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Side-chain engineering of self-doped conjugated
polyelectrolytes for organic electrochemical
transistors†

Luana C. Llanes, ‡a Alexander T. Lill,‡a Yangyang Wan,c Sangmin Chae,a Ahra Yi,d

Tung Nguyen-Dang, a Hyo Jung Kim,d Lior Sepunaru, a Javier Read de Alaniz,a

Gang Lu,c Guillermo C. Bazan*ab and Thuc-Quyen Nguyen *a

A series of conjugated polyelectrolytes (CPEs) containing cyclopentadithiophene-alt-benzothiadiazole

were synthesized. Their alkyl chain length was varied from 2–5 carbons in order to investigate the

effects on their optical, electrochemical and morphological properties. CPEs are mixed conductors and

can be used as the active layer in accumulation mode organic electrochemical transistors (OECTs). Their

transconductance, volumetric capacitance, and ionic and electronic conductivity are dependent on their

alkyl chain length. DFT calculations help explain the differences in the ease of doping as a function of

molecular structure.

10th Anniversary Statement
It is an honor for our groups to contribute to this special issue celebrating the 10th anniversary of Journal of Materials Chemistry C. Under the leadership of the
Editor-in-Chief, Natalie Stingelin, excellent associate editors and RSC staff, the journal has become one of the most important journals for researchers in the
field of materials chemistry with the emphasis on optical, magnetic and electronic devices. We wish Journal of Materials Chemistry C continued success and
look forward to reading and publishing in this journal.

1. Introduction

Conjugated polyelectrolytes (CPEs) are a versatile class of con-
jugated polymers that are defined by a molecular framework
that contains an electronically delocalized backbone and
pendant ionic groups. This combination of features gives CPEs
the optical and charge transport properties of organic semi-
conductors and the processibility of polyelectrolytes. The
charged side groups lead to water solubility or polymer hydration.
The latter allows for the incorporation of water molecules and

mobile ions into the polymer films,1,2 thus enabling both
electronic and ionic transport.3 CPEs are therefore well suited
for interfacing electronics and biology, through the develop-
ment of intimate bioelectronic interfaces.4 In addition, polarons
on the polymer backbone generated by electrochemical doping
can be stabilized by ionic groups in the side chains, yielding
so-called ‘‘self-doped’’ CPEs.5 These attributes have led to the
utilization of CPEs in a variety of applications, including
interfacial layers in organic photovoltaic (OPV) devices,6–9

organic light-emitting diodes (OLEDs),10–12 and organic thin-
film transistors (OTFTs),13,14 bioimaging,15 bioelectric current
generation enhancement,16 bioelectric current storage (capaci-
tive properties),17 antimicrobial properties,18–21 and most
recently, in organic electrochemical transistors (OECTs).22–25

OECTs are of relevance for bioelectronic applications.
Reports demonstrate their use in in vivo neural recording and
modulation,26–29 pH-sensing30,31 and miniaturized biosensors
for analyte detection.32–40 The low operational voltage of OECTs
and compatibility with aqueous environments make them
useful for biological applications.41 An OECT consists of
an organic semiconductor film (active layer) between two metal
electrodes (the source and the drain). On top and in direct
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contact with the active layer is the electrolyte, where a gate
electrode is immersed.42 An electrochemical potential can drive
ions from the electrolyte into or out of the conductive layer.
The injected ions modulate the doping state and, therefore, the
conductivity of the active layer. Thereby, ionic signals are
transduced into electronic signals.43,44

In this contribution, we present a structure–property rela-
tionship study on derivatives of a self-doped cyclopentadithio-
phene-alt-benzothiadiazole backbone containing pendant
sulfonate groups. A series of copolymers with increasing alkyl
chain distances between the conjugated backbone and the
anionic groups (2–5 methylene units) were synthesized (Fig. 1).
OECTs were fabricated with each CPE as the active layer, and
electrochemical impedance spectroscopy (EIS) was utilized to
understand the differences in performance. Their optical,
electrochemical, and morphological properties were evaluated
and combined with DFT calculations to understand how alkyl
chain length variation modulates the properties of OECTs.

