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1. Introduction

Experimental approaches for studying the dynamics of
elementary chemical reactions in microscopic detail have expanded
the range of their application dramatically in recent years as a
result of the development of various laser sources. The use of
lasers for studying the dynamics of chemical reaction has several
advantages; the technique of laser photolysis for production of
hot atoms provides a narrow distribution of translational energy
of reactants. The translational energy can be varied selectively
by changing the wavelength of a photolysis laser. Application of
laser spectroscopic methods, such as laser-induced fluorescence
(LIF), multiphoton ionization (MPI), coherent anti-Stokes Raman
scattering (CARS), infrared absorption and emission measurements,
makes it possible to measure the internal state distribution of
reaction products.

Energy released in the chemical reactions is partitioned
into various degrees of freedom of the products. The mode of
partition is determined by dynamical interactions operating
during the course of chemical reaction. Therefore, for the
purpose of elucidation of the dynamics of chemical reaction, it
is important to examine the internal state distribution of the
reaction products under well-defined reaction energy.

In this thesis, the internal state distribution of OH

produced in some elementary chemical reactions was studied using




the LIF technique. The LIF technigque using single photon
process is more straightforward than the other spectroscopic
methods using multiphoton processes, because the former enables
one to determine the distribution directly through the Einstein B
coefficient. The time resolution of detection is of the order of
10 ns, which is high enough to measure the nascent internal state
distribution of reaction products under the molecular beam and
flow-cell condition. The spectral resolution is also sufficient
to resolve the rotational transitions of OH allowing us the
detailed determination of the vibrational and rotational
distributions.

We employed the laser photolysis method to produce a high-
energy reactant with well-defined energy of reaction. This
allows us the precise determination of the available energy or
excess energy which can be used to excite the internal states of
the products.

Importance of the orientational effect of reactants in the
reaction dynamics is well recognized and has been studied under
the crossed molecular beam conditions with the application of
external electric fields to align the reactant molecule ([1].
Recently, studies of the orientational effect with information of
the internal state distribution was achieved by a new technique,
which used binary van der Waals-type complexes as precursors [2].

We shall hereafter call this type of reaction as the "reactant-

pair" reaction. This technique is capable of controlling the




impact parameter and angular orientation in the corresponding
bimolecular reaction by restricting the relative orientation of
reactant molecules by complex formation. On the basis of
structural and dynamical information of the weakly-bound
complexes being accumulated recently (3], we expect tc obtain a
specific information on the reaction dynamics of this type of
reactions. A comparison between the bimolecular and reactant-pair
reactions will give us useful information on the details of
reaction dynamics. The results can also be compared with the
results with ab initioc methods and dynamical simulations using
gquantum and quasiclassical technigques.

In this thesis, three elementary reactions

O + H,S — OH + HS
and

are studied under the bulk and reactant-pair conditions.

The endothermic reaction,
H + H,0 — OH + H, AH=62.8 kJ/mol (1)

is interesting since it is the reverse reaction of OH + H, — H,0
+ H, which is an important chain branching step in the hydrogen

combustion [4]. Kleinermanns and Wolfrum reported the rotational

distribution of OH produced in reaction (1) [5). They produced




the hot hydrogen atom by photodissociating HBr at 193 nm and
probed the rotational state distribution of OH with the LIF
technique. On the other hand, we have studied reaction (1) by
producing hot hydrogen atoms with the photodissociation of HI at
266 nm. A comparison of different excess energies would provide
more detailed information on the reaction mechanism of (1) around
the transition state.

The 266 nm photodissociation has an additional advantage.
It yields the iodine atom in two spin-orbit states (2P3/2 and
2P1/2), corresponding to the translational energies of the hot
hydrogen atom of 160 and 70 kJ/mol, respectively [6], instead of
250 and 200 kJ/mol, respectively, for the photodissociation of
HBr at 193 nm [6]. Since the translational energy of 70 kJ/mol
is less than the estimated reaction barrier of 90 kJ/mecl for this
reaction [7], the contribution of this channel to the OH
production is expected to be minor, most of the OH being produced
through the I(2P3/2) channel. This situation would simplify the
analysis considerably.

In addition, it 1is interesting to confirm experimentally
whether reaction (1) proceeds through a direct mechanism or an
indirect mechanism. Here, the direct and indirect mechanism are
defined as follows. In the direct mechanism, a hot hydrogen
strips off one of the hydrogens in a water molecule

instantaneously upon collision. On the other hand, the indirect

mechanism is characterized by the existence of a long-lived




intermediate, H,O0. To examine which mechanism is relevant for
(1), the reaction of H with D,0 has also been studied. If
reaction (1) occurs indirectly, it would produce both OH and OD
radicals, whereas the direct process would produce only the OD
radical.

In order to study the orientational effect of bimolecular
reaction (1), we performed a supersonic free jet experiment for

the following reactant-pair reaction,
BriHH,0 + hv — (H~H,0) + Br — OH + H, +Br (2)

The information of the geometrical configuration of this complex
is important to analyze the reaction dynamics under the reactant-
pair conditions. Unfortunately, the structural information of
the HX-H,0 complex is restricted to HF-H,0 and HCl-H,0, which
have been studied by using microwave spectroscopy [8] . These
results suggest that the hydrogen in HX (X=F,Cl) is bonded to the
oxygen atom to form a planar complex. Ab initio calculations of
HBr-H,0 complex [9] suggest that the potential energy surface has
two minima (H,O--HBr and HBr-.OH,). The first minimum,
H, O-HBr, is more stable by 16.2 kJ/mol than the second,
HBr---CH,. They are illustrated in Fig. 1.

The 0(3PJ) + H,8 reaction studied under the bulk condition
is the second target in this thesis. The exothermic reaction of

the ground-state oxygen atom with H,S proceeds via the hydrogen

abstraction and additional-displacement channel;




o(3P;) + H,S — OH + SH AH==-43 kJ/mol (3)

— HSO + H AH=-16 kJ/mol (4)

Experimental results under the bulk condition [10] have suggested
that OH formation is the main channel (=52%), while the
additional-displacement channel leading to HSO is less than 11%.

Reaction (3) can be classified one of the "heavy-light-
heavy" (H-L-H’) mass combination cases. We assume that O attacks
one of the H-S bond in H,S while the other H-S bond is unaffected
(the "spectator-stripping" mechanism). The "H-L-H’" system has
been studied experimentally [11] and theoretically [12]. These
results suggest that the energy partition among the internal
states of products is kinematically constrained; for example, the
little product rotational excitation and the strong vibrational
excitation which would sometimes result in a population inversion
in the case of exothermic reactions. This point will be discussed
in section 3.B.

The relative population of the spin-orbit states of the
oxygen atom was recently measured for the photodissociation of
NO, at 355 nm by using a two-photon LIF technique under the bulk
condition {13]. The population ratio 3P2:3P1:3P0 of 0(3PJ) is
1.0:0.18:0.04. This result suggests that the distribution of
0(3PJ) (J=2,1 and 9) by the 355 nm photodissociation is of

Boltzmann. We shall discuss later, on the basis of our

experimental result, if this population ratio is retained in the




population of the spin-orbit states in the product OH radical.
This would give us a unique opportunity to discuss the
possibility of angular momentum conservation in this type of
reaction.

It is interesting to compare the A-doublet formation of the
OH radical in the O+H,S system with that in the H+H,0 system. If
the direct hydrogen abstraction is assumed, the H+H,0 system
gives OH which has its origin in the "old" bond of the water
molecules. The = orbital of the dissociating OH fragment may
then retain some memory before collision. Therefore, we could
expect some preferential population in the A-doublet components
of OH. ©On the other hand, in the O+H,S reaction, the OH radical
is newly formed as the result of reaction. The resulting OH may
not display any A-doublet selectivity due to the reactant
molecular structure. It would, however, exhibit some dynamical
preference due to the mode of collision between ¢ and H,S.

The third topic studied in this thesis is the H+N,0 reaction
under the reactant-pair condition. The bimolecular reaction of
the hydrogen atom with N,O may proceed through the following

channels [14]:

H + N,0 — OH(X?m) + N,(x'%) (5)
AH=-262.9kJ/mol
— OH(A%E) + N, (xl%) (6)

AH=128.1 kJ/mol

- NH(X3Z) + No(x2m) (7)




AH=134.0 kJ/mol

where channel (5) is highly exothermic, while channels (6) and
(7) are endothermic.

An ab initio calculation [14] has suggested the existence of
the "direct" and "indirect" pathways for channel (5) as shown in
Fig. 2. The direct pathway is the attack of a hydrogen atom to
the oxygen end of N,0. The calculated barrier is 79 kJ/mol [14].
On the other hand, the indirect path is the attack of a hydrogen
atom to the nitrogen end of N,0 to form a long-lived NNOH
intermediate at a shallow potential well (131 kJ/mol) [14]. The
calculation for the indirect process has suggested the existence
of two barriers on the entrance and exit channels with barrier
heights of 11 kJ/mol and 65 kJ/mol [14], respectively.

