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Abstract 

Molecular dynamics simulations of the dissociation of I, embedded in large Ar, (n = 319, 553) clusters, which impact at 
high velocities (u = 7-15 km s-l> on Pt surfaces, result in information on heterogeneous and homogeneous dissociation 
mechanisms. A broad distribution of dissociation lifetimes is exhibited, which can be attributed to prompt and retarded 
heterogeneous dissociation and to prompt, retarded and outbound homogeneous dissociation events. The propagation of a 
microshock wave within a large cluster can be interrogated by the homogeneous dissociation of a chemical probe, with the 
velocity of the propagation of the dissociation front being close to the cluster impact velocity. 

High-energy cluster impact on insulator, semicon- 
ductor and metal surfaces [l-13] provided hitherto 
unavailable conditions for the exploration of ther- 
mally driven chemical reactions under extreme con- 
ditions of high pressures (up to 1 Mbar) and temper- 
atures (up to lo5 K) [1,5,9]. There are some unique 
features of the novel cluster impact chemistry involv- 
ing the ultrashort times for energy acquisition and 
chemical reaction, which may occur on the timescale 
of the vibrational motion, and the specific role of the 
cluster in the energetic and steric control of activa- 
tion and reactivity [9-121. The high efficiency of the 
dissociation of a halogen molecule embedded in an 
inert gas cluster was previously attributed [lo] to two 
distinct mechanisms, each of which can result in a 
higher yield of dissociation than possible for the 
vibrationally cold, bare molecule. 

(a> The heterogeneous mechanism, where prior to 
dissociation the molecule reaches the surface. The 
heterogeneous route dominates in smaller clusters, 
e.g. for I,Ar, with n Q 20 [10,12]. The experimental 
results of Yasumatsu et al. [13] for the dissociation 
of I; in I; (CO,), (n = l-30) clusters were ex- 
plained [12] by this mechanism, with the cluster size 
dependence of the dissociation process being primar- 
ily due to vibrationally assisted heterogeneous disso- 
ciation. 

(b) The homogeneous mechanism, which occurs 
in the interior of the cluster by a molecule-cluster 
atom collision and where the impact is used to 
rapidly heat the cluster. The contribution of the 
homogeneous mechanism is substantial for large 
clusters [10,12]. 

Our physical picture for the existence of the two 
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distinct routes for cluster impact dissociation pro- 
vided a quantitative description of the dependence of 
the dissociation yield on the cluster size, the nature 
of the cluster atoms and the impact velocity [9- 121. 
In this Letter we present new dynamic information 
on the homogeneous and heterogeneous dissociation 
mechanisms in large I,Ar, clusters colliding with a 
Pt surface, which is obtained from the correlation 
between the dissociation distances from the surface 
and the dissociation times. The distribution of the 
lifetimes for the dissociation of the I, molecule 
provides a chemical method for the interrogation of 
the propagation of the microscopic shock wave in 
the cluster, revealing novel information on thermal 
cluster impact femtosecond chemistry [9,12]. 

Our molecular dynamics (MD) simulations proce- 
dures for high-energy collisions of I, Ar, (n = 
553, 319) clusters (T= 10 K and center of mass 
velocities u = 5- 10 km s- ’ ) with a realistic Pt sur- 
face (720 atoms) arranged in six layers of 120 atoms 
each at T = 300 K were previously described [9]. 
The potential parameters were previously presented 
[9], with the Ar-Ar, Ar-Pt, Ar-I and I-Pt being 
described by a Lennard-Jones potential, the I, inter- 
molecular potential being given by a Morse poten- 
tial, and the Pt surface potential was represented by a 
many-body Gupta potential [ 14- 181 based on the 
Friedel mode1 for d-electron transition metals [17]. 
To account for the interaction of the metal surface 
with the metal bulk, we have imposed a thermaliza- 
tion condition on the interior of the surface metal 
atoms, which are coupled to a heat bath with the 
bulk temperature (T = 300 K) [9]. The I,Ar553 clus- 
ters with the I, molecule located in the center of the 
cluster [9] were initially equilibrated at 10 K. Differ- 
ent trajectories were simulated with the equilibrated 
cluster being initially oriented at random Euler an- 
gles with respect to the surface. 

