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Abstract. The energetics of the phenol O-H bond in
methanol and the water O-H bond in liquid water were
investigated by microsolvation modelling and statistical
mechanics Monte Carlo simulations. The microsolvation
approach was based on density functional theory calcu-
lations. Optimised structures for clusters of phenol and
the phenoxy radical with one and two methanol mole-
cules are reported. By analysing the differential solvation
of phenol and the phenoxy radical in methanol, we
predict that the phenol O—H homolytic bond dissociation
enthalpy in solution is 24.3£11 kJ/mol above the
gas-phase value. The analysis of the water O—H bond
dissociation by microsolvation was based on optimised
structures of OH*—-(H,0);_¢ and —(H,O);_7 clusters.
Microsolvation modelling and statistical mechanics
simulations predict that the HO-H bond dissociation
enthalpies in the gas phase and in liquid water are very
similar. Our results stress the importance of estimating
the differences between the solvation enthalpies of the
radical species and the parent molecule and the limita-
tions of local models based on microsolvation.

Keywords: Homolytic dissociation — Density functional
theory — Monte Carlo — Hydrogen bonding — Microso-
ration

1 Introduction

The energetics of the phenol O-H bond in the liquid
phase has been analysed in several experimental
[1,2,3,4,5] and theoretical works [6,7,8,9]. This subject
is of great interest because phenolic compounds play a
major role in the chemistry of living organisms, includ-
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ing green plant photosynthesis [10], biocatalysis [11], and
protein redox reactions [12]. Moreover, almost all of
these processes take place in solution. The energetics of
the PhO-H homolytic bond dissociation in solution is
defined by the enthalpy of the process:

PhOH (sln) — PhO*(sln) + H*(sln), (1)

which will be represented by Dy, (PhO—H). The enthalpy
of the corresponding process in the gas phase will be
denoted by D(PhO-H). The recommended experimental
value for this quantity is 371.342.3 kJ/mol [1]. By
evaluating

AD = Dy,(PhO—H) — D(PhO—H) (2)

the importance of solvent effects can be discussed. Some
experimental works [3,5] indicated that AD should be
quite small in hydrogen-bonding liquids, namely around
13 kJ/mol in aqueous solution [3] and around 12 kJ/mol in
dimethyl sulphoxide [2]. On the other hand, Wayner et
al.[4] predicted that solvent effects on AD were much more
important. For instance, AD was estimated as around 36
kJ/mol in dimethyl sulphoxide. Although these authors
have not performed experiments on the hydration of
phenol, they predict similar effects in hydrogen-bond
acceptor solvents [4]. However, their predictions were
based on a local model approach (hydrogen-bond-only),
where AD was identified with the enthalpy of the
hydrogen bond between phenol and one solvent molecule.

Recently, we have analysed the differential hydration
of phenol and the phenoxy radical by Monte Carlo
simulations [8] and our prediction is that AD is around
30 kJ/mol. In the present study we are extending our
previous investigation to PhO-H bond dissociation in
liquid methanol. Moreover, we have decided to analyse
the energetics of the homolytic dissociation of the HO-H
bond in liquid water, which is described by the process

H,0(sln) — OH*(sln) + H*(sln) (3)

The bond dissociation enthalpy of this reaction is
represented by Dg,(HO-H). The corresponding gas
phase value, D(HO-H), has been the subject of numer-
ous investigations (see Ref. [13] and references therein).



D(HO-H) is considered a reference quantity owing to
the importance of the OH* radical in many chemical and
biochemical processes. One recent evaluation predicts
that D(HO-H) = 492.08+0.67 kJ/mol [13]. The gener-
ation of the OH* radical in liquid water by radiolysis has
been the subject of several studies [14,15,16,17]. The
deleterious effects of the OH® radical on biological
systems are well known [18,19]. In addition, most of the
reactions involving this species occur in an aqueous
environment; therefore, the energetics of the hydrated
OH?* radical is of great interest in many biochemical
processes.

The present work is based on two (complementary)
approaches: microsolvation modelling and statistical
mechanics Monte Carlo simulations. By using the first
approach, quantum information on the structure, ener-
getics, and charge distribution of small clusters has been
used to discuss solute—solvent interactions and polari-
sation effects. From Monte Carlo simulations, the
structure and energetics of the solutions were determined
and solvent effects on the homolytic bond dissociation
were analysed.

