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A direct ab initio dynamics study on the gas-phase reactions of atomic hydrogen with different fluoromethanes
has been carried out. The thermal rate constants were calculated using canonical variational transition state
(CVT) theory augmented by multidimensional semiclassical zero and small curvature tunneling approximations.
The potential energy surfaces for the reactions were calculated using hybrid density functional theory, namely,
Becke’s half-and-half (BH) nonlocal exchange and thet¥ang—Parr (LYP) nonlocal correlation functionals

using the cc-pVDZ basis set. The reaction energies and barrier heights were improved by single-point energy
calculations along the minimum energy path (MEP) at the spin-projected fourth order VRlésset
perturbation theory (PMP4) using the cc-pVTZ basis set. The calculated forward and reverse thermal rate
constants are in the good agreement with the experimental data. The electronic effects of fluorine substitution
on the rate of this class of reactions are examined.

Introduction the H abstraction reaction channel (£kF«x +H < CHa_F

Halons (chlorofluorobromocarbons) have been widely used T Hz: X =1, 2, or 3), at a fairly accurate level of calculation.
as a chemical fire extinguisher in ships, aircraft, and computer To examine the electrpnlc effect of fluorine substitution and
rooms; however, their production and use are banned worldwide for the sake of comparison, we have also presented results for
because of their destructive effects on stratospheric ozone. It isthe H abstraction reaction of methane 0) at the same level
understood that the ozone depletion potential of halons is causef theory.
by bromine. As an alternative to halons, hydrofluorocarbons  To date, unlike the H- CH, reaction, only a limited number
(HFC) have been proposed as fire suppressants. These comof experimental measurements of the thermal rate constants are
pounds contain no chlorine or bromine, and fluorine is believed available for H abstraction reactions of fluoromethanes. How-
to be relatively innocuous in its effect on the ozone layer.  ever, for purpose of comparison in this study we use several
Among the hydrocarbons, fluorinated methanes are consideredsets of experimental data available in the literature at different
to be safe alternative potential candidates as flame supprestemperatures for these four reactién¥} Several previous
sants3# Accurate kinetic data for the reactions of hydrogen group$®22have looked at the equilibrium structures, but only
atoms with fluorinated methanes are needed to assess thd3erry et al® have studied the kinetics of the-H CHs—Fx (x =
mechanism and effectiveness for their use as alternative flame0—3) reactions using conventional transition state theory (TST).
suppressants and to model the combustion chemistry of fluori- Recently, Hranisavljevic and Michd@lhave also studied the
nated hydrocarbons. The reliability of computational kinetic reaction CHg + H < CFz + Hp, theoretically also employing
modeling is critically dependent on the accuracy of estimated TST with one-dimensional Eckart tunneling corrections. It is
rate constants for the different channels of the reactions known that tunneling contributions in hydrogen abstraction
involving these species under combustion temperatures. Un-reactions are significant. Thus, one-dimensional tunneling
fortunately, the required kinetic data are often unavailable or models associated with the TST framework may not be
else have been obtained at only a few temperatures. sufficient. Variational transition state theéfyprovides a

Recent work has indicated that the abstraction of hydrogen framework for more accurate tunneling treatments. Since an
atoms from fluoromethanes by H atoms is one of the major analytical potential energy function for these reactions is not
destruction pathways in a flame, and therefore, a basic under-available, the conventional approach of reactive dynamic
standing of this process may help in designing more effective calculations is not viablé? Direct dynamics approach provides
fire suppression agents. Three different pathways for the reactiona viable alternative for using the more extensive variational
of H atoms with CHF, CH,F», and CHR have been discussed transition state theory and tunneling methods to obtain accurate
in the literature because of their exothermicities: abstraction thermal rate constanté?® In this approach, all potential
of H (CHsFx + H < CHs_4Fx + H,), abstraction of F information required for evaluating dynamic properties are
(CHa—xFx + H <> CHs—F—1 + HF), and substitution (CHxFx obtained directly from ab initio electronic structure calculations
+ H < CHs_,F«_1 + F). It has also been shown in the literature, rather than from empirical analytical force fields.
based on ab initio molecular electronic structure calculations In the present study, we employ the direct ab initio
at various levels of theory, that the reactions of F abstraction dynamicg6-3° method developed in our laboratory to obtain
or substitution have much higher barriers compared to the H thermal rate constants for H abstraction reactions and look into
abstraction reaction channel, thus making those two channelsthe substitution effects of fluorine on the rate of H atom transfer
minor3 For this reason, in our present study, we focus only on reaction.
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Theory P(E) = 1

