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Gaussian-2ab Initio Study of Isomeric Cl,O; and Cl,O," and Their Dissociation Reactions
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The energetics for @D, isomers and their cations as well as the fragments of these species have been
investigated at the Gaussian-2 levebdifinitio theory. It is found that the calculated heats of formation and
dissociation energies for €, and ChO," isomers, as well as the ionization energies of the neutral species,
are in good agreement with available experimental measurements. In addition, on the basis of these
computational results, it may be concluded that both CIOOCI and CIOCIO are formed in the dimerization of

Clo.
Introduction TABLE 1. Optimized Stru_ctu/sr\al Parameters for Cl ,0,"
Chlorine oxide, CIO, is believed to play a role in the ozone Isomer§ (Bond Distances in A and Angles in deg)
depletion over the Antarctic in springtime, and it is generally cation structural parameters

assumed the destruction of ozone occurs via a catalytic cycle CIOOCI (Cz,) CI-0, 1.698; CG-0, 1.261; C+-O—-0, 111.1

involving a dimer of chlorine oxide, @D,.! This understanding ~ CICIO" (Cy) 0'18'1’ 3-275¢ CH0, 1.459; C+CI-0, 96.9; G-CI-0,
has prompted many experlmenFaI anq theorgtlcal studles.on theqocro+ (C) Cl-0, 1.742; G-CI', 1.645; -0, 1.512; C-O—Cl,
chemistry and physical properties of isomerig@J and their 113.8; 6-CI'-0', 111.6; C+O—CI'-0', 79.9
fragments. On the experimental side, thermodynamic properties 2 The structure of CIOOCIwas optimized at the HF/6-31G(d) level,

of gaseous CIOOCI and its fragments have been deterriined. pje those of CICIG" and CIOCIO were optimized at the MP2(full)/

In addition, the ionization energies of CIO and@J have been 6-31G(d) level.

reported recently. Theoretical investigations include studies

on the structures, relative stabilities, and vibrational spectra of  The G2 theoretical procedirénvolves single-point total
Cl,O; isomers; UV spectra of GIO, isomers, density functional  energy calculations at the MP4/6-311G(d,p), QCISD(T)/6-311g-
theory calculations of CIO®and coupled cluster calculations (d,p), MP4/6-31%G(d,p), MP4/6-311G(2df,p), and MP2/6-
of the potential energy surface and spectroscopic constants 0f311+G(3df,2p) levels. A small empirical correction is em-
CIO;* S etc. In the present work, we carry out Gaussian-2 (G2) ployed to include the high-level correlation effects in the
calculation for the isomeric @, and CbO," and their  calculations of the total electronic energiég)( The HF/6-
fragments to obtain their heats of formation at 0 and 298 K 31G(d) harmonic vibrational frequencies, scaled by 0.8929, are
(AHf and AHfeg) and the ionization energies (IE's) of the applied for zero-point vibrational energy (ZPVE) corrections
neutral species. Also, energies of the various dissociation tg obtain the total energsed K (Eo = Ee + ZPVE). The total
reactions involving isomeric @D, and CbO," have also been  enthalpies at 298 KHzgg) for molecular species are calculated
calculated. Where possible, a comparison between the calcuysing the scaled HF/6-31G(d) harmonic frequencies.

lated quantities and experimental data is made. Upon obtainingEs and Hags for C1L,O, and ChO; as well as
Theoretical Methods and Results their fragments, it is straightforward to calculate th&kig and

All calculations were carried out on RS6000/390 and SGI8000 AHfyes and the IE values of the neutral species. These results

X ; . are summarized in Table 2. In addition, using tgevalues,
workstations using the Gaussian .94 package (.)f progiaﬁ_\e. the dissocaition energieB{’s) of the various reactions involving
molecular structures for all species were optimized using the

second-order Miler—Plesset theory (MP2) with the 6-31G(d) isomeric C}O, and their cations can be determined readily (see

basis set, and all electrons were included at the MP2(full)/6- Table 3). . . . -

31G(d) level. The MP2(full)/6-31G(d) structures were then _Before proceeding to discussing the results, it is noted that
employed for energy calculations according to the G2 proce- 1€ G2 predictions fonHi's, AHfogs, and IE's are usually
dure? The only exception is that we were not able to obtain Within £0.15 eV (or aboutt15 kJ mot™) of the experimental

an optimized structure for CIOOCht the MP2(full)/6--31G- data® So far we have applied the G2 method to determine the

(d) level after many attempts. Hence, for the G2 calculation of .AH?O’S ?J 11C2H5S +isomer§, CHaS,, 9H382 aqgflfH‘S{
this cation, we used the HF/6-31G(d) structure instead. The lsomerz, ' PHag , CHsO, 1a5rlg CdHOz |somt(ajrs, SFnﬁ
optimized structures of @D, isomers have already been Sk, and Sk~,n=1, 2, ..., 6;>"and CHSF and CHSSCh

