J. Phys. Chem. A998,102,4031-4058 4031

ARTICLES

Femtosecond Real-Time Probing of Reactions. 23. Studies of Temporal, Velocity, Angular,
and State Dynamics from Transition States to Final Products by Femtosecond-Resolved
Mass Spectrometry

I. Introduction

Over the past two decades, a variety of detection techniques
has been used to probe the ultrafast dynamics of chemical
reactions (for recent books see refs5). These include the
use of absorption, laser-induced fluorescence (LIF), multiphoton
ionization (MPI), photoelectron spectroscopy, nonlinear degen-
erate four-wave mixing, stimulated emission pumping, Coulomb
explosion, and time-resolved mass spectrometry in molecular
beams. One of the techniques used extensively in this laborato
is mass spectrometry with femtosecond (fs), and earlier with
picosecond (ps), resolution.

The advantages of femtosecond-resolved mass spectrometr%
are numerous (see refs—Y). First, the mass resolution
identifies reaction constituents. Second, as reported from this
laboratory® the kinetic-energy distribution(s) can be followed
as a function of time, allowing us to map changes in velocities
of fragments. Third, by invoking polarized femtosecond pulses
relative to the time-of-flight axis, one is able to study the angular
distributions and the nature of the transition(s) involved. Finally,
the state of the final fragment could be resolved by selective
ionization with the probe femtosecond pulse, using, for example,
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In this contribution, we give a full account of the approach of femtosecond, time-resolved mass spectrometry
in molecular beams for the studies of the elementary steps of complex reactions and the application to different
systems. The level of complexity varies from diatomics to polyatomics, from direct-mode to complex-mode,
from one-center, to two-center, to four-center, and from uni- to bimolecular reactions. The systems studied
are iodine, cyanogen iodide, methyl iodide, iodobenzene, 1,2-diiodotetrafluoroethane, mercury iodide; benzene
iodine complexes, and methyl iodide dimers. By resolvingfératosecond dynami@nd simultaneously
observing the evolution ofelocity, angular, and statedistribution(s) of the reaction, we are able to study
multiple reaction paths, the nature of transition-state geometry and dynamics, coherent wave-packet motion,
evolution of energy disposal, and the nonconcerted motion in multicenter reactions. These phenomena and
concepts are elucidated in dissociation, elimination, and charge-transfer reactions and in the inelastic and
reactive pathways of bimolecular reactions. Theoretical phenomenology, using frontier orbitals and molecular
dynamics, are invoked to provide a relationship between the observed dynamics and molecular structures.

from diatomics to polyatomics, from direct-mode to complex-
mode, and from one-center to two-center to four-center reac-
tions. The reactions reported here are uni- and bimolecular in
nature and are those of iodine, cyanogen iodide, methyl iodide,
iodobenzene, 1,2-diiodotetrafluoroethane, mercury iodide,
benzendodine complexes, and methyl iodide dimers. We
systematically study the dynamics in these systems from results
of (i) the femtosecond temporal dynamics, (ii) the time- and
r)}(inetic-energy-resolved time-of-flight (KETOF) mass spectra,
(iii) the angle-resolved KETOF distributions, and (iv) the state-
resolved (I and I*) dynamics.
The paper is outlined as follows. In section Il, the experi-
ental techniques are described, including the experimental
apparatus and the KETOF method. In section Ill, a methodol-
ogy is presented for detecting simultaneously the transition-
state species and final products using only one femtosecond
pulse. The experimental results and discussion for eight
different systems are given in section IV. Finally, we give our
conclusion in sectionV.

Il. Experimental Techniques

resonance-enhanced MPI or REMPI. Thus, for a given velocity ~A. Experimental Apparatus and Mass Spectra All
or velocity range we can monitor the temporal evolution of the experiments were performed in a two-chamber molecular-beam

reaction.

apparatus integrated with a tunable femtosecond laser system,

With these capabilities ofemporal velocity, angular, and and both are schematically shown in Figures 1 and 2. Most
stateresolution of the dynamics, it is possible to study a variety details have been described in a recent publicé#i@md only
of reactions (for a review see ref 9), elementary and complex. a summary is given here.
In this paper, we give a full account of the approach with  The femtosecond oscillator generates pulses typically with
applications to many reactions. The level of complexity varies ~200 fs full width at half-maximum (fwhm) and-12 nJ energy
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Figure 1. Schematic description of the femtosecond laser system. Note
that two tunable femtosecond pulses were utilized and in synchrony.
See the text for details.

Zhong and Zewail

54.7 with respect to the TOF-MS axis by a half-wave plate
prior to the frequency doubling. The TOF-MS was also used
as a kinetic-energy spectrometer, as described in section II.B,
to resolve the translational-energy distribution of reaction
products.

Time-resolved transients were obtained by monitoring the ion
signal of a certain mass channel using a boxcar integrator while
the pump-probe delay time was scanned. The free iodine atoms
produced in reactions were detected through thHe PREMPI
scheme; the™l intensity is very sensitive to the probe wave-
length. By adjustment of a birefringent filter placed in the
femtosecond oscillator, the probe wavelength was carefully
tuned and was measured by a calibrated monochromator. The
bandwidth was fixed within~2 nm and covered several two-
photon-allowed atomic transitions of the ground st (I,
304.67, 304.55, and 303.69 nm) and the sqirbit excited state
2Py, (1%, 305.57 and 304.02 nm). Therefore, the probe pulses
simultaneously detected both | and I* atoms with about equal
efficiency.

The zero-of-time and the cross correlation of the pump and
probe pulses were determined by measuring the transient rise
of the aniline olN,N-diethylaniline REMPI signal through their
S, states immediately after the experiments were done in the
molecular beam. Since thq State is long-lived, the transient

per pulse. The pulse wavelength was tuned to be centered atise is equivalent to the convolution of the pummrobe
~609 nm. These femtosecond pulses were then passed througlkorrelation with a step function on the time scales of interest.
a home-built four-stage pulsed dye amplifier to reach an energy The typical pump-probe cross correlation was 450 50 fs

of 300—-400uJ/pulse. The amplified pulses were compressed
through an SF-10 prism pair to compensate for the group-
velocity dispersion in the amplification process. To generate
277-nm pump pulses, 80% of the beam was split off by a beam
splitter and was focused into a small quartz cell containip@ D

solution to generate a white-light continuum. An interference
filter was used to select a different portion of the continuum at

fwhm. Although a much shorter probe pulse can be easily
reached, the resulting broader spectrum leads to a htige |
background in most molecules and a loss of tunability for the
iodine REMPI detection. All transients reported here result from
one-photon excitation as checked by the power dependence of
the observed signal.

Molecules of interest were seeded~800 Torr of He and

the desired wavelength. This portion was then reamplified \ere expanded through the pulsed valve. The mixture was made
through a three-stage pulsed dye amplifier. ‘!’he reSl_JItlng pulsesby flowing the He over the sample far away from the nozzle.
were recompressed by another SF-10 prism pair and thenty, 4y0id cluster formation in the expansion, the monomer

frequency-doubled through a 0.5-mm KDP nonlinear crystal to
produce the pump beam (277 nm ardO uJ/pulse).

Only for the b system was the pump wavelength at 690 nm
for the A-state excitation. The remaining 20% of the 609-nm

laser beam was sent to a double-passed single-stage dy

amplifier and then delayed in time by a retroreflector mounted
on a computer-controlled translation stage. A 0.5-mm KDP
crystal was used for frequency doubling to obtain the probe
beam at around 304.5 nm-R0 uJd/pulse) for 2+ 1 REMPI
detection of free iodine atoms. Finally, the pump and probe
pulses were recombined collinearly by a dichroic beam splitter
and were focused and spatially overlapped in the extraction
region of the TOF mass spectrometer.

condition was carefully controlled in two ways: the leading

edge of the gas pulse was sampled by varying the delay time
between the femtosecond laser pulses and the pulsed valve
opening, and the low vapor pressure of samples was used by

(?naintaining the samples at low temperatures.

All samples were purchased from Aldrich excepblCRCR,

which was obtained from PCR. The ioding, @9.999% pure)
was used at room temperature (vapor pressureloforr). ICN

(93%) was further purified through recrystallization followed
by vacuum distillation and used at room temperaturé& Torr
of vapor). Methyl iodide (CHl, 99.5%) was cooled te-50
°C, giving a~7—8 Torr of vapor. GF4l, (=97%), without

A supersonic molecular beam containing the species of further purification, was maintained at35 °C with a vapor
interest was generated in the first chamber, skimmed, andpPressure less than 10 Torr. Both mercury iodide gHgl
intersected by the femtosecond laser beams in the extraction™~99.999%) and iodobenzene (IBz98%) were heated to 130

region of a two-stage linear TOF-MS housed in the second
chamber. A pair of deflection plates was employed in the field-
free region to correct for the drift of ion trajectories due to the

and 70°C, providing vapor pressures less than 1 a/ad Torr,
respectively. Benzene (Bz) was cooledd5 °C, giving~0.5
Torr of vapor pressure, and was then mixed with 1 Torr.0of |

molecular-beam velocity component perpendicular to the TOF before expansion. The TOF mass spectra are shown in Figure
axis @. The ions were collected by a 25-mm-diameter 3. The natural-isotope distribution of Hg (19804) is also
microchannel plate assembly (MCP). The molecular beam, presented by the parent Hghass peak in the inset of Figure
TOF-MS axis, and the femtosecond laser beams were orthogonaBb. In contrast to the nanosecond laser experiments, where
to one another. For most results reported here, the pump laseimany parent ions were not observed, most parent ions here are
polarization was parallel to the TOF-MS axis and orthogonal major mass peaks in the TOF mass spectra. Note that no dimer
to the probe laser polarization. In some magic-angle experi- traces were found in parts a and b of Figure 3, and the fragment
ments, the pump laser polarization was rotated at an angle ofmass is mostly due to ion fragmentation. For the bimolecular
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Figure 2. (A) Schematic representation of the molecular-beam apparatus integrated with two femtosecond laser beams. The pulsed nozzle and the
TOF-MS are located in two separate chambers connected by a skimmer. (B) Diagram showing the “turnaround time” for two ions initially moving
parallel to the TOF-MS axis with the same speed but in opposite directions. Thetfinvehich the ion spends in the acceleration region, is about
several microseconds in our TOF arrangement.

reactions in Figure 3c, the gas-mixing conditions are well to several typical caséd} 14 The KETOF technique, without
controlled to eliminate larger clusters, except the 1:1 complexes.time resolution, has been used by many groip¥,and it is a

The arrival time of ions from the ionization zone to the mass-spectrometric version of Doppler photofragment spectros-
detector is in the microsecond range, and this time depends oncopy?° In the following, we will briefly describe the basic idea
the ion mass, the applied acceleration electric field &nd the and then describe two different methods used in our studies.
flight distance. Usually, the timetj the ions spend in the The velocity distribution due to fragmentation causes a spread
acceleration region is about several microseconds under thearound the central time-of-flighfy. The spread in timeT is
conditions used in this laboratory (see Figure 2B). When ion usually called “turn-around time” and is a linear function of
fragmentation (AB* — A* + B) occurs in the different regions  the velocity projection onto the TOF axig which can be shown
during the flight, the ion fragment (8 will appear at different to be
positions in the mass spectra. We consider three different cases.

