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State

Scott A. Reid" and Hanna Reisler*

Department of Chemistry, Ugersity of Southern California, Los Angeles, California 90089-0482
Receied: September 25, 1995

The unimolecular decomposition of expansion-cooled, MOexcess energies-@000 cnt? is described

with emphasis on the manifestations of overlapping resonances. WherisNQcited to energies above
dissociation threshold, overlapping resonances interfere and give rise to final state-selected spectra which
depend on the monitored final state of the NO product. The differences among the spectra diminish with the
degree of incoherent superposition (e.g., thermal averaging). In this article, we describe the experimental
manifestations of overlapping resonances in the case of barrierless unimolecular reactions and how they relate
to transition state theories. We treat the unimolecular reaction of IMihg resonance scattering theory
combined with random matrix formalism and distinguish between the near-threshold region where the transition
state is loose and dissociation at higher excess energies where the transition state has tightened significantly.
The final state-selected spectra and their dependence on the degree of resonance overlap are simulated in a
gualitative way. Experimentally, fluctuations are observed in the line shapes, positions, and intensities in the
spectra; the rotational and vibrational NO state distributions; the-gphit states of the oxygen atom correlated

with specific quantum states of NO; and the state-specific rates. We show how the patterns of fluctuations
in the rotational distributions allow the distinction between the loose and tight transition state cases and
discuss the evolution of the excited complex from transition state to final products. In spite of the fluctuations,
the averaged results agree well with the predictions of statistical theories, and implications for the transition
state and the adiabatic evolution of the NO degrees of freedom are discussed. Even when the product state
distributions agree with the predictions of specific statistical models, caution should be exercised in inferring
properties of the transition state, due to the unaccounted influence of final state interactions beyond the transition
state.

I. Introduction of isolated resonancegE) is related to the average width

T'(E)Ob
Understanding the dynamics of unimolecular decomposition (EYby

has been a long-standing goal of physical chemistfy. M'(E)= k(E)h/2r (1)
However, only in the recent past have experiments with good

initial and final state selection become possibi® allowing We define the resonances as overlapping when their average
detailed examination of the central assumptions of statistical width exceeds their average separation:

theories as well as the unraveling of the underlying causes of

statistical behavior. For small molecules it is possible to record M(E)I> AE @)

well-resolved spectra in the region below dissociation threshold or, sinceAE = 1/o(E), whereo(E) is the density of states, we

(Do) and observe the appearance Of. quasibound states (Orrequire thatT'(E)lé(E), which we term the overlap parameter,
resonances) when coupling to the continuum occurs abgve

. ; >~ be=1. According to transition state theory (TST) and eq 1,
Thus, the connection between resonance scattering and statlstlcatf 9 y( ) q

behavior can be examined. It is the purpose of this article to K(E) = NT(E)/hQ(E) = I(E)27/h @)
describe such resonances in the unimolecular reaction of NO
and in particular to highlight the importance oferlapping whereNT(E) is the number of energetically open states of the

resonancein understanding product state distributions (PSD’s) transition state (TS). From here it follows that resonances
and the evolution of the different internal degrees of freedom overlap whenever
from reactants to products.

As a starting point, it is instructive to demonstrate that, except M(E)@(E) = N'(E)/27 > 1 (4)
for the tunnelling regime or very near threshold, unimolecular .
reactions that can be described by statistical theories occur in-€- €ven when only few levels of the TS are open.

the regime of overlapping resonances. The average rate of decay WY is it then that so little attention has been paid to the
' ¥o|e of overlapping resonances in unimolecular reactions? The

: - . — . reason is that traditionally these reactions have been initiated
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averages out effects due to overlapping resonances and interfer-
ence. Thus, in chemistry attention has centered on classical
descriptions involves the TS# (a) 1-photon

In nuclear physics, the corresponding decomposition of a
compound nucleus has been treated by statistical theories as
well;0 but since the numbers of initial and final states are
typically much smaller than in molecular systems, the role of
resonances has been emphasized from the outset. In fact, Niels
Bohr, in his address to the Copenhagen Academy in 1936,
discussed the broadening of the levels of the nucleus upon
decomposition and addéd;This circumstance, together with

the rapidly decreasing distance between neighboring levels in ' T ' N
the energy region concerned, makes it indeed very likely that

, resulting, of (b) Infrared/visible
double resonance

Aysuauy J11

such levels will not here be separated at all...
course, in overlapping resonances.

In the 1960s the role of overlapping resonances in nuclear
and molecular statistical decompositions was explored in
detail’213 |n nuclear physics, Ericson predicted that overlap
between resonances and the ensuing interferences would cause
spectra obtained for different final states to fluctuate with respect
to line positions, shapes, and intensities. These predictions were
later verified experimentally, and the phenomenon is known as T T . .
“Ericson fluctuations* Several methods for determining 25015 25080 25145
correlations among state-selected spectra were developed to Excitation energy / cm-!
estimate the randomness of the amplitudes and phases of theigure 1. Fluorescence excitation spectra of jet-cooled,NQy ~ 5
overlapping resonancé?® K) in the region 6-120 cnt?! below dissociation threshold, obtained

Work on resonances and interference in their couplings to (£t 8 PRt 28 L S0 e on achieved with
the contlnu_um inspired Mies an_d Krauss to apply the goncept double-resonance excitation. P 9
of overlapping resonances to unimolecular reaction fétiekes
emphasized that great care must be exercised in extractingunimolecular reaction has been investigated and for which this
resonance parameters from spectra in the regime of overlappingcondition is satisfied.
resonance® Mies and Krauss showed that, upon averaging  The unimolecular reaction of Nhas been studies continu-
over thermal initial conditions, interference effects were washed ously as a function of excess energy:
out, and the averaged rates agreed with the thermal rates
obtained using statistical theories. Since no state-specific NQZ(E*) — NO(2HQ;U;J;Q=1/2,3/2-A=A',A”) +
experimental results were available at that time, no attempt was 3 -
made to treat state-selected spectra. o( it 1=2,1,0)