2. Results
2.1 Synthesis and characterization

Fig. 1 provides the chemical structures of the CPEs together
with the synthetic approach for accessing the new structures.
The synthesis of CPE-C4-Na and CPE-C3-Na has been previously
reported.45,46 For CPE-C2-Na and CPE-C5-Na the synthetic
pathway begins with alkylation of commercially available cyclo-
pentadithiophene (CPDT) followed by bromination using N-
bromosuccinimide (NBS). For CPE-C2-Na, alkylation of CPDT
with sodium 2-bromoethanesulfonate was achieved under
basic conditions, followed by bromination with NBS. Synthesis
of CPE-C5-Na begins by alkylation of CPDT with excess 1,5-
dibromopentane under basic conditions followed by bromina-
tion with NBS. At first, alkylation of CPDT led to low yields,
possibly due to intramolecular cyclization (via two successive
substitutions of Br in a single 1,5-dibromopentane molecule).47,48

An excess of 1,5-dibromopentane helped to circumvent this
complication. A subsequent reaction with Na2SO3 in a refluxing
mixture of EtOH/H2O, aided by tetrabutylammonium iodide

(TBAI) as a phase-transfer reagent, afforded the anionic monomer,
CPDT-C5-Na. The polymerization for all reported CPEs was
achieved under Suzuki–Miyaura cross-coupling conditions.
The purification procedure included precipitation of the product
in acetone, filtration, and several washing steps with acetone and
methanol. The resulting polymer product was purified by dialysis
for three days in Millipore water, which afforded self-doped
CPEs.49,50 Lyophilization produced dark blue solids. Detailed syn-
thesis and characterization can be found in the ESI.† Counterion
exchange with excess tetrabutylammonium bromide (TBABr) was
performed to improve solubility in DMF and enabled gel permea-
tion chromatography analysis.51 The number average molecular
weight was determined to be 18.1 kg mol�1 (CPE-C2-Na),
15.0 kg mol�1 (CPE-C3-Na), 11.3 kg mol�1 (CPE-C4-Na), and
14.5 kg mol�1 (CPE-C5-Na).

We examined the relative tendency for doping of the differ-
ent CPE-CX-Na polymers using optical absorption spectroscopy.
For sample preparation, CPEs were freeze-dried immediately
after dialysis and used to make a 10 mg mL�1 solution. These
were used to dropcast films onto a glass substrate or diluted to
obtain the UV-Vis spectra of aqueous solutions. Optical spectra
were measured between 300 nm and 1300 nm, see Fig. 2. One
can observe characteristic absorption peaks around 400 nm
and 680 nm (lmax), previously observed for donor–acceptor
copolymers containing CPDT-alt-BT backbones.52,53 A first look
into the absorption spectra shows a blue-shift in the neutral
state absorption in CPE-C2-Na relative to the CPEs with a longer
alkyl chain, see Fig. 2. The broad, low-energy transition starting
at 900 nm for this class of CPEs has been attributed to
transitions in the doped species (lpolaron).45 The ratio between
the neutral state absorbance band (B680 nm) and the polaron
band should scale with the fraction of chains with polaronic
states.54,55 Comparison of the relative intensity ratios between
lpolaron and lmax indicates the impact of alkyl chain lengths on
the doped levels, see Table S1 (ESI†). Going from 2 to 5
methylene units, the lpolaron/lmax ratio increases. CPE-C2-Na
exhibits a ratio of 0.36, CPE-C3-Na of 0.59, CPE-C4-Na of 0.75
and CPE-C5-Na of 0.81 (Fig. 2(a)). UV-Vis spectroscopy measure-
ments in thin films prepared from aqueous solutions reveal
the same trend (Fig. 2(b)). The value of lpolaron/lmax in the film

Fig. 1 General pathway for Suzuki–Miyaura coupling polymerization and abbreviations used for the CPE synthesis. The CPEs were color-coded to
facilitate data visualization.

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 0
5 

A
pr

il 
20

23
. D

ow
nl

oa
de

d 
on

 8
/1

6/
20

24
 6

:1
8:

56
 A

M
. 

