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The internal state distribution of the NO product from the H + N02 reaction was determined 
in a crossed-beam experiment. Rotational populations in the v = 0 to 2 vibrational levels of NO 
were derived from laser fluorescence excitation spectra of the A 2 ~ + -X 2 n band system. The 
vibrational distribution decreases monotonically with v, and the rotational state distribution is 
peaked at low J (most probable J of approximately 11.5), but the tail of the distribution 
extends out to N;:::: 50. After correction for the flux-density transformation, the vibrational 
population distribution is found to equal 1 :0.17 ± 0.04:0.05 ± 0.02 for v = 0,1,2, respectively. 
The lower F 1 (n = 1/2) spin-orbit component is preferred over the F 2 (n = 3/2) manifold by 
a ratio of 1 :0.52 ± 0.11, independent of vibrationa11evel. At high J, a preference for the n (A ') 

A doublet levels is observed. Approximately 9.5% ± 2% of the reaction exoergicity is found in 
NO internal excitation. The NO and previously determined OH internal state distributions are 
compared with statistical distributions calculated by phase-space theory. The energy disposal 
in OH is found to be greater than statistical, while the opposite is true for NO, as might be 
expected in a direct reaction of the type A + BCD ---> AB + CD for the "new" and "old" bonds, 
respectively. The A doublet preference observed here for the NO product, and previously for 
the OH product, can be explained by the dissociation of an HONO (X 1 A ') intermediate. A 
mechanism for the generation of unequal NO spin-orbit populations, involving nonadiabatic 
mixing in the exit channel, is proposed. 

I. INTRODUCTION 

TheH + N02 --->OH + NO reaction is fast and exother
mic (!l.H~ = - 123.50 ± 1.99 kJ/mol, using heats of for
mation from a recent compilation 1 ) and plays a role in var
ious combustion environments. The thermal rate constant 
for this reaction has been measured by a number of different 
groups2-4 and equals approximately 1. 3 X 10 - \0 cm 3 mole
cule - 1 s - 1 at 298 K. This process has also been widely used 
to prepare OH radicals in flow kinetic studies since it quanti
tatively converts hydrogen atoms to hydroxyl radicals. 5 

Also, it is an example of a reaction involving two open-shell 
reactants. Since N02 is a stable free radical, H + N02 is 
relatively easy to study compared to other atom-radical re
actions. The approach of a hydrogen atom to N02 (X 2 AI) 

yields two potential-energy surfaces, which in planar geome
try can be classified as 1 A' and 3 A '. It is expected that the 
reaction proceeds along the 1 A ' surface, possibly accessing 
the deep minima corresponding to the trans and cis forms of 
the ground X 1 A ' state of nitrous acid, HONO.6 It has been 
argued7 that the 3 A ' surface does not playa role in the reac
tion and most likely possesses a barrier much larger than the 
incident translational energy. 

There have been a number of previous experimental 
studies of the dynamics of this reaction, and considerable 
information is available on the energy disposal into the 
translational and OH internal degrees offreedom. The trans
lational energy disposal has been found in crossed-beam ex
periments to be ~25% of the reaction exoergicity by two 
different groups.8,9 

The internal state distribution of the OH product has 
been studied in a large number of experiments by observa-

tion of the spontaneous infrared emission,IO--13 laser fluores
cence detection/,14-16 and also electron paramagnetic reso
nance.17 A summary of the derived OH vibrational state 
distributions from experiments carried out up to 1987 has 
been given by Klenerman and Smith. 13 The distribution is 
found to fall off monotonically with increasing v, and the 
average energy in OH vibration is calculatedI2

(C) to be 25% 
of the reaction exoergicity. The OH rotational distribution 
has been characterized in laser fluorescence studies,7,14-16 
and 22% of the reaction exoergicity is found in this degree of 
freedom. Thus, by difference, we expect 28% of the exoergi
city to appear as internal excitation of the NO product. 

