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Nascent state distributions of NO (X 2II) generated from the reaction
of S(*D) with N ,O: Intramolecular vibrational-energy redistribution
in the reaction intermediate

Hiroshi Akagi, Yo Fujimura, and Okitsugu Kajimoto®
Department of Chemistry, Graduate School of Science, Kyoto University, Kitashirakawa-Oiwakecho,
Sakyo-ku, Kyoto 606-8502, Japan
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The nascent internal state distribution of NG{I) generated from the reaction, “5Y)
+N,O—NO+NS, has been determined by utilizing the laser-induced fluores¢eteetechnique.

The average vibrational energy of NO relative to the statistically expected value is found to be 37%.
This amount is obviously smaller than that of the fragment®® of the isovalent reaction
180(*D) + N, *0—N *¥0+N %0, though it is still larger than that dfOH produced from the
180(*D) + H, 80 reaction. To interpret the observed difference in the product energy partitioning,
we have applied the quantal intramolecular vibrational-energy redistrib(ti&) representation to

the energy mixing in the collision complex. Using a local-mode vibration model with momentum
couplings, we have extracted the crucial factors determining the energy partitioning in these
reactions. The reaction system consisting of only heavy mass atoms generally has a large vibrational
coupling and a large density of states, both of which favor the rapid energy mixing during the
short-lifetime of the intermediate complex. €99 American Institute of Physics.
[S0021-960629)01715-9

I. INTRODUCTION curs, even though the lifetime of the intermediate complex is
i o expected to be short because of the shallow well of the PES.

Since the 1970s, the product energy distribution hasryig efficient energy mixing could be attributed to the con-
been a hot topic in reaction dynamics. In particular, the reyiy,ent atoms in the reaction system, that is, the absence of
lation between the shape of the potential-energy surfac[er\ght atoms. Because thBO(*D)+ N, 0 system only in-
(PES and the energy partitioning within the degrees of frée-q|,qes heavy atoms, the energy randomization in the tran-
dom of product molecules has been intensively studied tQjant 189NN 260 should be enhanced due to the large mo-
obtain a fundamental understanding of the dynarhiG@n-  enem (G-matrix) couplings between the local-mode
eral criteria for predicting the product energy distribution i ations. In addition, the low vibrational frequencies origi-
have been proposed and the analyses using the criteria haygiaq from the motion of heavy atoms considerably increase
attained a marked succesghe criteria mainly concern the e density of these states. The importance of such mass
lifetime of the collision complex or intermediate. As the life- ofact is supported by the inefficient energy mixing between

time becomes longer, the product distribution becomes morg, vo OH products observed in the analogous reaction in-
statistical. The lifetime of the complex is in turn determinedduding light H atoms

by the shape of the PES. If the potential-energy surface has a
deep well between the entrance and the exit, we expect a °0('D)+H,'®*0—°0OH+1%0H,
long lifetime which produces a statistical distribution. On the 0 1
other hand, if the potential well is much shallower compar- AH(0)=—120 kJmot™. (b)
ing with the eXOthermiCity of the reaction, a short lifetime Since the reactio(b) possesses a deep We”’ the intermediate
and a nonstatistical energy partitioning are expected. of this reaction should have a longer lifetime than that of the
In our previous work, we determined the vibrational reaction(a). Nevertheless, the energy mixing is less efficient
state distributions of the “new” N°0 and the “old” N'®0 i, the reactionb). This evidence suggests the importance of
generated from the reaction, the mass effect over the lifetime of the intermediate complex
180(1D) + N, 260—[*80N-N60] =N 80+N 160, (a) in contrast to the expectation in general. N
In the present study, we try to confirm the critical role of
which has a large exothermicity[AH®(0)=-343  the mass effect by demonstrating another example of effi-
kJmol '] and a shallow well with the N—N bond scission cient energy mixing for the reaction with a short-lived inter-
energy of ~700 cm *.* Although the available energy is mediate, i.e.,
dominantly distributed to the new RO, the old N*®O also
possesses a considerable vibrational energy at high vibra- S(*D)+N20—NS+NO. (©

tional levels. This fact suggests that the considerable energyi,.e StD) atom is isovalent to GP), this reaction is

. . . . . . 16 L
randomization in the reaction intermediatéONN*°0, oc- expected to have a similar PES with no barrier and a very
shallow well. In fact, the density functional theory calcula-
dAuthor to whom correspondence should be addressed. tions have showed that SNNO iscés-planer molecule and

0021-9606/99/110(15)/7264/9/$15.00 7264 © 1999 American Institute of Physics
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mixture of OCS and BD gases was continuously supplied to
the chamber at 200 mTorr. OGBlatheson 97.5%and NO
(Showa-Denko 99.999%gases were purchased and used
without further purification.

