J. Phys. Chem. R004,108,8819-8826 8819

Multiple Configuration Quantum/Classical Studies of the Photodissociation Dynamics of
Ar —H,0T

Feng Chen and Anne B. McCoy*
Department of Chemistry, The Ohio State L#nsity, Columbus, Ohio 43210

Receied: February 28, 2004; In Final Form: July 20, 2004

The results of a multiple-configuration mixed quantum/classical study of the photodissociation dynamics of
H,O (X— A) and Ar—H,0 (X — A) 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-Af,O and HO, 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 argomater complex demonstrate the influence of the argon atom on the
dynamics.

I. Introduction 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?1-22 Building from that work, we recently developed

a multiple-configuration quantum/classical approach, and we

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- T . . '
tions. They are of particular interest because their small size have applied it to studies of the photod|ssoce;t3|02ré of water and
allows for detailed experimental studies and accurate treatments;eaigggi ?geoxggﬁtzmwggbggering ;(\Tdcéld into tlvr\]/otzlrsmore
of potential surfaces as well as detailed theoretical treatments Pp ’ q . y . . .
of the dynamics. As a result there have been a number of Stuoliesorthogonal wave functions, and classical trajectories are propa-

of either photoinduced or bimolecular processes in weakly bound ga’;ed for each of the_contr|but|ons to the guantum wave packet.
complexes: 1t This approach provides a more accurate description of the

The challenges in studying reaction dynamics in clusters come,g)ég?nr:éﬁ;%?h;ﬁ isr:[]rqtf)(ljicliznhresnifensi;i-?::te g d?jlijt?(?rtlg?chlrissul?al
from the fact that they often contain more than three or four g sig P

atoms and the fact that the system will dissociate into three or ta;gc;rgﬁl demands compared to the single-configuration ap-
more fragments. This makes full-dimensional quantum mechan-P '

ical approaches prohibitively expensive. An alternative approach In_this paper, we use the.mult|ple-conf|gurat|.on mlxeq
is provided by classical treatments. Compared to quantum guantum/classical approach to investigate how the introduction
approaches, for which the size of the basis increases exponen-of an argon atom affects the absorptlor_1 spectrum anq the rotation
tially with t,he number of atoms, the time and memory distributions of the OH products following the photodissociation

requirements of classical approaches scale roughly linearly with of water. There are sevgral reasons that we choose to study this
the number of atoms. system. Recently Nesbitt and co-workers reported the results

Often, when we consider the dynamics of a reaction in a of experimental studies of vibrationally mediated photodisso-

iati - 28
cluster, most of the dynamics are fundamentally classical, and fr']at'on ?f deO ?r?d fAr I—C|)2|E|) t\)/ an dd.er W?alstﬁompleaéﬁt.. I? h
only a few atoms exhibit significant quantum behaviors. When ese studies, the free ond in water (the one that is further

this is the case, a natural choice is to employ a mixed quantum/"’“’vay_from the argon at_om_) IS selectively dissociated. The
classical treatment in which several degrees of freedom areresultlng OH rotational distributions were recorded an_d com-
treated quantum mechanically, while the remaining coordinates pared with the ones that resulted from the photodissociation of

and momenta are propagated classically. The literature on mixedg.z? _‘?)t tthe same ph(t))ttol_y 5'3 \;vaveltingtr;]s.tV\(/ﬁrmer ?.H ro;atlo?al
guantum/classical studies is abund®nt?> and much of the IStributions were obtained from the photodissocation ot water

work in this field can be traced to the pioneering work of in a Ar—H,0 cluster, compared with OH rotational distributions
Billing. 16-19 resulting from the photodissocation of an isolated water

While mixed quantum/classical approaches have proven to molecule. The differences in the OH distributions were explained

provide powerful tools for studying the dynamics of moderate in ter;ns of an mtirmolecularl]r collision in the r(]axnhc(fj]annel that
sized systems, when multiple channels are energetically acces!ransters energy between the argon atom, the hydrogen atom,
sible, as is often the case in reaction or photodissociation and the OH ”?O'ec‘."e: . .
dymamics, the quantum wave packet becomes delocalized, andb The photodissociation of ¥ has been studied extensively

problems arise due to overcorrelations between the quantumPy & variety of computational agproaches, including time-
and classical dynamid€? Similar problems have been noted dependent quantum calculatiéhst and classical trajectory
simulations®?-33Partridge et al. developed a high quality ab initio

T Part of the “Gert D. Billing Memorial Issue”. surfacé” to describe theX state of water, and Engel and co-
* Corresponding author e-mail: mccoy@chemistry.ohio-state.edu. workers developed a potential for thestate?° The potential
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energy surface oA state is purely repulsive, and the dissociation Ar
dynamics are direct.

