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Stereodynamics of the vibrational channel O (D) +H,0—OH(v'=2)+ OH
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Sakyo-ku, Kyoto 606-8502, Japan
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The state-selected differential cross sectibf€S) and rotational angular momentum polarization

for the reaction O(D)+H,0—OH+OH have been measured by utilizing the polarized
Doppler-resolved laser-induced fluorescence probing technique. Stereodynamics of the reaction
channel forming the newly formed OH in the specific vibrational lavet 2 is discussed on the
basis of the vector properties. A nearly isotropic DCS for the product?dhl§, v'=2, j’

=5.5) most probably indicates that the reaction is dominated by an insertion mechanism involving
a collisional HOOH complex with a lifetime comparable to its rotational period. The extremely
asymmetrical energy partitioning between the two OH fragments, therefore, suggests that the
redistribution of the available energy does not occur on a time scale comparable to the rotational
period of the complex. Furthermore, it has been found that the product rotational angular momentum
vectorj' is predominantly perpendicular to the collision plane spannell pdk’ (the relative
velocity vectors of the reactants and products, respecjivblgth for the forward- and
backward-scattered products. It suggests that the initially excited bending motion ldf-the O

moiety in the collisional HOOH complex primarily contributes to the product rotation.1999
American Institute of Physic§S0021-960699)00816-9

I. INTRODUCTION plex breaking up prior to the redistribution of the available
energy among its internal modes.

The reaction of electronically excited oxygen atom,  To determine whether the reaction proceeds via direct
O(*D) with H,O plays an important role as a source of OH abstraction, stripping or insertion pathways, the measure-
radicals in the stratosphere. The two OH product moleculesent of product differential cross sectiéRCS) is most de-
produced from this reaction are chemically identical but theirsirable. Along this line, Kingt al. measured the LAB frame
origins are distinctly different, i.e., “new” OH formed in the speeds of both the new and old OH products by utilizing
reaction and “old” OH present in the J© reagent from the polarized Doppler spectroscopylhey fit the Doppler pro-
beginning. To distinguish these two types of OH products foffiles representing the product LAB speed distribution with a
the detailed analysis of the reaction dynamics, the reactiogingle parameter of average LAB kinetic energy and esti-

with isotopically labeled reagent O, mated a representative average center-of-rf@s4 scatter-
ing angle under several assumptions. Their observation of
160(1D) + H,80—10H+180H AHO(0)= — 118 kJ/mol broader linewidth of the new OH than that of the old OH was

(1) explained by the strong scattering anisotropy in the CM
frame. Based on such analysis, they concluded that the frag-
has been studietd!? mentation of the collision complex proceeds promptly with
Pioneering measurements using the®® reagents in the lifetime less than 100 fs. The difference of the linewidth
early 1980s, revealed that the newly form@®H is vibra-  between the new and old OH molecules shown by Kihgl.
tionally and rotationally much more excited than the oldis indeed very obvious. However, it has also been shown that
180H.1* This unequal energy partitioning was explained bythe internal energy content of the new OH is far larger than
a direct process such as abstraction or stripping. that of the old OH® Therefore, the difference of the line-
About 10 years later, with the development of the detecwidth between the new and old OH molecules can arise from
tion technique of laser-induced fluorescefcH), the titted  this asymmetric energy partitioning between the two OH
reaction was reexamined under collision-free condifiSns products. Thus, the product LAB speed cannot be uniquely
which were not achieved in the earlier experiméntsThe  related to the CM scattering angle. Consequently, the addi-
new experiments free from the rotational relaxation of thetional information such as the product LAB recoil anisotropy
nascent products showed remarkable rotational excitation d§ required for uniquely determining the product DCS with
the new OH compared with the old OH. In addition, the the translational energy distribution.
A-doublet state distribution measured in these studies In recent years, precise determination of the DCS, trans-
showed some preferential formation of thHA') compo- lational energy distribution, and polarization of rotational an-
nent. Based on these observation, Clevelkinal. proposed a  gular momentum of molecular products in bimolecular reac-
direct insertion mechanism with a collisional HOOH com- tions have been performed by several grotfps! The

