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ABSTRACT: Polycarbazole powders obtained by electrochemical oxidation of carbazole
thin films or of carbazole in solution in the electrolyte have been post-doped with iodine
and characterized by room temperature electrical conductivity, X-ray photoelectron
spectroscopy (XPS), and electron spin resonance (ESR). Similar results are obtained
with polymers saturated with iodine at room temperature after 6 weeks and with
polymers doped at 383 K for 24 h. The polymers obtained from carbazole thin films have
a higher electrical conductivity (s ; 1024 V21 cm21) and a higher spin density (9.9 1021

spins mol21 g21), which corresponds to 71 atom % of ionic iodine. The polymer radicals
are located on the nitrogen, and the percentage of N1 is 40 atom %. The electrical
conductivity of the polymers obtained from carbazole in solution in the electrolyte is two
order of magnitude smaller. The percentage of N1 is only 25 atom % with an ionic iodine
percentage of 13 atom %. So, the most important parameter is not the iodine percentage
introduced after doping into the polymers but the percentage of ionic iodine present in
the polymers. The differences that are put in evidence can be explained by a better
polymerization efficiency of the carbazole when it is deposited on thin film form by
vacuum evaporation before electrochemical oxydation. © 1999 John Wiley & Sons, Inc. J
Appl Polym Sci 71: 115–124, 1999

Key words: polyarbazole; photoelectron spectroscopy; electron spin resonance; iodine
doping

INTRODUCTION

Polymers based on heterocyclic units can be used
as semiconducting or conducting materials. Usu-
ally, to obtain conductive polymers, the dopant is
provided by a chemical or electrochemical pro-
cess. However, these doped polymers are often

instable in air. Polymers having noncarbon ele-
ments in the chain have been found to provide
more stable properties.1 Polyaniline,2 polythio-
phene,3 and polypyrrole4 have been extensively
studied, but only few works have been devoted to
polycarbazole.5–11

The electrical conductivity of polycarbazole has
been yet found quite smaller than that obtained
with the more classical conductive polymers.11

Therefore, in the present work, the properties of
polycarbazole obtained by electrochemistry and
post-doped by iodine have been studied in order to
improve its conductivity. Experimental results of
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the electrical conductivity measurements are in-
terpreted with the help of X-ray photoelectron
spectroscopy (XPS) and electron spin resonance
(ESR) studies.

EXPERIMENTAL

The following 2 kinds of samples have been stud-
ied: polycarbazole obtained by electrochemical ox-
idation of carbazole monomers in solution in the
electrolyte [referenced as PCZS(I) in the following
text]; polycarbazole obtained by electrochemical
oxidation of carbazole deposited by evaporation
on the SnO2 electrode [referenced as PCZS(II)].

The carbazole monomer was provided by Al-
drich with a purity of 99%. For PCZS(II) samples,
the thin films of carbazole were obtained by clas-
sical thermal evaporation of powder from a mo-
lybdenum boat under a vacuum better than 1024

Pa. The evaporation boat has a special configura-
tion with 2 superposed multiholed covers in order
to avoid the powder calefaction. The evaporation
rate (3 nm s21) and the film thicknesses were
measured in situ by the vibrating quartz method.
Thickness was also checked by a mechanical sty-
lus profilometer.

For electrochemical oxidation, a 3-electrode,
1-compartment cell has been used. The 3 elec-
trodes were a SnO2-coated glass, a platinum
counter-electrode, and a saturated calomel elec-
trode (SCE) with respect to which all the poten-
tials were measured. The electrolytes used were
similar in each case.

It must be noticed that the second technique
needs only a very small quantity of monomer, and
the contamination of the electrolyte solution dur-

ing polymerization by the oligomers is quite
small. The solution used for the electrochemical
polymerization of the thin evaporated films was
acetonitrile and water, in the volume ratio 1/2,
containing 0.1M tetraethylammonium perchlor-
ate as electrolyte. The oxidation of the films on
the SnO2-coated substrate was carried out by ap-
plying a constant dc voltage of 2.5 V between the
SnO2 electrode and the reference electrode.

