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Achieving high charge-carrier mobility in m-conjugated polymers typically requires the incorporation of
fused-ring frameworks that ensure backbone planarity and rigidity (intrachain transport) and w—m
stacking (interchain transport). Here we show that high mobility can instead arise from efficient
intrachain transport even in fully non-fused polymer backbones through precise control of quinoid
resonance and bond-length alternation (BLA). A series of S-Pechmann (SP)-based polymers having
alkoxy side chains were designed in which the quinoidal character was systematically tuned by varying
the length of the oligothiophene co-units. Increasing quinoidal character markedly suppresses BLA along
the polymer backbone, leading to pronounced m-electron delocalization and reduced carrier effective
masses as low as ~0.05mq in theory. As a result, the polymers exhibit ambipolar organic field-effect
transistor (OFET) characteristics with mobilities of up to 4.4 cm? V=1 s7% for holes and 3.4 cm? V! s for
electrons, despite moderate crystallinity and a predominantly face-on orientation that is typically
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intrachain charge transport in conjugated polymers and highlight BLA modulation as a promising
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Introduction

Charge transport in m-conjugated polymers is a fundamental
property that determines their performance in organic elec-
tronic devices.' In many high-mobility t-conjugated polymers,
charge transport has traditionally been improved by enhancing
intermolecular - stacking and crystallinity, which facilitate
interchain charge transport.*® More recently, however, efficient
intrachain charge transport through a continuous w-orbital
network has been recognized as an increasingly important
factor governing the mobility of m-conjugated polymers.®” In
this context, promoting m-electron delocalization along the
polymer backbone has emerged as an important molecular
design strategy for improving intrachain transport.

One strategy to enhance m-electron delocalization is to
increase backbone rigidity and coplanarity in order to suppress
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conformational disorder along the polymer backbone.® This
approach relies primarily on the design of backbone geometry,
typically through the incorporation of extended fused aromatic
frameworks, as exemplified by polymer systems such as poly(-
indacenodithiophene-alt-benzothiadiazole) (pIDTBT).>** In
contrast, an alternative strategy to enhance m-electron delocal-
ization is to modulate the electronic structure of the conjugated
backbone by reducing bond-length alternation (BLA), which can
be achieved by increasing the quinoidal character of the back-
bone."*> Because BLA directly influences the electronic band
structure of conjugated backbones, its suppression can reduce
carrier effective mass and thereby promote efficient intrachain
charge transport.

We recently reported a series of thienoquinoid-based poly-
mers terminated with ketone groups,”*'* which significantly
reduce BLA along the backbone. In particular, an S-Pechmann
(SP)-based polymer, PSPAT (Fig. 1), exhibits small BLA despite
its backbone consisting entirely of non-fused rings, leading to
low carrier effective masses along the backbone and high
charge-carrier mobilities of ~2.5 cm®> V"' s~ in organic field-
effect transistor (OFET) devices.”” However, the fundamental
relationship between quinoidal character, BLA, carrier effective
mass, and charge transport in 7-conjugated polymers remains
largely unexplored.
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R PSP4T

Fig. 1 Chemical structure of an S-Pechmann (SP)-based polymer,
PSPAT

In this work, we address this question by designing a series
of SP-based polymers, in which the degree of quinoidal char-
acter is systematically tuned through variation of oligothio-
phene units. This molecular design allows us to modulate BLA
along the polymer backbone and examine its impact on carrier
effective mass, m-electron delocalization, and charge transport
properties. In addition, we attached alkoxy groups as the side
chains, rather than alkyl groups, as it induces intramolecular
S---O non-covalent interactions between the sulfur atom of the
SP moiety and the oxygen atom of the alkoxy substituent. These
interactions suppress backbone torsion and promote a more
coplanar structure, thereby further enhancing m-electron delo-
calization along the backbone (Fig. 2).'® As a result, these
polymers exhibit ambipolar OFET characteristics, with hole and
electron mobilities exceeding 4 cm* V' s 'and 3 ecm* Vv s,
respectively.

