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We have performed theoretical modeling of the reaction rate constants of the hydrogen abstraction reaction
of fluoromethane (CkF) by the hydroxyl radical (OH) using dual-level variational transition state theory
calculation including multidimensional tunneling corrections from 200 to 1000 K. Correlated electronic structure
theory with extended basis set calculation was applied for both the low-level reaction-path and the high-level
stationary-point calculation. An improved interpolated correction scheme was used for better estimating the
width of energy barrier by performing an intermediate-level electronic structure calculation. The calculated
rate constants are in good agreement with available experimental values at most temperatures. The hydrogen
kinetic isotope effects (KIEs) were also evaluated and analyzed. The current study suggested that the reaction
has a relatively wide barrier, and the tunneling effects are thus not very important even at low temperatures.
The current study also showed that the variational effects, which lowered the rate constants by over an order
of magnitude at room temperature, are very important for the reaction. The best estimate of the classical
barrier height is between 2.8 and 3.1 kcal/mol. The calculation also suggested that the calculated KIEs are
sensitive to the theories employed for obtaining the low-level potential energy surfaces. It is demonstrated
that the dynamical behaviors predicted by the current calculation can also be deduced from future KIE
experiments on the current reaction.

Introduction as in 1976, Howard and Evensomeasured the rate constant
of (R1) at 296 K using a discharge flow system. Nip et .
1979 obtained the rate constant at 297 K using the flash-
e%hotolysis technique. Then in 1982 Jeong and Kaufifhan
measured the rate constants in the temperature range ef 292

The atmospheric chemistry of the hydrofluorocarbons (HFCs)
has been extensively studied in recent yéat&This is mainly
because the HFCs have been proposed and utilized as substitut
for the industrial and household uses of chlorofluorocarbons 480 K usi disch f " The ab . al
(CFCs), which are believed to have caused the ozone depletion using a discharge flow system. 'he above experimenta
in the stratosphere. One of the reasons that HFCs are morer(aSUItS were CO”?F"'ed in 1985 by Atkinsérand his recom-
ozone-friendly is that they contain - bonds that are mended expression for rate constants from 292 to 480 K was
fﬁ:;etmgkggggrgftgfzgl ,by hydroxyl radicals that are abundant in k=551 10°12 exp(— 1005+ 1681

cm® molecule*s™ (1)
OH + CH;F — H,0 + CH,F (R1)
Schmoltner et al.in 1993 measured the rate constants of (R1)
from 243 to 373 K with the pulsed laser photolysis technique

As a consequence, the HFCs' atmospheric lifetifris much : g g X
and fitted the results to the following Arrhenius expression:

shorter than that of CFCs. Despite being ozone-friendly, the
HFCs, however, are potential greenhouse gases and absorb 15 3 P
infrared radiation not absorbed by carbon dioxide and water K= 1.75x 10 *“exp(-1300M) cm” molecule s = (2)
vapor? Thus, it is important, from the experimental point of
view, to measure exactly how fast the HFCs are consumed in
the atmosphere and, from the theoretical point of view, to

Their results are in good agreement with Nip et al.’s value at
297 K but are slightly higher than Jeong and Kaufman'’s values.
. : . . This is also the only experiment that extended the temperature
understand the detailed physical properties of the main HFCs range below 296 K. However, the results showed relatively large

removing reactions. uncertainty at the lowest temperatures. Hsu and DeMore
There have been many experimental studies on (R1), the gas- y P :

phase reaction between the simplest HFC and the hydroxyl studied (R1) with the relative rate methods from 298 to 363 K

. . . . . in 1995 with HFC-152a as the reference, and then in 1996
radical. The eﬁxperlmental technlques used |nclud9 dlsChargeDeMore"l remeasured the rate constants from 308 to 393 K with
flow systemst%aflash-photolysis methods? and relative rate

measurement¥:11Generally speaking, rate constants obtained :T?;irtincset&gglc fli.ttggTr?;,mrg?eﬂ:;irtl\évtc;r:?sla\t:/\i/ti rt‘it: P(;I(Iac?vsvlijr:e-
by flow tube methods are lower than those measured by fIash-Arrhen’ius expression: 9
photolysis methods, especially at lower temperatfies early P )

k=4.4x 10 *exp(—1655M) cm® molecule * s (3)
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values in the upper-temperature range. All the experimental dataMethod

covering a temperature range showed very little, if any, curvature L o )
in the Arrhenius plofa7.9-11 Molecular geometry optimization and vibrational frequencies

There have also been several theoretical studies on (R1) in©f the stationary points were calculated using A¥dnd PM3
recent years. Jeong and Kaufriapplied conventional transi- ~ Sémiempirical methods (in which the various two- and one-
tion state theory (CTST or TST)15in 1982 to calculate the ele_ctron integrals were either omitted or were approm_mated
Arrhenius preexponential factor of the reaction. They also used USing parameter sets), the full Hartrggock®® (HF) theory with
Wigner's formuld®17” and Eckart potential transmission coef- 6-31+G** and 6-311-G** basis sets? and Maller-Plesset
ficients'® to estimate the tunneling correction. Cohen and Second-order perturbation the&fMP2) with 4-31G*P°
Bensoff carried out more detailed theoretical study on the 6-31+G™, and 6-311-G** basis sets. BorrOppenheimer
reactions of OH with different haloalkanes in 1987 based also €nergies of reaction and barrier heights were also calculated
on TST, although the possible application of variational transi- USing the quadratic configuration interaction theory including
tion state theory (VTST}1” was briefly mentioned. In 1998 single and douple substitutions Wlth. the triples contribution
Schwartz et al2 made a high-level computational study on the 2dded pertubativelyj [QCISD(T)] with 6-311G** and
hydrogen abstraction reactions of different fluoromethanes by 6-311++G(3df,3pd) basis sets at the MP2/6:3%** and MP2/

