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The OH radical is an important species in natural and man made aqueous environments, influencing diverse
processes such as the oxidation of atmospheric pollutants or the development of some diseases. Yet, little is
known about the solvation thermodynamics and structure of the hydration shell of OH. Here, we present a
computational study of the hydration of OH in small H2n+1On+1 (n ) 1-5) clusters. We begin by comparing
three different quantum chemical methods, UMP2, BLYP, and BHLYP. We find that BLYP does not describe
correctly the OH-H2O interaction as compared to the current MP2 or other high ab initio calculations found
in the literature. BLYP favors the formation of hemibonded H2O-OH structures, whereas MP2 predicts that
hydrogen-bonded complexes are more stable. Mixing Becke’s exchange functional with 50% Hartree-Fock
exchange improves the DFT description, yielding results that are similar to those from MP2. We find that the
H2n+1On+1 clusters form structures in which all species are donors and acceptors in hydrogen bonded rings
similar to those of pure water clusters. OH participates in two or three hydrogen bonds. Structures in which
OH forms more than three hydrogen bonds are not favored energetically. We report values of energy, enthalpy,
and Gibbs free energy of complexation in the gas phase, OH(g)+ H2nOn(g) f H2n+1On+1(g), as a function
of cluster size. We also estimate values of thermodynamic parameters of hydration in the liquid phase from
OH(g) + H2nOn(aq)f H2n+1On+1(aq), where the energies of the aqueous species, H2nOn(aq) and H2n+1On+1-
(aq), are calculated by means of a hybrid solvation model in which part of the solvent is treated explicitly
and the long-range interactions are added into the Hamiltonian by means of the PCM version of the self-
consistent reaction field. The implications of our work as well as the accuracy of the results are also discussed.

I. Introduction

The hydroxyl radical is thermodynamically and kinetically a
powerful oxidant in aqueous environments.1,2 It is formed by
various mechanisms including the reaction of Fe(II) with H2O2

and the photolysis of dissolved species such as NO3
-, NO2

-,
and O3. It is also formed by radiolysis of liquid water,3,4 with
important applications such as radiotherapy or the removal of
heavy metals from contaminated waters.5,6 Other advanced
oxidation processes for elimination of pollutants in water are
based on the production of dissolved OH by heteregeneous
photocatalysts.7,8 OH radicals in natural waters react principally
with dissolved organic matter, participating in the abstraction
of H atoms or addition to C-C double bonds.1 Tropospheric
OH is dissolved in cloud droplets or formed in solution by
decomposition of HO2 and further reaction with ozone.9,10 OH
oxidizes soluble tropospheric organic molecules.11 Recently, it
has been found that OH radicals produced chemically are able
to induce apoptosis in human tumor cells, which has been linked
to a direct chemical effect of aqueous OH on telomere
shortening.12 Chemical reactions of OH in abnormally high
concentrations in the cell cytoplasm have also been suggested
to be responsible of Parkinson’s disease.13 The oxidation
mechanism of organic molecules by aqueous OH is an active
field of research.14,15 Thus, a study of the hydration structure
and thermodynamics of OH is important for the understanding
of its rich chemistry in aqueous natural and man made
environments. Additionally, the calculation of the hydration

energy of OH is required for the assessment of the band gap of
water owing to the large solvent reorganization energy in the
photoemission process in this liquid.16 Values of the thermo-
dynamic parameters of OH hydration are also needed in the
modeling of the uptake of OH radicals in aqueous surfaces.17,18

For example, the uptake coefficient,γ, defined as the ration
between the net number of molecules dissolving in the liquid
phase and the number of molecules colliding with the liquid,
can be calculated as

whereR is the accommodation coefficient (a rate parameter
corresponding to the mass transfer at the interface),Vm is the
molecular velocity above the surface,R is the gas constant,T
is absolute temperature, andE is the concentration gradient
just below the surface.H is the Henry’s law constant,H ) exp-
(-∆Ghyd/RT), and∆Ghyd is the hydration free energy of OH.
The H2n+1On+1 clusters are representative of the gas-phase
hydration of the radical in the atmosphere, where OH plays a
key role and small water aggregates have been proposed as
catalysts in atmospheric reactions.19,20 From the standpoint of
a more basic research, the comparison between the hydration
energies calculated from models and those measured in experi-
ments provides information on the mechanism whereby the OH
radical hydrates as well as the performance of the different
theoretical methods for this sort of systems.

Despite the relevance of the interaction of OH with an
aqueous environment, previous works on the hydrogen bonding
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ability, the structure of the hydration shell, and the solvation
thermodynamics of this molecule are scarce. The hydration free
energy of OH was assessed from the oxidation potential of the
radical, as measured from the equilibrium between OH and
thallium(II) (ref 21). The reported standard free energy of
hydration at room temperature was∆Ghyd

0 (OH) ) -10.0 kJ/
mol. That value was interpreted in terms of the hydrogen
bonding ability of this molecule with water and by assuming
that a OH radical has three hydrogen bonding sites, one on the
proton and two on the oxygen. A more recent calculation of
the hydration energy of OH was reported in the context of the
determination of the band gap of water.16 The hydration energy
was estimated by means of H2n-1On (n ) 1-15) clusters and
semiempirical PM3 calculations. The extrapolated hydration
energy is∆Ehyd(OH) ) -35.70 kJ/mol. This last quantity is a
potential energy change, as calculated directly from geometry
optimizations. Unfortunately, no structural information on the
microsolvation environment was reported in that work.

The interaction of OH with a single water molecule has been
studied recently by means of ab initio methods.22 It was found
that the most stable structure of the OH-H2O complex consists
of OH acting as a donor in a hydrogen bond to water. This
interaction is found to be slightly stronger, by 1-2 kJ/mol, than
the hydrogen bond in the water dimer. The HO-H2O complex,
in which the water molecule acts as a hydrogen donor, is less
stable than the H2O‚‚‚HO configuration by about 10 kJ/mol.
The interaction of OH with several water molecules was
investigated in the context of small charged water clusters that
contain OH along with H3O+ species.23 In that work, it was
found that structures in which the OH acts as proton acceptor
are more stable (by 20-70 kJ/mol) than those in which the OH
is both proton donor and acceptor. A preferential ordering of
the cluster around the H3O+ ion may cause this. The oxygen in
a water molecule bears a charge that is more negative than the
charge on the oxygen of OH. Thus, H3O+ is preferentially
solvated by water rather than by the radical. In its turn, the
solvating waters act most favorably as proton donors in the
hydrogen bonds to OH owing to the polarizing effect of the
proton.

Other recent ab initio studies of OH radicals have tackled
the adsorption onto oxide surfaces,24 the reactions of polycyclic
aromatic hydrocarbons with OH,25 the hydrogen bonding to
hydrogen peroxide,26 the addition of the radical to dimethyl
sulfide,27 and the production of OH radicals by carbonyl oxides
in solution phase.28 In this last work, the solvent (acetonitrile)
effects were considered in a simplified manner by means of a
polarizable continuum. These solvent effects were shown to be
important for the stabilization of reaction intermediates, lowering
the barrier for the formation of OH.

