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The results of a multiple-configuration mixed quantum/classical study of the photodissociation dynamics of
H2O (X̃ f Ã) and Ar-H2O (X̃ f Ã) are presented. In this approach, the dynamics of the argon atom and one
of the hydrogen atoms are treated classically, while the dynamics of the remaining OH molecule is treated
quantum mechanically. The quantum subsystem is further divided into two coupled contributions, and separate
classical trajectories are propagated for each piece. Comparisons of the rotational distribution of the OH
product, obtained from photodissociation of Ar-H2O and H2O, are in good agreement with previous classical
and experimental studies of these systems. The differences between the properties associated with the
photodissociation of water and the argon-water complex demonstrate the influence of the argon atom on the
dynamics.

I. Introduction

Understanding how weak intermolecular interactions affect
chemical reaction dynamics is an issue of central interest in
chemistry. Weakly bound, van der Waals or hydrogen-bonded
complexes provide excellent testing grounds for such investiga-
tions. They are of particular interest because their small size
allows for detailed experimental studies and accurate treatments
of potential surfaces as well as detailed theoretical treatments
of the dynamics. As a result there have been a number of studies
of either photoinduced or bimolecular processes in weakly bound
complexes.1-11

The challenges in studying reaction dynamics in clusters come
from the fact that they often contain more than three or four
atoms and the fact that the system will dissociate into three or
more fragments. This makes full-dimensional quantum mechan-
ical approaches prohibitively expensive. An alternative approach
is provided by classical treatments. Compared to quantum
approaches, for which the size of the basis increases exponen-
tially with the number of atoms, the time and memory
requirements of classical approaches scale roughly linearly with
the number of atoms.

Often, when we consider the dynamics of a reaction in a
cluster, most of the dynamics are fundamentally classical, and
only a few atoms exhibit significant quantum behaviors. When
this is the case, a natural choice is to employ a mixed quantum/
classical treatment in which several degrees of freedom are
treated quantum mechanically, while the remaining coordinates
and momenta are propagated classically. The literature on mixed
quantum/classical studies is abundant,12-15 and much of the
work in this field can be traced to the pioneering work of
Billing.16-19

While mixed quantum/classical approaches have proven to
provide powerful tools for studying the dynamics of moderate
sized systems, when multiple channels are energetically acces-
sible, as is often the case in reaction or photodissociation
dymamics, the quantum wave packet becomes delocalized, and
problems arise due to overcorrelations between the quantum
and classical dynamics.7,20 Similar problems have been noted

when the dynamics are treated by a separable quantum me-
chanical wave function. In this case, a multiple configuration
time-dependent Hartree approach was developed to solve these
problems.21,22Building from that work, we recently developed
a multiple-configuration quantum/classical approach, and we
have applied it to studies of the photodissocation of water and
reactions of oxygen with HCl and Ar-HCl.23-26 In this
approach, the quantum subsystem is divided into two or more
orthogonal wave functions, and classical trajectories are propa-
gated for each of the contributions to the quantum wave packet.
This approach provides a more accurate description of the
dynamics than the simple Ehrenfest-based quantum classical
treatments without introducing significant additional compu-
tational demands compared to the single-configuration ap-
proach.

In this paper, we use the multiple-configuration mixed
quantum/classical approach to investigate how the introduction
of an argon atom affects the absorption spectrum and the rotation
distributions of the OH products following the photodissociation
of water. There are several reasons that we choose to study this
system. Recently Nesbitt and co-workers reported the results
of experimental studies of vibrationally mediated photodisso-
ciation of H2O and Ar-H2O van der Waals complexes.27,28 In
these studies, the free OH bond in water (the one that is further
away from the argon atom) is selectively dissociated. The
resulting OH rotational distributions were recorded and com-
pared with the ones that resulted from the photodissociation of
H2O at the same photolysis wavelengths. Warmer OH rotational
distributions were obtained from the photodissocation of water
in a Ar-H2O cluster, compared with OH rotational distributions
resulting from the photodissocation of an isolated water
molecule. The differences in the OH distributions were explained
in terms of an intermolecular collision in the exit channel that
transfers energy between the argon atom, the hydrogen atom,
and the OH molecule.