OH. The reaction rate constants were modeled by TST and an6-31+G** optimized geometry.

improved tunneling correcting method based on Eckart potential Dual-level VTST calculation with the SIL-2 correction
functions. Good agreement with available experimental data wasschemé® requires three levels of electronic structure calculation,
obtained. However, it is now known that the variational effects including the low-level reaction-path calculation, the intermedi-
can sometimes affect the reaction rate constants significant-ate-level barrier-width estimation, and the high-level stationary-
ly,1517.19-23 egpecially for low-barrier reactions. Also, the simple  point calculation. The low-level calculation includes the geom-
and popular one-dimensional tunneling approximations may etry, energies, gradients, and vibrational normal-modes computa-
sometimes severely underestimate the extent of tunn&liHg’ tion along the reaction path. The low-level theory used in the
To accurately model the reaction rate constants and study variougurrent study is MP2/6-3tG**. The symmetry number for the
dynamical properties of a reaction, the variational effects and reaction is set to three. The scaled mass was set to 1 amu and
multidimensional tunneling (MT§172427 need to be taken into  the reaction path was calculated using the Pddelver
account. method® from —2.0 to+0.8 bohrs for (R1) and-1.7 to+0.5

Also in 1998, Espinosa-Garcia et 8l.studied (R1) by bohrs for (R2) with gradient and Hessian step sizes of 0.005
applying dual-level VTST calculation including multidimen- and 0.025 bohrs, respectively. The redundant internal coordi-
sional tunneling corrections. It is puzzling, however, that the nate$®were used for the vibrational analysis of the generalized
calculated Arrhenius plot showed significant curvature at lower transition states. The intermediate-level calculation involves
temperatures, which seemed to be inconsistent with the low- computing the classical energy along the reaction path. The SIL

temperature data of Schmoltner e? ahd Hsu and DeMor&:11 scheme® are flexible about the levels of calculation used for
As a matter of fact, the Arrhenius plots of the hydrogen the intermediate level. A convenient choice is using the reaction-
abstraction reaction of all fluoromethanes (EHCH,F,, and path geometry obtained from the low-level calculation to

CHFs) by OH show very little curvaturé®-11 Since the VTST/ perform higher level single-point energy calculation. In the
MT methods have been proved to be able to accurately modelcurrent study we used QCISD(T)/6-3tG** method to obtain
the reaction rate constants over extended temperaturethe required intermediate-level energy profile along the low-
rangel®-2128-32 e suspect that the PM3 semiempirical level reaction-path geometry, and estimated the half-height width
method employed to calculate the low-level potential energy of the barrier 5).2% The high-level calculation includes
surface (PES) in ref 13 might not be sufficiently accurate, and geometry and frequency computation of the reactants, transition
this in turn caused the discrepancy with experimental data at state, and products. This was carried out at the MP2/6+-&&'t
lower temperatures. level, as mentioned at the beginning of this section. The high-
In the current study we applied the dual-lé3éP-22VTST/ level energy of reaction is taken as the experimental value of
MT dynamics method to model the reaction rate constants of —15.4 kcal/mol! A summary to the levels of the electronic
(R1) by using a much more accurate electronic structure theorytheory mentioned above is the following: The MP2/6+33**
to obtain the underlying low-level PES information. We used level was used as the low-level theory to obtain the underlying
one of our newly developed improved interpolated correction global PES information, including the energies, molecular
scheme® (SIL-2) to carry out the low-level to high-level PES ~ geometry, and vibrational frequencies. The calculated results
data correctio® In essence, the new correction scheme form the basis for the subsequent dual-level interpolated
incorporates data from an intermediate-level classical (orBorn correction. To facilitate the SIL-2 correction scheme, an
Oppenheimer) energy calculation along the reaction path to intermediate-level single-point calculation at QCISD(T)/6-
better estimate the width of the reaction energy barrier. In doing 311+-G** level was performed along the reaction-path geometry
so, we ensured that not only a qualitatively correct low-level calculated at the low-level theory. This calculation gave the
PES was used but also more reliable tunneling corrections wereestimated width of the classical energy barrier that was then
calculated. We also calculated the rate constants of the isotopicused in the subsequent dual-level correction to derive the range

analogue of (R1): parameter of the correction function. The geometry optimization
and vibrational frequency calculation was also performed at the
OH + CD,F — HDO + CD,F (R2) MP2/6-31HG** level to obtain more accurate molecular

geometry and harmonic frequencies of the stationary points.
We will show that by studying the kinetic isotope effects (KIEs, These data were used as the high-level geometry and frequency
ki/kz) and their temperature dependence experimentally, variousvalues in the dual-level calculation. Even though it seems that
dynamical properties of the current reaction, such as the barrierthe MP2/6-31%G** is a lower level theory than the intermedi-
height, the variational effects, and the tunneling effects, can be ate level, the analytical first and second derivatives of the
probed. QCISD(T) method are not currently available, and thus it and
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other sophisticated electronic theories, such as MP4(SDTQ) and
CCSD(T), are not suitable for geometry optimization and
frequency calculation.

