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Alkoxy-functionalized polythiophenes such as poly(3,4-ethylenedioxythiophene) (PEDOT) and poly(3,4-
propylenedioxythiophene) (PProDOT) have become promising materials for a variety of applications
including bioelectronic devices due to their high conductivity, relatively soft mechanical response, good
chemical stability and excellent biocompatibility. However the long-term applications of PEDOT and
PProDOT coatings are still limited by their relatively poor electrochemical stability on various inorganic
substrates. Here, we report the synthesis of an octa-ProDOT-functionalized polyhedral oligomeric
silsesquioxane (POSS) derivative (POSS-ProDOT) and its copolymerization with EDOT to improve the
stability of PEDOT coatings. The POSS-ProDOT crosslinker was synthesized via thiol-ene “click” chemistry,
and its structure was confirmed by both Nuclear Magnetic Resonance and Fourier Transform Infrared
spectroscopies. PEDOT copolymer films were then electrochemically deposited with various concentrations
of the crosslinker. The resulting PEDOT-co-POSS-ProDOT copolymer films were characterized by cyclic
voltammetry, Electrochemical Impedance Spectroscopy, Ultraviolet-Visible spectroscopy and Scanning
Electron Microscopy. The optical, morphological and electrochemical properties of the copolymer films
could be systematically tuned with the incorporation of POSS-ProDOT. Significantly enhanced electro-
chemical stability of the copolymers was observed at intermediate levels of POSS-ProDOT content (3.1 wt%).
It is expected that these highly stable PEDOT-co-POSS-ProDOT materials will be excellent candidates for
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1. Introduction

Conjugated polymers have gained much interest in a wide
range of bioelectronic applications, such as biosensors, drug
delivery, tissue engineering, actuators, and neural interfaces.'
These polymers are particularly attractive for neural interface
applications due to their relatively soft mechanical properties,
tunable surface morphology, high conductivity and excellent
biocompatibility.” " These soft materials usually have a typical
Young’s modulus on the order of ~1 GPa and thus are expected
to help reduce the mechanical properties mismatch between
hard metal electrodes and soft living tissue.">"® In addition,
they provide high surface areas that can facilitate ion exchange
between the microelectrodes and tissue, therefore building
more efficient pathways for abiotic-biotic communication."*
Because of their good electronic and ionic conductivities,
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use in bioelectronics devices such as neural electrodes.

the impedance is usually significantly reduced and charge
storage capacity is substantially improved. Among the currently
available conjugated polymers, alkoxy-functionalized polythio-
phenes such as poly(3,4-ethylenedioxythiophene) (PEDOT) and
poly(3,4-propylenedioxythiophene) (PProDOT) have become
particularly promising candidates because of their low oxida-
tion potential, relatively high chemical and thermal stability,
and high conductivity.""® PEDOT-coated electrodes have been
widely studied for use in neural interfaces, and their advantages
and improvements over conventional metal electrodes have been
reported.””*° Though conjugated polymers have many advan-
tages over other materials, these materials are often fragile and
may delaminate from the surfaces of metal electrodes.'* Another
concern is their electrochemical and mechanical stability for
long-term neural recording or stimulation applications. Loss of
device performance such as decreased charge carrying capacity
and increased impedance of PEDOT coated neural electrodes
under chronic neural recording or stimulation conditions has
been reported by different groups.””>! Not only do these delami-
nations potentially decrease the charge transfer performance of
the devices, but they could also lead to residual fractions of the
film left behind in the tissue. It is therefore of interest to make
more electrochemically and mechanically stable PEDOT films
to improve their long-term performance and minimize the
uncertainties this may pose to biological systems.

J. Mater. Chem. B, 2017, 5, 5019-5026 | 5019


http://orcid.org/0000-0003-1195-3838
http://rsc.li/materials-b
http://dx.doi.org/10.1039/c7tb00598a
http://pubs.rsc.org/en/journals/journal/TB
http://pubs.rsc.org/en/journals/journal/TB?issueid=TB005025

Published on 06 June 2017. Downloaded by University of Delaware on 28/06/2017 16:13:14.

