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Abstract

A technique for optically exciting and detecting vibrational resonances in transition state (TS)
configurations of chemical reactions is described. By dressing the TS with intense infrared (IR)
picosecond pulses (>GW/cm2), for well-defined reactant initial conditions, resonant T'S interactions
such as absorption and stimulated emission can become manifested by measurable changes in the
reaction rate and the product rovibrational distributions. In order that all TS configurations evolve
during this pulse duration, a conventional pump-t-probe sequence using ultrashort pulses is used
to initiate the reaction and to detect a product energy state after some time ¢ that is short relative

" to the IR pulse duration. The transition states, therefore, evolve in an intense, but effectively

continuous wave IR radiation field. The essential features illustrating the TS spectral lineshapes
and experimental conditions were modeled by adopting a radiation-dressed potential surface and
evaluating the vibrational transition probability by an exact density-matrix solution. Results are
presented to describe, (1) the conditions under which significant TS transition probability occurs,
and (2) how a frequency-resolved vibrational spectrum can be interpreted in terms of the detailed

shape and dynamics of the reactive surface.

Introduction

During the course of a chemical reaction, a transformation of
molecular bonds occurs which leads to structural configurations
that are intermediate between reactants and products. These ex-
ceedingly short-lived structures have come to be known at “tran-
sition states”. While it is true that the region known as the tran-
sition state can be rather diffuse and span a large configuration
(or phase) space, the potential surface is believed to show ripples
and shallow minima which can enhance the transient lifetimes of
certain structures. The direct detection of transition states (or
“reaction complexes”) is considered one of the most important
goals in chemistry and physics today.

One of the most fruitful approaches for obtaining transition

state information has been to use crossed molecular beam sys-

tems to study the product angle-velocity distributions following
monoenergetic collisional excitation.!? State-to-state studies of

reactant and product energy levels has also provided informa-
tion that could be interpreted in terms of unique transition state
properties.? The crossed beam and state-to-state experiments,
however, do not directly observe the transition state, but rather
derive detailed understanding via information obtained about the
products.

Frequency-Domain Techniques: Brooks®* and Polanyi®® and
their coworkers, using frequency-domain techniques, were the first

to report evidence for spectroscopic detection of a transition state.

The most compelling evidence by Brooks, et al.,! for TS ab-
sorption is an experiment based on the reaction K + NaCl +
hv — KCl + Na*. They observed emission from the Na D
line for hv excitation wavelengths that were off resonance from
either reactant or product and concluded that the reaction com-

plex [NaKCIJ* must be the absorbing species. These wing ab-
sorptions in the reactive complex have the same physical basis
as collisional line broadening. Polanyi focussed on a complemen-
tary approach, searching instead for wing emission eminating from
the [FNaNa]* reactive complex. These early studies were marked
by exceptionally weak signals that rendered analysis rather ten-
wous. Only since 1987 have major advances been made in the
endeavor to detect transition states. Polanyi, et al.® have pro-
vided a convincing demonstration of detection, by multiphoton
ionization, of a transient [HIDD]} configuration in the exchange
reaction H+Dy — HD+D. However, the technique only probes
for TS geometries that have Franck-Condon overlap with the ex-
cited and ionic bound states of IIDD. This experiment has yet to
resolve any resonances of [HDD]* from which to obtain structural
and dynamical information. Valentini and Nieh” have recently
reported the remarkable observation of collisional resonances in
the H+H, reaction that correlate with enhanced production of
2 (v=1) averaged over all scattering angles. Although, not a di-
rect observation, this result is, nonetheless, the most convincing
measurement of vibrational structure in a TS. In another clever
application, Neumark, et al.® formed stable anions of CIIICL™ and
then recorded photoelectron spectra to the unstable neutral com-
plex CHICL The broad, but resolved spectrum is argued to repre-
sent vibrational information on the transition state region of the
reaction CI+IHCl The inevitable question regarding methods that
rely on bound-unbound transitions, however, is to what extent the
detected unbound geometry represents simply a Franck-Condon
projections of the bound state.