The SED) atoms were produced by OCS photolysis at
248 nm with a KrF Excimer laser(Lambda Physik
EMG53MSQ. The KrF laser light was collected with a lens
of 1.5 m focal length, and a part of the focused light0.5
cm diam was used for the photolysis. At this wavelength of
| | KrF Excimer OCS photolysis, the quantum yield of ‘&) generation was
pump Laser already determined to be almost a unity from two photon LIF
Mechanical ||Rotary experiments. The product NO generated from reactite)
<= booster pump|| pump was detected by utilizing the LIF technique via the NO
A2t (v=0,1)—X?II(v=0-4) transitions. For this pur-

i pose, frequency doubled light from a tunable dye laser
(Lambda Physik ScanMate 2umped by a XeCl excimer
laser (Lambda Physik Compex 102vas used. In order to
FIG. 1. Schematic diagram of the experimental apparatus. PD, photodiodejvoid saturation, the probe laser light was expanded 2.5
PMT, photomultiplier tube. times by two lenses of 8 and 20 cm focal lengths. The inten-
sities of both the photolysis and the probe laser lights were
monitored by photodiodes and used to normalize the LIF
signal. The time delay between the photolysis and the probe
lasers was set to be 500 ns ang$for the determination of
rotational and vibrational state distributions, respectively.
These laser systems were operated with a repetition rate of

Fast voltage
amplifier

|
Diffusion

Dye Laser

has a low frequency N—N stretching vibration similar to
(NO),.°> Moreover, this reaction system is composed of four,
heavy atoms.
The reaction of SD) with N,O has been studied by
several group8. The reaction rate was found to be nearly
- . _10 _1 _1 6 . 10 HZ.
gas kinetic (1.& 10 °cm®molecule *s™%).® The reaction

. . The fluorescence from N®@{) was collected by two
?;_S the following two important channels other than CharmeIlenses at right angles to the counterpropagating laser beams

and the fluorescence of only {00) and (1—1) transitions
S(*D)+N,0—-SOaA or bS")+N,, (¢’)  was detected by a photomultiplier tulldamamatsu R928
, through an interference bandpass filighe center wave-
—SCP)+N,0. () length A\g=219.5nm, the full bandwidth at half-maximum
These three channels proceed to a comparable extent, @la=12.5nm. The LIF signal from the PMT was amplified
though the SID) quenching process(c’) is slightly by a fast voltage amplifietComlinear CLC10Q averaged
preferred’ by a gated boxcar integratéBtanford Research Systems SR
In the present work, we have dealt with the internal state250), processed by an A/D convertéBStanford Research
distribution of NOX 2II1) produced from the reactioft). Systems SR 245and stored in a personal computer.
Because the NO molecule is the “old” fragment already For the determination of the vibrational state distribution
existed in the NO molecule, the amount of NO internal en- of NO generated from the reaction of '8 with N,O, we
ergy is an appropriate index of energy randomization withinadopted the same procedure as Ref. 3. Briefly, the procedure
the reaction intermediate, SNNO. The exothermicity of thisconsisted of the following two measuremerits: determina-
reaction(c) [AH%(0)~—100kJmol!] (Ref. § can excite tion of the rotational state distribution for each vibrational
the NO molecule up to the=4 vibrational level. We have levels under the rotationally relaxed conditions with 200
determined the vibrationalv=0-4) and rotational  ~ mTorr total pressure and ads delay and2) determination
=0-2) state distributions of NO generated by this reactiorof the relative vibrational population by comparing the peak
utilizing the laser-induced fluorescen@ddF) technique. heights at the selected rotational lines of different vibrational
The quantitative interpretation of the mass effect is alsdevels. To obtain reliable distribution, we utilized the rovi-
attempted in terms of the intramolecular vibrational-energybronic transitions with the same upper levels.
redistribution(IVR) in the transient intermediate. The IVR It should be noted that the KrF laser ligt248 nm) used
rate is estimated on the basis of the Fermi’'s Golden Rulefor the OCS photolysis could also photolyzegNand pro-
The state density and the coupling among the vibrationatiuce O{D) atoms, even though the absorption coefficient of
modes are calculated by using the local-mode approximatioN,O at 248 nm is negligibly smal’!! The O¢D) atoms, if
with the first-order momentum coupling. The quantal timeproduced, could also produce NO by reactian In fact, the
evolution is also calculated to evaluate the rate of IVR. LIF signal from NO molecules was detected without the
presence of OCS. However, for NO in=0-3 andv=4
vibrational levels, the LIF signal in the absence of OCS was
less than 3% of that with OCS and less than the noise level,
The experiment was performed with a conventional flowrespectively. Consequently, the contribution from thgON
chamber and two laser systems, as shown in Fig. 1. The 1photolysis at 248 nm was neglected.

