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Anomalous Stiffening of a Conjugated Polymer During

Electrochemical Oxidation

Judith Pons i Tarrés, Di Zhu, Chiara Musumeci, Youngseok Kim, Dilara Meli, Hang Yu,
Meghna Jha, Bryan D. Paulsen, Ruiheng Wu, Joost Kimpel, Zachary Laswick,
Sri Harish Kumar Paleti, Yadong Zhang, Stephen Barlow, Seth R. Marder, Jenny Nelson,

Jonathan Rivnay, and Christian Miiller*

The mechanical mismatch between semiconductors and biological tissues can
be a challenge for the development of conformal bioelectronics. Organic mixed
ionic-electronic conductors (OMIECs) such as conjugated polymers with
oligoether side chains are promising materials due to their low stiffness, which
may minimize adverse immune reactions and thus promote biocompatibility.
However, significant volume changes during electrochemical cycling—driven
by ion and water ingression and expulsion—can lead to drastic changes in
stiffness, complicating device-tissue mechanical matching across redox states.
Here, the electromechanical response of a thienothiophene-based conjugated
polymer with triethylene glycol side chains is investigated. Electrochemical
nanoindentation and atomic force microscopy reveal a modest

and reversible increase in elastic modulus at room temperature from ~70 to
more than 120 MPa upon electrochemical oxidation. This unusual mechanical
stability is attributed to a reversible increase in z-stacking that compensates
for swelling-induced softening. These findings demonstrate that it is

feasible to design OMIEC materials with stable mechanical properties across
redox states, opening new possibilities for compliant and tissue-matched
bioelectronic interfaces that remain mechanically invariant during operation.

1. Introduction

rigid electronic components and soft bi-
ological tissues, which, together with un-
conventional device architectures, can facil-
itate truly conformal designs.[!) It is desir-
able that the material in contact with a tis-
sue or biological material shows as close
as possible resemblance in terms of stiff-
ness, meaning that materials with a wide
range of elastic moduli are needed, rang-
ing from 1 kPa to more than 10 GPa.*!
Conjugated polymers have emerged as ver-
satile candidates because they combine a
promising electrochemical response with
biocompatibility as well as a broad portfo-
lio of mechanical properties, making them
interesting for a wide range of applications
from bioelectronics to wearable devices.[®”]

The (bending) stiffness of a polymer film
depends on both the elastic modulus of the
material as well as its thickness,!®! and if
the latter is fixed by a certain device ar-
chitecture (e.g., solar cell, transistor, etc.)
then the choice of material will determine
the stiffness (stiff and soft are here used to
describe a material with a high and low

elastic modulus, respectively). The elastic modulus of a conju-

gated polymer can be tuned by selecting the right type of repeat

The integration of electronics with biological systems requires
materials that can bridge the mechanical mismatch between

unit and side chain, by selecting a suitable degree of polymer-
ization, and by the choice of processing method. For example,
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polymers with an all-thiophene backbone and oligoether or long
alkyl side chains tend to feature a low elastic modulus of typically
1-100 MPa at room temperature, while repeat units comprising
fused-ring aromatics and short side chains, as well as side-chain
free backbones, result in stiff materials with elastic moduli ex-
ceeding 1 GPa.l”?11]

For bioelectronics, conjugated polymers with oligoether side
chains are particularly promising because they combine a high
electronic and ionic mobility with a relatively low stiffness,!712]
meaning that they are potentially compliant with a wide range
of tissues. These organic mixed ionic-electronic conductors
(OMIECsS) tend to take up water when they are in contact with
an aqueous electrolyte (passive swelling) and undergo additional
active swelling upon electrochemical oxidation or reduction.!®!
In case of accumulation mode materials, electronic charges are
introduced into the initially neutral polymer backbone via the
working electrode, which are usually compensated by counteri-
ons that ingress from the electrolyte, accompanied by a hydra-
tion shell.1**] As a result, considerable active swelling can oc-
cur. For several polythiophenes with oligoether side chains, active
swelling upon oxidation by at least 100% has been reported,!1>1¢]
reaching a reversible volume change of up to 300% in one case
(all studies used a 0.01 m KCl aqueous electrolyte).l'’] During sub-
sequentreduction, electronic charges are removed from the back-
bone and, at the same time, ions and water are expelled from the
polymer matrix, resulting in volume contraction.

Electrochemical oxidation can affect a conjugated polymer in
different ways, which can have opposing effects on the elastic
modulus. Stiffening of the backbone, enhanced z-stacking and
polaron-counterion interactions are likely to increase the elas-
tic modulus, while plasticization and swelling through the up-
take of counterions and solvent molecules can be expected to
soften the polymer.l®] Given that OMIEC materials tend to ex-
perience considerable swelling when aqueous but also organic
electrolytes are used, an overall reduction in elastic modulus can
be anticipated.!®! For example, a reduction in stiffness has been
observed for side-chain-free poly(3,4-propylenedioxythiophene),
which experiences a decrease in elastic modulus from ~800 to
400 MPa upon oxidation using 1 M LiPF, in propylene carbonate
as the electrolyte, measured with nanoindentation.'] Likewise,
dynamic tensile deformation revealed a decrease in the elastic
modulus of polypyrrole from 1 to 0.8 GPa upon oxidation using
aqueous NaPF as the electrolyte.['] Stavrinidou et al. have re-
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cently reported a much larger relative change in elastic modulus
for a polythiophene with tetraethylene glycol side chains from 68
MPa in the neat state down to ~#2 MPa upon active swelling using
a 0.1 M KCl aqueous electrolyte (and 0.4 MPa in case of a 0.01 M
KCl aqueous electrolyte), measured with electrochemical atomic
force microscopy (EC-AFM).[13]

