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This overview summarizes the experimental and theoretical results
obtained till 1992 on the UV dissociation and recombination of the ozone

molecules.

It provides information on the quantum yields of different

dissociation channels and energy states of the fragments as well as on the role
of the dissociation-recombination process in the anomalous enrichment of Os
with heavy isotopes observed in recent 10-15 years under both laboratory and

atmospheric conditions.

The Oz molecule is an important subject for
scientific studies due to its role in the atmosphere
and its peculiar properties. In recent decades, much
attention is being paid to studying the ozone, and
interesting results have been obtained that open new
directions for studies. That is why it is so urgent to
compile the available information about the ozone
properties. We have already overviewed, in Refs. 1-3,
the results obtained till 1992 on O3 electronic
structure and absorption spectra from the near IR
(ground state dissociation energy) to the far UV (O3
ionization potentials). But we have not yet touched
the problems on O3 disintegration in the UV, the
spectral range of a particular interest. During recent
10-15 years it emerges that the reserve reaction of O3
recombination possesses a number of specific
properties that are not still completely understood
although they are characteristic not only of Oz
molecule. Below we present an overview of the
literature published till 1992 concerning of the
recombination-dissociation processes in gaseous ozone.

1. OZONE PHOTODISSOCIATION IN THE UV

The ozone disintegration energy is 1.05 eV
(A = 1181 nm), therefore, having absorbed the near IR
radiation and shorter the O3 molecule predissociates or
dissociates into O + O, in different states depending on
L. In the range beyond the first two ionization
potentials (IPs) (A < 100 nm) it dissociates into more
complex products, including ions of O, O,, and Os.
Below 310 nm ("4 eV) O; has no allowed channels for
disintegration into electronic-excited products, and
they have not been observed in experiments. In the
visible Chappuis band (620—540 nm), Oj fragments
with a unit quantum yield are produced in the ground
states, although with nonequilibrium rotation-vibration
distribution. This problem was reviewed in Ref. 2.

Starting from the Hartley band (A < 310 nm), the
main atmospheric absorption band, O3 fragments are
partially produced in excited electronic states. The UV
absorption spectra of Oz are described in detail in
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Ref. 3. Below we present the data on the quantum
yields of different photodissociation channels and
translation-rotation-vibration distribution of products.

1.1. Quantum yields of O3 photodissociation
products in the UV

The study of quantum yields of photodissociation
channels and energy states of products is of interest
from both practical and theoretical standpoints. In this
respect the particular attention is paid to the Hartley
band (310—220 nm) due to the importance of the
process (O3 here is the main natural source of excited
atoms O('D) and the availability of suitable sources of
radiation (lasers) as well as because the O3 molecule is
relatively simple that permits the development of
theoretical models, including ab initio ones.

Owing to the crossing of upper potential surface
1'B, of the Hartley band and repulsive surface R (see
Fig. 3 in Ref. 3), O3 disintegrates in this band through
two allowed channels: excited O* + O3 (with quantum
yield ¢*) and unexcited O + O, (¢ = 1 — ¢*) with the
boundary at an interface between the Hartley and
Huggins bands at A = 308—310 nm (for brevity
hereinafter we use the following designations for the
electronic states of O and Oy O = OCP), O* = O('D),
0**=0('S), 0,=0(X’3%), 035 =04a'ay,
0%* = Ox(b 's,); the quantum yields of the channels
or individual products, ¢[...], except for the
aforementioned, are given in brackets). In the longer
wave range, separate formation of O* and O3 is
energetically allowed (see Table T in Ref. 1). However,
these channels are spin-forbidden, and they are not
reliably observed in the experiments. No strict
calculations for ¢* are still available in literature,
because in order to do this one must solve the dynamic
problem with regard to the interaction of all crossing
surfaces. The experimental data on ¢*, from visible to
far UV (the Chappuis, Huggins, Hartley bands and up
to the first IPs), as well as few data on the quantum
yields of other channels are presented in Fig. 1 and
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Table I (some data, in particular, for boundary
% = 313 nm, not included into the tables and plots, can
be found in Refs. 9, 10, and 17). Shown in Fig. 1« and
Table Ia are the data of relative measurements of ¢*,
whereas Fig. 16 and Table Ib present the data of
absolute measurements.

As seen, in the Hartley band at & < 300 nm, ¢*
smoothly depends on A (it is practically constant
about 0.8—0.9; in Ref. 38 the value 0.92 has been
recommended), then sharply decreases at the band
edge near 310 nm threshold, and at A > 320 nm, in
the Huggins bands, it is equal or very close to zero.
How steep is the fall-off of ¢* and its position
depend on the temperature'® what is indicative of the
role of rotation-vibration degrees of freedom in the
dissociation dynamics. The data on possible smooth
“tail” of @*(1) at A > 315 nm, extending to 325 nm,
are quite contradictory. It has been observed in the
experiments reported in Refs. 15, 23, and 32 and has
not been observed in the experiments reported in
Refs. 10 and 13. The calculations,®* generally
speaking, confirm the presence of the tail, which is
temperature-dependent and connected with the
vibrations in O3 content that are essential in the
upper atmosphere ~100 km, where O3 excitation
exceeds the equilibrium level. In Ref. 34, devoted to
CARS spectroscopy of O3 at O3z UV photolysis, the
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([O35]1=0.89 £0.03 at A =230—311 nm). This
disagreement with other data has been explained by
the contribution from forbidden channels, the
presence of which, however, has not been studied.
Also obtained and justified in Ref. 34 is the isotopic
dependence of ¢*.

For calculations of ¢* in the Hartley band
[295—320 nm, 230—320 K (Ref. 10), 305—322 nm,
235 and 298 K and 313 nm, 200—320 K (Ref. 38)]
simple threshold models with linear step were used
that describe dissociation through the excited
channel involving rotational-vibrational!® (the step
at  the interval AE =600cm™') and only
rotational'® (AE =800 cm™') degrees of freedom.
These models only roughly approximate the ¢* fall-
off. The rest discrepancy with the experimental
data (the temperature dependence of ¢* and ¢* < 1
at 1 <300 nm) is indicative of the role of
interaction among the electronic, vibrational, and
rotational motions. The threshold level itself also
depends on the method used for ¢* calculation.!® A
many fold increase of ¢* has been observed in 259—
315 nm region®’ under the excitation of the ozone
vy 3 modes with a CO, laser. However, in this case
the measured parameter is the product of the cross
section and ¢*, and therefore it is impossible to
separate ¢* and its connection with the O3

fall-off of ¢* has not been observed up to 311 nm vibration.
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FIG. 1. Experimental and theoretical data on quantum yield ¢*[O('D) + Ox('A))] in O3 photodissociation in the
Hartley band. Relative measurements (a): 87.5 K, 1966, Ref. 4 (normalized to 1 at A <300 nm) (A); 235 K,
1973/74, Ref. 5 (normalized to the average at ). = 270—300 nm) (o ); 298 K, 1977, Ref. 13 (normalized to 1
at % =304 nm) (e); 230 K (—); 263 K (——); 298 K (—-—-); 320 K (—-— —), 1977, Ref. 12 (normalized
to the average at ) < 300 nm); 296 K, 1978, Ref. 14 (normalized to the average at i < 300 nm) (m); 298 K,
1980, Ref. 15 (novmalized to 1 at » =300 nm) (v). Absolute measurements (b) (the energy threshold,
according the calculations® equal to 304 nm is shown by arrow): 296 K, 1970/71, Ref. 16 (A); 293 K, 1975,
Ref. 17 ( ); 300 K, 1978, Ref. 19 (a); 1979, Ref. 20 (x); 1980, Ref. 25 (*); 1980, Ref. 22 (———); 298 K,
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TABLE Ia.

