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In this paper we give a full account of the work presented in earlier communications [LienauCéteah.

Phys. Lett1993 213 289;1994 218 224;J. Chim. Phys1995 92, 566]. With femtosecond time resolution,
studies are presented of the dynamics in real time of an elementary chemical reaction, the dissociation and
recombination of iodine in supercritical rare-gas solvents, in the gas-to-liquid transition region. Through
pressure variation, the properties of the solvent, helium, neon, argon, or krypton, are changed from those of
an essentially ideal gas at low densities to those of a liquidlike fluid at pressures of several thousand bar. Of
particular interest here are (i) the impact of solugelvent interactions on the coherence of the wave packet
nuclear motion, (ii) the collision-induced predissociation of the B state, and (iii) the geminate recombination
of the atomic fragments and the subsequent vibrational energy relaxation within thetafés. In helium

and neon, the coherence of the vibrational motion persists for many picoseconds, even at pressures of 2000
bar. For pressures between 100 and 2000 bar of helium and neon, the dephasing rate is only weakly affected
by the solvent density. In all solvents, the solvent-induced predissociation rate increases nearly linearly with
solvent density. In argon at 2500 bar, the predissociation rate reaches 105 Raslative geminate
recombination yields for the formation of new A/state iodine molecules and the time scale for the geminate
recombination and the subsequent Asfate vibrational relaxation dynamics are also studied. The solvation

and chemical dynamics are examined, using simple analytical models, in relation to the solvent density and
polarizability. With the help of molecular dynamics, detailed in the accompanying paper, we present a
microscopic picture of the elementary processes under the free and solvation conditions encompassing the

different density regimes in the gas-to-liquid transition region.

I. Introduction ideal gas at low pressures, through the gas-to-liquid transition
region, to a liquidlike fluid at pressures of several thousand bar.

The micr i ription of chemical r ions in solution . g .
e microscopic description of chemical reactions in solutions Hence, the time between solutsolvent collisions is gradually

involves many-body interactions. These sokselvent interac- brought to the time scale of the nuclear motion of the solvent,

tions may induce changes in the potential energy surfaceand we have an opportunity to study the elementary dynamics
governing the dynamics of the isolated gas-phase system butf - an opp y fo study . yay
rom the collision-free to the liquid-phase limit.

certainly will influence the reaction trajectories on the time scale i . )
of the collision with the solvent. Even in the case of simple !N this and the accompanying papéssg give a full account
molecules, a precise mapping of the dynamics in liquid solutions Of this approach and report studies of real-ime dynamics of
is not an easy task. dissociation and recombination processes of a prototype diatomic
In this series of papers, we focus attention on an approach molecule (iodine) in supercri_tical_ monatomic solvents. The
designed to elucidate the real-ime elementary dynamics of Same system has been studied in the cluster phase, the
reactions in solutions. By examining the femtosecond dynamics comparison allows us to examine the effect of “random” solvent
at different solvent densities, up to the liquid-state density, we Structure. We have chosen iodine in supercritical rare-gas
are able to follow the effect of solvation on reaction dynamics solvents (helium, neon, argon, and krypton) as a prototype
in a systematic way by varying solvent composition, type, or System for a number of reasons. A wealth of information is
temperature. This requires changing the solvent pressure fromavailable on the iodine system, both in the isolated gas phase
0 bar to, typically, 3000 bar. As indicated in our preliminary and in solution. The gas-phase potential energy curves of the
reportst—3 the approach offers unique opportunities for revealing ground X(g (=) and excited BQ(3H) states are precisely
the nuclear motions under “controlled” conditions of solvation. known8 Moreover, the potentials of six of the nine excited
Initially, we have examined the rare-gas family of solvents. electronic states that correlate with ground-state iodine atoms
Variation of the rare-gas pressure allows us to study the reactionare experimentally known; these are the weakly bour@}-A
of interest in a solvent whose state changes from an essentially3[1)” and A3,(3[1)® and the repulsive I(3H),8 aly(3IT), 210

B"1,(*),° and é03(32‘)11 states. This leaves only three of

T Deutsche Forschungsgemeinschaft Postdoctoral Fellow. Present adthe ten Hund's case (c) states which correlate with ground-state
dress: Max-Born-Institut fuNichtlineare Optik und Kurzzeitspektroskopie, . . .

Rudower Chaussee 6, D-12489 Berlin, Germany. iodine atoms, experimentally unknown. All of them are
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information is also available on 14 out of 20 ion-pair states of T T T ™ T
iodine, particularly those which are of interest here, D'24,2 501 ion-pair P~ \

B1,,22 DO 13 EOJ,14 and qu.15 This knowledge of potentials states D E |

provides an excellent basis for a comparison of experimental D' \
findings to theoretical studies.

The second important feature of the system is the dynamics. 40 ~ o |
The wave packet motions on the bound:EtM) state and on I ~ /(';1600 bar)
the A1,(3IT) and B'1,(*I1) states have been observed and studied
on the femtosecond (fs) time scafé’” The coherent nuclear
motion in the B state persists for many picoseconds and reflects ™+
the period of the oscillation between the turning points of the 30t i
potential. Careful analysis of the experimental results at
different excitation wavelengths shows how information on
potential energy surfaces can be extracted with preciSith.

The fs dynamics in rare-gas solvents were first reported for
iodine in argor?® At 100 bar, the motion of the wave packet
was studied, and in these studies focus was on the effect of
argon collisions on the 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
were compared with the experimental findings to address the X
different time scale3! The experimental studies were further
extended to argon densities in the gas-to-liquid transition region
by Lienau et ak=® They not only demonstrated the long
persistence of coherent nuclear motion over more than 1.5 ps 0 . : :
at pressures as high as 800 bar and the nearly linear increase of 2 2.5 3 3.5 4 4.5
predissociation rate with density but also provided evidence for .
geminate recombination of dissociating iodine atoms onto the Internuclear Distance (A)

A/A' states, a process which has been thoroughly studied forFigure 1. Potential energy curves of molecular iodine relevant for
many years by nanosecond laser flash photolysis in the groupsthe present study. The dashed line indicates the solvent shift of'the D
of Troe?2-26 and van den Bergh:2® From accurate measure- ion-pair state in argon at 1600 bar and 293 K. The pump laser pulse
ments of the quantum yields for geminate recombination (at Prepares a wave packet on the q“as",boﬂnp(m) state (62%) or on
long times) they have shown the dependence of the yield on the dissociative AJIPII) (34%) or B'L(I) states. The B state

d sol d Troe’ d d a diffusi dynamics is probed with a temporally delayed second pulse centered
pressure and solvent, and Troe’s group advanced a diffusionyt 310 nm which can excite molecules near the outer turning point of

model to account for these dependenéfes. the B state into the EQ or f0; ion-pair state. Fluorescence from the
In liquids, the photodissociation and recombination of iodine ion-pair states is detected as a function of the delay time between pump
served as a prototype reaction for the “cage effect” since the and probe pulses. With 310 nm probe pulses, 'Asfate molecules in

early work of Franck and Rabinowitch in 193%3! The first low vibrational levels are probed, and the resulting ion-pair state

: : : fluorescence is detected. The wavelength of 310 nm is not sensitive to
33 34
experimental stu_dles by Noyé%}, DaVIdsc_m’ _and F?ort_e?E' the probing of molecules in the high vibrational levels of the ground
focused on the yield for geminate recombination of iodine and giate. 1n the accompanying paper, the probe wavelength dependence is
its dependence on the solvent viscosftyPicosecond time-  studied.

resolved studies of the dynamics of iodine started with

Eisenthal's pioneering work on the ground-state recovery in occurs in 2 ps or less and that the dissociating iodine atoms
CCls and hexadecari®. From the transients they deduced a recombine on a similar time scale onto either the excited' A/A
time scale for predissociation-(0 ps) and related the long time  or the ground X state (see Figure 1). New molecules formed
behavior ¢-100 ps) to the caging process. This work triggered on the ground state undergo vibrational relaxation on the time
theoretical and experimental studies in a number of researchscale that has been predicted by Nesbitt and Hynes, and the
groups (Adelman, Bunker, Harris, Hopkins, Hynes, Kelley, vibrational relaxation dynamics could be characterized in a
Miller, Moore, Sceats, Wilson, and others). In 1982, Nesbitt variety of solvents. Direct information on the ground-state
and Hyne# reinvestigated the origin of the recovery time scale yiprational relaxation was obtained from transient resonance
and pointed out the importance of slow ground-state vibrational Raman studies by Hopkins’ gro@p. Subsequent to vibrational
relaxation, on the order of 100 ps, also discussed by Wilson re|axation, molecules born on the excited A#ates undergo
and co-workerg® The interpretation is Supported by molecular electronic curve Crossing onto the ground state. 'Adfate
dynamics simulatiorf8-42and was investigated by picosecond |ifetimes are strongly solvent dependent and range from 100 ps
experiments in the groups of Kell®y*> and Wilsor!®4? to 10 ns*® Studies of iodine in solution were made in the fs
Moreover, Kelley's experiments showed that not only the ground time regime by Scherer et 856 They reported that electronic

X but also the excited A and 'Astates are involved in the B state predissociation inhexane occurs ir-230 fs. More-
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recombination process. over, from their results they concluded that the dephasing time
The progress that has been made in these solution-phasef the coherent B state vibrational wave packet motion is the
studies is summarized in the review article by Harris ¢f &l. same as the predissociation time. This dephasing time is in

detailed microscopic picture of the dissociation and recombina- agreement with the findings of an earlier frequency domain,
tion dynamics in solution emerged from a series of thorough resonance Raman study by Sension and StfAuss. liquid
picosecond studies in Harris’ grodp:>® From these studiesit ~ xenon and carbon tetrachloride, Schwentner and CHérigave
was concluded that the dissociation on the photoexcited B stateobserved the progression of thellvibration and the incoherent
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{ ] especially at lower pressures, the pressure dependencies of argon
00 — ‘560 — ‘10'00' ‘ '15‘00L 2000 and especially of krypton density show marked deviations from
Pressure (bar) linearity. At pressures above 500 bar, the density of krypton

Figure 2. (top) Density of supercritical rare gases as a function of Increa_ls_e_s only slightly with pressure, and there_fore the com-
pressure at 293 K. For references to the experimental density valuesPressibility of krypton decreases markedly. This reflects the
see the Appendix. (bottom) Pressure dependence of the hard-spher@|0$€|y packed structure of the krypton solvent at hlgh pressures.
collision frequency of iodine in the compressed rare gases helium, neon,In fact, the “packing fraction®? i.e., the amount of space
argon, and krypton. Collision frequencies have been calculated using occupied by the solvent atoms per unit volume, changes with
eq 17. solvent size and reaches, at a pressure of 2000 bar, 24% in
helium and 27% in neon, compared to 38% in argon and 40%
I krypton. A schematic of the change of the packing fraction
. . . with density is visualized in Figure 3. As shown in Figure 2,
l.n the cluster phqse, stqdles by Liu eb&lof the fs dynamics, the iodine-solvent collision frequenc$f in a simple hard-sphere
which are of particular interest for the present work, have model, varies with density, and at high pressures the time
resolved the coherent dissociation and recombination processe%etweén collisions reaches 'the time scale of the nuclear iodine

?J |oi|net etncaE]ied ":[‘ Ialrgz ar;gonn t(ﬁlutstéers.n Fcrtrre?m:atloE c;ntnc; motion. We thus expect the iodinsolvent collisions to affect
€ A state, Liu et al. demonstrated an uftratast coherent . dynamics on the fs time scale.

recombination within 600 fs. In such cold clusters, the iodine L
molecules are imprisoned inside a rigid solvent structure which N order to study the pressure and solvent effect on the iodine
is formed by the surrounding solvent atoms. The dynamics is fs d_ynamlcs, laser p_ulsgs with a duration of 60 fs were used to
therefore governed by a loss of vibrational energy to the excite ground-state iodine molecule_s. At 620 nm, 62% of the
surrounding solvent cage, and the quantum yield for geminate €xcited molecules reach low vibrational levels= 6—11 of
recombination is close to unity. The ultrafast coherent formation the bound BO(IT) staté® (centered around’ = 8), while
of new iodine molecules on either the A/ér the ground state ~ 34% are placed on the weakly bound %) state and the
is followed by a slower vibrational relaxation. It was pointed emainder on the dissociative'B,('II) staté® (see Figure 1).
ouf® that the critical factors for observing such coherent motion The dynamics of the prepared wave packet are then interrogated
in the solvent cage are the time scale for bond breakage anddy @ second 60 fs, 310 nm pulse, which can excite B state
the rigidity of the solvent structure. These ideas were supported Molecules near the outer turning point of the B state into either
by MD calculations Indeed at lower temperatures in argon the fQ; 6667 or EQ} %85 jon-pair states of iodine. We detect
matrices, Apkarian’s grodp observed a persistent ultrafast the ion-pair state fluorescence as a function of the delay time
coherent recombinationThe coherent vibrational motion of  between pump and probe pulses. This fluorescence is a measure
the A state wave packet persists with its vibrational energy of the B state population at thgihternuclear distances at which
decreasing below the A state gas-phase dissociation energyabsorption can occur and allows us to monitor the dynamical
Martens, in a series of enlightening pap®®? has given the  evolution of this population. lon-pair state fluorescence also
theoretical foundation for this coherence in solids and pointed originates from molecules in low vibrational levels of the2A
out the connections to the cluster phase. (3IT) and A3,(3IT), which are efficiently excited by the 310 nm

In the present study, we focus on the dissociation and probe pulses into either the' or the 814 state, as shown in
recombination dynamics of iodine (see potentials in Figure 1) Figure 1. Fluorescence induced by molecules in high vibrational
in the supercritical rare-gas solvents (helium, neon, argon, andlevels on the ground state, however, will be shown to be
krypton) at pressures between 0 and 2000 bar. The variationnegligible under our conditiorfs.Thus, these experiments are
of the solvent properties in this pressure range is displayed in mainly sensitive to the coherent wave packet motion within the
the change of the macroscopic solvent density with pressure inbound B state, the collision-induced B state predissociation, and
Figure 2. While helium and neon follow approximately the a possible recombination of the dissociating atom pair onto the
linear “ideal-gas” relationship between density and pressure, A/A’ states, followed by vibrational relaxation within these

emission in the resonance Raman spectra and obtained
dynamical picture.



