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Abstract Theoretical investigations are carried out on
the multichannel reactions CH3;COCH; + F (R1) and
CH;COCH; + Br (R2) by means of direct dynamics
methods. The minimum energy path (MEP) is obtained at
the MP2/6-31 4+ G(d,p) level, and energetic information is
further refined at the MC-QCISD (single-point) level. The
rate constants are calculated by the improved canonical
variational transition-state theory (ICVT) with the small-
curvature tunneling (SCT) contributions in a wide tem-
perature range 200-1,500 K for the title reactions,
H-abstraction channel is favored for the two reactions. The
theoretical overall rate constants are in good agreement
with the available experimental data and are found
to be k;, = 3.22 x 107" 7"3%exp(1,190.91/7) cm® mole-
cule™ 57!, k, = 5.95 x 107" 7" %8exp(—4,622.45/T) cm®
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molecule ™ s, Furthermore, the rate constants of reaction
Cl 4+ CH;COCH; (R3) calculated in the other paper are
added to discuss the reactivity trend of different halogen
reaction with acetone on the rate constants of this class of
hydrogen abstraction reactions.

Keywords Gas-phase reaction - Transition state -
Rate constants

1 Introduction

Acetone is the simplest form of ketone. It represents an
important class of oxygenated volatile organic compounds
(VOCs) used widely as industrial solvents which fraction
can escape into the atmosphere during use. Acetone reacts
with various free radicals (e.g., OH, H, O, F, Cl, Br, etc.),
which plays an important role in both atmospheric and
combustion chemistry [1]. The degradation and accumu-
lation of acetone in the upper troposphere and lower
stratosphere has been highlighted [2-5]. Furthermore, in
the dry regions of the upper troposphere, acetone can
provide a large primary source of HOx (OH and HO,)
radicals, resulting in an increased ozone production. The
surprisingly significant contribution of these oxygenated
hydrocarbons to tropospheric HOx and ozone cycling is
likely to be affected by natural and anthropogenic emission
alterations due to the land-use changing, biomass burning
as well as alcohol-based biofuel using. Herein, we inves-
tigated the mechanism and the accurate kinetics of the title
reactions computationally by using high-level ab initio
quantum chemistry methods.

The kinetic and mechanistic information available for
the title reactions have been investigated in five previous
works [6—10]. In 2001, the mechanism of reaction F atom
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with acetone have been investigated by Nielsen O. J. and
co-workers [6] using a FTIR-smog chamber system, and the
results shown that the reaction of F + CH;COCH5 do not
proceed solely via H atom abstraction, but rather a second
channel involving a displacement mechanism is also
involved. In 1977, the relative rate measurement of this
reaction reported by Smith D. J. and co-workers [7] in a
flowing-afterglow apparatus at room temperature, and
the rate constant could be deduced as (10 £ 1) x
107" cm® molecule ™' s™' at 295 K for H-abstraction
channel. In 2005, the reaction F with acetone has been
studied theoretically by Li and co-workers [8], the potential
energy surface was calculated at G3MP2/MP2/
6-311G(d,p) level, multichannel RRKM theory was
employed to calculate the rate constants, and a negative
temperature dependence of the overall rate constants was
predicted at temperatures below 500 K. For the Br +
CH;COCHj; reaction, King D. K. and co-worker [9]
investigated the gas-phase thermal bromination of acetone
over the temperature range 494—618 K, an extrapolation of
the rate constant expression are given, the value of the rate
constant was (1.05 £ 1.19) x 1072° ¢cm® molecule™! s at
298 K. In 2005, the relative-rate method coupled with gas
chromatographic product analysis was employed to obtain
the rate constants by Farkas E. and co-worker [10], the rate
constant expression of the reaction is related to Br + neo-
CsH;, reaction in the temperature range 688-775 K, and
the value of the converted of reaction Br atom with acetone
was (4.53 £ 2.84) x 107%° cm® molecule ™" s7! at 298 K.
Branching ratios of the reaction were not given in the lit-
erature. Three alternative reaction channels a, b, and ¢ for
each reaction have been investigated in this paper. The title
reactions can proceed through H-abstraction from the CHj
groups, halogen displacement for CHjz, and CH;-abstrac-
tion from the acetone, along with the reaction R3 of
Cl + CH3COCHj5 investigated in other paper [11], i.e.,

