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The role of solvent effects in association re,?ctions is studied in atom-cluster collisions. Classical 
trajectory studies of the systems’H+Cl(Ar), (n=1,12) are used to investigate the influence of size, 
structure, and internal energy of the “microsolvation” on the H+Cl association reaction. The 
following effects of solvating the chlorine in an Ar, cluster are found. (1) In the H+Cl& system 
there is a large “third body” effect. The single solvent atom stabilizes the newly formed HCl 
molecule by removing some of its excess energy. The cross section found’at low energies is a 
substantial fraction of the gas-kinetic cross section. The mole&e is Produced in highiy excited 
vibrational-rotational states. (2) Some production of long-lived HCl***Ar complkxes, with lifetimes 
of 1 ps and larger, is found for the H-t ClAr collisions. Weti coupling stemming from the geometry 
of the cluster is the cause for long life times. These resonance states decay into HClfAr. (3) At low 
collision energy (E-10 kJ/mol) for H+Cl(Ar),,,>the H+Cl association shows a sharp threshold 

. effect with cluster temperature. For temperatures T345 K the cluster IS liquidlike, and the reaction 
probability is high. For TS40 K the cluster is solidlike, and there is no reactivity. This suggests the 
potential use of reactions as a signature for the meltinglike transition in clusters. (4) At high collision 
energies (E=lOO kJ/mol) H atoms can penetrate also the solidlike Cl(Ar),, cluster: At this energy, 
the solid-liquid phase change is found not to increase the reaction probability. 

I. INTRODUCTION 

Association reactions of atoms and radicals to form 
stable molecules are among the most fundamental chemical 
processes.lV3 Unlike the reverse process of dissociation4 re- 
combinatiofi of atoms and/or radicals to form stable mol- 
ecules is far less well characterized. Both these types of pro- 
cesses are of fundamental importance, and 6ere extensively 
studied in liquid solutions.5 The solvent particles may affect 
the interaction potentials between the reagents, but typically 
more important are dynamical effects that occur in collisions 
between the reactive species or’ the products, and the mol- 
ecules of the liquid. Most prominently, there is the “cage 
effect” which was first discovered by Franck and Rtibino- 
vitch in 1934.6 They suggested that in photodissociation of 
iodine the fragments recoil from their solvent neighbors. 
These repeated collisions may hinder their separation which 
eventually leads to recombination. This process has an ana- 
log in the intimately related process of association. There the 
screening of atoms and radicals in a dense solvent can make 
it more difficult or even impossible for them to come~hto 
close contact and to recombine. 

The prototypical example of I2 has been a major testing 
ground fdi various experimental and theoretical methods to 
study photodissociation&eminate recombination processes. 
Besides photolysis experiments in liquids7-’ and in 
gases”-13 also trajectory calculations’4 and model 
calculations’5 have been employed to interpret the experi- 
mints. Another way of exploring solvent effects is to study 

‘9Present address: Freie Universitk Berlin, Institut fii Physikalische und 
Theoretische Chemie, ‘I’abustr. 3, D-14195 Berlin, Germany. 

photochemical processes, for instance, in the well-defined 
env&onment of rare gas matrices. Both experimental’6-20 
and theoretical21-23 work demonstrated the effects of the rare 
gas cage, including the role of its constrained geometry, on 
the dynamics of photo-induced reactions. 

Besides the cage effect there is another important solvent 
effect in recombination reactions. For an association to occur 
the presence of at least one further atom or molecule is nec- 
essary. If this %ird particle” removes sufficient energy to 
bring the molecule below dissociation threshold, it keeps the 
collision partners from dissociating again and thus leads to 
stabilization of the newly formed molecule. This is the well- 
known “third body” or “chaperon” effect.1’24 A closely re.- 
lated question is the mechanism of e~nergy relaxation ia a 
solvent. Following an association the molecular product is 
initially very highly excited. By subsequent electronic, vibra- 
tional, and/or rotational energy transfer to the solvent it ap- 
proaches thermal equilibrium with its environment. 

It is obviously advantageous to explore the solvation ef- 
fects on association reactions as mentioned above in a simple 
framework that permits detailed theoretical treatment. This 
makes an investigation of these processes ,in van der Waals 
or hydrogen bonded clusters especially promising. There has 
been great progress. in cluster research both in physics and in 
chemistry trying to bridge the gap between gas phase and 
condensed matter behavior.Z-27 The enormous evolution of 
this field has been made possible by new experimental meth- 
ods such as molecular beams and spectroscopic techniques. 
On the other hand the area also benefits substantially from 
the theoretical tractability of finite size aggregates. Stimu- 
lated by the availability of more and more powerful comput- 
ers various classical and quantum mechanical simulation 
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methods have been developed. Naturally, cluster studies are 
also emerging as an important tool in studies of chemical 
reaction dynamics and the role of solvation effects in these 
processes. 

Many recent studies deal with solvation effects for a 
molecule embedded in a rare gas cluster. Information about 
structure and dynamics of this “microsolvation” is obtained 
from frequency shifts in vibrationalz8 or electronic29 spec- 
troscopy where important size effects were first detected. 
Such systems were also used to study solvent effects on 
photoinduced reactions. Photolysis of dihalogens in rare gas . clusters has been extensrvely studied, both experimen- 
tally30-35 and theoretically.36-38 These studies showed a 
strong dependence of the cage effect on the cluster size. Fur- 
thermore, it turned out that even one solvent atom may be 
sufficient to induce some caging. The photodissociaion dy- 
namics of hydrogen halides was also the topic of consider- 
able attention. Systems simulated were HI in HI(Xe), (n 
= 1,5,12) (Ref. 39) and HCl in HCl(Ar), (r~=1,2)!‘-~~ In 
these cases the existence of very light H atoms suggests the 
application of quantum mechanical simulation techniques. 
Using mixed quantum/classical or quantum/semiclassical 
schemes, s;antum resonances and interference effects for the 
Ar..*HCl+H+CI+Ar photodissociation process were 
found!3 

Most of the above-mentioned studies treat a recombina- 
tion reaction as a reverse dissociation that occurs if caging 
prevents the mutual separation of fragments. It is, however, 
also interesting to study it as a bimolecular process occurring 
in collisions. Applying a crossed beam technique association 
reactions of 0 atoms with clusters of NO (Ref. 45) and CO 
(Ref. 46) were investigated demonstrating the “third body” 
effect. In another class of experiments reactive collisions of 
Ba atoms with NsO clusters47 and NzO(Ar), complexes”8 
were observed. A closely related process, reactive collisions 
of 0 atoms with hydrocarbons bound in clusters was also 
studied.49 On the theoretical side there have been classical 
trajectory simulations of recombination reactions in clusters. 
In extensive studies of CH,+H(Ar), (rz =4,12,13) (Ref. 50) 
and of I+I(Ar), (n = 12,54) [Ref. 51) collisions relative roles 
of the chaperon effect, caging, and trapping of the reactants 
were explored. 