In this thesis, the following photochemical reaction will be

examined;

HI-N,O + hv(248 nm)

— OH(Xm) + N, (X3p) + I (8)

with the HI.N,0 complex produced in a pulsed supersonic jet. We
measured the rotational distribution of 0H(X2H) produced in
channel (8) by using the LIF technique.

The structure of HI-N,O has not been determined

experimentally. If we assume two (or three) comformers by the

analogy of HX«N,0 (X=F, €1 and Br) {15] as shown in Fig. 3, we




can monitor two channels, corresponding to the formation of I and
1* , for each conformer. For the type (1) and (2) conformations
(Fig. 3), we would expect the "direct" channel corresponding to
the bimolecular reaction. In this case, the hydrogen atom
attacking N,0 with the specific values of the collision
parameters would provide a specific distribution of energy over
the product internal and translational degrees of freedom. On
the other hand, for the type (3) conformation (Fig. 3), we would
expect the "indirect" channel. Similar to the bimolecular
reaction, the resultant distribution would be governed mostly by
a statistical factor, because the intermediate has relatively
long lifetime for the enerqgy randomization.

Dissociation of HI at 248 nm yields the I atom in two spin-
orbit states (2P3/2 and 2P1/2, in the ratioc 0.75 : 1 [6]),
corresponding to the relative translational energies of the
hydrogen atom of 183 and 96 kJ/mol, respectively. Both channels
have the translational energies greater than the predicted
barriers to the attack of hydrogen to the terminal N and 0 of
N,0. This situation would make the analysis difficult, because
the obtained LIF spectrum is a superposition from plural
channels.

Hollingsworth et al. have reported +the rotatiocnal

distributions of OH(Xzﬂ) by the photolysis of HI at 248 nm under

the bulk condition [16]. Their experimental results suggest that

the rotational distribution of OH is a superposition of two




Boltzmann distributions characterized by the rotational
temperatures of 1100 + 100 and 4700 * 300 K.

Ohoyama et al. have studied the photochemical reaction of
HI.N,0 under the reactant-pair and bimolecular conditions by the
266 nm laser irradiation [17]. The rotational distribution
obtained for the reactant-pair reaction is a superposition of
three Boltzmann distributions, while it is characterized by two
Boltzmann distributions in the case of the bimolecular reaction.
They have suggested the channel producing * gives rise to
insufficient energy to overcome the barrier and that the plural
Boltzmann distributions are explained in terms of the existence
of two geometrically isomeric complexes (type {(2) and (3) in Fig.

3).
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2. Bxperimental

A. Instrumental

The experimental method employed here involves generation of
high kinetic energy ("hot") atoms by laser photolysis of the
precurseor molecules (HI, HBr and NO,) . These hot atoms give a
sufficient energy to overcome the reaction barrier so that the
reaction can proceed at the room temperature. The internal state
distribution of the product OH radical is detected by the LIF

measurement.

A-1. Bulk experiments

Fig. 4 shows a schematic diagram of the experimental setup
for the experiment under the bulk reaction. The measurement was
carried out at the room temperature (294-296 K). The gaseous
sample was continuously flowed into a stainless-steel reaction
chamber and irradiated by pulsed lasers operated at 10 Hz. The
repetition rate of laser pulses was such that the whole
irradiated gas was pumped out completely before the next laser
pulse. The gaseous reactants were mixed just before the reaction
chamber in a 1:1 ratio. The total gas pressure was varied from
10 to 100 mTorr as monitored by a capacitance manometer (MKS
Baratron 220B, 0-1 Torr).

The fourth harmonic output (266 nm) of a Nd:YAG laser

11




(Quantel 51-C) was used to photolyze hydrogen halides. The third
harmonic output (355 nm) of a NA:YAG laser (Quanta-Ray DCR2A) was
used to photolyze NO,. The LIF probe pulse was supplied by the
doubled output of a dye laser (Lambda Physik FL3002; band width
0.2 cm-l) pumped by a XeCl excimer laser (Lumonics HE-420-SM-B).
The dye laser was operated with kiton red and sulforhodamin 640
in the 306-323 nm region to excite the CH A2p-x2n (0-0) and (1-1)
transitions of OH. In order to aveoid a saturation, the pump- and
probe-laser pulse energies were kept at about 3-4 mJ per pulse
and 200 pJ per pulse, respectively. The pump- and probe-laser
beams were incident from the same direction so that they crossed
each other at a small angle.

Fluorescence was detected in the perpendicular direction by
a photomultiplier (Hamamatsu R453) through an optical filter
(Hoya UV30). The photomultiplier signal was amplified and
integrated by a boxcar averaging system (Stanford Research SR240,
SR250 and SR235) with the gate width of 0.5-1 us. The LIF
signals were averaged for 100 shots at each wavelength and was
scanned at a scan step of 0.00125 nm. In order to avoid
scattered light entering into the photomultiplier, the 1light
baffle was used and the gate pulse was delayed by 80-200 ns from
the probe pulse. The delay time was also 80-200 ns between the
pump—- and probe-laser pulses. The relative LIF intensities of
the rotational lines were not affected by varying the total

pressure between 20 and 100 mnTorr, ensuring that the nascent

12




rotational distribution was obtained. The pump- and probe-laser
pulse energies were monitored by photodiodes and used to correct
the LIF intensity for energy variation.

HI (Matheson 98%), NO,(Matheson 99.5%) and H,S(Seitetsu
Kagaku 99.8%) were used without further purification. D,0 (Merck
99.75%) and distilled water were further degassed by the freeze-

pump-thaw method.

A-2. Molecular beam experiments

Fig. 5 shows a schematic diagram of the experimental setup
for experiments wunder the reactant-pair conditions. A
conventional pulsed valve of 0.8 mm diameter was operated at 10
Hz. The opening time of valve was 1 msec. The HI:N,O complex was
generated by expanding a pre-mixed gas, containing 2.6% HI and
4.4% N,0 in 93% He, through a pulsed nozzle into a vacuum
chamber. For the HBr-H,0 complex production, it was necessary to
mix the gaseous samples just before the nozzle to aveoid undesired
reactions in the nozzle. HBr (2.6%) in He was pre-mixed in a gas
reservoir and mixed with 0.9% H,0 in He, prepared by bubbling He
in water, just before the nozzle.

The cluster size distribution and time profile were measured
50 cm downstream using a guadrupole mass spectrometer
(Extranuclear), which was mounted in a separate chamber
differentially pumped by a liquid-nitrogen-trapped diffusion

pump. Ionization was made at a low electron energy of 30 eV so
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as to suppress fragmentation of clusters. The background
pressure in the reaction chamber was kept at 1074 Torr, while the
mass chamber was maintained at 10™® Torr. The mass spectroscopic
measurements showed that typical duration of the gas pulse is 500
psec for the monomer species, while cluster species appeared
after a significant delay from the rise of the monomer signal
with a duration of about 100 us. The delay did not depend
significantly on the cluster size, indicating that it is not due
to the difference in velocity but to the delayed formation of the
cluster species during the expansion.

The reactant pair IH.N,O0 was photolyzed by a KrF eximer
laser (LUMONICS EX-510, 248 nm). The reactant pair BrH.-H,0 was
photolyzed by an ArF excimer laser (LUMONICS EX-510, 193nm).
Probe light was provided by a frequency-doubled tunable dye laser
(Lambda Physik FL 3002; band width 0.2 cm™l) pumped by a XecCl
excimer laser (Lumonics HE-420-SM-B). The dye laser was operated
with Kiton red in metanol and its doubled output covered the
range of 306-311 nm. It was applied after a short delay
(typically 150 ns) from the 248 and 193 nm irradiations,
respectively. The pump and probe pulse beams were collinear and
intersected the jet 30 mm downstream from the nozzle.
Fluorescence from OH was collected by an optical system made of
concave mirror and 1lenses, and focused onto a photomultiplier
(Hamamatsu R943-02) through filters (HOYA UV29, UV30 and U340).

The OH fluorescence signal arriving 200-900 ns after the probe

14




pulse was counted by the gated photon counter. HBr(Matheson 98%)
and N,O (Nippon Sanso 99.8%) was used without further

purification.

