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The electrodeposition of polysiloxane precursor polymers to form cross-linked conjugated polythiophene
ultrathin films is described. The precursor polymer contains a polysiloxane backbone with pendant
electroactive thiophene monomer units synthesized via a hydrosilylation reaction. The thiophene units
were electropolymerized by cyclic voltammetry. Investigations were made on the oxidation and reduction
of the thiophene monomer and the polymers formed. A uniformly smooth layer-by-layer growth of the film
was observed by repeated cycling based on the cyclic voltammogram, surface plasmon spectroscopy (SPS),
and the atomic force microscopy images. The morphology of the film changed with increasing number of
cycles being transformed from a relatively globular to a more membranelike morphology. Correlation was
also made on the morphological changes with the electropolymerization process and the extent of cross-
linking. UV-vis spectra showed clear evidence of polythiophene structure formation in the cross-linked
polymer. SPS confirmed that the thickness of the deposited polymer film is easily controlled by the number
of electrochemical potential cycles.

Introduction
Substituted polythiophenes are materials of great

interest.1 These π-conjugated organic polymers have been
widely investigated in the past decade, both for funda-
mental reasons and because of their potential for device
applications, for example, in the field of electronics and
electro-optics. A number of methods have been developed
to synthesize this class of materials, both chemically and
electrochemically.2 Electrochemical synthesis utilizes the
ability of the monomer to be coupled upon oxidation.3 While
it can cause structural defects on the polymer backbone,
electropolymerization nonetheless is a rather convenient
alternative since it avoids the need for polymer isolation
and purification. Various polythiophene derivatives have
been designed and made. They have found applications
in polymer light emitting diode (PLED),4 field-effect
transistor (FET) devices,5 electrochromic devices,6 and
sensors.7 For thin film devices, high quality films of good
optical and electronic properties are necessary for high
performance. However, it is well-known that films elec-
trodeposited on a conducting substrate directly from
monomer units normally have rough surface morpholo-
gies.8 This is due to the rapid propagation step for the
polymerization and precipitation of the polymer out of

the solution.9 For thin and ultrathin film electro-optical
and optical applications involving these polymers, thick-
nesses on flat surfaces are in the order of a few to several
hundred nanometers. Optimization is necessary to get
homogeneous surface coverages and smooth morpholo-
gies.10

Recently,wehavereportedanovelmethod fordepositing
high optical quality ultrathin films of conjugated polymers
on conducting substrates via electrochemistry and rational
polymer design.11 We have initially investigated this
“precursor polymer” route by depositing and patterning
films using electrochemical methods and applying them
on the fabrication of PLED structures.12 A polymer
precursor, which contained pendant electroactive mono-
mer units, was first synthesized by conventional chemical
methods. The precursor was then electropolymerized and
deposited on the conducting substrate. This method is
generally applicable to a variety of systems with different
polymer backbones and monomer units.13 Thus, it is
possible to investigate different monomer and precursor
polymer compositions, monomers, and mixed systems. The
general principle for the precursor polymer approach is
shown in Scheme 1.

In this paper, we describe our initial results on the
electropolymerization, cross-linking, and ultrathin film
deposition of polymethylsiloxane-modified polythiophene
precursor polymers. Because of the potential for electro-
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optical applications, we have used the unique properties
of silicone polymers toward depositing ultrathin films of
conjugated polymers with high optical quality on surfaces.
The poly(dimethylsiloxane) backbone is a good starting
point because of its low glass transition temperature or
Tg, inertness, and low reactivity compared with other
polyolefinic and methacrylate polymers.14

Experimental Section
Instrumentation. The NMR spectra were collected on a

Bruker ARX 300 spectrometer with chloroform-d as solvent and
tetramethylsilane as internal standard. UV-vis spectra were
obtained on a Perkin-Elmer Lambda 20 spectrometer. Size-
exclusion chromatography (SEC) data were measured on a
WatersChromatographysetupusingpolystyreneas thestandard.
Cyclic voltammetry (CV) was performed on an Amel 2049
potentiostat and Power lab system with a three-electrode cell.
Atomic force microscopy (AFM) imaging was performed in air
using a PicoScan system (Molecular Imaging) equipped with an
8 × 8 µm scanner. Magnetic-ac (Mac) mode (a noncontact mode)
was used for all the AFM images. A Mac lever, a silicon-nitride-
based cantilever coated with magnetic film, was used as an AFM
tip. Surface plasmon spectroscopy (SPS) using a 632.8 nm He-
Ne laser was measured using the Multiskop instrument (Optrel
GmBH) on ultrathin films electrodeposited on an Au-coated (45
nm) BK-7 glass.24 In general, SPS allows for the elucidation of
thickness and refractive index (dielectric constants) using the
attenuated total reflection (ATR). This is done by prism coupling
of incident light at a thin Au surface in the presence of a dielectric
film material. Together with a known refractive index (1.54),
fitting using a Fresnel formula algorithm allows for the calcula-
tion of the optical thickness. X-ray photoelectron spectroscopy
(XPS) on the electrodeposited films was done on a Kratos Axis
165 Multitechique Electron Spectrometer system. A monochro-
matic Al KR X-ray source (1486.6 eV) was applied to excite the
photoemission. Survey scans were collected from 0 to 1400 eV
to obtain elemental composition information.

