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Nonstatistical unimolecular dissociation over a barrier
David H. Mordaunt, David L. Osborn,a) and Daniel M. Neumark
Department of Chemistry, University of California, Berkeley, California 94720 and Chemical Sciences
Division, Lawrence Berkeley Laboratory, Berkeley, California 94720

~Received 6 October 1997; accepted 4 November 1997!

A general formulation is presented to model photodissociation processes in which internal
conversion is followed by unimolecular dissociation over an exit barrier; this classification of
dissociation mechanism results in a nonstatistical product state distribution. The energy available to
products is divided into independent statistical and impulsive energy reservoirs. The statistical
reservoir considers direct projections of a vibrational microcanonical ensemble at the transition state
~TS! onto product quantum states, conserving vibrational adiabaticity and angular momentum. The
impulsive reservoir represents the energy released in passing from the TS to products; this reservoir
is treated assuming sudden dissociation of the zero-point TS wave function using a combination of
Franck-Condon and impulsive models. We derive the statistical adiabatic impulsive model, which
convolutes these two energy reservoirs, to predict the product translational energy distribution for
nonstatistical dissociation over a barrier. Two test cases are modeled and compared with
experimental data: unimolecular dissociation of acetyl radicals and photodissociation of vinoxy
radicals via theB̃ 2A9-X̃ 2A9 band. © 1998 American Institute of Physics.
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I. INTRODUCTION

In many examples of photodissociation, electronic ex
tation is followed by internal conversion to the electron
ground state and subsequent unimolecular dissociation.1–4 If
there is an exit barrier on the ground state surface, the re
ing product energy distribution generally cannot be rep
duced by statistical models for chemical reactions even if
ground state complex persists for many vibrational perio
In this article, we propose a simple model that predicts
nonstatistical product translational energy distribution t
arises when there is an exit barrier on the ground state
face.

Internal conversion of the initially prepared excited sta
yields a microcanonical ensemble of vibrational states on
ground state potential energy surface~PES!. In the absence
of a barrier, unimolecular dissociation of a microcanoni
ensemble can be treated classically in terms of Liouvill
theorem; a system with an equilibrium distribution in o
part of phase space evolves with an equilibrium distribut
in other parts of phase space, so that all parts of an undiv
phase space are in equilibrium. The consequence of th
that energy is randomized with equal probability among
vibrational levels~up to the fixed excitation energy! and all
product states have an equal probability of being popula
There is an abundance of well-established theories to pre
product quantum state distributions for microcanonical
semble unimolecular dissociation in the absence of a bar
e.g., prior distributions,5 phase space theory~PST!6 and the
statistical separable ensemble method.7

a!Present address: JILA, National Institute of Standards and Technology
University of Colorado, and Department of Chemistry and Biochemis
University of Colorado, Boulder, CO 80309-0440.
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The presence of a barrier defines an implicit transit
state~TS! at the saddle point of the PES. Following trans
tion state theory,8 the TS forms a dynamical bottleneck fo
molecular trajectories dividing phase space into two disti
regions: reactant and products. The product vibrational
rotational distributions resulting from a simple sudden i
pulsive force at the TS~i.e., a sudden photodissociation! are
generally interpreted in terms of Franck-Condon mappi9

and impulsive models10 respectively. Whilst these distribu
tions may be valid at energies close to the barrier heig
they become more problematic at large excess energies

Only a few theories address the product quantum s
distribution for nonstatistical unimolecular dissociation ov
a barrier. For dissociation energies in close proximity to
barrier height, the statistical adiabatic channel mo
~SACM!11 is generally utilized; Chen and Moore12 have also
developed a modified impulse model to rationalize trip
ketene dissociation at the TS. For energies in large exces
the barrier height more simplistic models are used. As ea
as 1974, Berry13 proposed the ‘‘bootstrap’’ model to de
scribe partial vibrational inversion. Later, Zamir an
Levine14 related this type of nonstatistical behavior to su
prisal theory in the form of a ‘‘sum rule.’’ More recently
Sonobeet al.,15 Gejo et al.,16 and Northet al.17 have pro-
posed statistical-impulse models to explain the low degre
vibrational excitation and the high degree of translatio
energy in photoproducts.

