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Computational details
Potential parameters and validation of the force field. Both OH and water were modeled using empirical potentials
that explicitly include induced polarization. The water molecules were described using the three-site water model of
Caldwell and Kollman (POL3).1 The Lennard-Jones parameters of the OH oxygen and hydrogen were also taken from
POL3 water. The remaining potential parameters were adopted from our previous work:2 The permanent dipole of OH
radical was modeled by partial charges of −0.4 e on oxygen and 0.4 e on hydrogen, with the O−H bond length of 0.967
Å. The molecular polarizability of OH, 1.07 Å3, which was obtained as the mean value of the diagonal elements of the
polarizability tensor calculated at the MP2/aug-cc-pvtz level, was assigned to the oxygen atom.
The present OH parametrization represents a refinement of the force field used in our previous study,2 which
underestimated the OH–water binding as well as the OH hydration free energy. Adopting the Lennard-Jones parameters
for the OH oxygen and hydrogen from the POL3 water model improved substantially the performance of the force field
in terms of the OH hydration, yielding the free energy of solvation Gs = –3.0 ± 0.1 kcal/mol (experimental value
Gs,exp = –3.9 ± 0.3 kcal/mol3,4). The OH–water binding is somewhat overestimated by the new potential, the
stabilization energy of the OH…H2O complex being -7.4 kcal/mol (the ab initio values reported in the literature span
the interval between 5.5 and 6.7 kcal/mol5-7). However, the force field yields a correct geometry of the OH…H2O
complex, with the OH acting as a proton donor. The structural properties of larger clusters involving more than one
water molecule are also in agreement with the ab initio results that predict the cluster structures, in which OH
participates in two hydrogen bonds (acting both as a proton donor and proton acceptor) to be the energetically most
favorable ones. In this connection, it is interesting to note that polarizability seems to be important for reproducing
correctly the structures of the OH-water clusters with the empirical force field. In simulations with a non-polarizable
potential, the OH radical was found to act predominantly as proton donor, forming only one hydrogen bond to the
nearest water molecule.8
Sampling simulation. NVT molecular dynamics simulation was carried out on five OH radicals solvated in water. A
water slab with two vacuum/liquid interfaces was employed, using 864 water molecules in a 30(x) × 30(y) × 100(z) Å
simulation box. The z-axis is perpendicular to the water surface. Periodic boundary conditions were applied in all three
dimensions. The thickness of the water slab was about 33 Å. The initial conditions were constructed from the final
configuration of the water slab equilibrated for 500 ps at T = 300 K by exchanging five water molecules inside the bulk
liquid for OH radicals and placing the five water molecules into the gas phase region above the slab. A 20 ps
equilibration run with an integration time step of 0.1 fs was performed, at the end of which all five OH radicals were
still fully solvated inside the bulk water, close to the middle of the slab. The equilibration was then followed by a 3 ns
sampling run with a time step of 1 fs. The temperature of the system was maintained at 300 K using the Berendsen
scheme with a coupling constant of 0.5.9 All bond lengths were constrained to their equilibrium values using SHAKE.10
An interaction cutoff of 12 Å was employed. A smooth particle mesh Ewald method was used to account for the longrange Coulomb interactions.11 The positions of OH radicals were stored every picosecond. All MD simulations were
performed using the AMBER program package.12
During the simulation, the OH radicals diffused through the interior of the water slab, they were, however,
predominantly located in either of the two interfacial regions. Desorption of OH from the surface was also observed a
number of times, resulting in the OH radical leaving the simulation box and, due to the periodic boundary conditions,
its replica entering the simulation box with the same velocity from the opposite side. The 3 ns simulation yielded a
fairly symmetric OH density profile (see Figure 1 in the communication). The intervals on the z-axis in Figure 1b, in
which the water signal decreases from the bulk density value to zero, correlate with the two interfacial regions of the
water slab. The OH density profile was scaled by an arbitrarily chosen number such that its maximum approximately
matches the water bulk density value.
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Scattering simulations. The adsorption kinetics of OH radical was studied using the same water slab system as
described above. Configurations of the liquid to be used for the accommodation study were generated from a 250 ps