F + CH;COCH; — CH,COCHj3; + HF (Rla)
— CH;C(O)FCH; — CH;COF
+ CH; (R1b1 and R1b2)
— CH3CO + CH3F (Rlc)
Br + CH3COCH; — CH,COCH; + HBr (R2a)
— CH3COBr + CH;(R2b)
— CH;3CO + CH3Br (R2c)
Cl + CH3COCH; — CH,COCHj; + HCI (R3a)
— CH3COCI + CH;3 (R3b)
— CH;3CO + CH;Cl (R3c)
Because the temperature used in the experiment is
mostly at the lower end of the temperature range of

practical interest, theoretical investigation is desirable to
give a further understanding of the reaction mechanism of
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the multiple channel reactions and to evaluate the rate
constant at high temperatures. To our best knowledge, no
other previous work has addressed these reactions.

In order to obtain more reliable results for the rate
constants of the title reactions and branching ratio in the
reaction R2 over a wide temperature range 200-1,500 K,
dual-level direct dynamics methods [12—16] are employed
in the present study. The potential energy surface infor-
mation, including geometries, energies, gradients, and
force constants of the stationary points (reactant, com-
plexes, 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 [17], the rate constants
are calculated by using the variational transition-state
theory (VTST) proposed by Truhlar and co-workers [18,
19]. 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 Mgller-Plesset per-
turbation (MP2) [20-22] level with the 6-314+G(d,p) basis
set. Molecular electrostatic potentials [23] of CH;COCH;,
F, Cl, and Br atoms are calculated at the same level and
plotted using gOpenMol 2.32 [24]. The MEP is obtained by
intrinsic reaction coordinate (IRC) theory in mass-weigh-
ted Cartesian coordinates with a gradient step-size of 0.05
(amu)l/ 2 bohr. At the same level, the energy derivatives,
including gradients and Hessians at geometries along the
MEDP, are obtained to calculate the curvature of the reaction
path and the generalized vibrational frequencies along the
reaction path. Furthermore, the energy profile is refined by
multi-coefficient correlation method based on quadratic
configuration interaction with single and double excitations
MC-QCISD [25] based on the MP2/6-31+G(d,p) geome-
tries. All electronic structure calculations are performed by
means of GAUSSIANO3 program package [26].

VTST [18, 19] is employed to calculate the rate con-
stants by the POLYRATE 9.1 program [17]. The improved
canonical variational transition-state theory (ICVT) [27]
incorporating small-curvature tunneling (SCT) [28, 29]
contributions proposed by Truhlar and co-workers [19, 30]
is applied to evaluate the theoretical rate constants. For the
title reaction, all vibrational modes are treated as quantum—
mechanical separable harmonic oscillators except for the
lowest vibrational mode that is treated by using the hin-
dered rotor model [22, 23]. The hindered rotor approxi-
mation of Truhlar and Chuang [31, 32] is used for
calculating the partition function of these modes. The
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curvature 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 reactant
(CH3COCHj3), complexes (CR1aR, CR1aF, and CR1b2R),
products (CH;COCH,, HF, CH;COF, CH;, CH;CO, CH5F,
HBr, CH;COBr, and CH;Br), and transition states (TS1a,
TS1bl, TS1b2, TS1c, TS2a, TS2b, and TS2c) for seven
reaction channels (R1a, R1bl, R1b2, Rlc, R2a, R2b, and
R2c) calculated at the MP2/6-314-G(d,p) level are pre-
sented in Fig. 1 along with the available experimental data
[33, 34]. It can be seen that the theoretical geometric
parameters of CH;COCH;, HF, HBr, CH;, CH5F, and
CH;Br are in good agreement with the corresponding
experimental values [33, 34]. Furthermore, two complexes
(CR1aR and CR1aF) are presented on the reactants and
products sides of reaction Rla. At the MP2/6-314+G(d,p)
level, the H---F and O---H bonds distance in CR1aR and
CRIaF are 329 and 1.62 A, respectively. The other

Complexes

Reactants

CH;3;COCH;3; (C))
Products

CH,COCH;3; (Cs)
Transition States

CH3CO (Cs) CH;3COBr (Cs)

1085 1042

TS1a (Cy)

TS1b1 (Cs)

TS1b2 (Cy)

Fig. 1 Optimized geometries of the reactant, complexes, products,
and transition states at the MP2/6-31 4+ G(d,p) level. The values in
parentheses are the experimental values (ref 33 for CH3;COCH;,

CH;3COF (Cs)

