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Ab initio study on the reaction mechanism of ozone with the chlorine atom
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Ab initio calculations of the potential energy surface for the-Ok reaction have been performed
using the MP2, QCIS[D), CCSOT), G2, G2M, CASPT2, and MRCI methods with various basis
sets. The results show that the reaction pathway can be divided in two parts. The reaction starts on
the nonplanar pathway when the Cl atom attacks a terminal oxygen of ozone via TS1, producing a
virtual intermediate, a nonplanar chlorine trioxide B. B isomerizes to another virtual intermediate,
planar C, which immediately dissociates to GO, in the coplanar manner. The CIOOO
intermediates B and C disappear at the QCISD level of theory. The calculations confirm the direct
reaction mechanism for €05 but the existence of a very flat plateau on the potential energy
surface in the region of B, TS2, C, and TS3 can have some effect on the reaction dynamics. TS1 is
the critical transition state determining the rate of the-O} reaction. High level calculations, such

as QCISDT), CCSOT), MRCI, and CASPT2 with the basis sets from moderate to very large, at the
QCISD and CASSCEF optimized geometry of TS1, consistently predict the barrier to be about 4-5
kcal/mol, much higher than the experimental val(®elow 1 kcal/mol. New experimental
measurements as well as even higher level theoretical calculations are encouraged in order to
resolve this discrepancy. @998 American Institute of Physid$S0021-960628)02948-1

I. INTRODUCTION Il. COMPUTATIONAL DETAILS

The importance of chlorine species in atmospheric  gjnce the CkOs is known to predominantly give only
chemistry was first emphasized by Stolarski and Cicei‘one.»[he ground state CIGH)+OZ(329’) products® we consider
The possibility of ozone depletion by chlorine atoms re-pere only the ground electronic state potential energy sur-
leased by the photolysis of chlorofluorocarbons was postugace  On this surface, full geometry optimizations were run
lated by Molina and Rowlarfdand supported by several 1, |ocate all the stationary points at the HF/6-35(

model calculations;® MP2/6-31Gf), MP2/6-311G(),"® as well as QCISD/
6-311G@) (Ref. 19 and CASSCFL7,12/6-311G() (Ref.
Cl+0;—CIO+0,, (D 20) levels of theory. The active space for CASSCF included
all valence electrons and orbitals excluding &ectrons of
ClO+0—CI+0,. (2)  the oxygen atoms ands3lectrons of Cl. The harmonic vi-

brational frequencies were obtained at the MP2/6-3)¢(

The CI atom plays the role of a catalyst in the ozoneMP2/6-311G(), and QCISD/6-311G{) levels in order to
depletion reaction§l) and(2). One Cl atom can destroy up characterize the stationary points as minima or first order
to 100 000 @ molecules before it is removed by some othersaddle points, to obtain zero-point vibrational energy correc-
reaction. The above mechanism for the destruction of ozongons (ZPE) and to generate force constant data needed in the
has been supported by the detection of ClO in the stratolRC calculation. In order to predict more reliable ZPE, the
sphere in recent years. raw calculated ZPE values were scaled by 0.9670 at the

The reaction CF0;—CIO+0, is of fundamental im- MP2/6-31G() level and by 0.9748 at the MP2/6-311d3(
portance in stratosphere chemistr. Chlorine trioxides level to account for their average overestimatibin several
have been postulated as a reaction intermediafeA direct  cases, the intrinsic reaction coordinate IRC methosias
reaction without intermediate was also proposed from calcuused to track minimum energy paths from transition struc-
lations at a semiempirical levéd. tures to the corresponding minima. A step size of 0.1

Although the Ci0j5 reaction has been studied for some amu Y2 bohr was used in the IRC procedure. The relative
60 years, the details of its mechanism remain obstu@ur  energies were initially refined using the (#2) procedure
object in the present study is to carry @l initio calcula-  introduced by Pople and co-work&tsvith MP2/6-31G¢)
tions at a sufficiently high level and of sufficient reliability and MP2/6-311Gq) optimized geometries. GRIP2) theory
that definitive statements may be made pertaining to the rezorresponds effectively to calculations at the QC(BD
action mechanism of ozone with the chlorine atom in stras6-311+G(3df,2p) level with zero-point vibrational energy
tospheric ozone depletion. corrections. For the reactants, «ID3, and the critical in-
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TABLE |. Total (hartreg¢ and relative(kcal/mol energies of various compounds in the+@; reaction,
calculated at the MP2 and G2P2) levels.

