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The potential energy surface for the most important pathways of the reaction betw&nadlf ketene has

been studied using the ab initio G2(MP2) method. A variety of possible complexes and saddle points along
the minimum energy reaction paths have been characterized at the UMP2(full)/6-31G(d,p) level. The
calculations reveal that the additiorlimination mechanism dominates the €ICH,CO reaction and the
direct hydrogen abstraction pathway is negligible. It is interesting to note that the addition reaction starts by
the formation of a p-r complex (B:C), and subsequently the chlorinated acetyl radica}@80OCA") and

the chloroformyl methyl radical C}¥€CIOFA") are formed through the isomerization off®. The C-C

bond scission of CKCICOA") leads to the products CO and gEl. The three-center HCI elimination from

PzC, occurring via a high energy barrier (TS3) and a weakly bound hydrogen bonding (HBC1), was proposed
to account for the minor yield of the HGF HCCO observed experimentally. Multichannel RRKNST
calculation has been carried out for the total and individual rate constants for various channels using the ab
initio data. The “loose transition state” in the barrierless reaction entrance was determined by fitting the
known experimental rate constant at 295 K. The kinetic calculations in this work can explain reasonably all
the previous experimental results. In the temperature range BRI K and the atmospheric pressure gf N

the total rate constants exhibit negative temperature dependence and can be fitted to the eXgfgssion
(1.04 0.2) x 10715T ~158:0.02 exp(—565 £ 2/T) cm® molecule® s~ Meanwhile, the rate constants show the
typical fall-off behavior in the pressure range®3a(C® Torr. At lower pressuresP <1C® Torr), the rate
constants are pressure independent and the major products are CO #bldo@ét the whole temperature
range of interest. At the high-pressure linfit ¢ 10° Torr), the stabilization of RC dominates the reaction.

It is found that two radical products, namely @HCOPA') and CHCCIOPA"), might be detectable in the
fall-off region.

I. Introduction Therefore, in this paper we have focused on the study of

The elementary reactions of the ketene molecule {B) chqnnel; 1l aqd i gnd seve.ral Isomerization chanpels of
with reactive atoms and radicals in the gas phase are of various intermediates involved in the & CH,CO reaction.
considerable importance in combustion of hydrocarbons. The Experimentally, the available kinetic information about the
kinetics and products of the reactions of £ with H, OEP), Cl + CHCO reaction is only the rate constant at room
F, Cl, OH, CN, and NCO have been more or less investigated temperature. An earlier direct measurement by Ebrecht et al. in
experimentallyt—14 The Cl + CH,CO reaction is of special ~ an isothermal flow reactor with a mass spectrometric detection
interest because of its distinctive reaction mechanism. A few device yielded a rate constant of 6810 1! cnm® molecule’

product channels are possible in the €ICH,CO reaction, S *at 294 K in 0.75 Torr of heliuni.Recently, Wallington et
namely al. studied the Ci CH,CO reaction using a FTIR spectrometer/

smog chamber apparatus and the relative rate techifiquee
Cl+ CH,CO— CO+ CH,CI AH°; = —16.7 kcal/mol (1) rate constant was determined to be (270.5) x 1010 cm®
. molecule’! s71 at 295 K, which is 4 times larger than that
— HCI + HCCOAH?®, = 2.8 kcal/mol  (II) reported by Ebrecht et &Moreover, the rate constant was found
— H + CHCICOAH?®, = 24.4 kcal/mol (IIl) to be_ in(_jependent of total pressure over t_he rangéQaD Torr
of air diluent. The latest real-time kinetic measurement by
— OH + CICCHAH®, = 44.1 kcal/mol (V) Maricq et al*! using laser-flash photolysis/diode laser spec-
o troscopy supported the rate determination by Wallington &t al.
— CHCI+ HCO AH?, = 70.7 keal/mol - (V) In the total pressure of X200 Torr of N, the rate constant
— CH,+ CICO AH°, = 72.4 kcal/mol (V1) was measured to range from 2 10710 to 3 x 10719 cmd
molecule’! s~ at 295 K. Moreover, at the temperatures of 235
and 353 K, the rate constants almost remain unchanged from

where the values oAH°, were calculated using the enthalpies
those at 295 K.

of formation in the literaturé®181t is evident that channels IV,

V, and VI are h|gh|y endothermic and can be ruled out. In 1994, Grussdorf et al. measured the absolute yleldS of the
primary products of the Ck CH,CO reaction in about 1 Torr
* Corresponding author. E-mail: guojz@icm.sdu.edu.cn. of helium at room temperature using a discharge flow/far
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infrared laser magnetic resonance spectroniét€hey found system. As indicated by the good agreement of the calculated
that only channel | is observable. The production of CO and heats of reaction with the experimental values, the G2(MP2)
CH,CI has a branching ratio of 0.9 0.07. The other minor  energetics are expected to be reliable with a likely errot-2f
products were assumed to be HCIl and HCCO with a branching kcal/mol.

ratio of less than 0.01. Therefore, they concluded that the The rate constants were evaluated by the multichannelRice
addition—elimination mechanism dominates the reaction and the RamspergerKassel-Marcus (RRKM) and transition state
hydrogen abstraction mechanism is negligible. theory (TST)?82°The calculations are fully detailed in section

There is no quantitative dynamic measurement for the-Cl  [11.4.

