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ABSTRACT: The chemical doping of water-soluble conjugated
polyelectrolytes (CPEs) offers a promising pathway for the direct
printing of semiconducting polymer films by using environmentally
friendly solvents. In this study, we explored the chemical doping of
the cat ionic cyl indrica l micel le- forming CPE poly-
(cyclopentadithiophene-alt-thiophene) (PCT-NBr) in aqueous
solution using two Fe(III)-halide dopants, FeCl3 and FeBr3.
Treatment with nonoxidizing salts (KCl and KBr) showed that
polymer micelles preferentially interact with Br− ions over Cl− ions,
resulting in a more rigid micelle and spectroscopic evidence of Br−

ion accumulation around the polymer. Doping with both FeCl3 and
FeBr3 was followed using UV-visible-near IR absorption spectros-
copy, which indicated that the polymer micelles could be stably
doped with both iron compounds. FeCl3 was shown to be a stronger dopant due to differences in the lability of Cl− and Br− ligands
in water. Compared at similar concentrations, FeCl3 induces higher doping levels, while FeBr3 generates more delocalized charge
carriers, as evidenced by spectral shifts in the polaronic bands, likely due to weaker counterion Coulombic trapping. Small-angle X-
ray scattering was used to confirm that a micellar structure was preserved at all doping levels of PCT-NBr, but the data also indicate
increased structural disorder in doped polymer micelles, likely due to partial loss of the polymer’s amphiphilic character and ion−
polymer interactions. Films spin-cast directly from FeBr3-doped polymer solutions exhibited a stable conductivity of 1.0 S/cm,
demonstrating the viability of using doped micellar CPE solutions as a route to single-step deposition of conductive polymer films.
KEYWORDS: semiconducting polymer, conjugated polyelectrolyte, chemical doping, cylindrical micelle, self-assembly,
small-angle X-ray scattering

■ INTRODUCTION
In the rapidly advancing field of organic electronics, semi-
conducting polymers, a class of polymers capable of electronic
conduction upon the introduction of charge carriers, have
stood out for their high flexibility and mechanical integrity,
which make them uniquely suitable for applications in flexible
electronics, such as foldable displays and wearable devices.1−3

The ability to design these polymers at a molecular level offers
advantages for tuning electronic properties and optimizing
solution processability for printed electronics.4−8 Designing
water-soluble semiconducting polymers through the addition
of charged side chains is a particularly promising path toward
greener and cheaper electronics manufacturing methods, such
as inkjet or roll-to-roll printing.9−19 Such semiconducting
polymers, which combine conjugated backbones with charged
side chains, are called conjugated polyelectrolytes (CPEs).

In our previous work, we investigated two CPEs based on
poly(cyclopentadithiophene-alt-thiophene) (PCT) and poly-
(fluorene-alt-thiophene) (PFT) backbones with geminal
quaternary ammonium bromide side chains (−N+Me2EtBr−,

−NBr for short, Figure 1a) attached at the sp3 bridging
carbon.16−19 Charged, hydrophilic side chains, such as −NBr,
stabilize the otherwise hydrophobic polymer chains in water by
imparting an amphiphilic character that encourages self-
aggregation into micelles. Guided by Israelachvili’s critical
packing parameter (CPP) model, which relates the ratio of the
hydrophobic volume to the hydrophilic headgroup volume to
predict stable micellar geometries,20 these polymers were
designed with straight backbones and large hydrophilic side-
chain volumes to encourage cylindrical micelle formation.
PCT-NBr and PFT-NBr were shown by solution-phase small-
angle X-ray scattering (SAXS) measurements to preferentially
assemble into cylindrical micelles in water.16−19 The formation
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of cylindrical micelles aligns the conjugated polymer back-
bones within micellar cores, thereby reducing defects in
conduction pathways and thus enhancing charge transport.19

Here, we build on our past work by chemically doping our
polymer micelles to create conducting assemblies in solution
and observe the effects of micelle formation on charge
transport. Because ion-pairing interactions between the
charged side chains of a CPE and ions in solution play an
important role in stabilizing polymer micelles in solution,
disruption of ion pairing can influence both the colloidal
stability and the morphology of the resulting assemblies.
Several theoretical frameworks describe how specific ions
contribute to the overall stability. The Hofmeister series ranks
ions on their tendency to disrupt water packing and salt-in
macromolecules (chaotropes) or preserve water packing and
salt-out macromolecules (kosmotropes). Similarly, Collin’s
Law of Matching Water Affinities explains this behavior by
noting that ions with similar tendencies to bind water (water
affinity) are more likely to form ion pairs.21−25 Strong ion
pairing reduces electrostatic repulsion between charged side
chains, decreasing the effective size of an amphiphile’s polar
headgroup and influencing the shape of any micelles that
form.20

To experimentally probe these structural changes, solution
SAXS serves as a powerful tool for determining the micelle size
and shape in solution. For colloidal solutions of aggregates
with a defined shape, the SAXS data can be modeled to
provide a detailed picture of the shape of the aggregates in
solution. In this work, SAXS is employed to investigate how
ion pairing and counterion identity influence micelle
morphology, bridging theoretical predictions with experimental
observations in these unique cylindrical micelle-forming CPEs.
SAXS also allows us to determine whether micellar structures
in solution are preserved upon chemical doping of these
semiconducting polymer micelles to form conducting polymer
wires.

Although the self-assembly and morphology of CPEs in
solution are essential for their solution processability, their
electronic properties in the solid state ultimately dictate their

functionality in optoelectronic applications. To generate a
sufficient density of mobile charge carriers and render these
films conductive, doping is required and can be performed
either chemically (i.e., with molecular oxidants) or electro-
chemically (i.e., with voltage).26−44 Most semiconducting
polymers have shallow highest occupied molecular orbital
(HOMO) energy levels that favor p-type doping, in which
electrons are removed from the polymer’s valence band,
leaving behind mobile, positively charged holes (radical
cations) as charge carriers.26−44 These holes couple with
local structural distortions of the polymer backbone to form
polarons, and polarons must associate with counter-anions to
balance their charge.27,29 At high doping levels, doubly charged
carrier species called bipolarons will form.30,45−47 Doping
progress can be readily tracked by UV-visible-near IR (NIR)
absorption spectroscopy through the emergence and growth of
intrabandgap optical transitions associated first with polarons
(P1−valence band edge to polaronic ground state, and P2−
polaronic ground state to excited state), then later with
bipolarons (BP1−valence band edge to bipolaron ground
state).47−49

The fact that the polarons in semiconducting polymers show
clearly defined absorption peaks also provides another useful
tool for assessing the electronic properties of our doped
polymer micelles. Spano and coworkers have used a Holstein-
style polaron model to relate polaronic absorption features to
charge carrier delocalization in conjugated polymers.50

Specifically, the position of the P1 absorption peak has been
shown to reflect the polaron coherence length, with more
delocalized polarons showing redder absorption peaks.50

Experimentally, these redder P1 peaks have been found to
correlate with higher charge carrier mobility.51,52 This makes
the theory a powerful tool for probing carrier delocalization
and estimating mobility through optical spectroscopy, both in
solution and solid-state thin films.

