¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal | View Issue

Dithiene-fused quinoxalineimide-based
all-acceptor polymers for n-type organic
semiconductorsf
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Introduction of strong electron-deficient building blocks into the polymer backbone is an efficient
strategy to design n-type organic semiconductors. In this work, a strong electron-deficient building
block, dithiene-fused quinoxalineimide (DTQI), containing electron-withdrawing quinoxaline and imide
units, was synthesized and incorporated into a polymer backbone. The frontier molecular orbital (FMO)
energy levels downshifted with the incorporation of the quinoxalineimide (Ql) unit onto the framework.
Owing to the high electron-affinity of DTQI, the DTQI-based acceptor—acceptor (all-acceptor, A-A)
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type polymer P(DTQI-BTI) showed deep-lying highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels, thus yielding unipolar n-type transport character
with electron mobility of 0.25 cm? V™ 571 in organic thin-film transistors. These results demonstrate
that DTQI is a promising building block for constructing n-type polymer semiconductors and can be
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extended to the design of other novel electron-deficient building blocks.

Introduction

n-Type organic semiconductors are an excellent important class
of active materials in organic optoelectronic devices, such as
organic thin-film transistors (OTFTs)," " organic photovoltaics
(OPVs),'**® perovskite solar cells (PVSCs),"' and organic
thermoelectrics (OTEs).?>° In the past few decades, tremen-
dous efforts have been made to develop p-type (hole transport)
and ambipolar (both hole and electron transport) semiconduct-
ing polymers.*** However, the development of n-type (electron
transport) polymer semiconductors lags behind their p-type
counterparts due to the limited electron-deficient building
blocks.**™” To realize practical organic electron devices, both n-
type and p-type organic semiconductors are required. Therefore, it
is necessary and urgent to design and synthesize n-type polymer
semiconductors.

To realize unipolar n-type electron transport in polymer
semiconductors, both the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO)
energy levels should be sufficiently low. One of the efficient
strategies to design n-type polymer semiconductors is to
introduce strong electron-deficient building blocks into the
backbone, such as imide,**** amide,***™*® cyano,*” or B « N
groups.”®? Among them, imide functionalization has become
one of the widely investigated acceptor building blocks for
constructing n-type organic semiconductors, which exhibits
intriguing optoelectronic properties due to the strong
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Fig. 1 Molecular design strategy to develop electron-deficient building block DTQI, which combines the advantages of both BTl and Qx.

electron-withdrawing character of the imide group and good
solubility enabled by the N-alkyl side chain. As typical repre-
sentatives of imide building blocks, naphthalene diimide
(NDI),">* perylene diimide (PDI),>***> naphthodithiophene
diimide (NDTI),”**” dithienophtalimide (DTP),”®"° and bithio-
phene imide (BTI),”> have been widely incorporated into n-type
polymer semiconductors. NDI and PDI containing diimide
groups are beneficial to realizing the low-lying LUMO energy
levels. However, the geometries of NDI and PDI result in sizable
steric hindrance with neighboring units and lead to a distorted
polymer backbone, which limits electron transport. Recently,
BTI (Fig. 1) has shown remarkable success in developing high-
performance n-type polymer semiconductors and the BTI-based
A-A type polymers have yielded promising device performance
in OTFTs, PVSCs, and OTEs.'%233>

Among various acceptor units, a pyrazine-fused electron-
deficient unit is also a promising building block to construct
n-type polymer semiconductors due to its strong electron-
withdrawing ability, easy functionalization, and tunable LUMO
levels.®®®" For example, pyrazine derivatives, such as quinoxa-
line (Qx) (Fig. 1), fluorinated quinoxaline, thiadiazoloquinoxa-
line, and dithienobenzoquinoxaline, have been widely
developed as high mobility semiconductors for OTFTs.®>® By
proper modification of pyrazine-based acceptor units, the
energy levels and charge carrier mobility can be easily tuned
by the following methods: (i) changing the quinoxaline-based
polymer backbone from acceptor-donor to acceptor-acceptor;
(ii) introduction of different side chains to tune the solubility,
aggregation behavior and intermolecular interactions of the
molecule, which in turn affects the device performance of the
polymer; (iii) introduction of functional groups onto the qui-
noxaline backbones, such as F atoms, Cl atoms, and cyano and
ester groups, to lower the LUMO energy levels of the polymers.
Therefore, it is highly desired to design other novel pyrazine-
based acceptor units and investigate their structure-property
relationship.

