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Time-resolved study of the symmetric SN2-reaction I À¿CH3I
Roland Wester,a) Arthur E. Bragg, Alison V. Davis, and Daniel M. Neumarkb)

Department of Chemistry, University of California—Berkeley, Berkeley, California 94720,
and Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720

~Received 2 May 2003; accepted 22 August 2003!

Time-resolved photoelectron spectroscopy of negative ions has been applied to study the title
reaction as a model system for gas phaseSN2 reactions. Starting from the precursor cluster
I2
2
•CH3I, the interaction of the reactants I2 and CH3I 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, I2•CH3I complexes. However, with increased internal excitation, complexes
are formed that exhibit biexponential decay back to I2 and CH3I 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 phaseSN2 reaction. ©2003 American Institute of Physics.@DOI: 10.1063/1.1618220#
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I. INTRODUCTION

Bimolecular nucleophilic substitution (SN2) reactions,
X21RY→RX1Y2, have been extensively investigate
owing to the importance of this model reaction mechanism
physical organic chemistry.1–4 Interest in gas phase studie
of the kinetics and dynamics ofSN2-reactions has centere
on trying to disentangle their intrinsic properties from effe
induced in solution. Much of this work was inspired b
Brauman’s pioneering studies 25 years ago,5 in which the
kinetics for a series of gas phaseSN2-reactions were inter
preted in terms of a double minimum potential, as oppose
the single reaction barrier used to explainSN2-reactions in
solution. Many experiments have focused on the meas
ment of reaction rate constants and cross sections,6–13 but in
recent years the energy partitioning among final states
been investigated using translational energy spectrosco14

while photofragment and photoelectron spectroscopy h
been employed to study the entrance and exit channel c
plexes of SN2-reactions.15–17 Theoretical studies have fo
cused on bothab initio calculations of potential energ
surfaces18–21 and classical and quantum dynamics calcu
tions on these surfaces1,22,23~see Ref. 4 for an exhaustive lis
of references!.

Although kinetics results on gas phaseSN2 reactions
were originally interpreted within the framework of statis
cal reaction rate theories, there is now a fair body of e
dence showing significant deviations from the predictions
statistical models.1 This nonstatistical behavior manifests
self in different rate coefficients depending on whether re
tants are translationally or vibrationally excited24 and it also
leads to stronger vibrational excitation of the products th
expected statistically.14 Many aspects of these nonstatistic
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dynamics have been elucidated using both classical tra
tory calculations1,22,25 and reduced-dimensionality quantu
scattering calculations.23,26

These experimental and theoretical results motivate
work presented here, in which we attempt the first tim
resolved investigation of a bimolecularSN2-reaction in the
gas phase. Our work focuses on the symmetricSN2 reaction,

I21CH3I→CH3I1I2 ~1!

using anion femtosecond photoelectron spectrosc
~FPES!,27 a technique that has so far been used success
to follow dynamics in vibrationally or electronically excite
molecular anions28 and anion clusters.29,30 While we cannot
distinguish reactants from products in this symmetric re
tion, we can investigate the dynamics of the I2

•CH3I inter-
mediate in real time, with the goal of following the reactan
along the reaction coordinate and directly measuring the t
duration of individual reaction steps.

Previous experiments aimed at extracting information
the potential energy surface for reaction~1!, have focused on
the ion-dipole complex I2

•CH3I. This species was investi
gated in a series of experiments by Johnson a
co-workers.15,16,31–33Using photoelectron and photofragme
spectroscopy, Cyret al.15,32 determined the anion cluste
binding energy to be 0.38 eV based on the solvent shift
tween the PE spectra of I2 and I2•CH3I, and observed vi-
brational structure in the PE spectrum resulting from dist
tion of the CH3I in the anion complex. Further studie
focused on the dynamics of the charge transfer exc
states.16,31 Arnold et al.33 investigated the van der Waa
modes of the neutral I•CH3I ground state using anion ZEKE
spectroscopy of I2

•CH3I.
Electronic structure calculations yielding the geomet

vibrational frequencies, and binding energy of I2
•CH3I were

carried out by Huet al.34 They obtained a slightly lower wel
depth of 0.34 eV, and attributed the higher experimen
value to a repulsive interaction between neutral I and C3I
il:
2 © 2003 American Institute of Physics
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10033J. Chem. Phys., Vol. 119, No. 19, 15 November 2003 The symmetric SN2-reaction I21CH3I
which leads to a solvent shift larger than the anion bind
energy. They also calculated the distance of the I2 from the
carbon in CH3I to be 3.4 Å. The reaction coordinate fo
reaction~1! was investigated in electronic structure calcu
tions by Glukhovtsevet al.19 They found the central barrie
at the transition state to be 70 meV above the energy of
separated reactants.

