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Abstract Theoretical investigations are carried out on
the reaction multi-channel CH3COCH3 + Cl (R1) and
CH3COCH3 + CH3 (R2) by means of direct dynamics
methods. The minimum energy path (MEP) is obtained at
the MP2/6-31 + G(d,p) level, and energetic information is
further refined at the BMC–CCSD (single-point) level. The
rate constants are calculated by the improved canonical varia-
tional transition state theory (ICVT) with the small-curvature
tunneling (SCT) correction in a wide temperature range
200–3,000 K. The theoretical overall rate constants are in
good agreement with the available experimental data and are
found to be k1 =3.08×10−17T 2.03exp(−32.96/T ) and k2 =
1.61 × 10−23T 3.53exp(−3969.51/T ) cm3molecule−1s−1.
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1 Introduction

Acetone is an important representation of volatile organic
compounds (VOCs), which are emitted from a variety of
anthropogenic and natural sources into the atmosphere. In
addition to these direct emissions, atmospheric oxidation
of volatile hydrocarbons constitutes a significant source of
various ketones. In the degradation of non-halogenated
hydrocarbons, acetone is known to be long-lived (several
months) [1]. The accumulation of acetone in the upper tropos-
phere and lower stratosphere has recently been highlighted
[2–4]. Acetone has been shown to be a potentially impor-
tant source of HOx radicals (OH and HO2), resulting in an
increased ozone production and impacting on global ozone
formation. The gas-phase reaction of Cl atoms with acetone
is an important loss process for Cl atoms and acetones in
the upper atmosphere. Hence, investigation on the accurate
kinetic properties of the reactions for radicals with acetone
is necessary in the atmospheric chemistry field.

In particular, in the past recent years many researches
have been devoted to the kinetic studies of the reaction of
acetone with the Cl atoms and methyl radical [5–18]. The
reported values at room temperature for the rate constant
of Cl with acetone were 3.06 × 10−12 (by Orlando et al.
[5] and Notario et al. [6]), 2.2 × 10−12 (by Carr et al. [7],
Martínes et al. [8], Wallington et al. [9], and Christensen
et al. [10]), (2.93±0.20)×10−12 (by Albaladejo et al. [11]),
and (1.69±0.32)×10−12 (by Olsson et al. [12]) (in units of
cm3molecule−1s−1). The rate constants for the reaction bet-
ween acetone and methyl radicals have been determined in
literatures from 1950–1996 [14–17], the temperature range
is from 300 up to 940 K.

To better understand the kinetics property of the two reac-
tions, two alternative reaction channels a and b for each reac-
tion have been investigated in this paper. The title reactions
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can proceed through H-abstraction from the CH3 groups and
CH3-abstraction from the acetone, i.e.,

Cl + CH3COCH3 → CH2COCH3 + HCl (R1a)

→ CH3CO + CH3Cl (R1b)

CH3 + CH3COCH3 → CH2COCH3 + CH4 (R2a)

→ CH3CO + C2H6 (R2b)

Because the temperature used in the experiment is mostly
at the lower end of the temperature range of practical inter-
est, theoretical investigation is desirable to give a further
understanding of the reaction mechanism of the two multiple
channel reactions and to evaluate the rate constant at high
temperatures. To our best knowledge, no previous theoreti-
cal work has addressed these reactions.

In order to obtain more reliable results for the rate cons-
tants and branching ratio in the title reactions over a wide
temperature range 200–3,000 K, dual-level direct dynamics
methods are employed in the present study. The potential
energy surface information, including geometries, energies,
gradients, and force constants of the stationary points (reac-
tants, products, and transition states) and 16 extra points
along the minimum energy path (MEP), is obtained directly
from electronic structure calculations. Subsequently, by
means of POLYRATE 9.1 program [18], the rate constants
are calculated by using the variational transition state theory
(VTST) proposed by Truhlar and co-workers [19,20]. The
comparison between theoretical and experimental results is
discussed.

