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We have determined the rotational state distributions of iN&(0,1,2) products produced from the
reaction O{D) +N,O. This is the first full characterization of the product rotational distribution of

this reaction. The main part of each rotational distributioptoj’ ~80) has rotational temperature
~20000 K and all these distributions are quite near to those predicted by the phase space theory
(PST). This observation and previously reported vibrational distribution indicate that the most part
of the energy partitioning of the reaction products is at least apparently statistical although the
intermediate of this reaction is not so stable as to ensure the long lifetime. On the other hand, the
distributions in the high rotational levelg’(=80—100) are found to decrease more sharply’as
increases than the PST predictions. The origin of the observed decrease of the distribution is
discussed with quasiclassical traject¢®yCT) calculations on a five-dimensional initio potential

energy surfacéPES. The observed near-statistical distribution and the sharp decrease in the high-
j" levels are well reproduced by a “half-collision” QCT calculation, where statistical distribution at
the reaction intermediate is assumed. This agreement shows the rotation—translation interaction in
the exit region has an effect of yielding small highpopulations. However, a little bias of the
calculated distribution toward lower rotational excitation than the observed one indicates that the
combination of the statistical intermediate and the exit interaction on the current PES does not
completely describe the real system. It is suggested that the reaction intermediate is generated with
the distribution which is close to statistical but a little biased toward yielding higéroducts, and

that the interaction in the exit region of the PES results in the sharp decrease in thjé laghls.

© 2004 American Institute of Physic§DOI: 10.1063/1.1649721

I. INTRODUCTION thermicity of 341 kJ/molAb initio calculation~8 found no
deeper well than theis-planar ONNO and showed that this
channel has almost no barrier. The very shallow well sug-
gests that the lifetime of the intermediate of this reaction is
short.

The dynamics of the channél) has been studied by
measuring product state distributions and vector
properties.*” mostly based on the laser-induced fluores-
cence (LIF) technique. The two NO molecules produced
?rom this reaction should be distinguished from dynamical
viewpoint. The newly formed NO originating from €1p) is

The reaction of OfD) with N,O has two major chan-
nels:

O('D)+N,0—NO+NO, AH{(0)=-341 kJ/mol, (1)
O(!D)+N,0—N,+0,, AH{(0)=-520 kd/mol. (2

These two channels can be characterized by larg
exothermicity and almost gas kinetic rate constahfEhe
branching ratio of the two channels was experimentally de . _ o
termined to bek, /k,= 1.6 although there has been no obser-c@lled @ “new”NO and the Oﬂler ’:‘O which already exists in
vation which identifies the electronic state of the nascent Othe reacitantlQD IS caII_ed anm?l‘ld NO. Using 'SC?IOP"?a”y
products for channel2). Most studies of this reaction were l2beled “0('D), Akagi et al.>™" measured the individual
concerned with the channél) because of the ease of detec- vibrational state distributions of the new and old NO prod-
tion of NO products and its importance in atmospheric chem4cts forv’=<17 in a condition where the nascent rotational
istry as a major source of stratospheric NO. distributions are relaxed by collisions after the reaction but
A peculiar feature of the dynamics of this reaction is thevibrational relaxation is negligible. The distribution de-
release of the large exothermicity without a deep potentiafreased monotonically as the vibrational quantum number
well. For channe(1), NO dimer is the known stable species. increased and significant populations were found up 'to
There are large amounts of spectroscopic study orciie ~10. The sum of the distribution of the new and old NO
planar dimer and its binding energy was determined to bgroducts was very close to the statistical distribution up to
about 8.5 kJ/maf,which is very small compared to the exo- v’ ~10 and became smaller than the statistical one for higher
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v'. The vibrational distributions measured with Fourier quantum calculation§? They found qualitative agreement
transform infrared(FTIR) spectrometéf’’ showed better with the experimental results on vibrational distribution and
agreement with the statistical one for such highlevels.  branching ratio. However, the rotational distributions were
Furthermore, although the vibrational distribution of the newnot calculated.
NO is more excited than that of the old NO, the populations  In this paper, we have fully determined the rotational
of both types of the products in each vibrational level are nostate distributions of NQ(' =0,1,2) products by measuring
significantly differentt®> This result forms a sharp contrast the wide range of LIF spectraip toj’~100) and by care-
to the OED) + H,O reaction, whose two types of OH prod- fully assigning the large number of rotational lines. It is
ucts show entirely different vibrational distributidfis® al- ~ found out that the overall trend of each rotational state dis-
though the reaction is considered to proceed with stablé&ribution is close to statistical. However, the distribution de-
H,0, intermediate?® Akagi et al. compared the observed vi- creases more rapidly g$ increases than the statistical dis-
brational distribution with those for &D)+H,0 and tribution in high rotational levelsj’>80 for all these
S(*D) +N,0.?! From the analysis of vibrational couplings, Vibrational levels. Furthermore, we carry out QCT calcula-
they concluded that the existence of atoms with similarttions on theab initio potential energy surfacPES calcu-
masses induced enhancement of the energy transfer, whidited by Takayanaggt al. to predict rotational distributions
compensated the short lifetime of the intermediate. in these vibrational levels. In addition to ordinary QCT cal-
For rotational distribution, significant excitation of the culations, we perform another type of calculation which con-
NO products was first suggested by Goldsteiral?? They  sists of statistical distribution of the reaction intermediate
observed congested rotational lines in the=0 region of ~and usual propagation to the products. This calculation en-
the NOA 23 " —X 211 transition but did not make any quan- ables us to separately extract the effects of the PES from the
titative analysis. As opposed to this observation, Brouardeactant to the intermediate and from the intermediate to the
et al.reported a cold distribution of N@( =0) almost iden-  product, to provide us with deeper insight into the dynamics.
tical to a thermal distribution of 300 K**They found high ~ The details of the dynamics of the reaction will be discussed
rotational excitation for N’ =1) and thus they suggested Pased on the comparison between the experimental and the-
that NO(U’:O) was produced via Str|pp|ng mechanism oretical reSUItS, eSpeCiaIIy in terms of the effect of the exit
Whereas NQ(’;]_) was produced through a Short_"ved region of the PES from the intermediate to the pI’OdUCt.
complex. On the other hand, Tsurumakiall® found that
the rotational distribution of NQ(' =0) was much more ex-
cited and estimated the rotational temperature toThg
>10000 K, which is also close to the statistical distribution. The experiment was performed in flow condition at
They suggested the possibility that the thermalized residugbom temperature. Nitrous oxidg&howa Denko 99.999%6
NO contaminated the spectrum in the measurements Qfas used without further purification. The sample gas was
Brouardet al®'! The near-statistical rotational distribution introduced into a stainless steel vacuum chamber and
observed by Tsurumaldt al®is also indicative of efficient pumped with a rotary pump and a mechanical booster pump.
energy transfer within the intermediate. However, one canndthe pressure was kept at 200 mTorr by controlling the flow
conclude that the rotational distribution of N&J(=0) is rate with a stainless steel needle valve.
really near-statistical since their measurement is limited to  The electronically excited oxygen atom IY) was pro-
j’ <50, which covers only the half of the rotational popula- duced from the photodissociation ob® with 193 nm light
tions inv’ =0 level if the statistical or the Boltzmann distri- generated by an ArF excimer lag&ambda Physik EMG 53
bution continues for all the higher rotational levels. The reasMSC). The product NOg¢'=0,1,2) molecules were probed
son for this limitation is the overlap of the transitions from with LIF via the NOA 23, " =X 2II (0, 0)(0, 1)(0, 2) transi-
high-j" levels of (0, 0) band with(1, 1) and(2, 2 bands of tions. To obtain the probe light, a tunable dye ladermbda
the A—X transition. Due to the widely spread rovibrational Physik SCANmate 2E pumped by a XeCl excimer laser
distribution of NO products, such overlap makes the spectralLambda Physik COMPex 102was utilized. The wave-
assignment severely difficult. length of the probe light was 213-248 nm and it was gener-
In theoretical works, it is only quite recent that this re- ated by using the laser dyes Stilbené233-216 nm, as the
action was treated as a four-atomic system. Glezzat al®  doubled outpyt Coumarin 120215-222 nny, Coumarin 2
calculated the potential energies at the stationary points an@20-228 nny Coumarin 47(226—-239 nmy, and Coumarin
obtained the rate constants using transition state theory arid2 (239—-248 nm and by frequency doubling their output
quasiclassical trajectory(QCT) calculation on a fitted with BBO | (220—248 nmand BBO I1(213—-221 nm crys-
pseudotriatomic London—Eyring—Polanyi—Sato surface. Al4als. The delay time between the photolysis and the probe
though they found relatively good agreement with the exdights was set to be 10020 ns, which has been proved to be
perimental results in the rate constants and branching ratiosyfficient to neglect the effect of collisional quenching of the
their pseudotriatomic surface was not adequate to calculateascent distributiot® In order to minimize the saturation
the product state distributions. Takayanagial®® calcu-  effect, the intensity of the probe laser light was kept about
lated the potential energies at about 10000 grid points of—8 wJ/pulse and the dependence of the LIF signal on the
planar configurations of this system and fitted them to arintensity of the probe light was measured in advance. The
analytical form. Using this'’A’ ground surface, they per- photolysis and the probe lights were counterpropagated with
formed QCT calculation with zero impact paramétand  each other.