Our MD simulations are restricted to the dynam- 
ics on the ground state potential surface. The role of 
the electronic excitations of the Ar atoms and of Ar, 
excimers [19] within the cluster is expected to be 
unimportant, provided that the total (potential and 
kinetic) energy per pair of Ar atoms does not exceed 
their nonvertical excitation energy. These nonvertical 
excitation energies are approximated by the crossing 
of the potential curves of the Ar(‘S,) + Ar(‘S,) 
ground state and of the Ar(3P,) + Ar(‘S,) electroni- 

tally excited state. These curve crossings are exhib- 
ited in the repulsive range of both the ground state 
and the excited state potential curves. The nonverti- 
cal electronic excitation energy of the Ar;C3C,) 
excimer is > 13 eV [ 191. Provided that specific 
high-energy pair interactions are neglected, a neces- 
sary condition for ground state adiabatic dynamics is 
Y&/n < 13 eV, where Y = 0.5 [9] is the yield of the 
energy deposition into the cluster and E, is the 
cluster impact kinetic energy. Thus E,/n < 26 eV, 
which corresponds to the cluster impact velocity 
u < 10 km s- ‘. We considered the cluster impact 
velocity u < 10 km s-’ as the upper limit for the 
absence of electronic excitations and restricted our 
analysis to this velocity domain. In addition, the 
effects of electronic excitations of I, and I, as well 
as electron transfer from the Pt surface to the iodine, 
were disregarded. 

Information on the heterogeneous and homoge- 
neous cluster impact dissociation mechanisms of 
I, Ar, clusters on a Pt surface was inferred from two 
characteristic distances of the I, molecule, the clos- 
est iodine-atom-Pt surface distance of approach 
.x~,~, and the closest iodine-atom-Pt surface dis- 
tance xn at which dissociation occurs. xMIN and xu 
represent the perpendicular distance of the nearest 
iodine atom (having its parentage in an I, molecule 
initially embedded in the center of the cluster) from 
the unperturbed surface, specified by the plane which 
bisects the centers of the exterior Pt atoms prior to 
the collision. To obtain xn we characterized the 
dissociation event by the first passage of the I-I 
distance at 3.6 A for the dissociative traiectories of 

To provide a classification of the dissociation 
mechanisms we introduce the characteristic distance 
x0 = r&l + a/r,) ‘I2 + 11 for the spatial onset of 
heterogeneous dissociationd where r. = 1.7 .& is the 
radius of Ar and a = 3.9 A is the lattice constant of 
Pt, whereupon x0 = 4.7 A. The dissociation mecha- 
nisms can now be classified according to the surface 
approach distance and the dissociation distance 
(Table 1). The homogeneous dissociation mechanism 
(occurring by collision with an Ar atom xn > x0) 
and the heterogeneous dissociation mechanism (oc- 
curring by surface collision xo < x0) which were 
previously introduced [lo], are subdivided into 
prompt (xn = XMIN ) and retarded (xn > xMIN) events 
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Table 1 
Classification of I, dissociation mechanisms in surface impact heated Ar, clusters 

Dissociation mechanism Characteristic distances Timescales 

(1) heterogeneous-prompt 
(2) heterogeneous-retarded 
(3) homogeneous outbound-retarded 
(4) homogeneous-prompt 
(5) homogeneous-retarded 

*MIN =xD <x0 ?(I*) <?o 4 27 

XMIN < xD < xO ?(I*) < TD < 27 

XMIN < xO < xD 27 <‘To < 3.57 

‘D = XMIN ’ ‘0 TD<T 

xD ’ XMIN ’ xO 71) <T 

(Table 1). An additional homogeneous outbound-re- 
tarded mechanism (xn > x0 > x~,~) can be realized, 
which involves the reflection of the molecules from 
the surface without much internal excitation, fol- 
lowed by dissociation in the interior of the cluster. 