B. Production of hot hydrogen atoms and ground-state oxygen
atoms
Absorpfion bands of HBr between 250 and 160 nm and of HI
between 280 and 180 nm are continuous [18] because of repulsive
upper states. Photodissociation of HI at 266 nm yields in two

spin-orbit states by,

HI — H + I(2P3/2) (9)

—H + 1%(%py ;) (10)

The ratio of the ground-state I(2P3/2) and the first excited-

state I*(zPl/z) channels is 1.8:1 [6]. The energy difference,

Eqy, between the I(2P3/2) and I*(2P1/2) states is 91 kJ/mol [6].
The total translational energy, EH,I' released upon the

photodissociation of HI may be expressed as

Ey, 1=E (hv) =Dg (H=I) +Eg ) oy (HI) ~Eel () (11)
~ 163 kJ/mol [I(2P3/2) channel ]

= 72 kJ/mol [I*(2P1/2) channel]

where E(hv)=449 kJ/mol is the photon energy of 266 nm radiation,
Dy (H-I)=295 kJ/mol is the dissociation energy of HI into H and

I(2P3/2) [18] and Eipeppn(HI) is the thermal (translational and

15




internal) energy of HI,

Etherm(HI)=(3/2)RT(translation)+(2/2)RT(rotation)+RT(vibration)
=9 kJ/mol.
By the conservation of 1linear momentum constraints, the

translational energy of H atom, Ey, may be expressed as

Ey=(1/2)MyVy2=M{Ey 1/ (My+Mp) (12)
~ 162 kJ/mol [I(2P3/2) channel]

= 71 kJ/mol [I*(2P1/2) channel]

where M; and Vy (i=H and I) are mass and velocity (laboratory
frame) of photofragments, respectively. In the center-of-mass

frame, the collision energy, Eco11s for the H+H,0 collision may

be approximated by,

Eco11=(1/2)#(Vy? + RT/My,0) (13)
~ 160 kJ/mol [I(2P3/2) channel]

~ 6% kKJ/mol [I*(2P1/2) channel]

where p is the reduced mass of the H + H,0 system and the second
term in the parenthesis represents the average contribution from
thermal motion of H,O. The collision energy of the H+D,0
reaction is almost the sane. Similarly, dissociation of HI at
248 nm and of HBr at 193 nm yield the translational energy of H
of 185 and 98 kJ/mol in the ratio of 0.75:1, respectively, for
the X(2P3/2) channel, and 253 and 205 kJ/mol in the ratio of 5.7

: 1, respectively, for the X*(2P1/2) channel [6].
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The absorption bands of NO, in the ultraviolet and visible
region are extremely complex and no rotational and vibrational
structure is observed under low resolution [18]. In the
photolysis of NO,, a monoenergetic distribution of the oxygen

atom translaticnal energy is therefore not expected.

C. Analysis

Assignment of the observed LIF spectra was carried out on
the basis of the table of Dieke and Crosswhite [19]. Spin-orbit
and orbital-rotation interactions in the 211 state of OH cause
fine structure splittings for each rotational level [20] as shown
in Fig. 7. Each of these fine structure levels can be probed by
monitoring the corresponding subbands, i.e., F.,A" by Pyq- or
Ryy-+ FqA" by 0Q49-, F,A’ by P,y,- or Ryn— and F, A" Dby Qo
branches, so that populations in the sublevels can be determined
separately. Here F, and F, denote the spin-orbit component of
OH(ZH) corresponding to J=3/2 and 1/2, respectively. A’ and A"
represent the A-doublet components, where the unpaired electron
lies in and perpendicular to the plane of the molecular rotation,
respectively [21], as shown in Fig. 6.

The energy level diagram for the 25¥-2I1 transition is shown
in Fig. 7, where the analysis by Dieke and Crosswhite [19] is
followed. They used the notations for Hund’s case (b). The case
(b) assumes that the spin couples to the rotation rather than to

the internuclear axis [20]. The total angular momentum, Jo+s 1is
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expressed as K+1/2 and K-1/2 for the 2H3/2 and 2H1/2 states,
respectively, where K is the total angular momentum quantum
number without spin. The selection rules for this transition
are AJ=0, t1 and ++-, where the signs represent the total parity
of wavefunction. In Hund’s case (b), there is an additional
selection rule of AK=0, tl, where AK=K’-K". Lines satisfying
both selection rules constitute main branches. Transitions which
violate the AK rule are the satellite branches. For higher K,
where case (b) is a good approximation, the satellite band
intensities are negligible compared to the main line intensity,

but at lower values of K the intensities are comparable. R-, Q-

and P-branches depend on whether AK changes by 1, 0, -1,
respectively. Therefore, the main branches have AJ=AK and this
is not true for the satellite lines. The LIF intensity was

obtained from the area below each band. For branches with
satellites (such as Q11 and Rll-branches), where main and
satellite bands were observed separately for higher K but
completely overlapped with each other for lower K, the sum of the
main and satellite band areas was determined and divided into the
component on the basis of the theoretical Einstein B coefficients
[22].

The LIF intensity may be expressed as

I1r ¢ Inaser*BxPyg(T) (14)

where I;..., denotes a probe laser power and B represents the

18



Einstein B coefficient, and P,,; denote the population for each
rovibrational state of OH. The relative rotational population can
be obtained from the observed I;;p and the tabulated transition
probability.

The relative rotational population of OH at temperature T
may be expressed as,

Pyg=(2J+1)exp(-E,,/RT) (15)
where E,.,¢ is the rotational energy for each level, and (2J+1)

represents the degeneracy. Egquation (15) can be rewritten as
1/T=~(R/Erot)1n(PvJ/(2J+1)) (15)

If the rotational distribution is of Boltzmann type, a linear
relation is expected between In(Py5/(2J+1)) and E,.,+ and the

rotational temperature can be determined from the slope.
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3. Results and Discussion

A. The H + H,0 reaction under the bulk and reactant-pair conditions

A-1. Energetic

For the ground-state H+H,0 reaction systen, the
quasiclassical trajectory calculations have been performed
previously [7]. The potential curve along the reaction
coordinate is shown in Fig. 8. It is characterized by a large
barrier of 90 kJ/mol and a endoergicity of 62 kJ/mol [7]. The
levels in the left part of the figure indicate the translational
energy ©of reactants from the photolysis channel of HX (X=Br and
I) in the center-of-mass system. To the right shown are possible

vibrational states of products with energies less than 160 kJ/mol

(71.

A-2. Examination of collisional conditions in the bulk

exXperiments

Fig. 9 shows a plot of the OH LIF signal intensity for the
R;1(5) line of the (0,0) band as a function of total gas
pressure. H,0 and HI are mixed in the 1:1 ratio. The pump-probe
and probe-gate delay times are 80 nsec. The 1linear dependence
from 20 to 100 mTorr suggests that there is no effect of
rotational relaxation under these pressures.

Fig. 10 shows the ratio of signal intensities,

20




Ry1(5)/Ry;,(6), for the (0,0) band vs gas pressure. Here, the
experimental conditions are the same as for Fig. 9. This result
shows no appreciable change of the ratio as the total pressure
increases, suggesting again that there is no effect of
collisional relaxation.

Fig. 11 shows the LIF signal intensity of the Ry7(5) line
of the (0,0) band as a function of the pump-probe delay time.
Here, the probe-gate delay time is fixed at 80 nsec and the total
gas pressure is 60 mTorr (the gas mixture of 30 mTorr H,0 and 30
mTorr HI). This result shows that the signal initially increases
linearly with delay until about 500 nsec. This rise time is

associated with a flight time of H until it collides with H,0.

A-3. LIF spectra

Fig. 12 shows the LIF signal intensity vs probe laser power
under fixed pump power (4 mJ/pulse). The gas pressure is the
same as that for Fig. 11. The delay times are the same as those
for Fig. 9. The linear response from 100 to 400 uJ/pulse
suggests that the saturation of LIF signal by the probe laser
does not occur in this energy range.

Fig. 13(a) shows a part of the LIF spectrum of the (0,0)
band of OH produced in the H+H,0 reaction under a typical
experimental condition (the total gas pressure and pump-probe
delay time are 60 mTorr and 80 nsec, respectively). The

horizontal axis shows the wavelength of probe laser. From the
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results of fig. 9-fig. 12, we expect that this LIF spectrum
reveals nascent population distribution over the 0H(X2H)
rotational states. Moreover, we tried to detect vibrationally
excited OH radicals. The OH radical in the v"=1 state is
expected to be populated on the basis of energetic consideration
(7], as shown in fig. 8. However, we could not observe any LIF
signal due to the (1,1) transition under the S/N ratio of fig.
13 (a}).

Fig. 13(b) shows the LIF spectrum for the H+D,0 reaction.
The observed band can be assigned entirely to 0D [23]. The
transition probability of the (A22+—X2H) transition of OD is
almost the same as that for OH [22]. The H+H,0 and H+D,0
reactions proceed through the same potential surface. It is
therefore suggested that reaction (1) with D,0 produces OD almost
exclusively. A possible mechanism leading to this result will be

discussed in A-6.

A-4. Rslaxation in the a2zt state of oH
Electronically excited 0H(A22+) is efficiently deactivated

by surrounding water molecules [24].
2t 2
OH(A®L™) + H,0 — OH(X®N) + H,0 (16)

Reaction (16) is a nonradiative process and its rate depends
markedly upon rotational level in the A%rY state. Recently,

experimental data have been reported for several rotational
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levels of the a®xt state, as shown in Fig. 14 [24]. The
horizontal and vertical axes show the rotational quantum number
and quenching rate constant, respectively. This suggests that
the relaxation of higher rotational levels proceeds more slowly
than the lower one.

Therefore, the observed LIF spectra must be corrected for

the quenching. The rate of quenching of OH(A22+) is
-d[oH(a2g*) ] /at=k[OH(a%ET) ] [H,0] (17)

where k is the quenching rate constant at 295 K and the brackets
denote concentrations. [H,0] can be treated as a constant since

[H20]>>[OH(A22+)]. Equation (17) may then be integrated to give
[OH(A22T) 1=[0H (A%sY) ] jxexp (-k([H,0]t) (18)

where [OH(A22+)]0 is the concentration of 0H(A22+) at t=0.

