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The geometries, harmonic vibrational frequencies, and relative energetics;gi@Hsomers have been
examined using quantum mechanical methods. At the G2MP2 level of theory, the lowest-energy structure is
found to be the CEDCIO; form followed by the chain-type C¥DOOCI isomer located 7.9 kcal malhigher.

The QCISD(T) method predicts that the @HDOCI structure is located lower than @BCIO,. The two
higher-energy structures are gbOCIO and CHCIO; across all energy levels. Interisomerization transition
states have been determined, and the role of the formation ¢€ICH structures in the various pathways of

the reaction ChO, + CIO is also examined.

1. Introduction work of Helleis et al: in the temperature range 223855 K

and constant pressure conditions, using the discharge-flow/mass
spectrometry technique. In their work, @BICI was detected

in the products and thus, channel 1b was identified

The reaction between methylperoxy radicals and chlorine
monoxide

CIlO + CH;0, — products 1)

CH,0, + CIO— CH,OCI + O, (b)
has been strongly suggested to play an interesting role in the
CH, oxidation chain, and thus, to contribute to yet another They reported rough]y equa] rate constants of 1012 cm3
possible ozone-depletion cycle in the chemistry of the polar molecule! s for each channel at the low-temperature region
atmospheré Hence, several experimental studiéshave been  prevalent in the polar winter and the early springtime strato-
carried out for this system. sphere and a decreasing branching ratio for 1a as the temperature

The first measuremehof the rate constant for reaction 1  gecreases. They thus establisheds08I as a potentially

was made using the molecular-modulation technique, generatingimportant species in ozone-hole chemistry. Several other

both CHO, and CIO in the broad band photolysis of &€l  studie§? followed, leading to similar conclusions about the
CH,—Cl,0—0, mixture at 300 K and at a pressure of 230  sjgnificance of both these channels. Nevertheless, large dis-
240 Torr. A rate constant of (34 1.7) x 10*2cm® molecule' crepancies were obtained with respect to the branching ratio
s was derived, and the product analysis studies enabled theyalues k;/k, at 298 K, and the various results as summarized
authors to conclude that the major reaction channek{8%)% by Daele and Poulgtare very scattered, ranging from 0.3 to

leads to CHO + CIOO formation, i.e., to @and active chlorine (.9,

. . In the present work, we examine the possibility of the
CH;O, + ClO — CH,0 + CIOO— CH0 + Cl + O, (1) formation of CHCIO; complexes from the C¥D, + CIO

. 1B reaction. Quantum mechanical techniques have been employed
Other species such as |, OCIO, and @were not detected, to examine the structural characteristics and the relative energet-

ﬁggnc chiz?g :rrétéyttgl%gos:él?;g%gf %E%Smagg?tggs tgv:,c?v%/? hasics of the CHCIO3 isomers and the saddle point configurations

temperature study (197217 K) of reaction 1 by employing Ieadlng.to various gossml.eh prr]oductlo(rjl pathwlays. Finally, a
photolysis of C}—CH;—03—0,—N, mixtures to generate CIO compansonliiarne outwit 1; 1§ H-and Br-ana ogoluflgystems,
and CHO,. In his study, an upper limit of 4« 10712 cmd ClO + HO;, BrO + HO, ™ and CHO, + Bro.*"

molecule’! s71 at 200 K was adopted for channel 1a with the
assumption of negligible contributions from any other channels.
On the basis of the importance of channel 1a, Crutzen &t al.  The geometries of all reactants, products, and stationary points
have reported an interesting modeling study showing that have been fully optimized at the UMP2(full)/6-31G(d) level of
reaction 1a coupled with the heterogeneous reaction HCI  theory. Harmonic frequencies have also been calculated at the
HOCI— Cl, + H,O may explain the accelerated rates of ozone same level to characterize the stationary points, and internal
depletion caused by active chlorine. However, more detailed reaction coordinate calculations were performed to confirm that
kinetic and product-branching data were reported later in the each transition state is indeed linked to the appropriate reactants
and products. Transition-state structures were identified by one
* Author to whom correspondence may be addressed. E-mail: amylona@ imaginary frequency as first-order saddle points. Next, G2NP2