2 Computational details

Geometry optimisations for the structures of phenol-methanol
[PhOH—(CH3;OH);_»] and phenoxy radical-methanol [PhO°*-
(CH30H);_,] clusters were carried out with Becke’s three-parame-
ter hybrid exchange functional [20] and the Lee, Yang, and Parr [21]
correlation functional (B3LYP). The 6-31+ G(d,p) basis set was
used in these optimisations. Single-point energies with the 6-
311+ + G(d,p) basis are also reported. To analyse the structure and
energetics of OH*-Wy (N = 1-6) clusters, where W is H,O and N is
the number of water molecules, we carried out density functional
theory (DFT) ***calculations with the Adamo and Barone
[22,23,24] Becke style one-parameter hybrid functional, using a
modified Perdew—Wang exchange [24] and PW91 correlation [25]
(MPWI1PWO1). The geometries of OH®*-Wy and Wy, clusters
(N = 1-6) were fully optimised with Dunning’s correlation-consis-
tent polarised-valence double zeta basis set augmented with diffuse
functions (aug-cc-pVDZ) [26]. Single-point energy calculations with
the aug-cc-pVTZ and aug-cc-pVQZ basis sets [27] are also reported.

The energetics of the clusters with one solute molecule X and N
solvent molecules S can be discussed in terms of the binding en-
thalpies, defined as

AHy,y = H[X — SN] — H[X] — H[SN], 4)

where Sy is a cluster with N solvent molecules. Binding enthalpies
AHy v include zero-point vibrational energy corrections and ther-
mal corrections and were corrected for basis set superposition error
(BSSE) by using the counterpoise method [28] with fragment
relaxation energy contributions [29].

Monte Carlo simulations were carried out in the isobaric-iso-
thermal (NPT) ensemble [30] at 7= 298 K and P =1 atm. The
interactions between two molecules, a and b, were described by a
Lennard-Jones (LJ) plus a Coulomb contribution, with parameters
€, 0;, and g; for each atom:

12 6 2
O Oii qiqe
U = 2249/ <l> —<J) +=, (5)
ica jeb Tij Tij Tij
where €ij = (Eiéj)l/z and gjj = (O’in)l/z.
For the simulations of phenol and the phenoxy radical in
methanol, the intermolecular parameters for the interactions
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between the methanol molecules are from Jorgensen [31]. To de-
scribe the solute—solvent interactions we used the LJ parameters of
Jorgensen and Nguyen [32]. The solute charges are Merz—Kollman—
Singh (MKS) charges [33,34] calculated at the B3LYP/6-
31+ G(d,p) level, by using the optimised clusters with two metha-
nol molecules, where the charges of methanol are those corre-
sponding to the intermolecular model.

The simple point charge SPC potential proposed by Berendsen
et al. [35] was adopted to represent the interactions between the
water molecules. For the hydroxyl radical the LJ parameters are the
same as those for the SPC model for water. This procedure is based
on the assumption that the LJ parameters are transferable when we
move from the parent molecule (water) to the radical species (OH®
radical). Therefore, the main changes in the solute-solvent inter-
actions are related to the polarisation of the solute charge distri-
bution induced by the nearest solvent molecules.

To model the Coulomb interactions between the solute (hydroxyl
radical) and the water molecules, the charge distribution of the rad-
ical was determined in the OH*~W5 isomer. The charge distribution
of the water molecules in this cluster was represented by SPC charges
and a quantum mechanical DFT calculation at the MPWI1PWO91/
aug—cc-pVDZ level was carried out to calculate MKS charges of the
OH?* radical. This procedure to estimate the Coulombic solute—sol-
vent interactions takes into account, at least partially, the polarisa-
tion of the solute by the closest solvent molecules.

LJ parameters and charge distributions for phenol, the phenoxy
radical, and methanol are reported in Table 1. Intermolecular
interaction parameters for the OH® radical and water are reported
in Table 2.