_ " ~ s o
reported Those of CJO,* isomers are summarized in Table S well as GH", GHg™, and GHs™™ In addition, we have
1. applied the same method to determine the energies of the

dissociation reactions involving G8, CHSH, and their cations

T Ames Laboratory is operated for the U.S. Department of Energy by and aniong® HSCH,CH,SH 2° and GHsCl and GHsCI*.2t In
lowa State University under Contract W-7405-Eng-82. This article was all instances, the calculated results are in good to excellent
supported by the Division of Chemical Sciences, Office of Basic Energy ¢ "th th . tal dat In fact. th |
Sciences. agreement wi € experimental data. In 1act, there are also

€ Abstract published ifAdvance ACS Abstractf)ecember 15, 1996. cases we use the G2 results to suggest preferred values where
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TABLE 2: G2 Total Energies (Ep), Enthalpies (H29¢), Standard Heats of Formation at 0 K(AHf{) and 298 K(AH#f,gg) Of

Isomeric Cl,O, and Cl,O,"™ and Their Fragments, and the lonization Energies (IE) of Isomeric C}O, and Their

Neutral Fragments

species Eo (hartrees)  Hagg (hartrees) AH% (kJ molt)ab AHggg (kJ molt)ab IE (eV)°
CloocClI —1069.547 62 —1069.542 26 128.2 (136 89 125.7 (133 89) 10.98 (11.05+ 0.08)
ClOOCI+ —1069.14409 —1069.13851 1187.7 1185.7 (119912)
CICIO, —1069.536 65 —1069.531 40 157.0 154.2 10.93
CICIO" —1069.13504 —1069.128 73 1211.4 1211.4
CloCIO —1069.528 91 —1069.523 29 177.3 175.5 10.33
CloCIOo*" —1069.14930 —1069.143 66 1174.0 1172.2
ciclo —994.46380  —994.459 16 148.6 (71.38 %) 148.0 (70+ 309) 10.30
CICclOo* —994.085 23 —994.080 65 1142.6 1141.8
clocl —994.490 99  —994.486 59 77.3 (82.81 ) 76.0 (82.8+ 29) 10.89 (10.9%
ClocCIt —994.090 78 —994.086 17 1128.0 (11598 1127.3 (1138
cloo —-609.82609  —609.821 84 126.5 (91.86= ) 125.5 (90 57) 11.12
CloO* —609.417 26 —609.413 05 1199.8 1198.8
OcClo —609.829 34 —609.825 24 117.9 (93 2 116.6 (974 84f) 10.53 (10.36+ 0.0210.334 0.02)
OcCIlo* —609.442 20 —609.438 20 1134.4 (1099 1132.8 (109%
clo ~534.756 16  —534.752 76 110.4 (101.08 %)  111.1(101.63:0.1%)  10.76 (10.85k 0.05¢ 10.95)
Clo* —534.360 66 —534.357 30 1148.8 (1158 1149.4 (1158
Cle —459.676 63 —459.674 27 12.85 (12.97)
Clte —459.204 54 —459.202 18
oc —74.982 03 —74.979 67 13.53 (13.61)
ote —74.484 97 —74.482 61

aThe way of obtainingH,9s, AH®, and AHfes from Ey is described in detail in ref 1P.Experimental results, where available, are given in
parentheses.Reference 8¢ Reference 2¢ Reference 3! Reference 237 Flesh, R.; Rul, E.; Hottmann, K.; Baumgtel, H. J. Phys. Cheml993
97, 837.

TABLE 3: G2 Dissociation Energies Do) for the Isomeric
C|202 and C|202Jr a

reaction

eV, respectively. As mentioned in the previous section, the error
range for G2 results i£0.15 eV. So the two IE’s for OCIO
may still be termed to be in agreement with each other.

Do (eV)

(a) CIOOCI— CIOO + ClI
(b) CIOOCI— 2CIO
(c) CloOCF — CIOO* + Cl

1.22
0.96 (0.73t 0.08 at 298 K)
1.37

In a recent study, Schwell and co-workenseasured the IE
of a dimer of CIO using synchrotron radiation in combination
with photoionization mass spectrometry. They found that the

(d) cloocr —~ Gloo+ CI* 3.09 ionization threshold of GD,* occurs at 11.5+ 0.05 eV. In

(e) ClOOCI — CIO* + CIO 0.74 (0.53+ 0.1F at 298 K) o .
order to identify the GIO, formed, they calculated the vertical

(®) %I%l%z: oclorcl 083 IE's of CIOOCI, CICIO, and CIOCIO using the Green's

%ﬁg CICIO,* — OCIO + CI 275 function method with various basis sets. Upon obtaining the

(i) CIClO,* — OCIO* + ClI 0.44 vertical IE’s, they then estimated the adiabatic IE’s indirectly.

