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The hydration of the OH radical: Microsolvation modeling and statistical
mechanics simulation
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The hydration of the hydroxyl OH radical has been investigated by microsolvation modeling and
statistical mechanics Monte Carlo simulations. The microsolvation approach was based on density
functional theory~DFT! calculations for OH– (H2O)1 – 6 and (H2O)1 – 7 clusters. The results from
microsolvation indicate that the binding enthalpies of the OH radical and water molecule to small
water clusters are similar. Monte Carlo simulations predict that the hydration enthalpy of the OH
radical,DhydH(OH,g), is239.1 kJ mol21. From this value we have estimated that the band gap of
liquid water is 6.88 eV, which is in excellent agreement with the result of Coeet al. @J. Chem. Phys.
107, 6023~1997!#. We have compared the structure of the hydrated OH solution with the structure
of pure liquid water. The structural differences between the two systems reflect the strong role
played by the OH radical as a proton donor in water. From sequential Monte Carlo/DFT calculations
the dipole moment of the OH radical in liquid water is 2.260.1 D, which is;33% above the
experimental gas phase value~1.66 D!. © 2003 American Institute of Physics.
@DOI: 10.1063/1.1605939#
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I. INTRODUCTION

The interaction of the hydroxyl radical with biologica
molecules, including amino acids, peptides, and proteins
of great interest due to the deleterious effects of the rad
on biological systems.1–4 For example, high concentration
of the hydroxyl~OH! radical in the cell cytoplasm have bee
associated with Parkinson’s disease.5 The OH radical is also
important in the chemistry of earth’s atmosphere, where
role in hydrogen abstraction reactions determines the at
spheric lifetime of many hydrofluorocarbons.6–8 Most of the
reactions involving the OH radical occur in aqueous envir
ment or in small water aggregates that can act as catalys
some atmospheric reactions.9 The study of OH radical hydra
tion is therefore very important because the oxidat
mechanisms of organic molecules by aqueous OH will
pend strongly on the structural and energetic properties
the hydrated radical.10,11Another relevant issue concerns th
electronic properties of liquid water, where the adiaba
band gap of the liquid, which can be determined over th
mochemical cycles involving the OH2 defect state in water
depends on the OH radical hydration energy.12

Several works have been carried out to analyze the
teractions of the OH radical with the water molecule13–16and
the microsolvation of the radical in water clusters.12,17 In the
present paper we report a theoretical study of the hydra
of the OH radical. To carry out this study two approach
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have been adopted: microsolvation modeling and Mo
Carlo statistical mechanics simulations. Initially, we ha
analyzed the microsolvation of the OH radical in water~W!
by carrying out density functional theory~DFT! calculations
for OH–WN clusters (N51 – 6), whereN is the number of
water molecules. From these calculations, several proper
including the structure, energetics, vibrational spectrum,
charge distribution have been determined and compared
the properties of water clusters WN11 (N51 – 6). Monte
Carlo simulations were then carried out to analyze the str
ture of the hydrated hydroxyl solution and to predict the O
radical enthalpy of hydration,DhydH(OH,g). Finally, se-
quential Monte Carlo/DFT calculations over uncorrelat
configurations18,19 of the solution have been performed
investigate the electronic polarization of the hydroxyl radic
in liquid water.

II. COMPUTATIONAL DETAILS

To analyze the structure, vibrational spectrum, and en
getics of OH–WN (N51 – 6) clusters, where W5H2O and
N is the number of water molecules, we have carried
density functional theory calculations with the Adamo a
Barone20–22Becke style one-parameter hybrid functional, u
ing a modified Perdew–Wang exchange22 and PW91
correlation23 ~MPW1PW91!. The geometries of OH–WN and
WN11 clusters (N51 – 6) have been fully optimized with
Dunning’s correlation consistent polarized valence dou
il:
4 © 2003 American Institute of Physics
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7345J. Chem. Phys., Vol. 119, No. 14, 8 October 2003 Hydration of OH radical
zeta basis set augmented with diffuse functio
~aug-cc-pVDZ!.24 Single-point energy calculations with th
aug-cc-pVTZ and aug-cc-pVQZ basis sets25 are also re-
ported.

The energetics of the OH–WN clusters can be discusse
in terms of the formation and binding energies. The form
tion energyDEe,N is defined as

DEe,N5E@OH–WN#2E@OH#2NE@W1#, ~1!

where E@OH–WN# is the energy of a cluster with the hy
droxyl radical andN water molecules.

The binding energyDEb,N is given by

DEb,N5E@OH2WN#2E@OH#2E@WN#. ~2!