If the molecule AB is ionized at= 0 and then excited AB 2mjv,|
fragments on the femtosecond-to-picosecond time scale, that AT= qE (1)
is, fragmentation occurs in the ionization zone, then the mass
signal is well defined and the mass peaks df @nd AB" are wherem andg are the mass and charge of the ionized fragment
clearly separated at the normal positions. When the ion has aandE is the extraction electric-field strength, as schematically
long lifetime in the microsecond range, that fimgmentation shown in Figure 2B. By observing the KETOF distribution
starts after the ion flies out of the acceleration region,vll together with the well-defined excitation polarization, we can
appear at the same TOF (i.e., mass) as the parent ich AB transform they, distribution to the speed and spatial distributions
because the times that ions spend in the field-free region only of the fragment. Two useful methods, by use of the magic
depend on the initial velocity, not the mass. If the ion breaks anglé'-23 and the discrimination apertut&24are described in
in the acceleration region(l us), the A" signal would appear  the following for the different cases under study.
at the normal position but will have a tail toward ARt longer When a molecule is dissociated through a one-photon
arrival times of A", as observed in the benzene-cation frag- excitation by linearly polarized light, the velocity distribution
mentation’® However, independent of how long the lifetime of a fragment can be written as the product of two functions:
of AB** is, the transient of the fragmentAfor femtosecond  f(»), the speed distribution, arl¢), the angular distribution.
pump-probe experiments should be the same as that of AB The speed distribution is determined by the energetics of the
because both transients reflect the dynamics of the neutraldissociation. The angular distribution is axially symmetric with

transition-state AB* species. respect to the electric vectérof the light and has the forfh
B. KETOF Method. To measure the translational-energy

distributions released from the dissociation and the temporal
behavior of transition states, we have used the REMPI detection
in combination with femtosecond techniques and a kinetic-

energy-resolved TOF-MS, namelyfKETOF, and applied it whered is the angle between the final recoil direction &g

1(6) = 2= [1 + BPA(cosO)] )
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Figure 3. (a) TOF mass spectra obtained from the expansion of a mixture of 700 Torr of He;\dtfr orr), ICN (~1 Torr), and CHI (~7 Torr)

under themonomercondition. Both pump and probe pulses were used, and the delay time was 6 ps. Note that parent peaks are dominant, in contrast

to results of nanosecond experiments (see text). (b) TOF mass spectra obtained from the expansion of a mixture of 700 Torgthe (w20C

Torr), GFa4l, (~10 Torr), and Hg (1 Torr) under themonomercondition. Both pump and probe pulses were employed and the delay time was

fixed at 100 ps. The broad peaks of Hg, Hgl, and Hagk due to the isotope distribution of Hg (39804 amu), which is shown in the inset. (c)

TOF mass spectra obtained from the expansion of a mixture of 0.5 Torr of benzene with 1 Torr of iodine in He (700 Torr). For generating the
methyl iodide dimer, a mixture of 7 Torr of GHwith 700 Torr of He was used. Time delay between the femtosecond laser pulses and the pulsed

valve opening was carefully varied. Note that no larger cluster traces were found except the binary complexes.
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Figure 4. (a) Coordinate system used in describing the fragment angular-velocity distribution in the KETOF expéiinisithe electric vector

of the femtosecond pump laser pulse, which was kept iry#tigane.Viecoi is the fragment recoil direction. The lower part shows the theoretical
predictions of thes, distributions for some representatigs andy’s for single-speed fragments. Note that the distributiongfer0 andy = 54.7

are identical. (b) Two-dimensionab/ vy,) depiction of thewuy, discrimination for three recoil speeds given by the circles. The discrimination
velocity vg, which discriminates against photoions with = v, is also shown. The lower part gives the simulated recoil velocity distributions of
the single-speed fragment in thedomain without and with the,, discrimination fory = 0° and three typicap’s. The higher the recoil speed,
the stronger theyy discriminationt®24

11

as shown in Figure 4af is the recoil anisotropy parameter g(v) = (v) (6a)
and P,(cos6) is the second Legendre polynomial. Tise

parameter is determined, in the classic picture, by the direction o)

of the transition dipole relative to the recoil velocity of the parent P(Ey) = My (6b)

molecule and by the time scale of the dissociation. Its values
can range from 2 te-1, corresponding to a range from purely Oncef(v) is known, the anisotropy paramefgfv) can also be
parallel to perpendiculartransitions, respectively. derived by fitting theu, distribution measured at the parallel
In our experiments, th&,, direction is kept in the/z plane. polarization § = 0°) according to eq 3. We have used this
By use of the relations of, = v cosf, and co®) = coséb, method to study,l ICN, CHsl, CoF4l,, Hgly, Bz:l,, and CH-
cosy + sin 6, siny sin ¢,, the v, distribution can be expressed CHsl molecules and resolved ttstate, velocity, and angular
as time evolution of products.
Instead of using the differentiation method to obttfir) and
el Uz 2 the numerical fitting forp(v), another approach, which is
H(vn2) = f\uﬂZ 1+5 (U)PZ(COSX)PZ(Z)]]C(U)U dv (3) approximate, may be used, and it is often used. It involves
) . measuring the fsKETOF distribution by employing a dis-
wherey is the angle between theaxis and the pump laser  crimination aperture (or namely, the core-sampling condition).
polarizationép,. Of particular importance is the special case Experimentally, a small aperture was placed just before the MCP

of y = 54.7, or the “magic angle”, wheré,(cosy) = 0. detector to discriminate against collecting the ions that have
Therefore, the distribution is independent/and becomes vxy components larger than the discrimination valug as
o1 illustrated in Figure 4b. The method has been recently detailed
f(v, 54.7) = ‘/;UZ‘Z} f(v)o? dv (4) by two other group$®2*and here, only relevant points to our

experiments are described.

At this pump angle, the,, profile depends only on the scalar When the molecular dissociation results in two velocity

speed distribution. Equation 4 allows the speed distribution to distributions, such as high- and low-velocity components, we
be extracted directly by differentiation: are especially able to completely separate the two distributions

in this one-dimensional, profile. For the high-velocity
component, the signal only in the small solid angleq(® <
arcsinggd/v)) is collected and the KETOF distribution appears
only in the larger;, region and truncates betweerand ¢? —
The speed probability distribution and the fragment translational- v49)%2 and between-v and —(v2 — v4d)Y2. However, for the
energy distribution can be obtained: low-velocity distribution, all ions are detected if the maximum

() = -2 1, 54.7)), , (5)

v
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(a) Fs-resolved Mass Spectrometry (KETOF) (b) Fs-resolved Laser-induced Florescence (LIF)
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Figure 5. (a) General REMPI/MPI scheme for probing simultaneously transition-state species and final products using only one probe femtosecond
pulse.V, andV; are the neutral ground- and excited-state PESs of the molecule AB, respectively. Attifiea pump photon of wavelengfh

is absorbed. The probe wavelendthis tuned to ionize A, and this wavelength can also ionize the molecule AB).(Vhe observed change of

the A" translational-energy distribution with the delay time reflects the time evolution of the total available energy.froatt = O to Eay att

= t;, i.e., mapping out the evolution of the nuclear separations from the initial reactants to final products. (b) Typical femtosecerutqghsenp
scheme for studying transition states and products using the LIF method= At a pump photon af; is absorbed by the vertical transition from

the ground-stat&/, to the excited-stat®;. To detect the final product or the transition-state species, the probe wavelength needs to be tuned to
resonate with A* or AB** (\,).

value of v is less than thevy, and the observed KETOF a single or multiphoton process; typically A is ionized by
distribution terminates betweerand—v. As shown in Figure REMPI. This way, and simultaneously, the complex AB*
4b, the higher the recoil speed, the strongerihdiscrimination could also absorb probe photons, through REMPI/MPI, to reach
and the sharper the observed KETOF distribution. This method the ion state(s). In Figure 5a, this ion state is sketched as a
was used to study the dissociation of 1Bz, a reaction with two- repulsive state\(;") as an example. The resulting cation %B
mode excitation, with a 5-mm-diameter discrimination aperture finally fragments into A + B. By varying the delay time

to reject ions with high-velocity componentsaf = vg = 110 between the probe and the pump, we can observe the dynamics
m/s under our operating conditions. of transition states and final products, at the same time, using

one wavelength for the probe and only resolving the kinetic
Ill. Methodology energy.

In this section, we describe the approach used in our studies At zero delay time, the observed translational energy of A
for detecting transition states and final products simultaneously is determined by the total available enerBy*(t)) on the
using only one probe femtosecond pulse. The concept is excited ionic repulsive PES. When the wave packet moves into
illustrated in Figure 5a, along with the original methodology the transition-state region and is probed at a delay timé, of
of femtosecond transition-state spectrosc&shown in Figure the final At translational energy results from two parts: one
5b for comparison. For simplicity, we first consider a diatomic  contribution is from the available ener.(t*), gained by the
molecule AB prepared on a repulsive potential-energy surface neutral complex AB* during the evolution frorg to t¥, and
(V1) by absorbing one pump photon and finally dissociating into the other is from the excited ionic potential contribution,
Aand B. In the LIF study® another femtosecond pulse is tuned Eav'(t¥), as shown in Figure 5a. If the ionic repulsive PES is
to be resonant with the transition between the ground-state A deeper than the neutral one, the addition of both contributions
and the excited-state A*. By observing the fluorescence from is smaller than the initial ionic total available enery;*(to)

A* while varying the pump-probe delay time, we measure the because some part of the photon energy is converted into the
dissociation time. On the other hand, to detect the transition- electron kinetic energy aff, and the observed translational
state evolution of AB¥, the probe wavelength needs to be energy of A" att® is smaller than that a. When the reaction
changed to match the transition between ABhd AB**¥, that is complete, the A translational energy is the exact reflection
is, betweenV; and V,, as shown in Figure 5b. The whole of the A translational energy, which is obtained from the energy
transition-state region can be probed if a continuum tuning is release of dissociation of AB*, that i€av(t;). This total
made. available energ¥av(ts) is the least amount of energy channeled

Here, instead of observing the fluorescence by tuning the to the translational energy of A By following the change of
probe wavelength, we tune the probe laser to ionize A through the total available energy, that is, the timeselution of the A
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translational energy, the dissociation dynamics from the initial
transition state to the final products can be studied.

For example, in our studies of the iodide (RI) molecular
dissociation, the probe wavelength was set-804.5 nm to
ionize the | (and I*) atoms through 2 1 REMPI (three

J. Phys. Chem. A, Vol. 102, No. 23, 1998037

center to two-center to four-center, and from unimolecular to
bimolecular reactions.

The diatomic iodine was first examined owing to its simplic-
ity. Since all the available energy is released into translational
energy of the two | atoms, it represents the case of no coupling

photons). Most iodide molecules would be ionized by absorp- to other degrees of freedom, such as vibrational and rotational
tion of one pump photon and two probe photons (total of 12.61 motions. This is not the case for polyatomic Rl orzRI
eV), and the absorption of one more probe photon will result Furthermore, we used this system to calibrate the instrumental
in reaching the excited ionic electronic state(s). As mentioned response for kinetic-energy resolution in measuring the KETOF
above, the T translational-energy distribution at short times is  distribution. In general, by knowing the excitation energy for

dependent on these excited ionic states. In fact, for many a polyatomic molecule, say R, the energy disposal after
systems the states reached by three probe photons may includéreaking the Rl bond follows the conservation of the total
some bound excited ionic states by ejecting an electron thatenergy:

carries away the excess energy. These ions in bound states

proceed either to predissociate to form+RI*(and R™ + 1),

which is a long time-scale process ranging from picoseconds

E.,=h+ERI)—-D)R-)=ER)+E; (7)

to nanoseconds, or to radiatively decay into the ground-statewhereE(RI) is the initial internal energy of the parent molecule,

RIT. So the initialEay ™ (to) could be equal to or less or larger
than the finalEay(ty) depending on the excited ionic PESs
reached at the initial configuration. This can be easily
determined from thetl speed distribution limits at andft;.

In addition, the t KETOF distribution atty gives some
information about the ion-fragmentation dynamics. tAtthe
KETOF distribution reflects the initial alignment by the pump
pulse polarization. If the KETOF distribution ftis similar to
that att;, the ion fragmentation should be very prompt and
preserves the initial alignment, and the excited ionic PES is
effectively repulsive. Conversely, if the ion fragmentation is a
long time process, the observed KETOF distributioty ahould
be isotropic and the rotational motion destroys the initial
alignment, indicating that the excited ionic state is bound in
nature.

In our studiesFav*(tg) was found to be larger thaBay(t)
for I, and Hgb. For ICN and CHI both Eayit(to) and Eav(tf)
are almost equal, and for IBEy, " (to) is less thanEqyy(t).
However, the T KETOF distribution shapes resulting from
transition states and final products are always different. As
shown in section IV, transition-state probing usually results in
a broader distribution around = 0 with fewer features due to
the various ion fragmentations, but for products, th&KETOF
distribution has sharp structures relating to the initial alignment

and the unique energy release of dissociation. As long as the
PESs for the neutral and the ionic species are different, we are

able to follow the change of the total available energy to obtain
the dissociation dynamics, from the initial to the final config-
uration of the reaction.

This approach, which we utilized in earlier studfess

analogous to the recently reported anion femtosecond photo-

electron spectroscopy from Neumark's grctp.There, a
femtosecond pulse was used to excite a ground-state anion to

repulsive excited state and another femtosecond pulse wad 4 A
e Photon energy is converted to the electron kinetic energy. The

r§ymmetric distribution around, = 0 implies that the probed

employed to detach an electron from the anion. When the wav

packet is mapped onto accessible neutral surfaces, the evolutio

of the resulting different kinetic-energy electrons directly reflects
the dissociation dynamics of the anion. Here, we follow the
evolution of the kinetic-energy-resolved cations by accessing
ionic surfaces to study the dissociation dynamics of neutral

molecules. Both methods use only one probe laser to detect

the transition states and final products.

IV. Results and Discussion

a?xtends tov,

Dg(R—I) is the dissociation energy from the ground-state
parent to the ground-state fragments, &n@R) is the internal
energy of the fragment R gained during the dissociation. The
iodine atom can be in either the ground | or excited I* spin
orbit state; eq 7 is for | release, and for I*; will be reduced

by 7605 cmi?.

By measurement of the center-of-mass (c.m.) translational-
energy releas&r, the internal-energy distribution of R can be
obtained following eq 7. For the Missociation,E(R) = 0.

