¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Versatile nature of anthanthrone based polymers
as active multifunctional semiconductors for
various organic electronic devicesf
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The versatility of anthanthrone-based materials in organic electronics is exploited by synthesizing four
polymers, PANT, PANT-TBO, PANT-TBT, and PANT-TffBT. PANT represents the self-coupled homopolymer,
while the other three are D—A (donor—acceptor) type copolymers. Each of them is successfully applied in
three different devices, namely organic field-effect transistors (OFETSs), organic photovoltaic cells (OPVs), and
chemical sensors. The results indicate that anthanthrone could be a very promising building block for the
construction of semiconductors for multi-purpose applications. Specifically, the four polymers exhibit p-type
properties in OFETs with hole mobility values in the range of 1074-10"% cm? V1 s™% In OPVs, the power
conversion efficiencies (PCEs) of non-fullerene cells have a wide range from 0.28% to 5.21%. This indicates
that the efficiency may reach a higher value via further structural modification by selecting suitable
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comonomers to produce new polymers. Additionally, based on the parameters of the OFET sensor devices
and the variation in the backbone structures of the four polymers, they show varying response trends for
DOI: 10.1039/d0ma00728e four chemicals: octane, toluene, isopropanol and acetic acid, indicating the important role of the structural

composition in generating different chemical sensitivities and fingerprints for sensing. Overall, we clearly
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Introduction

In recent decades, organic electronics have attracted tremen-
dous attention due to some recognized advantages compared
with their inorganic counterparts, including low production costs,
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disclose the potential of four new anthanthrone-based polymers in various types of electronic devices.

light weight, mechanical flexibility and large-area manufactur-
ing using a roll-to-roll method." The corresponding devices
include organic field-effect transistors (OFETs), organic photo-
voltaic cells (OPVs), perovskite solar cells (PSCs), organic light-
emitting diodes (OLEDs), dye-sensitized solar cells (DSSCs),
chemical sensors, logic circuits and many more.>” Despite
these advantages, their limited device performance is currently
the major barrier to their commercialization.'® Therefore,
extensive efforts have continuously been made to improve the
device performance, particularly for OFETs and solar cells
(OPVs and PSCs).""™™ Among all these efforts, it is apparent
that the development of organic semiconductors (OSCs), which
provide the core functionality of the devices, has played a
significant role in advancing this field.

The greatest merits of OSCs are their solution processability
and tunable optoelectronic properties via rational molecular
design. Promising building blocks used to construct OSCs for
high-performance electronic devices are generally found to
meet the following criteria: (i) containing a conjugated back-
bone that is the basis of 0SCs;"® (ii) easy alkylation to make
them soluble in common organic solvents; (iii) multiple
active reaction points to allow diverse chemical modifications
for tuning the optoelectronic properties; and (iv) accessible

This journal is © The Royal Society of Chemistry 2020
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coupling reactions to afford target small molecular or poly-
meric semiconductors. Some exemplary conjugated building
blocks, such as diketopyrrolopyrrole (DPP),*® benzodithio-
phene (BDT),"” isoindigos (II),'®>'® and naphthalene diimide
(NDI),”® have shown great potential in such devices. All these
moieties are not only available through 1-step or few-step high-
yielding syntheses, they can also be easily alkylated, making
them soluble in commonly used organic solvents. In addition,
the easy introduction of different aromatic groups to the back-
bone or side chain can finely tune the optoelectronic properties
of the resultant OSCs, thus adjusting the performance of the
corresponding devices. For example, the DPP moiety consists
of two 5-membered ring unsaturated cyclic amides (lactams)
fused together to give a highly conjugated structure with an
excellent electron affinity, which makes it suitable for both
OFETs and OPVs.>' The incorporation of flanking groups at the
3,6-positions of the DPP unit results in varied conjugation
lengths and a highest occupied molecular orbital (HOMO)
distribution along the conjugated backbone, which enables
rational molecular design to suit specific electronic device
applications. The BDT moiety is even more appropriate to
make either 1D or 2D semiconductors by structural modifica-
tions along the directions of the 2,6- or 4,8-positions or both.*?
This class of compounds has greatly boosted the field of
organic electronics and some resultant OSCs have demon-
strated among the best performances in the corresponding
devices.?*?* However, it was found that there are few OSCs
that can simultaneously work well in various types of electronic
devices except some specially designed materials for both OPVs
and OFETs.”!

