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y(r) =6tf/,-3 - :\exp(- rlro) , (2) 

with :\ = 42.5 a. u. and lira = 1. 645 a. u., at zero fre
quencies. Using that model and the dc atomic polariza
bility, we obtain curve 2 of Fig. 1, which is generally 
a somewhat poorer fit of the data. However, if we use 
a = 1. 40 a. u. instead of the dc value, the approximation 
is improved (curve 3). (No frequency dependence is 
known for :\, roo ) 

We mention that Eq. (2) was derived with electron 
correlation neglected. Correlation corrections of the 
atomic polarizability are known to be of the same order 
as the incremental pair polarizabilities. Hence, corre
lation is likely to affect the anisotropy. 7 Our results 
presented in Fig. 1 suggest that the effect of correlation 
is to decrease the term :\ exp(- rlro). For example, if 
we use a :\ value of 14 a. u. instead of 42. 5 a. u. (and 
a = 1. 40 a. u.; lira = 1. 645 a. u.), the resulting curve 4 
is a near perfect fit of the experimental data. Correc
tions of this magnitude are not likely due to frequency 
alone; correlation appears to be essential. 

It is interesting to look in conclusion at similar re
sults for other gases. Our previous work8 showed that 
the DID model provides an amazingly accurate (± 5%) 
approximation of the true anisotropy of argon, krypton, 
xenon, and methane, just as this was seen above for 
the case of helium. The more sophisticated Hartree
Fock calculation7 for He2 appears to correct the DID 

model in the right direction, but overcorrects it several 
times. New calculations of the pair polarizabilities 
should include correlation and nonzero frequencies. 

While completing our work, a measurement of the 
collision-induced helium spectrum appeared. 9 Much 
higher pressures and a different calibration method 
were used. The experimental results are not in com
plete agreement with our work. 

a)The support of the Robert A. Welch Foundation, and of the 
Joint Services, Electronics Program, is gratefully acknowl
edged. 
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The reaction of hydrogen atoms with ozone: Evidence for 
a second reaction path producing H02 and O(3p)a) 

B. J. Finlayson-Pittsb) and T. E. Kleindienst 

Department of Chemistry. California State University, Fullerton. California 92634 
(Received 21 February 1979) 

The reaction of hydrogen atoms with ozone is impor
tant in chemical dynamics, 1 in the chemistry of the upper 
atmosphere, 2 and as a source of vibrationally excited 
hydroxyl radicals, OH(X 21T,)v'(9' (OHt ).3-5 As part of 
our studies of the kinetics of the reactions of vibration
ally excited OH, it became essential to redetermine the 
rate constant and net reactant stoichiometry (A[Os]/ 
A[HJ) of this reaction. However, not being able to obtain 
a quantitative interpretation of our data using only reac
tion (1) followed by known secondary reactions of the 
product OHt , we were led to consider the possibility of 
a second primary process, Reaction (2): 

r-0Ht+Oz 

H+OsL-H0
2
+O(Sp) . 

(1) 

(2) 

We report here experimental eVidence for (2), obtained 
directly by monitoring the yield of 0(3p) and indirectly 
by measuring ground state OH concentrations produced 
from known concentrations of H and Os. 

Hydrogen atoms were produced in a conventional fast
flow discharge system operated at 299 ± 2 OK and 1. 1 
± O. 1 Torr total pressure with argon as the bath gas. 
Initial concentrations were determined by titration with 
NOz and following either the loss of H or the increase in 
ground state OH. 6 Mixtures of 0 3 in helium, whose 
concentrations were determined by the absorbance at 
253.7 nm, were then added through a movable inlet. 

Both 0(3p) and ground state OH were measured as a 
function of reaction time using the resonance fluores
cence technique at a fixed port at the downstream end 
of the flow tube. The net emission from the atomic 
oxygen lines at 130.2, 130.5, and 130.6 nm was mea
sured perpendicular to the direction of the exciting radia
tion using an evacuated monochromator and a solar 
blind photomultiplier. The resonance fluorescence in
tensity from OH was measured at the same port using 
a 309. 5 ± 2. 8 nm interference filter and cooled photo
multiplier. 8 Calibration of the system to convert the 
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observed intensities to absolute concentrations of O(Sp) 
or OH, respectively, was carried out by adding either 
small measured amounts of NO« 1012 cm-S) to a stream 
of nitrogen atoms (> 5 x 1(y,2 cm-S) to form O(Sp), or by 
adding NOz « 6 x loti cm-S) to hydrogen atoms (:::: 1012 

cm-S) to form OH. Observation times were sufficiently 
long (45 msec) that these reactions were complete. 