No measurements of rate constants or cross section
reaction~1! have been carried out to date, although expe
mental results are available for the related Cl21CH3Cl
reaction.6,9,11 These measurements have shown that v
little reaction occurs until the collision energy is significan
higher than the central barrier height. At low energies,
bimolecular dynamics are expected to be dominated by c
plex formation and decay back to reactants, a process stu
in detail in classical trajectory calculations by Hase a
co-workers.35–37

Our time-resolved experiments probe the analogous
namics in reaction~1!. We use an experimental approa
related to that developed by several groups38–41 for neutral
bimolecular reactions, in which the reactants are prepare
a precursor cluster such that a pump laser pulse initiates
reaction. In our experiments, we start with I2

2
•CH3I clusters

as precursors for the study of reaction~1!.
The principle of the experiment is illustrated in Fig. 1.

femtosecond pump pulse is used to dissociate the I2
2 chro-

mophore at either of two strong absorption bands at 790
395 nm, corresponding to excitation to the repuls
A8 2Pg,1/2 and B 2Sg

1 states, respectively.42 Subsequent to
photodissociation, the neutral iodine will have left the clu
ter. TheSN2 reactants I2 and CH3I, which are more strongly
coupled due to their charge–dipole interaction, remain
close proximity to one another and can undergo reaction~1!.
The time-dependent dynamics are probed using a sec
femtosecond pulse that detaches the excess electron
measuring PE spectra as a function of pump–probe de
one can map the intermediate states and follow their tem
ral evolution. The use of two different pump wavelengt

FIG. 1. Schematic potential energy diagrams of I2
2 and I2•CH3I. The de-

picted structure of the I2
2 CH3I precursor complex represents the result

our ab initio calculation.
Downloaded 21 Nov 2003 to 128.32.220.151. Redistribution subject to A
g

-

e

for
i-

y

e
-

ied
d

y-

in
he

d

-

n

nd
By
y,
o-

reveals how these dynamics depend on the relative kin
energy between the I2 and CH3I.

II. EXPERIMENT

The experiment is carried out using our femtoseco
photoelectron spectroscopy setup described in detail in
vious publications.28,43 In short, a beam of mass-selecte
I2
2
•CH3I clusters is crossed with femtosecond pump a

probe pulses in the focus of a magnetic bottle electron sp
trometer, and photoelectron kinetic energy spectra are m
sured as a function of pump–probe delay.

The I2
2
•CH3I clusters are produced by passing 0.05

CH3I in argon over solid iodine and supersonically expan
ing the gas mixture into vacuum through a pulsed nozzle
is operated at 500 Hz. Near the nozzle the neutral beam
crossed with a 1.2 keV electron beam. The cluster anions
formed in this supersonic expansion by attachment of s
secondary electrons to I2 and subsequent clustering to a m
thyl iodide molecule. The anion pulses are accelerated to
keV kinetic energy using a Wiley–McLaren time-of-fligh
mass spectrometer that puts the time focus of the desired
mass at the interaction point with the femtosecond la
pulses. Electrostatic deflectors and lenses steer the ion b
into optimal spatial overlap with the laser pulses.

The femtosecond pump and probe pulses that interc
the I2

2
•CH3I clusters are produced with an amplified Ti:sa

phire laser~CPA 1000 from Clark MXR! that delivers 80 fs
pulses at a wavelength of 790 nm and with an energy of 1
per pulse. The 500 Hz repetition rate of the laser matches
repetition rate of the pulsed anion cluster source. The ou
of the CPA 1000 is split into two paths, with 88% used
pump a frequency doubling and tripling stage, producing 3
nm pump pulses with 60mJ per pulse and 263 nm prob
pulses with 25mJ per pulse. The remaining pulse energy
790 nm ~120 mJ per pulse! is used as an alternative pum
pulse in this experiment. The pump and probe pulses
overlapped spatially and are then crossed with the cluster
beam. Temporal synchronization of the laser pulses and
ion beam is achieved by using the femtosecond laser as
master trigger for the entire experiment. The pump–pro
delay time is controlled by an optical delay stage~Newport!.
The cross correlation of the two pulses~about 200 fs
FWHM! and thus the delay time zero is determined at
interaction point with the ions by measuring the abo
threshold detachment~ATD! intensity for I2 ions.

