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ABSTRACT

To predict the branching between energetically allowed product channels, chem-
ists often rely on statistical transition state theories or exact quantum scattering
calculations on a single adiabatic potential energy surface. The potential energy
surface gives the energetic barriers to each chemical reaction and allows predic-
tion of the reaction rates. Yet, chemical reactions evolve on a single potential
energy surface only if, in simple terms, the electronic wavefunction can evolve
from the reactant electronic configuration to the product electronic configuration
on atime scale thatis fast compared to the nuclear dynamics through the transition
state. The experiments reviewed here investigate how the breakdown of the Born-
Oppenheimer approximation at a barrier along an adiabatic reaction coordinate
can alter the dynamics of and the expected branching between molecular disso-
ciation pathways. The work reviewed focuses on three questions that have come
to the forefront with recent theory and experiments: Which classes of chemical
reactions evidence dramatic nonadiabatic behavior that influences the branching
between energetically allowed reaction pathways? How do the intramolecular
distance and orientation between the electronic orbitals involved influence the
nonadiabaticity in the reaction? How can the detailed nuclear dynamics mediate
the effective nonadiabatic coupling encountered in a chemical reaction?
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INTRODUCTION

Much of the predictive ability for the branching between chemical reaction
pathways has relied on statistical transition state theories (1-3) or, in smaller
systems, quantum scattering calculations (4-9) on a single adiabatic potential
energy surface. The potential energy surface gives the energetic barriers to each
chemical reaction and allows prediction of the reaction rates. Yet the chemical
reaction dynamics evolves on a single potential energy surface only if the Born-
Oppenheimer (10) separation of nuclear and electronic motion is valid. The
experiments and associated theory reviewed here seek to identify what classes
of chemical reactions are particularly susceptible to a breakdown of the Born-
Oppenheimer or electronic adiabatic approximation and to show how such a
breakdown can markedly change the competition between energetically allowed
chemical bond fission or molecular elimination pathways. Although | focus
on photodissociation experiments here, the findings are equally important for
bimolecular reactions in the ground electronic state. In both cases, the required
change in the electronic wavefunction on traversing the reaction barrier can
result in the failure of the common assumption that the reaction dynamics
evolves on a single potential energy surface.

HISTORICAL BACKGROUND

Fundamental theories of the rates of elementary chemical reactions often begin
by depicting a chemical reaction coordinate where the collision between two
reactant molecules (or, in the case of photodissociation, the absorption of a
photon) allows the system to surmount an energetic barrier along the reaction
coordinate and then go on to products. The potential energy along the reaction
coordinate is determined from a cut through the multidimensional potential
energy surface for the reaction, which is calculated by freezing the internuclear
distances at each geometry and solving the electronic part of thedbcher
equation. If one then goes on to predict the reaction rate by using the usual
transition state theories (1, 2) or by solving the “exact” nuclear dynamics using
a Hamiltonian with only this potential energy and the nuclear kinetic energy,
then one has implicitly assumed that the electronic wavefunction can instan-
taneously adjust as molecular bonds stretch, break, and form. This implicit
assumption, the electronically adiabatic or Born-Oppenheimer approximation,
was recognized and briefly challenged even at the inception of transition state
theory. The originators of transition state theory, Evans and Polyani, briefly
mentioned the adiabatic assumption (11) and, in a later Faraday discussion of a
paper by the same authors (12), E Rabinowitch challenged that assumption. In
the following paper (13), E Wigner also discusses the complex implications of
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the electronic adiabatic assumption implicit in transition state theories. How-
ever, perhaps because of the early success of transition state theories and the
later focus on another key assumption in transition state theory, that of in-
tramolecular vibrational energy redistribution, the pitfalls in the implicit use
of the Born-Oppenheimer approximation to understand chemical reaction rates
have been largely overlooked. Thus, although it was challenged at the inception
of transition state theory, the adiabatic approximation is often now implicitly
assumed to be valid for bimolecular and unimolecular reactions in the ground
electronic state (2,4, 5). Its shortcomings are only widely recognized for ion-
molecule, charge transfer (14), and other reactions involving obvious electronic
curve crossings (15, 16). One of the best prior reviews (17) of nonadiabatic
molecular collisions, one that primarily focuses on theoretical methods, does
indeed note that not only reactions involving electronically excited species and
ion-molecule reactions can be nonadiabatic, but also reactions of ground state
species at room temperature. The experiments reviewed here seek to demon-
strate the importance of considering the possibility of nonadiabaticity at the
transition state of any chemical reaction with a barrier along the reaction coor-
dinate, including ground-state bimolecular reactions, and to identify the classes
of chemical reactions in which nonadiabatic effects are most critical. To un-
derstand the rates of chemical reactions in terms of statistical transition state
models, the experiments provide compelling evidence that the failure of the
adiabatic approximation can be as important as the more thoroughly scruti-
nized (18-21) assumption of intramolecular vibrational energy redistribution
in predicting the rates of, and thus competition between, chemical reaction
channels.

This review focuses on experimental work primarily from my own research
group, with only passing mention of other work in the area of electronically
nonadiabatic chemical reactions. Although this review describes some theo-
retical work associated with the experiments reviewed, it does not attempt to
review the wealth of theoretical advances in the area of electronically nonadi-
abatic reaction dynamics. For this, | refer the reader to a number of review
articles by theoreticians on nonadiabatic processes (22—34); a beginner with an
experimental tilt can start with the previously mentioned review by Tully (17)
or the 1981 review by Garrett & Truhlar (26). The experiments reviewed below
primarily focus on nonadiabatic interactions that arise from radial derivative
coupling, the coupling that results from the change in electronic wavefunc-
tion with changing internuclear separations, rather than nonadiabatic coupling
that derives from the rotation of the entire molecular system (such as Coriolis
coupling). | also follow the convention noted by Tully (17) that the term
“adiabatic” representation, which has been used for eigenfunctions and eigen-
values of eithefH, = Hel + Hso [see Tully (17) for definitions] or for only



128 BUTLER

He depending on the context, is used for the eigenfunctions and eigenvalues of
‘Her alone unless otherwise noted (thus assuming that spin orbit interactions are
not important in the particular dynamics being discussed). | further restrict this
review to electronic nonadiabatic effects in chemical reactions; the influence of
electronic nonadiabaticity on bound states in molecular spectroscopy can also
be considerable, as detailed in several reviews (35-39). Finally, whenever there
is a conical intersection involved in the dynamics, one should also account for
geometric phase (40) in the Hamiltonian in the adiabatic representation; be-
cause neither this review nor the Tully review addresses this point adequately, |
refer the reader to previous reviews on geometric phase (41-44) and a beautiful
recent review by Yarkony (22).

This review starts with a qualitative pedagogical description of electroni-
cally nonadiabatic effects to demonstrate first why the Born-Oppenheimer ap-
proximation is particularly subject to breakdown near the transition state of a
chemical reaction, and then how, in a simple two-state model, the breakdown
results in reducing the chemical reaction rate. The next section shows that such
a breakdown can dramatically change the branching ratios between two ener-
getically allowed reaction channels, detailing experiments wherein the reaction
channel with the higher energy barrier totally dominated another channel with a
10 kcal/mole lower energy barrier! The review continues with a more special-
ized treatment of the subjecs)(exploring what classes of chemical reactions
are particularly subject to nonadiabatic effechy,ifivestigating the influence
of molecular conformation and intramolecular separation on electronic nona-
diabaticity, €) examining experiments that access the transition state to probe
nonadiabatic effects, and ) detailing the influence of the multidimensional
nature of the reactive potential energy surface and how it can mediate elec-
tronically nonadiabatic effects in both ground state and excited state chemical
reactions. Throughoutthe article, I try to acknowledge the pioneersin electronic
structure theory who have performed difficult calculations to obtain derivative
coupling matrix elements in addition to multidimensional potential energy sur-
faces; the lack of derivative coupling matrix elements is perhaps the leading
reason why “exact” quantum scattering calculations often neglect to include
important nonadiabatic effects.

WHY THE BORN-OPPENHEIMER APPROXIMATION

CAN BREAK DOWN AT THE TRANSITION STATE

OF A CHEMICAL REACTION

This section seeks to give a clear physical picture of the particular susceptibility

of the Born-Oppenheimer approximation to breakdown at a point that is crucial
for chemistry—at the transition state of a chemical reaction. | begin with some
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mathematical formalism and then analyze the change in electronic wavefunction
required for a molecule to remain on one potential energy surface as it tries to
cross the barrier to a chemical reaction. | show that the change in electronic
wavefunction required to cross the transition state is sometimes so large that
it renders invalid the Born-Oppenheimer approximation, which assumes that
the electronic wavefunction can readjust instantaneously on the time scale of
nuclear motion.

Tully (17) gives an excellent review of honadiabatic interactions, including
the particular terms in the Sddinger equation that one assumes are zero
when it is presumed that the nuclear dynamics propagate on a single potential
energy surface. Although in an adiabatic representation there are three such
neglected terms (omitting geometric phase), one diagonal and two off-diagonal,
Tully argues that the most important nonadiabatic coupling is provided by the
off-diagonal terms/},, (k #K')

N—-1 ﬁ2 R R
K =Z— ( ) {ox|Vm@w) - Vi 1.

M—=1 2um

wheregp, is the electronic eigenfunction at a particular point on the kth potential
energy surface that one gets from the solution of the electronic part of the
Schiodinger equation, and M indexes the particular internuclear coordinate
(bond stretch, angle bend, torsion) or molecular rotation in the N atom system.
Thus, this term can include both Coriolis coupling and internuclear coordinate
derivative coupling (in diatomics, often termed “radial derivative coupling”).

