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An ideal doping process should be highly efficient and avoid the disruption of molecular packing to achieve

the synergistic optimization of carrier concentration and mobility. Herein, we synthesized two

polythiophene derivatives with oligo ethylene glycol as side chains and thienothiophene (bithiophene) as

unit, denoted Pg32T-TT (Pg32T-2T). A strong acid, trifluoromethanesulfonic acid (TfOH), was used as

dopant to elucidate the effects of two doping methods, solution- and vapor-doping without ultrahigh

vacuum, on the polar polythiophenes' electrical properties. Notably, the s of vapor-doped films were

two times higher than those of solution-doped counterparts. Specifically, TfOH vapor-doped Pg32T-TT

achieved a remarkable s value of up to 1173.9 S cm−1, among the highest values of polar

polythiophenes. The high s of vapor-doped films was attributed to the increased carrier concentrations

without degradation of mobilities, which indicates that vapor doping enables more effective doping

reactions with maintained crystallinity, compared with solution doping, because acid vapor molecules

directly diffuse into the polar side chains of pure polymers as confirmed by grazing-incidence wide-

angle X-ray scattering. Moreover, TfOH-doped films exhibited exceptional air stability stored in air for

over one month. This work demonstrates that TfOH vapor doping without ultrahigh vacuum conditions

represents a promising approach for improving the electrical conductivity and stability of conductive

polymers for flexible electronics.
1 Introduction

Conjugated polymers have attracted great interest in applica-
tion of organic electronics, attributed to their solution proc-
essability, low toxicity, intrinsically light weight andmechanical
exibility.1–3 Achieving high electrical conductivity (s) in
conjugated polymers is crucial to fulll their diverse applica-
tions in exible electronic devices.4,5 Chemical doping can
efficiently boost the number of charge carriers in polymer lms,
facilitating trap lling and subsequently enhancing electrical
conductivity (s = nem, n is carrier concentration, m is mobility
and e is elementary charge).6–8 The critical challenge lies in
elevating n while maintaining a sufficiently high m because the
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addition of a large amount of dopants leads to the disruption of
polymer packing and thus hinder the charge transport.9

Rational molecular design, including polymer backbone10–12

and side chain engineering,13–15 as well as the proper choice of
dopants,16–18 have been proved to optimize the carrier concen-
tration with improved molecular packing, and thus effectively
enhance polymers' electrical conductivities.

Several doping approaches have been developed to avoid
detrimental impacts on the microstructure during the doping
process.19,20 A good example is sequential processing, involving
stepwise deposition of a polymer semiconductor and
a dopant.21–23 Evaporating the dopant molecule on top of
a polymer lm pre-deposited by spin coating24–26 (vapor doping)
also allows minimal morphological damage to the lm and
maintains efficient transport paths. By using vapor doping,
Sirringhaus et al. reported a highly ordered PBTTT lm by
diffusing dopants into electrically insulating side chain,
resulting in a high conductivity up to 1000 S cm−1 even at high
doping levels.27 The choice of dopants for vapor doping is
crucial for the doping efficiency and stability of doped lms.
CF3SO3H (TfOH) with its ability to protonate electron-rich
organic semiconductors, has been demonstrated to enhance
the s of conductive polymers by solution doping.28,29 Very
recently, typical polymer PEDOT:PSS treated with TfOH vapor,
exhibited high s of 2053 S cm−1 and exceptional thermal
RSC Adv., 2025, 15, 26347–26352 | 26347
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stability,30 demonstrating the ability of TfOH for efficient
doping. Thiophene polymers with polar side chains are prom-
ising conductive polymers for exible electronics.31,32 However,
their doping with strong acids has been rarely explored,
primarily due to concerns regarding their instability in ambient
conditions. It is intriguing to explore how TfOH vapor doping
inuences the electrical properties of these polar
polythiophenes.

