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Structure and spectroscopy of Ne ,SH (A?23*) complexes using adiabatic
diffusion Monte Carlo (ADMC)
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Adiabatic rigid body diffusion Monte Carlo techniques are used to investigate the structure
and spectroscopy of complexes of one to four neon atoms with/SH (). While these systems
contain multiple low-lying minima, the ground state wave functions are well described by a
neon cluster weakly interacting with SH. This structure persists in low-lying excited states, in the
case of complexes of two neon atoms with SH or SD. 1€99 American Institute of Physics.
[S0021-960629)00544-9

I. INTRODUCTION trivial. By contrast, because these systems are held together
by weak intermolecular interactions, model potential energy
A longstanding challenge in chemical physics is to drawsurfaces for these complexes can be approximated by the
connections between spectroscopic information about polysum of the one- and two-dimensional potentials that describe
atomic systems and the underlying forces between the atomgich of the NeNe® and Ne SH* interactions.
of which they are composed. If the system of interest is  While, in principle, this provides us with sufficient in-
strongly bound and the range of energies that is probed exXermation to calculate the rotation-vibration spectra of these
perimentally corresponds to a regime over which the vibracomplexes, in practice, the fact that these are weakly bound
tional dynamics is nearly harmonic, the solution to this prob-systems with many low frequency vibrational modes makes
lem is relatively straightforward.In this case, the spectrum basis set calculations on the species with more than two neon
can be fit to a model Hamiltonian in which the energy levelsatoms prohibitively expensive computationally. To address
are parameterized in terms of the number of quanta in eacihis issue, we use a variant of the rigid body diffusion Monte
of the normal modes and the angular momentum operatorgarlo (RBDMC)®’ that was developed by Buch and is based
The form of the Hamiltonian is based on perturbation theoryon the DMC algorithm first proposed by AndersbhThis
and direct connections can be made between the terms in th@proach allows us to calculate the ground state energy rela-
perturbative expansion and terms in the normal modeive to the potential minimum of the N8H complexes with
Hamiltonian? On the other hand, van der Waals complexesan error of 1% to 2%. While this is not as accurate as varia-
and other weakly bound systems that display large amplitudgonal approaches, the numerical uncertainty in the results of
motions can rarely be described by a simple zero-order picRBDMC calculations is the same size as the uncertainty in
ture. In these cases, other approaches need to be takenth® Ne SH potential surfacdeand the errors introduced by
order to draw these connections. neglecting higher order interactions in the pair-wise additive
In the present study, we focus on the spectroscopy angdpproximation to the NSH potentiall.o From the RBDMC
structure of complexes of one to four neon atoms with SHsimulations we can also obtain projections of the wave func-
(A23*). The NeSH system represents the most weaklyion onto various coordinates in order to access the structure
bound of a family of complexes in which OH or SH in its and the rigidity of these complexes. We find that as we move
first excited bound electronic state interacts with a rare gaffom NeSH to complexes with two, three or four neon atoms,
atom(Kr, Ar or Ne) which has been the subject of numerousthe system becomes more rigid. In fact, like the complexes
experimental and theoretical investigatidrisnlike the other  of argon with HF or HCEL27we find that the structures are
members of this family of complexes, NeSH can be modeledbest described by a small cluster of neon atoms interacting
as an atom interacting with a hindered rotor, and the zerowith SH rather than individual neon atoms interacting sepa-
point energyZPE) is only 4.5cm * smaller than the barrier rately. This is surprising given the relatively low barrier for
between the Ne—HS and Ne—SH minima on the potefitial.isomerization among the various low-lying minima of these
In larger NgSH complexes, the ZPE is expected to exceedystems.
the energies of multiple low-lying minima. The relative simplicity of implementing RBDMC comes
Because the N@&H complexes do not present them- at a severe price, that it is a relaxation method and therefore
selves with obvious zero-order models for the vibrationalcan only be applied directly to obtain the energy of the low-
motions, the assignment of the associated spectra is noest lying state of a particular symmetry. Recently, we have
proposed an extension to the DMC approach in which a

dpresent address: Department of Chemistry, University of Wisconsin—_SIO\le Vagymg perturbat_lon to the Ham”ton'_an IS
Madison, 1101 University Ave., Madison, WI53706. introduced® We refer to this procedure as adiabatic DMC
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(ADMC) because the distribution of walkers remains in —  N,—Ng
equilibrium throughout the simulation. This procedure al- Vier=V—a Ng (©)
lows us to use an approximate description of the functional
form of the nodal surface to calculate energies of low-lying = . .

) . . - whereV provides the average potential energy of the en-
excited states with statistical uncertainties that are compa- : .

. . emble N, the number of walkers in the ensemble at time

rable to those obtained for the ground state energies. In ad-

dition, ADMC can be used to calculate rotational constantsa.nda Is chosen so that the fluctuations from the Monte Carlo

and other properties that do not fall out directly from thesmulatlon are slightly larger than the fluctuations due to the

RBDMC simulations. We have applied this approach to cal-Second term in Eq(3).

culations of the energies of fundamental vibrational modei Rigid-body DMC
of Ne,SH/D and from this can investigate more closely the -
nature of the couplings in this system. We find that the  One difficulty in applying the above approach to studies
model of a neon dimer interacting with SH persists in theof weakly bound systems comes from the fact that typically
excited states, including the one in which one quantum ofhe intramolecular vibrational frequencies are two orders of
excitation is put into the neon-neon stretching coordinate. magnitude larger than the intermolecular frequencies. In the

The remainder of this paper is organized as follows. Incase of théA?S, * state of NeSH, the zero-point energy of SH
the next section, we review DMC and describe our imple-is approximately 1000 cm', whereas the zero-point energy
mentation of RBDMC and ADMC. In Sec. Ill, we present in intermolecular modes is 63 ¢mi. As such, a 1% uncer-
the results for the complexes of SH with one to four neontainty in the zero-point energy of this system is 15% of the
atoms as well as for various excitations of the,8ld/D  zero-point energy in the intermolecular degrees of freedom,
complex. Finally, we conclude in Sec. IV. which is the quantity of interest. As a result, it would be

preferable to propagate the dynamics either on an adiabatic
potential where the intramolecular problem has already been
solved or for a fixed intramolecular geometry. Several meth-
Il. THEORETICAL APPROACHES ods have beep proposed for achieving fffidand one that is
particularly successful is the rigid body diffusion Monte
d Carlo approach proposed by Buch.