View Article Online

https://doi.org/10.1039/d3tc00355h


8276 |  J. Mater. Chem. C, 2023, 11, 8274–8283 This journal is © The Royal Society of Chemistry 2023

is highest for CPE-C5-Na (0.81), followed by CPE-C4-Na (0.79),
CPE-C3-Na (0.64), and CPE-C2-Na (0.29). Considering that the
sulfonate is thought to stabilize cationic polaronic states via
Coulombic stabilization,50 it was expected that shorter alkyl
chains would lead to a higher degree of doping. As mentioned
above, the UV-Vis spectra demonstrate an opposite effect,
which will be further analyzed in the electrochemical and
theoretical sections of this paper.

From our previous study, the proposed doping mechanism
for the CPEs under study consists of two steps: (1) protonation
of the CPDT unit of the polymer and (2) single electron transfer
from a neutral polymer chain to the protonated polymer,
resulting in one polymer chain with a positive polaron and
another polymer chain with an unpaired electron.50,56 Fig. 3
shows the chemical equation for the doping process as described
previously and CPE-C4 is selected for illustrative purposes. Since
the protonation of the cyclopentadithiophene will be related to its
basicity, pH dependent UV-VIS measurements were conducted
(Fig. 2(c–h)). Buffer solutions of pH of 1.0, 2.7, 5.0, 7.5, 9.2 and
11.3 were prepared. A solution of 3.3 mg mL�1 CPE in buffer was
prepared and the solutions were allowed to equilibrate for
24 hours. After the UV-VIS measurement, the final pH of the
solutions was determined. The intensity of the polaron

absorption increased with lower pH value, indicating that
the polaron concentration is higher. In a previous study with
CPE-C4-K, a direct relationship between increased acidity and
an increase in the polaron concentration was observed via
electron paramagnetic resonance studies.57,58

Differential pulse voltammetry (DPV) was used to probe
electrochemical properties as a function of chemical structure.
This technique was selected over cyclic voltammetry to probe
the thermodynamics of the system due to its ability to minimize
background current resulting in a more sensitive measurement
of faradaic current.59,60 The oxidation onsets of CPE films
were measured in an aqueous solution. Fig. 4(a) provides the
response of CPE-CX-Na films in the DPV experiment. The
following oxidation potentials (vs. SCE) were measured Eox =
0.77 V (CPE-C2-Na), Eox = 0.60 V (CPE-C3-Na and CPE-C4-Na)
and Eox = 0.56 V (CPE-C5-Na). Non-normalized voltammograms
can be found in the ESI† (Fig. S1). DPV data for the CPE-CX-Na
series suggest an electron withdrawing effect by the sulfonate
group,61 which increases Eox and thereby disfavors the electron
transfer step in Fig. 3. To further confirm an electron with-
drawing effect, DPV was carried out on the alkylated cyclopen-
tadithiophene monomers (CPDT-CX-Na in Fig. 1). As expected,
the voltammograms on monomeric units are easier to interpret

Fig. 2 (a) Normalized ultraviolet-visible-near-infrared spectra (UV-Vis-NIR) of aqueous CPE solutions; (b) normalized UV-Vis-NIR spectra of CPE films
deposited on ITO/glass substrates; pH dependent UV-Vis-NIR (normalized absorption) spectra at (c) pH = 1.0; (d) pH = 2.6; (e) pH = 5.0; (f) pH = 7.0;
(g) pH = 9.1; and (h) pH = 11.1. Black: CPE-C2-Na, blue: CPE-C3-Na, green: CPE-C4-Na, and red: CPE-C5-Na.
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(Fig. 4(b)) and can provide more clear information on the
influence of the distance between sulfonate group and back-
bone on the redox potential. The measured potentials vs. SCE
were Eox = 0.76 V for CPDT-C5, increasing to Eox = 0.78 V for

CPDT-C4 and CPDT-C3 and Eox = 0.85 V for CPDT-C2. Thus, the
general trend in Fig. 4(b) is an increase in the oxidation potential
with decreasing distance between the sulfonate group and the
CPDT. Non-normalized data can be found in the ESI† (Fig. S2).

Fig. 3 Schematic representation for protonic acid doping of CPE-C4 adapted from ref. 58.

