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Weakly bound reactant and product complexes in the hydrogen abstraction reactions of an OH radical with
CH,, CHg, and GHg are investigated with ab initio molecular orbital methods. The calculated binding energy

of the CH, and OH reactant complex at CCSD(T)/aug-cc-pVTZ (aug-cc-pVDZ) levels is 0.54 (0.74) kcal/
mol. The zero-point vibrational energy correction at MP2 level with the corresponding basis sets reduces the
binding energy to 0.16 (0.08) kcal/mol, which is substantially smaller than the recent experimental estimation
(about 0.60 kcal/mol). A product complex for the €H OH system, which is more stable than the reactant
complex, has the binding energy of 0.77 (0.79) kcal/mol at CCSD(T)/aug-cc-pVTZ (aug-cc-pVDZ) levels
with MP2 zero-point energy corrections. The reactant and product complexes are also found féigtHe C

OH and GHg + OH reactions at the CCSD(T)/aug-cc-pVDZ level of theory. The binding energies tend to
increase with the number of carbon atoms of the hydrocarbon. The reaction rates and their temperature
dependence are estimated, and they are more than 1 order of magnitude larger than the experimentally reported
values.

Introduction their temperature dependence are estimated, and are compared

Hydroxyl radical OH is one of the most important reactive With the experimental values.

chemical species in both the troposphere and the stratospher
of the earth. It is formed through the reactions of water
molecules with ozone, and it quickly reacts with the surrounding  All ab initio calculations in this work are carried out using a
atmospheric trace gaseous molecules. Such reactions initiate th6sAUSSIAN 98 program packadé,registered at Computer
chains of chemical reactions in the atmosphere. The OH radical Center of Institute for Molecular Science and at Hiroshima
has high reactivity toward hydrocarbons, and the reaction of University. Molecular structures of the complexes and the
an OH radical with the simplest hydrocarbon, methane, controls transition states are optimized at the UMP2 level for the
the concentration of methane in the troposphere and also thatreactions of a hydroxyl radical with a series of hydrocarbons.
of the OH radical itself. The hydrogen abstraction reactions from Electron correlation energy is further taken into account with
saturated hydrocarbons by OH also play important roles in the the UMP4 and CCSD(T) methods at the UMP2 optimum
combustion process. Therefore, several studies on these reactiongeometries. Harmonic vibrational frequencies for the zero-point
have been carried out both experimentafyand theoreticallj12 energy corrections are computed at the UMP2 level. The
Among them, Tsiouris et &lrecently succeeded in identifying  augmented correlation consistent basis sets of Dunning and co-
the reactant complexes of Gldnd OH at the entrance channel. workerg*%are used: aug-cc-pVDZ (AVDZ) and aug-cc-pVTZ
They used laser-induced fluorescence and stimulated RamarnAVTZ) basis sets for the methane and OH system and AVDZ
excitation spectra at low temperature. Their estimated binding for both ethane OH and propaneOH systems. Single-point
energy of a Cl#--OH complex is as small as 219 20 cnt?! energy calculations with larger basis sets are also performed:
(0.60 =+ 0.06 kcal/mol). In the present work, we theoretically aug-cc-pVQZ (AVQZ) for the methane and OH system, AVTZ
search the weakly bound complexes in this reaction system usingfor ethane and OH system, and AVTZ withdtfiunctions for

ab initio molecular orbital methods and investigate their features carbon and oxygen atoms adefunctions for hydrogen atoms

if they ever exist. Furthermore, we extend the study to the for propane and OH system. Rate constants are simply evaluated
complexes of OH with the other saturated hydrocarbons (ethaneby the conventional transition state theory with zero curvature
and propane). In all reactions we examined, the slightly stronger transmission coefficientuusing TheRate prograf.

complexes of an R-HOH form are found at the exit channel.