I. Variational Transition State Theory. The variational {1+ O}
transition state rate constants for a gas-phase bimolecular
reaction is determined by varying the location of the dividing Where6(E) is the imaginary action integral evaluated along the
surface along a reference path to minimize the rate, thus keepingtunneling path,
a possibility to minimize the error due to “recrossing” trajec-
tories?*2 In the present study, the reference path is the 0(E) _2n L/‘S' \/2/4eff(s)|E_Va(S)|dS (6)
minimum energy path (MEP) which is defined as the steepest hJs
descent path from the saddle point to both the reactant and ) i _ )
product sides in the mass weighted Cartesian coordinate system@nd where the integration limitsy and s, are the reaction
The reaction coordinats,is defined as the distance along the coordinate turning points. The reaction-path curvature effect on
MEP with the origin located at the saddle point and is positive the tunneling probability is included in the effective reduced
on the product side and negative on the reactant side. ForMasStes. Thus, the ZCT transmission coefficients are obtained
canonical ensemble at a given temperatlifehe canonical Y Settinguer equal tou in the above equation. The detailed

variational theory (CVT) thermal rate constant is given by dlescrirp])tiogls gln the VTST and tunneling methods are presented
elsewherél~

(5)

CVT _ H GT
k(TS = min{k™ (T, S} @ Computational Details
where It has been shown_ earlier that the combination of Bgcke’s
half-and-half (BH) with Lee-Yang—Parr (LYP) correlation
KeT QGT(TS) functionals can be used cost effectively to calculate the
KET(T,9) = { o—a— X N1~ Vier(S)/keT (2) geometries and Hessians along the MEP particularly for open-
h  oRm shell systemd830:36 |n our present study, we have adopted

BHLYP method as implemented in the GAUSSIAN progfam

In these equation&®T (T,s) is the generalized transition state  to determine structure and Hessian information using the cc-
theory rate constant at the dividing surface which intersects the pvDZ basis set. To investigate the effects of the basis set on
MEP atsand is orthogonal to the MEP at the intersection point. the calculated geometry, the cc-pVTZ basis set was also
QST is the internal partition function of the generalized transition employed. It has been observed that the DFT energies are not
state with the local zero of energy ®ep(s), which is the  always sufficiently accurate for rate calculations. To obtain more
classical potential energy along the minimum energy path s with accurate information on energy, spin-projected fourth-order
its zero of energy at the reactan@®? is the reactant partition  Moller—Plesset perturbation theory (PMP4) calculations are
function per unit volume for bimolecular reactions.is the performed using a larger cc-pVTZ basis set. The minimum
symmetry factor accounting for the possibility of more than one energy path (MEP) calculations are done in the mass weighted
symmetry related reaction path and can be calculated as theCartesian coordinate with the sufficiently small step size of 0.01
ratio of the product of the reactant rotational symmetry numbers amw/2 bohr for a total of 200 steps using the Gonzal&zhlegel
to that of the transition statég is Boltzman’s constant anll method3® This step size is found to be sufficient for the
is Plank’s constant. Both th@®T and ®R are approximated as  convergence of the variational rate constant as mentioned in
products of electronic, rotational, and vibrational partition our previous S'[Ud% For rate calculations, 21 Hessian grid
functions. For®R, the relative translational partition function points along the MEP were selected using the automated
is also included. Translational and rotational partition functions focusing technique. This technique uses a combination of the
were evaluated classically, whereas, the vibrational partition barrier shape, and the second derivatives of Famatrix
functions were calculated quantum mechanically within the geometrical parameters to predict the regions along the MEP
harmonic approximation for the present studies. To include the that are sensitive in rate determinat®nTo improve the
quantal effects for motion along the reaction coordinate, CVT energetic information along MEP, single-point PMP4/cc-pVTZ
rate constants are multiplied by a transmission coefficient, calculations at six different selected points along MEP were