Both the OH and NO products are open-shell diatomic 
molecules, The relative populations of the fine-structure lev
els can lead to further insights in the reaction dynamics. The 
relative populations of the spin-orbit states of the OH prod
uct, i.e., the ratio ofthe F 1 (n = 3/2) to F 2 (n = 1/2) popu
lations, is found7,16 to be approximately equal for this reac
tion. However, a preferential production of A doublet levels 
favoring the symmetric n (A ') levels over the antisymmetric 
n(A /I) levels l8,19 by a ratio of 1.5 ± 0.2 to 1, approximately 
independent of vibration or rotational level, was observed.7 

The preferential production of the n (A ') levels was ex
plained as the result of the role of a planar HONO (X 1 A ') 
intermediate.7 When the complex falls apart and the central 
N-O bond breaks, the 0 (2p1T) orbital of the OH product is 
expected to be doubly occupied In the component perpendic
ular to the molecular plane, while the in-plane component 
will be singly occupied, Provided that planarity is main
tained throughout the reactive collision, we would expect 
preferential formation of the n (A ') A doublet levels of both 
reaction products. 
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In contrast to OH, the internal state distribution of the 
NO product has been much less extensively studied. In
frared chemiluminescence from vibrationally excited NO 
has been observed, and the NO v = 1 to v = 2 vibrational 
population ratio has been found to equal 70:30. 12 Here we 
present the first report on a determination of the nascent 
rotational energy distribution in the NO product. These 
studies were carried out using laser fluorescence excitation 
detection of NO by means of its A 2 ~ + -X 2 n band system 
in a crossed-beam experiment. Rotational distributions have 
been determined for v = 0 to 2. Relative vibrational popUla
tions have been obtained by summing the populations of the 
rotational states in each vibrational level. As these experi
ments were nearly completed, we learned of a similar study 
by Smith and co-workers on a remeasuremeneo of the OH 
internal energy distribution, which focuses on the laser-in
duced fluorescence detection of OH (v> I) levels, as well as 
determination of the internal energy distribution in the nitric 
oxide product. 21 

II. EXPERIMENT 

The crossed-beam apparatus in which these experi
ments were carried out is a modification of the arrangement 
used to study NH2 and NH (X,a) rotationally inelastic colli
sions and has been described in detail previously. 22 Molecu
lar beams of the two reagents were prepared in two differen
tially pumped chambers abutting the reaction chamber at 
right angles; these beams cross at a 90° intersection angle in 
the reaction chamber 2.5 cm beyond their respective skim
mers. 

Ground-state atomic hydrogen was produced in a mi
crowave discharge supersonic source using an extended 
Evenson-Broida cavity.23 This simple arrangement allows 
adjustment of the discharge without the necessity of compli
cated mechanical feedthroughs to the cavity; moreover, the 
length of the tubing (3.2 cm) from the discharge to the beam 
orifice (0.7 mm diam) could be kept short. A continuous 
flow of H2 (typical pressure 3 Torr) with a trace of H 20 
added was fed through a 0.7 cm i.d. quartz tube which had 
been treated with hydrofluoric acid to minimize recombina
tion. The hydrogen beam was collimated with a 0.25 cm 
diam skimmer. The source chamber was pumped by a water
baffled 6 in. diffusion pump (Varian VHS-6). 

The N02 (1 %-2% in Ar) was fed through a stainless
steel tube to a commercial pulsed solenoid valve (General 
Valve) with a nozzle diameter of 0.05 cm operated at 10 Hz. 
Typical backing pressure was 112 atm. The N02 reservoir 
was held at room temperature. This source chamber was 
evacuated by an unbaffled Varian VHS-IO diffusion pump. 
The N02 beam was collimated with a 0.2 cm diam conical 
skimmer and entered the scattering chamber. We were not 
able to directly determine the N20 4 concentration in our 
beam; however, we calculate that approximately 3% of the 
N02 is present as N20 4 under the conditions in the source 
reservoir. It is possible that N02 polymers could be formed 
in the supersonic expansion. While we have not made any 
checks for this, we believe, on the basis of previous experi
ments with beams ofN02 seeded in argon (2%-10%) un-

der similar backing conditions,7,24 that condensation is not 
occurring to any significant extent, 

The reaction chamber was evacuated by a water-baffled 
10 in. diffusion pump (Varian HS-IO). The average pressure 
in the scattering chamber with both beams on was 
< 1 X 10 - 5 Torr. The NO product was detected by laser 
fluorescence excitation in its A-X band system. The appro
priate ultraviolet probe radiation was generated by frequen
cy doubling the output of a Nd:YAG (where Y AG denotes 
yttrium aluminum garnet) pumped dye laser and mixing 
with the 1.06 j.tm residual fundamental in a commercial laser 
system (Quantel). The laser was fired typically 100 j.ts after 
the opening ofthe N02 pulsed valve. The timing between the 
valve opening and the laser firing was controlled with a digi
tal delay generator (Stanford Research Systems). 

