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Structure and dynamics of small 12 ••• Hen van der Waals clusters (n:::;: 1-9) 
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Complutense de Madrid, C/Se"ano 123, 28006 Madrid, Spain 

(Received 20 September 1989; accepted 9 February 1990) 

Energetics and dynamics of van der Waals (vdW) 12' .. Hen clusters are studied in an 
approximate way by using a model that considers 2n + 1 degrees of freedom, that is, the 12 
stretch and the 2n stretching and bending modes of the He atoms restricted to move along a 
plane perpendicular to the 12 axis. For n = 2,3 a configuration-interaction treatment is carried 
out to obtain energy levels. For n = 4-8, ground-level energies are estimated from those 
corresponding to n = 2,3 and the geometric relationships among the n vdW bonds. A 
quasiclassical trajectory approach is used to study the dynamics of these clusters, and lifetimes 
and half-widths for vibrational predissociation have been calculated for n = 1-9. A large 
increase in the half-width of n = 9 with respect to the cases n = 1-8 is observed, which would 
imply the existence of a first coordination shell for He about 12 containing eight atoms. Also, it 
is found that the mechanisms of dissociation for these clusters become statistical as the number 
of vdW bonds increases. 

I. INTRODUCTION 

In the last few years considerable attention has been 
paid to the study of atomic l

-
3 and molecular4

•
5 clusters in 

order to establish their structure and dynamical behavior. 
Different techniques have been used such as Monte Carlo 
and molecular-dynamics simulations,I.2 and the density
functional formalism,6.7 among other approaches. van der 
Waals (vdW) clusters constitute one of the most studied 
types of cluster. They can be complexes composed of just 
noble-gas atoms weakly bound to each other by vdW forces 
or also bound to molecules with one or more chemical bonds. 
Several experimentalS- 1O and theoretical 1 1-13 studies on such 
systems can be found in the literature. Specifically, a great 
amount of the research effort has been concerned with the 
predissociation process of triatomic vdW clusters as 
BC ... X,I4-17 where X is a rare-gas atom and BC is a conven
tional diatomic molecule. In this process, part of the internal 
energy of BC is transferred to the vdW bond causing its 
break Up.IS-20 

In more recent work, tetra-atomic clusters such as 
X ... BC ... Y, with Y also being a rare-gas atom, have been 
studied from both dynamic and static points of view, fixing 
some degrees offreedom in the first case21-24 and including 
all the vdW modes in the second one.25 

Although experimentalists have studied clusters such as 
12 ... Xn, with X = He, Ne and n> 2,S(b).S(d) there are no 
theoretical papers about such complexes involving more 
than two vdW bonds at the present moment. The aim of this 
paper is to develop a theoretical model to study 12,,,Xn sys
tems with n>2. Some approximations are included in order 
to reduce the large number of degrees of freedom involved 
when n increases, since by including all of them the problem 
would become intractable. So, assuming a near-equilibrium 
geometry of the complex, the X atoms only are allowed to 
move along a plane perpendicular to the 12 axis. This as
sumption is justified by early results25 and will be discussed 
later. On the other hand, the 12 rotation is neglected in our 

model because of the smallness of the corresponding rota
tional constant and the weakness of the coupling between 
that rotation and the vdW bending modes. 17 

We have chosen bond coordinates to write the Hamilto
nian, taking the 12 bond as a quantization axis. The kinetic 
coupling terms between vdW modes, which are divided by 
two times the iodine mass, have been neglected. 

Dynamical calculations of vibrational predissociation 
(VP) rates through Fermi's golden rule have been carried 
out for 12 ... He and 12 ... He2 at the bending equilibrium con
figurations. However, the main dynamical calculations have 
been performed in the framework of a quasiclassical trajec
tory (QCT) method that uses the above static results to es
tablish the initial conditions. So, lifetimes and half-widths 
for the VP of clusters 12 ... Hen, with n = 1-9, were calculated 
at the near-equilibrium geometry already mentioned. 

The organization of the paper is the following. In Sec. II 
the formalism and its approximations are developed, and in 
Sec. III the potential-energy surface used together with the 
details of the calculations are described, and our results are 
presented and discussed. Brief concluding remarks are pre
sented in Sec. IV. 

II. THEORETICAL TREATMENT 

A. Obtaining the energy levels 

After separating the center of mass of the whole system, 
we may write the Hamiltonian for the nuclear motion of a 
BC .. ,Xn system as25 

H = H BC + L hi + L VX,_x
j 
+ e(_I_) , (1) 

i i<j 2m[ 
where H BC is the BC diatomic Hamiltonian 

H _ If a 2 1f'2 
BC - --2---a 2 + 2 2 J + VBC(r), (2) 

i-tBC r i-tBC r 

hi is the Hamiltonian describing the motion of the vdW bond 
BC",Xi 
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fil a 2 fz2 
- -----+ 2 I; + VBC-X (r,RjJ;), 

2f.LBC,x aR; 2f.LBC,xR; 
h; = 

(3) 

VXrx) (RI,R),(JI,(J),t/JI,t/J) is the interaction potential be
tween the rare-gas atoms XI and X)' and the term e ( 112m I) 
symbolizes the coupling terms between kinetic operators 
which are neglected in our model. In the above equations, r is 
the BC internuclear distance, RI is the distance between X; 
and the center of mass (CM) ofBC, (J; is the angle subtended 
between the r and R; vectors, and t/J; is the rotation angle 
around the BC internuclear axis. The terms VBC (r) and 
VBc-x (r,R;,(J;) are the diatomic and the BC ... X interaction 
potentials; the factors f.LBC and f.LBC,X are reduced masses of 
BC and BC ... X, respectively, andj and I are angular momen
tum operators associated with the rotation of BC and the 
vdW bond, respectively. 

