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Picosecond photofragment spectroscopy. I. Microcanonical state-to-state 
rates of the reaction NCNO ~ CN + NO 
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Arthur Amos Noyes Laboratory o/Chemical Physics, b) California Institute o/Technology, Pasadena, 
California 91125 

(Received 9 December 1986; accepted 11 February 1987) 

This paper, the first in a series of three papers, gives a detailed account of our studies on 
picosecond photofragment spectroscopy. The unimolecular reaction NCNO-+CN + NO is 
examined in detail here. Microcanonical state-to-state rates are measured in molecular beams 
at different energies in the reagent NCNO using pump-probe techniques: one picosecond pulse 
initiates the reaction from an initial (v,J) state and a second pulse, delayed in time, monitors 
the CN radical product in a specific rovibrational state, or the reagent NCNO (transient 
absorption). The threshold energy for reaction is determined to be 17083 cm- 1 (bond 
energy = 48.8 kcallmol). Measured rates are found to be sharply dependent on the total 
energy of the reagent, but independent ofthe rotational quantum state of product CN. Results 
of transient absorption measurements are used to argue that the ground state potential energy 
surface dominates the reaction in the range of excess energies studied. The energy dependence 
of the rates, k MC (E), is compared with that predicted by statistical theories. Both standard 
RRKM (tight transition state) and phase space theory (loose transition state) fail to 
reproduce the data over the full range of energies studied, even though nascent product state 
distributions are known to be in accord with PST at these energies. Furthermore, k MC (E) is 
not a strictly monotonically increasing function of energy but exhibits some structure which 
cannot be explained by simple statistical theories. We advance some explanations for this 
structure and deviations from statistical theories. 

I. INTRODUCTION 

In preliminary publications from this laboratory, we 
have reported on the technique of pico- 1 and femtosecond2 

photofragment spectroscopy and its application to the mea
surement of absolute rates of different classes of reactions. In 
a series of forthcoming papers we present detailed accounts 
of these studies, focusing on the following reactions in this 
set: 

(I) Predissociation of a stable molecule 

NCNO-+CN + NO. 

(II) Local-mode overtone-initiated predissociation3 

H20 2 (VOH = 5) -+20H. 

(III) Predissociation of van der Waals clusters4 

phenol-benzene -+ phenol + benzene, 
cresol-benzene -+ cresol + benzene . 

In these experiments, two picosecond (or femtosecond) 
pulses are overlapped spatially and temporally in a seeded 
supersonic molecular beam (or in a low-pressure gas). The 
first pulse initiates the reaction from an initial state (v,J) i 
and the second pulse, delayed in time, probes the population 
of nascent products in a specific final vibrational/rotational 
state (v,J) f' or monitors the evolution of the initial state of 
the reagent. In the former case, the state-to-state rate con
stant (k i _ f ) is measured with picosecond or subpicosecond 

a) Present address: Dept. of Chemistry, Wesleyan University, Middletown, 
CT06547. 

b) Contribution No. 7513. 

time resolution. Product state distributions (PSD) may also 
be obtained by comparing the population in different final 
states at delay times much longer than the lifetime of the 
initial state. Information on alignment and correlation of 
angular momenta can also be deduced from studies where 
the polarization of the pump pulse relative to the probe pulse 
is varied. 

The systems we have studied so far each possess some 
features that merit discussion individually. In NCNO, the 
oscillator strength is carried by a bound, excited electronic 
state. Reaction is preceded by energy redistribution to a low
er electronic state, presumably because the density of vibra
tional states is large for the lower state at the energies of 
interest. In H20 2, an overtone of the OH stretch is excited 
directly on the ground-state surface and the mixing with 
other internal degrees offreedom is an important component 
of the dynamics of bond dissociation. The van der Waals' 
system has elements common to the other two. The vibra
tional densities are large, yet there is a large disparity 
between the frequencies of the complex modes and those of 
the internal modes of the uncomplexed molecules. One may 
expect separability of the two sets of modes, which would 
lead to nonstatistical effects in a large system. Studies on 
these model systems will improve our understanding of the 
domain of validity of the assumptions commonly used to 
describe unimolecular reactions. 

A reaction may be considered fully characterized when 
the multidimensional potential energy surface (PES) gov
erning the motions of the constituent atoms is exactly 
known. Product angular and translational energy distribu-
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tions measured in crossed molecular beams5 offer important 
experimental data that can be used to test a model PES. 
Unimolecular reactions, or half-collisions, constitute a spe
cial subset of the infinite number offragment internal energy 
and impact parameter combinations possible in the reverse 
reaction, a bimolecular scattering experiment. The measura
ble quantities in this simpler case are product internal and 
external (translation) energy distributions as well as abso
lute rates. Consider the typical unimolecular reaction from 
state a to the final state (P, r): 

k a _ cp•y> 

A *(va,Ja ) -+ D(vp,Jp;b) + C(vy,Jy;b) . 

Several parameters may be defined-the rate of disappear
anceofA(Ka =l:p,y ka~(P,y», the rate of formation ofDor 
C and the impact parameter b. The state-to-state rate con
stant is the characteristic time constant for the appearance of 
products D or C in specific final states. The temporal behav
ior of A, D, or C can be measured in principle, b cannot be 
directly measured, but may be inferred from the distribution 
in different final states. K a , the absolute reaction rate, can
not be derived from PSDs since the ratio of nascent popula
tion in different product states is simply the ratio of the state
to-state rates, k a _ (P,y) , of dissociation into those channels. 

The measurements of rates and PSDs yield different in
formation relevant to the dynamics. PSDs contribute infor
mation on the distribution of impact parameters that include 
effects oflong range interactions (dispersion forces and elec
tron correlation). These measurements are made after the 
entire ensemble has reacted and involves time delays of sev
eral tens of nanoseconds between initiation and probing. In 
rate measurements, the time evolution of the ensemble is of 
primary interest; energy redistribution and early time dy
namics leave their signature on the form of the transient. The 
hope here is to be able to view the dynamics at early times 
and to compare rate measurements with predictions of sta
tistical theories such as RRKM, phase space theory (PST), 
or the statistical adiabatic channel model (SACM). The 
combination of time resolution and molecular beams makes 
it possible to measure directly the rates (and PSDs) of an 
ensemble which is essentially microcanonical, with specified 
energy and angular momentum. This affords a stringent test 
of the theories of energy redistribution and unimolecular dis
sociation. 

This first paper (I) in the series presents measurements 
of the state-to-state reaction rates of the unimolecular disso
ciation of nitrosyl cyanide (NCNO) to nitric oxide (NO) 
and the cyanogen radical (CN). The PSDs for this reaction 
have been studied in a complete series of experiments by 
Wittig and co-workers6 and found to be in agreement with 
PST. Our experiments reported here are performed in a su
personic beam to obtain initial states with a narrow spread in 
energy and angular momentum, in contrast to the previously 
reported work1(C) performed in a low pressure, ambient 
temperature bulb or in an effusive beam. By continuously 
and independently varying the pump and probe photon en
ergies, we provide ki~f for different initial total energy in the 
reagent and for different rotational states of the CN product. 
The functional dependence of the rates on energy shows a 

threshold for reaction which is the bond energy in the ab
sence of an exit channel barrier. We find phase space theory 
(PST) and simple RRKM treatments inadequate for ex
plaining the energy dependence of the rates, k MC (E), over 
the range of excess energies studied. We observe "structure" 
in k MC (E) and offer a number of possible explanations for 
these deviations, including the idea of dynamical trapping in 
the exit channel of the PES whose details are presently un
known. 

This paper is structured as follows. The experimental 
section (Sec. II) contains a summary of our apparatus. The 
results and analysis section (Sec. III) give specific details of 
the different experiments done and their results, followed by 
a description of how the raw data was analyzed. The fourth 
section develops the theoretical background relevant to the 
discussion and includes a summary of statistical theories. 
The discussion (Sec. V) is broken up into several subsec
tions. The first one (Sec. V A) presents some spectroscopic 
information on the reagent and the products. The next one 
addresses the significance of measuring the time dependence 
of product appearance in different channels (Sec. VB). The 
dependence of rates on the initial angular momentum is 
briefly discussed next. The influence of intramolecular ener
gy redistribution on reaction rates is considered in the light 
of transient absorption and recent fluorescence measure
ments (Sec. V D). Calculated phase space theory and 
RRKM rates are compared with the experimental rates 
(Sec. V E), showing the inadequacy of both models in ex
plaining the energy dependence. Possible explanations for 
the structure in k(E) are also explored. 

II. EXPERIMENTAL APPARATUS 

A. Two-color picosecond laser system 

It is necessary to have two independently tunable 
sources of high energy picosecond pulses in order to measure 
the excess energy dependence of the temporal behavior of a 
given product channel. A detailed description of the laser 
system is presented in paper 11,3 and only a summary is pre
sented here. The 1064 nm output of an actively mode-locked 
Nd-Y AG was frequency doubled by focusing in a KTP crys
tal. The 532 nm visible light (- 800 m W) was divided into 
two beams of approximately equal intensity and each one 
used as the pump source for a synchronously pumped dye 
laser. The output wavelength of each dye laser was selected 
by an intracavity three-plate quartz birefringent filter. Both 
dye lasers used R6G in ethylene glycol as the gain medium. 
One of these (DLl) was used to generate light at 580-565 
nm, while the other (DL2) was used to generate light at 
- 610 nm. Typical pulses from each dye laser had Gaussian 
temporal profiles with a full-width at half-maximum 
(FWHM) value of -8 ps. The measured spectral band
width was approximately Gaussian with - 3 cm - 1 FWHM. 

