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Abstract

FTIR spectroscopy was employed to investigate high molecular weight substances formed on a platinum electrode
surface during the electrochemical oxidation of phenol and its chlorinated derivatives. Potentiodynamic (potential
range from �0.80 V to 0.85 V vs SHE; scan rate 200 mV s�1) and potentiostatic (at 0.78 V vs SHE) electro-
polymerization was used in alkaline solutions (1 M NaOH) containing 0.1 M of phenol, monochlorophenols,
dichlorophenols, trichlorophenols and pentachlorophenol. The IR spectra of the corresponding monomers
were recorded for the comparison. The FTIR spectroscopy studies revealed that the polymers formed under
potentiodynamic and potentiostatic conditions are of aromatic nature (–C@C– stretching vibrations at 1450–
1600 cm�1), they have ether-linkages (@CAOAC@ stretching vibrations at 1100–1300 cm�1) and quinone groups
(–C@O stretching vibrations at 1630–1800 cm�1 and –CAH out-of-plane bending at 760 cm�1). The intensities of
the hydroxyl group bands in most of the polymers are rather weak compared to those in the corresponding
monomers. Vibrations at 2850–2960 cm�1, which are present in most of the IR spectra of polymers formed under
cyclic voltammetry conditions, correspond to the stretching vibrations of the sp3 hybridized CAH bond and suggest
that the cleavage of the benzene ring occurs to some extent during electrooxidation–electropolymerization of phenol
and its chlorinated derivatives when reaching the potential of oxygen evolution (0.85 V vs SHE).

1. Introduction

It is commonly known that the electrooxidation of
phenol and its derivatives generates phenoxy radicals on
the electrode surface, which can be further oxidized or
react with each other forming either ether- and quinone-
type oligomeric or polymeric compounds [1–14]. The
compounds of a high molecular mass rapidly deactivate
the electrode and further oxidation slows down. The
specific features of these polymeric tars are their low
permeability and strong adhesion to the electrode [1, 4].
For characterization of these polymeric compounds
spectroscopic methods are very useful, particularly
Fourier transformed infrared (FTIR) spectroscopy.

Using infrared spectroscopy Dubois et al. found that
poly-phenolic compounds produced in hydroalcoholic
solutions have an excellent adherence to the metal
surface, homogenity, hydrophobicity and stability [7, 15,
16]. Gatrell and Kirk used FTIR spectroscopy to
analyse samples of polymers produced in acidic medium
during electrooxidation of phenol. The authors found
that the polymer contains a mixture of mostly directly
linked phenol rings with some ether-linked rings [1, 2].
Glarum et al. [14], using several phenol derivatives, that
is, 2,6-dimethylphenol (DMP), 2,4,6-trimethylphenol

(TMP) and 4-t-butylphenol (TBP), obtained polymeric
films on a rotating disk and platinum sheet electrodes in
the NaOH medium. For the film derived from DMP the
IR spectra confirmed a head-to-tail coupled structure
[14].

The electropolymerization of phenolic compounds
mainly occurs via the ortho and para positions and
1,2,4-, 1,2,6- and 1,2,4,6-polyphenol derivatives are
formed [1–3, 5, 7, 8, 14]. However, in the case of 4-
tertbutylphenol and 2,6-dimethylphenol, the favoured
ring-ring coupling is prevented due to a steric hindrance
caused by bulky tertbutyl and two methyl groups on one
aromatic ring and the oxygen of the other. Therefore, a
planar coupling predominates and high molecular weight
ether-linked polymers are formed [2, 14]. The exceptions
from the general polymerization routes are phenol
derivatives with 2-, 4- and 6- positions occupied by
groups or atoms other than hydrogen. 2,4,6-trimethyl-
phenol (TMP) is one such derivative. It was reported that
analogous radicals, as in the case of 2,6-dimethyl- and 4-
tertbutylphenols, are formed in the course of TMP
polymerization. These radicals are unstable and can
isomerize to a quinone-methide intermediate by the loss
of the hydrogen atom or to a hydroxybenzyl radical [14].
The polymeric product represents a dimeric analogue of
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polybenzyl ether with the aromatic groups coupled
through the –CH2AO– links. Such a polymer could
result from a quinone-methide addition to the phenoxide
group terminating a polymer chain [14]. Polymerization
does not occur when the 2-, 4- and 6- positions are
occupied by bulky substituents. It was reported that 4-
bromo-2,6-di-t-butylphenol and pentabromophenol can-
not be oxidatively polymerized [17].

