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Time-resolved photoelectron spectroscopy of negative ions has been applied to study the title
reaction as a model system for gas ph&g reactions. Starting from the precursor cluster

I, - CHsl, the interaction of the reactants land CHl is initiated by a pump pulse and the
subsequent dynamics are observed with a delayed probe pulse used to detach the excess electron and
measure their photoelectron spectra. Using two different pump photon energies, which lead to
different amounts of internal energy available to the reaction complex, a number of dynamical
features have been observed. For small internal excitation, the reactants only form stable, albeit
vibrationally excited, T- CHsl complexes. However, with increased internal excitation, complexes
are formed that exhibit biexponential decay backtaahd CH;l reactants with time scales of 0.8

and 10 ps. Similar dynamics are expected for entrance channel complex formed in the first step of
a gas phas&,2 reaction. ©2003 American Institute of Physic§DOI: 10.1063/1.1618220

I. INTRODUCTION dynamics have been elucidated using both classical trajec-

. 22,25 A . .
Bimolecular nucleophilic substitutionS{2) reactions, tory calculations and reduced-dimensionality quantum

; (123,26
X"+RY—RX+Y", have been extensively investigated scattering calculgtlon%%. . .
. . : . SR These experimental and theoretical results motivate the
owing to the importance of this model reaction mechanism in . . . :
; ; 14 . . work presented here, in which we attempt the first time-
physical organic chemistfy.* Interest in gas phase studies . L . o
L . ; resolved investigation of a bimolecul&2-reaction in the
of the kinetics and dynamics @&2-reactions has centered ) .
: ; N . gas phase. Our work focuses on the symmeyj2 reaction,
on trying to disentangle their intrinsic properties from effects
induced in solution. Much of this work was inspired by "+ CHzl—CHzl +1~ @)
Brauman’s pioneering studies 25 years agn,which the ) )
kinetics for a series of gas phaSg2-reactions were inter- USing anion femtosecond photoelectron  spectroscopy

27 H
preted in terms of a double minimum potential, as opposed t§-PES,”" a technique that has so far been used successfully
the single reaction barrier used to expl&g2-reactions in to follow dynamics in vibrationally or electronically excited

. . '30 .

solution. Many experiments have focused on the measurdnolecular anior and anion C'USte'%‘cf- While we cannot
ment of reaction rate constants and cross secfioligut in distinguish reactants from products in this symmetric reac-
recent years the energy partitioning among final states hadon. we can investigate the dynamics of the CHgl inter-
been investigated using translational energy spectro§€opy,m3d'ate in reaI.t|me, Wlth the goal qf following thg reactar}ts
while photofragment and photoelectron spectroscopy havélong the reaction coordinate and directly measuring the time

been employed to study the entrance and exit channel confluration of individual reaction steps. o _
plexes of S,2-reactions>~17 Theoretical studies have fo- Previous experiments aimed at extracting information on

cused on bothab initio calculations of potential energy the potential energy surface for reactid), have focused on
surface® 2! and classical and quantum dynamics calculathe ion-dipole complex’l-CHsl. This species was investi-

tions on these surfack®?3(see Ref. 4 for an exhaustive list 9ated in ?mgfr;es ~of experiments by Johnson and
of referencek co-workerst>1631-33sing photoelectron and photofragment

Although kinetics results on gas phaSg2 reactions SPectroscopy, Cyet al**2 determined the anion cluster
were originally interpreted within the framework of statisti- 2inding energy to be 0.38 eV based on the solvent shift be-
cal reaction rate theories, there is now a fair body of eviWween the PE spectra of land I - CHsl, and observed vi-
dence showing significant deviations from the predictions ofPrational structure in the PE spectrum resulting from distor-
statistical modeld.This nonstatistical behavior manifests it- ion of the CHl in the anion complex. Further studies
self in different rate coefficients depending on whether reactocuseéjslon the dynaggm_:s of the charge transfer excited
tants are translationally or vibrationally excitédnd it also states:*** Arnold et al** investigated the van der Waals
leads to stronger vibrational excitation of the products tharf"0des of the neutral CH;l ground state using anion ZEKE