As was mentioned before, the rotation of the BC diatom 
is neglected in our formalism. In addition, its vibration is 
separated from the other motions by applying a diabatic dis
torted-wave approach. So, we first determine the vibrational 
state of H BC (r) for a given vibrational quantum nmber v of 
Be. Then, the remaining part of H depending on r is aver
aged between the v-dependent wave functions of H BC (r), 

Xv (r). 
Once the stretching motion of BC has been separated, 

we proceed to the study of the vdW bond motion by finding 
the eigenstates of hi' Due to the difference between the fre
quency of the stretching ( - 6 cm - 1 ) and the rotational con
stant (-0.27 cm -I) for the 12 ... He vdW bond, Il(b) we may 
adiabatically separate the motions of both coordinates Rand 
(J, taking (J as a parameter. We are interested in the T -shaped 
configuration (J = 1T/2. Then, we solve the following Schrc;
dinger equation: 

[ --2 fil JJ
2

2 
+ V~rg_x(R;,O;)] \}I~V)(R;,O;) 

ftBC,X 'R; 

= if~V)(O;)\}I~V)(R;,O;) (4) 

for the value 0; = 1T/2. In Eq. (4) the term V~_x (R;,O;) 

symbolizes the average of VBC-X (r,R;.O;) between the 
stretching vibrational wave functions of BC, 

v~rg_x (R;.O;) = <Xv (r) IVBC-X (r,R;O;) IXv (r», 

and K is the vdW stretching vibrational quantum number. 
The angular part of the total wave function associated to 

the Hamiltonian H still remains to be found. Until now, we 
have allowed variation of the vdW stretching degrees offree
dom, R;, in order to find the eigenstates of hi' However, 
when we try to study BC",Xn clusters with n > 2, handling 
the Hamiltonian H as expressed in Eq. (1) becomes a pro
hibitively difficult problem due to the large number of de
grees of freedom involved, which are coupled by the term 
l:i<)' Vx_x. Hence, it is necessary to do some type of ap-

, j 

proximation in order to reduce the number of variables to be 
handled. In a previous work25 by our group on tetraatomic 
clusters 12 .. .x2 (X = He, Ne) including all the vdW modes, 
we observed that the maximum probability density of find
ing an X atom in a volume element dv was located in a nar
row range of (J (centered at (J = 1T/2 in both cases, X = He, 

Ne) and R (centered at R = 3.86 A for X = He) coordi
nates. The probability density decreases very quickly as we 
get away from the centers of the ranges. Thus, the stretching
and bending-mode amplitudes are rather small, and the mo
tion of the rare-gas atoms basically takes place on a plane 
perpendicular to the 12 axis. Therefore, it is reasonable to fix 
all the R; and (J; coordinates at the above equilibrium values 
in order to find the angular wave function. These results 
justify the near-equilibrium geometry chosen for the com
plexes throughout this paper. An insight of the error com
mitted by making such an approximation will be given in the 
next section. Now, we obtain this angular function as a solu
tion of the following Schrooinger equation, in which the 
Hamiltonian is the remaining part of H depending on the t/J; 
coordinates, 

(5) 

where I is the quantum number associated with the vdW 
bending motion on the t/J; coordinates. In Ref. 25 for 12 ... X2, 

the R; coordinates were not fixed, but the terms 
fil/(2f.LBC.xR; sin2 0;) and Vx,_x, were averaged between 
the stretching wave functions \}I~';) (R;.O; ). However, both 
approximations yield similar results due to the small ampli
tude of the vdW stretch. 

The solution of Eq. (5) is reached in a configuration
interaction (CI) scheme using a basis set built up with con
figurations, each one of them being the product of n imagi
nary exponentials 

2-<" .... -<n (t/JI, .. ·,t/Jn) = IT e;).A, 
j= 1 

the angular function Y I being an expansion in such basis 
functions 

(6) 

where A 1, ... ,An are quantum numbers associated with the 
projections over the BC axis of the vdW bending motions in 
the t/J; coordinates. The coefficients of expansion Eq. (6) are 
variationally found by diagonalization of the matrix repre
senting the Hamiltonian appearing in Eq. (5) in the above 
basis set. 

Although we have remarkably reduced the number of 
degrees of freedom by fixing the R; and (J; coordinates, it still 
remains large when the number of rare-gas atoms increases. 
As a consequence, it becomes costly to carry out a CI treat
ment for n > 3. So, in order to estimate the ground-level ener
gy of clusters with n>4, we have applied a rough approxima
tion based on geometric relationships between the vdW 
bonds. In Ref. 25, the eqUilibrium angle t/J between both vdW 
bonds of 12",X2 (t/J = t/J2 - t/JI) was found to be t/J-45°. 
Therefore, it is reasonable to suppose that the most stable 
arrangement of n He atoms on the plane perpendicular to 12 
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is that in which the jth He is separated from both the 
(j - l)th and the (j + l)th ones by relative angles of _45°. 
For the 12".He2 case, there is only one pairwise potential 
interaction between He atoms, VHe-He (¢2 - ¢.). So, we may 
separate the energy obtained for the ground level of 12".He2 
by means of a el treatment, E ~I, in two contributions 

E~I = 2fff~V) + V2, (7a) 

where fff~V) is the triatomic ground-level energy at 0 = 11'/2 
and V2 would represent some average of the interaction 
V He-He between the different configurations involved in the 
el treatment. 26 Hence, the V2 contribution can be estimated 
from Eq. (7a). For the 12".He3 system we find three pairwise 
interactions between He atoms, two of them between adja
cent atoms, V12 (¢2 - ¢) and V23 (¢3 - ¢z), and the third 
one involving nonadjacent atoms, VJ3 (¢3 - ¢). Following 
the above discussion, in the equilibrium configuration the 
adjacent atoms would be separated by about 45° from each 
other, while the relative angle between the nonadjacent 
atoms would be - 90°. So then, we may think ofthe 12".He3 
ground-level energy as an addition of three different terms, 

E~I = 3fff~V) + 2V2 + V3 , (7b) 

where V3 is some average of VJ3 (¢3 - ¢) and can be ob
tained from this expression. Now, by assuming the above 
arrangement for the He atoms, and neglecting those pairwise 
interactions Vij for which the relative angle between the i and 
j He atoms is greater than 90° (that is, for distances between 
both atoms placed on the asymptote of the Vij potential 
curve), we approximate the ground-level energy for clusters 
with n>4 as 

En = nfff~V) + mV2 + kV3, (8) 

where m and k are the number of adjacent and nonadjacent 
interactions, respectively, being easily obtained from geo
metric considerations. 

