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The fragmentation of van der Waals (vdW) complexes 
offers an opportunity for studying the half-collision dy
namics in well-defined systems. In previous work from this 
laboratory, we have studied, 1 in real time, the dynamics of 
the "hair' and the "full" collision, but we had no results on 
the diatom-rare gas small vdW complexes. Iodine with 
rare gases I2-M (M =He, Ne, and Ar) are of particular 
interest for a number of reasons. 

First, the IrM vibrational dynamics are rather simple; 
an iodine stretch, and two van der Waals' stretch and bend 
modes. Second, from the pioneering work2 on the spectros
copy, there is a wealth of data that provide the vibrational 
structure, geometry, and the photochemistry of these sys
tems. Third, the I2 real-time dynamics on the fs-ps time 
scale have already been reported. 3 Finally, unlike the case 
of large molecules, theory is quite advanced4 for these 
smaller systems, and there is hope for a detailed under
standing of IVR and vibrational predissociation. Real-time 
studies of large vdW complexes have been reported for 
isoquinoline, I tetrazine (in sl and So)' 5 phenoV cresoV 
perylene,6 stilbene, 1

•
7 aniline,8 and (N0) 2 (in S0 ),

9 and 
only recently have results become available for the family 
of halogens. With nanosecond lasers, the lifetime of 
I CI-Ne in its A state was measured to be 3 ± 2 ns for 
v' = 14 by the Lester group. 10 As discussed below, other 
methods, such as linewidth measurements, have been used 
to deduce vibrational predissociation lifetimes. 

In this communication, we report direct picosecond 
measurements of the state-to-state rates obtained from 
real-time observation of fragment I! molecules in the re
action 

I * 
1---- Ax 

k (v 1 = n; v 1 = n- 3) I * 

I+ Ax 

I I 

On the picosecond time scale, we observe the exponential 
buildup of nascent I! population, and the experiments 
show a slow "inverse" dependence on v', i.e., a slight de
crease in the rate with increased v'. The results give the 
homogeneous width of the initial state, and establish the 
time scale for the dynamics in the channels, I! + Ar (vi
brational predissociation, kv) and I + I + Ar (electronic 
predissociation, ke). The rise times measured in our exper
iments correspond to T = (kv + ke)- 1

, and for the above 
reaction, n = 21 and 18 in the B state of I2 (or Iz-Ar ). 
The binding energy oflz-Ar is known to be between 220 to 
226 em- 1

; at the vibrational levels that we access in this 
experiment, this requires the redistribution of at least three 
quanta of energy from the iodine to the van der Waals 
bond in order to induce dissociation. (The geometry is not 
known from our experiments, but we draw it to be nonlin
ear, as suggested by previous work. 11

) 

The experiments required a special care, because of 
inherent difficulties in preparing "clean" complexes ( usu
ally much weaker than the parent species) with no back
ground and at the same time detecting them with high
enough sensitivity for state-to-state measurements on the 
picosecond time scale. The pump-probe scheme applied in 
these molecular beam experiments is similar to that used in 
earlier developments. 1 The temporal resolution is limited 
only by the pulse widths of the lasers. We used the first 
pump pulse to excite the complex to a given vibrational 
state ( vj). The delayed probe pulse was used to excite the 
nascent I! fragment from a given vibrational state ( vj) to 
a low-vibrational state in the known 12 higher energy ion
pair state (see Fig. 1). The transients, which give 
k ( vj;vj), are recorded by monitoring the UV emission 
from the ion-pair state, while varying the temporal delay 
between pump and probe laser pulses in a Michelson in
terferometer arrangement 1 before the molecular beam ap
paratus. 

The assignment of the states involved was checked in a 

•>Present address: Department of Chemistry, Columbia University, !16th Street and Broadway, New York, New York 10027. 
blDeutsche Forschungsgemeinschaft post-doctoral fellow from West Germany. 
c>contribution No. 8233. 