The aims of the present work are 3-fold. First, we address
the microsolvation of OH in small H2n+1On+1 (n ) 1-5) clusters
by means of three different quantum chemical methods. We
begin our study by using density functional theory (DFT)29 with
the Becke exchange potential30 and the Lee-Yang-Parr (LYP)
correlation potential31 (BLYP). One of the advantages of this
functional is that it does not contain Hartree-Fock exchange,
which simplifies the computational procedures, speeding up the
calculations. However, it has been shown repeatedly that the
lack of exact exchange leads to an overestimation of the self-
interaction part of the exchange energy for the three electron
bonds,32,33which in this cause might arise from the interaction
between the unpaired electron in OH and the lone pairs of H2O.
For example, it has been shown that the ground state of the
H4O2

+ cation is wrongly predicted by pure DFT methods (LDA,

BLYP, and BP86) to be a hemibonded structure with a three
electron bond between two H2O fragments.34 Accurate MP2 and
CCSD(T) calculations predict that the OH-H2O+ structure is
the true ground state. It has also been shown that DFT can
provide the correct description of the H4O2

+ system by using a
hybrid functional that mixes some exact exchange within the
exchange functional. This prompted us to do UHF-MP2
calculations along with DFT with the Becke’s half and half (BH)
functional35 combined with the LYP correlation (BHLYP). The
comparison between BLYP and MP2 calculations shows that
the BLYP description incorrectly favors a hemibonded-like
structure for the H2n+1On+1 complexes forn ) 1-3. For n )
4-5, the structures predicted by BLYP are more similar to those
found by MP2. Our results also show that the BHLYP method
yields results that are similar to those from MP2 calculations,
although some differences in the energies and structures remain.

Our second aim is to report thermodynamic data for the
interaction between OH and small water clusters in the gas
phase, OH(g)+ H2nOn(g) f H2n+1On+1(g) that is of interest
for the description of atmospheric reactions in which the OH
radical participates. The thermodynamics for the gas phase is
worked out from the energies of the optimized H2n+1On+1

clusters as well as the computed harmonic vibrational frequen-
cies. This allows the enthalpies and free energies to be
calculated. We also make use of the ideal gas traslational and
rotational energies and partition functions for the enthalpy and
entropy contributions.

A third goal is to obtain data on the solvation thermodynamics
of OH in liquid water at room temperature. This is achieved by
using a hybrid model of solvation. The first solvation shell of
OH is modeled by the gas-phase H2n+1On+1 cluster and the long
range solvent effects are taken into account by means of a self-
consistent reaction field method.36 This combination of explicit
and continuum solvent models is not new and has been
extensively used for ionic solvation.37-43 For many ions in water,
the strong electrostatic interactions with the solute lead to well
defined structures for the hydration shell, especially in the case
of highly charged cations and the proton. In these cases, the
most likely structure of the hydration shell is well defined, with
other structures being much higher in energy. Thus, the explicit
part of the solvent is well modeled by a single structure. For
ions that interact less strongly with the solvent, it has been
suggested that several candidate geometries of the explicit hydra-
tion shell must be investigated.41 In this case, the thermodynamic
parameters are constructed by performing a Boltzmann weight-
ing over the different geometries. We have followed this
procedure for H2n+1On+1 clusters withn ) 4 and 5. Another
issue that has to be tackled is the convergence of the calculated
thermodynamic parameters with respect to the number of explicit
solvent molecules. It has been shown that for the proton the
hydration free energy is converged within≈7 kJ/mol forn )
5 and 6 provided that the hydration energy is calculated as the
interaction between the gas-phase proton and a hydrated water
cluster, H+(g) + H2nOn(aq) f H2nOn+1

+(aq). Here, we follow
this approach and calculate the thermodynamics of hydration
of OH from OH(g) + H2nOn(aq) f H2n+1On+1(aq). We find
that the hydration enthalpy is reasonably well converged within
10 kJ/mol. For the hydration free energy, the convergence is
about 14 kJ/mol. We compute a hydration enthalpy of≈-12
kJ/mol from MP2 calculations and≈-17 kJ/mol from BHLYP.
The hydration free energy is found to be positive≈33 kJ/mol
with MP2 and≈15 kJ/mol with BHLYP.

The rest of the paper is organized as follows. Section II
describes the computational and methodological procedures used
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in our calculations. In section III, we present the structures of
the H2n+1On+1 clusters, the total energies, enthalpies, and free
energies as well as the thermodynamic parameters of the
hydration in the gas phase and in the aqueous phase. The results
and their implications are discussed in section IV. Finally, the
main conclusions are summarized in section V.

II. Method

Let E be the potential energy, (The potential energy is the
sum of the electronic energy and the nuclear repulsion energy.
Thus,U contains a kinetic energy term due to the movement
of the electrons, which is included in the electronic energy term
of the potential energy hypersurface defined by the nuclear
positions according to the Born-Oppenheimer approximation.)
U, enthalpy,H, or Gibbs free energy,G, of a closed shell H2nOn

or an open shell H2n+1On+1 cluster. The hydration energy (U,
H, or G) of OH in the gas phase for H2n+1On+1 is

To obtain the quantities in eq 1, we begin by optimizing the
geometries of H2nOn, H2n+1On+1 clusters, and the free OH radical
in the gas phase. This provides the quantitiesU[Y(g)], where,
for simplicity, Y stands for H2nOn, H2n+1On+1, or OH. Then,
we calculate the harmonic frequencies for each optimized
structure. This provides the vibrational enthalpy, including zero
point vibrational energy,Hv(Y). The gas-phase enthalpies of
species Y(g) is

The rotational and traslational contributions are calculated from
the ideal gas approximation (HR ) HT ) 1.5RT). ThePV term
is calculated from the molar volumes.

The gas-phase free energy is

where the gas-phase entropy,S[Y(g)], is calculated from the
vibrational frequencies.

For the aqueous phase hydration, we calculate the thermo-
dynamic parameters as

The energy (U, H, andG) of species Y in the aqueous phase is
calculated by including the solvent effects in the Hamiltonian
of Y(aq) within self-consistent reaction field approximation
(SCRF). Here, we make use of the PCM method.44 Such a
calculation yields the value of the SCRF hydration free energy,
∆GSCRF(Y). Adding this quantity to the gas-phase free energy,
we obtain the Gibbs free energy of species Y in the aqueous
phase

Next we evaluate the entropy change due to the localized
ordering of the solvent around species Y,∆SSOLV. This quantity
is evaluated from the solvent accessible area following the
method of Rashin and Namboodiri.45 The SCRF hydration
enthalpy and potential energy,∆HSCRFand∆USCRF, which we
will take as approximately equal, are calculated as

For H9O5 (n ) 4) and H11O6 (n ) 5), we have considered several
structures. Hydration thermodynamics was calculated from
averaged potential energies, enthalpies, and free energies. These
were computed by performing a Boltzmann weighting over these
geometries

wheremn is the number of structures used in the average for
H2n+1On+1, Y stands for structurei of an gas-phase or aqueous-
phase OH-water complex,â is the Boltzmann factor at room
temperature,RT) 2.5 kJ/mol, andG1[Y] is the free energy of
most stable structure of species Y.