In addition, from experimental spectroscopic studies, much Y (XAr,YAr)
is known, about the ground state of the-44,0 van der Waals
complex, and, based on this work, an empirical potential was
developed by Cohen and SaykallyA potential for Ar—H,O
(A) has also been developed. It is based on the previously
reported HO (A) state potentid? and pairwise interaction
between the argon atom and the dissociating H and OH #inits. H
These potential energy surfaces were used by Christoffel and

Bowman for quasiclassical trajectory simulations for the photo- 6 H(X.7)
dissociation of Ar-H,O and BHO with three or four quanta of > ’
excitation in the free OH bond in watép.Consistent with the

experiments, these studies indicated a slight increase in the

angular momentum of the OH product when the process was o X

initiated in the argonwater complex. They explained this

finding in terms of the influence of the ATOH interaction, Figure 1. The planar coordinate system used in this study.
which favors a linear ArH—O orientation and induces a torque

on the OH bond.

A known difficulty with purely classical approaches is the whereuon, un-on, anduar—on represent the reduced masses
leakage of zero-point energy out of the higher frequencies OH of OH, H—OH, and Ar-OH, respectively. The global potential
stretch as well as the removal of the constraints of the angularis given byV(r,0,X,Y,Xar,Yar). As in our previous study on the
momentum of the OH product. In the present paper, we describephotodissociation of watér?®we use the high quality ab initio
the results of a mixed quantum/classical treatment of this processsurface of Partridge et &.and the potential of Engel and co-
in which the OH bond that remains intact is treated quantum worker$® to describe theX state andA states of water,
mechanically, while the dynamics of the dissociating hydrogen respectively. The ArH,O intermolecular potential for th¥
and argon atoms are treated classically. state is given by the sum of 8 intramolecular potential and

The remainder of the paper is organized as follows. In the the empirical Ar-H,O potential of Cohen and Saykafty For
following section, we present the Hamiltonians used in this study the A state we use the additive surface that was developed by
and review the quantum/classical approaches taken here. InChristoffel and Bowman for their classical studies on this
section 11, the results for a planar approximation to the dynamics system! More recently, Jungwirth and co-workers developed
of the HO photodissociation are presented and compared to anA state surface for ArH,0 that is given by an analytical fit
those obtained fa¥ = 0. This is done because the computational to the results of ab initio calculations at the CASPT2 level of
challenges of this system make full three-dimensional studies theory3¢ In studies on this surface, these workers found that in
of the Ar—H;0 dissociation computationally prohibitive, and  the regions of the potential that are relevant for photodissociation
we have elected, as a first step, to consider the dynamics in aof Ar—H,0,3" the potential of Christoffel and Bowman worked
plane. The results are compared to those obtained fromwell, and we elect to use that potential in the present studies.