9180 J. Chern. Phys. 93 (12),15 December 1990 0021-9606/90/249180·05$03.00 © 1990 American Institute of Physics 



Downloaded 21 Dec 2005 to 131.215.225.171. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

Letters to the Editor 9181 

Ia lon-palr atele 

1'--
....... Luer 

......... _l ..... -, ...... 
T 

ltAr 

E 

B 

-----Ia (v' = 21» + Ar 

X 

-----Ia (r• = 0) + Ar 

FIG. I. Schematic of the fragmentation channels and energetics of the I1-Ar system. (Left) shown are the two fragmentation channels 
If-Ar-If + Ar and If- Ar-2I + Ar, and the scheme of the experiments. The pump wavelength was 5555.5 A for v' = 21 and 5642.5 A for v' = 18 
experiments. The probe wavelength was 3416.0 A and 3370.5 A, respectively. (Right) shown are the different vibrational levels of the relevant 
11-Ar states, together with the constant energy exit channels for nascent If (indicated by a horizontal arrow). The dissociation energies are D(X) 
= (234.2 - 240.1) cm- 1 [Ref. 15(b)] and D(B) = (220-226.3) cm- 1 [Ref. 15(b)]. The total energy in the B state is E. Hence, E+E2 gives the 

energy deposited in 12-Ar. There is :::::51 em -I of energy available for recoil when, v' = 21 is excited, i.e., E- D(B). 

number of ways. First, the rotational constants were mea
sured 13 for different v' states using time-resolved rotational 
recurrences, 14 and excellent agreement with literature val
ues was found. Second, our calibrated laser system excited 
the complex or the iodine with an accuracy of ± 3 em - 1

, 

and was found to be in good agreement with Levy's re
sults.11·15 Third, the obvious control experiments, such as 
varying the Ar concentration and tuning the pump wave
length, gave consistent results. 

Here, an approximately 20% mixture of argon in he
lium was passed over a room temperature sample ofl2• The 
mixture was expanded with a backing pressure of typically 
20 psig through a heated ( 43"C) glass nozzle (::::::: 15 .urn) 
into a cluster beam apparatus. 16 The ensuing free jet was 
perpendicularly crossed at a distance of6 mm (xld::::::: 75) 
by the spatially overlapped pump and probe laser beams. 
Fluorescence was collected, spatially filtered, and imaged 
onto a filtered photomultiplier tube. The pump and probe 
pulses were generated from two independently tunable pi
cosecond dye lasers (30 ps; ;:::; 3 em- 1 bandwidth), 
pumped by a high repetition rate Q-switched/mode-locked 
Nd:YAG laser system. 

Figure 2 shows the transient obtained for the reaction 
vj(21)-.v.f(18), following excitation of the complex to 
vf = 21, together with a measurement of the visible cross 

correlation between the pump and probe lasers. Also con
tained in this figure, for calibration, is a transient from an 
experiment in which the bare iodine molecule is excited to 
v' = 18 in the B state, and probed using the same transition 
(B state to the ion-pair state). The experimental rise of the 
iodine signal originating from exciting the complex is 
clearly slower than the instrument limited response of the 
bare iodine molecule experiment. This is also consistent 
with the rise obtained from the integration of the cross 
correlation. 

A least squares fit of the transient gives the rise time of 
nascent I! to be 77±8 psY·18 Thus, the k(vj = 21;v.f 
= 18) is (77) -I ps-I. We repeated these experiments, 
but at different energy spanning the vj = 18, and we found 
k (vj = 18; v.f = 15) to be (70) -Ips -l (the actual rise is 
70± 11 ps). 

Two questions are of interest here: (i) how do these 
measurements, when translated to the homogeneous 
broadening, compare with spectroscopic data, and (ii) 
what is involved in the dynamics to give these rates and 
their v' dependence? For 12-Ar, our measurement of 77 ps 
translates to a width of 0.07 em - 1• The 77 ps time con
stant is consistent with the lower limit estimate of 30 ps for 
12-Ar, vj = 15, obtained from linewidth measurements. 15

(a) 

This lifetime estimate from the linewidth, as discussed in 
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FIG. 2. Picosecond state-to-state rates of the 12-Ar system. Shown are the transients obtained using the pump-probe scheme described in the text. The 
results are given for the v; = 21/v.f = 18 experiments; top is the bare iodine transient for calibration (B, v; = 18), middle is the If- Ar-If + Ar 
transient, bottom is the visible cross correlation. The dashed lines show fits to an exponential rise function. For bare iodine, these fits yield, as expected, 
a very fast rise, determined by the laser pulse widths. The dip on the 12 transient is the result of rotational coherence, and will be discussed in detail in 
Ref. 13. 