Polymer synthesis

Scheme 1 illustrates the synthetic route to the SP-based poly-
mers. The 2-decyltetradecyl group was employed as the alkyl
moiety of the alkoxy side chain to ensure sufficient solubility.
5,5'-Dibromo-3,3’-bithiophene (1) was first coupled with 5-
trimethylsilyl-2-stannyl-3-alkoxythiophene (2) to afford 3.
Through sequential lithiation with n-butyl lithium (n-BuLi),
borylation with 2-methoxy-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (MeOBpin), and oxidation with oxone, 3 was
converted into an SP derivative (4), which was subsequently
dibrominated to yield the SP-based monomer (5). The polymers
PSPa4T, PSPa3T, and PSPa2T were then synthesized via the
Migita-Kosugi-Stille polycondensation of 5 with 5,5-bi-
s(trimehylstannyl)-2,2"-bithiophene,  2,5-bis(trimethylstannyl)
thiophene, and hexamethyldithin, respectively, using Pd(PPh;),

S Noncovalent
~<«——— S-Ointeractions

PaSP4T B
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as the catalyst. The number-average and weight-average
molecular weights (M,, and M,,) were 24 000 and 53100 for
PSPa4T, 18 700 and 29 900 for PSPa3T, and 12 800 and 24 300
for PSPa2T, respectively (Fig. S1 and Table S1). PSPa4T was
soluble in hot o-dichlorobenzene and PSPa3T and PSPa2T were
soluble in hot chloroform and chlorobenzene. Differential
scanning calorimetry (DSC) confirmed that all polymers
exhibited thermal stability up to at least 300 °C, indicative of
robust polymer structures (Fig. S2).

Polymer properties

The energy levels of the SP-based polymers were evaluated by
cyclic voltammetry, and the relevant parameters are summa-
rized in the energy diagram (Fig. 3a and b). The highest occu-
pied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels (Exomo and Eyymo) were
determined based on the onset potentials of oxidation and
reduction peaks in the cyclic voltammograms (Fig. 3a). The
Erumo values progressively downshifted with decreasing the
number of thiophene rings in the repeating unit, while the
Eyomo values remained similar around —5.0 eV. Specifically, the
Enomo/Erumo values were —4.98/—3.72 eV for PSPa4T, —4.99/
—3.81 eV for PSPa3T, and —5.00/—3.94 eV for PSPa2T (Fig. 3b).
These Eyomo values are higher than those of PSP4T by 0.25 eV,
which is due to the electron-donating nature of the alkoxy
group. A similar trend in Eyomo values for each polymer was
also confirmed by photoelectron yield spectroscopy (PYS)
measurements (Fig. S3). These experimental energy levels are in
good agreement with the DFT results calculated at the B3LYP 6-
31G(d) level of theory (Fig. S4).

The UV-vis-NIR absorption spectra of the polymers in the
thin films are shown in Fig. 3c and the corresponding optical
parameters are summarized in Table 1. PSPa4T exhibited an
absorption spectrum with a maximum (Amax) and onset (Aonget)
at around 1107 nm and 1466 nm, respectively, which were
slightly red-shifted to 1112 nm and 1580 nm in PSPa3T,
respectively. The optical bandgap (Eg?") estimated from the Tauc
plot was 0.82 eV for PSPa4T and 0.73 eV for PSPa3T (Fig. S5).
Notably, PSPa2T displayed a more pronounced red-shifted
absorption band with Aa4/Acage values of 1413/2170 nm. Such
an exceptionally long-wavelength absorption has rarely been
observed in non-fused m-conjugated polymers. This remarkable
bathochromic shift corresponds to an ultranarrow Eg™* of

PaSP3T R

PaSP2T

Decreasing aromatic thiophene rings (Increasing quinoidal contribution)

Fig. 2 Chemical structures of SP-based polymers bearing alkoxy groups (PSPa4T, PSPa3T, and PSPa2T).
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Scheme 1 Synthetic route for the SP-based polymers.

0.56 eV, placing PSPa2T among the lowest-gap polymers re-
ported to date.””™ Because PSPa2T exhibits strong absorption
in the SWIR region but minimal absorption in the visible
region, both its solution and film appear nearly transparent
(Fig. S6).

