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Intermolecular vibrational states are calculated for -N¢Br, Ne --HI, and HIAr), (n=1-6)
complexes using potential energy surfaces constructed by acalraéio methods. Potentials of

rare gas—hydrogen halide clusters exhibit two collinear minima, one corresponding to hydrogen
lying between the heavy atoms, and the other to hydrogen facing away from the rare gas atom. The
relative depths of the two minima are a result of a subtle balance between polarization and
dispersion interactions. Moreover, due to a large quantum delocalization in the hydrogen bending
(librational) motion the relevance of a particular stationary point on the potential energy surface is
only limited. It is more appropriate to discuss the isomers in terms of vibrationally averaged
structures. For Ne-HBr the potential minimum and the vibrationally averaged structure correspond
to the same isomer with hydrogen between neon and bromine. However, foHN#e global
minimum corresponds to the Ne—IH collinear geometry, while the vibrationally averaged structure
has hydrogen between the heavy atoms. In the case(éf){lwe show that one can flip between

the two isomers by adding argon atoms, which reconciles the seemingly contradictory experimental
results obtained for the photodissociation of HAr on one side, and of large KAr), clusters on

the other side. ©€2001 American Institute of Physic§DOI: 10.1063/1.1333705

I. INTRODUCTION tions are competitive enough, so that in some cases the
Rg—XH structure actually becomes more stable.

Small hydrogen halide—rare gas clusters serve as proto- The knowledge of the structure of RgHX complexes is
types of mixed weakly bound systems for studying intermoot only interesting per se but it is also important in connec-
lecular interactions. Considerable attention has been paidion with the cage effett in clusters. The cage effect, which
both by theory and experiment, to the structure and interads the ability of the environment to hinder the photodissoci-
tions of systems with a single rare gas atom, i.e., of RX  ating solute molecule, has been investigated in great detail in
complexes, where Rg is most often neon or argon, arntFX  hydrogen halide—rare gas clustéfs*° Although a single Rg
Cl, Br, or 17™**In all cases, the potential energy surfaceatom is rather inefficient in hindering the photolyzed highly
(PES of the complex exhibits two distinct minima, one cor- energetic hydrogen, in larger rare gas clusters caging be-
responding to the Rg—HX and the other to the Rg—XH iso-comes much more important. It has been shown recently,
mer, separated by a relatively shallow barfie? The former  that the efficiency of caging depends not only on the cluster
structure, where the hydrogen lies between the heavy atomsize, but also on the position of the HX impuritgmbedded
is stabilized primarily by polarization forces, since in this vs surfacg and, especially for the surface structures, on the
geometry the permanent dipole and quadrupole of the Hparticular initial orientation of the hydrogen atdm®
moiety induce an attractive electric response of the rare gas A necessary condition for understanding the vibrational
atom. On the other hand, for the latter isomer, where hydroeynamics and for interpreting the spectra of the ‘R¢X
gen points away from the rare gas atom, dispersion interacomplexes is a construction of an accurate PES. This is
tion between the heavy atoms dominates. This simple qualiachieved either by inverting experimental data obtained by
tative analysis allows to rationalize the fact, that hydrogerhigh resolution vibrational/rotational spectroscopy, or by
fluoride and chloride with a large ionic character prefer thestate-of-the-art quantum chemical calculations. Recently, at-
Rg—HX isomer, while for hydrogen bromide and especiallytempts have been made to merge the two approaches, and a
iodide, which are more covalently bound, dispersion interacprecalculated PES has been improved via a “morphing”

procedure using spectroscopic dat@urrently, high quality

dAuthor to whom correspondence should be addressed. Electronic maiPotentials exist for AI"-HF7, 1A2I""HC_|, Ar---HBr, AI"“HI_,
jungwirt@jh-inst.cas.cz. and Ne--HCl complexes:’~*? In this paper, we provide
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hitherto uninvestigated PESs of the -N&lBr and Ne--HlI
complexes, important for the interpretation of recent photo-
dissociation cluster experiments>2

An interesting feature of hydrogen halide—rare gas clus-
ters is connected with the fact that they are typically prepared
via supersonic expansion into the vacuum through a narrow X
nozzle®® This technique leads to a very efficient cooling of
the nascent clusters to temperatures ranging betwegn seve_lr_;%_ 1. Geometry and Jacobi coordinatesR,0) of the Rg--HX complex.
and several tens of Kelvins. Under these cryogenic condirhe filled circle halfway between the Rg—X and Rg—H midpoints indicates
tions quantum vibrational effects cannot be neglected. This ihe position of the bond functions used in thie initio calculations.
particularly true for the cold and light hydrogen atom, which
moves in a shallow intermolecular bending potential exhib-
iting a large amplitude bendingibrationa) motion”** Due lll. COMPUTATIONAL DETAILS
to this librational hydrogen delocalization, and partly alsoA. Ab initio method
due to the soft intermolecular stret@ihich actually couples
to a certain extent with the hydrogen bénide physical rel-
evance of a particular point, minimum or saddle, on the PE

