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Theoretical study of phenol and hydroxyl radical reaction
mechanism in aqueous medium by the DFT/B3LYP/6-31+G(d,p)/
CPCM model
Pavithra Bhakthi Jayathilaka, Gayani Chathurika Pathiraja, Athula Bandara, Nalaka Deepal Subasinghe,
and Nadeeshani Nanayakkara

Abstract: Four different possible reaction pathways of phenol and hydroxyl radical reaction were investigated theoretically by
density functional theory (DFT) B3LYP with the 6-31+G(d,p) calculations under the conductor-like polarized continuum model
(CPCM). According to frontier molecule orbital theory, both the highest occupied orbital and lowest occupied orbital of phenol
(25th orbital) showed –602.79 and –43.53 kJ mol−1 molecular orbital energies, respectively. This resulted in a 559.27 kJ mol−1

relative energy gap. Relative energies of the ortho product radical (o-PR) (i.e., –54.08 kJ mol−1) was lower than those of both the
para product radical (p-PR) (–50.03 kJ mol−1) and the meta product radical (m-PR) (–47.10 kJ mol−1). Then, o-PR was found to be the
energetically most stable product radical. The ortho addition reaction path was confirmed as the most possible reaction path and
its major intermediate was found as catechol with 99.09% product distribution. Percentages of hydroquinone, resorcinol, and
phynoxyl radicals in the system were found as 0.053%, 0.029%, and 0.009%, respectively.

Key words: phenol, hydroxyl radicals, density functional theory (DFT), polarized continuum model.

Résumé : Quatre différentes voies réactionnelles de la réaction des radicaux phénol et hydroxyle ont été étudiées de manière
théorique à l'aide de calculs effectués au niveau B3LYP/6-31+G(d,p) de la théorie de la fonctionnelle de la densité (TFD) sous le
modèle du continuum polarisable apparenté à un conducteur (« conductor like polarized continuum model » ou CPCM). Selon la
théorie de l'orbitale moléculaire frontière, les orbitales haute occupée et basse vacante du phénol (25e orbitale) ont respective-
ment des énergies d'orbitale moléculaire égales à –602,79 et –43,53 kJ mol–1. Il en a résulté une bande d'énergie relative de
559,27 kJ mol–1. L'énergie relative du produit radicalaire ortho (o-PR) (égale à –54,08 kJ mol–1) était plus basse que celles des
produits radicalaires para (p-PR) (–50,03 kJ mol–1) et méta (m-PR) (–47,10 kJ mol−1). Par la suite, il a mis en évidence qu'o-PR était
le produit radicalaire énergétiquement le plus stable. L'addition en ortho a été confirmée comme étant la voie réactionnelle la
plus probable, son intermédiaire réactionnel majoritaire étant le catéchol dont le pourcentage était de 99,09 %. Les pourcentages
d'hydroquinone, de résorcinol et de radicaux phénoxyles dans le système réactionnel étaient respectivement de 0,053 %,
0,029 % et 0,009 %. [Traduit par la Rédaction]

Mots-clés : phénol, radicaux hydroxyles, théorie de la fonctionnelle de la densité (TFD), modèle du continuum polarisable.

Introduction
Phenol (C6H5OH) is one of the major organic water pollutants.

Sixteen million tons of phenol is produced per year by various
industrial applications, such as refineries, coking operations, coal
processing, and manufacturing of petrochemicals.1–5 Since it causes
significant health effects on humans (i.e., the ingestion of 1 g of
phenol can kill a person) and its aqueous form is more toxic,
destruction of phenol through a water treatment technique is
important.1,5,6–8 But the mechanisms associated with hydroxyl
radicals of phenol in water medium are complex. Moreover, its
intermediates can be more harmful than the parent compound.
Therefore, the understanding of the intermediate products and
possible reaction pathways is necessary prior to implementation
of any water treatment technique. Although phenol has been ex-
tensively studied as a model compound, these studies are mainly
focused on reactions in air medium. A detailed theoretical study on
the phenol degradation mechanism in water medium under the
conductor-like polarized continuum model (CPCM) is still needed.9,10

The purpose of this paper is to fill this gap by modelling the
phenol and hydroxyl radical reaction mechanism in water me-
dium under the CPCM. The mechanism study focused on the char-
acterization of reaction properties by the frontier molecule orbital
theory. Then, the stability of transition states and reaction com-
plexes was calculated by relative molecular energies in aqueous
medium. Finally, the primary intermediates with their product
distributions were predicted. To do that, four different possible
reaction pathways were investigated theoretically by density
functional theory (DFT). The Becke-style 3-parameter Lee−Yang−
Parr correlation hybrid function (B3LYP) with the 6-31+G (d,p) ba-
sis set was involved in the calculations.11–13 The conductor-like
screening model, a type of polarized continuum model,14,15 was
utilised to study the aqueous medium effect on the molecules as
the solvation method.14,16

Computational methods
The reaction between phenol and ȮH radicals was modelled

using Gaussian 03 software.17 As the methodology, the DFT and

Received 22 April 2014. Accepted 9 June 2014.