To understand why the Born-Oppenheimer approximation can break down
near the transition state for a chemical reaction, consmlaﬁw. lok) foran M
corresponding to motion along an internuclear coordinate that moves the system
across the transition state. (This internuclear coordinate (or “radial”) derivative
coupling matrix element is the negative complex conjugate of the correspond-
ing matrix elementyy| Vi |ox ) in the middle of the nonadiabatic coupling term
given in Equation 1.) This matrix element gets large near the transition state for
a chemical reaction, rendering the Born-Oppenheimer approximation suspect.
This is easy to see. The matrix eleméat |Vv|ek) involves the change of
the electronic eigenfunctiop of the potential surface k on which the nuclear
dynamics is trying to propagate. If the nuclear coordinate is a bond stretch in a
diatomic, then the expression involvVegpy = %gz)k. Take the case where the
change in internuclear coordinate R moves along the reaction coordinate of the
chemical reaction. The change in electronic eigenfunction across the transition
state is typically large, as evidenced in the following example of the excited
state H+ SH— H + SH reaction depicted in Figure 1 (45). The figure shows
the highest occupied molecular orbital (HOMO) of the electronic eigenfunction
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on the HSH excited state potential energy surface. In the entrance channel, the
wavefunction has localized antibonding character between the incoming hy-
drogen and the S of the SH reactant; this antibonding interaction is why the
potential energy surface goes uphill as the H atom approaches the SH (or as
R, in the figure decreases). At the transition state, the HOMO looks much dif-
ferent, and in the exit channel, it now looks antibonding between the HS and
the exiting H atom, consistent with the downward slope of the potential energy
surface after the transition state aglBngthens. Thus, the electronic wave-
function changes markedly as the dynamics traverses the reaction barrier, from
antibonding between the incoming H atom and the S atom before the transition
state to antibonding in the other SH bond after the transition state. The term
VrRek = E%chk is large near R = R,, and thus the matrix element in Equa-
tion 1 for 7, becomes large near the transition state, potentially rendering the
Born-Oppenheimer approximation invalid because the approximation assumes
(xx|T4 | xx) is negligible. Physically, the change in electronic wavefunction
required for the nuclear dynamics to continue to propagate only on the given
potential energy surface is too large unless the relative nuclear velocity is small
(the matrix element is velocity dependent in this semiclassical sense because
T operates oryy, So it involvesVy operating on the nuclear wavefunction).

REDUCTION IN THE RATE OF A CHEMICAL
REACTION FROM NONADIABATIC RECROSSING
OF THE REACTION BARRIER

The inability of the electronic wavefunction to change with nuclear motion
as the dynamics attempts to traverse the transition state can simply result in a
dramatic reduction in the rate constant for the chemical reaction. The qualitative
mechanism for such a reduction in a reaction rate because of nonadiabatic
recrossing of a barrier is illustrated in Figure 2 for an A-B bond fission reaction
with a barrier along the forward and reverse reaction coordinates.

Figure 1 Schematic reaction coordinate and Born-Oppenheimer potential energy surfaces for the
excited state reaction  SH— HS+ H. The change in electronic wavefunction required to follow

the adiabatic reaction coordinate as one traverses the transition state region is shown by depicting
the highest occupied valence molecular orbital in the entrance chdeftgl &t the transition

state (niddle and in the exit channetight). (For pedagogical clarity, | have deleted the Rydberg
character also present in the actugBHsystem.) One can see that the electronic wavefunction at
the transition state is a linear combination of the reactant and product electronic configurations.
Upper portion adapted with permission from Figure 2 of Reference 97 (copyright 1994, American
Institute of Physics). Lower portion (orbitals) adapted with permission from Figure 5 of Reference
98 (copyright 1994, American Institute of Physics).
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Figure 2 Schematic depiction of nonadiabatic recrossing of the transition state of a bond fission
reaction where on the lower adiabat the electronic wavefunction must change from bonding to
mixed to antibonding in character. In this simple two-state model, the lower and upper adiabats are
formed from the avoided electronic configuration crossing of a bonding electronic configuration and
a repulsive electronic configuration. If the Born-Oppenheimer approximation fails, the molecule
retains its bonding electronic character at the barrier and makes a non-adiabatic “hop” to the upper
adiabat instead of proceeding to products on the lower adiabat. (Reproduced with permission from
Figure 1 of Reference 59, copyright 1994, American Institute of Physics.)

Along the adiabatic reaction coordinate, the dominant electronic configura-
tion changes from bonding in the A-B bond, on the reactant side of the barrier, to
repulsive inthe A-B bond, after the barrier in the exit channel region. Inasimple
two-state model, one can view any adiabatic reaction coordinate with a saddle
point at the transition state as being formed from such an avoided electronic
configuration crossing [this is as true for saddles on the ground state potential
energy surface asitis for excited state potential energy surfaces (15, 16, 46, 47)].
The change in electronic wavefunction required to follow the adiabatic reaction
coordinate near the barrier is considerable and can resultin a failure of the Born-
Oppenheimer approximation. If the splitting between the adiabatic electronic
surfaces at the barrier along the reaction coordinate is small (48) reflecting the
weak configuration interaction between the bonding and repulsive electronic
configurations, the molecule may not traverse the barrier adiabatically. Instead
the electronic wavefunction may retain the character of the bonding configura-
tion, resulting in a nonadiabatic hop to the upper, bound potential energy surface
at the avoided crossing. The molecule feels the bound wall of that potential
instead of undergoing bond fission on the lower adiabat.
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Several classes of reactions are susceptible to a reduction in the rate constant
from nonadiabatic recrossing of the reaction barrier. A completely analogous
mechanism to that described above results in a nonadiabatic reduction in the rate
constant for electron transfer reactions (14). In a statistical expression for the
reaction rate constant# « (kgT/ h)% exp(—E,/ksT), one may correct for
this recrossing with a transmission factoof less than one (14, 49)[Tradi-
tionally, however, areducedhas been used to correct for recrossing that results
from a large curvature of the potential energy surface in the transition state re-
gion, not for recrossing that results from nonadiabatic transitions (50).] The
work reviewed in the next two sections shows that the reduction in rate resulting
from nonadiabatic recrossing of the barrier can markedly change the branching
between competing bond fission pathways and identifies two classes of reactions
in which such nonadiabatic effects play a dominant role in product branching.

HOW NONADIABATIC RECROSSING CAN ALTER
THE BRANCHING BETWEEN TWO COMPETING
BOND FISSION REACTIONS

Competing C-Br and C-Cl fission in Bromoacetyl Chloride

The first experiment reviewed here provides a compelling reason to reexamine
the common practice of predicting reaction rates for competing chemical reac-
tions based on the relative barrier heights along the two reaction coordinates.
The common wisdom is that given similar preexponential factors, the reaction
channel with the lower energy barrier has a faster rate constant compared to
a reaction channel with a higher energy barrier. The first excited singlet state
of bromoacetyl chloride is an’Astate with a barrier to C-Br fission that is
roughly 10 kcal/mole lower than the barrier to C-Cl fission. Since the A factor
is expected to be similar for these two bond fission channels, one would expect
C-Br fission to dominate C-ClI fission upon photoexcitation to tHepétential
energy surface. Crossed laser-molecular beam experiments (51-53) however,
show that the reverse occurs; C-Cl fission, the channel with the higher barrier,
dominates C-Br fission by a ratio of 1.0:0.4. [The excitation wavelength of 248
nm is in an overlapping region of the absorption spectrum where most of the
molecules are excited via theym’_g transition to the 1A potential energy
surface, but some are excited to a surface that is diabatically repulsive in the
C-Br bond; thus, the branching ratios given are the result of subtracting from
the data the C-Br bond fission events from direct excitation to the overlapping
repulsive state.] The analysis of that work, described below, is proposed with a

1Evans & Evans (49) first corrected a bimolecular reaction rate for adiabatic versus diabatic
crossing. They used Landau-Zener theory for the now well-recognized case of a reaction involving
the crossing of ionic and covalent electronic states.
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leap of intuition, that C-Br fission is suppressed in bromoacetyl chloride by the
inability of the electronic wavefunction to “keep up” with the C-Br stretching
across the barrier to C-Br fission on the’1potential energy surface. The
model suggests that nonadiabatic recrossing (see previous section) of the C-Br
fission reaction barrier suppresses the rate of that reaction channel, allowing the
higher energy C-Cl fission channel to compete effectively. | describe the model
in detail below, along with subsequent work that tests the nonadiabatic recross-
ing hypothesis with an experiment on the branching between C-Br fission and
C-Cl fission in bromopropiony! chloride.

Nonadiabatic Recrossing of the C-Br Fission
Transition State

To understand the proposed model for nonadiabatic suppression of the C-Br fis-
sion rate constant, first consider how the electronic wavefunction must change
along the C-Br fission reaction coordinate on the’ patential energy surface.

In the reactant region accessed in the Franck-Condon region, the electronic
wavefunction clearly looksgir&_ in character; in a natural orbital description
theod_g, orbital is unoccupied, and there are two sigma bonding electrons on
the C-Br bond. A qualitative configuration interaction with single excitations
(CIS) electronic structure calculation (45) shows, as expected, that the adia-
batic Born-Oppenheimer potential energy surface goes uphill as the C-Br bond
is stretched, reflecting the bonding character of the electronic wavefunction
on the C-Br bond. However, after the transition state, the electronic wave-
function on the*!A” potential energy surface has changed dramatically. It now
looks rgrod_g, in character, and the potential energy surface shown in Figure 3
(top) is repulsive in the C-Br bond after the transition state. Within the Born-
Oppenheimer approximation, by neglecting the tém 7., | xi), one makes

the approximation that the nuclear dynamics propagates on this single potential
energy surface, that the electronic wavefunction readjusts to the repulsive elec-
tronic configuration as the nuclear dynamics crosses the transition state. In the
proposed model explaining the suppression of C-Br fission, it was suggested
that the electronic wavefunction did not readjust, that the molecule retained
noré_o Character through the transition state. In that case, the effective po-
tential energy that the nuclear dynamics feels is one determined kyr&n &
configuration at C-Br distances past the transition state, a configuration bound,

2Throughout this discussion | will consider the spatial character of the electronic wavefunction
only, neglecting consideration of spin. Although this will obviously not yield quantitative results
in a system where spin-orbit coupling is strong, the argument still retains the essential physical
characteristics of the dynamics. The'nrepulsive electronic configurations characteristic of a
C-Br moiety will thus be crudely referred to here’#s and!A” in symmetry, where in fact the
singlet and triplet configurations mix strongly and produce five repulsive spin-orbit states.
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Figure 3 Schematic reaction coordinates for C-Cl and C-Br fission from the 248 nm photodis-
sociation of Br(CH),COCI. The lower frame shows the splitting, determined from configuration
interaction with single excitations calculations @t = 1.188A (for BrCH,COCI) and _q =
1.195A (for Br(CH,),COCI), between the two ‘Apotential energy surfaces at the avoided cross-
ing along the C-Br bond fission coordinate. (Adapted with permission from Figures 1 and 11 of
Reference 57, copyright 1993, American Institute of Physics.)

not repulsive, in the C-Br bond. This is a higher energy electronic configuration
at stretched C-Br distances compared to thedlg, electronic configuration

that characterizes theA”’ potential energy surface after the transition state,
so the molecular dynamics has effectively undergone a “nonadiabatic hop” to
the bonding region of the upper adiabatl&2 potential energy surface, shown

in Figure 3 potton). Trajectories, which would have had enough energy to
surmount the C-Br fission reaction barrier and go on to products, instead sam-
ple the outer turning point of that bound upper adiabatic potential and turn
back toward the reactant region. Another nonadiabatic hop as the C-Br bond
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shortens, resulting from the electronic wavefunction again retainimg
character, returns the nuclear dynamics back to the bonding region ditHe 1
potential energy surface. The result is that a nuclear trajectory that should have
resulted in C-Br fission does not, because the electronic wavefunction never
readjusted enough for the nuclei to feel the repulsive potential that character-
izes the reactive potential energy surface past the transition state. C-Br fission
is effectively suppressed.