18632 J. Phys. Chem., Vol. 100, No. 48, 1996 Lienau and Zewalil

states. The experiments are insensitive, however, to theTABLE 1. Experimental Results for the Dissociation and
dynamical evolution on the electronic ground state of iodine. Geminate Recombination of lodine in Compressed Helium at

. e
The paper is structured as follows. After a brief presentation 293 K as a Function of Solvent Pressur@ and Density p

of the experimental setup, we discuss the solvent and pressureP (0ar) o (MolL)  7ped(PS)  Trast(PS)  Basf@pred e
effect on the ion-pair state fluorescence spectra and extract 25 1.0 150.0 53 0.52 0
information on the solvent influence on the ion-pair state 50 2.0 75.5 34 0.54 0
potentials. In the next section we discuss experimental results 100 3.9 39.2 18 0.61 0
on the solvent-induced dephasing of the coherent vibrational %gg ?g 222 1g6 8"312 8
wave packet motion. Pressure- and solvent-dependent rates for 5q1 75 250 48 0.44 0
the collision-induced B state predissociation are compared to 300 10.8 15.5 4 0.44 0
isolated binary collision models. In the final section, results 400 13.9 10.5 3.4 0.52 0
on the yield and dynamics of the geminate atomic recombination 382 ii-g ig-; g% 8-‘5"2 8
are related to a diffusion-based model for the dynamics. 600 193 79 599 0.37 0
800 24.2 6.1 1.77 0.24 0
Il. Experimental Section 803 24.3 6.4 1.27 0.28 0
1200 321 4.2 1.3 0.23 0
The experimental setup has been described in detail else- 1209 32.1 4.1 1.7 0.18 0.01
where! and only a brief summary follows (see also the 1394 35.7 3.7 0.8 0.11 0.01
accompanying paper). Laser pulses of 60 fs duration at a 1615 39.2 3.3 0.00 0.03
1960 44.4 2.8 0.00 0.05

repetition rate of 100 MHz and a pulse energy of 20 pJ were
generated from a home-built colliding-pulse mode-locked ring @ Experimental transients(t) are modeled by the sum of a biexpo-
dye laser (CPM). These pulse were amplified to 1.5 mJ at a nential decay and a single-exponential rise as described in the text:
repetition rate of 30 Hz in a four-stage, Nd:YAG-pumped dye XU = ~@ast EXp(~UTfs) + apred €XP(~UTpred + ared1 — exp(=(t —
amplifier (PDA). The amplified pulses were temporally com- L")/r”se»' The maximum of the B state transient at early times has
. . . been normalized to unity.
pressed in a double-pass, two-prism arrangement before being
separated into pump and probe pulses by a 50/50 beam splitterall experiments, the relative polarization between pump and
The pulse duration after compression was 60 fs. Together, theprobe lasers was set at 54.7
pump and probe lasers formed two arms of a Michelson In general, the experimental transients can be characterized
interferometer. The probe laser was focused into a KD*P crystal as follows. In all solvents and at all pressures, we observe an
to generate the 310 nm pulse, and the fundamental was removedhitial decay of the signal. The decay time, which is about 150
with dichroic mirrors. ps at 25 bar of helium (see Table 1), decreases monotonically
The pump and probe lasers were recombined with a dichroic With pressure and, at a given pressure, increases with solvent
beam splitter and then focused slightly beyond the center of mass. The decay mainly reflects the population loss in the
the high-pressure cell to avoid continuum generation from the originally excited iodine B state due to solvent, collision-induced
windows. Laser-induced fluorescence was collected perpen-predissociation (see discussion below and accompanying pa-
dicular to the laser propagation direction, collimated into a 20 pers). At very high pressures, this initial decay is followed by
cm monochromator (bandwidth 6 nm fwhm), and detected by arise in intensity. The amplitude of this rising transient relative
a photomultiplier tube. The relative timing between the two to the initial B state signal intensity increases with pressure and,
pulses was varied with a high-precision, computer-controlled at a given pressure, with solvent mass. The rise time is also
actuator located in the path of the pump laser. The pump armfound to decrease with increasing pressure. The signal intensity
also contained two polarizers and a half-wave plate to allow atlong times arises predominately from geminately recombined
variation in the angle between the polarizations of the two lasers, iodine molecules on the A/Astates, and its rise time reflects
and this angle was kept constant at 34uhless rotational the recombination dynamics and the subsequent vibrational
anisotropy effects were under study. Studies of the anisotropy relaxation within the A/Astate? Another main characteristic
at high pressures will be reported later. of the experimental transients is the coherence of the oscillatory
The home-built high-pressure cell was designed to withstand Wave packet. These different aspects of the dynamics of iodine
pressures of up to 4000 bar. The input window was 4.0 mm in rare-gas solvents, i.e., coherent wave packet dynamics on
thick quartz, while the output and fluorescence-collection the B state, B state predissociation, and geminate recombination,
windows were 2.8 mm thick sapphire. Pressure inside the cell Will be addressed separately in the next sections. First, however,
was monitored with a precision strain gauge pressure transducere consider the effect of solvent polarity on iodine in different
and the high-pressure cell showed no decrease in gas pressurgtates. ) . .
during the course of an experiment. Fluorescence signal from ll.1. Solvent Effect on the Solute Dipole. In this section,
the PMT was averaged in a boxcar integrator and recorded with We consider the influence of solvent pressure on the fluorescence
a computerized setup as a function of actuator position. Data&Mission spectra from iodirien-pair states. All fluorescence

were analyzed with the help of a computer. emission spectra were recorded after excitation of the iodine
sample with temporally overlapping 620 nm pump and 310 nm
lIl. Results and Discussion probe pulses. This corresponds to a double-resonance excitation

from the electronic ground state X to the B state and from the
Here, all experiments have been performed using 60 fs pulsesB to either the f or E ion-pair state.

centered at 620 and 310 nm. In the accompanying paper, The interpretation of the iodine fluorescence emission spectra
report the probe wavelength dependence. In most experimentsjs particularly simple in the case of argon solvent. It is knén
the ion-pair state fluorescence from the-B A’ state has been  that even at mild pressures of argon buffer gax (1 bar), the
detected. The detection wavelength varied from transient to iodine ion-pair state emission spectrum is dominated by
transient depending on the solvent-induced red shift of the fluorescence from the strondg B~ A’ transition (centered around
transition, as discussed before. In some experiments in helium342 nm at low pressures, see Figure 4a). This emission is
or neon, a detection wavelength of 270 nm has been used. Ininduced by a very efficient collision-induced electronic conver-
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vibrational relaxation within the Dstate. It is also known from
resonance Raman experime®itsas well as from spectroscopic
studies in large clusters and in rare-gas matriéabat the
potential energy curves of iodine valence states in solution are
similar to their gas-phase potentials. In contrast, the ion-pair
states are strongly affected by the solvent. This is due to the
solvation of the molecular dipole of iodine in the ion-pair states,
depending on the dielectric properties of the solvent. The
solvation gives rise to a strong red shift of the-® A" emission
[~ UVeonly band from 342 nm at O bar to 357 nm at 400 bar and 368 nm
at a pressure of 2000 bar. This corresponds to a solvation
r energy of about 2000 cm at 2000 bar (Figure 4).
M The pressure dependence of this red shift can be understood
) in terms of the classical cavity cell models of solvent sHift
— T The solvation models assume a nonpolarizable point dipole in
the D state which is isolated in the center of a cavity in a
uniform dielectric medium. The spectral shift in energy is then
given ag*

1t 2
] J. AE_e—lA(ﬂ) 1)

_26+1 a3

a
- He
100 bar

I Ne
100 bar
F~— UVonly

- Ne
1200 bar

1 Far’
1200 bar

F Ar
100 bar

LU

250 300 350 400 250 300 350 400
Wavelength (nm) Wavelength (nm)

wheree is the static dielectric constant of the solvent (for rare
. gases at high pressures see ref 7q)?) is the difference in

150 bar | the squares of the ground- and excited-state dipole moments,
— WVonly] and a is the diameter of the cavity, which is assumed to be
pressure-independent. As shown in Figure 5, the theoretically
suggested linear relationship between solvent-induced red shift
AE of the D — A’ transition and { — 1)/(2¢ + 1) can be
verified experimentally. The solvation of the @n-pair state
in high-pressure argon should be compared to the strong
solvation of this state in large ultracold Aclusters’* Here
the intensity maximum of the 'D— A’ transition is shifted to
~400 nm (corresponding to a solvation energy of 4240%m
similar to iodine in low-temperature argon matrices, where the
shift is to 380 nm (or 2920 cnt of solvation shift)’®

In helium and neon, the fluorescence emission spectrum at
100 bar is again dominated by the strong emission around 342
nm. In addition, emission bands are present at 270, 290, and
around 385 nm (see Figure 4a). Similar bands have been
observed in the emission spectrum obtained by optical double-
resonance excitation of the;TOon-pair state in the absence of
buffer gase$® These bands were assigfetb the transitions
| o fo; — BO, (M) (around 340 nm), ) — B"1,(T) (around

250 300 350 400 450 250 300 350 400 450 290 nm), fq — A1,(II) (around 280 nm), and EOH
Wavelength (nm) Wavelength (nm) X0, (15)" (250-272 nm{® the F state is thought to be

Figure 4. (a) Fluorescence emission spectra of iodine in compressed populated through collisional energy tran&®r In high-
rare gases. Excitation was with temporally overlapping 620 nm pump pressure helium and neon, th%fﬁ’ BO:(3H) band at 340 nm
and 310 nm probe pulses. In addition to the strorig-DA" emission is likely to be overlapped by D— A' emission, originating
around 342 nm, two additional bands around 270 and 290 nm are {5 B state molecules which are excited into the E ion-pair

present in helium and neon (see text). In argon solvent, fluorescence . . . .
emission originates entirely from vibrationally relaxed levels of the state and then collisionally quenched into low vibrational levels

energetically lowest Dion-pair state. Note the strong solvent-induced Of the D state. Our spectroscopic results indicate that the
red shift of the D— A’ transition in argon, indicating a strong solvation ~ €lectronic conversion between the f anddh-pair states (which

of the D state. The emission around 310 nm is due to scattered probeis very efficient in argon even at low pressures) is absent on
laser light. (b) Fluorescence emission spectra of iodine in krypton after the time scale of the ion-pair state fluorescence in helium and
two-photon excitation (628- 310 nm). As in argon, only one emission  eon even at high pressures.

band, the D— A’ transition, is observed. Note the solvent-induced

red shift and the severe broadening of this transition at high pressures. The solvation of the Ion-palr states in helium and neon is far
At pressures above 200 bar, a broad band emission, due to one-photorllesS pronounced than in the _(_:ase_ of _argon._ The central
excitation by the 310 nm probe laser, is detected. The intensity of this Wavelength of the 342 nm transition in helium shifts by only 3
transition increases drastically with pressure, and at 600 bar the spectrurnm (corresponding to a solvation energy~¢200 cnt?) to 345

is entirely dominated by this band. The new emission is tentatively nm if the helium pressure is increased from 0 to 2000 bar.
assigned to a charge-transfer transition of iodiselvent complexes Similarly, in neon a red shift of450 cnt? from 342 to 347.5

(see text). nm, is observed. This indicates that, among the rare gases,
sion from the originally excited f or E ion-pair state into the helium and neon are unique; the potential energy curves of the
energetically lowest Dion-pair state, followed by a rapid iodine valence states as well as those of the ion-pair states are
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molecules in complexing solvents like g®enzene, toluene,

or dioxane give rise to a very intense broad band absorption
around 300 nni? which is assigned to a charge-transfer
transition of iodine-solvent complexe® (For a recent study

of the fs dynamics of such complexes see refs 81 and 82.) It is
likely that the presence of such iodinsolvent complexes in
krypton at high pressures is the origin of the strong broad band
emission induced by absorption of 310 nm photons.