All of the quantum chemical calculations have been done
with the Gaussian 98 program.46 For each cluster size, we have
made use of two different DFT approaches and the UMP2
method. The first DFT approach we have used consists of the
Becke nonlocal exchange together with the Lee-Yang-Parr
correlation potential (BLYP).30 This method does not contain
any exact, Hartree-Fock, exchange, and although it is compu-
tationally convenient, it will be shown to provide wrong results
for OH-water interactions, at least for the smallest clusters with
n ) 1-3. The second DFT approach is the Becke’s half and
half (BH)35 functional combined with the LYP corretalion
(BHLYP). This hybrid functional combines 50% Becke’s
nonlocal exchange with 50% Hartree-Fock exchange.

The choice of the basis set for this work was a difficult one
because we need to do geometry optimizations and frequency
calculations at three different levels of theory for several
structures of systems that contain up to 17 atoms. All these
computations have to be done with a basis set that provides a
suitable description of the interactions in the system. One of
the main challenges was to avoid a large basis set superposition
error (BSSE) for the calculation of a single hydrogen bond (HB),
because several of these HB will have to be described for the
larger clusters. Doing all of the geometry optimizations and
frequency calculations with a good quality basis set such as
6-311++G(d,p)47-50 that provides an accurate description of
hydrogen bonding is beyond our current computational capabili-
ties, especially for the larger clusters. Thus, we decided to
optimize all of the geometries and calculate the vibrational
frequencies with the cc-pVDZ51 basis set. That basis set contains
polarization functions on all atoms. It is known that such an
attribute is important for an accurate description of this type of
systems. Using this basis set requires about half of the
computational resources for the SCF calculations and about one-
third for the MP2 calculations as compared to the 6-311++G-
(d,p). To obtain the values ofU, H, andG, we start fromU
calculated with 6-311++G(d,p) at the geometry optimized with
cc-pVDZ. Then, we take all of the vibrational contributions from
the calculation with the cc-pVDZ basis set. This approximation
will be accurate as long as the geometry and the vibrational
frecuencies are not affected significantly by the choice of basis
set, cc-pVDZ or 6-311++G(d,p). To test the accuracy of this
mixed basis set (MBS) procedure for the description of hydrogen
bonds, we studied the water dimer by means of the MBS and
also by doing all of the optimizations and frequency calculations
with the 6-311++G(d,p) basis set. The results are summarized

∆Egas[OH,n] ) E[H2n+1On+1(g)] -
(E[OH(g)] + E[H2nOn(g)]) (1)

H[Y(g)] ) U(Y(g)) + HR[Y(g)] + HT[Y(g)] +
HV[Y(g)] + PV[Y(g)] (2)

G[Y(g)] ) H[Y(g)] - TS[Y(g)] (3)

∆Ehyd[OH,n] ) E[H2n+1On+1(aq)] -
(E[OH(g)] + E[H2nOn(aq)]) (4)

G[Y(aq)] ) G[Y(g)] + ∆GSCRF(Y) (5)

∆HSCRF≡ ∆USCRF) ∆GSCRF+ T∆SSOLV (6)

E(Y) )

∑
i)1

mn

Ei (Y)e-â[Gi(Y)-G1(Y)]

∑
i)1

mn

e-â[Gi(Y)-G1(Y)]

(7)
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in Table 1, along with a comparison to other recent ab inito
and experimental works.52-54 These results show that the
interaction energies, enthalpies, and free energies are signifi-
cantly affected for the BLYP calculations only. For MP2 and
BHLYP, the results from the MBS approach differ by≈1 or 2
kJ/mol from those obtained by using the 6-311++G(d,p) basis
set in the geometry and frequency calculations. The comparison
between our results and those from rather high quality ab initio
work as well as the experiment is encouraging. Thus, we proceed
being aware that the inaccuracy of the MBS approach is not
negligible for the BLYP calculations. In the next section, we
present geometry optimizations and frequency calculations for
H3O2 with the pure 6-311++G(d,p) basis set. These show that
BLYP does not describe the OH-H2O interaction correctly
because of the overestimation of the self-interaction energy.
However, MP2 and BHLYP calculations with both MBS
approach and the pure 6-311+G(d,p) basis set provide further
evidence that the mixed basis set method is accurate enough
for the thermodynamics of the OH-water interaction.

III. Results

III.I. Water Clusters and Isolated OH. The total energies,
enthalpies, and free energies for the OH radical for the three
different methods as well as for the mixed basis set approach
and the pure 6-311++G(d,p) basis set are reported in Table 2.

The structures of the H2nOn (n ) 2-5) clusters are rather
similar to those presented previously in our work on H+ and
OH- hydration.42 Here, we started from these previous geom-
etries and reoptimized them for the current level of theory. For
n ) 3-5, the clusters are cyclic structures in which each water
acts as donor and acceptor in hydrogen bonds with the nearest
neighbors. The total gas phase and aqueous phase energies,

enthalpies, and free energies are summarized in Table 3. As a
test of our computational procedure, we have calculated the
hydration energy, enthalpy, and Gibbs free energy of water by
using the equation

The results are summarized in Table 4. There are two reported
values of hydration enthalpy from experiment,-41.69 kJ/mol
by Ben-Naim and Marcus55 and -43.93 by Abraham et al.56

Our calculations predict enthalpies that are more negative by
several kJ/mol (by-7 to -13 kJ/mol). For the hydration free
energy, we have found three different values in the literature.
The oldest one is calculated from the difference in∆Gf

0(H2O)

TABLE 1: Binding Energies of the Water Dimer in kJ/mol

this work
6-311++G(d,p)

this work mixed
cc-pVDZ/6-311++G(d,p)

BSSE corrected
6-31++G(d,p) (ref 52) ref 53 ref 54

BLYP MP2 BHLYP BLYP MP2 BHLYP MP2 B3LYP CCSD(T) expt

∆U -22.77 -25.43 -25.83 -11.55 -22.90 -24.79 -19.90 -21.61 -21.0( 0.2
∆H -15.16 -17.83 -18.35 -3.37 -15.54 -17.40 -13.8( 0.4 -15.0( 2
∆G 10.86 8.74 7.98 26.52 9.41 7.69

TABLE 2: Energy, Enthalpy, and Free Energy of the OH Radical from the Mixed cc-pVDZ/6-311++G(d,p) Approach and
from the Pure 6-311++G(d,p) Basis Seta

method Ugas Hgas Ggas

BLYP -75.7495/-75.7498 -75.7384/-75.7383 -75.7586/-75.7586
MP2 -75.5799/-75.5799 -75.5679/-75.5679 -75.5882/-75.5881
BHLYP -75.7296/-75.7296 -75.7176/-75.7175 -75.7378/-75.7377

a All quantities in Hartree.