2. Quantum Mechanical Calculations and Results

CC'TUBih?\;érsit of loannina calculations were carried out at the UMP2(full)/6-31G(d)-
1 Dillard Uﬁiversity_ ' optimized geometries in order to refine the energetics. The
8 The University of New Orleans. G2MP2 method is a modified version of &2ising MP2 instead
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Figure 1. Energy profile at the G2MP?2 level for the reaction £H + CIO, main channels being GB+CIOO and CHOCH- O..
of MP4 for the baS|§ set extenS|or.1 corrchons. All calculations s 171 0%6@ 16 B
were performed using the Gaussian 98 series of progtams. 144 “_ 0 wsi VN
Five isomeric minimum-energy structures, three isomerization 3)107;"”14 LT L1991 30
transition-state geometries, and four transition-state configura- .., | . 1064 1105 o o
tions leading to various production pathways were determined “OQ/CV"“OQ' Lo AQLLe H N\
in total. The CHOCI + O, pathway has been studied on both H 1'09HH L H
the singlet and triplet surfaces. The overall energy profile based CH;00C10 CH3 0CI0;
on the G2MP2 results is depicted in Figure 1, while the %0009 ®
optimized structures for the intermediate minima and the 0146 233
transition-state configurations at the UMP2(full)/6-31G(d) level 0. \ /146 a0 1076 /281 c %{3;-(;“
of theory are depicted in Figure 2. The calculated electronic Y <1105 | A N0 1050
energies at the G2MP2 level of theory and the corresponding 179 ”;’T’W ik Ao
relative energetics are collected in Table 1. The relative Lo 10’5 A H,...”f’./c"\w
energetics for the two lowest-energy structures were also /1 A Y 10} O Moo 1T H
investigated at the G3 theory level and are included in Table 2. H st
Further investigation of the four isomeric energy minima on CH;3CIOy CH;000CI (t)
the singlet surface has been carried out using the quadratic .
configuration interaction with single and double excitations 210 579 1388 12.9
(QCISD) method. Optimized geometries have been obtained in ¢, (- (01 6 © "“'7‘:\ 2.33 Q. 5(0
conjunction with the 6-31G(d) basis set, which agree within  c1—7s3% "’79189 1071 '197 a /’”‘“ o
less than 5% with the MP2/ 6-31G(d)-optimized structures. To 1367y 932 m,z “ ““f’\ms
improve the energies, single-point calculations were further L0 "\"I.llﬁ;8 nig8 1};’/ 109
performed using the QCISD(T) method in combination with 1y 108y 10 HH
the higher basis sets (d,p), (2d,2p), and (2df,2p). Table 2 contains TS2 83 TS4
the QCISD(T) electronic energies of the four isomeric structures
in conjuction with the various basis sets employed. m’ i Lt ) ,480 Ous3
_)9”6 O"II9>V98 S07 O 1'660
3. CHsClO3 Isomers /”2 . RS Iy
105.9 205
3.1. Structures and Frequencies of CBCIO3 Isomers.Four 1)44 s 1) mmc'x'
isomeric local-minimum energy structures were located on the o /0% 6 Lo “ﬁo ‘Q’V( "8
singlet surface and one on the triplet. The first isomeric H 1o\ Lok, "l
minimum investigated is the straight chain type structurg-CH _
OOOCI in the singlet state, which is found to possess a skewed TS5 6

geometry and resemble closely the {HDOBr minimum-

energy structuré®l’ The detailed geometrical parameters are surface of reaction C#D, + CIO.

given in Figure 2. Of interest is the overall similarity with the

Figure 2. Structures for stationary points on the potential-energy

OCI bond lengths in HOOOCI, 1.434 and 1.429 A, at the same
theory levelt! We have the same type of bonding in §£30OCI

and HOOOCI as in the case of Br-containing speciesz-CH
OOOBr and HOOOBY, discussed by Guha and Franci&co.

stratospherically important HOOOCI speci@d1314For in-
stance, the COO0 and OG-OCI bond lengths in CEDOOCI,
1.436 and 1. 433 A, respectively, at the present MP23Hd)
level compare well with the corresponding HQO and OG-
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TABLE 1: Total Electronic (Hartrees) and Relative 3.2. Relative Energetics of CHCIO3 Isomers. The calcu-

Ene{g|es (keal mol'l%for Various Species Involved in CHO; lated energies for the minimum-energy isomers o§Cl@; are

+ CIO Reaction Pathways summarized in Table 1. At the MP2(full)/&81(d) level of
species MP2/6-31G(d) AE G2MP2 AE ZPE theory, the order of relative stability among the isomers on the

CH30, + CIO —724.127637 0.0—724.678756 0.0 29.4 singlet surface (from the most stable to the least stable structure)

CH;O00CI (s)  —724.164944 —21.8 —724.711724 —20.7 30.9 is CH;OOOCI > CH;0CIO, > CH;O0OCIO > CH3CIOz in full

2:388%20 *;gi-i‘s‘gggg *ié-g *;gi-ggigg‘z‘ ;2'2 gg-g analogy with the HCI@ family at the same level of theofy.

