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Dissociation of Highly Excited NO2 Induced by Collisions with Ar, CO, and 0 2  
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The gas-phase collision-induced dissociation (CID) of highly excited, mixed 2A1/2B2 states of NO2 with Ar, 
CO, and 0 2  is studied in crossed beams experiments with state-resolved detection of products. Both the 
internal and translational energy of the reactants are varied independently. The state-specific relative yield 
of the NO product as a function of the initial NO2 excitation is reported for excitation energies hv from 
dissociation threshold DO to DO - hv = 1000 cm-I. The relative collision energies are 750-2400 cm-I. 
The structure of the CID yield spectrum is similar to that observed in the fluorescence excitation spectrum 
of NOz, and the scaling of the collisional energy transfer efficiency can be described by an exponential decay 
law. NO is detected using laser ionization, and rotational and spin-orbit distributions are determined. CID 
is described fairly well by assuming a unimolecular decomposition (UMD) of N02, collisionally excited to 
a range of excess energies above DO with excitation probability determined by the exponential gap law. The 
average energy transferred per activating collision is in the range 110-310 cm-I, dependent on both the 
relative collision energy and the nature of the collider. Higher product spin-orbit excitations are observed 
with CO and 0 2  than with Ar which suggests a stronger exit-channel interaction with these colliders. 

I. Introduction 

Understanding collision-induced dissociation (CID) of poly- 
atomic molecules is of fundamental importance to the under- 
standing of unimolecular and recombination processes. In 
thermal, collisional environments both processes reflect a 
delicate balance between activating and deactivating collisions.’ 
For example, in unimolecular reactions the Lindemann mech- 
anism is based on the assumption that strong collisions can 
activate molecules to energies above dissociation threshold, 
transferring large amounts of energy in a single collision.2 In 
recombination reactions, the stability of the product depends 
on the efficiency of the deactivating collisions, and efficient 
upward energy transfer may reduce the observed net recombina- 
tion rate. In addition, molecules with high internal energy may 
have sufficient energy to participate in chemical reactions. Thus, 
issues of energy transfer are central to any modeling of 
unimolecular and bimolecular reactions in collisional environ- 
ments. The importance of these processes has been recognized 
for many years, and the history of studying energy transfer is 
as long as that of unimolecular  reaction^.^,^ 

Most of the studies on energy transfer have been concerned 
with molecules with low amounts of vibrational energy. Of 
the relatively few studies that have dealt with highly vibra- 
tionally excited polyatomic molecules, the majority examined 
relaxation, that is downward (deactivating) collisions. The most 
extensively studied triatomic molecule is highly excited NO2 
(hereafter denoted NOZ*) .~ -~  Studies of its relaxation yielded 
the average energy transferred per collision as a function of 
excitation energy and the nature of the collider. However, recent 
results provide state-resolved information on N02* collisional 
re laxa t i~n .~ .~  

Theoretical investigations of energy transfer at high internal 
energies are scarce as well and involve mainly trajectory 
calculations. Studies of small molecules emphasize issues such 
as strong vs weak collisions and the importance of V-V and 
V-R transfer,I0-l2 while calculations centered on large mol- 
ecules demonstrate the importance of “chattering” collisions.’3s14 
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The latter showed that, in large molecules, an atomic collider 
can collide sequentially with more than one atom in the excited 
molecule in the course of a single collision, undergoing several 
energy-changing events. The net energy transferred can be 
different than that in each one of these encounters. Such 
chattering collisions make the duration of the collision rather 
long. To our knowledge, the only theoretical work that treats 
explicitly the collisional dissociation of a triatomic molecule 
with substantial internal energy concerns the CID of H02* by 
He to yield H + 0 2  or OH + O.I5 This study, which uses 
trajectory calculations, shows that the CID cross section is 
smaller when H02* is rotationally “cold” than when it was 
“hot”. The authors suggest that the CID of rotationally hot 
H02* can be modeled by a strong collision mechanism, while 
rotationally cold HO2* is better modeled by a weak collision 
approximation. 

CID studies are unique because they only sample upward 
collisions that result in fragmentation. Although CID is used 
routinely in ion-molecule reactions, few studies of gas-phase 
CID of neutral molecules have been reported. CID of alkali 
halides with rare-gas colliders was shown to generate ion pairs 
at collision energies up to 6 eV.’6317 Laser excitation into upper 
electronic states was used by Leone and co-workers to study 
the CID of Br2, which dissociated following collision-induced 
curve crossing onto a repulsive electronic surface.I8 Related 
experiments of CID on surfaces have shown a sharp dependence 
of the CID yield on translational energy and the stiffness of the 
surface, and product energy distributions that could be well 
described by statistical theories of unimolecular d e ~ a y . ’ ~ - ~ I  We 
believe that studies of CID of triatomic molecules should be 
particularly revealing. The density of states of these molecules 
and the number of degrees of freedom are sufficiently large to 
make the probability of CID substantial, and the intemal energy 
distributions in the products should shed further light on the 
CID mechanisms. From a theoretical standpoint they may be 
tractable, and realistic potential energy surfaces can be con- 
structed. 

Recently, we have reported the first study of gas-phase CID 
of N02* by Ar carried out in crossed molecular beams with a 
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Figure 1. Energy diagram showing the three major steps in the CID 
of N02*: laser excitation (NO2 - NO2*); collisional excitation (or 
deactivation) of N02* followed by dissociation of NO2 molecules 
excited above DO, NO***; detection of N0(211) products. Also shown 
are the origins of the relevant NO2 electronic states. 

good selection of the internal and translational energies of the 
reactants.22 NO2 was excited by a pulsed laser to selected 
energies below the dissociation threshold, DO = 25 130 cm-1,23 
and the relative energy of collisions with Ar was defined by 
the molecular beam expansion conditions. Thus, we could study 
separately the roles of internal and translational energy in 
promoting dissociation. Figure 1 depicts schematically the 
relevant electronic states of NO2 and the three major steps of 
the CID experiment (i.e., laser excitation of N02, collisional 
dissociation, and detection of NO products). NO was monitored 
state-selectively, and its relative yield was determined as a 
function of the internal energy in N02. From these data we 
estimated the average energy transferred per collision and 
obtained the rotational and spin-orbit distributions in NO. The 
CID yield was found to obey an exponential gap law as is 
characteristic of adiabatic collisions. 

In this paper we give a full account of our CID studies with 
Ar, extend them to a broader range of internal and translational 
energies, and include also CO and 0 2  colliders. Diatomic 
colliders do not have many internal degrees of freedom, and in 
that respect their behavior is not expected to be very different 
from the inert gas. However, with highly excited N02*, reactive 
channels become energetically possible that may yield 0 3  and 
C02 products in collisions with 0 2  and CO, respectively. Thus, 
the influence of attractive interactions, or even reactions, on 
the collision outcomes can be examined. We also compare the 
results of the NO2 + Ar CID at two markedly different collision 
energies. 

NO2 provides an excellent prototypical system for studying 
CID of highly internally excited molecules. It can be optically 
excited almost continuously to levels around DO by using 
excitation into the mixed 2B2/2A, state (see Figure l).24-26 
Although only the excited 2B2 state carries oscillator strength, 
it is vibronically coupled to the ground 2A1 state. This strong 
coupling induces mixing among many zero-order states, and 
vibronic chaos has been established at energies above 16 000 
cm-i.26 Thus, even in the absence of collisions, the prepared 
molecular eigenstates are mixed states which, on the basis of 
consideration of density of states, have '80% ground state 
character. Since only the 2B2 state carries oscillator strength, 
the fluorescence lifetime of NO2 is much longer than the 
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Figure 2. Experimental arrangement employed in the CID experiment. 
The shaded area is the ion-optics region of the mass spectrometer 
mounted perpendicularly to the plane of the molecular and laser beams. 
The inset shows the configuration of the lasers and molecular beams. 

radiative lifetime predicted from the absorption coefficient, 
giving rise to the well-known Douglas effect.27 Near DO, the 
lifetimes of the excited NO;! molecules are '50 and thus 
they can be transported in the molecular beam over large 
distances without substantially losing their excitation. As 
discussed later, this fact proves to be of crucial importance to 
the success of the CID experiments. 

The existence of excited electronic states in NO2 which are 
strongly coupled to the ground state is the key to our ability to 
excite these molecules efficiently to high vibrational levels of 
the ground state. On the other hand, this fact also complicates 
interpretations, since the electronically excited states may 
participate in the energy transfer. In studies of the relaxation 
of NO2, it was found that the energy transfer probability 
increases strongly above the origin of the electronically excited 
state?+29 In this regard, NO2 may prove to be somewhat special. 
However, in the CID studies reported here, no indication of 
the importance of electronic effects can be obtained. 

