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ABSTRACT: In this work, we have studied the microsolvation of phenol in water. We started by identifying initial configurations
of phenol-water clusters using classical molecular dynamics. The configurations are optimized at the @B97XD/aug-cc-pVDZ level of
theory. To understand the interaction between phenol and the solvating water molecules, we performed a quantum theory of atoms
in molecules (QTAIM) analysis. The results show that the structures of phenol-water clusters are similar to those of neutral water
clusters. The QTAIM analysis shows that the structures of phenol-water clusters are stabilized by strong OH- - - O hydrogen bondings,
weak CH- - - O hydrogen bondings, and OH- - - & bonding interactions. The located structures of phenol-water clusters have been used
to calculate the absolute hydration free energy and enthalpy of phenol for temperatures between 20 and 400 K. The hydration energies
are calculated using the cluster continuum solvation model. It has been found that the explicit solvation has negligible effects on the
hydration free energy and enthalpy of phenol. Furthermore, the hydration free energy of phenol is found to be linearly varying with
increasing temperature, while the hydration enthalpy is found to be temperature independent. The estimated hydration free energy of

phenol is slightly underestimated as compared to a previously reported experimental estimate.

KEYWORDS: Solvation of phenol; Hydration free energy; Hydrogen bond network; QTAIM analysis; Temperature effects

1 Introduction

Phenol is an organic aromatic compound with a hydroxyl OH
group soluble in water. It is an important compound used in
industry for numerous purposes. Phenol and its derivatives are
used, for example, in the synthesis of herbicides (used in agricul-
ture), and several pharmaceutical drugs. Thus, understanding its
solvation in water, especially its close interactions with solvent
water molecules, is of primary importance. That is the reason
why the solvation of phenol in water or the phenol-water cluster
has received significant attention in the cluster community. As
outlined in the next paragraph, phenol-water clusters have been
investigated from several perspectives.

The first perspective was the understanding of the hydrogen
bond networks of PhOH(H,0),. The study of hydrogen bond
networks of the phenol-water clusters, PhOH(H;0),,, has been re-
ported by several authors '~''. Early investigations of the phenol-
water clusters have been reported by Watanabe and Iwata' at
the HF/6-31G(d) level of theory. The authors have reported dif-
ferent configurations of the phenol-water clusters, PhOH(H,0),,,
for n = 1 —5. Clustering energies, clusters free energies, bind-
ing energies, as well as vibration frequencies analysis have been
also reported for the studied clusters I In addition, Benoit and
Clary” reported similar study using an improved computational
level of theory, B3LYP/6-311++G(d,p). Guedes et al. 3 used three
different functionals of DFT (density functional theory) to the
study the solvated phenol clusters, for n = 1 — 6. They recom-
mended the B3LYP and B3PWO91 hybrid functionals over the

* E-mail: MalloumA @ufs.ac.za; Tel: +237 695 15 10 56

BLYP DFT functional, which underestimates the PhO-H bond
dissociation energy. Parthasarathi et al.® reported the investiga-
tion of PhOH(H,0O)_3 using ab-initio methods and DFT func-
tionals. The authors have also investigated the hydrogen bonding
using the quatum theory of atoms in molecules (QTAIM) analy-
sis. Beside ab-initio and DFT functionals, molecular dynamics
simulations have been also used to study the hydrogen bond net-
works of the solvated phenol in water”''.

The second perspective was the understanding of the vibra-
tional features of the solvated phenol in water. Several authors
have reported the electronic, and the infrared or vibrational spec-
troscopy of PhOH(H,0),, for different cluster size '*~'®. Early ex-
perimental spectroscopic study of the phenol-water clusters was
reported by Fuke and Kaya'”. The authors reported the 7 — 7*
electronic absorption of PhAOH(H,0)o_3. Janzen et al. '* reported
the experimental vibrational spectroscopy of PhOH(H,0)7 g in
the OH stretching region. They found that the vibrational spec-
tra are combination of features from different isomers. Their
ab-initio calculations showed that the structures of the phenol-
water clusters are very similar to those of neutral water clusters '*.
Large sized solvated phenol clusters, PhOH(H,0),, ~ 10 <n <~
50, have been reported by Mizuse, Hamashima and Fujii '>>'©, ex-
perimentally. The authors measured the IR spectra of the clusters
in the OH-stretching region. The results show that band associ-
ated to the free-OH stretching is blue-shifted with the increasing
cluster size n'”. Recently, Katada and Fujii'® reported the exper-
imental IR spectroscopy of the protonated phenol-water clusters
forn=1-5.

The third perspective was the evaluation of the solvation free
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energy and the solvation enthalpy of phenol in water. Few authors
have reported the study of the solvation free energy of phenol in
water using different approaches'~>*. Hydration free energies
(i.e. solvation free energies in water) of several molecules have
been evaluated by Gallicchio, Zhang and Levy '° based on surface
generalized Born (SGB) continuum dielectric electrostatic model.
The model used by the authors is termed as experiment, and the
evaluated hydration free energy of phenol is —6.6kcal /mol ”.
Reddy and Erion”’ have reported the relative solvation free en-
ergy of phenol—benzene using QM/MM (quantum mechanics
and molecular mechanics). The relative solvation free energy of
phenol—sbenzene is evaluated to be 4.9 kcal/mol. In addition,
hydration energies of phenol as well as other molecules have been
evaluated using different empirical solvation models by Sharma
and Kaminski’'. The hydration energy of phenol is evaluated
to be -6.6, -6.7 and —5.6 kcal/mol using Fuzzy-border, Poisson-
Boltzmann, and Generalized Born models, respectivelyzl. Be-
sides, enthalpies of solvation of phenol and substituted phenols in
acetonitrile, tetrahydrofuran, and 1,4-dioxane have been reported
by Nagrimanov, Samatov, and Solomonov **.