Paper

Several strategies have been directed toward improving the
electrochemical stability of conjugated polymers on metallic
substrates. Cui et al. found that stability of PEDOT films was
improved by using carbon nanotubes as dopants during electro-
chemical polymerization.’ Inganas and coworkers chemically
crosslinked the polyelectrolyte dopant PSS and found that the
stability of PEDOT:PSS was substantially improved.**** Khoda-
gholy et al. have shown that glycidoxypropyltrimethoxysilane
(GOPS) can be used to improve the adhesion and long-term
stability of spuncast PEDOT:PSS, while retaining effective charge
transport performance.’* The ability to make more mechanically
stable PEDOT films by using adhesion promoters has been
reported by Wei et al.>® and Carli et al.*®

Despite these developments, the search for conducting
polymer materials that are more electrochemically and mecha-
nically robust remains an ongoing topic of interest. Recently
Ouyang et al. reported the use of a conjugated 3-armed EDOT
derivative, 1,3,5-tri[2-(3,4-ethylenedioxythienyl)]-benzene (EPh)
as a crosslinker to increase the stability of PEDOT coatings. It
was found that the stiffness and fracture resistance were both
improved by adding EPh to PEDOT. However the EPh monomer
disrupted the conjugation of the chain backbone, leading to
dramatic changes in color and a corresponding decrease of the
charge transport efficiency. It would therefore be useful to find
crosslinking agents for PEDOT that could increase the mecha-
nical performance yet not lead to such a dramatic drop in charge
transport properties.

Here, we introduce the use of a ProDOT functionalized
polyhedral oligomeric silsesquioxane (POSS) that substantially
increases the stability of PEDOT films, while retaining its ability
to efficiently transport charge. We took advantage of the cubic
POSS cage moiety that consists of 8 silicon atoms at the corners
with oxygens along the cube edges (Scheme 1). The POSS core
can be chemically functionalized with various organic sub-
stituents attached to the silicon corner atoms, forming an
organic-inorganic hybrid framework when incorporated into
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Scheme 1 Syntheses of POSS-ProDOT crosslinker. (a) Synthesis of POSS-SH
via hydrosilylation. (b) Synthesis of ProDOT-ene. (c) Synthesis of POSS-ProDOT
via thiol-ene “click” chemistry.
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other polymer matrices.
materials have been previously shown to enhance temperature
and oxidation resistance, surface hardening and mechanical
integrity of a variety of polymers. For example, the incorpora-
tion of POSS units was shown to significantly enhance the
electrochemical performance of polyaniline, as shown by cyclic
stability testing.*”

In this work, we synthesized a functionalized POSS-ProDOT
crosslinker via hydrosilylation and thiol-ene “click” chemistry,
and subsequently prepared PEDOT-co-POSS-ProDOT copolymers
of various compositions by electrochemical polymerization. Since
the multifunctional POSS-ProDOT used in this study keeps the
reactive thiophene units well away from the center of the cross-
linking agent, we anticipated that it would be able to provide the
desired increase in electrochemical and mechanical performance
without necessarily causing significant disruption in the
conjugation of the chains themselves. We expected that the
POSS-ProDOT crosslinker would enhance the long-term electro-
chemical stability of PEDOT coatings while preserving the
excellent electrical properties of PEDOT. Our results show that
small amounts of POSS-ProDOT (3.1 wt%) do indeed provide
substantial improvements in stability without sacrificing toughness
or electrical transport performance. However further additions
cause the films to become more brittle.

2. Experimental
2.1. Materials

3,4-Dimethoxythiophene, diethyl allylmalonate, lithium aluminum
hydride, p-toluene sulfonic acid (p-TSA), tetrabutyl ammonium
perchlorate (TBAP), 3-mercaptopropyl trimethoxysilane (MTS),
2,2-dimethoxy-2-phenylacetophenone (DMPA) and 3,4-ethylene-
dioxythiophene (EDOT) were purchased from Sigma-Aldrich.
2-Allyl-1,3-propanediol was synthesized from diethyl allylmalo-
nate."” Stainless steel electrodes (E363/76/SPC) were purchased
from Plastics One. ITO coated glass slides were purchased from
Delta Technologies with a surface resistivity of 4-8 Q sq". All
other chemicals were of analytical grade, and Milli-Q water
from a Millipore Q water purification system was used through-
out. All reagents and solvents were used without further puri-
fication, unless otherwise noted. Samples were irradiated using
a UVP Black Ray UV Bench Lamp XX-15L, emitting 365 nm light
at 15 W.