0021-9606/99/110(16)/7707/10/$15.00 7707 © 1999 American Institute of Physics
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theory to extract such information with the Doppler probing (a)
technique has been well established by Aeizl 3233 With

this sophisticated procedure, stereodynamics of several reac
tions of fundamental importance have been analyzed in de- Lt
tail so far'*~22We have re-examined the titled reaction by Photalysis L
using this method. Although the isotopically labeled reaction - > (] CT ' ’
(1) is essential in distinguishing the two types of OH prod- "™ \ Pile of plates
ucts, we used the isotopically unlabeled normgDHeagents Slanlmmerprim
in this study. However, by probing the OH products gener-

ated in the specific vibrational level = 2, the newly formed M
OH can be selectively observed since the previous works
reported that the amount of the old OH W =2 was
negligible®® We have measured the state-selected DCS and
rotational angular momentum polarization of the newly
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(XeCl)

formed OHE@Il5,, v'=2, j'=5.5) by utilizing polarized I I
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ate complex can survive for its rotational period, it breaks up c ga o> e
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. . . . £p

prior to the energy randomization, resulting in the asym- A L 4 e @ . A

metrical energy partitioning between the two OH fragments. Ty O % !
ka

Il. EXPERIMENT
) ) . ) _FIG. 1. (a) Schematic diagram of the experimental apparatus used in the
The experimental apparatus is schematically depicted ifheasurement of Doppler profildd, mirror; P, polarizer; PEM, photoelastic

Fig. 1(a). Experiments were carried out in a stainless steeinodulator;L;, synthetic silica lens; IF, interference filter; and PMT, pho-
vacuum chamber. A mixture of 10 and HO vapor was tomultiplier_ tube. The probe laser beam was introduced_ into the vacuum
. . . chamber either collinearly or orthogonally to the photolysis laser béam.
introduced into the reaction chamber and the flow rate Wagharacterization of the LIF excitation-detection geometries employed in the
controlled with stainless steel needle valves. Nitrous oxideneasurement of Doppler profiles. The vectorskoind e represent the
(Showa Denko, 99.999%@and distilled BO were used with- propagation and Qlectric vectors of the laser light or fluorescence, respec-
out further purification. The sample gases in the reactiorfVe!y; The subscriptp, & andd imply the photolysis, absorbed, and de-
. . tected photons, respectively.

chamber were continuously pumped by using a rotary pump.
The partial pressures of ® and HO vapor were about 100
and 50 mTorr at 300 K, respectively. The electronically ex-
cited oxygen atom, GD) was generated from the photodis-
sociation of NO at 193 nm with an ArF excimer laser the photolysis and probe lasers. Suth=—1 excitation
(Lambda Physik EMG 53MSIC At a time delay of 120 ns with Av =0 detection was essential to improve the signal to
after the photolysis laser radiation, a tunable UV ligivQ, noise ratio. The LIF signal was amplified by a fast preamp-
346—-355 nmof a dye lasefLambda Physik SCANmate 2E lifier (Comlinear CLC 10Dand gated by a boxcar integrator
pumped by a XeCl excimer las@tambda Physik COMPex (Stanford Research System SR P50he gated signal was
102 was introduced into the reaction chamber to probe thaligitized by an A/D convertofStanford Research System
nascent product OH( =2) by laser-induced fluorescence SR245 and stored in a personal computer via a GPIB inter-
(LIF) via the OHA 23" —X 211 (1,2 excitation in the spec- face. The pump-probe experiments were performed at a rep-
tral region of 348-352 nm. Measurements of Doppler pro-etition rate of 10 Hz. The timing of the laser system was
files were performed by using the probe laser with an intraadjusted by a digital pulse/delay generat@tanford Re-
cavity galon which yields the bandwidth of about 0.04 ¢  search System DG 535Each laser power was monitored by
in full-width at half-maximum(FWHM). a photodiode(Hamamatsu 1336-5BCQfor normalizing the

The fluorescence was collected by a synthetic silica len&IF signal to correct for the fluctuation of the power.
and focused by another silica lens on a photomultiplier tube  The present experiments utilized the photolysis gON
(Hamamatsu R928mounted perpendicular to both of the at 193 nm for generating ®D). Different from the Q pho-
photolysis and probe laser beam axes. An interference filteolysis at 266 nn{Refs. 1-4, 6—Por 248 nm(Ref. 5 so far
(Nippon Sinku Kogaku 6205-598@entered at 310 nm with used, the photolysis at 193 nm could also photolyz® ldnd
13.5 nm FWHM was placed in front of the photomultiplier produce OH fragment¥. Although a very small amount of
tube to transmit only OHA 23 *—X 21T (1,1) emission by contamination due to the OH photofragments was observed
blocking the strong scattered light and emission arising fromn v’=0, we confirmed that such contamination was abso-
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lutely negligible inv’=2 as consistent with the extremely 1ll. ANALYSIS
cold vibrational distribution of the OH photofragments Doppler-resolved line profile
(P, -1/P, _¢<0.03) reported by Grunewalet al3*

