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Rauĺ González-Nuñ́ez, Rocío Ponce Ortiz, M. Carmen Ruiz Delgado,* Luca Muccioli,*
and Barbara Vercelli*

Cite This: Chem. Mater. 2026, 38, 808−818 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Conjugated polyelectrolytes (CPEs) are a distinct
class of polymers that feature a π-conjugated backbone and
pendant ionic groups, which confers them unique properties. In
particular, since the discovery, during their purification in water,
that some CPEs have the ability to be self-doped, they have
attracted increasing interest from the organic electronics
community. More recently, a self-acid doping mechanism was
proposed after it was proven that the degree of doping can be
modulated by the addition of an acid or a base. However, the
explanation of both the self-doping and self-acid doping processes
remains ambiguous, and their investigation continues to present
significant challenges. In this work, we address the problem
through a combination of experimental and computational
techniques, including spectroscopy (UV−vis and Raman) and electrochemistry measurements in conjunction with DFT
calculations and molecular dynamics simulations. We performed a comprehensive investigation into the self-doping mechanism of
CPE-2K, poly [2,6-(4,4-bis-potassium butanylsulfonate-4H-cyclopenta-[2.1-b:3,4-b′] dithiophene)-alt-4,7-(2,1,3-benzothiazole)],
and its homologue with only one alkyl ionic chain, CPE-K. Our findings point to a framework that integrates the self- and self-acid
doping mechanisms into a unified one, in which backbone aggregation acts as the driving force.

1. INTRODUCTION
Conjugated polyelectrolytes (CPEs) are a unique class of
polymers containing a π-conjugated backbone and pendant
ionic functionalities, which make them soluble in water and
polar solvents.1,2 CPEs combine the optical and charge
transport properties of organic semiconductors with the
possibility of modulating their physico-chemical properties by
controlling electrostatic interactions.3 Furthermore, the
solubility in water and in polar solvents makes CPEs appealing
materials for a wide variety of bioapplications such as
biosensors or bioimaging,4−6 as well as optoelectronic
applications such as organic photovoltaic devices,7−16 light-
emitting diodes,17 organic field-effect transistors,18−21 actua-
tors, and organic thermoelectrics.22−24 Recently, the CPE
poly[2,6-(4,4-bis-potassium butanylsulfonate-4H-cyclopenta-
[2.1-b:3,4-b′]dithiophene)-alt-4,7-(2,1,3-benzothiazole)]
(PCPDTBT-2SO3K, or CPE-2K for short, see Figure 1) has
become an object of interest and study by the research
community as it has shown the ability of self-doping during its
purification by dialysis in water.25 It should be noted that this
compound has previously been referred to as CPE-K in the
relevant literature.3,26 In the present study, the term CPE-2K is
instead employed for the purpose of distinguishing it from its

monosubstituted analog, here called CPE-K, as outlined in
Figure 1.
In particular, it was observed that CPE-2K becomes doped

in the presence of a proton source and is dedoped with the
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Figure 1. Structures of the studied PCPDTBT polyconjugated
polyelectrolytes: CPE-2K (left) and CPE-K (right).
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addition of a base.25,26 This behavior enables the easy tuning of
the doping level by simply adding the desired amount of acid
or base: an important feature since precise control of doping is
central to modern electronics.
The concept of electrochemical self-doping capability of a

polymer was introduced in 1988 by Heeger et al.,27 who
defined “self-dopable” those polymers where the dopants are
covalently bonded to their side chains. In particular, in
electrochemical studies on the sodium salts and acids of
poly(thiophene alkanesulfonates), they observed that the
electron ejection from the polymer π-system (positive charging
of the backbone) was compensated by proton or other
monovalent cation (M+) concomitant migration to the
electrolytic solution, leaving behind a covalently bonded
anion (Scheme 1a).
Two years later, Ikenoue et al.,28 in their studies on