Using the simple transition state theory, the reaction rates andResults and Discussions

E&:omputational Details

* Corresponding author. Fax-+81-58-293-3008. E-mail: thashi@ We have examined the abstraction reactions of an OH radical
cc.gifu-u.ac.jp. with three of the simplest saturated hydrocarbemethane,
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Figure 1. Optimized structures of the complexes and the transition
state in the reaction of CH+ OH — CH; + H,O at the UMP2/aug-
cc-pVDZ (aug-cc-pVTZ) level. Bond length in A and angles in degree.
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Figure 2. Optimized structures of the complexes and the transition
state in the reaction of £lg + OH — C;Hs + H,0 at the UMP2/aug-
cc-pVDZ level. Bond length in A and angles in degree.

ethane, and propane. The structures of the intermediate com-set to the AVTZ set decreases the binding energies further by
plexes and transition states are shown in Figure8,land the 0.20 kcal/mol without the ZPVE correction, and it doubles the
energy profiles of the reactions are compared in Figure 4. Tablesenergy with the ZPVE correction. The CCSD(T) binding
1-3 summarize the relative energies, and their basis set andenergies using aug-cc-pVTZ are 0.54 and 0.16 kcal/mol with
method dependences are also given in the tables. and without ZPVE correction, respectively. The electron cor-
CH4 and OH System.As Tsiouris et al. suggested in their relation effect on the binding energy of the reactant complex
experimental study, we have succeeded in locating a stableconverges at the CCSD(T) level, while the basis set limit of
structure of the Cihland OH reactant complex in the entrance one-electron functions is not yet reached in the AVTZ level.
channel at the UMP2 level; the structure is shown in Figure 1. Due to the poor convergence to the basis set limit, we performed
Some of the selected geometrical parameters are given in thea single-point energy calculation using AVQZ at the optimum
figure. In the complex, the oxygen atom is located at 2.647 A UMP2/AVTZ geometry. The calculated binding energies be-
away from the nearest hydrogen atom of £ the UMP2/ come smaller than those with AVTZ and are 0.43 kcal/mol at
AVDZ level of approximation. With the AVTZ basis set, the UMP2, 0.46 kcal/mol at UMP4, and 0.46 kcal/mol at CCSD-
O(6)—H(5) bond length is 2.696 A which is slightly longer than  (T) level. The convergence of the electron correlation effect is
that for the AVDZ basis set. The differences of the other observed again in these calculations. The difference of binding
geometrical parameters with these two basis sets are muchenergy between AVQZ and AVTZ values (0.08 kcal/mol at
smaller. The bond angles of CEH(5)—0(6) and H(5)-0(6)— CCSD(T) level) becomes less than half as much as that between
H(7) are almost 18Q which means that the four atoms of C(1), AVTZ and AVDZ values (0.20 kcal/mol at CCSD(T) level).
H(5), O(6), and H(7) are collinear. It is noted that the structures Because this difference between AVQZ and AVTZ values is
of both CH, and OH moieties of the complex are almost about 15% of AVTZ binding energy, we may not claim the
identical with the corresponding isolated moiety; note thatC convergence of basis set effect, though the relaxation of
bond lengths of methane are 1.098 (1.086) A anddHH bond molecular structures is not taken into account with the AVQZ
angles are 10995109.5) at the UMP2/AVDZ (AVTZ) level set. The basis set superposition error (BSSE) might play a role.
and that the OH bond length of a free hydroxyl radical is 0.975 Our recent study on the basis set dependence of the BSSE
(0.970) A. It is consistent with the small binding energy of this indicates that the diffuse augmented functions substantially
complex. The reactant complex is more stable than the reactantseduce the BSSE for a series of VXZ basis sets{B, T, and
only by 0.70 kcal/mol at the UMP2 level, 0.75 kcal/mol at Q)17 It is particularly true for the AVQZ and AV5Z basis sets.
UMP4 level, and 0.74 kcal/mol at CCSD(T) level with AVDZ  Thus, our best estimated binding energy is 0.2 and 0.5 kcal/
basis set (see Table 1). The zero-point vibrational energy mol with and without the ZPVE, respectively. It does apparently
(ZPVE) correction at the UMP2 level reduces the binding energy underestimate the experimentally determined value, £.6006
to be only less than 0.1 kcal/mol. The extension of the basis kcal/mol. The basis set deficiency is one of the reasons for the
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Figure 3. Optimized structures of the complexes and the transition state in the reactighlof#H — C3H; + H,O at the UMP2/aug-cc-pVDZ
level. (a) Primary site 1, (b) primary site 2, (c) secondary site. Bond length in A and angles in degree.
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error, and the other possibility might be the harmonic ap-

proximation of the ZPVE.