The c.m. translational energy can then be obtained from the
translational energy of | atomE'T:

M
M—-m

Er=E; ®)
whereM is the mass of the parent molecule andk that of the
| atom.

A. One-Bond Breakage: Direct-Mode Reactions.
(1) 1=1: Pure-Translation Motion The dissociation of3lin
the A state was studied by using a 690-nm pulse. This system
was examined in photofragment translational spectroscopy (PTS)
experiments by Wilson and co-workeéfs At our wavelength,
the contribution from the B state is essentially eliminated (see
belowf® and the system dissociates into two iodine atoms in
the ground state:

L+ — [l =1+ 9)

The time evolution of thel KETOF distributions is shown
in Figure 6A ¢ = 90°). Notice that the shape changes with
the delay time. At the early delay time-R00 fs), the KETOF
signal is a broad, symmetric distribution around= 0 and
4+800 m/s. The predicted, value by three-
hoton probing of the A state i£1240 m/s, so part of the

excited ionic state has a bound character around 12.84 eV (3.56
eV above the ground-statg’) and the predissociation of iodine
ions takes long time. At later times (after 600 fs), th&kETOF
distribution remains unchanged and thevalue changes to
+485 m/s. The time evolution af, values from the initial 800
m/s to final 485 m/s reflects the change of the total available
energy, as predicted in section Ill for the caseBgfi*(tg) >
Eavi(t).

They dependencies of the distributions are given in Figure

In this section, we discuss the different systems studied here.6B for a fixed delay time (6 ps). These KETOF distributions

They range in the level of complexity from diatomics to
polyatomics, from direct-mode to complex-mode, from one-

clearly show a perpendicular transition for the A-state excitation,
as expecte@® The speed distribution derived from the KETOF
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Figure 6. (A) Femtosecond-resolved KETOF distributions arising from the dissociation efdt y = 90°. Note the significant change in shape

with the pump-probe delay time. (B)"l KETOF distributions for the different’s at a fixed delay time of 6 ps, which shows a perpendicular
transition for the A-state excitation of &t 690 nm.

into the translational energy of two iodine atoms, the instrument
resolution at the speed of 440 m/s is obtained to be withis
m/s. The higher the speed, the better the expected resolution.

To obtain the temporal behavior, we gated the high-velocity
(340 < v, = 490 m/s) and low-velocity (& v, < 120 m/s)
portions of the t KETOF distribution agy = 90° while varying
the delay time. The two transients are shown at the bottom of
Figure 8. Each transient is composed of two components with
different weights but has the same dynamics; one is from the
iodine ion fragmentation and the other results from the neutral-
iodine dissociation. By measurement of time zero and the
T T response function in situ, the transient was best fitted by a
300 350 400 450 500 550 (coherent) delayed, 240 fs, rapid rise and a decay component
Speed (v, m/s) with a lifetime of 65 fs, as shown in the top of Figure 8. The
observed 240-fs shift is the bond-breaking time for separating
two | atoms and describes the coherent motion of the wave
packet prepared above the dissociation limit on the A-state
potential surface. The decay transient actually reflects the
evolution of the parentt® in the transition state. This picture
is also consistent with the observedKETOF evolution. The
measured decay time is shorter than the bond-breaking time
because the wave packet escapes out of the FraBokdon
region before the | atom is totally liberated.

(2) I-CN: Translation and Rotation MotionsThe dissocia-
tion of ICN was the first gas-phase reaction studied by
e ‘ femtosecond clockingf-3%-31 At 306-nm excitation, the bond-
2000 2500 3000 3500 breaking time was obtained to be 205 fs by detection of the
£ total (Cm_,) CN_ product through LIF. The transition-state lifetime was

T estimated to be-50 fs. Here, we resolve the I* and | channels

Figure 7. Upper panel: speed distributions of iodine atoms (frem | with the dissociation times, energy partition, and angular
deduced from the'l KETOF signal fory = 54.7 at 6 ps (solid line) distributions

and from the pumppulse bandwidth (dashed line). The instrument . ) . . . L
resolution is obtained to be withit-15 m/s at a speed of 440 m/s 1S now well established that following electronic excitation
from comparison. Lower panel: corresponding c.m. translational-energy Via the A continuum (n— o™ transition), ICN dissociates
distributions from the dissociation of Which equals the total available ~ through two exit channels, leading to spiorbit excited- and

energy. ground-state iodine atoms I* and I, respectively:

P(E,)

Loy !

1000 1500

distribution at the magic angle is shown in Figure 7, together

with the c.m. translational-energy distribution. The correspond- ICN + hy —[l+--CN]**— I*/l + CN (20)
ing speed and translational-energy distributions derived from

the pump laser spectrum (dashed line) are also presented foiTime-integrated spectral studi#s?® by use of a variety of
comparison. Since the total available energy is channeled onlymethods such as PT%28 LIF,33:34 Doppler spectroscop¥?;3”
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Figure 8. (A) I ™ transient obtained by gating the high-velocity portion in th&ETOF distribution (bottom) of iodine dissociation. By measurement
of time zero and pumpprobe correlation in situ (dashed line), the transient is best fitted by a small decay compdnergq fs) and a large
240-fs delayed one. The decay signal is due to excited,t fragmentation and reflects the transition-staté bynamics and the delayed one,
which is shown at the top, after subtraction of the small decay signal, results from the neulisddciation. (B) T transient obtained from
collecting the low-velocity portion in the"IKETOF distribution (bottom). The signal is fitted as in (A) by two components: a 65-fs lifetime decay
and a 240-fs delayed rise. The decay signal is separately shown at the top after subtraction of the contribution from thediesdgcation.

and REMPI-TOF? have provided many detailed features of all PESs involved in dissociation ateent near the Franck
the dynamics for both channels. Condon region. Classical-trajectory and time-dependent quantum-
Briefly, the I*/l branching ratio is dependent on the excitation mechanical calculations performed on these PESs have produced
wavelength and the I* yield peaks a260 nm; it falls off at results that are in good agreement with various experimental
shorter wavelengths as well as at longer ones. The vibrationalfindings#~5* The absorption is a mixture of parallel and
excitation of the CN fragment is low (cold), except in the low- perpendicular transition?Il; and 'I1; have perpendicular
energy region (356290 nm) where several percent of CNs are transitions, and®[Iy; belongs to a parallel transition. The
vibrationally excited. However, the rotational excitation of CN  rotational excitation of the CN fragment is related to the shape
is found to be very rich (hot) in the | channel (upNo~ 60), of PESs with respect to the bending angle. The higher rotational
whereas it is rotationally cooler in the I* channel, for the component in the | channel is attributed to the larger energy
medium energy range (248290 nm). In the low-energy region,  gradient of'IT; with respect to the bending angle. The rotational
where the I* channel is not energetically accessible, the productexcitation in the | channel at long wavelengths (2850 nm)
rotation population shows a single Boltzmann distribution. The only emerges from th&1; surface. The product CN vibrational
average anisotropy paramefeof the I* channel is larger than  excitation orfITo; andIT; becomes suppressed, while that on
that of the | channel. The transition moment is observed to be 3[1; becomes slightly significant (from the shape of PES with
a mixture of parallel and perpendicular components, especially respect to the €N distance). On the surfaé€ly,, a potential

at shorter and longer wavelengths. well (3855 cn1?) is found along the reactiorCN coordinate
Goldfield et al*® developed a two-surface empirical model at 2.59 A.

for the ICN dissociation in the A continuum. In their model, We performed the femtosecond-clocking and-KETOF

the initial excitation is a purely parallel transition to the potential experiments to obtain the dissociation time, energy partitioning,

surface fI1o4+), which correlates with the I*+ CN channel, and the anisotropy parameter. The femtosecond-resolved |

followed by a transition through nonadiabatic interaction to the KETOF distributions ay = 0° are shown in Figure 9A and the
surface {I1;), which correlates with the+ CN channel. The  y dependencies for a fixed delay time (2 ps) in Figure 9B. All
3[y+ surface is repulsive in RACN) and has a minimum & distributions extend t@, ~ £600 m/s, but the shape changes
= 0° in the 6 coordinate (bending angle). This results in the dramatically. At the earlier delay time-@90 fs), a symmetric
collinear configuration in the dissociation process, leading to distribution around, = 0 was observed. As in the case gf |
low rotational excitation in CN fragments. The second surface this reflects that the excited ionic PESs reached by three-photon
is also repulsive in R but has a minimum@rat 6 = 27°. The probing have a bound character around 15.06 eV (4.15 eV above
large torque at smal? favors a bent configuration during the  the ground-state ICN and that the predissociation takes a
dissociation and leads to high rotational energy for the final longer time compared with the rotational period of the ion
fragment. The results from classical-trajectory calculations and parent. Some photon energy is converted into electron kinetic
guantum-mechanical studies based on this model agree well withenergy because the expectedalue is+880 m/s by absorption
some experiments, but large deviations still efist® of three probe photons. At later delay times, the distribution

Recently, Morokuma and co-workéfsleveloped ab initio shows the clear double splitting for both I* and | channels, which
3D PESs ofIly, 3I1y+, andi1; excited states and found that means that the excitation at 277 nm iswaely parallel transition.
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Figure 9. (A) Femtosecond-resolved KETOF distributions from the dissociation of ICN jat= 0°. At the early delay time, the'Isignal is from

excited ICN" fragmentation, and at the later time, it results from the neutral iodine atoms. The distribution remains the same after 600 fs. Note the
dramatic change in shape with the delay time. (BKETOF distributions for the different’s at a fixed delay time of 2 ps, which show a pure
parallel transition for excitation of ICN at 277 nm.

This is also clear in the distribution gt= 90° in Figure 9B.
The deduceg values further support this finding, as discussed
below.

The speed distribution for the iodine product derived from
the magic-angle KETOF distribution and the corresponding c.m.
translational-energy distribution with assignments of rotational
excitation for the CN fragment are shown in Figure 10. The
speeds from the I* and | channels do reach the limits determined
by the total available energy for each channel (285 m/s for I*
and 570 m/s for I). The I* quantum yield is about 60%,
consistent with the value reported by LedfeThe translational-

[ T N L) L 1 ! 1

energy releastErlIEay, is 70% for the I* channel and 63% for 0 o0 200 00600 -400 200 O 200 400 600
the | channel, which corresponds to 30% and 37% of the Speed (v, m/s) Velocity (v,, m/s)
available energy (764 cm for I* and 3756 cn1! for 1) w0, N

channeling into rotational excitation in the I* and | channels, T T T TN

respectively. The rotational distributions peak\at= 20—25 % 200

for the I* channel andN = 45-55 for the | channel. These
assignments are in agreement with the results from the time-

P(Ep)

. . v=0, N

integrated experimen#8:37 — "
By simulating the KETOF distribution g¢ = 0° using the 40 30 20100

derived speed distribution, we deduced fdistribution, which

is also shown in Figure 10. AJp values are positive, thus I

indicating thabonly the parallel transition stafélo+ was excited

at 277 nm. (Recent wofk® has concluded a pure parallel L s T S

0 2000 4000 6000 8000 10000

transition for 308-nm excitation, contrary to the expectation of
a mix of parallel and perpendicular transitions at long wave-
lengths.) Therefore, the | product results from the nonadiabatic Figure 10. Speed distribution deduced from theKETOF signal at
interaction from®Iloy to 1I1;. Most products have very high the 2-ps delay time foy = 54.7°_ (top_lgft) for the ICN rea_ction. Bot_h _
values & 1.6) even with high rotational excitation. During the I and I* channels are clearly identified and reach their speed limits

id di iati . th tati £ ICN pl inimal (see arrows). The corresponding anisotropy distribution is shown at
rapia dissociation, since the rotation o plays a minimal 4, top, which is obtained by a nonlinear-least-squares fit of the parallel

role, the rotational excitation should result from the bent pojarization KETOF signal (top right) using the derived speed distribu-
configuration of the excited surface, as suggested by the ab initiotion. All 4’s are positive, and the average is larger than 1.6. The c.m.

calculationst”4? For both I* and | channels, the CN fragments translational-energy distribution with the corresponding rotational

in the distribution at higher rotational excitation have decreased excitation of CN is shown at the bottom.

p values, which indicates that some large-amplitude bending 11. The speed distribution is very broad, and the dedyted

motion is involved during the dissociation. values are small, also shown in Figure 11. The avefagaue
The y dependencies of the transition-state KETOF is about 0.5, much smaller than thatl(.6) for the final product.

distributions and the deduced speed function are given in Figure As predicted in section IlI, this small value reflects the dynamics