The laser beam, attenuated with a polarizer, passed 
through the collision zone perpendicularly to both molecu
lar beams. The laser pulse energy was measured at the colli
sion zone with a Molectron J3 joulemeter and was typically 
40 j.tJ in a 0.4 cm diam collimated beam. Extensive studies of 
the dependence of the laser-induced fluorescence (LIF) 
spectra on laser pulse energy were not carried out; however, 
the relative laser intensities of the (0,0) and (1,1) bands 
were unchanged with a factor of 5 increase in laser intensity. 
We believe that we are within the linear response range for 
LIF excitation since our laser energy density is below the 
levels for which saturation is predicted to occur according to 
a crude kinetic model. 14 Moreover, a linear response was 
verified at even higher laser energy densities per unit band
width in other studies involving NO.25-27 

Fluorescence excited by the probe radiation was collect
ed through a three-lens telescope whose optical axis was co
planar with and bisected the angle between the two molecu
lar beams. For experimental convenience, the telescope had 
a 90° bend, which was accomplished with a mirror, Light 
transmitted through the telescope was detected with an EMI 
9813QB photomultiplier, amplified with a charge sensitive 
preamplifier (Amptek), and fed to a boxcar integrator 
(Stanford Research Systems). A substantial problem with 
background visible radiation from the microwave discharge 
(mainly the hydrogen Balmer line at 656.3 nm) was reduced 
to tolerable levels by replacing the telescope's aluminized 
mirror (previously described in Ref. 22) with a 2 in. diam 
dichroic mirror (Acton) which had > 90% reflectivity at a 
45° angle of incidence over the range from 242 to 279 nm and 
less than 5% reflectance in the visible. A reflectance curve 
for the dichroic mirror was provided by the manufacturer 
and was verified and extended to longer wavelengths by 
measuring its transmission at a 45° incidence angle. The bend 
in the telescope allowed the photomultiplier to be conve
niently mounted at the end ofthe telescope tube, perpendicu
lar to the bottom of the vacuum chamber. Spectra were tak
en under the control of a laboratory microcomputer (DEC 
LSI-l 1123 ) and subsequently transferred to an Apple Mac
intosh II for analysis. 

III. RESULTS 

The total energy E tot available to the products is the sum 
of t::.H~ and the internal and translational energies of the 
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reactants. The reagent energy residing as internal excitation 
is negligible for the hydrogen atom beam, because of its mon
atomic nature, and for the N02 reagent, because of the su
personic cooling of this beam. The rotational temperature of 
N02 was not determined, but N02 laser fluorescence excita
tion scans showed a very sparse spectrum characteristic of a 
rotationally cold beam. The relative translational energy 
was calculated to equal 3.9 kJ/mol by assuming complete 
conversion of the stagnation enthalpies of the beams to 
translational motion and allowing for 1 % seeding ofN02 in 
argon. This implies that E tot equals 127.4 kJ/mol, implying 
that rotational levels can be populated up to N = 78 in 
NO(v = 0), or vibrational levels up to v = 5. 

Laser fluorescence excitation spectra of the NO product 
were recorded for the (0,0), (1,1), (2,2) and (0,2) bands of 
its A 2 ~ + -X 2 n band system.28 Figure 1 (a) displays a 
typical spectrum for the (0,0) band with both molecular 
beams on. A residual laser fluorescence signal was detected 
in the (0,0) band even when the hydrogen atom beam was 
turned off by extinguishing the microwave discharge. In 
principle, this background signal could arise from the photo
lysis of the N02 reagent and subsequent A-X excitation of 
the NO fragment, or from fluorescence excitation of residual 
NO in the N02 reagent. We believe that the former is the 

(a) 

(b) 

R2 iii i I I I 
2 6 

, 
44100 

ill I i 
o 4 
R1+R21 

44200 

iii I Iii 
8 12 

i I I I I Ii 
12 16 

16 20 24 

, 
44300 

laser wavenumber ( cm-1) 

FIG. I. (a) Experimental laser fluorescence spectrum in theA 2 ~ + _X2 n 
(0,0) band of the NO product from the H + N02 reaction. Individual rota
tionallines are indicated; rotational branches are designated in Hund's case 
(b) notation. (b) Simulated spectrum with the NO v = ° rotational popula
tions adjusted to reproduce the experimental spectrum in (a). 

origin of this signal since the NO background is not rotation
ally cold (T;::::; 150 K if the distribution is fitted to a Boltz
mann form), as is the case for N02 • Presumably, this back
ground signal, which should be quadratic with probe laser 
pulse energy, could have been eliminated by further reduc
tion of the probe laser pulse energy; however, we were not 
able to do this and still have an adequate signal-to-noise ratio 
in the NO LlF spectra. The photolysis contribution repre
sented about 50% of the integrated LlF intensity in the spec
tral region shown in Fig. 1 (a). As described below, this 
background signal was taken into account in the determina
tion of the NO internal state distribution. 

