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It has been speculated that the presence of OH(H2O)n clusters in the troposphere could have significant effects
on the solar absorption balance and the reactivity of the hydroxyl radical. We have used the G3 and G3B3
model chemistries to model the structures and predict the frequencies of hydroxyl radical/water clusters
containing one to five water molecules. The reaction between hydroxyl radical clusters and methane was
examined as a function of water cluster size to gain an understanding of how cluster size affects the hydroxyl
radical reactivity.

Introduction

The hydroxyl radical is the most important reactive species
in the troposphere. Described as the atmospheric “vacuum
cleaner,” the hydroxyl radical is responsible for many of the
reactions that remove volatile organic compounds (VOCs) from
the air.1 The hydroxyl radical has a short lifetime in the
atmosphere and is regenerated constantly. It has a global average
concentration of 106 molecules‚cm-3 during the daylight hours,
dropping at night once photodissociation pathways that generate
OH cease.1 Because the hydroxyl radical acts as a major sink
for many VOCs, its concentration influences the balance of
many atmospheric species. For example, this radical oxidizes
approximately 83% of annual methane emissions, supporting
the fact that the hydroxyl radical is one of the most important
processors of greenhouse gases. Methane concentration is
increasing in the atmosphere because anthropogenic sources are
more than double natural methane sources, and sources out-
number sinks by 35-40 Tg‚yr-1.1

Because it is known to form singly hydrated complexes,2,3

the role of the OH(H2O) dimer and higher order clusters has
been speculated to have an effect on atmospheric chemistry.
The formation of hydrogen bonds is known to affect the spectral
features and reactivity of the constituent monomers.4 Cluster
formation results in spectral peak broadening, peak shifts, and
the addition of intermolecular vibrational modes that occur
below 1000 cm-1. The OH(H2O) dimer, recently observed by
rotational spectroscopy,2,3 is proposed as an intermediate in the
interconversion of OH and H2O,5 and has been predicted to be
a stronger oxidant than free OH.6 The presence of OH(H2O)n
clusters could have an effect on the solar absorption balance,
resulting from the presence of new absorption bands (<1000
cm-1) added to the atmospheric spectrum. Additionally, the
larger dipole moment of the complex enhances the intensity of
absorption.7 In a recent review article, Schrems and co-workers
argue that both the hydroxyl radical’s solar absorption balance
and reactivity could be greatly affected by complexation with
water.4 We have undertaken this study to better understand the
role that OH(H2O)n clusters could have on atmospheric absorp-
tion and reactivity with VOCs.

Methods

The G3 model chemistry,8 used previously to accurately
model structures and energetics for gas-phase water clusters
composed of 2-8 water molecules,9-12 ion-water clusters,13,14

and hydroperoxy radical-water complexes,15 has been used to
model the hydroxyl radical-water complexes. Clusters were
built in SPARTAN,16 optimized using the PM3 method,17 and
followed by HF/6-31G* self-consistent field optimizations.18

These structures served as input for G3 calculations performed
using Gaussian03 versions B.02 and C.02.19 Harmonic frequency
calculations were performed on all dimer, trimer, tetramer,
pentamer, and hexamer structures using the HF/6-31G* method.
These frequencies were scaled by 0.8929 to obtain reliable
frequency estimates for the lowest energy structures because
scaled HF/6-31G* frequencies have previously been shown to
be in good agreement with MP2 anharmonic and experimental
values for water clusters.20 To understand the effects of clusters
on reactivity, a simple reaction between hydroxyl radical clusters
and methane was examined. Reactants, transition states, and
products were calculated using the G3B3 method21 because only
one geometry optimization is required with this model chemistry.
In addition to the model chemistry calculations, the BHandH-
LYP DFT functional was used with the 6-311G** and aug-cc-
pVTZ basis sets to calculate geometries and harmonic frequen-
cies for the methane and OH radical reaction pathway. A set of
single self-consistent field calculations at the CCSD(T)/aug-
cc-pVTZ level were made on the BHandHLYP/aug-cc-pVTZ
geometries. Kinetic rate constants were obtained using TheRate
on-line program22 using simple transition-state theory with and
without Eckart tunneling.18,23,24

