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Abstract 

We report new studies on the effect of solvent on the femtosecond dynamics of the dissociation and recombination of iodine 
in the gas-to-liquid transition region. The pressure of the solvent (helium, neon, argon and krypton) spans the range from 0 to 
2500 bar, corresponding to solvent densities from the ideal gas-phase limit to the liquid-like fluid regime. The reactive cross 
section and the dynamics of the collision of the fragments with the solvent and with each other are discussed in relation to the 
solvent polarizability and the structure of the solvent cage. 
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1. Introduction 

In this Letter, we report new studies of the solvent 
effect on the real-time dynamics of an elementary 
chemical reaction in the gas-to-liquid transition re- 
gion of the solvent. The reaction is that of iodine dis- 
sociation and recombination in compressed gases; 
solvent densities are changed to cover the range from 
the ideal gas-phase limit to the liquid-like fluids. 
These experiments are aimed at understanding the 
solute-solvent dynamical interactions on the femto- 
second and longer time scales. The fact that the sol- 
ute (iodine) wave packet motion, under collisionless 
conditions, is well understood makes the following 
questions pertinent: How is the dynamics affected 
when the solute is perturbed by a monoatomic sol- 
vent under controlled densities, and how do these 
changes in the dynamics depend on the properties 
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(density, polarizability, mass, size, etc.) of the 
solvent? 

In a recent publication [ 11, the dissociation and 
recombination of iodine were probed in supercritical 
argon at pressures reaching 2000 bar. With femtosec- 
ond time resolution, we followed the change in the 
dynamics with solvent density and studied the coher- 
ent nuclear motion, the predissociation to 1+1, and 
the recombination of dissociated iodine atoms. 
Within the pressure range of our experiments, the 
state of the solvent was gradually changed: variation 
of the argon pressure allowed us to study the effect of 
increasing the number of argon-iodine collisions on 
the dynamics as the time between collisions was 
brought to the time scale of the nuclear motion of the 
iodine molecule. Through variation of the rare-gas 
solvent atom, we can now examine the nature of each 
iodine-solvent collision and the dependence on the 
mass, the momentum and electronic polarizability of 
the rare-gas collision partner. In each solvent (He, 
Ne, Ar and Kr), experiments are performed over a 
wide range of pressures between 0 and 2500 bar. 
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Iodine seems to be a particularly attractive model 
system for such a study. A wealth of spectroscopic and 
dynamic information is available, both in the iso- 
lated gas phase and in solutions. The potential energy 
curves of the isolated molecule in the ground 
X0,+ (‘EC) and excited BOZ (311) state are known. 
Moreover, detailed spectroscopic information is also 
available on the dissociative and ion-pair states of io- 
dine, which are relevant to the present study. Of par- 
ticular relevance to the present work are the thorough 
studies by nanosecond laser flash photolysis in com- 
pressed gases by the groups of Troe [ 2 ] and van den 
Bergh [ 31. From accurate measurements of the 
quantum yields for geminate recombination (at long 
times) they have shown the dependence of the yield 
on pressure and solvent, and advanced a diffusion 
model to account for these dependencies. 

The femtosecond wave packet dynamics on the 
bound BO: ( 311) state and on the Al,( ‘II) and 
B”l,( ‘II) have been studied under collisionless con- 
ditions [ 4 1. The effect of one argon solvent atom (in 
a van der Waals complex) on electronic predissocia- 
tion rates to I + I + Ar have also been investigated in 
the half collision [ 5 1. For the full collision at higher 
pressures (up to 100 bar), our first femtosecond time- 
resolved experiments [ 6 ] demonstrated the effect of 
argon collisions on vibrational coherences of the wave 
packet, the collision-induced B-state predissociation, 
and the caging of iodine molecules excited above the 
B-state dissociation threshold. Molecular dynamics 
simulations by Wilson’s group [ 71 have shown 
agreement with experiments and identified the time 
scale of the caging at different translational energies. 