Observation of literature reveals that the study of the structures
and the hydrogen bond networks of PhAOH(H,0O), has been lim-
ited to small sized clusters. Moreover, even for the small sized
clusters, no evidence of global minimum potential energy sur-
faces (PESs) exploration has been reported. It is worth noting
that the accuracy of any study on the solvated phenol clusters
depends on the accurate identification of all possible configura-
tions of the clusters. Therefore, it becomes necessary to revisit
the study of PhOH(H;O),, clusters. Thus, we explored the PESs
of the clusters of PhOH(H,0),, for n = 1 — 12, using classical
molecular dynamics. The obtained configurations are then op-
timized using a dispersion corrected DFT functional, ®B97XD,
associated to the aug-cc-pVDZ basis set. In addition, QTAIM
analysis has been performed on the most stable configurations of
the phenol-water clusters to identify the interactions between phe-
nol and water molecules. Thermodynamics properties and abso-
lute solvation energies are also provided for temperatures ranging
from 20 to 400 K.

2 Methodology

2.1 Sampling of configurations

To achieve the objectives of this work, we need to identify
low lying energy structures of the solvated phenol clusters,
PhOH(H,0),, n = 1 — 12. Thus, we started by sampling pos-
sible structures of different clusters. For each cluster size, ini-
tial configurations are generated using the ABCluster code of
Zhang and Dolg”*”>>. ABCluster samples all possible configu-
rations and classifies them from the most stable to the least stable
configuration based on a classical energy. The classical energy
used by ABCluster is constituted of Lennard-Jones potential as
well as electrostatic potential. The parameters used are based on
CHARMM’s force field”°. Details on how the configurations are
generated can be found in our recent works’’~*'. In addition,

the reader is advised to read the original papers of Zhang and
Dolg’*?> for more details on ABCluster.

2.2 Solvation free energy and enthalpy

In this work, solvation free energy and solvation enthalpy refer
to the absolute solvation free energy and the absolute solvation
enthalpy of phenol, respectively. The solvation free energy and
the solvation enthalpy are calculated in this work using the clus-
ter continuum solvation model (CCM). In the CCM approach the
phenol is explicitly solvated with few water molecules, while
the remaining solvent is represented by a dielectric continuum
medium. The phenol solvation can be represented by Equation 1.

Phenol(g) + (H20),(s) — Phenol(H,0),(s) (1)

Then, the absolute solvation free energy and the absolute solva-
tion enthalpy of phenol can be calculated using Equation 2 and
Equation 3, respectively.

AG;(Phenol), = AG,[Phenol(H,0),] — AG,[(H,0),] — AG¢(Phenol),
@)
AH;(Phenol), = AH,[Phenol(H,0),] — AH[(H,0),] — AHg(Phenol),
3)
where the subscript s stands for the water solvent and the sub-
script g stands for the gas phase. Thus, the solvation free energy
and the solvation enthalpy of phenol in water are obtained when
the calculated values of AG(Phenol), and AH;(Phenol), are not
varying with increasing cluster size n (which corresponds to the
convergence of the solvation free energies). The CCM approach
can be summarized by the the schematic representation of Fig-
ure 1.

Fig. 1 Schematic representation of the cluster continuum solvation model (CCM)
using six explicit water molecules.

Therefore, it comes out from the above equations and scheme
that the calculation of the solvation free energy and enthalpy of
phenol depend on the determination of the structures of the sol-
vated phenol clusters, Phenol(H,0),, as well as the structures of
neutral water clusters. The structures of the solvated phenol clus-
ters are generated and optimized in this work, while the struc-
tures of neutral water clusters are retrieved from our previous
works****, It should be noted that the cluster continuum solva-
tion model has been successfully used in previous works to deter-
mine the absolute solvation free energies of the proton and other

ions =+,

109

110

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141



142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

3 Results and discussions

3.1 Microsolvation of phenol

Although not explicitly shown, Equation 2 and Equation 3 are
temperature dependent. To calculate the free energy and the en-
thalpy of Phenol(H,0), and (H,0),, we use the free energies
of different possible isomers, Gi(T), weighted by their relative
probabilities, Wi (T'). The relative probabilities are calculated us-
ing the Boltzmann distribution:

= LW(T)

x Gi(T), “)

and

exp (—BGk(T))
Yiexp(—=BGi(T))

Thus, the contribution of the isomers to the final free energy of a
given cluster is dictated by its Boltzmann weight Wi (7). As will
be seen later, most of the isomers do not contribute to the clus-
ter’s population or they contribute with negligible probability. It
is worth mentioning that the free energies Gy (T') of different iso-
mers as well as the weight W, (T') are calculated using the Tempo
code of Fifen and coworkers**. The program Tempo computes
the free energies Gi(7T') for different values of temperature us-
ing the canonical ensemble. To calculate Gy (T ), Tempo uses the
electronic energies and the harmonic frequencies from the Gaus-
sian output files. With the calculated free energies Gy (7T ), Tempo
computes the weight Wy (T') using the Boltzmann distribution of
Equation 5.

