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Clusters containing open-shell molecules. Ill. Quantum five-dimensional /
two-surface bound-state calculations on Ar  ,OH van der Waals
clusters (X°II, n=4 to 12)
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Jeremy M. Hutson®
Department of Chemistry, University of Durham, South Road, Durham, DH1 3LE, England
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This paper presents a theoretical study of the bound states of the open-shell OH radical in its ground
electronic stateX?Il) interacting withn Ar atoms, forn from 4 to 12. After freezing the geometry

of the Ar, cage or subunit at the equilibrium structypeeceding papeywe carry out nonadiabatic
five-dimensional quantum dynamics calculations on two coupled potential energy surfaces, using an
extension of the method previously applied to closed-shg|HArclusters[J. Chem. Phys103
1829(1995]. The method is based on a discrete variable represent@iMR) for the translational
motion of OH relative to Ay, combined with a finite basis representation of the OH hindered
rotation and electronic structure, including spin—orbit effects. The pattern of OH hindered rotor
levels in clusters is similar to that in Ar—OH itself, though extended over three to four times the
energy range fon=4 to 9. Ar,,OH has a nearly spherical shell of Ar atoms around the OH, so the
anisotropic splitting is very small. For=10 and 11, the anisotropy may be viewed as arising from
holes in an otherwise spherical shell, and the resulting patterns of hindered rotor levels are inverted
versions of those for AOH and Ar—OH. ©2002 American Institute of Physics.

[DOI: 10.1063/1.1497947

I. INTRODUCTION the near-linear Ar—HO geometty’ As a result, the struc-
tures of the AfOH clusters are much less distortetthan

Clusters containing a central molecule surrounded byhose for ACH.?
solvent atoms provide important prototypes for solvation  Spectra of AfOH clusters could be observed by meth-
processes. Those containing open-shell molecules are pasels similar to those used for Ar—OHincluding laser in-
ticularly interesting because they are models for the solvaduced fluorescencé.IF),°~*2 stimulated emission pumping
tion of reactive species and reaction intermediates. The rang&EP,*~*® microwave spectroscopf, and direct infrared
of structures available for such species is considerably richeabsorptiof’ in supersonic jets. For any of these, the intensity
than for single-component clusters, or even for closed-shelk carried primarily by the OH monomer and the most in-
heteroclusters such as /fF.? tense bands will be those involving OH libratighlocked

In previous work, we have explored the structures oftranslation or hindered rotation. In this paper, we will cal-
Ar,CH (paper )? and Ar,OH clustergPaper I)° by perform-  culate the frequencies of such bands in clusters by perform-
ing simulated annealing calculations on surfaces that taking five-dimensional quantum bound-state calculations, hold-
account of the open-shell character and include spin—orbing the Ar cage fixed at the geometry of a minimygtobal
coupling. Substantially different structures were found in theor local) and allowing the OH molecule to translate and ro-
two cases. For AICH, because th&?II state of CH has a tate within it. The theory needed for such calculations will be
«! configuration, the Ar—CH interaction potential strongly described below. The calculations will include both potential
favors approach of an Ar atom in the nodal plane of theenergy surfaces arising from OHX®II) and the coupling
singly occupiedr orbital* This was found to have important between them as well as spin—orbit effects.
consequences for the ATH structures: a persistent coplanar A particularly interesting prospect is the observation of
Ar,CH motif was observed, and the Ar cages formed aroundir,OH clusters in liquid helium droplets. For AF clus-
CH (X2II) were found to be strongly distortédAr,OH ters, such experimerifshave succeeding in resolving size-
clusters were found to be quite different, becauseXhH selected clusters fon up to 9, and in observing multiple
state of OH has ar® configuration, so that the in-plane ap- structural isomers fon>3.
proach of an Ar atom is much less strongly favored. The  Open-shell clusters show new effects that are not seen
interaction potential for Ar—OH X?I1) has a minimum at for closed-shell clusters. In particular, the existence of an

angular momentum about the diatom axis has profound ef-

aAuthor to whom correspondence should be addressed. Electronic mair:eCtS for the, hindered rotor levels, ,because it allows odd-
Zlatko.bacic@nyu.edu order terms in the Legendi@r spherical harmonjcexpan-
PElectronic mail: j.m.hutson@durham.ac.uk sion of the potential to have nonzero diagonal matrix
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elements in the free-rotor basis set. In addition, there are . nZ . e
effects stemming from the existence of multiple potential  H,=Tr* W(J_J) +Vy(R,0) +Hmon, 3

energy surfaces and from spin—orbit coupling. A

The methodology needed to carry out five-dimensionaWwhereV, (R, 8) is the vibrationally averaged intermolecular
(5D) computations on closed-shell systems such g¢dAr potential for a monomer in vibrational stage
has been developed by Bacand co-worker®=? In the The principal approximations made for f&H clusters
present paper, we extend this approach to treat an open-shéill the present work are identical to those employed previ-
radical such as OHX?II) interacting with an A subunit. In  ously in the quantum 5D treatment of MF clusters->=2(i)
Sec. Il we describe the theory and computational aspects dfe Ar, subunit is held fixed at its equilibrium geometry and
the rovibrational calculations and in Sec. Il we present ouii) rotation of the complex is neglected. The OH monomer is
results for cluster sizes from=4-12. Our conclusions are thus free to move around inside or outside theg subunit.
in Sec. IV. Under these circumstances, it is convenient to use Cartesian

coordinates for the center of mass of the OH molecule, but to

retain angular coordinatesand ¢ to describe its orientation.