In this approach, instead of propagating all of the atoms,
we propagate the centers of mass of all of the molecules in
the system and the rotational motion of all of the molecular
units. While others have employed similar approadiese
will describe briefly our implementation of this algorithm.
fhe diffusion of the centers of mass is implemented using

In this study, we apply diffusion Monte Cari®MC),
first described by Andersdit,to a study of the structure an
spectroscopy of N&SH complexes. This approach is based
on the parallel between the diffusion equation and the time
dependent Schdinger equation, written in terms of an
imaginary time variabler=it (A#=1). In this approach, the
solution to the time-dependent Schinger equation is ob-
tained by propagating an ensemble of walkers, each of whic

represents a possible configuration of the system. The Walks_tandard techniques, described above. The only difference is

ers are allowed to diffuse through thél3limensional con- that the total mass of the diffusing unit is used to evaluate

figuration space of the system by a random walk procedurén E_?_'h(l) rather t?‘?ﬁthe mass of la : indivgjl:)al atom. .
Here, the displacement of each atom during each time steg[), € _rotatlon:?\ Iffusion 1s imp emgnte oy propaga?'”g
he rotation matrices that define the orientation of the princi-

A7, is taken from a Gaussian random distribution, the width . .
of which is given by pal axes of each_molecule relative to th'e space-fixed refer-
ence frame. In this procedure, at each time step we take an
Ar infinitesimal rotation of the space-fixed coordinate system
=\ /2_, (1)  about each of the three principal axes of each of the mol-
m ecules that are to remain rigid in the simulation, where the
magnitude of the rotational diffusion about each of the prin-
cipal axes,s; ,, is taken from a Gaussian random distribu-
tion with

wherem; is the mass of the atom. A probability for increas-
ing the population at a given configuration is given by
eVre V(D At long imaginary times, the solution to the time-

dependent Schdinger equation approaches Ar

Oj,a= 21 ) (4)

i,a

lim ¥ = ppe Fo7, (2

T— 0

andl; , is the moment of inertia of theth molecule with
where ¢ is the lowest energy eigenstate of the system andespect to thex-axis. By careful choice oA r, we ensure
E, is the corresponding energy. This is an exponentially dethat the angular displacements fall in the regime of infinitesi-
caying function. Choosin¥,; so that a constant population mal rotationst® As such, the matrix that defines the orienta-
of walkers is maintained is equivalent to multiplying both tion of each of the molecular units is propagated as follows:
sides of Eq.(2) by eV, makingV,¢ an approximation to

the ground state energy of the system of intetést. Ri(7+A7)=R,RyRiRi(7), 5)
In the present simulations, we follow Ander§oand
Suhm and Watté and take where
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1 5i z - 5i,y -80
Ri,xRi,yRi,Z: - 5i,z 1 5i,x . (6) -90
Oy Ok 1 — 100 -
The rotation matrices are then used to evaluate the orienta-  § -
tion of the molecular units relative to the Cartesian coordi- w -10
nate axis system used in the propagation of the centers of 120
mass. |
Finally, we should note that in the case of linear mol- 130 N L T
ecules, the propagation will be invariant to rotation about the - 200 -100 0 100 200
molecular axis and one can simplify the rotational propaga- 70 »
tion by including only rotations about two axes that are per- ‘
pendicular to the molecular axis. In our implementation, we
have not taken advantage of this simplification.
e
2
B. Adiabatic DMC (ADMC) w
One of the largest advantages of DMC, that it provides a “
general algorithm to evaluate the ground state energy of the 1
system of interest, leads to difficulties if one wants to evalu- 100 o 50 >
ate accurate excited state energies or properties of the system . ]

other than energy, for exampl@/V) whereW is some gen-
eral operator. We have recently developed a general adizEB—'G-tlt-_ Th? raw trest“;frfmr?{ggg’('g tfﬁsse;h;‘ afoef ‘tﬁ:(\jvgo C?H'C‘f/%i‘t‘iﬂon
batic extension to DMC, ADMC, which addresses both ofofrﬁejs'?ia constant for N& oy g9ging
these issues. The approach is described elsevifiare] we
will provide a brief summary of the key points.
In the case of evaluating expectation values of general

operators\W, we use ADMC to propagate the Hamiltonian
of the node. This is relatively easily implemented when the

r_— 0

=HO+ W, 0 location of the node is known by symmetry. When this is not
whereH ) is the vibrational Hamiltonian for the system of the case, the situation becomes more complicated. A general
interest andh =\ (7=0)+ AN X 7. In these simulations, the procedure for calculating excited states, proposed by Coker
system is equilibrated for a particular value ®{r=0).  and Watts, imposes the condition that the calculated wave
Once this has been aChieVadS allowed to increase |ineal’|y functions are orthogoné_r_ A|ternative|y, Buch and co-
with 7 so that at each time stepis increased by a small \yorkers have demonstrated that excited state energies can be
increment, AX. In this way, the Hamiltonian is changed cajculated using DMC when one requires that the energies,
adiabatically throughout the simulation. If we pMft as @  cajcylated on the two sides of the node, are equal, and the
function of 7 it will no longer be constant. Instead, perturba-,ove function be continuous with a continuous first
tion theory tells us that the lowest energy eigenvalue of theyerjyativel® Even within these constraints, it is often diffi-

Hamiltonian in Eq.(7) can be approximated by cult to determine the precise location of the nodal surface as
Eo=EQ+ N (W[ 4y +0(\?). (8)  statistical fluctuations iV¢(7) can be large. In some cases,
including the NgSH complexes considered in the present