Our results show that CID is fairly efficient near DO, but the 
yield decreases exponentially when the amount of transferred 
energy required to reach DO increases. We model the CID by 
assuming separate steps for collisional activation and uni- 
molecular decay. The experimental results are in reasonable 
agreement with such a mechanism but show evidence of exit- 
channel interactions with the collider. 

11. Experimental Section 

1. Experimental Arrangement. The experiments are 
performed in a crossed beams apparatus consisting of a main 
collision chamber and two adjacent molecular beam source 
chambers (Figure 2). The two differentially-pumped pulsed 
molecular beams are expanded into the interaction chamber 
through piezoelectrically actuated pulsed nozzles (0.5" 
aperture, - 1 50-,US opening time)30 and 3-mm homemade 
skimthers. The first beam consists of NO;! seeded in a carrier 
gas (He or Ar), and the second beam is neat collider gas (Ar, 
CO, or 02). The beams travel approximately 50 mm from the 
skimmer to the center of the chamber and intersect at 90°, 
creating an overlap region of -1 cm3. The vacuum chamber 
base pressure is -5 x Torr, and under typical operating 
conditions (10-Hz pulse repetition rate, 1.5-atm backing pres- 
sure) the pressure in the collision chamber is <2 x Torr. 

An excimer-laser pumped dye-laser system is utilized to 
excite the expansion-cooled NO2 in the beam into mixed A2B2/ 
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%?A1 molecular eigenstates. The excitation laser beam (15-11s 
duration, -4-mJ energy) intersects the NO2 beam several 
centimeters away from the skimmer before the center of the 
collision region (see inset in Figure 2). The separation between 
the excitation laser beam and the probe beam can be varied in 
the range 0-3 cm. The excitation wavelength is varied from 
396 to 414 nm to cover the energy range from 100 cm-' above 
DO to 1000 cm-' below it. The output from a second, similar 
laser system is frequency doubled and then used as the probe 
radiation. The probe beam (-226 nm; 15-ns duration; -150- 
pJ energy) crosses the two molecular beams at the center of 
the collision region. The excitation and probe laser beams are 
loosely focused with 1-m-focal length lenses to approximately 
2- and 1-mm spot sizes, respectively, and counterpropagate in 
the plane of the molecular beams, intersecting them at 45" and 
135". 

2. Molecular Beam Expansion and Kinetic Energy 
Control. The 2.2% NO2/carrier gas mixture is prepared by 
bubbling the carrier gas at 1.5 atm over NO2 kept at the 
o-xylenelliquid nitrogen slush temperature of -29 "C. The 
rotational temperature of NO2 was estimated from the rotational 
distribution of background N0(21-I~/2) in the NO2 beam. Only 
the three to four lowest rotational states of NO(v=O) have 
significant populations, corresponding to a temperature <5 K. 
The NO2 temperature is not expected to exceed the measured 
NO temperat~re,~' and clustering of NO2 in the diluted beam is 
estimated to be <lo%. 

In the absence of a velocity slip between the carrier gas and 
NO2, the final incident energy E,,, and the corresponding 
velocity v of a molecule of mass M in an expanded seeded 
molecular beam is determined by energy c~nserva t ion :~~ 
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where (m) and (c,) are the average mass and the constant 
pressure heat capacity of the gas mixture and T is the nozzle 
temperature. For better accuracy, some of the beam velocities 
were measured directly by photodissociating NO2 in the beam 
at 1 = 396.7 nm, the threshold for production of NO 
(2111/2;v=O;J=5.5), and detecting NO(J4 .5)  with the delayed 
probe laser beam focused at various distances from the pump 
beam, downstream from the molecular beam. The experimental 
arrangement was similar to that shown in Figure 2, the only 
difference being that the second molecular beam (the collider) 
was not used. At 1 = 396.7 nm, NO(J4 .5)  is produced with 
nearly zero kinetic energy with respect to the parent molecule 
and propagates with the velocity of the molecular beam. Thus, 
the beam velocity can be determined by measuring the delay 
between the excitation and probe laser pulses, adjusted to 
maximize the NO(J=5.5) signal, as a function of the spatial 
separation between the two laser beams. The velocity of the 
Ar collider beam was approximated by the measured velocity 
of a 2.2% N02/Ar mixture. The velocities of the other colliders 
were estimated from eq 1. The measured and calculated 
velocities along with the relative collisional energies are 
summarized in Table 1. 

An attempt was made to employ H2 as a carrier gas in order 
to generate higher kinetic energies of NO2. However, a velocity 
slip in the 2.2% N02/H2 beam due to the poor H2/N02 collision 
efficiency prevented a significant rise in the NO2 velocity, as 
compared to the He carrier. For this reason, H2 as a carrier 
gas was not used in the CID experiments. 

The molecular beam densities are important in determining 
single-collision conditions. Under our expansion conditions, 
the number densities of the NOz/carrier and collider beams in 

TABLE 1: Velocities of the Molecular Beams and Relative 
Collision Energies 

beam relative collision 
beam velocity (m-s-') energy (cm-') 

components calcd exptl N02-Ar N02-CO N02-02 

2.2%N02/He 1570 1510(f5%) 2400" 21W 2200* 
2.2% N02/Ar 549 655 (3~5%) 750" 750b 760b 
100% Ar 547 635(15%) 
100% co 774 
100% 0 2  724 

a Estimated using the experimentally measured beam velocities. 
Estimated using the experimentally measured NO2 beam velocity and 

the calculated (by eq 1) velocity of the collider beam. 

the center of the chamber are estimated at -10'3-10'4 
molec~les.cm-~. At these number densities, a rough estimate 
gives a mean free path of the NO2 molecules of a few 
centimeters corresponding to nearly single-collision conditions. 

3. Detection of CID Products. The CID signal was 
observed by focusing the probe laser beam at the center of the 
molecular beam intersection region while the excitation laser 
beam intersected the NO2 beam -3 cm upstream along the 
supersonic beam, before the molecules enter the interaction 
region. The 3-cm separation between the excitation and probe 
laser beams required a - 2 0 9  delay between firing the lasers 
to allow N02*/He the travel time required to reach the collision 
region. The long lifetime of N02* assured that a significant 
portion of the NO2* molecules remained in the excited state 
when the molecules arrived at the interaction region. 

NO was detected state-selectively by resonant 1 + 1 (one- 
frequency) multiphoton ionization (REMPI) via the A 2 F  - 
X211 transition. Due to poor Franck-Condon overlap,33a the 
ionization cross section of the A state at 226 nm is much smaller 
than that for the A22+ - X21-I transition requiring near 
saturation of the A - X transitions. The NO product state 
distributions were extracted from the REMPI spectra by 
assuming that the transitions are totally saturated, as determined 
from the analysis of room temperature samples and the results 
reported elsewhere.33b 

The REMPI intensity is proportional to the number density 
of the NO molecules. Since NO is produced in a limited region 
of space, molecules with higher kinetic energy recoil out of the 
detection region faster than slower ones and, consequently, the 
effective number density of the "fast" NO product may be 
smaller than that of the "slow" molecules. Thus, the detection 
sensitivity for different quantum states of NO might be different, 
with more favorable detection conditions for the higher intemally 
excited product molecules. However, in our experiments, due 
to the high velocity of the molecular beams, the differences in 
the lab velocities of the detected NO(J) products are relatively 
small, and thus corrections for flux/density transformation were 
not attempted. 

The NO+ ions were detected mass-selectively by a 1-in. 
microchannel plate (MCP) detector (Galileo Electro-optics 
Corp. Model FTD2003) located at the end of a home-built 
Wiley-McLaren time-of-flight (TOF) mass ~pec t rometes~~  
which was mounted above the center of the collision chamber, 
perpendicular to the plane of the molecular and laser beams. 
The mass resolution (m/Am - 20) allows for discrimination 
between N02+ (see section 11.4) and NO+ ions, thereby 
improving the detection selectivity. From considerations of the 
geometry of the TOF spectrometer and the dimension of the 
detector, we deduce that all ions formed in the center of the 
beam interaction region should be detected.33c 

The signal from the MCP was further amplified and collected 
in a fast transient digitizer (LeCroy Model TR8818A) for 
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Figure 3. Typical example of the final CID NO spectrum obtained in 
the NOdHe + Ar experiment (all background signals are subtracted). 
The spectrum is obtained by REMPI, via the A2Z(w=O) - X217(w=O) 
transition. 

temporary storage and subsequent transfer to the computer. A 
digital delay generator (Standard Research Systems Inc. Model 
DG-535) was used for establishing the triggering sequence for 
the various components of the experimental arrangement. Data 
processing included signal averaging (at 10 shots per laser 
grating step) and shot-to-shot normalization of the signals using 
photodiodes (UDT Sensors Inc. Model W 1002) to monitor 
the excitation and probe pulse energies. 

