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Diffusion Monte Carlo(DMC) calculations of the intermolecular vibrational ground states of
CO(Ar), clusters withn=1-12, for COv=0 are reported. The intermolecular degrees of freedom

of the clusters are treated in full dimensionality and a pairwise additive potential surface is used in
which the Ar—CO interaction is described by a recently developed scheme which combines density
functional theory(DFT) with the long-range dispersion contributions obtained from the perturbative
theory. The calculations yield intermolecular ground state energies, Ar density distributions, radial
and angular density probability distributions. Optimal structures by Simplex minimization have
been calculated to estimate zero point enefgPE) and quantum effects. €999 American
Institute of Physicg.S0021-960809)00337-3

I. INTRODUCTION clusters permit theoretical treatments at the level of rigor and
detail that would be impossible for liquids or matrices and
The past decade has brought tremendous advance in thgthermore both solute M)—solvent Rg) and solvent
study of weakly bound states of atoms and molecules. One QR g) —solvent Rg) interactions are rather weak, dominated
the driving forces behind this research has been the need [g, nairwise additive two-body forces. Although the exact
understand how the properties of atomic or molecular clusy,agnitude of nonpairwise additive, three-body forces is still

ters vary as a function of size, particularly the stepwise de:,jm unresolved issue of great importance, those features

\églé)pmfhnt of cor;)dfnsed phals? Zttrlbultes,lthus a(ljlowmg us gj’éeatly simplify the construction of intermolecular potentials.
fidge the gap between isolaled molecules and condens As is well known, when two or more atoms or molecules

matter. _The experlmental and theoretical methods which A€oalesce to form a cluster, the associated bound states de-
now being applied to these systems are often capable of re- . " .
. B ) end in a very sensitive way on the nature of the intermo-
vealing quantum-state-specific information and are therefor .
N S I ecular forces between them. The bound state solutions are
quite different from those applied in the bulk, resulting in the

promise that these finite systems will provide us with funda_represented by eigenfunctions that have well-defined, time-

mentally new insight into condensed-phase behavior. independent energigs. As a result, one often .connsid.ers .the
Originally dominated by theoretical studies on pure he-PouUNd state properties of molecules to be “static,” which is
lium and hydrogen clustefs® the field has profited greatly sometimes misinterpreted to mean the molecule is “rigid.”
from a number of recent scatterfi§ and spectroscopic AS recently also shown by uS the bound states of a van der
studies of clusters with embedded probe molectids. Waals complex are instead anything but rigid, often exhibit-
These spectroscopic experiments were invariably carried oiffd large-amplitude motions.
on clusters with several hundred to several thousand atoms While the triatomic bound state problem for a single
and only few spectroscopic studies are dedicated to smaliotential energy surfao®ES is essentially solvedscarcity
van der Waals complexéd!* Recently there has been con- of reliable global PESs being the only, albeit serious, remain-
siderable theoretical interest in the structure and energetics #1g problem, the situation is much less satisfactory for
rare-gas(Rg) clusters with embedded molecules!).>*°-17  larger floppy clusters. The only methods available thus far
The reason for this is that these cluste¥(Rg),,] possess a for an accurate treatment of the quantum systems with very
number of features which make them attractive to theoretimany degrees of freedom are based on stochastic approaches
cians. In fact, the relatively few degrees of freedom of theand are collectively referred to as quantum Monte Cétlo,
Their main advantages are the absence of size-dependent
dAuthor to whom correspondence should be addressed. Electronic maiF.’rOperties and the favorable scaling of the computational ef-
FAGIANT@CASPUR.IT fort with the number of degrees of freedom.
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The purpose of the present work is therefore to accuthat many computational and theoretical efforts have been
rately characterize for the first time the vibrational grounddirected in recent yeafS:?® Here T, is the sum of single-
states of various CO(Ay) clusters, withn from 1 to 12, particle kinetic energy operators agg, is the nonclassical
employing the diffusion Monte Carl®MC) method. In our exchange and correlation energy contributions coming from
treatment no approximation is made on the quantum dynanthe chosen form of the functional of the total electronic den-
ics of all internal degrees of freedom of these van der Waalsity p(r) in the ground electronic state of the system.

(vdW) clusters. We determine what are essentially the nu- The many possible forms that thg, contribution may
merically exact ground state energies of CO(Arfor po- take have been discussed at length by the relevant DFT
tentials which are superpositions of CO—Ar and Ar—Ar in- literaturé>?*-2°and will not be repeated here. It suffices to
teractions. In addition, the ground state wavefunctions ofay that one can conventionally write it as:

these clusters are analyzed in terms of probability distribu-
tions of the internal coordinates, all of which indicate higly
delocalized motion of the surrounding Ar atoms.