poly(thiophene propane sulfonate), found that the acid form of
the polymer could show an extremely highly doping level,
depending on the degree of dissociation of sulfonic acid groups
into sulfonates in the aqueous polymer solution. This
phenomenon was defined by Chen and Hua29 as “self-acid-
doping” to distinguish it from the electrochemical self-doping
reported by Heeger et al.27 In the proposed “self-acid-doping”
mechanism, the protonation of the polymer backbone induces
single-electron transfer (SET) between polymer chains, leading
to the formation of the polaron and a transient protonated
species, as shown in Scheme 1b.
Concerning the case of CPE-2K, the self-doping mechanism

proposed in the literature appears to be somewhat unclear. A
preliminary work25 indicates that the phenomenon may be
analogous to the mechanism reported in previous research on
self-doped polymers. This involves an initial protonation of the
polymer backbone, followed by comproportionation with a
nonprotonated chain. This process leads to the formation of

polarons (radical cations), which are stabilized by anionic
pendants. In that case, the anionic nature of the pendants and
not the type of the functional group is considered important
for the stabilization of the (cationic) polaronic states, which is
supposed to be a result of Coulombic stabilization. The second
recent work26 suggests that the nature of the functional groups
of the pendants could also play a crucial role in the CPE-2K
self-doping mechanism. In particular, it highlighted the
importance of the sulfonate groups in stabilizing the polymer
radical cation and their effect on charge transport and mobility.
However, there are aspects of the proposed mechanism that

require further clarification. The protonation is more likely to
occur in the sulfonate group than in the polymer backbone,
which forms an unstable carbocation that is highly reactive.
Furthermore, the second step of the mechanism is a single-
electron transfer from another polymer backbone,30,31 so the
distance between different polymer units will play a crucial role
in the formation of the polaron and this is not considered in
the model.
Taking all these factors into account, here, we present a

spectroscopic and electrochemical investigation of CPE-2K
and its homologue bearing one alkyl ionic pendant
PCPDTBT-SO3K, named as CPE-K (Figure 1), combined
with a comprehensive theoretical analysis that links density
functional theory (DFT) and molecular dynamics (MD)
simulations. This combined experimental and theoretical study
helps shed light on the self-doping mechanism for this family
of CPEs, highlighting the key role of aggregation.

2. EXPERIMENTAL AND COMPUTATIONAL
METHODS

UV−vis spectra were collected with a PerkinElmer Lambda 35
spectrometer. Electrochemistry was performed at room temperature
in acetonitrile under nitrogen in a three electrodes cell. The counter
electrode was platinum; the reference electrode was Ag/Ag+ (0.1 M

Scheme 1. Schemes of (a) Electrochemical Self-Doping and (b) Self-Acid-Doping

aSET stands for single electron transfer.
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AgNO3 in acetonitrile, 0.34 V vs SCE, −4.73 V vs vacuum); and the
supporting electrolyte was 0.1 M tetrabutylammonium perchlorate
(TBAP). Polymers films were cast (ca. 2 μL) onto electrodes at 80−
90 °C from 2 mg mL−1 solutions in water. The voltammetric
apparatus was a Metrohm Autolab 128N potentiostat/galvanostat.
The working electrode for cyclic voltammetry (CV) was a glassy-
carbon (CG) minidisc electrode (0.2 cm2).

Raman spectroscopy measurements at 532 and 633 nm were
conducted at the Micro-Raman Senterra, a dispersive Raman
microscope equipped with a CCD camera; and FT-Raman spectra
were recorded by using a JASCO RFT-6000 equipped with an InGaAs
detector, a confocal microscope with a 10× objective, and a Nd/YAG
laser with excitation at λ = 1064 nm.

Molecular dynamics (MD) simulations of CPE-K and CPE-2K in
dimethylformamide (DMF) and water as solvents were run
maintaining a constant pressure of 1 atm, controlled by a Langevin
piston,32 and a constant temperature of 300 K, controlled by velocity
rescaling. The simulations were performed under periodic boundary
conditions using the NAMD2 software33 with a time step of 1 fs. Long
electrostatic contributions were evaluated using the Particle Mesh
Ewald (PME) method,34 with a 1.5 Å grid spacing.