The topic of the present work is the H+Cl recombina- 
tion reaction in clusters. Solvation effects are illustrated here 
by attaching a varying number of Ar atoms to the chlorine 
reagent. Classical trajectory studies are carried out to simu- 
late the H+Cl(Ar), collision process. The computational 
methods employed here are described in Sec. II. The initial 
conditions are chosen to represent a crossed beam experi- 
ment. Analysis of final distributions allows the extraction of 
several experimentally relevant observables. These- are par- 
tial cross sections for vibrational-rotational states of the HCl 
molecules and velocity and angular distributions for the HCI 
product. 

To illustrate the strong size dependence of solvation ef- 
fects in clusters two -different extremes will be treated in the 
following. (1) In Sec. III we will present results for the case 
of a “single atom solvent.” For the system H+ClAr the fol- 
lowing questions will be addressed: How effective is the Ar 

atom stabilizing the HCl product (“third body” effect)? 
What is the partitioning of the product energy? What are the 
reaction mechanisms and how are they reflected in the trans- 
lation of the products? What can we learn from the nonreac- 
tive scattering? (2) The case of a fully solvated Cl atom will 
be illustrated in Sec. IV. For the H+Cl(Ar),, system the 
following topics will be discussed: What is the cluster struc- 
ture and what are possible reaction paths for a penetration of 
the Ar shell? What are the mechanisms of recombination and 
how effective is the vibrational/rotational relaxation of the 
HCl molecule? Temperature effects of the Cl(Ar),, complex 
and the question of the “melting transition” are studied in 
Sec. V. It will be of special interest how these phenomena are 
reflected in the reactivity of the HfCl association, and, es- 
pecially, whether there is a “signature” of melting. In Sec. 
VI our results are summarized and further developments of 
the theoretical models are discussed. 

II. MODEL SYSTEM, METHOD, AND CALCULATION 

A. Interaction potentials 

The total interaction potential for the H+Cl(Ar), colli- 
sion system is constructed as a sum of pairwise interactions 
between the atoms. The four different atom-atom potential 
functions required for this system were taken from the litera- 
ture. For the Ar-Ar interaction we choose the HFD-B2 
model of Aziz and Slaman which was fitted to reproduce the 
best available spectroscopic, scattering, and bulk data.5’ The 
depth and position of the potential minimum are 1.19 kJ/mol 
and 376 pm, respectively. A model for the Ar-Cl interaction 
is taken from the analysis of atomic beam experiments car- 
ried out by Aquilanti et al.53 Neglecting the weak anisotropy 
of the interaction between the rare gas atom and the open 
shell system C1(2P) we only use the V3,2,,/, potential curve 
with a minimum of 1.46 kJ/mol at an interatomic separation 
of 378 pm. While the range is comparable for the two sys- 
tems the deeper potential well is due to the higher polariz- 
ability of the Cl atom. The interaction of the Ar-H pair, 
however, is much weaker. The potential used here is the 
semiempirical model of Tang and Toennies predicting a shal- 
low attractive well of only 0.45 k.l/mol located at a distance 
of 354 pm.54 For the H-Cl interaction we use a Morse os- 
cillator 

v(rj=D,{i-exp[-p(r-r,j2]} (1) 
to represent the bound state X is+ potential. Standard pa- 
rameters of this potential function’s are given in Table I. 

Except for the H-Cl interaction all the other potential 
functions mentioned in the previous are represented by com- 
plicated analytical functions with up to 14 parameters (Ar- 
Cl). This makes simulations computationally very expensive, 
since in trajectory calculations most of the computer time is 
required for the calculation of forces. However, the numeri- 
cal effort can be reduced substantially by fitting a simple 
analytical model to the potential functions. This is done here 
using a Buckingham model of the form56 

V(r)=A exp(-Br)-s. G? 
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TABLE I. Parameters of the pair potential functions for the H+Cl(Ar), 
system. 

Buckingham potential parameters’ 

A B c 
(lo6 kJ mol-‘) (IO” m-‘) (lOsm kJ mol-’ m6) 

Al--Ar 1.526 
ArKI 0.814 
Ar-H 0.159 

3.845 5.563. 
3.601 6987. 
3.681 1475. 

Morse potential parametersb 

D, re 
&.I mol-‘) (IO-‘” m) 

P 
(lOLo m-‘) 

H-Cl 445.5 1.275 1.868 

“Parameters are obtaind by a least square fit of a Buckingham potential 
model given in Eq. (2) to each of the pair potential functions specified in 
the text, 

bParameters of the HCI (X ‘2’) Morse potential given in E!q. (1). 

- 
The resulting parameters of the values A, B, and C for each 
of the three pair interactions are listed in Table I. 

A more realistic description of the system investigated 
here would also have to include three-body potentials. Espe- 
cially for the Ar,-HCl system there have been major efforts 
in this direction.57-60 There are definitely discrepancies be- 
tween the sophisticated AI--HCl intermolecular potential 
functions derived by Hutson from high-resolution spectro- 
scopic data59’a) and the pairwise potential used here for the 
H+ClAr system. We did not use the potential of Ref. 59(a), 
because it was calibrated from spectroscopic data for the 
u 70 and u = 1 state of Ar***Hcl(~),~~(~) which are sensitive 
to interatomic configurations completely different from those 
relevant for the processes studied here. Data on Ar***HCl(v) 
for high u is, unfortunately, not available. For larger inter- 
atomic distances the pairwise potentials..seem to be a reason- 
able approximation. It is, however, note,d that it would be of 
great importance to study the influence of multibody interac- 
tions on chemical reaction dynamics in HfClAr which we 
neglect here. 

B. Classical cross sections 

In this section standard techniques for the calculation of 
cross sections of bimolecular reactions from classical trajec- 
tories are briefly reviewed and applications to the systems 
studied here are discussed. In trajectory studies the probabil- 
ity Pn for any (reactive or nonreactive) process A can be 
simply evaluated as 

where I$* is the number of trajectories leading to the desired 
event A and N is-the total number of trajectories. Consider 
atom-molecule collisions at a given collision energy Ecoll. 
Then the probability PA in general is a function of (i) the 
(classical) impact parameter b of the collision; (ii) the orien- 
tation of the molecular partner which is -specified here by the 