P.B. Jayathilaka, G.C. Pathiraja, and N.D. Subasinghe. Institute of Fundamental Studies, Kandy, Sri Lanka.
A. Bandara. Department of Chemistry, University of Peradeniya, Sri Lanka; Postgraduate Institute of Science, University of Peradeniya, Sri Lanka.
N. Nanayakkara. Institute of Fundamental Studies, Kandy, Sri Lanka; Department of Civil Engineering, Faculty of Engineering, University of
Peradeniya, Sri Lanka; Postgraduate Institute of Science, University of Peradeniya, Sri Lanka.
Corresponding author: Nadeeshani Nanayakkara (e-mail: kgnn@pdn.ac.lk).

809

Can. J. Chem. 92: 809–813 (2014) dx.doi.org/10.1139/cjc-2014-0191 Published at www.nrcresearchpress.com/cjc on 17 June 2014.

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

Fu
da

n 
U

ni
ve

rs
ity

 o
n 

05
/0

3/
15

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
 

mailto:kgnn@pdn.ac.lk
http://dx.doi.org/10.1139/cjc-2014-0191


CPCM14,15 were used with B3LYP11,12 and 6-31+G(d,p) basis set13 on
each of four possible channels (Fig. 1). B3LYP/6-31+G (d,p) was reli-
able on optimization and frequency calculations and the rela-
tively large basis set, 6-31+G(d,p), reduced the basis set truncation
and basis set superposition errors. Geometry optimization calcu-
lations were performed on the reactants, product radicals, and
prereactive and transition states. Frontier molecule orbital theory
was used to study the reaction properties of reactants and opti-
mized structures of phenol and hydroxyl radical. Harmonic fre-
quency calculations were performed on DFT/B3LYP/6-31+G(d,p) to
confirm whether the optimized geometries are in local minima or
transition states on the potential energy surface. Transition state
optimization was done using the Berny optimization method.18

The solvation model, CPCM, was used on all calculations includ-
ing reactants, transition states, and product radicals.14–16,19 The
relative energy and rate constant calculations were made at a
temperature of 298.15 K and the water medium, with a dielectric
constant � = 878.39.11

Results and discussion

Characterization of phenol and hydroxyl radical reaction
properties

To study the reaction properties of reactants, optimized struc-
tures of phenol and hydroxyl radical were considered (i.e.,Fig. 2)
with the frontier molecule orbital theory. The highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of the reactants were computed at the DFT/CPCM/
B3LYP/6-31+G(d,p) level as given in Fig. 3. According to the calcu-
lation, the hydroxyl radical has an oxygen atom with a lone pair of
electrons at the p orbital. Similarly, molecular orbitals of phenol
were described by 163 molecular coefficients. Its 25th orbital is the
HOMO. As mentioned in the frontier molecule orbital theory, the
greatest electron density is occupied at the HOMO orbital and
electrophilic reactions may take place by attacking at this posi-
tion. Its 26th virtual orbital is the LUMO. The HOMO and LUMO
orbitals of phenol have –602.79 and –43.53 kJ mol−1 molecular en-
ergy, respectively. The energy gap between them is 559.27 kJ mol−1.
These energies reflect the chemical activity of phenol. While LUMO
represents the role of electron acceptor, HOMO represents the elec-
tron donor. There, the HOMO, HOMO-1, and HOMO-2 are mainly
focused on the p orbitals of the phenol ring (Fig. 3).

Calculations in the aqueous phase
For the confirmation of the transition structures, vibration fre-

quency data are needed. Frequency calculations (i.e., DFT/B3LYP/6-
31+G(d,p)) were performed on optimized geometries of transition
states and reactant complexes. Moreover, thermodynamic data20 of
each species were obtained from frequency calculations.

