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Advances in the study of photodissociation dynamics over the past 30 years are reviewed. An overview
experimental technigues that have been developed to extract photofragment energy and angular distribut
is presented, followed by a discussion on several current topics of interest in the field of photodissociatic

I. Introduction II. The Development of Experimental Tools in

' , . i Photodissociation Dynamics
The field of photodissociation dynamics has grown explo-

sively in the past few decades. Spearheaded by developments A. Overview and Motivation. One of the driving forces

in laser and molecular beam techniques, studies of photodis-in the field of chemical dynamics has been to perform
sociation dynamics now pervade virtually all areas of physical increasingly state selective experiments, in which as many
chemistry from environmental chemistry, through cluster and guantum numbers as possible of both the reactant and product
gas-surface phenomena, to quantum scattering theory. Pho-are specified. Experiments of this type are most readily
todissociation experiments provide some of the most critical compared to detailed theoretical calculations and therefore result
tests of the fundamental assumptions we make in calculatingin significant advances in our understanding of elementary
the rates of chemical reactions via transition state theories: thechemical processes. Photodissociation experiments are excep:
assumption of the separability of nuclear and electronic motion tionally appealing from this perspective, because in contrast to
and the assumption of rapid intramolecular vibrational energy Pimolecular scattering experiments, one can often specify the
redistribution (IVR). They also speak to immediate societal réactant energgnd angular momentum. In order to take full

issues such as the destruction of the ozone layer due toddvantage of this capability, one would like to completely
chlorofluorocarbon pollutants. characterize the products resulting from photodissociation. In

this way one learns how the initial photoexcitation of the reactant
molecule is channeled into the multitude of product degrees of
freedom. Such a characterization is the goal underlying the
various experimental techniques described in this section. As
should be clear from the following discussion, no single

technique is ideal for all photodissociation experiments. Each
represents a compromise between generality, sensitivity, and
resolution. Collectively, they provide a powerful experimental

This review seeks to outline the most important experimental
advances in the field of photodissociation dynamics and to
explore how the experiments deepen the way we think about
chemical reaction dynamics. In this analysis, we show how
studies of photodissociation dynamics speak to the core of our
understanding of a wide variety of phenomena, allowing us to
probe the very nature of an elementary chemical reaction: the

breaking and f_ormin_g of ch_emical bonpls. The ﬁrSt_ section methodology with which to attack and understand photodisso-
focuses on the incredible variety of experimental techniques that i ion dynamics.

have been developed over the years to characterize the product B. Photofragment Velocity and Angular Distribution

state distributions arising from photodissociation. The second Measurements. Molecular beam photofragment translational

Zﬁscstg)c?aﬂ';?u\?v?ﬁ S;\t/iiL?ermeonze sgseig'f; Zp‘ﬂ:rztig;s :’(:Cpegztgs'energy spectroscopy offered the first opportunity to study the
’ P P y P dynamics of photodissociation reactions in a collision-free

that primarily oceuron exgited ;tatg potentiql energy s.urfaces. regime. The authors of the first experimental work of this kind
In both sections, we orr_ut.rewewmg_ real-time expgnme_nts_, comment in one of their early articlé$We believe that ... the
ground state phof[odlssouatlon dyna_lmlcs, and phOtOd.'SSOC"_"‘t'OnmolecuIar dynamics of photodissociation offer a fertile and
OI cIuEters.ang. lons as these topics are covered in rev'ewslargely untilled testing ground for theories of unimolecular
elsewhere in this issue. ~ processes, and that much of the knowledge gained will also be
Due to space limitations, the authors have focused primarily applicable to bimolecular processes such as energy transfer anc
on experimental rather than theoretical studies and havechemical reaction”. This prophetic statement is borne out by
nevertheless not included numerous important experiments. Wethe studies reviewed in section 11l of this article.
hope our valued colleagues will forgive us for concentrating  From the first instruments for measuring photofragment
on the limited selection of papers reviewed below. We also translational enerdyand angular distributiori to the recent
point out that more detailed descriptions of several experimental high-resolution H atom Rydberg time-of-flight spectrométer,
methods mentioned in this article can be found in the review the experiments seek to measure two observables: (1) the time

article by Houston in this volume. required for a photofragment, produced in the center of a
molecular beam apparatus by a pulsed, usually narrow-band,
@ Abstract published ilAdvance ACS Abstractgune 15, 1996. photolysis laser, to travel from the interaction region of the laser
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and molecular beam to the detector and (2) the angular . l T T .
distributior’ of the photofragments with respect to the electric
vector of the dissociating laser. As in the first apparatus of
Wilson’s, the detector in many current instruments designed to
measure photofragment velocity and angular distributions
consists of an electron-bombardment ionizer followed by a mass
spectrometer. This configuration can detect any neutral photo-
fragment, whether stable molecule or reactive radical, irrespec-
tive of its internal energy or other quantum state, and is thus
termed a universal detectbr.

The measured translational energy of the photofragment
provides critical dynamical information. The recoil velocities
of the two fragments of a A~ B + C dissociation event must
be related by momentum conservation, so at the very least a
measurement of the velocity of one photofragment, when
converted to the center-of-mass reference frame, completely T T . i . -
determines the velocity distribution of the other photofragment 5 0
and the distribution of energy partitioned to relative recoil kinetic mm””””” ]
energy in the dissociation. If the dissociation produces an atom 010 20
(in just one electronic state) plus a radical, conservation of
energy requires that the internal energy of the radical is also
completely determined (if the parent internal energy is ad- 5
equately cooled in the supersonic expansion). Thus, the | atomg
time-of-arrival spectrum in the photodissociation of {Lt¢veals
a progression of peaks that reflect the vibrational quantum state® 2 -
of the momentum-matched Ghbartner radical, showing the &
CHjs partner is produced with a distribution of quanta in umbrella
bending motion.

One of the more interesting examples of determining the
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This technique foregoes the universal detector but offers Figure 1. Product quantum state resolution with the H atom Rydberg
spectacular resolutioh.In the 121.6 nm photodissociation of TOF technique. Top frame: H atom flight times from the photodis-
H,S to H+ SH(A) shown in Figure 1, the H atom time-of- sociation of I—@S at 121.6 nm. Bottom frame: Total kinetic energy

flight spectrum reveals peaks corresponding to each rovibrationalSPectrum, derived from the data in the top frame for H atoms recoiling

) Sl A . from SH fragments. The structure in the kinetic energy distribution
state of the momentum-matched Shi(diatomic. The SH arising from the rovibrational quantum state of the SH(A) fragment is

rovibronic levels reflected in the H atom flight times are highly  5ssigned in the comb above the spectrum. The possible kinetic energies
predissociative, so they could not have been detected with lasefof the H and SP) fragments resulting from the subsequent predisso-

