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Abstract Theoretical investigations are carried out on the

title reactions by means of the direct dynamics method.

The optimized geometries, frequencies and minimum

energy path are obtained at the MP2/6-31 ? G(d,p) level,

and energetic information is further refined at the MC-

QCISD (single-point) level. The rate constants for both

reactions are calculated by the improved canonical varia-

tional transition state theory with the small-curvature

tunneling correction in a wide temperature range 200–

3,000 K. The theoretical rate constant is in good agreement

with the available experimental data. Furthermore, the

effects of different halogen substitution on the rate con-

stants are also discussed.

1 Introduction

Acetone represents an important class of oxygenated vol-

atile organic compounds (VOCs), which are emitted from a

variety of anthropogenic and natural sources into the

atmosphere. In addition to these direct emissions, atmo-

spheric 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 ace-

tone in the upper troposphere and lower stratosphere has

recently been highlighted [2–8]. Acetone has been shown

to be a potentially important source of OH and HO2 radi-

cals, resulting in an increased ozone production. Hence,

there is a particular need to investigate the chemistry of

some halogenated acetones. The most likely fate of halo-

genated acetones in the Earth’s atmosphere would be their

reaction with the OH radical. However, there are very

limited experimental values available in the literature

concerning rate constants of the title reactions. For the

reaction OH ? CH3COCCl3, only Carr et al. [9] measured

a rate constant, which is (1.5 ± 0.3) 9 10-14 cm3mole-

cule-1 s-1 at 298 K. There are no experimental rate

constants available for the reactions OH ? CH3COCCl2F

and OH ? CH3COCCl2Br. No Arrhenius parameters were

reported for these three reactions.

The aim of this paper is to make a systematic theoretical

investigation of the kinetic properties of the reactions

OH ? CH3COCCl2F ? CH2COCCl2F ? H2O (R1), OH ?

CH3COCCl3 ? CH2COCCl3 ? H2O (R2), and OH ?

CH3COCCl2Br ? CH2COCCl2Br ? H2O (R3). In addi-

tion, because the temperature determined in the experiment

is mostly in the lower temperature range of practical

interest, theoretical investigation is desirable to give a

further understanding and to evaluate the rate constants at

high temperatures. To the best of our knowledge, little

theoretical work has addressed these reactions.

Here, the dual-level direct dynamics method [10–12]

proposed by Truhlar et al. is employed to study the kinetic

nature of both reactions. The potential energy surface

information, including geometries, energies, gradients,

force constants of all the stationary points (reactants,

products, and saddle points) and some extra points along
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the minimum energy path (MEP) are obtained directly

from electronic structure calculations. Single-point ener-

gies are further carried out at the MC-QCISD level [13].

Subsequently, by means of POLYRATE 9.1 program [14],

the rate constants are calculated using the variational

transition state theory (VTST) proposed by Truhlar et al.

[15, 16]. The comparison between theoretical and experi-

mental results is discussed.

2 Computational method

In the present work, the equilibrium geometries and fre-

quencies of all the stationary points (reactants, products,

and saddle points) are optimized at the restricted or unre-

stricted second-order Møller–Plesset perturbation (MP2)

[17–19] level with the 6-31?G(d,p) basis set. The MEP is

obtained by intrinsic reaction coordinate (IRC) theory in

mass-weighted Cartesian coordinates with a gradient step-

size of 0.05 (amu)1/2 bohr. Then, the energy derivatives

including gradients and Hessians are obtained by calcu-

lating the curvature of the reaction path and the generalized

vibrational frequencies along the reaction path. In order to

obtain more accurate energies and barrier heights, a dual-

level direct dynamics method [10–12] is applied to study

the title reaction. Single-point energies are refined by the

multi-coefficient correlation method based on quadratic

configuration interaction with single and double excitations

MC-QCISD [13] and on the MP2/6-31?G(d,p) geometries.

All the electronic structure calculations are performed by

means of the GAUSSIAN03 program package [20].