B_ Quantal half-widths for vibrational predissociation of 
BC,,,Xn (n=1,2) 

Rates ofVP have been calculated for 12".Hen (n = 1,2) 
using Fermi's golden rule at fixed configurations of the bend-

ing angles (the T-shaped one, with 0 = 11'/2 for 12".He, and 
that corresponding to the equilibrium value of r for 12" .He2' 
r=¢2 - ¢). 

Once the 12 stretch has been diabatically separated, we 
have to obtain discrete and continuum states of the vdW 
stretching motion for 12".He2• Discrete wave functions are 
solutions of the following equation: 

[
If (a

2 
a

2
) Ifcosy a

2 

- 2PBC.X aR i + aR ~ - mB + mc aRt aR2 

with 

+ V(V,V) (R 1,R2,y) ] 'I1~V)(Rl,R2'Y) 

= fff~V)(y)'I1~V)(RI,R2'Y)' 

V(V,V)(R I,R2,y) = V~~x (R 1 ) + V~~x (Rz) 

+ Vx_x (R 1,R2,Y)· 

(9) 

In the above equations yis the equilibrium value of r, and K is 
a quantum number that accounts for the two-dimensional 
stretching problem. Notice that a kinetic coupling term (the 
third one) between the vdW stretch modes has been includ
ed in Eq. (9). The discrete solutions ofEq. (9) can be ob
tained by expanding '11 as 

m,n 
( 10) 

where the q:; 's are discrete triatomic stretching functions 

(11) 

Now the coefficients a~::) of the expansion Eq. (10) are 
obtained by diagonalizing the matrix 

H (V) (-) _ [E(v,m) E(v,n)] £ £ 7'- cos r T T 
"..2 - [(m m(V)(R 1 ) IdVB(Vc-'V)x (R)/dRllm m(V,) (R I ) ) 

mn'm' n' r - BC-X + BC-X Umm'Unn' - ---~ 
" , , , mB +mc E~~ -E~~i 

( m(v)(R )ldV(V,V) (R )/dR Im(?)(R » ] X (1 _ 8 ,) T n 2 BC-X 2 2 T n 2 (1 _ 8 ,) 
m,m E (v,n) E (v,n') n,n 

BC-X - BC-X 

(12) 

I 

[
If a

2 
V(v'v') (R) «v')(R) ------+ BC-X I + q:;n- 2 

2J.LBC,x aR i 
The continuum solutions of Eq. (9) are functions de

scribing the atom X plus a triatomic fragment Be. . .x in a 
given stretching n" state, with Be being in a lower v' < v 
vibrational level. They may be written as a product 

'II;~:~~nt(R),R2'Y) = q:; ;~"n')(R),y)q:; ~~')(R2)' (13) 

X IVx-x (R),R2,y) IlP ~~)(R2» - El] q:; ;~,n')(RI'Y) = 0, 

(14) 

where q:; ~~') is defined by Eq. (9) and q:; ;~',n') is the solution 
of calculated on the energy shell, i.e., 
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EI = (E~'2 - E~'2) + E~V)(r) - E~~;). 

with E I being the kinetic energy between the fragments. 
There are similar equations for the fragmentation of the 
bond associated to R 2• 

Now, half-widths for VP of BC",X2 in a given K state 
may be obtained by applying Fermi's golden rule. Then, for 
breaking up any BC ... X bond we have 

r~,K (y) = 21T L L 1('I1~V)disl (Xv IV Ixv' ) 1'I1~~~~t)lZ 
u<v n" 

= 21T L L I L a~::)(y) [(rp ~V)lrp ~~» 
v'<v n" m,n 

x (rp ~)I V~'t.~ Irp ~~,n'» 

+ (rp ~)Irp ~~·,n·»(rp ~V)IV~'t.~ Irp ~~» 112 (15) 

The treatment for a triatomic BC ... X system is very sim
ilar, although some differences remain since there is only one 
vdW bond. The discrete states 'I1~V)diS are in this case the 
discrete solutions of Eq. (11) 

where the P's are the conjugate momenta to the respective 
coordinates, 8; = 1T/2, and all the other symbols are already 
known. In the above Hamiltonian, all the kinetic coupling 
terms between vdW modes have been taken into account. In 
spite of being neglected in getting ground-energy levels of the 
different clusters, their contribution at this stage may be im
portant since the trajectories can, in principle, explore highly 
excited states. The corresponding Hamilton equations con
stitute a set of 4n + 2 first-order coupled differential equa
tions, which are numerically solved once the relevant initial 
conditions have been established. The above accounts for 
n > 1, since for the case n = 1 only the rand R degrees of 
freedom have been considered. 

We initially consider the vibrational energy stored in the 
BC molecule as being the corresponding v state of a nonro
tating Morse oscillator, Eac (v). Since there is a large differ
ence between the frequency of BC (12 in our case) and the 
dissociation energy of the complex, 11 (b) the diatomic mole
cule practically conserves its individuality within the com
plex. Hence, the initial interdiatomic distance r is selected 
according to the following expression27

: 

r = r _ ..!..In[ - 2a ] 
a b + (b 2 - 4aC)1/2 sin 21TS ' 

(18) 

where a = Eac - D, b = 2D, c = - D, and S is a random 
number uniformly distributed in the range [0,1]. Here, Eac 
is the energy of the vibrational quantum level v relative to the 
minimum of the well and D, a, and rare Morse parameters of 

'I1~V)diS(R) = rp ~V)(R), 

and the continuum functions describing the X atom plus the 
12 fragment are energy normalized solutions of 

[ - 2Jl:X ~22 + V~i.(R) -E] rp~v')(R) =0. 