Ill.2. Coherent Wave Packet Dynamics. In an isolated
iodine molecule, the fs excitation process creates a coherent
vibrational wave packet on the excited B sttté’ The
vibrational wave packet evolves according to the following
superposition:

|We(RU= zaXB(vi) exp(-iEth) vl (2)

whereR is the internuclear iodine separation amg(v;) are

the amplitude coefficients of the wave function in the vibrational
eigenstatd. The amplitude coefficients depend on the laser
electric fieldGxg and the transition dipole momemgg between
vibrational states in the X and B states. Coherences between
the X and B surfaces are excluded here as they are not probed

A Argon

/ <~ _e

‘A
o o Komon |
0 0.02 0.04 0.06 0.08 0.1

in the present experiments. The wave packet temporally evolves
on the B state, and a second probe laser, centered at 310 nm,
excites components of the wave function into vibrational levels
of a higher lying ion-pair statg;[l The population in the ion-
Figure 5. (top) Emission wavelength of the' B> A’ transition in the pair state is detected by LIF. The final signal in the experi-

compressed rare gases helium, neon, argon, and krypton. (bottom)mental transient is given by

Solvent-induced red shift of the'D~ A’ transition as a function of(

— 1)/(2¢ + 1) in compressed rare gases. The solid lines are linear ~ 32 312
interpolations between the experimentally observed red shiftard ( 1(0) ~ |03 Ggytg) W T Z'aXB(U')| g ()" +
1)/(2¢ + 1) as suggested by the classical cavity model (see eqig). '
the static dielectric constant of the solvent.

TR S R

0

(e-1)/ (2e+1)

i(§ — Bt
zaXB(vi) ag (vy) (V) g (v) exp— ———
only weakly affected by the solvent. This feature makes these "/ A
systems particularly attractive for investigation of the effect of ®3)
solute-solvent collisions on the dynamics since many aspects
of the dynamics can be modeled by assuming gas-phase isolate
molecule potentials. The pressure dependence of the solvation
energy in helium and neon follows the classical solvent shift
model that is underlying eq 1, as shown in Figure 5.

In krypton (Figure 4b), a strong perturbation on the ion-pair which shows that the detected fluorescence signal is given as
states is noticed. As in argon, only one emission band, centerecthe sum of an “incoherent” paf;A; and a “coherent” part which
around 342 nm (at pressures of less than 5 bar), is observedgontains the oscillatory terms due to vibrational coherences on
and this emission system is assigned to the-DA’ transition. the B state. Coherences due to the ground state are eliminated
The center wavelength of this transition shifts strongly with since phase incoherent pulses and time-independent detection
increasing pressure (to about 370 nm at 300 bar). Unlike in are used.
argon, an increase in pressure significantly broadens this The coherences on the B state have been monitored experi-
transition. At intermediate pressures, the emission band showsmentally over tens of picoseconds (see Figure 6). The magic
a pronounced tail toward longer wavelengths which extends to angle transient and the Fourier transform of its oscillatory
the red of 430 nm gb = 200 bar (Figure 4b). At pressures of modulation (Figure 7) show that the fluorescence signal contains
more than 200 bar, a new, broad band fluorescence is inducedrequency components which correspond to energy differences
by the 310 nm probe laser, and the spectral range of this E(vi+1) — E(vi) between adjacent vibrational eigenstates of the
fluorescence extends from 310 nm to more than 450 nm in the B state. Higher frequency modes, corresponding to coherences
red. The intensity of this transition increases drastically with between nonadjacent vibrational levels, can also be obsé$ved.
pressure, such that, pt= 600 bar, almost the entire fluorescence The magic angle transient shows directly the average vibrational
spectrum is dominated by this new fluorescence band. This frequency of the B state wave packet, and the interference
strong background fluorescence makes the detection of thepattern in the signal modulation originates from the distribution
overlapping D— A’ fluorescence very difficult and prohibited  of different vibrational eigenstates that is excited by the pump
the extension of our experiments to higher krypton pressures.laser pulse. The power spectrum amplitudg of each
While the significant red-shift (to 423 nm) and the severe component reflects the population of the staitemndj and
broadening of the transition have also been reported by Heavendepends on the frequency spectrum of the light pulses and the
et al. in cold krypton matrices, no broad band fluorescence waselectronic surfaces which are involved in the lightatter
monitored in their experiments for one-photon excitation at 308 interaction. For a detailed analysis of experiments at different
nm. Absorption at 308 nm cannot be caused by bound excitation energies and the extraction of the B state potential, a
electronic states of iodine. It is known, however that iodine more general picture is required which also includes the

+ c.c.

(]’his can be reduced ¥o(see also accompanying paper)

10~ YA+ Y A, coslEw) — Ep)Ih+¢,]  (4)

1Z]
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Figure 6. Vibrational dephasing and solvent-induced predissociation. (a) Femtosecond 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 100 and 400 bar. The oscillatory modulation on the transients
reflects the coherent vibrational motion within the B state, while the underlying decay is due to the collision-induced B state predissociation.
Laser-induced fluorescence detection at the “magic angle” (b4&tween pump (620 nm) and probe (310 nm) pulses was used. Fluorescence
detection wavelength: helium and neon, 270 nm; argon, 348 nm at 100 bar and 360 nm at 400 bar; krypton, 354 nm at 100 bar and 390 nm at 400
bar. (b) Femtosecond transients (up to 5 ps) for iodine in supercritical rare gases (helium, neon, argon, and krypton) at a temperature of 293 K and
at a pressure of 1200 and 2000 bar. In helium and neon, an oscillatory modulation of the transients is observed for more than 2 ps, indicating the
long persistence of the coherent motion within the B state. The strong fluorescence intensity during the first oscillation on the 2000 bar transients
in helium and neon is due to the probing of directly dissociating iodine molecules excited onto {RE)AB4%) or B'1,(*IT) states (and VR).
Laser-induced fluorescence was detected at the “magic angle™{®B&&veen pump (620 nm) and probe (310 nm) pulses. Fluorescence detection
wavelength: helium, 270 nm at 1200 bar and 342 nm at 1960 bar; neon, 270 nm at 1200 bar and 348 nm at 2080 bar; argon, 367 nm at 1200 bar
and 375 nm at 2000 bar.

rotational motion of the iodine molecules. A complete treatment From the fs time-resolved experiments we can thus obtain
in terms of the density matrix formalism has been given by detailed information on the iodine dynamics: the decay of the
Gruebele and Zewail, and the reader is referred to ref 18. incoherent signal contributidic(t) = >iA eXp(—t/Tpreq;), Which

In the absence of the iodinesolvent interactions, the wave  gives the predissociation dynamics, and the coherent contribution
packet can freely propagate on the B state which decays withinlHt), i.e., the oscillatory signal modulation, which reflects the
microseconds. The phase coherence of the generated waveoherent vibrational wave packet motion under the influence
packet is maintained, and the decay of the oscillatory modulation of iodine—solvent interactions.

of the magic angle transient on a time scale of approximately  An overview of the experimental transients in helium, neon,
40 ps results only from the difference in energies between the argon, and krypton at selected pressures of 100, 400, 1200, and
various vibrationatrotational states that are populated on the 2000 bar is shown in Figures 6a,b. The decay of the incoherent
B state. signal due to predissociation is clear in all transients and will
In the presence of iodiresolvent interactions in high-pressure  pe discussed in detail in section 111.3. In general, the predis-
rare gases, however, iodineare gas collisions will induce a  sociation rate increases with solvent density and polarizability.
dephasing of the coherences. In simple cases the coherence, the rare gases helium and neon, an oscillatory modulation is
between two levels andj may be assumed to decay exponen- present on all transients, even at the highest pressures of this
tially, and a total dephasing rateTk/; for this decay can be  study. At pressures of 100 bar, the oscillatory modulation
introduced. Moreover, iodiresolvent collisions will also cause  extends over more than 12 vibrational periods or 4 ps. Within
a decay of the excited B state population via collision-induced the first 4 ps, the modulation on the transients resembles that
predissociation onto a repulsive state. This predissociation of the 0 bar transient. At longer delay times, the 0 bar transient
causes a decay of the incoherent signal contribution. If gisplays a strong recurrence of the signal modulation (centered
exponential predissociation rated Jiqj are assumed, the total  ground At = 9 ps). This recurrence modulation is almost
fluorescence signal in the presence of high-pressure rare gasegntirely damped in the 100 bar transients. Only the 100 bar

may be written as transient in helium displays slight coherences at delay times of
¢ ¢ more than 6 ps (clearly revealed through Fourier transformation

. _ i - N of the experimental transient). At higher pressures (see the 400

00 IZA‘ ex;{ Toredi + = A ex;{ 2”) COS(E(U') bar transient in helium and neon, Figure 6a), the phase coherence

in the B state wave packet is lost after 5 ps. Indications for a

E(w))h + ;) (5) recurrence modulation at 9 ps are not observed. Interestingly,
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as the pressure is further increased in helium and neon (Figure [ 77| [T
6b), the coherent motion persists for at least 3 ps at a pressure Y i
of 1200 bar and at least 2.5 ps or eight vibrational periods at T

about 2000 bar, the highest pressure in our study here. MWWW\{W

Surprisingly, the loss of the coherent vibrational motion is AT nner
only weakly affected as the pressure is increased by a factorof [.-. -, . . . ., . . , ] T R AAATAY
20 from 100 to 2000 bar in helium and neon. In argon, ‘ T | [
experimental results were first published for pressures up to Do [
100 baf® and later at pressures of up to 800 bar. At a pressure MW

¢

of 10 bar, coherence was observed to persist for at least 15 ps;
as the pressure increases to 100 bar, the coherence dephases
more rapidly and is lost after 5 ps. At pressures as high as 800
bar, vibrational coherence persists for more than 1.5 ps (five
vibrational periods). Unlike in the lighter rare gases helium
and neon, the modulation depth of the oscillatory transient signal

is found to decrease with pressure, which might partly be due

to dispersive temporal broadening of the laser pulses at higher
argon pressures.

To obtain quantitative information on the vibrational dynam- 0
ics in the presence of high-pressure rare gases, we first attempted
to extract the frequency components of the oscillatory modula- :
tion of the signals at different pressures. We used two different Sl
approaches. First, we evaluated the Fourier transform spectra [ |V * I )
of the transients after subtraction of the overall population decay. | -~ 1k i

The power spectrum of the 0 bar transient indicates the — ———— =2~ 160‘ I 130
distribution of vibrational levels which are excited in the B state Time Delay [ps] Frequency (cm)

and reveals the energy differences between adjacent VilC)ratic.mi‘:igure 7. Vibrational dephasing in helium. Left side: oscillatory

levelsE(vi+1) — E(vi). The amplitude of the component with 54 1ation on the femtosecond transients after subtraction of the

frequencywi+1j = E(vi+1) — E(vi) in the Fourier spectra is  ynderlying decay due to solvent-induced predissociation. Dots: ex-
correlated with the population in the vibrational levels- 1 perimental data points. Solid lines: fits of the transients to an

and i. The maximum in the Fourier spectrum at O bar exponentially damped, phase-shifted cosine functiemrp(-t/z,) cos-
corresponds to the frequeney 7 = 113 cnm?, and the entire  (@nt + ). Note the rapid dephasing at a helium pressure of 100 bar
width of the Fourier spectrum reflects the number of vibrational compared to 0 bar, but the persistence at higher pressures. “Magic

. . angle polarization between pump (620 nm) and probe (310 nm)
eigenstates which are populated by the pump laser pulse. Th%avelengths was used. Detection wavelength: 270 nm at 0 and 1960

width of each individual line in the spectrum is limited by the  par and 342 nm at 100 and 400 bar. Note the change in time scale for

finite time delay (20 ps) up to which the experimental transient the last panel. Right side: fast Fourier transform (power spectrum) of

was recorded. the oscillatory modulation. At 0 bar, the Fourier spectrum reveals the
At a helium pressure of 100 bar, the Fourier spectrum energy differences between adjacent vibrational B state levgels

P P . (i) — w(j). The distribution of vibrational levels, which is excited by
broadens significantly, and this is due to the solvent-induced pump laser, reaches= 6 to ' = 11 and is centered arounti=

dephasing. Nevertheless, several distinct frequency componentg as the helium pressure increases, the Fourier spectrum broadens
are resolved, and we note that the intensity of components with and shifts to higher frequencies.