TS1c (Cy)

complex CR1b2R is located on the reactants sides of
reaction R1b, at the MP2/6-314+G(d,p) level, the C---F
bond distance in CR1bR is 1.42 A. For the transition states
TS1a and TSl1c, the lengths of C—H and C-C bond, which
will be broken, are stretch by 4 and 14% compared to the
regular lengths of C-H and C—C bond in CH3;COCH3;, and
the forming H-F and C-F bonds are elongated by about 55
and 30% over the equilibrium bond length in isolated HF
and CH3F, respectively. The elongation of the breaking
bond is smaller than that of the forming bond, indicating
that TSla and TSl1c are all reactant-like, i.e., the two
reaction channels will proceed via “early” transition states,
consistent with Hammond’s postulate [35], applied to for
an exothermic hydrogen abstraction reaction. On the other
hand, in the structures of TS2a, TS2b, and TS2c, the C-H
and C—C bonds, which will be broken, are stretched by 44,
30, and 33% compared with the equilibrium bond lengths
in isolated CH3COCHs;, respectively; and the forming
bonds H-Br and C-Br are elongated by 7, 5, and 16% with
respect to the equilibrium bond lengths of the molecules
HBr, CH;COBr, and CHj;Br, respectively. The results
imply that the barriers of reactions R2a, R2b, and R2c are
both near the corresponding products, and consequently,
both of them will proceed via “late” transition states, as
expected for an endothermic reaction.

CRIb2R (Cs)

f 1.075 0.927 108

CH3F (Csy)  CH3Br (Csy)  CH3(Dsw) HF(C.y) HBr (C.v)

TS2a (Cy) TS2b (Cy) TS2c (Cy)

CH;F, CH;Br, and CHj, ref 34 for HF and HBr). Bond lengths are in
angstroms, and angles are in degrees
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Table 1 Calculated and experimental frequencies (cm ™) for the reactant, complexes, products, and transition states for the title reaction at the
MP2/6-31 + G(d,p) level

Species

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

Expt.

CH;COCH; 3255, 3254, 3208, 3203, 3121, 3117, 1762, 1529, 1518, 1510, 1509,

1435, 1430, 1278, 1139, 1108, 925, 909, 815, 536, 488, 384, 125, 48

CH,COCH; 3392, 3270, 3256, 3125, 3125, 2094, 1516, 1514, 1502, 1430, 1292,

1098, 1056, 918, 832, 638, 538, 521, 388, 230, 81

HF 4119

HBr 2733

CH;CO 3242, 3236, 3122, 1939, 1506, 1505, 1406, 1083, 981, 899, 471, 74

CH;COBr 3260, 3240, 3136, 1840, 1509, 1507, 1431, 1137, 1063, 982, 573, 501,
342, 308, 137

CH;COF 3279, 3242, 3148, 1894, 1521, 1519, 1448, 1212, 1089, 1029, 826, 586,
566, 416, 132

CH; 3430, 3430, 3232, 1478, 1478, 469

CH5F 3260, 3260, 3144, 1551, 1551, 1525, 1213, 1213, 1057

CH;Br 3297, 3297, 3169, 1524, 1524, 1397, 1007, 1007, 630

CR1aR 3255, 3254, 3209, 3204, 3122, 3116, 1761, 1529, 1517, 1508, 1494,
1432, 1431, 1276, 1140, 1109, 924, 907, 815, 536, 488, 385, 131, 29,
20, 19, 17

CR1aF 3423, 3395, 3274, 3259, 3216, 3127, 2012, 1521, 1513, 1506, 1440,
1332, 1108, 1053, 954, 942, 877, 854, 683, 564, 535, 402, 265, 227,
91, 66, 49

CR1b2R 3259, 3255, 3253, 3252, 3143, 3142, 1547, 1537, 1525, 1520, 1449,
1427, 1272, 1221, 1218, 995, 992, 973, 924, 779, 531, 461, 437, 324,
317, 263, 223

TSl1a 3269, 3259, 3212, 3170, 3123, 1933, 1744, 1520, 1512, 1465, 1435,
1369, 1351, 1222, 1130, 1084, 913, 893, 808, 529, 484, 371, 172, 116,
59, 33, 698i

TS1bl 3279, 3277, 3233, 3227, 3134, 3129, 1637, 1531, 1512, 1502, 1499,
1443, 1431, 1301, 1117, 1079, 970, 897, 827, 532, 467, 408, 277, 205,
184, 118, 812i

