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The rate constants for the gas-phase dissociation of HArF and HKrF through the bending coordinates have
been calculated using the dual-level variational transition state theory with quantized reactant state tunneling
(QRST) from 20 to 600 K. Tunneling was found to dominate the reaction below 250 K, and the rate constants
were found to be approximately temperature independent below 100 K. The deuterium kinetic isotope effects
(KIEs) were also calculated in the same temperature range. The calculated KIEs showed dramatic increases
below 250 K due to the large differences in the hydrogen and deuterium tunneling rates. Compared to the
conventional tunneling method, the QRST predicts appreciably higher rate constants below 50 K and makes
the transition from the temperature-dependent domain to the temperature-independent domain more sharply.
At the low-temperature asymptote, the QRST predicts 30% to 40% higher KIEs than the conventional tunneling
method.

Introduction

Contrary to the common chemical knowledge, the noble
gases, especially xenon, show rich chemistry.1-5 In recent years,
there has been growing interest in the chemistry of lighter noble
gases, which is due in large part to the preparation of various
neutral noble-gas molecules in solid noble-gas matrixes.6,7 In
particular, the recent discovery of HArF,8,9 HKrF,10 solvated
HXeOH,11 noble-gas inserted hydrocarbons,12-15 and various
noble-gas coordinated metal complexes16-19 showed that there
are fascinating chemical bonding phenomena and reactions to
be explored in this field.20

Although the HArF and HKrF molecules were formed and
spectroscopically characterized in noble-gas matrixes, theoretical
study showed that they might also be stable in the gas phase
since sizable barriers exist between them and their dissociation
products.21-23 The two most important thermal dissociation
pathways are to (1) the constituent atoms, H+ Ng + F, and
(2) the global minimum, HF+ Ng (Ng ) Ar, Kr). The energy
barriers for these two pathways have been estimated to be∼13
and ∼24 kcal/mol for HArF and∼26 and∼32 kcal/mol for
HKrF.23 The first pathways are further protected by the
endoergicity of approximately 9 and 20 kcal for HArF and
HKrF, respectively.22-24 Thus, at low temperature in the gas
phase, the reaction to HF+ Ng, or the “bending” pathway, may
become the important dissociation pathway. The bending
pathways involve significant hydrogen motion, and thus large
tunneling effects are expected at low temperature.

Chaban et al.25 have estimated the tunneling rates of the HHeF
f HF + He reaction using a simple WKB approximation and
one-dimensional time-dependent Schro¨dinger equation. Large
deuterium kinetic isotope effects (KIEs,∼120) were obtained.
They have also calculated the minimum energy paths of the
same dissociation pathways for HArF and HKrF.23

Variational transition state theory (VTST)26-28 has proved
to be an invaluable tool to calculate thermal rate constants. The
combination of VTST and multidimensional tunneling methods
(VTST/MT)26-31 has successfully modeled the rate constants
of many different types of chemical reactions in extended
temperature ranges.32-36 For unimolecular reactions at low
temperature, the reactant molecules on the reaction path are
better described as residing on discrete energy levels. Thus, the
tunneling effects are better modeled through these quantized
energy levels instead of the continuous energy model used in
most conventional semiclassical tunneling approximations.37-39

In the current study, we applied variational transition state theory
(VTST) including multidimensional tunneling (MT) at quantized
reactant states to estimate the unimolecular rate constants for
the dissociation of HArF and HKrF (and their deuterated
analogues) through the bending coordinates. The temperature
dependencies of the rate constants, tunneling effects, and the
deuterium kinetic isotope effects will be calculated and dis-
cussed.