Time-Domain Techniques: With continuing advances in. ul-
trafast laser techniques, it is only natural that interest in time-
domain techniques would ensue in the hunt for transition state de-
tection. Zewail and coworkers have surged to the forefront in this
endeavor with a number of important developments in 1987 and
1988.9-11 Principal among these are results for the unimolecular



dissociation of ICN® and CH3I!® using a pump-t-probe scheme
\in which the probe frequency is tuned off-resonance of a reaction
product. In so doing they observed signals that rise and fall with
delay time t representing a transition state geometry that “passes
through” a resonance with the probe frequency. The detection
‘scheme is a variant of Brook’s technique of using product emis-
sion to detect wing absorptions attributable to a collision complex.
Instead, the reaction is unimolecular and initiated by a subpi-
cosecond pulse. This has the advantage of providing very high
instantaneous densities of transition state structures and the un-
questioned benefits of time-resolved information. Using this same
technique for the dissociation of Nal, Zewail and coworkers!! have
observed a periodicity in the formation of product Na due to a
small nonadiabatic transition probability for reaction that occurs
each time the vibrational motion of the excited Nal encounters a
surface crossing transition region.

Transient Vibrational Spectroscopy

The optical detection of transition state configurations re-
ported thus far have generated enormous excitement. However,
there are still certain limitations to be overcome before they pro-
vide uniquely descriptive pictures of the transition state region.
For instance, electronic transitions measure the energy differ-
ence between two different potential energy surfaces (PES); yet
neither PES is likely to be known in the region of the transi-
tion state. Likewise, the use of bound-unbound transitions faces
Franck-Condon restrictions that can severely limit the range of
TS geometries that are actually detected.

. Fig. 1. Schematic of 3-pulse sequence for detecting vibrational
resonances in transition states and reactive intermediate com- -
plexes. The pulses w, and wp, refer to excitation of reactant and
product, respectively. Idealized vnbratxona.lly adiabatic surfaces
(w1(t) and wy(t)) for the [A--- B+ C] asymmetric stretch are
drawn to correlate with reactant and product vibrations.

Concept of Experiment

We describe a technique that can provide vibrational spec-
tra of transition states. The central idea here is that excitation
of short-lived TS vibrations can become “imprinted” onto long-
lived properties of the products (i.e., action spectroscopy) that
can be routinely detected as a change in reaction probability
or rate, and/or product rovibrational distribution. It has been
recognized theoretically!>=1* that intense laser fields can inter-
act with transition states and influence the course of a chemi-
cal reaction. The reactive-complex absorption wings, observed
by Brooks? and Zewail?~!! for electronic states, are an example
of this phenomenon, in the sense that these absorptions produce
electronically excited product. Work in this laboratory has shown
that the conditions of a CW radiation dressed TS can be realized
experimentally, in a manner that is sensitive to the detection of
vibrational resonances in the TS.15 The requirement of intense IR
radiation (>GW /cm?), during the course of the reaction, is satis-
fied by using short (e.g., picosecond) pulses. In order that all TS
configurations evolve during this pulse duration, a conventional
pump-t-probe sequence using ultrashort pulses is used to initi-
ate the reaction and to detect a product energy state after some
time ¢ that is short relative to IR pulse duration. As represented
schematically in Fig. 1, the presence of the w long-pulse across
the wp-T-w, short-pulse interval describes a reaction that evolves
in the presence of an intense CW radiation field.

Several modes of detecting TS vibrational resonances as a
function of w and 7 can be envisioned to resolve the resonance
frequencies, each providing unique details of the TS reactive PES
and the coupling of vibrational energy to the reactive coordinate:

(1) Enhancement of reaction probability P(w,) or
rate k(w), due to TS absorption: This mode is particular
sensitive if the excitation energy w, is below the reaction
threshold.

(2) De-enhancement of P(w,7) or k(w), due to stim-
ulated emission from collisionally excited TS vibrations:
This variant would permit direct detection of the colli-
sional resonances observed in molecular beam scattering
experiments.!'

(3) Excitation or de-excitation of product rovibra-
tional energy corresponding to TS absorption or stim-
ulated emission, respectively: The induced changes in
the product state distributions can be correlated to the
actual vibrational coordinates, amplitudes of motions,
and angular momenta corresponding to the particular
TS resonance.

(4) Ultrashort w pulse that may be positioned
within the reactive ¢ period to probe early and late TS
configurations. Exceptional time resolution (< 100 fs)
will be required, because the TS vibrational spectrum
will be dominated by the most stable configuration.

The vibrational TS spectra are further enhanced by limiting the
distribution of reactive trajectories so as to probe specific regions
of transitional configuration space. This can be achieved by study-
ing unimolecular reactions, or oriented bimolecular reactions initi-
ated by dissociating a molecule in a suitably chosen van der Waals

mixed dimer'® (e.g., XA - BC or, [A---B---C]' —» AB + C).