Experimental method

Year, Measurement technique, Product Radiation source; A, nm Ak, nm T, K Quantum yields of other
reference notes being products o[ M]
measured
1966 Control over pressure and Oj; by mercury lamp; natural 87.5
Rof. 4 [absorption; 253.7 and 313.3 line-width | (liquid Ar)
calculation by photochemical model,
tables and plots vs. pressure are given
1970/71 |Emission O} — O, 5 253.7 9[O0%*]1<0.05
Refs. 5-6 |[Emission O%* — O, o%*
o[O%*]
1971 |Emission O%* - O, oy* 240—265 2 _0.05
o[O¥] ©
Ref. 7 |Emission O* — O, o*
1973/74 [Measurement of quantum yield in o* mercury lamp 275—334 1.6 235
Ref. 8 [reaction chain, given is only plot
1975,/78 |Measurement of NO; O* xenon lamp: 295—-320 3.5 230; 263;
Refs. 9- chemiluminiscence in reaction chain; 298; 320
3 given in Ref. 11 is the fitting formula
o*(\, T)
1977 Measurement of NO; oO* pulsed dye—laser Chromatix 0.15 298
Ref. 12 | hemiluminiscence in reaction chain CMX-4 with frequency
doubling: 293—316.5
1977  |Measurement of NO3 o* pulsed Rhodamine 6G dye-laser, 0.1 298
Ref. 13 | hemiluminiscence in reaction chain frequency ~ doubled in  KDP;
295—320
1978 Measurement of NOZ< O* pulsed dyeflaser with doubling 0.8 296 O’g* was not observed
Ref. 14 |chemiluminiscence in reaction chain; it in Rhodamine B; 250—300
is shown that ¢* = const + 7%
1980  |Measurement of NO} oO* pulsed dye-laser  Chromatix 0.15 298
Ref. 15 | hemiluminiscence in reaction chain CMX-4 with doubling:
297.5—325




TABLE Ib.

Experimental method

Quantum yield ¢* of

Quantum yields of

Year, Measurement technique Product Radiation source A (AL), nm T, K channel O* + O%‘ other products ¢[ M]
reference being
measured
1970/71 |Control over pressure and Oy 0% |mercury lamp with filters 248;/254; }Qgiog in He and Ar; (p[O;, 03*
Ref. 16 |by absorption; 289,/292; 296 ) =1.020.
c:?iculatimll) by photochemical model; 297,303 0.7£0.2 in N, 1= 1.0:04
Emission O5 - O, o* 313 296 0.1+0.01 o[O%*1<0.1
334 296 <0.02
1975 |Control over pressure and Og a lamp with a chemical 293 0.29+0.04
by absorption; filter
Ref. 17 |measurement of quantum yield| O* 313 (<1) 258 0.22+0.04
of N, in reaction chain 221 0.11+0.04
1978 |Resonance absorption of O at (0] KrF-laser 248 0.99+0.01
Ref. 18 |» = 130.2; 130.5 and 130.6 nm
1978 |Measurement of|O* and Oldye-laser Chromatix 270—300 300 0.9 (274 nm)
Ref. 19 |chemiionization of SmO; pass- CMX-4 with and without <1 (276—300 nm)
time recording of
kinetic energy frequency doubling 600 300 0
1979  |Mass-spectroscopic recording of| '0* |mercury lamp with filters 230—280 1.00+0.05 for 5403
Ref. 20 |"*O"0O of Cl, and NiSO,—Co0SO,
1980 [Resonance absorption of O at (@] KrF-laser 248 0.85+0.02
Ref. 21 |» = 130.2; 130.5 and 130.6 nm
1980 |Resonance absorption of 144.2; O3 and Ola lamp 240—257 1.06+£0.31; 0.82+0.55
Ref. 22 |148.6 and 126.3 nm; resonance
fluorescence of O at ~ 130 nm;
calculation by photochemical model
1980 [Resonance absorption of O at (@] 4th harmonic of a 266 0.88+0.02
Ref. 23 |~ 130 nm; Nd*": YAG laser
1980 [Mass-spectroscopic recording of|]  O* 2nd harmonic of a dye- -
Ref. 24 |NO, in reaction chain laser 314.5 (7 0.18) 300 0.15£0.07
1980 |Pass-time recording of kinetic o, 4th harmonic of a
Ref. 25 |energy Nd*: YAG laser 266 ~0.9
1980  [Emission XeO*-»XeO; control| O** [synchrotron radiation{170—240 step 2.5 o[O™*] < 0.001
Ref. 26 |over 03 by absorption; from Standford SPEAR
calculation by photochemical
model
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TABLE Ib. (continued).

Experimental method

Quantum yield ¢* of

Quantum yields of

Year, Measurement technique Product Radiation source A (AL), nm T, K channel O* + O; other products ¢[ M]
reference being
measured
1982
Ref. 27 KrF-laser 248 298 0.907+0.028
1982 270 0.92+0.03
Ref. 28 290 0.95+0.02
1983 |[Calculation by photochemical Mercury lamp with 253.7 (10) 298 0.92+0.04;
Ref. 29 |model a monochromator
1983 |CARS spectroscopy of O, o, 2nd harmonic of 532 (~0.006) 300 <0.02—0.03
Ref. 30 |CARS spectroscopy of O3 5 |INd®":YAG laser 578+2 (~0.03) 300 <0.02—0.03
1983  |Resonance fluorescence of O O KrF-laser 248 0.94+0.01
Ref. 31 |at ~ 130 nm XeCl-laser 308 0.79+0.02
1987 |Literature data 210—325.5 230 given is table
Ref. 32 298 given is table
1987 |Literature data <310 0.85+0.09
Ref. 33
1987 |CARS spectroscopy of 320; O; 2nd  harmonic of dye|17 lines in the table is given for 8 lines (p[O+O§‘] =0
Ref. 34 and 160180 laser and mixture offrange 230—311| ~ 300 |[(see Fig. 1); on the average O** was not
frequencies of Nd3+:YAG[(0.001—0.002) 0.89+0.03; at 266 nm 2
and dye lasers V. B measured
0*[340%]= 3 0*[P03%]=0.64
1987  |CARS spectroscopy of O, o, dye laser pumped by| 9 lines from the [ 300 <0.005
Ref. 35 Nd3":YAG laser range 560—638
CODATA |Literature data; the formula for 248-300 200—300 0.9£0.1 o [0*+O3] +
1989  |o*(» = 300—320 nm, T) +9[O+0,] = 1.00
Ref. 36 |borrowed from Ref. 11 was used
with a factor of 0.9 300—320 298 table is given
1991  [Resonance fluorescence of O at (@) 193 298+3 ¢*[O*] = 0.46+0.29 o[O+0*] = 1.20+0.1
Ref. 37 |» = 130.2; 130.5 and 130.6 nm or 0.75+0.44 5 (i.e. three O atoms
are produced in 12%
of reactions)
o[O] = 0.57+0.14
Calculation by photochemical] O*  |ArF-laser o[O%*] = 0.50+0.38
model
KrCl-laser 222 298+3 0.872+0.042 o[O] = 0.134+0.015

o[0%*]<0.03
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As a result, the data on ¢* available are odd,
and not highly accurate, and they do not reflect the
- and T-dependences completely. This does not
permit more rigorous models to be constructed. Based
on experimental data from Ref. 10, the empirical
expression for ¢*(x, T) has been proposed in Ref. 11
for the Hartley and Huggins bands in 295—320 nm
range at 230—320 K:

0*(k, T) = A(v) arctan(B(1) — (L — A(1))) + C(x) . (1)

It agrees with the experimental data'® within 1%. The
expression (1) is truncated at the boundaries of the
interval 0 < ¢* < 1. Used in Eq. (1) are the following
parameters: t=T-—230K, A(t)=0.369+ 2.8510"
14128107 ¢ + 2.5710 8% B(D[in nm™'] =
= —0.575 + 5.59103 t — 1.439-107° > — 3.27.108 %,
C(1)=0.518 +9.87-10 "t — 3.9410° ¢ + 3.91.10 " 7,
Ao(t) [in nm] = 308.20 + 4.4871-10% 1 + 6.9380-10 > t* —
~2.5452107%¢%. This expression, being in good
agreement with values recommended in Ref. 32 except
only for the “tail”, however needs validation.

Energetically, in the Hartly-Huggins bands, O*
and O3 may be produced via other channels (except
O* + 0%), spin-forbidden and so unlikely, as well as
O** and O%* (see Table I in Ref. 1). There are only
few works directly devoted to estimation of the
contributions from these channels, except the
aforementioned indirect evidence from Ref. 34 and
Ref. 33 that ¢[O*] and ¢[O3] disagree at
A <310 nm, all of them are in favor of the O* + O3
channel. As was shown in Refs. 5—7, 16 based on the
observation of emission due to the transitions O%*
— 0, (762 nm), O3 - O, (1270 nm), and O* - O
(630 nm), the probability of formation of O%* at
A <2537 nm (Refs. 5, 6, and 16) and the ratio
o[O%*1/9[O*] at & = 240—265 nm (Ref. 7) are below
5% (the thresholds of the spin-forbidden channel,
O%* + O, at 460 nm and the allowed one, O%* + O*,
at 260 nm). In Ref. 14, the absence of O%* was also
shown at 250 < A <300 nm. The validation given by
the authors of Ref. 34 to the anomalously high yield
e[O3] observed in their experiment at A = 308—
311 nm (Fig. 1b) to be the result of a high yield
e[O + O%*] at these wavelengths (=0.56 at
A =311 nm) is unlikely to be considered other than
controversial hypothesis.

It should be added that the data presented in
Fig. 1 and Table I were obtained by recording not
only O*(Refs. 7, 8, 10—17, 19, 24, 31) and O3
(Refs. 5, 6, 16, 30, 34) but also O, (Refs. 25, 30, 35)
and O (Refs. 18, 19, 21—23). Their agreement counts
in favor of the proper choice of the dissociation
mechanism. Although it has been proposed in Ref. 15
that the tail of ¢* at A > 312 nm testifies that the
spin-forbidden  channel with a threshold at
A ~ 410 nm is possible, the authors have not tried to
prove it. It was noted in Ref. 39 that the unequality
e[O*] <1 at X <310 nm is recognized to be more
accurate than ¢[O3] <1 at the same A, and here the
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contribution from forbidden transitions of the type
05(X) - 04(2°B)) giving ¢[O%] > ¢[O*] is possible,
however quantitatively it was not proved.

Outside the Hartley band, at X <200 nm the
allowed channel of O3 dissociation with O**
production emerges (the thresholds for forbidden and
allowed channels are 234 and 196 nm, respectively),
however here O** was not observed too. In particular,
e[O**] is below 0.1% for A = 170—240 nm (Ref. 26)
and below 3% of O** yield in N,O dissociation at
atmospheric 121.6 nm L, line (Ref. 40).

The measurements of yield of other neutral
products in VUV are very odd, and they do not give
an insight into the pattern. For example, in Ref. 41
it was obtained that at A =157.6 nm (F, laser)
o[O]=1.5, ¢[O*]=0.55 and o[O%*(v=0-
6)1= 0.5 (plv=0]=o[v =1]=0.10£0.03;

o[v =2]=0.09£0.03; ¢[v = 3] = 0.08+0.025;

o[v = 4] = 0.06£0.02; ¢o[v = 5] = 0.04£0.015;

o[v = 6] =0.03+0.015; probably o¢[v > 6] =0, that
agrees with the O3 dissociation scheme:

157.6 nm,

05+ hiv="530, ¢ =0.45 (¢[O] =0.45-3|1.5)(2)

5 0%+ O%, 9=0.55.

Since it was obtained that ¢[O*]=0.55>
e[O%*(v = 0—6)] = 0.5, either a portion of O%* is
produced at levels of v above six or the dissociation
proceeds through other channels:

O3+ hv——0* + O3}
— 5 0O* + OQ(CAZ;) (}Whres =
— 50* + OQ(B'?Z;)()LHU‘HS =

(}“thres =310 nm);
174 nm);
170 nm),

although the emission of corresponding particles has
not been observed. The formation of O, in O3
photodissociation was first observed in Ref. 41.

The data obtained in Ref. 37, where the yields of
O, O*, and, respectively, O%* at the wavelengths of
193 nm (ArF laser) and 222 nm (KrCl laser) were
measured, are qualitatively close to those from Ref. 41.
The results obtained at 222 nm are close to the data
obtained for the Hartley band at A <310 nm:
o[O*] = 0.872+0.042, ¢[O] = 0.134+£0.015  (i.e.,
o[O*, O] = 1 and ¢[O%*] < 3%, whereas the results
obtained at 193 nm wavelength are close to the data

from Ref. 42 obtained for 157.6 nm:
o[O*] = 0.46+0.29 (according to less accurate
method, 0.75£0.44), ¢[O]=0.57+0.14, [O%*

1= 0.50+0.38, and total yield ¢[O*, O] = 1.240.15,
i.e. greater than unity. All the above-said agrees, in
general, with the scheme (2) with several different
numbers: o[O* + O%*] = 50%, only in 12% of cases
three atoms of O are produced, and the rest 40%
cases are likely to correspond to the channel of
unexcited products and O* + O3. As to the
production of three atoms of oxygen, the authors of
both Ref. 37 and Ref. 41 hold to the hypothesis
about a two-step scheme rather than direct one:
O3+ hiv > O + O, - 30, where the second step is



688 Atmos. Oceanic Opt. /December 1995/ Vol. 8, No. 9

due to the excess of internal energy of O,. In other
words, the data from Refs. 37 and 41 for A < 200 nm
can be considered as a result of the following process:
at shorter A in the UV the yield O* + O3 falls off,
O* + O%* (threshold of 260 nm) appears, and the
yield of O + O, grows, and in the latter case the
portion of O, with a large internal energy, sufficient
for uncollisional dissociation into atoms (O3 two-step
dissociation into 30), increases. However, to construct
the complete pattern in the UV, the experimental data
for more than three wavelength are needed.