a frequency of more than 114 cincreases significantly

compared to the 0 bar transient; the entire spectrum thus shifts ~ '*° ARRERRRA g '
to higher frequencies. The fact that the spectrum displays L Heflum Neon Ao
distinct frequency components indicates the persistence of '8
vibrational coherence for more than 5 ps and that the weak —
recurrences observed in the real time transient for delay times 5 116 | s LB
of about 8 ps are not due to noise. The broadening of the g ! .
spectrum is even more pronounced as the pressure is increasecs 114 |-
to 400 bar. The spectrum is almost entirely smeared out; only «©
a weak shoulder at low frequencies can be resolved. The entire  ,,,%" ®
spectrum shifts to higher frequencies; the amplitude maximum
is now centered at 115 cth At the highest pressure of 1960 S . L ) e
bar, the spectrum is structureless, significantly broader than at 0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
the lower pressures and strongly blue-shifted to a centefldB Pressure (bar) Pressure (bar) Pressure (bar)
cmL. The results are summarized in Figures 7 and 8. The Figure 8. Pressure and solvent effect on the mean vibrational frequency
mean vibrational frequency of the oscillatory signal modulation ©f the B state wave packet motion in the rare gases helium, neon, and
(as determined from the intensity maximum in the power argon. Filled circles indicate mean frequencies of the Fourier spectra

. . of the oscillatory transient modulation. Open circles are frequencies
spectra) increases with pressure from 113at 0 bar to~118 wm obtained from fits of the oscillatory modulation of the experimental

cm* at 2000 bar. transients to an exponentially damped phase-shifted cosine furction
To confirm this finding, a second, different method was exp(-t/zq) cos@nmt + ¢).

adopted to determine the mean vibrational period. The transientquality of the fits is satisfactory, although some features (e.qg.,

oscillatory modulation was fit to an exponentially damped phase- weak recurrences of the modulation on the 100 bar transients

shifted cosine functiom exp(—t/zg) coswmt + ¢). Fits to the in helium after about 8 ps) are not reproduced. The mean

experimental transients are displayed in Figure 7. The overall oscillatory frequencies that are obtained by this method are,

[ ol ]
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within the experimental error, similar to those obtained from 2 e
the Fourier spectra. The increase in frequency with pressure is
reproduced. An analysis of the transients in neon and argon
confirms these observations; in each solvent the mean oscillatory ¢
frequency increases with pressure, from 112.5%at 0 bar to
about 118 cm? in neon at 2080 bar and to 118 ckin argon
at 800 bar, respectively. In fact, the shift of the mean oscillatory
frequency appears to increase linearly with pressure, roughly
with a slope of a few wavenumbers per kilobar; a more -
guantitative description for the density dependence will be given f
in the accompanying paper. These are rather substantial shifts, I I
considering that experimentally observed solvent-induced fre- 5500 7000 1500 2000 0500 1000 1500 2000 0 300 1300 7500 2000
guency shifts on ground-state iodine in nonpolar liquids are more Pressure (bar) Pressure (bar) Pressure (bar)
on the order of +2 cnm1.83 Figure 9. Theoretical estimate of the solvent-induced vibrational

We now consider these experimental findings to address thefrequency shift for B state iodine in helium, neon, and argon according
nature of solute-solvent interactions. A theoretical hard-fluid to the hard-fluid model. The total frequency shift = Avg + Ava is
model for solvent-induced frequency shifts in solutions was the resultant of a positive contributilon from repulsive and a negative
presented by Ben-Amotz and Herschb&Hhe model consid- ~ 9"€ from attractive solutesolvent interactions. We note that the

. . . . . theoretically predicted shift is significantly smaller than the experi-

ers a diatomic oscHIqtor in a benign So!Vem and assumes thatmentally observed shift on the mean iodine vibrational frequency (see
the net frequency shifAv = Avg + Ava is the resultant of @ Figure 8); see text.
positive contribution from repulsion and a negative one from
attraction. Vibrational frequency shifts calculated with their polarizability. Assuming that this approximation is also roughly
model have been checked against experimental results for avalid for iodine in the B state, eq 8 can be used to analytically
variety of solutes and solvents, especially for ground-state iodine calculate solvent-induced vibrational frequency shifts in rare

Argon

Frequency shift (c

A - repulsive shift
® - total shift
V - attractive shift

and pyridine. gases as a function of pressure. The results of these calculations
If the vibrational potentiall, of the isolated (gas-phase) solute  are shown in Figure 9. Two conclusions can be drawn from
oscillator is written as these model calculations. First, the polarizability of the rare
gases helium and neon is so small that in these rare gases
Ug(ryo) = Yof(r, — )% + Y,09(r, — r)° (6) attractive solute-solvent interactions are of minor importance.

The solvent-induced frequency shift is dominated by the
and if its interaction with the solvent is described by the potential repulsive interaction, and the iodine vibrational frequencies are

of mean force, blue-shifted toward higher frequencies. In argon, however, the
polarizability is larger, so that attractive forces become dominant
B ) " o
Vocan torckl12) = F(o — o) + G(r, — ro) 7 at lower solvent der_15|_t|es, and a weak red shlft_ is expected at
low pressures. A similar change from solvent-induced red to
an expression for the frequency shift is obtaifigd: blue shift with increasing solvent densities has been observed

experimentally for ground-state iodine in liquid alkane sol-
Av(n—0)/v(n—0) = n(F/f)[—(3/2)(@/f) + (GIF)] (8) vents® The magnitude of the net solvent-induced vibrational
frequency shift predicted by the model is less than 2%far
This gives the frequency shithv for thev = 0 — v = n all solvents and at all pressures used in our experiments.
transition, normalized tw, the isolated molecule (gas-phase) In helium and neon, the theoretically predicted frequency shift
frequency. The frequency shift is predicted to be proportional is approximately proportional to pressure, and the proportionality
to the vibrational quantum numbar and thusAv(n—n—1) ~ constant is 0.6 cmi/kbar. In argon, it is close to zero for
Av(10). pressures below 1 kbar. These solvent-induced frequency shifts
The result of the hard-fluid model of Herschbach and Ben- are substantially smaller than the experimentally observed shifts,
Amotz is attractive in that it gives an analytical expression for so that we conclude that the solvent-induced change of the B
a cavity distribution function which pertains to a pair of hard- state potential alone cannot explain our experimental findings.
sphere solute atoms dissolved in a hard-sphere solvent. It thusThe following mechanism emerges and is supported by MD
provides a measure of the packing forces experienced by thecalculations (see accompanying paper). Due to collisions with
(iodine) diatomic solute as a function of interatomic separation. solvent atoms, vibrational relaxation may take place on the time
Knowledge of this distribution function now allows one to scale of vibrational dephasing. If the wave packet coherence
directly compute the repulsive contribution to the potential of is at least partially preserved during the inelastic collisions that
mean force and therefore to the solvent-induced frequency shiftlead to vibrational energy transfer between iodine and the
using egs 6-8. In the accompanying paper, we invoke MD surrounding solvent atoms, the mean vibrational energy of the
simulations to compare with experiments. iodine wave packet decreases on the time scale of the vibrational
To calculate the attractive contribution to the frequency shift, dephasing. The wave packet then shifts toward lower vibra-
the model of Herschbach and Ben-Amotz employs a van der tional quantum numbers with time, and the mean frequency in
Waals mean field approximatidfi8 This approximation the Fourier spectrum shifts toward higher energies, as is
implies that the attractive shift is linearly proportional to the observed experimentally. Such conclusions are consistent with
solvent densityp our recent MD simulations for these systems. This coherent
energy relaxation has been found in liquid-state studies and
Av,(m—0) = nC,p 9) discussed in relation to Redfield’s equatidfisThe findings
are relevant to experiments on dissociation and recombination
According to a procedure described by Schweizer and Chan-of iodine in solid rare-gas matric®sand to studies of coherence
dler®s for (ground-state).lin nonpolar solvents, the constant in the photodissociation o§1.88 There is another relevance.
Ca is estimated to b€ ~ 0.061, wherea denotes the solvent  The iodine-solvent interaction may shift the ion-pair states to
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0.8 ——T——T——T— — T from O pst at O bar to about 0.4 p$ at 2000 bar in helium
Helium Neon *® and neon, the dephasing rate displays a noncontinuous behavior.
I 1 T ] In the limit of low-pressure gasep,— 0, dephasing rate T4
06 L s * | and predissociation rate Thfeq approach zero. At a pressure
hd . of 100 bar, however, we find, using the single cosine approach,
- ° Lo a dephasing rate of approximately 0.4 hswhich is about 16
= e o times faster than the predissociation rate in helium and neon at
Pl 1 F o this pressure. Unlike the predissociation rate, the dephasing
&E o © ° rate increases only slightly with pressure and approaches 0.7
o 17 ] ps! at the highest pressure of 2000 bar in helium and neon.
oo L e 1 L ° | (The complete range of values is given in the accompanying
g . ° paper.)
0 © 1 | o . In order to understand the_ pressure dependence _of the rates,
° kf Prediss we need to address the physical origins of the dephasing between
X T —— T — adjacent vibrational modes. In simple cases, the total dephasing

0 500 1000 1500 2000 0 500 1000 1500 2000

rate may be written as the sum of the rates of the various
Pressure (bar) Pressure (bar)

processe€-92 which cause the dephasing or phase relaxation
Figure 10. Vibrational dephasing and solvent-induced predissociation of the wave packet. In general, four different physical phase
at high pressures for B state iodine in helium and neon. The filled relaxation mechanisms can be identified. solvent-induced

circles give dephasing rate obtained by fitting the experimental data to . - . . . .
a single exponentially damped cosine function. The open circles are predissociation with a rate Teq vibrational relaxation, Th-v,

for the predissociation rates. In the accompanying paper, we provide aWithin the B state and vibratiofrotation coupling, Ify-r via
wide range of measurements and their density dependencies. inelastic collisions, and “pure” phase relaxatiorzvia elastic

collisions. Assuming that for all these processes the relaxation
lower energies, as discussed above. With increasing pressurgates of the coherence between adjacent vibrational eigenstates
the amplitude of the higher frequency components may increase,are independent of the vibrational quantum number, the total
and this may also contribute to the observed shifts. Further dephasing rate can be written as
experiments could follow the time evolution of, e.g., iodine

1 1 1 1 11,1

molecules that are initially excited to higher vibrational B state == + + +===+= (10
levels. Such experiments would allow us to tune the vibrational T Togea Tvov Tvr T2 To To

energy of the initial wave packet and to follow the coherent

vibrational energy relaxation. The assumption of constant relaxation rates for the different

Next, we focus on thelephasingf the coherent vibrational ~ Vibrational B state levels is certainly not strictly correct but
motion. In the most simple approach, the experimental tran- S€éms adequate since only average dephasing ratesaly be
sients at higher pressures can be fitted to a single damped phaseextracted from the time-resolved experiments and the disparity
shifted cosine functioa exp(—t/zg) cosgnmt + @), as displayed  in the quantum numbers is not large.
in Figure 7 and described above. Dephasing rategobtained The predissociation ratesTh/eq can be extracted from the
by using this approach are given in Figure 10. The B state overall decay of the B state population. They vary nearly
consists of a superposition of several different vibrational levels, linearly with pressure. In the limit of high pressures, the rates
and the transients are, therefore, a superposition of more tharfor 1/T, are larger than those for collision-induced predissocia-
one damped cosine function. The beating between the frequendion, indicating the contributions of VR arig processes. ¥R
cies of these modes leads to an apparent dephasing androcesses are negligible at the highest pressures as shown in
rephasing of the oscillatory modulation even in the absence of the accompanying paper. T processes are negligible, then,
solvent collisions, as seen in the 0 bar transient. As shown in from eq 10, ITy-y can be obtained. The value for the
the accompanying paper, even if all the frequencies are included,dephasing timeT, achieved in helium at 2000 bar is 1.3 ps,
at about and above 100 bar, the fits indicate the predominancewhich is a factor of 5 longer that that reported ferirt liquid
of one oscillation frequency whose relative value increases with hexane (230 fs)°
density. Care should be taken in handling the transition to this At lower pressures, a different dephasing mechanism domi-
regime. For example, by fitting the O bar transient to eq 5 and nates. The dephasing rate is significantly faster than the
determining all frequencies and phases of the coherent signal predissociation rate, by about 16 times in helium at 100 bar.
and then using these parameters in the analysis of all transients' e mechanism can be identified by investigating the pressure

at higher pressures, we were able to reproduce the envelope oflfependence of the dephasing rates for the different processes.
the coherent signal contribution In the next section, we discuss the pressure dependence of the

predissociation rates described on the basis of an isolated binary
t collision model; the predissociation rate is given as the product
I(t) O ZA,-,i+l exg — —| cos[E(v;;1) — E@))h + ¢;i14] of a predissociation probability per collisiopyeq and the
T T, frequency of iodine-solvent collisionsz,—rc

but with slower dephasing rates. (This is because of the 1Tpred= Poredd,—re U Prae (11)
coherence interference giving rise to an apparent dephasing.)