G2AMP2)/ G2AMP2YI

MP2/6-31G) MP2/6-311G¢l) MP2/6-31G¢l) MP2/6-311Gl)
SpeCies ZPE Eﬁ)t Erel ZPE E?ot Erel Etot EreI Etot Erel
Cl+0; 6.12 684.41255 24.00 6.01 684.55399 20.93 684.77191 37.26 684.77312 37.53
TS1 441 684.35574 59.64 4.53 684.49675 56.85 684.76539 41.35 684.76850 40.43
B 7.62 684.40632 27.90 7.47 684.54110 29.01 684.80243 18.10 684.80198 19.42
TS2 7.95 684.40339 29.74 7.83 684.53842 30.70 684.80208 18.33 684.80147 19.74
C 7.98 684.40334 29.77 7.90 684.53835 30.74 684.80220 18.25 684.80156 19.68
TS3 473 684.37271 49.00 4.87 684.50990 4859 684.81881 7.83 684.80702 16.26

ClO+0, 3.23 684.45079 0.00 3.26 684.58734 0.00 684.83128 0.00 684.83293 0.00

@The energies include ZPE corrections, calculated at the MP2/6e§1&¢el and scaled by 0.967.

The energies include ZPE corrections, calculated at the MP2/6-2f)1l6el and scaled by 0.9748.
‘The energies are calculated at the MP2/6-3)GEptimized geometries a&[QCISD(T)/6-311G()]
+E[MP2/6-311G(3df)]— E[MP2/6-311G(l) | +0.967- ZPE{MP2/6-31G(l)].

“The energies are calculated at the MP2/6-3d)Goptimized geometries a&[QCISD(T)/6-311G()]
+E[MP2/6-311+G(3df)]— E[MP2/6-311G(l) ] +0.9748 ZPEMP2/6-311G(l)].

coming transition state TS1, additional high level calcula-activation energy is very high, about 36 kcal/mol, but the
tions were performed using CC$D/6-311G(@),?* G2?  barrier decreases to 2.9 kcal/mol at (GP2)/MP2/
the G2MCC), and G2MCC, MP2 schemeg® as well as the 6-311G(). The experimental Arrhenius activation energy
multireference MRCI and CASPT@Ref. 27 methods with  for Cl+05 is 0.34 to about 0.83 kcal/mdt:*We shall dis-
an (11,9 active space and the 6-311d3( cc-pVTZ, and cuss the barrier height in the subsequent section. The transi-
cc-pVQZ (Ref. 28 basis sets. These calculations were cartion state optimization was followed by the frequency and
ried out at the QCISD optimized geometry of &d QCISD IRC calculations at the MP2/6-31@) level of theory which
and CASSCF optimized geometries of TS1. In the multiref-confirmed that TS1 does connect+D; and a nonplanar
erence calculations, the €05 reactants were treated as a

supermolecule with the Cl atom located 10 A away from a

terminal oxygen of @. All the ab initio calculations de-

scribed here were performed employing tBeusSIAN 94

TABLE II. Vibrational frequencies(cm’l) of various compounds in the
(Ref. 29 and MOLPRO-96Ref. 30 programs. Cl+0, reaction.

IIl. RESULTS AND DISCUSSION Species, method Frequencies
: . . . 0O,

The total and relative energies of various compounds in  vp2/6-31G¢) a,727,a,1173,b,2379
the reaction of C+O; calculated at the MP2/6-31@Y, MP2/6-311G(l) a,751,a,1173,b,2281
MP2/6-311G¢l), and GZMP?2) levels of theory are listed in QCISD/6-311G() a,752,a,1249,b,970
Table I. Table Il presents calculated vibrational frequencies. ~ Expt* a,716,a,1135,b,1089
The barriers corresponding to transition state TS1, obtained Lil%_ﬂed) 158 97 261 670. 982 1077
at various. theoretical levels, are co!lected in Table Ill. The MP2/6-311G6) 242: 126’ 30’3‘ 69‘& 94;37 1105
energy diagram along the reaction path computed at qcisp/e-311G6) 184, 89, 250, 674, 863, 1017
G2(MP2)/IMP2/6-311G(l) is shown in Fig. 1. The opti- B
mized geometry of various compounds along the predicted MP2/6-31G) 88, 371, 645, 859, 1165, 2202
pathway of the C+Oj; reaction are depicted in Fig. 2. Q"S"DZZ’GGHG@) 86, 373, 662, 872, 1200, 2030
A. Reaction mechanism MP2/6-31G(l) 30i, 305, 528, 846, 1260, 2618