The effect of collisional relaxation was also carefully _ !N recentyears, based on the Dixon’s formulation for the

Doppler analysis of the vector correlations in photodissocia-

examined since it has been found that the @FE ™) and ) . .
2 . . - . tion processe® Aoiz et al. have developed the theoretical
OH(X~II) are effectively deactivated by the collisions with . .
basis to analyze the mutual angular correlations among the

5,35 ; ; !
H,0.>" The Doppler line shapes did not show any appre LAB velocity vector of the atomic reagefi), LAB velocity

ciable changes within experimental errors with varying the, o (o, ('), and rotational angular momentum vectpf) (of
total pressure of 2:1 J0/H,O mixed sample gas from 75 {he product molecules in photo-initiated bimolecular reac-

mTorr to 150 mTorr at a 120 ns pump—probe delay. Theretions from the polarized Doppler-resolved line profiles as
fore, the deactivation of OH{*% ") and OH(X°Il) is neg-  described belovi®33In case of the linearly polarized pump-
ligible under the experimental conditions employed in theprobe experiment, the41 LIF Doppler profileD(v) as a
present study. Moreover, we ensured that the probe lasdnnction of the displaced frequenay from the line center
power was weak enough to avoid the saturation effect in thérequency vy can be written by the Legendre polynomial

OH AZ3*—X2II (1,2 transition. expansion ofP,(x) up to the second order as

The Doppler-resolved spectral line profiles were mea-
sured in the three different LIF excitation-detection geom- % 1 v

i in Fi i i D(v)= 57| Go(v") +8a(v" )Py 2| |dv’
etries |, Il, and 11l shown in Fig. (b) according to a combi- vo=|(oivg)c| 20 0 2 2| 57 )
nation in the directions of the polarization and propagation P 2

vectors of each laser. Incomplete vertical polarization of the _

output of the probe laser was converted to higher verticatherev,=|(¥/vo)c| (c, the speed of lightrepresents the
linear polarization(degree of polarization>0.99 with a  Minimum product LAB speed giving the displaced frequency
Glan laser prism(Meiritsu LAN-10-L). The direction of the vas the DOpP'er S.h'ﬂ accordlng to the prolectlon/C)fanng
polarization vector of the probe laser light denotedegsn the propagation direction of the probe lasey, The coeffi-

Fig. 4(b) was always vertical in all the excitation-detection cientsgo(v') andgo(v’) in Eq. (2) are expressed as
geometries. The originally unpolarized ArF laser light was
pas:'sed through a pile of plates.consistilng of twelye Brgw- gO(vl):bOW+ by Bphotom ?)
ster’'s angle quartz plates to obtain a vertically polarized light 2
(degree of polarization-0.95. The firing of the ArF laser
) . a

was synchronized to the stress cycle of a photoelastic modu-
lator (Hinds PEM 90. By changing the arrival timing of the
polarized 193 nmlligh.t at the photpelastic mpdulator, one gan ga(v")=b, Bphotoﬂg(z,o;v N+ b3,6’8(2,2;v N
control the polarization of the light passing through this 2
modulator. The trigger pulses for the shot-by-shot alternation Bonoto
of the two appropriate timings corresponding to the vertical +b4T,8§(2,2;v’), (4)
and horizontal polarization were generated with home-made
electronic devices. This shot-by-shot alternation of the p0|arwhere,3photo is the translational anisotropy parameter of the
ization vector allows us to observe the two polarization-atomic reagent produced from the photodissociation of a mo-
dependent spectral line profiles in the LIF geometriesbof I lecular precursor. Thﬁg(kl'kz;v’) represents the bipo|ar
and Il in a single scan. In order to improve the signal tomoments averaged over all the possible velocities of the re-
noise ratio, 50—100 laser shots were averaged at each stepaifents and reflects the vector correlations as a function of
a frequency scan and the spectra obtained from 9 to 25 scapsoduct LAB speedv’. The multipliersb; of bipolar mo-
were summed up. ments ingy and g, depend on the LIF excitation-detection