expected statistically¥ Many aspects of these nonstatistical SPectroscopy of 1- CHl. _ o
Electronic structure calculations yielding the geometry,

a i hvsikalisch , — vibrational frequencies, and binding energy of CH,l were
Present address: Physikalisches Institut, Universitaiburg, Hermann- ; 34 ; ;
Herder-Str. 3, 79104 Freiburg, Germany. carried out by Hiet al”>* They obtained a slightly lower well

bAuthor to whom correspondence should be addressed. Electronic maifl€pth of 0.34 e\_/, a_nd attri_bUted the higher experimental
dan@radon.cchem.berkeley.edu value to a repulsive interaction between neutral | ang;ICH
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reveals how these dynamics depend on the relative kinetic
‘ energy between the land CHl.

II. EXPERIMENT

The experiment is carried out using our femtosecond
photoelectron spectroscopy setup described in detail in pre-
vious publicationg®* In short, a beam of mass-selected
I, - CHsl clusters is crossed with femtosecond pump and
probe pulses in the focus of a magnetic bottle electron spec-
trometer, and photoelectron kinetic energy spectra are mea-
sured as a function of pump—probe delay.

The I, - CHal clusters are produced by passing 0.05%
CHgl in argon over solid iodine and supersonically expand-
ing the gas mixture into vacuum through a pulsed nozzle that
is operated at 500 Hz. Near the nozzle the neutral beam is
FIG. 1. Schematic potential energy diagrams pfand I -Chyl. The de- crossed.wnh_a 1.2 keV e_Iectron be_am. The cluster anions are

o - 3 formed in this supersonic expansion by attachment of slow

picted structure of the,1 CHsl precursor complex represents the result of .

our ab initio calculation. secondary electrons tg And subsequent clustering to a me-
thyl iodide molecule. The anion pulses are accelerated to 1.6
keV kinetic energy using a Wiley—McLaren time-of-flight

which leads to a solvent shift larger than the anion bindingmass spectrometer that puts the time focus of the desired ion

energy. They also calculated the distance of thérbm the  mass at the interaction point with the femtosecond laser

carbon in CHI to be 3.4 A. The reaction coordinate for pulses. Electrostatic deflectors and lenses steer the ion beam

reaction(1) was investigated in electronic structure calcula-into optimal spatial overlap with the laser pulses.

Energy / eV

tions by Glukhovtseet al® They found the central barrier The femtosecond pump and probe pulses that intercept
at the transition state to be 70 meV above the energy of ththe |, - CH;l clusters are produced with an amplified Ti:sap-
separated reactants. phire laser(CPA 1000 from Clark MXR that delivers 80 fs

No measurements of rate constants or cross sections faulses at a wavelength of 790 nm and with an energy of 1 mJ
reaction(1) have been carried out to date, although experiper pulse. The 500 Hz repetition rate of the laser matches the
mental results are available for the related” €ICH;CI repetition rate of the pulsed anion cluster source. The output
reaction®®!! These measurements have shown that verpf the CPA 1000 is split into two paths, with 88% used to
little reaction occurs until the collision energy is significantly pump a frequency doubling and tripling stage, producing 395
higher than the central barrier height. At low energies, thenm pump pulses with 6Q.J per pulse and 263 nm probe
bimolecular dynamics are expected to be dominated by conpulses with 25uJ per pulse. The remaining pulse energy at
plex formation and decay back to reactants, a process studi@®0 nm (120 wJ per pulsgis used as an alternative pump
in detail in classical trajectory calculations by Hase andpulse in this experiment. The pump and probe pulses are
co-workers®~37 overlapped spatially and are then crossed with the cluster ion