NVE run following a 500 ps NVT equilibration at T = 300 K. Storing the positions and velocities every 50 ps yielded
five different configurations of the water slab. 250 initial conditions for the scattering simulations were then prepared
by placing a single OH radical about 15 Å above the interface at different grid points in the xy plane at z = 30 Å, and
assigning the velocities of each of the two atoms from a Maxwell-Boltzmann distribution at 300 K, subject to the
constraint that the z-component of the center of mass velocity is directed towards the surface. The trajectories were run
for a total of 90 ps. During the first 15 ps, the position and velocity of the incoming OH radical were stored every 0.1
ps for a detailed kinetic energy analysis that was correlated with the position. During the final 75 ps, the position was
stored every 1.0 ps.
Thermal accommodation and mass accommodation coefficients. From the above 250 initial conditions, in 3 cases the
OH radical was deflected away from the liquid slab due to a very small initial value of the z-component of velocity.
Thus, the total number of molecules impinging on the surface equals 247 (nimp = 247). 12 trajectories resulted in
scattering of OH from the surface (nscat = 12), and 235 in accommodation of OH at the interface (nacc = 235). For 12 out
of the 235 trajectories, for which OH was initially accommodated at the interface, the hydroxyl radical later desorbed
back into the gas phase (ndes = 12). For 142 trajectories OH remained adsorbed on the surface until the end of the 90 ps
simulation (nads = 142), located on average rather deep in the interface at a z-position that correlates with the Gibbs
dividing surface. For 81 trajectories OH diffused inside the water slab and became fully absorbed in the bulk liquid
(nabs = 81). The above numbers of adsorbed and absorbed OH radicals were determined at the end of the 90 ps
trajectories based on the z-position of the oxygen atom of the OH radical. The OH was considered adsorbed when
having the oxygen atom located between the 10% and 90% values of the liquid water density, and absorbed when being
at a density greater than 90% of the liquid water density. The z-coordinate values corresponding to the 90% and 10% of
the liquid water density for the 30 Å × 30 Å × 100 Å box with 864 molecules are 12.8 Å and 16.4 Å, respectively.
From the kinetic energy analysis, it was found that, when approximately 5 Å above the liquid, the approaching OH
radical is accelerated towards the surface as well as rotationally excited. In majority of cases (235 of 247), the collision
of OH with the surface was followed by a fast dissipation of the excess kinetic energy within 4 ps of impact, resulting
in thermal accommodation of OH at the interface. This yields for the thermal accommodation coefficient, S, defined as
a ratio of the number of molecules equilibrated to the liquid temperature relative to the number of molecules impinging
on the liquid surface (S = nacc / nimp), a value of S = 0.95. The mass accommodation coefficient, , is defined as a ratio
of the number of gas molecules incorporated into the liquid relative to the number of molecules impinging on the liquid
surface. Trajectories for which OH radicals remain adsorbed for 90 ps can still contribute to the value of . The
probability, p, that an adsorbed OH radical will be incorporated into the bulk after 90 ps can be estimated from the
available data for 90 ps as the number of trajectories for which OH became absorbed in the bulk liquid divided by the
sum of those trajectories for which OH became absorbed and those for which OH first accommodated at the surface
and then desorbed, p = nabs / (nabs + ndes) = 0.87. This yields for the mass accommodation coefficient = (nabs + p nads)
/ nimp = 0.83.
Free energy profile. A somewhat smaller system with 600 water molecules in a 26.3 × 26.3 × 76.3 Å simulation cell,
yielding a water slab of a thickness of approximately 30 Å, was employed for calculating the free energy profile for
transfer of an OH radical across the air/water interface. The free energy profile was calculated as a potential of mean
force using a constrained molecular dynamics technique.13 The radical is transferred along the normal to the interface
(z). At each z-position of the solute, incremented by 1 Å, the averaging of the force exerted on the solute was done over
350 ps after an initial 100 ps equilibration period. The error of the calculated free energy values (± 0.1 kcal/mol) was
estimated by averaging separately over the first 150 ps and the last 150 ps of the simulation at each z-position of the
solute and taking the difference between the corresponding two values of free energy.
The free energy difference, F(zs), between a state when the solute is located at zs and a reference state when the
solute is at z0 can be calculated as follows
zs