TS1b2 3386, 3372, 3276, 3239, 3188, 3135, 1818, 1523, 1518, 1490, 1473,
1426, 1165, 1111, 1030, 955, 744, 709, 555, 494, 352, 307, 281, 260,
234, 213, 637i

TSlc 3364, 3310, 3265, 3237, 3137, 3133, 1891, 1513, 1509, 1459, 1420,
1418, 1211, 1164, 1147, 1052, 1002, 930, 558, 499, 373, 320, 177,
131, 118, 78, 1657i

TS2a 3343, 3271, 3218, 3213, 3125, 2359, 1517, 1511, 1484, 1431, 1324,
1249, 1115, 1058, 897, 815, 736, 681, 616, 532, 521, 388, 328, 117,
76, 36, 591i

TS2b 3382, 3368, 3279, 3250, 3188, 3146, 1733, 1528, 1525, 1493, 1474,
1436, 1178, 1154, 1035, 989, 779, 762, 721, 564, 523, 417, 281, 269,
240, 171, 773i

TS2c 3422, 3403, 3253, 3237, 3205, 3128, 2025, 1507, 1501, 1440, 1431,

1410, 1164, 1145, 1118, 1047, 1000, 904, 502, 457, 333, 204, 186,
126, 92, 63, 844i

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

2649°
1875,* 1420
3017,° 1817, 1417, 1367, 1083, 950, 567, 500

3043," 3004, 2955, 1870, 1440, 1437, 1378, 1188, 1054,
1000, 826, 598, 567, 420, 123

3171,% 3004, 1403
3006,* 1467, 1464, 1182, 1049
3056, 2972, 1443, 1306, 955, 611

a Ref. [36], ° Ref. [37], © Ref. [38], ¢ Ref. [39]

Table 1 lists the harmonic vibrational frequencies of all the
stationary points involved the reactant, complexes, products,
and transition states at the MP2/6-31 + G(d,p) level as well
as the corresponding available experimental results [36-39].
The seven transition states in Table 1 are confirmed by nor-
mal-mode analysis to have only one imaginary frequency

@ Springer

corresponding to the stretching modes of the coupling
between breaking and forming bonds. The values of those
imaginary frequencies are 698; cm™' for reaction Rla,
812i cm™! for reaction R1bl, 637i cm™! for reaction R1b2,
1,657i cm™! for reaction Rlc, 591i cm™' for reaction R2a,
773i cm ™! for reaction R2b, and 844i cm ™! for reaction R2c.
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3.2 Energetics

The reaction enthalpies at 298 K (AHYg), for reactions
R1la, R1b2, Rlc, R2a, R2b, R2c, R3a, R3b, and R3c cal-
culated at the MC-QCISD//MP2/6-31+G(d,p) level are
listed in Table 2, as well as the available experimental
reaction enthalpies [37, 38, 40, 41]. The reaction enthalpies
are single point energies which are refined at MC-QCISD
level based on the MP2/6-314-G(d,p) geometries. It is
shown that the three individual reactions R2a, R2b, and
R2c are all endothermic reaction, consistent with the dis-
cussion above of Hammond’s postulate [35]. The calcu-
lated reaction enthalpies are in good agreement with the
corresponding experimental values, which were derived
from the standard heats of formation (F, 18.96 kcal/mol
[37]; Cl, 28.97 kcal/mol [37]; Br, 26.72 kcal/mol [37];
CH;COCHj3;, —51.69 kcal/mol [40]; CH,COCHs;, —8.61 kcal/
mol [37]; HF, —65.10 kcal/mol [37]; HCl, —22.05 kcal/mol
[37]; HBr, —8.70 kcal/mol [37]; CHsCO, —-2.87 +
0.72 kcal/mol [38]; CH;COF, —106.29 £+ 0.48 kcal/mol
[41]; CH3;COBr, —46.81 + 0.72 kcal/mol [41]; CHsF,
—55.96 kcal/mol [37]; CH;Cl, —19.99 kcal/mol [37];
CH;Br, —9.08 + 0.31 kcal/mol [37]; CHjs, 34.80 kcal/mol
[37]). In the other paper [11], the rate constants of reaction
Cl + CH3COCH;3 (R3) have been calculated at BMC-
CCSD//MP2/6-314+G(d,p) level. In present work, the
reactivity trend of different halogen (F, Cl, and Br) reaction
with acetone on the rate constants will be discussed. While
the BMC-CCSD method (mlgauss2.0) did not including
basis function of Br atom, the energies cannot be calculated
using BMC-CCSD method for reaction R2. So the reaction
enthalpies for the reaction channels R1a, R1b2, Rlc, R3a,
R3b, and R3c are calculated at BMC-CCSD//MP2/

