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The reactions of methane and hydrofluoromethanes (@A n= 0, 1, 2, or 3) with a hydroxyl radical have

been investigated by a modified GAUSSIAN-2 (G2M) method. Reaction enthalpies have been compared to
those obtained by original G2 and G2MP2 schemes. The average absolute error for the reaction enthalpies
calculated with the G2M method was smaller than those calculated with the G2 and G2MP2 schemes. G2M

reaction enthalpies were of chemical accuracy. Moreover, the G2M method and selected MP2 schemes (those

with the smallest average errors in the calculations for the reaction enthalpies) were used to compute the
classical barrier heights. According to the transition state theory, the reaction rates were computed in the
temperature range of 28@20 K and then the activation energies were obtained by the least-squares fitting
to the Arrhenius equation. The activation energies calculated by using G2M barrier heights showed the best
agreement with the experimentally derived values. The influence of the fluorine substitution effect on the
activation energy was correctly described only by G2M barrier heights.

1. Introduction CH,_,F,+ "OH—"CH,_F,+ H,0 Q)

Hydrofluorocarbons (HFCs) are possible replacements of fully i
halogenated chlorofluorocarbons (CFCs) which used to be where n - 0,12 or 3._Methane, the fluorine-free parent
widely applied as refrigerants, foam blowing substances, and Mleculé, is one of the major components of natural greenhouse
aerosol spray propellants. Due to photolysis, the CFCs produce9aSes: Thus, a'II the regctlons in eq 1 are of great importance in
“ozone-consuming” chlorine atoms that result in ozone depletion the atmospheric chemlstry.
in the stratosphere. The CFCs strongly influence the Chapman Among the f_our reactions, the_system c_ompos_etchH and
mechanisrh? for the creation and destruction of ozone in the CHs (OH/CHy)is the most extensively studied at different levels
stratosphere. On the other hand, the HFCs do not consume ozon@! theory:*~* since hydrogen abstraction from methane by
in the stratosphere, since they do not contain chlorine atoms.fOH radical can be considered as a S|mple_ model for t_he_key
However, the HFCs should have an impact on the radiative industry reactions of hydroca}rbon cor_nbustlon..Komornlckl et
balance of the Earth. They are possible man-made sources o 120 concluded that a correlatlon-conS|s§ent basis set and a high
“greenhouse gases”. Thus, the atmospheric lifetime of these!eV€! Of treatment of electron correlation [QCISD(T)] were
compounds is an important measure of their environmental required for adequate description of the kinetics and energetics

impact. To design environmentally friendly replacements of the for the system ofOH/CH,. Truhlar et af®9applied Maller-

CFCs, the atmospheric lifetime of the HFCs should be taken P1€SSet (MP) perturbation theory to this system, scaling all
into account. correlation energy in second order (MP-SAC2). They pointed

The essential role in the tropospheric chemistry is played by out the need of a large basis set for accurate description of the

hydroxyl (OH) radicali=3 The first step in degradation of the energy profile. Tyrrell et al? reached a similar conclusion in

: ) . . their investigations on theOH/CHR; system. Jursi¢ and
HFCs is hydrogen abstraction b@H radical, The knowledge Bottoni et al*® investigated all the reactions in eq 1. Jursic
of the rate constants for the hydrogen abstraction reactions : /estigate q L
enables us to estimate the atmospheric lifetime of the HFCs.Shqwe(.j that den_sny functlona_l methods _strongly underestimated
Thus, the kinetics and energetics of hydrogen abstraction from activation ‘?”e'fg'ey- 'V'e‘?‘”Wh"e- Bqttonl et al. demons.trated.
HFCs by *OH radical have been the subject of many that the activation energies were quite accur_ately descrlb_ed_wnh
experimentat” and theoretic84 investigations an appropriate treatment of electron correlation. They optimized

L N the geometries at the HF/3-21G(d) level and then applied the
In the present study, we report theoretical investigations of spin-projected second-order MahePlesset (MP2) perturbation
hydrogen abstraction from methane and its fluoroderivatives by theory with the 6-31G(d) basis set [PMP2/BL(d)/HF/