fz (ζ ) dζ .

∆F ( zs ) = F ( zs ) − F 0 = −

(1)

z0

In the above expression, fz( ) is the z-component of the total force exerted on the solute at a given z-position, zs,
averaged over the canonical ensemble. Here, Fo is chosen as the free energy of the system with the hydroxyl radical
located in the gas phase. Equation 1 is defined in a canonical (NVT) ensemble, and yields a Helmholtz free energy
difference ( F). In our simulation, the total volume of the system is fixed. However, due to the fact that the open
interfaces allow the volume of the liquid water to fluctuate, the conditions of the simulation actually resemble the
isothermal-isobaric (NPT) ensemble. Thus, the free energies calculated from the simulation can be directly compared to
the experimentally accessible Gibbs free energies ( G).14
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Henry’s law constant and the solvation free energy. From the free energy difference between two points z1 and z2 on
the free energy profile, G12 = G(z2) − G(z1), one can evaluate the corresponding concentration ratio of the solute
species
c2/c1 = exp(− G12 / RT).

(2)

In the above expression, R is the universal gas constant, and T is the temperature. By choosing z1 in the gas phase and z2
in the liquid, the calculated concentration ratio can be compared to the empirical Henry’s law constant. The Henry’s
law constant kH is usually defined as the molar concentration caq of a species in the aqueous phase divided by its partial
pressure pg in the gas phase
kH = caq / pg

(3)

Henry’s law constant can, however, be also written as a dimensionless ratio of the molar concentrations or number
densities in the aqueous and gas phases15
kHcc = caq / cg

(4)

These two constants differ by a RT factor, and are related to the solvation free energy Gs of the solute species at
infinite dilution as follows
kHcc = kH RT = exp(− Gs / RT)

(5)

The standard solvation free energy Gsº corresponding to the standard state of p0 = 1 atm gas pressure, temperature T0
= 298 K, and aqueous concentration c0 = 1 M differs from Gs at infinite dilution by 1.9 kcal/mol according to the
following equation16
Gsº = Gs + RT ln(RTc0 / p0)

(6)

The experimental value of the solvation free energy of OH in the 1 atm gas and 1 M aqueous standard state at T = 298
K is Gsº = –2 ± 0.4 kcal/mol,17 and yields Henry’s law constant kH = 30 M/atm.15,17,18 According to Eq. 6, the
solvation free energy at infinite dilution is Gs,exp = –3.9 kcal/mol. This value corresponds to the transfer of a single
OH radical across the air/water interface from the gas phase to the liquid phase, in accordance with the conditions
under which the free energy profile is calculated in our simulation.

Figure 1S. Schematic diagram of a free energy profile for transferring a gas phase molecule accross
the air/water interface. The interfacial region is indicated by the dotted lines. Gs denotes the free
energy of solvation, Ga the free energy of adsorption on the water surface, and Gsl the free energy
difference associated with moving the solute from the surface into the bulk.
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To achieve an agreement with the experimental value of the OH free energy of solvation, Gs,exp, in a simulation
employing empirical potentials represents a nontrivial task, as the asymptotic value of G in the liquid phase depends
strongly on the choice of the force field. However, the existence and depth of the surface minimum on the free energy
profile seems to be rather robust, as very similar results were obtained for different OH and water force fields as well as
using different methodology to calculate the free energy profile.8,19

