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Abstract

The thermodynamic nonequilibrium distribution of the vibrational states of ozone coupled
with anharmonic predissociation produces an unusual isctopomeric pattern of axygen mole-
cules. The model presented here explains the experimental data obtained from ihe electric dis-
charge of oxygen gas to produce ozone condensed on a quariz wall at 77K,

T . Introduction

Oxygen is one of the most abundant elements in the solar system. Isotopic studies of oxygen
have provided considerable information on the origin and history of solar system material. Rela-
tively enriched "0} in some primitive meleorite samples(Clayton et ¢l 1973) and the imporiance
of ozone in earth environment{Okabe 1978) have stimulated considerable experimental and the-
oretical studies. For example, 0 enrichment in metearite samples was interpreted as an input
of pure 0 nucleus produced in exploding stars such as supernova. However, it iz very impor-
tant to determine that the anomaly can also be produced by other mechanisms.

Several attempts have been made to find such possibilities(Arrbenius et al. 1979, Heidenreich
and Thiemens 1983, Navon and Wasserburg 1985, Heidenreich and Thiemens 1986). When an
oxygen gas of atmospheric composition was discharged to form an ozone molecule, isotopic

fractionations resembling the pattern found in meteorites were obtained{Heidenreich and



YANG etal

Thiemens 1983, 1988, Yang and Epstemn 1987a, b). Models such as sell-shielding, molecular
symmetry of O, molecular symmetry of 0,, and the vibrational relaxation of @, inlo the ground
state of O, have been considered. Yang and Epstein{1987a, b) reported that the discharge of 0.
molecules of various isotopic compositions al various excilation energies produced very unusual
isotopic [ractionalion patlerns which can not be explained hy any models suggested so far. They
presented a prelimmary model which Is hased on the anharmonic predissociation processes.

Herc. the medel is presented in detail and more theoretical consideralions are made.

II. Nomenclature and Setup

Let’s consider an oxygen gas syslem 1 which a part of oxygen molecules(O;) are dissociated
by a discharge and ozone molecules(Q,) are produced by the recombinalion of the atomic oxy-
gens and the oxygen molecules. The reaction product{(Q,) will have different isotopic composi-
tion compared with the starting oxygen((,). Isotopic fractionations cceurring during these mo-
lecular reactions are studied in this paper.

In the experiment(see Yang and Epstemn 1987a, b for experimental full details), a high AC
voltage is applied to the neck of a quartz tube which contains oxygen gas of pressure P,. The
bottam part of the tube is immersed 1n a hquid nitrogen, 77K. Eleclric discharge produces radi-
cal oxygen atoms which combine with molecular oxygen to lorm a vibrationally hot ozone in a
certain excited state. This excited O; will experience vibrational relaxation by collision wilh
other molecules to make stable O; and eventually condense on the cold wall. If the excited O;
does not collide with other molecules, 1t will predissociate to form O, and O with a certain proba-
bulity (Herzberg 1966). The 1sotopic composition of the condensed czone will mainly be deter-
mined by the vibraticnal temperature #,(Treanor et al. 1968), predissociation rate I}, .(Harris
1963}, and collision time t between O and the other molecules. Heres, n is an electronic state
quantum number and v is a vibrational quantum number.

In order to describe the change of the isotopic composition during the reaction, it is converuent

to use normalized abundance of each isotopic compeonent. The isotopemeric abundance of O, of
- 3h N
mass 1 is denoted by R, where ¥ R,=1. Here the term, isotopomers, refers to the molecules com-
1=

posed of a given set of chemical elements, but of different atomic masses. Since the reactions

produce ozone, this abundance R, should be transformed to the normalized isolopomeric

abundance of O; of mass J. We will use the symbol R, with i R,=1 for the abundance. Note that
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L refers to O species and ] refers to O species. R, can be obtained from the isotoplc compositon
of "0, "0, and ™) assuming that the slauslical isotopic partitioning is valid. R, values are useful
in experimental data analvsis, because O, gas is used in mass spectrometric measurement and R,
values are useful in theoretical modeling.

Now 1t is necessary to describe how the isctopic compositions of various gases are different
from earh ather. We will use imitial oxygen gas before the gas discharge as a standard. The ini-
Lial isotopomeric composition of 0. is denoted by R It is canvenient to define the change of ra-

tios, &) and 61 1in per mil{ %), with respect to standard 1solopemers. j=51 and 1=34:
81=1000(R,/Bs~RI/R3i%) /TR Rail) worermermersmmnerimniniiiaeiiinnien e (1)
8i= 1000{R,/Rai-R/Bad} /{RI/R3) «eermrrmerresaemmsinniiniie e an et ne s iniins (2)
Here R" and R, ean be measured mass specirometnically, allowing &1 values Lo be compared
with the theory.
I, Predissociation Model
The condensation rate of ozone will be proportional io the probability of the excited O; to form
stable ozone by collisional relaxation with other molecules{Qs, Os) and the cold wall as well as
the collision rate of ozone on the wall, ®, When the typical collision time is t,, we may write the

condensation rate of ozone isotopomer ] as

R, 00 @, @Xpl—1, 5 Dy, ) -oreecerermmetmmiiieii e (3

where D, ., is the predissociation rate of excited ozone (j) at energy level (n, v) and 2D, .,

could be written as 1/7, where r, is the mean lifetime of ozone isotopomer j. If the velocity distri-

bution is similar to the Boltzmann distribution, ¥, is proportional ta m,”! or j7'" and t, is propor-
tional to 'Y, When we take a derivative of eq.(3), we obtain
R—Ro 1 J=51 1ty j—51 b =0 e (4)