In Sec. Il we describe a recently developed treatmen,,q e theELSP* contribution could be obtained from the
which comblnes dgns!ty functﬂonal th'eo(l])FT) with the _ formula proposed by Slater for the exchangeﬁamd from
long-range dispersion interaction obtained from perturbative, ty-mula described by Vosko, Wilk, and Nugdifor the
theory for the calculation of the full PES of CO—Ar system. . ye|ation, while theE, contribution is the pure exchange
In Sec. Il we briefly explain the computational method em'energy of the Kohn—ShanfkS) orbitals from a single
ployed to provide an accurate solution of the many-bodyyeierminant® This DFT evaluation of the interaction energy
Schralinger equation, while we discuss the results of calcUyyj pe called Half~Half(HH) in the present discussigf.
lations carried out on the title system in Sec. IV. The full calculation of the anisotropic interaction was

therefore carried out by fixing, at first, theg distance at
Il. THE INTERACTION POTENTIAL 2.1323a, (equilibrium bond distangeand by evaluating dif-
) ) .. ferent orientations betweef=0° and #=180°. To intro-

The use of density functionals for the treatment of eithery .o the vibrational dependence of CO, the same type of

hydrogen bonded or van der Waals systems has been mu‘églculation has been repeated for the other six values @f

less widespread than the study of thermochemical data QA order to include the first five diatomic vibrational states. In

moIT:cuhIar e%qumkl;num geo_metnég_. | h i all the calculations of the present work the-0° orientation
t therefore becomes interesting to explore the app 'Caborresponds to the collinear AE—Ostructure.

bility of any DFT theory to the broad range of configurations The quality of the Gaussian basis set expansion em-

sampled by the intermolecular interactions in order to exten%loyed was of the quadruple-zetec-pVQ2) level where
the possible use odb initio methods to increasingly more 0" iuina| and contracted sets of functions were, respec-

complicated multielectron partners. One knows, in fact, tha‘iively: (16s,11p,3d,2f,1g) and[6s,5p,3d,2f,1g] on the Ar
the inclusion of the all-important electron correlation effectsatom’ (12,6p,3d,2f,1g) and [5s,4p,3d,2f,1g] on the C
occurs rather directly within DFT methods while it happensatom and (18,6p,3d,2f,1g) and[5s,4p,3d,2f,1g] on the
only slowly within configuration interactio(Cl) expansions, oxygén atom. T

where necessary truncations can often jeopardize the whole One important aspect of the full evaluation of the weak,

reliability of the final results. . . vdW type of PES involves the inclusion of long-ran@eR)
One can begin by writing down the familiar eXpress'Ondispersion contributions:

for the total energy!?2

Eye= %Ex+ %E!ZCSDA ) (4)

1 [ p(Dp(r’) Co(r,0) Cq(r,0) Cqg(r,6)
= = — = R ! 6\l 7\ g\l
Eo=Elp]=2 « zf - ardr el VoiseT R, 6) =~ —*mg— — —7—— —rg—, ()
—f Vyep(r)dr, (1)  where the coefficients, and thefkdependence, have been
often discussed in the literatute.As is well-known, this
where expression is valid only in the long-range limit. Thus, in
N order to have a full description of the dispersion contribu-
=T +J' V(D) p(r)dr, 2 tions over a broader range of distances, we need to introduce
Ei &= Tslp] er(p(r) @ first a general damping functidhthat modifies Eq(5) as
and follows
v (r)=V(r)+f P v @3 i " (bR )
e [r=r’| “ Voise IR, 0)= =2 |1- 2 ik eX—bR) an' ,
n=6 k=0 .
whereV(r) is the potential energy between nuclei and elec- (6)

trons andV,(r) is the exchange-correlation potential en-

ergy. The above result is exact provided we know the kinetiavhereb is a distance scaling factor, taken to be the same as
energy functional form in Eq2) and theE, functional form  the parameteB in a Born—Mayer type repulsion potentil,

in Eq. (1).! It is toward the solution of this specific aspect on the ground that both the repulsion and the dispersion
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TABLE |. Computed and estimated geometries for the minimum energyEq. (6) by using the values from Eq9) to scale the latter
structure of the Ar-CO completsee reference for detalls terms in the long range regi®nwhile remembering that, as
1 Ry /A dldeg is known, no dispersion contributions are included in a DFT
model. Hence the long rang&R) contributions could be

D./cm™

EGM+empirical 108.1PP 3.77 78 ; ;
correctigné 140?7{PF3)2 357 95 rewritten using Eqs(6) and (9)
Atom—atom 110 3.63 103
empirical rule8 ViR(r,R) =V2®(r,R)+ D, VE(r,R). (10)
(6-12 empirical 158 3.81 131
potentiak-molecular
mechanic Each final multipolar coefficient can therefore be obtained by
Ab initio coupled 71 3.86 88 matching the two regions at the points where, for each Leg-
pair calculations endre component, the logaritmic derivatives of the dispersion

with 133 GTOS and correlation branches are equal, a requirement that pro-

e 'g%gsptl‘g'sth 109 370 80 duces theD, scaling factors which correct the?'>" radial
bond function& dependence and make the potential continuous in that region,
Ab initio MP2 69 4.00 100 in analogy to what was attempted earlier by Parker and
with 67 GTO$ Pack!
Ab initio MP4 96.3 3.74 98
with 137 GTOS VO Ry for R<R
Present calcs. 89.6 3.82 81 V,(r,R)= A , A (11)
(HHDSD) M VIF(r R +VR(r,R)  for R>R,’
aReference 31. feReference 39.
:SiIS{ZQ‘;ﬁ 2?; gﬁi&iﬁﬂiﬁl Having defined in the above way the dispersion contribu-