To elucidate how the number of aromatic thiophene rings
influences the quinoidal character of the polymer backbone, we
compared the C-C and C=C bond lengths extracted from the
central repeat units of optimized model trimers using DFT
calculations. In all cases, the backbone appeared mostly
coplanar originating from the S---O interaction between the SP
moiety and alkoxythiophene. Fig. 4a-c show the chemical

—
O
=
—~
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=

PaSP3T

< PasP2T

structures and corresponding C-C and C=C bond lengths of
PSPa4T, PSPa3T, and PSPa2T, respectively. For the SP core
(shown in blue), the length of the C-C bond (bond numbers 5, 7,
9, and 11) and the C=C bond (bond numbers 6, 8, and 10)
became shorter and longer, respectively, as the number of
thiophene rings in the repeating unit decreased, i.e., upon
going from PSPa4T to PSPa3T and then to PSPa2T, indicating
the enhancement of quinoidal character in this order. Similarly,
for the alkoxythiophenes (shown in red), the length of the C-C
bond (bond numbers 1, 3, 13, and 15) and C=C bond (bond
numbers 2, 4, 12, and 14) becomes shorter and longer, respec-
tively, in the same order. In addition, the C-C and C=C bonds

—
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Fig. 3 (a) Cyclic voltammogram, (b) energy diagram, and (c) UV-vis-NIR absorption spectra of the polymers.
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Table1l Optical parameters and calculated effective mass of SP-based
polymers

Polymer Amax (nm) Aonset (nm) Egpt (ev) W[h‘Z (m()) meu (mO)
PSPa4T 1107 1466 0.82 0.096 0.095
PSPa3T 1112 1580 0.73 0.072 0.077
PSPa2T 1413 2170 0.56 0.051 0.049

¢ Effective masses for hole (my,) and electron ().

for unsubstituted thiophenes (shown in grey) were shorter and
longer, respectively, in PSPa3T than in PSPa4T. The result
clearly shows that bond length alternation (BLA) became
smaller with a decreasing number of aromatic thiophene units
in the repeating unit, explaining the decrease in E,. Notably,
BLA was significantly reduced when the unsubstituted thio-
phene was absent (PSPa2T). The result is consistent with the
“dilution effect” reported for para-azaquinodimethane-based
polymers.>®

With the decreased BLA due to the decreased number of
aromatic thiophene rings, an increase in intrachain transport is

(a)
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expected. We therefore conducted band-structure calculations
based on density functional theory using the plane-wave basis
set (Fig. 4d-f).*"**> The polymer structures are obtained as
follows. First, we optimized the molecular structure of the
trimer of the repeat unit for each polymer, where the alkoxy
groups were replaced with the methoxy group, using quantum
chemical calculations at the B3LYP/6-31G(d) level. Then we
obtained the electronic band structures for the polymer struc-
tures with the periodic boundary condition using the central
repeat unit in the trimer model. Generally gradient approxi-
mation was employed to obtain the exchange-correlation
functionals. The cutoff energies for the plane wave and charge
density are 60 and 400 Ry, and the Brillouin zone integration is
performed with an 8 x 2 x 2 k-point set. Upon going from
PSPa4T to PSPa3T, and to PSPa2T, the HOMO and LUMO were
up-shifted and down-shifted, respectively, reducing the
bandgap; the theoretical bandgap was found to be 0.44, 0.34,
and 0.17 eV for PSPa4T, PSPa3T, and PSPa2T, respectively. We
then estimated the effective masses of holes (my,) and electrons
(me) along the polymer backbone according to the acoustic
deformation potential model (Table 1). For PSPa4T, my, and m.
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Fig. 4

(a—c) Plots of the lengths of carbon—carbon single bonds (bonds in even numbers) and double bonds (bonds in odd numbers) at the

respective bond number shown in (a) PSPa4T, (b) PSPa3T, and (c) PSPa2T. (d—f) Band structure of (d) PSPa4T, (e) PSPa3T, and (f) PSPa2T. The

broken line represents the Fermi energy.
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Fig. 5

(a—c) 2D GIXD patterns of polymer thin films. (d—f) Cross-sectional diffraction profiles cut from the 2D GIXD patterns along quasi-g, and

gxy axes. () Molecular structure of model compound SPa2T determined by single-crystal X-ray analysis (CCDC Deposition Number 2518599).
Only the methyloxy moieties are shown as the hexyloxy groups in SPa2T at the B-position of the thiophene ring for clarity.