Most doping of organic-soluble, nonpolyelectrolyte semi-
conducting polymers is done by sequential chemical doping, in
which a polymer film is first cast in undoped form and then
infiltrated with a chemical dopant from a swelling sol-
vent.28,31,32,37−44 Blend doping, where the polymer and the
dopant are mixed together in solution, is usually undesirable
for these polymers, as the organic solvents used to dissolve the
polymers are poor solvents for the doped polymer segments
and counterions, resulting in polymer aggregation and
precipitation.31,32 For water-soluble CPEs, however, doping
can be performed directly in solution before film deposition,
offering intimate mixing between dopants and polymers and
eliminating sequential processing steps. Despite these benefits,
research on the chemical doping of CPEs in aqueous solutions
remains limited. Although Nguyen et al. have studied the acid
doping of water-soluble CPEs with random coil structures,15 to
our knowledge, no prior studies exist on the doping of aqueous
CPE solutions with chemical oxidants, particularly those that
self-assemble into cylindrical micelles.

In this study, we investigate the chemical doping of
cylindrical micelle-forming conjugated polyelectrolyte PCT-
NBr in aqueous solutions using Fe(III)-halide oxidants (FeCl3
and FeBr3) as dopants. Through a combination of UV-visible-
NIR spectroscopy and solution SAXS, we examine how doping
affects both the optoelectronic properties and morphology of
the polymer micelles. We first treat PCT-NBr micelles with
halide salts (KCl and KBr), then with the Fe(III)-halide
dopants, to explore how the anions Cl− and Br− affect dopant

Figure 1. (a) Molecular structure of the PCT-NBr polymer. (b) I(q)
trace and (d) pair-distance distribution function (PDDF, P(r)) of 1
mg/mL PCT-NBr in aqueous solution. Inset of (b): bead model of
the PCT-NBr cylindrical micelle (bead radius is 3.6 Å). (c) Relative
electronic energy levels of PCT-NBr, FeCl3, and FeBr3, illustrating
that FeCl3 and FeBr3 can dope PCT-NBr by removing electrons from
its HOMO in aqueous solution.
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speciation, micellar morphology, doping efficiency, and
polaron delocalization. We then explore how these effects
translate from solution to the solid state and demonstrate that
conductive films can be fabricated by spin-casting directly from
predoped aqueous micellar solutions. These findings provide
molecular-level insight into the interplay between dopant
chemistry, counterion interactions, and polymer assembly,
offering design principles for future aqueous-processed
electronic materials.

■ RESULTS AND DISCUSSION
Our previous work has demonstrated that the CPE poly-
(cyclopentadithiophene-alt-thiophene) (PCT-NBr, Figure 1a)
and related polymers self-assemble into cylindrical micelles in
aqueous solutions.53−55 This can be observed through
modeling of solution SAXS scattering profiles (I(q)) and
calculation of pair-distance distribution functions (PDDF)
(Figure 1b and d).19,56−59 The PDDF profile shows a peak at
low r, corresponding to correlations across the micellar radius,
and a nearly linear region, corresponding to correlations along
the cylinder length (Figure 1d). Some curvature in the linear
portion arises from the bent micellar structure in solution. This
conclusion was further supported by bead modeling of the raw
I(q) data, which is a Monte Carlo method to construct a
geometry that will produce the observed scattering profiles.
The bead models produce worm-like micelles (inset in Figure
1b), in good agreement with conclusions drawn from PDDF
curves. In considering all of the micelle-forming polymers that
we have been able to synthesize to date,16−19 PCT-NBr was
selected for use in this doping study both for its well-ordered
micellar structure and for its high HOMO level, which should
facilitate p-type doping.

For dopants, this study employs two Fe(III)-halide dopants,
FeCl3 and FeBr3, chosen for their water solubility, low cost,
low toxicity, and low environmental risk compared with other
metal-centered oxidants. Cyclic voltammetry (CV) measure-
ments show that the HOMO level of PCT-NBr is −5.13 eV,
while the LUMO levels of FeCl3 and FeBr3 in aqueous solution
are approximately −5.20 eV and −5.15 eV vs vacuum,
respectively (Figure 1c and Figure S1, calculated according
to literature methods).60,61 These values indicate that
oxidation of PCT-NBr by both dopants should be
thermodynamically spontaneous, and both FeCl3 and FeBr3
are therefore compatible chemical oxidants for PCT-NBr
micelles.
Effects of Free Anions on PCT-NBr Micellar and Electronic
Structure

As a polyelectrolyte, the PCT-NBr polymer can interact with
free ions in solution through its quaternary ammonium
headgroups, and the solvation of PCT-NBr micelles in water
relies on interactions between water and these hydrophilic
headgroups. Competing interactions with free ions may disrupt
water−polymer interactions and cause morphological changes
in the micelle packing. Because Cl− and Br− ions are released
during the hydrolysis of FeCl3 and FeBr3, their effects on the
structure and electronic states of PCT-NBr micelles must first
be understood before changes due to polaron formation can be
assessed.

To probe how free Cl− and Br− ions influence the micellar
structure, solution SAXS studies were performed on PCT-NBr
micelles in the presence of KCl and KBr salts. Figure 2a and
Figure S2 show the PDDF patterns for PCT-NBr micelles in

the presence of increasing concentrations of KCl and KBr, with
the corresponding I(q) plots in Figure S3. At low salt
concentrations (0.3 mM), the PDDF patterns for both salts
show a long linear decay region similar to those of salt-free
PCT-NBr, which indicates that the micelles are cylindrical in
shape. The slightly convex curvature in this linear region
indicates some micellar bending, as seen in the bead models
(Figure 2b), though the linear Porod slope in the intermediate
q region of the sample’s I(q) scattering pattern remains fairly
close to 1 (Table 1). The small peak at high r values in these
samples is indicative of a small amount of micellar clumping
that occurs with low probability relative to dispersed cylindrical
micelles.

At medium salt concentrations (1.0 mM), the PDDF
patterns for both salts exhibit a very linear decay region with
little convex curvature and without high-r (aggregation) peaks.
Surprisingly, these differences suggest that the polymer
micelles are straighter at medium salt concentrations than in
salt-free or low-salt PCT-NBr solutions, a conclusion that is
confirmed by the bead models (Figure 2b). This behavior is
attributed to the screening of the electrostatic repulsions
between the quaternary ammonium head groups due to the
increased ionic strength, which should allow for closer packing
of the polymer side chains, thus stabilizing the micellar
assembly.

