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ABSTRACT: The reductive coupling reactions in electrochemical polymerization of poly(p-phenylene
vinylene) (PPV) have been studied by in situ UV-vis spectroscopy using lithographic galvanic
microstructured metal foils (LIGA structure) as the working electrode, in situ UV-vis-ESR spectroscopy,
and by the rotating ring-disk electrode (RRDE) technique. The polymer film was synthesized by
electrochemical reduction of the monomer R,R,R′,R′-tetrabromo-p-xylene (1) in dimethylformamide using
tetraethylammonium tetrafluoroborate as the supporting electrolyte. The results show that the reduction
of monomer 1 takes place in two steps. The first step is a two-electron reduction process leading to
formation of intermediates that stay in solution without precipitation onto the electrode surface. The
second two-electron reaction of these intermediates produce oligomers which precipitate onto the surface
of the electrode. It was observed that the electrode material, cell design, and temperature have a marked
influence on the value of the peak potential of the second reduction reaction.

1. Introduction

Conjugated polymers are characterized by a highly
delocalized π-electron structure lying along the polymer
backbone. When doped, these materials can display even
metallic conductivities for to which they have attracted
much interest. Poly(p-phenylene vinylene) (PPV) is an
example of these semiconducting polymers. It was with
PPV that polymer electroluminescence was first dem-
onstrated in 1990.1 A common way to obtain insoluble
PPV layers is the sulfonium precursor route in which
conversion of the precursor into PPV is accomplished
by thermal elimination of the sulfonium groups.2,3 This
elimination reaction is a crucial step in the synthesis
because traces of unconverted material can cause de-
fects in the polymer which significantly effect the
performance of the final material.

The electrochemical synthesis route offers direct and
easy material formation without need of the heat
treatment step used in chemical synthesis of PPV. By
tuning the electrochemical parameters, used for film
formation, one may also control film growth to a much
greater degree. Electrochemical polymerization of con-
ducting polymers is usually done by anodic oxidation
of the monomer material. Such processes have been
extensively studied and a generally accepted mechanism
of electropolymerization of polyheterocycles is radical-
radical coupling followed by chain propagation.4 Results
reported on conducting polymers obtained by in situ
differential ellipsometry,5 rotating ring-disk electrode,6
and microelectrodes7 have shown that oxidative elec-
tropolymerization starts with the formation of oligomers
in solution. Presence of soluble intermediates prior to

the polymer formation was confirmed in all these
studies. In the case of reductive electropolymerization
only a few reports exists, mostly involving the electrore-
duction of 1,4-dibromobenzene nickel complexes for
preparing poly(p-phenylene) (PPP).8

In this work we will focus on obtaining PPV films
produced by electrochemical reduction of R,R,R′,R′-
tetrabromo-p-xylene in dimethylformamide (DMF) using
potential cycling.9 In previous work our group has
studied how different parameters such as polymeriza-
tion potential, type of solvent, and electrolyte salt and
water content in the solvent affect both the growth of
PPV in the polymerization reaction and the properties
of the final polymer.9,10 Very few results describing
electrochemical reduction of organic aliphatic halides
have been reported in the literature. Covitz11 and
Gilch12 were the first to study the electrochemical
reduction of R,R′-dihalo-p-xylenes. In ref 13, the catalytic
reduction of vicinal dihalides have been studied. Utley
et al. synthesized poly-p-xylene polymers by electro-
chemical reduction from 1,4-bis(bromomethyl)arenes on
mercury electrode.14 The same group also used the same
method for the synthesis of PPVs from 1,4-bis(dihalo-
methyl)arenes. In refs 11, 12, and 14, the reduction
reaction was suggested to proceed via quinodimethane
intermediates according to reaction Scheme 1. However,
no thorough study of the different steps given in Scheme
1 has to our knowledge been reported. Knowing the
chemical characteristics of the intermediates is crucial
for understanding the mechanism of the complex elec-
tropolymerization process.