Table. 1 shows the results calculated by the equation (18)
for the bulk conditions with {I*{‘-‘,‘O]-—-30><10"3 Torr and t=1.08x10"°
sec. The decay time of 1.08x10"6 sec corresponds to the sum of
the probe-gate and gate width. This results suggest that the
effect of quenching is considerable. For example, in the case
of the K=0 state, a half of the initial concentration of OH(A2%')
is guenched under our experimental condition. However, the
relative change of the quenching rate with K is rather small, for
example, it varies only about 16 % on going from K=0 to K=11. The

LIF intensity used below has been corrected for the quenching
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effect both for the H+H,0 and for the H+D,0 reaction. Since the
dipole moment of D,0 is 1.85D [25], the quenching rate is
expected to be almost the same as that for the H+H,0 reaction. No
correction has been made for the collisional quenching by HI,
since no data are available. The Gipole moment of HI of 0.382D
(25] would imply a less significant contribution to the

measurement of OH rotational distribution.

A-5. Rotational distribution of OH and OD

Fig. 15 shows the rotational state distributions of OH
(v"=0) produced in the H+H,0 reaction for the F,A’, F,A’ and F,A"
manifolds. They are obtained from the analysis of the Ryq1=: Ryy-
and Q;q-branch transitions, respectively. In the case of the F A’
state, the rotational distribution is almost the same as that
reported by Kleinermanns and Wolfrum for +the 193 nm
photodissociation [5]. The rotational state distribution of OD in
the H+D,0 reaction is given in Fig. 16, showing a similar
dependence on the rotational quantum number to the OH case.

Fig. 17 shows a Boltzmann plot of the data for the H+H,0
reaction in Fig. 15. The horizontal axis shows the rotational
energy [19] and the vertical axis shows logarithmic plot of
populations divided by the total angular momentum degeneracy,
(2J+1). The distributions are of Boltzmann type except for very

low rotational 1levels. The rotational temperatures are

700 * 50 K and 500 + 30 K for the FqA’ (FyA’) and F.A" levels,
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respectively. These rotational temperatures correspond to the
energies of about 8% and 6 %, respectively, of the available
energy (70 kJ/mol). If the initial energy of reactant is
statistically partitioned intc the whole degrees of freedom of
the products, the fraction of energy partitioned into rotation is
g,=(2/2)RT/(3/2)RT+((2/2) RT+RT) +( (2/2)RT+RT) =18%. Experimental

fraction, 8% or 6%, is fairly lower than the statistical value.

A-6. Reaction mechanism

The non-observation of OH in the H+D,0 reaction suggests
strongly that reaction (1) proceeds through the direct mechanisnm,
in which the hot hydrogen attacks one of the hydrogens in H,0 and
removes it as H, to leave OH. If this reaction proceeded through
a long-lived complex, OH should have been formed as well as OD.
Direct removal of one of the deuterium atoms in D,0 by H may give
rise to an exclusive formation of OD. We shall show below that
the direct stripping mechanism accounts for several observations
reported here.

From both LIF spectra, we performed the rough estimation of
ratio of the cross sections. For the H+H,0 and H+D,0 reactions
presented here, the pump and probe laser powers and the crossing
area of two lasers have carefully been adjusted to the same
conditions. Since the transition probability is almost the same
[22], the ratio of sum of LIF line intensities would directly

give the ratio of the cross sections for two reactions. From the
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sum for the R,,-branch transition, the ratio of the cross

sections is obtained as

Recently, Volpp and Wolfrum have found that the reactive cross
section for the H+H,0 is about 2.5 times larger than that for the
H+D,0 at the center-of-mass translational energy of 250 and 200
kJ/mol (26]), which is in reasonable agreement with our
estimation.

Despite the energy accessible for the vibrationally excited
OH(v"=1) as shown in Fig. 8, vibrationally excited OH could not
be observed. Therefore, as far as the vibrational motion is
concerned, this reaction seems to be explained on the basis of
the spectator-stripping model; namely, the nonreactive OH" bond
is a spectator during the reaction.

Existence of a later barrier has been suggested for the
H+H,0 system theoretically [7] and experimentally [27]. The
reaction rate should therefore be enhanced by the vibrational
excitation of water molecule rather than the excitation of its
translational energy. The colliding H atom would form an HH’
bond after the H’~0 bond distance is elongated.

Fig. 18 shows the transition state geometry of H-H’-0-H"
determined by the ab initio calculation [28]. This indicates the
nearly collinear approach of colliding H to one of the H-0 bond

of H,0. It also suggests that the bond distance between O and H"
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is almost the same value as that of the isolated H’/OH" (0.9568 A
[29]) and the bond distance between O and H’ is elongated. Also,
the H’-OH" bond angle on the saddle point is 116.3°, which is
similar to that of the isolated H’OH", i.e. 104° [29]. This
could support the above-mentioned model of spectator stripping.
It also suggests that the rotational excitation of product OH
would not be appreciable. Even if there is some torque operating
through the OH’ bond, the center-of-mass locating close to oxygen

would hinder an effective rotational excitation.

A-7. Energy partition

Kleinermanns and Wolfrum have reported the rotational
distribution of OH produced in the H+H,0 reaction, where the hot
hydrogen atom is produced in the 193 nm photolysis of HBr [5].
HBr decomposed at 193 nm yields two different center-of-mass H
atom energies, 260 and 200 kJ/mol corresponding to Br and Br*,
respectively. Although both energies are greater than the H+H,0
barrier, their result for the FqA’ level can be represented by a
single Boltzmann with the rotational temperature of 650 K, which
corresponds to 3% of the available energy [5]. This may be
compared with our results for the H atom produced in the 266 nm
photolysis of HI; namely, Tgr=700 K and 500 K for F,A’ and F,A"
corresponding to 8% and 6%, respectively, of the available
energy. It is interesting to note that the rotational energy

partitioned into the F;A’ manifold is almost the same for both
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experiments, while the difference of the partition ratio (3% and
8%) arises from the difference of the translational energy of the
hot hydrogen (available energy). It is therefore concluded that
the rotational excitation in this reaction is insensitive to the
translational enerqgy of hot hydrogens. On the other hand, a
similar system, H+0,—OH+H, exhibits a dependence on the
translational energy of the hot hydrogen [30]. Kesseler and
Kleinermanns have also examined the effect of variation of the
translational energy using a tunable laser source, obtaining the
same conclusion [31].

In order to account for this result, a model of rotational
excitation through the bending vibration of H,0 has been proposed
[7]. At the time of collision, the H-H’OH" supermolecule on the
saddle point may be excited in its bending motion (H/OH"). If we
adapt the bending frequency (w,) of 1687 em™1 , which is the
frequency for the ground-state H,0 [32], the excess energy on
saddle point is sufficient to excite the v"=1 state.

We suppose that the torque due to the v"=1 bending vibration
can impart a rotational motion to the departing OH" fragment.
Because the O atom is 16 times heavier than H, the instantaneocus

angular momentum of OH" due to the H/OH" bending motion is
T oMy Topn 0 (19)

where Mys is the H" atom mass, Yoyn is the OH" distance in H’OH"

and 8 and & are the H/OH" bending angle and its time deviation.
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A classical harmonic oscillator model gives
8=-(hwp/I;) 1/2 SIN(wyt) (20)

where I), is the moment of inertia (roughly MHnrOH“Z), wy, is the
bending frequency, and t is the time. The time average of the

square of (20) gives
<€>2=(hwy,/1,) /2 (20)

The average energy given to the OH rotation is therefore

estimated as

<Eqg>=Be<J op>2
=(1/4)hwy
~ 510 kJ/mol (21)
which corresponds to Tga 600 K. This is in good agreement with
the experimental rotational temperatures. If we assume that only
the v"=1 bending motion can be excited by collision, the
insensitivity of Tp on the excess energy can reasonably

explained.

A-8. Population over the spin-orbit components

Fig. 19 shows the ratio of populations in two spin-orbit
components, Fl,A' and F2,A', as a function of K, where the
population has been corrected for the degeneracy 2J + 1 of the

spin-orbit state (2J + 1 = 2K + 2 for F; and 2J + 1 = 2K for Fy).
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The figure shows that the F, and F, states are almost equally
populated. The statistical partition seems to be reasonable
since the reactants have J=1/2 due to the electron spin of H and
the products have J=3/2 or 1/2 due to the spin-orbit coupling in
OH. The constraints AJ=1 or 0 can easily be fulfilled since H,0
and D,0 have distribution of rotational angular momentum over

wide range of J.

A-9. Population over the A-doublet levels

Fig. 20 shows the ratic of populations in two A-doublet
levels (F,A’ and F,A"). The ratio is close to unity at K = 1 and
increases with K. The value A’/A" = 2.9 £ 0.5 at K =6 is
comparable with the value of 3.2 t 1.0 at K = 11 given by
Kleinermanns and Wolfrum at the center of mass translational
energy of 250 and 200 kJ/mol [5]. Both results indicate a
preference for the A’ component.

