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The Role of Dynamic Solvent Swelling in Electrochemical

Doping of Semiconducting Polymers
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Semiconducting polymers are of interest due to their solution processibility
and broad electronic applications. Electrochemistry allows these wide
bandgap semiconductors to be converted to conducting polymers by doping
such polymers at various potentials. When polymers are p-doped to improve
their conductivity via electrochemical oxidation, various positively-charged
carriers are created, including polarons (singly-charged) and bipolarons
(doubly-charged). Carrier creation is accompanied by anion intercalation from
the electrolyte for charge balance, and this insertion requires ion mobility. In
this work, poly(3-hexylthiophene) (P3HT) with different regioregularities is
used to understand the relationship between solvent swelling, which affects
anion intercalation, and electrochemical doping. Cyclic voltammetry, optical
absorption spectroscopy, and grazing incidence wide-angle X-ray scattering
(GIWAXS) measurements are used to correlate the doping level with structural
changes. In situ electrochemical quartz crystal microbalance (EQCM)
measurements are used to quantify the swelling of the polymers dynamically
during electrochemical cycling. Lastly, in situ conductivity measurements are
done to measure the effect of swelling on the ionic and electronic conductivity.
The results indicate that solvent swelling is required for bipolaron formation,
and that swelling facilitates both the small structural changes need for
polaron formation and the disordering required for bipolaron formation.

These materials are wide bandgap semi-
conductors, and thus, at room tem-
perature, have little to no charge car-
riers. Doping enables the addition of
charge carriers by oxidation (p-type)”
or reduction (n-type)l®% of the poly-
mer backbone. This can be accom-
plished by chemical doping, where for
p-doping a small molecule oxidizer un-
dergoes charge transfer with the con-
jugated polymer to create a charge car-
rier on the polymer backbone and a
charge-balancing counterion.l''"1*] An-
other method to add charge carriers is
by applying an electric potential to elec-
trochemically dope semiconducting poly-
mers; here, an anion from the electrolyte
enters the polymer matrix for charge
compensation.l*1¢l While chemical dop-
ing requires the use of dopants with dif-
ferent oxidizing strengths to tune doping
levels, electrochemical doping allows for
doping to varying, controlled levels using
a single electrolyte, simplifying our un-
derstanding of the system.!17-2]
Electrochemical methods can give

1. Introduction

Semiconducting polymers are of significant interest due to their
potential utilization in energy storage and electronic devices.!'-¢!

information about the energetics of doping in semiconducting
polymers. For example, cyclic voltammetry (CV), which records
the current response as the electrode potential is linearly ramped,
is commonly used to observe oxidation and reduction energies
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of molecules.l?!"?2] For p-type conjugated polymers, scanning to
potentials higher than the open circuit voltage will oxidize the
polymer, generating regions of +1 charge carriers throughout the
polymer. When an electron is removed from the z-system of a
semiconducting polymer, the polymer backbone locally changes
to accommodate the added charge, converting from an aro-
matic to a quinoid structure.[2*?* This leads to the formation
of two localized energy levels within the bandgap. The charge
carriers that are produced upon doping and the lattice distor-
tion together are known as a polaron.?’] When the polymer is
further oxidized, bipolarons, or doubly-charged spinless charge
carriers, can form.?®l The existence of bipolarons is easily ob-
served in the CV curve as a second oxidation peak at a higher
potential.[?’] Bipolarons are typically more difficult to form via
chemical doping than polarons due to anion ordering, but elec-
trochemically, they form easily by simply increasing the applied
potential.'*27-2%) Past studies have shown that while bipolaron
formation can significantly alter the structure of semiconduct-
ing polymers, these charge carriers are typically less electrically
conductive than polarons.!*>3]

As discussed above, when doping semiconducting polymers,
whether electrochemically or chemically, a counterion must en-
ter the polymer matrix for charge neutrality.*'*?] In conventional
p-type chemical doping, a dopant molecule, D, oxidizes the poly-
mer backbone, and the reduced dopant molecule, D, stays in
the polymer matrix to counterbalance the p-polaron. In electro-
chemical doping, the semiconducting polymer is submerged in
an electrolyte containing a salt that is generally well dissociated.
For example, lithium bis(trifluoromethanesulfonimide) (LiTFSI)
is a common electrolytic salt that readily forms separated Li*
and TFSI™ ions in non-aqueous electrolyte solutions. When the
semiconducting polymer is oxidized, TFSI™ can be pulled into
the polymer matrix to balance the positive charge.**3*! For this
to occur, ion mobility in the polymer matrix is needed. In previ-
ous studies,®>% we found that semiconducting polymers that
readily swell more in the electrolyte also have higher ionic
conductivity.

Many electronic applications of semiconducting polymers re-
quire reversible electrochemical doping of the polymer. Con-
jugated polymer-based sensors are one such application, with
potentiometric®’] and colorimetric®*! sensors as two such ex-
amples. In potentiometric sensors, the sensitivity of doped poly-
mers to electrostatic interactions allows for the detection of
changes to analyte concentrations by tracking the chemical po-
tential of the conjugated polymer. Colorimetric sensors can ei-
ther be chemically or electrochemically doped,**! and take ad-
vantage of the fact that the neutral and oxidized polymer states
are visually distinctly different. Organic electrochemical tran-
sistors (OECTs) also require reversible electrochemistry with a
semiconducting polymer.*"] Here, the semiconducting polymers
form the channel, and electrochemical doping is used as the
gate.[*!]

