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Nascent Internal-State Distribution of Product OH(A2X) Observed in a
Crossed Beam Reaction of Hot H Atom with N,O
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The chemiluminescence spectrum of product OH(AZZ) in a crossed beam reaction of the hot H atom with N,O
was observed for the first time. The nascent internal-state distribution of OH(A”Z) was identified by spectral simulation.
The rotational distribution was found to be characterized by a Boltzmann temperature of 7504100 K, and the vibrational
distribution is non-Boltzmann with the populations of v=0, 1, and 2 being 1:0.75:0.15, respectively. These results
indicate that the product rotation is poorly excited while vibration is highly excited to the contrary.

Since it is known that the reaction of the H atom with N,O
is important in flame chemistry and in atmospheric chem-
istry, especially in NOy pollution, it has been extensively
studied to clarify the reaction mechanisms from experimen-
tal and theoretical points of view.? So far, the following
reaction channels are reported for the H+N,O bimolecular
reaction.>"

H+N,0 — OHCCTID +No(X'S)  AH = —62.8 keal mol ™! (1)

— OH(A™S) +No(X'S) AH=30.6kcalmol™" (2)

— NH(X’Z) + NO(X*TI) AH=30.2kcalmol™" (3)

Hollingsworth and co-workers have investigated reaction
1 using the hot H atoms generated by 248-nm laser pho-
tolysis of HI, and they studied the rotational distribution
of OH(X?II) by the LIF technique.® Wittig and co-workers

" have made comparative experiments of the H+N,O bimolec-
ular reaction under bulk conditions and also the intra-cluster
reaction of HX-N,O (X = Br, I) under precursor geometry-
limited conditions.>*—'9 For chemiluminescent reaction 2,
only one study has been done on the OH(A?X) formation
from the 193-nm photolysis of the HB1r/N,O gas mixture by
Wittig and co-workers.>'? They have measured the OH(A%X)
chemiluminescence spectrum and estimated the nascent vi-
brational distribution of v=0, 1, and 2 as 1 : 0.6 : 0.4 without
spectral simulation. They conclude that the OH(A%X) for-
mation is feasible only for the bimolecular reaction and not
for the HBr-N,O intra-cluster reaction.*!*1?

Such bulk conditions, however, may not be the best for
studying gas-phase reactions because of unavoidable side re-
actions. The 193-nm photolysis of the HX/N,O gas mixture
for reaction 2, for instance, could produce O('D) from N,O
in addition to the hot H atoms from HX. Therefore it is
likely that the O(!D)+HX reaction would additionally take
place and produce OH(A2X).!” Another possibility one may

think of is that the hot H atoms initially produced may be de-
energized by collisions in the reaction cell when the radiative
lifetime of product is long. For these reasons, it is indispens-
able to study these elementary reactions by use of crossed
beams, although the weak signal intensity always makes ex-
periment difficult. We use crossed beams of the H atom and
a free jet N,O for the first time in order to clarify the ele-
mentary bimolecular reactions of H+N,O—OH(A?Z)+N,.
The OH(A%Y) chemiluminescence indeed is observed, thus -
the comparison can be made between the obtained internal-
state distribution of OH(A’Z) and the previous bulk results
in the 193 nm photolysis of the HBr/N,O gas mixture.