Therefore, if we fitV «(\) to a low order polynomial in\, :
A . study, one can generate a set of approximate nodal surfaces
the constant contribution is the lowest eigenvalue of the un:

perturbed Hamiltonian and the linear term providég. For that are simple functions of the internal coordinates of the

each of the reported energies, we run five simulations witf?yztelm 0‘; mte(rjest, vghere t?]e aplproanfate Iocz?ltlon Og thef
different initial conditions, and obtaiB, by taking an inter- nodal surface depends on the values of a small number o

cept of the fit to Eq(8). The reported energies and uncer- P2rametergz}. In the present case, we use a single param-
tainties represent the average of these simulations. Typicallft€r and define the nodal surface Bgx) = 7. Here,x rep-
the Monte Carlo simulations lead to uncertainties in the re/€Sents the coordinates that are being propagated in the
sults that are approximately 1% of the calculated energy. ARRBDMC simulation and~(x) is the function of these coor-
example of the raw results of such a simulation is plotted irdinates that defines the shape of the nodal surface. In the
Fig. 1(a). ADMC procedure, we perform two simulations in whighs

We employ a similar approach to determine the locatiorvaried linearly with 7, one on each side of the node. The
of nodes in the simulations for excited vibrational statesresulting plots of energy as functions pfare fit to low order
when their functional form is known. Here we use a fixedpolynomials. The value of; at which the two curves cross
node approximation in which any replica that crosses therovides the position of the nodal surface and the corre-
node will be removed from the simulatidrin this way, we  sponding energy. An example of the raw results of such a
calculate the energy based on the wave function on one sidg@mulation is plotted in Fig. (b).
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TABLE I. Energies and rotational constants for low-lying minima of the $t¢ potentials.

Edin A B C Description, point group
System (/em™h (/MHz) (/MHz) (/MHz) symmetry
NeSH —103.7 2815.3 Linear Ne—HE;..,
—-87.9 3926.7 Linear HS—N&.,,
Ne,SH -197.7 5556.9 2299.8 1626.6 T-shaped,NeS, C,,
—191.9 1020.7 Linear Ne—Hs—N€,,,
—167.7 5518.5 2927.8 1912.9 T-shaped HS;N@,,
NesSH —322.7 2734.9 1501.7 1501.7  Tetrahedral Ng-HSP C,,
—286.3 5556.3 797.2 697.2 T-shaped,NES—Ne, C,,
—281.6 2716.5 1757.5 1757.5  Tetrahedral HS—Ng’ C,,
Ne,SH —430.9 1499.2 1434.6 1003.3  Equatorial SHCS,
—417.9 2722.8 898.4 898.4  Axial SH, C§,

#Energies of the minima relative to the dissociated cluster.

PIn these complexes, the neon atoms from an equilateral triangle.

‘In these complexes, the four neon atoms and the SH from a trigonal bipyramidal structure with the SH in either
an equatorial or an axial position.

C. Recrossing correction bration of SH, evaluation of the recrossing correction be-
In order to improve the accuracy of the excited stateCOmes more complicated because rotational motion of SH

energies, we have incorporated a recrossing correction. st bel 'nf“éded.' In these cgsez th? (_jten(\j/?fnves u‘(ﬂ)r.]
this correction, the possibility that a given replica crosses th&'€ evaluated using a second order finite diiference scheme.

nodal surface and back in a single time step is evaluated in
order to remove these replicas from the ensemble. Followin®. Potential energy surface

Andersor, this probability is given by In this study, the potential energy surfaces for thg Bt
—2X(T)X(7+ 87) complexes are approximated by the sum of the MN&
Pey= exp( 2 , (9 (HFD-B) potential of AziZ and the NeSH potential devel-

oped recently by u$.The HFD-B neon dimer potential rep-
and is compared to a random number between zero and on@sents a fit to a range of experimental data, including the
If the probability is larger than the random number, the rep~irial coefficients, viscosity, conductivity and scattering
lica is removed from the ensemble. cross sections. The potential energy surface for NeSH was
In the case of multidimensional RBDMC simulation, the optained by fitting ten band origins and rotational constants
correction becomes nontrivial to implement mainly becausgf NeSH and NeSD, obtained from the high-resolution laser-
we have to deal with the rotation as well as the translationajnduced fluorescence specfrahe functional form used for
motion. Sandler, Buch and Sadlej have shown that a multithe potential is the same as that used by Hutson to fit the
dimensional generalization of E¢9) can be achieved by ArHCI potential'® The band orgins and rotational constants
introducing scaled coordinates,=x; /; .*° This scaling of  for NeSH and NeSD, calculated using this potential, are
the coordinates allows us to treat translation and rotationalithin 1% of the experimental values. The potential has a
motion equivalently. In these coordinates, the probability forminimum at—103.7 cn%, in the Ne—H—Syeometry, and at

recrossing becomes, —87.9cm %, in the Ne—S—Hgeometry. These minima are
Pex=exXp — 25(7)s( 7+ 87)), (10) separated by a 67.1 c¢m barrier, measured relative to the
) Plobal minimum, which is peaked &&= 82.5°.
wheres represents the distance of a walker from the nodal’"  The global minimum and several local minima of each
surface in the scaled coordinates, where of the NgSH (n<4) systems have been located by the
Al down-hill simplex minimization schenf@with an initial ge-
S= VAQ (1) ometry chosen to be close to one of the expected minima.