The charge density was monitored with a po-
tentiostat PGP20. PCZS(I) polycarbazole films
were obtained from the same solution than above
but containing 0.1M of carbazole.

After polymerization, the films were first
washed with distilled water, dried for 24 h at
room temperature, and then scratched from the
substrate and grinded before post-doping.

The polycarbazole was post-doped with iodine
according to the method of Gutierrez et al..12 The
polymer was placed at room temperature under
vacuum with iodine in a separate glass cup.

Periodically, samples were removed, weighed,
and returned to the bell until no more iodure was
taken up. Moreover, some powder was sometimes
taken out to check the evolution of the electrical
conductivity. It has been shown that the conduc-
tivity stabilizes only after 2 months (Table I),
when no more iodine was taken up.

In order to reduce this time, some samples
have been heated during doping. For annealing
treatment, the powder was introduced with a
small amount of iodine (; 1 mg) in a vacuum-
sealed Pyrex tube, and the powders were an-
nealed in an oven for 24 h. The optimum temper-
ature has been found to be 383 K; for higher
temperatures, there is partial decomposition of

Table I Evolution of the Room Temperature Conductivity with Iodine Doping Time

Sample

Conductivity (V21 cm21)

Before Iodine
Doping

After 2 Weeks of
Iodine Doping

After 2 Months
of Iodine Doping

After Annealing
for 24 h at 383 K
of Iodine Doping

Sample obtained
from carbazole
diluted in the
electrolyte 2.5 10212 2.5 1029 4.5 1026 5 1026

Sample obtained
from carbazole
thin films 2 10211 2 1027 1.5 1024 1.5 1024
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the polymer, as shown by infrared (IR) absorption
measurements.

PCZS(I) and PCZS(II) polymers have been
characterized by XPS, ESR, conductivity mea-
surements, and also, as previously said, checked
by IR absorption measurements.

Infrared spectra were obtained by the KBr disk
method (pressed pelled of KBr mixed with a small
amount of polymer) using a Fourier transform
infrared (FTIR) spectrometer. Band positions are
expressed in wave numbers (cm21).

XPS measurements were carried out with a
Leybold LHS.12 apparatus (University of Nantes,
CNRS) using a magnesium source radiation
(1253.6 eV) operating at 10 KV and 10 mA, and
the pass energy was set at 50 eV. High-resolution
scans with a good signal ratio were obtained in
the C1s, N1s, Fe2p, Cl2p, and I3d regions of the
spectrum. The quantitative analysis was based on
the determination of the C1s, N1s, Cl2p, and I3d
peak areas with 0.2, 0.36, 0.58, and 6.4 as sensi-
tivity factors, respectively (the sensitivity factors
of the spectrometer are given by the manufac-
turer). The vacuum in the analysis chamber was
about 1026 Pa. All the spectra were recorded un-
der identical conditions.

To check the evolution of the composition in the
bulk (more particularly, the iodine content), suc-
cessive XPS spectra were recorded after argon
etching for short periods. Sputtering was per-
formed at pressures lower than 5 3 1024 Pa, with
a 10-mA emission current and a 3-KV beam en-
ergy using an ion gun. The Ar ion beam could be
rastered over the whole sample surface. Before
sputtering the pressure was below 5 1027 Pa.

Electron spin resonance (ESR) experiments were
performed at ambient temperature on a Bruker ER
200D spectrometer operating at the X band. Spin
density Ns was estimated using an ESR comparison
technique. The minimal sensitivity of the detector is
about 1015 spins cm23 mol21.

Conductivity measurements were performed
on pressed polymer pellets with the help of an
electrometer.

EXPERIMENTAL RESULTS

It can be seen in Table I that the highest electrical
conductivity values of the samples doped at room
temperature can be obtained more rapidly by using
annealing during iodine doping. Similar results are
also obtained for other measurements (XPS, ESR,
and IR absorption), which means that the satura-

tion of the iodine doping is achieved. Some attempts
to improve the doping efficiency by increasing the
doping temperature (T $ 120°C) and the iodine
pressure have failed; the IR spectra, which are very
different from those of polycarbazole, show that the
polymers were destroyed.