4. Interfering Effects. Several competing processes and 
background signals must be considered in the data analysis, the 
most important being signals from background NO and from 
NO products obtained via photodissociation of rotationally hot 
ground state N02. First, the signal due to background NO in 
the NO2 beam has to be subtracted. Owing to surface catalyzed 
decomposition of NOZ, small NO concentrations are always 
present in the molecular beam. Expansion-cooling and skim- 
ming ensures that the NO background is at T,,, < 5 K, and 
only NO molecules in the 21-11/2 state with J 5 3.5 have 
significant populations. Nonetheless, in a crossed beams 
experiment the background NO in low rotational states is 
collisionally scattered into higher-J states. To subtract the 
signals due to the background NO and its rotationally inelastic 
scattering, both the collider gas nozzle and the excitation laser 
were operated in an onloflmode. Subtracting the signal obtained 
with the collider nozzle off (no collisions) allowed the subtrac- 
tion of unscattered NO background and yielded the total 
collision-induced signal. Subtracting the collision-induced 
signal obtained with the excitation laser off (Le. the scattered 
NO contaminant) from the total collision-induced signal obtained 
with the excitation laser on yielded the CID signal. A typical 
example of the final CID NO 2113/2 spectrum obtained in the 
2.2% N02/He + Ar experiment is shown in Figure 3. The CID 
signal was larger than the background NO signal by a factor of 
at least 2. The subtraction of the large background signals 
resulted in significant uncertainty of the final CID signal, 
estimated at &20%; however, the shapes of the product state 
distributions and yield spectra were reproducible. 

A more severe problem may arise due to rotational excitation 
of ground state NO2 by collisions with the collider prior to laser 
excitation. Exciting NO2 several centimeters before the collision 
region helps to minimize this effect greatly, although it cannot 
eliminate it completely. To illustrate this point, Figure 4a shows 
the NO2 dissociation yield spectra obtained by monitoring 
N0(211~l~;J=5.5) with the collider pulsed nozzle (neat Ar) on 
and off, and the excitation and probe laser beams overlapping 
at the center of the collision region. The large, unstructured 
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Figure 4. (a) NO(ZlT~/2;J=5.5) yield obtained in the dissociation of 
NO2 as a function of the laser excitation wavelength when the excitation 
and probe beams are overlapped at the center of the detection region. 
The thin and thick lines are the spectra obtained with the argon (collider) 
beam off and on, respectively. (b) Same as in a, except that the 
excitation laser beam is focused 3 cm away from the probe beam closer 
to the origin of the NO2 beam (see Figure 2). The threshold for 
production of N0(2n~,2;J=5.5) corresponds to the position of the tallest 
peak at 1 = 396.7 nm. The dissociation threshold is marked by DO. 

collision-induced signal below the threshold for production of 
N0(211,/2) in the J = 5.5 state is due to photodissociation of 
NO2 rotationally excited by collisions with Ar prior to photo- 
excitation. To decrease the likelihood of such collisional 
excitation, laser excitation must precede collisions. To achieve 
this, the excitation laser beam was positioned up to 3 cm away 
from the center of the chamber, upstream along the NO2 beam, 
well outside the molecular beams intersection region (see the 
inset in Figure 2). Figure 4b shows the NO2 dissociation yield 
spectra obtained under the exact same conditions as the spectra 
in Figure 4a but with the excitation laser beam moved 3 cm 
away from the center of the collision region. The large decrease 
of the signal below the NO(J=5.5) photodissociation threshold 
is due to the diminished contribution from photodissociation 
of collisionally excited NO;?. The remaining signal below the 
NO(J4 .5)  threshold but above DO is due mainly to inelastic 
scattering of NO(J<5.5) produced by NO2 photodissociation 
into the J = 5.5 state. The structured signal below DO in Figure 
4b is attributed to CID, and its spectral structure is discussed 
in section 111.1. We note that even in the absence of collisions 
with the collider, those NO2 molecules that are in N = 2 and 4 
at the 5 K beam temperature will photodissociate when the laser 
excitation energy is <10 cm-I below DO. This effect cannot 
be eliminated but affects only a small region below DO. In 
summary, most of the signal due to photodissociation of 
rotationally excited NO2 can be eliminated by separating the 
excitation and probe beams by a few centimeters. The small, 
remaining signal appears as unstructured background, which can 
easily be subtracted from the structured CID spectra (e.g., as 
can be seen in Figure 4b). 

The signals in Figure 4a,b above the NO(J=5.5) threshold 
are due to direct photodissociation of NO2 leading to production 
of NO(J=5.5). In this wavelength region, the difference 
between the signals obtained with the collider pulsed nozzle 
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Figure 5. Energy diagram depicting possible interfering multiphoton 
processes involving NO2 and NO. Vertical arrows show possible 
photoexcitation transitions; horizontal dashed arrows indicate NO2 
dissociation pathways. (See the text for details.) 

on and off is explained mainly by inelastic scattering of the 
NO photodissociation product into other rotational states when 
the collider nozzle is on. The elastic scattering of NO out of 
the detection region is to a large extent counterbalanced by 
elastic scattering into the detection region. Notice in Figure 
4b the significant decrease in NO signal intensity above DO as 
the photolysis energy increases. This is best seen by comparing 
Figure 4b and Figure 4a and is due to the fact that, at laser 
excitation energies exceeding the threshold for production of 
NO in the monitored quantum state, NO produced with excess 
kinetic energy recoils out of the center of the molecular beam 
and is not overlapped well by the probe beam. Thus, when the 
excitation and probe beams are separated by 3 cm, there is good 
discrimination against photolysis products with high recoil 
energies. 

The recoil of translationally hot NO products out of the 
molecular beam path also minimizes potential interference due 
to two-photon (-400-nm) dissociation of N02, which is quite 
efficient even at low excitation laser fluences. Since NO(X211) 
created by two-photon dissociation in the excitation region has 
substantial translational energy, it will recoil out of the molecular 
beam before it reaches the collision region. In order to increase 
the discrimination against dissociation products produced with 
high recoil velocity, the excitation laser was operated with its 
polarization vector perpendicular to the molecular beam propa- 
gation direction. Since the 2B2 - *AI transition is 
the photolysis products will recoil preferably in a direction 
perpendicular to the plane of the molecular beams and the NO2 
beam velocity. This and other possible interfering photon- 
induced processes are illustrated in Figure 5. 

We also observed a two-frequency two-photon (-400 nm + 
-226 nm) dissociation of NO2 yielding NO(A2Z+). This 
competing pathway is revealed in the NO photoionization 
spectrum at higher probe energies. Keeping the combined laser 
frequencies below the NO2 - NO(A2Z+) + O(3P) threshold 
(69 327 cm-I) eliminated this process. Because of the non- 
resonant nature of the ionization of NO(A2F), this process does 
not exhibit structured absorption and leads to a nearly constant 
background at higher probe energies. The detectable inter- 
ference from this pathway confirms that N02*, excited 3 cm 
away from the detection region, does indeed reach the region 
of interaction with the collider beam. 

Finally, we observed a signal due to two-color, three-photon 
(400 nm + 2 x 226 nm) ionization of NOz. It is believed that 
this process proceeds via two intermediate resonances, the f i s t  
being the 2Al/2B2 mixed excited state and the second an excited 

-m- I I 

.- I ( c )  NO;/He+CO I ,  I 

I (d) NO;/Ar t Ar I 

Excitation energy, hv (cm-') 
Figure 6. N0(21'11/2;J=5.5) yield from N02* CID as a function of 
N02* excitation energy for different colliders and collision energies. 
*c Rydberg state, possibly 4pa. This signal was eliminated 
by setting the TOF spectrometer to monitor only NO+ ions. 