Since no loss of O(Sp) at the halocarbon wax coated 
walls was observed in the N + NO system, the initial 
concentration of NO was equal to the concentration of 
O(sp) at the detection port. The concentrations of OH 
produced from the H + NOz reaction were calculated from 
the initial NOz concentrations; corrections were applied 
for the first order wall loss (k .. = 4-12 sec-I) which was 
measured before and after each set of experiments, and 
for a small loss due to the bimolecular reaction of OH 
at the highest NOa concentrations used. 

The ranges of initial hydrogen atom and ozone concen
trations were (1-3)x lotz cm-s and {3-7)x loti cm-s, re
spectively. In all cases hydrogen atoms were kept in 
excess ([H]o:::: 4 [oslo) to deactivate the OH t , a process 
which occurs essentially on every collision. 5,7 

In the first series of experiments O(Sp) was not only 
detected but also found to be a significant product. For 
example, with [H]o = 1. 8 X lotz cm-s and [oslo = 4.2 X 1011 
cm-s, its peak concentration was 1. Ox loti cm-3• Under 
these conditions, where deactivation of OHt is almost 
entirely by atomic hydrogen, there are three possible 
secondary sources of 0(3p) in addition to primary pro
cess (2): (a) reaction of OH with OH (each with or with
out vibrational excitation), (b) reaction of OHt with H, 
and (c) reaction of HOz with H. 

Process (a) can be excluded immediately since the 
observed concentrations of 0{3p) were three times those 
expected under the "worst case" assumption that the 
rate constant8 for the bimolecular reaction of OH in
creases from 1. 7x 10-12 to 4x 10-10 cms molecule-l sec-I 
if at least one of the OH radicals is vlbrationally ex
cited. To test (b), large concentrations of COz (1 x lOiS 
cm-3

) or O2 (8x 1014 cm-S) were added; both of these . 
molecules deactivate OHt p'.9 rapidly with rate constants5,9 

of 6 x 10-12 and 3.5 x 10-12 cm3 molecule-I sec-I, respec
tively. On the basis of current theories of energy trans
fer, it is reasonable to assume that they also deactivate 
the lower vibrational levels (Vi = 1-8) with comparable 
(order-of-magnitude) efficiency. Thus, in these ex
periments OHt should be deactivated primarily by COa 
or 0z, rather than H, and a drop in the O(SP)"concen
tration is expected if it is being produced by the reac
tion of OHt with H; in fact, no change (< 2%) in the 0(3p) 
was observed. This is consistent with the studies of 
Glass et al. 7 in which the removal of OH!'.l,Z by H was 
shown to proceed predominantly by deactivation rather 
than reaction. 

The reaction of H with HOa, possibility (c), has three 
reaction channels: They produce Hz +02 (0.51), 20H 
(0.26), or HzO+O (0.23), respectively, where the 
branching ratioslO are given in parentheses. The low 
fraction of this reaction leading to O(S p) implies that 
this can only be an important source of O(Sp) if there is 

a significant source of HOz. Without Reaction (2), the 
only source of HOz is the reaction of OHt with Os. Since 
vibrationally excited OH is deactivated primarily by H 
and the reaction of ground state OH with O. is slow (k 
= 5. 2 X 10-14 cms molecule-I sec-I), 11 the concentrations of 
HOz so produced would be too small to account for the 
observed 0(3p) concentrations. (This is true even if 
one assumes OHt reacts with 0 3 on every collision to 
produce HOa). 

Since known secondary reactions cannot produce the 
observed concentrations of O(Sp), primary process (2) 
is the logical source of 0(3p) and HOa• To obtain quan
titative estimates of the relative importance of (2), a 
reaction scheme consisting of (1) and (2) followed by 
known secondary reactions of the OHt, HOa, O(Sp), etc., 
was constructed and numerical integration of the differ
ential equations governing the concentration of each 
species was carried out; details of the reaction scheme 
and procedure will be discussed elsewhere. lz The 
branching ratio between (1) and (2) was varied to obtain 
a best fit to the observed O(Sp) concentrations in each 
run. Good fits were obtained for all runs if ~ 20% to 30% 
of the net reaction was assumed to proceed via (2). 

