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We report four novel n-type polymer semiconductors containing a 2,1,3-benzothiadiazole (BT) based
acceptor annulated with a 2-(1,3-dithiol-2-ylidene)malonitrile (DTYM) group. Four copolymers with
varying electron donor groups are investigated with regards to optoelectronic properties. Theoretical cal-
culations and optical characterization indicate that the introduction of the DTYM group leads to backbone
twisting and blue-shifted absorption in comparison to the unsubstituted BT analogues, but increases the
dipole moment and electron affinity. All polymers exhibit n-type semiconducting character in organic
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field-effect transistors (OFETSs) fabricated by blade coating, with the co-polymer containing a fluorinated
bithiophene donor demonstrating the best performance. This work highlights the influence of the DTYM
group on polymer semiconductors and further demonstrates its potential as a functional group to
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Introduction

Over the past few decades, organic semiconductors (OSCs)
have attracted much attention for use in next-generation
printed electronic devices because of their unique combi-
nation of mechanical flexibility, low potential fabrication
costs, and synthetic tunability compared to traditional in-
organic semiconductors." These materials can be used in a
wide range of applications, from organic photovoltaics
(OPVs),*® organic field-effect transistors (OFETs)”*® to organic
light-emitting diodes (OLEDs) and beyond.” To realize the
potential of these technologies, extensive efforts have been
directed towards tuning the properties of OSCs, including
their light-absorbing ability and charge carrier transport, pri-
marily via the design and synthesis of novel semiconducting
compounds.

According to the type of charge carriers they transport,
OSCs can be classified into p-type (majority hole transport)
and n-type (majority electron transport) materials. Historically,
the development of n-type OSCs lags significantly behind that
of their p-type counterparts in terms of charge-carrier mobility
and synthetic scalability,'®'" thus, significant effort has been
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put into developing n-type OSCs based on small-molecule and
polymer materials. Polymeric n-type OSCs are particularly
attractive due to their good solution rheology, enhanced film-
forming properties, superior mechanical flexibility/stretchabil-
ity, and improved device stability.'** State-of-the-art n-type
polymers are often comprised of an alternating electron-rich
unit (donor, D) and electron-deficient unit (acceptor, A). This
donor-acceptor (D-A) design strategy is favourable to form a
‘push-pull’ electron system as a result of hybridization of fron-
tier molecular orbitals, facilitating backbone planarization and
delocalisation.>*®" 1t is well established that a rational choice
of donor and acceptor monomers allows fine-tuning of the
microstructure and electronic structure of the resulting poly-
mers, as the energy levels of the polymers are influenced by
the highest occupied molecular orbital (HOMO) energy level of
the donor unit and the lowest unoccupied molecular orbital
(LUMO) energy level of the acceptor unit.'®>?

With the development of high-performance D-A polymer
OSCs, a library of electron-rich donor units has been exten-
sively studied. However, electron-deficient acceptor units are
relatively underdeveloped and remain an active area of
research.'®?® 2.1 3-Benzothiadiazole (BT) has become one of
the most widely investigated acceptor units used in construct-
ing OSCs due to its planar and rigid geometry, heteroatom
interactions, high absorption coefficient, electrochemical
stability and electron-withdrawing ability.*>**">° Nevertheless,
polymers based on BT commonly function as p-type OSCs as
they have relatively high-lying LUMO energy levels.*®
Tremendous efforts have been taken to address this by struc-
tural modification of BT and significant progress has been
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made, for example: replacing the bridgehead sulphur atom
with nitrogen,*’ oxygen,*>** and selenium®**® to adjust the
electronic structure, functionalization of the 5- and/or 6- posi-
tions of BT with electron-donating"”***” or electron-withdraw-
ing groups'®*"*® to tune the frontier molecular orbital energy
levels and heteroannulation of an additional ring on the 5,6-
positions to extend the conjugation length.*™**

