The monoenergetic unimolecular reaction of expansion-cooled NO,:

NO product state distributions at excess energies 0-3000 cm

M. Hunter, S. A. Reid, D. C. Robie,® and H. Reisler
Department of Chemistry, University of Southern California, Los Angeles, California 90089-0482

(Received 4 March 1993; accepted 9 April 1993)

We report detailed vibrational, rotational, and electronic (V,R,E) distributions of nascent
NO(X 211, /2,3,2) deriving from monoenergetic unimolecular reactions of expansion-cooled NO,.
Near UV excitation above dissociation threshold (25 130.6 cm™') prepares molecular eigen-
states which are admixtures of the optically active 1 2B, state and the ground X 24, electronic
state. The strong mixings among the vibronic states result in vibrational predissociation from
states of predominantly ground state character, and the NO product state distributions (PSDs)
are compared with the predictions of several statistical theories. The PSDs are combined with
previously measured O(°P;) distributions and unimolecular reaction rates, thereby providing a
complete description of the decomposition of NO, at these excess energies. All the rotational
distributions show prominent fluctuations and structures, but tend on average to follow the
statistical distributions predicted by phase space theory (PST). This behavior is observed in
both NO(v=0) and NO(v=1) channels, although the relative population in NO(y=1) was
always greater than expected by PST. The NO(v=1) fractional population is bounded by the
predictions of the separate statistical ensembes (SSE) method, and recent variational Rice—
Ramsperger—Kassel-Marcus (RRKM) calculations are in agreement with the experimental
results. Prior distributions underestimate the degree of vibrational excitation even more than
PST does, and also the relative populations of the lower NO rotational levels. The observed NO
spin—orbit states are always colder than statistical. We conclude that a significant interplay
between dynamical biases and statistical expectations is manifest from the onset of dissociation,

and is particularly evident when the initial parent rotational state is well defined.

I. INTRODUCTION

NO, is one of the smallest molecules whose unimolec-
ular reaction can be studied continuously as a function of
€xcess energy Ef above its ground state dissociation thresh-
old Dy. With its small density of states and relatively small
number of product channels, it can provide a stringent test
for the limits of applicability of statistical theories, the ba-
sic tenets of each theory and the interplay between statis-
tics and dynamics in unimolecular decay.

Extensive data are available for the monoenergetic
simple-bond-fission unimolecular reactions of three other
small molecules NCNO,™* CH,C0,>® and H,0,./%" In
the latter case, there are still questions regarding complete
intramolecular. vibrational redistribution (IVR) prior to
dissociation, and comparisons with statistical theories are
not straightforward. However, both NCNO and CH,CO
decay have been well described within the framework of
statistical theories, such as phase space theory (PST),'6-18
the separate statistical ensembles (SSE) method,? and the
variational Rice-Ramsperger—Kassel-Marcus (RRKM)
theory.!® In the case of NCNO, e.g., no deviations from
statistical behavior have been observed even for correlated
product state distributions (PSDs), i.e., for internal energy
distributions of NO which correlate with specific rovibra-
tional states of CN.? Variational RRKM theory, which
requires knowledge of the potential energy surface (PES),
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is the most difficult computationally, but so far is the only
theory that describes successfully the rates and the PSDs
for both NCNO and CH,CO decay—an important accom-
plishment.'® The success of statistical theories in modeling
these decay processes is remarkable, suggesting a high de-
gree of vibrational energy randomization prior to dissoci-
ation even in such fast dissociating small molecules.

NO, provides a unique case for further testing statis-
tical theories. Its vibronic density of states around Dy(p
<2/cm™ 1?2 is over two orders of magnitude smaller
than for NCNO, and its dissociation lifetime is very short,
ranging from a few picoseconds near threshold to less than
a vibrational period at photolysis wavelengths <330 nm
(E’r > 5000 em—1).232% However, there are strong vibronic
couplings between the optically accessible 1 2B, state and
high vibrational levels of the X 24, ground state,?>?*3* fa-
cilitated by a conical intersection near the 12B, mini-
mum,*? and there is evidence for the onset of vibronic and
even rovibronic chaos below D,.?>*® Hence, it is reason-
able to expect vibrational predissociation from states with

. highly mixed rovibrational character, justifying the use of

statistical theories. .

Several workers have investigated the photodissocia-
tion of NO, at low E, but there is still no consensus re-
garding the statistical nature of the decay. Busch and Wil-
son, in pioneering studies of photofragment translational
energy distributions from NO, photolysis, proposed a non-
statistical decay mechanism.>® Their time-of-flight analysis
of the NO and O products from A=347.1 nm photolysis
(E'=3679 cm™') indicated that the NO(»=0) and
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NO(v=1) channels are approximately equally populated,
thus deviating from the predictions of simple statistical
theories such as PST. A similar conclusion was reached by

Welge and co-workers, based on NO R, V, and E distri--

butions following photolysis of 300 K NO, samples at
A=351, 337, and 308 nm (ET=3359, 4534, and 7337
cm™!, respectively).’’ The NO vibrational populations
were found to be inverted at A=351 and 337 nm, and the
rotational distributions were consistently bimodal, showing
a “cold” component at low Jyo (<120 K), and a “hot”
distribution for the higher Jyg rotational levels {> 1000
K). In addition, the NO(*IIo;Q=1/2,3/2) spin—orbit dis-
tributions were found to be “colder” than statistical at all
photolysis wavelengths and to vary for each NO product
vibrational channel. Bimodal rotational distributions were
also observed at very low excess energies in experiments
performed by Robra et al. in a supersonic molecular beam
(E'<130 em™} T,,(NO,) <10 K).2% Attempts to
model their rotational distributions with microcanonical
prior calculations were unsuccessful, except at a single
photolysis energy (ET=126 cm™!). Similarly, in NO, pho-
tolysis studies in an effusive beam at A=376.3 nm
(E'=1444 cm™!), Kawasaki et al. found the NO rota-
tional distributions to be well fit by two separate Boltz-
mann temperatures (280 K for the lower Jyq levels and
1300 K for high Jyo). These results suggested that at least
two different decay channels are available for NO, photof-
ragmentation at low ET¥® A kinematic model, e.g., has
been proposed by Chen and Pei to account for the bimodal
NO 4{)otational distributions observed by Welge et al. at 337

Evidence for dynamical effects in NO, photodissocia-
tion has also been found in the relative yields of the O(*Py;
J=2,1,0) spin—orbit levels as a function of photolysis en-
ergy. Miyawaki et al, in experiments using jet-cooled NO,
(T,,;<1 K), measured these branching ratios continu-
ously in the range ET=0-2200 cm~! and found them to
fluctuate strongly around an average ratio much colder
than statistical.”® Furthermore, in a similar study at
A=355 nm (ET=3038 cm™!), Rubahn ef al found the
O(’P)) spin—orbit ratios to be directly influenced by the
NO, parent rotational state; they observed that reducing
the NO, temperature in the molecular beam resulted in
colder O(3PJ) spin—orbit distributions.*! These “anoma-
lous” O(3PJ) ratios cannot be reconciled with statistical
theories—including PST, which explicitly incorporates to-
tal angular momentum constraints.