Il. EXPERIMENT
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FIG. 2. Schematic diagram of the timing between the two laser triggers and
the variation of NO concentration in the reaction cell. Nascent NS @)
signal was obtained as the difference between the signatshdfdelays in
successive laser shots. i T
223.0 224.0 225.0 226.0 227.0

A mechanical booster pump and a rotary pump were Wavelength (nm)

used for the flowing gas experiment. Since all NO molecules:G. 3. LiF spectra of NOX 2IT; v=0 and 1 generated from the reaction
in thev=0 level could not be pumped out perfectly during of S(D) with N,O, together with the simulated spectrusi—X(0«0)
the shot-to-shot period under the pumping conditions, th@ndA«X(1«1) transitions were useda) The sum of nascent and back-
LIF signal ffom NOp=0) was detected even when the 3241 1O S07s meseued 4500 s deeyt Backyund NO sne |
probe laser light irradiates the reacting gas 500eadier gifference between signals o500 ns delays(d) A spectrum simulated
than the photolysis laser light. To determine the nascent sigsnder the conditions of the ratiN(v=1)/N(v=0)=0.25, and the rota-
nal intensity of NO inv =0 level, the delay time between the tional temperatures 2600 and 1400 K fo=0 and 1, respectively.
photolysis and the probe laser shots was changed alterna-

tively by a homemade switching delay circuit. The signal
intensity obtained at- At delay corresponds to the back-
ground NO@ =0) signal, and its intensity was subtracted The experimentally obtained vibrational state distribu-
from that obtained a# At delay. The timing of such proce- tion and the distributions predicted from two statistical theo-
dure is shown schematically in Fig. 2. Utilizing the subtrac-ries, the prior distributich and the distribution calculated
tion between the two data sets,At delays, we obtained with phase space theofST),*® are listed in Table I. The

A. Vibrational state distribution in v=0-4

accurate LIF spectra of nascent NO molecules. experimentally obtained population monotomically declines
as the vibrational quantum number increases. The observed
IIl. RESULTS distribution is slightly colder than those predicted from the

Figure 3 shows the LIF spectra of the nascent NO(
=0,1) which is calculated by the subtraction between the
two spectra under-500 ns delay conditions, together with Experiment
the original spectra at each delay. The rotationally relaxed
LIF spectrum of NO¢=3) under 5us delay condition is
shown in Fig. 4. The simulated spectrum is also included in
each of the figures.

As the source of SP), we used OCS photolysis at 248
nm. Since S{D) is removed by the every collision with the
buffer gas, OCS or hD,° the SED) atom is not translation-
ally relaxed and therefore we should take the collision en-
ergy into account. Then, adding the 13 kJ motollision
energy? to the heat of reaction, we have the total available T P T R
energy of 113 kJ mot* which could excite the product NO 258, 0 958, 5 259 0 259 5
molecule to they=5 level. In the present experiments, how- Wavelength (nm)
ever, we detected the NO up#e=4 vibrational levels under
5 us delay condition. Fop =0—2 vibrational levels, the LIF FIG. 4. Rotationally relaxed LIF spectrum of N@ £ 3) generated from
signal intensity was sufficient to determine the nascent rotal® reaction of SO) with N;O utilizing theA«X(03) transition(upper

ane), together with the simulated spectrufower panel. Spectrum taken
tional state distribution of NO molecules under the shorte under 5us delay and 200 mTorr total pressure. Simulated spectrum was
(500 ng delay condition. calculated with a rotational temperature of 320 K.

Simulation

Intensity (arb. units)
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TABLE . Vibrational state distribution of NO( 2I1) generated from the  TABLE Il. Average rotational energyE,), of NO(X 2II; v=0-2) gen-

reaction of StD) with N,O. erated from the reaction of 49) with N,O.
v Expf® Prior (RRHO) PST (Eropp /kI mol™t
0 0.76 0.59 0.50 v Expf PST
1 0.19+0.04 0.27 0.29
2 0.033+0.008 0.10 0.14 0 21.8:0.9 26.0
3 0.011+0.003 0.027 0.055 1 11.3:11 213
4 0.0004-0.0001 0.003 2 0.012 2 9.9:0.4 16.6
5 o 0.000 006 3 0.000 18

aThe experimental uncertainty corresponding toid the least-squares fit.
PFor the PST calculation, the interaction potential for both $5-Mnd

#The experimental uncertainty corresponding toid the least-squares fit.