2 Computational method

In the present work, the equilibrium geometries and fre-
quencies of all the stationary points are optimized at the
restricted or unrestricted second-order Møller–Plesset per-
turbation (MP2) [21–23] level with the 6-31 + G(d,p) basis
set. Molecular electrostatic potentials [24] of CH3COCH3,
Cl atom, and CH3 radical are calculated at the same level,
and plotted using gOpenMol 2.32 [25]. The MEP is obtai-
ned by intrinsic reaction coordinate (IRC) theory in mass-
weighted Cartesian coordinates with a gradient step-size of
0.05 (amu)1/2 bohr. At the same level, the energy deriva-
tives, including gradients and Hessians at geometries along
the MEP, are obtained to calculate the curvature of the reac-
tion path and the generalized vibrational frequencies along
the reaction path. Furthermore, the energy profile is refined
by the BMC–CCSD method [26] [a new multi-coefficient
correlation method based on the coupled cluster theory with
single and double excitations (CCSD) proposed by Lynch
and Truhlar] based on the MP2/6-31 + G(d,p) geometries.
All electronic structure calculations are performed by means
of GAUSSIAN03 program package [27].

The VTST [19,20] is employed to calculate the rate cons-
tants by the POLYRATE 9.1 program [18]. The improved
canonical variational transition-state theory (ICVT) [28] with
the small-curvature tunneling (SCT) [29,30] contributions
proposed by Truhlar et al. [20,31] is applied to evaluate the
theoretical rate constants. Most of the vibrational modes were
treated as quantum-mechanical separable harmonic oscil-
lators except for a few lower modes. The hindered-rotor
approximation of Truhlar and Chuang [32,33] is used for
calculating the partition function of these modes. In the calcu-
lation of the reactant electronic partition function, two elec-
tronic states of Cl atoms, 2P1/2 and 2P3/2, are included, with
an 881 cm−1 splitting due to spin–orbit coupling. The curva-
ture components are calculated using a quadratic fit to obtain
the derivative of the gradient with respect to the reaction
coordinate.

3 Results and discussions

3.1 Stationary points

The optimized geometric parameters of the reactants (CH3

COCH3 and CH3), products (CH3COCH2, HCl, CH3CO,

CH3Cl, CH4 and C2H6), and transition states (TS1a, TS1b,
TS2a, and TS2b) for four reaction channels (R1a, R1b, R2a,
and R2b) calculated at the MP2/6-31 + G(d,p) level are pre-
sented in Fig. 1, along with the available experimental data
[34,35]. It can be seen that the theoretical geometric para-
meters of CH3COCH3, CH3, CH3Cl, C2H6, CH4, and HCl
are in good agreement with the corresponding experimental
values [34,35]. For the transition states TS1a and TS1b, the
lengths of C–H and C–C bond which will be broken stretch
by 30 and 31% compared to the regular lengths of C–H and
C–C bond in CH3COCH3, and the forming H–Cl and C–Cl
bonds are elongated by about 12 and 21% over the equili-
brium bond length in isolated HCl and CH3Cl, respectively.
On the other hand, in the structures of TS2a and TS2b, the
C–H and C–C bonds, which will be broken, are stretched by
21 and 24% compared with the equilibrium bond lengths in
isolated CH3COCH3, respectively; and the forming bonds
C–H and C–C are elongated by 22 and 26% with respect
to the equilibrium bond lengths of the molecules CH4 and
C2H6, respectively. These results imply that the barriers of
reactions R1a and R1b are both near the corresponding pro-
ducts, and consequently, both of them will proceed via late
transition states, while reactions R2a and R2b may proceed
via a symmetrical barrier.