In contrast to these studies, other experiments per-
formed at similar excess energies are in good agreement
with statistical expectations. Troe and co-workers first pro-
posed that a statistical theory, the statistical adiabatic
channel model (SACM), ¢an account for the variation of
the decomposition rates of 300 K NO, samples as a func-
tion of photolysis energy-at Ef =0-2500 cm~'.2* The decay
rates in their experiment k() were extracted only indi-
rectly from collisional quenching rates at high pressures.
However, these decay rates have recently been measured
directly with subpicosecond resolution by Ionov et al, and
found to be in accord with Troe’s results and with the
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- expectations of RRKM theory.® A step-like structure in

the dependence of k(E) on E' was observed when the
experiment was performed with jet-cooled samples, and
this was interpreted in terms of the vibrational structure of
the transition state (TS), and falls within the framework of
statistical theories.”” A statistical outcome was also found
by Mons and Dimicoli in the NO(v=1) rotational distri-
butions obtained with 300 K samples, at _ET< 3600 cm 1,
which could be well fit by microcanonical prior distribu-
tions.* Their results also agree with a more refined,
RRKM-type statistical model implemented by Elofson
et al., in which angular momentum constraints—which are
not included in prior calculations—are explicitly taken into
account.*

In light of these conflicting interpretations, it is clear
that many questions regarding the decomposition of NO,
still remain. Can the photodissociation be described as a
statistical process? Would dynamical effects become in-
creasingly evident at short dissociation times and higher
excess energies? What is the influence of the initial parent
rotational state, or of the 1 2B2/X 2A1 conical intersection,
on the dissociation dynamics? Would the small number of
final product states help reveal underlying dynamical bi-
ases?

In this paper, we address some of these issues by ex-
amining the applicability of statistical theories to model the
NO(v=0,1) R, V, and E distributions from photolysis of
expansion-cooled NO, (T, <10 K) at Ef=0-3100 cm~!
above Dy=25 130.6 cm~1.2"* The dependence of the NO
vibrational distributions on E near the NO(v=1) thresh-
old, and its comparison with statistical expectations, is of
particular significance since it has not been previously re-
ported. Mons and Dimicoli were unable to extract NO
vibrational distributions due to the large presence of back-
ground NO(»=0) in their 300 K NO, samples*?; thus, the
lowest excess energy at which a vibrational distribution
had been previously measured with 300 K samples was
~1500 cm™! above the NO(v=1) threshold (at A=351
nm), where it was found to be inverted.’” In addition, our
experiments were performed under expansion-cooled con-
ditions, which removed the extensive thermal averaging
over NO, initial states inhetent in 300 K samples and thus
provided a more stringent test of the statistical theories. In
particular, the selectivity obtained in initial NO, angular
momentum states allowed us to demonstrate the impor-
tance of total angular momentum conservation constraints
in the statistical models of unimolecular decay, especially
for triatomic molecules (see below).

We have recently reported, in a preliminary commu-
nication, NO(v=0,1) R and V distributions from photo-
dissociation of jet-cooled NO, at two excess energies
(E'=1949 and 1998 cm™') in the vicinity of the
NO(X %I, /5; v=1)4+O(CP,) threshold, using resonance-
enhanced multiphoton ionjzation (REMPI) for NO detec-
tion.*’ In the present paper, those studies are extended to
E"=0-3000 cm™!, and we use laser-induced fluorescence
(LIF) detection in order to avoid saturation. Qur results
are compared with microcanonical prior distributions, in
which total energy conservation is the only constraint;***%
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PST calculations, where both energy and total angular mo-
mentum constraints are applied,'®'® and to the SSE/PST
method and the variational RRKM theory for the deter-
mination of vibrational populations.?!>* As in our previ-
ous work,* we find that the NO(v=0,1) rotational distri-
butions show significant fluctuations and structures, but
are well fit on average by PST. Prior distributions, on the
other hand, consistently underestimate the relative popu-
lations of the lower NO rotational levels, primarily as a
result of neglecting angular momentum constraints. The
NO(v=0,1) vibrational distributions are always “hotter”
than expected by either prior or PST, but they can still be
accounted for by restricted statistical theories such as the
SSE method and the variational RRKM theory.>'* In
addition, there is a marked propensity for producing cold
NO(ZIIQ; 0=1/2,3/2) spin—orbit distributions at all ex-
cess energies.

The paper is organized as follows: Secs. II and III
describe the experimental methods and results. Section IV
is devoted to comparisons between the predictions of the
different statistical models as they apply to NO, and in-
cludes examples which highlight the differences between
the theories. In Sec. V, we discuss the implications of our
findings to the NO, decomposition mechanism. Section VI
provides a brief summary and concludes with the sugges-
tion that the interplay between dynamics and statistics in
NO, decomposition is important from its onset.

Il. EXPERIMENT

Expansion-cooled NO, was dissociated by one-photon
laser photolysis at wavelengths A =398-355 nm, and na-
scent NO(v,J) distributions were monitored by LIF using
the y-band system. The experimental arrangement has
been described previously in detail. ™

A 1%-5% NO,/He mixture, kept at a backing pres-
sure of 700 Torr, was expanded into a vacuum chamber
maintained at <2X 10~ Torr through a solid-nickel noz-
zle (0.5 mm diameter, 180 us pulse width) which was
piezoelectrically actuated. The free jet was intersected at
right angles by collinear and counterpropagating photoly-
sis and probe laser beams, approximately 15 mm down-
stream from the nozzle orifice. A Hamamatsu RU166H
photomultiplier tube (PMT), mounted perpendicularly to
both the free jet and the laser beams, collected NO
fluorescence through a ‘“solar blind” filter (Corion, 300
nm, 85 nm bandwidth). The gas mixture contained O,,
seeded in a 1:1 ratio with NO,, to reduce the amount of
background NO.%!

Excimer laser-pumped dye laser systems were used for
photolysis and detection. The tunable photolysis laser
(Lambda Physik, EMG-101 MSC/LPD-3000) was oper-
ated with QUI/dioxane and butyl-PBD/dioxane dye solu-
tions to cover the ranges 370400 and 358-370 nm, respec-
tively. Typical pulse energies were 3-9 mJ and the beam
was loosely focused with a 1 m focal length lens to'2 mm
diameter at the interaction region. For photolysis at 355
nm, the third harmonic of a Quanta Ray DCR-1A
Nd:YAG laser was used. Although the pulse energies and
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FIG. 1. A portion of the NO ¥(0,0)-band LIF spectrum from NO,
photodissociation at A=391.8 nm (E7=392 cm™') showing the relative
contributions to the NO LIF signal from background NO (upper panel)
and from photodissociation products with the photolysis laser turned on
(lower panel).

focusing conditions were similar, the bandwidth of the tri-
pled Nd:YAG beam (~2 cm™') was larger than that of
the dye laser system (0.3-0.5 em™1).

The probe beam was obtained by frequency doubhng
the output of a dye laser (Lambda Physik MSC 201/FL
3002) with a BBO crystal using a Coumarin-450 dye to
cover the range of the NO y(0,0) and y(1,1) bands. The
probe pulse energy was maintained at <3 uJ to avoid sat-
uration. The probe beam was unfocused, apertured to a 5
mm diameter, and delayed 200 ns with respect to the pho-
tolysis beam. Both beams were linearly polarized with their
electric field vectors perpendicular to the PMT axis.

NO (v=0,1) R,V distributions were obtained at sev-
eral photolysis energies above D, by monitoring the LIF
signal from the NO y(0,0) and ¢(1,1) bands at probe

- wavelengths 4, =222-227 nm. The LIF signal was nor-

malized to both laser intensities and also corrected for the
different Franck—Condon factors of the ¥ bands,’* and for
the wavelength dependencies of the PMT response and the
filter transmission; Alignment effects were not included in
the data analysis.

Figure 1 shows a portion of a typical LIF spectrum
obtained at excess energy ET=392 cm~!. Note the good
signal to noise (~100:1), despite the low intensity of the
probe laser beam. We emphasize that already at probe
pulse energies in the range 3-10 uJ partial saturation of
strong branches (e.g., Qy;+F,;) was observed, while the
weak branches (e.g., R,; satellite branch) were still unsat-
urated. The NO product state distributions presented be-
low were all obtained under unsaturated conditions, veri-
fied by comparing populations obtained from maln vs
satellite branches.