A quantitative model for estabhshmg the necessary experimental
conditions, as well as interpreting the TS vibrational lineshapes,
is presented later.
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Experimental Arrangement

The three-pulse sequence diagrammed in Ilig. 1 will be gen-
erated by a picosecond Nd:YAG laser pumping a combination of
tunable optical parametric devices and a tunable ps dye laser.
An arrangement, which makes use of the Nd:YAG fundamental
(1064 nm) and the second (532 nm) and third harmonics (355
nm) is given in Fig. 2. Our approach takes maximum advantage
of the high pulse energies provided by our pulsed and amplified
mode-locked laser. Typical pulse energies and pulsewidths in the
standard configuration are included in Fig. 2 for each stage lead-
ing'to the three pulses, wr, w, and wp.

The source of vibrational excitation in the transition state
will take the form of 15-20 ps tunable IR pulses of about 1-2
mJ/pulse. This is generated by a standard nonlinear paramet-
ric method? which uses the intense 1064 nm Nd:YAG pulse to
generate two sum frequencies in the IR with a tuning range of
1.5-5 um. Modest focussing to beam diameters less than 1 mm
gives the necessary > 10 GW/cm? pulse energies to vibrationally
excite TS configurations. The pump (w,) and probe (w) pulses
require a large visible (VIS) and ultraviolet (UV) tuning range.
This is provided by a short-cavity dye laser, pumped by the 532
nm Nd:YAG output. A second source of tunable visible frequen-
cies is available by pumping an optical parametric arrangement
with the 355 nm Nd:YAG harmonic.

Theoretical Description

In this section, we provide the beginnings of a quantitative
basis for interpreting the TS spectra. The model calculations to
follow not only demonstrate the soundness of the experimental
approach, but make the physical connection between observed
spectra and the detailed dynamics of a collision complex on a
reactive potential surface.

The Photon-Dressed Potential Energy Surface

The essential features illustrating vibrational correlation, TS
spectral lineshapes, and experimental conditions can be viewed
by adopting a simple model for a radiatively dressed PES and
-evaluating the transition probability by an exact density matrix
solution. This is an appropriate representation because the in-
tense IR pulse w appears as a constant radiation field over the
short detected reaction period ¢, as illustrated in Fig. 1. For
vibrational excitation on the same electronic surface, the Hamil-

tonian (in frequency units) may be written as

H = Ho(t) + Hin(t)
Ho = Ty +wata” (1)
Hint = p(t) - eo(at +a™)

‘H, consists of the nuclear kinetic energy operator T, and the
field-free radiation Hamiltonian where at and ¢~ are the photon
creation and annihilation operators. The interaction Ilamiltonian
Hint contain the dipole operator p and laser electric field strength
€, (we assume a single mode and polarization). Operation of  on
the matter-radiation basis states gives the diagonal energy matrix
clements,

<n1X1|Ho(t)lX17n) = wl(t)"‘}'w
(n— 1, x2|Ho(t)|x2,m — 1) = wy()

where |n) and |n — 1) are the photon states in an n-photon field
(where we consider only one-photon transitions). The interaction
of the dipole moment with the incident radiation field has only
the off-diagonal elements

(2a)

p(t)eo

(2b)
The time dependence arises from the effect of the reactive tra-
jectory velocity vector v(r,t) on the coordinate dependent Iamil-
tonian. The radiation-dressed lower surface is shifted from the
uncoupled surface (given by T¢|x1) = wi|x1)) by the radiation
frequency w. If the dressed lower surface approaches or crosses
the upper surface then, depending on the interaction strength o,
a mixing of states occurs which makes possible a transition.

(n,XIIHint(t)lxi," - 1) o (n—' 11X2|'Hint(t)lxlyn) &=

The mixing of the basis states gives the correct shape of the
PES in the vicinity of the crossing. The true eigenfunctions |x')
and energies 77’ can be solved for the time-dependent Hamiltonian
elements above, and are given by

IX1) = |x1)cos8 + |x2)siné
IXg) = —lx1)sinf+ |xz) cosd (3)
where

)0

tan20 = ————

an 10

Mo = +[u(t) e + Q)2
= (w-—w)-w



Rotation Matrix Solution

We find it advantageous to use the density matrix formalism
for evaluating population probabilities or densities. The time-
dependent probability of populating the upper level can be eval-
uated by solving the density matrix equation p = i[p, H] for the
element py3. This formalism has the advantage of leading to a so-
lution that is completely general for all models of the PES surface
and interaction strengths. Without presenting the full details'®
here, we solve for the four elements of p by casting them as a
column vector and applying an appropriate transformation!® to
help decouple the equations. One obtains, .