6-31+G(d,p) level. The corresponding values are also lis-
ted in the Table 2. The values calculated at various levels
agree well with each other. So the values calculated at
MC-QCISD//MP2/6-314+G(d,p) level are expected to be
reliable. Thus, in the present study, we use MC-QCISD//
MP2/6-314G(d,p) method to calculate the potential energy
barriers as well as the energies along the MEP in the
following studies.

A schematic potential energy surface of the reactions
F + CH3COCH; and Br 4+ CH3COCH; obtained at the
MC-QCISD//MP2/6-314+G(d,p) + ZPE level is described
in Fig. 2. Note that the energies of reactants are set to be
zero for reference. At MC-QCISD//MP2/6-314+G(d,p)
level, for the reaction R1bl, F is found to add to

400 31.23(33.43)
TS2¢
30.0 4 N
./ TS2b23,88(26.56)
5 2004 Ts1c15f83*‘(2\5.7312I
2 P 2 CHiCOBr + CH; 11.10(9.66)
35 100 % ______ __ CHCO + CH3Br10.50(13.09)
£ 0] FrCHCOCH; (1635) % CH,COCH, + HBr 5.64 (15.14)
< 0.0 ,
et Br + CHyCOCH; | 1ol
o ! 110-%77-,;T81a', \
N -10.0+ L (10874 32512.87),
L 200 | A 1-24.74(-16.07)
& i LISIB2\ CHLCO + CHYF -28.11(-25.81)
£ -300 i - —
T .
40,0 CRIR CRIOIR \CH,COF + CH; -39.34 (-37.88)
3617 3617 CH,COCH,; + HF -43.42(-33.92)
50.0 (3159) (3139) } —
CRTaF -51.52(-44.46)
-60.0

Fig. 2 Schematic potential energy surface for F + CH;COCHj; and
Br + CH3COCHj; reactions. Relative energies (in unit of kcal/mol)
are calculated at the MC-QCISD//MP2/6-31 + G(d,p) + ZPE level
and the MP2/6-31 + G(d,p) + ZPE level (the values in parentheses)

Table 2 The reaction enthalpies at 298 K (AHggg) (kcal/mol) for the reactions of F, Cl, and Br atoms with CH;COCHj; at the MC-QCISD//MP2/
6-31 4+ G(d,p) and BMC-CCSD//MP2/6-31 4 G(d,p) levels together with the experimental values

MC-QCISD//MP2 BMC-CCSD//MP2 Expt.
AH298
F + CH;COCH; — CH,COCH; + HF (Rla) —42.9 —40.7 —41.0
F + CH;COCH; — CH;C(O)FCH; (R1bl) -375 372
F + CH;COCH; — CH5COF + CH; (R1b) —-39.0 -37.8 —38.8 £ 0.5
F + CH;COCH; — CH;CO + CH5F (Rlc) —28.0 —26.1 —26.1 £0.7
Cl + CH;COCH; — CH,COCH; + HCI (R3a) -7.6 —-7.0 -79
Cl + CH;COCH; — CH;COCI + CH; (R3b) -0.9 -0.2 —2540.1
Cl + CH;COCH; — CH;CO + CH;5Cl (R3c) 0.1 0.8 —0.1 +£0.7
Br 4+ CH;COCH; — CH,COCH; + HBr (R2a) 6.1 7.7
Br + CH;COCH; — CH;COBr + CH; (R2b) 11.8 13.0 £ 0.7
Br 4+ CH;COCH; — CH;CO + CH;Br (R2c) 10.7 13.0 £ 0.7

Experimental value derived from the standard heats of formation: F, 18.96 kcal/mol [37]; Cl, 28.97 kcal/mol [37]; Br, 26.72 kcal/mol [37];
CH;COCHj;, —51.69 kcal/mol [40]; CH,COCHj;, —8.61 kcal/mol [37]; HF, —65.10 kcal/mol [37]; HCIl, —22.05 kcal/mol [37]; HBr,
—8.70 kcal/mol [37]; CH3CO, —2.87 % 0.72 kcal/mol [38]; CH3COF, —106.29 + 0.48 kcal/mol [41]; CH3COBr, —46.81 £ 0.72 kcal/mol
[41]; CH5F, —55.96 kcal/mol [37]; CH3Cl, —19.99 kcal/mol [37]; CH3Br, —9.08 + 0.31 kcal/mol [37]; CH3, 34.80 kcal/mol [37]

