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Abstract Two pyrimidoisoindigo-based polymers were synthesized by copolymerizing thiophene-flanked pyrimidoisoindigo (T-Pymll) with
thiophene (T) or 3,4-difluorothiophene (2FT), and their structure—property correlations were investigated. Although both polymers exhibited am-
bipolar transport properties, P(PymlI-TTT) was dominated by hole transport, while P(PymlI-T-2FT-T) was dominated by electron transport. Among
them, the highest hole mobility up to 1.66x1072 cm2V~":s™! was observed for P(PymlI-TTT), while the highest electron mobility of 6.37x1073
cm2V~"s71 was observed for P(PymlI-T-2FT-T). AFM and GIWAXS analyses revealed that their poor morphology and crystallinity may account for

their inferior performance. Therefore, further side-chain engineering is needed to improve the crystallinity of Pymll-based polymers.
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INTRODUCTION

Since Tsumura et all! made the first organic field-effect transis-
tor (OFET) using polythiophene as the semiconductor layer in
1986, the scientific community has continued to improve its
performance. According to the type of carrier transport, OFETs
can be classified as p-type, n-type, or ambipolar-type. Ambipo-
lar OFETs are an important research direction because no so-
phisticated micropatterns to fabricate both n- and p-channels
are needed in such devices, which simplifies the large-area
manufacturing of complementary integrated circuits. To date,
the hole mobility of p-type polymer semiconductors has been
reported to be over 50 cm%V~"s" @ whereas the electron mo-
bility of ambipolar polymer semiconductors reaches 16.67
cm?V~1s7" Bl However, balancing the mobility of both elec-
trons and holes in ambipolar conjugated polymers remains dif-
ficult. Similar to n-type semiconductors, ambipolar polymers re-
quire low lowest unoccupied molecular orbital (LUMO) energy
levels for stable electron-transport behaviours,* which calls for
the design of acceptors with higher electron deficiencies.”® On
the other hand, they also need to have suitable highest occu-
pied molecular orbital (HOMO) energy levels that allow efficient

* Corresponding authors, E-mail: muyb@jhun.edu.cn (Y.B.M.)

E-mail: zhaozhiyuan@iccas.ac.cn (Z.Y.Z)

E-mail: wanxb@jhun.edu.cn (X.B.W.)
Received December 29, 2025; Accepted April 14, 2026; Published online
July 20,2026

© Chinese Chemical Society
Institute of Chemistry, Chinese Academy of Sciences

hole transport, which means that relatively small bandgaps
compared to those of n-type and p-type conjugated polymers
are required.””” In addition to these factors, different aggrega-
tion behaviours and crystallinities of the conjugated polymers
also have a significant influence on the final outcome of device
performance. However, there is no clear guidance for designing
a donor-acceptor (D-A)-type conjugated polymer fulfilling all
three criteria; therefore, trial-and-error methods are still needed
to find a suitable acceptor for better ambipolar charge trans-
port behaviors. A general method is to manipulate the existing
acceptors for lower LUMO energy levels and then test how such
a structural change will lead to changes in the properties of the
polymer in the solid state and the mobility of the devices.
Isoindigo has a long history of use as a building block for
the synthesis of conjugated polymers for OFETs.Bl In 2010,
Reynolds' team™ introduced isoindigo as an acceptor unit in-
to conjugated oligomers for the first time, and used the ob-
tained organic semiconductor materials for organic photo-
voltaics. Isoindigo has two lactams in its molecular structure,
endowing it with a LUMO energy level of approximately
—-3.60 eV,['% so it has been widely used as the acceptor to
construct D-A-type polymers since then. In 2011, Pei et al.l'!l
synthesized IIDT and IIDDT by copolymerizing isoindigo with
bis(trimethylstannyl)thiophene or 5,5-bis(trimethyl-stannyl)-
2,2'-bithiophene, which are the first series of isoindigo-based
copolymers. Among them, IIDDT exhibits a hole mobility of
up to 0.79 cm2V-1.s~1. The hole mobility can be further in-
creased to 3.62 cm2V-1-s~1 by adjusting the branching point
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of the alkyl side chains away from the polymer backbones.['?]
They also synthesized a series of isoindigo-based copolymers
with different donors, all of which exhibited p-type transport
behaviour because the LUMO energy level was not low
enough!’3l, Among them, the copolymer with terthiophene
(P(IID-TTT)) (Fig. 1a, left structure) has the most linear back-
bone and exhibits a hole mobility of up to 0.061 cm2-V-T.s~1,
Subsequently, they introduced electron-withdrawing sub-
stituents such as F and Cl onto the isoindigo core, which low-
ered the LUMO energy level of the acceptors, and the corre-
sponding  polymers exhibited ambipolar transport
behaviour.[1415]