Then, we can express the half-width for VP ofBC ... X in 
a given n state as 

r~.n = 1T L I(rp ~V)IV~'t.~ Irp ;v·»)IZ. (16) 
v' <v 

C. Quaslclassical trajectory approach for vibrational 
predlssoclatlon of BC",Xn (n= 1-9) 

The dynamics of VP for BC",Xn clusters with n = 1-9 
has been studied by means of a QCT approach. As in Sec. 
n A, the X atoms are constrained to move on a plane per
pendicular to BC. After separating the CM of the whole 
system we may write the classical Hamiltonian for a BC",Xn 
system as 

i 
the diatomic molecule. The initial conjugate momentum P, 
is 

P, = ± [2JladEac (v) - Vac (r»] 1/2. (19) 

As regards the choice of the Ri distances, and the asso
ciated momenta, we take advantage of the fact that the quan
tal energy of a BC",Xn cluster is close to the simple addition 
of triatomic energies, as will be dicussed in the next section. 
Thus, we fix each triatom at its corresponding ground-level 
quantal energy ff6 v>, previously calculated by solving Eq. 
( 4). The relevant distances are obtained at random accord
ing to the distribution defined by the squared modulus of the 
corresponding wave function 1'I16V) 12, which is peaked at the 
equilibrium value of the vdW stretching coordinate. The P R, 

momenta are calculated by means of 

PR, = ± [2Jlac.x,(ff6V
) - Vac-X,(,.R,.ih)] 112. (20) 

In order to find the ¢i initial values we take into account 
the fact that the He atoms mainly interact with adjacent 
ones, making the interactions with nonadjacent atoms much 
less important. It allows us to select relative angles ¢ij 
= ¢i - ¢j between pairs of adjacent atoms i,j, from which 

the ¢i and ¢j angles can be obtained later. In this sense, we 
rely the previous results of Ref. 25, where it was found that 
the two-particle probability density function, as a function of 
¢ = ¢2 - ¢I' was peaked at ¢-45° for 12 ... He2, 
as was already mentioned. So, the different 
¢ij(¢2J>¢32'¢43'''',¢nn-l) are obtained at random within a 
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range of 10" centered at 45° for n = 1-8. The range we have 
taken for n = 9 is centered at 40° in order to approach the 
more realistic situation in which the nearest angle to the 
equilibrium one between adjacent atoms, can only be 40° 
when there are nine atoms moving along the same plane. 
Once the t/Jij relative angles have been selected, by fixing t/JI at 
t/JI = 0°, the rest ofthe t/Jj angles are easily found. We calcu
late the initial P"" momenta in the following way: 

P"" = ± [2,uBC,x,R 7(E", - Vx,_x/Rj,Rj,Oj'Oj,t/Jj,t/Jj»] 1/2, 

(21) 

where it is assumed that P"" = 0 and 

E - E CI 2a>(V) 
"'- 2- "'0' 

In order to calculate the different conjugate momenta, Eqs. 
( 19 )-( 21) must satisfy the following inequality: 

E- V> 0, 

withE = EBC ' ~6V),E .. and V= VBC ' VBC-X.' Vx_x.,respec-
." , I '} 

tively. If the above expression is not fulfilled, the random 
selection of the corresponding coordinate is iterated. The 
positive or negative sign of the momenta is also randomly 
selected. 

A trajectory is considered as dissociated when one of the 
R j distances becomes larger than a certain value Rmax, for 
which the corresponding vdW interaction is negligible. Also, 
the trajectories are termnated if the time exceeds a given 

Tmax· 
The distribution of trajectories is fitted to an exponential 

law of decay 13 

(22) 

where NT is the total number of trajectories, NND is the 
number of nondissociated ones at time t, and l' is the lifetime 
of the cluster. Once the lifetime is obtained, the half-width 
for VP is calculated as 

Ii r=-. 
21' 

III. CALCULATIONS AND RESULTS 

A. Potential-energy surface 

(23) 

As in previous work on vdW clusters,22,24,25 we repre
sent the potential-energy surface (PES) as an addition of 
pairwise atom-atom interactions 

n n 

V = VBC + ~ VBC-X + ~ Vx_x , ~ I £..t , J 
i i<j 

with 

VBc--x, = VB-X, + Vc_x,' 

A Morse function is used to describe each atom-atom inter
action, since this functional form has been proved to work 
fairly well for vdW systems II (b) 

V
k 

(R
k

) = Dk [e - 2a.(R. - Ii.) _ 2e - a.(R. - Ii.)], 

with D k , a k , and Rk being the Morse parameters for the 
different interactions, where k = BC, B-Xj' C-Xo Xj-Xj , 

and 

RBC = r, 

( 
r2 )112 

RB-X, = R 7 +"4 + 2Rjrcos OJ , 

Rc_x, = ( R 7 +: -2R jr cos OJ) 112, 

Rx,X
j 

= (R 7 + R J - 2R j Rj cos r ij ) 112, 

where 

cos rij = cos OJ cos OJ + sin OJ sin OJ cos(t/Jj - t/Jj)' 

In Table I we list the Morse parameters used to describe 
the 1_1,28 I-He,29 and He-He (Ref. 30) interactions. 

B. Details of the calculations 

We solve Eq. (4) using a grid of N = 3000 points for R 
withRin = 4.0a.u. andRflD = 30.0a.u. by means ofa Truh
lar algorithm3l(a) further improved by a Numerov meth
od.3

I(b) In order to estimate the V~'2-x averages appearing 
in Eq. (4), the interaction potential VBc--x (r, R j, OJ) is ex
panded in a Taylor series up to third order about the r equi
librium value. 

All the integrals involving the different t/Jj coordinates 
were numerically evaluated by means of a Gauss-Legendre 
quadrature. The advantages of this method of integration 
have been already discussed elsewhere.25 A 20-point quadra
ture for each coordinate was used in this work. 

Expansions [Eq. (6)] composed of 63 and 17 configu
rations (that is, 125 and 139 basis functions, respectively) 
were used for the n = 2 and n = 3 cases, respectively. These 
sizes for the CI expansion yield an energy convergence of 
10-4 cm -I for n = 2 and 10-5 em -I for n = 3. The method 
of diagonalization used was a standard Jacobi one. 