In solution, geminate recombination of disso- 
ciated iodine atoms has been the subject of numerous 
time-resolved studies. Following Eisenthal’s pioneer- 
ing work on the picosecond ground-state recovery in 
CC4 [ 8 1, theoretical and experimental studies by 
several groups (Adelman, Bunker, Harris, Hopkins, 
Hynes, Kelley, Miller, Moore, Sceats, Wilson, and 
others) have been made, and the progress is summa- 
rized in Harris’ excellent review [ 9 1. Basically, B-state 
excitation leads to a rapid electronic predissociation; 
recent experiments by Scherer et al. [ lo] found a 
predissociation time of 230 fs in liquid n-hexane, 
consistent with Raman [ 111 and femtosecond [ 6 ] 
results in CCL. The formed atomic fragments trans- 
fer their excess kinetic energy to the solvent and re- 

combine within two picoseconds onto either the A/ 
A’ or the ground X state. This is followed by a slower 
vibrational relaxation in both states, as predicted by 
Nesbitt and Hynes [ 12 1. Molecules trapped on the 
A/A’ state undergo subsequent curve-crossing, onto 
the X-state surface, and A/A-state lifetimes are found 
to be strongly solvent dependent, ranging from 100 
ps to 10 ns [ 13 1. The ultrafast geminate recombina- 
tion dynamics, however, could not be resolved on the 
picosecond time scale before recent studies on the 
dynamics of iodine in large argon clusters [ 141 and 
cold rare-gas matrices [ 15 ] emerged. 

Liu and co-workers [ 14 ] have demonstrated that 
after dissociation on the repulsive A state the recom- 
bination of fragment iodine atoms to form the iodine 
bond occurs after 600 fs as a coherent process in the 
solvent cage. The recombination, however, depends 
on the time scale of bond breakage. For B-state dis- 
sociation, the primary caging is not prompt and co- 
herent as for the A-state dynamics. Thus, the time 
scale for solvent rearrangement relative to the disso- 
ciation time is fundamental to the nature of caging 
[ 14 1. Apkarian and co-workers [ 15 ] studied the dy- 
namics of Iz in argon and krypton matrices and in- 
deed observed a similar time scale as for the A-state 
dynamics in clusters. Furthermore, they showed 
manifestations for the persistence of this coherence 
after recombination. 

In this work our focus is on the predissociation from 
the B state and recombination in different solvents. 
(Elsewhere, we will detail the dynamics following ex- 
citation to other states and energies. ) In these exper- 
iments we use 60 fs laser pulses, centered at 620 nm, 
to excite ground state iodine atoms. A large fraction, 
62%, of the excited molecules reach low vibrational 
levels ~‘~6-11 of the bound BO: (311) state [4] 
(centered around u’ = 8 ) , while 34% are placed on the 
weakly bound Al,( ‘II) state and the remainder on 
the dissociative B” 1 u ( ‘II ) state [ 16 1. The dynamics 
of the prepared wave packet is then interrogated by a 
second 60 fs, 3 10 nm pulse, which can excite mole- 
cules near the outer turning point of the B state into 
either the fo,+ or EOZ ion-pair states of iodine. We 
detect the laser-induced fluorescence as a function of 
the delay time between pump and probe pulses. The 
fluorescence is a measure of the B-state population at 
the probed internuclear distances. The probe can also 
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monitor molecules from low vibrational levels [ 17 ] 
of the weakly bound A’2,( ‘II) and Al, (‘II) states by 
excitation into the D’2, or Bl, ion-pair states. Fluo- 
rescence induced by molecules in high vibrational 
levels on the ground state, however, could be shown 
to be negligible under these conditions. Thus, in our 
experiments, we are mainly sensitive to the coherent 
wave packet motion within the bound B state, the 
collision-induced B-state predissociation and the re- 
combination of the dissociating atom pair followed 
by vibrational relaxation on the A/A’ states. 