We also define the binding enthalpyDHb,N , which is
similar to the binding energy~2! but includes zero point vi-
brational energy corrections~ZPVE! and thermal corrections
For N51, DEe,1[DEb,1 . In this case, they will be repre
sented simply byDE andDH, respectively. Formation ener
gies,DEe,N , calculated with the aug-cc-pVDZ basis set we
corrected for basis set superposition error by using the co
terpoise method26 with fragment relaxation energ
contributions.27

We have verified that several properties predicted
MPW1PW91/aug-cc-pVDZ calculations for the water mo
ecule and dimer, and for the isolated hydroxyl radical are
very good agreement with experiment. These results are
ported in Table I, where they are compared with experim
tal data for the dipole moment,28–30 structure,31–33 vibra-
tional spectrum,32,34 and energetic properties.35,36 For
OH–WN complexes no experimental information seems
be available. Thus, we have compared the properties of
OH–W1 complex predicted by several theoretical metho
including Møller–Pleset perturbation theory37 at second
~MP2! and fourth order~MP4!, quadratic configuration inter
action ~QCI!38 with the inclusion of single and double sub
stitutions with triples and quadruples contributions to the
ergy @QCISD~TQ!#,39 and coupled cluster with single an
double excitations~CCSD!.40–43 The results of these calcu
lations are reported in Table I, which also includes previo
theoretical data for the OH–W1 complex from different
works.14–16Very good agreement between DFT andab initio
results is observed for OH–W1 complexes. We interpret thi
agreement as a strong indication on the reliability of
MPW1PW91/aug-cc-pVDZ approach to model the prop
ties of larger OH–WN clusters.

Monte Carlo simulations of the hydroxyl radical in wat
have been carried out in the isobaric–isothermal~NPT!
ensemble44 at T5298 K andP51 atm. The interactions be
tween two molecules, a and b, were described by a Lenn
Jones~LJ! plus a Coulomb contribution, with parameterse i ,
s i , andqi for each atom:

Uab5(
i Pa

(
j Pb

4e i j F S s i j

r i j
D 12

2S s i j

r i j
D 6G1

qiqje
2

r i j
, ~3!

wheree i j 5(e ie j )
1/2 ands i j 5(s is j )

1/2.
The SPC potential proposed by Berendsenet al.45 has

been adopted to represent the interactions between the w
Downloaded 27 May 2007 to 194.117.6.7. Redistribution subject to AIP
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molecules. For the hydroxyl radical the Lennard-Jones
rameters are the same as the SPC model for water.

To model the Coulomb interactions between the sol
~hydroxyl radical! and the water molecules the charge dist
bution of the hydroxyl radical has been determined in
most energetically stable OH–W5 isomer ~see Fig. 2!. The
charge distribution of the water molecules in this cluster w
represented by SPC charges and a quantum mechanical
calculation at the MPW1PW91/aug-cc-pVDZ level has be
carried out to calculated Merz–Kollman–Singh charges46,47

of the OH radical. This procedure takes into account, at le
partially, the polarization of the OH radical by the close
water molecules. The structure of the cluster has been d
mined by the DFT optimizations previously describe
Lennard-Jones parameters, charge distributions, and di
moments for the OH radical and water molecule are repo
in Table II.

The Monte Carlo simulations have been carried out w
one solute molecule andN5250 water molecules. A cubic
cell with periodic boundary conditions was used. The int
actions were truncated at a cutoff distanceRc of 9.6 Å. The
initial configuration has been generated randomly. We h
carried out 108 steps for equilibration. Average values ha
been calculated over 12.53108 additional steps. Each ste
involves the attempt to move one molecule of the system

Hsx andHss* represent, respectively, the total enthalp
of the solution~with one solute molecule! and pure liquid
water, for systems withN water molecules. The total entha
pies are defined as

Hsx5Esx1Ess1PV ~4!

and

Hss* 5Ess* 1PV* , ~5!

where Esx is the solute–solvent energy,Ess* and Ess the
solvent–solvent energies in the pure liquid and solution, a
V* and V are, respectively, the volumes of the pure liqu
and solution.

The hydration enthalpy of the OH radicalDhydH(OH,g),
can be calculated as

DhydH~OH,g!5Hsx2Hss* 2RT ~6!

5Esx1~Ess2Ess* !1P~V2V* !2RT ~7!

5Esx1DHR2RT, ~8!

where

DHR5DER1PDVR5Hss2Hss* ~9!

is the solvent relaxation enthalpy. We note that a very la
number of configurations is necessary to attain converge
of this quantity, which is calculated as the difference betwe
two large fluctuating numbers.48–50

The DFT calculations were carried out with th
GAUSSIAN 98 program.51 The Monte Carlo simulations wer
carried out with theDICE program.52
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Theoretical results for water, hydroxyl radical, water dimer, and hydroxyl–water complex. Di
moment~m! in D; distances in Å; angles in degrees; frequencies~n! in cm21; binding energy (DE) and enthalpy
(DH) in kJ mol21. MPW1PW91 and MP2 results are from geometry optimizations with the aug-cc-pVDZ b
set. MP4, QCISD~TQ!, and CCSD results are single-point energy calculations with the same basis set
MPW1PW91 geometry.

