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Abstract  

The inelastic collisions of NO (Tro t ~< 5 K) with At, Xe, CO, N 2, O 2, N20 and CO 2 were studied in molecular beams at 
center-of-mass collision energies 750-2500 c m - k  Rotational, A-doublet and spin-orbit distributions of scattered 
NO(2Ill/2,3/2) were determined. In all the scattering experiments (with the possible exception of At) no preferences were 
observed in the A-doublet populations. The rotational distributions all appear Boltzmann-like, with somewhat different 
rotational temperatures. The populations of the 2[Ia/2 and 2113/2 spin-orbit states depend on the nature of the collider, but 
do not show any clear relationship with the extent of rotational excitation. No evidence of long-range attractive interactions 
is revealed in any of the systems studied. 

1. I n t r o d u c t i o n  NO, OH, or CH in their ground electronic states), the 
cylindrical  degeneracy is lifted by the approaching 

Inelastic collisions of  open-shell  molecules have coll ider resulting in two PESs corresponding to 
attracted considerable experimental  and theoretical wavefunctions of  ~ and ~ '  reflection symmetry 
interest partly because the possibil i ty of  attractive [9-12].  The final fine-structure and rotational distri- 
interactions makes their studies relevant to unimolec- butions depend sensitively on these PESs and the 
ular and bimolecular  reactions [1]. At  the energies interference between the wavefunctions in the exit 
relevant to most chemical  reactions, excitations of  channel [11,13-16]. This can sometimes result in 
the rotational and fine-structure degrees of  freedom nonstatistical A-doublet  distributions in the diatomic 
are the most common outcomes. For highly averaged molecule, even when in the initial state the two 
ensembles,  these excitations often obey simple en- components are equally populated [17,18]. In the 
ergy gap laws [2-4];  however,  when the experiments inelastic scattering of  NO with Ar, for which a 
are carried out with initial and final state selection, wealth of  experimental  and theoretical information is 
state-specific effects are often observed, revealing available [12,15,19-22], it was shown that for low 
details of  the potential energy surfaces (PES) govern- rotational excitations (i.e. when the excited NO is 
ing the collisional interaction [5-8].  described by Hund ' s  case (a) wavefunctions), the 

Previous work on the inelastic collisions of  di- spin-conserving collisions can be described in terms 
atomic molecules with noble gases (e.g2., At,  He) has of  the sum of  the two relevant potentials (Vsu m = V x 
shown that when the molecule is in a H state (e.g., + VA,,, the ' sum potential ' ) ,  while the spin-changing 

Elsevier Science B.V. 
SSDI 0009-2614(95)00118-2 



176 C.R. Bieler et al. / Chemical Physics Letters 235 (1995) 175-182 

col l is ions  are main ly  control led by the dif ference personic  molecu la r  beams  [25], we  observed inelastic 

be tween  the two potentials  (Vdiff = V A, - VA,,, the 'd i f -  col l is ions  invo lv ing  contaminant  N O  in the beam. A 
ference potent ia l ' )  [11,23]. Us ing  a new PES for this notable  result was  the dependence  o f  the sp in -o rb i t  

system, A lexande r  has recently ach ieved  very  good  ratios in the exci ted N O ( 2 I I a )  on the nature of  the 
agreement  wi th  the avai lable differential  and integral  coll ider,  which  stood in contrast  to the rotational and 

cross sect ions obta ined at center -of -mass  (c .m.)  colli-  A-double t  distr ibutions that did not exhibit  such 

sion energies  o f  up to 442 cm -1 [12]. p ronounced  dependence.  These  results have rele- 

When  the col l is ion partner is a molecu le  the vance  to recent  measurements  in the upper a tmo- 

si tuation becomes  more  compl ica ted;  nonplanar  ge-  sphere that revea led  non-equi l ib r ium sp in -o rb i t  ra- 

ometr ies  b e c o m e  possible  and the anisotropy in the tios in N O ( Z H n )  under  col l is ional  condi t ions  [26]. In 