2. Experimental 

The experimental setup used is similar to the one 
described elsewhere [ 18 ] and will only be briefly dis- 
cussed here. The fs laser pulses were generated from 
a colliding-pulse mode-locked ring dye laser (CPM) 
and amplified in a four-stage, Nd : YAG-pumped dye 
amplifier (PDA ) . The amplified pulses were tempo- 
rally recompressed in a double-pass, two-prism ar- 
rangement before being separated into pump and 
probe lasers by a SO/SO beam splitter. The probe fs 
laser pulse was focused into a KD*P crystal to gener- 
ate the 310 nm pulse, and the fundamental was re- 
moved with a UG 11 filter. The relative timing be- 
tween the two pulses was varied with a high-precision, 
computer-controlled actuator. 

The pump arm contained two polarizers and a half- 
wave plate to allow variation in the angle between the 
polarizations of the two lasers, and this angle was kept 
constant at 54.7 o (rotational anisotropy effects in the 
transients will be detailed later). The pump and probe 
lasers were recombined with a dichroic beam splitter 
and then focused slightly beyond the center of the 
high-pressure cell. Care was taken to prevent contin- 
uum generation within the cell. Laser-induced fluo- 
rescence was collected perpendicular to the laser 
propagation direction, collimated into a mono- 
chromator, and detected with a photomultiplier tube 
(PMT). 

The high-pressure cell was constructed from stain- 
less steel and designed to withstand pressures of up 
to 4000 bar. Details of the design and the precision 
measurements will be given in the full account of this 
work. Four windows, 6 mm in diameter, were cen- 
tered in each of the four walls, and the cell had a total 

volume of 0.2 cm3. The input window was 4.0 mm 
thick quartz, while the output and fluorescence-col- 
lection windows were 2.8 mm thick sapphire. Pres- 
sure in the cell was monitored with a precision strain- 
gauge pressure transducer. After introducing the io- 
dine carefully, the cell was tilled with the solvent gas, 
which was compressed to the desired pressure in an 
iterative process. To reach the highest pressures, the 
solvent was precompressed by cooling or liquefying 
the gas in a pressure-resistant cryotrap. The high- 
pressure cell showed no decrease in pressure during 
the course of an experiment. 

Fluorescence signal from the PMT was averaged in 
a boxcar integrator and recorded as a function of ac- 
tuator position in a computer. The transients were 
fitted to a sum of exponential rise and decay func- 
tions using standard software that takes into account 
the 60 fs pulse widths. 

As mentioned before, excitation from the B state is 
either to the E’II (0: )or f( 0: ) ion-pair states. If ar- 
gon or krypton is the solvent, a rapid electronic 
quenching [ 19 ] from the E or f to the D’ state is in- 
duced, so that the detected fluorescence comes en- 
tirely from the D’+A’ transition, which is strongly 
pressure dependent. The maximum of this transition 
is found to be shifted from 342 nm at 0 bar to 374 nm 
at 2000 bar argon and to 370 nm at 300 bar krypton. 
In the lighter rare gases this pressure-induced shift is 
far less pronounced (from 342 nm at 0 bar to 345 nm 
at 2000 bar helium and to 347.5 nm at 2080 bar 
neon). The shift is attributed to a solvent-induced 
lowering of the D’ state and is consistent with similar 
observations in clusters [ 14,201, rare-gas matrices 
[ 2 1 ] and in the liquid phase [ 9 1. 

Two additional fluorescence bands were observed 
at 270 and 290 nm in helium and in neon even at the 
highest pressures. This indicates that electronic 
quenching of the initially excited ion-pair-state is less 
effective in these solvents than in argon or krypton. 
In argon at high pressures and in krypton at pressures 
above 200 bar, the 3 10 nm probe pulses alone gave 
rise to a broad fluorescence between 3 10 and 4 10 nm, 
the intensity of which increased strongly with pres- 
sure. In krypton at pressures above 400 bar this flu- 
orescence became much more intense than the two- 
photon fluorescence induced by pump and probe las- 
ers, so that experiments at higher krypton pressures 
became very difficult. This fluorescence is likely to 



Ch. Lienau, A.H. Zewail / Chemical Physics titters 222 (1994) 224-232 227 

arise from iodine-solvent charge transfer complexes 
which are known to be present in polar liquids (for 
reviews see, e.g., ref. [ 22 ] ). The results of our spec- 
troscopic studies will be discussed in detail in the full 
manuscript which is now in preperation. 

