8, C9-C10, C2-C19 and C20-C21 bond lengths are
1.463(6), 1.478(6), 1.474(5) and 1.476(5) A, respectively, which
are slightly shorter than the standard C-C single bond length
(ca. 1.5 A) probably due to conjugation.

The two 8-HQ moieties of each molecule of D1 make strong
face-to-face n-m stacking interaction with similar moieties of
the adjacent molecules as shown in Fig. 2. The n-n stacking
interactions are shown as red dotted lines in the figure. Each
quinoline ring undergoes n-n stacking interactions with the
quinoline rings of adjacent molecules on either side leading to
infinite 1-D chain-like arrangements in the crystal lattice, see
Fig. 2. In these interactions, the pyridine ring of the 8-HQ
moiety is on top of the phenyl ring of the second 8-HQ moiety.
The perpendicular distance between the rings varied between
3.491-3.5262 A, with several C-C distances ~3.6 A. The rings
are almost parallel (the dihedral angles between the planes vary
in the range 1.7-1.77°) in an offset arrangement with slip
angles f/y (formed by the centroid-centroid vector and the ring
normal) in the range 18.8-20.4°. The details of these inter-
actions are given in Scheme S1 and Table S2, ESL.

In addition to the m-m stacking interactions, the crystal
structure of D1 also exhibits several H-bonding and other weak
bonding interactions as listed in Table 1. The solvent water
molecule present in the crystal lattice also undergoes extensive
H-bonding interactions. Some of these interactions such as
02-H2---01, 03-H3---04, O1-H1---03, C20-H20---S1,
C22-H22---S1, C12-H12---S1, C19-H19---03, C7-H7c---S1,

Fig. 2 Figure showing the face-to-face m—m stacking interactions (red
dotted lines) among the adjacent molecules of D1 in solid-state.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Details of the weak bonding interactions in D1
D-H---A D-H(A) H-A@A) D-A@R) D-H-A()
02-H2.--01" 0.8200 2.27(6) 2.843(5) 127(6)
03-H3- - -04” 0.8200 1.783(6) 2.602(6) 175.7(11)
01-H1.--03" 0.8200 2.40(3) 2.913(4) 121(3)
C20-H20- - -S1° 0.9300 3.086(4) 3.913(4) 149.12(7)
C27-H27---02*  0.9300 2.749(6) 3.644(6) 161.94(12)
C22-H22---81° 0.9300 3.212(4) 3.921(4) 134.56(8)
C12-H12---81° 0.9300 3.011(5) 3.662(5) 128.41(9)
C19-H19---03"  0.9300 2.986(5) 3.727(5) 137.72(10)
C7-H7c---51° 0.9600 2.95(2) 3.756(5) 142(3)
04-H4a- - -03" 0.8500 2.08(3) 2.911(6) 166(10)
04-H4b- --02° 0.8500 2.31(8) 2.962(6) 133(9)

Symmetry codes: '+X, —1+Y, +Z; %+X, 2 + Y, +2;°1 — X, 1/2 + Y, 1/2 — Z;
D -X1-Y,1—-2"1-X,-Y,1—2Z°%4X,1+7Y, +Z

O4-H4a- - -03 and O4-H4b- - -O2 further support and strengthen
the 1-D chain-like arrangement along the crystallographic
b axis as shown in Fig. S1 in the ESIL.} Each of the 1-D chains
is further connected to a similar 1-D chain through multiple
C27-H27---02 interactions in a centrosymmetric fashion as
shown in Fig. S2 and S3, ESIL.} The existence of strong face-to-
face n—n stacking and other intermolecular interactions in the
crystal lattice of D1 points towards its potential charge transport

properties as reported earlier.">"