NO, was purified by repeated freeze-pump—thaw cy-
cles in a dry ice/acetone slush (—76°C) until the solid
became white (typically after three cycles). Despite puri-
fication, some NO impurities were always present as ther-

- mal decomposition products in our NO, samples. How-

ever, by performing the experiments under expansion-
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cooled conditions, the NO background was cooled to 7',
<10 K, and only NO molecules in the *II,,, state with
J<3.5 had significant population. This is shown in the top
panel of Fig. 1, which compares the LIF signal from back-
ground NO to LIF signal when the photolysis beam was
turned on. In all the NO(Zl'[l s> U=0) rotational distribu-
tions presented below, we exclude the affected NO rota-
tional levels. The gases used were NO, (Matheson;
>99.5% purity) (purified as described above) He (MG
Industries; 99.9995%), and O, (Spectra Gases; 99.99%).
The latter two were used without further purification.

Reducing the contribution of background NO enabled
us to measure NO(v=0,1) vibrational distributions with
considerable precision. These were extracted from LIF
spectra by two different methods. In one, we simply inte-
grated over the entire ¥(0,0) and y(1,1) bands separately,
normalizing the LIF signals to the photolysis and probe
laser intensities, and correcting for the Franck-Condon
and instrumental response factors. This procedure, which
included direct subtraction of background NO signals, in-
cluded contributions from bandheads and from unresolved,
overlapped transitions. Furthermore, it took no account of
the individual Honl-London rotational line strengths,
which vary dramatically among the different rotational
branches and as a function of Jyq; hence, this approach is
only valid if al/ the observed transitions are unsaturated.

The second method consisted in first extracting rota-
tional level populations from well-resolved peaks ( <10%
overlap with adjacent peaks) in the LIF spectra. In this
case, individual LIF peaks were integrated and normalized
to their corresponding line strengths, as well as laser pow-
ers, Franck—Condon factors, and instrument response
functions. Vibrational populations were then obtained by
summing over these rotational level distributions for each
vibrational channel. The contribution from levels missing
due to overlap was estimated by extrapolation from adja-
cent, well-resolved levels; typically, the missing levels ac-
counted for <5% of the total rotational population. Vi-
brational distributions derived by both methods agreed
within our_experimental uncertainty (£15%), providing
further confirmation that unsaturated conditions were
achieved. The experimental uncertainty reflects a 10%
standard deviation in the reproducibility of the peak
heights in our LIF spectra.

Under our expansion conditions, NO, in the free jet
had a rotational temperature of 6+ 1.5 K at the interaction
region. This was measured in a separate experiment, in
which a LIF spectrum of a NO, vibronic band near 16 850
cm~! was obtained with rotational resolution. This band
has been observed by Smalley et al. at 16 851.2 cm ™! and
rotationally analyzed.’® Fluorescence was detected with a
GaAs PMT through a Corning 2-64 filter. The NO, rota-
tional temperature thus measured is consistent with the
structure observed in the NO photofragment yield spectra
at energies below D, (Figs. 2 and 3).2! The rotational
temperature of the background NO in the molecular beam
was always measured to be slightly warmer than that of
NO, (typically 6-8 K).

Hunter et al.: Unimolecular reaction of NO,
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FIG. 2. Photofragment yield spectrum of NO, obtained by monitoring
NOX 21'[1/2, v=0, J=3.5). The R;;+ 0,;(3.5) line was monitored as a
function of photolysis laser frequency v. T =thermodynamic threshold
for the appearance of NO(v=0, J=3.5); a=excess energy where NO
product state distribution was measured. Dy=25 130.6 cm™! is the dis-
sociation threshold.

I1l. RESULTS

NO(v=0,1) R, ¥, and E distributions from NO, pho-
todissociation were obtained at several excess energies in
the range E'=0-3000 c¢m~! above the O(3P2)
+NO(21'I1 ,2) threshold. As observed in our preliminary
study,45 all rotational level distributions showed prominent
fluctuations to varying degrees, but tended on average to
follow a statistical distribution predicted by PST. This be-
havior was observed in both NO(v=0) and NO(v=1)
channels, although the relative population in NO(v=1)
was greater than that expected by PST. -
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FIG. 3. Photofragment yield spectrum of NO, obtained by monitoring
NO(X 2,5, v=1, J=3.5). The Ry;+(5,(3.5) line was monitored as a
function of photolysis laser frequency v. T =thermodynamic threshold
for the appearance of NO(v=1, J=3.5; a-e=excess energies where NO
product state distributions were measured in this study). D;=25 130.6
cm™! is the dissociation threshold.
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Figures 2 and 3 depict photofragment yield
(PHOFRY) spectra obtained by scanning the photolysis
laser through the NO(v=0) and NO(v=1) thresholds,
respectively, while holding the probe laser frequency fixed
to monitor Jyo=3.5 in the ¢(0,0) and ¥(1,1) bands. Pho-
tolysis products were always observed at their energetic
thresholds, placing an upper limit to dissociation barriers
of <2 em™" (our experimental uncertainty in photolysis
energy).*> The PHOFRY spectra contain a rich structure
of irregularly scattered peaks of 5-20 cm ™! width, as ob-

served also in the O(*P;) PHOFRY spectra obtained in the -

same energy region by Miyawaki er al.,*® and reproducing
the NO(v=0, Jyq) yields measured by Robra et al. at low
ET2' By consideration of the density of states around
Dy, and the degree of lifetime-broadening expected
from the measured dissociation rates,”> it is likely that
the peaks observed in the PHOFRY spectra reflect the
discrete nature of the NO, absorption spectrum. However,
this interpretation must be treated with caution, since in-
terference effects between overlapping resonances in the
decaying NO, parent are also expected to result in marked
fluctuations in the bandwidths and peak positions.>* The
structures we observe are resolved only at the low NO,
temperatures achieved in the jet expansion (7', <10 K);
at 300 K, the discrete nature of the PHOFRY spectra
vanishes.*

NO PSDs were obtained from LIF spectra at several
excess energies above the NO(v=1) threshold (E'=1949,
1998, 2061, 2200, 2700, and 3038 cm™/, Enowi=1)
= 1876 cm™"). The NO(v=0,1) rotational distributions
exhibit sharp fluctuations, which show a marked sensitivity
to photolysis energy. However, all distributions contain
significant population of all energetically allowed Jyo ro-
tational levels, and their overall envelopes tend to follow a
statistical distribution predicted by PST. The agreement
with PST becomes even more pronounced after averaging
over the separate A-doublet components II1(A”) and
I1(A4"). [Qy;+ P, and R,, branches probe the I(4”) lev-
els, while the P, and R, +Q,; lines probe the I1(4") lev-
els in the NO(*l,;,) y bands.] For example, in the
NO(zl'[l s, v=0) rotational distribution obtained at
Ef=1949 cm~! (Fig. 4), the T1(A4’) levels are consistently
less populated than II(4”) levels for 16.5<Jyo<20.5,
while the reverse is true for Jyg=22.5-23.5. Averaging
over the A-doublet components, however, brings the dis-
tribution in closer agreement with PST. This is particularly
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FIG. 4. Rotational level distributions of NO(X ?II,,,, v=0) following
dissociation of NO, at Ef=1949 cm~! (position @ in Fig. 3). The Q)
=+ P,; and R, branches correspond to the I1(4”) A-doublet component,
while the Ry, + @, and P, branches correspond to the II(4’) compo-
nent. The results are compared with PST calculations (solid line) and a
prior distribution (dashed line).

evident when the data are displayed in a Boltzmann plot
[Fig. 5(a)]. We note that no consistent propensity for a
particular A-doublet component was observed in our ex-
periments.