Table 1 lists the harmonic vibrational frequencies of all the
stationary points involved the reactants, products, and tran-
sition states at the MP2/6-31 + G(d,p) level as well as the
corresponding available experimental results [35]. The four
transition states in Table 1 are confirmed by normal-mode
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Fig. 1 Optimized geometries
of the reactants, products, and
transition states at the
MP2/6-31 + G(d,p) level. The
values in brackets are the
experimental values ([34] for
CH3COCH3, CH3, CH3Cl,
CH4, and C2H6, [35] for HCl).
Bond lengths are in angstroms,
and angles are in degrees

analysis to have only one imaginary frequency corresponding
to the stretching modes of the coupling between breaking and
forming bonds. The values of those imaginary frequencies are
1, 093i cm−1 for reaction R1a, 847i cm−1 for reaction R1b,
1, 835i cm−1 for reaction R2a, and 1, 478i cm−1 for reaction
R2b.

3.2 Energetics

The reaction enthalpies at 298 K (�H0
298) and the potential

barrier heights (�ETS) with zero-point energy (ZPE) correc-
tions for reactions R1a, R1b, R2a, and R2b calculated at the
BMC–CCSD//MP2/6-31 + G(d,p) level are listed in Table 2,
as well as the available experimental reaction enthalpies.
The theoretical values at 298 K of �H0

298,−7.0 kcal/mol for
reaction R1a, 0.8 kcal/mol for reaction R1b, −7.4 kcal/mol
for reaction R2a, and −5.6 kcal/mol for reaction R2b, are in
good agreement with the corresponding experimental values,
−7.4 ± 0.1, 0.8 ± 1.0,−8.8 ± 0.4, and −5.5 ± 0.9 kcal/mol,
respectively, which were derived from the standard heats of
formation (Cl, 28.97 kcal/mol [34]; CH3COCH3,−52.19 ±
0.14 kcal/mol [35]; CH2COCH3,−8.61 kcal/mol [35]; HCl,
−22.05 kcal/mol [34]; C2H6,−20.02 ± 0.07 kcal/mol [35];
CH3, 34.80 kcal/mol [35]; CH3CO,−2.87 ± 0.72 kcal/mol
[35]; CH3Cl,−19.99 kcal/mol [35]; CH4,−17.53 ± 0.26
kcal/mol [35]).

A schematic potential energy surface of the title reactions
obtained at the BMC–CCSD//MP2/6-31 + G(d,p) + ZPE
level is described in Fig. 2. For reaction acetone with Cl
atom, the barrier of TS1a taking the value of 0.88 kcal/mol
at the BMC–CCSD//MP2 level is about 23.2 kcal/mol lower
than that of TS1b, which indicates that H-abstraction chan-
nel from the CH3 group is more favorable than the CH3-
abstraction channel from the CH3COCH3. At the same time,

reaction R1a is more exothermic than reaction R1b by about
8.2 kcal/mol. On the basis of above calculation, reaction R1a
is more favorable than reaction R1b both thermodynamically
and kinetically and will dominate the reaction, while the
CH3-abstraction channel may be negligible. Similarly, for
reaction acetone with CH3 radical, the potential barrier
heights are 11.9 kcal/mol for reaction R2a and 45.9 kcal/mol
for reaction R2b at BMC–CCSD//MP2/6-31 + G(d,p) + ZPE
level, and reaction channel R2a is more exothermic than R2b
by about 2.2 kcal/mol. So reaction channel R2a is also more
favorable than reaction channel R2b both thermodynamically
and kinetically. H-abstraction channel (R2a) is expected to
be the major one with larger rate constants, and the CH3-
abstraction channel is a minor pathway.

