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Correlated product state distributions in the unimolecular reaction 
of NCNOa) 

c. x. W. Qian,b) A. Ogai, H. Reisler, and C. Wittig 
Department a/Chemistry, University a/Southern California, Los Angeles, California 90089-0482 

(Received 7 June 1988; accepted 21 September 1988) 

Following excitation to SI' expansion-cooled NCNO undergoes nonradiative couplings to S. 
and predissociates to CN and NO. Doppler profiles of selected CN B 2l; + .... X 2l; + rotation~l 
lines were recorded using LIF at several excess energies between 0 and 3000 cm - I. This yields 
NO V,R distributions associated with specific CN (X 2l; +) rotational states. The profiles can 
be fit using the statistical PST ISSE model, and the correlated distributions show no evidence 
of dynamical bias or exit channel barriers. Doppler profiles generated with polarized lasers 
show little or no spatial anisotropy of recoil velocities, and are fit by anisotropy parameters 
/3-0, eve~ at excess energies where predicted unimolecular lifetimes are < 1 ps. Possible causes 
for the lack of spatial anisotropy are discussed. Analyses of NO fragment LIF spectra obtained 
at excess energies of 2348 and 2875 cm - 1 show a slight preference for the II (A ') A-doublet 
component for J II ;;;.30.5, suggesting planar dissociation. An in-plane orientation ofthe singly 
occupied p1T lobe in NO is to be expected for dissociation on the ground (A ') electronic 
potential energy surface. 

I. INTRODUCTION 

The development of a predictive, quantitative under­
standing ofunimolecular reactions has been a major experi­
mental and theoretical goal for decades. Such reactions often 
show no memory of entrance channel properties and condi­
tions, and the dissociation can often be successfully de­
scribed by statistical theories. Recent progress in state-to­
state photodissociation experiments has provided large and 
precise databases,I-3 with which it is now possible to test, 
modify, and reformulate the theories. In this regard, the pre­
dissociation of NCNO has become a benchmark against 
which such theories can be evaluated. 1,4-6 

Previously, we established that the CN and NO state 
distributions obtained following monoenergetic NCNO pre­
dissociation could be fit using phase space theory (PST) in 
combination with the separate statistical ensembles (SSE) 
method.4

-6 As with PST alone, PST ISSE assumes that ener­
gy and angular momentum are conserved during dissocia­
tion, but also includes a restriction on the coupling between 
parent vibration and rotation. It is assumed that energy is 
not transferred between vibrational and rotational degrees of 
freedom. This is a very good assumption for rotationally 
cold molecules. The SSE restriction on parent vibration­
rotation exchange is not a part of PST and is not simply taken 
care of by conserving the total angular momentum. For ex­
ample, the PST loose transition state model for 
NCNO-CN + NO allows Jtotal = 0 to be achieved with 
large NCNO overall rotation offset by CN andlor NO rota­
tions within the loose transition state. To incorporate the 
SSE restriction into calculations, two ensembles are consid­
ered in tum. First, product vibrational distributions are esti-

a) Research supported by the National Science Foundation. 
b, With the Physics Department. 

mated from an ensemble ofparent degrees offreedom which 
excludes parent rotation. Second, product R,T excitations 
are estimated for each set of product vibrational states from 
an ensemble that includes those parent vibrations which 
transform to fragment rotations and translations (i.e., the 
"transitional" modes), as well as parent rotations. At this 
point, any of several statistical methods can be used, since 
the physical content of the SSE restriction is in place. For 
example, product R,T excitations could be estimated using 
PST, the statistical adiabatic channel model (SACM)/ etc. 
For expansion-cooled NCNO, product vibrations are "hot­
ter" than product rotations since the parent molecule con­
tains modest rotational energy. In a sense, product R, T exci­
tations are diluted by the low parent rotational excitation, 
while product vibrational excitations are not. With PST I 
SSE, this occurs without exit channel barriers, i.e., nonadia­
batic evolution of the transitional modes to product R,T de­
grees of freedom may occur. Note that for excess energies, 
Et, below the lowest product vibrational levels, there is no 
SSE restriction, so that PST and PST ISSE are identical. In 
contrast to PST, the SACM requires that parent bending­
type motions evolve adiabatically into product angular mo­
mentum states, and consequently barriers associated with 
the zero point and potential energies of these modes arise 
along the reaction coordinate.7 In certain systems, this mod­
el may be required in order to reconcile the experimental 
observations, while in others, is may not. However, the SSE 
method should be incorporated when treating SACM-type 
systems as well, and these systems might be best described by 
SACM/SSE, analogous to PST/SSE. 

In our previous work on the photodissociation of 
NCNO, we saw no evidence for exit channel barriers, and 
found excellent agreement between experiment and PST I 
SSE for Et in the range 0-5000 cm - 1.4-6.8 The near-thresh­
old product state distributions are fit precisely, and we con­
cluded that NCNO dissociation proceeds via a loose transi­
tion state in the absence of barriers. CN appearance times 
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were recently measured by Knundkar et al. for Et = 0-700 
cm - I, and their results also indicate a loose transition state, 
albeit with some deviations from statistical behavior.9 Al­
though both CN and NO internal state distributions fit sta­
tistical predictions very well, such global product state dis­
tributions may obscure biases that depend on the shape of 
the PES along the reaction coordinate. These are better dis­
cerned by looking at correlated distributions. For example, 
the distribution of NO internal states associated with a spe­
cific CN internal state may be nonstatistical, even though 
global CN and NO distributions are quite statistical. 

In this paper, we report measurements of Doppler pro­
files associated with specific CN (X 2~ +) v" = 0 rotational 
states. These line shapes are governed by the NO internal 
energy distributions associated with the CN states being 
probed. The experimental Doppler profiles are simulated 
quite accurately using the same PST/SSE theory that was 
used to fit the global CN and NO distributions, thus main­
taining the excellent accord between experiment and theory 
noted previously. 10 

The dissociation mechanism can be further probed by 
determining the relative populations of the NO(X 2 ll) A­
doublet components. These populations can provide infor­
mation about the motions and geometry of the dissociating 
molecule even for slowly dissociating systems, since they 
probe directional properties in the molecular rather than 
laboratory frame. II With NCNO, we find that some planar­
ity is preserved during dissociation, and the results are best 
explained by assuming that reaction proceeds on So. 