Photoelectrons detached by the probe pulse are anal
with a magnetic bottle time-of-flight spectrometer. The tim
of-flight spectra are recorded with a multichannel sca
~SR430 from Stanford Research Systems! integrating over
typically 50 000 laser shots at each pump–probe delay ti
The probe laser and the 395 pump laser produce signifi
background signal via one-photon detachment of I2

2
•CH3I.

The background spectrum from the probe laser is autom
cally subtracted from the pump–probe spectra in the mu
channel scaler by means of a rotating-wheel chopper
blocks the pump laser pulse for every other probe laser pu
All pump–probe spectra are scaled to the intensity of th
single-photon probe-only spectra, which corrects for drifts
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the intensity of the cluster ion beam. The background sp
trum from the 395 nm pump beam is recorded with each d
set and is subtracted in the subsequent analysis. Finally,
time-of-flight spectrum is converted into an electron kine
energy ~eKE! spectrum, calibrated against a photoelectr
spectrum of I2 and smoothed by folding it with a Gaussia
of 50 meV FWHM.

The FWHM of the two discrete photodetachment lines
the I2 spectrum yields the overall energy resolution of t
spectrometer of 190 meV at eKE50.7 eV and 270 meV a
eKE51.6 eV. This relatively low resolution results from
Doppler broadening of the photoelectrons detached from
fast ion beam.44

III. RESULTS

The upper panel of Fig. 2 shows the probe-only PE sp
tra of I2•CH3I ~solid line! and of bare I2 ~dashed line!,
while the lower panel shows the probe-only spectra
I2
2
•CH3I ~solid line! and of bare I2

2 ~dashed line!. All spectra
are measured under the same experimental conditions a
pump–probe spectra described below. The I2

2 spectrum
shows the three characteristicX, A, and B bands which, in
contrast to our earlier PE spectra,45 do not show any vibra-
tional structure owing to the lower energy resolution in th
experiment. The spectrum of I2

2
•CH3I resembles that of I2

2 ,
but is shifted to lower eKE by a solvent shift of about 0.
eV. This shift represents, to first order, the binding energy
I2
2 to CH3I.

FIG. 2. Upper panel: Single photon photoelectron spectra at 263 nm
I2
•CH3I ~solid line! and I2 ~dashed line!; Lower panel: Single photon PE

spectra for I2
2CH3I ~solid line! and I2

2 ~dashed line!. Note the 300 meV
solvent shift of I2

2 when bound to CH3I.
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Figure 3 shows a sequence of measured photoelec
spectra of I2

2
•CH3I for increasing pump–probe delay time

using lpump5790 nm andlprobe5263 nm ~solid lines!. The
left column shows spectra with short delay times of2200 to
600 fs and the right column shows data for longer de
times, from 1 ps up to 100 ps. Data are shown only
eKE.1.0 eV; the signal-to-noise ratio at lower eKE is co
siderably poorer and the data in that region are less use

When the probe pulse precedes the pump pulse~at 2200
fs!, no signal is visible, since all single-photon contributio
have been subtracted. Within 200 fs after the pump puls
strong spectral feature appears around eKE51.4 eV with a
width of ;200 meV~FWHM!. It shifts by 100 meV to lower
eKE ~i.e., to 1.3 eV! within a few hundred femtosecond
leaving a small tail to higher energies. This shift is finish
by 0.5 ps, after which no further spectral changes are
served, indicating no additional dynamics are occurring.