Polarization measurements were performed for the rotageometries shown in Fig.() and the types of rotational
tional transitions oR,(5.5) andQ,(5.5). Unfortunately, the transitions. As shown by Dockéf,an appropriate linear
signal intensities of their respective associated satellites wef@®mbination of the Doppler profiles measured in several LIF
too weak to separately probe the dynamics of the twdgjeometries f(_)r two different ty_pes of rotat|0nal_tran5|_t|<ﬁﬁs
A-doublet states. We discuss the adequacy of the analysfd R vs Q) gives the composite Doppler profile which de-
using only the main branches of differefitdoublet states in PeNds on a single bipolar mqm?(ﬁs‘@(kl,kz;v ') ingoorg;.
Sec. IV. The rotational alignmem{? used in the Doppler The composneDKoerpmﬂlo(kl,kz;v) reflecting each
profile analysis was determined by the ratio of the area of th@1Polar momeniBy (ky ,kz;v") is expressed a3
Doppler profile obtained in the geometiry to that obtained
in the geometry Il at a single scan with the shot-by-shotDg(Ky,kz;v)
polarization alternation method described above. The aver-
age value over about 25 scans was @003 for both of [ Z—{kal(v—?)dv'- (5)
R1(5.5) andQ,(5.5). vp=|(vlvg) c| £V v
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The composite Doppler profileB3(0,0;») and D3(2,0;v)

corresponding to the leading termsggandg, are related to Dé(kl,k;v)=f2 cgo % Ckq(f1,cOS6,)
the LAB speed distributioripopulation andv—v’ correla- T '
tion (anisotropy, respectively. The other three composite X BE(ky,k; v;fr,cosé;;q). (9)

Doppler profiles reflect the polarization of the product rota-
tional angular momentum vectoy,; D3(0,2;v) for v—j’;

D§(2,2;v) for v'—j’, andD3(2,2;v) for v—v'—j’ correla- _ o
tions. The basis functiondBg(ky,k;v;fr,cos6;q) represent the
contribution of the g component of the PDDCSs to
B. Extraction of the product state-selected vector Dg(kl’k;v) resolved into a specific CM scattering angle
correlations in the CM frame and the fraction of the available energ;p(clud@ng the inter-
] ) nal energy of the observed prodyateleased into the prod-
. The vector correlations in the LAB fra_me represeljted bYuct CM translational energyfr. The set of coefficients
Do(ky ka;v) need to be transformed into those in the Ckq(fr,CcOS6,) determined by the fitting procedure represents
center-of-mas$CM) frame; the angular correlations among the PDDCSs for eacti. In the present analysis, thig-
the relative velocity vectors .Of the reactankg @nd products region ranging from 0.0 to 1.0 was divided into 7 bins while
(k"), and the product rotational angular momentum vecto he region of co®, ranging from—1.0 to 1.0 was divided

j"). The angular distribution functioR(w;, represent- . A . i

|(rj19) the mutugl orientation among the té;(ge(:)/:a)ctqrz’ and into 10 bins, i.e., 70€ 7 10) basis functions were used for
S S g - this fitting.

! h f h | har- . . .

J” is expressed as the expansion in modified spherical hat For the preparation of the basis functions, the knowledge

monics Cy4( 6, ,¢,) (Ref. 38 with a set of coefficients . B ; .
(1/o)doreg/de, which is defined as poIarization-dependentOf the recoil velocity distribution and translational anisotropy
q t

differential cross sectiondDDCS3,%° of O(*D) produced from the 193 nm photodissociation of
N,O is required. Feldeet al. using an angle-resolved time-

2k+1 1 do of-flight mass spectroscopy method reported the recoil
P(w; ,wr)=k2q e d—wthkq( 0 d)*, (6) speed-angular distribution of &) generated from the pho-

todissociation of MO at 193 nnf In order to consider all
where w,=(6,,¢;) andw,=(6,,¢,) are the polar and azi- the possible collisions, the velocity distribution of 1)
muthal angles representing the directionskofandj’, re-  was convoluted with isotropic thermal motions of the precur-
spectively, with respect th. Furthermore, the angular distri- sor N,O and the reactant J, and the angle between the
bution functionP (6, , ¢,) representing the product rotational velocity vectors of the reactants &) and HO. Isotropic
angular momentum polarization with referencektandkk’ thermal motions of BO and HO molecules were assumed
plane is obtained by integrating(w,,w;) over the whole o pe represented by the Maxwell-Boltzmann distributions at

scattering angles 300 K. The angular dependence of the signal integrated over
the recoil speed distribution was described by a single an-
. _ 40 .
P(6; :d’r):f P(w,,)do isotropy parameter gBynoe=0.48"" However, Suzukkt al.
recently showed a recoil speed dependenceSgf,, for