Our time-resolved experiments probe the analogous dybeam. Temporal synchronization of the laser pulses and the
namics in reactionl). We use an experimental approachion beam is achieved by using the femtosecond laser as the
related to that developed by several grotip$! for neutral  master trigger for the entire experiment. The pump—probe
bimolecular reactions, in which the reactants are prepared idelay time is controlled by an optical delay sta&wpor).

a precursor cluster such that a pump laser pulse initiates thEhe cross correlation of the two pulsdabout 200 fs
reaction. In our experiments, we start with-ICHsl clusters  FWHM) and thus the delay time zero is determined at the

as precursors for the study of reacti). interaction point with the ions by measuring the above
The principle of the experiment is illustrated in Fig. 1. A threshold detachme&TD) intensity for I" ions.
femtosecond pump pulse is used to dissociate fhehro- Photoelectrons detached by the probe pulse are analyzed

mophore at either of two strong absorption bands at 790 andith a magnetic bottle time-of-flight spectrometer. The time-
395 nm, corresponding to excitation to the repulsiveof-flight spectra are recorded with a multichannel scaler
A’ 21‘[9,1,2 and BZEQ+ states, respectivefyy. Subsequent to (SR430 from Stanford Research Systgrimegrating over
photodissociation, the neutral iodine will have left the clus-typically 50 000 laser shots at each pump—probe delay time.
ter. TheSy2 reactantsl and CHl, which are more strongly The probe laser and the 395 pump laser produce significant
coupled due to their charge—dipole interaction, remain irbackground signal via one-photon detachment,ofQHsl.
close proximity to one another and can undergo readtipn  The background spectrum from the probe laser is automati-
The time-dependent dynamics are probed using a secorwhlly subtracted from the pump—probe spectra in the multi-
femtosecond pulse that detaches the excess electron. Bhannel scaler by means of a rotating-wheel chopper that
measuring PE spectra as a function of pump—probe delaplocks the pump laser pulse for every other probe laser pulse.
one can map the intermediate states and follow their tempoAll pump—probe spectra are scaled to the intensity of these
ral evolution. The use of two different pump wavelengthssingle-photon probe-only spectra, which corrects for drifts in
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FIG. 3. Sequence of photoelectron spectra for pump—probe delay times
FIG 2. Upper panel: Single photon photoelectron spectra at 263 nm fopenyeen—200 fs and 100 ps using 790 nm pump pulses. From 500 fs

onward the spectra remain unchanged. The PE spectrum of colH;! is
shown as the dashed—dotted line in the last panel.

Figure 3 shows a sequence of measured photoelectron
trum from the 395 nm pump beam is recorded with each datapectra of J - CHsl for increasing pump—probe delay times
set and is subtracted in the subsequent analysis. Finally, ead§ing A yymp= 790 nm and\ ,pe= 263 nm(solid lineg. The
time-of-flight spectrum is converted into an electron kineticleft column shows spectra with short delay times-¢00 to
energy (eKE) spectrum, calibrated against a photoelectron600 fs and the right column shows data for longer delay
spectrum of T and smoothed by folding it with a Gaussian times, from 1 ps up to 100 ps. Data are shown only for
of 50 meV FWHM.
The FWHM of the two discrete photodetachment lines insiderably poorer and the data in that region are less useful.
When the probe pulse precedes the pump plase 200

eKE>1.0 eV; the signal-to-noise ratio at lower eKE is con-

fs), no signal is visible, since all single-photon contributions

eKE=1.6 eV. This relatively low resolution results from have been subtracted. Within 200 fs after the pump pulse, a
Doppler broadening of the photoelectrons detached from thstrong spectral feature appears around eKE eV with a
fast ion beant?

Ill. RESULTS

width of
eKE (i.e.,

~200 meV(FWHM). It shifts by 100 meV to lower

to 1.3 eV within a few hundred femtoseconds
leaving a small tail to higher energies. This shift is finished
by 0.5 ps, after which no further spectral changes are ob-

The upper panel of Fig. 2 shows the probe-only PE specserved, indicating no additional dynamics are occurring.

tra of I”-CHgl (solid line) and of bare T (dashed ling

At Npump=395 nm, the time sequence of photoelectron

while the lower panel shows the probe-only spectra ofspectra(shown in Fig. 4 shows more involved dynamics.