Adiabatic vs. Diabatic Representatior®g, vs Vi,

To test whether nonadiabatic recrossing of the transition state is the cause of
the anomalously small yield of C-Br fission, it is helpful to understand the
phenomena in both the above adiabatic representation and in a crude diabatic
representation. The adiabatic representation is defihedysby diagonaliz-

ing the electronic part of the Sakdihger equation so that the potential energy
matrix U in the nuclear part of the Sabdinger equation has no off-diagonal
elements (e.g. in a two-state model,(R) and U»(R) are the lower and upper
adiabatic potential energy surfaces and8U,; =0). The nonadiabatic hop is
caused by the large| 7, | xi) matrix element (in the kinetic energy operatorin

the nuclear Hamiltonian) near the reaction barrier, because the electronic wave-
function changes so rapidly along the lower potential energy surface through the
transition state. In a diabatic representation, one defines new potential energy
surfaces Y where in a two-state model,Yis the potential energy associated at

all nuclear geometries with ané_g bonding electronic configuration angy/

is the potential energy associated with a repulsi/efig, electronic configura-

tion. Then theZ term in this new diabatic representation is necessarily small,
but since the gz&_g and rsrol_g, configurations are not eigenfunctions of the
electronic Hamiltonian, there are now significant (nonzero) off-diagonal terms
V1, and \,; in the new potential energy matrix. The size of this off-diagonal
potential coupling term determines whether the nuclear dynamics stays on the
reactant diabatic potential energy surface characterized bydtyg g bond-

ing electronic configuration or crosses to the repulsive diabat characterized by
the nsrod-g, electronic configuration. If ¥, is large, the nuclear trajectories
have a large probability of crossing to the repulsive diabat and C-Br fission
results. This transition at the diabatic “curve crossing” results in the normal
adiabaticproduct channel. If Y, is small, the nuclear dynamics stays on the
bound diabat, reaches the outer turning point of the bound potential along the
C-Br stretch, and returns to the reactant region. Thus, a small off-diagonal
potential coupling term in the diabatic representation results in the nuclear dy-
namics accessing tHeoundregion of the higher of the two potential energy
surfaces at stretched C-Br distances, just as a nonadiabatic hop frofithe 1

to the 2A” potential energy surface does in the adiabatic representation. Small
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off-diagonal potential coupling terms thus give rise to a large probability of a
nonadiabatic hop in the adiabatic representation. In a two-state model, one may
extract the magnitude of the off-diagonal potential coupling simply by looking

at the energetic splitting between the two adiabats singe-J;; = 2|V19|

at the avoided crossing.In other words, if the energetic splittingob)— U1q
between the two adiabats is very small near the transition state (one sometimes
says the electronic configuration crossing is “narrowly avoided”), the corre-
sponding off-diagonal potential coupling terms in the diabatic representation
are small and the electronic wavefunction will retain its diabatic character as
the nuclear dynamics tries to traverse the transition state. Thus, this two-state
picture provides the simple result that a small energetic splitting between adia-
bats at the avoided crossing of the reaction barrier results in a large probability
for reactive trajectories to nonadiabatically recross the transition state instead
of proceeding to products. Such a small splitting reflects the small off-diagonal
matrix elements in a diabatic representation.

Modifying \}, to Test the Recrossing Model:
Bromopropionyl Chloride

A way to test the proposed model presents itself. If the C-Br fission in bro-
moacetyl chloride is suppressed by nonadiabatic recrossing of the C-Br fission
reaction barrier, one needs only to find a way to decrease the off-diaggnal V
matrix element still further, thus decreasing the energetic splitting between the

3The adiabats result from diagonalizing the ma i%;ll xn), so at the internuclear ge-
21 V22

ometry R,,ssWhere the diabats would have crossed=vV11(Rcros9 = V22(Reros9 the diagonal
elements Y, and Uy, in the diagonalized matrix are then{)= V¢ — V12l and W = V¢ + [V 12|.

4This two-state model gives the intuitively understandable result that the electronic configuration
interaction matrix element M is small if the splitting between the potential curves at the avoided
crossing in the adiabatic representation is small. Additionally, the derivative coupling is large
because the electronic wavefunction changes rapidly along the lower adiabat near the avoided
crossing. However, this result is not a general one. Indeed, even if one diagonalize8 a 3
matrix V; to get three potential surfaces, as in the case where three electronic configurations mix
significantly and split to form the resulting adiabats, all off-diagonal potential couplings can be large
but still result in potential surfaces in the adiabatic representation where two of the three adiabats
come very close, or even intersect, each other. Such accidental intersections can thus occur between
electronic states of the same symmetry as pointed out by Yarkony (54,55). The reader may be

3

Vi 1
convinced of this by diagonalizingthe matrjx .1 V2, .2 |, wherethe diabats are taken as
3 2 Vg

Vi1 = 2(27R), Voo = 8(R—5)2, and V43 = (R—1)2+Y atR= 0.8641 and Y= 1.5; changing

only the value of Y, not the off-diagonal matrix elements, dramatically changes the splitting at
avoided crossing between the lower two adiabats (B Zion, LJ Butler, unpublished information). If
only two electronic configurations interact strongly, however, a large splitting between the resulting
adiabats at the avoided crossing does imply that the configuration interaction matrix elements are
small.
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1'A” (U;) and the 2A” (U,,) adiabats at the avoided crossing. If the model

is correct, this should increase the nonadiabatic recrossing probability and thus
suppress C-Brfission even more. Itis easy to see from the expression in Equation
2 below that one can reducgy/and thus increase the nonadiabatic suppression
of C-Br fission, by increasing the spatial separation between- &d C-Br
orbitals® The first matrix element below, similar to that in arBter model

for intramolecular electronic energy transfer, decreases with the separation be-
tween the C-Br and €0 orbitals because of the distance between the electrons,
the n,, in the denominator, while the second matrix element, similar to that in
the Dexter energy transfer mechanism, decreases roughly exponentially as the
overlap densitiesg(1)ng, (1) andni_n(2)od g, (2) decrease.

Vi = 2<no(1)nBr(2) -

ﬂé—o(l)aé-sr(2)>

e
- <no(1)ﬂé=o(2) ‘ o

nBr(l)aé_Br(2)> 2.

Bromopropionyl chloride, with an additional GHpacer between the=30

and C-Br orbitals, should thus show a further reduction in the low-energy C-Br
fission channel. Subsequent crossed laser-molecular beam experiments showed
just that (57). While in bromoacetyl chloride, the inittghor_o) electronic
transition resulted in a C-Cl:C-Br bond fission ratio of 1.0:0.4, in bromopro-
pionyl chloride the same initial transition resulted in a C-Cl:C-Br bond fission
ratio of 1.0<0.05 (52,57). The<0.05 branching to C-Br fission represents
an upper limit; in fact, a comparison of the distributions of relative kinetic
energies imparted to the C-Br fission fragments in the two molecules deter-
mined from the data in Figures 4 and 5 show that essentially all of the Br
atom products observed from bromopropionyl chloride merely result from an
overlapping transition to an electronic state diabatically repulsive in the C-Br
bond. Figure 6 compares the kinetic energy distribution of the C-Br fission
fragments from bromoacetyl chloridegper framg, which evidences C-Br
fission from both thé(norg_o) transition and from the overlapping repulsive
transition, with that from bromopropionyl chlorideofver framg. When one
superimposes the component from bromoacetyl chloride for C-Br fission from
just the overlapping transition, it corresponds closely to the entire distribution
from bromopropionyl chloride as shown in Figure 6. Thus, the lower energy

5Inthese systems, identified below as Woodward-Hoffmann-forbidden reactions, the orthogonal
basis evidences highly localized molecular orbitals because the one-electron exchange and reso-
nance integrals calculated to orthogonalize the basis were already small; the switch in individual
orbital symmetry thus results in anomalously small splittings for Woodward-Hoffmann forbidden
reactions (56).
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Figure 4 Laboratory time-of-flight data of the photofragments detected atard CI- from
bromoacetyl chloride photodissociated at 248 nm with an unpolarized laser. Thefitstothe individual
contributions are described in Reference 53. The forward convolution fit to the signat at Br
assigned to Br atoms, which dominates the fast side and peak of the spectrum, was obtained with
the P(k) for C-Br fission, shown in Figure &dqp). (Reproduced with permission from Figure 2

of Reference 53, copyright 1994, American Institute of Physics.)

component fromi(nor&_o) excitation is absent in bromopropiony! chloride;

the higher energy C-ClI fission channel completely dominates C-Br fission on
theA” surface despite being the channel with the higher barrier. This further
dramatic reduction in branching to C-Br fission ugémn_) excitation sup-

ports the hypothesis that the additional intervening €pacer would decrease

the splitting between the adiabats at the avoided crossing and thus increase the
nonadiabatic recrossing of the reaction barrier. A single reference configuration
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Figure 5 Laboratory time-of-flight data of the photofragments of bromopropionyl chloride de-
tected at Ct (upper fram¢and Br+ (lower framé at 248 nm with an unpolarized laser. The source
angle was 20in the upper frame and 10n the lower frame. The forward convolution fit to the
portion of the signal at Br assigned to Br atoms was obtained with theP@&r C-Br fission in

Fig. 6 (botton). (Reproduced with permission from Figure 3 of Reference 57, copyright 1993,
American Institute of Physics.)