probes of the SH radical! Clearly the primary-H bond fission ciation of these SH(A) fragments are shown in the comb below the
is essentially complete before the SH product predissociates.spectrum. Adapted with permission from Figures 1 and 2 in ref 6.
While photofragment velocity distributions do not often carry
detailed quantum state specific information as in the nice in the absorption that resulted in a given photofragmentation
examples described above, they do give key information on channeP In more recent experiments angular distributions have
some features of the reactive potential energy surface. Forpeen used to identify whether a given photofragmentation
instance, in reactions where there is a large barrier to the reversechannel occurs preferentially from one of two thermally
reaction, the recoil on this repulsive region of the potential after populated molecular conforme¥.
the barrier often results in considerable energy being partitioned Experiments using the technique of photofragment transla-
into product translation, resulting in a product translational tional energy spectroscopy have played a key role in testing
energy distribution that is peaked well away from zero kinetic and developing our understanding of statistical theories of
energy. Thus, even if the excited state and ground state potentiachemical reaction dynamics and in probing the nature of forces
energy surfaces correlate to the same dissociation asymptoteat the transition state and in the exit channel of chemical
if there is no exit barrier along the ground state reaction reactions; sections IIl.C, 111.D.1, and 1l1l.D.2 detail several
coordinate but a significant one along the excited state reactionspecific examples and refer to some useful review articles. Such
coordinate, the photofragment velocity distribution will deter- experiments have also offered the opportunity to probe the
mine whether the mechanism for the reaction involved internal influence of electronically nonadiabatic effects on the branching
conversion or not. Likewise, the photofragment angular dis- between energetically allowed dissociation channels; examples
tributions’ can provide a wealth of information. Angular are included in section I11.D.3. Overall, photofragment velocity
distributions from a single photon absorption event where the and angular distribution analysis is a crucial tool in studying
rotational quantum state of the parent and photofragment arethe dynamics of photodissociation reactions, providing comple-
not resolved are traditionally used to provide a rough measure mentary data to optical probes of the quantum state distributions
of the time scale of the dissociation event. An isotropic of the photofragments described in the next section.
distribution signals that the dissociation time was long with ~ C. State-Resolved Detection of Photofragments.The
respect to a rotational period. The distribution, if anisotropic, photofragment translational spectroscopy methods described
reflects the direction of the electronic dipole moment operative above have the advantage of great generality. However, with
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the exception of the H atom time-of-flight experiments, they photodissociation of a series of molecules ranging from?€0
typically do not have sufficient energy resolution to yield to metal carbonyl8%3! Vacuum-ultraviolet LIF has also been
information on the rotational distribution of the photofragments. used to obtain k{v,J) distributions from the photodissociation
This is a significant issue, since rotational distributions often of H,CO32
yield an intuitive picture of the microscopic forces involved in Virtually all photodissociation/LIF experiments that have been
photodissociation. For example, one can infer whether the performed subsequent to the examples given here involve the
energy available to the products is released in linear or bentdetection of one (or more) of the photofragments mentioned
molecular configurations from the extent of rotational excitation above; the vast number of such experiments obviously precludes
in the fragments. mentioning all of them here. In recent years, there has been
These considerations have spurred the development of statesome development of new detection schemes for photofrag-
specific spectroscopic probes of photofragments during the pastments. For example, LIF detection has been implemented for
20 years. In this section we will attempt to summarize the vast NH(X®Z"), enabling the study of both singlet and triplet NH
amount of work in this area, with emphasis on those techniquesfrom HNs*® and HNF#* The photodissociation of propional-
that yield rotational resolution. We first consider measurements dehyde (CHCH,CHO) has been investigated through rotation-
whose primary purpose is to determine the nascent rotational@lly resolved LIF of the HCO produé®.
and vibrational energy distribution in a single fragment. This  However, since the mid-1980s, much of the interest in this
will be followed by a discussion of correlated measurements, class of experiments has focused on using LIF to learn not just
particularly those in which the velocity and/or angular distribu- about product state distributions, but about the various types of
tion of state-selected fragments is measured. photofragment alignment that occur in photodissociation.The
1. Laser-Induced Fluorescenc&he measurement of photo- earliest photodissociation ex.periments shoyved th{it thfe velocities
fragment energy distributions with laser-induced fluorescence ©f the photofragments are, in general, anisotropic with respect
(LIF) has become the single most common type of photodis- to the polar|z_at|on vectde of the photod|§SOC|at|ng light source
sociation experiment. Such an experiment requires that the (V'E correlation). A more subtle effect is the anisotropy of the
fragment of interest has an electronic transition accessible with Photofragment rotational motion with respect to the laser
a pulsed dye laser (through either a one- or two-photon polanzanon Q~E correlation). This !att.er effect was first seen
transition) and that the spectroscopy of this transition is well- in_(non-rotationally resolved) emission from electronically

: ) . : ited photofragments produced by the vacuum photodisso-
characterized. The first experiments of this type were performed exc o .
in the late 1970s. In a series of experiments carried out in ciation of O, HCN, and BrCN® In these experiments, the

several laboratories, laser-induced fluorescence was used tgmission IS polarized with respect & thus probing whether

(1112 the transition dipole is parallel or perpendicular to the plane of
Fﬁg%&;ﬁg fF; gcg)izferﬁ??:r?]t;fgoggsgggﬁﬁhggé%sﬁm the molecule. An elegant theoretical treatment showed that it

and the NH(&A) fragment from HN and HNCO?516 Experi- is necessary to consider this anisotropy in order to extract

ments performed shortly thereafter probed CS production from accurate rotational distributions from emission and laser-induced
CS,,17 SH production from KS18 the NO fragment from CF fluorescence experiments. The J-E correlation was seen for

. . the first time for individual photofragment rotational states in
NO and NQ dissociatiort®?°the CN and NO fragments from : 22 " o )
NCNO photodissociatiot and the OH fragment from dis- LIF studies of HO* and HONG* photodissociation. This

o effect is observed by measuring the relative intensities of the
22 23 024
somgtlon of HO.** H20;, gnd HON * In several of these photofragment rotational branches for probe laser polarizations
studies, photofragment spitorbit and A-doublet populations

. » . , ) arallel and perpendicular to that of the photolysis laser.
were extracted in addition to the rotational and vibrational P Perp P y

distributions, thereby providing further insight into the dissocia- One _obtalns yet another _Iev_el_ of information on photqfrag-
tion dynamics. ment alignment when LIF of individual photofragment rotational

. i ) states is combined with Doppler spectroscopy. This is discussed
Most of these studies were carried out in room temperature

; SO in section II.C.

gas cells, so that the '“‘erf“"?'. energy distribution of the 2. Multiphoton lonization The investigation of photofrag-
photofragments includes the initial thermal energy spread of S . | h itioh

the reactant molecules. In the early 1980s, the first photodis- ment state distributions using resonantly en apceq multiphoton
sociation/LIF ex erimen.ts were performed in ;NhiCh the reactants lonization (REMPI) offers several advantages, in principle, over
were cooled in appulsed free jet gxpansion The results #6FH LIF detection. REMPI is inherently mass-selective, thereby

: - S eliminating any uncertainty concerning the identity of the

and HO?2 photodissociation showed cooling of the SH and OH g any y 9 y

rotational distribution compared to gas cell experiments; for jet photofragment. In addition, since a large fraction of the ions
- . I ' " produced by the probe pulse are collected in a typical experi-
cooled HO, a significant inversion in the OH\-doublet P y b P b b

ment, the sensitivity of this method is extremely high. Finally,

population was obsgrved as \.Nell.. Similar trends were seen iNREMPI can be used to study photofragments which do not have
the CN and NO rotational distributions produced from photolysis high quantum yield for fluorescence. However, even though

of jet-cooled NCNG® These experiments clearly demonstrate e first investigatioff of photodissociation using REMPI on
the advantage of cooling the reactant molecules when trying to (o photofragments was conducted just shortly after the first
extract dynamics from product state distributions, particularly photodissociation/LIF experiments, there have been far fewer
when the photolysis band is unstructured. studies using REMPI as the probe technique. One can trace
The development of vacuum-ultraviolet lasers that operate this to the inherent nonlinearity of the REMPI detection scheme.
in the 1300-1500 A range enabled the investigation of CO For most molecules, REMPI involves a two-photon transition
fragments from photodissociation via théIlA~— X1=* transi- between the initial and excited photofragment electronic states,
tion, thereby considerably extending the range of molecules in and the extraction of accurate populations from such a measure-
which photodissociation could be studied by LIF. In the first ment requires considerable care. Power broadening from the
experiments of this type, rotationally resolved CO distributions intense laser fields needed to drive multiphoton transitions can
were obtained for the photodissociation of £MH and affect the measured intensities, as can electronic states lying
CH,CO2728 Since then, CO LIF has been used to study the between the initial and excited states. Nonetheless, REMPI has
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proved to be a very powerful technique in state-resolved
photodissociation studies.

In the first example of REMPI applied to photodissociation,
the NO fragment from N@photolysis was detected in a one-
color experiment in which N@was photolyzed around 382 nm,
and the NO fragment was ionized by at21 process through
the CII state3® However, definitive NO populations via
REMPI were not reported until several years 13 A

Butler and Neumark

tion.5253 The lower sensitivity of this technique compared to
LIF or REMPI means relatively high densities are required,
however, and the Ctotational distributions reported in these
studies are clearly affected by collisional energy transfer
(although the vibrational populations appear to be nascent).
Another probe which does not require a suitable excited state
is coherent anti-Stokes Raman spectroscopy (CARS). In a
photodissociation/CARS experiment, the photofragments interact

notable success of the REMPI scheme has been the extractiowith two laser beams at frequencies, and ws, and when

of rotational and vibrational populations of the €bhd C}
fragments produced from the photodissociation ofsICdnd

wp — ws IS resonant with a Raman transition, CARS signal is
observed abas= 2w, — ws. In a series of such measurements,

CDsl).#=43 Among other things, these studies demonstrate the the vibration-rotation distribution of @ produced by photo-

importance of reactant initial conditions on the photofragments.
In ref 41, an effusive (thermal) source of glvas used, and
the resulting CB rotational distribution showed a propensity
for levels withN = K. In contrast, a supersonic beam was used
in the experiments of ref 42, and the rotational population of
the methyl fragment was concentrated in l8wevels. Thus,
there appears to be relatively little rotational excitation about
the CHy symmetry axis in Chl photodissociation;K is
approximately conserved and reflects the initial rotational
population in the CH. This propensity has been further
confirmed in a recent study in which rotationally state selected
and oriented CB was photolyzed and the GDproduct
characterized by REMPH

Two REMPI schemes have been developed to propasth
photofragment. One of these is at21 ionization scheme in
which the double-minimum E,F state of,Hserves as the

dissociation of @ in the Chappui® and Hartley® bands was
determined. The rotational distributions were centered at high
J but were very narrow, indicating that the; @issociation
dynamics could be explained with a relatively simple impulsive
model. The H(»,J) distribution from HCO photodissociation
has been measured by CARS, although not under collision-free
conditions®® CARS was also used to probe the £itagment
from photodissociation of CHl in a free jet>” Nascent
vibrational distributions and “near-nascent”<8 collisions)
rotational distributions were reported; these distributions re-
flected the propensity toward loW-products seen in the earlier
(collision-free) REMPI study?