The photodissociation of H2O has been studied extensively
by a variety of computational approaches, including time-
dependent quantum calculations29-31 and classical trajectory
simulations.32,33Partridge et al. developed a high quality ab initio
surface34 to describe theX̃ state of water, and Engel and co-
workers developed a potential for theÃ state.29 The potential
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energy surface ofÃ state is purely repulsive, and the dissociation
dynamics are direct.

In addition, from experimental spectroscopic studies, much
is known, about the ground state of the Ar-H2O van der Waals
complex, and, based on this work, an empirical potential was
developed by Cohen and Saykally.35 A potential for Ar-H2O
(Ã) has also been developed. It is based on the previously
reported H2O (Ã) state potential29 and pairwise interaction
between the argon atom and the dissociating H and OH units.4

These potential energy surfaces were used by Christoffel and
Bowman for quasiclassical trajectory simulations for the photo-
dissociation of Ar-H2O and H2O with three or four quanta of
excitation in the free OH bond in water.4,5 Consistent with the
experiments, these studies indicated a slight increase in the
angular momentum of the OH product when the process was
initiated in the argon-water complex. They explained this
finding in terms of the influence of the Ar-OH interaction,
which favors a linear Ar-H-O orientation and induces a torque
on the OH bond.

A known difficulty with purely classical approaches is the
leakage of zero-point energy out of the higher frequencies OH
stretch as well as the removal of the constraints of the angular
momentum of the OH product. In the present paper, we describe
the results of a mixed quantum/classical treatment of this process
in which the OH bond that remains intact is treated quantum
mechanically, while the dynamics of the dissociating hydrogen
and argon atoms are treated classically.

The remainder of the paper is organized as follows. In the
following section, we present the Hamiltonians used in this study
and review the quantum/classical approaches taken here. In
section III, the results for a planar approximation to the dynamics
of the H2O photodissociation are presented and compared to
those obtained forJ ) 0. This is done because the computational
challenges of this system make full three-dimensional studies
of the Ar-H2O dissociation computationally prohibitive, and
we have elected, as a first step, to consider the dynamics in a
plane. The results are compared to those obtained from
experiment and previous classical studies.

II. Theoretical Approaches

A. Coordinates and Hamiltonian. In this study of the
photodissociation dynamics of argon-water, the complex is
confined to a plane. As such, the Hamiltonian is expressed in
terms of theX andY Cartesian coordinates of each of the four
atoms. We treat the dynamics of the OH bond that remains
intact, quantum mechanically, and the relative motions of the
remaining hydrogen, OH, and argon atom, classically. To
facilitate this separation, the internal coordinate Hamiltonian is
written in terms of the six coordinates (r,θ,X,Y,XAr,YAr) shown
in Figure 1. Herer andθ provide the length and orientation of
the OH bond, while (XAr,YAr) are the Cartesian coordinates of
the argon atom and (X,Y) provide the Cartesian coordinates of
the hydrogen atom. The positions of the hydrogen and argon
atoms are referenced to the center of mass of OH. As such, the
Hamiltonian is given by

whereµOH, µΗ-OH, andµAr-OH represent the reduced masses
of OH, H-OH, and Ar-OH, respectively. The global potential
is given byV(r,θ,X,Y,XAr,YAr). As in our previous study on the
photodissociation of water,7,26 we use the high quality ab initio
surface of Partridge et al.34 and the potential of Engel and co-
workers29 to describe theX̃ state andÃ states of water,
respectively. The Ar-H2O intermolecular potential for theX̃
state is given by the sum of H2O intramolecular potential and
the empirical Ar-H2O potential of Cohen and Saykally.35 For
the Ã state we use the additive surface that was developed by
Christoffel and Bowman for their classical studies on this
system.4 More recently, Jungwirth and co-workers developed
anÃ state surface for Ar-H2O that is given by an analytical fit
to the results of ab initio calculations at the CASPT2 level of
theory.36 In studies on this surface, these workers found that in
the regions of the potential that are relevant for photodissociation
of Ar-H2O,37 the potential of Christoffel and Bowman worked
well, and we elect to use that potential in the present studies.

