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The reaction of PP) with acetone has been studied theoretically using ab initio quantum chemistry methods
and transition state theory. The potential energy surface was calculated at the G3MP2 level using the
MP2/6-311G(d,p) optimized structures. Additionally, to ensure the accuracy of the calculations, optimizations
with either larger basis set (e.g., MP2/G3MP2Large) or higher level electron correlation [e.g., CCSD/
6-311G(d,p)] were also performed. It has been revealed that th€H;C(O)CH; reaction proceeds via two
pathways: (1) the direct hydrogen abstraction of acetone by F gives the major produtt€HEC(O)CH,;

(2) the addition of F atom to the C=0 double bond of acetone and the subsequenC®ond cleavage

gives the minor products GHt CH3;C(O)F. All other product channels are of no importance due to the
occurrence of significant barriers. Both abstraction and addition appear to be barrierless processes. Variational
transition state model and multichannel RRKM theory were employed to calculate the temperature- and
pressure-dependent rate constants and branching ratios. The predicted rate constants for the abstraction channel
and the yields of HH- CH3;C(O)CH; and CH + CH3C(O)F are both in good agreement with the experimental

data at 295 K and 700 Torr. A negative temperature dependence of the overall rate constants was predicted
at temperatures below 500 K.

|. Introduction limit of <2% was established for the yield of GH which is
. produced in another thermodynamically feasible channel:
Ketones, notably acetone, represent an important class of

oxygenated volatile organic compounds (VOCs). They are .
emitted into the atmosphere from a variety of anthropogenic F+ CHC(O)CH, = CHgF + CH,CO (Ric)

and natural sources. In addition, atmospheric oxidation of
volatile hydrocarbons constitutes a significant source of various
ketones.? Solar photolysis and reactions with radicals (e.g., OH,

Cl, F, O) play important roles in the tropospheric chemical

degradation of ketonés.

Kinetic and mechanistic information on OH, Cl, and O
|en)|(t|at(_ed oxidation of acetone has been subject to numerous F+ CH, — HF(X, v = 1—3) + CH, (R2)
perimental and theoretical studie8.Rate constants for these
reactlpns have been measured using various expenmentaIA value of 1.6 was obtained for the abstraction reaction (R1a).

techniques over a certain range of temperatures and pressure

In contrast, investigation on the reaction of F atom with acetone§JSing the well-established absolute rate constantlfor=
’ 9 (6.24- 0.94) x 1072 cm® molecule? 5719 ka = (10 + 1) x

is very scarce. In the troposphere, F-containing compounds SUChlo—ll e molecule s could be deduced & = 295 K
as hydroflyorocarbons .(HFCS).' §F§md FC.Q.can be.bom- In the consideration of atmospheric importance of the reaction
barded by intense ultraviolet or ionizing radiations, which break between F and acetone, a computational study is worthwhile

th?\ﬂn;gf?;\:l?s![?églIfret?l;l?eo;;nc?n?t%r:(sa.Stu dv reported by Nielsen not only to gain insight into the reaction mechanism but also to
and co-workers iz’2001Usin gFTIR—smg c%amber)é stem simulate its kinetic behavior over a wide range of temperatures
9 9 Y and pressures. In this work, we report the reaction mechanism

at 295 K and 700 Torr, they found that the reaction of F with . : .
P - of the F+ CH3;C(O)CH; reaction by calculating the potential
CHC(O)CHs proceeds via H-atom abstraction (R1a) and energy surface (PES) including all possible product channels.

displacement (additionelimination, R1b) mechanisms: Moreover, the ab initio data were employed to calculate the
absolute rate constants as a function of temperature and pressure.

Kinetically, there is only one relative rate measurement
reported by Smith et al. in 1977In a flowing afterglow
apparatus, the room-temperature rate constant for reaction R1a
was measured relative to thedFCH, reaction by comparing
HF infrared chemiluminescence.