Histograms of xn (Fig. 1) reveal a broad distribu- 
tion with a marked fraction of homogeneous (xn > 
x0> events. The fraction q of heterogeneous dissocia- 
tion events ( xn < x,) is q = 59% for u = 10 km s- ’ 
(Fig. 1) and q= 62% for u=7 km s-‘. These 
results are in accord with our previous analysis of 
the velocity dependence of the dissociation yields for 
I,Ar,,, on Pt [lo]. The distinction between prompt 
and retarded dissociation is inferred from the relation 
between xn and xMIN. Fig. 2 reveals the prompt 
dissociation branch (xn = xMVIIN >, which corresponds 
to the prompt (heterogeneous and homogeneous) dis- 
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Fig. 1. A histogram for 200 trajectories of the iodine atom-(realis- 
tic) Pt surface distance (x,) at which dissociation occurs (see 
text), computed for impact of an I z Ar,,, cluster at u = 10 km s- ’ . 

sociation, and the retarded ( xn > xMMIN > dissociation 
events, which correspond to the heterogeneous-re- 
tarded, the homogeneous outbound-retarded and the 
homogeneous-retarded processes (Table 1). From the 
data of Fig. 2 we conclude that the majority of the 
retarded dissociation events correspond to the hetero- 
geneous and the homogeneous outbound mecha- 
nisms. The contribution of the homogeneous-re- 
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Fig. 2. The correlation between .xMIN and xD (see text) for 200 
trajectories of the impact of an I,Ar,,, cluster at u = 10 km s- ’ 
on a Pt surface. The prompt dissociation branch represented by the 
linear relation xD = ,rylN incorporates both heterogeneous ( xo < 
x0) and homogeneous (x0 > x,) dissociation events. The lowest 
left region xhllN =G xD < x0 represents prompt and retarded het- 
erogeneous dissociation events. The upper right region xD > x,_,,~ 
> x0 represents prompt and retarded homogeneous dissociation, 
with the dominance of prompt events. The upper left region 

XMIN d xO < xD represents surface assisted retarded dissociation 
events. 
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Fig. 3. A histogram for 200 trajectories of the I, dissociation 
times -ro computes for the impact of I, Ar,,, at v = 10 km SC’ on 
a Pt surface. The distribution is bimodal, with the lowest peak 
around the I, vibrational time ~(1~). while the interface between 
the two peaks is located at the cluster residence time T. 

tarded mechanism is minor, i.e. 3% for the data of 
Fig. 2, and a comparable small fraction for n = 319; 
u=lO kms-’ and for n=553; u=7 and 15 
km s- ’ . Accordingly, homogeneous cluster impact 
dissociation is dominated by the prompt and the 
outbound mechanisms induced by I,-Ar collisions 
within the cluster. 

Of considerable dynamic interest is the distribu- 
tion of the lifetimes in for the dissociation of the I, 
molecules. 7n was defined [9] for each reactive 
trajectory by the first passage time for the attainment 
of the inflexion point of the I, Morse potential (i.e. 
r = 3.6 A for the I-I distance) with the origin of the 
tiemescale corresponding to the temporal onset of the 
cluster-wall collisions [9]. A broad distribution of 
dissociation times is observed, e.g. for I,Ar,,, col- 
liding with a Pt surface at u = 10 km SC’ (Fig. 3) we 
obtain the lifetimes spread in the range in = 120-700 
fs. The broad distribution of rn values qualitatively 
differs from the sharp distribution of the initial en- 
ergy deposition times t, [9] from the Ar cluster to I,. 
The I, data are interrogated by the initial sharp rise 
of the potential energy of the I, molecule [9]. For the 
I,Ars,, impacted on Pt at u = 10 km s- ’ we find 
t, = 100 f 10 fs for all the trajectories. The subse- 
quent dynamics of the impact heated cluster deter- 