Il. EXPERIMENT
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The LIF signal was collected by a synthetic silica lensthe 2j'+ 1 states are populated equally. We consider this
and focused by another silica lens on a photomultiplier tubeassumption valid because the anisotropy of the product rota-
(Hamamatsu R928mounted in the direction perpendicular tional angular momentum in the CM frame was found to be
to the laser axis. In order to reduce the strong scattered liglgmalf® and, as will be shown in Sec. IVA, we have found
and emission arising from the photolysis laser, a long-pasenly slight preference for one of the-type doublet compo-
filter (Corning CS9-54was placed in front of the photomul- nents to the other.
tiplier tube. The detected signal was amplified by a fast pre- To obtain detailed insight into the dynamics, we have
amplifier (Comlinear CLC10D and gated by a boxcar inte- carried out two types of calculations. One is the conventional
grator (Stanford Research System SRP5U0he first 50 ns classical scattering calculation, which we calll-collision
after the probe laser irradiation was not included in the intecalculation. The other type is namdelf-collision calcula-
gration to avoid the scattering of the probe light. The gatetion. In the latter calculation, we have assumed a statistical
width was set to 100 ns in consideration of the fluorescencédistribution in the reaction intermediate ONNO and then ob-
lifetime. The gated signal was digitized by an A/D converterserved the resulting NO state distributions. More precisely,
(Stanford Research System SRp4md stored into a per- phase space points with fixed distance between the CM of
sonal computer via a GPIB interface. The intensities of theeach NO were randomly sampled and trajectories were
photolysis and the probe lights were monitored with photopropagated en route to the products. For this sampling, the
diodes (Hamamatsu 1336-5BQto normalize the detected distance between the CM of two NO’s was chosen equal to
LIF signals. The absolute intensities of the probe laser weréghe experimentally determined value of NO dimer, i.e.,
also measured with laser power met&@entec ED-100A  2.263 A%8
The experimental system was operated with a repetition rate  For the full-collision calculation, collision energy was
of 10 Hz. sampled according to the distribution of collision energy in

As reported previousl{ there exist thermalized residual the present experimental condition. The distribution was cal-
NO molecules in the reaction chamber. The contribution ofculated from the convolution of the velocity distribution of
the residual NO to the LIF signal is considerable in the lowO(*D) and that of thermal BD by taking account of the
j’ levels only foru’=0 level. In order to eliminate this integration of the angle between these two velocity vectors.
background signal, we altered the ON/OFF of the photolysig-or the velocity distribution of 3D), experimentally deter-
laser shot by shot and subtracted the signal without the phamined translational energy distribution for the 193 nm pho-
tolysis laser from that with the photolysis laser. todissociation of NO (Ref. 30 was used. The mean colli-

Recent study of Adamet al. detected a spin-forbidden sion energy(E.,) thus obtained is 52 kJ/mol and the full
N(*S)+ NO channet* although the yield was not expected to width at half maximum of thé ., distribution is 38 kJ/mol.
exceed 196° By examining the dependence of the LIF signal The initial rotational energy of N> was sampled by classi-
intensity on the delay time, we confirmed the negligible con-cal Boltzmann distribution of 300 K and the vibrational en-
tribution of the photofragment NO, which would arise just ergy was fixed to the zero point energy of the calculated
after the photolysis. PES. Impact parameters were sampled up to 6 A, where the

Since NOA23™) is known to predissociaté, we  opacity function became negligibly small. For the half-
checked the time profile of the fluorescence. The LIF signalgollision calculation, the total energy of the system was set
of 16 rotational levels were recorded in a digital storage osequal to the collision energy of @) and N,O plus the zero
cilloscope(Tektronix TDS3052B. point energy of NO. About 200 000 trajectories were run for

each of the two types of the calculation.
I1l. QUASICLASSICAL TRAJECTORY CALCULATION

In order to understand the origin of observed rotationally. RESULTS AND DISCUSSIONS
populations, we have preformed QCT calculations. We use
the PES of Takayanagit al.®~8 which is an analytically fit-
ted surface ofab initio calculations of the lowestA’ PES. The entire LIF spectrum measured in this study is exhib-
The details of the PES can be found in Refs. 6-—8. ited in Fig. 1. The spectral regions of vibronic bands are