F + CH,C(O)CH, — HF + CH,C(O)CH, (R1a)

F + CH.C(O)CH, — CH, + CH,C(O)F  (R1b) [I. Computational Methods
The ab initio calculations were performed using the Gauss-
(R1a) is the major channel with a yield of 92%63%, while ian03 suite of program¥.Only the potential energy surface in
(R1b) is the minor channel with a yield of 8% 1%. An upper its ground electronic state was explored in this work. Initially,

the geometries were optimized at the MP2 level using analytic
* Corresponding author. Fax: 86-27-68754067. E-mail: wangb@ 9radients with only valence orbitals active. The basis set used
chem.whu.edu.cn. in the MP2 calculations was the standard 6-311G(H,@he
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Figure 1. Schematic profiles of the most important reaction paths involved in the@H;C(O)CH; reaction. The numbers indicated correspond
to the relative energies (in kcal/mol) calculated at the G3MP2 level including ZPE corrections.

stationary points were characterized as a minimum or a transitionactivation and reaction energies reported include zero-point-

state (one imaginary frequency) by determination of harmonic energy corrections

vibrational frequencies using analytic second derivatives at the  Variational transition state theory (VTST) and multichannel

MP2/6-311G(d,p) level of theory. The zero-point energy (ZPE) Rice—RamspergerKassel-Marcus (RRKM) calculations have

was determined by using the calculated harmonic frequenciesbeen carried out for the total and individual rate constants and

scaled by 0.952 the branching ratios for various product channels. The formulas
To check the influence of basis set and higher level electron are listed in Note S1 as Supporting Information.

correlation on the MP2/6-311G(d,p) optimized geometric pa-

rameters, we performed geometric optimization with two |||. Results and Discussion
alternative methods. One is MP2 theory but with a more flexible _ _ _
basis set, namely G3MP2Larde,which corresponds to [1.1. Reaction Mechanism. Three types of mechanisms have

6-311++G(2df,2p) for [H,C,0,F]-containing system of our been revealed for the + CH3C(O)CH; reaction, namely, direct
interest. The other is coupled-cluster theory with single and hydrogen abstraction, addition/elimination, ang2Slisplace-
double excitations (CCSBA using the 6-311G(d,p) basis set. ment. For clarity, the most important paths, which involve
Both Optimizations are very time_consuming, 6] On|y the species I’elatively low bal’riers, are Schematica”y summarized in Figure
involved in the most important pathways (see Figure 1) were 1. The corresponding geometries are shown in Figure 2. The
considered. relative energies at various levels of theory are listed in Table
G3MP2 theory was employed at the MP2/6-311G(d,p) 1.Harmonic vibrational frequencies for the reactants, transition
optimized geometries to calculate relative energies. The G3MP2states, and intermediates, which will be used in the following
scheme was detailed elsewhét@nd only a brief description ~ Kinetic simulation, are summarized in Table 2.
is given here. Single-point-energy evaluations were performed Figure 3 shows the reaction paths with high barriers. The
at the QCISD(T)/6-31G(d)H,), MP2/6-31G(d) E,), and MP2/ corresponding structures and energies are given as Supporting
G3MP2Large E3) levels of theory, respectively. The combina- Information (Figure S1 and Table S1). Although all of them
tion of these three energies gives an approximation to the totalare exothermic channels, all of them are kinetically forbidden.
energy at the QCISD(T)/G3MP2Large level. The high-level These paths cannot be important under normal experimental or
correction (HLC) takes into account the remaining deficiencies atmospheric conditions and will not be discussed further. A
in the above energy calculations. TA& ¢ (in millihartrees) detailed discussion on the mechanism as shown in Figure 1 is
is —4.471n, — 4.808; for molecules and-2.021n, — 7.324y given as follows.

for atoms.n, and ng are the number ofx and g valence Il1.1.1. Abstraction ChannelDirect hydrogen abstraction
electrons, respectively, with, > ng. The spir-orbital correc- reaction proceeds via a transition state (TS1). As shown in
tion (AEsg) was made for atomic species. Finally, the G3MP2 Figure 2, TS1 is obviously an early barrier. The breaking CH
total energy was calculated as follows: bond is stretched by only about 0.04 A (ca. 3.6% of the
equilibrium CH bond). The forming HF bond is 1.407 A, which
E,(G3MP2)=E, + (E; — E,) + AE, c + AEg,+ ZPE is 0.494 A longer than that of the HF molecule. The calculated