interaction (single excitations only) calculation (45) of the splitting between
the adiabats at the barrier to C-Br fission in these two systems further tests this
conclusion.While the approximations inherent in the method and the minimal
(STO-3@) basis set preclude quantitative accuracy, the results given in Refer-
ence 57 (57: Table 1) show that the splitting at the avoided crossing is an order
of magnitude smaller in bromopropionyl chloride than in bromoacetyl chloride,
consistent with the interpretation of the experimental results. The splitting in
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Figure 6 Center-of-mass product translational energy distributionsy)(Erom References 53

and 57, for the C-Br fission channel in bromoacety! chlorigg)(and bromopropionyl chloride
(botton) at 248 nm. C-Brfission from theyx{_ excitation is identified by comparing it to kinetic
energies imparted in C-Br fission in a molecule in which the repulsive electronic transition does not
overlap the Br&_ transition to théA” potential energy surface of interest. Note that theyPid
bromopropionyl chloride, shown isolid circlesin the bottom frame, corresponds almost exactly

to a P(F) characteristic of dissociation upon excitation of the overlappingdy..g, transition
(square$ with minimal or no contribution from the overlappingné_g transition. (Adapted

with permission from Figures 7 and 8 of Reference 57, copyright 1993, American Institute of
Physics.)
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both systems, about 200 cin bromoacetyl chloride and about 20 thin
bromopropionyl chloride at typicaldi2 o geometries near 12 is so small that

a simple Landau-Zener calculation shows that fewer than five percent of the
reactive events that would lead to C-Br bond fission on the adiabatic potential
surface actually cross the barrier adiabatic&lhe other 95% (or more in bro-
mopropionyl chloride) retain thegx&_ configuration at the avoided crossing
and hop to the upper adiabat, resulting in the trajectories turning back toward
the reactant region. In bromopropionyl chloride, the energetic splitting is a
factor of ten smaller than in bromoacetyl chloride, on the order of 20'caD

one expects the nonadiabatic recrossing to increase by a factor of one hundred,
consistent with the experimentally observed suppression of C-Br fission upon
Ynom_o) excitation. Thus the calculations and experiments on bromopropi-
onyl chloride, designed to test the intramolecular distance dependence of the
splitting and the resulting nonadiabatic recrossing of the barrier to C-Br fission,
confirm that the additional intervening bond further suppresses C-Br fission by
at least an order of magnitude.

CLASSES OF CHEMICAL REACTIONS SUBJECT
TO FAILURE OF THE BORN-OPPENHEIMER
APPROXIMATION

The experiments above encourage us to identify what classes of chemical reac-
tions are subject to such a dramatic reduction in their rate owing to nonadiabatic
recrossing of the reaction barrier. Reactions that traverse a conical intersection
along the reaction coordinate have long been understood to be susceptible to
nonadiabatic effects. The last subsection here describes how such nonadiabatic
effects slow the rate of reactions normally referred to as “(overall) symmetry
forbidden,” since those reactions are ones that traverse a conical intersection,
and the last section of the review article includes examples of how nonadiabatic
recrossing can be mediated by the location at which the reactive trajectories
traverse a conical intersection. This section begins, however, by reviewing the
work that identified reactions known as “Woodward-Hoffmann-forbidden” as

a second class of reactions also particularly susceptible to nonadiabatic effects.
| begin in the next subsection by outlining why this class of reactions can have
anomalously small energetic splittings between adiabats at the reaction barrier
and thus can evidence a substantial reduction in rate as a result of nonadiabatic
recrossing. The later subsections review the first few series of experiments that
developed the premise that these reactions are anomalously slow because of
nonadiabatic recrossing. Molecular conformation plays a key role in several

6The details of this back-of-the-envelope estimate are given in Reference 56 (56:1584).
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of the experiments, because with a conformation change, a reaction path in the
same molecule can change from formally Woodward-Hoffmann forbidden to
formally Woodward-Hoffmann allowed.

Identifying Woodward-Hoffmann Forbidden Reactions
as a Class Subject to Nonadiabatic Recrossing:
Background and Theory

In the class of reactions designated as Woodward-Hoffmann (W-H) forbidden,
individual electronic orbital symmetry is not conserved along the reaction co-
ordinate (46, 58a), and the barrier resulting from the avoided crossing is often
cited as the reason why these reactions are unfavofable text by Wood-

ward and Hoffmann states “To put the matter in other words, there is a very
large symmetry-imposed barrier to the reactions...” and adds in the next para-
graph that although the crossing is avoided “...the reaction still must pay the
price in activation energy for the intended but avoided crossing” (58a). They
clearly imply that the dynamics proceeds on the lower adiabat, with the only
price being the energetic barrier to the reaction. However, the experiments and
calculations, detailed in the section above on the Woodward-Hoffmann forbid-
den excited state C-Br bond fission reaction, showed that the reaction was not
disfavored because of a higher energy barrier compared to the competing re-
action pathway; rather it was “forbidden” because of a very high nonadiabatic
recrossing probability. The nuclear dynamics nonadiabatically hops to the up-
per 2A” adiabat as it tries to cross the transition state, and thus unexpectedly
turns back from the avoided crossing region at energies well above the barrier,
markedly reducing the reaction rate constant. | argue below that this class of
reactions, ones where the individual orbital symmetry changes along the adi-
abatic reaction path, should show anomalously small splittings at the avoided
crossing that forms the reaction barrier. Hence, nonadiabatic recrossing of the
reaction barrier may be the dominant reason why Woodward-Hoffmann forbid-
den reactions are unfavorable even when there is sufficient energy to surmount
the barrier to the reaction.

To qualitatively argue why this class of reactions should show anomalously
small splittings at the reaction barriers, | consider a comparison between reac-
tions that have a barrier formed from an avoided crossing between electronic
configurations where both individual orbital symmetries and overall electronic
state symmetry are conserved, versus ones where overall symmetry is conserved
but individual orbital symmetry is not. The argument closely follows that of

"This section refers to thgeneraldefinition of Woodward-Hoffmann forbidden reactions, not
limiting them to pericyclic reactions (a common subclass). The importance of narrowly avoided
curve crossings as a route to internal conversion in photochemical rearrangements was detailed in
early work by Carr et al (58b) and Yang et al (58c).
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Silver (47), who put forward the idea of differences in the “barrier energy low-
ering” from the diabatic crossing for these two classes of reactions. Although |
retain much of his argument (the splitting between adiabats is twice the “barrier
energy lowering”), | emphasize that the critical point here is that the height of
the barrier, on which Silver focused, is not as important for these systems as
the probability of crossing the barrier adiabatically.

Using the Woodward-Hoffmann forbidden reaction described in the section
above as an example, consider the dominant electronic configuration contribut-
ing to the electronic wavefunctionyg, on the reactant side of the barrier,
represented by one electron in afarbital and another in a&_g orbital, and
the dominant configuration contributing to the electronic wavefunctipg,
on the product side of the barrier, represented by one electron ip @biteal
and one in ar_y orbital (where X= Cl or Br). The reactant configuration,

{... ()2 (No) (mg_o) (0«0}, differs from that on the product side of the
barrier, {. .. (nx)*(No)?(&_o)° (05}, by two electrons. Configuration in-
teraction matrix elements mix and split these two electronic configurations at
the avoided crossing that forms the barrier to C-X bond fission. In this two-state
model, with no orthogonality assumed between reactant and product molecular
orbitals or betweed; andW,, the general expression for the splitting between
the adiabatic Born-Oppenheimer potential energy surfaces is:

Splitting = 2(8 — aS)(1 — )71, 3.

in whicha = the energy at which the diabats cross=Sthe overlap integral
(WRr|Wp)/C, B = theinteraction, resonance, or exchange engbgyH |Vp) /C,
and C corrects for unnormalized wavefunctiéns.

However, for Woodward-Hoffmann forbidden reactions, such as C-Cl and
C-Br bond fission on the lowesA” electronic state of bromoacetyl and bro-
mopropionyl chloride, the overlap integral S is zero because individual orbital
symmetry is not conserved. In planag €nformers of bromoacetyl- and bro-
mopropionyl chloride, the_g orbital has & symmetry while thes&_ orbital
has asymmetry so the overlap integratl_plod-«) = (&@'|d) = 0. Similarly,
the n orbital has & symmetry while the g orbital has &symmetry, so the
overlap integralny|no) = (&’|d) = 0. Because individual orbital symmetry
is not conserved for Woodward-Hoffmann forbidden reactions, all one-electron
integrals that contribute to the resonance and exchange energy represented by
B above are also zero, leaving only two-electron integrals to mix and split the

8This splitting is twice the energy loweringE on which Silver (47) focused, but in that article
the expression given in Equation 15 for the energy lowetigfrom the diabatic crossing energy
is incorrect. The correct expression fok2 = 2V,,, given above in Equation 3, is also given in
Reference 14, footnote 20, and may be easily derived from Equation 9 in Silver’s article.
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electronic states at the avoided crossing (47).
2V, = splitting in W-H forbidden reactions: 23, 4.

Thus the splitting between the adiabats at the barrier is expected to be anoma-
lously small for this class of reactions. Indeed, our simple electronic structure
calculations on the Woodward-Hoffmann forbidden reactions in BgGEOCI,
described above and in (57), showed the splitting is on the order of hundreds
of wavenumbers for both C-Br and C-Cl fission in bromoacetyl chloride and
on the order of only tens of wavenumbers for C-Br fission in bromopropionyl
chloride. In addition, there is preliminary computational evidence that upon
breaking the symmetry element that makes the reaction Woodward-Hoffmann
forbidden, as in thgaucheconformers of bromoacetone and allyl chloride
discussed in the next subsections, the splitting increases considerably.

These results show that the commonly held notion that Woodward-Hoffmann
forbidden reactions are unfavorable because of their large barrier misses a key
point: In bromopropionyl chloride, the Woodward-Hoffmann forbidden C-Br
fission was forbidden not because the barrier was too high (indeed the C-ClI
fission channel with a 10 kcal/mole higher barrier was the dominant product!), it
was suppressed instead by the electronic nonadiabaticity as reactive trajectories
try to cross the transition state, because of the anomalously small splitting
between adiabats at the reaction barrier.

Conformational Dependence of Nonadiabatic Recrossing:
Background and Computational Results on Bromoacetone

The experiments detailed above investigated one of the simplest but most chem-
ically important consequences of the failure of the Born-Oppenheimer approx-
imation: the marked change in the expected branching between energetically
allowed chemical bond fission channels that result from nonadiabatic recross-
ing of a reaction barrier. | proposed that in Woodward-Hoffmann forbidden
reactions, the nonadiabatic recrossing is particularly severe because the re-
versal of individual orbital symmetries along the reaction coordinate results
in an anomalously small energetic splitting between adiabats at the transition
state and thus a high nonadiabatic recrossing probability. One important way
to test this hypothesis is to examine the conformation dependence of a pho-
todissociation reaction where the reaction is Woodward-Hoffmann forbidden
in planar geometry, but formally Woodward-Hoffmann allowed in the nonpla-
nar conformer. It can be anticipated that the rate of the chemical reaction, or
its branching ratio with respect to other product channels, will be significantly
enhanced for the nonplanar conformer.