Measurements of Doppler profiles for specific v" = 0 
rotational states also allow us to address issues concerned 
with the nature of the excitation process, namely, laser-initi­
ated radiationless transitions. I For example, with NCNO, 
statistical calculations4

-6 as well as extrapolation of experi­
mentally obtained dissociation rates9 indicate that at 
Et > 2000 cm -I, SO unimolecular reaction rates should be 
faster than parent rotation, but slower than typical vibra­
tions. Thus, spatial anisotropy in the products may ensue, 
with product state distributions still being statistical except 
perhaps for M J • On the other hand, spatial anisotropies may 
be reduced if the radiationless transition becomes rate limit­
ing and/or if parent rotation takes place prior to dissocia­
tion. The former is important, since it follows that product 
appearance times cannot be trivially associated with So uni­
molecular reaction rates. Product state distributions need 
not be compromised, since IVR on the ground PES can still 
be complete prior to dissociation. 

NCNO was chosen as a prototypical molecule because it 
has many of the desirable features of other nitroso com­
pounds,3 and furthermore, both fragments can be probed by 
LIF.3-5 Its A IA "(SI) +-X IA '(So) absorption spectrum ex­
tends over a large part of the near-IR and visible, 12 and as a 
result, it was possible to study both CN and NO E,V,R,T 
excitations in detail for Et = 0-5000 cm- I

•
3
-6,8 Following 

SI excitation, the molecule undergoes nonradiative cou­
plings to vibrationally excited So, either directly or with 
some participation of T I •

3,13 The TI level density is small 
relative to that of So, so without large differences in coupling 
matrix elements, direct coupling to So will dominate.3,14 Re-

cent ab initio calculations reveal substantial barriers to disso­
ciation on the S I and TI surfaces (-7000 and 2100 cm - I, 
respectively),14 and therefore it can be safely assumed that 
predissociation proceeds on So when hv just exceeds Do.3,8 

The terminal bending vibrations and out-of-plane torsion 
are efficient promoter modes for SI-SO couplings, 12(b),13 and 
fluorescence lifetime measurements indicate that below Do, 
NCNO belong to the "small/intermediate molecule case" as 
defined by radiationless transitions theory. 13 

II. EXPERIMENTAL 

The experimental arrangement is similar to the one de­
scribed previously,4-6 and therefore only features pertinent 
to the present studies are outlined here. Premixed NCNO 
samples (4/1000 Torr in He) were expanded using a pulsed 
valve (Laser Technics, 0.5 mm diam orifice, -150 f.ls dura­
tion) into a fluorescence chamber maintained at a working 
pressure of < 10-4 Torr. Two fluorescence chambers were 
used, a 20 cm cube and an octagonal chamber, the latter in 
experiments designed to determine spatial anisotropies in 
reaction products. Photolysis was achieved with the output 
from a YAG-pumped dye laser (Quanta Ray, DCR-IA/ 
PDL-l, -5 ns duration, 0.5 cm- I FWHM) and the probe 
laser was an excimer-pumped dye laser (Lambda Physik 
EMG-101 MSC/FL2oo1, 15 ns duration -0.3 cm- I 

FWHM), used in conjunction with an Inrad frequency 
doubler when detecting NO. The photolysis and probe 
beams were either collinear or perpendicular to each other, 
and the molecular beam was perpendicular to the plane con­
taining both laser beams and the photomultiplier tube 
(PMT). 

Timing was controlled by a homemade delay generator 
with 20 ns increments, and the delay between photolysis and 
probe was typically 40-80 ns. The photodissociation region 
was - 15, 20, and 40 nominal nozzle diameters downstream 
from the nozzle in the translational energy, A-doublet, and 
recoil anisotropy measurements, respectively. Since the ef­
fective opening of the valve used is smaller than the nozzle 
diameter, these distances ensure collision-free conditions on 
a 40-80 ns time scale, as well as efficient cooling ( T NCNO ~ 5 
K). The observed LIF signals were normalized to both laser 
intensities, which were measured with photodiodes using 
sample-and-hold circuitry. The signals from 30-100 laser 
firings were averaged for each data point. The data acquisi­
tion system consisted of a digital oscilloscope (Nicolet Ex­
plorer III), a computer (LSI 11-23) and an A/D converter 
with the necessary interfaces. 

NCNO was prepared by the reaction of dried AgCN 
with CINO, as described previously.15 The sample was 
further purified by trap-to-trap distillations prior to mixing 
with He. Caution: NCNO tends to explode violently when 
impure. 15 

A. Measurements of CN(X 2l: +) Doppler profiles 

Nascent CN was detected in the usual way by one-pho­
ton LIF via the B 2~ + +-X 2~ + transition near 388 nm. Flu­
orescence was imaged onto a GaAs PMT (Hamamatsu 
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6f----. D photodiodes 

D 
Ephllk pr 

photolysis 
laser vacuum 

chamber 

laser 

R943-02) through a narrow bandpass filter (Pomfret, 
388.3 ± 5 nm). To obtain Doppler profiles, the probe laser 
frequency was pressure tuned across each CN rotational line 
using an intracavity etalon (FSR 1 cm -I) with N2 gas. In 
these experiments, the probe laser had to be set at the highest 
order (eighth grating order for Apr -388 nm) to obtain a 
linewidth ,;;;0.05 cm - I. 