The aim of the present work is to study and identify
the intermediates formed during electrochemical reduc-
tion of R,R,R′,R′-tetrabromo-p-xylene by the rotating
ring-disk electrode (RRDE) and in situ spectroelectro-
chemical (UV-vis and/or ESR) methods. By using the
combined spectroelectrochemical UV-vis-ESR tech-
nique, one gains the possibility of obtaining structural
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information about both the paramagnetic and diamag-
netic species in an electrochemical reaction.15

2. Experimental Section
2.1. Chemicals. Electrochemical polymerization of PPV was

performed in dimethylformamide (DMF, Lab-Scan) solutions
containing 0.1 M tetraethylammonium tetrafluoroborate ((TEA)-
BF4, Aldrich) as the supporting electrolyte and various con-
centrations of the monomer material R,R,R′,R′-tetrabromo-p-
xylene (1, Tokyo Kasei). The monomer material, 1, was used
as received. The supporting electrolyte, (TEA)BF4, was dried
at 80 °C for 1 h under vacuum conditions before use. Before
use, DMF was purified by drying over activated aluminum
oxide (Al2O3, Aldrich).

2.2. Apparatus. A rotating ring-disk (Pt-Pt) electrode
(RRDE) system (model 636) combined with a Bi-potentiostat
(model 366A) and a X-Y recorder (model RE01151, all from
EG&G PAR) were used in the RRDE experiments. The
dimensions for the RRDE were r1 ) 0.2285 cm, r2 ) 0.2465
cm and r3 ) 0.269 cm where r1 is the platinum disk radius
and r2 and r3 are the inner and outer platinum ring radii,
respectively. In the RRDE experiments, a glassy carbon (GC)
rod served as the auxiliary electrode and a silver wire coated
with silver bromide was used as a pseudo-reference electrode
(+0.38 V vs SCE vs ferrocene in 0.1 M (TEA)BF4-DMF). All
potentials are referred to this reference electrode otherwise
differently stated. A one-compartment three-electrode glass
cell was used in the electrochemical RRDE experiments.

The in situ UV-vis experiments were performed in a
spectroelectrochemical three-electrode flow cell based on a
screw joint of two Teflon parts to hold the LIGA electrode
structure.16 Quartz rods in the bore of the center of the Teflon
parts conduct the light beam through the cell. The Au LIGA
structure was used as the working electrode. Inside the
electrolyte inlet of the cell, a silver wire coated with silver
bromide was used as pseudo-reference electrode and a plati-
num wire in the electrolyte outlet was used as the counter
electrode. The optical absorption spectra were recorded in the
wavelength range from 200 to 1100 nm with an UV-vis diode
array Instaspec II spectrometer (LOT Oriel, Darmstadt,
Germany) running in the kinetic mode with external triggers.
The 75 W Xe lamp and the spectrometer were connected by
light fibers to the LIGA cell.

In the UV-vis-ESR measurements an ESR 300 E X-band
(Bruker) spectrometer and the UV-vis instrument described
above were used in a combined manner. The electrochemical
flat cell used in the electrochemical ESR investigations has
been described earlier.15 A Pt mesh of dimension 5 mm × 4

mm was used as the working electrode. The Pt mesh was made
from a wire of 0.06 mm diameter with 1024 meshes per cm2.
A AgCl-coated wire within a capillary was used as the
reference electrode. A Pd-sheet counter electrode was placed
below and a Pt-wire counter electrode was situated above the
flat part of the ESR cell. This construction with two counter
electrodes was used in order to avoid distortion of the current-
voltage curves (ohmic drop). In the electrochemical measure-
ments a PC controlled potentiostat PG 285 (HEKA Lambrecht,
Germany) was used. The in situ UV-vis-ESR spectroelec-
trochemical measurements were controlled by a homemade
program driving the potentiostat by AD-DA plug-in boards and
triggering the ESR and UV-vis spectrometers.