Results

The free-energy minima at 298 K for the dimer, trimer,
tetramer, pentamer, and hexamer are presented in Figure 1. The
relevant O-H bond lengths and hydrogen bond lengths, angles,
and other geometric parameters can be found in the Supporting
Information. In addition, the remaining local minima for OH-
(H2O)n n ) 2-5 clusters can be found in the Supporting
Information. Table 1 contains the G3 energetics in kcal‚mol-1

for the association of cyclic water clusters with a hydroxyl
radical and for the association of hydroxyl radical-water clusters
with one additional water molecule. Our reported energetics
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include the electronic energies of binding corrected for zero-
point energy (∆E0), the same energies including thermal
corrections (∆E°298), and the enthalpies (∆H°298) and Gibbs free
energies (∆G°298) at 298 K. Reaction i of Table 1 gives the
association energetics for the formation of a hydroxyl radical-
water cluster from a pure water cluster and free hydroxyl radical.
Reaction ii of Table 1 gives the energetics for the sequential
addition of water molecules to hydroxyl radical-water clusters.

The equilibrium constants for a standard state of 1 M (Kc),
molarity (M), and the number of clusters/cm3 predicted to be
present in the lower troposphere on a humid day are presented
in Table 2. These values are based on the Gibbs free energy
for the association of the most stable OH(H2O)n-1 structure with
each successive water (Table 1, reaction ii). Table 3 contains
the results for the DFT calculations and for the CCSD(T)
calculations for the reaction of OH and CH4, from starting
reactants to final products, including pre-reactive and post-
reactive complexes, as well as the transition state for the
reaction. Figure 2 illustrates the two-dimensional slice of the
potential energy surface for this reaction using the data in Table
3. Table 4 contains∆E0, ∆E°298, ∆H°298, and∆G°298 obtained
using the G3B3 method for the reaction of methane with the
OH radical, and the low energyC2V dimer, cyclic trimer, cyclic
tetramer, cyclic pentamer, and cyclic hexamer. This table also
contains the G3B3 free energy of activation,∆G°298

q, for the
abstraction of a hydrogen from methane by the hydroxyl radical
and by OH(H2O)n clusters and rate constants. Table 5 contains
scaled frequency data for the OH(H2O) dimer and OH(H2O)2
cyclic trimer.

Discussion

In the OH(H2O) dimer global minimum, OH is the hydrogen-
bond donor.2,3,25-34 The electronic state in the G3 structure has
the radical electron in the in-plane2A′ configuration, which is
recognized as the global minimum for OH(H2O).2,3,28,33,34A
second electronic state is close by, with the radical electron in
the out-of-plane orbital, which corresponds to the higher energy
2A′′ state.26,28,32-34 The excited state lies∼200 cm-1 above the
ground state.2 The hydrogen-bond length for the ground state
of 1.912 Å compares well with the microwave values of 1.952
Å2 and 1.945 Å.3 The transition state for the OH(H2O)- - -H- - -
CH3 structure is also in the2A′ electronic state, and the
transition-state structure clearly shows that the radical electron
that is in-plane is forming the bond with the hydrogen that is
being abstracted from methane (Supporting Information).