Two laser configurations were used; a collinear geome­
try with counterpropagating photolysis and probe lasers was 
used routinely in the sub-Doppler measurements, while a 
perpendicular geometry (i.e., kph lkpr ) was used in the spa­
tial anisotropy studies in order to achieve Eph IIkpr . In the 
latter, an octagonal chamber was used, with the PMT in the 
plane of the two laser beams (see Fig. 1). The photolysis 
laser was vertically polarized (Eph lkpr' IJlh > 20) and the 
polarization was rotated with prism combinations to achieve 
Eph IIkpr . In experiments where it was important to not 
change alignment during the experiment, the polarization of 
the photolysis laser was rotated by a half-wave plate. This 
allowed rapid changes in polarization with little change in 
alignment. Unfortunately, only a 532 nm half-wave plate 
was available, whereas the anisotropy experiments were car­
ried out at 514.6 nm. Consequently, complete polarization 
rotation could not be achieved. Instead, the polarization was 
rotated until Eph (lkpr ) ~ Eph (lIkpr ) was obtained. Doppler 
profiles were recorded with and without the half-wave plate 
in the photolysis beam, corresponding to Eph (lkpr ) 
~Eph (likpr ) and Eph (lIkpr ) = 0, respectively. 

B. NO A-doublet population measurements 

In these experiments, the two lasers counterpropagated 
collinearly, and the NO fragment was detected via its 
A 2l:+ _x2n transition at -225 nm. The UV fluorescence 
was collected through a bandpass filter (Corion 300 nm, 85 
nm FWHM) onto a solar-blind photomultiplier (Hama-

FIG. 1. Schematic of the arrangement used in 
the spatial anisotropy experiments. The photo­
lysis beam, probe beam, and pulsed nozzle are 
mutually perpendicular, with the PMT in the 
plane of the laser beams at 45°. Eph could be set 
either parallel or perpendicular to kp,' Eph lkp, 

is perpendicular to the plane of the paper. In 
some experiments the polarization was adjusted 
so that Eph (lkp, ) "",Eph (1Ikp,) (see the text). 

matsu R166UH). Radiation near 225 nm was generated by 
frequency doubling using a P-BBO crystal; > 3% conver­
sion efficiency was achieved with the beam collimated by a 1 
m lens. The fundamental and 225 nm beams were separated 
by two Pellin-Broca prisms arranged to minimize physical 
walk during scanning. The probe laser intensity was main­
tained < 1001',1 to avoid saturation and NCNO photodisso­
ciation. Although the 300 K absorption coefficient of 
NCNO at 225 nm is much larger than at - 500 nm,16 disso­
ciation and detection by the probe laser involves the sequen­
tial absorption of two photons, and this is largely eliminated 
by keeping [pr ~Jph . 

Small amounts of NO impurity proved impossible to 
eliminate. However, because of expansion cooling, NO con­
tamination affects only low-J populations. Since in the A­
doublet experiments we are interested only in high-J states, 
impurities do not affect the observations. 

III. RESULTS AND ANALYSES 

A. Product state correlations 

The correlation between the CN (X 2l: + ) and 
NO(X 2n) state distributions can be obtained from the 
Doppler profiles by using energy and momentum conserva­
tion. The excess energy available to the system when 
CN (X 2l: +) is formed in the u" , N" state is given by 

Ett=hv-Do-Eint(CN) =Et Eint(CN). (1) 

This is distributed between c.m. translation and NO(X 2n) 
E,V,R degrees of freedom: 

Ett = ET(c.m.) + Eint (NO) , (2) 

where ET(c.m.) is related to ET(CN) by the mass scaling 
relation: 
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(3) 

Thus, by recording Doppler profiles for selected values of 
E t , low-resolution NO (X 2IT) internal energy distributions 
associated with specific CN states are obtained. In Fig. 2, we 
show Doppler profiles for selected Et values and CN transi­
tions. 

Although theCN(B 2l:+ .-X2l:+) system near 388 nm 
is well characterized, 17 some special features must be taken 
into account in the analysis of the Doppler profiles. First, for 
small J" a Q satellite branch appears. The effect of the Q 
satellite branch is important for N" = 0 and 1, and in fact the 
R (0) and P(1) lines have Q components with transition 
probabilities that are half of those for the corresponding 
main branch lines. 17 The satellite lines are very close in fre­
quency to the main branch lines and are taken into account 
in the simulation of the Doppler profiles. Second, each rota­
tionalline is split into two spin-rotation components, F, and 
F2, whose separation increases with rotational energy. How­
ever, the tabulated spin-rotation constants Yo do not give 
simulated line shapes that are in good agreement with the 
observed ones. 17 This stems in part from the fact that the 
published values do not have sufficient accuracy. 17 Also, nu­
merous perturbations by the B 2l: and A 2n states cause 
shifts and consequently deviations from the calculated split­
tings. Therefore, the low-N spin-rotation splittings were de­
termined from the well-separated profiles at Et = 411 
cm - I, and experimental values were used in the simulations 
whenever possible. IS Lastly, the transition probabilities ac­
tually depend on J", not N". 17 Consequently, the two spin­
rotation components are not of equal intensity, with the 
component oflower frequency being lower in intensity. 

Another complication in the analysis is that, unlike 
most sub-Doppler resolution spectroscopy studies of direct 
photodissociation, the average E T (CN) values involved in 
the unimolecular reaction of NCNO are very small, corre­
sponding to Doppler widths not much larger than the laser 

linewidth [e.g., for Et = 1670 cm- I
, we calculate an aver­

age kinetic energy, (ET(CN,N" = 10» = 443 cm- I
, cor­

responding to a FWHM linewidth of 0.09 cm - I ]. This 
makes the current experiments difficult. In order to enhance 
the energy resolution, we exploited the valley between the 
two spin-rotation branches of specific rotational lines (Fig. 
2). We find that for R (7) and P( 10), the spin-rotation split­
tings 'S are comparable to the width of the Doppler profiles, 
and even small changes in ET ( - 50 cm -I) can be discerned 
as changes in the depth of the valley between the two spin­
rotation components. These lines were therefore used exten­
sively in the present experiments, and we find that the fits are 
unique and reflect also changes in the distributions (vide 
infra). 