2.3. Procedure. In the RRDE experiments the potential of
the disk (ED) was maintained at stepwise increasing constant
potentials between 0 and -2.3 V. Simultaneously a current-
potential curve was recorded at the ring by cycling the
potential between -0.7 and +1.4 V. A scan rate of 50 mV/s
and a rotation rate of 600 rpm were used. Furthermore, the
changes in the disk (iD) and ring currents (iR) during a
potential scan of the disk between 0 and -2.3 V using 50 mV/s
as scan rate were recorded. In these experiments the ring
potential (ER) was maintained at +1.0 or +1.3 V and the
rotation rate was altered between 300 and 2000 rpm. In the
RRDE experiments, the concentration of the monomer mate-
rial 1 was 0.05 M in 0.1 M (TEA)BF4-DMF solution. The
RRDE was polished mechanically with Al2O3 powder (grain
size 0.3 and 0.05 µm) before each experiment. Oxygen was
removed from the solutions by purging with dry nitrogen for
several minutes before the measurements. During the mea-
surements the solutions were blanketed with a stream of
nitrogen.

The collection efficiency, N, of the RRDE system was
determined using an aqueous solution with 1 mM K4Fe(CN)6

in 0.1 M KCl. The ED was cycled between -0.1 and + 0.6 V
using 50 mV/s as the scan rate and a rotation rate of 600 rpm.
Both the iD and iR were recorded as functions of ED. The ER

was held at a constant potential value of -300 mV, enough to
reduce the ferricyanide formed at the disk. N could then be
obtained from the ratio iR/iD. The experimentally obtained
RRDE collection efficiency of our system was found to be 0.2;
i.e., 20% of the product generated at the disk is collected at
the ring. This value is in good agreement with the theoretical
collection efficiency of 0.216 calculated by using the electrode
dimensions.17

In the UV-vis experiments using the LIGA cell, the
intermediates formed during electrochemical polymerization
of PPV were studied by applying a constant potential of -1.0
V for 2 s to the cell and then recording the changes in
absorbance vs time. Solutions containing 0, 2, 4, or 6 mM of
monomer 1 with 0.1 M (TEA)BF4 in DMF were used in the
experiments.

The effect of temperature on the absorbance response of the
intermediate products was studied by performing experiments
both at room temperature, ca. 23 °C, and at -10 °C. At the
same time the change in the intensity of the ESR signal was
measured. In these UV-vis-ESR experiments a thin layer
spectroelectrochemical cell with a Pt mesh as working elec-
trode was used. The potential was cycled between 0 and -2.3
V in a 0.05 M solution of monomer 1 with 0.1 M (TEA)BF4 in
DMF. In the experiments performed at a temperature of -10
°C the potential was cycled between 0 and -1.3 V.

3. Results and Discussion

3.1. Mechanism of PPV Formation. 3.1.1. RRDE
Measurements. Figure 1 shows the current response
during electropolymerization of monomer 1 on a Pt disk
electrode (0.07 cm2) by potential cycling between 0 and
-2.3 V using 50 mV/s as the scan rate (first cycle). Two
reduction processes can be observed at around -1.4 and
-1.9 V. From earlier studies using EQCM, FTIR, and
Raman spectroscopy techniques, it was found that
precipitation of the PPV film onto the working electrode

Scheme 1. Reaction Mechanism for the Monomer
r,r,r′,r′-Tetrabromo-p-xylene (A) upon

Electroreduction
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takes place only after reaching -1.6 V.10,18-19 The
current response observed in Figure 1 before reaching
this potential value is therefore due to formation of
intermediate species involved in electropolymerization
of PPV. Furthermore, no current peak is seen for the
reverse process, also indicating that the products formed
in the potential range -0.5 to -1.6 V undergo a rapid
follow-up reaction. The intermediate products giving
rise to the current response before reaching the poten-
tial of -1.6 V will be further studied by the RRDE
technique.

In the RRDE study, the disk electrode was kept at
different constant potentials between 0 and -2.3 V and
current-voltage curves were recorded at the ring elec-
trode. This allows identification of free intermediates
in solution formed at the disk. Because of the electrode
rotation the intermediates formed at the disk are
hydrodynamically transported across the insulating gap
toward the ring where they can be oxidized. Such iR vs
ER curves obtained during polymerization of monomer
1 by applying constant potentials between 0 to -0.9 V
and -1.0 to -2.3 V onto the disk can be seen in Figure
2, parts a and b, respectively. Observe the different
current scales used in Figure 2, parts a and b (0.01 and
0.02 mA/cm). The ER was scanned between -0.7 and
+1.4 V.