The low-energy structures for the OH(H2O)n trimer, tetramer,
pentamer, and hexamer clusters at 298 K are cyclic, which are
similar to the analogous pure water clusters.10,12 A previous
study by Hamad, Lago, and Mejı´as presents structures for the

dimer through hexamer using the UMP2, BLYP, and BHLYP
methods.29 They found similar structures for MP2 energy
minima for the dimer, trimer, and tetramer but different energy
minima for the pentamer and hexamer. Mejı´as and co-workers’
calculations using the BHLYP method reveal similar energy
minima for all cluster sizes except the pentamer.29 Cabral do
Couto and co-workers used microsolvation modeling and
statistical mechanics simulations to obtain OH(H2O)n structures
where n ) 1-6.31 Using the MPW1PW91/aug-cc-pVDZ
method, they find low-energy structures that are similar to
Mejı́as and co-workers’ findings. For the trimer through
hexamer, the low-energy structure is cyclic, with the free
hydrogen on the water molecules alternating in an up (u), down
(d) orientation. Conversely, Mejı´as finds the cyclic trimer to
have water molecules with an up, up (u,u) orientation and the
cyclic tetramer to have an up, down, down (u,d,d) orientation.
Schenter and co-workers have used CCSD(T)/aug-cc-pVTZ
potential scans of the OH(H2O) potential energy surface to
devise an interaction potential for the ground and excited states
of the OH radical-H2O system.7 Their interaction potential
predicts cyclic structures as the lowest energy conformers for
the trimer through pentamer, and the cage structure as the most
stable hexamer.7

By our G3 calculations, the∆E energy minima at 0 K are
the ud cyclic trimer, udu cyclic tetramer, cyclic pentamer, and
cage hexamer (Table 1). This agrees with previous MPW1PW91
DFT work.31 The same structures are found as minima after
adding thermal energy to obtain∆E°298, with the exception of
the hexamer, for which the prism is now the lowest energy
structure. Gibbs free-energy calculations at 298 K reveal the
most stable configurations at that temperature. Formation of the
uu cyclic trimer, uud cyclic tetramer, cyclic pentamer, and cyclic
hexamer have the lowest∆G° values at 298 K. These structures,
with the exception of the cyclic pentamer, are all different from
the lowest energy structures determined from∆E°. This is a
common occurrence with water clusters because the zero-point
corrected energies yields the right order for the free-energy
surface for these clusters in a cold (5-20 K) molecular beam,
while raising the temperature reorders the free-energy profile.11,12

Hydrogen bond lengths shorten as the cluster size increases
with the longest bond length for the OH to OH2 hydrogen bond
(Supporting Information). The OH to OH2 hydrogen bond length
is longest for the dimer at 1.9 Å, shortens to 1.8 Å for the trimer,
1.73 Å for the tetramer, 1.71 Å for the pentamer, and 1.70 Å
for the hexamer. The HOH to OH hydrogen bond also shortens
as cluster size increases. This suggests that the OH/water
electron network strengthens with additional waters. The same
trend of bond lengths can be seen in pure water clusters.10 As
cluster size increases for OH(H2O)n, n ) 2-5, the hydrogen
bond angle approaches 180°. The OH(H2O) dimer has a
hydrogen bond angle of 173.5°, which compresses in the more
constrained trimer, then increases to nearly 180° in the cyclic
pentamer and hexamer. Brauer et al. have reported that the spin
dipolar constants of the dimer increase by about 33% upon
complexation while the Fermi contact term changes from
-73.25 MHz in free OH to-155.3 MHz in the complex.2

Although complicated to interpret for a multielectron effect, they
state unequivocally that the large change in the OH magnetic
hyperfine constants upon complexation leads to a substantial
change in the electron distribution of the radical upon com-
plexation.2 Similarly, Ohshima and co-workers have concluded
from their microwave results that electron density is transferred
from the water to the OH radical upon formation of the
hydrogen-bonded complex.3 Our results lead us to suggest that,

Figure 1. G3 free-energy minima at 298 K for OH(H2O)n clusters,n
) 1-5.
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similar to pure water clusters, the cooperativity of hydrogen-
bond formation distributes the partial atomic charge throughout
the cluster. This effect for homodromic cyclic water clusters
was first explained by Xantheas,35 and can be seen in homo-
dromic cyclic water structures for trimers, tetramers, pentamers,
and octamers.11,12The cyclic structures that display cooperativity
have their individual water dipoles building upon each other in
the plane of the cycle, resulting in more negative charge on the
oxygens and more positive charge on the hydrogens in coopera-
tive complexes.12 The partial atomic charges on OH, H2O, and
OH(H2O) derived from the electrostatic potential at the UMP2-
(full)/6-31G* level reveal that the water hydrogens become more
positive by 0.014 atomic charge in the complex, the hydroxyl

hydrogen becomes more positive by 0.050 atomic charge, and
the hydroxyl oxygen becomes more negative by 0.074 atomic
charge.

