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An ab initio molecular orbital study of the unimolecular elimination of HCI and Cl from the@@ radical

is reported. Geometry optimizations were carried out at the HF/6-31G(d), MP2(full)/6-31G(d), and MP2(full)/
6-31G(d,p) levels, and total energies were calculated using G2 and G2(MP2) theories. The zero-point-energy-
corrected energy barrier for HCI elimination is predicted to be 8 kcal/mol, and for Cl elimination it is predicted
to be 10.5 kcal/mol. RRKM models for both unimolecular reactions were made from the ab initio vibrational
frequencies (scaled), moments of inertia and barrier heights. The RRKM predicted thermal rate coefficients
for HCI elimination are in good agreement with experimental data taken over the temperature range 265
306 K and the pressure range 35 Torr (Wu, F.; Carr, R. WJ. Phys. ChemA 2001, 105 1423.) when the

barrier height is adjusted to 8.5 kcal/mol. Because of the low energy barrier and, to a lesser extent, the small
size of the reactant, the falloff curve is very broad, and the high pressure limit is predicted to be closely
approached only when pressures of T0rr and above are reached. RRKM calculations of the rate coefficient

for ClI elimination predict that this reaction is negligible compared with HCI elimination at moderate
temperatures, but should be taken into account in high-temperature reactions. G2 theory predicts the 298 K
enthalpy of formation of CKCIO to be—6.6 kcal mot™.

1. Introduction HCI elimination competitive with CBCIO + O,. A subsequent
o o . study by Wallington et al® reported the relative rate of HCI
Most theoretical investigations of the decomposition of gjimination and reaction of CIEIO with O, over the temper-
halogenated methoxy radicals have dealt exclusively with bond 4¢,re range 264336 K.
scission reactions. MNDO semiempirical calculations of Cland  \ye have recently reported the kinetics of the reaction of
F atom elimination from CGL.FO radicals predict that Cl-  cp,cl0 with O, and the unimolecular elimination of HCI at
atom extrusions have lower energy barriers than F atom 3pg k by observation of the kinetic growth of HC(O)CI and
extrusions, and should occur readily even at room temperatire. HCI, two of the products of these competing reacti#highe
It has been found experimentally that-Cl bond scission is  ynimolecular dissociation is well into the falloff in the-85
facile if the oxy radical contains at least a second halogen atom, 1,y pressure range of the experiments. The temperature
as with CC}O, CFCLO, CRCIO, CHFCIO, and CHGD dependence of the reactions of EHO with O, and NO, and
radicals*™® The MNDO calculations of Rayez et alpredict the unimolecular elimination of HCl from CIEIO were
activation energies for unimolecular elimination of Cl from these subsequently studied from 265 to 306'KNo experimental
radicals that are in the range of 9:72.4 kcal mot*, low evidence for Cl atom elimination was found in either study.
enough to be in accord with the experimental observations. The rate coefficient for HCI elimination at 10 Torr can be
In contrast with multiply halogenated methoxy radicals, expressed as (7% 2.3) x 10%exp[—(4803+ 722)T] s L. The
experimental studies have not provided any evidence f6€C  activation energy of 9.5 1.4 kcal mot* at 10 Torr is in accord
bond scission in CKCIO. Sanhueza and HeickErshowed that with the estimate of 8.& 1.9 kcal mot! made by Wallington
CH.CIO undergoes a bimolecular reaction with molecular et al.15 but is significantly smaller than a MNDO prediction of
oxygen, but no evidence for loss of Cl was reported. Niki et 18.9 kcal/mol as the barrier for HCI eliminatidf.
al.! also reported that C#1O only reacts with @in room- In this work, high level ab initio molecular orbital calculations
temperature air at 760 Torr, and Catoire etZafound no of CH,CIO and of the transition states for elimination of HCI
evidence for Cl atoms from GIEIO in their 588 K experiments.  and atomic Cl were undertaken to gain further insight into
MNDO calculations of Cl-atom elimination from GBIO reactions 1 and 2. Calculated values of the electronic barrier,
predict an activation energy of about 20 kcal migh2 but and the reactant and transition state geometries and vibrational
G2(MP2) calculations give a barrier height of only 11.2 kcal frequencies were taken as the basis of a RRKM
mol~1,1% suggesting that Cl loss should be facile. However,

Kaiser and Wallingtott found experimental evidence for CH,CIO— HCO + HCI Q)
unimolecular elimination of HCI from CKCIO at 296 K, not
C—Cl bond breaking. This reaction only becomes observable CH,CIO—H,CO+ CI (2)

when the partial pressure of,@ decreased enough to make

model for comparison of theory with experiment. Since the HCI
*To whom correspondence should be addressed. elimination rate coefficients have been experimentally deter-
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mined only over the limited pressure and temperature range fromperturbation theory (at the MP2 level)Ayp, = E[MP2/6-

2 to 35 Tort617 and from 265 to 306 K7 the RRKM model 3114-G(3df,2p)]— E[MP2/6-311G(d,p)]. Therefore, it provides
was used to extend; over the entire range of atmospheric substantial savings in computational time.

pressures and temperatures. The calculations have permitted an The total G2(MP2) energy is given by

assessment the extent to which thermal unimolecular decom-

position of CHCIO occurs in the atmosphere, in competition  E; ,\p,= E[QCISD(T)/6-311G(d,p)H- Ayp, +

with removal by reaction with © HLC + E(ZPE)

CH,CIO + O, —~ HO, + HC(O)CI (3) It has been found that the average absolute deviation between

energy quantities calculated at the G2 level of theory and
The C-CI bond breaking channel in GBIO was also  experimental measurements is 1.21 kcal/mol from 125 test cases,
investigated by ab initio calculations and RRKM modeling to while for G2(MP2) theory the deviation was 1.58 kcal/rRbl.
see if the calculations would confirm that the rate of reaction 2 2.2, RRKM Calculations. Rate coefficients for the uni-
is negligible at room temperature and below, to compare with molecular elimination of HCI and Cl from CI&IO were
other halogenated methoxy radicals, and to produce a kineticcalculated from RRKM theory, using the vibrational frequencies,
model for use at higher temperatures where reaction 2 may bemoments of inertia, and critical energies (ZPE barrier heights)

important. from the ab initio calculations as input data. Since the total
) energies are based on MP2(Full)/6-31G(d,p) optimized geom-
2. Computational Method etries, in the RRKM calculations the vibrational frequencies