At high salt concentrations (13 mM), the linear regions of
the PDDF patterns for both salts extend to higher correlation

Figure 2. (a) Pair-distance distribution functions (PDDF, P(r)) of
aqueous 2 mg/mL PCT-NBr solutions containing KCl or KBr at low,
medium, or high concentrations. (b) Bead models showing micellar
structural changes with increasing salt concentration. Both KCl and
KBr show a micellar straightening effect at low to medium salt
concentrations, while KCl shows increasing micellar bending at higher
salt concentrations (blue arrow). Bead radii (from top to bottom): 1.8
Å, 1.7 Å, 2.6 Å, 1.8 Å, 1.7 Å, 2.9 Å, respectively.
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lengths, indicating an increase in the micellar persistence
length, which agrees with a noticeable increase in the
persistence length from global Guinier−Porod fitting param-
eters (Table 1). Even though the shape of the PDDF patterns
for both ions tracks at the low and medium salt concentrations,
they diverge slightly in shape at high salt concentration. The
PDDF for the KCl-treated sample shows a peak emerging near
∼200 Å (where the arrow points in Figure 2a), indicating the
onset of long-range micellar bending.

This divergence in ion behavior can be rationalized by
Collins’ Law of Matching Water Affinities, which states that
ion pairing is strongest between ions with similar hydration
character. Weakly hydrated quaternary ammonium groups
(“chaotropic” in the Hofmeister series) pair more tightly with
similarly weakly hydrated Br− ions than with more strongly
hydrated Cl− ions (“kosmotropic” in the Hofmeister
series).21−25 As Israelachvili proposed in his critical packing
parameter (CPP) framework, tighter ion pairing reduces the
effective side-chain headgroup size and inter side-chain
repulsion.20,62 In the presence of Cl− ions, Cl− can replace
the Br− ions originally associated with the polymer through
mass action, but weaker ion pairing between Cl− ions and
headgroups cannot reduce side-chain headgroup repulsion as
efficiently, thereby leading to a larger side-chain headgroup
size. This leads to a reduction in the number of polymer chains
in the micelle, reflected in the slightly reduced micelle
diameter, which allows for more flexible micelles that can
bend over long length scales.

In addition to structural impacts, free anions have a subtle,
yet noticeable effect on the electronic structure of the polymers
in the micelle. Specifically, a slight red shift in the bandgap
energy occurs in the presence of Br− ions, whereas minimal
shift is observed with Cl− ions (Figure 3 and Figure S4). Due
to the subtlety of the spectral changes, a cross-correlation
analysis (see Supporting Information for the details) was
employed to more clearly track the red shift. Figure 3a shows
the cross-correlation of the bandgap absorbance near its peak
between PCT-NBr with and without added salt as a function of
energy offset. The auto-correlation (i.e., self-correlation) of the
salt-free PCT-NBr polymer is included as a reference. The

cross-correlation curves are nearly symmetric near the bandgap
peak maximum, and a visible displacement toward lower
energy indicates a red shift. Although a clear and progressive
red shift is noticeable in the KBr-treated samples, the KCl-
treated samples show only a small red shift that does not
progress with increasing concentration.

The red shift observed in KBr-treated PCT-NBr can be
linked to two phenomena, the first of which is counterion
condensation in polyelectrolytes.63−74 Because of the compat-
ible water affinities of the quaternary ammonium headgroups
and Br− ions, Br− ions will preferentially condense around the
micelles.25,63,64 This increases the local ion density and has a
stabilizing electrostatic effect on the polar exciton state, leading
to a red shift of the bandgap energy. The second effect comes
from the fact that micelles are straighter in the presence of
KBr; this may also allow for greater exciton delocalization and
thus a red-shifted bandgap absorption.

Using the red shifts extracted from Figure 3a, red-shift-
corrected differences in absorbance between salt-treated and
untreated PCT-NBr solutions can be calculated (Figure 3b).
At medium and high salt concentrations, an A0−0 vibronic
enhancement is seen in KCl-treated samples that does not
occur with the added KBr. This increase in A0−0 intensity
indicates an enhancement of head-to-tail (J-type) excitonic
dipole coupling.65−68 Previous studies have demonstrated that,
in the presence of weak H-type interchain coupling, a straight
semiconducting polymer chain will show predominantly J-type
coupling.65−68 The observed enhancement of J-type or a
reduction in H-type character coincides with the reduction in
the micelle diameter and the increase in micelle bending due to
a potential reduction in the number of polymer chains per
micelle. All of these changes occur because of the higher
headgroup repulsion in the presence of Cl−, which wedges
adjacent chains apart within a micelle. Together with the SAXS
data, ion exchange of the polymer’s Br− ions for Cl− ions is

Table 1. Parameters Correlated with Micellar Length and
Size Fitted from I(q) Using the Global Guinier−Porod
Method for PCT-NBr upon Addition of Various
Concentrations of KBr or KCla

Rg1 (Å) Rg2 (Å) S1 D (Å) L (Å)

PCT-NBr 2 mg/mL 6.5 60 1.10 18.4 208
KBr 0.34 mM 6.5 56 1.08 18.3 193
KBr 0.74 mM 6.5 54 1.09 18.4 185
KBr 1.01 mM 6.5 53 1.09 18.5 182
KBr 1.34 mM 6.5 52 1.08 18.5 179
KBr 6.71 mM 6.8 59 1.08 19.3 205
KBr 13.4 mM 6.9 74 1.08 19.4 256
KCl 0.34 mM 6.5 55 1.08 18.3 191
KCl 1.01 mM 6.3 52 1.09 17.7 179
KCl 1.34 mM 6.3 50 1.09 17.9 171
KCl 6.71 mM 6.2 60 1.08 17.4 207
KCl 13.4 mM 6.0 74 1.08 16.9 256

aRg1: radius of gyration in the low-Q Guinier region; Rg2: radius of
gyration in the high-Q Guinier region; S1: slope of intermediate
Porod region; D: diameter of cylindrical micelle; L: length of
cylindrical micelle. Figure 3. (a) Normalized auto/cross-correlation functions near the

bandgap absorbance peak as a function of energy offset. A noticeable
red shift is observed in KBr-treated aqueous 2 mg/mL PCT-NBr
solutions. (b) Red-shift-corrected difference in absorbance between
untreated and salt-treated aqueous PCT-NBr solutions.
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therefore shown to tune the micelle rigidity and the polymer
electronic structure in predictable and understandable ways.
Doping of PCT-NBr Aqueous Solutions with Fe(III) Halides
We now turn to the doping of PCT-NBr micelles with Fe(III)-
halide dopants in water, beginning with FeCl3. UV-visible-NIR
spectroscopy is an easy way to monitor the progression of
doping due to the appearance of intrabandgap states arising
from the polaron dopant bands (Figure 4a). Because PCT-NBr

has a high molar absorptivity (ε = 3.8 × 104 (M·cm)−1, Figure
S5) and water absorbs strongly in the infrared region, a custom
short-path-length (∼60 μm) solution cell with sapphire
windows was used for optical measurements (Figure 4b).