The concentration of clusters in the atmosphere at 298 K is
estimated in Table 2, for a water vapor concentration of
0.001544 M and a hydroxyl concentration of 1.66058× 10-14

M. The equilibrium constant,Kc, (1 M standard state) is
calculated from∆G° (1 atm standard state) values from Table
1(ii). This table shows the incremental change in free energy
for an existing OH(H2O)n cluster upon incorporating another
water molecule into the complex, and the abundances of specific
clusters. The most abundant of the clusters, OH(H2O), is
predicted to have a concentration on the order of 104

molecules‚cm-3 on a warm humid day. The dimer concentration

TABLE 1: G3 Energetics in kcal‚mol-1 for the (i) Association of Cyclic Water Clusters with Hydroxyl Radical, and (ii)
Incremental Association of Hydroxyl Radical-Water Clusters with an Additional Water Molecule

(i) (H2O)n + OH f HO(H2O)n

(ii) HO(H2O)n-1 + H2O f HO(H2O)n

n ∆E0 ∆E°298 ∆H°298 ∆G°298

i ii i ii i ii i ii
1 -3.97 -3.97 -3.90 -3.90 -4.49 -4.49 1.14 1.14
2ud -6.93 -6.16 -7.58 -6.59 -8.17 -7.18 1.56 2.36
2uu -6.83 -6.05 -7.32 -6.33 -7.91 -6.92 1.37 2.17
3pud -4.84 -5.17 -4.51 -4.83 -5.10 -5.42 1.41 1.74
3uud -8.79 -9.12 -8.64 -8.97 -9.24 -9.56 -1.74 -1.38
3udu -9.03 -9.35 -9.04 -9.36 -9.63 -9.95 -1.48 -1.14
4S4+OH -5.39 -6.20 -5.32 -6.18 -5.91 -6.77 2.18 2.39
4D2d -4.87 -5.68 -4.74 -5.60 -5.33 -6.19 2.48 2.70
4udu+H2O -2.54 -3.36 -2.03 -2.90 -2.62 -3.49 4.10 4.32
4pentamer -5.39 -7.57 -5.32 -7.29 -7.02 -7.88 -0.23 -0.01
5hexamer -5.84 -6.32 -5.57 -5.97 -6.16 -6.56 -3.30 0.83
5book -4.56 -5.04 -4.56 -4.97 -5.16 -5.56 -0.55 3.58
5pentamer+OH -4.29 -4.77 -4.34 -4.75 -4.94 -5.34 -0.60 3.53
5cage -6.27 -6.75 -6.81 -7.21 -7.40 -7.80 -0.55 3.58
5prism -5.87 -6.34 -6.33 -6.73 -6.92 -7.32 -0.13 3.99

TABLE 2: Gibbs Free Energies (Standard State of 1 M) in kcal‚mol-1, Equilibrium Constants (Standard State of 1 M),
Molarity ( M), and Number of Hydroxyl Radical Clusters per Cubic Centimeter (N) Predicted to be Present in the Lower
Troposphere when the Water Concentration is 0.001544 M, and the OH Concentration is 1.66058× 10-14 M, at 298 K