On the other hand, electron-deficient heterocycles have al-
so been used to replace the phenyl ring in the isoindigo core
in order to lower the LUMO level of polymers. In 2016, Garcia-
Frutos et al.l' replaced the benzene ring in isoindigo with an
electron-deficient pyridine ring and synthesized 7,7'-diaza-
isoindigo (7DAIl), whose LUMO energy level decreased to
—3.84 eV.l'71 Almost at the same time, Yu's team!'8! further
simplified the synthesis route toward dibromo-7DAIl (7DAII-
Br,) and copolymerized it with 5,5'-bis(trimethyl stannyl)-2,2'-
bithiophene or 2,5-bis(trimethylstannyl)-thieno[3,2-b]thio-
phene, resulting in diazaisoindigo-based polymers!'8191 that
exhibited ambipolar transport behaviour with hole/electron
mobility of 2.33/0.78 and 1.14/1.54 cm2V-1.s71, respectively.
Pei et al,['7] on the other hand, reported the synthesis of di-
bromo-5,5"-diazaisoindigo (5DAII-Br,), which had an even
lower LUMO energy level (—3.92 eV) than 7DAIlI-Br,. However,
its copolymer with 5,5-bis(trimethyl stannyl)-2,2"-bithio-
phene exhibited p-type charge transport behaviour, proba-
bly because of its nearly amorphous morphology without ob-
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servable crystalline domains.l'”l Yue et al.20211 synthesized
P(7DAII-TTT) (Fig. 1a, middle structure), which is a hole-trans-
porting semiconductor material with a mobility up to 0.62
cm?2V-1s71, It appears that increasing the conjugated length
of the donor units makes the DAIll-based polymer less prefer-
able for ambipolar transport. In 2018, our group!'% reported
the synthesis of thiazoloisoindigo (Tzll) by replacing the ben-
zene ring in isoindigo with an electron-deficient thiazole ring;
its LUMO energy level was reduced to —3.68 eV. The copoly-
mer of Tzll with terthiophene (P(TzII-TTT))22 (Fig. 1a, right
structure) is an ambipolar transport material dominated by
hole transport, with hole mobility of 3.93 cm2V-1-s~1 and elec-
tron mobility of 1.07 cm2V-1-s71. Tzll can form a quinoidal
structure more easily than DAII, which allows better delocal-
ization of the LUMO along the polymer chain, accounting for
its ambipolar behavior compared with p-type P(7DAII-TTT),
which has the same donor units. Wel23-26] also synthesized a
series of Tzll-based copolymers, which all exhibited ambipo-
lar transport behavior, and among them, the copolymer of
thiophene-flanked Tzll and thiophene-flanked diketo-
pyrrolopyrrole P(T-Tzll-T-DPP) exhibited balanced and high
hole and electron mobility (5.77 cm2V-1s1 for hole and 6.29
cm?2V-1.s1 for electron, respectively).