The UV-visible-NIR absorption spectra of FeCl3-doped
PCT-NBr solutions can be used to quantify the extent of
doping with increasing FeCl3 concentration (Figure 4c).
Because Fe(III) salts readily hydrolyze in neutral or basic
water to form oxide precipitates that reduce the concentration
of redox-active species,69−75 solutions of the FeCl3 dopant
were stabilized with HCl. The HCl concentration was chosen
so that the dominant solution-phase species was
FeCl2(H2O)4

+, as determined by solution-phase conductivity
measurements, measured as a function of the HCl concen-
tration (Figure S6). PCT-NBr treated with HCl alone shows
no evidence of the P1 or P2 transitions that would indicate

polaron formation (gray line), indicating acid alone does not
dope PCT-NBr. As the FeCl3 concentration increases, the
emergence of P1 (∼0.5 eV) and P2 (∼1.2 eV) polaron
absorption peaks and the simultaneous decrease in the
intensity of the bandgap transition centered at ∼2.2 eV
indicate increasing polaron formation. At concentrations above
10 mM, the P1 peak blue shifts, and the dip at 0.9 eV starts to
disappear. Both changes can be assigned to the ingrowth of a
bipolaron BP1 transition, which is generally centered between
0.8 and 1 eV.30,45−47

Any positively charged polarons or bipolarons that form
during doping must be charge-balanced by counter-anions in
solution. When FeCl3 is used to dope semiconducting
polymers in organic solvents, FeCl4

− typically serves as the
counter-anion.76,77 However, anionic Fe(III) and Fe(II)
species like Fe(III)Cl4(H2O)2

− and Fe(II)Cl4(H2O)2
2− are

only a small fraction of the total ionic species in water at the
concentrations of FeCl3 used for doping.70−75,78,79 Indeed, in
Figure 4c, there is an absorbance peak centered at ∼3.7 eV that
grows significantly with increasing FeCl3 concentration. This
peak is associated with FeCl2(H2O)4

+ complexes,78,79 indicat-
ing that the major Fe(III) species in water are indeed cationic.
It is therefore likely that the plentiful Cl− ions in solution serve
as the counter-anions for the newly formed polarons.

As additional evidence, colorimetric analysis was performed
on the ultrafiltrate collected from FeCl3-doped PCT-NBr
samples using bipyridyl (bipy) complexation to produce the
color change (Figures S7 and S8). If the counterion to the
polaron was an Fe-containing ion, there should be an
observable loss of Fe in the ultrafiltrate due to the association
of Fe with the doped polymer sample. In the assay, both Fe(II)
and Fe(III) species were quantified, and across all samples, Fe
loss potentially attributable to polymer association was found
to be less than ±5% and did not vary in a monotonic fashion
(Table 2), indicating that all iron species remain primarily as

free ions in solution during doping. This finding further
supports the idea of Cl− ions as counter-anions in aqueous
FeCl3 doping.

The ratio of Fe(II) detected in the filtrate to total Fe
detected is the Fe conversion ratio, a measure of the dopant
efficiency. A high dopant efficiency indicates that most of the
input dopant molecules result in the formation of charge
carriers. The highest observed conversion ratio was 24% at 0.5
mM FeCl3. The conversion ratio decreases with increasing
FeCl3 concentration, as expected for a reaction with a low
driving force for electron transfer from PCT-NBr to FeCl3
(∼70 meV).

Having established the doping behavior of PCT-NBr with
FeCl3, we next sought to explore how the halide ion of Fe(III)-
halide complexes influences the dopant efficiency and
polymer−dopant interactions. FeBr3 offers a useful comparison

Figure 4. (a) Schematic electronic structure of an undoped
semiconducting polymer, a polaron, and a bipolaron. (b) Schematic
of a sapphire-windowed ultrathin spectroscopic solution cell. (c) UV-
visible-near IR spectra of aqueous solutions of 2 mg/mL PCT-NBr
doped with FeCl3 (HCl-stabilized).

Table 2. Colorimetric Characterization of Fe-Content in
FeCl3-doped PCT-NBr Solutions

Input [Fe]
(mM)

Recovered
[Fe] (mM)

Difference in
[Fe] (%) [Fe2+] (mM)

[Fe2+]/
[Fe] (%)

0.5 0.5 +0 0.12 ± 0.02 24 ± 4
1 1.0 +0 0.13 ± 0.01 13 ± 1
5 5.2 +4 0.24 ± 0.02 5.2 ± 0.6

10 9.5 −5 0.27 ± 0.01 2.8 ± 0.4
30 29.0 −3 0.33 ± 0.04 1.0 ± 0.2
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due to its similar redox chemistry but a larger, more polarizable
halide ion. Comparing these two dopants provides insights into
how dopant speciation and counterion effects influence the
structure and properties of doped CPEs in aqueous environ-
ments.

As with FeCl3, an understanding of the speciation of FeBr3
in water is useful to interpret the dopant behavior. UV-visible-
NIR spectroscopy again proved useful toward this goal; we
observe the red edge of an absorbance peak centered near ∼5.1
eV is in HBr-stabilized, FeBr3-doped samples of PCT-NBr
(Figure 5a), which is different from the FeCl2(H2O)4

+ peak
observed near ∼3.7 eV in FeCl3-doped samples (Figure 4c).
This bluer Fe peak is associated with the Fe(H2O)6

3+

complex.78 Thus, in contrast to FeCl3, which retains some
chloride ligands in water, the Br− ligands in FeBr3 are largely
replaced by H2O molecules. This exchange behavior is
consistent with the ranking of these halide ions on the
spectrochemical series, where Br− is a weaker-field ligand than
Cl− and is therefore more easily displaced by water.

Comparing the UV-visible-NIR spectra for the two dopants,
the FeCl3-doped samples show more doping than the FeBr3-
doped samples at the same dopant concentration. The P1
absorbance peak (∼0.5 eV) at a given dopant concentration is
higher in intensity with FeCl3 than with FeBr3, and the
bandgap absorbance peaks are more bleached (Figures 4c, 5a,
and S13c), indicating FeCl3 has a higher dopant efficiency.
This is also consistent with the more electron-withdrawing
nature of Cl− ligands and their lower tendency to be exchanged
by water, both of which contribute to the stronger oxidizing
potential of the Fe(III) center. These findings highlight the
importance of considering possible ligand exchange with water
and ion speciation when using metal-centered oxidants as
dopants for CPEs in water.