YReference 38. tions, we obtained a modified DFT surfaces of the Ar—CO
system which we shall call the Half—-Half with damped
scaled dispersiofHHDSD). The results from such calcula-
Eions have been already discussed in detail considering the
equilibrium bond distance for the CO moleculer (
=2.1323a,) either for the He—CO(Ref. 34 or Ar—-CO

There are many ways in which the LR dispersion tail Can(Ref. 35 systems. We clearly showed there that the present

be smoothly joined onto the short range DFT interaction.2:\/0&(?";'SSa Doilnggltigsgtlior:s(?grl tLOCI)I;)(‘aNgdstZI%SSer the best
However, because of the difference in anisotropy of the two P . y ' .
We summarize in Table | the results for the global mini-

types of interactions, the resulting PES will be mostly af- L :
fected in the well region. Since the present potential is exnum gepmetry of the rigid-rotor energy sur.face.s a're"%dy dis-
panded into Legendre polynomials cussed in Ref. 35 where we see that there is still con_suderable
uncertainty about the best value for such global minimum,
although some qualitative consensus is beginning to get es-
V(r,R,0)= >, V,(r,R)P,(cosb), (7)  tablished on the existence offashaped geometry and on the
A

value of the coordinat®,;, for the well position(between
one could assume that the DFT short range region alread$-74 and 4.0 A
contains, for each of the coefficients, the correct Coulomb,
exchange, and correlation energy contributions as given
within the prescription of Eq(4). Hence, one can subtract | THE STOCHASTIC MODEL
the first two contributions from the Half—-HalHH) calcula-
tions for each of the multipolar coefficients of E@)>* by The diffusion Monte CarldDMC) method? has been
carrying out additional separate Hartree—F¢lk) calcula-  extensively discussed in a number of articig&> 4> we
tions with the same basis set discussed before which hatherefore refer the reader to that literature for a fuller discus-
been employed to obtain the KS orbitals in the self-sion, while this section merely summarizes the main features
consistent-field SCH part of the full HH interaction. One of the method, our particular implementation, and some spe-

damping are consequences of wavefunction overlap. In th
following we assume the dependencerg of each disper-
sion coefficient as described in Ref. 31.

can therefore write: cific extensions developed for the present application.
The key idea of the DMC method is the isomorphism
VRFT(r,R) =V (r,R) =V (r,R) + V&(r,R), (8)  between the time-dependent many-body Sdmger equa-

tion and a multidimensional reaction—diffusion equation

from which with anisotropic diffusion coefficients. Introduction of imagi-
HH \JHE \scorT nary timer=it/#, shifting of the absolute energy scale by a
Vi (LR)=VHRR) =V R). © quantity E,«, and identification of the inverse mass terms

If one further presumes that at least the behavior of the comwith diffusion coefficientsD; and of the shifted potential
relation forces is given realistically by the DFT calculations, V(r) — E¢ with position-dependent rate terrkér) leads to
then one could modify the perturbative dispersion terms othe following equations which show this analogy:
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2
iz aW(r,t) _ _2 h_VZ\If(r,t)+[V(r)—E,ef]\I'(r,t), The modified time steph 7o appears in the growth term of
at T o2m; ! Eq. (17) because not all moves attempted according{o
(12 —r';AT1) are accepted in the Metropolis step. Proposed
aw(r,m > 52 o y . moves fromr to r’ are carried out with probability
Tor T 4 2m ) (r,7) +[V(r) = E W (r,7),
(13
P(r—=r")y=min{LA(r—r")}, 18
(D) 2 (r—r)=min{1A(r—r")} (18
- =—2> D;VZC(r,t) +K(r)C(r,t). (14)
i
Knowledge of the structure of the wavefunction can be fruit- | (r")|2G(r'—r)

fully exploited for increased accuracy by introducing a guid- ~ A(r—r") (19
ing function W approximating the true wavefunction. The
introduction of W results in additional drift terms in the

diffusion equation which direct the random walkers into re-
gions where the trial wavefunction is large. At the sameThe asymmetric transfer functioB(r—r’;A7) has to be

time, the rate terms are now controlled by the local energyexplicitly taken into account in this acceptance decision. The

~w()[*G(r—r’)

defined as effective time stepA 7. is defined through the ratio of ac-
NS L1, cepted displacements and attempted displacements according
Eiocal(N) =W {(NHW(r) =W () T¥(r) +V(r), to

(19

which is a smoother function of the coordinates than the
potential and reduces the variance of the energy estimators

Ar?
ATeﬁ:AT<A—2>aCC. (20
&(TTT)—Z L 2w - v (WY I (Bra
T—jz—mjj( T)ﬁj(T”T)
-1
[V T+ V() — Erer (W), (16) Our specific implemetation assigns a variable weight to each

This equation reduces to E@L3) for the trivial case¥; random walker. As a consequence of the exponential weight
=1. update the sum of weight/(7)=Z2;w;(7) grows or decays