TABLE 3: Total Energies of the H2nOn Clusters in Hartree as Calculated with the Mixed Basis Set Approach

method n Ugas Hgas Ggas ∆ESCRF ∆GSCRF Uaq Haq Gaq

BLYP 1 -76.4415 -76.4174 -76.4389 -30.83 -21.11 -76.4533 -76.4292 -76.4470
2 -152.8874 -152.8362 -152.8678 -37.49 -21.48 -152.9017 -152.8505 -152.8760
3 -229.3468 -229.2681 -229.3039 -46.81 -26.37 -229.3645 -229.2859 -229.3139
4 -305.8077 -305.7026 -305.7458 -48.29 -23.20 -305.8261 -305.7210 -305.7547
5 -382.2661 -382.1344 -382.1853 -58.83 -28.59 -382.2884 -382.1568 -382.1962

MP2 1 -76.2748 -76.2494 -76.2708 -35.10 -25.50 -76.2882 -76.2628 -76.2806
2 -152.5584 -152.5047 -152.5381 -50.77 -34.49 -152.5777 -152.5240 -152.5512
3 -228.8498 -228.7669 -228.8036 -51.77 -31.22 -228.8695 -228.7866 -228.8155
4 -305.1448 -305.0335 -305.0775 -58.69 -33.40 -305.1671 -305.0558 -305.0902
5 -381.4382 -381.2986 -381.3506 -68.98 -38.37 -381.4645 -381.3248 -381.3653

BHLYP 1 -76.41426 -76.3884 -76.4098 -32.71 -23.11 -76.4267 -76.4009 -76.4186
2 -152.8380 -152.7835 -152.8168 -49.52 -33.31 -152.8568 -152.8024 -152.8294
3 -229.2698 -229.1857 -229.2223 -47.63 -27.21 -229.2880 -229.2038 -229.2327
4 -305.7042 -305.5914 -305.6354 -50.44 -25.33 -305.7234 -305.6106 -305.6450
5 -382.1368 -381.9954 -382.0474 -63.27 -32.81 -382.1609 -382.0195 -382.0598

TABLE 4: Thermodynamic Parameters in kJ/mol for Water
Hydration Calculated as H2O(g) + H2n-2On-1(aq) f
H2nOn(aq)

method n ∆Uhyd ∆Hhyd ∆Ghyd

BLYP 1 -30.83 -30.83 -21.11
2 -18.09 -10.14 26.05
3 -56.06 -47.32 2.52
4 -52.53 -46.15 -4.70
5 -54.68 -48.31 -6.86

MP2 1 -35.10 -35.10 -25.50
2 -38.74 -31.19 0.52
3 -44.51 -34.60 17.06
4 -59.87 -52.05 -10.24
5 -59.08 -51.52 -10.98

BHLYP 1 -32.71 -32.71 -23.11
2 -41.55 -34.25 -2.45
3 -44.42 -33.97 17.25
4 -55.50 -48.20 -6.56
5 -61.09 -53.79 -13.07

∆Ehyd[H2O,n] ) E[H2n+2On+1(aq)] -
(E[H2O(g)] + E[H2nOn(aq)]) (8)

Hydration of the OH Radical J. Phys. Chem. A, Vol. 106, No. 39, 20029107



between the gas and the liquid,-8.61 kJ/mol.57 Ben-Naim and
Marcus suggest that∆Ghyd(H2O) ) -26.42 kJ/mol.55 Abraham
et al.56 report a hydration free energy of-8.57 kJ/mol. Our
calculations point to value of hydration free energy of about
-11 or -13 kJ/mol (MP2 and BHLYP respectively). These
results are reasonably close to the values from experiment,
although it is difficult to assess the reliability accurately because
the experimental data span a range of≈18 kJ/mol. To double
check the MBS approach used here, we calculated the hydration
free energy from a set of B3LYP/6-311++G(d,p) calculations
by Tawa et al.,40 who, fortunately, reported the total free energies
of the water clusters. The calculated hydration free energies for
n ) 1-6 are, in kJ/mol,-25.47, -24.68, +16.01, -14.44,
-8.66, and-4.46. They compare satisfactorily with our MP2/
MBS and BHLYP/MBS results forn ) 1-5.

III.II. H 2n+1On+1 Clusters.The structures of the H2n+1On+1

clusters optimized with the cc-pVDZ basis set and the BLYP,
MP2, and BHLYP methods are shown in Figures 1-5. Table 5
contains the results for H3O2 from both geometry optimization
and vibrational frequencies with the 6-311++G(d,p). Table 6
summarizes the total energies, enthalpies, and free energies in
the gas phase and in the aqueous phase forn ) 1-5 as
calculated with the mixed basis set approach. For H9O5 and
H11O6 several energy minima have been studied (Figures 4 and
5). Their relative energies are reported in Table 7. The
thermodynamic parameters (∆U, ∆H, and∆G) of complexation
of OH with H2nOn in the gas phase are summarized in Table 8.

For H3O2, we have considered the most stable structure only
(Figure 1). For BLYP this consists of a hemibonded complex
with a relatively short O-O distance of 2.3 Å. The optimization
with the MP2 or BHLYP methods gives a rather different
structure. We find that the most stable geometry is a hydrogen-
bonded complex in which the radical acts as proton donor and
water as proton acceptor, the O-O distance being≈2.9 Å. This
is actually the same type of structure that was reported by Wang

et al.22 for the ground state of H3O2. Geometry optimizations
with the 6-311++G(d,p) basis set yield quite similar structures
as with cc-pVDZ. The energies of complexation with the mixed
basis set procedure and the pure 6-311++G(d,p) basis set are
calculated from the data in Tables 2, 5, and 6. The results are

Figure 1. Optimized structures of H3O2.

Figure 2. Optimized structures of H5O3.

Figure 3. Optimized structures of H7O4.

Figure 4. Optimized structures of H9O5.

Figure 5. Optimized structures of H11O6.