Herein, two oligo ethylene glycol substituted poly-
thiophenes, Pg32T-TT and Pg32T-2T, were synthesized. A strong
acid, TfOH, was used as dopant by vapor doping and solution
doping to improve the electrical properties of these polymers
(Fig. 1). It is found that the vapor-doped Pg32T-TT and Pg32T-2T
exhibit high s among the highest values of polar poly-
thiophenes. It is proved that higher doping efficiency by vapor
doping compared with solution doping is responsible for the
high s while the strong interaction of vapor dopants with side
chains is benecial for carrier delocalization along backbone
and contributes to the stability of doped lms. Our results
demonstrate that TfOH vapor doping without ultrahigh vacuum
condition is an effective approach to enhance electrical
conductivity and stability of conductive polymers.
Fig. 2 The thickness-normalized UV-vis-NIR absorption spectra of
pristine and doped films (vapor doping time is 2 min and the MR for
solution doping is 0.6).
2 Results and discussion
2.1 Synthesis and characterization of polymers

Pg32T-TT and Pg32T-2T were synthesized using Stille coupling
(Scheme S1†) and the synthetic details are shown in the experi-
mental section. Both polymers have high molecular weights (ESI
Fig. S1 and Table S1†) and good thermal stability with a decom-
position temperature around 250 °C (ESI Fig. S2†). No distinctive
transition peak observed at temperature range of 25–250 °C (ESI
Fig. S3†). The polymers were doped by two methods, solution
doping and vapor doping, as illustrated in ESI Fig. S4.† For
solution doping processing, the polymer solution and dopant
Fig. 1 (a) Chemical structure of Pg32T-TT and Pg32T-2T. (b) Schematic
Electrical conductivities for typical vapor-doped polythiophenes with/w

26348 | RSC Adv., 2025, 15, 26347–26352
solution are mixed with the desired concentration, then the
single solution is drop-casted on the substrate to form doped
lms. For vapor doping processing, the thin lms are prepared by
drop-casting, and then the as-cast neat lms are placed into
a glass lid lled with dopant vapor for a suitable doping time to
get the vapor-doped lms. The doping level of polymer lms is
modulated by the molar ratio (MR) of TfOH to polythiophene
(repeating unit) and the vapor exposure time, respectively.

Cyclic voltammetry (CV) measurements show that the high-
est occupied molecular orbital (HOMO) levels of Pg32T-TT and
Pg32T-2T are −4.74 eV and −4.55 eV, respectively (ESI Fig. S5†).
Density functional theory (DFT) calculations also showed that
the repeat unit of Pg32T-2T has a higher-lying HOMO level
compared with the repeat unit of Pg32T-TT, indicating Pg32T-2T
illustration of doped films prepared by acid vapor doping method. (c)
ithout polar side chains (detailed data are listed in Table S2†).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electrical conductivity as a function of vapor doping time or
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more easily doped by dopants (ESI Table S3†). Both of two
polymers are prone to be oxidized in air due to their high-lying
HOMO energy levels, supported by the UV-vis-NIR absorption
spectra (Fig. 2). It is observed that these polymers can be
effectively doped by TfOH both by vapor and solution methods.
The neutral absorption bands at 400–650 nm for Pg32T-TT and
Pg32T-2T were signicantly bleached with a pronounced
enhancement of absorption intensity at near-infrared (NIR)
band (800–1600 nm). Pg32T-2T lms exhibited stronger (bi)
polaron peaks upon doping, consistent with its higher-lying
HOMO level. It is observed that vapor doping resulted in
a stronger NIR absorption band compared to solution doping,
indicating a higher doping level obtained by vapor doping.

