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Ab initio studies of CIO , reactions. IV. Kinetics and mechanism
for the self-reaction of ClO radicals

R. S. Zhu and M. C. Lin?
Department of Chemistry, Emory University, Atlanta, Georgia 30322

(Received 17 June 2002; accepted 4 December)2002

The self-reaction of CIO radicals has been investigatedioinitio molecular orbital and variational
transition state theory calculations. Both singlet and triplet potential energy surfaces were predicted
by the modified Gaussian-2 method. The reaction was shown to take place mainly over the singlet
surface by forming CIOOCIK;) and CIOCIO k;.). These association processes were found to be
strongly pressure dependent and the predicted total rate constants are in good agreement with the
experimental data. The predicted second- and third-order rate constants for formation of CIOOCI
and ClOCIO can be expressed, respectively, in units dfraplecule *s™* and cnf molecule ?s™!

by ki=1.6xX10"°T *57exp(—64/T), ki, =6.4x10 °T %78exp(~76/T), and k}=8.31x10 ¥

T~ *%exp(—3361T), kJ,=1.72x10 T~ ®%exp(-926/T) in the temperature range 180-500 K

for N, as the third body. The observ&dP-dependent data could be best accounted for with the heat

of formation of CIOOCI,A;Hg(CIOOCI)=29.4+ 1 kcal/mol. The formation of GHO, (2), Cl

+CIOO (3), and CHOCIO (4) products have been confirmed, with the predicted
pressure-independent rate constarkts=1.09x 10 *T%6exp(—1892m); ky=1.36x10 31077
exp(—21681T); k,=6.26x 10~ 11T%%%exp(—28961T), respectively, in units of cAhmolecule s,

covering the temperature range 200—1500 K. These results are also in reasonable agreement with
existing experimental kinetic data. ®003 American Institute of Physics.

[DOI: 10.1063/1.1540623

I. INTRODUCTION and medium pressureThese endothermic reactions may,

h binati d di ) i ) however, become dominant processes in the combustion of
The recombination and disproportionation reactions of, .\ onium perchloratéAP) propellant.

CIO radicals have been investigated extensively on account The effects of temperature and pressure on the total rate

OI t:\elr r:elg\_/?snlce tq thel Qéhestructl(;n chemlsttrykm Ehe constant and product branching probabilities over a wide
stratosphere.=—in principle, the reactions may lake place range of practicall, P-conditions (200 KKT<<3000K, 0O

via at least two long-lived intermediatesz. <P<200 atm) cannot be realistically studied in any labora-

CIO+ CIO— CIOOCF —Cl,+ O, (a)  tory experiments. In this series of theoretical studies]we
have employed high-levedb initio molecular orbital meth-
—CI+CIOO (b)  ods in conjunction with statistical theory calculations to map

" out the detailed potential energy surfa¢egS involved and
Clo+Clo—Clocio” —Cl+oclo, (©  calculate the associated rate constants and product branching

where * denotes internal excitation. Potentially, a third inter- ratios for applications over a wide range of conditions rel-
mediate, CICIQ, may be formed in the reverse €DCIO  evant to specific practical requirements. For the three dis-
reaction, analogous to the association of OH with OCIO, intinctly different systems, Ok ClOz,*” OH+CIO,'® and O
which chloric acid (HOCIQ) may be a major product, de- +OCIO,'® which we have investigated recently, the results
pending on the pressure of the systém. have been very encouraging. We could not only quantita-
Under higher pressure conditions, particularly at lowtively account for the experimentally determined total rate
temperatures, collisional deactivation of excited associatiogonstants for these reactions, but also reliably predict the
products producing CIOOCI and CIOCIO may be importantreported product branching ratios, typically measured under
kinetically. In fact, for the most stable intermediate, CIOOCI, experimentally more readily accessible conditions.
its formation is the dominant process under the stratospheric Comparison between theory and experiment for a certain
condition*>91113150n the other hand, the disproportion- experimental condition does provide a much needed calibra-
ation processes producing CIOO and OCIO (by and (c),  tion of the computed energies and the overall mechanism
respectively, are endothermic by 3—4 kcal/nfade infra); involved for a more reliable extrapolation to more extreme
accordingly, they cannot compete effectively with the recom-practical conditionge.g., at 1000—2500 K and 1-200 atm
bination reaction in the stratosphefwith low temperature for AP combustion In the present study, we have examined
the effects of temperature and pressure on the recombination

dNational Science Council Distinguished Visiting Professor at Chiaotungand disproportionation of _CIO ra_dlcals Combm'ag |n|t|_o
University, Hsinchu, Taiwan. Electronic mail: chemmcl@emory.edu MO and VRRKM calculations with a special emphasis on
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the variation of product formation channels with tempera-ergy, andR, is the equilibrium value ofR. For the tight
ture, from 200 K of interest to stratosphere to 3000 K ofyransition states, the numbers of states were evaluated ac-

importance to AP combustion. cording to the rigid-rotor harmonic-oscillator approximation.
For the formation of higher barrier disproportionate
Il. COMPUTATIONAL METHODS products in reactiong) to (c), we have employed theHEM-

The geometry of the reactants, products, intermediate&ATE code of Mokrushinet al*® to couple all low-lying re-
and transition states of the title reaction have been fully op&ction channels including isomerization processes by solving
timized by using the hybrid density functional B3LYP theT, P-dependent master equation.
method (Becke's three-parameter nonlocal exchange
functionaf®?! with the correlation functional of Lee, Yang, 1ll. RESULTS AND DISCUSSION
and Parf) with the 6-311 G(3df) basis set. Vibrational . . .