Methods

The molecular geometry and harmonic vibrational frequencies
of the reactants, products, and transition states were calculated
using MP240 and CCSD(T)41 theory with the aug-cc-pVTZ
atomic basis set.42 Single-point energies at these stationary points
were also calculated with the CCSD(T)/aug-cc-pVQZ method
at the CCSD(T)/aug-cc-pVTZ geometry. The geometry, ener-
gies, gradients, and Hessians on the minimum energy paths
(MEP) were calculated using the MP2/aug-cc-pVTZ method.
The gradient and Hessian step sizes used in calculating the MEP
were 0.005 and 0.025 bohr, respectively, on the mass-scaled
coordinates with a scaling mass of 1 amu. The calculated MEP
ranges are from-3.8 to 2.1 bohr for the HArF reaction,-4.5
to 2.9 bohr for the DArF reaction,-4.6 to 2.6 bohr for the
HKrF reaction, and-5.5 to 3.6 bohr for the DKrF reaction.
Nonredundant internal coordinates43 were used to calculate the
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vibrational frequencies of the generalized transition states along
the MEP. A dual-level32c,44VTST/MT dynamics calculation was
performed to calculate the reaction rate constants. In the dual-
level approach, the reaction-path information obtained at the
MP2/aug-cc-pVTZ level (the “low-level”) was corrected by the
SIL-2 scheme33a,45based on the CCSD(T)/aug-cc-pVQZ ener-
gies and CCSD(T)/aug-cc-pVTZ geometry and frequencies on
the stationary points. The barrier widths were taken directly from
the MP2/aug-cc-pVTZ results. This is justified since it has been
shown that the energy profiles calculated at the MP2/aug-cc-
pVTZ and CCSD(T)/aug-cc-pVTZ levels are very similar.23

Even though the barrier widths were not corrected by another
intermediate-level calculation, the current dual-level approach
is still different from the IOC strategies developed previously.44

In particular, in the current approach the barrier widths (half-
height widths) were controlled to that obtained from the reaction
paths calculated by the MP2/aug-cc-pVTZ level after the energy
corrections are made to the low-level reaction path. In the IOC
methods, one has less control over the barrier widths after the
energy corrections are made, and usually the corrected barrier
widths would be different from that of the low-level reaction
paths. The level of VTST applied is the canonical variational
theory (CVT)26,27 which locates a single reaction bottleneck at
every single temperature. The tunneling correction applied was
the microcanonical optimized multidimensional tunneling
(µOMT)29 method, which takes the dominant tunneling prob-
ability from the small-curvature tunneling (SCT)30 and large-
curvature tunneling (LCT)29-31 at every energy grid point. The
quantized reactant state tunneling (QRST)38,39scheme with the
energy levels evaluated harmonically was applied. One of the
degenerate bending vibrational modes at the reactant was
selected as the reaction-path mode throughout the calculation.
Although the nature of the reaction-path mode changes along
the reaction path,39 the current selection is justified in that the
reaction path couples most strongly with the bending motion
from the reactant to the TS, and the quantized energy levels
are determined by the energy profile of the reaction path on
the reactant side. The conventional tunneling calculation method
with continuous energy levels was also applied for comparison
purposes. The electronic structure calculation was performed
using the Gaussian 98 program,46 and the dual-level VTST/
MT calculation was performed using the Gaussrate 8.2 pro-
gram.47

Results and Discussion

1. HArF f Ar + HF. 1.1. Energetics and Geometry.Table
1 shows the calculated energy barriers and energies of reaction
at various theoretical levels. The barrier is estimated to be 24.4
kcal/mol at the highest level CCSD(T)/aug-cc-pVQZ//CCSD-
(T)/aug-cc-pVTZ, which is also the “high-level” for energies
used in the dual-level dynamics calculation. At the same level,
the energy of reaction is-133.5 kcal/mol, which is close to
the CCSD(T)/aug-cc-pV5Z value of-132.1 kcal/mol by