H2O OH

MPW1PW91 Expt. MPW1PW91 Expt.

m 1.872 1.855a 1.655 1.66b

d(O–H) 0.961 0.957c 0.975 0.970d

A(H–O–H) 104.6 104.5c

n1 3968 3756e 3750 3738e

n2 3855 3657e

n3 1630 1595e

MPW1PW91 MP2~SDTQ! MP4~SDTQ! QCISD~TQ! CCSD Expt.

(H2O)2
f

m 2.59 2.02 2.65 2.60g

DE 220.1 222.3 222.5 221.9 220.8 220.960.5h

DH373 215.5 214.6 215.160.5i

d(O–O) 2.892 2.911 2.976j

OH– (H2O)DA(1)f

m 4.02 4.19 4.17
DE 223.8 224.9 224.8 224.3 223.3

@224.4#k @224.9#k @223.6#l

DH298 218.1 219.1
d(O–H) 0.984 0.981
OH– (H2O)DA(3)
m 1.057 0.734 1.07
DE 214.3 215.8 215.9 215.99 214.7

@214.8#k

DH298 29.7 211.0
d(O–H) 0.976 0.976
OH– (H2O)DD(2)
m 0.321 0.300
DE 215.5 29.4m 211.2 212.4 210.5

@219.5#n

DH298 210.1
d(O–H) 0.972

aFrom Shepardet al. ~Ref. 28!.
bFrom Nelsonet al. ~Ref. 29!.
cFrom Benedictet al. ~Ref. 31!.
dFrom Huberet al. ~Ref. 32!.
eFrom Shimanouchi~Ref. 34!.
fPM3 semiempirical values for binding energies and enthalpies. (H2O)2 : DE5214.6 kJ mol21; DH298

527.3 kJ mol21. OH–W1DA(1): DE5216.3 kJ mol21; DH298528.1 kJ mol21.
gFrom Kuchitsu and Morino~Ref. 30!.
hFrom Feyerisenet al. ~Ref. 36!.
iFrom Curtisset al. ~Ref. 35!.
jFrom Outdola and Dyke~Ref. 33!.
kB3LYP/6-31111G(2d,2p) from Wanget al. ~Ref. 14!.
lCISD with triple-z basis set including two sets of polarization functions~TZ2P!. From Xieet al. ~Ref. 15!.
mSingle-point energy calculation with the geometry optimized at MPW1PW91/aug-ccpVDZ.
nB3LYP/6-31111G(2d,2p) from Zhouet al. ~Ref. 16!.
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III. MICROSOLVATION MODELING

A. Energetic properties

The structure of OH–WN clusters should reflect the abi
ity of the OH radical to form hydrogen bonds at both en
Thus, energetic properties of OH–WN clusters will also be
related to the energy differences between structures w
the radical plays the role of a proton–acceptor and/o
proton–donor species. We will name these structures
donor–acceptor~DA!. In addition, there is some indicatio
from the present DFT calculations that other isomers are p
sible, where both hydrogen atoms of the water molecule
teract with the OH radical oxygen and the OH hydrog
ay 2007 to 194.117.6.7. Redistribution subject to AIP
.
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TABLE II. Lennard-Jones~LJ! parameters, charge distribution, and dipo
moment for the hydroxyl radical and water.

OH,H2O e ~kJ mol21! s ~Å!

O 0.648 3.165
H 0 0

q ~a.u.! OH H2O
O 20.476 20.820
H 0.476 0.410

m ~D! 2.3a 2.27b

aCalculated at the MPW1PW91/aug-cc-pVDZ level in the OH–W5(1) con-
former. The charges of the water molecules were represented by
charges.

bSPC water dipole moment.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 1. Structure of the optimized OH–WN clusters (N51 – 3). The first structure~1! is the most stable isomer. Energy differences~including ZPVE! in
kJ mol21 relative to the isomer~1! are shown in brackets.
c
l
ou

rg

re
in

th

iti
s,
t

ig
ie
oi
cc

re

lt
te

he
1/
is
e

py,

lue

on.

n-
the

nd-
py
,
hat

.2
forms a weak hydrogen bond with the water oxygen@see the
OH–W1 ~2! isomer in Fig. 1#. This class of isomers will be
called dipole–dipole structures~DD!, since they are clearly
stabilized by OH radical–water antiparallel dipolar intera
tions. The present OH–W1 DD complex is similar to a loca
minimum structure from DFT calculations, reported by Zh
et al.16

The optimized structures of the different OH–WN iso-
mers are shown in Fig. 1 (N51 – 3) and Fig. 2 (N54 – 6).
These structures are local minima on the potential ene
surface. Energy differences~in kJ mol21! relative to the most
stable isomer~1! are reported in Figs. 1 and 2. They we
calculated at the MPW1PW91/aug-cc-pVDZ level and
clude ZPVE.