Raman spectra were performed to further detect the doping
level of different dopingmethods (Fig. 3). The peak of Pg32T-TT at
1408 cm−1 corresponds to C]C stretching on the thienothio-
phene ring, while the peaks at 1447 cm−1 and 1496 cm−1 are
attributed to C]C stretching and C]C/C–C stretching/shrinking
on the thiophene ring, respectively. Upon doping, the peak
intensities at 1408 cm−1 and 1496 cm−1 are signicantly attenu-
ated, and the peak at 1447 cm−1 red-shied to 1434 cm−1.
Concurrently, the peak intensity at 1310 cm−1, corresponding to
C]C/C–C stretching/shrinking on the thienothiophene ring,
increases remarkably, indicating the doping reaction mainly
occurring on the thienothiophene ring. Notably, the attenuation
of the peaks at 1447 cm−1 and 1496 cm−1 is more pronounced in
the vapor doping process compared to solution doping, sug-
gesting a higher doping level achieved through vapor doping. For
Pg32T-2T lms, the peak at 1447 cm−1, associated with C]C
stretching on the thiophene ring, weakens upon doping, while
the peak at 1408 cm−1, corresponding to C–C stretching vibra-
tions on the thiophene ring, is slightly red-shied to 1403 cm−1.
Like Pg32T-TT lm, a higher doping level is observed in vapor-
doped Pg32T-2T lm, further demonstrating the superior
doping efficiency of vapor doping compared to solution doping.
molar ratio of dopant to polymer (repeat unit) (a) doped Pg32T-TT films
and (b) doped Pg32T-2T films. Carrier mobility and carrier concen-
tration as a function of vapor doping time or molar ratio of dopant to
polymer (repeat unit) (c) doped Pg32T-TT films and (d) doped Pg32T-
2T films.
2.2 Electrical property of doped lms

The electrical conductivity (s) of vapor doped lms is remark-
ably higher than those of solution-doped lms (Fig. 4). For the
Fig. 3 Raman spectra for pristine and doped films of (a) Pg32T-TT (b) Pg3
0.6).

© 2025 The Author(s). Published by the Royal Society of Chemistry
vapor doping method, the s of Pg32T-TT and Pg32T-2T achieved
the maximum values of 1173.9 S cm−1 and 741.2 S cm−1,
respectively, when exposed in vapor atmosphere for 2 minutes.
For the solution doping method, the maximum s values of
Pg32T-TT and Pg32T-2T reach 323 S cm−1 and 278 S cm−1,
respectively, at a molar ratio of 0.6. These doped lms exhibited
exceptional air stability since vapor-doped Pg32T-TT and Pg32T-
2T displayed conductivity losses of∼24% and 27%, respectively,
aer stored in ambient air for 90 days and the conductivity of
solution-doped lms mostly unchanged (ESI Fig. S6†). The
stability of these lms is better than those polythiophenes
doped by FeCl3,29,33 which is probably attributed to the chemical
stability of CF3SO3

− anion and the strong interaction between
anions and polar side chains.

Hall effect measurement demonstrates that the high s of
vapor doped lms mainly stems from the high carrier
2T-2T (the vapor doping time is 2 min and the MR for solution doping is

RSC Adv., 2025, 15, 26347–26352 | 26349
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concentrations. In addition, the carrier concentrations of doped
Pg32T-TT lms are higher than those of doped Pg32T-2T lm for
two methods despite the higher doping levels appearing in
latter lms in absorption spectra. It implies more (bi)polarons
are prone to be free carriers in doped Pg32T-TT lms. The
mobilities of vapor doped Pg32T-TT are slightly higher than
those of solution doped lms while the mobilities of doped
Pg32T-2T by two methods are almost same. That means the
direct diffusion of acid vapor molecules into the pure polymers
endows more effective doping reaction compared with the
solution doping process in which the existence of solvent may
impact the doping level. Temperature-dependent s measure-
ments show that s increases with increased temperature, indi-
cating a thermally activated charge transport in these
lms11(ESI Fig. S7†). The transport activation energy (Ea) is
lower for vapor-doped lms compared to those of solution-
doped lms. Moreover, Pg32T-TT lms have lower Ea values
than those of Pg32T-2T lms, indicating lower barriers for (bi)
polarons converting to be free carriers in Pg32T-TT lms. This
supports the results of higher carrier concentrations in Pg32T-
TT lms measured by Hall-effect experiments.
2.3 Microstructure and morphology upon doping