No significant current is observed at the ring until
the disk reaches a potential of about -0.6 V, a potential
at which an increase in current was also obtained in
Figure 1. At ED lower than -0.6 V the current response
from the ring consists of two well-defined waves with
ER,1/2 at +0.78 and +1.2 V. The ER,1/2 of the first
oxidation process shifts to less positive potentials (+0.9
to +0.78 V) with increasing negative potential applied
to the disk. The ER,1/2 for the second oxidation process
at +1.2 V remains constant although the ED is changed.
The current of the two oxidation processes also depends
on the potential applied onto the disk electrode as can
be seen from Figure 2, parts a and b. The ring current
for the two oxidation waves increases when potentials
in the ranges -0.6 to -1.0 V and -1.7 to -2.3 V are
applied to the disk. In Figure 1, an increase in the
current response could also be observed in these poten-
tial ranges. A current decrease can, however, be ob-
served on the ring when potentials between -1.2 and
-1.6 V are applied on the disk.

From the structure of monomer 1 (A) shown in
Scheme 1, it can be seen that there are four bromine
atoms, two of each at the attached carbon atoms. These
bromine atoms have to be removed during the reductive
potential cycle in order to get PPV as the final material.
By energy-dispersive X-ray analysis (EDXA) of PPV, it
was shown that no bromine is present in the electro-
chemically polymerized film.9 In the RRDE experiments
we would then expect to see oxidation at the ring from
the expelled Br- ions. This oxidation can be observed
in two steps in Figure 2 at +0.78 and at +1.2 V which
is in accordance with the values reported in reference.20

The dependence of the iR on the ED indicates that
cleavage of the carbon-bromine band takes place in two
steps. The first cleavage of bromine during the reduction
of monomer 1 can be observed when applying potentials
between -0.6 and -1.0 V to the disk. The intermediate
product formed in this process is oxidized at +0.78 V
at the ring. When potentials higher than -1.7 V are
applied to the disk the intermediate product is further
reduced, leading to splitting of the remaining bromine
atoms indicated by the increase in iR observed again at
+1.2 and +0.85 V. From these experiments, it can then
be concluded that four electrons in all must be consumed
when reducing monomer 1 (A). In the first reduction

Figure 1. Electrochemical reductive polymerization of PPV
by potential cycling between 0 and -2.3 V on a Pt-disk
electrode in a 0.1 M (TEA)BF4-DMF solution containing 0.05
M monomer 1 using a 50 mV/s scan rate.

Figure 2. Ring current vs ring potential curves obtained at
different constant negative disk potential values (ED). The ED
was held at constant potentials between (a) 0 to -0.9 V and
(b) -1.0 to -2.3 V. The ER was cycled between -0.7 and +1.4
V in a 0.1 M (TEA)BF4-DMF solution containing 0.05 M
monomer 1. The scan rate was 50 mV/s, and a rotation rate of
600 rpm was used.
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wave two electrons are used, leading to the intermediate
brominated quinodimethane (C) in accordance with
Scheme 1. In the following experiments the bromine
elimination will be further studied in order to find the
reduction mechanism behind the current waves ob-
served in Figure 1.