Recently, our group reported the successful synthesis of
thiophene-flanked pyrimidoisoindigo (T-Pymll) 271 by replac-
ing the benzene ring in isoindigo with an even more electron-
deficient pyrimidine ring. The LUMO energy level of T-Pymll
was lowered to —3.91 eV, and a wider LUMO/HOMO energy
gap (2.06 eV) was observed, showing that T-Pymll is a strong
electron-acceptor that may be suitable to construct n-type or
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Fig. 1 Reported modifications on the isoindigo core: (a) molecular structures of 11D-Br,, TzlI-Br,, DNIID-Br, and T-Pymll and their relative LUMO
energy levels; (b) representative structures of polymers based on IID, AlID and Tzl with terthiophene.
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ambipolar conjugated polymers. Fig. 1(b) shows the LUMO
energy level of T-Pymll compared to that of other isoindigo-
derived acceptors. Herein, we prepared two new polymers
based on T-Pymll, namely P(PymlI-TTT) and P(PymlII-T-2FT-T),
by easy copolymerization with bis(trimethylstannyl)-thio-
phene and 2,5-bis(trimethylstannyl)-3,4-difluorothiophene,
respectively, and tested their OFET performances. The results
showed that both polymers exhibited ambipolar transport
behaviour, and a preference for electron transport was ob-
served for P(Pymll-T-2FT-T). However, the mobility of both
polymers is not high because of their poor crystallinity, al-
though theoretical calculations have shown that both have a
planar backbone. Further modifications may be needed to
optimize the performance of Pymll-based polymers.

EXPERIMENTAL

All the experimental procedures and details are available in the
article and electronic supplementary information (ESI).

RESULTS AND DISCUSSION

Monomer Synthesis and Polymerization

The synthetic routes to T-Pymll-Br are shown in Scheme 1. The
synthesis of 2-chloro-7H-pyrrolo-[2,3-d]pyrimidine (compound
1) has been reported in our previous work.”” To guarantee the
solubility of the resultant polymers, compound 1 was alkylated
with a C24-chain with the branch point four-carbon away from
the nitrogen atom in 90% yield. The reactive C-2 position of the
pyrimidine ring was protected by attaching a thiophene ring via
Stille coupling, resulting in compound 3 in 70% vyield. Treating
compound 3 with NBS in t-butanol containing 5% H,0 afforded
3,3-dibromo-5,7-azaoxindole (4) in 75% yield without affecting
the thiophene ring. Dibromide 4 was reacted with AgNO; to ob-
tain thiophene-flanked 5,7-azaisatin (compound 5) in 82% yield.
By reducing dibromide 4 with zinc powder under acidic condi-
tions, 5,7-azaindolin-2-one 6 was obtained in 85% yield. T-Pymll
was then synthesized through an aldol condensation reaction
between compounds 5 and 6 in 60% yield. Finally, monomer T-
Pymll-Br (compound 8) was obtained by bromination with NBS
in 70% vyield. Detailed characterization data of the compounds

T-PymlI-Br synthesis

are provided in ESI.

The syntheses of the two T-Pymll-based polymers are
shown in Scheme 2. The polymerization of T-Pymll-Br with
bis-stannylated thiophene or 3,4-difluoro-thiophene via Pd-
catalyzed Stille cross-coupling afforded P(Pymll-TTT) and
P(PymlI-T-2FT-T), respectively. Both polymers were precipitat-
ed in methanol and then sequentially extracted by Soxhlet
extraction using hexane, ethyl acetate, and dichloromethane
to remove oligomers and other impurities, and the final prod-
ucts were dissolved in chloroform under reflux conditions
and precipitated in methanol to give dark-red solids in 90%
yield and 93% vyield, respectively. The M,;s values of the two
polymers were characterized by high-temperature gel perme-
ation chromatography using trichlorobenzene as the eluent
at 150 °C (Fig. S1 in ESI), and the results are summarized in
Table 1. Polymers with similar molecular weights (49.7 kDa
versus 48.1 kDa) and similar polydispersity indices (D) (2.33
versus 2.16) were obtained. DSC measurements (Fig. S2 in ESI)
indicated that no phase transition or thermal degradation
was observed in the microstructure of either polymer from
room temperature to 300 °C. Both polymers exhibited high
thermal stability with decomposition temperatures of ap-
proximately 413 and 397 °C, respectively (Fig. S3 in ESI).