TABLE 5: Total Potential Energy, Enthalpy, and Gibbs
Free Energy of the H2O-HO Complex and the Water Dimer
Optimized with the 6-311++G(d,p) Basis Seta

method Egas Hgas Ggas

H3O2 BLYP -152.2048 -152.1666 -152.1981
MP2 -151.8655 -151.8256 -151.8570
BHLYP -152.1555 -152.1151 -152.1474

H2O BLYP -76.4418 -76.4174 -76.4389
MP2 -76.2749 -76.2495 -76.2709
BHLYP -76.4144 -76.3885 -76.4100

a All quantitites are given in Hartree.
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summarized in Table 8, in the entries forn ) 1, where the
energies from the optimization with the 6-311++G(d,p) basis
set are shown in brackets.∆U and ∆H differ by less than 2
kJ/mol in all cases. Free energies of complexation show a larger
error, by about 6 kJ/mol for BLYP, 2 kJ/mol for MP2, and 4
kJ/mol for BHLYP. It is also noteworthy that the∆U and∆H
values from BLYP are systematically more negative than those
from MP2 or BHLYP. It is most likely that the hemibonded
structure predicted by BLYP is not the true one but rather a
consequence of the overestimation of the self-interaction energy
in the exchange functional. This means that the BLYP approach,
though computationally advantageous, is not suitable to study
the hydration of OH. Moreover, adding some Hartree-Fock
exchange seems to improve the DFT description of this
interaction as compared to MP2. This is consistent with the
results for the H4O2

+ complex by Sodupe et al.34

For H5O3 and H7O4, we find the same distinct behavior of
BLYP with respect to MP2 and BHLYP (Figures 2 and 3).
BLYP predicts the most likely structure to be a H3O2 hemi-
bonded core plus one or two more waters that are directly
bonded to the radical. In contrast, BHLYP and MP2 favor the
formation of cyclic structures similar to those found for the
closed shell water trimer and tetramer. These cyclic structures
do not seem to be even energy minima for BLYP, because
optimizations started from the MP2 geometries revert to the
hemibonded structures. The energies,∆U, and enthalpies,∆H,
of interaction of OH with H4O2 and H6O3 in the gas phase are
predicted to be negative in all cases. Again, BLYP overestimates
the strength of the interaction forn ) 2. Interestingly, for
clusters larger than H5O3, there is no clear overbinding of OH
to H2n-1On-1 calculated for BLYP as compared to MP2.

For the cluster H9O5 (n ) 4), several structures have been
studied (Figure 4). For BLYP, we begin from H7O4 and then

TABLE 6: Total Energies of the H2n+1On+1 Clusters in the Gas Phase (Ugas, Hgas, and Ggas) and Aqueous Phase (Uaq, Haq, and
Gaq) in Harteea

method n structure Ugas Hgas Ggas ∆USCRF ∆GSCRF Uaq Haq Gaq

BLYP 1 -152.2032 -152.16611 -152.1958 -37.69 -23.24 -152.2176 -152.1805 -152.2047
2 -228.6600 -228.5948 -228.6301 -46.78 -27.59 -228.6778 -228.6126 -228.6406
3 -305.1085 -305.0171 -305.0615 -54.77 -29.09 -305.1294 -305.0380 -305.0727
4 A -381.5605 -381.4420 -381.4932 -80.06 -49.49 -381.5910 -381.4724 -381.5120

B -381.5724 -381.4537 -381.5005 -56.14 -29.13 -381.5940 -381.4750 -381.5116
5 A -458.0160 -457.8695 -457.9225 -58.54 -26.54 -458.0383 -457.8918 -457.9325

B -458.0277 -457.8821 -457.9322 -40.89 -10.24 -458.0433 -457.8977 -457.9361
D -458.0255 -457.8801 -457.9326 -51.17 -19.10 -458.0450 -457.8996 -457.9400

MP2 1 -151.8646 -151.8248 -151.8562 -45.09 -29.55 -151.8818 -151.8419 -151.8674
2 -228.1523 -228.0837 -228.1204 -44.16 -23.99 -228.1692 -228.1005 -228.1296
3 -304.4446 -304.3477 -304.3925 -54.58 -29.59 -304.4654 -304.3685 -304.4038
4 A -380.7113 -380.5870 -380.6437 -73.52 -42.34 -380.7393 -380.6149 -380.6598

B -380.7326 -380.6066 -380.6565 -55.53 -27.55 -380.7537 -380.6277 -380.6669
C -380.7351 -380.6093 -380.6595 -60.30 -31.06 -380.7575 -380.6323 -380.6713

5 A -457.0285 -456.8742 -456.9301 -60.60 -27.38 -457.0515 -456.8973 -456.9405
B -457.0278 -456.8731 -456.9264 -48.11 -16.47 -457.0461 -456.8915 -456.9327
D -457.0297 -456.8754 -456.9316 -58.61 -25.37 -457.0520 -456.8977 -456.9413

BHLYP 1 -152.1550 -152.1147 -152.1460 -43.73 -28.30 -152.1717 -152.1314 -152.1568
2 -228.5808 -228.5112 -228.5478 -41.21 -21.23 -228.5965 -228.5269 -228.5559
3 -305.0181 -304.9197 -304.9633 -49.00 -24.20 -305.0368 -304.9384 -304.9725
4 A -381.4216 -381.2950 -381.3501 -66.92 -36.16 -381.4470 -381.3205 -381.3638

B -381.4352 -381.3076 -381.3563 -52.28 -24.33 -381.4551 -381.3275 -381.3655
C -381.4434 -381.3159 -381.3654 -52.68 -23.57 -381.4634 -381.3360 -381.3744

5 A -457.8620 -457.7082 -457.7607 -59.14 -26.50 -457.8620 -457.7307 -457.7708
B -457.8760 -457.7189 -457.7713 -46.70 -15.42 -457.8938 -457.7368 -457.7772
C -457.8784 -457.7229 -457.7837 -54.13 -21.48 -457.8991 -457.7435 -457.7919
D -457.8781 -457.7219 -457.778 -57.00 -23.95 -457.8998 -457.7436 -457.7871

a ∆USCRF and∆GSCRF are the hydration energies of the cluster as calculated with the PCM method, in kJ/mol.

TABLE 7: Relative Free Energies (kJ/mol) of the H2n+1On+1
Clusters for Those Values ofn for Which Several Structures
Have Been Calculated

method n structure ∆Ggas ∆Gaq

BLYP 4 A 19.11 0
B 0 1.08

5 A 26.51 19.69
B 1.13 10.24
D 0 0

MP2 4 A 41.41 30.00
B 7.77 11.38
C 0 0

5 A 3.93 1.99
B 13.65 22.47
D 0 0

BHLYP 4 A 40.24 27.70
B 24.03 23.39
C 0 0

5 A 60.52 27.70
B 32.62 23.39
C 0 0
D 14.96 12.60

TABLE 8: Thermodynamics of the Gas Phase Hydration of
OH, OH(g) + H2nOn(g) f H2n+1On+1(g)a

method n ∆U ∆H ∆G

BLYP 1 -32.00 (-34.82) -27.01 (-28.59) 4.58 (-1.78)
2 -60.42 -53.15 -9.69
3 -32.09 -28.10 2.62
4 -40.77 -33.42 10.55
5 -28.35 -21.27 30.72