Fig. 4 (a) Normalized differential pulsed voltammetry on dropcast CPE films measured in aqueous solution (0.1 M NaCl); glassy carbon working
electrode, saturated calomel as a reference electrode and platinum wire as a counter electrode; (b) normalized differential pulsed voltammetry on films
(dropcast) of alkylated cyclopentadithiophene derivatives measured in aqueous solution (0.1 M NaCl); (c) UPS data in the high binding cut off region and
highest occupied state. The ionization potential was measured by subtracting the difference between the energy of the incident photon and the width
of the spectrum.
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The electrochemical data therefore agree with the absorbance
data. Furthermore, in Fig. 2, a blueshift in the absorption was
observed for CPE-C2-Na relative to the longer alkyl chain CPEs,
which can be explained by an electron withdrawing effect that
makes the CPDT fragment a weaker donor.

The effect of alkyl chain length on the degree of doping may
also be understood by considering the effect of chain flexibility.
A higher number of methylene units in the alkyl chain translate
to a larger conformational space, and therefore, to a more
frequent close proximity of the sulfonate group to the conju-
gated backbone. Such a situation would lead to a higher degree
of polaron stabilization and a higher degree of doping by
means of through-space coulombic stabilization.

Comparing Fig. 4(a) and (b) one can see that, relative to
the oxidation peak for monomers, the oxidation peak for the
CPEs is broader and appears at lower potentials. The extended
conjugation in the polymer results in the lowering of the
oxidation potential compared to the monomer. With an
increasing chain length of the system, the number of acces-
sible redox states increases, which results in a superposition
of redox states over a broad potential range.62 Furthermore,
the dispersity of the chains favors the superposition of redox
states.62

Ultraviolet-photoelectron spectroscopy (UPS) was carried out
(Fig. 4(c)) on films of CPE-C2-Na, CPE-C3-Na, CPE-C4-Na, and
CPE-C5-Na spin-coated atop ITO/glass substrates. The abscissa
is the binding energy relative to the Fermi level of Au (EF),
which is defined by the energy of the electron before excitation
relative to the vacuum level. The ionization potential (IP) onsets
were obtained from the low energy region. The values for
ionization potential (IP) obtained using this technique were
�5.2 eV (CPE-C2-Na), �5.2 eV (CPE-C3-Na), �5.2 eV (CPE-C4-Na),
and �5.2 eV (CPE-C5-Na). The IP values were the same for all
CPEs. Table 1 summarizes the data obtained for electrochemical
characterization.

2.2 Theoretical studies

DFT was used to bring more insights into the doping level
differences. The geometry optimizations and electronic struc-
ture calculations were performed at the oB97XD/6-31G(d)3 level
of DFT with three repeat units of CPE. The energy levels of CPE
and CPE+ (from Fig. 3) are illustrated in Fig. 5(a) and the
electronic transition from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO) corresponds to lmax observed in the experiment. In
CPE+, unoccupied in-gap states are generated (polaron states)
that are responsible for the redshift in absorption, i.e., the

appearance of a new transition (lpolaron). The intensity of
lpolaron is proportional to the concentration of CPE+ and the
oscillator strength of the polaron transition. To compare the
concentration of the polarons in the polymer films, the for-
mation energies of CPE+-CX-Na (X = 2, 3, 4, and 5) were
calculated following the equation from Fig. 3. As summarized
in Fig. 5(b), the formation energy of CPE+-CX-Na (X = 2, 3, 4, and
5) decreases monotonously from C2 to C5. Since a larger
formation energy would translate to a lower concentration of
positive polarons, we find that the polaron concentration is
higher when a longer alkyl chain length is included.
The calculated oscillator strengths of the main peaks for
CPE+-CX-Na (X = 2, 3, 4, and 5) are summarized in Fig. 5(b),
and no obvious difference can be found among the various
alkyl chain lengths. Based on the above analysis, it can be
concluded that the intensity of lpolaron in Fig. 2(a) and (b) is
attributed to the lower formation energy of CPE+-CX-Na with
longer alkyl chain lengths.