I, - CHzl (solid line) and of bare] (dashed ling All spectra

The initial fast increase of a spectral feature at 1.4 eV also

are measured under the same experimental conditions as teeen fori ;=790 nm is clearly visible, and overall, the

pump—probe spectra described below. The dpectrum
shows the three characteristic A, and B bands which, in
contrast to our earlier PE specfragdo not show any vibra-

spectra up to 400 fs delay time look remarkably similar for
both pump wavelengths. But after 600 fs, the PE spectra start
to broaden toward higher eKE, while the peak amplitude in

tional structure owing to the lower energy resolution in thisthe spectra decreases. By 1000 fs, the PE spectrum spans an

experiment. The spectrum of | CHsl resembles that of;l,

eKE interval from 1.25 to 1.7 eV. For pump—probe delay

but is shifted to lower eKE by a solvent shift of about 0.30times longer than 1 ps the width of the photoelectron spec-
eV. This shift represents, to first order, the binding energy otrum remains essentially constant but its structure changes
I, to CHsl.

considerably. Between 1 and 3 ps, we observe a single, broad
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150} 200 1 & 2000 fs ] measured for the same experimental conditions Ny,
123: SRR ~ ® =790 nm, the peak at 1.3 eV that emerges after 600 fs delay
)Y V. SV \ time (Fig. 3) looks very similar to the probe-only PE spec-

trum measured for1- CHzl complexes produced in the ion

150f 3 3
100} Ofs 3 ¢ 3000 fs 4 source(upper panel in Fig. 2 and dashed—dotted line in Fig.
53:\_ s L TN f 3). We thus assign the peak in the long-time pump—probe
150F 3 | . spectrum to the1- CHsl fragment produced by photoexcita-
100F 200fs § ¢ 5000 fs tion of I, - CHsl. The probe-only PE spectrum of {CH;l
50} N El VTN E peaks at 1.25 eV. This 50 meV shift, compared to the long-
_ e m— time pump—probe PE spectra, is attributed to differences in
,'éi :gg: ion temperature, because the- CH;l produced in the ion
5 sof source should be vibrationally colder than the CHzl pho-
ﬁ 0 tofragment. The weak tail that extends to higher photoelec-
E 150¢ tron energieg1.5—-1.8 eV in the pump—probe PE spectra
§ 123: suggests that a small amount of baragd also formed during
E 9 the first 500 fs.
150 The peak at 1.3 eV in the pump—probe spectra is close in
100 energy to the highest eKE peak in the probe-only PE spec-
53 trum of I, - CHsl (1.2 eV, Fig. 2, raising the possibility that
150F the parent ion is reformed at least transiently by recombina-
100} tion of the | and I' fragments. However, no signal was seen

50}

at 0.6 eV, the next highest eKE peak in the CH;l spec-

15%_ L = trum, at any delay time, so the parent ion can be ruled out as
100} 120075 | ~\ 100000 fs the source of any signal in the pump—probe spectra.
50f S it/ p F At N\ pump= 395 nm, the two broad peaks that are seen for

.
b/ Y (__‘_k._.