Recentl_y, it has bec_ome p_ossible o obserye what we be"'.evewhere Q denotes the NO spinorbit state, A the Lambda
are experimental manifestations of overlapping resonances in ayoublet state, anl the oxygen atom spirorbit state. NQ
state-to-§tate unimolecular re.a.ctlon. In tgés article we describe exhibits both complete intramolecular vibrational redistribution
our studies of the decomposition of M&? and re!ate the_m_ (IVR) and well-resolved molecular eigenstates just below
to averaged results that can be compared with statistical Do2831 Examples of 4B, — 12A; fluorescence excitation
theories!26:2426 \When resonances overlap and interact via a spectra of expansion cooled NGn the region belowDo
common continuum, they interfere, and such interference will ,pained via one- and two-photon laser excitation are shown in
modify the line shapes and positions, giving rise to asymmetric rigyre 1. AboveD,, resonances are created that are coupled
line shapes commonly known as “Fano profilé§’AboveDo, 15 the continuun?®2® Each resonance has a characteristic width,
partial absorption spectra can be obtained by monitoring Specific ang several resonances usually overlap. In addition, there is a
final states of the products, the so-called photofragment yield \yg||-known strong nonadiabatic interaction in NPromoted
(PHOFRY), photofragment excitation (PHOFEX), or action py the asymmetric stretching mode which results in a conical
spectra. If the final states are uncorrelated, each may derivejntersection of the optically accessibt®, and ground?A;
from a slightly different combination of resonance amplitudes gyrfaces near trB, minimum32-4° This interaction gives rise
and phases (for a fixed photolysis energy), giving rise t0 a to the extreme complexity of the NOvisible absorption
somewhat different interference pattern and thus a different line spectrum and leads to vibronic chaos at excitation energies
shape. This is precisely what is observed in the state-to-state>16 000 cnm?, which is established in<200 fs following
PHOFRY spectra of N@and is the primary experimental  excitation314° It has been shwon that eigenstates in the vicinity
indication of the presence of overlapping resonaRée?:2829 of Do (25 130+ 2 cni1)284142are predominantly ofB./2A;
Since effects due to interference tend to average out rapidly character, and each molecular eigenstate can be described as a
uponincoherentsuperposition, both the initial state of the parent linear combination of many zeroth-order wave functions with
molecule and the final state of the product must be well defined random coefficientd2-%° Density of state considerations dictate
in order to observe these effects. This is best achieved with that the molecular eigenstates have a predominantly ground state
small (e.g., triatomic) parent molecules. However, to justify character, and it is well established that dissociation takes place
comparisons with statistical theories, the parent eigenstates musbn the ground electronic surfag®?3-45
be ergodic, a condition that is not easily met for triatomic  To test predictions of statistical theories, both microcanonical
molecules. So far, N@is the only triatomic molecule whose  unimolecular reaction rates and PSDs are needed. In TST the
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rate is calculated by finding the dividing surface of minimum reaction. Evidence of the statistical nature of the decomposition
flux perpendicular to the reaction coordinate (the TS) for each has been provided by both rate measurements and PSD’s. The
excess energi!’. When an activation barrier exists, the dividing decomposition ratesk(E)], determined both at 5 and 300 K,
surface is usually located at the top of this barrier, and RRKM agree reasonably well with RRKM or PST predictions near
theory has proven very successful in calculating rates. PSD’sthreshold and with variational RRKM theory at higher excess
in this case are largely controlled by the dynantieyondthe energies Ef < 1400 cn1?).43745 |n our own studies, carried
barrier, and their calculation requires detailed knowledge of the out at excess energids = 0—3030 cnt?, we find that NO
potential energy surface (PES) in this region. The situation is rotational state distributions are well fitn average by PST,
more complex for dissociation in the absence of an activation although significant fluctuations and oscillations exist about the
barrier, as is common when the products are free radicals. InPST predictiond® 23 As usual, the vibrational distributions are
this case, the location of the TS must be determined variationally “hotter” than predicted by PST but agree with variational RRKM
at eachE" 4624 Even the definition of the reaction coordinate calculations:®4560.61 The decomposition can be described as
is more subtle in this cagé. It is now well established thatthe  proceeding via a loose, PST-like, TS near threshold, with the
TS moves inward from atop the centrifugal barrier &S TS tightening progressively 48 increases. Although experi-
increases. This is physically interpreted as deriving from a ments have been conducted at excess energies higher than 3000
subtle interplay between entropic and enthalpic factors, in which cm™, the dissociation lifetime becomes very she#t1(0 ps),

the former becomes more important at lafge leading to a and thus the justification for treating the decomposition statisti-
progressive tightening of the T3% Thus, in a triatomic cally becomes questionable.

molecule the TS levels will resemble those of a free rotor at

low E' and be best described as hindered rotors or low-frequencyll. Probes of Interferences among Overlapping

bends at higheE". Resonances in N@ Decomposition

| Whllt_argat(ihcalcullatl(l)nts gr%rsaéljler straLgrE)tforward _ev%n fora A state-Selected Photofragment Yield (PHOFRY) Spec-
oose » the calculate S must be examined more troscopy. Our primary probe of interferences among overlap-

carefully. NearDy, where the TS is very loose and its levels . : . ;
ing resonances in NOis photofragment yield (PHOFRY)
resemble those of the products, phase space theory (PST pectroscopy. In this method, NGnolecules are optically

becomqs the natural choice. Th!s theory apportions prodUCtexcited to energies in excessdf, and nascent NO fragments
populations as per the degeneracies of product quantum states

subject only to energy and angular momentum constraints. As are then detected via laser-induced fluorescence (LIF). Final
. o oo 2 E T T state-selected PHOFRY spectra of NiDe obtained by scannin
the TS tightens (but a barrier is absent), the situation is less b y g

. . .. S the photolysis laser frequency while probing a specific quantum
clezr a?d tthte ISS’?I(I? of ar?labatlc:lty beygnd thg ;LS ?I_rgves’l "e't'hdostate of the NO fragment. These “partial” absorption spectra
product states Stll excnange energy beyond the 157 In Other ogq o probabilities for both absorption and dissociation into
words, how important are exit channel interactions beyond the

N . ; ; the monitored NO state. The interference effects from overlap-
TS? The current view is that product vibrations, especially those P

. - - X 7 i ping resonances are manifested as a marked NO final state
O.f a d|atom|c_fragrr_1ent, evolve rather adiabaticdlty:* Rota dependence of the width, shape, position, and the amplitude of
tional and spir-orbit states usually have small energy separa-

. ; . , spectral features.

tions; do these evolve adiabatically, and if so where along the Interf ffect lting f h N i
reaction coordinate does this happen? What are valid tests for nterierence €fiects resuiling froxoherentsuperpositions
statistical behavior of PSD’s? As we will discuss, fluctuations (e.g., overlapping levels excited coherently) are diminished by

and oscillation patterns in the PSD’s provide insights into these mcohergnBuperposﬂmns resulting, fpr examplg, from thermal
. . congestion. If more than one N@otational level is populated,
important issues.

i ) . . the observed PHOFRY spectrum is an incoherent superposition
NO; provides the opportunity to study unimolecular reactions ot specira from different initial levels. Parent state selection is

from fully state-resolved microcanonical ensembles and from typically attained via expansion coolifgas used for example
the point of view of resonance scattering theory. It enables by Robraet al and Miyawakigt al., who obtained state-selected
removal of much of the averaging prevalent in larger molecules, PHOFRY spectra of N@near dissociation threshot@2® Our
thus revealing the state-to-state fluctuations inherent in any approach combines jet cooling with double-resonance IR
averaged quantity. As such, N®uly stands at the crossroads jisible excitatior?®22where specific rotational states in the (101
between statistics and dynamics, allowing us to examine — o) band of N@are excited with tunable infrared radiation
carefully the sources of the observed fluctuations, the assump-f,om a LiNbO; optical parametric oscillator (OPO), and the
tions commonly used in statistical theories, and our ability to \;prationally excited molecules are further excited with a tunable
draw mechanistic inferences from highly averaged data. laser to energies abou®,. IR—visible PHOFRY spectra are

In the case of N@ we have observed fluctuations in the NO  obtained by scanning the photolysis wavelength for fixed IR
rotational and vibrational distributions, as well as in the relative and probe wavelengths. Information on thermal averaging is
populations of the oxygen spirorbit states correlated with a  obtained by comparing IRvisible spectra to those obtained via
single NO quantum state. We also have indications that the single-photon excitation under similar experimental conditions.
rates from adjacent resonances fluctuate. We are able to e have also carried out calculations intended to demonstrate
qualitatively rationalize our results with a model that is based ina Simp]e way the effects of Coherenﬂy excited Over|apping
on the aSSUmptionS of statistical theories; namely, (|) the initial resonances on PHOFRY Spectra in two distinct energy re-
parent states are ergodic, and (ii) formation and decompositiongimes?? First, we examine energies nédg where the results
of the activated complex are separated in time. of Robraet al28 and Miyawakiet al2® were obtained. In this