It is well known that for the Rg-HX complexes the
ispersion energy is an important part of interaction energy.

of a Rg--HX complex is strongly limited. One should rather herefore, for an adequate description of such systems, it is

o L imperative to include a dominant part of electron correlation.
think in terms of vibrationally averaged structures, where th .
o0 ) : . In the calculations reported here, we have used coupled clus-
guantum effect of delocalization due to zero point motions is .
. ters CCSDT) method and, for comparison, also the second
properly taken into account. In the present study, we demon- ) )
. . . order Mgller—Plesset perturbation thedkP2). Due to their
strate this issue on several examples, including an extreme -
L ize extensivity both MP2 and CC$D methods are appro-
case, where the vibrationally averaged structure corresponds. . )
. . s priate for intermolecular energy calculations.
to an isomer different from the global minimum on the PES. . -
. : . . . We have calculated the intermolecular energy within the
In this connection, note that the flip of isomers upon inclu-

sion of zero point energy is not limited to RgHX systems. supermolecular approach, in which the interaction energy is

As has been shown recently, this effect is also found e.g., fo?'ven as a difference between the total energy of the complex

the energetically lowest isomers of water hexaridn ad- Ergrx)_and ”.‘e.S“”? of the energies of the sgbsystems
dition we demonstrate, that in the case of(At), (n (Epx+Egg). Within this approach, removal of basis set su-

—1-6) one can actually flip between the isomer with theperposition erroi(BSSH is absolutely necessary. We have,

- . 37
hydrogen pointing away from the cluster and that with hy_therefore, applied the standard counterpoise me(isd,

drocen between the heavy atoms by simply adding ar c)inncluding both atom centered and bond basis functions.
9 y y Py g arg The quality of intermolecular energy calculations for

atoms' We show 'that this finding reconciles seemingly Cor]K/veakly bound systems strongly depends on the choice of the
tradictory experimental results on small vs large

cluster<132.36 electronic basis. The employed basis set, presented in detail

The rest of the paper is organized as follows: System and’ Table |, has an atom centered and bond region centered

geometry are briefly described in Sec. Il, and Sec. Il Ioro_parts. The latter part is common for all complexes under
L ’ investigation. The atom centered basis functions for H, Ar,

vides the computational details. Results and discussion ar . and Cl correspond to the aug-cc-pVDZ basis&atese

fgfnsaerrll;ed in Sec. IV. Finally, Sec. V contains ConCIUdIngstandard basis sets have been augmented by one function of

d symmetry(for hydrogen, or of f symmetry(for chlorine,

argon and bromine with exponents of 0.1%H), 0.23(Ar),

0.15(Cl), and 0.25(Br).2*~*3All these exponents were opti-
In this paper, we preseth initio potential energy sur- mized with respect to the dispersion teffnFor neon we

faces and calculations of intermolecular vibrational states ohave used the augmented doubl&NO basis sef? While

Ne --HI and Ne--HBr van der Waals complexes. Librational for Rg --HX complexes with X=Cl or Br the calculations

calculations have also been performed for(A), (n  include all electrons, for systems with iodine we have used

=1-6) clusters. For the calculation of vibrational states of

Rg --HX clusters we used the standard Jacobi coordin&tes.

is the distance between the rare gas atom and center of maERBLE I. Basis sets and contraction schemes used irath@itio calcula-

of hydrogen halide molecule, is the internuclear distance '

Il. SYSTEMS AND GEOMETRY

for the HX molecule, an® is the angle between vectolRs Location Basis set
_ar_u_jr. These f:oordlnates are d_ep|cted_|n Fig. 1. For_abe H (552p1d)/[352p]
initio _calculations we used slightly different coordinates, cl (13s9p2d1f )/[5s4p2d1f]
with R being the distance between the halogen atom and the Br (15s12p7d1f )/[16s5p3d]
rare gas atom. Since the centers of mass of both HBr and Hl I AREP+(7s5p4d1f)
practically coincide with the halogen atoms, for all practical Ne (1%69p4d)/[4s3p2d]

: . Ar (13s9p2d1f )/[5s4p2d1f]
purposes the difference between the two coordinate sets can Mi :

