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The phenol-free radical formed during the initial one-electron oxidation of phenol undergoes, through its resonance
structures, head-to-tail and tail-to-tail covalent couplings followed by intramolecular rearrangements to yield electroactive
dimeric products (through tail-to-tail coupling) and e1ectroinactive long chain polymeric products (through head-to-tail
coupling). The free radical couplings are favoured by high acidity of the medium, the probable reason for which has been
discussed. Since the situation in less acidic medium is not conducive to free radical coupling, the free radical undergoes further
one-electron oxidation at a closely higher potential to form a monocation which undergoes condensation reactions with the
parent phenol to yield electroinactive long chain polymeric products. No electroactive products result from cation couplings.
The anticipated products of oxidation have been prepared via exhaustive electrolysis in each case and characterised by IR and
mass spectral studies.

Anodic oxidation of monohydric phenolic compounds
has been studied by several investigators in aqueous
and non-aqueous solutions 1 - 15. However, these
investigations
have provided only a limited
information about the redox mechanism of these
compounds. Though mechanistic pathways involved
in anodic oxidation of methoxyphenols have been
elucidated fairly convincingly"!", similar mechanistic
studies-concerning the parent compound, phenol, have
remained conspicuously inadequate and inconclusive.
It has, therefore, been thought of interest to thoroughly
probe into redox mechanism of anodic oxidation of
phenol employing cyclic voltammetry in aqueous
solutions.

The cyclic voltammetric measurements were made
with the help of an indigenously fabricated cyclic
voltammeter permitting potential variation in the form
of an isosceles triangular sweep. The unit was tested
rigorously before use employing potassium hexacyanoferrate (III) and o-dianisidine as standards.
Cyclic voltammograms were recorded on x - y/t
recorder, model Digigraphic 2000 (Digital Electronics
Limited, Bombay). The scan rate was kept at 0.14 V S-1
unless otherwise stated.
Sulphuric acid solutions of concentrations 1M and
0.1 M and buffer solutions of pH 2.2, 4.15, 6.0 and 8.15
were used as the background solutions. In buffers,

Materials and Methods
Electrode assembly

The three-electrode assembly used in the present
investigation is shown in Fig. I. The working electrode,
viz.,a plane graphite electrode, was prepared from a
compressed graphite rod of spectrum grade purity
(Johnsen-Mathey, England). The rods were cut into
small pieces of appropriate length and impregnated
with ceresin wax following the procedure suggested by
Elving and Smith!". Each graphite piece was then
sealed into a pyrex glass tube with the help of the nonconducting epoxy resin, araldite (Ciba-Geigy,
Bombay). Excepting the point of electrical contact and
also the lower cross sectional area of the electrode for
electrochemical discharge, the rest of the electrode
surface was coated with araldite. Both the reference
electrode (SeE) and the counter electrode (platinum
foil) were separated from the test solution with the help
of sintered glass discs.
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appropriate amount of sodium sulphate was added to

16

maintain a constant ionic strength and to improve the
conductance of the solution. Stock solution (0.2M) of
phenol (AR grade) was prepared in each background
solution and then diluted to get a solution of 5
x 10-4 M concentration in each case. All measurements were made at the prevailing room temperature.
Since phenolic compounds generally cause severe
electrode-filming, a fresh electrode was used for
scanning each cyclic voltammogram.
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Results and Discussion