The dual-level reaction rate constants were calculated using
the conventional transition state theory (TST) and the canonical
variational theory (CVT}>17 The tunneling correction was
evaluated using the microcanonical optimized multidimensional
tunneling (OMT)?26:27 approximation that takes the dominant
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tunneling probability calculated with the small- and large- H (110.7)
curvature tunneling (SG¥and LCT7:2429 approximation at a

given energy. The vibrational partition functions were calculated (%ji";?,)
using the harmonic approximation except for the lowest- 0O

frequency hindered rotor mode (mode 13 at MP2/6-G1* Figure 1. Calculated reactant geometry at the MP2/6-8GE* level.
level and mode 14 at MP2/6-3+5G** level) of the transition The bond lengths are in angstroms, and bond angles in degrees. The
state and the generalized transition states. We applied\fie values in parentheses are the MP2/6-&F* results.
scheme developed by Truhlar etato calculate the vibrational
partition function of that mode. The ICL methSdvas used in to calculate the reaction-path from the saddle poing t0 s1/»
the dual-level frequency correction. In the LCT calculation, only with a gradient step size of 0.005 bohr, and the Hessians were
the product ground state was considered, and the linearonly evaluated a$ = s;». The results are discussed in the next
method328was used for the potential energy correction in the section.
nonadiabatic regiors: 2 To study how different low-level PES affect the dual-level
For most polyatomic reactions, accurately calculating the dynamics calculation, we have also used the PM3 method as
classical barrier heights to chemical accuracy is still a very the low-level theory, and with the same high-level geometry,
difficult task. Unfortunately, the reaction rate constants are frequency, and energy of reaction information described above
extremely sensitive to the numerical value of the barrier height. to performed dual-level rate constant calculation using the
Thus, instead of using the calculated barrier height directly, for traditional SECKART correction scherd@28 The low-level
accurate modeling of the reaction rate constants, we chose toreaction path was calculated froml.5 to+1.0 bohr, and all
take the classical barrier height as an adjustable parameter tapther parameters and options were identical to the calculation
fit to the experimental data. Most of the experimental rate described above. The high-level barrier was determined by
constants agree within experimental errors with each other atfitting the calculated CVT/OMT rate constants to the value of
temperature above 350 K, but some of the values obtained byeq 3 at 350 K. In fact, we have tried to use PM3 and MP2/4-
Schmoltner et al.at lower temperature are significantly higher.  31G* methods as the low-level theory and to apply the SIL-2
Itis unclear which sets of data are more accurate. We chose tocorrection scheme. However, the classical energy profiles along
adjust the classical barrier height to fit the calculated CVT/ the reaction path calculated by these two methods are very
uOMT rate constant to the experimental value as obtained from different from those obtained at higher levels of theory. As a
eq 3 at 350 K (3.8% 107 cm® molecule! s™!) and to the  result, appropriate range parameters could not be found to
value from eq 2 at 250 K (9.6% 10 ' cm® molecule® s7%). perform the SIL-2 correctio®® See more detailed discussion
The resulting barrier heights are very close to each other. Seejn the next section.
the next section for more discussion. In the current study, the electronic structure calculation was
In the current study we also made a modification to our SIL-2 performed using the Gaussian 98 progrérand the dual-level
correction schem& One important but somewhat bold assump-  girect dynamics calculation was carried out using the Gaussrate
tion made in the original SIL-2 scheme is 8.2 progranf which provides an interface between the Gaussian
T T 1 98 and the Polyrate 8.2 VTST/MT progréfh.The above
ZPES (s1) = ZPEY[(s1) + ', A 4) calculation was carried on several PC workstations running Red
Hat Linux, an SGI Octane workstation in our group, and on an

That is, we assumed that the correction to the low-level ogin 2000 sever in the National Center for High-Performance
vibrational zero-point energy at= s;, is equal to the average Computing in Taiwan.

of the corrections at the reactants and at the transition state,
wheres is the mass-scaled reaction coordinate. In this study,
we decided to put this approximation to a test, and we also
used an alternative approach to estimate the high-level zero- Geometry. Figures 13 show the calculated molecular
point energy as = s152. We reasoned that if one can afford to geometry of the reactants, products, and the transition state (TS),
calculate the high-level frequencies at the three stationary points,respectively, at the MP2/6-31G** and MP2/6-31H1-G**

one probably can also afford to calculate the zero-point energy levels. It is seen in these figures that the geometry calculated
with the same level of theory &= s;,. As a consequence, by the two methods is very similar, with the differences in bond
one can replace the approximation in eq 4 with the directly length within 0.02 A (including the bond being broken and the
calculated high-level value. Of course, considerable amount of bond being formed in the TS) and the bond angle differences
additional computation is required to follow the reaction-path within 2°. The calculated CkF geometry is in good agreement
from the saddle points(= 0) tos = sy, at the theoretical level  with the experimental EF bond length of 1.391 0.005 A,

of the high-level frequency calculation. However, gradient-based C—H bond length of 1.09% 0.010 A, and H-C—H bond angle
(first-order) method4? which are much less resource-demanding of 109.54 2°.47 All the calculated geometry parameters are
than the Hessian-based (second-order) methods, can be used teery similar to the MP2(Full)/6-31G** and ROMP2/6-311G-
calculate the reaction path, and the expensive vibrational analysis(2d,2p) results in ref 13 except for the-€13—0O angle in the

is only needed a$ = s1». We call this new approach the SIL- TS where our MP2/6-3HG** value is 6.7 larger than the
2-direct method. In the current study, we used Euler's méthod ROMP2 value. The calculated-G43 bond length in the TS is