"OH radical: 3-21(d)]*® However, this level of theory failed to provide
. g rouid be ada 5 208 reasonable reaction enthalpies.
* To whom correspondence should be addressed. Phti84-298-54- i i 1 i
4522. Fax: +81-298-54-4487. E-mail: t_uchimaru@home.nimc.go.jp. d Our.k?”n?;]palkalmt.ls to flgd a theo,:.etlca:c T:Ogel that CgrrteCtltY
National Institute of Materials and Chemical Research. escrioes the kinetics and energeucs of nydrogen abstraction
* Jagiellonian University. from HFCs by*OH radical. In this paper, we will show that a
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computational method that combines high-level ab initio TABLE 1: Reaction Enthalpies? for the Hydrogen
calculations with empirical correction is indispensable for Abstraction from Methane and Hydrofluoromethanes by
accurate description of the energy profiles for the hydrogen E%HRad'l‘::alJratHT; 298 'g ?ndzP 231},'?“: CHanFn + OH
abstraction reactions in eq 1. The results obtained with the $nin 00=012or

computational methods, such as G2 (GAUSSIANSZ32MP 24 entry method n=0 n=1 n=2 n=3
(G2 with basis set extension energy correction obtained at MP2 A MP2/6-31G(d) -99 -140 -139 -838
level), and G2M (modified GAUSSIAN-2j schemes, will be mg;g-gifgg&p)) —1625-2 —12-3 —12-2 —Eg
mutually compared. Fluorine substitution effect for the reactions MP2/6-3116(2d‘f?p) 138 —179 -179 —128
in eq 1 will be discussed as well. MP2/6-311G(3df.2p) —17.6 —207 —205 —156
MP4/6-311G(d,p) -96 -134 -130 -7.8

2. Methods MP4/6-31H-G(d,p) -125 —-153 -148 —98
We.calculated the .react_ion enthalpie_s and the activation ggﬁé%(:%}g gzlof’cfj()dip) _g:g _ig:g _g:g _g:g
energies for the reactions in eq 1 by using the G2, G2MP2, Gx ~134 -165 -—16.2 —11.2
and/or G2M schemes. The G2M calculatiGhas well as G2 G2MpP2 -14.1 —-17.1 -16.7 -11.7
and G2MP2* calculations, were carried out according to the B l\BAiLZ\//g/gﬁlel(g(d),p) —13-3 —ig-g —12-2 _12%
rge4ported procedures (see also footnote to Table 1). The Gaussian MP2/631H G (é,% t2p) —175 —208 -205 156
suite of progrant§ was employed on an IBM 6000. PMP4/6-31G(d.p) 73 ~113 -111  —6.0

In the G2 and G2MP2 schemes, the geometries were PMP4/6-311G(d,p) —97 -136 -128 -75
optimized at the HartreeFock (HF) and MP2 levels of theory CCsD(T)/6-31G(d,p) —-7.1 -11.1 -111 -6.1
with the 6-31G(d) basis set. The zero-point vibrational energies G2me -142 -175 -172 -124
(ZPVEs) were calculated using the HF results with a scaling MP2/6-311G(d,p) —-16.0 —-190 -185 -136
factor of 0.892%* In the G2M schemé’ the geometries and PMP2/6-313G(dp) ~ —16.1 —191 -182 -13.1
. . - . MP2/6-311G(2df,p) —-13.5 -18.0 —-179 -128

ZPVI_Es (W|th_out scaling) were calculated using the hybrid PMP2/6-311G(2df,p) —13.7 —181 -17.5 —12.3
density functional approacti,.e., the Becke's three-parameter MP2/6-311G(3df,2p) —14.9 —-19.1 -19.1 —14.1
nonlocal exchange functiorfdlwith the nonlocal correlation PMP2/6-311G(3df,2p) —15.1 —19.2 —-18.7 —13.6
functional of Lee, Yang, and Parr [B3LYP/6-311G(d,)F° C  experimentalvalues  —14.4 -193 -184 -122

In contrast to the G2 or G2MP2 scheme, the G2M scheme of = aThe reaction enthalpies at standard state (298 K, 1 atm) were
Morokuma et af* additionally distinguishes the close- and open- computed as followsAH = AEe + AEqans+ Aot + AEyi, + PAV,
shell systems via the projected MPn (PMPn) energfiéhis whereAEx = Ex (H20) + Ex (CHz-nFn) — Ex ("OH) — Ex (CHs—nFr)
should be especially important in free radical chemistry. The and X corresponds to electronic (el), translational (trans), rotational
need of differentiating between close- and open-shell systems(fo: or vibrational (vib) energy, respectiveRThe experimental