We have also located the product complex ofz€HH,0 in

H(7), are still on the same plane, but the atoms no longer lie
collinearly. The angles, C(HH(5)—0(6) and H(4)>C(1)—
H(5), are slightly basis-set-dependent as shown in the figure.
The geometric structures of two moieties are slightly different
from those of a free methyl radical and of a water molecule;
the CH; part is not planar and the two-H bonds of HO part

are not equivalent. This geometric deformation results in a
stronger binding than for the reactant complex. TheGH O
complex is more stable than the product by 1.91 kcal/mol at
the UMP2 level, 2.01 kcal/mol at the UMP4 level, and 1.99
kcal/mol at the CCSD(T) level with AVDZ basis set. The ZPVE
correction reduces these values by about 1.2 kcal/mol. The
binding energies calculated with the AVTZ basis set are 1.84
(0.69) kcal/mol at UMP2 level, 1.93 (0.78) kcal/mol at UMP4
level, and 1.92 (0.77) kcal/mol at CCSD(T) level without (with)
UMP2 ZPVE correction. Thus, AVTZ values are smaller by
about 0.07 (0.02) kcal/mol than AVDZ values. It is noted that
the influence of the extension of the basis set from AVDZ to
AVTZ on the calculated binding energies is different between
the reactant complex and the product complex, especially for
ZPVE corrected energies. The binding energies by the single-
point energy calculations with the AVQZ basis set are 1.72 kcal/
mol at UMP2, 1.79 kcal/mol at UMP4, and 1.78 kcal/mol at
CCSD(T) level. The difference between AVQZ and AVTZ
values are about twice as much as that between the AVTZ and
AVDZ values. This may be due to taking no account of the
structural relaxation. The UMP4 and CCSD(T) values are almost
the same as seen in the case of the reactant complex, which
indicates that the electron correlation effect on the binding
energy of the product complex has converged at the CCSD(T)
level of theory.

C;Hg and OH System. The corresponding reactant and
product complexes in £ + OH — C;Hs + H,O reaction
system are examined. The equilibrium structures of these
complexes are shown in Figure 2. The relative energies with

the reaction, whose structure is shown in the bottom of Figure respect to the reactants are listed in Table 2, and the energy
1. The distance between C(1) and H(5) is 2.433 A, which profile is compared in Figure 4 with the other reactions. As in
becomes slightly shorter (by 0.049) with the AVTZ basis set. the CHy---OH reactant complex, the structures of the two
In the product complex, the four atoms, C(1), H(5), O(6), and moieties (top in Figure 2) are almost identical with those of an
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TABLE 1: Relative Energies (kcal/mol) of the Equilibrium Structures and Transition State for CH, + OH — CH3 + H,02

UMP2 UMP4 CCSD(T)

CH, + OH 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)

CHg-+-OH AVDZP —0.70 (-0.04) —0.75 (-0.09) —0.74 (-0.08)
AVTZP —0.49 (-0.11) —0.55 (-0.17) —0.54 (-0.16)
AVQZ® -0.43 —0.46 —0.46

TS AVDZ 8.21 (6.79) 7.84 (6.42) 6.48 (5.06)
AVTZ 8.20 (6.72) 7.59 (6.11) 6.43 (4.95)
AVQZ 8.15 7.53 6.35

CHg++*H;0 AVDZ ~18.15 (-18.26) —14.29 (-14.40) —13.73 (-13.84)
AVTZ —18.48 (-18.84) —14.92 (-15.28) —14.15 (-14.51)
AVQZ ~19.08 ~15.55 ~14.76