experiment and previous classical studies. Performing simulations in reduced dimensionality carries with
it the danger that the results cannot be extrapolated to the system
II. Theoretical Approaches in its full dimensionality. Such a problem is known to exist for
planar treatments of triatomic systems as, although three points
A. Coordinates and Hamiltonian. In this study of the form a plane and zero-total angular momentum puts constraints
photodissociation dynamics of argewater, the complex is ~ ©n the conjugate momenta,= 0 is not the same as a planar
confined to a plane. As such, the Hamiltonian is expressed in 'épresentation of the dynamics. Rathgr= 0 corresponds to
terms of theX andY Cartesian coordinates of each of the four an isotropic distribution of orientations. This difference is borne
atoms. We treat the dynamics of the OH bond that remains out of the fact that the angular momentum associated with planar
intact, quantum mechanically, and the relative motions of the motion is proportional t¢?, whereas in three Cartesian dimen-
remaining hydrogen, OH, and argon atom, classically. To Sions it becomes proportional j§ + 1).
facilitate this separation, the internal coordinate Hamiltonianis  To test the reliability of the planar representation of the-Ar
written in terms of the six coordinates@,X,Y,Xar,Yar) shown H,O photodissociation dynamics, we investigate the photo-
in Figure 1. Hera and@ provide the length and orientation of  dissociation dynamics of an isolated water molecule in both
the OH bond, while Xar,Yar) are the Cartesian coordinates of the planar and three-dimensiondl= 0) representations. For
the argon atom andX(Y) provide the Cartesian coordinates of the later calculations, we use Jacobi coordinate®, andy,
the hydrogen atom. The positions of the hydrogen and argonwherer is defined as beforeR is the magnitude of the vector
atoms are referenced to the center of mass of OH. As such, thepetween the hydrogen atom and the center of mass of OH, and
Hamiltonian is given by y is the angle betweenandR. As such, the Hamiltonian in
Jacobi coordinates is given by

. 2 [ 2\ PS+PS
H:_h(B 1 18) X Y oL

— ey L ya— 2 2 2 2
2uon\ar? 4?12 99* 2Up—oH A=- (O | S
P2 4P2 PP, 4 PP 2Un—on R ZHon or?
Xar Yar XXy, YO, 1 1 22
+ VXY, Xar, Yol ,0) (1) ( + ) 17+ V(Rry) (2)
2Unr—oH my + My A A -0 2uout”
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The volume element for integration is sirdRdy. Likewise, simplify the generation of the initial conditions by reexpressing
the Hamiltonian for water in the planar coordinate representation the wave function for the ground state of-AlH,0 as a product
is given by of two functions, one that depends only orand & and one

that depends only on the classical coordinates. This is achieved
n 2 [ &2 1 1 & through a natural modal analy&isand is described in greater
= oo a2 2agd) detail in ref 26.

K2 P 1 1 8 While the motions of one of the hydrogen atoms can be
—_— 4 = ——) +V(Rr,0) (3) treated classically, the initial conditions for these trajectories
2ui—on\dRF 4R R 90° must reflect the initial quantum state of the system if we are to
) o have a meaningful description of the photodissociation dynam-
where 0 is the angle betweem and R and the remaining jcs. We obtain the initial condition by mapping tRelependence

coordinates are the same as in eq 2. Here the volume elemenpf the initial wave functiony(R), onto a phase space distribution
for integration isdrdRdb. At first glance, one might expectthat  ysing the Wigner functiofd43

6 andy represent the same coordinate. The difference comes
in the range over which they are defined. In the planar coordinate 1 o S S\ isph
representation 0< 6 < 2z, while in the Jacobi coordinate W(RP) Zﬁf,m dS!/)*(R+§)1I)(R—§)e (5)
representation &< y < .

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

whereW(R,P) provides the weight of each trajectory. In this
work, the initial conditions foR andP are based on an evenly
spaced grid of points witR ranging from 1.44 to 2.37,aand

P ranging from—13.6 to+13.6 au. This grid is divided into
6400 equal sized rectangles by dividing tReand 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 Bfand the final
kinetic energies of the argon and hydrogen atoms. Finally, only
those trajectories whose magnitude of WigR,P) exceeds 10°

are propagated.

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

() = e "ot = 0) (4)

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 tKestate of HO.26 For the
Jacobi coordinate representation, the wave functions in the two
radial coordinates, 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 thehydrogen atom depends only on the magnitudi afther than

wave function. For the calculations in planar coordinates the its Cartesi s A ht 220 this hvd i
wave function in all three coordinates is represented on an IS Lartesian components. AS suc { + this hydrogen atom

evenly spaced grid of points. Once the wave functions are is on the positive-axis and they component of its momentum

obtained, time-dependent quantum approaches are used t(j)s zero. Likewise, the argon atom is initially placed at its

propagate the dynamics on thestate potential. In this work equilibrium configuration, obtained from the ground-state

we use a Chebychev expansion of the propagator in Bd% potential. The initial momentum of the argon atom is also zero.
Details of this approach are provided elsew&r® " We tested the sensitivity of the results to the position of the