ETtutaI (cm' 1 )
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Figure 11. 1" KETOF distributions (ICN reaction) for the differepts at the early delay time—210 fs) shown at the top-left side. Note the
difference when comparing with Figure 9B. The speed distribution derived from the magic-angle KETOF distributi®hOafts delay time is

shown in the bottom-right side, which is very broad as expected for ion fragmentation. The anisotropy distribution is shown at the top-right, which
is obtained by a nonlinear-least-squares fit of the parallel polarization KETOF signal (bottom left) using the deduced speed distribution. The
average anisotropy is about 0.5, much smaller than that from the neutral ICN dissociation (1.6).
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Figure 12. (a) Transient obtained by monitoring the signal of the fQNass channel. By measurement of the response function in situ (dashed

line in parts d or e), the transient was best fitted by a single-exponential decay with a 70-fs lifetime. (b, c) Transients obtained by gating the I* (150
< v, =300 m/s) and | (38& v, < 580 m/s) channels. Both transients were fitted by two components: one as a decay signal from ion fragmentation
aroundt = 0 with a lifetime of 70 fs and the other as a shift, rapid rise. (d, €) Transients with 220- and 185-fs coherent shifts for the I* and |
channels, respectively, were obtained by subtracting the contributions from the transition-state species. Note that measuring the timeezero and th
cross correlation in situ is a key for accurate fitting of these transients.

of the ion fragmentation and implies that the excited ionic states is shown in Figure 12a. By use of the known time zero and
reached by three-photon probing have a bound character andesponse function, the transient was deconvoluted by a decay
the predissociation takes a relatively long time in order to reduce signal with a 70-fs lifetime, which reflects the transition-state
the initial alignment. dynamics of ICN*. This lifetime can only be obtained by
The dissociation dynamics was selectively resolved by sampling all transition-state configurations through this probing
performing the gating experiments. The parent mass transientscheme. By gating the high velocities 6fKETOF distribution,
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Figure 13. (A, B) Transients obtained by collecting alt Isignal
corresponding to the pump polarization parallgl € 90°) and
perpendiculary = 0°) to the probe, respectively (ICN reaction). Both
transients are fitted by one component from the transition-state
contribution (70-fs lifetime) and a shift, rapid rise from the neutral
ICN dissociation, as in Figure 12. (C) Transients obtained by subtraction
of the shift rise component from (A) and (B). Both transients represent
the decay dynamics of the transition state with the different pump
probe polarization combinations. As predicted from the theory, the
signal from the parallel is 3 times larger than from the perpendicular
one.

150 < v, < 300 m/s and 380G v, < 580 m/s for I* and I,
respectively, we obtain the dissociation times for forming the
I* and | products, as shown in parts b and ¢ of Figure 12,
respectively. Both transients include a contribution from
fragmentation around = 0. Therefore, these two transients
were fitted by a (coherent) delayed rapid rise, which are shown
in parts d and e of Figure 12 for I* and |, and a decay component
(70-fs lifetime) from the transition state. The I* atoms were
born after 220 fs from time zero, and the | atoms take 185 fs to
be liberated. Although the rotational dependence of the
dissociation times was found, both from the experinféraad
theoretical calculation® the observed 220 fs here for I* and
185 fs for | represent the average dissociation times for
rotationally populated CN fragments. The longer dissociation
time for I* is consistent with the smaller terminal speed.

We also gated the total"| KETOF distribution, that is

Zhong and Zewail

obtained (Figure 13C). These are purely from the probing of
the transition state ICN*or different polarization combinations.
With the pump polarization being parallel to the probe polariza-
tion, the transition-state transient is 3 times larger than that when
the pump polarization is perpendicular. This observation is
completely consistent with the theoretical predictién.

(3) CHs—I: Translation and Vibration Motions The dis-
sociation dynamics from the A-band absorption (0 o*
transition) has been extensively studfed* and new insights
have been gained. The dissociation steps are

CH,l 4+ hy — [CHge++I[* * — CHy + I¥/1 (11)
Various experimental techniques such as PF%|R emissioR®
and absorptioit REMPI-TOF28:62 Ramar* photofragment
imaging®® and ZEKE? have been used to resolve the product-
state distributions (rotational and vibrational) and branching ratio
of I*/I and to address the nonadiabatic interaction during the
dissociation. For the wavelength we used (277 nm), only one
electronic state3Qo+, is mainly excited through a parallel
transition, as observed in ICN, which dissociates to;@Hd
I*. The observed | atoms suggest significant nonadiabatic
interactions betweefQo+ andQ; states during the course of
dissociation because the latté®; state, correlates to the GH
+ | asymptote by a perpendicular excitation.

Although some small excitation in the-<E& symmetric stretch
(v1) of the CH; fragment has been reported, only the umbrella
mode ¢,) of CH3; was found to be strongly excited in either
the I* or | dissociation channel. This is consistent with the
structural change, from being with nearly tetrahedral angles in
CHGsl to being planar in Chl The rotational distribution for
motion about the axis perpendicular to gaxis of the CH
fragment is relatively hot in the | channel but very cold in the
I* channel. Kinsey and co-workérshave concluded from their
resonance Raman spectroscopy experiments that during the
dissociation the €1 bond extension initially takes place to some
extent before the subsequent umbrella motion starts. The
dissociation time estimated by photofragment anisotropy mea-
surement$> picosecond real-time studi€sand Raman scat-
teringP* of dissociating CHl is less than 500 fs.

Theoretically, Shapiro and Bersdfisuggested a model that
considers a linear, pseudotriatomic molecule; the umbrella
motion of the CH moiety was approximated by a stretch motion
between C and g Both quantum and classical-dynamical
studies based on this model have produced promising ré&fs.
Very recently, an ab initio 6D (all coordinates except the three
C—H stretchesy and full 9D PES% have been reported by
Morokuma and co-workers. These potentials were used to
perform classical trajectori€8;13D-wave-packet dynamicg,
including rigid bending of B—C—I, and 5D-multiconfiguration
time-dependent Hartree method calculatiéhg he results are
in good agreement with various experimental observations.

The rotational excitation in the | channel is closely related
to the shape of the PES with respect to the bending angle outside
the conical intersection 0iQp+ and'Qy, that is there might
exist a small well for théQ, surface near the linear geometry.
The vibrational excitation is determined by the shape of the
PESs with respect to the umbrella angle and its coupling with

collected all signals. The transients are shown in parts A and the G-I coordinate. ThéQo+ surface has a shallow well (1710

B of Figure 13 with the corresponding pump polarization parallel
(x = 90°) and perpendicular(= 0°) to the probe polarization,
respectively. By subtraction of the contribution of the final

cm™1) along the reaction €I coordinate at 3.3 A. The observed
hotter vibrational excitation in the | channel is due to the sudden
change of the reaction coordinate fré@. to 1Q; at the conical

iodine products (the contribution should be the same for theseinteraction. The quantum-wave-packet calculations gave a 75-
two cases, as observed in the experiment, and is independents dissociation time for a €1 separation of-5 A.72 Here, we
of the pump or probe polarization), the residual transients were are able to clock the femtosecond dissociation dynamics.
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Figure 14. (A) Femtosecond-resolved KETOF distributions from CHl dissociation ay = 0°. The signal at early times results from excited
CH;sl* fragmentation. After 600 fs, the distribution is unchanged. Unlikantl ICN, all distributions are similar in shape. (B)XETOF distributions
from the differenty’s at 6-ps delay time, which shows a pure parallel transition for excitation of @277 nm.

The femtosecond-resolvetl KETOF distributions are shown
in Figure 14A § = 0°) and the angular (polarization) depen-

dence g) at the 6-ps delay time is in Figure 14B. All+s v, (D)
KETOF distributions extend to, ~ +600 m/s and have double i/ o
peaks. Unlike 4 and ICN, the excited ionic potential surface S

reached by three-photon probing is similar to the neutral one ©

and is repulsive around 15 eV (5.46 eV above the ground-state
CHzl™), that is, the ion fragmentation is very prompt, although
the distributions from the transition state have broader peaks
and lie closer ta, = 0. The predicted;, value by absorption

of three probe photons at= 0 is +791 m/s, larger than the
observed value. Therefore, some portion of photon energy is
converted to the electron kinetic energy. The-KETOF
distributions show no change after 600 fs, which means the
termination of the bond breaking.

The product speed distribution is derived from the measured
It KETOF distribution at the magic angle and taken at times
after the bond breaking. The result is shown in Figure 15, also 4 2 0
with the c.m. translational-energy distribution. The first peak
is measured to be at410 m/s, and this speed corresponds to
the spin-orbit excited-state I* dissociation channel. The second
peak located at~530 m/s corresponds to the ground-state |
dissociation channel. If all available energy is channeled into
translational motion, the expected speeds do reach the limit
values indicated by the arrows in Figure 15 (440 m/s for I*
and 587 m/s for I). The average translational energy release

P(E;)

10 8 6 4 2 0

(ErJE,y is found to be 87% for I* and 81.7% for I. The I* 40'00' : 80'(; : '12(‘)00' - '16(')00' : ‘20(')00
guantum yield is measured to b&5%, which agrees with the
values reported by othe?8%6 When the translational-energy E/*® (cm’)

release_ls known, the Interna! energy dlstrlbu'_tlon Of?mdn Figure 15. Speed distribution derived from the magic-angl&ETOF
be obtained. The corresponding umbrella excitation is marked gistribution at 6-ps delay time (GHreaction). Both I* and | channels

in Figure 15; for the I* channel, the vibrational peak distributions are identified and reach their speed limits (see arrows on the upper
arev =1, 2, and for the | channel, the peaks shiftte- 4—5. panel). The c.m. translational-energy distribution with the corresponding
These observations are consistent with those reported by Lee’svibrational excitation of Chlumbrella mode is shown in the lower
groups but 1-2 quanta higher (for the | channel) than the results Panel.
reported in ref 58. observed | atoms are not from the direct excitation ofQe
From the speed distribution and the KETOF distribution, state (perpendicular transition afids —1) but are instead from
obtained at the parallel polarization, we deduced the anisotropythe initial 3Qo+ state (parallel transition) followed by a transition
parameter3 ~ 1.85 at 277-nm excitation, which is in good through nonadiabatic interactions to th®; state. Fromp,
agreement with the values reported by Bersohn (E8dhuston Bersoh8® deduced a lifetime of 70 fs. As shown below,
(1.8)28 Crim (1.9)°8 and others$? This also confirms that the  femtosecond clocking gives a 125-fs dissociation time.
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Figure 17. Schematic representation for the mechanism of direct-mode
and complex-mode reactions.

CeHel + hw — [CgHg+I]* * — CoHg + 1 (1%) (12a)

— [CHs—1* F — C4Hs + | (12b)
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At the wavelength we used (277 nm), two stétese excited

) . ) o ) simultaneously: one is a repulsive () excitation in the C-I
F|gur+e 16. (A) Transient obtained by monitoring the S|gnal_ of 'the_ bond and the other is a bound, (z*) benzene-ring excitation.
CHsl* mass channel. By measurement of the response function in situ Through time-velocity correlation during the dissociation, we

(dashed line in C), the signal is best fitted by a single-exponential decay . ) .
with a lifetime of 40 fs. (B) Transient obtained by gating the high are able to separate the two dynamical channels: a direct-mode

values (500< v, < 380 m/s) and fitted by a small decay component dissociation (eq 12a) due to the-Crepulsion and a complex-
with a 40-fs lifetime and a shift, rapid rise. (C) Transient with a 125-fs mode; electronic predissociation (eq 12b) arising from IVR in
coherent shift obtained by subtraction of the small decay signal from the benzene ring, which drives energy to thel@oordinate.
(B). Previous studies of the dissociation dynamics of 1Bz have
) ) o ] been obtained from the PTS and resonance Raman scattering
_The temporal transient is shown in Flgure 163 by gating the experiments. Bersohn’s grothg® has measured and found
high v, values (500= v, = 380 m/s). This transient includes ;15 phe lower than those observed for alkyl iodides, suggesting
a small component from the excited gl fragmentation (f the presence of a predissociation channel. El-Sayed's &roup
+ CHjy), as in the cases of Bnd ICN. The total parent mass  jntroduced a state-selective method to determine the spatial and
signal is also gated, and the resulting transient is shown in Figureye|ocity distributions of the nascent ground-state iodine atoms
16A, which reflects the transition-state dynamics. By measure- ;sing nanosecond lasers. Two distinct iodine velocity distribu-
ment of time zero and the response function in situ, a 40-fS tions were observed. One is a high velocity, narrow distribution
lifetime was deduced from Figure 16A. The result of Figure that exhibits a high anisotropy. The other is a low velocity,
16B was then uniquely fitted to a rapid-rise component with & proader distribution accompanied by a lower averaged aniso-
125-fs coherent shift, as shown in Figure 16C, and a small {ropy. Kinsey’s groug? for excitation to the B continuum,
portion of the 40-fs lifetime transition-state signal. No attempt rejated the Raman profile and its change to the initial dynamics
was made to separate the I* and | channels. The 125-fs gng the activity of modes.
dissociation time is longer than the values deduced fromBthe Measurements of the anisotropy give a limit figfac being
measuremeft and the quantum-wave-packet calculatiéhs. |ggs or comparable ta., the average rotational time of the
Measurements of the anisotrop§) (are sensitive only to the parent molecule. Ifeac> 1o, the intermediate or long time
initial force (short distances), while real-time measurements dynamics is difficult to obtaif* Moreover, as pointed out by
probe the nuclear separation when fragments become free frO”EI-Sayed et.all® if IVR precedes G-I bond breakage, then
the force field of each other (dissociation time). inference can only be made provided tjfatan be related to
B. One-Bond Breakage: Complex-Mode ReactionsThe the IVR process. Bersohn’s studygave an upper limit ofeac
three systems 4J] ICN, and CHI) presented in the above based on of IBz as a clock. El-Sayed’s grotfpassigned
sections all involve direct-mode reactions in that the initial the high-velocity distribution to the rapid dissociation on the
preparation is to a repulsive surface (or weakly bound surface). (n, 0*) surfaces and the low-velocity component to the predis-
In other words, the energy is directly deposited into the bond sociation of thel(r, 7*) state. Using the molecular rotation as
that breaks and the system has no time to involve the multimodesa clock, they were able to deduce a time scale for the 1Bz
of the complex in coordinates other than the reaction coordinate dissociation: the (ng*) states dissociate much more quickly
(see Figure 17). In this section, we study another case, complex-than the molecular rotation, whereas the predissociation in the
mode reactions, using iodobenzene as an example. 3(r, m*) states takes place on a time scale comparable to the