Runeberg et al.22 The MP2/aug-cc-pVTZ level, which is the
“low-level” used in the dual-level dynamics calculation, gives
very similar results. The calculated geometries of the stationary
points at the MP2/aug-cc-pVTZ and CCSD(T)/aug-cc-pVTZ
levels are depicted in Figure 1. The two levels predict very
similar structures. The MP2 geometry and relative energies are
identical to those obtained by Chaban et al.23 From the reactant
to the transition state (TS), the H-Ar bond is shortened by 0.078
Å, the Ar-F bond is lengthened by 0.271 Å, and the H-Ar-F
bond angle changes from 180° to 106° at the CCSD(T)/aug-
cc-pVTZ level. Compared to the reactant geometry obtained at
the CCSD(T)/aug-cc-pV5Z level,22 the calculated H-Ar and
the Ar-F bond lengths at the CCSD(T)/aug-cc-pVTZ level are
converged to within 0.01 and 0.02 Å, respectively.

1.2. Rate Constants.The calculated rate constants at a few
representative temperatures from 20 to 600 K are listed in Table
2, and the Arrhenius plot is shown in Figure 2. In Table 2 we
see that the variational effects (the differences between the TST
and the CVT rate constants) are very small at all temperatures,
as they are in most high-barrier reactions. The tunneling effects
(the differences between the CVT and the CVT/µOMT rate
constants) are large below 250 K and raise the rate constants
dramatically at lower temperature. For example, tunneling
increases the rate constants by factors of 3.0, 6.5, 1100, and
2.1× 1018, at 250, 200, 150, and 100 K, respectively. The SCT

TABLE 1: Calculated Born -Oppenheimer Energies of Reaction and Barrier Heights (in kcal/mol) for HArF f Ar + HF at
Various Levels

∆Vq Erxn

MP2/aug-cc-pVTZa 23.0 (21.7)b -134.0 (-134.2)
CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVTZa 23.7 -134.0
CCSD(T)/aug-cc-pVTZ 23.7 (22.7) -133.9 (-133.7)
CCSD(T)/aug-cc-pVQZ//CCSD(T)/aug-cc-pVTZ 24.4 -133.5
CCSD(T)/aug-cc-pV5Zc -132.1 (-131.9)
CCSD(T)/cc-pVQZ//CCSD/cc-pVTZd 28.0 -137.4
B3LYP/cc-pVTZd 36.1 -131.0

a From ref 23 and reproduced in the current study.b The values in parentheses are zero-point corrected values.c From ref 22.d From ref 21.

Figure 1. Calculated geometry of the reactant, product, and transition
state for the HArFf Ar + HF reaction at the MP2/aug-cc-pVTZ level.
The values in parentheses are the CCSD(T)/aug-cc-pVTZ results. The
bond lengths are in angstroms, the angles in degrees.

4450 J. Phys. Chem. A, Vol. 108, No. 20, 2004 Chen and Hu



was found to be the dominant tunneling mechanism at all
energies in theµOMT calculation. As seen in Table 2 and Figure
2, The CVT/µOMT-QRST rate constants become almost tem-
perature independent below 100 K with the asymptotic value
of ∼10-20 s-1. From Figure 2, the maximum curvature of the
CVT/µOMT-QRST rate constants occurs at∼125 K, which
signifies the temperature at which the ground state tunneling
becomes dominant.39,48 The tunneling contribution to the low-
temperature rate constants from the first four reactant states in
the current QRST calculation are shown in Figure 3 together
with the overall CVT/µOMT-QRST results. As seen in the
figure, the ground state tunneling indeed becomes dominant at
∼125 K. Compared to the conventional tunneling calculation
also included in Table 2 and Figure 2, the QRST method makes
the transition from the temperature-dependent domain to the
temperature-independent domain more sharply and makes the
asymptotic low-temperature rate constant an order of magnitude
higher. This is consistent with an earlier QRST study on
hydrogen atom diffusion on Cu and Ni surfaces38,39 and on
carbon tunneling in the ring expansion of 1-methylcyclobu-
tylfluorocarbene.48 Although both the conventional and the

current methods of tunneling calculation have the same onset
energy, the tunneling contribution in the conventional method
is a sharply declining, continuous function of energy at very
low temperature due to the Boltzmann factor, while in the QRST
method the tunneling contribution is a step-function of energy
with the step sizes equal to the separations of the reactant state
energy levels. As a result, the calculated tunneling effects are
significantly larger by the QRST method at the lowest temper-
ature range.