Figure 2(a) compares the fluorescence intensities of the 
high-J lines of the (0,0) band with the (1,1) band. Spectra 
were also taken to the blue of this region through the heads of 
the (2,2) band, which was at the shortest wavelength acces
sible with our laser system. Comparison of the intensities of 
the (0,0), (1,1), and (2,2) bands allowed determination of 
the relative vibrational populations of the NO v = 0-2 lev
els. For the estimation of the rotational state distribution in 
v = 2, we employed the (0,2) band, an experimental spec
trum of which is displayed in Fig. 3(a).1t was not necessary 
to correct the spectra in Figs. 2 (a) and 3 (a) for a photolysis 
contribution since no detectable NO fluorescence signal was 
observed in these wavelength regions. 

The bandwidth of our UV probe laser radiation and the 

(0,0) 
821 TI---.r-.---,--rl 

22 26 

(a) 

(b) 

44550 

(1,1 ) 

iii iii I I iii ( i 
o 4 8 12 

R1+R21ililililllllii Iii 
o 4 8 12 16 

P1 Gl~1 "~' , '2~' , , ds' 
1 

44650 44750 

laser wavenumber (cm-1) 

FIG. 2. Experimental laser fluorescence excitation spectrum of the overlap
ping A-X (0,0) and (I, I) bands of the NO product from the H + N02 

reaction. All eight distinct rotational branches of the ( I, I) band, as well as 
the S2" R, + R2" and Q, + Q2' branches of the (0,0) band, are marked. 
(b) Simulated spectrum. 
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(a) 

R 1+ R21 1111111 I I r iii I Iii I 
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laser wavenumber (cm-1) 

FIG. 3. (a) Experimental laser fluorescence excitation spectrum of theA-X 
(0,2) band of the NO product from the H + NO, reaction. (b) Simulated 
spectrum. 

relatively low degree of rotational excitation in NO made it 
impossible to resolve many of the lines in these excitation 
spectra. Accordingly, it was not convenient to determine rel
ative rotational populations by measurement of the intensi
ties of individual rotational lines. Therefore, we decided to 
compare our experimental spectra with simulated ones in 
order to extract the rotational populations. 

The simulated spectra were calculated by convolution 
of a Gaussian laser line shape of 1.2 cm - 1 full width at half 
maximum with the individual laser fluorescence line intensi
ties. The latter were shown by Greene and Zare29 to equal 

J(v'J'p';vJp) = Cp(Av'J'p';vJP) [C:;V; 1)] SJ'P'Jpqu'v 

XI Au'v"P(Av,u" )R(Av'v")' (1) 
v" 

Here N vJP is the population of the pth fine-structure compo
nent (spin-orbit + A doublet) of a rovibrational (v,J) level, 
p is the laser energy density (energy / cm3 

) at the wavelength 
Av'J'p';vJp of the v'J'p' ...... vJp transition, SJ'p';Jp is a rotational 
line strength (Honl-London) factor,30 and qv'v is the 
Franck-Condon factor. 

The factor RJJ,J" incorporates the dependence of the 

LIF signal on the laser and detection polarizations, As dis
cussed in detail by Greene and Zare29 and elsewhere,31 this 
term takes account of the fact that the fluorescence angular 
distribution varies with rotational branch and only fluores
cence into a small solid angle is observed. This factor is given 
for an isotropic M J distribution in the detected molecule 
as29 ,31 

RJJ'J"=[ 1 +~(_l)J-J" 
9(J'+I) 3 

{
J' J' 

XII ~} {~' J' 

Here { ... } is a 3j symbol. 32 

The sum in Eq. (1) over the detector polarizations nd 
and the final states v" J "p" takes account of the fact that the 
polarization and wavelength of the fluorescence are not re
solved, In Eq. (1), P(Av'v" ) is the sensitivity of the photo
multiplier which was taken from the manufacturer's specifi
cations. R (Av:v" ) is the reflectivity of the dichroic mirror in 
the fluorescence telescope at wavelength A. C is a propor
tionality constant which includes geometric factors, etc. 
There have been several recent experimentaP3,34 and theo
retical35 studies of the radiative transition probabilities of 
the NO A-X bands, We have taken values of qu'" and Av'v 
from the work of Piper and Cowles. 34 