Doppler profiles were also recorded for NCNO near dis­
sociation threshold, and the zero kinetic energy Doppler 
profile was determined from the R (0) line (N" = 0 is the 
only level populated significantly at threshold). S The 
Doppler profile could be adequately fit by a Gaussian line 
shape with FWHM = 0.07 ± 0.01 cm - I. The effect of the Q 
satellite branch was included in the fit. The two main sources 
for the 0.07 cm - I linewidth are the laser bandwidth and the 
transverse velocity components of the parent molecules in 
the jet. The laser linewidth (0.05 cm - I) was determined 
from the Doppler profiles of 300 K CN and was usually 0.05 
cm - I, although for experiments that required better resolu­
tion a laser linewidth of 0.04 cm - I was achieved. 

The simulated Doppler profiles were generated as fol­
lows. First, for each excess energy and CN(N"), we ob­
tained the c.m. kinetic energy distribution from the same 
algorithm that successfully predicted the global V,R state 
distributions in CN and NO.4

-6 This computer program is 
based on PST/SSE, and is described in detail elsewhere. 1.4-6 

E T (c.m.) was converted to E T (CN) by Eq. (3). Second, for 
each recoil speed a Doppler profile was generated. The width 
of the line shape reflects the speed while the area is normal­
ized to the probability of producing the specific CN (N") 

CN Doppler Profiles Following NCNO Photodissociation 

R(O) 
-PST 

R (0) 
-PST 

R(2) -PST/SSE 
--- PST 

J. Chern. Phys., Vol. 90, No.1, 1 January 1989 

FIG. 2. B 2l+ ~X2l+ Doppler pro­
files of nascent eN at several excess 
energies. Data are indicated by points, 
while simulations are given by solid or 
broken lines as indicated in the figure. 
The two peaks in the R(7) and P( 10) 

lines are F, and F2 spin-rotation com­
ponents. In these experiments the 
combined laser Iinewidth (0.05 cm -') 
and the width due to the transverse ve­
locity components in the jet was 0.07 
cm-'. 
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state. Next, we sum over the profiles for all the possible 
speeds in the distribution. The spin-rotation splitting is then 
introduced by separating the simulated profiles by their 
spin-rotation splitting with the appropriate weighting fac­
tors. Lastly, the simulated profiles are convoluted with the 
zero kinetic energy profiles. These simulations were done 
with Pelf = O. This is reasonable for a predissociation pro­
cess involving simple bond fission and was also verified ex­
perimentally as described in Sec. III B. It is noteworthy also 
that there are no adjustable parameters in the simulation 
procedure. The zero kinetic energy profile was obtained 
from the threshold study, and the spin-rotation splittings 
were determined experimentally as described above. 

As can be seen from Fig. 2, when Et is less than that 
required to populate NO(v" = 1) (Et < 1860 cm- I

), the 
agreement with PST is very good. The calculated NO rota­
tional distribution which is correlated with a specific 
CN (N") state reflects the angular momentum constraints in 
the system. For example, when J CN = 0 and the initial par­
ent angular momentum is Jo, a "pseudotriatomic" case 
arises where IJ NO - L 1 <,Jo<' IJ NO + L I· When J CN > 0, 
the number of open channels is computed numerically, as 
described before.4-6 The relative populations of the NO(J") 
states rise initially with increasing J", in accord with the 
angular momentum conservation requirements, and then 

lINESHAPE 

/ \.;:' 

... / I.;J!} .. , I 

" '" 

• EXPERIMENT 

- PST 

P (10) 

• EXPERIME'JT 

- PST/SSE 

-- PST 

PliO) 

(A) 

(B) 

~ -e,' 
.. ~"'/~' 

\ 
I 

FIG. 3. Higher resolution Doppler profiles for the P( 10) line obtained at 
(A) Et = 1670cm- 1 and (B) Et = 2348 cm-I. In these experiments the 
combined laser linewidth (0.04 cm - ') and the width due to the transverse 
velocity components in the jet was 0.05 cm- I (see the text). On the right­
hand side, Doppler profiles calculated using the PST and PST/SSE models 
at infinitely narrow laser linewidth are shown. These are convoluted with 
the experimentallinewidths (shown on the left-hand side of part A) to yield 
the simulated spectra which are compared with the experimental data 
(dots). Notice that PST/SSE gives a better fit to the data at Et = 2348 
cm - I than does PST. Also, the profiles of the two spin-rotation compo­
nents at Et = 2348 cm - I appear narrower than those at 1670 cm - I despite 
the fact that the average translational energy associated with the former is 
higher (see Table I and the text). 

reach a constant value. The populations drop abruptly at 
J " max determined by energy conservation. At low Et ( < 400 
cm - I ), the plateau is never reached, while at high 
Et (> 2000cm- l

) mostoftheJNo levelshaveequalpopula­
tions. 

When Et is larger than that required to populate the NO 
vibrations (e.g., Et = 2348 cm- I

), PST/SSE provides a 
better simulation to the experimental data than does PST 
alone. This is consistent with the results obtained before for 
the global CN and NO state distributions.4-6 The observed 
Doppler profiles show a deeper valley between the spin-ro­
tation peaks than predicted by PST _ This is readily explained 
by the fact that at Et = 2348 cm- I

, NO(v" = 1) can be 
populated in addition to v" = O. As was shown before, PST 
underestimates the amount of excess energy deposited in vi­
brational excitation.4-6 A higher fraction ofNO(v" = 1) re­
sults in a correspondingly higher fraction of CN (N") frag­
ments with low kinetic energy and a smaller Doppler shift, 
thus accounting for the sharper peaks in the Doppler pro­
files. 