In lower rotaticnal 1levels, the OH molecule rotates with
preccession. Since the axis of rotation is determined by a
vector sum of angular momenta of rotation, spin and orbital, it
is not perpendicular to the molecular axis. Hence the electron
lobe tends to direct randomly with respect to the plane of
rotation for lower K. This situation may lead to an "apparent"
statistical distribution (1:1) over the A-doublet components.
However, for higher levels, the direction of the unpaired

electron lobe can be defined uniquely with respect to the plane
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of rotation.

On the basis of a simple dissociation model from the
transition state, Bronikowski and Zare predicted the A’/A" ratio
for the bimolecular reaction A+BC—AB+C in the large K limit [33].
They assumed the followings,

[1] the motion of A in the transition state [ABC] determines
the plane of rotation of AB.

[2] the unpaired » orbital lying along the BC bond may be
resolved into a projection onto the AB plane of
rotation and perpendicular to this plane, which
correlate with II(A’) and II(A"), respectively.

(3] there is no preferred geometry for dissociation of
[ABC].

With these assumptions, they anticipated that the ratio of A-

doublet populations is
A'/A" = 2 (22).

The bending motion on saddle point would determine the plane
of rotation of OH" so as to cause the rotation in the H’OH"
plane. Therefore, the assumption of rotational excitation
through the bending vibration would lead to a preferred
population of the A’ component, because the unpaired electon
exist in the rotational plane of OH at the time of bond breaking.
Our result of A’/A"=2.910.5 at K=6 may be the result of this

dynamical preference.
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A-10. Burprisal analysis

According to the procedure of Levine and Bernstein [34], we
performed the surprisal analysis for the rotational distribution
of OH produced in the H+H,0 reaction under the bulk condition.
Assuming that all energetically accessible quantum states are
occupied statistically, the prior distribution for individual
rovibrational state of 0H(X2H) with total available energy, E,
is given by

E-[E,, (OH) +E (OH) ]
pO(vn,am)= (2J+1)£ %[EI(HZ) p(Ep)dE{/P(E) (23)
1=

where Eq=E-[E, (OH)+E;(OH)]-Ef(H,). The internal state densities
for OH and H, are designated by (2J+1) and p[Er(Hy) 1,

respectively. The translational state density is designated by
pp (Ep) . The factor p(E) is the total state density of products

at given available energy E and is given by

v*a* E-[E,, (OH) +Ej (OH) ]

p(E)=% E(ZJ"+1)I P[EI(Hz)]P(ET)dEI (24)
v"J"—o I__O
=0

where J*(v) is the highest energetically permitted value of J*
and v¥ is that of v" for a given total available energy. The
translational state density is proportional to ETl/2 by the phase
space theory. If we assume a rigid rotor model for H,, the

internal state density of H, is given by
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p[Eq (H,) 1=(E-Ey (OH) +Ez (OH) ] -Ep}1/2

=E;1/2 (25)

Therefore, the inner integral of equations (23) and (25) is given

by
E={E,, (O§)+E (OH) }
i Elgyﬁ{Eg[Ev(OH)+EJ(0H)]-EI}l/szI
A
This integral is of the form I(X)I/Z(A—X)l/zdx which is
0

transformed to a beta function yielding integral to give
[AT(3/2)12/r(3/2+3/2)=I1(A%) /8. Therefore, the final form of

equations (23) and (24) is given by

PO(v",J")=(23"+1) [E-Ey (OH) -E; (OK) 12/5(E) (23)”
and
v*J*(v*)
P(E)=[ | (23"+1) [E-E, (OH)-Ez(OH)]2dJdv (24) 7
=g
=0

Using equations (23)’ and (24)’, we obtain the prior distribution
over the energetically possible OH rotational state in this
reaction. For the energies of the vibrational and rotational
states of OH, we used the calculated value by Dieke and
Crosswhite [19].

Fig. 21(a) represents experimental and prior distributions.
Experimental distribution is for the v"=0, F,A’ manifold. The

figure includes also the distribution calculated by the

33




quasiclassical trajectory calculation at the center-of-mass
translational energy of 250 kJ/mol [7]. In spite of the
difference of 90 kJ/mol in the energy of reactants, two
rotational distributions are almost the same except for lower K.
The experimental distribution is considerably different from
the prior distribution. This suggests that the energy partition
for the OH rotation during the reaction is not statistical. The
rotational surprisal, I(v“,J)=-ln[P(v",J)/Po(v“,J)], is
calculated and shown in Fig. 21(b). Here, P(v",J) and Po(v",J)
represent the experimental and prior rotational distributions,
respectively. The rotational distribution obtained under the
bulk condition could be characterized by a single "linear
surprisal parameter", ©p=13.3, as shown in Fig. 21 (b). ég is
the slope of ln[P(v",J)/P0 (v",J)] vs g,, where g, is the
fraction of available energy in the OH rotation. This surprisal
plot can be interpreted as the result of a dynamical restriction
on the OH rotational population. For the direct mechanism,
especially in the case of a spectator-stripping type mechanism,
the collision time is very short, typically, <10713 gec [35], for
which the activated complex cannot distribute the energy over all
degrees of freedom. In other words, the system cannot erase the

memory of the initial conditions.
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A-11. H+H,0 reaction under the rsactant-pair condition

Reactant-pair reaction (2) has also been studied under the
supersonic free jet condition for the purpose of studying the
orientational effect in bimolecular reaction, H+H,0—-0H+H, .

Structural information of weakly bound complexes is very
important in discussing the reaction dynamics in this type of
reactions. Unfortunately, the geometric information for the
HBr-H,0 complex is not available. Structual information for
HX-H,0 (X=F and Cl) by the ab initio calculation [9] and the
microwave spectroscopy (8] under the molecular beam condition
enable us to estimate the structure of the HBr-H,0 complex.

Fig. 1 shows the structures of two stable isomers of HBr-H,0
determined by the ab initio calculation [9]; namely, the H atom
in HBr is bonded to oxygen in H,0 and Br is bonded to oxygen,
respectively, as shown in Fig. 1 (a) and (b). Here H,0 lies in
the X-Z plane while O-H-Br lies in the Y-Z plane for both
conformations. The calculation suggests that the H,0+«HBr is
more stable than HBr--OH, by 16.2 kJ/mol [9]. On the other hand,
the theoretical treatment suggests HX-H,0 (X=F and Cl) to have a
single conformation; namely, the H atom in HX is bonded to oxygen
in H,0 [9]. The microwave spectroscopic measurements have
supported this conclusion (8].

Fig. 22 shows the Ryj-transition in the LIF spectrum of the
(0,0) band of OH produced in the photodissociation of HBr.H,O0.

Unfortunately, we could not obtain any spectrum from which a
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reliable estimation on the rotational population can be mnade,
since the signal intensity decreases rather rapidly during a
scan. This 1is presumably due to some chemical reactions
occurring in the nozzle. The LIF signals were weak in comparison
with those in the H+N,0 reaction under the reactant-pair
condition (see below) and non-observation of the parent complex
ion signal in the mass spectrometric measurements make it
uncertain if the spectrum shown in Fig. 22 arise from the
reactant-pair reaction (2).

The results for a similar bimolecular reaction, H+CO,, under
the reactant-pair condition ([36] would give us a useful
information. Fig. 23 shows two types of conformations of the
CO,+HBr complex determined by theoretical calculations by Wittig
et al. [32], In one of them, the Br-C line is perpendicular to
the CO, axis, with the H-Br bond axis parallel to the Co, axis
(type (1)), while, in the other, HBr-CO, is nearly linear, with
hydrogen-bonded to the oxygen in CO, (type (2)). Up to now, only
the type (1) conformer has been confirmed by the IR spectroscopic
measurements.

Although we may expect that the reactant-pair reaction in
HBr.CO, occurs from the type (2) conformation, Wittig et al. have
suggested that it occurs from the type (1) confermation because
of the effect of internal motion in the complex [36]. They have
insisted that the reaction from the type (2) conformation cannot

occur because the hot hydrogen cannot acquire significant kinetic
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energy; namely, the hydrogen atom reacts with the 0 atom in co,
before the HBr bond completely breaks. Cn the other hand, the
hot hydrogen in the type (1) conformation reacts with O by the
large-amplitude bending motion in the Br-CO, plane.

In the case of the H+H,0 reaction under the reactant-pair
condition, we expect that the reactant-pair reaction (2) occurs
by the conformation of type (1) as shown in Fig. 1. The type (2)
comformation would hardly give OH upon optical bond scission of
H-Br.

However, the reaction cross section for the type (1)
conformation may be low in view of the favorable direct
abstraction mechanism discussed above for the bimolecular
reaction. Since the result for the bimolecular reaction seems to
exclude the existence of intermediate of the type H30, there
might be no efficient channel to produce H, and OH from the type
(1) conformation. Therefore, the difficulty we met in measuring
the reliable LIF spectra may partly be due to this essential
reason. The cross section in this case, if any, would arise from
the coupling of the Br-H-0 vibrations and other vibrational modes

such as bending motions.
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B. The 0(3PJ) + H,8 reaction undser the bulk condition

B-1. Energetic

In comparison with the study of channel (4) [37], there is
little information on reaction (3). The internal state
distribution has been reported by Agrawalla and Setser for OH
produced by reaction (3) under the bulk condition [38]. They

found the activation barrier to be 26.0 + 4.2 kJ/mol.