Batteries are another electrochemical application that require
reversible polymer doping. Semiconducting polymers can act as
the active material, electrolyte, or binder in a battery.**?] One
function in which they show the most promise is their uti-
lization as binders. Currently, the most commonly used bat-
tery binder is polyvinylidene fluoride (PVDF).[*3] While PVDF
provides mechanical support while being chemically stable at a
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large potential range, it does not offer much benefit in terms
of electron or ion mobility.*¥! By utilizing semiconducting poly-
mers, the polymer binder can still satisfy the need for me-
chanical support and chemically inertness, while increasing
electronic and sometimes ionic conductivity.['73>43] For all bat-
tery applications, the electrolyte is always in contact with the
semiconducting polymer, which means that the performance
of these materials is intimately connected with the way they
swell.

The need to further understand and control conjugated poly-
mer swelling during electrochemical doping in device appli-
cations has been recognized in the literature. In most cases,
researchers address this concern by designing polymers with
the addition of sidechains,*-*8] functional groups,*! or tak-
ing advantage of cross-linking,*" to control solvent uptake.
However, the degree of conjugated polymer swelling, especially
in electrochemical systems, is not static. Electrolytes are polar
and doped polymers with added charges are more polar than
their undoped, neutral counterparts. As such, swelling is a dy-
namic phenomenon that changes during doping, gating, and/or
cycling. For example, it was shown that an n-type polymer,
poly(benzimidazobenzophenanthroline) (BBL) incorporates wa-
ter molecules into the crystalline regions of the polymer film,
creating a hydrophilic microenvironment within a hydrophobic
polymer network, aiding in fast ion transport with aqueous elec-
trochemical doping.l®!! Other studied examined static swelling
of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PE-
DOT:PSS) in a variety of solvent environments, where they found
that electrolytic solvents swell the polymer mixture more than
pure solvent systems.5?] Swelling during electrochemical doping
in this system was also examined, and showed that PEDOT:PSS
films increased in thickness with applied potentials. Conjugated
polymers swelling can also be controlled by changing the ratio
of glycol and alkyl sidechains.*>*°! Because of the importance
of swelling for ion mobility, it results in an optimization chal-
lenge: semiconducting polymer must swell enough easily as it
becomes doped so that they show good electronic conductivity,
but too much solvent uptake can result in a decrease in elec-
tronic conductivity. Excessive solvent uptake leads to polymer
dissolution.l>*]

A variety of parameters can affect polymer swelling, such as
the initial crystallinity or regioregularity of the polymer, the side
chain composition, and the choice and concentration of the elec-
trolyte and the solvent.*#5%%4] The initial crystallinity also af
fects the electronic behavior of the polymer; typically, more crys-
talline or more regioregular polymers are more easily doped than
their less crystalline counterparts.>>>’1 Although higher crys-
tallinity or regioregularity polymers may have lower oxidation po-
tentials, they also swell less, providing a kinetic barrier to coun-
terion intercalation. These factors all contribute to the ability of
semiconducting polymers to conduct ions.

While there are many studies, specifically in the organic elec-
trochemical transistor (OECT) literature that consider polymer
swelling and its role in facilitating fast polymer doping, many
simplify the challenge to a static problem that can be solved by en-
gineering polymer side chains to control polymer swelling. Only
a few groups take into consideration that swelling is dynamic and
changes as the semiconducting polymer is doped and becomes
charged.[5%° However, these studies are usually performed in
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Figure 1. a) The chemical structure of regioregular (RR) and regiorandom (RRa) P3HT, b) the bandgap and inter-bandgap transitions for neutral, polaron
doped, and bipolaron doped polymers, and c) UV/Visible absorption spectra of P3HT with different regioregularities showing different vibronic features.

aqueous media, and there is a significant lack of understanding
of dynamic swelling in organic solvents. As a result, here, we
study dynamic swelling during doping using an electrochemical
quartz crystal microbalance (EQCM). The work uses a model con-
jugated polymer system, poly(3-hexylthiophene) (P3HT chemi-
cal structures shown in Figure 1a) in a range of organic elec-
trolytes, including both standard battery electrolytes and more
conventional organic solvents. We first examine the electrochem-
ical behavior of P3HT with three different regioregularities, and
show how these polymers are doped with increasing oxidizing
potential. We then use spectro-electrochemistry to show how po-
laron and bipolaron formation can be controlled through the ap-
plied doping potential. Through grazing incidence wide-angle X-
ray scattering (GIWAXS), we show how these polymers undergo
structural changes with doping, observing both increases and de-
creases in their crystallinity. We use an in situ EQCM to directly
visualize how the applied potential and thus, the doping level, dy-
namically affects the swelling of P3HT of differing regioregulari-
ties, and in different solvents. EQCM is a unique tool which mea-
sures mass change information near the resonator surface, and
is the best option to study swelling in polymer thin films.[61-6¢]
The results clearly demonstrate that swelling is a dynamic pro-
cess influenced by electrochemical potential, rather than a static
phenomenon and that bipolaron formation is strongly correlated
with increased swelling. In situ measurement of electronic and
ionic conductivities corroborate the impact of swelling on these
macroscopic properties. Swelling enhances ionic conductivity,
but is unfavorable for electronic conductivity. Collectively, this
work highlights the strong correlation between doping, swelling,
and conductivity.
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2. Results and Discussion

The overarching goal of this work is to understand how solvent
uptake changes during electrochemical doping in a range of sol-
vent environments, and how that uptake controls polymer prop-
erties. Previous studies have shown that different solvents can
swell polymers by varying amounts,/**>* but this work aims to
understanding that swelling as a dynamic process that changes
during the electrochemical doping. To do this, we examine elec-
trochemical doping of polymers with varying crystallinity, under
a range of potential, using a variety of electrolytes with differ-
ent solvents and different salt concentrations. To gain a deeper
understanding of how solvent uptake affects polymer properties
during electrochemical doping, we employ a range of charac-
terization techniques. Among these, spectro-electrochemistry is
particularly valuable for tracking doping-induced changes in the
polymer’s electronic structure in real time.