For each integration point of the Motite Carlo procedure 
one trajectory has to be run. Initial conditions are selected 
according to all the integration variables. All calculations are 
done in the center of mass system and the colliding partners 
are assigned a relative velocity corresponding to Ecoll. The 
vector of initial separation p has to be chosen so that the 
particles are outside the range of their mutual interaction. 
Typical values for p are p=l nm for the H+ClAr case and 
p=l.S nm for the H+Cl(Ar),, system. The component of p 
perpendicular to the relative velocity is given by the impact 
parameter b. The integration over this variable is extended 
up to a maximum parameter b,+,‘, where the reaction prob- 
ability P, practically vanishes. Convergence tests show that 
values of b,= 1 nm and b,=2 nm are sufficient for the two 
systems, respectively. The initial orientation of the Cl&-), 
complex is achieved by rotations with a Euler matrix corre- 
sponding to the angles cP,0,11r.61 The remaining variables v 
and J represent the internal degrees of freedom of the mo- 
lecular collision partner. For reasons of simplicity, our 
vibrational-rotational treatment of the H+ClAr system cor- 
responds to a simple classical limit of the u =0, J-0 quan- 
tum initial state of the dimer. The interatomic distance of the 
ClAr dimer is kept frozen at the equilibrium value and rota- 
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Euler angles a, 0, Yr;61 and (iii) the internal degrees of 
freedom given by the classical variables u and ;I of vibration 
and rotation, respectively. Thus, 

(4) 
Partial cross sections for arbitrary processes A are then ob- 
tained by statistically averaging the trajectory computed 
probability PA of this process62 

aA(Eco,,) =j-f2rbdb/02; & &-l’j-- ; sin OdO 

(5) 
where F(vJ) is a distribution function corresponding to the 
vibration and rotation of the molecule (see below). Note that 
for the case of a diatom the orientation can be described by 
two polar angles 0 and q only and the integration over Cp 

- can be omitted. 
The nunierical evaluation of the multidimensional inte- 

grals of the form of Eq, (5) is routinely done by an approxi- 
mative Monte Carlo procedure. This technique has the ad- 
vantage of being independent of the dimensionality of the 
problem. This; however, goes at the price of a slow conver- 
gence. The Monte Carlo error only decreases as n-“2 with n 
being- the number of integration points. Therefore, the num- 
ber of trajectories in the simulations presented here has to be 
relatively high. In order to keep the error of the partial cross 
sections well below lo%, typically about lo5 trajectories 
have to be evaluated. 

C. Details of the trajectory calculations 

1. Initial conditions 



tional motion of the diatom is neglected. However, the cal- 
culations include sampling of all possible initial orientations 
.of the ClAr diatomic “molecule” with respect to the incom- 
ing H atom. Physically, we expect indeed the orientation 
(rather than the vibration) to be the parameter determining 
reactivity in this system. In the investigation of the 
H+Cl(Ar)1z system we obtain F(v,J) by sampling from a 
microcanonical ensemble. This enables us to study thermal 
effects in the Cl&),, complex. For more details of this pro- 
cedure, see Sec. V. 

2. Integration of the equations of motion 

Starting with the initial conditions specified in the previ- 
ous, Newton’s equations of motion have to be solved. This is 
done numeric.ally using a Gear pred@or-corrector scheme 
of sixth order.63 A special problem encountered in the recom- 
bination processes are the different orders of, magnitude ~of 
the interatomic forces. It is advisable to employ a relatively 
large time step for the time where the evolution of the tra- 
jectories is governed by. the weak van-der Waals forces. Once 
the much stronger chemical forces between the H and the Cl 
atom become effective the time step-has to be reduced sub: 
stantially. Therefore, we scale-the step size with the maxi- 
mum component of the accelerations. Typically in a reactive 
trajectory for E,,li~ 10 kj/mol the time step varies from 10 fs 
down to 0.1 fs.. ._. 

3. Final conditions 

Each trajectory is run until either one of two conditions 
is met. (1) If no reaction occurs the distance of the collision 
partners has to reach the value of the initi,al separation p 
(asymptotic distance), or (2) if an HCl molecule was formed 
the distance between the moiety and each of the Ar atoms 
has reached a value at least as large, as. p. In the latter case 
some observables of the newly formed molecule are of inter: 
est. First of all, the internal energies of vibration (Etib) and 
rotation (Z&3 are calculated. Treating vibration-rotation cou- 
pling only to first approximation the quantized energy levels 
of a diatom can .be expressed as 
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. coltision‘energy [kJlmol], 

., 

FIG. 1. Energy dependence of the total reactive cross section of the 
H+ClAr-+HC1+Ar association reaction. 

Ill. ONE ATOM ACTING AS A SOLVENT: H+CIAr 

A. Third body effect 

In a first series of simulations. the H+ClAr+HCl+Ar 
reaction is studied. Special emphasis will be on theasolvent 
effect which is modeled here by attaching a single Ar atom to 
the Cl reagent. We want to investigate the third.body effect 
‘induced by’ this atom on the reactivity of the HCl recombi- 
nation. Total reactive cross sections for the H+Cl association 
are obtained by calculating the-probability PA [see Eq: (3)] 
of a trajectory leading to formation of an HCl molecule and 
statistically averaging according to Eq. (5). In this way cross 
sections are evaluated for different collision energies. The 
reactive cross sections (+ 

50 
shown in Fig;’ 1 decrease mono- 

tonically from 17~5 X lo- m2 for EC,“= 11 kJ/mol down to 
less than2XiO-“’ m’? for E,i=50 kI/mol. That means that 
for a-typical experimental energy of a hydrogen atom beam 
of about 10 kI/mol’ the cross section is- in the ordet’of lo-l9 
m2 and still well above the sensitivity threshold of stafe-of- 
the-art experiments. 

Evd V ) 1 

hc = wg(Y, tj - O”X(V + p>* 

and 

%dJj 
hc 

=BJ(J+ l)-D[J(J-b 1)-j? 

The constants are-obtained within the “rotating Morse oscil- 
lator” approximation using the parameters for the HCI mol- 
ecule as given in Table 1. The harmonic frequency o. and the 
anharmonicity w,x are 3002 and 60 cm-‘, respectively, the 
rotational constant is B = 10.7 cm-’ and the centrifugal dis- 
tortion is D =O.OOO 54 cm-? I . Approximate quantum numbers 
of vibration. and rotation are then calculated by inverting 
Eqs. (6) and (7) and rounding the values to the nearest inte- 
ger numbers. This allows one to obtain partial cross sections 
for individual internal states (v,J) .of the HCl product. 

The steep falloff of these cross sections with increasing 
collision energy can be quantitatively understood in the fol- 
lowing way: Because the potential surface for the recombi- 
nation reaction has no barrier the only mechanisms limiting 
the reactivity must be of dynamical nature. Assuming the 
centrifugal force alone to provide the barrier for the reaction 
it can be shown that in the framework of a Langevin model 
the cross section decreases- according to a power law, 
-b%,,)-2’S, where (ls) is the power of the long range part’of 
the potential.@ This dependence of the reactivity on the col- 
lision energy is found here qualitatively, abut quantitatively 
there are discrepancies caused by the more complicated re- 
action mechanisms. Another striking feature is that, although 
large enough to be measured, the reactive cross sections are 
relatively small compared to the long ranges of the strongly 
attractive H-Cl interaction. This reflects the inefficient cou- 
pling of the HCl and the. ClAr modes of motion. Aside from 
the weakness of the coupling induced by the H-Ar potential 
there is another and more important reason for this which is 
the separation of mass-scale between H and the other two 
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FIG. 2. Partial cross sections of the H+CXr-+HCl(u,J) +Ar reaction at a 
collision energy of 10 k.J/mol. (a) Distribution of the vibrational states of the 
HCI product. (b) Distribution of the rotational states. 

atoms. Rearrangement reactions of atoms for such mass 
scales are relatively inefficient.65 Using a D atom instead of 
an H atom does not change the ratio of the masses suffi- 
ciently. For a collision energy of 10 kJ/mol the-cross section 
increases only by 20% upon deuteration. The reactivity is, 
however, expected to be substantially higher for recombina- 
tions of dihalogens like the Cl+ClAr system. 