The pulses from the sync-pump lasers were amplified in 
two three-stage dye-amplifiers pumped by the doubled out
put of a Q-switched Nd-Y AG laser operating at 20 Hz. A 
number of different dye solutions (R640, R61O/R640, 
R61O, KR620, R620/R590, and R590, all in methanol) 
were used to obtain proper amplification as the frequency of 
DLl was changed. The visible output of amplified DLl was 
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used as the pump with no further processing. The amplified 
output ofDL2 was mixed with the 1064 nm fundamental of 
the DCR/2A in a KDP crystal to generate light at 388 nm 
and used to probe specific rotational states of the nascent 
ground-state CN radicals produced on dissociation. 

The time delay between the two beams was set up in a 
Michelson interferometer. The pump beam (DLl) was di
rected through a fixed delay, while the probe beam (DL2) 
was directed through a variable delay consisting of a 2.5 in. 
hollow comer cube mounted on a stepper-motor driven 
translator (10.0 J-l per step). The beams were combined in a 
dichroic mirror after which they were propagated collinear
ly and focused softly with aIm quartz lens into the expan
sion chamber. The focus was adjusted to be beyond the free 
jet, so that scatter and multiphoton processes could be mini
mized simultaneously. 

The cross correlation of DLl and DL2 after amplifica
tion was measured by generating the sum frequency7 in a 1 
cm KDP crystal. A typical cross correlation (Fig. 1) could 
be represented by a Gaussian envelop (FWHM::::: 10 ps). 
The response functions for the transient absorption experi
ments described below were obtained by generating the dif
ference frequency of the UV light (doubled DLl or DL2) 
and the visible fundamental (DLl) in a KDP or Lil03 crys
tal. In this case the light generated had exactly the same 
frequency as the fundamental, but could be separated from it 
by using a spatial filter to give an essentially zero-back
ground two beam signal. Figure 1 also shows typical cross 
correlations for this experiment when the tuning element in 
the laser was a two-plate birefringent filter. This configura
tion was used for some of the transient absorption studies 
described below. 

B. Molecular beam apparatus with LIF detection 

A free jet expansion was used to eliminate internal ener
gy in the parent NCNO molecule. The expansion chamber 
was pumped by two oil-diffusion pumps. The sample was 
introduced through a pulsed nozzle made of Kel-F, a per
fluorinated, machinable plastic. The nozzle was operated at 
20 Hz and triggered by the Q-switch of the Y AG amplifier. 
The nominal aperture diameter d was 500 J-l and the laser 
beams intersected the expansion 10 mm downstream from 
the nozzle, corresponding to x/ d::::: 20. The results were not 
affected by decreasing d. Typical backing pressures of 1000 
Torr He and nominal valve open-time of 100 J-lS resulted in 
an ambient pressure of 2X 10-5 Torr at steady state. Short 
optical baffles were used on both input and output sides to 
reduce scattered light in the chamber. 

Fluorescence was detected using a single! /1 quartz lens 
2 inches in diameter which was adjusted to focus a point 
image defined by the laser beams and the axis of the expan
sion slightly beyond the detector. A UV sharp-cut filter 
(Corion LDS-370) and visible blocking filters (7-59 and in
terference-coated 7-54, Coming) were used to define the 
spectral window of detection. The detector was a high gain 
photomultiplier operated close to its maximum gain of 108

• 

The output of the PMTwas amplified and used as input to a 
variable gain boxcar integrator which was triggered off a fast 
photodiode illuminated by 532 nm light from the Q-switched 

o 

o 

Cross Correlation 

20 40 

Two-plate 

Tp = 5ps 

60 

Time (picoseconds) 

50 

Time (picoseconds) 

Three-plate 

Tp =llps 

100 

FIG. 1. Cross correlation of pump and probe lasers. The top figure was 
obtained by generating the difference frequency between the doubled out
put and the fundamental ofOLl. A two-plate birefringent filter was used to 
reduce the temporal widths of the pulses. The lower trace was obtained by 
generating the sum frequency ofOLI and OL2. A three-plate birefringent 
filter was used in each sync-pump laser. 

laser. The gate for signal averaging was set to bias against 
laser scatter. The boxcar output was routed through a vol
tage to frequency converter and into a multichannel analyz
er operated in the repetitive scaling mode. The channel step 
for the MCA was enslaved to a programmable stepper-mo
tor controller which drives the optical delay translator. The 
data was averaged in the MCA and later transferred to a 
PDP 11123 + minicomputer where it was analyzed and 
stored on floppy disks. 

C. Sample preparation and handling 

NCNO was prepared by the reaction of NOCI with 
AgCN according to the procedure of previous authors.6.8 
NOCI was prepared following a documented procedure.9 

Reagent grade chemicals were used in the syntheses without 
further purification. AgCN (Aldrich) was dried thoroughly 
under vacuum and cooled to - 40 ·C. NOCI was introduced 
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into the bulb containing AgCN and the gas-solid mixture 
was vigorously stirred. As the reaction proceeded, the vessel 
was kept cold with a bath of dry ice and acetone maintained 
below - 30°C. After 15-20 min, the gaseous products were 
trapped out into a separate bulb immersed in liquid N2. This 
procedure was repeated a number of times. The crude prod
ucts which always contained a large amount of unreacted 
NOCI was purified by repeated bulb to bulb distillation from 
a hexane-liquid N2 slush bath. Extreme care was taken dur
ing the synthesis as several reports of explosions have been 
made. 8 

A 22 I bulb was evacuated to -100 mTorr and pure 
NCNO introduced to - 1 Torr. The bulb was then pressur
ized to 1000 Torr with He and connected to the input line for 
the pulsed nozzle. The bulb was refilled with pure He every 
2 h, during which time the pressure in it dropped to - 800 
Torr. This procedure could be repeated 20 times before the 
total signal level would start to affect the quality of the data. 
At that point the bulb was evacuated and fresh sample intro
duced. Except where specifically stated, this was our operat
ing condition for all transients recorded. 

The experiments to elucidate initial J dependence of dis
sociation rates were done similarly, with the following differ
ences. A much smaller bulb (51) was used and N2 was the 
carrier gas employed. The bulb was pressurized to 100 Torr 
and the drop in pressure over 1.5 h was - 10 Torr. The sam
ple delivery manifold was checked carefully against leaks to 
the atmosphere. These expansions are referred to later as 
warm. 

III. RESULTS AND DATA ANALYSIS 

Several different types of experiments were undertaken 
and a short description of each type is given below, with the 
results obtained in each case. The molecular transient re
sponse for a combination of pump and probe wavelength was 
obtained by varying the delay between the pulses. Care was 
taken to ensure that the range of the delay was ~ 41', where l' 
is the characteristic constant of a single exponential fit to the 
data. This was possible for all cases except at threshold, 
where l' was longer than 1 ns. 

A. Product rotational state dependence 

In this set of experiments, the pump laser (DLl) was 
tuned to a known absorption band of the parent molecule.6 

The probe laser (DL2) was tuned to a wavelength such that 
the sum frequency obtained after mixing with the 1064 nm 
was resonant with a specific transition in the R branch of the 
t:.v = 0 band of the B 2~ + +-X 2~ + electronic transition of 
CN.1O With the pump laser frequency fixed, the wavelength 
of the probe laser was tuned to various resonances in the R 
branch corresponding to different rotational levels (N") of 
ground state CN. A series of transients corresponding to 
different N" and a fixed pump wavelength showed charac
teristic risetimes which were identical within experimental 
error. This was observed for several different pump energies 
in the range of excess energies covered in this study. 

B. Excess energy dependence 

These experiments were similar in concept to the ones 
described above. The pump laser was tuned to a vibronic 
transition in the SI +-So absorption band. The probe laser 
was tuned to .monitor a single N " state in the ground state of 
CN, typically the one with maximum probability for popula
tion on dissociation of NCNO. In this set, the probe laser 
remained fixed for the most part, while the pump laser was 
tuned through the absorption spectrum. 

The dissociation rate of NCNO, as manifested by the 
appearance rate of the fragment CN, as a function of the 
excess energy in the parent was measured from 5853 to 5630 
A. The threshold for reaction derived from this data set is 
17 083 cm - I, in excellent agreement with the reported value 
of 17 085 cm -1.

6 In the range of energies studied, the charac
teristic constants varied from >2.0 ns at threshold to 10.0 ps 
at 690 cm -I. Typical transients are shown in Fig. 2 and the 
fitted rate constants are plotted as a function of excess energy 
in Fig. 3. A study of the signal intensity as a function of the 
pump laser power showing linear dependence is presented in 
Fig. 4. The signal was also found to vary linearly with the 
intensity of the probe laser. 

C. Total angular momentum dependence 

In order to investigate the effect of parent rotation on 
the rate of decomposition, we changed the expansion condi
tions. A warm expansion would leave significant population 
in higher J states of the parent. The pump wavelength was 
held fixed at 5846 A which lies in the middle of an unstruc
tured region of SI absorption. The probe was tuned for dif
ferent N " , as described in Sec. III A, and the responses mea
sured are shown in Fig. 5. These rates show a marked 
dependence on N ", the effect being particularly striking for 
the highest N 'Its, which show a biexponential temporal be
havior. 

D. Transient absorption 

This set of experiments was designed to probe the bound 
parent molecule. As before, DL 1 was tuned to a resonance in 
SI' The amplified light of DLl was frequency doubled to 
generate 285 nm, which was then used as the probe. The UV 
probe may also be obtained by frequency doubling the out
put of DL2. Fluorescence dependent on both fields was ob
served and identified as spontaneous emission from the B 2~ 
state of CN using appropriate cutoff filters. The measured 
lifetime of this fluorescence was found to be 56 ns, which is 
identical to that of the fluorescence observed using a probe 
resonant with the CN B +-X transition. 10 The signal was lin
early dependent on the intensity of both fields. In this 
scheme, molecules absorbing photons from both pump and 
probe fields dissociate to the electronically excited B state of 
CN (Fig. 6). 