1.3. Deuterium Kinetic Isotope Effects.The calculated rate
constants of the deuterated reaction are also plotted in Figure
2, and the KIEs are listed in Table 3. The calculated deuterium
KIE (kH/kD) at 300 K by TST or CVT is 1.16 which is relatively
small for a reaction that involves significant hydrogen motion.
This is because in the current case the reaction path corresponds
to a bending mode instead of a stretching mode. In addition,
this reaction has a significant inverse rotational contribution49

(ηq
rot ) 0.72) to the KIEs. Theηq

rot is a convenient measure of

TABLE 2: Calculated Rate Constants (in s-1) of HArF f
Ar + HF

T (K) TST CVT CVT/µOMTa CVT/µOMT-QRST

20 1.05 (-244)b 1.01 (-244) 1.37 (-22) 5.99 (-21)
27 3.82 (-178) 3.69 (-178) 2.33 (-22) 6.79 (-21)
40 2.89 (-116) 2.82 (-116) 4.91 (-22) 8.26 (-21)
50 1.60 (-90) 1.57 (-90) 7.84 (-22) 9.23 (-21)
70 4.75 (-61) 4.69 (-61) 1.79 (-21) 1.09 (-20)

100 7.10 (-39) 7.03 (-39) 6.65 (-21) 1.50 (-20)
120 3.19 (-30) 3.17 (-30) 2.34 (-20) 3.14 (-20)
150 1.53 (-21) 1.52 (-21) 1.46 (-18) 1.70 (-18)
200 8.12 (-13) 8.08 (-13) 4.39 (-12) 5.22 (-12)
250 1.49 (-7) 1.49 (-7) 3.70 (-7) 4.51 (-7)
300 5.00 (-4) 4.99 (-4) 9.00 (-4) 1.08 (-3)
400 1.33 (1) 1.33 (1) 1.82 (1) 2.07 (1)
600 3.69 (5) 3.69 (5) 4.21 (5) 4.49 (5)

a The conventional method using continuous energy levels for
tunneling.b 1.05 (-244) means 1.05× 10-244.

Figure 2. Arrhenius plot of the calculated rate constants for the HArF
f Ar + HF reaction.

Figure 3. Arrhenius plot of the tunneling contribution from the first
four reactant states to the CVT/µOMT-QRST rate constants for the
HArF f Ar + HF reaction.

TABLE 3: Calculated Kinetic Isotope Effects for HArF f
Ar + HF Reactionsa

T (K) TST CVT CVT/µOMT CVT/µOMT-QRST

20 1.27 (2)b 1.24 (2) 5.09 (12) 7.26 (12)
27 3.36 (1) 3.31 (1) 4.96 (12) 7.25 (12)
40 9.76 9.65 4.62 (12) 7.25 (12)
50 5.84 5.79 4.24 (12) 7.24 (12)
70 3.25 3.23 3.07 (12) 6.68 (12)

100 2.09 2.08 4.20 (11) 7.62 (11)
120 1.77 1.76 2.80 (8) 3.07 (8)
150 1.50 1.49 3.15 (2) 3.42 (2)
200 1.29 1.29 3.43 4.20
250 1.20 1.20 1.94 2.56
300 1.16 1.16 1.57 2.07
400 1.14 1.14 1.33 1.67
600 1.17 1.17 1.25 1.44

a Kinetic isotope effect) kH/kD
b 1.27 (2) means 1.27× 102.
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the contribution from the rotational motions of the reactant and
transition state to the KIEs and is defined by

where detI is the determinant of the moment of inertia tensor,
a superscript R means reactant, a superscriptq means transition
state, and subscripts H and D mean the hydrogenic and
deuterated species, respectively. For polyatomic reaction systems
this temperature-independent factor is usually larger than unity
and makes an important “normal” contribution to the
KIEs.32c,32e,33a,49However, in the current case, theηq

rot is less
than unity and contributes to the relatively small deuterium
KIEs.