O(*D) produced from the photodissociation ofM at 205

2k+1 . . . . ) )
=> 2 Cr( O 1), (7)  nm by using a two-dimensional imaging technidtelhey
ka m described the observed recoil energy and angular distribution
where as the superposition of the two Gaussian distributions; a

broad one withB,n.=0.0 and a relatively narrow one with
1 doyq Bphoto= 1.3. In the present study, as a reasonable assumption,
Akq= f o do, doy. ®  the observation at 205 nm by Suzuhial.is adapted for the

Ao I h h h lationship b he bibol 193 nm result. We fit the translational energy distribution
oiz et aM t ere a’gons Ip between the bipolany o ;g red by Feldeat al. with two components of broad and
momentsBy (K, ky;v") defined in the LAB frame and the

) : &3 narrow Gaussian type distributions. The avera@goro
PDDCSs (14)doy,/dw, defined in the CM frame€. Hence,  _ g 45 \was reproduced by setti@hhor= 0.0 for the broad

the PDDCSs are determined from the observed compositgOmponent andB,e=1.03 for the narrow component. In
photo™ +- .

Doppler prqflleQO(kl,Kz,y) "? add!t|on to the recoil speed practice, from the comparison between the single and double
and scattering angle distributions in the CM frame, the an- distributi . found that the details of th |
gular distribution functiorP (6, ,¢,) is then calculated from Ppnoro distributions, it was found that the detalls of the recol

Eq. (7) speed dependence of the translational anisotropy of the
T atomic reagent does not affect the product DCS &ndis-
tribution significantly.
The fitting procedure with nonorthogonal basis functions
The set of PDDCSs is determined self-consistently fromas attempted in this study is one of the notorious problems
the least-squares fitting. The experimental composite Dopgiving an unphysical solution in numerical analysis. In such
pler profileng(kl,k;v) are fit with the linear combination a situation, a least-squares fitting typically gives an over-
of the basis function8§ (ky ,k; v;f1,cos6,;q), structured DCS as the best solution. To obtain a physically

C. The fitting procedure



J. Chem. Phys., Vol. 110, No. 16, 22 April 1999 Tsurumaki, Fujimura, and Kajimoto 7711

reasonable DCS with a smooth shape, we used singular value 4.0
decomposition fittinéf giving a set of orthogonal basis func- 3.5t (a)
tions from a set of original nonorthogonal functions. Then, 30f
the angular resolution of the DCS obtained with this algo- -
rithm becomes not so sensitive to the number of the basis o 23
functions. Furthermore, a maximum-entropy meffodas s 2
utilized for eliminating physically meaningless solutions S 1sp
such as negative values ofy(fr,cosé) representing the 1.0
productfr-resolved DCS which should not be negative. The 05|
analysis was carried out with the assumption that the reaction 0.0 .
probability and the set of PDDCSs do not depend signifi- 06 04 02 00 03 o4 o6
cantly on the initial translational energy of the reactdttie v/ em®
collision energy.
0.15

IV. RESULTS AND DISSCUSSION 0-10¢
A. Scalar properties = 0.05F

As described in Sec. |, even with the isotopically unla- g 0.00
beled reagents used in this study, the observed products a
OH(v'=2) can be exclusively assigned to the new OH since -0.05 ¢
the population of the old®0OH in v’ =2 was far below the
detection level in isotopically labeled stud%The vibra- 010
tional state distribution of the olOH was reported to be 0.15

06 -04 -02 00 02 04 06
viem”

94% inv’=0 and 6% inv’ =158 Concerning the new OH,
the vibrational state distribution was reported to be 39: 29:
32 for v'=0;1;=2. These figures indicate that the FIG. 2. Observed composite Doppler profiles for the product
(Vnew:Void) = (2,0) channel is dominant compared with the OH(*Ila,0"=2j’=5.5) (@) D5(0,0;») (O) and (b) D§(2,0;v) (@). The
(2, 1) channel. Even with the extreme assumption that the%mooth solid lines are the best fits in the Doppler analysis.

new OHs inv,,=0 and 1 levels are exclusively paired with

vou=0 level, the 32% occurrence of the new QHME2) (o6 of the ¢,,,=2, vyg=1) channel as discussed at the
would be distributed intd2, 0) channel with 26% an@, ) poioning of this section is displayed in Fighg Tanaka

channel W,'t_h 6%. Therefore, at least more_than 80% of they 51 reported the internal state distributions of the new and
new OH(' =2) is paired with the old OH('=0). Thisfact |4 o products generated from the isotopically labeled re-
means that the translational energy distribution of the NeW tion (1) with the same OD) source as in the present
OH(v"=2) in a specific rotational level almost correspondsgy 4y 1011 The Boltzmann rotational state distribution with