(T); thus, the final rate constant is given by performed. These points were generated by an automated
method as implemented in our program, TheR&aiEhe PMP4
k(T) = K(T)kCVT(T) 3) potential energy curve along the entire MEP is calculated by
adding the corrections to the DFT potential energy curve. The
Il. Multidimensional Semiclassical Tunneling Methods. location of the maximum on this improved potentia| energy

The effective potential for tunneling is approximated as the curve is shifted slightly from the saddle point calculated from
vibrationally adiabatic ground-state potential, which has the form the BHLYP method. Thus for rate calculations, the origin of
the reaction coordinate is readjusted to zero in the present
variational transition state rate calculations, so that the proper
variational effects are reflected.

3N—-7
VE(S) = Vyepl®) + o (4)

The transmission coefficients are calculated with multidimen- Results and Discussion

sional semiclassical zero and small curvature tunneling |. Stationary Points. Table 1 lists the computed and
method<>32-35 denoted as ZCT and SCT, respectively. The experimental geometrical parameters of the species at their
SCT transmission coefficients, which include the reaction path equilibrium positions. For most species, the geometrical pa-
curvature effect on the transmission probability, are based onrameters calculated at cc-pVDZ basis set are found to be
the centrifugal-dominant small-curvature semiclassical adiabatic reasonably close to those calculated at the larger cc-pVTZ basis
ground-state approximation. In particular, the transmission set. Furthermore, except fobHBHLYP/cc-pVDZ results agree
probability at energye, P(E) is given by better with the available experimental data. In particular, for
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TABLE 1: Calculated and Experimental Geometrical
Parameters (Distances in angstroms and Angles in degrees)

of Stable Structures
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set, respectively. The -©€F bond distances computed at two
different basis sets are pretty close and are lower than the

available experimental data by about 0.02 A. The computed

geometrical ~ BHLYP/ BHLYP/ bond angles are seen to be practically same at two different
parameters  cc-pvVDZ  cc-pVTZ exptl basis sets and are very close to the experimental available data.
H—H I'HH 0.754 0.737 0.741 On the basis of these results, we have chosen the cc-pVDZ basis
(CDH3) EﬂCH 12%-%83 12%-%71 12%-%79 set for calculations of structure and Hessian information along
C|_3|2 fon 1.002 1081 1091 the MEP fo_r rate calculgtlons later. -
(Ca) OHCH 109.5 109.5 109.5 Table 2 lists geometrical parameters of the transition state
CHzF rcr 1.33 1.325 structures for the four H abstraction reactions calculated with
(G Ich 1.084 1.072 the BHLYP method using two different basis sets. Similar to
TD(EEEH) i%‘z‘:g iéi:g the H+ CH, reaction, the Ht+ HCF3_reaction also has @3,
CHsF Fen 1.094 1.082 1.095 transition state. The_c_;ther two reactlons,+I—CI—_|2_F2 and H+
©5,) rer 1.37 1.367 1.391 CHsF, haveC; transition states. These transition states were
OHCH 109.5 109.7 109.5 confirmed with normal-mode analysis to have only one imagi-
OFCH 109.4 109.4 nary frequency whose eigenvector corresponds to the direction
(CC"S')FZ ;z: i:g% i:gzg of thg _reaction. The computed g_eometrical parameters for the
CECH 114.2 114.4 transition states for all four reactions at both cc-pVDZ and cc-
7(FCHF) 129.7 130.0 pVTZ basis sets yield small differences. The maximum differ-
CHaF» Ion 1.093 1.082 1.092 ence in the H-H'"" bond distance is 0.005 A in Bg:+-H'--
(CY Icr 1.345 1.341 1.358 H"". The maximum difference in the-€H’ bond is 0.026 A in
OHCH 1117 111.9 1119 FsC---H'---H"". The difference in computed bond angle for
OFCH 109.3 109.3 108.3 o . . ) 9
CF: fer 1.309 1.303 1.33 OH'H"C at two different basis sets is seen to be within°0.8
(CY OFCF 111.3 111.4 112.0 One can easily notice that the active coordinates in these
7(FCFF) 124.8 125.1 reactions, namely, the-€H' bond distancer¢y) and H—H"
?CH';s ;CH i'ggs 1'235 11-%%51 distance (1) are similar for reactions that the same symmetry.
v, F . . . - . .
3 DCHCF 1105 1105 1095 Our present results are consistent with previous MP2/6-31G(d)