1.2. Energy states of photofragments

It is important to know energy states of the
dissociation  products Dboth to understand the
dissociation mechanism and estimate the quantum
yields and the cross sections. Experimental data on the
Hartley band are presented in Table IT analogous to
Table II from Ref. 2 for Chappuis band. As is seen, the
photofragments are distributed nonuniformly over
vibrations and rotations, and the major part of energy
released in Oj dissociation (>75%) converts to their
translational energy.®!

Valentini, in his first paper® concerning with the
CARS spectroscopy of ozone photofragments, has
shown that at A = 266 nm in fragment molecules **O%
the even rotation quantum states are excited to a
greater degree than the odd ones. As follows from the
symmetry of states, all values of J are allowed for O3,
whereas for O, allowed are only the odd values of J.
However, this does not explain the nonuniform
distribution over J in 0%, since according to
unpublished evidence by Pack (reference in Ref. 44)
even if in the ozone photolysis separated will be O3
(90%) with only even J and O, (10%) with odd J, all J
in O3 must mix when molecules flying apart. More
recently, based also on collisional CARS spectra of O3
in Oz photolysis, Valentini explained the suppression of
J in findings of Refs. 34 and 44 by the symmetry
limitations imposed on the dissociation process,
crossing of surfaces, rather than on the dissociation
products. The symmetry selection rules allow the
transition from the channel O3 + O* to O, + O, i.e.
the crossing of surfaces 'B, and R (see Fig. 3 in Ref. 3)
only for states with odd J in symmetrical molecules
0% and with any J in asymmetrical ones '*O®O* that
results in suppression of odd J in 0% and its absence
in '%0®0* The authors of Ref. 34 studied the
possibility of predominate production of A* component
of A-doublet relative to A~ component, which may
occur in Os photodissociation as it does in other
molecules® and which also imposes a limitation on J
(A" has only even values of J, whereas A~ has only odd
ones, as well as the crossing of !B, and R) to give the
contribution into the suppression of odd J. However,
the qualitative change of the distribution over J when
going to isotopes for A-doublet differs from that due to
surface crossing that allowed the authors of Ref. 34 to
conclude that A-doublet does not influence the

I.M. Sizova

suppression of odd J. Thus, due to different symmetry
of Oj isotopes the surface crossing must be isotopically
selective and the isotopic dependence of ¢ must be
observed: for asymmetrical molecules OO ¢ is
twice as large as that for symmetrical molecules ***°0,
that was observed in Ref. 130 indeed.

The fact that surface crossing is of great
importance in studying the dynamics of Os
dissociation follows from Ref. 46. The authors of
Ref. 46 made an attempt to calculate the
distribution of rotational-vibrational energy in O3
using a single-channel model without regard for
surface  crossing. The result obtained for
L =266 nm is even qualitatively inconsistent with
the results from Ref. 25, it gives an extremum for
v =1, although the calculated absorption spectra
well approximate the actual ones.

The nonuniform rotational-vibrational distribution
of O% in the Hartley band was obtained and
qualitatively interpreted in Ref. 34. The vibrational
distribution is practically A-independent in 230—
311 nm range and includes all energy-allowed values of
J for a given L with a sharp maximum at v = 0. It was
interpreted by the authors with the use of the model of
“adiabatic vibrational transition” and is due to the
closeness of the bond lengths of oxygen atoms in Oj
(R =1.271 A) and O35 (R = 1.215 A). The distribution
over v obtained in Ref. 34 agrees well with the
distribution obtained in Ref. 25 with the use of
different method for L = 266 nm.

The O3 rotational distribution obtained in Ref. 34
possesses a pronounced nonuniform structure along
with the suppression of odd J. Being practically as

wide as the thermal distribution (AJ wim = 18,
A f{ffl.flfzm), it, in contrast to the thermal one,
concentrates about the rather large values of J (for
example, J = 36 for L = 240 nm and v = 0) which

decrease with v and L. The authors interpreted such

a distribution satisfactorily using the simple
“modified momentum rotational” model?’
accounting for initial rotation and bending

vibration, v,, of the Oz molecule. The idea of this
model® is that photodissociation is considered as a
result of instantaneous action of repulsive force,
with a certain orientation, while the rotational
distribution is governed by the laws of energy and
momentum conservation. The role of potential
surfaces reduces to the specification of direction of
the aforementioned force (not necessarily along the
bond break direction), and any interaction between
fragments when flying apart is ignored.

The O3%  rotational-vibrational  distribution
obtained in Ref. 34 proved to be close to O,
distribution,*>*>* gbtained by Valentini using CARS
technique  in  the  wvisible  Chappuis  band
(L = 532—638 nm) (see Ref.2) and interpreted using
the same models, as well as to the O, rotational
distribution in the Hartley band, obtained recently in
Ref. 45 with the use of the laser-induced fluorescence
of O, (vv=9, 12, and 15). For a comparison,



TABLE II.
A, nm, Measurement
radiation technique, year, 0,03z ;) =0, 02(1Ag) = O} Atom translational energy, E
source reference
Vibrational |Rotational states| Vibrational states Rotational states 3 |
states v J \ J OC’P) o(D)
270—300 |Measurement  of uniformly all allowed v; given|for A =302nm the|2/3 of all energy[2/3 of all energy
dye-laser |SmO v=1-10 are distribution plots|energy corresponds to|with with
Chromatix |chemiionization for & = 271; 274; 290|classical ~flying-apart|f(v) = |A+coc2v| |Av)=|A*+coc?N|
CMX-4  |and pass-time and 302.5 nm of two particles with
recording of equal momentum
kinetic energy
1978, Ref. 9
240—257  |resonance 40+15% 03 with
(uomscence of O N=0; 60:20% with
resonance absorption N=1-3
at 126.3; 144.2 and
148.6 nm; calculation
by photochemical
model 1980, Ref. 22
266 pass-time recording| wide range v all allowed v;lfor v =0 about 17%
4th harmonic |of kinetic energy v=0/1/2/3 = of total energy
of Nd3*:YAG (1980 Ref. 25 =57/24/12/7 contains in rotation
laser
266 resonance resonance Raman scattering was observed; about 106 of molecules does not dissociate but fluoresce (I, 0, 2m)
4th  harmonic(fluorescence of into vibrational state of the ground electronic state of O5(X)
of Nd3":YAG |O4(11B,);
laser detection of O by
Molectron the method of
MY34-20 multiphoton
ionization 1982
Ref. 44
266 CARS N=0-3 NUeven)
4th harmonic |spectroscopy of O3 m =0.6 (N=0)
of Nd&*:YAG |1983 Ref. 44

and dye lasers

and 0.75 (v=1)
v = 2 and are not
allowed
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TABLE II. (continued).