Stretching and bending parameters were based on the CHARMM
force field,35 while torsion dihedral angles between cyclopentadithio-
phene (CPDT) and benzodithiophene (BT) were reparametrized
from the energy profiles of a DFT-relaxed scan computed at the
PBE0-D3/6-31+G** level of theory.36−38 Atomic charges were
calculated at the same level of theory with the ESP fit method.39

First, 0.5 ns simulations were carried out for single CPE-K and
CPE-2K monomers in water and DMF to observe the behavior of the
K+ atoms in different solvents. Then, to study the intermolecular
interactions, we performed 10 ns simulations with two tetramers of
CPE-K/2K in both solvents. We also simulated the effect of the pH
and the countercation size by replacing the K+ atoms with H+ and the
tetrabutylammonium cation (TBA+), respectively.

To quantitatively investigate the differences in polaron stabilization
between CPE-K and CPE-2K in water, we performed a simulation,
gradually increasing the temperature up to 2000 K to generate some
aleatory conformations as random starting positions for other ten
additional simulations at 300 K. These simulations had two phases: 20
ns of equilibration and 20 ns of production of results, all with a time
step of 1 fs.

The Coulombic stabilization energy per monomer was estimated
by summing the contribution of all sulfonate−BT and sulfonate−
CPDT pairs, using eq 1, and then dividing Ecoul by the number of
monomer units. A relative dielectric permittivity εr = 3 was applied to
account for the poor screening provided by water confined in
nanometric cavities, where bulk dielectric behavior is not applicable,
and for the short distances rBS between the backbones and the
sulfonate groups. The charge of the two backbone centers of mass was

set to qB = 0.5 e, so the net charge of each backbone monomer was +1
e. The sulfonate charges were set to qS = −1 e.

E
q q

r
1

4coul
0 r B,S

B S

BS
=

(1)

In order to calculate the vibrational Raman spectrum, DFT
geometry optimization of a monomer of CPE-2K was performed at
the PBE0-D3/6-31G** level of theory. Note that the alkyl chains
were replaced by methyl groups to reduce the computational cost.
Dimer models made of two CPE-2K monomers in parallel and
antiparallel conformations were also optimized at the same level of
theory in neutral and radical cation states, aiming to calculate the
dimer interaction energy (Edimer − 2Emon) and the ionization potential
(Ecation − Eneutral).

3. RESULTS AND DISCUSSION
In order to analyze the capability of CPE-K and CPE-2K to
form polaronic species UV−vis spectroscopy was recorded in
water,20 a solvent in which they are soluble owing to the ionic
nature of the sulfonate side groups. In fact, the absorption
spectrum of CPE-2K in water (Figure 2a) displays, besides the
two absorption peaks at 395 and 659 nm, attributed to the
π−π* absorption of the localized π orbitals and the
intramolecular charge transfer (ICT) band, respectively,22,23

a third broad band whose maximum intensity is around 950
nm and extending beyond 1100 nm. This band is ascribed, as
demonstrated below, to the formation of positive polarons on
the polymer backbone through self-doping.25

CPE-K also features the same π−π* and ICT bands,
although shifted 10 and 30 nm toward lower energies,
respectively. However, a notable distinction in the intensity
of the polaron band emerges between the two polymers in
water. The relative intensity ratio (APolaron/AICT) is reduced in
CPE-K compared to that in CPE-2K, with values of 0.46 and
1.42, respectively, suggesting a higher polaron stabilization for
CPE-2K with respect to CPE-K. This difference is particularly
intriguing since the polaron is formed in the backbone of the
conjugated system, and both CPE-K and CPE-2K possess
identical backbones (Figure 1). In order to understand this
effect, we discuss in the next sections the influence of different
factors (i.e., solvent nature, pH, number of side chains,
countercation nature) on the doping process, with the aim of
fully addressing the analysis of doping capacity with the
number of alkyl chains.