Wi(T) =

(&)

2.3 Computational details

After sampling all the configurations of the solvated phenol clus-
ters using ABCluster, the generated configurations have been
fully optimized at the wB97XD/aug-cc-pVDZ level of theory.
To ensure that we have located the most stable structures, fre-
quencies have been calculated at the same level of theory. It
has been checked that no imaginary frequency is found for the
reported structures. Besides, the frequencies are also used to
calculate the thermodynamics properties (free energies and en-
thalpies) of the solvated phenol clusters. The optimizations and
the calculations of frequencies have been performed using Gaus-
sian 16 suite of program*’. For accurate optimizations, we used
the tight option, and ultrafine grid for accurate integrals. All
optimizations are performed in the implicit solvent phase using
the polarizable continuum solvation model*. Single point cal-
culations have been performed at the SCS-MP2/aug-cc-pVTZ
level of theory. SCS-MP2*' calculations are performed using
Orca computational chemistry program*®. The single-point cal-
culations are performed in the implicit solvation using the SMD
solvation model*’. The quantum theory of atoms in molecules
(QTAIM) analysis has been performed using the AIMAII pro-
gram”’. QTAIM analysis has been performed to understand the
non- covalent bondings between the water molecules and phenol.

3 Results and discussions

As stated in the methodology section, to compute the solvation
free energy and enthalpy of phenol we need the structures of the
solvated phenol clusters, PhOH(H,0),,. Thus, we start this sec-
tion by presenting the located structures of the solvated phenol
clusters, PhOH(H,0O),,, n = 1 — 12 (see subsection 3.1). After
presenting the structures, we performed a QTAIM analysis on the
most stable structures to understand the nature of non-covalent
bondings between the solvating water molecules and phenol (see
subsection 3.2). The cluster continuum solvation approach pre-
sented in the previous section is temperature-dependent. Among
the located isomers, only those having non negligible probabil-
ities can contribute to the population of the cluster, and there-
fore only those isomers can contribute to the calculation of the
solvation free energy and enthalpy. Consequently, we presented
in subsection 3.3 the probability of all the isomers, for different
cluster sizes, as function of temperature. Finally, we reported in
subsection 3.4 the calculated absolute solvation free energy and
absolute solvation enthalpy of phenol in water. These solvation
energies are reported at room temperature as well as at tempera-
tures ranging from 20 to 400 K.

3.1 Microsolvation of phenol

The optimized structures of the solvated phenol monomer and
dimer are reported in Figure 2.

a PW1 0.0

Y

-_s g%k

d PW23 1.0 e PW24 1.8 f PW2.5 2.7

b PW2_.1 0.0

cPwW22 09

Fig. 2 Structures of the solvated phenol with one and two explicit water
molecules, as optimized at the @B97XD/aug-cc-pVDZ level of theory.

After generating the initial configurations using ABCluster, op-
timization have been performed at the wB97XD/aug-cc-pVDZ
level of theory. For the solvated phenol monomer, PhOH(H;0O),
only one configuration is found to be stable (see PW1 in Fig-
ure 2). In PWI1, the water molecule establishes one strong
OH- - - O hydrogen bond and one weak CH---O hydrogen bond
with the phenol molecule. In addition, the water molecule acts as
a hydrogen bond acceptor, while the OH group of phenol is the
hydrogen bond donor (see Figure 2 and Figure 8). For the case of
the solvated phenol dimer, PhOH(H,O),, eight initial configura-
tions have been optimized; among which, five are found to be dif-
ferent from each other covering an energy cutoff of 2.7 kcal /mol
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(see Figure 2). The most stable isomer of the solvated phenol
dimer is PW2_1. In PW2_1, the two water molecules establish
one strong OH---O hydrogen bond and two weak CH---O hy-
drogen bonds with the phenol molecule. In addition, the two
water molecules are linked by a strong OH---O hydrogen bond
(see Figure 2, and Figure 8). The second and third most sta-
ble isomers, PW2_2 and PW2_3, lie 0.9 and 1.0 kcal/mol above
the global minimum energy structure. In these two isomers, the
two water molecules and the OH group of phenol form a cyclic
OH- - - O hydrogen bondings network (see Figure 2).

It is should be noted that previous works have also reported the
PW1 isomer as the most stable configuration of the phenol-water
monomer -*. Watanabe and Iwata' have also reported another
stable structure at the HF/6-31G level of theory. That isomer was
reported to lie about 3.0 kcal/mol above PW1, highlighting its
less stability'. As far as the phenol-water dimer is concerned,
all previous works have reported the cyclic isomers, PW2_2 and
PW2_3, to be the most stable isomer. This result is in contradic-
tion with our finding which shows that the isomer PW2_1 is the
most stable. It is worth mentioning that the isomer PW2_1 is re-
ported here for the first time. There are two possible reasons that
can explain the difference in the located most stable configuration
of the phenol-water dimer. First, the structures reported in this
work are optimized in the solvent phase, while previous works
reported gas phase structures. Second, no global optimization
has been performed previously, which could have lead to missing
isomers (such as PW2_1) on the PES of the phenol-water dimer.
The isomers PW2_4 and PW4._5 are located in this work for the
first time.