Performing simulations in reduced dimensionality carries with
it the danger that the results cannot be extrapolated to the system
in its full dimensionality. Such a problem is known to exist for
planar treatments of triatomic systems as, although three points
form a plane and zero-total angular momentum puts constraints
on the conjugate momenta,J ) 0 is not the same as a planar
representation of the dynamics. Rather,J ) 0 corresponds to
an isotropic distribution of orientations. This difference is borne
out of the fact that the angular momentum associated with planar
motion is proportional toj2, whereas in three Cartesian dimen-
sions it becomes proportional toj(j + 1).

To test the reliability of the planar representation of the Ar-
H2O photodissociation dynamics, we investigate the photo-
dissociation dynamics of an isolated water molecule in both
the planar and three-dimensional (J ) 0) representations. For
the later calculations, we use Jacobi coordinates,r, R, andγ,
wherer is defined as before,R is the magnitude of the vector
between the hydrogen atom and the center of mass of OH, and
γ is the angle betweenr and R. As such, the Hamiltonian in
Jacobi coordinates is given by
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Figure 1. The planar coordinate system used in this study.
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The volume element for integration is sinγdrdRdγ. Likewise,
the Hamiltonian for water in the planar coordinate representation
is given by

where θ is the angle betweenr and R and the remaining
coordinates are the same as in eq 2. Here the volume element
for integration isdrdRdθ. At first glance, one might expect that
θ andγ represent the same coordinate. The difference comes
in the range over which they are defined. In the planar coordinate
representation 0< θ < 2π, while in the Jacobi coordinate
representation 0< γ < π.

B. Quantum Simulations. To calibrate the accuracy of the
planar approximation, we perform quantum simulations of the
photodissociation dynamics of H2O using the Hamiltonians in
eqs 2 and 3. This is achieved by solving

using a grid representation of the wave function. Likewise,
following our previous work, a grid-based approach is also used
to evaluate the wave functions on theX̃ state of H2O.26 For the
Jacobi coordinate representation, the wave functions in the two
radial coordinates,r andR, are represented by an evenly spaced
grid of points, while a DVR that is based on the Legendre
polynomials is used to describe the bending dependence of the
wave function. For the calculations in planar coordinates the
wave function in all three coordinates is represented on an
evenly spaced grid of points. Once the wave functions are
obtained, time-dependent quantum approaches are used to
propagate the dynamics on theÃ state potential. In this work
we use a Chebychev expansion of the propagator in eq 4.38,39

Details of this approach are provided elsewhere.26,40

C. Mixed Quantum/Classical Treatments.While purely
quantum mechanical treatments can be readily applied to studies
of the photodissociation of water, the introduction of even a
single argon atom makes such simulations prohibitively expen-
sive. Even by introducing the simplification of confining the
motions to a plane, such a simulation requires the inclusion of
five internal degrees of freedom. Given that the system will
dissociate into three units, H+ OH + Ar, the size of the grids
that would be required to represent the wave function would
be prohibitively large. Further, the large recoil energy of H+
OH and the large mass of argon mean that the grids inX, Y,
XAr, andYAr would need to be very dense. As such, we elect to
employ a quantum/classical approach, in which the Ar-H2O
system is divided into two subsystems, one of which is treated
quantum mechanically and another that is treated classically.
For the photodissociation of Ar-H2O, the coordinates and
momenta of one of the hydrogen atoms and the argon atom,X,
Y, XAr, YAr, PX, PY, PXAr, andPYAr, are treated classically, while
the dynamics of the remaining OH molecule, which is described
by r, θ, and their conjugate momenta, are treated quantum
mechanically.

Employing such a separation of the dynamics in a study of
the photodissociation of water requires a set of initial conditions
of the form of initial coordinates and momenta for the classical
degrees of freedom and a fully coupled wave function for the
quantum degrees of freedom. Since the motions of the two OH
stretches are coupled even in the ground state of water, we

simplify the generation of the initial conditions by reexpressing
the wave function for the ground state of Ar-H2O as a product
of two functions, one that depends only onr and θ and one
that depends only on the classical coordinates. This is achieved
through a natural modal analysis41 and is described in greater
detail in ref 26.