Time-resolved Fourier transform emission spectroscopy pro-
vides another “vibrationally based” photofragment detection
scheme, although it is only sensitive to vibrationally and/or
electronically excited products. In these experiments, a pho-

intermediate state; this state lies about 12 eV above the groundtolysis (excimer) laser is synchronized with a Fourier transform

state. REMPI via this state is now sufficiently well calibréffed

infrared spectometer in such a way that an interferogram of the

to enable one to extract ground state populations, a nontrivial emitting photodissociation products is obtaif&dlhe resulting
enterprise given the complicated level structure of the E,F state.Fourier transform is of sufficient resolution to resolve rotational

Using this scheme, Hvas determined to be a primary product
of H,S photodissociatioff and the H(v,J) distribution from

the 193 nm photodissociation of mono- and dichloroethylenes relaxation occurs.

was measuretl. The other H detection scheme involves
1 ionization through the B or C state using a vacuum-ultraviolet
laser operating in the 1012 eV range. Although the laser

structure, and the sensitivity of the technique enables one to
run at sufficiently low pressure so that little or no rotational
This method has been used to obtain
vibration—rotation distributions of CO from acetone photodis-
sociatiort® and HF from 1,1-CHCIF59 One can also obtain
rotational distributions of low-lying excited states produced by

system is more complicated, the extraction of populations is photodissociation that emit in the near-infrared; examples
easier as this scheme involves one-photon excitation through ainclude CCH(&II) from the photolysis of gH,%! and

simpler intermediate state. Using this schemgdidtributions
from the photodissociation of cyclohexadiéhand 1,3-buta-
diené?® have been reported.

Additional examples of photodissociation/REMPI experi-
ments include a study of H{\bhotodissociatioR? in which both
the NH(&A) and N> photofragments were probed by MPI, and
a study of HCI elimination from vinyl chloride! However, as

NHZ(AZA]_) from NH3.62

4. Doppler SpectroscopyDoppler spectroscopy of atomic
and molecular photofragments has become a very powerful tool
in studies of photodissociation dynamics. In these experiments,
one typically scans across an atomic or molecular transition with
a tunable laser and monitors the fluorescence or ionization signal
as a function of laser frequency. For atomic photofragments,

with photodissociation/LIF measurements, much of the interest the resulting profile is sensitive to the projection of the

in using REMPI to probe photodissociation stems from one’s
ability to extract not just rotational state information, but also
velocity and alignment information for individual photofragment
rotational states. This will be discussed in section II.C.

3. Other State-Resadd TechniquesIn order to use either
LIF or REMPI in a photodissociation experiment, one of the

photofragment velocity vector onto the propagation direction
of the probe laser and contains information on the speed and
angular distribution of the photofragments. For molecular
photofragments, one also obtains information on the alignment
of the product angular momentut®® Molecular Doppler
spectroscopy is considered in more detail in section II.C.

products must have an optically accessible excited electronic The appeal of atomic Doppler spectroscopy in photodisso-

state that is long-lived with respect to predissociation. Thus,
when using REMPI in methyl iodide photodissociation experi-
ments, the predissociation rate of the {Rydberg intermediate
state is sufficiently fast so that full rotational resolution is not
achieved; this is less of a problem for the more slowly
predissociating CPstate, which is why several photodissocia-
tion/REMPI experiments have been performed onsIC*?The
simplest solution to this situation, in principle, is to use direct

ciation is that, with sufficiently high translational energy
resolution, one could in principle determine the internal energy
distribution of the other (atomic or molecular photofragment).
For a given kinetic energy release, the Doppler profile for H
atoms will cover the widest frequency spread, so H atom
detection should give the highest energy resolution. Doppler
spectroscopy on H atoms was first demonstrated in the photo-
dissociation of HI, in which the contributions from the H

infrared absorption to probe the product state distribution. This 1(?Psz) and H+ 1*(2Py/,) channels could be distinguish&ilhis

has been done for the GHragment from CHI photodissocia-

experiment required the use of a tunable VUV laser to map out
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the Doppler profile of the Lymautransition. A variation on photofragment alignment. As discussed in section Il.A, the
this technique, velocity-aligned Doppler spectroscopy (VADS), intensities of LIF transitions and their dependence on polariza-
provides significantly higher energy resolution by introducing tion yields theJ-E vector correlation, i.e., the alignment of

a delay between the photolysis and probe pui%eBhis reduces product rotation with respect to the space-fixed direction defined
the contribution of those fragments scattered perpendicular to by the photolysis laser polarization. However, from the Doppler
the probe direction, for which the Doppler shift is very small, profile shapes, one can extract the vector correlation between
and results in cleaner Doppler profiles. However, as demon- product rotation and recoil velocity, thlev correlation. This
strated for HS photodissociatioff® VADS provides at bestonly  correlation is of considerable interest because its magnitude is
vibrational resolution for the undetected photofragment. Its independent of the lifetime of the dissociating state; this is in
resolution is therefore considerably lower than the H atom time- contrast to thev-E and J-E correlations, which are at least
of-flight experiments discussed in section 1.A. Atomic Doppler partially averaged out if the predissociation lifetime is greater
spectroscopy in which H atoms as well as heavier species arethan a rotational period. Moreover, tliev correlation yields
detected has been used to probe the photodissociation dynamicsignificant insight into quite complex photodissociation pro-
of several polyatomic speci€$;5° but these studies typically  cesses in which two molecular fragments are produced.

y|8|d broad translational energy distributions with no resolved In order to extract thg-v Corre|ati0n’ one measures Dopp]er
structure corresponding to the undetected photofragment.  profiles for two transitions originating from the sanidevel,

C. Correlated Product Measurements in Photodissocia- usually a Q-branch and a P- or R-branch transition. This is
tion. Much of the above discussion has centered on the typically done for at least two polarization and propagation
measurement of product state distributions for a single photof- configurations for the photolysis and probe lasers (coaxial
ragment. This is sufficient to completely describe product propagation with parallel and perpendicular polarizations, for
energy disposal in a relatively small number of circumstances, example). Doppler profiles are also sensitive to the photofrag-
namely, when the other fragment is an atomic species in a singlement angular distribution, so this must be accounted for in the
electronic state. The next level of detail, and one that has analysis. The complete treatment of the effect of various
occupied a central role in more recent photodissociation studies,correlations on Doppler profiles is given in ref 76, and a more
involves the measurement of correlated product attributes suchqualitative discussion is offered in a series of review ar-
as the velocity distribution of a photofragment in a specifid)( ticles®36477 Figure 2 shows Doppler profiles of various
state. Correlated measurements also provide information onrotational transtions for the CO product from OCS photodis-
photofragment alignment that cannot be determined by mea-sociation; for a given rotational state, one can see the dramatic
surement of LIF or REMPI intensities alone. In this section variations of peak profile depending on the laser polarization
we attempt to describe and classify the myriad of correlated and whether an R- or Q-branch transition is probed.
measurements that has been used to investigate phOtOdiSSO- AS examp|eS, studies of the NO fragment from the dissocia-
ciation dynamics. tion of (CHs),NNO"2 and CHONO® indicate a preference for

1. LIF/Doppler Studies The most common correlated JOv, supporting a dissociation mechanism in which the NO
measurement in photodissociation involves measuring the rotation results from impulsive energy release from the dis-
Doppler profiles for individual LIF transitions of molecular sociating N-N and N—O bonds. A similar observation for CO
photofragments. This yields the velocity distribution of the produced from glyoxal (CHOCHO) photodissociation showed
photofragment, and since the internal energy of this fragment the dissociation occurs in the original plane of the moleétle.
is precisely specified through the selected LIF transition, one In contrast, for HO, photodissociation, one finds thatandv
can infer the internal energy distribution of the other fragment. tend to be parallel in the OH fragmeft’>8lindicating that
The degree to which this can be done depends on the initial OH rotation results from torsional motion in the dissociating
velocity spread of reactant and the resolution of the probe laser,H,0, state. A similar effect is seen in the N¥A) fragment
but in general one obtains average rather than specific energyfrom HN3 photodissociatio® More recently, thel-v and other
distributions in the undetected photofragment. vector correlations have been obtained from a variety of LIF/