. 6 .
PFor the PST calculation, the interaction potential for both $3-Nand EN)%NO I|§lassumed to have the form-eC/r®, whereC s taken to be 42
SN—NO is assumed to have the form-ef2/r®, whereC is taken to be 42 J A mol ™,

kJ A® mol™%.

(2.5 kImolY). The latter fact inE,qy), implies that the old
statistical theories, as recognized from Fig. 5, suggesting th¥O would not behave simply as a spectator in théDg(
incomplete vibrational energy randomization in the interme-+N2O reaction.
diate. Nevertheless, the “old” NO populate even ur=4 o
which is the upper limit for the exothermicity of this reac- C. Energy partitioning to the “old” fragments

tion. This fact indicates that the considerable energy mixing  The mean rotational and vibrational energies of NO were
occurs during the reaction. calculated as

B. Nascent rotational state distribution in ~ v=0-2 (Erd =2, P(v)'<Erot>v/ > P(v) (2

The rotational state distributions for each vibrational

level inv=0-2 could be described by a single Boltzmannand

temperature. The average rotational energy for each vibra-

tional level(E,y), was calculated by the equation <Evib>=§U: P(v)-Evin(v) Ev: P(v), )
E ) — P (3)-E.(] P (J), 1 respectively. In these equatior¥(v) is the vibrational state
(Erove ; o) Eraf )/ ; o @ distribution andE,;,(v) is the energy of each vibrational

whereP,(J) is the rotational state distribution including the state. To determlne_ e ), we u_sed th& Eroy), values for
only v=0-2 vibrational levels, since theE,, values for

degeneracy an#,y(J) is the energy of the rotational state. _ . e
The evaluated average rotational energies of NO are listed i?ﬁ>2 could not be determined. However, this omission has

Table I, together with those predicted from PETThe av- ittle influence on the accuracy because of the minor popula-

erage rotational energy decreases as the vibrational quantutt'ﬂn_l'_r;1 higher wbrau;arlal Ie;/els.d ibrational . f th

number increases similar to the statistical prediction. This Id NOe thlerag:a ro alonat and vibra |9nta energies o f tﬁ

trend may attribute to the decrease of the available energ)?. mo'ecuies can act as appropriate measures of the

The experimentalE o), of NO (v =0—2) is colder than the c"er9Y randomization in the reaction intermediate. The aver-
v

. : e energies are calculated to =1600cm* and
average energy expected from PST, yet it is still rotatlonallyzg )= 55% et which correspongl?g)[i7% and 5.8% of the
Vi ] .

excited as compared with the energy at room temperaturavailable energyE ...~ 113kimol), respectively. Since
the PST calculations predict large value&E,)pst
=1900 cm! and (E,;,)ps=1500cnmt), we can conclude
that the energy randomization in the intermediate of this re-
action is not completed.

In order to evaluate the energy mixing in the intermedi-
ate complex, the average rotational and vibrational energies
of the “old” fragment in reaction(c) were compared in
Table lll with those of the reaction&) and (b), *0(*D)

+ N,%*0—N*®0+N*%0 and'®0(*D)+H,¥0—0H+0H.

For the 0(*D)+ H,*®0 reaction, several research groups

have determined the products rotational and vibrational state
| , , , distributions'®'® Since their data are similar, the latest one

0 1 2 3 4 5 using the Q photodissociation at 266 nifiRef. 19 is listed

Vibrational quantum number in Table Ill. The available energids,, ,; and the dissociation

FIG. 5. Vibrational state distribution of NO(2IT;v =0—-4) produced from energies, of the intermediate-s Wh-iCh CorreSpon-d to the

the -rea.lction of SP) with N,O. The solid line s‘hows the distribution pre- well depths of PESs are also given in Table ll. Since only

dicted from phase space theory and the broken line depicts the prior distrine the(_)retic_al VaIL_le ob, from density functional theory
bution. calculations is available for SNNO to our best knowledge,
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TABLE lIl. Average rotational and vibrational energies of the “old” frag- wherep? is the square of effective coupling andis the
ments for reaction&), (b), and(c), together with the total available energies density of state. That is. the extent of energy randomization
of the reactions and the binding energies of their intermediais?). ' . .