CH,CO reaction. The only dynamic information is that the CO

molecule was mentioned to be born in its vibrational ground III. Results and Discussion

state!! However, whether the Ci€I fragment is vibrationally
excited is still unknown.

Unambiguously, the previous experimental information about
the Cl+ CH,CO reaction is far from satisfactory. Therefore, a
theoretical study of this important reaction is apposite. It is well-
known that ab initio molecular orbital (MO) theory plays an
important role not only in understanding overall reaction
mechanisms but also in interpreting and predicting experimental
results. There is no theoretical study of thetOCH,CO reaction
to date except a rough calculation fhH°,9g of the CHCICO
radical at the MP2/6-31G(d,p) lev&l.

In this paper we present an extensive theoretical study of the
Cl + CH,CO reaction. The detailed reaction mechanism is
revealed for the first time. The calculations show that the
reaction mechanism is much more sophisticated than that
expected previously. We used multichannel RRKM and transi-
tion state theory (TST) with the ab initio potential surface data
to deduce the rate constants of the title reaction over wide
temperature and pressure ranges. The results shed new light o
future experiments or dynamical studies.

Two kinds of mechanisms for the & CH,CO reaction were
examined in this study. One is the additieglimination
mechanism, and the other is the direct hydrogen abstraction
mechanism. The optimized geometries of various key species
involved in these two mechanisms are shown in Figure 1. The
corresponding vibrational frequencies and energies are listed
in Tables 1 and 2, respectively. The profile of the potential
energy surface at the UMP2(full)/6-31G(d,p) level (without ZPE
correction) is shown in Figure 2. For clarity, these two
mechanisms will be discussed separately in the following
sections. The energies used in the discussion have included the
ZPE corrections at the UMP2(full)/6-31G(d,p) level unless
otherwise stated.

1. Addition —Elimination Mechanism. The highly electro-
philic character of CRP) atom and the molecular orbital
configuration of ketene should govern the site of initial attack.
The highest filledr orbital of ketene, which is perpendicular
Ie the molecular plane, shows a node on the central atom (the
carbonyl carbon) of the system. The majority of the electron
density is located on the methylene car®iherefore, the
chlorine addition to ketene would prefer to occur at the
methylene carbon of the system.

Ab initio calculations were performed using the Gaussian 94  A. Formation of the pr Complex (B:C). Previous experi-
program!’ The geometries of reactants, transition states, mental studies suggested that the addition reaction of Cl with
intermediates, and products were optimized at the UMP2(full) CH,CO starts by the direct formation of the chloroacetyl radical
level'® with the 6-31G(d,p) basis set. It has been shown that (CH,CICO)®12 However, we found that this argument is
this level of theory can give a proper reproduction of the untenable. At the UMP2(full)/6-31G(d,p) level, the potential
experimental data for the molecular structure and vibrational energy surface for the attack of @) upon the methylene
IR spectrum of keten®. A further discussion about the basis carbon of CHCO within 2A" state ofCs symmetry has been
sets applied in the optimizations will be given below. The scanned using the restricted optimization method. The forming
vibrational frequencies employed to characterize stationary CCl bond was fixed at the values from 5.3 to 2.3 A with the
points, zero-point energies (ZPE), and rate constant calculationsinterval of 0.1 A, and the other geometrical parameters were
have also been calculated at this level of theory and scaled byoptimized for each value of CCI. The potential curve obtained
a factor of 0.95 to partly eliminate known systematic erf8rs.  is shown in Figure 3. It is obvious that a minimum exists at the
The number of imaginary frequencies (0 or 1) indicates whether CCI distance of 2.42.5 A. This minimum was further fully
a minimum or a transition state has been located. The transitionoptimized and is shown in Figure 1 as®(A’"). The frequency
states were subjected to intrinsic reaction coordinate @R2)  analysis indicates that#C(A’) is a true local minimum and
calculations (using the default step size) to facilitate connection appears to be a typical-z complex, occurring between the p
with minima along the reaction paths. Each IRC terminated upon orbitals of chlorine atom and the symhbokystem of the ketene
reaching a minimum using the default criterion. molecule. The CCl bond length is 2.443 A. Compared with the

The major problem in the application of unrestricted single structure of ketene, the CC bond is stretched by 0.026 A, and
determinant reference wave function is that of contamination the CO bond is shortened by 0.016 A. The CCO structure is
with higher spin states. The severe spin contamination could slightly bent. However, both the CC and CO bonds retain their
lead to a deteriorated estimation of the barrier hetghtwe double bond character because the unpaired electron in the
have examined the spin contamination before and after an-complex is still located mainly on the Cl atom.
nihilation for the radical species and transition states involved PzC(2A") was also optimized at the higher QCISD/6-31G(d)
in the Cl4+ CH,CO reaction. The expectation values &[] level to confirm the existence of such a complex. The geo-
range from 0.90 to 0.75 before annihilation, and after annihila- metrical parameters obtained are also listed in Figure 1. The
tion [($0is 0.75 (the exact value for a pure doublet). This vibrational frequencies at the QCISD/6-31G(d) level (see Table
suggests that the wave function is not severely contaminatedl) once again reveal that72(A’) is a true minimum. The
by states of higher multiplicity>26 formation of PrC(2A") from the reactants Ck CH,CO is a

To obtain more reliable energies of various stationary points barrierless process, as indicated by the potential energy curve
on the potential energy surface (PES), we used the popular andn Figure 3. The binding energy ofaf€(2A") is calculated to
inexpensive G2(MP2J method for the present four heavy atom be 10.1 kcal/mol at the G2(MP2) level.