In all the NO(v=0,1) rotational distributions, the
trend to cluster about the expectations of PST is apparent
(Figs. 5 and 6). This agreement is particularly good in the
NO(v=1) distributions at Et<3000cm™ 1 and in some of
the NO(v=0) distributions (e.g., at Ef=2700 cm™!).
However, at other photolysis energies, the deviations from
PST are quite severe. This is the case, e.g., in the
NO(v=0) distribution at Et=2061 cm™!, where a large,
broad maximum is found for Jyo=20.5-25.5 (Eno=700-
1100 cm™'), or in the NO(v=1) channel at ET=3038
cm ™!, where prominent peaks are found at the lower and
higher Jyo. The prior distributions, on the other hand,
underestimate the population of the lower Jyq rotational
levels at all ET (see Sec. IV).

In contrast, both PST and prior calculations underes-
timate the NO vibrational excitations. These are summa-
rized in Table I, in which the separate distributions for
each NO spin-orbit state are given, as well as the total
vibrational distributions. The total population percentage

TABLE I. NO(X %M, ; v==0,1) vibrational and spin—orbit distributions from NO, photolysis.

& %NO(v=0) - %NO(v=1) %Total (v=0,1)
(cm™h) LD Iy, Tot I, 1EP) Tot : 0, L3/

392 77.0£11.6 23.043.5 100 77.0=x11.6 23.0%3.5
1949 50.5%7.6 22434 72.9+£10.9 27.1+4.1 e 27.1x4.1 77.6+11.6 22.4+34
1998 57.2+8.6 22.3+3.3 79.5+£11.9 20.2+3.0 0.3+0.05 20.5+3.1 774+11.6 22.6+=3.4
2061 56.7+8.5 23.3£3.5 80.0+12.0 18.1+2.7 1.9+0.3 20,0+3.0 74.8+11.2 252438 .
2200 39.0%5.9 18.6+2.8 57.6+8.6 34.3+5.1 8.1%£1.2 424+64 73.3+11.0 26.7+4.0
2700 38.1%5.7 18.1+2.7 56.2+8.4 31.8+4.8 12.0=1.8 43.8+6.6 69.9£10.5 30.1+4.5
3038 41.0+=6.2 17.8+2.7 58.8=:8.8 ° 29.2+4.4 12.0+=1.8 41.2+£6.2 70.2+10.5 29.8+:4.5
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FIG. 5. Boltzmann plots of NO(X 2I1,,, v=0) rotational distributions, averaged over the [1(4’ ) and IT(4") A-doublet components, obtained from NO,
photolysis at wavelengths (a) 369.28; (b)_368.61; (c) 367.76; (d) 365.88; (e) 359.31; and (f) 355 nm. The results are compared with PST calculations
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in each NO spin—orbit state for each E' is given in the last
column. Theory and experiment are compared in Fig. 7,
where the percent of the total vibrational population in
v=1 is plotted as a function of E' and compared with
several statistical treatments, which are discussed in Secs.
IV and V. Note that Fig. 7 shows a decrease in vibrational
- excitation as the excess energy was increased around
E"=2000 cm~!. This nonmonotonic behavior has been ob-
served also in our preliminary study using REMPI for NO
detection, although the larger uncertainty in those data
(due to partial saturation of the NO y bands) had pre-
vented us from stressing it more forcibly.** This finding is
significant, since all statistical theories predict a monotonic
increase of vibrational excitation of NO as a function of
excess energy. It is possible, however, that this nonmono-

tonic behavior derives from fluctuations in the NO rota--

tional distributions that are not averaged even when sum-
ming over all the rotational levels to obtain the vibrational
populations. These fluctuations in the vibrational distribu-
tions should be noticeable particularly near the v=1
threshold, where the number of v=1 rotational channels is
still very small (see Fig. 6). However, other dynamical
sources may also cause some of this behavior (vide infra).

An interesting point concerns the NO(*Ilg;
0=1/2,3/2) spin-orbit distributions. These were found to
be colder than expected by PST, in both NO(y=0) and
NO(v=1) channels. Furthermore, the overall ratio
NO(CIl,,,; v=0,1)/NO(*M;,; ©v=0,1) varied only
slightly with photolysis energy (Table I). This is in sharp
contrast to the large fluctuations in the O(®P;) spin-orbit
ratios observed in the same energy range by Miyawaki
et al.®® Equally intriguing is the fact that the rotational
distributions with their associated structures in both

@ expt «-Prior )
m—PST(2) e SSE
60 -~-PST(b) -O-variational RRKM
—PST(S)
50 |
~ 40}
—
i
S
30 |
4
R -
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FIG. 7. Measured and calculated NO(v=1) relative populations as a
function of Ef=#Av— D,. The measured distributions are the sums of the
separate 21, , and I1;,, NO distributions given in Table . PST curves
were obtained assuming (a) sfatistical O(3P,) and NO(ZIIQ) spin—orbit

ratios; (b) statistical NO(II,), but 0 K O(®P;) spin—orbit distributions;

(c) a 2.2:1 NO(?, ,):NO(*I1;,) ratio and 0 K O(®P;) spin—orbit dis-
tribution. Statistical prior expectations, and results of calculations using
the SSE method and variational RRKM theory (from Ref. 49), are also
shown. See the text for details.
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NO(v=0) and NO(v=1) are independent of the NO
product spin—orbit level after averaging over the A-doublet
components, and an example is shown in Fig. 8.

NO product state distributions were also obtained at
Ef=392 cm~!. A prominent peak in the PHOFRY spectra
is present in this region (position a in Fig. 2), and the
O(3P;) spin-orbit distribution at this energy had been
found previously to be statistical.”’ It was thus of interest
to determine whether the NO internal energy states at this
photolysis energy would also be populated statistically.
Figure 9 shows our observed NO(*II, ,2) rotational distri-
bution at Ef=392 cm™}, once again, the average distribu-

" tion is fairly well described by PST, but the individual

IT(A4”) and I1(A4") levels show pronounced fluctuations. In
addition, the NO spin—orbit distribution is markedly colder
than statistical (Table I). Thus, it seems unlikely one could
attach any particular significance to the statistical O(*P;)
spin—orbit ratio observed at this excess energy.

IV. COMPARISONS WITH STATISTICAL THEORIES

In assessing the statistical nature of NO, photofrag-
mentation, the measured NO(v=0,1) R and V distribu-
tions were compared with PST (and its SSE/PST variant)
and with microcanonical prior distributions. These two ap-
proaches differ in their basic statistical assumptions*® and
can thus show significant differences in the PSDs they each
predict. The differences become particularly noticeable
when treating the unimolecular decay of triatomic mole-
cules from well-defined initial energies and angular mo-
mentum states, as is the case in the present experiments.