Parts a and b of Figure 3 show the variation of the iD
and the iR recorded during the negative sweep between
0 and -2.3 V of the disk as a function of rotation rates.
The ER was set at +1.0 (a) or +1.3 V (b), the potentials
at which the two oxidation waves could be observed in
Figure 2. From Figure 3, parts a and b, it can be seen
that both iD and iR increase with increasing rotation
rate. The peak potential is also dependent on the
rotation rate showing a negative shift with increasing
rotation rates. Because of this potential shift the scan
is reversed close to the second peak potential (compare
with Figure 1). A nucleation loop is therefore observed
on the reverse sweep of the first cycle (reverse scan not
shown in Figure 3) which has been interpreted as the
start of the nucleation process of the corresponding
polymer.21,22

When visually inspecting the PPV film formed on the
disk electrode it was observed that the growth of the
film was not uniform. The center of the electrode, i.e.,
the less perturbated zone was covered with a thicker
layer of polymer. The enhanced transport of intermedi-
ates away from the electrode surface upon rotation of
the electrode will greatly inhibit even deposition of

polymer on the disk. These findings give further evi-
dence for the existence of intermediate species in the
polymerization reaction.6,23

To obtain the collection efficiency, N, for the products
oxidized at the ring at +1.0 and +1.3 V, values for iR
and iD from Figure 3 in the potential range -0.47 to
-1.1 V at a rotation rate of 600 rpm were used for the
calculation. From the slope of such a iR vs iD plot the
value of N ) 0.18 was obtained for the products oxidized
at the ring at +1.0 V. Compared to the N value of 0.22,
measured for the known stable ferrocene system, indi-
cate that almost all of the intermediate species dissipate
into the bulk solution and are not yet consumed at the
disk electrode. This is in agreement with the proposition
of quinodimethane as the intermediate, for which a
relatively long lifetime (50% polymerized after 30 min
at 20 °C) has been reported.24 The fraction of the
intermediates that escape detection at the ring electrode
depends on the rate of the follow-up reaction step and
the time interval between the generation and detection
of the intermediate. Accordingly a N value of 0.2 was
obtained when using the data from Figure 3 with a
higher rotation rate of 900 rpm. For the products
oxidized at the ring electrode at +1.3 V a collection
efficiency of 0.38 was obtained. This value suggests that
two bromine atoms are split away during reduction of
monomer 1 giving a two-electron ring response com-
pared to the one-electron process for the Fe(CN)6

4-

system which gave a N value of 0.2. This finding is in
accordance with the suggested reaction path for reduc-
tion of monomer 1 (A) shown in Scheme 1.

The plot of iD
-1 vs ω-1/2 (Levich-Koutecky plot) in

Figure 4 for various disk potentials yields straight lines
with intercepts corresponding to the inverse of the
kinetic current, iK, according to eq 1.17 The data used
in Figure 4 were obtained from Figure 3.

In the equations F is the Faraday constant, n is the
number of transferred electrons, A is the disk electrode
area (0.328 cm2), γ is the kinematic viscosity (viscosity/
density, 0.8411 × 10-2 cm2 s-1), k is the rate constant
(cm s-1), R is the transfer coefficient, and D and c are
the diffusion coefficient (1.9 × 10-5 cm2 s-1) and the
concentration (0.05 × 10-3 mol cm-3) of monomer 1,
respectively.

The straight lines in Figure 4 do not go through the
origin, indicating that there is a mixed kinetic-diffusion
control of the reaction. The slope of the straight lines
allows us, according to eq 2, to calculate the number of
electrons involved in the reduction reaction of monomer
1. Some of the kinetic parameters obtained from the
Levich-Koutecky plots in Figure 4 are given in Table
1. The n values in Table 1 show that in the reduction of
monomer 1 at least 2e- are consumed in the first
reduction wave. These values are in accordance with
those obtained from the RRDE collection experiments.

The kinetic current, iK, can be obtained from the
y-axis intercepts in Figure 4 according to eq 1. Values
of iK were between 4 × 10-4 and 10 × 10-4 cm s-1. These

Figure 3. Disk (iD) and ring (iR) currents obtained during
reduction of monomer 1 (0.05 M) in 0.1 M (TEA)BF4-DMF by
potential scanning between 0 and -2.3 V. The rotation rate
was varied between 300 and 2000 rpm; the scan rate was 50
mV/s. ER was set at (a) +1.0 and (b) +1.3 V. 1

iD
) 1

iK
+ 1

Bω1/2
(1)

B ) 0.62nFAcD2/3γ -1/6 (2)

iK ) nFAkc (3)

k ) k0e-RnFE/RT (4)
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values can be used to calculate the rate constant, k,
according to eq 3. When E is plotted vs log k according
to eq 4, a straight line is observed as can be seen in
Figure 5. The slope of that line is -110 mV/decade at
25 °C.