3. Results and discussion 

The experimental transients can be characterized 
as follows. In all solvents and at all pressures, we ob- 
serve an initial decay (Fig. 1). The decay time de- 
creases monotonically with pressure, and, at a given 
pressure, decreases with solvent mass (Fig. 2). The 
observed decay reflects the population loss from the 
originally excited iodine B state due to collision-in- 
duced predissociation. At relatively high pressures, 
this initial decay is followed by a rise (Fig. 3 ) in the 
LIF signal. The amplitude of this rising transient rel- 
ative to the initial B-state fluorescence intensity in- 
creases with pressure, and, at a given pressure, in- 
creases with solvent mass (Fig. 4). The rise time is 
found to decrease with increasing pressure. This ris- 
ing intensity is from iodine atoms that geminately re- 
combine on the A/A’ states; the rise time reflects the 
geminate recombination dynamics and the subse- 
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Fig. 1. Bond breakage: solvent-induced predissociation. Femto- 
second transients (up to 13 ps) for iodine in supercritical rare 
gases (helium, neon, argon and krypton) at a temperature of 293 
K and a pressure of 400 bar. LIF detection at the ‘magic-angle’ 
( 54.7 o ) between the pump and probe pulses was used (see text). 
Fluorescence detection wavelength: helium and neon: 270 nm, 
argon: 357 nm, and krypton: 380 nm . 
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Fig. 2. Collision-induced iodine B-state predissociation rates in 
rare gases (helium, neon, argon and krypton) at pressures be- 
tween 0 and 2500 bar and at a temperature of 293 K. Excitation 
is at 620 mn. 
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Fig. 3. Bond making by recombination: solvent-induced caging. 
Experimentally observed transients (up to 200 ps) for iodine in 
supercritical rare gases at 293 K and at pressures of 600 bar (he- 
lium, neon and argon) and 400 bar (krypton). The fast decay at 
early times shows the collision-induced B-state predissociation, 
while the build-up at long times reflects the geminate recombi- 
nation and subsequent vibrational relaxation on the A/A’ state 
surface. Fluorescence detection wavelength: He: 344 nm; Ne: 346 
nm, Arz 362 mn and Kr: 380 nm. 

quent vibrational relaxation within the A/A’ state 
[ 17 1. Another main characteristic of the experimen- 
tal transients is the dephasing of the oscillatory wave 
packet motion manifested in the strong modulation 
present in the LIF in the absence of collisions. These 
different aspects of the dynamics of the iodine reaG 
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Fig. 4. Bond making through recombination. (a) Recombina- 
tion rate k, for iodine in neon, argon and krypton as a function 
of pressure. These rise times reflect the recombination dynamics 
of iodine atoms and the sub-sequent vibrational relaxation dy- 
namics within the A/A’ states. Experimental conditions, see Fig. 
I. (b) Amplitude of the LIF intensity at long times (t = 170 ps), 
relative to the initial B state signal (recombination amplitude a) 
in helium, neon, argon and krypton for pressures between 0 and 
2500 bar. The amplitudes reflect the probability for geminate re- 
combination on the A/A’ state. 

tion in rare-gas solvents will be addressed separately 
in the next sections. 

3.1. Coherent wave packet dynamics 

In our previous study in supercritical argon we re- 
ported the persistence of coherent wave packet mo- 
tion in the B state for more than 1.5 ps ( w five vibra- 
tional periods) at pressures as high as 800 bar. A 
decrease in modulation depth with increasing pres- 
sure was noted; at pressures above 1200 bar the os- 
cillatory modulation could no longer be resolved. In 
helium and neon, the coherent vibrational motion on 
the B state persists even longer, for more than 3 ps 
(or more than 10 vibrational periods) at the highest 
pressures (2000 bar), see Fig. 1. The modulation 
depth within the first 10 vibrational periods changes 
only slightly with pressure and is similar to the mod- 

ulation depth observed in the absence of collisions. 
The pronounced recurrence of the signal modula- 
tion, which is present in the 0 bar transient at delay 
times of about 9 ps, is absent at high pressures (more 
than 100 bar). This indicates that it is not possible to 
describe the loss of coherence by the usual single ex- 
ponential dephasing rate. Similar studies in argon also 
indicate the absence of the recurrences, consistent 
with previous work [ 6 1. The damping of the oscilla- 
tory modulation in this case reflects population loss 
in the B state due to collision-induced predissocia- 
tion. Similar to argon, an increase in the frequency of 
the oscillatory modulation is noted in helium, where 
solvent-induced changes of the B-potential energy 
surface are expected to be relatively small. These 
changes have been discussed in ref. [ 1 ] in relation to 
the force imposed by the solvent. 