Molecular conformation thus affords the opportunity to test whether a re-
action channel that is Woodward-Hoffmann forbidden has a smaller splitting
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between adiabats at the reaction channel—and thus is more susceptible to nona-
diabatic recrossing—than a reaction that is not Woodward-Hoffmann forbid-
den. Early computational results (59, Table 1) on the C-Br fission reaction
channel in {_ excited bromoacetone demonstrate the point. In the planar
conformer, misnamed theansconformef by early spectroscopists in analogy
with XCH,COCH,X, C-Br fission, is formally Woodward-Hoffmann forbidden
because thegpando_g, orbitals of the product electronic configuration on the
A" adiabat have the reversed symmetfyaad arespectively, compared to the

dng and &, orbitals in the reactant electronic configuration. As expected
from the argument given in the preceding section, simple ab initio electronic
structure calculations indicate that the avoided crossing between these two con-
figurations that form the reaction barrier on the potential energy surface is
only narrowly avoided and thus susceptible to nonadiabatic recrossing. One can
easily make the same reaction channel formally Woodward-Hoffmann allowed
by considering C-Br fission from the nonplanar conformer (again, misnamed the
gaucheconformer). The calculated potential energy surfaces for this nonplanar
conformer given in (59, Table 1) show a significant increase in the energetic
splitting at the avoided crossing over that calculated for the planar conformer;
relevant cuts through the avoided crossing are shown in Figure 7 for both con-
formers. Thus, C-Br fission can proceed much more adiabatically in the gauche
conformer, where the reaction is formally Woodward-Hoffmann allowed than
in the planar conformer.

In a standard CIS calculation one begins with an orthogonal basis, so in both
conformers only two-electron integrals contribute to the off-diagonal matrix
elements. Even so, this recovers the result derived in the section above, assum-
ing no orthogonality, that the Woodward-Hoffmann forbidden reaction shows a
smaller splitting at the avoided crossing than the Woodward-Hoffmann allowed
reaction. This is simply because the influence of the larger overlap densities in
the gauche conformer results in an orthogonal basis where there are no longer
localod_g, andnd_g orbitals; the orthogonal orbital basis shows an admixture
with the ny and ng, orbitals respectively and thus the electron configuration
interaction matrix elements are larger (giving a larger splitting despite only
two-electron integrals being nonzero at the Cl level). In bromoacetone it was
not possible to test this prediction experimentally, since C-Br fission occurs in
competition with a second reaction channel, C-C fission, which is even more
strongly influenced by molecular conformation. Indeed the measured (59, 60)

9The planar bromoacetone and chloroacetone conformers that | refer to hesasasr anti
should, in correct nomenclature, be caltedis because the dihedral angle between the C-CI(Br)
and the &0 bond is zero and the halogen and O atoms, having the highest atomic numbers, should
determine the groups to which the geometry refers. However, | retain the nonstandard name of
transfor this conformer in order to remain consistent with several earlier studies.
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absolute C-Br:C-C fission branching ratickc-g,/kc-c and increases upon ther-

mal excitation to the higher energy planar conformer, from 1.4 at@@6 2.3
at400C, rather than decreasing as would have been expected based on the C-Br
channel alone. Plainly, the rate constant for C-C fission is much lower in the
planar conformer. However, the systems of vinyl and allyl chloride can be used
to test whether a molecular conformation that renders a reaction as Woodward-
Hoffmann allowed significantly decreases the nonadiabatic suppression of the
rate. Those results are reviewed in the next subsection.

Conformational Dependence of Nonadiabatic Recrossing:
C-Cl Fission in Gauche Allyl Chloride

The experiments and supporting ab initio calculations on the competing pho-
todissociation pathways for allyl chloride upon excitation of the nominally
nmé_c transition at 193 nm further explored how configuration interaction
matrix elements can change with molecular conformation, influencing both
nonadiabatic recrossing and product branching (61, 62). The C-Cl fission reac-
tion channel is formally Woodward-Hoffmann forbidden both in vinyl chloride
and in the minor conformer of allyl chloride, which has a plane of symmetry,
but not ingaucheallyl chloride!® Thus, a measurement of the conformation

10The switch in individual orbital symmetry characterizes the reaction coordinate if it is from a
wré_c/Nciod ) avoided crossing, but Reference 63 indicates the reaction may proceed via a
conical intersection with thec—co{_, state in vinyl chloride, so it may also in allyl chloride.

Figure 8 Cuts through the calculated ab initio electronic surfaces at equilibriva® ®ond
lengths, for vinyl chloridetpp), cis-allyl chloride (middlé), andgaucheallyl chloride potton). In

the top and middle frames, the four lowest singlet excited electronic states are shown. THe two A
adiabatic states6lid lineg are involved in the avoided electronic configuration crossing. The two
A" adiabatic statesd@shed linesdo not interact with the Astates. For the particular cut along

the avoided crossing seam presented here, the splitting at the avoided crossing to C-Cl bond fission
enlarged in the insets is 261 crfor vinyl chloride and 982 cm! for cis- allyl chloride. In the
gaucheconformer, only the three lowest singlet excited electronic states are shown (the next singlet
excited state is above 70,000 tH. Because the symmetry is broken, the*Bharacter can, in
principle, mix into all three electronic states so that a two-state approximation may no longer be
valid. By tracking the oscillator strengths (predominantly from*BiBaracter) and the dominant
electronic configurations of the excited state potential energy surfaces along_ghed®rdinate,

one can determine that primarily the first and third excited sta@gl(lineg exhibit an avoided
crossing around 1.84. (The second excited state surfadaghedidoes not participate significantly

until 1.86,&.) For the particular cut along the avoided crossing seam presented here, the splitting
at the avoided crossing between the first and third adiabats is 2626 ¢far thecis andgauche
conformers of allyl chloride, the insets also includes the Franck-Condon regiowj. (Adapted

with permission from Figures 13 and 14 of Reference 61, copyright 1996, American Institute of
Physics.)
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Figure 9 The top frame shows the excited state molecular orbitatifallyl chloride from the

bright state inthe Franck-Condon region. The orbital illustrates the essentially purecharacter.

The bottom frame shows the dominant excited state molecular orbitglafacheallyl chloride

from the bright state in the Franck-Condon region. The orbital has an admixbmég@bnda’(‘:_c
character. (Reproduced with permission from Figure 6 of Reference 62, copyright 1996, American
Institute of Physics.)

dependence of the C-Cl fission:HCI elimination branching ratio can determine
if there is evidence for increased C-Cl fissiogaucheallyl chloride. The mea-
sured photofragment velocity distributions evidence C-Cl bond fission and two
primary processes for HCl elimination, complicating the analysis, but the results
clearly showed that the branching to C-Clfission is higher than in vinyl chloride,
where C-Cl fission in the excited state is Woodward-Hoffmann forbidden, and
that molecular conformation influences the branching ratio. The experimen-
tal measurements show that C-CI bond fission dominates, giving an absolute
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branching ratio of HCI:.C-Cl= 0.30 + 0.03:1 when the parent molecule is
expanded through a nozzle at 2@0and HCI:C-Cl= 0.59 + 0.06:1 when the
population in theisconformer is increased by heating the nozzle to €% 3).
Analysis of the experimental results (61, 62, 64; Y-R Lee & S-M Lin, sub-
mitted for publication) along with supporting ab initio calculations on both
conformers of allyl chloride and on vinyl chloride (65—-67a) reveals two things.
Figure 8 shows cuts along the excited state C-Cl fission reaction coordinate
in vinyl chloride top), cis allyl chloride {middle, and gaucheallyl chlo-
ride (bottom). The figure shows that the avoided electronic curve crossing
[rré_c(@"a”) to ol (dd)], which forms the barrier to C-Cl fission on the
excited state surface, is very narrowly avoided in both vinyl @edllyl chlo-
ride, which have a plane of symmetry, but notgaucheallyl chloride. This
work thus helps demonstrate the generality of the conclusion that Woodward-
Hoffmann forbidden reactions are subject to a reduction in rate constant from
nonadiabatic recrossing. One can also see the effect of the stronger off-diagonal
matrix elements between theri_. to nof_¢, electronic configurations in the
gaucheconformer when one looks at the shape of the excited state potential
energy surface in the Franck-Condon region. The excited state potential energy
surface irgaucheallyl chloride shown in Figure &fttonj, is already somewhat
repulsive in the C-Cl reaction coordinate even in the Franck Condon region.
(This doubtless also influences the product branching). This indicates that even
before the avoided crossing, the large configuration interaction matrix elements
in gaucheallyl chloride result in an admixture of thesf, configuration into
the nominalr7&_ excited state. The partiali.., character is easily seen in
Figure 9, which compares the “nominal®_ orbital reached at the equilibrium
geometry of the ground state foisallyl chloride andyaucheallyl chloride; this
admixture in the Franck-Condon region also reveals itself in the emission from
the dissociating molecules, which shows intensity in the C-CI stretch in allyl
chloride but notin vinyl chloride (62). An analogous conformation dependence
to therré_nod-¢ mixing is observed in thg-chloroketones (67b).

Conformational Dependence of Nonadiabatic Recrossing
and Its Influence on Organic Photoreactivity

Some of the more beautiful examples of the influence of the conformational de-
pendence of nonadiabatic recrossing on organic photoreactivity are represented
in the work on theexqg endq anti, andsynisomers of chlorine-substituted nor-
bornenes by Morrison, Jordan, and co-workers (68, 69). C-Cl bond fission can
result from an avoided electronic configuration crossing between an initially
excitedz* excited configuration and arvf, dissociative configuration.

The photolysis experiments on the isomers of 7-chlorobenzonorbornene show
that the exo and anti conformers show greatly enhanced reactivity as a result of



152 BUTLER

primary C-Cl bond photoreactivity. Complementary natural bond orbital elec-
tronic structure calculations show that vt andexostructures allow a strong
mixing between the* andx* orbitals, much like that in gauche acetyl chloride
described in the previous subsection. This allows for efficient adiabatic traver-
sal of the avoided crossing, while the endo and syn conformers evidence nearly
no mixing in the calculation and show greatly reduced (by a factor of 30 or
more) photoreactivity because of nonadiabatic recrossing. Much of the organic
literature describes the chemistry in an approximately diabatic representation,
where strong off-diagonal potential coupling (often termed “through space” and
“through bond” coupling to connect with studies of intramolecular electronic
energy transfer) promotes the transition from#he* excited configuration to

the rod_ configuration at the avoided crossing (the adiabatic traversal of the
avoided crossing).