heat of reactionta0 K (—38.3 kcal/mol) is in good agreement

Itis noted that the sum of\EnLc + AEsq) contributes—1.03 with the experimental value—38.7 kcal/mol)” Presumably,
kcal/mol to the relative energies with respect to the initial the product generated in a highly exothermic reaction via an
reactants [F+ CH3;C(O)CH]. All Hartree—Fock (HF) and post- early barrier might be internally excited. In fact, the HF
HF calculations were performed using the unrestricted meth- molecules were observed experimentally to be vibrationally
odology for both open-shell and closed-shell species. Alterna- excited even with populations inversed, thatigy,/v3 = 0.33/
tively, rather than the regular MP2, the spin-projected Mgller  0.50/0.17. According to the highest vibrational quantum number
Plesset theory through the second order (PMP2) was used in(v = 3) and the frequency of HF (4138 ci= 11.8 kcal/mol),
the calculations ofE, and E; in order to annihilate spin it was estimated that most of the available energy in the
contaminatiod® However, this alternation does not have abstraction is deposited as the vibrational energy of HF
significant impact on the calculated relative energies. The good molecules. At the MP2/6-311G(d,p) level, the barrier for TS1
performance of GAMP2 theory in the calculation of both barrier is 1.2 kcal/mol. However, TS1 lies below the reactants at the
height and heat of reaction has been outlined elsewRdre. G2MP2 level by —2.8 kcal/mol, which implies that the
our previous calibration calculation, G3 theory gives an average abstraction is actually a barrierless process. More details on the
absolute deviation of only 1.1 kcal/mol for barrier heights of a minimum energy reaction path (MERP) for the abstraction will
test set that consists of 39 well-known radical reactitnsll be given in section Il1.2.
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Figure 2. UMP2/6-311G(d,p) optimized geometries of various species involved in the most important reaction paths &f @id;E(O)CH;

reaction (corresponding to the stationary points in Figure 1). The second and third entries correspond to the optimized geometric parameters at
UMP2/G3MP2Large and CCSD/6-311G(d,p) levels of theory, respectively. In the case of TS2 and TS3, the fourth entries are optimized at the
CAS(9,7)/6-311G(d,p) level. Bond distances are in angstroms and angles are in degrees.

It is worth noting that TS1 is different from the abstraction CH3;C(O)CH; proceeds on an attractive potential energy surface
transition state for the OH CH3C(O)CH; reaction. In the latter, and is free of any barrier.
two transition states were fourtdOne is similar to TS1. The Within Cs symmetry, IM1 has two distinct structures, which
other involves a relatively strong six-membered-ring hydrogen- belong to 2A’ (IM1A) and A’ (IM1B) electronic states,
bonding complex formed between H of OH and O of carbonyl respectively. The only discernible difference between these two
(C=0) group of acetone. For the + CH3C(O)CH; reaction, structures is the length of the CO bond. T#¢ structure has
however, there is no way to form such a bond so that only one a slightly longer CO bond. It is known that such a difference
transition state was located. In addition, we did check the results from the orientation of the lone-pair electrons on oxygen
structure with “H—C—C=0" in the plane. However, sucha atom (e.g.2A’ with in-the-plane lone pair an#A"" with out-
structure involves two imaginary frequencies and thus is not a of-plane lone pair). Energetically, IM1A is more stable than
real transition state. On the other hand, as shown in Figure 2,IM1B.

a very weak interaction occurs between F and the two methyl 111.1.3. Elimination and Isomerization Channeftarting from
groups of acetone (see the structure labeled as HBC). the initial adduct IM1, the formation of CH+ CH3;C(O)F
111.1.2. Addition ChannelF atom can add to the C=0 proceeds via a simple CC bond cleavage. Transition state TS3

double bond of acetone, forming the F-substituted alkoxy radical is obviously a late barrier. The breaking CC bond is stretched
adduct (IM1, see Figure 2). The corresponding transition state to 1.930 A. The CO bond distance is reduced to 1.205 A, leading
for addition is shown as TS2. The reacting CO bond is stretchedto the carbonyl &0 bond in CHC(O)F. The barrier for TS3

to 1.238 A, while the forming CF bond is 1.863 A. By is below the F+ CH3;C(O)CHs reactants by 24.0 kcal/mol, and
comparing the geometric parameters of TS1 with those of IM1, it is the lowest decomposition barrier of IM1. It is conceivable
it is known that TS2 is an early barrier. At the MP2/6-311G(d,p) that there is a certain yield for GH- CH;C(O)F channel in
level, the barrier is 11.5 kcal/mol. However, this barrier is the F+ CH3;C(O)CH; reaction, as observed in FTHmog
reduced significantly to be negative-Q.39 kcal/mol) at the chamber experimentsQuantitative calculations of rate constant
higher G3MP2 level. This implies that the addition of F to and yield as detailed below provide numerical evidence for the
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TABLE 1: Zero-Point Energies (ZPE, in kcal/mol) and Relative Energies AE;, with ZPEs Scaled by 0.95, in kcal/mol) of
Various Species Involved in the “Important Paths” of the F + CH3C(O)CH3; Reactior?