The SSE restriction was put into the simulations as fol­
lows. For Et > 1860 cm -I, the NO vibrational distributions 
were taken from previous work,4,6 and 
[~J" P NO (v" = 1,J") ]PST/SSE/[~J"PNO (v" = 1,J") ]PST 
was obtained, where P NO (v" = I,J") is the probability of 
forming NO in v" = 1 and rotational level J", regardless of 
kinetic energy. We then multiplied the calculated rotational 
probabilities for NO(v" = 1) by this factor, and obtained a 
satisfactory fit with the experimental profiles. It is assumed 
implicitly that the above factor is independent of J"; we 
doubt that a more precise scheme would change the results 
of the simulations at their present level of sensitivity. 

In Fig. 3, we compare in greater detail the experimental 
and simulated CN(N" = 10) profiles for Et = 1670 and 
2348 cm - I. At these energies, both the differences between 
the profiles and the better fit obtained using PST/SSE for 
Et = 2348 cm -I are highlighted, since the experiments 
were carried out at the highest resolution. The laser band­
width was narrowed to 0.04 cm -I, and the contributions of 
the transverse velocity components in the jet were mini­
mized by increasing the distance between the nozzle orifice 
and the laser intersection region, and imaging the fluores­
cence only from the central section of the jet where the trans­
verse velocity components are the smallest. We thus 
achieved a combined laser and transverse velocity compo­
nent linewidth of 0.05 cm -I. In Table I we list the average 
kinetic energies calculated for CN (N" = 1 0) at different E t , 
and note that although the Doppler profile at Et = 1670 

TABLE I. Average kinetic energies (cm - I ) for CN (v· = 0, N· = 10) pre­
dicted by PST and PST/SSE. 

Et (ET(CN» (ET(c.m.» 

411 45.6 85.1 
939 209.4 390.9 

1670 443.3 827.5 
2348 (PST/SSE) 479.5 895.1 
2348 (PST) 615.5 1148.9 
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cm - I, appears broader than at 2348 cm - I, the average ki­
netic energy associated with it is slightly smaller. Thus, the 
shapes of the computed profiles are sensitive to differences in 
the translational energy distributions. We also note that al­
though the difference between the PST and PST ISSE calcu­
lated (E T (CN) ) is only 136 cm - I, the derived Doppler pro­
files are quite different (Fig. 3). 

B. Spatial anisotropy 

Recent studies of near-threshold NCNO dissociation 
indicate lifetimes < lOps for Et > 600 cm - 1.

9 Since theory 
predicts a rapid increase of dissocation rate with energy, 19 

we expect unimolecular lifetimes at higher Et to be shorter 
than typical rotational periods, but longer than vibrational 
periods. For example, when the dissociation time is < 1 ps, 
the recoil anisotropy should be observable experimentally 
(see Sec. IV B). It is important therefore to check whether 
the spatial anisotropy generated by excitation with polarized 
light is preserved in dissociation at high excess energies. The 
Doppler profile for a single recoil speed can be written as 
A[ 1 + PelfP2(XD)], where XD = (v - VO)(avD )-1, Vo is 
the frequency at line center, v is the probe frequency, 
aVD = (v/c)vo is the maximum Doppler shift, and 
Pelf = PP2 (cos a) where P is the anisotropy parameter and 
a is the angle between Eph and k pr . The simulated profile is 
derived by summing over the profiles for all possible speeds 
in the distribution as described in Sec. III A.20 For the case 
of a linear molecule with a perpendicular transition moment, 
Pelf = P = - 1 when Eph II k pr . When the photolysis polar­
ization is arranged such that the parallel and perpendicular 
polarization components are equal [Le., Eph (lkpr ) 
e;Eph(llkpr )]' Pelf = _1/4.20 As discussed in Sec. II, 
these two polarization schemes were chosen, since they al­
lowed rapid changes in polarization with minimum changes 
in alignment during the experiment. 

In Fig. 4, experimental results are compared to simula­
tions for the two polarization schemes described above. Both 
profiles are best represented by simulations with Pelf-O 
showing no evidence of spatial anisotropy. For comparison, 
we also show simulations with Pelf = - 1/4 and - 1. It is 
evident that despite the inherently low sensitivity of the sim­
ulations to small changes in Pelf' the experimental results are 
best represented by Pelf = 0 ± 1/4. 

(8) 

k" 

IJ 

1.5 

0.5 

Et = 2348 em' , 

001 Jmax = 36.5 
o 10 

·o·~·o·o 

20.5 30.5 

o n"2 
• n312 

Slallslical 
limll 

40.5 

NO Rotational Quantum Number (J") 

FIG. 5. NO A-doublet population ratios in the 2n'/2 (0) and 2n3/2 (e) 
states obtained at Et = 2348 cm -'. n (A ") and n (A ') referto the singly 
occupied p'TT' orbital perpendicular to and in the plane of rotation of NO, 
respectively. Jm .. is the highest rotational level allowed by energy conserva­
tion. 

c. NO A-doublet populations 

Since the NO ground state is 2n, one can obtain infor­
mation about dissociation dynamics relative to the molecu­
lar frame from the A-doublet populations. 11 For sufficiently 
high rotational states [Hund'scase (b) limit] one A-doublet 
component corresponds to the singly occupied p1T orbital 
aligned with the nuclear rotational angular momentum, 
while the other component corresponds to the p1T orbital 
lying in the plane of rotation (POR). We adopt here the 
notation of Alexander et al.,21 in which the p1T orbitals lying 
in the POR and perpendicular to it are designated n (A ') and 
n (A "), respectively. The advantage of using A-doublet pop­
ulations is that they probe properties of the dissociating mol­
ecule that evolve within the molecular rather than laborato­
ry frame, and distinct preferences for popUlating one 
A-doublet component have been reported for many mole­
cules. II However, this geometrical interpretation is valid 
only for high-J NO states, II (b) and mechanistic implications 
apply to only the high-J subset of product molecules. Also, 
when extensive electron rearrangements accompany the 
fragmentation process, correlation between the initial exci­
tation and the fragment electronic configuration is not 
straightforward. 