In the second set of experiments concentrations of 
ground state OH were measured; this speCies is pro
duced upon deactivation by hydrogen atoms of the OHt 

formed in (1). Although this is a less sensitive mea
sure of the extent of Reaction (2), and inherently has 
larger errors associated with it, nevertheless the ob
served OH concentrations were significantly lower than 
those predicted if only primary process (1) occurs. 
For example, with [H]o = 3. Ox 1012 cm-1 [Oslo = 6. 9x 1011 
cm-s, and k .. = 12 sec-I, thepeakconcentrationofOHwas 
2. 7 x 1011 cm-3, which is - 70% of that antiCipated if (2) 
does not occur. Addition of high concentrations (1 x lotS 
cm-S) of CO2 did not significantly change the yield of 
ground state OH, indicating again that reaction of OHt 

with H is not a significant loss process for OHt. The 
results of these experiments also indicate that ~ 20%-
30% of the reaction gives HOz + O(Sp). 

In conclUSion, the results of these experiments indi
cate that unless there are as yet unrecognized secondary 
reactions which remove OH and produce 0(3p), an al
ternate path in the reaction of hydrogen atoms with ozone 
to produce HOz and o(3p) accounts for - 20%-30% of the 
net reaction. Experiments are planned to measure the 
HOa yield to confirm these results. The implications 
of this work for the chemistry of the stratosphere and 
mesosphere will be discussed more fully in a future 
publication. la 

aThe authors are grateful to the National Science Foundation 
(Grant No. CHE 76-23577) for support of this work. 

b)Author to whom correspondence should be addressed. 
1See for example, J. C. Polanyi and J. J. Sloan. Int. J. Chern. 
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A spectrum of triatomic hydrogen 
G. Herzberg 

National Research Council of Canada. Ottawa. Canada 
(Received 14 March 1979) 

Two examples of Rydberg spectra of diatomic mole
cules that are unstable in their ground states are known: 
Hez, known since the early days of mOlecular spectros
copy,l and ArH, more recently discovered by Johns. z 
The Rydberg states responsible for these spectra are 
stable, bound states since the core, He;, and ArB', 
respectively, is stable. 

In this Communication I wish to report the observation 
of the Rydberg spectrum of an unstable polyatomic mol
ecule, namely discrete spectra of triatomic hydrogen 
(H3 and D3). 

The spectra under discussion were first observed in 
an ordinary hollow cathode discharge tube through Hz or 
Dz at a pressure of about 1 Torr. It is greatly strength
ened when the cathode is cooled to liquid nitrogen tem
perature but does not occur in the positive column of the 
same discharge (it has then less than fO the intensity 
of that observed in the hollow cathode). The main fea
tures of the new spectrum (in both Hz and Dz) are two 
fairly strong emission bands near 5600 and 7100 A each 
consisting of rather broad (diffuse) lines. The widths of 

17999.0em-' 

R 
2 4 6 J 

Q 

9B. J. Finlayson-Pitts and T. E. Kleindienst (unpublished data). 
lOA. A. Westenberg and N. deHaas, J. Phys. Chem. 76, 1586 

(1972). 

HR. F. Hampson, Jr. and D. Garvin (Eds.), Natl. Bur. Stand. 
(V. S.) Spec. Publ. 513 (1978). 

12B . J. Finlayson-Pitts and T. E. Kleindienst (manuscript in 
preparation) . 

the lines are considerably reduced when going from Hz 
to Da. This behavior is very similar to that observed 
for ArH and also to that observed for many absorption 
spectra of diatomic and polyatomic hydride molecules. 

The band observed for Dz near 5600 'A is shown in 
Fig. 1. It has a well resolved P and R branch and a 
partly resolved Q branch. The first idea about the na
ture of the spectrum was that it represents a new transi
tion of Hz or Dz with a predissociating lower state. 
There is indeed a strong predissociation observed in Hz 
in this same region. 3 However when the B values for 
the upper and lower state were determined (a very sim
ple and unambiguous matter since the band is so simple) 
the values B'" 22. 43, B" =: 23. 09 cm-1 were found. All 
observed excited states of Da have B values of less than 
16 cm-1 in accordance with the fact that most of them 
are Rydberg states whose B values are expected to be 
similar to that of the Da ion for which Bo is 14.74 cm-1• 

Doubly excited non-Rydberg states have much smaller 
B values. There is no possibility that any predicted 
(and not yet observed) states could have B values larger 

1 7678.5em- 1 

p 

FIG.' 1. 5600 A band of n,. Two spectra of different exposure time of a hollow cathode discharge in ~ at Uquid nitrogen tem
perature are shown. The many sharp lines are due to D2. 

J. Chern. Phys. 70(10), 15 May 1979 0021·9606/79/104806-02$01.00 © 1979 American Insti~ute of Physics 
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