A random walk technique is used to calculate the steady@ccording to the mismatch betweEpand the average local
state solution of the diffusion equation corresponding to &N€rgy.
given quantum problem. A large ensemble of random walk- ~ Walkers whose relative weigh,=w;/W(7) falls be-
ers is propagated with time stepsr starting from some low a preselected value,,,;, are eliminated randomly from
arbitrary initial distribution. The propagation fromto r  the ensemble with probabilitp_=1—w, or retained and
+ A7 consists of random Gaussian displacements of the Ca@ssigned the average weighti(7)/nqy with probability
tesian coordinates and systematic moves under the influen®e =Wrei- Walkers whose relative weight grows beyond a
of the quantum drift forcé=(r)=¥+V In W; and an update Maximum valuenpm, are split inton,,= int(wye + u) walkers
of a weight carried by each random walker. Additionally we ©f weightw; /n,,, whereu is a uniform random number. The
use a Metropolis type acceptance check for each attempte®lues ofwp, and wn,, are chosen such that the average
move” such that for arbitrary time steps the number density?umber of walkers remains approximately constant during
of walkers is given byW?2 in the limit of zero branching, the run,_whlle the instantaneous ensemble_ fluctuates. Thes_e
while their weights are a stochastic sample of the local valugn€chanisms ensure that the walkers remain concentrated in
of W/W. This has been shown to result in large reductiong€levant regions of configuration space without introducing
of the time step error of DMC calculations. Our implemen- artificial sources or sinks and can be easily generalized to a
tation uses a global check after trial moves have been madtuation with correlated walks on several surfaces.
for all particles. The short time approximation to the Green’s After equilibration of the initial random walker distribu-

function appropriate for Eq(16) is tion the ensemble average Bf,co Which will be referred as
, Emeanin this article is identical with the ground state energy
G(r—r'";A7) irrespective of#+ and is only subject to statistical fluctua-
me |32 m tions. The ground state energy can also be computed from
J J ’ i i
:H [( 0 ) exp[ - X(rj_r i the rate at which the total weight of the ensemble grows or
i L\2mAT T decays as elapses. This estimator is called the growth en-
Ar 2 ergy
— 2_ijj(r))

E| |(r)+E| |(r,) aan(T)
xexp{—Areﬁ( e > = —Eref] [ - 17 Egrowth= Eref— ir (D)
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R/A Ni=1

FIG. 1. Orientational behavior of the Ar—CO interaction employed in the Only expectation values of local operators are directly acces-

present work. Upper panel: repulsive region at three different orientationsgjple with the DMC scheme. In this case the integration re-

Lower panel: well regions for the same orientations. Bke0° orientation duces to an average over operator valaés)
corresponds to the linear AC—Ostructure.

and is known to have a smaller time step dependence than

Emean Both energy estimators were always extremely closelhis technique is in particular applicable to the positional
to each other in our simulations, the difference never exceedorrelation functions which are very useful in visualizing the

ing half the standard deviation of energies. We therefore re-
port only our values foE ,canaSEp values.

A. Calculation of expectation values

Arbitrary property expectation valués@\) are computed

by replacing integrals by sums over samples

180
160
140
120
100
80
60
40
20

8 / degrees

\/00

)

3.5 4.0 4.5 5.0 55

R/A

e
o

(A)=

_ SIWA(T)
=Nw,

(24)

FIG. 4. 3D density distributions of Ar atoms around the CO molecule ob-
FIG. 2. Energy levels of the potential energy surface for the adiabgtic  tained from DMC calculations. Upper diagram: density valuesnferl2;
potential discussed in the main text. The energy levels are in units of.cm lower panel: density values for the CA&¥) cluster. Distances in A.



6902 J. Chem. Phys., Vol. 111, No. 15, 15 October 1999 Paesani et al.

pAr( R) pAr(e) IDAr—CO-Ar(OC) I:>Ar—Ar—Ar(’Y)

2
n=Jp,(R)R°dR n= 27erA 0)dcos —IP )dcosa —IP (y)dcosy
0.012 LI L I N N N B B 020 | L L L L 7_0 T T T T T T 7 70 L T | L L
0.010 GO(Ar) - I 1 60 4 6.0 .
A5 - - I ] | ]
015 50 | 4 50 .
0.008 . I ] I ]
40 | 4 40t g
0.006 |- 4 040 - . ] 1
30 | 4 30t e
0.004 - - I 1 5 I
005 |- S 1 %0 A
0.002 - n 10 + 4 10| 7
0.000 by b ANy T 000 PR I N NI N 00 I PR N (T (U N T N | 00 PN IR T N NI
012345678 0 30 60 90 120150180 0 30 60 90 120150180 ~ O 30 60 90 120 150 180
0.024 T LI I (L TNt S PR L 70 T T 70 VT T
0.020 |- CO(Ar), ] 030 - 4 60f 4 60F -
0.25 - 4 s0f 4 50F -
0.016 - I ] I ] I ]
0.20 4 40t 4 40F .
0.012 - . : - : ] ; 1
0.15 4 380¢f 4 80F -
0.008 - . I ] I ] I ]
0.10 | 4 20t 4 20+ -
0.004 I- 7 005 - 4 10t 1 10t .
oooo P I B | I I 000 PR I N IR N 00 | 1N I AT oo A NN T I N N
01234568678 0 30 60 90 120150180 O 30 60 90 120 150 180 0 30 60 90 120 150 180
R/A 0 / degrees o / degrees v/ degrees