The common theme to all of these models13–17is that the
total energy available to products is partitioned into two r
ervoirs: first, the available energy in excess of the barr
and second, the barrier height with respect to the exit val
The treatment of each energy reservoir is dependent on
respective theories. In this article we derive a general fram
work, the statistical adiabatic impulse~SAI! model, which

nd
,

8 © 1998 American Institute of Physics
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combines statistical and sudden theories expanding on p
ous models of this type. No adjustable parameters are us
the SAI model, although it does require the TS energy,
ometry and vibrational frequencies, all of which are typica
obtained fromab initio calculations. A brief account of this
model has been previously published.18

Unimolecular dissociation of acetyl radicals and pho
dissociation of vinoxy radicals via theB̃ 2A9-X̃ 2A9 band
are examples of the type of processes we can treat with
SAI model. In both cases, experimental studies17–21have de-
termined that nonstatistical product state distributions
produced; experiment18–20,22,23 and theory18,23 have also
demonstrated the existence of exit barriers for dissociat
Our SAI model simulates product state distributions for th
two molecular systems and the main factors influenc
these distributions are determined.

This article comprises four sections. In Section II, w
describe the theoretical basis of our SAI model. Section
describes the physical processes involved in unimolec
dissociation of a microcanonical ensemble over a barr
The SAI model predicts the product translational energy d
tributions for acetyl and vinoxy dissociation and is compa
with experimental results. Finally, the conclusions are su
marized in Section IV.

II. THE STATISTICAL ADIABATIC IMPULSIVE „SAI…
MODEL

In this section we formulate the theoretical basis of
SAI model, to provide a general framework for modelin
and interpreting nonstatistical unimolecular dissociation o
a barrier. The SAI model describes the molecular behavio
unimolecular dissociation of a microcanonical ensem
through a TS, and predicts the resultant product translatio
energy distribution. We utilize a simple approach combin
both statistical and sudden unimolecular dissociation th
ries, building on previous nonstatistical theories.13,17

Our initial assumption is that a microcanonical ensem
of vibrational modes is formed on the ground state PE
which asymptotically correlates with products. Internal co
version from the initially prepared excited electronic sta
will result in a microcanonical ensemble on the ground st
PES.

Our second main assumption is that the total ene
available to products~EAVAIL5hn2D0! is divided into two
independent energy reservoirs, Figure 1. The statistical
ervoir is the available energy in excess of the TS, i
ESTAT5EAVAIL2ETS, whereETS is the zero-point level of
the transition state. The sudden reservoir represents the
ergy of the TS relative to the ground state energy of
products, i.e.,EIM P5ETS. The energy within each reservo
remains constant throughout dissociation, i.e., no energ
allowed to flow between the two reservoirs. This follows t
same approach as the previous models addressing diss
tion over a barrier.13–17Implicit in this assumption is that the
reaction is electronically adiabatic~i.e., the Born-
Oppenheimer separation of electronic motion from inter
clear motion is valid! in the vicinity of the TS. This is par-
ticularly pertinent as a TS can arise from the avoid
vi-
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crossing of electronic surfaces of the same electronic s
metry.

A. Statistical reservoir

Within the statistical reservoir, we assume that the TS
in equilibrium with the reactant region of phase space wh
the microcanonical ensemble is formed; thus in accorda
with Liouville’s theorem, a microcanonical ensemble of v
brational levels exists at the transition state. Once beyond
TS the molecule rapidly dissociates into products; an eq
librium doesnot exist between the TS and products—hen
two distinct regions of phase space are defined.

The contribution from the statistical reservoir to th
product internal energy distributionPSTAT(EINT8 ) is calcu-
lated assuming that the microcanonical ensemble at the
maps directly into products degrees of freedom. The pro
tion from the TS to products is assumed to be vibrationa
adiabatic as in the SACM,11 i.e., vibrational quantum num
bers at the TS are preserved through dissociation to pro
degrees of freedom. This assumption is justified, as the f
ments will separate rapidly after transversing the TS regi
Hence it is necessary to correlate each TS vibrational m
with a particular product vibrational~V!, rotational ~R! or
translational~T! degree of freedom. This correlation is bas
upon theab initio vibration eigenvectors calculated at the T
and products. For example in the CH3CO system, eleven
vibrational modes exist at the TS; seven correlate withV,
two with R, and two withT product degrees of freedom.

Each accessible TS vibrational level is described b
specific quantum number for each TS mode, such that
energy is defined by,

EINT8TS5EV81ER81ET8 , ~1!

whereEV8 ,ER8 ,ET8 are the subdivision of the internal energ
into TS modes that correlate with productsV, R andT. The
energy of each subdivision in Eq. 1 is given by

EV,R,T8 5 (
1

SV,R,T

nV,R,TnV,R,T
TS . ~2!