However, this cannot be the case, as we know that the Similarly, the rate for vibrational relaxation can be written
frequencies of the wave packet change with pressure and oneas the product of a probability for collisional deactivation per

frequency component dominates at higher pressure. collision py—y and the collision frequencg,—rc
Dephasing rates T4 are displayed in Figure 10 for the rare
gases helium and neon. The results are plotted together with 1.y = Pv-v4,-rc U pre (12)

predissociation rates Tjeq as a function of pressure. While
the predissociation rate increases nearly linearly with pressureAs discussed above, the collision frequency in rare gases is
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proportional to the densityorg and, in helium, roughly 1.2 — . —— —
proportional to pressure. Consequently, the vibrational relax- [ Helum | Neon
ation rate 1Tv-v shows the same pressure dependence as the < 09} i
predissociation rate Tjeq Since in the limit of high pressures < osl I ]
the total dephasing rate is no more than a factor of 2 larger 2 11
than the predissociation rate, we can conclude tht-1/ < = o03f oo ° 3 . *
1/Tpred» 0 ® PR

A similar argument holds for the “pure” phase relaxation 9 : ‘ — -
caused by elastic iodine rare-gas collisions. The collisional ‘ Argon ¢ | Krypton
interaction between the iodine oscillator and a rare-gas atom =~ 09 .
causes fluctuations in the iodine vibrational frequency. Since &  } . i .
the collisions at different molecules are uncorrelated, the phase 3 o’ o
coherence among the ensemble of iodine oscillators is destroyed < 03] . 1 le
by the collisions. In the binary collision model of Fischer and 0 ;
Lauberead? the phase relaxation rateTi/is proportional to o¢ 1000 2000 § 1000 2000

the square of the phase shifp caused by one collision and Pressure (bar) Pressure (bar)

the collision frequency: Figure 11. Collision-induced predissociation rates for B state iodine

in compressed rare gases (helium, neon, argon, and krypton) at pressures

. 2
1T, = pAQ°Z, g U pre (13) between 0 and 2500 bar and at a temperature of 293 K. Excitation is
at 620 nm.
This model gives an analytic expression for the pure dephasing . . .
rate. It is interesting that at a pressure of 2000 ba i on later times. At these early times the B state fluorescence signal
the order of 20 ps in helium and 10 ps in neon, taking the typical 'S o_verlapped by fluorescence from m_olecqle_s Wh'c_h are first
parameters given in ref 93. ThuB} is larger tharTpegand in excited by the pump laser above the dissociation limit of the A
this limit state and then by the probe into the D ion-pair state. Also,
vibrational relaxation is part of the predissociation, as discussed
1 1 1 1 later.

= + +

(14)
T2 Tpred TV*V TV*R

I11.3. Predissociation Dynamics: The Role of the Solvent.
In the presence of iodiresolvent collisions, the population of
Contrary to the other dephasing mechanisms, in the high- iodine molecules in the B state is quenched into other electronic
pressure regime, the contribution of vibratienotation interac- states through three competing processes (for a review see ref
tion decreaseswith increasing pressure. This pressure depen- 102): radiative decay with a lifetimg, nonradiative decay due
dence can be understood by examining the nature of vibration to predissociation induced by iodirédine collisions (char-
rotation interaction. As is well-known, in each vibrational level acterized by the self-quenching ratesl/and predissociation
the frequency of the iodine oscillator depends slightly on the induced via iodine-solvent collisions, characterized by a
rotational quantum number. Molecular collisions can thus quenching rate 4. For the experiments reported here, the
indirectly cause vibration frequency fluctuations by inducing iodine—solvent collision-induced quenching rate is orders of
transitions between the rotational states with which the vibration magnitude faster thandy/and 1t,, which are both on the same
is coupled. As long as the frequency of rotational transitions order, and predissociation dominates the B state decay process,
is much smaller than the frequency of iodine oscillator, simple so thatkyeq= 1/t;. The decay of the B state signal, which is
collisional broadening should be an adequate description for underlying the modulation due to the coherent wave packet
this dephasing mechanisththe dephasing rate Ty and thus motion, therefore arises from collision-induced coupling onto
also the total dephasing rateTashould be proportional to the  a repulsive potential, most likely either the &II) or the
collision frequency or solvent density. In the limit of very rapid d03(32*) state (or the B state). Both states cross the B state
rotational relaxation the molecules undergo so many collision- at low energies; glcrosses near the outer turning paint= 1
induced transitions between rotational levels that, on the time and 04" crosses near =5 (see Figure 1). A recent resonance
scale of the vibrational period, all molecules tend to have the Raman study by Xuwet al>* in CCl, presents experimental
same mean rotational energy. It follows that as a ré&soft evidence for the involvement of these states in the predisso-
this “motional narrowing”, in the limit of very high collision  ciation process.
frequencies, rotationally inelastic processes no longer signifi-  In krypton and argon, the observed transient decays are single
cantly contribute to the dephasing. exponential at all pressures above 200 bar, and from these
In the motional narrowing regime, dephasing ratdg-k decays, one obtains directly the predissociation rate. In krypton,
decrease with pressutewhich is consistent with our experi-  the single-exponential decay time varies from 15 ps at 25 bar
mental results. Such a motional narrowing due to rapid to 1.4 ps at 400 bar (see Table 4 and Figure 11), and the rate
rotational transitions has been experimentally observed for increases, proportional to the density. A similar behavior is
vibrational Raman line shapes of several molectlé&and the observed in argon, the predissociation rate increases monotoni-
pressure dependence of the vibrational line shapes can becally with pressure from (16 ps) at 49 bar to (0.9)! ps at
understood in terms of the Anderseubo modePR2190 A 2500 bar (Table 3). At a given solvent pressure, the predisso-
detailed theoretical analysis at different densities is given in ciation rate in argon is about 2 times slower than that in krypton.
the accompanying paper. We note that, in the limit of very In argon, at pressures below 200 bar, a slight nonexponentiality
high collision frequencies, the J-diffusion model by Bru€ék of the decay signal at early times was noted. The transient signal
becomes applicable, and the dephasing ralg-X becomes may be fit to a biexponential decay, with a fast decay rate which
inverselyproportional to the collision frequency. is about 3 times faster than the predissociation rate. The
Finally, we note that for several experimental transients (Ar amplitude of the fast component is significantly smaller (at least
and Kr at 100 bar, He and Ne at 2000 bar) the fluorescence 4 times) than that of the predissociation component. Because
intensity of the first oscillation is significantly higher than at of the oscillatory modulation on the fluorescence signals (see
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TABLE 2: Experimental Results for the Dissociation and

Geminate Recombination of lodine in Compressed Neon at
293 K as a Function of Solvent Pressur@ and Density p?

Lienau and Zewail

TABLE 4: Experimental Results for the Dissociation and
Geminate Recombination of lodine in Compressed Krypton
at 293 K as a Function of Solvent Pressur@ and Density p2

p (bar) p (mol/L) Tpred (PS)  Trast(PS) afas{apred Arec Trise p (bar) p (mol/L) Tpred (ps) Arec Trise
28 1.1 115 50 0598 0 25 1.1 15 0.000
52 2.1 61 27 0575 O 50 2.3 8.2 0.000
77 3.0 43 185 0535 0 92 4.7 4.32 0.000
101 4.0 33.4 12.5 0516 O 148 8.4 3.06 0.228 26
150 5.7 23.8 7.2 0.448 O 199 115 2.12 0.510 25
200 7.5 17.6 6.6 0.49 0 300 15.4 1.69 0.664 17
250 9.1 14.1 5.8 0.49 0 400 17.7 1.44 0.911 22
igg ig‘; 13% gg 822 0 aExperimental transients(t) are modeled by the sum of an
410 13.9 9.2 36 0379 0 exponential decay and a single-exponential rise as descrigo=
602 18.8 7.4 2.2 0.236 0.09 69 exp(—t/rp,ed) + a,ec(l — exp(—(t — tO)/Trise))- The maximum of the B
794 23.0 59 1.2 0301 015 55 state transient at early times has been normalized to unity.
1206 30.3 4.2 11 0.144 0.275 33 : : —— :
1603 35.7 3 0.75 0.242 0.424 33 L .
2080 40.9 2.7 06 —0.15 0.671 27 1 I & Helium . 1
2 Experimental transients(t) are modeled by the sum of a bi- [ O Neon
exponential decay and a single- exponential rise as described in the 08} ® Argon .
text: §(t) = —aast EXP(U/Tras) + Bpred EXP((t — to)/Tpred) + Aredl — L 4 Kiypton

exp(—t/tise)). The maximum of the B state transient at early times
has been normalized to unity.

TABLE 3: Experimental Results for the Dissociation and
Geminate Recombination of lodine in Compressed Argon at
293 K as a Function of Solvent Pressurg@ and Density p?

p (bar)

p (mol/L)

Tpred (ps)

Trise (pS)

49
100
200
400

aExperimental transients(t) are modeled by the sum of an
exponential decay and a single-exponential rise as described in the text:

2.1
4.3
8.7
155
19.6
22.4

16
7.3
3.96
2.2
1.81
1.6
1.35
1.2
1.05
0.95

S(t) = expt/Tpred + aedl — €Xp((t — to)/Tiise)). The maximum of
the B state transient at early times has been normalized to unity.

Figure 7), an accurate determination of this fast component is

difficult.

—
-—
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Figure 12. Collision-induced B state predissociation rates in rare gases
(helium, neon, argon, and krypton) as a function of solvent density.
The solid lines show linear interpolations between predissociation rate

and density.
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At a given density, the rates in argon are about 30% slower

than in krypton. A plot of the predissociation ra¢geq versus o

argon density (Figure 12) gives a straight line relationship for
pressures below 1000 bar (densities less than 24 mol/L).
Accordingly, a plot ofkyeq versus pressure gives the same
nonlinear dependence which is observed between density and
pressure (see Figures 2 and 11). At higher pressures, however,
we notice that the experimental predissociation rates are slightly
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andp for p < 1000 bar. The deviations are between 5% and Figure 13. Reduced predissociation ratég.R:3/lo for iodine in
15%, and we note that these deviations increase monotonicallyhelium, neon, argon, and krypton as a function of solvent density. Here,
with increasing pressure. kpreddenot_es the predissociati_on ra&gthe di:_stance_of closest approach
In order to check the linear relationship between predisso- Of the iodine-rare gas collision pair the ionization energy, and
ciation rate and density and to investigate the effect of the the polarizability of the rare-gas solvent (see eq 22). According to the

. ; . .~ .~ model, kxR0t should be proportional to the solvent density, and
solvent onkyreq We studied the predissociation dynamics in e proportionality constant should be independent of the specific
helium and neon at pressures between 25 and 2080 bar (se@olvent. The model describes the entire set of experimental results in

Figures 14 and 15). A striking difference between the transients compressed rare gases reasonably well. The experimental value of the

in helium and neon, compared to those in argon and krypton, predissociation rate in liquid hexane, however, is 8 times faster than

was the pronounced biexponentiality of the B state fluorescencePredicted by the model (see text).

decays, which was observed over almost the entire pressure As shown in Tables 1 and 2, the biexponentiality of the

range. All transient signalg(t) have to be analyzed in terms  transient signal becomes more pronounced at low pressures; the

of a sum of two exponentials: ratio assfapredis zero at the highest pressures and increases with
decreasing pressure to more than 50% in helium and neon at

S(t) = _afastexp(_kfastt) + apred exp(_kprecn

(15) pressures below 100 bar. At all pressutlkes; is found to be
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Figure 15. Predissociation and geminate recombination in neon.