. . . . A. Potential energy surface and reaction mechanism
frequencies employed to characterize stationary points, zero-
point energy(ZPE) corrections have also been calculated at  The optimized geometries of the intermediates and tran-
this level of theory, and have been used for the rate constasition states are shown in Figs. 1 and 2, respectively. The
calculations. All the stationary points have been positivelysinglet and triplet potential energy diagrams obtained at the
identified for local minima(with the number of imaginary G2M//B3LYP/6-311 G(3df) level are presented in Figs.
frequencies NIMAG=0) and transition states(with 3 and 4. The predicted vibrational frequencies and rotational
NIMAG=1). Intrinsic reaction coordinate (IRC) constants are summarized in Table | to compare with the
calculation$® have been performed to confirm the connec-available experimental vibrational frequencies of CIOOCI
tion of each transition state with designated intermediate. and its isomers.

The total G2M energy with zero-point ener(&PE) cor-
rection is calculated as followf:

E[(G2M(CC2)]=Eact AE(+)+AE(2df)

1. Cl,0, isomers

a. Equilibrium geometries and frequencie§heoreti-
cally, most investigatofS=38 focused their studies on the

+AE(CC)+A’+AE(HLC,CC2) three low-lying isomers, CIOOCI, CIOCIO, and CIGIOLee
et al3” have investigated these isomers using different meth-
+ZPH3df), ods and basis sefcluding CCSIT) with large ANO basis
Epac= E[PMP4/6-311Gd, p)], sets for sirjgle-poi_nt energies calculafjptiney ipdicated that .
f-type basis functions are necessary to obtain accurate equi-
AE(+)=E[PMP4/6-31% G(d,p)]— Epas, librium geometries and frequencies. Christgral *® showed

that density functional theoryDFT) calculations using hy-

AE(2df)=E[PMP4/6-311G2df,p)]— Epas brid functionals with large basis sets reproduced the experi-

AE(CC)=E[CCSIOT)/6-311Gd,p)]— Epas mental data well.
, In this section, the structures and frequencies of five iso-
A"=E[UMP2/6-311 G(3df,2p) ] mers, CIOOCI, CICIQ, CIOCIO, OCICIO, and OOCICI, la-
— E[UMP2/6-311G2df,p)] beled as LM1-LM5 in Fig. 1, calculated at the
B3LYP/6-311+ G(3df), are compared with previously pre-
—E[UMP2/6-31% G(d,p)] dicted values and available experimental data. The first iso-

mer, CIOOCI, hasC, symmetry; the predicted CI-O bond

+ -
E[UMP2/6-311Gd,p)], length at the B3LYP/6-31+ G(3df) level, 1.748 A, can be

AE(HLC,CC2=—5.781,—0.1%, compared with the calculated values, 1.7811.753%
, s of mh 1.711%7 1.706%8 1.731% 1.746 A (Ref. 39 obtained at the
In_units of mhartree, MP2/TZ2P, CCSIT)/TZ2P, MP2/TZ2Pf, MP2/cc-PVQZ,

wheren, andng, are the numbers of valence electrong, B3PW91/6-313%G(3d2 f), B3LYP/aug-cc-PVTZ-d lev-
=ng. All calculations were carried out witbAUSSIAN 08%° els, respectively. Apparently, the CI-O bond lengths pre-
The rate constants were computed with a microcanonicalicted by DFT and CCSO’) methods appear to be too long
variational RRKM(VARIFLEX2®) code, which solves the mas- even with larger basis sets, but the value predicted by the
ter equatio”?¢involving multistep vibrational energy trans- MP2 method with big basis sets seems to be closer to the
fers for the excited intermediate CIOOQr CIOCIO". The  experimental value, 1.704 R.The O-O bond length ob-
energies for the intermediates and transition states calculatégdined at the B3LYP/6-31G(3df) level, 1.361 A is
at the G2M(CC2) level were used in the calculation. 0.065 A shorter than the experimental vafland can be
For the barrierless transition states, the Morse potentiacompared with 1.421, 1.411, 1.407, 1.409, 1.354, and 1.371
E(R)=D1-e AR Rop2 A using the above six methods, respectively. These data
e ' show that the predicted CI-O and O-0 bond lengths depend
was used to represent the potential energy along the minstrongly on the size of the basis set and the method. All of
mum energy path of each individual reaction coordinate. Irthe calculated CIOO bond angles and CIOOCI dihedral
the above equatiorR is the reaction coordinaté.e., the angles deviate from experimental values, 110.1° and 8%.0°,
distance between the two bonding atoms, O—O or O—Cl irby approximately=1-2° and+1-3°, respectively. Calcula-
this work), D, is the bond energy excluding zero-point en- tions in Ref. 38 indicated that the HF method totally fails in
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predicting the structure of CIOOCI. For the CIGI@Gomer isomers, OCICIO and OOCICI, were previously optimized
with C, symmetry, the CI—Cl and CI-O bond lengths, 2.243by Jensen and Oddershétiat the HF/3-216 level, with no
and 1.440 A obtained at the B3LYP/6-3&G(3df) level  structure parameters available in their paper. Figure 1 shows
are in good agreement with experimental values, 2(Fa8.  the structural parameters of these two molecules @jtfand
40) and 2.22* and 1.436(Ref. 40 and 1.440 A' respec- Cs symmetry at the B3LYP/6-31.G(3df) level.
tively. The frequencies of CIOOCI, CICIQ and CIOCIO are
Our predicted CI-Cl and CI-O bond lengths are close tshown in Table 1. Our results at the B3LYP/6-311
those values, 2.279, 1.468 A; 1.202, 1.434 A; 2.199, 1.429 A-G(3df) level are similar to those obtained at the
obtained at the CCSD)/TZ2P¥ B3PW91/6-311 B3PW91/6-31%G(3d2f)*® and B3LYP/aug-cc-pVTZ
+G(3d21),%® and B3PW9l/cc-pvVQZ levels. For this +d.® From Table | one can see that the frequencies calcu-
structure, basis set and electron correlation effects are mofeted at the B3LYP/6-311G(3df) level agree well with
important than that of CIOOCY. For the CIOCIO isomer, no the experimental values of Mar et al,** Chen and Leé?
experimental structure parameters are available. Calculatiorad Jacobs and co-workéfsMany other complexes with
by either the DFT or the coupled-cluster method show thatoose structures, LM6—-LM11, have also been located; they
basis set has a strong effect on the middle CIO bond lengttwill be discussed in the following related parts.
For instance, at the B3LYP/6-311@) level it is 1.837 A; b. Relative energieHere, we mainly compare the sta-
with larger basis sets, it decreases to 1.737R&f. 39 and  bility of LM1 to LM5. The calculated G2M energies relative
1.723 A (this work at the B3LYP/cc-pVQZ and to CIO+CIO are presented in Fig. 3. The results show that
B3LYP/6-311(3f) level, respectively. From CCSD)/ the relative stability of the GD, isomers is approximately:
DZP to CCSOT)/TZ2P, the decrease is even larger, 0.126CIOOCI~ CICIO,> CIOCIO>OCICIO>OOCICI. At the
A.2" This bond is also more sensitive to the correlation ef-G2M//B3LYP/6-311 G(3df) level, CIOOCI lies 18.9
fect; for example, at the CCSD/TZ2P and CQ3$PTZ2P  kcal/mol below the reactants, the dissociation enefy) (is
levels, the predicted values are 1.739 and 1.817%4 Again,  the same as that predicted by Stantdral3® using many-
this structure appears to be method dependent. The other tvbmdy perturbation theoryMBPT) and the infinite-order
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FIG. 2. The geometry of the transition states involved
in the CIO+CIO reaction at the B3LYP/6-311
+G(3df) level.