Reaction Time (fs)
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Figure 18. Femtosecond-resolved IKETOF distributions for the /
dissociation of iodobenzene at= 0°. The shading intensity is roughly
proportional to the ion signal, for clarification purposes. The distribution
only extends tat-800 m/s at the early delay times and react&60
m/s at the later times. After2 ps, the distribution remains unchanged. .
Note that the signal aroung = 0 grows more slowly than that of the it P R . .
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time scale of the molecular rotation. Here, we are able to Figure 19. (A) Transient obtained by gating only the high-velocity

dire(;tly clock thgse two dissoci_ation channels and focus on the 680 < 1, = 960 mis) component of the* IKETOF distribution

studies of resolving the translational energy on the femtosecond jogobenzene dissociation). A 400-fs coherent shift from time zero is

time scale to separate the two reaction pathways and toobserved. The system response function (dashed line) is shown. Note

characterize the dissociation dynamics. that no ion-fragmentation signal was produced at this high velocity.
Figure 18 shows the"IKETOF distributions ¢ = 0°) taken (B, C) Transients obtained by collecting the medium- (200, <

at different delay times. In these experiments, a small dis- 960 M/s) and low- (G »; = 270 m/s) velocity ion signal in the KETOF

crimination aperture (5 mm) was used in front of the MCP glitnbutlon. A small contribution from ion fragmentation aroundr_ _

S . . as been subtracted from both transients. Note that the transient in

detector to eliminate the ions withy > 110 m/s and to enhance () ith the higher velocities appears earlier than the transient in (C)

the kinetic-energy resolution. At earlier delay times30 fs), with the lower ones. The transient in (B) has-400-fs coherent shift

the KETOF distribution extends te, = +800 m/s and is from time zero, and the transient in (C) has a 550-fs rise (see the text

symmetric around, = 0. As observed inj and ICN, the for details).

excited ionic states probed by three-photon absorption have a

bound character around 14.43 eV (5.7 eV above the ground-with different kinetic energies can be separately observed in

state IBZ). The expected value ig, = 1387 m/s from the this fs—KETOF experiments.

three-photon probing. Therefore, some portion of photon energy  When only the high-velocity (70& v, < 960 m/s) iodine

is converted into the electron kinetic energy. At later times signal is collected, the transient exhibits a very rapid rise with

(~2 ps), the KETOF distribution stays unchanged, showing a a coherent 400-fs shift (not growing) from the zero-of-time, as

double splitting and reaching, = +960 m/s, the limit shown in Figure 19A. The contribution from the ion fragmen-

determined by the total available energy for the | channel.  tation at the earlier delay time was found to be negligible. The
Clearly, the transition is a parallel type and the | channel is observation of the coherent delay is a manifestation of the wave-

dominant. If the PESs are similar to those of the alkyl iodides, packet motion on the repulsive PES, as observed,ihCN,

the | channel results from the nonadiabatic interaction and this and CHl, and establishes the assignment of the high-velocity

coupling is very strong. The high-velocity iodine atoms peak component to the direct dissociation of the-Ibond through

at 820 m/s, which corresponds to 73% of the available energy the (n, o*) excitation. The delay time therefore reflects the

channeling into the translational energy and 27% into internal dynamics of the phenyliodine bond breakage on the (o)

excitation of the phenyl radical. The KETOF profiles at long potential surface.

delay times are very similar to those observed by El-Sayed’s When the medium (29& v, < 560 m/s) and low (& v, <

group’® using nanosecond lasers. With femtosecond lasers, we270 m/s) velocities of iodine atoms in the KETOF distribution

can see the KETOF evolution during the dissociation. The are monitored, the transients, after subtraction of the contribu-

lower-velocity (<550 m/s) iodine atoms appear later than the tions from the ion fragmentation, are shown in parts B and C

high-velocity (~800 m/s) ones. When the intensity of a certain of Figure 19. The buildup of these transients is slow (not

portion of the I KETOF distribution is monitored while the  coherent), reaching their plateau values at about 1.3 and 2.2

delay time is scanned, the dynamics of iodine atom formation ps, respectively. These features can also be seen in Figure 18
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of the phenyl systemtf* in Figure 20). After a certain time,
the energy flows back into the-@ coordinate (¥) with less
available energy for dissociation. Our experimental results are
consistent with this dynamical picture. By detecting the final
product of | atoms, we observed a timeelocity correlation
for this indirect dissociation: the low-kinetic-energy iodine
atoms build up more slowly than the medium-kinetic-energy
ones, as shown in parts B and C of Figure 19. The 550-fs rise
time reflects the overall rate from the restricted IVR and bond-
breaking process. The400-fs delay time is the minimum time
for the G-I bond breakage even though enough energy has
already been accumulated in the reaction coordinate-of, C
as observed in the direct dissociation of thel®ond by o*
— n excitation.

Besides the vibrational coherent motion depicted above, we

e have also considered the rotational motion of the parent
Figure 20. Schematic drawing of the excited bound- and repulsive- molecules in relation tareq, Since the initial anisotropy created
state PES¥(z, *) and V(n, o*), respectively, illustrating the time by the pump laser pulse can, in principle, be rapidly destroyed
velocity correlation during dissociation in iodobenzene.tAt 0, a by rotational dephasing. Specifically, we performed experi-

wave packet is created on gz, %) surface by absorption of one  mants at two rotational temperatures, 10 and 300 K, and found

pump photon. Att;*, enough energy flows into the-@ coordinate . L . .
through IVR and the €1 bond is broken with high total available that the transients do not show significant differences. Since

energy. The observed KETOF signal has a large-velocity distribution ~ the rotational coherence timeg)differ by a factor of 5.5 for
and high anisotropy. The-€l stretching motion can also couple with  these two extreme temperatuféshese experimental observa-
other bath modestf). After a certain time, the energy flows back to  tions suggest that rotational dephasing does not play a significant
the C-I coordinate and the €l bond breaks with low total available role. This is consistent with the fact that the dynamics involved
energy t5°). The resultingt KETOF shows a small-velocity distrioution  pare are faster than (74300 K) = 1.1 ps and((10 K) = 6.0
and low anisotropy. ps). However, it should be noted thatzifac = 7., then the
rotational dephasing has to be considered, especially for the
initial dynamics>®

C. Two-Bonds Breakage: Sequential Processesiere, we
studied a reaction involving multiple-bond breakage by deposit-
ing enough energy into a system with twe-Cbonds. The
guestions then are the following: What are the time scales and
what is the mechanism, concerted or sequential? A typical
system is that of a general class of halogen-atom elimination
in many organic reaction€. The reaction we studied involves
the following steps:

under careful examination. The medium-velocity iodine atoms
appear earlier than the low-velocity ones. The transient (not
shown) obtained by monitoring both the low- and medium-
velocity components together exhibits a near-single-exponential
buildup with a rise time of 550 fs and a delay time~e400 fs.
These observations indicate that the low-velocity(0v, <
560 m/s) iodine atoms come from an indirect dissociation
channel. The 550-fs rise time reflects the overall rate of the
reaction starting from the phenyl-type modes and ending in final
C—I fragmentation.

At our pump wavelength, excitation of the phenyl system is _ T~ PN
to the3(x, r*) state, which has a significant oscillator strength IFCCR) 4w = [l CR,~CRl

because of the presence of the heavy iodine atoms. The optical I*/l + C,F,I" (13a)
excitation to the¥(rr, 7*) state attp is not expected to deposit
appreciable vibrational energy into the reaction coordinate, since C2F4IJr — F,C=CF, + | (13b)

the C-I bond is, in zeroth-order, nearly unaltered upon
excitation. Figure 20 schematically illustrates this dynamical Previous studies of this reaction with picosecond resol6fith

process. With this high vibronic energy in ther, 7*) phenyl revealed that this two-center elimination is a two-step, noncon-
ring modes, the wave packet spreads rapidly among vibrationalcerted process involving the intermediatgF4’.
modes and the €I mode can quickly become activatedtgt The time scales for the two bond fissions are 2 orders of

through IVR. This is then followed by a coupling to the magnitude different; the primary bond breakage, reaction 13a,
repulsive (n,0*) surfaces, leading to the cleavage of thelC  takes several hundred femtosecondS(O fs), but the secondary
bond. For a given total energy, the coupling strength between elimination takes 3670 ps depending on the excitation energy.
V(z, 7*) and V(n, 0*) determines the probability of this  The former is due to the direct repulsive ¢F) excitation in
nonadiabatic transition. Theoretically, this can be treated as athe G-I bond, while the latter elimination, reaction 13b, is
Landau-Zener avoided crossing. If the initial IVR is complete, directly governed by the energy redistribution and the rate of
that is, the total energy is distributed among all vibrational bond breakage of £4T. The PTS experiment$at 308 nm
modes, we can, in principle, calculate the dissociation rate by from Lee’s group gave a7.1 + 2.5 kcal/mol barrier for the
RRKM theory, combined with the nonadiabatic transition dissociation of the intermediatelelt. Here, with femtosecond
probability, and the observed transient describes two sequentialresolution and from measurements of the time evolution of
processes determined by IVR and RRKM rates. products, the produetvelocity distributions and the recoil
However, in our case, the observed 550-fs rise time is so anisotropy, the reaction dynamics and mechanism are micro-
fast that the initial IVR is expected to be incomplete, that is, a scopically elucidated.
restricted process (the system has 30 vibrational modes, and The " KETOF distributions for the parallel(= 0°) and
RRKM rates would be relatively smaller). If the dissociation magic-angle ¥ = 54.7) excitation are displayed in Figure 21
rate is comparable to the IVR rate, the activatedl @node for 1- and 600-ps delay times. For the magic-angle KETOF
can also redistribute its energy to the surrounding bath modesshape at 1 ps, the velocity distribution is essentially flat, as
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Figure 21. It KETOF distributions (1,2-diiodotetrafluoroethane
elimination reaction) for two typical delay times of 1 and 600 pg at
= 54.7 (top) andy = 0° (bottom). The difference of each of the two
KETOF distributions (solid line) represents the contribution of the
secondary iodine bond cleavage. The clear double peaks offthe |
KETOF distributions ayy = 0° show a pure parallel transition with a
very high anisotropy.

predicted by theory for a direct femtosecond dissociation, similar
to those observed i;land CH. Indeed, this distribution
reflects the primary €1 bond breakage. The earliet KETOF
evolution of the first bond breakage arounet O is the same

as that observed in,lICN, and CHI, but here we focus on the
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Figure 22. Transient obtained by gating the slow-velocity250 <

v, < 250 m/s) portion of the'l KETOF distribution at the magic angle

as a function of the delay time §Eil, reaction). The slow-rise signal
results from the secondary iodine bond breakage with a 25-ps lifetime,
and the initial rapid rise is due to the primary iodine bond cleavage
with a ~200-fs lifetime. Three structures are shown on the top to
indicate the reaction: prior to the femtosecond excitatiof, @fter

the primary bond breaking™j, and when the final eliminatiorty is
reached.

with the biexponential transient behavior in Figure 22; the first
“rise” (~200 fs) is due to the primary elimination. From
measurements of the polarization dependence of tK&ETOF
distribution (parallel vs magic angle), we also deduced the
anisotropy parameter: 298 5 < 1.9. The value is close to an
ideal parallel transitiond = 2.0), that isthe transition moment

is parallel to the &1 bond direction, and again is consistent

difference between the first and second bond fission. Atlonger with the observed prompt elimination process being caused by

times, the distribution displays a buildup of intensity arownd

~ 0, shown at 600 ps, reflecting the process of the secondary

C—1 elimination. The intensity difference for the two reaction
times is also shown in Figure 21. A similar conclusion is
reached for thg = 0° results. To obtain the complete temporal
behavior, we gated the slow-velocity portion of the distribution
(=250 = v, = 250 m/s) at the magic angle while varying the

delay time. The biexponential rise of the femtosecond transient,

shown in Figure 22, gives the two distinct reaction times for

the two steps of €1 elimination: t; =~ 200 fs andr, = 25 ps,

consistent with the behavior of the KETOF distributions.
From the magic-angle"|KETOF distribution, we obtained

the repulsive force.