data from Berry et al.Table 3 lists BHLYP/cc-pVDZ frequen-

H,, BHLYP bond distance at cc-pVDZ basis set is predicted to
be 0.013 A longer than the experimental 8hwhile it is 0.004
A shorter at the cc-pVTZ basis set. For-@& bond, the largest

cies and available experimental data at stationary states. For
H,, the computed frequency is about 2% larger than the
experimental value. For the rest of the systems the computed

errors are 0.004 and 0.01 A for the cc-pVDZ and cc-pVTZ basis frequencies are-46% larger than the experimental dafa.

TABLE 2: A Comparison of the Calculated Geometrical Parameters (Distances in angstroms and Angles in degrees) of the

Transition States for the Selected Hydrogen Abstraction Reactioris

geometrical H3C:+-H'+-H" FHC-+-H'++-H" FoHC-H'-+-H" FsCeeeH'---H"
level/basis set parameters (Csy) (Cy) (Cy) (Ca)
BHLYP/cc-pVDZ (e 0.896 (0.878) 0.931 0.932 (0.901) 0.897 (0.879)
Few 1.415 (1.424) 1.369 1.365 (1.395) 1.412 (1.423)
rcH 1.087 1.091 1.093
rce 1.344 1.327 1.312
OH'H"C 180.0 177.3 176.1 180.0
OHCH' 103.1 104.4 108.7
OFCH 107.4 106.9 108.7
BHLYP/cc-pVTZ (g 0.897 0.926 0.928 0.895
rew 1.384 1.349 1.345 1.386
rcH 1.076 1.079 1.082
rcr 1.341 1.322 1.309
OH'H"C 180.0 176.5 175.4 180.0
OHCH' 103.4 104.9 106.8
OFCH 118.9 109.2 108.7
aValues in parentheses are MP2/6-31G(d) data taken from ref 5.
TABLE 3: Calculated and Experimental Frequencies (cnt?) at the Stationary Points
BHLYP/cc-pVDZ exptl
H, 4480 4401
CHs 3386,3190,1424,457 3184,3002,1383,580
CH, 3238,3112,1583,1361 3018,2917,1534,1306
H3C-++H-+-H (TS) 3318,3156,1933,1450, 1127,1082,540, 1307i
CHF 3380,3219,1505,1329, 1202,612
CHsF 3210,3121,1531,1520, 1226,1133 3006,2965,1467, 1464,1182,1049

FH,C-++H-+H (TS)
CHFR,

CHF,
FoHC++H-++H (TS)
Ch

CHFs

FsC+--H-+-H (TS)

3278,3161,1697,1512, 1258,1241,1190,1110, 532,297,1494i
3223,1400,1252,1232, 1031,570

3220,3151,1572,1523, 1320,1212,1191,1178, 546
3194,1688,1426,1276, 1241,1200,1185,1099, 566,352, 279,1533i
1351,1143,723,528

3244,1456,1244,1193, 726, 528

1897,1343,1131,1073,705, 531,267,1417i

3013,2949,1508, 1435,1262,1176, 1116,1090

1259,1090,701,500
3035,1376,1152, 1137,700, 508
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Figure 1. (a) Selected geometrical profiles along the BHLYP/cc-pVDZ minimum energy path for thefGi#i<— CH; + H; reaction plotted vs
the reaction coordinate s in the mass weighted coordinates. (b) Same types of geometrical profiles as those in a ferithd €HCH.F + H,
reaction. (c) Same types of geometrical profiles as those in a for th&,CHH < CHF, + H; reaction. (d) Same types of geometrical profiles
as those in a for the CHFH H < CF; + H, reaction.