Grazing-incidence wide-angle X-ray scattering (GIWAXS) was
employed to analyze the crystalline evolution of pristine lms
and doped counterparts (Fig. 5a–f). Both pristine Pg32T-TT and
Pg32T-2T exhibited similar scattering patterns with only edge-
Fig. 5 2D-GIWAXS patterns of (a) pristine Pg32T-TT (b) vapor-doped
Pg32T-TT (c) solution-doped Pg32T-TT and (d) pristine Pg32T-2T (e)
vapor-doped Pg32T-2T (f) solution-doped Pg32T-2T. (g) Schematic
illustration of microstructure in pristine film and doped films by two
methods (the vapor doping time is 2 min and the MR for solution
doping is 0.6).

26350 | RSC Adv., 2025, 15, 26347–26352
on orientation in lms. Upon TfOH doping, the GIWAXS
patterns showed more diffraction spots along qz directions and
clearer spots along qxy directions, indicating enhanced crystal-
linity aer doping (peak parameters in ESI Table S4†). For both
of two doping methods, the lamellar packing distances of two
polymers are increased signicantly, while p–p stacking
distances are decreased. Although the dopants are prone to
inserting into the side chains, vapor-doped lms displayed
smaller lamellar structure expansion than those of solution-
doped lms, suggesting limited dopant-induced lamellar
distortion during vapor doping. The reduced p–p spacing is
attributed to doping-induced polaron delocalization generating
strong interchain interaction.34 Notably, vapor-doped lms
exhibited narrower diffraction peaks in both out-of-plane (100)
and in-plane (010) directions (ESI Fig. S8†). Crystal coherence
lengths (CCL) were calculated via Scherrer equation. The vapor-
doped lms show larger CCLs along both qz and qxy directions,
indicating extended ordered polymer domains, compared with
solution-doped lms (ESI Fig. S9†). This suggests that the direct
diffusion of vapor molecules into the polar side chains of pure
polymers improves the lm's crystallinity while the micro-
structure of solution-doped polymer is probably impacted by
the evaporation of solvent to form discontinuous transport
paths during the lm formation. Atomic force microscopy
(AFM) revealed the surface roughness is reduced in vapor-doped
lms while the roughness is signicantly increased in solution-
doped counterparts compared with pristine lms (ESI
Fig. S10†). These ndings collectively demonstrate that vapor
doping minimizes microstructural and morphological disrup-
tion. Therefore, the enhanced conductivity by vapor doping in
these polymers can be primarily attributed to the synergistic
advantages of high doping efficiency of strong acid and the
ordered microstructure within continuous conduction path-
ways inside for efficient charge transport (Fig. 5g).
3 Conclusions

Polythiophene derivatives with polar side chains were synthe-
sized and doped by using a strong acid, CF3SO3H (TfOH), via
vapor doping and solution doping methods. Both polymers
exhibited effective doping reactions while vapor doping leads to
higher doping levels compared with the solution doping
method. Notably, the s of vapor-doped Pg32T-TT lm is two
times higher than that of solution-doped counterparts. The
high s of vapor-doped lms primarily stems from increased
carrier concentrations while maintaining ordered domains
upon doping. The results indicate that vapor doping is a better
choice for achieving high conductivity for polar polythiophenes
because the direct diffusion of acid vapor molecules into the
polar side chains of pure polymers endows more effective
doping reaction, compared with the solution doping process in
which the existence of solvent may negatively impact the doping
efficiency and morphology. The conductivity of TfOH-doped
Pg32T-TT is reserved over 70% of their initial values even aer
being stored in air for 90 days. This work demonstrates that acid
vapor doping, even without ultrahigh vacuum conditions, is an
© 2025 The Author(s). Published by the Royal Society of Chemistry
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efficient approach to enhance both the conductivity and
stability of conductive polymers.