o ] MP2/6-311G() 30i, 308, 533, 836, 1299, 2497

At an initial stage, MP2 calculations allowed us to map c
out roughly the C+O; reaction pathway. As seen in Fig. 2, MP2/6-31G¢l) 23, 297, 527, 848, 1265, 2623
a nonplanar pathway in the reaction is followed by a planar =~ MP2/6-311G() 21, 301, 531, 839, 1304, 2513
pathway. The Cl atom attacks ozone in a nonplanar manner LSP?’ZIG 3166) 1061 64 224 514 931 1579
and the initial reaction step proceeds via _transmc_)n state TS1. MP2/6-311G() 11291 71: 229: 534: 917: 1659
At MP2/6-31G(), the CI-O bond length in TS1 is 2.259 A clo
indicating of a very early transition state, in accord with the MP2/6-31G¢l) o 854
high exothermicity of the process. The CIOO angle is 110.6°,  MP2/6-311G() o 829
and the CIOOO dihedral angle is 85.2°. This structure is very ~ ©2
similar to the nonplanar transition state-HD; reported by mgg;g'gifg) "gﬂgi
Dupuis et al3! The chlorine radical attacks the ozone mol- _ 2 7o

ecule from thes direction. The MP2/6-31QG{) calculated 3rom Ref. 36.
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TABLE Ill. The barrier (in kcal/mo) for the CH-O3—TS1—CIO+0, re-
action, calculated at various levels of theory using geometries and ZPE
corrections obtained at the QCISD/6-31Hp(evel.

Level of theory AE* Level of theory AE*
MP2/6-31G() 3473 GZIMP2) 6.09
MP2/6-311G() 36.33 G2MCCQ) 4.85
PMP4/6-311G) 14.06 G2MCC,MP2 6.18
MP2/6-311+G(d) 37.00 CASSCF/6-311G) 6.61
PMP4/6-311G(d) 14.47 CASPT2/6-311G{) 4.46
MP2/6-311G(2if) 36.26 MRCI/6-311G9) 6.18
PMP4/6-311G(2) 12.93 MRCHD/6-311Gl) 5.81
MP2/6-311+G(3df) 37.81 CASSCF/cc-pVTZ 7.15
QCISD(T)/6-311G() 461 CASPT2/cc-pVTZ 3.95
CCSDT)/6-311G() 470 CASSCFlcc-pvQZ 7.56
G2 476 CASPT2/cc-pvQzZ 4.33

chlorine trioxide B. The G@MP2) calculated exothermicity

of the CHO;—B reaction step is 18.1 kcal/mol. The struc-
ture of B, shown in Fig. 2, is nonplanar and corresponds to a
minimum at the UMP2/6-31&() and UMP2/6-311Cq) po-
tential energy surfaces. In this structure, the CI-O bond is
fully formed (1.713 A), with the CI atom sitting on top of a

and the CIOOO dihedral angle is 79.3°-81.1°. This structure
is very similar to CIOOO optimized at the MP2/6-31d(
level by Rathmanret al3

From the nonplanar B the reaction proceeds to a planar
C intermediate via transition state TS2. In the planar struc-
ture C, a minimum at the UMP2 potential energy surfaces,

s §97 1078

1.261
1.238

distorted ozone molecule. The CIOO angle is 107.8°-108.8°, g

D.-Y. Hwang and A. M. Mebel = 10849

MP2/6-31G* 1.300
MP2/6-311G*  1.282

QCISD/6-311G* 1.256
expt. 1.272 + Cl
& 116.3

000C1
85.2
85.6
825
82.4

MP2/6-31G* 1.302
MP2/6-311G* 1.280
QCISD/6-311G* 1.287
CASSCF(17,12)/6-311G* 1.287

112.7 1108
1131 1102
1139
113.6

181, C,

Tios 1088

111.3 000CH
79.3
81.1

B.C;