The transient absorption of the parent was measured at 
a number of different energies above and below the threshold 
for dissociation. For excitation below threshold, the pump 
laser was tuned to a weak SI resonance at 5912 A.l1 The 
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Pump-probe Transients at Various Excess Energies 
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FIG. 2. Typical transients observed at different pump energies. The solid lines are our best fit of the data to single exponential buildup (see the text). The same 
applies to other related figures. 

Reaction Rates of NCNO as a Function of Energy 
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FIG. 3. The excess energy dependence of measured microcanonical rates 
from 5853 to 5630 A. Included in this data are the rates measured for differ
ent N' states of eN. As mentioned in the text, different N' show the same 
rate when measured in a cold expansion. 

Power Dependence of the Pump Laser 
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FIG. 4. Observed signal intensity as a function of the intensity of the pump 
laser. The background was obtained by measuring the signal at large nega
tive time and subtracting it from the signal at large positive time. 
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o 200 

o 

o 500 1000 o 
Time (picoseconds) 

measured response showed an instantaneous rise and no sub
sequent decay on our time scale. At all excess energies above 
threshold, the measured decays were exponentials, with the 
time constant equal to that of the corresponding rise of eN 
at the same pump energy. Typical transients at different en
ergies are presented in Fig. 7. 

E. Data analysis 

The system response function was approximately Gaus
sian. The standard nonlinear least-squares analysis based on 
the Marquardt algorithm 12 was used to fit the cross correla-

400 
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FIG. 5. Transients observed while 
probing different eN (N·) with 
pump frequency fixed at 5845 A. 
These experiments were done on the 
warm expansion (see the text). 

tions to this functional form. Typical pulse FWHM values 
were in the range 9.5 to 11.5 ps. 

The pulse width obtained from a fit of the cross correla
tion to a Gaussian form was used to derive accurate rate 
constants from the molecular responses measured in the ex
periments described in Sees. III A-III C. Although the 
cross correlation of the two visible beams is not the true 
system response, the 388 nm radiation used in these experi
ments appears to have the same temporal profile as that of 
the fundamental visible used to generate it. A simple argu
ment supporting this observation is that the temporal ftuctu-
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ations in the intensity of the - 3 ns, 1064 nm beam from the 
Q-switched Y AG should be negligible over 10 ps, the time 
range of interest. The measured cross-correlation functions 
were used to deconvolute the transient decays described in 
Sec. III D. The fitted decay lifetimes were found to be the 
same as those obtained by deconvoluting the transients with 
a Gaussian pulse simulating the cross correlation. 

The data reduction code was also based on the same 
algorithm and set up for the analysis offtuorescence decays. 
As shown in the Appendix, the convolution of a pulse with 
an exponential rise has the same mathematical form as the 
convolution of the integral of the pulse with an exponential 
decay having the same time constant. We used the second 
approach to deconvolute our data to derive the reported dis
sociation rates. 

The transients presented in the figures were all 
smoothed using a three-point averaging algorithm. 13 Since 
the exponential constants were typically 100 channels, aver
aging has little effect on the derived rate constants. Reduced 
X2 values obtained with statistical weighting were in the 
range 2.0 to 5.0. The weighted residuals showed that the 
nonrandom noise distribution responsible for these large val
ues had high frequency components that may be due to the 
mode quality of the pulsed Y AG amplifier and imperfect 
alignment of the interferometer. 
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FIG. 7. Transient absorption signals measured at different pump energies. Note the agreement with results in Fig. 2 for Ex = 95 cm -'. The same agreement 
was found at other excess energies studied. 
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IV. THEORY 

A. Kinetic model 

A quasibound or metastable state has a wave function 
which can be represented in a low-order approximation by a 
superposition of a bound state and continuum wave func
tions. 14 The bound states form a basis in a local sense, i.e., if 
the system is restricted to a small volume in configuration 
space. It is well known that an isolated level coupled to a 
continuum can be represented quantum mechanically as a 
state having a complex energy. IS Population in these states, 
if observable, would decay exponentially with a time con
stant proportional to r, the effective coupling constant. A 
polyatomic molecule dissociating into two fragments can be 
formally represented in the same way. The true bound states 
of the parent molecule may be used to construct an approxi
mate basis set. Each set of bound state quantum numbers of 
the fragments has an associated translational energy contin
uum to which the bound states of the parent polyatomic are 
coupled. Thus so-called state-to-state rates of an unimolecu
lar dissociation process are simply measures of the coupling 
strength of an approximate molecular state to each contin
uum channel. 

The obvious kinetic scheme for the dissociation of a po
lyatomic molecule A into two fragments Band e is shown in 
Fig. 8. The sets {v;,J;,1';}x designate the vibrational (v;) 

and rotational (J;,1';) quantum numbers of the molecule X 
and identify the initial state i. Population in the ith state of X 
at time t is abbreviated to [X; (t)] below. The solutions to 
the three simultaneous linear first-order differential equa
tions describing the temporal behavior of each molecule are 
readily obtained. If the initial conditions are that only 
[Aa (0)] is nonzero, 

[Aa(t)] = [Aa(O)]e-K,,t, (1) 

[Bp (t)] = [Aa (0)] L ka--;:p,y) [I - e - Kat] , (2) 
y a 

where Ka = l:P.r ka_(p.r)' The sums in Eqs. (2) and (3) 
are to account for the correct counting of channels for, say, 
fragment B in a quantum state f3 with all possible concomi
tant states r of fragment e. The observed time dependence 
will be exponential, a decay for A and buildup for B or e, 

Scheme for Fragmentation 
into Different Channels 

FIG. 8. Kinetic model for dissociation into various fragment channels iden
tified by quantum numbers. 

with time constant equal to the total rate of depopUlation of 
the initial state. The probability of products appearing in 
channel (Bp,Cy ) is ka_(p,y) IKa . Therefore, analysis of 
product state distributions must be used with measurements 
of absolute rates to derive estimates of ka_ <P,r)' Further
more, PSDs cannot provide absolute rates (Ka ) since they 
only give ratios of ka_<P,Yl /Ka' 

This description of a unimolecular reaction is useful for 
comparison between theory and experiment only if the na
ture of the initial state(s) and their coupling(s) to the trans
lational continua are known. The true molecular basis of the 
bound molecule cannot be exactly specified since all the in
teractions between the internal degrees of freedom are typi
cally not known. In practice, additional simplifying assump
tions that allow one to predict ka_ <P,r) , Ka and other 
quantities of interest as functions of globally conserved 
quantities E and J are made. One of these, the statistical 
approximation, is discussed briefly. 

B. Statistical models for mlcrocanonlcal rates 

A proper statistical treatment of rates conserves all con
stants of motion and weights all degeneracies equally. For a 
typical potential energy surface with a single saddle point 
(Fig. 9) representing the unimolecular reaction A -+ B + e, 
the classical microcanonical rate is proportional to the flux 
of points through a hypothetical surface S m in phase space. 
If Sm is drawn such that a given trajectory will intersect it at 
most once, the rate is given byl6,17 

k= hnp<!)(E) J dp J dq8[E-H(p,q)] 

X8r!0(q)] (a/o .,L)Go[ a/o ,p] . 
aq fL aq 

q and p are generalized coordinates and momenta, each inte
gral is n-dimensional, E is the total energy, H(p,q) is the n
dimensional Hamiltonian, Go(x) is the unit step function, 
pin) (E) is the density of states in the vicinity of the well 
respresenting A, and/o = 0 defines the (n - 1 )-dimensional 
dividing surface, Sm. 8[E - H(p,q)] in the integral specifies 
a microcanonical (Me) ensemble, 8(/0) restricts the inte
gral over coordinate dimensions to S m , and the last two fac
tors constitute the forward flux from A to products through 

FIG. 9. A two-dimensional contour representation of a typical potential 
energy surface for unimolecular dissociation of A into Band C. 
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it. The integral reduces to the microcanonical partition func
tion of the system restricted to the dividing surface which is 
the usual juncture for introducing quantization. 16,17 The 
MC partition function is the total number of bound states 
with energy less than E,N(E). Using a superscript t to em
phasize that the relevant integral has one less degree of free
dom, the rate assumes the familiar expression associated 
with RRKM theory l6: 

k (E) = Nt(Et) (4) 
Me hp(E) 

An application of this formula requires knowledge of 
the shape and position of the dividing surface as well as p. 
How correct a calculation of the rate constant is will be de
termined by how accurately Sm is described and how well 
p(E) is assessed. The choice of Sm must satisfy a minimum 
flux (Nt) criterion,18 but its shape cannot be completely 
specified without detailed knowledge of the potential energy 
surface (PES). Standard methods of approximating Nt 
without recourse to the PES are described below. 

1. RRKM theory 

The zero-order approach is to model Sm by a surface 
perpendicular to q, the coordinate that best describes the 
bond being broken, and similar in shape to one drawn 
through the local minimum of the potential corresponding 
to A, and also perpendicular to q. This approximation, 
known as standard RRKM, is clearly an idealized case and 
will be good if the true S m lies close to the equilibrium posi
tion of the reactants. In more familiar terms, Sm represents a 
fictitious molecule (critical configuration or transition state) 
with one less degree of freedom than the reactant. This lost 
degree is the reaction coordinate and is used to parametrize 
the extent of reaction in an intuitive sense. A standard 
RRKM calculation thus assumes a transition state whose 
vibrational frequencies and rotational constants are the 
same as the corresponding ones in the reactant. In the litera
ture, this is referred to as a tight transition state. 

2. Phase-space theory 

For transition states of infinite looseness, yet another 
idealized case has been used to estimate Nt with explicit 
conservation of angular momentum. In this model, 19 Sm is 
placed at the local maximum of an effective potential, Veff , 

obtained from the sum of a long range attraction, Vb (r), and 
centrifugal repulsion due to orbital motion of the separating 
particles. Energy conservation imposes an upper limit on the 
orbital momentum quantum number. For a tetraatomic 
molecule (A) dissociating into two diatomic fragments (B 
and C), the conservation laws are 

(5) 

Eavail =E-max{Veff(r)}> I En (vib) +En(rot) , 
n=B,e 

Veff (r) = Vb (r) + ft2/~; 1) . 