A. Notation K2 [ g2 52 52

We use the notation of Dubernet, Flower, and Hon 11— 2an a2 T2 T a2 *Humon
for clusters containing open-shell species. All quantum num- .
bers and other quantities that are conventionally denoted by +V(X,Y.Z,0,4), 4

upper-case letters for diatomic molecules are replaced byjhere 4, is the reduced mass of the ArOH cluster, .,
lower-case letters for the monomer in a cluster, and the cor=(m, mg,)/(ma, +mg,). The coordinate system is fixed
n n

responding upper-case letters are reserved for the complex g, raspect to the Ar cage; it is to some extent arbitrary, but
a WT:OIe' 211 molecule in Hund A ol some choices of coordinate system give better quantum num-
or a”Il molecule in Hund caséa), the total electron o« yhan others. Where possible, it is best to choosé the

Ohrbi?l ang_ular momenturi and thle total ?Iictror;] SPEIOT  ayis to lie along the highest-order symmetry axis of the equi-
the diatomic monomer are strongly coupled to the monomef, ., geometry of the complex, or at least to run from the

axisr, with projections\ and o, respectively. The total pro- OH molecule towards a central point in the, Asubunit.
jection is w=\N+o. We use the convention that the OH

monomer axig runs from O to H. The angular momentum
due to rotation of the monomer is perpendicular tso that . The open-shell monomer Hamiltonian
w is also the projection of the total monomer angular
momentumj onto r. In OH (X?I1), |w| can take valueg
and? .

The complete effective Hamiltonian for an open-shell
monomer is quite complicated, but for the current application
it is adequate to use the simplified form

_ "2 a2 a2 N2
B. The 5D intermolecular vibrational Hamiltonian Himon=E, +b,[)°+8 =8, —J7]

To describe the 5D Hamiltonian used here for clusters +a,l,8,—b,[J-8,+J,5_], %)
containing open-shell radicals, it is best to begin with theyhereb, anda, are the rotational constant and spin—orbit
Hamiltonian for an open-shell monomer interacting with a4y pjing constant for a monomer in vibrational stateln
single closed-shell atom. This is this work, we consider OHX2IT) in its v=0 state, with

H=T+H, ot V(R 0), (1) bo=18.56 cm * andag=—139.21 cm*.** The quantityE,

. _ _ ' ~contributes a constant to the total energy of the system, and
where the atom-diatom geometry is described in Jacobi casg js ignored in the following discussion.

ordinates(R, r, ). For an atom-diatom complex the kinetic There are additional terms in the monomer Hamiltonian

energy operatoll is conveniently written as that couple different electronic states and are responsible for
22 2 52 effects such a3 doubling. These could be included if re-
T=Tg+L2=— —— —R+—-(J—])?2 uired, but are not important at the present level of accuracy.

wherepu is the Ar—OH reduced mas3,is the total angular . ) )

momentum of the complex, arid=J—j is its end-over-end D- The interaction potential

rotational angular momentum. The open-shell monomer  The interaction potential between a molecule i atate

HamiltonianH ., and the intermolecular potentigl(R,r, 6) and a single closed-shell atom is usually characterized by

are described in more detail below. two potential energy surface€,/ (R, 0) andV (R, 0). The
Because of the very different frequencies for the OHcorresponding electronic wave functions are even and odd,

stretching and the intermolecular vibrations, we can perfornrespectively, with respect to reflection in the plane of the

an adiabatic separation and carry out calculations on an efnolecule, so that the two surfaces correspond to approach of

fective (vibrationally averaged potential surface for each the atom along a lobe of the singly occupigdrbital, or in

OH stretching state. The effective Hamiltonian is then its nodal plane, respectively.
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The interaction potential may also in principle include bond and itsx axis containing one of the solvating atoms.
terms that modify the spin—orbit coupling. In practice, how-[Note that this is not the same axis system as is used for the
ever, these are unknown, and they are neglected in th@H translationg.The positions of the perturbing atoms are
present work. The spin—orbit operator is thus taken to havepecified by spherical polar coordinates, 6;, x; for i
the same form in the cluster as in the OH monomer. =1-n. In the present model, we take the part of the poten-

In a cluster containing a molecule inla state andn tial that is diagonal in\, due toV,, to be just a simple sum
perturbing closed-shell atoms, there are still two potentiabver n atomic perturbers,
energy surfaces. However, these cannot be obtained by sum-
ming the atom-diatom potentialé,, and V- directly, be- "
cause there is in general no single molecular plane. Under VB°‘=<+1|V|+1>=<—1|V|—1)=Z Vo(Ri, 6;). (11)
these circumstances, it is easier to work with the sum and =

difference potentials, However, the off-diagonal terms, due to the difference poten-

Vo(R,0) =3 VA (R, 0)+Var(R,0)], (6) tial V,, depend ory;,
V3(R,0)={Var(R,6)—Var(R,0)]. (7 V= (+1|V|—1)=(—1|V|+1)*
The potentialsV (R, ) (v=0,2) may be thought of as the n
components in an expansion =D V(R ,0)exp—2ix). (12
i=1
V(R,0,x)=2, V,(R,0)exyi , 8 . . .
( X) zy (R.O)explivx) @® The exponential factor in Eq12) arises because the poten-

ttial due to atomi actually contains factors e&p/(x— xi))

wherey is an angle that describes the azimuthal position o :

; . . . .Instead of exggy). Because of the phase factors, the overall
the unpaired electron with respect to the triatomic plane. This . X
. o X : . effect of V, vanishes for any regular array of atoms with
viewpoint is useful in understanding the matrix elements be- ’

tween electronic functions more than twofold symmetry around tleaxis. In general,
In a basis set of functio.ns With=+23 +1 1 and—2 however,V‘zOt as defined here is a complex quantity, and the
so that §,0)=(+1-+23), (+1, - (_2’1 j_’;_L) zz;md (_f matrix (9) is complex Hermitian rather than real symmetric.