-,,,,,,",,} 
SIMULATIONS

T 

I 
poO 

po-O.4 
.~. - po -1.0 

FIG. 4. Sub-Doppler resolution spectra of 
the eN B2~+~X2~+ P(lO) line at 
Et = 2348 cm -, obtained using linearly 
polarized lasers. In (A) the photolysis la­
ser horizontal and vertical polarization 
components are equal, while in (B) the 
photolysis laser is polarized horizontally 
(parallel to kp,)' Simulations obtained by 
using different values of PeW are also dis­
played. 
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TABLE II. n(A ')In(A") population ratios for NO A doublets." 

J" (fi) Et = 2348 cm - I Et = 2875 cm- I b 300KNO 

17.5 (1/2) 0.95 ± 0.13 
22.5 (1/2) 0.98 
22.5 (3/2) 1.01 
27.5 (1/2) 0.99 0.93 ± 0.15 0.95 ± 0.08 
29.5 (3/2) 0.99 1.09 0.87 
30.5 (1/2) 1.21 1.00 1.00 
31.5 (1/2) 1.32 1.08 1.01 
32.5 (1/2) 1.33 1.13 1.08 
33.5 (3/2) 1.39 1.41 1.02 
34.5 (1/2) 1.29 1.42 1.07 
35.5 (1/2) 0.96 1.24 0.98 
37.5 (1/2) 1.20 0.95 

"n (A ') and n (A ") denote 11" lobes perpendicular and parallel to J, respectively. 
bSignals are -0.2 as large as at Et = 2348 cm- '; SIN is thus lower. 

NO was probed using A 2l:+ ...... x 2n one-photon LIF. 
The transition dipole moment /-lNo is perpendicular to the 
internuclear axis, so for Q-branch lines fLNO is parallel to J 
while for P- and R-branch lines it is perpendicular to J.22 

Thus, Q-branch lines probe n(A If), while P- or R-branch 
lines probe n(A '). The RII and QII branches were used to 
probe n(A') and n(A "), respectively, for the 2nl/2 state, 
while R22 and Q22 were used for 2n3/2• (PI I and P22 are 
overlapped by other branches.) Figure 5 shows the ratio 
n(A ')In(A ")for Et = 2348cm- I .ForlowJ", the ratio is 
-1, while for high J", a noticeable deviation from the statis­
tical limit is observed, with n (A ') more populated than 
n(A If). 

Several experimental errors can affect n (A ') In (A ") 
ratios: (i) since Q-branch transitions are stronger than R­
branch transitions,17 saturation can increase apparent 
n(A ')In(A If) ratios, (ii) errors can be introduced when 
converting line intensities to populations, and (iii) with LIF 
detection, bandpass filters can cause collection efficiencies to 
be different for R- and Q-branch lines originating from the 
same lower state. Therefore, A-doublet populations were de­
termined from LIF spectra of 300 K NO samples, and 
n (A ') In (A ") = 1 was observed for all J 's, indicating that 
systematic errors do not affect the NCNO A-doublet mea­
surements. 

The A-doublet population ratios were measured at two 
excess energies, 2348 and 2875 cm -I. The results are sum­
marized in Table II, and we find that for J" > 30.5, Il(A ')1 
n (A ") > 1. In earlier experiments, we failed to detect this 
small effect, since two-photon LIF detection was employed 
and the SIN ratio was not good enough atthe high J 's, whose 
relative populations are small. 12(b) 

IV. DISCUSSION 

A. Correlated product state distributions 

One of the goals of experimental studies of state-to-state 
unimolecular reactions is the provision of databases with 
which theory can be tested. PST/SSE I,4-6,23 has been used 
successfully to model the dissociation of NCN04

-6 and ke­
tene24 on ground potential energy surfaces, while SACM7 

has been used to fit OH distributions obtained following 
overtone excitation of H20 2•

25 Although these theories are 
all statistical in nature, they treat differently those vibration­
al degrees of freedom in the parent that evolve into product 
R,T excitations. According to the SACM, parent bending­
type motions evolve adiabatically into product angular mo­
mentum states, and consequently barriers arise along the 
reaction coordinate.7 In PST, the available phase space is 
determined only by energy and angular momentum conser­
vation.23 During bond rupture, several vibrations, rotations, 
and hindered rotations ofthe parent may evolve nonadiaba­
tically into translations, rotations, and orbital motions of the 
fragments. Thus, barriers do not appear in the exit channel 
of a loose transition state reaction. Experimentally, the dif­
ferences between SACM and PST are best manifest near Do 
and at the high-J tails of the fragment rotational distribu­
tions. SACM predicts higher thresholds for high rotational 
states of the fragments,24(b) and colder rotational distribu­
tions.25 (b) 

The CN Doppler profiles reported here are sensitive to 
the associated NO internal energy distributions, and even 
subtle differences between PST and PST ISSE can be dis­
cerned. The same model that was used to simulate the global 
CN and NO state distributions is successful in modeling the 
Doppler profiles. It has no adjustable parameters, and the 
results confirm that the PST ISSE model works also for the 
correlated distributions. We find less R,T excitation and 
more vibrational excitation than predicted by PST at excess 
energies where product vibrations can be excited. At lower 
Et, there is excellent agreement with PST, which assumes 
that only E and J are conserved with no further constraints. 
Doppler profiles for high rotational states of CN are corre­
lated with low NO(J") states, indicating that the orbital 
angular momentum of the separating fragments is directed 
oppositely to the CN rotational angular momentum, since 
the NO angular momentum is low. 