Figure 14. Predissociation and geminate recombination in helium. . . I :
Experimentally observed transients (up to 200 ps) for iodine dissolve Experlmentally observed transients (up to 200 ps) for iodine dissolved

in helium at a temperature of 293 K and at pressures between 50 andl. €0 at a temperature of 293 K and at pressures between 100 and

1965 bar. The fast fluorescence decay at early times shows the coIIision-.2080 bar. At a given pressure, B state decay times are similar to those

induced B state predissociation. Note the strong variation in the B state " N€lium. Compared to iodine in helium, the fluorescence intensity at
lifetime. At the highest pressure, the fluorescence decay is followed long times, and therefore the quantum yield for geminate recombination

by a weak increase in signal intensity, and this signal buildup at long onto the A/A state is strongly enhanced. The recombination signal

. : P - intensity persists (or increases slightly) for at least 1 ns. Fluorescence
times reflects the geminate recombination and subsequent vibrational'! )
relaxation on the A/Astate. Fluorescence detection was at 342 nm. detection was at 343 n.00 bar, 344 w403 bar, 344 nrm602

bar, 346 nm-1206 bar, 347 nm1603 bar, and 348 nm2077 bar.

approximately 3 times faster thdgreq Several factors may  gor a simple hard-sphere, the collision frequency is
contribute to the nonexponentiality of the fluorescence decays:

(a) a variation in predissociation rate with vibrational quantum R 8kT
number (5-6 vibrational levels are initially populated by the 4,-rc ~ U —Rro
relatively broad band pump pulse), (b) vibrational relaxation

within the B state, and (c) a dependence of the absorption crossyhere the collision diametet;,_rc is, for simplicity, taken as
section for the probe laser on the B state vibrational level. A di,—re = (dus(l2) + duy(RG))/2, with d.; being the Lennard-
quantitative analysis of the exact shape of the transient requiresjones diameter (M# u,-rc is the reduced mass,-rc the

more information about each one of these steps and will be cross section (#), andz the mean thermal velocity (m/s) of
attempted once experiments at varying pump wavelengths havethe collision pair. Na is Avogadro’s number ang the
been performed. macroscopic solvent density (mol/L). This is valid in the low-

In helium and neon, the predissociation rgs(p) ata given  density regime, as at higher densities (see accompanying paper),

pressure are found to be significantly slower than in argon or collision rates become nonlinear with density. An effective

krypton. The difference ikoredp) between helium and neon,  cross section for the predissociation reactigascan be defined
however, was only minor (less than 10%). Again, at pressures gg

between 0 and 1200 bar, the predissociation rate varies linearly

with density (but not with pressure). As in the case of argon, Opred = Ppred?1,-RG (18)

the experimental predissociation rates at the pressures of 1600

and 2000 bar are slightly faster than expected from a linear and the predissociation rate is then given as

extrapolation of the lower pressure rates versus density. Devia-

tions are between 5 and 20% and increase at the highest Kored = OpredNap (19)

pressures. An extension of these experiments to higher pressures o

enables us to examine the deviations from the proportionality (In the limit of low-pressure gaseg,~ pRTandkyedsbecomes

between predissociation rates and density in further detail (seeproportional to pressure as suggested by the Stéaimer

accompanying paper). relationship.) The predissociation cross sectiggqis obtained
The fact that, up to very high pressures, the predissociation from a linear correlation between predissociation rate and solvent

rate increases roughly linearly with density in all four rare gases density. Such a correlation for pressures below 1200 bar

indicates that the reaction ratgeqscan be written as the product ~ resulted in the following values farpred

of a binary collision frequency,-rc between iodine and the 5 5

rare-gas solvent atoms and a probability for reaction per collision He, 0.98 K; Ne, 220 X; Ar, 11.1 A5 Kr, 21.4 K

Pored 103

12
————] Npp =0, _rc?NAp (17)
”ﬂlZRG) AP 1,-RG YNaP

The same isolated binary collision approach has been
— (16) extensively applied to low-pressure gas-phase reactions and here
kpred ppredz|2—RG . . . .
also to the electronic quenching of iodine. Quenching cross
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sections at very low pressures of less than®Ifar (a pressure 0oreq 0 lap ™R3 (21)
which is more than 6 orders of magnitude lower than the highest pred

pressure reached in this study) have been obtained as a function The model indicates that three factors are of principal
of the excitation wavelength in a variety of gaseous atomic and jmportance for the reaction probability, i.e., (a) the strength of
molecular solvent&?>1%® At room temperature and at a foreign  glectric-field-induced coupling between the bound and the
gas pressure of 4 10°° bar, Capelle and Broidé measured  repulsive state (proportional to the product of polarizabitity

quenching cross sectiongeq of and ionization energy of the quencher molecule), (b) the
duration of the collisional encounter (proportional to the mean
He, 1.4 & Ne, 4.4 % Ar, 17.6 A Kr, 35.8 A2, thermal velocity and therefore to the square root of the reduced

for excitation at 623.4nm  massu'd, and (c) the distance of closest appro&gh= /x(d,
+ drg) of the collision pair. The following predissociation cross
He, 1.1 & Ne, 2.6 & Ar, 16.0 A% Kr, 30.5 A2, sections, normalized to(He) = 1.0 A, were obtained:

for excitation at 607.1 nm
He, 1.0 % Ne,3.4% Ar,11.1 A% Kr, 189 A2

These values are in reasonable agreement with those obtained . . .
in the present study given the range of density. in surprisingly good agreement with experimental results for

L2 the case of compressed rare gases. Furthermore, the model
Thus,although the salent density is changed by more than - . . .
. . ; S . predicts that the experimentally observed change in the predis-
6 orders of magnitude, the physical mechanism which is causing

the sobent collision-induced predissociation remains the same sociation cross section with B state vibrational energy arises
. ; ced p . from the change in the FranelCondon overlap between the B
and isolated binary collisions seem to dominate even though

the solvent “packing fraction” is similar to that in liquid solvents. state and the repulsive state for different vibrational levels.

This indicates that a short-range interaction causes the actual Equaltlonl'21. can now be used to obtain the following
coupling between the bound and the repulsive state and thatpropornonalty.

the actual “dissociation” of the molecule occurs only when 3

iodine and the solvent atom are at very short internuclear KoredRo 100 = 2p (22)
distances. Up to rare-gas pressures of 1000 bar, multibody
interactions are seemingly of less importance for the dissociation
mechanism.

The good agreement between predissociation cross section
at very low and very high pressures indicates that theoretical
models developed to predict low-pressure gas-phase predisso
ciation rates may remain valid up to liquidlike densities. In
the past, the model by Selwyn and Steinf€lchas been used
in order to predict the solvent effect on the predissociation rates.
In this approach, the collision between the excited iodine
molecule and the solvent atom induces a time-dependent
perturbation on the stationary iodine states and results in a
transition between the excited B state and a repulsive state
which are degenerate but of different symmetry. During the
collision, the symmetry of the B state is destroyed, and a
coupling between both states can occur. In the case of
uncharged, nonpolar species, this interaction arises from the
dispersion forces induced between the iodine molecule and the
guenchet® The model is based on a perturbation theory
approach, which uses Fermi's “Golden Rule” to predict the
predissociation rate.

The predissociation is attributed to a transition between the
(ungerade) B state and a repulsive state (which therefore has t
be of gerade symmetry). At a fixed distarRdetween iodine
and the collision partner the predissociation rate in this
perturbative treatment is proportional to the absolute square of
the coupling matrix element between the zero-order bound-state
wave functionyg and the wave function of the repulsive state(s)
g under the interaction potenti®(R):

in which the proportionality constamt should be independent
of the solvent. In fact, Figure 13 shows that eq 22 holds well
for the rare-gas solvents under study, but not for example for
ﬁquid hexane. Here, the value for the B state predissociation
rate of (230 fsj! obtained by Scherer et al. was used. An
extrapolation of eq 22 from the value of the predissociation rate
in argon at 1600 barkyeq = 1.05 ps?, to liquid n-hexane
predicts a predissociation rate lgfes = 0.5 ps*,2%® more than
8 times slower than the experimentally reported valper
(hexane)= 4.4 ps. Of course, the model does not account
for the effect of packing and radial distribution function, as
discussed in the accompanying paper. Experiments in molecular
'solvents which bridge the gap between the gas and the liquid
phase should be of great help for a detailed understanding of
reaction dynamics in complex solutions.

Ill.4. Geminate Recombination: The Role of the Solvent.
In this final section we will investigate the fate of the iodine
atoms after predissociation, i.e., the process of recombination
or caging by the solvent. In particular, we will emphasize
studies of the geminate recombination of the dissociating pair
of iodine atoms and its dependence on the properties of the
solvent and the density. The excitation of iodine with the fs
Qaser pulse leads to the formation of free ground-state iodine
atoms, either through solvent-induced B@II) state predis-
sociation onto the repulsive g3IT) or ao;(32*) (or B") state
as discussed above (62% of the excited molecules) or through
direct dissociation for those molecules which are excited onto
the weakly bound AJCII) (34%) or the repulsive BL,(T)
state (see Figure 1). The so-formed free iodine atoms will
initially separate from each other under the influence of the

Kored R) = (27/1)p(EQ) @ V(R) [y} (20) repulsive interatomic potential and rapidly transfer their excess
kinetic energy to the solvent.

where p(Er) equals the density of states on the repulsive At low pressures, the iodine atoms will then start a diffusive
potential at the excitation ener@. In order to obtain reaction  motion through the solvent. Diffusion coefficients at low
probabilities or cross sections for a specific collision, the rate pressures are relatively large, so that the atoms will soon reach
kored R) has to be integrated over time. This corresponds to a large internuclear distances. For example, at an argon pressure
weighted averaging of reaction rates for different configurations of 100 bar, the diffusion coefficient for iodine atoms is about
during the collisional encounter. A parametric dependence of 107 m?/s, so each atom travets0.3 nm/ps. Eventually, a free
the reaction cross section on the solvent properties is obtainedatom will collide with another iodine atom, most likely from a
as different parent molecule, and might undergo a solvent-mediated
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atomic recombination within the first nanosecond. The probe wavelength of 310 nm
is not sensitive to probing the recombination dynamics onto
l+1+M—=15+M (23) the ground X state, and no information can be extracted on

] . ground-state dynamics and “branching ratios” for recombination
where M denotes a solvent atom. Direct time-resolved mea- gnto the different electronic manifolds.

surements of second-order rate coefficients forrnisgeminate

L ) In argon, through variation of the probe wavelertthiferent
recombinatiork.e, defined as 9 9 P

vibrational levels of the A/Astates can be probed. This allows
e P one to separately study geminate recombination and vibrational
dis)dt = kedl] (24) relaxation dynamics. At high pressures, evidence was found
for two geminate recombination channels. An “in-cage”

have been performed in a variety of gaseous and liquid solvents ;4 recombination occurs within the first few picoseconds

over a wide range of experimental conditions by the groups of ger gissociation. The primary recombination times decrease

Troe® a.nd van den . Berg??;zg In compressed rare 9ases,  yjith increasing pressure from about 6 ps at 400 bar to less than
nongeminate _recoml:?|nat|on occurs ona m“‘?h longer time scale; ps at 2500 bar, and primary recombination is significantly
than the maximum time range of our experiment (1 ns).s FOr taster than the subsequent vibrational relaxation. Vibrational
exa[“p"i' ata pressure qf 50 bar of arglga-,z 4.6 X 10° m= relaxation rates within the AfAstates increase with pressure
mol™* 7%, and at a typical concentration of excited iodine from 0.017 ps?t at 400 bar to 0.13 pd at 2500 bar. The second
molecules OI.POCO =4 x 1079 mol _L l’_ we find a haIf-Ilf_el for channel is a significantly slower, secondary diffusive geminate
the nongeminate atomic recombinationto$ = (4keCo) * = recombination of iodine atoms which takes place after the atoms
15 ms. . . . leave the initial solvent cage and diffuse back to form molecular
. As the rare-gas pressure Is increased, a different re(:‘f)mb'r,',a"lodine. Secondary recombination constitutes a relatively smaller
tion mechanism comes into play. A solvent she_ll orcage” gaction (less than 30%) of the total geminate recombination.
forms around the iodine molecules, and the rigidity of this In the following, we focus on the pressure and solvent

solvent shell increases with density. The higher the pressure’dependencies of therobability for this geminate recombination
the more likely it becomes that the atomic iodine fragments do and the associatedynamics

not separate diffusely but become “caged” within this shell. . . . .