The unimolecular reaction of NChas been studied exten- energy region the TS is loose, and its levels are approximately
sively over the past 20 yeat%,2328.29.4%61 gnd it is not the NO free rotor states (neglecting excited NO, O spanbit
purpose of this article to provide an exhaustive review of these states). We then examine dissociatiofEabf several hundred
thorough and detailed investigations. Rather, we concentrateto several thousand crh where the average degree of level
on experimental manifestations of overlapping resonances andoverlap is more severe; here, the TS has significantly tightened,
their relation to statistical descriptions of the unimolecular and its levels are best described as bending vibrafibtts.
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The model described here is based on assumptions inherent
in statistical theories; i.e., the parent eigenstates are ergodic,
and the formation and decay of the activated complex have
uncorrelated phases. Consequently, we assume that the parent
level spacings are described by a Wigner-like distributiei§:40
Since the parent wave functions can be described with a basis
set of normal modes with random coefficients, we also assume
that, in analogy with the case of isolated resonances, the
coupling matrix elements to the continuum of fragment channels
are random and that this, in turn, leads to randomly fluctuating
decay widths obeying a chi-square distributfé?.6” Thus, the
amplitudes of the resonancd®y(E), are given by*63.68

an
(E—E,) + (iF,/2) S

whereE, is the resonance energy;, is the resonance excitation EXCESS ENERGY /cm™
coefficient, andl'y, is the sum of the partial widths of the

resonancen into all final channeld. In the case of isolated (b)

resonances’, can be measured directly from the line width
and is related to the decay ra{) by the uncertainty principle

(eq 1). In contrast, when the resonances overlap, the decay
width is an unobservable quantity, and the relationship between
'(E)Candk(E) is not simple?4.85 At each energ¥, excitation

is simulated (using the FranelCondon principle and the dipole
approximation) as coherent excitation of quasi-bound states with
a random (Wigner-like) distribution of nearest-neighbor level
spacings and having a random (chi-square-#&)distribution

of decay widths. This is the starting point for both the loose
and tight TS cases. We then need to project these resonances
into fragment states in order to simulate the PHOFRY spectra.
It is here that treatments of the loose and tight TS cases differ,
as described below. We note that a more elaborate model, based
on random matrix formulation of the Feshbach optical potential,
has recently been applied to the same problem with similar
result§465and is described briefly in section II.C. Figure 2. (a) Near-threshold PHOFRY spectra of p@btained by

Al. The Case of a “Loose” TS: Near-Threshold Dissociation Miyawaki et al. (ref 29) for two rotational stated = 0.5 and 1.5) of

of NO,. In the loose TS limit (i.e., nedd), the levels of the NS(ZHS/Z)- (g) C"’?E”(;"’Tte% spectrq”?imula_ti_ng thedreglioaa)c_:nrl L
: : aboveDy, as described in the text. The positions and relative intensities
TS look like fragment states. Thus, the partial spectra are of the underlying resonances used in the calculations are shown in the

simulated by assuming that scattering of the overlapping ;e panel.
resonances into each final state can be described by complex

POPULATION / arb.unit

R(E) = (5)

(@]

Ofci

.

oS =

2 3 4 5
Energy / cm-1

matrix elements with random amplitud€s, and phasegm,22 and (T'(E) bys4

Interference occurs when the matrix elements deviate from the

real axis, and each final state derives from a slightly different hK(E) NT(E*) N

weighting of the overlapping resonances. This case is analogous TEFE—sS=——"= (7)

to “Ericson fluctuations” in nuclear physiés. We write the 27 2np  2mp

cross section for formation of a specific pair of NOO final

states (denotefj from initial parent state as In the limit of a loose TSN'(E") is counted according to phase

space theory (PST), i.e., as the number of product states. Once
2 a set of resonances is defined (i.e., array§9fAm, andRy are
chosen), these parameters are fixed as inputs, vwhileand
Cim are chosen as uniform random deviates in the interva:0
(6) and 0-1, respectively, and are changed for each calculation,
i.e. for eachf. Sequences of random deviates are generated
We use preselected arrays Bf, an, andI'n, while Ci,, and via published algorithm&
¢m, Which define the projection of resonanoeonto final state Shown in Figure 2a are two PHOFRY spectra obtained by
f, are changed for eadh The distribution of phases is assumed Miyawaki et al. in the region 85 cn! above threshold by
to be uniformly random, and the number of resonances within monitoring thelI(A") A-doublet state of NG{11/; J= 0.5 and
the chosen energy window is consistent with the average level 1.5F° while Figure 2b displays two simulated PHOFRY spectra

amemeid)fm
(E-Ey) + (I'/2)

0(E) = |3 Ry(E) Cr”P? = ‘z

density of NQ at that energy?3140 The coefficientsa,, are for this region calculated as described above; the upper panel
chosen as uniform random deviates between 0 affd Each shows the positions and relative intensities of the excited
quasi-bound level is explicitly assigned a decay widith resonances. The density of quasibound levels assumed in the

randomly chosen from a chi-square distribution vitklegrees calculations reflects that observed in LIF spectra in the region
of freedom%6.67 whereN is the number of independent decay 0—5 cnt! below threshold?®3! To account for electronic
channels [i.e.N = Nf(E"]. In the simulations shown here, we degeneracies of the fragmeftsye setN = 4 in eq 7 and obtain
assume that eq 3 is valid (but see section 11.B) and rélate I'(E)p = 0.64.
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460 ‘ 530 ' 600

Excess Energy / cm-!
Figure 3. IR—visible PHOFRY spectra of NatE" = 460-650 cnt? E
obtained for (a) two adjacent rotational statds< 6.5 and 5.5) of
NO(I14,) and (b) levels of significantly different (11.5 vs 6.5). A
much poorer correlation of spectral features is observed in (b) than in
(a). (From ref 20.)

NO LIF Intensity
]

Ry (75 v=1
Comparing parts a and b of Figure 2, we see that qualitative
features of the experimental PHOFRY spectra are reproduced
in the calculated spectra. In both spectra the number of observed
peaks is significantly smaller than the number of underlying
quasi-bound levels (i.exy10 vs 50). More importantly, spectra
for different final channels clearly display different resonance 2000 200 | 2400
structures. This effect is a signature of interferences among Excess energy / cm-1
coherently excited overlapping resonances and a trademark of

all state-selected PHOFRY spectra obtained for,N@ is Figure 4. (@) IR-visible PHOFRY spectra of Nat ET = 2000~
P 2 2500 cn1? obtained by monitoring two rotational statek=f 6.5 and

intriguing that these effects are prominent.so close to threshold,33.5) of NOPITy,=0) of very differentl. Note the marked differences
where the degree of overlap is modest (il€(E)(p ~ 1). It in spectral features. (b) Same as (a), but for NEX) levels of similar
reflects the fact that wheN is small the distribution of decay  j (6.5 vs 7.5).

widths is broad and that for randomly spaced resonances there

are usually some regions of greater overlap. near threshold PHOFRY spectra where two rotational states of
A.2. A Tightening TS: Dissociation of NGt Ef = 400- NO(1y,), J = 0.5 and 1.5, gave rise to different resonance
3000 cnmil. As the excess energy increases (e=d), > 400 structure€? the spectra obtained here for levels of adjacknt

cm™1), the decomposition changes in several ways: the dis- exhibit similar resonance structures (Figure 3a). Only when
sociation rate increases, treactive density of states decreases, probing levels of significantly differentl (Figure 3b) do

and the TS progressively tightens. SifE€increases, we might  differences in the spectral features become apparent. Although
expect more levels to overlap on the average and interferencethe average decay width here is significantly larger than near
effects to become more prominent. However, initially the threshold, the interference effects are not more prominent, since
increase ifT'Os partially offset by a decrease in the density of [I'(E)[p is still small. This effect is also related to the significant
reactive levels with increasing energy. This effect, discussed tightening of the TS at these energies, as discussed below.