MP2 1 -26.12 (-27.92) -19.54 (-21.69) 7.28 (5.08)
2 -37.07 -28.97 15.19
3 -39.31 -33.69 -2.08
4 -27.35 -20.54 16.61
5 -29.93 -22.84 19.69

BHLYP 1 -29.43 (-30.21) -22.80 (-24.11) 4.33 (0.39)
2 -34.91 -26.68 17.68
3 -49.03 -43.25 -8.27
4 -25.19 -18.14 20.37
5 -31.51 -25.99 3.93

a All of the quantities are given in kJ/mol. For those cluster sizes
for which several structures were calculated, an average has been done
(eq 7).
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add one extra water that is hydrogen bonded to OH. This leads
to the structure BLYP-A. We have also found a minimum by
starting from the closed shell H10O5 ring from which a hydrogen
atom has been removed so a H2O is turned into an OH. After
optimizing, the cyclic pentamer turns into the more compact
BLYP-B structure in Figure 4. This second structure is the most
stable one in the gas phase, the hemibonded complex being more
stable in the aqueous phase. For MP2 and BHLYP, we have
found three stable structures of H9O5. Structures MP2-A and
BHLYP-A are obtained by starting geometry optimizations from
BLYP-A. The hemibonded core of BLYP-A is turned into a
water molecule with two hydrogen bonds to OH. Additionally,
there are two rings containing the OH radical and two H2O each.
By starting from BLYP-B one gets the structures MP2-B and
BHLYP-B, which can be described as four fused rings. Two
of them contain waters and OH, and the other two include three
waters. Finally, by starting from the cyclic water pentamer and
removing a hydrogen atom, the MP2 and BHLYP optimizations
lead to structures C, with a ring containing the OH and three
waters and a ring with three waters. Structure C is the most
stable one at both MP2 and BHLYP levels, followed by
structrues B and A. The complexation energy, calculated by
making use of eqs 7 and 1, show that the binding of OH to
H8O4 is an exothermic process by about 20 kJ/mol. MP2 and
BHLYP differ by ≈2 kJ/mol. The BLYP result is too exothermic
by about 10 kJ/mol. The binding free energies are positive in
all cases though.

For H11O6 (n ) 5), we have started geometry optimizations
from three different structures. We begin by describing the
BLYP calculations first. An optimization started from the
BLYP-A structure of the H9O5 cluster plus an additional water
initially acting as a proton acceptor in a hydrogen bond to OH
results in a structure in which the OH is surrounded by a cage-
like water cluster. One of the waters seems to form a hemibond
to OH, with a short O-O distance of 2.27 Å. We have also
done optimizations that started from known stable structures
of H12O6. The most stable water hexamer in aqueous phase is
a cyclic one. By removing a hydrogen from this complex and
optimizing at the BLYP level, one gets a trigonal prism
geometry, with OH lying in a vertex. Another geometry
optimization starting from the most stable gas-phase water
hexamer, the trigonal prism, leads to the same structure BLYP-
B, thus there is no BLYP-C structure because it is identical to
BLYP-B. BLYP-B results to be more stable in both aqueous
and gas phase than BLYP-A. For MP2 and BHLYP, starting
from the BLYP-A complex leads to MP2-A and BHLYP-A
structures in Figure 5. MP2-A contains two rings with the OH
plus four waters and two rings containing three waters each.
The BLYP-A type structure is not stable at the BHLYP level
either. BHLYP-A consists of two cyclic tetramers sharing the
OH and a ring containing three waters. The trigonal prism results
to be a stable structure for both MP2 and BHLYP (structures
MP2-B and BHLYP-B in Figure 5). Optimizations were also
started from the water cyclic hexamer from which a H was
removed. MP2 leads to the same trigonal prism, MP2-B, and
BHLYP remains as a stable structure, BHLYP-C. We searched
alternative energy minima by placing an OH inside a cyclic
water pentamer. We find this to be an unfavorable situation.
The optimized structures consist of an OH that is bonded in a
donor-acceptor fashion to the water cluster (structures D in
Figure 5). This structure is the most stable one for BLYP and
MP2. For BHLYP, the structure C remains as the most stable
one, although the energy difference with BLYP-D is small. In
all cases, the attachment of OH to the H10O5 cluster in the gas

phase is exothermic, with little to choose from BLYP or BHLYP
as far as∆U and∆H is concerned. MP2 predicts a slightly less
exothermic process by≈3 kJ/mol. The binding Gibbs free
energies are positive and more sensitive to the method than∆U
and∆H.

The hydration energy, enthalpy, and Gibbs free energy has
been calculated as the energy of the process OH(g)+ H2nOn-
(aq)f H2n+1On+1(aq) forn ) 1-5. Averages have been taken
according to eq 7 forn ) 4 and 5. In all cases, the hydration
enrgies,∆U, and enthalpies,∆H, are negative, such as was
found for the gas-phase processes, the exothermicity is over-
estimated for BLYP with respect MP2 and BHLYP forn )
1-2. Forn g 3 no clear trend is observed. We think that even
if there was no overestimation of the interaction forn g 3 at
the BLYP level, the calculated hydration∆U and∆H are less
reliable than those from MP2 or BHLYP because of the
disagreement found between the mixed basis set procedure and
the optimizations with the 6-311++G(d,p) basis set. For MP2
and BHLYP the hydration energy tends toward≈-20 kJ/mol
and the enthalpy toward-17 or-22 kJ/mol. Although the MP2
results should be more reliable than the ones from BHLYP, the
convergence of the energies with respect to cluster size seems
to be worse for MP2 than for BHLYP. Thus, we cannot be sure
which set of results is more accurate (∆U ) -19.42 kJ/mol
and∆H ) -12.86 kJ/mol from MP2 or∆U ) -22.57 kJ/mol
or ∆H ) -16.80 kJ/mol from BHLYP). In any case, the
hydration energy seems to converge to a value near-20 kJ/
mol and the hydration enthalpy to somewhere near-15 kJ/
mol.

The hydration free energies tend toward positive values for
the three methods, although no clear trend is observed. For MP2,
the difference between H9O5 and H11O6 is ≈15 kJ/mol. For
BHLYP, the convergence is better, 7 kJ/mol fromn ) 4 ton )
5. However, there is a difference of 18 kJ/mol between the
∆Ghyd predicted by MP2 and BHLYP. The robustness of the
MP2 and BHLYP methods found previously for the water dimer,
for the hydration of water, and for the H3O2 complex suggests
that the relatively wide range of values that are calculated here
is caused by difficulties to find the most stable structures in the
larger OH-(H2O)n clusters.