Atmospheric implications.
The fact that the free energy profile for transfer of an OH radical across the air/water interface exhibits a minimum in
the interfacial region indicates propensity of the hydroxyl radical for the interface. Under equilibrium conditions, the
equilibrium between the OH in the gas phase and in the liquid (corresponding to the Henry’s law and the solvation free
energy Gs in Figure 1S) can be split into two parts: the equilibrium between the OH in the gas phase and at the surface
(corresponding to the adsorption free energy Ga), and the equilibrium between the OH adsorbed on the surface and
the OH dissolved in the liquid (free energy difference Gsl). These free energy values are related through Gs = Ga +
Gsl (see Figure 1S). For the average daytime concentration of OH in the troposphere20 cg = 5 × 106 radicals/cm3 and
kH = 30 M/atm, the Henry’s law yields the aqueous OH concentration caq = 3.7 × 109 radicals/cm3. Combining the
experimental free energy of solvation Gs,exp = –3.9 kcal/mol and the calculated free energy difference Gsl = 1.1
kcal/mol between the surface and bulk state results in the free energy of adsorption Ga = –5 kcal/mol. This free energy
difference, according to Eq. 2 for z1 in the gas phase and z2 at the interface, corresponds to the surface concentrations of
OH csurf = 2.3 × 1010 radicals/cm3.
The surface activity of the OH radical opens some interesting possibilities for OH reactions with the oxidizable
species, both inorganic and organic, at the air/water interface. For example, in a study of the reaction of gas phase OH
radicals with deliquesced NaCl particles, it was shown that the experimental observations, which could not be
explained based on the known gas and liquid phase chemistry, were consistent with a reaction of OH with chloride ions
at the air/water interface.21 There is a body of evidence showing that, in addition to inorganics, organic species are
likely to be present at the aqueous atmospheric surfaces, e.g., of sea-salt aerosol and cloud droplets. Organic
compounds can be removed from the ocean surface as the sea-water droplets are ejected into the air,22,23 or they can be
scavenged onto the surfaces of the aerosol particles and cloud droplets from the air.24 Thus, the availability of OH
radicals at enhanced concentration on the surface where also the oxidizable organic species are present may be
important for understanding the mechanisms of atmospheric processing of the organic material. Recently, for instance,
a heterogeneous reaction was proposed to rationalize the rapid oxidation of methanol to formaldehyde observed in field
measurements of cloud droplets interacting with a plume from biomass burning.25
The impact of the surface enhancement of OH on atmospheric reactions will depend on a number of factors,
including particle size, kinetics of its reaction with other species and possible enhancement of the second reactant in the
interfacial region. Therefore, reactions of OH at the interface are likely to be more important for smaller particles where
there is relatively more surface compared to the available bulk,26 for less volatile, surface active reactants and for fast
reactions where the OH reacts before it reaches the bulk.

D
, where D is the diffusion coefficient (typically ~10-5 cm2 s-1 in liquids) and k'is
k'
the first order rate constant (s-1) for the reaction of OH, is a measure of the distance from the interface in which the
reaction occurs.27 For a rapid reaction at the surface, one can consider l = 1 nm. Then k'~ 109 s-1 = k[X], where k is the
second order rate constant for the reaction between OH and some species X. The reactions of OH with most organics
are very fast,28 with k approaching 1010 M-1 s-1. Thus, for a diffuso-reactive length of 1 nm, the concentration of X must
be of the order of 0.1 M in the interface layer. This corresponds to a surface coverage of X of ~ 1% of a monolayer.
While there are essentially no data on the surface composition of aqueous atmospheric particles, a coverage of this
magnitude is reasonable under some conditions, e.g. in plumes from emission sources.
The calculations reported in this work show that OH radical is expected to be enhanced at the air/water interface.
While our understanding of the role the surface OH can play in atmospheric processes is at its infancy, it is desirable
that the possibility of the heterogeneous OH chemistry is taken into account when elucidating the mechanisms and
kinetics of the atmospheric reactions.
The diffuso-reactive length, l =
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