The Monte Carlo simulations were carried out with one solute
molecule and N = 250 solvent molecules. A cubic cell with periodic
boundary conditions was used. The interactions were truncated at a
cutoff distance R, of 12.9 A (methanol) and 9.6 A (water). The
initial configuration was generated randomly. We carried out
0.5x108 steps for equilibration. Average values were calculated over
12.5x10% additional steps. Each step involves the attempt to move
one molecule of the system.

From the Monte Carlo simulations, we can estimate solvent
effects on the O—H bond dissociation enthalpies for the processes
XOH — XO* + H°*, where X is (Ph or H), by using the following
equation:

Dyn(XO-H) — D(XO—H) = AgaH(XO", 9)
— AgmH(XOH,g) + Agnf1(H®, g). (6)

This expression can be derived by defining a thermochemical cycle
relating gas-phase and solution-phase O-H bond dissociation
reactions [1,9]. Solvation enthalpies of the radical species,
AgnH (X0, g), and of the parent molecules, Ag,H(XOH,g), can be
calculated from the simulations [8]. The last term in the Eq. (6)
AanH (H®, g), is the solvation enthalpy of the hydrogen atom, which
has not been experimentally determined. Usually, it is assumed that
it can be approximated by the solvation enthalpy of the hydrogen
molecule, AgnH(Ha,g), which is available in several solvents [1].
Recently, from NPT simulations for H® in water, we have estimated
AanH(H*, g) as —3.8+1.6 kJ/mol [8]. This value is very close to the
experimental result for Ag,H(Hy,g) in water (—4.0 kJ/mol) [1].
Here, we assume that both quantities are also similar in methanol.
We can also define the difference between the solvation enthalpies
of the radical and the parent molecule as

AAH = Aslnl‘[(XO.7 g) — AslnH(XOH,g). (7)
By defining AD = Dy, (XO — H) — D(XO — H), we can write
AD = AAH + Ay H(H®, g). (8)

This expression will be used to discuss solvent effects on the ener-
getics of the O-H bond dissociation enthalpies. We note that when
the microsolvation model is used,

AAH =~ AAHy = AH, y[XO* — Sy] — AH, y[XOH — S, 9)
The DFT calculations were carried out with the Gaussian- 98

program [36] and the Monte Carlo simulations with the DICE
program [37].
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Table 1. Lennard-Jones parameters and charge distribution for
phenol, the phenoxy radical, and methanol

Phenol and € g, g (au)®
phenoxy (kJ mol 1" (A)
PhOH PhO*

Cl 0.293 3.550 0.5346 0.7151
C2 0.293 3.550 —0.3049 -0.2607
C3 0.293 3.550 —0.3888 -0.3174
C4 0.293 3.550 —-0.0910 —0.1051
Cs5 0.293 3.550 —0.0446 —0.0539
Co6 0.293 3.550 -0.2057 -0.1011
H7 0.126 2.420 0.1776 0.1615
HS 0.126 2.420 0.1807 0.2002
H9 0.126 2.420 0.1269 0.1341
H10 0.126 2.420 0.1202 0.1317
H11 0.126 2.420 0.1313 0.1271
012 0.711 3.070 —-0.7399 -0.6315
H13 0.000 0.000 0.5036
Methanol [c] e o (A) q(au)

(kJ mol™")
Cl 0.866 3.775 0.265
H2,H3,H4 0.000 0.000 0.000
05 0.711 3.071 -0.700
H6 0.000 0.000 0.435

# Lennard-Jones parameters from Jorgensen and Nguyen [32]

® Merz-Kollman-Singh charges calculated at the 6-31 + G(d,p) level
in clusters with two methanol molecules

¢ Interaction parameters from Jorgensen [31]

Table 2. Lennard-Jones parameters and charge distribution, for
the hydroxyl radical and water

OH*, H,0 ¢(kImol™'® o (A® ¢ (au)

OHob Hzoa
0 0.648 3.165 -0.476  —0.820
H 0. 0. 0.476 0.410

& Water single point charge model from Berendsen et al. [35]
® Merz-Kollman-Singh charges calculated at the MPW1PW91/
aug-cc-pVDZ level in the OH*-W5s complex