At lpump5395 nm, the time sequence of photoelectr
spectra~shown in Fig. 4! shows more involved dynamics
The initial fast increase of a spectral feature at 1.4 eV a
seen forlpump5790 nm is clearly visible, and overall, th
spectra up to 400 fs delay time look remarkably similar
both pump wavelengths. But after 600 fs, the PE spectra s
to broaden toward higher eKE, while the peak amplitude
the spectra decreases. By 1000 fs, the PE spectrum spa
eKE interval from 1.25 to 1.7 eV. For pump–probe del
times longer than 1 ps the width of the photoelectron sp
trum remains essentially constant but its structure chan
considerably. Between 1 and 3 ps, we observe a single, b

or
FIG. 3. Sequence of photoelectron spectra for pump–probe delay t
between2200 fs and 100 ps using 790 nm pump pulses. From 500
onward the spectra remain unchanged. The PE spectrum of cold I2

•CH3I is
shown as the dashed–dotted line in the last panel.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



to
ro
a
a

th
i

f t
s

ca

en

ct
c

elay
c-
n
ig.
be
-

ng-
s in

ec-
a

e in
ec-

na-
en

t as

for
ri-

PE

d to

1.4
lay
cita-

y

m
to-

pec-
ing

n-
ed

y,
onal
n-
e
the

to

im
tr

ind

10035J. Chem. Phys., Vol. 119, No. 19, 15 November 2003 The symmetric SN2-reaction I21CH3I
peak, but;5 ps after the pump pulse a minimum starts
develop at 1.45 eV. This minimum becomes more p
nounced for longer delay times, and the spectrum separ
into two peaks centered at 1.3 and 1.6 eV. These two pe
show opposite temporal behavior: while the intensity of
peak at 1.3 eV decreases with time, the peak at 1.6 eV
creases between 5 and 100 ps. This direct inspection o
measured spectra already shows that significant dynamic
occurring long after the pump pulse.

To complement these experimental results, we have
culated the structure of the precursor cluster I2

2
•CH3I using

GAUSSIAN 98 ~Ref. 46! at the B3LYP/LANL2DZdp level of
theory.47 The calculation showed that the complex is ess
tially a slightly perturbed I2

2 molecule bound to CH3I in an
approximately T-shaped structure~see Fig. 1!. The distance
of the I2

2 dimer from the central carbon in I2
2
•CH3I is cal-

culated to be about 4 Å. This value is larger than the I2 – C
distance in the entrance channel complex of reaction~1!,
I2CH3I, which was calculated to be 3.4 Å.34 The calculated
angle between the I2

2 bond and symmetry axis of CH3I is
80°.

IV. ANALYSIS

The dominant features in the pump–probe PE spe
can be assigned by comparison to probe-only PE spe

FIG. 4. Sequence of photoelectron spectra for pump–probe delay t
between2200 fs and 100 ps using 395 nm pump pulses. The fitted con
bution of I2 to each PE spectrum is shown as a dashed line. The rema
is assigned to excited I2

•CH3I complexes~see text!. The PE spectrum of
cold I2CH3I is shown as the dashed–dotted line in the last panel.
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measured for the same experimental conditions. Atlpump

5790 nm, the peak at 1.3 eV that emerges after 600 fs d
time ~Fig. 3! looks very similar to the probe-only PE spe
trum measured for I2

•CH3I complexes produced in the io
source~upper panel in Fig. 2 and dashed–dotted line in F
3!. We thus assign the peak in the long-time pump–pro
spectrum to the I2

•CH3I fragment produced by photoexcita
tion of I2

2
•CH3I. The probe-only PE spectrum of I2

•CH3I
peaks at 1.25 eV. This 50 meV shift, compared to the lo
time pump–probe PE spectra, is attributed to difference
ion temperature, because the I2

•CH3I produced in the ion
source should be vibrationally colder than the I2

•CH3I pho-
tofragment. The weak tail that extends to higher photoel
tron energies~1.5–1.8 eV! in the pump–probe PE spectr
suggests that a small amount of bare I2 is also formed during
the first 500 fs.

The peak at 1.3 eV in the pump–probe spectra is clos
energy to the highest eKE peak in the probe-only PE sp
trum of I2

2
•CH3I ~1.2 eV, Fig. 2!, raising the possibility that

the parent ion is reformed at least transiently by recombi
tion of the I and I2 fragments. However, no signal was se
at 0.6 eV, the next highest eKE peak in the I2

2
•CH3I spec-

trum, at any delay time, so the parent ion can be ruled ou
the source of any signal in the pump–probe spectra.