0
1 12141618 2 221 12141618 2 2.2
Electron kinetic energy (eV)

delay times>5 ps(Fig. 4) can also be assigned by compari-
son to probe-only spectra. The peak at 1.6 eV matches the PE
spectrum of T to the Py, state of neutral iodinédashed

FIG. 4. Sequence of photoelectron spectra for pump—probe delay timeine), and is assigned to baré lejected from the 1- CHsl

between—200 fs and 100 ps using 395 nm pump pulses. The fitted contri-c, 516y The other spectral feature at 1.3 eV is assigned to
bution of I” to each PE spectrum is shown as a dashed line. The remainder

is assigned to excited } CHzl complexes(see text The PE spectrum of vibrationally excited T-CHgl, just as for\ ;=395 nm.
cold I”CHgl is shown as the dashed—dotted line in the last panel. However, in contrast to the data for,,,,=790 nm, the

single feature at delay times from 200 to 600 fs peaks at 1.4
peak, but~5 ps after the pump pulse a minimum starts toeV; a peak at 1.3 eV is seen only after much longer delay
develop at 1.45 eV. This mininum becomes more protimes of about 5 ps. These observations suggest that excita-
nounced for longer delay times, and the spectrum separatggn at 395 nm produces energized CH;l (the peak at 1.4
into two peaks centered at 1.3 and 1.6 eV. These two peaksy) that decays to bare | and that the vibrational energy
show opposite temporal behavior: while the intensity of theyistribution in the remaining 1-CHsl evolves on a time

peak at 1.3 eV decreases with time, the peak at 1.6 eV iNscaje comparable to that over which dissociation occurs.
creases between 5 and 100 ps. This direct inspection of the To investigate the dynamics induced by the 395 nm

measured spectra already shows that significant dynamics
occurring long after the pump pulse.

To complement these experimental results, we have ca
culated the structure of the precursor cluster@Hsl using
GAUSSIAN 98 (Ref. 46 at the B3LYP/LANL2DZdp level of
theory?’ The calculation showed that the complex is essen
tially a slightly perturbedJ molecule bound to CH in an

af)%mp pulse more quantitatively, the intensities from photo-
f_ietachment of T and " CHsl in Fig. 4 are derived for all
pump—probe delay times. The intensity of the peak is
obtained by fitting its peak shape to the time-dependent spec-
tra in the energy range between 1.65 and 1.8 eV, assuming
that this high energy edge is solely due to arféature, even

approximately T-shaped structufsee Fig. 1 The distance fqr short pump—probe delay times. In Fig. 4, the fitted con-
of the I, dimer from the central carbon i | CHgl is cal- tributions of the T peak to the spectra are plotted as dashed

culated to be about 4 A. This value is larger than the C lines. The I - CH;l intensity is not derived in the same way,
distance in the entrance channel complex of reactbn because the shape of this feature depends on its vibrational
|~ CHsl, which was calculated to be 3.4 &The calculated €nergy distribution which, we believe, varies with time. In-
angle between the, | bond and symmetry axis of GHis ~ Stead, the TCHgl intensity is calculated as the difference

80°. between the intensity integral of the full spectrum and the
intensity of the T peak.
IV. ANALYSIS In Fig. 5, the time-dependence of the derived CHsl

The dominant features in the pump-probe PE spectr@¥) and I (A) intensities is shown. These results are fit to
can be assigned by comparison to probe-only PE spectitae following biexponential curves,
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1.6 V. DISCUSSION
0L v
Y
b FCH.I 'S The FPE spectra of,| CHzl show rather different dy-
1.2 3 £ namics at the two pump wavelengths. At 790 nm, the domi-
%‘ = nant process is production of vibrationally excited
@ g R p p
g o8 0.5 I~ - CHgl, the time scale for which is on the order of 600 fs.
= 06h 0 Y More complicated dynamics occur at 395 nm. The signal
04 v ? 2 4' 6 8 10 attributed to T - CHzl is seen immediately after dissociation.
= v Much of this product exhibits biexponential decay to |
0.2 ¥ P P y
o + CHjsl according to Eq.2), but longer-lived products are
0 S T T NN SN SR TN NN SR S TR S SR TN S NS U S NI DU . )
0 20 40 60 80 100 also observed, as evidenced by the plateau in Th&€Hsl
P be delay ti S
ump-probe delay time (ps) signal as shown in Fig. 5 at the longest times examined in
0.8 our experiment100 ps.
075_ N In order to understand the dissociation dynamics, we
“E A first assume the overall dynamics can be broken down into
0.6E A two steps, with the CKl acting as a spectator during disso-
2 0.5k 0.3¢ ciation of the | , and then the neutral | fragment acting as a
£ E . g g
S 04F I 0.6F spectator during subsequent interaction of thewlith the
E = a CHsl. At A yyme= 790 nm hv=1.57 eV), | is excited to the
0.3F 0.4 3 pump . -
£ A’ ?Il, 1, State which correlates to4P5,)+1~. Since the
025 0.2f 9: - ) 5 ) .