() CIClozF —CIclo + O 5.07 By comparing the adiabatic IE’s with the experimental measure-

(k) CIClO;* — CICIO* + O 1.84 ment, they concluded that the dimer formed was CIOOCI. As

(I) cloclo—clocl+ o 1.52 can be seen from Table 2, the G2 IE’s for CIOOCI and CICIO

(m) CIOCIO— OCIO+ ClI 0.62 (0.59+ 0.19) are very similar, even though thAH{’'s of CIOOCI and

(n) CIOCIO— 2CIO 0.45 CIOOCH" are different respectively from those of CIGl@nd

(o) CIOCIO" — CIOCI + O* 4.72 ciclo,*. H it t viable to identify th F d

() CIOCIO" — CIOCH + O 208 2". Hence, it is not viable to iden ify the &0, orme

(g) ClOCIOf — OCIO + CI* 3.14 by only comparing the measured and calculated IE’s of isomers.

(r) ClOoCIO* — OCIO* + Cl 0.83 (0.62+ 0.19) In the experiments of Schwell and co-workér§),0, was

(s) CIOCIO" — ClO + ClO* 0.88 formed by the dimerization of CIO. From the consideration of

a Calculated usinds, values given in Table 2. Available experi-
mental data are given in parentheseReference 2¢ Reference 3¢ See

text.

atomic connectivity, G2 thermal stability, and IE’'s of the
isomers, it is reasonable to conclude that the dimgb{fbrmed
was indeed CIOOCI.

Heats of Formation. Examining Table 2, it can be seen that

the experimental data are either not very accurate or in conflict |, ot of the G2AH?'s are in good agreement with the

with each othet® There are also examples where the G2 results

are used to revise experimental dZta.

experimentally determined data. Most importantly, &iéf’s
of CIOOCI and CIOOCt are in excellent agreement with the
observed data. This agreement should lend confidence to the

Discussion G2 AHs's of CICIO, and CIOCIO and their cations, for which

experimental data are lacking. It is seen that the largest
discrepancy between experimental and&%’s occurs in the

are two isomers for GD: CICIO (Cy) and CIOCI Cy,); there case of CICIO. However, since the error range for the

are also two Cl@isomers, CIOO €¢) and OCIO C,). All experimental datat30 kJ mot?) is so large, this measurement

these neutral species, along with their cations, as well as ClOclearly deserves a reexamination.

and CIO, have been studied with the G2 procedure. Energies of Dissociation Reaction.The Dy values of 19
lonization Energies. Comparing the G2 and experimental dissociation reactions involving CIOOCI, CICiCand CIOCIO

IE’s for the neutral species listed in Table 2, it is seen that the and their cations can be easily calculated using theEg2

two sets of data are in general in very good agreement with listed in Table 2. Examining the results summarized in Table

each other. The largest discrepancy occurs in the case of OCIO3, its is seen that experimental comparison can be made only

whose G2 and experimental IE’'s are 10.53 and 18:356023 for reactions b and e. In both instances, the experimental and

As can be seen from Table 2, there are thre®©gisomers:
CIOOCI (C; symmetry), CICIQ (Cg), and CIOCIO C;). There



Cl,0, and CpO,* and Their Dissociation Reactions

G2Dg's may be termed to be in fair agreement with each other.
Hence, theDgy's of the remaining 17 reactions can be viewed
as reliable estimates.

Besides providing estimates for bond energies in various

J. Phys. Chem. A, Vol. 101, No. 2, 199715

Recalling that the study of Schwell et%is the dimerization
of CIO, it is not unreasonable to find that both CIOOCI (major
product) and CIOCIO (minor product) are formed.

Cl,0, isomers and their cations, the data in Table 3 can also be Acknowledgment. W.K.L. acknowledges the support of (i)

used to identify the isomers involved in aforementioned the CIO
dimerization study by Schwell et &l.In addition to the
formation of CIOOCI, as previously concluded, Schwell and
co-workers also found an appearance energy (AE) for OCIO
at 10.95+ 0.1 eV. This value is higher than the IE of OCIO
(see Table 2), indicating that OCtQs not efficiently formed
as a neutral species in the original cold flow system. Hence,
these researchers concluded that CiCd@d/or CIOCIO arelis
also formed in the flow tube system. Since OCl©@an be
produced in the dissociative photoionization of either CICIO
or CIOCIO, Schwell and co-workers could not conclude which
isomer was formed.

If we associate the photoionization onset of OCWith its
thermochemical onset, AE(OCIQis simply the energy of the
reaction

AE(OCIO*

CIOCIO or CICIO, L OCIO" +Cl+ e

(1)

In the event CIOCIO is indeed formed, it can be readily shown
that

D4(OCIO"—Cl) = AE(OCIO") — IE(CIOCIO)  (2)

and

D,(OCIO—CI) = AE(OCIO") — IE(OCIO) ©)

If we use the experimental IE(OCIO) (10.360.02 eV) and
G2 IE(CIOCIO) (10.33 eV) given in Table 2, we obtain

D,(OCIO"—Cl) = 0.62+ 0.1 eV (4)
and
D,(OCIO—CI) = 0.59+ 0.1 eV (5)

These twoDg's are in agreement with those calculated for

a Research Grants Council (Hong Kong) Earmarked Grant for
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(Account No. 220600880) from The Chinese University of Hong
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