The obtained slope indicates that the reaction rate of
the first reductive step is controlled by a one-electron-
transfer step provided that R ) 0.5.17 This finding and
the obtained n values shown in Table 1 are in favor of
the mechanism involving a one-electron transition state
in accordance with Scheme 1. For electrochemical
reduction of organic halides a mechanism where one
electron is added in the rate-determining step to produce
a transition state in which the carbon atom has radical
character has been suggested. The radicals formed from
such a transition state can then participate in a fast
further reduction process11,25 according to the mecha-
nism shown in Scheme 1. It has also been shown that
R-halo-p-xylyl anions do not eliminate the halogen ion

from the R-position and form carbenes but eject the
halogen ion from the R′-position to yield the more stable
xylylenes.12 The intermediate products formed during
electroreductive polymerization of monomer 1 will be
further studied by UV-vis-ESR spectroscopy.

3.1.2. In Situ UV-Vis-ESR Measurements. The
in situ UV-vis spectra recorded at room temperature
in the thin layer cell during the first potential cycle from
0 to -1.0 V in a solution of monomer 1 is shown in
Figure 6. A UV-vis response began to appear after
reaching the potential of -0.6 V, giving absorbance
peaks at 318 and 332 nm and shoulders at 300 and 348
nm. During simultaneous ESR measurements no signal
could be observed. In the RRDE experiments in Figure
2a, we could observe oxidation of bromide in the
potential range -0.6 to -1.0 V. The bromide ion is
splitted off when reducing monomer 1. The absorbance
peaks in Figure 6 are therefore interpreted to originate
from species B and/or C shown in Scheme 1. Absorbance
peaks have been reported for the p-(chloromethyl)benzyl
radical at 320 nm and for p-xylylene at 290, 316, 331,
and 349 nm,24,26,27 which are in agreement with those
obtained in Figure 6.

When the potential cycle was extended to -2.3 V,
during electrochemical polymerization of PPV, an ESR
signal could be observed. The UV-vis spectra recorded
during such a potential scan between 0 and -2.3 V and
the ESR signal obtained at -2.3 V are shown in Figure
7. The intensity of the ESR signal increased during the
reduction cycle after a potential of -1.6 V was reached
and decreased again during the reverse scan. Changes
in the UV-vis response can also be observed after
reaching the potential of -1.6 V. These are the absor-
bance at 348 nm now seen as a peak and the weak broad
absorbance response extending from 364 to 440 nm.
During the reverse sweep of the first cycle, all of the
peaks observed in wavelength range 300 to 364 nm will
slowly decrease. However, an increase during the re-
verse sweep can be observed in the range from 364 to
440 nm. The line marked with stars in Figure 7 shows
the absorbance response recorded at -230 mV during
the reverse scan. The thick line at zero absorbance
shows the response from a monomer free solution in the
potential range used during the electrochemical polym-
erization reaction. If the working electrode was removed
from the light beam path in the cell after the first
reduction cycle, absorbance peaks at the same wave-
length as in Figure 7 could be observed although they

Figure 4. iD
-1 vs w-1/2 plots as a function of different negative

potentials applied to the disk in the study of electroreduction
of monomer 1 in 0.1 M (TEA)BF4-DMF.

Figure 5. E vs log k plot obtained from the intercepts of
Figure 4 for the reduction of monomer 1.