3 4. —40.L TieA. —40. : i i i
CHACIOs 794095129  24.1-724.685179 —4.0 33.1 Hovyever_, when employing the G2MP2 theory, this order is
CH:000CI ()  —724.140453 —5.6 —724.688315 —6.0 31.8 partially inversed and becomes gBLCIO, > CH;000CI >
TS1 —724.095649  20.4—724.642431 22.8 29.7 CH3;00CIO > CH3CIOs. This inversion is quite analogous with
TS2 —724.087899  24.9-724.625132  33.6 29.4  what has been observed by Guha and Francisco in the €10
1S3 —724.088323  27.2-724.628981  31.2 319 HBrOs,'> and CHBrOs!7 families. As they have discussed in
TS4 —724.136235 —3.3 —724.681873 —2.0 31.4 ; . . X >
TS5 724101457 16.2-724.651232 173 201  detail, the relative stability ordering among these species is very
TS6 —724.111307 5.8—724.685989 —4.5 24.9 sensitive both to basis set size and the methodology used. Use
TS7 —724.019056  66.7—724.565675 91.6 28.0 of G1 and G2 theories has caused the partial inversion of their
CH0+CIOO —724.108866  11.3-724.669321 = 5.9 288 B3| Yp and MP2 predicted stabilities and placed the HOCIO
CH;OCI+ O5(*A) —724.186654 —34.6 —724.705501 —16.8 31.8 HOB d CHOBIO, f | . than th
CH:OCI + O,(%5) —724.236051 —68.3 —724.747252 —43.0 29.1 rQ;, and CHOBIG; forms lower in energy than the
CHsCl + O3 —724.189502 —35.6 —724.705538 —16.8 32.6 corresponding isomers with all oxygen atoms in the middle.

An analogous inversion is observed here t00.308I0; is

The second isomeric form considered isfCECIO. This is found to be the most stable structure at the G2MP2 level
also a chain-type skewed structure with oxygen as the terminalfollowed by CHOOOCI, located higher by 7.9 kcal mdl The
atom. As in the corresponding GBIOBrO case, the lone pairs  CH,OOCIO and CHCIO; structures remain higher in energy,
of electrons on the terminal oxygen atom tend to enter into |ocated at 12.4 and 16.7 kcal mé| respectively, with respect
resonance with the €O bond pair, due to which the €00 to CHsOOOCI at the G2MP2 level.
bond attains a partial double-bond character. Such a resonance Recently, Guha and Francigébave re-examined the stability
effect is not observed with the oxygen atoms that are sandwichedordering of CHBrOz isomers, using the quadratic configuration
between the carbon and the chlorine atoms. The fact is alsointeraction method in combination with various basis sets of
manifested by inspecting the dihedral angles between COOClincreasing order. They have found the following stability
and OOCIO atoms, 93.3 and 8&i8spectively. The geometry  ordering CHOOOBr> CH3;0BrO, > CHzOOBrO > CH3BrOs.
indicates right angles between the €0I0 and OG-CIO Namely, they have found that the @BIOOBr isomer is the
bonds, consistent with the partial double-bond character for owest-energy structure and that @BrO: is higher in energy
OOCE=0. As a result, the G+O bond, 1.510 A, is much shorter by 1.4 kcal mot! at the QCISD(T)/6-311G(2df,2p) level of
than the G-Cl bond, 1.859 A, comparing very well with the  theory. To compare the stability trends in the £HDs family
corresponding values in HOOCIO, 1.511 and 1.874 A, at the with those of CHBrOs, we have also employed the quadratic
same MP2/6-31G(d) level. Thus, @BIOCIO also presents  configuration interaction method in combination with various
similar bonding characteristics as HOOCIO. basis sets of increasing level to calculate the relative energetics