Results and Discussion
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Figure 2. Calculated product geometry at the MP2/6-313** level.
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TABLE 2: Calculated Stationary-Point Vibrational
Frequencies (cnt?) of (R1) at the MP2/6-314-G** Level

CHsF OH CHF H0 TS
3197.3 3835.9 3357.0 4002.4 3830.6
3197.3 3195.6 3884.2 3237.0
3093.2 1503.7 1629.6 3134.5
1522.2 1202.1 1531.4
1522.2 1182.8 1497.1
1517.4 702.1 1320.6
1216.6 1264.7
1216.6 1189.9
1076.6 1111.2
869.2
742.7
302.9
121.2
111.6
1953.8i

TABLE 3: Calculated Stationary-Point Vibrational
Frequencies (cnt?) of (R2) at the MP2/6-314-G** Level

The bond lengths are in angstroms and bond angles in degrees. The

values in parentheses are the MP2/6-@&t* results. The dihedral angle
DH*C*F*H = 148.5 (1439)

F
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Figure 3. Calculated transition state geometry at the MP2/643%1*

level. The bond lengths are in angstroms and bond angles in degrees.

The values in parentheses are the MP2/6-G%* results.

TABLE 1: Calculated Born —Oppenheimer Energies of
Reaction and Barrier Heights (kcal/mol) of (R1) at Various
Levels

Erxn AV*

AM1 —31.08 8.56
PM3 —24.07 8.24
HF/6-314+-G** —2.51 27.59
HF/6-31H-G** —2.96 27.25
MP2/4-31G* —-11.27 11.70
MP2/6-3H-G** —16.50 10.04
MP2/6-31H-G** —18.36 8.97
QCISD(T)/6-31H#G**//MP2/6-31+G** —14.27 6.55
QCISD(T)/6-311%G**//MP2/6-311+G** —14.35 6.51
CCSD(T)/aug-cc-pVTZ/IMP2/6-31G** —15.6 5.1
QCISD(T)/6-311+G(3df,3pd)//IMP2/  —16.47 4.37

6-311+G**
best estimate 2.80-3.06
expt —15.44+2

aFrom ref 13.° Values obtained by fitting to experimental values,
See text® AH{(298 K) from ref 41 and zero-point and thermal energy
correction from MP2/6-311G** calculation.

CDsF OH ChF HDO TS
2375.3 3835.9 2512.4 3945.9 3830.5
2375.3 2302.9 2864.2 2410.7
2213.2 1220.6 1428.2 2269.8
1177.7 1044.1 1194.1
1102.9 921.0 1108.0
1102.9 552.1 1045.3
1012.3 989.0
933.2 940.5
933.2 927.0
797.3
705.4
225.4
117.6
108.5
1443.5i

much closer to the experimental value currently used. The
quality of the basis sets makes more differences in the MP2
calculation than in the HF calculation. Single-point calculation
at the QCISD(T) with 6-31+G** and 6-31H+G(3df,3pd)
basis sets and the CCSD(T)/aug-cc-pVTZ calculdficall
produce values very close to the experimental energy of reaction.
The calculated classical barrier heights range from 4.4 kcal/
mol at QCISD(T)/6-31%+G(3df,3pd) level and 5.1 kcal/mol

at CCSD(T) level of ref 13 to 27.6 kcal/mol at HF/6-BG**
level. Our best estimate of the classical barrier height by fitting
to the experimental rate constants is-231 kcal/mol. This will

be further discussed later in this section.

Vibrational Frequencies and Zero-Point Energies.The
calculated harmonic vibrational frequencies of the stationary
points of (R1) and (R2) at MP2/6-3%1G** |level are listed in
Tables 2 and 3, respectively. The frequencies calculated at the
MP2/6-31G** level are included in the Supporting Informa-
tion. It is clearly seen that one of the high-frequencytC
(C—D) stretching modes in Cif (CDsF) disappears in the
transition state. This mode corresponds to the hydrogen

only about 0.1 A longer than that in the reactant, and thus the abstracted by the OH radical, and it contributes strongly to the

TS is a typical “early” transition state.
Energetics and Barrier Heights.Table 1 lists the calculated

kinetic isotope effects calculated by TST, as will be discussed
later in this section. The vibrational zero-point energy (ZPE) at

Born—Oppenheimer energies of reaction and barrier heights ats = s, calculated by the SIL-2-direct method is 31.98 kcal/

various levels. The derived experimental value of reaction
energy! is also included. The two semiempirical methods
significantly overestimate the reaction exoergicity byl2 kcal/
mol, while the Hartree Fock method underestimates the exo-
ergicity by 12-13 kcal/mol. There is, however, some uncer-
tainty!® on the experimental heat of formation of gfHand thus

mol and is only 0.16 kcal/mol lower than the value estimated
by eq 4 using the original SIL-2 methdé.That is, the
approximation in the original SIL-2 scheme is actually quite
good. To test the accuracy of the SIL-2-direct approach, which
uses the gradient-based Euler method to calculate the MP2/6-
311+G** reaction-path geometry, we also used the probably

on the energy of reaction. The MP2 calculation gives results more accurate Hessian-based Palglelver method to calculate
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Figure 4. Calculated classical energy profile along the torsion angles
for the hindered rotor mode at MP2/6-3tG** level.