IV. Discussion

Previous ab initio work by Wang et al.22 shows that the MP2
method combined with a high quality basis set including diffuse
and polarization functions provides reliable results for H3O2.
Moreover, the mixed basis set approach used here, with energy
optimizations and frequency calculations with the cc-pVDZ basis
set and further single point calculation with 6-311++G(d,p)
basis set, has been found to be reliable for the water dimer,
hydration of water in the liquid, and the H3O2 complex. Thus,
our MP2 calculations for H2n+1On+1 (n ) 1-5) could be
regarded as a standard to which other simpler methods could
be compared. The BLYP approach is not suitable for the
description of the interaction between an OH radical and water
as compared to MP2. The predicted structures are not correct,
and the binding energy in the gas-phase is overestimated for
small values ofn. This is most likely caused by the lack of
exact exchange in the functional such as shown by Sodupe et
al. for H4O2

+ (ref 34). Curiously enough, by increasing the
number of water molecules, the BLYP structures and energies
begin to resemble those calculated by MP2. For example, both
BLYP and MP2 predict that the most stable structure is a OH
bonded as donor-acceptor to a water cyclic pentamer. The gas-
phase binding energies, enthalpies, and free energies from
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BLYP, -28.35,-21.27, and 30.72 kJ/mol, are not too different
from those from MP2,∆Ugas) -29.93 kJ/mol,∆Hgas) -22.84
kJ/mol, and∆Ggas) 19.69 kJ/mol. BHLYP predicts structures
and energies that are similar to those from MP2 for the cluster
sizes studied here, although we always find differences of a
few kJ/mol. The main difference between BHLYP and MP2 is
found forn ) 5. BHLYP predicts that the most stable structure
of H11O6 is a ring of six molecules. In contrast MP2 predicts
that the most likely structure of H11O6 is the OH hydrogen-
bonded to a water pentamer, with the cyclic hexamer not even
being a stable structure. Notwithstanding,∆Ugas(H11O6) and
∆Hgas(H11O6) from BHLYP differ from those from MP2 by a
few kJ/mol (≈5 kJ/mol) only. The difference between Gibbs
free energies is larger,≈15 kJ/mol.

The picture that arises from our results is that OH in water
is involved in the formation of hydrogen bonds within cyclic
structures resembling those for pure water. OH tends to form
two or three hydrogen bonds, acting as proton donor and
acceptor. Structures in which OH forms more than three
hydrogen bonds, such as MP2-A for H7O4, are not favored
energetically.

We have only found a previous set of theoretical results for
the gas-phase hydration in water clusters OH-H2nOn (n )
1-15). The reported∆Ugasvalues from semiempirical PM3 for
n ) 1-5 are (in kJ/mol)-34.73,-32.32,-28.45,-27.59,
and -21.71 (ref 16). These results are rather similar to our
calculated∆Ugas and ∆Hgas, so our work shows that these
previous calculations were reasonably accurate, although no
details on the structures were reported. We have found no
previous thermodynamic data on the gas-phase complexation,
OH(g) + H2nOn(g) f H2n+1On+1(g) for n > 1 neither from
experiment nor from accurate ab initio calculations. We report
∆Ugas, ∆Hgas, and∆Ggasvalues that could be used as a reference
for future experiments or calculations.

The binding energy of OH to gaseous clusters seems to
converge with respect to cluster size to∆Ugas(n f ∞) ) -30
kJ/mol and∆Hgas(n f ∞) ≈ -20 or -25 kJ/mol. Coe et al.16

extrapolated their PM3 results for the limitn f ∞ and estimated
a hydration energy of-35.70 kJ/mol. A more exact estimation
of the hydration energy and enthalpy should be given by our
set of results for OH(g)+ H2nOn(aq) f H2n+1On+1(aq) where
the model for OH solvation includes both short-range specific
effects and the long-range interaction with the polarizable
continuum. The results from Table 9 point to∆Uhyd ≈ -20
kJ/mol and∆Hhyd ≈ -12 or -17 kJ/mol. These estimates of

the hydration energy and enthalpy are≈10 kJ/mol above those
from the gas-phase clusters. The values of hydration potential
energy, ∆Uhyd, of OH in the liquid are important for the
determination of the adiabatic band gap of water. This band
gap is the energy of the process

where e-(cond) stands for an electron in the conduction band
of the liquid. Because of the presence of OH(aq) on the right-
hand side of this equation, the value of the band gap depends
on ∆Uhyd(OH). Coe et al. used the value taken from the
extrapolation of their PM3 calculations for gas-phase clusters,16

∆Uhyd(OH) ) -35.70 kJ/mol, and calculated a band gap of
6.89 eV. Our estimation of∆Uhyd(OH) from the gas-phase
clusters,-30 kJ/mol, leads to a band gap of 6.95 eV, which is
rather close to the value by Coe et al.16 However, by taking the
hydration energy calculated from the hybrid solvation model,
-20 kJ/mol, the estimated band gap is 7.05 eV; 0.16 eV larger
than the previously reported value. In both cases, we estimate
a band gap of water that is within the range of values reported
in the literature,58,596.5-9.0 eV, and suggest a band gap close
to 7 eV

For the hydration free energy,∆Ghyd, the calculated values
are positive by a few kJ/mol in all cases. It is difficult to
extrapolate a value from the gas-phase clusters because the
binding free energy,∆Ggas, is converging slowly. For the
aqueous-phase clusters, the convergence is slightly better but
not as good as for∆Uhyd and∆Hhyd. If we consider the MP2
results only, the hydration energy should be somewhere near
20 or 30 kJ/mol. From BHLYP, one gets a lower energy of 15
or 20 kJ/mol. These results disagree by up to 40 kJ/mol with
the values of standard hydration free energy reported previously
in the literature. The measurement of the standard reduction
potential of OH,E0 (OH/OH-), together with thermochemical
data gives the value∆Ghyd

0 (OH) ) -10.03 kJ/mol (ref 21).
Other calculations from standard free energy in thermochemical
cycles suggest∆Ghyd

0 (OH) ) -8.36 kJ/mol (ref 60). These
values are calculated for standard states consisting of a gas phase
at P ) 1 bar and a solution phase of unit molality. Our results
refer to a different standard state in which the solution phase
consists of a single OH in pure water (infinite dilution). We do
not think that this should be responsible for the discrepancy
between∆Ghyd(OH) from calculation and from standard ther-
mochemical data because the usual standard state for solution
in molality scale is a hypothetical state with unity concentration
and ideal behavior, as extrapolated from infinite dilution. The
difference between our result, 15-30 kJ/mol, and those reported
previously, -8 to -10 kJ/mol, is surprising provided the
excellent results we got for∆Ghyd(H2O) and the test calculations
for H4O2 and H3O2. It is more likely that this disagreement stems
from the model used here, for example, use harmonic frequen-
cies to calculate enthalpy and entropy or slow convergence with
respect to cluster size rather than to the level of theory used.
We would like to say that errors of up to 40 kJ/mol are usual
in the determination of thermodynamic solvation data for ions
by means hybrid solvent models and quantum mechanical
calculations. Our problem here is that the solvation energy we
try to calculate is in the same order of magnitude as the absolute
error. In contrast, for ions, this same absolute error is a much
smaller percentage of the total of hydration energy, typically a
few hundreds of kJ/mol. We are currently improving our models
by including different levels of theory, using larger water