The other two forms are GJDCIO, and CHCIO;. The effect of the minimum-energy structures. Optimization has been carried
of the partial double-bond character between chlorine and theout at the QCISD/6-31G(d) level, as already mentioned,
terminal oxygen atoms is enhanced. Again, this is due to the producing similar geometries with the MP2(full)/6-31G(d)
lone pairs of electrons on the terminal oxygen atoms that entermethod, with differences never exceeding 5%. The resulting
into partial resonance with their immediate bonding electron energetics are summarized in Table 2. It is quite interesting to
neighbors, thus, rendering double-bond character to the terminalrealize that the same inversion takes place in the;@6;
CI—0 bonds. Consequently, the-aD bond distances in GH family as well. Thus, the CEDOOCI isomer is also calculated
OCIO; are even shorter, 1.466 A, than the OCI distance of 1.776 to be the lowest-energy structure, and thezOBIO, form is
A (1.466 and 1.754 A in HOCIQ respectively, at the same  found to lie higher in energy by 4.2 kcal mdl(including ZPE
level of theory)!! The resonance effect is more prominent in  corrections) at the QCISD(T)/6-311G(2df,2p) level of theory.
the fourth isomeric form, CkCIlOs, with the three oxygen atoms  The other two isomers have been found to lie higher in energy
forming the base of a pyramid. In this case, resonance plays anacross all levels of theory. Table 2 also contains the G3 results
even stronger role than in GBOCIO and CHOCIO,, making for these two isomers. We can see that the G3 methodology
the CF=O double-bond character quite pronounced. As a result, produces the same trends as G2MP2.
the CIO bond distance in Gi8l0;, 1.458 A, is the shortest In our opinion, the high stability of the G®CIO, form,
among all isomers. which competes with that of the chain-type gMOOCI, is a

Finally, a loose, chain-type G®OOCI structure was deter-  consequence of the enhanced stabilization acquired by XCIO
mined on the triplet surface. The triplet surface was examined and XBrQ; species in general, as the electronegative character
due to the need of investigating the gbCI + O(°Z) reaction of the X fragment increases. The subject has been extensively
pathway. Its geometry is found to be close to that ofs€H  studied by Lee et aP4 and it has been clearly shown for a
OOOCI(s), with differences encountered only for the-©QClI number of XCIQ and XBrQ, adducts26 The halogen atom,
and O-Cl equilibrium distances (1.276, 2.807 A) compared to C| or Br, due to its hypervalent character in this type of
the corresponding values in the singlet state (1.433, 1.741 A)-compound, is found to be very positively charged, so that
In particular, we note the increase in the-Ol bond distance bonding to an electronegative partner such as+Hd CH,O—
exceedig 1 A as aresult of the triplet electronic configuration greatly enhances the stability of these species.
of the adduct.

The calculated vibrational frequencies are collected in Table 4- Reaction Pathways and Isomerization
3 of Supporting Information. Their classification follows the 4.1. Transition-State Configurations. From the potential-
same description as those of (¢B103) speciess17 energy minima discussed earlier, only §&MDOCI and CH-
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TABLE 2: Energetics of the Four Isomeric Structures (Including ZPE Corrections)?

theory CHOOOCI (s) CHOCIOL(s) CHO0O0CIO(s) CHCIO4(s)
MP2/6-31G(d) —724.164944 0.0 —724.157233 5.8 —724.148882  10.1 —724.095129  46.0
G2MP2 —724.711724 0.0 —724.724392 —7.9  —724.691944 124 —724.685179  16.7
G3 —725.235548 0.0 —725.248752 —83
QCISD(T)/6-311G(d,p) —724.454003 0.0 —724.401185 341 724396526  36.1 —724.335629  76.3
QCISD(T)/6-311G(2d,2p) ~ —724.549621 0.0 —724.527403 14.9 —724.506619  27.0 —724.459624  58.6
QCISD(T)/6-311G(2df,2p)  —724.666925 0.0 —724.661866 42 —724.635921  19.4 —724.594915  47.2

aThe first column under each species gives the total electronic energy in Hartrees while the second column gives the energy difference of each

species in kcal mol, with respect to the CH#DOOCI(s) isomer, including ZPE corrections.

OOCIO can be formed as nascent products of the@Ht
CIO reaction. The main reaction channels on the singlej@;H
+ CIO surface, considered in the present work are

CH,0, + CIO— CH,0 + CIOO (1a)
— CH,OCI+ O,(*A)(s) (1b)
— CH,Cl+ O, (1c)

We have located three transition-state configurations corre-

intervening energy barrier. Thus, from the analysis of all reaction
channels discussed so far, this route appears to be thermody-
namically the most favorable and it is indeed the channel which
has been extensively investigated experimentally. A similar
O—0 bond fission process of GAOCIO might be thought to

be possible, leading to G& + OCIO products. However, CH
OOCIO lies higher than C¥DOOOCI(s), and OCIO is also
known to lie higher than CIO®@%2% making such a route less
favorable.

Finally, the triplet surface has been investigated in order to

sponding to the decomposition pathways of the two association gyamine the

adducts and specifically to the pathways: 0CIO — CHs-
OCIl+ Oy(*A), CH;000CI(s)— CH30OCI + Oy(*A), and CH-
OOOCI(s)— CHsCl + 03, denoted hereafter as TS1, TS2, and

TS3, respectively. They each present one imaginary frequency,

CH,0, + CIO — CH,OCI + O,(*%)(t) (1b)

and they are characterized as first-order saddle points. Thereaction pathway. The triplet surface was found to be much

structures for the transition states, including the geometrical
parameters, are given in Figure 2.