3.3 Rate constants

Theoretical calculations of the Cl + CH3COCH3 and CH3 +
CH3COCH3 reactions are carried out at the BMC–CCSD//
MP2/6-31 + G(d,p) level. The rate constants of the indivi-
dual channel, k1a for R1a, k1b for R1b, k2a for R2a, and
k2b for R2b, are evaluated by conventional transition state
theory (TST) and the improved canonical variational transi-
tion state theory (ICVT) in a wide temperature range from
200 to 3,000 K. Tunneling effect is included by means of the
small-curvature tunneling (SCT) correction. The calculated
TST, ICVT, and ICVT/SCT rate constants of the four reac-
tion channels are given in Table S1 as supplementary infor-
mation, and also plotted against the reciprocal of temperature
in Fig. 3. It is shown that for reaction R1a, the TST, ICVT and
ICVT/SCT rate constants are nearly the same in the whole
temperature region, which indicates that both the variational
effect and tunneling effect are almost negligible. It can also
be seen that the ICVT and TST rate constants of the other
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Table 1 Calculated and
experimental frequencies
(cm−1) for the reactants,
products, and transition states
for the title reaction at the
MP2/6-31 + G(d,p) level

a Ref. [35]

Species MP2/6-31 + G(d,p) Experimental

CH3COCH3 3255, 3254, 3208, 3203, 3121, 3117, 1762,
1529, 1518, 1510, 1509, 1435, 1430,
1278, 1139, 1108, 925, 909, 815, 536,
488, 384, 125, 48

3019a, 2972, 2963, 2937, 1731, 1454,
1435, 1426, 1410, 1364, 1216, 1091,
1066, 891, 877, 777, 530, 484, 385

CH3 3430, 3430, 3232, 1478, 1478, 469 3171a, 3004, 1403

CH2COCH3 3392, 3270, 3256, 3125, 3125, 2094, 1516,
1514, 1502, 1430, 1292, 1098, 1056,
918, 832, 638, 538, 521, 388, 230, 81

HCl 3112 2991a

CH3Cl 3278, 3278, 3161, 1525, 1525, 1458, 1074,
1074, 781

3039a, 2937, 1452, 1355, 1017, 732

CH3CO 3242, 3236, 3122, 1939, 1506, 1505, 1406,
1083, 981, 899, 471, 74

1875a, 1420

CH4 3265, 3265, 3265, 3120, 1600, 1600, 1395,
1395, 1395

3019a, 2917, 1534, 1306

C2H6 3224, 3224, 3203, 3203, 3124, 3123, 1549,
1549, 1547, 1547, 1477, 1449, 1259,
1259, 1043, 841, 841, 332

2985a, 2969, 2954, 2896, 1469, 1468,
1388, 1379, 1190, 995, 822, 289

TS1a 3310, 3264, 3216, 3195, 3126, 2334, 1516,
1507, 1464, 1437, 1279, 1196, 1142,
1035, 974, 892, 872, 808, 571, 512, 482,
399, 333, 143, 103, 42, 1093i

TS1b 3420, 3397, 3255, 3238, 3201, 3129, 2021,
1508, 1501, 1436, 1426, 1411, 1182,
1153, 1134, 1064, 1004, 909, 509, 458,
342, 238, 159, 130, 100, 73, 847i

TS2a 3322, 3318, 3299, 3259, 3206, 3191, 3160,
3118, 2199, 1518, 1512, 1496, 1492,
1487, 1426, 1408, 1397, 1286, 1229,
1133, 1108, 994, 948, 834, 756, 641, 547,
514, 484, 386, 368, 118, 97, 42, 23, 1835i

TS2b 3328, 3305, 3287, 3283, 3240, 3218, 3133,
3117, 3099, 2009, 1509, 1505, 1503,
1501, 1405, 1397, 1394, 1273, 1251,
1197, 1154, 1031, 987, 911, 767, 760,
544, 474, 384, 265, 252, 149, 148, 97,
54, 1478i

Table 2 The reaction enthalpies at 298 K (�H0
298), the barrier heights TSs (�ETS) (kcal/mol) with zero-point energy (ZPE) correction for the

reactions of CH3COCH3 with Cl atom and CH3 radical at the BMC–CCSD//MP2/6-31 + G(d,p) level together with the experimental value