Knowing that free halide ions are the counter-anions for
polarons formed when the PCT-NBr micelles are doped, we
next consider how the halide identity may affect the nature of
the polaron. At similar doping levels (quantified by the ratio of
the combined intensities of the P1 polaron and BP1 bipolaron
peaks to the bandgap peak intensity, IP1/BP1 /IBG), the P1/BP1
peak position for FeBr3-doped PCT-NBr is red shifted relative
to FeCl3-doped samples (Figure 5b), an effect that is most
dramatic at lower doping levels, where the peak shows pure P1
character with no overlapping BP1 absorbance. Based on a
broad range of theoretical and experimental studies, redder P1
peaks are indicative of more delocalized polarons that are less

Coulombically bound with their counterions.28,50−52 The
formation of more delocalized polarons with FeBr3 doping is
consistent with the larger, more polarizable Br− counter-anions
compared to smaller, less polarizable Cl− counter-anions.80,81

Br− counter-anions therefore facilitate greater polaron
delocalization and could potentially produce polarons with
higher mobility.
Effects of Doping on Polymer Micellar Structure

The optical responses observed in doped PCT-NBr raise
questions about its underlying structural morphology: do the
micellar assemblies observed in the neutral state persist upon
doping? Since introducing a positive charge onto the polymer
backbone increases its hydrophilicity and reduces its
amphiphilic character, doping could potentially alter its
geometry or disrupt micelle formation. Using the structure of
PCT-NBr micelles in the presence of salts as a baseline, we
sought to isolate the structural impacts of polaron formation
within the micelles during doping. To investigate this, changes
in the shape of doped polymer micelles were observed by
solution SAXS measurements. Although both FeCl3 and FeBr3
are effective aqueous oxidants, our structural analysis focused
on FeCl3-doped PCT-NBr, as the high electron density of the
Br atom and the propensity for FeBr3 to react under X-ray
irradiation both make FeBr3-doped samples incompatible with
the SAXS X-ray beam setup.

Separate from the effects of polaron formation, the presence
of acid (HCl in the case of FeCl3) for dopant stabilization
could influence the micellar structure. Indeed, the addition of
HCl to PCT-NBr micelles alone led to an abrupt increase in
scattering intensity around ∼100 Å, indicating significant
bending of the cylindrical structures (Figure 6a).19 Relative to
the position of the bending peak observed with KCl at ∼200 Å,
the shift in the position of the bending peak to a lower
correlation distance of ∼100 Å with HCl reflects an increase in
the average curvature of the bent segments. Under low-pH
conditions, increased hydration of the quaternary ammonium
side chains should reduce counterion binding and increase
electrostatic repulsion,20 effectively increasing the headgroup
volume and leading to overcrowding within the micelle corona.
These effects should both directly promote micelle bending
and disorder and should facilitate a reduction in the number of
polymer chains per micelle, a process that would also allow for
additional micelle flexibility. The effects of acid on PCT-NBr

Figure 5. (a) UV-visible-NIR spectra of aqueous solutions of 2 mg/mL PCT-NBr doped with FeBr3 (HBr-stabilized). (b) Red shift of the P1/BP1
absorbance peak position in FeBr3-doped PCT-NBr with doping level quantified by the P1/BP1-to-bandgap intensity ratio.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c24820
ACS Appl. Mater. Interfaces 2026, 18, 11795−11808

11800

https://pubs.acs.org/doi/suppl/10.1021/acsami.5c24820/suppl_file/am5c24820_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.5c24820?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c24820?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c24820?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c24820?fig=fig5&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c24820?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


micelles are pronounced and cannot be neglected in analyzing
structural changes during doping.

With the addition of the dopant FeCl3, additional changes in
the polymer micelle structures are observed (Figure 6 and
Table S1). Although structurally similar to HCl-treated PCT-
NBr at low FeCl3 concentrations, higher concentrations of
FeCl3 increase the intensity of the micellar bending peak
relative to the cylindrical portion of the PDDF. This is notably
the opposite behavior of what is typically observed in
semiconducting polymers upon doping. For nonpolyelectrolyte
semiconducting polymers in the solid state, polaron formation
is typically associated with straightening of the polymer chains
because of polaron delocalization along the polymer back-
bone.82−85 In contrast, polarons here have a clear disordering
effect on the PCT-NBr micelles. The mechanism for this
increase in disorder is believed to be a loss of the hydrophobic
character of the backbone due to the formation of positively
charged polarons. These polaron charges cause repulsion
between the polymer backbone and the positively charged side
chains, disrupting the amphiphilicity of the polymer chains that
allows them to form ordered micelles. The combined influence
of elevated Cl− ion concentration, stronger hydration due to
the lowered pH, and the loss of hydrophobic character of the
backbone contributes to the disruption of a clean cylindrical
micelle morphology in FeCl3-doped PCT-NBr samples.

Despite the deviations from an ideal cylindrical morphology,
the bead models for HCl-treated and FeCl3-doped PCT-NBr

in Figure 6b indicate that the polymers fundamentally retain
their cylindrical morphology, albeit with significant disorder.
The SAXS data also show a thinning of the polymer micelle at
the highest doping levels, as indicated by the shift in the first
PDDF peak to smaller size (Figure 6a) and the decreased
thickness of the worm-like chain in the bead models (Figure
6b). However, it is worth noting that although solution-phase
SAXS reveals increased nanometer-scale micelle bending and
disordering upon the addition of acid or dopant, the local
structure of the polymer chains within the micelle cores
remains largely unaffected, as evidenced by the unchanged
position of the main bandgap absorption and the vibronic
subfeatures, as shown in Figures 4, 5, and S12.