The transition state TS1, encountered in thesGyH+ CIO
— CH3OCI + 0x(*A) pathway through the C#OCIO inter-

simpler as in the case of the similar @ CIO system-012.13

The loosely bound minimum G&@OOCI(t), is found, already
discussed, and a transition state, TS4, was located for which
the analysis of the vibrational frequencies indicated that the

mediate, is a nonplanar, five-center structure located 22.4 kcalstructure is a first-order saddle point. Thus, the reaction on the

mol~1 above reactants and 31.1 kcal mialith respect to Cht
OOCIO. By comparison of the ©Cl bond distance in TS1 and
the CHOOCIO minimum, we find that it is significantly
elongated from 1.859 to 2.327 A in TS1 and the-O bond
length is shortened from 1.431 to 1.378 A. Also, the@bond
length increases from 1.431 to 1.926 A. Yield of the same
products, CHOCI + O,(*A), is possible through the formation
of the CHOOOCI(s) minimum, which also involves a nonpla-

triplet surface occurs through the intermediate formation of the
shallow CHOOOCI(t) minimum bound only by 6 kcal mol

with respect to reactants. The system further proceeds into the
products CHOCI + O,(3%) through a weak barrier correspond-
ing to TS4 and located at 4 kcal mélabove CHOOOCI(t) at

the G2MP2 level. As we can see, the energy differences
associated with the triplet surface are much smaller as in the
case of the HR+ CIO — HOCI + O,(3%) reaction®13 We

nar, four-center transition state, denoted TS2, depicted in Figurecan thus conclude that this route provides a thermodynamically

2. TS2 is located higher than TS1 at 33.7 kcal mMabove
reactants. The COOO dihedral angle-c52.7 is considerably
different from the dihedral angle, 77.¢h the CHOOOCI(s)
minimum, and the CE&0O0 bond length, 1.363 A, is signifi-

cantly shorter than the corresponding bond distance in the

minimum, 1.436 A. The O©0CI distance becomes 2.099 A
in TS2 from 1.433 A in CHOOOCI(s) and the €0 bond
distance 1.886 A from 1.434 A. The other pathway by which
the CHOOOCI(s) intermediate may decompose is toward the
CH3CI + Oz products. This pathway also involves a five-center,
nonplanar transition state TS3, with-© and G-CI bonds
considerably elongated, 1.926 and 2.327 A, relative to 1.434
and 1.741 A, respectively, in the GEOOCI(s) intermediate.
TS3 is located 31.2 kcal mol above reactants.

Apart from the three reaction pathways through TS1, TS2,
and TS3 described above, there is also the possibility of the
barrierless C&-0O0 bond fission process, GABOOCI(s) —
CH30 + CIOO. The products, the methoxy radical and CIOO,

feasible reaction pathway towards the formation of;0BI +
02(®%) products.

4.2. Isomerization Transition-State Configurations.Three
isomerization transition-state configurations have been deter-
mined for the isomerization processes, OOCI| < CHs-
OOCIO, CHOOCIO <= CH30CIO,, and CHOCIO, <> CHs-

ClOs, denoted hereafter as TS5, TS6, and TS7, respectively.
The structures possess one imaginary frequency each, and they
are characterized as first-order saddle points. The geometries
are provided in Figure 2.

The CHOOOCI< CH300CIO isomerization transition state,
TS5, is formed due to the migration of the chlorine atom in
CH300O0CI(s). The associated structural changes involve the
shrinkage of the ©Cl distance from 1.741 to 1.621 A and of
the CO-0O0 bond from 1.436 to 1.427 A in the transition state,
respectively. The associated energy barrier is quite high, located
at 38.0 kcal mot! above CHOOOCI(s) at the G2MP2 level

which readily decomposes releasing atomic chlorine, are foundand 17.3 kcal mof* above the reactants. TS6 represents the

to be located at an energy of 5.9 kcal mbhbove reactants at
the G2MP2 level, representing the critical energy for this

transition state for the G¥OCIO < CH;OCIO; isomerization.
It is also the result of chlorine migration which produces various

reaction channel. No transition state has been determined forstructural changes compared to stablesOBCIO structure.
this bond scission channel which thus leads directly to products Thus, the G-Cl and CHO distances in CEDOCIO, 1.859 and

and reproduces stratospherically active chlorine without an

1.510 A, approach and become 1.482 and 1.479 A respectively.
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