In the primary C-1 breakage, we observe that the I* and |
branching is 0.7 and 0.3, respectively. This branching is similar
to that observed in the GH1:55°57 The speed distributions
do reach the limiting values determined by the total available
energy for both I* and | channels (1100 m/s for I* and 1460
m/s for I). The average translational-energy reled@SeélE,,
for each channel is found to be 59% for I* and 67% for I. Both
translational-energy distributions are broad, and the full-width
at half-maximum is 8.5 kcal/mol for I* and 19.5 kcal/mol for
I. Theoretically, we predict that 86% of the available energy
should appear as translation for a rigid radical (no vibrational

the laboratory recoil speed distribution of iodine atoms at 1-ps excitation) following an impulsive bond breakage; for a “soft”

reaction time (Figure 23a). Two distributions, which peak at
850 and 1200 m/s, were obtained for the primary elimination,
corresponding to the formation of the product in both spin
orbit states, I* and I. This is a characteristic of alkyl halide
bond breakage with femtosecond dissociation titheghe large

radical, we obtained 13%. Our experimental values are more
toward the rigid-radical limit.

The secondary elimination dynamics have a different reaction
time and velocity characteristic but surprisingly similar recoil
anisotropy. After the femtosecond primary elimination, the

translational-energy release in such a short time excludes theobserved 25-ps rise of the | atom (Figure 22) represents the

possibility of breaking two €l bonds concertedly. The
excitation energy is 103 kcal/mol, and if two bondeH ~ 59
kcal/mol for the | channely are involved, no such translational

time scale for energy redistribution to deposit enough energy
in the reaction coordinate of the intermediate JCFCF,]' to
break the second-@l bond. This is consistent with the previous

energy can be produced. This conclusion is entirely consistentpicosecond studies and is further supported by the observation
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Figure 23. (a) Recoil speed distributions of iodine from the primary and secondaiyb@nd breakage deduced (and smoothed) from the magic-
angle I KETOF signal for the 1- and 600-ps delay times, respectivelff{greaction). Both | and I* channels are present from the primary bond
breakage and reach their speed limits. The second iodinlecteavage only produces the ground-state | atoms because of energetics. The two
arrows in the secondary speed distribution (bottom) indicate the peak speeds of the dissoghatiragd©als produced from the I* and | channels.

(b) Schematic representation of the velocity-distribution evolution during dissociation, illustrating the observed high anisotropy fondaeyseco
iodine atom. Att", the c.m. velocity ) of the GF4l radical is obtained from the impulsive primary-Cbond breakage. At, the high-activated
radical dissociates into£, and |, producing a small, isotropic velocity distributiom)(for the secondary | atom in the c.m. frame. Finaly, the
observed laboratory velocity distribution for the secondary | atom is addition of the two velociedw. Becausev is very small compared with

v, the final velocity observed is dominated fy(c, upper panel) c.m. translational-energy distribution from the primary iodine bond breakage at
1-ps delay time. This is composed of two components from the I* and | channel. (c, lower panel) Internal-energy distributiongFaf tadi€ls
resulting from the I* an | channels, obtained by subtraction of the c.m. translational energy from the total available energy. The deducedidecomposit
threshold is also indicated, and theFg radicals with internal energy larger thad, dissociate into €4 and | (see the text for details).

of the broad speed distribution of | atoms from the secondary  The velocity distribution for | atoms from the secondary bond
elimination (Figure 23a). breakage ¥ = 0° of Figure 21) shows a very high angular



Femtosecond Probing of Reactions J. Phys. Chem. A, Vol. 102, No. 23, 1998049

T tf o o o © is negligible in our case because we did not observe the 475 or
) Q ( 0?}\3; G0 3@;@0 670 m/s peaks in the speed distribution at 1 ps; these two values
® o @

; are the laboratory peak speeds ofFg" from the I* and |
@ channels, respectively, after the first bond breakage. The
weakness of the second—C bond is due to a concerted
electronic path that breaks the-Cbond while forming a new
C=C x bond, in contrast with the primary elimination, which
only involves C-1 cleavage. This weak €l bond energy in
the GF4l radical can be estimated froDo(C—1) — Do(C=C)

~ 8 kcal/mol®! With this AH value and the fact that | addition
to C=C is endothermic, our value of theffectve barrier
(potential + centrifugal) is consistent with being larger than
~8 kcal/mol.

~82 kealimal Considering the decomposition threshold-e15 kcal/mol
(see Figure 23c), the dissociatingFgl radicals resulting from
the primary I* and | channels have two peak speeds at 435 and
670 m/s (arrows in Figure 23a, bottom), respectively. The recoil
Reaction Coordinate > speed distribution of the secondary | atoms shows two peaks at
Figure 24. Schematic diagram of the reaction path for the two-iodine ~435 and~800 m/s. These peak values of thgFg radical
E"”I"Satig” frohm Q?ﬁ Aftt)er the imp“'s?"le diSfS.OCia“_O” fo_rr:hebﬁrSt -, and the secondary | atom, resulting from the primary I* channel,
vibrat%r:\al([c})e,;ci?a%oé tg‘ gg;nag ac;FeFCrlgdiC:aTslg(lirgg%V\g;sz trhoea are the same. Thi§ e_qua_1|ity supports the previous description
decomposition barrier~15 kcal/mol) through a process of-C of the secondary elimination process. However, the values for
stretching and €C shrinking ¢*) to break the second-& bond and the | channel differ by 130 m/s (800 vs 670 m/s). Besides the
make the &C bond ). The final products are two iodine atoms with  expected~670 m/s peak distribution for the secondary | atoms,
difluoroethylene. The other (70%) radicals stay in the ground state. j; appears that a higher speed componer&Qd0 m/s) is part of
The corresponding structures at different stages are illustrated at thethe distribution that reflects a faster dissociation of the

top. . . . . . . . .
P intermediate with higher internal energies, possibly in a non-

anisotropy and the deduced anisotropy paramgieis(~1.9, thermal distribution.
nearly the same as that for the primary bond breakage. Since After detachment of the I atom fromEql; in ~200 fs, the
the rotational time of the £,| intermediate is estimated to be  CoF4l is born with high activation energy. Figure 24 illustrates
between 2 and 8 ps, shorter than the observed 25-ps reactiorihe dynamical process along the reaction coordinate for this
time, the secondary elimination produces an isotropic, small system. Att, a wave packet is initially excited on a repulsive
speed distribution of | atoms. The addition of this small velocity surfaceV(n, o*). In about 200 fs, one of the €I bonds is
to the large velocity of the c.m. of the;Eyl radical does not impulsively broken and the ££41 is created in special distribu-
destroy the initial { = 0) alignment; that is, the anisotropy of tion on a time scale shorter than that of vibrational motion(s),
the secondary process “remembers” the primary elimination prior to IVR and reactivity. The femtosecond-activated, vibra-
anisotropy and is determined mainly by the larger c.m. velocity tionally hot GF4l radical has a broad internal-energy distribu-
of CoF4l (see Figure 23b). Thus, even though the measured tion (t"). Two points should be emphasized here: (1) after the
anisotropy is very high, it does not reflect the long-lived state first impulsive G-I bond breaking, the internal energy is initially
of the intermediate and it would have erroneously predicted a |gcalized in the CF side, not being distributed among all
short-lived intermediate. vibrational (rotational) modes in GFCRl; (2) the IVR process
The c.m. translational-energy release for the first bond may not follow the statistical behavior due to the initial special
breakage and the resulting internal-energy distribution of the configuration of GF4*. This dynamical entry of the transition
CoF4l intermediate obtained from conservation of energy are state is very critical to any nonstatistical behavior, as also

shown in Figure 23c. Th&(E)) distributions are broad with  ghserved in recent experiments involving dissociation of cyclic
peaks at 12 and 17 kcal/mol for the primary, I*, and | channels. ketones$?

Senondany dimination s Comenad siih e 16l primary toding. /AL e saddle pointt), the G-1 bond stretches and the
Y P P ry bond shrinks. The dissociation barrier is determined by the

~ 0 i i i i i
product, only~35% of the intermediate dissociates inteFg concerted breakage of theC—1) bond and the making of a

and I. FromP(E)) vsE, in Figure 23c, we therefore deduce an o - - I .
activation energy of-15 kcal/mol; the area under the distribu- m(C=C) boqd. Given th(':.NlS kcal/.moll dlsgoglatlop barner
and assuming the rotational excitation is inactive during

tion function of E greater than 15 kcal/mol is about 35% of the ©, o . . . o
total one. This indicates that a small portion obFg dissociation, RRKM calculations of the radical-dissociation rate

dissociates when it is created from the I* channel, while a large 90 give the picosecond tiT? scale, but deviations still exist. So
fraction decomposes if the | channel is involved: the secondary the initial IVR in CR,CFI" is not akin to complete thermal

elimination only produces ground-state | atoms because of thePehavior on this ultrafast time scale, and this is consistent with
energetics. the observation of the 800 m/s peak speed from the secondary

The deduced dissociation barrier (15 kcal/mol) is greater than i°din€ atoms (Figure 23a).
the value, 7.1t 2.5 kcal/mol, reported from the PTS experi- By employment of a femtosecond pulse to activate a reactive
ments’® The difference may be due to the difficulty in species through the breaking of one chemical bond or detach-
separating the I* and | channels, and the very broad | distribution ment of one atom in such a short time, the resulting internal
at 308-nm excitatiorl® Moreover, the stimulated dissociation energy may be localized in some vibrational states or bonds.
of the intermediate, which was observed in the PTS experiments, The species is then made selectively at a special configuration.

W(EY)

~ 15 keal/mol
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Figure 25. Schematic contour PES map at a linear configuration with
two typical trajectories for the two-body and three-body dissociation.
The wave packet is prepared on a steep repulsive wall right above the

saddle point. The final products are shown in the two inserted panels. 841 fs

?

This suggests some opportunities for investigating nonstatistical
dynamics, including selective reactions even in the presence of
IVR.83

D. Two-Bonds Breakage: Saddle-Point Transition States Ofs
In this section, we extend our studies to the case of ABA (IHgl)
reactions, which define a saddle-point transition state. The
dynamics involve two nuclear coordinates, symmetric and s T
asymmetric stretches, besides the bend motion. The reaction -3000 1500 0 1500 3000
is

Velocity (v,, m/s)

IHg!l + hy — [I-+-Hg---I]* . I*/l + Hgl(X) (14a) Figure 26. Femtosecond-resolved" IKETOF distributions from
dissociation of IHgl aty = 0°. The signal at the early delay time is
— 1%l +Hg+ 1 (14b) from excited IHgl" fragmentation, and the distribution stays unchanged

after 6 ps. Note the dramatic change of the KETOF shape and the

At 277-nm excitation, the complex involves the three types of velocity-limit change with time.

motion on both the I* and | PESs: the asymmetric stretch, which

leads to I*/1 + Hgl(X: v) formation; the symmetric stretch, classical dynamics. Near the saddle point, chaotic behavior was

which gives I*/l + Hg + | products; the bending motion of  observed. Tannor and co-work&sproposed control of the

I—Hg—I, which is important for the rotational excitation of Hgl- ~ branching of the two-body and three-body dissociation using

(X: J) and for changing the molecular initial alignmey) ( sequences of optical pulses.