A, nm, Measurement
radiation technique, year, 0,02 ;) =0, 02(1Ag) = 0} Atom translational energy, E
source reference
Vibrational Rotational states| Vibrational states Rotational states 3 |
states v J v J OCP) O('D)
17 lines from|CARS the spectrum was not observed duelall allowed v: from |AJ pwin = AJPROK = 18; > 75% of the total
230—311 range|spectroscopy of|{to distribution over great number|y = (0 at 311 nm to J are large (36 for energy generated
2nd  harmonic(160180* and Oj|of rovibrational states v =0—7 at 230 nm, m_axo d & = 240 nm)
of a dye laser|19g7 Ref. 34 with maxima at v = 0;| Zl d an ‘ _h' b nm.
and mixture of the distribution i~ [1¢ €T for ST Vi
frequencies of practically gzlpliressmg of odd J in
; 0%, not in 340%; the
a dye laser A-independent and 2 2
and corresponds to the distribution corresponds
Nd**:YAG adiabatic vibrational |to the model of a
laser model singular rotational state
266.2340.08 ‘ detect.ion of O by v=12.v<23 |om the bgsis ;)7f. al.lgu.lar . .
2nd harmonic pass—tllme were observed calculations,”’ it dlStI‘lb.lltIOll with
of a dye laser|technique although was taken , the anisotropy
Il;?lml?ﬁa ?1111?1 tlili)elf(l)lfocilof energetically N T = 410° K gamglétfg )
si = 0.740.1;
FL§2002 ionozation 1990 uﬁ to 2(19 are nonstatistical
Ref. 39 allowe distribution of
O(BPj) over
;=012

248 laser-induced observed were  |narrow
KrF laser fluorescence of only v =9,12, |distributions
Lamonics Oy(v =9,12, and|and 15 with peaks: at
EX-510 15) 1993 Ref. 45 v = 9—14.5% of

kinetic energy

(J = 45), at

v=12 =5.5%;

atv=15 =4.7%
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the authors of Ref. 45 have calculated their
rotational distribution using both the momentum
model and the equilibrium statistical model and in
the latter case the result appears to be qualitatively
and  quantitatively  inconsistent  with  the
experiment. It should be, however, noted that in
Ref. 45 the momentum model allowing for O3
rotation and vibration, well agreed with the
rotational distribution, while being inconsistent
with the angular distribution derived in Ref. 39. It
is hard to say whether it is indicative of
shortcomings of the model or improper choice of
the configuration of the surface B'A” (1'B, with C;
symmetry), since choosing its parameters (and not
the sole set) the results may be fitted to both the
rotational and angular distributions at the same
time.

1.3. Conclusions

The dissociation of Oz in the Hartley band is
due to crossing (interaction) of the four electronic
surfaces: lower X'A;, two upper 1'B, and 2'4,, and
the repulsive R. In this case, the O3 molecule being
in X'A, and R electronic states dissociates into
O + O, whereas being in 1'B, and 2'A, states into
O* + O3. Interaction of these surfaces gives rise to
two channels of Oj dissociation with the quantum
yield of the excited channel, ¢*, having the shape
of a step at the level 0.8—0.9 (the value
recommended in Ref. 32 is 0.92) at A <300 nm
with the fall-off down to zero near the threshold at
308—310 nm or, probably, with a tail extending up
to 325 nm, depending on temperature and
vibrational excitation of Oj. Practically no other
channels of dissociation have Dbeen observed.””
7141626 The analysis of ¢* and energy states of the
products (having characteristic nonuniform rotational
~vibrational distribution'??344445.499) shows that the
mechanism is too complicated and cannot be
described adequately without regard for surface
crossing, 343846 their the symmetry, and isotopic
dependence of ¢*. The O3 rotational-vibrational
distribution in the Hartley band proved to be close
to the O, distribution obtained wusing similar
methods in the visible Chappuis band®**>* and
interpreted within the scope of the same models of
“modified momentum rotation”*>*7 and “vibrational
adiabatic transition”.”> More strict models for o¢*
are not developed now, although the empirical
analytical expression (1) has been proposed for
¢*(h, T) and experimental data have Dbeen
qualitatively interpreted with a satisfactory
adequacy.

In the shorter wave portion of the UV
(L <200 nm) the data on quantum yields were
obtained only at three wavelengths, 222, 193, and
157.6 nm, that does not allow the justified
conclusions to be drawn. The energy states of the
dissociation products at A <200 nm have not yet
been investigated.
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2. RECOMBINATION OF THE OZONE
MOLECULES

2.1. Rate of recombination

The reaction of three-particle recombination of
ozone molecules,

M g
kr 5 05+ (M) + 106.5 kJ/mole,

0+0,+(M)— 3
- 0% + (M)

is the main source of Os in the atmosphere and
laboratories. We use the designation O% for the lower
excited electronic state or one of them (13B1,2, 1345,
2'4)). Small contribution from ion-molecular
reactions® and reactions of electronic-excited
molecules to the formation of Oz may partly be
important only in the upper atmosphere (=100 km).
Therefore considerable attention has been recently
focused on the reaction (3). Recent data on k, under
low pressure (<10 atm), where it is the third-order
reaction, k, o, are presented in Table III (for
earlier data see reviews). Under high pressure,
when k&, is the second-order reaction, k,., it depends
on buffer gas and, probably on temperature. For
example, at T =200-300K and p =200 atm

N

k.. = (2.81.5)10""2 cm®/s (Ref. 50), and in Ref. 51
03 NO; NO,

it was obtained that k,.: R, .1 k, o =1:2:6.

In the intermediate pressure region under not
very high temperature, the constant can be presented
in the form of Lindemann-Hinshelwood expression
multiplied by a factor F (Ref. 36):

1
ke = ke o T A0 0 F (4)

where [M] is the current concentration of M, and
[M.]= k,../([k, o/[M] is the concentration at the
point of crossing of the extrapolation curves for &, ¢
and k,, as functions of [M]. The broadening
parameter F depends on pressure,

logF = logF./[1 + log®(IM]/[M_D],

and, via F,, on temperature. The parameter F,, as a
function of temperature, can Dbe approximately

presented, according to the Troe procedure,®® in the
form

F.=aexp(=T/T*) + exp(=T**/T) +

+ (1 — @) exp(=T/T***), (5)

where it is generally Dbelieved that =1 and
T** = 4T*. In this case, at room temperature, the
second term in the right-hand side of Eq. (5) gives only
a small contribution. Just this approximation for F,
was proposed in the review CODATA of 1982, Ref. 50.

N
Then for the aforementioned reaction kr; in 200—300 K
temperature range [M.J(298K) =510*'cm™>, a =1,
T* = (1800+800) K, and F.(298 K) = 0.85+0.10. In the
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review CODATA of 1989, Ref. 36, new expression for
F,. at 200-300 K was proposed, which also is the
approximation of Eq.(5): F,= exp(=T/696), i.e.
T* =696 K, a =1, the second term in Eq. (5) was
neglected, and F(298 K) = 0.650.10.