2.1. Spectro-Electrochemistry of P3HT

When semiconducting polymers are doped, either chemically or
electrochemically, their optical signatures change, as shown in
Figure 1b. When this occurs, singly charged polarons are formed
on the polymer backbone, and three new absorption features ap-
pear: P1, P2, and P3, which result from interband transitions to
or from the new polaron states in the gap. When the polymer
is further doped, bipolarons can form, resulting in the appear-
ance of yet another optical band (BP1), which appears slightly
to the blue of P1. It is sometimes challenging to form bipo-
larons through chemical doping, but they form readily under
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Figure 2. Electrochemical and spectro-electrochemical characterization of P3HT. Panels a, ¢, and e show the CV data, and panels b,d, and f showing
differential UV-visible-near IR absorption as a function of applied potential. Panels a-b correspond to 97% RR, c,d) to 93% RR, and e,f) to RRa P3HT.
UV-visible-near IR absorption data are shown as absorbance difference versus the undoped polymers in (b),(d), and (f). All absorption data was collected

on cycle 6.

electrochemical conditions. Here, we consider three P3HT sam-
ples with different regioregularities: 97% regioregular (RR), 93%
RR, and regiorandom (RRa). The most regioregular should also
be the most ordered polymer, while inconsistent regiochemistry
frustrates chain packing. The neutral polymer absorption spectra
of each polymer are shown in Figure 1c, providing evidence that
the most regioregular polymer is the most ordered, as indicated
by the decrease in the vibronic features decreasing going from
97% RR to 93% RR to RRa.l”:8] Additionally, for RRa P3HT, the
bandgap peak (or z—z* transition) shifts to higher energy due to
the shorter conjugation length associated with increased defects
in the polymer structure.

Figure 2a,c,e shows cyclic voltammograms (CV) of the three
P3HT samples. Here, and everywhere else, unless specified

Adv. Mater. Interfaces 2025, 2500098 2500098 (4 0f12)

otherwise, the electrolyte was 1 M LiTFSI in a mixture of ethy-
lene carbonate (EC) and dimethyl carbonate (DMC) (see exper-
imental section for details). For the two regioregular P3HTs,
Figure 2a,c, the CV shows four oxidation peaks. To understand
what charge carriers are being formed during these oxidative
events, the optical signatures at each potential were examined
using UV/Visible/Near IR absorption spectroscopy, as shown in
Figure 2b,d,f for 97%, 93%, RRa, respectively. For the 97% RR
material, the polymer becomes very slightly doped starting at
3.1 V versus Li/Li* and remains at a similar doping level until
3.4 V versus Li/Li*, after which the P1, P2, and P3 peaks grow
significantly. For all cycles after the first one, 3.4 V is the potential
at which the first oxidative peak appears at in the CV. From there
until ~3.8 V versus Li/Li*, these inter-bandgap peaks continue
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Figure 3. Thickness normalized GIWAXS data for a) the three neutral polymers before doping, b) 97% RR P3HT before doping (purple trace),
electrochemically-doped (green trace), and chemically-doped (gray trace), c) 93% RR P3HT before doping (pink trace), electrochemically-doped (green

trace), and chemically-doped (gray trace), and d) RRa P3HT before doping
electrochemically-doped at a higher potential (teal trace).

to grow in, indicating that additional polarons are being formed.
After 3.8 V, however, the P2 peak plateaus, and a blue shoulder
appears on the side of the P1 band, which can be assigned to
BP1. The normalized absorption in the P1 region can be found
in Figure S1 (Supporting Information). The data first show a shift
of the P1 peak to the blue at low doping potentials. This blue shift
in P1 has been attributed to less delocalized carriers,[®! and is to
be expected as more trapped polarons form in less ordered poly-
mer regions at higher potentials. At even higher potentials, the P1
peak center stops shifting, and instead a blue shoulder appears.
From the band diagram shown in Figure 1b, as well as previous
studies, this blue shoulder has been attributed to the formation of
bipolarons and is assigned to the BP1 peak.[*#%’] Similar behavior
is seen in the 93% RR P3HT (Figure 2d), but at slightly increased
applied potentials. Thus, the first two redox peaks are associated
with polaron formation, likely in the crystalline and amorphous
regions of the polymer respectively,’®’!] and the higher redox
peaks are associated with bipolaron formation. We note that the
first cycle of each polymer (black traces) differs from the rest of
the cycles. For the two regioregular polymers, the key difference
between cycle 1 and later cycles is a shift in all redox peaks to
lower potential. The RRa samples show more differences, which
are discussed below. Because of these changes, all absorption,
diffraction, and EQCM data was collected after precycling the
samples.

The RRa P3HT sample shows quite different behavior to that
seen with the regioregular material. The most dramatic differ-
ence is the loss of a redox peak and the large shift to lower poten-
tial between the first cycle and subsequent cycles in Figure 2e.