g _ o bond dissociation energy of lis 1.01 eV the relative ki-
0L 4 09246 8 10 netic energy of the separatedt I~ fragments is 0.56 eV. At
I e — T} X pump= 395 NM(3.14 eV, dissociation occurs on tH@ 23

Pump-probe delay time (ps) state that correlates t& (°Py,,) +1~.%? The spin—orbit split-

FIG. 5. Integral intensity of the contributions from ICH;l (upper pangl ting in iodine is 0.94 eV, so dissociation on this repulsive

and I” (Iowe? panel to th):a FPE spectra at,m,=395 nm.3TheF;pint§nsity curve y,IeIdS a relative kLneIIC engrgy ,Of _1'1_9 eV. Although

is obtained from a fit to the photoelectron specffig. 4), whereas the guenching of the*l from I, photodissociation is observed to

I~ CHyl intensity is the difference of the total peak integrals in Fig. 4 and be quite efficient in larger clustef$,it is unlikely to be in-

the fitted I intensity. B_iexpor_]ential (_iecay or grov_vth curves,_shown_as solidduced by a single CH molecule®®

g’:@sb;fgrfg;‘g both intensity profilésee Eq.(2) in text for fit functions If dissociation of the chromophore is unaffected by the
presence of the CHi, so that the fragments reach their asym-
potic velocities prior to any significant interaction with the
CHgsl, the velocities of the | and’1 fragments will be equal

I(t)1-cn,=1.6(0.78 exp(—1/0.68 p3 and opposite, and the relative kinetic energy between the |

_ _ fragment and CH will then be 0.15 eV for Ap;mp
T(1-0.78-exp(~1/8.5 p9)+0.34, =790 nm and 0.32 eV at 395 nm. These values are expected

I(t),-=0.661—0.81 exp —t/0.87 p3 2) to be upper bounds owing to the non-negligible interaction of
CHsl with I~ during the initial dissociatioR* Nonetheless,
—(1-0.8D-exp(—t/12 ps). they provide a useful starting point for understanding the

These fits are shown as solid lines in Fig. 5. The@H,l  differences between the dynamics at the two pump wave-
intensity (upper panélis found to increase rapidly directly lengths. Specifically, if we assume that the attractive interac-
after the pump pulse, with a time constant indistinguishabldion between thel fragment and CHkl is approximated by
from the laser cross correlation. It then decays biexponenthe solvent shift in the,l- CH;l PE spectrum, i.e., 0.30 eV,
tially with time constants of 0.68 pésee insetand 8.5 ps. then at 790 nm, thel photofragment should not have suffi-
The I” CH;sl intensity is fitted only from 200 fs onward, to cient kinetic energy to break free of the complex, whereas at
exclude the fast initial rise. The | peak intensity(lower 395 nm, at least some of the 1CHj;l should be formed with
pane) exhibits first a fast increase, with a time constant ofenough energy to dissociate, depending on the detailed col-
0.87 ps, followed again by a slower increase with time condision dynamics. Our experimental results at the two pump
stant 12 ps. The statistical accuracy of the time constants isavelengths are in accord with these expectations.
estimated to be about 10%. Thus, according to the fit, about The FPE spectra at 790 nm share features in common to
80% of the time-dependent signal follows a fast exponentiathose reported for,l(CO,) 4 at the same pump wavelength.