C. Mixed Quantum/Classical Treatments.While purely argon atof“ and found that \_/v_h_ile the tOt"?‘I and partial cross
guantum mechanical treatments can be readily applied to studie?ecnons.d'Spl.ay a small sensitivity to. the dlrectllorRaf, they .
of the photodissociation of water, the introduction of even a &€ relatively insensitive to the magnitude of this veg:torwnhm
single argon atom makes such simulations prohibitively expen- the _range §ampled by the ground-state wave function. )
sive. Even by introducing the simplification of confining the ~ Finally, it should be noted that there are two possible
motions to a plane, such a simulation requires the inclusion of equilibrium positions for the argon atom. In one the argon atom
five internal degrees of freedom. Given that the system will IS near the hydrogen atom that is being treated classically, Wh||¢
dissociate into three units, # OH + Ar, the size of the grids  the other places the argon atom near the hydrogen atom that is
that would be required to represent the wave function would treated quantum mechanically. Because we have broken the
be prohibitively large. Further, the large recoil energy ofH symmetry in our treatment of the dynamics, the results for these

OH and the large mass of argon mean that the gridX, i, two cases will no longer be identical and the total cross section
Xar, andYa, would need to be very dense. As such, we elect to 1S the sum of the cross sections for these two channels.
employ a quantum/classical approach, in which the-KAsO Once the initial coordinates, momenta, and weights have been

system is divided into two subsystems, one of which is treated determined, we need to develop the equations of motion for
quantum mechanically and another that is treated classically.the quantum wave packet and the classical degrees of freedom.
For the photodissociation of AmH,0, the coordinates and As we have shown previously, since there are two equivalent
momenta of one of the hydrogen atoms and the argon atom, channels along which water can dissociate, the simplest
Y, Xar, Yar, Px, Py, Px,,, andPy,,, are treated classically, while ~ quantum/classical treatment, in which a single classical trajectory
the dynamics of the remaining OH molecule, which is described is propagated along with the quantum wave packet, will provide
by r, 6, and their conjugate momenta, are treated quantum & poor description of the dynamiés® As such, we will use
mechanically. the multiple-configuration quantum/classical approach to correct
Employing such a separation of the dynamics in a study of the deficiencies in the quantum/classical apprcééh.
the photodissociation of water requires a set of initial conditions  In the multiple-configuration quantum/classical approach, we
of the form of initial coordinates and momenta for the classical project the quantum wave packet onto two or more contribu-
degrees of freedom and a fully coupled wave function for the tions, and classical trajectories are propagated independently
quantum degrees of freedom. Since the motions of the two OH for each of these contributions. Following the multiple-config-
stretches are coupled even in the ground state of water, weuration quantum approach, proposed by Hammerich ét alg,
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define a two-configuration treatment through a set of orthogonal
projection operators

4

Py =" ||

P, =% [¢;[d]

(6)

where|¢i[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

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 contrastP, 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

2

ZPn =1
&

%n(r,0,8) = Py (r.6.1) 8)

where yn(r,0,t) represents the part of the wave packet that is
localized in thenth channel. The equations of motion for the
two-configuration treatment are

(7)

and

L) [ R [ 1 13_2)
" { ZUOH\Br2+4r2+r2 ik
V(X(t)vY(t)1XAr(t)7YAr(t)1r10)}X(rve,t)
dX(®)  Px(t) Py, ()
dt  wyon Myt Mo
dyiy Pty . Py, O
dt  dyon Myt Mg
dX, (1) Px,(©) Py(t)
da Upr—on My + Mg
dv,(® Py, 0 N P(t)
dt  Uaon Myt Mo
VOX(E), Y(8), X (1), Y, (1)1 ,0
o0 Qn(rﬂ,t)‘ (X(®),Y(® a;i) A )xn(rﬁ,t)D
dt T, 000,000
g )

where a in the last line of eq 9 represents one of the four
Cartesian coordinates or momenta amdan be 1 or 2.