Adv. Mater. Interfaces 2025, 2500098 2500098 (5 0f12)

(yellow trace), electrochemically-doped at a low potential (green trace), and

Ignoring, for the moment, the first cycle data, the absorption dif-
ference spectra in Figure 1f shows that at 3.5 V versus Li/Li*,
the P1 and P2 bands both grow in, notably without the bluer
intensity that is associated with P3 above. The blueshift in the
P1 can be attributed to more localized polarons, which is ex-
pected with a more disordered polymer. Interestingly, at 3.5 and
3.6 V versus Li/Li*, there is also a defined peak in the absorp-
tion spectra at ~2.3 eV, which we associate with a red shifted
bandgap absorption. Although the BP1 transition is not as ob-
vious in the RRa sample because of the blue shifted P1 peak,
there is a clear blue shoulder that forms at ~3.9 V versus Li/Li*,
a potential that also corresponds to the oxidation peak in the CV.
Thus, despite the fact that the CV curve for the RRa after cycle 1
is rather broad and featureless, the optical absorption still clearly
indicates the formation of polarons at lower potentials and the
formation of bipolarons at higher potentials, similar to the RR
samples.

2.2. Structural Changes Upon Electrochemical Doping

Changing the regioregularity changes the crystallinity of the
polymer,|”?l as demonstrated in Figure 3a, shows the thickness
normalized GIWAXS patterns of the different P3HT polymers
studied in this work. This technique allows for direct visual-
ization of the polymer structure and how it changes with elec-
trochemical doping. Figure S2 (Supporting Information) shows
the 2D diffraction patterns of the neutral and electrochemically
doped polymers, where the two regioregular polymers are highly

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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textured, with an edge-on crystallite orientation, while the RRa
polymer is mostly amorphous and untextured. The thickness nor-
malized GIWAXS patterns in Figure 3a confirm that both re-
gioregular samples are quite crystalline, while the RRa P3HT
is mostly amorphous. For the crystalline samples, a progres-
sion of lamellar peaks can be observed starting at g ~0.4 A~",
and a z-stacking peak is clearly seen at q ~1.7 A~!. In the
RRa case, a low intensity lamellar peak with no overtones is
observed near q -~0.4 A~', along with a broad peak around
q~1.4 A-117

Figure 3b,c show the 97% and 93% RR P3HT, respectively,
doped electrochemically (green trace) and doped chemically us-
ing the standard oxidizing agent FeCl, (gray trace). Chemically
doped samples are included as a reference for the standard struc-
tural changes expected upon polaron formation. With these two
regioregular forms of P3HT, the electrochemically-doped sam-
ples show similar peak shifts to the chemically doped samples, in-
dicating that the structure at the end of doping (whether chemical
or electrochemical) is similar. These structural changes arise be-
cause the polymer must accommodate the insertion of a counter-
anion into the polymer crystallites to stabilize the positive charge
formed on the polymer backbone.[®®74] In the electrochemical
case, LiTFSI was used as the electrolytic salt, so TFSI is the
counterion in the polymer. For both the 93% and 97% RR P3HT,
electrochemical doping results in a slightly more intensity in
the broad disordered z-stacking peak, indicating that electro-
chemical doping disrupts the polymer crystallinity more than
chemical doping. The appearance of more diffuse/amorphous
scattering is accompanied by a reduction in the diffraction in-
tensity of the crystalline diffraction peaks. This can be seen
most easily by the reduction in the lamellar peak intensity at
q ~0.4 A~'. The two regioregular polymers change similarly
upon electrochemical doping. We note that this intensity de-
crease is not intrinsic to the doping process, as the chemically
doped samples actually show an increase in lamellar peak inten-
sity. As discussed below, the disordering likely stems from re-
peated solvent swelling by the electrolyte across the first few CV
cycles.

In the RRa case (Figure 3d), the polymer starts off rather
amorphous, but upon electrochemical doping (green trace),
there is a significant increase in the crystallinity. The lamel-
lar peak around q ~0.4 A~! grows dramatically in intensity,
and in the z-stacking region, the formation of a distinct z-
peak at g ~1.75 A~! shows that regular stacking is induced by
electrochemical doping. At higher potentials, where bipolarons
should be formed (blue trace), the overall intensity decrease
slightly, as compared to the lower potential electrochemically-
doped case (green trace), but most of the new diffraction intensity
remains. This result is not surprising, as doping induced crystal-
lization has been observed previously in RRa P3HT.’77577] In
chemically doped samples, that crystallization appears to be re-
versible upon thermal de-doping,”*! but based on the fact that
the CV curve changes after the first cycle and then remains
stable, we hypothesize that doping induced crystallization in
electrochemically doped RRa P3HT is not reversible and thus
all RRa data presented here, other than that explicitly collected
during the first cycle, should be assumed to be on crystallized
samples.
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2.3. Tracking of Dynamic Swelling via EQCM