Interestingly, the bead model data also opens up the
interesting possibility of micellar branching at the highest
FeCl3 concentrations. In such structures, correlations between
branches contribute to the micellar bending peak, while the
branches themselves maintain cylindrical scattering features.
We have previously observed that similar, but more disordered,
CPEs can form gels at high polymer concentrations due to
entanglement or branching between polymer micelles.16,17 In
the case presented here, branching induced by doping and acid
effects may similarly increase micellar entanglement and
network formation. This behavior warrants future study in
solid-state thin films, as the formation of branched micelles
could prove advantageous for the deposition of polymer films
with multidimensional percolation pathways for electronic
conduction.
Spin-Cast Films of Doped PCT-NBr Solutions

Unlike organic-soluble semiconducting polymers that require
post-deposition sequential doping,31,32,37−44 doped CPE films
can be spin-cast directly from iron-halide-containing aqueous
solutions. This approach eliminates film post-processing steps
and provides a platform for studying how doping behavior
evolves during the transition from solution to the solid state.
Based on UV-visible-NIR absorption spectra, PCT-NBr films
doped with FeCl3 and FeBr3 both showed a sudden increase in
the P1/BP1-to-bandgap peak absorbance intensity ratio
(IP1/BP1/IBG) above 62.5 mM of Fe(III) (Figures 7, S13 and
Table S2). This abrupt increase in dopant efficiency can be
attributed to an increase in halide coordination in the Fe(III)
complexes as the local halide concentration increases during
film drying. This conclusion is supported by the fact that the
Fe(III) peak shifts from ∼3.7 eV, corresponding to
FeCl2(H2O)4

+, to ∼3.4 eV and ∼4.0 eV for FeCl3(H2O)3 in
Figure 7a, and from ∼5.1 eV for Fe(H2O)6

3+ to ∼2.6 eV and
∼3.1 eV for FeBr3(H2O)3 in Figure 7b,78,79 thereby increasing
the oxidizing power and effectiveness of the Fe(III) species in
solution. The increased absorption in the visible region for
films doped with FeBr3 at the highest doping levels is
attributed to the low-energy tail of the 2.6 eV FeBr3(H2O)3
absorption, which extends into the redder region beyond the
polymer peak maximum, combined with increased scattering
from the extra salt present in the films. The higher solubility of
FeBr3 in comparison to FeCl3 is expected to favor the
formation of larger salt crystals during film drying, thereby
producing more scattering.86,87 In addition to the dramatic
increase in the P1/BP1-to-bandgap peak absorbance intensity
ratio at higher doping levels, both FeCl3- and FeBr3-doped
samples show a shift in the P1 band maximum to higher
energy, likely due to the formation of an overlapping bipolaron

Figure 6. (a) PDDF of FeCl3-doped aqueous 2 mg/mL PCT-NBr
solutions. (b) Bead models of FeCl3-doped aqueous PCT-NBr
solutions. More I(q) data and bead models are found in Figures S9−
S11.
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absorption peak, which generally appears around 1 eV and is
expected at higher doping levels.30,45−47

To investigate how counterion effects observed in solution
translate to electronic performance in the solid state,
conductivities were measured for the FeCl3- and FeBr3-
doped films. Although the FeCl3-doped films did not exhibit
measurable conductivity at any dopant concentration, films
doped with 250 mM FeBr3 showed a conductivity of 1.0 S/cm.
Importantly, the films retained 92% of that conductivity value
after 2 days stored under ambient conditions (Figure 7c and
Table S3). Films doped with less FeBr3 showed lower
conductivity but similar stability in air (Figure 7c and Table
S3). The fact that the FeBr3-doped films display higher
conductivity than the FeCl3-doped films agrees with the more
delocalized polarons observed spectroscopically due to the
weaker Coulombic binding of polarons with Br− ions
compared to Cl− ions. Additionally, the retention of film
conductivity after storage under ambient conditions with
oxygen and humidity highlights the advantages of water-

processed conductive films with a self-assembled architecture
that isolates the conductive polymer backbones from polar side
chains or counterions.

Although conductivity is a practically useful figure of merit,
the more fundamental value is carrier mobility. This is usually
measured using the Hall effect to determine the carrier density,
which is combined with the conductivity to calculate the
mobility. Unfortunately, determining carrier density in films
with a high density of ionic species via the Hall effect is
challenging due to the screening of the Hall voltage by mobile
ions, an effect that results in unreliably low carrier densities and
thus artificially high carrier mobilities (Table S4).88−90 Instead,
we employed an optical calibration method based on the
oscillator-strength-weighted area of the P1 absorption band,
calibrated using poly(3-hexylthiophene) (P3HT), to estimate
charge carrier density and thus carrier mobility.52,91,92 The
details of the measurement and the resulting carrier mobility
estimates are found in Figures S14,S15 and Tables S4,S5.

One question related to these electrical studies is whether
the polymers retain their micellar structure in the solid state.
Although SAXS is an ideal way to examine polymer
morphology in solution, we turned to atomic force microscopy
(AFM) to study the morphology of both undoped and doped
films. Samples were prepared by drop-casting aqueous
solutions containing 50 μg/mL PCT-NBr plus any acid or
Fe(III) salts needed for doping onto freshly cleaved mica; 10%
(v/v) MeOH was also added to reduce surface tension and
increase spreading into a submonolayer film. The pristine
PCT-NBr films display bundled and aggregated structures. The
bundles are likely formed from multiple single micelles, and the
film as a whole retains a homogeneous fibrous morphology
(Figure S16a). With FeBr3 or FeCl3 doping, the fiber diameters
become less uniform, and overall disorder increases (Figure
S16b, c), but the basic fibral morphology is retained. This
result is consistent with SAXS observations, which indicate that
doping with FeCl3 induces some structural disorder in the
polymer micelles. Based on the AFM results, the disorder
appears to be similar for the FeCl3- and FeBr3-doped samples.
Top-view AFM images of bulk films used for spectroscopic and
conductivity measurements were also collected (Figure S17a,
b). Although less resolved than the submonolayer films, both
pristine and doped PCT-NBr exhibit a fibrous morphology and
similar film roughness. Notably, although both AFM and
solution-phase SAXS reveal disorder at the 10s to 100s of
nanometers level, the local ordering in FeCl3- and FeBr3-doped
PCT-NBr films remains largely preserved, as evidenced by the
fact that bandgap absorption, which is highly sensitive to
polymer chain formation, remains unchanged in both peak
position and vibrionic structure upon doping (Figures 7 and
S18).

Finally, in considering possible applications of these water-
processable polymers, we consider the ionic conductivity. Due
to their intrinsic ionic nature, CPEs typically exhibit high ionic
conductivity. This property was evaluated for PCT-NBr films
exposed to organic electrolytes by using electrochemical
impedance spectroscopy (EIS). Electronic and ionic con-
ductivities were determined using a switchable combination of
a three-electrode and a two-electrode configuration, so that the
film could be effectively doped electrochemically and the
electronic and ionic conductivity values could be separated.
See the Experimental section for details on the method used.93

Upon electrochemical doping, both electronic and ionic
conductivities increased due to the injection of charge carriers,

Figure 7. UV-visible-NIR absorbance spectra of films deposited from
(a) FeCl3-doped aqueous solutions (HCl-stabilized) and (b) FeBr3-
doped aqueous solutions (HBr-stabilized). Excess dopant retained in
the films, particularly in FeBr3-doped samples, causes light scattering,
leading to elevated intensity in the bandgap region of the absorption
spectra. (c) Conductivity of FeBr3-doped PCT-NBr films and changes
in that conductivity after storage in air for up to 2 days.
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with ionic conductivity reaching 2.8 × 10−5 S·cm−1 (Figure
S19). These results demonstrate that micelle-forming PCT-
NBr supports efficient charge transport, enabled by its ionic
structure and porous fibrous morphology.