Rsx 2 51 - E T3 531 Tal Ts1
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Since all Q; produced eventually condenses on the wall, the first term can he omitted. Eq.{4)

then becomes

R,*‘Rsl L J—51 Ty ©sl _iﬂ
R5| _( 102 + T3l )1'51

Two metasiable ozone levels with lifetimes of several ux sec have heen discovered (Hochanadel
et al. 1968, Bevan and Johnson 1973, Rosenbery and Trainor 1974, Burton and Harvey 1977).
However, there are also several electronic states with a few eV (Hay and Dunning 1977), some
of which will be predissociated with lifetimes much shorter than 1 g sec. For the case of electric
discharge, the characteristic vibrational temperature £, , of vibrational level v, probably a lew
eV, 18 much greater than translational temperature T, ~0.007eV and the reactions involved will
be in thermodynamic nonequilibrium. Therefore, the distribution of the vibrational levels of the
excited ozone will be very different from a Bolltzmann distribution and from the Landau-Teller
theory (Treanor et ol 1968, Landau and Teller 1236). Ozone molecules will be highly populated
at higher vibrational states and such a disiribution depends very much on the degree of
anharmonicity of the vibrational potential(Treanor et al. 1968).

We might estimate (7,-t51)/7s considering the detailed siruciure of ozone. Three oxygen
atoms stretch with angles of 100-124" for most excited nzone states(Hay and Dunning 1977). In
the first approximation, we may say that vibrational frequencies of ozone (j) are propartional to
7Y% There are two kinds of molecular symmetry of isotopomeric Oy, Cy, and C,. Each molecular
symmetry has two different molecular configurations which result in different degrees of
anharmonieity. C,. has X-X-X and X-Y-X and C, has ¥-X-Y and X-Y-7Z. The ozone
isotopomers with higher j and with higher degree of anharmonicity such as X-Y-X and X-Y-Z
will have smaller gap between vibrational energy levels at higher v, and thus have higher vibra-
tional temperature, 8, . Therefore, these isotopomers will have relatively lower populations at
energy levels higher than the dissociation limit if the dissociation energy to make 0, and (0 is in-
dependent of . The lower populations mean lower dissociation rate. Therefors, the lifetime of ex-
cited intermediate ozone will depend on both the mass and the symmelry configuration of O,
(See Appendix for the derivation of the expression in the case of thermal unimolecular dissocia-
tion).

‘When we take account the mass dependence of w, j71%, we can write
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T—1y .. 1 j—81

= _E £ STt s TR L T T P e P L L P L P P T ISP OYET PR PRI (6]

Where p, 1s a paramseter which relates the vibrational frequency with the lifetime of O, and q, is
a parameler which 1s from the degree of anharmomcity of the O; canfiguration. If we assume p,
is p, independent of j, and q, is O for the reference isptopomer, 16-17-18, —q for O, of two identi-

cal O atoms, and -2q fer O; of three identical O atoms. eq. (5) becomes

R~Bs . J—581 . o
Rs] __[ 102 {1 p)+q.] Ts51
q4a=q‘;5=*2q, Quo ™ Qa0 Cs3 = 1, qm:(} ......................................................... {T)

There are some experimental data for the isotopemeric dependence of lifetimes which seem to
agree with our assumplion{See for example, CH({Dibeler and Rosenstock 1963) and COy(New-
lon and Sclamanna (964)]. In principle, the paramsters p, and g, could he calculated by

predissociation theory(Harris 1963) using ab inilio potential.

IV, Application of the Model

Let us compare the above theory with the experimental data of Yang and Fpstein{1%87b) cb-
tained by discharging O; gas at a pressure of 10cmHg with a Tesla coil which produces an exter-
nal AC voltage of 20kV. The composition of the enriched oxygen gas used was 79.1% "0, 6.8%
"0 and 14.19% "0 (cf. air oxygen:99.76% °0, 0.038% "0, 0.2009% "0). Therefore, R values
are 0.626, 0.108, 0.227, 0.0192, 0.0198 and R values are 0.495, 0.128, 0.275, 0.0458. 0.0490,
0.0041, 0.0028. The measured & values are 832=-8.7, 633=10.1, 835=189 and &36="7.1%.