These significant changes in stiffness upon oxidation are likely
to complicate the use of OMIEC materials for the design of elec-
trochemical devices that maintain the same mechanical compli-
ance and whose elastic modulus matches that of a specific type
of cell culture or biological tissue throughout a complete oxida-
tion/reduction cycle. This is important because many cell cul-
tures and tissues show a preference for substrates with a specific
elastic modulus.[?*2! It would be advantageous if polymers could
Dbe identified that do not significantly change their mechanical re-
sponse, since this would allow the design of electrochemical de-
vices with an elastic modulus that is less dependent on the oxida-
tion level. To realize this type of invariant mechanical response,
it would be necessary to compensate for the swelling-induced re-
duction in elastic modulus.

Polythiophenes with oligoether side chains have a low
glass transition temperature T, < —30 °C and therefore a
low elastic modulus at room temperature.!???] For exam-
ple, static tensile deformation revealed that a polythiophene
with triethylene glycol side chains has a Young’s modulus
of 76 MPa at room temperature, which increases more than
10-fold upon chemical doping with 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F,TCNQ), likely because of the ac-
companied increase in T, to 1 °C as well as an increase in -
stacking.??! Instead, a thienothiophene-based copolymer with tri-
ethylene glycol side chains, p(g;TT-T2) (see Figure 1a for chem-
ical structure), has a higher Young’s modulus of more than 300
MPa at room temperature when measured with static tensile de-
formation, likely because of its higher T, = =5 °C (unpublished
result). We therefore hypothesized that a polymer such as p(g, TT-
T2) with relatively rigid repeat units compared to an all-thiophene
backbone may display a less pronounced change in modulus
upon oxidation.

Here, we show that the elastic modulus of a thienothiophene-
based copolymer with triethylene glycol side chains, p(g;TT-T2)
(see Figure 1a for chemical structure), features a slight increase
in elastic modulus from ~70 to more than 120 MPa upon elec-
trochemical oxidation using a NaCl based aqueous electrolyte,
which only shows a weak dependence on the electrolyte con-
centration. This is because swelling by the aqueous electrolyte
is counteracted by a reversible decrease in z-stacking upon oxi-
dation. Our results suggest that it is possible to design OMIEC
materials that undergo minimal changes in modulus during elec-
trochemical oxidation/reduction cycles.

2. Results and Discussion

In a first set of experiments, we characterized p(g; TT-T2) films
with cyclic voltammetry (CV). We used a three-electrode con-
figuration consisting of 1) an indium tin oxide (ITO) working
electrode on which a 40 nm thin film of p(g;TT-T2) was spin-
coated, 2) a platinum counter electrode, and 3) an Ag/AgCl refer-
ence electrode (Figure 1b; see Experimental for details). A phys-
iologically relevant aqueous electrolyte containing 0.1 m NaCl

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Cyclic Voltammetry. a) Chemical structure of p(g;TT-T2), b)
schematic of the setup used for cyclic voltammetry (CV), electrochemical
nanoindentation (EC-nanoindentation) and electrochemical atomic force
microscopy (EC-AFM) comprising a bottom working electrode (WE) as
well as a counter electrode (CE) and a reference electrode (RE) submerged
in a NaCl aqueous electrolyte, and c) cyclic voltammogram measured at
a scan rate of 100 mV s~ using a 0.1 m NaCl aqueous electrolyte and a
Ag/AgCl reference electrode.

was used. Cyclic voltammograms were recorded during repeated
cycling between —0.4 V and +0.6 V versus Ag/AgCl where the
polymer is completely reduced and highly oxidized, respectively
(Figure 1c). Repeated cycling resulted in voltammograms with
the same shape, indicating that the polymer can be reversibly ox-
idized/reduced (Figure S1, Supporting Information). Voltammo-
grams reveal an oxidation onset potential E,, = +0.05 V versus
Ag/AgCl, which suggests that the polymer has an ionization en-
ergy IE = E,, + 4.64 eV = 4.69 eV.?] Integration of the current
up to +0.6 V versus Ag/AgCl yielded a total charge of g = 6«
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10~* C, which implies that the oxidized film with a dry film vol-
ume of 5.7 « 107° cm? reaches a charge density of n = 7« 10%°
cm3, assuming that oxidation of the polymer is the only redox
process. Evidently, the polymer is highly oxidized at +0.6 V versus
Ag/AgCl