Energetic properties for the most stable isomers of
OH–WN clusters (N51 – 6) are reported in Table III. We
have investigated the importance of basis set superpos
error ~BSSE! on the evaluation of formation energie
DEe,N’s. BSSE is less than;1% of the uncorrected values a
the MPW1PW91/aug-cc-pVDZ level. Thus, BSSE is not s
nificant in the present calculations for the formation energ
and binding enthalpies, whose final values are single-p
energy calculations with the larger aug-cc-pVTZ and aug-
pVQZ basis sets.

Water clusters have been the subject of several theo
cal investigations.53–60Energetic properties of WN11 clusters
(N51 – 6) are also reported in Table III. The present resu
for DEe,N’s are in very good agreement with those repor
by Leeet al.,59 which were based on MP2/TZ2P11 calcu-
lations. For example, for the water cyclic hexamer,DEe,n

52181.0 kJ mol21 ~MPW1PW91/aug-cc-pVQZ!, which is
in excellent agreement with the MP2/TZ2P11 value re-
ported by Leeet al. ~2182.1 kJ mol21!.59 For the heptamer
~prism conformer! our DEe,n52219.4 kJ mol21, which is
Downloaded 27 May 2007 to 194.117.6.7. Redistribution subject to AIP
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very close to the value reported by Kimet al.58 ~2215.8
kJ mol21! from MP2/TZ2P11 calculations including full
BSSE corrections.

It is interesting to compare binding enthalpies of t
OH–W1 complex and the water dimer. The MPW1PW9
aug-cc-pVQZ result for the water dimerization enthalpy
212.3 kJ mol21, which is in very good agreement with th
experimental result (215.062 kJ mol21).35 For the OH–W1

complex we predict that the binding enthalpy is217.3
kJ mol21 ~MPW1PW91/aug-cc-pVQZ!, which is ;5
kJ mol21 more negative than the water dimerization enthal
illustrating the stability of the OH–W1 complex, where the
OH radical plays the role of proton donor. The present va
is in excellent agreement with the prediction by Wanget al.
~216.9 kJ mol21!14 based on a Becke3LYP/6-3111
1G(2d,dp) calculation for the OH–W1 binding enthalpy.
No experimental value seems to be available for comparis

A relevant feature characterizing OH–WN and WN11

clusters is hydrogen bonding co-operativity, i.e., binding e
ergies are strongly dependent on the cluster size, due to
nonadditive polarization effects induced by hydrogen bo
ing. This is illustrated in Fig. 3, where the binding enthal
DHb,N of OH–WN and WN11 are compared. Our results
based on MPW1PW91/aug-cc-pVQZ calculations, show t
in OH–WN clusters,2DHb,N increases from 17.3 kJ mol21

(N51) to 41.3 kJ mol21 (N53), and then decreases to 28
kJ mol21 (N56).

In WN11 clusters, 2DHb,N increases from 12.3
kJ mol21 (N1152) to 42.1 kJ mol21 (N1154) and then
decreases to 28.5 kJ mol21 (N1157). We note the remark-
able stability of the water tetramer (W4) and the OH–W3

complex relative to other clusters. Moreover,DHb,N for
these clusters is very similar~;241 kJ mol21!. For larger
clusters, the difference betweenDHb,N of OH–WN and
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 2. Structure of the optimized OH–WN clusters (N54 – 6). The first structure~1! is the most stable isomer. Energy differences~including ZPVE! in
kJ mol21 relative to the isomer~1! are shown in brackets.
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WN11 clusters becomes very small. For example, whenN
54, it is only 21.6 kJ mol21.

The behavior ofDHb,N for N55,6 may suggest a
convergence to some limit value close to;230 kJ mol21,
although extrapolations to bulk values from small clust
should be carried out with caution. For instance,
experimental water hydration enthalpy,DhydH(H2O,g)
5244.0 kJ mol21,61 is very close to DHb,N

5242.1 kJ mol21 for the W4 cluster. However, there is
clear dependence ofDHb,N on the cluster size. For W6,
DHb,N5228.5 kJ mol21, which is 16 kJ mol21 above the
experimentalDhydH(H2O,g).

Binding energies for OH–WN DD clusters are also re
ported in Table III. The binding energy of the OH–W1 com-
plex, 28.4 kJ mol21 ~aug-cc-pVQZ!, is ;9 kJ mol21 above
the corresponding DA complex. Higher stability of DA clu
ters seems to be a general trend when we compare DA
DD isomers. This can be related to the stability of t
proton–donor OH–W1 complex, which is a building unit of
all OH–WN DA clusters.