B-2. Examination of experimental condition for bulk sxperimeants

NO, and H,S may undergo the following reactions;

NO, + H;S — H,0 + NO + S (26)

H,0 + NO, + NO « 2HNO, (27)

Nitrous acid is known to produce OH by the 355 nm
photodissociation, which would disturb the measurement of
reaction (3). To confirm that the reaction (27) is minor in the
present experimental condition, we have measured mass spectra
with a quadrupole mass spectrometer (SHIMAZU CONCEPT-QP). The
sample gas was prepared by mixing NO, and H,S in a 1:1 ratio at
the total pressure of 40 Torr. The measurement of mass spectra
was performed in a long time scale of 10-60 min. Results are
shown in Fig. 24. Although the energy of electron impact is
relatively low, possibility of the dissociative ionization can

not be excluded. Nevertheless, it is concluded that reaction
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(27) occurs very slowly and would not proceed appreciably in the
time scale of the LIF experiment, where the sample is completely
pumped out before the next laser shot, namely, within 0.1 sec.

The LIF spectra of OH produced in the photodissociation of
HNO, at 355 nm [39] shows that the LIF intensity for the Ry,
branch 1is abnormally more intense than that for the P,4 branch.
On the other hand, the present result shows a normal intensity
ratio. Therefore, we conclude that the present result is
exclusively due to reaction (3).

In comparison with the H+H,0 case, the present experiments
were performed under a relatively low total gas pressure of 10-15
mTorr. Therefore, we convince that the rotational relaxation
does not occur.

Relaxation of electronically excited OH(A22+) due to the

reaction with H,8 (or NO,);
oH(A%s%) + H,S (or NO,)— OH(X2M) + H,S (or NO,) (28)

may occur in view of their large (0.89D and 0.29D, respectively,
for H,S and NO, [25]) dipole moments. The correction for the
relaxation was not performed in this case because no data is

available.

B=3. LIF spectra and rotational distribution of OH
Fig. 25 shows a part of the (0,0) band in the LIF spectrum

of OH taken under a typical experimental condition (the total
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pressure and the pump-probe delay time are 10 mTorr and 200 nsec,
respectively). The observed band can be assigned entirely to OH.

Fig. 26 shows the rotational state distribution of OH(v"=0)
for the F,A’, F,A’ and F,A" manifolds obtained from the analysis
of the R;;-, Ry,— and Q,,-branches, respectively. In the case of
the F,A’ and F,A’ states, the rotational distribution is peaked
at K=2 and falls to zero at K=6. On the other hand, in the case
of the F,A" state, the rotational distribution is peaked at K=3
and falls to zero at K=6.

Fig. 27 shows a Boltzmann plot of the data shown in Fig. 26.
It shows that the distributions are of Boltzmann type, with the
rotational temperatures of 370 + 60 and 260 *+ 50 K for the F,A’
(or F,A’) and F,A" manifolds, respectively. These rotational
temperatures correspond to the energies of about 4 and 3 %,
respectively, of the available energy of 76 kJ/mol. Here, the
available energy is given by Epvi=ErranstEinT~AHg, Where Eqpang
is the translational energy of the reactants, Eynyp 1s the
rotational and vibrational energy of H,S and AH, is the enthalpy
change. AHg is calculated to be 43 kJ/mol [40]. Errans 1S
estimated +to be 23 KJ/mol in section (2.B). Also,
Ernp=(3/2)RT(rotation)+3RT(vibration)=11 kJ/mol at roonm

temperature. Therefore, we obtain Epyr=76 kJ/mol.

B-4. Reaction mechanism

The low rotational excitation of OH is similar to the
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reaction of O(3P) with organic molecules (for example, C(CH3) 4,
CgHy, and (CH5)3CH) [41]). In these reactions, OH formed in the
reaction has a cold rotational distribution, which is
rationalized in terms of a strong dynamical preference for direct
hydrogen atom abstraction via tightly collinear configuration.
We expect a similar mechanism for the 0(3P) + H,S reaction. If
reaction (3) proceeds through collinear intermediates (O~H-S8-),
the repulsion between 0O-H and S (or SH) excites only the
translation and vibration of OH with little excitation of
rotation. On the other hand, if the reaction occurs principally
through bent configqurations, repulsion between 0-H and S (or SH)
produces a torque in OH and causes substantial rotational
excitation. We therefore conclude that this reaction occurs
preferentially when O(3P) approaches to one of the S-H bond to

form a linear transition state.

B-5. Population over the spin-orbit components

Fig. 28 shows the ratio of populations in two spin-orbit
components F,A’ and F,A’ as a function of K, where the population
has been corrected for the degeneracy 2J+1 of the spin-orbit
state (20+1 = 2K+2 for F; and 2J+1 = 2K for F,). The figure shows
that the F, and F, states are almost equally populated. The
spin-orbit population ratio was measured recently, for 0(3PJ)
produced by the photodissociation of NO, at 355 nm, indicating

that the distribution is statistical [13]. Therefore, we assume
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that the available energy released in the NO, dissociation is
distributed statistically over the 0(3P2,1'0) spin-orbit states.
Assuming Boltzmann distribution, the population may be expressed

by the following equation,
Poc (2J+1) exp (~Ae/RT) (29)

where Ae=(1/2)eqd (J+1). The population ratio between the

components should be
P(3P,) :P(3Py) :P(3Py)=5:30%:0> (30)

where a=exp(-e¢g/RT). We assume that the 0(3PJ)+ H,8 reaction with
different J=2,1,0 proceeds via different surfaces determined by
the conservation of total angular momentum; i.e., 0(3P2)
correlates with 0H(2H3/2) through a 3H2 surface, while 0(3P0)
correlates with 0H(2H1/2) through a 3H0 surface. On the other
hand, 0(3P1) gives rise to a nonreactive 3% surface which does
not correlate with 0H(2H3/2'1/2) [41]. Fig. 29 shows the
schematic correlation diagram drawn under the assumption of (0O-H-
S-) linear transition state, and treating SH’ as a spherical
particle.

The correlation has been drawn on the basis of the fact that
the vector sum of spin and orbital momentum, namely, the total
angular momentum must be conserved in the adiabatic limit. The
enerqgy of 0(3P0) is higher than 0(3P2) by about 2.8 kJ/mol [41].

If this reaction is completely adiabatic, 0(3P2) and 0(3P0) are
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correlated to F, and F, levels of OH, respectively.

Therefore F;/F,=5/a° and even if T—oo, F,/F,=5. If the
temperature is common, the ratio of population in two spin-orbit
components of OH, F,K/F, (K+1), should be 5/2=2.5 for K=1 and
approaches 5 for K—co.

On the other hand, if the reaction is completely diabatic,
there is no memory of the initial distribution of O(3P) spin-
orbit states; i.e., the spin-orbit population ratio should be 1.
The ratio of the sums of the F, and F, state populations in the
present result amounts to 1.1 t 0.3, suggesting that this
reaction proceeds via diabatic surfaces.

The non-conservation of angular momentum is not striking in
this case, since, even if the 0-H-S bond is linear, we can never
ignore the effect of the other S-H bond. Then the activated
complex has no orbital degeneracy at all and it seems to be

natural that the angular momentum is not conserved.

B-6. Pcpulation over the A-doublet levels

Fig. 30 shows the ratio of populations in two A-doublet
levels (F,A’ and F,A"), which indicates a preference for the A’
component. The ratio is close to unity at K=1 and increases with
K to A’/A"=2.2 + 0.2 at K=5. If we assume the linear or nearly
linear activated complex as discussed above, the plane of
rotation of OH may be determined by the direction of attack of

O(3P). If there is no preference of reaction cross section with
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respect toc the direction of attack, the plane of rotation would
be randomly oriented. 1In addition, the direction of the unpaired
electron lobe centered on the attacking ¢ atom cannot be
specified except for that it should 1lie in the plane
perpendicular to the O-H axis. These situations may result in a
"random" distribution over the A-doublet states.

Our experimental result of A’/A"=2.2:0.2 is indeed close to
the "prior" value predicted by Bronikowski and 2zare [33] (see
section (3-A-10)). However it is not certain if their model could
be applied to this case, where the oxygen atom attacks and takes
the hydrogen atom to form OH. The situation would be much

different from the case treated by Brownikowski and Zare.