Strong electron-withdrawing groups are typically incorpor-
ated into n-type OSCs as a low-lying LUMO energy level is
required to achieve good charge injection from metal electro-
des and to promote ambient stability.">*> We were interested
in the application of the electron-withdrawing group 2-(1,3-
dithiol-2-ylidene)malonitrile (DTYM), which has been exten-
sively explored to modify naphthalene diimide (NDI).*® Several
reports have demonstrated that fusing the DTYM group to the
NDI core can not only expand the n-conjugation and promote
intermolecular n-n stacking and/or S-S interactions, but also
lower the LUMO energy via its electron-withdrawing effect.*’*
The resulting small molecule NDI-DTYM and its derivatives
display high electron mobilities and excellent air/operating
stability in OFET devices.’* > However, there are few examples
of the modification of other acceptor units using DTYM. In
our previous report, we reported a facile approach to heteroan-
nulate the DTYM group to the 4,5-positions of a BT ring to
produce an extended electron-withdrawing acceptor end
group. This was coupled with an electron-rich indacenodithio-
phene (IDT) core to yield a medium gap, non-fullerene accep-
tor (NFA) material that achieved reasonable photovoltaic per-
formance under low light conditions.*® However the influence
of heteroannulation of the DTYM group to the 5,6-positions of
BT has not been well explored, with only one report to the best
of our knowledge, in which a co-polymer with benzodithio-
phene exhibited ambipolar transistor behaviour with mobility
on the order of 10™* cm® V' 57!, whereas other copolymers
were reported to show interesting solvatochromic behaviour.>®
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Inspired by the efficacy of the DTYM unit in the NFA, we
hypothesised that its incorporation into p-type D-A polymer
OSCs could potentially convert the charge transport from
p-type to n-type in OFET devices.'® Herein, we report the syn-
thesis and characterization of four n-type polymer OSCs (P1-4)
using a DTYM-heteroannulated-BT accepting unit copoly-
merised with four donor units of varying electron-donating
ability to fine-tune the energy levels. Among these polymers,
polymer P3, containing a partially fluorinated bithiophene
donor unit, exhibited the most red-shifted absorption and the
lowest-lying LUMO energy level. We have also characterized
the charge transport behaviour of these polymers in OFET
devices, with P3 showing the best overall device performance.

Results and discussion
Synthesis and characterization

In an effort to ensure good solubility of the polymer incorpor-
ating the extended, annulated BT core, we flanked it with thio-
phene containing long, branched alkyl chains. The synthetic
routes towards polymers P1-P4 are illustrated in Scheme 1.
Bromination of the commercially available monomer 2-decyl-1-
tetradecanol with N-bromosuccinimide (NBS), followed by
organozinc formation, Negishi coupling and a final stannyla-
tion yielded compound 3 (yield: 78%). After Stille coupling
with  4,7-dibromo-5,6-difluoro-2,1,3-benzothiadiazole, the
resulting compound 4 (yield: 54%) was annulated with the 2-
(1,3-dithiol-2-ylidene)malonitrile group to afford compound 5
(BT-DTYM) in high yield (90%). The facile nature of this reac-
tion can be attributed to the good nucleophilicity of the 2,2-
dicyanoethylene-1,1-dithiolate anion and the fact that nucleo-
philic aromatic substitution reactions are known to readily
occur on fluorinated BT cores.”” *° Bromination of compound
5 afforded 6 (yield: 44%), which was polymerised by Stille
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Scheme 1 Synthetic routes to polymers P1, P2, P3, and P4.
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coupling under microwave heating. Four donor monomers of
differing electron-donating strength were investigated. The
resulting four copolymers were purified by precipitation and
subsequent washing with a range of non-solvents before
extraction into chloroform.