4,10-Dibromoanthanthrone (ANT, Fig. 1), also called VAT
Orange 3, is a commercially available organic dye with a very
low cost; this dye has several interesting features and can be
used as a building block in organic electronics.>® First, the four
reactive sites (bromine atoms on the 4,10-positions or carbonyl
groups on the 6,12-positions) allow easy structural modification
along two axes to fine tune the optoelectronic properties of
the resultant OSCs.*® Second, as a member of the polycyclic
aromatic hydrocarbons, the fused-ring structure with high =
conjugation enables it to stack in well-organized arrays in the
solid state, which is significantly beneficial for certain devices,
such as OFETs and OPVs.?” As shown in Scheme S1 in the ESL,{
to the best of our knowledge, we have outlined all the ANT-
based materials used in electronic devices. It can be clearly seen
that ANT derivatives have been separately used in several types
of devices in the field of organic electronics (OFETs, OPVs,
DSSCs, PSCs, and OLEDs); however, the device performance
still needs to be improved. Other than the applications in
organic electronics, large numbers of ANT compounds have been
synthesized to disclose the intrinsic properties of ANT.**™” As
mentioned above, to date, there are few materials that can be
simultaneously used in various types of electronic devices. ANT-
based materials have shown potential in different devices
separately; thus, we are interested to demonstrate that ANT-
based materials can simultaneously function well in several
different devices, highlighting their multi-purpose applications.

This journal is © The Royal Society of Chemistry 2020
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In this study, four ANT-based polymers have been success-
fully designed and synthesized via organometallic coupling
reaction. PANT is a homo-coupled polymer, while the other
three, PANT-TBO, PANT-TBT and PANT-TffBT, are D-A (donor-
acceptor) type copolymers. Their energy levels, and thermal,
optical and electronic properties are comprehensively studied.
Each of the four polymers is used as an active semiconductor in
OFETs, OPVs, and chemical sensors. These polymers simulta-
neously function well in the three different devices, clearly
highlighting their versatility in different applications. Although
the initial performance characteristics are not as high as those
of some previously reported materials, there is great scope to
enhance performance via device optimization and engineering.
Overall, in this work, we report the multi-purpose applications
of four newly developed ANT-based polymers in three different
types of devices.

Results and discussion

To the best of our knowledge, only two ANT-based polymers,
PTTC and PTVTC shown in Scheme S1 (ESIt), have been
reported for use in OFETs and OPVs. To further study the
performance of ANT-based polymers in electronic devices,
we designed and synthesized four new polymers, PANT,
PANT-TBO, PANT-TBT and PANT-TffBT, using Suzuki coupling
(Scheme 1 and Fig. 1). PANT is a homo-coupled polymer, while
the other three represent the well-known D-A type materials.
Regarding the synthesis, as shown in Scheme 1, the 6,12-
positions of ANT are easily alkylated by 2-decyltetradecyl
bromide in the presence of a base (Na,S,0,) and a phase
transfer catalyst (aliquat 336) in aqueous NaOH. The boronic
ester of alkylated ANT is obtained by following a commonly
used procedure,*® while the three dibromo acceptors are com-
mercially available. The target polymers, PANT, PANT-TBO,
PANT-TBT and PANT-TffBT, were successfully synthesized via
Suzuki coupling polymerization. The detailed synthetic proce-
dures are shown in the Experimental section and the chemical
structures of the synthesized compounds were characterized
using nuclear magnetic resonance (NMR) spectra, which are
available in the ESL{

The thermal properties of the four polymers were evaluated
using thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC). From the TGA thermograms shown
in Fig. S1 (ESIY), it can be observed that all the polymers exhibit
good thermal stability with a decomposition temperature
(T4, 5% weight loss) higher than 250 °C. The T4 values of
these newly developed polymers enable device performance
optimization using thermal annealing treatment. From the
DSC measurements (Fig. S2a-d, ESIt), it can be observed that
only PANT exhibits a weak melting/crystalline peak at 182 °C
and 148 °C, respectively, demonstrating its slightly better
crystallinity than that of the D-A type polymers for which no
obvious transitions were observed during the heating and
cooling processes between 25 °C and 220 °C. However, overall,
the crystallinity of all four polymers is low, as reflected in the
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Fig. 1 The chemical structures of 4,10-dibromoanthanthrone (and its appearance in solid state powder form) and the four polymers; the UV-Vis
absorption spectra of the polymers (a) in chloroform solutions and (b) as thin films; (c) their HOMO energy levels determined through PESA
measurements; (d) the energy level diagram with both PESA and DFT calculated results.

thin film XRD patterns (Fig. S2e, ESIf) where no obvious
crystalline peaks were observed. This could be one of the
reasons why the overall device performance is low in the thin
film related OFETs (vide infra).