Density Functional Theory Calculation

We selected the Density Functional Theory (DFT) method at the
B3LYP-D3(BJ)/def2TZVP computational level for geometry opti-
mization characterization, using PymlI-TTT and PymlI-T-2FT-T
dimers as model compounds. The HOMO/LUMO energy-level
distributions are shown in Fig. 2(a). In both cases, the LUMO and
HOMO are well distributed along the dimer backbones, show-
ing that the introduction of a fluorine atom in the donor unit
does not significantly change the distribution of the HOMO/
LUMO. The calculated HOMO/LUMO energy levels of the PymlI-
T-2FT-T dimer are —5.57/-3.61 eV, which are deeper than those
of PymlI-TTT (-5.44/-3.55 eV), which is consistent with the ex-
perimental results. The planarity of both the polymers was cal-
culated based on the dimers, and the results are shown in Fig.
2(b). Both polymers were quite planar, with only a small dihe-

S ’
H R SnBu 3.2 equiv. NBS
N _Cl 3 / R q
W RI, NaH CIWI/N\ M @/ Pd(PPh3), s\ Ny N 95% t-BuOH N\ ;
N Br
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10H21
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1,4-Dioxane/H,0 o AcOH
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4 | 5 Br
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Scheme 1 Synthetic routes to the T-PymlI-Br.

https://doi.org/10.1007/510118-026-3709-3


https://doi.org/10.1007/s10118-026-3709-3
https://doi.org/10.1007/s10118-026-3709-3
https://doi.org/10.1007/s10118-026-3709-3
https://doi.org/10.1007/s10118-026-3709-3
https://doi.org/10.1007/s10118-026-3709-3
https://doi.org/10.1007/s10118-026-3709-3
https://doi.org/10.1007/s10118-026-3709-3

4 Wang, Y. Z. et al./ Chinese J. Polym. Sci.

Polymerization

P(o-tolyl)3, Pd,(dba)s, toluene
115°C,72h

s

\ N R= 27 CioHas
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T-PymlI-Br

P(o-tolyl)s, sz(dba)3, toluene
115°C,72h

P(PymII-T-2FT-T)

Scheme 2 Synthetic routes to P(PymlI-TTT) and P(PymlI-T-2FT-T).

Table 1 Photophysical properties and electronic properties of PymlI-TTT and PymlI-T-2FT-T.

Sample M, ® PDI? Amax (NM)/Aonse (NM) Egopt Exp.©(CV) Egovf
(kDa) Solution P Film © (ev) HOMO (eV)  LUMO (eV) (V)

P(PymII-TTT) 297 233 425,663,698/784 425,647, 705/789 157 7570 -383 187
P(PymI-T-2FT-T) 481 216 403,636,680/745  402,636,693/757 1.64 _5.81 ~3.98 183

2 Measured in 1,2,4-trichlorobenzene at 150 °C by size exclusion chromatography; ® Absorption maxima and onset of absorption in chloroform solution
(1x107° g/mL); € Absorption maxima and onset of absorption in thin film; ¢ Optical bandgaps were confrmed by absorption onset of the thin film with Eg oo =
1240/A; ¢ HOMO and LUMO were calculated from the oxidation and reduction potentials, respectively; f £ a.cv = ELumo — Exomo-

PymlI-TTT
a

Y'\ > o) f%/
ﬁjéggé (& 3 e

-3.55eV LUMO

PymII-T-2FT-T

-5.44 eV HOMO

PymII-TTT

PymlI-T-2FT-T [

Fig. 2 (a) The calculated HOMO/LUMO energy level distribution for the PymlI-TTT and PymlI-T-2FT-T dimers; (b) Calculated dihedral angles of

Pymll-TTT and PymlI-T-2FT-T dimers.

dral angle difference between the thiophene rings in PymlI-TTT
(a=0.004°) and the thiophene and 3,4-difluorothiophene rings
in PymlI-T-2FT-T (a=0.003°), probably because of the formation
of F--S secondary orbital interactions.

Electrochemical and Optical Properties
Cyclic voltammetry (CV) tests were used to characterize the
electrochemical bandgaps (Eg.y) of the two T-Pymll-based poly-

mers, and the redox potentials are summarized in Table 1, with
the corresponding cyclic voltammetry (CV) diagrams presented
in the Supporting Information (Fig. S4 in ESI). The HOMO/LUMO
levels identified by CV are —5.70/-3.83 eV for P(PymlI-TTT) and
—5.81/-3.98 eV for P(PymlI-T-2FT-T), respectively. P(PymlI-T-2FT-
T) showed nearly 0.15 eV lower LUMO level and 0.11 eV lower
HOMO level than that of P(Pymll-TTT), showing that the intro-
duction of a fluorine atom on the thiophene ring had a signifi-
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cant effect on its energy levels. The Egqy of P(Pymll-TTT) and
P(PymlI-T-2FT-T) are 1.87 and 1.83 eV, respectively.