All polymers exhibited good solubility in common organic
solvents including chloroform and chlorobenzene, even P3
despite the reduction in solubility often observed for fluori-
nated bithiophene. The molecular weights, as found by gel
permeation chromatography (GPC) in chloroform against poly-
styrene standard, are summarised in Table S1.f P1-P3 were
broadly comparable, with a similar number average molecular
weight (M,,), weight average molecular weight (M,,) and disper-
sity (D = M,,/M,,). P4 was slightly lower, perhaps due to the low
purity of the commercially available stannyl monomer. The
structures of all materials were confirmed by a combination of
nuclear magnetic resonance (NMR) spectroscopy and mass
spectroscopy investigations (see ESIY).

Theoretical calculations

To investigate the role of the DTYM group on the polymer
energy levels and molecular geometries, we modelled our
materials using density functional theory (DFT) with B3LYP
level of theory and 6-31G (d, p) basis set. Relaxed potential
energy scans were made of the intermonomer bond by system-
atically changing the dihedral bond angles between the ben-
zothiadiazole and adjacent thiophene units, whilst allowing
the rest of the molecule to relax to its minimum energy confor-
mation. Long alkyl side chains were replaced with methyl
groups to simplify the calculation process. Fig. 1 shows that
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Fig.1 DFT and MP2-calculated relaxed potential energy scans of
monomer BT and BT-DTYM.
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BT is preferentially oriented in the ¢rans conformation (where
the thiophene sulfur atom points in the opposite direction to
the benzothiadiazole sulfur atom), which is in agreement with
literature calculations.®™®* In contrast, BT-DTYM exhibits an
energy maximum in this conformation, with the cis confor-
mation, where the BT-DTYM unit is approximately 45° out of
the plane with respect to the flanking thiophenes, predicted to
be the lowest energy conformer. It is also interesting to note
that the energy difference between the t¢rans and cis
conformations is larger for BT-DTYM (~4.1 k] mol™") than for
BT (~3.6 k] mol™"). However, the energy barrier to rotation of
BT-DTYM (~6.6 k] mol™") is significantly lower compared to
BT (~20.2 k] mol™"). DFT is known to have reliability issues
with intermonomer torsional potentials because of basis set
superposition errors,®*®® therefore, we corroborated these
findings by performing similar calculations using second-
order Mgller-Plesset perturbation (MP2) theory and cc-pvdz
basis set. To minimize the computational time, selected di-
hedral angles (0°, 45°, 90°, 135°, and 180°) were calculated.
The MP2/cc-pvdz calculated Dbarriers to rotation are
consistent with the overall trend of the potential energy
surface as calculated by DFT. Accordingly, due to the relatively
lower rotation barriers, the polymer with fused BT-DTYM as
comonomer is predicted to be more twisted than that
with BT, which is reasonably ascribed to the large steric
hindrance between the DTYM group and the adjacent thio-
phene rings.

Fig. 2 shows the magnitude and direction of the dipole
moment of the three conformations of BT and BT-DTYM at
their minimum to maximum energy state. Although it is
complex to relate the dipole properties to the device perform-
ance, increasing studies suggest that a large dipole moment is
beneficial for self-assembly and molecular packing, in both
solar and transistor devices.®*® The dipole moments of
BT-DTYM in the three conformations shown in Fig. 2 are con-
sistently higher than those of non-substituted BT, which could
be expected to enhance the intermolecular interactions.®™*
These calculations indicate that the introduction of DTYM
groups in BT-DTYM induces a strong electron-withdrawing
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Fig. 2 Comparison of the dipole moments of BT-DTYM (top) and BT
(bottom) planar conformations. The blue arrows show the magnitude
and direction of the dipole moments. The energies are converted into
relative energies versus the energy minima.
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effect and generates a reverse dipole moment vector with
respect to that found in BT.