3 Phenol O-H homolytic bond dissociation in methanol
3.1 Microsolvation

The optimised structures of phenol-methanol and
phenoxy radical-methanol clusters are represented in
Fig. 1. These structures illustrate the role played by
the phenol molecule as a proton donor (clusters with
one and two methanol molecules) and a proton
acceptor (cluster with two methanol molecules). This
is in contrast with the phenoxy radical, which can only
act as proton acceptor in these clusters. When the
number of solvent molecules increases in the phenol-
methanol clusters we can observe a small reduction of
the hydrogen-bond distance between the hydrogen of
the phenol O-H group and the methanol oxygen
atom: the H...O distance is 1.82 A in the cluster with
one methanol and 1.78 A in the cluster with two
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Fig. 1. Structures of the optimised phenol—methanol and phenoxy
radical—methanol clusters from B3LYP/6-31 + G(d,p) calculations

methanol molecules. A small reduction of the distance
between the phenoxy radical oxygen and the hydrogen
of the methanol O-H group is also observed (Fig. 1).
This behaviour (reduction of the hydrogen-bond
distances with increasing number of methanol mole-
cules) reflects collective polarisation effects induced by
hydrogen bonding and it is quite similar to what is
observed in phenol-water and phenoxy radical-water
clusters [6].

From single-point-energy calculations at the B3LYP/
6-311+ + G(d,p) level with geometries optimised at the
B3LYP/6-31 + G(d,p) level, binding enthalpies (for the
calculation of AH,y see Eq. 4) of phenol-methanol
clusters are —24.2 (—20.3) kJ/mol for PnOH-CH;OH
and —40.4 (—36.3) kJ/mol for PhOH—(CH;OH),, where
the values in parentheses are corrected for BSSE. This
last value does not include the methanol-methanol
interaction energy, which is —24.3 kJ/mol in the free
dimer and —20.7 kJ/mol in the geometry of the PnOH—
(CH30H), complex, reflecting the role played by geo-
metric constraints on the energetics of the optimised
structures. For phenoxy radical-methanol, AHpy is
—20.8 (—19.2) kJ/mol and —34.8 (—32.0) kJ/mol for
PhO*-CH;OH and PhO*-(CH3;0H),, respectively.
Therefore, if we adopt the hydrogen-bond-only ap-
proach [4], i.e., if we assume that the differential solva-
tion can be estimated by —AH}, y(PhOH-CH3;OH) then
AAH = 20.3 kJ/mol (see Eq. 7). However, when the
solvation of PhO® is considered AAH is significantly
lower, i.e., 1.1 kJ/mol (cluster with one methanol mole-
cule) or 4.3 kJ/mol (cluster with two methanol mole-
cules).
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Table 3. Energetics of the phenol O—H homolytic bond dissociation in methanol (kJ/mol)

AAHy @ ADy ® AAH® AD? AgnH(PhO®,g) AgnH(PhOH., g)
Micro solvation
Cluster with one CH;0H 1.1 -27+16
Cluster with two CH;OH 4.3 0.5+ 1.6
Monte Carlo 28.1 £ 11 24.3 +11 —-47.4 +7.6 =755+ 7.8

“ AAHy = AHy, y[PhO® — (CH30H),] — AHy, y[PhOH — (CH;OH), ]

® ADy = AAHy + AgnH (H*, g), where the solvation enthalpy of the hydrogen atom in methanol was considered similar to the solvation-

enthalpy of hydrogen in water (3.8 + 1.6 kJ/mol) [§]
© AAH = AqnH(PhO®, g) — AqnH(PhOH, g)
4AD = AAH + AgH(H®, 2)

3.2 Monte Carlo simulations

Monte Carlo results for the solvation of phenol and the
phenoxy radical in methanol are reported in Table 3. The
solvation enthalpy of phenol in methanol was computed
as AgnH(PhOH, g) =-75.5+ 7.8 kJ/mol. This value is
similar to our prediction for the hydration enthalpy of
phenol (—74.5 £ 6.3 kJ/mol) [8]. It is possibly slightly
overestimated owns to the approximation that the phenol
molecule has a rigid O-H group [8]. For the phenoxy
radical Ay H(PhO®,g) = —47.4+7.6 kJ/mol. Thus,
AAH = AgoH(PhO® g) — AqnH(PhOH,g) is 28.1 + 11
kJ/mol, indicating, in keeping with our best estimate for
the differential hydration enthalpy of phenol and the
phenoxy radical [AAH = AnyaH (PhO®, g)—
AnyaH (PhOH,g) = 26.8 £ 15 kJ/mol] [8], that the solvent
effect is significant and cannot be neglected. Although in
this case, the result from the Monte Carlo simulation is in
reasonable agreement with the hydrogen-bond-only
prediction (20.3 kJ/mol), we believe that this is not, in
general, a reliable procedure to predict differential
solvation effects.