Table 1. Kinetic Parameters from the RRDE Experiments
for the Electrochemical Reduction of Monomer 1 in 0.1

M (TEA)BF4-DMF

disk
potential (V)

slope
(mA-1 rpm1/2)

intercept
(mA-1) n

-0.95 6.1 0.71 1.05
-1.0 5.7 0.59 1.1
-1.05 4.4 0.54 1.45
-1.1 3.9 0.47 1.64
-1.15 3.5 0.43 1.82
-1.4 2.2 0.28 2.25
-1.6 2.0 0.23 2.5

Figure 6. UV-vis spectra recorded during a potential scan
experiment. Experimental parameters: 0.05 M monomer 1 in
0.1 M (TEA)BF4 (DMF). The potential was scanned from 0 to
-1.0 V using a 50 mV/s scan rate.
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were lower in intensity. This demonstrates that the
species giving the absorbance response in Figure 7 are
mostly from soluble intermediate products formed dur-
ing electrochemical polymerization of PPV. According
to ref 24, chlorinated p-xylylene intermediates have a
relatively long lifetime, allowing detection. The solution
species can therefore be assigned to short PPV oligomer
chains not precipitated at the electrode and to bromi-
nated quinodimethane (C). Also a spontaneous reaction
of brominated quinodimethane (C) to poly-p-xylylene (D)
has been reported when using temperatures below 30
°C.28 In the RRDE experiments, we could observe the
second bromine oxidation response at the same potential
value (-1.6 V) at which the changes in the absorbance
response in Figure 7 were obtained. This indicates that
the peak at 348 nm probably is due to products formed
after bromine is split away from the brominated quin-
odimethane intermediate. The fact that this absorbance
response decreases during the reverse scan and that the
broad response ranging from 364 to 440 nm increases
indicates that the intermediates are consumed in follow-
up reactions. The UV-vis spectra reported for PPV
oligomer chains have shown a red shift of the π-π*
transition with an increasing number of monomer units
(n).29 For n ) 3, a UV-vis response ranging from 330
to 430 nm and with a π-π* transition at 386 nm has
been reported. The absorption curve for chemically
polymerized PPV gives a π-π* transition at about 450
nm. We may therefore conclude that the broad UV-vis
response ranging from 364 to 440 nm is due to follow-
up reactions of the intermediates formed during the
reduction of monomer 1 giving short oligomer chains of
PPV. When looking at the cyclic voltammogram in
Figure 1 showing the current response from the first
polymerization cycle during electrochemical polymeri-
zation of PPV, we can observe that also an increase in
the Faradaic current occurs at -1.6 V. In earlier work
by our group, EQCM measurements demonstrated a
mass increase at this potential value.10 Additionally, IR
and Raman bands reported for chemically synthesized
PPV were observed after reaching the potential of -1.6
V during the electrochemical polymerization of PPV.18,19

If lower concentrations of monomer 1 are used it is
possible to distinguish between the different absorbance
peaks observed in Figure 7. In this case, the UV-vis
method must be fast enough in order to observe fast
reacting intermediates at low concentration. Therefore,
a spectroelectrochemical UV-vis cell based on a litho-

graphic galvanic (LIGA) structure as working electrode
in a capillary slit was used.16 The light beam passes
through the hexagonal holes of the LIGA electrode,
which allows the combination of electrochemical inves-
tigations with spectroscopy. The fast response time of
the LIGA cell permits the study of fast chemical follow-
up reactions so that even intermediates with a short
lifetime can be detected. The UV-vis spectra recorded
at different times after application of a constant poten-
tial of -1.0 V for 2 s to the LIGA cell containing 6 mM
of monomer 1 is shown in Figure 8. The arrows indicate
the direction of the absorbance change.

As can be seen in Figure 8 a decrease in absorbance
with time was obtained at 298, 316, and 328 nm, while
at 342, 366, and 387 nm an increase in the absorbance
was observed. The interplay between gradual decreasing
and increasing intensities of the UV-vis peaks at open
circuit after applied potential indicates that there are
intermediates present that in turn are involved in
further reactions leading to formation of PPV oligomer
chains. The increase in absorbance is directly dependent
on the concentration of the monomer material (see inset
in Figure 8). No absorbance response was detected in
the wavelength range 200-500 nm when using mono-
mer-free solutions, indicating that the peaks seen in
Figure 8 result from intermediates formed during
reduction of monomer 1. In the LIGA cell the peaks
responsible for the broad absorbance shoulder ranging
from 364 to 440 nm in Figure 7 could be distinguished
(seen at 342, 366, and 387 nm). For the biradical form
of C, bands at 365, 389, and 418 nm have been
reported.30 These bands coincide nicely with the bands
observed in the LIGA cell and confirms the presence of
the biradical form of the intermediate p-xylylene (C)
when monomer 1 is reduced. The obtained ESR signal
can also be due to this biradical formation.

