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An attempt was made to detect O,*(alA,) in the reactions of O+ Oy, H4-O,, and NO+-O; using a photoioni-

zation mass spectrometer.

No significant signals for O,*(a'A,) were observed in these reactions.

From the

results, it is concluded that less than 0.06, 0.001, and 0.002 of the reactive collisions result in the production of
O,*(alA,) in the reactions of O+ 0,3, H+ O3 and NO- O, respectively, all at 298 K.  The failure to observed
O,*(a'A,) in these reactions was discussed by means of correlation diagrams and GVB model representations.

Recently, the observation of the singlet oxygen
formed in the reaction of hydrogen atoms with molecular
oxygen was reported in our laboratory.) In this system
it was determined that the singlet oxygen was produced
by the reaction of hydrogen atoms with hydroperoxyl
radicals, which had themselves been formed by the
recombination reaction of hydrogen atoms with molecu-
lar oxygen:

H+ O, + M—HO, + M (1)
HO, + H— H, + O%(alA,) (@)

A photoionization mass spectrometer was used to detect
the singlet oxygen. When an argon lamp with a LiF
window is used as a light source to photoionize the
molecules, singlet oxygen can be photoionized by the
argon resonance lines (11.83 and 11.62 eV), but ground-
state molecular oxygen can not be ionized by these
lines,2 since the ionization potential for ground-state
molecular oxygen is 12.06 ¢V, and the O,*(a'A,) and
O,*(b'2]*) states are 0.98 and 1.63 eV higher than
the ground-state respectively. The detection sensitivity
of the photoionization mass spectrometer to singlet
oxygen is quite high in comparison with the photo-
metric detection by means of the forbidden O,* (alAy)—
O,(X33],~) transition. The detection limit is about
10°—10% molecules cm—3 for singlet oxygen in the
reactor under good conditions (very low background
signals and in the absence of the large signals around
mass 32). Further, when photoionization mass spectrom-
etry was used to detect singlet oxygen, the interference
by the chemiluminescence in the reaction system was
eliminated. For example, in the H+O, reaction system,
singlet oxygen in the a'A, state could not be observed
by the photometric method,® since the emission from
O,*(alA,) was overlapped by the strong chemilumines-
cence by HO,.  Therefore, photoionization mass
spectrometry is a useful method to detect singlet oxygen
in the chemiluminescent reaction system.

The reactions of O+0O,, H4-O, and NO+O, can
produce singlet oxygen according to the exothermicity
and the spin correlation of the reactions. Nevertheless,
this possibility has been ignored.Y In this work, the
fractions for the formation of singlet oxygen in the
above reactions were determined by the use of the
photoionization mass spectrometer; it seemed that this
would be useful because strong chemiluminescence by
OH and NO, has been observed in the near-IR region
in all the above reactions except the OO, reaction.
After that, the reaction processes will be discussed using
correlation diagrams and GVB model representations.

Experimental

The experimental set-up of the fast-flow reactor is shown
in Fig. 1. The photoionization mass spectrometer coupled
to the fast-flow reactor is as has been described previously.®
The inner diameter of the cylindrical Pyrex reactor tube is
12.6 mm, and the length of the reaction zone can be varied
from 10 to 200 mm by sliding the inlet tube (4 mm o.d.) in an
O-ring seal. Ozone enters the main flow through six radially
directed holes at the end of the inlet tube.
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Fig. 1. Schematic diagram of the fast-flow reactor for
the reactions of O, H, and NO with Oj,.
V: Variable leak, C: Teflon stopcock, H: heater,
G: Hg lamp, S: slit P: MKS baratron gauge, F: filter
M: photomultiplier L: Ar lamp, T: Teflon tube,
W: microwave cavity.

Hydrogen and oxygen atoms were produced in a micro-
wave discharge (2450 MHz) in a helium mixture. The
concentrations of both atoms were determined by titration with
NO, according to the H+NO,—OH+NO, and O+NO,—
NO+ O, reactions, using the signals for NO at mass 30 as
an indicator of the titration endpoint. NO, was added at
a point 200 mm upstream from the sampling pinhole (the
reaction time is about 10 ms under total pressure of 4 Torr (1
Torr=133.3 Pa)). The method of determining the hydrogen-
atom concentration is as has been described previously.®
The known partial pressures of NO were added to calibrate
the instrument sensitivity, typically about 23X 10* counts/s
for 1 mTorr of NO when two new argon lamps were used.
Since the intensity of the argon lamps decreased slowly as a
result of the origination of a color center in the LiF windows,
the lamps were changed every 20 h. The measurements were
then done between 10 to 20 h after the start of the discharge
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of the new lamps, because in this period the intensity of the
lamp was fairly stable.