To facilitate nanoindentation experiments, we investigated
how micrometer-thick films respond to repeated electrochem-
ical oxidation/reduction cycles. Thick films are needed so that
the tip does not sense the underlying substate as it indents the
film. In case of micrometer-thick films drop-cast on ITO, we ob-
served delamination already after the first oxidation-reduction cy-
cle (Figure 2). Wang et al. have shown that delamination dur-
ing electrochemical cycling occurs once the energy release rate
due to swelling, which scales with film thickness, exceeds the
interfacial toughness.'®] Hence, it can be anticipated that de-
lamination of micrometer-thick p(g;TT-T2) films can be miti-
gated by improving bonding to the underlying ITO substrate.
In a previous study, some of us avoided delamination during
electrochemical cycling by modifying a polymer/substrate inter-
face with a phosphonic acid functionalized with a fluorinated aryl
azide.?] The phosphonic acid group is known to strongly bind
to metal oxides,1?! while photolysis of fluorinated aryl azides af-
fords reactive nitrenes that insert into C—H bonds, ! in this case,
those of the polymer. Here, we use a similar approach based
on a phosphonic acid functionalized with a 3-(trifluoromethyl)-
3-aryldiazirine (diazirine PA), a group that is known to be pho-
tolyzed to carbenes that, like the above-mentioned azides, can
insert into C—H bonds.[?’! Diazirine PA was synthesized (see
Supporting Information for synthetic details) and deposited onto
ITO as described in the experimental section, followed by spin
coating of the polymer. The stack was then irradiated with UV
light through the glass substrate to initiate the formation of reac-
tive carbenes (Figure 2). We observe that UV-irradiated p(g;TT-
T2) films on diazirine PA modified ITO do not experience de-
lamination upon electrochemical cycling (Figure 2), consistent
with covalent tethering of the polymer film to the ITO electrode.
X-ray photoelectron spectroscopy (XPS) revealed a distinct flu-
orine signal, which is consistent with the presence of the di-
azirine PA underneath the polymer film (Figure S2, Supporting
Information).

Nanoindentation of 3 to 8 um thick films on diazirine PA
modified ITO was performed using a three-segment protocol
consisting of 1) a loading phase during which the applied load
P was gradually increased, 2) a hold phase where a constant
load P, ; was maintained and 3) an unloading phase during
which the tip was retracted (see Figure 3a for representative
force-displacement curves). The elastic modulus was extracted
either from the hold segment using creep compliance analysis
(Figure 3b; Figure S3, Supporting Information; see Experimen-
tal for details) or from the unloading segment using the Oliver-
Pharr method.U’! Electrochemical (EC) nanoindentation was con-
ducted under four distinct conditions: 1) dry (neat) films, 2) pas-
sively swollen films submerged in 0.01 to 1 M NaCl aqueous
electrolyte (no bias), 3) films oxidized at +0.6 V versus Ag/AgCl,
and 4) films reduced at —0.4 V versus Ag/AgCl. Note that films
were first oxidized /reduced ex situ and then indented through the
electrolyte while continuously applying an open-circuit potential
via a pseudo-reference Ag wire electrode (see Experimental for
details).

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. ITO modification. a) Schematic of ITO modification with a diazirine-functionalized phosphonic acid (diazirine PA), b) optical micrograph of
p(g3TT-T2) on ITO after the first oxidation-reduction cycle (0.1 M NaCl aqueous electrolyte; +0.6 to —0.4 V vs Ag/AgCl), and c) optical micrograph of
p(g;TT-T2) on diazirine PA-modified ITO after five oxidation-reduction cycles.

Load-displacement curves varied significantly across these
conditions. For instance, during both the loading and hold phase
passively swollen films are more strongly indented than oxidized
films despite a similar load profile (Figure 3a), consistent with a
higher stiffness in case of the latter. As a result, the creep com-
pliance approaches a lower value for long hold times in case of
oxidized films (e.g., J = 35 vs 105 GPa~! att = 600 s in Figure 3b).
Overall, nanoindentation reveals a tensile elastic modulus of E =
(121 + 35) MPa in case of dry films, which decreases to (73 +
10) MPa upon immersion of films in 0.1 M NaCl aqueous elec-
trolyte (no bias; Figure 4a). Strikingly, for oxidized films, which
remain in 0.1 M NaCl aqueous electrolyte during the nanoin-
dentation measurements, we observe a value of E = (127 = 25)

a 1ok " = oxidized no bias
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MPa, which decreases again to (47 + 19) MPa upon reduction
(Figure 4a).

EC-AFM was used to investigate the extent to which the
changes in elastic modulus observed with EC-nanoindentation
for micrometer-thick films also occur in case of 200 nm thin
films. The same four conditions were probed, i.e., dry (neat)
films as well as passively swollen (no bias), oxidized (+0.6 V vs
Ag/AgCl), and reduced (—0.4 V vs Ag/AgCl) films. EC-AFM con-
firmed the trend observed with EC-nanoindentation. Dry films
exhibited an elastic modulus of E = (171 + 51) MPa, which de-
creased to (80 + 18) MPa when passively swollen and then var-
ied between E = (253 + 91) MPa and (144 + 32) MPa for oxi-
dized and reduced films, respectively (Figure 4b; see Figure S4,

10 hold
z
305 loading unloading
0.0
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5
;’50 i oxidized 7
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0 1 1 1 1 1 1 1
50 b
EZ.S - b
©