The absorbance, as a function of time recorded at
wavelengths of 328 and 387 nm after application of -1.0
V for 2 s to the LIGA cell is shown as an inset in Figure
8. From the inset, it can clearly be observed that the
concentration of monomer 1 has an influence on the
amount of both intermediate (328 nm) and oligomer
material (387 nm) produced. For the band at 328 nm, a
tendency toward upward curvature can be observed

Figure 7. UV-vis spectra recorded during a potential scan
between 0 and -2.3 V in 0.05 M monomer 1 in 0.1 M (TEA)-
BF4 (DMF). 50 mV/s was used as the scan rate. The ESR signal
obtained at -2.3 V is also shown.

Figure 8. UV-vis spectra recorded after application of a
constant potential of -1.0 V to the LIGA cell (2 s) containing
6 mM monomer 1 in 0.1 M (TEA)BF4 (DMF). In the inset, the
chronoapsortometric curves obtained during the relaxation
step following the application of -1.0 V for 2 s to the LIGA
cell are shown. Solutions containing 2, 4, or 6 mM monomer 1
in 0.1 M (TEA)BF4 (DMF) were used in the experiments.
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after 18 s when the concentration of monomer material
was increased. This is due to the growth of a new peak
at 342 nm, which will shift the baseline for the peak at
328 nm as well. This can be seen clearly in Figure 8.

When the temperature in the UV-vis-ESR experi-
ments was decreased to -10 °C or when the LIGA cell
was used, a much lower negative potential was needed
(-1.3 and -1.0 V, respectively) to produce the same
kind of UV-vis response as in Figure 7 (-2.3 V). The
first UV-vis response, ranging from 300 to 330 nm, was
however in all experiments, regardless of temperature
or cell design, always obtained after reaching a potential
of -0.6 V. Temperature does not, thus, strongly influ-
ence the first one-electron reduction process of monomer
1. However, the shift in the reduction potential for the
other reactions shows that lowering the temperature
raises the efficiency of deposition, probably owing to a
decrease in the solubility of the soluble oligomers. The
larger surface area of the electrode and the geometry
of the LIGA cell, which causes trapping of intermediates
and prevents the diffusion of species before the critical
chain length required for precipitation is reached, can
be a reason for observing the shift of the reduction
potential.

4. Conclusions
The RRDE and the in situ UV-vis-ESR techniques

were applied to study the electropolymerization of PPV
by reduction of monomer 1. From the RRDE experi-
ments a Br- oxidation at +1.2 V was observed at the
ring electrode. The observed dependence of the oxidation
current of Br- on the negative potential used for
reduction of monomer 1, the results obtained from the
collection experiments, and the Levich-Koutecky plot
lead to the conclusion that splitting of bromine from
monomer 1 occurs in two steps. In the first reduction
step, two bromide ions were removed. The UV-vis
spectra confirmed the presence of brominated quin-
odimethane as an intermediate after the first reduction
step. Upon further reduction (beyond -1.6 V), PPV
oligomer chains were formed which precipitated at the
electrode surface, giving an UV-vis response from 360
to 440 nm. This response was found to depend on the
concentration of monomer 1. The UV-vis response for
the intermediate products formed when reducing mono-
mer 1 was found to depend on the temperature and cell
design. The same absorbance curves were obtained at
-2.3 V at room-temperature conditions as at -1.3 V
when the temperature was decreased to -10 °C. A UV-
vis response similar to that observed at -2.3 V could
be observed already at -1.0 V by using a lithographic
galvanic microstructured metal foil (LIGA) as the work-
ing electrode in a special UV-vis cell.
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