Ar, He, N

In Ref. 52, k&, ® as functions of pand T
were studied at temperature 85—373 K and pressure
1—1000 atm. At low T, k{p) bents with increasing p
in accordance with Eq. (4). At high T, the curve
k(p) is S-shaped. Four k, mechanisms at high
pressures were discussed, namely, the energy transfer,
the radical complex, the recombination into the
excited electronic state of Oj, and the diffusion
mechanism. The competition among these mechanisms
well explains the observed k,(p, T) dependences.
Discussed also was the constant of reaction in the
transient region from gas to liquid.

At low pressure (see Table III), the molecules
of O, produced in k&, , are vibrational-excited.
According to Ref. 53, no less than 80% of Og
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molecules are excited: about 20% of reaction
exothermity goes into the excitation of v; and v3

vibrational modes (V| =v3 =0.8, Vv;3=1.6) and

about 30% goes into the v, mode (¥, =3.7+0.8).
According to Ref. 54, the v; mode is not excited, and,
following Ref. 55, excited is mainly the vz mode (up to
v = 5) and the v{ mode is excited weakly (up to v = 1),
whereas the v, mode is not excited at all. According to
Ref. 53, in &, ;, OF is also excited: v 3 = 0.011.

By the room temperature we usually mean the
temperature range 293—308 K and, most often, the
temperature of 298 K. Just this value is used in the
column T in Table IIT as the room temperature, unless
otherwise indicated. The temperature dependence is
given in Table I either in the Arrenius form,
k = A exp(—A/T), with a dash in the column headed
n, or in the form k& = A(—A/ T)", and then all columns
are filled. In some cases, several different constants
borrowed from reviews 32 and 36 are presented.

TABLE III.
M 4 6, AK T K k, under room Year,
, cm?’/s s n )
temperature, cmb/s reference
k , d
298 0.44 k, ,(O3) 1983 Ref. 29
o') 5.0-10°% 2940 - 2932—9?00 2 6.101 1983 Ref. 56
(0.42+0.08)k, 1987 Ref. 57
)
0.62 k, ,(O3) 1980 Ref. 58
298 (0.58‘L‘0.08)kr 1987 Ref. 57
kr
0,4 4.610°% —1050 — 1.56-10~% 1979,/80
Refs. 59, 60
0, 1.43.1033 300 2.0 2.27 k(O,)
4.6510°34 300 1 200—300 1 45103 1987 Ref. 32
200—300 4 661034
0, [(6.75£0.43)-10™" [—635+18 — 262—340 5.69-10 7% 1979,/80
Refs. 59, 60
o, 2.15.107 —345+60 - _342)
{(G_Qﬂ_o).lo_ﬁ 300 | 125502 |219-368 (6.8+1.0)-10 1980 Ref. 61
0, (6.40+0.60)-10™ | —663+26 — L
{(5.96i0.34).10,34 300 | 2.3740 32 | 218353 (5.71+1.63) 10 1982 Ref. 62
0, 298 6.07-10~% 1983 Ref. 29
0, 5.96-107 300 2.37 6.06-107 1988 Ref. 63
0, 6.2.107% 300 2.0£0.5 [200—300 6.2-10C 30D 1989 Ref. 36
21510 % —345 — 200—300 6.84-10~
O 2 59.10-34 —1057 — 200—300 8.75.10-33 1987 Ref. 32
N,  [(1.82+0.23)-10~" [—995+37 — 263—298 5.13.1071 1979,/80
Ref. 59, 60
N, 8.82:10~% —575+60 -
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TABLE I11. (continued)
M 4 6,/ AK T K k, under room Year,
, cm®/s , n , .
temperature, cmb/s reference
k
N, (5.04+1.52)10™" | =724+94 — a4
{(5.7%0.19).10,34 300 | 2.6040.18 | 218366 (5.75+0.24)-10 1982 Ref. 62
N, 0.39 k(O3 1983 Ref. 29
N, 298 0.9 k£,(O,) 1987 Ref. 57
N, |[5.70-107% 300 2.62 5.80-107 1988 Ref. 63
N, [5.7:107% 300 2.8+0.5 |200—300 5.7-10340-D 1989 Ref. 36
N, 5.5107% 300 2.6 100—400 s
{5,2.10—34 1000 1.3 |700—900 5.6-10 1990 Ref. 52
Ar  [(6.24+1.53)-107® | —=525+70 — 262—340 3.63-10~* 1979,/80
Refs. 59, 60
Ar 6.607% —510+23 — 200—346 3.65-10~ 1980 Ref. 58
Ar 6.30-0°% —535+70 - X
_ 2
{(3.910.5)-0—34 300 { 9s0.3 |219-368 (3.841.0)-10- % 1980 Ref. 61
Ar 26107 1981 Ref. 65
Ar (3.68+0.82)-07 | —687+70 - w .
{(3.8&0_28)_0_34 300 | 25450 40 |220-353 (3.97+0.36)-10 1982 Ref. 62
Ar |~ 210732 80 1987 Ref. 55
Ar 298 0.6 k,(O,) 1987 Ref. 57
8.0-107% 100 3.2 80—150
Ar 4.510°34 300 2.7 150—400 4.0-1073 1990 Ref. 52
4010~ 1000 1.0 700—
1000
co, 3107 —520 — 1.72:107° 1979 Ref. 66
CO, (137150107 1979 Ref. 20
He 300 2.83-107* 1981 Ref. 67
He 298 (3.47+0.12) 10* | 1982 Ref. 62
He 0.34 k, (O3) 1983 Ref. 29
He 3.48.107% 300 1.9 219—368 3.5107% 1984 Ref. 68
He =0.6 k, (O, N,) 1987 Ref. 32
He 7.2107% 100 3.7 100—200 ™ i
{3_4_10_34 300 192 200—1000 3.4-10 1990 Ref. 52
SFg (2.12-2.17) k, (O3) = [ 1983 Ref. 29
=(2.25-3.4) 10
Kr 298 4.9-107 1972 Ref. 64
co 298 (4.42—6.7)10 1972 Ref. 64
N,O 298 (0.88—1.5)-10"%" 1972 Ref. 64
H,0 298 (6.0£5.5)-10~% 1972 Ref. 64
CF, 298 (1.6+0.1)-10™%
o4o 1.07-10~ —525+60 - 2)
Air=21% _ 10-34
ir=21% {(G.Sio.g)_lo_ﬂ 300 (9405 |219-368 6.2:10 1980 Ref. 61
0,+79% | [5.15.10°% —635+52 - iy
{(3.8&0.28).10,34 500 | 2.5440.40 | 220-353 5.67-10 1982 Ref. 62
N, 6.0-10% 300 2.3 200—300 6.1.10~ 1987 Ref. 97

! Theoretical investigation of the reaction O + Oy + Oy — O3 + O;.

? Arrenius representation of temperature dependence is more accurate.
» Constants are given for the reactions of isotopes '“*O + #0®0 + M and O + 00 + M.
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2.2. Isotopic enrichment of the ozone

During the last decade, a new feature of the
ozone media has been revealed, namely, the
enrichment of O3 with heavy isotopes as compared to
natural composition, including the mass corrections
to it. Anomalous content of Oj isotopes received the
name of non-mass-dependent (NMD) effect in
contrast to usual mass-dependent (MD) one, which is
accounted for by differences in velocities and
vibrational distribution functions (frequencies) of
molecules with different masses. The ratio of
enrichment of asymmetrical and symmetrical *°Oj
isotopes also proved to Dbe nonstatistical. These
effects are observed under both atmospheric and
laboratory conditions and are characteristic of not
only O3z but also of some other symmetrical
molecules, namely, CO; and S,F .