FIG. 5. Radial and angular density distributions for the CO(Aglusters. Upper panels: for the=1 case; lower panels: for the=2 case. The panels
represent, from left to right: radial distributions from the molecule center-of-mass; angular distributions for one Ar atom’s Jacobi angieistriputzons
for two Ar atoms with respect to the molecular center-of-mass; angular distributions for three Ar atoms with respect to the middle atom of each trimer.

structure of the clusters. The radial distribution of rare-gas S(ri—r)
atoms relative to the center-of-mass of the whole cluster is  p(r,2)= —2 — 9%z-2 : 27
computed as walk
1 S(R—R) n=27-rf J' p(r,z)rdrdz. (28
Prad R) = nE <T> : (25 0J-e
walk

This quantity is accumulated on a grid which is equidistant
The radial distribution function can be easily converted toin z andr? which eliminates the need to take square roots
the spherically averaged radial rare-gas density distributiogluring the data collection.

p(R)

p(R)= n P.dR). (26) B. The global potential energy function

All calculations were done with a purely pairwise addi-
In a similar way we compute two-dimensional histograms intive potential energy surface based on the CBlinitio part
cylinder coordinates to analyze the density distributionfor the Ar—CO interaction and the empirical HFD-B poten-
p(r,z) of argon atoms around the CO molecule. The COtial for Ar.*® For the Ar—CO interaction we used the adia-
bond is chosen at theaxis and the perpendicular distance of batic expression
argon atoms to this axis defines the polar radiuhe origin A,Co Ar
coincides with the center-of-ma$€M) of CO and the car- 0'(RO)=(VAUR, 6.7 co)v=0=VodR.6), (29
bon atom is on the positive-axis. The density distribution is where the indexv=0 indicates averaging over the CO
computed as ground state wavefunction obtained by solving the Schro
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pAr( R) pAr(e) IDAr—CO—Ar(O(’) I:>Ar—Ar—Ar(’Y)

2
n=[p,(R)R°dR n=2np, (8)dcoso 1=/P(0)dcosc 1=/P(y)dcosy
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FIG. 6. Same as in Fig. 5 but for=3 (upper panelsandn=4 (lower panels

dinger equation for the diatomic potential of Ref. 47. Within IV. DISCUSSION OF RESULTS
this apprOX|mat|on the adiabatic potential of the CO(Ar) A. Binding and evaporation energies
cluster is now expressed as
" " Adiabatic ground state energies for CO(Arvhen the
Vtotalzz VACO(R: | 6)) +Z VART(R)), (30) CO molecule is in its wbrqtlona_l state=0, calculated frqm
i=1 i<i the DMC approach described in Sec. lll, are shown in the
whereR;; are distances between rare-gas atorasd], and left panel of Fig. 3 for clusters of different sizes. One clearly

R;, 6, are Jacobi coordinates describing the distance be3€€s a ghange in the slope correspondmgﬁoG andn
tween rare gas atoinand the center-of-mass of CO and the — 10. This fact becomes more evident when one looks at the

angle between the, vector and the CO bond vector. Al- single evaporation energy, that is the energy necl:essary.to
though many-body forces are included in each term of th&€vaporate one Ar atom from the cluster. This quantity, that is
first sum on the r.h.s. of30), no three-body or higher-order & measure of the relative stability of clusters of different
forces are added to it or to the second sum on the r.h.s. of E§iZes, is shown in the right panel of the same figure. As

(30). We shall further comment on this point when discuss-Mentioned before, it is possible to note there that the clusters
ing the results from the present work. with six and ten Ar atoms turn out to be relatively more

In Fig. 1 we show the energy curves for three fixedstable than the others. It is also important to underline the
orientations for the adiabatic potenti¥ly,: in the lower relative instability for the CO(Ag cluster.
panel we report the well region while the repulsive region is  In Fig. 4 we report instead the 3D plot of the Ar density
shown in the upper one. The adiabatic potential energy corfor the smallesfCO(Ar)] and the largetCO(Ar),,] cluster
tours in (R, #) is shown in Fig. 2 where one clearly sees thatrepresenting it in cylindrical coordinates. From these density
our calculations confirm the prevalence offsshaped con- distributions, the floppiness of such clusters is very clear
figuration and the existence of a weak angular anisotropy ashich correspond to a diffuse distribution of the rare gas
discussed in Ref. 41. atoms around the CO molecule with a larger probability in
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FIG. 7. Same as in Fig. 5 but for=5 (upper panelsandn=6 (lower panels

the region where the interaction is stronger. This is evidentlistribution, in the second one the angular density distribu-
for the CQAr) cluster in which our calculations show a dif- tion in which the angle corresponds to the angle between
fuse distribution of the Ar atom associated to all the orientathe axis bond and the vector which starts from the center-of-
tions around the bond axis of the diatomic, that peak perpenmass of CO. The third and fourth columns show instead the
dicularly to this axis in the minimum region of the adiabatic angular distribution probability in which the angle is the
potential surface. It is obviously more difficult to corre- angle between the center-of-mass of CO and two argon at-
spondingly locate for the CO(Ay) cluster the mimimum of  oms and they angle is the angle between three Ar atoms.
the multidimensional surface but is clear from the plot of the | goking at the first column, one clearly sees that the
global density that the rare gas atoms are also distributefrgest peak of the radial density is centered at about 4.0 A
almost uniformly around the CO, providing a solvation shelly, 4 corresponds to the region of the minimum for the
for the diatomic impurity. This solvation can be further ex- oy interaction. It is also possible to note in some clus-

plained by looking at the strength of Ar—Ar and Ar—CO (o1q the appearance of another smaller peak at larger dis-
Interactions. _These Interactions alt_hough very similar to eaC?ances: this can be explained in terms of the small difference
other, show in fact that the attractive part between Ar aloMsy ot exists between the solvent—solvent and solvent—solute

is stronger than _that for the Ar—CO por_tlon and therefore thei‘nteractions and the preferential stabilization effects from the
rare gas atoms in the clusters are distributed as shown by the