FIG. 1. Schematic diagram illustrating the division of the energy availa
to products~EAVAIL5hn2D0! into two independent energy reservoirs d
fined in the SAI model: the statistical reservoir~ESTAT5EAVAIL2ETS) and
the sudden reservoir~EIM P5ETS).
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SV,R,T denotes the number of TS vibrational degrees of fr
dom,nV,R,T are the vibrational quantum numbers andnV,R,T

TS

the TS frequencies which correlate with productV, R or T.
The product state distributions are calculated in terms

internal energy. Product vibrational energy ((1
SVnVnV

prod) is
simply calculated substituting the product frequency (nV

prod)
for the correlating TS frequency (nV

TS), preserving the vibra-
tional quantum number in Eq. 2. The vibrational energy d
cit or surplus for each level is assumed to flow freely b
tweenV andT degrees of freedom, with the restriction th
the maximum productV energy isEV81ET8 . The remaining
energy partitioned intoT at the TS is subject to conservatio
of angular momentum and will result inT and R of the
products; this is dealt with in the same manner as the p
tion betweenT andR in the impulsive reservoir, Sect. II B

Energy in nR
TS modes (ER8 ) correlates with productR;

conservation of angular momentum also implies that som
this energy is partitioned into productT. The partition of this
energy betweenR andT is calculated utilizing PST6 for the
case of a tight TS state, yielding a rotational energy distri
tion. The rotational constants are calculated assuming
zero-point TS geometry. The product internal energy dis
bution for each TS vibrational level is the sum of the vibr
tional energy, the PST rotational energy distribution and
tational energy from conservation of angular momentu
The final product internal energy distribution for the statis
cal reservoirPSTAT(EINT8 ) is the summation over produc
internal energy distributions for each energetically allow
TS vibrational level.

It is worth emphasizing that the product state distribut
of the fragments from this reservoir is not strictly statistic
i.e., the energy isnot fully randomized among product state
Rather, energy is statistically distributed at the tight TS a
evolves adiabatically to the product states.

B. Impulsive reservoir

The impulsive reservoir is treated as a sudden unim
lecular dissociation of the zero-point TS wave functio
within the harmonic oscillator and rigid rotor approxim
tions. The vibrational energy distribution of the produc
PV

IM P(EINT9 ) , is determined by Franck-Condon projection
the zero-point TS wave function,)VunV

TS&, onto the
asymptotic product wave functions,)n8unn8

PROD& with a prod-
uct internal energy ofEINT

PROD,24

PV
IM P~EINT9 !}(

V
(
n8

u^nV
TSunn8

PROD&u2
•d~EINT9 2EINT

PROD!.

~3!

For each product vibrational state, the remaining ene
in the sudden reservoir is partitioned betweenT and R de-
grees of freedom, using a rigid impulsive model based on
TS geometry andnR

TS zero-point motion. The fraction of im
pulsive rotational energy,ER

IM P , over the available energy in
the impulsive reservoir (EIM P2EV

IM P), is given by10,12,17

f R5
ER

IM P

EIM P2EV
IM P 512

1

11
mAbA

2

I A
1

mBbB
2

I B

. ~4!
-
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The reduced masses, impact parameters and moments o
ertia of products are denoted bymA , mB , bA , bB , I A andI B

for the two fragmentsA and B, e.g., Figure 2. The TS ge
ometry will define the most probable value off R ; in order to
obtain a continuous distribution over internal energy a pr
ability distribution, I R( f R ), is obtained by considering th
TS zero-point wave function,uTSZ.P. &,

12 such that

I R~ f R!5
^TSZ.P.u f RuTSZ.P.&

^TSZ.P.uTSZ.P.&
. ~5!

The internal energyPIM P(EINT9 ) distribution for the sudden
reservoir is the sum of theR internal energy, predicted by th
impulsive model, for each combination of vibrational pro
uct states, weighted by their FC projection factors,

PIM P~EINT9 !5E
0

EINT9
PV

IM P~EV
IM P!E

0

EINT9 EV
IM P

I RS ER
IM P

EINT9 EV
IM PD dER

IM PdEV
IM P

3d~EINT9 2EV
IM P2ER!. ~6!

ThePIM P(EINT9 ) distribution is independent of excitation en
ergy, as the energy of this reservoir is defined by the cons
energy of the TS.