mines the microscopic dissociation routes. Returning 
to the broad distribution of mu values (Fig. 3) we 
note that the lower limit of the dissociation lifetimes 
is close to, but slightly lower than, the vibrational 
time of the I, molecule ~(1~) = [co(I~)]-’ = 156 fs 
(Fig. 3). It is instructive to establish that these disso- 
ciation events occur during the propagation of the 
intracluster microscopic shock wave. The timescale 
for the prevalence of the microscopic shock wave 
within I,Ar, is determined by the cluster residence 
time [9] T = F,(n + -I$'/~/u, with Y. = 2.5 A and 
q = 2.9 being the self-volume correction of I,. Our 
previous simulations [9] also show that the timescale 
for the structural integrity of the cluster is T, 5: 3.07, 
whereupon for times exceeding T, , cluster disintegra- 
tion sets in and the intracluster microscopic shock 
wave dissipates. The distribution of the values of TV 
is bimodal (Fig. 3). The short in subdistribution 
spans the range in = 120-200 fs Q T = 205 fs, peaks 
around T,, = ~(1~) and represents ultrashort dissocia- 
tion events on the timescale TV Q T < TV, when the 
cluster maintains its structural integrity. The long TV 

subdistribution spans the range TV = 200-700 fs 
2 T = 205 fs and peaks around ;i = 350 fs = 1.7 T, 
with the longer T, = TV > 7 tail of this subdistribu- 
tion representing I, dissociation events just below 
the cluster disintegration. Finally, T marks the inter- 
face between the short T,, and the long TV subdistri- 
butions (Fig. 3). Similar features of the distribution 
of TV were obtained for other large n = 319 and 553 
clusters at impact velocities u = 7-10 km s-‘. The 
identification of the dissociation mechanisms respon- 
sible for the bimodal distribution of TV (Fig. 3) is 
obtained from the correlation between the dissocia- 
tion lifetimes ~~ and the dissociation distances 
(Fig. 4) and from the overview of the .x~-x~,~--T~ 

correlation (Fig. 5). The dissociation lifetimes reveal 
three distinct domains. 

(1) The heterogeneous (prompt and retarded) dis- 
sociation events. These correspond to the central part 
of the T,, versus xn correlation (Figs. 4 and 5) with 

TD = 160-380 fs, i.e. in the range ~(1,) < T,, < 2.07 

and xn < x0 (Fig. 4 and Table 1). These dissociation 
lifetimes fall within the central region of the bimodal 
distribution of TV (Fig. 3) between the peaks of its 
two subdistributions. 

(2) The homogeneous outbound-retarded dissocia- 
tion events. These correspond to the upper TV branch 
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12Ar553 on Pt occurs during the prevalence of the shock wave 
v=l Okmls (To < 7). 
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Fig. 4. The time ro at which the I, molecule dissociates versus 
the distance xo of the I atom from the surface at that instant. 
Computed for 200 trajectories for an I, Ar,,, cluster impact on a 
Pt surface at u= 10 kms-‘. Marked on the figure are the 
characteristic times for the I, vibrational lifetimes ~(1s). the 
cluster residence time r and the time T, for the cluster structural 
integrity. The ro domains, which correspond to (the prompt and 
retarded) heterogeneous dissociation (the central part), to the 
prompt and retarded homogeneous dissociation (the lower branch) 
and to the outbound homogeneous dissociation (the upper branch) 
are marked on the figure. 

of the ru versus xn correlation (Figs. 4 and 5) with 
ro = 400-700 fs i.e. in the range T,, = 2~-3.5~ 
(Figs. 4 and 5 and Table 1). These dissociation 
lifetimes correspond to the long-time tail of the rr, 
distribution (Fig. 3). 