3283 . ) reaction enthalpies were obtained from standard enthalpies of formation.
was also stressed by Radom ef&fSwho introduced the CBS Data concerning methane, water, hydroxyl radical, and methyl radical

RAD method for the treatment of free radicals. Among several \yere taken from ref 35. Standard enthalpies of formation for hydro-
G2M scheme$? G2M(cc, MP2) and G2M(rcc, MP2) schemes  fluoromethanes and hydrofluoromethyl radicals were taken from ref
can be applied to relatively large systems. Thus, we chose these87 and 38, respectively.The G2 electronic energy is calculated as
schemes for open- and closed-shell systems, respectively.  follows: E[G2] = E[MP4/6-311-G(d,p)] + E[MP4/6-311G(2df,p)+
Activation energy is an experimentally derived quantity; it E[MP2/6-311G(3df,2p)] + E[MP2/6-311G(d,p)]+ E[QCISD(T)/

' . : ; 6-311G(d,p)] — 2E[MP4/6-311G(d,p)]— E[MP2/6-311G(d,p)] —
is defined as the slope of the Arrhenius plot, i.e., E[MP2/6-311G(2df,p)} E(HLC), whereE(HLC) = (4.81; — 0.19)/

1000 (in a.u.) is a higher level correction (HLGQ) andn, are the
E,= —RdIn k(T)/d(1/T) (2) numbers of 8 and o valence electronsn > ng). 9 The G2MP2
electronic energy is expressed ag&G2MP2] = E[QCISD(T)/
6-311G(d,p)[+ E[MP2/6-31H-G(3df,2p)]— E[MP2/6-311G(d,p)H

where k(T) is a rate constantR is gas constant, and is E(HLC); the HLC is exactly the same as for the G2 schefie.the

temperature. Frequently, the classical barrier heigBt is ~ G2M(cc, MP2) scheme, the electronic energy is as follo&ES2M-
compared with the experimental activation energy. The classical (cc, MP2)] = E[PMP4/6-311G(d,p)}+ E[MP2/6-311-G(3df,2p)] +
barrier heights for the reactions in eq 1 are given by E[CCSD(T)/6-31G(d,p)l- E[MP2/6-311G(d,p)}- E[PMP4/6-31G(d,p)]

+ E(HLC, cc, MP2), wheréE(HLC, cc, MP2)= (—5.051; — 0.1d)/
1000. In the G2M(rcc, MP2) scheme, the restricted calculations are
performed instead of unrestricted calculations &fdLC, rcc, MP2)
= (—4.93; — 0.1%,)/1000.f The geometries of reactant and product
Here, Egs, EBOHv and EgH47nFn are the energies (including Were located at the MP2/6-31G(d) (entry A) and B3LYP/6-311(d, p)
ZPVES) of the transition stateOH radical, and methane & (er|1try B) levels of theory. The last entry (C) includes experimental
0) or hydrofluoromethanes(= 1, 2, 3), respectively. values.

According to the conventional transition-state theory (T&),
the rate constark(T) for the hydogen abstraction reactions is
given as follows:

AE =E°— (B + B 3)

rate constants in this temperature region using eq 4, and then
the activation energies were derived by the least-squares fitting
to the Arrhenius equation. Since partition functions are tem-
kT QTS perature dependent, the activation energy obtained from the
N o : ) ) ;
k(T) = K O CH T exp(—AE'/RT) (4) llttETg procedure should differ from the classical barrier height
We employed four models in order to compute the rate
wherek, Q, k,, and h are transmission coefficient, partition  constatnsk(T). In all models, theQs of transition states and

functions, and Boltzmann’s and Planck’s constants, respectively.reactants were approximated just as products of translational,

The activation energies reported for the hydrogen abstractionrotational, vibrational, and electronic partition functions. In

reactions in eq 1 were derived from the rate constants measurednodel | the electronic partition function is limited to the ground
in the temperature region of 28@20 K. We calculated the  state, i.e., its degeneracy. In model Il, we included additionally
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the low-lying excited state?[I;;;) of *OH radical in the TABLE 2: Classical Barrier Heights AE* and Activation
electronic partition function. The excitation energy of this state EnergiesE, (Models |-I1V) for the Hydrogen Abstraction )
of *OH radical is 140 cm?.35 The transition states for hydrogen ~Reactions: CHinFq + *OH = “CHsFn + H20 (n =0, 1, 2,