C. Translational energy distributions

Finally, we bring these reservoirs together to yield t
overall internal energyP(EINT) distribution. Roughly speak-
ing, the sudden reservoir describes the unimolecular dis
ciation of the zero-point wave function accounting for the T
geometry. The statistical reservoir describes the adiab
projection of the TS microcanonical ensemble onto prod
degrees of freedom, irrespective of the TS geometry. Con
lution of the statistical and sudden distributions yields,

FIG. 2. TS geometries for~a! acetyl, and~b! vinoxy molecular systems. The
impulsive force~arrow! and the impact parameters (bA and bB) are indi-
cated for CH3 and CO fragments with respect to the dissociating bond.
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P~EINT!5E
0

EIM P

PIM P~EINT9 !•PSTAT~EINT2EINT9 !dEINT9 .

~7!

The translational energyP(ET! distribution is obtained by
expressing the functionP(EINT) in terms of ET5EAVAIL

2EINT :

P~ET!5E
0

EIM P

PIM P~EINT9 !

•PSTAT~EAVAIL2ET2EINT9 !dEINT9 . ~8!

We emphasize that the SAI model contains no adjusta
parameters and conserves energy and angular momentu
each separate reservoir and therefore for the overall proc

III. APPLICATIONS OF THE SAI MODEL

In this section we apply the SAI model to predict expe
mentalP(ET) distributions for the unimolecular dissociatio
of metastable acetyl radicals, resulting from the photolysis
acetyl halides,19–21and direct measurements of the photod
sociation of vinoxy radicals from fast radical beam studies18

The experimentalP(ET) distributions for unimolecular dis
sociation of acetyl radicals with an average internal ene
of 1.95 eV21 and vinoxy radicals with an internal energy
3.57 eV18 are compared to calculated prior distributions5 in
Figure 3. There is a clear difference between the experim
tal ~dashed! and prior~solid! distributions demonstrating th
nonstatistical nature of the two product state distributions
both cases, a larger fraction of the available energy is pa
tioned into product translational energy than predicted by
prior distributions. The intensity of the experimentalP(ET)

FIG. 3. Acetyl and vinoxy radicals are examples for nonstatistical unim
lecular dissociation. Comparison of experimentally determinedP(ET) dis-
tributions~dashed! ~Refs. 21, 18! to calculated prior distributions~solid! for
unimolecular dissociation of~a! the acetyl radical at 1.95 eV, and~b! the
vinoxy radical at 3.57 eV.
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distributions increase from zero translational energy
maxima atET;0.37 and 0.95 eV for acetyl and vinoxy rad
cals, respectively, and thereafter decrease with increa
ET . The prior distributions for acetyl and vinoxy peak
considerably lower translational energies:ET;0.15 and 0.25
eV, respectively. For both radicals, experiment18–20,22,23and
theory18,23 indicate the existence of exit barriers for dissoc
tion, as shown in Figures 4 and 5. Thus these are good
didates to test the SAI model.

A. Unimolecular dissociation of acetyl radicals

Several experimental studies have examined the fr
mentation of the acetyl radical. Photodissociation of ace
halides~CH3COX: X5Cl,19,20 Br,20 I21! and acetone17 yield
metastable internal excited acetyl radicals with a range
average internal energies between 0.69 to 1.95 eV. Su
quent unimolecular decay of these metastable acetyl rad
yield P(ET! distributions which are all relatively indepen
dent of initial internal energy of the acetyl radical; results a
shown in Figure 6 at three energies.

The acetyl ground state PES has a TS. The forward u
molecular dissociation barrier height is well established

-

FIG. 4. Schematic potential energy surface of the acetyl radical sys
leading to CH3 and CO products, derived from Ref. 18. All energies are
eV, including zero-point energies and are relative to the product minim

FIG. 5. Schematic potential energy surfaces of the vinoxy radical sys
leading to CH3 and CO products. All energies are in eV, including zer
point energies and are relative to the product minimum~Ref. 18!.
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0.74 eV18,19,22,23with respect to the acetyl radical. Based
DH f ,0(CH3CO!520.02660.003 eV,25 a barrier of 0.40 eV
with respect to products is defined; this is in agreement w
our own ab initio study.18 The reaction coordinate for th
elimination of methyl and carbon monoxide from the ace
radical is shown in Figure 4. This TS occurs at an elonga
C–C bond length~2.1 Å!, shown in Figure 2~a!. From Tables
I and II it is clear that the geometry and frequencies of
methyl and carbon monoxide groups at the TS closely
semble that of the products,26 however the CCO skeleta
backbone at the TS is strongly bent~115°!.