The PST and prior distributions were derived accord-
ing to well established procedures.® 184648 The salient fea-
tures of each approach, and its application to NO, photo-
dissociation, are described in the Appendix. Briefly, the
principal differences between the models are (i) PST ac-
counts for total angular momentum conservation, whereas

E'e3038 cm? | o
g
i
~ o
B
7z ool
L & _
.’ va
max
o . . . A
0 10 20 30 40 50

'NO ROTATIONAL LEVEL

FIG. 8. Separate rotational distributions of NO(X 2II, 3,5, v=0), each
averaged over the II(4’) and II(4”) A-doublet components, following
dissociation of NO, at Ef=3038 cm™' (355 nm). The NO(?I1;,) relative
populations (empty diamonds) have been arbitrarily scaled for direct
comiparison with the NO(Zl'Im) distribution (filled diamonds) (see
Table I).
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FIG. 9. A Boltzmann plot of the NO(X 2II, 5, v=0) rotational distribu-
tion obtained from NO, photolysis at Ef=392 cm~! (position « in Fig.
2), and comparison with PST (solid line). Notice that the fluctuations are
diminished when the two A-doublet components are averaged.

prior distributionis do not. In addition, PST incorporates
dynamical constraints arising from centrifugal barriers in
the exit channel; (ii) PST utilizes a flux measure in phase
space, whereby each pair of energetically accessible
NO(*Hg,0n0/n0) and O(PP;) product levels is weighted
by the product of its density of states and the relative ve-
locity of the NO and O photofragments. Prior distribu-
tions, on the other hand, use a uniform measure in which
product levels are simply weighted by the1r densities of
states.*®

These differences between the theories have a pro-
nounced impact in unimolecular reactions where one of the
fragments has only a limited range of angular momentum
states (e.g., an atom). In particular, the angular momen-
tum constraints included in PST result in a marked depen-
dence of the PSDs on the total angular momentum of the
parent molecule. In NO, decomposition, e.g., the O(3PJ)
fragment is limited to J=2, 1, and 0; consequently, the NO
PSDs predicted by PST can differ significantly from prior
distributions. The effect on the NO rotational distributions
is depicted in Fig. 10(a), where we display PST distribu-
tions as a function of NO, total angular momentum Jyo, at
a fixed excess energy ET=1949 cm~!. For low Jno,» all

NO rotational levels Jyp tend to become equally popu-
lated, whereas in the high JINo, limit, the Jyo populations
predicted by PST become directly proportional to the ro-
tational level degeneracy (2Jyo-1). When displayed in a
Boltzmann plot, these differences are manifested as a trend
for the distributions from low Jyo, to show a “bimodal”
character, with a colder component at the lower Jyo levels
[Fig. 10(b)]. Prior rotational distributions, on the other
hand, are independent of JNo,, and the Jyo population is
roughly proportional to the NO rotational level degener-
acy. Thus, prior distributions are similar to PST calcula-
tions only in the high JNO2 limit, and they do not show a
bimodal appearance in Boltzmann plots (Fig. 10).
Despite showing significant fluctuations, our measured
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cm~l A prior distribution is" included for comparison (solid line). (b)
The effect of NO, parent total angular momentum (Jyo,) on Boltzmann
plots of NO product rotational distributions predicted by PST at
Ef=1949 cm~. Notice the bimodal distribution at Jyo, < 10.5. A prior
distribution is included for comparison (solid line).

NO(v=0,1) rotational distributions are in good agreement
with the predictions of PST (Figs. 5 and 6). In particular,
the data consistently show the colder component at low
Jno as expected by PST. At higher temperatures, however,
this colder component should vanish and the distributions
become more prior-like. At 300 K, e.g., the average
NO, total angular momentum is <JN02> =-26.5, and the

bimodal behavior disappears (Fig. 11). This accounts for
the good agreement with prior distributions obtained in the
NO(v=1) rotational distributions by Mons and Dimicoli
using photolysis of 300 K NO, samples.*? However, it is
clear that the bimodal distributions obtained from 300 K
NO, by Welge et al.> at yet higher excess energies can be
reconciled neither with prior distributions nor with PST.
The inclusion of angular momentum constraints in
PST also results in a marked sensitivity of the NO(v=0,1)
vibrational populations to Jyo,. This effect is most pro-
nounced at photolysis energies immediately above the
threshold for NO(v=1) production. At these E', the high-
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FIG. 11. The effect of NO, parent rotational temperature on PST calcu-
lations of NO product rotational distributions at Ef=1949 cm~! (Bolt-
zmann plot). The bimodal distribution at <20 K disappears at 300 K.

est NO rotational levels accessible by energy conservation
for each vibrational state are Ju5 (v=0; ET 1>JNe(v=1;
E"); consequently, varying Jno, has a much larger effect on
the phase space available to the NO(v=0) channel than to
NO(v=1). In particular, as JNo, — 0, the number of acces-
sible (Jyo,L) levels in the NO(v 0) channel is sharply
reduced, while the number in the NO(v=1) channel re-
mains practically unaltered. This is shown schematically in
Fig. 12, in which L denotes the relative orbital angular
momentum of the NO and O photofragments (see the Ap-
pendix). Conversely, as JNO2 ~ o0, the phase space avail-
able to each Jyo level becomes directly proportional to its
(2Jno+1) degeneracy, and the relative population in the
NO(v=0) channel accordingly increases. As a result, PST
may predict vibrational distributions which are either hot-
ter or colder than prior distributions near the NO(v=1)

(a) NO(v = 0) channel (b) NO(v = 1) channel

Available
phase space <
. low Inon
high Inoz

Ixo Mow-0) - o=y Tvo
FIG. 12. Diagrammatic representation of the effect of NO, parent total
angular momentum Jyg, on the NO(v=0,1) product vibrational distri-
butions. L is the relative orbital angular momentum of the NO and O
photofragments, and Jyo denotes the total angular momentum of the NO
product. The two limiting cases of low and high Jyq, are depicted for
both NO(v= 0) and NO(v=1) channels [panels (a) and (b), respec-
tively]. -
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TABLE II. Comparison of prior calculations and PST on predicting
NO(v=0,1) relative populations close to the NO(v=1) threshold.

%NO(v=1)
PST
Ef :
(em™")  Jno,=0.5  Jyo,=105  Jyo,=50.5  Prior
1920 3.63 135 0.014 0.14
2000 . 590 3.09 1.20 0.53
2200 20.53 13.93 6.75 3.16
2500 30.36° 26.15 16.00 8.89 .
3000 36.80 34.55 25.14 17.13

threshold, dependmg on whether INo, is, respectively, low

or high (Table II). Our experiment approaches the low
Jno, limit, since only NO, levels with Jyo, < 8.5 are signif-
icantly populated at T,,,=6 K, and thus the PST vibra-
tional distributions are accordingly up to two orders of
magnitude hotter than the predictions of prior calculations
(Fig. 7). We note that varying the NO, temperature be-
tween 2 and 20 X has a negligible effect on the PST vibra-
tional excitation. The experimental results, however, indi-
cate even greater NO vibrational excitations than predicted
by PST. )

A subtle point in modeling the NO(v=0,1) product
vibrational distributions concerns their possible correlation
with the O(*P;) and NO(®Il,) spin—orbit distributions.
The measured O(°P. ;) ratios are colder than statistical, and
fluctuate with photolysis energy.?’ In addition, our exper-
iments indicate an almost constant propensity for produc-
tion of the lower spin—orbit NO(2H1 ,2) state (Table I).
Therefore, we also performed constrained PST calculations
in which we weighted the O(*P;) and NO(*Il,) spin—orbit
channels in order to match their measured distributions.
The NO rotational distributions remained essentially unaf-
fected; however, a significant increase in the degree of vi-

brational excitation was observed, particularly close to the

v=1 threshold region ET=1800-2300 cm~. The con-
strained distributions are shown in Fig. 7; curve 7(b) cor-
responds to the limiting case where only the lowest spin—
orbit state O(3P2), is populated, whereas curve 7(c)
includes the further constraint NO(*II,,,)/NO(;,,)
=2. 2—the measured NO spin-orbit ratio in this energy
region. The increased vibrational excitation observed in the
constrained PST curves reflects a proportionately larger
reduction in the number of open channels available to
NO(v=0) products than for NO(v—-l) For example, at
ET=1876-2034 cm™", only the O(*P,) channel is open for
NO(v=1), while all three O(® P;,1,0) channels are apen for

- NO(v=0). Therefore, imposing the constraint that only

O(®P,) is populated does not affect the number of open
channels for NO(v=1), while the number of available
states for NO(v=0) is reduced by a factor of ~2. A sim-
ilar argument explains the increased vibrational excitation
expected when i 1mpos1ng a cold NO spin-orbit distribution
[Fig. 7(c)].