Hirshfeld surface analyses

To get quantitative and visual information about the inter-
molecular interactions, we calculated the Hirshfeld surfaces
and the corresponding 2D-fingerprint plots for D1 based on the
single-crystal X-ray diffraction data, see Fig. 3 and 4.>**" Fig. 3
shows the Hirshfeld surfaces of D1 displaying shape index and
curvedness. Of these, the curvedness maps are particularly
useful for identifying planar stacking arrangements.>" Relatively
large green flat regions on such surfaces indicate the possibility
of stacking interactions. At the same time, the shape index
surface represents fine changes in the surface shape, especially
in the regions with low curvature, and highlights the regions
where the two molecular Hirshfeld surfaces touch each other.
The shape index mapping uses red and blue color schemes for
complementary pairs of hollows and bumps. Here, the areas on
the Hirshfeld surfaces that are simultaneously flat green on the
curvedness map and are patterned with red and blue triangles
touching each other on the shape index map are of particular
importance. Such patterns, often called ‘bow-tie’ patterns, are
characteristic of n-m stacking interactions between adjacent
molecules.>” In Fig. 3(b), one can observe such features at the

Fig. 3 Hirshfeld surfaces of D1 mapped with (a) shape index and (b)
curvedness.

Mater. Adv., 2021, 2, 4643-4651 | 4645
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Fig. 4 2D fingerprint plots for D1.

flat portions of the surfaces, indicating the existence of n—n
stacking interactions.

The 2D fingerprint plots of D1 are given in Fig. 4. These plots
give the percentage contribution of each contact to the total
Hirshfeld surface area. As follows from these figures, the major
contribution to the total Hirshfeld surface area comes from
H---H, O---H and C---C contacts. The 10% contribution by
the C---C contacts is substantial and further highlights the
existence of m-m stacking interactions in the crystal structure.
The Hirshfeld surface analyses, therefore, confirm the existence
of n-m stacking interactions in the crystal structure of D1.

Optical and electrochemical properties

The optical and electrochemical properties of D1 and D2 were
studied by UV-Vis absorption spectra and cyclic voltammetric
analyses and the data are given in Table 2. The electronic
spectra of D1 and D2 showed strong absorption at 402 and
398 nm respectively in tetrahydrofuran (THF) solutions (Fig. 5)
and the corresponding onset absorptions were 460 and 455 nm,
respectively. The optical bandgaps of D1 and D2 were estimated
as 2.69 eV and 2.72 eV respectively, which further indicated
their potential applicability as semiconducting materials.

The cyclic voltammograms of D1 and D2 are given in Fig. S4
(ESIt). Both D1 and D2 exhibited quasi-reversible oxidation waves at
0.72 V and 0.61 V (EZ2, vs. Fc/Fc') with the corresponding onset

4646 | Mater. Adv., 2021, 2, 4643-4651
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Table 2 The optical and electrochemical properties of D1 and D2

(9% Theoretical”
abs HOMO LUMO E, HOMO LUMO E,
Compound (nm) (eV) (eV) (eV) (ev) (eV) (eV)
D1 344, 402 —4.90 —2.21 2.69 —5.43 —2.22  3.21
D2 340, 396 —4.73 —-2.00 2.72 —-5.33 —-1.78 3.55

¢ Simulated at the B3LYP/6-31G(d) level by Gaussian 09, details are
given in ESI.

0.25 D1

0.20 A

=4

—

(]
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0.10 1
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0.00

250 300 350 400 450 500 550
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Fig. 5 Absorption spectra of D1 and D2 (5 uM) in THF solutions.

oxidation potentials (Eox"*', vs. Fc/Fc') of 0.55 V and 0.38 V, respec-
tively. The HOMO energies of D1 and D2 were estimated as —4.90 eV
and —4.73 eV and the corresponding LUMO energies as —2.22 eV
and —2.00 eV, respectively.”> The HOMO energy levels exhibited by
D1 and D2 match with the work function of silver and hence
facilitate hole injection. The thermogravimetric analysis of D1 and
D2 (see Fig. S5, ESIT) revealed their thermal stability up to 250 °C.