i . . or 3)b
abstraction reactions in eq 1 show a very low-frequency mode _
corresponding to the rotation 6®H radical fragment around Nty quantty n=0 n=1 n=2 n=3
the partially formed ©-H bond. Thus, in model Ill, we A AE* 53(8.0) 4.7(6.6) 52(6.7) 6.7(9.1)
employed the classical free rotor approximation rather than the Ea(la) 5.7 5.2 5.9 7.6
guantum harmonic approximation for the very low-frequency (ﬂgg gé g'i g; ;g
modes. The last model IV, can be considered as a sum of models (Ilb) 5.0 48 55 6.8
Il and I1ll. Namely, the low-lying excited state 6©OH radical (Na) 55 5.1 5.6 7.4
was taken into account and the free rotor approximation was (b) 4.8 4.8 5.4 6.7
employed. Furthermore, two cases were taken into account in ((Il\\;g; 3? 2-2 gg g-g
all models. In the first case (a), thg tunne_llng effec_t was AR 54 8.6) <o 83) 6 8.9) a4 (11.7)
neglected and the transmission coefficiemtas fixed to unity. E.(la) 58 6.4 74 94
Meanwhile, Wigner’s tunneling correctigh (b) 52 6.1 70 8.7
(la) 5.6 6.3 7.3 9.2
) = 1+ 24 ® o oso e ao
(Ilb) 4.9 5.9 7.0 8.4
was employed in the second case (b). The calculated rate (Iva) 5.4 6.1 7.0 9.0
constants gave straight Arrhenius plots R@r) = InA — (IVb)f; 4.7 5.8 6.8 8.3
E4/RT] for every case in models—IV with the correlation c Ejlg) 1.3(7.2) j'g 6-2) 54'47 6-2) 76'12 (8.6)
coefficients higher than 0.999. (Ib) 43 45 5.2 6.5
] ) (lla) 4.8 4.7 5.3 7.0
3. Results and Discussion (Ilb) 4.1 4.4 5.1 6.3
Table 1 shows the reaction enthalp_iﬁel—()., calqulated at g”gg 3:8 Z’:Z g:g g:g
= 298 K andP = 1 atm, for each reaction given in eq 1. Entry (IVa) 4.5 45 5.0 6.8
A gives G2 and G2MP2 predictions as well as the results (Ivb) 3.9 4.2 4.8 6.1
obtained with the post-HF methods comprised in the G2 and D AE* 53 4.2 4.0 5.8
G2MP2 schemes. Geometries optimized at the MP2/6-31G(d) Ea(l'g) SI Z‘Z 2-; g-g
level and the thermal corrections calculated at the HF/6-31(d) (Ela; 56 46 46 6.6
level _of theory were employed. Meanwhile, entry B gives G2M (Ilb) 5.0 43 4.4 5.9
reaction enthalpies and the results calculated at each computa- (Ina) 5.5 4.5 45 6.5
tional level of the G2M scheme. The geometries and thermal (Ib) 4.8 4.2 4.3 5.8
corrections obtained at the B3LYP/6-311GiM level were ((I'\\;g)) 23 2-1‘ j-;‘ g-g
employed. In addition, the MP2/6-3115(d,p), MP2/6-311G- E. (expf 36 33 31 17

(2df,p), and MP2/6-311G(3df,2p) predictions are given to _ _
estimate the effect of diffuse functions. In entry C, the reaction _ * Experimental values are taken from refs 4 and 5 and they are quite

; ; : close to those reported in JPL-QIPL Publications 97-4Jet Propulsion
enthalpies obtained from the experimental values are reported. aboratory, Calf. Inst. of Technology, 199PEntries A, B, C, and