PES may  depend sensi t ively  on the direct ion of  this Letter,  we  summar ize  our  observat ions  on the 

approach. In addit ion,  long-range attractive interac- f ine-structure and rotational exci tat ions in the inelas- 

t ions may  increase in importance,  and in r a d i c a l -  tic col l is ions  o f  NO,  with  part icular  emphas is  on 

molecu le  col l is ions  react ive pathways  may  be in- sp in -o rb i t  distributions,  and discuss possible sources  

volved.  In the latter case the inelast ic  col l is ion out- for the sp in -o rb i t  preferences  observed  in single 

c o m e  may  be int imately  l inked to the react ive path- col l is ions  with molecu la r  beams  of  Ar,  Xe,  CO, N z, 

way,  both hav ing  sampled  the at tract ive wel l  of  the O 2, N20 ,  and CO 2. 
PES.  I f  a long- l ived  col l is ion complex  is formed,  a 

statistical approach may  be more  fruitful,  since the 

interact ion may  be v i ewed  as the reverse  of  the 2. E x p e r i m e n t a l  

cor responding  un imolecu la r  reaction. For  example ,  

the inelast ic  col l i s ion  o f  CH 2 with  C O  may yield The exper iments  are pe r fo rmed  in a crossed 

informat ion  re levant  to exi t -channel  interact ions in molecu la r  beams apparatus in which  the two beams  

the un imolecu la r  react ion of  ketene [24]. Thus,  com-  are different ial ly pumped  and sk immed  [25]. The 

par isons o f  the inelast ic  col l is ions  o f  radicals wi th  pulsed (--~ 150 p,s) molecu la r  beams  travel approxi-  

react ive and nonreac t ive  col l iders  may  yield impor-  mate ly  5 cm f rom the sk immer  (2.9 m m  diameter)  to 

tant dynamica l  insights,  the center  of  the chamber  and intersect  at 90 °, creat- 
In the course  of  a series o f  invest igat ions  of  the ing an over lap  region of  = 1 cm 3. The first beam 

col l i s ion- induced  dissociat ion (CID)  o f  N O  2 in su- consists  of  ~< 1% NO seeded in 1.5 atm carrier gas 

Table 1 
Rotational temperatures and spin-orbit ratios obtained in the inelastic scattering of NO( z H a)  

Collider Eco I (cm- 1 ) Rot. temperature (cm 1) Spin-orbit ratio 

21~1/2 2113/2 exp. calc. 

restricted- Boltzmann- equilibrated c statistical d 
sum method a fit method b 

Ar 500 100_+2 111±6 0.17_+0.01 0.18_+0.02 0.31 0.75 
2250 394 -+ 20 256 -+ 11 0.40 -+ 0.02 0.39 + 0.05 0.68 0.94 

Xe 3000 367 -+ 10 299 + 8 0.63 _+ 0.05 0.64 _+ 0.05 0.69 0.96 
CO 2050 262 +_ 13 219 +_ 12 0.64 _+ 0.04 0.73 _+ 0.12 0.60 0.94 
N 2 2050 345 4- 8 281 _+ 6 0.64 _+ 0.03 0.71 _4_ 0.05 0.68 0.94 
02 2150 262 _+ 9 24[) _+ 12 0.49 _+ 0.03 0.53 -4- 0.07 0.61 0.94 
N20 2400 333 + 10 305 _+ 13 0.51 _+ 0.02 0.54 _+ 0.06 0.68 0.95 
CO 2 2400 380 _+ 40 310 _+ 30 0.39 _+ 0.03 0.41 _+ 0.05 0.70 0.95 

a Obtained by the restricted-sum method (Eq. (2)). See text for details. 
b Obtained from least-squares fits of the data to a Boltzmann distribution (Eq. (3) and (4)). 