In the case of some chlorinated phenols, for example,
pentachlorophenol, electropolymerization proceeds through
the electrochemically generated radical-substrate cou-
pling followed by elimination of the chloride ion [8]:

C6Cl5O
� þ C6Cl5O

� ! ½C6Cl5OC6Cl5O��� ð1Þ

½C6Cl5OC6Cl5O��� ! C6Cl5OC6Cl4O
� þ Cl� ð2Þ

In previous work we studied a Pt electrode fouling in
alkaline solutions of chlorophenols by means of cyclic
voltammetry [18] and the electropolymerization kinetics
by means of EQCM [19]. It was shown that the electrode
passivation is due to electropolymerization of chloro-
phenols and the fouling rate (decay in the anodic current
during repetitive cycling over a potential range between
hydrogen and oxygen evolution) is the highest for the
para-substituted monomers [18, 19]. The monomer
coupling through the ether links and dechlorination
from the active ortho and para positions was assumed to
occur according to the EQCM data [19]. The present
work is aimed at FTIR spectroscopy studies of the
electrooxidation–electropolymerization products for
phenol and its chlorinated derivatives in alkaline medi-
um on Pt in order to characterize qualitatively the high
molecular weight substances formed on the electrode
surface under the potentiodynamic and potentiostatic
conditions applied in [18, 19].

2. Experimental details

A potentiostat PI-50-1 and a function generator PR-8
(Russia) were used to conduct the electrochemical
measurements. Two digital voltmeters V7-43 (Russia)
were connected to an IBM-PC through the IEEE-488
interface for the current–voltage data acquisition. A
working Vinkler (Pt net-sheet) electrode (6 cm · 6 cm,
real surface area 1736 cm2), a Pt foil counter electrode
(geometric area 2 cm2) and an Ag/AgCl/KClsat. refer-
ence electrode (all potentials are referred to the standard
hydrogen electrode (SHE)) were used for electrochem-
ical measurements. A three-electrode electrochemical
cell (	60 ml volume) was used for the measurements.
The real surface area of the polycrystalline Pt electrode
was found from the hydrogen monolayer adsorption
charge on platinum in 0.5 M H2SO4 solution [20, 21].
The potential sweep rate in the potentiodynamic exper-
iments was 200 mV s�1. The range of the potential scan
was from �0.80 to 0.85 V vs SHE. Typically up to five
cycles in this potential region were applied for the

potentiodynamic electropolymerization (except 20 cycles
for pentachlorophenol due to low electropolymerization
rate). The potentiostatic electropolymerization experi-
ments were performed at 0.78 V vs SHE for 15 h.

The electrochemical experiments were performed in
1 M NaOH solution containing 0.1 M of phenol or
chlorophenols (from Aldrich, Riedel-de Häen, Fluka) at
20 ± 1 �C. Ar gas was bubbled through the solutions
during the measurements to remove oxygen. All the
solutions were prepared using triply distilled water.
Chemicals of pure and analytical grade were used.