In summary, although the interpretation of the data 
may not be unique, the correlated distributions show excel­
lent agreement with PST ISSE, with no hint of barriers. They 
confirm our previous conclusions which were based on the 
global CN and NO distributions. 3

- 6,8 Recent results by 
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Moore and co-workers on the jet-cooled laser predissocia­
tion of ketene on So lead to the same conclusion.24

(bl A for­
mulation which takes account of the nonadiabatic evolution 
of the transitional modes has been published recently by 
Marcus,26 and comparisons with NCNO data show good 
agreement. 27 

The A-doublet population ratios can shed light on the 
motions and geometry of the dissociating molecule. Since 
dissociation occurs from So which is of A ' electronic symme­
try, and CN (X 2~ +) is also of A' symmetry, we expect 
NO(X 2n) to be of A' symmetry if dissociation is planar. In 
this case, the singly occupied NO p1T orbital will be preferen­
tially oriented in the POR. II The NCNO ground state is 
planar, and the small preference for the n (A ') A-doublet 
component suggests that this is preserved to some extent 
during dissociation. One should be aware however that the 
A-doublet measurements can only be thus interpreted for 
high rotational levels of NO [Hund's case (b)] .11 In fact, in 
our measurements, n (A ') In (A ") > 1 is observed only for 
NO J" levels that are close to the maximum allowed by ener­
gy conservation. The relative population of these levels is 
< 10% for Et 's of2348 and 2785 cm -I. These high NO (J") 
states are associated with CN fragments with very small ro­
tational angular momentum. The small subset of NO frag­
ments with J" near the thermochemical limit is thus corre­
lated with CN fragments which are hardly rotating. The 
NCNO transition state associated with this subset may be 
viewed as pseudotriatomic, with almost no torque exerted on 

ns hv 

< 
NCNO 

ns hv T 
-+- 0.05 

the CN. Thus, the propensity for planar dissociation for 
these molecules is not surprising. 

B. Spatial anisotropy In fast unlmolecular reactions 

Although both calculations and measurements indicate 
that the unimolecular lifetimes of NCNO at Et > 600 cm- I 

are < lOps, 9 we do not observe significant spatial anisotropy 
in the product recoil distributions even at Et - 3000 cm -I. 
All Doppler profiles are best modeled assuming /3 elf - O. 
Several reasons may account for this lack of spatial anisotro­
py: (i) the unimolecular reaction rate is slower than the rate 
of parent rotation, (ii) the radiationless transition rate is 
slower than the rate of parent rotation, and (iii) nonplanar 
motions during dissociation cause loss of directionality of v 
with respect to p. Some evidence that the overall dissociation 
rate is not much faster than a rotational period derives from 
the fact that we observed relatively sharp features in the ab­
sorption spectrum even at Et -5000 cm-I.4 These sharp 
features are associated with CN and NO stretching modes, 
and do not show substantial broadening.4 In order to distin­
guish between the contributions of the different possible fac­
tors, one needs to examine the relevant time scales involved 
in the dissociation. 

1. Parent rotation during dissociation 

The effect of parent rotation during dissociation has 
been examined by several authors,2o,28 who showed that ro-

T 
1 

CN+NO 

DO 

FIG. 6. Schematic description of nonradiative 
processes and decay widths relevant to S,-So 
couplings above and below Do. The laser pulse 
duration is 5 ns, corresponding to a coherent 
width of - 10- 3 cm -" The bottom inset de­
scribes the situation for Et < Do. The 'I' n are 
molecular eigenstates whose decay widths r n 

are <5xlO- 5 cm-'. Weassumep, = lOOper 
cm - '. The upper inset describes the situation 
for E> Do> where r, is given by the decay width 
of the So levels (r, = 5 cm-' for 1'd;" = Ips). 
Because of the broad decay width, many levels 
in So overlap and are excited coherently. We as­
sumep, = 3OOpercm-'. 

< cm- 1 

t -
f~ 1 

Yn 1l1/'tfl 
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tation can decrease (3 substantially, and the limiting value 
for long lifetiwes is - 1/4. NCNO is a near planar, prolate 
top, and has two relevant rotational constants, A ~ 5 cm - I 
and B~C~0.2 cm- I.12

(b) Of these, rotation around the C 
axis (perpendicular to the molecular plane) does not affect 
the orientation of It relative to Eph , and thus has no effect on 
the recoil anisotropy even for slow dissociation. B-axis rota­
tion is slow, and a calculation following Jonah28

(a) indicates 
that it would hardly affect{3. For A-axis rotation, the loss of 
anisotropy depends on the geometry of the molecule. For a 
near prolate top with a large A /(B,C) ratio, rotation about 
the A axis would cause the velocity vector to precess about 
the A axis with a relatively small angle, causing only a mod­
est reduction in anisotropy. Thus for 'Tdiss = 1 ps, the loss of 
anisotropy should be modest. One should bear in mind how­
ever that with expansion cooled samples, J NCNO = 0-6 and 
the extent of the initial alignment of It is smaller for these low 
J levels. 

2. Unimolecular reaction rates 

NCNO lifetimes were measured by Khundkar et al.9 for 
Et = 0-600 cm - I. Although the shortest lifetime measured 
was - 10 ps, both extrapolation of the data and theoretical 
estimates yield lifetimes.;;;; 1 ps at Et > 2000 cm -I. Thus, at 
the highest excess energies employed in this study, some 
anisotropy should have been preserved if the rate limiting 
step had been the unimolecular rate. However, Khundkar et 
al. observe rates which become progressively slower than 
those predicted by PST as the excess energy increases, and in 
addition exhibit some structure which cannot be explained 
by simple statistical theories.9 Although no unique explana­
tion for these observations has been offered, one of the mech­
anisms that has been advanced is a progressive tightening of 
the transition state as the excess energy increases, leading to 
slower dissociation rates than those expected in cases involv­
ing a very loose transition state.9 

3. Radiationless transition rates 

Since the excitation method used in this study involves 
initial excitation to SI followed by dissociation on So, a care­
fullook at the nonradiative couplings between SI and So is in 
order. A schematic diagram of the relevant states and 
linewidths is given in Fig. 6. If the barrier to dissociation on 
TI is -2100cm-1, 14 dissociationatEt <2100cm- 1 must 
proceed on So. Indeed, our spectroscopic studies show nu­
merous perturbations between SI and So even near the SI 
band origin, with bending and out-of-plane motions being 
the promoter modes. 12

(b) We have shown that below Do, 
NCNO's behavior is characteristic of the "small/intermedi­
ate molecule case" (i.e., 'Ttl > 'Trad)' and we find 'Ttl> 100 
its. 13 We note however, that a short depha~ing component 
cannot be ruled out. 