While the motions of one of the hydrogen atoms can be
treated classically, the initial conditions for these trajectories
must reflect the initial quantum state of the system if we are to
have a meaningful description of the photodissociation dynam-
ics. We obtain the initial condition by mapping theRdependence
of the initial wave function,ψ(R), onto a phase space distribution
using the Wigner function42,43

whereW(R,P) provides the weight of each trajectory. In this
work, the initial conditions forR andP are based on an evenly
spaced grid of points withR ranging from 1.44 to 2.37 a0 and
P ranging from-13.6 to+13.6 au. This grid is divided into
6400 equal sized rectangles by dividing theR and P ranges
into 80 equal units. The initial conditions are selected randomly
within each of these boxes. We choose to take this approach
rather than using the grid points themselves since there is a
strong correlation between the initial value ofP and the final
kinetic energies of the argon and hydrogen atoms. Finally, only
those trajectories whose magnitude of theW(R,P) exceeds 10-3

are propagated.
As eq 5 implies, the ground-state wave function for this

hydrogen atom depends only on the magnitude ofR, rather than
its Cartesian components. As such, att ) 0, this hydrogen atom
is on the positivex-axis and they component of its momentum
is zero. Likewise, the argon atom is initially placed at its
equilibrium configuration, obtained from the ground-state
potential. The initial momentum of the argon atom is also zero.
We tested the sensitivity of the results to the position of the
argon atom and found that while the total and partial cross
sections display a small sensitivity to the direction ofRAr, they
are relatively insensitive to the magnitude of this vector within
the range sampled by the ground-state wave function.

Finally, it should be noted that there are two possible
equilibrium positions for the argon atom. In one the argon atom
is near the hydrogen atom that is being treated classically, while
the other places the argon atom near the hydrogen atom that is
treated quantum mechanically. Because we have broken the
symmetry in our treatment of the dynamics, the results for these
two cases will no longer be identical and the total cross section
is the sum of the cross sections for these two channels.

Once the initial coordinates, momenta, and weights have been
determined, we need to develop the equations of motion for
the quantum wave packet and the classical degrees of freedom.
As we have shown previously, since there are two equivalent
channels along which water can dissociate, the simplest
quantum/classical treatment, in which a single classical trajectory
is propagated along with the quantum wave packet, will provide
a poor description of the dynamics.7,26 As such, we will use
the multiple-configuration quantum/classical approach to correct
the deficiencies in the quantum/classical approach.24,26

In the multiple-configuration quantum/classical approach, we
project the quantum wave packet onto two or more contribu-
tions, and classical trajectories are propagated independently
for each of these contributions. Following the multiple-config-
uration quantum approach, proposed by Hammerich et al.,44 we
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define a two-configuration treatment through a set of orthogonal
projection operators

where|φi〉 represents a vibrational eigenfunction of an isolated
OH molecule, obtained by numerically finding the eigenfunc-
tions of the water excited-state potential at large H-OH
distances. As such, one of the operators projects out those
configurations with four or fewer quanta in the OH stretch. This
will correspond to the channel in which the hydrogen atom that
is treated classically is the one that is dissociated, while the
OH bond that is treated quantum mechanically remains intact.
By contrast,P2 projects out the part of the wave packet in which
the quantum mechanical OH bond is broken. As this channel is
not treated well by the quantum/classical approximation it will
not be considered in our calculation of the cross section. The
projection operators satisfy

and

whereøn(r,θ,t) represents the part of the wave packet that is
localized in thenth channel. The equations of motion for the
two-configuration treatment are

where R in the last line of eq 9 represents one of the four
Cartesian coordinates or momenta andn can be 1 or 2.