Cl0T 0,

the CIO bond is 1.706 A, with the Cl atom on the same planeg. 2. Optimized geometries of various stationary points along thedg!

with a distorted ozone molecule. At the MP2/6-31%(
level, the ClO bond length of C is 0.007 A shorter than that
of B and the central O—O bond length of C is 0.006 A longer

reaction pathway, calculated at different levels of theory.

than that of B. From B to C, the central O—0O bond is weak-G2(MP2)//MP2/6-311G{). Transition state TS2 has a struc-
ened, the terminal bond becomes stronger, and the dihedrire very similar to that of C but with the dihedral angle of
angle changes from 79.3° to 180°. This finding is in accordl64°. The barrier for the B:TS2—C transformation is ex-

with the fact that the next step leading to formation oftremely low, 0.32 and 0.06 kcal/mol relative to B and C,

ClO+0, involves a cleavage of the central O—O bond. Therespectively, at GMP2)//MP2/6-311G().

relative energy of C is 1.84 kcal/mol higher than that of B at
the MP2/6-31Gg) level but only 0.26 kcal/mol higher at The

19.74 19.68
TS2 C

FIG. 1. Potential energy diagram for the4@D; reaction, calculated at the

G2(MP2)//IMP2/6-311G(l) level.

16.26
TS3

0.00
€10 +0,

From C, the reaction proceeds by the planar pathway.

transition-state  structure for chlorine trioxide
C—CIlO+0, is TS3. Starting from C, the central O—O bond
continues to lengthen, but the dihedral angle keeps 180° all
the way. In the transition state TS3, the ClO,€istance is
1.644 A (at MP2/6-31G()). Simultaneously, the terminal
0O-0 bond and O-CI bond become stronger with the bond
distances of 1.182 A and 1.665 A, respectively. The calcu-
lated UMP2/6-31Gq) energies place the transition state
19.23 kcal/mol higher than planar C, and the €lO, at
29.77 kcal/mol below chlorine trioxide C. The
UMP2/6-31G€) IRC calculation confirmed that the first or-
der saddle point TS3 does connect the chlorine trioxide C
and CIlO+triplet-O,.

The relative stability of C and TS3 changes at higher
theoretical levels. The calculated G2P2)//MP2/6-311G()
energies place the transition state TS3 3.4 kcal/mol lower
than planar C, and CI®O, at 19.7 kcal/mol below C. This
implies that the nonplanar B and planar C intermediates may
not be stable at this level of theory. In this respect, the result
is very similar to the finding by Raukt all’ who reported
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that the CIOOO minimum disappeared when they used fodoes not reproduce experimental vibrational frequencies of
optimization the restricted open shell RMP2 method. Wethe ozone molecule; for instance, the frequency is more
tried to optimize the geometry of B and C at QCISD/ than twice overestimated, 2281 ¢hvs 1081 cm? in
6-311G@d) and a density functional B3LYP/6-3116( experiment® Using the QCISD frequencies we obtain the
level 2 however, the optimization converged to CHQ,. ZPE of TS1 0.1 kcal/mol lower than the ZPE of the reactants
This indicates that the chlorine trioxide B and C intermedi-and the GPMP2) reaction barrier should be corrected to 4.2
ates are unstable at these levels of theory. Therefore, B and ¢al/mol, much higher than the experimental activation en-
can be called virtual rather than real intermediates. ergy.

Geometries of TS1 optimized at the QCISD/6-31d§( In order to confirm this result, we carried out more ac-
and CASSCF17,12/6-311G() levels are, in general, simi- cyrate calculations of TS1. As seen in Table IIl, the barrier at
lar to those obtained at MP2. At QCISD and CASSCF thersy computed with the ZPE obtained at the QCISD level

central OO bond length is 1.32 and 1.37 A and CIO distancg;sing most accuratab initio methods applicable to this sys-
is 2.28 and 2.19 A, respectively. As will be discussed beloWiem is in the 4—6 kcal/mol range. With the moderate

the higher level energies of TS1 calculated for the QCISD6_3116©) basis set, the QCISD), CCSOT), CASPT2,
and CASSCF optimized geometries are close despite the NQ;. 4 MRCH-D (MRCI including Davidson’s correction
table dn‘fgrence in the Cl_(_) distance. The_ Q_CISD/6-31C1X;( methods resulted in the barrier heights of 4.61, 4.70, 4.46,
frequencies of the fransition state are similar to those COM3nd 5.81 keal/mol, respectively. The increase of the basis set
puted by the MP2/6-311@]) method. The deviations of the gives only insignificant changes; the G2 and GEXE) bar-
scaled by 0.9496Ref. 21) MP2 frequencies from the QCISD riers are very close to those,obtained by QCIBIB-