(6) 

(7) 

E is the energy in the parent and Vb (r) is a one-parameter 

representation of the potential energy along the bond disso
ciation coordinate. The dissociation energy Eo is Vb ( OC) ). 

Note that Eo includes the zero point energies of the reactant 
and products. J A is the total angular momentum of the par
ent, J B and J e the total angular momentum of Band C, 
respectively, and I the angular momentum of the relative 
motion of the separating fragments. En (vib) and En (rot) 
are the vibrational and rotational energies of the fragment n. 
J1- is the reduced mass and the second term in the right-hand 
sideofEq. (7) is the centrifugal potential. E - Eo is the total 
energy available for product translation and internal motion 
at large distances. Eavail is this energy minus the centrifugal 
barrier to recombination (the reverse reaction) for each val
ue of I. The barrier energy appears exclusively as transla
tional energy in the separated products. Generally, Vb is 
approximated by the attractive part of the Lennard-Jones 6-
12 potential. Nt is then obtained by counting all possible 
combinations of product quantum numbers satisfying ener
gy and angular momentum conservation: 

Nt(E-Eo) = I I K. (8) 
Vn JB,Jc.1 

The parameter K is a measure of the contribution of a combi
nation of quantum numbers to the reaction rate and should 
be a constant for a proper statistical theory. It may be regard
ed as the microscopic transmission coefficient and is general
ly chosen to be unity. The sum in Eq. (8) is over all allowed 
J B ,J e ,I and vibrational states, Vn • It is convenient to define 
1', an intermediate quantum number corresponding to the 
sum of J B and J e , in performing the calculation of Nt. The 
conservation of angular momentum imposes the following 
restrictions on J' and I: 

IJB -Je I <J'<;.JB +Je , 

IJ' -II <J<J' + I. 
It should be noted that the degeneracies of J B ,J e, and I have 
been included in the sum, but they do not appear explicitly in 
Eq. (8).20 

3. Refined models 

Standard RRKM and PST represent two extreme cases. 
A number of modifications have been proposed to better 
mimic physical situations which most probably lie between 
these cases. The frequencies and rotational constants of the 
transition state can be modified following intuitive semi
quantitative prescriptions. 2 

I Another variation (SACM) 
proposes a method for parametrizing molecular quantum 
numbers by the reaction coordinate and examining each 
such adiabatic channel to determine whether it is energeti
cally accessible at all points between reactants and prod
uctS.22 PST has been criticized because it allows free rotation 
of the fragments within the transition state complex. A 
method (SSE)6 for calculating PSDs that treats vibrations 
and rotations somewhat differently has been recently pro
posed and applied to the dissociation of NCNO at energies 
where product vibrations are excited and PST overestimates 
the extent of rotational excitation in the fragments. Classical 
trajectory calculations23 offer a means of avoiding the statis
tical assumptions but require explicit knowledge of the PES. 
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The mImmum flux criterion mentioned is derived from 
treating k Me variationally. Several treatments have forma
lized this approach as microcanonical variational transition 
state theory. 24 A recent treatment of the dissociation of small 
polyatomic molecules involving transition states of arbitrary 
looseness uses canonical variables and Monte Carlo tech
niques for numerically estimating the multidimensional in
tegrals in Eq. (4).25 All of these methods presume a model of 
the PES which may be altered to obtain better agreement 
with experimental observations. We leave applications of 
these more elaborate models for future work. 

V. DISCUSSION 

A. Preliminary considerations 

Before embarking on a detailed analysis of our results, 
we summarize the spectroscopy of NCNO and the fragment 
radicals CN and NO in this section. We also address the 
issues related to the selectivity of these experiments, namely, 
how well do we know our initial and final states. 

1. Spectroscopy of parent and fragment molecules 

NCNO has been thoroughly studied by microwave,26 
infrared,27 and visible28 spectroscopy. Studies by Wittig and 
co-workers on jet-cooled NCNO has provided rich informa
tion on the spectra.28 Molecular constants for both ground 
state and excited state NCNO taken from the current litera
ture are listed in Table I. The molecule is bent and planar in 
the ground state and has Cs point group symmetry. In the 
first excited singlet state (mr*), the molecule is also planar 
and bent. Strong perturbations in the spectrum have been 
attributed to extensive mixing with the ground singlet state 
promoted by the bending modes. Near the SI origin, the ro
tational structure has been resolved and the band assigned28 

as a C-type transition, i.e., the transition moment is perpen
dicular to the molecular plane and parallel to the c axis of 
inertia. 29 At higher energies, vibronically induced A / B-type 
transitions to non totally symmetric bands are observed. 

TABLE I. Spectroscopic parameters of NCNO, CN, and NO. 

NCNO: Vibrational frequencies and rotational constants (Refs. 26-28) 
(em-I) 

v" I 

v" 2 

V3 
v" 4 

v" 5 

v" 6 

2l: 

CN stretch (terminal) 2170 A" 2.71 
NO stretch 1501 B" 0.18 
CN stretch (central) 820 C" 0.16 
CNObend 216.5 A' 4.77 

NCNbend 588.5 B' 0.16 
out of plane bend 269.6 C' 0.16 

CN: Molecular constants (Ref. 32) (em - I ) 

v 2068.7 
B. 1.8898 
r 0.007 25 spin-rotation constant 

NO: Molecular constants (Ref. 32) (em - I ) 

1904.03 
1.672 

119.62 spin-{)rbit splitting 
1903.68 

1.720 

Overtones and combinations of the v 4 bending mode are con
siderably broader than other transitions at comparable ener
gies, indicating its role as a promoting mode for SI-80 mix
ing.28 Similar effects have been observed in the absorption 
spectrum ofHN030 and likewise attributed to perturbations 
between the two lowest states. A sharp onset for the produc
tion of CN radicals occurs at 17 085 cm -I. The S 1 absorp
tion spectrum in this energy region shows structure reminis
cent of C-type bands, but the rotational substructure of these 
bands cannot be resolved with laser linewidths of 0.04 cm -I. 
This must be due to perturbations of the levels, since the 
measured dissociation rate at threshold ( - 108 S -I) implies 
homogeneous widths - 0.00 1 cm - I. Fluorescence measure
ments have been recently made on expansion cooled NCNO 
(see Sec. V D) and estimates of the radiative lifetime (20 IlS) 

can be made for these nitroso compounds. 
The fragment CN is a typical Hund's case (b) diatom

ic.29 The ground state is a 2l: state and the angular momen
tum without spin (N) is an approximate quantum number. 
N is the sum of nuclear rotational angular momentum (R) 
and the electronic orbital angular momentum (A), and is 
coupled weakly to the electron spin. The appropriate energy 
expressions31 are given below and an energy level diagram 
showing some of the rotational levels is presented in Fig. 10: 
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FIG. 10. Energy level diagram showing rotational states of CN and NO. 
The numbers on the left of each set oflevels (R) identify it with the nuclear 
rotational angular momentum. The labels to the right correspond to the 
total angular momentum J. Note that the spin-{)rbit splitting of NO is not 
represented to scale. The spin-rotation and A-doublet splittings (dashed 
levels) are exaggerated for clarity. For CN, N is a good quantum number, 
while J is the quantum number for NO. 
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FI (N) = BvN(N + 1) + !rN , 

F2 (N) = BvN(N + 1) - !r(N + 1) . 

The total angular momentum J is given by N ± ! for the 
statesF, andF2, respectively. Bv is the rotational constant in 
a particular vibrational state and r is the spin-rotation cou
pling constant. 

The fragment NO is a typical Hund's case (a) molecule. 
The ground state is 2n and nonnegligible spin-orbit cou
pling breaks the degeneracy due to the nonzero projection of 
the electronic spin angular momentum on the internuclear 
axis. The total angular momentum (J) is the sum of the 
rotational angular momentum and the electronic angular 
momentum including spin. Each level is doubly degenerate, 
corresponding to the two possible ways of electron motion 
about the figure axis. For high values of J, this degeneracy is 
also removed (A.-doubling). The appropriate energy expres
sions for the 2n l/2 and 2n3/2 states are31 

EJ eni72) = B ~1/2)J(J + 1) ± 51/2(J) , 

EJ en372) =B~3/2)J(J+ 1) +AEso ±53/2(J). 

The energy scale is referenced to the lowest rotational level 
(J = 1/2) ofthe 2n l/2 state. 5112 and 53/2 are the J depen
dent corrections to the energy due to orbital-rotation (spin
uncoupling) interaction and are important only for high J. 
These terms are ignored in the discussion below. AEso is the 
spin-orbit splitting which is the energy of the lowest rota
tionallevel (J = 3/2) of the 2n3/2 state. It is important to 
note that the energy in this case is determined primarily by J 
and not N, in contrast to CN. The spectroscopic constants 
are collected in Table I. 

2. Resolution of initial and product states 

The final distribution of internal energy in molecules in 
a free-jet expansion is generally described in terms of effec
tive vibrational, rotational, and translational tempera
tures.33 These values depend on the carrier gas used and are 
typically small, - 10K for vibrational, - 5 K for rotational, 
and -1 K for translational distributions. In NCNO, the 
smallest ground state vibrational fundamental is 216 cm- I 

which has an occupation probability of 0.002 at 50 K. Thus 
vibrational energy in the parent may be ignored for cold 
expansions. On the other hand, the rotational constants are 
small and a significant fraction of the molecules lie in states 
withJ> o. Under similar expansion conditions Noble et al. 28 

determined rotational temperatures of 2 K by resolving the 
rotational fine structure of the origin band. Their estimate of 
the average rotational quantum number is J = 3. On scan
ning the frequency of the probe laser at a number of fixed 
pump energies, we observed a sharp drop in signal intensity 
for probe frequencies greater than that required to detect CN 
fragments with the maximum rotational quantum number 
that is energetically allowed, as reported by Nadler et al.6 

This suggests that the spread of internal energies in NCNO 
in our expansion is also small and we assume that the termi
nal rotational temperature in our studies is also - 2 K. 