. . The energies and corresponding rotational constants of sev-
Here F(q) = n defines the nodal surface in the scaled coor-eral low-lying minima of the NgSH complexes witm=4
dinates, and the derivatives in the denominator are taken igre listed in Table I. In all cases, the energy differences be-
the scaled coordinates. Calculatifig(q)|| is straightforward  tween these local minima are smaller than the zero-point
and the gradient in scaled coordinate is obtained using thenergy(ZPE) of NeSH.

chain rule, The minimum energy structures for each size complex
dF(q) IF(X) are depicted in Fig. 2. For the NeSH complex, the energy
70 =T (12 difference between the Ne—HS and Ne—SH minima is only

i i

15.8cm 1, whereas the zero-point energy of this system is
When the nodal surface depends only on distances bé&2.6cnit, only 4.5cm! below the barrier that separates

tween the molecular units, evaluation of the derivative in Eqthe two minima. Variational calculations on this complex

(12) is straightforward. However, in the case of bending vi-have shown that in spite of the large zero-point energy, the
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ground state wave function remains localized in the global
Ne—HS minimunt The global minima for the complexes of (e) ’
SH with two, three or four neon atoms, all correspond to the

SH being aligned along the axis that connects the centers of
mass of SH and the neon compl@,,,, with the hydrogen (b)
end of SH pointing toward the neon atoms. In the case of the
Ne,SH and NgSH complexes, shown in Figs(® and Zc),

the neon atoms form a symmetric complex. When there are
two neon atoms, they lie on a line that is perpendicular to
Rcom- When three neon atoms are present, they form an
equilateral triangle in the plane perpendicularRg,,,. An

(c)

alternative interpretation of the N8H complex minimum @ ()
energy geometry is to consider the system as a distorted tet-

rahedron with the SH forming one vertex and the three neon )

atoms, the remaining three. In the case of,3t¢, the mini- ’ 0

mum energy geometries can be interpreted as a substituted
distorted trigonal bipyramidal structure. The lowest energy
configuration corresponds to neon atoms at both of the axial
positions and two of the three equatorial positions. The Strucgig. 2. Minimum energy geometries of the j&H complexes fon=(a) 1,
ture in which SH is in an axial position is 13 crhhigher in  (b) 2, (¢) 3 and(d) 4. A second low-lying minimum of the N&H complex
energy. These structures are plotted in Figd) and de). As  is shown in pane(e).

was the case for NeSH, we expect all of the potential minima

given in Table | to be lower in energy than the Zero'pom.tmation to the experimentally derived rotational constants. In

energy ‘?f the ﬁ?rgplzx.tThg reldatlljve tlrznpqrt%n(t:)e (;)f E;‘g,\\//leg"practice, the calculated vibrationally averaged rotational con-
ous minima will be determined by the rigid body stants for the ground state are often insensitive to the choice

simulations. . . of embedding, at least within the accuracy that can be
Before we discuss these results, we need to define SeV hieved by ADMC simulations

eral coordinates that will facilitate descriptions of the motion
of Ne,SH in the complexes. In addition Ry, we useR;
to represent the distance of a Ne atom from the center
mass of SH and; to represent a Ne—Ne distance. The mos
important angle is the angle betwelpand the SH axisg; ,
where #=0 corresponds to linear NeHS geometry. In the
case of NgSH, the angle betweanandR,,is useful and is
represented by. Another important angle in N8H and
Ne;SH is O, the angle between two of thi;. In planar
geometry,® = 6,+ 6,, but in general® <6,+ 6.

In the present simulations, we employ two approaches to
alculate the rotational constants. In the first, we define a
Oiody-fixed principal axis system in which tlzeaxis is cho-
'sen to lie aloniR - They-axis is chosen so that the neon
cluster is symmetric with respect to reflection in the
yz-plane. For the Ng&SH complex, this axis correspondsrto
for NesSH the axis connects one neon atom to the center of
mass of the other two, while in Y8H the axis connects the
two axial neon atoms in Fig. (8l). The moment of inertia
tensor is calculated using the above choice of embedding and
the rotational constants are obtained from the diagonal ele-
ments of the inverse of the moment of inertia tensor. In the
case of NgSH, analytical expressions for the rotational con-
stants can be obtainé@while for larger complexes, the ro-
tational constants are calculated numerically. In the second

Ground state energies and rotational constants o@pproach, we diagonalize moment of inertia tensor for each
Ne,SH (n=1-4) clusters have been calculated usingwalker configuration at a given time and use the reciprocal of
ADMC, as detailed in the previous section. In the calcula-the eigenvalues to determine the rotational constants at that
tions of the rotational constants, a 100 a.u. time step is usedonfiguration'® In Table I, we report the rotational con-
After the system is equilibrated for the initial valuexafthe  stants, calculated using an embedded axis system for
simulations are run for 8000 time steps. For all of the simuNe,SH/D and NgSH and using the instantaneous inertial
lations, the linear term in E@8) is obtained by a linear fit of axes to determine the rotational constants fop,Me and
the raw data which is similar to the data plotted in Figll  Ne,SH. Comparing the rotational constants for,8i, cal-

The reported values for the rotational constants represent tlmilated by the two methods, we find that the differences are
average of five simulations, and the uncertainties, the starless than 50 MHz and that, in all cases, the error bars for the
dard deviation of these runs. rotational constants calculated by the two approaches over-

A question that has been of recent interest involves théap.
appropriate embedding of the body-fixed axis system and The apparent insensitivity of the calculated rotational
definition of the vibrationally averaged rotational constantsconstants to the choice of embedding of the principal axis
for floppy systemg82! Optimally, one would like to use the system will break down if the ground state has significant
definition for which the rotational and vibrational motions probability amplitude in regions of the potential of where
are most nearly separable in order to provide a close approxiwo or more of the rotational constants are approximately

IIl. RESULT AND DISCUSSION

A. Ground state properties of Ne ,SH (n=1-4)

Downloaded 05 Nov 2006 to 128.146.173.210. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



9208 J. Chem. Phys., Vol. 111, No. 20, 22 November 1999 Lee, Herbert, and McCoy

TABLE Il. Energies, rotational constants and zero-point energies fgENA complexes.

Do° (A)P (B)® (c)°
Systent (/em™h %° (/MHz) (/IMHz) (/MHz)
NeSH' —41.110.08 60.0 265317)
Ne,SH? —102.360.05 48.2 485348) 2211(19) 150210)
Ne,SH® —102.380.11) 48.2 489621) 216425) 149323
Ne,SD? —112.700.09 43.0 498940) 214610 147710
Ne;SH! —182.270.12 435 236920) 138414) 13758)
Ne,SH® —257.200.20 40.3 142721) 121221) 963(21)

&7000 walkers were used in the simulation of NeSH while 10 000 walkers were used in the simulations of the
larger complexes. In the calculations of the rotational constants, the simulations were run for 8000 time steps
over whichX in Eq. (7) was varied from—200 to 200, except in simulations of tka) for Ne,SH, wherex

ranged from—50 to 50,{A) for Ne;SH, where\ ranged from—120 to 120.