The geometrlcal_ parameters ano! energies c_)f reactants an correspond to the PMP2/6-311G(2df.p), PMP2/6-8E1d,p), PMP2/
products are available as Supporting Information. 6-311G(3df,2p), and G2M schemes, respectively. Values in parentheses
Table 2 reports the calculated classical barrier heighE’ are the unprojected barrier heights. Entry E summarizes the experi-
and activation energie&f). All intermediate results (electronic  mentally derived activation energies.
energies and ZPVEs of transition-state structures) are available
as Supporting Information. Entries A, B, and C show the values 6-31G(d) and B3LYP/6-311(d) geometries is insignificant (see
obtained at the computational levels of PMP2/6-8GKd,p), the Supporting Information). When the same computational
PMP2/6-311G(2df,p), and PMP2/6-311G(3df,2p), respectively. methods were applied to these geometries, the calculated
The activation energies obtained from the spin unprojected MP2 reaction enthalpies were very close to each other; the maximum
energies are provided in parentheses. Entry D gives thedeviation was not larger than 0.2 kcal/mol.
corresponding values obtained with the G2M scheme. The The reaction enthalpies calculated at the MP2/6-31G(d) and
experimentally measured activation energies are given in entry B3LYP/6-311G(gb) levels of theory, which were employed in
E. Transition-state structures located at the B3LYP/6-311G(d,p) the geometry optimization in the G2 and G2M schemes, were
level are shown in Figure 1. Moreover, the calculated activation highly less negative than the experimental values; the aver-
energiesft,) are plotted in Figure 2 as functions of the number age deviations from the experimental values were43 and
of fluorine atoms in the substrates. The experimentally measured+4.26 kcal/mol, respectively. For the post-HF calculations, the
activation energies are also shown in the plots. following tendencies were observed. First, MP4 calculations
3.a. Reaction Enthalpies.All the hydrogen abstraction gave less negative reaction enthalpies as compared with the
reactions in eq 1 are exothermic processes. The experimentallycorresponding MP2 calculations. The reaction enthalpies cal-
derived reaction enthalpies (entry C in Tablé?$}-38range from culated with the MP2 methods were closer to the experimental
—12.2 to —19.3 kcal/mol. All the reactions in eq 1 were values than those calculated with the MP4 methods. Second,
predicted to be exothermic, regardless of the computational levelwhen polarization and diffuse functions were added to the basis
utilized. However, most of the methods showed a tendency to set, the exothermicity increased. The effect of diffuse func-
predict less negative reaction enthalpies as compared with thetions was greater than that of polarization functions. For both
experimental values; the exothermicity was underestimated entries (A and B), the largest exothermicity, which is still
(entries A and B in Table 1). The difference between the MP2/ larger than the experimental values, was predicted at the MP2/
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Figure 1. Perspective views of the transition-state structures, located 1
at the B3LYP/6-311G(d,p) level of theory, correspondingQél/CH, 5
(a), *OH/CHsF (b), *OH/CH,F; (c), and*OH/CHF; (d) systems. The (‘) ‘1 '2 '3
bond lengths (A) and selected angles (degrees) are also reported in the
figure. number of fluorine atoms

6-311+G(3df,2p) level of theory using the largest basis set in Figure 2. Dependence of the classical barrier height (part a) and

the present work. Finally, the reaction enthalpies calculated from activation energy (part b) on the number of fluorine atoms in the

projected and unprojected energies were comparable to eachOH/CHi—Fn systemsif=0, 1, 2, 3). In both parts, the experimentally

other; the difference in the reaction enthalpies was less thanMeasured activation energies are plotted as well

0.5 kcal/mol. Namely, the influence of spin contamination on . . -

the reactant and product energies was insignificant. The optimized transition-state structures are shown in Figure
The experimentally derived reaction enthalpies indicate that 1+ Th€ transition-state structures for #@H/CH,, *OH/CHsF,

the exothermicity of the hydrogen abstraction reactions increasesdd"OH/CHF; systems ha€s symmetry and that for th®H/

in the following sequence—AH(*OH/CHF;) < —AH(‘OH/ CHyF> system hadC; symmetry. For theOH/CH, system, the
CHa) < —AH("OHICH:F,) < —AH(*OH/CHsF). This trend was ~ transition-state structure was in a staggered conformation, i.e.,

qualitatively reproduced in the calculated values -eAH, "OH radical and CH fragment of the methyl group, both located
regardless of the computational level utilized. Only in a few ©n the symmetry plane, were trans to each other. This transition-
cases were the reaction enthalpies@iH/CH,F, and*OH/CHsF state structure is not in accord with those reported by Komor-

] . icki 20 18,19
systems comparable to each other in the unprojected calculalcki et al.2 Truhlar et al:;*19and Gonzales et &k They
tions. Even in such cases, correct qualitative behavior was !0cated the transition-state structures in the eclipsed conforma-

obtained after spin projection. tion. In our calculations, however, the eclipsed conformation