00 1 1 1 1
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Figure 3. Electrochemical (EC)-nanoindentation measurement. a) Representative load-displacement curves recorded during EC-nanoindentation of a
more than 6 um thick p(g;TT-T2) film covered by 0.1 m NaCl aqueous electrolyte at no bias (blue) and oxidized at +0.6 V versus Ag/AgCl (green) with
the hold segments shaded in grey; b) load P(t) (top panel), creep compliance J(t) (middle panel) and displacement d(t) (bottom panel) recorded for a
film at no bias (blue) and oxidized at +0.6 V versus Ag/AgCl (green) during a load cycle composed of an initial loading and final unloading segment
(loading/unloading rate dP/dt = + 20 uN s~') separated by a t = 600 s long hold segment (load P,y = 1 mN).
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Figure 4. Elastic modulus E obtained from a) EC-nanoindentation of five
films with a neat film thickness of 3 to 8 um, and b) EC-AFM of a film
with a neat film thickness of %200 nm measured without electrolyte (grey)
and when covered by 0.1 m NaCl aqueous electrolyte at no bias (light
blue), oxidized at +0.6 V (green) or reduced at -0.4 V versus Ag/AgCl (pur-
ple); boxes indicate the interquartile range of individual measurements
(each datapoint corresponds to the mean of values obtained from 9 to 12
creep measurements in case of EC-nanoindentation and 100 single force-
distance curves in case of EC-AFM) and the horizontal line inside each box
indicates the median, while the overall mean is shown as a square and the
standard deviation as error bars.

Supporting Information for representative load vs tip-sample
separation curves).

In a further set of experiments, we investigated to which extent
the observed changes in elastic modulus are reproducible across
multiple redox cycles, again using a 0.1 m NaCl aqueous elec-
trolyte. To follow relative changes in elastic modulus over mul-
tiple redox cycles, EC-nanoindentation of a 3.5 um thick film in
combination with analysis based on the Oliver-Pharr method was
used. While the Oliver-Pharr method is known to overestimate
the elastic modulus of polymer films due to plastic deformation
and pile up of material around the nanoindenter tip,l’! it was
used because measurements are significantly faster than creep
analysis experiments. We find that the relative increase in elas-
tic modulus upon oxidation and decrease upon reduction occurs
for at least four redox cycles (Figure 5a). EC-AFM of a 200 nm

Adv. Funct. Mater. 2026, 36, 19930 e19980 (5 of 11)
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Figure 5. Cyclic EC-nanoindentation measurements and effect of elec-
trolyte concentration. a) Relative change in elastic modulus E/E,,,, for
the same 3.5 um thick film covered by 0.1 m NaCl aqueous electrolyte,
where E,,, is the modulus of the neat film, upon repeated oxidation
at +0.6 V (green circles) and reduction at —0.4 V versus Ag/AgCl (pur-
ple squares), measured with EC-nanoindentation and analyzed using the
Oliver-Pharr method (dashed lines represent the mean of all cycles); and
b) elastic modulus of the same film when measured without electrolyte
(black square) or when covered by 0.01, 0.1 or 1 m NaCl aqueous elec-
trolyte and measured without bias (light blue triangles), upon oxidation
at +0.6 V (green circles) and reduction at —0.4 V versus Ag/AgCl (purple
squares) using EC-nanoindentation and creep analysis (the dashed line
represents the mean of all cycles). Each datapoint, i.e., circle for oxidation,
triangle for no bias, and square for the neat and reduced conditions, corre-
sponds to the mean of values obtained from 9 to 12 creep measurements
with the corresponding standard deviation shown as error bars.

thin film across seven redox cycles confirmed that the observed
change in elastic modulus is reversible (Figure S5, Supporting
Information).

To investigate the influence of the electrolyte concentration,
EC nanoindentation experiments with 0.01, 0.1, and 1 M NaCl
aqueous electrolytes were compared. To this end, a neat film,
which initially exhibited an elastic modulus of (60 + 3) MPa, was
immersed in 1 M NaCl aqueous electrolyte, followed by oxidation
and then reduction. This sequence was repeated with 0.1 M and
finally 0.01 M NaCl aqueous electrolyte, and then measured again
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while increasing the electrolyte concentration to 0.1 M and finally
1 M NaCl. In case of 0.01 and 0.1 M NaCl aqueous electrolytes, re-
duced films yielded values between 20 and 40 MPa, while 1 m
NacCl resulted in somewhat higher values (Figure 5b). The oxi-
dized film featured a higher modulus of 70 to 130 MPa, with the
film oxidized using 1 M NaCl featuring the highest elastic mod-
ulus of E = (129 + 9) MPa (Figure 5b).