CHs + H,0 AVDZ —16.24 (-17.55) ~12.28 (-13.59) ~11.74 (-13.05)
AVTZ —16.64 (-18.15) —12.99 (-14.50) —12.23 (-13.74)

—12.98

AVQZ —17.36 —13.76

aValues in parentheses are the UMP2 zero-point vibrational energy corrected energies. UMP4 and CCSD(T) calculations were performed at
optimum UMP2 geometrie$.AVDZ and AVTZ stand for Dunning’s aug-cc-pVDZ and aug-cc-pVTZ basis set, respectivBingle-point energy
calculations at UMP2/AVDZ geometries with Dunning’s aug-cc-pVQZ basis set.

TABLE 2: Relative Energies (kcal/mol) of the Equilibrium Structures and Transition State for C;Hg + OH — C,Hs + H,02

UMP2 UMP4 CCSD(T)
CoHe + OH 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
CoHg+-OH AVDZP —0.77 (-0.24) —0.84 (-0.31) —0.83 (-0.30)
AVTZC ~0.55 ~0.60 ~0.59
TS AVDZ 5.79 (4.11) 5.26 (3.58) 3.70 (2.02)
AVTZ 5.87 5.14 3.72
CoHs++*H,0 AVDZ —22.03 (-22.06) —18.36 (-18.39) ~17.90 (-17.93)
AVTZ —22.48 ~19.10 —18.44
CoHs + H,0 AVDZ —18.81 (-20.31) —15.06 (-16.56) —14.65 (-16.15)
AVTZ ~19.61 ~16.17 ~15.54

aValues in parentheses are the UMP2 zero-point vibrational energy corrected energies. UMP4 and CCSD(T) calculations were performed at
optimum UMP2 geometrie$.Dunning’s aug-cc-pVDZ basis sétSingle-point energy calculations at UMP2/AVDZ geometries with Dunning’s
aug-cc-pVTZ basis set.

TABLE 3: Relative Energies (kcal/mol) of the Equilibrium Structures and Transition State for CsHg + OH — C3H7 + H,02

UMP2 UMP4 CCSD(T)
CaHs + OH 0.00 (0.00) 0.00 (0.00) 0.00 (0.00)
CaHg'+*OH (P1) AVDZ —0.80 (-0.37) —0.88 (-0.45) —0.87 (-0.44)
AVTZ® —0.50 —0.57 ~0.56
(P2)
(S) AVDZ —0.87 (-0.12) —0.94 (-0.19) —0.93 (-0.18)
AVTZ ~0.56 ~0.64 -0.63
TS (P1) AVDZ 5.78 (4.00) 5.21 (3.43) 3.65 (1.87)
AVTZ 6.69 5.92 454
(P2) AVDZ 5.33 (3.66) 4.73 (3.06) 3.16 (1.49)
AVTZ 6.32 5.52 412
(S) AVDZ 3.93 (2.29) 3.29 (1.65) 1.61-0.03)
AVTZ 4.87 4.05 2.54
CaH7+++H,0 (P1) AVDZ —21.55 (-21.32) —18.01 (-17.78) —17.61 (-17.38)
AVTZ —20.81 -17.53 -16.92
(P2) AVDZ —22.15 (-22.04) —18.57 (-18.46) —18.14 (-18.03)
AVTZ —21.39 -18.08 —17.44
(S) AVDZ —24.74 (-24.59) —21.26 (-21.11) —20.86 (-20.71)
AVTZ —24.14 —20.92 -20.31
CsH7 + H,0 (P) AVDZ —18.44 (-19.79) ~14.76 (-16.11) —14.39 (-15.74)
AVTZ ~18.23 ~14.82 —14.24
(S) AVDZ —20.59 (-22.05) —17.03 (-18.49) —16.72 (-18.18)
AVTZ —20.69 -17.41 -16.87

aUsing Dunning’s aug-cc-pVDZ basis set. P1, P2, and S in the first column correspond to primary site 1, primary site 2, and secondary site,
respectively. Values in parentheses are the UMP2 zero-point vibrational energy corrected energies. UMP4 and CCSD(T) calculations were performed
at optimum UMP2 geometrie8 Dunning’s aug-cc-pVDZ basis setSingle-point energy calculations at UMP2/AVDZ geometries with Dunning’s
aug-cc-pVTZ basis set withodidfunctions for carbon and oxygen atoms, ahélinctions for hydrogen atoms.