The wave packet is prepared well above the saddle pointand Here, we report femtosecond studies of the dynamics of both
the three-body dissociation (F Hg + 1) energy. Following the transition state and all iodine products. The results presented
the preparation, it spreads on the three-dimensional PES towardare all for one-photon excitation. This is done by carefully
final products. The final outcome includes the reaction paths examining the power dependence of the initiating pulse. Figure
14a and 14b, for both I* and | channels (see Figure 25). The 26 shows the time evolution of thé KETOF distributions at
energy distribution of 1*/l is very broad, and the Hgl(>¢, J) x = 0°. The magic-angle data and the corresponding speed
could be formed in all rovibrational levels extending to the distributions are shown in Figure 27. For near-zero delay time,
dissociation limit. a very broad distribution is detected; it extends to about 2900

From this laboratory, two femtosecond-resolved studies of m/s. However, at 6-ps delay time, the distribution terminates
Hgl, dissociation in the gas phase have been reported beforeat 1450 m/s with clear double pealgs<€ 0°). No further change
Oné*focused on reaction 14a by monitoring the Hgl formation was found after 6 ps. At longer delay times, the signal from
using the LIF method. Coherent product formation and high fragmentation of IHgt decreases and the speed distribution
rotational excitation of Hgl(X:v, J) were observed and studied. narrows. This exactly reflects the time evolution of the
In the same system, the solvation dynamics in solutions were transition state, as predicted in section Ill, for the dasg (to)
also studied? showing manifestations of vibrational relaxation > Eav(t;). The probed ionic PESs may include both bound and
and dephasing. The other std@involved the probing of the  repulsive states as evidenced by the earligKETOF distribu-
transition state by MPI and two-photon excitation dynamics. tion aty = 0°. At long times, the wave packet spreads out on
Reaction 14b has not been directly observed and studied. the global PES, and this results in a decrease of the signal. Also,

Theoretically, classical and quantum calculations have beenat these times, the drop of both the neutral and ionic potential
carried out by Gruebele et.&F,using an empirical damped energy causes the narrowing of the speed distribution*of |
Morse potentials, to simulate the experimental findings. Re- cations.
cently, Burghardt and Gaspdfdised the semiclassical methods The I speed of 2900 m/s at= 0 corresponds to 62314
of periodic-orbit quantization and equilibrium-point quantization cm~! of total available energy relative td H- Hgl. By energy
to study the transition-state dynamics at the lower-energy conservation, this value matches a four-photon probing. The
regime. A series of resonances is characterized with regularthree-photon probing gives a 1970 m/s speed limit fardtions.
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Figure 27. Femtosecond-resolved KETOF distributions ayy = 54.7

(IHgl reaction) shown on the left. The deduced speed distributions are OO%I | . L it | L L
on the right. Note the large change of the speed limits (shown by the '_1 ' 0 1 2 3 4 5 5
arrows), which reflects the time evolution of the total available energy

during dissociation, as discussed in section Il Reaction Time (ps)

PRI igure 28. (A) Femtosecond transient obtained by gating the high-
The broad speed distribution can be understood because botH\jelocity component of the*l KETOF distribution aty = 0° (IHgl

three- and four-probe-photon ionization of IHgltan access reaction). The transient does not show a single-exponential decay

many ion states and produce dations with different amounts  behavior and can be fitted by a biexponential decay with two distinct
of available energy. From O- to 841-fs delay time, the speed time constants:z;¥ = 230 fs andz,* = 230 fs. (B) Femtosecond

limit drops from 2900 to 2300 m/s while from 841 fs to 6 ps, transient obtained from detecting the Hgignal with a similar time

the limit value only decreases by 800 m/s (see the arrows in behavior ¢ = 200 fs andr," = 1.44 ps). Both (A) and (B) signals

Figure 27). This means that the transition-state species exhibits € from fragmeniatlon of excited IHghnd reflect the transition-state
. . 'dynamics of IHgl*.

at least, two different decay behaviors.

To obtain the complete temporal behavior, we gated the high- completion of reactions 14a and 14b. This picture is further
velocity portion of the T distribution (-2900 < », < —980 supported by the product-detection experiments, which are
m/s) aty = 0° while varying the delay time. The result, shown discussed below.
in Figure 28A, does not show a single-exponential decay The " KETOF distribution after 6 ps is unchanged and is
behavior. The femtosecond transient can be fitted to a biex- sensitive to the probe wavelength. This indicates that the
ponential decay with two distinct time constants? ~ 230 fs observed 1 signal results from the neutral I-atom ionization.
andr,* ~ 1.32 ps, consistent with the observation of the KETOF This also excludes the contribution from the Htfragmenta-
evolution. We also measured the temporal behavior of,Hg tion even though Hgl is one of the products. The deduced speed

which also results from fragmentation of excited IHdHg* distribution from the magic-angle data is shown in Figure 29.
+ 1 +1). Asimilar transient was found with two time constants, The speed distribution mainly consists of two components. One
7, ~ 200 fs andr,* ~ 1.44 ps, as shown in Figure 28B. is from the reactions 14a and 14b for the I* channel, that is,

The observed, first-200-fs decay represents the time for the forming I* + HgI(X) and I* + Hg + I. The ratio of the
movement of the wave packet out of the initial Fran€ondon reactions 14a to 14b is close to 45%. The other involves the |
region. This rapid motion occurs because the packet experienceshannel giving I+ Hg(X) and I+ Hg + | as products. The
a strong repulsive force. Then it must pass the transition-stateratio for these two reaction branches is less than 40%. The
region near the saddle point and enters the valley of the productsratio for the two channels (I* and 1) is about 4:1, which is less
Since both Hg and | are very heavy200 fs is a reasonable than the early reported value from the quantum-yield measure-

time when compared with those of other systems? (65 fs), ment (~13:1)8°

ICN** (70 fs), and CHI** (40 fs). After 200 fs, some portion If all the available energy (15 101 crhabove I+ Hgl(X))

of the wave packet evolves along the valley of the products is converted to translational motion, the observed speed distribu-
I*/1 + Hgl(X) and the other makes an excursion to form H/I tion does indeed reach these limiting values (1000 m/s for I*

Hg + I. During this process, our probe pulses still can ionize + Hgl(X) and 1430 m/s for K- Hgl(X)). Figure 29 gives the
these “loose” transition-state species, and overall, they live starting speeds for the three-body dissociation: 796 m/s for I*
longer with a decay time constant 6fL.35 ps. This striking + Hg + I and 1289 m/s for H- Hg + I, where the vibrational
longer time of~1.35 ps represents an average lifetime for all excitation of Hgl(X: v) reaches the dissociation limi;2800
trajectories traveling through the transition-state region until the cm™. Considering the rotational excitation of Hgl(X) (assum-
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Figure 29. Speed distribution for the final neutral iodine atoms deduced
from the I" KETOF distribution afy = 54.7 for the 10-ps delay time
(IHgl reaction). The recoil iodine speed distributions from the corre-
sponding two-body and three-body dissociation for both | and I*
channels are indicated. When the vibrational excitation energy of Hgl
(v) is equal to the dissociation limi-2800 cnt?, the three-body
dissociation begins.

ing J = 150 for the I* channelEgr = 634 cnt! andJ = 200

for the | channelfEr = 1125 cn1?),53 the speed values for I*
and | shift to 740 and 1228 m/s, respectively. For the three-
body dissociation, the translation-energy release to I*/I and |
highly depends on the structure of the transition state. For
example, assuming that the geometry of IHgi¢ linear and
that both Hg-I stretches receive the same translational-energy Reaction Time (ps)

deposition, the I* and | would have the same final speed of Figure 30. (A) Femtosecond transient taken by gating the slow-velocity
663 m/s from the I*+ Hg + | channel. On the other hand, the component of thefl KETOF distribution aty = 0° (IHgl reaction).

speed would be 1075 m/s for the | and | coming from the | The signal arountl= 0 results from excited IHdlfragmentation, which

Hg + | channel. If the IHgI* is bent by 80, the speed is 502 reflects the transition-state dynamics of IHglas observed in Figure
m/s for the I* .and | and 812 m/s for the 2. In fact, by 28. The delayed signal is from neutral iodine atoms. This transient was

. L repeated many times and is reproducible. (B) Femtosecond transient
examining the speed distribution, one concludes that the two gptained by subtracting the transition-state contribution from that in

iodine atoms have different speeds and that the two symmetric(a). This transient gives a coherent shift of 1 ps from time zero and
stretches do obtain different energy during dissociation. This increases rapidly at the beginning. Up to 2 ps, the signal reaches 70%
implies that the two Herl bonds take different times to break.  of the asymptotic value and then gradually rises to 6 ps (see text).

By performing the gating experiment of the& Whelocity
distribution (0< v, < 980 m/s) aty = 0°, we do observe the  data, we obtained an averaged anisotropy paranfeter0.5
multiple-rise-time transient shown in Figure 30A. The transient for the final iodine atoms. If we neglect the bending motion
exhibits a decay signal arouric= 0. After 1 ps, the signal  of IHgl in the ground state, the initial molecular geometry of
rapidly increases and then gradually grows to 6 ps. The transientlHgl is linear before the pump excitation. The relativistic ab
was independently repeated many times, and the results arenitio calculations on HgGl by Wad® predict that the first
reproducible. The initial signal decay reflects the contribution excited state is bent by80°—12C°. An analogous nonlinear
from the transition-state population, and the later rise clearly geometry for the first excited state is also expected forHgl
results from neutral | atoms, consistent with the observed Using magnetic circular dichroism, Mas8reoncluded that the
KETOF evolution. This rise signal, after subtraction of the initial absorption hasy,* andIl, character due to the strong
transition-state contribution, is shown in Figure 30B. The spin—orbital coupling, with a linear geometry description. This
transient is coherently shifted by 1 ps fran¥ 0 and increases ~ means that the initial excitation includes both parallel and
rapidly at the beginning. Up to 2 ps, the signal reaches 70% perpendicular transitions. According to our studyyafepend-
of the asymptotic value. The 1-ps coherent shift is the shortestencies, the excitation at 277 nm is a parallel transition. From
bond-breaking time for reactions 14a and 14b. After 2 ps, the the measure@ ~ 0.5, we obtain a-45° average angle of the
transient gradually rises to 6 ps, which indicates that the bond- final recoil velocity relative to the initial transition dipole. So
breaking time for the two Hgl bonds ranges from 1 to 6 ps  after initial linear absorption of IHgl, and because of the
for reaction 14b. This rise signal at long timesist a kinetic anisotropic PES of the excited state, the molecule proceeds to
behavior; instead, it represents superpositions of many coheren@ bending motion, together with the repulsive stretch motion.
shifts of Hg—1 bond breakage. The time scales will be further The bending motion results in the observations of the small value
discussed after we present studies of the anisotropy in whatof the anisotropy of iodine atoms and the rotational excitation
follows. The anisotropy is directly relevant to the bending of Hgl(X). Also, it enhances the interaction between I*/I and
motion of I-Hg—I. Hgl(X) during dissociation.

From simulation of the parallel'IKETOF distribution using The striking long bond-breaking time, ranging from 1 to 6
the speed distribution deduced from the magic-angle KETOF ps, can now be rationalized. First, the observed product-
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formation time is consistent with the measured time scale of

transition-state decay, and both are in the several-picosecond
range. Second, since the terminal speed is small due to the
heavy Hg and | atoms, the bond breakage takes longer time, as

(A)

(B)

expected. Assuming that the I* atom is further moved by 6 A
from the equilibrium separation with Hg, for the reaction 14a,
and that all available energy is converted to the translational
motion, the terminal velocity is deduced to be 1330 m/s for I*
+ Hgl(X: v = 0) and the minimum bond-breaking time is
calculated to be-450 fs. This time increases to 590 fs for the
highest vibrational excitation of Hgl(X»), that is, when the
vibrational energy reaches the dissociation limit. Finally and
importantly, the bending motion, together with the Hg
stretching, increases the bond-breaking time owing to the
enhancement of the interaction between I*/I and Hgl(X).

Because the terminal speeds of 1%l Hgl(X), for low and
high vibrational excitation of Hgl(X:v), are slightly different,
the bond-breaking time for reaction 14a has an average
dissociation time of-1 ps. However, reaction 14b is different,
and the relative velocity between each other highly depends on
the geometry of the transition state. The total available energy
(less than that for reaction 14a) needs to be divided into three
atoms, and this division generally leads to small velocities. From
the speed distribution (Figure 29), the speeds of the two iodine
atoms from the three-body dissociation are different and this
means that the deposition of the available energy into tweHg
bonds is different. When less available energy is channeled
into the second Hgl bond, the relative velocity between Hg
and | would be very small, although the lab velocity of the
second | atom could be larger because of the addition of the
c.m. velocity of Hg-I from the I-Hg bond breakage.

For example, assuming that the three-body dissociation of
the I* channel proceeds with a linear geometry and that the
total available energy (4696 c) channels 4175 cmi into
the first I-Hg bond and 512 cmi into the second Hgl bond,
the observed lab velocities for the final products of I*, Hg, and
| are 750,—136, and—535 m/s, respectively. The relative
velocity between Hg and | is only 399 m/s. Therefore, it takes
about 1.5 ps to break the secoreHg bond for | to move 6 A
away from Hg, even without considering the bending motion.
The bending motion (for = 1, the period is~1 ps) is on the

x=54.7"
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Figure 31. (A) Femtosecond-resolved KETOF distributions from
the charge-transfer reaction @ylene with iodine afy = 54.7. Two
velocity distributions are clearly present. (Bdependencies of the |
KETOF distribution at a fixed delay time of 6 ps.

-2000

I) and slow (I) iodine atoms. Therefore, different reaction
pathways can be separately studied according to the iodine speed
distributions.

The femtosecond-resolved KETOF distributions aty =
54.7 are shown in Figure 31A and thedependencies for a
fixed delay time of 6 ps in Figure 31B, using teexylenel,
complex as an example. The signal shows two distributions,
and both result from the neutral iodine atoms of the final
products. At early reaction times, no signal was observed
from transition-stateo-xylenel,** ionization fragmentation.
After 6-ps delay time, the signal remains unchanged. The

time scale of the bond breakage and should also be included incorresponding translational-energy distributions of iodine atoms,

the complete analysis of the Hgtlissociation on the three-
dimensional PES. Molecular dynamics calculations are cur-
rently in progress in this laboratory.

