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An interpolated ab initio quantum scattering (AIQS) study for the CH3 + HBr f CH4 + Br reaction is
presented. The ab initio calculation of energy points has been done using the UMP2/6-311G(3df,d,p) level of
theory. Interpolation between the energy points was done using a recently developed generalized discrete
variable representation (GDVR) approach. The quantum scattering calculations were performed using a reduced
dimensionality rotating line umbrella (RLU) model. The UMP2 results give a vibrationally adiabatic ground-
state barrier height of 0.69 kcal/mol for the forward reaction. An unstable van der Waals complex CH3‚‚‚HBr
was also obtained. This complex plays only a minor role in the reaction dynamics. Calculated thermal rate
coefficients show a strong nonlinear Arrhenius behavior. Below 550 K they have a negative temperature
dependence, whereas a positive activation energy was obtained at higher temperatures. It was found that
placing one quantum of energy in the vibrational mode of the H-Br bond stretch enhances the reactivity,
whereas one quantum in the umbrella mode of CH3 has the opposite effect. Finally, a comparison of calculated
thermal rate coefficients with experimental results is made.

1. Introduction

Reactions of alkyl radicals (R) with hydrogen halides (HX,
X ) I, Br, and Cl) have been extensively studied during the
past decades.1-9 This is due to their importance for fundamental
chemical kinetics and thermodynamics. The measured rate
coefficients can be used to determine the heats of formation
for the alkyl radicals. Early measurements showed that these
radical reactions were activated processes characterized by small
positive activation energies.1-4,8 However, since 1988, negative
activation energies with large rate coefficients have been
observed using laser flash photolysis techniques for some small
alkyl radical R + HX (X ) I, Br, and Cl) reactions.5-7,9

Although this finding can seem surprising for simple hydrogen
transfer reactions, the heats of formation obtained for these alkyl
radicals are in good agreement with those obtained from studies
of bond dissociation and recombination rates. On the other hand,
other recent direct kinetic studies using the very low-pressure
reactor technique resulted in normal rate coefficients with
positive activation energies for thet-C4H9 + DBr and C2H5 +
HBr reactions.8,10

The measurements that lead to negative activation energies
and large rate coefficients in the R+ HX (X ) I, Br, and Cl)
reactions were recently assessed by Benson and Dobis.8 They
argued that highly vibrationally excited reactants might be
involved in the experiments, resulting in a negative activation
energy. To clarify this issue, Krasnoperov and Mehta9 reinves-
tigated the CH3 + HBr and CH3 + Br reactions over an extended
buffer gas density range using the laser photolysis technique,
where the pressure used is high enough to completely quench
any vibrationally excited species on the time scale of the

experiments. They ruled out errors due to contributions from
vibrationally excited species but do not draw definite conclusions
about the activation energy.

The CH3 + HBr f CH4 + Br reaction was studied by Chen
et al.11,12 using RRKM theory applied to a potential energy
surface defined by G1 ab initio calculations. The G1 results
give a saddle point with a collinear “Br-H-CH3” structure in
C3V geometry and a van der Waals complex CH3‚‚‚HBr with a
small binding energy of 0.28 kcal/mol (including the zero point
energies). A statistical decay from the van der Waals complex
to products or back to reactants was assumed. The vibrationally
adiabatic ground-state barrier height (Va

G) obtained was 0.67
kcal/mol for the forward process. However, in the RRKM
calculations, the authors had to adjust theVa

G to be-0.11 kcal/
mol to fit the experimental rate coefficients, implying a negative
activation energy.

The assumption of statistical behavior and the Wigner
tunneling correction used in the theoretical study might be
questioned because the van der Waals well is so shallow and
the Va

G value is negative. In addition, the most recent rate
coefficients6,7,9are a factor of 2 higher than those used by Chen
et al.12 We thus find it motivated to theoretically investigate
the CH3 + HBr f CH4 + Br reaction again.

In the present work, a reduced dimensionality quantum
scattering approach13-15 has been used to study the CH3 + HBr
f CH4 + Br reaction. The potential energy surface employed
was directly interpolated from a set of ab initio energy points
using a generalized discrete variable representation (GDVR)
method.16 The main goal is to investigate the effects on the
thermal rate coefficients of tunneling, recrossing, vibrationally
excited reagents, and the vibrationally adiabatic ground-state
barrier height. The temperature dependence of the thermal rate
coefficient and the validity of an RRKM approach to this
reaction is discussed.
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2. Quantum Dynamics

In the quantum scattering calculations a three-dimensional
rotating line umbrella (RLU) model13-15,17 was used. For the
CH3 + HBr f CH4 + Br reaction, the RLU model treats the
umbrella vibrational mode of CH3/CH4 and the H-Br and
H-CH3 reactive bond stretches explicitly, while the remaining
vibrational degrees of freedom are taken into account statisti-
cally. In the RLU model the system is kept in C3V symmetry
throughout the reaction.