isolated ethane and of a hydroxyl radical. However, the atoms, O(9) distance is 2.632 A, which is slightly shorter than the
C(1)—H(8)—0(9), are no more collinear, and the bond G{9)  corresponding length in the GH-OH complex. At the same
H(10) is slightly out-of-plane of C(£)H(8)—0(9). The H(8)- level of approximation, the calculated binding energies of the
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C,Hg--OH reactant complex are larger than those of the:=CH complex, ZPVE corrected binding energy is 1.64 kcal/mol,
-+OH complex by 10% without the ZPVE correction. The UMP2 which is smaller by 0.14 kcal/mol than that of theHg and
ZPVE corrected binding energies of theHg---OH complex H,0 system. The product complex has a binding energy about
are larger by about 0.2 kcal/mol than those of the,C{DH four times that of the corresponding reactant complex. The
complex. The CCSD(T)/AVDZ value is 0.83 kcal/mol. The enlargement of the basis set to AVTZ (withdtfunctions for
ZPVE corrected value is 0.30 kcal/mol, which is about four carbon and oxygen atoms, addunctions for hydrogen atoms)
times as much as the corresponding energy of the-GBH reduces the binding energies by about 0.3 kcal/mol for the
complex. Single-point energy calculations with the AVTZ basis reactant complex and about 0.5 kcal/mol for the product
set are also performed to investigate the basis set dependenceomplex. The CCSD(T)/AVTZ values are 0.56 and 2.68 kcal/
The calculated binding energies are 0.55 kcal/mol at UMP2, mol, respectively.
0.60 kcal/mol at UMP4, and 0.59 kcal/mol at CCSD(T) level. If the OH radical approaches perpendicularly the plane of
Thus, the AVTZ values are smaller by 0:2@.24 kcal/mol than three carbon atoms at the end carbon C(1) as the P2 path, no
the AVDZ values as it is to the Cit+-OH complex. The reactant complex is found in our work, which is different from
difference between the UMP4 and CCSD(T) values is only 0.01 the other abstraction reactions. The optimized structure of the
kcal/mol which indicates the convergence of electron correlation p2 product complex is shown in Figure 3b. The H(10) atom of
effect. the HO component is 2.304 A away from the C(1) atom of the
The bottom of Figure 2 shows the optimized structure of the CsH; component. The planarity around the abstraction is not
product complex. The distance between the two components issatisfied in contrast to the P1 product complex. The binding
2.325 A. Similarly to the Cht:-H,O product complex, the  energies of the P2 product complex are larger by-0.5 kcal/
structures of two moieties of the product complex are somewhat mol than those of the P1 product complex. The binding energies
deformed from the free product molecules. In this complex, the with the CCSD(T)/AVDZ level are 3.75 and 2.29 kcal/mol
four atoms of C(1), H(8), O(9), and H(10) are on the same plane. without and with the UMP2 ZPVE correction, respectively. The
The binding energies of the,8s:--H,O product complex are  binding energy with AVTZ basis set is smaller by about 0.5
computed to be 3.22 kcal/mol at UMP2, 3.30 kcal/mol at UMP4, kcal/mol than that with AVDZ and is computed to be 3.20 kcal/
and 3.25 kcal/mol at the CCSD(T) level with the AVDZ basis mol at the CCSD(T) level.
set. The UMP2 ZPVE correction decreases them to be 1.75, In reaction path S, the OH radical abstracts one of the
1.83, and 1.78 kcal/mol, respectively. ThgHg:--H,O complex hydrogen atoms of the secondary carbon. Figure 3c shows the
has a larger binding energy than the £+H,O complex by  optimized structures of the reactant (top) and product (bottom)
1.3 and 1.0 kcal/mol without and with the ZPVE correction at complexes. The distance betweesHg and OH moieties is
the CCSD(T)/AVDZ level. The extension of the basis set to 2.603 A, almost the same as that of the P1 reactant complex.
AVTZ reduces the binding energies to be 2.87 kcal/mol at UMP The planarity around the reaction site (H{&(2)—H(7)—