The number in parentheses is one standard deviation.

“The percent difference betwe&n andD, given in Table I.

“The rotational constants are calculated using analytical expressions, described in the text.

€The rotational constants are calculated by diagonalizing the moment of inertia tensor for each walker configu-
ration.

equal. In these cases, the inertial axes become ill-definedon of theD, in Table Il to the corresponding energies of
and calculations of the rotational constants using the instarlecal minima on the surface shows that the ground state is
taneous inertial axes will lead to unphysical results. This idocated at an energy that is higher than at least two minima
the case for the N&H complex where the minimum energy on the potentials for NSH for n<4. A similar, but less
configuration hasC;, symmetry. In this case, using instan- dramatic, decrease in the fraction of the well-depth that is
taneous moments of inertia to calculate the rotational contaken up by the ZPE has been reported previously for other
stants results in different values for tBeand C rotational  rare gas XH complexes, for example AF.’
constants. The normalized distributions of walkers along various

The calculated rotational constants are reported in Tablgeometric parameters that describe the ground states of the
Il as well as the ground state energies of each of the clusterdle,SH complexes are plotted in Fig. 3. In the present con-
As the form of Eq.(8) indicates, the ground state energy of text, these distributions can be considered as one-
the unperturbed systerE,f)O), is given by the constant term dimensional projections of the total wave function onto the
in the fits of the ADMC simulations of the rotational con- particular coordinate of interest.
stants. Therefore, the energies, reported in Table Il, represent Focusing on Figs. & and 3b), we find that the struc-
the average of 15 intercepts obtained from the rotational corture of the NeSH moiety persists as the complex increases
stant simulations and the uncertainties represent the standardsize. This is most clearly illustrated in the distributions of
deviation of these runs. walkers that correspond to the distances between each of the

Comparing the rotational constants calculated for vari-
ous minimum energy configurations, given in Table I, to the
zero-point averaged rotational constants in Table II, allows —— T
us to begin to investigate the structures that dominate the [ @]
ground state wave function. In the case of the complexes of [
two or three neon atoms, the relative sizes of the zero-point | ]
averaged constants are consistent with structures in which all et
of the neon atoms are at one end of the complex. In both [ ©
cases, the zero-point averaged values for the constants are r 1
closer in value to those calculated for the minimum energy [ r 1
structure in which the hydrogen end of SH is pointing toward =t F— e
the neon complex. In the case of J$&#, the zero-point av- F
eraged rotational constants are consistent with the wave [
function being localized in the global minimum of the poten- | |
tial in which the complex has, on averageCg, point group b 7 030 e s0 ivo e Teo
symmetry. distance[/A] angle[]

ln. addition to energles and rotational constants, Table I‘:IG. 3. The total wave functions for the ground state of Ng8ét-dashed
contains the percent difference betwdznandDe for these e Ne,SH (dotted ling, Ne;SH (dashed lingand NeSH (solid line) are
complexes. These numbers can be better thought of as thgjected ontga) R, (b) 6, ©) r, (d) ©, (6) Reou. Here,R represents the
percent of the dissociation energy of the system that goeSe—SH distances, the Ne—Ne distances arRkoy the distance between
into zero-point energy. It is apparent from these results thahe centers of mass of_ SH and the neon cluster. The angles betweRn the
the ZPE represents a considerable fraction of well d@;h, and the SH bond are given l@/and(a represents the.Ne—SH—Ne angles. In

. . panel(f), we plot the projections of the wave function for J$¢1 onto the

In most cases it is about 45% of well depth, with an excepzngle between andR,,, with a dotted line, and the angle between the two
tion of the NeSH system, where it is 60%. In fact, compari-r vectors in NgSH is plotted with a dashed line.

7’
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neon atoms in the complex and the center of mass of SHyf this complex, consistent with the minimum energy con-
plotted in panel(a). Here, the distributions are essentially figuration, plotted in Fig. @).

identical for all four cluster sizes. Differences are more ap-  Finally, in Fig. 3e), we plot the distributions of walkers
parent in the distributions of the N&—Hangles,d, plotted  for the distance between the centers of mass of SH and the
in Fig. 3(b), but even here the distributions are qualitatively neon complexR.on,. In the case of NeSH, this distribution is
insensitive to the number of neon atoms present. The moégentical to that plotted in pandh). As the complex size
striking change in these distributions can be seen at larg&creases, the distribution shifts to shorter distances and
angles where the projection of the wave function decreasegfoadens. This is a reflection of the neon complex becoming
with increasing complex size. This indicates that the SHMore opened as the second and third neon atoms are added,
bending vibration becomes more localized in the-Ne-S ~ @nd in the case of N&H the SH molecule can penetrate into
geometry as the number of neon atoms increases, a restft¢ n€on complex. When the fourth neon atom is added, the

that is consistent with the complexes mainly sampling the"®mplex becomes more compact and while the peak in the
minimum energy structures shown in Fig. 2. distribution in R¢,y, continues to shift to smaller distances,

Similar trends are observed for the Ne—Ne distributions h€ distribution narrows.

plotted in Figs. &) and 3d). Here the distributions do not
change dramatically between the JSél and the NgSH ) o
complexes. The peaks in these distributions also corresporFéI Excited vibrational states of Ne  ;SH/D

well with the larger peak in the N8H distribution. In addi- In addition to investigating the size dependence of the
tion, the peaks at 3.25 A in Fig.(® exactly overlap the Ne,SH complexes, we have made a more thorough investi-
ground state wave function for neon dimer. As with thegation of the structure and spectroscopy of the,&D

Ne- SH moieties, the structure of the neon dimer persists ircomplex. The ground state energies and rotational constants
larger complexes. This result is somewhat surprising becauder both of theses complexes are reported in Table Il. The
it implies that the neon dimer retains its identity in the com-ground state motion of the M8D complex is similar to that
plex with the SH radical even though the M8H interaction  Of Ne,SH. The largest differences between the wave func-
is much stronger than the Nile interaction. This behavior tions for the ground state of M8D and those plotted in Fig.

is further supported by the similarity of the distributions in 3 for N&;SH are found in the distribution of&-S—Hangles,

the Ne—SH—Ne angle, plotted in Fig. 2d), to those plot- plotted in Fig. 3b). In the case of the N&D system, this

ted in Fig. 3c) for r. These results clearly indicate that the distribution is much narrower. This is a reflection of the

neon atoms are not moving independently. Instead they pe&maller rotational constant for SD, compared to SH, and the
have like a unit within the complex. smaller zero-point energy of this isotopomer.