to the rotational state distribution of the old Githe coprod- T,.= 2600 K for the old*®OH(u’ =0) determined by Tanaka
ucy in v’ =0. _ _etal.is also displayed in Fig.(®). The rotational state dis-
Figure ZZShOWS,the observed composite Doppler profilegjp, tion of the old OH in the2, 0) channel obtained in the
for the OH(_H3/2’% =2)'=5.5) %enerated in the D) present study is, though slightly cold, quite close to the result
+H,0O reaction,Dg(0,0;») and Dy(2,0;v), reflecting the reported in Ref. 10.
LAB speed distribution and recoil anisotropy, respectively.  ranayaet al. measured the overall rotational state distri-
The smooth solid lines in Fig. 2 represent the Ieast-square&ution of the old®OH(u’ =0) whose sister fragments of the
fitting for the experimental data. Thig: distribution deter- .\ OH could span all the energetically accessible vibra-
mined by the least-squares fitting is displayed in Fig)-3  jon) jevels,y’ =0-3. Although we specified the rovibronic
From thef distribution, it is estimated that about 60% of the |o,,o| ,7 = 2 andj’ =5.5 for the new OH, the rotational dis-
available energy excluding the internal energy of the Obyip tions of the old OHg’ =0) deduced in both cases are
served new OH{’ =2,j" =5.5) are channeled into the prod- . ie similar. That is, the rotational state distribution of the

uct CM translational energy and the residual 40% are chargy o gepends very weakly on the rovibrational state of the

neled into the internal energy of the coproduct old OH. Such,q,\, o in this reaction. This trend is partly due to the small-

dominance of the energy partitioning into translational de'ness of the energy distributed to the old OH: the average

grees of freedom can be recognized from the ComparisoFbtational energy of the olfOH(v’ =0) of 22 kJ/mol cor-
between the observeld distribution and statistical one cal- responds to only 14% of the total available energy
culated by only considering the energy conservation as '

shown in Fig. 8a).

The internal energy distribution of the old OH paired ) ] ]
with the observed new OHi(=2) could be estimated by - Differential cross section
convoluting the (I fy) distribution with the collision en- The product total DCS averaged over the whbjere-
ergy distribution. The approximate rotational state distribu-gion determined by the least-squares fitting procedure is dis-
tion of the old OH¢ ' =0) obtained by neglecting the occur- played in Fig. 4. The DCS has substantial intensities over a

B. Vector properties
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pathways. However, this cannot be the case in the present
reaction based on the following consideration. In extracting
the DCS, we can obtain information about the dependence of
the DCS on the product recoil energy. The evaluated recoil
energy distributions of the products scattered in the forward
and backward hemispheres did not show any significant dif-
ference between them. If the direct stripping and abstraction
pathways actually occur, the recoil energy distributions for
the forward scattering corresponding to the stripping path-
way should be different from that for the backward scattering
corresponding to the rebound pathway. Thus, the absence of
significant dependence of the recoil energy distribution on
the scattering angles suggests the insertion pathway involv-
ing a complex which survives for a rotational period. Fur-
thermore, as will be described in the following subsection,
the observed angular momentum polarization did not also
largely depend on the scattering angles. This result also sup-
ports the insertion pathway rather than a combination of
stripping and abstraction pathways since the dynamical con-
straints arising from an abstraction pathway is expected to be
weaker than an insertion pathway and leads to a weaker an-
gular momentum polarization for the backward component.
The nearly isotropic DCS obtained in this work seems to
disagree with the anisotropic CM scattering angle distribu-
tion emphasized in the previous Doppler study performed by
King et al.” However, they measured only the composite
Doppler profile corresponding ©3(0,0;») and analyzed the
data simply with a single scattering angle without allowing
for the spread of angular distribution in the scattering. They
obtained the representative scattering angles of 60°—86° for
the new OH products in various rovibrational levels. These
values do not largely deviate from 90° that corresponds to

wide angular range with slightly preferred backward scatterthe average scattering angle in the completely isotropic scat-
ing. This result cannot be predicted either from the directering. Therefore, such representative values of scattering
abstraction mechanism yielding backward peaking or the diangles previously reported by Kirgf al. can be considered
rect stripping mechanism yielding forward peaking. Theto suggest a nearly isotropic scattering angle distribution
nearly isotropic DCS most probably indicates that the reacwith a slight preference in the forward hemisphere rather
tion proceeds via an insertion pathway involving the forma-than an anisotropic scattering. In this sense, these two results
tion of an intermediate HOOH complex which survives for ado not seriously disagree with each other.

time comparable to or longer than its rotational period.