In the simulations, the rotational populations were par
ametrized by a cubic spline interpolation constrained to be 
linear36 in 2J + 1 at low J and smoothly varying over the 
entire range of J's considered. Populations in the n = 1/2 
and n = 3/2 spin-orbit manifolds were determined indepen
dently. Because the (0,0), (1,1), and (2,2) bands overlap, 
relative vibrational state populations could be determined 
directly. Laser intensity decreased rapidly to the blue of the 
P 2 + P 12 bandhead in the (2,2) band. We therefore estimat
ed the v = 2 rotational state distribution from the (0,2) 
band. The background photolysis signal in the (0,0) band, 
described earlier, was taken into account by recording spec
tra with the hydrogen discharge off and on, The NO rota
tional distribution resulting from the photolysis was deter
mined, and a reactive distribution added to it until the total 
simulation best reproduced the average of the several experi
mental scans recorded. 

The rotational popUlations determined to give the best 
agreement with the experimental Q branch intensities are 
shown in Fig. 4, The maxima in the rotational distributions 
shift to slightly lower J's as the vibrational excitation in
creases, as would be expected from energy conservation. Ex
tensive variations of the rotational populations were carried 
out in order to fit the experimental spectra and to probe the 
sensitivity of the simulations to the populations. Changing 
the population of an individual J level by less than 20% did 
not take the simulations out of the range of experimental 
reproducibility. However, shifting the maxima of the rota
tional state distributions in Fig. 4 by I1J ± 2 yielded simula
tions which did not match the experimental spectra, It can 
also be seen from Fig. 4 that the spin-orbit populations are 
nonstatistical: The lower n = 1/2 manifold is significantly 
preferred over n = 3/2. The n = 1/2 to n = 3/2 popula-
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FIG. 4. Experimentally derived vibration-rotation populations for the NO 
product from the H + N02 reaction. These populations are all normalized 
to the most probable rotational level in the F\ spin-orbit manifold of the 
v = 0 vibrational level. 

tion ratio is 1 :0.52 ± 0.11. Within the uncertainties in the 
derived populations, there does not appear to be a variation 
in the spin-orbit population ratio with v. 

Spectral congestion near the bandheads prohibits mea
surement of line intensities for excitation of individual A 
doublet levels. The IT (A /) levels are probed in the NO 
A 2 ~ + -X 2 IT band system by I1N = ± 1 branches, while 
IT(A ") levels are probed by I1N = 0, ± 2 branches. 18.19 In 
the high-J portion of the (0,0), (1,1), and (0,2) bands, we 
observed that the intensities of P 1 and R 1 branch lines, as 
compared to the corresponding Q 1 branch lines, were en
hanced over the predicted relative intensities assuming equal 
A doublet populations. Moreover, this enhancement in
creases with increasing J. Clearly, this implies that the 
IT (A /) A doublet levels are preferentially populated over the 
corresponding IT (A ") levels in all three vibrational bands. 
The deduced IT (A /)/IT (A") ratio reached 2.0 ± 0.5 at 
N;:::: 50, the highest rotational levels observed. The nonequal 
A doublet populations were taken into account in generating 
the simulated spectra in Figs. 1-3. 

By summing over the determined individual rotational 
populations in each vibrational manifold, we find the NO 
relative vibrational populations, as measured by laser flu
orescence detection, equal 1 :0.21 ± 0.04:0.08 ± 0.03 for 

v = 0, 1, and 2, respectively. The quoted error limits reflect, 
in part, the uncertainties in comparing the intensities of 
high-J lines in one band with the bandheads of another vibra
tionallevel (see, for example, Fig. 2). The v = 2 relative 
population was subject to greater uncertainty because of the 
small magnitude of the (2,2) bandheads relative to the high
J lines of the (1,1) band and the small signals in this wave
length range. 

As is well known, 3 7 this type of laser fluorescence exper
iment measures the densities nf of molecules created in spe
cific quantum states, while the desired quantities, namely 
cross sections af , are proportional tofluxes. The relationship 
between these two quantities can be written as31 ,38 

(3) 

where nCR) and n(N02 ) are the number densities of the 
reactants in the collision zone, R = V I fr dw is the effective 
radius of the scattering center. The quantity (glvf ) is the 
average of the incident relative velocity g divided by the labo
ratory velocity vf of the NO product weighted by the c.m. 
differential cross section: 

(4) 

Even though we are only interested in relative cross sections 
for production of the NO product states, we must consider 
Eq. (3) since the quantity (glvf ) varies as a function of the 
product state. 