Electronically Nonadiabatic N-OH Bond Fission

in 1'A’ Nitric Acid

So far | have shown that reactions in which the individual orbital symmetries
change along the adiabatic reaction path are particularly susceptible to electron-
ically nonadiabatic effects. The 193-nm photodissociation of nitric acid (71a)
reviewed in this subsection shows that not only can the rate of such individual
orbital symmetry-forbidden reactions be diminished substantially by nonadia-
batic recrossing, but that one can also observe a second reaction channel that
would not have been accessed if the reaction dynamics were adiabatic. Fur-
thermore, the work suggests a hierarchy, represented in a back-of-the-envelope
“restricted” correlation diagram, in what reaction paths are electronically pos-
sible or impossible. (See 71b for a recent review of further results.) Reaction
channels that reverse the individual orbital symmetries are hard enough, but
ones that require orbital symmetries to change on two electronically isolated
functional groups are virtually impossible. The potential significance to chem-
ical reactions in gas or condensed phase molecules with spatially separated
functional groups is clear (71a,b).

Although it had long been known that both formation of GHNO, and
formation of O+ HONO occurred in the 193-nm photodissociation of nitric
acid (72-74; CE Miller, HF Davis, YT Lee, private communication and un-
published results; 75—-77), recent work (71a) shows that both processes exhibit
two competing mechanisms, one adiabatic channel and one nonadiabatic. A
photofragment time-of-flight spectrum showing the competing channels is de-
picted in Figure 10. | now focus on the two competing mechanisms, previously
misassigned (73, 78), for fission of the N-OH bond to form @HNO,. The
Tnbo = Tio, €XCitation at 193 nm accesses thé2excited state potential en-
ergy surface of nitric acid, which has loca} Blectronic symmetry at the nitro



CHEMICAL REACTION DYNAMICS 153

1.2
OH*, 10°

1}
HONO(X'A") + O('D)

HONO(aA') + O(3P)

N(t) (arb. units)

M i 1 i L i L M i
o 100 200 300 400 500 600
time-of-arrival (usec)

1.4

1.2L0(D) + o('D) + HONO(X'A") Of, 10°
- 1PN X'AY) O(°P) + HONO(a*A")
Zo.8}
= 0.6 OH +
g " [NoL(12B,)
30.4- Q
=0.2}
Z ok

[o]
-0.2}
oy
-0

. 4 L 1 " [] L [] " ] 2 []
0 100 200 300 400 500
time-of-arrival (psec)
Figure 10 Laboratory time-of-flight spectra of the photofragments of nitric acid at 193 nm detected
at OH' (top) and at O (botton). The fast peaks in the top spectrum result from two @O,
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permission from Figures 1 and 5 of Reference 71a, copyright 1997, American Institute of Physics.)
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group (79,80). This Born-Oppenheimer potential energy surface correlates
adiabatically to OH+ NO,(1?B,) at bent NQ geometries, but this low-lying
doublet B electronic state of N@does not have the samegy, oy, Charac-

ter as the N@group in nitric acid had in the Franck-Condon region. Thus,
along the N-OH fission reaction coordinate, the electronic configuration at the
NO, group must change fromhy, o750, in character to the dominant electronic
configuration of the N@(1%B,) asymptotic fragment, . . (4b,)*(6a)*}. This

is exactly the kind of electronic change along an adiabatic reaction coordinate
that makes the reaction subject to nonadiabatic effects; the individupbNO
bital symmetries change fronfa@’ in the reactant region tda in the product
region along the 2\’ excited-state potential energy surface (the adiabatic re-
action products are Woodward-Hoffmann forbidden). Thus, one expects the
reaction path to be difficult to follow owing to the electronic changes required,
and indeed one sees that another N-OH fission reaction channel is thus able
to compete effectively with it (the one with OH arrival times near 130 ms in
Figure 10).

The experiments reviewed above developed and tested the premise that for
the class of reactions in which the overall symmetry is conserved along the
reaction coordinate, but individual orbital symmetry is not, the probability of
adiabatically crossing this barrier for trajectories with enough energy to do so
is dramatically reduced by nonadiabatic effects. | now consider another class
of reactions more commonly understood to be subject to nonadiabatic effects.

“Overall Symmetry-Forbidden” Chemical Reactions
and the Breakdown of the Born-Oppenheimer
Approximation Near a Conical Intersection

Although it has long been understood that the Born-Oppenheimer approxima-
tion can break down near a conical intersection, the importance of this phe-
nomenon in organic reactions described as overall “symmetry-forbidden” is
less well understood by the general community. The physical organic litera-
ture describes some classes of reactions, such as a Norrish Type-I C-C fission,
as “overall symmetry-forbidden” because the reactant electronic configuration
has, for instance, ‘Aelectronic symmetry and the product electronic configu-
ration has Asymmetry. This section addresses the underlying physical reason
that explains why these reactions have slow rates. First, the reader should note
that the common terminology “symmetry-forbidden” is misleading because
the reaction is formally only forbidden bgymmetryat a singularity on the
potential energy surface; at any geometry that deviates at all from planarity,
the reaction is actually perfectly symmetry-allowed on the adiabatic potential
energy surface. | thus argue below that the true physical basis for the slow rate
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of reactions commonly termed “symmetry-forbidden” is actually the break-
down of the Born-Oppenheimer approximation as nuclear trajectories attempt
to traverse the transition statearthe conical intersection. This model, pre-
sented below, was originally proposed (59) to rationalize the conformation
dependence of the C-C fission channel in bromoacetone, but itis likely that this
particular system is much more complicated (60) than originally thought. Thus,
although | present the model in the context of bromoacetone below, the reader
should note that it is too simple a description for that system. Rather, the im-
portance of the model below lies in its description of the way in which the
Born-Oppenheimer breakdown provides the physical basis for the “forbidden-
ness” of reactions that, although commonly termed “symmetry forbidden,” are
only formally forbidden by symmetry at a singularity on the potential energy
surface.

Consider an “overall symmetry-forbidden” unimolecular reaction where the
dynamicsis initiated (perhaps by absorption of a photon or by thermal excitation
in the case of ground state reaction) on a potential energy surface that has A
symmetry. The gr§_g excited state of bromoacetone provides an illustrative
example. Experimentally, one observes a competition between C-Br fission
and C-C fission, and photofragment anisotropy measurements (59) establish
that the branching ratio favors C-Br fission from the planar anti-conformer and
C-C fission from the gauche (nonplanar) conformer (see footnote above on
the misnaming of the conformers). The electronic state leading to C-C fission
hasoo-_ character in the exit channel, a configuration witrsgmmetry in
Nom &_o Planar geometries, so in order to dissociate, the molecule must cross
from an A’ potential energy surface to ari potential energy surfacé. Thus,
the C-C fission channel would be designated “symmetry-forbidden.” Indeed, in
planar geometries, the electronic configuration interaction matrix elements be-
tween these two configurations are zero by symmetry, and the crossing between
the A’ surface and the ssurface is not avoided; theé’4ootential energy surface
inthe Franck-Condon region does not correlate adiabatically to ground state C-C
fission products. The upper adiabat and the lower adiabat depicted in Figure 11
thus touch at planar geometries along the C-C fission reaction coordinate.

However, even zero pointmotion in the torsional anmgliepicted in Figure 11
breaks the plane of symmetry, and this allows the§ o and theo .0 ¢-
electronic configurations to mix and split at the crossing. A conical intersection

1The repulsive electronic configuration leading to C-C fission withi,_~character in the
exit channel would be a triplet, but for the sake of simplicity, | neglect any consideration of spin
symmetry. While this may be a tolerable omission in the case of bromoacetone, it is certainly
not acceptable for the real system in chloroacetone. Thus this discussion should be considered
a hypothetical one for the case of pedagogy. The real C-C fission dynamigs jn gexcited
chloroacetone and bromoacetone are certainly more complicated.
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Figure 11 Schematic representation of the different regions of the conical intersection along the
C-C fission reaction coordinate sampled by dissociatingitieversus thgaucheconformer. The
frames on theight sideof the figure show three slices through the conical intersection: at planar
geometry gorsion = 0) (botton); at close to planar geometries (sma)lwhere the adiabats are
weakly split, so nonadiabatic recrossing dominates the dynamidsllg); and at highly nonplanar
geometries, sampled by dissociative trajectories fromgtuiecheconformer, where the adiabats

are strongly split so C-C fission can proceed adiabaticédig) ( (Adapted with permission from
Figure 13 of Reference 59, copyright 1994, American Institute of Physics.)
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along the C-C fission reaction coordinate results, as depicted schematically in
the figure. Clearly, nuclear dynamics initiated on the lower adiabatic poten-
tial energy surface can evolve adiabatically to ground state products as long as
they do not cross the transition state right at the point of conical intersection.
Thus, the reaction is not “symmetry-forbidden” except for an infinitesimally
small number of the reactive trajectories. However, the splitting between the
upper and lower adiabats near the conical intersection is quite small, so it is
unlikely that reactive trajectories that attempt to cross the transition state in
close to planar geometries will do so adiabatically; instead, they will retain
bound yé_ electronic character, thus undergoing a hop to the upper bound
adiabat, and reverse direction to return to the Franck-Condon region rather than
dissociating at the C-C bond. It is these geometries that are accessed when
one photodissociates thati conformer, so nonadiabatic recrossing of the C-C
fission reaction barrier near the conical intersection results in C-C fission being
unable to compete effectively with C-Br fission in theti conformer, as de-
picted schematically in Figure 11. Conversely, photodissociation @fahehe
conformer allows Franck-Condon access to dissociative wavefunctions that tra-
verse the conical intersection at nonplanar geometries where the adiabats avoid
each other strongly, so C-C fission can proceed adiabatically. The lack of ob-
servation of C-Br fission from thgaucheconformer would suggest in this
oversimplified model that once C-C fission can proceed more adiabatically, it
dominates C-Br fission. A final experimental measurement attempted to test
this model by changing the relative populatiorasiti andgaucheconformers

in a reactant molecular beam and determining how the observed branching ratio
between C-C and C-Br fission changes. Figure 12 shows that upon changing
the nozzle temperature from 10t 400C, and thus decreasing the fraction

of molecules in the lower energgaucheconformer, the branching ratio does
indeed shift toward a smaller contribution from C-C fission. Changes of the
branching ratio with population in each of the conformers can thus be mea-
sured, allowing us to test whether the change is consistent with a prediction
that assumes that C-C fission dominates from the gauche conformer and C-Br
fission dominates from the anti (planar) conformer. Assuming no cooling of
conformer populations in the expansion (81), the relative change in conformer
population upon heating the nozzle from 1@ 400C is: (59)