reaction ∆G°298 Kc M N

OH + H2O f HO(H2O) 1.14 3.56 9.1× 10-17 5.5× 104

HO(H2O) + H2O f HO(H2O)2 2.17 0.631 6.4× 10-20 4 × 101

HO(H2O)2 + H2O f HO(H2O)3 -1.38 251 2.4× 10-20 1.4× 101

HO(H2O)3 + H2O f HO(H2O)4 -0.0144 25.1 9.1× 10-22 5.5× 10-1

HO(H2O)4 + H2O f HO(H2O)5 0.828 6.05 8.5× 10-24 5 × 10-3

TABLE 3: Change in Electronic Energy, Gibbs Free Energy, Enthalpy, Entropy, and Activation Energy for the Formation of
CH3 and H2O from OH and CH 4

a

∆E0 ∆H°298 ∆G°298 ∆S°298 Ea
b

BHandHLYP/aug-cc-pVTZc

reactantsf pre-reactive complex 0.20 0.72 1.43 -7.85
reactantsf transition state 8.36 7.37 13.30 -20.71 8.56
reactantsf post-reactive complex -10.04 -9.44 -7.50 -8.34
reactantsf product -9.83 -9.42 -12.23 9.51

CCSD(T)/aug-cc-pVTZc

reactantsf pre-reactive complex -0.15 0.37 1.09 -2.39
reactantsf transition state 4.51 3.53 9.45 -19.87 4.72
reactantsf post-reactive complex -14.21 -13.61 -11.68 -6.50
reactantsf product -13.46 -13.05 -15.86 9.43
pre-reactive complexf transition state 4.66 3.16 8.36 -17.48
transition statef post-reactive complex -18.73 -17.14 -21.13 13.37
post-reactive complexf product 0.75 0.56 -4.18 15.92

experimental data
reactantf transition stated 3.89 5.08

a Interaction energy given in kcal‚mol-1, and the change in entropy given in cal‚mol-1‚Kelvin-1. ∆E0 includes zero-point vibrational energy.
b Activation energy determined using the equationEa) ∆H°q

298 + 2RT. c Single self-consistent field calculation performed on BhandHLYP/aug-
cc-pVTZ optimized geometries.d Reference 42.
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is on the same order of magnitude as the water hexamer, which
would be difficult to detect in the troposphere.9 However, this
does not rule out the possibility that the OH(H2O)n clusters could
have an important role in atmospheric chemistry. This is an
equilibrium calculation based on an initial population for the
hydroxyl radical of 107 radicals/cm3. If local conditions produced
a 1000th-fold increase in the OH concentration, then the OH-
(H2O) cluster concentration would increase to 107 clusters‚cm-3.
Measurement of OH concentrations are complicated,36,37 and
researchers are continually trying to improve modeling and
experimental methods for accurate determination of this im-
portant radical.38-42 There is evidence for substantial variation
of the concentration of hydroxyl radicals over the past several
decades.41 Field measurements and modeling studies differ
between observation and predictions of OH concentration in
the atmosphere, and the importance of weak electronic absorp-
tion features in contributing to significant OH production has
been demonstrated.43 On the basis of the currently accepted

values for the abundances of OH, and our thermodynamic
results, we do not expect clusters of OH(H2O)n to be abundant
in the atmosphere.

To put the reactivity of OH(H2O)n clusters in context, consider
Table 3, which illustrates the reactivity of the clusters by
displaying the values for removing a hydrogen from methane.
The oxidation of methane by the hydroxyl radical is one of the
two major sources of water in the stratosphere, the other being
water injection from the troposphere.44 Experimentally, the
activation barrier (Ea) for the reaction

is 5.08 kcal‚mol-1, and when corrected for 2RTresults in a∆H°q

of 3.89 kcal‚mol-1.45 The CCSD(T)/aug-cc-pVTZ method yields
a ∆H°q

298 of 3.5 kcal‚mol-1 and anEa of 4.7 kcal‚mol-1, in
agreement with the experimentally observed activation barrier.
The G3B3 method is also in good agreement, producing values

Figure 2. Two-dimensional view of the potential energy surface for the reaction of OH+ CH4 f H2O + CH3 using the CCSD(T)/aug-cc-pVTZ//
BHandHLYP/aug-cc-pVTZ results. Energies in kcal‚mol-1 and entropies in kcal‚mol-1‚K-1.