Il. Computations
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Figure 1. UMP2(full)/6-31G(d,p) optimized geometries of the reac-
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B. Dissociation and Isomerization offlE(2A’). The optimiza-
tion and IRC calculation at the UMP2(full)/6-31G(d,p) level
reveal three kinds of reaction pathways ofG?A’), leading
to chloroacetyl CHCICOA"), chloroformylmethyl CHCCIO-
(?A"), and HCI+ HCCO, respectively.

TS1 is the transition state for the isomerization fromCP
(°A") to CH,CICORA"). In TS1, the CCI bond is shortened to
2.122 A. The CC bond is stretched to 1.369 A and the CCO
structure is more bent. TS1 is a rather early barrier because the
rather short CC bond suggests its double bond character.
However, spin density analysis shows that the unpaired electron
in TS1 begins to be delocalized from chlorine to carbonyl
carbon. In the product G} CICORA’), the CC bond becomes a
single bond as indicated by its long distance (1.507 A), and the
radical center is moved to theorbital of the carbonyl carbon.
Both TS1 and CHCICO haveCs symmetry andA’ states. At
the UMP2(full)/6-31G(d,p) level, the energy of TS1 is calculated
to be 2.1 kcal/mol higher than that oftE. However, at the
G2(MP2) level, the energy of TS1 becomes about 1.1 kcal/mol
lower than that of RC. This may be caused by the fact that
the energy calculated at the G2(MP2) level for a MP2-optimized
geometry does not correspond exactly to the top of the saddle
point. As will be shown below, at the UMP2(full) level with a
more flexible basis set such as 6-31G&(d,p), this transition
state disappears effectively. The energy of,CKCO is about
12.0 kcal/mol lower than that of /& at the G2(MP2) level.
Therefore, the radical complext should be unstable with
respect to CHCICO both thermodynamically and kinetically.

PrC can rearrange to GIECIO via transition state TS2. In
TS2, the breaking CCI bond is elongated by 0.153 A and the
CCCI angle decreases to 63.5imultaneously, the Cl atom
and the carbonyl carbon atom tend to form a bond as indicated
by the shortened CCI distance (2.327 A). The IRC calculation
confirms that TS2 does connect®(A’) with CH,CCIORA").
However, in the product side, the IRC job will terminate upon
reaching a structure GIBCIORA") if the Cs symmetry is always
retained in the calculation. When the imposgedsymmetry
constraint is released in the IRC calculation, LEIOGA") is
arrived at directly. This implies that the exit of TS2 prefers to
be of C; symmetry. CHCCIORA') corresponds to the saddle
point of internal rotation around the CC axis, as indicated by
an imaginary frequency of 251 crhin Table 1. CHCCIO-
(A") can be considered as chloroformylmethyl radical. It has
a long CC single bond. The unpaired electron is localized on
the methylene carbon. The transition state TS2 has a rather early
character, in accordance with the exothermicity of this rear-
rangement channel. At the UMP2(full)/6-31G(d,p) level, the
barrier height is 4.7 kcal/mol. However, this value is reduced
to as little as 0.9 kcal/mol at the G2(MP2) level.

It is worth noting that CHCCIOFA") cannot correlate
adiabatically with the reactants & CH,CO on the?’A"” ground
PES. The potential energy curve describing the CCI bond
scission of CHCCIORA") shows that the energy of system
exceeds that of the reactants significantly while the CCI bond
breaks (see Supporting Information). @ECIORA"”) might
correlate with an excited potential surface in the reactant region.

PrC can decompose to HCF HCCO via three-center
transition state TS3 and a hydrogen-bonded complex (HBC1).
At first sight this intramolecular HCI elimination is symmetry-

tants, products, various intermediates, and transition states (TS) for theforbidden because AT has?A’ electronic state but the overall

Cl + CH.CO reaction. The values in parentheses correspond to the
UMP2(full)/6-311G(d,p) level. The values in square brackets correspond
to the UMP2(full)/6-31%#G(d,p) level. The numbers with asterisks for
PzC(?A") are obtained at the UQCISD/6-31G(d) level. Bond distances
are in angstroms and angles are in degrees.

electronic states of both HBC1 and H&I() + HCCO @A)
are2A"". However, this constraint does not exist because the
symmetry breaks along the reaction path and the transition state
TS3 indeed has no symmetry. IRC calculation confirmed the
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TABLE 1: Harmonic Vibrational Frequencies (in cm ~1) for Various Species Involved in the Reaction of CRKP) with CH,CO