The total and partial pressures of the gases were measured
with an MKS Baratron gauge and were corrected to the
values at the pinhole, considering the effect of the small
pressure drop down the reactor tube.®) Furthermore, the
partial pressures of each component gas were corrected by
means of the flow equation.” The linear-flow velocity, as
measured with a bubble meter, was 16.5 m s at 2 Torr,
199 ms at 4 Torr, and 21.4 m s at 6 Torr at 298 K. In
this case, the flow in the flow tube, F (Torr 1 s71), as a function
of the total pressure, P (Torr), was given by this equation:
F(P)=0.192+4-2.001P+4-0.0919P2. In this study, experiments
were done under a total pressure of about 4 Torr.

The gases, H, (Nippon Sanso, 99.9999%), O, (Nippon
Sanso, 99.999%), He (Nippon Sanso, 99.9999%,), and NO,
(Matheson, 99.5%), were used without further purification.
The NO (Matheson, 99.0%,) was purified by passing it through
a column of Ascarite and was then distilled bulb-to-bulb
using liquid nitrogen traps. After this purification, the
amount of NO, present in this purified NO was less than
0.019%.» The ozone was prepared from a commercial
ozonizer and was trapped on 500 grams of liquid nitrogen-
cooled silica gel (5—10 mesh). After pumping, the adsorbed
mixture of O; and O, on silica gel was heated up to room
temperature and stored in a 50-1 flask with a helium diluent.
The mixture obtained usually consisted of 2—109%, ozone and
10—209, oxygen in helium. The concentration of ozone
was measured by absorption photometry at positions upstream
and downstream of the flow reactor using a quartz cell, a Hg
lamp coupled with a 2540 A filter, and a photomultiplier.

The ozone was added to the reactor through a movable
inlet. The measurements were done in both the presence and
absence of ozone. In the case without Oj, the mixture of
0,;-0,~-He was passed through a heated quartz tube (about
800 °C). In this case, the ozone was decomposed completely
and converted to O, (no O atoms or no O, were detected by
mass spectrometry and UV absorption). Switching the
conditions with ozone and without ozone by means of Teflon
stopcocks, the change in the signal at mass 32 was measured.
The concentration of O, which was contained initially in the
0,-0O,-He mixture, [O,];, was determined as follows. The
0O;-0,-He mixture was passed through the heated quartz
tube. Under the condition without ozone, molecular oxygen
was reacted with hydrogen atoms, and the singlet oxygen
was produced as has been described before. Since the fraction
of Reaction 2 in the total reaction of HO,+H was deter-
mined? to be 0.0154-0.003, the concentration of O,,

[O:] = [Oa]; + 3/2[0], I

could be calculated using the rate constant for Reaction
1, the concentration of the hydrogen atoms, the total pressure,
the reaction time, and the concentration of the singlet oxygen
produced:

[O:*(aAg)]
0.015 FH]E (I1)

where it is assumed that the rate for Reaction 2 is very rapid
and that the concentration of HO, is in a steady-state con-
centration.? . When the value for [O,] is determined, the
[O.]; can be calculated by means of Eq. I.

The flowing gases were sprayed through a conical Pyrex
pinhole (0.2 mm in diameter) into the ionization region of
a quadrupole mass spectrometer, where a collimated light
beam from a microwave-powerd discharge lamp was intersect-
ed. 'In this work, an argon lamp with a LiF window was
used photoionize the molecules. The concentration of singlet

[O:] =

0O,*(alA,) in Reactions O, H, and NO+O,
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oxygen was calculated from the relative ionization cross
section for NO and O,*(al!A,) by means of argon-resonance
lines,® i.e., 6o,*/0yo=0.5. Since the sensitivity of NO to
this instrument is 2 X 10* counts/s for 1 mTorr of NO, 10-4m
Torr of Oy*(a'A,) could theoretically be detected.