With respect to QCT calculations, Hamilton equations 
have been numerically solved by using an Adams-Moulton 
integrator initiated by a fourth-order Runge-Kutta-Gill in
tegrator with a time step at = 0.4 X 10- 15 s. Here, we take 
50X 1O-12/n s as the maximum total time of every trajec
tory, which is equivalent to 125 ooo/n cycles of integration. 
For the value of Rmax we have chosen 12.5 A. These param
eters lead to stable values of the final magnitudes, the conser
vation in total energy being of the order of 10- II cm - I. 

C. Results and discussion 

All the calculations reported in this paper have been 
carried out for the diatomic vibrational level v = 28. By solv
ing Eq. (4) at 0 = 1T/2, we found two stretching energy lev
els separated by about 17 cm -I. For the energy-level calcula
tions only the ground level was used (~6V) = - 18.57053 
em-I), while in the expansion Eq. (10) employed for the 

TABLE I. Morse potential parameters used in this work. 

I-I 
I-He 

He-He 

5168.72 
16.5 
7.61 

1.834 
1.5 
2.126 

3.0247 
4.0 
2.963 
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dynamical treatment ofI2 ... He2, both energy levels were tak
en into account. Then, in order to solve Eq. (5), the R j de
grees of freedom were fixed at their equilibrium values, ac
cording to the discussion of Sec. II A, and the energy levels 
ofI2 ... He2 and I2 ... He3 systems were calculated by means of 
a CI approach. The ground-level energy of these systems is 
reported in Table II. The configurations used in the CI treat
ment have been previously selected and only those with ~ 
symmetry have been employed in expansion Eq. (6). These 
~ configurations consist of products of n imaginary expon
entials, eiAi'j such that the addition of the different Aj equals 
zero. 

Comparison of the ground-level energy of I2 ... He2 ob
tained in this work with the results of Ref. 25 provides some 
information about how well the approximation of "freezing" 
the R j and OJ coordinates at the above equilibrium values 
works. In Ref. 25 calculations of the energy levels ofI2 ... He2 
were also carried out with the X atoms moving along the 
plane perpendicular to the 12 axis, but there the R j degrees of 
freedom were allowed to vary. The ground-level energy 
found in that case was - 37.1942 cm -I, which agrees fairly 
well with OUr result. This means, therefore, that fixing the 
vdW stretching coordinates at Rj = 3.86 A becomes a good 
approximation. However, considering the bending motion 
on the OJ coordinates has a greater influence on the energy, 
since calculations of Ref. 25 taking into account all the vdW 
modes (i.e., with all the Ro OJ, and <pj varying) yield a 
ground-level energy of - 28.9661 cm -I for I2 ... He2. 

Now, by making use of the Eqs. (7a) and (7b), and 
taking the values of Table II previously obtained for E fI and 
EfI, we estimate the contributions of V2 and V3 as 
V2 = - 0.174 46 cm- I and V3 = 1.06371 cm- I

. Note that 
the energy corresponding to the Vz term is less than zero 
while the V3 one is positive. It is a consequence of the fact 
that the ground energy is slightly lower than n'if6v

) for n = 2 
(2'if6V

) = - 37.141 06 cm- I
), but the situation is just the 

oppositeforthe I2 ... He3 case (3'if6V
) = - 55.711 59cm- I

). 

By introducing in Eq. (8) these values together with the 
corresponding n, m, and k numbers, we estimate the ground 
energies En for I2 ... Hen systems with n > 3. They are shown 
in Table II together with n'if6V

) and them and kvalues corre
sponding to each n one. These energies En result practically 
equal to n'if6v>, the small differences coming from the very 
weak interactions between rare atoms. This fact was taken 
into account in computing the initial conditions for the QCT 
treatment, as previously mentioned in Sec. II C. 

The V2 and V3 contributions have been calculated as
suming that the He atoms have enough space in the plane 
where they are moving to arrange at their eqUilibrium angle 
with respect to the adjacent atoms, that is, at - 45° for all the 
equivalent pairs of adjacent atoms. Geometrically, this is 
possible up to n = 8, the pictorial image being a circumfer
ence divided in eight portions, where the vdW bonds would 
be placed at the sides of the portions. However, the situation 
changes for n = 9, since introducing the ninth atom implies 
that the angle between adjacent atoms cannot be 45° yet for 
all the pairs (the nearest angle to the equilibrium one for 
adjacent atoms is now 40°). Hence, the V2 and the V3 esti
mates are no longer valid for n = 9, and the ground energy of 

TABLE II. Ground-level energies (in cm - 1 ) for 12 ... Hen clusters. Those 

energies for n = 2, 3 have been calculated using a CI treatment, while the 
remaining ones have been estimated fo\1owing a geometric model. The val
ues of n'i!l~") are presented in the second column. See the text for more de

tails. Besides, the number of terms V2 and V3 (m and k, respectively) in
volved in the calculation of En' for n>4, are given in the last two columns. 

En n'i!l~") n m k 

- 18.57053 - 18.57053 1 
- 37.315 52 - 37.141 06 2 
- 54.996 81 - 55.711 59 3 
-72.67807 -74.28212 4 3 2 
- 90.359 35 - 92.852 65 5 4 3 

- 108.04062 - 111.433 18 6 5 4 
- 124.658 19 - 129.99371 7 6 6 
- 141.45021 - 148.564 24 8 8 8 

I2 ... He9 cannot be evaluated in this way. 
With regard to dynamical calculations, half-widths for 