2.3 Morphology study of CPEs

Grazing incidence wide-angle X-ray scattering (GIWAXS) was
employed to study the structural organization of drop-cast films
on Si substrates (Fig. 6). A scattering peak along the qz direction
at 0.7–0.9 Å�1 is observed, and the position of the peak
scattering shifts to smaller Å�1, which corresponds to a longer
lamellar distance (from 0.71 nm to 0.87 nm) upon increasing
the alkyl side chains. Notably, the coherence length (CL) also
significantly increases (from 1.67 to 5.33) that indicates a better
packing order is obtained upon increasing the length of alkyl
side chains. All detailed analyses of the crystal are summarized
in Table S2 (ESI†). Line cuts extracted from the 2D images of
the films along with out-of-plane and in-plane directions are
found in Fig. S3. In addition, the scattering around 1.7 Å�1

along the qxy plane is also found which corresponds to a p–p
stacking distance of 0.36 nm. No measurable difference in the
p–p stacking distance is observed for the CPE films except CPE-
C2-Na which possesses a longer distance (0.38 nm) which is
unfavorable for charge transport. We do not observe the intense
scattering peak in CPE-C2-Na, which suggests that the material
is the least ordered. From the analysis, CL of p–p stacking also
increases (from 1.55 nm to 3.69 nm) with increasing alkyl side
chains.

2.4 CPEs as the active layer in OECTs

Preliminary OECT characterization was performed to under-
stand the impact of chain length variation on device performance.
Fig. 7(a) contains the general device architecture used for our
measurements. A 0.1 M solution of NaCl was used as the gate
electrolyte and an Ag/AgCl pellet as the gate electrode (and
pseudo-reference electrode). The CPE films were processed
from water and therefore needed to be stabilized with a cross-
linker, (3-glycidyloxypropyl)trimethoxysilane (GOPS), to avoid
dissolution into the electrolyte medium. CPE solutions were
thus prepared with GOPS as previously described.22 A prelimi-
nary study with varying amounts of GOPS in each CPE estab-
lished the minimal percentage of GOPS that resulted in stable

Table 1 Oxidation onset and ionization potential of CPEs

CPE Eox (V vs. SCE) IP (eV)

CPE-C2-Na 0.77 �5.2
CPE-C3-Na 0.6 �5.2
CPE-C4-Na 0.6 �5.2
CPE-C5-Na 0.56 �5.2
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films and the highest conductivity. The percentages of GOPs
were determined to be 32% wt for CPE-C2-Na, CPE-C3-Na and
CPE-C4-Na, while 16% wt worked best for CPE-C5-Na.22

Multiple sets of the CPE-based OECT devices were tested
and the average transfer characteristics are provided in
Fig. 7(b). Fig. S4 (ESI†) shows the transfer characteristics of
each run. In Fig. 7(b), when a negative gate voltage is applied,
Cl� ions are introduced into the active layer. There, charges
are balanced by hole injection from the source electrode,
increasing the charge carrier density and therefore conduc-
tivity in the channel.63 The negative source–drain voltage

(VD = �0.6 V) provides the driving force for hole migration,
giving rise to the source–drain current (IDS). In Fig. 7(b), under
increasingly negative VG, the magnitude of IDS increases,
characteristic of a p-type accumulation mode OECT.
Accumulation-mode OECT devices operate in the ON state
and rest in the OFF state, and consume less power compared
to depletion mode OECTs, which rest in the ON state. For CPE-
C4-Na and CPE-C5-Na IDS saturates when VG = �0.6 V. The
curve for CPE-C3-Na and CPE-C2-Na still shows an ascendant
behavior at that voltage. Recently, OECTs based on CPE-C4-K
have demonstrated the unique property of operating in

Fig. 5 (a) The energy levels of CPE-C4-Na and CPE+-C4-Na; (b) the oscillator strength and formation energy of each CPE+-CX-Na (X = 2, 3, 4, and 5).