Figure 2. Experimental UV−vis spectra of CPE-2K (solid line) and CPE-K (dashed line) in water (a) and UV−vis spectra of CPE-2K in water and
DMF (b). The polymer concentration was 0.025 mg mL−1 for all samples.
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3.1. Influence of Solvent Nature

Figures 2b and S2 show that, for both polymers, the intensity
of the polaron band depends on the nature of the employed
solvent or water/solvent mixture. Note that the ratio between
the polaron and ICT peaks, APolaron/AICT, is higher in protic
solvents (Table S1) such as H2O or EtOH than in aprotic
solvents (DMSO, DMF). To gain insights into this
phenomenon, molecular dynamics (MD) simulations were
carried out for a single CPE-2K monomer in water and DMF
(Figure S5). These simulations revealed significant differences
in the interaction of the countercation with the environment.
In particular, the radial distribution function between K+ ions
and the sulfonate groups (Figure 3a,b) illustrates that when
employing a solvent with a low dielectric constant, such as
DMF, the countercation remains coordinated to the sulfonate.
Conversely, in water, the K+ countercations become solvated
and diffuse freely throughout the system.

To further explore the effect of the countercation behavior
on the intermolecular interactions when changing the solvent,
MD simulations were performed in water and DMF also for
systems made up of two tetramers of CPE-K or CPE-2K
(Figure 3c,d). The obtained results show that in DMF, where
the countercations maintain the coordination with the
sulfonate groups, pairs of alkyl-ionic chains belonging to
different tetramers are allowed to interact across the K+ atoms,
forming bridges that prevent the corresponding backbones
from aggregating. Conversely, in water, the hydration of K+ ion
atoms prevents the formation of salt bridges, leading to an
increased repulsion between alkyl sulfonate chains, which
become straighter and more solvated, and allowing the
backbones to π-stack. The hypothesis of the rupture of the
salt bridges that suppress the stacking is supported
experimentally by the precipitation of the proton-aggregated
form after adding a proton source in DMF (see the Supporting
Information). In line with these findings, in ref 26, XPS spectra

Figure 3. Radial distribution function between the K+ cations and the sulfonate groups (−SO3
−) of CPE-K and CPE-2K in DMF (a) and water (b)

obtained from MD trajectories of a monomer. MD simulation snapshots of CPE-K tetramers in DMF (c) and water (d).

Figure 4. Lateral view of the DFT-calculated CPE-K dimer in a parallel configuration (a). DFT-calculated (PBE0-D3/6-31G**) ionization
potentials (IP = ECat − ENeu) and interaction energies EInt (EInt = Edimer − 2*Emonomer for the neutral dimer and EInt = Edimer

+ − Emonomer − Emonomer
+

for the positively charged dimer) for the parallel (and antiparallel in brackets) CPE-K dimer (b). Frontier molecular orbitals of the parallel radical
cation CPE-K dimer (c). DFT-calculated Mülliken atomic charge distribution in the parallel radical cation CPE-K dimer model (d).
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for the undoped species show the K+ peak, which disappears
after acid doping, confirming the ejection of the countercation.
It is evident that the distinct behavior exhibited by the

counterions, which in turn depends on the nature of the
solvent, exerts a direct influence on the intermolecular
interactions, thereby either promoting or hindering aggrega-
tion of polymeric chains. The different availability of the
countercations to form bridges between two polymer chains,
due to the solvent nature, explains why the ratio (Apolaron/AICT)
increases with the solvent polarity. The different ratios
(especially in water) shown by CPE-K and CPE-2K can be
mainly explained by the different numbers of alkylsulfonate
chains per monomer (see the following sections).
The formation of polarons is promoted by this aggregation

mechanism for the following reasons: (i) the polaron can now
be stabilized by the possible delocalization across different
polymeric chains. (ii) Aggregation facilitates the single-electron
transfer step in the backbone protonation pathway due to the
reduced interbackbone distance. Note that this process would
be very unlikely to occur between fully solvated polymeric
chains over large distances. This is in line with previously
reported studies on porous self-doped conjugated polyelec-
trolytes, where it was shown that solid-state interactions have
the potential to enhance interchain delocalization.40