VP ofI2 ... He and I2 ... He2 have been computed at the equilib
rium configurations in the bending angles32 (0 = 1T/2 for 
I2···He and 01 = O2 = 1T/2, <p = <P2 - <PI = 47.2° for 
Iz ... He2). The half-width for breaking up the vdW bond in 
I2 ... He calculated by means of Eq. (16) is r = 0.219 184 
cm - I. With respect to the I2 ... He2 system, some remarks 
should be made about Eq. (15). So, we have (tp ~V)ltp ~~'»:::: 1 
for n = n" , since the discrete stretching wave functions for v 
and v' = v-I are very similar, while the overlap integral 
(tp ~) Itp ;~'.n"» ::::0. Then, the mean contribution to r is due 
to the first term of Eq. (15). All the allowed states of the 
exiting triatomic fragments are taken into account in Eq. 
(15 ). However, for the ground tetratomic stretching level 
K = 0, the dominant contribution comes from the triatomic 
ground state, that is, those coefficients a~:~) in expansion Eq. 
( 10) which are different from a6~oO) are negligible. Therefore, 
the breaking up of one vdW bond mainly yields a triatomic 
fragment in its ground level with the 12 partner deexcited by 
one vibrational quantum. This fact appears to be reflected by 
the results obtained for the half-widths corresponding to the 
situations when the triatomic fragment is either in its ground 
or excited level after the breakup. So, in the first case the 

Partial half-width is r n" = 0 = 2rH
o
e,n" = 0 = 0.408 12 cm -I, p v, 

while for the excited-level case we have a remarkably smaller 
one, r;" = 1= 0.92X 10-5 cm- I

. The total half-width for 
I2 ... He2 is the sum of these two partial rates, r, = 0.408 136 
cm -I, which practically equals r;" = o. 

Since a quantal treatment of the dynamics becomes very 
complicated for n > 2, we have applied a quasiclassical tra
jectory approach to study the VP process ofIz ... Hen clusters 
with n = 1-9. So, once the initial conditions have been estab
lished, we have integrated the corresponding set of Hamilton 
equations for each value of n. In Figs. 1 and 2 we show typi
cal plots ofln(NND/NT ) vs the trajectory time (which are 
fitted to straight lines) for n = 2 and n = 7. In Table III we 
report the total number of trajectories, NT' used in each lin
ear fit (third column) together with the corresponding cor
relation coefficient (last column). It is observed to be in very 
good agreement with the assumed exponential law of decay, 
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FIG. 1. Plot ofln(NNol NT) vs the trajectory time forI 2 ... He2• The number 
NT of the trajectories used in the plot is reported in Table III. 

the fit corresponding to n = 8 being somewhat poorer, but 
still acceptable. In the second column of Table III we present 
the number of trajectories that actually were calculated, 
N':lc. Resting on physical grounds, from this number we 
have only considered, in order to carry out the linear fits, 
those trajectories for which the 12 molecule has lost at least 
one vibrational quantum (that is, NT) according to a usual 
box quantization procedure. 

By taking a range centered at 40° for the <Pij angles, when 
finding the <Pi initial conditions for n = 9, some initial <Pij 
angles take values for which the pairwise interaction be
tween He atoms is repulsive. As a consequence of these re
pulsive initial conditions, the corresponding trajectories dis
sociate in a very short time, before that the 12 molecule has 
time to transfer at least one vibrational quantum to some 
vdW bond. This is the reason for which from 1852 trajector
ies calculated for n = 9, only 590 remain valid after the box 
quantization is applied (see Table III). 

From the above linear fits we obtain the lifetimes l' cor
responding to each 12 ••• Hen cluster. They are presented in 
Table IV together with their standard deviations, (SD) T' 

We observe a gradual decreasing of l' as n increases. The 
decreasing is more remarkable from n = 1 to n = 3, and 

I.~ , 

0.0 

-1.0 

£-2.0 

~ 
Z-3.0 

3-4 .0 

=::: 1 -7.0L-.--
1.5 2.5 

I 

3.5 

FIG. 2. Same as Fig. 1 for I2 ... He7 • 

I -,-----------.--------,". -
4.5 5.5 6.5 7.5 

time (ps) 

TABLE III. Total number of trajectories calculated, No;;'c (second col
umn), and number of trajectories used to carry out the linear fits, N To after 
the usual box quantization (third column, see the text), for each value of n. 
Also, the correlation coefficients for each linear fit are reported in the last 
column of the table. 

Correlation 
n Neale 

T NT coefficient 

1 3000 981 - 0.9903 
2 1000 756 - 0.9986 
3 837 739 -0.9946 
4 780 731 - 0.9905 
5 756 723 -0.9887 
6 733 708 - 0.9768 
7 706 678 - 0.9745 
8 803 671 -0.8934 
9 1852 590 - 0.9639 

takes place smoothly from n = 3 to n = 8. From n = 8 to 
n = 9 we find an abrupt jump in the lifetime. We have also 
calculated the average time t of the NT trajectories used for 
each linear fit. They are displayed in Table IV together with 
their corresponding standard deviations (SD >t. Although 
the values oft are quantitatively different from those of 1', the 
qualitative behavior depending on n is exactly the same, also 
showing a strong decrease from 12 ... Heg to 12 ... H~. It is in
teresting to emphasize at this point that the sharp decrease of 
the lifetime for the n = 9 cluster is not a mere artifact ofthe 
incidently repulsive initial conditions already mentioned, 
since the loss of one vibrational quantum by 12 is required by 
each trajectory included in the fit. 

From the lifetimes the associated half-widths for VP, r, 
may be calculated by means of Eq. (23). In Fig. 3 we show a 
plot of r as a function of n. We find that the QCT rate for 
12 .. .x (0.438 cm -I) is higher than that calculated with Fer
mi's golden rule approach (0.219 cm - I) in Sec. II B by a 
factor of 2, while the experimental value8

(e) for v = 28 is 
about 0.08 cm -I. In both cases only 2 degrees offreedom are 
taken into account, that is, the stretching motions of 12 and 
the vdWbond. In Ref. 33 a rate ofr "",0.50cm- l

, very close 
to our result, has been obtained for 12 ... He, using a QCT 
treatment very similar to that employed in this work, in 

TABLE IV. Lifetimes (r) and average times (I, see the text) for VP togeth-
er with their standard deviations [(SO)T and (SOh, respectively) for 
n = 1-9. The units are ps. 