can be regarded to be proportional to the density of state and

BO(ID)+N,%0  %0(!D)+H,0  S(*D)+N,0 the square of effective coupling when the time for IVR is the
— N 0+N**0 —1%0H+1%0H —NS+NO same. These two universal factors are sensitive to the mo-
[reaction(a)]* [reaction(b)]>  [reaction(c)]° lecular properties such as the location and the masses of

E avai 30000 11400 9400 component atoms. o _ _

Do 700 17406 [~700] The heavy components within the intermediate complex

(Evib)expt ~4000 210 550 usually generate low frequency vibrations to increase the

—~ i i i . .
. E~‘7)66036] 5 (1%3(? (fé%?) density of statep and cause large momentum couplings
rot/ expt ~ ) ) : . . T
[(~1.0] 0.68' (0.84' among the vibrational modes to give larg&

(Eyip)pst 6400 1300 1500

(Erodpst 6400 2800 1900 A. Mass effect on the coupling parameter ~ v?2
Z‘;e;efenceslg and 14. To discuss more quantitatively the mass effectsuén

ren . . . .

This wore we adopt a modéf whose Hamiltonian is represented by the
dReference 4. zero-order and the coupling term as
‘Reference 11. 0
This value is deduced from the results using DFT calculations of Ref. 5. H=H"+V. ®)
9This value is estimated from the rotational temperature of theuNey) : ‘L - ; ;

which obtained in the unlabeled experiments in Ref. 14. For simplicity, we assume thi) all zero Ord?r Vlbr_atlonal
"This value is evaluated from the prior distribution. states are regarded as Iocal-mer harmonic (_)scnlators and
'Data given in parentheses are the ratios relative to the average energi€8) a harmonic momentum coupling only contributes to the
predicted from phase space theory. coupling between the harmonic oscillators. Then, the ele-

ments of Hamiltonian are

the binding energy of SNNO is estimated by using this value.
The estimated energy size of SNNO is to be almost the same H™= Z
as that of (NO).

As Table Il shows, the average vibrational energy
(Eyp) Of reaction(a) is much larger than the other two reac- V:; Gijpip; . (7
tions. Since the available energy is different among these ,
three reactions, we have to compare the energy partitionin§n€répi. di, ki, andG;; denote the momentum, the dis-
using the ratio of E;,) to the value predicted from the PST. placement, the force constant of thié oscillator, and the

. 19 . .
The order in the energy randomization thus estimated is re€lément ofG-matrix;”™ respectively. In general, a potential
action (a)>reaction(c)>reaction(b). coupling should also be considered as a harmonic coupling

In the SED)+N,O reaction, the vibrational energy term of the Hamiltonian. However, for the systems with
transferred to the old product amounts to 37% of the statisi'9¢ momentum coupling, the potential coupling makes

tical prediction. Although the amount is approximately two-©nly & small contributiort Under these assumptions, the
third of the reactior(a), it is more than twice of that in the only nonzero elements of Hamiltonian matrix corresponding

8
reaction(b). This result shows that the energy mixing in the 10V are

1 2, 1
EGiipi+§kiiqi ' (6)

S(*D)+N,O reaction is definitely operative in spite of the R PO PR | = 1 VRN DR o PR
shallow well of PES and the short lifetime of the intermedi- .
ate, and confirms our conclusion in the previous pafiet _ _ )
. : = i(2n+1)= ni+slhow;,
the mass effect is more important than the well depth of the 2.: @i(2ni+1) 2.“ i) e

PES. The presence of light hydrogen atoms in reactipn

significantly reduces the state density and the momenturﬁ' gt L= fH g, )
coupling among the vibrational motion, resulting in the ex- = — [ (Ng+1)n, 142

tremely inefficient energy partitioning in spite of the ex-

pected long lifetime. (ooona=1, ... np+1, . H o N, N, )

=—ay[ny(ny+1)]12
IV. DISCUSSIONS @ap Na(Np*+1)]

Since the lifetime is not the essential factor to control the< st Lt H e )
energy partitioning in the reactions of our interest, we con- =, [(ny,+1)(n,+ 1)]*2,
fine our discussion to other factors in vibrational energy mix-
ing, the density of states and the coupling among the vibra* - * - Na=1,... Np=1, . [H[ ... ng, g, )
tional states. In the statistical limit, the rate of IVR is :aab[nanb]l/z, ®)

represented by Fermi’s Golden Rulé'as _ o
wheren; is the quantum number of thi¢h vibrational mode

K= 2mv%p 4) on the local-mode basis; is the vibrational frequency, and
ho aj; is the parameter of momentum coupling,
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TABLE IV. The structures, local-mode vibrational frequencies, and relevant parameters of the reaction com-
plexes used for the model calculations.