BMC–CCSD //MP2 Experimental

�H0
298 Cl + CH3COCH3 → CH2COCH3 + HCl (R1a) −7.0 −7.4 ± 0.1

Cl + CH3COCH3 → CH3CO + CH3Cl (R1b) 0.8 0.8 ± 1.0

CH3 + CH3COCH3 → CH2COCH3 + CH4 (R2a) −7.4 −8.8 ± 0.4

CH3 + CH3COCH3 → CH3CO + C2H6 (R2b) −5.6 −5.5 ± 0.9

�ETS + ZPE Cl + CH3COCH3 → CH2COCH3 + HCl (R1a) 0.9

Cl + CH3COCH3 → CH3CO + CH3Cl (R1b) 24.1

CH3 + CH3COCH3 → CH2COCH3 + CH4 (R2a) 11.9

CH3 + CH3COCH3 → CH3CO + C2H6 (R2b) 45.9

Experimental value derived from the standard heats of formation: Cl, 28.97 kcal/mol [34]; CH3COCH3,−52.19 ± 0.14 kcal/mol [35];
CH2COCH3,−8.61 kcal/mol [35]; HCl, −22.05 kcal/mol [34]; C2H6,−20.02 ± 0.07 kcal/mol [35]; CH3, 34.80 kcal/mol [35]; CH3CO,−2.87 ±
0.72 kcal/mol [35]; CH3Cl,−19.99 kcal/mol [35]; CH4,−17.53 ± 0.26 kcal/mol [35]
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Cl + CH3COCH3

CH3 + CH3COCH3
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TS1a
0.88

(10.58)

TS1b 24.06 (35.15)

TS2a 11.88 (17.53)

TS2b 45.93 (55.63)

CH2COCH3 + HCl

CH2COCH3 + CH4

CH3CO + C2H6

CH3CO + CH3Cl 0.72 (5.59)

-4.90 (-4.12)

-7.14 (-0.39)

-7.49 (4.47)

50.0

40.0

30.0

20.0

10.0

0.0

-2.0

-4.0

-6.0

-8.0

Fig. 2 Schematic potential energy surface for Cl + CH3COCH3 and
CH3 + CH3COCH3 reactions. Relative energies (in unit of kcal/mol)
are calculated at the BMC–CCSD//MP2/6-31 + G(d,p) + ZPE level and
the MP2/6-31 + G(d,p) + ZPE level (the values in parentheses)
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Fig. 3 The TST, ICVT and ICVT/SCT rate constants
(cm3molecule−1s−1) calculated at the BMC–CCSD//MP2/6-
31 + G(d,p) level for four reaction channels, k1a for R1a, k1b for
R1b, k2a for R2a, k2b for R2b, versus 1,000/T between 200 and 3,000 K

three reaction channels are nearly the same in the whole tem-
perature region, which indicates that the variational effect
is almost negligible. And the tunneling effect of the other
three reaction channels, i.e., the ratio between ICVT/SCT
and ICVT rate constants, plays an important role at the lower
temperatures and is negligible at high temperatures. For
example, the ratios of k(ICVT/SCT)/k(ICVT) are 1.26 ×
10, 6.22×10, and 4.94×105 at 200 K for R1b, R2a, and R2b,
respectively, while they are 1.21, 1.44, and 1.63 at 600 K,
respectively.

Figure 3 shows that the rate constants of reactions R1a,
k1a , are about 2–24 orders of magnitude higher than those of
reaction R1b, k2b, from 200 to 3,000 K. And the rate constants
of reactions R2a, k2a , are about 4–35 orders of magnitude
higher than those of reaction R2b, k2b, from 200 to 3,000 K.
It can be concluded that the H-abstraction channel from the
CH3 group is always absolutely dominant in the temperature
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Fig. 4 The ICVT/SCT rate constants calculated at the BMC–
CCSD//MP2/6-31 + G(d,p) level for Cl + CH3COCH3 and CH3 +
CH3COCH3 reactions k1 and k2 (cm3molecule−1s−1) versus 1,000/T
between 200 and 3,000 K, together with the experimental value

range 200–3,000 K, and the CH3-abstraction channel from
the CH3COCH3 is a minor pathway on the corresponding
reaction. This is consistent with a qualitative assessment
based on the potential energy barrier heights and the reac-
tion enthalpies of these reaction channels.