The nature of the nonradiative processes changes mar­
kedly with excitation below and above Do. Below Do, only a 
very small number of molecular eigenstates, 'I' n , are excited 
coherently29 

(4) 

where tPs is the optically accessible state (SI)' and tPl are 
levels of the lower electronic states coupled to tPs. The coher­
ence width of a temporally smooth 5 ns pulse is _10-3 

cm -I, and it is unlikely that pulsations under the envelope of 
our laser pulse will result in a coherence width exceeding 
10-2 cm -I. The density of vibrational states in So, PI' is 50-
280 per cm -I between the SI origin and Do. 13 The number of 
effectively coupled states may be lower due to symmetry 
restrictions, and we have not taken into account the rota­
tional density of states. Nevertheless, Pelf = 100 per cm- I 

appears to be a reasonable estimate. The width of the level r n 

is governed by the fluorescence lifetime of the mixed states, 
leadingtorn -5X 10-5 cm- I (-3 MHz). Thus, below Do, 
I::t..EI >l::t..Ecoh > rn' where I::t..EI is the average energy spacing 
between the bath states (assuming I::t..ElzI::t..En ), and I::t..Ecoh 
is the coherence width.29 Under these conditions, coherent 
excitation of a single molecular eigenstate can be achieved 
(the "small molecule" case). 29 This situation is shown sche­
matically in the lower inset in Fig. 6. 

The situation changes strikingly when Et > Do. Because 
offast dissociation, rl is now determined by the unimolecu­
lar decay rate, and for 'T diss = 1 ps, rl = 5 cm - I (see top 
inset in Fig. 6). Thus, assuming Pelf - 300 per cm - I, we cal­
culate that z 180 levels can be coherently excited. This situa­
tion has been termed "weak mixing by efficient damping" in 
radiationless transition theory,3° and has been shown to ap­
ply when rl > I::t..EI and VsI < rl /2, where VsI is the coupling 
matrix element between SI and SO.30 Hence, due to the large 
decay width, the statistical limit of irreversible decay is effec­
tively achieved, and for this "large molecule limit", the inter­
nal conversion time 'TIC can be estimated using Fermi's 
Golden rule: 

(5) 

where rIc is the decay rate of the optically accessible state. 
Assuming Pelf = 300 per cm -I, we get 'TIC> 5 ps for 
VsI <0.02 cm -I. This value of the coupling matrix element 
can be favorably compared with the value of -0.1 cm- I 

estimated for SI-SO coupling near the SI origin. 12
(b) There­

fore, for 'Tdiss -1 ps the conditions for weak mixing by effi­
cient damping are fulfilled, and the radiationless transition 
rates may indeed become rate limiting at high Et. Conse­
quently, the overall dissociation rate will be slower than pre­
dicted by the statistical theories, and a loss of anisotropy may 
ensue. Measurements of the rates of unimolecular reactions 
initiated by radiationless transitions are therefore limited 
only to those excess energies where the dissociation rate is 
the limiting step (Le., low Et). The product state distribu­
tions, however, are not affected by changes in the nonradia­
tive rates, and should remain statistical. 

4. Nonplanar motions during dissociation 

Another factor that may be responsible for the loss of 
spatial anisotropy is non planar motions during the dissocia­
tion. NCNO is planar both in the So and in the SI states, and 
the SI (A IA ") +-So(X IA') transition dipole moment It is 
perpendicular to the molecular plane. 3

•
12

(b) Thus, interac­
tions of A " symmetry promote the couplings with So. How­
ever, any motion with A " symmetry will also tend to change 
the direction of It relative to the laboratory frame, thereby 
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reducing the observed spatial anisotropy. 
The direction of f-t with respect to Eph may also be al­

tered as a result of Coriolis couplings and mixings which 
change the direction of the K rotational vector with con­
comitant loss of fluorescence polarization.31

•
32 The time 

frame for such fluorescence depolarization, however, is 
longer than a rotational period, and this effect is unimpor­
tant on the time scales of interest in these experiments.33 

v. CONCLUSIONS 

(1) The Doppler profiles for specific CN (X 2l: +) rota­
tional states yield NO state distributions which are correlat­
ed with specific CN rotational states. The Doppler profiles 
can be nicely fit by PST ISSE, and the correlated distribu­
tions do not show evidence of dynamical biases or exit chan­
nel barriers. The results confirm previous conclusions, based 
on the global CN and NO state distributions that the SSE 
method is required to describe the state distributions when 
product vibrations are accessible. They also support a mech­
anism where the parent rotations, hindered rotations and 
bending motions can evolve nonadiabatically into product 
rotations and translations. We conclude, therefore, that in 
some cases (e.g., NCNO, ketene) dissociation can proceed 
from a loose transition state in the absence of channel bar­
riers. 

(2) The A-doublet population ratios in NO reveal some 
preservation of planarity during the dissociation, at least for 
the subset of fragments where the NO is rotationally excited 
to near the thermochemical limit and the CN fragment is 
cold. A preferential orientation of the II (A ') A-doublet 
component is to be expected for predissociation on So. 

(3) All the Dopper profiles can be fit with P = 0 ± 114, 
even at high Et where unimolecular reaction is faster than 
parent rotation. The lack of anisotropy can be attributed to 
one or more of the following processes: (i) unimolecular 
reaction rates slower than those predicted by statistical theo­
ries or extrapolated from experimental results at low Et , (ii) 
radiationless transition rates that are slower than parent ro­
tation rates, (iii) non planar motions during the dissociation, 
and (iv) reduced initial alignment. More experiments (e.g., 
time resolved measurements at high Et) are needed to sort 
out the contributions of the different mechanisms to the loss 
of recoil anisotropy. 
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