Variational transition state theory [15, 16] is employed

to calculate the rate constants by the POLYRATE 9.1

program [14]. The improved canonical variational transi-

tion state theory [21] incorporating small-curvature

tunneling (SCT) [22, 23] contributions proposed by Truhlar

et al. is applied to evaluate the theoretical rate constants.

The improved canonical variational transition state theory

rate constants, kICVT(T), which can be obtained by mini-

mizing the improved generalized transition state theory rate

constant, kIGT(T, s), at fixed temperature (T) with respect to

the dividing surface at s, can be expressed as

kICVT Tð Þ ¼ min
S

kIGT T ; sð Þ:

And the improved generalized transition state theory

rate constant kIGT for temperature T with respect to the

dividing surface at s can be expressed as

kIGT T ; sð Þ ¼ rQIGT T ; sð Þ
bhQR Tð Þ exp �bVMEP sð Þð Þ;

where s is the location of the improved generalized tran-

sition state on the IRC; r is the symmetry factor accounting

for the possibility of two or more symmetry-related

reaction paths; b equals (kBT)-1, with kB being the Boltz-

mann’s constant, h is Planck’s constant; QR(T) is the

reactant’s partition function per unit volume, excluding

symmetry numbers for rotation; VMEP(s) is the classical

energy along the MEP; and QIGT(T, s) is the partition

function of the improved generalized transition state at s

along the MEP. To include the tunneling effect, the ICVT

rate constant is multiplied by a transmission coefficient

computed with the SCT [22, 23] approximation, which is

denoted by kICVT/SCT(T). For the title reaction, most of the

vibrational modes were treated as quantum-mechanical

separable harmonic oscillators except for a few lower

vibrational modes. The hindered-rotor approximation of

Truhlar and Chuang [24, 25] is used for calculating the

partition function of these modes. The model used for

hindered rotor approximation is the torsional mode. Here,

we use the RW scheme, where R stands for applying the

rectilinear model for calculating the reduced moment of

inertia (Ij) of the rotator and the W means using the rota-

tional barrier height (Wj) from direct ab initio calculation to

estimate the vibrational frequency (xj). The vibrational

frequency can be estimated by xj = (Wj/2Ij)
1/2M, where M

is the total number of minima along the torsional coordi-

nate in the range 0–2p. In this paper, the values of Wj and

M are 1,000 cm-1 and 1, respectively. In addition, we used

‘‘full’’ approximation level to calculate the partition func-

tion. The two electronic states for OH radicals in the

calculation of its electronic partition functions, with a

140 cm-1 splitting, are considered. The vibrational fre-

quencies along the reaction path are calculated using

redundant rectilinear coordinates. The symmetry factor

r = 3 for the reaction channels R1, R2, and R3 are taken

into account in the rate constant calculation. The curvature

components are calculated by 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

(CH3COCCl2F, CH3COCCl3, CH3COCCl2Br, and OH),

products (CH2COCCl2F, CH2COCCl3, CH2COCCl2Br,

and H2O), and saddle points (TS1, TS2, and TS3) calcu-

lated at the MP2/6-31?G(d,p) level along with the

available experimental data [26, 27] are presented in

Fig. 1. It can be seen that the theoretical geometric

parameters of OH and H2O are in good agreement with the

corresponding experimental values [26, 27]. In TS1, TS2,

and TS3 structures, the breaking bonds C–H increase by

11, 11, and 11% compared to the regular bond lengths in

108 Theor Chem Account (2009) 122:107–114

123



CH3COCCl2F, CH3COCCl3, and CH3COCCl2Br; the

forming bonds H–O stretch by 32, 32, and 32% over the

equilibrium bond length in isolated molecule H2O,

respectively. The elongation of the forming bond is larger

than that of the breaking bond, indicating that the barriers

of reactions R1, R2, and R3 are near the corresponding

reactants, and consequently, all of them will proceed

reactant-like, i.e., the reactions will proceed via ‘‘early’’

transition state structures. Which is consistent with Ham-

mond’s postulate [28], applied to an exothermic hydrogen-

abstraction reaction.

Table 1 lists the harmonic vibrational frequencies of all

the stationary points for the reactants, products, and saddle

points at the MP2/6-31?G(d,p) level as well as the

corresponding available experimental results [9, 29, 30].