@ Springer



322

Theor Chem Acc (2011) 128:317-325

CH;COCH; forming CH3C(O)FCHj (similarity with a
reaction of acetone + OH [42]); there is a barrier of
1.47 kcal/mol with ZPE corrections. This addition path has
not been mentioned on the reference of theoretical studied
by Yuzhen L. and co-workers [8]. For the reaction R1b2,
one complex (CR1b2R) with the relative energy 36.17 kcal/
mol lower than the reactants F + CH3COCHj; is found on
the reactants side, the barrier of TS1b2 taking the value of
—24.74 kcal/mol at the MC-QCISD//MP2 level, that is
consistent with the literature reports [8]. At the same time,
for reaction Rla, the attack of F atom on the C—H bond of
CH;3;COCH; would proceed via a complex (CR1aF) on the
products side, which is 8.10 kcal/mol lower than the cor-
responding products, and a complex (CR1aR) on the reac-
tants side, which is 36.17 kcal/mol lower than the reactants.
For reaction channel Rla, at the MP2/6-314-G(d,p) level,
the barrier for TS1a is 2.87 kcal/mol. However, this barrier
is reduced significantly to be negative (—3.25 kcal/mol) at
the higher MC-QCISD level. This implies that the
H-abstraction reaction channel is actually a barrierless
process. The barrier of TS1a taking the value of —3.25 kcal/
mol at the MC-QCISD//MP2 level is about 19.1 kcal/mol
lower than that of TS1c, which indicates that H-abstraction
channel is more favorable than the CHs-abstraction chan-
nel. At the same time, reaction R1a is more exothermic than
reaction R1b by about 15.3 kcal/mol. On the basis of above
calculation, reaction Rla is more favorable than reaction
Rlc both thermodynamically and kinetically, while the
CHj;-abstraction channel may be negligible. For reaction
acetone with Br atom, the potential barrier heights are
8.66 kcal/mol for reaction R2a, 23.88 kcal/mol for reaction
R2b, and 31.23 kcal/mol for reaction R2¢ at MC-QCISD//
MP2/6-31 4+ G(d,p) + ZPE level; the former reaction path
R2a is less endothermic than the later R2b and R2c by about
5.5 and 4.9 kcal/mol, respectively, and as a result, the
reaction channel reaction R2a is more thermodynamically
and kinetically favorable than the later R2b and R2c. Thus,
we infer that reaction channel R2a is the dominant channel
for the reaction CH;COCH; + Br. H-abstraction channel
(R2a) is expected to be the major one with larger rate
constants, and the Br-displacement (R2b) and CHjz-
abstraction channel (R2c) are minor pathways.

3.3 Rate constants

Theoretical calculations rate constants of the reaction F +
CH;COCH; — CH5COCH, + HF and Br + CH3;COCH;
— products are carried out at the MC-QCISD//MP2/
6-314+-G(d,p) level. The rate constants of the individual
channel, k;, for Rla, k,, for R2a, k,, for R2b, and k,, for
R2c are evaluated by conventional transition state theory
(TST) and the ICVT in a wide temperature range from 200
to 1,500 K. Tunneling effect is included by means of the
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SCT contributions. The calculated TST, ICVT, and ICVT/
SCT rate constants of the three reaction channels for
reaction R2 are plotted against the reciprocal of tempera-
ture in Fig. 3, and also given in Table S1 as supplementary
information. The calculated TST, ICVT, and ICVT/SCT
rate constants of the reaction channels Rla are given in
Table S2 as supplementary information together with the
overall ICVT/SCT rate constants k» for reaction R2, k; for
reaction R3, and corresponding experimental value [7-10,
43-50]. The TST, ICVT, and ICVT/SCT rate constants k;;;
of the reaction channel R1bl and k;. for reaction Rlc are
given in Table S3 as supplementary information together
with the overall ICVT/SCT rate constants k;. Note that the
variational effects, i.e., the ratio between ICVT and TST
rate constants, are important in the lower temperature range
for reactions Rla and R2a. The ratios of k;,(ICVT)/
k14(TST) are 0.48, 0.40, and 0.34 at 200, 400, and 600 K,
respectively. The ratios of k,,(ICVT)/k,,(TST) are 0.21,
0.44, and 0.52 at 200, 400, and 600 K, respectively. For
reactions R2b and R2c, ICVT and TST rate constants are
nearly the same over the whole temperature range, which
indicates that the variational effects are almost negligible.
On the other hand, considering the tunneling effect of the
three reaction channels for reaction R2, 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 4.99, 3.90, and 28.5 at 200 K for R2a,
R2b, and R2c, respectively, while they are 1.22, 1.17, and
1.35 at 600 K, respectively. For reaction R1a, the tunneling
effect is small; the ratios of k; ,(ICVT/SCT)/k;,(ICVT) are
0.84, 0.76, and 0.74 at 200, 400, and 600 K, respectively.