B. Partitioning of the energy release 

The HCI association reaction is a highly exothermic pro- 
cess. Assuming a collision energy of 10 kJ/mol the exother- 
micity of the reaction is given by 

A.E=A.E(HCl)-A.E(ClAr)+E,,n 

=(445.5-1.4+10) kJ/mol=454.1 kJ/mol. (8) 
Upon combination of the two reactants and separation of the 
AI atom there are three different channels of product energy. 
Vibration and rotation of the HCl diatom and the relative 
translation of HCl vs Ar. In order to quantify the specificity 
of this energy release we calculate partial cross sections for 
the individual product states of the HCl molecule, within our 
“box quantization” treatment of the classical results. 

The upper panel of Fig. 2 shows the population of vibra- 
tional states. The distribution’ is very broad and highly in- 
verted with its maximum at a quantum number v = 16 corre- 
sponding to a vibrational energy of 395.5 kJ/mol. Towards 

higher quantum number this distribution stretches to the third 
highest oscillator level v =22. On the other hand there are 
also trajectories where the HCl molecule is cooled down to 
the v = 1 state. In the lower part of the figure we see the 
distribution of the rotational states. In accord with the result 
for the vibration this also indicates an extremely high exci- 
tation of the molecule. The maximum of the curve is found at 
5=20 or at a rotational energy of 53.6 kJ/mol. With the 
exception of the first few points this distribution can be fit 
very well by a Boltzmann-type curve. The resulting tempera- 
ture is higher than 13 000 K. 

Assuming a trajectory with product states corresponding 
to the maxima at v = 16 and J=20 the following picture for 
the energy partitioning emerges. As much as 87% of the 
released energy is channeled into vibrational motion while 
12% of the product energy appears as rotation of the HCl 
molecule. Hence, the high excitation of the diatom leaves 
only about 1% of the available energy (or 5 kJ/mol) in the 
translation of the products. This strongly nonstatistical result 
will be elucidated further in the following. If HCl were 
formed at low excitations, this would correspond to a “mul- 
tiquantum” relaxation of HCl by Ar, which is known to be 
inefficient also classically. 

C. Product translation 

To obtain a more complete picture of the energy release 
and to gain understanding of the reaction mechanisms it is 
instructive to consider the distributions of velocity and scat- 
tering angle of the HCl product. Furthermore, these quanti- 
ties are accessible in‘ a differential scattering experiment. 
Again we restrict ourselves to the case of a relative collision 
energy of 10 kJ/mol. The velocity distribution of the HCl 
molecule can be seen in the top half of Fig. 3. Its structure is 
clearly bimodal with two maxima at v-O.2 km/s and at 
v-O.7 km/s. Because all calculations are carried out in the 
center of mass system conservation of momentum allows us 
to obtain the corresponding Ar velocity and thus the total 
translational energy of the two products HCl and At-. The 
values for the two maxima are .1.4 and 16.8 kJ/mol, respec- 
tively. There is a relatively sharp upper bound of the distri- 
bution at v -0.8 krn/s:This gives us an estimate of the maxi- 
mum translational energy of 22 kJ/mol or 5% of the available 
exothermicity. From this we can deduce that there must be 
strong correlation between vibrational and rotational energy. 
Although their distributions cover a range of about 400 and 
100 kJ/mol, respectively, in total they always account for at 
least 95% of the available energy of the reaction. 

The bottom half of Fig. 3 shows the angular distribution 
of the the HCI products. Although being ‘very broad two 
regions of higher probability can be distinguished. With the 
scattering angle defined as 0” for the direction of the incom- 
ing H atom there is a main maximum in the region of for- 
ward scattering (180”) accompanied by a smaller maximum 
for backward scattering- (0”). A closer inspection of the tra- 
jectory data reveals that there is a strong correlation between 
these two distribution. The backward scattered products are 
found to be faster (v ~0.7 km/s) than the. forward scattered 
ones (v=O.2 km/s). 
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final velocity Fmls] 

90 135 180 
scattering angle [degree] 

FIG. 3. Velocity and angular distribution (center of mass system) of HCl 
molecules formed in H+ClAr+HCl+Ar reactions at a collisions energy of 
10 kJ/mol. (a) Distribution of the HCl velocities. (b) Angular distribution of 
the HCl products. Note that a scattering angle of 0” corresponds. to the 
direction of the incoming H atom (backward scattering). 

D. Reaction mechanisms 

The results given in the previous clearly suggest the ex- 
istence of two different reaction mechanisms for the HCI 
formation. This is further investigated by studying the depen- 
dence of the recombination reaction on the initial orientation 
of the ClAr dimer. For illustration we show two prototypical 
examples of two-dimensional trajectories for EC,,,,= IO kJ/ 
mol in Fig. 4. In the first case (a) the initial orientation is 
such that the Cl atom points towards the direction of the 
collision partner, in the second case (b) there is an angle of 
135” between these two directions. in either case the reaction 
can be characterized by the same four steps. (1) The incom- 
ing H atom is captured by the strong attraction of the Cl 
atom leading to an orbit type of motion. In the course of this 
spiral the H-Cl-distance is slightly decreasing which leads to 
an acceleration of the H atom. (2) The H atom then collides 
with the Ar atom. In this collision it transfers some fraction 
of its energy to the solvent atom causing the weak Ar-Cl 
bond to break. The H atom, which lost part of its kinetic 
energy, remains trapped in the attractive field of the Cl atom. 
(3) Then the newly formed molecule slowly leaves the reac- 
tion zone. The curled motion of the H atom is an indicator of 
the high vibrational and rotational excitation of the diatom. 
(4) Because of the slow separation of the products it is pos- 
sible that the H atom in its wide amplitude motion undergoes 

further collisions with the Ar atom. One such impact can be 
seen in Fig. 4(a). Although these may be “soft collisions” 
they may further increase the energy associated with the rela- 
tive translation of the HCl molecule vs the Ar atom. 