Transition state and reactant complexes
A transition state was identified by having one imaginary fre-

quency, while the reactant and reactant complexes do not have
imaginary frequencies. There are four possible product radicals
depending on the predicted reaction channels such as the ortho
addition product radical (o-PR), para addition product radical
(p-PR), meta addition product radical (m-PR), and hydrogen ab-
straction product radical. For example, the optimized geometries
of possible product radicals are shown in Fig. 4. According to the
obtained results, for o-PR, its C–C bond length of the ortho addi-
tion site was increased after adding hydroxyl radical to the phenol
ring. It was increased by 1.499 and 1.506 Å for C4–C5 and C3–C4,
respectively. This was due to partial transfer of the electron den-
sity of the aromatic ring to the newly formed C–O bond. There-
fore, there is enhancement of the � character. Thus, the values of
bond lengths corresponding to C5–C6 and C2–C3 bonds lie be-
tween the values of � and � bond lengths. It shortened the C5–C6
and C2–C3 bonds by 0.03 and 0.02 Å, respectively. The same pat-
tern was shown by both p-PR and m-PR product radicals. For p-PR,

the C1–C2 and C6–C1 bond lengths were 1.502 and 1.502 Å, respec-
tively. Its C2–C3 and C5–C6 bonds were shortened after formation
of the new C–O bond. The C1–C2 and C2–C3 bond lengths of m-PR
were observed as 1.502 and 1.502 Å, respectively. Its C6–C1 and
C3–C4 shortened bond lengths were 1.372 and 1.368 Å, respec-
tively.

Optimized structures of transition states and reactant com-
plexes were identified. Their relative free energies were computed
relative to the energy of reactants as follows:

(1) Erelative � E(X) � E(reactants)

where E(X) is the energy of reactants, the energy of a transition
state, or the energy of a product radical.

Ortho addition transition states had the lowest relative energy
and hydrogen abstraction transition states had the highest energy
(Table 1). Since the product radicals of addition reactions can form
hydrogen bonds in aqueous medium, they are more stable than
the hydrogen abstraction reaction product radical. h-PR showed
comparatively high energy and it was less stable than the addition-
type product radicals. The result showed that tk;1the energy of o-PR
is lower than that of both p-PR and m-PR. It was –50.03 kJ mol−1 for
p-PR and –47.10 kJ mol−1 for m-PR. This was 4 and 6.98 kJ mol−1

higher, respectively, than the o-PR value of –54.08 kJ mol−1. There-
fore, o-PR was the most stable product radical among them.

According to relative free energy calculations (i.e., Fig. 5), the
hydrogen abstraction reaction path is the least possibe in aqueous
medium (i.e., relative energy of ≈2 × 105 kJ mol−1). But, addition
reaction paths had some possibility of occurring compared with
the abstraction reaction. However, final results showed that the
ortho addition path was the most possible reaction path among
the addition reaction paths.

In addition, based on these frequency analyses, activationtk;1
energy and rate constant calculations were performed. These
calculations were used to predict the primary intermediates
and product distribution. To calculate relative activation ener-
gies (Ea), the energy difference between the transition state (TS)
and the reactant was considered:

Fig. 1. Four possible reaction paths of the phenol and hydroxyl
radical reaction.
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(2) Ea � E(TS) � E(reactants)

In the case of difficulties in confirming the transition state, bond
dissociation energy was used to estimate the activation energy as
follows:21

(3) Ebond dissociation � E(C6H5Ȯ) � E(ȮH) � E(product) � Ea

where Ea is the activation energy and E is the zero-point energy
corrected energy of reactants and product radicals.

According to these calculations (eq. 2), the ortho and para
reaction paths showed negative activation energy, –20.83 and
–0.26 kJ mol−1, respectively. This implies that both reactions are
barrierless and their rates of reaction have been decreased. Since
the reactants already have sufficient energy to initiate the reac-
tion, they occur spontaneously. Between ortho and para reac-
tions, the ortho reaction has a greater possibility of occurring due
to its higher negative activation energy (Table 2).

Theoretical prediction of primary intermediates and product
distribution

Theoretically possible four reaction paths also end up with pri-
mary intermediate products. Ortho addition ends up with cate-
chol, para addition with hydroquinone, and meta addition with
resorcinol.