From egs. (1), {2) and {7) we can express 6i values with p, q and t/z:

§32= 20(1—p) 2 —710q —':‘
51 51

. ta Lsi
533= 10(1—p) -+ +110q ==
T51 T51

_ s Ls)
835=—10{1—p) +810q —
Tal s
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536=—20(1—p) % F680G B e (8}
. ;

o3 T
Comparing with the experimental 8i values we obtain

{1—pits/r5y=0.70
G L1/ T3 = 0,082 creer et et (9)

Fig. | shows the experimental i values along with the theoretical fit. [t is rather surprising
that the simplified eq. (7) explains the data well. Since the {irst term in eq. (8) should be about
the same as the second term, we might put p=100q in order to estimate an order of magnilude

of each gquantity in eq. (9). Eq. (8) gives p=0.82, q=0.0082, r5,=0.26 ts5.. I[ 67, 15 defined by

30 T T ¥ T T
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Fig. 1. Isolopomeric pattern of oxygen gas converted from ozone which was made
by gas discharge of 20 kV in 10enHg Q: gas{79.1% "0, 6.8% 0, 14.1%
%)) by Yang and Epstein(1987h). & value of Oy{in %edefined in eq. (2))}
measured on an 1sotope ratio mass spectrometer 1s compared with a theoreti-
cal curve with parameters given in (9). The size of the experimental data

represents 2¢ error in i values.
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Fig. 2. Lifetime ol intermediate{vibrationally excited) ozone derived from the model

calculation against the mass number of O;, .

Now let us estimate the order of magnitude of 7. Cellision time 1, is approximately(nav) ™'
where n is the density of 0,+Q,, ¢ 1s the coliision cross section between ntermediale O; and the
other molecules, and v is the mean velority of intermediate Os For 10 emHg O; gas at 77K, t, is
approxunately 107 sec. Therefore t, must be approximately a few n sec which is quite reason-

able since the metastable states of O, have lifetime of several u sec.

V. Discussion and Surmmary

The search for 2 non-nuclear mechamsm which could produce oxygen isotopic anomales ob-
served in meleorites has produced several theories. Arrhenius et al.(1979) suggested the possi-

bility that the predissociation rate is important. Navon and Wasserburg{1985) reached the con-
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clusion that the self shielding mechanism is incorrect, which 1s consisteni with our experimental
data, Heidenreich and Thiemens{1985) suggested that "0 enrichmenl is due to t < 19 =1y
They argued that the nondegenerate rotational states of 0, and "0, double the number of ener-
gy states when compared with the rotaionally degenerate states of *0,. Such an explanation 1s
notl supported by our data.

Recently Park et 21.{198%) and Wen and Thiemens(1989) siudied the non-mass dependent
isolope effect occurring in the thermal decomposition of ozone by ummolecular reactions. Park
et al.(1989) showed that the RRKM theory might explain the magnilude of isotopic fractiona-
tion observed by Yang and Epstein(1987a, b) and the dependence of the oxygen gas isotope
composition used in the experiments. Wen and Thiemens(1989) observed that the 1sotopic frac-
tionation of ozone by thermal decomposition depends strongly on temperature and the size of the
variation was about 40%. It has to be seen that the theoretical calculation could explain experi-
mental data for ihe case of thermal decomposition. However, non-equilibrium predisscciation is
more important for the case of discharge experimenis, More experimental investigation such as
Wen and Thiemens{1989) as well as more theoretical model calculation are clearly needed.

In summary. gas discharge of oxygen enriched in heavy isotopes produces an isotopomeric
pattern of oxygen which has not been previously observed. The thecry presented here explains
the experimenial data well and provides interesiing lifetimes, a few n sec, of excited inlermedi-
ate ozone averaged in all vibrational states. The values of 7, depend on the mass and the symme-
try of the molecular structure of 05 due to nonequilibrium wvibrational distribution coupled with
anharmonic predisscciation.
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Appendix

In Lhe case of thermal unimolecular reactions, the predissociation rate( S D, . ) at a high pres-
sure is proportional to QT/Q,(RDbinson and Holbrook 1972), where QT 15 the vibrational parti-
tion funetion for three active degrees of {reedom for activated Os and @, is that for two active
degrees of freedom for reactant Os. We can assume that the activated O, is the rigid transition

state, Using @ expression in McQuarrie(1976) we obtain

1+2ph v/ kT exp{ohv/kT)—11 20y
exp(ohv/2kT) —exp(-phr/2kT)

Here, v is an antisymmetric fundamental vibrational frequency because we choose this as a re-
action coordinate, y., is an anharmonicity constant, and = ({ms/m,) ~'"* where my is the molecu-
lar weight of the refersnce molecule, X-X-X. Since hv » kT and the anharmonicity term is
much less than 1, the ahove equation leads to

7,78 = —hu/2kT 80+ 257 v/kT exp({—25,h v/kT) 8 x4,

The first term gives a primary kinetic isotope effect and the second term gives a slatistical ef-
fect. This equation leads to the eq. (8) with

p=hy/2kT o
g =2p7h /KT exp(—2ph v/kT) {xa— xa1).
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