. . . idbond region 3(0.9,0.3,0.1),8(0.9,0.3,0.1),
be neglected. Finally, the black dot in Fig. 1 marks the lo- 2d(0.6,0.2)

calization of the bonding basis functiofsee Sec. I\
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an average relativistic effective potentidlREP).** We have  wave function can be then expanded in spherical harmonics
modified the iodine valence doublebasis proposed in this Y;,(O) of the C.., point group describing the angular de-
work in the same way as described in Refs. 45 and 46 bgrees of freedom corresponding to the internal rotation of the
adding one polarization d function with an exponent of 0.28HX molecule

ands andp diffuse functions with exponents of 0.033 35 and 1

0.045 35. For Afr--HI test cglcula’glon we have us'ed aIsp a  Y(RO)==> Xio(R)Y;o(©). 2
correlation consistent polarized tripigsasis sef® This basis R

set has served originally for relativistic all electron calcula-gypstitution of the above expansion into the total $ehro
tion, therefore, we have modified it in a similar way as in ginger equation with the Hamiltonian given by Ed) yields

Ref. 47. Namely, we have neglected the core atomic orbitalg set of coupled equations for the radial functigns(R,t),
and we have assumed only the large component basis. . 5 5

It has been demonstrated in Refs. 48—51 that adding faﬁﬁ (R = _ﬁ_&_+( h N fi )_(_+1)
small number of basis functions to the midbond region is a  dt XjolT 2u1 IR? \2u4R? T 2u,r? 14
very efficient way for improving the description of disper-
sion energy. Whereas the location of such basis functions for X xjo(R,t) + > Xio(R OV 3
atom—atom systems is straightforw&fdhe situation for an- G

isotropic systems is more ambiguous. Fortunately, the result§pore  the
are not very sensitive to the exact location of these function§<j '0[V(R,0)|j0). The radial wave function is represented

in the intermolecular bond regicfi.We have found that a o, a spatial grid of 256 equidistant points. We solved this set
balanced dgscnpnon is achieved whgn the.bondmg fl_mctllonéf equations using the imaginary time propagation sch¥me,
are placed in the middle of the ab_smssa given by m'dp_o'nt?)vhere the Chebyschev propagator with a time stepr of
of Rg—X and Rg-H bondgsee Fig. 1 This bond basis _55¢5 was employed. We truncated the expansion into
consists of the three functions(exponents of 0.9, 0.3, and spherical harmonics ajt,.=7, which leads to fully con-

0.1), threep functions (exponents of 0.9, 0.3, and 0.&nd  \/grgeq results. Typically, 100 time steps are required to ful-
two d functions(exponents of 0.6 and 0.2This set has been fil the criterium (W (t+ )| ¥ (t))>1—1x 10°7. Vibra-

successfully applied to rare gas dinférand to various an- tionally excited states were also obtained by imaginary time
isotropic systems, such as -AHF, Ar--H,O, and

9 k ) . ) propagation, where at each evaluation of the Hamiltonian the
Ar---NH3.™ According to these studies, the interaction ener-cqniption of lower states is projected out. For the systems

gies are rather insensitive to the change of the orbital expqynger study, all bound states can be reliably obtained in this
nents and the set should be broadly applicable to d|fferer\;vay.53

intermolecular systems.
All ab initio calculations reported in this paper have
been performed using th@aussIAN 98 program package?

potential matrix is defined byV;,

For the construction of vibrational states of larger clus-
ters with more than one rare gas atom, it is not computation-
ally feasible to perform the calculations in full dimensional-
ity. Therefore, we have used a partially separable approach,
analogous to that used in our previous studie¥.Briefly,

The bound states of NeHBr and Ne--Hl complexes the total wave function is expressed as
were calculated using the coupled channel scheme in whic
the total wave function is expanded in terms of rotationalﬁr(ql’qz""'Q3”_6’e'¢))
functions of the HX molecule. We used an exact Hamil- =h1(91) "  P3n—e(Aan—s) Pin(O,P.{qai}), 4
tonian for an atoméigid) diatom system expressed in stan-
dard Jacobi coordinatdsee Fig. 1,

B. Calculation of vibrational states

whereq; are the normal coordinates of the cage., heavy
atomg. The cage modes are taken into account within the

. h2 (1 42 i2 1°2 harmonic approximation, while the librational wave function
H=— 20, | R SRR 77R2) t 20,7 +V(R,0), (1)  of the HX moleculeg,,(O,d) is calculated by diagonaliza-