A comparison of the UV-Vis absorption spectra of the four
polymers in dilute chloroform solution or thin film form is
shown in Fig. 1a and b and the corresponding optical data are
summarized in Table 1. It can be observed that, in both
solutions and thin films, the absorption spectra appear as
two absorption bands that have been reported for most con-
jugated materials and are ascribed to the m-n* transition of
the conjugated backbone for the high energy band within
300-400 nm and the intramolecular charge transfer (ICT) effect

3430 | Mater. Adv., 2020, 1, 3428-3438

for the low energy band within 400-700 nm. For PANT, the ICT
peak is lower (i.e. a low absorption coefficient) than the n-n*
transition peak, while after introducing acceptors, the ICT
peaks of PANT-TBO, PANT-TBT and PANT-TffBT are greatly
enhanced due to the more efficient ICT between the donor
(ANT) and the incorporated acceptor units in the backbone. In
solutions, some well-defined peaks are observed, indicating
multiple intermolecular interactions. However, in thin films,
the peaks of PANT-TBO, PANT-TBT and PANT-TffBT become
broadened, resulting in a single dominant peak located at 480,
547 and 474 nm, respectively, indicating that the aggregation
becomes more ordered and = stacking emerges in the solid
state. For PANT, both the solution and thin film spectral shapes

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 The synthetic routes to the four new polymers based on the low-cost anthanthrone dye molecule using Suzuki coupling polymerization.

are almost the same, with only a small red shift in the thin film
spectrum, indicating weak n aggregation. This is probably due
to the large dihedral angle between two ANT groups, which
was determined to be 74° using DFT calculations (vide infra).
PANT-TBT shows a larger red shift from solution to thin film
compared with those of the other three, indicating a more
effective backbone stacking. The absorption edge wavelengths
of the thin films were determined to be 484 nm for PANT,
664 nm for PANT-TBO, 653 nm for PANT-TBT and 663 nm for
PANT-T{fBT, which correspond to the optical bandgaps of
2.56, 1.87, 1.90 and 1.87 eV, respectively. The larger bandgap
of PANT is ascribed to the absence of acceptor groups along the
backbone.

The energy levels, including the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO),
are some of the most important parameters for semiconductors

Table 1 Summary of optical properties and energy levels

because the operating principle of electronic devices, especially
for transistors and solar cells, is often explained according to
the energy level differences between materials used in the
corresponding devices.*® To determine the energy levels of all
four polymers, we performed measurements of photoelectron
spectroscopy in air (PESA). As shown in Fig. 1c, the HOMO
energy levels are found to be —5.51 eV for PANT, —5.38 eV for
PANT-TBO, —5.27 eV for PANT-TBT and —5.30 eV for PANT-
TffBT. By incorporating the optical bandgaps, the LUMO energy
levels are estimated to be —2.95, —3.51, —3.37 and —3.43 eV,
respectively.

To gain insight into the electronic structure of the four
polymers, density functional theory (DFT) calculations were
performed on dimer models with abridged alkyl chains. As
shown in Fig. 2, the electron density of both the HOMO and
LUMO is fully delocalized over the entire molecule for the PANT

Materials 250l /mm AIm i m AHm o mm EgPleV HOMO/eV LUMO/eV

PANT 464, 336 470, 336 484 2.56% —5.51% —5.08¢ —2.95% —2.42¢
PANT-TBO 472, 343 480, 347 664 1.87% —5.38% —5.154 —3.51 —3.37¢
PANT-TBT 530, 467, 439, 358 547, 490, 442, 359 653 1.90° —5.27% —5.11¢ —3.375 —3.30¢
PANT-TffBT 468, 331 474, 361 663 1.87° —5.30% —5.14¢ —3.43% —3.49¢

“ EP' = 1240/A5%. * PESA results. ¢ LUMO = HOMO" + EgP'. ¢ DFT calcu

This journal is © The Royal Society of Chemistry 2020

lated results.
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Fig. 2 DFT calculated molecular frontier orbital distributions (HOMO and LUMO) for the polymer dimer models; the alkyl chains on ANT were replaced

with ethyl groups.