species vibrational frequencfes
CH,CO 439, 518, 584, 1014, 1173, 1459, 2245, 3299, 3413
[CH.COP 443, 503, 589, 992, 1159, 1415, 2240, 3239, 3351
(CH,COY¥ 441, 475, 578, 988, 1156, 1412, 2225, 3237, 3349
CHCICO 187, 493, 507, 593, 851, 1167, 1362, 2240, 3354
CH.CI 336, 886, 1057, 1506, 3293, 3447
[CH.CITP 244, 880, 1047, 1473, 3243, 3398
(CH,Cl)© 159, 884, 1047, 1474, 3242, 3397
HCCO 537, 616, 694, 1299, 2463, 3399
Cco 2125
[COPP 2139
(COoy 2127
HCI 3127
PrC 93, 271, 423, 437,532, 724, 1032, 1153, 1448, 2249, 3287, 3406
[P=CIP 93, 286, 426, 480, 560, 755, 1012, 1132, 1399, 2265, 3227, 3346
PmCd 94,147, 421, 446, 512, 823, 1055, 1121, 1448, 2197, 3224, 3325
CH.CICOPA) 177,201, 612, 773, 836, 883, 1234, 1336, 1484, 1989, 3186, 3256
[CH.CICORAN® 182,199, 612, 771, 819, 868, 1224, 1319, 1441, 1965, 3143, 3207
CH,CCIOPA") 198, 374, 457,572, 626, 712, 1033, 1164, 1505, 2309, 3287, 3432
CH,CCIORA") 251i2287, 451, 473,512, 666, 1041, 1080, 1484, 2001, 3284, 3414
HBC1 45, 140, 229, 484, 508, 582, 599, 792, 1217, 2420, 2820, 3376
CHCICHOP@A") 221, 280, 507, 713, 836, 1080, 1095, 1392, 1469, 2065, 2999, 3323
HBC2 17,54, 66, 442, 520, 586, 1016, 1174, 1461, 2244, 3298, 3413
TS1 503i, 149, 400, 478, 697, 1026, 1069, 1116, 1453, 2185, 3247, 3348
TS2 513i, 189, 314, 363, 470, 616, 1041, 1067, 1452, 2204, 3298, 3429
TS3 1480i, 88, 421, 482, 561, 596, 865, 1064, 1154, 1243, 2388, 3362
TS4 550i, 71,132, 378, 605, 815, 1027, 1109, 1496, 2026, 3240, 3368
[TS4P 542i, 71, 133, 382, 586, 808, 1001, 1101, 1466, 2036, 3190, 3314
TS5 1498i, 182, 367, 554, 608, 651, 837, 918, 1159, 1350, 2224, 3312
TS6 1452i, 182, 562, 656, 667, 766, 1180, 1222, 1375, 2054, 2360, 3342
TS7 666i, 559i, 173, 356, 494, 816, 890, 1072, 1101, 2046, 2494, 3321
CH.CICO(A?") 947i, 181, 539, 796, 933, 979, 1355, 1397, 1575, 2262, 3065, 3100
CH,CCIO(A?) 4944i, 349, 395, 569, 696, 830, 982, 1223, 1476, 2466, 3311, 3404
CHCICHO(A?) 2172i, 190, 494, 645, 832, 928, 1104, 1240, 1399, 2406, 3248, 3369

aThe UMP2(full)/6-31G(d,p) values unless otherwise statdthe frequencies are calculated at the UMP2(full)/6-311G(d,p) léVidie frequencies
are calculated at the UMP2(full)/6-335(d,p) level.f The numerical frequencies at the QCISD/6-31G(d) le¥etepresents imaginary frequency.
fThis value has been substituted by a free rotation around th€ €xis in the RRKM calculation. The reduced moment of inertia for the free
rotation was computed to be 5.7 amu.

TABLE 2: Relative Energies and ZPE Corrections (in kcal/mol) for Various Species through the CH- CH,CO Reaction

species 2K ZPE MP2(fullp G2(MP2y expth

CI(?P) + CH,CO(A,) 0.75,0.0 19.2 0.0 0.0

CO (=) + CH.CI (A") 0.0,0.76 17.2 -13.6 -18.3 -16.7+£2.0
HCI(:=+) + HCCO @A) 0.0,0.81 16.5 11.8 2.8 2:82.0
H(2S) + CHCICO (A") 0.75,0.0 14.6 25.4 25.3 24420
PzC, Cs, 2A’ 0.77 20.4 -7.3 —10.1

CH,CICO, Cs, A’ 0.77 21.7 —18.3 —22.0

CH,CCIO, C,, 2A" 0.83 21.3 —19.7 —27.9

CH,CCIO, Cs, A’ 0.76 20.0 —-17.7 —21.5

HBC1,C,, A" 0.80 17.9 7.2 0.2

CHCICHO, Cs, ?A" 0.87 21.7 -8.9 —20.5

HBC2,C,, A" 0.76 19.4 -0.4 —-0.7

TS1,Cs, 2A’ 0.83 20.6 —-5.2 —-11.2

TS2,C,, 2A’ 0.83 19.6 —2.6 —-9.2

TS3,Cy, ?A 0.79 16.6 13.7 5.9

TS4,C,, 2A’ 0.81 19.4 —2.7 —9.4

TS5,Cy, ?A 0.90 16.5 39.9 31.0

TS6,Cy, 2A 0.82 19.5 30.9 20.4

TS7,C, ?A" 0.79 17.3 26.0 16.8

2The expectation value di¥[Ibefore projection. Values after projection are 0.75 for all doublethe relative energies calculated at the
UMP2(full)/6-31G(d,p) level with ZPE corrections. The total energy, (n hartrees) of CH- CH,CO is —611.707 73°¢ The relative energies
calculated at the G2(MP2) level. The total energy, (n hartrees) of CH- CH,CO is —612.032 179 The experimental data from refs 15 and 16.