Cyclic voltammogram obtained in 1M sulphuric
acid is presented in Fig. 2. Only one oxidation peak is
obtained during the first forward scan while two
distinct additional redox couples, AA' and BB', appear
during the subsequent cyclic operation. Identical
voltammetric behaviour is exhibited by phenol in
0.1 M sulphuric acid and in buffer of pH 2.2. However,
both the additional redox couples AN and BB' get
subdued in buffer of pH 4.15 and practically disappear
in buffers of pH 6.0 and 8.15.The cyclic voltammogram
obtained in buffer of pH 6.0 is shown in Fig. 3. Cyclic
voltammograms obtained in all the background
solutions exhibit considerable decrease in the value of
primary peak current during the second forward scan.
The following explanation' is offered for the
observations made above:
(j) The initial anodic reaction of phenol involves
one-electron oxidation to form a free radical, a
contention which is based on the observations
reported by earlier investigators" 7.11.12. The principal
resonance structures of the free radical are (I +-~ II
+-~ III). These resonance structures rapidly undergo
coupling reactions giving rise to a variety of products.
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(ii) The coupling of structures (I) and (II) (head-totail coupling), ultimately, yields a long chain polymeric
product, as illustrated in Scheme 1.
(iii) Similarly, the initial coupling of structures (I)
and (III) (head-to-tail coupling), also yields a long
chain polymeric product with almost similar structure.
The polymerisation terminates when the polymeric
product because of its long length gets oriented in such
a way that the terminal electroactive - OH group
turns away from the electrode surface. The polymeric
product, after termination of the chain, behaves as an
electroinactive material.
(iv) Coupling of two units of structure (II) and one
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unit each of structures (II) and (III) (tail-to-tail
couplings) yield dimeric products, as illustrated in
Scheme 2 (coupling of two units of structure III is
restricted because of steric hindrance).
The dimeric products (XI) and (XIII) are not only
e1ectroactive but also more easily oxidisable than the
parent compound, phenol. Both of them, therefore,
readily undergo further oxidation yielding biphenones
(XIV) and (XV) as the final products of oxidation
(Scheme 3).During the reverse scan they get reduced to
dimeric phenolic compounds. This is illustrated in
Scheme 3.
Electrogeneration of the above redox systems
accounts for the appearance of two additional redox
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couples, AA' and BB', during cyclic voltammetry of
phenol. For differentiating and identifying the two
redox couples, two solutions one containing p,p'dihydroxydiphenyl (DHDP) (5 x 10-4 M) and the
other containing a mixture of phenol (2.5 x 10-4 M)

the cyclic voltammogram of p,p'-DHDP showed only
a single redox couple with oxidation and reduction
peak potentials corresponding almost exactly to those
of the redox couple AA' obtained in the case of phenoJ.
The cyclic voltammogram obtained for the mixture
solution was qualitatively identical with that of simple
phenol. No additional redox couple appeared on
mixing p,p'-DHDP with phenol. These observations
clearly show that the redox couple AA', corresponds to
the redox system XI~XIV (Scheme 3). Compound
(XIII) could not be procured. However, it can be safely
inferred that the second redox couple BB' corresponds
to the redox system XIII~XV (Scheme 3).
Effect of acidity of the medium on coupling

(2.5 x 10-4 M) were subjected to

The coupling process involves linking of two phenol

cyclic voltammetry in 1M sulphuric acid as the
supporting electrolyte. It was interesting to note that

free radicals by a covalent bond followed by an
intramolecular rearrangement involving transfer of H

and p,p'-DHDP

347

INDIAN J. CHEM .• VOL. 25A. APRIL 1986

atoms from the coupling sites to the oxygen atoms
located at ortho and/or para positions. The
intramolecular rearrangement can take place in two
different ways depending upon the acidity of the
medium. Ordinarily, the hydrogen atoms get detached
from the coupling sites as protons resulting in the
development of negative charge at oxygen atoms
present at ortho and/or para positions. The protons
thus liberated migrate to the negatively charged
oxygen atoms to yield the P.P'-dihydroxy product.
In solutions of higher acidity, protons from the
medium protonate the oxygen atoms first. followed by
immediate elimination of hydrogen atoms from the
coupling sites to yield the same dihydroxy product.
The second mode, which is preferred in strongly acidic
medium. is evidently more quick and convenient than
the first mode which is followed in less acidic or neutral
medium. This implies that all coupling reactions
(whether head-to-tail or tail-to-tail) are favoured by
high acidity of the medium.
In neutral or less acidic solutions, the free radical.
viz., I, II or III, has comparatively much less tendency
to undergo any type of coupling reactions. It. therefore.
undergoes further anodic oxidation losing another
electron to form a monocation at a potential which is
only slightly higher than the potential at which the first
electron is lost 11.
The monocation resulting from free radical structure
(II) but not the one resulting from free radical structure
(III) (because of steric hindrance) couples with a neutral
molecule of phenol to yield p-hydroxydiphenyl ether.
as shown in Scheme 4.
After the formation of p-hydroxydiphenyl ether. the