The ions formed by photoionization were accelerated and
focused into a quadrupole mass filter (UTi Model 100C).
After mass selection, the ions were counted by means of a
Daly-type detector” operated at —20 kV, a thin aluminum-
coated plastic scintillator, and pulse-counting electronics
(Canberra, Multichannel Analyzer, Omega-1). A working
pressure of 2 X 10-% Torr or less was maintained in the vacuum
can by means of a 1200-1 s—* oil-diffusion pump with a liquid
nitrogen trap. All the measurements were done at room
temperature, 298+ 3K.

Results and Discussion

1) O+0; Reaction. The reaction of atomic
oxygen with ozone is known to produce two ground-
state oxygen molecules:

OCP) + O4(X'A;) — 20,(X?3],7) (3a)
AH = —93.7 kcal/mol.

The vibrational excitation of ground-state oxygen? has
been observed in levels up to ¥=20 or up to v=25 due
to the exothermicity of Reaction 3a. However, the
existence of singlet oxygen (alA, and b'3},*) has never
been observed, although the processes to form
O,(X337) +0,%(alAy) or Oy*(b1X,*) are accessible
energetically and spin-allowed:
O(P) + Oy(X!Ay) = O5(X3],7) + Og*(alhy)  (3b)
= 0y(Xs33,7) + O*(b3").  (30)
Measurements of the signals at mass number 32 were
made by the addition of ozone to the oxygen atoms/He
flow, which was produced in the microwave discharge of
the O,/He mixture. In this case, singlet oxygen was
produced initially through the microwave discharge of
the O,/He mixture. This singlet oxygen initially
produced disturbs the measurement of the signals at
mfle=32 as a background. Therefore, measurements
under the conditions of a high concentration of oxygen
atoms and a low singlet-oxygen concentration in the
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Fig. 2. The ratio of oxygen atoms produced to the initial
concentration of O, in the O,/He discharge, [O]/[O,],
(@), and the ratio of singlet oxygen produced to the
initial concentration of O, in the O,/He discharge,
[0;*(a’Ag)]/[O:]o (O); are plotted against the [Oy]o/
[He] in the O,/He mixture. Discharge was done at
total pressure of 4 Torr.



3498

O,/He discharge were desired. The concentrations of
the oxygen atoms and singlet oxygen produced in the
discharge were measured under a variety of ratios of
O, to He in the O,/H, discharge. Figure 2 shows that
the absolute concentrations of both the oxygen atoms
and the singlet oxygen increased at higher values of
[O,]s/[He], but the ratio of the concentration of the
oxygen atoms produced to the initial concentration of
O, is larger at lower values of [O,],/[He] (.e., oxygen
atoms were produced effectively at a low “‘initial
concentration of O,,” [O,],). On the other hand, the
ratio of the concentration of the singlet oxygen produced
to the initial concentration of O, is smaller at lower
values of [O,],/[He]. The value of [O,*]/[O,], then
passed through a maximum and, after that, decreased
as the value of [O,],/[He] in increased. This decrease
can be explained by the quenching of the singlet oxygen
by oxygen atoms and ozone because the mixture of O,
and He is discharged very far upstream of the reactor
and the contact time of the discharged gases is about
50 ms. According to the results shown in Fig. 2, the
condition of a low [O,],/[He] ratio should be good for
measurement because the ratio of the atomic oxygen
to the singlet oxygen formed is the largest.

The mass spectra measured in the O4Oj; reaction
system are shown in Fig. 3. As is shown in Fig. 3, the
singlet oxygen was produced in the O,/He discharge
and the increment of the signal at m/e=32 was not clear
when ozone was added. The signal observed at m/¢e=30
may be the signal for NO, which is produced by the
nitrogen present in the O,/He mixture as an impurity.
The small signal at mje=32 when only the O;—O,-He
mixture was introduced ((d) in Fig. 3) can be explained
by the surface ionization in the ionization chamber.
The mass spectrometer was fixed at m/e=32, and the
signals at m/e=32 were accumulated. The results are
shown in Table 1. In this case, measurements were
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Fig. 3. Mass spectra in the O+ Oy reaction system.
a): Only O,/He discharge. b): O;—O,~He mixture
was added to the O,/He discharge. c): O4;~O,-He
mixture was passed through the heated quartz tube.
Ozone was converted to O,. d): Discharge was turned
off. Only O,-O,-He mixture flowed Conditions:
total pressure=4.032 Torr, [O],=4.6 m Torr [O;]=
28.6 mTorr, reaction time = 10.05 ms.