TheS, ('A ") +-So( 'A ') transition in NCNO is dipole al
lowed (orbitally forbidden28

) having its moment parallel to 
the principal axis oflargest moment of inertia ( C-type). The 

approximate symmetric top selection rules (perpendicular
type transition) are 

IlJ = 0, ± 1 fli( = ± 1 . 

At excitation energies near dissociation threshold where 
mixing with another electronic state is believed to be exten
sive, the pure rotational quantum number is not a good one 
but the total angular momentum must be conserved. The 
reactive ensemble is essentially microcanonical with angular 
momentum J = 3 and energy equal to the sum of the photon 
energy and the rotational energy. The spectral bandwidth of 
the excitation laser is 3 cm -I FWHM, which determines the 
spread in energy in the reactive ensemble. 

The probe laser is tuned to a specific transition in the R 
branch (t:JV= + I) oftheB+-XbandofCN. Thistransi
tion shows a bandhead in the P branch when the diatom is 
rotationally very excited. The R branch was chosen to avoid 
spectral overlap between transitions from differentN" levels 
at the higher excitation energies. The spectral bandwidth of 
the probe laser (3 cm - I ) is smaller than the spacing between 
adjacent peaks in this branch. Thus different N " states of CN 
can be monitored quite cleanly, although the different spin
rotation states (F, and F2 ) are not resolved. Since simulta
neous measurements on NO were not made, the population 
ofCN in a particular N" state observed at any time is the sum 
over all open product channels having that value of 
CN(N"). 

3. Electronic state correlation 

The concept of a PES on which nuclear motion takes 
place is entrenched in the Born-Oppenheimer approxima
tion. The terms in the complete Hamiltonian that are ig
nored in the approximate treatment result in small coupling 
terms between the zero-order eigenfunctions. The separabil
ity of nuclear and electronic coordinates implies that the 
electronic quantum numbers are conserved independently. 
For a system where the nuclei are constrained near their 
equilibrium configuration, this approximation is quite suc
cessful. On the other hand, one expects it to be inadequate 
for the quantitative description of a system which is under
going dissociation into fragments that are very different 
from the parent molecule. Nevertheless, correlations 
between states with the same electronic quantum numbers 
may be used to obtain qualitative knowledge of the shape of 
the PES as the nuclei rearrange or separate during a chemi
cal reaction. 

For the case at hand, it is simplest to consider the reverse 
process, recombination of the radicals CN and NO, proceed
ing through a linear complex which then rearranges to the 
equilibrium structure of NCNO (Fig. 11). If spin-orbit in
teraction in NO were ignored, the ground state diatomics 
would combine to form a In and a 3n state in a linear 
NCNO. At the equilibrium geometry each doubly degener
ate n state also splits into two (A 'andA " in Cs ). The singlet 
states are nondegenerate whereas the three spin components 
of the triplet states remain quasidegenerate. Similar argu
ments must be developed for all combinations of electroni
cally excited states of CN and NO and correlated to elec
tronic states of NCNO. The ordering of the electronic states 
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FIG. 11. Correlation diagram for the dissociation of NCNO. The leftmost 
column shows the order of energy levels in the parent molecule schematical
ly. The far right column shows the energy of the products at infinite separa
tion. The center column represents the molecule with the central CN bond 
greatly extended and the fragments arranged in a linear geometry. 

by energy cannot be deduced without detailed calculations 
of its electronic structure. Recent calculations34 show that 
the ground singlet and lowest triplet states are derived from 
ground state CN and NO, but the next most energetic singlet 
and triplet states are obtained from CN (X) and a highly 
excited configuration of NO. Topological constraints de
mand that these curves intersect the higher NCNO states 
correlating to CN(X) and NO(X). The pairs of states in
volved have the same symmetry and their interaction leads 
to an avoided crossing, which predicts a substantial barrier 
to dissociation from SI and T2 to ground state CN and NO 
fragments. 

B. Product rotational state dependence 

As shown above for an isolated resonance coupled to a 
finite number of continua, the rise time observed in any 
channel is the absolute rate of depopulation of the resonance 
state. We define such a state as an eigenfunction of an ap
proximate molecular Hamiltonian which includes all terms 
except those which couple the bound states to the translation 
continua. Thus intramolecular vibrational redistribution 
and nonradiative transitions other than fragmentation 
would be manifested only in the relative phases of the states 
included in the initial superposition created by the excita
tion. For the purposes of this discussion, we ignore the rela
tive phase factors and consider only population loss from the 

bound states. Differences in the rate of appearance of frag
ments in different channels can be observed if the following 
two conditions are satisfied: (i) multiple resonances are ex
cited simultaneously and (ii) relative coupling strengths of 
the resonance states to continua are different. It is easy to 
verify by a contrapositive argument that these are necessary 
conditions. The second criterion has to be quantified in order 
for the pair to be sufficient conditions as well. 

The observed temporal evolution of population in each 
CN rotational state can be modeled as a single exponential 
buildup with the time constants for different N " being equal 
within experimental error. At least one of the two conditions 
just stated is therefore not satisfied. Although our experi
ments cannot distinguish between the cases of one resonance 
state coupled to the continua and many such states equally 
coupled to the translational states, the former is an unlikely 
possibility because of energy redistribution (discussed in lat
er sections), which leads to the excitation of multiple reso
nance states prior to reaction. 

If we assume that many resonance states are populated 
by or following photoexcitation, the second condition insists 
that the coupling strengths are determined by the constants 
of motion-total energy and angular momentum. The possi
bility that only one state in the set of excited states dissoci
ates can be ruled out on the basis of the single exponentials 
observed in transient absorption (see discussion below). 

If the reaction were statistical in the reagent, rates of 
nonradiative decay and vibrational redistribution would be 
much faster than the rate of reaction. All quasidegenerate 
resonance states would be coupled to the optical state and to 
the dissociation continua. The discussion above makes no 
claim about the extent of redistribution, although experi
mental results suggest that all resonance states that are pop
ulated are equally coupled to products. Thus measurements 
of equal rates in different product channels indicate rapid 
redistribution among the set of resonance states which are 
coupled to the optical state. It is important to note this set 
does not necessarily include all accessible states.35 

In our initial communication we reported rates chang
ing as a function ofCN (N" ). At that time, we were unable to 
determine whether the observed dependence was a manifes
tation of nonstatistical effects or simply an ensemble effect. 
Our current results show unambiguously the latter is the 
correct interpretation of our previous study. 

c. Initial angular momentum dependence 

Figure 5 illustrates the effect of a finite spread in the 
distribution of initial energy and angular momentum. The 
photon energy promotes molecules in the vibrationally and 
rotationally cold ground state to states 25 cm - I above the 
threshold for dissociation. If this were the maximum energy 
available for distribution among product degrees offreedom, 
the rotational quantum number of CN would be N" <4. 
Clearly, product channels with CN (N " > 4) must originate 
from internally excited NCNO. Since the distribution of vi
brational states at low energies is sparse, we assume that 
most of the excitation is rotational. 

These measurements dramatize the need for performing 
experiments in molecular beams where extensive cooling of 
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TABLE II. N" dependent lifetimes of warm expansion (ps). 

N" 

o 
3 
4 
5 
6 
7 

Lifetime I 

107 
123 
95 
64 
26 
37 

Lifetime 2 

289 
532 
380 
230 
213 
183 

Fraction 

0.296 
0.425 
0.392 
0.433 
0.352 
0.730 

the internal degrees of freedom is achievable. They also sup
port our claim above that the previously observed N " depen
dence ofthe dissocia~ion rates in a bulb was due to ensemble 
energy. In Table II we list the fitted rate constants for each 
transient with the fraction ofthe fast component to the total 
amplitude. It is not possible to accurately represent a distri
bution of rate constants with average values and this was 
reflected in the sensitivity of the fit to the initial guess. The 
values listed in the table are therefore the average of fitted 
values obtained with a range of initial guesses. 

The observed quasibiexponential behavior in Fig. 5 re- . 
flects the dissociation of molecules from different J,K states. 
For molecules in high J, low K states, the centrifugal barrier 
is expected to be higher than for molecules in low J states. 
Accordingly, the dissociation rates from these states will be 
relatively slow. On the other hand, the dissociation rates for 
molecules in high K(K -;::::,J) states should be faster. This is 
because the initial J (good quantum number) is converted to 
average I, especially if the rotational constants of the frag
ments are much larger than those of the reagent. States with 
high K are not as constrained with angular momentum con
servation laws and behave more like vibrational states. 

The results for the higher N" channels corroborate the 
discussion above. The N" = 7 channel is closed for energies 
less than 105 cm - I so that only rotationally excited mole
cules (J>6) can contribute. Table II shows that a significant 
fraction of molecules decay into this channel with rates 
_ 5 X 109 S - 1 (slow component ofthe quasibiexponential), 
a value which is a factor of2 smaller than the rate of dissocia
tion of NCNO with -100 cm -I of excess vibrational energy 
and no rotational excitation. This slow component is derived 
from the high J, low K states. The fast component is faster 
than the rate measured in the cold expansion (Ex = 105 
cm- I ), indicating the involvement of high K(K -J) states. 
This ensemble effect was also observed in the lower N " chan
nels. 