D. Calculating Cross Sections.For the simulations of the
photodissociation of water, the asymptotic rotation vibration
product state distributions for OH in the planar coordinate

representation are calculated from the results of the quantum
simulation using45,46

whereæm(θ) represents one of the angular momentum eigen-
states of the OH andφVm(r) represents theVth vibrational wave
function for OH for a given level of rotational excitation. The
translational motion of H+ OH is described by a plane wave
with wave vector,kVm ) [2µH-OH(pω + E0 - εVm)]1/2/p. Here,
ω is the photon frequency andE0 is the initial energy of the
water molecule on theX̃ state.εVm is the energy associated with
the stateφVm. The only differences between the above expres-
sions and those for the cross sections for the Jacobi coordinate
representation are that the subscriptm should be replaced byj,
θ is replaced byγ, and the limits of integration over the angle
are from 0 toπ, rather than 0 to 2π. Finally angular momentum
eigenstatesæj(γ) of the OH are Legendre polynomials.

In the quantum/classical simulations, we only consider the
planar coordinate representation. Here, the partial cross sections
for H2O are obtained using

wherecνm
(i) (t) ) ∫rmin

rmax dr∫0
2πdθφνm(r)æm(θ)ø(i)(r,θ,t) and the (i)

superscript is used to represent a single trajectory. We useεj(i)

) ∑νmcνm
(i)

ενm, to represent the average energy of the quantum
wave packet. As such, for a given photon energy,pω, the wave
vector that corresponds to the energy available to the momentum
of the dissociating hydrogen atom is given bykh(i) ) [2µH-OH(pω
+ E0 - εj(i))]1/2/p.

The partial cross section for the two-configuration quantum/
classical description of the photodissociation of Ar-H2O is
given by

where

is the wave vector that corresponds to the energy available to
the classical momentum of the hydrogen atom
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HereE0
Ar-H2O is the initial energy of the argon-water complex

on theX̃ state. This final transformation is necessary in order
to remove the cross terms from the calculation of the total kinetic
energy.

To evaluate theδ-function in eqs 11 and 12, we follow
Henriksen, Engel, and Schinke32 and use

In this work, γ ) 4 × 10-3 H.
Another quantity of interest is the probability that a kinetic

energy (E) has been transferred to the Ar atom. This is obtained
using

where theδ-function is replaced by eq 13 withγ ) 2 × 10-4

H.
E. Numerical Details. In the quantum wave packet propaga-

tions, we use grids inR andr ranging from 0.5 to 15.5 a0 with
128 grid points in each dimension. 64 grid points are used in
θ, while 30 grid points are used inγ. Since the system can
dissociate along eitherRor r, absorbing potentials are introduced
in each coordinate, where47

where

The parameterxI provides the value ofr or R where the
absorbing potential becomes nonzero and∆x provides the range
of the absorbing potential. In this study, we useRI ) rI )11 a0,
and∆R ) ∆r ) 3 a0. We propagate the wave packet for 3000
au with a time step of 200 au. This is the time that is required
for most of the wave packet to reach the asymptotic region of
the potential. When part of the wave packet reaches the
asymptotic region of the potential, it is projected onto the
asymptotic states that are used to evaluate the cross section in
eq 10. Further propagations of this part of the wave packet are
carried out analytically.45

In the two-configuration quantum/classical studies, we use a
64-point grid inr that ranges from 0.5 to 8.5 a0 and 128 grid-
points inθ. The absorbing potential that is used forr has the
same form as we use for the three-dimensional quantum
simulations. It should be noted that the absorbing potential will
only affect the dynamics in channel 2, the part of the wave
packet that we do not consider in evaluating the forces on the
classical particles. We use a 0.2 au time-step for solving both
the classical and quantum equations of motion whenR < 4 a0.
For larger values ofR a 1.0 au time step is used. Given the
short time steps, a split operator propagator is used to propagate
the quantum dynamics, and a simple second-order differencing
scheme is used to solve the classical equations of motion.40,48

The cross sections that are reported for the two-configuration
quantum/classical simulations are based on 6400 trajectories.
It should be noted that because the angle between the two OH
bonds is defined in the range from 0 to 2π (rather than 0 toπ),

the potential for water has two equivalent minima and the
ground-state wave function has equal amplitude in both of the
minima. If the hydrogen atom that is to be treated classically is
placed on the positivex-axis, the wave packet will have two
peaks, one that is localized atθ ) 104.5° and another at 255.5°.
In our studies of the quantum dynamics of the photodissociation
of water in the planar representation, we find that the two
contributions to the wave function do not overlap. When an
argon atom is introduced, this symmetry is broken, and the
hydrogen atom will tend to localize in the quadrant where the
argon atom is located. This asymmetry will lead to nonphysical
effects in the dynamics and product state distributions. To avoid
this problem, when we evaluate the quantum/classical dynamics
of the Ar atom, we require that the wave function remain
symmetric with respect to the replacement ofX andXAr by -X
and-XAr.