2.1. Ab Initio Molecular Orbital Calculations. All ab initio were scaled by a factor of 0.9427.The UNIMOL Fortran
molecular orbital calculations presented in this paper were Program packagé was used for calculations of the pressure
carried out using the Gaussian 94 and Gaussian 98 series oftNd temperature dependence of the thermal unimolecular rate
programé3190n a Silicon Graphics workstation or on an IBM coefficients. .The UNIMOL suite of programs mcludeg two
SP supercomputer. Optimized geometries were first determinedSeParate main programs. The first, called RRKM, carries out
at the HF/6-31G(d) level, and then were fully optimized at the mlcrocano_m(_:al rate coefficient calculat|on_s, computes h_|g_h-
MP2(full)/6-31G(d) and MP2(full)/6-31G(d.p) levels using Pressure limit rate parameters and also gives stron_g _coII|S|on
analytical gradients. For the geometry of the transition-state, Values for botrk. andko. It also generates a file containing all
the QST3 option was used to optimize a transition state structured@t@ which will be subsequently used in the solution of the
based on the reactant, products, and an initial guess for theMaster equation. The second program, MASTER, gives a
transition state. Vibrational frequencies were obtained at HF/ Numerical solution of the master equation with energy transfer
6-31G(d) and MP2(full)/6-31G(d,p) levels using analytical described by th biased ra'nglom walk m'o'del. It computes the
second derivatives. The zero-point energies (ZPE’s) for different 10W-Pressure limit rate coefficient, the collisional efficieng}),(
species were also calculated at these levels. The frequency?nd it can compute a complete falloff curve around a median
calculations verified that the located points were minima or first- Pressure. The detailed calculation method and basic theory used

order saddle points with no or, in the case of transition states, Py this program are given by Gilbert et &** The “tight’
one imaginary frequency. transition state treatment and a reaction path degeneracy of 2

Total G2 and G2(MP2) energies were calculated using G2 Were us_ed for the HCI eIiminatic_>_n calculatio_ns. The RR_KM
theory?® and G2(MP2) theor§122 respectively. G2 theory is calculations were done o.n.the Slllcon Graphics workstation.
based on ab initio molecular orbital theory and MP2(full)/6- The Lennard-Jone; _coII|S|on diameters and We_II depths needed
31G(d) geometries using all electrons. Total G2 energies were!© calculate the collision frequencys, were estimated from
calculated at the complete fourth-order Mat@esset perturba- 948 = (Joxy + Omix)/2, Whereooy is for the CHCIO radical,
tion theory [MP4SDTQ/6-311G(d,p)] with corrections from €stimated to be 4.38 A, and is for the gas mixture. The
higher level calculations. The corrections include the follow- YPical gas mixture consists 15%:C25% CHCl and 60% N.
ing terms: (a) A correction for diffuse functionsAE(+) = With on, = 3.9 A, ac), = 4.3 A andocicr = 4.43 A, ops was
E[MP4/6-311-G(d,p)] — E[MP4/6-311G(d,p)]. (b) A correction cglculated tobe 4.24 A. The Lenn?rq-Jones well deq;z@(,K),
for higher polarization functions on non-hydrogen atoms: 91Ven byéas(K) = [€ox(K) emix(K)] 2 is equal to 219 K using

AE(2df) = E[MP4/6-311G(2df,p)]— E[MP4/6-311G(d,p)].  €ov = 280 K andemix = 170 K, o
(c) A correction for inclusion of a third d function on non- The use of ab initio computed moments of inertia, vibrational

hydrogen atoms and a second p function on hydrogens: frequencigs, and cr_itical energies, constitute an RRKM model
E[MP2/6-31HG(3df,2p)— E[MP2/6-311G(2df,p)l- E[MP2/ for k(E) with no adjustable parameters. The biased random-
6-3114+G(d,p)] + E[MP2/6-311G(d,p)]. (d) A correction for walk_model, Wltl’_l I__ennard-.]or}es parameters from the literature,
correlation effects beyond fourth-order perturbation theory: Provides a collisional deactivation model that can also be
AE(QCI) = E[QCISD(T)/6-311G(d,p)}- E[MP4/6-311G(d,p)]. ~ €MPloyed without adjustment.
(e) A higher level correction to account for remaining basis set
deficiencies: HLC= —Bn, — Ang, whereA = 4.81 mHartree,
B = 0.19 mHartree, and, andng are the number of alpha and 3.1. Ab initio Calculations. Calculations were carried out
beta electrons, respectively, with > ns. (f) Zero-point energy for the dissociation of CKCIO into HCI and HCO (reaction
correction, E(ZPE), obtained from HF/6-31G(d) optimized 1), and Cl and KHCO (reaction 2). These are the two lowest
frequencies scaled by the factor 0.8929. The resulting total G2 energy decomposition channels of &HO, and the only ones
energy is given byEy g2 = E[MP4/6-311G(d,p)[+ AE(+) + that need to be considered in atmospheric chemistry.
AE(2df) + A + AE(QCI) + HLC + E(ZPE). Transition states for reactions 1 and 2 were located. Geometry
G2(MP?2) theory is one of the two variations of G2 theory. optimization of the reactant, the transition states and the products
In G2(MP2) theory the basis- set extensions are replaced by awere done at HF/6-31G(d), MP2(full)/6-31G(d), and MP2(full)/
single correction obtained using second-order MglRlesset 6-31G(d,p) levels. Attempts to obtain an optimized geometry