: : S . . . interactions between the argon atoms. This suggestion is
calculations in order to optimize their own interactions. . . A
confirmed when looking at the angular distributions: in the

second column it is possible to see a diffuse distribution of

rare gas atoms around the CO impurity, with an increasing
In order to obtain more information about the structureprobability to find Ar atoms at the oxygen side of diatomic

of the present clusters we have also analyzed the radial ar{dtronger attraction Ar—CfOas the cluster size is increased,

the angular density distribution probability of the Ar atoms. while both the angular probability distributions afand y

In Figs. 5—10 we report in the first column the radial densityshow several narrow peaks which increase in number when

B. Radial and angular correlation values
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FIG. 8. Same as in Fig. 5 but for=7 (upper panelsandn=8 (lower panels

the size of cluster is increased. These results point at a pr&®@MC results show very diffuse distributions of rare gas at-
nounced solvation effect of Ar atoms on the CO as a “sol-oms that cannot be easily related to the structures obtained
ute” and suggest besides that quantum effects are importaply the Simplex optimizationssee Figs. 11 and }2This is
in the vdW clusters where several minima exist and in whichyyrther proof of the fact that the vdw clusters are not realis-
directional bonding cannot be described in terms of the usug|c4|ly described unless one takes in account the quantum
“balls and sticks™ picture for chemical bonding. effects. The presence of several, different cluster structures,
for a given number of solvent atoms, that lie very close in
energy and are separated by very small energy barriers,

In order to investigate further the quantum effects in themakes the classical picture of the clamped nuclei in the
CO(Ar), clusters we carried out numerically Simplex Born—Oppenheimer approximation very strongly dependent
optimizatioﬁls to find the “classical” optimal structures for on the aggregate’s temperature_annea“ng history_ On the
such aggregates. In Figs. 11-12 we report the results of OWiner hand, the quantum treatment using DMC calculations
calculations in_ t_erms of con_\/entional bon_ding pictures Withprovides a physically more appealing description. This point
sphe_res d_escnbmg the localized atoms. It is |m_portant to Not&_ | be demostrated by looking at Fig. 13 in which we report
at this point that we actually found several different struc- .

the zero point energyZPE) computed for the present clus-

tures for the same value afwhich had total energies values rs. One clearl that the ZPE ol n important role in
below those of the ground state energy obtained from th(I:e s- ©ne clearly sees that the plays a portant role

DMC calculations, a rather common property for rare gastheir g_lob.al energetics representing about 15%—20%. of the
cluster€® It is possible to compare the Simplex structures,tOtal binding energy. One should also note that the Simplex
shown in Figs. 11 and 12, and the DMC results shown peminimization did not yield total energies that, fo~11 and
fore. One clearly sees that for the smallest clusters it is still2, were below the DMC energies, a further sign of the pres-
possible to find an analogy between classical and quantunce of too many equivalent structures.

geometries but when the number of Ar atoms increases the From the conventional structures of the Simplex con-

C. Optimal structures and quantum effects
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FIG. 9. Same as in Fig. 5 but for=9 (upper panelsandn=10 (lower panels

figurations, however, we can also draw some qualitative inappears to start preferentially on the carbon atom, while the

dicators on the behavior of the microsolvation process of CQuantum picture tells us that the oxygen end of the molecule

molecules in argon as a “solvent.” We see, in fact, fromis instead the “hydrophilic” part of the CO as a solute.

Figs. 10 and 11 that the additional argon atoms which bind

around the CO molecule, as the clusters grow bigger, tend to

localize all on one side of the molecule since the stabilizing, concLUSIONS

effect of the Ar—Ar attractive potential prevails over the

competing Ar—CO stabilization. It therefore follows that, Pairwise additive intermolecular PES for CO(AQlus-

once the first two atoms are localized on a given side of théers, n=1-12, has been constructed from higly accurate

molecule the additional ones continue to enrich that side beAr—Ar interactiorf® and anisotropic Ar—CO potential ob-

fore the cluster gets to be big enough that repulsion effectiined by a recently developed treatment which combines

among “solvent” atoms together with the increased contri-density functional theoryDFT) with the long-range disper-

bution from solute—solvent attractive dispersion forces mansion interactiort> As discussed in Ref. 35 this approach in-

age to locate additional atoms on the opposite side of thdicates that the use of DFT calculations combined with a

molecule, thereby “solvating” the CO in the Ar moiety. global damping function yields a final PEEHDSD) which
Furthermore, we see that the Ar atoms initially prefer ais remarkably close to the best MC-SCF rediilthat are