In krypton, the oscillatory modulation is effi- 
ciently damped at higher pressures. Coherences can 
only be detected at pressures of less than 150 bar. We 
note that this does not correspond to a very rapid ex- 
ponential damping of the modulation. At a pressure 
of 100 bar krypton, more than ten oscillatory cycles 
can be resolved, though with a significantly reduced 
modulation depth. These findings will be quantified 
when the transients are analyzed for all densities. 
Comparisons to molecular dynamics simulations are 
in progress. 

3.2. Bond breakage: solvent-induced predissocia tion 

The collisions of iodine with the solvent cause not 
only a dephasing of the B-state wave packet but also 
induce an electronic predissociation (quenching) to 
form two ground state iodine atoms. This latter pro- 
cess occurs via a (dipole-induced) electronic curve 
crossing into a repulsive potential, either the al,( ‘II) 
or the a’0: (3C-) state. (Both states cross the B po- 
tential at low energies; al, crosses near the outer 
turning point of v’= 1 and a’0: crosses near v’= 5 (see 
discussion in ref. [ lo] ). At very low foreign gas pres- 
sures ( < 10m3 bar) the predissociation rate has been 
related to the quenching probability pPred per colli- 
sion and the collision frequency. A quenching cross 
section, a,&, is defined as the product of pPrrd and 
the cross section of the collision pair [ 231. Predisso- 
ciation rates are then given by 
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hd =q-GNti, (1) 

where u is the mean thermal velocity (m/s) of the 
collision pair, NA is Avogadro’s number and p the sol- 
vent density ( mol/m3). At a pressure of 4 x 1 0m5 bar 
and at room temperature the quenching cross sec- 
tions have been measured by Capelle and Broida [ 241 
to be: He: 1.4 A2, Ne: 4.4 AZ, Ar: 17.6 A2, Kr: 35.8 
A’, for excitation at 623.4 nm, and He: 1.1 A’, Ne: 
2.6 A2, Ar: 16.0 A’, Kr: 30.5 A2, for excitation at 607.1 
nm. 

It is of particular interest to know if this concept of 
isolated binary collisions with a mean probability for 
reaction per collision still holds in the limit of very 
high pressures, especially as we reach the liquid-like 
densities. The densities of our study here are seven 
orders of magnitude higher than those of the early 
work by Capelle and Broida. 

Experimentally, we observe an increase in predis- 
sociation rates with pressure in all solvents (see Fig. 
2). At a given pressure, B-state decays are fastest in 
the heaviest rare gas studied, krypton. As a function 
of pressure the decay rates in krypton varies from 15 
ps at 25 bar to 1.4 ps at 400 bar. A similar behavior 
with slightly slower rates is observed in argon, where 
the predissociation rates increase monotonically with 
pressure from 16 ps at 49 bar to 0.9 ps at 2500 bar. 
Relatively longer B-state lifetimes are observed in he- 
lium and neon. At a given pressure, decay rates in 
neon are only slightly faster than in helium, but dis- 
tinctly different from those in the heavier rare gases 
(Fig. 2 ). We note a slight nonexponentiality in the 
fluorescence decays at early times in helium and neon. 
Consequently, the transient signals had to be ana- 
lyzed in terms of a sum of two exponent&. The sec- 
ond rate constant is approximately three times faster 
then the predissociation rate. The amplitude of the 
second exponential is less than 60% of the predisso- 
ciation component, and decreases to zero as the pres- 
sure is increased. 