D. Energy redistribution and reaction mechanism 

The model we adopt here is described in Fig. 12. The S 1 

singlet level, which carries most of the oscillator strength, is 
quasidegenerate with many levels from So and/or T states. 
Since the barrier to dissociation on SI is high (estimated to 
be more than 5000 cm -I 6), and the density of levels in S 6 
and Tt is appreciable, energy redistribution from the state of 
S 1 character to S 6 (or Tt) states is the primary step for 
dissociation. This intramolecular process requires electronic 
coupling between the initial and final states, which may in
volve promoting modes that mediate vibrationaVrotational 

VP 

~ ~700cml --WVW> 
k, 

1cml 

L-

Ps
o
"'330cm;Peff</65cm; 

r-30GHz 

-=:===---- CN+NO 

Ps
o
-50cm ;peff<25cm 

r</OKHz 

ps·pulse 

FIG. 12. A pictorial representation of energy redistribution, predissociation 
and the effect of coherent excitation. The lower right inset shows the de
tailed energy level structure near the S, origin. The "broad band" ps pulse 
can excite the state of S, character, whereas the ns ("narrow band") pulse 
cannot. The upper insert shows the structure above dissociation threshold. 
The greater density of states and lifetime broadening makes the spectrum of 
quasibound states appear continuous. 

energy redistribution on the final state surface. The reaction 
proceeds from the final state surface. We therefore consider 
both processes (i.e., energy redistribution and dissociation) 
explicitly. 

Below the dissociation threshold, the redistribution dis
cussed here is quite similar to the case of intermediate sized 
molecules, such as pyrazine and isoquinoline.37 As shown in 
the case of pyrazine, a picosecond pulse with a coherence 
width spanning the eigenstates of the system leads to the 
preparation of the zero-order state (or close to it), in this 
case the S 1 state. Intramolecular dephasing is the primary 
decay process (in pyrazine it was observed to be 100 ps37) 

which leads to the population oflong-lived states, in this case 
the S6 (or Tt) states. For NCNO near the SI origin, the 
vibrational density of states is Pv - 50 per cm -I. The effec
tive (including symmetry restrictions and limited cou
plings) density is less than 25 cm, ignoring rotations for the 
sake of simplicity. The linewidth of the states is < 10 kHz, 
indicating that below the dissociation limit, the spacing 
between levels is greater than the intrinsic width. The two
color picosecond transient absorption experiments reported 
here and the recent fluorescence lifetime measurements of 
Reisler et al.38 support this view. Our transient absorption 
studies show (Fig. 7) a rise ( < 8 ps) and no decay at longer 
times. The fluorescence experiment below threshold of 
Reisler et al. 36 determines the long decay component to be 
> 100 J.Ls. The laser coherence width in their case is probably 
less than 0.5 cm -I , while in our picosecond experiments it is 
3 cm - I. Thus in the ns experiments one is measuring the 
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long-time ("dilution effect") decay of an eigenstate or a 
bunch of eigenstates (Fig. 12). The ps experiment coherent
ly excites the distribution of eigenstates which following de
phasing (ps's) produce the 10ng-livedS:; (or Tt ) states that 
are subsequently probed in the transient absorption experi
ment. The early-time dephasing is also supported by the fact 
that below (or near) threshold the rotational structure of the 
absorption bands was not resolved using a 0.04 cm - I band
width laser.6 Finally, the difference (27 vs 3 cm- I) in 
linewidths observed below threshold for different absorption 
bands could be due to the influence of the promoting 
mode(s) on electronic couplings of nearby states. This prox
imity effect is also found in isoquinoline S I /S2 coupling.37 

Above the dissociation threshold the picture is some
what different. For example at E th + 700 cm -I, Pelf < 150 
per cm -I and the linewidth (from our dissociation rate mea
surements) is ~30 GHz. Both the density and level width 
have increased considerably and the picture here is that of 
fast and reversible energy redistribution followed by predis
sociation (see Fig. 12). If we ignore coherence effects, then 
we can evaluate the relative importance of the redistribution 
vs predissociation rates. Simple kinetics indicate that the ini
tial state SI decays by the redistribution rate constant (kr ): 

- k,t 
SI Ct) = SI (O)e 

while SoCt) will build up and decay according to 

kr - kdt - k,t 
SoCt) = SI(O) (e - e ) . 

kr - kd 

It is important to note that if kr - kd is positive, the decay of 
SoCt) will be given by kd • The product buildup in this limit 
(kr > kd ) is simply given by 

Pct) -;:::'si (0) (1 - e - kd
t

) 

and exhibits the same rate as Soct) , consistent with experi
mental observation. We have ignored reversible processes, 
since P is large and detailed balance implies very long recur
rence times. The important point here is that the picosecond 
product appearance times, transient absorption decay rates 
and other spectroscopic data are all consistent with this 
model. This allows us to separate the redistribution from 
predissociation processes, within the context of the model, 
and to conclude that the measured rates are kd. These kd 
change by three orders of magnitude on going from near 
threshold to 700 cm - I above threshold, yet the absorption 
spectrum still shows sharp features. The linewidth above dis
sociation threshold is given by the dephasing rate. An esti
mate of kr is ~ (3 ps) -I, which is still larger than the ob
served rates (ns - 1 at threshold to 10 ps - 1 at 700 cm - I above 
threshold) . 

Finally, in the above discussion we tacitly ignored the 
contribution of the triplet state below SI' This is not known 
for certain, although there are a number of points that may 
be presented in favor of the So choice. First, if the triplet were 
involved in addition to So then the product buildup should be 
a biexponential rise with the ratio of the two components of 
the rise determined by the relative redistribution rate con
stants to So and T. This has not been observed in our experi
ments-all transient absorption decays and product buildup 
rates are matching single exponentials. Second, extensive 

perturbations of the levels of SI have been attributed to mix
ing with SO.6 P is ~ 280 cm in the ground state, compared to 
~ 20 cm in T (assuming the same frequencies and that Tis 
~6000 cm- I above So, which is not known for NCNO) at 
threshold. The choice of So over T has been favored before 
for NCNO by Wittig's group. It is also interesting that in 
HNO, threshold dissociation proceeds via SO.30 

E. Reagent excess energy dependence 

Figure 3 shows rate constants for the appearance of CN 
as a function of excess energy. A plot of the rates near thresh
old is presented in Fig. 13 with a smooth curve drawn 
through the data and extrapolated to lower energy to obtain 
the threshold energy for reaction. Scanning DLl with DL2 
tuned to probe CN (N" = 0), we were able to reproduce the 
results of Nadler et al. for excitation wavelengths shorter 
than 5853 A. Relative positions of peaks and the absolute 
value of the threshold energy are in excellent agreement. The 
lifetimes vary smoothly from ;;>2 ns at 5853 A to ~ 10 ps at 
5630 A. It is interesting to note that we do not observe the 
peak just at threshold. Previous experiments show evidence 
for very long appearance times (70-20 ns) corresponding to 
tunneling through a small rotational barrier.6 Our experi
ments are not designed to measure the long rise times ( ~ 10 
ns) close to threshold expected on the basis of previous 
work. 

The rapid increase in the rates from threshold requires 
further consideration of the effect of finite spread in energy. 
Since the pump pulse has a finite spectral width (3 cm -I), 
the initial ensemble is not strictly a microcanonical one, and 
the observed rates are larger than the rate at the mean ener
gy. Molecules absorbing the redder photons have less total 
energy and therefore dissociate more slowly than the ones 
which absorb the bluer photons. There are two possible 
sources of bias in our measurements. At threshold, the reac
tive part of the ensemble has a skewed energy distribution 
and the average rate is faster than the rate of a true MC 
ensemble having the mean energy of the excitation pulse. 
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FIG. 13. Rates of dissociation measured near threshold showing the onset 
of reaction. 
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This effect becomes of lesser consequence if tunnelling ef
fects are taken into account. The second point regarding 
threshold measurements is that the limited time range over 
which the appearance of products is measured constitutes a 
biased sampling of the ensemble (within 3 cm - 1 ). The se
verity of this unavoidable systematic error can be reduced 
simply by carrying out measurements to time delays of sev
eral T. Since both of these effects are expected to be small in 
magnitude and nonnegligible only near threshold, we make 
no effort to adjust our results to correct for these errors. 

Calculations ofMC rates using PST and RRKM theory 
are compared with our rate measurements below, in an at
tempt at understanding their dependence on excess energy in 
the reagent. 

1. Comparison with statistical theories: Phase space 
theory 

Although it is well known that PST overestimates rates, 
we present results of these calculations as an upper bound for 
the observed rates at all energies. These rates should be a 
good approximation very close to threshold. The calcula
tions were performed on a PDP 11/23 + computer using a 
Lennard-Jones attractive potential (C6 = 1.60 X 105 

erg' A 6). The molecular constants are collected in Table I. 
It is crucial to assess all degeneracies for a correct abso

lute rate calculation. The total angular momentum is the 
sum of electron spin and orbital angular momentum, rota
tional angular momentum and nuclear spin. We assume that 
the nuclear spin coordinates are separable and the total nu
clear spin is conserved independently. As the dissociated 
fragments are distinguishable, the Pauli principle imposes 
no restrictions on possible combinations of angular momen
tum quantum numbers in the products. The total angular 
momenta of the fragments are good quantum numbers and 
are easily computed. In a singlet state electron spin is zero 
and the total angular momentum of NCNO is the spectro
scopically assigned quantum number J. The phase space vol
ume for the transition state is estimated using Eq. (8). The 
two spin-orbit states of NO are treated as independent chan
nels with equal weighting. 