At lpump5395 nm, the two broad peaks that are seen
delay times.5 ps~Fig. 4! can also be assigned by compa
son to probe-only spectra. The peak at 1.6 eV matches the
spectrum of I2 to the 2P3/2 state of neutral iodine~dashed
line!, and is assigned to bare I2 ejected from the I2•CH3I
complex. The other spectral feature at 1.3 eV is assigne
vibrationally excited I2•CH3I, just as for lpump5395 nm.
However, in contrast to the data forlpump5790 nm, the
single feature at delay times from 200 to 600 fs peaks at
eV; a peak at 1.3 eV is seen only after much longer de
times of about 5 ps. These observations suggest that ex
tion at 395 nm produces energized I2

•CH3I ~the peak at 1.4
eV! that decays to bare I2, and that the vibrational energ
distribution in the remaining I2

•CH3I evolves on a time
scale comparable to that over which dissociation occurs.

To investigate the dynamics induced by the 395 n
pump pulse more quantitatively, the intensities from pho
detachment of I2 and I2CH3I in Fig. 4 are derived for all
pump–probe delay times. The intensity of the I2 peak is
obtained by fitting its peak shape to the time-dependent s
tra in the energy range between 1.65 and 1.8 eV, assum
that this high energy edge is solely due to an I2 feature, even
for short pump–probe delay times. In Fig. 4, the fitted co
tributions of the I2 peak to the spectra are plotted as dash
lines. The I2•CH3I intensity is not derived in the same wa
because the shape of this feature depends on its vibrati
energy distribution which, we believe, varies with time. I
stead, the I2CH3I intensity is calculated as the differenc
between the intensity integral of the full spectrum and
intensity of the I2 peak.

In Fig. 5, the time-dependence of the derived I2
•CH3I

~.! and I2 ~m! intensities is shown. These results are fit
the following biexponential curves,

es
i-
er
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I ~ t ! I2CH3I51.6~0.78•exp~2t/0.68 ps!

1~120.78!•exp~2t/8.5 ps!!10.34,
~2!

I ~ t ! I250.66~120.81•exp~2t/0.87 ps!

2~120.81!•exp~2t/12 ps!!.

These fits are shown as solid lines in Fig. 5. The I2
•CH3I

intensity ~upper panel! is found to increase rapidly directl
after the pump pulse, with a time constant indistinguisha
from the laser cross correlation. It then decays biexpon
tially with time constants of 0.68 ps~see inset! and 8.5 ps.
The I2CH3I intensity is fitted only from 200 fs onward, to
exclude the fast initial rise. The I2 peak intensity~lower
panel! exhibits first a fast increase, with a time constant
0.87 ps, followed again by a slower increase with time c
stant 12 ps. The statistical accuracy of the time constan
estimated to be about 10%. Thus, according to the fit, ab
80% of the time-dependent signal follows a fast exponen
of about 0.75 ps, for both I2

•CH3I and I2. The remaining
20% of the signal undergoes a slower decrease or incre
respectively, with a time constant of about 10 ps. With
experimental accuracy, both curves reach constant intens
after 50 ps. Both intensities are normalized in such a w
that the total intensity yields 1.0 in the 50–100 ps delay ti
interval, yielding limiting values ast→` of about 0.34 for
I2CH3I and 0.66 of I2.

FIG. 5. Integral intensity of the contributions from I2
•CH3I ~upper panel!

and I2 ~lower panel! to the FPE spectra atlpump5395 nm. The I2 intensity
is obtained from a fit to the photoelectron spectra~Fig. 4!, whereas the
I2
•CH3I intensity is the difference of the total peak integrals in Fig. 4 a

the fitted I2 intensity. Biexponential decay or growth curves, shown as s
lines, reproduce both intensity profiles@see Eq.~2! in text for fit functions
and parameters#.
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V. DISCUSSION

The FPE spectra of I2
2
•CH3I show rather different dy-

namics at the two pump wavelengths. At 790 nm, the do
nant process is production of vibrationally excite
I2
•CH3I, the time scale for which is on the order of 600 f

More complicated dynamics occur at 395 nm. The sig
attributed to I2•CH3I is seen immediately after dissociation
Much of this product exhibits biexponential decay to2

1CH3I according to Eq.~2!, but longer-lived products are
also observed, as evidenced by the plateau in the I2

•CH3I
signal as shown in Fig. 5 at the longest times examined
our experiment~100 ps!.