TABLE 9: Thermodynamics of Hydration of the OH
Radical, OH(g) + H2nOn(aq) f H2n+1On+1(aq)a

method n ∆U ∆H ∆G

BLYP 1 -38.80 -34.00 2.42
2 -69.94 -62.51 -15.85
3 -40.19 -35.84 -0.21
4 -43.59 -37.07 3.76
5 -18.64 -11.55 38.86

MP2 1 -36.28 -29.55 3.35
2 -30.45 -22.41 25.72
3 -41.99 -36.57 -0.25
4 -27.48 -22.32 18.72
5 -19.42 -12.86 32.82

BHLYP 1 -40.34 -33.78 -0.90
2 -26.57 -18.17 29.67
3 -50.48 -44.70 -5.29
4 -27.40 -20.48 22.02
5 -22.57 -16.80 14.96

a All quantities are in kJ/mol. For those cluster sizes for which several
structures were calculated, an average has been done (eq 7).

2H2O(aq)f OH(aq)+ H3O
+(aq)+ e-(cond) (9)
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clusters, and doing an exhaustive search of stable structures in
the liquid phase.

V. Conclusions

We have presented a computational study of the hydration
of OH in small aqueous clusters, H2n+1On+1 (n ) 1-5). We
have employed three different quantum chemical methods to
the study of these complexes.

First, we have done UMP2 calculations that, presumably, are
reliable enough so as to take them as a reference.22,34The most
stable structure of H3O2 is a hydrogen bonded complex with
OH acting as a hydrogen donor. The calculated binding energies,
∆U ≈ -27 kJ/mol and∆H ≈ -20 kJ/mol, agree well with the
previously reported ones.22 We also find an excellent agreement
between our calculations for the water dimer and previous high
quality ab initio and experimental results for H4O2. Calculations
for the interaction of OH with the water dimer and trimer reveal
that the most stable structures are rings similar to those found
for H6O3 and H8O4. For larger complexes, H9O5 and H11O6,
we find stable structures with the OH in cycles of 4 or 5
molecules. Formation of fused rings takes place when the strain
associated with smaller cycles is balanced by the formation of
new hydrogen bonds. Complexes in which OH acts a central
unit surrounded by a solvation shell are less stable than the cyclic
structures by up to 10 kJ/mol. The binding energies and
enthalpies, OH(g)+ H2nOn(g) f H2n+1On+1(g) for n > 1, are
negative by 20-30 kJ/mol. The most exothermic process is
calculated for the formation of H5O3(g). The free energies of
complexation are positive by up to 20 kJ/mol or slightly
negative,-2 kJ/mol for H5O3.

BLYP calculations predict wrong structures for most of the
complexes as compared to the MP2 results. This is attributed
to the lack of Hartree-Fock exchange in the Becke’s exchange
functional. Although that simplicity makes BLYP computation-
ally faster, the self-exchange interaction is overestimated for
the three-electron bond between a lone pair of H2O and the
unpaired electron of OH. The result is a hemibonded structure
with a relatively short O-O (≈2.3 Å) distance for H3O2. For
H5O3-H9O5, the BLYP structures consists of a hemibonded
H3O2 core surrounded by a cage-like water cluster. The binding
energies are overestimated as compared to MP2. Only forn )
5, H11O6, the BLYP structures resemble the stable MP2
geometries.

The problem of BLYP is solved, at least partially, by mixing
50% Hartree-Fock exchange to the Becke’s functional (BH-
LYP). That brings the structures and the energies in much better
agreement with MP2. That agreement is not perfect though. The
∆U, ∆H, and∆G values from BHLYP differ by a few kJ/mol
from those from MP2. The largest disagreement is found for
H11O6, for which BHLYP predicts that the most stable structure
is a quasi-planar cyclic hexamer in which all the molecules are
forming two hydrogen bonds. In contrast, MP2 finds that the
most stable complex is a compact structure in which OH form
two hydrogen bonds, as a donor-acceptor.

We have also taken these gas-phase clusters as explicit models
of the solvation shell of OH in liquid water. The long-range
interactions with the solvent are added through a version of the
self-consistent reaction field method,36 here the PCM method,44

to the Hamiltonian of the H2n+1On+1 clusters. These calculations,
combined with similar ones for the closed shell H2nOn com-
plexes, yield the quantities that are needed for the calculation
of the energy, enthalpy, and Gibbs free energy of the process
OH(g) + H2nOn(aq) f H2n+1On+1(aq). These energies should
converge to the hydration energy, enthalpy, and free energy of

OH, ∆Uhyd, ∆Hhyd, and∆Ghyd, in the limit of large values ofn.
Even for the small values ofn considered here (n ) 1-5), we
find that the hydration energy and enthalpy are reasonably well
converged within 10 kJ/mol. The calculated hydration energy
∆Uhyd(OH) seems to converge to a value near-20 kJ/mol.
Previous estimations were based on semiempirical PM3 calcula-
tions for n ) 1-15 and suggested∆Uhyd(OH) ≈ -36 kJ/mol
(ref 16). That value was found from an extrapolation for the
gas-phase complexation, OH(g)+ H2nOn(g) f H2n+1On+1(g),
for which we find∆U ≈ -30 kJ/mol. Our hydration energy of
-20 kJ/mol points to a value of the band gap of water near 7
eV. This supports the previous estimation by Coe et al.16 We
compute a hydration enthalpy of≈-13 kJ/mol from MP2
calculations and≈-17 kJ/mol from BHLYP.

The hydration free energy is found to be positive≈32
kJ/mol with MP2 and≈15 kJ/mol with BHLYP. These values
are converged within≈14 kJ/mol. Suggested values of
∆Ghyd

0 (OH) found in the literature are-10 kJ/mol, from
measurements ofE0 (OH/OH-),21 and -8.36 kJ/mol from
thermochemical cycles and standard free energies of formation.60

Our calculations for the hydration free energy of water, H2O(g)
+ H2n-2On-1(aq) f H2nOn(aq), point to∆Ghyd(H2O) ) -11
kJ/mol, MP2, and∆Ghyd(H2O) ) -13 kJ/mol, BHLYP. This
is within the range of values reported in the literature,-8 to
-26 kJ/mol. We also find a good agreement with∆Ghyd(H2O)
from previous hybrid solvation models within the B3LYP/6-
311++G(d,p) method.40 The accuracy of our calculations is
further supported by the comparisons for the water dimer and
the OH-H2O complex to previous high quality ab initio data.22

This suggests that the disagreement between the calculated and
the previously reported∆Ghyd(OH) values is most likely caused
by the structures of the OH-water complexes here used. We
have started energy optimizations from several structures based
on previously studied water clusters. They seem to be suitable
for the gas-phase, but we might be missing other structures with
a lower free energy in the aqueous phase.
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