Ref. 15 (a), is only valid if the observed linewidth is free of 
rotational congestion (in contrast, in I2-He, the rotational 
levels were resolved19

). As known in the literature for vdW 
systems, 20 only when the spectral width is homogeneously 
broadened21 can one deduce the lifetime. Comparison with 
time-resolved data is then possible. Reference 20 gives a 
good account of the work in this area of linewidth mea
surements. 

Theoretically, the dynamics of predissociation of I 2-M 
has been addressed by the groups of Jortner/2 Beswick/2 

Ewing/3 Rice,24 and others. Basically, the following sim
plified picture can address the physics of the problem. The 
system may be divided into the I-I stretch, which is an 
"intramolecular" mode, and the vdW mode(s) which are 
"intermolecular." The predissociation is the result of the 
coupling between the intramolecular and intermolecular 
modes, coupled to the translation continuum. Energy gap 
law, 22

(b) momentum gap law/3 Rice, Ramsberger, Kassel, 
and Marcus ( RRKM), 25 and alternative RRKM24 

descriptions have been derived to express the rates of pre
dissociation and product state distributions in vdW com
plexes. Recent full 3-D quantum calculations26 have pro
vided a more rigorous treatment of the close coupling 
problem and there is now hope for quantitative compari
sons with experiments. 

The I2-Ar system has two channels for fragmentation, 
the vibrational and electronic predissociations. 
Measurements15 <a> of the fluorescence intensity of If pro
duced after the vdW complex is excited, as a function of 
increasing vibrational excitation, showed strong oscilla-

tions that were not found for other I2-M(M =He, Ne) 
systems. Quantitative absorption spectra27 (intracavity) 
have also shown these oscillations. The oscillations were 
attributed to variations in the electronic predissociation 
rates resulting from the crossing of the B state with the 
repulsive II state ( s). 

Since we know the state-to-state rates, we can now 
relate them to the product state distributions. By a simple 
kinetic treatment, 7 we find that the ratio of the vibrational 
predissociation rate constant kv ( vj = 21, v.f = 18) to 
kv (vj = 18; v.f = 15) is about 2.9. Accordingly, kv is in
creasing with higher v', while the electronic predissociation 
rate constant is increasing with lower v'. The latter may 
explain why I2-Ar complexes have not been seen at lower 
v's, and is consistent with the quantum yield results of 
Atkinson. 27 

The system, of course, is a quantum mechanical one 
and the justification for applying simple kinetics is not at 
all obvious. However, the presence of the dissociation con
tinuum makes the coherence decay very fast, and the use of 
kinetics more plausible. This inference will be tested in 
further experiments. The kinetic scheme considers the two 
channels, shown in Fig. 1 (kv and ke). 

The fluorescence of either the complex If-Ar (rate k1) 
or If (rate kj) occurs on a much longer time scale (i.e., ke, 
kv )- k ft k.f), but was also considered as part of our scheme. 
The time dependence of nascent If can be expressed as 
follows: 
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kv 
[J!] (t) =No-k k [(1- exp{- (kv + ke)t})], (1) 

v+ e 

where N0 is the number of originally excited I!-Ar mole
cules. To relate to the time-integrated fluorescence 
measurements, IS(al we now consider the ratio of the fluo
rescence from I!, produced from predissociating 1!-Ar, to 
that of bare I!. The fluorescence arises mainly from the 
( v' - 3) channel, as shown in Ref. 2. We, therefore, obtain 
the following expression for the ratio, as measured by Levy 
and co-workers: 15 <al 

kv 
F(v')=C--=Ck ·r 

kv + ke v ' 
(2) 

where v' is the vibrational level originally excited in the 
complex (12 stretch) and Cis a parameter that depends on 
the relative concentrations and Franck-Condon factors in
volved. If the presence of the Ar atom does not alter the 
Franck-Condon factors (12-stretch vibration), as was also 
assumed in Ref. 15(a) and confirmed in Ref. 27, we obtain: 

F( v' =21) kv( v; =21,v.f= 18) r( v; =2l,v.f= 18) 

F(v'= 18) kv(v; = 18,v.f= 15) r(v;= 18,v;= 15)" 
(3) 

The values of the F s are reported in Ref. 15 (a), and from 
our r values the ratio of the kv's can now be determined. 
The important point to note here is that the time-resolved 
data give the total (kv + ke)- 1 directly, and with product
state distribution data, a ratio of kv's can be deduced. 

