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In this paper, an N-oxide building block, 4,4'-dimethyl-[2,2'-bithiazole] 3,3'-dioxide (MeBTzO), was
designed and synthesized by oxidation of spz-N in the aromatic ring. Theoretical calculation results
showed that MeBTzO has higher reactivity than its non-oxide sp?-N containing monomer MeBTz in
direct (hetero)arylation polymerization (DHAP). Therefore, an N-oxide containing conjugated semicon-
ducting polymer, PDPPMeBTzO, was successfully synthesized via DHAP of MeBTzO with thiophene-
flanked diketopyrrolopyrrole (DPP). PDPPMeBTzO possesses a lower lowest unoccupied molecular orbital
(LUMO) than the non-oxide analogous polymer PDPPMeBTz, which will facilitate electron injection and
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transport in organic field-effect transistors (OFETs). As a result, PDPPMeBTzO has obviously enhanced
electron transport properties with a higher y of 0.11 cm? vtst compared to PDPPMeBT with a u. of
7.49 x 107% cm? V™ 571 Our strategy demonstrated that introducing the N-oxide group in conjugated
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Introduction

Conjugated semiconducting polymers (CSPs) have the advan-
tages of low cost, light weight, flexibility, and solution proces-
sability and therefore have been widely used in various appli-
cations from organic electronics’™ to bioelectronics.”® CSPs
with high charge carrier mobility () are essential for device
performance, especially for application in organic field-effect
transistors (OFETs)."®™'* To date, great achievements have
been made in p-type (hole-transporting) CSPs. Several p-type
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polymers has great potential for high performance ambipolar and n-type CSP materials.

CSPs with a hole mobility (4;) beyond 10 cm® V™' s have
been reported,">'* which is comparable to amorphous
silicon."® Regretfully, less progress has been made for n-type
(electron-transporting) CSPs, and the value of electron mobility
(#e) for n-type CSPs hardly competes with that for p-type ones.
The unbalanced hole and electron transport properties of
CSPs limit their comprehensive application in many organic
electronic devices. For example, a low-power complementary
metal-oxide semiconductor (CMOS)-like organic logic gate
needs to combine both p-type and n-type CSP materials with
balanced hole and electron transport properties.’®'” Even
though some ambipolar (transporting both holes and elec-
trons) CSPs have almost equal hole and electron mobilities,®
they are difficult to apply to electronic devices requiring separ-
ated hole and electron transporting channels, e.g. organic ther-
moelectric generators (OTEGs)."® In this context, more and
more efforts have been devoted to boosting the electron trans-
port properties of CSPs.

The major challenge in obtaining electron transport pro-
perties for CSPs is to realize the low-lying lowest unoccupied
molecular orbital (LUMO) that matches the work function of
metal electrodes for efficient electron injection. Particularly,
CSPs with a LUMO energy level below —4.0 eV are necessary
for an air-stable n-type OFET device."' One promising
approach is to introduce electron-withdrawing groups (EWGs)
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to the polymer backbone,”"® such as halogen (F or Cl),
cyano (CN),>*%* trifluoromethyl (CF3),>**” nitrogen (N),>57!
and boron « nitrogen (B « N) groups.*** Replacing C-H in
an aromatic ring with sp®-nitrogen (such as thiazole and pyri-
dine) can effectively lower the LUMO energy level and bring
electron transport properties to CSPs.*>® For example, the
diketopyrrolopyrrole (DPP) based conjugated polymer PDPP2T
exhibits pure hole-transport properties,®® while 2,2"-bithiazole
(BTz) is replaced by 2,2"-bithiophene (BT) to afford the uni-
polar n-type semiconducting polymer PDPPBTz.*® Similarly,
the dithienylthienothio-phenebisimide (TBI) based conjugated
polymer PTBI2T only exhibits a hole mobility of 0.06 cm”> V*
s~', while PTBI2Tz is an n-type CSP with a y. of 0.05 cm® V!
s .*" We are interested in these sp>N containing aromatic
structures because they can further oxidise to N-oxide com-
pounds, which can afford even lower LUMO energy levels. As
shown in Fig. 1, the density functional theory (DFT) calcu-
lation results show that N-oxide pyridine (PyO) and N-oxide
2,2"-bithiazole (BTzO) are more electron-deficient and have
lower LUMO than pyridine (Py) and BTz. Recently, Schipper
and coworkers reported a series of conjugated polymers con-
taining N-oxide groups,*”™** and the LUMO levels of these
polymers are lower than those of non-oxide ones. In this
context, building CPSs with the N-oxide group in a conjugated
backbone is a potential strategy to achieve electron-transport-
ing CPS materials. However, less attention has been paid to
these N-oxide containing conjugated polymers for organic elec-
tronic materials.