The RLU Hamiltonian of the system is written in the
hypercylindrical coordinates (F, æ, z) as

with the volume element

where

and the total angular momentum operator is

HeremBr, mC, andmH are the masses of the Br, C, and H atoms,
respectively. The termsθ and φ are the spherical angles
describing the spatial orientation of the linear Br-H-C axis in
the CH4Br molecule. In eq 1,Veff(F, æ, z) is an effective potential
energy surface, see section 3.

The time independent Schro¨dinger equation of the system
was solved using the log-derivative algorithm of Manolopou-
los18,19 in a partial wave expansion basis set. The resulting
coupled channel equations were propagated from a small
hyperradiusF to a largeF. The adiabatic basis set was calculated
using the guided spectral transform (GST) algorithm due to the
authors.17,20-25 In the asymptotic region, whereF is large, the
S-matrix was extracted using the hyperspherical projection
method.13,14,20It gives the scattering S-matrix as

with

wherek is a diagonal matrix with the elements (k)n′n ) knδn′n,

and wherekn is a wave vector.Y is the log-derivative matrix.
The projection matricesX(i) have been given in refs 13 and 14.

From the S-matrix, the state-to-state reaction probability for
the reaction CH3(V2) + HBr(V) f CH4(V3b, V4) + Br is defined
by

where the vibrational quantum numbersV, V3b, V2, andV4 refer
to the H-Br stretch, the reactive H-CH3 stretch and the
umbrella modes in CH3 and CH4, respectively. The cumulative
reaction probability (CRP),N(E, J), can be calculated by
summing the state-to-state reaction probabilities over all final
and initial states, i.e.

The thermal rate coefficient is calculated from ref 25

where

and

Q(T) is the partition function at the transition state for all
vibrational modes not explicitly treated in the RLU scattering
calculations.A‡ and B‡ are the rotational constants of the
transition state CH3‚‚‚H‚‚‚Br treated as a symmetric top.Qr(T)
is the reactant partition function per unit volume. To obtain eq
8, theK-shifting approximation26-28 has been invoked.

Vibrationally state-selected rate coefficientskVV2(T) for the
reaction CH3(V2) + HBr(V) f CH4 + Br are calculated from

with the initial state-selected cumulative reaction probabilities

whereQ′r(T) is the reactant partition function per unit volume
but excluding the contributions from the two vibrational modes
(V, V2) of HBr and CH3. εVV2 is the vibrational energy referenced
to the (V ) 0, V2 ) 0) level.

The ground-state tunneling coefficient,ηG, and ground-state
transmission coefficient,κG, are defined as25
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where EJ
/ ) Va

G + J(J + 1)B‡ is an effective vibrational
ground-state barrier height for a total angular momentumJ. The
term k00

/ (T) is a rate coefficient for reaction out of the ground
state of the reactants, which excludes tunneling. It is obtained
by setting the lower limit in eq 12 toEJ

/, multiplying by
2J + 1 and summing overJ. The termk00

TST(T) is the conven-
tional transition state theory (TST) rate coefficient for reaction
out of the (V ) 0, V2 ) 0) state.

The frequencies and geometries at the stationary points that
were used to evaluate the partition functions in eqs 8 and 12
are given in Table 1.

3. Potential Energy Surface

Ab initio electronic structure calculations were performed with
the GAUSSIAN 98 code.29 The full second-order Møller-
Plesset (UMP2) perturbation theory has been used with a
6-311G(3df,d,p) basis set.30,31This basis set consists of a triple
split 6-311G basis set31 with polarization functions having
exponential parametersRp ) 0.75 for the hydrogens,Rd ) 0.626
for the carbon atom, andRd ) 1.353, 0.451, 0.15033 andRf )
0.560 for the bromine atom.

Calculated structures and frequencies of the stationary points
for the CH3 + HBr f CH4 + Br reaction are given in Table 1.
There is a van der Waals complex with C3V symmetry in the
entrance channel. It has an energy of-3.34 kcal/mol relative
to the CH3 + HBr limit. However, with the zero point energies
added, this complex is unstable. In contrast, the G1 theory11

predicted it to be 0.28 kcal/mol below the CH3 + HBr limit.
Also obtained is a C3V symmetric transition state with a long
H-CH3 bond. The transition state is lower in energy (2.16 kcal/
mol) than the reactants. If the harmonic zero point energies are
taken into account, we obtain a vibrationally adiabatic ground-
state barrier heightVa

G symmetric transition state with a long
H-CH3 bond. The transition state is low,G1 ) 0.69 kcal/mol,
which is consistent with the G1 result 0.67 kcal/mol.11 These
stationary point comparisons suggests that the UMP2/6-311G-
(3df,d,p) method may describe the reaction quite well.

