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SUMMARY

The UV flash photolysis of 10 5/180, mixtures has shown that vibrationally-
excited molecular oxygen in its electronic ground-state {O,¥) is produced in quan-
tum levels v~ = 13 and 14 during the reaction of O(*D)) atoms with ©,. Flash
phaotolysis of 1*0,/1%0, mixtures in which the O;:0, pressure ratio was varied
showed that the efficiency (ay) of O, production in the above levels during this
reaction lies in the range 0.3 < oy < 0.5. The latter experiments also indicated
that the efficiency (3) of O, formation in the above levels during the reaction of
O(1D) with O, lies in the range 0.06 < ¢ < 0.1.

INTRODUCTION

The transfer of electronic energy from an atom ito a molecule may proceed
by ecither a physical or chemical route. The essential difference between these two
types is that chemical deactivation of the electronically excited atom involves
crossing or near-crossing of the potential-energy surfaces of reactants and products
resulting in the formation of a transition-state in which the individual species lose
their chemical identity, whereas physical deactivation does not. The two processes
can usually be distinguished experimentally by the fact that chemical quenching is
frequently (but not always) accompanied by a change of chemical identity between
reactants and products, whereas physical quenching never involves this. The mode
ol energy Lransfer involved in a physical deactivation process is predictable if one
knows the energy available and considers certain selection rules governing the
spectroscopic states of the products. The mode of energy transfer in chemical
deactivation processes will now be considered in detail.

We are principally concerned with exothermic reaction of the types (Idand (II):
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A4+ BC - AB + C m
and

A + BCD — AB |- CD (1)

There is now available a large amount of experimental evidence which
suggests that in reactions of these types, most of the exothermicity appears as
vibrational excitation of the newly forined bond AB,

This behaviour was predicted theoretically by Polanyi! and Smith?, the
former using a valence-bond treatment of the transition-state, and the latter
employing a kinematic approach to the problem. Some experimentally studied
reactions conforming to (I) and (II) are listed in Table I. (Only examples typical of
certain reaction types are included, and one representative reference only is given
for each reaction.) In all these reactions, the vibrational excitation observed is
distributed among several levels {(vo1), occasionally extending up to the maximum
possible level (vmax) e.g. in the O -}- NO, reaction. The original postulate of Polanyi
was that, in every reactive collision, all the exothermicity goes into vibrational
excitation of the nascent bond, 7.e. vrmax is formed in every case, and that the detec-
tion of vobs < vmax is due to relaxation of molecules from the vmax states before
they can be experimentally detected. In reactions involving an activation energy,
this amount £, would presumably have to be added on to the exothermicity AH
in order to obtain the total amount of energy available. However, most evidence
presently available is consistent with the contention of Basco & Norrish!3, viz.
that all possible vibrational levels are formed in the reaction itself, the degree of
vibrational excitation depending on the direction of approach of the atom relative
to the configuration of the molecule on collision. Nevertheless, Basco and Norrish
agree that a high degree of vibrational excitation is probable in these reactions,

In most experimentally investigated reaction of types {I) and (II), the exo-
thermicity arises from the difference in bond energies of the reactant and product
molecules, the reaciing atom A being in its electronic ground-state. Relatively few
cases in which A is electronically excited have been studied, examples being the
reactions of O(D) atoms with Og®* and H,O®% in which electronic excitation of
the atom contributes to the enthalpy of reaction as well as the bond-energy
difference. It is ailso of fundamenial interest to consider processes of type (III) in
which the reactants and products are chemically identical. In such reactions, the
entire exothermicity arises from the electronic energy of the atom, there being no
contribution from bond-energy differences. Since no observable chemical change
is occurring in these reactions, they are indistinguishable in practice from physical
deactivation processes, except by isotopic experiments. Such reactions can be
written in the form:

Ar* 4 AgAg = (A1AD” + Ay (I1y

The experimental investigation of exothermic exchange reactions involving
no change in chemical identity has been limited to two systems.
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(i) Deaciivation of I(*P, ) aroms by molecular I,

The quenching of I(*P,,) atoms by halogen or interhalogen molecules is
primarily a chemically reactive process rather than physical deactivation®, and
deactivation by I, therefore conforms to process (11I). In the flash-photolysis of
I, vapour?, I,# with excitation up to »* = 2 has been observed, with possible
formation of higher vibrational levels since an abnormally high population of the
v = ] level was formed, probably due to relaxation of higher gquantum levels.
In addition, plate saturation by the (0,0) progression and the close separation of
the vibrational bands of this heavy diatomic molecule would obscure the observa-
tion of higher v’ levels.