(3) The homogeneous (prompt and retarded) dis- 
sociation events. These correspond to the lowest 
branch of the x,, versus r,, correlation (Figs. 4 and 
5) with T,, = 160-120 fs (i.e. ~~ < ~(1~) and TV < 7) 

with xn > x0 (Figs. 4 and 5 and Table 1). The 
dissociation lifetimes correspond to the short T,, 

portion of the bimodal rn distribution (Fig. 3). These 
ultrashort T~( d ~(1~)) homogeneous dissociation 
events represent I, dissociation induced via vibra- 
tional excitation by the microshock wave (i.e. I,-Ar 
collisions within the cluster), while I, dissociation 

The homogeneous-prompt and homogeneous-re- 
tarded dissociation events (dominated by the prompt 

64 12Ar553 on Pt 

v=lOkm/s 

(b) 12Ar319 on Pt 

v=lOkmls 

Fig. 5. The triple xc- xMIN-rD correlation for 200 trajectories of 
I,Ar,, cluster impact dissociation at o = 10 km s-’ on a Pt 
surface. The compression and expansion stages during the cluster 
impact are quite evident on these plots. (a) n = 553, (b) n = 3 19. 
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mechanism as evident from Fig. 3) constitute the 
shortest lifetimes for the dissociation of I, in impact 
excited clusters. These are characterized by bond 
breakage lifetimes, which are comparable to or even 
shorter than the vibrational lifetime ~(1~) = 156 fs of 
I, in its low vibrational states. This ultrafast homo- 
geneous dissociation occurs during the propagation 
of the compression shock wave within the cluster. 
The dissociation events (4) and (5) of Table 1 consti- 
tute homogeneous dissociation during the contraction 
of the cluster. On the other hand, the homogeneous 
outbound-retarded dissociation events correspond to 
the longest dissociation lifetimes. This longer homo- 
geneous dissociation occurs on the timescale of the 
progression of the shock wave in the cluster. The 
dissociation events (3) of Table 1 constitute homoge- 
neous dissociation during the expansion of the 
cluster. 

We propose that the propagation of the mi- 
croshock wave within the large I,Ar, cluster can be 
interrogated by a chemical probe, i.e. the homoge- 
neous dissociation of I, within this cluster. This 
information emerges from the linear in versus xn 
relations for the homogeneous dissociation during 
the cluster contraction and the cluster expansion 
(Figs. 4 and 5). For the homogeneous dissociation 
events (4) and (5) of Table 1 during the cluster 
contraction stage, ho decreases with increasing xn, 
manifesting the transport of I, towards the surface 
during the cluster contraction. The linear relation 
between the dissociation distances and times for 
these homogeneous events (classes (4) and (5) of 
Table 1) is rn = b- ax,, where b= 260 fs and 
a = 20 fs A- ’ for the data of Fig. 4. The velocity U, 
of the transport of I, towards the surface prior to its 
dissociation is approximately given by Us = a-‘, 
resulting in U, = 5 X lo-’ A fs-’ for n = 553 at 
u = 10 km s- I. The I, transport velocity in I,Ar,,, 
clusters inferred from homogeneous dissociation 
events (4) and (5) of Table 1 at other cluster impact 
velocities was found to be U, = 4 X 10m2 A fs- ’ at 
u-7 kms-’ and U, = 13 X low2 A fs-’ at u = 13 
km s-i. As will be subsequently discussed U, pro- 
vides an estimate for the microshock propagation 
velocity during the cluster contraction. For the other 
outbound homogeneous dissociation events (class (3) 
of Table 1) which occur during the cluster expan- 
sion, 7n increases with increasing xn, manifesting 

the displacement of I, from the surface (Fig. 4). The 
linear relation in this range (3) is ho = d - cxD 
whereforn=553atu=lOkms-‘(Fig.4)d=200 
fs and c = 32 fs A- ’ . The cluster expansion velocity 
u, = c -’ = 3 X 10e2 A fs-’ is somewhat lower (i.e. 
by 50%) than ut. This is only to be expected in view 
of the considerable dissipation of energy at the Pt 
surface [9,10]. 