0=0

H

+

concentration of phenol in the vicinity of electrode is
decreased and because of concentration gradient more
of phenol migrates into the diffusion layer from the
bulk solution. There it gets converted into the
monocation
which
condenses
with
phydroxydiphenyl ether to form a trimer. ultimately
yielding a long chain polymeric product, as illustrated
in Scheme 5.
The above chain polymerisation would continue so
long as phenol is in a position to migrate into the
diffusion layer. The polymeric product becomes more
and more insoluble with increase in its molecular
weight and gets localised in the diffusion layer. This
localisation ultimately prevents migration of phenol
from bulk solution into the diffusion layer leading to
termination of chain polymerisation.
It is interesting to note that the polymeric product
formed as above is identical to that obtained from
head-to-tail coupling of the free radical described
earlier. Polymer of a slightly different structure. i.e.
having phenoxy substituents in the polymer chain, may
also be formed by the condensation of neutral
molecules of phenol with the cations formed by the
oxidation of product (V) or of similar higher polymers.
Nevertheless. the resulting products after termination
of chain polymerisation hehave as 'electroinactive'
materials whatever be their mode of formation and
whatever be their structure.
It follows from the above discussion that tail-to-tail
couplings of free radicals. evidently in highly acidic
medium, yield electroactive dimeric products which
are responsible for the appearance of two distinct
additional redox couples AN and BB' (Fig. 2) obtained
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in 1M and 0.1 M su1phuric acid as well as in buffer of at 1645 and a medium band at 1250em - 1 confirming
pH 2.2. The head-to-tail couplings of the free radicals thereby the presence of an aromatic carbonyl group in
yield electroinactive long chain polymeric products the molecule. The mass spectrum showed the
which are responsible for an appreciable fall in primary molecular ion peak at m/z 184, identical with the
current during the second forward scan of the cyclic molecular weight of the biphenone.
The polymeric product was found to be soluble in
voltammogram. With progressive decrease in the
acidity of the medium, there is more and more ether, methanol and acetone. The recrystallised
reluctance on the part of the free radical to undergo material exhibited in its IR spectrum a strong band at
coupling reactions and hence there is more and more 1300 and a medium band at 1090em - 1 confirming
conversion of the free radical into the monocation thereby the presence of the aromatic ether linkage in
which then undergoes coupling reactions to produce the polymeric product.
The electron-deficient positive sites in the monomore and more of polymeric electroinactive products.
This explains the decrease in the magnitude of the cations from free radical structures (II) and (III) should
additional redox couples in buffer of pH 4.15. In buffer be highly susceptible to hydroxylation, particularly in
of pH 6.0, there is little or no free radical couplings and solutions of low acidity. This hydroxylation should
the free radicals undergo further oxidation to form lead to the formation of p-benzoquinone in the case of
from structure
(II) and orthomonocations which give rise exclusively to the electro- monocation
inactive polymeric products, as shown in Scheme 5. benzoquinone in case of monocation from structure
This accounts for complete disappearance of redox (III) as the final products of oxidation. However, our
couples AN and BB' in butTerof pH 6.0 (cf. Fig. 3) and experimental observations rule out the formation of
because there is
in buffer of pH 8.5. The severe electrode filming para or ortho-benzoquinone
observed during anodic oxidation of phenol is absolutely no indication of the formation of any
evidently due to the formation of water-insoluble additional redox couple corresponding to para~
hydroquinone
or
orthopolymeric products. In order to secure conclusive benzoquinone
evidence in support of the redox mechanism proposed benzoquinone ~ catechol redox system, in the cyclic
herein, a 0.1 M solution of phenol in acetonitrile voltammograms of phenol (cf, Figs 2 and 3). Thus,
containing 0.1 M HCI04 (for having acidic medium) hydroxylation which appears to be feasible theoretiand 0.1 M NaCI04 (for maintaining appropriate ionic cally, does not seem to occur in actual practice. No
strength) was subjected to exhaustive electrolysis at a explanation for this anomalous situation can, however,
constant potential of 1.40V (vs Ag/Ag + electrode) be offered at this stage.
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