In Ne,SH, the picture is a bit more complicated, as is While a lot can be learned by studying the ground state

indicated by the second peak in Figgci3and 3d). The properties of these species, it is interesting to see what hap-

areas under these peaks are one-fifth those of the larger pea{?&ns when one quantum of excitation is put into each of the

in the plots and this 1:5 ratio is consistent with the,Sld five intermolecular vibrational modes of these systems.

structure plotted in Fig. @). Here there are six Ne—Ne dis- b tThe ltratnfluonffreqL'J_'e/Bmes for tTe tf“:je fupdart'r;]entalll VI

tances, five of which are the same, while the distance beorational stales o S are evaluated using the algo-

. . o rithm described in Sec. Il B. The time stepr, used in these

tween the two neon atoms in axial positions should be a. ; ; . . .
. - . Simulations is 20 a.u. In the discussion that follows, we will

factor of v3 times longer than the others. This is approxi- refer to the vibrational states by the names given by Cooper
mately the ratio of the positions of the centers of the two y 9 y P

- . and Hutsof in their study of AgHCI. The names, the cor-
peaks in Figs. &) and 3d). If the SH had substituted at an di trv in t int dad o
axial position in the NgSH complex, as is depicted by Fig. responding symmetry in thé,, point group, and a descrip

5 d h d all of the Ne Ne di tion of the nodal surface are given in the first two columns of
(€), we wou ave expected all of the Ne Ne distances o516 |1 The two totally symmetric modes correspond to
be the same, and if the ground state of thg3¥e complex

o X .the Ne—Ne wagging stretch and the symmetric breathing of
sgmpled both minima, the ratio between the two peaks Ifhe NeSH/D complex. They-bend state corresponds to ro-
Figs. 3¢) and 3d) would be smaller than 1:5. As with the iation of the neon dimer in the plane of the complex while
smaller complexes, these results are consistent with the Splq in-plane and out-of-plane bends correspond to rotational
interacting with a neon complex. motion of SH.

The structures of the N8H and NgSH complexes are In the calculations of the energies of those states that
further supported by the distributions plotted in Figf)3For  haveB, or B, symmetry, the position of the nodal surface is
Ne;SH, we have plotted the distribution of walkers for the determined by the symmetry, assuming that the nodal surface
Ne—Ne—Ne angle with a dashed line. Since this distributiortan be defined as a function of a single parameter. For ex-
has the maximum at approximately 60° and the distributiorample, in the case of the-bend mode, we put the node at
in the Ne—Ne distances in Fig(Q contains only one peak, y=/2. In the case of totally symmetric states, the location
we conclude that the ground state wave function samplesf the nodal surfaces and corresponding energies are deter-
only the minimum depicted in Fig.(2). In the case of the mined by ADMC. In these simulationsy is varied over
Ne,SH complex, the distribution iry, the inclination angle 10000 time steps witl\ =0.000 024 a.u. for the calcula-
of the Ne unit, is plotted with a dotted line. Here the distri- tion of the energy of the breathing stretch fundamental and
bution is peaked around 90°, indicating a T-shaped structurd »=0.0004° for the calculation of the fundamental in the
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TABLE llI. Energies of the fundamental excitations of J$¢/D. spond to motions of the neon atoms while the two highest
frequency modes correspond to rotation of SH/D. This sepa-
ration of frequencies is a result of the large rotational con-
stant for SH or SD compared to the reduced mass associated
Ground state A,) —102.360.09 ~112.780.04  ith the neon vibrations. In replacing SH with SD, the fre-

Wagging stretch ©=50.02° 17.2.0 18.550.0 . .
X_bggd ?Bz) A) =2 19 35[8 03 20 130 12 quencies of the three lowest frequency modes each increase

Breathing stretch4,) R,+R,=7.94A 2529012  26.470.09 by approximately 1 cm®. A similar increase in frequency
In-plane bend B,) 6,— 6,=0 33.410.06  27.890.16 upon deuteration has been seen in all of theXM van der
Out-of-plane bendB;) Molecular plane 40.88.05 37.550.0)) Waals complexes with MNe, Ar, Kr and X=0, S23 This

an naming the states we follow the notation of Cooper and HutRef.  INVerse isotope effect is a reflection of the fact that because
22). the Dy increases upon deuteration, the anharmonicity in the
®The symmetries are given assumingg, equilibrium energy configura-  yan der Waals stretch decreases slightly. In contrast, the fre-
;II_(;]T;- coordinates used to define the nodes are the two Ne—SH distRnces, quency (?f the tWO high frequ-enc.y modes both decrease upon
the angles betweeR; and the SH bondd; and the Ne—SH—Ne angle. deuteration. This decrease is simply a result of the smaller
The absolute energy of the ground steg, and relative energies of ex- rotational constant of SD compared to SH, as these two ex-

cited stateskE,— E,, are reported. The numbers in parentheses provide ongjtations correlate to the doubly degeneral#-bend,
standard deviation in the absolute energy of each state. (0 1 0), state of NeSH/D

Staté Eﬁ%sH Eﬁ%SD
(symmetry® F(x)¢ (/lem™) (/em™Y

In addition to the five fundamental excitations of

wagging stretch. In order to check the accuracy of our apN&SH/D that have transition energies below 50cmwe
proaches, we calculate the fundamental frequencies diXPECt thatenergy of the state ofJ$&i that correlates to the
Ar,HCI, where accurate energies have been reptitatie  (0,1°,0) 2-bend state of NeSH/D will also have an energy
simulated excited state energies for,lA€I are in excellent N this range. In AfHCI, this state lies between the breathing
agreement with the reported values. When the recrossingfretch and the in-plane bend fundamentals and corresponds
correction is included, the maximum error in the ADMC to the first overtone in the wagging stretch. Because this state
results is 0.2 cm? for absolute energies and 0.7 chfor the IS an overtone, the calculation of its energy is more compli-
transition frequencies. This corresponds to a 2% maximungated than that of a fundamental, since the positions of two
error which is comparable to the accuracy we are able t@odes must be considered simultaneously, but we would ex-
achieve in our fits of the N&SH empirical potential to ex- pect that this state would lie at around 30cnfor both
perimental transition frequencies and rotational constants. isotopomers.