The nearly isotropic DCS described above implies that

Another possible explanation for the observed nearljthe reaction proceeds via a long-lived intermediate complex
isotropic DCS is a combination of rebound and strippingwhich is generally expected to yield statistical internal en-

0.20

(I/o)do Jdo,
s

\.
\.
—.— e e
0.05 - E
0.00 L L L
-1.0 0.5 0.0 0.5 1.0

cos0,

FIG. 4. Total differential cross sections averaged over the whplegion
for the product OH{II5,,v'=2,j’=5.5). The error bars correspond to
*lo.

ergy distributions. However, it is reported in many
researchés'! that this reaction yields extremely unequal in-
ternal energy partitioning between the two OH products.
These conflicting findings suggest that the redistribution of
the available energy among the internal modes of the inter-
mediate complex does not occur on a time scale comparable
to the rotational period of the complex. Similar nonstatistical
energy distributions for the complex-mode reactions involv-
ing long-lived complexes have been found in the reactions
O(*D)+ CH,—OH+CH; (Refs. 43, 44 and HES)+CO,
—OH+CO.**The real time pump—probe experiments by
utilizing ultrafast lasers were carried out for these reactions
and the results indicated that each reaction involved a long-
lived complex with lifetime of picosecond ordgs ps for the
O(*D) + CH, reaction and 0.5-5 ps for the ¥§) + CO, re-
action]. However, as opposed to a traditional expectation for
complex-mode reactions, the energy distributions for these
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FIG. 5. Observed composite Doppler profiles of the product XDHf, v’ tional angular momentum vectoj,, averaged over the

=2j'=55). (@) (@ D§(0,2), (b) Dg(2,2;%), and(c) D§(2,2;). The  whole range of scattering angle derived by using &.is

smooth solid lines are the best fits in the Doppler analysis. shown in Fig. 7. As noted in Sec. 116, is the angle between
k andj’, while ¢, is the dihedral angle between tkk’ and

reactions were found to apparently deviate from the statistil—(J planes. Thus, the two peaks nedf; (¢r) =(90",90%)

cal predictions in both reactions. These results imply that théind(90 , 2707 Imply that] " is predominantly polarized per-

absolute value of lifetime of the collisional complex is not pendicular to thek " plane(i.e., collision plang This pref-

. . . erence foij’ perpendicular to the collision plane can be ex-
the unique essential factor to determine the degree of ener%fained from a primary contribution of the bending motion of
redistribution. The rotational period of the collisional HOOH

. the H—O—Omoiety in the HOOH collisional complex to the
complex can be roughly estimated to be about 0.5 ps b . . .
: . 0 ¥)roduct rotation. This tendency for the product rotational an-
using the rotational constants of the®) molecule” and the ular momentum polarization has been recently found in the
initial orbital angular momentuni=40%) of the reactants. 9 P y

Thus, a nearly isotropic DCS obtained in this work suggest
that the lifetime of a collisional HOOH complex is larger
than 0.5 ps. Since this lifetime is shorter than those of the
other two reactions described above, the nonstatistical er
ergy distribution$™*! for the reaction of O{D)+H,0
—OH+O0H is not unexpected.

2. Rotational angular momentum polarization

Figure 5 shows the set of composite Doppler profiles
D3(0,2;v), DJ(2,2;v), and D3(2,2;v), reflecting the rota-
tional angular momentum polarization for the product
OH(*Ilg,,v'=2,j'=5.5). The smooth solid lines in Fig. 5
represent the least-squares fitting for the composite Dopple.
proflles. The flttlng gives the polarlzatlon-dependent dlﬁcer-FIG. 7. Polar plots of th& (6, ,¢,) representing the angular distribution of

ential cross section®DDCSg shown in Fig. 6. Further, the e rotational angular momentum vector of the product BHg,v’
angular distribution functiorP(6, ,¢,) of the product rota- =2,'=5.5).
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analogous reaction of &) with H,,*® which has been con-
sidered to proceed via an insertion pathway involving the
formation of highly vibrationally excited §D.