TasLE 1. RESULTS IN THE MEASUREMENT OF THE SIGNALS AT mfe=232 IN THE O+ O; REACTION
" Signals at m/e=32 counts/5 s
Conditions (4 was derived from the standard deviation in
.. the 50 measurements)
SZI}Sll\tII(‘SItY Reaction  O4-O,-He .
O,/He discharge for 1 mTorr time Mixture Addition of Oy O, converted
of NO (ms) added O,/He Discharge (0O;—0,-He to O,
mixture) (O,-He mixture)
[a]
Total pressure,
4.043 Torr Total :

[0 338 mTorr d. 207.34+18.1 d. 216.3+19.4 d. 216.7+16.2

0.16 mTorr 18326 [Os] nd. 69.7410.0 nd. 84.24 9.7 nd. 74.94 8.4

10.05

[O], counts/s 29.4 mTorr ¢, nd. d.—nd. d.—nd.

0.095 mTorr [O.]; 137.6+12.4 132.14£11.9 141.8+10.6
O,*(a'A,) 62.5 mTorr

0.003 mTorr
[b]
Total pressure,

4.032 Torr Total: d d. d
[Os]o 329 mTorr : 37496.24-370.3

13.8 mTorr 17458 10.05 [Os] d 37(133§§i393.6 nd. 135.1f11.1 37???"3}*252'5
[O], counts/s ’ 28.6 mTorr 2 ’ d SE. d.—nd. ne 98-

3.0 mlorr [O:]s 37535643805 S7961.14:369.0 ST 1 s
O *%(a'A,) 60.9 mTorr ) : : )

0.86 mTorr
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done under two different conditions: the [O,],/[He]
ratios in the O,/He discharge were 4.0%x10-% and
3.4%x10-3. As is shown in Fig. 2, the former is the case
when the value for the ratio of the singlet oxygen to the
oxygen atoms produced in the O,/He discharge is small,
while the latter is the case when the ratio of the singlet
oxygen to the atomic oxygen has its maximum value.
All the experimental conditions and signals at m/e=32
(counts/5 s) in the presence and absence of ozone are
listed in Table 1. All the signals at m[e=32 were
accumulated for 5 s per channel, and 50 channels were
used for one measurement. The error limits (4) were
derived from the standard deviation in these 50 signals.
The signals at mass 32 were measured with the discharge
on (d.) and off (nd.), (i.e., in the presence and absence of
oxygen atoms) and the difference (d. —nd.) used as
the real signal for each measurement. The concentration
of the singlet oxygen formed initially in the O,/He
discharge, listed in the first column in Table 1, was
calculated from the signals at m/e=32 in the O,/He
discharge and the sensitivity of the instrument to NO.
The small increment in the background (signals for nd.)
when the O;—O,~He mixture was added can be ex-
plained by the effect of the field emission from the
—20 kV stainless-steel target. As is shown in Table 1,
the increase in the signals at mf/e=32 could not be
observed when the O;~O,~He mixture was added to the
O,/He discharged gases.

The rate constants for the reactions of O+Oy, £,
have been reported to be 7.5, 8.3, and 10.6x10-13
cm? molecule-1s-1 at 300 K.8-10 If the reaction
proceeds only to produce singlet oxygen (Reactions 3b
or 3c), the singlet oxygen produced should be given by
ks[O][O,]¢. The values for k£;[O][O3]¢ calculated are
2.5% 1011 and 1.2 x 1013 molecule/cm? in the (a) and (b)
measurements respectively in Table 1. In this case,
8.3 x 10-15 cm? molecule—! s~ was used at the value for
ks. The detectable limit, if the increment of the signals
occurred in the addition of the O4~O,-He mixture,
can be estimated to be 20 counts/5 s for the (a) measure-
ment and 1000 counts/5s for the (b) measurement.
These values (counts/5s) correspond to 1.4x101°
molecule/cm?® and 7.6 X 101! molecule/cm?® respectively.
The value for the detectable O,*(alA,), divided by the
value for k;[O],[O]st, gives the upper limit of the
fraction for the formation of singlet oxygen, Reactions
3b or 3c, in the total reaction of O+0O;. The fractions
were calculated to be less than 0.06 in both measure-
ments, (a) and (b). No advantage was obtained in the
accuracy of the value of the fraction in the (a) measure-
ment (with the small initial signal of O,*(alA,)),
because the ratio of the counting error to the signal was
larger in the smaller signal in this equipment.