These fragments from the same parent molecule can then !N helium (Figure 14), all transients (on a time scale 6200
undergo a nondiffusivegeminate recombination in which  PS) decay monotonically at pressures below 1200 bar. The rate
vibrationally excited iodine molecules &re formed on either of '[h'IS |n|t|aI. predissociative deca}y increases with solvgnt
the electronic ground state or on those bound electronic state<d€nsity, as discussed above. At higher pressures, we notice a
which correlate with ground state iodine atoms, i.e., A ér A Sight increase in the signal at long delay times. The recom-
In each of these bound states, the newly formed iodine moleculesPination signal amplitude is small, and the probability for

transfer their vibrational energy in a sequence of (deactivating 9¢Minate recombination is therefore close to zero. In neon
and reactivating) collisions to the surrounding solvent atoms, (Figure 15) the coherent and predissociation dynamics of the

Those iodine molecules which are formed in excited electronic iNitially excited B state population are, at a given pressure, very
states will eventually undergo an electronic transition to the Similar to those in helium. At all pressures above 400 bar, the
ground state. The information that can be gained by our time- B State decay is followed by a recombination rise of the form
resolved experiments on thgeminateatomic recombination ~ &edl — exp(-(t — 1)/7risq)), to > 0. The recombination

process and the subsequent vibrational relaxation dynamics will@MPplitudeae of this rise (relative to the maximum of the B
be discussed below. state signal at early times, which has been normalized to unity)

How can the newly formed iodine moleculesbé observed increases with pressure and r(_aach_es a valug of 0.5 at the highest
in the time-resolved experiments? In the accompanying ffaper, Pressure of 2080 bar. The rise timg.e, which reflects the
through the use of variable wavelength probe pulses, it is shownime scale of the geminate recombination and the subsequent
that the experiments are also sensitive zentslecules within V|brat|ona_l relaxation within the A/Astate, decreases as the
the weakly bound A/Astates. At a probe wavelength of 310 Pressure increases: from 70 ps at 600 bar to about 27 ps at the
nm, molecules in low vibrational levels of these electronic states Nighest pressure of 2080 bar.
can be excited to higher lying ion-pair states and thus give rise  In argon (Figure 16), recombination amplitudes that are larger
to fluorescence at the same detection wavelength as moleculeghan zero are observed at a pressure of only 200 bar. The
which are excited out of the B state. At sufficiently high recombination amplitude increases drastically with pressure (to
pressures, it is therefore observed that the initially decaying 1.4 at 2020 bar)!! andzs. decreases to less than 10 ps at the
fluorescence signal arising from predissociating B state mol- highest pressure. At pressures above 1200 bar, the recombina-
ecules is followed by a recovery of the fluorescence intensity tion signals become distinctly nonexponential. We are able to
due to the probing of newly-born iodine molecules which are fit the data to a biexponential rise with a fast rise time fast
formed by geminate recombination. This fluorescence persistsof, e.g., 11 ps at 1628 bar and a slow rige siow0f about 100
for at least 1 ns, and its temporal form can generally be describedps and an amplitude of the slow relative to fast exponential

by a single-exponential risged1 — exp(—(t — to)/zrisd), to > rise of about 0.25. As discussed in detail in ref 4, this behavior
0. Both the signal amplitudey: and the rise timerse are indicates the presence of the two distinct geminate recombina-
strongly solvent- and pressure-dependent, and this dependenction channels: direct and diffusive. The fast rise reflects the
is now discussed. direct “in-cage” recombination and the subsequent vibrational

As the fluorescence arises from molecules in low vibrational relaxation process, whereas the slow rise time is a measure of
A/A’ state levels, the rise timese reflects the dynamics of the  the much slower secondary diffusive recombination. At an
geminate recombination act and the subsequent vibrationalargon pressure of 1600 bar, an in depth analysis of transients at
relaxation within these electronic states. It has been shown bya variety of probe wavelengths indicates a rate for “in-cage”
Paige and Harrfs that in liquid xenon the A/Astate decay  recombination of 0.8 p$ compared to a rate of 0.005p<or
time due to electronic coupling to the ground state is longer the secondary diffusive recombination. Using this analysis, we
than 5 ns. This A/Astate decay is too slow to be resolved find a vibrational relaxation rate within the AlAtate of 0.08
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T ™ ] in each state. Neglecting a possible solvent and pressure
dependence of the branching ratio for caging onto the X and
A/A' state, the recombination amplitudes are proportional to
the total quantum yield for geminate recombination, which, in
krypton, has been obtained before from nanosecond experiments
’J E in the groups of Troe and van den Bergh. Using a value for
"""""""""""" — the total quantum yield of{Kr,400 bar)= 0.4, we can
"""""" P estimate the total quantum yield for geminate recombination
as

200 bar 4 b 400 bar

goobar | F 1628 bar | 3 dP)

Prec = W)¢rec(Kr’4oo bar) (25)

0 100 200 0 100 200 With this approximation, we find that in all solvents the
Time (ps) Time (ps) geminate recombination yield is (close to) zero below a certain
Figure 16. Predissociation and geminate recombination in argon. Critical pressure. This critical pressure decreases with increasing
Experimentally observed transients (up to 200 ps) for iodine dissolved solvent mass from about 1200 bar in helium, over 400 bar in
in argon at a temperature of 293 K and at pressures between 200 ancheon and 200 bar in argon, to less than 150 bar in krypton.
1965 bar. Compared to helium and neon, B state lifetimes times are aopgve this critical pressure, the geminate recombination yield

significantly reduced. Note the pronounced biexponentiality on the .0aqas roughly proportional to the solvent pressure, and the
recombination signal at a pressure of 1628 bar. Fluorescence detection

was at 354 nm 200 bar, 360 nm400 bar, 364 N800 bar, and 370 Proportionality constant betweegec and pressure increases
nm—1628 bar. strongly with increasing solvent mass. The quantum yield at

the highest pressures of our study reaches 0.05 in helium (1960
i bar), 0.29 in neon (2080 bar), 0.63 in argon (2500 bar), and 0.4
in krypton (400 bar). As the recombination quantum yield
approaches its limiting value of unity, the linear relationship
between quantum yield and pressure becomes invalid, as
observed experimentally in the case of argon solvent at pressures
E above 1000 bar (Figure 16).

This change in the yield is related to the change in solvent
structure with pressure.e., the buildup of solvent cages and
the increasing rigidity of the solvent cage with increasing
pressure. Our experiments thus provide a link between time-
resolved studies at low rare gas pressures and studies of the

L

LI S B B S S B B

92 bar

S00bar - 4 ; reaction dynamics in liquids, clusters, and rare-gas matrices.
3 E E This is especially the case for studies in clusters and matrices
B PP e—— which correspond to a (almost) perfectly rigid solvent cage and
0 100 200 0 100 200 e : 9
) . therefore to the limiting value of a geminate recombination
Time (ps) Time (ps) quantum yield of unity.
Figure 17. Predissociation and geminate recombination in krypton.  In the past, several different theoretical approaches have been

Experimentally observed transients (up to 200 ps) for iodine dissolved proposed to gain an understanding of the caging process. These
in argon at a temperature of 293 K and at pressures between 92 anchpproaches can be divided into three categories: (i) molecular
400 bar. A significant intensity of fluorescence from newly formed dynamics simulations or multibody trajectory calculatidHs116

iodine molecules is detected at a pressure of 148 bar. This intensity(ii) classical stochastic traiectory simulations based on the
and thus the geminate recombination yield increase strongly with | y

pressure. Fluorescence detection was at 354 9rbar, 362 nm 148 molecular time-scale generalized Langevin equation (MTGLE)
bar, 385 nm-300 bar, and 390 nm400 bar. of motion for liquid state chemical reactiobd;11° and (iii)
diffusion-based modelg%-123 These latter models possess the
ps! at this pressure, which shows that the fast rise time at a advantage of providing analytical predictions for the pressure
probe wavelength of 310 nm is mainly determined by the and solvent dependence of the key experimental observables,
vibrational relaxation rate. In krypton (Figure 17), the onset i.e., the geminate recombination yield and the caging time.
of geminate recombination is shifted to an even lower pressure Though being less rigorous than molecular dynamics or MTGLE
value (less than 150 bar), and the recombination amplitude simulations, these models are particularly attractive for a
shows a stronger increase with pressure. At a krypton pressurecomparison of theoretical predictions to the experimental data.
of 400 bar, the recombination amplitude is close to unity. The In the following, we will attempt a comparison of the experi-
experiments in krypton could so far not be extended to higher mental results to the diffusion-based model that has been
pressures for reasons that have been outlined above. proposed by Otto, Schroeder, and Troe (OST) for the atomic
It is evident that the amplitude of the recombination signal recombination of iodine and bromine in dense média.
reflects the probability for geminate recombination onto the'A/A In this model (see Figure 18) the dissociation and recombina-
states. Under the assumption of pressure- and solvent-tion dynamics is split into two separate steps. The first is an
independent B and A/Astate absorption cross sections at 310 initial separation of the two iodine atoms under the influence
nm, the observed recombination amplitudes are directly pro- of their repulsive potential. During this separation step, the
portional to the quantum yield for geminate recombination onto atomic fragments transfer their excess kinetic energy to the
the A/A' state. This assumption appears realistic as the analysissolvent. And, the second step is subsequent diffusive motion
of experimental and calculated absorption spectra shows that sof the iodine atoms which occurs through the (continuous)
probe wavelength of 310 nm is close to the absorption maximum solvent. In the first step, we assume that after predissociation
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Figure 18. Model description of predissociation and geminate 037 , /‘/ _x ]
recombination of iodine in supercritical rare gases. After predissociation, A Ciad e Helium |
the iodine atoms separate on the repulsive potential and transfer their 0 B e
p p p 0 500 1000 1500 2000 2500

excess energy to the solvent. There is a finite probabpity for
breaking through the solvent barrier, located at encounter raijus
and this probability is strongly pressure and solvent dependent, asgigyre 19. (top) Recombination rate. = 1/t for iodine in neon,
described in the text. The iodine atoms which remain within the solvent argon, and krypton as a function of pressure. These rates reflect the
cage undergo direct or primary geminate recombination. Those which yacombination dynamics of iodine atoms and the subsequent vibrational
leave the solvent cage undergo a diffusive motion through the solvent yg|axation dynamics within the A/states. (bottom) Amplitude of the
and may recombine every time the atoms reRetBuch recombination | |F intensity at long timest(= 170 ps), relative to the initial B state
acts after diffusive motion through the solvent are termed secondary. signal (recombination amplitude.g in helium, neon, argon, and
krypton for pressures between 0 and 2500 bar. The amplitudes reflect

the iodine atoms are placed on the repulsiv§(%) or aly- the probability for geminate recombination onto the Akiate (see
(3I7) potential at an internuclear separation that corresponds totext).
the crossing point of the respective electronic states at about
Ry = 3.2 A. The atomic fragments then separate on the The value ofp.c describes the relative importance of the
repulsive potential and transfer their excess energy to the solventpProbability for collisional stabilization (# | + X — I + X)
In the OST model, it is assumed that the separating atomsVersus diffusional separation of the encounter pair. The constant
experience a Stokes friction force by the (continuous) solvent ks (not to be confused witkieJ is taken as the product of the
and that, after energy equilibration, all atomic pairs reach a limiting third-order rate coefficient for the nongeminate recom-
specific internuclear separatiop Typical initial separations  bination of iodine at low pressu®sand the solvent concentra-
ro are 43 A in helium at 100 bar, 8 A in krypton at 400 bar, tion: d[I3)/dt = k[I14X] = k%JI]2 Typical values for the
and 6 A in argon at 2000 bar; i.e., the higher the solvent geminate recombination rate d. = 5.2 x 10 m3mol~1s?
viscosity, the more closely the fragments stay together. in helium at 100 bar, 1.6« 108 m® mol~1 s~1in argon at 2500

At the highest pressuresp lies within the range of the  bar, or 8.4x 10’ m® mol~! s71 in krypton at 400 bar. The
internuclear iodineiodine potential. This is equivalent to diffusion coefficient for iodine atoms is denoted By The
saying that there is a large probability for finding the two iodine probability precincreases toward unity with increasing pressure
atoms inside the solvent cage. Starting from this internuclear since the solvent concentration increases @&d‘o”ows; the
separatior, all iodine atom pairs undergo a diffusive motion  diffusion coefficient is inversely proportional to the density. In
through the (Continuous) solvent. In the OST model, the contrast, in the low pressure |imik?ec—> 0 and Prec gOES to
subsequent recombination process is treated in the following zerq.
way. Every time the atomic fragments reach a certain critical  The total quantum yield for geminate recombination is then

Pressure (bar)

encounter radiuR; < ro, a finite probability pre for the obtained as
formation of a new iodine molecule exists, and this recombina-
tion occurs through collisional deactivation by surrounding = (RJr 28
solvent atoms. The encounter radiBscan be shown to be Prec= (RI0)Prec (28)
approximately given by and can be seen as the product of the probability for staying
within the solvent cage during the initial separation process and
Re={d,() + dl_J(M)}/‘/E (26) the recombination probability. In the limiting case of low

) pressuresg{— 0) D — « andk’,. — 0 so thatgrec — 0. At
where di; denotes the Lennard-Jones diameter of | and the high pressures(— o) D — 0 so thatge tends toward unity.