3 - ] 2] ] 2/ ] 2 1

—3) respectively, the potential due to the interactiomar In the present work, we use potential energy surfaces

) 2 tot constructed from the Ar—OHXPII) surfaces of Dubernet
atoms with OH &), Var_cu, can be represented by a and Hutsorf, assuming pairwise additivity in the sense of

X i :
44 matrix Egs.(11) and(12). It may be noted that the phase factors in
% 0o V¥ o Eq. (12) actually make the surfaces nonadditive in the usual
0 ot 0 o sense. The Ar—Ar interaction is described by the HFD-C

Ve = 0 2| (9)  Potential of Aziz and Cheff} which has a well depth of

"~ (V5H* 0 Vgt o 99.55 cm'* for the equilibrium Ar—Ar distance of 3.759 A.
0 (Viyr o Ve Since the Ar—Ar distances are held fixed in the 5D calcula-

tions, the Ar—Ar potential provides only an overall energy
In this basis setV, is diagonal andV, provides an off-  shift for each cluster.

diagonal matrix element of magnitud®e for each perturbing
atom. The quantitie&/y" and V5" will be defined in more
detail below.

The two (doubly degenerajespin-free adiabatic poten-
tial surfaces for the cluster can be obtained by diagonalizing  The approximation of treating the Acage or subunit as
the matrix(9). Alternatively, two adiabatic surfaces including internally rigid is a good onéfor the modes involving dia-
spin—orbit coupling may be obtained by diagonalizingtom translation and rotatioras long as the structure of the
V}{’r‘_OHJrHSO, where Ar,, subunit does not change much as the diatomic molecule

a2 0 0 0 moves around. This is true for fOH (X°II) because the
v interaction potential between OH and Ar is such that the
0 -a/2 O 0 OH-Ar equilibrium distance does not depend strongly on the
0 0 -a,/2 0 (10 OH orientation. In contrast, the potential between CHI()
0 0 0 a2 and Ar has very different equilibrium distances for in-plane
v and out-of plane approach of Ar to CH, so that it would be
This is what was done in locating the equilibrium geometriesnappropriate to treat the Asubunit as rigid in AfCH clus-
of Ar,OH clusters in Paper Il. However, for bound-state cal-ters. Taking the Ay cage to be rigid in AjOH remains valid
culations we need to retain both surfaces and the couplingven though some of its isomers are separated by just several
between them, and for this purpose it is better to work in thevave numbers, as discussed in Sec. IllH. The barriers be-
diabatic representation. tween these minima are on the order of 100 ¢rar more,

When there are several perturbing atoms, the matrix elmaking the interconversion of isomers difficult. Conse-
ements of the potential are most conveniently calculated in guently, the Ay subunits are localized in their respective
monomer-fixed axis system with its axis along the OH potential minima, justifying the rigid-Araproximation.

E. Accuracy of the rigid-cage approximation

Heo=
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F. Bound-state methodology V(X,Y,Z,6,¢) has been handled in a diabatic representa-
For a monomer described by Hund's cdsg the rota- 10N

tional states of the free molecule are described by normalized ~FOr ArHF clusters, the PO-DVR meth&tvas found to

symmetric top rotational functior§?° In terms of Euler ~be efficient, reducing both memory and CPU requirements

angles(¢, 6, 0) describing the orientation of the molecule, without losing accurac$* However, the accuracy of the en-

the functions are ergy levels does depend on how the reference potential that
o defines the PO-DVR points is chosen. In the present open-
: J i shell problem, because there are two different PESs in-
0,¢|jPw)=|———| DE.(¢,6,0), 13 R ) .
(6.4jPw) ( 41 ) Pl #0,0 (13 volved, it is difficult to construct a singleffectivePES to use

as the reference potential. Tests of PO-DVR approaches for
Ar,OH clusters showed poor convergence compared to a
primitive (unoptimized DVR approach. To convert the pre-
vious formulatiod! using PO DVR to the primitive sin DVR

whereDjF,’jw(¢,0,0) are(complex conjugates pWigner ro-
tation matrices with the phase convention of Brink and
Satchle® The quantum numbeP describes the projection
of the diatom angular momentum onto thexis fixed in the | . .
cluster. is very simple: All reference potentl_als are se_t to zero.

The computational methodology used here is an exten-. The completg =D/25 proplem is solved in two stages.
sion of that developed for the 5D intermolecular vibrational F_|rst, for each pair OT DVR pointsX,,Y), we _solve a3b
eigenstates of closed-shell clusters such agHAr A 3D eigenvalue problem iZ and the angular coordinates,
direct product discrete variable representatipVR)?"?8 is 30h | by = 3Deah| ek, (14)
employed for theX, Y, and Z coordinates and normalized
spherical top functions as in E6L3) are used for the angular Where
coordinates and the electronic degree of freedom. Together, 2 52
these constitute a 5D basis §&,)|Y)|Z,)|iPw). How- Pheb=— 5 92 TV(XaYp.2,0,.6) tHimon (15
ever, since there are two coupled potential energy surfaces Fon
involved, corresponding to an extra degree of freedom, we&nd
refer to the present calculations as five-dimensional/two-
surface (5D/29 calculations when we wish to distinguish |q>gf”>= E Ci,ﬁpw,plzy)lew). (16)
them from the simpler 5D calculations needed in the closed- VP
shell case. The monomer HamiltoniarH ,,, has been described

The technical aspects of the implementation of sin DVRapove. In the basis sétP w)=|jP\ o), its matrix elements

methods together with sequential diagonalization and truncagre diagonal irP and independent of it. In the 5D basis set
tion for the X, Y, and Z coordinates have been described|Xa>|yﬁ>|zy>|jpw>' they may be expressed as
e

previously?* We have used similar procedures and the sam

notation for ARLOH (X2II) in the present work, with (Hmo,gg};@;g;{’ww’:5M,5ﬁﬁ,5w,5“,5pp,
two main modifications. First, a primitive sin DVR basis )
has been used in place of the potential-optimiZ&D) X (Nmon) ' w(1), (17