In order to understand the dissociation dynamics,
first assume the overall dynamics can be broken down
two steps, with the CH3I acting as a spectator during diss
ciation of the I2

2 , and then the neutral I fragment acting as
spectator during subsequent interaction of the I2 with the
CH3I. At lpump5790 nm (hn51.57 eV), I2

2 is excited to the
A8 2Pg,1/2 state which correlates to I(2P3/2)1I2. Since the
bond dissociation energy of I2

2 is 1.01 eV,48 the relative ki-
netic energy of the separated I1I2 fragments is 0.56 eV. At
lpump5395 nm~3.14 eV!, dissociation occurs on theB 2Sg

1

state that correlates to I* (2P1/2)1I2.42 The spin–orbit split-
ting in iodine is 0.94 eV, so dissociation on this repulsi
curve yields a relative kinetic energy of 1.19 eV. Althoug
quenching of the I* from I2

2 photodissociation is observed t
be quite efficient in larger clusters,49 it is unlikely to be in-
duced by a single CH3I molecule.50

If dissociation of the chromophore is unaffected by t
presence of the CH3I, so that the fragments reach their asym
potic velocities prior to any significant interaction with th
CH3I, the velocities of the I and I2 fragments will be equal
and opposite, and the relative kinetic energy between the2

fragment and CH3I will then be 0.15 eV for lpump

5790 nm and 0.32 eV at 395 nm. These values are expe
to be upper bounds owing to the non-negligible interaction
CH3I with I2 during the initial dissociation.51 Nonetheless,
they provide a useful starting point for understanding
differences between the dynamics at the two pump wa
lengths. Specifically, if we assume that the attractive inter
tion between the I2 fragment and CH3I is approximated by
the solvent shift in the I2

2
•CH3I PE spectrum, i.e., 0.30 eV

then at 790 nm, the I2 photofragment should not have suffi
cient kinetic energy to break free of the complex, wherea
395 nm, at least some of the I2

•CH3I should be formed with
enough energy to dissociate, depending on the detailed
lision dynamics. Our experimental results at the two pu
wavelengths are in accord with these expectations.

The FPE spectra at 790 nm share features in commo
those reported for I2

2(CO2)4 at the same pump wavelength.52

In both cases, there is a substantial change from 0 to 20
the features seen at 200 fs shift toward lower eKE over
next several hundred fs, and no changes are observe
longer times. Drawing from this earlier work, we attribu
the dynamics from 0 to 200 fs to dissociation of the I2

2 chro-
mophore, and the shifting from 200 to 600 fs to interactio
between the I2 fragment and the CH3I. In the calculated
geometry of the I2

2
•CH3I complex, the I2

2 bond is nearly
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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10037J. Chem. Phys., Vol. 119, No. 19, 15 November 2003 The symmetric SN2-reaction I21CH3I
perpendicular to the C–I bond in CH3I ~see Fig. 1!, so the
initial motion of the I2 fragment is away from the CH3I. By
200 fs, treating the neutral I fragment as a spectator, w
remains is an I2•CH3I complex with the C–I2 bond
stretched well beyond its equilibrium value of 3.4 Å, b
with insufficient energy to dissociate to I21CH3I. In this
configuration, the FPE spectrum represents that of I2 shifted
by only a fraction of the solvent shift~380 meV! observed in
vibrationally cold I2•CH3I.15 The evolution of the spectrum
from 200 to 600 fs suggests that the energy released as
bond contracts from its outer turning point is partially dis
pated in other vibrational modes of the complex, most
which are not Franck–Condon active, resulting in a sma
average C–I2 bond length and a shift in the FPE spectru
toward lower eKE. Based on classical trajectory studies
Hase and co-workers35,37 on the analogous Cl21CH3Cl re-
action, we would expect this dissipation of vibrational e
ergy to involve the other ‘‘soft’’ intermolecular modes~i.e.,
the I2¯CH3I stretch and bends! rather than the CH3I inter-
nal modes.