DFT calculations of the P1-P4 polymer repeat units (using
methyl groups instead of long alkyl side chains to save compu-
tational time) were also investigated to assess co-planarity
between co-monomer units, as well as estimate the HOMO
and LUMO of the four polymer OSCs at their optimized geo-
metry. As shown in Fig. 3, polymers P1 and P3 have a relatively
smaller dihedral angle compared to the other two polymers,
with polymer P3 showing the smallest dihedral angle (22.0°),
which can be ascribed to the rational choice of 2,2-bithio-
phene donor and non-covalent intramolecular interactions
with the fluorine group.®” This may lead to a more compact
packing behaviour in the solid state and extended
n-conjugation for polymer P3.°*°° The delocalized HOMO is
equally distributed over the donor and acceptor parts of the
polymers, while the LUMO is mainly located on the acceptor
parts, indicating efficient intramolecular charge transfer inter-
actions. The four polymers share similar LUMO energy levels
but polymer P4 has a slightly higher HOMO energy level com-
pared to the other polymers, which suggests a stronger elec-
tron-donating ability from the benzodithiophene (BDT) unit.

Thermal properties

Thermal gravimetric analysis (TGA) was conducted to investi-
gate the thermal stability of the polymers. All materials were
stable up to 400 °C except for polymer P4 (265 °C) corres-
ponding to a 5% weight loss at a constant heating rate of 10 °C
min~" (Fig. 4a), which is consistent with previously reported
BDT-containing polymers.>”*® Nevertheless, the thermal stabi-
lity of all polymers is adequate for device fabrication. The
thermal behaviour of the polymers was investigated using
differential scanning calorimetry (DSC), cycling between 25 °C
and 300 °C. The endothermic transition in the heating cycle
and the exothermic transition in the cooling cycle are ascribed
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Fig. 3 Dihedral angle and frontier molecular orbitals of polymer units

P1-P4 at their optimized geometries.
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Fig. 4 (a) TGA traces of the polymers P1-P4 at a heating rate of 10 °C
min~ under nitrogen. (b) DSC traces of the polymers recorded at the
first cycle with a heating and cooling rate of 10 °C min~* under nitrogen.
(c) UV-vis absorption spectra of the polymers in chloroform solution
and as thin-films. (d) Cyclic voltammetry curves of the polymers.
Measurements were performed in acetonitrile/[n-BusN]PFg solutions
(0.1 mol L™ ). Scanrate: 0.1V s

to the polymer’s melting temperature (7y,) and recrystallization
temperature (7.), respectively. As shown in Fig. 4b, polymers
P1 and P3 show a crystallization peak at around 165 °C and
190 °C during the cooling process whereas polymer P2 does
not exhibit a crystallisation peak after the endothermic peak
around 209 °C, indicating that P1 and P3 are semi-crystalline
but P2 forms a glass at this cooling rate.”® The lower Ty, and T
of P1 in comparison to P3 suggest that the less planar polymer
backbone conformation in P1 disrupts the packing behaviour
and reduces the intermolecular interaction, which is in good
agreement with the theoretical calculations of the polymer
unit dihedral angles (Fig. 3).”" The polymer P4 DSC trace was
featureless with no thermal transitions observed in the temp-
erature range of the experiment.

Optical and electrochemical properties

The optical properties of the four polymers were investigated
both in chloroform solution and as thin films (Fig. 4c and
Table 1). Both the solution and solid-state spectra exhibit a
‘dual band’ absorption, as observed for most D-A polymers,
with a high energy band corresponding to the n-n* transition
and a low energy band corresponding to intramolecular charge
transfer (ICT) between the donor and acceptor
comonomers.'”*%”> In chloroform, polymer P1 shows a broad
absorption range from 300 nm to 700 nm, with the absorption
maximum at 559 nm. For the P1 thin film, the maximum
absorption peak red-shifts by 92 nm to 651 nm, which can be
explained by solid-state planarization and packing. However,
the absorption maximum is still blue-shifted compared to a
reported polymer with an identical molecular structure except
with fluorine groups substituted on the 5,6 positions on ben-

This journal is © The Royal Society of Chemistry 2023
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Table 1 Optical properties, electrochemical properties, and computationally derived energy levels of the polymers P1-P4