species <@>b ZPE AE; AE; AE3 AE, AEs AEg experimental
F + CH;C(O)CHs 53.06 0 0 0 0 0 0
HBC 0.752 53.26 —-3.33 —1.59 —0.61 —1.63 —1.04 —1.59
TS1 0.771 51.05 1.24 —2.79 1.89 —2.33 1.50 —2.36
HF + CH;C(O)CH. 51.17 —32.54 —38.33 —37.56 —38.52 —31.38 —39.72 —38.7+ 29
TS2 0.920 53.88 11.53 —0.39 9.96 0.37 5.84 —0.05
IM1A (?A") 0.758 55.41 —31.10 —36.26 —33.54 —36.23 —30.51 —36.30
IM1B (?A") 0.756 55.78 —20.80 —25.04 —22.85 —25.03 —20.30 —25.07
TS3 0.851 53.45 —16.54 —24.03 —21.04 —23.98 —14.60 —24.06
CH; + CH:C(O)F 50.06 —38.49 —38.13 —41.36 —38.10 —31.75 —38.13 —37.6,—39.3
TS4 0.793 52.43 0.19 —5.28 —3.85 —5.36 3.97 —5.50
IM2 0.762 54.64 —36.61 —38.60 —41.38 —38.64 —31.03 —38.64
TS5 0.788 54.99 —2.35 —11.70 —12.30 —11.99 3.93 —12.93
IM3 0.762 56.16 —28.84 —32.77 —34.89 —32.97 —23.85 —32.80
TS6 0.914 53.68 8.46 —4.69 2.43 —3.86 5.54 —4.82
OH + CH,=CFCH; 51.28 1.13 —4.84 —2.51 —4.83 2.29 —4.89
TS7 0.956 52.24 10.88 1.11 4.84 1.31 11.13 0.95
CHz + CH,=CFOH 49.90 —9.34 —12.56 —14.55 —12.56 —4.01 —12.62
TS8 0.885 50.47 10.29 2.30 4.56 2.62 12.51 2.37
H + CH3C(O)CHF 48.91 —12.32 —11.66 —15.82 —11.30 —1.52 —11.31

aAE;, AE; AEs, AEs, AEs, and AEs represent the relative energies calculated at the MP2/6-311G(d,p), G3MP2//MP2/6-311G(d,p),
MP2/G3MP2Large, G3MP2//MP2/G3MP2Large, CCSD/6-311G(d,p), and G3MP2//CCSD/6-311G(d,p) levels of theory, respgeEtipelgtation
values of$ of the Hartree-Fock wave functions. The deviation of these values from the exact value of 0.75 for doublets reflects the extent of spin
contamination® Experimental heats of reaction were calculated using the experimental enthalpies of formation for the relevant species taken from
ref 17.

TABLE 2: Vibrational Frequencies (in cm~1) and Moments of Inertia (in amu-bohr?) Used in the Transition State Theory and
Multichannel RRKM Calculations

species la I, le 12 frequencies

CHCOCH; 179.5,211.3,368.4 11.08,10.34 79,139 377, 482,534, 804, 889, 906, 1091, 1121, 1254, 1395, 1406, 1482, 1486, 1492,
1507, 1788, 3075, 3080, 3158, 3163, 3204, 3205

HBC 294.4,997.9, 1103.3 22, 23,57, 60, 159, 380, 485, 535, 805, 887, 903, 1093, 1125, 1254, 1395, 1406, 1483,
1487, 1492, 1508, 1787, 3078, 3083, 3163, 3168, 3206, 3207

TS1 234.0, 694.7, 856.9 21.05, 3.88, 869i,39, 89, 140, 188 358, 479, 525, 799, 874, 899, 1053, 1114, 1195, 1309, 1338,