The tunneling effects increase the KIE by 78% to 2.07 at
300 K. At lower temperature, the reaction is dominated by
tunneling. Due to the large differences of the hydrogen and
deuterium tunneling rates, the KIEs calculated by the CVT/
µOMT methods become very high. For example, the KIEs
calculated by the QRST method are 2.56, 4.20, 342, and 7.62
× 1011 at 250, 200, 150, and 100 K, respectively, while the
KIEs calculated by TST or CVT, which are due mainly to the
zero-point energy effects, increase at a much slower rate. The
KIEs calculated by the CVT/µOMT-QRST method reach an
asymptotic value of∼7.3 × 1012 below 50 K, which is∼40%
higher than the CVT/µOMT value.

It is noted that in the QRST calculation, one would ideally
like to use the WKB approximation39 to obtain the energy levels
in the reactant well for tunneling. However, the energy levels
calculated by the WKB method are sensitive to the calculated
reaction-path energies in the vicinity of the reactant well. In
the direct dynamics approach28,29,32c (in contrast to using an
analytical potential energy surface), the MEP curve in that region
is usually not very reliable due to the small energy gradients.
For numerical stability and reproducibility, we chose to use the
harmonic method to obtain the energy levels in the current
semiquantitative QRST calculation. The harmonic approxima-
tion used in the current study has the limitation that the higher
energy levels are not accurately calculated since the nature of
the reaction-path mode changes along the reaction path, and
the energy separations are usually overestimated by the harmonic
approximation. However, at the low-temperature region, which
is our main focus in the current study, the dominating tunneling
contribution is from the ground state where the errors introduced
by the harmonic approximation were less severe.

2. HKrF f Kr + HF. 2.1. Energetics and Geometry.Table
4 shows the calculated energy barriers and energies of reactions
at various theoretical levels. The barrier is estimated to be 32.5
kcal/mol at the CCSD(T)/aug-cc-pVQZ//CCSD(T)/aug-cc-pVTZ
level, which is ∼8 kcal/mol higher than that of the HArF
reaction. At the same level, the energy of reaction is-113.1
kcal/mol, which is∼20 kcal/mol higher than that of the HArF

reaction. That is, the total bond energy (or the stability relative
to atoms) of HKrF is 20 kcal/mol more than that of HArF. This
is consistent with the energies of-7.4 and-27.8 kcal/mol for
HArF and HKrF, respectively, relative to the constituent atoms
calculated at the CCSD(T)/aug-cc-pVQZ//CCSD(T)/aug-cc-
pVTZ level in the current study. The calculated geometries of
the reactant and transition state at the MP2/aug-cc-pVTZ and
CCSD(T)/aug-cc-pVTZ levels are depicted in Figure 4. Again,
these two levels of theory predict very similar energies and
structures. In the reactants (HNgF) of the two reactions
considered here, the H-Kr bond is 0.14 Å longer than H-Ar
bond while the Kr-F bond is only 0.05 Å longer than the Ar-F
bond. This is consistent with earlier studies24,50 that show that,
in HNgF molecules, the H-Ng distances are much more
sensitive to the identity of Ng than the Ng-F distances are.
From the reactant to the TS, the H-Kr bond is shortened by
0.081 Å, the Kr-F bond is lengthened by 0.289 Å, and the
H-Kr-F bond angle changes from 180° to 102° at the CCSD-
(T)/aug-cc-pVTZ level. Compared to the HArF reaction, the
changes in bond lengths are very similar, and in the TS the
H-Kr-F angle is 4° smaller than the H-Ar-F angle.