the MP2/6-31%#G** reaction path from the saddle point

= s152 Using the same parameters as in the low-level (MP2/6-
31+G**) reaction-path calculation. The calculated ZPEsat

s12 is within 0.001 kcal/mol of the value obtained by the SIL-
2-direct approach. To make the calculation less resource
demanding, we also tried doubling the Hessian step size for
the Page-Mclver method and the resulting ZPE values are
identical. However, calculating this higher-level reaction path

using Hessian-based methods is extremely time-consuming and

is not recommended for general uses. The above calculation

showed when the necessary computational resource is available,

the SIL-2-direct approach can be applied to better estimate the
ZPE ats = sy, by using a gradient-based method to calculate
the required range of the reaction-path at a higher level of theory.
For more complex chemical systems, however, the original
SIL-2 scheme is still recommended for resource consideration.

As mentioned in the previous section, the lowest-frequency
(111.6 cnt!) mode of the transition state is treated as a hindered
rotor using thewW scheme. This involves estimating the
rotational barrief2 We approximated the rotational coordinate
as the G-H3—0O—H4 (see Figure 3) dihedral angle. The
potential energy profile along the rotational coordinate was
calculated (with all atoms fixed except H4) at MP2/6-313**
level, and it is plotted in Figure 4. As shown in the figure, there
is only one energy maximum and the rotational barrier is
estimated to be 2.03 kcal/mol.

Rate Constants.The calculated bimolecular rate constants
of (R1) at various temperatures are listed in Table 4 along with
two sets of experimental data by DeM&rand Schmoltner et
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TABLE 4: Calculated Dual-Level Rate Constants (cn¥
molecule’t s71) of (R1) Using MP2/6-31+G** as the
Low-Level Theory

T(K)  TST CVT  CVTOMT  expt expP
200 6.42¢-14y 1.23(-15) 1.71¢15)
1.23(-13) 2.18(-15) 2.56(15)
250 1.32¢13) 5.60(15) 6.82(-15) 9.65(15)
2.21(-13) 8.87(-15). 9.65(15)
300 2.23¢13) 1.61(14) 1.83(14) 1.77¢14) 2.30(14)
3.44(-13) 2.36(-14) 2.48(-14)
350 3.40(13) 3.54(-14) 3.89(-14) 3.89(-14) 4.27(14)
4.93-13) 4.92(-14) 5.07(14)
400 4.85(-13) 6.58(-14) 7.06(-14) 7.02(-14)
6.70-13) 8.81(-14) 8.95(-14)
450 6.59¢-13) 1.09¢13) 1.15(-13)
8.79(-13) 1.42(-13) 1.43(13)
500 8.66(13) 1.68(-13) 1.75(-13)
1.12(-12) 2.12¢13) 2.13¢13)
600 1.39¢12) 3.34(13) 3.43(-13)
1.73¢-12) 4.06(-13) 4.05(-13)
800 2.99¢12) 8.97(¢-13) 9.05(-13)
3.51(-12) 1.04(12) 1.03(¢13)
1000 5.46(12) 1.81(12) 1.82(-12)
6.22(-12) 2.04(12) 2.01¢12)

aFrom DeMore’s Arrehenius expressi&n® From Schmolter et al.'s
Arrehenius expressich.©6.42(—14) means 6.42< 10714 9 Upper
values are results fitted to experimental rate constants of ref 11 at 350
K, and the lower values are results fitted to experimental rate constants
of ref 9 at 250 K. See text.
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Figure 5. Arrhenius plot of the experimental and calculated rate

constants (in cchmolecule® s7%) of (R1).
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al® Two sets of calculated rate constants are listed, as mentionedf 4.37 kcal/mol obtained at the QCISD(T)/6-3#+G(3df,-

in the previous section, one set was fitted to DeMore’s data at
350 K and the other set was fitted to Schmoltner et al.'s data at
250 K with adjusted classical barrier heights of 3.06 and 2.80
kcal/mol, respectively. This is compared to the estimated values
of 5.1 kcal/mol by Schwartz et &. and 5.2 kcal/mol by
Espinosa-Garcia et &} For comparison purpose, we also

3pd)//IMP2/6-311%G** level. The Arrhenius plot of the calcu-
lated and experimental rate constants of (R1) is shown in Figure
5, and the results of Espinosa-Garcia etare also included.
The lowest curve corresponds to the values calculated with a
classical barrier of 4.37 kcal/mol. All the calculated rate
constants are well below the experimental data. (The numeric

calculated the rate constants using the high-level classical barriervalues of the calculated rate constants are included in the
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TABLE 5: Percentage Decrease of the Classical Energies

|
along the Reaction Path Relative to the Classical Barrier —  MP26311+G* l
Height at Various Levels 12
= = = MP2/6-31+G** ad k A
s(bohrs) MP2/6-313+G** MP2/6-31+G** MP2/4-31G* PM3 . W
A MP2/4-31G*
0 0.0% 0.0% 0.0% 0.0% N