. tion of the HX (hindered rotational Hamiltonian in the basis
where u;=MggMx /(MggtMyy) is the reduced mass of of spherical harmonics, i.e., we assume only the last two
the Rg--HX complex, u, is the reduced mass of the HX terms on the right-hand side of E€L),
molecule,l is the angular momentum operator for end-over- -
end rotation of the complexi.e., corresponding to th& " J

. he complex ponding to A=+ V(0.0 {a)). ©)
coordinate, andj is the angular momentum of the internal M2
rotation of HX, which is assumed to be a rigid rotor withthe  Thg term connected with the overall rotation of the clus-

internuclear distancefixed to its equilibrium value. Finally, qr s neglected since,R? is much larger tham,r2. Due to

V(R,0) is the intermolecular potential for interaction of a tje |0ss of cylindrical symmetry the potentidlis in such

HX molecule with a rare gas atom. cases alsab-dependent. Finally, both the potential for the
In this study, we have assumed that the total angulapindered rotation of HX and the librational wave functions

momentumJ=j +1 is equal to zero. This leads to a signifi- are parametrically dependent on the cage coordinates.

cant reduction of the number of coupled staf@sd thus the This approach is satisfactory for systems, where the

number of the coupled equations to be solvehd also to  minima corresponding to HX—Rgand XH-Rg structures

simplification of the Hamiltonian since théA=j2. The total ~ are well separated or correspond to similar heavy atom ge-
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TABLE II. Results of test calculations at the CCEID level. The table For the Ar--HI complex, we have calculated the energy

compares the global and secondary minima of the PES for four differenbf the global minimum to be-185 cni'! at the CCSsom)

Rg --HX I ith th Its of i tudies. . . . . .
g comprexes WITh The Tesus of previous stucies level, while the recently published semiempirical potential

ccsoT) MP2 gives of —220 cm *, the values for secondary minimum be-
calculation/ calculation/  Previous ing —148 and—172.7 cm %, respectively. The agreement is
o — -1 71 H 1

System O/ cm ! cm value/cm ™ Reference  ggtisfactory and our calculations reproduce also the shape of
Ar---HCl 0 173 191 —175 7 the semiempirical potential and provide the correct order of
Ar---HCl 180  —141 -161 -139 7 the global and the secondary minima. Note also, that the
Ar-HBr 0 -—168 —190 —165 12 MP2 energies are shifted by 30 chand are very close to
Ar---HBr 180  —158 -181 -160 12 ; o L
Ne --HCl 0 oo o s 8 the semiempirical potentidlvhich is actually based on MP2
Ne--HCl 180 57 a8 53 8 calculation$. We stress glready here that the difference be-
Ar---Hl 180  —185 _215 —220 5 tween MP2 and CCS@) is much smaller for Ne-HI than
Ar--HI 0 —148 —174 —-173 5 for the Ar--HBr and Ar--HCI complexes. We have also

tested a larger iodine basis set of a triglguality, yielding
the CCSDT) global and secondary minima of193 and
—149 cni't, which is very close to the results obtained with
ometries and, therefore, we can separate the bending amfe double¢ quality basis set. Note also that our calculated
stretching modes. The energy gap between minima correalue of the dissociation energy corrected for zero point vi-
Sponding to pOSSible isomeric structures is ianeaSing Wiﬂbrations would lie between the value 603 Cmfl given by
the number of rare gas atoms. As will be discussed in detaiqeavei* on the basis of HI—Ar photodissociation experi-

in the Sec. IV B calculations in full dimenSiona”ty for the ment and the value of 146.4 le based on the Semiempir-
case of the smallest HX-Rg clusters indicate that the apical potential of Bevaret al®

proximate approach is reasonable, in particular for the
ground state wave function. Thus, the coupling between Vig. Potential energy surfaces of Ne ---HBr and Ne - --HI
bration and internal rotation does not have a strong effect on

the ground state structure of the explored complexes We have calcul_at_edb initio interaction_energies on &® .
(Ar---HI and Ne--HI), however it can seriously influence the 2"d© grid, constraining the H-—X bond distance to its equi-
excited bound state. librium value of 1.414 A for HBr and 1.609 A for HI. The

HX—Rg angle© has been varied from 0 to 180° with a 30°
step and the X—Rg coordinaRhas been varied from 3.2 A

IV. RESULTS AND DISCUSSION to 6.0 A with a step of 0.1 A around the minima and 0.5 A
elsewhere. All energies have been calculated at the GTSD
level, except for repulsive geometries with highly positive