18ONN0 Hé0%0oH SNNO
[reaction(a)] [reaction(b)] [reaction(c)]
Structural parameters #-B—-C-D
A-B length/A 1.152 0.96% 1.557
B-C length/A 2.263 1.452 1.96T
C-D length/A 1.152 0.96% 1.178
£ ABC angle/deg 972 100.¢° 135.4
£/ BCD angle/deg 972 100.¢° 102.%
torsion/deg 0.0 112.¢ 0.0
Local-mode vibrational frequencies 8~B—C-D/cm™*¢
A-B stretch 1780 3610 1116
B—C stretch 135 847 151
C-D stretch 1830 3600 1776
/ABC bend 328 1330 216
£/ BCD bend 334 1330 314
torsion 117 313 594
AEqy /cm 820 640 210
S| aj |12 ;] 4.9x10°? 5.2x10°3 6.3x1072

%Reference 20.

bReference 21.

‘This value is evaluated from the DFT calculations of Ref. 5.

These frequencies are calculated from the normal-mode vibrational frequencies.
®Reference 22.

Reference 23.

9Reference 24.

"Reference 12.

Gij[ho; ho; 12 ir?itial_stage stores all the energy in the A—B local mode
= G_” G_“ (9 vibration. When the energy mixingVR) process proceeds

from this state, we can roughly estimate the rate of IVR
For the real systems, the coupling matrices are evaluated Qising Eq.(4) using thev? and p which can be calculated
the basis of the eigenvalues and eigenvectors for the mogiom the model of the preceding section. Using the coupling-
stable structure of the individual intermediates. The StrUCScheme given in the preceding section and the vibrational
tural parameters for the intermediates of the three reactiongequencies in Table IV, the densities of the zero-order vi-
and their local-mode frequencies are given in Tableprational states which can couple with the initial state, which
IV.51220-24The sum of the squares of off-diagonal momen-is defined asgyec in Fig. 6, are calculated. The resulting
tum coupling parameters relative to that of diagonal term isjalues for the reaction&), (b), and (c) are 0.0098/cm,

also given in the bottom row of the Table IV. This quantity 0.0063/cm?, and 0.0146/cm?, respectively. These values
approximately expresses the average strength of the coupling

among the local-mode vibrations. Apparently, the hydrogen-
containing intermediate 190'®0OH gives the one-order of

aij

S(*D) + N,O reactions.

magnitude smaller value than the other intermediates, indi- |—26r°-°rder—|
cating a very small coupling among the local-mode vibra- initial direct  indirect
tions. This trend originates from the small reduced mass in state °‘;‘t‘;’t';:g “;‘t‘;’t‘;'s‘g
the local-mode vibration containing a hydrogen atom. Since coherent )
G;; is proportional to the inverse of the reduced mass of the ;_W'dth Pairect _Pindirect
local-mode, the hydrogen-containing local mode gives a @3::,() ==E) =
largeG;; and hence a smadt;; . In this manner, the presence —_— — = == time-evolution
of a light atom considerably reduce the momentum coupling Ecoll =z — =
and therefore reduces the rate of IVR. For the present four- — . =
atomic reactions!®O(*D)+H,'%0 shows a ten-times less reactants real —
efficient IVR compared with the'®O(*D)+N,**0 and B —

B. The state density at a relevant energy range

/ products
The reaction, A-BCD, is initiated by the collision of the
atom A which has an intrinsic energy uncertainty Bf,,

(Fig. 6. We assume that the intermediate complex in theFIG. 6. A model for the time-evolution of IVR in an intermediate complex.

an intermediate complex
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again suggest that the reacti@ including light atoms has the energy of a finite width. In the present case of the bimo-
the small state density corresponding to 2/3 and 1/2 of théecular reaction, however, the initial state is produced by the
reactions(a) and(c). collision between A and BCD. We assume that the coherent
The energy partitioning to the old NO is significantly width of the initial state, which corresponds to the energy
larger whilepgiectandv? are smaller in the reactiof@ than  width of the ultrashort excitation pulse in the photoexcita-
in the reaction(c). This trend could be explained in terms of tion, can be defined as the collisional energy range of the
the background dark levels. The density of the backgrounéhcident atom. Since the reactant atom is generated by the
zero-order vibrational stateSqgiecd, Which is not taken photodissociation of Qor OCS, the collision energy of the
into account in the present coupling scheme, is much differatom has its intrinsic energy range. Although the distribution
ent between the reactiorig) and(c). Since the reactiola) of this collision energy is not well-defined and the orienta-
has a quite large exothermicity, the initially prepared inter-tion of the collision is not fixed, the actual IVR can be inter-
mediate contains a large amount of energy and the state depreted as an superposition of the time evolution starting from
sity at this high energy level is quite large. Direct counting ofa variety of coherently prepared initial state with a given
the energy levels shows thafgiecs are 5. 10 cm 1 for  coherent width. As a kind of thought experiment, we pursue

reaction(a) and 1.1x 10? cm* for reaction(c). the time evolution of such a coherent initial state and try to
gain the information on the time scale of IVR in the particu-
C. The rate of IVR lar reaction system.