in detail elsewheré®70occurs when the time scale for decom- Effects due to more severe level overlap become significant,
position becomes shorter than characteristic time scales for IVR.however, at yet higher excess energies. We have closely
Simply stated, when an optically bright state is coupled more investigated the regiofE! = 2000-2500 cnt!, where the
strongly to the continuum than to a subset of dark states, theseaverage decay width has increased-fitb—20 cnt1,269:43.453nd

dark states are excluded from the manifold of dissociative states.[T(E)[p > 3. Figure 4a displays two Hvisible PHOFRY

In unimolecular reactions, with increasifg coupling to the spectra in this region for N@EO) levels of significantly

continuum becomes stronger than relatively weadibronic different J. Consistent with spectra at lowé’, markedly
perturbations such as Coriolis and spiotation couplings? different spectral features are observed. However, here the
and a transition is observed from@vibronic to vibronic density spectra obtained for levels afimilar j also exhibit marked
of reactive states. differences, as illustrated in Figure 4b. In faal, IR—visible

Evidence for this effect is found in HRvisible PHOFRY PHOFRY spectra obtained in the higher energy region exhibit
spectra aE" = 475-650 cnTl. Here the average decay width pronounced differences in peak positions, shapes, widths and
(~4 cm1)** is an order of magnitude larger than typical NO amplitudes. We have previously developed a quantitative
rovibronic coupling matrix elements-0.3 cnt1).”t Unlike the measure of correlation, the correlation index, which supports
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\ o 2] 3 (4]
Overlapping [ Spectral | TS vibrational -
resonances [ features | levels

Energy
m
S

Y NO(IT)
+0(P)

Do,

Figure 5. Schematic of the Nedissociation mechanism. At a specifit, several overlapping resonances are coherently excited (1) and (randomly)
projected onto the energetically accessible levels of the tight TS (3). The TS levels, in turn, map onto specific sets Ofdi@ntum states (4).
Interaction among overlapping resonances and projection through multiple TS levels gives rise to interference resulting in different spectral features
(2) for each monitored final state.

this conclusior?’?2 As demonstrated by the calculations (a)
described below, this results from the larger degree of level
overlap in the higher energy region.

In extending the model presented above to higher energies,
we note that NO free rotor states no longer provide a good
approximation to the TS levels, which now resemble more the
hindered rotational or bending vibrational levels of an-©M
complex. Our model still assumes that evolution of the
overlapping resonances to TS levelcan be described by
random complex coefficient§,€%m However, we now need
to include alsadynamicalmatrix elementsDx,, to describe the
evolution of the system from TS levelto productf:

O = |ZDfnCnmei¢nmRm|2 (8)
mn

Ofei

This model, represented schematically in Figure 5, assumes that
the populations of the energetically available TS levels are
described as per eqs 6 and 7 witsubstituted fof. Note that

a similar expression combining statistics and dynamics has been
more rigorously derived using an extension of the Feshbach
optical model to include dynamical matrix elements beyond the
TS (see section 11.C3® We will illustrate the salient features

of our model by using two separate sets of calculations 0 ' 200 T 400 ‘
describing (i) the evolution of coherently excited overlapping
resonances up to the TS and (ii) the evolution of randomly
pqpulated T$ Ievgls to f}nal products. The secqnd calculation regionE! — 475-650 cr™. (b) Same as (a), but for the regieih —

will be described in section II.D. Here we examine the effects 2000-2500 cmt. These spectra demonstra’te the effects of increased

of increasing overlap on part (i) by using eq 6, substituting  |eye| gyerlap on PHOFRY spectra. See text for details.
for f, thus simulating the projection of coherently excited

overlapping resonances onto each level of the TS. While not energy region a correlation is observed on the basisapoorer
accounting for the passage from TS to products, and thuscorrelation on this basis is observed at higher energies.
additional interference and/or correlations which may result from Comparing the spectra within each pair in Figure 6, we indeed
decay via multiple TS levels (see section 11.D), this calculation see the increased effect of overlap and interference on widths,
serves to illustrate qualitative changes in the PHOFRY spectrashapes, and positions of the spectral features in Figure 6b.
resulting from the combined effects of reduced density of  Thus, our simulations are capable of reproducing the qualita-
reactive levels and largef (E)0l tive features of the PHOFRY spectra in the limits of both loose
Shown in parts a and b of Figure 6 are pairs of synthetic and tight TS. Before describing the dynamical evolution of the
PHOFRY spectra calculated usidyp = 1 and 3 for the regions  tight TS system beyond the TS, we will examine some of the

Ofei

Energy / cm-!
Figure 6. (a) Calculated spectra simulating PHOFRY spectra in the

corresponding t&" = 475-650 cnt! and Ef = 2000-2500 assumptions made thus far, as well as effects of thermal
cm1, respectively. Experimental and theoretical estimates of averaging on the PHOFRY spectra.
'Cand the number of transition state levblsvere used? In B. A Transition-State-Based Random Matrix Model for

order to simulate effects due to thermal averaging, three separatéverlapping Resonances.Recently, Peskiret al. applied a
samplings were averaged for each spectrum (see béfow). random-matrix version of Feshbach’s optical model (based on
Remember that experimental PHOFRY spectra in these two an effective potential formalism) to unimolecular reacti&h®.
energy regions exhibit pronounced differences. In the lower The model is useful when accurate PES’s are unavailable and
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exact dynamical calculations are beyond reach. It simulatesdistributions from the optical model and compare them with
average unimolecular decay rates in the regimes of isolated andhe random distribution assumed in the simulations above. It
overlapping resonances, and its interpretation is consistent withis found that when the overlap is very weak, the phases are
TST. Since the final state-selected spectra may depend alsastrongly peaked around integer multipliesmfindicating that

on the evolution of the system beyond the TS, the standardthe coefficientsCy€%m in eq 10 are approximately re®l. As
optical model has been modified by introducing “dynamical” the coupling increases, the coefficients become more complex,
coupling matrix elements. The mixed approach combines aand the phases quickly become uniformly and randomly
universal statistical description of the molecular complex with distributed between 0 andz2as assumed in our simulations.

a reaction-specific dynamical description of the propagation Thus, the assumption of random phases commonly used in
from TS to products. A clear advantage of the random-matrix/ statistical theories is seen to be justified at all energies except
optical potential model is that it yields the distribution of decay near threshold where the degree of overlap is very small.
widths and phases, and thus the assumptions made in the Although in the work of Peskiret al. the evolution of the

szle_fle_(lj_Srq_ode(Ii (_je;(]:nbe_d hle{_e Ca'é be t%stgdh th del system of resonances is treated as a scattering process, the
sn and in the simulations described here, the mode physical interpretations are couched in terms of statistical

assumes that the bagis states, i.e.,_ the molecular eigenstates BPSTs6465 | particular, the resonances are assumed to evolve
the a}bsence ofcoqpllng to the contlrjuum, are ergodlc.and haveto final products via the conventional TS. The main ap-
a Wigner distribution of nearest-neighbor level spacings and

that all open channels are independently coupled to the basisprOX|mat|on of the model presented in refs 64 and 65 is the use

states. The coupling matrix elements between each final stateOf random matrix formalism that describes the coupling matrix