Very recently, Hamadet al.17 carried out theoretical cal
culations for OH–WN clusters (N51 – 4). They estimate
that DHb,N can be extrapolated to220 or 225 kJ mol21

from gas phase clusters and to212 or 217 kJ mol21 from a
hybrid solvation model.17 The first values~220 or 225
Downloaded 27 May 2007 to 194.117.6.7. Redistribution subject to AIP
s
e

nd

kJ mol21! are in reasonable agreement with our results
OH–WN (N54 – 6), which range from231.1 kJ mol21 (N
54) to 228.2 kJ mol21 (N56). The extrapolations from
their hybrid solvation model~212 or217 kJ mol21! seem to
underestimateDHb,N . To discuss the electronic properties
liquid water, Coeet al.12 carried out semiempirical PM3 cal
culations and evaluatedDEb,N for OH–WN clusters (N
51 – 15). The extrapolated value of this quantity, based o
fitting procedure for water droplets is235.7 kJ mol21. For
water clusters, the same procedure leads to237.6
kJ mol21.12 The difference between the two quantities is on
21.9 kJ mol21, in good agreement with our prediction that
small clusters,DHb,N for OH–WN and WN11 are similar.

B. Structural and vibrational properties

Structural and vibrational properties of the OH–WN and
WN11 clusters are reported in Table IV. In agreement w
results for energetic properties, important geometric dep
dence on the cluster sizes is observed. The most impor
changes concern the intramolecular O–H distance in the
droxyl radical,d(O–H), which increases from 0.975 Å i
the isolated radical to 1.007 Å in the OH–W5 DA cluster.
The structural changes related to the role played by the
droxyl radical as hydrogen acceptor,d(HO...HOH), and hy-
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 3. Binding enthalpy (DHb,N in kJ mol21! for
OH–WN clusters and for WN11 clusters as a function of
N, the number of water molecules~W! in the cluster.

TABLE III. Formation and binding energies~kJ mol21! for the most stable clusters of the hydroxyl radical with
N water molecules (OH–WN) and for water clusters (WN11).

DAa OH–W1 OH–W2 OH–W3 OH–W4 OH–W5 OH–W6

aug-cc-pVDZ
DEe,N 223.8 262.0 2111.7 2151.8 2186.5 2229.8
DHb,N 218.1 235.7 243.2 232.7 229.6 233.3

aug-cc-pVTZb

DEe,N 223.1 259.7 2108.1 2147.1 2180.7 2219.8
DHb,N 217.4 234.1 241.8 231.5 228.3 229.1

aug-cc-pVQZb

DEe,N 223.0 259.1 2107.1 2145.6 2178.9 2217.2
DHb,N 217.3 233.7 241.3 231.1 228.0 228.2

aug-cc-pVDZ~BSSE!
DEe,N 222.6 258.8 2106.6 2145.0 2178.1 2216.2

E(BSSE) 1.2 3.2 5.1 6.7 8.4 13.6

DDc OH–W1 OH–W2 OH–W3

aug-cc-pVDZ
DEe,N 215.5 251.7 283.0
DHb,N 210.1 224.9 213.0

aug-cc-pVTZb

DEe,N 214.0 248.3 277.3
DHb,N 28.7 224.7 29.5

aug-cc-pVQZb

DEe,N 213.7 247.6 276.3
DHb,N 28.4 224.2 29.0

Water clusters W2 W3 W4 W5 W6 W7

aug-cc-pVQZb

DEe,N
d 219.2 260.4 2110.0 2146.1 2181.0 2219.4

~220.4! ~263.3! ~2111.9! ~2147.3! ~2182.1! ~2231.4!
@2215.8#

DHb,N 212.3 233.1 242.1 229.5 228.2 228.5

aDonor–acceptor OH–WN structures.
bSingle-point energy calculation. Geometry optimized at MPW1PW91/aug-cc-pVDZ.
cDipole–dipole OH–WN structures.
dValues in parentheses are MP2/TZ2P11 calculations with half BSSE correction from Leeet al. ~Ref. 59!.
Bracketed value for the prism heptamer conformer~MP2/TZ2P11 calculation with full BSSE correction! is
from Kim et al. ~Ref. 58!.
Downloaded 27 May 2007 to 194.117.6.7. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE IV. Structural and vibrational data for hydroxyl–water (OH–WN) and water (WN11) clusters. Fre-
quencies in cm21; distances in Å. Results are from MPW1PW91/aug-cc-pVDZ optimizations.