were 0.096m, and 0.095m,, respectively, where m, is the electron
rest mass. These values were higher than those of PSPAT (my,/m.
= 0.068/0.076m,), ie., charge transport is lower.*® This is
ascribed to the position of the side chain, which alters the bond
length (Fig. S7). In fact, PSPi4T, in which the alkyl group is on
the neighboring carbon in PSPAT, also had higher m;, and m,
values of 0.099m, and 0.12m,, respectively (Fig. S8 and Table
S2). For PSPa3T and PSPa2T, both m;, and m. decreased in this
order, i.e., as the number of thiophene rings in the repeat unit
decreased: 0.0722/0.0771m, for PSPa3T, and 0.0506/0.0490m,
for PSPa2T. The effective mass for PSPa3T and PSPa2T is even
lower than that for pIDTBT (0.097m,), one of the fused-ring -
conjugated polymers considered to have high intramolecular
charge transport, confirming that, in theory, significantly high

© 2026 The Author(s). Published by the Royal Society of Chemistry

charge delocalization and thereby charge transport can be
realized within the non-fused backbone. Taken together,
reducing BLA via quinoidal resonance effectively decreases the
effective mass.

Thin film structure

We investigated the molecular ordering and orientation of
polymer thin films using grazing incidence X-ray diffraction
(GIXD) (Fig. 5). PSPa4T exhibited pronounced m-7 stacking and
lamellar diffraction peaks along the g, and g, axes, respectively,
indicative of a predominant edge-on orientation that is favor-
able for in-plane charge transport and thus for OFETs (Fig. 5a
and d). In contrast, PSPa3T and PSPa2T displayed -7 stacking

Chem. Sci.
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Table 2 OFET characteristics

p-channel operation n-channel operation

Polymer uy® (em® V™' s7") Vin” (V) pe” (em® V7' s™) Vi” (V) pelan

AV

'«ulu«uuuuuuuuu(u

60

(a—c) Transfer and (d—f) output curves of OFET devices: (a and d) PSPa4T; (b and e) PSPa3T; (c and f) PSPa2T.

the sum of their van der Waals radii (3.25 A), indicating the
existence of a noncovalent interaction.

The m-7 stacking distance (d.) was comparable among the
three polymers—3.48 A for PSPa4T, 3.47 A for PSPa3T, and 3.50
A for PSPa2T—corresponding to a tight -7 stacking motif in

PSPa4T  0.98 [0.88] o - - - all cases. Scherrer analysis revealed that the crystallite coher-
PSPa3T  4.41[2.86] —32 0.62 [0.50] 40 0.14 ence length for the m—m stacking structure (L) was 45 A for
PSPa2T 2.06 [1.31] -32  3.38[1.75] 39 1.64

“un and w. denote the maximum hole and electron field-effect
mobilities, respectively. The average mobilities of the top five devices
are given in parentheses. ” Threshold voltage. © Ratio of electron to
hole mobilities.

diffraction along the g, axis and lamellar diffraction along the
qxy axis, respectively, assigned to a predominant face-on orien-
tation that typically favors out-of-plane charge transport (Fig.
5b, ¢, e and f). Despite these distinct backbone orientations, all
polymers exhibited clear crystalline characteristics, likely
arising from the high coplanarity of the polymer backbone
facilitated by intramolecular noncovalent S---O interactions.
The planarity of the alkoxythiophene-flanked SP core was also
confirmed by the single-crystal X-ray analysis of the model
compound (Fig. 5g), in which the dihedral angle between the SP
core and the alkoxythiophene was only 1.8°, as well as through
computation (Fig. S4). Furthermore, in the single crystal, the
distance between the sulfur atom of the SP core and the oxygen
atom of the alkoxythiophene was 2.86 A, which was shorter than

Chem. Sci.

PSPa4T, 34 A for PSPa3T, and 26 A for PSPa2T. Although we note
that a direct comparison of d; and L, values extracted from the
out-of-plane and in-plane diffraction peaks is not strictly accu-
rate, these results nevertheless suggest a trend of decreasing m—
7 stacking crystallinity in the order PSPa4T > PSPa3T > PSPa2T.
This tendency is probably due to the lower molecular weight the
polymers in the same order. Nevertheless, all polymers main-
tain short - stacking distances and appreciable crystallinity
in thin films, which likely contributes to their high charge
transport performance.