The presence of those intermediates in the system was pre-
dicted through rate constants and product distribution calcula-
tions. Transition state theory was used to obtain the absolute rate
constants at 298.15 K temperature as follows:22,23

(4) k�298, H� �
kbT

h
e

���G#

RT
�

where kb is Boltzmann's constant, h is Planck's constant, �G# is
the activation free energy at 298 K and the standard state of
1 mg dm−3, R is the gas constant, and T is absolute temperature.23

Based on the above transition state theory equation (eq. 4), ther-
modynamic data of transition states and reactants were used for
rate constant calculations. Activation free energies (reaction en-
ergy barriers) (i.e., using the DFT/B3LYP/6-31+G(d,p) method) were
estimated using relative energies of reactant and transition states
while including zero-point energy correction.12 In addition, the
tunnelling corrections to the reaction paths with the negative
activation energies were not applied while calculating their rate

Fig. 2. Optimized geometries of reactants, prereactant complexes from calculations, along with selected bond distances (Å) and bond angles
(°). Some experimental values are given in parentheses.
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Fig. 3. Optimized geometries of reactant HOMO and LUMO analysis:
(a) LUMO diagram of phenol, (b) HOMO diagram of phenol,
(c) HOMO-1 diagram of phenol, (d) HOMO-2 diagram of phenol,
(e) LUMO diagram of the hydroxyl radical, and (f) HOMO diagram of
the hydroxyl radical.
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constants. Relative rate constants were predicted through the Ar-
rhenius equation22 as follows:

(5) k � Ae
��

Ea

RT
�

where k is the rate constant, A is a pre-exponential factor, Ea is the
activation energy, R is the gas constant, and T is absolute temper-
ature (i.e., 298.15 K for this system). Since all of these reaction
paths are similar, a preexponential factor was assumed to be the
same for all reactions. Then, relative energies were predicted
through Arrhenius equation ratios while using relative activation
energy values.

Fig. 4. Optimized geometries of product radicals from calculations, along with selected bond distances (Å): (a) o-PR, (b) m-PR, (c) p-PR, and
(d) h-PR.

Table 1. Calculated relative energies (kJ mol−1) of the phenol and hy-
droxyl radical reaction (computed at zero collision energy).

Reaction path Reactants Transition state Product radical

Ortho addition 0.00 −20.83 −54.08
Para addition 0.00 −0.26 −50.08
Meta addition 0.00 1.31 −47.10
H abstraction 0.00 1.58 200532.45

Fig. 5. Relative free energy diagram of four possible reaction paths.
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The resulting rate constant values are given in Table 2. The
results of those two calculations suggested that the ortho addition
path and hydrogen abstraction path have the highest rate and the
lowest rate, respectively. The relative rate constant calculation
results showed that there was a geater possibility of forming ortho
products (i.e., catechol) than hydrogen abstraction path products
in water medium. When considering only the above possible four
reaction paths, the presence of catechol in this medium was
90 times higher than the para products (hydroquinone). Meta
products (resorcinol) were 87 times less than ortho products. Sim-
ilarly, product branching ratios were calculated based on transi-
tion state theory rate constant values and are shown in Table 2.

Product branching ratios were calculated by dividing each spe-
cies' corresponding rate constant by the overall rate constant
while considering the total number of similar addition sites.24

Based on product branching ratio calculations, catechol showed
99.908% availability. Therefore, catechol is the main intermediate
product available in the system. The percentages of hydroqui-
none, resorcinol, and phynoxyl radicals in the system are 0.053%,
0.029%, and 0.009%, respectively.

Conclusion
This theoretical work has helped us to understand the interme-

diate products and possible reaction pathways of the phenol with
hydroxyl radical reaction.

According to the frontier molecular orbital theory, the aro-
matic ring of phenol has a higher possibility of reaction due to its
high electron density. As a result, the highly electrophilic hy-
droxyl radical can attack the aromatic ring easily. Therefore, from
the nature of the HOMO and LUMO of the reactants, it was con-
cluded that the addition reaction was the most favourable reac-
tion in the given conditions. Further, relative energy calculations
confirmed that the ortho position of the ring was more active
towards hydroxyl radicals.

Secondly, relative rate constant calculation results showed that
the ortho product (i.e., catechol) has a greater possibility of form-
ing in water medium than the other three products. Therefore, it
was concluded that the amount of catechol in the system was
90 times as much as the para product hydroquinone. At the same
time, it was shown that meta products resorcinol were 87 times
less than ortho products. Subsequently, branching ratio calcula-
tions confirmed the above findings with available percentage val-
ues: 99.908% catechol, 0.053% hydroquinone, 0.029% resorcinol,
and 0.009% phynoxyl radicals.

Finally, this study concluded that the main mechanism of phe-
nol and hydroxyl radical reaction in water medium is more fa-
vourable in the ortho addition reaction path (i.e., made catechol
as primary intermediate). The meta addition path is the least fa-
vourable among them. The findings of this study can be used as a
guide prior to implementation of any water treatment technique.
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