Obtained assuming equality of the rotational and spin-orbit 'temperatures'. 
d Defined by the total degeneracies (energetically accessible phase-space volumes) of each spin-orbit state. See text for details. 
e Obtained by seeding NO in At. t Obtained by seeding NO in He. 
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(He or Ar for the NO + Ar scattering experiments, unscattered NO, the collider pulsed valve is operated 
He for all the others), and the second beam is neat in an o n / o f f  mode. With no collisions, only the 
collider gas (Ar, Xe, CO, N 2, 02, N20, and CO 2) at 2 -3  lowest rotational states of NO(2II1/2; v = 0) 
1.5 atm backing pressure. The center-of-mass (c.m.) have significant populations in the supersonic beam, 
collision energies for the different collisional sys- corresponding to a temperature ~< 5 K. Although a 
tems, as estimated for fully expanded seeded beams small high-temperature tail is always present in the 
[25], are summarized in Table 1. The vacuum cham- jet-cooled NO, the resulting populations of high 
ber base pressure is --~ 2 X 10 - 7  Tort, and under rotational levels of NO (i.e. J > 3.5) are negligible 
typical operating conditions (10 Hz pulse repetition compared to the low-J populations and the scattered 
rate) the pressure in the collision chamber is < 2 X NO signal [15]. Subtracting the NO signal obtained 
10 5 Torr. A rough estimate of the mean-free-path with the collider nozzle off (no collisions) yielded 
of the NO molecules in the collision region, obtained the collision-induced signal for J > 3.5. In general, 
by considering the expected number densities in the the observed collision-induced signal for a monitored 
supersonic molecular beams, indicates that these ex- NO quantum state f is 

periments are performed under nearly single-colli- e ( f )  cx Y] P 0 ( i ) o - ( f < - i )  
sion conditions. 

i ~ f  
The frequency-doubled output of an excimer-laser 

pumped dye-laser system is used for NO detection. - Y] P0(f ) t r  (i ~ f) ,  (1) 
The probe beam (225-227 nm; 15 ns duration; = 150 iv~f 
p J ) ,  which propagates in the plane of the molecular where P0(i) is the initial NO distribution, o" is the 
beams, is loosely focused with a 1 m focal-length state-to-state inelastic cross section, and i, f denote 
lens to approximately 1 mm diameter and intersects an array of the quantum numbers sufficient to fully 
the NO and the collider beams at the center of the describe the experimentally resolved quantum states 
collision region at 45 ° and 135 °, respectively. NO is of NO (i.e. i, f = v, J ,  12, etc.). In these experi- 
detected state-selectively by resonant multiphoton ments, we are concerned with the multiplet (12= 
ionization (REMPI) via the A 2 ~ + ~  X zII  transi- 1 /2 ,  3 / 2 )  changing or conserving transitions and 
tion. The NO + ions are detected mass-selectively by the rotationally ( J )  inelastic transitions. The first 
a microchannel plate detector located at the end of a summation in Eq. (1) corresponds to scattering into 
Wiley-McLaren time-of-flight (TOF) spectrometer the monitored quantum state of NO, while the sec- 
which is mounted above the center of the collision ond summation describes the reverse process. For 
chamber, perpendicularly to the plane of the molecu- rotational states J > 3.5, whose populations can be 
lar and laser beams. Due to poor Frank-Condon neglected in the supersonically cooled NO, the sec- 
overlap, the ionization cross section of the A state of ond summation in Eq. (1) is negligible; the 
NO at 226 nm is much smaller than that for the collision-induced signal is due solely to scattering 
A 2 E ÷ ~ X 2 I I  transition. The NO product state into these J-states and is given by a convolution of 
distributions are extracted from the REMPI spectra the inelastic scattering cross sections for transitions 
by assuming that the A ~ X transitions are totally originating from the few initially populated low-J 
saturated (see Ref. [25] and references therein). No states of NO. For instance, at T = 5 K, the initial 
corrections for flux/density transformations have NO(2H1/2) rotational population ratios are ( J =  
been attempted since the differences in the labora- 0.5) : ( J  = 1.5) : ( J  = 2.5) -~- 1 : 0.47 : 0.06, and thus 
tory velocities of the detected NO(12, J )  products the observed NO product state distributions P(f) 
are relatively small (except when seeding in At), due reflect mainly inelastic scattering cross sections out 
to the high velocity of the NO molecular beam. Data of the two lowest NO J-states. For J < 3.5, the 
processing includes signal averaging (typically 10 resulting collision-induced signal is a combination of 
shots per laser grating step) and shot-to-shot normal- two competing processes: scattering into and out of 
ization of the signals using a photodiode to monitor the particular NO state. For this reason, only the 
the laser pulse energy, populations of NO with J ~> 4.5 were analyzed in 

To account for the rotational distributions of the this study. 