400°C: ( ZSct:Ihe> 0.34 (&8
s a0 _ O3 _ 1 edicteds S-C /a0 _ 14 5
100C: ( _anti (0.25 (C—Br
' c-C
gauche 100 100

giving a predicted increase in the C-Br:C-C branching ratio of a factor of 1.4 if
C-C fission dominates in thgaucheconformer and C-Br fission dominates in



158 BUTLER

1.2 T Y T
: BrCH,COCH3, 308 nm
T m/e*=42, CH,CO*
20.8 | 1000 C nozzle
£ ! g ®
0.6 | ] R 78% C-Br
g ; _ - bond fission
=04 ¢ SEVANN W\ 22% CC
= a § !/ bond fission
0.2 ¢ o 7 N
0 Lot _ "1 ~ e
1.2
[ BrCH,COCHy, 308 nm
1 - m/e*t=42, CH,CO*
£o0.8 [ [\ % 400° C nozzle
c [ , \ 3
S = o
506 ] TS 85% C-Br fission
s [ : %,
:0'4 ; ~N D 15% C-C fission
=z L g N
z0.2 [ / \‘\
0 "_ é V4 ~ g —

100 200 300 400 500 600 700
time of arrival (us)

Figure 12 Laboratory time-of-flight spectra at two nozzle temperatures of the photofragments
detected at CHCO™ from bromoacetone photodissociated at 308 rifop, nozzle temperature

of 100°C; bottom nozzle temperature of 40C. The source angle was Lfbr both spectra. The
percent contribution to each spectrum represents only relative contributions; the absolute C-Br:C-C
bond fission branching ratio changes from 1.4:1 to 2.3:1 as one raises the nozzle temperature from
100 to 400C (60). (Reproduced with permission from Figure 14 of Reference 59, copyright
1994, American Institute of Physics.)
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the anti conformer? The experimentally observed change in branching ratio
[relative numbers are given below; absolute branching ratios estimated in (60)]
is quite similar:

C—Br)
C-Cla _ 23 _ 4 g 6.

(@) T 14
C-C /100

The result is in accord with the model presented in which dissociation from the
anti conformer accesses regions of the C-C fission reaction coordinate near the
conical intersection, where it is nonadiabatically inhibited and so cannot com-
pete with C-Br fission, and dissociation from thaucheconformer proceeds
through regions of the conical intersection where the surfaces are further split
from each other, so the C-C dissociation can proceed adiabatically and domi-
nate C-Br fission. Again, the actual bromoacetone electronic structure is more
complicated, but the model still proves instructive in showing that the crossing
is avoided at all but planar geometries, so “electronically nonadiabatic” near
(not at) the conical intersection is the more relevant descriptor for the reaction
than is “symmetry-forbidden.”

I have avoided using the terminology “symmetry forbidden” when describing
the lack of C-C fission from thanti conformer because, although commonly
used, this language obscures the physical reason a reaction pathway that tra-
verses a conical intersection might be unfavorable. Indeed, the reaction is
“symmetry forbidden” only through a singular point on the potential energy
surface (in two degrees of freedom); even small zero point bending or torsional
motion of theanti conformer at the transition state can put amplitude at molecu-
lar geometries where the adiabatic correlation goes smoothly from reactants to
products. The reason that C-C fission in&mé conformer is suppressed in this
simple model is that trajectories that attempt to undergo C-C fission near, but
not at, the point of conical intersection sample a region of phase space where
the reactant and product electronic configurations are not strongly coupled, so
the configuration interaction splitting between the upper and lower adiabats
is small. Instead of following the adiabatic reaction coordinate, along which
the electronic wavefunction changes frogmi_g to oo ¢ in character, the
dissociative trajectory hops to the upper bound adiabat as it tries to traverse
the C-C reaction barrier. Thus a reaction pathway through a conical intersec-
tion is not “symmetry-forbidden” for most dissociative trajectories; rather, itis
characterized by a high nonadiabatic recrossing probability.

An interesting solution phase experimental probe of high nonadiabatic re-
crossing probability for a dissociation through a conical intersection is presented

observe

2Conformation relaxation in supersonic expansions with He as the carrier gas is shown to be
minimal (for molecules in which the barrier between conformers is greater than 40%).cm
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in the work of Wagner & Waite on photoinduced radical cleavage of triplet
iodobenzophenones (82). Their measured triplet lifetimes (reflecting the disso-
ciation rate constant through the conical intersection formed frorffnthe& and

the3s ,0* states) showed that the A factor for the dissociation is anomalously
small. They interpret the small A factor as revealing the low transmission co-
efficients resulting from inefficient state interconversion, i.e. using a small 6
in a statistical expression for the reaction rate constant to correct for nonadi-
abatic recrossing near the conical intersection (see “Reduction in the Rate of
a Chemical Reaction from Nonadiabatic Recrossing of the Reaction Barrier”
above.)

Based on all experiments described above, we know how to identify the
chemical reactions that are likely to exhibit a failure in the Born-Oppenheimer
approximation. One need not calculate a multidimensional potential energy
surface to get a rough idea of the reactions that are susceptible; one need only
look at the reactant and product electronic configurations. If there is either a
symmetry-imposed conical intersection near the reaction geometries accessed
or a change in the individual orbital symmetries along the adiabatic reaction
path, then one must be aware of potential nonadiabatic effects.

The last section of this review article describes in more detail the dynamics
on multidimensional potential energy surfaces that have regions where there are
conical intersections, so experimental tests of the ideas outlined in this subsec-
tion are described in that section. In particular, | show how such dynamics, and
the role of nonadiabatic effects, can be sensitive to several factors in addition to
molecular conformation, including the approach geometry of two reactants in
a bimolecular reaction, the initial vibrational state of the reactant (in photodis-
sociation) or reactants (in bimolecular collisions), and the collision energy or
total energy. Finally, | note that conical intersections are also well understood
as providing a route for internal conversion to a lower electronic state, often the
ground electronic state in a photodissociation experiment. Interested readers
may refer to texts by Simons (83) or by Michl & Baria-Kouteck/ (48), or
to the papers of Zimmerman (84), Michl (85-87), Mielke et al (88), and to
a recent review by Bernardi et al (89) for a discussion relevant to an organic
photochemistry perspective.

PROBING NONADIABATIC EFFECTS AT THE
TRANSITION STATE

While the experiments and calculations in the preceding and subsequent sec-
tions show the importance of electronically nonadiabatic effects as a molecule
tries to traverse the barrier to a chemical reaction, it is perhaps more gratifying
to access the upper and lower adiabats near the transition state of a chemical
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Figure 13 Schematic contour plots of the excited electronic potential energy surfaces {8H;H
showing the two lowesiA” adiabatic excited state surfaces. The lower diagram shows the reaction
coordinate for the bimolecular reactionfABC — AB + C along the lower excited state surface.

The Franck-Condon region lies near the saddle point on the lower excited state surface. (Adapted
with permission from Figure 1 of Reference 90, copyright 1993, American Institute of Physics.)

reaction more directly to probe such effects. One can do just that with the
excited state reaction G8+ H — CH; + SH (90). As depicted schematically

in Figure 13, excitation of CEBH at 222 nm offers Franck-Condon access
to a region near the transition state on the lower adiabatic potential energy
surface—the 3A” surface—for the excited state bimolecular reaction, since
the geometry of CESH in the ground electronic state is close to that of the
transition state on the'A” surface. Alternatively, when the molecule is excited

at 193 nm in the higher energy absorption band, it is promoted to the upper
bound adiabat—the'"” surface—where it dissociates via nonadiabatic cou-
pling to the transition state region of the lower adiabat. Photofragment velocity
and angular distribution measurements on;&3-H at 193 nm show that the
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nonadiabatic decay to the transition-state region of the lower surface occurs
in less than a picosecond and results in a factor of eight larger branching for
decay of the transition state complex to the{GHSH exit channel than direct
excitation to the lower adiabat at 222 nm (90-92). The larger branching ratio
results from the stretching of the C-S bond on the upper adiabat, evidenced in
emission spectroscopy experiments (93). These dynamics allow the molecule
to sample a region of the transition state upon nonadiabatic transition to the
lower dissociative surface that enhances C-S bond fission over that obtained by
accessing the transition state directly via Franck-Condon excitation from the
ground state. Yarkony (22, 55) has identified a conical intersection between
the *A” and 2A” surfaces that is likely responsible for the subpicosecond
decay of the molecule from the upper to the lower adiabat, as evidenced by the
highly anisotropic photofragment angular distributions (90, 91) upon 193-nm
excitation. Early dynamics calculations (94) on the lower adiabat from the first
set of potential energy surfaces (95; DR Yarkony, personal communication) for
this system have begun to elucidate the dynamics, but calculations that include
the nonadiabatic dynamics remain to be done. This waits, as in many other
systems, for calculations of the derivative coupling matrix elements.

Another system wherein photoexcitation allows access to the transition state
region of a bimolecular excited state reaction wherein nonadiabatic effects play
an important role is the photoexcitation of$inear 200 nm. The conically
intersecting'A, and'B, excited states accessed in the 190-nm absorption band
of H,S mix and split at non-& geometries to form a bound excited potential
energy surface and an adiabatically dissociative surface. The dissociative adi-
abat has the general shape of the schematic surface in Figure 1, although it has
points of conical intersection (seams if you include the bend) with the bound-
potential energy surface. Which state or states is/are reached in the absorption
band near 190 to 200 nm is still under question, but photoexcitation does give
access to a region near the saddle point on the lower dissociative surface and
near the conical intersection between the two adiabats. The numerous experi-
ments on this system have been reviewed in other papers (96-98), but one of
the measurements apparently most sensitive to the region of the conical inter-
section between the surfaces is the emission spectrum from the dissociating
molecule (98). Although Heumann & Schinke’s recent dynamics calculations
are the best to date in addressing the product quantum state distributions and
emission features (96, 97), thus far they have relied on an approximate trans-
formation to a diabatic basis currently being investigated by other workers
(H-J Werner, personal communication). Although the best approximate “di-
abatic” basis (92, 93) seeks to separate the Rydberg configuration from the
valence ones, the electronic configuration on what they term the “dissociative
diabat” changes between two locally repulsive electronic configurations. Such
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a change in electronic wavefunction indicates that one has not found a good
diabatic representation, although in this system the off-diagonal coupling be-
tween the two repulsive configurations may be strong enough that this causes no
problem.