The radial distribution functions (RDFs) that de-
scribe the correlations between the phenol and the
phenoxy radical centre-of-mass-positions and the meth-
anol centre-of-mass position are shown in Fig. 2. For the
solution with phenol, spherical integration of this func-
tion up to the first minimum (6.5 A), leads to around 15
methanol molecules in the first coordination shell.
For the solution with the phenoxy radical, integration
up to first minimum (6.9 A) leads to around 18 methanol
molecules (see inset of Fig. 2).

A snapshot of phenol and the phenoxy radical with
the first coordination shells is shown in Fig. 3. Although
the coordination numbers are nearly the same for both
species, the local order related to hydrogen bonding in
the two solutions is not equivalent. This is illustrated in
Figs. 4 and 5, which describe the correlations related to
the role played by phenol as a proton donor (Fig. 4) and
phenol and the phenoxy radical as proton acceptors in
methanol (Fig. 5). Obviously, the phenoxy radical plays
no role as a proton donor in methanol. However, its role
as a proton acceptor (Fig. 5) is very similar to the role
played by phenol. Thus, it seems reasonable to explain
the differential solvation of phenol and the phenoxy
radical in a hydrogen-bonding solvent simply by
observing that, in these solvents, phenol can act as a

good proton donor and acceptor molecule, whereas the
phenoxy radical can only accept hydrogen from the
solvent.

4 Water O-H homolytic bond dissociation in water
4.1 Microsolvation

The optimised structures of OH*-~Wy and Wy, clusters
are shown in Fig. 6, where the great similarity between
them can be observed. One important feature in the
OH*-Wy clusters is that they reflect the ability of the
OH?"* radical to form hydrogen bonds at both ends. Thus,
the OH* radical acts as a proton-donor and proton-
acceptor species in a hydrogen-bonding solvent. The
structural similarity (Fig. 6) leads, in this case, to
energetic similarity, which can be illustrated by compar-
ing binding enthalpies of OH*~Wy and Wy, clusters
(Fig. 7). AHpy for the water dimer is —12.3 kJ/mol
(MPWI1PWO1/aug-cc-pVQZ) but the OH*-W; complex
is even stabler than the water dimer (AH, y =—17.3 kJ/
mol) . Thus, from the microsolvation results for small
clusters, we predict that the differential binding energy of
the OH® radical and water is very small, i.c.,
AAHy =—-5.0 kJ/mol (Table 4). A detailed analysis on
the structure, vibrational spectrum, and energetics of
these clusters has been published elsewhere [38].

For the present system, if we adopt the hydrogen-
bond-only approach, (—12.3 kJ/mol) the differential
solvation would be overestimated. It is clear that the
strong stabilisation of the OH*® radical (that can act as a
proton donor and proton acceptor) has to be considered
explicitly.

4.2 Monte Carlo simulations

The partial RDFs related to hydrogen bonding for the
OH?" radical solvated in water and pure water are shown
in Fig. 8. The gy_o(r) RDF (Fig. 8, left) is related to the
role played by the OH® radical as a proton donor in
water, This function shows a sharp maximum (2.8 at
1.65 A). Integration up to the first minimum (0.05 at 2.3
A) yields 1.0, which is the average number of water
oxygen atoms in close interaction with the OH® radical
hydrogen. Comparison between gi_o(r) of the hydrated
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Fig. 2. Partial radial distribution function
describing the correlations between the phenol

OH®* radical and pure liquid water confirms that the
short-range order is quite different for the two systems.
Moreover, this function illustrates the role that the OH*®
radical plays as a proton donor in liquid water, which
appears to be more significant than the role played by
the water molecules as a proton donor in liquid water.
The go_n(r) RDF describes the correlations between the
OH* radical oxygen and water hydrogen atoms and
illustrates the role played by the OH® radical as a proton
acceptor in liquid water. For the hydrated OH® radical
this function shows a first maximum (0.6 at 1.9 A) and
integration of this function up to the first minimum (0.42
at 2.3 A) yields 0.6, which is the average number of
hydrogen atoms in close interaction with the OH®
oxygen atom. Comparison with the same function for

and the phenoxy radical centre- of- mass with the
methanol centre- of- mass, gem—em(r). The inset
shows the average coordination number, n.(r)