The classical equations of motion for the'®j+N,O  shown with their vibrational quantum numbers. Due to the
collision were numerically integrated by using Bulirsch— high excitation of NO products in rotational and vibrational
Stoer method’ Energy conservation up to the order of 0.01 motions, a large number of peaks appeared in the spectrum
cm was confirmed. For the coordinate, three Jacobi vectorand some of them overlapped with each other. We carefully
were employed; one connects the'D) atom and the center assigned all the peaks by using the spectroscopic constants
of mass(CM) of the N,O molecule, another connects the found in Ref. 31. Only those peaks which do not overlap
terminal N atom and CM of NO moiety in JO, and the with other peaks were utilized to determine the vibrational
other connects the N and O atoms of NO ipON Since the and rotational distribution. In Fig. 1, peaks from wide range
ab initio calculations were performed only for the planar of |’ were observed. Hence, in order to properly derive the
structure of the OD) + N,O system, the three Jacobi vec- population from the LIF spectrum, we had to carefully check
tors were confined in two-dimension@D) collision plane. the experimental conditions and correct the observed signals
The calculated population of each rotational state was mulaccordingly.
tiplied by the degeneracy factorj2+1 to convert the 2D First, to examine the effect of saturation, we measured
results to 3D. This conversion is on the assumption that afthe dependence of the LIF signal on the dye laser power.

g«. Experimental results
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FIG. 1. Observed LIF spectra of nascent NI, 5,9 . The spectral regions spectrum byS", whereS was calculated by taking into ac-

are roughly shown for each vibronic band with upper and lower state vibra- --
tional quantum numbers. count the Hal-London factors and the dependence of elec-

tronic transition moment on rotational levéfsThe correc-
tion due to the electronic transition moment decreases the
Typical results are shown in Fig. 2. It is known that the line strength factor foj’~100 by at most 20% compared to
intensity |, of LIF signals is proportional toP[1 that forj’~O0.

—exf—(A+2Bp)At] when the rate equation for the two- Second, signal intensity was corrected against the wave-
state model is solved to take into account the saturatiotength dependence of the detection efficiency since the dif-
effect®? Here,P denotes the population in a specific quantumference of the wavelengths of the fluorescence from the low
state,A and B are the Einstein coefficientp, expresses the and high rotational levels was significant. We calculated the
radiation density, andt is the duration of the laser pulse Wavelength dependence of the detection efficiency from the
assumed as rectangular. As shown in Fig. 2, this expressicturves of the filter transmission and the photomultiplier sen-
can be effectively approximated &(pS)"P and we fitted  sitivity, which were taken from their catalogs. With thus ob-

I ¢ to this formula. HereC andn are fitting parameters, and tained efficiency curve, the correction factors for the LIF
S denotes the line strength factor. We foumet 0.8—1.0 by  detection was determined by considering Franck—Condon
least-squares fitting and confirmed that the derived distribufactors™ and Hol—London factors. The resulting correction
tion did not change significantly in this range of We  factors for NO@,v,=0,j,) are shown in Fig. 3. The detec-
adoptedn=0.9 for all the rotational lines to determine the tion efficiency monotonically decreases with and that of
population and Fig. 1 shows the spectrum after the correctioha=0.5 is 2.5 times higher than that pf~100.

against the probe laser intensities with this value. To derive  Third, the rotational state dependence of the predissocia-

rotational distributions, we divided the signal intensity in thetion rate should be taken into account. NOQg ) is known

to predissociate im >3 levels?® The threshold energy cor-

responds tg ,~65 for NO(A,v ,=0) although the dissocia-
F(a) tion rate has not been reported for such high rotational levels.
To clarify the appropriate correction factor, we measured the
time profiles of the LIF signals from N@&(uv,=0,j,). The
time constants of the fluorescence decay were determined
from least-squares-fitting analysis of the recorded profiles
with the assumption of single exponential decay. Figure 4
Slope = 0.87+0.01 shows the lifetimes against the upper state rotational quan-
B tum numberj 5. As recognized from the figure, clear depen-
Probe laser power / uJ pulse™ dences onj 4 are not found although the lifetimes are scat-
tered. Thus, no further correction due to the predissociation
was made for determining the populations. Although this de-
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FIG. 2. Dependence of the LIF signal intensities on the probe dye laser

powers measured fofa) Q,,(47.5) and (b) Q,,(67.5) transitions of FIG. 4. Fluorescence lifetime of N@G(*S *,v,=0,j,) measured with 200
A-X(0,0) band. The solid lines represent the results of least-squares fittinghnTorr N,O. No significant dependence on eithjgror spin—rotation sub-
and their slopes are shown. levels was found.
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after the averaging of several scans and we do not consider
these structures physically meaningful. The populations were
derived from thg0, 0), (0, 1), and(0, 2) bands, which cover

all the rotational levels plotted in the figure. The validity of
the correction procedure is confirmed by the fact that the
populations derived from thél, 0), (1, 1), and(2, 2) bands

are consistent with those shown in Fig. 5. The horizontal bars
shown with arrows in the figure indicate the upper limits of
the population of those levels for which we could not find
any peak at the appropriate wavelengths. These limits were
set to the largest undulation of the baseline. Thus the real
populations might be lower than these limits. The total popu-
lation of each vibrational state is normalized to appear in the
same area by utilizing the Boltzmann fitting described below.
In this study, the new and old NO products are not distin-
guished by isotopic labeling. The fractions of the old NO in
thev’ =0, 1, and 2 levels are estimated to be 77%, 62%, and
50%, respectively’*