2.2. Syntheses of alkene functionalized ProDOT derivative
(ProDOT-ene) and POSS-SH

ProDOT-ene was synthesized via the p-TSA catalyzed transetheri-
fication route from 3,4-dimethioxythiophene and 2-allyl-1,3-
propanediol (Scheme 1b) as previously described."””> "H NMR
(400 MHZ, CDCly): 6 = 6.48 (s, 2H); 5.78 (m, 2H); 5.10 (m, 1H);
4.10-4.16 (m, 2H); 3.86-3.92 (m, 2H); 2.18-2.26 (m, 3H).

The synthesis of POSS-SH is shown in Scheme 1a according
to literature. 5 mL MTS, 10 mL concentrated hydrochloric acid
and 120 mL methanol were added into a 500 mL round bottom
flask. The reaction mixture was refluxed at 90 °C for 30 h under
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agitation to ensure the completed hydrosilylation. The white
viscous precipitate was first washed with methanol for three
times and then dissolved in 2 mL THF. The THF solution was
added to 100 mL acetonitrile drop wisely and then allowed to
crystallize at —20 °C for overnight. The final product was dried
in a vacuum oven at room temperature for 12 h, and the yield
was 59%. 'H NMR (600 MHZ, CDCl,): & = 2.56 (s, 2H); 1.72 (s, 2H);
1.38 (s, 1H); 0.77 (m, 2H).

2.3. Preparation of POSS-ProDOT via thiol-ene
“click” chemistry

POSS-ProDOT was synthesized from POSS-SH and ProDOT-ene.
POSS-SH (30 mg, 0.03 mmol) and a minimum of THF were
added to a vial and heated to dissolve the thiol. ProDOT-ene
(70 mg, 0.35 mmol) and 0.1 wt% of 2,2-dimethoxy-2-phenyl-
acetophenone (DMPA) were added, and the mixture was
sparged with argon for five minutes. The vial was placed under
a UV lamp and irradiated for one hour (Scheme 1c). A small
amount of methanol was added, and the product was ultra-
sonicated for 2 min. The supernatant was decanted and the
product redissolved in chloroform, and concentrated by evapo-
ration to give a viscous oil. The yield of the thiol-ene reaction was
66%. 'H NMR (600 MHZ, CDCL,): 6 = 6.48 (s, 2H); 4.11 (m, 2H);
3.89 (m, 2H); 2.52 (s, 4H); 2.14 (m, 1H); 1.67 (s, 4H); 1.54 (m, 2H);
0.77 (s, 2H).

2.4. Electrochemical polymerization and characterization

All the electrochemical polymerization and characterization
experiments were performed with a Gamry Potentiostatic Refer-
ence 600TM in a three electrode cell. Stainless steel electrode
(Plastics One) or ITO coated glass (Delta Technologies) served
as the working electrode, a platinum plate of 1 cm” surface area
was the counter electrode, and Ag/AgNO; was the reference
electrode. The electrochemical characterization of POSS-ProDOT
was studied in a dilute (2 mM) dichloromethane solution contain-
ing 0.1 M tetrabutyl ammonium perchlorate (TBAP) as supporting
electrolyte. PEDOT homopolymer and PEDOT:POSS-ProDOT
copolymers with various contents of POSS-ProDOT were pre-
pared under constant voltage (+1.1 V) with a total electro-
deposition charge of 27 mC. For CV, the polymer films were
scanned between —1.0 V and +0.8 V in a phosphate buffered
saline (PBS) buffer solution free of monomer with an Ag/AgCl
reference electrode. For EIS, the sample acted as the working
electrode, a platinum plate as the counter electrode and PBS as
the electrolyte. A sinusoidal AC signal with 10 mV amplitude
was applied over a frequency range of 1-10° Hz. Each impe-
dance spectrum was obtained at least three times, and the error
bars show standard deviations.

2.5. Characterization

Nuclear Magnetic Resonance (NMR) spectra (*H, *C and >°Si)
were acquired on either a Bruker DRX-400 or Bruker DRX-600
spectrometer. Chemical shifts are reported in parts per million,
referenced to chloroform solvent as internal standard (CDCls:
7.24 ppm for 'H and 77.2 for '*C). Fourier-Transform Infrared
(FTIR) spectra were collected on a Perkin Elmer Spectrum 100
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spectrometer fitted with a Universal ATR accessory. UV-visible
(UV-vis) spectra of the polymer films were collected on a
Shimadzu UV-2550 spectrophotometer (Shimadzu, Japan), the
polymer films were reduced at —1.0 V for 1 minute before
measurement. Scanning Electron Microscopy (SEM) images of
the polymer films were acquired using a Zeiss Auriga 60 Focused
Ion Beam Scanning Electron Microscope (FIB-SEM) operating
at 3 kv.