Fifteen initial geometries of the solvated phenol trimer,
PhOH(H,0)3, have been optimized. After optimization, eleven
structures have been located to be different one from another. The
retained structures are reported in Figure 3 covering an energy
cutoff of 4.2 kcal/mol. The results show that there are three iso-
energetically most stable isomers of the solvated phenol trimer,
PW3_1, PW3_2, and PW3_.3 (see Figure 3). For the three iso-
mers, the three water molecules and the phenol OH group form
a cyclic OH-: - - O hydrogen bondings network. The difference be-
tween the isomers lies in the orientation of the free OH vis-a-
vis the OH---O plane. This follows the same configurations as
the most stable structures of neutral water tetramer~>>_ It has
been noted that apart from the three most stable structures, the
other isomers establish only one OH-:--O hydrogen bond with
the phenol OH group. We concluded that the stability of the sol-
vated phenol trimers are affected by the number OH- - - O hydro-
gen bonds established with phenol. The isomers in which the
phenol OH group is both hydrogen bond donor and acceptor is
found to be more stable than the isomer in which the phenol OH
group establishes only one hydrogen bond, although sometimes
with additional OH- - - or CH- - - O interactions.

All previous works reported the isomer PW3_1 to be the most
stable configuration of the phenol-water trimer, in agreement with
our result'>*. However, two more similar isomers, PW3_2 and
PW3_3, have been reported additionally in this work. The three
isomers, PW3_1, PW3_2 and PW3_3 have the same hydrogen

a PW3_.1 0.0 b PW32 0.0 c \PW?LS 0.1
m{&& %4& &c&
w2 Yty ety
d PW34 0.2 e PW35 04 f PW36 27
c&i ...... . - g
ﬂ%& o o

i PW39 34

j PW3.10 k PW3_11
4.1 4.2

Fig. 3 Structures of the solvated phenol with three explicit water molecules, as
optimized at the @B97XD/aug-cc-pVDZ level of theory.

bond networks as the most stable isomers of the neutral water
tetramer . furthermore, most of the configurations of Figure 3
are located in this work for the first time.

Regarding the solvated phenol tetramer, sixteen stable config-
urations are located on its PES. The located isomers have their
relative energies spanning from 0.0 to 2.4 kcal/mol (see Fig-
ure 4). The most stable structure, PW4_1, has a cyclic OH con-
figuration. In addition to the five strong OH- - - O hydrogen bond-
ings, PW4_1 has two weak CH- - - O hydrogen bondings and one
OH- - - & interaction (see Figure 8). The high stability of PW4_1
is attributed to the fact that it establishes extra bonding interac-
tions in addition to the cyclic OH:--O hydrogen bondings. An
isomer with cyclic OH configuration has been located by previ-
ous authors to be the global minimum structure of the phenol-
water tetramer . In that isomer, the four water molecules as
well as the phenol OH group act as proton donor and proton ac-
ceptor without further interaction with the phenyl group. After
optimization at @B97XD/aug-cc-pVDZ level of theory, the iso-
mer converged to PW4_4. The difference between PW4_4 and
the isomer located in previous works is that in PW4_4, the wa-
ter molecules establish further interactions with the phenyl group
through CH- - - O and OH- - - & interactions. Comparison with pre-
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3 Results and discussions

3.1 Microsolvation of phenol

a PW4_1 b PW4.2 c PW4.3 d PW4 4
0.0 0.5 0.7 0.8

i PW4.9
1.4 1.4 1.5 1.6

Jj PW4.10 k PW4_11

Gy L T b

e PW4.5 f PW4.6 g PW4.7 h PW4.8
0.9 1.0 1.0 1.1

I . ’&?

1 PW4_12

m PW4._13 n PW4_14 o PW4_.15 p PW4_16
1.7 1.8 23 2.4

Fig. 4 Structures of the solvated phenol with four explicit water molecules, as optimized at the ®B97XD/aug-cc-pVDZ level of theory.

vious works shows that all the isomers of Figure 4 are reported
in this work for the first time. It is worth mentioning that the lo-
cation of new isomers in this work has been possible following
global optimization using classical molecular dynamics as imple-
mented in ABCluster’*”>. This essential step in the exploration
of the PESs of clusters has been skipped in previous work, which
also explains the difference between current work and previous
results. As can be seen in Figure 4, the phenol OH group of
low lying energy structures (from PW4_1 to PW4_6) acts as pro-
ton donor and proton acceptor, establishing therefore two strong
hydrogen bonds with the solvating water molecules. However,
in less stable structures, the phenol OH group is either a proton
donor or proton acceptor, establishing only one hydration bond
(see PW4_14, PW4_15 and PW4_16 in Figure 4).