Figure 3 shows that the rate constants of reactions R2a,
kaq, are about 3—16 and 2-21 orders of magnitude higher

1E-14§
1E-19
1E-24§
1E-29§

1E-34 ]

—x— k,(ICVT/SCT)
—o— k,(TST)

—>— k,(ICVT)
—— k,(ICVT/SCT)

1E-39

Rate constants (cm’molecule’s™)

1E-44

1 2 3 4 5
1000/T (K™)

Fig. 3 The TST, ICVT, and ICVT/SCT rate constants (in cm’mol-
ecule™! s71) calculated at the MC-QCISD//MP2/6-31 + G(d,p) level
for three reaction channels, k,, for R2a, k,; for R2b, and k. for R2c,
versus 1,000/T between 200 and 1,500 K
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than those of reaction R2b and R2c, k5, and k., from 200
to 1500 K, respectively. It can be concluded that the H-
abstraction channel from the CHj group is always abso-
lutely dominant in the temperature range 200-1,500 K, and
Br-displacement and CHj-abstraction channels from the
CH;COCH; are minor pathways. This is consistent with a
qualitative assessment based on the potential energy barrier
heights and the reaction enthalpies of these reaction
channels.

The overall theoretical ICVT/SCT rate constants k» and k3
are calculated from the sum of the corresponding individual
rate constants, i.e., ky, = kz, + kop + koe, k3 = k3, + k3 +
k3¢, which are displayed in Fig. 4 along with the theoretical
ICVT/SCT rate constants k;, and the corresponding exper-
imental data [7-10, 43-50]. The anti-Arrhenius behavior of
k;, could be clearly seen from the auxiliary small figure in
the Fig. 4. The theoretical ICVT/SCT rate constants of k; at
298 K, 2.34 x 10" cm® molecule ™! s_l, are in good
agreement with the available experimental values [43-50],
and the ratio of kjcy/scr/kexptl remains within a factor of
approximately 0.76-1.38. For Br + CH3COCH; reaction
with the theoretical ICVT/SCT rate constants of k, at 298 K,
8.39 x 1072 ¢cm® molecule ™! s7h experimental rate con-
stants was determined by King D. K. and co-worker [9] over
the temperature range 494—618 K, the value was given as
(1.05 £ 1.19) x 107> cm® molecule™' s™" at 298 K. The
value investigated is related to Br + neo-CsH;, reaction in
the temperature range 688—775 K, and the converted was
given as (4.53 + 2.84) x 107?° cm® molecule™' s™' by
Farkas E. and co-worker [10]. The theoretical ICVT/SCT
rate constants of k;, at 295 K, 1.02 x 107" ¢cm® mole-
cule™' s7!, are in good agreement with the available
experimental value (10 £ 1) x 107! ¢m® molecule™! s7!

1E-9

m
L
s

—— k,(ICVT/SCT) —0— Ref. 7 —o— Re;~ 43,44
—=—Ref. 8 —0—Ref. 49

—o— k(ICVT/SCT) oo o por 47

7 >— k(ICVT/SCT) —»— Ref. 10 —x— Ref. 45,46,48

—+— Ref. 50
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1E-17
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Rate constants (cm®molecule™s™)

1E-23

Fig. 4 The ICVT/SCT rate constants calculated at the MC-QCISD//
MP2/6-31 4+ G(d,p) level for F 4+ CH;COCH; (k;,), Br + CHj;
COCHj; (k»), and Cl + CH3COCH; (k3) (in cm® molecule™! s71)
versus 1,000/T between 200 and 1,500 K together with the corre-
sponding experimental values [7-10, 43-50]

at 295 K [7] and the result of the theoretically calculated
by Yuzhen L. and co-workers 9.8 x 107" cm® mole-
cule™ s7'at 295 K [8].