coupled-clustefCC) approximation. The predicted value of the same as that reported by McGrathal 3! and also close

Dy (18.9 kcal/ma) is also close to the experimentally esti- to
mated enthalpy changes, 17.39.5'% and 18.1(Ref. 13

the best estimated result of Leetal,®” 10.1
*4 kcal/mol. At the G2 level, the energy difference was pre-

kcal/mol at 200—300 K, corresponding to the values of 16.5dicted to be 11.7 kcal/méP Finally, the other two isomers,

18.6, and 17.2 reported at 0 K, but is different from theOCICIO and OOCICI, were predicted to lie 6.1 and 8.1
results computed at the G2 and CQ$D[65321/5432)/  kcal/mol, respectively, above the reactants, as shown in
CCSD/TZ2P levels, 22.1 kcal/nfdland 14.2 kcal/mot/ re-  Fig. 3. From the above comparison one can see that al-
spectively. Further discussion on this important quantity willthough uncertainties exist among the values computed by
continue in the following section. For CICH) which lies  different methods, the relative stability of these isomers re-
above CIOOCI by only 0.4 kcal/mol, the result is close tomains the same, i.e., CIOO€LCICIO,>CIOCIO>OCICIO
those relative to CIOOCI obtained by McGraghal®* and ~OOCICI.

Lee etal,>” 1.0 kcal/mol and 0.2 2.0 kcal/mol, respec- c. IsomerizationAs OCICIO and OOCICI have higher
tively, but, according to Stantoret al® and Li etal,*® energies, only the isomerization processes involving the
CIOOCI is more stable than CICiby 6.7 and 7.7 kcal/mol, three low-lying isomers are investigated. TS1 and TS
respectively. The third isomer, CIOCIO, is predicted to be 7.0Figs. 2 and Bcorrespond to the isomerization from CIOCIO
kcal/mol less stable than CIOOCI; this energy difference igo CIOOCI and CICIQ; they lie above the reactants by 0.5

Singlet Surface
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and 6.9 kcal/mol, respectively. The potential effect of theshow that the forward side of TS3 connects to a loose com-
former isomerization process, which has a much smaller baplex, LM6, which is 1.0 kcal/mol lower than the £t10,
rier, will be discussed later. products.

On the triplet surface, the most likely process is that CIO
and CIO form3cis-CIOOCI (see Figs. 1 and)4ollowed by
dissociation to produce g+30,. However, the calculated

As discussed in the above section, many authors haveesult indicates that the formation 8€is-CIOOCI occurs
theoretically investigated the structures and stabilities of thevith a very high barrier, 28.6 kcal/mol. Formation of
Cl,0, isomers; however, the dissociation mechanisms oftrans-CIOOCI (LM8) also has a similar high barrier, 28.0
these isomers have not been reported before. In principlécal/mol, as shown in Fig. 4. Evidently, formation of triplet
Cl,+ 10, and®0; can be produced via the singlet and triplet clooCl is energetically unfavorable. Similarlirans: and
potential energy surfaces, respectively. Over the singlet suisis cloclo (LM9, LM10) also have large entrance barriers,
face, shown in Fig. 3, the CIOOCI intermediate can dissoci-28.1 and 33.4 kcalimol, corresponding to TS6 and TS7, re-

ate to give CJ+ 10, via a four-center transition state TS3 in . . . .
which the O—0O bond length, 1.209 A, is much close to thaspecnvely. It should be mentioned that the high barriers for

of 20,, 1.203 A, obtained at the same level of theory. Thetthe entrange step on triplet potential energy surfaces were
breaking two Cl-O bonds lengthen unequally by 0.135 and'S© found in the HE- CIO (Ref. 1§ and HO+ OCIO (Ref.

H 3
0.956 A, compared with those in CIOOCI. TS3 lies 3.6 kcal/16) reactlsons. For the H®CIO—"HOOCI and HO
mol above the reactants; this value is close to the experiment OCIO—"HOOCIO reactions, their barriers were found to

tal activation energy, 2%0.8, 2.3:1.0, and 3.2 be 17.2(Ref. 18 and 35.0(Ref. 16 kcal/mol, respectively.
+0.2 kcal/mol reported by Haymaet al,” Clyne et al,.3®?  The transition state betweénis-CIOOCI and C}+ 30, was
and Nickolaiseret al.'® respectively. IRC analysidresults not located at the B3LYP/6-3#G(3df) level of theory;

2. Formation of CIO +CIO—Cl+*30,

TABLE I. Vibrational frequencies and rotational constants for the reactants, the key intermediates, and transi-
tion states of the CI® CIO reaction computed at the B3LYP/6-31G(3df) level of theory.