In order to confirm the reliability of the employeab  energies, where MP2 energies practically coincide with the
initio method and basis sets, we have performed test calc@@CSOT) energies and the MP2 description, therefore, suf-
lations on Rg--HX systems for which good empirical or fices. Thus, we have represented the -N¢Br and Ne--Hl
semiempirical potentials are available. Thus, we have firsinteraction potential by approximately 90 points calculated at
reinvestigated Ar-HCI, Ne --HCI, Ar---HBr, and Arf--HI the CCSOT) level. The potential was then interpolated by
complexes. We have calculated the interaction energies bottubic splines. The Ne-HBr PES is depicted in Fig. 2, and
at MP2 and CCSDY) levels. The results of our calculations the Ne--HI potential is depicted in Fig. 3. These figures
are listed in Table II. have been produced using the CG$Pinteraction energies,

The agreement between experimental potentials and cahowever, MP2 interaction energies are typically only 2—3
culatedab initio values is strikingly good. For Ar-HCI, the  cm ! above those obtained using the CG$Pmethod. This
global minimum lies 175 cm' under the dissociation limit, correspondence implies that the results are converging well
while the calculated value at the CCED level is —173  with respect to recovering the correlation energy.
cm™ L. For the secondary minimum values-61.39 cm * and The general features of the NeHI and Ne--HBr PESs
—141 cm ! are the experimental and calculated dissociatiorare similar to those of analogous R¢HX complexes.
energies. Similarly, the experimental dissociation energiedlamely, these potential functions are characterized by two
for the global and the secondary minimum of the -AdBr ~ minima, and both the global and secondary minima corre-
complex are—165 and—160 cm 2 while the present cal- spond to collinear geometries. Important characteristics of
culations give—168 and—158 cnil. Also for Ne--HCl  the potentials such as geometries and energies of the global
cluster our calculations are very close to experimentaminimum, secondary minimum, and the barrier between
values® —68 vs—66 cmi ! for the global minimum and-53  them are listed in Table Ill. The global minimum of the
vs —52 cm ! for the secondary minimum. The MP2 interac- Ne -‘HBr complex lies 58.6 cm' below the dissociation
tion energies are close to the CC@pvalues for Ne--HCI, limit. The ©=0° value for this minimum corresponds to
while MP2 overestimates the binding energy by approxi-neon facing the hydrogen witR,,=4.07 A. The secondary
mately 20 cm? for Ar---HBr and Ar--HCI. However, the minimum is energetically very close to the global minimum:
difference in energies between the global and the secondagnergy of—55.7 cm ! at © =180° (neon is on the other side
minima are very similar for the MP2 and CCSD calcula-  of the halogen atom than hydrogemndR,,=3.55A. The
tions and for empirical potentials. two minima are practically isoenergetic, however, as will be

A. Test calculations
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TABLE lll. Results of calculations at the CCSD) level for the global and

180
secondary minima, as well as the barrigaddle separating them, for
160 1 Ne --HBr and Ne--HI complexes.
140F - Ne --HBr Ne --HI
1200 | €(0°)/cm™ -58.6 -48.1
€(909/cm ™t —-30.5 —28.5
100l | €(1809/cm™? —55.7 -55.7
<
° i Rn(0°)/A 4.07 4.48
sor Rin(90°)/A 4.00 4.30
sol Rn(180°)/A 3.55 3.75
401 1
20k RN molecular system with the global minimum on the PES. In-
\ stead, the concept of vibrationally averaged structures, which
o; a5 takes into account the effect of zero point motions, should be
employed.
FIG. 2. Potential energy surface of the -NelBr complex in the R,0) The shape of the NeHBr and Ne--HI PESs is similar

plane obtained by CCSD) calculations. The contour labels give the inter- t0 those of the other members of the homologous series
action energy in cmt. Note that a value o®=0° corresponds to the Rg - -HX (Rg=Ne, Ar; X=F, Cl, Br, and ). The quantitative
r':';;rBr geometry, whileb =180 corresponds to the Ne—BrH arrange- gjiffarences can be well understood in terms of the competi-

' tion between dispersion and polarization interactions. While

polarization prefers Rg—HX isomers, dispersion favors the

discussed in the next section, the zero point energy clearlidX—Rg geometries. Therefore, lighter halogens with a larger
prefers the former structure. The transition state betweehiX dipole have the former structure as a global minimum,
these two minima has an energy 80.5 cmit at©=90°  while the latter arrangement is optimal for the: AH com-
andR,,=4.00 A. Another important feature of this PES is its plex. Finally, the polarizability of neon is much smaller than
anisotropy. The value of the optimal distariRg for a given  that of argon, which results in smaller interaction energies.
O continuously decreases with increasiig Quantitatively taking into account polarization and dis-