3. Results
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TABLE 1: Optimized Geometries for the Unimolecular Elimination of HCI and CI from CH ,CIO
bond length (angstroms)

c-0O C—H; C—H, Cc-Cl H—CI ref
reactants
CH,CIO (X?A") 1.3499 1.0920 1.0920 1.7946 this wark
1.3499 1.0966 1.0966 1.7965 this werk
1.34 1.11 111 1.83 ref 12
~ 1.350 1.096 1.096 1.797 ref13
CH.CIO (A?A") 1.3873 1.0927 1.0927 1.7811 this wlrk
TS (—HCI) (A) 1.2050 1.0896 1.1420 2.1081 this wark
1.23 111 1.18 2.04 ref 12
TS (—Cl) (2A) 1.24915 1.09247 1.09246 2.15104 this work
1.24997 1.09696 1.09688 2.15236 this work
1.24 1.11 1.11 2.27 ref 12
1.250 1.097 1.097 2.152 ref13
products
CH,(0) (X*A7) 1.2195 1.0994 1.0994 this wark
_ 1.22 1.104 1.104 ref £3
HC(O) (X?A") 1.1911 1.1173 this work
_ 1.191 1.123 ref 13
HCI (X153 1) 1.2682 this work
1.280 ref 18
planar and dihedral angles (degrees)
H,—C—ClI H,—C—ClI Oo—-C-ClI H;—C—CI-0 H,—C—-CI-0 ref
reactants
CH.CIO (X?A™) 107.63 107.63 115.25 121.27 —121.27 this work
107.67 107.67 115.11 121.20 —121.20 this work
106.3 106.3 111.9 120.7 —120.7 ref 12
~ 108.5 108.5 115.1 ref 23
CH.CIO (A%A") 107.96 107.96 103.98 119.41 —119.41 this work
TS (—HCI) (?A) 100.51 67.70 117.43 140.33 —108.15 this work
104.7 67.0 114.6 139.7 —113.0 ref 12
TS (—CI) (?°A) 97.6002 97.6019 90.56 121.26 —121.26 this work
97.7480 97.6454 90.36 121.18 —121.20 this work
98.1 98.2 84.9 122.1 —122.1 ref 12
90.4 ref 13
products
H,C(O) (X*A,) H,—C-0 H,—C-0 H;—C—-O—H;
122.24 122.24 180.0 this watk
B 122.2 122.2 ref 13
HC(O) (X?A") H-C-0O
123.57 this worlé
123.3 ref 13

aOptimized at MP2(full)/6-31G(d,p) Optimized at MP2(full)/6-31G(d): From MNDO calculations.
for the HCI elimination transition state at the MP2(Full)/6-

31G(d) level failed. To find the HCI elimination transition state ) °

it was necessary to do geometry optimizations at the MP2(Full)/ Y ¢
6-31G(d,p) level of theory. Thus for reaction 1, the total ‘t‘}, fﬁ%
energies, including the G2 and G2(MP2) energies of the reactant, Ir,»:;iﬁ,\-' =T
the transition states, and the reaction products, were calculated ﬁ'J W\ e
on MP2(full)/6-31G(d,p) optimized geometries for all species. *
Vibrational frequency calculations, done on each of the transition H

states at HF/6-31G(d), MP2(full)/6-31G(d,p) and MP2(full)/6- CH2CIO

31G(d) levels (the last for €Cl only), have one imaginary

frequency confirming that the optimized structures are transition

states for HCI and CI elimination from GBIO. o
Reaction path calculations (IRC calculations) were performed ?

for HCI elimination at MP2(full)/6-31G(d,p), and Cl elimination e

at HF/6-31G(d) and MP2(full)/6-31G(d) using the Gaussian 98 -fA.SK o

reaction path following facility. The IRC calculations showed H‘“"‘ [M

that for each transition state the reverse reaction path leads ' =

toward the CHCIO ground state as total energy decreases. - =

Similarly, the HCI elimination transition state leads toward the -HClI -Cl

ground states of HCI and HCO, and the-Cl bond scission  Figure 1. Reactant and transition state structures for HCl and CI-
transition state leads toward the ground states of Cl ay@CH atom elimination from ChLCIO.

Optimized geometries for GI€I0, the transition states and
the reaction products are listed in Table 1. The numerical valuesdisplayed by a visualization package of Gaussian 98, Gaussian-
were obtained by reading corresponding molecular structuresView. Also listed, for comparison, are the corresponding bond
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TABLE 2: ZPE Corrected Total Energies and Parameters (Unit: hartree)
HCI Elimination, Optimized Geometry at MP2(full)/6-31G(d,p)

CH,CIO TS HCI HC(0O)
MP4/6-311G(d,p) —573.836 81 —573.812 98 —460.256 27 —113.606 05
MP4/6-311G(d,p) —573.845 68 —573.821 47 —460.257 09 —113.61181
MP4/6-311G(2df,p) —573.954 37 —573.933 13 —460.311 91 —113.663 15
MP2/6-311G(3df,2p) —573.915 44 —573.890 54 —460.292 28 —113.647 80
MP2/6-311G(2df,p) —573.895 80 —573.87172 —460.284 77 —113.635 20
MP2/6-311G(d,p) —573.798 03 —573.771 20 —460.238 21 —113.586 23
MP2/6-311G(d,p) —573.789 88 —573.763 34 —460.237 53 —113.580 72
QSISD(T)/6-311G(d.p) —573.839 43 —573.824 97 —460.256 83 —113.603 70
no. ofa valence electrons 10 10 4 6
no. of § valence electrons 9 9 4 5
ZPE(HF/6-31G(d))* 0.032 317 0.022 911 0.007 258 0.014 384
G2(MP2) —574.010 17 —573.997 36 —460.331 59 —113.695 98
G2 —574.022 54 —574.009 76 —460.340 13 —113.698 85
Cl Elimination, Optimized Geometry at MP2(full)/6-31G(d,p)
CH.CIO TS Cl H.C(O)
MP4/6-311G(d,p) —573.836 81 —573.790 18 —459.602 63 —114.236 49
MP4/6-311G(d,p) —573.845 68 —573.797 78 —459.603 77 —114.24311
MP4/6-311G(2df,p) —573.954 37 —573.911 78 —459.656 29 —114.295 37
MP2/6-311G(3df,2p) —573.915 44 —573.869 64 —459.633 38 —114.28011
MP2/6-311G(2df,p) —573.895 80 —573.851 60 —459.629 00 —114.265 13
MP2/6-311G(d,p) —573.798 03 —573.748 21 —459.586 16 —114.215 43
MP2/6-311G(d,p) —573.789 88 —573.741 36 —459.585 14 —114.208 94
QSISD(T)/6-311G(d.p) —573.839 43 —573.794 39 —459.603 29 —114.234 89
no. ofa valence electrons 10 10 4 6
no. of 3 valence electrons 9 9 3 6
ZPE(HF/6-31G(d))* 0.032 317 0.029 917 0.0 0.029 201
G2(MP2) —574.010 17 —573.993 43 —459.666 72 —114.336 06
G2 —574.022 54 —574.005 96 —459.676 63 —114.338 91
Cl Elimination, Optimized Geometry at MP2(full)/6-31G(d)
CH.CIO TS Cl H.C(O)
MP4/6-311G(d,p) —573.836 89 —573.789 89 —459.602 63 —114.23656
MP4/6-311G(d,p) —573.84576 —573.797 50 —459.603 77 —114.243 19
MP4/6-311G(2df,p) —573.954 45 —573.911 46 —459.656 29 —114.295 42
MP2/6-31H1G(3df,2p) —573.915 42 —573.869 23 —459.633 38 —114.280 09
MP2/6-311G(2df,p) —573.895 82 —573.851 23 —459.629 00 —114.265 12
MP2/6-311G(d,p) —573.798 06 —573.747 85 —459.586 16 —114.215 44
MP2/6-311G(d,p) —573.789 91 —573.740 99 —459.585 14 —114.208 96
QSISD(T)/6-311G(d.p) —573.839 52 —573.794 10 —459.603 29 —114.234 95
no. ofa valence electrons 10 10 4 6
no. of 8 valence electrons 9 9 3 6
ZPE(HF/6-31G(dp 0.032 317 0.029 917 0.0 0.029 201
G2(MP2) —574.010 22 —573.993 47 —459.666 72 —114.336 08
G2 —574.022 59 —574.006 00 —459.676 63 —114.338 92