polymer. However, for the other three D-A polymers, the
HOMO is mainly distributed over the n-conjugated ANT donor
core and the LUMO is delocalized at the acceptor segment. The
optimized geometry structures of the model dimers (front and
side views shown in Fig. S3 in the ESIt) suggest that PANT has a
dihedral angle of 74° between the adjacent two ANT groups,
while the three D-A polymers have the same dihedral angles of
45° between the ANT and acceptor segments. The large dihedral
angle of PANT indicates a large steric hindrance among the
ANT groups. For the three D-A polymers, the introduction of
acceptors greatly decreases the steric hindrance because the
acceptors, on the one hand, have no extra side chains and, on
the other hand, involve two thiophene n-bridges, both of which
are beneficial for decreasing the dihedral angle. The calculated
HOMO and LUMO energy levels are summarized in both Fig. 1d
and Table 1. Optical absorption spectra were computed using
time-dependent DFT, as shown in Fig. S4 (ESIt). They confirm
the significant red shift of the spectra of the copolymers vs. the
PANT homopolymer observed experimentally as well as a much
higher absorption intensity of the copolymers. The computed
absorption spectra are redshifted due to the charge-transfer
nature of the transitions.

Organic field-effect transistor performance

The charge transport properties of these four polymers were
investigated by fabricating organic field-effect transistors using
the top-contact/bottom-gate (TC/BG) device configuration
(Fig. S5, ESIt). The organic semiconducting thin films were
formed in an argon-filled glovebox by spin-casting the polymer
solutions (4 mg mL™" in chloroform) on SiO, (300 nm)/n**-Si
substrates that were first modified with a self-assembled
monolayer (SAM) of octadecyltrimethoxysilane (OTMS). Ther-
mal annealing treatments were conducted in the same glovebox
using the selected temperatures of 200, 250 or 270 °C. After
this, ~50 nm of thick gold was deposited as the source and
drain contacts using a shadow mask. The detailed fabrication
procedure is described in the ESL{ Typical I-V curves
and parameters of the transistors are shown in Fig. 3a-d,
Fig. Séa-d (ESIt), Table 2 and Tables S1-S4 (ESIt). All four
polymers exhibit unipolar p-type charge transport properties
under laboratory ambient conditions with the hole mobility
in the range of 107* to 107 ecm® V' s ', Specifically, the
homopolymer PANT-based transistors display a peak mobility

3432 | Mater. Adv., 2020, 1, 3428-3438

of 2.2 x 107® em® V' s at the optimized thermal annealing
temperature of 200 °C (Fig. 3a and Table 2). In comparison with
the reported PTTC and PTVTC polymers (with similar electron-
rich groups along the backbone),*® the backbone of the PANT
polymer resulted in improved crystallinity, as observed from
the DSC curve and AFM image (vide infra) data, and this is a key
parameter that enhances the hole mobility. Further work on the
improvement of backbone coplanarity and crystallinity may
significantly enhance the mobility in OFETSs, and we have been
evaluating design principles via modelling studies. After intro-
ducing the acceptor unit TBO into the polymer backbone to
form a donor-acceptor type material for better intermolecular
charge transport, the copolymer PANT-TBO-based devices
showed a lower hole mobility of 2.9 x 107* ecm®> v ' s7!
(Fig. 3b and Table 2). Promisingly, by changing TBO to the
TBT unit, the hole mobility was dramatically enhanced to 4.5 x
10~ em® V7' s (Fig. 3c and Table 2). The improved perfor-
mance is partially due to the shallowest HOMO energy level
among the four polymers, which could favour easier hole
injection from the Au electrodes. Unfortunately, the fluorinated
polymer PANT-TffBT exhibits a lower hole mobility, around
10~* em® V' 57, Even after various thermal annealing opti-
mization treatments, its peak mobility only reached 5.0 x
10™* ecm® V' 57! (Fig. 3d, Table 2 and Table S4, ESIf). We
attribute its poor transistor performance to its low molecular
weight and large polydispersity index. The GPC curve of PANT-
TEfBT (Fig. S7, ESIf) shows two peaks, indicating a relatively
large number of low-molecular-weight fractions. As a result, a
large polydispersity index of 3.25 was obtained. The surface
morphology of the four polymer films was studied using atomic
force microscopy (AFM) (Fig. 3e-1 and Fig. S8-S11, ESI{), where
the homopolymer PANT shows a larger root-mean-square
(RMS) value of 1.30 nm (Fig. 3e) due to its higher crystallinity
according to the DSC curves (Fig. S2a-d, ESIt), and the other
three D-A polymers exhibit an amorphous morphology with
lower RMS values in the range of 0.53 to 0.69 nm (Fig. 3f-h).
Although the overall performance is relatively low for these four
polymers, which we attribute to the large dihedral angles and
low crystallinity, the successful operation of transistors with
these polymers indicates the promise of ANT-based polymers in
OFETs. Compared with reported polymers and small molecules
based on ANT, as shown in Table S5 (ESI{), our newly reported
polymers exhibit comparable performance. However, the overall