On the other hand, CSPs are usually synthesized by tran-
sition-metal-catalyzed coupling reactions that involve organo-
metallic reagents. For example, the widely used Stille reaction
for CSPs needs organotin monomers.*® Despite the fact that
these conventional coupling reactions provide an effective plat-
form to produce CSPs, it always takes tedious steps to syn-
thesize the corresponding organometallic monomers, not to
mention their toxicity. A direct (hetero)arylation reaction can
directly form an aryl C-C bond through the C-H bond and C-
X bond (X usually is a halide, Br or I), which is more environ-
mentally friendly and atom economical.*® Currently, direct
(hetero)arylation polymerization (DHAP) is becoming a valu-
able “greener” alternative to traditional coupling reactions for

(a)
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the synthesis of CSPs.”’** The broadly recognized mechanism
of direct arylation is a base-assisted, concerted metalation—
deprotonation (CMD) pathway.’*”* In this process, the acti-
vation barrier of the C-H bond cleavage in the transition state
is related to the reactivity and regioselectivity of the C-H bond
donating substrate. Theoretical calculation shows that N-oxide
derivatives have significantly lower CMD activation barriers of
C-H bond cleavage than the original N-heterocycles, which
make them easier to polymerize by DHAP.>

Herein, we designed and synthesized a new building block
containing the N-oxide group, namely MeBTzO, and polymer-
ized it with thiophene-flanked DPP through DHAP to afford
PDPPMeBTzO (P1). Compared to the non-oxide analogous
monomer MeBTz, MeBTzO shows higher DHAP reactivity due
to its lower CMD activation barrier of C-H bond cleavage
induced by the N-oxide group. The photophysical and electro-
chemical results show that P1 has an obviously lower LUMO
energy level and smaller bandgap than PDPPMeBTz (P2)
without the N-oxide group. Although DFT calculations reveal
that the backbone planarity of P1 is relatively poor, P1 still
exhibits excellent n-dominant ambipolar transporting pro-
perties (ue/pn = 3.5) with ye = 0.11 em® V7' s7' and g, =
0.03 cm® V' s7'. At the same time, non-oxide P2 has nearly
unipolar hole transport properties with a up/u. over 17, in
which . is about 0.007 cm? V™' s7" and p;, is 0.124 cm? V7!
s~'. The switched charge carrier transport properties from P2
to P1 is benefited from the lower LUMO energy level of P1 that
facilitates electron injection.

Results and discussion
Selection of the N-oxide monomer

The thiazole (Tz) group has been widely used for constructing
CSPs with excellent charge carrier transport
properties.***'*¢78 Li and coworkers reported that BTz, a Tz
containing aromatic compound, can undergo DHAP to copoly-
merize with DPP.>° Based on the previous report,® the N-oxide
compound BTzO should have higher reactivity than BTz in
DHAP. Therefore, we first conducted theoretical calculations to
compare the reactivity of BTz and BTzO. DFT calculation at the
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Fig. 1 Chemical structures, electrostatic potential (ESP) surface, and frontier molecular orbital energy levels for (a) Py and PyO, and (b) BTz and

BTzO. Calculations are carried out at the B3LYP/6-311++G** level.
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B3LYP/TZVP (DZVP for palladium) level is applied to deter-
mine the CMD activation barriers of C-H bond cleavage
during DHAP for both BTz and BTzO. As shown in Fig. 2, BTz
has energy barriers of 24.8 kcal mol™" and 30.0 kcal mol™" for
the - and p-positions, respectively. As expected, these barriers
are reduced to 23.4 kcal mol™' and 24.1 kecal mol™ when BTz
was replaced by the corresponding N-oxide BTzO. However, the
energy barrier difference between the a- and p-positions in
BTzO is only 0.7 kcal mol™, which will make undesirable
B-defects in DHAP. According to Arrhenius’s law, the regio-
selectivity ratio between the a- and B-positions is about 2.5: 1
at 115 °C. Hence, a methyl group is introduced at the
B-position to avoid the formation of p-defects. Calculation
results show that MeBTzO has even smaller CMD energy bar-
riers compared to BTzO (23.0 kcal mol ™" vs. 23.4 kcal mol ™) at
the a-position. These theoretical calculation results indicate
that MeBTzO will exhibit high reactivity in the DHAP. Apart
from the theoretical prediction, the selection of MeBTzO in
our study is also due to its better solubility. Both BTzO and