Initially, twenty geometries of the phenol-water hexamer have
been optimized at the wB97XD/aug-cc-pVDZ level of theory.
After optimization, sixteen structures are found to be stable and
different one from another. The located structures, covering an
energy cutoff of 2.5 kcal/mol, are reported in Figure 5. The most

stable structure, PW6_1, exhibits a cage like configuration similar
to the case of water heptamer. In addition to strong OH--- O hy-
drogen bondings, PW6_1 has further bonding interactions result-
ing from the interaction of the water molecules with the phenyl
group (see Figure 8). Exploration of the literature shows that few
authors investigated the hydrogen bond networks of phenol-water
clusters larger than the pentamer. Guedes et al.” reported an iso-
mer with double cyclic OH configuration as the most stable struc-
ture of the phenol-water hexamer. It should be noted that in the
configuration located by Guedes et al.”, the water molecules do
not interact with the phenyl group. This is due to the lack of corre-
lation (dispersion interactions) in the HF method used by the au-
thors. On the other hand, after taking into account the dispersion
corrections in this work (through the ®B97XD DFT functional),
all the located isomers interact with the phenyl group in addition
to the OH---O hydrogen bondings (see Figure 5). In addition,
examination of the structures shows that the hydrogen bond net-
work of the phenol-water hexamer is similar to that of neutral
water heptamer. However, the phenol-water hexamer structures

»

a PW6_1 b PW6.2 ¢ PW6.3 d PW6._4
0.0 0.2 0.4 0.5

===

i PW6.9 Jj PW6_10 k PW6_11 1 PW6_12
0.7 0.8 0.8 1.6

ool

e PW6.5 f PW6_6 g PW6_7 h PW6_8
0.5 0.5 0.6 0.6
(, S X
S w’@f S
m PW6_13 n PW6_14 o PW6_15 p PW6_16
1.8 1.8 2.1 2.5

Fig. 5 Structures of the solvated phenol with six explicit water molecules, as optimized at the ®B97XD/aug-cc-pVDZ level of theory.
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aPwg81l 00 bPW82 01 ¢PW83 04

hPW88 09 iPW89 1.1 jPW810 1.1

J&f? %@;’;ﬁ

oPW8.15 19 pPW816 20 qPWS817 20

d PW84 04

k PWS8_11

r PW8_18
22 3.6 39

3o

g PW8.7 08

e PW85 05 fPW86 0.7

d

1 PW8_12 m PW38_13
1.2 1.3 1.7

n PW8_.14 1.9

s PW8_19 3.0 t PW8.20 u PW8_21

Fig. 6 Structures of the solvated phenol with eight explicit water molecules, as optimized at the ®B97XD/aug-cc-pVDZ level of theory.

establish further interactions with phenyl group, generating lesser
free OH stretching.

The number of possible isomers on the PESs of the phenol-
water clusters increases with the cluster size. For the phenol-
water octamer, among the twenty five optimized configurations,
twenty one are retained and reported in Figure 6. The isomers are
located within the cutoff energy of 3.9 kcal/mol. The most stable
configuration of the octamer, PW8_1, has a folded cage struc-
ture. The folding originates from the interaction of one water
molecule with the phenyl group. Thus, in addition to the OH---O
hydrogen bondings, PW8_1 has one CH---O and one OH--- 7
bonding interactions (see Figure 8). As can be seen in Figure 0,
almost all the isomers have cage like structures, where most of
them are folded cage. Previously, Janzen e al.'* investigated
the experimental spectroscopy of PhOH(H»O)7, and reported
some ab-initio calculations. Their located stable configurations
are similar to PW8_4 and PW8_5, lying 0.4 and 0.5 kcal /mol in
this work, respectively (see Figure 6). Similarly, Roth et al.'”
located isomers similar to PW8_5 and PW8_14, for their spectro-
scopic study of the solvated phenol in water. Apart from these
three isomers that have been reported previously, the remaining
isomers of Figure 6 are located in this work for the first time.
Examination of the configurations shows that the configurations
of phenol-water octamer are similar to the structures of neutral
water nonamer, where the OH of phenol is considered to be the
ninth water molecule*’. In addition, we noted that the hydrogen
bond network governs the stability of the isomers. In the low ly-
ing energy structures, the phenol OH group establishes two strong

hydrogen bondings with the surrounding water molecules. How-
ever, for the less stable structures, the phenol OH group is only
involved in one hydrogen bonding (see Figure 6). Moreover, low
lying energy structures have strong interaction with the phenyl
group through CH- -- O and OH- - - ¥ interactions (see Figure 8).

%

M otpty-

¢ PWI103 0.5

a PW10_.1 0.0 b PW102 0.1

d PWI2_1 00

e PWI22 0.1

f PWI12.3 0.8

Fig. 7 The three most stable structures of the solvated phenol with ten and twelve
explicit water molecules, as optimized at the @WB97XD/aug-cc-pVDZ level of the-

ory.

Regarding the structures of the solvated phenol decamer and
dodecamer, PhOH(H,0)¢ and PhOH(H,0),, we have reported
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3 Results and discussions

3.2 QTAIM analysis of non covalent bondings

in Figure 7 only the three most stable structures to avoid cum-
bersome results. For the decamer, 20 isomers have been lo-
cated within a relative energy cutoff of 3.6 kcal/mol, while for
the dodecamer, 25 different isomers have been located on its PES
within a relative energy cutoff of 4.9 kcal/mol. The complete
list of the located isomers of the decamer and the dodecamer are
presented in the supporting information. Similar to the case of
lower size clusters, it is noted that the most stable configurations
of the decamer and dodecamer are the isomers where the water
molecules establish at least two strong hydrogen bonds and one
CH- - - & bonding interaction with the phenyl group (see Figure 7
and Figure 8). For both decamer and dodecamer, the low lying
energy level on their PESs is degenerated. The difference be-
tween the two isomers lie in the spatial orientation the solvating
water molecules. The results show that in the less stable struc-
tures, the solvating water molecules establish only one hydrogen
bond with phenol. Overall, it is noted that the higher the interac-
tion of the water molecules with phenol, the higher the stability
of the corresponding isomer, no matter the internal configuration
of the solvating water molecules.