solvent atom M. As an example, in argdny(l) = 4.320 A Ag an example, we consider three cases. In helium at 100 bar,
anddj(Ar) = 3.418 A; the encounter radius in neonRs = R=49A rp,=43A D=5 x 107 m¥s, and¢rec = 3 x
547 A . o _ 1074 in argon at 2000 baR=5.5A,ro=6 A, D=8 x 10°°
The important parameter in the diffusion model is the m2/s andg.e.= 0.6; and in krypton at 400 baR = 5.6 A, ro
recombination probabilityec, Which is given as =8A, D=1 x 108 mZs, andprec = 0.4. Figure 19 shows
a comparison of pressure- and solvent-dependent geminate
K. recombination yieldspec Obtained from eq 28 to the experi-
Prec= (27) mental results. The predictions of the (parameter-free) OST

ke + 47RNAD model are in reasonable agreement with the experimental results.
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" diffusive separation ARDN.. Though each one of the three
< 96 Helum 1t Neon 1 factors is only slightly affected by solvent variation, the overall
2 effect on the quantum yield is large. These three factors describe
g 041 the change in the rigidity of the solvent cage and the probability
2 ° for the atomic fragments to break through the solvent wall with
cg; 02 11 . increasing solvent mass. Although the diffusion model provides
— _/ accurate predictions of the quantum yields, the recombination
Obmerve—— e . . . dynamics are less well described. A model which treats the
0B Argon . o Kiypton - splvent_ as a continuum_ is !ess likely _to d_escribe_ th_e uItrfifast
o) direct “in-cage” recombination, especially in the limit of high
g 0.4f ° ] pressures and rigid solvent cages. As described inref 5 and in
2 IS the accompanying paper, molecular dynamics simulations
T 0.2} - ® ] provide a detailed picture of the microscopic forces.
<]
00 000 20000 000 2000 IV. Summary and Conclusion
Pressure (bar) Pressure (bar) In this paper, the dissociation and recombination dynamics

Figure 20. Comparison of experimentally determined quantum yields of a prototype diatomic solute (iodine) in different rare-gas
for geminate recombination with theoretical values from the diffusion- solvents at different densities have been studied, covering the
based model (see text). Quantum yields have been obtained bytransition region from the gas to the liquid-phase density. With
normalization of the recombination amplitudg,. to the known femtosecond time resolution, we are able to examine the
experimental value for the caging yield in krypton at 400 bapef= - .
0.4, as discussed in the text. elementary processes as the sohsgelvent collision time
reaches the time scale of the solute nuclear motion. The
The model shows the same general pressure dependence d¥ocesses studied are (i) the dephasing of the coherent vibra-
observed experimentally. Above a certain threshold pressuretional wave packet motion within the B state, (ii) the collision-
(which decreases with increasing solvent mass), a linear increasénduced B state predissociation; (iii) the geminate recombination
of ¢rec With pressure is observed, and at high pressures of dissociating atomic fragments, and (iv) the relaxation of the
approaches asymptotically its limiting value of unity. vibrationally excited, newly formed iodine molecules on the
The diffusion-based model provides a simple picture that is A/A" state.
helpful for a qualitative understanding of the observed solvent-  In helium and neon, the coherent wave packet motion persists
and pressure dependence on the geminate recombination yielddor many picoseconds, even at pressures of 2000 bar. Surpris-
In the limit of very high pressures (not yet reached in our ingly, the damping of the phase coherence of the vibrational
experiments) or in large argon clusters or matrices, iodine is motion in helium and neon solvents appears to be only slightly
imprisoned in a “perfectly” rigid solvent cage. The probability ~affected when the pressure is raised from 100 to 2000 bar. At
for “cage breakout” becomes negligibly small, and the recom- low pressures, vibraticrarotation coupling is important to the
bination dynamics is entirely dominated by the ultrafast dephasing mechanism. Due to a motional narrowing effect, the
recombination within the rigid solvent cage. At the highest rate of dephasing by vibratiefrotation coupling decreases with
argon pressures of the present study, the structure of the firstpressure, so that this mechanism becomes less important. In
solvent shell is distinctly softer. A finite probability for “cage  the high-pressure limit of this study, vibrational dephasing is
breakout” exists, and this probability is crucial for the recom- dominated by the collisional dynamics of the solvent-induced
bination yield and dynamics. While most of the dissociating B state predissociation and vibrational relaxation; the maximum
atoms remain imprisoned within the first solvent shell and value is lower by a factor of 5 than that reported for liquid
recombine within about 1 ps, some of the atoms penetrate thehexane.
not perfectly rigid cage wall. Once outside the solvent cage, The solvent-induced perturbations were probed by measuring
the atomic fragments start a diffusive motion through the solvent the density dependence of the mean wave packet frequency.
and might eventually “meet” again inside the cage. Then again, The shift of 2-3 cntY/kbar in He and Ne and-7 cnT/kbar
there will be a finite probability for recombination or diffusional in Ar are significantly larger than that expected from the solvent
separation. shift model, indicatingcoherentvibrational energy relaxation.
The recombination dynamics of those atom pairs which are MD simulations in the accompanying paper elucidate the
able to leave the solvent cage are determined by the diffusive different forces involved.
motion through the solvent and occurs on a distinctly longer  In all solvents, the collision-induced predissociation rates
time scale than the “direct” in-cage recombination. This will increase nearly linearly with density and reach 1.08 psargon
be discussed in full detail in the accompanying papéts the at 2500 bar. This proportionality between rates and density
pressure is lowered, the rigidity of the solvent cage decreases,indicates the applicability of isolated binary collision models
and the probability for “cage breakout” increases. This lowers to the dissociation dynamics in high-pressure rare gases. The
the probability for direct “in-cage” recombination. The rate for rate can be expressed as a product of the binary collision
diffusional separation increases, and the rate for collisional frequency between iodine and the rare-gas atoms and a pressure-
stabilization decreases. This means that a lowering of the independent reaction probability per collision. The dependence
solvent pressure also decreases the probability for diffusive of the reaction probability on the solvent properties can be
geminate recombination. Both effects lead to the observed understood in terms of a theoretical model based on a Fermi
strong pressure effect on the overall geminate recombination Golden Rule approach to the predissociation rate. Care must
yield. be taken in extending the results of this model to predissociation
The above model suggests that the solvent effect on therates in liquid molecular solvents as the concept of a collision
recombination yield at a given pressure can be attributed to threetime is less defined. It appears that the low probability for
factors: a change in (a) the initial separatiofiR, (b) the dissociation per collision~0.1) is the key to the validity of
collisional stabilization efficiencyk’,, and (c) the rate for  the binary collision model. The predissociation process includes
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vibrational relaxation, and MD simulations give the time scales In order to extrapolate diffusion coefficients for iodine atoms
(accompanying paper). Apkarian’s group has recently studied in the pressure range from 0 to 2000 bar, we used an empirical
I, in CCly at room temperature and showed 50% predissociation relation between diffusion coefficient and viscosity proposed
per vibrational period as opposedt8% in solid Kr146 by Troe and co-workers'? This relation, which allows for an

At high solvent densities, a significant fraction of the interpolation between diffusion coefficients obtained using the
dissociating atomic fragments geminately recombine to form kinetic theory of dilute gasé&& at low pressures and the Stokes
new molecules on either the Alfstate or the ground state. Einstein relationshif#* at liquid densities, is given by
Experiments with UV probe pulses provide information on the
relative yield for recombination on the Alftates as well as KT kT |” (kT/nlDlz)O(p)
on the dynamics of recombination and subsequent vibrational —;, p (p) = 7D 1-expg- W
relaxation. Through variation of the solvent density, the yield 171z 1712 (kT/,D,,)
for geminate recombination is varied from 0 at low pressures
to 0.6 in argon at 2500 bar. At a given pressure, the geminate
recombination yield increases drastically with increasing solvent
size. A comparison of the experimental results to a diffusion-
based theoretical model indicates that the change in the rigidity
of the solvent cage with increasing solvent size is crucial for
this pronounced effect. The critical factors are (1) the prob-

(A1)

wherek denotes the Boltzmann constahthe temperature;;
the experimentally known viscosity of the solvent, @3 the
binary diffusion coefficient of molecule 2 in solvent 1 at the
pressurgp. The subscripts 0 ang denote the high- and low-
pressure limits okT/1D15, respectively. In the high-pressure
limit the Stokes-Einstein relationship applies, atd/»1D12 is

ability for cage breakout during the separation and energy given by
transfer to the solvent, which follows the initial dissociation, KT KT \e
(2) the efficiency of the solvent for collisional stabilization of L'ﬂl 700 (’71D12) = 3nd, (A.2)

iodine encounter pairs inside the cage, and (3) and the

probability for diffusional separation of the encounter pairs. The \yiih d, being the (Lennard-Jones) diameter of the molecule 2
findings are entirely consistent with earlier work on clusté?s (for iodine atomsd, = 4.320 A)145

where caging was found to be prompt and coheres T ps) In the low-pressure limit, kinetic gas theory is applicable,

in the rigid solvent structure. _ andkT/;71D12 becomes proportional to the solvent dengity
Rare gases are ideal solvents for a theoretical treatment of

the dissociation and caging dynamics as the potential energy kT kT \o kT \o o(p)

surfaces of the iodine valence states are only slightly perturbed, L'LT}) ’71D12(p) = (’71D12) (p) = (’71D12) 1 bar)p(l bar)

and information on the solvent influence on the ion-pair states
is available. MD simulations are detailed in the accompanying (A.3)
third paper. Studies in more complex solvents are a natural

. . Since both the density and viscosity are known as a function of
extension of this work.

pressure, the only unknown is the binary diffusion coefficient
D1, (p= 1 bar, T = 293 K) for iodine atoms in rare gasd3;
has been extrapolated from the experimentally kn®wr, (p
= 1 bar, T = 308 K) using the kinetic gas theory equation

Acknowledgment. This work was supported by the National
Science Foundation. Ch.L. gratefully acknowledges a postdoc-
toral fellowship by the Deutsche Forschungsgemeinschaft. We

thank Mr. Chris Hyland for his help in some of these studies.

0o _3 akTl2u, 1 (A4)
Appendix. Densities and Diffusion Coefficients 28 ad2, QD" P1NA '

In this appendix, we describe briefly how the pressure- .
dependent thermophysical properties of rare gases, which wereand Lennard-Jones potential parameters from ref 14

needed in order to calculate quantum yields for atomic denotes the reduced massmy/(m + mg), dio = (dy + dZ)/?
recombination of iodine using eq 28, were determined or, is the relative Lennard-Jones collision diamel&yjs Avogadro’s

whenever necessary, estimated. number, andQ{;"" is the reduced (Lennard-Jones) collision
Accurate experimental determinations of the density of rare Integral-

gases as a function of pressure and temperature in the Pressurg ¢ ences and Notes

range from O to 2000 bar are available in the literature for

helium24125neon!26 argon!?” and kryptont?® To obtain values (1) Lienau, Ch.; Williamson, J. C.; Zewail, A. KChem. Phys. Lett

at 293 K, we interpolated linearly between the values quoted 199?2)21§e$]g3- Ch.: Zewail, A. HChem. Phys. Lel1994 218 224

for the next lower and higher temperature. The interpolate;d (3) Lienau, Ch.: Zewail, A. HJ. Chim. Phys1995 92, 566.

density values as a function of pressure were fit to a polynomial ~ (4) Materny, A.; Lienau, Ch.; Zewail, A. H.. Phys. Cheml996 100,

of degree less than or equal to 10. In all cases the error of the186~;3é’)- Wang, 1.-K.: Lit, 0. Zewall, A, HI. Phys, Che1995 99, 11500

extrapolated density values is expected to be less than 1%. |, 'y wang, J.-K.; Zewail, A. HJ. Phys. Chem1995 99, 11321,
Experimental values of the viscosity at high pressures of (6) Gerstenkorn, S.; Luc, B. Phys. (Paris)1985 46, 867.

he|ium}29,130 neon}3l,132 argon}33‘137 and kryptoﬁ38‘14° can (7) Zheng, X.; Fei, S.; Heaven, M. C.; Tellinghuisen)JChem. Phys.

also be found in the literature for several temperatures. Theselgg(zsi%\’/éﬁg\;athan K. S.; Sur, A.; Tellinghuisen,J1.Mol. Spectrosc.
values have again been extrapolated to 293 K and then fitted to1981, 86, 393.

polynomials. The error in the extrapolated viscosities is believed ~ (9) Tellinghuisen, JJ. Chem. Phys1985 82, 4012.
to be less than 2%. (10) Churassy, S.; Martin, F.; Bacis, R.; Vesgé.; Field, R. WJ. Chem.

ce . - : Phys.1981, 75, 4863.
Diffusion coefficients for iodine atoms in rare gases could  {11) Martin, F.; Churassy, S.; Bacis, R.; Vésgd.; Field, R. WJ. Chem.

not be found in the literature. Pressure-dependent studies ofPhys.1983 79, 3725.

diffusion coefficients in compressed gases are rare. Diffusion , (12) Zheng, X.; Fei, S.; Heaven, M. d. Mol. Spectrosc1991], 149
co.eff|C|ents for krypton-85 in helium, argon, and !«yptpn at308 (13 Bartels, M.; Donovan, R. J.; Holmes, A. J.; Langridge-Smith, P.;
K in the pressure range from 1 to 420 bar are given in ref 141. MacDonald, M. A.; Ridley, T.J. Chem. Phys1989 91, 7355.
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