Performance analysis of D1 and D2 as organic semiconductors
for OFET application

The semiconducting action of D1 and D2 was investigated by
fabricating bottom-gated and top source (S)/drain (D) contact
OFET structures on indium-tin-oxide (ITO) coated glass slides
(Fig. 6(a)) using cost-effective spin coating technique. The
ITO-coated glass slides were cleaned using hot acetone followed
by isopropanol (IPA) rinsing. Thereafter, a polymethylmetha-
crylate (PMMA, ~ 120 nm) layer was spin-coated under a controlled
nitrogen environment followed by annealing at 120 °C to serve as
the dielectric/insulating layer in the OFET structures as shown in
Fig. 6(b). Afterward, a ~250 nm thick active semiconducting layer
was deposited by spin-coating the formulated D1/D2 solutions (5 x
1073 M in 10 ml THE; filtered with a 0.2 pm filter) at 3000 rpm
(acceleration of 1500 rpm), followed by annealing at 90 °C for
15 min as shown in Fig. 6(c). OFET’s source (S) and drain
(D) contacts were patterned by thermal deposition of Ag through
a standard shadow mask with a channel length (L) of 100 pm and
channel width (W) of ~1 mm as shown in Fig. 6(d). The electrical
characteristics of the fabricated Ag/D1/PMMA/ITO and Ag/D2/
PMMA/ITO OFET structures were analysed by using a Keithley
4200 SCS characterisation system.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Cleaned in Acetone @ 60 °C followed by IPA
rinse to serve as the gate electrode

(d) Thermal deposition of Ag to serve as Source and
Drain

v _
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(b) PMMA (~120 nm) spincoated in N,
environment followed by annealing @ 120 °C

-

(c) D1/D2 (~250 nm) spincoated in N, environment
followed by annealing @ 90 °C

Fig. 6 Process followed for the fabrication of Ag/D1/PMMA/ITO and Ag/D2/PMMA/ITO OFET structures.

Fig. 7(a) and (b) depict the output and transfer characteristics
of the fabricated Ag/D1/PMMA/ITO OFET structure at 75 °C.
Similarly, Fig. 7(c) and (d) depict the output and transfer
characteristics of the Ag/D2/PMMA/ITO OFET structures at the
elevated temperature of 75 °C. It can be seen from Fig. 7(a) and
(c) that, at a fixed negative gate to source voltage (V,s), the drain
(D) to source (S) current (I4s) increases with increasing drain to
source voltage (Vys) in the negative polarity.

Since, a negative gate bias induces the accumulation of hole
carriers at the interface of semiconductor and dielectric layer,
the designed and developed D1 and D2 formulations exhibit
p-type semiconducting characteristics, and Ag/D1/PMMA/ITO
and Ag/D2/PMMA/ITO OFET structures were realized, thereupon.
The transistor action of the fabricated bottom gate OFETs may be
described by Scheme 1(c). Since the semiconductor is p-type with
the majority charge carriers as holes, the channel region is
formed only when the applied gate bias is <0 V as depicted in
Scheme 1(c). At the applied negative gate voltage, the holes are
attracted towards the interface of the semiconductor to the
dielectric. Simultaneously, when the drain bias applied is also
negative, i.e. <0V, the accumulated holes in the channel region
start to drift towards the drain (D) electrode. Here, a linear
increase in the drain current (Iys) with an increase in the drain
voltage (Vys) and a considerable saturation of the drain current as
aresult of an increase in the applied drain voltage establishes the
transistor action of fabricated OFET structures. When the applied
gate voltage is positive, Z.e. >0 V, it can be seen that the drain
current starts to decrease. These characteristics correspond to
“normally open” field effect transistor. The depletion-mode FETs
are normally on due to the electric field built by the existed
electrons in the channel region between the source and the drain.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Although these cannot be used in switching applications, this type
of transistors finds their applications in discrete circuits and as
startup circuits to provide some small current during the circuit’s
power-up sequence and to be shut-off when it is finished.**

When the p-type device operates in the saturation region,
the standard equation is modulated to*’

w 2
las_sar = ,UCiT(Vgs - Vth) Vas > (Vgs - Vth) (1)
When it operates in the linear region, it is modulated to

4 1
Los tinear = “Cif {Ves = Vin} Vas — Vg

P , Vas < (Vgs - Vth)

(2)

The carrier mobility was extracted from the standard MOS-
FET equation:*®

1/2

11/2 (Vgs - Vth) (3)

ds_sat

w
= #Cif

where p is the field-effect mobility, L and W are the channel
length and width respectively, C; is the device capacitance per
unit area, and Vgg and Vi, are the gate and threshold voltages,
respectively.