DVR method used for AHF. Second, the potential part where, forj>3, (hmon o o(i) iS @ 4x4 matrix of the form

E(°M3p.j) Naed]) 0 0
haed ) E(°Myp.)) 0 0
0 oy
(Mmoot D=1 0 ECllg)  hud)) 19
0 0 haed ) SQIEPN)

The diagonal element&(*I15,,j) and E(?[14,,j) may be Hgee=—b,[j_5,.+],.5_]. This is off-diagonal by 1 ins
found by considering the diagonal part of the Hamiltonianand therefore inw, but is diagonal in\ andj. Its matrix
(5), elements between monomer functions are

E(*Iyp,))=b,j(j+1)+3b,—3a,, (19 (Noj[Hgedho=1j)==Db,[j(j+1)— o(w=1)]"
X[S(S+1)—a(c+1)]¥2 (22
E(2H3/21j):bvj(j+1)_ézlbv+%av' (20)

For a doublet state, the second factor in this equation
The off-diagonal matrix elements in E(L8) arise from the volving S and o) is 1. The quantitiehye. occurring in Eqg.
rotational decoupling part of the monomer Hamiltonian, (18) are therefore
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hgedj)=—b,[j(j+1)—$]"2 (22) The matrix elements of the rotation matricBg? be-

. tween the angular basis functiolj® w) are simply

For the case of =3, only the central X2 block of the
matrix (18) exists.

The matrix elements of the potenti(X,Y,Z,6,4) be-  (j'P’o’|D}¥|jPw)=[(2j+1)(2j +1)]*2
tween the basis functionX,)|Yz)|Z,)|jP w) are most con-

veniently calculated by first expanding the sum and differ- X(_l)ﬂ—wp—w( J Ao )
ence potential®/s* and V5" in rotation matriceD}% -0 v o
VRN
VtVOt(XaiYﬂvzylav(ﬁ):E V;\LV(XQYYB’Z‘Y)D;\;I(/(QS!G!O% X( J J ), (25)
A -P" u P
(23

where the last argument is zero because the electronic a%)xihere,u, must be equal t’

- i . —P and » must be equal to
muthal factor expg@y) is handled separately as described

o' —w to avoid a nonzero value for one of the Clebsch—

above. The coefficients’, (X,,,Yz.Z,) are given by Gordan(CG) coefficients.
N IN+1 N o From Egs.(23)-(25), we may express the matrix ele-
Vir(Xa Y, Z,) = 4o J f DL(¢,0,0V, ments ofV in the basis seX,,)|Y)|Z,)|jPw) as
X (Xe:Yg,2,0,0)dpsingde, (24)
~ a’B”y’j’P’w,:
where the total potential is evaluated from E{<g) and(12) Magyipo Saar Oppr Oyy
with the monomer at orientatiof®, ¢) in the frame fixed in S(i'P o' IV(X. Y, Z ;
. . ) H 101 P
the cluster. As noted abov¥y" is a complex quantity be- (7P e IV( p:Zy:0:9)liPo)
cause of the factors exp@iy) in Eq. (12). In this work, = 8ou 855 8y IR @ (X Y 4,Z.)
. . . . aa' OB Cyy' VPw ar L Breyls
integrals over rotation matrices are evaluated as described by
Leforestier’® At each DVR grid point K,,,Yz,Z,), the po- (26)
tentialsVy' andV5" are evaluated on a grid of points #rand
¢ to project out the componen\s’l‘w(xa,YB,Zy). where for grid point X, ,Yg,Z,) and] >1
|
V}P (g:%) 0 V}PP (%1_%) 0
\/i’P'/11 \/i’P /1 _ 3
\A/jl;P/w/: 0 VJP (E'E 0 V}P (21_5) (27)
JPw — I p/ — I p! 1
VI" (= 3.9) 0 V" (=3, 3) 0
0 V(-4 0 Vi (=3.-9)
|
where basis set used here. It would in principle be possible to sym-
metrize the basis set to obtain a real symmetric Hamiltonian
matrix, but this was not done in the present work. It may
VIR (0 0)=> VA (Xo,Y5,Z,) (28)  be noted that the angular basis set size for the open-shell
P ! P —P,o' —w ar ! Brey .
A problem is almost a factor of 4 larger for the open-shell case
, i’ N j {4'><[(jma§+2%1)(jmax+§)—1]} than for the closed-shell case
X (—1)P _w<_ , ;L ) [(J maxt1)7]:
w 00 The final step is to diagonalize the 5D Hamiltonian, us-
i N j ing primitive sin DVR functions for theX andY coordinates
X ) , ) but contracted functions from the 3D calculation for the
—-P" P =P P coordinate and the angular degrees of freedom. The con-

tracted functions are selected by choosing a cutoff energy

As before, for the case gf=2, only the central X2 block 3De.., Which is the same for every 3D cut; only those eigen-
of the matrix(29) exists. vectors|®5”) whose eigenvalue¥e;” are below™ e, are

Using Egs.(21)—(29), we may now solve Eq(14), retained in the final basis set. The final equati@, is very
which describes the hindered rotation of the diatomic mol-Similar ISODEgé(lg) of Ref. 21, except that now the 3D coef-
ecule coupled to th&-axis vibration(against the large Ar  ficients *"Cijp,, , are complex numbers} The final 5D
subuniy in the cluster. The Hamiltonian matrix is complex Hamiltonian of Eg. (4) in the contracted basis set
Hermitian rather than real symmetric matrix in the sigred- {|X,)|Yg)|®5%)}, H, is
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800
300

NX Z'jmax
ga'B'p _ X X X 3D~af\* 3D~ B
He _555,(;1TmTa,en) q;( ce)y*3nc

app ap’
NY Nz'jmax
Y Y Y 3D afyx 3D~aB’
+ 8, n§=‘,1 TnBTB,en) qzl (3°Cgf)y*3oCe,
+ 5aa’ 5BB/ 5pp/3DEg'B . (29)
The subscriptq appearing in Eq(29) stands for indices : a 100 =

{vyjPw} instead of{ yjm} as in Eq.(18) of Ref. 21.