DAa OH OH–W1 ~1! OH–W2 ~1! OH–W3 ~1! OH–W4 ~1! OH–W5 ~1!

n~O–H! 3750 3562 3382 3188 3124 3105
@3738#b @3452.2#60.5d

@3554.1#c @3453.5#e

d(O–H)@O–H# 0.975 0.984 0.994 1.003 1.006 1.007
d(HO...HOH) 1.996 1.820 1.780 1.762
d(OH...OH2) 1.870 1.798 1.681 1.643 1.629
d(O–O) 2.854 2.784 2.717 2.693 2.682

~DD!f OH OH–W1 ~2! OH–W2 ~3! OH–W3 ~3!

n~O–H! 3750 3782 3795 3820
d(O–H)@O–H# 0.975 0.972 0.971 0.969
d(HO...HOH) 2.425 1.915 1.945
d(OH...OH2) 2.444 2.293 2.289
d(O–O) 2.467 2.643 2.785

W1 W2 W3 W4 W5 W6

n~O–H! 3968 3791 3616 3441 3377 3355
d(O–H) 0.961 0.969 0.977 0.985 0.987 0.987
d(HOH...OH2) 1.929 1.873 1.738 1.706 1.693
d(O–O) 2.892 2.770 2.709 2.691 2.679

aDonor–acceptor OH–WN structures.
bGas phase value from Huberet al. ~Ref. 32!.
cOH in argon matrix~Ref. 65!.
dOH–W1 in argon matrix~Ref. 64!.
eOH–W1 in argon matrix~Ref. 62!.
fDipole–dipole OH–WN structures. The most stable DD isomer has been selected.
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drogen donor,d(OH...OH2), are very similar and these dis
tances are reduced by;0.24 Å from OH–W1 to OH–W5.
The average O–O distance,d(O–O), changes from 2.854 Å
in OH–W1 to 2.682 Å in OH–W5. The same effect is ob
served in the water clusters whered(O–O) is reduced by
0.21 Å from W2 to W6.

The structure of OH–WN DD clusters shows a very in
teresting and specific dependency on the cluster size.
though d(O–H) is almost constant when we compare t
OH–W1 ~0.975 Å! and OH–W3 ~0.969 Å! clusters,
d(HO...HOH) is reduced by 0.48 Å. In contrast with WN11

and OH–WN DA structures, the average distance betwe
oxygen atoms in DD structures,d(O–O), increases by 0.3
Å from OH–W1 to OH–W3 clusters.

The present results for OH–WN and WN11 clusters in-
dicate a strong redshift,Dn, relative to isolated species~OH
radical and water molecule! of the vibrational mode assoc
ated with the intramolecular O–H stretch frequency. Th
n~O–H! changes from 3750 cm21 in the isolated radical to
3105 cm21 in OH–W5. A significant redshift is also ob
served in water clusters wheren~O–H! changes from 3968
cm21 in the water monomer to 3355 cm21 in W6.

Frequency shifts~Dn! for the most stable OH–WN and
WN11 isomers as a function ofN are shown in Fig. 4. Our
results indicate thatDn is larger in OH–WN clusters than in
water clusters, mainly whenN>3. Experimental results fo
OH–WN clusters are relatively scarce although some wo
on the OH–W1 complex in rare gas matrices have be
reported.62–66A recent spectroscopic investigation based
the generation of the OH–W complexes in argon matrice62
ay 2007 to 194.117.6.7. Redistribution subject to AIP
l-

n

,

s

n

suggested thatn(O–H)53453.5 cm21 should be assigned to
the OH–W1 complex. This value is 100 cm21 lower than
n~O–H! for the radical in the matrix~3554.1 cm21!.65 For
OH–W1, we predict thatDn5188 cm21, which is signifi-
cantly higher than the experimental shift in argon matr
However, comparison between harmonic gas phase freq
cies and data in rare gas matrices is not direct. There
experimental66 and theoretical67 evidence that the interac
tions of the guest species with the matrix atoms may stron
influence the vibrational spectrum.

IV. MONTE CARLO SIMULATIONS

A. Energetics of the OH radical hydration

Thermodynamic properties for the hydrated hydrox
radical and for pure water, obtained fromNPT Monte Carlo
simulations are reported in Table V. We first note that t
densities of the solution of the hydroxyl radical in water a
pure liquid water are identical~1.1 g cm23!. In addition, the
solvent relaxation energy induced by the hydration of the O
radical and by the water molecule differ by 7.1 kJ mol21.
DHR for the hydroxyl radical and water are 38.763.9 and
45.863.9 kJ mol21, respectively.