E. Bond Breaking/Bond Making: Bimolecular Multiple
Reaction Paths. We studied the bimolecular, charge-transfer
(CT) reactions of 1:1 doneracceptor complexes of benzene
(and its deuterated and methyl-substituted species) with iééline,
a benchmark system experimentally studied by Benesi and
Hildebrand? and theoretically by Mulliked® The reaction

deduced from the magic-angle data in Figure 31A, are shown
in Figure 32a. Clearly, these distributions exhibit two distinct
components: one peaks at a low energy (less than 1006)cm
and the other at a high energy of about 5000 &m

The dynamics of the different reaction pathways were
selectively resolved by performing the gating experiments. The
femtosecond transient, by collection of atl $ignal, is shown
at the top of Figure 32b. The signal could be fitted by a single-
exponential rise with a 800-fs time constant. However, by

evolves on a multidimensional PES and has many pathways togating the low- and the high-kinetic-energy portions in the |

the final products. It involves the following elementary steps:
Bz:l, + hy —
Bz LJ**—Bz"I” + 1 (ionic channel) (15a)

— Bzl + ¥l —Bz+ 1+ 1%l
(neutral channel) (15b)

The transition state is directly reached by femtosecond excitation
into the CT state of the complex, and the dynamics is followed
by monitoring the product (I*/I) buildup or the initial transition-
state decay. The ionic channel 15a produces a slow-velocity
iodine atom (I) and the neutral channel 15b gives both fast (I*/

KETOF distribution, two different temporal behaviors were
observed. The femtosecond transients are shown at the bottom
in Figure 32b. The high-energy component rises very rapidly
(450 fs) and the low-energy one builds up much more slowly
(1.4 ps). Considering the energy conservation, the high-energy
iodine atoms results from reaction 15b, whereas the low-energy
component includes both the slow iodine atoms from reactions
15a and 15b.

The recoil anisotropy was deduced for the two components
by simulating the KETOF distribution gt = 0° using the
derived speed distribution (from the magic-angle data). By use
of the Bzl, complex as an example, the average anisotropy
(B) of the high-energy component is1.0 and~0.25 for the
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Figure 32. (a) Femtosecond-resolved translational-energy distributions of iodine atoms resulting froatleael, reactions. These data are
derived from the magic-angle KETOF distributions shown in Figure 31A. (b) Transients obtained from collecting the total iodine signal (top), and
from gating at different kinetic-energy distributions (middle and bottom).

low-energy one. From the time-resolved experiments, the high- and gives rise to the rapid (450 fs) high-translational-energy
energy iodine atoms are produced in less than 450 fs. In suchcomponent. The caged iodine atom, on the other hand,
a prompt dissociation, the effect of rotational and vibrational encounters the electron-donor molecule and slowly escapes from
motions is negligible, especially under our cold beam condition. its force field with significant loss in its translational energy.
Therefore, theg value (~1.0) suggests that the recoil direction At the interaction region, a small portion of the wave-packet
is titled away from the transition dipole moment by an angle of population transmits into the trapping well formed by the
~35°—40°, indicating that the transition-state structure is nearly avoided crossing of the ionic and neutral surfaces. The trapped
axial, oblique. wave packet then slowly decays- (800 fs) by proceeding
We also monitored the transition-state decay of the 1:1 through the ionic exit or transmitting back to the lower neutral
complexes. Two typical femtosecond transients from benkene surface. MD simulations and descriptions of the HOMO/LUMO
and mesitylen¢, complexes are shown in Figure 33a. The orbital interactions support our pictufe.
initial transition state decays extremely fast250 fs) and (F) Bond Breaking/Bond Making: Bimolecular Inelastic
exhibits a biexponential behavior in the benzénease. We and Reactive Paths We studied another bimolecular reaction
have also varied the CT energy and studied the dynamics. Bythat involves two pathways: an inelastic collision and a four-
replacing the electron donor benzene by toluene, xylenes, andcenter reaction. The reaction is
trimethylbenzenes, we also studied the effect of symmetry,
geometry, and energetics (ionization potential minus electron oy 1.|CH. + hy — CH.+ I -ICH3]*—> CH. + | + CH.I
affinity). Typical transients, by gating the total kignal, are 3 3 3 3 3
shown in Figure 33b for the various systems; the rise time ranges
from 600 to 900 fs. +
The elementary dynamics of these bimolecular CT reactions T [CHgrel=1e-CHg*™ = 2CH; + 1,
studied, which from above involve two exit channels, namely, (four-center reaction) (16b)
the ionic and covalent pathways, give the following mechanistic
picture. After femtosecond initiation of the CT, the prepared = The dynamical process of inelastic collision 16a is illustrated
wave packet quickly moves on the CT surface and bifurcates in Figure 34a by the trajectory reflection. The translational hot
near the ionie-neutral interaction region. Some portion of the | atom is formed in 125 fs by detaching the gldroup in direct
population continues on the adiabatic, harpooning potential. The dissociation of the moiety CiHi (see section IV.A.3 for CH
remaining, larger portion of the wave-packet population then dissociation). The reaction of GH+ | is observed from the
quickly (250 fs) switches to the neutral repulsive surface through van der Waals (vdW) geometry of the dimer at thelland
an intermolecular back electron transfer, leading to dirett |  C---l internuclear distances of the transition state. Depending
I*/I dissociation. The uncaged iodine atom dissociates freely on the translational energy of the | atom, the complex may be

(inelastic collision) (16a)
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Figure 33. (a, A) Transients obtained by monitoring the signal in thé Brss channel as a function of the pump (277 nm) and probe (304 nm)
delay time for the B4, reaction. (a, B) Transient obtained on the mesitylermeaction using the CPM laser system with 310 nm as the pump and

620 nm as the probe. (b) Typical iodine atom transients resulting from 277-nm excitation of the CT reactions of iodine with the substrate indicated.
The electron donors for the transients shown here are, from top to bottom, deutrobenzene, toixgeae, and 1,2,4-trimethylbenzene. The
apparent rise-time constants are indicated for each case.

trapped in the vdW potential well in the transition-state region, complex of CHII* recoils away from the Ciigroup. In the
exchanges the energy between | ands;ICEInd finally decom- complex, the velocity of the | atom relative to the €kholecule
poses into ChH and |. Thus, when the | atom buildup is is small with an upper limit of 400 m/s, which corresponds to
monitored, the temporal behavior will reflect the nature of the a maximum of 1.29 kcal/mol of collision energy.
transition state of the C#* complex. As with other real-time We have carried out preliminary MD simulations. Consider-
studies of bimolecular reactioi&?495this approach allows for  ing the large amplitude motion, a linear geometry was involved
direct clocking of the complex with a limited impact parameter for simplicity. The CHII¥ vdW (CHgl-++1) potential well is
and relatively well-defined energy. 1000 cnt! deep, and the equilibrium distance is 3.5 A. These
The It KETOF distributions ay = 0° for a fixed delay time MD simulations show that the | atom take® ps to separate
of 10 ps are shown at the top in Figure 34b under monomer from the CHl moiety with an 8-A I distance. The c.m. of
and dimer conditions. When the slow-velocity portion of the CHsll* moves~5 A, and because it has a velocity direction
It KETOF distribution (dimer) is gated and when the monomer opposite from the I-atom (repulsive force) velocity direction in
contribution is subtracted, the transient, shown at the bottom in the complex, the entire inelastic process slows down.
Figure 34b, exhibits a delayed, slow-rise behavior. The delay The 1.7-ps rise time of | atoms directly measures the lifetime
time is ~1.4 ps, and the rise time is1.7 ps. This transient  of the CHll¥ complex trapped in the potential well (low
was repeated many times and is very reproducible. The trajectories). It manifests any resonance motion in thelGH
observed~1.4-ps delay time is striking and indicates that a complex during the energy redistribution. Molecular-beam
coherent wave-packet motion well persisted in the entrance scattering experiments by Grice and by Résmave shown a

channel during the inelastic collision between {LEind I. predominantly backscattered glHrom the reaction Chl+ I,
For the minimum-energy dimer geometry calculated by — CHsl + | (at 2—3 kcal/mol collision energy), indicating a
Zeigler?6 with reference to the crystal structitfethe I+ rebound repulsive release with the lifetime of the complex being

separation is estimated te 8 A and the structure is about 15  comparable to or less than the rotational period. Our real-time
L-shaped with the two | atoms in proximity. The minimum- results show the formation of a long-lived complex and indicate
energy structure of the GH* complex is accordingly Chll-++I that the beam experiments were only sensitive to the short-lived,
(the I distance is greater than 3 A). Hence, the initial high-energy states of the complex. Syage’s observed broad (|
femtosecond pulse, which detaches the;@Qfrbup, suddenly recoil) angular distribution is consistent with a long-lived
turns the vdW attractive C4t+--ICH3 force into a repulsive complex® The formation of a complex in the inelasticEV
interaction on theground-statePES of CHI + |I. The entire process of HH | (from HI dimers) has been shown recently
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Figure 34. (a) Contour PES map for the full-collision, bimolecular £H- | reaction (schematic). An inelastic scattering trajectory is sketched.

The corresponding structures during the reaction are shown in the three insets. (b, upper geBEQF distributions § = 0°) obtained at a delay

time of 10 ps under the monomer (dotted line) and the monomer/dimer conditions (solid line) for the bimolecular collisighafdCH(b, lower

panel) Femtosecond transient after correction for the monomer contribution. The signal was best fitted by a delayed single-exponential rise (see
text).

by detecting the translational-energy distributions of H atéins. The key for the formation of,lis the cooperative nuclear
This is consistent with the above picture (€H- 1), and similar motion of both C-I bonds in the four-center reaction 16b: a
results were also obtained forH ICN in our studies of (ICN) Bodenstein-type reactiofi* Because the equilibrium distance

Recent MD calculatiort8® have shown that the exothermic of I,is 2.6 A and the separation of | in the dimer is already
reaction of CH + I, is favored in a near-collinear collision  apout 3 A, the 4 molecule is formed promptly. Such |
and occurs on a subpicosecond time scale<0.9 ps). formation has been studied in CW experiméht&3-105and with

For the inelastic-collision dynamics described above, at the 10-ps resolutioA% The femtosecond ldynamics reported here
translational energy of our experiments, the wave packet cannotcan be rationalized using frontier orbitals. The initial femto-
cross the barrier<19 kcal/mol) to CH + I formation. By second one-electron promotion makes the LUMO/HOMO
use of 304 nm as a pump, this reactive channel isrsttibpen interaction effective to create an-1 bond with the in-phase
even for two-photon excitation, where the-Cbond breakage o* orbital (n — o* excitation) or s or p orbital (Rydberg
is still on the femtosecond time scadf8. This is because the excitation) combination on the two | atoms. Donaldson and
detached Chitakes up most of the available energwEaw/ co-workers? proposed a modified exciton model. After the
Meny) either for the ItPy;) or I(°Py2), as mentioned before.  gycitation of a CHI moiety to the A continuum or to the
The reaction of Chl + 1(?Ps;) — I + CHs is endothermic by Ryqherg state, a partial charge transfer occurs from one | end

17.5 kcal/mol. (The channel of GH+ I(*Py), although it to the other. This process results in some anion-type character
exceeds the endothermicity, is shown to proceed through theWith the C—I bond now experiencing a repulsive force.

inelastic collision by E— V transfer to form CHI(v) +

I(2P32).199 The fact that we do observe thefbrmation under The consequence of the orbital interactions is to form the
the dimer condition indicates a “four-center” mechanism. As !—!bond onthe time scale of the-@ breakage (125 fs, since
shown in Figure 35, the transient, by gating the tofalsignal, Rydberg excitation is simila??), consistent with the results in

builds up very quickly, in less than 500 fs. With a 304-nm Figure 35 for } production. The 4 formation, which may be
pump pulse (two photons), the molecule can be formed in coherent, as shown in the case of molecular photodissociation
the electronically excited B state and detected bytallREMPI CH;l,2%7 has also been observed in the photodissociation of
process (277 nm). Indeed, the power dependence of the pumghe HI dimet®1%and again is a four-center reaction. Polanyi's
shows a quadratic behavior. No attempt yet was made to groug'®observed the formation of €and Bp by photoinitiating
examine the ground-statgfbrmation, observed in one-photon  reactions of 2HX (X= Cl and Br) on LiF surfaces. This
A-band promotiori?3 surface-aligned formation of s a four-center reaction.
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: - Dr. P. Y. Cheng for his effort and stimulating discussions,

) t S tf g, especially when experiments on the charge-transfer systems and
@ g @ ‘3 3® iodobenzene were being conducted.
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