To further investigate the role of aggregation in the polaron
stability, DFT calculations were performed for parallel and
antiparallel dimer models (Figures 4 and S9), with the aim of

comparing the polaron stabilization with respect to the case of
the isolated monomers. The energy difference of the radical
cation compared to the neutral species decreases from 6.27 eV
for the monomer to ∼5.90 eV for the dimer; therefore, the
intermolecular interaction reduces the ionization potential by
∼0.4 eV. Interaction energy calculations show a ∼0.4 eV
decrease as well, going from the neutral to the radical cation,
indicating that, thanks to the increased charge delocalization,
the polaron is more stabilized by aggregation than the neutral
species. In line with this behavior, complete delocalization of
the frontier orbitals is observed in the radical cation dimer
(Figure 4c), while the Mülliken charge distribution shows that
the polaron charge is shared by the two monomers (Figure
4d). These results clearly point out that π-stacking increases
the thermodynamic stability of the charged species.
3.2. Influence of Adding a Proton Source

In the context of self-acid doping mechanisms, protonation
within the backbone was proposed as a crucial factor in
polaron formation.29 However, as mentioned before, sp2
aromatic carbons would have a low chance of protonation
against sulfonate, and the resulting carbocation would exhibit a
short lifetime, reducing the protonated species to a transient
state. This consideration leads to the proposition that the
introduction of an acid in the system mainly serves to displace
the acid−base equilibrium that is inherent within the sulfonate
group, as follows

Figure 5. Experimental UV−vis spectra of CPE-K in DMF and DMF after adding 1 eq. of HClO4 (a) and a snapshot taken from the MD
simulation in DMF of two parallel CPE-K tetramers including −HSO3 groups, with the hydrogen atoms bonded to sulfonate groups represented as
gray spheres (b).

Figure 6. Solid-state Raman spectra of bulk CPE-2K and CPE-K at 633 nm (a) and the proton-aggregated form in DMF of CPE-2K at 633 and
1064 nm (b). These latter spectra are in resonance with the neutral and polaron band, respectively.
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R RSO K H HSO K3 3F+ ++ + +
(2)

To prove this hypothesis, stoichiometric amounts of HClO4
were added to the samples in DMF. We found that the
addition of only one equivalent of acid is sufficient to cause the
appearance of the polaron band for both polymers (Figures 5
and S7). Furthermore, the formation of aggregates is observed
after one night at 4 °C, for both CPE-2K and CPE-K (Figure
S4).
To theoretically investigate the effect of protonating the

sulfonates in DMF, we performed additional MD simulations.
Initially, the system included both K+ ions and sulfonates
protonated by adding a positively charged hydrogen atom
bonded to one sulfonate oxygen. After observing that bonded
protons displaced countercations away from sulfonate groups,
K+ ions were removed to maintain the net charge neutrality of
the simulation box.
Even though protonated sulfonate groups repel each other

less than they do in the unprotonated form, the absence of K+

prevented the alkyl-ionic chains from forming bridges. This can
be attributed to the significantly smaller van der Waals radius
of hydrogen compared to potassium. Following this, we infer
that the addition of an acid in DMF is sufficient to cause the
breakage of the K+ ion bridges, thereby promoting π-stacking
(see Figure 5b) and thus the formation of polarons.
Thus, these MD simulations suggest that the ultimate trigger

of aggregation is the countercation behavior, which is
modulated either from its solvation environment, as demon-
strated in section 3.1, or from its displacement of the acid−
base equilibrium, as discussed here.
To confirm the possible formation of polarons, the variation