In early studies of this type, Doppler broadening was reported Doppler measurements, including flom H,CO photodisso-
in the LIF of OH fragments produced from,8, photodisso-  Ciation® OH from CHEOOH** and HONQ,# triplet and singlet
ciation?® and Doppler profiles were more systematically NH from HN333CN from CHSCN and NCCN¥? and NO from
examined for the OH product from HONO photodissocistfon @ series of nitrite¥ and from CHCCI(NO)CH;.%8
and for NO from (CH),NNO dissociatiorf® In a study of ICN 2. Correlated REMPI Measurement©ne can also obtain
photodissociation, Doppler spectroscopy on selected CN statesvelocity and alignment information for state-selected photof-
was used to determine the correlation between CN rotation andragments in REMPI experiments. One way to do this is to
the electronic state of the | atofhit was found that lowd states measure Doppler profiles for rotationally resolved REMPI
were predominantly from the I2Py5) channel, whereas highdr-  transitions, as was done for the flagment from chloroethylene
states were correlated with ground staf®3f). Itis generally photodissociatioA’ However, REMPI experiments offer an
difficult to obtain more specific information than this without advantage over LIF studies because one can extract state-specifi
some prior knowledge of the dissociation dynamics. For photofragment velocity and angular distributions without using

example, HCO is known to dissociate mainly to C&€0), so a high-resolution laser to scan over the Doppler profile for each
from Doppler profiles of the Kfragment one could determine  product state. This can be done by measuring the ion time-of-
the correlation between Xb,J) levels and average CQ=+0) flight distribution produced from a REMPI transition or by
rotational excitation, demonstrating that the latter decreases withmeasuring the two-dimensional spatial distribution for state-
increasing vibrational excitation of the P selected photofragments, a technique known as photofragment

While the energy resolution provided by Doppler spectros- imaging.
copy is somewhat limited, the real power of Doppler/LIF The use of ion time-of-flight in correlated photodissociation
measurements was demonstrated in a series of experifdefftal measurements was first demonstrated in studies gfN@and
and theoreticdf papers published in 1986. These studies CDsl419 photodissociation. In these experiments, the parent
showed that the shapes of Doppler profiles are sensitive to thespecies is dissociated, the NO or €Bragment is state-
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Figure 2. Doppler profiles of representative CI)(ines from OCS photodissociation. §)(P(J), and R() represent different rotational transitions,
whereas H and V refer to the polarization an@leetween the probe and photolysis lasérs; 0° for H and 90 for V. Reproduced with permission

from ref 78. Copyright 1988 American Institute of Physics.

specifically ionized via REMPI, and the ions are detected in a
time-of-flight mass spectrometer. The velocity distribution of

inverted to give the three-dimensional velocity distribution of
the state-selected photofragmefitsPhotofragment imaging has

the fragments along the axis of the mass spectrometer is reflectedeen used to obtain rotationally state selective velocity distribu-

in the arrival time distribution of the ionized species. The arrival
time distribution represents a one-dimensional projection of the
photofragment velocity and angular distribution, analogous to
the Doppler profile obtained in a LIF experiment and with
comparable or higher resolution. In the @Dstudies, for
example, one could clearly determine the I/I* ratio as a function
of CDs internal state. The NOwork indicated a propensity
for NO(v=1,J) levels to be correlated with the O atoms in their
ground?®P, spin—orbit level. The shapes of the arrival time
distributions as a function of the various laser polarization
angle8! can also be used to extract information on photofrag-
ment alignment, again in analogy to Doppler measurements.
Examples of more recent work incorporating ion time-of-flight
include studies of H§¥* and acetorf@ photodissociation.

The technique of photofragment imagi§* provides an
elegant means of obtaining velocity and angular distributions

tions for the dissociation of Cfland CDyl,*2 NO,,*° O3,%° and
CH3COCI® One can also perform somewhat less detailed
experiments in which atomic photofragments are state-specif-
ically ionized and analyzed via photofragment imagdifij!

The results of ref 100 are of particular interest as they provided
the first evidence for the production of highly vibrationally
excited Q(%y”) from O; photolysis; this product may be
partially responsible for stratospherig @roduction.

Information on photofragment alignment can be extracted
from imaging experiments, although this has so far only been
successful for CBl192 and Q.19 In a particularly impressive
recent experiment, photofragment imaging was used to deter-
mine the angular distribution from photodissociation of LD
which was spatially oriented by means of a hexapole fiédd;
the resulting asymmetric image reflected the anisotropic initially
selected CBl symmetric top wave function.

for state-selected products. In these experiments, parent species 3. Other Correlated Measurement¥ery recently, two new
are photodissociated, and photofragments are state-specificallymethods for obtaining correlated state distributions from pho-

ionized via REMPI immediately after photolysis. The resulting

todissociation have been reported. The first of these yielded

ion packet is then accelerated toward a position-sensing detectoexplicit and detailed correlations between NO internal states

which yields a two-dimensional image of the ions. During the

and the spir-orbit levels of the O°P atom from NQ photo-

transit time to the detector, the ions separate spatially accordingdissociation; the experimental arrangement is shown in Figure
to the speed and angular distribution of the photofragments, and3.195 NO; in a free jet was photolyzed near the dissociation

this is reflected in the two-dimensional image. A significant
advantage of this technique over the “one-dimensional” Doppler
and ion time-of-flight methods is that, under conditions of
cylindrical symmetry, the two-dimensional image can be directly

threshold, and the N& O products were allowed to travel
downstream for several microseconds prior to multiphoton ioni-
zation of the NO product. During this interval, NO in a given
internal state that is correlated with an O atom in its ground
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Figure 3. Experimental arrangement for correlated N@hotodissociation study in ref 105. Shown on the right are examples of the broadenec
single-mode distributions of NO correlated with different states dPP¢alculated assumingz:3P1:3P, = 1:1:0.1. The OP,), OCPy), and OFPy)
channels have 227, 69, and 1 chavailable as relative translational energies, respectively. A recoil anisotropy paramgter bf35 was used
here. Reproduced with permission from ref 105.

3P, state will move further off the beam axis than if the O atom gas cell, and the OH product is detected through a degenerate
were in the3P; or 3P, levels (the photolysis laser polarization four-wave mixing scheme. The technique is inherently sub-
is perpendicular to the beam axis, ghet 1.4 for this transition), Doppler and allows one to extract both product state distributions
so by moving the probe beam perpendicularly to the beam axis,and alignment information. The general appeal of this class of
one can selectively ionize NO correlated with a specific O atom experments is that the detected photofragment only needs to
state. This experiment shows marked fluctuations of the O atomabsorb at the probe wavelength; a high fluorescence vyield is
distribution as a function of NO internal state; in some cases, not required. On the other hand, due to collective nature of
the O atom distributions for the twA-doublet components of  the four-wave mixing process that underlies both experiments,
the same NO rotational level are different. the sensitivity is not as high as in LIF or REMPI experiments.

In the second method, CO photofragments in a seleetdy ( 2. Fast Radical Beam Photodissociatiofihe vast majority
level are excited to the metastabflastate; molecules in this  of photodissociation experiments have been performed on stable,
metastable state can be detected with very high efficiency usingclosed shell species or relatively unreactive radicals such as NO
a particle multiplier. By measuring the time-of-flight distribu-  While it might seem straightforward to apply one or more of
tion of the metastable CO at a particular scattering angle, onethe above schemes to the photodissociation dynamics of highly
can determine the internal energy of the other fragment throughreactive radicals, only a few such experiments have been carried
energy balance. In a study of ketene photoly&ithe resolution out. A major impediment to these experiments is the need for
was sufficient to determine the vibrational distribution of the a “clean” source of the radical of interest, so that one can be
CH; fragment associated with a particular GQJ state. This certain that the detected photofragments come from the radical
method holds considerable promise for the numerous photo-and not from the radical precursor or other unwanted species.