It is interesting to consider the energy transfer in H-Ar 
collisions quantitatively. Dictated by the mass ratio of 1:40 a 
hydrogen atom cannot transfer more than 10% of its kinetic 
energy to the translation of the Ar atom. Therefore, the at- 
tractive interaction with the Cl atom before the H-Ar colli- 
sion plays an important role. By accelerating the H atom 
which has an initial energy of only 10 kJ/mol it gains addi- 
tional kinetic energy. Consequently, it is able to transfer even 
in a single collision an amount of several kJ/mol which is in 
agreement with the values of the kinetic energy found in the 
product translation (see above). 

The only essential difference between the two example 
trajectories of Fig. 4 is that the HCl product is scattered into 
the backward (case a) and into the forward (case b) hemi- 
sphere. Further test calculations show that the direction of 
the separation of the products is essentially given by the 
initial orientation of the ClAr reactant. In other words, the 
forward scattered products are generated from H+ArCl ap- 
proaches while the backward scattered HCI molecules are 
formed in collisions of the H+ClAr type. This behavior is 
again caused by the ratios of masses ‘which makes a reorien- 
tation of the heavier atoms impossible. 

As discussed previously, only a small fraction of the en- 
ergy available is converted to relative translational motion of 
the products. This, and the relatively high masses of the Ar 
and HCl formed imply that the reaction process is not very 
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FTG. 4. Reaction mechanism of the H+ClAr-+HCl+Ar reaction at an im- 
pact energy of 10 kJ/mol. The two examples of reactive trajectories repre- 
sent different initial orientation of the ClAr dimer leading to recombination 
where the HCl product is’scattered backwards (a) and forwards (b). The 
circles depict the positions of the three atoms at time intervals of 5 fs. 
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FIG. 5. Distribution of collision times of the H+CL4r-+HCl+Ar reaction at 
a collision energy of 10 kUmo1. Note that besides the maximum at t-200- 
700 fs there is ‘some probability for the occurrence of long lived complexes 
(~1-1.5 psj. 

fast. Typically a reaction takes up to a few periods of 
vibration/rotation of the HCl until the mutual interaction of 
the products vanishes. This is illustrated in Fig. 5. The dis- 
tribution of collision times for the H+ClAr reaction at an 
impact energy of 10 kJ/mol has a clear maximum in the 
region of 200-700 fs which corresponds to trajectories of the 
type shown in Fig. 4. In addition to that also some probabil- 
ity for very long collision times is found. This is caused by 
the occurrence of very long-lived HClAr complexes. In our 
trajectory calculations we found lifetimes of up to 10 ps. A 
more detailed analysis of these resonances shows how they 
are related to the initial geometry of the collision. They can 
only occur if (1) the ClAr axis and the direction of the initial 
H atom velocity form an angle of about 90” and if (2) at the 
same time the impact parameter is such that the height of the 
centrifugal barrier matches the initial energy. In these cases a 
metastable complex can be formed where the H atom rotates 
in a plane perpendicular to the ClAr axis. In this geometry, 
the coupling between the vibrational and rotational modes of 
the HCI and the motion of the Ar is very weak resulting in 
slow decay. An experimental search for these long-lived 
resonances, if feasable, should be of considerable interest. 

IV. THE FIRST SOLVATION SHELL: H+CI(Ar),, 

A. Cluster structure and potentials 

The second system studied here is a fully solvated Cl 
reactant. In analogy to a pure Ar cluster it takes 12 atoms to 
build up a complete shell around the central atom. They ar- 
range in an icosahedral symmetry (Ih) which was proposed 
many years ago.6b*67 Furthermore, icosahedral structures 
have indeed been observed in electron diffraction experi- 
ments with small Ar clusters.“* This structure also represents 
a minimum energy configuration for the doped cluster with 
the chlorine situated in the center. Using me pair potentials 
of Sec. II A a total interaction energy of 53.9 kJ/mol is 
obtained.“’ 

The interaction between the Cl&),, complex and a H 
atom is highly anisotropic. Figure 6 shows potential energy 
curves for the three principal directions. (1) For an approach 
of an H atom along one of the Cs axes towards acorner atom 

there is a steep repulsive wall at a center of mass separation 
of about 0.6 nm. (2) Along one of the C2 axes intersecting 
each of the edges of the icosahedron a H atom can in prin- 
ciple penetrate the cage. There is a potential barrier of 160 
kJ/mol that has to be overcome before the H atom is subject 
to the strong H-Cl attraction in the interior of the cluster. (3) 
The barrier height is reduced down to 58 kJ/mol for a pen- 
etration along one of the C, axes going through the center of 
each of the triangular faces of the icosahedron. Therefore the 
chance for recombination is highest for this direction. A typi- 
cal value of the size of the “windows” of this cage is lo-“’ 
m2 for an impact energy of 100 k.I/mol. For this energy cage 
penetration is possible for approximately 13% of the surface 
of the icosahedral cluster. Note that the values for the pen- 
etration barriers and cage openings given here are obtained 
assuming the solvation shell to be rigid. This however, is a 
reasonable approximation. Because of the high velocity of 
the H atom and the inefficient momentum transfer to the 
heavy atoms the cluster is practically “frozen” on the time 
scale of the collision process. 

Besides the strong repulsion of a H atom by a Cl(A& 
complex there is also a weak van der Waals attraction be- 
tween the two particles. As can be seen from the insert of 
Fig. 6 the corresponding well depth lies between 0.6 kJ/mol 
(C,) and 1.7 kJ/mol (C,). This suggests two different types 
of reactive events which are relevant for different regimes of 
the collision energy. (1) Recombination of HSCl can occur 
only at energies high enough to overcome the barrier of at 
least 58 kJ/mol for cage penetration. (2j Capture of H atoms 
in the well of the dispersion forces is expected to be effective 
only at energies not much larger than the well depth. If such 
trapping happens it may be interesting, whether there is a 
very slow process involving some restucturing of the cluster, 
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FIG. 6. Interaction potentials between a H atom and the CI(Ar)lz cluster 
along the three types of symmetry axes. Solid, corner CC,); dotted, edge 
(C,); dashed, face (C,). The insert shows the region of the van der Waals 
attraction at an enlarged scale. 
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which leads to opening of the “windows” in the potential 
separating the H and the Cl. We shall now examine whether 
these processes are indeed realized. 

B. Reaction mechanisms 

A typical scenario of a trajectory leading to a recombi- 
nation reaction is the following: (1) A H atom with a kinetic 
energy of 100 kJ/mol penetrates one of the triangular faces of 
the cluster. The direction of impact is parallel to one of the 
C, axes with an impact parameter of 50-100 pm. (2) Once 
inside the cage it is captured by the Cl atom in the center and 
begins an oscillatory wide-amplitude motion inside the sol- 
vation shell. (3) During the course of this part of the trajec- 
tory the H atom collides with the Ar atoms from inside the 
cluster. In these collisions the Ar atoms are boiled off from 
the cluster which finally leads to its complete decomposition. 
Typically, the dissociated atoms have kinetic energies in the 
range from 0.2 to 20 k.I/mol. As a consequence of this energy 
transfer the newly formed HCl molecule is stabilized and 
cooled down. This process of vibrational/rotational relax- 
ation can be characterized by the time scale of the complete 
evaporation of the Ar shell, which is in the order of 1.5 ps. 
This is equivalent to an average interval of 100 fs between 
the subsequent ejection of two solvent atoms. 