For the Ne:-HI complex, the global minimum corre- persion interaction, we obtain for tf&e_nx/Ear_nx €nergy
sponds to neon on the other side of the halogen atom tharatio the following expressior:

hydrogen(© =180°, R,,=3.75A). The energy of this point 6al/. +m
Ne

on the potential energy surface i$55.7 cmi . The second- Ene-tx _ a_’\'e(ﬁ e 6)

ary minimum (for ©=0°) lies 7.6 cm* above the global Ea-tx  @ar\Ine/ alp+m

minimum and its corresponding intermolecular distaRds  \ypere 1. =1, I(lggt 1hx), a=(2/3)a and m
.- . . _ Rg Rg !—|X Rg _HX K X H>.(1 ]

4.48 A. Thoe transition state is characterized Ry= 4.3A —4u2,J4mey. | is the ionization potentialy is the dipole

and© =90° and the height of the barrier is 28.5 chn moment, ande is the polarizability. Taking Ar-HBr and

As one can see from Figs. 2 and 3, both for the-N¢Br  Ar...H| semiempirical potentials as an existing reference, we
and Ne--HI complexes the binding energy is small and po-gptain the global and secondary minima-a68 and —53
tentials are rather flat. Note, that for such systems one shoulgy~1 for Ne - -HBr and at—62 and—49 cni * for Ne - -Hl.
be careful with identifying the equilibrium structure of the These estimated numbers are in a good agreement with our
calculatedab initio interaction energies. We conclude by
noting that further improvement of our potentials using the
“morphing” approact® would be possible when albeit lim-
ited experimental information on systems under study be-
comes available.

180

160+
140

120r C. Bound states

One of the goals of this work is to explore the structure
of the Ne--Hl and Ne--HBr complexes in their ground
states. With the knowledge of the potential energy surfaces
of these complexes one can expect the large amplitude mo-
tion of the hydrogen atom to have a significant effect even in
the ground state. Therefore, the usual concept of the structure
as a geometry corresponding to the minimum on PES could
be inadequate.

Vibrational wave functions of the bound states of the
Ne --HI complex are depicted in Figs. 4, 5, and 6. Wave
functions for the Ne -HBr cluster look similar, therefore we

0 ()

801

60~

401

20

FIG. 3. Same as Fig. 2 but for the NéHl complex.
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FIG. 4. Vibration densitiegsquared moduli of the wave functionfor the FIG. 5. Vibrational densitieésquared moduli of the wave functiorfer the

Ne --HI complex corresponding to a Ne—HI vibrationally averaged structureNe --HI complex corresponding to a Ne—IH vibrationally averaged structure
(3* symmetry. (a) Vibrational ground statee= —28.3 cnTY). (b) Second (X" symmetry. (8 First vibrationally excited statee= —19.4cm’Y). (b)
vibrationally excited statee= —16.1 cni%). Full line coresponds to posi- Fourth vibrationally excited statesE€ —9.7 cmi'%). Full line coresponds to
tive and dashed line to negative sign of the corresponding vibrational waveositive and dashed line to negative sign of the corresponding vibrational
function. wave function.

do not present them here. Figur@yshows a contour plot of Ne --HI, the averageR being 4.1 A and 4.3 A, respectively.
the square of the ground state wave function of the- Ik For the Ne--HI case, this distance is significantly larger than
complex inR and © coordinates. Note that because thethat for the absolute minimunR=3.75A). The wave func-
ground state wave functions aredf symmetry, there is no tion for Ne --HBr is similar in shapdthe difference irR is

@ dependence. These wave functions have maximuf at given by different HX bond length for HBr and Kland very
=0° both for Ne--HBr and Ne--HI. If we adopt the con- close in energy. Note at this point that the electronic binding
cept of vibrationally averaged structures, then such wavenergyD, for the Ne—HBr isomer is—58.6 cm !, while
functions correspond to hydrogen pointing towards the neoronly —48.1 cm * for the Ne—HI isomer. However, since the
This is not surprising in the NeHBr case where this struc- rotational constarB is larger for HBr(8.473 cm?) (Ref. 56

ture is also the minimum on the PES. On the other hand, théhan for HI(6.342 cm 1), the differences in potential energy
minimum on the Ne-Hl PES corresponds to the Ne—IH and in the rotational constants partly cancel each other. The
collinear structurdi.e., © =180°). In this case, the structure discrepancy between geometries corresponding to the global
is determined primarily by the quantum zero point motionminimum on the PES and to the vibrationally averaged ge-
connected with the shape of the potential, namely by th@metry pertains also for the NeDI complex. The wave
large amplitude motion of hydrogen atom in the angular cofunction (not shown hereis even more localized in the
ordinate. The value of the vibrationally corrected bindingNe --DI bending motion. It is clearly seen from Figa} that
energyD, is —29.0 cm ! for Ne --HBr and—28.3 cm 1 for  the wave function of the ground state is well separablR in
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FIG. 6. Vibrational densitieésquared moduli of the wave functiorfer the

Ne --HI complex corresponding to a T-shaped vibrationally averaged struc

ture (IT symmetry. (a) Third vibrationally excited stateel= —12.4 cn'l).