The computed hole mobilities of the fabricated Ag/D1/PMMA/
ITO and Ag/D2/PMMA/ITO structures were ~1.28 cm”> V' s~ " and
~1.10 cm® V! 7! respectively at 75 °C. Parallel thereto, linear
extrapolation is a standard threshold voltage (V4,) extraction method
from MOSFETS/MISFETSs transfer characteristics. Hence, the
extracted threshold voltage is from the transfer characteristics
(Fig. 7(b) and (d)) of Ag/D1/PMMA/ITO and Ag/D2/PMMA/ITO
structures and are assessed to be around —1.55 V and —1.54 V

Mater. Adv, 2021, 2, 4643-4651 | 4647
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Fig. 7 Electrical characteristics of the Ag/D1/PMMA/ITO and Ag/D2/PMMA/ITO OFETs on glass substrate at 75 °C; (a) output characteristics of Ag/D1/
PMMA/ITO, where V45 was swept from 0 to —6 V at Vs varied from 6 to —6 V with the step of 3V; (b) /g vs. Vg (logarithmic and linear scale) at Vys = —6 V for
gate voltage varying from —5V to 0 V for Ag/D1/PMMA/ITO; (c) output characteristics of Ag/D2/PMMA/ITO, where Vs was swept from 0 to —6 V at V varied
from 6 to —6 V with the step of 3 V; (d) /45 vs. Vs (logarithmic and linear scale) at V4 = —6 V for gate voltage varying from —5V to 0 V for Ag/D2/PMMA/ITO.

respectively. As listed in Table 3, it is observed that the hole
mobilities of D1 and D2 increase upon increasing the substrate
temperature from 25 to 75 °C. In comparison to D2, the D1
based OFET structures exhibited higher mobilities that can
reach up to ~1.28 em® V! 57! with I, ratio up to 10 at
75 °C; whereas the maximum hole mobility shown by the thin
films of D2 was only up to ~1.10 cm® V- ' s~ (see Table 3).
The performance analyses of the OFETs based on D1 and D2
revealed that these semiconducting materials exhibit good hole

Table 3 Hole mobility (u), current on/off ratio (Ion/lor), and threshold
voltage (Vy,) of OFETs with thin films of D1 and D2 at different substrate
temperatures

Temp. (sub.) [°C] Ion/Toge Vin [V] pulem?> v s
D1 25 9.71 x 10° -1.73 1.08

50 4.37 x 10° —1.5 1.14966

75 1.77 x 10° —1.55 1.276803
D2 25 5.30 x 10° —1.25 0.716413

50 2.50 x 10* —1.41 0.85717

75 2.37 x 10* —1.54 1.106391
4648 | Mater Adv, 2021, 2, 4643-465]

mobilities at low voltages (<6 V). This could be attributed to the
following factors.”” A good organic semiconducting material, in
principle, should have a large electron-delocalized n-conjugated
system, good intermolecular interactions, and appropriate
energy-level structures.”® For higher charge mobility, the lowest
unoccupied molecular orbital (LUMO) or the highest occupied
molecular orbital (HOMO) of the OFETs should also favour the
injection of electrons or holes. It has been noted experimentally
that a HOMO level below ~—5.0 eV and a LUMO level below
~—3.7 eV are required for stable hole and electron transport,
respectively.>> As the experimentally calculated HOMO levels
of D1 and D2 are ~—4.90 eV and ~ —4.73 eV, they lead to stable
hole injection during OFET operation.