As seen in Table 1, MP2 calculations with a triglésasis ~ Was found to be a second-order saddle point (two imaginary
set (6-311G) and polarization/diffuse functions led to the f_requenmes). The transition state in the staggered conforma-
reaction enthalpies relatively close to the experimental values. ion was calculated to be lower in energy by only 0.02 kcal/
More specifically, the average absolute errors for the MP2/ Mol than the saddle point in the eclipsed conformation.
6-311+G(d,p), MP2/6-311G(2¢i6), and MP2/6-311G(3df,2p) Meanwhile, the transition-state structures f@H/CHgF_ and
calculations in entry B were the smallest, 0.85, 0.82, and 0.82 “OH/CHF; systems were in the eclipsed conformation. The
kcal/mol for unprojected calculations, respectively, which were Sécond-order saddle points had a staggered conformation for
slightly reduced to 0.75, 0.72, and 0.72 kcal/mol after spin these systems. Thef€—O—H dihedral angle in the transition
projection. The average absolute error for G2M reaction State for theOH/CHyF; system was close to zero. Thus, this
enthalpies was 0.85 kcal/mol, which is comparable to those for transition-state geometry was considered to be in the eclipsed
the MP2 calculations. The G2 and G2MP2 schemes gave slightly conformation.
worse predictions; the average absolute errors were 1.75 and According to Hammond's postulaté,a more exothermic
1.17 kcal/mol, respectively. reaction would take place through an earlier transition state.

3.b. Transition-State GeometriesThe G2M scheme ledto  Thus, the transition-state structures for the hydrogen abstraction
slightly better estimates of the reaction enthalpies than the G2reactions in eq 1 would be more reactant-like rather than
and G2MP2 schemes. Thus, we located the transition states aproduct-like. The lengths of the forming OH bonih) and
the B3LYP/6-311G(d,p) level of theory and then applied the breaking CH bondrgy) in the transition states can be used to
G2M scheme to investigate the kinetics of the hydrogen characterize the transition states. Let us consider the following
abstraction reactions. index16
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— _ (&4 y/ed _ €4y ed mol for the PMP2/6-311G(d,p)//MP2/6-311G(d,p) and QCISD/

R={lFon = Ton/fon (o — forlfon * cdr e 6-311G(d,p)//IMP2/6-311G(d,p) schemes, respectively, are sig-
(rew — rebire nificantly higher than our G2M value (5.8 kcal/mol).
3.d. Activation Energies.We computed the rate constants

Distancesrg}, and rc, are the equilibrium bond lengths in  ysing the classical barrier heights obtained from the projected
water and methane (hydrofluoromethanes) molecules. The valuenjp2 calculations and G2M scheme and then derived the
of R was smaller than 0.5 for all the transition states, which activation energies by f|'['[|ng to the Arrhenius equation. Going
suggests the reactant-like transition states in accord with from model | to model IV (see Table 2), regardless of the
Hammond's prediction. In addition, the valueRfncreases as  computational levels utilized, the activation energies were
follows: *OH/CH,F; (0.17),°OH/CHsF (0.19),"OH/CH, (0.28), gradually reduced. The activation enerdig®btained in model
and*OH/CHF; (0.30). These values suggest that the transition | were larger than the corresponding classical barrier heights
states for theOH/CH;F and *OH/CH;F, systems would be  AE*. The more fluorine atoms in the substrates resulted in a
significantly earlier than the transition states foH/CH, and greater difference betweef, and AE*. Inclusion of the low-
*OH/CHF; systems. This implies that the fluorine substitution |ying excited state ofOH radical into the electronic partition
effects in*OH/CH,-nFn systems cannot be interpreted as a function (model Il) showed a minor effect on the calculated
simple additive rule. Moreover, the magnitudePtorrelates activation energies; the values Bf became smaller by about
with the exothermicity of the hydrogen abstraction reactions; 0.1-0.2 kcal/mol. Slightly more pronounced lowering in the
the earlier transition states tend to result in the larger exother- activation energy (0:20.3 kcal/mol) was seen when the free

micity. However, the value oR was slightly larger forOH/'  rotor approximation was used (model I11). Finaly, in model IV,
CHgF than for *OH/CH,F, although the former system is  in which models Il and Ill were combined, so due to additivity
slightly more exothermic. (logarithmic dependence in eq 2), the calculated activation