UV-vis DFT (0\%

Amax (M) lrpax (nm) al opt Enomo Erumo Enomo Erumo

Sol. Film Amonm) B V) (V) (V) E(eV) B (V) ESe (V) (V) (V) Eg(eV)
P1 559 651 776 1.60 —5.23 -3.05 2.18 1.22 -0.99 -5.60 -3.52 2.08
P2 599 653 796 1.56 -5.38 -3.05 2.33 1.18 -0.90 —-5.56 -3.61 1.95
P3 584 657 791 1.57 —5.28 -3.09 2.19 1.50 -0.59 —-5.88 -3.92 1.96
P4 576 631 736 1.68 —5.06 -3.06 2.00 1.40 -0.98 -5.78 -3.53 2.25
zothiadiazole,” which can be partly explained by the more ()

twisted conformation observed in the computational investi-
gation (Fig. 1). The large steric hindrance between the DTYM
group and the adjacent thiophene ring leads to more twisting
along the polymer backbone, resulting in a lowering of
n-conjugation and a wider bandgap. Changing the donor unit
to thieno[3,2-b]thiophene and 3,3"-difluoro-2,2"-bithiophene in
corresponding polymers P2 and P3 results in a slight red-shift
of the ICT band in chloroform (599 nm and 584 nm, respect-
ively) but a similar position in the solid state (653 nm and
657 nm, respectively). Polymer P4, with strongly electron-
donating BDT as comonomer, exhibits a slight blue-shift in
the maximum absorption peak at 631 nm compared to P1,
probably due to the weaker interchain interaction caused by
the long side chains on both co-monomers.”* The optical
bandgaps (Eg"") of all polymers were calculated to be 1.56-1.68
eV by the onset of film absorption (4onset), using the following
formula Eg™ = 1240/Aonset (€V).”

Cyclic voltammetry was used to study the electrochemical
properties of the four polymers as thin films (Fig. 4d and
Table 1). Samples were measured in acetonitrile/[n-Bu,N]PF,
solutions (0.1 mol L") with an Ag/Ag” reference electrode. The
HOMO energy levels of polymers P1 and P2 were calculated to
be —5.60 eV and —5.56 eV from the oxidation onset at 1.22 V
and 1.18 V respectively, based on the ferrocene/ferrocenium
couple (Eriomo = —[4.8 + EZ™ — Ep.°] eV). The LUMO energy
levels were calculated from the reduction onset to be —3.52
and —3.61 eV for P1 and P2, respectively. Polymer P3 exhibits
more negative energy levels (—5.88 and —3.92 eV for HOMO
and LUMO, respectively) which can be explained by the strong
electron-withdrawing ability of fluorine substituted on bithio-
phene. In contrast, polymer P4 shows a relatively high-lying
LUMO energy level, arising from the electron-rich BDT unit.

Transistor device performance

The charge transport properties of these polymer materials
were investigated using organic field-effect transistors (OFETs)
in a top-gate/bottom-contact (TGBC) architecture on glass sub-
strates (Fig. 5a). The polymer thin films were deposited using a
blade coating technique (details provided in the ESI}). The
transfer and output characteristics of the transistors are dis-
played in Fig. 5b, ¢ and Fig. S22, and a comparison of the
transfer curves is shown in Fig. S23a.f These figures clearly
indicate that the devices utilizing polymer P3 in the channel
layer possess higher on-current compared to the devices with

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 OFET performance of the polymers. (a) OFET device structure.
(b and c) Transfer and output characteristics of the polymer P3. (d)
Comparison of average U <ot Of polymers P1-P4.

other polymers, whereas polymer P4 has the lowest on-current
among them. To compare the saturation field-effect electron
mobility (g sae) values of the devices, gate-dependent mobility
curves (Fig. S23bt) are plotted for the best-performing devices
of each polymer along with a comparison of the average e sat
of all the devices (Fig. 5d). From these data it is evident that
the polymer P3 showed significantly better performance in
terms of e sor, Which can be explained by the relatively lower
LUMO energy level resulting from the strong electron-with-
drawing abilities of the DTYM in combination with fluorine
groups, and the more coplanar backbone conformation.'”®
However the average threshold voltage (Vi) value is slightly
higher (Fig. S23ct) and the average on-off ratio (Ion_off) is mar-
ginally lower (Fig. S23d{) compared to the other polymers. The
overall device performance of the four polymers is summar-
ized in Table 2.