—0.05 1.0% 1.1% 1.3% 2.0% = PM3 4

—0.10 3.4% 3.7% 4.8% 7.1%

—0.15 6.0% 6.7% 9.3% 13.7%

—0.20 8.7% 9.6% 14.0% 20.7%

—0.25 11.3% 12.4% 18.4% 27.1% ~

—0.30 14.0% 15.2% 22.4% 33.0% g

—0.35 16.7% 18.0% 26.0% 38.6% ?j

—0.40 19.4% 20.8% 29.5% 44.1% <

—0.45 22.1% 23.5% 32.9% 49.4% &

—0.50 24.7% 26.3% 36.2% 54.7% E

—0.55 27.4% 29.0% 39.4% 59.8%

—0.60 30.0% 31.7% 42.5% 64.8%
Supporting Information.) For example, at 300 K, the calculated " * |
rate constant is about& times smaller than the experimental . 44
values. The second lowest curw¢”(= 3.06 kcal/mol) fits all o
experimental data well except in the lowest temperature range. .
The next curve \* = 2.80 kcal/mol) on the other hand fits 5
most of the Schmoltner et al.'s and Nip\glues well and is
only slightly higher than the lowest curve at higher temperatures.
Future experiments, especially at lower temperatures, might be
necessary to resolve the discrepancy and uncertainty of the low- . ‘ ; ‘ ‘ ‘ s ‘
temperature rate constants. Our calculation shows, in contrast 07 06 05 04 03 02 -0l 0 0.1
to ref 13, only very little curvature in the Arrhenius plot, which 5 (bohr)

seems to be more consistent with recent experimental results g re 6. Born-Oppenheimer energy profiles along the R1 reaction
In the current study, the dominant tunneling mechanism is the path {/,zr) on the reactant side calculated at different levels.
small-curvature tunneling in the dual-level calculation. As seen
in Table 4, the tunneling effects raise the CVT rate constants comparison purposes, as will be discussed shortly in this section.
by only 5-14% at 300 K. The lack of curvature or the tunneling The dual-level vibrationally adiabatic ground-state energy
effects is due to the low and wide energy barrier of the reaction. (classical energy plus ZPE) curves along the reaction p@h (
This has also been suggested by Schwartz &t dowever, are plotted in Figure 7. It is seen that the maxima of the curves
the large variational effects (the differences between the TST are shifted toward the reactant side and are significantly higher
and CVT rate constants), as shown in Table 4, have not been(>1 kcal/mol) than the values at the saddle point. Thus, the
considered in previous TST studies. At 300 K, the variational calculated rate constants show large variational effects. The
effects lower the calculated rate constants by over an order ofcurve using the MP2/6-38G** method as the low level shows
magnitude. The variational effects are less dramatic for (R2). a very wide barrier, whereas the one using the PM3 method as
(See the Supporting Information for the calculated (R2) rate the low level has a much narrower barrier. The excessive
constants.) tunneling effects calculated in ref 13, as seen in Figure 5, are
We have mentioned in previous sections that the choices of probably due to the erroneously narrow width of the energy
low-level PES may have profound effects on the calculated dual- barrier predicted by the PM3 method.
level rate constants. In Table 5 we listed the ratios of the energy Kinetic Isotope Effects. The calculated KIEs using the two
decrease relative to the classical barrier height along the reactantfitted classical barrier heights mentioned above are shown in
side reaction path at four different theoretical levels. The Table 6. We also include the KIEs calculated using the PM3
corresponding classical energy profiles are plotted in Figure 6. method as the low-level PES. In that calculation the high-level
Itis clearly seen that the energies calculated at the MP2/4-31G* classical barrier height (4.58 kcal/mol) was fitted to reproduce
and PM3 levels decrease much faster than those calculated athe DeMore’$! experimental value at 350 K. It is noted in Table
the other two levels. For example, from the saddle pant ( 6 that the KIEs calculated by TST are much larger than the
0.0) tos= —0.5 bohr, the MP2/4-31G* and PM3 energies have CVT values. For the calculation using the MP2/6+33** as
decreased by 36% and 55%, respectively, while the MP2/6- the low-level PES, tunneling effects make the KIEs slightly
311+G** and MP2/6-314G** energies have only decreased smaller. For example, at 300 K the high-level TST predicted a
by 25% and 26%, respectively. Except for the absolute values, KIE of 7.40, while the CVT and CVE/OMT predicted 1.60
the overall shapes of the energy profiles calculated at the MP2/and 1.57, respectively, for the calculation using 3.06 kcal/mol
6-311+-G** and MP2/6-31-G** levels are very similar. When  as the classical barrier height. In fact, the two calculations using
we tried to use either PM3 or MP2/4-31G* as our low-level the MP2/6-3#G** theory as the low-level PES produced very
theory for dual-level dynamics calculation, suitable range similar KIEs. However, the calculation using the PM3 method
parameter® cannot be found to perform the SIL-2 correction as the low-level PES gave very different results. As shown in
scheme because the energy profiles calculated at these level3able 6, the KIEs calculated by CVT are close to unity and are
are qualitatively different from those calculated at higher significantly smaller than those calculated using the MP2/6-
theoretical levels. Thus, in the current theoretical modeling, the 31+G** as the low-level PES. When tunneling effects are
more reliable MP2/6-3tG** method was used for the low-  considered, the calculation using the PM3 as the low-level PES
level reaction-path calculation. The dual-level calculation using showed significant normal KIEs at low temperatures. For
the PM3 as the low-level theory was performed only for example, at 300 K the KIEs calculated by CVT and CMOMT
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Figure 7. Dual-level vibrational adiabatic ground-state energy curves.
Curves a and b are obtained using the MP2/6-G1* (DL-MP2-LL)

and PM3 (DL-PM3-LL) methods as the low-level calculation with
classical barrier heights of 3.06 and 4.58 kcal/mol, respectively.
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TABLE 6: Calculated Kinetic Isotope Effects (ki/ky) at
Various Levels of Theory