The angular correlation of perpendicular to thek’
plane derived in this bimolecular reaction makes a clear con-
trast to the parallel’—j’ correlation reported in the photo-
dissociation studies of HOOH molecu®s>3 The equilib-
rium position of the torsional angle is the main difference in
the potential energy surfaces of HOOH molecules between
the electronically ground and excited states. Hence the«
Franck—Condon excitation from the ground state to the ex- 0.8 o L
cited states is followed by the torsional motion giving a par- 06 04 02 00 02 04 06
allel v'—j' correlation to the OH photofragments. In contrast v/em®
to such a specific condition in the HOOH photodissociation
process, the insertion of the &If) atom into the OH bond of FG- 8. Composite  Doppler profiles  corresponding 05(0,2;%)
the H,O reagent in the bimolecular reaction will give rise to ;rfc“/cl)'.)?(z’z;”) for the rotational transitions dRy(5.5) andQ,(5.5).

e~ o ) . e coefficient; are defined in the text.
the significant excitation of the stretching and bending mo-
tions of the newly formedi—O—-Omoiety in addition to the
excitation of the torsional motion. Furthermore, the torsionalequal rotational angular momentum polarization for the two
angle dependence of the potential energy in the ground-doublet states, adopted in this study, is confirmed.
stat€* is much weaker than those in the excited states.
Therefore, the clear differenpe in the angulgr corre_lation bec Kinematic consideration
tween the bimolecular reaction and photodissociation of the
HOOH system would be reasonably understood. Combining the scalar and vector properties obtained in

As recognized from the relatively flat behavior of eachthis study, we discuss the correlation between the two rota-
PDDCS displayed in Fig. 6, the OH products scattered in th&ional angular momentum vectors of the OH products in
forward and backward hemispheres have almost the sanierms of kinematic consideration. The conservation of the
rotational angular momentum polarizatign;is perpendicu- total angular momenturd in this reaction will be satisfied as
lar to the collision plane. It suggests that irrespective of thdollows:
product scattering directions, the reaction is dominated by
the same mechanism, i.e., an insertion process involving a J=L+Jo+Jn,0=L +j1+]3, (10
HOOH complex with a lifetime comparable to the rotational
period.

As briefly mentioned in the Sec. Il, in the present study,
the product rotational angular momentum polarization for the¢ional angular momentum vectors of the reactapOtand
two A-doublet statesA’ and A”) was not measured sepa- the two OH products, respectlve_ly. The orbital angular mo-
rately and the analysis was performed by assuming the sarfBentum vectorsk. _and L’ are defined for the reactants and
angular momentum polarization for thededoublet states. Products, respectively. The value 84 equals 2 and the
Since the recent studies have shown the different rotation&verage value o8, o is estimated to bef4at 300 K. The
angular momentum polarization for the-doublet states in average value ok is estimated to be about AGor the av-
several bimolecular reactioh$82°23e will demonstrate  €rage impact parameter of 1.0 A expected from the reaction
the validity of such an assumption by utilizing the differencerate constaif (k=2.0x10"'°cm’molecule*s™). As
Doppler profile which is only dependent on the rotationalshown in Fig. 9, the average value of the product CM trans-
angular momentum polarization. The difference between théational energy(~45 kJ/mo) is close to that of the initial
profiles measured in the LIF excitation-detection geometrieseagent CM translational energy, i.e., the collision energy
Il and I, corresponds toD3(0,2;v)+(c4/c1)D3(2,2;v), (=39 kJ/mo). Thus, assuming that the impact parameter of
wherec; is the difference between the multiplidssfor these ~ the products is almost equal to that of the reactants, the av-
two geometries and the ra‘[io4/cl is independent of the e€rage value oL’ is estimated to be about #3While the
probed rotational branches. A close similarity between suckotational angular momentum of the observed new OH is
profiles obtained for the rotational transitioRg(5.5) forA’  J1=5.5%, the average rotational angular momentum of the
and Q,(5.5) for A” displayed in Fig. 8 indicates the small coproduct old OH is estimated to be abgyt=10.5: from
difference in the product rotational angular momentum pothe rotational state distribution shown in FigbB
larization between the\-doublet states in this reaction. To The total angular momentum vectdcan be considered
the contrary,Dg(O,Z;v)+(c4/cl)D§(2,2;v) will be appar-  to be close to the initial orbital angular momentum vedtor
ently different between tha’ andA” states in the reactions Since the magnitude alo+Jy 0 estimated to be 2-#6is
showing the different angular momentum polarization for themuch smaller than that df (=40#). Consequently, the an-
A-doublet states, judging from the composite Doppler pro-gular momentum conservation could be approximated as
files DS(O,Z;v) and D%(Z,Z;u) displayed in the studies for =L'+j;+j,. As described in the preceding subsection, the
these reaction¥:'®2° Therefore, the approximation of an preference of spatial correlation ¢f perpendicular to the

(0,2;v) + (¢ /e )’ (2,25v)

D

whereJg is the electronic orbital angular momentum of the
atomic reagent GD) andJHZO andj; (i=1,2) are the rota-
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