connection of RC(A") with HBC1@A") via unsymmetric TS3. atom of HCI and the methylidyne carbon of HCCO. The CIHC
This decomposition channel involves a high energy barrier, 16.0 structure is found to be linear and the-HC distance is 2.056
kcal/mol at the G2(MP2) level, which is even 5.9 kcal/mol A. The binding energy o) of HBC1 is 2.6 kcal/mol at the
higher than the total energy of the reactantstCCH,CO, so G2(MP2) level.

the HCI elimination from RC is energetically less feasible than C. Dissociation and Isomerization of GEICORA). The

its two rearrangement channels. HBCL1 is a weakly hydrogen significant internal energy of C&ICO drives it to dissociate
bonded complex between the HCI molecule and the HCCO into various products. The energetically most favorable decom-
radical. The hydrogen bonding occurs between the hydrogenposition pathway of CKCICO occurs through CC bond cleav-
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We have also examined the intramolecular 1,2-H shift
pathway of CHCICO via transition state TS6. The final product
is found to be formylchloromethyl radical CHCICH@("). As
can be seen from the geometrical parameters of CHCICHO, it
has a CC single bond and a CO double bond. The unpaired
electron is located at the chloromethylene carbon. CHCICHO
has &2A" electronic state ofs symmetry, so the transition state
TS6 involved has to be unsymmetrical to connect,CiEO-
(A") with CHCICHO@A"). The IRC calculation confirmed this
type of connection. The energy of CHCICHO is slightly higher
than that of CHCICO, and the CLCICO — CHCICHO
isomerization is nearly thermoneutral. However, the energy
barrier of 42.4 kcal/mol for this H-migration path is rather high.
The energy of TS6 is 20.4 kcal/mol higher than that of the
reactants CH CH,CO at the G2(MP2) level, so this hydrogen
migration channel of ChCICO is not feasible kinetically.

Although the intermediate GI€CIO also has a large amount

and other geometrical parameters were optimized for each value of of excess internal energy, neither decomposition nor isomer-

CCl.

age, forming COE™) and CHCI(?A’) via transition state
TS4@A"). The barrier height is 12.6 kcal/mol at the G2(MP2)
level. The energy of TS4 is 9.4 kcal/mol lower than that of the
reactants CH- CH,CO. The overall reaction is exothermic by
18.3 kcal/mol. However, the G&ICO— CO + CH,Cl channel

is endothermic, and thus the transition state TS4 has a rathe
late character. The breaking CC bond is elongated by 0.555 A.

ization can occur readily because there is no energetically
accessible product channel. Therefore,,CEIORA") prefers

to be deactivated by bath gases or rearrange back to-the p
complex.

We have also examined tentatively several excited electronic
states of CHCICO, CH,CCIO, and CHCICHO. The optimized
Structures are shown in Figure 1 as LHCORA"), CH,CCIO-
(?A"), and CHCICHOfA'), respectively. It is evident that the

The length of CO bond is nearly equal to that of the free CO geometries of these excited states are significantly different from
molecule. Consequently, the vibrationally cold CO molecule those of the ground states. However, the frequency analysis
may be born, as observed in the experiment. The excess energ?hOWS that each excited electronic state has one abnormally large

of the system may be released either into theCIHragment
or as relative translational energy or both.
The other symmetry-allowed decomposition channel 0f-CH

imaginary frequency (Table 1). The imaginary vibrational mode
corresponds to the out-of-plane motion. It implies that these
structures should not reta® symmetry. The energies of these

CICO produces H atom and chlorinated ketene (CHCICO) via €xcited electronic states are much higher than those of the
transition state TS5. This reaction path is highly endothermic ground states and the reactants. Therefore, these excited species
by 25.3 kcal/mol. Therefore, TS5 is a productlike barrier. The might play a minor or negligible role in the C+ CH,CO
breaking CH bond, for instance, is stretched by 58%. The barrier reaction. The conclusive description of these excited species is

height is 53.0 kcal/mol at the G2(MP2) level. Evidently, this
CH cleavage channel is energetically less favorable.

quite computationally intensive and thus is reserved for future
study.
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TABLE 3: Dependence of the G2(MP2) Total Energies (in hartrees) and Relative Energies (in Parentheses, in kcal/mol) on the
Different Basis Sets Employed in the UMP2(full) Optimization$

species 6-31G(d,p) (7%) 6-311G(d,p) (92 6-311+G(d,p) (108Y
Cl + CH,CO —612.032 17 (0.0) —612.032 50 (0.0) —612.032 50 (0.0)
PrC(A") —612.048 27 £10.1) —612.048 68 £10.2) —612.048 67 £10.1)
CH,CICO@A') —612.067 18 £22.0) —612.067 43{21.9) —612.067 43 {21.9)
TS4EA") —612.047 09 £9.4) —612.047 3949.3) —612.047 3349.3)
CH,Cl + CO —612.061 29 18.3) —612.061 85{18.4) —612.061 86 {18.4)

aThe UMP2(full)/6-31G(d,p) ZPEs (scaled by 0.95) are included in all the G2(MP2) total energies since the ZPEs are nearly independent of
basis sets? Number of basis functions of the basis set used in the optimization.