2.2. Rate Constants.The calculated rate constants at a few
representative temperatures from 20 to 600 K are listed in Table
5, and the Arrhenius plot is shown in Figure 5. Due to the higher
barrier, the calculated rate constant at 300 K is approximately
6 orders of magnitude lower than that of the HArF reaction. As
seen in Table 5, the variational effects are very small except at
the lowest temperatures, and tunneling dominates the reaction
below 250 K, which is very similar to the HArF reaction. The
tunneling increases the rate constants by factors of 1.9, 4.2, 134,
and 2.5× 1020, at 250, 200, 150, and 100 K, respectively. The
SCT was found to be the dominant tunneling mechanism at all

TABLE 4: Calculated Born -Oppenheimer Energies of Reaction and Barrier Heights (in kcal/mol) for HKrF f Kr + HF at
Various Levels

∆Vq Erxn

MP2/aug-cc-pVTZa 31.4 (30.0)b -112.8 (-112.7)
CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVTZa 32.1 -112.4
CCSD(T)/aug-cc-pVTZ 32.2 (30.9) -112.4 (-112.1)
CCSD(T)/aug-cc-pVQZ//CCSD(T)/aug-cc-pVTZ 32.5 -113.1
CCSD(T)/cc-pVQZ//CCSD/cc-pVTZc 34.7 -114.3
B3LYP/cc-pVTZc 40.5 -110.3

a From ref 23 and reproduced in the current study.b The values in parentheses are zero-point corrected values.c From ref 21.

ηq
rot ) [(detI )H

q (detI )D
R

(detI )D
q (detI )H

R]1/2

(1)

Figure 4. Calculated geometry of the reactant and transition state for
the HKrF f Kr + HF reaction at the MP2/aug-cc-pVTZ level. The
values in parentheses are the CCSD(T)/aug-cc-pVTZ results. The bond
lengths are in angstroms, the angles in degrees.
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energies in theµOMT calculation. As seen in Table 5 and Figure
5, The CVT/µOMT-QRST rate constants become almost tem-
perature independent below 70 K with the asymptotic value
∼10-35 s-1, which is approximately 15 orders of magnitude
lower than that of the HArF reaction. Figure 5 shows that the
maximum curvature of the CVT/µOMT-QRST rate constants
occurs at∼125 K, also similar to the HArF reaction.

2.3. Deuterium Kinetic Isotope Effects.The calculated rate
constants of the deuterated reaction are also plotted in Figure
5, and the KIEs are listed in Table 6. The calculated deuterium
KIE at 300 K by TST or CVT is 1.36, and the tunneling effects
increase the KIE by 33% to 1.81. At lower temperature, the
reaction is dominated by tunneling, and the KIEs calculated by
the CVT/µOMT methods become very high. For example, the
KIEs calculated by the QRST method are 2.46, 4.73, 92.9, and
4.76× 1016 at 250, 200, 150, and 100 K, respectively, and reach
an asymptotic value of∼1.5× 1019 below 50 K, which is∼30%
higher than the CVT/µOMT value. This value is approximately
6 orders of magnitude higher than that of the HArF reaction.

3. Thermal Stability of HArF and HKrF. Experimental
evidence shows that HArF and HKrF molecules in the stable
sites of noble-gas matrixes are stable up to 40 K, while thermal

decomposition is observed at 27-32 K for molecules in unstable
sites.9,10 The decomposition in the matrixes has been attributed
to reactions with reactive radicals8-10 since the rates of the two
unimolecular decomposition pathways mentioned in the Intro-
duction should be extremely low at these temperatures, and no
significant deuterium isotope effects on the decomposition have
been experimentally identified.10 For example, the rate constant
of HArF f Ar + HF at 30 K was calculated to be only 7×
10-21 s-1 in the current study. If pure HArF or HKrF can be
made in the gas phase, they should be thermally stable. For
example, at 100 K, the decomposition rate constants through
the bending coordinates are calculated to be only 1.50× 10-20

and 1.65× 10-35 s-1 for HArF and HKrF, respectively. While
the tunneling effects increase the rate constants tremendously
at low temperature, the increases are less dramatic above 200
K. For example, the CVT/µOMT-QRST rate constants for HArF
are factors of 6 and 2 larger than the CVT values at 200 and
300 K, respectively. Thus at higher temperature, dissociation
to the constituent atoms might be more important due to the
lower energy barriers. The dual-level VTST/MT rate constant
calculation on the decomposition of HArF and HKrF to the
constituent atoms is currently in progress in our laboratory.