Inspired by the excellent performance of both BTI- and
pyrazine-based organic semiconductors, herein, a dithiene
fused quinoxalineimide (DTQI) (Fig. 1) electron-deficient build-
ing block, containing electron-withdrawing quinoxaline and
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imide units, was synthesized and incorporated into polymer
semiconductors. DTQI-based A-A type polymers PDTQI and
P(DTQI-BTI) exhibit a highly planar backbone and low LUMO
energy levels. The low-lying LUMOs (< —3.50 eV) of the poly-
mers could effectively facilitate electron injection in OTFTs.
P(DTQI-BTI) showed a high p. of >0.25 cm® V™' s7'. The
results demonstrate that dithiene-fused quinoxalineimide is a
promising electron-deficient building block for constructing n-
type polymer semiconductors.

Results and discussion
Materials synthesis and characterization

The synthetic route to monomer DTQI and its corresponding
A-A type polymers PDTQI and P(DTQI-BTI) is depicted in
Scheme 1, and the detailed synthetic procedures are provided
in the ESL{ Compound 1 was synthesized according to the
reported procedure.®"®® Key intermediate compound 2 was
obtained via the condensation of 1 with diethyl 2,3-dioxo-
succinate. 2 was then dibrominated with NBS to yield 3.
Carboxylic acid compound 4 was obtained by hydrolysis with
sodium hydroxide and successive hydrochloric acid treatment,
and then 4 was treated with acetyl chloride to yield acid
anhydride 5. The imide molecule DTQI-2Br was successfully
obtained by amidation of compound 5 with the corresponding
alkylamine and successive imidization by using acetic anhy-
dride. The monomer and key intermediates were fully charac-
terized by "H NMR and **C NMR (Fig. S1-S8, ESI{).

The polymerization of DTQI-2Br was carried out with como-
nomers bis(tributyltin) and distannylated BTI (BTI-Tin) via the
Stille coupling reaction using Pd,(dba)s/P(o-tol); as the catalyst
system to afford A-A type polymers PDTQI and P(DTQI-BTI),
respectively (Scheme 1b). BTI-Tin was chosen as the comono-
mer due to its high planar backbone, good solubility and high
reactivity.'® Additionally, incorporation of BTI into the polymer
backbone would increase the content of acceptor unit and allow
us to tune the frontier molecular orbital levels of the conju-
gated polymers. After polymerization, the polymers were pur-
ified by successive Soxhlet extractions with methanol, acetone,

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Synthetic route to (a) the dibrominated dithiene-fused quinoxalineimide monomer DTQI-2Br and (b) DTQI-based A-A type polymers PDTQI

and P(DTQI-BTI).

hexane, dichloromethane and chloroform. The final chloro-
form fractions were collected and reprecipitated into methanol
to afford the A-A type polymers, which were used for character-
ization and device fabrication. The number-average molecular
weights (M,s) of the polymers were measured by high-
temperature gel permeation chromatography (HT-GPC) with
1,2,4-trichlorobenzene as the eluent at 150 °C. As summarized
in Table 1, PDTQI has an M,, of 54 kDa with a polydispersity
index (PDI) of 1.8, and P(DTQI-BTI) shows an M,, of 65 kDa with
a PDI of 1.7.

Polymer thermal properties

The thermal properties of the two A-A type polymers were
investigated by thermogravimetric analysis (TGA) and differen-
tial scanning calorimetry (DSC). As shown in Fig. S9 (ESIt), both
polymers exhibited excellent thermal stability with the decom-
position temperature (5% weight loss) over 400 °C. DSC shows

clearly distinct thermal properties of PDTQI, and a glass
transition temperature (Ty) of 153 °C was detected during the
heating scan. The exothermic peak at &~ 250 °C corresponded to
the phase transition temperature of PDTQI, while for P(DTQI-
BTI), no endothermic or exothermic peak was observed during
the heating or cooling process, revealing that no phase transi-
tions were observed within the temperature range (25-350 °C).