The polymeric deposits formed on the electrode
surface under potentiodynamic or potentiostatic condi-
tions were rinsed with distilled water, immersed in 1 M

NaOH solution to remove residues of the monomers,
then again washed with water and finally dried in argon.
The polymers were dissolved in 15 ml of chloroform.
The solutions obtained were then concentrated to 10 ll,
pipetted onto KBr discs, chloroform was evaporated
and dry residues were analysed with a FTIR spectro-
meter BOMEM Michelson (ABB Bomem, USA) using
10 scans at 4 cm�1 resolution. A background subtrac-
tion was used to compensate the peaks caused by the
CO2, H2O vapour and KBr absorbance.

3. Results and discussion

A Pt electrode of large surface area was used for
oxidative potentiodynamic and potentiostatic electro-
chemical electropolymerization in order to collect a
sufficient amount of the polymeric compounds. The IR
spectra of the corresponding monomers were recorded
to compare their characteristic vibrations with the IR
spectra of the polymers formed during potentiodynamic
and potentiostatic electropolymerization. The IR vibra-
tions for the characteristic groups of the high molecular
weight substances formed during eletropolymerization
of phenol, monochlorophenols, dichlorophenols, 2,3,6-,
2,4,5-, 2,4,6-trichlorophenols and pentachlorophenol,
and those of the corresponding monomers are presented
in Tables 1–3. The IR spectra of the monomers and
corresponding polymers, electrodeposited under poten-
tiodynamic and potentiostatic conditions, are shown in
Figures 1–4 (the CV and EQCM data for electropoly-
merization of corresponding phenols on Pt are reported
elsewhere [18, 19]).

The comparison of the IR spectra of the monomers
with the spectra of the corresponding polymers show
several differences which may be referred to as the
disappearance of the certain bands and an appearance
of the new ones in the spectra (Figures 1–4). For
instance, the bands in the range of 3200–3600 cm�1

(Tables 1–3) are present in the IR spectra of all
monomers (Figures 1(a)–4(a)) while analogous bands
in the spectra of the polymers are weak or entirely
absent (Figures 1(b,c)–4(b,c)). One more difference
between the IR spectra of the monomer and the
corresponding polymer is an appearance of the bands
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in the region 2850–2960 cm�1 (Tables 1–3) in the IR
spectra of most of the polymers (Figures 1(b,c)–4(b,c))
while these vibrations are completely absent in the
spectra of the monomers (Figures 1(a)–4(a)). Another
characteristic feature of the IR spectra of the polymers
are vibrations at 1630–1800 cm�1 (Figures 1(b,c)–4(b,c)
and Tables 1–3) which are not present in the monomer
IR spectra (Figures 1(a)–4(a)). Furthermore, the IR
spectra of the polymeric compounds exhibit a more or
less sloped baseline for most of the samples (Figures
1(b,c)–4(b,c)). Such a sloped baseline in the spectra is
probably due to small crystalline regions of various sizes
in the sample, which scatter the infrared light to different
degrees depending on the wavelength. The appearance
of small crystalline regions of various sizes could be due
to the presence of a variety of oligomers and polymers.
The IR spectra of the polymers produced by electro-
oxidation under potentiodynamic (Figures 1(b)–4(b))
and potentiostatic (Figures 1(c)–4(c)) conditions share
almost the same characteristic vibrations. However,
some differences also can be seen in the intensities of
some vibrations. The most prominent difference is
rather intense bands at 2850–2960 cm�1 in the IR
spectra of polymers produced under CV oxidation
conditions (Figures 1(b)–4(b)) compared to the corre-
sponding vibrations in the IR spectra of polymers
deposited potentiostatically (Figures 1(c)–4(c)). The
latter vibrations are weak for most of the polymers
deposited under potentiostatic conditions or are entirely
absent (Figures 1(c)–4(c)).