dissociation processes in which CO is generated. One approach to this problem has been to generate radicals
D. New Techniques. 1. Resonant Four-Wea Mixing through laser photodetachment of a fast&keV) of mass-
Processes Recent experiments have demonstrated that resonantselected negative iort$! Photodetachment at a suitable laser
four-wave mixing provides an elegant means to study the frequency produces mass-selected, rotationally cold radicals in
spectroscopyf”1%9 and photodissociation dynami€!1° of their ground vibrational states. The resulting radicals are then
molecules. In a study of N{photodissociation in a free jét) photodissociated with a second pulse, and because of the high
two laser beams at the same frequency cross at a small@ngle beam energy, the photofragments are efficiently detected with
inside the jet. Interference between the beams generates a multichannel plate detector that lies2 m downstream from
spatially varying electric field, and by choosing the laser the photodissociation region. The detector is configured to
frequency to be one at which N@lissociates, one sets up a detect the two photofragments from a single photodissociation
“population grating” in which the N@population is depleted  event in coincidence and to yield the positions on the detector
most where the electric field is high, and vice versa. The NO face as well as the difference in arrival time for the photofrag-
photofragment population also varies spatially, and a probe laserments. From this, one obtains the masses, kinetic energy release
tuned to a specific NO electronic transition will be coherently and scattering angle for each photodissociation event. The
scattered at an angle determined by the grating (photolysis) andresulting translational energy resolution has been demonstrated
probe laser frequencies and geometries. Immediately after thein a study of Q@ photodissociation to be as good as 0.7%,
photolysis pulse, the intensity of the scattered probe laser reflectsenabling one to determine the correlated sgirbit distribution
the population of the selected NO internal state. The subsequenif the two O3P; atoms from predissociation of the, B3%,~
evolution of the scattered probe beam as a function of delay statel’2 Experiments on CkD yielded the vibrational distribu-
time with respect to the grating pulse depends on the speedtion in the umbrella§,) mode of the CH fragment at several
and angular distribution of the NO fragment. Near the dis- excitation energie¥3 Results have also been obtained for the
sociation threshold, for example, one observes decaying recur-N, 110 NCO 114 CH,NO,,115 and CHCHO (vinoxy)é radicals.
rences as the NO population grating disappears and then partiallyThese experiments are, in many cases, the first studies of the
re-forms over a time scale of 16@00 ns. photodissociation dynamics of these radicals and represent an
A somewhat different approach has been used to stu®H  expansion of this field to include more electronically complex
photodissociatioA!® Here, HO; is photodissociated within a  species than are typically investigated.



12808 J. Phys. Chem., Vol. 100, No. 31, 1996 Butler and Neumark

Ill. The Application of Photodissociation to Problems
Central to Chemical Reaction Dynamics

A. Section Overview. While excited state spectroscopy and
photodissociation dynamics used to be viewed as disjoint from
reactive scattering studies of the dynamics of bimolecular ground
state reactions, several recent advances rapidly integrated these
subfields. First, although the theoretical treatment of photo-
dissociation dynamics had long emphasized the parallel with
bimolecular reaction dynamié&’ wavepacket theorié®® es-
tablished a crucial link between classical reaction dynamics and
traditional electronic absorption and emission spectroscopy.
Thereafter, many electronic spectroscopy experiments drew
heavily on a dynamical perspective to interpret resonant
emission spectra and broadened vibrational features in absorp-
tion spectra. Second, photodissociation experiments began to
play an increasingly important role in developing our under-
standing of chemical reaction dynamics in general as experi-
mental techniques using lasers and molecular beams advéthced
and as the ability to calculat@b initio excited state surfaces
grew. Experiments began to use photodissociation to access
excited electronic potential energy surfaces in ways not usually
accessible to ground state bimolecular reactive scattering B
experiments. Forinstance, Frarg&ondon excitation allowed
access of the saddle point region, or transition state region, of
excited electronic potential energy surfaces in several key
molecular systems reviewed below. Changing the ultraviolet
photon energy or beginning in different vibrational levels in
the ground state additionally offered a level of control over the
portion of the Franck Condon region accessed. Finally, several
recent experiments have tested and challenged two of the most
fundamental assumptions in transition state theories for chemical
reactions, the assumptions of intramolecular vibrational energy
redistribution, and the separability of electronic and nuclear
motion. In the next few sections we detail examples of
experiments which illustrate these conceptual advances that link
electronic spectroscopy and photodissociation experiments to
the study of reaction dynamics in general.

B. A Dynamical View of Electronic Spectroscopies:
Wavepackets. Wavepacket theorié¥12%established a critical
link between dynamics and spectroscopy and changed the way
we think about electronic absorption and emission spectroscopy,
key probes of photodissociation events. While the traditional
interpretation of broadened rovibrational features in an electronic _ - ] )
absorption spectrum had been, a la HerzB&rgjfetime Figure 4. Top frames: Qualitative diagram showing the evolution of

- . . . . ] a wavepacketp(r) of a symmetric triatomic molecule on an upper
broadening due to electronic predissociation, Hélfeintro potential energy surface upon excitation with a delta function laser pulse.

duced a dynamical perspective to both photoabsorption andpgttom frames: (a) The time-dependent overlap@ with ¢ at later
photoemission spectroscopy, complementing the traditional time-timesz. The symmetric stretch vibrational period is T in the figure.
independent scattering calculatiéis'2%for photodissociation  (b) The Fourier transform of (a), showing the structure that would result
dynamics. In the wavepacket picture one imagines using a deltain an electronic absorption spectrum. Adapted with permission from
function (in time) laser pulse to promote the molecular amplitude Figures 2 and 3 of ref 118b.
from a vibrational level (usually the zero-point level for
absorption spectra) in the ground electronic state to the eXCitedspectrum result from a small part of the excited amplitude
electronic state. The excited molecular “wavepacket” undergoes returning to the FranckCondon region after moving out along
time-dependent dynamics on the excited state potential energythe symmetric stretch coordinate on the excited state potential
surface. The time-dependent overlap of the moving excited stateenergy surfacé?? Because only a small fraction of the
wavepacket with the initial state gives, when Fourier trans- amplitude makes it back to the FraneRondon region on the
formed, the electronic absorption spectrum complete with a first round trip, and virtually none on the second round trip
dynamical interpretation for the “lifetime broadened” reso- (forces have driven the amplitude out toward the repulsive
nances, as shown schematically in Figure 4. regions of the potential energy surface in thetHOH exit
Perhaps the cleanest example of this is in the ultraviolet channels), the Fourier transform gives broadened individual
absorption spectrum of the #tate of water, which shows diffuse  vibrational features, consistent with the traditional interpretation
vibrational features in the continuum absorption band. The that the lifetime of the vibrational recurrences is short. How-
spectrum is beautifully reproduced by Fourier transforming the ever, one need not invoke electronic “predissociation”; all the
wavepacket dynamics propagated on the excited state potentiablynamics is occurring on a single Ber@ppenheimer potential
energy surface; the vibrational resonances in the absorptionenergy surface.
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Photodissociation Dynamics

The wavepacket interpretation of spectroscopy has proven
extremely useful in a wide variety of experiments, including
emission spectroscopy of molecules excited to a dissociative
electronic continuum?® In those experiments, the dispersed
emission from the dissociating molecules reveals what vibra-
tional levels in the ground electronic state the dissociating
molecule developed good Frane€ondon overlap with during
dissociation. While early emission spectroscopy experiments
focused on direct dissociation on a single potential energy
surface, later work probed the dynamics in regions of potential
surfaces in which nonadiabatic coupling can induce transitions
to other excited potential surfackd; 127 a subject of importance

later in this review. Wavepacket dynamics has also been used

to model photoelectron detachment spectra that reflect the
ground state dynamics of reactive scattering systems like
Bre-+H-:I near the saddle point for the Br HI reactionl?8

C. Accessing the Transition State Regions of Reactive

Potential Energy Surfaces Using Photodissociation.Al-
though photodissociation has long been termed a “half-collision”

by dynamicists, this concept has deepened and refined as

photoexcitation is increasingly used to provide Fran€london

access to selected regions of reactive potential energy surfaces.

J. Phys. Chem., Vol. 100, No. 31, 19962809
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Perhaps the most exciting studies are those which directly access

the saddle point region, or transition state region, of an excited
electronic potential energy surface. For instance, the photoex-
citation of CHSH in the first electronic absorption band peaking
near 230 nm promotes the molecule to tha'1potential energy
surface in the region of the saddle point, or transition state,
between the Ck8 + H and CH + SH exit channels on the
excited state reaction coordindt&13° Hydrogen atom Rydberg
time-of-flight spectra partially resolve the vibrational population
in the G-S stretch3-132and molecular beam photofragment
velocity and angular distributions analyze the product branching
between the €S and S-H exit channels upon excitation to
this transition state regio?? We return to this system in section
I.D.2, as one can also access the transition state region
indirectly by exciting to the adiabatically bound®?’ potential
energy surface at higher photon energies, from which nonadia-
batic transition to the saddle point region of thé\l surface

can occur.