4 Experimental
4.1 Films preparation and electrical resistivity measurement

The glass substrate is cleaned by deionized water, acetone and i-
propanol. The polymers are dissolved in a mixed solvent con-
sisting of chloroform and chlorobenzene (9 : 1, v/v) with the
concentration of 5 mg mL−1. For the pristine lms, the polymer
solutions were stirred at 50 °C for 3 h. Then, the solutions were
dropped on the cleaned glass substrates carefully to form thin
lms. For solution-doped lm, 0.02 mol L−1 CF3SO3H in
acetonitrile was mixed with polymer solutions at the desired
concentrations. The mixtures were stirred at 50 °C for 3 h. The
single solution then was dropped cast on the substrate. For
vapor-doped lms, CF3SO3H is dissolved in acetonitrile with the
concentration of 1 mol L−1, 200 mL of the dopant solution was
dropped on a glass substrate and heated to 150 °C. Polymer
lms were put in the glass lid with saturated dopant vapor. A
four-probe method was used to determine the electrical resis-
tivity and the Seebeck coefficient by using the ZEM-5 TF Seebeck
Coefficient/Electrical Resistance Measurement System (Advance
Riko). At least three samples were used to measure the resis-
tance and Seebeck coefficient and the average values were
reported.

4.2 Hall-effect measurement

For Hall-effect measurement, the device was prepared as the
same as for electrical conductivity measurement, and nally
four 50 nm Au electrodes were deposited on lm to reduce
contact resistance.

4.3 DFT simulations

All species were optimized by Gaussian 09 soware using the
B3LYP functional in the density functional theory (DFT)
framework. Furthermore, the Grimme dispersion of the
molecular structure with the original D3 damping function was
calculated using the 6-31G* basis set.

4.4 Synthesis of polymers

5,50-Dibromo-3,30-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-
2,20-bithiophene (200 mg, 0.31 mmol) and 2,5-bis(trimethyl-
stannyl)thieno[3,2-b]thiophene (143.48 mg, 0.31 mmol) were
added into a dry Schlenk tube and subsequently dissolved in
degassed chlorobenzene (5 mL) under nitrogen atmosphere.
The solution was degassed three times. Pd2(dba)3 (5.6 mg, 0.006
mmol) and P (o-tol)3 (15mg, 0.05mmol) were quickly added and
the solution was stirred and degassed for 8 min. The reaction
mixture was stirred at 110 °C for 10 min. When the reaction
mixture turned to be extremely viscous, it was cooled to room
temperature. The mixture was dropped into 200 mL methanol
and ltered. The precipitate was collected and puried by
Soxhlet extraction with methanol, ethyl acetate and hexane to
remove oligomers and impurities. The remaining polymer was
dissolved in chloroform and precipitated again into methanol.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The precipitate was collected and dried under vacuum, then the
dark polymer was obtained as the product polymer, Pg32T-TT
(117 mg, 60%). Mn:73.3 kDa, PDI:4.1.

5,50-Dibromo-3,30-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-
2,20-bithiophene(200 mg, 0.31 mmol) and 5,50-bis(trimethyl-
stannyl)-2,20-bithiophene (152.48 mg, 0.31 mmol) were added
into a Schlenk tube and subsequently dissolved in degassed
chlorobenzene (5 mL) under nitrogen atmosphere. The solution
was degassed three times. And then Pd2(dba)3 (5.6 mg, 0.006
mmol) and P(o-tol)3 (15 mg, 0.05 mmol) were added and then
the solution was stirred and degassed for 8 min. The reaction
mixture was stirred at 120 °C for 24 hours. Aer being cooled to
room temperature, the mixture was precipitated in methanol
(200 mL) and subjected to a series of Soxhlet extractions
successively in hot methanol ethyl acetate and hexane to remove
oligomers and impurities, followed by collection in chloroform
and precipitation in methanol again. The polymer, Pg32T-2T,
was obtained as dark-blue or metallic solids (145 mg 71%).
Mn: 28.7 kDa, PDI:8.9.
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