aUnscaled zero-point energy. Scale factor of 0.8929 is used for ZPE correction.

lengths and angles from the MNDO calculations of Catoire et The CIS calculations found, at the HF/6-31G(d) level, four
al2and G2(MP2) calculations at MP2(full)/6-31G(d) of Wang excited states with predicted energies of 0.573 eV, 4.856, 7.515,
et al. for G-Cl bond scissiort? The images of MP2(full)/6- and 7.714 eV. The 13.2 kcal/mol excitation energy of the lowest
31G(d,p) optimized structures of GEIO and the transition excited state at this lower level of theory is larger than the
states for HCI and Cl-atom elimination, which were also created approximately 6.95 kcal/mol difference found for the two
by GaussianView, are shown in Figure 1. The calculated ground- CH,CIO structures calculated at the G2 and G2(MP2) levels.
state total energies at different levels of theory, and other Discussion of the role of the excited state is in section 4.
parameters for calculating total G2 energy and total G2(MP2) The HCI elimination transition state is an unsymmetrical
energy, are listed in Table 2. The total energies listed in Table structure and thus is 8A electronic state. When geometry
2 are HF/6-31G(d) ZPE corrected with scale factor of 0.8929. optimization of the C-Cl bond scission transition state was
The unscaled MP2(full)/6-31G(d,p) vibrational frequencies, and attempted from an initial guess in which the structure hgd C
moments of inertia for reactant and transition states are listed symmetry, as does the GEIO reactant, the program did not
in Table 3. converge. Convergence was only obtained when an unsym-
In the geometry optimization calculations at MP2(full)/6- metrical structure was taken for the initial guess. The converged
31G(d), two structures of CX10 were found, théA" ground structure shows that the asymmetry comes from the tw#1C
state, and A’ excited state. Their G2 and G2(MP2) energies bond lengths and HC—CI angles, which are different. In a
differed by 6.98 and 6.93 kcal/mol, respectively. Both are stable structure havin@s symmetry these distances and angles would
structures. In addition, GiSingles (CIS) calculations for  be the same. When optimizations were done at MP2 with the
modeling excited states as combinations of single substitutions6-31G(d,p) basis set, asymmetry was due to only a slight
out of the Hartree' Fock ground state of C/#£1O were done. difference in the €&H bond length. This difference was
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TABLE 3: Unscaled Vibrational Frequencies and Moments
of Inertia (Calculated from MP(full)/6-311(d,p) Optimized

Geometries)

vibrational frequencies (cn)

reactant (CHCIO)

transition state for
HCI elimination

transition state for
Cl elimination

411,725,751, 1125, 1128, 1381,
1435, 3107, 3179

19201, 353, 411, 925, 1148, 1394,
1518, 2557, 3178

7371, 265, 770, 1066, 1268, 1448,
1644, 3098, 3202

principal moments of inertia @

reactant (CHCIO)

transition state for
HCI elimination

transition state for
Cl elimination

94.830, 87.370, 10.651
111.203, 104.884, 9.273

96.547, 85.627, 14.374

rotational constant (cn)

reactant (CHCIO)

transit state for
HCI elimination

transition state for
Cl elimination

0.1778, 0.1930, 1.5829
0.1516, 0.1505, 1.8180

0.1746, 0.1969, 1.1730
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Figure 2. Reaction barrier heights for HCI| and Cl-atom elimination
calculated from total G2 and G2(MP2) energies.

relative to the ground-state energy of &HO, arbitrarily taken

as zero. The highest levels of calculation predict a barrier height
of 8 kcal/mol for HCI-elimination from CHCIO, and a barrier
height of 10.4 kcal/mol (G2) or 10.5 kcal/mol (G2MP2) for
Cl-atom elimination. The calculated energy barriers in Table 4
also show that the optimized geometries of the transition state
for Cl elimination determined at MP2(full)/6-31G(d,p) and
MP2(full)/6-31G(d) have an insignificant effect on the deter-