Synthesis. Synthesis of 3-Undec-10-enyl-thiophene.15 To a
suspension of 1.46 g of magnesium in 20 mL of ether, 11.66 g of
11-bromo-1-undecene in 20 mL of ether was added dropwise.
After reacting for 2 h, the formed Grignard reagent was
transferred to another flask dropwise at 0 °C in which was charged
6.79 g of 3-bromothiophene, 0.20 g of NidpppCl2, and 40 mL of
ether. The mixture was allowed to warm to room temperature,
stirred overnight, and then quenched with dilute hydrochloric
acid, extracted with ether, and dried over magnesium sulfate.
The crude product was purified by column chromatography using
hexanes as eluent. Pure product (5.6 g) was obtained; yield, 57%.
1H NMR: δ (ppm) 7.23 (q, 1H), 6.94-6.88 (m, 2H), 5.82 (m, 1H),
4.94 (m, 2H), 2.62 (t, 2H), 2.00 (p, 2H), 1.65 (p, 2H), 1.39-1.21
(m, 14H). 13C NMR: δ (ppm) 143.68, 139.68, 128.72, 125.46,
120.18, 114.54, 34.26, 30.99, 30.71, 30.13, 29.96, 29.91, 29.88,
29.76, 29.57, 29.37.

Synthesis of Poly(methyl-(10-thiophen-3-yl-decyl)siloxane).16

In a one-neck flask, 0.53 g of polydihydrodimethylsiloxane
(Aldrich), 2.36 g of 3-undec-10-enyl-thiophene, 0.02 g of H2PtCl6,
and 10 mL of methylene chloride were added under nitrogen.
The mixture was sonicated and stopped until the NMR showed
no Si-H proton signals. The resulting mixture was solvent
evaporated and run through flash column chromatography using
hexanes and ethyl acetate as eluent. Thiophene-modified poly-
siloxane (2.0 g) was obtained. 1H NMR: δ (ppm) 7.22 (b, 1H),
6.91 (b, 1H), 2.61 (b, 2H), 1.61 (b, 2H), 1.29 (b, 22H), 0.50 (b, 2H),
0.06 (m, 5H).

Electrodeposition of the Precursor Polymer. In a three-electrode
cell, the solution contained poly(methyl-(10-thiophen-3-yl-decyl)-
siloxane), 0.1 M tetrabutylammonium hexafluorophosphate
(TBAH), and methylene chloride. The polymerization was
performed by sweeping the potential from -400 to 1500 mV
versus the Ag/Ag+ (0.01 M in acetonitrile) reference electrode.
After the desired number of cycles, the substrate was maintained
at the initial potential for 10 min and then taken out and rinsed
with methylene chloride, acetone, and methanol thoroughly. The
substrate was finally dried under dry nitrogen flow.

Results and Discussion

The synthetic scheme for the polymethylalkylthiophene-
siloxane precursor polymer is shown in Scheme 2. The
alkene-terminated thiophene was made through a Grig-
nard coupling reaction. The reaction also gave a small
amount of isomerized product that cannot undergo the
hydrosilylation reaction, and it was easily separated
during purification after the hydrosilylation step. The
hydrosilylation reaction was performed using a platinum
catalyst. The reaction was monitored by NMR and was
complete in less than half an hour. The resulting polymer
has a number-average molecular weight of 8000 g mol-1

as measured by SEC using a polystyrene standard.
The electrodeposition of the precursor polymer was

performed on a conventional three-electrode cell design,
which has a gold-coated BK7 glass working electrode, a
gold-coated BK7 glass counter electrode, and an Ag/Ag+