The substitution pattern in the IR spectra of the
monomers (Figures 1(a)–4(a)) could be easily distin-
guished by the out-of-plane bending vibrations of the
benzene ring CAH bond which are seen in the region
of 680–900 cm�1 [4, 22]. However, in most cases it is
difficult to conclude concerning the substitution pattern
of the corresponding polymers from the CAH bending
vibrations since the bands in this region are weak and
some polymeric compounds show a more or less sloped
base line even after background subtraction (Figures
1(b,c)–4(b,c)). Moreover, vibrations characteristic of
quinone-type compounds (@CAH bending) occur in the
same region, and the presence of such compounds is
supported by a stretching frequency of the C@O group
at 1630–1800 cm�1. Therefore, vibrations in the region
of 680–900 cm�1 could be equally attributed to the
benzene ring CAH bending as well as to quinone
@CAH bending in the mixtures of polymers formed.

Broad bands at 1100–1300 cm�1 (Tables 1–3) in the
IR spectra of the polymers (Figures 1(b,c)–4(b,c)) are
characteristic of an oxygen attached to an aromatic ring
and can be attributed to @CAOAC@ stretching vibra-
tions [2, 4, 22] (taking into account the lack of an OAH
vibration at 3200–3600 cm�1). This suggests that during
electropolymerization ether-linked polymers are formed.
The presence of carbonyl group vibrations (1630–1800
cm�1) along with @CAH frequencies (	760 cm�1)
(Tables 1–3) in most of the polymers formed indicates
that coupling through the CAC links also occurs, withT
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the formation of corresponding diols and their further
oxidation to quinone-type compounds. Several ill-de-
fined bands at 1450–1600 cm�1 (Tables 1–3) in the IR
spectra of the polymers (Figures 1(b,c)–4(b,c)) confirm
the aromatic nature of the high molecular weight
substances formed.

The bands at 2855, 2925 and 2958 cm�1 are due to sp3

hybridized carbon CAH stretching vibrations [23, 24].
However, these bands in the polymers derived from the
phenolic compounds (phenol [2, 4] and o,o0-biphenol [2])
during electropolymerization are associated with the
quinone-type CAH stretching [2] or with analogous
vibrations of multisubstituted benzene [4]. The presence
of these vibrations in the IR spectra of most of the
polymers formed could be explained by the cleavage of
the benzene or quinone ring and further addition of OH•

and HO�
2 species to the cleaved structures. These radicals

could be generated on the electrode surface reaching the
potential of significant oxygen evolution (0.85 V vs
SHE). This assumption is confirmed by the comparison
of the IR spectra for the polymers formed underT
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Fig. 1. FTIR spectra of phenol, 2-chlorophenol, 3-chlorophenol, 4-

chlorophenol monomers (a) and the polymers (b, c), deposited on Pt

net-sheet electrode under CV conditions (from �0.8 to 0.85 V vs

(SHE) (b) and during potentiostatic electrolysis (0.78 V vs SHE, 15 h)

(c).
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potentiostatic (Figures 1(c)–4(c)) and potentiodynamic
conditions (Figures 1(b)–4(b)). The intensities of the
bands at 2850–2960 cm�1 in the IR spectra for the
polymers formed under potentiodynamic conditions are
more intense compared to those for the potentiostati-
cally deposited high molecular weight substances. These
differences can be explained by the higher concentration
of oxidants (OH• and HO�

2) at the electrode surface
under potentiodynamic conditions when reaching oxy-
gen evolution (0.85 V vs SHE) compared to the poten-
tiostatic electrolysis at 0.78 V vs SHE. Vibrations in the
range 3200–3600 cm�1 (Tables 1–3) in the IR spectra for
most of the polymers correspond to weak OAH group
stretching. The intensities of hydroxyl groups in the
polymers (Figures 1(b,c)–4(b,c)) are rather less intense
than those in the corresponding monomers (Figures
1(a)–4(a)) or are totally absent. This may be explained
by the formation of high molecular weight substances
through polymerization via the hydroxyl group and
consequent formation of ether, diol and quinone struc-
tures. As a result polymeric species are formed with
much more benzene rings per hydroxyl group (com-

pared to the corresponding monomer, containing one
hydroxyl group per benzene unit).