Our calculated frequencies are in agreement with the

experimental values with the largest deviation within 6%.

All the transition state structures in Table 1 are confirmed

by normal-mode analysis to have one and only one imag-

inary frequency corresponding to the stretching modes of

the coupling breaking and forming bonds. The values of

these imaginary frequencies are 2,119i cm-1 for TS1,

2,085i cm-1 for TS2, and 2,061i cm-1 for TS3.

3.2 Energetics

The reaction enthalpies ðDH0
298Þ and potential barrier

heights (DETS) with zero-point energy (ZPE) corrections

Fig. 1 Optimized geometries of

the reactants, products, and

saddle points at the MP2/6-

31?G(d,p) level. The value in

parentheses is the experimental

value ([26] for OH and [27] for

H2O). Bond lengths are in

angstroms, and bond angles are

in degrees
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for reactions R1, R2, and R3 calculated at the MC-QCISD//

MP2/6-31?G(d,p) level are listed in Table 2. It is shown

that the three individual reactions are all exothermic, which

is consistent with the discussion of Hammond’s postulate

[28]. Due to lack of the experimental heats of formation for

the species involved in the title reactions, it is difficult to

make a direct comparison between theory and experiment

for the enthalpies of the three reactions. For comparison,

the calculated reaction enthalpy of reaction CH3COCH3

with OH at the MC-QCISD//MP2/6-31?G(d,p) level as

well as the available experimental reaction enthalpies is

also listed in Table 2. The theoretical value of ðDH0
298Þ for

the reaction of CH3COCH3 with OH is -23.91 kcal mol-1

which is in good agreement with the corresponding

experimental value of -23.89 ± 0.14 kcal mol-1, which

was derived from the standard heats of formation (OH,

9.33 kcal mol-1 [31]; CH3COCH3, -51.90 ± 0.14 kcal

mol-1 [32]; CH2COCH3, -8.61 kcal mol-1 [33]; H2O,

Table 1 Calculated and

experimental frequencies

(cm-1) for the reactants,

products, and saddle points at

the MP2/6-31?G(d,p) level

a Ref. [9]
b Ref. [29]
c Ref. [30]

Species MP2/6-31?G(d,p) Expt.