2, 2.93 kcal/mol at UMP4, and 2.90 kcal/mol at the CCSD(T) 0O(12)-H(13)) is almost satisfied in this complex, and four
level. The AVTZ values are smaller by about 0.35 kcal/mol atoms, C(2), H(7), O(12), and H(13), are aligned more linearly
than the AVDZ values, and the poor convergence of the basis than the corresponding atoms in theHg:-+OH and P1 reactant
set effect is again found. The deviation from the UMP2 value complexes. The binding energies without the ZPVE corrections
is 0.03 kcal/mol. of this complex are the largest among the reactant complexes
CsHg and OH System.There are three hydrogen abstraction studied in this work. The calculated values using the AVDZ
sites in a propane molecule; they are primary site 1 (P1), primary basis set are 0.87 kcal/mol at the UMP2 level, 0.94 kcal/mol at
site 2 (P2), and secondary site (S), whose corresponding reactanthe UMP4 level, and 0.93 kcal/mol at the CCSD(T) level. They
and product complexes found in this work are shown in Figure are larger by about 0.2 kcal/mol than the corresponding ones
3a—c. The relative energies with respect to the reactants areof CHg:--OH. However, the UMP2 ZPVE corrected energies
summarized in Table 3 and in Figure 4. At the primary site 1, are only one-third those of the P1 reactant complex at the UMP2
the OH radical attacks to a hydrogen atom of the nearly in- level (0.12 kcal/mol) and less than a half at the CCSD(T) level
plane position of three carbon atoms. During the reaction path, (0.18 kcal/mol). The enlargement of the basis set to AVTZ
this planarity almost holds as shown in Figure 3a. The OH reduced the binding energy by 0.3 kcal/mol. The CCSD(T)/
radical is bound at 2.605 A away from P1 hydrogen H(11) in AVTZ method computes it to be 0.63 kcal/mol. The distance
the P1 reactant complex. It is shorter by 0.04 A than the between the two moieties of the S product complex is 2.240 A,
corresponding length of the GH-OH complex and by 0.03 A which is the shortest among the complexes in this work.
than that of the gHg*+-OH complex. The angle C(BH(11)— Contrary to the S reactant complex, the S product complex does
0(12) is slightly bent and the H(13) of OH radical is slightly not have a symmetry plane, thus the atoms around the reaction
out-of-plane of C(1}H(11)-0(12), as in the gHg-OH site are no longer on the same plane. The largest binding
complex. On the other hand, in the P1 product complex the energies of the product complexes both with and without UMP2
planarity of the four atoms of C(1), H(11), O(12), and H(13) is ZPVE corrections are found in the S product complex. The
well satisfied. The distance between the two components is CCSD(T)/AVDZ method estimates the binding energy to be
2.322 A, which is shorter by 0.1 A than that of the £+HH,0 4.15 and 2.54 kcal/mol without and with the ZPVE correction,
complex and almost equal to that of theHg:--H,O complex. respectively. Using the AVTZ basis set, the calculated binding
The calculated binding energies of P1 reactant and productenergies are smaller by 0.7 kcal/mol than the corresponding
complexes at the CCSD(T)/AVDZ level are 0.87 and 3.22 kcal/ AVDZ values. The CCSD(T)/AVTZ energy without the ZPVE
mol, respectively. With the UMP2 ZPVE correction, the reactant correction value is 3.44 kcal/mol. The difference between the
complex has a binding energy of 0.44 kcal/mol, which is more UMP2, UMP4, and CCSD(T) binding energies of the product
than five times larger than that of the GEind OH, and about ~ complex are within 0.1 kcal/mol. Again, they are less dependent
one and a half times that of the,is and OH system. Note  on the level of the electron correlation.
that the largest ZPVE corrected binding energies for reactant Features of Hydrogen Abstraction from Hydrocarbons by
complexes are found in the P1 complex. For the product an OH Radical. The transition states (TS) structures for the