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

Chen and McCoy

representation are calculated from the results of the quantum
simulation usin¢P46

HUn—oH

o,mlw) O w(2.7Thky

. 00 ' max 27T —ik,mR
lim| f; dR/, ™ dr [;"doe "
GNP O)PRI,0,0)% (10)

where gn(0) represents one of the angular momentum eigen-
states of the OH and,m(r) represents theth 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 vectork,m = [2un-on(hw + Eo — €,m)Y%h. Here,
w is the photon frequency anf, is the initial energy of the
water molecule on th¥ state.e,n is the energy associated with
the statep,m. The only differences between the above expres-
sions and those for the cross sections for the Jacobi coordinate
representation are that the subscnpshould be replaced by
0 is replaced by, and the limits of integration over the angle
are from O tarz, rather than 0 to2. Finally angular momentum
eigenstateg;(y) of the OH are Legendre polynomials.

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

ntraj

2

OH

(—))W(R(i)(O),P(i)(O)) x

0¥%w) O w lim

ym {
t—o0

wherec))(t) = fim dr/57d0.m(r)em(0)xO(r,0.1) and the Q)
superscript is used to represent a single trajectory. Welse
= vacﬂ,)neym, to represent the average energy of the quantum
wave packet. As such, for a given photon enefgy, the wave
vector that corresponds to the energy available to the momentum
of the dissociating hydrogen atom is givenky= [2up—on(fiw
+ Eo — €0)]Y2h,

The partial cross section for the two-configuration quantum/
classical description of the photodissociation of-At0 is

given by
H—OH
X
KO

S(PO(t) — Ak 1c)? (12)

1/2
E(I)

is the wave vector that corresponds to the energy available to
the classical momentum of the hydrogen atom

k I

o(PV(t) — Rk %) (11)

ntraj

o) Do ZW(R(”(O)P“)(O))(ﬂ

where

[PR®1”

Ar—H,0 _
hw + E, —
2Upr1,0

2uR

K0 —

A

PED = | IPL, 01" + [P 0]
and

PO®) =

J

2
+

2

i my
P,O() + o,

20

i i mH i
PLO] + PO+ PY0




Photodissociation Dynamics of AH,O J. Phys. Chem. A, Vol. 108, No. 41, 2008823

HereEqA 20 is the initial energy of the argerwater complex 60 . . . . .
on theX state. This final transformation is necessary in order
to remove the cross terms from the calculation of the total kinetic
energy. 40 - -

To evaluate thed-function in eqs 11 and 12, we follow

50 B

30 - -

Henriksen, Engel, and Schinkeand use ©
20 - .
0@) = —2_ g @ (13) o} 1

v

0 | 1 1 1

. 140 150 160 170 180 190 200
In this work,y = 4 x 1073 H.

Another quantity of interest is the probability that a kinetic A (nm)
energy E) has been transferred to the Ar atom. This is obtained Figure 2. Comparison of the cross sections for the photodissociation
using of water from ground vibrational state obtained from quantum simula-
tions for the § = 0), solid line, and planar dynamics, dashed line.
R |
P(E) = W(X('),Y('),PX('),PY('))é - _E (14) the potential for water has two equivalent minima and the
= My, ground-state wave function has equal amplitude in both of the
minima. If the hydrogen atom that is to be treated classically is
where thed-function is replaced by eq 13 with= 2 x 1074 placed on the positive-axis, the wave packet will have two
H. peaks, one that is localized @t= 104.5 and another at 255°5
E. Numerical Details. In the quantum wave packet propaga- In our studies of the quantum dynamics of the photodissociation
tions, we use grids iR andr ranging from 0.5 to 15.5¢awith of water in the planar representation, we find that the two