111. Results 

1. CID Yield Spectra. Figure 6 shows the dependence of 
the CID signal on the initial excitation energy of N02*, hv, for 
different CID experiments. These spectra, referred to as CID 
yield spectra, are obtained by scanning the wavelength of the 
excitation laser below the NO2 dissociation threshold, DO, while 
monitoring the production of NO(X2lll/z;v=O;1=5.5). The 
intensity of the CID signal decreases as the excitation laser 
energy is scanned away from the threshold. The decrease is 
most rapid in the NOdAr + Ar experiment, where the collisional 
energy is Ecol = 750 cm-l, and the CID signal is detectable to 
DO - hv - 500 cm-I; for Ecol = 2100-2400 cm-' the CID 
signal is observed to DO - hv - 1000 cm-'. Except for their 
relative intensities, the yield spectra obtained with different 
colliders and at different collision energies are similar. Like- 
wise, probing different NO product rotational states [e.g. 
2113/2(J=5.5,6.5)] results in similar CID yield spectra. 

A key observation in identifying the origin of the NO signal 
is the structure in the CID yield spectra. For comparison, an 
NO2 LIF spectrum taken in a companion molecular beam 
chamber under similar conditions is shown in Figure 7b. The 
similarities with the CID yield spectra shown in Figure 6a-d 
are apparent. The yield spectra below DO carry the fingerprints 
of the NO2 absorption spectrum. This is the primary indication 
that what is observed is in fact photoexcitation of jet-cooled 
(Trot, < 5 K) N02, followed by dissociation. The small NO- 
( 1 ~ 5 . 5 )  signal at NO2 excitation energies just above DO, which 
is observed in all CID yield spectra (see also Figure 4b), 
originates from the inelastic scattering of NO(J< 5.5) produced 
by photodissociation of NO2 at energies below the NO(J=5.5) 
appearance threshold. Just as in CID, this signal is dependent 
both on the excitation laser and the collider beam and thus 
cannot be removed by subtraction of the backgrounds in odoff 
experiments. However, it is limited to the spectral region above 
DO and does not interfere with the CID signal. 
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Figure 7. (a) N0(2n112;.k5.5) CID yield as a function of N02* 

excitation energy in the N02Me + Ar experiment (same as in Figure 
6a). (b) Jet-cooled NO2 laser-induced fluorescence (LIF) excitation 
spectrum. (c) Log plot of the point-by-point ratio of the CID and LIF 
spectra of NO2 shown in panels a and b. 
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Figure 8. Log plots of the point-by-point ratios of the CID yield spectra 
shown in Figure 6b-d and the LIF spectrum of NO2 shown in Figure 
7b. 

Below DO, the only significant difference between the NO2 
LIF and CID yield spectra is the relative intensities of the 
spectral features as the excitation energy is scanned below DO. 
This scaling of the CID yield spectra reflects the decreasing 
energy transfer efficiency as the amount of energy required to 
produce N0(2n1,2;J=5.5) via CID increases. In accordance 
with the often observed exponential energy gap law for energy 
transfer,35 the sca!ing appears to be exponential in all reported 
experiments. This observation is illustrated in Figure 7, where 
panel a shows the CID yield spectrum obtained in the N02/He 
+ Ar - NO(*n1,2;.+5.5) experiment, panel b shows the jet- 
cooled NO2 LIF spectrum, and panel c presents a log plot of 
the point-by-point ratio of the CID and LIF spectra. Similar 
plots for the other CID experiments are shown in Figure 8. The 
linear dependence of the ln(Zc&,IF) signal on the excitation 
energy in the investigated energy range confirms that 

(a) N02/He + CO CID 

0.5 5.5 10.5 15.5 20.5 25.5 
J 

(b) NO/He + CO inelastic scattering 

0 5  5 5  105 1 5 5  205 255 
J 

Figure 9. (a) N0(211) rotational level distributions obtained in the 
N02/He + CO CID experiment at NO2 excitation energy DO - hv = 
160 cm-I (1 = 400.18 nm) and Ecol = 2100 cm-I. (b) NO('lI) 
rotational level distributions obtained in the inelastic scattering of NO 
by CO at E,,[ = 1750 cm-l. 

TABLE 2: 
Measured and Calculated Rotational Temperatures 

Collisional Energy Transfer Parameters and 

NO rotational temp (cm-I) 

NOJAr+Ar 750 114h5 103 f 10 77 i 10 80 
NOz/He+CO 2100 175 f 8  183k 15 187f 15 150 
N02/He+02 2200 207f 10 211 f 15 173f 15 170 
N02/He+Ar 2400 307f20  256h 15 273 f 2 5  240 

where hv is the excitation photon energy. The energy transfer 
parameter y is obtained from the linear fits, and the values 
derived for the different CID experiments are shown in Table 
2. In Figures 7 and 8, the nonlinear tails just below DO arise 
from inelastic scattering of NO generated by photodissociation 
of rotationally excited NO2 (due to both thermal and collisional 
excitation, as described in section 11.4) into the monitored 
level-NO(J=5.5). The contribution of this process is signifi- 
cant only within several tens of wavenumbers below DO, and 
these sections of the spectra were ignored when fitting the data. 

CID near DO appears to be quite efficient. Assuming 
comparable absorption cross sections just below and above DO, 
it is found that when probing, for example, NO(J=5.5), the CID 
signal below DO is -5% of the photodissociation signal near 
the threshold for formation of NO(J=5.5). This is a significant 
amount, taking into account that in photodissociation the energy 
is partitioned into six NO rotational states, whereas in CID NO 
product states are populated up to J - 25.5. 

2. CID Product State Distributions. Most of the NO 
product state distributions were obtained by fixing the excitation 
laser on a prominent peak in the CID yield spectrum at A = 
400.18 nm (160 cm-I below DO) (see Figure 6) and scanning 
the probe laser over the NO (A-X) transition. Figure 9a shows 
a typical rotational distribution obtained in the N 0 D e  + CO 
experiment. Since data analysis was carried out by assuming 
saturation conditions, only branches with the strongest transitions 
were used. The peak areas of the R11 + 4 2 1  and QII + P21 
branches were used to derive the J-state populations of the 2111/2 
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TABLE 3: N0(211) Spin-Orbit Ratios from CID and 
Unimolecular Decomposition 

Dissociation of Highly Excited NO2 

I 
6 

(a) NOt/He + Ar 

4 

2 

0 

6 4 8  

spin-orbit ratio 
expt E,,I (cm-9 exptl UMD model 

N02/Ar + Ar 750 0.1 1 f 0.03 -0.1 
NOz/He + CO 2100 0.23 f 0.05 -0.2 
N02/He + 0 2  2200 0.29 & 0.06 -0.2 
N02/He + Ar 2400 0.18 & 0.04 -0.35 
NOz** -0.3" 

Obtained in the collisionless unimolecular reaction of NO2 at excess 
energies 1900-2100 cm-', from ref 31. 

describes the distribution of the two spin-orbit states in the 
rotational energy (Erot.) domain. From the fits, the characteristic 
rotational temperatures 8, listed in Table 2 were obtained. 

The least squares fits describe the rotational distributions fairly 
well, and thus UQ and 8, can be used to determine the NO 
spin-orbit ratios. The total populations of the 217~ states are 
given by 

The upper limits of integration, = Eavail and €312 = (Eavail - 
cS-,,) for the two spin-orbit states, differ by the value of the 
NO spin-orbit energy cs-o = 123 cm-', but since the rotational 
distributions tail off exponentially up to the available energy, 
both upper limits can be approximated by infinity. Using the 
linear fits in eq 3 to characterize the rotational distributions, 
the populations of the spin-orbit states are given by 

0 m 400 6w 800 loo0 1200 
NO Rotational Energy (an-') 

Figure 10. Boltzmann plots of the NO CID product state distributions 
obtained at NO2 excitation energy DO - hv = 160 cm-I (1 = 400.18 
nm). The open and closed circles represent N0(211~,~) and N0(2113/~) 
rotational states, respectively. The populations of different A-doublet 
components are averaged. The temperatures given in Table 2 were 
obtained from the slopes of the straight lines through the data. 

manifold, while those of the Q22 + Ri2 and P22 + Q12 branches 
were used for the 2113/2 manifold. In the N02/He + Ar 
experiment, the distributions measured at several excitation 
wavelengths in the range 60-440 cm-' below DO were found 
to be quite similar. Note that for both spin-orbit states there 
appears to be no preference in the population of the A-doublet 
components. 