We have performed a full PST calculation (K = 1) and 
the results are shown in Fig. 14 (curve C). We also make an 
attempt at conserving electronic quantum numbers by pro
posing a value less than unity for K, the transmission coeffi
cient. Ignoring differences in electronic energy in the prod
ucts, we notice an eightfold degeneracy for a given 
combination of CN and NO rotational states. This arises 
from a twofold degeneracy of the electron spin in each of the 
two fragments and an additional twofold degeneracy (..1-
doubling) of the electron orbital motion in NO. Each combi
nation of electronic quantum numbers should correlate with 
a different electronic state of NCNO. As discussed in Sec. 
V A 3, some combinations correlate with the triplet and ex
cited singlet states and therefore represent closed channels. 
Correlation between the states of the two radicals and a lin
ear NCNO can be made, but enough information for de
tailed correlations to the bent NCNO is not available. Ifwe 
take recourse in statistical adiabaticity, i.e., on the average 
these quantum numbers are preserved, only one-eighth of all 
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FIG. 14. Comparison of PST theory with experiment. Calculated rates 
(J = 3) are shown as connected lines. Curves A, B. and C correspond to 
K = !. 1. and I. respectively. The density of states was approximated by the 
Whitten-Rabinovitch method for harmonic vibrations and summed over 
allowed K. The circles are the experimentally measured values. Note that 
the structure is somewhat deemphasized because the rates are plotted on a 
logarithmic scale. 

final states correlate with the ground singlet state. This is 
implemented in our calculations by setting K = i. It must be 
emphasized that the full count (K = I) includes all elec
tronic degeneracies in the products, in particular the spin 
states of CN and the orbital degeneracy of NO (n). These 
states have to be considered explicitly because the total angu
lar momentum of each product is important for momentum 
conservation, while the energy can be approximately repre
sented by the spectroscopic "good" quantum numbers. 

The domain of applicability of this choice needs some 
consideration. The value i was chosen assuming the elec
tronic quantum numbers do not appear in the energy expres
sion except as small corrections that may be neglected to a 
good approximation. In reality, spin-orbit interaction in NO 
is nonzero ( - 120 cm - 1). In the energy range ~ 120 cm - 1 

above threshold, the electronic degeneracy is effectively 4, 
rather than 8. Therefore K = ! should be used in this range, 
while at higher energies K = i is more appropriate. It should 
be noted that the transmission coefficient is expected to be a 
continuous function of energy and the change from 0.25 to 
0.125 is likely to occur over a range of energies. Curves A 
and B in Fig. 14 were calculated with K = I and! respective
ly, but it should be emphasized that this is done simply to 
illustrate the effect of K < 1 on the PST calculation of rates. 

The density of states was calculated using the Whitten
Rabinovitch approximation for harmonic vibrations. 16 For 
J = 0, the vibrational state density in So at threshold was 
- 280 per cm -1, which is large enough for the approxima
tion to be valid. The density was corrected for contributions 
from states with different values of K with the formula 

p(E,J) = (2J + 1) I up" [E - B "J(J + 1) 
K=O,J 

(14) 
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where u = 1 for K = 0, and u = 2 otherwise. p(E,J) is the 
total density of rovibrational states at energy E that have 
angular momentum J. In contrast to Eq. (8), this expression 
displays all degeneracies (2J + 1). Pv (E,J,K) is the subset 
of p containing only states having K as the projection of J 
along the figure axis. Thus p is simply the sum over all al
lowed K of Pv' 

In Fig. 14, calculated rates using different values of K are 
superimposed on a plot oflog k Me (E) vs E. The agreement 
between theory and experiment is reasonable at low energies. 
Clearly the range of energy over which K changes its value is 
small and occurs where E::::: !l.Eso • At the high end of the 
energy range studied, PST rates are indeed higher than the 
measured rates. It should be emphasized thatp was calculat
ed using the harmonic approximation. Spectroscopic studies 
demonstrate that the bending potentials are quite harmon
ic.28 The value of C6 was chosen for consistency with the 
calculations which reproduced the measured PSDS.6 Sample 
calculations show that decreasing or increasing its value by 
an order of magnitude does not affect the rates significantly. 
Finally, the same algorithm used for calculating rates was 
used to produce the PSD obtained in Ref. 6, and good agree
ment was found. 

2. RRKM rates 

A standard RRKM calculation using only vibrational 
frequencies of the reactant yields a discontinuous distribu
tion of rates as a function of energy and is obviously incor
rect. We attempt to model the transition state in the follow
ing way. We choose the frequencies for the CN and NO 
stretch modes to be equal to their free radical values. The 
three bending motions are represented by three harmonic 
oscillators of very low frequency (see Table III). The reac
tion coordinate is the central bond stretch mode. The vibra
tional zero-point energies are assumed to have been included 
in the threshold energy. The rotational constants are esti
mated for the equilibrium geometry with an extended cen
tral bond. Nt (E) was calculated using a direct count algo
rithm39 with no symmetry restrictions and the densities were 
obtained using the semiclassical approximation as in the pre
vious section. Angular momentum was conserved by hold
ing J constant. For a given energy, a sum over K analogous to 
Eq. (14) was used: 

Nt(Et,J)=(2J+1) L uN~(Et-BfJ(J+l) 
K=O.J 

TABLE III. Frequencies in model TS for RRKM calculations. 

TS rotational constants (em-I): A = 2.0, B = 0.015, C = 0.015 

TS Vibrational frequencies (em - I ) : 

Model A ModelB ModelC ModelD 

1904 1904 1904 1904 
2068 2068 2068 2068 

10 10 5 20 
12 12 12 25 
50 200 200 50 
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FIG. 15. Comparison ofRRKM theory with experimental results. The den
sities were obtained as for the PST calculations. Nt was obtained from a 
direct quantum count of harmonic vibrations. The different connected lines 
correspond to different combinations of frequencies (see Table III). The 
following representation is used: model A (-), model B (- - -), model C 
(- . -), and model D (_ ... -). 

where Et is the difference of the total energy (E) and the 
dissociation energy (including zero point energies). u is as in 
Eq. (14) and Nt is the total number of rovibrational states 
with energy less than or equal to the total energy and having 
angular momentum J. N~ is a subset of these states whose 
angular momentum has a projection K along the figure axis. 
Note that we have implicitly assumed the TS is a symmetric 
top. Varying A t and B t changes the results by a small 
amount. 

Some representative cases are shown in Fig. 15. The fre
quencies used in these calculations are listed in Table III. It 
is apparent that a TS with harmonic frequencies is unable to 
reproduce experimental results. With very low frequencies, 
the low energy behavior can be approximated at the cost of 
reasonable agreement at higher energies and vice versa. This 
is not too surprising since a loose transition state, as pro
posed on the basis ofPSDs and supported by our PST calcu
lations, will imply larger separation between energy levels at 
higher quantum numbers. This is a crude method for model
ing a loose transition state and should be considered in that 
spirit only since the number of possible choices is quite large. 
A proper treatment using a recent modification of the theory 
developed for flexible transition states of arbitrary looseness 
is currently in progress. 

Although neither PST nor RRKM models can quanti
tatively account for the observed results, the general trend 
shows that the TS is indeed fairly loose. This is clearly borne 
out by the small harmonic frequencies we have to assume in 
the RRKM model to obtain rates having the correct order of 
magnitude. 

It has been conjectured that PST predictions of the rate 
will be accurate at energies close to threshold but that the 
infinitely loose TS is not a good approximation at higher 
energies. This statement borrows from concepts of the vari-
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ational theories-the exact location of the TS changes with 
the energy available for reaction. If the dissociation of 
NCNO were a simple process that could be described as a 
fast redistribution of vibrational energy and slow (adiaba
tic) passage through a single dividing surface, PST should 
reproduce the experimental results. We showed that the ef
fects of electronic correlation could be accounted for by sim
ple heuristic arguments very close to threshold. The position 
of the dividing surface changes slowly and continuously with 
increasing energy, provided the reaction remains direct, Le., 
a single dividing surface exists such that any trajectory inter
sects it at most once. The ratio of the observed rates and PST 
rates may be interpreted as an energy dependent transmis
sion coefficient K(E), and is plotted in Fig. 16 for this pur
pose. The first few points have been corrected for tunneling 
(l08 s -I) and the corresponding PST rates averaged over a 
Boltzmann distribution of rotational states at 2 K. The gra
dual change in K(E) with increasing energy can be interpret
ed as reflection of a smooth transition from a completely 
loose to a tighter TS. 

3. Structure in the excess energy dependence 

The plot of the rates vs excess energy (Fig. 3; see also 
Fig. 15) shows an inflexion and a weak maximum around 
320 cm -I. Although no conclusive interpretation of this un
usual behavior can be made at this time, we discuss several 
plausible explanations. Detailed knowledge of the PES (s) is 
required to identify which of these possibilities most closely 
resembles nature. 

PST and RRKM theory assume a radially isotropic po
tential. In reality, NO and CN have permanent dipole mo
ments and the long range potential is determined by dipole
dipole interaction which is dependent on their relative orien
tation. In the limiting cases oflinear approach, head-to-head 
or head-to-tail, the electrostatic potential is repulsive in one 
case and attractive in the other. The central bond stretching 

Tranmission Coefficient for PST Rates 

ci ~----~----.---~-----.----~----r---~ 

d 0 
o 
if) 

o 200 400 

Vibrational Energy. E (wovenumbers) 

FIG. 16. The energy dependent transmission coefficient of PST rates. The 
first two data points near threshold are corrected for the distribution in 
internal energies at 2 K. 

motion would not be separable and the proper reaction coor
dinate would be some complicated motion with projection 
along multiple normal modes. Estimating proper statistical 
rates for such a system is not a tractable problem as yet. 

Related to the radial anisotropy of the PES is the possi
bility of complex formation and reactions leading to other 
products. One postulated reaction40 is 

NCNO ..... [NC·ON] ..... N2 + CO. 

Loss of NCNO into this channel would be manifested in the 
rate of CN production, but not necessarily in the relative 
distributions of CN (N"). A cyclic intermediate has been 
proposed as a transient species along the exoergic path for 
CO production. The distribution of energy in the internal 
and translational degrees offreedom in a particular channel 
will reflect the existence of other product channels as will the 
absolute rates. PSDs in a given channel will be affected by 
the global shape of the PES only if trajectories entering the 
channel may return to the reactant region of phase space. 