XPS Measurements

Results of the quantitative analysis are reported
in Table II. The evolution of the relative concen-
trations C, N, Cl, I, and O atoms has been studied
as a function of the doping process. All the peaks
have been decomposed, and the results are re-
ported Table II and Figures 1 to 5.

First, it can be seen that there is some contam-
ination of the polymer with oxygen just after the
electrochemical synthesis. The chlorine concen-
tration is higher in the samples obtained from
carbazole diluted in the electrolyte. After iodine
doping, there is some increase of the surface con-
tamination, and chlorine cannot be detected any
more in PCZS(I) samples.

The N1s signal is slightly attenuated by the
surface contamination. The post-doping process
appears to be quite efficient since at the end of the
reaction there is about 3 to 7 atom % of iodine.
The atomic percentage of iodine is the same be-
fore and after a surface etching of 1 min.

Qualitatively, it can be seen in Figure 1 that if
the iodine quantity present in the polymer is
nearly the same in PCZS(I) and (II), the localiza-
tion of the iodine doublets is quite different,
which shows that the iodines are not chemically
equivalent in the 2 kinds of samples.

Table II XPS Quantitative Analysis

Sample

Atomic %

C N Cl I O

After electrochemical synthesis:

PCZS(I) 82 5 5 8
PCZS(II) 88 5 2 5

After iodine doping (2 months at 300 K):

PCZS(I) 80 3 3 14
PCZS(II) 77 3 3 7 10

After iodine doping (24 h at 383 K):

PCZS(I) 78 2.5 5.5 14
PCZS(II) 75 4 1.5 6.5 13
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Before iodine doping, the C1s signal can be
modelized with the help of 3 components. The
first one is attributed to the hydrocarbon bonds
with a binding energy of 285 eV. The second one
with a binding energy of about 286 eV can be
assigned to CON bonds. However, its relative
atomic percentage is highest than the theoretical
value (7.7 atom %), and the experimental value
may correspond to COOOH bonds due to surface
contamination. The binding energy of the third
component is about 288 eV. This binding energy
domain may correspond to OCAO bonds.

Whereas the N1s peak of the carbazole mono-
mer is symmetrical, the N1s peak of polycarba-
zole located at about 400 eV becomes asymmetric
on its high binding energy side, and it is decom-
posed in 2 contributions. The high binding energy
component is due to positively charged nitrogen
atoms Nd1, and the second one corresponds to the
CON bond of the carbazol units.

At the end of the iodine doping process, the Nd1

contribution has reached values of 40% in the
case of polycarbazole obtained from carbazole
thin films and only 25% in the case of PCZS(I)
samples. The high-energy shoulder is presented
in Fig. 2(a) and (b).

During the iodine doping, there is not only a
broadening of the high-energy tail of the C1s
peak, but the shape of the envelope is also modi-
fied, especially in the case of polycarbazole ob-
tained from monomers diluted in the electrolyte.
The decomposition of this peak is reported Figure
3 and Table III.

It can be seen that 4 contributions are neces-
sary to obtain a theoretical curve well fitted with
the experimental one. Three peaks correspond to
the contributions previously described (COC,

CON, COOOH, and CAO). Because of the bond
tail broadening, it is necessary to introduce a
fourth component with a binding energy of about
289.5 eV. This binding energy domain may corre-
spond to COOR functions.

The second contribution (CON bond), which
has strongly increased after doping, can also cor-
respond to COI bonds. It can be seen that it is the
main contribution in PCZS(I), while it stays
smaller than the COC component in the case of
polymers synthezized from carbazol thin films.