Theoretical calculations

To evaluate the electronic structure and optimized geometry of
DTQI, density functional theory (DFT) calculations were per-
formed at the B3LYP/6-31G(d) level using the Gaussian 09
program. The optimized molecular geometry of DTQI is a
completely planar structure (Fig. S10, ESIT). Compared with
BTI, the new DTQI shows a low-lying FMO energy level,
which should facilitate electron injection and block hole accu-
mulation, thus resulting in n-type transport character. In

Table 1 Molecular weights, and optical and electrochemical properties of the polymers

Polymer M," (KDa) PDI Jm b (nm) Jfilm . (nm) EPPC (V) Erumo” (eV) Exomo’ (€V)
PDTQI 54 1.8 345 627 1.98 —3.60 —5.58
P(DTQI-BTI) 65 1.7 586 627 1.98 —3.63 —5.61

“ GPC versus polystyrene standard, trichlorobenzene as the eluent at 150 °C.”? Absorption of the as-cast film in chloroform solution.
¢ Estimated from the absorption onset of the as-cast polymer film using the equation: Egpt = 1240/ 20nset (€V). ¢ Erymo = —e(EXS + 4.80) eV,

onset

Ereq®* determined using the Fe/Fc™ external standard. ¢ Exomo = Erumo -— Egb

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Frontier molecular orbital energy levels of DTQI.

comparison with BTzl,*® fusing a bithiophene unit into the
quinoxalineimide core can improve the reaction activity
between the DTQI monomer and other acceptor comonomers,
thus obtaining a polymer with high M,. Therefore, a DTQI
building block is favorable for constructing high-performance
n-type polymer semiconductors. The n-electron density distri-
butions of the LUMO levels are widely delocalized over the
n-framework, while the HOMO level is mostly localized around
the central phenyl ring and thiophene rings of the DTQI core
(Fig. 2). The calculated HOMO and LUMO levels are —6.21 and
—2.60 eV for DTQI. The LUMO level of the DTQI is 0.3 eV lower

(a)

s PDTQI-Solution
——PDTQI-Film

Normalized Absorption(a.u.)

v 1 L v v T T T T T T
300 350 400 450 500 550 600 650 700 300 350 400 450 500 550 600 650 700

View Article Online

Journal of Materials Chemistry C

than the calculated LUMO level of the BTI. The relatively lower
LUMO level of the DTQI is beneficial for the electron transport.
These results confirm that integrating electron-deficient BTI
and quinoxaline units into a new building block is an effective
strategy for achieving polymer semiconductors with high pla-
nar backbones and deep-lying LUMO levels.

Optical and electrochemical properties

The optical and electrochemical properties of DTQI-based
polymers have been evaluated by UV-via absorption spectra
and cyclic voltammetry (CV), and the corresponding data are
summarized in Table 1. As shown in Fig. 3a, homopolymer
PDTQI showed nearly the same absorption spectra in both film
and solution. However, P(DTQI-BTI) exhibited two main peaks
at 500-600 nm (Fig. 3b), and the long wavelength absorption
band of P(DTQI-BTI) is ascribed to the intramolecular charge
transfer (ICT). By incorporating a BTI acceptor unit into the
P(DTQI-BTI) backbone, the maximum absorption peak of
P(DTQI-BTI) is larger than that of PDTQI, suggesting the
stronger n-n intermolecular aggregation of P(DTQI-BTI). The
optical band gaps (EgP's) of PDTQI and P(DTQI-BTI) are 1.98 eV,
determined from the polymer film absorption onsets.

The electrochemical properties of DTQI-based polymers
were evaluated using CV (Fig. 3c). These two polymers exhi-
bit distinctive reduction peaks, indicating their n-type

(b)

P(DTQI-BTI)-Solution
—— P(DTQI-BTI)-Film
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Fig. 3 Normalized UV-vis absorption spectra of the DTQIl-based polyme

rs (@) PDTQI and (b) P(DTQI-BTI). (c) Cyclic voltammograms of polymer thin

films measured in 0.1 M tetrabutylammonium hexafluorophosphate acetonitrile solution with the Fc/Fc* redox couple as an external standard at a
scanning rate of 0.05 V s~ (d) FMO level diagram of the DTQI-based polymer films.
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Fig. 4 The transfer (a and b) and output (c and d) curves: (a and c) PDTQI
and (b and d) P(DTQI-BTI).

characteristics. According to the onset of reduction potentials,
the LUMO energy levels were —3.60 and —3.63 eV for PDTQI
and P(DTQI-BTI), respectively. Due to the weak oxidation peaks,
the HOMO levels were calculated based on the LUMO and
EgP* using the equation: Eyomo = Erumo — Eg'', which were
—5.58 and —5.61 eV for PDTQI and P(DTQI-BTI), respectively.
Therefore, it is found that the DTQI building block containing
the electron-withdrawing quinoxaline and imide units, pro-
vides the DTQI-based polymers with deep LUMO and HOMO
energy levels. Such low-lying FMOs should facilitate electron
injection and suppress hole accumulation, thus leading to
n-type transport characteristics in OTFTs.