(236.9707.5871.0° 10.95,123.8 1407, 1453, 1484, 1497, 1736, 1917, 3086, 3128, 3172, 3211, 3219

TS2 338.0, 376.1, 437.2 11.27,10.93 9295, 198 223, 280, 401, 456, 533, 817, 892, 951, 1042, 1099, 1284, 1403, 1419,
1474, 1479, 1488, 1506, 1603, 1488, 1506, 1603, 3189, 3227, 3229

TS3 346.3, 380.9, 401.0 788i, 141, 231, 269, 283, 420, 525, 585, 714, 758, 802, 978, 1021, 1140, 1177, 1408,
1450, 1467, 1498, 1501, 1714, 3103, 3139, 3200, 3230, 3312, 3323

TS4 305.6, 349.1, 404.9 2345i, 254, 317, 361, 397, 475, 527, 683, 871, 900, 960, 994, 1033, 1166, 1177, 1265,
1329, 1434, 1446, 1503, 1508, 2115, 3094, 3170, 3191, 3199, 3300

IM2 346.3, 357.0, 365.8 185, 249, 322, 366, 415, 441, 497, 550, 591, 813, 919, 982, 1005, 1126, 1235, 1285,
1385, 1435, 1477, 1503, 1510, 3096, 3197, 3204, 3216, 3344, 3869

TS5 305.8, 406.4, 465.4 464i, 126, 159, 360, 415, 471, 495, 573, 681, 829, 900, 1014, 1053, 1063, 1249, 1407,
1464, 1486, 1504, 1507, 1746, 3098, 3191, 3225, 3238, 3362, 3851

IM3 247.3,468.1,593.4 89, 150, 204, 370, 379, 429, 588, 824, 983, 987, 1030, 1062, 1181, 1274, 1381, 1399,
1441, 1464, 1491, 1516, 1523, 3052, 3086, 3141, 3168, 3186, 3886

TS6 346.1, 398.3, 436.8 636i, 184, 197, 237, 287, 397, 455, 491, 749, 795, 872, 898, 986, 1039, 1072, 1338,
1419, 1459, 1489, 1505, 1720, 3102, 3196, 3226, 3234, 3354, 3849

TS7 350.4, 408.0, 414.4 973i, 131, 147, 239, 250, 448, 474, 538, 609, 630, 642, 729, 914, 980, 991, 1208, 1407,
1448, 1455, 1457, 1625, 3127, 3236, 3297, 3303, 3352, 3904

TS8 220.9, 459.5, 649.7 2913i, 114, 147, 229, 265, 405, 491, 527, 779, 839, 881, 1018, 1125, 1133, 1275, 1305,

1402, 1417, 1473, 1487, 1492, 1864, 3028, 3071, 3155, 3161, 3220

aMoments of inertia for free rotoré.Moments of inertia extrapolated from the G2MP2 minimum energy reaction path (see text and Figure 4
for details). These three values were used in the TST calculatfénepresents imaginary frequency.

experimental observation. Moreover, the calculated heat of Subsequent unimolecular reactions of IM2 were investigated
reaction & 0 K (—38.1 kcal/mol) is in agreement with the  for completeness. Interestingly, the three-center F-migration path
expenr??ental value (in the range ©87.5 and—39.3 kcal/mol) involves the lowest barrier{11.7 kcal/mol), leading to another
as well: . o . . intermediate, IM3. The other two reactions are simple bond
IM1 undergoes isomerization via a 1,3-H shift transition state fjsgjon processes, forming fluorinated alkene molecules. While
TS4, V‘.”th one of the hydr_ogen atoms of the met_hyl group I y,q energy of TS6 is 4.7 kcal/mol lower than that of the
IM1 migrating to the terminal oxygen atom. The isomer IM2 eactants, the energy of TS7 is slightly higher than that of the

can be seen as a substituted methyl radical. Its energy is clos . . . S
to that of IM1. The isomerization barrier for TS4 lies 5.3 kcal/ éactants. The intermediate IM3 is stable both kinetically and

mol below the reactants, which is 18.8 kcal/mol higher than thermodynamically. The cleavage of OH bond to form fluoro-
that for TS3. Such a big difference in barriers indicates that the acetone involves the lowest barrier (TS8). However, the energy
isomerization is only a minor channel in comparison with the of TS8 is already 2.3 kcal/mol higher than that of the reactants.
CC bond fission decomposition. Experimentally, no fluoroacetone has ever been obsetrved.
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Figure 3. Potential energy profiles for high energy reaction channels ih EH;C(O)CH; reaction. The numbers correspond to the G3MP2
relative energies (in kcal/mol) with respect to the reactants. Note that this figure together with Figure 1 gives the complete reaction mechanism
investigated in this study for the + CH;C(O)CH; reaction.