(b) Fifth vibrationally excited statee= — 2.3 cmi'Y). Full line coresponds to
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TABLE IV. Energies of the lowest bound intermolecular vibrational states
of Ne --HBr and Ne--HI complexes in cri.

Symmetry Ne--HBr Ne --HI
st -29.0 —28.3
3* —-15.6 —-19.4
st -12.9 -16.1
st -5.4 -9.7
11 -84 —-12.4
I -2.3

excitation is predominantely of a stretching character which
is implied by one node alonB coordinate ford =0°. How-
ever, certain degree of bending excitation is also clearly
present. Figure B) then contains the second state Mt
symmetry (—19.4 cmY). The state has one nodal plane
roughly diagonal in R,0) plane. Hence, there is no clear
distinction between stretch and bend excitation in this case.
However, this wave function prefers the neon on the side
opposite of the hydrogen witk® =180° and thus we can
basically interpret this state as a Ne—IH isomer. The stretch-
ing excitation of this state can be then seen in Fi) 5
(—9.7 cm' ). Again the nodal structure is not simple. This
state as well as the previous onesXf symmetry are far
from being separable iR and ©. The interpretation of the
excited states ofl symmetry is more obvious, see Fig. 6.
The lowest state of this symmetfy-12.4 cm ?) is simply an
almost free HI rotor state with=1 (with cos® or sin®
dependencdeand the corresponding first excited state?.3
cm ) has the same angular dependence but additional
stretching excitation in theR coordinate. Unlike for the
Ar---HI complex® we cannot interpret these T-shaped states
with maxima nea© =90° as bending excitations of certain
isomer, such as Ne—HI or Ne—IH.

It is interesting that also states with positive energies are
found by imaginary time propagation. These levels corre-

spond to higher states dil symmetry with total energy

above the dissociation threshold of the weakly bound com-

positive and dashed line to negative sign of the corresponding vibrationaplex. Because of a weak coupling between radial and angular

wave function.

motions these resonances have very long lifetime and should,
therefore, be in principle spectroscopically observable. A
lower limit of a few nanoseconds for their lifetime was found

and ©. This provides further justification of the approxima- By real time propagation using Chebyschev expansion of the

tions used for larger clusters based on the bend/stretch seple evolution operatct’

ration. In conclusion of this section, let us briefly summarize
Another interesting question is whether we can Chang@ossible relations between the minima of the PES and the

the structure by vibrational excitation, i.e., whether we carground state vibrationally averaged structures. As already

identify some of the excited states with the second isomerloted, complexes of Rg and HX can have two basically col-

We have, therefore, calculated several low-lying boundinear structures, either Rg—HX or Rg—XH. Table V repre-

states of the systems under investigation. The calculated en-

ergies of the lowest states are listed in Table IV. It can berag| g v. summary of the three prototypical cases of RgX complexes.

generally said that the interpretation of the excited boundrhe table compares energies and structures of minima on the PES with

states in the sense of the second isomer is not straightfovibrationally averaged structures.

ward. Figures 4 and 5 show the squares of the moduli of the

: . System Minimum on PES D./cm™!  Structure Dgy/cm™?

wave functions of bound states &f" symmetry. The first Y ¢ 0
state is the above discussed ground stat28.3 cm %) cor- Ne"HBaf Ne—HBr —58.6 Ne—HBr —29.0
responding to the Ne—HI structuf&ig. 4@)], while Fig. Ar--Hi Ar=IH —2200  Ar-IH —146.4
Ne --HI Ne—IH -55.7  Ne-HI -28.3

4(b) depicts an excitation of NeHI complex with energy
—16.1 cm %, which is the third state of © symmetry. This