An alternative approach to the estimate of the 
microshock propagation velocity rests on geometri- 
cal information. The most distant (prompt and re- 
tarded) homogeneous dissociation event during the 
cluster contraction is characterized by (XL, TO,>, 
where XL is the largest value of xo and T: is the 
dissociation time at XL in the lower branch in Fig. 4. 
We shall define the velocity un for the propagation 
of the dissociation front within the cluster during its 
contraction by un = X:/T",. This analysis for homo- 
geneous dissociation of the I,Ar, (n = 553, 319) 
clusters resulted in un = 5.5 X lob2 A fs-’ for n = 
553andu=7kms-‘,u,=6.6X10-2~fs-‘for 
n=553and u= lOkms- and u,=6.5Afs-’ for 
n= 319 and u= 10 km s-‘. Within the accuracy 
range of these estimates (k 10%) XL at fixed u 
decreases with decreasing n, i.e. for u = 10 km s- ’ , 
xi = 7.7 f for n = 553 and xi = 6.3 A for n = 319, 
exhibiting an approximate n’13 cluster size depen- 
dence, i.e. XI: a R,, where R, is the cluster radius. 
un at fixed u is independent of the cluster size for 
large clusters. un increases with increasing the clus- 
ter impact velocity, as expected. Finally, we note 
that the velocities at the dissociation front are only 
slightly higher (i.e. by = 20%) than the correspond- 
ing transport velocities U, of I,. 

Of considerable interest is the quantification of 
the propagation velocity u, of the microshock wave 
during the cluster contraction. The velocity u,, of the 
dissociation front represents a lower limit for u,. 
Accordingly, from our simulation results u/uo = 1.4 
* 0.2, we infer that u/u, < 1.4 f 0.2 for I,Ar,,, in 
the cluster impact velocity range u = 7-10 km s-‘. 
We conclude that the velocity of the microshock 
wave propagation within the cluster is close to the 
cluster impact velocity. This estimate for the propa- 
gation velocity of the microshock wave within the 
large cluster can be confronted with the results of the 
theory of shock compression in a macroscopic mate- 
rial 120,211. For a one-dimensional shock propaga- 
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tion at the velocity US, which is induced by a piston 
with the velocity Up within a macroscopic material 
at thermodynamics equilibrium [21], the conservation 
of mass, momentum and energy yields the Hugonoit 
equation [20,21]. Mass conservation results in the 
relation between the shock velocity and the piston 
velocity in the form [20,21] Up/US = 1 - pa/p,, 
where p0 is the initial density of the material and p, 
is the final density during the shock wave. Attempt- 
ing a heuristic bridging between shock propagation 
in the cluster and in the bulk, we identify the cluster 
impact velocity with the piston velocity, i.e. Up = u, 
and the velocity of the inward propagation of the 
microshock wave within the cluster with the shock 
propagation velocity in a macroscopic material, i.e. 
Us = u,. We also bear in mind that p,,/p, -K 1. 
Accordingly, we expect that Up/Us = v/u, = 1. This 
conclusion concurs with the results of the chemical 
interrogation of the propagation of the homogeneous 
dissociation front within the cluster. 

The dynamics of cluster-surface impact homoge- 
neous dissociation of a diatomic molecule in large 
inert gas clusters manifests an ultrafast chemical 
process on the timescale of intermolecular vibra- 
tional motion. The utilization of femtosecond lasers 
provided a powerful tool for the interrogation of 
ultrafast bond breaking and bond formation [22]. 
Homogeneous cluster impact dynamics opens up a 
new area of thermal femtosecond chemistry. 
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