TABLE 4: G3B3 Change in Energy, Enthalpy, Gibbs Free Energy, and Activation Energy with Calculated Transition-State
Theory Rate Constants at 298 K for the Formation of a CH3(H2O)n+1 Cluster from OH(H 2O)n and CH4

a

CH4 + OH(H2O)n f CH3+(H2O)n+1

n ∆E0 ∆E°298 ∆H°298 ∆G°298 ∆G°298
q kb kc

0 -13.4 -14.5 -14.0 -12.5 9.7 3.9× 10-14 2.0× 10-13

1 -13.1 -13.7 -13.7 -8.2 13.7 2.4× 10-16 8.7× 10-16

2 -14.8 -15.8 -15.4 -9.1 10.6 3.0× 10-15 1.2× 10-14

3 -14.3 -15.4 -14.9 -8.2 10.5 1.3× 10-15 6.9× 10-15

4 -14.5 -15.4 -15.1 -7.4 12.7 8.9× 10-17 4.1× 10-16

5 -14.0 -14.9 -14.6 -7.3 11.7 3.5× 10-16 1.5× 10-15

a Interaction energies are reported in kcal‚mol-1, and the rate constants are reported with units of cm3‚molecule-1‚s-1. b Rate constant determined
without proton tunneling.c Rate constant determined with Eckart proton tunneling.

CH4 + OH w CH3 + H2O
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for ∆H°298
q of 3.8 kcal‚mol-1 and for∆G°298

q of 9.7 kcal‚mol-1.
A two-dimensional slice of the potential energy surface for this
reaction is shown in Figure 2. This curve was generated by
taking the energy at each point relative to the preceding point,
considering the forward reaction above and is also reported in
Table 3. The curve can be described by three different types of
energies: zero-point vibrationally corrected electronic energy
(∆E0), enthalpy (∆H°298), and Gibbs free energy (∆G°298). A
pre-reactive and post-reactive intermediate are formed on the
∆E0 surface, whereas only the post-reactive intermediate is seen
on the∆H°298 surface. Formation of the pre-reactive complex
from the reactants has an entropic cost, as does formation of
the transition-state structure from the pre-reactive complex.
Formation of the post-reactive intermediate from the transition-
state structure has a favorable entropy change, as does produc-
tion of the final products from the post-reactive intermediate.
At room temperature and with entropy taken into account,
neither intermediate is a stationary point on the∆G°298 surface.
The free energy of activation at room temperature is the free
energy for the transition from the reactants to the transition state,
1.09+ 8.36, or 9.45 kcal‚mol (Figure 2). As the temperature is
lowered toward zero Kelvin, the∆H°298 and ∆G°298 surfaces
converge to the∆E0 surface. At very low temperatures, as found
in a molecular beam, it would be possible to observe both the
pre- and post-intermediates of this reaction.

Given the expense of the CCSD(T) calculations, we found
that the model chemistry G3B3 method was able to provide
reasonable results at a lower cost, as seen in comparing Table

4 to Table 3. As shown in the table, the hydration of OH actually
reduces the Gibbs free energy released by the reaction, as well
as increasing the Gibbs activation energy. In general, water
clusters reduce the oxidative ability of OH with respect to
methane. Thus, it appears that any water clusters that form about
the hydroxyl radical will reduce, not enhance, the rate of reaction
of OH with organic species in the atmosphere. We attribute
this effect to the enhanced stability of OH(H2O)n clusters as
the number of waters,n, increases. As each successive water is
added to make the most stable cluster, the OH to OH2 hydrogen
bond strengthens, as does the OH/water electron network. This
result contradicts an earlier conclusion based on semiempirical
quantum mechanical calculations.6 Karakus and Ozkan have
shown that the difference in electronic energy between transi-
tion-state structures and reactants for the reaction of OH(H2O)
abstracting a hydrogen from alkanes decrease as the hydrocarbon
chain is increased from one (methane) to three (propane).46