The effect of the solvent and the pressure on the 
collision-induced B-state predissociation is shown in 
Fig. 2. The predissociation rate does not increase lin- 
early with the pressure, especially in argon and kryp- 
ton. We find however a linear correlation between the 
predissociation rate and the (macroscopic) solvent 
density p in all four rare gases (slight deviations at 
the highest pressures in helium, neon and argon are 

noted). From a straight-line fit between kprcd and the 
solvent density p one obtains a quenching cross sec- 
tion for the different rare gases: He: 1.0 A’, Ne: 2.2 
A’, Ar: 11.1 A’, Kr: 21.4 A’. The reaction cross sec- 
tion per collision increases drastically with increas- 
ing size of the solvent atom. In fact, through the use 
of simple Lennard-Jones diameters, we estimate the 
mean reaction probability per collision &red as: He: 
0.02, Ne: 0.05, Ar: 0.20, Kr: 0.37. 

The surprising similarity between our results at liq- 
uid-like densities and those from the study by Capelle 
and Broida at a pressure of 4 x 1 O-’ bar indicate that 
the physical mechanism which is causing the predis- 
sociation remains unaffected in spite of the drastic 
change in solvent density. Binary collisions are seem- 
ingly the key to the bond breaking dynamics even 
though the solvent ‘packing fraction’ (24% in helium 
and 38.5% in argon at ~~2000 bar) is similar to the 
one in liquid solvents. This indicates that a short- 
range interaction causes the actual coupling between 
the bound and the repulsive state and that the actual 
dissociation of the molecule occurs only when iodine 
and the solvent atom are at very short distances. (It 
is interesting to note, that in the experiments on 12X 
(X - rare-gas atom) van der Waals complexes [ 51, 
the repulsive length parameter was found to be 0.8 
A. ) Up to rare-gas pressures of 1000 bar, many-body 
interactions are seemingly of less importance for the 
dissociation mechanism. Therefore, theoretical 
models which describe the predissociation probabil- 
ity in a single binary collision should be applicable 
even in very high pressure supercritical solvents, at 
least for this case. 

Changing the solvent atom changes the nature of 
each particular iodine-solvent collision, i.e. the 
strength of the induced dipole-induced dipole inter- 
action (which depends on the polarizability of the 
solvent) and the time scale of the collision (which 
depends on the relative velocity, and thus on the re- 
duced mass of the collision pair). A theoretical model 
that describes this parametric dependence of the pre- 
dissociation probability per collision on the macro- 
scopic properties has been discussed by Selwyn and 
Steinfeld [ 25 ] in order to predict the solvent effect 
on the predissociation rates. From a Fermi Golden 
Rule treatment of the coupling, the quenching effi- 
ciency dependence on the solvent properties is ex- 
pressed as 
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%ed 0: 
ZCYj.t”* 

R,3 ’ (2) 

where (Y is the polarizability and Z the ionization en- 
ergy of the solvent. The reduced mass is ,u and R, is 
the (hard-sphere) radius of the collision pair. For all 
solvents, we have plotted aPti versus the solvent pa- 
rameters (as in Eq. (2 ) ) and found a high degree of 
correlation with our experimental results. In other 
words, both the change in the polarizability and the 
kinematics of the solvent are accounted for. In one 
full account, we will attempt closer microscopic ex- 
amination from knowledge of the radial distribution 
function and molecular dynamics. 

3.3. Bond making: the solvent cage 

We typically observe in all solvents (except he- 
lium) the recovery of the signal following the intial 
decay (see Fig. 3 ) . The build up signal persists (or 
increases slightly) for at least one nanosecond. Else- 
where [ 171, through the use of variable wavelength 
probe pulses, we show that this recovery reflects the 
geminate recombination of a dissociating iodine atom 
pair onto the A/A’ states followed by subsequent vi- 
brational relaxation within these states. As men- 
tioned above, the probe wavelength of 3 10 nm is not 
sensitive to probing the recombination dynamics onto 
the ground X state. At high pressures, evidence was 
found for two recombination channels: an ‘in-cage’ 
primary recombination which occurs within the first 
few picoseconds after dissociation, and a slower sec- 
ondary diffusive recombination of iodine atoms 
which takes place after the I atoms leave the initial 
solvent cage and diffuse back to form molecular io- 
dine. Here, we focus attention on the study of the 
pressure and solvent dependences of the probability 
for this geminate recombination and the associated 
dynamics. 