Charge transport properties

We evaluated the charge carrier transport characteristics of the
SP-based polymers in OFET devices with a top-gate/bottom-
contact architecture. We employed 1-octanethiol as the self-
assembled monolayer for Au electrodes because alkanethiols
are known to lower the work function of Au, thereby facilitating
electron injection and enhancing n-channel characteristics.*
Transfer and output curves of the devices are shown in Fig. 6a—f,
respectively, and the corresponding OFET parameters are
summarized in Table 2. PSPad4T exhibited unipolar p-type

© 2026 The Author(s). Published by the Royal Society of Chemistry
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behavior, whereas PSPa3T and PSPa2T displayed clear ambi-
polar behavior, as evidenced by V-shaped transfer curves in the
saturation regime (source-drain voltage V4 of £60 V) under both
p- and n-channel operation. This trend is consistent with the
downshifted E;ymo values.

With respect to hole transport, PSPa4T exhibited a moderate
hole mobility (uy,) of up to 0.98 cm® V™' s, In sharp contrast,
PSPa3T and PSPa2T showed markedly enhanced hole transport,
with uy, values of 4.41 and 2.06 cm® V™" ™7, respectively. To the
best of our knowledge, the u;, of 4.41 cm® V™' s~ achieved by
PSPa3T is among the highest hole mobilities reported for -
conjugated polymers with fully non-fused backbones. Remark-
ably, PSPa3T and PSPa2T outperformed PSPa4T despite their
face-on backbone orientation, which is typically unfavorable for
in-plane charge transport. This trend strongly suggests that the
charge carrier mobility in this series is governed primarily by
intrachain transport rather than interchain transport. This is
further supported by the significantly smaller effective mass
calculated along the backbone as discussed above. The slightly
lower u;, in PSPa2T than in PSPa3T may be due to its increased
n-channel character (decreased p-channel character) as
described below. Regarding electron transport, in fact, PSPa3T
and PSPa2T exhibited distinct n-channel characteristics with u,
values of 0.62 and 3.38 cm® V' s, respectively, while PSPa4T
showed no appreciable n-channel behavior. Therefore,
decreasing the number of thiophene rings clearly enhances the
n-channel characteristics, reflected in the electron-to-hole
mobility ratio (ue/upn) of 0.14 for PSPa3T and 1.64 for PSPa2T.
The u. of 3.38 em® V™' s7* for PSPa2T is likewise among the
highest values reported for m-conjugated polymers with fully
non-fused backbones, underscoring the remarkable n-type
capability enabled by the quinoid-rich architecture.

Overall, increasing the quinoidal character by reducing the
number of thiophene rings in the repeat unit substantially
improves charge carrier transport, achieving mobilities in
excess of 4 cm? V' s for holes and 3 cm? vV s for electrons,
primarily by promoting intrachain charge transport while
simultaneously strengthening n-channel characteristics. While
a reduction in thiophene ring number is known to enhance
quinoidal character, previous reports have not identified a clear
relationship between increased quinoidal character, i.e., BLA,
and charge carrier mobility.>*>** By contrast, in this SP-based
system, reduced BLA achieved through shortening the oligo-
thiophene unit is directly reflected in higher mobility, high-
lighting the crucial role of BLA in intrachain charge
delocalization and charge transport.

Conclusions

In summary, we have demonstrated that high charge transport
can be achieved in fully non-fused m-conjugated backbones
through careful design of quinoidal character and BLA. By
incorporating an SP quinoid core flanked by alkoxythiophene
units and systematically tuning the length of the oligothio-
phene co-unit, we modulated the quinoidal character and BLA
along the polymer backbone while promoting backbone copla-
narity through intramolecular non-covalent interactions. This

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

design resulted in strong intrachain m-electron delocalization
as evidenced by reduced carrier effective mass as low as
~0.05m,, enabling p-type to ambipolar characteristics with
mobilities as high as 4.4 cm® V™' s for holes and 3.4 cm® V™"
s~ ' for electrons, the highest level for fully non-fused systems.
Despite their moderate crystallinity and predominantly face-on
orientation, these polymers exhibit high charge-carrier mobil-
ities, indicating that charge transport in this series is governed
primarily by efficient intrachain processes rather than m-m
stacking. These findings highlight the importance of control-
ling BLA as an electronic-structure design parameter for
promoting intrachain charge transport. The concept demon-
strated here opens new possibilities for developing structurally
simple and high-mobility m-conjugated polymers for next-
generation organic electronics.
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