The reaction energies and barrier heights for all the four H ABLE 4: Calculated PMP4 Reaction EnergiesAE,
abstraction reactions computed at MP4 and PMP4 levels arereaction Enthalpies at 298 KAH®, Classical Barrier Heights
listed in Table 4. Differences in the energies computed at MP4 AV*, and Zero-Point Energy Corrected Barrier Heights
and PMP4 level indicate the effects of the spin contamination. AVS'* (kcal/mol) for the Selected Hydrogen Abstraction
The largest error due to spin contamination in the reaction Reactions

energies is about 0.7 kcal/mol for the-HCHj, reaction. Spin CHAH—  CHsF+H— CH,F;tH— CHFs+H —
contamination is more severe in the transition state regions. As CHz+H, CHoF + H, CHFR+ H; CRs+H;

a result, the differences in the MP4 and PMP4 results for the g 3.10 (3.83) —0.87 (-0.18) —0.48 (-0.05) 4.61 (4.94)
barrier heights are much larger. Consequently, PMP4 barriersaHe  1.99 ~1.66 -0.88 51

are generally about 2 kcal/mol lower than the MP4 values. Zero- exptl  0.5% -3.7+2 —1.10+0.9 0.1

point energy corrections were found to lower these barriers by AV?  14.58 (16.48) 12.61 (14.59) 12.58 (14.57) 15.50 (17.50)
the order of 2 kcal/mol in these reactions. It is interesting to AVg* 1290 10.72 10.45 13.31

point out that reactions with the same symmetry not only have 14.64 12.87 12.58 1512

similar transition state structures but also similar barrier heights.  2Values in parentheses are from MP4 calculatidrExperimental
And the higher symmetry reactions, i.e.,-HCH,; and H+ value_s derived from heats of formation taken from CRC Handbook of
HCFs, have larger barriers by about 2 kcal/mol. No trend with f’hysms and Chemisyy9th ed.; CRC Press: Boca Raton, FL, 1998.
respect to the number of F substituent is observed. Similar Values in this row are taken from ref 5.

observations were also reported by Berry et @hough the combinations of differences in geometry, in the treatment of
barriers calculated by Berry et al. are about 2 kcal/mol too large electron correlation and spin contamination between G2 and
compared to our results, these differences could result from our procedure, PMP4/cc-pVTZ//BHLYP/cc-pVDZ. Finally, the
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Figure 2. (a) The classical potential enertyyer(s) (solid line) and the vibrationally ground-state adiabatic potential en\i‘f@) (dashed line)
curves along the BHLYP/cc-pVDZ minimum energy path for the,GHH < CH; + H, reaction plotted vs the reaction coordinat€b) Same
types of curves as those in a for the §fH H < CH,F + H, reaction. (c) Same types of curves as those in a for thee€H H < CHF, + H>
reaction. (d) Same types of curves as those in a for thesGHR < CF; + H; reaction.

calculated reaction enthalpies at 298 K are in reasonable DJCH'H" angle remains equal to 180.@long the reaction
agreement with the experimental data derived from the heatscoordinate to preserve the symmetry. Figures Qalepict the
of formation except for the reaction enthalpy derived from the classical potential energy (solid line) and vibrationally adiabatic
H + CHF; reaction where we predicted it to be 4.51 kcal/mol ground state potential energy (dotted line) curve along the MEP
endothermic while experimentally it is nearly thermal neutral. for the H atom abstraction reactions with four different species,
Consequently, we anticipated that our calculated rate constantsnamely CH, CHsF, CHF,, and CHE, respectively.
for the reverse K+ CF; reaction would be too large. Ill. Rate Constants. CVT rate calculations including dif-

II. Minimum Energy Path. Figures 1 and 2 display how ferent tunneling (ZCT and SCT) contributions were carried out
certain properties vary as functions of the reaction coordinate. for both forward and reverse directions for all four H abstraction

Figure 1a-d show the structural changes of the activeKC reactions in the temperature range of 20000 K. Figure 3ad

and H—H" bonds and the]JCH'H" angle along the reaction  display the Arrhenius plots of the calculated results along with
coordinates. In all the four reactions, it is seen that the-8’ the available experimental data for the H atom abstraction
bond distance remains insensitive up to certain stage of the MEPreactions with Chl, CHsF, CHF,, and CHR, respectively.