Further investigation is needed to understand the details of
polymer structure in the doped film, and that is the focus of an
ongoing study. Nonetheless, these preliminary conductivity
and morphology measurements highlight the potential of
micelle-forming CPEs for the fabrication of conductive films
through single-step aqueous processing.

■ CONCLUSION
T h i s s t u d y d e m o n s t r a t e d t h a t t h e C P E p o l y -
(cyclopentadithiophene-alt-thiophene) (PCT-NBr), which
self-assembles into cylindrical micelles in water, can be
chemically doped in an aqueous solution using Fe(III)-halide
oxidants. To understand how halide identity influences both
micellar morphology and electronic properties, we first
examined the behavior of undoped PCT-NBr in the presence
of nonoxidizing salts. SAXS measurements indicated that Br−

ions, which more closely match the hydration character of the
polymer’s quaternary ammonium side chains, promote ion
pairing, which reduces headgroup repulsion and thus
straightens micellar structures by allowing for more polymer
chains per micelle. In contrast, ion exchange of the polymer’s
Br− ions with Cl− ions led to reduced ion pairing. This is
accompanied by a decrease in micelle diameter that we
associate with a reduction in the number of polymer chains per
micelle and an accompanying increase in the ability of the
thinner cylindrical micelles to bend. Electronically, the
favorability of side-chain interactions with Br− ions is reflected
in a red shift of the polymer’s bandgap absorption. This
spectroscopic shift reflects both the straightening of the
polymer micelles and an accumulation of Br− ions around the
micelles in a way that stabilizes the excitonic state. The
increase in side-chain repulsion due to Cl− ion exchange, which
causes micellar bending and reduces the number of polymer
chains per micelle, also reduced H-type coupling between
chains within the micelles, leading to an enhancement in the J-
type spectroscopic character.

Building on these observations, we next examined how
counterion identity influences the extent and nature of PCT-
NBr doping with Fe(III)-halide oxidants. Both FeCl3 and
FeBr3 dopants spectroscopically shows progressive doping with
increasing dopant concentration. Though FeCl3 induced
higher overall doping levels than FeBr3, its maximum doping
efficiency was 24%, a value that decreased with increasing
dopant concentration. FeCl3 was observed spectroscopically to
exist primarily as FeCl2(H2O)4

+ in acid-stabilized solution,
while FeBr3 primarily existed as Fe(H2O)6

3+. The loss in
oxidation power for FeBr3 due to ligand exchange of the
electron-withdrawing Br− ions with water highlights the
importance of considering the lability of metal complex ligands
when choosing aqueous dopants. Although it is a weaker
oxidant, FeBr3 produces more red-shifted P1 absorption
features, indicative of more delocalized polarons. This effect
is attributed to weaker Coulombic binding of polarons and
larger, more polarizable Br− counterions.

The use of HCl to stabilize the FeCl3 dopant was found to
reduce the order of the PCT-NBr micelles due to increased
headgroup repulsion, a phenomenon that resulted in increased
micellar bending. Although polaron formation typically has an
ordering effect in semiconducting polymers in the solid state

due to the straightening of the polymer chains by polaron
delocalization, the opposite was observed in this study. Doping
was instead shown to increase micellar bending due to a
reduction in the hydrophobic character of the polymer
backbone.

Finally, we showed that conductive PCT-NBr films could be
deposited directly from doped micellar solutions, with FeBr3-
doped samples achieving a conductivity of 1.0 S/cm. The
dopant efficiency of both dopants increases at high dopant
concentrations due to a change in the speciation of the Fe(III)
complexes in solution as the film dries. FeCl3-doped films did
not show measurable conductivity, which we associate with
polaron trapping by the small, hard Cl− counterion. Although
solution-phase SAXS and AFM indicate bending in the
macroscopic micelle structure upon doping in solution and
in films, the invariance of the absorption spectra upon doping
indicates that the local backbone structure within the micelle
cores remains preserved. Additionally, the stability of this
electrical conductivity under ambient conditions, combined
with the high ionic conductivity of micellar films, highlights the
promise of micelle-forming CPEs for environmentally friendly,
single-step fabrication of conductive semiconducting polymer
films.

■ EXPERIMENTAL SECTION

Materials
Poly(3-hexylthiophene) (P3HT, 97% regioregular) was purchased
from Ossilla, and 93% regioregular P3HT was purchased from Reike
Metals. All other chemical reagents were obtained from commercial
sources and used without further purification. Aqueous solutions were
prepared by dissolving polymeric material and iron salts in Milli-Q
ultrapure water. The PCT-NBr polymer was synthesized as described
previously, with Mn = 30,000, Mw = 37,000, and PDI = 1.2.19

Characterization
Spectroscopy Measurements. UV-visible-NIR absorption spec-

tra were recorded by using a JASCO V-770 spectrophotometer.
Polymer solutions were measured using our fabricated sapphire-
windowed ultrathin solution cell at a concentration of 2 mg/mL PCT-
NBr unless otherwise stated.

FTIR absorption spectra were recorded for films cast on sapphire
substrates using an Agilent Technologies Cary 600 Series FTIR
spectrometer.

Solution SAXS. Solution-phase small-angle X-ray scattering
(SAXS) data were collected at the Stanford Synchrotron Radiation
Lightsource (SSRL) using beamline 4−2, and at the Advanced Light
Source (ALS) at Lawrence Berkeley National Laboratory using High
Throughput SAXS Beamline 12.3.1 (the SIBYLS Beamline). The
samples were dissolved in Milli-Q ultrapure water at a concentration
of 2 mg/mL, unless otherwise stated, loaded into a quartz capillary,
and maintained at room temperature. Scattering X-rays with an energy
of 12 keV were collected by using a 2D detector positioned at a
sample-to-detector distance of 1.7 m. The 2D patterns were radially
averaged to obtain 1D scattering curves. The SAXS data were
processed using BioXTAS RAW software.94−96 Pair distance
distribution function (PDDF) plots were generated using the
Bayesian Indirect Fourier Transform (BIFT) program, and bead
models were constructed using the ATSAS software suite (GNOM,
DAMMIF, DAMAVER) developed by the European Molecular
Biology Laboratory (EMBL).56−59,96 Global Guinier−Porod fitting
was carried out in IgorPro using the Nika and Irena package.97

Solution Conductivity Measurement. A 1.0 M HCl solution
was gradually added to different concentrations of FeCl3, and the
solution conductivity was tracked using an Apera Instruments PC60
Multiparameter Tester.