3.2 QTAIM analysis of non covalent bondings

To provide more insights about the interaction between the phe-
nol and the solvating water molecules, we performed a QTAIM
analysis on the most stable structures of the studied clusters. The
located critical points and bond paths of the low lying energy
isomers are reported in Figure 8. For the specific case of the
phenol-water monomer, we have additionally reported the elec-
tron density (p) two-dimensional contour and the atomic basins

in the phenyl plane (see Figure 9). The bond paths, the criti-
cal points, the electron density 2D contour, and the the atomic
basins of PW1 indicate the presence of two non-covalent inter-
molecular bondings, OH:--O and CH:--O hydrogen bondings.
Quantitative data at all bond critical points (BCPs) are provided
in the supporting information. The positive values of the Lapla-
cian of the electron density, Vzp (0.1329 au and 0.0260 au), at
the bond critical points (of OH--- O and CH- - - O hydrogen bond-
ings, respectively) are indicative of non-covalent interactions. In
addition, for the two BCPs, the electron density is evaluated to be
0.0364 au and 0.0071 au, respectively. These values indicate that
the OH- - - O hydrogen bonding is considerably stronger than the
CH- - - O hydrogen bonding in PW1. We have reported in Table 1
the interval of p and V?p at bond critical points of the most stable
configurations of the phenol-water clusters.

It can be seen in Figure & that the number of non-covalent inter-
actions in phenol-water clusters is dominated by OH- - - O hydro-
gen bondings. The OH- - - O hydrogen bondings are also found to
be the strongest non-covalent interactions of PhOH(H,0),, based
on the values of the electron density at BCPs (see Table 1). Be-
sides, it is also reflected in Table | that the CH---O hydrogen
bondings are less stronger than the OH-: - - O hydrogen bondings
in all the studied cluster. In addition to the OH:--O and the
CH- - - O hydrogen bondings, two other non-covalent interactions
can be identified in phenol-water clusters: the OH--- 7 and the
O---C bonding interactions (see Figure 8 and Table 1). Among
all the non-covalent bondings, the O---C bonding interactions
are the weakest interactions in phenol-water clusters. We have
noted that only few of the OH: - - 7 and the O. - - C bonding inter-

d Phenol(H,O)4

e Phenol(H,0)q

f Phenol(H;0)g

g Phenol(H,0)¢ h Phenol(H,0),

Fig. 8 QTAIM analysis of the solvated phenol clusters, PhAOH(H;0),,, n = 1 — 12, using the most stable structures: bond paths and critical points.
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actions are identified in this work. Parthasarathi, Subramanian,
and Sathyamurthy® have reported the QTAIM study of phenol-
water monomer, dimer and trimer based on HF/6-31G electron
density. The authors found that only the phenol-water monomer
and phenol-water trimer have each one CH-: - - O hydrogen bond-
ing. For all the studied clusters, they have only reported OH- - -O
hydrogen bondings®. This could be attributed to the quality of
their electron density which is calculated at a relatively poor com-
putational level of theory. In addition, their results could also
be attributed to the missing isomers of the phenol-water clusters
which are located in this work for the first time.

Table 1 Interval of p and V2p at bond critical points of the most stable config-
urations of the phenol-water clusters, n = 1 — 12, at the ®B97XD/aug-cc-pVDZ
level of theory.

p (eay”) V2p (ea,”)
Bonding  Min Max Min Max
OH---O 0.0245 0.0512 0.0783 0.1613
CH---O 0.0066 0.0079 0.0211  0.0300
OH---m 0.0071 0.0112 0.0228 0.0296
O---C 0.0027 0.0067 0.0087 0.0226

ST
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Fig. 9 QTAIM analysis of PhOH(H,0); using PW1: bond paths, critical points,
2-dimensional electron density contour, and atomic basins.

3.3 Temperature-dependent isomers’ probabilities

Temperature effects on the stability of the investigated clusters is
assessed using the Boltzmann distribution. The probabilities (rel-
ative populations) of different isomers of the phenol-water clus-
ters are calculated for temperatures ranging from 20 to 400 K.
As only one isomer of the monomer is located, there is no need
to determine the probability. The calculated probabilities of the
phenol-water dimer are plotted as function of temperature in Fig-
ure 10. The relative population or probability is the Boltzmann
distribution given in Equation 5. The results show that the most

stable phenol-water dimer, PW2_1, is the most favoured isomer
for all the investigated temperatures. The isomers PW2_2 and
PW2_3 contribute in trace to the population of the phenol-water
dimer at high temperatures. The population of the dimer shows
that the isomers PW2_4 and PW2_5 have negligible contribution
to the cluster’s population. As noted in our previous works, the
isomers with relative energies higher than ~1.0kcal/mol have
negligible contribution to the cluster’s population.

-

Probability
o
(9]
[INERE FEER AR R SN E NI FE AR AN AR NN NN AR SN NN CRRE |
T

0.4 _
0.3 -
0.2 N 7::117:3:7??/‘_
" e _
0 + ”iﬁ%i M_

T T T
40 80 120 160 200 240 280 320 360 400
Temperature (K)

Fig. 10 Relative population of the solvated phenol with two explicit water
molecules, PhOH(H,0),. The relative population is the Boltzmann distribution
given in Equation 5.