MP2/6-3H-G*;2 MP2/6-3H-G**; 2 PM32

2.80 kcal/mot 3.06 kcal/mot 4.58 kcal/mot

CVT/ CVT/ CVT/

T(K) TST® CVT uOMT CVT uOMT  CVT uOMT
200 19.13 1.78 1.54 1.87 1.77 0.96 5.65
250 10.86 1.64 1.49 1.71 1.66 1.05 4.07
300 7.40 1.55 1.45 1.60 1.57 1.11 3.17
350 561 1.48 1.41 1.53 1.50 1.15 2.63
400 454 1.44 1.38 1.47 1.46 1.17 2.27
450 3.85 1.40 1.35 1.43 1.42 1.17 2.03
500 3.37 1.37 1.33 1.39 1.38 1.17 1.84
600 2.76 1.32 1.29 1.34 1.33 1.15 1.59
800 2.15 1.25 1.23 1.27 1.26 1.08 1.31
1000 1.87 1.21 1.19 1.22 1.21 1.03 1.18

aLow-level theory used in the dual-level VTST/MT calculation.
bHigh-level classical barrier height used in the calculatfaKIEs
calculated by high-level TST are independent of classical barrier heights
and types of low-level calculation.

are 1.11 and 3.17, respectively. The calculated KIEs as a
function of temperature by the high-level TST and the dual-
level CVT/uOMT are plotted in Figure 8. The KIEs calculated
by TST are highly temperature-dependent, changing from 19.1
at 200 K to 1.87 at 1000 K. The KIEs calculated by CMOMT
using MP2/6-3%+G** as the low-level PES are not very
sensitive to the temperature, changing from 1.77 at 200 K to
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Figure 8. Temperature dependence of the calculated KIEs by high-
level TST (HL-TST), dual-level CVI/OMT with PM3 low-level and
SECKART correction scheme (DL-PM3-LL), and dual-level CVT/
uOMT with MP2/6-31G** low-level and SIL-2-direct correction
scheme (DL-MP2-LL) using 3.06 as the high-level classical barrier

height.

200

TABLE 7: Factor 2 Analysis of the Calculated Kinetic
Isotope Effects

MP2/6-3HG** PM3

T (K) ﬂﬁib 77varb ﬂtunnelingb Nvar MNtunneling
200 12.314 0.098 0.948 0.050 5.867
250 6.993 0.157 0.971 0.097 3.868
300 4.766 0.216 0.981 0.150 2.852
350 3.609 0.272 0.986 0.204 2.291
400 2.922 0.324 0.989 0.257 1.952
450 2.476 0.371 0.992 0.304 1.730
500 2.167 0.414 0.993 0.347 1.578
600 1.774 0.486 0.995 0.416 1.387
800 1.387 0.588 0.995 0.502 1.210

1000 1.206 0.651 0.995 0.549 1.149

2The translational and rotational contributions are independent of
temperature and are 1.042 and 1.491, respecti¥éhging 3.06 kcal/
mol as the high-level classical barrier height

temperature dependence, changing from 5.65 at 200 K to 1.18
at 1000 K. In Table 7 the calculated KIEs by the CYOMT
method are broken into contributions from various factors,

KIE = 77'(ran§7fot77\jiib77var77tunneling (5)

as described in several earlier studi2$® As shown in Table

7, the rotational and vibrational contributions are responsible
for the high KIEs calculated using TST, and the large temper-
ature dependence comes solely from the vibrations. The
variational effects, however, make a very strong inversk Q)

1.21 at 1000 K. On the other hand, the corresponding valuescontribution to the KIEs at low temperatures, and result in much

using the PM3 method as the low-level PES show noticeable

smaller KIEs and their temperature dependence by CVT. This
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is because the variational effects are much more important inemployed in the current study to model the rate constants of
the hydrogen reaction (R1) than in the deuterated reaction (R2).the OH+ CHjy reaction. The preliminary results showed that
The calculation using the PM3 method as the low-level PES the classical barrier is in the range 4%.5 kcal/mol, and the
showed even more inverse variational contribution. Interestingly, variational effects also seemed important. The tunneling effects
for the calculation using the MP2/6-3G** theory as the low- are, however, only slightly more important than the current
level PES, the tunneling effects make slightly inverse contribu- system.

tion to the KIEs. This iS, hOWeVer, not unusual for a low-barrier From the above, one can conclude that the dynamica|

reaction in which the deuterated reaction has a higher effective hehaviors of the OH- CH, reaction are far from being settled
barrier to tunnel througf?® In the calculation using the PM3  from the theoretical point of view. Since most of new calculation
method as the low-level PES, the barrier is higher and narrower, show 1-2 kcal/mol reduction of classical barrier than the value
gnd thus the tunneling effects are more important in (R1) than (7.4 kcal/mol) used by Vasilios and Truhrthe calculated
in (R2) because the hydrogen tunnels more readily than the rate constants would be much higher unless significant varia-
deuterium. Consequently, the tunneling effects make significant tjona) effects are also present. It might also be possible that the
normal (>1.0) contribution to the KIEs at lower temperatures. tunneling effects or the symmetry numbes & 12) was