The UV-Vis-near-infrared (UV-Vis-NIR) absorption spectra of
both polymers were measured in chloroform and in thin film
state, as shown in Fig. 3 and the data are summarized in
Table 1. In the solution state, P(PymlI-TTT) exhibits a red-shift-
ed maximum absorption peak with an absorption onset at
784 nm compared with P(PymlI-T-2FT-T), which is attributed
to its narrower optical bandgap. The optical bandgap (Egqpr)
was found to be 1.57 eV for P(PymlI-TTT), which is obviously
smaller than that (1.64 eV) of P(PymlI-T-2FT-T), indicating that
the introduction of a fluorine atom on the thiophene ring
leads to a wider bandgap. P(PymlI-T-2FT-T) exhibits distin-
guishable 0-0 and 0-1 absorption peaks, illustrating that
P(PymlI-T-2FT-T) may have a more rigid planar skeleton con-
formation than P(PymlI-TTT), presumably because of the F--S
interaction, which makes the conformation more rigid. Com-
pared with those in the solution state, the absorption spectra
of the two polymers in the thin-film state exhibited only a
slight red shift. It can be seen from Fig. 3 that in the thin film
state, both polymer exhibit clear 0-0 and 0-1 vibrational peaks
compared to the solution state, which indicates that the rigid-
ity of the polymers in the aggregated state is improved.

Charge Transport Properties in OFET Devices

The carrier transport properties of the polymers were studied by
fabricating OFETs with top-gate/bottom-contact (TG/BC) and
bottom-gate/bottom-contact (BG/BC) configurations. Detailed
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OFET parameters are provided in Tables S1 and S2 (in ESI). The
transfer and output characteristic curves of the OFETs are
shown in Figs. 4 and 5, and the relevant performance parame-
ters are listed in Table 2. The devices constructed using the two
polymers exhibit ambipolar transport properties, in which
P(PymlI-TTT) is dominated by hole transport, while P(PymlI-T-
2FT-T) is dominated by electron transport, probably because
P(Pymll-T-2FT-T) has a lower LUMO level. In TG/BC devices,
P(PymlIl-TTT) shows an average hole mobility of 1.1x1072
cm2V-".s71, while its electron mobility is 3 times lower (3.5x1073
cm2V~".s7"). P(PymlI-T-2FT-T) shows an average hole mobility of
3.8x107* cm2V~'s71, while its electron mobility is 12 times high-
er (4.6x1073 em2V~"s7"). In BG/BC devices, P(PymlI-TTT) shows
an average hole mobility of 1.3x1073 cm?V~"s7", while its elec-
tron mobility is 30 times lower (4.0x107> cm?V~'s7"). P(PymlI-T-
2FT-T) shows an average hole mobility of 2.1x107> cmV~"-s7,
while its electron mobility is 15 times higher (3.2x107*
em2Vs7"). A clear preference for electron transport by
P(Pymll-T-2FT-T) was observed in both device configurations.
The V4, values for both polymers are relatively high owing to the
high density of surface defects and charge traps that immobi-
lize charge carriers and suppress efficient charge accumulation
at the dielectric-semiconductor interface.

Morphology and Aggregation State Characterization

The relatively inferior OFET performance of both Pymll-based
polymers compared to DAll-based polymers or Tzll-based poly-
mers prompted us to investigate the reasons that led to such

b —— Solution
1or P(PymII-T-2FT Before annealing
(Pymil-T-2FT-T) Annealing at 180 °C
08
0.6
04+
/\
02f \/
0 I 1 | | L ) — ; .
400 500 600 700 800 900 1000

Wavelength (nm)

Fig.3 UV-Vis-NIR absorption spectra of the polymers (a) P(PymlI-TTT) and (b) P(PymlI-T-2FT-T) in chloroform solution (1x107°> g/mL) and thin films.
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Fig.4 Transfer and output characteristics of (a—d) P(PymlI-TTT); (e—h) P(PymlI-T-2FT-T) in TG-BC devices.