Figure 10 shows Boltzmann plots [Le., log(intensity) vs 
rotational energy] of the NO product state distributions obtained 
in different CID experiments at L = 400.18 mm. According to 
Table 1, the energy (highest J of 2171/2) available to the CID 
products is 2250 cm-l ( 3 5 3 ,  2050 cm-' (34.3, 1950 cm-' 
(33.5), and 600 cm-' (18.5) for N02/He + Ar, N02/He + 0 2 ,  

N02/He + CO, and N02/Ar + Ar, respectively. 
As seen in Figure 10, the rotational distributions for both 

NO spin-orbit states appear Boltzmann-like and the rotational 
temperatures of both spin-orbit states are nearly equal in all 
cases. Although not all distributions can be equally well 
described by temperatures, the concept of temperature is useful 
for characterizing the average energy of the distributions. We 
have used least squares fits of the form 

In N,(Erot.) = a, - Erot!&, Q = 'I2, 3/2 (3) 

where NQ is the population in each spin-orbit state and 

(4) 

Q = 'I2, 3/2 (6) 

and the spin-orbit ratio is 

This approach to the determination of the spin-orbit ratio is 
advantageous, since it does not require summation of the 
populations of all rotational states, some of which are missing 
in the experimental distributions due to spectral overlap. 

The NO spin-orbit ratios obtained with eq 7 are shown in 
Table 3. Note that increasing the N02-Ar collision energy 
(NOdAr + Ar vs N0dHe + Ar) significantly increases the CID 
product spin-orbit excitation. In the N02/He + CO, N02/He + 0 2 ,  and N02/He + Ar experiments, the collision energy does 
not change markedly, but the NO spin-orbit populations 
nevertheless exhibit a marked dependence on the nature of the 
collider. 

3. Inelastic Scattering of Contaminant NO. NO contami- 
nant is always present in the NO2 beam, and, in order to obtain 
accurate CID data, all processes involving NO were monitored 
on a shot-by-shot basis (see section 11.4). Thus, the inelastic 
scattering of NO was measured simultaneously with CID. 
Figure 9b shows a typical rotational distribution obtained for 
inelastic scattering of NO by CO. The values of the charac- 
teristic rotational temperatures and spin-orbit ratios for the 
inelastic scattering of NO are given in Table 4. State-resolved 
inelastic scattering of NO by Ar has been extensively studied 
b e f ~ r e , ~ ~ - ~ *  and our data are in general agreement with the 
results of these studies. Results on NO inelastic scattering by 
CO and 0 2  have not been reported before and will be described 
in detail in a separate p~b l i ca t ion .~~  
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TABLE 4: 
Ratios Obtained in the Inelastic Scattering of 

Rotational Temperatures and Spin-Orbit 

rotational spin-orbit 
temp (cm-9 ratio 

expt (cm-I) T 1 1 , 2  2 1 1 ~ i 2  exptl statistical 
NO/Ar+Ar 600 97 i 6 118 & 7  0.17 i O . 0 4  -0.3 
NO/He + CO 1750 262 f 16 225 f 13 0.73 f 0.15 -0.6 
NO/He + 0 2  1800 262 =k 16 246 i 14 0.54 f 0.11 -0.6 
NO/He + Ar 1920 240 i 14 220 i 13 0.44 & 0.09 -0.6 

The rotational excitations resulting from the inelastic scat- 
tering of NO are comparable to those obtained in CID, although, 
in the cases of CO and 02, NO scattering leads to somewhat 
higher rotational temperatures than CID. Overall, a significantly 
higher spin-orbit excitation of NO is observed in inelastic 
scattering compared to CID (compare Figure 9a and Figure 9b), 
but the general trend in excitation by different colliders appears 
to be the same: the spin-orbit ratios are lowest for scattering 
by Ar and higher for collisions with 0 2  and CO. The spin- 
orbit ratio resulting from inelastic scattering is defined as 
“statistical” if the rotational and spin-orbit temperatures are 
equal. The spin-orbit ratios obtained in the inelastic scattering 
of NO by Ar are colder than statistical, but in collisions with 
CO and 0 2  the resulting spin-orbit excitations, contrary to CID, 
are approximately statistical. Finally, the spin-orbit excitations 
appear to be much more sensitive to the nature of the collider 
than the rotational distributions. 

IV. Discussion 

In discussing the results obtained in this work, we use a 
statistical treatment rather than one based on microscopic state- 
to-state calculations. The justification for not using a micro- 
scopic approach is based on two factors. First, even though 
the initial excitation energy of N02* is well specified, the 
quantum state of N02* cannot be well defined. At energies 
approaching DO, there are at least two strongly mixed electronic 
states of NO*, X2Al and A2B2, and the density of rovibronic 
states is sufficiently high (> 1km-I) that quantum mechanical 
effects in the collision energy transfer are not expected to be 
observed. Second, collisions create a broad distribution of 
excitation energies. In order to describe the collisional excitation 
and subsequent decomposition of those excited molecules 
(denoted N02**) whose internal energies exceed DO in a state- 
to-state manner, not only must the distribution of the N02** 
excess energies, E?, be known, but also the relevant cuts in the 
potential energy surfaces. This information is not yet available. 
Additionally, in our experiments possible fluctuations in the 
state-to-state energy transfer and decomposition rates will be 
averaged out, and therefore, knowing the state-specific details 
of the interaction potentials and reaction cross sections is less 
important. These considerations favor the use of a statistical 
treatment, where one starts from a microcanonical ensemble in 
N02* and describes CID by using an energy transfer law to 
obtain the distribution of decomposing states following colli- 
sional excitation. 

1. Exponential Scaling of Collisional Energy Transfer 
Probability. An important conclusion derived from the CID 
yield spectra and the NO product state distributions is that the 
CID signal intensity scales exponentially with respect to the 
energy transferred per collision. Such exponential scaling of 
the probability has been observed previouslyI4 and is consistent 
with the empirical “energy gap law” for energy transfer.35 This 
law has been independently formulated and used successfully 
in interpreting a large body of data for processes such as 
radiationless decay of excited electronic states (where the name 
energy gap law originate~)?O-~~ vibrational-translational and 

rotational-translational energy transfer in collisions of mol- 
ecules, ions, and  atom^.^,^^,^ 

The exponential scaling of the CID signal suggests that the 
probability distribution P(Ei,Ef) for transitions from initial 
internal energy level E, to final energy Ef is given by the 
empirical equation 

The parameter y ,  which defines the scaling of the probability, 
depends on Ecol, the microscopic properties of the colliders and 
the interaction potential. Typically, y is different for activating 
and deactivating  collision^,^^ but in the CID experiments only 
the activating collisions are monitored. For the activating 
collisions an upper limit of Ecol must be placed on the total 
amount of energy that can be transferred from translational to 
internal degrees of freedom in the collisional system. This is 
taken into account by assuming that the transition probability 
is equal to zero when (Ef - E,) > EcOl. 

Exponential scaling of the transition probability with the 
transferred energy is usually observed in adiabatic collisions. 
When the collision energy is large compared to the spacing 
between adjacent vibrational levels, the system can be treated 
semiclassically as a forced harmonic 0scillator.4~ The transition 
probability can then be set proportional to the square of the 
Fourier component of the force acting during the collision at 
the frequency of the t r an~ i t ion .~~ ,~ ’  The collision is adiabatic 
when the duration of the collision exceeds the vibrational period. 
This assumption can be well justified, for instance, in the case 
of chattering  collision^,^^ as well as in “sticky” collisions that 
involve formation of an intermediate collision ~ o m p l e x . ~  In 
the latter case, however, if the lifetime of the intermediate is 
sufficiently long (e.g., many vibrational periods), a statistical 
distribution of the available energy within the complex may be 
achieved, and the product state distributions will be best 
predicted by considering the density of states of the entire 
collision ~ y s t e m . ~  Therefore, an exponential scaling of the 
energy transfer probability is likely to be observed when the 
collisions are ( i )  long enough to satisfy the condition of 
adiabaticity (Le,, comparable to a vibrational period) and ( i i )  
short enough to preclude randomization of the available energy 
within an intermediate complex. 

Long-lived sticky or chattering collisions are unlikely in the 
CID of NO2 due to the expected weakness of the N02*-collider 
interaction compared to Ecol. The condition of adiabaticity may 
be satisfied at these collision energies, since the incident velocity 
(-1000 m-s-’) does not exceed the velocity of the N02* 
vibrational motion (’2000 m-s-’). However, the possibility of 
nonadiabatic collisions may increase at higher collision energies. 