G. Modifications for A states

The theory needed to handle solvation of an open-shell
molecule in aA state is quite similar to that for H state.
The major differences are in the potential energy surfaces
and in the monomer Hamiltonian.

For a single atom interacting with a molecule inAa
state, the two spin-free surfaces are bothbsymmetry and
the difference potential i, rather thanV,. In a cluster,
the factor exp{2iy) in Eg. (12 must be replaced by
exp(—4ix) and V{' (which has matrix elements between
N=+2 and\ = —2) must be expanded in rotation matrices
with v=4.

For a’A state, the diagonal elements of the monomer
Hamiltonian are

. . 7
E(2A3/21J)=bv1(1+1)_va_avl (30)
.13
E( AS/Z!J)zva(J_Fl)_va—i_avv (31)
and 800
112 300
Ngec= —b,|j(J+1)— Z} - (32

H. Computational aspects

The complicated forms of the potential and of the mono-
mer Hamiltonian make the open-shell problem significantly ; 100 >
more difficult to solve than the closed-shell one for several
reasons:(i) the angular basis size is almost a factor of 4
larger than in the closed-shell casi) the Hamiltonian ma-
trices for both the 3D Hamiltoniaril4) and the final 5D 1.0
Hamiltonian(29) are complex in the open-shell case, but real
in the closed-shell casé;and(iii) the PO-DVR method can- 4 0.5
not be easily applied in the open-shell case because of the

two dlﬁere.nt .EESS mYOIVed' . . FIG. 1. (Color) Effective translational potential energy surfaces for OH
The primitive basis sets applied here require both enorryaryy in ar,OH (top), in Ary,OH (centet, and in Ag,OH (bottom. The
mous CPU time and large memory space. Fortunately, fogoordinates are given in A.

clusters AOH (X?II) with n=4, it nevertheless proved fea-

sible to carry out the calculations. On fast workstati¢ios Before carrying out convergence tests, we first examined
example, 360 MHz CPUs, 6 GB memory, and eight procesthe potential energy surface for each,@H structure fom
sorg, the CPU time required varied from 150 to 500 h for the =2—12. For each positiofX,Y,2 of the center of mass ofthe
final calculation on each AOH cluster. OH monomer, we minimized the lower of the two PESs with

1.0 1.0
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respect to the orientation of the OH monomer. Examples ofers forn=4-12. Case-by-case testing is very time consum-
the resulting effective translational surfaces, for 10, 11, ing but is necessary to obtain accurate results. Even for the

and 12, are shown in Fig. 1. The surfaces give us a rouglamen, the rovibrational levels for different geometries gen-
idea of the spatial range of the OH translational motions

. o - . erally converged at different rates. To save computer time, in
This was used as a guide in choosing the range needed for .
the DVR points inX, Y andZ. some cases we permuted t¥Y,2 coordinates so that the
For the ALOH and AgOH clusters, it was immediately lowest-amplitude motion corresponded to theaxis. This
clear from inspection of the potential surfaces that our comreduced the number of DVR grid poini; required in solv-
puters could not support bound-state calculations with théng the 3D Hamiltonian. In the end, the lowest-lying four
present method, since the OH monomer can carry out vergovibrational levels of each the A®OH cluster were con-
large amplitude translational motions and unrealisticallyverged to between 0.01 and 0.05 cinand other levels that
large basis sets would be required in the primitive sin DVRJie within 100 cm ! of the rovibrational ground state were

approach. converged to between 0.1 and 0.2 émSuch accuracy is

The PESs for the global minimum structures of@H, 5,91 for us to obtain qualitative conclusions because the
ArgOH, and AgOH are quite similar to that for AOH,

” . neglected terms in the simplified 5D Hamiltonian may lead
because the additional Ar atoms above &ontributes only to inaccuracies of more than 0.1 ciin some enerav levels
to the second shell of atoms around @8imilar PESs also . gy '

> . .
exist for the global minimum structures farfrom 12 to 15. Fpr the AF‘OHQ (X7I) problem, the rotatmngl t_)aS'S set
Again, the additional Ar atoms built on the Arcage are in IS limited by |j .= 3 for all structures. The potential integrals
the second solvation shéll. were carried out witiN,= 10 andN ,= 20 points in¢ and ¢,

We performed convergence tests on the low-lying ro-respectively. Our convergence tests showed that these val-
vibrational energy levels for all the global minimum geom- uesgive convergence to better than 0.005 tfor all levels,
etries and some low-lying isomer structures of,@H clus-  which is more than adequate for present purposes.
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TABLE I. The hindered rotor and spin—orbit excitation energiassm™1) for Ar,OH (X?I1) clusters withh=5-12, at the global minimum cage geometries.