Fig. 3. Snapshot illustrating the

structure of the first coordination
shell of phenol and the phenoxy

radical in methanol

liquid water shows that here the oxygen atom has a
stronger interaction with the water hydrogen atoms:
go-nu(r) shows a first peak (1.3 at 1.7 A), and integration
up to the first minimum (0.25 at 2.3 A) yields 0.94.
The energetics results of the water O—H bond disso-
ciation in water are reported in Table 4. We predict that
the hydration enthalpy of the OH® radical
AsnH(OH®,g)= —39.14+4 kJ/mol. The SPC model pre-
dicts that Ag,H(H,0,g)= —47.944 kJ/mol, in good
agreement with the experimental value (—44.0 kJ/mol)
[39]. Thus, we find that AAH = Ay,H( OH®, g)—
AgnH( H,0, g) is 8.8+6 kJ/mol. Consequently, AAD is
546 kJ/mol, which indicates that, owing to the stabili-
sation of the OH® radical, solvent effects on the ener-
getics of HO-H bond in liquid water are quite small.
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Fig. 4. Partial radial distribution function gy_o(r) for phenol in
liquid methanol. The inset shows n¢(r)

80-Hy (I‘)

Fig. 5. Partial radial distribution function go_u(r) for phenol and
the phenoxy radical in liquid methanol. The inset shows nc(r)

5 Conclusions

This work reports results for the energetics of two O-H
bonds in two hydrogen-bonding liquids, methanol and
water. Firstly, we analysed the differential solvation of
phenol and the phenoxy radical in liquid methanol.
From this analysis we have verified that the solvent effect
on the energetics of the phenol O—H bond in methanol is
significant and that the gas-phase and solution values for
the O-H bond dissociation enthalpies differ by around
24 kJ/mol. Our second investigation concerned the
energetics of the water O—H bond in water. In this case,
we found that the solvent effect on the HO-H bond is
quite small (around 5 kJ/mol). This result is related to
the strong stabilisation of the OH® radical in water.
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OH(H,0),

*‘-*'":ﬁu

OH(H,0),

e, 5
b

OH(H,0),

OH(H,0),

Fig. 6. Optimised structures of water clusters (Wy,;) and the
hydroxyl radical and water clusters (OH*-Wy), from MPWI1PWO91/
aug-cc-pVDZ calculations

Our main conclusion is that to predict solvent effects
on the energetics of O—H bonds in an XO—H system it is
crucial to correctly estimate AAH = Ay H(XO®)—
AgnH(XO — H). We stress the limitations of local
models such as microsolvation and hydrogen-bond-only
to adequately describe differential solvation effects re-
lated to O—H homolytic bond dissociation in hydrogen-
bonding liquids.
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Fig. 8. Partial radial distribution functions gy_o(r) and go_n(r) for

the

hydrated OH*® radical and for liquid water

Table 4. Energetics of the water O—H homolytic bond dissociation in water (kJ/mol)

AAHy*? ADy® AAH® AD* AgnH(OH® g) AsnH(H,0,g)

Microsolvation

Cluster with one H,O -5.0 -8.6 1.6

Cluster with two H,O -0.6 -44+1.6

Cluster with three H,O 0.8 -3.0x+1.6

Cluster with four H,O -1.6 -54+16

Cluster with five H,O 0.2 -36+1.6

Cluster with six H,O 0.3 -35+1.6

Monte Carlo 88 L6 5 +6 -39.1 + 4 -479 + 4

* AAHy = AHy y[OH® — Wy] — AHp v [H,0 — W, ]
E’ ADy = AAHy + AgnH(H®, g), where the solvation enthalpy was that of the hydrogen atom in water (3.8 +1.6 kJ/mol) [8]
¢ AAH = AslnH(OH', g) — AslnH(Hzo, g)
4 AD = AAH + AguH(H®, g)
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