B-7. Suprisal analysis

We performed the surprisal analysis for the rotational
distribution in a similar manner to the H+H,0 reaction. Fig. 31
(a) represents experimental and prior distributions. The
experimental distribution is shown for the v"=0, F,A’ manifold.
Two rotational distributions are different considerably.
Rotational surprisal, I(v“,J)=—1n[P(v",J)/P°(v",J)] was obtained
by using the results of Fig. 31(a), where P(v",J) and Po(v“,J)
represent the experimental and prior distribution, respectively.
The rotational distribution can be characterized by a single
"linear surprisal" with 6gp=25.0 as shown in Fig. 31(b). This

value is about two times larger than that for the H+H,0 reaction,
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indicating that the experimental distribution for the O+H, S
reaction is more deviated from the prior distribution than that
for the H+H,0 reaction. It is therefore suggested that the
kinematic constraint should exist in this case, compared with the

direct hydrogen-abstraction reaction (1).
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C. The H + N,0 reaction under the reactant-pair condition

Schematic potential surfaces [14] are given in Fig. 2 for
the H+N,0-OH+N, reaction (5). Two channels correspond to the
attacks of the hydrogen atom to the oxygen end and to the

nitrogen end of N,0:

H + NNO — H...NNO — OH + N2 (31-A)
and

H + ONN — HONN — OH + N, {31-B)

Dissociation of HI at 248 nm yields the I atom in two spin-
orbit states, I(2P3/2) and I*(2P1/2), in the ratio of 0.75:1 [6],
which differ in energy by about 92 kJ/mol. These two
dissociation channels give rise to two different center-of-mass H
atom energies, 183 and 96 kJ/mol, respectively. Both energies
exceed the barriers corresponding to (31-A) and (31-B).
Therefore, the OH product rotational distribution may be a sum of
contributions from these channels.

N,O0 could be photolyzed at 248 nm to produce N2+0(1D2) on
the energetical basis [18]. 0(1D) is known to react with HI [18)

as
N,O-HI +( hv=248 nm) - (O + HI) + NO — OH + I + NO (32).

Hoffman et al. have suggested that this reaction does not
contribute significantly to the OH production in the case of the

reactant-pair reaction of HBr-N,0 ([42]. Accordingly, we ignore
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the effect of reaction (32) in the following discussion.

Structural information of weakly bound complexes is very
important in discussing the mechanism of reactions under the
reactant-pair condition. Although the structure of the HI-N,O
complex has not been determined experimentally, structural
information for HX-N,O (X=F,Cl and Br) by ab initio calculations
[15] and the infrared and microwave spectroscopic experiments
[43] under the molecular beam condition enables us to estimate
the structure.

Fig. 3 shows the structure of three stable isomers of
HC1.N,O , type (1), (2) and (3), determined by an ab initio
calculation [15]. In the case of HF-N,0, the infrared and
microwave spectroscopic measurements were performed ([43],
indicating existence of two isomers, namely, the linear isomer
FH«-NNO and the bent isomer NNO..HF. Both isomers correspond to
types (3) and (2), respectively, in Fig. 3. The IR spectroscopic
measurements have revealed only the bent isomer NNO..HX for
HC1:.N,0 and HBr-N,O0 [43]. However, we cannot exclude the
existence of other two isomers, types (1) and (2), predicted
theoretically.

Although we employ the molecular beam condition, there is a
possibility of bimolecular collisions of N,0 with H produced by
irradiation of free HI during the supersonic expansion. This
possibility can be excluded on the following basis. The

dependence of the OH LIF signal on the delay between the
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photolysis and probe lasers was measured in the nozzle expansion
over the range of 0.1 - 1.0 usec, as shown in Fig. 32. It was
cbtained by monitoring the LIF signal for OH, v"=0, K=7. Similar
results were obtained for other v"=0 rotational levels. No
increase of signal is observed with increasing the delay time,
suggesting that no measurable rise time exists under the
reactant-pair condition. This is what expected for a rapid
unimolecular decomposition of the complex, and is in clear
contrast to the bimolecular reaction which shows a rise time
associated with a flight time of H toward N,O0.

OH may also be produced from higher order complexes other
than HI-N,0. To examine this contribution, the relative abundance
of the cluster species was measured by mass spectrometry. Fig.
33 shows a time profile of (HI) ,*(N,0), clusters. The horizontal
axis shows the delay between the time of valve opening and the
signal detection. The ion intensity of each species has been
normalized. The cluster species appear after a significant delay
from the rise of the monomer signal with a shorter duration. The
delay is also dependent on the cluster size (e.qg., HI.(N,0),
signal appears after (HI),), indicating that it is not only due
to the difference of velocity but also to the delayed formation
of higher-order cluster species during the expansion.

The time profile of the LIF signal of the monocmer
fluorescent species such as NO, followed the jet pulse, whereas

the OH signal from the present reaction appears only in the last
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1/3 of the jet pulse. On the other hand, the dependence of the
OH LIF signal on the delay between the injector and photolysis
laser pulse was measured in the HI.N,0 Jjet experiment over the
range of 0.1-1.0 usec, as shown in Fig. 34, which was obtained by
monitoring the LIF signal for OH (v"=0, K=7).

Comparing Fig. 33 and 34, the half width at half maximum
(HWHM) of the HI-N20+ mass signal and the OH LIF signal are found
to be about 140 and 110 ugsec, respectively. These two values seem
to be in good agreement with each other if we take account of the
flight time for the former. The delay time of 840 usec employed
for the delay between the injector and photolysis laser pulses
corresponds to the early stage of the rise of the LIF signal
(Fig. 34), where the production of higher-order clusters is not
significant (Fig. 33).

Fig. 35 shows a part of the OH (v"=0) LIF spectrum due to
the A%z*— X2n transition for the H+N,0 reaction under the
reactant-pair condition. The stagnation pressure and the mixture
ratio are 2.5 atm and HI:N,0:He=2.6:4.4:93, respectively. Delay
time between both lasers is 200 nsec. The distance between the
nozzle position and the laser crossing area is 3 cm.

Hollingsworth et al. have reported the rotational
distribution of OH produced in the H+N,0 reaction under the bulk
condition. They have employed the total gas pressure and the
pump-probe delay time are 100 mTorr (in the 1:1 ratio of HI and

N,0) and 500 nsec, respectively [16]. Hot hydrogens were
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produced by the photodissociation of HI at 248 nm. Their results
suggest that the rotational distribution of OH is a superposition
of two Boltzmann distributions characterized by the rotational
temperatures of 1100 + 100 and 4700 * 300 K as shown in Fig. 36.

The reactant-pair reaction studied here also shows a dual
Boltzmann distribution as shown in Fig. 37. It shows the
rotational distributions in the Fi1A’ and F,A’ manifolds of OH
obtained from the R,,, R,,-branches. The rotational temperatures
for the two components are 600100 and 3800:400 K, which are
colder than the corresponding temperatures for the bulk reaction
[16].

Let us assume for the moment that only the bent isomer
NNO--HI  exists (type (2) in Fig. 3). For this conformation, the
hydrogen atoms attack the oxygen end of N,0, corresponding to
the "direct" channel shown in Fig. 2. Two components in the
Boltzmann distribution should then be attributed to the
contribution from the I and I* channels with different
translational energies of hot hydrogen atoms. Since the cross
sections of photodissociation for both channels are almost the
same (0.75:1 (6]}, both channels may contribute almost equally to
this reaction (8).

This reaction channel (5) has a large exoergicity of about
263 kJ/mol. Both rotational temperatures of 3800 and 600 K
correspond to the rotational energies of 445.9 KJ/mol and

358.9K3/mol, respectively, which are 7.1 and 1.4 %, respectively,
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of the available energies (for the I channel and the 1*
channel). If the initial energy of reactants is statistically
partitioned into the whole degrees of freedom of the products,

the fraction of energy partitioned into rotation is

g,=(OH rotational degrees of freedom)/[(relative
translational degrees of freedom between
OH and N,)+(N, rovibrational degrees of
freedom)+ (OH rovibrational degrees of freedom) ]
=RT/ ( (3/2) RT+2RT+2RT) (33)

=18%

Experimental fractions, 7.1% and 1.4% corresponding to the I
and 1* channels, respectively, are lower than the value estimated
on the assumption of equipartition.

For the I and I” channels, excess energies on the saddle
point in the "direct" channel are 104 and 17 KJ/mol,
respectively. The ratio is 104/17=6.1. On the other hand, the
ratio of rotational temperatures for two distributions is
3800K/600K=6.3. This is in good agreement with the ratio of
excess energies. This coincidence may suggest that the
rotational excitation of OH is almost exclusively determined by
the excess energy above the barrier, while the energy released
after the barrier does not contribute to the rotational
excitation. 1In other words, the initial memory contained in the

complex is well retained beyond the activation barrier.
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Our experimental results seem to be well explained by the
assumption of the existence of only one isomer, namely, the bent
isomer NNOeHI (type (2) as shown in Fig. 3), However, there is
no experimental evidence to exclude the existence of other
isomers. More detailed studies are reqguired to clarify this
point; i.e., the dependence on stagnation pressure and the
structure determination by the IR (microwave) spectroscopic

measurements,
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4. Conclusions

A. The H + H,O0 reaction under the bulk and reactant-pair conditions

The elementary reaction, H + H,0 —+ OH + H,, has been studied
under the bulk and reactant-pair conditions. The OH radical
produced in the above reaction with the hot hydrogen atom
produced by the photolysis of HX (X=Br and I) is monitored by the
LIF technique. The results of the bimolecular reaction indicates
that the nascent rotational distribution of OH is of Boltzmann
type with a remarkably non-statistical partition over the A-
doublet sublevels, while the spin-orbit components are populated
statistically. It is suggested that the rotational excitation of
OH does not depend on the collision energy of hot hydrogen by
comparing the present and Kleinermanns and Wolfrum’s works. The
bimolecular reaction H+H,0-OH+H, is suggested to proceed by the
direct mechanism without any 1long-lived intermediate, on the
basis of the heavy water experiment together with the prediction
by ab initio calculations. Moreover, the non-excitation of
vibrational mode, which may be understood as the result of a
later barrier in the reaction coordinate, together with the
inefficient rotational excitation, seem to be in favor of a
spectator-stripping type mechanism applicable to this reaction.
The model is presented in which the bending mode of the activated

complex play a role in transferring the energy to the OH
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rotation. This seems to account for the insensitivity of
rotational temperature to the excess energy.