2. Direct Abstraction Mechanism. Experimentally, the the minor product HCI detected experimentally in thetQCH,-
hydrogen abstraction of GO by Cl has been proposed to CO reaction prefers to result from the three-center HCI
account for the minor yield of HC.12 Because the products  elimination of the p-r complex rather than from the direct
HCI(*=") + HCCORA") can correlate adiabatically with the  hydrogen abstraction of G8O by Cl atom.
reactants CHP) + CH,CO(A;) and the reaction is slightly 3. Dependence of the ab Initio Results on the Basis Set.
endothermic by 2.8 kcal/mol, the minor yield of HCI molecules As suggested by one of the referees, it is valuable to explore
suggests that the hydrogen abstraction reaction has to surmounthe influence of different basis sets on the ab initio results since
a high barrier. only a quite small basis set [6-31G(d,p)] was used in the

Along the reaction path, a local minimum, namely HBC2 as optimizations. For the present six-atom system including four
shown in Figure 1, was first found. HBC2 has a nearly linear heavy atoms, the UMP2(full) calculation with more flexible
hydrogen bonding between the Cl atom and one of the hydrogenbasis set is computationally more intensive. Therefore, only the
atoms of ketene. This complex is rather weak as indicated by most important reaction channel [€l CH,CO — CO + CHy-
the long Ct--H bond. The binding energy is only 0.7 kcal/mol  CI (1)] was examined because of the limitation of our compu-
at the G2(MP2) level. It is worth noting that the primary product tational resources. As mentioned above, the energy of TS1 is
in the abstraction reaction should be the hydrogen-bondedlower than that of the pr complex at the G2(MP2) level. In
complex between HCl and HCCO, i.e.,, HBC1. The final fact, this transition state disappears at the UMP2(full)/6-3G1
products HCI and HCCO are born by the decomposition of (d,p) level. Hence, only the species involved in the pathway CI

HBC1. + CH,CO — PrC — CH,CICOPA') — TS3— CO + CH,CI
To search for the saddle point along the reaction path, the are necessary to be considered. Besides the 6-31G(d,p) basis
potential energy surface corresponding to the--@l bond set, two larger basis sets were applied in the UMP2(full)

formation and the €-H bond cleavage was scanned at the optimization. One is the three-split-valence type basis set
UMP2(full)/6-31G(d,p) level using the restricted optimization 6-311G(d,p) and the other is the 6-31G(d,p) basis set which
method. In this kind of calculation, the CIHC angle was fixed includes diffuse functions. The geometries and harmonic
at 180.0. The CIH distance was fixed at the values from 1.3 to frequencies of all the stationary points involved in this channel
2.3 A with the interval of 0.1 A, and the HC distance was fixed were calculated using the UMP2(full) method with these three
at the values from 1.1 to 1.6 A. The other geometrical types of basis sets. Note that the UMP2(full)/6-313(d,p)
parameters were optimized. The contour plot of PES is shown frequencies cannot be achieved for intermediates and transition
in the Supporting Information. It indicates that a saddle point states. The geometrical parameters are shown in Figure 1. The
exists atRoy = 1.8 A and Ry = 1.2 A. However, the vibrational frequencies are summarized in Table 1. The G2-
corresponding transition state cannot be optimized if the CIHC (MP2) energies were also calculated on the basis of the
angle is still fixed at 180because there is no desired negative geometries obtained at three levels. The results are listed in
eigenvalue in the Hessian matrix. When the CIHC angle is also Table 3 for the purpose of comparison.
optimized but the supermolecule is still constrained to be planar, Three conclusions can be drawn straightforwardly from these
a “transition state”, namely TS7, can be located at the UMP2- calculations. First, the basis sets have little effect on the UMP2-
(full)/6-31G(d,p) level. The vibrational frequency analysis, optimized geometrical parameters for various species. As shown
however, shows that TS7 is actually a second-order saddle pointin Figure 1, from the smaller 6-31G(d,p) to the larger 6-311G-
with two imaginary frequencies as indicated in Table 1. The (d,p) and 6-311G(d,p) basis sets, the change of bond distance
larger imaginary frequency, 666 c results from the motion is less than 0.03 A and the change of bond angle does not exceed
along the reaction coordinate (the eigenvecter e-0.49RciH 2°. Second, the harmonic vibrational frequencies of various
+ 0.3RcH —0.11Rcc + 0.6%AciHc), and the smaller imaginary  species are barely influenced by different basis sets. For each
frequency corresponds to an out-of-plane rotation e species, the average deviation of each separated normal
0.51D¢jpcc + 0.8D¢icH). When theCs symmetry constraint vibrational frequency is less than 5% except the umbrella
is removed, the optimization always converges to the transition vibration mode of CHCI radical, so the ZPEs are nearly
state TS3, even though the geometry of TS7 is far different identical. Third, both the G2(MP2) total energies and the relative
from that of TS3. Improving the levels of theory employed energies (including heat of reaction and potential barrier) are
cannot circumvent this difficulty effectively. The energy of TS7 nearly the same at three types of optimized geometries for all
is much higher than those of the reactants and TS3. At the G2-species. This result can be expected since both the geometrical
(MP2) level, the energy difference between TS7 and TS3 is parameters and the frequencies show little change.
about 11 kcal/mol. In summary, the characteristic of potential energy surface for
Although only a second-order top is found along the direct the Cl+ CH,CO system is effectively independent of the basis
hydrogen abstraction path, two qualitative results still can be sets used in the optimization. Moreover, Table 2 shows that a
drawn on the basis of the calculated energetics. One is that thequite good agreement with the experimental heats of reaction
direct hydrogen abstraction path may play a minor or negligible is also found in the case of the MP2(full) calculations, with the
role in the overall reaction of Cl with C}O. The otheristhat  exception of channel Il (HCk HCCO). These results support
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that the UMP2(full)/6-31G(d,p) level of theory might be
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In the above equationsy; is the statistical factor for théh