Figure 5 shows that the global features of the rotational
distributions in the three vibrational levels are similar and
broad peaks are located at aroujid=60. The populations
calculated by the phase space thedBST)***¢ are also
shown by dotted lines. The PST distribution was obtained
with the mean collision energy in our experimental condition
(52 kJ/mo) and by taking account of the centrifugal barrier
in the exit region. In comparison with the PST distribution,
‘i@t the observed distribution can be characterized as follows.
: 1 {' T The distributions for the levels with low rotational quantum
0~5PR tati 5215 ¢ 100.5 ber i’ number ('<50) are well reproduced by the statistical

otational quantum number j theory. The levels with middlg’ (j’=50-80) are more
FIG. 5. Rotational state distributions of N©(=0,1,2). Squares and circles POpulated than predicted by the statistical theory and, in the
denote the observed populatiors,(*I1,, A"; 0, °I1,,A”;®, ?[1;,A’;®,  highj’ region (’'=80-100), the observed populations
21'[3,2A”)_. Downward arroyvs show uppgr I_imit§ estimated frgm noise Ievels.drops more rapidly a$r increases than the statistical ones.
E;’Igﬁgtg;ezyaﬂii;Ze;gtﬁt'onal state distributions’Hf, and Il levels There is no population i >100. The statistical distribution
for NO(v' =0,j’<50) was already observed by Tsurumaki
et al1® However, the extended measurement of this study up

; : : L the highelj’ levels reveals that the rotational distributions
endence is not a central topic of this paper, it is notable thaf . .
b P pap fNO(v'=0,1,2) gradually deviate from the statistical trend

the effects of the rotational energy and vibrational energy argeyondj’~50 and completely differ from the PST predic

different for the predissociation of N@y. : . - . L .
The observed lifetimes ranging from 80 to 100 ns arefions in the high” region (’=80-100). The possible dy-

shorter than the collision-free radiative lifetime of Ng)( ~ namical reasons for the decrease of hjgipopulation will

i.e., 200 NS This result indicates that the rate constant of°€ discussed in the rest of the paper.
electronic quenching is abod200 ng~! with 200 mTorr Integrated populations and mean values of the observed

of N,O, which corresponds to ~8x 10 1 cr distributions were calculated from simple analytical func-
moIecuzlé,l s~L. It may imply that the products can suffer tions representing the distributions. Due to the sharp de-

collisions in the time scale of our pump—probe delay undefrease in high- region, the distributions cannot be fitted to

the present pressure. However, the known rate constants single Boltzmann distribution function, nor a linear sur-
rotational relaxation of NO with diatomic and triatomic prisal. Therefore, to fit the distributions, we adopted an

specied’ are smaller than the electronic quenching rateeffectlve functional form: two Boltzmann-type functions

found here and even if we use this electronic quenching ratév‘”t(:hed at a certain valug, i.e.,

P(j") / arb.

P(j'") / arb.

P(j'") / arb.

as the upper limit of the rotational quenching, at least 80% of A1(2)"+1)exp(—E; IkgTy)  (j'<jo),
NO(X,v',j") products generated during the 100 ns delay P(j')= ., . o )
time is estimated to be free from collisions before the probe Aa(2]" T 1)exp( By TkgTa)  (1">]e),

laser irradiation. whereE;, is the rotational energy arkk is the Boltzmann

Figure 5 shows the rotational distributions of NO( constant. In the least-squares fitting proceddsés andT;’s
=0,1,2) obtained after the corrections described above. Theere determined for a given . As an example, Fig. 6 shows
squares and circles in Fig. 5 show the rotational populationthe comparison of the observed and the fitted populations of
of each spin—orbit and-type sublevels. For each sublevel, NO(v'=0,%I15,A’). Note that the form of Eq(3) has no
fine irregularities of the population against remain even physical meaning related to the reaction dynamics and the
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than the least-squares-fitted value since the highest rotational
energy ofj’ ~50 (E,,r~4000 cm ) was insufficient to pre-
cisely determine the rotational temperature above 10000 K.
Furthermore, the present data set have much better quality
than the previous one and the latter scatters around the
former. We therefore conclude that the present result is con-