To understand how the structural changes seen with GIWAXS is
connected to solvent swelling, we look at how the polymer mass
change with electrochemical potential via EQCM. This experi-
ment can measure the change in mass with applied potential,
which can be used to calculate the change in solvent swelling upon
doping; it is important to note that the solvent swelling prior to
data collection in the undoped polymer is unknown. The total
mass change detected by EQCM for the different P3HT samples
as a function of applied bias (black curves in Figure 4) comes
from a combination of the incorporated TFSI™ anions, which are
needed to counterbalance the polaronic charges, and any solvent
molecules that swell the film. Here, we assume that these are the
only two species participating in the mass change and that each
positive charge created during doping attracts a single TFSI, as
it has been assumed before for aqueous systems.l>>%°! However,
it is important to note that this extra mass assigned to pure sol-
vent could have some component of the electrolyte neutral salt.
While we will refer to it as “solvent mass” throughout this work,
it may contain some LiTFSI, particularly in cases with very high
solvent swelling. Based on this assumption, we can integrate the
CV curves to determine the number of created charges, and then
convert that into the mass of adsorbed TFSI™ (see the Support-
ing Information for details). The mass change expected from the
adsorbed TFSI™ is shown by the light grey curves in Figure 4. As
shown in all Figure 4 panels, black curves do not overlap the light
grey curves, which indicates that the overall mass change cannot
be ascribed only to the anion mass change. The difference be-
tween the black and grey curves must be due to mass change
from doping-induced solvent swelling; these mass changes are
shown as the blue curves.

During the polaron formation region between 2.85 and 3.20 V
for RR P3HTs and 2.85 and 3.35 V for RRa P3HT, shown in
Figure 4a—c, the EQCM data shows a small or zero mass increase,
followed by a mass decrease for all three P3HT regioregularities.
The 97% and 93% RR P3HT show the most similar data, with a
small mass increase that correlates with the first polaron forma-
tion peak, and then a decreases at the second polaron formation
peak. This data is in good agreement with the idea that the first
redox peaks correspond to polaron formation in the crystalline re-
gions of the polymer, and the second to the formation of polarons
in the amorphous region. Polaron formation should increase
polarity and thus increase solvent swelling in polymer crystal-
lites. The amorphous regions should already be highly swollen,
as amorphous polymers are much easier to swell/dissolve than
their crystalline counterparts. As shown in Figure 3d, when amor-
phous polymers become doped, they become more crystalline,
and so if the second redox peak corresponds to doping of the
amorphous regions, it should be accompanied by increased crys-
tallization, which should force some solvent to be expelled from
the polymer network. Thus, while the mass appears to increase
and decrease, this is not a reversible process, but instead one that
corresponds to increased solvent swelling in the crystalline re-
gions and decreased solvent swelling in the formerly-amorphous
regions.

For RRa P3HT, the mass shows almost no increase in the
first region where redox occurs, followed by a more significant
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Figure 4. CV (colored) and EQCM data for a,d) 97% RR, b,e) 93% RR, and c,f) RRa P3HT at a—c) polaron-forming potentials and d—f) the full range of
potentials, including those where bipolarons are formed. The black curves indicate the total mass change, as reported by EQCM. The light gray curves
are derived from integration of the CV curve using the assumption that every 1 e’ requires 1 TFSI" molecule to be pulled into the polymer network. The
blue curves correspond to mass of solvent entering the polymer matrix, and are calculated as the difference between the black and grey curves. Solid
lines indicate data collected during forward bias in the oxidative direction, while the dotted lines correspond to data collected in the reverse, reductive

direction.

negative mass change at higher potentials. We can understand
the very small initial mass increase by the fact that the RRa ma-
terial should be more disordered than the RR polymers, even
after doping-induced crystallization, and so they are likely fully
solvent-swollen at the start of the cycle with little additional sol-
vent uptake observed. The mass loss at higher potentials is as-
signed to reversible doping-induced crystallization, similar to the
amorphous polaron peak in the regioregular polymers.

To understand the connection between polaron formation and
swelling more quantitatively, we calculate the ratio of the solvent
mass change to the TFSI™ mass change. For crystalline polaron
formation, this ratio is 0.52, 0.46, and 0 ug/ug for 97%, 93% RR
P3HT, and RRa P3HT, respectively; for amorphous polaron for-
mation, it is -0.23, -0.31, -0.24 pg/pg for 97%, 93% RR P3HT,
and RRa P3HT, respectively. This shows that 97%, 93% RR P3HT
experience similar solvent swelling during polaron formation in
crystalline, and that doping induced crystallization results in sim-
ilar solvent expulsion in all 3 samples during doping of the amor-
phous regions. The only unique behavior is the solvent neutral
doping of the partly crystallized RRa material.

In Figure 4a—c, the polymers were only cycled in the pola-
ronic electrochemical window to understand how polaron for-

Adv. Mater. Interfaces 2025, 2500098 2500098 (7 0f12)

mation changes the swelling behavior of conjugated polymers.
To understand the swelling when bipolarons are formed, the
polymers were cycled across the entire electrochemical window
where the polymer remains stable. Figure 4d—f indicates that for
all three P3HT samples, bipolaron formation is accompanied by
much more dramatic solvent swelling than polaron formation.
We have shown previously using theoretical methods, that bipo-
larons only form when two counterions can get physically close
to one another, a process that often requires disordering of the
polymer crystallites.?’] In order to induce such significant dis-
order in the polymer network upon chemical doping, significant
solvent swelling is likely required to reduce both the kinetic bar-
riers to and thermodynamic cost of breaking up the polymer
crystallites. Here, upon electrochemical doping, it appears that
such disordering may also be occurring, and that the disorder-
ing is again intrinsically tied to solvent swelling. The bipolaron
solvent-swelling-to-TFSI™ mass ratio is 0.83, 0.71, and 0.72 ug/ug
for 97% RR P3HT, 93% RR P3HT, and RRa P3HT, respectively.
These values are all much higher than those observed during po-
laron formation. It is also interesting to note that the total solvent
swelling is greater for the 93% RR and RRa P3HT at 4.0 V ver-
sus Li/Li* than for the 97% RR P3HT, and that after bipolaron
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Figure 5. CV (colored) and EQCM data of 93% RR P3HT at polaron-forming potentials, cycled in a) 0.01 M LiTFSI, b) 0.1 M LiTFSI, and ¢) 1 M LiTFSI
in acetonitrile. The black curves indicate the total mass change, as reported by EQCM. The light gray curves are derived from integration of the CV curve
using the assumption that every 1 e requires 1 TFSI” molecule to be pulling into the polymer network. The blue curves correspond to mass of solvent
entering the polymer matrix, and are calculated as the difference between the black and gray curves. Solid lines indicate data collected during forward
bias in the oxidative direction, while the dotted lines correspond to data collected in the reverse, reductive direction.