In the RLU quantum scattering calculations, the three-
dimensional potential energy surface was interpolated from 1296
energy points using the GDVR method.16,25 The energy points
were precomputed using the UMP2/6-311G(3df,d,p) theory for
C3V geometries for the CH3HBr molecule with the C-H bond
length of the CH3 moiety held fixed at 2.0464a0, i.e, the value
at the transition state. Twelve points were used for each of the
H-Br (RHBr ) 1.55∼ 8.0 a0) and H-CH3 (RCH ) 1.35∼ 7.0

a0) bond stretches, while 9 points were used for the umbrella
coordinatez ) -1.65∼ 1.65a0.

In the interpolation procedure, the logarithmxi ) ln Ri was
employed for both theRHBr and RCH variables. Furthermore,
for the reactant channel, the long-range interaction potential was
extrapolated assuming a dipole-quadrupoleC4(RHBr, z)/RCH

-4

behavior.C4(RHBr, z) was determined by interpolation between
the ab initio energies for the two largestRCH distances for each
RHBr and z value on the grid. The potential energy surface,
V(RHBr, RCH, z), is illustrated in Figure 1 with the umbrella
coordinatez optimized. Both the van der Waals complex and
the transition state are clearly seen.

TABLE 1: Calculated Geometric Structures, Energies, and
Harmonic normal Mode Frequencies of Stationary Points for
the CH3 + HBr f CH4 + Br Reaction at the UMP2/
6-311G(3df,d,p) Level of Theory (length in Bohr; angles in
degrees)

species parameter value energy/au mode freq/cm-1a

Br -2572.93106
HBr RHBr 2.6758 -2573.57183σ 2592
CH3(D3h) RCH 2.0415 -39.72506 a ′ ′2 417

e′ 1376
a′1 3008
e′ 3216

CH4(Td) RCH 2.0617 -40.39804 t1 1298
e 1501
a1 2918
t2 3048

CH′3‚‚‚HBr RHBr 2.6933 -2613.30221V1(a1) 3005
(complex, C3V) RCH 4.3521 V2 2479

RCH′ 2.0411 V3 745
∠HCH′ 93.46 V4 29

V5(e) 3211
V6 1380
V7 619
V8 410

CH′3‚‚‚HBr RHBr 2.8312 -2613.30032V1(a1) 2980
(TS, C3V) RCH 3.0486 V2 1488

RCH′ 2.0464 V3 892
∠HCH′ 98.48 V4 297i

V5(e) 3184
V6 1386
V7 804
V8 543

a The UMP2/6-311G(3df,d,p) frequencies are scaled by 0.95.32

Figure 1. The potential energy surface for the CH3 + HBr f CH4 +
Br reaction in C3V symmetry, with the umbrella coordinate optimized.
The contours start at 0.09 eV with an interval of 0.20 eV. Energies are
relative to the CH4 + Br limit.
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The effective potential energy surface used in the dynamics
calculations was obtained by

with

where the parameters areγ ) 0.2522a0
-1, RCH

e ) 0.7583a0, and
Vc ) 0.198 eV. This correction is mainly made for the H-CH3

bending normal modes of CH4 so that a vibrationally adiabatic
ground-state barrier height of 0.69 kcal/mol is produced in the
reduced dimensionality quantum scattering calculations.

4. Results and Discussion

In the scattering calculations, the coupling matrix was
expressed in a direct product DVR basis. We have used 70 sine-
DVRs for n and 35 Fourier DVRs forz, spanning the range
[-1.65, 1.65]a0. The final DVR basis was truncated by a
potential energy threshold of 3.5 eV in each sector. A set of 60
coupled channel equations were propagated using 278 sectors
from hyperradiusF ) 8.0a0 to F ) 22.0a0, where the scattering
S-matrix elements were extracted.

Figure 2 shows the adiabatic energy levels as a function of
the hyperradius. As this hydrogen abstraction process is a
heavy-light-heavy (HLH) reaction, these adiabats reflect many
dynamical features. For instance, the low-lying adiabats are
repulsive while there are wells on some of the adiabats with
higher energy. The wells give rise to resonances which can be
seen in Figure 3 as structure in the reaction probabilities. At
low kinetic energies, there are just two broad resonances,
suggesting that the shallow van der Waals complex does not
play an important role in the dynamics.