n r (SO)T 1 (SO), 

1 6.046 ± 0.059 6.91 ±0.14 
2 4.645 ± 0.083 5.51 ±O.IO 
3 4.040 ± 0.108 4.82 ±0.Q7 
4 3.862 ± 0.118 4.59 ±0.06 
5 3.621 ±0.133 4.27 ±0.05 
6 3.569 ±0.143 4.18 ±0.04 
7 3.376 ±0.163 3.92 ±0.04 
8 3.081 ± 0.133 3.56 ±0.04 
9 1.367 ± 0.0073 1.33 ±0.05 
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FIG. 3. Plot of the half-width for VP vs the number of helium atoms, n for 
n = 1-9 (dots),andfitofr(n) tothecurver(n) = 0.452no.298 (solidline) 
for n = 1 to n = 8. Error bars (the standard deviation) have been added to 
each value of r( n). 

which the same degrees offreedom are considered in the T
shaped configuration. As is known, 12(a),31 the rates provided 
for quantal as well as QCT calculations decrease as the num
ber of degrees of freedom considered is increased, since the 
stability of the system increases with the additional degrees 
of freedom. So, the difference between our quantal and QCT 
rates and the experimental value may be due to the fact that 
only two degrees offreedom were considered, and this would 
affect in a more dramatic way the QCT treatment. In fact, 
three-dimensional QCT calculations l3(b) for 12 ... He yield re
sults which agree fairly well with experimental ones. In the 
QCT calculations for n;;.2 we have considered one more de
gree offreedom per vdW bond (the one corresponding to the 
¢j coordinate), and therefore we expect to obtain more reli
able rates than for n = 1. So, for n = 2, the quantal rate 
(0.408 cm- I

) is lower than theQCTone (0.S70cm- I
), but 

this difference is expected since the quantal rate is calculated 
for a fixed configuration, the equilibrium one, in the coordi
nate r = ¢2 - ¢I, while in the calculation of the QCT rate 
the ¢ I and ¢2 degrees of freedom are allowed to vary. There 
are no calculations available in the literature to compare 
with our results for n;;.3. 

The above remarks are relevant in order to estimate how 
quantitative our results are, but actually we are mainly inter
ested in the qualitative behavior of the half-width as a func
tion of the size of the cluster. So, in Fig. 3 we can see that the 
half-width (dots) smoothly increases with n up to n = 8, 
and at n = 9 a sudden jump is observed (from 0.860 cm - I 

for n = 8 to 1.938 cm -1 for n = 9) as in the case of both the 
lifetime and the average time vs n. The abrupt jump that 
happens for n = 9 suggests the existence of a first coordina
tion shell for the He atoms around 12, which would contain 
eight rare-gas atoms arranged in equivalent positions in a 
plane perpendicular to 12 with angles of 4S0 between the vdW 
bonds. Such a result is closely related with that of Kenny et 
a/.8(b) about I2 ... Ne" (n = 1-7). In that work, they ob-

served that a band-shift rule is fulfilled for n = 1 to n = 6, 
and it is broken down for n = 7. Thus, they infer that there 
exists a first coordination shell about 12 with six Ne atoms 
occupying equivalent sites. Two geometric structures con
sistent with their observation were proposed: a belt model 
with six Ne atoms encircling the 12 molecule (equivalent to 
the geometry used in the present work), and an ethane mod
el with three Ne atoms over each I atom as in an ordinary 
ethane molecule. Our choice of a belt configuration rests on 
previous structural results25 as was mentioned before. More
over, some experimental studies on other vdW clusters such 
as I 2 ... He" (n = 1_3),8(d) Br2 ... Ne" (n = 1_3),9(f) 
ICl...Ne" (n= I_S),IO(e) andCI2 ... Ne" (n=2,3),9(g) also 
point in the same direction. In all of these works the rare-gas 
atoms were found to occupy equivalent positions, and a belt 
model with the rare atoms encircling the diatomic molecule 
satisfies this requirement. 

These coordination numbers for BC ... X" vdW clusters 
[n = 8 in our case, n = 6 in the case of Ref. 8(b)] are in 
some way equivalent to the magic numbers found when oth
er kinds of vdW clusters, those only composed by rare-gas 
atoms without any chemical bond, are studied. 1 It is in the 
sense that the addition of a single atom to a magic, or coordi
nation, number cluster can dramatically alter the behavior 
of some physical or chemical properties (such as the melting 
behavior in Ar" clusters, I the half-width in our case, or the 
band shift8(b) in 12 ... Ne,,) of the new cluster. 

Experimental results reported by Sharfin et ai. 8(d) show 
that the vibrational predissociation of the 12 ... He2 complex is 
predominantly a sequential two-step process involving the 
independent dissociation of He atoms. That is, although one 
vibratioal quantum OfI2 has enough energy [for the vibra
tionallevels ofI2 studied in Ref. 8 (d) ] to break up both vdW 
bonds, as an effect of the dynamics of dissociation of this 
complex, two quanta are required. The implication is that 
the breaking up of one vdW bond is independent of the pres
ence or absence of the other He, and then they postulate that 
the half-width for 12 ... He2 should be twice that for 12 ... He as 
a result consistent with their observations. If this behavior is 
expected to be fulfilled also for clusters with n > 2, we should 
observe a linear behavior for r (n) of the type 

r(n):::::r(I)n. 