111.1.4. Basis Set and Electron Correlation Dependenks. Among the six levels of theory in Table 1, the G3MP2 calculated
can be seen in Figure 2, the MP2/G3MP2Large optimized heats of reaction show the best agreement with the experimental
structural parameters show some differences from those of thevalues. Together with our previous calibration calculations for
MP2/6-311G(d,p) values, especially for the transition states. the barrier heightS the calculated potential energy surface in
Overall, only the reacting bonds are affected by the larger basisthis paper should be quantitatively good enough to be employed
set. For instance, it appears that the MP2/G3MP2Large opti- in the following kinetic simulation.
mization leads to either the slightly longer breaking bonds in 112, Kinetic Simulation. Principally, the kinetic calculation
TS1(F--H) and TS2(C:+F) or the slightly shorter €:C bonds s straightforward using transition state theory (TST) and
(TS3, TS7). More significantly, the reacting FHC angle in TS1 multichannel RRKM theory on the basis of ab initio energetics,
is enlarged to 1709in comparison with 1628 As can be seen  frequencies, and moments of inertia. In fact, these methods have
in Table 1, the relative energies obtained at the MP2/6-311G(d,p) been successfully used to deal with many complex-forming
and the MP2/G3MP2Large levels have significant differences. bimolecular reaction¥ However, for the F+ CHsC(O)CHs
However, almost identical energies are obtained at the G3MP2reaction of interest, such a calculation might not be so
level with the geometries at both levels. straightforward because both the abstraction path and the

A similar trend has been found for the CCSD/6-311G(d.p) entrance of the addition reaction are essentially barrierless. A
optimized structural parameters. For the stable minima (reac- variational treatment is required for such processes.
tants, intermediates, and products), the geometries have only a Thus intrinsic reaction coordinate (IR€)alculations were
little change. For the transition states, it appears that the breakingfirst performed for the abstraction path at the MP2/6-311G(d,p)
bonds become slightly longer, which means that the transition level. Vibrational frequencies and moments of inertia were also
states tend to be more reactant-like. For example, the reactingobtained for each point along the IRC path at the same level of
F---H (TS1), C--F (TS2), C--C (TS3), G--H (TS4), C--F theory with one imaginary frequency projected out. As shown
(TS5), G+-O (TS6), C:+C (TS7), and ©H (TS8) bonds are  in Table 1, the MP2/6-311G(d,p) energies are not accurate
elongated further by 0.650.1 A systematically with respectto  enough for kinetic analysis. Therefore, the energy of each point
the MP2/6-311G(d,p) optimized data. The relative energies atwas calculated at the G3MP2 level (excluding ZPE). Profiles
the CCSD/6-311G(d,p) level are also quite different from those of the relative energies are shown in Figure 4. Obviously, the
at the MP2/6-311G(d,p) level, as shown in Table 1. However, G3MP2 profile is significantly different from the MP2/
the G3MP2 calculations at the CCSD/6-311G(d,p) geometries 6-311G(d,p) profile. While the latter has a maximunE(=
give relative energies nearly identical with those at the MP2/ 3.2 kcal/mol) ats = 0, the maximum point along the former
6-311G(d,p) geometries. moves back to the reactant sidesat —0.5 with a value of

Therefore, it is concluded that the G3MP2 calculations on AE = 0.29 kcal/mol. The rate constank$T,s), were calculated
the relative energies are not sensitive to the geometries usedat each point along the G3MP2 profile and then were minimized
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Figure 4. Calculated minimum energy reaction path for direct hydrogen abstraction g€@HCH; by F atom at MP2/6-311G(d,p) (triangles)
and G3MP2 (circles) levels, respectively. TKeaxis represents reaction coordinatgsin units of amubohr2. The Y-axis shows the relative
energy to the reactants (F CH;COCH;). The maximum of the MP2/6-311G(d,p) profile isst= 0, which corresponds to transition state TS1.
The maximum of the G3MP2 profile occurs betwees —0.5 ands = —0.6.