3.c. Classical Barrier Heights.We compared the classical  energies were smaller by about 6@5 kcal/mol than those
barrier heightsAE* obtained from the G2M scheme (Table 2, gptained from model I. The lowering of activation energy due
entry D) with those calculated at the computational levels of to wigner's correction was greater for the systemsHi/CH,
PMP2/6-313G(d,p), PMP2/6-311G(2df,p), and PMP2/6-311G-  and*OH/CHF; than for those ofOH/CHsF and*OH/CH,F».
(3df,2p) (Table 2, entries A, B, and C), which gave the reaction  Among models+1V, model IV gave activation energies that
enthalpies relatively close to the experimental values. The were the closest to the experimentally derived values (see Table
contamination of the wave functions for the transition states by 2). In particular, the activation energies calculated from the G2M
higher spin states was much more significant as compared withresyits using model IVb showed the best agreements with the
those for the reactant and product radicals. The MP2 UnprOJeCtedexperimental values (see Figure 2b); the average deviation from
barrier heights, which are given in the parentheses in Table 2, the experimental values was 0.95 kcal/mol. Even in this case,
were lowered by more than 1.5 kcal/mol after spin projection. the activation energies were slightly overestimated. Except for
Indeed [F[values (UHF level of theory) of the wave functions  the+OH/CH, system, the activation energies obtained in model
for transition states were ranging from 0.772 to 0.788, while v and the classical barrier heights calculated with G2M and
for *OH and*CHs-nF, radicals[¥(Jdid not exceed 0.762. The  the projected MP2 methods (see Table 2) were comparable to
G2M scheme, which also employs the projected energies, gaveeach other; the differences were of the order 0.1 kcal/mol. For
still smaller barrier heights than the projected MP2 calculations. the fluorine-free parent systenOH/CH,), the obtained activa-
However, for the system gDH/CH,, the activation energies  tjgn energies were smaller by 06:6.7 kcal/mol than the
obtained in the G2M scheme were comparable to or slightly ~giculated classical barrier heights.

larger than the projected MP2 values. _ The experimentally measured activation energy decreases
The G2M barrier heights were closer to the experimentally smoothly on going from theOH/CH, to *OH/CH,F, system

dgrived actiyation energies as compargd with thoge calcsulatedand then sharply increases and reaches the highest value for
with the projected MP2 schemes. Jut$iand Bottoni et ak: the*OH/CHR; system (Figure 2). The plots of the experimental
calculated the barrier heights for all the reactions in eq 1. We 4ciyation energies and of G2M results in Figure 2b are almost
compared our G2M barrier heights with their results (Figure parajel; the plot of G2M activation energies is shifted vertically
2a). The barrier heightAE* obtained with density functional  5hout 1 keal/mol above the experimental values. Thus, the
calculations [B3LYP/6-11G(2d,2p)] are rather too low as  4civation energies obtained in the G2M scheme qualitatively
compared with the experimentally measured activation energies. enroduced the influence of fluorine substitution in the substrates
The PMP2/6-31(d)//HF/3-21(d) barrier heigtitare closer to o the activation energy. However, the similar trends were not
the experimental values. Our G2M barrier heights are slightly opserved for the projected MP2 activation energies; the projected

larger than the experimentally measured activation barriers. \jpo calculations did not correctly reproduce the fluorine
Importantly, the G2M barrier heights and the experimentally g,pstitution effect.

measured activation energies show parallel trends to each other
with respect to the fluorine substitution in the substrate.
Aliagas and Gronett applied the G2 and G2MP2 schemes
for the *OH/CH;, system; both schemes ga&E* = 5.9 kcal/
mol. The same value cAE* (5.9 kcal/mol) was obtained by
Truhlar et al'81° using the MP-SAC2 method. Meanwhile,
Komornicki et al?® reported the value of 5.2 kcal/mol, which
was obtained from the QCISD(T) calculations with the correla-
tion-consistent basis set. Our G2M barrier height of 5.3 kcal/
mol is slightly smaller than the values reported by Aliagas and  In this paper, we have carried out systematic studies of the
Gronert and by Truhlar et al. but comparable to that reported hydrogen abstraction from methane and from hydrofluo-
by Komornicki et al. TheOH/CHF; system was investigated romethanes by OH radical. The reaction enthalpies were
by Tyrrell et al!2 The reported\E* values of 7.8 and 9.6 kcal/  computed using the G2M, G2, and G2MP2 schemes. The

The G2M scheme gave the best predictions of the activation
energies for the hydrogen abstarction reactions in eq 1. Not only
were the G2M activation energies closest to the experimentally
measured values but also the influenec of fluorine substitution
on the activation energies was correctly described by the G2M
scheme.