To estimate the rate of IVR in the three relevant reac- Based on the above considerations, the loss of the initial

tions, we use the analogy between the IVR in an intermediatéero'order statdi) is obtained from the projection compo-

. . . _ . 5
complex and the time-evolution of the zero-order state whict{]ems offi) in the time-dependent wave functioh(t) as’
is prepared by an ultrashort coherent light pulse. N

N
1. Description of a model and the method of 1GP ()Y 2=] > [eil*+2> |cil?leyil?coswt],  (12)
calculations =1 >3

The IVR process can be considered as the evolution O\];v

an initial zero—or<_:ier Statg%’_”\?.'h'.ch .'SI a supe(;posmon .Of factor is omitted. The eigenvalues and the eigenvectors are
many quantum eigenstatesThis initial zero-order state IS, - ohiqinad under the assumption of the local-mode description

in general, prepared by an ultrashort pulse of light with wid'eOf the intermediate complex as given in the preceding sec-

energy range determined by the pulse duration. This “optl-,[ion

cal” initial state is not an eigenstate, but is represented by 'AS is shown in Fig. 6 the initial zero-order states for
the superposition of eigenstates. The projection componenigy 160 [reaction (a)]. H160180H [reaction (b)], and

of the dark zero-order states increase as the time-evolution (gNNO[reaction(c)] are considered as the local-mode vibra-
the initially prepared state. This process is the IVR in Nonal states of the NEO(y=17), ¥O-H(@p=8), and

ordinary rigid molecules excitgd by a fs light pulse. . N=S(v=8) stretching modes, respectively. In this case, all
In the present paper, this quantal scheme of IVR is

: L “eigenstates within the collision energy widlE_,,, caused
adopted to interpret the energy randomization of the reactloBy the photodissociation of Sbr OCS. are expected to con-

Lntern;efg\(t:eb AIECtD’ generated f;ﬁmt ttue plTollecular rZac’[ribute to the IVR. In the present calculations, the number of
lon, - First, we assume that the initial Zero-order ;o4 order states were limited by truncating the interacting

stateli) is the Ioc_:ally_ excited state, where onl_y the A-B zero-order states according to the coupling strength. As the
local-stretching vibration possesses all the available eNnerg¥%iements of basis set, we selected 162 zero-order states in-

Eavairt Do, of the reaction. Because this reaction is initiz‘f‘te‘jcluding one initial state, 26 states coupling with the initial
by the slp proach of .the ?ﬁto_m. Fol BC?’ we regard:jed this a3tate in the first-order perturbation level and 135 indirect-
? suitaple gssm:.mptm;n. € initia ftdj corresponds to a coupling states which become effective in the second-order
inear combination of many eigenstaits perturbation level. With these 162 states, the eigenvectors
and eigenvalues were computed by the matrix diagonaliza-

here w; is equal to E,—E;)/%. The fluorescence decay

|i>:2I cill). (10 tion. Then, the time evolutions of an initial state, the sum of
_ _ S o direct-coupling states and the sum of indirect-coupling states
The time evolution of this initial state is given by were calculated for these three reaction intermediates.
W(t)=2 c;ll)-e BV (11)
|

The dephasing of these eigenstates caused by their eneré‘yResung of the model calculations