A final point about our PST calculations concerns the

_inclusion of centrifugal barriers (see the Appendix). Their
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effect on the PSDs is determined by the long-range attrac-
tive potential between the separating fragments, which can
be approximated by a Lennard-Jones potential V,, (#)
=—C6r‘6 (in our case, r is the distance between the O
atom and the NO center of mass). From the known atomic
polarizability of O(®P) and the dipole moment of NO, it is
possible to estimate Cg as 10~78 J m®.1%@® However, we
found that using this value for Cy in our PST calculations
caused truncation of the NO rotational distributions below
the maximum allowed by energy conservation. For exam-
ple, at EY=1949 cm ™", Npgr(Jyo>30.5; Co=10""8 T m®)
=0, while the highest observed Jyq is 34.5 (see Fig. 4).
Since our experimental distributions did not show any ev-
idence of truncation at the higher Jyq levels, we arbitrarily
increased the Cg value to 1077¢ T m® in order to better
reproduce our data. This is consistent with the lack of
centrifugal barriers deduced from the PHOFRY spectra
(or equivalently, to a long-range attractive potential with a
stronger than an r—° dependence).

Our measured vibrational distributions are still hotter
than those obtained when using even the constrained PST
calculations. However, they do not exhibit a population
inversion and may thus be accommodated within the
framework of a more restricted statistical theory, such as
the SSE/PST variant of PST.? The SSE method imposes
the restriction that product vibrational excitation is derived
from an ensemble that includes only the parent vibrational
degrees of freedom. It is based on the physical assamption
that product vibrational distributions are established ear-
lier along the reaction coordinate than are R and 7 distri-
butions and then evolve adiabatically, and that parent ro-
tations are not yet mixed with the vibrational modes. To
incorporate this restriction, SSE considers two different en-
sembles. First, product vibrational distributions are de-
rived from an ensemble of parent vibrational degrees of
freedom (i.e., excluding parent rotation). Second, product
R and T excitations are obtained, for each set of product
vibrational states, from an ensemble that includes (i) only
those parent vibrational degrees of freedom which evolve
into fragment rotations and translations (i.e., the “transi-
tional” modes), and (ii) the parent rotational degrees of
freedom. We also note that SSE apportions the vibrational
energy according to a density of states criterion rather than
a flux measure of phase space as in PST.

The great advantage of SSE is that it imposes a phys-
ical constraint that is rather realistic, without adding to the
computational complexity. In other systems where SSE
was applied, a very loose, PST-like TS has been assumed,
and consequently the transitional low-frequency modes
were treated as internal rotors (i.e., each with a density of
states proportional to £~ '/2). In the two cases where com-
parisons are available, NCNO and CH,CO, the SSE
method gave as good an agreement with the experimental
observations as did the much more elaborate variational
RRKM calculations.8(¢)55:56

The application of the SSE method to NO, decompo-
sition is particularly simple. The transitional modes are the
bend and the reaction coordinate, and when assuming a
PST-like TS, we obtain trivially that the fractional popu-

1103

TABLE IIL Percent population in NO v=1.

E' (em™") PST* SSE(1)® SSE(2)° Var. RRKM!  Exptt
1949 4 50 13 24 27.1%4.1
1998 5 50 19 27 20.53.1
2061 10 50 22 29 20.0=£3.0
2200 19 50 260 7 33 42.4:£6.4
2700 33 50 33 38 43.8:6.6
3038 36 50 36 39 412+6.2

?PST calculations assuming a statistical distribution of NO and O spin— "~
orbit states and a temperature of 10 K.

YSSE calculations assuming a free rotor for the TS bend and no product
spin—orbit excitation. i ’

°SSE calculations assuming 100 cm™! frequency for the TS bend and no
product spin—orbit excitation.

4Variational RRKM calculations from Ref. 49 assuming no spin—orbit
excitation and Jyo, = 3.5.

“Experimental results.

lation of NO(v=1) is 0.5, independent of ET, from thresh-
old to the opening of the v=2 channel (see the Appendix).
This is indicated in Fig. 7 as the dashed line at 50% NO(v
=1). However, in some cases, a tighter TS than used in
PST may be necessary to describe the vibrational distribu-
tions. In such cases, some of the transitional modes should
not be treated as free rotors, but rather as low-frequency
bends. Wittig and co-workers have recently shown that a
TS which is tighter than in PST is needed to describe the
decomposition rates of NO,.2* Consequently, we also used
in the SSE calculations a TS bend frequency of 100 cm ™,
which is close to the quantized steps observed in the near-
threshold NO, rate measurements (see the Appendix).?
The results of the calculations are compared with the ex-
perimental values in Table III, and it is clear that the
experimental results are bounded between the predictions
of the two SSE models.

V. DISCUSSION
The NO(v=0,1) PSDs obtained from NO, photolysis

‘at ET=0-3038 cm~! have several features characteristic of

statistical behavior: (i) the rotational distributions cluster
around an average that is fairly well described by PST
(despite showing significant fluctuations); (ii) for each EY,
all product rotational levels allowed by energy and angular
momentum conservation are observed; (iii) the energetic
threshold for formation of each product channel agrees
with the thermochemical expectations, giving no evidence
for barriers to dissociation; and (iv) the vibrational distri-
butions are accommodated within the framework of the
SSE method. In addition, time resolved measurements of
the decay rates at E'=0-1500 cm ™! can be reconciled with
RRKM theory when using experimental densities of
states.”® Nevertheless, the classification of the unimolecular
reaction of NO, as a statistical process should be scruti-
nized carefully, in view of the existence of a conical inter-
section and several dynamical features in the dissociation.

We find that, as in other cases, PST consistently un-
derestimates the degree of vibrational excitation; neverthe-
less, the vibrational distributions fall within the predictions
of a more restrictive statistical theory—the SSE method.
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For NO, decay at the E' regions of interest here, it predicts
a constant 50% NO(v=1) yield when assuming a PST-
like TS, thus providing an upper bound to our results and
reproducing them reasonably well at Ef=2200-3030
cm ™. SSE calculations employing low bend frequencies at
the TS provide a lower bound to the experimental results
(Table III) and are rather insensitive to the TS bend fre-
quency in the region 20-100 cm™}. Thus, the SSE method
provides a better estimate for the vibrational distributions
than does PST, while still not requiring knowledge of the
PES as does the variational RRKM theory. We note that
because of the existence of fluctuations in the vibrational
distributions, a more quantitative comparison is difficult. It
is likely that a model incorporating an E'-dependent TS, as
in the variational RRKM theory, will provide yet a better
description of the vibrational distributions. Such a model,
which necessitates knowledge of the PES in the TS region,
has been used very recently by Klippenstein and Radivoy-
evitch. These authors calculated ab initio the PES in the TS
region (i.e., at O-NO separations of 1.9-3.0 A), and ob-
tained fair agreement with the experimental results, as can
be seen in Fig.'7 and Table ITL.* The variational RRKM
theory, like the SSE method, includes dynamical con-
straints in the form of restrictions on couplings between
the parent molecule’s degrees of freedom (viz., vibrational
and rotational modes). The calculations suggest that the
NO vibrations are fixed near the TS that also controls the
dissociation rates, which is tighter than the one assumed in
PST, and from then on they evolve adiabatically.*’