We can use the measured product angular distribu
tion8

,9 with Eq. (4) to calculate the variation of (glvf ) as a 
function of NO internal energy. To simplify this calculation, 
we have assumed that the NO product recoils in the c.m. 
frame with a single velocity obtained by subtraction from 
E tot of the average energy in OR vibration and rotation 
(50% of E tot ) and the NO internal energy. Because of the 
small amount of energy in NO rotation, the density-flux 
transformation alters the rotational state distribution within 
a given vibrational manifold negligibly. The NO v = 1 and 2 
cross sections relative to that for v = 0 must be divided by 
1.23 and 1.75, respectively, as compared with the relative 
vibrational populations reported above. This correction is so 
large because the NO c.m. velocities are somewhat larger 
than the velocity of the center of mass of the system and the 
angular distribution is very broad. We conclude that the 
product NO vibrational state distribution from the 
R + N02 reaction is given by 1 :0.17 ± 0.04:0.05 ± 0.02 for 
v = 0, 1, and 2, respectively. 

IV. DISCUSSION 

A. Energy disposal 

With the determination of the NO product internal state 
distribution, we can calculate the average energy which ap
pears as vibrational and rotational excitation of the NO 
product. We find that approximately 12.1 ± 2.0 kJ/mol, or 
(9.5 ± 2)% of the total energy available to the products, 
resides as internal excitation of NO. The quoted uncertainty 
arises from the estimated errors in the internal state distribu-
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tion. Over half of this energy, 7.1 ± 1.0 kJ/mol or 
(5.6 ± 1) %, appears as rotational excitation. In calculating 
this energy disposal, we have not attempted to extrapolate 
the populations of higher vibrational levels (v> 2). 

The energy disposal we find in NO is considerably less 
than the 28% energy disposal predicted for NO by subtract
ing from E tot the average translation energl,9 and average 
OH product internal excitation derived from previously 
published results 7. I()"'I 7 on the OH state distribution, as dis
cussed in Sec. I. We are unable to account for this discrepan
cy.1t is disturbing that the expected amount of energy in NO 
internal excitations is not observed, especially after all the 
previous work on characterizing the product energy disposal 
in this reaction. Preliminary results from Smith's laborato
ry21 on the NO state distribution also show an average NO 
internal excitation considerably less then the expected 28% 
of the exoergicity. Perhaps these experiments will stimulate 
further dynamical studies of this important reaction. 

As outlined in Sec. I, there seems to be reasonable agree
ment among the several reports of the vibrational and rota
tional distributions in the OH product from H + N02. The 
only previously published experimental results on the NO 
product are from Setser's group.12 Their most recent stu
dy,12(C) in which infrared emission was observed in a fast 
flow reactor, yielded an NO v = 1 to v = 2 ratio of 1:0.43, 
somewhat higher than the 1 :0.30 ± 0.14 ratio we have ob
served. We note, however, that there is significant uncertain
ty in our v = 2 relative population. 

The H + N02 reaction has often been considered to 
proceed along the lowest 1 A ' surface, accessing the deep 
HONO (X 1 A ') potential well. This suggests that the reac
tion intermediate might have a lifetime which is sufficiently 
long to allow randomization of energy disposal in the prod
ucts. A simple RRK calculation39 of the lifetime of the 
HONO complex using activated complex frequencies sug
gested by Anastasi and Smith40 predicts a transition state 
lifetime of - 1 X 10 - 13 s. This is an order of magnitude less 
than the -10 - 12 S rotational period expected for HONO, 
indicating that the reaction could be considered to proceed 
rather directly. The experimentally observed forward peak
ing of the product angular distribution is consistent with a 
short lifetime for the complex. 

It is also interesting to see whether the reaction exoergi
city is distributed statistically in the various product degrees 
of freedom. We have calculated the product state distribu
tions using phase-space theory, which incorporates angular 
momentum constraints,36.41 on the H + N02 system. The 
rotational distributions derived from that calculation for the 
NO v = 0 to 2 vibrational manifolds are shown in Fig. 5. 
This theory does not consider the open-shell nature of the 
reaction products. Because of the relatively small spin-orbit 
and A doublet splittings, statistical distributions are expect
ed for these degrees of freedom. From a comparison of Figs. 
4 and 5, we see that our experimental NO rotational state 
distribution is substantially colder than that predicted by 
phase-space theory. 