somewhat larger with the 6-31G(d) basis set. The electronic mination of the energy barrier. For example, the G2 energy
state of the € Cl transition state predicted by this level of theory barrier for CI elimination changed from 10.40 kcal/mol
is thus?A. (MP2(full)/6-31G(d,p)) to 10.41 kcal/mol (MP2(full)/6-31G(d)).
The barrier heights for forward and reverse HCl and Cl-atom  As a check on the G2(MP2) and G2 calculations, total
elimination reactions were calculated from the ZPE corrected energies of the products of reactions 1 and 2 were calculated
total QCISD(T)/6-311(d,p), MP4/6-311G(2df,p), G2(MP2), and for comparison with the literature. The total energies are in
G2 energies listed in Table 2, and are presented in Table 4.excellent agreement with values that have been reported in the
The forward barrier is relative to the ground state of ,CHD literature!®29.22However, the G2(MP2) total energy of GEIO
in all calculations. To evaluate the effect of scale factor on the reported by Wang et &F is smaller than our G2(MP2)
calculated total energies and the critical energies at the G2 level,calculation by 0.53 kcal/mol, and their transition state energy
the calculations were done using scale factors of 0.8929 andfor C—Cl bond breaking is 0.16 kcal/mol larger than ours. These
0.9135, the suggested scale factors for the vibrational frequenciedlifferences account for the different G2(MP2)-Cl barriers
and ZPE, respectiveli£ The effect of the scale factors on the reported; 10.5 kcal/mol (this work) and 11.2 kcal/rkb\We
barrier height calculation was found to be insignificant, and have been unable to determine the reason(s) for the discrepancies
0.8929 was used as a common scale factor for frequency andn CH,CIO and transition state energies. The 0.53 kcal/mol
energy calculations without appreciable error. discrepancy in ground-state energy is too small to be accounted
The energy barriers at the QCISD(T)/6-311G(d,p) and the for by different electronic states since th® state of CHCIO
MP4/6-311G(2df,p) level are significantly higher than the G2 is predicted to be nearly 7 kcal/mol above #¢' ground state.
and G2(MP2) barriers. Figure 2 diagrams the G2 and G2(MP2) There is spin contamination in the calculations. For the
energies of the two transition states and the two sets of productsCH,CIO radical [f0= 0.758, only slightly larger than the

TABLE 4: Calculated Energy Barriers (Kcal/Mol)

HCI Elimination

optimization energy level ZPE forward reaction reverse reaction
MP2(full)/6-31G(d,p) QSISD(T)/6-311G(d.p) HF/6-31G(d) 9.07 22.32
MP4/6-311G(2df,p) HF/6-31G(d) 13.32 26.31
G2(MP2) HF/6-31G(d) 8.04 18.96
G2 HF/6-31G(d) 8.02 18.34
Cl Elimination
optimization energy level ZPE forward reaction reverse reaction
MP2(full)/6-31G(d,p) QSISD(T)/6-311G(d.p) HF/6-31G(d) 11.32 10.54
MP4/6-311G(2df,p) HF/6-31G(d) 14.60 12.90
G2(MP2) HF/6-31G(d) 10.51 5.87
G2 HF/6-31G(d) 10.40 6.01
Cl Elimination
optimization energy level ZPE forward reaction reverse reaction
MP2(full)/6-31G(d) QSISD(T)/6-311G(d.p) HF/6-31G(d) 11.32 10.52
MP4/6-31HG(2df,p) HF/6-31G(d) 14.62 12.90
G2(MP2) HF/6-31G(d) 10.51 5.85
G2 HF/6-31G(d) 10.41 5.99

aScale factor of 0.8929 is used for ZPE correction.
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3500 prETTTTTTT T[T T YT T[T T T T T[T T TABLE 5: A Comparison of ks Determined by Experiment
r ] and Calculation at 289 K
3000 | , . ke (1)
[ y N pressure Eo=8.0 Eo=8.5 Eo=9.0
2500 | / 3 (Torr) exptl (kcal/mol)  (kcal/mol)  (kcal/mol)
- [ 7 : 5 2444 38 429 222 131
‘w 2000 | 7 _' 8 4194+ 117 858 445 263
g“ [ 7/ h 15 650+ 117 1290 667 394
2 . : 20 907+ 41 1720 889 525
< 1500 25 1055+ 275 2140 1110 656
= [ 30 1392+ 25 2570 1330 788
[ 35 1521+ 260 3000 1560 919
1000 F 700 ---- 59600 19600 18100

500 Figure 3 shows that an upward adjustmeng&iof only 0.5
kcal/mol is required to fit the data. This is well within the
approximately 1.6-2.0 kcal/mol deviation between G2 and

0 5 10 15 20 25 30 35 40 G2(MP2) theory and experiment that has been reported for many
test cased! A calculation forEy = 9.0 kcal mot? is also shown

in Figure 3, and with the other calculations indicates the

F}gkure 32'83 (|:<or;1pl)5ariso_n of ex;I)erimxlentall__and RRKM Ca"};‘g}f& valuels sensitivity of the rate coefficient tBy. It would also be possible
of k; at . Xperlmenta results. Lines represent results - 1 s
with different critical energies—) Eo — 8.5 kcal mol™. (- —) Eo = to hold Ey fixed at 8.0 kcal mot* and vary the collision

Total pressure, Torr

8.0 kcal mot™. (- —) Eo = 9.0 kcal mot™. parameters to fit the data. Taking the simple collisional
efficiency approach, this would require about a factor of 3
expected value of$?[1= 0.75 for doublets. But for the €CI decrease in the product of collision frequency and collisional

bond breaking transition state at QCISD(T)/6-311G(d[B} e_ff_icier_lcy. Hc_>wev<_ar, the calculated values of co_IIisi_onaI ef-
= 0.930, and for the HCI elimination transition state at the same ficiencies () listed in Table 6 are commensurate with literature
level (0= 0.92. However, the good agreement between values off3%® for similar molecules, and Iarge changes in Fhe
theoretical and experimental values kf presented below Lennard-Jones parameters would be required to force a fit.

suggests that spin contamination may not significantly affect Figureé 4 shows an Arrhenius plot at 10 Torr. The line
the energy calculations, at least for this channel. representg;(calcd) forEy = 8.5 kcal/mol, and the symbols are