Parson and co-workers50 have shown that ‘‘anomalou
charge-switching’’ can play a major role in the dynamics
photoexcited clusters of solvated I2

2 , where the solvent-
induced asymmetry of the excess electronic charge in
ground state is reversed in the excitedA8 2Pg,1/2 andB 2Sg

1

states. As a result, the solvent molecules undergo cons
able rearrangement in the excited states of the clusters,
this accounts for some of the dynamics observed experim
tally in the FPE spectra of I2

2(CO2)n and I2
2(Ar) n

clusters.52,53 These effects may well be present in I2
2
•CH3I

but should be relatively small because of its relatively sy
metric, nearly T-shaped geometry.

At lpump5395 nm, dissociation of the I2
2 chromophore

results in production of energized I2
•CH3I products, most of

which dissociate within 20 ps of the pump pulse according
the biexponential kinetics given by Eq.~2!. Dissociation of
products is consistent with the energetic arguments prese
at the beginning of this section, which indicated that the2

photofragment is formed with slightly more energy~in the
range of 20 meV or less! than that required for product dis
sociation. We should thus be able to compare our result
experimental and theoretical results on low energy2

1CH3I collisions, keeping in mind the caveat that the initi
conditions are more restricted in our experiment than i
‘‘full collision’’ experiment. While no studies of the dynam
ics of this reaction have been reported, previous theore
and experimental results for the symmetric Cl21CH3Cl re-
action can be used to aid in the interpretation of our data

The first issue to consider is whether the energiz
I2
•CH3I complexes are dissociating to reactants or produ

We obviously cannot tell from the PE spectra alone, since
reactants and products are indistinguishable. The calcul
barrier height along theSN2 reaction coordinate lies 70 me
above the I21CH3I reactants,19 so it is unlikely that there is
enough excess energy in the complexes to pass over
barrier. Even if there were, the measured reaction cross
tion for Cl21CH3Cl remains very small until the collision
energy is significantly above the barrier height, because
barrier rises rather steeply for noncollinear Cl–C–Cl
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geometries.6,11 Similar constraints should apply to I2

1CH3I, particularly in our experiment where the initia
I2
2
•CH3I geometry disfavors collinear, near-zero impact p

rameter collisions between the I2 and CH3I. Hence, it is
reasonable to assume that no reaction is occurring in
experiment, and that instead we only observe dissocia
back to reactants.

The biexponential time constants used to fit I2
•CH3I

decay and I2 production indicate the presence of ‘‘fast’’ an
‘‘slow’’ dissociation of the complex back to reactants. Th
fast time constant, 0.75 ps, is comparable to the vibratio
period of the I2¯CH3I symmetric stretching mode, fo
which the calculated harmonic frequency is 66 cm21,34 im-
plying fairly direct dissociation dynamics in which the I2

undergoes a single, approximately elastic collision with
CH3I before dissociating. The longer time constant, 10 ps
indicative of multiple C̄ I2 collisions and suggests tha
there is some energy flow from the reaction coordinate i
other vibrational and/or rotational modes of the comple
Note that the longer time constant is comparable to the 12
lifetime of the related Cl2

•CH3Cl complex derived from an
experimental measurement of the Cl21CH3Cl association
rate.9

It is instructive to compare our results to classical traje
tory calculations on the Cl21CH3Cl→Cl2¯CH3Cl asso-
ciation reaction.35,36 These calculations have explored th
types of collisions that lead to complex formation, the flo
of vibrational energy within the complex, and the lifetime
the complex with respect to dissociation back to reacta
The calculations have shown that complex formation is e
cient over a fairly wide range of impact parameters~0–20 Å!
and involvesT→R energy transfer, in which orbital angula
momentum is converted into rotational angular moment
of the complex. They also show that the CH3Cl vibrational
modes are inactive in the association reaction; vibratio
energy flow occurs only among the Cl2

¯CH3Cl intermo-
lecular modes. Finally, the calculations predict that the li
time distribution of the complexes can be fit by a bi-
triexponential function,

N~ t !/N~0!5(
i

ai exp~2ki t !, ~3!

whereN(t)/N(0) is the fraction of complexes surviving a
time t. The fitting parameters depend on the initial con
tions, in particular the collision energyErel and rotational
temperatureTrot of the CH3Cl. As an example, forErel

50.5 kcal/mol ~20 meV! and Trot5300 K, the calculated
lifetime distribution is fit using three rate constants: 1
0.15, and 0.093 ps21, constants which are quite similar t
those that fit our lifetime results using Eq.~2! above.