4., Conclusions
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exothermicity of the hydrogen abstraction reactions increases Egg BSK/] K. JW Dgl\glo::eH W.ng]. mggécl%%n%gfg 99, 1235.

in the following order: —AH(*OH/CHFs) < —AH(*OH/CH;) evore, W. B.J. Fhys. Lher -

< —AH(*OH/CH,F,) < —AH(*OH/CHsF). Regardless of the 10],(2):L]%r,km’ V. L.; Huie, R. E.; Kurylo, M. JJ. Phys. Chem. A997,
computational levels utilized, including the post-HF methods  (7) Ravishankara, A. R.; Tumnipseed, A. A.; Jensen. N. R.; Barone, S.;
comprised in the G2 and G2M schemes, the influence of fluorine Mills, M.; Howard, C. J.; Solomon, SSciencel994 263, 71.

s : : (8) Cooper, D. L.; Cunningham, T. Rtmos. Emiron. 1992 26A 1331.
substitution on the reaction enthalpies was correctly, at least  (g) yartell 3. M: Boyd, R. JJ. Phys. Chemi1995 99, 13402.

qualitatively, described. The smallest average absolute errors (10) Martell, J. M.; Tee, J. B.; Boyd, R. £an. J. Chem199§ 74,
(smaller than 1.0 kcal/mol) were found at PMP2/6-3#(@,p), 786.

_ _ (11) Sekusak, S.; Gusten, H.; Sabljic,APhys. Chenl996 100, 6212.
PMP2/6-311G(2df,p), and PMP2/6-311G(3df,2p) levels of 950 2 Ui 8o lon W Tyrrell 4. Phys. Cher995 99, 630.

theory. The average absolute error for the reaction enthalpies (13) Bottoni, A.; Poggi, G.; Emmi, S. SHEOCHEM1993 279, 299.
calculated with the G2M method was 0.85 kcal/mol, which is (14) Jursic, B. SChem. Phys. Lett1996 256, 603.
comparable to those for the PMP2 calculations. The average (15 Gonzales, C.; McDouall, J. J. W.; Schlegel, H.JBPhys. Chem

absolute errors in G2 and G2MP2 estimates of the reaction 19?86?4’“7“‘;% T. N.: Truhlar, D. GJ. Chem. Phys199Q 93, 1761.

enthalpies were slightly larger. (17) Jones, S. A. L.; Pacey, P. D. Phys. Chem1992 96, 1764.

For the activation energies, the values calculated with model 88} me:!ssas, ¥ g Pumar, B. g-- gﬂem- Eﬂyiggg gg, %gﬁ

: : elissas, V. S5.; lrunlar, D. G. em. V. , .

\Y were the close_st to the experlmentally denvgd values. In (20) Dobbs, K. D.. Dixon, D. A.. Komornicki, AJ. Chem. Phys1993
particular, the activation energies calculated with the G2M gg ggs2.
barrier heights using model IVb showed the best agreements %213 B;':lsch, H.; Hoz, SJ. PhYS-hCherrhlA 1997 101, 4416.

; ; . iati 22) Aliagas, |.; Gronert, SJ. Phys. Chem. A998 102, 2609.
with experlnj_ental valyes, the average_dewatlon_wa_s 0.95 kcal/ (23) Curtiss, L. A: Raghavachari K.: Trucks, G. W.: Pople, JJA.
mo_I. In add|t|on,_ the influence of fluorine substitution on the chem. phys1991 94, 7221.
activation energies was correctly reproduced. (24) Curtiss, L. A.; Raghavachari, K.; Pople, J.JAChem. Phys1993

Thus, we can safely conclude that the modified GAUSSIAN-2 98, 215293M bel A M. Morok K Lin M. CJ. Chem. Phusl9o
scheme of Morokuma et al. gives accurate reaction enthalpiesloé 7)414? el A. M.; Morokuma, K.; Lin, M. CJ. Chem. Phys1995
and activation energies. The average absolute errors for both (26) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gil, P. M. W.;
quantities were smaller than 1 kcal/mol. Johnson, B. G.; Robb, M. A,; Cheeseman, J. R.; Keith, T.; Petersson, G.

A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
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