128 grid points in each dimension. 64 grid points are used in contributions to the wave function do not overlap. When an
0, while 30 grid points are used ip. Since the system can argon atom is introduced, this symmetry is broken, and the
dissociate along eithét or r, absorbing potentials are introduced hydrogen atom will tend to localize in the quadrant where the
in each coordinate, whete argon atom is located. This asymmetry will lead to nonphysical

effects in the dynamics and product state distributions. To avoid

0, X =X this problem, when we evaluate the quantum/classical dynamics
f(x) = 10y3 — 15y4+ 6y,5 X =X=X+Ax) (15) of the Ar atom, we require that the wave function remain
1, X + Ax < X symmetric with respect to the replacemenXaind Xy, by —X
and —Xa,.
where
% [ll. Results and Discussion
y= AX I (16) A. Test of the Planar Coordinate RepresentationTo assess

the reliability of the planar coordinate representation for the
The parameterx; provides the value of or R where the present study, we performed three-dimensional quantum wave
absorbing potential becomes nonzero Axgrovides the range  packet simulations of the photodissociation ofCHfrom its
of the absorbing potential. In this study, we l&e=r; =11 &, ground vibrational state in both the planar and Jacobi coordinate
andAR = Ar = 3 &. We propagate the wave packet for 3000 representations. The cross sections for photodissociatiop®f H
au with a time step of 200 au. This is the time that is required that are obtained from these simulations are shown in Figure 2.
for most of the wave packet to reach the asymptotic region of By comparing the results of the two simulations, we find that
the potential. When part of the wave packet reaches thethe total cross sections, calculated in the two coordinate
asymptotic region of the potential, it is projected onto the representations, are in excellent agreement. The reason for this
asymptotic states that are used to evaluate the cross section iigan be understood fairly easily. The excited state potential
eq 10. Further propagations of this part of the wave packet areenergy surface for water is purely repulsive along the dissocia-

carried out analytically® tion coordinate. As such, the dissociation is direct and prompt.
In the two-configuration quantum/classical studies, we use a Further, the stretchbend couplings on this surface are relatively
64-point grid inr that ranges from 0.5 to 8.5 and 128 grid- small. Consequently, the shape of the curves in Figure 2 is most

points in@. The absorbing potential that is used fohas the sensitive to the projection of the initial wave function onto the
same form as we use for the three-dimensional quantumH + OH distance coordinat®. The radial dependence of the
simulations. It should be noted that the absorbing potential will Hamiltonians in the two representations differs by a term that
only affect the dynamics in channel 2, the part of the wave is proportional to 1#2, and this term goes to zero as the molecule
packet that we do not consider in evaluating the forces on the dissociates. We have also compared the partial cross sections
classical particles. We use a 0.2 au time-step for solving both of different final vibrational states of OH and similar agreement
the classical and quantum equations of motion wRen 4 &. is found.
For larger values oR a 1.0 au time step is used. Given the The patrtial cross sections fopy = 0 and different rotational
short time steps, a split operator propagator is used to propagatestates of OH are plotted in Figure 3 whér= 166 and 193
the quantum dynamics, and a simple second-order differencingnm. We choose to focus on these wavelengths as they are of
scheme is used to solve the classical equations of mé#ftitth.  experimental interest and have been used in previous theoretical
The cross sections that are reported for the two-configuration studies on the photodissociation of wate? Further, 166 nm
guantum/classical simulations are based on 6400 trajectoriesis close the maximum of the cross section, while 193 nm
It should be noted that because the angle between the two OHcorresponds to the low-energy tail of the total cross section. In
bonds is defined in the range from 0 ta &ather than 0 tor), the case of the planar simulations, the relevant angular
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05 — ; . . . : Figure 4. Comparison of the total cross sections for the photodisso-
8 ® ciation of HO (thin line) and Ar-HO (thick line). The two contribu-
«5 04 ] )_ tions to the cross section for AH,O are plotted with long dashed
2 and short dashed lines for the AHO—H and Ar~H—OH cases,
‘E 03 k- | respectively.
:-5 e . .
= 02 - probability for either of the OH bonds to break. By treating the
g motions inr and @ quantum mechanically and the motions in
g 0.1 7 R andP classically, we break the symmetry and impose the
e | L Iﬂ o e o | bias that the classical OH bond will be the one that is broken.