quantitatively adequate to characterize the potential energyreaction path, an&; is the energy barrier for the formation of

surface of the CH CH,CO reaction.
4. The Rate Constants for Key Product ChannelsThe
UMP2(full)/6-31G(d,p) optimized geometries and vibrational

PzC via step 1. In our casé&; = 0. Qg and Qcn,co are the
total partition functions of Cl and CHO, respectively. It is
noted that the electronic partition function of & is Q. =

frequencies and the G2(MP2) energies were employed to+ 2 exp(-1268T). QF and QF are the translational and

estimate the kinetics of the Gt CH,CO reaction.

A. Mechanism and FormulaNe have calculated the rate
constants for various product channels according to the follow-
ing simplifiedmechanism which, however, has included all the
most important channels:

W.
CI+CH,CO= (PrC)* — PC
2 HCl+HCCOo
<(CH,CICO)* - CO+CH,Cl
Wo
— CH,CICO
6 W3
=(CH,CCIO)* —- CH,CCIO

where “*” represents the vibrational excitation of the@® CH,-

CICO, and CHCCIO intermediates. Steady-state assumption for
all excited intermediates leads to the following expressions for
the second-order rate constants of various product channels:

kCO+CHZCI =
a]_ Qt Qr —E,/KT DOkB(E) XZ(E)Wl(E ) —E*/KT
2 dE¥ (1
“h QQunco. Y@ W
Kici+heco =
OLl Qt Q’ o EKT ka(E) Wy(E") o VKT
N Qe b v ¢ @
O”l Qt Qr 7E1/KT Wl(E ) —EF/IKT y=*
e =N QeQane P e © @
kCHZCICO =
OLl Qt Qr —Ey/KT ”waZ(E) Wl(E*) —EF/IKT y=*
v R i de* (4
“hQQunes. B YO  ° ®
Kem,ccio =
OL1 Qt Q’ ey o@0%(E) Wy(EY) CEHKT et
“h Qs o~ v® °© €O
where
k(E) = a,CW(E")/N(E) (6)
Y(E) = Xy(E) = Xy(E) ks(E) — X5(E) k/(E) (7)
X{(E) = ky(E) + k3(E) + ky(E) + kg(E) +wy 8)
XAE) = Ky(BE)[Ks(E) + Kg(E) + Wy ()]
X3(E) = Kg(E)/[K/(E) + Wy (10)
and
W= B2, [M] (11)

rotational partition functions of “transition state” for the
formation of BzC, respectivelyW;(E*) is the sum of states of
this “transition state” with excess energy above the associa-
tion barrier.ki(E) is the energy-specific rate constant for ttte
channel, andC; is the ratio of the overall rotational partition
function of the transition state for thiéh channel (= 2, 3, 4,
5, 6, 7, 8) and thégth intermediatej(= 1, 2, 3 for BtC, CH,-
CICO, CHCCIO, respectively)w; is the effective collision
frequency for thgth intermediatef. is the collision efficiency
which is calculated by Troe’s weak-collision approximatfén.
Z,; is the Lennard-Jones collision frequency, and [M] is the
concentration of the bath gas M.

B. Assumptions and Uncertainfyhe following approxima-
tions have been taken into account in the present multichannel
RRKM~—TST calculations:

(i) The direct hydrogen abstraction channel, the formation
of H + CHCICO and CHCICHO from CBCICO, and the
possible reaction channels involving the electronically excited
species were omitted. As mentioned above, all these channels
are energetically unfavorable. So long as the temperature is not
extremely high, they cannot contribute significantly to the
overall reaction since the rate constants were calculated only at
temperatures between 300 and 1500 K.

(ii) The hydrogen-bonded complex HBC1 between HCI and
HCCO has not been included in tkenplifiedreaction mech-
anism. Because the decomposition of HBC1 into HCI and
HCCO has no well-defined transition state, at present, our
multichannel RRKM program is incapable of dealing with this
kind of reaction path. Since the binding energy of HBCL1 is
relatively small, HBC1 cannot remain bound at higher temper-
atures. The neglect of this weakly bonded complex in the kinetic
calculation should be acceptable.

(iii) There might exist a 1,2-C1 shift channel from gEICO-

(°A") to CH,CCIO@A"). Unfortunately, all our attempts to locate
the corresponding transition state for this rearrangement pathway
were shown to be futile. Various possible optimizations either
do not converge or lead to the transition state TS2. We have to
reserve this open question for future study. The existence of
such a path would reduce the RRKM-predicted yield of,€H
CCIO and perhaps increase the yield of HEHCCO.