(i) Deactivation of QD) atoms by molecular O,

This process has been the subject of many investigations. Molecular O, has
two low-lying excited states viz. O,(*Ay) and Oy(*Z+,) with excitation energies of
0.998 and 1.648 eV respectively above the electronic ground state Gu(*Xs7). Since
the excitation energy of O('D) is 1.964 eV, O,(*Zy1), Ox('Ap) and O, Z; ), >,
are all energetically possible products of the deactivation. Whether this process
were one of physical or chemical quenching, application of the spin-conservation
rule would predict that the molecular product could be either singlet or triplet.
However, the former has been favoured by most workers in this field of study!4-17,
and the latter generally neglected. It has been assumed in some cases that
O3(3Z¢ ), ., production would appear to be improbable from spin considerations
but this is not so, as will be shown later by means of the correlation diagram for the
process. In any case if the transition-state has appreciable spin-orbit interaction,
as in the highly efficient, spin-forbidden deactivation of O(DD} by N,, viclation of
spin conservation is not necessarily too restrictive. In the latter case it is thought
to proceed vig a vibrationally excited complex, N,O#, which undergoes predisso-
ciation to N, 4+ O(P) rather than dissociation to N, + OCD)*. If the deactivation
of O3} by O, were chemical rather than physical in nature, the reaction would
then conform to a process of type (ITT) which would be expected to lead to a high
degree of vibrational excitation in the newly formed bond. One would then
expect O3y}, .-, (hereafter referred to as O;*) to be an important product
of the chemical reaction between O(1D) and O,.

With these considerations in mind, it was decided to investigate the physical
or chemical nature of the O(D)/0, interaction by studying the quenching of
10O D) by '®0, and observing whether the principal molecular product was
80180 or 18Q,. Since O('D) can be conveniently generated by the ultra-violet {UV)
photolysis of O, this was carried out by investigating the photolysis of 180,/180,
mixtures. Flash-photolysis of O,/O, mixtures is known to produce Q,# from the
reaction of O with Og, or O(D) with O,, or both. Using 120, in these mixtures,
one can distinguish between these two possible sources of O,#, since any O,#
produced by the reaction of QD) with O, would contain 180 and its absorption
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spectrum altered?. One can thus determine whether or not O, is produced in the
collisional deactivation of O(D) by O,. The efficiency of this process can be
estimated by measuring the increase in intensity of O, absorption with increasing
amounts of added %0, in the flash-photolysis of %0, /%0, mixtures.

EXPERIMENTAL

A typical flash-photolysis and UV absorption spectroscopy apparatus was
used. A 9 mm o.d. Spectrosil quartz flash-tube and 20 mm o.d. reaction-cell were
positioned aiong the foci of a 50 cm long cllipsoidal reflector cavity, to obtain
maximum light-gathering efficiency. The triggering-circuit for the photolytic fiash-
tube included an lgnitron high-voltage switch (BK472) to hold off the voltage
across the tube. This tube delivered a 1120 J photolytic flash which in turn triggered
a 162 J flash from a Lyman-type spectroscopic flash-tube at a delay of 20 usec
Light from the speciroscopic flash-tube was focused through the reaction vessel
with a quartz lens on to the slit of a Lititow spectrograph (Hilger E742) using a
wavelength range of 280-500 nm. The spectra were recorded on Iiford Selochrome
or Zenith plates, which were developed after exposure with Ilford Contrast FF
developer and fixed with Iford Hypam fixer.