3. Results and discussion

3.1. Syntheses and characterization of POSS-SH, ProDOT-ene
and POSS-ProDOT

Thiol-functionalized polyhedral oligomeric silsesquioxane (POSS-SH)
was synthesized via the direct hydrosilylation of 3-mercaptopropyl
trimethoxysilane (MTS) in methanol as shown in Scheme 1a.>**'
The chemical structure was confirmed by both NMR and FTIR
spectra. The thiol functional side groups are critical for the sub-
sequent thiol-ene “click” reaction to make a core material that
can act as cross linker during the electrodeposition, thus the
existence of the thiol groups needed to be verified first. The
"H NMR spectrum of POSS-SH with assigned peaks is shown in
Fig. 1a. The thiol side group was clearly confirmed by the triplet
centered at 1.38 ppm. The presence of the thiol group was also
confirmed by an absorption peak located at 2550 cm™* corres-
ponding to the characteristic absorption of the -SH stretching
vibration in FTIR (Fig. S1, ESIt). The 3D structure of the POSS-
based hybrid material was also confirmed by both NMR and
FTIR spectra. The sharp peak located at —67.12 ppm in the
29Si NMR spectrum (Fig. S2, ESIt) indicated that the silicon atoms
were all magnetically equivalent, and the T-type silanol silicon
peak confirmed that each silicon atom was covalently bonded
with three oxygen atoms and one carbon atom. The asymmetric
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Fig. 1 Chemical structure and *H NMR spectra in CDCI3. (a) POSS-SH,
(b) ProDOT-ene and (c) POSS-ProDOT.
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stretching vibration of Si-O-Si at 1082 cm™" and 1000 cm™ " in
FTIR confirmed the cage-like structure as well (Fig. S1, ESI{). As
shown in Scheme 1b, ProDOT-ene was synthesized via p-TSA
catalyzed transetherification from 3,4-dimethioxythiophene
and 2-allyl-1,3-propanediol. The ProDOT-ene was purified as a
light yellow viscous liquid and the chemical structure was
confirmed by NMR and FTIR. In Fig. 1b, all the chemical shifts
corresponding to each proton on ProDOT-ene are clearly
assigned. The two peaks located at 5.2 ppm and 5.8 ppm in
"H NMR correspond to the protons on the ene moiety. The
electroactive cross linker, POSS-ProDOT, was prepared from
POSS-SH and ProDOT-ene via thiol-ene “click” chemistry with
0.1 wt% DMPA as radical initiator.*> As was confirmed by both
"H NMR (Fig. 1c) and FTIR (Fig. S1, ESIY), the disappearance of
the three peaks located at 1.38 ppm, 5.2 ppm and 5.8 ppm in
"H NMR and changes of the characteristic peaks associated
with the alkene group on the ProDOT-ene (—C-H bend at 916
and 994 cm ™" and C=C stretch around 1639 cm™ ") and the -SH
group on the POSS-SH (-SH bend at 2550 cm ") indicated the
success of the thiol-ene reaction.

3.2. Electrochemical studies of POSS-ProDOT, EDOT and
EDOT/POSS-ProDOT mixed solutions

The electrochemical behavior of POSS-ProDOT crosslinker was
investigated via cyclic voltammetry (CV) by potentiodynamically
scanning the solution between —0.6 V and +1.5 V (vs. Ag/AgNO3).
Cyclic voltammograms from a typical experiment are shown in
Fig. 2. An irreversible oxidation corresponding to thiophene ring
from the POSS-ProDOT that occurred at +1.20 V was seen in the
first anodic scan (red curve). The fact that the oxidation potential
of the cross linker was similar to that of EDOT* indicated that it
would be relatively easy to get POSS-ProDOT incorporated into
PEDOT films. In the subsequent scans, unlike the electrochemical
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Fig. 2 Electrochemical behavior of POSS-ProDOT. The POSS-ProDOT
crosslinker solution (5 mM) was potential dynamically scanned from
—0.6 Vto +1.4 V in ACN/TBAP (0.1 M) for 4 cycles. An oxidation onset
at +1.0 V was observed at the 1st scan (red), no oxidation peaks corres-
ponding to the formation of polymer was observed in the subsequent
scans, 2nd to 4th (purple).
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polymerization of ProDOT derivatives, no obvious peaks asso-
ciated with the formation of PProDOT polymers were found at
lower potentials during both anodic and cathodic scans.'® This
low polymerizability of POSS-ProDOT is presumably due to
the large steric hindrance of the bulky POSS core. It has been
reported by several groups that monomers with bulky side
groups cannot form their corresponding polymers via direct
electrochemical polymerization.">** The electrochemical behav-
iors of pure EDOT and EDOT/POSS-ProDOT mixed solutions
were also studied via cyclic voltammetry and no obvious differ-
ences were observed among EDOT and various EDOT/POSS-ProDOT
solutions.