.3 3
AE(j=30=3%)
Nature of
n P=+3 P=—3% P=-3% AE(j=30=3) AE(j=3,0=7%) X, Y modes
4 26.55 47.17 64.19 >110 >110 Cartesian
5 23.08 44.83 65.74 110.45 >120 2D circular
6 26.38 49.00 74.81 107.87 >134 2D circular
7 26.62 49.40 75.42 108.28 >135 2D circular
8 26.82 49.69 75.49 108.64 >147 Cartesian
9 27.03 50.39 76.26 108.94 >148 Cartesian
10 5.40 17.17 33.81 93.31 148.18 Cartesian
11 1.54 10.35 21.84 89.84 129.99 2D circular
12 0.56 1.03 131 91.24 125.78 2D circular
IIl. RESULTS AND DISCUSSION potential felt by an OH molecule is thus not cylindrically

symmetrical, so thaP is not a good quantum number even

The energy levels obtained from the 5D/2S calculations, hap rotation of the cluster is neglected. Nevertheled3jsf

for clust_er sizes1=4-12 are shown n Fig. 2, together W'th defined as the projection gfonto theC, axis, it is still a
correlations that show how the various modes evolve with

X . . . lf|seful label.
cluster size. The levels corresponding to hindered rotation o h its of the 5D/2S calculati tor this struct
OH in the cluster are listed in Table I. € results ot the caiculations for this structure

Before discussing the energy levels of ®H clusters, it &€ given in Table Il as an example. In addition to level
is useful to recall the levels of Ar—OH itséffand how they ~— €nergies, we calculated root-mean-square vibrational ampli-
differ from those of closed-shell complex®sin a closed- tudes and assigned quantum numbers on the basis of wave-
shell complex such as Ar—HF, the HF molecule can undergdunction plots. As for Ar—OH itself, the ground state for
hindered rotation. In the potential due to an Ar atom, eachAr,OH has P=+3, with OH pointing predominantly to-

HF rotational level with rotational quantum numids split ~ wards the “cap” of Ar atoms. The other three “internal ro-
into components with projectiok=0,1,...j along the inter-  tation” states(with P=+ 3, —1 and—3) are spread over 64.2

molecular axis. In the absence of Coriolis coupling from ro-cm~*, with much the same pattern as in Ar—Gthe largest
tation of the complex as a whole, levels that differ only in thegpacings at the bottonbut a larger spread.

sign ofK are degenerate. Ar—OH differs in that the monomer
has an electronic ground statdls,, with electronic

(orbital+ spin) angular momentum = + 3 along its internu- . _ . . p b oo .
. : . . in Fig. 2. Motion parallel to the “short” axis of Ay (desig-
clear axis. The lowest rotational state Has|w|=3, and is 9 P Af (desig

split into four components rather than two by the intermo-na'[eOI they axis herg is much easiedower frequencythan

lecular potential. The pattern of energy levels has been dépotlon para!lel to the “Iopg" aX|s(deS|gnated>§), b.ecause.
scribed by Dubernet, Flower, and Huts8riThe projection the latter brings the OH into stronger repulsive interaction
of j onto the intermolecular axis is label®rather thank with the “ears” of the cap. The resulting excitation frequen-

for an open-shell complefbecausé is reserved for a spin- Cies arevy=19.68 cm * and vx=44.15 cm !, respectively.

free quantum number for Renner—Teller molecukesd the  Motion along theC, axis has an even higher frequency

energies depend on tlsggn of P as well as its magnitude. In  (v;=51.13 cm!) because it brings the OH molecule into

particular, levels in whicl? and o have thesamesign have direct contact with the Arsubunit.

the H of OH pointing predominantlyowardsthe Ar atom, The translational qguantum numbers for the, vy, and

whereas those in whidh andw haveoppositesigns have the 1, modes are designatet,, ny, andn,, respectively. For

H atom pointing mostlyaway from Ar. This occurs because clusters where th& and Y motions are strongly mixe¢see

the OH free-rotor wave functions are Wigner rotation matri-pe|ow), 1, and vy are replaced by, andv,, with quantum

ces, rather than simple sph(_ancal h_armc_)mcs. Th_e signief numbersn, andn,. For Ar,OH, however, theX andY mo-

conventionally used to de33|gnate Its sign relalttlvec;;tothe tions are distinct and the wave functions for the states with

Imgvetst level thus haP = + 3, followed by P= +§_, ~32 and (Ny..Ny.N,)=(1,0,0), (0,1,0, and (0,0, are shown in Fig.

—3, in that order. In Ar—OH, the fouP levels arising from .

°[1,,, j =2 are spread across 21.3 chand there is also a 3. It may be seen that the wave functlons for tb@and vy

van der Waals stretching frequency of 34.9¢m modes have clear. nodal planes in the Car.te5|an representa-

tion. TheY translational frequency for ADH is so low that

A. Ar,OH several overtones like among the lowest 14 levels shown in
The minimum-energy structure of JOH hasC,, sym- Fig. 2. The progression of excitation energi83.87, 54.54,

metry, with the four Ar atoms on one side of OH in a “folded and 70.13 cm?) is remarkably harmonic, and the corre-

diamond” arrangement as shown in Fig. 5 of Paper Il. Thesponding wavefunction density plots are shown in Fig. 4.

In Ar,OH, the translational motions of OH relative to
Ar, are interleaved with the hindered rotor levels as shown
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TABLE II. Results of 5D/2S bound-state calculations fop@H (X?I1). Excitation energies are given in ¢t
relative to the ground state. For this clustes, in Fig. 2 corresponds tmy here.AX, AY and AZ are
root-mean-square deviations in A.