T-geometry slightly shifted on the carbon side of CO andobtained with a greater computational effort.

that the clusters grow by further adding the solvent atoms on  Since the Ar—CO potential depends on the vibrational

that same side, thereby forming global clusters where thguantum number of CO we have followed the adiabatic treat-

oxygen atom is, classically speaking, slightly pushed on thenent of Ref. 17 to investigate the energies and the structures

outer region of them. On the other hand, the quantum DMGor CO(Ar), clusters in the CO vibrational state=0 using

results show angularly broad binding regions which arethe diffusion Monte CarlofDMC) method. We have ana-

shifted on the oxygen side. Hence, the microsolvation of CQyzed the relative stability of clusters of different size and the
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distributions of Ar atoms around the CO molecule. The comstate has significant amplitude at configurations which are
parison with the optimal structures obtained by Simplexspatially and energetically far from the equilibrium geom-
etry. As a result, the global minimum of the full interaction
We have then shown that, in such van der Waals clustermso longer defines uniquely the structure of the complex and
with several shallow minima separated by low isomerizationindeed the very notion of a molecular structure which would
barriers, the wave function associated with the ground bountie described by the usual representation in terms of clamped

minimizatiorf® is also reported.

.. & &
AR TR

FIG. 11. Simplex optimization structures for the CO(Acjusters using the

interactions described in the main text. Top row, from left to right: the FIG. 12. Same as in Fig. 11 but for the Simplex structures of the clusters

FIG. 10. Same as in Fig. 5 but for=11 (upper panelsandn= 12 (lower panels

clusters withn from 1 to 3. Lower row, from left to right: the clusters with  with n=7 to 9 (top row) and with the clusters wittn=10 to 12 (bottom
n from 4 to 6.

row).



6908 J. Chem. Phys., Vol. 111, No. 15, 15 October 1999

500
250 F 3
0
-250 | 3
-500 F 3
- -750
E 1000 ]
\3 -1250 |
gg -1500 F 3
w -1750 |
-2000 F 3
-2250 | 3
-2500 F 3
-2750 | 3
I B S S B S R
llIAr
FIG. 13. Computed total energies as a function of cluster (sizth n from

1 to 10. Solid line: from the Simplex minimum structures; dashed line:

Paesani et al.

13C. M. Lovejoy and D. J. Nesbitt, J. Chem. Ph$8, 5387(1990.

14J.1. Cline, B. P. Reid, D. D. Evard, N. Sivakumar, N. Halberstadt, and K.
C. Janda, J. Chem. Phy&9, 3535(1988; W. D. Sands, C. R. Bieler, and
K. C. Jandajbid. 95, 729(1991); D. G. Jahn, S. G. Clement, and K. C.
Jandajbid. 101, 283(1994).

SR, N. Barnett and K. B. Whaley, J. Chem. Ph9$, 2953(1992; M. A.
NcMahon, R. N. Barnett, and K. B. Whalejd. 104, 5080(1996; M. A.
McMahon and K. B. Whaleyibid. 103 2561 (1995; Y. Kwon, D. M.
Ceperley, and K. B. Whaleybid. 104, 2341(1996.

16F, Dalfovo, Z. Phys. D14, 263(1989.

177. Badc, M. Kennedy-Mandziuk, J. W. Moskowitz, and K. E. Schmidt, J.
Chem. Phys97, 6472(1992; P. Niyaz, Z. Bai, J. W. Moskowitz, and
K. E. Schmidt, Chem. Phys. Let252 23(1996; D. Blume, M. Lewer-
enz, F. Huisken and M. Kaloudis, J. Chem. P85 8666(1996.

18F. A. Gianturco, M. Lewerenz, F. Paesani, and J. P. Toennies, Chem. Eur.
J.5, 405(1999.

¥B. L. Hammond, W. A. Lester, Jr., and P. J. Reynolt¥nnte Carlo
Methods in Ab Initio Quantum Chemisttyorld Scientific, Singapore,
19949

207, Ziegler, Chem. Rew91, 651 (1991).

2R, G. Parr and W. YandDensity Functional Theory of Atoms and Mol-

from the DMC calculations. Top panel: resulting zero-point energies from ecules(Oxford University Press, Oxford, 1989

the calculations of the lower panel. All values in ¢

nuclei and localized bonds, certainly a cornerstone of con
ventional chemistry, becomes ambiguous and has to be us

with caution.

223, Lundquist and N. H. MarchTheory of Inhomogeneous Electron Gas
(Plenum, New York, 1989
ZDensity Functional Methods in Chemistidited by J. Labonowski and J.
_ Andzelm (Springer, Heidelberg, 1991
243 Harris, Phys. Rev. R9, 1648(1988.
. Gunnarsson and B. I. Lundquist, Phys. ReV1® 4274(1976.
%A, D. Becke, J. Chem. Phy88, 1053(1976.

Another interesting aspect of the present work concerng’J. C. SlaterSelf-Consistent Field of Molecules and SolitécGraw-Hill,

the evaluation of the vibrational frequency shift caused by,
the cluster environment on the solute CO molecule. We hav

New York, 1974.
8S. M. Vosko, L. Wilk, and M. Nusair, Can. J. Phy&8, 200 (1980.
Ba/_\_ D. Becke, J. Chem. Phy88, 1372(1993.

carried out specific calculations on this problem by employ=<ot . punning, Jr., J. Chem. Phyao, 1007(1989; D. E. Woon and T. H.

ing the adiabatic approximatibhbut we will report them
more extensively in a following publicatioii.