The energies of the five fundamental vibrational levels  The distributions of walkers for the five states of,S&l
for Ne,SH/D are reported in Table Ill. The pattern of energy that correspond to fundamental excitations are plotted in Fig.
levels for N@SH is similar to that of AJHCI?? even though 4. In all cases, we use thick solid lines to plot the distribu-
the strength of the van der Waals interactions is quite differtions for the walkers with(x)<# and thick dashed lines
ent. In Ng@SH/D, the three lowest frequency modes corre-for the distributions whefk(x)> 7. By analogy to the one-
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FIG. 4. The projections of the wave functions for the five fundamental excitations £8HNeln panelda)—(e), the wave function that corresponds to the
fundamental in the wagging stretch vibration is projected d¢at®, (b) r, (c) 6, (d) x and(e) O, defined in Fig. 3. In the other four columns, the fundamental

in the breathing stretdtf)—(j)], the y-bend[(k)—(0)], the in-plane benfip)—(t)] and the out-of-plane beri¢u)—(y)] are projected onto these five coordinates.

In this plot, thick solid and dashed lines represent the parts of the wave function on the left and right side of the node, respectively. For ctimeparison,
corresponding distributions for ground state,8Slid are plotted with thin solid lines.
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dimensional situation, we will refer to the two distributions neon atoms are equivalent. In addition, plots of the neon
as the left and right side of the node, respectively. In addiatom distributions on the left and the right side of the node
tion, we have plotted the ground state distribution with a thinare identical and therefore only one distribution is plotted for
solid line, for comparison. In the case of the three states thatach coordinate. Because these states correspond to rotation
are not totally symmetric, a single set of simulations is per-of SH, only the distributions irg, plotted in panelgr) and
formed. Since excitation in these modes removes the equivdw), are dramatically different from the corresponding
lence of the two neon atoms, the solid and dashed lines algground state distribution. In the case of in-plane bending, the
reflect the distributions for each of the neon atoms. The wagé distributions for the left and right side of the node are not
ging and breathing stretch states h@esymmetry and the equivalent. This is a reflection of the fact that as SH rotates
nodal surfaces are determined by ADMC. in the plane of the complex, one of theNS—Hangles will

To begin, consider the distributions for the waggingincrease while the other decreases. The fact that the distribu-
stretch fundamental, plotted in Figsa#-4(e). In this case, tion, plotted with a dashed line, is peaked near 90° indicates
the node is in® and the two distributions it®, plotted in  that this motion is quite large amplitude. By contrast, the
Fig. 4(e), go to zero at the same point. In addition, these twodistribution inr, plotted in Fig. 4q), is essentially unaffected
distributions sample a larger range of angles than the grouny this excitation, indicating that the neon dimer structure
state distribution. Further, since the Ne—Ne distance, plotte@ersists in this excited state. Similar behavior is found in
in Fig. 4(b), is closely related t®, the distributions for the out-of-plane bending motion of SH. As is shown in Fig.
left and right side of the nodal surface overlap over a rela4(w), the distribution iné is extremely delocalized, and is
tively small range of . The effects of excitation i on the  similar to the distribution that is obtained from tihebend
distributions in the other coordinates, particulagyplotted ~ state of NeSH. In summary, the motions associated with
in Fig. 4(d), are more interesting. In the case of the distribu-bending motion of SH are inherently floppy and extremely
tion in x, we find that wher® <50.02° it is very broad, but large amplitude vibrational motion, but are not, in general,
for larger values of® the distribution is only slightly nar- strongly coupled to the other intermolecular vibrational de-
rower than the ground state distribution. The observed broadirees of freedom.
ening of the distribution at smaj} is purely a reflection of The distributions of walkers for the N8D fundamental
the correlations amon@, r andy. When® decreases, either Vibration states are essentially the same as those fgBiie
r must decrease or the Ne—Ne vector must rotate out of thgescribed above, with the exception of the distribution8.in
T-shaped geometry. Since the Ne—Ne potential is strongly his is because the motion in this coordinate correlates with
repulsive at smalt, the system relaxes by rotating out of the SH or SD rotation in the complex and the decrease in the
T-shaped geometry. This in turn leads to a shift of thefotational constant upon deuteration from 8.289 to
Ne—SH distribution, plotted in Fig.(d), to slightly larger ~4-306 cm'! leads to a significant decrease in the amplitude
distances than in the ground state. of the motion in this coordinate in N8D compared to that

The situation for the breathing stretch, plotted in panelsPPserved in NgSH. For the three lowest frequency modes of
(f)—(j), is similar to that for the wagging stretch fundamental.N€:SD, the distributions iry vanish when#=120° rather
Here the coordinate of interest is the Ne—SH distance, plothan remaining finite for all angles, as was the case for

ted in Fig. 4f). As before, this mode is coupled @, while Ne,SH. In the case of the in-plan(_e and out-of-plane ben(_jing
the coupling tor and @ is relatively small. The coupling states that correlate to tH&-bend in NeSD, more dramatic

betweenR and y is similar to that seen in the wagging phanges are observed in thelistributions. In the case of the

stretch. Here the source of the coupling is due to a decreaddPlane bending state, the distributions are shifted to the

in the anisotropy iny as the neon atoms move farther away SMaller angles and have very little amplitude whén
from SH. >120°. In the case of the out-of-plane bending mode, the

distribution in 6 is also shifted to smaller angles. Although

els (k)—(0). Since the distributions for the two neon atoms 1€S€ changes are dramatic, like the,8i¢ complex, the

are not, in general, equivalent, we have plotted the distripudiStributions ing for the NeSD system correlate quite well

tions for only one of the neon atoms. One interesting featuréfv'th the corresponding distributions in NeSD.