To elucidate the influence of electrolyte concentration, which
is known to influence the degree of swelling of OMIECs, /%] elec-
trochemical quartz-crystal microbalance (EQCM) measurements
were performed in 0.01, 0.1, and 1 M NaCl aqueous electrolyte
over seven redox cycles. Dilute aqueous electrolytes comprising
0.01 or 0.1 M NaCl gave rise to reversible mass changes. Each
oxidation half-cycle was characterized by an initial decrease in
mass followed by a mass uptake between —0.2 to +0.6 V ver-
sus Ag/AgCl, while reduction half-cycles showed the reverse be-
havior with mass loss followed by mass uptake (Figure 6a,b).
We argue that Na* cations enter fully reduced films, resulting
in a slight mass uptake, which are expelled upon oxidation,
while at the same time Cl~ anions enter the film. In contrast,
in case of 1 M NaCl aqueous electrolyte, polymer films undergo
irreversible swelling, indicative of structural changes and/or in-
complete recovery during cycling, i.e., some ions and/or wa-
ter remain in the reduced film, as evidenced by the increase in
residual mass change at the end of each subsequent redox cy-
cle (Figure 6a,b). The irreversible swelling in the case of 1 M
NaCl aqueous electrolyte may explain why we observe a slightly
higher modulus upon both oxidation and reduction compared
with values observed when using a less concentrated electrolyte
(see Figure 5b)—the polymer thin film may undergo cumulative
stiffening over consecutive redox cycles. Comparison of the re-
duced and oxidized state at —0.4 V and +0.6 V versus Ag/AgCl
yields a reversible mass uptake of Am/m,,,, ~ 30% in case of 0.01
and 0.1 m NaCl where Am = m(t) — m(t = 0) is the change in
mass of the polymer thin films during active swelling and m,,, is
the mass of the pristine dry film (neat). Instead, for 1 m NaCl
there is a gradual increase in mass uptake with each redox cy-
cle due to incomplete recovery (see Figure 6b for EQCM of a
~100 nm thin film and Figure S6, Supporting Information for
EQCM with dissipation monitoring (EQCM-D) of 300 nm thick
films, which indicated a similar degree of swelling). Note that
the active swelling during each redox cycle occurs in addition to
the passive swelling that a neat film experiences once it is placed
in the electrolyte, which is ~(15.7 + 0.3)%, as judged by the in-
crease in weight of a compression-molded 0.5 mm thick film that
had been submerged in 0.1 M NaCl aqueous electrolyte for 24 h.
The degree of swelling of p(g;TT-T2) is slightly lower than val-
ues reported for other thienothiophene-based materials,[?®] but
in contrast to previous reports, the electrolyte concentration ap-
pears to have little influence on the degree of swelling. Analysis of
cyclic voltammograms suggested that p(g; TT-T2) films oxidized
at +0.6 V versus Ag/AgCl have a charge-carrier density of ~n =
7 ¢ 10%° cm™3, meaning that ~#58% of all repeat units of the poly-
mer are oxidized since neat p(g;TT-T2) has a density of p = 1.2
g cm™? (unpublished result) and therefore 1.2 « 10?! repeat units
per cm—3, Assuming each hole is compensated by one Cl-, which
accounts for a mass increase of only 0.58 M¢,/(M, rr_1,) = 3%,
it can be concluded that the majority of the mass increase likely
occurs due to the ingression of water that accompanies Cl~ ions.
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Figure 6. Electrochemical quartz crystal microbalance (EQCM) measure-
ments. a) Applied potential profile used during the EQCM measurements;
b) fractional mass change of actively swollen polymer thin films relative
to their initial pristine dry states, Am/m,,,, = [m(t) — m(t = 0)]/M pu,
calculated from the EQCM measurements for 2300 nm thick films; mea-
surements were performed in Ar-saturated NaCl aqueous electrolytes with
concentrations of 0.01, 0.1 and 1.0 m, using a fresh film for each concen-
tration; each film underwent seven CV cycles, scanned from —0.4 to 0.6 V
versus Ag/AgCl at a scan rate of 10 mV s™'; and c) comparison of CV and
gravimetric CV.

Swelling due to water uptake can be anticipated to soften films
and therefore cannot explain the increase in elastic modulus ob-
served upon oxidation (see Figures 4 and 5).

To assess the kinetics of ion ingression/expulsion, gravimet-
ric cyclic voltammetry was employed. The ionic current, which
scales with the time derivative of mass change, can be compared
with the electronic current from CV. In case of 0.01 and 0.1 m
NaCl aqueous electrolyte, there is a distinct mass expulsion peak
between —0.4 and +0.05 V versus Ag/AgCl, which we attribute to
the expulsion of Na* and its hydration sphere (Figure 6¢). Mass
uptake associated with the ingression of Cl~ anions and their hy-
dration sphere starts to occur at E,, = ca. +0.05 V and peaks at
~+0.2 'V, which precedes the peak in the more gradually increas-
ing hole current. In case of 1 M NaCl aqueous electrolyte, the ionic
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Figure 7. Operando grazing-incidence wide-angle X-ray scattering (GIWAXS) of a p(g;TT-T2) thin film. a) Out-of-plane (100) and b) in-plane (010)
scattering corresponding to lamellar and z-stacking, respectively, recorded for the same film during sequential CV cycles at +0.6 and —0.4 V versus
Ag/AgClin 0.1 M NaCl aqueous electrolyte (scan rate 10 mV s™'); c) applied potential versus Ag/AgCl (top) lamellar spacing dqoo and coherence length
Ligo (center) and z-stacking distance dy;o and coherence length Ly, (bottom) recorded during three redox cycles (distance in black; coherence length

in grey).

and electronic currents are more closely aligned, indicating faster
ion exchange kinetics and a high degree of ion-electron coupling
compared to lower electrolyte concentrations.