(s= —0.6 amd&2bohr) and then increases smoothly up+®.5 Figure 4a-d show the Arrhenius plots for the corresponding
A along MEP from its value of2.1 A. However, the H-H" reverse reactions. Recrossing effects were found to be rather

bond distance decreases smoothly to-aHHbond distance of ~ small compared to the tunneling effects. This is somewhat
1.45 A. TheJCHH" angle passes through a maxima along expected due to rather large barriers of these reactions. Similar
the MEP in case of reactions with GHand CHF, i.e., for to our previous study, excellent agreement is observed between
the reactions which pass throuGhtransition state. For the other  the present CVT/SCT results with the experimental data over a
two reactions which hav€s, transition state symmetry, the wide range of temperature (see Figure 3a) for the forward
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Figure 3. (a) Comparison of Arrhenius plots of the calculated forward rate constants versu3 Hd@04vailable experimental data for the £H

+ H < CHs; + H; reaction. The solid line shows the calculated results from TST, long dashed line from CVT, dashed line from CVT/ZCT, short
dashed line from CVT/SCT, dotted line from the calculated results by Berry et al. (ref 5), and the open circles from the experimental results. (b)
Same types of plots as those in a for thesEH H < CH,F + H; reaction. (c) Same types of plots as those in a for theFeH H < CHF, +

H, reaction. (d) Same types of plots as those in a for the £HMH < CF; + H; reaction. Open triangles show recent experimental data by

Hranisavljevic et al. (ref 19).

reaction of CH + H — CHz + H,. For the CHF + H — CHyF (ZPE=MP2) calculations with one-dimensional tunneling cor-
+ H, reaction (see Figure 3b), there is a large scattering in rections for the forward H-abstraction reactidr@ne can see
experimental data, though our calculated rate constants are infrom the Figure 3a that Berry et al.’s results are substantially
reasonable agreement with the experimental data in the high-smaller than the experimental data particularly at low temper-
temperature rang& There is only one set of experimental fata  atures. This indicates that tunneling effects were not accurately
available for the ChF, + H — CHF, + Hj reaction and they = accounted in such calculations. Table 5 lists thermal rate
are reasonably close (difference iklog k ~ 0.6) to the constants calculated at the CVT/SCT level for the four forward
calculated profile (see Figure 3c). There are several sets ofreactions. Notice that the rate of the reaction of H atom with
experimental dafe1® available for the CHF+ H — CR; + CH, is much slower than its mono- or difluorine substituted
H, reaction in the high-temperature range. Our calculate rate counterpart over the whole temperature range. However, in the
constants agree well with these data. The experimental data incase of trifluorine substituted system (CHlRhe rate constant
the plot shows that the rate constant measured at the sames predicted to be lower than that even with £khdicating its
temperature has a deviation alog k ~0.5. The calculated inertness toward H abstraction.

CVT/SCT results do show that there are large tunneling effects  For the reverse reactions (see Figure-daand Table 6),

in the H-abstraction reactions of fluoromethanes. However, no similar conclusions can be made for comparisons with available
experimental data are available in the lower temperature rangeexperimental data and previous calculations. Note that, for the
to compare with the computed data for these reactions. Note CH,F + H; reaction, there is no experimental data available
that the dotted lines in Figure 3a& are the Arrhenius curves  for comparison. For the GF- H; reaction, there are several
prescribed by Berry and co-workers based on their G2- sets of experimental ddfal6.18-19 gvailable and the measured
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Figure 4. (a) Comparison of Arrhenius plots of the calculated reverse rate constant§ asdifferent methods and available experimental data

for the CH, + H <= CH; + H; reaction. Descriptions of lines and symbols are the same as in Figure 3a. Same types of plots as those in Figure 3b
for the reverese reaction. (c) Same types of plots as those in Figure 3c for the reverse reaction. (d) Same types of plots as those in Figure 3d for
the reverse reaction.