In addition to the phenol-water dimer, we have plotted in Fig-
ure 11 the temperature-dependence probabilities of the isomers
of the studied clusters. For all the studied clusters, the results
show that the most stable configuration is the most favoured at all
temperatures. Nevertheless, at high temperatures, other isomers
contribute significantly to the population of the clusters. For most
of the clusters, there is a competition between the isomers at high
temperatures. This result is found be to in agreement with previ-
ous works on furan clusters and dimethylsulfoxide clusters”*-*.
We have learnt from the study of the temperature effects that the
isomers that significantly contribute to the population of the clus-
ters have their relative energies within ~1.0kcal/mol. This has
been also remarked in our previous work on dimethylformamide
clusters . Although the structures of phenol-water clusters have
similar configurations to those of neutral water clusters, their
temperature-dependence follows different trends. It has been
found that several isomers compete to the population of neutral
water clusters, with some favoured at low temperatures and oth-
ers more favoured at high temperatures”'-"”°~¢ However, for
the case of the phenol-water cluster, the most stable configura-
tions dominate the population of the clusters. This indicates that
the phenyl group has significant influence on the temperature-
dependence trend.
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Fig. 11 Relative population of the solvated phenol clusters in water, PROH(H,0),,, n = 3 — 12, as computed at the @B97XD/aug-cc-pVDZ level of theory. The relative
population is the Boltzmann distribution given in Equation 5.
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3.4 Hydration free energies and enthalpies of phenol

Before presenting the calculated hydration free energies and en-
thalpies of phenol, we would like to properly situate the reader
about these properties/energies. The hydration free energies are
important to understand chemical reactivity and chemical kinet-
ics of molecules in solvents. They are also involved in several
chemical and biological processes as outlined in our previous
work*?. In this work, we use the cluster continuum? solvation
model (CCM) to compute the absolute hydration free energy and
enthalpy of phenol. As pointed out in the methodology, the CCM
has been widely used to calculate the absolute hydration free en-
ergy with high accuracy as compared to experiment’**%%°  In
cluster continuum model, a few explicit solvent molecules around
the solute are treated quantum mechanically, while the remaining
is considered as a continuum medium. This model is quantum
mechanically representing the solvation of a solute in a liquid.

Using the cluster continuum solvation model as outlined in the
methodology section, we have calculated the absolute solvation
free energy and the absolute solvation enthalpy of phenol in wa-
ter. The solvation free energy and enthalpy are calculated using
Equation 2 and Equation 3, respectively. For each cluster size, we
used all the possible configurations as presented in subsection 3.1
weighted by their canonical probabilities. The structures of neu-
tral water clusters are retrieved from our previous works and re-
optimized at the @B97XD/aug-cc-pVDZ level of theory. For the
neutral water clusters, only the most stable configurations have
been used. To be used in Equation 2 and Equation 3 the gas phase
geometry of phenol has been optimized at the @B97XD/aug-cc-
pVDZ level of theory. The solvation free energy and enthalpy of
phenol in water are calculated for temperatures ranging from 20
to 400 K. We reported in Figure 12 the variation of the solvation
free energy and enthalpy of phenol in water as function of the
cluster size n at room temperature (298.15 K).

Oq— T | | | | | |
P \\\ /N *

~ -2 N/ _— i
5 2] </ —~— )
E 1 3
© 4] 7
Y i
X ]
n —67] .
2 ] —e— AG(PhOH)
o ]
% -8 ~+ AH_(PhOH) ]
e ]
ot ]
S ~107 .
pras] 4
g i
6 -12 __' -1
n ]

~14 4

T T T T T 1 T T T T T
1 2 3 4 5 6 7 8 9 10 11 12

Cluster size (n)
Fig. 12 Variation of the solvation free energy and enthalpy with the cluster size

n for room temperature (298.15 K).

As can be seen in Figure 12, the calculated solvation free en-

ergies and enthalpies for different cluster sizes can be regarded
as values oscillating around an average. The fact that the val-
ues oscillate around an average indicates that the explicit sol-
vation of phenol has a negligible effect on the calculated hy-
dration free energy and enthalpy. The estimated average val-
ues of the hydration free energy and enthalpy of phenol are
—1.7kcal/mol and —12.1kcal/mol, respectively. Previously,
an estimate of —6.6kcal/mol has been reported by Gallicchio,
Zhang and Levy '’ for the hydration free energy of phenol. The
same value has been reported earlier by Cabani and coworkers””.
As compared to theirs, our estimated hydration free energy is un-
derestimated (less negative). Our most negative estimate of the
hydration free energy (—3.4kcal/mol found for n = 3) is also
slightly underestimated as compared to the value estimated by
Gallicchio, Zhang and Levy '°. When no explicit water molecule
is used, the hydration free energy of phenol is evaluated to be
—4.3kcal/mol. It is worth noting that the method used by Gal-
licchio, Zhang and Levy '? is among the experimental techniques
used to estimate the hydration free energy. Therefore, our calcu-
lated hydration free energy is slightly underestimated.

Regarding the hydration enthalpy of phenol, a previous exper-
imental estimate of —13.6 kcal /mol has been reported by Cabani
and coworkers””. Although our estimated hydration free energy
is found to be slightly underestimated, our estimated hydration
enthalpy is in good agreement with experiment. However, an im-
provement of the estimates would be interesting. To improve the
agreement between our estimates and the experiment, one could
use a high level ab-initio method which could be expensive for
such a large system. Another way is to benchmark several DFT
functionals and select the one providing better agreement with
the experiment. In addition, Guedes et al.®’ have estimated sev-
eral values of the hydration enthalpy of phenol depending on the
potential model used in their Monte Carlo simulations. Their es-
timations vary from —14.9 kcal /mol to —17.8 kcal /mol ©".