Reactions of OH Radical with Saturated Hydrocarbons J. Phys. Chem. A, Vol. 106, No. 11, 2002657

TABLE 4: Rate Constants (k in cm® molecule® s71) for RH + OH — R + H,0 (R = CHs;, C,Hs, CsH5) for the Temperature
Range from 200 K to 310 K

k (cm® molecule® s71)2

R=CH; R=C.Hs R = C3H7 (primary site) R= C3H- (secondary site)
T(K) calc. exptl? calc. exptle calc.(P1) calc.(P2) exptl. calc. exptd
200 1.56E-14 3.08E-13 4.42E-13 1.78E-13 5.95E-12
210 1.81E-14 3.47E-13 5.22E-14 5.00E-13 1.96E-13 6.19E-12
220 2.10E-14 9.25E-16(223 K) 3.88E-13 7.42E-14(225K) 5.63E-13 2.15E-13 6.44E-12
230 2.44E-14 1.26E-15(233K) 4.33E-13 6.32E-13 2.35E-13 6.70E-12
240 2.83E-14 1.55E-15 4.81E-13 1.01E-13 7.05E-13 2.56E-13 6.97E-12
250 3.29E-14 2.05E-15 5.33E-13 1.22E-13 7.84E-13 2.78E-13 7.24E-12
260 3.81E-14 5.88E-13 8.68E-13 3.01E-13 7.53E-12
270 4.41E-14 3.67E-15(273K) 6.47E-13 1.69E-13 9.58E-13 3.25E-13 7.83E-12
280 5.09E-14 7.10E-13 1.82E-13(275K) 1.05E-12 3.51E-13 8.14E-12
290 b5.87E-14 5.97E-15(295K) 7.76E-13 2.40E-13(295K) 1.16E-12 3.77E-13 1.55E-13(295K) 8.46E-12 7.81E-13(295 K)
300 6.75E-14 6.62E-15 8.46E-13 2.55E-13 1.26E-12 4.05E-13 8.79E-12
310 7.74E-14 9.20E-13 1.38E-12 4.34E-13 9.13E-12

aE—14 denotes< 10714 P Reference 1¢ Reference 49 Reference 5.

hydrogen abstractions are also shown in Figure8.1As the products (GHs + H20) as shown in Table 2. A similar tendency
features of the TS structures are similar to those in the previousis also observed for the g + OH system in Table 3. The
studiesi1? we do not discuss the details of the structures for experiment® are 18.6 kcal/mol for the primary site reaction
each reaction. In general, the OH radical approaches the targetand 19.6 kcal/mol for the secondary site reaction.

hydrogen atom linearly, and the reactant complexes are formed. \ye also estimate the approximate reaction rate constants for
During the _h_ydrog_en abstraction process, the OH is located atihese saturated hydrocarbons and OH systems with the con-
a trans position with respect to the-C bond (C-H bond for ventional transition state theory, which includes the tunneling
methane). The distances between the oxygen atom and th& g rection by zero-order interpolated approximation to the zero-
nearest hydrogen of hydrocarbons are about 1.33 A o5 CH cyrvature methoBThe geometry and harmonic frequencies are
system, 1.38 A for gHs and the primary site of g systems, 556 of the UMP2/AVDZ level and the barrier height is at the
and 1.42 A for the secondary site oftd system. The HO—H CCSD(T)/AVDZ level. The temperature range is from 200 to
angles of the T.S structures are about-93°. The planarity . 310 K, which can correspond to that of the troposphere. The
around the reaction site is consewed wgll through the abstractlonCalculateol results are summarized in Table 4 with some
process in Ch CZHB’_ and the_ primary site 1. Of.ﬁs systems. experimental data and plotted in Figure 5. The calculated rate
For the secondary site reaction, the planarity is satisfied in the constants substantially overestimate the experimental rate
reactant complex and the TS, but the product complex no longerconstants for all reaction systems by one order or one-and-a-