I sistent with the previous one and is much more reliable. For
NO(v'=1), the mean rotational energy is also 1.5 times
o008 higher than the previous repot&!! This discrepancy will be
Rotational energy / cm ™ attributed to the collisional relaxation or lack of high-data
FIG. 6. Boltzmann plot of the rotational state distributions of NG£0,  in the previous measurement. The mean rotational energies

lI4,A’). Filled circles denote the observed populations. Solid lines aregf NO(v’'=1,2) obtained in this work are about 1.5 times
least-squares-fitted lines for the two Boltzmann-type functions switched ahi her than those estimated as the lower limits under the
jc (see text 9 . . ..
condition where 50 times more collisions are expecfels
described above, the rotational distributions are close to the
fitting parameters\;’s and T;'s are only utilized to find the Statistical distribution to some extent and the rotational tem-

average of the scattered data and to interpolate the popul@erature~20000 K is not extraordinarily high compared
tions of those levels for which isolated rotational lines wereWwith the large exothermicity of this reaction.
not observed. As for the fine state dependence of the population, the
The results of the fitting are shown in Table I. Using difference between the twa.-doublet states]I(A’) and
these fitted populations, we were able to determine the mead (A”), is discernible and a slight preference fé(A’) can
rotational energies and the vibrational distribution, which aréo€ seen in Table I. As can be recognized from Fig. 5, this
also shown in Table I. The vibrational distribution decreasedglifference is not so obvious in loy levels. Little prefer-
with vibrational quantum number and the relative populationence for one of thé\-type doublet components indicates that
agrees to the previous results shown by Akagal!* al-  the motion of the intermediate is not restricted in a plane.
though a slight difference can be seen. The ratio of the popuFhis trend is consistent with the observation of the isotropic
lations of v’ =1 and 2 obtained in this work rather agreesangular distribution of product rotational angular momentum
with that obtained by the recent time-resolved FTIR meatelative to the scattering plane reported fgr=34.5 by
surement of Hancockt all” The observed mean rotational Tsurumakiet al!® However, the preference fét(A’) in the
energies are similar to those of PST, which may reflect thdigh-j’ products may indicate the dominance of the in-plane
global statistical feature of the distribution. torque to generate highly rotating products. On the other
It can be seen in Table | that the rotational excitation ofhand, the difference between the two spin—orbit components,
the NO products found in this study is larger than thoseF; andF, levels, is not significant for any’ level.
observed before. The main rotational temperatdre As recognized from Figs. 5 and 6, the peculiar feature of
=39000 K for NOp'=0,2I1,,A’) is almost four times as the rotational population of all the observed vibrational lev-
high as the previous value for the same sublévéMain  els is the sharp decrease of the population in the high-
reason of this difference is that the previous stidgsti- region (’=80-100). The possible factors giving rise to
mated the rotational temperature as the lower limit rathesuch distribution as an artifact are the predissociation above

TABLE |. Rotational temperatures, mean rotational energies and populations of NO.

I T, /K? T,/K? (Erop/em™t Populatiofi
v'=0,2T A 81.5 39 00@ 7900 (10 000) 11 000+ 15 100 8300 0.51
v'=0,%0,,A" 76.5 20 006G 3400 84063800 7000 0.40
v'=0, M4, A’ 86.5 340064400 4706 4600 7100 0.43
v'=0, 24, A" 78.5 20 00G- 1800 7200 3900 7300 0.38
v'=0, total 28 001900 7500 7200'] 1.73(1.35)
v'=1,2I0,A 69.5 18 00G- 1800 6500 1900 6000 0.28
v'=1,%1,,A" 65.5 18 00@ 2800 79062900 6100 0.23
v'=1, M4, A 74.5 19 006 1800 6700 2600 6600 0.28
v’ =1, 4, A" 66.5 22 0063100 880063300 6500 0.22
v'=1, total 20 006-1100 6300(4000) [69001] 1.00
v'=2,2T A 74.5 200081700 8300+ 5200 6500 0.22
v'=2,2M,,A" 62.5 20 0063700 8106- 3100 6200 0.17
v'=2, M4, A 67.5 230083500 13 306 6700 7700 0.21
v'=2, g, A" 67.5 14 00@ 1900 81062300 6400 0.16
v'=2, total 20 00@- 1400 6800/6500] 0.76(0.65° 0.80°)

aThe meanings of the fitting parameters are found in text.
PNormalized tov’ =1 population.

‘Tsurumakiet al. (Ref. 15.
dCalculated using PST.