To understand the stiffening of the polymer upon oxidation
despite Cl~ ion and water uptake, operando grazing-incidence
wide-angle X-ray scattering (GIWAXS) was carried out to mon-
itor the evolution of the nanostructure during electrochemical
cycling between —0.4 and +0.6 V versus Ag/AgCl. GIWAXS pat-
terns of a passively swollen polymer film indicate an edge-on tex-
ture with an out-of-plane signal at q, = 0.36 A~! and a distinct
diffraction peak in-plane at q,, = 1.74 A-1, which correspond to
lamellar stacking in the side-chain direction and z-stacking of
the backbone, respectively (Figure 7a,b). Upon oxidation, once
the potential exceeds 0 V versus Ag/AgCl there is a shift of the
100 and 010 diffraction peaks to lower and higher g values, re-
spectively, meaning that the lamellar stacking distance increases
from d,,, = 18.5 to 27.5 A, while the z-stacking distance de-
creases from dy;, = 3.6 to 3.5 A (Figure 7c; Table S1, Support-
ing Information). Several previous studies dealing with chemi-
cal or electrochemical doping have rationalized the increase in
lamellar stacking distance with intercalation of anions between
the side chains.[?-** In addition, both peaks become significantly
sharper, indicating an increase in coherence length and there-
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fore a considerable increase in the degree of order of oxidized
p(g;TT-T2). We argue that this increase in the degree of order
(in combination with possible stiffening of the polymer back-
bone due to the presence of polarons) counteracts the swelling
induced softening of the film (see Figure 8 for an illustration
of the influence of passive and active swelling as well as oxida-
tion/reduction on the nanostructure of polymer films), overall
resulting in an increase in elastic modulus as observed with EC-
nanoindentation and EC-AFM (Figures 4 and 5). Importantly, the
observed changes in nanostructure appear mostly reversible over
multiple redox cycles (Video S1, Supporting Information), con-
sistent with softening of the polymer film upon reduction. We
note that the 010 diffraction feature returns to its original posi-
tion upon reduction, while the 100 peak does not fully recover
(Figure 7c). We argue that a limited number of ions and/or wa-
ter remain in the side-chain regions, leading to some degree of
irreversible change.

3. Conclusion

We investigated the electromechanical response of the con-
jugated polymer p(g;TT-T2), a thienothiophene-based OMIEC
with triethylene glycol side chains, across various electrolyte
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Figure 8. lllustration of the changes in nanostructure of a p(g;TT-T2) film upon passive and active swelling/contraction with side chains omitted for
clarity. a) The neat film comprising ordered (red shaded areas) and disordered domains, b) experiences 16% passive swelling when placed in a 0.1 m
NaCl aqueous electrolyte, followed by c) 30% active swelling once a bias of +0.6 V versus Ag/AgCl is applied, and d) contraction once biased at —0.4 V

versus Ag/AgCl.

concentrations and redox states. Electrochemical nanoindenta-
tion and atomic force microscopy revealed that polymer films ex-
hibita modest and reversible increase in stiffness upon oxidation,
rather than the expected softening due to swelling as a result of
water uptake. The elastic modulus increased from ~70 MPa in
the passively swollen state to over 120 MPa upon oxidation, with
a similar trend observed for both ~200 nm thin and 3 to 8 yum
thick films. The observed changes were reversible over multiple
redox cycles and only weakly depended on electrolyte concentra-
tion ranging from 0.1 to 1 M NaCl. EQCM measurements indi-
cated a reversible mass uptake of #30% upon oxidation, which
primarily occurred due to the uptake of water that accompanied
compensating Cl~ anions. Concurrently, operando GIWAXS re-
vealed that oxidation triggers a reversible increase in molecular
order, with an increase in the coherence length of 7 and lamellar
stacking. Hence, the oxidation-induced stiffening was attributed
to the observed increase in structural order, which counteracted
swelling-induced softening, overall resulting in a higher elastic
modulus. In the future, it would be interesting to study how dif-
ferent types of electrolytes influence the mechanical response.
The observed mechanical response suggests that it is possible
to design OMIEC materials that stiffen despite swelling. It can
be concluded that redox-active polymers with stable mechanical
properties across redox states can be designed, which is essential
for the realization of compliant bioelectronic devices.

4. Experimental Section

Materials: The preparation and characterization of p(g;TT-T2) with
a number-average molecular weight M, sz = 13 kg mol~! and disper-
sity D= 1.5, measured with size exclusion chromatography (SEC), and
M, nmr =9 kg mol~!, measured with high-temperature nuclear magnetic
resonance (NMR),[**] was described previously.3®] The synthesis of (3-(3-
(3-(trifluoromethyl)-3 H-diazirin-3-yl) phenoxy) propyl) phosphonic acid (di-
azirine PA) is described in the Supporting Information (Figures S7-S15).
Chloroform (analytical reagent grade) and sodium chloride (analytical
reagent grade) were purchased from Thermo Fisher Scientific. Deionized
water was obtained from a Milli-Q Q-POD water purification system.