Although recombination events like this are possible, 
and in a directed search fo; optimal initial conditions we 
were able to generate a few examples, this process is of 
extremely low probability. In a typical Monte Carlo averag- 
ing over lo4 trajectories there is not a single reactive event 
for an impact energy of 100 kJ/mol. All trajectories show 
almost elastic scattering of the H atom from the cluster sur- 
face. The situation is the same for other energies, too. In test 
calculation up to 1000 kJ/mol there are no reactive trajecto- 
ries. This means that despite the appreciable size of the cage 
openings for these energies they do not contribute to the 
reactivity of the HCl recombination. The reason for this is 
that cage penetration is only possible in close collisions of 
the H atom. It can be seen from Eq. (4), however, that col- 
lisions at small impact parameters are of very low statistical 
weight. In addition, there are strong steric constraints. There- 
fore, the reactive cross section is zero for all practical pur- 
poses. It has to be noted that these results were obtained by 
setting the initial configuration of the Cl(Ar),, cluster to its 
icosahedral minimum energy structure for each trajectory. 
This is equivalent to assuming a cluster temperature of T=O 
and ignoring zero-point motions. The effect of thermal mo- 
tion of the atoms in the cluster will be subject of Sec. V 
where thermal effects on the reactivity will be studied. 

It is interesting to compare our results with those of Hu 
and Martens.5’(a)‘51”) In classical trajectory studies of 
If I(Ar),, collisions they found no cage effect. At a compa- 
rable energy of 104.6 k.I/mol they find a large reactive cross 
section for the I+1 geminate association of 36.6X 10m2c ma 
which increases strongly for lower impact energies. The re- 
markable discrepancy has two different reasons. First, the 
I-Ar interaction with a well depth of 1.56 kJ/mol is much 
stronger than the the H-Ar interaction. This leads to an in- 
creased capture rate for the iodine system. Second, after the 
capture the two reaction partners migrate to find each other 

and eventually association takes place. The relatively large 
energy release when the I atom is trapped destroys the rigid- 
ity of the cluster system, even if the latter was initially at 
T=O! In essence, for I colliding with I&),, there is always 
sufficient energy to “crash” the cage. For this process the 
authors of the mentioned study give a probability of close to 
100%. A similar observation was made by Del Mistro and 
State in trajectory calculations. A CHsCN molecule posi- 
tioned on the surface of an initially cold ArZo cluster causes 
the cluster to melt, and then’ the molecule becomes 
solvated?’ However, there is no analogon to melting and/or 
diffusion for the systems studied here. 

To contirm this we perform further trajectory calcula- 
tions at a collision energy of only 0.1 kJ/mol. In this low 
energy regime there is a high capture probability for the H 
atom, the resulting cross section for trapping of the projectile 
atom is found to be (299+6)X1O-2o m*, which is approxi- 
mately two times the geometrical cross section. The phys- 
isorbed H atoms are initially able to move on the cluster 
surface. After a certain time, however, they have lost some 
fraction of their energy and they finally get trapped in one of 
the pockets of the van der Waals potential at one of the C, 
axes. Calculations of a few very long trajectories show that 
the trapped state is relatively long-lived. Evaporation of the 
physisorbed H atom from the cluster surface typically oc- 
currs at a time scale of 100 ps to 1 ns. On this time scale 
there is no diffusion into the interior of the cage. Classically, 
the probability of association triggered by the energy depos- , 
ited in the cluster by trapping of the H atom is at most an 
extremly rare event, and practically of zero weight. This 
leaves open the possibility of enhancement of the reactivity 
by quantum mechanical tunneling of the trapped H, an effect 
not included in our classical treatment. In conclusion, the 
probability for H+Cl association in collisions .of H with 
Cl(Ar),, at T=O is practically zero, at least in the classical 
framework. 

V. TEMPERATURE EFFECTS 

A. Preparation of the doped Ar clusters 

In order to study thermal effects of the Cl(Ar),, cluster a 
series of molecular dynamics (MD) simulations for different 
temperatures is carried out. Based on the same pair potential 
approach as described above, Newton’s equations of motion 
are solved using the same algorithm63 as for the collisional 
problem with a constant time step of 10 fs. A simple way to 
perform simulations at a well defined temperature is 
sketched in the following. 

(1) Scaling of the velocities: Over a period of 100 ps the 
velocities of the N= 13 particles are scaled to reach the ki- 
netic energy Ekin which is related to the desired temperature 
T by 

2 Ekin 
T=3N-6c’ 19) 
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where k, is Boltzmann’s constant. This process of scaling is 
done in intervals of 5 ps (500 integration steps) and the ve- 
locities are not allowed to change by more than 10% each 
time. (2) Thermalization: To allow the system after this heat- 
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ing or cooling to reach thermal equilibrium the trajectory is 
continued for another 50 ps. (3) Statistical averaging: After 
the equilibration of the system is contirmed the third phase 
of the MD simulation begins. Over a long period of 10 ns 
(10” time steps) various observables are sampled at intervals 
of 20 ps for averaging. Among these quantities are the total 
and the kinetic energy as well as structural and dynamic 
properties which are discussed in the following chapter. This 
procedure is started at a temperature of 2 K and then iterated 
for a temperature increment of 2 K. Each time the final clus- 
ter configuration is used to initialize the next run. Note that 
although this method results in a sufficiently well defined 
temperature, the calculations of the trajectories are, of 
course, microcanonical in this approach, i.e., total energy 
rather than temperature is conserved. 

At increasing temperature occasional evaporation of one 
of the atoms is found in our calculations. Therefore -the 
length of the trajectories after equilibration has to be reduced 
to 1 ns for T>42 K. Finally the simulations could not be 
pursued further for T>46 K because of more frequent evapo- 
ration of atoms from the cluster. 

B. Thermal and structural properties of the doped Ar 
cluster 

As a very general feature of the thermal behavior of the 
Cl(Ar),, aggregate the caloric curve is considered first. It is 
obtained as the functional dependence of the cluster tempera- 
ture calculated using relation (9) on the mean total energy. 
As shown in Fig. 7(a) this is a linear function up to a tem- 
perature of 36 K. At larger temperatures, however, there is a 
fattening of this curve which is associated by a sudden in- 
crease in the fluctuations. In order to get more detailed infor- 
mation about this transition we calculate the relative root 
mean square (rms) fluctuation Sof the bond length ‘ij of any 
pair i and j of the N atoms in the cluster as 

where (*a*> symbolizes trajectory averages. This number S is 
often used as an indicator of the mobility of the atoms in a 
cluster. For condensed matter,. according to the empirical 
Lindemann criterion, solid and liquid state are characterized 
by 6CO.l and GO.1, respectively.71 The temperature depen- 
dence of this quantity is shown in Fig. 7(b). After a slow 
linear increase up to 5=0.06 at T=36 K reflecting the ther- 
mal expansion of the system there is a sudden rise of this 
number up to S=O.32 at T=46 K. 