{LECBnd intial satei ] . vy = MEJHi are taken o be real _oorts bebween (he molecular eigenstates and fhe continuum
and energy independent in the selected (narrow) spectral rangedi tribution I¥rr Im,I ’ I thy 9 ling matrix element
They are chosen from a Gaussian (normal) distribution with stribution. -or real molecules the coupling matrix elements

standard deviation and a mean value 0, such that the average are molecule_- and state-specific and may b? correlated, espe-
width [TTis given by cially for adjacent resonances or energetically close final

channels. Thus, in the actual unimolecular reaction of, NO
= 270N ) some dynamicgl features may be manifest. When state-specific

effects are not important (i.e., on the average), random fluctua-
whereN is the number of final independent decay channels. In tions about the statistical expectations are expected in the case
the TST interpretation of the optical model, the number of states Of & loose TS and moderate resonance overlap.
independently coupled to the zeroth-order levels is identified  Finally, we point out that Peskin et al. have recently shown
with the numebr of energetically accessible states of the TS, that when resonances overlap, the average width cannot be
and thudT'[is proportional to the number of open levels of the linearly related to the average rate simply by the uncertainty
TS. For aloose TS\ is equal to the number of open fragment principle, but in fact the calculated rate is always smaller than
channels, and the probability of producing a final stases a that inferred from the average width® Thus, eq 7 cannot be
function of energy is given (as in eq 6) by the general frm  rigorously used, andI'(E)[] p, and N should be treated as

independent parameters. The qualitative behavior of the

amem(ei¢fm 2 simulated spectra, however, does not depend sensitively on this
P«(E) = z : (20) relation, since the critical parameter is the overlap parameter,
m(E—E,) + (il,/2) (E)p.72

C. Effects of Thermal Averaging: One-Photon PHOFRY
Spectra. The state-selected Hvisible PHOFRY spectra
demonstrate that the degree of overlap is important in determin-
ing the shapes of spectra and correlations among spectra
obtained for different final states. Also important is the degree
of thermal averaging, since we exp@atoherentsuperpositions
Yo dampen, or even completely wash out, interference effects.
To investigate experimentally this effect, we have obtained a
series ofonephotonPHOFRY spectra under identical condi-
tions. A direct comparison of IRvisible and one-photon
PHOFRY spectra is not possible due to different selection rules
ffor the two excitation schemes (see Figure?Ayye therefore

base our comparison on correlations within each set of spectra.

as chi-square-like wittN degrees of freedom. As the overlap The main difference between the two experiments is that the

increases, not only does the average width increase but alsgumber qf initial parent rotational levels a_ccessed is significantly
the distribution of widths increasingly deviates from a chi- reduced in the double-resonance experiméhts.
square-like shape; its peak shifts toward smaller widths, while ~ Figure 7 displays pairs of one-photon PHOFRY spectra at
the larger widths extend farther than predicted by a chi-square E' = 2150-2450 cnt? obtained for NO levels of similad.
distribution. Nonetheless, the qualitative behavior of the final The spectra in each pair exhibit almost perfect correlation of
state-selected spectra is insensitive to the exact form of thethe spectral features. Note, however, that different features are
distribution of decay widths, and thus the use of a chi-square observed when comparing the different pairs of spectra and thus
distribution in calculating the spectra shown in Figures 2b and levels of very differentd. This illustrates the pronounced
6 is reasonable. correlation between levels of simildrobserved in one-photon
The shapes of the spectral features are directly related toPHOFRY spectra in this energy regi®h.This correlation is
interference among overlapping resonances, which is characternot seen in IR-visible spectra in this region (see Figure 4b),
ized by their phases. Thus, it is instructive to obtain the phase nor in fact do any pairs of IRvisible spectra display the level

where the real amplitude€q, and phaseg, are obtained
directly by diagonalizing the effective Hamiltonian matrix. The
diagonalization yields eigenvectors with (complex) eigenvalues
{Em — iI'w//2}. For a loose TSP{E) depends only on the
effective Hamiltonian matrix and not on any specific exit
channel dynamics. The state-selected spectra are obtained b
calculatingPs(E) as a function oE. Since as in TST,I'(and
hence the resonance overlap) increases Mjtihalso increases
with E. The calculated spectra and their dependence on the
monitored final state and daare qualitatively similar to those
obtained by the simplified method described in section II.A.1.
Furthermore, the calculations show that when the degree o
overlap is small, the decay width distributions are well described
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approximation is applicable is rapidly approached when sum-
Q (a) ming over initial and/or final states.
-~ g““l}'? In conclusion, by comparing correlations in-+Risible and
- Ry(ll) one-photon PHOFRY spectra, we show that even modest
thermal averaging significantly dampens interference effects;
this partially explains why such effects are not commonly
X observed. We also demonstrate that the degree of level overlap
o G is important in governing the magnitude of these effects.
é ﬂ D. NO Product State Distributions: Mappings of TS
E Wave Functions. Additional insights into overlapping reso-
= ’ ‘ ’ ' ' ' ‘ nances and the unimolecular reaction mechanism are obtained
5‘ by examining PSD’s. Although the PHOFRY spectra and NO
< product state distributions are complementary ways of viewing
: 8“3‘; :)) the same information, the latter sometimes better reveal patterns
22 . . . .
and regularities. We have obtained complete (i.e., rotational,
vibrational, and spirorbit) state distributions of the nascent
j NO fragment for dissociation at specific excess energies in the
range Ef = 0-3038 cntl1923 |n these experiments the
) excitation laser wavelength is fixed at a giviehand the probe
laser wavelength then scanned to record the complete NO
rovibrational spectrum, from which the distributions are ex-
2120 2200 | 2320 | 2420 | tracted'® In this section we examine how the correlations and
Excess energy / cm-! fluctuations observed in PHOFRY spectra are manifest in the
Figure 7. One-photon PHOFRY spectra Bt = 2150-2450 ¢ NO I?S.D’s. In section ]II we compare t'he PSD’s with statlstllcal
obtained (a) for two rotational states of N&{0) of the samel (11.5) predictions and examine the implications of the observations
and (b) for levels of significantly highe¥(24.5 vs 25.5). These spectra  to the dissociation mechanism, especially in the TS region.
(from ref 21) reveal a pronounced correlation on the basis of We focus here on NO rotational state distributions, since a

] o o correlation based od has been observed in the PHOFRY
of correlation observed in Figure 7. The correlation indices spectra, and again separate our results into regimes of excess

for these spectra support this conclustb# energy near and significantly abofg. Displayed in Figure 8
A second difference between state-selected and one-photorare NOEI1,/,,v=0) rotational distributions obtained using+R
PHOFRY spectra concerns the resonance widths-viRble visible excitation aE" = 235 and 400 cm!. The distributions

PHOFRY spectra obtained Bt = 2000-2500 cnt? routinely for the two (A,A’") A-doublet states of NG[1y/,) are shown,
display spectral features narrower than 25 ¢ifiwhm) and as as well as a semilog plot of the distribution summed over
narrow as 3 cmt.?? In contrast, one-photon PHOFRY spectra A-doublet levels and compared with PST calculations. Inspec-
rarely display features narrower than 25 thhand none tion of eachA-doublet level distribution reveals fluctuations in
narrower than~15 cnm12! Note that at these energies the the rotational populations; in addition, the relatiéedoublet
average decay width~(15—-20 cnr1)2694345is significantly populations for each fluctuate considerably as a function of
larger than the rotational envelope of a vibronic bar8 ¢nr 1) J. The fluctuations are significantly diminished, however, when
at the characteristic rotational temperature of our experiment, summing over theA-doublet levels. These observations are
~5 K.39 Excitation from different parent rotational levels thus characteristic of NO rotational state distributiong&at= 0—400
accesses primarily the same set of overlapped vibronic levels,cm™® and are consistent with the near-threshold PHOFRY
with relative excitation probabilities determined by line strength spectra?82°