We apply our SAI model to investigate the physical pr
cesses involved in ground state acetyl unimolecular disso
tion through this TS state~ETS50.40 eV! for internal energy
distributions with an averageEINT(CH3CO!50.69, 1.26 and
1.95 eV. The geometry, frequencies and normal modes o
TS are obtained by electronic structure calculations at
QCISD/6-31G** level as described in Ref. 18; these co
pare favorably with the results in Ref. 23. The internal e
ergy PSTAT(EINT8 ) distribution for the statistical reservoir

FIG. 6. Comparison of experimental~dashed! and calculated~solid! SAI
P(ET) distributions for the dissociation of acetyl radicals. The acetyl par
internal energy distributions are reported in the upper right insert of e
panel for averageEINT(CH3CO! 5 0.69, 1.26 and 1.95 eV. Experimenta
curves are reproduced from Refs. 20 and 21.
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Figure 7~a!, is calculated from the projection of the TS v
brational modes onto the product modes; the asymptotic
relation of the TS vibrational modes required for calculati
are given in Table II. The internal energyPIM P(EINT9 ) dis-
tribution for the impulsive reservoir, Figure 7~b!, is calcu-
lated from the Franck-Condon vibrational distribution a
impulsive model Figures 7~c! and 7~d!. The geometry and
frequencies used are reported in Table I and Table II. T
resultant calculated SAIP(ET) distributions are compared
with the experimental results, Figure 6.

The contribution from the impulsive reservoir consists
two components: the Franck-Condon vibrational distribut
and the impulsive partitioning of rotational energy. The sim
lar TS and product geometries and frequencies, Table I
Table II, result in low vibrational excitation in the produc
for the impulsive reservoir. Thus, the Franck-Condon vib
tional distribution has only a few delta functions associa
with a short progression in then3 mode, with the largest
intensity atEINT50 eV, Figure 7~c!. The strongly bent CCO
skeletal backbone of the TS results in a large impact par
eter for the CO fragment; this generates a large degre
torque upon sudden dissociation which results in^ f R&;
0.35, i.e., ca. 35% ofEIM P being partitioned into rotationa
energy of the CO fragment. Combining these two comp
nents, the resultantPIM P(EINT9 ) distribution, Figure 7~b!,
contains mostly rotational excitation.

Photolysis of the acetyl halides produces acetyl radic
with internal energy distributions described by an avera
internal energy and a broad width; see the inserts in Figur
The average energies are 0.69, 1.26 and 1.95 eV, for di
ciation of acetyl chloride,19,20bromide20 and iodide21 respec-
tively. All acetyl radicals with an internal energy greater th
the TS barrier~ETS1D0), undergo unimolecular dissocia
tion and contribute to the CH3 and CO product state distri
bution. These product state distributions are calculated
each parent internal energy above the TS barrier, and
summed~weighted by the parent internal energy probabil
distribution! to yield the final product distributions, as re
ported in Figure 6.

Comparison between experiment and the SAI mo

t
h

TABLE I. Geometries of acetyl dissociation and vinoxy-acetyl isomeriz
tion TS and asymptotic products.a

Acetyl TSb Vinoxy TSb CH31COc

r ~C–O! 1.15 1.20 1.13
r ~C–C8! 2.11 1.41 –
r ~C8–H! 1.09 1.48 1.08
r ~C8–H8! 1.09 1.08 1.08
r ~C8–H9! 1.09 1.09 1.08
/~C8CO! 115 139 –
/~HC8C! 103 53 –
/~H8C8C! 100 118 –
/~H9C8C! 100 122 –
/~HC8CO! 180 0 –
/~H8C8CO! 260 269 –
/~H9C8CO! 60 117 –

aUnits: bond lengths are reported in Å and angle in degrees.
bCalculated at the QCISD/6-31G** level.
cReported experimental geometries from Ref. 26.
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TABLE II. Asymptotic correlation of TS vibrational modes for the unimolecular dissociation of the ac
radical. The calculation for the TS is performed at the QCISD/6-31G** level,~Ref. 18! experimental frequen-
cies ~Ref. 26! are used for the products.