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The transfer characteristics of OFETs based on (a) PANT, (b) PANT-TBO, (c) PANT-TBT, and (d) PANT-TffBT films annealed at optimized
temperatures (L = 100 um and W = 1 mm, all the devices were measured under laboratory ambient conditions.) (e—h) Tapping-mode AFM topography
images of the four polymers and (i—1) their corresponding 3D profiles after the optimized thermal annealing treatments.

performance of ANT-based materials is lower than that of
anthracene-based ones,*>** and this could be attributed to
the lower crystallinity of ANT polymers than their counterparts
based on anthracene. We strongly believe that rational mole-
cular design is a key requirement for improving the backbone
planarity. The backbone planarity will favour better intermole-
cular interactions and subsequently higher crystallinity, which
is needed for an enhancement in charge carrier transport.

Organic photovoltaic device performance

To analyse the bulk-heterojunction (BHJ) OPV device perfor-
mance, ITIC-Th*? (Fig. 4a) was used as a small molecule non-
fullerene acceptor (SMA) to match with our four new polymers.
ITIC-Th was chosen since it offers complementary absorption

Table 2 Summary of the TC/BG OFET data based on the four polymers

Annealing uf . /em? V! ,ula‘vgl/cmZ
Materials  temp. (°C) s~ * v st Van (V) Ion/Iopr
PANT 200 2.2 %1077 20x10° —32 10°-10*
PANT-TBO 200 29x107* 23x10* —-33 10°-10*
PANT-TBT 250 45x107° 36x10° —16 10°-10*
PANT-TffBT 200 5.0 x 107* 45x10"* —50 10°-10*

% The average values were calculated from 3 devices. Vy, stands for
threshold voltage.

This journal is © The Royal Society of Chemistry 2020

to all the polymers and decent device performance in binary
blend BH]J devices. OPVs were fabricated using the conven-
tional device configuration of ITO/PEDOT:PSS/active layer/PFN-
Br/Ag. To further enhance the device performance, an addi-
tional acceptor Y6** (Fig. 4b) was introduced into the optimal
binary system to form a ternary blend. The weight ratio of the
active layer was kept constant at 1:1.5 (polymer donor: total
acceptor) to obtain a fair comparison. The energy levels of the
used materials are shown in Fig. 4c. The current-voltage (J-V)
characteristics and external quantum efficiency (EQE) of all the
devices are shown in Fig. 4d and e.

As shown in Table 3, the OPVs based on PANT-TBT exhibit
higher performance with the power conversion efficiency (PCE)
of 4.57% for the binary and 5.21% for the ternary blend devices.
The reported solar cell device performance is one of the highest
values in comparison to all other reported ANT-based materi-
als, and this is summarized in detail in Scheme S1 in the ESL.}
The better performance of PANT-TBT compared to the other
polymers can be realized mainly due to its higher Jsc and better
FF. The higher Jsc value of the PANT-TBT based device matches
well with the higher intensity in the EQE curve. Generally, a high
EQE value indicates that the photon absorbed by the blend film
is efficiently converted to free charge carriers and they are
transported to their respective electrodes. Compared to PANT-
TBT:ITIC-Th, which exhibits a maximum Js of 10.45 mA cm ™2,

Mater. Adv., 2020, 1, 3428-3438 | 3433
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Fig. 4 Chemical structures of (a) ITIC-Th and (b) Y6; (c) energy level diagram of different materials used in this study; (d) J-V characteristics of ANT
polymer-based solar cells under AM 1.5G illumination (100 mW cm™2), and (e) their EQE spectra; (f) recombination analysis of Jsc vs. light intensity; and

AFM images of PANT-TBT based (g) ternary and (h) binary blend films.

the ternary blend PANT-TBT:Y6:ITIC-Th shows an increase in Jsc
value with a maximum value of 12.75 mA cm™ 2. The increase in
Jsc value of the ternary blend can be ascribed to the red-shifted
absorption of the Y6 acceptor, which can be seen from the EQE
curve. Since Y6 has a lower-lying LUMO compared to ITIC-Th, the
0.05 V difference in Vo between binary and ternary devices based

3434 | Mater. Adv., 2020, 1, 3428-3438

on PANT-TBT correlates well with the energetic difference
between the HOMO of the donor polymer and LUMO of the
acceptor molecules.