3.2. RRKM Calculations. RRKM calculations of the rate  Ne values ok(exp) at 10 Torr for the four temperatures from
coefficient for HCI elimination were done for comparison with 265 k to 306lk at _Wh'Ch the experiments were done. _F_or the
the experimentally determined rate coefficielt&’ The ex- 8.5 kcal mof! barrier the calculated 10 Torr rate coefficients
perimental data are the pressure dependenkefam 5 to 35 are in accord with experiment. Table 6 lists the calculated and
Torr at 289 and 306 K. and the 10 Torr rate coefficients at 265. €XPerimental rate coefficients. The RRKM calculated values of
280, 289, and 306 K. The moments of inertia, scaled vibrational Kt t 265 and 289 K are within the experimental range, which

frequencies from the MP2(Full)/6-31G(d,p) geometry optimiza- is the average deviation of th values determined by two

tions, and the G2 and G2(MP2) barrier heights constitute the d!fferent methods of data anglyéFsAt 280 K the RRKM value
basic elements of the RRKM model. Microcanonical rate differs ffom the mean experimental V?'”e by 25%.’ and at 306
coefficients were computed from these elements. The biasedK the d_|fference is only 1.2%' Arr_henlus expressions for the
random-walk model for collisional energy transfer was used for calcu!atlons and the experiments (linear least squacestrars)
calculation of thermal rate coefficients. are given by egs 4 and 5.
Figure 3 shows a comparison of the pressure dependence of
k. at 289 K with RRKM calculations. When the G2 and Ky 1oror(Calcd)=6 x 10°exp[-4080M] s~ * (4)
G2(MP2) barriers are rounded off to 8.0 kcal/mol the computed
rate coefficients are significantly larger than experiment, but K; 1o7o(€XPH) = (7.7 £ 2.3) x
the datq can be_very well fit with a barrier_ o_f 8.5 kcal mil 10° exp[— (4803 722)MM] st (5)
everything else in the RRKM model remaining unchanged. A
good RRKM fit to the 306 K pressure dependencekpivas
also found with the 8.5 kcal mot barrier. The adjustment of
the barrier height is justified since, as shown next, the
experimental data are very close to the low-pressure limit.
The linearity of the 289 Kk; vs pressure data suggest that
they are closely approaching the low-pressure limit. The

The calculated 10 TorE/R in eq 4 is at the low extreme of
the experimental uncertainty of 722 cal/mol shown in eq 5, and
the A-factors differ by a factor of 13. The difference can be
attributed to the experimental value lafat 265 K, which has

an experimental deviation af45%. If k; is taken to be at the
upper limit of the experimental range, 129 sthe experimental

low-pressure limit rate coefficient is given byio = value of E/R becomes about 4300 K, ardbecomes about 1.4
limmj—o(ke/[M]). If this expression is used to estimatgo from x 10° s71, in much better agreement with the RRKM calcula-
the slope of the experimental data points in Figurds3, = tions.

1.23 x 1075 cm® molecule® s is obtained. The RRKM
calculated low-pressure limit lg o(calcd)= 1.24 x 10715 cm?®
molecule® s71, showing that the data are for all practical
purposes at the low-pressure limit. The RRKM expression for
ki,0 contains the collisional energy transfer parametersEnd
as the only model dependent quantiiedVith a specified 3 1
collision model Ey is the only model dependent parameter. Ky o(T) = 5.8 10" exp[-47341] s (7)

The RRKM calculated temperature dependenck; Git the
low and high-pressure limits can be expressed as

ky (T) = 2.2 x 10 °exp[-4153T]cm’ molecule* s (6)
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TABLE 6: RRKM Calculation Results at Different Temperatures

Wu and Carr

265K

280 K

289K 306 K

123

89440
8.51x 10°
3.24x 10716
1.03x 1¢°
0.417

k1,10 Torr(S7Y) 282

kl,exp 10 Torr

ka,70070rr (572
kio(cm®moleculels™)
Kiw (571

B

12

T T T T T T T T TTTTT

LU of

M AT S IV A A i AT )

3.6 3.7

32 33 34 3.5

1000 K/T

Figure 4. Arrhenius plots ofk; at 10 and 700 Torr. ) Experimental
data at 10 Torr. (- -) Least-squares fit to data) RRKM calculation
at 10 Torr. & —) RRKM calculation at 700 Torr.

3.8

Rate coefficients for Cl-atom elimination predicted by the
ab initidRRKM calculations are smaller than those for HCI
elimination because of the larger barrier height. Egp= 10.51
kcal/mol, the high and low-pressure limit rate coefficients are
kow = 4.81 x 101 exp[-5709M] st andkyo = 7.12 x 1079
exp[—52997] cm?® molecule! s71. The predicted relative rate
coefficient for reactions 2 and 1 akB./ki., = 3.2 x 1072 at
300 K and 9.9x 108 at 220 K, andkoki o= 7.1 x 102 at
300 K and 1.8x 1072 at 220 K. IfEqis 11.2 kcal/mol? these
ratios will be even smaller. Thus Cl-atom elimination is
predicted to make only a small contribution to the atmospheric
chemistry of CHCIO. Smallky/k; ratios must also explain the
absence of experimental evidence forCl bond breaking at
ambient temperature and below.

4, Discussion

4.1. Ab Initio Calculations. Understanding the unimolecular
dissociation of CHCIO is complicated by the presence of a
low-lying excited state. The GHIO radical belongs to point
groupCs, and the electronic ground state?s". A 2A’ excited
state is formed by excitation of one of the (2)knonbonding
electrons into the singly occupied (in the ground state) {2py
orbital. In this reference frame the-z plane bisects the HCH
bond angle and contains the-O sigma bond. ThéA' state is
the low-lying excited state predicted to be nearly 7 kcal Thol

376+ 75
1.96x 10*
7.79% 10716
2.66x 10°
0.398

445
419+ 117
3.08x 10*
1.27x 10°%°
4.49x 10°
0.387

969
1104+ 97
6.72x 10¢
2.92x 10715
1.11x 10
0.368

symmetry (see Table 1), belongs to point groupa@d is &2A
state. The formation of ground-state products may occur on an
adiabatic surface that is a shoulder of a conical interseétion
formed here by the crossing of ti&\" and 2A’ CH,CIO
surfaces. The reaction is fully spin allowed.