nTS/cm21 TS mode nProduct/cm21 Product mode

3276 CH3 asym. str.~a9! 3161 CH3 asym. str.~e8!
3260 CH3 sym. str.~a8! 3161 CH3 sym. str.~e8!
3105 H–CH2 str. ~a8! 3004 H–CH2 str. ~a8!
2044 CO str.~a8! 2170 CO str.~a8!
1453 CH3 deform.~a9! 1396 CH3 deform.~e8!
1446 CH3 deform.~a8! 1396 CH3 deform.~e8!
939 C–C8H8H9 bend~a8! 606 CH3 umbrella~a9!
611 CH3 sym. rocking~a8! ET(1ER) Translation1Rotation
547 CH3 asym. rocking~a9! ET(1ER) Translation1Rotation
277 C8–CO bend~a8! ER(1ET! Rotation1Translation
43 CH3 wag ~a9! ER(1ET! Rotation1Translation
466i C–C8 str. ~a8! ET(1ER) Translation1Rotation
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simulations is favorable for three excitation energies rang
from 0.69 to 1.95 eV, Figure 6. The SAI distributions acc
rately predict the maximum intensity in theP(ET) distribu-
tions and broaden with increased acetyl internal ene
However, the SAI predicted distributions are narrower th
the experimental data in all instances. This is most likely d
to the experimental uncertainty in acetyl internal energy a
angular momentum which is the input for the SAI model. F
each photon energy the resultantP(ET) distributions are
consistent with 65% ofEIM P partitioned directly into trans-
lational energy. From our calculation we can go further th
the current experimental data, predicting the energy disp
within the products. Namely, the energy associated with
barrier is partitioned dynamically into a combination
product rotation and translation, not vibration. As the pho
g
-

y.
n
e
d
r

n
al
e

n

energy is increased the excess energy above the TS is p
tioned into the statistical reservoir; thus the amount of vib
tional excitation will increase dramatically, whilst the rot
tional distribution although effected will not show such
marked effect, as noted in the photodissociation
CH3CHO16 and HFCO.27

B. Photodissociation of vinoxy radicals

Photodissociation of the vinoxy~CH2CHO! radical of-
fers another example of nonstatistical behavior. The deta
paper by Osbornet al.18 reports experimental and electron
structure calculations for the photodissociation of vinoxy v
the B̃(2A9)2X̃(2A9) absorption band. Two photodissocia
tion channels are observed, with branching ratiosf I andf II :
FIG. 7. Unimolecular dissociation of the acetyl radical.~a! The internal energy distributions for the statistical reservoir atESTAT50.86 eV.~b! The calculated
internal energy distribution for the final impulsive reservoir, Eq. 7.~c! the Franck-Condon vibrational energy distribution Eq. 4.~d! Fraction of impulsive
energy partitioned into rotational energy for the impulsive reservoir, Eq. 5.
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I. CH2CHO1hn→CH31CO fI;20%

II. CH2CHO1hn→CH2CO1H fII;80%.

Here we are concerned with channel I, as this dissocia
proceeds over a large TS barrier. Channel II results from

FIG. 8. Comparison of experimental~dashed! and calculated~solid! SAI
P(ET) distributions for the dissociation of vinoxy radicals. Experimen
curves are reproduced from Ref. 18.
n
a

competing dissociation mechanism. The experimental ra
in excitation energies is from 3.57 to 4.08 eV. In all cas
the form of theP(ET) distributions remains very similar
increasing from zero translational energy to a maximum
tensity atET ; 0.9 eV, and then decreasing with a nea
exponential function extending to the maximum availab
energy, Figure 8.

Dissociation is believed to proceed via internal conv
sion from the initially preparedB̃(2A9) state forming a mi-
crocanonical ensemble of vibrational levels on theX̃(2A9)
state. The energy profile along the reaction coordinate fr
the state vinoxy radical to methyl and carbon monox
products is depicted in Figure 5. Two transition states ex
The first, the vinoxy-acetyl isomerization TS is calculated
lie 1.78 eV18 above theX̃(2A9) state vinoxy minimum. This
is a tight three-center TS defined by the 1,2 hydrogen sh
The potential energy barrier is created because of signific
torsional distortion of the molecular orbitals and poor ov
lap of the migrating H atom with these orbitals. The seco
the TS for elimination of CO, from acetyl is located 0.40 e
above the product exit channel, and is discussed in Sec
III A.