€Akagi et al. (Refs. 13 and 14
Brouardet al. (Refs. 10 and 11

9Hancocket al. (Ref. 1.
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a threshold level and the neglect of the correction for detec-
tion efficiency. Since we carefully inspected such effects and
made the proper correction as described above, we conclude
that the sharp decrease of the population in the higlevels

is the genuine one.

P(5) / arb.

B. Half-collision calculation: Modified
statistical approach i3 505 1005
Rotational quantum number j’

The observed sharp cutoffs in the product state distribu-
tion may invoke the idea that a kinematic effect such as (b) o' =1
angular momentum conservation or truncation of the impact M
parameters limits the production of high-products. In or-
der to check such effects, we performed the PST calculations
with the maximum total angular momendg,,,=100, 220,
and 330, where 100 is the minimum value estimated from the
experimental rate constant, 220 corresponds to the impact
parameter where the opacity function becomes negligible in 0 2 i TS L VAR
our full-collision QCT result, and 330 is 1.5 times of that " Rotational quantum number 5
value. The calculated distributions did not change signifi-
cantly with the maximum total angular momentum. There- (¢)v' =2
fore we can state that the decrease of the highepulations . |
is not due to this type of kinematic effect.

We adopted a statistical approach to reproduce the sharp
decrease of the population in highdevels since the overall
trends of the observed rotational distributions were close to
those of the PST prediction. In this approach, statistical adia- :
batic channel modelSACM),*” which is a modified version N 5 TN
of PST, is a suggestive concept. It is well known that the Rotational quantum number 5’
population of hight’ products calculated by SACM tends to FIG. 7. Comparison of observed and calculated rotational state distributions
be depressed compared with that calculated by Bgim,  of NO(v'=0,1,2). Squares denote the observed population averaged for all
short, this depression results from the difference of the pol SDi 901 S10L 30 Suberss Doues bl v e s e
tential of free products and reaction intermediate. It can bsee text, respectively.
expected that this effect causes the observed sharp decrease
in the highj’ products in the O(D)+ N,O reaction. How-
ever, SACM assumes that the system remains on the sanaetion modifying the statistical distribution to reduce high-
adiabatic potential curve as going from the intermediate tgopulations may be applicable to the present case.
the product, which means that the product molecules need to Stimulated by these statistical approaches, we performed
have sufficiently small velocities. It is questionable whethera kind of QCT calculation which assumes statistical distribu-
this condition is satisfied in the @)+ N,O reaction since tion at the intermediate and propagates the trajectory en route
the average departure velocity of the product NO is large duéo the products on theb initio surface calculated by
to the high exothermicity? Takayanagiet al®~8 We call this calculation “half-collision

Recently, Larregaragt al3° combined the statistical as- QCT calculation.” The concept of this calculation may have
sumption for the intermediate and the interactions in the exig lot in common with SACM and the work of Larregaray
potential, to correct the statistical treatment. They analyzeeét al>° concerning the exit region interaction, but it does not
the exit channel dynamics of unimolecular reaction of simpledepend on adiabatic assumption or analytical model of the
tri-atomic systems. Once they assumed the statistical ermpotential. The results of the half-collision calculations are
semble at the transition state, they solved the equations ahown by bold lines in Fig. 7. In the figure, the observed
motion without any adiabatic assumption on an analyticallydistributions are averaged for all the four sublevels’Hf
modeled PES with a harmonic potential whose curvature destates for clarity. The decrease of the highpopulation is
creases exponentially with the distance between the prodwell reproduced in the half-collision calculation. This indi-
ucts. Their result was that even if the statistical distributioncates that the interaction in the exit region of PES indeed has
was achieved at the reaction intermediate, the trajectoriesn effect of yielding small high? populations as is pointed
starting from this statistical intermediate resulted in lessout in Ref. 39.
high-" population at the products than the PST prediction.  The effect of high}’ depression due to the exit region
This high{j’ depression is generated by the rotation—interaction can be understood by considering the trajectories
translation interaction in the exit region of PES. Although thein the phase space. Rather than the trajectories propagating
ground for the statistical distribution at the intermediate infrom the intermediate to the products, time-reversed trajec-
our system is not trivial and can be different from that intories which start from the product NO’s and enter into the
Larregarayet al's one, the concept of the exit region inter- intermediate are better for describing the exit interaction ef-

P(j') / arb.