Vibrations of mild intensities at 1000–1100 cm�1 in
the IR spectra of chlorinated phenol monomers corre-
spond to CACl stretching (Figures 1(a)–4(a)) [25]. The
wavelength number of these one or two sharp bands
varies depending on the chlorination degree and the
isomerism of each chlorinated phenol [25]. These vibra-
tions may also be expected in the IR spectra of the
corresponding polymer (Figures 1(b,c)–4(b,c)) by anal-
ogy to the monomer spectra. However, this frequency
region (1000–1100 cm�1) is characteristic for the ‘fin-
gerprints’ of each individual compound and is rarely
used for a common qualitative analysis. Moreover, the
bands at 1000–1100 cm�1 are even less intense due to
the slope of the baseline in the IR spectra for most of the
polymers (Figures 1(b,c)–4(b,c)). The presence of CACl
bonds in the IR spectra could be additionally confirmed
by the shift of the carbonyl group vibrations to
1800 cm�1 (due to the negative inductive effect of
chlorine atoms) (Figures 1(b,c)–4(b,c)). Such a shift is
not characteristic for the IR spectra of polyphenol

Fig. 2. FTIR spectra of 2,3-dichlorophenol, 2,4-dichlorophenol, 2,5-

dichlorophenol monomers (a) and the polymers (b, c), deposited on Pt

net-sheet electrode under CV conditions (from �0.8 to 0.85 V vs SHE)

(b) and during potentiostatic electrolysis (0.78 V vs SHE, 15 h) (c).

Fig. 3. FTIR spectra of 2,6-dichlorophenol, 3,4-dichlorophenol, 3,5-

dichlorophenol monomers (a) and the polymers (b, c), deposited on Pt

net-sheet electrode under CV conditions (from �0.8 to 0.85 V vs SHE)

(b) and during potentiostatic electrolysis (0.78 V vs SHE, 15 h) (c).
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(Figure 1(b,c)). Therefore, it may be concluded that the
cleavage of the C—Cl bond during the electropolymer-
ization of chlorinated phenols occurs only to some
extent or not at all.

The FTIR analyses of the polymeric substances
formed from phenol and chlorinated phenols: mono-
chlorophenols, dichlorophenols, 2,3,6-, 2,4,5-, 2,4,6-
trichlorophenols and pentachlorophenol on the surface
of Pt electrode under potentiostatic conditions prior to
significant oxygen evolution (0.78 V vs SHE) and under
CV conditions (�0.8 to 0.85 V) show common features
(Tables 1–3 and Figures 1–4), which can be summarized
as follows:
(i) The polymeric species formed have aromatic nature

and are of ether–quinone origin. The presence of
the ether links is confirmed by the stretching vi-
brations (1100 to 1300 cm�1) of the @CAOAC@
group in combination with the absence of vibra-
tions corresponding to OAH stretch (3200–
3700 cm�1) in most cases. The presence of the
carbonyl group (C@O) is confirmed by the
stretching vibrations at (1630 to 1800 cm�1). Out-

of-plane vibrations of @CAH structures at
760 cm�1, which are not characteristic of the IR
spectra of corresponding monomers, indicate that
during the electropolymerization of phenols qui-
none-type structures are formed. The aromatic
nature of the polymers is evident from the stretch-
ing vibrations at 1450 to 1600 cm�1 (3–4 bands).
Vibrations at 3200 to 3600 cm�1 in the IR spectra
for most of the polymers correspond to a weak
OAH group stretching. The hydroxyl group bands
in the polymers are rather less intense compared to
those in the corresponding monomers, suggesting a
moderate degree of polymerization during elect-
rooxidation of the phenols studied.