formation, the 93% RR and RRa P3HT films show the same sol-
vent swelling.

In addition to polymer crystallinity and doping level, ionic
strength and the nature of the solvent could be other major fac-
tors affecting solvent swelling. Thus, here we investigated the
role of the solvent and of the concentration of LiTFSI, this time
using acetonitrile (ACN) to make the electrolyte solution. We
have previously reported that ACN does not swell neutral 93% RR
P3HT to a measurable extent.!””] However, when doped, ACN can
swell 93% P3HT to a larger extent. Indeed, ACN swells P3HT to
such a large extent during bipolaron formation that the film be-
comes jelly-like, and the energy dissipation becomes too large to
accurately measure the mass.l”87°] However, by limiting the po-
tential window at crystalline polaron formation, the swelling of
P3HT by ACN in various concentrations of LiTFSI can be identi-
fied. For these experiments, the same methods were used as for
Figure 4, where the mass change was measured by EQCM, the
TFSI- mass was calculated from the CV curve, and the difference
was assigned to solvent swelling.

In comparing Figure 4b to Figure 5a, both of which were col-
lected on 93% RR P3HT cycled in a 1 M LiTFSI electrolyte, the
most obvious difference is that the data collected in EC:DMC
shows solvent swelling during polaron doping of the crystalline
regions, followed by deswelling during the dopant induced crys-
tallization of the amorphous regions. In contrast, the initial sol-
vent swelling region does not appear when ACN is used, and only
the solvent deswelling is observed. The result is reasonable, be-
cause we have established previously that ACN is a poor swelling
solvent for crystalline P3HT. Interestingly, as the ionic strength
is lowered, the solvent deswelling between 3.25 and 3.4 eV ver-
sus Li/Li* is gradually replaced by a small amount of solvent
swelling. We can understand these changes in swelling by con-
sidering the relative free energy of the electrolyte in solution,
versus in the film. At higher salt concentration, the ACN is en-
tropically (osmotically) stabilized in the electrolyte phase; this
should make it more favorable for the ACN to reside in solution
compared to in the polymer film, and should favor deswelling
of the polymer films at high salt concentrations. Moreover, in
highly concentrated LiTFSI solutions, solvent molecules are also
more tightly coordinated to lithium ions, leading to increased en-
thalpic stability within the solvation shell, which should again
favor solvent deswelling at higher salt concentrations.®] Both
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of these effects should make it easier to pull ACN out of the
polymer film upon doping induced crystallization. As the LiTFSI
concentration decreases, this driving force for solvent expul-
sion also decreases, allowing a small amount of solvent swelling
to be observed in the more dilute electrolytes with increas-
ing doping levels and thus increasing polymer polarity. The re-
sult thus emphasizes the delicate balances that control dynamic
solvent swelling during electrochemical doping of conjugated
polymers.

2.4. Electrical and lonic Conductivity Measurements

Conjugated polymer swelling is an important factor to consider
for both electronic and ionic conductivity. Swelling aids in the
intercalation of anions into the polymer matrix, thus should
increase ionic conductivity.**! On the other hand, swelling of
crystalline regions can disrupt z-stacks, which are key elec-
tronic pathways. As a result, too much solvent uptake could
result in lower electronic conductivity.**! To better understand
these effects, ionic and electronic conductivities were measured
on the three P3HT regioregularities as a function of electro-
chemical doping potential, as shown in Figure 6. Data was col-
lected using polymer films deposited on interdigitated gold elec-
trodes that could either be shorted together for electrochemical
doping, or separated to measure electronic and ionic conduc-
tivity via impedance spectroscopy, all while immersed in elec-
trolyte. More details on the method are presented in the SI
and have been published previously.®!l Data was collected in
0.1 V increments between 3.0 to 4.0 V versus Li/Li*. Represen-
tative Nyquist impedance plots are shown in Figure S3, fitting
parameters are given in Tables S1,S2, and the electronic and
ionic conductivity values are listed in Tables S3-S8 (Supporting
Information).