1903,/1%0,/He and 1%0,/¥0,/He mixtures were flash-photolyzed and spectro-
scopically monitored using the above apparatus. Constant Q,,1*0,and He pressures
of 20, 15 and 215 Torr respectively were employed, and the 180, pressure was
varied from 0 to 20 Torr. The products of the #0180, /He mixtures were determin-
ed using an AEI MS9202 mass spectrometer. The intensities of the Schumann—
Runge system observed in the photolysis of the 1%0,/1%0,/He mixtures were measur-
ed using a modified Hilger microphotometer (H, 481)9,

MATERIALS

O, and He (99.6 and 99.995%, purity respectively) were used directly from
BDH lecture-bottles, and 80, (94.11%] enriched) was obtained from a glass
ampoule (Miles Laboratoires Inc., Indiana). O, was prepared by passing a stream
of carefunlly dried O, through four Siemens ozonizers joined in series and adsorbing
the O, on to silica-gel (Hopkin and Williams, 622 mesh B.S.8.) cooled to —80°C.
95-100°%;, pure O, was obtained in this manner. Unused O, was destroyed before
it reached the gas pumping system by passing over a “comox’ catalyst (cobalt
molybdate supported on alumina, Laporte chemicals), thus preventing deterio-
ration of mercury in the diffusion pump, the oil in the rotary pump, and condensa-
tion of liquid ozone in the refrigerant traps. The latter possibility could lead to a
dangerous situation, since liquid ozone is prone to explosive decomposition.

J. Photochem., ! (1972/73)



246 D, W. MCCULLOUGH, W. D. MCGRATH
RESULTS AND DISCUSSION

Mass spectrometry of the photolysis products of Y80 3/%0,/He mixtures

Table II shows the mean relative intensities of the mass peaks obtained in
analysis of the products. It can be seen from these results that 859 of the 20, is
converted to 180180, which suggests that chemical reaction plays a major role in the
total quenching of O(2D) by ;. Since the exchange reaction of O(P) with O, has
been shown to be reasonably fast?? (rate constant = 1.0 x 102 cm?* molecule-!
sec—) one may also expect it o produce some of the observed *%0'*0. However, it
is probable that the reaction of **Q(*D) with "0, forms the bulk of this product,
since it is appreciably faster'® (rate constant = 6 x 10-1' cm?® molecule—! sec—1)
than the corresponding reaction of O(P) and, furthermore, O(*D) is present in
much greater quantities than O(®P) in the early stages of the flash-photolysis pro-
cess. It would therefore appear that the quenching of O(*D)) by O, is primarily a
chemical rather than a physical interaction.

Flash photolysis of 1%03/%0,/He mixtures

Spectroscopic observation of O,z produced during this process revealed
the presence of the (O, 13, and (O, 14) bands of the *¥0Q*0Q (2%, —« *Z;7) transition
(band heads at 317.6 and 330.4 nm respectively) in addition to the (O, 12) (O, 13),
(O, 14) and (0,15} bands of %0, Xy~ « *Zy~) normally observed during
flash photolysis of O, under these conditions. This is shown in Fig. 1. Strong
absorption by residual O, prevents observation of the bands of 030" due to
v”<C13, since isotopic substitution shifts these to lower wavelengths. Because
(%0 *Q)# can only be formed by reaction of ¥QO('D) with 80,, this result shows
conclusively that Oy is a product of the collisional deactivation of O(*D) by O,.

Flash photolysis of 30 3/*°0,/ He mixrures

The spectra of the absoption bands of O, for mixtures in which the O,/O,
pressure ratic (A )} was varied are shown in Fig. 2. The intensities of the (O, 13),
(O, 14) and O, 15) bands were measured using the microdensitometry technique

TABLE 11

Mass number Relative peak intensity
16 3.5

18 2.3

28 31

30 7.7

32 100

4 63

36 11
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Fig. 1. 90, produced in the flash photolysis of 0, with added *Q..
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Fig. 2. O produced in the flash photolysis of ozone with varied amounts of added oxygen.

previously described'®, and the results are shown in Fig. 3 as plots of [Og=]/[O.*]
versus M, where [0,#] is the value of [0,#] for which M — O. Reliable intensity
measurements of bands due to v”" <12 could not be cobtained, since they are ob-
scured by the strong absorption of undecomposed Q. These results could be used
to determine the efficiency of O,# formation in the quenching of O('D) by O,,
using the following kinetic analysis of O,* production which is considered within
the framework of the reactions listed below.

Oy 1 v O.(*Ag) + OUD) (1)
20(*P) + O, 2

00D) + O, T ) (2a)

TN 0+ O, (2b)

. Ou('%,") + OCP 3a)

O(lD)—l—Og/ (1Zg%) + OCP) (3a

TS 0,4 + OCP) (3b)

J. Phorochem., 2 (1972/73)
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Fig. 3. Plot of [Q;#1/[0.7]" vs. M.

With regard to this reaction scheme the following points should be noted.