178 C.R. Bieler et al. / Chemical Physics Letters 235 (1995) 175-182 

3. Results and discussion transitions are used, i.e. the Rt] + Q21 and Qtt + P21 

branches for the  2I]1/2 manifold and the Q22 + R12 
The scattered NO 2II]/2 and 2II3/2 rotational and P22 + Q]z branches for the 2113/2 manifold. In 

distributions obtained by scanning the laser over the all the scattering experiments (except with Ar), no 
NO (A ~ X) transition are shown in Fig. 1. Since significant preference in the population of the A- 
the results were analyzed assuming total saturation, doublet components is observed. For scattering by 
only the integrated line intensities of the strongest Ar at high collision energy, there appears to be a 
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Fig. 1. NO(el]l/Z and 21"I3/2) rotational level distributions obtained in the inelastic scattering of jet-cooled NO at collisional energies listed 
in Table 1. Scattering of NO by Ar is carried out at two different collisional energies obtained by seeding NO in He or Ar. The populations 
of the [I(A~') and FI(A~) A-doublet components are obtained from the Q and P / R  branch lines of the NO (A ~ X) transition, respectively. 

( Z ~ )  R l l  + O 2 1  , ( Q ) )  Q l l  + P 2 1 ,  ( A )  P 2 2  + Q I 2 ,  ( O )  Q 2 2  + R l z .  
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~ ~  exponentially with increasing amount of transferred 
NO/Ar + Ar energy. The rotational temperature thus provides a 

measure of the average energy transferred per colli- 
sion. As seen from Table 1, the degree of rotational 
excitation generally increases with increasing colli- 

2 ] ~ o  sion energy. In most cases, the 21~3/2 and 21-I1/2 
rotational temperatures are fairly close, although the 

-~+ former tends to be consistently colder. 
-1 I . . . . . . . . . . . .  The rotational distribution and the spin-orbit ratio 

obtained in our NO + Ar scattering experiment at 6 

- 5 ~ N O / H e  + Xe 500 c m  -1  c . m .  collision energy agree with earlier 
4 - ~  results at similar collision energy [15]. However, our 
3- ~ o  o results do not reveal the even-odd oscillations in the 
2 multiplet-conserving cross sections as a function of 

J observed in the earlier work. In that work, the 
1. oscillations were ascribed to quantum interference 
0 between scattering from the opposite ends of an 

-1 . . . . . . . . . . . . . . . .  almost homonuclear NO molecule resulting in more 
0 500 1000 1500 favorable cross sections for the even AJ  transitions 

NO Rotational Energy (cm -l) 
for low rotational states [15]. The absence of such 

Fig. 2. Boltzmann plots of the NO(2Ho)rotat ional  distributions oscillations in our data (within our signal/noise 
obtained in the inelastic scattering of jet-cooled NO. The tempera- ratio) is probably due to the higher NO beam t e m -  
tures given in Table 1 are obtained from the slopes of the shown 
straight lines through the data. perature in our experiment, resulting in significant 

initial population of NO ( J  = 1.5) (see Section 2). 
Averaging of the oscillatory populations originating 

preference for the H(~ ' )  A-doublet component (see from scattering of the J = 0.5 and 1.5 states, one of 
Fig. 1). Although the observed preference (up to which favors even and the other one odd product 
50% for some rotational levels) exceeds the statisti- rotational states, averages out the oscillations in the 
cal error bars ( +  10%-20%), it should be viewed individual distributions. 
with caution, since the possibility of incomplete Due to overlap and weak signal levels, not all the 
saturation of the NO (A ~ X) transition cannot be rotational levels are monitored in our experiments, 
completely ruled out. We note however, that such complicating the extraction of the scattered NO 
preference is predicted theoretically [12]. spin-orbit ratios. We have used two methods in 