In the fully doped state, the most regioregular polymer, 97%
RR P3HT, shows the highest electrical conductivity value of
0.263 S cm™! (Figure 6a). This value is more than an order
of magnitude lower than values obtained on similarly doped
samples measured under dry conditions, indicating that solvent
swelling significantly reduces electrical conductivity.l¥?] The peak
electronic conductivity of 93% RR P3HT and RRa P3HT are
essentially the same (Figure 6a), likely because when fully doped,
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Figure 6. a) lonic and b) electronic conductivity of 97% (purple), 93% (pink), and RRa (orange) collected at 0.1V increments in the 3.0 to 4.0 V versus
Li/Li* potential range. RRa P3HT has the highest ionic conductivity while 97% RR has the highest electronic conductivity.

they both show the same total solvent swelling, and solvent
swelling dominates the electrical conductivity under these con-
ditions. In agreement with the CV curves shown in Figure 2, the
electrical conductivities of all samples show a sharp rise where
the polymers start to dope. This corresponds to a potential of
~3.3 V versus Li/Li* for the RR materials, and a potential of
~3.5 V versus Li/Li* for the RRa material. Interestingly, at very
low potentials, the RRa sample shows the highest electrical con-
ductivity (Figure 6a). This is likely because the very disordered
RRa material is quite difficult to fully dedope; the disordered re-
giorandom polymer network contains many deep-trap sites that
would require much lower reducing potentials to fully remove
all polarons.®384 As a result, some low residual doping level re-
mains after a full CV cycle, leading to a small but measurable
conductivity before the main doping redox peak.

The ionic conductivities can also be well understood by con-
sidering solvent swelling. For 97% and 93% RR P3HT, ionic con-
ductivity increases steadily with increasing potential, peaking at
values of 3.65 X 107° and 4.22 X 107° S cm™, respectively (Figure
6b). The slightly lower value for the 97% RR P3HT correlates
with the lower solvent swelling and the higher electronic con-
ductivity in this material. The slow increase starts at 3.1 V ver-
sus Li/Li* for the 97% RR P3HT, and at 3.0 V versus Li/Li* for
the 93% RR P3HT, in excellent agreement with the EQCM data,
which shows that solvent swelling begins at 2.9 V versus Li/Li*
for 93% RR P3HT and at 3.0 V versus Li/Li* for 97% RR P3HT.
Clearly, solvent swelling is the key to facilitating ionic conduc-
tivity. For the RRa P3HT, ionic conductivity is lower than for the
RR P3HT samples (Figure 6b) and does not increase until 3.5 V
versus Li/Li*, where the oxidative peak starts (Figure 2e); it then
increases steeply for the rest of the potential range, reaching a
maximum of 5.86 X 107¢ S cm™!. This is the highest ionic con-
ductivity of any of the samples, in agreement with the more dis-
ordered nature of the RRa sample. The fact that the ionic conduc-
tivity starts low and does not begin to increase until 3.5 V versus
Li/Li* is again in good agreement with the EQCM data, which
shows that solvent swelling does not begin in RRa P3HT until
3.5 V versus Li/Li*. Overall, the ionic conductivity data indicates
that doping induced solvent swelling is required for good ionic
conductivity in these materials.
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3. Conclusion

Although swelling of polymers is well recognized in the literature
as an important factor impacting macroscopic properties such as
ionic conductivity,?>%! swelling is usually controlled by altering
materials properties, such as by tuning the polymer sidechains
or introducing cross-linking. However, this work shows clearly
that swelling is a dynamic process that changes not only with
polymer crystallinity, but also with electrolyte concentration, sol-
vent choice, and doping level. To explore this dynamic process,
we examined electrochemical doping in P3HT samples of three
different regioregularities, which translated to three different ini-
tial degrees of crystallinity. Despite differences in the exact redox
potentials, all samples could be electrochemically doped to form
polarons at lower potentials, and to form bipolarons at more oxi-
dizing potentials. EQCM results were then used to examine sol-
vent swelling as a function of doping level. At the lowest dop-
ing levels, the most crystalline samples pulled in solvent as they
were doped because of the increased polarity, while more disor-
dered samples showed no change in solvent swelling. At higher
potentials, doping induced crystallization of formerly amorphous
regions resulted in solvent expulsion in all materials. Lowering
the electrolyte ionic strength, however, reduced the osmotic driv-
ing force for this solvent expulsion. Finally, once potentials high
enough to induce bipolaron formation were reached, all samples
pulled in significant amounts of solvent, in good agreement with
the idea that the counterion locations needed to stabilize bipo-
larons generally result in disordering of the polymer crystallites,
a process which should allow for additional solvent swelling.[?”]
The impact of this swelling was then assessed using electronic
and ionic conductivity measurements performed on polymers in
electrolyte solutions. As expected, solvent swelling was found to
be detrimental to electronic conductivity. Peak conductivity val-
ues were at least an order of magnitude lower than those obtained
on dry films, despite similar doping levels. Moreover, films with
lower solvent uptake showed higher electronic conductivity. The
opposite was true for ionic conductivity, which showed a strong
positive correlation with solvent swelling. The correlation was so
strong, that it leads to the conclusion that doping induced sol-
vent swelling is the primary factor controlling ion conductivity for
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these hydrophobic polymers in organic electrolytes. Overall, the
results clearly show that solvent swelling can be dynamically con-
trolled by the extent of doping and the nature of the polymer and
electrolyte, and that significant optimization of ionic and elec-
tronic conductivity should be possible in solvent swollen semi-
conducting polymer films using these simple parameters.