frequencies do 'T'Ot excee.d 40 cn . . .311GD) and CCSMT)/6-311G{d). The use of correlation-
The calculations predict the following reaction pathway: consistent Dunning’s basis sets does not change the

the Cl atom attack; the terminal oxygen in a nonplanar rnanéituation; the CASPT2/cc-pVTZ barrier is 3.95 kcal/mol. Us-
ner through transition state TS1 producing a nonplanar chlo-

rine trioxide B which may or may not be a stable intermedi—m% the_ CAS:Dle t?pprw.iﬁ tvr\:e werci/aglebto_caréyé (t)utt Ivery
ate. Even if B exists, it is a very short-lived species or virtuag|SX!ENSIVE calcuiations with the cc-p Q asis §ae tota
intermediate which directly dissociates to GIQ,. The pla- number of contracted basis functions is P28ut the result,

nar chlorine trioxide C could also be passed by because ifs:33 kcal/mol, is nearly the same as at CASPT2/6-3H)G(

relative energy is so close to that of B. The present calculal hus, the barrier height is not very sensitive to the basis set

tions support the conclusion by Zhang and Lewde from  €xtension. Finally, the MRCI and CASPT2/6-311(3(cal-
their crossed molecular beam study that the-Oj reaction ~ culations at the CASSCF/6-311@)( optimized geometry of
proceeds through a direct reaction mechanism. MeanwhileTSl gave the barriers about 0.5 kcal/mol higher than those
the existence of a very flat plateau in the vicinity of B, TS2,0btained at the QCISD/6-3116) optimized geometry.
C, and TS3 may affect the reaction dynamics. Zhang and Lee Thus, different sophisticated single- and multireference
raised a possibility of a coplanar reaction pathway in theab initio methods consistently predict the D5 barrier to
reaction. We could not find any coplanar transition state foPe in the 4—6 kcal/mol range, much higher than the experi-
the initial attack of the Cl atom. On the other hand, thementally measured value. The reason of such a significant
dissociation of the virtual intermediates proceeds from theleviation is not quite clear. The discrepancy is beyond the
vicinity of C in the coplanar manner which can account foraccuracy usually expected from the calculational methods
the character of the product scattering observed in experised here. Our result appeals for new experimental measure-
ment. ments of the reaction rate constant fort@;. On the other
The calculated heat of this reaction,AH hand, assuming that the experimental activation energy is
= —37.5 kcal/mol at the GMP2) level of theory, is in close accurate, the GtO; potential energy surface is a real chal-
agreement with the experimental value -689.1 kcal/mol. lenge for even more sophisticated theoretical calculations.
We did not include any empirical “HLC” correctioR in Within the transition state theoryf ST), one can calcu-
the GZMP2) energies. Formally, the number of electronic late the reaction rate constant for4d;—TS1—CIO+0,.
pairs changes from €lO; to CIO+0,. On the other hand, In our computations, we used QCISD vibrational frequencies
the singlet @ molecule has a significant open shell characterand moments of inertia of ozone and TS1. The lowest real
and the number of electron pairs is not well defined. Also,frequency of TS1 is 89 citl, this vibration approximately
the formal use of HLC would makéH = —34.4 kcal/mol  corresponds to internal rotation around the central OO axis

and worsen the agreement with experiment. and might be better described as a free or hindered rotor.
o ) . From the geometry of TS1 we compute the reduced moment
B. How high is the reaction barrier? of inertia for this rotation to be 32.561074° g cn?. Treat-

The activation energy for Gl0;—CIlO+0, measured ing the lowest frequency vibration as a free rotor we obtain
experimentally, 0.34-0.83 kcal/mifljs very low. However, the preexponential A factor of 6.6610 ™ cm®
our calculations resulted in a significantly higher value formolecule* s™* at 298 K, twice higher than the experimental
the reaction barrier. At the GRIP2)//MP2/6-311G() level  value3?*30n the other hand, treatment of all the frequencies
the calculated barrier at TS1 is 2.9 kcal/mol including ZPEas harmonic oscillators gives th factor of 6.93<10 2
corrections at the MP2 level and the classical barrier is 4.3 he average value & between the vibrational and free rotor
kcal/mol. Meanwhile, the MP2/6-311@) approximation treatment is 3.68 10 ! cm® molecule *s™1, close to the
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Cl+0, ->CIO + O, However, the CIOOO intermediates B and C disappear when
N P S P S optimized at the QCISD/6-311@] level. Thus, the calcula-