The values of kv we derive are consistent with theory in 
that they show an increase with v', and in fact they scale 
according to the prediction of Beswick and Jortner.22<el 

The magnitudes of kv's, however, deserve some comments. 
The theoretically calculated rate constants depend cru
cially on the parameters chosen for the vdW potential 12/ 

Ar, usually assumed to be a Morse-type potential. For the 
complex in a linear geometry, Beswick and Jortner22

(b) 

predict a lifetime of about 25 ps for v' = 20 in its E-state, 
using a dissociation energy D = 200 em - 1 and an inverse 
length parameter aAr1 = 1.25 A- 1

• Distorted wave22
(b) 

and numerical calculations in the close coupling 
formalism22

(c) yield comparable results. However, chang
ing a to 2.02 A- 1 gave r < 10 ps for v' = 2, which is far too 
small; for v' = 21, r is expected to be lower than 10 ps by 
orders of magnitude. The noncollinear calculations for 
12-Ar are not known, but it has been shown22<cl that for 
12-He, kv becomes about an order of magnitude smaller for 
noncollinear calculations when compared with the collin
ear ones. Transferring this idea to the IrAr case yields r 
:::::::250 ps(v' = 20, aAr1 = 1.25 A -I) and r< 100 ps 
( v' = 2, a Ari = 2.02 A - 1

), a change in the right direction, 
but far from bridging the gap with experiments on vj 
= 21 or 18. This, of course, is a simplistic view, and more 
accurate calculations, with the correct geometry, are 
needed. 

With the same parameters as in Ref. 22 (c), Gray and 
Rice24 reported Fermi golden rule (FGR), classical dy
namics (CD), and alternative RRKM (ARRKM) calcu
lations for a collinear 12-Ar. For v' = 2, they have shown 

r:::::6 ps (CD), r:::::8 ps (FGR), r:::::4.5 ps (ARRKM). 
These numbers are very consistent, but far too small, as kv 
grows nonlinearly with v'. Gray and Rice showed the de
pendence of kv on the population of the vdW mode in their 
CD calculations. However, this dependence can help the 
discrepancy by only an order of magnitude. It appears, 
therefore, that the potential parameters need to be changed 
for closing this gap between theory and experiments, and 
3-D calculations should be consistent with this change. 
The dependence on v' is less of a problem. 

The effects of anharmonicity of the intramolecular 
bond vibration on the behavior of kv vs v' was investigated 
theoretically, and a super linear dependence was 
found. 22 (b),22<el In Table I of Ref. 22(e), data for kv's (col
linear geometry) are given. From the data, a ratio kv ( v' 
= 20)/kv (v' = 15) = 5.6 can be obtained. Assuming a v6 

dependence of kv on v' within this region (206/156 = 5.6), 
yields kv(v' = 21)/kv(v' = 18) = 2.5, which is not too far 
away from our finding of 2.9 (vide supra).28 Further ex
periments are in progress to quantify this v' dependence. 

In these prototype vdW systems, there is now a wealth 
of experimental and theoretical work to be pursued. We 
plan to monitor the atomic iodine to address the electronic 
predissociation problem. We also plan to extend the mea
surements to other energy ranges of 12-M, and to larger 
complexes to reach the 12-Mx limit for comparison with 12 
in Ar29 and recent 12- /C02 cluster experiments. 30 

Note added in proof After the submission of this com
munication, we have made several new observations for the 
IrAr2 and 12-Ne systems. The rise time of nascent I! in 
the 12-Ar2 is faster than that in the corresponding 12-Ar 
system, consistent with increased electronic predissocia
tion. For the 12-Ne, the vibrational predissociation and its 
v' dependence is directly measured. These experiments will 
be reported in a forthcoming publication. 
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