factors. Excitation from each parent rotational lessherently Shown in Figure 9 (following the format of Figure 8) are
accesses these levels, and interferences produce specific spectrpjo@nl,z,yzo) rotational distributions obtained using one-
structures; however, the weightings of the resonances may bephoton excitation aE" = 2061 and 3038 crit, respectively.
slightly different for different initial states, resulting in somewhat Here, the distributions show pronounced oscillatory structures
different spectra. Since excitation from different parent rota- which are well reproduced for the two-doublet states, as well
tional levels is incoherent, the observed spectrum will be a as for spectra obtained when monitoring RIB§.,) (see Figure
superposition, displaying broader structures. This could explain 10), and therefore are not diminished upon summation of all
why a greater number of narrow features are observedin IR fine-structure states. However, they are very different for the
visible spectra and account in part for the lack of correlations two excess energies. The regular oscillatory structures are more
in these spectra. A similar type of broadening is exhibited when easily identified in distributions obtained via one-photon excita-
PHOFRY spectra obtained by monitoring 38j states are tion, since fast fluctuating structures are averaged out by
compared to those obtained by monitoring RKD§,v,J,A) incoherent superpositions of distributions correlating with several
states. Each O) spectrum is in fact a superposition of many parent rotational states. Recall that at higéthe TS levels
spectra correlated with the open NO channels and thus exhibitsresemble hindered rotational or bending vibrational levels of
much broader spectral featuf@sThus, in the case of overlap- an ON-O complex, so that our picture of the decomposition
ping resonances the widths of features in the total absorptionnow includes projections of the excited resonances onto the final
spectrum are usually broader than in the state-selected spectrastate manifoldvia the TS(see Figure 5). We have already
Simulations show that when many state-selected spectra aredescribed the projections onto specific levels of the TS; yet a
summed, the resulting spectrum becomes similar to that obtainedfull description requires modeling of the evolution from TS to
by simple incoherent superposition of the individual underlying final state. For this purpose we have carried out a second,
resonance® Thus, the regime where the random phase separate set of calculations.
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Figure 9. NO(A1,,) rotational state distributions obtained at E)=
2061 cntt and (b)E" = 3038 cnt? following one-photon excitation.
The format follows that of Figure 8. (Adapted from ref 21.)

Figure 8. NO(31,,) rotational state distributions obtained at )=

235 cnrt and (b)E' = 400 cn! following IR—visible excitation. The

upper panel in each part displays the distributions in the twoA(A

A-doublet states of NG[1;,,); the lower panels compare semilog plots

of the distributions summed ovér-doublet levels with PST. (Adapted

from ref 22.) (a) Experiment (b) Numerical Experiment
+ .

In the modeling we have made several simplifying assump- 52;13(2)61 em’! j& ‘.¥
tions. First, we assume that every energetically available TS ~| «2m, ‘ / |
level has a statistical random population. Second, the passageZ ‘
from TS to final state is assumed to be much more rapid than »\
that from Franck-Condon (i.e., equilibrium) regin to TS. Our

N()

last, and most severe, assumption is that the evolution of the " " " . o
bending-like TS wave functions into final states is sudden. ;

We express the TS wave functidf) as a linear combination Et=3038 cm!
of harmonic oscillator TS basis functions whose complex oMy,
coefficients are randomly weighted: = * T

z ’Cp
W= CeW () (11)
n
0 10 20 30 40 50

INno

Figure 10. (a) NO@Ily;) and @Ilsy) rotational state distributions

del for di iatiof-75 and it-ch Lint obtained aE" = 2061 and 3038 cni following one-photon excitation.
model for dissoclauoty ™= and assume no exit-channel INterac- ) cajculated distributions using Frane€ondon mapping of harmonic

tions beyond the TS. Using parameters appropriate for 5> TS basis functions whose complex coefficients are randomly weighted,
NO rotational state distributions were calculated by expanding as described in the text. (From ref 22.)

the TS wave function into a basis set of spherical harmonics

(i.e., NO free rotor) wave functions, and the raw distributions  Displayed in Figure 10 are the results of two such calculations
were smoothed to reduce fast oscillations shown to be unob-and two experimental one-photon NO distributions obtained at
servable under most experimental conditiéhg’ E" = 2061 and 3038 cnt, respectively. Distributions in both

where@ is the TS bending angle. As a limiting case for the
evolution from TS to products, we use the Frar€kondon
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NO spin—orbit states are shown, each summed oveatoublet Product Recoil Energy (E,/cm-1)
level. Although the similarity between calculated and experi- 200050 100 10 50 200
mental distributions is striking, we again emphasize that it is 2 { o¢ry) 7
not our intent tassimulatethe experimental distributions. These 5’ o0y
calculated distributions were chosen from a large sample of 5 v

random runsecauseof their remarkable similarity to experi- =

ment and thus their ability to demonstrate the main features of 5;’ o

the experimental distributions (e.g., prominent oscillatory E ) o]

structures which vary for different random weightings of the &

TS levels)!® It is noteworthy that in order to produce structured et o

distributions which vary with different (random) weightings, % A XSV
complexcoefficients (i.e., including phases) must be used to < [
assure interference. A simple superposition of amplitudes (i.e., 4 2 0 2 4
the use of real coefficients) does not reproduce the pronounced i Rec"”f"”d‘;‘;‘f (::1 “;:‘)n
changes in oscillatory structures wiiti. We note that Peskin f,ofz}?j‘z‘f,m: 25 ° ‘_ Ha

et al. have shown that when their random matrix approach is
combined with dynamical matrix elements representing the Figure 11. Spatial profiles Oi the two (AAl”) A-doublet states of
sudden approximation, a qualitatively similar behavior is th(s)(z %}1{321;ié\?vgi)n%?ctg;gigeaﬁe;(;lggﬁégedamg‘é;ﬁ%g'zgiL:;’ires

. s ] o ) . 3
obtained:> Thus, the .Slmulated.dlstrlbutlonls for the tight TS orbit states of the O atom. Note the large difference in th&Q)
show that the populations of adjacent rotational levels may be (gjative populations in the two profiles. (From ref 23.)

correlated in a way that reflects the superposition of the

populated TS levels. Further discussion is provided in refs 65 5 sed to generate the relative populations Q4 1 ¢ from
and 78. the NO spatial recoil profiles.

The overall success of this modelqualitatively reproducing The state-specific OP)) population ratios show significant
our experimental observations is encouraging and supports ourfluctuations with respect to the quantum state of the correlated
picture of NQ decomposition. Fluctuations are predicted in  NO(@lIq,J,A) fragment. Prominent fluctuations are observed:
the NO rotational distributions at energies near threshold where (i) at specificE’ when monitoring different NO rotational states
the TS is loose. At higher energies, the onset of larger or the twoA-doublet components of the same rotational state
oscillatory structures is associated with the bending-like levels (Figure 11) and (ii) when monitoring a specific NO state at
of tighter TS and the decrease in exit-channel energy trafsfer. slightly different ET. Thus, the state-to-state nonadiabatic
Despite its success, the validity of this model extends no farther transitions between surfaces correlating with differentR)(
than that of its assumptions, of which perhaps the most critical + NO(*[1g) channels fluctuate in the same manner observed
is that of no final state interaction beyond the TS. Although previously for the rotational states of NO in the same energy
this assumption cannot be tested at present, it is plausible thategion. The fluctuations in the fully resolved ) distributions
with increasinge’, and thus more rapid dissociation, the sudden do not appear to diminish with excess energy. On average,

approximation used in this model becomes increasingly valid. however, the G@) population ratios are much colder than
E. Fluctuations in the Electronic Degree of Freedom: statistical and, when summed over all studied NO channels,

i i 3 52
Correlated Spin—Orbit Distributions. Thus far, we have ggrge'(v)vltg the relsu!ts of Mlyawale:t ala _l\l/lqolileover, the
documented the existence of marked fluctuations and oscillations ©CP):OCP2) population ratios correlated with N&i(s);) are

in the nuclear degrees of freedom of the NO product. It is on average larger than those correlated with the ground-spin