The two transition states divide molecular phase sp
into three distinct regions. However at our high photon e
ergies~hn>3.57 eV! the molecular phase space is signi
cantly simplified. The RRKM rate constants for passa
through each TS can be calculated,5

kRRKM~E!5
N‡~E!

hr~E!
, ~9!

whereN‡(E) is the number of TS modes orthogonal to t
reaction coordinate, accessible at energyE, h is Planck’s
constant, andr(E) is the density of states in the reacta
reservoir. BothN‡(E) and r(E) are calculated using the
Beyer-Swinehart algorithm and the vibrational frequenc
reported in Table II, Table III and Ref. 18. The RRKM ra
constants are reported in Table IV. As can be ascertai
from these rates, many molecular vibrations occur bef
passing through the vinoxy-acetyl isomerization TS, clea
defining a dynamical bottleneck in phase space. Howe
passage through the acetyl-product TS is rapid~less than a
oxy
TABLE III. Asymptotic correlation of TS vibrational modes for the unimolecular dissociation of the vin
radical. The calculation for the TS is performed at the QCISD/6-31G** level~Ref. 18!, experimental frequen-
cies ~Ref. 26! are used for the products.

nTS/cm21 TS mode nProduct/cm21 Product mode

3276 C8H9H8 asym. str.~a9! 3161 CH3 asym. str.~e8!
3098 C8H9H8 sym. str.~a8! 3161 CH3 sym. str.~e8!
1966 C8–H str. ~a8! 3004 H–CH2 str. ~a8!
1846 CO str.~a8! 2170 CO str.~a8!
1465 C8H9H8 deform.~a9! 1396 CH3 deform.~e8!
1229 C-C8 str. ~a8! ET~1ER! Translation1Rotation
1126 C-H str.~a9! ET~1ER! Translation1Rotation
1036 C8H9H8 deform.~a8! 1396 CH3 deform.~e8!
836 C–C8H9H8 bend~a9! 606 CH3 umbrella~a9!
633 OC–H bend~a8! ER~1ET! Rotation1Translation
438 C8–CO bend~a8! ER~1ET! Rotation1Translation
1675i H migration ~a8! ET~1ER! Translation1Rotation
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typical vibrational period!, hence this TS can be ignored
these photon energies. We are now in the original situa
of unimolecular dissociation over one TS.

In addition, the TS is treated as a concerted dissocia
rather than H atom migration followed by dissociation of t
C–C bond, as the impulsive model can only be used to
scribe a sudden impulsive dissociation. Following Moo
and coworkers,28 the axis of the impulsive force for a con
certed dissociation is best defined by examining the reac
coordinate at and beyond the TS viaab initio calculations.
For vinoxy dissociation, two points define the impulsi
axis: the center of mass of the newly formed C–H bond, a
the point of the remaining C atom which completes t
three-center TS, e.g., Figure 2~b!. Our ab initio calculations
indicate that, after passing through the TS geometry,
fragments are repelled by a strong potential gradient al
this axis and dissociate rapidly without further large chan
in geometry.

The SAI model is applied to predict the resultantP(ET)
distributions. A microcanonical ensemble of vibration
states is considered in equilibrium with all parts of the
noxy phase space, and forms a microcanonical ensemb
states at the vinoxy-acetyl TS. The statistical reservoir
projected onto the CH31CO products, utilizing the

TABLE IV. Calculated RRKM rate constants.

hn/eV 1/k1(hn)/ fs 1/k2(hn)/fs

4.08 4,520 24
3.82 6,470 26
3.57 9,630 29
n

n

e-

n

d

e
g
s

l

of
is

asymptotic correlation of TS frequencies in Table III. Th
yields thePSTAT(EINT8 ) distribution, Figure 9~a!. The internal
energyPIM P(EINT9 ) distribution for the impulsive reservoir
Figure 9~b!, is calculated from the Franck-Condon vibr
tional distribution and impulsive model Figures 9~c! and
9~d!, the geometry and frequencies used are reported
Table I and Table III. The resultant calculated SAIP(ET)
distributions is compared with the experimental results, F
ure 8.

In general, for dissociation of a microcanonical e
semble through a TS, the statistical reservoir contributi
PSTAT(EINT), has the same general form as the distributio
for statistical unimolecular dissociation, e.g., Figure 7~a! and
Figure 9~a!. However, the partitioning ofEIM P between vi-
bration and rotation is very sensitive to TS geometry ev
though the overallPIM P(EINT) distributions in Figure 7~b!
and Figure 9~b! are similar. The large difference between T
and product geometry and frequencies for vinoxy, Tabl
and Table III, yields high vibrational excitation of the prod
ucts for the impulsive reservoir, as in Figure 9~c!. The elon-
gated H–CH2 bond length at the TS results in the H–CH2

stretch being particularly active. Interestingly, the meth
group at the TS is almost planar creating only a small deg
of vibrational excitation in then3 modes of the methyl prod
uct from the impulsive reservoir. The CCO skeletal bac
bone angle for vinoxy TS is closer to linearity~139°! than
that for acetyl dissociation, as reflected in the smaller imp
parameter, 0.48 Å verses 0.59 Å for vinoxy and acetyl,
spectively. The smaller impact parameter generates
torque upon sudden dissociation, which results in^ f R&
; 0.23. As the impact parameter of the methyl fragmen
considerably smaller than that of the carbon monoxide all
al
y