The deactivation rate constants of O,*(alld;) by
O(®P), O, and O, previously reported are <1.3X
10-1610 0,.4—2.2 x 10-18,12 and 4.4 X 10-15 cm?® mole-
cule—1 57 1% respectively. These deactivation rates are
quite slow. The quenching of O,*(a'A;) by O(°P) and
O, is negligibly small, and that by Oj is less than 5%,
of the O,*(alA,) supposed to be formed in Reaction 3b.
Therefore, it was concluded that the fraction for the
formation of O,*(al4,), Reaction 3b, in the total

0,*(a'A,) in Reactions O, H, and NO+O;
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reaction of Q4O is less than 0.06. The deactivation
rate constant of O,*(b'3},*) by Og was been reported
to be fast, 7x10-12cm3 molecule~? s=1,'® Thisjrate
shows that the O,*(b'>},*) should be quenched
completely under our experimental conditions if the
O, (b'33,*) is produced via Reaction 3c. Therefore,
the conclusion is given only for the formation of
O,*(ald,), and only O,*(a'l,) will be dealt with in

the following experiments and discussions.
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Fig. 4. Minimal state correlation diagrams in the OO,
reaction system when all atoms lie in a plane (a) and
when O(3P) approaches Oj in the plane which bisects
the O, bond angle (b).

As has been mentioned before, vibrationally excited
ground-state oxygen molecules were obscrved in the
flash-photolysis absorption experiment.” According to
the measurement by McGrath and Norrish,” the
maximum in the population distribution of vibrationally
excited O, is when v=12, 13, or 14, and both higher
and lower levels have progressively lower populations.
However, since the absorption cross-section in the
Schumann-Runge band system in O, is smaller at lower
v levels, population distributions lower than v=11 could
not be measured in their observation. The energy for
v=12, 13, or 14 is about a half of the exothermic energy
for the O+-O, reaction, 3a, that is about 4 eV. There-
fore, the formation of singlet oxygen is cnergetically
acceptable except when the two oxygen molecules
formed in Reaction 3a are equally vibrationally excited.
The minimal-state correlation diagrams when all atoms
lie on a plane (Cs symmetry), and when O(®P) ap-
proaches Oz on the plane which bisects the Oy bond
angle, are shown in Fig. 4. In these cases, the correla-



3500

a)  03(X'A) b) 0(3p)

I) (d) ! !
CRO—CO
Q O /' ‘ 0

e o ,(X32g7)
(c)
’3‘ ’i‘ Oz(GAg)

03(X'Ay) 0(%)

0,(X32g")

Fig.5. GVBmodel representation in the O+ O, reaction
system.

tions with other upper states are abridged. As is shown
in Fig. 4, the formation of the a'Ag -state molecular
oxygen is possible in both the coplanar and bisecting
plane models.

According to the valence-bond model which was
explained by Goddard,! ground-state ozone and atomic
oxygen are represented by (a) and (b) respectively in
Fig. 5 (I). Figure 5 (II) shows the case in which an
O(®P) approaches the side oxygen atom of ozone
perpendicular to the ozone plane and in which each
p-orbital having one electron makes a ¢-bond. Accord-
ing to Goddard, this mechanism probably occurs in the
lowest energy. In this case, O, in the transition state
has no symmetry (C;). When this O, complex is cleaved
into two oxygen molecules, the electronic state of the
O, on the left-hand side is in the ground state (333,-),
while the O, in the right-hand side is the ground state
(d) or the alA, state (¢). However, the O-O bond
distance is expected to be shorter for the states with
three oxygen s electrons than for those with four =
electrons. This means that the energy of O, of the
state of three s electrons is lower than that of four
electrons. Therefore, (d) in Case (II), the formation
of the ground-state O,, should give the lowest energy
to the O, complex. It can be considered that the energy
of the transition-state complex of O, is lowest in the
case of the formation of two ground-state molecular
oxygens (probably vibrationally excited) after cleavage.