From Monte Carlo~MC! simulations, the hydration en
thalpy of the OH radical, DhydH(OH,g), is 239.1
63.9 kJ mol21. No experimental result is available for com
parison. On the other hand, the MC result forDhydH(H2O,g)
is 247.963.9 kJ mol21, in very good agreement with ex
periment~244.0 kJ mol21!.61 Thus, in keeping with the re-
sults based on the microsolvation model, our MC results
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 4. O–H frequency shiftDn ~in cm21! vs the num-
ber of water molecules~N! in OH–WN and WN11 clus-
ters (N51 – 5). The inset showsDn vs the O–H bond
length ~in Å!.
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dicate that the hydration enthalpy of the OH radical is n
very different from the hydration enthalpy of water.

We predict that the hydration energy of the hydrox
radical, DhydE(OH,g) is 236.6 kJ mol21. Although this re-
sult is very close to the extrapolated value of Coeet al.
~235.7 kJ mol21!,12 the agreement may be fortuitous. In fac
their extrapolation was based on PM3 calculations and
energetic properties of OH–W1 and W2 predicted by this
method are not in good agreement with experiment~see
Table I!. Not surprisingly, however, ourDhydE(OH,g) leads
to a value for the band gap of liquid water~6.88 eV! in
excellent agreement with the result reported by Coeet al.

TABLE V. Thermodynamic properties for the hydrated hydroxyl radical a
pure water from NPT Monte Carlo simulations atT5298 K and P
51 atm. Energies in kJ mol21. N is the number of water molecules:Rc ~Å!
is the cutoff radius for the interactions;r and r* are, respectively, the
densities~g/cm3! of pure liquid and solution;Esx is the solute–solvent in-
teraction energy;Hss5Ess1PV is the enthalpy of the water in the solution
Hss* 5Ess* 1PV* is the enthalpy of pure liquid water, whereEss* andV* are
the energy and volume of pure liquid water;DhydH(OH,g) and
DhydH(H2O,g) are the hydration enthalpies of the hydroxyl radical and w
ter, respectively.

N 250
Rc 9.6

Hydroxyl radical in water
r 1.1
Esx 275.360.2
Hss 211304.362.7
DHR 38.763.9
DhydH(OH,g) 239.163.9

Pure water~SPC model!
r* 1.1
Hss* 211342.962.8
DHR 45.863.9
DhydH(H2O,g) 247.963.9

@244.0#a

aExperimental value from Coxet al. ~Ref. 61!.
Downloaded 27 May 2007 to 194.117.6.7. Redistribution subject to AIP
t

l

e

~6.9 eV!.12 The present estimate has assumed that
vacuum levelV0 ~minus the energy to promote a delocaliz
conducting electron of minimal energy into vacuum wi
zero kinetic energy! is 20.12 eV~see Coeet al.12 for details
on the water band gap estimation!.

B. Structure of the solution

The partial radial distribution functions~RDFs! for the
OH radical solvated in water and pure water are shown
Figs. 5–7. Figure 5 shows thegO–O(r ) radial distribution
functions in the solution and pure liquid. The O–O RDF f
the hydroxyl radical is bimodal, reflecting the hydroxyl ox
gen interaction with two water molecules closer to the ra
cal. For the hydroxyl radical this function shows tw
maxima~1.38 at 2.6 Å and 1.5 at 3.2 Å!. Integration up to
the first minimum~0.8 at 4.5 Å! yields 13.6, which is the
average coordination number or the average number of w
molecules in the first coordination shell of the hydroxyl rad
cal. Although the short-range O–O correlation in pure wa
is quite different from the one observed for the hydrated O
radical, integration of the O–O RDF for pure water up to 4
Å also yields 13.6 water molecules. The average coord
tion numbers related to O–O correlations for the solva
O–H radical, and pure liquid water, are very close forr
>3.7 Å ~see the inset of Fig. 5!.

Figure 6 shows thegO–H(r ) radial distribution function,
which describes the correlations between the OH rad
oxygen and water hydrogen atoms. These correlations
related to the role played by the OH radical as a pro
acceptor in liquid water. For the hydrated OH radical th
function shows a first maximum~0.6 at 1.9 Å! and integra-
tion of this function up to the first minimum~0.42 at 2.3 Å!
yields 0.6, which is the average number of hydrogen ato
in close interaction with the OH oxygen atom. Comparis
with the same function for liquid water shows that here t
oxygen atom has a stronger interaction with the water hyd

-
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FIG. 5. Partial radial distribution functiongO–O(r ) for
the hydrated OH radical and for liquid water. The ins
shows the average coordination numbernc(r ).
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ly.
gen atoms:gO–H(r ) shows a first peak~1.3 at 1.7 Å!, and
integration up to the first minimum~0.25 at 2.3 Å! yields
0.94.