To characterize the nature of this transition more in de- 
tail we animate the trajectory with the help of computer 
graphics. A series of snapshots is shown in Fig. 8. At a tem- 
perature of 40 K the dynamics of the Cl(Ar),, cluster is 
governed by large amplitude vibrational motions. As illus- 
trated in Fig. 8(a) there can be substantially stretched bonds 
between neighboring Ar atoms which cause craterlike open- 
ings in the solvation shell. However, the basic icosahedral 
structure remains intact and there is no free mobility of the 
atoms. Despite the large bond length fluctuations of 8~0.23 
the cluster is still solidlike at this temperature. At a tempera- 
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FIG. 7. Thermal and structural properties’.from MD simulations of the 
CI(Ar),,. aggregate. (a) Caloric curve. (b) Relative rms fluctuation of the 
bond lengths as defined in Eq. (10). 

ture of 45 K this value rises further to S=O.31 and now the 
picture completely changes. New types of cluster configura- 
tions are accessible as can be seen in Fig. 8(b). (1) Ar atoms 
may occupy sites in the-second shell thereby leaving holes in 
the first solvation shell. (2) On longer time scales there can 
be complete rearrangements of the atoms, as well. The chlo- 
rine can migrate to the surface of the aggregate, and there is 
no resemblance with the initial icosahedral symmetry any- 
more. These irregular fluctuating structures combined with 
an increased freedom of the particle motion indicate the pres- 
ence of a liquid phase at this temperature. 

We conclude that there must be a solid-liquid-like phase 
change in the region between T=40 and 45 K. Analogous 
observations were made previously for the pure Art, cluster 
where a transition was found at a,temperature of 34 K.72,73 
The lower temperature of this transition is due to the weaker 
Air-Ar interaction model assuming a well depth of only 
1.006 kJ/mol and due to the absence of the slightly stronger 
interaction with the chlorine atom. The question of a coex- 
istence region with spontaneous transitions between rigid 
and nonrigid behavior and vice versa cannot be answered 
here because of the less extensive data. However, we found 
no such jumps even in long MD runs of l-10 ns for the 
Cl(Ar),, system at T=40 and 45 K. 

C. Tempeigture dependence $readtivity 

In the following we study the reactivity of HfCl recom- 
bination in H+CI(Ar),, collisions as a function of the inter- 
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FIG. 8. Snapshots of configurations of the Cl&r),, cluster obtained from 
the MD simulations, (a) At T=40 K the cluster is still solidlike. (b) At 
T=45 K the cluster is in a liquidlike phase. The filled circle represents the 
Cl atom. 

nal energy of the solvent cluster. This means that the proba- 
bilty PA computed from the trajectories must be integrated 
over the internal degrees of freedom as indicated by 
r&J-dJF(v,J) in Eq. (5). In our computer simulations this is 
done by sampling and storing 200 different configurations 
together with velocities and higher derivatives required for 
the Gear sixth order algorithm from the thermal MD simula- 
tions of the cluster. They are then used to initialize the tra- 
jectories of the atom-cluster scattering calculations. 

Figure 9 shows the temperature dependence of the total 
reactive cross section for two different collision energies and 
for a selection of different cluster temperatures. The first se- 
ries of simulations is carried out for a collision energy of 10 
kJ/mol. This energy is far below the barrier for penetration of 
a H atom assuming the cage formed by the 12 Ar atoms to be 
rigid (see Sec. IV A and Fig. 6). Accordingly, we see no 
reactions up to a temperature of T=20 K. The data points for 
T=30, 35, and 40 K indicate that for these temperatures 
there is some very small probability for recombination reac- 
tions. However, even at T=40 K where the vibrations of the 
atoms are already of large amplitude as shown in Fig. 8(a) 
and as characterized by the large value of 6=0.23 the reac- 
tive cross section remains below O.5X1O-2o m2. This 
changes drastically above the transition temperature of the 
Cl&),, aggregate. The cross section rises up to 11.4X 1 O-‘O 
m’ at T=45 K. This can be explained in a straightforward 
manner. Due to the free mobility of the atoms in the liquid- 
like regime there is a certain chance to find the Cl at the 
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surface which accounts for most part of the sudden increase 
in reactivity of the H+C!l recombination. Likewise, the H 
atom can penetrate into the cluster with significant probabil- 
ity when the cluster is liquidlike. 

The role of thermal effects on the reactivity is distinctly 
different at higher impact energies. The total reactive cross 
section for atom-cluster collisions with an energy of 100 kJ/ 
mol can be seen in Fig. 9(b). As already discussed in Sec. 
IV B there is no reactivity for the case of a rigid cluster 
(T=O) although the H atoms are in principle fast enough to 
overcome the barrier for cage penetration. This, however, 
changes when we allow thermal motion of the atoms in the 
cluster. Already at T= 10 K we find a cross section of 
0.5X 10-20 m2 which increases up to (1.5-2)X lo-” m2 at 
40 K. For cluster temperatures above the solid-liquid phase 
change, a slightly lower total cross section for the HCl asso- 
ciation reaction is found. Given the relatively large uncer- 
tainties of the Monte Carlo integration it can be said that the 
reactivity is essentially unchanged upon transition to the liq- 
uid phase of the cluster. 

A qualitative explanation for this is a steric effect in 
collisions with clusters bearing the chlorine atom on an outer 
corner. For H atoms attacking from the right side the en- 
hanced exposure of the Cl atom clearly contributes to the 
reactivity. For H atoms approaching from the other side the 
two reactants are shielded by a cluster of 12 Ar atoms which 
is_ very unlikely to be penetrated. It is the tradeoff between 
these two effects which keeps the reactivity from increasing 
upon solid-liquid phase change like for low impact energies. 
As can be seen from the large cross section for the Ecoll= 10 
kJ/mol collisions for the liquidlike cluster at T=45 K the 
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FIG. 9. Temperature dependence of the total reactive cross section for 
H+Cl(Ar),,--tHCI+ 12Ar recombination processes for two different relative 
energies of the reactants. (a) &a= 10 kJlmo1. (b) E,,n= 100 kJ/mol. 
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same argument does not apply there. In that case H atoms 
approaching from the opposite side of the Cl can be deflected 
to surround the cluster in a similar manner as illustrated in 
Fig. 4(b) for the atom-diatom system. This also explains 
why this cross section is even ‘46% larger than the corre- 
sponding value for the H+ClAr system. The capture of the H 
atoms by the long range atom-cluster interaction enhances 
the reactivity of the H+Cl(Ar),, system. In any case, the 
dramatic difference between solidlike and liquidlike states of 
the cluster with respect to recombination for collisions at low 
energies suggests an exciting possibility of using chemical 
reactions as an experimental signature for the state, or type 
of phase of the cluster. If the temperature of the cluster can 
be controlled, perhaps the melting transition can be observed 
since the effect is so sensitive. 