2) H+-0g Reaction. This reaction is wellknown
as the source of the vibrationally excited OH radicals.
Recent work!® has shown that the OH-product vibra-
tional distribution peaks strongly in the highest acces-
sible vibrational level, =9, and that the mean fractions
of the total energy entering the vibration and rotation

in the OH are < f'v>~0.90 and < f'r>=0.03.
H(®S) + O4(X'A,) » OH(?n) + Oy(X33},7)  (4a)
AH = —76.9 kcal/mol

However, OH is distributed in the lower levels, although
it has progressively lower populations. Therefore, it is
possible that singlet oxygen can be formed due to the
exothermicity:
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H(S) + 04(X!A,) —» OH(27) + Oy*(a'A,) (4b)

—> OH(1) + O#(bISLY).  (4c)

There have been no reports on the singlet oxygen
produced in the reaction of H+0O,;. Measurements of
the signals at mass number 32 were attempted by the
method described above. The mass spectra measured in
the H+4 O, reaction system are shown in Fig. 6. As
is shown in Fig. 6, the signals at mass 32 are not changed
in the H4-0;40, and H+O, systems (O3/O, was
passed through the heater). The signals at mass 32
measured under a variety of O4/O, concentrations are
shown in Fig. 7. As is shown in Fig. 7, the signals for
mass 32 did not increase in the presence of ozone. In
this case, 4.6%, of an O4/O, mixture (without He as a
diluent) was added. The concentration of ozone in the
0,/O, mixture and the absolute concentration of

a) H d) 03/02

b) H+03/0;

c)H ‘02

Intensity

Mass Number
Fig. 6. Mass spectra in the H+ O; reaction system.
a): Only H,/He discharge. b): O4;/O, mixture was
added to the H,/He discharge. c): O,;/O, mixture
was passed through the heated quartz tube. Ozone
was converted to O,. d): Discharge was turned off.
Only O,;/O, mixture flowed. Conditions: total
pressure=4.6 Torr, [H]=8.69 mTorr, O;+ O,=>52
mTorr, O;/0,=7.5%,, reaction time=6.1 ms.

03 in 03/02 mixture/ mTorr

|
A 03/0, mixture added

A O3 was converted 02

150

C)

‘\
[02‘(c1'Ag)1/10'3 mTorr

+
/*%
50} é/ _

X 1 ( ! L ! L 1
o 20 40 60 80 0

0;/0, mixture added/mTorr

Fig. 7. Signals at m/e=32 vs. O;/O, mixture added.
/\: Signals when O;/O, mixture was added, A : signals
when O,;/O, mixture was passed through the heated
quartz tube. Conditions: total pressure=4.44 Torr,
[H]=11.95 mTorr, reaction time=6.08 ms.

mass 32 signal counts/5s
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O,*(ald), as calculated from the sensitivity of NO,
are shown in Fig. 7. When O; was converted to O,
through the heater, the increase in the pressure of
the O,/O, mixture was about 29, (0;—3/20,). This
is negligibly small compared with the counting error.
The lack of increase in the signals for O,*(alA,) in the
presence of ozone showed that the O,*(alA,) was
formed only by Reactions 1 and 2. The absolute value
for O,*(alld,) agreed well with that of a previous
work,?) in which the fraction of Reaction 2 was about
0.015 of the total reaction of HO,-++H.

The deactivation of O,*(a'd,) by O, and O, can be
neglected during the contact time of this work, 6.08
ms. The deactivation rate constant of O,*(ald,) by
hydrogen atoms has been reported to be 2.5 X 10-14 cm?®
molecule-1s-1 17, This rate was also slow enough
to neglect under those conditions, [H]=11.95 mTorr.
The deactivation rate of O,*(a!A;) by OH is un-
known. However, the nearly linear increase in the
O,*(a'ld,) signal in the presence of Oz in Fig. 7
shows that the deactivation of O,*(a'A;) by OH does
not affect the O,*(all,) signals.

The rate constant for Reaction 1 previously reported?8)
is 1.57x 10732 cm® molecule-2s—! (M =He). This
means that the second-order rate for Reaction 1 is
2.3 x 10-1% cm® molecule—! s~! under 4.44 Torr of He.
On the other hand, the rate for Reaction 4 is very rapid.
The rate constant for Reaction 4 was reported most
recently?? to be 2.8 X 10~ cm?® molecule— s~ at 300 K.
Therefore, the ozone should be consumed completely
in the reactor under these experimental conditions,
and the concentration of hydrogen atoms to react with
O, might decrease with the addition of O,. This effect
is evident in Fig. 7. As is shown in Fig. 7, since the
increment in the 1x10-3 mTorr of O,*(al4,) should
be detectable in both the presence and absence of O,
it was concluded that the fraction of the formation of
0O,*(alA,), Reaction 4b, in the total reaction of H+ O,
must be less than 0.001.