Figure 7 shows thegH–O(r ) RDF, which is related to the
role played by the OH radical as a proton donor in wa
This function shows a sharp maximum~2.8 at 1.65 Å!. Inte-
gration up to the first minimum~0.05 at 2.3 Å! yields 1.0,
which is the average number of water oxygen atoms in cl
interaction with the OH radical hydrogen. The short-ran
order in the hydrated hydroxyl solution is consistent w
some structural data for OH–WN clusters~Table IV!. For
example, d(OH...OH2) in OH–W1 is 1.87 Å, which is
shorter thand(HOH...OH2)51.93 Å in W2.

Comparison betweengH–O(r ) of the hydrated OH radi-
cal and pure liquid water confirms that the short-range or
Downloaded 27 May 2007 to 194.117.6.7. Redistribution subject to AIP
r.

e
e

r

is quite different for the two systems. Moreover, this functi
shows that the OH radical plays a more important role a
proton donor in liquid water than the water molecule. Th
reflects the stability of the OH–W1 ~1! conformer relative to
the water dimer.

C. The OH dipole moment in water

Sequential Monte Carlo/DFT calculations have been c
ried out to analyze the polarization of the OH radical
liquid water. We have selected 50 uncorrelated sup
molecular structures18,19 with the hydroxyl radical and 2, 14
52, 75, 100, and 125 water molecules. These numbers co
spond to including all the water molecules within solvati
radii of 2.85, 4.65, 7.05, 8.0, 8.8, and 9.45 Å, respective
et

FIG. 6. Partial radial distribution functiongO–H(r ) for
the hydrated OH radical and for liquid water. The ins
shows the average coordination numbernc(r ).
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FIG. 7. Partial radial distribution functiongH–O(r ) for
the hydrated OH radical and for liquid water. The ins
shows the average coordination numbernc(r ).
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Note that 14 and 52 represent the average number of w
molecules in the first and second coordination shells of
hydroxyl radical. By using SPC charges on the water m
ecules, the average dipole moment of the solute~OH radical!
over 50 uncorrelated configurations has been evaluated a
MPW1PW91/aug-cc-pVDZ level. The behavior of the i
duced dipole moment as a function of the number of wa
moleculesN and the convergence of the dipole in the so
tion as a function of the number of uncorrelated configu
tions is shown in Fig. 8.

We find that the OH induced dipole moment in liqu
water is;0.5860.1 D, which leads to an average dipole
2.260.1 D for the hydroxyl radical in water. This value
consistent with our parametrization of the OH radical cha
Downloaded 27 May 2007 to 194.117.6.7. Redistribution subject to AIP
ter
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distribution in the OH–W5 cluster that leads to a dipole mo
ment of 2.3 D~see Table II!. It is interesting to compare the
result for the OH radical with our recent prediction of th
liquid water dipole moment (2.660.14 D).68 If we assume
that the dipole moment of the water molecule in the liqu
can be calculated by adding the contributions of two pol
ized OH dipoles of 2.2 D in the experimental geometry
the water molecule, the water dipole moment can be e
mated as 2.8 D, which is only 0.2 D above our rece
prediction.68

V. CONCLUSIONS

This work reports results for the hydration of the O
radical, including, for the first time, a theory-based pred
f

s a
-

FIG. 8. Average induced dipole moment (^m ind& in D!
of the hydroxyl radical as a function of the number o
water moleculesN in the liquid. The inset shows the
convergence of the OH average dipole moment a
function of the number of uncorrelated MC configura
tions.
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tion for the hydration enthalpy of this species. This quan
is of fundamental interest in several domains, ranging fr
biochemistry to electronic properties of liquid water. T
present study relies on two complementary approaches:
crosolvation and statistical mechanics Monte Carlo simu
tions. From microsolvation modeling we conclude that
small water clusters (WN), the binding energies of the OH
radical to WN , and of the water molecule to WN , are very
close. This can be related to the stability of the OH–W1

complex, where the radical plays the role of proton dono
Based on Monte Carlo simulations, our results show t

the hydration enthalpies of the OH radical and water dif
by less than 10 kJ mol21. The enthalpic stabilization of the
water molecule in liquid water relative to the OH radical
possibly due to the contribution of long-ranged dipolar int
actions and polarization effects. In this sense, other inter
ing conclusion concerns the polarization of the OH radica
liquid water. We predict that the dipole moment of the O
radical in water (2.260.1 D) is increased by;30% in com-
parison with the gas phase value~1.66 D!. This prediction is
based on the SPC intermolecular potential, which is a v
simple model. Further investigations with other intermolec
lar interaction models can be useful to confirm the pres
predictions. However, we note that our result for the O
radical dipole moment in water is consistent with a rec
evaluation of the water dipole moment in liquid water (2
60.1 D) by sequential Monte Carlo/quantum mechan
calculations,68 based on the TIP5P69 intermolecular potentia
model.

Our results for the OH radical hydration energy leads
a value for the liquid water band gap~6.88 eV! in excellent
agreement with a recent prediction by Coeet al.12
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