Atn) = R(tn,to)(to)
R(tuyt) = exp {i /t "/;(t)dz} (4)

where p is the column vector {pu —paz; 1(p12—p21); P12 +p21} and
L follows from the transformed equations %p‘ = 1Lp. The evalu-
ation of the evolution operator R(t,,1,) is essentially intractable
except for the simplest Hamiltonian time dependences. However,
in the appropriate representation,'® R(tn,t,) takes the form of a
rotation matrix that can be expressed conveniently by a piecewise
product of rotation matrices

R(tnato) &= R(tm tn—l) e R(tlato) (5)

over incremental time intervals during which M is approximately
constant. The coherence properties and their intermediate role in
the time-evolved transition probability are fully preserved by this
treatment.

The vibrational transition probability at the end of a reactive
trajectory is evaluated by solving for the population difference
p11 — pa2. For the initial condition p12(ts) = pai(to) = 0, the r1y
element of the product matrix R(¢,,t,) must be evaluated. The
product of matrices in Eq. (5) can be reduced to a product of 2x2

n
matrices Q(tn,t,) = [ Q(ti,ti—1) consisting of the elements
i=1

1= 1
q11(mi) @39(Ti) = cos Ebin — 1cosf;sin 51);1‘;

Il

. 1o
q2(7i) g1(7;) = isinf;sin Eb.-n (6)

with terms defined as
Q
ﬂieo
Q1) = wa(t) —wi(t) —w
b(t) = [u(t)*e + ()] ?

tand; =

where 7; = t; — t;_1 and the bar represents the average value
over the 7; interval. The general solution for Ap = p11 — p22 is
then given by

Ap(tn) = r11(tnyto) Ap(lo) (7
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Fig. 3. ‘Iransition probability P(v,v-+1) for absorption (Ap(t,)
= 1) or stimulated emission (Ap(t,) = ~1) as a function of

laser power density and quasibound lifetime 7. Parameters used
in the contour plot were pu(t) = 0.2 D, w = 2020 em™!, and
wi(t) = ax(2t/7) = 1]? + by where a; = 80 cm™!, by = 1000
em~1, and a3 = 160 cm™!, by = 3000 cm™L.

where 711(tn,t,) is obtained from the elements of the product
matrix Q(t,,t,) by the expression

1
o= g (g}, + ¢33) — (a2 + @) (8)

Model Calculations

The above model will serve to demonstrate the experimental
technique represented in Fig. 1 by addressing two important ques-
tions; (1) under what conditions will a significant TS transition
probability occur, and (2) can a frequency-resolved vibrational
spectrum be interpreted in terms of the detailed shape and dy-
namics of the reactive PES? These points are examined in I'igs.
3-5. Although, we shall use a general strong-field, coherent den-
sity matrix solution, we adopt a simple model for the reactive
trajectory in that we assume localized trajectories, no decay or
relaxation processes other than reaction, and simple funclional
forms for the potential surfaces.

The calculated results are based on a shallow potential well
in the TS region for a particular vibrational coordinate on the
ground electronic surface. We assume parabolic well depths of
0.01 eV and 0.02 eV for the vibrational levels v and v + 1, and a
dipole moment of 0.2 D. These values are consistent with [FIIF]!
in the F+UT reaction. Transition probabilities P(v,v + 1) are
calculated as a function of IR laser power density I (¢, o< 11/?),
and trajectory time through this region (i.e., quasibound lifetime
7). We assume that regions outside of the well are vanishingly
short-lived.

The results in Fig. 3 indicate that significant values of
P(v,v + 1) occur over a range of modest experimental condi-
tions. TFor instance, P(v,v + 1) > 0.25 for I = 100 GW/cm?
and 7 > 300 fs. The oscillations that are observed along 7 (shown



bunched up due to the log scale) are analogous to Rabi cycling,
which for resonance conditions occurs at frequency pe,. For dy-
namic trajectories, the resonance condition is rapidly detuned by
the changing potentials, however, phase accumulation can still
lead to off-resonance oscillations provided that e, > Q. In re-
alistic systems, the coherences will dampen rapidly either by (i)
T> mechanisms, in which case the oscillation region reduces to
the saturation condition P = 0.5, or by (ii) very different v and
v + 1 quasibound lifetimes, in which case the shorter-lived state
* will behave irreversibly, making possible situations approaching
Pi=1,

The bandshape for the TS vibrational transition v — v + 1
is calculated for excitation over the entire quasibound lifetime in
Fig. 4. The spectrum reveals a distinct lineshape that does not
change form as a function of laser field. The spectra are therefore
interpretable in terms of the shape and dynamics of the transient
vibrational potential; power broadening, at the high fields shown,
does not contribute to the lineshape.