2. Unimolecular Decomposition Model of CID. When 
modeling the mechanism of CID, it is important to consider 
the nature of the interaction among the colliding species. In 
the simplest model, we assume that following collisional 
excitation of N02*, no further collider-product interaction 
occurs; in other words, the collider atom or molecule plays a 
spectator role in the NO2 decomposition. The subsequent 
dissociation of collisionally excited NO*** can then be treated 
as a unimolecular reaction, and this mechanism will be referred 
to as the unimolecular decomposition (UMD) model. However, 
the possibility of some interaction with the collider in the exit 
channel (especially in the case of collisions with CO and 0 2 )  

cannot be ruled out a priori and may affect the NO energy 
partitioning. If NO2** decomposition occurs in the presence 
of the collider, then, strictly speaking, the collisionally excited 
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system can no longer be described in terms of isolated NO***. 
It may be more appropriate in this case to refer to the 
dissociating system as the 0-NO-collider short-lived colli- 
sional complex, with the collider playing an active role in the 
energy partitioning (see below). 

In the absence of such exit-channel interaction, T - V 
transfer leads to formation of N02**. Thus, if hv is the initial 
excitation energy of N02*, the probability of the N02*(hv) - 
N02**(Do + l?) transition is given by eq 8 with Ei = hv and 
Ef = DO + E?. Assuming that the density of states of NO2 
does not change significantly for E? = 0-2400 cm-I, the 
resulting population of N02** for (DO - hv) -I- E? I Ec0l is 
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where ZLIF(~Y)  is the LIF intensity at hv, which is proportional 
to the intensity of the jet-cooled absorption feature at this energy. 

Since E? is not directly observable and the CID signal is a 
result of integration over all energetically accessible l? levels, 
no definite conclusion can be drawn from the experimental data 
about the state-specific behavior of the energy transfer prob- 
ability. As observed in the photodissociation of N02,31 
significant state-to-state fluctuations of the energy transfer cross 
section may be anticipated. However, because of averaging of 
the excited N02** states whose energies lie above the threshold 
of the monitored NO product level, these fluctuations are not 
observed in the CID experiments. In addition, for every 
collision the state-specific transition probability is an average 
over initial conditions (Le., impact parameter and orientation). 
Thus, eq 9 must be understood as an empirical law describing 
on average the collisional excitation of NO2 in a reasonably 
narrow product energy interval where y is constant. For the 
same reason, the local fluctuations in the NOz** density of states 
are not important. 

In the absence of exit-channel interactions with the collider, 
the subsequent decomposition of NO2** can be described by 
phase space theory (PST) of unimolecular d e ~ a y . ~ ~ - ~ * - ~ O  Before 
proceeding, we need to address the issue of collision-induced 
rotational excitation of NO2**, since the collision transfers not 
only energy but also angular momentum which spreads the 
initially cold total angular momentum distribution (Trot. < 5 K) 
over a wider range. As an estimate, we assume that the 
rotational temperature of N02** is equal to the energy transfer 
parameter y ,  which is of the order of 200 cm-'. The rotational 
constant of NO2 near DO is calculated to be -2-3 times 
less than that - of the ground state NO2 (io = 0.43 ~ m - l ) . ~ '  
Assuming B sr: 0.2 cm-l, we calculate that the average 
populated JNO,, corresponding to a rotational energy of -200 
cm-I, is (JNo,) - 30.5 (which is higher than the maximum 
observed J of NO in the CID experiments). Note that excitation 
of JNQ - 30.5 is allowed by angular momentum conservation. 
In the classical limit I J I  = IL( and pvb where p is the reduced 
mass of the NO2-collider system, v is the relative velocity, 
and b is the impact parameter, excitation of J N O ~  - 30.5 
corresponds to an impact parameter b - 1 A. Since the range 
of the NO2-collider interaction is significantly larger than 1 
A, collisional excitation of the NO;, rotational states with JNQ - 30.5 or higher is feasible. Note, however, that the different 
dynamical constraints on the possible orientations of the NO 
J-vector for rotationally cold and hot NOz** that are used in 
PST do not affect the final results of the UMD computations 
as significantly as in the case of photodissociation of NO2 at 
well selected energies. For example, no significant change in 

the outcome of the UMD model calculations was obtained when 
using (JNo~) = 8.5. 

The decomposition of N02** is described here as a uni- 
molecular reaction of rotationally hot N02. In applying angular 
momentum conservation under conditions where JNO~ > JNO. 
all possible orientations of the NO J-vector are a l l~wed,~ '  and 
the phase space available to each NO J-level is directly 
proportional to its degeneracy (21 + 1). [Note that in this case 
the rotational degeneracy is similar to that obtained in a prior 
~alculation.1~~ Consequently, the density of the phase space 
allowed rotational states is the same as the total density of 
rotational states (including degeneracy); however, in the energy 
domain it is constant for both N0(211~/2) and In 
the present treatment we did not include any centrifugal 
constraints. In studies of the unimolecular reaction of NO;! no 
cutoff in the NO rotational distributions due to centrifugal 
barriers was found?' giving a lower limit to the term due to 
the long range attraction between the 0 and NO products. Using 
this lower limit in the present calculations did not result in a 
significant change in the results compared to neglecting this 
term. 

Statistically, at each l?, NO*** decomposes to produce NO 
with equally populated energy levels Ej 5 l?, where E, is the 
total energy of the monitored NO state (rotational and spin- 
orbit). The corresponding contribution to the total CID yield 
of each NO energy level Ej is inversely proportional to the 
number n(l?) of NO quantum states that can be produced at 
this excess energy (i.e., states with E, < I?). Consequently, 
the contribution of N02** in the narrow energy range between 
l? and l? + dl? to the NO product state distribution at E, 5 
E4 is 

NNoJd;hv) d 
(10) 

n(") 
cW,(E,,";hv) = @*(Ej> 

where "o,(,??;hv) dE$ is the total number of N02** molecules 
in the energy interval dE$ produced by collisional excitation of 
NOz*(hv). Thus, the CID yield per NO quantum state at energy 
interval dl? multiplied by the N0(211n) density of states 
en(Ej) gives the yield of NO molecules with internal energy E, 
in each spin-orbit state (52 = I/2, 3/2). Substituting eq 9 into 
eq 10 we obtain 

As stated above, the density of NO states allowed by PST is 
constant in the rotational energy domain for both spin-orbit 
states. Thus, the product density of states is given by 

glI2(Ej) = eo, for E, > 0 

~3/2(E,) = 0, for 0 < Ej < cs-,, 

~3/2(Ej) = eo, for Ej > 6s -o  (12) 

where = 123 cm-I is the NO spin-orbit energy and eo is 
a constant. The total NO density of states, @j) = ~i/2(Ej) + 
edE , ) ,  is given by 

@(E,) = eo, for 0 < E, < csp0 

@(Ej) = 2e0, for E, L csp0 (13) 
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The total number of states n(l?) can be obtained by 
integrating @(Ej). n(@) is a linear function of l?, but at l? = 

its slope increases by a factor of 2, due to the opening of 
the 2&/2 channel. Thus, 

n ( 2 )  = e,# for 2 I cs-o 

n ( 2 )  = eO(2E‘ - csp0) for E‘ > cs-,, (14) 

Sanov et al. 

However, in reality n(@) is a steplike function of energy and 
cannot be <1 above DO. The approximation in eq 14 is thus 
valid only when n(l?) is significantly larger than 1. 

To obtain the NO population as a function of product intemal 
energy Ej and hv, eq 11 should be integrated over all the 
energetically accessible states @ above Ej. The use of integra- 
tion is justified due to the high density of states of N02**. The 
NO state distribution depends parametrically on hv and for each 
spin-orbit state (9 = ‘/2, 3/2)  is given by 

(Do - hv)  + E‘ 

where 

while @*(El) and n(@) are given by eqs 12 and 14, respectively. 
Since ~3/2(E,) = 0 when E, < E,-,,, it follows that N3/2(Ej;hv) = 
0 at these total energies. 

Equations 15 and 16 enable the simulation of the CID state- 
specific yield spectra and the rotational distributions resulting 
from the UMD model. The simulation of the CID yield spectra 
is achieved by setting the lower limit of integration in eq 16 to 
the energy of the monitored N0(2nl/2;.k5.5) state, that is Ej 
= 59 cm-I. Note, that when the upper limit of integration [Ec0l 
- (DO - hv)] exceeds the lower limit Ej by much more than y ,  
the integral becomes nearly independent of the upper limit (and, 
thus, of hv), since the integrand in the vicinity of the upper 
limit is exponentially small compared to its value near the lower 
limit. When this condition is satisfied, F(E,;hv) is nearly a 
constant for a given NO energy E,. Thus, the CID yield 
spectrum at the excitation energies used in this study can be 
well represented by eq 2, which is equivalent to eq 15 if we set 
F(Ej;hv) = constant. This is illustrated in Figure 11, where 
the thick curve is the ln(ZcI&IF) yield spectrum for NO 
(2n1/2;J=5.5) calculated according to eqs 15 and 16 for the 
N02/He + Ar experiment. The straight thin line corresponds 
to eq 2 with the same y parameter. 