To get further insights into the accuracy of the level of the-
ory and the implicit solvation model, we tried a different level
of theory and a different solvation model. Thus, we performed
a single-point calculations on the most stable configurations for
each value of n. The single-point calculations are performed us-
ing the SCS-MP2/aug-cc-pVTZ level of theory, and the SMD
solvation model. The free energies and enthalpies at the SCS-
MP2/aug-cc-pVTZ are obtained using the frequencies calculated
at the wB97XD/aug-cc-pVDZ level of theory. The calculated
solvation free energy and enthalpy, for each cluster size n, are
reported in the supporting information (Table S1). Similar to the
case of @WB97XD/aug-cc-pVDZ, the results at the SCS-MP2/aug-
cc-pVTZ level of theory show that the solvation free energy
and enthalpy oscillate around an average. The averaged values
of the solvation free energy and enthalpy are evaluated to be
—0.8 kcal/mol and —11.3 kcal/mol, respectively. It comes out
from this investigation that the difference between the predictions
at these two levels of theory is less than 0.9 kcal /mol.

After examining the effects of explicit solvation, we have in-
vestigated the effects of temperature on the hydration free energy
and enthalpy for temperatures between 20 and 400 K. The esti-
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Fig. 13 Variation of the solvation free energy of phenol in water as function of
temperature for different number of explicit solvent molecules, n =1 —12.
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Fig. 14 Variation of the solvation enthalpy of phenol in water as function of
temperature for different number of explicit solvent molecules, n =1 — 12.

mated hydration free energy and enthalpy of phenol as function
of temperature for n = 1 — 12 are reported in Figure 13 and Fig-
ure 14, respectively. The oscillation of the estimated hydration
free energy and enthalpy can be seen in Figure 13 and Figure 14.
The results show that the hydration enthalpy for a given cluster
size is slowly varying with the change of temperature. This could
indicate that the hydration enthalpy is temperature independent.
Elsewhere, the hydration free energy is varying almost linearly as
function of temperature (see Figure 13). This indicates that the
variation of the hydration free energy of phenol depends on the
slope of the curves (which is the hydration entropy). Thus, one
can state that the variation of the hydration free energy of phe-
nol is entropically driven. It is worth noting that this behaviour
of the hydration free energy and enthalpy of the proton has been
reported in our previous works*’°'. We have found that the sol-
vation free energy of the proton in ammonia varies linearly as
function of temperature, while the solvation enthalpy of the pro-

ton in ammonia is found to be temperature independent’. Re-
cently, we calculated the adsorption free energy of aniline onto
coronene as function of temperature®'. It has been found that the
adsorption free energy is linearly varying with temperature, and

entropically driven®’.

4 Conclusions

In this work, we provided the absolute hydration free energy and
the absolute hydration enthalpy of phenol in water for tempera-
tures ranging from 20 to 400 K. To undertake this investigation,
we generated initial configurations of phenol-water clusters for
n =1 to n = 12. The generated configurations have been opti-
mized at the @B97XD/aug-cc-pVDZ level of theory. The results
show that the configurations of the phenol-water clusters are sim-
ilar to those of neutral water clusters without the phenol added.
However, the configurations phenol-water clusters are folded as
compared to neutral water clusters, due to the interaction of wa-
ter molecules with the phenyl group. To understand the nature
of the interaction between the water molecules and phenol, we
performed a QTAIM analysis on the most stable structures of
the phenol-water clusters. The analysis shows that the structures
are stabilized by strong OH---O hydrogen bondings and weak
CH---O hydrogen bondings. In addition, OH---7 and O---C
bonding interactions are also identified.

The located structures of phenol-water clusters are used to
compute the solvation free energy and enthalpy. Before that,
we examined their relative population (probabilities) for temper-
atures ranging from 20 to 400 K. The results show that the most
stable configurations dominate the population of the clusters. In
addition, we have found that few structures compete to the popu-
lation of clusters at high temperatures. After calculating the hy-
dration free energy and enthalpy of phenol, the results show that
the explicit solvation has negligible effect on the estimated val-
ues. The estimated average values of the hydration free energy
and enthalpy of phenol are —1.7 kcal/mol and —12.1 kcal /mol,
respectively. The temperature-dependence of the solvation free
energy and enthalpy shows that the hydration enthalpy of phe-
nol is temperature independent, while the hydration free energy
varies linearly as function of temperature.

Acknowledgements

The authors are grateful to the Center for High Performance Com-
puting (CHPC) in South Africa for granting them access to their
clusters and computational resources. The Norwegian Supercom-
puting Program (UNINETT Sigma2, Grant No. NN9684K) is ac-
knowledged for computer time. We would also like to thank the
Central Research Fund of the University of the Free State.

Disclosure statement

There are no conflicts of interest to declare.

11-13

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632



633

634

635

636

637

638

639

640

641

642

643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685

Microsolvation of Phenol in Water: Structures, Hydration Free Energy and Enthalpy

Malloum and Conradie

Data availability statement

The data used in this work is provided in the manuscript or in the
supporting information.

Supporting information
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