CH3COCCl2F 3,263, 3,225, 3,132, 1,783, 1,512, 1,508, 1,433, 1,266, 1,085,

1,069, 1,043, 921, 879, 613, 575, 544, 434, 380, 339, 279,

218, 180, 145, 45

CH3COCCl3 3,267, 3,236, 3,139, 1,776, 1,521, 1,511, 1,434, 1,223, 1,066,

1,040, 901, 885, 813, 596, 570, 447, 407, 300, 291, 283, 193,

185, 123, 53

1,826, 849a

CH3COCCl2Br 3,264, 3,233, 3,136, 1,774, 1,518, 1,510, 1,434, 1,223, 1,065,

1,036, 898, 881, 751, 596, 546, 412, 396, 291, 244, 235, 186,

179, 133, 64

OH 3,824 3,735b

H2O 4,013, 3,866, 1,624 3,756, 3,657c, 1,595

CH2COCCl2F 3,413, 3,274, 2,040, 1,500, 1,293, 1,081, 1,039, 942, 926, 775,

631, 595, 546, 436, 382, 347, 302, 277, 220, 178, 49

CH2COCCl3 3,412, 3,275, 2,116, 1,505, 1,253, 1,031, 907, 893, 863, 728,

603, 596, 448, 410, 298, 294, 285, 248, 191, 169, 61

CH2COCCl2Br 3,413, 3,275, 2,142, 1,501, 1,249, 1,031, 909, 888, 827, 700,

600, 589, 409, 402, 291, 283, 244, 234, 179, 150, 77

TS1 3,803, 3,308, 3,202, 2,634, 1,495, 1,395, 1,294, 1,220, 1,085,

1,076, 1,029, 958, 907, 829, 730, 628, 584, 531, 435, 378,

357, 322, 280, 218, 175, 120, 81, 48, 26, 2,119i

TS2 3,804, 3,307, 3,202, 2,548, 1,493, 1,397, 1,288, 1,204, 1,054,

1,019, 924, 894, 869, 799, 732, 602, 587, 447, 410, 356, 297,

290, 280, 193, 165, 137, 92, 56, 37, 2,085i

TS3 3,805, 3,306, 3,201, 2,504, 1,491, 1,396, 1,288, 1,208, 1,048,

1,015, 923, 890, 855, 766, 722, 589, 575, 412, 398, 361, 289,

244, 234, 183, 146, 135, 96, 57, 40, 2,061i

Table 2 The reaction enthalpies at 298 K (DH298
0 ) and the barrier height VaG (kcal mol-1) for the title reactions and CH3COCH3 reaction with

OH at the MC-QCISD//MP2/6-31?G(d,p) level together with the experimental value

MC-QCISD//MP2 Expt.

DH298
0

OH ? CH3COCCl2F ? CH2COCCl2F ? H2O (R1) -23.21

OH ? CH3COCCl3 ? CH2COCCl3 ? H2O (R2) -23.30

OH ? CH3COCCl2Br ? CH2COCCl2Br ? H2O (R3) -22.98

OH ? CH3COCH3 ? CH2COCH3 ? H2O -23.91 -23.89 ± 0.14

DVaG

OH ? CH3COCCl2F ? CH2COCCl2F ? H2O (R1) 4.98

OH ? CH3COCCl3 ? CH2COCCl3 ? H2O (R2) 4.17

OH ? CH3COCCl2Br ? CH2COCCl2Br ? H2O (R3) 4.04

Experimental value derived from the standard heats of formation: OH, 9.33 kcal mol-1 [31]; CH3COCH3, -51.90 ± 0.14 kcal mol-1 [32];

CH2COCH3, -8.61 kcal mol-1 [33]; H2O, -57.85 kcal mol-1 [31]
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-57.85 kcal mol-1 [31]). In view of the good agreement

obtained above, it is expected that the enthalpies of the title

reactions calculated at the same level are reliable.

A schematic potential energy diagram of the title reac-

tions with ZPE corrections obtained at the MC-QCISD//

MP2/6-31?G(d,p) level are described in Fig. 2. Note that

the energy of the reactant is set to zero for reference. The

values in parentheses are calculated at the MP2/6-

31?G(d,p) level and include ZPE corrections. The barrier

heights of reactions R1 (4.98 kcal mol-1) and R2

(4.17 kcal mol-1) are about 0.9 and 0.1 kcal mol-1 higher

than that of reaction R3 (4.04 kcal mol-1), respectively.

And as a result, the latter reaction path R3 is more kinet-

ically favorable than the two former, it is expected to have

larger rate constants.

3.3 Rate constants

Dual-level dynamics [10–12] calculations of the

OH ? CH3COCCl2X (X = F, Cl, and Br) reactions are

carried out at the MC-QCISD//MP2/6-31?G(d,p) level.