Summary

We have performed a dual-level variational transition state
theory with multidimensional tunneling calculation on the
dissociation reactions HArFf Ar + HF, HKrF f Kr + HF,
and their deuterated analogues from 20 to 600 K with the
quantized reactant state tunneling method. The tunneling effects
were found to dominate the reactions below 250 K and become
extremely important at lower temperature. The calculation
predicted that the rate constants begin to level off at ap-
proximately 100 K and become temperature independent at even
lower temperature. The kinetic isotope effects were modest at
room temperature (KIEs are∼2 at 300 K) and increase rapidly
as the temperature decreases. Compared to the conventional
tunneling methods, the QRST method predicts sharper transi-
tions from the temperature-dependent domains to the temper-
ature-independent domains, higher asymptotic rate constants,
and larger asymptotic deuterium isotope effects.
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TABLE 5: Calculated Rate Constants (s-1) of HKrF f Kr
+ HF

T (K) TST CVT CVT/µOMTa CVT/µOMT-QRST

20 8.98 (-314)b 8.05 (-314) 1.23 (-37) 4.55 (-36)
27 2.35 (-241) 2.15 (-241) 2.28 (-37) 4.95 (-36)
40 6.52 (-159) 6.16 (-159) 5.60 (-37) 5.69 (-36)
50 1.26 (-124) 1.20 (-124) 1.12 (-36) 6.20 (-36)
70 2.17 (-85) 2.10 (-85) 4.63 (-36) 7.22 (-36)

100 6.81 (-56) 6.65 (-56) 3.24 (-35) 1.65 (-35)
120 2.16 (-44) 2.12 (-44) 1.99 (-34) 1.19 (-34)
150 7.33 (-33) 7.21 (-33) 7.71 (-31) 9.64 (-31)
200 2.75 (-21) 2.71 (-21) 1.21 (-20) 1.14 (-20)
250 2.59 (-14) 2.56 (-14) 6.00 (-14) 4.92 (-14)
300 1.19 (-9) 1.19 (-9) 2.08 (-9) 1.62 (-9)
400 8.45 (-4) 8.40 (-4) 1.14 (-3) 8.89 (-4)
600 6.17 (2) 6.15 (2) 7.01 (2) 5.84 (2)

a The conventional method using continuous energy levels for
tunneling.b 8.98 (-314) means 8.98× 10-314.

Figure 5. Arrhenius plot of the calculated rate constants for the HKrF
f Kr + HF reaction.

TABLE 6: Calculated Kinetic Isotope Effects for HKrF f
Kr + HF Reactionsa

T (K) TST CVT CVT/µOMT CVT/µOMT-QRST

20 2.74 (3)b 2.47 (3) 1.22 (19) 1.58 (19)
27 2.11 (2) 1.94 (2) 1.24 (19) 1.49 (19)
40 3.35 (1) 3.17 (1) 1.30 (19) 1.41 (19)
50 1.56 (1) 1.50 (1) 1.45 (19) 1.37 (19)
70 6.53 6.33 1.63 (19) 1.12 (19)

100 3.40 3.32 1.81 (17) 4.76 (16)
120 2.64 2.59 2.34 (9) 1.21 (9)
150 2.07 2.03 6.94 (1) 9.29 (1)
200 1.64 1.62 4.11 4.73
250 1.46 1.45 2.40 2.46
300 1.37 1.36 1.89 1.81
400 1.29 1.29 1.53 1.42
600 1.28 1.27 1.37 1.28

a Kinetic isotope effect) kH/kD. b 2.74 (3) means 2.74× 103.
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