(ii) Vibrations at 2850–2960 cm�1, which are present in
most of the IR spectra of the polymers formed,
correspond to stretching vibrations of the sp3 hy-
bridized carbon CAH bond. These vibrations are
absent in the IR spectra of the monomers. The
appearance of these bands indicates that during the
electrooxidation–electropolymerization of phenol
and its chlorinated derivatives a cleavage of the
benzene ring (most probably the cleavage of the
quinone ring) occurs to some extent. The corre-
sponding structures presumably participate in fur-
ther addition/elimination reactions with such
oxidants as hydroxyl radicals (OH•) or peroxyl
radicals (HO�

2) generated on the electrode surface at
potentials of oxygen evolution. The intensities of
these bands in the case of the CV-deposited poly-
mers are greater compared to the IR spectra of the
polymers obtained under potentiostatic oxidation
conditions. Significant oxygen evolution starts at
the electrode potential more positive 0.85 V vs SHE
and, therefore, the concentration of corresponding
radical species is greater compared to potentiostatic
electrolysis (0.78 V vs SHE). These bands are ab-
sent in the oxidation–polymerization products
for monochlorophenols under potentiostatic con-
ditions; slight intensities are visible in the case
of dichlorophenols and the most intense ones in
the polymerization products of trichlorophenols
(except 2,4,5-trichlorophenol) and pentachlorophe-
nol. The presence of the sp3 CAH vibrations in the
case of oxidation of pentachlorophenol polymer-
ization products confirms that the electrochemically
generated oxidants participate in the formation of
such deeper oxidized species [27].

(iii) The shift of the C@O group stretching vibrations
from 1630 to 1800 cm�1, which is mostly charac-
teristic of the polymeric products of trichlorophe-
nols and pentachlorophenol, indicates that chlorine
atoms are present in the polymeric structures and
are distinctive due to the negative inductive effect
(�I). The CACl bond stretching vibrations at 1050–
1100 cm�1 for most of the polymers also confirm
the presence of chlorine atoms. This suggests that
only a partial dechlorination, if any, occurs during the
electropolymerization of chlorophenols. Evaluation

Fig. 4. FTIR spectra of 2,3,6-trichlorophenol, 2,4,5-trichlorophenol,

2,4,6-trichlorophenol, pentachlorophenol monomers (a) and the poly-

mers (b, c), deposited on Pt net-sheet electrode under CV conditions

(from �0.8 to 0.85 V vs SHE) (b) and during potentiostatic electrolysis

(0.78 V vs SHE, 15 h) (c).
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of the degree of dechlorination of chlorophenols
during their electropolymerization, as studied using
gas chromatography mass spectrometry, will be
presented elsewhere [26]. The GC–MS data [26] give
direct evidence of the partial chlorine loss from
the active ortho and para positions, while no de-
chlorination occurs from the meta position during
electropolymerization/oligomerization of the chlo-
rophenols. Similar conclusions were made based on
the mass-to-charge ratio for potentiostatic elec-
tropolymerization of chlorophenols studied by
EQCM [19].

5. Conclusions

(i) The IR spectra of the polymers formed during
electropolymerization of phenol and chlorinated
phenols confirm the aromatic nature of the high
molecular weight substances. This suggests that a
coupling of monomers occurs during the elect-
rooxidation of the phenolic compounds.

(ii) The presence of vibrations characteristic of ether
linkages and the absence of vibrations of hydroxyl
groups in the IR spectra of the polymers formed
suggest that the coupling of the monomers occurs
through the formation of the @CAOAC@ links.

(iii) Vibrations in the IR spectra of the polymers char-
acteristic of quinone and more saturated species
reveal a deeper oxidation of the high molecular
weight substances formed. This effect is most pro-
nounced at more positive potentials, when signifi-
cant oxygen evolution starts.

(iv) The characteristic vibrations for CACl bonds and
the shift of the carbonyl group vibrations due to the
negative inductive effect of chlorine atoms in the IR
spectra of the polymers formed imply that only
partial chlorine elimination, if any, occurs during
the electropolymerization of chlorophenols.
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26. Z. Ežerskis and Z. Jusys, J. Appl. Electrochem, submitted.
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