248 234 ) 245 230
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MeBTzO are synthesized. However, BTzO hardly dissolves in
common solvents for DHAP, such as THF, DMF and toluene.
At the same time, MeBTzO can be well dissolved in these sol-
vents. Overall, based on the theoretical and experimental
results, we employed MeBTzO as an N-oxide monomer to syn-
thesize CPSs by DHAP in this study.

Synthesis

The synthetic routes to the MeBTzO monomer and the corres-
ponding polymer are presented in Scheme 1. The Yamamoto
homo-coupling reaction of 2-bromo-4-methylthiazole is carried
out to afford 4,4'-dimethyl-2,2"-bithiazole (MeBTz). After oxidiz-
ing with meta-chloroperoxybenzoic acid (m-CPBA), MeBTzO is
obtained. It takes only two steps to synthesize the MeBTzO
monomer from commercially available starting materials
under mild conditions, which is much easier than organo-
metallic reagents. The MeBTzO containing polymer P1 is then
synthesized via DHAP between MeBTzO and ThDPP-Br cata-
lyzed by Hermann’s catalyst. As a comparison, we also syn-

pesa If>—<’] prass I/>—<’

30.0 24 1 L
BTz BTzO

MeBTz MeBTzO

Fig. 2 Gibbs free energy of the CMD transition state associated with the transition state for the C—H bond cleavage.
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Scheme 1 Synthetic route to (a) MeBTzO, (b) PDPPMeBTzO, and PDPPMeBTz.
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thesized P2 without N-oxidation under the same DHAP con-
ditions. It is worth noting that the reaction rate between
MeBTzO and ThDPP-Br is surprisingly fast, evidenced by the
color of the reaction solution that switches from red to deep
purple 30 minutes after its setting up (Fig. S47). In contrast,
we did not observe the same color change until 4 hours later
in the synthesis of P2. This phenomenon well correlates with
the computed CMD barriers. The purification of P1 is con-
ducted by Soxhlet extraction with methanol, acetone and
hexane, in order to remove the impurities and low-molecular-
weight fractions. However, P2 is completely dissolved in
hexane after methanol and acetone extraction. This is due to
the low reactivity of MeBTz, thus leading to low-molecular-
weight P2. The chloroform fraction of P1 and the hexane frac-
tion of P2 were collected and concentrated, and then precipi-
tated in methanol to afford the final product for further
characterization and device fabrication. The chemical struc-
tures of all monomers and two polymers were verified by "H
NMR spectroscopy (see details in the ESIt). The molecular
weights (M) of polymers were characterized by high-tempera-
ture gel permeation chromatography (HT-GPC) at 150 °C using
1,2,4-tricholorobenzene (TCB) as the eluent and the details are
summarized in Table 1.

Photophysical and electrochemical properties

The photophysical properties of P1 and P2 are investigated
using ultraviolet-visible (UV-vis) absorption spectra both in
dilute solution (1 x 107> M in chloroform) and thin film
(Fig. 3a and b), and the corresponding data are summarized in
Table 1.