with respect tos to obtaink(T) variationally. It turns out that ~ other product channels including the deactivation of various
the minimum ofk(T,s) always locates at the reactant side, intermediates are negligible. The experimental rate constant at
namely,s < —1.0 with a relative energy ohE < 0.082 kcal/ 295 K for the abstraction channel kgps= (10 £ 1) x 1071
mol, over a temperature range of 202000 K. This implies cm® molecule! s1. The calculated value of 9.8 101 cm?®
that the variational effect is nearly constant and the contribution molecule? s71 is in good agreement with the experimental
of the potential energy AE) to k(T) is negligible since value. Moreover, the calculated yield of abstraction channel,
exp(—AE/RT) ~ 1. Therefore, a “loose” transition state model ®[HF+CH3;C(O)CH,] = 0.93, is also in good agreement with
was assumed for the abstraction for simplicity. The barrier height the experimental value (0.9Z 0.03). The production of
was set to be zero, and the frequencies are the same as those &@Hs + CH3;C(O)F is always a minor channel. Its yield was
acetone. To account for the transitional vibrational modes, four estimated to be 0.069 at 295 K, which is in agreement with the
free one-dimensional internal rotors were used. The reducedexperimental value (0.0& 0.01). More experimental data are
moments of inertia (equal to the nonzero eigenvalues of the required to validate the present theoretical results.
kinetic energy matrix) were obtained using Schlegel’s me#od. As shown in Figure 5, the rate constants show a weak
It should be noted that, among four internal rotors, two are for negative temperature dependence below the temperature of 500
transitional modes between F and acetone and the other twoK. This prediction needs to be validated by new experimental
are for CH internal rotation. Although one GHmight be data in the high-temperature region. It is worth noting that the
perturbed by an F atom during abstraction, the interaction negative temperature dependence has been observed for the
between F and CHlis so weak that Ckicould rotate freely. analogous reaction between OH and acetone at temperatures
Therefore, the free-rotor approximation should be reasonable.below 300 K# For convenience, the calculated rate constants
In addition, two free internal rotors (i.e., two Glbtors) were have been fitted by the following empirical expressiéh=
also considered for acetone. The electronic partition function 700 Torr, T = 200—-2000 K):
of F atom was calculated bQJF(?P)] = 4 + 2 exp(~581/T).
A statistical factor of 6 was used to account for the degeneracy Ko = (142 0.2)é557:t7)fl' +(12.24 0‘3)e—(63&t5)l'|'
of abstraction. ot
RRKM theory was employed for the addition path. Two free (in units of 10 cm® moleculé™ s™)
internal rotors were considered for TS2 by taking into account
the nearly free rotations of two methyl groups. The remaining  Only the addition/elimination channels are relevant to pres-
transition states (TS3TS8) are all tight transition states, and sure. At the high-pressure limit, the collisional deactivation of
thus the RRHO (rigid-rotor harmonic oscillator) approximation the initial adduct (IM1) will take over the decomposition.
was used for all normal modes. All product channels shown in Because the addition is always a minor channel, the pressure
Figure 1 were considered in the multichannel RRKM program. dependence of the rate constants was not investigated. It is worth
The details for the RRKM calculation are shown in the noting thatP = 700 Torr is in the falloff region.
Supporting Information (Note S1). All the data required in the  While it is confirmed that the reaction of F with acetone
kinetic calculation are summarized in Table 2. proceeds always via the major abstraction channel, the contribu-
The rate constants were calculatedPat 700 Torr andl = tion from the addition/elimination process giving gtand
2002000 K. The rate constants and thus branching ratios for CH3C(O)F is small but discernible (c&.5%). Moreover, this
H abstraction and formation of GH+ CH3C(O)F of most displacement mechanism might play a significant role especially
concern are shown in Figure 5. The numerical results are givenat lower temperatures. For instance, the yield of3CH
in Table S2 as Supporting Information. It is noted that all the CHzC(O)F is as large as 18.4% at 200 K, which indicates that
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Figure 5. Calculated rate constants (I&ftaxis) and yields of HF+ CH;C(O)CH, and CH + CHzC(O)F (rightY-axis) atP = 700 Torr of helium.