Two other photodissociative systems that offer Franck

Figure 5. Upper frame shows a contour plot of the first excited
electronic potential energy surface for thetHOH — HO + H reaction,

the A state of HO used in ref 122 to model the structure in the
ultraviolet absorption spectrum. The black dot near the saddle point
represents the FranelCondon region. The reaction coordinate is shown
schematically in dotted line in the upper frame along with the symmetric
stretch coordinate Q1. The lower frame shows a schematic diagram of
a cut along the reaction coordinate and the resonance energies
corresponding to increasing quanta in the symmetric stretch motion
Q1 at the saddle point. Recurrences in the symmetric stretch motion
result in the structure in the absorption spectrum. Reproduced with
permission from ref 133. Copyright 1991 Elsevier.

point means that the excited molecules have equal probability
of evolving into the two G-H fission exit channels. When one
deuterates the # to make HOD, one finds that-€H fission
becomes more pronounced than-D fission137-139 This is
because the larger zero-point motion in the'dbond in the
ground state vibrational wave function channels gives the

Condon access to the transition state region of an excited statemolecule better FranekCondon overlap with scattering wave

reaction coordinate are 8 and HO. They offer the op-
portunity to spectroscopically observe a vibrational motion, the
symmetric stretcA22 which is orthogonal to the OH(SH) H

— H + OH(SH) at the transition state, as depicted in Figure 5
for H,0.133 The emission spectrum of dissociatingd‘f6.134.135
also offers the opportunity to probe the scattering wave function
in the H+ SH exit channel; the emission spectra into high
vibrational levels of the ground state show selective overlap
with eigenstates with the vibrational quanta localized on one
S—H oscillator (the one that is breaking) and no bending quanta,
reflecting that the scattering dynamics in the exit channel evolves
into stretching of one SH bond with no bending and little
motion in the other SH bond. This connects beautifully with
the asymptotic SH fragment internal state distribufigfwhich

is vibrationally and rotationally cold.

While H,S is complicated by a conical intersection in the

functions on the & H repulsive side of the saddle point than
the O-D repulsive side. This effect is dramatically enhanced
when one photodissociates HOD molecules with one or several
guanta of vibrational enerd$f in the OH stretch; photodisso-
ciation of HOD from the local mode (mnkj (400)" vibrational
state in the ground state at 266 nm results in virtually exclusively
O—H bond fission, no &D bond fission. Thus, these systems
offer a way to induce bond-selective photochemistry by ac-
cessing different repulsive regions of one Befppenheimer
potential energy surface.

Other kinds of experiments offer the opportunity to probe
selected regions of either excited state or ground state reactive
scattering potential energy surfaces. For instance, photodisso-
ciation experiments using weakly bound clusters permit Franck
Condon access to the reactant channel region of a bimolecular
reactive collision on an excited electronic potential energy

Franck-Condon region, the dynamics upon photoexcitation of surface!*! Photoelectron detachment studies provided analo-
H,O in the first absorption band can be essentially perfectly gous opportunities, allowing the spectroscopic study of the
modeled on a single adiabatic Ber@ppenheimer potential  transition state region of ground state bimolecular reactiths.
energy surface and affords the opportunity to actively control In all these studies one sees a unity in the detailed description
the bond-breaking dynamics. The fact that the Frar@&ndon of molecular dissociation and bimolecular chemical reactions
region is, in this symmetric molecule, centered on the saddle at the molecular quantum level.
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D. Challenges in Photodissociation Dynamics That Im- @aaamm e 7328 iim
pact Reaction Dynamics in General: Elucidating Statistical (000) ® cory o
Assumptions and Nonadiabatic Effects. 1. Gaining a
Detailed View of Molecular DynamicsAs our experimental
tools to probe photodissociation dynamics have sharpened and
our ability to calculate highly accurate excited electronic
potential energy surfaces has improved, dynamicists have
pursued “exact” quantum scattering calculations to test our
ability to predict the dynamics of chemical reactions from first 150
principles. These predictions range in detail from the net rate 130}
of traversing any barrier along the dissociation coordinate to a 7,
complete set of state-to-state reaction cross sections. For 10
systems where it was a good approximation to assume that the
dynamics evolved on a single potential energy surface, the
success was stunning, particularly in photodissociation reactions
involving only a few atoms. In that case, all the nuclear degrees
of freedom could be treated accurately, and given a gand
initio potential energy surface, the scattering calculations gave
accurate predictions of product vibrational and rotational states
and a detailed picture of the dissociation dynamics. In some
cases, experimental observables revealed key features of the
reaction dynamics and excited state potential energy surface.
For instance, in the photodissociation of Ft®the NO product
rotational state distribution directly reflected the nodes and
maxima in the bending wave function of FNO at the barrier, or
transition state, on the excited electronic potential energy surface
as shown in Figure 8'3144 For larger systems where all the
internuclear degrees of freedom could not be included explicitly,
workers often drew on statistical models of the reaction
dynamics, which assume a statistical distribution of energy
among the internal modes (or all but a select set of internal
modes) of the dissociating molecule at the transition state. As ] ]
our ability to predict the dynamics of photodissociation observed Figure 6. The top part of the figure shows the experimentally measured

. : . rotational state distribution of NO following excitation to FNO in a
n experlmental measurements matures, two key assumptlonsband withvs = 0 in frame (a) andr; = 1 in frame (b). The middle two

commonly made in those predictions draw increasing scrutiny. frames in the figure show contour plots of the stationary wave functions
One, the assumption in statistical theories of rapid vibrational (R y,E) for the two lowest bending resonances supported on the S
energy redistribution in the dissociating molecule, has been of potential energy surface shown in the bottom frame. @hbeinitio
interest for decade$t-148 we review in section 111.D.2 recent  potential energy surface is minimized alonghereR is the distar}ce
work that seeks to understand the transition from mode-selectiveTom the F atom to the center of mass of the M@ the NO stretching

to statistical behavior. The second assumption, that the dynam-coord'nate-’ and is the Jacobi angle. The dot marks the equilibrium

h o . v geometry in the ground electronic state. Adapted with permission from
ics evolves on a single BorfOppenheimer potential energy  portions of Figures 2, 4, and 8 of ref 143.

surface, is implicit in most statistical theories and often used in
exact quantum scattering dynamics calculations without justi-

fication. Recent experiments reviewed in section 111.D.3 explore

classes .Of systems in .Wh'.Ch a breakdown of the BO”_‘ whether or not the rate of the reaction changed with excitation
Oppenheimer approximation is the rule rather than the except|on.energy in a monotonic way and whether the branching between
2. Elucidating the Transition from Mode-Seleetito Statisti-  energetically allowed fragmentation pathways depended on the
cal Behavior with Photodissociation Experiment©ver the past  vibrational nature of the mode excited. Numerous infrared
several decades, photodissociation experiments have been usegultiphoton dissociation studies found the product branching
to test one of the foundational assumptions in statistical transition ratios were well-predicted by statistical theories. Due to efficient
state theories of chemical reactions, that at the transition stateyiprational coupling in strongly bound molecules, one could
of the chemical reaction the vibrational energy in a molecular not selectively cleave a particular molecular bond by tuning
complex is statistically distributed among all the active the infrared laser into resonance with a particular bond's
modes!#6147.149 One way to test the assumption was to vibrational frequency.
photoexcite a molecule via different infrared or vibronic Although the predissociation rates of weakly bound com-
transitions and measure if the resulting photofragment branchingplexes often showed highly mode-selective behavior, the reac-
ratios, rates, or internal state distributions changed in a mode-tion rates of numerous overtone-initiated photofragmentation
selective way. Early infrared multiphoton dissociation experi- or photoisomerization reactioh$14%n strongly bound relatively
ments brought home the fact that the transition state theorieslarge molecular systems at moderate to high excitation energies
require that the distribution of vibrational energy only need be remained roughly consistent with statistical theories. Despite
statistical at the transition state. Nothing in the statistical this fact, one could still achieve “bond-selective” chemistry
theories precludes exit channel forces (resulting from a barrier simply by photoexciting the molecule to different repulsive
to the reverse reaction) from altering this statistical distribution electronic staté8°or different repulsive regions of one excited
and resulting in asymptotic photofragment kinetic energy or electronic potential energy surfat®. However, these successes
internal state distributions that are highly nonstatistiéalThe did not require the failure of the statistical vibrational energy

probability
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focus of many studies has shifted toward observables that would
not be sensitive to exit channel forcés. These studies assessed
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distribution assumption in transition state theories (although the o TTI(A)
first example requires failure of the assumption of the separabil- o TI(A™
ity of electronic and nuclear motiét). -

With the qualitative conclusion that mode-selective behavior
is commonly seen in strongly bound systems only for small
molecules, or for larger molecules only at low excitation
energies where the density of states is small, recent work has
begun to focus on understanding the transition from mode-
selective to statistical behavior. Although most of the work in
this area involves photodissociation in the ground electronic 25 75 125
state, and will be covered in the review by Smith and Moore in Ino
this issue, the ability to resonantly excite different vibronic
transitions has offered the possibility to investigate mode-
selective effects in photodissociation experiments involving
excited electronic states. Such studies fall into two categories.
The first type of study includes photodissociation which, though
initiated via a transition whose oscillator strength results from
a strong electronic transition, occurs essentially in the ground
electronic state via internal conversion; the work reviewed below
on NG, falls into this category. The second type of study occurs , , ‘ ‘ [ ,
on a single Bora-Oppenheimer potential energy surface, but 0 50 100 150 200 250
an excited state one, so can also directly explore the transition Rotational energy / em!
from mode-selective to statistical behavior in the same way that Figure 7. NO(@Py)) rotational state distributions from NGexcited
unimolecular dissociation on the ground state potential energy via IR—visible double-resonance excitation to an energy 235'cm
surface can. The highly mode-selective example of FNO above the dissociation limit. The upper panel displays distributions in
described in section 111.D.2 is an example of this type of study. (€ Wo A-doublet states of NO; the lower panel compares in a
Several key examples of both types of photodissociation studiesBOItzma-n n plot the distribution summed ovardoublet levels with