Excitation
Level P (ny,ny,ny) energy AX AY AZ
0 +3 (0,0,0 0.00 0.16 0.23 0.15
1 +3 (0,1,0 19.68 0.17 0.37 0.16
2 +3 (0,0,0 26.55 0.18 0.29 0.16
3 +3 0,20 37.87 0.18 0.51 0.17
4 +3 (0,1,0 42.58 0.18 0.35 0.21
5 +3 (1,0,0 44.15 0.26 0.26 0.17
6 -3 (0,0,0 47.17 0.19 0.26 0.20
7 +3 (0,0, 51.13 0.19 0.37 0.20
8 +3 (0,3,0 54.54 0.18 0.62 0.19
9 -1 (0,1,0 60.52 0.21 0.48 0.19
10 +3 (1,1,0 61.44 0.26 0.46 0.18
11 -3 (0,0,0 64.19 0.18 0.35 0.19
12 +% (0,0, 66.11 0.20 0.34 0.23
13 +3 (1,0,0 67.21 0.27 0.33 0.20

Translational levels built on thB= + 3 excited internal  C. ArgOH
rotor state may also be seen in Fig. 2, starting at 42.58'cm

The minimum-energy structure for &DH has OH lyin
for the P=+1%, vy level. 9y 60 ying

below a pentagonal pyramid of Ar atoms. The four OH
hindered-rotor levels span 74.81 ¢ The two in-plane
translational modes, and v, are at somewhat higher fre-
B. ArsOH quencies than for AOH, at 45.82 and 51.60 c¢m, again

L split by the Jahn—Teller effect. The perpendicular translation
The minimum-energy structure of 4OH has a square 55 now crossed to lower energy, = 43.96 cm L.
pyramid of Ar atoms, with OH lying below the pyramid on

the C, axis. As discussed previously, the Jahn—Teller distorp_ Ar OH, n=7-9
tion of the pyramid that would be expected forH mol- .
ecule is quenched by the OH spin—orbit coupling. The OH  The lowest-energy structures for=7-9 are built upon
molecule thusdoesexperience a cylindrically symmetrical that forn=6. In all of them, the OH molecule lies below the
potential, ancP is a good quantum number in the absence ofc€Nter of a pentagonal Apyramid, with the extra atoms
overall rotation of the cluster. As may be seen in Fig. 2, thetdded above the pyramid and out of contact with the OH.
four hindered rotor levels witP=+2, +1 —% and—3 are Because of this, they all he_lve gmte similar energy Iev_el pat-
now spread over 65.74 cth Again, the ground state has €S 10 AEOH, as shown in Fig. 2. The only major differ-
P=+2 with the H of OH pointing predominantly towards €Nce iS _that, fon=8 and.9, the. potentlal asymmetry due to
the Ar; subunit. the addmp_nal Ar atoms is sufficient Fo dominate the Jahn-—
The base of the pyramid of the Asubunit is square, so Teller splitting of the in-plane trqnslatlonal modes referred tp
there is no longer an “easy” direction for OH translational @P0Ve, SO that the corresponding wavefunctions show dis-
motion. Because of this, the two “in-plane” translational fre- tinct nodal structures in Cartesian coordinates, as shown in

quencies for OH motion are much closer together, at 34.1%19- 6, and may be identified ag andvy rather than, and
and 38.81 cm'. Nevertheless, they amot degenerate, de- 2:
spite theC,, symmetry. This is because there is a vibrational

angular momentunh= +1 associated with the translational E. Aryo0H

motion, and Jahn-Teller states with total projecti®r-| The minimum-energy structure changes dramatically for
=35 and P+1=3% are not degenerate. The correspondingAr,,OH, to one with OH at the center of an incomplete
wavefunctions araot appropriately labeled asy and vy ; icosahedral cage of Ar atoms. Because of this, the OH mol-

they are complex linear combinations with definite values ofecule encounters a much less anisotropic potential than for
[, and the squares of their wavefunctions are cylindricallyAr,OH, but is translationally more strongly confined. Ac-
symmetrical as shown in Fig. 5. These may be contrastedordingly, the internal rotor frequencies drop as shown in
with the “Cartesian” functions with clear nodal planes ob- Fig. 2, with the four levels witlP=+32 +1 —1 and -3
tained for ApOH, and the levels are accordingly designatednow separated by only 33.81 ¢th The lowest level is still

v, and v, in Fig. 2. Interestingly, the two in-plane states P=+ 2, with the H atom pointing predominantly towards
arising fromP=+ 3 are considerably closer together thanthe Ar cage(or away from the hole in the cagebut the
those arising fronP=+ 3. spacings are now larger at ttap of the group of four than at
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0.6 0.6
0.2 0.2

FIG. 4. The probability densities, averaged over the angular and electronic
FIG. 3. The probability densities, averaged over the angular and electronidegrees of freedom, for states with 2, 3, and 4 quanta of excitation in the
degrees of freedom, for states with one quantum of excitation invthe  low-frequencyr, mode for the minimum-energy structure of ,&H. The
(top), vy (cente, and v, (bottom translational modes for the minimum- corresponding excitation energies are 37.87, 54.54, and 70.1% caspec-
energy structure of AOH. The corresponding excitation energies are 19.68,tively. The state with one quantum of excitation is shown in Fig. 3. The
44.15, and 51.13 citt, respectively. The isosurfaces are drawn at 20% andisosurfaces are drawn at 20% and 60%, respectively, of the maximum den-
60%, respectively, of the maximum density. The coordinates are given in Asity. The coordinates are given in A.
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FIG. 5. The probability densities, averaged over the angular and electroniElG. 6. The probability densities, averaged over the angular and electronic
degrees of freedom, for states with one quantum of excitation in the threelegrees of freedom, for states with one quantum of excitation in the three
OH translational modes for the minimum-energy structure ofOk. The OH translational modes for the minimum-energy structure qfOk. The
corresponding excitation energies are 34.12, 38.81, and 43.02 cespec-  corresponding excitation energies are 44.10, 45.06, and 53.28 cespec-
tively. The mode with excitation along the direction (botton) is distinct, tively. Note that theX andY modes are again distinct, in contrast with the
but the other two are mixed combinations:gf and vy with definite values  situation for AsOH shown in Fig. 5. The isosurfaces are drawn at 20% and
of a vibrational angular momentuim and thus have cylindrical symmetry. 60%, respectively, of the maximum density. The coordinates are given in A.
The isosurfaces are drawn at 20% and 60%, respectively, of the maximum

density. The coordinates are given in A.