For a given technology, devices are designed with a specific
gate capacitance, which is directly proportional to the dielectric
constant (¢0) and inversely proportional to the thickness of the
gate dielectric material (d) as per the expression:*

Ci == (4)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Surface morphology of as deposited thin-films of D1 and D2 on Si
substrates.

1t is clear from the standard MOSFET eqn (2) that the drain
current is directly proportional to the capacitance of the dielectric as
stated by Michael Salinas et al.*® Therefore, the low voltage operation
of the fabricated devices may also be attributed to the higher
dielectric constant value of PMMA (4.9)"** as compared to SiO,
(3.6). The estimated value of the effective oxide thickness of PMMA is
~95 nm, which leads to an increase in the effective device capaci-
tance and performance of the investigated OFET structures.

There are a few reports on solution-processable p-type
organic semiconductors exhibiting mobilities greater than
1.0 cm® V! s7%; however, many of such devices are reported
to work at higher operating voltages.*

Between D1 and D2, the OFETs based on D1 displayed
better device performance. The hole mobility exhibited by D1
(1.08 cm® V' s7) is higher than that of D2 (0.72 cm®* V' s77)
at room temperature. This may partly be attributed to the
subtle differences in the electronic effects of -R substituent
(-SCH; vs. -OCHj3) in D1 and D2 as reflected in their respective
energy level values, see Table 2. Such subtle changes in the
electronic effects of substituents are known to affect the carrier
mobilities exhibited by organic semiconductor materials.**™®
To fully understand and compare the effects of different -R
groups in determining the charge transport properties, we
had also attempted studies using similar compounds having
different -R groups. However, those studies were unsuccessful
largely due to the poor quality of the thin films obtained from
such derivatives. Atomic Force Microscopy (AFM) and X-ray
diffraction analyses were performed on thin films as well as
powders of D1 and D2 to further explore the reasons behind the
differences in their charge mobilities. Fig. 8 depicts the
morphologies of the spin-coated thin films of D1 and D2 grown
on Si0,/Si as investigated using AFM. Both D1 and D2 exhibited
large grains without significant crystalline features with an
RMS surface roughness of 6.44 and 2.99 nm respectively for a
5.0 pm X 5.0 pm scan area. D1 and D2 exhibited ball-shaped
small grains with a surface roughness of 0.26 and 0.36 nm

© 2021 The Author(s). Published by the Royal Society of Chemistry
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range respectively for 1.0 um x 1.0 pm scan area. Overall, Fig. 8
demonstrates that the films based on D1 and D2 exhibit good
continuity and flatness required for semiconducting applications.
The thin films of D1 exhibited higher mobility which may partly be
attributed to the better crystalline nature of D1 as compared to D2.
The better crystallinity of D1 is also evident from the XRD data. The
powder XRD data of D1 exhibited relatively sharp peaks, while D2
gave comparatively broader peaks showing poor crystalline nature.
Both D1 and D2 retained this behaviour in thin films as well, see
Fig. S9, ESLt It has been noted earlier that the mobility increases
when the processing induces a more extended crystallization.>**°
This agrees with the fact that the thin films of D2 possess relatively
low hole mobility compared to D1.

Conclusion

In this work, we have presented two m-conjugated oligomers,
2,2'-(arylenedivinylene)bis-8-hydroxyquinolines D1 and D2,
bearing two vinylene-8-HQ units structured around a phenol
ring. The structural, electrochemical, optical and semiconducting
properties of these oligomers have been investigated. Solution-
processed bottom-gate-top-contact OFET devices were fabricated
using D1 and D2, which revealed p-type semiconducting beha-
viours. The OFET structures of D1 and D2 exhibited good device
performances with maximum hole mobilities of 1.28 cm®> V" s™*
and current on-off ratios of 10° at an operating voltage below 6 V
in the case of D1. Single crystal X-ray crystallography and Hirshfeld
surface analyses of D1 revealed a dense crystal packing with strong
n-n stacking interactions among the molecules leading to infinite
1-D chain-like arrangement in the crystal lattice. The molecules are
arranged in a slipped face-to-face manner with perpendicular
distance between the rings varying in the range 3.491-3.5262 A
and slip angle of 18.8-20.4°. The excellent n-n stacking inter-
actions contribute to the excellent semiconductor behaviours
exhibited by this class of compounds. Even though the styryl-8-
HQ derivatives are highly explored for biological and optical
applications, their use as organic semiconductors is rarely
documented. The present study demonstrates 2,2'-(arylenediviny-
lene)bis-8-hydroxyquinolines as promising solution-processable
organic semiconducting materials holding potential for applica-
tion in emerging electronics applications. However, more correla-
tion studies connecting the structural and supramolecular
properties of this class of compounds with their semiconducting
properties are required to fully establish them as promising
materials with high charge mobilities. Currently we are engaged
in the development and analyses of more such examples.