The CID yield of N0(2111/2;J=5.5) changes rather smoothly 
(exponentially) when the energy available to the products 
significantly exceeds (Ej + y) .  In this energy range the major 
factor leading to the decrease of the CID signal as hv is scanned 
below DO is the exponential scaling of the energy transfer 
probability. The cutoff of the energy transfer at the value of 
the available energy [E,,,] - (DO - hv)] is not important 
experimentally, since the probability of excitation to this energy 
is very small compared to the probability of excitation to levels 
near the threshold of the NO(J=5.5) state. This explains why 
the CID yield spectra predicted by the UMD model and by eq 
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Figure 11. (Thick line) ln(lcldlLIp) calculated according to the UMD 
model. (Thin line) Similar curve calculated according to eq 2 [simple 
exponent] in which the cutoff at the available energy is neglected (see 
the text for details). In both cases, the monitored NO level for the 
CID spectrum is assumed to be the 2111/2, J = 5 . 5  state (i.e., E, = 59 
cm-I), ECoI = 2400 cm-I, and y = 307 cm-I. The separation between 
the linear part of the lines was introduced for clarity of presentation. 
Also indicated is the range of the excitation energies studied in the 
N02/He + Ar experiment. 
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0 500 1000 1500 2000 

NO Rotational Energy (cm-1) 

Figure 12. (Solid lines) Boltzmann plots of the NO(Zll~12,2113i2) 
rotational distributions calculated according to the UMD model with 
NO2 excitation energy DO - hv = 160 cm-’ ( I  = 400.18 nm), E,,I = 
2400 cm-’, and y = 307 cm-I. Boltzmann plots of the N0(211~/2) and 
NO(TI312) rotational populations obtained in the N02/He + Ar 
experiment are shown as open and closed circles, respectively. Within 
each set (computational and experimental results), the rotational 
distributions of the two spin-orbit states are normalized correctly with 
respect to each other; however, the relative normalization of the 
experimental and computational results is arbitrary. 

2, which does not take the energetic cutoff into account, are 
quite similar for a wide range of NOz* excitation energies. 
However, when hv is sufficiently low and the maximum @ is 
close to the threshold for production of N0(211~/2;J=5.5), the 
cutoff region becomes important, since the number of NO*** 
states above Ej decreases rapidly with decreasing hv. This factor 
leads to a faster-than-exponential decrease of the CID signal 
and to the abrupt cutoff in the UMD curve shown in Figure 11. 

According to eq 15, the NO state distribution following 
excitation at energy hv is proportional to the product of the 
integral in eq 16 and the density of states of the corresponding 
spin-orbit state. Boltzmann plots of the rotational distributions, 
plotted in the rotational energy domain (e.g., E,t. = Ej - cs-o 
for *lT3/2) and calculated using the UMD model with Ecol = 
2400 cm-I, (DO - hv) = 160 cm-I, and y = 307 cm-’ (Le., 
the conditions of the N02/He + Ar experiment) are shown in 
Figure 12. Since large sections of the Boltzmann plots appear 
linear, a “rotational temperature” can be assigned to each 
distribution using the slope of its linear part. 

3. Comparisons with Experimental Results. (i) Average 
Energy Transferred per Collision. The UMD model is in 
reasonable agreement with the observed exponential decay of 
the CID signal in the range of NOz* energies studied in our 
experiments. The energetic cutoff of the CID signal at the 
available energy limit predicted by the UMD model (Figures 
11 and 12) is not observed in the experiment, since the signals 
become too small to be measured. The values of the (upward) 
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energy transfer parameter y obtained by fitting the experimental 
CID yield spectra using eq 2 are summarized in Table 2. 
Comparable values of the average energy transfer were obtained 
in the vibrational excitation and deactivation of I2(B) by 
collisions with He (100 cm-1)52 and in the collisional deactiva- 
tion of excited NO2 with atomic and diatomic co l l i de r~ .~ ,~  In 
recent experiments, the average energy transfer for deactivating 
collisions of NO2 excited at hv = 20 000 cm-' with Ar, CO, 
and 0 2  was found to be 278,558, and 238 cm-I, re~pect ively.~~ 
The energy transfer parameter is sensitive to the kinematic and 
microscopic properties of the collision system. Its dependence 
on collision energy is illustrated by the differences between the 
values obtained for collisions of NO2* with Ar at two different 
Ecol (Table 2). The dependence of y on the nature of the collider 
is revealed by the fact that its value for the N o f i e  + Ar system 
(307 cm-') is 1.5-1.75 times larger than for the NOdHe + 
CO and N02/He + 0 2  systems (175 and 207 cm-', respec- 
tively). The corresponding collision energies are rather simi- 
lar: 2400 vs 2200 and 2100 cm-I, respectively. This depen- 
dence may reflect the greater stiffness of the atom collider as 
compared to a diatomic molecule. In the latter case, the 
additional degrees of freedom may absorb some of the colli- 
sional energy making the energy transfer to the internal degrees 
of freedom of N02* less efficient. A similar observation has 
been reported for CID on surfaces.2k Dependence of the 
microscopic properties of N02* on its excitation energy may 
also result in variation of y with hv, although such variation is 
not observed in the CID yield spectra up to DO - hv = 1000 
cm-I. 

In recent experiments, the relaxation of highly excited N02* 
by various colliders has been studied as a function of excitation 
en erg^.^,',^ Two points are relevant to the present CID 
studies: ( i )  even with molecular colliders (e.g., NO2, C02, and 
N2O) most of the relaxation proceeds via V - T transfer, and 
only a minority of the collisions (10-20%) result in V + V or 
V - R transfer; (ii) the average energy transferred per collision 
increases sharply when the N02* excitation energy exceeds 
-10 000 cm-'. 

The first point suggests that most of the upward and 
downward energy transfer events involve small impact param- 
eter collisions and that long-range resonant energy transfer is 
of secondary importance. However, the chemical interaction 
between the colliders may also be of importance and may even 
lead to chemical reactions. For example, the reactions N02* 
+ CO - C02 + NO and N02* + 0 2  - 0 3  + NO are 
energetically allowed when the energy of N02* exceeds 9700 
and 16 600 cm-', r e~pec t ive ly>~-~~  We have looked for 
signatures of reactive scattering in the NO intensities and 
rotational distributions, but the results obtained with CO, 0 2 ,  

and Ar colliders were not significantly different and thus no 
definite conclusion can be made about the participation of 
reactive channels. We note that the probability of the N02* + 
CO reaction has been found previously to be 2-3 orders of 
magnitude less than the N02* quenching pr~babi l i ty ,~~,~ '  which 
by microscopic reversibility is of the same order of magnitude 
as the CID probability at excitation energies just below DO. 
However, even if reactive channels are of minor importance, 
chemical interactions between the colliders may govem the 
approach geometries, increase the tendency to create an 
intermediate complex, affect exit-channel interactions, or cause 
some rehybridization of orbitals. Thus, these systems may show 
greater sensitivity to the details of the interaction potential. 

The second point raises the issue of the participation of 
excited electronic states of N02* in the energy transfer 
processes. The prepared eigenstates of N02* are known to be 
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mixed 2B2/2Al states. In addition, other electronic states that 
are not accessed optically, namely, the 2A2 and 2B1 states, may 
be coupled collisionally. The electronic transition dipole 
moment is thought to mainly increase the efficiency of V-V 
 transition^.^^ On the other hand, it is well-known that the strong 
mixings between the 2B2 and 2Al states promote IVR, and, at 
the N02* excitation levels of our experiments, vibronic (and 
possibly rovibronic) chaos exists.26 The existence of chaotic 
motions in the highly vibrationally excited N02* is probably 
responsible for the absence of state-specific effects in the CID 
yield spectra; except for the smooth exponential decrease in 
the CID spectral intensity as (DO - hv) increases, the LIF and 
CID yield spectra are identical. 

( i i )  Effect of Exit-Channel Interactions. The CID yield 
spectra calculated by the UMD model do not take account of 
final state interactions with the collider in the exit channel of 
dissociation (referred to as the exit-channel interaction) or of 
secondary collisions in the molecular beams intersection region. 
Such interactions are not expected to change the CID yield 
spectra significantly, since the collisional excitation step is not 
affected by exit-channel or collider-product interactions. On 
the other hand, the partitioning of excess energy between the 
CID products and the collider will be affected, and consequently, 
exit-channel interactions will be revealed predominantly in the 
product state distributions. The rotational temperatures and 
spin-orbit ratios obtained in our experiments and calculated 
according to the UMD model are listed in Tables 2 and 3. Values 
of y obtained according to eq 2 were used in the UMD 
calculations. The rotational temperatures were obtained from 
the slopes of the linear parts of the NO rotational energy curves 
calculated by the UMD model (see Figure 12). 