Ultrafiltration. Solution samples of 0.2 mg/mL PCT-NBr, doped
with different concentrations of FeCl3 (stabilized with HCl), were put
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into MilliporeSigma Amicon Ultra-4 centrifugal filter units with a 3
kDa regenerated cellulose filter. The filter units were centrifuged at
4400 rpm in an Eppendorf Centrifuge 5702 until approximately half
the volume of the solutions passed through the filter.

Fe Content Colorimetric Analysis. The Bipyridyl Reducing
Buffer solution (Bipy-Red Buffer) was made with 24 mM H2SO4, 2.5
mg/mL hydroxylamine hydrochloride, 0.25 mg/mL 2,2’-bipyridine,
and 10 mg/mL sodium acetate. The Bipyridyl Buffer solution (Bipy
Buffer) was made with 24 mM H2SO4, 0.25 mg/mL 2,2’-bipyridine,
and 10 mg/mL sodium acetate. Filtrates and buffer solutions (Bipy-
Red Buffer or Bipy Buffer) were mixed in a 1:4 volumetric ratio for
spectroscopic analysis. To determine the total iron content, all iron
species in the filtrate were chemically reduced to Fe(II) using
hydroxylamine hydrochloride in a Bipy-Red Buffer solution. The
resulting Fe(II)-bipy complex was then quantified by measuring the
absorbance at 522 nm using a pre-established calibration curve
(Figure S7). Separately, the Fe(II) content was measured directly by
mixing the filtrate with Bipy Buffer. The relative concentrations of
Fe(II) and Fe(III) species in the filtrate were deconvoluted using full-
spectrum multivariate fitting (Figure S8).

Film Preparation. PCT-NBr (10 mg/mL) was dissolved in Milli-
Q ultrapure water with varying concentrations of dopants. The
resulting solutions were drop-cast onto precleaned substrates (glass,
sapphire, indium tin oxide [ITO], or interdigitated microelectrodes
[IDMs]) and spun at 1500 rpm for 60 s, followed by spinning at 2500
rpm for another 30 s to remove any remaining solvent and dry the
film. The as-spun films were used for further characterization without
additional processing.

All P3HT films (both 97% regioregular and 93% regioregular) were
cast using 20 mg/mL solutions from o-dichlorobenzene (o-DCB).
The polymer solutions were stirred until fully dissolved (∼8 h) with
constant stirring (300 rpm). The 2% P3HT solutions were spin-
coated onto the substrates at 1000 rpm for 60 s, followed by 4000
rpm for 5 s. The polymer films were left in the nitrogen glovebox
overnight to fully dry. For doping, the pristine P3HT polymer films
were exposed to a dopant solution for a duration of 80 s before
spinning at 4000 rpm for 10 s to remove any residual dopant solution.
Doping solutions were made by mixing varying amounts of F4TCNQ
with a fixed volume of lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) stock solution (209 mM) in n-butylacetate (n-BA), yielding
the F4TCNQ concentrations reported in the legends, while the
LiTFSI concentration remained constant at 104 mM.

Cyclic Voltammetry (CV). CV plots were recorded by using a
BioLogic VSP Potentiostat. For the CV of FeCl3 and FeBr3 aqueous
solutions, a glassy carbon electrode was used as the working electrode,
platinum (Pt) as the counter electrode, and Ag/AgCl as the reference
electrode, with a sweep rate of 10 mV/s. For ferrocene, a glassy
carbon electrode was used as the working electrode, Pt as the counter
electrode, silver wire (Ag) as a pseudoreference electrode, and 1 M
NaClO4 in acetonitrile as the electrolyte, with a sweep rate of 50 mV/
s. The CV of PCT-NBr films spin-cast on ITO was recorded using Pt
as the counter electrode and Ag as a pseudoreference electrode, with 1
M NaClO4 in acetonitrile as the electrolyte with a sweep rate of 10
mV/s. All data shown were collected on the second CV scan.

Conductivity Measurements. Conductivity values were ob-
tained from sheet resistance and thickness measurements on 1.2 × 1.2
cm glass substrates following film fabrication and electrode
deposition. Gold electrodes (45 nm thick) were evaporated on the
doped films using the Angstrom Engineering Nexdep thermal
evaporator at a pressure lower than 1 × 10−6 Torr and a deposition
rate of 0.5 Å·s−1. Sheet resistance values were determined using the
van der Pauw technique98 with a Lakeshore MeasureReady M91
FastHall instrument (source current of 10 μA). Carrier densities were
probed using Hall effect measurements performed at a source current
of 10 μA and a fixed magnetic field of 1.023 T. Thickness values were
obtained from profilometry by using a Dektak 150 stylus profilometer.

Atomic Force Microscopy (AFM). Freshly cleaved mica
substrates were prepared by using adhesive tape. PCT-NBr was
dissolved in Milli-Q ultrapure water and mixed with FeCl3/HCl or
FeBr3/HBr to obtain a polymer concentration of 50 μg/mL, an acid

concentration of 0.025 mM, and an Fe(III) dopant concentration of
0.3 mM. The solutions were drop-cast onto the freshly cleaved mica
and dried under ambient conditions. AFM measurements were
performed on a Bruker Dimension FastScan SPM instrument using a
ScanAsyst-Air-HPI probe in PeakForce Tapping mode. Height sensor
images were processed and analyzed to obtain topographical profiles.

Electrochemical Impedance Spectroscopy (EIS). Interdigi-
tated microelectrodes (Metrohm DropSens DRP-G-IDEAU5-U20)
were rinsed with isopropyl alcohol and dried prior to film deposition.
Each device consists of two interdigitated gold electrodes with two
connection tracks on a glass substrate (22.8 × 7.6 × 0.7 mm). The
microelectrode array contains 250 pairs of digits, each with a length of
6760 μm, a width of 3 μm, a height of 200 nm, and a 5 μm gap
between digits. Impedance measurements were performed using a
BioLogic VSP potentiostat with Pt as the counter electrode, Ag as a
pseudoreference electrode, and 1 M NaClO4 in acetonitrile as the
electrolyte. For electrochemical doping, the working electrode
potential was held for 300 s. Ionic conductivity was measured in a
three-electrode configuration by recording impedance as a function of
frequency (100 kHz to 100 mHz) with a sinusoidal excitation of ±10
mV (peak-to-peak) at each doping level. Electronic conductivity was
determined between the two gold IDM terminals under open-circuit
conditions using the same frequency and excitation range.
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