In OPVs, the overall device performance can be reduced when
the recombination is the most dominant mechanism because
of the loss of photogenerated free charge carriers.*” In order to

This journal is © The Royal Society of Chemistry 2020
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Table 3 The performance of OPVs based on four different polymers
blended with an acceptor

Voc Jsc PCE
Polymer Acceptor Ratio (V) (mAcm™?) FF (%)
PANT ITIC-Th 1:1.5 0.86 1.11 0.29 0.28
PANT-TBO ITIC-Th 1:1.5 0.84 4.03 0.35 1.18
PANT-TBT ITIC-Th 1:1.5 0.85 10.45 0.51 4.57
(binary)
PANT-TBT ITIC-Th & Y6 1:1.5 0.80 12.75 0.51 5.21
(ternary)
PANT-T{fBT ITIC-Th 1:1.5 0.71 2.20 0.36 0.56

understand the extent of bimolecular recombination in the
PANT-TBT based devices, the Jsc was plotted vs. light intensity
on a logarithmic scale, as shown in Fig. 4f. In general, if « is
close to unity for a power-law dependence (Jsc oc I%), this
indicates weak bimolecular recombination in the devices.*®*
The PANT-TBT binary, as well as ternary, devices exhibit a
similar value of « of 0.93, which indicates a reasonable amount
of bimolecular recombination in the devices. Atomic force
microscopy (AFM) images were recorded to analyse the top
surface of the PANT-TBT based blend morphologies (Fig. 4g
and h). The root-mean-square (RMS) surface roughness values
of the binary and ternary films were found to be 1.426 and
1.364 nm, respectively. Addition of Y6 clearly makes the surface
slightly smoother than the binary blend. Also, as shown in
Fig. 4g and h, both binary and ternary blend films display
desired phase separation and domain size with a very smooth
surface. The BH] morphology is highly dependent on many
factors including, but not limited to, the best donor/acceptor
ratio, miscibility between two components, processing solvents
(and their drying kinetics), additives, and post-treatment (such
as thermal or solvent vapour annealing).**>' The wide range of
PCE values from 0.28% to 5.21% achieved for the OPVs based
on the four ANT polymers clearly demonstrates how important
it is to tune the energy levels, optical absorption, and polymer
blend morphology via selecting appropriate comonomers. We
strongly believe that the performance can be improved further
by investigating new materials using various comonomers and
other relevant attributes.

Chemical sensor performance

The newly developed ANT-based polymers have different accep-
tor units, which are expected to have varying interactions with
organic gases, leading to unique detection/sensing capabilities
of each polymer. In this study, OFET devices were used to
investigate the sensing behaviour of the polymers toward four
representative organic compounds, namely, octane, toluene,
isopropanol and acetic acid, which have varying chemical and
physical properties (Fig. 5a). Based on the OFET transfer curves
and for simplicity, we focus on the parameter of on-current
(Ion) to analyse the responses and the detection ability. For
example, the transfer curves of PANT recorded upon exposure
to different concentrations of acetic acid are shown in Fig. 5b; a
shift in the curve, which is translated to a shift of threshold
voltage (Vin), is clearly seen with increasing concentrations.
Fig. 5c and d show the responses of Ioy of the four polymers

This journal is © The Royal Society of Chemistry 2020
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upon exposure to various concentrations of acetic acid and
octane. The detection ability of acetic acid is higher than that of
octane for all types of sensors. This can be explained by the very
weak interaction with octane for which the detection mode is
only limited to van der Waals interactions, whereas acetic acid
has a more polar structure and can interact with the polymers
by hydrogen bonds and dipolar interactions, leading to higher
detection abilities. The sensitivities and detection limits are
summarized in Table S6 (ESIf). It is very important to note
the varying response trends and magnitudes obtained with
the four sensors. For octane (Fig. 5d), two sensors based on
PANT and PANT-T{fBT show almost no response in the range of
160-1280 ppm, while PANT-TBO and PANT-TBT show negative
and positive trends, respectively. The PANT-TBT sensor has the
highest sensitivity compared to the other polymers. For acetic
acid (Fig. 5¢), PANT, PANT-TBO, and PANT-T{fBT show negative
trends and varying sensitivities ranging from —0.017 ppm ™"
(PANT-TffBT) to —0.031 ppm ™' (both PANT and PANT-TBO).
PANT-TBT exhibits a very interesting behaviour that involves
both positive and negative response trends. At low concentra-
tions, there is an increase in the current with increasing
concentration, whereas at high concentrations, the current
decreases with increasing concentration. This behaviour might
be explained by two sensing mechanisms: at low concentra-
tions, PANT-TBT (p-type polymer) is doped by the acid, leading
to a higher conductivity. However, when the concentration
becomes higher, this trend is reversed possibly due to the
detrimental effect of swelling, which increases the distances
between the ordered polymer domains and the boundary
resistance and, as a result, decreases the value of Ioy. The
different magnitudes and trends of responses endow each one
of the polymers with a unique sensing performance.