Species B(GHZ) Frequencies

Clo 0.0, 18.5, 185 861.4

CIOOCP 13.5,2.3,2.1 127 (12720), 326, 443(418, 551 (543, 638 (647,
648), 844 (754,752

ClocIo? 14.9,2.4,2.2 116, 258, 35¢838.4, 441 (440.9, 622 (695.9, 1015
(994.5

cIclo,® 9.4, 35,27 243251.4, 264 (271.9, 441 (440.5, 524 (522.7, 1061
(1041.5, 1229(1218

OCICIO 14.4,2.2,2.1 87, 159, 209, 248, 934, 974

0ocCiIcCl 6.4,2.8, 2.0 163, 226, 324, 501, 538, 1427

TS1 19.6, 1.7, 1.6 159 125, 241, 444, 780, 926

TS2 10.6, 2.5, 2.2 475130, 226, 479, 981, 1211

TS3 5.8,3.2, 21 280 163, 249, 325, 557, 1386

3talic and regular fonts of the frequencies in the parentheses are from the experimental results of Refs. 43 and
44, respectively.
bThe frequencies in the parentheses are from the experimental results of Ref. 41.
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TABLE II. Comparison of the predicted heats of formation of different spe@e8 K, in kcal/mo} in this work
with available data.

Species Predicted Expt.

CloocCl 29.4% 29.4 (Ref. 33, 30.6 (Ref. 45, 32.6-3.2 (Ref. 30, 29.7(Ref. 13, 32.1(Ref. 9
34.2 (Ref. 37

CICIO, 29.8% 33.8 (Ref. 30, 35.1(Ref. 37, 37.1(Ref. 33, 37.5
(Ref. 49

CIlOCIO 36.4% 42.4 (Ref. 45, 44.3(Ref. 37

OcCIO 23.23 24.7 (Ref. 19, 25.3(Ref. 18, 28.2(Ref. 45 23.7+1.9 (Ref. 46

CIOO 23.12 23.5(Ref. 18, 30.2(Ref. 45 23.8+0.7 (Ref. 46

@This work.

thus, the formation ofO, from 3cis-CIOOCI may be a bar- 1.6 kcal/mol. As stated in theiote Added in Progt if
rierless process. the recent value oA(H$ (Cl,0)=19.8+ 0.5 kcal/mof® was
. used, the same isodesmic reaction led to 32® kcal/mol
8. Formation of CIOO +Cl and OCIO +Cl for the heat of formation for CIOOCI, which is consistent
Besides the molecular elimination reaction producingwith 32.6+3.2 kcal/mof® predicted at the MP2/6-3d
Cl,+'0,, CIOOCI can also dissociate barrierlessly to give + G(3d,2p) level based on the same isodesmic reaction.
Cl+CIOO, as shown in Fig. 3. Similarly, tripletis and  This lower value essentially overlaps with our value within
transCIOOCI (see Figs. 1 and )4can dissociate to Cl the combined uncertainty in theory and experiment. Because
+CIOO also but, as mentioned before, their high entrancef the high sensitivity of the predicted CHICIO association
barriers, 28.6 and 28.0 kcal/mol, corresponding to TS4 andates to theD, (CIO—OC) value, we will compare the pre-
TS5 (see Fig. 4, respectively, prevent the formation of Cl dicted rate constant as a function Bf, in the next section.
+ CIOO via these triplet states. For CICIO, and CIOCIO, there are large uncertainties; the
The analogous reactions producingt@CIO, as shown maximum deviation among the results predicted by different
in Figs. 3 and 4, can occur by the decomposition of CIOCIOmethods reaches as much as 8 kcal/mol. For OCIO and
CICIO,, 3cis- and®transCIOCIO (LM9 and LM10. How-  CIOO, our results 23.2 and 23.1 kcal/mol, are in good agree-
ever, again, because of the high barriers at TS2, TS6, angient with experimental values, 237.9 (Ref. 46 and
TS7(see Figs. 3 and)4only the singlet CIOCIO dissociation 23.8+0.7 (Ref. 46, respectively; they are consistent with
path will be discussed in the later rate constant calculation.our previously predicted values based on the reacti@hs
The endothermicities for the formation of €CIOO and  + OCIO— CIO+20,'° and HO+CIO—H+0OCIO*® 24.7
Cl+OCIO are predicted to be 3.4 and 3.5 kcal/mol, respecand 25.3 kcal/mol, respectively. It should be mentioned that
tively; these values can be compared with the activation enthe G2 methotf overestimated the heats of formation of
ergies 4.90.7 and 2.#0.3kcal/mol determined by OCIO and CIOO by 4.5 and 6.4 kcal/mol, respectively, com-
Nickolaisenet al® The heats of formation for the three low- pared with experimental values. The deviation may arise
lying Cl,0, and CIQ isomers are discussed below. from the unreliable structures optimized at the
MP2/6-31G¢) level employed in the standard G2 method.
4. Heats of formation of CIOOCI, CICIO ,, CIOCIO,
ClOO, and OCIO B. Rate constant calculations