The similarities between our time-resolved experime
and the trajectory calculations, even though they involve t
different systems, certainly suggest that the detailed dyn
ics seen in the calculations carry over to our experime
For example, based on the calculated geometry
I2
2
•CH3I, the impact parameter describing the I21CH3I in-

teraction should be on the order of several Å, i.e., within
range where complex formation should be efficient. In ad
tion, the multiexponential fit to the calculated Cl2

¯CH3Cl
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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lifetimes, Eq.~3!, is attributed to nonrandom vibrational en
ergy distribution in the complex at short delay times,35,37

so-called ‘‘apparent non-RRKM behavior,’’54 in which the
decay rate varies as the vibrational energy distribution of
complex evolves. We interpret the biexponential I2

•CH3I
decay dynamics in our experiment as arising from sim
effects, in which case our time-resolved results provide
ditional experimental evidence for nonstatistical dynam
on the SN2 potential energy surface. This interpretation
also consistent with the experimentally observed shifting
the I2•CH3I peak toward lower eKE~from 1.4 to 1.3 eV!
after 600 fs alluded to in Sec. IV. The shifting most like
reflects vibrational energy flow from the initially stretche
C¯I2 bond into other vibrational modes, and one expe
the decay rate to decrease as this process occurs becau
decreased excitation in the reaction coordinate.

The origin of I2•CH3I signal that persists out to 100 p
in our experiments is also of interest. This signal may sim
result from bound complexes with insufficient energy to d
sociate; the relative I21CH3I kinetic energy calculated in
our ‘‘two-step’’ mechanism is barely enough for dissociati
to occur, and any lowering of the energy owing to three-bo
interactions in the I2

2 dissociation process can result in th
production of I2•CH3I with insufficient energy to dissociate
Effects of this type have been seen in photoinitated react
in van der Waals complexes.51 On the other hand, the class
cal trajectory calculations on Cl21CH3Cl at low collision
energies show that some complexes do not dissociate f
least 20 ps, the maximum collision time in the calculatio
and we may be forming analogous long-lived species in
experiments. Such a result is of interest in light of rec
quantum mechanical scattering calculations that have
dicted the existence of long-lived resonance states on
Cl21CH3Cl surface.55,56

VI. CONCLUSION

We have investigated the reaction dynamics of the sy
metric SN2 reaction of I2 with CH3I in real time by femto-
second pump–probe photoelectron spectroscopy of the
cursor complex I2

2
•CH3I. By photodissociating the I2

2

chromophore with a pump pulse, the neutral iodine fragm
was driven away from theSN2-reactants I2 and CH3I, al-
lowing us to follow their subsequent dynamics. Immediat
after the pump pulse the reactants form an I2

•CH3I com-
plex, with an internal energy dependent on the energy of
pump photon. For 790 nm pump photons only stable co
plexes are observed, while with 395 nm pump photons ab
two thirds of the complexes decayed back to the reacta
I21CH3I, on the time scale of the experiment~,100 ps!.
These unstable complexes exhibit bi-exponential dissocia
dynamics: 80% decay with a fast time constant of about 0
ps and 20% with a slow time constant of about 10 ps. T
biexponential decay and the observed shift of the I2CH3I
photoelectron peak during a time span of about 5 ps
indicative of ‘‘apparent non-RRKM behavior’’ of the com
plex, reflecting the evolution of vibrational energy flow
the complex on a time scale comparable to or slower t
dissociation. The observed dynamics are similar to th
Downloaded 21 Nov 2003 to 128.32.220.151. Redistribution subject to A
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seen in classical trajectory calculations on entrance cha
complexes formed in bimolecular Cl21CH3Cl collisions.

This experiment represents an extension of the field
time-resolved bimolecular reaction studies to ion–molec
reactions and in particular to the fundamentally interest
class of SN2-reactions. It is expected that further tim
resolved studies onSN2 reactions will shed more light on
their dynamics, in particular on the coupling of the differe
inter- and intramolecular vibrations in the course of the
action. In the future, studies of nonsymmetricSN2-reactions
are planned, a goal that will be aided by improved cluster
preparation techniques.
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