Additional information concerning the oxida-
tion process can be obtained from the O1s peak
[Fig. 4(a) and (b)]. This peak can be systemati-
cally decomposed into 2 components, as follows:
the first one at 532 eV is attributed to CAO but
also to ClO4

2, and the higher energy peak at about
533.5 eV corresponds to COOOH groups. While
before iodine doping, the main contribution (60
atom %) corresponds to the former component,
after iodine doping, the relative intensity of the 2
peaks depends on the electrochemical process.
When carbazole thin films are oxidized, the main

Figure 2 XPS spectra: N1s on (a) PCZS(I) and (b)
PCZS(II) after iodine doping.

Figure 1 XPS iodine spectra: (a) PCZS(I); (b) PC-
ZS(II).
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contribution still corresponds to the CAO/ClO4
2

component, while, in the other case, there is
nearly 70 atom % of COOOH bonds.

Before iodine doping, the decomposition of the
Cl2p peak is not easy in the case of PCZS(I) be-
cause its signal is very small. The decomposition
of the Cl2p peak of the other polymer shows that,
as expected, the main part (70 atom %) of the
chlorine is in the ClO4

2 anion. However, 2 other
Cl2p doublets are also present. The one located at
200 eV corresponds to neutral chlorine, while that
located at 198 eV could be assigned to Cl2.13 After
doping, the highest contamination of the surface
induces a decrease of the Cl2p signal, but the
same decomposition can be proposed.

As described before, the binding energy and the
shape of the envelope of the doublet of the iodine
dopant depends on the polymer (Fig. 5). In the
case of the polycarbazole obtained from thin films,
the binding energy is around 620 eV, and the
peak is skewed towards the high energy side. In
the other case, the binding energy of the I3d peak
is around 622 eV, and it is skewed towards the
small energies.

The decomposition of these peaks in 2 compo-
nents shows that there is 1 contribution located at
about 620 eV, which corresponds to I2 anions,
while the other contribution located at 621.5 eV
can be assigned to neutral iodine. The main in-
formation is that 70 atom % of iodine are ionic in
the case of the polymer obtained from thin films,
while 85% of iodine are neutral in the case of the
other polymer.

ESR Measurements

No ESR signal was observed on the carbazole
powder. After polymerization, a well-resolved
ESR signal is systematically observed.

The ESR spectra of doped samples are shown
in Figures 6(b) and 7(b). Before iodine doping, the
spectra are quite different for PCZS(I) and PC-
ZS(II) [Fig. 6(a) and 7(a)]. The g factor has been
fitted by using the poles method integration.14

The theoretical ESR signal was computed using a
Gaussian or a Lorentzian or a mixture shape. The
polymer obtained from carbazole thin films corre-
sponds to 1 isotropic g with gx 5 gy 5 gz 5 1.9998
and Hpp 5 2.8 G (Table IV). The radicals can be
attributed to the nitrogen of the carbazol units or
to a carbon.

The shape of the signal obtained with PCZS(I)
is more complex. A good accordance between ex-
perimental and theoretical curves can be obtained
only by using 2 isotropic g (Table IV and Fig. 8),
as follows: g1 5 1.9990, DHpp 5 3; and g2 5 2.000
DHpp 5 8.

After iodine doping, only 1 isotropic g is neces-
sary to obtain a good accordance between experi-
mental and theoretical curves. Whatever the
technique of polymerization used, g is slightly
higher than 2 (g 5 2.003), but Hpp is far higher in
the case of polymer obtained from carbazole in
solution (DHpp $ 13) than in the case of the other
polymer (DHpp 5 3). It can be seen in Figure 8
that, systematically, the intensity of the signal
increases after iodine doping.