Film Preparation: ~Substrates for nanoindentation consisted of pat-
terned Au- or ITO-coated glass slides (obtained from Ossila) that were
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cleaned with deionized water, acetone, and isopropyl alcohol and then
UV-ozone treated. Where indicated, cleaned ITO-coated glass slides were
modified with diazirine PA by covering them with a solution of 0.3 g L~!
diazirine PA in 2,2,2-trifluoroethanol (TFE; Tokyo Chemical Industry) for
1 to 2 min, followed by spinning (3000 rpm, 60 s), annealing at 80 °C for
5 min, and finally washing with TFE (twice covered with TFE followed by
spinning for 60 s at 3000 rpm). Films for nanoindentation with a thick-
ness ranging from 3 to 8 um were prepared by drop casting solutions of
20gL™" p(g;TT-T2) in chloroform on the respective substrate. Films on
diazirine PA modified ITO-coated glass slides were illuminated for 15 min
from the uncoated side with UV light from a 365 nm LED lamp (Merry
Change, MC-LED20, 50W, 0.5A) kept at a distance of 20 cm. For XPS, a
very thin polymer film was spin-coated on diazirine PA modified ITO from
a solution of 0.625 g L™1 p(g3 TT-T2) in chloroform. Thin films with a thick-
ness of 40 nm for CV, 2100 nm for EQCM-D and GIWAXS, ~200 nm for
EC-AFM and =300 nm for EQCM were spin coated from solutions of 8, 14
or30 g L=! p(g;TT-T2) in chloroform on the following substrates: 1) ITO-
coated glass slides (Ossila) for CV, 2) a cut silicon wafer (Silicon Materials
Inc.) with 50 A Cr and 450 A Au evaporated on top (with a Kurt | Lesker
PVD e-beam evaporator) for EC-AFM, 3) Au-coated quartz crystals (Biolin
Scientific and Quartz PRO) for EQCM-D and EQCM, respectively, and 4)
glass slides that had been spin coated with a 3 wt.% aqueous solution
of poly(sodium 4-styrenesulfonate) (PSS; Sigma Aldrich) for GIWAXS. For
passive swelling measurements a 0.5 mm thick p(g;TT-T2) film was pre-
pared by compression molding at 120 °C for 15 min at 15 kN. The film was
dried in a vacuum oven at 45 °C for 24 h before measuring its dry mass.
The film was then placed in 0.1 m NaCl aqueous electrolyte for 24 h, and
the wet mass was measured, yielding a mass uptake of (15.7 + 0.3)%.

X-Ray Photoelectron Spectroscopy (XPS): XPS spectra were recorded
with a Versaprobe |1l scanning XPS system from Physical Instruments us-
ing monochromatized Al X-ray radiation (energy = 1486.6 eV) with an il-
luminated spot size of 100 um? using a step size of 1.0 eV from 0 to 1350
eV to evaluate the overall chemical composition or 0.1 eV to investigate
the chemical state of individual elements. Samples were mounted on a
non-conductive adhesive. Charge compensation was ensured by a combi-
nation of an electron flood gun and an Ar* ion source. Prior to qualitative
analysis, the binding energy scale was aligned with reference to the posi-
tion of adventitious carbon, i.e., Cls = 284.8 eV.

Cyclic Voltammetry: ~ Cyclic voltammetry (CV) was conducted with a 0.1
m NaCl aqueous electrolyte (continuously purged with nitrogen) and a
three-electrode configuration (Ag/AgCl reference electrode with 3 m KCl,
Pt wire counter electrode, and ITO working electrode below the polymer
film; see Figure 1b) using a SP-300 electrochemical workstation from Bio-
Logic. Before and during characterization, the electrolyte was purged with
nitrogen gas. Voltammograms were recorded using a scan rate of 10 or
100 mV s~
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Nanoindentation: Measurements were performed at room tempera-
ture with a Hysitron TI Premier instrument from Bruker equipped with a
Berkovich tip made of diamond with a half angle of « = 65.27° and a tip
radius of 100 nm attached to a liquid-compatible stylus, calibrated with a
reference quartz substrate. Prior to each measurement, the nanoindenter
was left in idle condition for half an hour to reach thermal equilibrium. The
creep compliance was determined by recording the change in indentation
depth h(t) during the hold phase at a constant load of P,,,; according to:[’]

h2
Ji=——r ) M)

71'(1 - 1)) . Phold -tana

where v =0.35 is the Poisson’s ratio. The shear and tensile relaxation mod-
ulus, G and E, were calculated according to:

1

©= 70 oo @
and
E=3G-(1+0) 3)

Reported values for E are the mean and standard deviation based on 9
to 12 creep measurements carried out using a loading rate of 20 pN s~',
a maximum load varying from P, ; = 80 to 1000 uN and a hold time of
600 s. In case of cycling experiments, the Oliver-Pharr method was used
to estimate E:[37]

S(1=-v?) Vx

where S = dP/dh is the stiffness calculated from the initial slope of the
unloading curve and A(h) is the projected area of the indentation tip. Mea-
surements of dry films without any electrolyte were carried out at 20% rela-
tive humidity. Electrochemical (EC) nanoindentation was done by covering
films with 0.07, 0.1 or 1 m NaCl aqueous electrolyte (not purged with ni-
trogen) contained in a reservoir defined by a 5 mm high polydimethylsilox-
ane (PDMS) well to which a 15 mL electrochemical cell was attached for
oxidation or reduction at +0.6 and —0.4 V versus Ag/AgCl, respectively, in
three-electrode configuration (Ag/AgCl reference electrode with 3 m KCl, Pt
wire counter electrode and ITO or Au working electrode below the polymer
film) using a SP-300 electrochemical workstation from BioLogic. Then, the
sample and electrolyte reservoir (without the electrochemical cell) were
transferred to the nanoindenter for EC-nanoindentation measurements.
To maintain the same potential throughout the measurements an open-
circuit voltage V. was applied via a pseudo reference Ag wire electrode
embedded in the PDMS spacer with V. = Epg ir, — Eagjage) = 0.6-0.52V
=0.08 V.