In general the NO spin-orbit excitations obtained in the CID 
experiments are colder than those predicted by the UMD model. 
The difference is especially noticeable in the N02/He + Ar 
experiment, for which both the UMD curve and the experimental 
data are depicted for comparison in Figure 12. The coldness 
of the observed NO spin-orbit ratio is not surprising since the 
same effect is observed in the collision-free unimolecular 
reaction of NO2 (see Table 3).31,58 As shown in Table 3, the 
calculated spin-orbit ratios would rise with increasing collision 
energy andor y .  However, in the experiment they also appear 
to depend on the nature of the collider; for example, they are 
significantly hotter in collisions with CO and 0 2  than in the 
N O m e  + Ar collisions for which both Ecol and y are the largest. 
This suggests that in collisions with CO and 02, exit-channel 
interactions may be important. However, the NO 211,/2 and 
21T3,2 rotational temperatures obtained by CID with different 
colliders are not significantly different. Although all the 
observed rotational distributions appear somewhat hotter than 
predicted by the UMD model, the differences between the 
different colliders can be accounted for merely by the differences 
in collision energies. Thus, the spin-orbit ratios appear to be 
more sensitive probes of exit-channel interactions. 

Exit-channel interactions with the collider should be important 
if the collider is still in the vicinity of N02** during dissociation. 
Since the lifetime of N02** varies greatly with excess energy, 
we have to estimate the likelihood of an exit-channel interaction 
for collisions transferring large and small amounts of energy 
(efficient and inefficient collisions). For inefficient collisions, 
constituting the majority of all collisions and transferring -300 
cm-' of energy at Ecol - 2000 cm-I, the relative exit-channel 
velocity is similar to the precollision velocity ('15 Asps-'). 
The unimolecular decay lifetime of NO2** near threshold is -5 
ps,59 yielding characteristic distances between the collider and 
N02** molecule during dissociation of tens of angstroms. At 
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these distances no secondary interaction is possible. These 
estimates, however, do not take into account the possibility of 
chattering or sticky collisions or the formation of a collision 
complex. We have also overlooked the fact that the relative 
velocity of the colliders is smallest in the vicinity of the turning 
point (Le., at the minimum separation). On the other hand, for 
efficient collisions, when the transferred energy is (DO - hv + 
I?) - 1000 cm-', the relative exit-channel velocity is -10 
A-ps-'. The dissociation lifetime of N02** at J? 5 1000 cm-l 
is estimated at 20.5 ps.59 Thus, we find that the Ar-N02** 
characteristic distance during dissociation will be of the order 
of only a few angstroms. Thus, some exit-channel interaction 
may occur, especially in those events for which the T -. V 
transfer is large (leading to fast N02** dissociation). 

The absence of significant exit-channel interactions with the 
Ar collider is apparently a result of the weakness of the NO2- 
Ar interaction compared to the collision energies employed in 
these experiments.60,61 An NO2 molecule colliding with Ar sees 
it, essentially, as a repulsive wall with a negligible attractive 
well preceding it. In the case of chemically active colliders 
such as CO or 02, the interaction with the departing CID 
products, NO and 0, is likely to be stronger and may affect the 
energy partitioning in the exit channel of the reaction. 

Support for stronger exit-channel interactions with the CO 
and 0 2  colliders, as compared with Ar, can be found in the 
results on inelastic scattering of background NO summarized 
in Table 4. Overall, compared to CID, a higher spin-orbit 
excitation of NO is observed. The general trend in NO spin- 
orbit excitations is the same as in CID: the ratios are lower for 
scattering by Ar and significantly higher for collisions with 0 2  

and CO. The spin-orbit ratios obtained in the inelastic 
scattering of NO by Ar are colder than statistical, and calcula- 
tions show that they are dominated by repulsive interactions 
and sensitive to the difference potential.62 Colder than statistical 
NO spin-orbit ratios are also observed in NO2 photodissocia- 
t i ~ n , ~ I  for which it is suggested that in the unimolecular 
decomposition of NO2 rotational populations are fixed first, 
while the product spin-orbit ratio is determined later in the 
exit channel of dissociation at larger separation between NO 
and 0.58 This may explain why the spin-orbit populations in 
the CID experiment are more sensitive to the exit-channel 
interactions with the collider than the rotational distributions. 

A second possible reason for deviations of the NO internal 
energy distributions from the predictions of the UMD model 
may involve secondary collisions in the beam. Although our 
experiments were performed under largely single-collision 
conditions, the actual number of collisions per molecule spans 
a broad distribution and some of the NO molecules produced 
by CID may undergo secondary collisions; of those -60% will 
be inelastic.63 Simple estimates show that if the average number 
of collisions per molecule in the collision region (both elastic 
and inelastic) is -0.5, then almost 10% of the NO molecules 
produced by CID will undergo secondary collisions. 

We expect that the effect of secondary collisions will be larger 
on the NO rotational distributions than on the spin-orbit ratios. 
Secondary collisions undergone even by a small number of CID 
NO products can significantly increase the population of 
rotational states in the tail of the distribution. The observed 
spin-orbit ratios, however, are less likely to be affected, since 
the relative cross sections of multiplet-changing transitions in 
inelastic scattering of NO by Ar are much smaller than the 
corresponding cross sections for multiplet-conserving transi- 
t i o n ~ . ~ ~  Since in our experiments deviations from the predictions 
of the UMD model are more noticeable in the spin-orbit 
distributions, we believe that secondary collisions are less 
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important than exit-channel interactions with the collider during 
the dissociation. 

Another possible reason for deviations from the UMD model 
may be the presence of clusters in the collider beam. The larger 
mass of a clustered collider increases the total relative collision 
energy, which tends to increase both the NO spin-orbit ratio 
and rotational temperature. However, the relative concentration 
of clusters in the collider beam is small compared to monomers, 
and signals due to cluster collisions are not expected to be 
observed, given our signal-to-noise ratio. 

An analogy between the CID of N02* and the inelastic 
scattering of NO has also been noted in collisions with surfaces. 
The rotational distributions obtained in these two processes 
following collisions on MgO( 100) single-crystal surfaces at 
collision energies comparable to those of the present study were 

An important distinction, however, is that the NO 
spin-orbit states produced in the surface collisions by both CID 
and inelastic scattering were nearly equally populated. These 
findings suggest that the nature of the interactions in the gas 
phase and on the surface are different. Equal population of the 
spin-orbit states in the surface CID experiments may indicate 
strong surface-product interactions and/or the nonadiabatic 
nature of the collisions.21 Unfortunately, the small signals in 
the N02/MgO( 100) CID experiment prevented a more detailed 
investigation of the CID mechanism, and the applicability of 
the exponential energy transfer law to the surface experiments 
was not established. In other surface-CID experiments, where 
larger molecules (e.g., n,i-C3F7NO) were collisionally dissoci- 
ated on MgO(100) at high incident energies ( 5 7  eV), the 
observed NO product spin-orbit ratio was -0.3-0.4, similar 
to the ratio obtained in the gas-phase unimolecular reactions of 
these molecules, suggesting that the (slower) unimolecular 
dissociation of the larger molecules occurred far from the surface 
aid thus secondary interactions were absent.20b 

V. Summary 

1. The CID of N02* with Ar, CO, and 0 2  is an efficient 
process when the N02* excitation energy approaches DO. The 
CID yield at excitation energies just below DO is -5% of the 
NO2 photodissociation yield just above DO and decreases 
exponentially when the energy required to reach DO increases. 

2. The average energy transferred per activating collision 
obtained in CID, 100-300 cm-', is comparable to the values 
obtained in the collisional deactivation of NO2* with atomic 
and diatomic colliders. 

3. The main trends in the experimental results, that is, CID 
yield spectra and NO spin-orbit and rotational energy distribu- 
tions, can be explained by assuming a collisional activation step 
obeying an exponential gap law, followed by unimolecular 
decomposition of N02** molecules (Le., those molecules whose 
energy exceeds DO). 

4. A dependence of the CID on the nature of the collider is 
observed and is revealed mainly in the NO spin-orbit ratios. 
Some exit-channel interaction with the collider is suggested. 
5. No indication of reactive scattering in collisions of N02* 

with CO and 0 2  is revealed. 
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