DISCUSSION

The aim of this work was to compare the proper-
ties of polymers obtained electrochemically either
from monomers diluted in the electrolyte or from
carbazole thin films. When anhydric electrolyte
and/or low oxidation voltage (V # 1.5 V) were
used, no polymer deposition occurs on the Sno2
electrode. At a higher and constant voltage, thick

Figure 3 XPS spectra: C1s on (a) PCZS(I) and (b)
PCZS(II) after iodine doping.
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deposition on the active electrode of polycarbazole
films can be obtained. It has been already shown8

that polycarbazole polymers complexed with
ClO4

2 ions were obtained after electrodeposition.
Although the 2 electrosynthesis techniques de-

scribed above allow growth of polymers insoluble
in chlorobenzene, there are some differences be-
tween the properties of the synthetized polymers,
which are summarized in Table V. It can be seen
that the quality of the polymers obtained from
evapored thin films appears to be higher than
that obtained in the same experimental condi-
tions but from carbazole diluted in the electrolyte.
However, the electrical conductivity of all the
samples is quite poor just after the electrochemi-
cal synthesis. This small value may be attributed
to the electrochemical oxydation conditions.
Therefore, a post-doping by iodine has been car-
ried out. The doping efficiency and the evolution
of the electrical conductivity with the doping time
have been regularly checked.

It can be seen in Table I that a saturation effect
of the iodine doping process occurs after 8 weeks.

In the last column, results correspond to samples
doped only during 24 h, but at a temperature of
383 K. It can be seen that the electrical conduc-
tivity value is similar to that obtained after sat-
uration of the doping at room temperature. In
fact, whatever the measurement technique used

Figure 4 XPS spectra: O1s on (a) PCZS(I) and (b)
PCZS(II) after iodine doping.

Figure 5 XPS spectra: I3d on (a) PCZS(I) and (b)
PCZS(II).

Figure 6 ESR spectra on PCZS(I): (a) before iodine
doping; (b) after iodine doping.
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was, the same results have been systematically
obtained after saturation of the iodine doping pro-
cess at room temperature or after doping at 383 K
for 24 h. This result is in good accordance with the
work of Jenekhe et al.,15 who have shown that
doping polycarbazole in liquid iodine is a very
efficient way to optimize the polymer properties.
An improvement of the doping efficacity has been
tested by using a higher doping temperature, but
there was polymer degradation with iodine attack
of the polymer as shown by IR spectroscopy.

Much information about the properties of the
polymers can be deduced from the evolution of the
XPS spectra after iodine doping.

The more striking difference between the 2
families of polymers concerns the chemical state

of the iodine dopant. If the same atomic percent-
age of iodine is present in all the polymers, 70
atom % is active as dopant in the polymers ob-
tained from carbazole thin films, while only 13
atom % is active is the other polymers. This is in
good accordance with the N1s peak decomposi-
tion.

As there is only a CON contribution in carba-
zole, the N1 present after polymerization is at-
tributed to radical formation, with the g value
measured by ESR being in good agreement with
this hypothesis.

After electrochemical synthesis, the N1 per-
centage is nearly the same (about 15 atom %),
which is in good agreement with the spin density.
It should be noted that in the case of the polymer
obtained from carbazole in solution in the electro-
lyte, there are 2 contributions to the spin density.
As the sum of these contributions is not very
different from the spin density present in the
other polymer, the extension of 1 contribution is
quite large. This corresponds to more localized
carriers, which justify the smaller conductivity of
these polymers (Table V). After iodine doping, the
N1 atomic percentage is 40 in polymers, with 71
atom % of ionic iodine, while it is only 25 atom %
in the other case. This puts in evidence a correla-
tion between the N1 concentration and the I23

percentage. It can be seen in Table IV that the
spin density follows the same evolution.

The efficiency of the iodine doping is correlated
with the C1s peak decomposition. It has been
shown that the energy domain of the COI bonds
is around 286–286.5 eV.13 The second contribu-

Figure 7 ESR spectra on PCZS(II): (a) before iodine
doping; (b) after iodine doping.

Table IV ESR Results

Sample g
DHpp

(G)
Ns

(spins mol21 g21)

After electrochemical synthesis:

PCZS(I)a 1.9990 3 2.7 1020

2.0000 8 2.9 1020

PCZS(1I)b 1.9998 2.8 7.2. 1020

After iodine doping (2 months at 300K):

PCZS(I) 2.0030 13 3.4 1021

PCZS(1I) 2.0020 11 8.4 1021

After iodine doping (24 h at 838 K):

PCZS(I) 2.0070 15.7 1.6 1021

PCZS(1I) 2.0030 3 9.7 1021

a PCZS(I) was obtained from carbazole diluted in the elec-
trolyte.

b PCZS(II) was obtained from carbazole thin films.