4. Experimental Section

Materials: RRa and 93% RR P3HT was used as purchased
from Reike, Inc.: RRa P3HT (4007), 93% (4002-EE). 97% RR
P3HT was used as purchased from Ossila (M1011-1 g). Lithium
bis (trifluoromethanesulfonyl)imide (LiTFSI), 99% was purchased from
Fischer Scientific (originally part of Acros Organics portfolio); ethylene
carbonate (EC) and dimethyl carbonate (DMC) were purchased from
Sigma-Aldrich to be used in electrolyte preparation. FeCl; was purchased
from EM Science to prepare chemically doped films. All polymer films
were made from 20 mg mL~" solutions in 1,2-dichlorobenzene (ODCB),
spun at 1000 rpm for 55 s, 1500 rpm for 5 s. Films for electrochemical
characterization and optical spectroscopy were spun on indium tin
oxide (ITO, Delta Technologies, Limited, R; = 10-15 Q. Films for for
grazing incidence wide-angle X-ray scattering (GIWAXS) were spun on
Al-back-coated <100> oriented Si. Finally, films for electrochemical quartz
crystal microbalance (EQCM) measurements were spun directly onto
the gold electrodes of the EQCM resonators, purchased from BioLogic
(AW-R10AU11P).

Characterization: ~ All electrochemical experiments were performed us-
ing BioLogic potentiostats, in an Ar glovebox with O, and H,O levels
lower than 1 ppm. Cyclic voltammetry, electrochemical doping, and con-
ductivity measurements were conducted on BioLogic VMP3. EQCM exper-
iments utilized BioLogicSP-200.

Characterization—Cycling Voltammetry:  Unless otherwise stated, Bio-
Logic VMP3 was used to collect cyclic voltammograms, with the working
electrode being the conjugated polymer on the necessary substrate, and
the counter and reference electrodes being lithium metal. Unless other-
wise stated, the potential range used was OCV (~2.8 to 3.0 V) to 4.2 V
versus Li/Li*, with a scan rate of 10 mV s~'. 1 M LiTFSI in EC:DMC (50:50
by v:v) is used as the electrolyte solution except for the ionic strength stud-
ies in Figure 4.

Characterization—UV-Visible Spectroscopy: For the 93 and 97% RR
P3HT, a Shimadzu UV3101PC Scanning Spectrophotometer was used
to acquire the ex situ UV/Visible/Near IR spectra. For RRa P3HT, the
UV/Visible/Near IR spectra were collected on a Jasco V-770. The polymers
were cycled 5 times and then held at the specified potential to dope in 1M
LiTFSI in EC:DMC. The films were then packaged in individual, seal vials
to prevent dedoping upon transport to the spectrometer.

Characterization—Chemical Doping of P3HT Films:  Chemically doped
P3HT films were fabricated using sequential processing (SqP).["*l Un-
doped polymer films were prepared from either 97% or 93% RR P3HT
solution in ODCB (20 mg mL™") by spin coating at 1000 rpm for 60 s. The
films were then doped with 50 uL of a 1 mM FeCl; solution in n-butyl ac-
etate by spreading the dopant solution on the film and allowing it to soak
for 120 s, followed by spin-coating at 4000 rpm for 10 s to remove the
excess dopant solution.

Characterization—Grazing Incidence Wide-Angle X-Ray Scattering (GI-
WAXS): GIWAXS measurements were performed at the Stanford Syn-
chrotron Radiation Lightsource (SSRL) at beamline 11-3 using a wave-
length of 0.9742 A, 250 mm detector distance, and a He chamber to in-
crease signal-to-noise. For all polymer films, an incidence angle of 0.12°
was used. An Igor macro, Nika, was utilized to calibrate the GIWAXS data.
Another Igor macro, WaxsTools was used to reduce the data. Each integra-
tion pattern is baseline subtracted, and all analysis was performed on Igor
Pro.

Characterization—Electrochemical Quartz Crystal Microbalance (EQCM):
BlueQCM QSD from BioLogic was used to detect mass change by moni-
toring the resonant frequencies of an oscillating quartz crystal. SP-200 po-
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tentiostat was used for cyclic voltammetry measurements during EQCM
data collection. The reference electrode was Ag/AgCl, and the counter
electrode was a platinum wire. The experiment was done in an inert Ar
environment. The electrochemical quartz crystal microbalance (EQCM)
was exploited to directly race the mass change with electrochemistry. The
utilization of in situ EQCM-D (dissipation factor) techniques had been
proven as a proficient means to enable real-time monitoring of ionic fluxes
as well as solvent swelling during their polarization. As extensively eluci-
dated, the accurate determination of mass changes through EQCM could
only be achieved when gravimetric conditions were diligently upheld (ref).
In this case, there should be zero or negligible dissipation changes. The
negligible dissipation changes during the polarization indicates all the fre-
quency changes collected were able to be converted into mass changes.
The change in the measured frequency Af has a linear dependence on the
varied mass Am, according to the Sauerbrey equation (Equation (1)):
Af = ~Cram m
where Cyis the sensitivity factor of the crystal, and Am is the mass change
per unit geometry area of the quartz crystal.

Characterization—In Situ Conductivity Measurements: The electronic
and ionic conductivity were measured as a function of applied potential
as previously reported. For both conductivity measurements, the polymer
films were deposited on an interdigitated microelectrode from Metrohm
DropSens (DRP-G-IDEAUS). The films were first electrochemically doped
by applying the target potential for 300 s. For the measurement of elec-
tronic conductivity, the films were allowed to reach a steady open cir-
cuit potential after electrochemical doping, followed by an electrochemical
impedance spectroscopy (EIS) measurement collected between 100 kHz
and 100 mHz with an excitation of 10 mV at the two terminals of the inter-
digitated microelectrodes. For the measurement of ionic conductivity, EIS
data with the same parameters was collected in the three-electrode cell
immediately after electrochemical doping.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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