Experimental

A schematic drawing of the experimental setup is shown in Fig. 1.
The apparatus consists of a source chamber for the hot H-atom
beam, and a reaction chamber. These are differentially pumped
down to <1x1078 Torr (1 Torr =133.322 Pa), respectively. The
operating pressure with the beams was kept less than 5x 10~ Torr
all the time. The N>O pulsed valve (1 mm¢ i.d.) is operated at
150 Torr and 30 mm behind the cross beam region in the reaction
chamber. A pulsed HBr beam with 500-ps duration emerges from
a pulsed valve (0.8 mme i.d.) at the stagnation pressure of 100
Torr. The hot H atoms are produced in the source chamber by 193
nm light of a ArF excimer laser (50—100 mJ) which is focused
into-a 2x5 mm area that is 3 mm from the HBr pulsed valve. The
distance between the irradiation point and the cross beam point is
40 mm. In order to reduce stray lights from the laser radiation, a
series of light baffles are used. The H atoms are collimated by a 5-
mm¢ beam collimator. Since the photodissociation of HBr at 193
nm produces both Br(’P; /2) and Br(®’P; /2) atoms, the hot H atoms
with the different velocities 2.26x 106 and 2.06x 10° cms ™" can be
prepared, respectively.! To eliminate charged species in the H-
atom beam after laser irradiation, a pair of deflecting plates (100
Vem ™) are placed before the beam collimator. For the radiative
lifetime measurement, the total chemiluminescence from the cross
beam region is collected by a concave mirror and focused onto a
photomultiplier (Hamamatsu R1635P). The time evolution of the
emission is recorded by a multichannel scaler (Stanford Research
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Fig. 1. Schematic drawing of the experimental arrangement.

Systems SR430) with the gate width of 5 ns.

For the measurement of the chemiluminescence spectrum, the
light emission is focused into one end of a light fiber which ends
up with a monochromator entrance followed by a gated intensified
CCD detector (ICCD; ORIEL 77193-5). The ICCD detector records
emission spectra over the wavelength range from 275 to 327 nm.
The gate width of the ICCD is set as 3 ps and delayed for 1.5 ps
after laser irradiation. All trigger pulses are generated by a delay-
pulse generator (Stanford Research Systems DG535) controlled by
a micro computer. The optical calibration of the monochromator
and the ICCD detector is done by the atomic lines of a low-pressure
Hg lamp. The wavelength resolution of 2.5 nm and the slit function
are measured for the spectral simulation use. The sensitivity curve
of the detection system on wavelength was-determined using a
standard Br lamp (Ushio JPD500WCS).

Results and Discussion

a. Assignment of the Emitter in H+N,O Reaction.
Figure 2 shows the time evolution of the chemiluminescence
after the 193 nm laser irradiation. The time origin was set
to the laser irradiation for the hot H-atom generation. The
emission signal gave an instant rise after 1.8 ps and this delay
time was found to be in good agreement with the flight time
of the hot H atoms from the beam source, and the decay rate
of the chemiluminescence signal gave an excellent coinci-
dence with the radiative lifetimes of ca. 700 ns for OH(A2ZX),
(either 75(v=0)=693430 ns for v=0, or 1;(v=1)=736%33 ns
for v=1).202D The time profile of Fig. 2 thus suggests that the
light emission is responsible for the product OH(A2Z) from
the reaction of the hot H atom with N,O.

The dependence of the emission intensity on the stagnation
pressure of N,O is plotted in Fig. 3. The chemiluminescence
intensity was found to be proportional to the N,O pressure,
indicating that the emission product is produced by single
collision with respect to the N, O reactant. At 150 Torr of the
N, O stagnation pressure, the formation of (N,O), clusters is
expected to be negligible.??

Crossed Beam Reaction of the Hot H Atom with N,O
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Fig. 2. Time evolution of the OH(A-X) chemiluminescence
measured with 5 ns gate width. The origin in time is the
time of excimer laser irradiation.
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Fig. 3. Chemiluminescence intensity is plotted vs the stag-

nation pressure of N,O. The stagnation pressure of HBr is
set at 100 Torr.