has the symmetry plane as mentioned above. . -
The relative energies of the TS structures with respect to the hglf order of mag_nltude. The ra_t|o _Of the_ secondary_ (S) and
primary (P1) reaction rates of;Hgis 1:0.20 in the experiments

reactants are shown in Tables-3. Figure 4 illustrates the . . S S
schematic summary of the energetics of the hydrogen abs'[raction"jlt 295 K and 1:0.14 in the TST estimation at 290 K, which is

reactions at the same level of approximation (CCSD(T)/AVDZ// reaso_nable. S|_m|la.1rly, the_ratlo of the_ S reaction .and4CH_
UMP2/AVDZ). The TS structures are more sensitive to the reaction rates is 1:0.0076 in the experiments and 1'0'0069 n
electron correlation effect than the equilibrium structures, and the estimation. On the_other ha_nd, the ratio of the S reaction
the barrier height becomes smaller as the method improves; The,and GHe reaction rates is 1:0.31in the experiments apd 1:0.092
CCSD(T) estimates about 2 kcal/mol smaller barrier height than in the TST e_stlmatlon. In the experiments, _the reaction _rate of
the UMP2 method. The basis set effect on the barrier height is ©2He  OH is larger than that of the reaction at the primary
not so significant except for &l systems, in which the AvTz ~ carbons of GHg + OH. But, the order of the TST rate constants
values are larger by about 1 kcal/mol than the correspondingiS CH + OH = CaHg + OH < P1 < P2 < S, which is
AVDZ values. As shown in Figure 4, the order of the barrier consistent with the order of the barrier height, and the hydrogen

heights is CH + OH > C,Hg + OH > P1> P2> S, thus the abstractions from larger hydrocarbons proceed more easily.
OH radical can abstract a hydrogen atom more easily from larger 'Tom the slope of the fitting lines in Figure 5, the order of the
hydrocarbons and at the secondary carbons. Thea®d OH activation energies is similar to that of the calculated barrier
reaction has a larger barrier height by abot6&kcal/mol than heights. The TST rate constants are sensible to the barrier
the S site reaction of £l and OH. The reaction energy also heights. As mentioned above, the calculated barrier heights tend
becomes smaller with more accurate methods, since the producté® be lowering with the better basis sets and with the better

are less stabilized than the reactants. The CCSD(T) values ardreatments of electron correlation. The lower barriers imply the
smaller by about 4 kcal/mol than the UMP2 values. The order faster rate constants. Therefore, the overestimation of the TST

of the reaction energies is GH OH < P1 < CoHg + OH < rate constants might not be due to the error in estimating the
P2 < S, which also indicates the higher reactivity of OH radical barrier height. To estimate the tunneling effects, the Wigner
with larger hydrocarbons. The reaction energy of the S site of tunneling correctiol is also tested; the rate constants for the
CsHg is larger by about 5 kcal/mol than that of the £ahd reaction of CH become smaller than those with the zero-
OH reaction. The experimental values for the /GHOH system curvature correction, which implies that the difference from the
are 13.27 and 13.41 kcal/m8) which are very close to the  experimental values becomes slightly smaller. But, those for
CCSD(T) values including the ZVPE correction for the products the reactions of ¢Hg and GHg become larger than those with
(CHz + H20) in Table 1. For the g + OH system, the the zero-curvature correction. More sophisticated theoretical
experimental value of 17.30 kcal/mdis closer to the calculated ~ studies are required to estimate the reaction rates and their
values for the product complex rather than to those for the temperature dependence of the reactions. It is particularly
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experimental constants. The binding energies of these reactant
complexes might be too small to have significant effects on
the hydrogen abstraction from saturated hydrocarbons in the
troposphere, while the corresponding product complexes may
107 1 -0 o .a. . have some effects on the following steps, especially for the
1 larger saturated hydrocarbons.
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