In helium, all transients (on a time scale of 0 to 
200 ps) decay monotonically at pressures below 1200 
bar. At higher pressures, we noticed a slight increase 
in the signal at long delay times; the recovery signal 
amplitude, however, is very low. In neon, which bas- 
ically shows the same coherent and predissociation 
dynamics characteristic as of helium, the B-state de- 
cay is followed by a recombination rise. This rise is 

oftheform a{l-exp[-(t-t,,)/Trise]}, tO>O, at all 
pressures above 400 bar. The ‘recombination ampli- 
tude’ a of this rise (relative to the maximum of the 
B-state signal at early times, which has been normal- 
ized to unity) increases with pressure and reaches a 
value of 0.5 at the highest pressure of 2080 bar. The 
rise time, 7ti5rise, which reflects the time scale of the 
geminate recombination and the subsequent vibra- 
tional relaxation within the A/A’ state, decreases as 
the pressure increases: from 70 ps at 600 bar to about 
27 ps at 2080 bar. In argon, we observe the recovery 
at pressures al low as 200 bar. Again, the recombina- 
tion amplitude increases drastically with pressure (to 
1.42 at 2020 bar), and 7tii, decreases to less than 10 
ps. A non-exponential behavior is found at the high- 
est pressure, and this behavior indicates the presence 
of two recombination channels: direct and diffusive 
[ 17 1. The onset of geminate recombination is shifted 
to an even lower pressure value (less than 150 bar) 
in krypton. At a krypton pressure of 400 bar, the re- 
combination amplitude is close to unity. As men- 
tioned earlier, experiments could not so far be per- 
formed in Kr above 400 bar. 

For the caging dynamics, we now consider the 
change of 7ei, with the density of the solvent and the 
asymptotic values of the yield of recombination. Un- 
der the assumption of pressure and solvent indepen- 
dent B- and A/Al-state absorption cross sections at 
3 10 nm, the observed signals at 3 10 nm are directly 
proportional to the quantum yield for geminate re- 
combination onto the A/A’ state. The assumption 
seems reasonable as an analysis of experimental and 
calculated absorption spectra shows that a wave- 
length of 3 10 nm is close to the absorption maximum 
in each state [ 17 1. Neglecting a possible solvent and 
pressure dependence of the branching ratio for cag- 
ing onto the X and A/A’ state, the recombination 
amplitudes are proportional to the total quantum 
yield for geminate recombination, which, in krypton, 
have been obtained before from nanosecond experi- 
ments in the groups of Troe [ 261 and van den Bergh 
[ 31. Using a value for the total quantum yield of 
@,(Kr, 400 bar) =0.4, we can estimate total quan- 
tum yield for geminate recombination as 

(3) 

This analysis indicates that in high-pressure argon at 
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2000 bar, more than 60% of the dissociating iodine 
atoms recombine geminately. With this in mind, we 
now compare our results to simple theoretical models 
for geminate recombination in an attempt to under- 
stand the origin of the strong solvent effect on the ob- 
served relative quantum yields. 

Otto, Schroeder and Troe [27], have provided a 
description of the recombination process within the 
framework of a diffusion model. The process is sep- 
arated into two parts: (a) the initial separation of the 
two iodine atoms under the influence of their repul- 
sive interaction and the viscous drag of the solvent. 
In this step the excess energy of the dissociating at- 
oms is dissipated into the solvent. The final separa- 
tion distance r. is assumed to be identical for all mol- 
ecules; (b) starting at this internuclear separation ro, 
all iodine atoms undergo a random diffusive motion 
through the solvent. Every time the separation be- 
tween the iodine atoms reaches a certain critical value 
R,, the encounter radius, this ‘encounter pair’ de- 
cides whether to recombine (with a given probability 
p,,) or to diffuse apart and continue their random 
motion. The critical parameter in the model is the 
probability pm: for recombination of the encounter 
pair, which is given by the following expression: 