(i) Reactions (1) to (3) are assumed to be the only ones influencing the rate
of O,# formation. This is not affected by the other processes known to be occurring
in the system, viz. the reactions of Oz with O,(1Z;*) and Ox(*A,) and also the
various reactions of O(®P), since previous work!? has shown that the O, observed
at short delay times in the absence of added Q, originates from the reaction of
O(D), and not O(P), with Q,. The reaction of O(P) with Oy is too slow (rate
constant = 3.9 x 107'%* em® molecule—! sec—1)2! to appreciably affect the concen-
tration of O,* at such short delays.

(ii) It is known that rapid vibrational energy transfer occurs from very high
quantum levels of O,# (theoretically up to»” = 35, as produced in reaction 2b) to
Q,. giving rise to a shift in the O, absorption spectrum due to O, formation via
process {(4)%2,

Oy7 + Oy - 0% - Oy 4

The O,# molecules involved here are unlikely to lose all their vibrational
energy to O, however, hence they remain essentially vibrationally excited, but in
lower quantum levels. Therefore one would not expect reaction {(4) to affect [O,#]
for the »” levels (13, 14, 15) being considered in thesc experiments. Relaxation
from these lower levels is relatively slow and unlikely to be significant in the short
time-scale being considered.

J. Phorochem., T (1972f73)
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(iii) The nature of the excited product of the highly exothermic reaction (2)
has been the cause of some controversy im the past, but the weight of recent
evidence favours Oy,# as its most likely identity. The energy available in this reac-
tion (3.8 V) is sufficient to excite the O,# up to the dissociation limit, and Baia-
monte ef ai.® have recently shown that most of the Oy* molecules thus formed
indeed dissociate to yield two O(*P) atoms. According to Bair ef al., reactions (2a)
and (2b) are the only processes occurring here and ksy = 10 kan.

Consider now the rate of O,* production in the flash photolysis of O4 both
with and without added O, In the absence of O, one may neglect reaction (3),
since the amount of O, formed in the flash is very small under the present experi-
mental conditions. If F is the rate of formation of O{'D) in the primary process,
then, in the absence of added O,:

?&;D)l = F k,[O('D)] [O,)

Since the reactions of Q') in this system are very fast, one may assume
that its rate of removal equals its rate of formation, hence:

[OCD)} = o
k2 [Os]
The rate of production of O,# in the absence of added O, is:
d[O.#]
_Ef:‘_f — ¥ k:[O('D)] [Os] == »F

where ¥ is the efficiency of O,# formation in the range of v levels under discossion
in the reaction of O('D) with Oy, i.e. ¥ = kaa/(kea + k2b). The value of [0.#]
observed at a time ¢ after the flash is then given by:

[0.4) =y | Fdt &)

In the presence of added molecular oxygen, reaction (2) is now significant
hence:

‘E’c%?)_] — F—k,JO('D)] [03] —k5[OCD)} [Os]

and again assuming steady-state conditions for O(*D) we have:

F
(O = 16,1 + 04l

The rate of production of O,# is now:
dJjo,*]
Sy = 7kelOCD)] [O5] + Kk [OCD)] [04]

J. Photochkem,, I (1972/73)
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__ FkalOa] + kanlO:])
k2[Os] + £3[0:]
If M = [03])/[Oy] we have:

1’4 o M H
[Op#] — Ve ob j Fds
a

ks + kg M 2)

assuming negligible variation in [O4] and [Og] in the short time being considered.
From eqns. (1) and (2) one may then deduce the final relationship {3):
[0:4] _ yks | koo M

[0.7]  vkot vhky M

(3)
Calling the [O,=]1/[0:*] ratio R, then, for any given value of y, there exists

a family of R versus M curves for all possible values of kgp. These families of

curves were constructed from eqn. (3), the feasible ranges of » and ksp being taken
10r

0.05 01

015 02

Fig. 4. Plot of ay vs.y.
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from existing experimental evidence. Baiamonte et @l2® deduced a maximum
possible value of 0.1 for y, and the values obtained for the efficiency (ue) of Ox(* Z5)
formation in reaction (3)}*-17 predict a maximum possible kap value of 2 < 1011
cm® molecule—? sec— for a given vibrational level. The minimum possible values
of ksn and ¢ were both taken as zero. The values of k,* and k4'® used in these
calculations were taken as 2.5 x 1071® and 6 x 10! cm® molecule—! sec!
respectively. The families of R versus M curves were then compared with the
experimental plots given in Fig. 3.