ACKNOWLEDGMENTS

The financial support of the Italian National Research

Council (CNR), the Italian Ministry for University and Re-
search(MURST), and the CASPUR Supercomputing Con-
sortium is gratefully acknowledged. One of (E.A.G)

thanks the Max-Planck-Gesellshaft for the award of the Max

Planck Research Prizé¢995.

Dunning, Jr.,ibid. 98, 1358(1993.

31G. A. Parker and R. T Pack, J. Chem. Ph§8. 1585(1978.

32K, T. Tang and J. P. Toennies, J. Chem. PI8@.3726(1984.

33A. J. StoneIntermolecular ForcegClarendon, Oxford, 1996

34F. A. Gianturco, F. Paesani, M. L. Laranjeira, M. A. Cunha, V. Vassil-
ienko, A. G. Shashkov, and F. Zolotoukhina, Mol. Ph98, 957 (1997);
F. A. Gianturco, F. Paesani, M. L. Laranjeira, V. Vassilienko, M. A.
Cunha, A. G. Shashkov, and F. Zolotoukhiitzid. 94, 605 (1998.

35E. A. Gianturco, F. Paesani, M. L. Laranjeira, M. A. Cunha, and V. Vas-
silienko, J. Chem. Phy4.10, 7832(1999.

36K. Mirsky, Chem. Phys46, 45 (1980.

3C. A. Parish, J. D. Augspurger, and C. E. Dykstra, J. Phys. Cl&&n.
2069(1992.

%8G, Jansen, Chem. Phys. Le223 377 (1994.

1V, R. Pandharipande, J. G. Zabolittzky, S. C. Pieper, R. B. Wiringa, and’B. Kukawska-Tarnawska, G. Chalasinski, and K. Olszewski, J. Chem.

U. Helmbrecht, Phys. Rev. Le0, 1676(1983; V. R. Pandharipande, S.
C. Pieper, and R. B. Wiringa, Phys. Rev.38, 4571(1986.

2K. B. Whaley, Int. Rev. Phys. Cheni3, 41 (1994.

3S. A. Chin and E. Krotscheck, Phys. Rev. B, 10405 (1995; E.
Krotscheck and S. A. Chin, Chem. Phys. L&27, 143(1994).

4D. M. Ceperley, Rev. Mod. Phy$7, 279(1995.

5M. McMahon and K. B. Whaley, Chem. Phys82, 119 (1994.

8A. Scheidemann, B. Shilling, and J. P. Toennies, J. Phys. Chén2128
(1993.

M. Lewerenz, B. Schilling, and J. P. Toennies, Chem. Phys. 286.381
(1993.

8M. Lewerenz, B. Schilling, and J. P. Toennies, J. Chem. Ph9&.8191
(1995.

9S. Goyal, D. L. Schutt, and G. Scoles, Phys. Rev. 1&9}.933(1992.

Phys.101, 4964(1994).

40y, Castells, N. Halberstadt, S. K. Shin, R. A. Beandet, and C. Wittig, J.
Chem. Phys101, 1006(1994.

413, Shin, S. K. Shin, and F.-M. Tao, J. Chem. PHy&4, 183(1996.

423, Anderson, J. Chem. Phy&3, 1499(1975.

43D, M. Ceperley and B. Alder, Scien@81, 555(1986; S. A. Chin, Phys.
Rev. A42,6991(1990; M. A. Suhm and R. O. Watts, Phys. Rex04,
293 (1991); W. A. Lester, Jr. and B. L. Hammond, Annu. Rev. Phys.
Chem.41, 283(1990.

4p. J. Reynolds, D. M. Ceperley, B. J. Alder, and W. A. Lester, Jr., J.
Chem. Phys77, 5593(1982.

4C. J. Umrigar, M. P. Nightingale, and K. J. Runge, J. Chem. P89s.
2865(1993.

4R, A. Aziz and M. J. Slaman, Mol. Phy58, 679 (1986.

19k stienkemeier, J. Higgins, W. E. Erst, and G. Scoles, Phys. Rev. Letf!’P. Huxley and J. N. Murrell, J. Chem. Soc., Faraday Trang9,2323

74, 3592(1995; J. Chem. Physl02 615 (1995.

1R, Frchtenicth, J. P. Toennies, and A. Vilesov, Chem. Phys. &8, 1
(1994; M. Hartmann, R. E. Miller, J. P. Toennies, and A. Vilesov, Phys.
Rev. Lett.75, 1566(1995.

2M. Hartmann, F. Mielke, J. P. Toennies, A. Vilesov, and G. Benedek,

Phys. Rev. Lett76, 4560(1996.

(1983.

“8W. H. Press, B. P. Flannery, S. A. Teukolsky, and W. T. Vetterling,
Numerical Recipes in Fortran2nd ed.(Cambridge University Press,
Cambridge, 1992

49D, J. Wales and J. P. K. Doyl, J. Phys. Cheifil, 5111(1997).

50F. Paesani and F. A. Gianturconpublished