of the molecular structure of CPE-2K and CPE-K was assessed
by Raman spectroscopy.41,42 To this end, a comparison of the
aggregates obtained after acid treatment in DMF and
subsequent drying with respect to the bulk material was
approached. As seen in Figure 6a, the two bulk polymers
exhibit nearly identical Raman spectra, characterized by four
main vibrational bands: at 1534 (1531) cm−1, attributed to the
C�C/C−C stretching of the benzothiadiazole (BT) unit; at
1422 (1424) cm−1, associated with the C�C/C−C stretching
of the cyclopentadithiophene (CPDT) unit; and at 1348
(1344) cm−1 and 1268 (1268) cm−1, corresponding to the C−
H wag of the BT and CPDT units, respectively. Additionally, a
band at 1196 cm−1 is observed, which corresponds to the in-
plane C−H wag of CPDT coupled with the symmetric C−H
wag of BT. The calculated normal modes were key to the

successful completion of this assignment (Figures S13 and
S14).
In Figure 6b, Raman spectra of proton-aggregated CPE-2K

are compared at excitation wavelengths of 633 and 1064 nm.
At 633 nm, the neutral species are predominantly excited (cf.
Figure 2), producing a spectrum identical to that of the bulk
material. In contrast, excitation at 1064 nm selectively enters in
resonance with polarons, showing a downshift of the principal
normal modes and the increase of the C−H wag relative
intensity with respect to the C�C/C−C stretches. This
indicates a more delocalized π-conjugated skeleton resulting in
quinoidization of the structure, as proved by the calculated
bond length changes going from the neutral monomer to the
radical cation (Figure S16). These results also indicate that a
nontransitory protonation state of the backbone is absent as
this would have resulted in a different Raman spectral profile,
while the main molecular structural changes observed in our
case are attributed to an aromatic → quinoid transformation of
the π-conjugated skeleton ascribed to the cation formation.
3.3. Influence of Adding a Base
In a subsequent experiment, 1 equiv of NaOH was added to
CPE-K and CPE-2K solutions in water. This resulted in a
reduction in the intensity of polaron bands (∼850−1100 nm).
The incorporation of 1 equiv of a larger base, tetrabutylam-
monium hydroxide (TBAOH), results in a further substantial
reduction of the polaron band intensity for both polymers
(Figures 7a and S8). In the CPE-K spectrum, a shoulder at
about 800 nm is particularly evident upon the addition of
NaOH, but it is also present in DMF (Figure S3), though
absent for CPE-2K. We hypothesize that it could be caused by
the reduced symmetry of the CPE-K backbone, which contains
only one alkyl-ionic side chain and one hydrogen. This
asymmetry is a source of conformational disorder and a
broader distribution of conjugation lengths with respect to
CPE-2K. Note that the ratio between polaron and ICT peaks
(Apolaron/AICT) of CPE-2K also decreases when adding NaOH
and TBAOH (Table S2). To understand the origin of this
effect, we performed MD simulations of tetramers in water,
replacing the K+ ion with TBA+. TBA+ is considerably bulkier
than K+ and consequently is less soluble in water. This results
in TBA+ ions remaining aggregated to the polymer instead of
diffusing freely in water like K+, as illustrated in Figure 7b,
thereby hindering the stacking process to a greater extent than
K+.
We infer that, in contrast to the addition of HClO4, the

addition of stoichiometric quantities of NaOH increases the

Figure 7. Experimental UV−vis spectra of CPE-K in pure water and after the addition of one equivalent of NaOH or TBAOH, respectively (a).
MD snapshot of CPE-K showing TBA+ in green (b).
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concentration of countercations around the polymeric chains.
This displaces the acid−base equilibrium favoring the
coordination of countercations with the sulfonate groups,
allowing the alkyl−ionic chains to form salt bridges, which
prevent aggregation and polaron formation. This effect is even
stronger for bulkier and less soluble cations like TBA+.
3.4. Influence of the Number of Alkyl Ionic Chains

The previous simulations linked polaron stability to the ease of
aggregate formation (solvent, pH, or size of the countercation
effect); however, the difference between CPE-K and CPE-2K
seems unsolved because both CPEs share the same backbone.
Visualization of the MD simulation trajectories in water and
DMF revealed no significant differences between the two
polymers, highlighting the necessity of quantitative indicators
to elucidate the origin of the higher polaron stabilization in
CPE-2K.