The experimental rate constant CH4 + OH f CH3 + H2O
has been determined by multiple research groups for temperature
ranges from 1240 to 190 K.47-52 The most recent experimental
determination of the rate constant is 6.29( 0.18 × 10-15 to
6.8 ( 0.14 × 10-15 cm3‚molecule-1‚s-1 at 298 K.53 A
comprehensive review by Atkinson summarizes the methods
and rate constants obtained from experiments from 1962 to
2002, and he recommends a value of 6.40× 10-15 cm3‚mole-
cule-1‚s-1.52 Using the G3B3 model chemistry results and
TheRate on-line program, we determined rate constants for this
reaction to be 3.9× 10-14 cm3‚molecule-1‚s-1 and 2.0× 10-13

cm3‚molecule-1‚s-1 when including tunneling in the rate
constant calculation. Both of these values are approximately
10 and 100 times larger than the experimental value. In 1993,
Melissas and Truhlar used MP2-SAC2 model chemistry results
and interpolated canonical variational transition-state theory with
tunneling and obtained rate constants at 298 K, 4.12-5.48×
10-15 cm3‚molecule-1‚s-1, results that are remarkably close to
today’s accepted values.23,54

We can draw some conclusions from Table 4 if we consider
that the error in the rate calculation is systematic and we only
examine the relative rates as a function of hydration extent of
the hydroxyl radical. Considering the tunneling-corrected rate
constant, the hydration of the hydroxyl radical decreases the
rate by 10- to 1000-fold, the slowest rate obtained being the
hydration of the radical by a single water molecule. As discussed
above, we predict that the OH(H2O)n cluster will have an
abundance of 5.5× 104 molecules in the lower atmosphere,
and a 1000-fold decrease in its reaction with methane.

The hydroxyl OH stretch of the dimer has been observed in
an argon matrix at 11.5 K and assigned to bands at 3452 and
3428 cm-1.28 Later work that coupled these experiments with
highly accurate anharmonic oscillator local-mode calculations
revealed three bands, at 3452.2, 3428.0, and 3442.1 cm-1. These
three sites most likely stem from different sites within the matrix,
and not from different structures, and their scaled model gives
a single value of 3479.0 cm-1.33 Our gas-phase value is 3517
cm-1, well within the perturbations induced by the argon
matrix.20 For spectroscopic detection of OH(H2O)n clusters, we
will focus on those vibrations that are unique and have strong
intensities for the dimer and trimer because larger clusters are
probably not abundant enough for detection. We have shown
previously that HF/6-31G* scaled frequencies for water clusters
have standard deviations of 20-25 cm-1 compared to experi-
mental and to MP2 anharmonic frequencies.20 According to the
scaled HF/6-31G* frequencies, the hydroxyl radical has a
vibration at 3569 cm-1. The OH(H2O) dimer has an OH stretch

TABLE 5: Vibrational Modes, Frequencies in cm-1, and
Relative IR Intensities for the OH(H2O) Dimer and
OH(H2O)2 Cyclic Trimer from HF/6-31G* Scaled Harmonic
Frequenciesa

mode frequency IR intensity

OH(H2O)
ν3 3738 m
ν1 3636 w
O-H stretch 3517 s
ν2 1624 m
out-of-planeω 541 s
in-planeω 395 s
heavy atom stretch 173 w
τ (H2O), ω (OH) 135 w
ω (H2O) 122 s