In solution, the maximum absorption peak of P1 is at
767 nm with the absorption onset at around 880 nm, while P2
presents an absorption maximum at 670 nm with the absorp-
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tion onset at around 842 nm. Note that after introducing the
steric hindrance methyl group in MeBTz, the absorption of P2
is blue-shifted to the previously reported polymer PDBTz
without the methyl group,*® probably due to the relatively poor
coplanarity of P2. In contrast, P1 containing the N,N-dioxide
MeBTzO unit with two more steric oxygen atoms does not
show further blue-shift in the absorption spectra. This is
because oxygen atoms in MeBTzO units could form a chalco-
gen (S-0) bond,** which will not disturb the coplanarity of the
polymer chain. Furthermore, the electron deficient MeBTzO
unit in P1 could lower the LUMO level of the polymer, thus
leading to a smaller bandgap compared to P2. From solution
to thin film, both polymers show an obvious bathochromic
shift and increased 0-0 vibrational peaks, indicating strong
interchain aggregation and better coplanarity in the solid
state. The optical bandgaps (Eg™) of P1 and P2 are 1.37 eV and
1.46 eV, respectively, calculated from the absorption onset of
both polymers in thin films.

The LUMO energy levels of both polymers were deter-
mined by cyclic voltammetry (CV). The experiment was con-
ducted with polymer films on a glassy carbon electrode in
an acetonitrile solution containing n-Bu,NPFs as the support-
ing electrolyte under nitrogen. Due to their highly electron
deficient backbone, both polymers exhibit a relatively revers-
ible doping process (Fig. 3c), suggesting their good electron
acceptor properties. The LUMO energy levels are calibrated
by using ferrocene as a reference, which are —3.65 eV and
—3.60 eV for P1 and P2, respectively. Clearly, the LUMO
energy level of P1 is decreased after introducing N,N'-dioxide
groups compared to that of P2. The HOMO energy levels of
both polymers are calculated with the equation Eyomo =
Erumo — B¢, which are —5.02 eV and —5.06 €V for P1 and
P2, respectively.

Table 1 Molecular weights and optical and electrochemical properties of PDPPMeBTzO and PDPPMeBTz

Polymer Mn (kDa)/PDIa ELUMOb [eV] ﬁ'maxc [nm] ﬂonsetd [nm] Egpt ¢ [nm] EH()MOf [eV]
PDPPMeBTzO 26.7/2.11 -3.65 767 906 1.37 —5.02
PDPPMeBTz 8.4/1.54 -3.60 670 852 1.46 —5.06

“Determined by GPC usmg 1,2,4-trichlorobenzene (TCB) as an eluent at 150 oC b The LUMO energy level estimated from the cyclic voltammetry
(CV) measurements.  The absorptlon maxlmum for the chloroform solution. ¢ The absorptlon onset for the film spectrum. ¢ Optical band gap

estimated using the equation: Eg*"

= 1240/Aonser./ The HOMO energy level estimated using the equation: Exomo = ELumo — Egp .

=
)
G
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Fig. 3 UV-vis—NIR absorption spectra of PDPPMeBTzO and PDPPMeBTz in (a) chloroform solution and (b) as-thin films. (c) Cyclic voltametric

reduction curves of both polymers in a thin film.
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DFT calculation

To further understand the frontier molecular orbital (FMO)
energy levels and backbone conformation of both polymers,
DFT calculations were performed at the B3LYP/6-31G* level
based on the trimer of P1 and P2, and the methyl group was
considered instead of long branched side chains in order to
save the calculation time. Unexpectedly, P2 has a nearly planar
conformation with the steric methyl group. The dihedral
angles 6,, 0, and 65 are almost 0° (Fig. 4), which are similar to
those of polymers without a steric methyl group (Fig. S31). For
P1, the dihedral angles are slightly increased after oxidation,
in which 0y, 6, and 65 are 0.09°, 5.58° and 0.18°, respectively.
Remarkably, the O---S distance in P1 is 2.70 A as calculated,
obviously smaller than the sum of the van der Waals radii for
0-S (3.37 A), indicating the formation of a chalcogen bond.
The calculated LUMO energy levels have the same trend as in
the CV results, in which the trimer of P1 has a lower energy
level (—3.21 eV) than that of P2 (—3.11 eV).

OFET device

The charge carrier transport properties of both polymers were
evaluated using OFET devices with a bottom-gate/top-contact
(BGTC) architecture. After the screening of solvents for device
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fabrication, chloroform (CHCl;) gave the best OFET device
performance.