Fig. 6 Grazing-incidence wide-angle X-ray scattering (GIWAXS) images of drop-cast CPE films on silicon substrates.
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the dual-mode. Under an applied negative voltage, the anion
migrates and dopes CPE-C4-K, acting as accumulation mode
device. In contrast, it can act in depletion mode due to the
dedoping under the cation migration owing to the self-doping
properties.64

In Fig. 7(b), the threshold voltages (VT) of different alkyl
chain length CPEs are shifted by hundreds of millivolts. The
threshold voltage is the gate voltage at which significant
current starts to flow from the source to the drain.65 The
different VT indicates a different degree of doping at specific
VG. VT values were determined by extrapolating the corres-
ponding IDS

1/2 vs. VG plots following a methodology reported
previously (Fig. S5, ESI†).66,67 VT values of �300 mV vs. Ag/AgCl
(CPE-C2-Na), �30 mV vs. Ag/AgCl (CPE-C3-Na), 80 mV vs. Ag/
AgCl (CPE-C4-Na), and 70 mV vs. Ag/AgCl (CPE-C5-Na) were
found. VT of less than |0.25| V enables low voltage operation in
OECT devices, which include CPEs with alkyl chains of 3, 4
and 5 methylene units.68 We note that low threshold voltage is
advantageous for sensing applications.69,70

The steeper the subthreshold slope, the larger the change
in IDS for a given change in VG. The slope of the transfer curve
is the transconductance (gm), which indicates the signal

amplification of the OECT. Under a saturation regime, gm is
given by

gm ¼ W � d
L

� �
� m � C� � VT � VGð Þ (1)

where W is the channel width, d is the film thickness of the
active layer, L is the channel length, m is the hole mobility in the
CPE channel, C* is the volumetric capacitance of the CPE
channel, VT is a geometry-independent threshold voltage, and
VG is the applied gate voltage. Fig. 7(c) provides the average gm

of each CPE as a function of VG, while Fig. S6 (ESI†) contains
the transconductance of triplicate devices for each material.
Peak transconductance values of 36.8 � 2 mS (CPE-C5-Na),
38.1 � 5 mS (CPE-C4-Na), 36.3 � 2 mS (CPE-C3-Na), and 18.0 �
2 mS (CPE-C2-Na) were observed. CPE-C2-Na therefore exhibits
poorer performance than CPEs with their alkyl chain contain-
ing more than two methylene units. Table 2 summarizes the
values obtained for the device characterization.

From the GIWAXs data, there is an increase in film crystal-
linity for a higher number of methylene units. The higher
crystallinity appears to be correlated with more ordered
domains and thus higher hole conductivity, resulting in OECT

Fig. 7 (a) Device architecture of CPE-based OECTs; (b) transfer characteristics at VD = �0.6 V of OECTs made using interdigitated contacts (W = 27 cm,
L = 8 mm, d = 1.5–1.9 mm); (c) transconductance values at VD = �0.6 V of OECTs made with interdigitated contacts. (d) Volumetric capacitance measured
by impedance spectroscopy.
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devices with better performance. Fig. S7 of the ESI† shows the
surface topographic images measured by atomic force micro-
scopy (AFM) of CPE-CX-Na. The surface morphology of the
CPE-CX-Na films does not change with increasing side-chain
length. All films look smooth with a root mean square rough-
ness between 0.3 and 0.4 nm.

Electrochemical capacitance quantifies the result of ion
uptake of the film.71 The doping process in our OECT devices
involves Cl� anion injection from the electrolyte into the active
layer and the hole injection from the metal contact, forming
sites of anion/hole pairs. A capacitor is formed between these
two charge carriers originating the capacitance of the film.
Eqn (1) shows that gm is proportional to C*. Impedance
spectroscopy was thus used to measure the capacitance (C)
(Fig. S8 in the ESI†), which was divided by the volume of the
CPE layer (Fig. 7(d)). Normalized to the volume, the volumetric
capacitance obtained is as follows: 5.1 � 1.7 F cm�3 (CPE-
C2-Na), (2.2 � 0.2) � 102 F cm�3 (CPE-C3-Na), (2.5 � 0.3) �
102 F cm�3 (CPE-C4-Na), and (1.9 � 0.5) � 102 F cm�3 (CPE-
C5-Na). CPE-C2-Na exhibits a lower volumetric capacitance
while the values observed for CPE-C3-Na, CPE-C4-Na and
CPE-C5-Na are similar within an error. We believe that the
volumetric capacitance of CPE-C2 is lower due to the shorter
side chain length and low self-doping level. When the side
length chains are shorten, the CPE-C2 has smaller volume for
ion uptake. Significantly smaller lamella distance (C2: 0.71 nm
and C5: 0.87 nm) was confirmed by GIWAXS analysis. Both
factors influence to the volumetric capacitance of CPE-C2,
which decreases as the number of average charge per monomer
unit decreases.71 The UV-Vis absorption spectrum shows a
much lower absorption at 1180 nm (polaron absorption) of
C2 compared to C3-5,64 indicating a significantly lower self-
doping efficiency, a.k.a. lower average charge per monomer
unit. We observed a similar trend with a dedoped CPE-C4-K
which shows two orders of magnitude smaller capacitance than
the doped one.22