Charge transport properties of the n-type polymers

To investigate the charge transport properties of PDTQI and
P(DTQI-BTI), OTFTs with a top-gate/bottom contact (TGBC)
device structure were fabricated. Polymethyl methacrylate
(PMMA) is used as the dielectric and Ag is used as the gate
electrode. Chloroform is chosen as the processing solvent and
the concentration of organic semiconductors is controlled at
5 mg mL~". Before evaluation, an annealing process at 100 °C
for 20 min was conducted to achieve better morphology. The

Table 2 The OTFT characteristics based on PDTQIl and P(DTQI-BTI)

Polymers te (em®> vV ts™h Ven (V) Ion/Iog ratios
PDTQI 0.012 (0.01 + 0.005) ~30 ~10*
P(DTQI-BTI) 0.25 (0.21 + 0.005) ~10 ~10°

The average mobility is obtained from 10 devices.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Tapping-mode AFM topography images of the polymer thin films:
(a) PDTQI film and (b) P(DTQI-BTI) film.

saturation mobility of OTFTs is calculated according to the
square root of drain current (Ips) dependence on gate voltage
(Vo). The detailed experimental procedures for OTFTs are
summarized in the ESI.{Fig. 4a and b show the typical transfer
curves and Fig. 4c and d show the corresponding output
curves. The related parameters are listed in Table 2. The
homopolymer PDTQI exhibits ambipolar charge transport in
OTFT. The PDTQI-based device showed pu;, and . of 0.005 and
0.012 cm?® V' 57, respectively, while the copolymer P(DTQI-
BTI) showed unipolar n-type charge transport and exhibited
one order higher electron mobility of 0.25 cm®> V' s than
PDTQI. Besides, a high on/off current (I,,/Io) ratio of around
10° and a relatively low threshold voltage (Vi) of 10 V are also
achieved by P(DTQI-BTI).

Film morphology of the n-type polymers

The thin-film morphology of PDTQI and P(DTQI-BTI) is studied
by atomic force microscopy (AFM) and the corresponding
topography images are shown in Fig. 5. According to the topo-
graphy images, the PDTQI-based film shows relatively amor-
phous morphology with the root-mean-square (RMS) roughness
value of 0.408 nm. For P(DTQI-BTI), its surfaces are rougher
with higher RMS values of 0.515 nm, indicating higher
crystallinity.°®®” As a result, the higher electron mobility of
P(DTQI-BTI) might be due to its stronger aggregation of mole-
cules to form films with higher crystallinity. X-Ray diffraction
(XRD) analysis was performed to investigate the crystallinity of
PDTQI and P(DTQI-BTI) (Fig. S13, ESIt) under the optimal
annealing process (100 °C for 20 min).

Conclusions

In summary, a planar and strong electron-deficient building
block, DTQI, containing quinoxaline and imide units has been
successfully synthesized and incorporated into a n-conjugated
polymer backbone. DTQI combines the advantages of both
imide and quinoxaline functionalities, showing a highly planar
backbone, good solubility, and small steric hindrance. Due
to the strong electron-withdrawing ability of the imide and
quinoxaline groups, DTQI has significantly enhanced electron-
deficient characteristics. As a consequence, DTQI-based accep-
tor-acceptor type polymers PDTQI and P(DTQI-BTI) showed
deep FMO energy levels, which is beneficial for electron

J. Mater. Chem. C, 2023, 11, 11905-11911 | 11909
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transport in OTFTs. The resulting OTFT device based on
P(DTQI-BTI) shows unipolar n-type behavior with u. of
0.25 em” V™' 57", These results demonstrate that a dithiene-
fused quinoxalineimide (DTQI) electron-deficient unit is a
promising building block for constructing n-type polymer
semiconductors.
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