The overall theoretical ICVT/SCT rate constants k1 and
k2 for the title reaction are calculated from the sum of the
corresponding individual rate constants, i.e., k1 = k1a +
k1b, k2 = k2a + k2b, which are displayed in Fig. 4 along
with the corresponding experimental data [5–12,14–17]. The
ICVT/SCT rate constants of k1 at 298 K, 2.79 × 10−12 cm3

molecule−1s−1, is in good agreement with the available expe-
rimental value [5–12], and the ratio of kICVT/SCT/kexptl
remains within a factor of approximately 0.91–1.27. The
ICVT/SCT rate constants of k2 are in good agreement with
the corresponding experimental values [14–17], the devia-
tion between the theoretical and experimental values remains
within a factor of approximately 0.30–1.27. The calculated
activation energy is 14.14 kcal/mol, it is in good agreement
with the corresponding experimental value 12.18 kcal/mol
given by Hosein et al. [14]. Thus, the present calculations
may provide reliable estimations of the rate constants for the
Cl + CH3COCH3 and CH3 + CH3COCH3 reactions over a
wide temperature range.

For convenience of future experimental measurements,
three-parameter fits of the ICVT/SCT rate constants of four
reaction channels and the overall rate constants in the tempe-
rature range 200–3,000 K are performed and the expressions
are given as follows (in unit of cm3molecule−1s−1):

k1(T ) = 3.08 × 10−17T 2.03exp(−32.96/T )

k2(T ) = 1.61 × 10−23T 3.53exp(−3969.51/T )

The molecular electrostatic potential is an important tool
to analyze molecular reactivity because it can provide the
information about local polarity. Figure 5 gives the distribu-
tion of the molecular electrostatic potential. There, the most
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Fig. 5 The calculated electrostatic potential textured vDW surfaces for
the reactants

negative and positive potentials are assigned to be blue and
red, respectively, and the color spectrum is mapped to all
other values by linear interpolation. The more positive poten-
tial bond (more red) will be more favored for the nucleo-
philes to attack at. It is found that in molecule CH3COCH3

the H atoms bear stronger positive potential (red) than the C
atoms of CH3 groups (yellow), indicating that the H atoms
can be more easily attacked by the nucleophiles, i.e., the
H-abstraction reaction channels will be expected much fas-
ter than the CH3-abstraction reaction channels. Note that the
Cl atom is encircled by marked negative potential, while the
periphery of the CH3 radical is mainly dominated by posi-
tive potential of the H atoms. Therefore, the Cl atom is more
preferably to attack the H atom of CH3COCH3 comparing to
the CH3 radical. From these results we could confer that the
reaction of Cl + CH3COCH3 could occur more easily than
the CH3 + CH3COCH3 reaction. This is in line with the rate
constant results calculated above.

4 Conclusions

In this paper, the reactions Cl + CH3COCH3 and CH3 +
CH3COCH3 have been studied theoretically. The potential
energy surface information is obtained at the MP2/6-31 + G
(d,p) level, and higher-level energies for the stationary points
and a few extra point along the minimum energy path are fur-
ther refined by the BMC–CCSD method. Two reaction chan-
nels are identified, one for H-abstraction from the CH3 group,
and the other for CH3-abstraction from the CH3COCH3 for
the two reactions. The calculated potential barriers show that
major pathway is H-abstraction from the CH3 group chan-
nel. For each individual reaction channel, the theoretical rate
constants are calculated by the improved canonical variatio-
nal transition state theory (ICVT) incorporating the small-
curvature tunneling (SCT) contributions in the temperature
range 200–3,000 K. The overall rate constants are in good
agreement with the available experimental values. Owing to
the good agreement between the theoretical and experimental

values, the theoretical results should be useful for estimating
the kinetics of the title reactions over a wide temperature
range where no experimental data are available.
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