0.0 As such, the total cross section, plotted in Figure 4, is twice

. the cross section that is evaluated in a manner described in the
|m] or j previous sectiof? When we introduce an argon atom, there
Figure 3. Comparison of the partial cross sections for the photodis- are two possible choices for its location. The argon atom can
sociation of water from ground vibrational state obtained from quantum pe |ocated near to the OH bond that is broken (designated Ar
simulations for the J = 0), white bars, and planar dynamics, black H—OH), or it can be located near to the OH bond of water that
bars, whemt = (a) 166 nm and (b) 193 nm. . -
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 £ ldnd
Ar—H,0 that have been obtained from the two-configuration
guantum/classical method are plotted in Figure 4. Here, the total
cross section for the photodissociation of-/i,0 is obtained

In both coordinate representations, the OH rotational distribu- PY @dding the cross sections that are obtained from simulations

tions are structured, and the wavelength dependence of rotationaP! the Ar-H—OH and Ar-HO—H dynamics.
distributions is similar for the two representations. Closer  There are several notable features. First, the total cross section,
scrutiny of the distributions shows that they are not identical. Obtained when we start in the AHO—H configuration, is
These similarities and differences can be explained by the fact!arger than when the argon atom is placed near to the hydrogen
that we are using different representations of the bending motion.atom that is dissociating. When the argon atom is closer to the
In coordinate space, the probability distributions are identical OH bond that is broken, it inhibits the dissociation process by
in the two coordinate representations. In contrast, when we introducing a repulsive contribution to tihestate potential along
project the ground-state wave function for water onto angular the OH distance coordinate.
momentum eigenstates, we will obtain slightly different values  In addition, when the partial cross sections for the two cases
for the overlap integral when we use Legendre polynomials (that are added together, we find that the presence of the argon atom
are used in the Jacobi representation) or particle on ring waveleads to a blue-shift in the photodissociation cross section,
functions (that are used in the planar representation). If we particularly at the longest wavelengths. This effect is not seen
compare these distributions to those plotted in Figure 3, we find at shorter wavelengths. These trends reflect the solvation of the
that this difference in the angular basis accounts for most of water by the argon atom. On thxestate, the Ar-H,O complex
the differences between the distributions plotted with black and is stabilized by 143 cm'.% Taken alone, this will lead to a
white bars. This should not be surprising. It has long been shiftin the cross section of less than 0.5 nm at the wavelengths
recognized that the angular distributions of the OH products plotted here. Thé state potential will also be perturbed by the
from the photodissociation of water reflect the bending vibra- presence of the Ar atom. When the OH bond length is near its
tions in the initially prepared state. As such, the change in the equilibrium value or slightly shorter, the AOH interaction
basis onto which these states are projected accounts for thewill be slightly attractive. Therefore at short wavelengths, the
differences in the final rotational distributio5.As in our cross section is relatively insensitive to the presence of the argon
analysis of the ArH,O dynamics we are primarily interested atom. In contrast, when the length of the OH bond is increased,
in changes in the dynamics and product state distributions the Ar—OH potential becomes repulsive due to the short-range
compared to those obtained for bare water, and we are confidentAr—H interaction. As the OH bond is stretched the energy
that the planar representation of the photodissociation dynamicsdifference between th¥ andA states will increase, and these
will be captured by the most important physics of this system. factors will lead to the observed blue shift at lower energies.
B. Photodissociation Dynamics of A-H,O. When water We have also investigated changes to the rotational distribu-
is initially in its ground vibrational state, there is equal tions brought about by the presence of the argon atom. While

0 2 4 6 8 10 12

momentum quantum number g and provides the projection
onto the axis that is perpendicular to theHplane. Unlike the
usual angular momentum quantum numpéhat corresponds

to the total angular momentum in the Jacobi coordinate
representation)n can be either positive or negative. In the plots
in Figure 3, the distributions have been normalized to give a
total probability of one.
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04 . T . . T initially excited to its second overtone, and then this bond is
(a) selectively broken by a 248 nm photon. In that case, the average
03} - rotational energy of the remaining OH is increased from 96(7)

j to 134(7) cnl, while the quasiclassical results show a much
more modest increase in the rotational energy when the argon
atom is introduced?® This situation corresponds closely to our
calculations of the photodissociaiton of the-A1O—H con-
figuration at 193 nm. From the calculations of the rotational