OH(H2O)2
ν3 (D) 3717 m
ν3 (A) 3711 m
ν1 (D) 3596 m
ν1 (A) 3563 s
OH stretch 3439 s
ν2

c (AD) 1651 m
ν2

nc (A/D) 1635 m
ωc (ADOH) 767 m
ωnc (AD/OH) 550 s
ωnc (A/OH) 459 s
τnc (A/D) 407 s
Fc (AD), ω (OH) 336 m
Fnc (A/D) 257 m
heavy atom str (AOH) 202 w
distortion 170 w
ω (A, free H) 166 m
heavy atom str (DOH) 136 w
ω (AD, free H) 100 m

a The relative intensity for infrared absorption (IR) are characterized
as weak (w;< 40 KM/mole), medium (m; 60-160 KM/mol), or strong
(s; > 195 KM/mol), and the scale factor is 0.8929. Key to mode
motion: c for concerted, nc for nonconcerted,ω for wag,F for rock,
andτ for twist. The “plane” refers to the mirror symmetry plane of the
dimer. For the trimer, D and A stand for the donor and acceptor waters,
respectively.

Hydroxyl Radical-Water Clusters in the Atmosphere J. Phys. Chem. A, Vol. 110, No. 49, 200613287



red shifted from the OH monomer by 52 cm-1, whereas the
OH(H2O)2 trimer’s OH stretch is red shifted from the dimer by
78 cm-1. Because of this difference in frequencies, the trimer
could possibly be identified by IR spectroscopy through the 3439
cm-1 OH stretch. An isolated dimer could be observed at its
3517 cm-1 OH stretch, but this vibration would most likely be
overlapped by aν1 (H2O)3 vibration at 3519 cm-1 and aν1

(H2O)4 vibration at 3521 cm-1 unless the water concentration
could be reduced significantly in the IR experiment.20

The intermolecular vibrational modes at 541 cm-1 (an out-
of-plane wag), 395 cm-1 (in-plane wag), and 122 cm-1 (wag)
are three possible targets for detecting OH(H2O). The ν1

vibration of OH(H2O)2 at 3563 cm-1, and intermolecular
vibrational modes at 550, 459, and 407 cm-1 have strong IR
intensities that could assist in the detection of OH(H2O)2. The
550 cm-1 vibration is a nonconcerted wag of the acceptor and
donor waters wagging out-of-phase with the OH wagging
motion. This OH(H2O)2 peak could potentially be overlapped
if the water dimer (vibration at 553 cm-1) or water pentamer
(vibration at 449 cm-1) were present under experimental
conditions.20 A similar overlap with the 407 cm-1 vibration of
OH(H2O)2, a nonconcerted twist of the acceptor water and donor
water, which would be hidden by an intermolecular mode of
the water trimer. If such water clusters were present in the
experimental setup, then the 459 cm-1 vibration of OH(H2O)2
(a nonconcerted wagging of the acceptor water and hydroxyl
radical) is unique from other clusters, thus a good target for
detection. Another possibility for observing these complexes is
to probe electronic transitions. The electronic transition2∑+ r
2Π occurs around 308 nm, and this transition is predicted to
red shift by about 2500 cm-1 upon formation of the OH(H2O)
complex.34

Conclusions

The G3 model chemistry has been used to determine the
structures, energetics, and frequencies of OH(H2O)n clusters.
The lowest electronic energy structures agree with previous
theoretical results. Free-energy calculations at 298 K reveal that
the most likely structures to be observed at room temperature
usually differ from the lowest temperature structures. The lowest
free-energy structures display cooperativity of hydrogen bond-
ing, maximizing the negative partial atomic charge on oxygens
and the positive partial atomic charge on hydrogens involved
in hydrogen bonding in these structures. The OH(H2O) geometry
is in good agreement with the experimental microwave structure.
Predicted abundances of the OH(H2O)n clusters reveal that these
clusters are not predicted to be abundant in the atmosphere.
Calculation of free energies of activation for the abstraction of
a hydrogen from methane predict that water impedes the ability
of the hydroxyl radical to oxidize organic molecules, a result
that is contrary to published hypotheses.
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