TABLE 5: CVT/SCT Forward Rate Constants (ki) TABLE 6: CVT/SCT Reverse Rate Constants ;)

(cm?® molecule? s71) for the Selected Hydrogen Abstraction (cmd molecule® s71) for the Selected Hydrogen Abstraction

Reactions Reactions

CHs;+H— CHF+H— CHF,+H— CHR+H— CH+H— CHF+H— CHF,+H— CHFR+H—

T(K) CHs+H, CHF+H, CHR+H, CR+H; T(K) CHs+H, CHF+H, CHR+H, CR+H,
200 7.60x 102 1.17x10%® 191x107'® 1.08x 102 200 5.61x 10?2 6.16x 10%* 1.20x 102 9.44x 102
250 1.43x 10 942x 10 1.37x10Y 3.38x10°% 250 1.08x 102° 3.10x 10%? 3.49x 102 7.81x10%
300 1.55x 107 527x 107Y 6.97x 10Y7 453x 10°%° 300 1.13x 10 566x 1021 4.35x 1020 4.18x 10718
350 1.12x 10°Y7 2.26x 107 2.73x 1076 3.50x 10718 350 7.70x 107 546x 102 3.17x 10 1.64x 107"
400 5.84x 10Y 7.74x 10 8.71x 10 1.83x10Y 400 3.72x 10 337x 10 158x10%® 510x 10
450 2.32x 10716 221x 107 234x10% 7.19x 10°Y7 450 1.37x10°Y 149x 1018 597x 10718 1.32x 10716
500 7.43x 1076 546x 10> 550x 10 2.27x 10716 500 4.07x 10Y 5.18x10%® 1.82x 10 298x 10716
600 4.72x 105 235x 10* 221x10* 1.41x 1071 600 2.26x 1076 3.64x 107 1.07x 107% 1.11x10%
800 5.85x 107 1.81x 10 156x 108 1.71x 10 800 2.26x 10 5.01x10%® 1.20x10% 6.98x 10715
1000 3.07x 10718 7.15x 107 586x 101® 8.90x 1074 1000 1.03x 10* 278x 105 599x 1015 2.49x 104

data has a deviation as large Afog k ~ 1.5 at certain Conclusions

temperature. Our CVT/SCT results appear to be too large. It is

somewhat expected because our calculated enthalpy of reaction We have presented the results of direct ab initio dynamics
is rather large compared to experimental data (4.51 versus 0.10calculations of thermal rate constants of H-abstraction reactions
kcal/mol) making the reverse barrier too low for this reaction. of hydrogen atom with fluoromethanes (¢fH CHF,, and
However, the large scattering in the experimental data also CHFs). Effects of fluorine substitution on the reaction rate have
warrants that more measurements are needed. been examined. Dynamical calculations are based on a full
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variational transition state theory plus multidimensional semi-
classical tunneling corrections with the potential energy infor-
mation calculated directly from a combination of PMP4 and
BHLYP DFT methods. We found that the activation energies
for these reactions do not correlate with the number of fluorine
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(13) Berces, T.; Marta, F.; Szilagyi,J. Chem. Soc., Faraday Trans. 1

1972 68, 867.

(14) Arthur, N. L.; Donchi, K. F.; McDonell, J. AJ. Chem. Soc.1975

71, 2431.

(15) Kibby, C. L.; Weston Jr., R. El. Chem. Phys1968 49, 4825.
(16) Pritchard, G. O.; Pritchard, H. O.; Schiff, H. I.; Trotman-Dichenson,

substitution but rather with the symmetry of the reaction. A.F.Trans. Faraday Socl956 52, 848.

Reactions with the same symmetry have similar transition state

structure and barrier height.

(17) Arthur, N. L.; Bell, T. N.Rev. Chem. Intermedl978 2, 37.
(18) Hidaka, Y.; Nakamura, T.; Kawano, H.; Koike, ht. J. Chem.
Kinet. 1993 25, 983.

The calculated rate constants of these reactions are in good (19) Hranisavijevic, J.; Michael, J. \J. Phys. Chem. A998 102, 7668.

agreement with the available experimental data for both forward
and reverse directions for a wide range of temperatures. We

have found that tunneling effects are significant for all the
reactions studied.
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