I'ig. 4 represents the experiment in which the the IR pulse
duration is long compared to the reaction time so that all TS
configurations evolve in an intense, but effectively CW laser field.
An exceptionally more powerful (and more challenging) adapta-
tion can be conceived based on the use of ultrashort pulses (e.g.,
< 200 fs) that are narrower than the quasibound lifetimes. The
w pulse can then be positioned at discrete intermediate time in-
tervals along the reactive trajectory and in principle probe for
different T'S configurations. The recorded vibrational spectra will
vary depending on where along the reactive PES the excitation
takes place. This concept is similar to the 2-pulse sequence in-
troduced by Zewail and coworkers?=!! for electronic transitions
in product absorption wings. The calculated time-dependent vi-
brational spectrum in Fig. 5 demonstrates the considerable detail
and unique information that can be obtained regarding the dy-
namics and shape of the potential surfaces. The two-dimensional
(w,t) vibrational spectrum in Fig. 5 represents the direct change
in vibrational frequency that occurs during a reactive trajectory.

Vibrational Correlation

The transition-state vibrational absorption technique de-
scribed here is, in a sense, a state-to-state measurement, with the
important difference that we consider state excitation of the TS.
The correlation of TS vibrational excitation to measurable rovi-
brational excitation in the products is a “half collision” process
that is physically not unlike that which occurs in unimolecular
dissociations. Using this as an analogy, we can put forth a frame-
work for the state-to-state half-collision reaction probabilities for
vibrationally-excited TS reactions [ABC(2v')]} —AB(v)+C. In or-
der to present expressions that convey physical insight, we sim-
plify the problem by invoking the collinear and quasi-diatomic ap-
proximations. The former assumption is realistic in so far as the
minimum reactive PES is usually along the collinear coordinate
in the complete reactive hypersurface. The latter approximation
assumes that the bond that breaks is a normal vibrational coor-
dinate. The state-to-state reaction probability Ty, is then given
by the integral overlap of the initial and final wavefunctions

Ty, = / dRdr x (B, 7)xo(B, ) ©)

where we have defined the coordinates I and r as the internuclear
distances A-B and B-C, respectively. The wavelunctions x de-
scribe vibrational and translational motion and can be rigorously
solved by Schrodinger’s equations using a Hamiltonian contain-

Iig. 4. Calculated transition state vibrational lineshapes. Con-
tinuous excitation over a trajectory liftime of 250 fs. Peak tran-
sition probability was P = 0.89 Other conditions were I = 100
GW/cm? and those in the caption to Fig. 3.
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I'ig. 5. Calculated transition state vibrational lineshapes. Dis-
crete excitation over 200 fs intervals as a function of time dur-
ing a reactive trajectory of lifetime 2 ps. Peak probability was
P =0.10. Other conditions were I = 100 GW/cm? and those
in the caption to Iig. 3.



ing the relative nuclear kinetic energy operators evaluated at the
critical TS coordinate. The Hamiltonian may also be modified by
including a dressed photon field in the manner described above.
The product wavefunctions are expanded in terms of a basis of
vibrational functions ¢, ;(R,r) with an r-dependent equilibrium
position R,,

Xo(1) = 3 o1 (r) (10)

The coeflicients a;(r) are related to the relative product trans-
lational energy. Inserting Eq. (10) into Eq. (9) gives the final
result

Ty = Y S iFin (11)
3

where

Fiy = // dRdr X (Ry7)dy,j(R,7) (12a)
Sy = /dr Xot (R, r)ej(7) (12b)

The half-collision state-to-state reaction probability given by
Egs. (11) and (12) reveals two possible mechanisms for final-state
distributions; the Fj, terms [Eq. (12a)] describe the Franck-
Condon contributions, while the Sy ; terms [Eq. (12b)] represent
the half-collision analog of the S matrix in scattering theory. The
Sy ,; matrix elements describe the so-called final-state interac-
tions, which considers product vibrational excitation due to the
dynamics of the repulsive surface in the exit channel. Although,
final-state interactions play an important role, experimental?!®
and theoretical???! evidence indicates that the product state dis-
tributions are most strongly affected by the multi-dimensional
Franck-Condon factors. These results support the strong role that
vibrational correlation can play in the interpretation of product
rovibrational excitation in terms of the actual vibrational coordi-
nates, amplitudes of motion, and angular momenta corresponding
to a particular TS resonance. i
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