Fig. 2 gives two examples of Boltzmann plots analyzing the data. In the first method, only the 
(i.e. log(intensity) versus rotational energy) of the populations of rotational levels available in both the 
scattered NO distributions. Shown are the distribu- 2 2 • II3/2 a n d  I-[1/2 manifolds were summed, and their 
tions obtained for the NO(Ar seeded)+ Ar and ratio was used as an approximation to the true NO 
NO(He seeded) + Xe collisional systems. The rota- spin-orbit ratio, i.e. 
tional distributions for both NO spin-orbit states 
appear Boltzmann-like, as in all other experiments, I/3/2 ] ~  P ( / 2  = 3 /2 ,  N)  
justifying the use of rotational temperatures as a - (2) 
parameter characterizing the average rotational en- H1/2 ~v  P (  J'2 = 1 /2 ,  N)  ' 
ergy (see Table 1). The Boltzmann-like nature of the 
rotational distributions is in accordance with the where the summation is restricted to a set of the NO 
exponential energy gap law often used to describe N-levels (N = J  - 1 /2  and J - 3 / 2  fo r  2II1/2 and 
energy transfer in adiabatic collisions [2-4], which 2H respectively) for which experimental data are 3/2 ,  
states that the probability of energy transfer from available for both spin-orbit manifolds (typically, 
translational to internal degrees of freedom decreases J = 5.5-20.5). 
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In view of the Boltzmann-like nature of all the excitations for each collider. When the spin-orbit 
scattered NO rotational distributions, the spin-orbit and rotational temperatures are equal, they are con- 
ratios can also be extracted from least-squares fits of sidered 'equilibrated'. The second guideline defines 
the form a 'statistical' NO spin-orbit ratio by the total num- 

( E r o t ( j )  ) ber of energetically accessible quantum levels (the 
accessible phase-space volume) within each of the 

P a ( J )  = A a ( 2 J  + 1) exp Oa ' two spin-orbit states. The statistical values of the 

spin-orbit ratios approach their degeneracy ratio of 1 
J2 = 1 /2 ,  3 / 2  (3) when the collision energy is much larger than the 

where Erot(J) is the NO rotational energy, and A~ NO spin-orbit energy separation of 123 cm -1. The 
and 0e2 (i.e. the rotational temperature) are the fitting 'equilibrated' and 'statistical' spin-orbit ratios ob- 
parameters. The spin-orbit ratio is then given by tained using the above criteria are also listed in 
[25] Table 1. 

Table 1 shows that the scattered NO spin-orbit 
2 F I 3 / 2 -  A3/203/2 (4) ratios are always smaller than 'statistical'. The 
21-[1/2 A 1 / 2 0 1 / 2  agreement with the 'equilibrated' values is generally 

better, despite the marked dependence of the ob- 
This approach offers the advantage of not requiring served spin-orbit ratios on the collider. We note that 
summation of the populations of all rotational states, Ar, 02, CO2, and N20 result in spin-orbit distribu- 
some of which are missing in the experimental distri- tions that are relatively 'cold' compared to the corre- 
butions. However, it assumes arbitrarily that all the sponding rotational excitations, while Xe, CO, and 
rotational levels can be fit by a single temperature N 2 produce NO spin-orbit ratios that are close to (or 
parameter, even slightly larger than) those expected in the case 

The spin-orbit ratios obtained by the restricted- of electronic-rotational equilibrium. 
sum (Eq. (2)) and Boltzmann-fit (Eqs. (3), (4)) meth- The multiplet-changing scattering events resulting 
ods are listed in Table 1. Notice that the spin-orbit in population of the NO(2II3/2) state involve two 
ratios obtained by the two methods are not always intermolecular electronic potential energy surfaces. 
identical, reflecting the differences in the data analy- In previous theoretical studies, it has been shown 
sis methods. Nevertheless, the relative values of the that for collisions of a closed-shell atom and a 2II 
spin-orbit ratios derived from these methods for the molecule belonging to Hund's case (a), the 
various colliders are similar, and thus provide in- multiplet-conserving transitions are governed by the 
sights into trends in the scattered NO spin-orbit average potential (Vsom), while the multiplet-chang- 
ratios, ing transitions are governed by the difference poten- 