i I L. m b energy obtained from the quantum/classical simulations of water
2

e

8 10 12

02+

0.1 =

rotational distribution

0.0 (J = 0), we obtain an average rotational energy of 125%tm

When we constrain the dynamics to a plane, this value increases
|m| to 179 cnt?, while the introduction of the argon atom further
increases the energy to 244 cThis ratio is roughly equal
(b) to that obtained from the experiment. This agreement should
03 F I - 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
|ﬂ Ir _ Im Lk differences between experiment gnd calculation fqr this quantity
i - 2 i . and the fact that the same excited state potential surface has
been used for the two studies. There are clearly quantum
m| mechanical effects in the product OH rotational distributions,
Figure 5. Partial cross sections for the photodissociation g Kwhite specifically the alteration in the lower and higher probability
bars) and Ar-HO for the Ar-HO—H (black bars) and ArH—OH with m seen in Figures 3 and 5 as well as in the constraints on
(grey bars) cases when= (a) 166 nm and (b) 193 nm. the values of the rotational energy of the OH fragment imposed
020 : : : : . ] 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
\ 4 water and the argornwater complex.
/ \ A second possible source of the cooling of the OH products
| \ i when the free OH bond is broken can be seen in the kinetic
/ \ y energy distributions for the argon atom, plotted in Figure 6.
. \. L When the OH bond that is farther away from the argon atom is
0 200 400 600 800 1000 1200 1400 broken, only a modest amount of energy is transferred to the
AE (em™) argon atom, while _when the other OH bond is broken, on
average, 600 cnt is transferred to the argon atom. The
Figure 6. Energy transfer_to_Ar atom after photodissocie}tion of-Ar distribution of the argon atom kinetic energy mimics the
H,0 for the A—HO—H (solid line) and Ar-H—OH (dashed line) cases. hydrogen atom kinetic energy in this case, scaled by roughly
their mass ratio. As this is more than the change in the rotational
we have looked at a range of wavelengths, we focus on two, energies of the products, it provides a second contribution to

166 and 193 nm, in the present discussion. The rotational e changes in the rotational energies of the OH when the free
distributions, calculated for these wavelengths, are plotted in 5,4 honded OH bonds are broken.

Figure 6. As with the total cross sections, we calculate and plot
the rotational distributions for the two possible positions of the IV. Conclusions
argon atom separately. When the argon atom is placed closer
to the OH bond that remains intact, we observe a slightly warmer In this paper, we presented the results of a multiple-
OH product distribution. While the effect is seen at both configuration quantum/classical study of the photodissociation
wavelengths, it is more pronounced at 193 nm. When the argondynamics of Ar-H,O and HO. We began the investigation with
atom is placed in the other position (near the OH bond that is a study of the accuracy of a planar coordinate representation of
broken), the OH product distribution becomes slightly colder. the dynamics. We found that the total cross sections are nearly
These effects can be understood in terms of the energetics ofidentical in these two coordinate representations. While the
the Ar—OH interaction. When the argon atom is closer to the rotational distributions display differences, these can be under-
OH bond that is broken, some of the H OH recoil energy stood in terms of projections of the initially prepared state of
will be transferred to the argon atom, leaving less energy water onto the appropriate bend basis functions.
available for internal motions of the remaining OH. In contrast,  These results gave us confidence for using the planar
when the OH bond that is near the argon atom is left intact, the coordinate Hamiltonian for a comparative study of the photo-
H—OH interaction will push the OH toward the argon atom, dissociation dynamics of # and A—H,0. We found that the
leading to a modest amount of rotational excitation of the OH presence of the argon atom causes a blue shift in the low energy
that remains. This latter case is analogous to the one that hagart of the total cross section. The rotational distributions for
been studied in previous experimental and classical studies ofthe OH that remain after photodissociation show small perturba-
the photodissocation of # and Ar—H,0.4527.28 tions compared to the uncomplexed case, and while the
While differences in the initial states make direct comparisons differences are small they are consistent with the changes
to these studies difficult. In those studies, the free OH bond is observed by Nesbitt and co-workers who report an increase in

e
>

0.4

02r .

0.1 =

rotational distribution

0.0

0.16

0.12

0.08

Probability

0.04

0.00




8826 J. Phys. Chem. A, Vol. 108, No. 41, 2004

the population of states with higher angular momentum for the

photodissociatin of A+H,O, compared to bare 40.2728 In

contrast to the present studies, the experiments focused on the
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