of the distributions irr, ® and § comes in the similarity to

the corresponding ground state distribution. In particular, the

distribution inr, plotted in Fig. 4l), is indistinguishable |\, SUMMARY AND CONCLUSIONS

from the ground state distribution. This indicates that Ne

retains its identity as a dimer when one quantum of excita-  In this paper we have presented our approach for imple-

tion is put into they-bend coordinate, and the motion that is menting adiabatic RBDMC and applied it to a systematic

sampled by this vibrational state corresponds to rotation oftudy of the structure and spectroscopy of small complexes

Ne, rather than the Ne—SH antisymmetric stretch. of neon atoms with SHA2S, ™). Although the Ne—Ne inter-
The distributions of walkers for the in-plane and out-of- action is significantly weaker than the N&H interaction, we

plane SH bending states are plotted in par(gls-(t) and find that the configurations that are sampled by complexes of

(u)—(y) of Fig. 4, respectively. As was the case for the up to four neon atoms with SH are localized near the global

x-bend, the two neon atoms are not equivalent in the in-planeninimum. In other words, these complexes can be thought of

bend and the distributions for only one of the neon atoms aras arising from a SH molecule interacting with a small com-

plotted here. In the case of the out-of-plane bend, the twplex of neon atoms. This is analogous to the findings of

The distributions for the-bend state are plotted in pan-

Downloaded 05 Nov 2006 to 128.146.173.210. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



9212 J. Chem. Phys., Vol. 111, No. 20, 22 November 1999 Lee, Herbert, and McCoy

Nesbitt and co-workef§ in their studies of the spectroscopy :E. B. Wilson, J. C. Decius, and P. C. Crosglecular Vibrations(Dover,
of Ar,HF complexes. In addition, in the case of complexeszNeW York, 1955.
of Ne,SH/D, we find that the model of a neon dimer inter- . H- H- Nielsen, Rev. Mod. Phy£3, 90 (1951.

. . . . . 3C. C. Carter, T. A. Miller, H.-S. Lee, and A. B. McCaunpublishe
acting with SH or SD persists for all five fundamental vibra- 45" &' Coier T A Miller H-S. Lee. A B McCoy gxd% F Haqi,es 3

tions. Since the Ng-SH complexes appear to become more chem. Phys110, 5065(1999.
rigid with increasingn, we expect that this behavior is gen- °R. A. Aziz and M. J. Slaman, Chem. Phyk30, 187 (1989.
eral and would apply to the larger complexes as well. °V. Buch, J. Chem. Phy€7, 726 (1992.

In addition to the SpeCIfIC results for the complexes of P. Niyaz, Z. Bacic, J. W. Moskowitz, and K. E. Schmidt, Chem. Phys.
Lett. 252 23(1996.

neon with SH and SD, we have demonstrated a general techy; "o Anderson, J. Chem. Phys3, 1499 (1975.

nique for determining the structural and spectroscopic prop<;. g. anderson, J. Chem. Phy8S, 4121(1976.

erties of weakly bound systems for which the potential en+°A. Ernesti and J. M. Hutson, J. Chem. Phy86, 6288(1997.

ergy surface can be obtained from a pair-wise sum of twdls. Liu, Z. Bacic, J. W. Moskowitz, and K. E. Schmidt, J. Chem. Phys.
and three body interactions, but where the size of the systery00 7166(1994.

. . . . M. A. McMahon and K. B. Whaley, J. Chem. Phy03 2561 (19995.
and the fact that it can undergo large amplitude vibrationss,; &’ Lee, J. M. Herbert, and A. B. McCoy, J. Chem. PHys0, 5481

makes converged variational calculations of the rotation- (1999,
vibration energy levels intractable for all but the smallest*m. A. Suhm and R. O. Watts, Phys. Re304, 293 (1991.
complexes. We believe that this will provide a general, sys-°A. Vegiri, M. H. Alexander, S. Gregurick, A. B. McCoy, and R. B. Ger-

tematic approach for analyzing the spectra of larger com; Per: J- Chem. Phyd01, 2577(1994.
PP y. 9 P 9 164, Goldstein,Classical Mechanigs2nd ed.(Addison-Wesley, Reading,
plexes of rare gas atoms with small molecules. MA, 1980)

1D, F. Coker and R. O. Watts, Mol. Phys8, 1113(1986.
18p_ sandler, V. Buch, and J. Sadlej, J. Chem. Ph@§, 10387(1996.

ACKNOWLEDGMENTS 193, M. Hutson, J. Chem. Phy89, 4550(1988.
2w, H. Press, B. P. Flannery, S. A. Teukolsky, and W. T. Vetterling,
The authors gratefully acknowledge the donors to the Numerical RecipesCambridge University Press, New York, 1986
Petroleum Research Fund administered by the AmericaﬁA- Ernesti and J. M. Hutson, Chem. Phys. L&®22, 257 (1994.
Chemical Society, the National Science Foundation,” R-Cooperand J. M. Hutson, J. Chem. Pf§8, 5337(1993.
CAREER program under Grant No. CHE-9732998, and the gg;f‘;ﬁ;y’:(iﬁ'p'\r"ec;oy' L. B. Harding, C. C. Carter, and T. A. Miller, J.
Ohio State University Board of Regents for support of thisza wmciiroy, R. Lascola, C. M. Lovejoy, and D. J. Nesbitt, J. Phys. Chem.

work. J.M.H. acknowledges the REU program at Ohio State. 95, 2636(1991.

Downloaded 05 Nov 2006 to 128.146.173.210. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