Figure 8 ESR spectra on PCZS(I): experimental and
theoretical curves before iodine doping.
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tion of the C1s peak can be attributed not only to
CON and COOOH bonds but also to COI. This
is in good agreement with the large increase of
this contribution in the case of the polymers in
which about 85% of iodine is covalent. In the
other case, in which only 29 atom % of iodine is
covalent, the increase of the contribution is not so
large. It has already shown16 that during doping
polymer with iodine, not only the donor–acceptor
action between polymer and iodine is important,
but also the linking with iodine in polymer chains
in the disordered regions of the polymer. This
corroborates the higher density of COI bonds in
PCZS(I), which are the most disordered polymers.

It should be noted that, as shown by quantita-
tive analysis, the atomic percentage of oxygen has
increased after doping and, probably, the
COOOH contribution has also increased. This is
corroborated by the O1s peak decomposition. In
the case of the polymer obtained from carbazole
diluted in the electrolyte, the main contribution of
the O1s peak corresponds to the COOOH bonds.
Therefore, the increase of this contribution with
doping and the new COI bonds justify that the
second component of the C1s peak becomes the
main contribution in these polymers. In the case
of the other polymers, the main component of the
O1s peak should be attributed to the other con-
tribution. However, since absolute intensity of the
CAO and COOR components are not very differ-
ent in the 2 polymers, the main part of this con-
tribution should be attributed to adsorbed oxy-
gen, the polymers being kept in room atmosphere.

Electrical conductivity, ESR, and XPS mea-
surements lead to the following comments. First,
the iodine doping efficiency is better in the case of
the polymer obtained from carbazole thin films.
This result is a confirmation of an earlier study

(Table V),11 in which it has been shown that the
polymerization efficiency of these polymers was
better than that of the other polymer obtained
from carbazole in solution in the electrolyte. The
better polymerization induces longer chain for-
mation, which facilitates the formation of the
complex salt iodine–polymer. In the case of the
polymers obtained from carbazole in solution, the
chain length domain is very broad with a large
concentration of small chain lengths where carri-
ers are localized. Therefore, not only the radical
concentration will be smaller, but the chain ends
concentration is quite large, which facilitates the
COI, the COOOH, and, also, the CAO chain,
terminating group formation.13 The presence of
only 1 g after doping of the polymers obtained
from carbazole diluted in the solution should cor-
respond to the reaction of quite localized radicals
with iodine, which induces COI bonds formation.

CONCLUSION

It has been shown that iodine doping of electro-
chemically synthetized polycarbazoles increases
the electrical conductivity. There is a correlation
between conductivity, ESR, and XPS results. The
main parameter to increase the conductivity is
not the percentage of iodine present in the poly-
mer after doping but the percentage of ionic io-
dine.

It is shown that iodine ionic percentage is far
higher in the case of the polymer synthesized
from carbazole thin films. This fact is explained
by the longer chains of this polymer. All the re-
sults confirm that the efficiency of polymerization
is higher when the polymer is obtained from car-

Table V Main Differences Between the Properties of Electrochemically Polymerized Polycarbazole

Measurement

Sample Obtained from
Carbazole Monomere

Diluted in the Electrolyte

Sample Obtained from Carbazole
Deposited by Evaporation on the

SnO2 Electrode

Thermal gravimetric Analysis
weight loss at 573 K (%) 20% 15%

XPS: Chlorine relative
percentage 5% 2%

Spin density obtained by ESR
(spins mol21 g21) 2.71020 7.2 1020

Room Temperature
Conductivity (V21 cm21) 2.510212 2 10211
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bazole thin films than when it is obtained from
carbazole in solution in the electrolyte.
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