Inspired by the nature of olfactory systems, we have used
an array of cross-reactive features, obtained from the different
OFET characteristics, with pattern recognition methods
for optimizing the selectivity toward the different chemical
compounds.®® This approach was previously used with OFET
gas sensors and enabled successful discrimination even
between very similar organic compounds such as isomers.>*>*
For this purpose, the responses of the four OFET sensors were
combined using Discrimination Functional Analysis (DFA).
New parameters were defined using this method, CV1 and
CV2, which were obtained from the linear combination of
the responses of the four semiconductors. The combination
of cross-reactive parameters was optimized to improve the
discrimination. Fig. 5e shows that the plot of CV2 vs. CV1 gives
a clear separation between the chemical compounds in the
range of 160-1280 ppm with an accuracy value of ~ 85%. This
large-range discrimination is limited by the low concentrations
of propanol and toluene, which are observed as an overlap
between the red and blue regions. This work strengthens the
important role of the chemical compositions of semiconduct-
ing polymers in generating different chemical sensitivities and
fingerprints. The remarkable versatility and uniqueness of each
sensor would be very beneficial for developing advanced sensing
methods that mimic the performance of the human nose.
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CV1

Investigation of the sensing performance. (a) The chemical structures of four different chemical compounds used in the gas sensing experiments;

(b) transfer curves of PANT-OFET recorded upon exposure to different concentrations of acetic acid; normalized /oy of the four polymers upon exposure
to varying concentrations of (c) acetic acid in the range of 20—-1280 ppm and (d) octane in the range of 160-1280 ppm; (e) discrimination between all
studied chemical compounds over 160-1280 ppm. CV1 and CV2 were obtained by a linear combination between the responses of all four

semiconductors using discrimination functional analysis (DFA).

Conclusions

To summarise, the versatility of four newly synthesized ANT-
based polymers, PANT, PANT-TBO, PANT-TBT, and PANT-
TffBT, is studied in detail by applying them in three different
types of electronic devices, namely OFETs, OPVs, and chemical
sensors. It is encouraging that these four ANT polymers all
display decent performance in OFETs, OPVs and chemical
sensors. For example, PANT-TBT exhibits a hole mobility of
4.5 x 10? cm® V' 57! in OFETs and a PCE of 5.21% in ternary
blend OPVs when mixing it with non-fullerene acceptors ITIC-
Th and Y6 as the active layer. In sensors, the four polymers
show varying response trends for octane, toluene, isopropanol
and acetic acid, indicating the important role of the structural
composition in generating different chemical sensitivities and
fingerprints. Overall, in this work, we have clearly disclosed the
multi-purpose applications of ANT-based polymers in various

3436 | Mater. Adv., 2020, 1, 3428-3438

types of electronic devices. This is a new scenario in the organic
electronics community, and we have done pioneering work in
this aspect by adapting ANT-based polymeric semiconductors.
It is expected that ANT could become a significant building
block for the construction of high-performance OSCs for advan-
cing various photovoltaic and electronic devices.

Experimental section

The synthetic routes to the four polymers are shown in
Scheme 1. Unless otherwise stated, the starting compounds
were purchased commercially and used directly without further
purification. The solvents used were anhydrous.