FIG. 9. Unimolecular dissociation of the vinoxy radical. Unimolecular dissociation of the acetyl radical.~a! The internal energy distributions for the statistic
reservoir atESTAT51.8 eV.~b! The calculated internal energy distribution for the final impulsive reservoir, Eq. 7.~c! The Franck-Condon vibrational energ
distribution Eq. 4.~d! Fraction of impulsive energy partitioned into rotational energy for the impulsive reservoir, Eq. 5.



a
ts

ta

A
e
rg
f
c
o

om
tis
de
io
a

th
s
he

er
e

xi
rd
ttl
du
in
rg
je
TS
b
n

av
n

na
bu
uc
r

r
oc
n
t

h
e

io
ily
io
n
rg
th

rg
ar
fo

of
gy.
cts
rti-
he
lar
not

and
cu-

ion
rch
Of-
ion
E-

J.

.

r

, J.

te

oc.

.

d

hys.

,

2456 J. Chem. Phys., Vol. 108, No. 6, 8 February 1998 Mordaunt, Osborn, and Neumark
rotational energy generated in the impulsive reservoir is p
titioned into CO rotation. Combining these two componen
the resultantPIM P(EINT9 ) distribution in Figure 9~b! contains
mostly vibrational with some modest CO rotational exci
tion.

Again comparison between experiment and the S
model simulations are favorable for a range in photon en
gies from 3.57 to 4.08 eV, Figure 8. For each photon ene
the resultantP(ET) distribution are consistent with 60% o
EIM P partitioned directly into translational energy. Produ
vibration and rotation accounts for the remaining 40%
EIM P. In this particular case, all product degrees of freed
are activated in the impulsive reservoir; energy in the sta
tical reservoir is also distributed among all the product
gree of freedom, so no vibrational modes show activat
with increasing photon energy above the TS. However,
interesting experimental quantity to measure would be
relative degrees of CH3 and CO rotation; our model predict
that the majority of the rotational excitation created in t
impulsive reservoir is partitioned into CO and not CH3 rota-
tion.

IV. CONCLUSION

A general framework is reported to simulate and int
pret photodissociation processes in which internal conv
sion is followed by unimolecular dissociation over an e
barrier. The presence of a barrier along the reaction coo
nate of the ground state surface forms a dynamical bo
neck, which divides phase space into reactant and pro
regions. The energy available to products can be divided
two independent reservoirs: statistical and impulsive ene
reservoirs. The statistical reservoir considers direct pro
tions of a vibrational microcanonical ensemble at the
onto product quantum states, conserving vibrational adia
ticity and angular momentum. The impulsive reservoir co
siders the sudden dissociation of the zero-point TS w
function, with Franck-Condon and impulsive models. A co
volution of this these two energy reservoirs yields the fi
product internal energy and translational energy distri
tions. We have derived the SAI model to predict the prod
translational distribution for nonstatistical dissociation ove
barrier.

The photodissociation of acetyl and vinoxy radicals a
considered as benchmark examples of nonstatistical diss
tion over a barrier and their SAI product state distributio
are presented. For both examples, approximately 60% of
barrier height is partitioned into translational energy. T
only difference is that in the former case the SAI mod
predicts that most of the remaining energy goes into rotat
while in the latter case it goes into vibration; this is eas
understood in terms of the TS geometries. This predict
could be tested by determining the product vibrational a
rotational distributions, rather than the translational ene
distribution, at energies close to the barrier height where
contribution from the statistical reservoir is small.

The SAI model predicts the product translational ene
distributions for unimolecular dissociation over an exit b
rier. Two factors have been determined to be important
r-
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nonstatistical dissociation over a barrier. First, the energy
the TS is predominantly partitioned into translational ener
Second, the geometry of the TS relative to that of produ
governs the degree to which the energy of the TS is pa
tioned into product rotational and vibrational energy. T
results compare favorably with experiment for two molecu
systems over a range of excitation energies. The model is
specific to the acetyl and vinoxy systems, but is general
should be applicable to most situations in which unimole
lar dissociation occurs over an exit barrier.
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