The above KIEs analysis suggests that experimental KIE overestimated. However, the KIEs could be affected dramatically
study over a temperature range may be able to provide a clearmy the variational effects since in many cases the perprotic
test on the dynamical behaviors of the current reaction. If both reactions show much larger variational effects than the perdeu-
variational and tunneling effects are small, the KIEs should be terated ones. The variational effects are in fact very difficult to
modeled correctly by the TST. Thus, very strong temperature calculate accurately since they depend on the subtle details of
dependence of KIEs and very high KIE values at low temper- the PES outside the stationary points. Furthermore, the choices
atures should be observed, as seen in Table 6 and Figure 8. Of the hindered rotor treatment also have important effects on

the other hand, if the tunneling effects are important, then the the calculated rate constants since the hindered rotor mode of
KIEs would be moderately temperature dependent and bethe transition state is only about 40 th

significantly normal at or below room temperature, as in the
calculation using the PM3 method as the low-level PES. The
calculation using the more reliable MP2/6-8&** method as

the low-level PES suggests that only the variational effects are
important, and the vibrational and variational contributions to
the KIEs almost cancel each other out. If it is the case, than the
observed KIEs would be slightly normal (+8.6 at room
temperature) and would show relatively small temperature
dependence.

Experimentally, the OH+ CHzF rate constant is ap-
proximately three times larger than that of GHCH, reaction
at 300 K. From recent theoretical calculations, the true classical
barrier of the current system is probably-2 kcal/mol lower
than that of OH+ CHj, reaction. This is probably the main
reason that the experimental rate constants show even smaller
curvatures or tunneling effects. In both reactions, the tunneling
contribution might not be as large as obtained in earlier
theoretical studie¥21328.3%Even though the general impression
is that the hydrogen abstraction reactions would show large
tunneling effects, however, when the energy barrier is wide, as
It is worthwhile to compare the results of the current study N the present study, the tunneling may not be important. The
to the similar OH+ CH, system. Since the OH CH, system lack of S|gn|f_|cant curvatures in the Arrhenius plots at Iovy
is the prototype of the hydrogen abstraction reaction of temperature is observed for many other hydrogen abs_tractlon
hydrocarbons and halogenated hydrocarbons in the atmospherd€actions of fluoro- and chloro-hydrocarbonghe deuterium
it has been extensively studied in recent years. However, recent<IES in the current system might be smaller than those in the

more advanced theoretical studies seemed to raise more ques2H 1~ CHa reaction for the following reasons. First of all, the
tions than they answered. First of all, there is significant translational and rotational contributions to the KIEs, which are

uncertainty on the classical barrier height. For example, Vasilios €@Sily overlooked, are about 10% and 20% smaller in the current
and Truhla#2 used the MP2/SAC method with an adjusted cc- SyStem, respectively, and these dlfft_arences are_lndependent of
pVTZ basis set and obtained a barrier of 7.4 kcal/mol. However, temperature. Furthermore, the tunneling contribution to the KIEs
most of recent high-level calculations give lower values, e.g., is proba_bly smaller in the_current system d_ue to a lower b_arrier.
5.1 kcal/mol by Malick et at® using the CBS-QCI-APNO The vgnatlonal effgcts might play a more important role_ln the
method, 5.7 kcal/mol by Korchowiec et ®l.by the G2M KIE differences since they contribute very |_nv¢rsely in t_he
method, and 5.8 and 5.0 kcal/mol by Lluch efausing the current §tqdy. However, the exact extent pf yananonal conprlbu-
CCSD(T)/aug-cc-pVTZ and CCSD(T)-SAC/cc-pVTZ methods, 10N 1S dn‘flc_ult to evaluate since the vgrlatlonal effects differ
respectively. Also, earlier studies showed significant tunneling Significantly in VTST calculations using different PES?226:325153
effects at low temperatures and very small variational effécfs. One might also be concerned whether the fitted classical
However, recent experimental measurements indicated that thebarrier heights represent any physical reality since they are
Arrhenius plot of the rate constants shows only slight curvature significantly lower than those obtained by most ab initio

Concluding Remarks

in the low-temperature rangé Furthermore, all recent VTST
calculations showed significant variational effett8351.530n

the other hand, the study by Vasilios and Truf@ave good
agreement on the experimental rate constants and KIEs at mos
temperatures while recent VTST calculafib?® seemed to
underestimate the deuterium KIEs (GHCD,), and in the TST
study by Schwartz et &F the KIEs were overestimated. In an
ongoing project in our research group, we have calculated the
classical barrier using QCISD(T) and CCSD(T) methods with
6-311++G(3df,3dp) basis set and the results are 6.1 and 6.3

calculations. It is possible that the barrier was artificially fitted
to compensate other errors. Within the validity of the VTST,
the most likely sources of errors are the incorrect global features
of the PES that determine the variational effects and the
treatment of the hindered rotor. The latter is less likely to cause
a lower barrier in the current study since the hindered rotor
method used here gives very similar results to those using
harmonic approximation. The harmonic approximation usually
gives a partition function that is too high for the low-frequency
modes above room temperature. If our treatment overestimated

kcal/mol, respectively. We have also applied the SIL-2 method the partition function, then our fitted barriers are actually too
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