Morphology and crystallinity investigation

To gain insight into the difference in charge carrier mobilities
among the polymers, the morphology and the crystallinity of

Polym. Chem., 2023, 14, 469-476 | 473
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Table 2 OFET characteristics of devices using polymers P1-P4 in the
channel layer

Polymer  flega (cm> V7' s7h) Vin (V) Ion/Iog

P1 1.31 (¥0.07) x 10™%  68.15 (¥9.1) 4.2 (+2.6) x 10*

P2 5.23 (#3.3) x 107* 70.87 (¥17.9) 1.5 (+0.9) x 10*

P3 5.2 (+0.46) x 107° 77.71 (¥2.5) 0.5 (+0.15) x 10*

P4 7.54 (¥1.28) x 107° 67.71 (+3.9) 0.01 (+0.006) x 10*
[[T92m (b) PZ

1240m

Fig. 6 Topography AFM images of (a) P1 (b) P2 (c) P3 and (d) P4. All thin
films were thermally annealed at 80 °C. Scale bar in 500 nm in all
images.

the spin-coated films was investigated using atomic force
microscopy (AFM) and X-ray diffraction (XRD) analysis. As dis-
played in Fig. 6, the films of polymers P1-P3 look similar in
terms of polymer grain size, whereas polymer P4 shows a
smaller grain size accompanied by more grain boundaries.
Analysis of the height distribution of the thin films (Fig. S247)
reveals that all materials had a flat surface and a very low
surface roughness with a route mean square (RMS) roughness
of under 2 nm for P1-P3 and 2.88 nm for P4. The superior
morphology of P1-P3 may significantly contribute to the rela-
tively higher charge carrier mobility compared to P4, which is
in good agreement with the OFET device performance
(Table 2). Thin film XRD was measured using a lab-based diffr-
actometer and the resulting patterns are shown in Fig. S25.1
No peaks were observed for P2 and P4. However, P3 exhibited
several peaks at 2 0 ~6.99°, 10.36° and 13.74° and P1 exhibited
weak peaks at 7.08 and 10.56° corresponding to the presence
of crystalline regions. These observations correlate with the
observed charge carrier mobility trends observed for the TFT
devices.

Conclusions

In summary, we developed the acceptor unit, BI-DTYM, and
copolymerised it with different donor units of varying elec-
tron-donating strength to yield four new n-type semiconduct-
ing polymers (P1-P4). We investigated their differences in

474 | Polym. Chem., 2023, 14, 469-476
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backbone geometry, optical and electrochemical properties,
morphology and OFET device performance to understand the
impact of DTYM incorporation. Theoretical calculations demon-
strated that the introduction of the DTYM group onto the BT
acceptor unit increased the molecular dipole moment but
reduced backbone planarity in comparison to the unsubstituted
BT. Of the range of co-polymers studied, P3, containing a par-
tially fluorinated bithiophene donor group, exhibited a more
red-shifted absorption combined with lower-lying HOMO and
LUMO levels, which can be explained by the strong electron-
withdrawing ability of fluorine in combination with DTYM. All
polymers demonstrated n-type semiconductor behaviour in
organic field-effect transistors, with reasonable saturation mobi-
lity up to 5.2 x 107 ecm® V' s7* for polymer P3. Our work
demonstrates a facile approach to DTYM-heteroannulation for
increasing the electron affinity of BT-based monomers.
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