The polymer solutions (5 mg mL ") were spin-coated on an
octadecyltrichlorosilane (OTS-18) decorated substrate.®® Before
evaporating electrodes, the as-spun polymer films were
annealed at different temperatures over 30 minutes. This
process could possibly increase the crystallinity of the polymer
and reduce the concentration of charge traps.®" The very detail
of the device fabrication is presented in the Experimental
section and the results of OFET devices for both polymers are
summarized in Table 2. Both polymers showed ambipolar
charge carrier properties, but with different features. As shown
in Fig. 5, the absence of the saturation region for P2 in the
output curve under positive Vpg indicated that it mainly shows
hole transport properties, and its hole mobility was about
0.13 em® V' s7' with a small deviation at each annealing
temperature. At the same time, its electron mobility increased
from 1.3 x 1072 to 7.4 x 107> em® V™' s7! as the annealing
temperature increased, which may be attributed to the degra-
dation of electron trapping.®* The pp/u. value of P2 was about
17, indicating that P2 was a p-dominant ambipolar CSP.

After introducing the N-oxide group in P1, the LUMO
energy level decreased from —3.60 eV to —3.65 eV compared to
P2. In this way, P1 exhibited more electron transport pro-
perties. According to the output curve of P1, the current of the

0 0
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Fig. 4 DFT-derived HOMO/LUMO energy levels and side view representations of polymers (a) PDPPMeBTzO and (b) PDPPMeBTz.

Table 2 BGTC OFET characteristics of PDPPMeBTzO and PDPPMeBTz

n-Type p-Type
POlymel‘ Tanneal (oc) He [Cm V71 71] Ion/loffb Vthc [V] Hh ¢ [Cm V71 71] Ion/Ioffb Vthc [V]
PDPPMeBTzO 150 3.71x 1072 10* 50 9.80 x 107 10° —-47
200 5.00 x 1072 10* 44 9.76 x 10> 10° —45
250 1.12 x 107" 10* 44 3.19x 1072 10° —-47
PDPPMeBTz 150 1.30 x 1073 10> 40 1.28 x 107" 10* —34
200 7.49 x 1072 10> 39 1.40 x 107" 10* -38
250 7.32 %1073 10> 45 1.24 x 107" 10* -32

“ . is the average electron mobility calculated from at least five devices. ” Current on/off ratio. “ Threshold voltage. ¢ uy, is the average hole mobi-

lity calculated from at least five devices.
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d) transfer and (f and h) output characteristics of (b and f) PDPPMeBTzO and (d and h) PDPPMeBTz at 250 °C.

saturation region under positive Vpg was bigger than that
under negative Vpg, which implied the reversion of the domi-
nant charge carrier transporting type, and the average value of
se and py, was 0.112 and 3.19 x 107> em? V™! s7! after anneal-
ing at 250 °C, respectively. Correspondingly, the I,,/I,¢ of the
n-channel in the P1 based OFET and that of the p-channel in
the P2 based OFET all reached 10% while I,./I,¢ of the
p-channel in the former and that of the n-channel in the latter
were relatively low because of the imbalanced ambipolar mobi-
lity property of devices.”® In addition, all devices exhibited a
considerable threshold voltage of about 30-50 V in absolute
value; such a shift originated from charge carrier traps and
interface defects.®® In a word, the oxidation strategy makes the
main carrier transport type change, while maintaining the
same order of magnitude of mobility.

RMS = 0.956 nm

1pm

Thin film

To gain deeper insight into the relationship between the
device performance and polymer structures, thin film mor-
phologies and microstructures were investigated by atomic
force microscopy (AFM) and grazing incidence wide-angle
X-ray scattering (GIWAXS). The morphologies of polymer films
with different annealing temperatures were characterized by
tapping mode AFM. As shown in Fig. 6, P1 and P2 showed
obviously different morphological features. P1 had homo-
geneous thin film morphology with low root-mean-square
(RMS) surface roughness, while local aggregations and pin-
holes were observed for P2 with high RMS surface roughness.
This is probably due to the lower molecular weight of P2.
Fig. 7, S9 and S10t1 show the one-dimensional (1D) line-cut

RMS =2.779 nm .
I
1pm

Fig. 6 AFM height images of the annealed (250 °C) polymer thin films of (a) PDPPMeBTzO and (b) PDPPMeBTz.
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Fig. 7 1D-GIWAXS (a) in-plane and (b) out-of-plane line-cut profiles of the annealed (250 °C) polymer thin films of both polymers.

profiles and the two-dimensional (2D) GIWAXS patterns of
both polymers at three temperatures. For P1, both in-plane (IP)
and out-of-plane (OP) profiles presented the (100) diffraction
peaks, which represented the lamellar packing, implying their
bimodal molecular orientation. For P2, the polymer film
exhibited a dominant edge-on orientation, evidenced by only
the (100) diffraction peak along the in-plane direction. The
d-spacing values of the lamella calculated from the (100) diffr-
action peaks were 2.59 nm and 2.74 nm for P1 and P2, respect-
ively. Both polymers have weak (010) diffraction peaks and the
corresponding n-n distance was 3.87 A and 3.89 A for P1 and
P2 respectively.