It was found that good agreement existed between the shapes of the com-
puted and experimental curves, which substantiates the proposed mechanism for
O,* production in the system and justifies the assumptions made in developing the
kinetic analysis. For each value of ¥ used, it was then possible to obtain a best-
fitting value of ks (v for each vibrational level being considered (13, 14 and 15),
and hence a net value of kap (= Zwkan (v )) for these levels. Finally, a value for the
efficiency () of Oy= production in these levels during reaction (3) was obtained,
where @y = kan/ky A plot of a./y was then constrocted, as shown in Fig. 4.

Taking the upper limit of 0.1 for %, one can see from Fig. 4 that this cor-
responds to an upper limit of 0.5 for a,, for the vibrational levels in question. An
earlier and somewhat less rigorous analysis of these results'® predicted a lower
limit of 0.3 for ay, which is in good agreement with estimates of «,14-17:28, Taking
this lower limit of ay, a minimum value of 0.06 is obtained for v from Fig. 4.

Returning now to the question of how the chemical quenching of O('D) by
molecular oxygen takes place, reference to Fig. 5 shows that it can in fact proceed

40,000 r \ \
~ . AN N
o ('8) A ~ \\
30,000 | v K o(0) + o,('=y)
k‘ A
o(p) +o,('ay)
T 20,000 b
» olo) + 0,0=3)
E (crm™ al®p) « D,('z:")
10,000 | ofry+o,('ay)
o0} o(r) +0,(*=7)
-10,000 o)

Fig. 5. Correlation diagram for the quenching of O(D) atoms by maolecular oxygen. The most
probable reaction surfaces for the processes via O, intermediate complexes are indicated by
heavy lines, Cs symmetry being assumed for the O, intermediate.
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via the excited Oy complex (Og)* ?B; in a continuous fashion along 3A’ surfaces.
This correlation diagram has been prepared assuming the reaction proceeds via
a complex in which Cy symmetry is involved, which would seem to be extremely
plausible. {The heavy lines inidicate the preferred reaction paths.) From this dia-
gram it can be seen that C,=(3X,7) or O,*('X,1) are equally likely products and
from this point of view the values for the rates of production of these species from
O('D} + O(*E,7) should be of comparable orders of magnitude, which in fact we
have found to be so.

CONCLUSIONS

The mass spectrometric results indicate that the deactivation of O('D) by
), is primarily an exchange reaction of type (I11) rather than a physical quenching
process. The results obtained using %0 provide conclusive evidence for the forma-
tion of O,# in the deactivation process. Appreciable vibrational energy transfer
is to be expected here since the exchange reaction conforms to the general type:

A BC = AB + C (L)

which is normally accompanied by a high degree of vibrational excitation of the
nascent bond AB.

The following results were obtained from measurements of the enhancement
of O,# formation in the flash photolysis of 180, with added %Q,:

(i} The efficiency, ay, of Oy* production in the 13, 14 and 15 vibrational
levels during the reaction of O(*D) with O, was found to lie in the range 0.3 < @,
< 0.5, the lower limit having been obtained from a survey of previous work on the
Q(D)/O, reaction. This range fits well with the most recent?® estimate of ae (0.5 to
0.6).

(ii} The efficiency (y) of O,# production in the above levels during the
O(D)/0, reaction was found to lie in the tange 0.06 < » < 0.1, the upper limit
having been taken from the work of Baiamonte er al 2,

Bands arising from quantum levels »’”’ 2> 15 were not observed for (1¢01¥(Q)=
in the experiments involving 0, and kan (15) was found to be close to zero in the
enhancement experiments, hence higher vibrational levels are not formed to any
appreciable extent in the O(D)/O, reaction. However, the excitation energy of
O('D) (1.97 eV) is only sufficient to produce O,= up to o’ — 10 on quenching by
0)y. The additional cnergy required to excite v = 14 appears to be translational
energy of the O('D) atoms produced in the primary photolytic process®.
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