III. Results and Discussion

A. Test of the Planar Coordinate Representation.To assess
the reliability of the planar coordinate representation for the
present study, we performed three-dimensional quantum wave
packet simulations of the photodissociation of H2O from its
ground vibrational state in both the planar and Jacobi coordinate
representations. The cross sections for photodissociation of H2O
that are obtained from these simulations are shown in Figure 2.
By comparing the results of the two simulations, we find that
the total cross sections, calculated in the two coordinate
representations, are in excellent agreement. The reason for this
can be understood fairly easily. The excited state potential
energy surface for water is purely repulsive along the dissocia-
tion coordinate. As such, the dissociation is direct and prompt.
Further, the stretch-bend couplings on this surface are relatively
small. Consequently, the shape of the curves in Figure 2 is most
sensitive to the projection of the initial wave function onto the
H + OH distance coordinate,R. The radial dependence of the
Hamiltonians in the two representations differs by a term that
is proportional to 1/R2, and this term goes to zero as the molecule
dissociates. We have also compared the partial cross sections
of different final vibrational states of OH and similar agreement
is found.

The partial cross sections forVOH ) 0 and different rotational
states of OH are plotted in Figure 3 whenλ ) 166 and 193
nm. We choose to focus on these wavelengths as they are of
experimental interest and have been used in previous theoretical
studies on the photodissociation of water.49,50 Further, 166 nm
is close the maximum of the cross section, while 193 nm
corresponds to the low-energy tail of the total cross section. In
the case of the planar simulations, the relevant angular

δ(z) ) 1

xγ2π
e-(z/γ)2

(13)

P(E) ) ∑
i)1

ntraj

W(X(i),Y(i),PX
(i),PY

(i)) δ{[PAr
(i)(t)]2

2mAr

- E} (14)

f(x) ) {0, xI < x

10y3 - 15y4 + 6y,5 xI ex e xI + ∆x

1, xI + ∆x < x } (15)

y )
x - xI

∆x
(16)

Figure 2. Comparison of the cross sections for the photodissociation
of water from ground vibrational state obtained from quantum simula-
tions for the (J ) 0), solid line, and planar dynamics, dashed line.
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momentum quantum number ism and provides the projection
onto the axis that is perpendicular to the H2O plane. Unlike the
usual angular momentum quantum numberj (that corresponds
to the total angular momentum in the Jacobi coordinate
representation),mcan be either positive or negative. In the plots
in Figure 3, the distributions have been normalized to give a
total probability of one.

In both coordinate representations, the OH rotational distribu-
tions are structured, and the wavelength dependence of rotational
distributions is similar for the two representations. Closer
scrutiny of the distributions shows that they are not identical.
These similarities and differences can be explained by the fact
that we are using different representations of the bending motion.
In coordinate space, the probability distributions are identical
in the two coordinate representations. In contrast, when we
project the ground-state wave function for water onto angular
momentum eigenstates, we will obtain slightly different values
for the overlap integral when we use Legendre polynomials (that
are used in the Jacobi representation) or particle on ring wave
functions (that are used in the planar representation). If we
compare these distributions to those plotted in Figure 3, we find
that this difference in the angular basis accounts for most of
the differences between the distributions plotted with black and
white bars. This should not be surprising. It has long been
recognized that the angular distributions of the OH products
from the photodissociation of water reflect the bending vibra-
tions in the initially prepared state. As such, the change in the
basis onto which these states are projected accounts for the
differences in the final rotational distributions.51 As in our
analysis of the Ar-H2O dynamics we are primarily interested
in changes in the dynamics and product state distributions
compared to those obtained for bare water, and we are confident
that the planar representation of the photodissociation dynamics
will be captured by the most important physics of this system.