“Reference 5.
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sents three possible situations which can occur in these
. ; ©S¢a) ° b) “ c) Q
weakly bound complexes. The first case is the most typical Ne ° > o
one where both the global minimum on the PES and the
vibrationally averaged structure are found@t=0° (Rg— H
HX). As typical representative of this family of complexes - -
we have discussed NeHBr. The only known case where
the situation is exactly opposite is the-AH| complex® The \ 4 A4 w
third, hitherto unexplored, possibility is the case with the flip Br
of the hydrogen atom upon including the zero point motion,
as has been demonstrated in this work on-N#. A general d e) f)
feature of all these complexes is that zero point motion tends ’
to prefer the Rg—HX structure. This allows us to be confident c:::s:::o ‘&% a:’- o 5)
that even though the difference in the energies of the Ne- - -
HBr and Ne—BrH minima might be within the accuracy of - -
the ab initio method employed, the structure in any case L% W/
corresponds to the Ne—HBr arrangement.
FIG. 7. Size dependence of the ground vibratiofiirational) wave func-

tion for HBr on Ng, (n=1-6). Note that in all cases the hydrogen atom

D. Larger clusters: Flip of the hydrogen wave points towards the rare gas clusters.

function

As discussed in the previous section, the ground statet te d t ch d icall . . lust
structures of Ne-HBr and Ne--HI clusters correspond to stale does not change dramatically upon increasing cluster

hydrogen facing the rare gas atom, despite the fact that thd“® for the HB(Ne), and HINe), clusters. Starting from. a.
global minimum of Ne--HI complex lies at the opposite smglg rare gas solvent atom, the hydrogen wave fur?ctlon. 1S
side. This is in contrast to the ground state structure of thgomtlng towards the cluster. Therefore, after photodissocia-

Ar---HI complex which corresponds to argon facing directlyt'on’ one can expect a significant cage effect, and conse-

to the halide(i.e., to the Ar—IH arrangementror this struc- qgenfcly, the shift to smaller values in the kinetic energy dis-
ture, a conclusive experimental evidence has been providet&IbUtlon O_f the_ H fragment. . .
The situation for H(Ar), clusters is more complicated

by Wittig et al*® We now address the following question: . . .

How does the structuré.e., the hydrogen wave functipn a}nd mterespng at the same tme. Th.e hydrogen wave func-

change with increasing number of rare gas atoms in the clué'—Ons for this complex are dep-|cted n Fig. 8. The ground_
state of the smallest cluster with a single rare gas atom is

ter? This is of a particular interest for the interpretation of ) . .
P P associated with the Ar—IH geometry. Also in the (Ait),

experiments concerning photodissociation of HX molecule

on the surface of rare gas clusters. After the UV photolysis?omplex hydrogen points away from the rare gas atoms. The

systems with hydrogen wave function localized betwee c_rumal point is that for HIAr); the librational wave function
ps and the hydrogen now points towards the argons. For

halogen and rare gas atoms will be characterized by a stro I(Ar), hyd flins back and the situation is similar t
cage effect resulting in a significant peak at low energies i )4 Nydrogen Tips back and the situation 1S simiiar o
I(Ar),, since HI interacts effectively only with the two

the final hydrogen kinetic energy distributigkED) spec- i
trum. On the other hand, if the hydrogen initially faces awayCloser argon atoms. Starting from the (Ml)s cluster the

from the cluster, the cage effect will be negligiBle®38In optimal vibrationally averaged struc_ture corresponds again to
this study we have varied the number of the cage atoms frorHhe IH-Rg, geometry. In conclusion, although hydrogen
single argon atom to six argon atoms. The extrapolation to
larger clusters is then straightforward, since six argons con-
stitute first solvation half-layer for every larger rare gas clus- a) ‘ b) ‘--------‘ c) ,o.
ter with a single substitutional HX impurity on the cluster Ar

interface. The interaction potential for larger clusters is con-

structed from an accurate three body Rg—HX teffor ‘ -
HI(Ar), we have used Bevan’'s semiempirical poteritdr ° I .
HI(Ne), and HBKNe),, systems we have used the presamt - S
initio potential§ and from pair potentials for Rg—Rg H
interactions® The heavy atom geometries of the (A),,,
HBr(Ne),, and HINe), clusters are similar to those of d) e) f)

HCI(Ar), clusterst® Since the hydrogen halide is slightly too

large to fit inside the cluster, it prefers the surface position 0::: :;:‘ ,;. o2 $
even for large rare gas clusters. The symmetries of optima q% a:::' -"
structures, as obtained by potential minimization, @gg for -

HX(Ar), system,Cs, for HX(Ar);, C,, for HX(Ar),, Cy, — v L

for HX(A_r)S’ (?md Cs, for HX(A,r)G' FIG. 8. Size dependence of the ground vibratiaftiakationa) wave func-
The librational wave functions for HBXe), clusters are o for Hi on Ar, (n=1-6). Note the flip of the H wave function towards

depicted in Fig. 7. The character of the ground librationalthe rare gas clusters upon increasing cluster size.
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