While the H,S system is one of the most tractable both experimentally and
theoretically to investigate a nonadiabatic chemical reaction, it exemplifies the
pervasive difficulty of finding a good diabatic representation of the Hamiltonian.
This problem challenges theory as one tries to include nonadiabatic effects in
exact quantum scattering calculations. The electronic structure calculation by
definition gives the potential energy surfaces in the adiabatic representation.
The difficulty and pitfalls in attempting to transform to an approximately dia-
batic representation are well known (26, 99); the best work actually calculates
derivative coupling matrix elements on the resulting diabats to ensure that they
are decent (100). Clearly the best solution to the present uncertainty in the
“exact quantum” scattering calculations that rely on an approximate diabatic
representation is to calculate the derivative couplings and to do the dynamics
calculation in the adiabatic representation (KF Freed, personal communication)
with all derivative couplings and geometric phase effects included. Happily,
widely used exact quantum scattering methods like the discrete variable repre-
sentation (DVR) (101a,b) are amenable (JC Light, personal communication) to
including derivative couplings so that the scattering calculation may be done
without attempting to transform to a diabatic representation. Progress in this
area is ongoing, but this author hopes that others in the electronic structure
community will join the practitioners who include calculation of derivative
coupling matrix elements with their potential energy surfaces. Only with this
can we achieve uniformly reliable ab initio predictive ability for multidimen-
sional nonadiabatic systems.

WHERE DYNAMICS ON MULTIDIMENSIONAL
POTENTIAL ENERGY SURFACES BECOME
NONADIABATIC

Although historically investigators have tried to treat many ground-state chem-
ical reactions within the Born-Oppenheimer approximation, a simple example
illustrates that this treatment can fail if the regions of the surface the molecule
samples change. If one alters the approach geometry or the collision energy of
two reactants, for instance, a reaction that was well approximated as adiabatic
may become markedly nonadiabatic. As an example, the chemical reaction
H 4+ O, — OH+ O is reasonably well described within the Born-Oppenheimer
approximation if one restricts attention to collisions with just barely enough en-
ergy to surmount the barrier along the adiabatic reaction coordinate. At these
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energies, the molecule does not have enough energy to access the conical inter-
sections at the T-shaped or linear approach geometries characterized by Pack
and Walch (102—-106; SP Walch, personal communication). However, workers
have been tempted to use the adiabatic approximation to model the reaction
at a collision energy of 2.4 eV (107a). Then at these energies potentially re-
active H atom approach trajectories are not restricted to the Jacobi angle near
50 degrees (characterizing the adiabatic reaction coordinate near the transition
state). Indeed, the incoming H atom velocity at a collision energy of 2.4 eV is
faster than Qrotation, so a substantial fraction of the reactive trajectories with
enough energy to reach the Htermediate will attempt to do so near both
linear and T-shaped geometries. At these geometries, the trajectories pass near
the conical intersections between the lower and upper adiabats (from the coni-
cal intersections between th&- and the’E-states and th&\, and?B, states),
and thus necessarily undergo strongly nonadiabatic dynamics. Recent theo-
retical work (107b) on a similar system,40H,, confirms what is anticipated
here and in a previous review article (108), that even when the conical inter-
section is energetically and geometrically remote from the minimum energy
reaction path, such nonadiabatic effects can influence the dynamics substan-
tially if the collision energy is high enough to access the conical intersection(s).
Furthermore, one must not conclude from this example that only reactions at
high collision energies are subject to nonadiabatic effects. In ozone isomer-
ization in the ground state, the transition state is within a few wavenumbers of
a conical intersection with the next higher potential energy surface (109, 110).
In the bromopropionyl chloride®” dissociation discussed earlier in this re-
view, there is no energetically accessible geometry where the molecule can
pass the barrier to C-Br fission adiabatically with unit probability; the avoided
crossing is narrowly avoided everywhere the dynamics accesses. The same is
true of most long-distance electron transfer reactions (14). Finally, consider
the ground state reactions of H NO. If one lowers the collision energy of
the H 4+ NO reactants so they do not have enough energy to encounter the
problematic region of the potential energy surface (near the conical intersec-
tion) in the entrance channel as they try to surmount the barrier to forming
the HNO intermediate, one can still not assume that the reaction will proceed
adiabatically. This is because in the4ONH and N+ OH exit channels there
are regions of the multidimensional energy surface that come energetically
close to another adiabat, and the energies of these narrowly avoided crossings
are lower than the energy required to surmount the entrance channel barrier
(111).

Clearly, researchers need to determine what regions of a multidimensional
reactive potential energy surface a molecule samples in order to predict whether
nonadiabatic effects play animportant role in the reaction rate or dynamics. The
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rest of this section details a few experiments that begin to address this issue. In
the first example, that of C}MH,, there is an energetically accessible conical
intersection on the reactive potential energy surface, but the dynamics is still
largely adiabatic because the amplitude of the scattering wavefunction is small
near the region of the conical intersection. Inthe second example, the photodis-
sociation of vibrationally excited CX(X =H,D,F) and ICN, we can decrease
the fraction of the dissociative trajectories on the excited state surface that cross
near a conical intersection by vibrationally exciting the molecule in the bend
prior to photoexcitation; the resulting decrease in branching to the nonadiabatic
product channel is substantial. Finally, in two photodissociation experiments,
one on HCO and one on OCIO, recently performed by other research groups
as described below, tuning the excitation laser into different excited state reso-
nances influences whether the scattering wavefunction accesses regions of the
potential energy surfaces that are susceptible to nonadiabatic interactions.
How have recent photodissociation experiments elucidated the importance
of considering what regions of the potential energy surface the reactive trajec-
tories access in determining whether nonadiabatic effects will be important?
In the A state photodissociation of both Ntand CHNH.,, there is a conical
intersection along the N-H and C-N fission reaction coordinates respectively.
If the bond fission proceeds adiabatically as the trajectories traverse the conical
intersection, excited state I\QIA(ZAI) product is formed. Diabatic traversal of
the conical intersection results in a transition from the upper to the lower adiabat
shown in Figure 14, producing ground state Mibduct. Because nonadiabatic
transitions occur efficiently at conical intersections, one expects a significant
fraction of ground-state Nfproducts. However, while N-H fission in ammonia
results in a mixture of the two products at energies where both exit channels
are energetically allowed (112), C-N fission in §NH, produces only excited
state NH (113). To understand how the dissociative trajectories manage to
traverse the reaction coordinate adiabatically despite the conical intersection,
one must consider the detailed dynamics that the molecule undergoes. Upon
Franck-Condon excitation to the upper adiabat, where the equilibrium geom-
etry is planar rather than pyramidal about the N atom, Midgging motion
ensues, as evidenced by the structure in the absorption spectrum assigned to a
progression in the Niwag in CHNH, (114). As the molecule traverses the
conical intersection with considerable energy in Nt¥hgging motion, the am-
plitude of the dissociative wavefunction is small at planar geometries and large
at bent geometries at the outer turning points of the wagging motion, so there is
little amplitude near the point of conical intersection in Figure 14. Classically,
then, trajectories traverse the conical intersection mainly at bent geometries
where the splitting between the upper and lower adiabats is large and the sys-
tem thus remains on the upper adiabat throughout the dissociation and results in
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Figure 14 Ground and first excited state potential energy surfaces for ammonia, showing the
region of intersection along the N-H bond fission coordinate (or C-N bond fission coordinate in
CH3NH,) as it varies with the out-of-plane angle (Reproduced with permission from Figure 7

of Reference 112, copyright 1989, American Institute of Physics.)

excited state NEiproduct. Other experiments have sought to control whether
the dissociative trajectories traverse the conical intersection at geometries near
the point of conical intersection or at bent geometries where the splitting is
larger, so as to control the resulting branching between adiabatic and diabatic
dissociation products. In CK(X =H,D,F) (115) and ICN (116-118), if one
photoexcites molecules with one or more quanta in the bend: the dissociative
trajectories traverse the conical intersection at bent geometries where the split-
ting between adiabats is larger, resulting in an increase in the branching to the
adiabatic reaction products. The ab initio prediction of these phenomena (119)
is only possible because global potential surfaces with derivative coupling ma-
trix elements have been calculated for the,Chd ICN systems (120, 121), a
true feat because of the strong spin-orbit coupling as well as the derivative cou-
pling. Decades of earlier theoretical treatments of tFey}f):1(?P; ) branching

in CH;l neglected to include the e-symmetry bend; they included only the C-I
stretch and the;aumbrella CH bend; this shows how cautious one must be in
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reduced-dimensionality treatments not to neglect the critical nuclear degrees of
freedom in the nonadiabatic phenomena.

A somewhat different example of the sensitivity of nonadiabatic effects to
the region of the surface accessed by the molecular wavefunction occurs in the
photodissociation of HCO. In that system, excited state resonances whose wave-
functions sample linear geometries on the upper of two Renner-Teller coupled
surfaces, thus nearing the seam of electronic degeneracy with the lower disso-
ciative surface, evidence much larger widths because of their fast nonadiabatic
decay onto the lower Born-Oppenheimer potential energy surface (122-125).
Finally, two electronic states important in the indirect photodissociation chan-
nels of OCIO at wavelengths longer than 400 nm, the, state and the?B,
state recently investigated by Peterson & Werner (126), mix and split at pon-C
geometries (thus forming a conical intersection in two degrees of freedom, or an
intersection seam in three); this geometry-dependent interaction is intimately
tied to the highly selective product branching betweer-Cl, and CIO+ O
observed by Davis & Lee (127) when they excited into selected resonances
in the A %A, state, e.g. [500] versus [402], with similar energies but varying
numbers of quanta in the antisymmetric stretch.

CONCLUDING REMARKS

The study of nonadiabatic effects in chemical reaction dynamics is one of the
most current and active areas of investigation. A talented cadre of young exper-
imentalists is joining the largely theory-oriented group of investigators making
progress in this area (128; 129a,b; 130; 131). The experiments described in
this review force one to reconsider the conventionally accepted range of va-
lidity of the Born-Oppenheimer approximation, one of the most fundamental
assumptions in chemical reaction dynamics. They elucidate the critical role
nonadiabaticity can play in determining the branching between energetically
allowed product channels in bimolecular and unimolecular reactions. They
not only demonstrate the importance of considering the possibility of nonadia-
baticity at the transition state of any chemical reaction with a barrier along the
reaction coordinate, they also begin to identify what classes of chemical reac-
tions are most susceptible to these effects. Progress in many groups continues
on not only the gas phase front reviewed here, but also on electronically nona-
diabatic processes in condensed phases (132-139). Itis the hope of this author
that further work in experiment and theory will develop both our ability to
achieve an exact quantum prediction for electronically nonadiabatic dynamics
and, perhaps more importantly, our intuition for what systems should evidence
significant alterations in reaction rates and product branching resulting from a
breakdown in the Born-Oppenheimer approximation.
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