unexpected results, since Pymll is an even better acceptor when
judged by its lower LUMO energy level. Therefore, the mor-
phologies and crystallinities of both the polymers were investi-
gated. The film quality and surface morphology were character-
ized by AFM in the tapping mode. Both polymers show root-
mean-square roughness (RMS) values of 1.03 and 1.32 nm, re-
spectively, as seen in Fig. 6. Notably, no clear nanofibers can be
observed for either P(PymlI-TTT) or P(PymlI-T-2FT-T) films, which
may account for the poor performance of the devices. However,
there are also examples showing that a smooth surface may
lead to high mobility; therefore, this may not be the only reason.
The crystallinity of both polymers was investigated, and Fig. 7
shows the 2D-GIWAXS images of both polymers before and af-
ter annealing. The GIWAXS patterns of both polymers exhibited

only one distinct (100) diffraction peak in the g, direction, and
no higher (h00) diffraction peaks were observed. No (100)
diffraction peak can be observed in the g, direction, showing
that both polymers adopted a majorly face-on orientation,
which is not a preferred orientation for charge transport. After
annealing, the (100) diffraction peak was slightly enhanced;
however, no higher-order (h00) peaks appeared, indicating that
annealing only marginally improved the crystallinity of the poly-
mer. The in-plane and out-of-plane GIWAXS plots of the two
polymers are shown in Figs. S5 and S6 (in ESI), and the corre-
sponding data are summarized in Table 3. The low crystallinity
of both polymers may account for their mobility. Further side-
chaining engineering may be required to improve the crys-
tallinity of Pymll-based polymers. There are many examples
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Fig.5 Transfer and output characteristics of (a—d) P(PymlI-TTT); (e—h) P(PymlI-T-2FT-T) in BG-BC devices.

Table2 OFET device performances for P(PymlI-TTT) and P(PymlI-T-2FT-T).

Polymer Device architecture fﬂ‘%’if\}yﬁg’ﬁ; Vinn (V) Ton/lofe &%"ﬁé‘.‘ﬁg‘iﬁ)) Vine (V) Lon/lofe
P(PymlI-TTT) TG-BC 1.7(1.1)x1072 —45 10%-10° 5.2(3.5)x1073 60 103-10*
BG-BC 1.5(1.3)x1073 -20 10°-106 4.5(4.0)x10™° 30 10*-10°
P(PymlI-T-2FT-T) TG-BC 1.1(0.4)x1073 -60 103-10* 6.4(4.6)x1073 40 103-10*
BG-BC 2.5(2.1)x107° -50 10°-10° 3.6(3.2)x107* 20 10°-10°6
showing that optimizing side chains may lead to higher crys- place hydrocarbon side-chains, which is quite promising, as
tallinity, such as using silylcarbon or siloxyl side-chains to re- summarized in several recent reviews.1?42°
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Table 3 Peak positions and d-spacings of the polymer films of P(PymlI-TTT) and P(PymlI-T-2FT-T) fabricated under the optimal conditions for OFET

devices.
Polymer Out-of-plane - (A~") dyy (R) In-plane lamellar (A-") d.(A)
P(PymlII-TTT) 1.68 37 0.22 28.6
P(PymlI-T-2FT-T) 1.64 3.8 0.23 27.3
CONCLUSIONS However, the charge carrier mobilities of both polymers were

In conclusion, we designed and synthesized two T-Pymll-based
polymers, P(Pymll-TTT) and P(PymlI-T-2FT-T), by copolymeriz-
ing them with bis(trimethylstannyl)-thiophene and 2,5-
bis(trimethyl stannyl)-3,4-difluorothiophene, respectively. Both
polymers have deep HOMO/LUMO energy levels (-5.70/-3.83
eV for P(PymlI-TTT)) and —5.81/-3.98 eV for P(PymlII-T-2FT-T), re-
spectively). OFET devices based on P(PymlI-TTT) and P(PymlI-T-
2FT-T) exhibited ambipolar transport behavior, and P(PymlI-T-
2FT-T) showed a better tendency toward electron transport.

not high, probably because of the low crystallinity and inferior
morphology in the film state. These results indicate that side-
chain engineering is needed to further improve the crystallinity
of Pymll-based polymers for better OFET performance, which is
currently underway in our laboratory.
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