of about 0.75 ps, for both |- CH;l and I". The remaining In both cases, there is a substantial change from 0 to 200 fs,
20% of the signal undergoes a slower decrease or increadie features seen at 200 fs shift toward lower eKE over the
respectively, with a time constant of about 10 ps. Withinnext several hundred fs, and no changes are observed at
experimental accuracy, both curves reach constant intensitiésnger times. Drawing from this earlier work, we attribute
after 50 ps. Both intensities are normalized in such a wayhe dynamics from 0 to 200 fs to dissociation of thechro-

that the total intensity yields 1.0 in the 50—100 ps delay timemophore, and the shifting from 200 to 600 fs to interactions
interval, yielding limiting values as—< of about 0.34 for between the T fragment and the CH. In the calculated
|"CHsl and 0.66 of T'. geometry of the J-CHsl complex, the J bond is nearly
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perpendicular to the C—I bond in GH(see Fig. 1, so the geometrie$:! Similar constraints should apply to~ |
initial motion of the I fragment is away from the CHi By +CHjsl, particularly in our experiment where the initial
200 fs, treating the neutral | fragment as a spectator, whdlt, - CHzl geometry disfavors collinear, near-zero impact pa-
remains is an 1-CH;l complex with the C-T bond rameter collisions between thé land CHl. Hence, it is
stretched well beyond its equilibrium value of 3.4 A, but reasonable to assume that no reaction is occurring in our
with insufficient energy to dissociate to + CHsl. In this  experiment, and that instead we only observe dissociation
configuration, the FPE spectrum represents that afHifted  back to reactants.
by only a fraction of the solvent shif880 me\j observed in The biexponential time constants used to fit CHsl
vibrationally cold I - CH,l.® The evolution of the spectrum decay and T production indicate the presence of “fast” and
from 200 to 600 fs suggests that the energy released as thislow” dissociation of the complex back to reactants. The
bond contracts from its outer turning point is partially dissi- fast time constant, 0.75 ps, is comparable to the vibrational
pated in other vibrational modes of the complex, most ofperiod of the T---CHzl symmetric stretching mode, for
which are not Franck—Condon active, resulting in a smallewvhich the calculated harmonic frequency is 66 crif im-
average C—1 bond length and a shift in the FPE spectrumplying fairly direct dissociation dynamics in which the |
toward lower eKE. Based on classical trajectory studies byndergoes a single, approximately elastic collision with the
Hase and co-worket$%” on the analogous CH CH5Cl re-  CHsl before dissociating. The longer time constant, 10 ps, is
action, we would expect this dissipation of vibrational en-indicative of multiple G-I~ collisions and suggests that
ergy to involve the other “soft” intermolecular modése.,  there is some energy flow from the reaction coordinate into
the I™---CHgl stretch and bendsather than the CHl inter- other vibrational and/or rotational modes of the complex.
nal modes. Note that the longer time constant is comparable to the 12 ps
Parson and co-worketshave shown that “anomalous lifetime of the related Cl- CH;Cl complex derived from an
charge-switching” can play a major role in the dynamics oféxperimental measurement of the GICH;Cl association
photoexcited clusters of solvated | where the solvent- rate?
induced asymmetry of the excess electronic charge in the It is instructive to compare our results to classical trajec-
ground state is reversed in the exci#t?ll,,, andB 2%  tory calculations on the ChCHsCl—CI™---CH;Cl asso-
states. As a result, the solvent molecules undergo considefiation reactior’> These calculations have explored the
able rearrangement in the excited states of the clusters, afyP€s of collisions that lead to complex formation, the flow

this accounts for some of the dynamics observed experimer®f Vibrational energy within the complex, and the lifetime of
tally in the FPE spectra of ,(CO,), and L (Ar), the complex with respect to dissociation back to reactants.