The rate constants, k1 for R1, k2 for R2, and k3 for R3, are

evaluated by conventional transition state theory (TST), the

ICVT, and the ICVT with the SCT contributions in a wide

temperature range from 200 to 3,000 K. The calculated rate

constants TST, ICVT, and ICVT/SCT of the three reactions

are displayed in Table 3. From Table 3, it is shown that for

the reactions R1, R2, and R3, the tunneling effect, i.e., the

ratio between ICVT and ICVT/SCT rate constants, plays a

significant role in the temperature range 200–600 K. The

ratios of k1(ICVT/SCT)/k1(ICVT) are 14.29, 1.89, and 1.32

at 200, 400, and 600 K for R1, 3.13, 1.41, and 1.16 at 200,

400, and 600 K for R2, 8.33, 1.52, and 1.19 at 200, 400, and

600 K for R3, respectively. While the variational effect, i.e.,

the ratio between ICVT and TST rate constants, [k(ICVT)/

k(TST)], for R1 reaction, the variational effect ranges from

0.94 (200 K) to 0.31 (3,000 K), and for R2 and R3 reaction,

the corresponding with variational effect ranges from 0.95

to 0.50, and from 0.97 to 0.49, respectively. The theoretical

ICVT/SCT rate constant of reaction R1 is 1.60 9 10-15

cm3molecule-1 s-1, which is smaller than those of reac-

tions R2 (1.68 9 10-14 cm3molecule-1 s-1) and R3

(4.57 9 10-14 cm3molecule-1 s-1) at 298 K. Theoretical

activation energy (Ea) is estimated based on the calculated

CVT/SCT rate constants, and it is found that the corre-

sponding Ea value for reaction R3, 4.32 kcal mol-1, is

lower than that for reactions R2 (5.08 kcal mol-1) and R1

(5.43 kcal mol-1) in 200–600 K.

The ICVT/SCT rate constants for the three reactions

OH ? CH3COCCl2F ? CH2COCCl2F ? H2O (k1), OH ?

CH3COCCl3 ? CH2COCCl3 ? H2O (k2), and OH ?

CH3COCCl2Br ? CH2COCCl2Br ? H2O (k3) are plotted

against the reciprocal of temperature in Fig. 3 as well as the

corresponding experimental data [9]. The ICVT/SCT rate

constant of k2, 1.68 9 10-14 cm3molecule-1 s-1, is in

good agreement with the corresponding experimental one,

(1.5 ± 0.3) 9 10-14 cm3molecule-1 s-1, given by Carr

et al. [9] at 298 K. The deviation between the theoretical

and experimental values remains within a factor of

approximately 1.12. Thus, the present calculations may

provide a reliable prediction of the rate constants for the

title reactions over the wide temperature range.

Seen from Fig. 3, the rate constants of reaction R3 are

about 1–7 times larger than that of reaction R2 and first

order of magnitude larger than those of reaction R1 from

200 to 3,000 K, respectively. This is consistent with a

qualitative assessment based on the potential energy barrier

heights and the reaction enthalpies of these three reactions.

As a result of the limited experimental knowledge of the

kinetic nature of the title reactions, we hope that our present

study may provide useful information for future laboratory

investigations. For convenience of future experimental

measurements, the three-parameter fits for the ICVT/SCT

rate constants of the title reactions in the temperature range

200–3,000 K are performed and the expressions are given

as follows: (in unit of cm3molecule-1 s-1)

k1 Tð Þ ¼ 1:97� 10�20T2:85 exp �1447:23=Tð Þ

k2 Tð Þ ¼ 8:18� 10�18T2:33 exp �1687:48=Tð Þ

k3 Tð Þ ¼ 7:66� 10�19T2:68 exp �1250:26=Tð Þ:

4 Conclusions

In this paper, the title reactions OH ? CH3COCCl2X ?
products (X = F, Cl, and Br) have been studied by

OH + CH3COCCl2X
(X = F, Cl, and Br)

TS1
4.98 (11.55)

TS2
4.17 (10.34)

TS3
4.04

(9.97)

CH2COCCl2F + H2O
-23.35 (-14.27)

CH2COCCl2Br + H2O
-23.16 (-14.50)

CH2COCCl3 + H2O
-23.49 (-14.68)

0.0  -

4.0  -

5.0  -

-10.0  -

-20.0  -

-30.0  -

3.0  -

4.5  -

Fig. 2 Schematic potential energy surface for the title reactions.

Relative energies (in kcal mol-1) are calculated at the MC-QCISD//

MP2/6-31?G(d,p) ? ZPE level. The values in parentheses are

calculated at the MP2/6-31?G(d,p) ? ZPE level
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theoretical methods. The potential energy surface infor-

mation is obtained at the MP2/6-31?G(d,p) level, and

higher-level energies for the stationary points and a few

extra points along the minimum energy path are further

refined by the MC-QCISD theory. The theoretical rate

constants are calculated by ICVT incorporating the SCT

contributions method in the temperature range 200–

3,000 K. The calculated rate constant k2 is in good agree-

ment with the available experimental value. Given the

good agreement between the theoretical and experimental

values, it is reasonable to believe that our calculated results

will provide a good estimate for the kinetics of the reac-

tions in the high temperature range.
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