Since the NO(2I-[3/2 ) population in the expanded tial (Vdiff) [11,23,27]. Thus, in this case, the product 
molecular beam is negligible, the NO(2I]1/2 ) and spin-orbit ratios reflect the strength of Vdiff. How- 
NO(2II3/2) distributions reflect the inelastic cross ever, when the collisionally excited NO belongs to 
sections for the multiplet-conserving and multiplet- intermediate Hund's cases (a) and (b), as it is in the 
changing transitions, respectively. The relative mag- present case where most of the excited NO is in 
nitude of the cross sections for multiplet-changing J > 10.5, this simple description fails. Instead, the 
transitions, quantified by the spin-orbit ratio, is af- population of each spin-orbit state depends on both 
fected markedly by the nature of the collider. Since ~um and Vdiff  , and the population of each 
this value is also sensitive to the collision energy (as NO(J, A, J2) state is modified by the interference 
shown in Table 1 for collisions with Ar), criteria for between the two pathways. Thus, a theoretical de- 
comparing the spin-orbit ratios obtained with differ- scription in this case is complicated, especially for 
ent colliders are needed. Two such guidelines are polyatomic colliders. 
used here. Within the framework of a thermal ap- Another intriguing question relevant to poly- 
proach, we define the propensity for spin-orbit exci- atomic colliders involves the participation of long- 
tation by comparing the rotational and spin-orbit range forces in cases where the interaction can be 
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attractive. For the N O - A r  system, the largest Vdiff is the inelastic collision of NO with a series of mon- 
localized in the short-range region near the classical atomic, diatomic and triatomic colliders depend on 
turning point [12,19], and it is currently accepted that the nature of the collider, while the population of the 
the short-range potential is the most important in A-doublet components is equal, with the possible 
governing the scattering events [7]. The possible exception of Ar. The spin-orbit ratios are generally 
importance of long-range attraction in the case of different than those calculated based on statistical 
polyatomic colliders can be examined by comparing equilibrium with the rotational temperature, and are 
isoelectronic colliders (e.g., CO and N 2 or CO 2 and always colder than the ratios expected based on 
N20). degeneracies alone. Following excitation, the NO 

The structure of van der Waals complexes of NO fragment is best described as an intermediate Hund's 
was determined only with very few colliders. For case (a) and (b), and no simple propensity rules for 
example, in the case of inert colliders such as Ar, a the spin-orbit ratios can be obtained by analogy with 
perpendicular geometry is favored [28,29]. For the collisions of NO with Ar. However, it is likely that 
other colliders studied here, the geometries have not the spin-orbit ratios are mainly governed by the 
been determined. Comparing CO and N 2, chemical short-range repulsive part of the PES, even in cases 
and electronic structure considerations would favor where attractive interactions are possible. As in the 
larger long-range attraction for the former, at least in collisions of OH with CO and N e, no indication of 
a restricted set of geometries; however, the observed the influence of the attractive part of the potential is 
NO spin-orbit excitations produced by these two evident. Measurements of differential cross sections 
molecules are very similar. Larger anisotropy and may be better able to unravel small contributions 
possibly long-range attraction is also expected in the from large impact-parameter collisions. It would also 
collisions of NO with N20 than with CO 2. While the be interesting to compare our results to radical-radi- 
observed spin-orbit excitations seem to reflect this cal inelastic collisions in which attractive interac- 
expectation, the difference can also be attributed to tions are more likely to dominate. 
short-range, impulsive interactions. Finally, the as- 
sumption of the importance of long-range interac- 
tions in inelastic scattering of NO fails to explain the Acknowledgement 
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