Experimental section

Materials and characterization techniques

PMMA 950 A1l was obtained from Microchem, other chemicals
were purchased from Sigma Aldrich. All the solvents were of
spectroscopic grade and were used without further treatment.
The compounds D1 and D2 were synthesized and characterized
following a previously reported procedure.’

Mater. Adv,, 2021, 2, 4643-4651 | 4649
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Single crystal X-ray diffraction analysis

Single-crystal X-ray data were collected on an Agilent SuperNova
diffractometer, equipped with a multilayer optics monochromated
dual source (Cu and Mo) and an Eos CCD detector, using Cu-Ka
radiation (1.54184 A) at room temperature. Data acquisition,
reduction and absorption correction were performed by using
CrysAlisPRO.*" The structure was solved with the ShelXS** pro-
gram using direct methods and refined on F* by full-matrix least-
squares techniques with ShelXL** through the Olex* (v.1.2) pro-
gram package.” Due to the poor diffracting properties of the
crystal, the quality of the collected data was not very good. Because
of the poor-quality data, some of the non-hydrogen atoms had to
be refined isotropically. The hydrogen atoms were placed in
calculated positions and refined as riding atoms using isotropic
displacement parameters. The crystal and structure refinement
data are summarized in Table S1, ESL} There were a few A and B
level crystallographic alerts in the Checkcif. These alerts and our
explanations for the same are given in ESL.f CCDC 2065427.

For a better understanding and quantification of the intra-
and intermolecular interactions present in the crystal structure
of D1, Hirshfeld surface analyses were performed using the
Crystal explorer 17.5 program.** The Hirshfeld surfaces were
drawn from the.cif files of the compounds, with a normalized
contact distance (dporm), Which can be expressed as a combi-
nation of internal di, external de and van der Waals (vdW) radii
of the atoms as below:*>*®

(=) | (de = ™)

vdW vdW
r re

dnorm =

Cyclic voltammograms were measured on a computer-controlled
Autolab Electrochemical Workstation (Metrohm) instrument at
room temperature; the measurements were performed in a conven-
tional three-electrode cell using Pt as the working and counter
electrodes, Ag/AgCl (saturated KCl) reference electrode, and
n-Bu,NPFg (0.1 M) as the supporting electrolyte at a scan rate of
50 mV s~ . To calibrate the redox potentials, the cyclic voltammo-
gram of ferrocene was measured under the same conditions. TGA-
DTA measurements from room temperature to 500 °C were carried
out on a Shimadzu DTG-60 instrument under dry nitrogen flow with
a heating rate of 5 °C min~". The surface morphologies of the as-
deposited organic semiconductors, as well as the PMMA dielectric,
were examined by using atomic force microscopy (AFM; Dimension
Icon from Bruker) in tapping mode with a scan rate of ~0.5 Hz at
room temperature. The high aspect ratio TESPA-HAR AFM
probe with resonant frequency 320-369 kHz and spring con-
stant (k) of 20-80 N m ™" was used for AFM measurements. The
thickness of the films was confirmed using Stylus Profilometer.
The output (I4s — Vas) and the transfer characteristics (Iys — Vi)
of the fabricated FETs were measured using Keithley 4200 SCS
characterization system.
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