B. Photodissociation Dynamics of Ar-H2O. When water
is initially in its ground vibrational state, there is equal

probability for either of the OH bonds to break. By treating the
motions inr andθ quantum mechanically and the motions in
R and P classically, we break the symmetry and impose the
bias that the classical OH bond will be the one that is broken.
As such, the total cross section, plotted in Figure 4, is twice
the cross section that is evaluated in a manner described in the
previous section.52 When we introduce an argon atom, there
are two possible choices for its location. The argon atom can
be located near to the OH bond that is broken (designated Ar-
H-OH), or it can be located near to the OH bond of water that
is not broken (Ar-HO-H). The dynamics of these two cases
will be different, and, as we choose which bond will be broken
in our simulations, these two cases represent the results of two
separate sets of quantum/classical simulations.

The total cross sections for the photodissociation of H2O and
Ar-H2O that have been obtained from the two-configuration
quantum/classical method are plotted in Figure 4. Here, the total
cross section for the photodissociation of Ar-H2O is obtained
by adding the cross sections that are obtained from simulations
of the Ar-H-OH and Ar-HO-H dynamics.

There are several notable features. First, the total cross section,
obtained when we start in the Ar-HO-H configuration, is
larger than when the argon atom is placed near to the hydrogen
atom that is dissociating. When the argon atom is closer to the
OH bond that is broken, it inhibits the dissociation process by
introducing a repulsive contribution to theÃ state potential along
the OH distance coordinate.

In addition, when the partial cross sections for the two cases
are added together, we find that the presence of the argon atom
leads to a blue-shift in the photodissociation cross section,
particularly at the longest wavelengths. This effect is not seen
at shorter wavelengths. These trends reflect the solvation of the
water by the argon atom. On theX̃ state, the Ar-H2O complex
is stabilized by 143 cm-1.35 Taken alone, this will lead to a
shift in the cross section of less than 0.5 nm at the wavelengths
plotted here. TheÃ state potential will also be perturbed by the
presence of the Ar atom. When the OH bond length is near its
equilibrium value or slightly shorter, the Ar-OH interaction
will be slightly attractive. Therefore at short wavelengths, the
cross section is relatively insensitive to the presence of the argon
atom. In contrast, when the length of the OH bond is increased,
the Ar-OH potential becomes repulsive due to the short-range
Ar-H interaction. As the OH bond is stretched the energy
difference between theX̃ andÃ states will increase, and these
factors will lead to the observed blue shift at lower energies.

We have also investigated changes to the rotational distribu-
tions brought about by the presence of the argon atom. While

Figure 3. Comparison of the partial cross sections for the photodis-
sociation of water from ground vibrational state obtained from quantum
simulations for the (J ) 0), white bars, and planar dynamics, black
bars, whenλ ) (a) 166 nm and (b) 193 nm.

Figure 4. Comparison of the total cross sections for the photodisso-
ciation of H2O (thin line) and Ar-H2O (thick line). The two contribu-
tions to the cross section for Ar-H2O are plotted with long dashed
and short dashed lines for the Ar-HO-H and Ar-H-OH cases,
respectively.
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we have looked at a range of wavelengths, we focus on two,
166 and 193 nm, in the present discussion. The rotational
distributions, calculated for these wavelengths, are plotted in
Figure 6. As with the total cross sections, we calculate and plot
the rotational distributions for the two possible positions of the
argon atom separately. When the argon atom is placed closer
to the OH bond that remains intact, we observe a slightly warmer
OH product distribution. While the effect is seen at both
wavelengths, it is more pronounced at 193 nm. When the argon
atom is placed in the other position (near the OH bond that is
broken), the OH product distribution becomes slightly colder.