intriguing to see whether the electronic degrees of freedom will g;?cltulzi?;ﬁ’s l;lfoél;tlg'iri ;2:15 Igztén(szzcgéizgﬁel||WAIt5g) recent
exhibit fluctuations as well. Accurately describing the spin 9 e

orbit distributions in unimolecular decomposition is important Mgés 'r:;l:r?é%?gg?tsh;:\l OStFartae trzesntta'tl'eheRdaetCGC?rh oél'ltgc?nmrg?ets
not only in understanding nonadiabatic transitions among u 9 y postli

electronic states but also for calculations of unimolecular [KE)] of jet-cooled NG are in fair agreement with the

icti icti i ,43-45
reaction rates, where knowledge of the effective electronic state ?L%(:{Ct;\? &S gtiigar::;g;?tli;rr]\e(l)i;ﬁies (il-éowi\;ir, t(:]l;en toaﬂ}iw
(rj:go(?ln e:g?i::z 'sfr:qlej(':riﬁg'} Ioot_h.'s Smj\nggsefirpﬂgsvsgrsepat'apicoseconds), the time-resolved measurements are necessarily
pr pe =005 . . averaged over many initial levels and summed over many
used to infer the relative populations of the atomic oxygen-spin

bit stat lated with sinal ” i tat fproduct channels and therefore cannot exhibit state-to-state
orbit states correlated with Singie, Specilic quantum states of g,y ations. Fluctuations of rates about the RRKM average

NO(Tlo;v=0;3;A).> have been observed in other systems (e.gG®] CHO)7%8

In this method, N@is expanded in a molecular beam and near threshold or in the tunneling regime. In these cases the
photolyzed by a laser polarized in a direction perpendicular to resonances are mostly isolated, and therefore their widths are
the velocity vector of the molecular beam. The nearly parallel related to the decay rates as per eq 3. Since i (®widths
12B, < 1A, transition leads to product recoil predominantly of the spectral features cannot be converted directly to fates,
along the laser polarization axis. After a time delay, the (but see ref 65 for an indirect way) and time-resolved measure-
products reach the detection region, which is separated spatiallyments yield only averaged values, we have searched for
from the photolysis region. Due to their different recoil fluctuations using an indirect measure of the decomposition
velocities, NOfIlo,J,A) products correlated with different  rates; namely, in the rotational alignment of the NO fragment.
O(P) spin—orbit states reach the detection region spatially — The alignment parameteéx,® characterizes the correlation
separated. By scanning the position of the probe laser, thebetween the electronic transition momentn the parent and
spatial profile of a state-selected NO product is obtained, and the fragment angular momentudt182 The limiting cases of
typical examples are shown in Figure 11. The correlation Jllz andJOu correspond té\o® = 0.8 and—0.4, respectively.
between the NG{In,J,A) translational and internal energies For the NQ 2B, < 2A; transitionu lies in the molecular plane;
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r -0.15 PST and variational RRKM theory for fragment vibrations. The
agreement between experiment and theory in these cases
~ 02 indicates that the basic assumptions of these theories are justified
= even in such fast dissociating small molecules. However, in
. § these molecules each quantum state of one fragment is typically
Z i -0.25 2 correlated with many states of the other, so averaging is inherent.
E g In this regard, N@decomposition provides further tests for the
= L 03 § validity of statistical treatments regarding PSD’s. Details of
:} the models used to calculate the statistical distributions can be
| 035 o8 found in several excellent monographs and review artigRe&26
- and therefore will not be elaborated upon here.
I A. Product State Distributions. A.1. NO Rotational and
04 Vibrational Distributions Figures 8 and 9 display selected NO

| I 1 T
150 200 250 300 350 400 450 500
Excess energy (cm-1)

rotational distributions from decomposition of jet-cooled NO
obtained following both one-photon and-Risible excitation.

Z%)”e I12- C()fq;e-gthOIn iHOERY S@ftr””féffg%g”e) ?n%mgazured As discussed in section Il, at excess energies near threshold
values (filled circles) in the ranggé’ = cnt! obtaine . -
X .e., ET = 0—400 cnt?) apparently random fluctuations are
for NO@IT12,=0,J=10.5). TheA(® val ted for hyperf (e, E' = 0—A indom
or NOCTL ) va ues are correcied for yperine seen in thendividual A-doublet level distributions of the NO-

depolarization as described in the text; error bars represat : .
(v=0) fragment. However, these fluctuations consistently scatter

Ag® = —0.4 is therefore expected if dissociation occurs much about the theoretical predictions of PST as seen in Figure 8.
faster than parent rotation, but this value increases at higherDistributions obtained by summing ovArdoublet levels show
rotational temperatures or when the dissociation is $fof%83 reduced fluctuations and good agreement with theory, even for
To determineAo@ for a given NO quantum state, we measure IR—visible excitation. It is clear that NO rotational distributions
the LIF intensity for different photolysis-probe geometries (I at these energies are in qualitative agreement with PST
and Il as denoted by Dixorff. This is accomplished by S0 expectations. We note that similar behavior is observed in NO-
rotation of the photolysis laser polarization on alternate laser (v=1) distributions at excess energies near #hve 1 thresh-
shots using a photoelastic modulator. At each photolysis old 1972
wavelength typically 19 laser shots were averaged at each  The representative N@€0) rotational distributions shown
polarization. Figure 12 displays both a series of alignment in Figure 9 for higher excess energies (ef.,> 2000 cnt?)
measurements and a one-photon PHOFRY spectruli at display pronounced oscillatory structures which are well repro-
150-500 cn1! obtained by monitoring the £(10.5) transition duced in the twoA-doublet level distributions and are not
of NO(IIy2,v=0). Error bars for the alignment measurements diminished when summing ovek-doublet level. We have
represent+lc. The measureddo® values fluctuate as a  shown in section Il that these oscillations can be modeled
function of Ef, and similar behavior is obtained when monitoring qualitatively by mapping bending-like wave functions associated
different rotational level€? To correct for hyperfine depolar-  with atight TS into free rotor states of the NO fragment. Why,
ization8! we measured\¢@ for both Q1(10.5) and @(20.5) then, do these oscillations consistently cluster about the statistical
at higherE" and normalized to these values, assuming depo- predictions of PST, which assumes a very loose TS? This can
larization was insignificant at > 20.554 After correction, the be reconciled by recognizing that the range of rotational

average alignment ranges from—0.3 atE" = 250 cnT! to excitations allowed in FranekCondon mapping is a sensitive
~—0.35 atE" > 400 cnt!. Similar values were reported by  function of the TS bending angle and frequency. The TS
Miyawaki et al. in this energy regior? parameters used in the calculations presented in section Il, which

Since fluctuations are found in virtually every observable are based on values derived from ab initio calculatforig,
concerning N@decomposition (e.g., PSD’s, PHOFRY spectra) happen to correspond to rotational excitations that cover the
and fluctuations in width have been observed in the case of full range allowed by energy conservation at all energies studied
isolated resonancé®g0.8588 it is not surprising to observe  (E' < 3038 cntl). The qualitative agreement observed with
fluctuations inA¢®. However, caution should be exercised in  PST at these energies thus reflects in part the specific geometry
interpreting these results. The fluctuations could indeed reflect of the tight TS and does not constitute a valid test for the
lifetime variances, i.e., state-to-state fluctuations in the rate, butlooseness of the TS. This is an important recurrent theme;
other sources cannot be conclusively ruled out at this ffme. distributions which can be fit by a statistical model do not prove
Also, the average Ngdecomposition lifetimes are fast enough  that such a model correctly describes the dissociation mecha-
even at these modest energies to render the average alignmentism. The observation of PST-like distributions even when the
near its maximum value, making observation of the full extent TS has tightened may also arise from exit-channel interactions
of the fluctuations difficult (i.e., only lifetimes longer than the beyond the TS, which can lead to population of all levels
average will be observed). More work is clearly needed to allowed by energy and angular momentum conservation. This

confirm the existence of state-to-state fluctuationk(l). We effect is probably more important at lower energies, where recoil

note that the recoil anisotropy paramefghas also been shown  velocities are smaf®72 The relative populations of N@€1)

to depend on the quantum state of K& measured by us at a number of excess energies, from the
) energetic threshold of N@€&1) atEf = 1876-3038 cnt?, are

ll. NO Product State Distributions: Comparisons with shown in Figure 13 along with the predictions of variational