Synthesis of C24-ANT

Under argon protection, ANT (1.00 g, 2.15 mmol), Na,S,0,
(940 mg, 5.40 mmol), Aliquat 336 (1.15 g, 2.58 mmol), aqueous

This journal is © The Royal Society of Chemistry 2020
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NaOH (0.1 M, 100 mL, 10 mmol) and 2-decyltetradecyl bromide
(7.18 g, 17.2 mmol) were added into a 250 mL round flask. The
mixture was heated to 60 °C and kept stirring overnight. When
the temperature was cooled to room temperature, the water was
decanted, and methanol was added. The crude product was
filtered and washed with methanol. The pure product C24-ANT
(1.50 g, 1.32 mmol, yield = 61%) as an orange solid can be
obtained by performing column chromatography with hexane
as the eluent. '"H NMR (CDCl;, 600 MHz), § (ppm), 8.61-8.54
(m, 6H), 8.12 (d, J = 7.8 Hz, 2H), 4.15-4.12 (m, 4H), 2.12-2.09
(m, 2H), 1.88-1.84 (m, 4H), 1.73-1.68 (m, 4H), 1.60-1.32
(m, 72H), 0.94-0.90 (m, 12H).

Synthesis of BE-C24-ANT

A dry flask under argon was charged with C24-ANT (1.50 g,
1.32 mmol), bis(pinacolato)diboron (1.02 g, 4.00 mmol), anhy-
drous potassium acetate (518 mg, 5.28 mmol) and [1,1'-
bis(diphenylphosphino)ferrocene]dichloropalladium(u) (Pd(dppf)Cl,
51 mg, 0.070 mmol), and the flask was flushed three times with
a vacuum/argon cycle. Anhydrous 1,4-dioxane (20 mL) was
added, and the reaction was heated to 110 °C for 12 h. After
the mixture was cooled, MeOH (100 mL) was added, and the
crude product was obtained after filtration. It was further
purified through silica gel column chromatography with hex-
ane:dichloromethane = 10:1 as the eluent, giving ~850 mg
(vield = 52%) of BE-C24-ANT as a yellow to red sticky liquid.
"H NMR (CDCl;, 600 MHz), § (ppm), 9.20 (s, 4H), 8.81 (s, 2H),
8.21 (s, 2H), 4.31 (d, J = 5.4 Hz, 4H), 2.25 (s, 2H), 1.96-1.91 (m, 4H),
1.78-1.72 (m, 4H), 1.56 (s, 24H), 1.49-1.30 (m, 72H), 0.91 (m, 12H).

General procedure for polymer synthesis

In a 50 mL Schlenk flask, BE-C24-ANT (308 mg, 0.250 mmol) and
dibromo compounds (0.250 mmol) were dissolved in toluene
(10 mL). 2 M K,CO; (5 mL) and 2 drops of Aliquat 336 were
added to the above reaction mixture. The solution was purged
with argon for 30 min, and then tetrakis(triphenylphosphine)
palladium (11 mg, 0.010 mmol) was added. The reaction
was stirred at 80 °C for 3 days. Then, a solution of
4-methoxyphenylboronic acid was added, followed by the addi-
tion of 2-bromothiophene, and the mixture was stirred over-
night. The resulting mixture was poured into a mixture of
methanol (100 mL) and water (100 mL) and stirred overnight.
The precipitated dark solid was filtered off and re-dissolved in
chloroform and added dropwise to methanol (250 mL). The
resulting solid was filtered off and subjected to Soxhlet extrac-
tion with methanol (24 h), acetone (24 h) and hexane (24 h),
respectively. The residue was finally extracted with chloroform
or chlorobenzene and precipitated again using methanol,
filtered, washed with methanol, and dried under vacuum.
PANT: M, = 20.9 kDa; M,, = 50.6 kDa; PDI = 2.42. Anal. calcd
for C,oH,050,: C 85.65, H 11.09, O 3.26; found: C 86.27, H 9.582.
PANT-TBO: M,, = 26.0 kDa; M,, = 72.3 kDa; PDI = 2.78. Anal. calcd
for Cg,H,14N,05S,: C 79.82, H 9.09, N 2.22, O 3.80, S 5.07; found:
C 79.56, H 7.855, N 2.15, S 5.228. PANT-TBT: M,, = 24.7 kDa;
M,, = 61.9 kDa; PDI = 2.51. Anal. caled for Cg,H;14N,0,S5: C 78.82,
H 8.98,N 2.19, O 2.50, S 7.51; found: C 79.54, H 7.961, N 1.97, S 7.606.

This journal is © The Royal Society of Chemistry 2020
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PANT-TffBT: M,, = 8.4 kDa; M,, = 27.3 kDa; PDI = 3.25. Anal.
caled for CgsH41,F,N,0,S5: C 76.67, H 8.58, F 2.89, N 2.13, O
2.43, S 7.31; found: C 75.00, H 7.149, N 2.27, S 8.628.
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