These effects can be understood in terms of the energetics of
the Ar-OH interaction. When the argon atom is closer to the
OH bond that is broken, some of the H+ OH recoil energy
will be transferred to the argon atom, leaving less energy
available for internal motions of the remaining OH. In contrast,
when the OH bond that is near the argon atom is left intact, the
H-OH interaction will push the OH toward the argon atom,
leading to a modest amount of rotational excitation of the OH
that remains. This latter case is analogous to the one that has
been studied in previous experimental and classical studies of
the photodissocation of H2O and Ar-H2O.4,5,27,28

While differences in the initial states make direct comparisons
to these studies difficult. In those studies, the free OH bond is

initially excited to its second overtone, and then this bond is
selectively broken by a 248 nm photon. In that case, the average
rotational energy of the remaining OH is increased from 96(7)
to 134(7) cm-1, while the quasiclassical results show a much
more modest increase in the rotational energy when the argon
atom is introduced.28 This situation corresponds closely to our
calculations of the photodissociaiton of the Ar-HO-H con-
figuration at 193 nm. From the calculations of the rotational
energy obtained from the quantum/classical simulations of water
(J ) 0), we obtain an average rotational energy of 125 cm-1.
When we constrain the dynamics to a plane, this value increases
to 179 cm-1, while the introduction of the argon atom further
increases the energy to 244 cm-1. This ratio is roughly equal
to that obtained from the experiment. This agreement should
be taken with caution since the planar approximation is likely
to lead to an increase in the energy transfer among the atoms
and therefore increase the amount of rotational excitation of
the OH. Despite this, the observed increase in the calculated
angular momentum transfer to the OH fragment, compared that
obtained by classical dynamics, is encouraging given the
differences between experiment and calculation for this quantity
and the fact that the same excited state potential surface has
been used for the two studies. There are clearly quantum
mechanical effects in the product OH rotational distributions,
specifically the alteration in the lower and higher probability
with m seen in Figures 3 and 5 as well as in the constraints on
the values of the rotational energy of the OH fragment imposed
by quantization, and it is not surprising that these differences
will also lead to differences between the quantum and classical
rotational energies of the OH fragments from dissociation of
water and the argon-water complex.

A second possible source of the cooling of the OH products
when the free OH bond is broken can be seen in the kinetic
energy distributions for the argon atom, plotted in Figure 6.
When the OH bond that is farther away from the argon atom is
broken, only a modest amount of energy is transferred to the
argon atom, while when the other OH bond is broken, on
average, 600 cm-1 is transferred to the argon atom. The
distribution of the argon atom kinetic energy mimics the
hydrogen atom kinetic energy in this case, scaled by roughly
their mass ratio. As this is more than the change in the rotational
energies of the products, it provides a second contribution to
the changes in the rotational energies of the OH when the free
and bonded OH bonds are broken.

IV. Conclusions

In this paper, we presented the results of a multiple-
configuration quantum/classical study of the photodissociation
dynamics of Ar-H2O and H2O. We began the investigation with
a study of the accuracy of a planar coordinate representation of
the dynamics. We found that the total cross sections are nearly
identical in these two coordinate representations. While the
rotational distributions display differences, these can be under-
stood in terms of projections of the initially prepared state of
water onto the appropriate bend basis functions.

These results gave us confidence for using the planar
coordinate Hamiltonian for a comparative study of the photo-
dissociation dynamics of H2O and Ar-H2O. We found that the
presence of the argon atom causes a blue shift in the low energy
part of the total cross section. The rotational distributions for
the OH that remain after photodissociation show small perturba-
tions compared to the uncomplexed case, and while the
differences are small they are consistent with the changes
observed by Nesbitt and co-workers who report an increase in

Figure 5. Partial cross sections for the photodissociation of H2O (white
bars) and Ar-H2O for the Ar-HO-H (black bars) and Ar-H-OH
(grey bars) cases whenλ ) (a) 166 nm and (b) 193 nm.

Figure 6. Energy transfer to Ar atom after photodissociation of Ar-
H2O for the Ar-HO-H (solid line) and Ar-H-OH (dashed line) cases.
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the population of states with higher angular momentum for the
photodissociatin of Ar-H2O, compared to bare H2O.27,28 In
contrast to the present studies, the experiments focused on the
photodissociation of vibrationally excited water molecules.
Quantum/classical studies of the photodissociation dynamics and
cross sections of vibrationally excited states of water are
currently underway.
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