Statistical Theories and Implications for the TS RRKM theory% Good qualitative agreement is observed,

In this section we compare the product state distributions with although the experimental values tend to fluctuate about the
predictions of statistical models and discuss the implications Statistical predictions. We note that rather statistical vibrational
of our findings to the TS. Studies of the decompositions of State distributions persist at least upEb= 7222 cnr1.5061
NCNQB% and CHCO®°192have shown good agreement with A.2. Spin—Orbit State Distributions We have seen that NO
PST for diatomic fragment rotational distributions and with SSE/ rotational and vibrational state distributions from N@:com-
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NO(v=1) threshold When the TS tightens and its levels become bending-like,

N | agreement with PST may signify either efficient exit-channel
T>| 507 ; i interactions beyond the TS or mappings of wave functions of a
S 404 | + # TS whose geometry happens to produce PST-like distributions.
< ‘. o In the case of N@ it is possible that both factors contribute to
S 30+ ! éo o the average PST-like appearance of the rotational distributions,
T% 20 | ! ++ e Experiment while the appearance of prominent oscillations whose shapes
g ! o Variational RRKM depend sensitively orE" are the prime indicators of the
R 10 | Theory tightening of the TS.

0 ' The similarity of oscillatory patterns obtained in the rotational

distributions of the two spirorbit states of NO has led us to
suggest that the spirorbit distributions are fixed last, at long
range, where the potential curves correlating with different
spin—orbit pairs are clos&t Recent ab-initio calculations
confirm this interpretatioR’ Thus, the PSD’s in N©@decom-
position indicate that a hierarchy of adiabaticity exists. NO
vibrations are fixed first, at the shortest-®IO separations,
followed by the rotational distributions with their typical
oscillatory patterns at higheE". The different electronic
channels correlated with the different spiorbit states of NO
and O are determined only at large internuclear separations.

T T \ T T T T
1800 2000 2200 2400 2600 2800 3000

Excess energy /cm-!

Figure 13. Measured and calculated N@&%1) relative populations as
a function of excess energy from the N&{1) threshold aE" = 1876-
3038 cntl. The calculated distribution was obtained from the
variational RRKM calculations of ref 45. (Adapted from ref 19b).

position atE" = 0—3038 cnt! can be described within the
framework of statistical theories. In contrast, the KIDg; Q=
1/2,3/2) spir-orbit state distributions over the same range are
colder than predicted by statistical models, in both #he O
andv = 1 channelg? Similarly, colder than statistical spin
orbit state distributions are found for the (j=2,1,0) frag-
ment2352 While the relative OFP) populations show marked
fluctuations with excess energ$>2 the overall ratio NO-
(3T/2;v=0,1)/NO@I13;,0=0,1) ~ 3 varies only slightly with
photolysis energy over this rang®.

To explain the experimental sptorbit state distributions,
we refer to recent work of Katagiri and Katéwho calculated
all 18 doubly degenerate €NO PESs correlated with the

IV. Concluding Remarks

In this article, we present the unimolecular reaction of,NO
from the perspective of resonance scattering, while interpreta-
tions are couched in terms of statistical theories. The concepts
used in the interpretations have been developed for several
decades, and their implementation and refinement awaited only
the advent of state-resolved experimental techniques. That
various NOfITg) + O@P,) asymptotes. Using these potentials statistical theories do well in describing, on the average, the
and a simplified dissociation model, average spirbit state ~ decomposition of a molecule as small asN©a tribute to the
distributions of both fragments were calculated, in good Power of the statistical approach in describing processes that
agreement with experiment. Of the 18 surfaces, only two are involve deep attractive wells. It is also remarkable that even a
attractive, both correlating with the N&i{y) + OEP,) limited incoherent superposition of initial states (such asina5
asymptote. Calculations show that the splitting between at- K molecular beam) is sufficient to partially wash out interference
tractive and repulsive surfaces increases at smalleNO effects. At higher temperatures, N@xhibits the smooth,
separation, suggesting a decreasing probability for nonadiabaticstatistical behavior observed in larger molecules. Thus, when
transitions between these surfaces at smaller separations. Sinct€ density of states is small and the initial and final states are
0n|y the lowest attractive surfaces correlate with the ground well-defined, deviations from statistical expectations first mani-

electronic state of N®on which the reaction occurs, the
observation of cold spinorbit state distributions in both

fest themselves in the form of fluctuations and oscillations.
Removal of incoherent averaging by state selection enabled us

fragments is not surprising. These calculations also predict theto explore the experimental manifestations of overlapping

trends in correlated N@Ilg) + O(PR,) distributions described
in section II.E.
B. Implications for the Transition State. As discussed

resonances and the various sources of fluctuations.
From the perspective of statistical theories, state-to-state
studies enable the testing of underlying assumptions of the

above, the TS in unimolecular reactions is well-defined when models and have led to rapid advances in the detailed under-
it relates to rates; however, the PSD’s can be further modified standing of simple bond-fission reactions. In particular, the
beyond the TS via exit-channel interactions. In the case of studies described here show that the definition of a TS, while
distinct exit-channel barriers, dynamical signatures are usually clear when applied to decomposition rates, is not a simple one
prominent, as in other fast photodissociation processes. In thewith regard to PSD’s. It may be more useful to speak in terms
absence of such barriers, the exit-channel gradients are typicallyof regions along the reaction coordinate where the various
small and recoil velocities are low, especially for products whose degrees of freedom become adiabatic. This, in turn, will depend

internal energies approaéi. As a consequence, the dynamics
in this case is rarely dominated by simple propensity rules.

on E' and thus on final state interactions.
Our studies have shown that in the decomposition o HO

Energy exchange beyond the TS is governed by a subtlehierarchy of adiabaticity exists, with vibrations becoming
interplay between the size of the energy quantum to be adiabatic first and spinorbit distributions last. In triatomic

transferred and the relative recoil velocity.
NO vibrations 1800 cnTl) exchange energy inefficiently
and are thought to evolve adiabaticalh?245 It appears that,

molecules, the patterns of fluctuations and oscillations enable
us to gain insight into regions of the PES near and beyond the
TS. Inlarger molecules, studies adrrelateddistributions and

for each NO vibration, the TS is loose near its appearance vector properties should be likewise useftf13-%4and additional

threshold and tightens progressivelyEsncreasegl294445This

studies are currently underw&/2 We also conclude that

is also revealed by the change in fluctuation patterns in the NO agreement between the rotational distributions and PST is not

rotational state distributiorfd:22.72 For bothy = 0 andy = 1,

a good test for the looseness of the TS. In certain circumstances

the fluctuations change from random to more regular oscillatory (e.g., specific geometries of the TS, existence of exit-channel

structures a&' increases, reflecting the tightening of the TS.

interactions), a tight TS will give rise to rotational distributions
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similar to those predicted by PST, even though the latter assumesand Department of Energy supported various aspects of the
a very loose, fragmentlike TS. In NOthe experimental research described here.
indication that the TS has tightened comes from the change of
fluctuation patterns in the rotational distributions. References and Notes
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