Vi. SUMMARY 

In this article the role of microscopic solvation on the 
dynamics of association reactions is studied theoretically. In 
cIassical trajectory studies of atom-cluster collisions for the 
model system H+Cl(Ar), we illustrate the effects of solvat- 
ing one of the reactants by a rare gas van der Waals cluster. 
For these prototype systems we illustrate how size, structure, 
and internal energy of the (Ar), microcluster affect the reac- 
tivity of the HCl recombination. In order to make our results 
comparable to future experiments the initial conditions of the 
trajectories are chosen to resemble a crossed beam scattering 
experiment. Partial cross sections for individual internal 
states of the HCl molecule as well as velocity and angular 
distributions of the products are obtained in these calcula- 
tions. 

One fundamental solvent effect is the “third body” or 
“chaperon” effect which is studied here for the case of a 
single solvent atom. In H+ClAr collisions permanent asso- 
ciation of the two radicals can only occur if the incoming H 
atom undergoes a collision with the Ar atom immediately 
after being captured by the Cl atom. In this way some energy 
is removed from the newly formed HCI molecule which is 
thereby kept from redissociating. For this reason the energy 
transfer associated with the H-Ar collisions plays a crucial 
role for the recombination. The dynamics of this collision 
governs the reaction mechanism in the following ways. First 
of all, through the implications of mass-scale seperation be- 
tween H and Ar,Cl they limit the overall reactivity. Despite 
the strong H-Cl attraction and the lack of barriers on the 
potential surface the total reactive cross sections are moder- 
ate ranging from 20X 10e2’ to 2X 10Vzo m2 for the range of 
impact energies considered here (l-51) .kJ/mol). Second; the 
inefficient energy transfer in collisions of light H atoms with 
the heavy target atoms gives rise to a high specificity of the 
energy release. Only a fraction of no more than 5% of the 
available energy is channeled into relative translation of the 
HCl and Ar product. The remaining energy is found in the 
internal degrees of the HCI molecule which is vibrationally/ 
rotationally extremly hot. The maxima of the distributions of 
internal energy correspond to u = 16 and J=20 for the vibra- 
tion and rotation, respectively. The extreme mass ratio also 
explains the angular distribution of the products which is 
essentially predetermined by the initial orientation of the 

ClAr dimer. In relatively rare cases of perpendicular colli- 
sions the H atom can be captured almost without direct in- 
teraction with the Ar atom. which then leads to-long-lived 
resonances with lifetimes of the HClAr complex in the order 
of picoseconds. These resonances are among the most inter- 
esting predictions of the calculations, and most experimental 
efforts should be directed towards seeing these manifesta- 
tions of the “third body” effect. 

Another impmortant effect of a solvent is the “cage” ef- 
fect. If a solvent shell isolates- the reactants from each other 
the reactivity may be dramatically reduced. .This phenom- 
enon is studied here for the case of a Cl radical fully solvated 
by a shell of 12 Ar atoms. The minimum energy configura- 
tion of the C1(Ar)t2 cluster is of ‘icosahedral symmetry with 
the Cl atom in its center. In collisions of this aggregate with 
H atoms there are two completely different events. At low 
impact energies (EC011 = 0.1 kJ/mol) we find a high cross sec- 
tion for physisorption of the incoming H atom in the van der 
Waals well formed by the cluster. After relaxation of its ini- 
tial kinetic energy the H atom gets trapped on the surface of 
the doped Ar cluster. This trapping does not lead to HCl 
association The lifetime of the H observed on the cluster is 
up to the nanosecond regime. 

If the cluster is assumed to be initially “frozen” the ef- 
fect of caging also remains prevalent for energies high 
enough (Ecoll= 100 kJ/mol) for cage penetration along certain 
directions. The H atoms are found to be scattered from the 
cluster without chemical reaction. To investigate the effect of 
cluster temperature on the reactivity a series of MD simula- 
tions of the C1(Ar)r2 system is carried out. It is shown that 
the cluster is solid like at low temperatures. At. a temperature 
of 40 K the amplitudes of the thermal motions of the atoms 
increase substantially but still there is no free mobility. At 
T=45 K the aggregate is finally found to be in a liquidlike 
state. In studying collisions with H atoms the role of tem- 
perature effects varies strongly with the impact energy. At a 
moderate energy of 10 kJ/mol we find a pronounced thresh- 
old behavior. Up to a temperature of 40 K the widening of 
the cage openings does not invoke any substantial reactivity. 
There is only a very low probability for cage penetrations 
with subsequent HCl recombination (oR<0.5X 10m2’ m2). 
This changes drastically at T=45 K where due to the mobil- 
ity of the atoms the Cl reagent is found to be exp~osed on the 
cluster- surface which causes a sudden onset of large reactiv- 
ity. This breakdown of the cage effect upon the solid-liquid 
transition of the solvent cluster tends to be washed out at 
higher impact energies. For Ecott= 100 kI/mol we find non- 
negligible reactivity for temperatures where the cluster is 
still in the solidlike regime (TC40 K). Above the transition 
temperature there is no further increase of the reactive cross 
section. This is explained by a steric effect. The enhanced 
exposure of the Cl atom on one side of the cluster surface is 
compensated by shielding due to the 12 Ar atoms on the 
other side. It is emphasized that for not too high energies the 
use of association reactions to characterize cluster states as 
solids or liquids, and to observe the melting transition with 
temperature in cluster experiments is very promising. 

Future work could be along two different directions. (1) 
The classical studies can be extended to also include larger 
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systems. Interesting topics are the following. What is the 
effect of more than one solvation shell? How is the associa- 
tion reaction affected if we consider the other reactant (or 
both) to be bound to a van der WaaIs cluster? (2) Another 
extremly important issue is the question of quantum effects 
in solvation dynamics. What.is the role of zero-point energy 
of the cluster? What happens to the resonances found in the 
H+ClAr collisions? Can the cage effect of a complete sol- 
vation shell be reduced by tunneling? A natural approach to 
explore the quantum dynamics of the systems studied here 
could be quantum/classical TDSCF methods in which the 
dynamics of the H atom is treated fully quantum- 
mechanically while the motion of the heavy atoms is mod- 
eled by semiclassical techniques.40741 (3) Finally another in- 
teresting open issue is the role of nonadiabatic processes in 
this type of systems. The degenerate 2P state of the Cl atom 
certainly implies a possible role for coupling between differ- 
ent electronic states and more generally for the anisotropy of 
the Cl(2P) interactions with other atoms. This aspect al- 
ready received attention in recent studies of Cl and other 
open shell atoms in Ar matrices, and merits theoretical atten- 
tion in the context of recombination.23*74 
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