It is less likely, however, that the NO(ZHQ) and
O(*P)) spin-orbit distributions could be accounted for
without knowledge of the full PES. Unlike the
NO(v=0,1) R and V distributions, the product electronic
degrees of freedom appear to be determined by dynamical
biases; their cold populations, and the sharp fluctuations
observed in the O(*P,) ratios as a function of Ef, probably
reflect the persistence of long-range interactions between
the NO and O fragments long after the NO product vibra-
tional and rotational distributions have been established.
This interpretation is supported by the observation of
nearly equal structures and fluctuations in the rotational
distributions obtained for the two NO spin-orbit states at
each ET (e.g., Fig. 8). T ’

Adding to this complexity are the marked fluctuations
that are a persistent feature of the PSDs in the photolysis of
expansion-cooled NO,. Miyawaki er e/ have observed
them in the O(3PJ) ratios for ET <2200 cm_l,20 and we
detect significant structures in NO(v=0,1) rotational dis-
tributions at all ET <3100 cm™! and in the vibrational dis-
tributions near the v=1 threshold. As proposed in our
preliminary communication,* these fluctuations may arise
from interference effects inherent in the unimolecular de-
cay of a system with overlapping resonances (i.e., Ericson

fluctuations, as observed in nuclear reaction cross sec- -

tions).>**"° The nature of Ericson fluctuations is such
that in the limit of a large number of overlapping reso-
nances, they are not expected to vanish; rather, they be-
come increasingly random and hence more tractable by
statistical methods. They would not be discernible, how-

Hunter et al.: Unimolecular reaction of NO,

ever, if the initial state preparation was not selective, or if
a large number of product channels is available, in which
case, these fluctuations would tend to average out. The
latter restrictions are overcome in our experiments by the
narrow range of NO, initial states obtained in our jet-
cooled samples and by the limited number of O(*P;) prod-
uct channels. Furthermore, from consideration of the NO,
density of states” 2 and dissociation lifetimes™2’ in our
photolysis region, one would expect excitation of several
overlapping resonances following laser excitation from a
single rotational level of the ground state. Thus, it is plau-
sible that Ericson fluctuations could account for the exist-
ence of the marked structures in our NO rotational distri-
butions, which are nevertheless well described on average
by PST. We stress, however, that several other factors may
also contribute to create these fluctuations, such as non-
uniformities in the state-to-state decay rates from single
NO, resonances, and dynamical effects induced by the
12B,/X %4, conical intersection. A closer examination of
these fluctuations and their possible interpretations will be
presented in a forthcoming publication. We note that
similar trends have been observed in the CO(v=0,1) R
and V distributions from photolysis of cold CO, (T, <20
K) at 157 nm near the threshold for CO(X 'S+)+0O(1D)
production, namely, CO rotational distributions which
fluctuate closely about a PST average with a bimodal ap-
pearance in the Boltzmann plots.*>®!

At E">3300 cm ™!, other workers have suggested that
the NO PSDs from NO, photolysis are nonstatistical, even
for 300 K samples; vibrational distributions become in-
verted, rotational distributions have a bimodal character
that cannot be reconciled with PST and the NO(ZHQ)
spin—orbit distributions are still colder than statistical.’’
Our results at E7 <3100 cm™ 1, however, do not indicate a
clear transition from statistical behavior at lower E' to the
dynamical regime observed at E">3300 cm ™. Rather, the
NO(v=0,1) rotational distributions are on the average
well characterized by PST at all ET, but from the onset,
they show significant fluctuations which are signatures of
the underlying dynamics. The vibrational distributions
need to be accounted for by more restrictive statistical the-
ories (e.g., the SSE method, variational RRKM), and they

“also show some fluctuations. In addition, a marked pro-

pensity for production of the lowest NO spin—orbit level
I, ,,—which cannot be explained by statistical
theories—is always observed.

However, the strong tendency towards statistical be-

~ havior is remarkable, given the sparse density of states of

NO, and the very fast dissociation rates expected in the ET
region studied in this work. At E'=700 cm™}, e.g., the
lifetime is <1 ps,23 and at Ef=3038 cm ™}, the recoil an-
isotropy parameter is already 1.4, corresponding to a dis-
sociation time much shorter than a rotational period.”> We
believe that the bulk of the evidence to date indicates that
NO, decomposition at low E" can be described as vibra-
tional predissociation from highly mixed levels of predom-
inantly ground state character. Within this statistical
framework, our results also suggest that a single TS is not
sufficient to describe the energy disposal in NO,, as well as
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in other simple bond-fission reactions. Rather, it appears
that in NO,, the vibrations become adiabatic before the R
and T distributions are fixed, and that the nuclear degrees
of freedom, in turn, become adiabatic before the NO and O
spin—orbit states are determined. Such behavior is also sug-
gested by the experimental and theoretical results on the
decay of NCNO and CH,0, where the R and T excitations
are well described by PST—thus exhibiting a very loose
TS—while product vibrational distributions are more sen-
sitive to the details of the PES treated with modified sta-
tistical theories. We note that marked deviations from PST
in the R and T distributions can be observed in simple
bond-fission reactions when small barriers in the exit-
channel exist, such as in the decay of triplet CH,CO (Ref.
63) and triplet ~BuNO.%* Therefore, the close agreement
of our observed NO(v=0,1) rotational distributions with
PST further indicates that exit-channel barriers are not
playing a significant role in NO, unimolecular decay at low
temperatures and ET.

VI. SUMMARY AND CONCLUSIONS

We have obtained NO(v=0,1) PSDs from the photol-
ysis of expansion-cooled NO, (7T, <10 K) in the range
ET=0-3000 cm™'. Our results show considerable agree-
ment with statistical theories, despite the sparse density of
states and short dissociation lifetimes of NO,. In particu-
lar, the NO rotational distributions are well described on
average by PST, while the NO(v=1) vibrational
populations—albeit higher than expected by PST—are
close to the predictions of the SSE method, and are well
described by the more elaborate variational RRKM the-
ory. We find that prior distributions cannot reproduce our
observed NO PSDs, primarily as a result of neglecting total
angular momentum conservation constraints in the disso-
ciation. These constraints are shown to assume particular
importance in unimolecular reactions at low temperatures
and when one of the fragments is an atom, in which case,
PST more adequately describes the PSDs. We note that
NO, with its small number of degrees of freedom provides
an excellent test case for statistical theories, since the dif-
ferences between the models are quite large. This is partic-
ularly evident when comparing the vibrational distribu-
tions predicted by the various models (Fig. 7 and Table
III).