In order to confirm that the emitter is OH(A2Z), the emis-
sion spectrum was measured. According to the time profile
of Fig. 2, the sampling gate of ICCD was set as 3 ps and 1.5
us delay. The observed spectrum is shown in Fig. 4A. The



S. Tsuboi et al.

T T T
1k A
]
= ——— Experimental
2 Simulation
= 0.8+
1]
<
~
0.6
k7]
-]
S
0.4 (1,0)
]
2
]
£0.2
=
0
280 290 300 310 320
Wavelength / nm
T T T 0 .I) T
1L B (0,0)
]
g
2 0.8}
£
]
S 0.6 (1,1)
2 : .
= W/
2 i
= 04 w0 v
= M
L Y
«n
£ 0.2 'i‘
= l.'\ (292)
/ N, >
0 4 - -
! A 1 1 1
280 290 300 310 320

Wavelength / nm

Fig. 4. A:(—) Experimental chemiluminescence spectrum
of OH(AZ), with the resolution of 2.5 nm FWHM. (—)
Simulated spectrum. B: Simulated spectrum. As a ref-
erence, the contributions from each vibrational band were
shown.

peaks centered at 282, 308, and 314 nm could be assigned
as the (1,0), (0,0), and (1,1) vibrational bands of the OH-
(A-X) transition, respectively as shown in the figure.”*—2"
The chemiluminescent reaction (2) indeed occurs and the
product is assigned as OH(AZZ).

b. Initial-State Distribution of OH(A2X). The spectral
simulation was done to identify the initial-state distribution
of OH(AZ). The spectral resolution was found to be unsatis-
factory for resolving each rotational line because of the weak
crossed-beam signal, the rotational distribution was assumed
to be a Boltzmann distribution P,(N') for each vibrational
state. There are twelve branches in the rotational transition
and the relative line strengths for each rotational line were
calculated based on the Honl-London factors S, (N") (cited
from Ref. 23), and the Franck—Condon factors g, (cited
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from Ref. 24). As described in the previous section, the
experimentally measured slit function p(4) was used as the
spectral line shape in this simulation. The spectral resolu-
tion was set as equal to the experimental value of 2.5 nm.
The vibrational state populations were obtained as the best-
fit parameters of the simulation. Predissociation of OH-
(A%Y) is reported to take place for the rotational states above
N'=23 forv=0, and above N'=14 for v'=1, also for all those
states of v'=2.%® In order to estimate the contribution due to
such predissociation in the spectral simulation, the rotational
states in the sum were extended over N,',=0= 23, N’ 1= 14,
and N)_,=10. The total intensity / in each wavelength was
calculated by the following equation.

N 2 12 4
1=5 35 guw? 2 pyp,(Wyp2) (@)

N=1 /=0 b=1 2N +1
(N:Nyp=23, Ny_y =14, Nyyoy = 10)

The best-fit result of the simulation is shown in Fig. 4A.
Since the vibrational band-envelope was found to be sensitive
to the rotational distribution P,(N"), the rotational tempera-
ture of each vibrational state had to be estimated indepen-
dently. However, the rotational temperature turned out to be
the same as 7501100 K. As a reference, Fig. 4B shows a
deconvoluted spectrum of simulated vibrational bands in the
spectrum. In spite of the poor spectral resolution, overlap of
the vibrational bands have little influence on the peak height
of each vibrational band at each of the peak positions. There-
fore, the vibrational populations can be measured rather pre-
cisely within the limit of the experimental S/N ratio. Thus,
the vibrational populations for v=0, 1, and 2 are found to be
1:0.75:0.15, respectively. Since all rotational states of v=2
are known to have a strong character of predissociation with
a lifetime of 270425 ns, 2V the population for v =2 must be
corrected to 1.0. The rotational and vibrational distributions
obtained by this simulation are summarized in Table 1. The
fractional energies released in rotation and vibration are cal-
culated to be (f,)=0.048, (f,)=0.21 where we assume that
the available energy for reaction 2 is 30.9 kcal mol~!, which
clearly shows strong excitation in vibration.