Electrochemical Atomic Force Microscopy (EC-AFM): EC-AFM was per-
formed with a Dimension Icon XR from Bruker. The samples were
mounted in an electrochemical cell filled with 0.1 m NaCl aqueous elec-
trolyte (not purged with nitrogen), followed by sequential oxidation and
reduction at +0.6 and —0.4 V versus Ag/AgCl using a bipotentiostat and
a three-electrode configuration (Pt wire counter electrode, Ag/AgCl pel-
let reference electrode, and Cr/Au working electrode below the polymer
film). Imaging of the polymer films was performed in the off-resonance
mode with ScanAsyst Fluid silicon nitride probes from Bruker, having a
nominal resonance frequency of 150 kHz, a tip radius of R = 20 nm and
a spring constant of 0.7 N m~ (estimated by the thermal noise method),
with the deflection sensitivity of the probes calibrated by indentation on a
clean sapphire substrate in the electrolyte. Measurements were performed
by bringing the AFM probe in contact with the sample surface at a con-
trolled load force of 5 nN, and 100 force curves were recorded per sam-
ple/condition. The elastic modulus E was obtained by fitting force-distance

Adv. Funct. Mater. 2026, 36, 19930 e19980 (9 of 11)

www.afm-journal.de

curves F(d) with a linearized Hertz model using the Nanoscope Analysis
2.0 software, assuming a Poisson’s ratio v = 0.35:

_4_E 3/2
F=3 (1_V2 VRd )

Electrochemical Quartz Crystal Microbalance (EQCM): EQCM mea-
surements of p(g;TT-T2) films were carried out with a QCM200 quartz
crystal microbalance from Stanford Research Systems, interfaced with a
Metrohm Autolab PGSTAT302N potentiostat using a three-electrode con-
figuration (Pt wire counter electrode, Ag/AgCl reference electrode, and Au
working electrode below the polymer film). Cleaned 5 MHz AT-cut Au-
coated quartz crystals were loaded onto the QCM sample holder, and
the absolute frequencies of each substrate F were read before spin coat-
ing with polymer films and removal of excess material outside of the Au-
coated area with acetone-wetted swabs. The absolute frequencies F; of
each polymer-coated substrate in the neat state allowed calculation of
the frequency change Af; = F; — Fy. The Sauerbrey model assumes rigid
films, stating that the change in mass of the adhered material Am is pro-
portional to the change in frequency Af according to:[38!

anoz

where f, is the resonant frequency of the fundamental mode of the crystal
(5 MHz), n is the harmonic number at which the crystal is driven (n =
1 for 5 MHz with a 5 MHz crystal), p, is the density of quartz (2.648 g
cm~3) and Ug is the shear modulus of quartz (2.947 - 10" gecm™! s72).
These constants— 0 N Pg and u,—are often combined into a sensitivity
factor Gy, which is 56.6 Hz cm? ug~! for a 5 MHz quartz crystal in air. This
sensitivity factor can be calibrated individually for each crystal to ensure
accurate mass change quantification. A fresh sample was used for each
electrolyte concentration 0.01, 0.1, and 1 M NaCl aqueous electrolyte, and
the potential was cycled between —0.4 and +0.6 V versus Ag/AgCl at a scan
rate of 10 mV s~'. The frequency change due to swelling of the polymer film
Af, was monitored during oxidation/reduction cycles, and Equation (6)
was used to compare the change in mass Am with the initial mass of the
film in the pristine (dry) state m,,,,, according to:

Af = - Am = - CAm (6)

sm <8 _ &% o
Mpeat -C- Af1 Af'l

Gravimetric cyclic voltammetry was carried out by differentiating the
mass change recorded during second-cycle CV measurements against
time and smoothing the obtained derivative with Origin.

EQCM with dissipation monitoring (EQCM-D) of p(g;TT-T2) films
spin-coated on a quartz crystal with a Ti/Au-coated electrode and covered
by a 0.1 m NaCl aqueous electrolyte was carried out with an instrument
from QSense (E4 model) using a three-electrode configuration (Pt wire
counter electrode, Ag/AgCl reference electrode, and Au working electrode
below the polymer film). Changes in frequency and dissipation, Af and
AD, during oxidation/reduction cycles were recorded at multiple harmon-
ics, and the Sauerbrey model was used to calculate the mass changes Am
for the 3'4 overtone according to:

C- Af
Am=— = ®)

where C = 17.7 ng s cm™2 is the mass sensitivity constant of a 5 MHz
quartz crystal at room temperature, and n is the number of the harmonic.

Grazing-Incidence Wide-Angle X-Ray Scattering (GIWAXS): Thin films
of p(g3TT-T2) on PSS-coated glass slides were float-transferred onto
porous Si frits (Sigma-Aldrich MP54751010) by submerging in a water
bath. Operando GIWAXS data were collected at the Stanford Synchrotron
Lightsource beamline 17-2 at 12.7 keV at an incidence angle of 0.12 de-
grees in an electrochemical cell that enabled bottom gating of the elec-
trolyte, bypassing deleterious scattering.[3%40] The films were kept in a
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hydrated helium environment for the duration of the experiment to avoid
drying out of the electrolyte (0.1 M NaCl). Data were analyzed using cus-
tom Python scripts, and peaks were fitted using a pseudo-Voigt model.
Coherence lengths were extracted from peak widths.

Statistical Analysis:  All data were used as obtained from the various
instruments. There was no removal of outliers. Note that in case of some
nanoindentation and AFM measurements, no data were recorded, e.g.,
due to some measurement error, such as the tip not being in contact with
the sample. Those empty values can be seen in the raw data files published
in Zenodo. All modulus values correspond to the mean and standard de-
viation with the sample size stated in the figure legends.

Supporting Information

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