Finally, the relative ion transport of the CPEs in the dry state
was evaluated using electrochemical impedance spectroscopy
(EIS) (Fig. S9, ESI†).72–74 A challenge associated with the
measurement of CPE films is that as a conductive polymer,
the high electronic conductivity would hinder measuring the
ion transport. To address this and knowing that water is
responsible for the self-doping efficiency of CPE-CX-Na,50 the
films were annealed. CPE-CX-Na films were deposited on
interdigitated contacts at 300 1C to drive water out of the film,
thus reversibly de-doping the film without decomposing it.50

Between two electrodes of each interdigitated contact, an AC
voltage of 20 mV was applied at a frequency from 10 Hz to

10 MHz. Representative Nyquist plots of each CPE material are
shown in Fig. S9 (ESI†). By fitting these plots with an equivalent
circuit in Fig. S10 (ESI†),72 the estimated values of ion con-
ductivity of CPE-CX-Na in the dry state were 1.96 � 10�4 S cm�1

(CPE-C2-Na), 1.64 � 10�4 S cm�1 (CPE-C3-Na), 6.34 �
10�5 S cm�1 (CPE-C4-Na), 3.65 � 10�5 S cm�1 (CPE-C5-Na).
A decrease in ion conductivity is observed as the sidechain
length is increased, which is attributed to the higher hydro-
phobic content and higher film crystallinity.

3. Conclusion

In conclusion, we have presented a systematic structure–
property-relationship study on CPEs with varying side-chain
lengths. Before studying this particular series of CPEs, it was
hypothesized that the proximity of the polaron-stabilizing
negative charge would increase the ease of doping as their
side-chain length is decreased. However, the opposite trend
was observed using UV-VIS spectroscopy. DPV of films consist-
ing of cyclopentadithiophene derivatives as well as CPE films
demonstrated a reduction in the oxidation potential with the
increase in chain length. The lower oxidation potential can be
interpreted with an increase in the ease of polaron formation.
GIWAXS data showed an increase in crystallinity with side
chain lengths which is indicative of a higher hole mobility.
Finally, in DFT studies a lower formation energy was found in
systems with longer alkyl chain lengths. The initial structure–
property characterization suggests an electron withdrawing
effect of the sulfonate group on the cyclopentadithiophene
ring, making difficult the oxidation of the polymer and there-
fore doping. In addition, the higher flexibility of longer alkyl
chain lengths can favor an approximation of the sulfonate
group to the polaron, leading to a higher degree of polaron
stabilization and a higher degree of doping by means of
through-space coulombic stabilization. This highlights the
relevance of a systematic study of conjugated polyelectrolytes
to assist in the design of better materials. We concluded that
a shorter alkyl chain length disfavors the oxidation onset in
our system and consequently reduces the doping level of the
conjugated polyelectrolyte. To further explore the potential of
modulating the CPE properties by alkyl chain lengths we
performed a non-optimized OECT study. Although multiple
aspects of device assembly can impact the properties, we
discussed characteristics that we believe to be modulated by
alkyl chain lengths. CPE-CX-Na, with X = 3, 4 and 5, remain
viable candidates for OECT application. CPE-C2-Na shows the
lowest transconductance. CPE-C3-Na, CPE-C4-Na and CPE-C5-
Na show similar levels of transconductance, higher than that of
CPE-C2-Na. The OECT performance is further supported by the
volumetric capacitance of each CPE.
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