In order to establish the reliability of the rate constant  \/ariational TST and RRKM calculations have been car-
calculations, besides the comparison of the structural paramied out for the following reaction channels:
eters, frequencies, and transition state barriers with available K
theoretical or experimental data given in the previous sec-  c|0+ ClIO— CIOOCF — CIOOCK + M)
tions, here we also compare the heats of formation for some
species with available values. The heats of formation at 0 K ECI 1o
for ClIO and Cl are known to be 24.3%.024 and 28.59 202
+0.0014, respectivelf Other heats of formation are calcu- ks
lated based on these values using the compaitétf . Table —Cl+CIoo,
Il presents the values and other calculated or experimental K,
data for comparison. It can be seen that for CIOOCI, our  C|O+ ClO— CIOCIO* — CIOCIO( + M)
result(29.4 kcal/mo) is close to those predicted by Stanton
et al with the infinite-order coupled-clusté€C) approxi-
mation and Liet al*® with the G2 method. All are in reason-
able agreement with the experimental values, ZBR&f. 13  The energies used in the calculation are plotted in Fig. 3 and
and 32.1(Ref. 9 kcal/mol. The highest value, 34.2 kcal/mol the vibrational frequencies and rotational constants are listed
obtained by Leeet al,®” was based on the calculated en-in Table I. The LJ parameters required for the RRKM calcu-
thalpy change for the isodesmic reaction, CIO®E,O lations for the quenching of CIOOC| £=533K and o
=HOOH+ Cl,0, using the heat of formation of gD, 21.4 =4.1 A, were derived from deconvoluting the LJ potential

kg
—CI+OCIO.
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of the He—CIOOCI system obtained by oaip initio calcu- 103 @
lation at the B3LYP/6-31% G(3df) level. Thee and o pa- ?
rameters for the He—CIOOCI collision pair were determined
to be 73 K and 3.3 A by fitting the LJ functidh,V — “u 19%;
=4¢[(plr)*?—(o/r)®]. The LJ parameters for Heg @
=10K ando=2.55 A, were taken from the literatuf@. B [ 200K in He
The rate constants for the dominant association reactior -96’ 10™ 5 Ly
(k, and k) were calculated with thesARIFLEX code®® £
whereas those for the disproportionation reactidns, ks, ma
andk,, were computed with theHEMRATE codé&® coupling i’ 107
all intermediates involved in the forward and reverse reac ] =w-mmmmmmmmommommemomesssossosonooeoceeaoos
tions as shown below:
Scheme 1 10'16'|'|'||'|'|'|'l'|-|
2100 0 100 200 300 400 500 600 700 800 900
ClO+ ClO« CIOOCF — CIOOCK + M) pressure (Torr)
—Cl,+0,
—CIl+CIOO o
1075 ®
— CIOCIO* — CIOCIO(+ M)
—CI+0CIO Iy
lm g
— ClO+ ClO(loss). "o ]
Scheme 2 % 14
ClO+ ClO« CIOCIO* — CIOCIO(+ M) = ;
£ 263K in He
—CIl+0OCIO "’E 1075
~CIOOCF —CIOOCK + M) ™
—>C|2+ Oz 10-16 . . . . . . ; . ;
0 200 400 600 800
—CIl+CIOO

Pressure (Torr)

— CIO+CIO(losy. ) _ _ )
FIG. 5. Comparison of the predicted rate constants with the experimental
In the CHEMRATE calculation, the transition state parametersvalues at 200 Ka) and 263 K(b) in He. Dashed, dotted, dash-dotted, and
for the barrierless association and decomposition process@@id lines represent the predictely ks +ka), ki, ki, andk;, respec-
were evaluated canonically for each temperature and critical - @ Ret- 11
separation;#(T), based on the maximum Gibbs free-energy

criterion as described previously for radical-radical . . .
P y gible, for instance, accounting for about 18%—29% of the

reactiong:>>° .

total rate from 10—800 Torr in Nat 200 K and that K,
1. Pressure and third-body effects on formation +ks+Kk,) is pressure independent and the association reac-
of CIOOCI and CIOCIO tions forming CIOOCI and CIOCIO are pressure dependent

The association of CIO radicals was found to be stronglyfor all of the third bodies at all temperatures, with the former
pressure dependett’®>!® The formation of both CIOOCI being dominant. The predicted total rate constakgs &re in
and CIOCIO occurs barrierlessly; therefore, variational treatexcellent agreement with experimental delt&}'°At higher
ment was employed to obtain the dissociation potential entemperaturege.g., 263 K and low pressure$<10 Torm,
ergy function by varying the respective breaking O—O anddecomposition channelsk{+k;+k,) become competitive,
Cl-0O bonds from 1.361 to 4.161 A and 1.723 to 3.723 A atespecially in He.
an interval of 0.1 A; other geometry parameters were fully ~ The third-body efficiencies of the buffer gases in this
optimized at the B3LYP/6-31£G(3df) level. The com- system are similar to those in the HO-CO sysférithe
puted potential energies could be fitted to the Morse functiompredicted order of third-body efficiencies is SFN,~0,
with the parameterg=1.498 and 1.361 Al for the disso- >He with the values relative toN 1.51 : 1.00 : 0.86 : 0.40
ciation of CIO—OCI and CIO-CIO, respectively. Figures 5—7under the 263 K and 50—-800 Torr conditions. KI€eE jo,,
show the predicted and experimental rate coefficients at difused for fitting the experimental results in different third
ferent temperatures as a function of Hg, @d N, pressure.  body is displayed in Table IlI, together with the modeled
In these figures, the solid, dash-dotted, dotted, and dash&hdk.. in comparison with experimental results at 300 K for
curves correspond to the predicted values of the total rath!=He, Ar, N,, O,, CF;, and Sk. It can be seen that the
constantk,, ky, ki, and k,+ks+k,), respectively. From predictedk®, the sum ofk? and kg,, is in good agreement
these figures one can see most notably kjatis not negli-  with those experimental valuts***for different third bod-
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FIG. 7. The variation of the predicted rate constants With(CIO—-OC) at

FIG. 6. Comparison of the predicted rate constants with the experimenta200 K (a) and 263 K(b) in N,. Solid, dashed, dotted lines 1, 2, 3 represent
values at 200 K@a) and 263 K(b) in O,. Dashed, dotted, dash-dotted, and the predicteck, usingD,=18.9, 16.3, and 14.1 kcal/mol for CIOOCI asso-

solid lines represent the predicteld, ¢ ks+k,), ki, ki, andk,, respec-  Ciation process, respectively; lines 4 and 5 reprekgrind (K, +kz+k,);
tively. @, Ref. 11. symbols are the experimental valu@, Ref. 11;A, Ref. 13 at 208 KA,
Ref. 13 at 195 K.