Photochemical reaction of weakly-bound complex, HBr-H,0 has
been studied in a supersonic jet. Preliminary LIF spectra have
been obtained for the OH radical produced by the photolysis of
the complex at 193 nn. Though it is not conclusive, the
observation of OH in this reaction may indicate a role of the
out-of-axis vibrational motion of H in the complex, since the
direct attack of H to oxygen may be inefficient in view of the
direct mechanism established in the bimolecular reaction.

For further studies, it would be interesting to monitor the
internal state distribution of the other product H, by using
REMPI or LIF method. This information would provide more

detailed information on the reaction mechanism.

B. The 0(3PJ) + H,8 reaction under the bulk condition

Elementary reaction, O(3P) + HyS — OH + HS, has been studied
under the bulk condition. The OH radical is monitored by the LIF
technique. The nascent distribution of OH is of Boltzmann type
with an extremely low rotational temperature. This result would
indicate that the reaction proceeds through the collinear
configuration on the saddle point. Distributions over the spin-
orbit component are non-statistical, which indicates that the
reaction proceeds through the diabatic surfaces with a slightly

bent configration at the saddle point. The ratio of both A-
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doublet levels indicates A’/A"=2, which is in good agreement with
the statistical value predicted by Broniskowsky and Zare.

For further studies, it would be interesting to measure the
rotational distribution of the other product, the HS radical,
which would be helpful in discussing the angular momentum

constraints for the fine structure distribution in more detail.

C. The H + N,0 reaction under the reactant-pair condition

Photochemical reaction of weakly-bound complex, HI:N,O has
been studied under the reactant-pair condition. The OH radical
produced by the 248 nm irradiation is monitored by the LIF
technique. The rotational distribution is represented by two
Boltzmann distributions. Results indicated that the rotational
temperature of product OH under the reactant-pair condition is
slightly colder than that for the bulk condition. It is shown
that the present results can be explained in terms of the
existence of only one comformer (type (2) in Fig. 3). But we can
not exclude that the existence of another comformers (type (1)
and (3) in Fig. 3).

For further studies, it would be interesting to measure the
internal states distribution of NH. For the HBr-N,0 complex at
193 nm photolysis, NH(X3E) rotational distribution has been
obtained [42]. Although the HI.N,O system studied at 266 nm has

no excess energy available for the NH formation [14], the 248 nm
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irradiation of HI.N,0 has sufficient excess energy for the NH
formation. It is interesting to compare the rotational state

distributions of NH produced from the HBr-N,0 and HI-N,0 systemns.
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K 107 x k R/Ro
0 2.32 0.5
1 2 35 0.47
2 2.42 0.46
3 2.42 0.46
4 2.32 0.47!
5 223 0.49
6 2.09 0.51
7 2 0.52
8 1.83 0.55
9 1.67 0.58
10 1.57 0.6
11 1.54 0.61
12 1.51 0.61

Table 1. K dependence of OH(A2E+) qu'enching rate constants.
(k = OH gquenching rate constants (Torr"ls"l) .

R/R, = [OH(A?zY)1/(0H(a%E") ], calculated from equation (18).)
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Fig. 4. Experimental setup for the bulk experiment.

(YG: NA:YAG laser, EX: Excimer laser, DY: dye laser, SHG: second
harmonic generator, FHG: fourth harmonic generator, TC: timing
circuit, G: capacitance manometer, RP: rotary pump, PMT: photo-
multiplier, FL: filter, PD: photodiode, PM: power meter, AP:

amplifier, BC: boxcar, CP: computer)




Fig. 5. Experimental setup for the free jet experiment.

{ PV: pulsed valve, Ex: excimer laser, pL: dye laser,
HG: harmonic generator, LB: light buffle, M: concave mirror,
L1, L2: lense, FL: filter, PM: photomultiplier, PD: photodiode,
YF: V-F converter, CT: counter, DA: D-A converter, RC: recorder,
OM: quadrupole mass filter, TM: transient memory, CP: computer,

Tc: timing circuit, ND: nozzle driver, GS: gas handling system )
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Fig.13(b). Part of the OD (v"=0) LIF excitation spectrum for the
reaction H+D,0— OD+HD under the same experimental condition as

Fig.l3(a).
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Fig.14. KX dependence of oH(a%rt) quenching rate constants.
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Fig.15. Nascent rotational-state distribution of OH(v"=0) for

the reaction H+H,0 under the bulk condition.
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Fig.16. Nascent rotational-state distribution of OD(v"=0) for

the reaction H+D,0 under the bulk condition.
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Fig.17. Boltzmann ploct of the rotational distribution of OH(v'"=0)

for the reaction H+H,O0 under the bulk condition.
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Fig.18. Transition-state geometry for the reaction H+H,O.
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Fig.19. K dependence of spin-orbit population ratio of OH(v"=0)

for the reaction H+H,0 under the bulk cendition.
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Fig.20. X dependence of A~doublet population ratios of OH(v"=0)

for the reaction H+H,0 under the bulk condition.
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Fig.21(a). Comparison between experimental and calculated
distributions of OH(v"=0) rotational states for the reaction

H+H,0 under the bulk condition.




Fig.21(b). Suprisal plot of rotational distribution of OH(v"=0)

for the reaction H+H,O under the bulk condition.
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Fig.22. OH aZgt (v"=0) LIF excitation spectrum for the reaction

HBr-H,O0—OH+H,+Br under the reactant-pair condition.

(Stagnation pressure is 2.0 atm. Pump-probe delay time is 200 ns.

HBr:H,0:He = 2.6:0.9:96.5.)
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Fig.23. Structures of two stable conformers of HBr.CoO, complex.
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Fig.24. Mass spectrum of gas mixture of NO, and H,S.
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Fig.25. Part of the OH A%£'-Xx2I (v"=0) LIF excitation spectrum
for O(3P)+H,S—OH+HS under the bulk condition.
(H atom is produced by the 355 nm photolysis of NO,. Sample

pressures of H,5 and NO, are 5 mTorr. The delay time is 200 ns.)




25F
O FA’
O
20 A A
/?A
= O
* FAN
& A o) 1
g
= 15+
S
=
2y A C
@)
jaw
= [
< 10 -
o
‘Lc; A O
-
@]
a2 O
5
FAN Q
]
A
OJ
0t | I l | 1 1 1
0 1 2 3 4 5 6 7
K
Fig.26. Nascent rotational state distribution of OH (v"=0) for

the reaction O(3P)+H28 under the bulk condition.
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Fig.27. Boltzmann plot of the rotational distribution of OH(v'=0)

for the O(3P)+H28 reaction under the bulk condition.
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Fig.28. K dependence of spin-orbit population ratios of OH for

the reaction O(3P)+H25 under the bulk condition.
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Fig.29. Schematic correlation diagram for the reaction

0(3P)+H25~OH+HS including the spin-orbit surfaces.
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Fig.30. K dependcence of A-doublet population ratios of OH for

the reaction O(3P)+H28 undre the bulk condition.
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Fig.31(a). Comparisom between experimental and calculated

distributions of OH(v"=0) for the reaction O(3P)+H28 under the

bulk condition.
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Fig.31(b). Surprisal plot of rotational distribution of OH(v"=0)

for the reaction O(3P)+H28 under the bulk condition.
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Fig.32. Delay time dependence of the LIF intensity of

OH(X2H3/2,V"=O) for the reaction HI.N,O—OH+N,+T under the

reactant-pair condition.
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Fig.33. Time profile of (HI)y (Ny0)y clusters generated by the

supersonic expansion at the stagnation pressure of 2.0 atm.
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Fig.34. Injector-lasex delay time dependence of the LIF intensity

of 0H(X2H3/2,v"=0) for the reaction IﬂLN2040H+N2+I under the

reactant~-pair condition.
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Fig.35. Part of the oH A%xt-x2;m v'=0) LIF excitation
spectrum for the reaction HI-N,O~OH+N,+1 under the reactant-
pair condition. (Stagnation pressure is 2.5 atm. Pump-probe

delay time is 200 ns. HI:N,O:He = 2.6:4.4:93.)
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Fig.36. Boltzmann plot of the rotational distribution of OH(v'"=0)

for the reaction'H+N20 under the bulk condition.
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Fig.37. Boltzmann plot of the rotational distribution of OH(v"=0)
for the reaction HI.N,0—OH+N,+I under the reactant-pair

condition.