Conclusions

In summary, we have successfully synthesized two CSPs,
PDPPMeBTzO and PDPPMeBTz, using the DHAP method.
Through detailed characterization by UV-vis, CV, and DFT cal-
culations, it is found that the oxidation of sp®>N makes
PDPPMeBTzO have a low-lying LUMO and smaller bandgap.
As a result, the original PDPPMeBTz presents almost unipolar
hole transport properties with a gy, of about 0.13 cm® V™' s,
while N-oxide PDPPMeBTzO exhibits dominant electron trans-
port properties with a u. of about 0.11 ecm”® V™' s™'. The
switched charge carrier properties demonstrate that introdu-
cing the N-oxide group in conjugated polymers is an effective
way to enhance the electron transport properties. We believe
that our strategy will pave a new way to design high perform-
ance ambipolar and n-type CSPs.

Experimental section
Synthesis of monomers and polymers

The synthetic experimental details are presented in the ESL{

OFET device fabrication

OFETs with bottom-gate and top-contact geometries (BGTC)
were used in the present study. All devices were fabricated on a
highly doped n++-silicon wafer with a 300 nm thermally grown
oxide layer substrate. The wafer serves as a gate electrode and

This journal is © The Royal Society of Chemistry 2023

SiO, acts as a dielectric layer. Prior to the surface treatment of
the silicon oxide layer, the wafer was cleaned using deionized
water, acetone, and iso-propyl alcohol in an ultrasonic bath
and dried in a drying oven. Subsequently, the substrate was
plasma treated and transferred to a vacuum oven, adding a
small amount of OTS-18 solution to complete the interface
modification of the substrate surface under this atmosphere.
The polymer was dissolved in chloroform and filtered to
obtain a 5 mg mL™" solution, which was spin-coated (3000
rpm for 30 s) on the substrate to form an active layer under
nitrogen conditions. After annealing at different temperatures
(150 °C, 200 °C, 250 °C) for 30 min, the sample was transferred
to a vacuum evaporation chamber and fixed on a metal
shadow mask, and the argentum particles were evaporated to
deposit as source and drain electrodes, which have a thickness
of about 100 nm. The channel length (L) and width (W) of the
device were 50 and 2000 pm, respectively.

The film samples for GIWAXS and AFM characterization
were also spin-coated on the OTS-treated SiO, substrate from
chloroform solution and annealed at different temperatures.

Characterization of the OFET device

The volt—ampere characteristics of OFETs were tested using
the Keithley 2636B semiconductor analyzer. All the measure-
ments were performed in a nitrogen-filled glovebox without
illumination. Voltages are applied to the gate and source and
drain electrodes, respectively, using the probe station of the
semiconductor analyzer. The FET mobilities were calculated
from the saturation regime by extracting the slope of the linear
range of 1113/5Z versus Vg plot and using the following equation.

2LIpg

= We (ve — ) 2

where Ipg is the drain current and C; is the capacitance per
unit area of the gate dielectric, that is 11.5 nF cm™? for SiO,.
Vs and Vi are the gate voltage and threshold voltage, respect-
ively. At room temperature, for the measurement of n-type pro-
perties, Vp was set to 70 V and Vi was scanned from 0 to 70 V
to obtain the transfer characteristic curve (Ips-Vg); in addition,
under the increase of the Vg from 10 to 70 V with the voltage
gradient of 10 V, scanning the Vp, from 0 to 70 V corresponds

Polym. Chem., 2023, 14,1945-1953 | 1951
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to every Vg to acquire the output characteristic curve (Ips—Vps)-
For the measurement of p-type properties, the corresponding
voltages were set to equal negative values.
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