The reaction of OH with O, produces HO,:

OH + O, — HO, + O,. (5)

The rate constant for Reaction 5 reported most
recently?® is 8.2 x 10~ cm® molecule-1s-1 at 298 K.
Three possible reaction paths have been suggested?)
for the reaction of vibrationally excited OH with Oj:

OH* + O; —HO, + O, (62)
—H + 20, (6b)
—OH + O + O, (6¢)

The reactions of OH* (v=2—9) with O, have been
shown to proceed with rate constants of (2—11) x 10-12
cm?® molecule-1s~1 21, These rates for Reaction 5 and
6 are not fast enough to compete with Reaction 4 under
these experimental conditions ([H]>[O,]).

In the correlation in the reaction of H(2S) +O4(X1A,),
the ground states OH(XZ%r)4-O,(X33},~), can be
correlated through the 2A’-state HO4 complex (in both
Cs planar and Cs bisecting complex) to the H(2S)-+
O4(X'A;).  However the OH(X%z)+O,*(ald,) or
O,*(b'2]g*) can not be correlated to it. This fact
is consistent with the finding of this experiment in which
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the production of singlet oxygen can not be observed
and is a result of the production of highly vibrationally
excited OH radicals.19)

3) NO+H-0g4 Reaction. The reaction of NO+0O,
is well known to emit the so-called “‘air afterglow” by
means of the NO, formed, and this chemiluminescent
reaction has been used by the chemiluminescent NO,
analyzer:

NO(X2m) + Oy(X1A,;) — NO,(X2A,) + O,(X33L7)  (7)
AH = —47.74 kcal/mol.

In this case, the reaction produces visible and infrared
emissions from electronically (2B,, 2A,) and vibrationally
excited ground-state NO,.?? Recent works using sceded
beams?3,24} suggest that the cross-section of this chemi-
luminescent reaction increases very rapidly with an
increase in the collision energy and is influenced by the
electronic fine-structure states of NO (7,5, 73/5). The
enhancement of the reaction rate and chemiluminescence
in this reaction by selective vibrational excitation with
IR lasers has also been investigated.25)

A puzzling feature of the reaction is the failure to
observe excited O,*(alA,) and O,* (b2, *), energetical-
ly accessible and favored by the correlation diagram,
since O,*(all,) lies lower than any other excited
states of NO,. The failure to observe O,*(alA,) has also
been reported by Gauthier and Snelling?%) in the reaction
of Oz with NO, where no al'A, emission was detected,
and places an upper limit of 0.003 on the fraction of
reactive collisions. A re-examination to observe

a) BG. c) O3 d) 02
Me=30 Me=32 me=30 Mg=32
m/e = 30 l J, j,
> MN“MWA,‘“W” P'Jh u 'ﬂ“&' ‘Nuhd u“"’l‘ }ﬂ\di wn{lul
a
g b) d) f)
£ NO mg =31 NO + [03 NO +[02
Ve =31 mg=31
m/=32

Mass Number

Fig. 8. Mass spectra in the NO+-O, reaction system.
a) Background. b) Only NO flowed. c¢) Only O,
O,-He mixture flowed. d) NO4 O3;—O,-He mixture.
e) O;~0O,-He mixture passed through the heated quartz
tube. f) NO+ O;—O,-He mixture passed through the
heated quartz tube. Conditions: total pressure=3.8
Torr, [O;]=18.2 mTorr, [NO]=2.3 mTorr, [O,];=
56.31 mTorr, reaction time=10.05 ms.
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TABLE 2. SI1GNALS AT m/e= 32 IN THE O,+ NO REACTION SYSTEM UNDER THESE CONDITIONS
TOTAL PRESSURES=3.782 Torr, [O,]=18.23 mTorr, [NO]=2.30 mTorr,
[O,];=56.31 mTorr, REACTION TIME=10.05 ms

Mass 32 signal. counts/5 s

Run Condition averaged over 128 measurements
A Background 28.94+ 8.9
B Only O, 31.7+ 9.1
C Only O, (through heater) 30.24 9.8
D Only NO 615.54-27.8
E 0,+NO 561.2421.7 E—B=529.5420.5
F 0,+NO (through heater) 566.24-25.7 F—C=535.9424.3
1) NO

O,*(alA,) was undertaken in the reaction of O34NO
by means of the photoionization mass spectrometer used
in this study.