reference electrode. The electropolymerization was done
by cyclic voltammetry with a scan rate of 100 mV/s. The
CVs obtained from different concentrations of the polymer
are shown in Figure 1. The anodic peak at ca. 0.62 V,
corresponding to the oxidation of the polymeric thiophene,
typically appeared in the second cycle.17 The peak potential
shifted gradually toward higher values as the thickness
of the films increased. This potential shift is attributed
to heterogeneous electron-transfer kinetics, IR drop of the
film (Vtotal ) Vacross film + I(Rfilm + Rsoln)), and a decrease of
the film conductivity.18 However, as the concentration of
the precursor polymer decreased, this potential shift
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Scheme 1. Schematic Drawing of the Precursor Polymer Approach after Electropolymerization Resulting in
Cross-Linked Network Structure
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diminished. All the films showed a corresponding reduc-
tion peak at around 0.55 V. This peak is attributed to the
dedoping of the polythiophene.9 When the concentration
of the precursor polymer is decreased, another peak, ca.
1.06 V, emerges. This new peak is due to the reduction of
Au(I) to Au.19 We have observed this peak in the CV
obtained from a plain Au electrode in a polymer-free
electrolyte solution. It is quite reasonable that the thinner
layers deposited with lower concentrations can cause
significant contribution of the Au oxide reduction peak to
the CV trace. Nevertheless, this concentration dependence
indicates that cross-linking is self-limiting especially at
lower concentrations as reflected in the CV behavior.
Intermolecularand intramolecularcross-linking ispossible
although we cannot quantitatively determine the extent
of this with current experimental conditions. We can only
infer that intermolecular coupling is predominant at
higher concentrations based on the probability of chain
entanglement20 and concentration of tethered monomer
species. Repeated cycling of the electrodeposited polymer
film under precursor-polymer-free electrolyte solutions
resulted in further current increases. This is another
confirmation of the cross-linking mechanism, where
kinetically trapped side-group monomer units are able to
further cross-link.

It is important to characterize the smoothness of these
films, primarily for ultrathin film applications. The film
growth and morphology changes were investigated by
AFM using the noncontact Mac mode (Figure 2). As
previously described, the films were deposited from 0.1 M
polymer solutions in methylene chloride with 0.1 M TBAH
as supporting electrolyte. A homogeneous and morpho-
logically continuous film was formed on the substrate even
after the first cycle. This film is uniform throughout the
substrate, with very small domain sizes. The AFM images
of the films after one to seven cycles all have globular
morphologies. As the number of cycles increased, the
morphology of the films resulted in increasing domain
size up to the first seven cycles. However, there is a
significant change in the morphology beginning at the
ninth cycle. No regular globular domains were observed
from the AFM image similar to the first seven cycles.
Instead, these morphologies are diffused and more “mem-
branelike or porous” but still maintained uniformity
throughout the film.

This morphological change provides some useful in-
formation about the polymer electrodeposition mechanism
and film growth. Initially, the nucleation process of
electropolymerization for the precursor polymer is fast.
When the potential is high enough to oxidize a majority
of the thiophene units, coupling occurs and the polymer

becomes insoluble in the solvent (primarily through cross-
linking) and immediately deposits on the flat electrode
surface.21 The uniformity of the film after the first cycle
suggests that this fast process is predominant throughout
the substrate surface. With the first few cycles, the film
grows on these nucleation sites, together with increasing
size of the domains and aggregates. We believe that
because of the influence of the precursor polymer chain,
the morphology is rendered smooth and uniform in
contrast to direct electrodeposition of thiophene mono-
mers. As the deposition process slows down and the film
grows thicker, the deposition process becomes dominated
by mass transport, that is, the ability of electrolyte ions
to move between the electrode and solution.9 Because the
precursor polymer contains an insulating polymer com-
ponent, this mass transport should decrease as the film
becomes thicker. Thus, the peak position is observed to
shift at a higher potential. When the film is sufficiently
thick to block the electron transfer between the electrode/
polymer/solution interface, the cross-linking extent of the
outer polymer decreases. This explains the membranelike
or diffused morphology observed under AFM, which
corresponds to a lower cross-linking extent and hence is
dominated by the polymethylsiloxane chains. In addition,
after 15 cycles the peak current of the oxidation begins
to drop and the film becomes passivating with further
potential cycling. The morphology of the film remains the
same though.

As has been studied with the electrochemical deposition
process of thiophene monomers, both three-dimensional
instantaneous (3D) nucleation and two-dimensional in-
stantaneous (2D) nucleation is involved. The contribution
of 2D nucleation is important in the first stages of the
nucleation process.22 In our case, 2D nucleation governs
the early stage, and 3D nucleation then became predomi-
nant, as can be clearly seen from the domain size changes
in the AFM images. The precursor polymer backbone has
an important influence on the deposition process especially
at the later stage. For example, an almost layer-by-layer
growth (investigated by SPS) is observed in contrast to
the direct deposition of monomers. However, for monomer
solutions 3D nucleation governs the late stage, which
causes rough surface morphology and big aggregates. The
mass transfer of the precursor polymer solution to the
electrode surface is totally different from that of monomer
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Scheme 2. Synthetic Route for the Monomer and Polymer
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solutions. This can be further probed by electro-quartz
crystal microbalance (EQCM) experiments.23