However, it is not found when we fit our half-widths as a 
function of n to a curve (solid line in Fig. 3). It is observed 
that they approximately follow the law 

r(n) a:.n l / 3 

(see caption of Fig. 3 for a more exact equation) up to n = 8, 
which remarkably separates from linearity. This behavior 
for r ( n) suggests a mechanism of satistical redistribution of 
the energy as n increases (the number of vdW molecules 
available to store energy increases with the cluster size), de
creasing the efficiency of the dissociation. This mechanism 
was proposed to explain the same statistical nature observed 
for the dissociation ofI2 •.• Ne" clusters.8(b) As discussed by 
Hair et ai.9

(g) for CI2 ... Ne" (n = 2,3) clusters, the observa
tion of multiple reaction pathways, such as double contin
uum dissociation34 yielding 2Ne and Ne2 fragments, also 
denotes statistical nature for dissociation of these clusters. In 
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this sense a non-negligible portion of double continuum dis
sociation to 2He products has been detected in our calcula
tions. There is no possibility of finding Hez because this 
dimer has no bound states. The above results are meaningful 
since we are observing a dissociation behavior for Iz ... Hen 

clusters very similar to that for clusters with Ne atoms, in 
which the dissociation of the different vdW bond does not 
occur independently due to the stronger couplings between 
them. It would indicate that the dissociation of the different 
He atoms becomes more dependent as n increases. The fol
lowing fact confirms the above conclusion. Notice that we 
are actually studying the dissociation of only one vdW bond, 
that is, our trajectories are terminated when the first vdW 
bond dissociates. So, if dissociation of the different He atoms 
was independent when n increases, we should observe the 
channel Av = - 1 (that for which Iz loses only one vibra
tional quantum) to be the dominant one for all the n values. 
This is found for n = 2 (of course for n = 1), but not for 
higher n. In fact, we have seen that for n = 3 the Av = - 2 
channel becomes almost as probable as the Av = - lone, 
and for n > 3 the channel losing two quanta dominates more 
up to n = 7. As the cluster grows Av = - 3 and even 
Av = - 4 channels become open (with small probability). 
For n = 8 the system returns to a situation in which the 
Av = - 1 and Av = - 2 channels are comparable (still 
slightly more dominant for the Av = - 2 one), and for 
n = 9 the Av = - 1 exiting channel becomes the dominant 
one again. This different dissociation behavior for the cluster 
with nine atoms, as compared with smaller clusters, provides 
one more indication that the ninth rare atom is not equiva
lent to the other eight ones. 

All of the above results enable us to think of the appear
ance of efficient intramolecular vibrational relaxation 
(IVR) mechanisms between the chemical and the vdW 
bonds, and between the vdW bonds themselves, which playa 
relevant role as n increases. It would explain the variation of 
r with n observed, and therefore the statistical nature of the 
dissociation for Iz ... Hen clusters. It turns out, then, that al
though dissociation ofvdW bonds is mainly independent for 
small 12 ... Hen clusters (n = 1, 2 as observed by Sharfin et 
al. Sed) ), when many He atoms are present it has the effect of 
making the fragmentation of each vdW bond more depen
dent on the other bonds. 

It is possible to get a simple estimate of the IVR time by 
assuming the total lifetime T (second column in Table IV) to 
be 

T = T1VR + TDIs, 

whereT1vR is the IVR time and TDIS would bejust the time in 
which dissociation occurs. Provided that no IVR exists, 
r DIS (n) would follow a linear behavior, 

r DIS (n) = r(1)n = O.44n, 

and then, using Eq. (23), we have 

-Ii 
TDIS =---, 

2r DIS 

and therefore 

-Ii 
T1VR =T---. 

O.88n 

TABLE V. Estimatesof1"IVR and 1"D1S (in ps) for n = 2-9 (see Sec. III C). 
In the last column of the table the percentage of 1"IVR in the total lifetime 1" is 
displayed. 

n 1"D1S 1"IVR Percent 

2 3.01 1.63 35 
3 2.01 2.03 50 
4 1.51 2.35 61 
5 1.20 2.42 67 
6 1.00 2.57 72 
7 0.86 2.52 75 
8 0.75 2.33 76 
9 0.67 0.70 51 

Table V displays the estimates of T1VR and TDIS calculated in 
this way for n = 2-9, together with the percentage of T1VR in 
the total lifetime T (fourth column) . We see that n = 2 is the 
only case in which TDIS > T1VR (with the smaller percen
tage), while for n;;;.3 the opposite behavior, T1VR > TDIS is 
found (for n = 3 they are still comparable). The percentage 
is observed to increase with n up to n = 8. Again, n = 9 
means the breaking down of the general behavior with 
T1VR ;:::; T DIS' The interaction of this ninth atom with the oth
er ones and with the Iz molecule seems to be weaker. A possi
bility consistent with our results is that this atom is in the 
first excited stretching state, at a longer distance from the Iz 
center of mass than the other rare atoms. The estimates of 
Table V show in a somewhat more quantitative way the rel
evant role played by redistribution of statistical nature in the 
dissociation ofIz ... Hen clusters as the cluster size increases. 

Our model constrains the motions of the vdW bonds to a 
plane perpendicular to Iz, and perhaps introducing the other 
degrees of freedom that we have fixed, that is to say, the 
bending modes out of this plane (in the (}; coordinates), may 
vary the number of He atoms in the coordination shell about 
Iz somewhat. Further work on this line would be valuable. 

IV. CONCLUDING REMARKS 

In this paper we have presented an approximate quanta! 
model to study the discrete energy spectrum of small 
Iz ... Hen clusters (n = 1-8). Relying on previous results on 
12, •• Hez, it is assumed that a near-equilibrium geometry ex
ists where the motions of the He atoms are only allowed to 
take place on a plane perpendicular to the Iz axis. Energy 
levels for Iz ... Hez and Iz ... He3 are calculated with a CI treat
ment. Then,using the ground energy levels obtained for 
these two clusters, and by means of geometric consider
ations, the ground-level energies corresponding to clusters 
with n>4 are estimated. Lifetimes and half-widths for VP of 
Iz ... Hen with n = 1-9 have also been calculated by applying 
a QCT treatment. A sudden jump in both magnitudes for 
n = 9 suggests that there exists a first coordination shell for 
the helium atoms about 12, containing eight atoms in equiva
lent positions. Also, we have found that the half-width varies 
with n as approximately the inverse of the cubic root of n 
from n = 1 to n = 8. It points out that there appear to exist 
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internal vibrational relaxation mechanisms which cause the 
efficiency of the dissociation reaction to decrease as the clus
ter size increases. Further work introducing the degrees of 
freedom not considered here, as well as extending the calcu
lations to systems with other rare-gas atoms, seems to be 
very promising and interesting in order to check for similar 
behavior of the half-width for VP vs n and the existence of 
arrangements in coordination shells of the noble atoms for 
other vdW clusters. 
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