ies; k°°(k°f+k°l°,) is, however, about 1 order of magnitude

larger than the experimentally extrapolated vaftlés,sug- . 3

gesting that the extrapolation is likely insufficient due to ther®sent thek, p.re<_j|cted byDo(CIO-OCI)=18.9, 16.3, and

lack of data in the higher pressure regime. A similar obser14.1 kcal/mol; lines 4 and 5 represek{ and kp+ks

vation was made in our study of the#d@CIO reaction'® +k,), which are included in the total rate constant. Evi-
It is clear that in order to well present the experimentaldently, the lower values d, (14.1 and 16.3 kcal/mplun-

results, the CIOCIO formation channel should be taken intgierpredict the bimolecular rates due to the faster back-
account(see Figs. 5-7and that single Troe fits to these dissociation of the excited CIOOCI For example, with

fall-off data cannot be quantitatively employed for interpola- Po= 16.3 and 14.1 kcal/mol at 263 K, the predicted total rate
tion or extrapolation ofP-dependent data. In addition, the ONstants decrease by as much as 34% and 52% in the pres-
high-pressure limits obtained from these data in the rathepUr® range of 50-800 Tor, respectively, comparing with the
narrow P range are not reliable as mentioned above. value calculated withDo=18.9 kcal/mol, which agrees
Although the formation of bimolecular products (Cl closely with experimental data as illustrated above. An addi-

+0CIO/CIOO and G+ O,) from the CIO+ CIO reaction is tional comparison will be made below using five indepen-
insensitive to the value of the well depfy(CIO—-OCI), the dent sets of experimental data over a wide range of tempera-

rate constant for the formation of CIOOCI is, however, verytures. _ o

sensitive on account of the relatively shallow well. In view ~ For practical applications, we have analyzed our theoret-
of the spread of th®, values, from 18.9 to 14.1 kcal/mol as @l fall-off curves in terms of the f°"°W'”592 5egmp|r|cal equa-
alluded to above, we have compared the predicted bimolec(ions to obtain broadening parametefg): >

lar rate _Consftar_lts for thg CIOCIO reaction wit_h three dif- k=a[b/(1+b)]F,

ferent dissociation energies at 200 and 263 K jnald shown

in Figs. Ma) and 7b). In these figures, lines 1, 2, and 3 rep- logF=logF./[1+ (logb)?],
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TABLE Ill. Comparison of the predicted and experimeritdlandk® in different third bodies for CI@ CIO
—Cl,0,+M at 300 K.

<AEdown>
M P/Torr K& cm?
He 0 0.74° 0,99+ (0.05) (Ref. 13, 0.46+0.04 (Ref. 1) 120
Ar 0 1.34P 1.71+0.06 (Ref. 13 400
N, o 87P (6+2) (Ref. 13, 8.0 (Ref. 11
N, 0 1.85° 1.96+0.24 (Ref. 13, 1.8+0.5 (Ref. 10, 1.34 400
+0.09 (Ref. 10
0, 0 1.54° 1.24+0.09 (Ref. 13, 1.10+0.08 (Ref. 11, 1.7 350
+0.5(Ref. 10
CF, 0 2.1°2.6+0.17 (Ref. 13 500
Sk, 0 3.37° 3.15+0.14 (Ref. 13, 2.22+0.14 (Ref. 11 1000
%, the sum ok, andk, ; is given in units of 1032 cm® molecule ? s™* for k® and 10 %2 cn® molecule * s71
for k*.
bThis work.

using the predicted high- and low-pressure limits for &  tion of temperature are plotted and compared. It can be seen
the third body. For the CIOOCI association path, we obtainedhat the total rate constants for the formation of CIOOCI and
F.=0.24, 0.22, 0.22, and 0.27 at 200, 263, 298, and 400 KCIOCIO computed with our predicted dissociation energies
respectively. In the fittinga=k*=3.40, 3.07, 2.90, and 2.51 for both molecules are in reasonable agreement with experi-
in units of 10 ** cm®molecule s %, and b=k[M]/k®  mental results given by Troliest al,!* Nickolaisenet al,**
with k°=6.19, 2.35, 1.47, and 0.464 in units of Blosset al,'®and Atkinsonet al;>* they are, however, about
1032 cm® molecule ?s™ 1, respectively. For the CIOCIO as- one order of magnitude lower than that reported by Hayman
sociation pathF.=0.72, 0.74, 0.75, and 0.83 at 200, 263, et al.” in a similar temperature range. The predicted second-
298, and 400 K wita=k”,=6.97, 6.19, 5.80, and 4.90 in and third-order rate constants for formation of CIOOCI and
units of 10 * cm®molecule's ! and k® ,=14.5, 5.94, CIOCIO can be expressed, respectively, by
P ; 3 6 721
ﬁ\./Se:I’s),/.and 1.23 in units of IG® cmP® molecule ?s™ %, respec K7 = 1.6% 10~ T~ 067 expy — 64/T) e molecule L s 1,
ki, =6.4x10"°T~*"8exp(— 76/T)cn® molecule * s,
2. Temperature effect
a. Association/decomposition processdader the con-
dition of interest to the stratosphere; ©hemistry, the CIO o 4 o
+CIlO reaction is dominated by the association and decomlfl’_l'72>< 10" T~ ®®exp( — 926/T) e’ molecule *s ™,
position processes. In Fig. 8, the predicted and experimentgr the temperature range 180—-500 K. Similarly, the unimo-
rate constants for the association processes,imdNa func-  |ecular decomposition rate constants for the dissociation of
CIOOCI and CIOCIO can be given by the following expres-
sions for the high- and low-pressure limits:

k§=8.31x 10~ 2T~ *%exp — 336/T)cm’ molecule s,

103
k”,=6.3x 10'°T " 132exp( —9999M)s 1,
::w 107 Ky, =5.99< 107°T ~ 1%3exp — 6474M)s 1,
>
E k)=4.64x 10°T~52exp(— 10 159T)cnr® molecule * 72,
%
E 105 k®,, =6.81x 10°T~*%exp( — 6488T)cn molecule s .
‘g ] The optical isomers of CIOOCI have been considered in the
A prediction of CIOOCI dissociation constant.
24 10 In Fig. 8, we have also compared the predicted total
third-order rate constanislotted and dashed lines 4 ang 5