Summing over the rotational distributions from the 
phase-space calculations, we predict that the NO vibrational 
state popUlations should be 1 :0.66:0.39 for 

c o 
.~ 

:; 
a. 
8. 
iii 

1.0 

g 0.5 

.~ 
Q) 

.~ m 
~ 

0.0 +---,----,--,..-----,--,--,'-----+-----"', 

o 1 0 20 30 40 50 60 70 80 

rotational quantum number N 

FIG. 5. Vibration-rotation populations calculated by phase-space theory 
for NO product from the H + NO, reaction. 

v = O:v = l:v = 2, respectively. Comparison with our ex
perimentally determined ratios show that the actual vibra
tional energy release in NO is much less than anticipated for 
a statistical distribution. Thus, the energy disposal into the 
NO product for both the vibrational and rotational degrees 
offreedom is considerably less than that expected if the reac
tion exoergicity were randomized. 

By contrast, the internal state distribution for the OH 
product is considerably hotter than that predicted by phase
space theory. The calculated phase-space rotational distri
butions peak at N = 11 and 10 for v = 0 and 1, respectively, 
and the tails extend only to N = 23 and 19. Mariella and 
Luntz 15 and Silver et al. 14 have published experimental OH 
product rotational distributions which are in good agree
ment with each other. These experimental distributions peak 
at N = 15 or 16 in v = 0, and N = 12 for v = 1. Predissocia
tion above N = 16 in the v = 1 level of the upper electronic 
state prevented observation of the complete nascent rota
tional distribution in the LlF studies conducted by these two 
groups. Murphy et al. 16 show a flat, broad rotational distri
bution for the OH v = 0 product which extends to N = 26. 

The OH vibrational state distribution is also observed to 
be considerably hotter than that predicted by phase-space 
theory. Using the results from Mariella and Luntz 15 and 
from Setser's group,12 the current best estimate for the OH 
vibrational state distribution is 1 :0.70:0.43:0.07 for v = 0 to 
3, respectively. By contrast, the OH vibrational state popula
tion ratios calculated by phase-space theory are 
1.0:0.40:0.10:0.002. We thus see that both the vibrational 
and rotational degrees of freedom of the OH product have 
significantly more energy than expected from mere statisti
cal considerations. These results for the energy disposal are 
consistent with our intuition that there should be more ener
gy disposed in the "new" bond (i.e., OH) than in the 
"old" bond (i.e., NO) in a direct reaction of the type 
A + BCD--->AB + CD. 
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B. A doublet and spin-orbit populations 

Our observation of preferential production of the II (A ') 
levels of the NO product is similar to previous observa
tions 7,15,16 of preferentialformation of the OH II (A ') levels. 
These propensities can be explained 15,18 by assuming that 
the reaction proceeds through a planar HONO intermediate 
of A ' symmetry since the overall symmetry of the electronic 
wave functions of both products should be the same as that 
ofthe intermediate. The dissociation ofHONO on the X I A ' 
surface is expected to involve the transformation of the filled 
molecular orbital42 consisting of the bonding combination 
of the in-plane 2p orbitals of the nitrogen and central oxygen 
atoms into singly occupied 1T orbitals on each of the prod
ucts. If planarity is maintained throughout the reactive en
counter, then the diatomic products will be rotating in the 
plane defined by the HONO intermediate, and preferential 
formation of II (A ') levels and A doublet levels of both OH 
and NO is expected, as observed. 

It is interesting to speculate on the origin of the preferen
tial production of the F I (n = 1/2) spin-orbit populations 
in the NO(X 2 II) product. Unequal spin-orbit populations 
have also been observed for production of NO in the photo
dissociation of a number of precursors. 26,43-49 Similar obser
vations have been reported in the formation of PO from the 
infrared multiphoton decomposition of organophosphorus 
compounds, 50 the production of ~ states in the formation of 
CN(X 2 ~ + ) from ICN (Refs. 51 and 52) and the infrared 
muItiphoton dissociation (lRMPD) of HN3 to yield 
NH(X3~- ).53,54 

An unequal spin-orbit population implies a preferential 
orientation of the electron spin relative to an internal molec
ular axis. Ifwe assume that the H + N02 reaction proceeds 
along the X I A ' surface of HONO, then it is curious that an 
approximately equal spin-orbit population has been ob
served 14-16 for the OH product, while a spin-orbit preference 
is observed here for NO. This difference cannot be caused by 
energetics since the spin-orbit constants A for OH and NO 
are approximately the same [120-130 cm - I (Ref. 55) ] and 
are small compared to the reaction exoergicity. The dissocia
tion of the HONO (X I A ') in and of itself cannot cause a 
preferential orientation of the electron spins since there is no 
preferred direction for the electron spins of the nascent NO 
and OH products on this potential-energy surface. 