On the other hand, a significant interplay between dy-
namical biases and statistical expectations in this unimo-
lecular reaction is revealed as a result of the low tempera-
ture of the parent NO, and the limited number of product
final states. The NO(v=0,1) R and ¥V distributions show
marked fluctuations, and the NO(?II,) spin—orbit ratios
are consistently colder than statistical. The dynamical fea-
tures result from effects such as interference among over-
lapping resonances causing fluctuations, and possible bi-
ases imposed by the conical intersection. The relatively
good agreement with statistical models for NO, decay at
ET <3000 cm™! is interpreted as evidence for a vibrational
predissociation mechanism involving highly mixed vi-
bronic levels of predominantly ground state character.
Such high degree of vibrational mixing in a triatomic mol-
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ecule is facilitated by the strong conical intersection be-
tween the optically accessible 1 2B, and the ground X %4,
states. :

Although our results show that the salient features of
NO, decomposition can be reconciled within the frame-
work of statistical theories, miore work is necessary in or-
der to understand the dynamical features. Experimental
work on the fluctuations and the importance of parent ro-
tation is in progress in our lab using double-resonance ex-
citation schemes. The determination of PSDs at higher ET
using expansion-cooled samples is desirable, since it may
show a clearer transition to a dynamical regime. Theoret-
ical work is also needed, both in developing the statistical
framework required to fully model the dissociation and in
incorporating the effects of the conical intersection. The
latter has been found recently to influence the rotational
distributions in the H+H, system,® but its effect on the
unimolecular reaction of NO, is unknown at present.
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APPENDIX
1. Prior distributions

Microcanonical prior calculations, which consider an
ensemble of NO, parent molecules at a fixed total energy,
assume that the energy levels of the NO and O products
are populated according to their volume in phase space,
i.e., that their relative populations, at a given E', are pro-
portional to  their total density of @ states
p(vnoInoJocpy BN ).%~*8 Thus, each energetically acces-
sible pair of NO (*Ilg ,un0 /o) and 0(31’ ;) product levels
is weighted by the rovibronic and electronic degeneracies
of the NO and O fragments, respectively. In addition, the
product levels must be weighted by their translational den-
sity of states p(E,), where E, is the relative translational
energy of the separating fragments. Since E, describes mo-
tion in three dimensions, p(E,) « Eg/ 2, The microcanonical
prior distribution Np,, is thus of the form

Npsior (Uno o Jop sET) « plono Ino Jocm ;Er(),

Al)
where
p(vnoJInoloce) sEN = (20no+1) (2Joep +1)
X (E)Y2, (A2)
and energy conservation implies that
Ersxor2 +ET=Et-lf Eno +E6(3P) . (A3)

Eno,» Eno, and Egepy are the internal energies of each
species. No explicit account is taken of total angular mo-
mentum conservation nor of any possible centrifugal bar-
rier constraints.
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A typical prior NO product rotational distribution in-
creases monotonically with Jyo, but shows a gradual trun-
cation at higher Jyo as a result of the vanishing transla-

tional density of states for the slower photofragments (Fig.

4). In a Boltzmann plot, these distributions have a slight
curvature, but may nevertheless be assigned an approxi-
mate temperature (Fig. 5).

2. Phase space theory (PST)

PST imposes the conservation of total angular momen-
tum as well as that of total energy

Ino,=Ino+docp+L, ~(A4)

where Jno,s Inos and Josp) are the total angular mo-
menta of each species, and L is the relative orbital angular
momentum of the photofragments.!®!® Energy conserva-
tion imposes an upper limit L, on L, but additional
dynamical constraints (e.g., centrifugal barriers) can be
added as well. For example, the functional dependence of
L. on E' can be determined by the long-range attractive
potential of the dissociating fragments. Utilizing a V' (r) =
—Cgr~% potential, where Cy is a constant, L becomes con-
strained by

L(L+1)R*<247%uCY?(E,/2)¥73,

(1;5)

where p is the reduced mass of the photofragments and 7
the distance from the O atom to the NO center of mass.

In PST, unlike in microcanonical prior distributions,
the corresponding measure of the phase space available to
each product channel is the radial fux along the reaction
coordinate; i.e., the product of the density of states for that
channel and the relative radial velocity of the dissociating
fragments.'*1%*® Thys, the PST distributions Npgy for
NO, decay are given by

Nrst(vnovo Joisry s LiEsJIno,)

< ,p (Uno no Joipy s LsErsIno, ) (A6)
where

dr  [2EN\V2 o
vr_dt_( ‘u ) ? ( )
p(vno JnoJocry s LiEsINo,)

= p(E9) pint(vno JIno Jocp) » Lino, ') (A8)
p(E) <E?, "~ (A9)
Pini(¥No N0 Jo3p) » L' Ino,) =constant=1, (A10)

and J'=Jyo+L is constrained by angular momentum
conservation to the range

[Ino,—Jocr) | <I'<Ino, +Jocp) - (All)

The need for a different measure of the available phase
space arises from the requirement that PST, in which both
E and Jyo, are conserved, satisfy the principle of detailed

balance.!6~1848 It is important to note that PST considers

Hunter et al.: Unimolecular reaction of NO,

explicitly only a radial translational density of states of the
photofragments {hence, a one-dimensional density,
p(E,) <E 172 [Eq. (A9)]}, the other two translational de-

_ grees of freedom of the fragments are implicitly accounted

for via the L and m orbital quantum numbers.*® Since the
radial velocity of the fragments is in turn proportional to
EY? [Eq. (A7)], the overall radial flux along the reaction
coordinate becomes independent of E,. Pechukas and
Light have shown that, in this case, the simplest statistical
assumption that satisfies detailed balance is Eq. (A10),
which assigns equal probability to all product channels
(vwo>» Ino» Jory > Ls INo,» J') satisfying total energy and
angular momentum conservation.'%!” Combining (A3)—
(A11), the final expression for the (unnormalized) PST
distributions for NO, dissociation becomes

Nest(vno /no Jocp) o, Er)

L)' +J40s

INo,+o0p  JESENT on0) L Lo (BN T o)

« 1,
J'=|Ino,—Joicm| . Ino=03 - L=13"Jy0l

- (A12)
where JR5(ET,J",un0) is the limit set on Jyo by the con-
servation of energy.

It is worth noting that the (2J;4-1) degeneracies
(i=NO, 0), which were explicitly included in the Np;,,
distribution [Eq. (A1)], are implicit in the expression for
Nyt [Eq. (A12)]. Angular momentum conservation con-
straints, however, can effectively reduce these degeneracies,
particularly as JNo, — 0.16-1848 This is evident when we
write Eq. (A12) in closed form

NPST(JNO’JO(3P) ;JNOZ’ET) o ; (ZJ:+1)(2J17< +ﬁl)’

(A13)
where J' is given by Eq. (A11), and
Jocpy Jorm<Ino,
< \ (Al3a)
¢ | Ino,Jocp >IN0,
Jno Wno<d”
< __ |YNO¥NO>
Jb - J’;JNO>J, . (A13b)

These constraints result in a marked sensitivity of Npgr
to the parent angular momentum Jyo, and, consequently,
to the temperature of the parent molecule. For this reason,
we observe sharp deviations between PST and prior calcu-
lations in the PSDs from photodissociation of cold NO,
(T.: <10 K). At 300 K, these differences are expected to
become negligible.

3. The SSE method

PST usually underestimates product vibrational exci-
tations, while SSE, which uses a contracted phase space,
gives higher vibrational excitations. In the case of a PST-
like TS, the fractional NO vibrational population Nggp(v)
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is proportional to the density of states of an ensemble of T
transitional modes, which are treated as T one-dimensional
oscillators?

Nsse(v) = (ET_EU) sr=-1, 2 (ET.._.EU) ©5T=1)
(A14)

where ET—E,, is the energy available in excess of that re-
quired to form NO in vibrational state v and the summa-
tion is over the allowed NO vibrational levels. In the case
of NO,, T'=2 since there are two transitional modes, the
reaction coordinate (i.e., the asymmetric stretch) and the
NO, bend. Thus Nggp(v) =1/(vgpax+1) (Where vy, is the
highest NO vibrational level allowed by energy conserva-
tion), yielding 0.5 and 0.33 as the fractional populations of
v=1 below the thermochemical thresholds for v=2 and
v=3, respectively.

If the NO, bend at the TS is treated as a low frequency
vibration, as suggested by the near-threshold decomposi-
tion rate measurements,?® the NO(v) fractional population
can be calculated by summing explicitly over the allowed
bending levels. For example, Ngg(v=1) is given by

Nsse(v=1)= 2, (E'—E =1)"1/2/[ > (Eh~12

+ E (ET_EU=I)—1/2 )

where the sum is over the TS bending levels.
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