20 25 30 35 40 45 50 55 60 with DO(CIQ—OC_:I)_=16.3 and 14.1_ kcal/mol. These Iowr—._\r
1000/T (K) values of dissociation energy again underpredict the third-

order rate constant noticeably; at 200 K, for example, the

FIG. 8. Comparison of the predicted third-order rate constants with thedredicted values are a factor of 2 and 3, respectively, below
experimental values in N Lines 1, 2, and 3 represent the predicted forma- experimental data, which agree quantitatively with the result

EO” krate dconztamz gf chlodc:_o, C'focc'i' ;‘”d their S””r?- “q-'d':é' ;”d calculated with the 18.9 kcal/mol dissociation energy evalu-
1+k!; dotted and dashed lines 4, and 5 represent the predigtasing

Dy=16.3 and 14.1 kcal/mol for CIOOCI association process, respectively;ated by th_e_G_ZM method. .
symbols are the experimental valu@s Ref. (13); ---@---, Ref. 7; —--A---, b. Equilibrium constants. K, andK.,. The predicted

Ref. 11; -¥--, Ref. 55;V, Ref. 15. equilibrium constants for reactior$) and (1')
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FIG. 9. Comparison of the predicted temperature dependence for equilibFIG. 10. Comparison of the predicted bimolecular reaction rate constant for
rium constantK,, andK,, with experimental values®-, Ref. 13; O-, ClO+CIO—Cl,+ O, with the experimental values. Solid line is the pre-
Ref. 9. The meanings of lines 1-3 can be found in the related part in thelicted total value coupling Schemes 1 and 2; dotted line is the contribution
text. from Scheme 2.@-, Ref. 55; A-, Ref. 13;®, Ref. 12;A, Ref. 6;0, Ref.
5; X, Ref. 56;V, Ref. 57;V; Ref. 58.
ClO+ ClO=CIOOCI, (D) tal values of Nickolaiseret al'® However, at 1250 K, our
ClO+ CIO= CIOCIO 1) predicted value is close to the one given by P&rk.

The predicted k, can be expressed byk,=1.09

are shown in Fig. 9 by solid lines 1 and 2, respectively, forx 10~ 2 T96exp(—18921T) cm® molecule 's™. For com-
comparison with experimental values assuming the presenggarison, the contribution from Scheme 2 is also shown as a
of only reaction(1). The predictedK,, is apparently larger dotted line in Fig. 10. The result indicates that below 298 K,
than experimental valug$® by almost 2 orders of magni- the indirect contribution from Scheme 2 kg via CIOCIO*
tude, wherea¥,/, is lower by 3-5 orders of magnitude in is less than 7%; however, at higher temperatures, the contri-
the experimental temperature range based on the predictédition increases and reaches around 40% at 1500 K.
enthalpy changes;-18.9 and—11.9 kcal/mol, respectively. d. CI+CIOO formation CIOOCI can also dissociate
The totalK, (dash-dot-dotted line)3predicted by Slanina barrierlessly to produce €ICIOO without a well-defined
and Filig®® using A ;HJ~ — 16.1 kcal/mol including the three transition state. The variational potential energies were ob-
stable isomergCIOOCI, CIOCIO, and CICIQ) is also com- tained by varying the breaking O—Cl bond from 1.748 to
pared in Fig. 9; their result is about one and half orders 08.548 A at an interval of 0.1 A. The computed potential
magnitude lower than the experimental values. As our pre-

dicted pressure dependence and the third-body effect on the

association rate constants at different temperatures using th  44°

predicted enthalpy changes\;Hg=—-18.9 and Al,Hg

= —11.9 kcal/mol, are quite reasonable, the deviation results
most likely from the contributions of reactiofl’) (which
was not included in all previous kinetic data analysasd
radical reactions involving CIOOCI. Slanina and Fifims-
sumed that CICIQ could contribute to the total observed
Ky, but from the calculated PES we see that CICI®not
easily accessible from CHDCIO due to the high isomeriza-

e
S S
s

-1 -1

molecule s
s 5

vt

=3
o
=

tion barrier at TS2see Fig. 3, its contribution to the total mE 107
K, may be neglected. S .
c. Cl,+0, formation The reported rate constant for the }"10
formation of C}+ O, exhibits an order of magnitude scatter 107
at 298 K>6121354-58g described in thab initio calculation
part, CIOOCI can dissociate to £tO, via a four-center 10~ (') ‘ i '2 ' 3 ‘" é
transition state TS3 with a barrier of 3.6 kcal/mol above 1000/T (K)

the reactants. With this barrier height, the result of our

CHEMRATE calculation based on Schemes 1 and 2 giverriG. 11. Comparison of the predicted bimolecular reaction rate constant for

above, as shown in Fig. 10, is in reasonable agreement WwitBlO+ ClO— Cl+ CIOO with the experimental values. Dotted and solid lines

the values reported by DeMogt a|_55 and Simonet a|_12 at are calculated by using predicted 23.1 and experimental 23.8 kcal/mol for
. . the heat of formation for CIOO, respectively. Dashed line is the contribution

low temperature, but the model slightly overestimated aom scheme 2 using the experimental heat of formation for CIG®, -

high temperatures compared with the most recent experimeiref. 13; -A-, Ref. 5.
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FIG. 12. Comparison of the predicted bimolecular reaction rate constant for