clusters’?3 These effects may well be present in- CHsl The calculations have shown that complex formation is effi-

but should be relatively small because of its relatively sym-cient over a fairly wide range of impact parametés 20 A

metric, nearly T-shaped geometry. and involvesT— R energy transfer, in which orbital angular
At N pum= 395 nm, dissociation of the, | chromophore momentum is converted into rotational angular momentum

results in production of energized 1CHyl products, most of ~ Of the complex. They also show that the H vibrational
which dissociate within 20 ps of the pump pulse according tgnodes are inactive in the association reaction; vibrational
the biexponential kinetics given by E(). Dissociation of ~€nergy flow occurs only among the Ct-CH;Cl intermo-
products is consistent with the energetic arguments presenté@cular modes. Finally, the calculations predict that the life-
at the beginning of this section, which indicated that the | time distribution of the complexes can be fit by a bi- or
photofragment is formed with slightly more energy the  triéxponential function,
range of 20 meV or legghan that required for product dis-
sociation. We should thus be able to compare our results to  N(t)/N(0)= >, a; exp(—kit), (©)
experimental and theoretical results on low energy | '
+ CH;sl collisions, keeping in mind the caveat that the initial where N(t)/N(0) is the fraction of complexes surviving at
conditions are more restricted in our experiment than in dime t. The fitting parameters depend on the initial condi-
“full collision” experiment. While no studies of the dynam- tions, in particular the collision energl,, and rotational
ics of this reaction have been reported, previous theoreticabmperatureT,,; of the CHCIl. As an example, forE,
and experimental results for the symmetric €@ICH;Cl re-  =0.5 kcal/mol (20 me\) and T,,,=300 K, the calculated
action can be used to aid in the interpretation of our data. lifetime distribution is fit using three rate constants: 1.1,
The first issue to consider is whether the energized.15, and 0.093 ps, constants which are quite similar to
|~ - CHsl complexes are dissociating to reactants or productsthose that fit our lifetime results using E@) above.
We obviously cannot tell from the PE spectra alone, since the The similarities between our time-resolved experiments
reactants and products are indistinguishable. The calculatezhd the trajectory calculations, even though they involve two
barrier height along th&,2 reaction coordinate lies 70 meV different systems, certainly suggest that the detailed dynam-
above the T+ CHl reactants® so it is unlikely that there is ics seen in the calculations carry over to our experiments.
enough excess energy in the complexes to pass over thi®r example, based on the calculated geometry of
barrier. Even if there were, the measured reaction cross set; - CHsl, the impact parameter describing the CHzl in-
tion for CI~+ CH,Cl remains very small until the collision teraction should be on the order of several A, i.e., within the
energy is significantly above the barrier height, because theange where complex formation should be efficient. In addi-
barrier rises rather steeply for noncollinear -CCl tion, the multiexponential fit to the calculated Ci-CH;Cl
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lifetimes, Eq.(3), is attributed to nonrandom vibrational en- seen in classical trajectory calculations on entrance channel
ergy distribution in the complex at short delay tinfes!  complexes formed in bimolecular Ck CH;Cl collisions.
so-called “apparent non-RRKM behavior® in which the This experiment represents an extension of the field of
decay rate varies as the vibrational energy distribution of théime-resolved bimolecular reaction studies to ion—molecule
complex evolves. We interpret the biexponential CHsl reactions and in particular to the fundamentally interesting
decay dynamics in our experiment as arising from similarclass of Sy2-reactions. It is expected that further time-
effects, in which case our time-resolved results provide adresolved studies oi%y2 reactions will shed more light on
ditional experimental evidence for nonstatistical dynamicgheir dynamics, in particular on the coupling of the different
on the Sy2 potential energy surface. This interpretation isinter- and intramolecular vibrations in the course of the re-
also consistent with the experimentally observed shifting ofaction. In the future, studies of nonsymmet8g2-reactions
the I” - CHsl peak toward lower eKHEfrom 1.4 to 1.3 eY  are planned, a goal that will be aided by improved cluster ion
after 600 fs alluded to in Sec. IV. The shifting most likely preparation techniques.

reflects vibrational energy flow from the initially stretched
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