3.3. Optical properties

PEDOT/POSS-ProDOT copolymer films were obtained by applying
a potentiodynamic scan with potential cycling between —0.6 V
and +1.2 V (vs. Ag/AgNO;) for 8 cycles in a series of mixed
monomer solutions. The optical properties of the films prepared
in mixed monomer solutions didn’t change significantly with
increasing POSS-ProDOT feed ratio. The electrochemically
deposited PEDOT had a blue color due to its partially oxidized
state, and the copolymers showed similar colors as the PEDOT
thin films. The UV-vis spectra of the polymer films are shown in
Fig. S3 (ESIY). All the films were reduced at —1.0 V for 1 minute
before measurement and they showed an increasing trend of
absorption from 400 to 800 nm, with a local absorption maxi-
mum near 600 nm. It was found that the copolymerization
shifted the absorption maximum to shorter wavelength. As
shown in Table 1, for pure PEDOT thin films, the absorption
maximum was 576 nm, while with more and more crosslinker
added to the solution, the absorption maximum shifted from
576 nm to 543 nm. The modest 33 nm difference in the absorp-
tion maxima also explains the similar blue colors of the pure
PEDOT and PEDOT-co-POSS-ProDOT copolymer films. It was
previously reported that the absorption maxima of PEDOT films
could be significantly tuned by adding a conjugated crosslinker,
EPh. Hundreds of nanometers of blue shifts in absorption
maxima were observed with EPh as crosslinker, leading to
dramatic changes in color."” The blue shift of absorption was
resulted from the decreased conjugated chain length which could
potentially lead to an eventual loss in charge transport efficiency,
usually larger blue shift could result in more loss of conductivity.
However, in this system, much smaller shifts in absorption were
observed. These results indicate that the POSS-ProDOT cross-
linker does not significantly disrupt the overall conjugation of the
PEDOT backbone, making it possible to maintain the desirable
electronic properties.**°

Table 1 UV-vis absorption maxima. The absorption maxima difference of
reduced PEDOT and copolymer films indicated that crosslinker does not
significantly disrupt the overall conjugation of the PEDOT backbone

Polymer Wavelength [nm]
PEDOT 576
PEDOT-1.7 wt% P-P 563
PEDOT-3.1 wt% P-P 549
PEDOT-8.0 wt% P-P 543

This journal is © The Royal Society of Chemistry 2017
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3.4. Electrochemical properties

PEDOT and PEDOT-co-POSS-ProDOT copolymers were electro-
chemically polymerized onto stainless steel electrodes under
constant voltage (+1.1 V, a total deposition charge of 27 mC)
with tetrabutylammonium perchlorate (TBAP, 0.1 M) as electro-
lyte in a standard three-electrode cell. We performed both cyclic
voltammetry (CV) to determine the charge storage Capacity
(CSC) and electrical impedance spectroscopy (EIS) to deter-
mine electrode impedance. Cyclic voltammetry of stainless steel
electrodes, PEDOT and PEDOT-co-POSS-ProDOT copolymers
coated electrodes are shown in Fig. 3a. Both PEDOT and its
copolymers showed oxidation and reduction reactions as indi-
cated by the anodic and cathodic current peaks on the CV curve.
The peak potential indicates the voltage at which the reaction
takes place and the enclosed areas of the curve are proportional
to the charge storage capacity. Clearly the PEDOT and the
copolymer films have significantly higher charge storage capa-
cities than the uncoated stainless steel electrode. The CV curves
of PEDOT and copolymers were of similar shape, while the
oxidation peaks shifted to the positive direction with increasing
amounts of crosslinker. These shifted oxidation peaks indi-
cated that the crosslinker decreased the conjugation length of
PEDOT‘12,35,37