A similar situation exists for €Cl dissociation. The KC(O)
product belongs to point grou@,,. The?A" ground state of
CH,CIO correlates with Astates fronC,,, and the?A’ excited-
state correlates with Astates fromC,,. The ground state of
H,C(O) is'A1, and the first two excited states &, andA,.
The grounc?A"" state of CHCIO correlates with excited states
of H,C(O), and theéA’ excited state of CKCIO correlates with
the ground state of $¥€(0O). Thus C-Cl bond breaking from
the ground state of CI€IO to give ground-state products may
also occur on an adiabatic surface that is a shoulder of a conical
intersection. As shown above, the-Cl bond breaking transition
state belongs to point group; @nd is aA state.

Reaction path following calculations show that the energy
along the reaction path for both reactions 1 and 2 decreases
smoothly from the corresponding transition state structure
toward the ground states of both the reactant and the products.
The transition states for both HClI and—Cl elimination
correspond to saddle points with one imaginary frequency. The
HCI and C-CI elimination reaction paths are consistent with
reactions occurring on adiabatic surfaces that may be formed
as described above. The thermal population osCI® (A2A")
at 300 K, using an excitation energy of 6.95 kcal/mol, is less
than 10° of the ground-state population. Furthermore, the
density of internal energy states in the vicinity of the barrier
height is smaller in the excited state than in the ground state.
These factors argue that the contribution of CHD (A 2A")to
the reaction rate is negligible at atmospheric temperatures.

Wang et alt® have calculatedy = 11.2 kcal/mol for C-ClI
bond scission by G2(MP2) theory. The reason for the discrep-
ancy withEy = 10.5 kcal/mol reported in Table 4 of this work,
as mentioned above, is unknown. Hou et%later found a
transition state for HCI elimination from G&IO, although
details have not been published. To locate this transition state
Hou et al?® found that is was necessary to do geometry
optimizations at MP2/6-31G(d,p), as we also found independ-
ently 30 They reported that the HCI elimination barrier is 10.9
kcal/mol at G2(MP2), somewhat larger than the 8 kcal/mol that
we obtained by G2(MP2) theory. If the difference in barrier
height for reactions 1 and 2 were as small as 0.3 kcal ol
both reactions 1 and 2 should be observed at 300 K, contrary
to experiment.

The G2 and G2(MP2) calculations show that the@ bond

above the ground state by both the G2 and G2MP2 calculations.scission barrier is similar to €Cl bond breaking barriers in

The ground states of the products of reaction 1 are FEJIX
and HCO(®A"). These both correlate with’An point group
Cs? that is, with CHCIO(A2A'), the first excited state of the
reactant. The ground state, @EHO(X2A"), correlates with
excited'y ~ states of HCl andA" states of HCO, but these

other halogenated methoxy radicals. The reason that Cl release
has not been experimentally observed is not that it has an
especially high barrier, but that most experiments have been
done at relatively low temperatures, and the RRKM calculations
reported below show that the HCI barrier is enough lower that

states are far too energetic to be formed at atmosphericreaction 2 cannot compete with reaction 1. However, in reaction

temperatures. The HCI elimination transition state has no

systems where CILCIO is formed at significantly higher



Dissociation of the ChCIO Radical J. Phys. Chem. A, Vol. 106, No. 24, 2002339

[ AR s R RS I R RLRAN assumption that the 700 Torr rate coefficient is no more than a
factor of 2 from the high-pressure limit. A high-pressréactor

as small as 18-10'° s71 is unlikely, even if the reaction were
nonadiabatic. Using the RRKM model to calculate the 700 Torr
Arrhenius expression gives eq 8.

)

Ky caied 700 Torr)= 5.2 x 10%° exp[-4140M s (8)

£ Linfinity

This shows that the 700 Torr estimate of the preexponential
factor made by Wallington et &%.is actually quite good. The
small numerical value is due to the unimolecular falloff, which
according to Figure 5 is substantial at 700 Torr. In fact, eqs 7
and 8 predict that at 296 K;(700 Torr)kig = 6.5 x 1073,

The RRKM calculated value df;, = 9.4 kcal mot? and
the calculated 700 Torr activation energy of 8.2 kcal Thalre
both within the uncertainty of the estimatef, = 8.6 + 1.9
kcal mol* made by Wallington et &f on the basis of 700
Torr data. The expected pressure dependence of the activation
log (P/Torr) energy is revealed by the RRKM calculations, and is, in contrast
with the pressure dependence of fkéactor, relatively insensi-

log (k /k

Figure 5. Pressure dependencelafat 289 K. ) Experimental data at

289 K. () 289 K RRKM calculation. tive to pressure. Thus the 1.9 kcal mbuncertainty in the 700
Torr estimate embraces both the 700 Torr and high-pressure

temperatures, such as oxidative pyrolysis of ;CH both limit calculations of the activation energy.

reactions 1 and 2 would be expected to be important. 4.3. The Relative Rate CoefficientWallington et alt> have