To monitor the growth of the films, the films were
investigated by SPS.24 Figure 3 shows the increase in

thickness with film growth primarily by the shift in the
resonance angle of the plasmon curve. The fact that a
plasmon curve was observed is direct evidence of the
uniformity and smoothness of the films approaching that
of other ultrathin film deposition techniques, for example,
Langmuir-Blodgett films, layer-by-layer, spin-coating,
and so forth.25 The film has a thickness of ∼5 nm after the
first cycle. The film grows fast initially and becomes easily
saturated (nonlinear growth). This phenomenon is con-
sistent with the observation of morphology change and
the fact that the electropolymerization ability (extent of
cross-linking) changes with thickness. The film has a
thickness of ∼76 nm after 11 cycles. In principle, with the
precursor polymer approach, films of various thickness
can be easily achieved by controlling the number of cycles.
At the same time, the film remains relatively uniform.
We are currently investigating the electropolymerization
process and the corresponding dielectric constant param-
eter changes in situ by a simultaneous CV and SPS
approach.26

To demonstrate that a polythiophene structure was
indeed achieved in the deposited film, the precursor
polymer was electrodeposited on a transparent ITO
substrate in order to take the transmission UV-vis
spectra. The same parameters as for the previous elec-
tropolymerization on Au were used. The absorption of the
film deposited on ITO from 0.1 M polymer solution in
methylene chloride showed a peak at around 440 nm,
Figure 4, which is typical for electropolymerized poly-
thiophene films.27 This peak showed a blue shift compared
with other substituted polythiophene polymers. This may
indicate lower conjugation lengths of the polythiophene
structure formed from the precursor polymer than those
deposited from monomer solution. This is reasonable since
the polymer backbone in the cross-linked system reduces
the coupling efficiency compared with the free monomer.
Again, the number of electropolymerized thiophene units
is not quantifiable on the formed conjugated polythiophene
(or even oligothiophene) structures under the current
system and experimental setup. Clearly, for electrical
conductivity applications a more conjugated system is
preferable.1 The “copolymerization” with free monomers
in solution is currently under investigation as well as
detailed conductivity experiments. However, for other
applications such as hole transport layers for PLED and
electrochromic devices, oligomeric thiophene films with
high optical quality should be more useful.

XPS measurement of the film (Figure 5) reveals that
almost no electrolyte counterions remained in the film
after electropolymerization, washing, and drying. No
detectable signal from the fluorine component of tetra-
butylammonium hexafluorophosphate was observed. This
indicates that after holding the potential at the initial
potential (last step of the potential cycling) and thoroughly
washing with various solvents, the film was totally
dedoped and all the counterions were excluded from the
film. The peaks from C, O, and Si can be clearly seen from
the spectrum. Due to the low sensitivity to XPS and
relatively low content, the S peak is not obvious.

Conclusions

A precursor polymer approach to electrodeposition of
ultrathin films of conjugated polymers has been demon-
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Figure 1. Cyclic voltammogram of the precursor polymer at
different concentrations: (a) 0.2 M, (b) 0.1 M, and (c) 0.05 M
with 0.1 M TBAH and methylene chloride. The polymerization
was performed by sweeping the potential from -400 to 1500
mV vs the Ag/Ag+ (0.01 M in ACN) reference electrode.
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Figure 2. AFM of the growth of the precursor polymer film on gold at different potential cyclings. Imaging was performed in air at ambient temperature using Mac mode.

E
lectrod

eposition
of

P
olyth

ioph
en

e
N

etw
orks

L
an

gm
u

ir,
V

ol.
17,

N
o.

25,
2001

7897



strated with polythiophene. The precursor polymer con-
tains a polysiloxane backbone with pendant thiophene
units as the electroactive group. The thiophene units
polymerized upon sweeping the potential at the proper
range. A uniform and smooth film morphology was
observed. The cyclic voltammogram and UV-vis spectra
showed clear evidence of polythiophene structure in the
cross-linked polymer. The morphology of the film as probed
by AFM changed with increasing number of cycles. It
transformed from a relatively globular morphology to a
more membranelike one, which is consistent with the
electropolymerization process and extent of cross-linking.
The polymethylsiloxane backbone plays an important role
in determining the film morphology especially at thicker

deposited films. Film thickness was monitored by surface
plasmon spectroscopy, with the thickness of the deposited
polymer film easily controlled by the number of cycles.
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Figure 3. Thickness study by SPS showing a layer-by-layer growth with each deposition.

Figure 4. UV-vis spectrum of the electrodeposited film on
ITO using the same conditions as with the Au electrode.

Figure 5. XPS of the electrodeposited polymer film on Au was
done from 0 to 1400 eV.
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