This issue was solved by analyzing the trajectory files
obtained from ten MD simulations of CPE-K and CPE-2K
polymers from different starting geometries in water (Figure
S18). The analysis was performed by defining two centers of
mass (CoM) per monomer, as shown in Figure 8a.
From these calculations, we retrieved information about the

intermolecular contacts, with the aim of clarifying whether the
reason for CPE-2K higher polaron stability is more efficient
aggregation. To this end, we analyzed the number of BT and
CPDT units stacked over time (Figure 8b,c), the average
lifetime of these contacts, and the average angle between the
aromatic planes of stacked units (Table S3). Interestingly, we
observed that CPE-K presents a higher number of units
stacked over time (Figure 8b,c), longer stacking lifetimes
(3463 ps for CPE-K vs 2646 ps for CPE-2K), and a lower
angle between stacked units (33° for CPE-K vs 37° for CPE-

Figure 8. Definition of centers of mass (CoM) and S−CoM distance for CPE-K CPDT and BT units (a); number of intermolecular contacts
(stacked units) over time during an MD simulation in water for two tetramers of CPE-K (b) and CPE-2K (c). Two units are considered in contact
when the distance between two centers of mass is lower than 7 Å.

Figure 9. Density N(r) and number ∫ N(r)r dr of sulfonate groups as a function of the distance from the backbone for CPE-2K and CPE-K (a) and
total Coulombic stabilization for polarons localized on single monomers (b). Note that for our two tetramer systems the total number of butyl
sulfonate chains is 8 for CPE-K and 16 for CPE-2K. Results are averaged over 10 simulations of two tetramers in water.
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2K, see Table S3). All of these parameters indicate that CPE-K
aggregates more effectively than CPE-2K. In contrast, for
CPE-2K, it is more complicated to accommodate the two side
chains without hampering the stacking.
These calculations can also provide us with valuable

information regarding the Coulombic stabilization coming
from the negative charges of the sulfonate groups. This, in turn,
may help explain the higher polaron stability of CPE-2K. Note
that this polymer has an extra negative charge per monomer
with respect to CPE-K, which can, in principle, help further
stabilize the positive charge in the backbone and promote the
formation of the polaron. For that, we computed the density of
CoM−Sulfonate pairs (S−CoM) over distance (N(r)), the
total number of sulfonates around a given backbone center up
to a certain distance (∫ o

rN(r′)dr′), and the total Coulombic
stabilization (from the inverse of all S−CoM distances). All of
these parameters were calculated for ten MD simulations with
aleatory starting points for two tetramers of CPE-K and CPE-
2K in water.

CPE-2K contains twice the number of sulfonated groups
than CPE-K, logically resulting in a higher number of CPDT-
and BT-sulfonate pairs. However, the higher number of
sulfonate groups in CPE-2K does not, by itself, guarantee
greater stabilization. This enhancement occurs only when the
additional groups are positioned close enough to the backbone
to form short-range sulfonate-backbone contacts, a condition
that is influenced by the degree of aggregation. As seen in
Figure 9, N(r) and ∫ N(r)r dr plots both show that CPE-2K
has more CoM−S pairs but also that the number of pairs
increases much more rapidly than for CPE-K.
The different number and spatial distribution of the CoM−S

pairs result in electrostatic stabilization energies of −2.69 eV
for CPE-K and −5.12 eV for CPE-2K per monomer. These

energies were calculated for a hypothetical point positive
charge located either at the CPDT or at BT centers (see the
Experimental and Computational Methods section). Notably,
the second value almost matches the gas phase ionization
potential of a CPE-2K aggregated dimer without side chains
(Figure 4). Therefore, we conclude that, although CPE-K
aggregates more easily, CPE-2K displays a higher polaron
concentration in water owing to the larger stabilization of the
extra charges by Coulomb interaction with the surrounding
sulfonate groups, which, in turn, is enhanced by aggregation
that increases the number of sulfonate groups that can
eventually stabilize a polaron on a given monomeric unit.
The electrochemical responses of the two polymers

corroborate the aforementioned results (Figure S17): they
are characterized by low oxidation potentials. In particular,
CPE-2K has a lower oxidation potential than CPE-K (see the
table in Figure S17).
3.5. Self-Doping Mechanism Proposed