A SRS the predictions of phase space theory. Reproduced with permission from
are discussed below, indicating how they deepen our under-ref 153e. Copyright 1994 American Institute of Physics.
standing of the statistical assumption invoked in transition state
theories. tion satisfies the fundamental assumptions of statistical theories,

Many examples of highly mode-selective photodissociation where the initial states are ergodic and the formation and decay
dynamics upon excitation to states with structured electronic of the excited complex take place on different time scales, the
absorption spectra are in molecules like FNO. These states aredensity of states and the number of final states are small enough
not directly dissociative because their absorption spectra arethat effects arising from the decay of resonances can be
structured, but they do not sample a very deep well in the observed. Under state-to-state conditions the averaging inherent
potential surface in the FranelCondon region. A recent in statistical theories is removed, and effects due to resonance
reviewt>2 of vibrational resonances in molecular photodisso- scattering, including interference, result in asymmetric line
ciation illustrates this point. It analyzes the transition from mode shapes and deviations of the NO product quantum state
selective to statistical behavior in a series molecules, including distribution from the statistical prediction. As an example, when
XNO (X = CI, F, CHs) molecules upon ultraviolet photodis- NO; is photodissociated 235 crhabove the dissociation limit,
sociation and H@and NG molecules upon dissociation onthe Figure 7 shows that the experimentally measured 3Q§)
ground state potential surface. The XNO molecules sample atrotational distributions fluctuate about the average statistical
most a very shallow well on the potential energy surface in the prediction when the Aand A’ A-doublet states of NO are
Franck-Condon region and consequently evidence highly detected state specifically, but agree well with phase space
mode-selective behavior; the NO product rotational and/or theory when the populations in the twed-doublet states are
vibrational state distribution is highly sensitive to the nature of summed.
the vibrational motion in the vibronic state excited in the While the experiments above give examples of mode-selective
absorption spectrum. In contrast, in N@nd in the model  product internal state distributions, excitation in a structured
version of HQ studied, the molecules sample a deep well on electronic absorption spectrum can also result in mode-selective
the potential surface, namely, the ground electronic state, andbranching between two dissociation product channels. A
evidence statistical dynamics. The review concludes that if the particularly interesting case is th#\, photodissociation of
systems sample a deep well and have a strong coupling betweerCIO 154 where the branching beween the-€10, and CIO+
internal modes, then the vibrational resonances evidence statistiO channels varies dramatically and systematically with the
cal behavior, with the observables being the widths of the nature of the vibrational band excited in the absorption. The
spectral features and the final state distributions of the productsselective dissociation dynamics evolves on more than one
measured upon photodissociation at the resonance energy. Born—Oppenheimer potential energy surface in this system, so

Recent experimert®153on NO, have investigated how the ~ the complicated mechanism for the selectivity is still being
molecular dissociation, while behaving statistically on the investigated.
average, exhibits sometimes dramatic fluctuations about the The review of investigations of statistical theories using
average when state-resolved experiments are done. Using botlphotoexcitation to excited electronic states would not be
single-photon and infrareevisible excitation, the experiments  complete without mentioning the beautiful studies of intramo-
measured the internal state distributions of the NO product uponlecular vibrational energy redistribution in electronically excited
state-selective laser excitation of the N@nd the partial molecules. Chemical timing experimeAt8which disperse the
absorption spectra for NQupon detecting one NO quantum fluroescence from vibronic state selectively excited molecules
state. The investigators conclude that although N€&omposi- immersed in a variable pressure of Quencher gas, allow the
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measurement of intramolecular vibrational energy redistribution
times from a FranckCondon bright mode into coupled
vibrational states of the bath. Recent experiniéftmve shown
that when one replaces one of the F atomp-iliflurobenzene
with a methyl group, the dephasing of the bright mode occurs
40 times faster. This increase and the two- to four-fold increase

Butler and Neumark

no*(C-Cl)
BrCH,CO+Cl

no"* (C-Br)
\
Br+CH,COCI

=248 nm

hv

upon deuteration of the methyl group can be accounted for by
the increase in the density of coupled states that the internal
rotation—vibration interaction turns on. However, when the

methyl group is moved from thgara to themetaposition, the z;ﬁi;"f,';gfgfggggggggl
IVR rate increases by a factor of 10, an acceleration that cannot b\

be accounted for by the twofold increase in the density of

coupled states that results from the decrease in vibrational 2
symmetry. One must conclude that there is an increase in the Br+CH,COCI
coupling strength between the internal rotation and molecular
vibration when the methyl group is moved to timetaposition.
These studies allow very detailed analysis of vibrational energy
redistribution in state-selected vibronically excited molecules.

3. Using Photodissociation To Probe the Breakdown of the
Born—Oppenheimer Separation of Nuclear and Electronic

MOt'on'_ Much Of_ our predlctlve ability for the rates a_n(_j Figure 8. Schematic reaction coordinates for-Cl and C-Br fission
dynamics of chemical reaction pathways has relied on statisticalfrom the 248 nm photodissociation of Br(@COCI. The lower frame
transition state theori€g 15 or, in smaller systems, quantum  shows the splitting, determined from configuration interaction single
scattering calculatioA® on a single adiabatic potential energy ~excitation calculations at—o = 1.188 A (for BrCHCOCI) and 1.195
surface. The potential energy surface gives the energetic barrierd (for Br(CHz):COCI) between the two ‘Apotential energy surfaces
to each chemical reaction and allows prediction of the reaction 2t the avoided crossing along the-8r bond fission coordinate.

. . . Adapted with permission from Figures 1 and 11 of ref 163d.
rates. However, the chemical reaction dynamics evolves on a
single potential energy surface only if the Ber@ppenheimer
separation of nuclear and electronic motion is vafiels2 The
paragraphs below give examples of recent photodissociation
experiments on classes of chemical reactions in which the failure
of the adiabatic approximation is critical in determining the

BrCH,COCI

248 nm

hv

BrCH,COCI

C-Br «<—— reaction coordinate —— C-CI

ing ratio of 0.04:1 in bromoacetyl chloride and at most 0.05:1
in bromopropionyl chloride from molecules excited to the
(n;*(C=0)) 1'A" potential energy surface.

Crudeab initio calculations support a model in which-@r

dynamics of the chemical reaction and the branching betweenf'SS'O.n IS suppressed_by the |nab|I|ty_ of the electronic wave
function to keep up with nuclear motion across the barrier to

energetically allowed chemical reaction channels. Several of C—Br fission, a barrier resulting from the avoided crossing of
the experiments described below focus on systems where theThe rbn*(C=b) and the pao*(C—Br) configurations. The

;ggg::\éﬁ itrzatjl‘?gt\(/)i:;ﬁ]sit; 2;5; ctgﬁi;;?rslég(r):eig[r? gf trhoiecshselr(r)uncal calculations also show why nonadiabatic recrossing so markedly
.ap 9 suppresses €Br fission in bromopropionyl chloride. Figure

understood to render _the adiabatic approx.imation ‘”Vf""?‘?'- 8 shows that the splitting at the avoided crossing along thBIC
Others demonstrate the importance of considering the p055|b|I|tyfission reaction coordinate is reduced from typically 200&m

o pociabalty i h tanstonstteof ycherical fcton i oy chde o oy 20 c i fompropony
9 ' 99 chloride63da simple LandattZener calculation estimates that