The isotopic enrichment of the atmospheric
ozone was first predicted in Ref. 69 in 1980. But,
this prediction has collapsed and has came under
criticism in the following Refs. 70—72. However, in
the same year the anomalous Oj isotopic composition
was experimentally observed in the stratosphere,”
what  stimulated the remote and contact
measurements in the stratosphere”" as well as in
laboratories and the theoretical studies.®~%

Usually, the enrichment is described in terms of
d-terms expressing (in % or %.) the deviation of a
sample isotopic composition from the standard:

17,18

57180 = (‘1’7_1'8R_ — 1)-(100% or 1000%.) ,

stand

where ' BR = 17180 /160 or similar relation for the
basic and rare isotopes of Os. The standard natural
content of oxygen isotopes is 0.204% 'O and
0.0037% '"O of all oxygen atoms that gives for the
most abundant isotopic specie of ozone, 004, 0.408%
for the asymmetrical molecule, SOO& asym = 160160180,
and 0.204% for the symmetrical molecule,
‘-’003,53,,“5160180160, of all O3 (Refs. 42, 78). In
accordance with MD effect, the following relation

570 = 0.52 3"%0 (6)

must take place, and, in addition, statistically the
content of 5003, asym and 85003, asym Must be twice as
much as those for symmetrical modifications.

The measurement results on altitude profiles of
8'7180 for atmospheric ozone are shown in Fig. 2,
whereas altitude average data for the stratosphere
and laboratory results are listed in Table IV. The
stratospheric enrichment proved to be rather large,
up to 45% at an altitude about 40 km, and,
moreover the relation (6) and the statistical ratio of
asymmetrical isotopic species to symmetrical
ones’®"® were not valid. The degree of enrichment
observed under laboratory conditions for different
ways of producing Oz from O,, Os, and their
mixtures turned out to be  markedly
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lower than most of the stratospheric findings (5—
14%). The cause of this discrepancy is not yet
understood. The atmospheric enrichment, being
calculated from laboratory data, proves to be
underestimated,” and the lack of experiments on
atmospheric enrichment, with parallel, in situ and in
laboratory, handling of samples does not allow
solution to the problem on the adequacy of different
measurement techniques.
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FIG. 2. Altitude distribution of the degree of
atmospheric ozone enrichment with heavy isotopes.
A part of the figure was borrowed from Ref. 76.
Solid lines is for the data of night (September 4,
1980, Ref. 73(1) and day (June 7, 1982,
Ref. 74(11) and July 18, 1983, Ref. 74(111)) mass-
spectroscopy measurements of 503 = 05 from
balloons; bold dashed line is for data of 5°Oj
measurements from thermal IR solar radiation from
balloon, borrowed from Ref. 76: 65003, om(+) and
803, aym(=); dot-and-dash line is for the data of
8003, ym =803 wym measurements by IR-radiation,
from Ref. 77; shaded parts are for the data of
laboratory mass-spectroscopy processing of six
balloon cryogenic samples, from Ref. 79: §°03,
U flight (),8°03, 1 flight \),5"0; = 570,

2-3 flights ().



[.M. Sizova

In laboratory experiments, the NMD effect and
nonstatistical ratio of the asymmetrical species of
305 to the symmetrical ones is about four rather
than two.” In practice, instead of the ratio (6), it
was observed that 8'70 = 5'®0. Generally speaking,
the value m =3"70/8'""0 depends on pressure,
temperature, initial conditions of ozone dissociation,
etc., as the value 8'®0. The experiments on studying
the T- and p-dependences of 3'*0 and m are listed in
Table V together with their results. Reference 92
reports on study of the enrichment of all O3 isotopes
from “03 (70%0,) to *'O3 as a function of p, T,
and molecular symmetry. It was shown there that the
enrichment strongly depends on the molecular
symmetry (3'°070"®0 =21% whereas 3'70"70"0
and 38000 proved to be somewhat below the
statistical values).

As was already noted, the original,
photodissociation, theory of the O3 enrichment® was
not confirmed.”””> Most laboratory experiments
showed that enrichment occurs not at the O3 or O,
dissociation, but at the stage of recombination.
In these experiments, O3/0; mixtures were analyzed
with known composition of isotopes which dissociate
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due to different causes under conditions controlled
in time and in kinetic energy with the succeeding
recombination of Oj; (Refs. 8—92). In such a
way, with the help of kinetic models, the roles of
different elementary processes in isotopic effect were
revealed. The results are presented in Table VI. From
the findings of Ref. 90, the reaction O + O3 — 20,
does mnot depend on the isotopic composition of
reagents and is not related to the enrichment of Os.
At the same time, the collisional dissociation
O3+ M >0y, +0O+M and recombination, both
yield enrichment (5% and up to 10%, respectively,
to the same degree for 7O and '®0). This conclusion
is intriguing for two reasons. First, it contradicts the
general  statistical ~ theory of monomolecular
dissociation (Troe, 1977) both in the magnitude of
the effect (much greater) and in sign (enrichment
rather than depletion). And, second, since inverse
reactions yield the close isotopic effects of the same
sign, they are not thermodynamically and
statistically inverse, i.e. they are nonequilibrium. The
theories available just emphasize the leading role of
this nonequilibrium along with the quantum-
mechanic effects and symmetry.

TABLE 1V.
In the atmosphere In laboratory
. Ref. 75 Ref. 78 Ref. 84|Ref. 85|Ref. 86|Ref. 87[Ref. 88|Ref. 90
Experiment from the ground from the ground and
balloons
H, km entire ozone layer > 37 < 37
3 SOOSYSym, % S5+7 16—20
8500, . % 1111 2540
5905, % 20-33 020 [~8—10| ~8.5 [~0—14[~9-12] ~8 | ~5
TABLE V.
Experiment Ref. 81 Ref. 84 Ref. 86 Ref. 87 Ref. 92
T, K = 200 127—-360
1—152 Torr | 19—423 Torr | 1-30 Torr 0.8—0.87 atm 5—1000 Torr
p (pure O,) (O, + He) (pure O,)
Analyzed
parameters 3180; m m m 5180; m 5180 549—5403
Results [at p > 2 Torr [m=0.99£0.01|m = 1 3180 = 8.98% at 0.8 atm,|5°05= 10—12%
m=1.01£0.02 at exponentially decreases at| ¢ 7= 298 K
at p =1 Torr p>20 Torr |1-20atm down to =1.04%| _9_10% at
m=0.720 atld decreases|at 35atm and goesSGto al T=925K
a constant at  p > 56 atm;
p <20 Torr |decrease in k, does not
due to correlate with 8180 with
heterogeneous|. e " m =1 withi
processes  at increasing "p; m =1 within
walls the accuracy of 99%
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TABLE V1.
Experimental conditions of a laboratory experiment Role of the primary process in Refs. 88—91
Thermal Visible UV photolysis of | Photodissociatio | Recombinatio | Collisional
dissociation of O5 | photolysis of O3 n of Oy n of Oy dissociation
20—30°C Ref. 91 O3 180—260 nm of Oy
90—110°C Ref. 90 532 nm Ref. 91
Refs. 88, 90 254 nm Ref. 90
—(1.5-2.2) 5—10 =5
8170, %
3180, % —(2.8-3.6) 5-10 =5
m =1 =0.53 =0.65
TABLE VII.
Authors, Explanation for NMD effect
reference, year Model Results
Kaye dynamic statistical model Troe very small enrichment, opposite sign
(Ref. 71, 1986) +
reactions of isotopic exchange during
the process of O3 recombination
Heidenreich, symmetry properties of O right sign of enrichment; according to Bates, Refs. 93,