CIO+ CIO— CI+ OCIO with the experimental values. Dotted and solid lines

are calculated by using predicted 23.2 and experimental 23.7 kcal/mol for 34
the heat of formation for CIOO, respectively. Dashed line is the contribution

from Scheme 1 using the experimental heat of formation for CIG#D, -

Ref. 13; O-, Ref. 5.

b)

energies could be fitted to the Morse function with the pa- .,

rameter, 3=3.343 A1, The predicted and experimental & 14

heats of formation for CIOO, 23.1 and 23.8 kcal/mol, were =%

both used in the rate constant calculation. The results are

given by dotted and solid curves, respectively, in Fig. 11. The °

latter, obtained with the experimental heat of formation for 0+

ClOO, is shown to give a much better agreement with ex-

perimental data. The obvious deviation between the two the- 2 ) 3 ' 4

oretical curves stemming from a rather small difference in 1000/T (K)

the endothermicity employed, 0.7 kcal/mol, clearly illustrates

the sensitivity of the computed rate constants to the predictedG. 13. Comparison of the predicteéa) kp+ks and(b) k, /ks with experi-

energetics. The result corresponding to the solid Curvénental values. Solid line is the predicted res@lf. Ref. 13; @, Ref. 14.

can be expressed bl;=1.36x10" 1 TO7exp(—2168M)

cm® molecule 's™1, covering the temperature range 200—

1500 K. The small contribution from Scheme g similar  tjon of OCIO, 23.7- 1.9 kcal/mof® (see Table ). In Fig. 12,

to that for Ch+ O, formation, is shown as a dashed line in we also present the indirect contribution from Scheme 1 to

Fig. 11. _ o ks, shown as a dashed line. The result suggests that the
e. Cl+OCIO formation In principle, CHOCIO can be  jsomerization between CIOOtIand CIOCIG has a minor

ever, due to the higher isomerization barrier from CIOCIO to

CICIO, (see Fig. 3, formation of CH OCIO from CICIO,

can be neglected. For the decomposition of CIOCIO, the
variational potential energies were obtained by varying th
breaking O—Cl bond from 1.720 to 5.12 A at an interval of
0.1 A, andB=1.732 A" is determined by fitting the calcu- Experimentally, Nickolaisenet al® and Horowitz
lated potential to the Morse function. Figure 12 compares thet al* reported the directly measured results kgr- k; and
predicted data with experimental values. The dotted andt,/k; in the temperature ranges of 270-390 K and 285-331
solid lines represent the results by using the predicted anl{, under the corresponding pressures of 1-36 and 503-576
experimental heats of formation for OCIO, 23.2 and 23.7Torr, respectively. Figures 18 and 13b) compare the pre-
kcal/mol, respectively. The latter result indicates that thedicted and experimental data. It can be seen from Fi¢p)13
predicted values given by k,=6.26x10 1 T%0%  that the predicted values fdr,+k; agree closely with the

X exp(—28961T) cn molecule *s™! covering the tempera- result of Nickolaiseret al*® The predictedk,/k, ratios lie

ture range of 200 and 1500 K are in close agreement with theetween the values reported by Horowitzal1* and those
reported data by Cox and Derwerind Nickolaiseret al*®*  calculated with the individualk, and ks; obtained by

at lower temperatures, but deviate noticeably from experiNickolaisenet al!® The large scatter in the experimental re-
mental values at higher temperatures. The deviation magults reflects the difficulty in determining the product branch-
arise in part from the large uncertainty in the heat of forma-ng ratios experimentally.

co°°°dy

. Compatrison of k ,+ks and k ,/ ks
with experimental values
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tally measured data might also have contributed to errors in
evaluating rate constants and product branching ratios. For
example

Cl+0OCIO+ M —CICIO,+ M,
CIO+ OCIO+ M —CIOCIO,+ M, etc.

The formation of these and other stable intermediéeash

as CIOCIQ and their reactions with CI, ClO, and OCIO may

significantly affect the predicted concentrations of these re-

active species, which were monitored experimentally in most
kinetic studies. To reliably examine the effects of these and

1074 : : : : : : . other CIQ, reactions, efforts are under way to calculate the

2 3 1000/ (K“) 5 rate constants for the association of Cl and CIO with OCIO
and the reactions of gD, and CLO; isomers with these

FIG. 14. Comparison of the predictdg+k,/2 with experimental values. radicals.

Solid line is the predicted resul®, Ref. 13.A, Ref. 5. Finally, it should be mentioned that although all existing
kinetic data for the recombination and disproportionation re-
actions of CIO radicals could be quantitatively accounted for

4. Comparison of k ,+k,/2 with experimental values with our predicted energies withitt1.0 kcal/mol, the obvi-

ous discrepancy between the heat of formation of CIOOCI

derived from the computed dimerization energy;H3
gCIOOCI)z 29.4 kcal/mol, and the value estimated by a pre-
sumably more reliable isodesmic calculation based on the

I,0+HOOH=CIOOCH-H,O reaction, 32.6:1.0 kcal/mol,

eserves further investigation. The latter, larger heat of for-

mation significantly underpredicts the independently deter-
mined, more reliable recombination kinetic data by several
research groups.

-1 -1

3

k2 +k 4/2 cm molecule s

Figure 14 shows the comparison of the predicted
+k,/2 with experimental results of Nickolaisest al'® As
already shown in Figs. 10 and 12, at high temperature
theory overestimated botty andk,; this is also reflected in
the comparison. The differences between the predicted an
experimental values df, andk, could be attributed to the
difficulty in differentiating experimentally the reaction prod-
ucts, particularly Gl+ O, versus Ci CIOO (whose reaction
quickly generates the former product paifake the result at
298 K as an example; the product branching ratios for Cl
+0,, CI+CIOO, and CHOCIO estimated by Cox and ACKNOWLEDGMENTS
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