The electrochemical properties of coated electrodes were
further investigated using electrical impedance spectroscopy
(EIS) in 0.1 M PBS bulffer solution. After PEDOT deposition, the
amplitude of the impedance of the coated electrodes decreased
by 2-3 orders of magnitude (from ~ 10000 Q to ~100 Q) at low
frequencies as seen in Fig. 3b. This dramatic drop in impe-
dance has been associated with the increase in effective surface
area and ability of the PEDOT to facilitate both electronic and
ionic charge transport.*®*° It was also found that at low POSS-
ProDOT concentration (<3.1 wt%), the impedance of PEDOT
copolymer coated electrodes was similar to the PEDOT-coated
electrodes, which were all around 100 Q. The impedance was
slightly increased from 100 Q to 200 Q for PEDOT films with
higher POSS-ProDOT concentration (8.0 wt%). The increased
impedance at higher crosslinker concentration likely comes
from three major factors. First of all, POSS nanomaterials are
insulating and the excess POSS raises the internal impedance of
the PEDOT-8.0 wt% POSS-ProDOT. In addition, the decreased
conjugation chain length may be another reason for the increasing
impedance. When 1.7% POSS-ProDOT was added, the absorption
maximum blue-shifted 13 nm, and a small change in impedance
was observed. However, as the feeding ration up to 3.1%, the
absorption maximum blue-shifted 27 nm, indicating the con-
jugation length shortened more significantly, therefore, large
variation on impedance can be found. Last but not least, as
discussed in more detail in the following section, the cross-
linker changed the morphology of the polymer film during the
electrochemical deposition as shown in Fig. 4. As increasing the
feed ratio of POSS-ProDOT, the morphology of the film became
denser, resulting in a higher impedance. It has been reported
that films with an open structure usually have lower impedances
in comparison to the films with a closed, dense structure.*® The
8.0 wt% POSS-ProDOT feed ratio had the highest crosslinker

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Cyclic voltammetry (CV) and electrochemical impedance spectro-
scopy (EIS). (a) The CV curves of PEDOT and copolymer films were of
similar shape while their charge storage capacities are significantly larger
than that of stainless steel electrode. The oxidation peaks of these polymer
films shifted to the positive direction with increasing amounts of crosslinker.
These shifted oxidation peaks indicated that the crosslinker changed the
conjugation length of PEDOT. (b) EIS of stainless steel, PEDOT and copolymer
films deposited on stainless steel. The minor increase of impedance at high
crosslinker concentration (8.0 wt%) indicated that crosslinker only has a
slight effect on the impedance of the films. (Each point of EIS value was
obtained by 3 measurements, and error bars show standard deviations).
(c) Phase Angle of the EIS of stainless steel, PEDOT and copolymer films
deposited on stainless steel. Stainless steel electrode is primarily functioning
as a capacitor, and these polymer films are more like resistors.
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Fig. 4 SEM images of PEDOT and copolymer films. (a) PEDOT; (b) PEDOT-
1.7 wt% P-P; (c) PEDOT-3.1 wt% P-P; (d) PEDOT-8.0 wt% P-P (scale bar
represents 10 um).

concentration in the film and also had the highest impedance.
The phase plot of the impedance spectroscopy revealed phase
angles of 65-80° for the bare stainless steel electrodes at fre-
quencies of less than 1000 Hz which indicates that the electrode
is primarily functioning as a capacitor (Fig. 3c). PEDOT coatings
dramatically dropped the phase angles to a value below 20°
making the electrodes more resistive as opposed to capacitive at
frequencies above 5 Hz. There was a similar trend of the phase
angle change for PEDOT and copolymers with low crosslinker
concentration (<3.1 wt%) while it was different for the copoly-
mer film with 8.0 wt% crosslinker indicating that there was also
a structure change in the film.