(iv) The quantum tunneling correction was omitted. This
simplification should not pose a problem, as there is no barrier
to reaction, and all but one transition state (TS3) is below reagent
energy. However, the HCI elimination fromrE may have
significant tunneling as indicated by the large imaginary
frequency of TS3. Fortunately, this channel is of no importance
because it involves a high-energy barrier. Therefore, the rate
constant for this channel may be still qualitatively reasonable
even though it might be underestimated especially in lower
temperatures.

(v) The formations of CHCICOFA’) and CHCCIORA™)
from PzC were considered to involve the “tight” transition states
(i.e., TS1 and TS2), but the corresponding barrier heights were
taken as equal to zero. This assumption is based on two facts:
TS1 disappears at the higher level computation; the energy of
TS2 is only 0.9 kcal/mol higher than that of€, and this value
is even smaller than the average absolute deviatieh Kcal/
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] ) 10007T Figure 5. Temperature dependence of the branching ratios for various
Figure 4. Arrhenius plot of the total rate constants) (for the CI + product channels. The branching ratios @i®Pand CHCICOEA") are
CH,CO reaction and the individual rate constants for various product poth effectively zero.

channels at 760 Torr pressure of. Ky, ko, ks, ks, andks represent the
rate constant for the formation of C® CH,CI, HCI + HCCO, RtC, 35
CHCICO, and CHCCIO, respectively. % o e P e i AL
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mol) of the G2(MP2) energy. Certainly, this assumption can
overestimate the yield of GI&CIO.

(vi) As the Lennard-Jones parameters for the intermediates
involved in all the reaction paths are not available in the
literature, the estimated data= 200 K ando = 5.0 A, were
used to calculate the collision frequency fadoy. Furthermore,
we assumed th&d, ; is the same for all the intermediates. This '
approximation could not cause the significant error for the oo g
temperature range of interest since the same simplification has 2 e
been successfully applied in many multichannel RRKM calcula- Pressure (torr)
tions 3233

(vii) The “transition state” for the process 1 or 2 cannot be
determined readily by ab initio calculation because of the o e T
absence of a well-defined reaction barrier. In principle, the
evaluation of the rate constant for process 1 or 2 can be carried
out using the canonical variational transition state methods
(CVT)®436 with the potential energy curve in Figure 3.
However, the CVT method is too complex to be employed in
our multichannel RRKM program, and most importantly, the
UMP2 level (even higher levels of theory) cannot be quantita-
tively adequate to deal with the weak long-range interaction
between Cl and CHCO. In addition, the essential molecular L
parameters such as vibrational frequencies and moment of inertia Y02 100 102 100 108 108 1010
of the internal rotation cannot be determined readily. Therefore, Pressure (torr)
we employed a simpler alternative method, namely “loose Figure 6. Pressure dependence of the total rate constants (solid lines)
transition state” (LST) model, in the present multichannel rate and branching ratios of various product channels (short dashed lines
calculation. The LST method has been widely used to model With various symbols) in the Ct- CH,CO reaction at (a) 300 and (b)
the kinetics for many barrierless reactidfi§’ The “transition 1000 K, respectively.
state” for the association of Cl with GBO is assumed to have
two free internal rotors and the same vibrational frequencies as
the reactant CKHCO. The average moment of inertia of the
internal rotor was determined to be 7.3 amu by fitting the
experimental rate constant at 295 k,= 2.7 x 10710 cm?
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example, atP = 1, 100, and 700 Torr, the calculated rate
constants are all 2.% 1071 cm?® molecule® s™1. (ii) From
235 to 353 K, the rate constants show little chabggii) At
1—-2 mbar of He andl' = 300 K, the major products are CO
molecule? 1. and CHCI with a branching ratio of+1.0. The other products

In view of all these approximations, together with other 2'€ negligible. (iv) The overall constants exhibit negative
possible systematic errors (e.g., the uncertainty of energies, thd€mperature dependence between 300 and 1500 K. Although
omission of vibrational anharmonicity, and angular momentum there is no direct experimental evidence for this result, the
conservation) and the extent of error propagation or cancellation, Negative temperature dependence of the total rate constants has
the calculated rate constants easily have 50% or larger uncer€en observed in several analogous reactions ofGCHwith
tainty_ C)H,7 CN, and NC014

C. Reliability of the RRKM SimulatioDespite the inevitable D. A Few Predictions.RRKM calculations have been
large uncertainty, the present RRKM calculation should be performed for atmospheric pressure withas the bath gas over
reliable because it can reproduce exactly the following experi- the temperature range of 36@500 K. The total and individual
mental results: (i) AT = 295 K, the overall rate constants are rate constants and the branching ratios are shown in Figures 4
pressure independent in the range7D0 Torr of N.10 For and 5, respectively. The pressure dependence of the overall rate
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constants and branching ratios for various channels at two Supporting Information Available: Tables 1S lists the

temperatures (300 and 1000 K) are depicted in Figure 6. Z-matrixes for various intermediates and transition states
Figure 4 shows the negative temperature dependence of thégnvolved in this work. Figures 1S and 2S show the potential
overall rate constants. The individual rate constdmtss, Ka, surfaces for the CCl bond cleavage of £&HCIOCA") and the

andks decrease monotonically whereasncreases rapidly with ~ hydrogen abstraction of GO by Cl, respectively. This
the elevated temperatures. The total rate constants are fitted bynformation is available free of charge via the Internet at http://
least squares to the following three-parameter expression forpubs.acs.org.
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