¢. Spectral Comparison to the Bulk Experiment. So
far, only one study has been done for the OH(A?Z) for-
mation from the 193-nm photolysis of the HB1/N,O gas

Table 1.  The Vibrational Distribution and Rotational
Boltzmann Temperatures of Nascent OH(AZY)
v=0 v=1 v=2
1.0 0.75+0.05 0.154+0.05
Vibrational (1.0£0.3)®
distribution
1.0* 0.6™ 0.4
Rotational 750 750 750
temperature (K)

a) The value in the parenthes was estimated by taking into account
the short lifetime for all states of v =2 due to the predissociation.
b) *The distribution reported by Wittig et al.
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mixture. They have measured the OH(AZ) chemilumines-
cence spectrum and estimated the nascent vibrational dis-
tribution of v=0, 1, and 2 as 1:0.6:0.4 without spectral
simulation.>!® In order to understand the difference from
their result and to check the effects from Franck—Condon
factors, tow additional simulations were done by using the
different Franck—Condon factors cited from Ref. 23, which
~ was used in the previous report by Wittig et al., Simula-
tion 1 is for these results and simulation 2 is based on the
vibrational distribution by Wittig and co-workers. These
are shown in Fig. 5. It was confirmed that the difference
of the Franck—Condon factors between Refs. 23 and 24 has
little effect on the simulated result, and that this result ob-
tained under the crossed beam conditions is significantly
different from the previous one. There is a possibility that
the OH(A%Y) produced from the 193 nm photolysis of the
HB1/N,O gas mixture has some contribution from the reac-
tion of O('D)+HBr—OH(AZZ, v = 0)+Br. In addition, the
simulation showed that the spectrum reported by Wittig et
al. has some discrepancies. For example, the relative inten-
sity of the (1, 1) band with respect to that of the (1, 0) band
seems to be nearly unity, although it must be about 2 from the
Franck—Condon factor requirement (see the relative intensity
for the (1, 1) band with the (1, 0) band in Fig. 4B).

The potential energy surface for the H+N,O—OH(A’Z)+
N, reaction is not well known because its reactant surface
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Fig. 5. Comparison of the vibrational distribution with the
result by Wittig et al.. (—) Experimental chemilumines-
cence spectrum of OH(AZY) in the crossed beam condition.
(present result). (—) Simulation 1: Simulated spectrum
for the present result by using the Franck—Condon factors
in Ref. 23. (--++) Simulation 2: Simulated spectrum based
on the vibrational distribution by Wittig et al. by using the
Franck—-Condon factors in Ref. 23.

Crossed Beam Reaction of the Hot H Atom with N,O

cannot be correlated directly to the product surface. Thus,
the crossing of the two surfaces must be important in reaction
2. At the initial stage of this reaction, however, one would
expect the direct and also the indirect mechanisms just like
in reaction 1, i.e. H+N,O—OH(X*TI)+N,(X'T). Wittig et
al. have reported that OH(A%Z) formation has a threshold
between 2.5 and 1.82 eV.!9 Therefore, it is estimated that the
highly excited state of HON, would correlate to the OH(AZX)
formation. This process may correspond to the direct mecha-
nism. On the contrary, since OH(AZ) is efficiently quenched
by N, via a strongly-attractive interaction,? there is at least
one adiabatic surface correlating to OH(A?Z)+N,(X'Z) that
does not have a barrier associated with the final separation of
the OH(A’Z) and N,(X'Z) fragments. This process may be
attributed to the indirect mechanism. In the indirect mech-
anism, the 1,3 migration of the H atom in the [HNNOT*
intermediate should occur after the formation of the O-H
bond. This mechanism would make the rotational distribu-
tion highly excited as compared with the direct mechanism.
On the other hand, the direct mechanism would give a high
vibrational excitation of OH(A%Z), and in turn a poor ro-
tational excitation of OH(AZ). Recently, Schatz and co-
workers have reported that the direct mechanism is the main
channel in the bimolecular reaction 1. One could therefore
expect that the formation of OH(A2X) would also proceed via
the direct mechanism, which may be consequently favorable
at the O-end of N, O. If this is the case, a large orientation de-
pendence is expected for reaction 2. This question is a future
issue that may be solved using an oriented N,O beam.>?
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