Sun and Bozzelli have recently published the results of a reported the temperature dependence of the relative rate coef-
computational investigation of the thermochemistry of halogen- ficient for reactions 1 and 3 at 700 Torr total pressure.
ated methanols and methoxy radic&sFor CH,CIO they
reportedAH®r 208 = —5.13 + 2.18 kcal/mol on the basis of  ky/k, = 5.6*33_4_9x 10 22 exp[(3300+ 600)/T] cn?
DFT, CBSQ, and QCISD(T) calculations, in combination with
six isodesmic reactions. We have estimated the enthalpy of
formation of CHCIO in the present work solely from the  combining the RRKM predicted rate coefficient for reaction 1
thermally corrected G2 energies of €O and the elements 4t 700 Torr from eq 8 with the experimental determination of
from which it is formed. The calculations giveH r9s(CH,CIO) the rate coefficient for reaction & = (2.0 + 0.7) x 10712
= —6.6 kcal mof?, in excellent agreement with Sun and exp[—(934 £ 128)/T] cn? molecule s71 17 gives
Bozzelli, andAH(CH,CIO) = —3.6 kcal mot.
4.2. RRKM Calculated Falloff. Figure 5 shows the calcu- (ky/k;) = 3.8 x 10 ®exp[32167] cm’ molecule  (10)
lated pressure dependencekeffrom about 1 to 10 Torr at
289 K, along with the data from ref 16. The plOt reiterates that in good agreement with Wa”ington et Bl Kaiser and Wall-
experiment and calculation are in good agreement, shows thatington'4 reportedks/k; = 5 x 10-18 cm® molecule'® at 296 K
the experimental data are well down the falloff curve, and and 700 Torr, which can be compared witfk, = 3.9 x 10718
suggests that the data are very close to the low-pressure limit,from eqn 4 andw/k, = 1.98 x 10718 cm® molecule'® from eq
as we have argued previousk/Figure 5 also shows that at 5 poth calculated at 296 K. The disparity between the largest
289 K the high-pressure limit is not closely approached until and smallest values is a factor of 2.5, but the average of the
pressures in the vicinity of ¥0Torr and above are reached. tnree values is (3.6 1.5) x 1018 cm?® molecule',, showing a
The extreme pressure of the high-pressure limit and the wide reasonable average deviation. Thus all of the 700 Torr data are
pressure range of the unimolecular falloff are characteristic of iy reasonable agreement.
reactions with low energy barriers. The falloff curve for Cl Kaiser and WallingtoH have reported a Troe fit to their
elimination from CHCIO reported by Catoire et df,using  pressure dependent [COJ/[HC(O)CI] ratios at 296 K, from which
RRKM parameters from MNDO calculations (which give a it can be inferred thak; decreases by about a factor of about
barrier of 20.6 kcal/mol), also shows a very broad falloff. 20 petween 700 and 20 Torr. The RRKM calculations reported
Another example, which shows the effect of a low barrier on a here also predict thdt, decreases by a factor of 20 over the
larger molecule is the dissociation of &HO,NO,. The high-  same pressure range. Thus the extent of falloff is in very good
pressure limit of this reaction, for whidfe. = 23.6 kcal/mol,  agreement, and our earlier statem&about discrepancies in
is approached above 20 atm. and the unimolecular rate coef-the falloff should be disregarded.
ficient decreases by about 2 orders of magnitude at a few*¥orr. 4 4. HCI Elimination from CH ,CIO in the Atmosphere.
The C"bClO radical, with a barrier of Only about 8 kcal/mol With the pressure and temperature dependen@ fobm this
for the HCI channel, and being only a five-atom molecule, is \ork and ref 17, and the temperature dependende éom
an extreme case of this kind of behavior. ref 16, the ratio of the rate of reaction 1 to reaction 2 can be
The calculated value @y, 5.8 x 10*s™, can be compared  calculated as a function of altitude in the atmosphere.
with Az = 2.33x 10 s71, calculated by the MNDO methdd.
TheseA-factors are considerably larger than the estimate of r/r3= ky(T,P)/kg(T)[O,] (11)
10°—10' s~ made by Wallington et & for Ay, and are in
accord with the expected “normal” range of preexponential At ground level T = 289 K; P = 760 Torr),ri/r3 = 2.5 x
factors for tight transition states. Wallington efamade their 1072 The rate ratio decreases with increasing altitude because
estimate on the basis of 700 Torr experimental data, and anthe activation energy of reaction 1 is greater than the activation

molecule® (9)
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energy of reaction 3, arld decreases with decreasing pressure. (7) Sanhueza, El. Photochem198Q 14, 157.
At 30 km r/rz has decreased to 6.8 1074 Thus, HCI (8) Hauteclogue, S). Photochem1977 7, 325.

Lo . : (9) Wu, F.; Carr, R. WJ. Phys. Chem1992 96, 1743.
elimination due to the thermal reaction plays at most a minor (10) Sanhueza, H.; Heicklen, $. Phys. Chemi975 79, 7.

role in _the atmospheric ChemiStry of the IO radical, (11) Niki, H.; Maker, P. D.; Savage, C. M.; Breitenbach, LJPChem.
accounting for only 2.5% of its loss near the surface, and lesserKinet 1980 12, 1001. ‘
amounts as altitude increases. This corroborates the finding of _ (12) Catoire, V. A; Lesclaux, R; Lightfoot, P. D.; Rayez, M.JTPhys.

. . . : Chem 1994 98, 2889.
Kaiser and WallingtoHf that in the atmosphere the dominant (13) Wang, B.. Hou, H.. Gu, YJ. Phys. ChemA 1999 103 2060.

path for loss of thermal C}CIO radicals is reaction with £ (14) Kaiser, E. W.; Wallington, T. 3. Phys. Chem1994 98, 5679.
However, evidence has been found from experiments at 296 K  (15) wallington, T. J.; Orlando, J. J.; Tyndall, G. &.Phys. Chem
and 700 Torr that when CGiIO is formed by reaction of 1995 99, 9437.

CH,CIO; with NO a substantial fraction of the chloromethoxy 8% WE E gg:: E' wgh&rp}/‘spgﬁ'n‘f%gg% fgg ‘112'23
radicals are chemically activatédThe chemically activated (18) Frisch, M. J.: Trucks, G. W.- Schlegel, H. B.; Gill, P. M. W.;

CH,CIO decompose more rapidly than ground-state radicals andJohnson, B. G.: Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
provide an additional path for removal of GEIO. In the A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,

; PR V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B;
atmosphere this would mean enhanced HCI elimination over Nanayakkara, A.; Challacombe, M.; Peng, C. Y. Ayala, P. Y.: Chen, W.:

that due to the purely thermal reaction (as calculated by eq 11).\wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.:
In contrast with thermal unimolecular reactions, the decomposi- Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Steward, J. P.; Head-
tion of chemically activated molecules increases with decreasing €ordon, M.; Gonzalez, C.; Pople, J. AAUSSIAN 94revision D.2;

. .~ Gaussian, Inc.: Pittsburgh, PA995
pressure, so that the HCI (and possibly Cl loss also) formation ™ )" Foresman, J. B.: Frisch, AExploring Chemistry with Electronic

will increase with increasing altitude. Further work on the structure Methods2nd ed.; Gaussian, Inc.: Pittsburgh, PA, 1996.
oxidation of CHCI in the presence of NO, particularly on the (20) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJA.

ffect of pr r ren t r this i i Chem. Phys1991, 94, 7221.
effect of pressure, are needed to address this issue (21) Curtiss, L. A.; Raghavachari, K.; Pople, J.JAChem. Phys1993

. 98, 1293.
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