state k?|molecular react?ons. ) over 99.9% of the trajectories that try to cross the low-energy
A simple but chemically important consequence of the payrier to G-Br fission in brompropionyl chloride undergo a
breakdown of the BorrOppenheimer approximation is the nponadiabatic transition to the upper adiabat instead of crossing
marked change in the expected branching between energeticallthe parrier and resulting in-€Br fission. Thus, any prediction
allowed chemical bond fission channels due to nonadiabatic pased on relative barrier heights on the adiabatic potential energy
recrossing of a reaction barrier. Statistical transition state grface is grossly in error. This and subsequent experiments
theories predict that, given comparable preexponential factors,showed that a particular class of reactions is particularly
the reaction pathway with the lowest energetic barrier will sysceptible to nonadiabatic effects due to the small splitting
dominate. However, because barriers result from avoided pewteen adiabats at the reaction barrier. This class of reaction
electronic configuration crossings, the electronic wave function js gne in which individual orbital symmetry is not conserved
changes rapidly along the reaction coordinate near the saddlea|0ng the adiabatic reaction coordinaté.
point. This is exactly the situation in which the adiabatic Recent photodissociation experiméftson CHSH afford
approximation may fail. Semiclassically, the nuclear dynamics the opportunity to investigate nonadiabaticity in the transition
can unexpectedly turn back from the barrier at energies well state region of bimolecular reactions. In the saddle point region
above the barrier and thus markedly reduce the reaction rate.qf 5 typical AB+ C — A + BC reaction shown in Figure 9,
Recent photofragment velocity and angular distribution the electronic wave function changes most rapidly with nuclear
experiments on the competition betweer-@ and C-Br coordinate, so the BorrOppenheimer approximation may fail,
fission in bromoacetyl and bromopropionyl chloride at 248 nm resulting in a nonadiabatic transition to the upper surface in
163 demonstrate how such nonadiabatic recrossing can alter thethe region of the saddle point. Photodissociation ofsSHI
branching ratio between bond fission channels. Although offers the chance to directly access both the upper and lower
statistical transition state theories predict thatB? fission, the adiabats, respectively, near the transition state region of the
reaction pathway with the lowest energetic barrier on‘tvé excited state Ck6 + H — CH3z + SH bimolecular reaction to
surface, should dominate, the experiments find thecCbond probe the influence of nonadiabatic coupling in chemical
cleaves preferentially, arriving at a-®r:C—Cl fission branch- reaction dynamics. When the molecule is excited at 193 nm in
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HES)+NH,(X?B)

_>~—CH3+SH
’:: A+ BC ~70°
Ve
sx‘{\c CH3SH
C‘“Pg," Res Figure 10. Ground and first excited state potential energy surfaces
for ammonia, showing the region of intersection along theH\bond
* fission coordinate (or €N bond fission coordinate in GiNIH,) as it

varies with the out-of-plane anglke Adapted with permission from
ref 171.

Figure 9. Schematic contour plots of the excited electronic potential

energy surfaces for GSH, showing the two lowestA" adiabatic is a conical intersection along the—-Ni and C-N fission

excited state surfaces. The lower diagram shows the reaction coordinater ; ; ; e
> i . eaction coordinates, respectively. If the bond fission proceeds
for the bimolecular reaction A BC — AB + C along the lower excited b y P

state surface. The Franekcondon region, marked by X, lies near the adie_lbatically as the trajectories traverse the c_onica_ll intersection,
saddle point on the lower excited state surface. Reproduced with €XCited state NHA(°Aq) product is formed. Diabatic traversal
permission from ref 129. Copyright 1993 American Institute of Physics. Of the conical intersection results in a transition from the upper
to the lower adiabat shown in Figure 18,producing ground
the higher energy absorption band to the upper bound adiabatstate NH product. Since nonadiabatic transitions occur ef-
it dissociates via nonadiabatic coupling to the transition state ficiently at conical intersections, one expects a significant
region of the lower adiabat. Photofragment velocity and angular fraction of ground state Npproducts. However, while NH
distribution measurements on gHS—H show the nonadiabatic ~ fission in ammonia results in a mixture of the two products at
decay to the transition state region of the lower surface occursenergies where both exit channels are energetically allowed,
in less than a picosecond and results in a factor of 8 larger C—N fission in CHbNH, produces only excited state N2
branching to decay of the transition state complex to thg CH To understand how the dissociative trajectories manage to
+ SH exit channel than did direct excitation to the lower adiabat traverse the reaction coordinate adiabatically despite the conical
at 222 nmt29.130.165 The larger branching ratio results from the intersection, one must consider the detailed dynamics that the
stretching of the €S bond on the upper adiabat, evidenced in molecule undergoes. Upon Frarc€ondon excitation to the
emission spectrocopy experimeit3. This dynamics allows the  upper adiabat, where the equilibrium geometry is planar rather
molecule to sample a region of the transition state upon than pyramidal about the N atom, NMagging motion ensues,
nonadiabatic transition to the lower dissociative surface that as evidenced by the structure in the absorption spectrum assignec
enhances €S bond fission over that obtained by accessing the to a progression in the NHvag in CHiNH,.173 As the molecule
transition state directly via FranelCondon excitation from the  traverses the conical intersection with considerable energy in
ground state. As goodb initio potential energy surfaces are NH; wagging motion, the amplitude of the dissociative wave
being developed for this systel#f, dynamics calculations are  function is small at planar geometries and large at bent
seeking to understand how to accurately describe the dynam-geometries at the outer turning points of the wagging motion,
ics167 and workers are identifying regions of the potential so there is little amplitude near the point of conical intersection
surfaces in which nonadiabatic transitions occur efficieHly.  in Figure 10. Classically, then, trajectories traverse the conical
Although the experiments above remind us that in general it intersection mainly at bent geometries where the splitting
is near the transition state region that the Be@ppeneheimer between the upper and lower adiabats is large, and the system
approximation may fail, for many reactions the approximation thus remains on the upper adiabat throughout the dissociation
is a very good one. The approximation’s validity depends on and results in excited state Nigroduct.
the regions of the reactive potential energy surface sampled by Other experiments have sought to control whether the
the reactive trajectories. This is evident in systems like the H dissociative trajectories traverse the conical intersection at
+ O, reaction, which at thermal energies in the ground electronic geometries near the point of conical intersection, or at bent
state occurs adiabatically, but at energies accessed by reactingeometries where the splitting is larger, so as to control the
a 2.3 eV H atom with @%%is subject to failure of the Born resulting branching between adiabatic and diabatic dissociation
Oppenheimer separation of nuclear and electronic motion products. In C¥l (X = H, D, F)*"* and ICN175177 if one
because the trajectories can then sample regions of the potentigbhotoexcites molecules with one or more quanta in the bend,
energy surface near the conical intersections in linear andthe dissociative trajectories traverse the conical intersection at
T-shaped geometriég? bent geometries where the splitting between adiabats is larger,
Several recent photodissociation experiments have elucidatedresulting in an increase in the branching to the adiabatic reaction
the importance of considering what regions of the potential products. A somewhat different example of the sensitivity of
energy surface the reactive trajectories access in determiningnonadiabatic effects to the region the surface accessed by the
whether nonadiabatic effects will be important. For instance, molecular wave function occurs in the photodissociation of
in the A state photodissociation of both Nldnd CHNH, there HCO. In that system, excited state resonances whose wave
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functions sample linear geometries on the upper of two Renner (7) Zare, R. N.Mol. Photochem1972 4, 1. See also early work in:
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. ! . . . University, 1964.
degeneracy with the lower dissociative surface, evidence much ™ (g)"For a review of using a “universal detector” in molecular beam

larger widths due to their fast nonadiabatic decay onto the lower apparatuses, see: Lee, Y. T.; McDonald, J. D.; LeBreton, P. R.; Herschbach,

Born—Oppenheimer potential energy surfaé& 181 Overall, D. R.Rev. Sci._lnstruml%Q 40, 1402. Lee et al. introduced a differenti_ally
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challenging our dearest assumptions. Yang, S. C.; Bersohn, Rl. Chem. Physl974 61, 4400.
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Morss, R. E.; Butler, L. J.; Francl, M. Ml. Chem. Phys1994 100, 3463.
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i ; (13) Lengel, R. K.; Zare, R. NJ. Am. Chem. S0d.97§ 100, 7495.
experimental advanpgs that have been made dunng.the past 30 (14) Danon, J.; Filseth, S. V.; Feldmann, D.; Zacharias, H.; Dugan, C.
years and by describing several of the conceptual issues that, ;' weige, K. H.Chem. Phys1978 29, 345.

are of current interest in the field. The experimental effort in (15) McDonald, J. R.; Miller, R. G.; Baronavski, A. Ehem. Phys.

photodissociation has been one of the most productive in all of '—e“ié97D7r 51a 57k-_ WS B \i A P McDonald. J@em. Ph
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is a “mature” area of research, qualitative advances still occur  (17) Yang, S. C.; Freedman, A.; Kawasaki, M.; BersohnJRChem.
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proviaing a etaile perSpeCtlve on the multitude o pat ways (22) Andresen, P.; Ondrey, G. S.; Titze, Phys. Re. Lett. 1983 450,

by which an electronically excited molecule can dissociate. This 486. Andresen, P.; Ondrey, G. S.; Titze, B.; Rothe, EJAChem. Phys.
is enabling us to move beyond the simple models often used t01984 80, 2548.

describe photodissociation dynamics and, instead, to gain a deep,,(23) Ondrey. G.; van Veen, N.; Bersohn, R.Chem. Phys1983 78,
understanding of the interplay between electronic and nuclear (24) Vasudev, R.; Zare, R. N.; Dixon, R. N. Chem. Phys1984 80,
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