The mass spectra measured in the NO-Oj reaction
system are shown in Fig. 8. The signals at m/e=32 are
overlapped by the isotope signals of NO. The signals
accumulated at m/e=32 are shown in Table 2. The
difference between the signals in the O,+NO (E—B)
and O,-+NO (F—CQ) reactions is —6.44 counts/5s, which
means that the increment in the signal at m/e=32 can
not be observed in the O;+NO reaction. The rate
constant for Reaction 7 reported most recently?? is
1.80 x 1014 cm?® molecule-1s—1 at 298 K. Therefore,
the O, formed in Reaction 7 can be calculated to be
k,[NO][O4]t=0.250 mTorr under the conditions listed
in Table 2. On the other hand, 30 counts/5s of the
increment of the signal should be detectable under the
conditions listed in Table 2 if O,*(alA,) is produced.
The 30 counts/5s of the O,*(alA,) signal can be
calculated to be 4.8 x10-*mTorr because of the
sensitivity of NO, 2.5x10%counts/s for 1 mTorr.
Therefore, the fraction for the formation of O,*(alA,)
in the total reaction of O3+NO should be less than
0.002.

The deactivation of O,*(a'A;) by NO and NO, have
been reported!® to be very slow, 4.5 x 10-17 and 5.0 x
1018 cm?® molecule—1s~1 respectively. Therefore, the
quenching of O,*(a'A,) by the reacting gases can be
neglected. It has been suggested®) that O,*(ald,)
can be formed in the energy-transfer reaction by
electronically excited NO, with O,.

NOg* + O, —NO, + O,*(alA,). (8)

According to a report by Clough and Thrush,2?® the
formation of electronically excited NO, emitting light
shorter than 875 nm is 6.59, of the total reaction of
NO-+0Oy at 300 K. Jones and Bayes? have determined
the efficiency for Reaction 8, which decreases from 3.5
to 0.59, as the NO, excitation wavelength increases
from 420 to 620 nm. Therefore, if NO,* is quenched
completely only by O,, the amount of O,*(alA,)
formed by Reaction 8 should be less than 0.002 of the
total reaction of NO-+O,. Therefore, it is reasonable
that the O,*(alA,) produced in Reaction 8 could not
be detected in this study. The above finding that less
than 0.002 of the NO-+O; reactive collisions result in
the production of O,*(a'A,) is in good agreement with
the result by Gauthier and Snelling.26)

Redpath, Menzinger, and Carrington®) preferred

(i)

00
0,(x32g")

Fig. 9. GVB model representation in the NO+O,
reaction system.

the bisecting-plane model in the NO--O, reaction,
in which the NO approaches O on the plane bisecting
the Oz-bond angle (Cs symmetry); the formation of
electronically excited NO, rather than the energetically
preferred O,*(alA,) can be explained by this model.
However, the reaction on such a bisecting plane requires
a very high energy, since ozone has the form of Ia) in
Fig. 5.

According to the GVB-model representation, the
NO molecule is shown by I) in Fig. 9. The cases in
which Oj reacts with NO with the lowest energy are
Cases (II) and (III) in Fig. 9. In these cases, NO ap-
proaches the side oxygen atom of O, parallel to the ozone
plane and makes a N-O o-bond perpendicular to the
ozone plane. After thisstage, the NO, complex cleavages
to O, and NO,. Two types of NO, are produced:
NO, with 4n electrons, Case (II), corresponds to
NO,(X?%A,) and NO,*(?B,), and that having 3z elec-
trons, Case (III), corresponds to NO,*(2A,) and
NO,*(?B,). Since it can be expected that molecules
with a lower energy are predominantly produced, the
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NO, formed in Case (II) should be in the ground state
(2A;) while that in Case (III) should be in the 2A,
state. On the other hand, the O, formed is in the
ground state in both cases.

The formation of electronically excited NO,* rather
than the energetically preferred O,*(alld,) can be
explained by the GVB-model representation. However,
the formation of the 2B, and the 2B, states of NO, can
not be explained thus. It might be possible that the
2B, and the 2B, states of NO, are populated by vibronic
interaction?? with the 2A; and the 2A, states of the NO,
produced initially after the O, has departed.

Further exact theoretical calculations are needed in
order to clarify these reactions.

The authors wish to thank Professor Shigeru Nagase
of Yokohama National University for his helpful
discussions.
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