] tions confirm the direct reaction mechanism forC;. The
existence of very flat plateau on the potential energy surface
in the region of B, TS2, C, and TS3 can affect the reaction
; ] dynamics. For instance, the final reaction step is shown to
107 | 3 proceed from the vicinity of C along the coplanar pathway
g ] which can explain the character of the product scattering
: e ] found in the crossed molecular beam experiménts.

10 L - TS1 is the critical transition state determining the reac-
1o g ] tion rate. Our calculations consistently predict the activation
o8 3 as 4 a5 & 55 energy to be about 4-5 kcal/mol, much higher than the ex-
1000/T (K1) perimental activation energipelow 1 kcal/mol. Additional
experimental measurements as well as even higher level the-

FIG. 3. Arrhenius plots of the calculated and experimental rate constants fogretical calculations seem to be necessary in order to resolve
the CH0O3;—TS1—CIlO+0, reaction in the temperature range of 190—385 this discrepancy

K. Kineor» theoretical rate constant computed with the CASPT2/cc-pVTZ . . . .
barrier height of 4.0 kcal/mok,g;, theoretical rate constant computed with Among the chemical re_actlons of ozone deple_tlon in
the adjusted barrier of 0.65 kcal/mdi,,,, experimental rate constant from Stratosphere, the endothermic steps are photochemical reac-
Ref. 33, 1.1%10 ''exp(-33T) cnPmolecule's™* for 189K<T  tions to generate chlorine and bromine free radical. Cur-

: —1 . . . .
=269 K. Kexgp, experimental rate constant from Ref. 33, 24 ~exp  rantly, it is believed that the following reactions are respon-
(—233/T) cn® molecule*s™! for 269 K<T<385K. k., recommended ible f t of the strat h 1683841
rate constant from Ref. 37, 2@L0~ ! exp(—260/T) cm® molecule st sible for most or the stratospnere ozone :

for 205 KST=<300 K. Cl+03—ClO+0,, Br+0;—Bro+0;,

ClO+0—Cl+0,, ClO+CIO—Cl,0,,

10™

1072 [

107 ~ —

k (cm® molecule™ s7)

recommended value of 2010 13" This indicates that a
more strict treatment of this vibration as a hindered rotor ~ Cl202+hv—CI+CIO,, ClO,—~CI+0;,
would be the most accurate. _ ClO+BrO—Br+Cl+0,, ClO+BrO—Br+0CIO.

We use the “average” treatment to compute the reaction ) ) _ _
rates. Figure 3 shows Arrhenius plots of the calculated and The reaction of ozone with the chlorine atom is exother-
experimental rate constants for 8D, —TS1—CIO+0,. mic and, if the energy barrier is actually less than 1 kcal/mol,
Using the theoretical reaction barrier of 4.0 kcal/molit should be very fast. According to the crossed molecular
(CASPT2/cc-pVTZ we obtain the rate constant 280 times beam study of Zhang and Lé¢he generated CIO radical is
lower than in experiment at 298 K. If the reaction barrier isVibrationally hot and would readily react with oxygen atoms,
reduced to 0.65 kcal/mol, we are able to reproduce the exClO+0O—CI+0O,. The other reactions are either exothermic
perimental rate of 1.2 101 cm® molecule 1 s~ 1.%7 Fitting ~ Of have vibrationally hot enough reactants. The energy en-
the rate constants calculated with the adjusted barrier heigitthed CIQ should be broken to @10, without additional
in the temperature range of 200—300 K gives the followingenergy. The ice crystals and volcano ash accelerate the

Arrhenius expression: depletion of ozone in the stratosphere. The reason is that the
11 1 ice crystal and ash can remove the heat of the reactions and
Kagi=5.37x10" " exp( —443.3) e molecule ™ s, shift the equilibrium to the direction of ozone depletion.
As compared with expression recommended from experi-
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