The experimental results could be presented from an 
operational perspective. All simple theories predict a 
smooth monotonic dependence of the rates on energy. Such 
an empirical curve drawn to approximate the data at the 
high energy end of the range studied underestimates the 
rates in the range 200 to 400 cm -I. A simple interpretation 
of the enhanced rates is that the vibrational phase space is 
restricted. The maximum at - 320 cm - 1 would then corre
spond to the energy regime for transition from restricted to 
complete redistribution in the reactant and the close agree
ment between PST and the data at low energies is fortuitous. 
The statistical adiabatic channel model considers strict con
servation of vibrational quantum numbers of those motions 
which can be clearly identified in reactants and products. In 
this reaction, they are the terminal CN and NO stretches. 
From an extension of this idea, one could conceive of the 
restrictions in reactant phase space being due to weak cou
pling between these modes and the others. This picture does 
not contradict the observation of equal appearance times in 
all product channels and the transient absorption measure
ments if we assume that redistribution cannot populate these 
modes directly. Some fluctuations in the rate is expected as 
the nature of the optical state changes with the photon ener
gy in the transition regime, which may explain the observed 
structure in k Me (E). 

Although the involvement of other electronic states as 
direct channels of reaction have been argued against, they 
may be important in determining the shape ofthe So PES in 
the reaction channel. It is believed that SI and T, correlate 
with ground state CN and NO. Spin-orbit coupling may 
induce mixing between the vibronic manifolds of So and T

" leading to avoided crossings and multiple minima (Demkov 
resonances) along the reaction coordinate.41 Similar effects 
would also arise from interactions between the manifolds of 
the two singlet surfaces. It must be noted that such minima 
can occur only if some vibrations are adiabatic, Le., redis
tribution is not complete among all vibrational modes. This 
may be visualized as dynamical trapping, molecules vibrat
ing in a particular mode see potential minima greater in 
number and different in position than molecules executing a 
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different form of vibrational motion. The purely electronic 
So PES cannot have a minimum along the reaction path (ex
cept at the equilibrium geometry of the reactants) and the 
rates can be compared to PST or RRKM for energies such 
that only this surface is important. At energies greater than 
200 cm -1, the reaction must then proceed through mUltiple 
transition states. The complex mode of the reaction should 
manifest itself in the absolute rate, but not necessarily in 
PSDs. The rates may be estimated only if the contribution 
from each adiabatic PES (electronic and vibrational) can be 
estimated. 

It is interesting to note that there is no obvious correla
tion between the sharp features in the absorption (photodis
sociation yield) spectrum and the structure in k Me (E). In 
the bimolecular scattering of ground-state CN and NO radi
cals, fluctuations in the scattering cross section correspond
ing to orbiting or compound (Feshbach) resonances may be 
present.42 In this example of pre dissociation, the reaction is 
initiated in such compound states at all energies. Structure in 
the unimolecular rate as a function of energy is therefore a 
manifestation of restrictions to the redistribution of energy. 

4. Rates vs product state distributions 

Although a complete interpretation of the energy de
pendence of the rates is not possible without a proper de
scription of the PES in full detail, we can assert that the 
dissociation rates are sensitive to different aspects ofthe po
tential than PSDs. Nascent distributions obtained under 
similar experimental conditions for CN and both spin-orbit 
states of NO are in good agreement with PST, with no evi
dence of restricted IVR or nonadiabatic effects. Comments 
on the intrinsic differences between measurements of rates 
and PSDs are clearly appropriate. 

Absolute reaction rates are affected by the global fea
tures of the PES, in contrast to PSDs. Reactive channels 
which do not yield CN and NO as products are not presented 
in the PSDs of CN (or NO) but will be manifested in the 
absolute rate. In other words, the total yield in the 
CN + NO channel will be affected by the presence of other, 
chemically distinct, open channels, even though the relative 
population of product quantum numbers within a single re
arrangement channel might not be influenced. 

There are also subtle considerations in a single channel 
which influence rates and PSDs differently. Rates are 
thought to be determined by a hypothetical surface in phase 
space that minimizes the flux of trajectories through it. This 
dynamic bottleneck to reaction may be located somewhere 
other than at the maximum (saddle point of PES) of Veil" 

[Eq. (7)]. PSDs are determined at this critical point which 
is generally further toward products than Sm. An equivalent 
statement is that exit channel effects (long range collisions) 
are important for this reaction, even near threshold. As the 
energy available for reaction increases, the position of the TS 
(Sm) migrates slowly towards the reagent, thus accentuat
ing the differences between PSDs and rates. The rates are 
sensitive to IVR and the short-range interactions on the 
PES, while product state distributions are mapping long
range influences and impact parameter distributions. This is 

strong motivation for examining photofragmentation on ul
trashort timescales. 

VI. CONCLUSIONS 

This paper, the first in the series, presents direct mea
surements of state-to-state rates (and product state distribu
tions) of the dissociation of beam-cooled NCNO as a func
tibn of reagent and product energy. The studies provide an 
opportunity for examining the picosecond time-resolved dy
namics of this reaction. The primary experimental findings 
reported here are: 

(a) State-to-state rate constants are found to be inde
pendent of the character of the final product rota
tional state. A simple model is used to argue that 
energy randomization is fast in the accessible (sub
ject to energy and possibly dynamical constraints) 
region of phase space. 

(b) Rates as a function of energy exhibit a threshold 
(17083 cm-I, the bond energy, 48.8 kcallmol) 
and increase with total energy in the reagent. The 
functional dependence of the rates on energy is not 
strictly monotonic but shows some structure, 
which cannot be explained using simple statistical 
theories. Comparison with RRKM and PST pro
vides insight into the nature of the transition state 
and the effects of recoil during fragmentation. 

(c) Transient absorption measurements show a popula
tion decay at a rate equal to the buildup of products. 
In the light of these experiments, we consider energy 
redistribution and predissociation explicitly. It is 
reasoned that only one potential energy surface is 
important at the energies considered. 

(d) Differences between product state distributions 
(statistical- PST) and absolute rates (nonstatis
tical) are rationalized as manifestations of the glo
bal vs local features of the PES, or early-time vs 
long-time dynamics of the reaction process. 
A b initio or semiempirical calculations of the full So 
PES would be of great use in gaining further insight 
into this prototype and elementary reaction. 
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APPENDIX: CHARACTERISTIC CONSTANTS FROM 
PUMP-PROBE TRANSIENTS 

In cases where the dynamics occur on a time-scale much 
longer than the duration of the excitation or probe pulses, 
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the experimental response can be analyzed without explicit
ly accounting for their finite temporal widths. More accurate 
estimates of the constants of the molecular response are ob
tained if the instrumental response function is included in 
the analysis. The problem has been solved in the context of 
fluorescence lifetime measurements by photon-counting 
techniques43 and is given by a convolution integral, and in 
transient absorption experiments.44 Here, we show explicitly 
that a pump-probe transient may also be analyzed by a 
mathematically similar form, which we utilize in the analysis 
of our data. 

First, we consider the effect of the excitation pulse 
which has a temporal profile,j( t). If the molecular response 
has a functional form M(t - to), the measured response, 
S( t), is represented by the Riemann sum over the range with 
/(t) nonzero: 

S(t) = "L/(nor) 'M(t - nor) . (AI) 
n 

In the limit of infinitesimal Or the sum is the definite integral 
in Eq. (A2), which can be recognized as a convolution inte
gral of/with M: 

S(t) = J~ 00 /( r)M(t - r)dr. (A2) 

In a pump-probe scheme where both pulses have finite tem
poral spread, the time parameter is generally chosen to be 
the peak-to-peak delay, T. Including the probe pulse in Eq. 
(A2) results in 

S(T) = J_+oooo 1.+ 00 /)(r)M(r2 - r)/2(r2 - T)dr2 dr). 

Defining a new variable r' = r 2 - T, 

S( T) = J-+ 0000 1.+-:/) (r)M (r' - r) + T) 

X/2(r')dr' dr). 

Another substitutions = r) - r' and a change in the order of 
integration results in 

S(T) = J~ 00 J-+ 0000 /)(r)!z(r) - s)M(T - s)dr) ds. 

The system response function, R (t), obtained by setting 
M(t) equal to the Dirac delta-function is seen to be the cross 
correlation of the two pulses. This shows that the cross-cor
relation function is indeed the true system response function 

R(T) = J_+oooo /)(r)/2(r) - T)dr). 

The measured molecular transient can then be written as in 
Eq. (A3): 

S(T) = J~oo R(s)M(T-s)ds. (A3) 

In our experiments, M(x) has the form of an exponen
tial buildUp. Next, we show that the convolution of a pulse 
with zero amplitUde at long positive and negative times with 
an exponential rise is identical to the convolution of the inte
gral of that response with an exponential decay. In other 
words, we want to show that the following equality holds: 

J~ oo/(r)A [1- e- k(t-1')]dr 

= J~ 00 (J~ oo/(S)dSr 'e- k(t-1')dr. 

The right-hand side can be integrated by parts: 

J~ 00 (J~ 00 /(s)ds r 'e - k(t -1')dr 

=A 'e- kt [f1' /(s)ds' e
k

1' II 
-00 k -00 

ft ekT d (IT )] - - . - /(s)ds dr 
- 00 k dr - 00 

=A 'e-kl[ft /(s)ds'!.'::... _ ft e
k

1' /(r)dr] 
-00 k -00 k 

= ~ ft /( r)[ 1 - e - k(t - 1') ] dr . 
k - 00 

This shows that the deconvoluted lifetimes are the same, but 
the amplitUde is changed by a multiplicative factor. This has 
to be accounted for in deriving the correct fraction for a 
multicomponent rise. For a biexponential rise deconvoluted 
using the integrated pulse method, the correct ratio F of the 
amplitude of the fast component to the total amplitude is 
related to the fraction obtained in the fit F' by 

F= k2F' , 
k) (1 - F') + k2F' 

where the exponential constants satisfy k) > k2• 
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