X2

P} / arb
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(P P of the following two factors, the accuracy of the PES and the
C validity of the statistical assumption at the intermediate. If
A the statistical assumption works well in describing the real
g P distribution of the intermediate, the present PES is inaccurate
] and overestimates the depression of the rotational excitation
; of the products in the exit region. On the other hand, if the
"\ \ & extent of the depression of the rotational excitation in the
exit region of the present PES is correct, the statistical as-

@ '\, [‘ sumption is invalid. In this case, the real distribution of the
MY

intermediate is more biased toward the phase space points
which produce high” products than the statistical one.
FIG. 8. Schematic figure of the phase space of the reaction system. Thghese phase space points can be regarded as those with high

ho_rlzontal axis represents the distariRbetween two NO's. The vert_lcal Pending and/or torsional vibrations since the NO rotation
axis represents the other degrees of freedom such as bending motions. The

points in the gray area are not accessible with the available energy of thglorrelates approan_ately to Fhe bending and torsional vibra-
reaction due to the large vibrational potential energy. The inaccessible relions in the ONNO intermediate.

gion becomes larger & decreases and the rotational motions of product

NO’s change into bending and torsional vibrations in the intermediate. Th : :

“statistical distribution of the intermediate” populates all the phase spaceec' Reaction dynamics

points rounded by the dotted Iipe; equally, while the statisticgl dist'rib.ution The validity of the statistical assumption on the current
gfag;;grl?ndeu;ts such as PST distribution populates all the points within thePES can be discussed from the comparison between the re-
sults of the half-collision calculation and those of the full-
collision calculation. The rotational distributions obtained by
fect. The use of time-reversed trajectories is certificated byhe full-collision calculations are shown in Fig. 7 as dashed
the fact that the classical equations of motion are symmetriines. The distributions are too much rotationally excited for
with respect to the time reversal. Figure 8 schematically repall the vibrational levels and the agreement with the experi-
resents the phase space of the system where the horizontakntal result is poor. From the failure of the full-collision
axis denotes the distand® between the CM of two NO calculation, we learn two things: First, the present global
moieties and the vertical axis represents the rotational d&PES cannot be considered accurate enough to describe the
grees of freedom. Since the free rotational motion of NO's inproduct state distribution when it is used in full-collision
R=c0 correlates mostly to the bending and torsional vibra-calculations. Second, the reaction intermediate on this PES
tions for finite R, certain regions of the phase space are notends to be too much biased toward the phase space points
accessible due to the bending and torsional potential energyielding high{’ products. Although the accuracy of the cur-
which becomes higher aR decreases. Then we see thatrent PES is not perfect, we consider that the success of the
some of the trajectories are reflected due to Badependent half-collision calculation still has its significance from the
vibrational potential. In other words, the product states corfollowing reason. The half-collision calculation starts with
responding to these trajectories cannot be produced by thbe structure which is rather similar to the two independent
reaction. If the product states have high rotational energy, thBlO fragments since the two NO’s are quite distant at 2.263
translational energy will be too small to surmount the vibra-A. Furthermore, we found that only negligible amount of
tional potential and hence such trajectories have large prolirajectories went back to shorter distance than the initial
ability to be reflected. This means that the statistical distrivalue. Thus, the trajectories in the half-collision calculation
bution at the intermediate corresponds to distribution withexperience rather limited portion of the global PES than is
depressed high* populations when propagated to the prod-imagined from the word “half,” although we used this word
ucts. for simplicity. Because there is only small anisotropy of the
The essential point for the exit interaction effect of de-PES in the exit region except for the hard-core repulsion of
pressing the high* populations in the products is the differ- the nuclei, we consider that the results of the half-collision
ence between “the statistical distribution of the intermedi-calculation are not very sensitive to the details of the PES.
ate” and that of the products. In Fig. 8, the accessible regiofmherefore, if the inaccuracy of the exit region of the present
at the intermediate is rounded by dotted lines and that in th®ES is not so severe, the success of the half-collision calcu-
product by dashed lines. If the intermediate has the statisticdhtion indicates that the statistical assumption for the inter-
distribution, all the phase space points within the dotted linesnediate represent the real system to some extent.
are equally populated. On the other hand, the statistical dis- As stated in Sec. IV B, the near-statistical distribution
tribution of the products, which is calculated with the PSTwith the sharp decrease of the highpopulations can be
formalism, populates all the phase space points within thexplained by the balance between the distribution at the
dashed lines. Since there exist reflected trajectories due to t@NNO intermediate and the interaction in the exit region of
vibrational potential, the statistical distribution at the inter-the PES. Since no deep well exists in the PES of this reac-
mediate does not yield statistical distribution in the productstion, it is plausible that the reaction intermediate does not
Despite the improvement of reproducing the sharp dehave the completely statistical distribution. Although the
crease in the half-collision calculation, the calculated distri-full-collision calculation hardly reproduced the observed dis-
butions are a little biased to the loyi-region compared to tributions, the calculated result indicates that the intermedi-
the observed ones. This difference can be explained in ternee is biased toward the phase space points producingj high-
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