3.5. Electrochemical stability

To determine their long-term electrochemical stability, the
conjugated polymer coatings were studied by repeated CV tests
in a PBS buffer solution at a scan rate of 100 mV s * for 1000
consecutive cycles. After the CV cycling, the polymer films were
subjected to EIS testing. Fig. 5 clearly shows that the copoly-
merization significantly affected the electrochemical stability
of PEDOT films. With 1.7 wt% POSS-ProDOT in the feed, the
copolymer film showed similar impedance spectra (<3000 Q)
as the PEDOT film at the same deposition charge density. By
increasing the POSS-ProDOT feed ratio to 3.1 wt%, a significant
decrease in impedance magnitude (~400 Q) was observed in
comparison to the pure PEDOT film. When the POSS-ProDOT
feed ratio was further increased to 8.0 wt%, the impedance benefit
from the conjugated polymer coatings was again diminished. At
8.0 wt% POSS-ProDOT feed ratio, the impedance magnitude
(>10000 Q) of the coated electrode after the stability test was
the same as the uncoated stainless steel electrode. The results are
presumably due to the continuous swelling and shrinkage during
the long-term charge/discharge process. The POSS-ProDOT cross-
links the PEDOT film, restricting the swelling and shrinkage of
the polymer films during the oxidation and reduction process. For
1.7 wt% POSS-ProDOT feed ratio, only a few cross-linkers were
incorporated into the polymer and thus the copolymer showed
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Fig. 5 Electrochemical impedance spectroscopy of PEDOT and copolymer
films after stability test. (a) EIS after stability test showed that PEDOT with
3.1 wt% crosslinker performed the best. (b) Comparison of impedance
at 1 Hz of PEDOT and copolymer films before and after stability test (each
point of EIS value was obtained by 3 measurements, and error bars show
standard deviations).

similar electrochemical stability as PEDOT. By increasing the feed
ratio to 3.1 wt%, an intermediate amount of POSS-ProDOT was
incorporated into the polymer and the strengthening effect helps
to increase the stability of PEDOT coatings. At higher feed ratios
(8.0 wt%) brittleness was observed, probably due to the high
extent of intermolecular bonding from the excessive crosslinking
within the polymer matrix. During the CV stimulations, ion
exchange between the electrode and electrolyte lead to a certain
amount of volumetric strain to the polymer coatings. This will
lead to cracking and delamination if the associated strains are
larger than the polymer coating’s inherent strain to failure. The
stability change of copolymer films was also confirmed by evalu-
ating the morphology of the coatings after CV cycling by SEM. A
comparison of the electrochemical impedance of stainless steel,
PEDOT and copolymers at 1 Hz before and after stability tests is
shown in Fig. 5b. The SEM images of the PEDOT and copolymer
with various POSS-ProDOT contents are shown in Fig. 6. After the
stability test, PEDOT film showed cracking and delamination
which is consistent with literature.>®*' By adding 1.7 wt% POSS-
ProDOT, cracking was still observed but their sizes were much
smaller. Films with 3.1 wt% POSS-ProDOT showed the most intact
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Fig. 6 Morphologies of PEDOT and copolymer films after stability test:
(a) both cracking and delamination were observed on PEDOT film; (b) only
cracking was found on PEDOT film with 1.7 wt% crosslinker; (c) no cracking
nor delamination was found on PEDOT with 3.1 wt% crosslinker; (d) both
cracking and delamination were observed on PEDOT film with 8.0 wt%
crosslinker (scale bar represents 0.5 mm).

morphology with no obvious cracking or delamination. Polymer
coatings with 8.0 wt% showed extensive cracking and delamina-
tion, similar to the pure PEDOT films. The trend of the effect of
cross linker on the morphologies and electrochemical stability of
PEDOT films correlated well with the EIS spectra.

4. Conclusions

In summary, we have synthesized an octa-ProDOT functionalized
polyhedral oligomeric silsesquioxane (POSS-ProDOT) crosslinker
via hydrosilylation and thiol-ene “click” chemistry. Its molecular
structure was confirmed by both nuclear magnetic resonance
(NMR) (*H, **C, *°si) and Fourier transform infrared (FT-IR)
spectroscopies. The cross-linker was electrochemically copoly-
merized with EDOT in mixed monomer solutions to create
cross-linked PEDOT:POSS-ProDOT copolymer films on metal
electrodes. The optical, electrical and morphological properties
of the copolymer films can be tuned by adjusting the feeding ratio
of the cross linker. With more POSS-ProDOT incorporated into the
films, the optical absorption shifted towards shorter wavelength
direction, the impedance slightly increased and the morphology
gradually changed from an open structure to a more closed
structure. Significantly enhanced electrochemical stability was
observed with the addition of POSS-ProDOT, with the optimum
performance at 3.1 wt% POSS-ProDOT. Further additions of POSS-
ProDOT led to the development of brittleness, as seen by cracking
of the film. It is expected that these highly stable PEDOT-co-POSS-
ProDOT materials will be excellent candidates for use in bio-
electronic devices such as neural electrodes.
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