gaps leads to the increase of the projection components of The time evolutions of the zero-order states in
the other local-mode vibrational states, i.e., the dark zero**ONN*®O [reaction(a)] and H*®0*0OH [reaction(b)] are
order states. The energy randomization in the intermediatshown in Fig. 7. In the®®*ONN'®0 system[Fig. 7(a)], the
complex can be considered in this way as an IVR procespopulation of the initial state decreases to 1/4 during the first
similar to that in a stable molecule. 500 fs. At the same time, the other dark states rise with the
For the excitation by a laser pulse, the initial zero-ordersame rate as the decline of the initial state. This means that
state is prepared by a quasi-delta-function pulse of light witithe IVR in the intermediaté® ONN*®0 proceeds in several
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10— —— ] diate, the population of the initial state is expected to decline
0 L@ ONNO ] to ~1/2 during the interaction time of 250 fs estimated
g i ] above. Therefore, it is likely that for th#O(*D)+ N, °0
S 06 . . .
= : reaction the necessary time for the IVR process is compa-
,§‘ 0.4 rable to the minimum “lifetime” of the intermediate. We
02 F a ] can conclude that IVR in the intermediate can proceed sig-
0o e T e~ nificantly even though the reaction is a direct process.
10 ¢ In the case of thé®O(*D)+H,®0 reaction with the
0g [ ®H O 0H ] deep well, the lifetime of the intermediate_ could be much
£ : ] longer than that of thé®0(*D) + N, %0 reaction. However,
5 06 E the IVR within the intermediate is quite slow as we showed
g 04 ] in the preceding section. Using the molecular parameter
= 02 k ] given in Table IV, we have estimated the lifetime of the
I ] energized H°0*®0OH* to be about 4 ps based on the RRK
0.0 Srtemman - N theory. Even within such a long lifetime, the IVR cannot
0 200 400 600 800 1000

proceed in the HPO'80H system because of the extremely
slow IVR rate.
FIG. 7. Time profiles of the local-mode vibrational states in the reaction

intermediates(a) **ONN'®0 and (b) H'°0"OH. The solid lines show the v/ SUMMARY AND CONCLUSIONS
initial state populations, the dotted lines correspond with the sums of the

direct-coupling states, and the dotted-and-dashed lines represent the sums of \We have determined the internal state distribution of
the populations of the indirect-coupling states. “old” NO( X 21—[) generated from the reaction 0f]$1) with
N,O. The average vibrational energy of NO relative to the
prediction by the statistical theof¥?ST) is found to be 37%.
hundred fs. If we take into account more background zeroThis figure suggests fairly effective energy randomization in
order states in higher perturbation level, the population of théhe intermediate of the $D)+ N,O reaction in spite of its
initial state should further decrease. The similar but slightlyshort lifetime, and supports the previous conclusion for the
slower decay was observed for the SNNO system. The deca§O(*D) + N, 0 reactior® The efficient IVR in the interme-
in the H®O 80H system{Fig. 7(b)] strongly contrasts with diate can be attributed to the presence of four heavy atoms in
the **ONN €0 case. In a period of 1 ps, the initial state the system which provides low frequency vibrations to in-
decays by only 2%. Therefore, the available energy in therease the state density and enhances the momentum cou-
intermediate H%0O'%0H would not dissipate from the pling to facilitate the IVR.
1860—_H local vibrational state to other degrees of freedom. A model calculation based on the local-mode vibrations
Although the real decay of the initial local-mode vibration is with harmonic momentum coupling has been performed to
expected to occur slightly faster than these calculations besstimate the mass effect on the state density and the momen-
cause of the participation of more zero-order states, we catum coupling. The coupling strength for the heavy atom sys-
roughly estimate the time required for the IVR from thesetem is found to be one-order of magnitude larger than that
simulations. for the system containing hydrogen atoms. To estimate the
So far we mainly focus our attention on the magnitudesrate of IVR, the quantal time evolution of the initial zero-
of v? and p. However, the extent of IVR and hence the order state has been calculated on the analogy of the coherent
energy partition to the “old” product is also determined by fs pulse excitation. The zero-order initial state is defined as
another factor, the lifetime of the intermediate. Even thoughhe local-mode vibrational state where all available energy is
the IVR rate is slow, long lifetime could give a sufficient accommodated in the stretching vibration of the new bond.
period for the IVR to complete. Therefore, we have esti-The decay of such initial state takes about 250 fs for the
mated the lifetime of the intermediate and compared thig®0(*D)+ N, %0 reaction, which is comparable to the esti-
figure with the IVR time obtained above. mated lifetime of the intermediate. We conclude from these
The lifetime of the intermediate can be considered as thealculations that the efficient energy randomization can oc-
time during which the four atoms of the reaction system arecur even within a very short lifetime of the intermediate, if
interacting with each other. For tHEO(*D)+ N, %0 reac- the reaction system is composed of heavy atoms. The mass
tion, we have estimated the lower limit of the interacting effect on the momentum coupling and the state density plays
time. The velocity of®0(*D) generated from th&O; pho-  a primary role in the energy partitioning.
tolysis at 266 nm is~2000 m s, corresponding to the ve-
locity of abou 2 A per 100 fs?* Since the average van der ACKNOWLEDGMENT
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