the bottom; this is inverted compared to the pattern for smaIF' Ary;OH

numbers of Ar atoms. The in-plane translational modes are at The minimum-energy structure for AOH is one step
58.34 and 69.01 ciht, and the perpendicular mode is at further along the road to a closed icosahedral cage, now with
59.75 cm L. only one vacancy. The splitting of the hindered rotor levels
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TABLE IIl. Quantum 5D/2S vibrational ground-state energﬁ%g and zero-point energies ZRE, for the global minimumi(=1) and the next higher isomer
(i=2) of Ar,OH (XII) cIustersAVﬁ is the difference between the equilibrium energy of the second isame)(and the global minimumi& 1) for the
cluster sizen. AE? is the difference between the quantum 5D/2S vibrational ground state energies of these two isomers. All energies are in cm

n Eg,l ZPE,y E%z ZPE,, AVﬁ AEﬁ

4 —890.90 98.81

5 —1240.29 105.97 —1199.03 110.42 36.80 41.26
6 —1610.77 114.97 —1614.69 99.21 11.84 —-3.92

7 —1932.05 115.52 —1920.75 123.06 3.76 11.31
8 —2349.59 116.13 —2350.47 97.84 17.41 -0.88

9 —2762.97 115.74 —2759.59 107.33 11.78 3.38
1 —3189.27 118.19 —3175.46 113.92 18.08 13.81
11 —3718.23 108.78 —3663.05 107.42 56.54 55.18
12 —4345.16 102.60 —4267.94 93.52 86.29 77.21

& or Ar,OH, i=3 not 2.

thus decreases further, to 21.84 ¢mwhich is remarkably  clusters’! The 5D/2S zero-point energies for the lowest two
close to the value of 21.3 cm found in Ar—OH. Again, geometries for each cluster size are given in Table IlI: it may
though, the actual pattern is inverted compared to Ar—OHbe seen that the zero-point energies for the absolute mini-
with small spacings at the bottom and large spacings at thewum geometry vary fairly smoothly, with a maximum be-
top. The OH translational modes are fairly similar to those intweenn=6 and 10, where the potential experienced by OH
Ar;oOH, except that there is now very little asymmetry be-is most anisotropic and there is a significant angular contri-
tween theX andY motions and the wavefunctions are againbution to the zero-point energy. However, the zero-point en-
cylindrically symmetrical, with definite values ¢f and are ergies for higher-energy structures vary much more errati-

labeledv,; and v,. cally, and in some cases are significantly lower. Rer6
and 8, the difference in 5D/2S zero-point energies is large
G. Ar,,0OH enough to bring the isomer with the larger potential energy

. below the one corresponding to the absolute minimum on the
The 12th Ar atom completes the near-icosahedral cage . o . .
otential. This is because, in each case, the second minimum

so that the OH molecule feels an almost spherical potennalhvolves an Ay, subunit that is based on the Atfolded

Because of this, the four Iev'els correlating W'Jth:% ar®  giamond” rather than the Arpentagonal pyramid, and the
nearly degenerate, and there is a very large spgcmg'betweFonW vy frequency that results reduces the 5D/2$j zero-point
gf'sies ?rnadngl]aeﬂgi);t”grgzgg (jle;:]/(ilﬁeazgaggu?(}bnm which energy significantly. However, it should be remembered that
The 5D/2S calc){]lations do still aive g s-mall splitting of polytetrahedral Af subunits are themselves stiffer and have
g P 9 higher zero-point energies than looser assemblies such as

1.3 cmi ! between the fouP levels arising fromj = 3. How- . . .
o . those based on a pentagonal pyramid, so that inclusion of the
ever, this is probably an artifact of the methodology. The : .
zero-point energy of the Armight well restore the prefer-

Ar;, cage structure used in the 5D/2S calculations is Calcuénce for the isomer corresponding to the equilibrium geom-
lated for a fixed orientation of OH, and is thus not com- P 9 q g

) . try. This was found to be the case in the recent diffusion
pletely spherical. However, once the OH molecule is allowe : .
L . onte Carlo calculations on the low-lying isomers of the
to rotate freely, it is likely that the Ap cage will relax to

< 32 H
reduce the barrier to internal rotation further. Under thes ArHF clusters fom=7."Accordingly, we have focused on

circumstances, Coriolis coupling from overall rotation of theih:p;sromers with the lowest potential energy in the present

complex will probably destroy th® quantum number. In-
stead, the levels are likely to be characterized by a rotational

guantum number,, for the Ar, cage as a whole, which will

couple withj = 2 to give levels with total angular momentum V. CONCLUSIONS
J from ja—32 to jo+ 2. In principle, there may also be a
vibrational angular momentuinarising from the 3D transla-
tional motion of OH inside the cage.

We have developed a method for quantum dynamical
bound-state calculations on clusters containing an open-shell
molecule solvated by closed-shell atoms, and have applied
it to Ar,OH (X?II) clusters fom=4-12. The OH molecule
is allowed to undergo hindered rotations and translations in

As described in Paper I, the potential surfaces for manythe field of a fixed-geometry Arcage or subunit. Both po-
of the Ar,OH clusters have low-lying secondary minima. tential energy surfaces arising from thH state of OH are
Where these involve different arrangements of the Ar atoméncluded, as well as the coupling between them. The result-
about OH(rather than just a different OH orientatiprthey  ing five-dimensional/two-surfacé&D/29 problem is solved
correspond to structural isomers of the clusters. Differenusing a discrete variable representation for the OH transla-
isomers may have significantly different zero-point energiestional motions and a finite basis representation for the OH
so that the energy separation or even the energy ordering caatations and electronic structure. Spin—orbit effects are in-
be affected, as found previously for the isomers of thgH&k  cluded.

H. Effect of zero-point energy on isomer stabilities
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