Pm = k&, + hR,N, D ’ (4) 

The value of prec describes the relative importance of 
the probability for collisional stabilization 
(I + I + X-+1$ + X ) versus diffusional separation of 
the encounter pair. The constant kh (not to be con- 
fused with k,) is taken as the product of the limiting 
third-order rate coefficient for the non-geminate 
recombination of iodine at low pressures [ 26 ] and 
the solvent concentration: d [ I$ ] /dt= k[ I ] * [X] = 
kL [ I ] *. The diffusion coefficient for iodine atoms is 
denoted by D. The probability prcc increases towards 
unity with increasing pressure since the solvent con- 
centration increases and kf& follows; the diffusion 
coefficient is inversely proportional to the density. In 
contrast, in the low-pressure limit k& +O and prcc goes 

to zero. Note that for a motion of about 5 A and 
D= 10m4 cm*/s (e.g. in argon at 1600 bar) the time 
scale is about 25 ps. The total quantum yield for gem- 
inate recombination is then obtained [ 281, 

where the factor R,/r, is dependent on the initial sep- 
aration of the dissociating iodine atoms and de- 
creases to unity in the limit of high pressures. As an 
example we consider the case of argon at 1600 bar: 
R,=5.5 A, ro=7 8, andp,=0.6; thus &,=0-S. 

Fig. 5 shows the behavior of the yield with pres- 
sures, together with the theoretical results. Our ex-- 
perimental estimates of em: are in reasonable agree- 
ment with the predictions of the model. This supports 
the importance of the probability for ‘in-cage’ colli- 
sional stabilization of the newly formed iodine mol- 
ecule (or ‘cage capture’) in competition to penetra- 
tion of the first solvent shell (‘cage break-out’). At 
very high pressures (or in the limiting case of iodine 
imprisoned in large argon clusters or matrices) this 
probability is close to unity, and the dynamics is en- 
tirely dominated by the ultrafast recombination 
within the (rigid) solvent cage. As we lower the pres- 
sure of the solvent, this probability gradually de- 
creases and a finite fraction of the atoms can leave 
the solvent cage and start a diffusive motion through- 
out the solvent. At high pressures in argon ( 1600 and 
2000 bar), a pronounced bi-exponentially of the re- 
combination dynamics is observed: a large fraction 
of atoms recombines within a few picoseconds, while 
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Fig. 5. Comparison of experimentally determined quantum yields 
for geminate recombination with theoretical values from the dif- 
fusion-based model discussed in text. Quantum yields have been 
obtained by normalization of the recombination amplitude a to 
the known experimental value for the caging yield in krypton at 
4OObarof&=0.4 (Eq. (3)); see text. 
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others undergo (‘secondary’) recombination pro- 
cesses, which occur on a significantly longer time 
scale. A further decrease in prcc (as the pressure is 
lowered), increases the fraction of atoms which leave 
the solvent cage and increases the importance of dif- 
fusive recombination. At the lowest pressures in our 
study, this probability tends towards zero, so that the 
motion of the iodine atoms is dictated by random 
diffusion through the solvent. 

At a given pressure, a change of the solvent mole- 
cule corresponds to a change in the probability for 
cage capture versus cage break-out which relate to the 
rigidity of the first solvent shell. The change in this 
probability can be modeled by the decrease in diffu- 
sion coefficient and the increase in efficiency for col- 
lisional stabilization of the iodine atom pair with in- 
creasing rare-gas atom size. As for the rise time in 
different solvents and at different densities (Fig. 4)) 
we are carefully examining the vibrational-to-trans- 
lational energy transfer processes in the spirit of the 
work by Nesbitt and Hynes and with the help of mo- 
lecular dynamics. 

This approach of studying real-time molecular re- 
action dynamics systematically from the gas to the 
liquid phase promises several new directions for ex- 
amining solvation on the time scale of the nuclear 
motion. Other systems are currently under investi- 
gation, and the full account of this work will be pub- 
lished in a series of papers. 
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