Following a thorough review of the experimental and
theoretical results that have been discussed, we are now in a
position to revisit the self/self-acid doping mechanism of this
family of CPEs (Scheme 1). There are still open questions
regarding this mechanism, such as the instability of the
protonated backbone and the role of aggregation. Specifically,
we propose an initial step, prior to the oxidation, in which the
behavior of countercations drives the aggregation (Scheme 2).
As a starting point, we consider a solution prepared with

DMF, where countercations coordinate with sulfonate groups,
forming alkyl-ionic bridges, as demonstrated in Figure 3 and
sketched in Scheme 2a. When an acid is added, sulfonate
groups become protonated, moving away countercations
(Scheme 2b). This displacement disrupts the alkyl−ionic

Scheme 2. Proposed Self-Doping Mechanism Based on Aggregation, Including the Following Steps: Alkyl-Ionic Bridges
Hampering the Aggregation (a), Migration of the K+ Countercations upon Proton Addition (b), Aggregated Structure after the
Removal of K+ (c), and Formation of the Polaronic State (d), Respectively
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bridges, facilitating π-stacking between PCPDTBT units and
thereby inducing aggregation (Scheme 2c).
At this stage, several reaction paths become available to form

a polaron (Scheme 2d), including a redox reaction with
atmospheric oxygen, or with Cl7+ of HClO4, or the previously
reported backbone protonation mechanism where now single-
electron transfer is more likely thanks to the short
interbackbone distances allowed by the aggregation. Indeed,
cyclic voltammetry measurements (Figure S17) indicate a low
oxidation potential for CPE-2K (0.1 V), thereby confirming
the accessibility of the redox reaction for all of these possible
paths.
If a solvent with a significant dielectric constant (such as

water) is used, the metallic countercations are solvated, thus
preventing the formation of salt bridges and promoting
polymer aggregation. Regarding electrochemical self-doping
(Scheme 2a), this can be considered as a similar process driven
by a different trigger; in this case, it is the applied potential,
rather than the addition or removal of protons, that drives the
ion exchange mechanism.

4. CONCLUSIONS
In this investigation, several unclear aspects of the self-doping
mechanism in polyconjugated electrolytes were addressed by a
combination of various experimental techniques and molecular
dynamics simulations. It has been demonstrated that the
polaron thermodynamic stability is enhanced by two
intertwined factors: Coulombic stabilization and aggregation.
It was also revealed that π-stacking between polymer chains is
hindered in apolar solvents due to the insolubility of K+

countercations and the formation of sulfonate−cation−
sulfonate salt bridges.
A more comprehensive understanding of the self-doping

mechanism has been proposed, with aggregation being
identified as the primary factor in differentiating various
doping levels in relation to solvent polarity, concentration, and
pH. These factors are all influenced by countercation behavior,
which either facilitates or hinders the formation of K+ bridges
between polymers.
It is interesting to note that in addition to aggregation the

enhanced polaron stabilization of CPE-2K compared to that of
CPE-K can be explained by Coulombic stabilization. It is
evident that the presence of an additional alkyl ionic chain per
unit results in a substantial enhancement of Coulombic
stabilization, consequently promoting enhanced polaron
stability.
Overall, the present work has expanded the previous

understanding of the self-/self-acid-doping mechanism by
including the aggregation causes and its effects. This
comprehensive approach provides a more profound under-
standing of the phenomenon of self-doping in conjugated
polyelectrolytes and the fundamental driving factors behind it.
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