Thiemens +

(Ref. 81, 1986) |  difference in stability of transient

activated complexes of O isotopomers
in the process of recombination

95, the symmetry gives MD effect

Bates symmetry properties of O explanation of NMD effect, if vy= vg vg = 1.6 v;;
(Fgeég 9139’9(93’ o + vg=2.81p12 s~ and depends slightly on pressure (by
hmtel}ess.of the rate .of energy the factor of 1.5 at p = 1—100 atm)
randomization of transient energy
complex
+
flip process during O recombination
Valentini symmetry of crossing of O3 potential Good quantitative explanation for all peculiarities

(Ref. 42, 1987) electronic surfaces in the Hartley

band, selection rules in nonadiabatic
reactions

observed experimentally’!#*8!; explanation for

enrichment both in reaction of recombination and in
thermal dissociation; the necessity of further
development of the model for stratospheric conditions

The most of enrichment theories and of the
enrichment anomalies start from the reaction k,. The
most appropriate among them is the Bates model,®
which allows for the symmetry and the finiteness of the
rate of randomization of transient activated complex
energy with Oz generation as well as the so-called flip-
processes, or rearrangement of isotopic atoms, when an
outer atom breaks from the central one and adds to the
other outer atom. According to Bates, the
recombination and isotope exchange should be
considered in a unified nonequilibrium reaction chain.
If there are several channels of complex generation and
dissociation, then the NMD effect takes place once the
frequencies of randomization v, dissociation vg4
(v;/v420.3), and rearrangement v; are comparable.
The available experiments are explicable by the model

from Ref. 93 with the frequencies being in the ratio:
Vi=Vq, vq=1.6v, and vq~28102%s! at a low
pressure ~1 atm with a weak pressure-dependence
(increases by a factor of 1.21 at 10 atm and by a factor
of 1.48 at 100 atm).

Much less attention was paid to revealing of the
role of Oj dissociation in enrichment, which also may
be large, see Table VII. Only the work by Valentini®
may be noted here, which explains in some detail the
contribution from O3 recombination and dissociation
into the enrichment. The idea is that in the dissociation
the ground electronic state X° =, of O, is enriched
with isotopes to the degree, as the first metastable
electronic state 1A(, is depleted, that results in the
enrichment of Oj during recombination since only
0Ox(X) takes part in it.
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The Valentini model is based on the data on
rotational-vibrational distribution of oxygen in Oz
products in the Chappuis and Hartley bands,
obtained by the uncollisional CARS spectroscopy of
0,, 03, and their isotopic speciesgo'34'3‘-"44'48 (see
above and Refs. 1—3). In the Hartley band, where Os
dissociates into O + O, and O* + O3 with isotope-
dependent quantum yield, in view of the symmetry of
20, and the asymmetry of the main isotopes
71880150, the equal NMD enrichment of O, and
depletion of O3 with both isotopes occur due to
symmetry influence on the crossing of the band’s
potential surfaces: the upper one 1'B, with the
outcome of O* + O% and repulsive one R with the
outcome of O + O,. In Ref. 42 the conclusion was
drawn about the possible existence of a number of
nonadiabatic processes connected with the symmetry
and surface crossing, leading to NMD separation of
isotopes, an example of which is the Og
photodissociation, as well as, in view of the
interaction of these surfaces, the quenching reaction
O3 + M — O, + M. Using this model, Valentini has
calculated the enrichment of Oz in O, discharge in
experiments reported in Refs. 80, 81 and has
obtained a good quantitative agreement with the
experiment and p- and T-dependences consistent with
the experimental ones. The model allows for the main
reactions, including isotopic exchange. Under low
pressure (<3 Torr) the calculational results agree with
the opposite-sign effect from Ref. 71. However, in
the stratospheric conditions the Valentini model is
not so successful, since in the oxygen-nitrogen
medium the isotope separation between O3 and O,
dissipates much earlier than they can be bounded by
a chemical process. The mechanisms of a more
complex chain involving C-H cycles are likely to take
part here, that probably leads to the difference in the
atmospheric and laboratory enrichment.

The process of oxygen isotopic exchange are
included in the Valentini and Bates models. But they
are, as a rule, poorly studied. In this connection, a
start has been made in Ref. 96 with their study and
refinement of their role in enrichment.

It is most likely that the pattern presented is
incomplete. The authors of Ref. 92, for example,
believe that lower electronic states of Ojs, especially
’B,, may play an important role in the enrichment.

2.3. Conclusions

The reaction k, of O3 recombination, in addition
to the production of nonequilibrium excited
molecules, possesses also the isotopic selectivity, i.e.,
its rate depends on isotopic composition and
symmetry of a molecule produced. This dependence is
such that the composition of molecules produced not
only differs from the isotopic composition of O, but
can be accounted for neither by different mass of
isotopes nor by the statistical symmetry properties.
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The NMD enrichment of O3 with heavy isotopes
has been first observed in 1980 is the stratospheric
mass-spectroscopy measurements from baloons,”
and then it has been observed many times both in the
atmosphere’™™ and in laboratory.®*? In the
atmosphere 8700 has reached 45% at an
altitude = 40 km, whereas in laboratory it has
proved to be much lower, about 14%, and the reason
for this discrepancy is not clearly understood. In
laboratory experiments, it has been shown that both
enrichment and the ratio §70/8'%0 depend,
generally speaking, on the experimental conditions
and the way of Oz and O, dissociation from the
initial mixture, 8!:8486-88.90-92

The attempts to separate the contributions from
different processes in enrichment have shown that
“enriching” reactions are the reaction £k, and,
probably, its  inverse, the O3 collisional
dissociation.® ! The most appropriate model of &,
(Refs. 93 , 95) is based on the symmetry, the
presence of flip-process, and the finiteness of the rate
of energy randomization of the transient activated
complex, comparable with the rates of its
disintegration and flip reaction. Of interest is the
hypothesis by Valentini®® that enrichment is the
result of influence of isotope symmetry on the
crossing of Oj potential surfaces and selection rules
in the nonadiabatic processes. Valentini succeeded in
quantitative explanation of a number of laboratory
data,”"®*%" but to be applied under atmospheric
conditions his model needs the inclusion of some
additional reaction chains.

In addition to ozone, the isotopic enrichment
was also observed in several symmetric molecules,
namely, CO, and S,F .
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