Solid line, ki total rate constants. Dashed lid@r crycio)cn: rate constants for the HF CH;C(O)CH, channel. Dotted linekch,+chsco)e rate
constants for the C¥H+ CH;C(O)F channel. Detdashed line,®urichco)cry: Yield of the HF+ CH;C(O)CH, channel. Dot-dot—dashed line,
Dchsrerco)E Yield of the CH + CH3C(O)F channel. The open triangle is the experimental rate constant for the abstraction path at 295 K reported
in ref 8. The filled circles represent the experimental yields of-HEH;C(O)CH, and CH + CH;C(O)F in ref 7.

the production of Chl+ CH3;C(O)F could be important under  coincidence. More definitive computational work is needed to
atmospheric conditions. perform the first-principles kinetics of the present reaction.
II1.3. Error Analysis. The possible errors in the present

L L o . IV. Conclusions
kinetic prediction lie in two aspects. First, the calculated o ) )
potential barriers might be inaccurate from using a single- Ab initio calculation has been performed for the reaction of

reference Hamilton for the open-shell system. The G3 serials F atom with acetone. Both hydrogen abstraction and addition/
of theory have an average uncertainty of around 1.0 kcal/mol elimination mechamsms.were revea!ed. The major channel gives
for enthalpies of formation (for radical species, the uncertainty HF and CHC(O)CH via abstraction. The minor channel

is slightly larger)® For a transition state, it has been shown Proceeds via the addition of F atom to the double bond of
that the average uncertainty is around 1.1 kcal/mol with acetone forming a fluorinated alkoxy radical intermediate. The

maximum errors ranging from2.7 to+3.5 kcal/mol in atest ~ Subsequent decomposition gives £&hd CHC(O)F via CC

set of 39 well-known radical reactioR%.As for the F + bond cleavage. It was confirmed that both abstraction and
CHsC(O)CH; reaction, fortunately, the barriers involved in the addition steps are essentially barrierless. All other channels are
most important reaction paths are well separated. As can be®f N0 importance. _ .
seen from Figure 1, the huge barrier difference between TS3 Kinetics analysis has also been done on the basis of ab initio

and TS4 unambiguously leads to the conclusion that the data. A loose transition state approximation together with
formation of CH + CHsC(O)F via TS3 is the dominant product multichannel RRKM theory gives reasonable rate constants and
channel. thus branching ratios for the  CH3;C(O)CH; reaction. The

Itis noted that two key transition states, TS2 and TS3, involve Calculated rate constant for abstraction is in good agreement
serve spin contaminations, as indicated by the expectation valuegVith the experimental value. The theoretical yields of HF
of & in Table 1. The multiconfigurational SCF calculatign ~ CHC(O)CH and CH + CHC(O)F also support recent
was performed for both species using an active space indudingexpenmental observatlo_n. It is predicted that the overall rate
nine electrons in seven orbitals, i.e., CAS(9,7), with the constants have a negative temperature dependence at temper-
6-311G(d,p) basis set. It turns out the contribution from the HF atures below 500 K.
determinant is dominant with coefficients greater than 0.95 (e.g., Acknowledgment. This work was supported by A Founda-
0.956 and 0.969 for TS2 and TS3, respectively). The optimized tion for the Author of National Excellent Doctoral Dissertation
geometric structures are shown in Figure 2. It is evident that of the People’s Republic of China (FANEDD, 200224).
the CAS(9,7) parameters are in agreement with the MP2 and . . . .
CCSD results. Supporting Information Available: Figure S1 shows the

Second, the treatment for the reaction entrance might be tooStructures of species involved in Figure 3. Table Sl_gives the
crude. Both abstraction and addition pathways are governed b PEs, MP2/6-311G(d,p), and G3MP2 relative energies of the

the multidimensional entrance potential surface. Such a surfaceSPeCies involved in Figure 3. Table S2 summarizes the calculated
rate constants for various product channels. Note S1 gives the

should be highly attractive and is dominated by the long-range
gn'y y 9 g details of the multichannel RRKM calculation. This material is

interaction between F atom and acetone. A “loose transition lable f f ch i th htto://oub
state” treatment is only for the purpose of simplicity. Evidently 2vailable free of charge via the Internet at http://pubs.acs.org.

it cannot give a quantitative description of the entrance surface. References and Notes
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