As a result of the limited experimental knowledge of the
kinetics of the title reaction, we hope that our present study
may provide useful information for further laboratory
investigations. For convenience of future experimental
measurements, three-parameter fits of the ICVT/SCT rate
constants of R1a, three reaction channels of reaction R2, and
the overall rate constants of reaction R2 in the temperature
range 200-1,500 K are performed, and the expressions are
given as follows (in unit of cm? molecule™! s71):

kio(T) =3.22 x 10715 T!31exp(1190.91/T)
kao(T) = 6.13 x 10718 T"9exp(—4624.03/7T)
kap(T) = 1.01 x 10720 T>'exp(—11306.24/T)
kyo(T) = 1.35 x 107! T3P exp(—14319.45/T)
ky(T) = 5.95 x 107" T"9exp(—4622.45/T).

3.4 Reactivity trends

The difference of the rate constants of reactions of halogen
(F, Cl, and Br) with CH3COCH; can be qualitatively
illustrated by the different energy levels of the highest
occupied molecular orbital (HOMO) of CH3;COCH; and
halogen (F, Cl, and Br). The HOMO of halogen is singly
occupied and could accept partial electron from
CH;COCHs;. The results of theoretical calculations at the
MP2/6-314+G(d,p) level show that with the increasing
periodic number, the HOMO energies of F (—0.73 hartree),
Cl (—0.50 hartree), and Br (—0.46 hartree) gradually
increase. While the HOMO energy of CH;COCH; (—0.42
hartree) is 0.31, 0.08, and 0.04 hartree higher than F, CI,
and Br ones, respectively, the LOMO energy of
CH;COCHj; is 0.07 hartree. For the three reactions, the
HOMO orbit joins the reaction of halogen, but the higher
virtual molecule orbit than LOMO joins the reaction for the
CH;COCH; molecule. As a result, the reactions of halogen
with CH3;COCHj; are exothermic once, and the value of
exothermic of the reaction F + CH3COCH; is the maxi-
mum, so the reaction rate is the fastest. This means that for
the above-mentioned three reactions, with the n increase
for the attack atoms F, Cl, Br, the reaction rate constants
decrease in the order of F + CH;COCH; > CI + CHj;.
COCH;3; > Br + CH3COCH;3. This is consistent with a
qualitative assessment based on the potential energy barrier
heights by the present work and the previous experimental
investigation [7-10, 43-50].

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 distri-
bution of the molecular electrostatic potential. There, the
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Fig. 5 The calculated electrostatic potential textured vDW surfaces
for the reactants

most 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 potential region (more red) will be more
favored for the halogen to attack at. It is found that in
molecule CH;COCH3;, the H atoms bear stronger positive
potential (red) than the C atoms of CHj groups (yellow),
indicating that the H atoms can be more easily attacked by
the halogen. Note that the halogen atom is encircled by
marked negative potential; therefore, the halogen atom is
more preferably to attack the H atom of CH3;COCH;
comparing to the CH;3 group. From these results, we could
infer that the H-abstraction reaction channel of CH;COCH;
with halogen could occur more easily than the CHjs-
abstraction reaction. This is in line with the rate constant
results calculated above.

4 Conclusions

In this paper, the reactions F + CH3;COCH; and Br +
CH;COCH; have been studied theoretically by means of
direct dynamics methods. 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 further
refined by the MC-QCISD method. Three reaction chan-
nels are identified, one for H-abstraction from the CHj
group, and the others for halogen displacement for CH; and
CHj-abstraction from the CH3;COCH; for the two reac-
tions. The results of the theoretical investigation mean that
for the three reactions, with the n increase for the attack
atoms F, Cl, Br, the reaction rate constants decrease in the
order of F 4+ CH3COCH; > Cl + CH3COCH; > Br +
CH;COCH;. For the three reactions, the calculated
potential barriers show that major pathway is H-abstraction
from the CH; group. At the MC-QCISD//MP2 level, the
calculated ICVT/SCT rate constants, k;,, k», and k3, are in
good agreement with the corresponding available temper-
ature values, we expect that the theoretical results may be

@ Springer

useful for estimating the kinetics of the reaction over a
wide temperature range where no experimental data is
available.
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