Unfortunately, little is known about the HONO X I A' 
surface except for the region about the equilibrium geome
tries of the trans and cis forms from experimental6 and com
putational ab initio studies.42,56 In fact, there are eight 
HONO potential-energy surfaces which asymptotically co
alesce to yield OH (X 2 II) + NO (X 2 II) products: There 
are two surfaces each for the classifications 1,3 A ' and 1.3 A ". 
Simple wave functions describing these surfaces as the prod
ucts separate can be constructed by various combinations of 
OH and NO 1T orbitals, which can be in or perpendicular to 
the molecular plane, and the electrons in the two unfilled 
shells (one on OH and the other on NO) can be singlet- or 
triplet-spin coupled. 

Ifwe define the xz plane to contain the HONO interme
diate, then we can describe the wave function of the nascent 
OH and NO products on the X I A ' surface as 

IXIA') 

= 2 - 1I2{11T; (OH)1T; (NO) I - 117'; (OH)1T; (NO) I}, 
(5) 

where 1T; denotes a 1T orbital lying in the molecular xz plane. 
We suppose that the nonstatistical spin-orbit distribution 
arises from the nonadiabatic coupling of the X I A ' surface 
with the other surfaces, as occurs in the selective spin-state 
production of NH (X 3 ~ - ) from the IRMPD of HN 3 .54 

As an example of the plausibility of this mechanism for 
generating spin-orbit selectivity, we consider spin-orbit cou
pling between X I A ' and the corresponding 3 A ' wave func
tion, obtained from the triplet-spin coupling of 1T; (OH) and 
1T; (NO). In the X I A ' state, the electronic wave function is 
symmetric with respect to reflection of the electronic spin 
and spatial coordinates through the molecular plane. The 
spin-orbit operator must also be symmetric with respect to 
this operation. Since the spatial parts of the X I A ' and 3 A ' 
wave functions, and hence their reflection symmetries, are 
the same, the spatial part of the component of the spin-orbit 
operator which mixes these two states must also be symmet
ric. Hence, these wave functions can couple only through the 
lysy component. The preceding implies that the X I A' wave 
function can only couple to the 3 A ' component which has the 
same symmetry with respect to reflection of the electronic 
spin coordinates through the molecular plane as the initial 
X I A ' state. Thus, the symmetric X I A ' state can only mix 
with the symmetric spin component 0[3 A " which we denote 
as 1

3 A ',s). 
The reflection properties spin functions are summarized 

in the Appendix of Ref. 54. We can write the wave function 
for the symmetric component of 3 A ' as the in-phase combi
nation of ~ = ± 1 spin functions: 

13A ',s) = 2 - I12{I1T; (OH)1T; (NO) I + 117'; (OH)1T; (NO) I}. 
(6) 

This spin-orbit mixing will lead to an admixture of 1
3 A ',s) 

into the wave function describing the dissociating products. 
Depending on the relative phases of this admixture and the 
initial X I A ' wave function there will no longer be an equal 
probability for the electron spin to be up or down on the NO 
or OH. In other words, the expectation value for the projec
tion of the OH and NO electron spins onto the quantization 
axis z in the HONO intermediate will not be zero, implying a 
preferential orientation of the spins. It is important to note 
that this spin alignment will be manifest along a molecule
fixed, and not space-fixed, axis since it is the molecule-fixed 
lysy component of the spin-orbit operator which causes the 
mixing. 

The preceding paragraphs have described how an orien
tation of the electron spins might be generated in the nascent 
OH and NO products. This will only lead to an unequal spin
orbit population in a free diatomic product if it does not 
rotate too rapidly as the complex is dissociating so that the 
preferred orientation along the quantization axis in the 
HONO complex can be transferred to the molecular axis in 
the free diatom. In this regard, OH and NO differ signifi
cantly in that the former is close to Hund's case (b) cou
pling, while the latter is well described by case (a). In these 
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two limiting situations, the electron spin is weakly and 
strongly coupled to the diatomic molecular axis, respective
ly. Thus, it is reasonable that no spin-orbit preference is ob
served for OH since the molecular rotation would be expect
ed to wash out any preferred orientation in the molecular 
frame. 

Of course, the model presented above is simplistic in 
that no details about the HONO surfaces are considered. 
Clearly, there can be coupling of the X I A ' surface to all the 
other surfaces asymptotically coalescing to the OH + NO 
exit channel. Moreover, it is not even possible to predict in 
the present qualitative treatment of X I A ,_3 A 'mixingwhich 
spin-orbit component of the NO product will be preferred. 
Perhaps it will be feasible in the future to carry out quantita
tive calculations for the modeling of the preferential forma
tion spin-orbit states. This will require knowledge about the 
adiabatic energies and the non adiabatic couplings of these 
surfaces. 
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