Calculated rate coefficients, ground-state tunneling and
transmission coefficients are given in Table 2. The thermal rate
coefficients show a strong nonlinear Arrhenius behavior. Up to
550 K, a negative temperature dependence was obtained, even
though the vibrationally adiabatic ground-state barrier height
is positive (Va

G ) 0.69 kcal/mol). This largely results from the
quantum tunneling effects associated with this light atom transfer
reaction. We note that the Wigner tunneling coefficients used
in the RRKM calculations12 are lower than the ones obtained
from the RLU calculations. However, for this HLH reaction,
the recrossing factor (ηG/κG ∼ 3) is large, which partially

compensates for the different tunneling coefficients. Above 550
K, the calculated thermal rate coefficients give a positive
activation energy. The temperature dependence is, however,
rather small as the rate coefficient only increases by about 50%
on raising the temperature from 550 to 1100 K.

It is interesting to study the effect of reactant vibrational
excitation on the reactivity. As shown in Figure 4, placing one
quantum of energy in the CH3 umbrella mode makes the reaction
slower. The corresponding rate coefficient,k01(T), has a positive

Figure 2. Hyperspherical adiabats for the CH3 + HBr f CH4 + Br
reaction as a function of hyperradius for the total angular momentum
J ) 0. (V, V2) refer to HBr(V) + CH3(V2).

Figure 3. Calculated cumulative reaction probabilitiesN(E, J) vs
energy for the CH3 + HBr f CH4 + Br reaction for several total
angular momentaJ.

TABLE 2: Calculated Thermal Rate Coefficients (k(T)/10-12

cm3 molecule-1 s-1), Initial State-Selected Rate Coefficients
(kWW2(T)/10-12 cm3 molecules-1 s-1), Ground State Tunneling
(ηG), and Transmission (KG) Coefficients for the CH3 + HBr
f CH4 + Br Reaction

T/K k(T) k00(T) k01(T) k10(T) ηG W(297i)a κG k(T)b ηGb

150 1.62 1.62 0.089 3.27 17.0 1.34 6.1 2.87 3.2
200 1.20 1.21 0.13 2.29 10.1 1.19 3.5 2.00 3.1
250 0.99 1.02 0.17 1.82 7.4 1.12 2.6 1.64 3.1
300 0.88 0.93 0.20 1.57 6.0 1.08 2.0 1.46 3.1
350 0.81 0.88 0.25 1.42 5.1 1.06 1.7 1.36 3.1
400 0.78 0.86 0.28 1.34 4.5 1.05 1.5 1.30 3.1
500 0.76 0.86 0.36 1.29 3.7 1.03 1.3 1.28 2.9
600 0.77 0.91 0.44 1.31 3.2 1.02 1.1 1.30 2.7
800 0.88 1.08 0.63 1.46 2.5 1.01 0.9 1.44 2.4

1000 1.06 1.33 0.87 1.70 2.2 1.01 0.8 1.65 2.1

a Wigner tunneling correction [1-(hV/kBT)2/24] using an imaginary
frequency of 297i cm-1. b These values were obtained with aVa

G )
0.0 kcal/mol potential energy surface.

Figure 4. Calculated thermal rate coefficients and initial state-selected
rate coefficients, denoted by (V, V2) for the HBr(V) + CH3(V2) reaction.

Veff(RHBr, RCH, z) ) V(RHBr, RCH, z) + ∆Vcorr (16)

∆Vcorr ) Vc[1 - tanhγ(RCH - RCH
e )] (17)
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temperature dependence. An explanation for this is that the
reaction approximately behaves vibrationally adiabatic and,
because the umbrella mode frequency increases as the reaction
proceeds, exciting this mode increases the vibrationally adiabatic
barrier height, thereby decreasing the reaction rate.

If we put one quantum of energy in the H-Br stretch motion,
the rate coefficients roughly increase a factor of 2 compared to
the ground-state results, with a temperature dependence that is
similar to that of the thermal rate coefficients. We have also
noticed that the translational energy is more efficient in
enhancing the reaction than the vibrational energies are. This
observation is consistent with the shape of the potential energy
surface, see Figure 1, which shows an early transition state.

The calculated rate coefficients are slightly larger than the
experimental value 0.48× 10-12cm3 molecule-1 s-1, obtained
as a low estimate of the average value in the range 608 K-1000
K.3-5 Figure 5 shows a comparison of calculated thermal rate
coefficients with several experimental results.4-7,9 The present
results are roughly a factor of 3 smaller than some of these
measurements.4,6,7,9

To investigate the effect of the barrier height of the potential
energy surface, we have used a surface with aVa

G ) 0.00 kcal/
mol, obtained by settingVc ) 0.150 eV in eq 17. The resulting
rate coefficients are given in Table 2 and also shown in Figure
5. They are about 70% larger than in theVa

G ) 0.69 kcal/mol
case, but with similar temperature dependence. If theVa

G is
further reduced, to be negative, the rates do not change
significantly. A further increase in the rates could have been
expected as forJ > 0, a negativeVa

G would remove or decrease
the centrifugal barrier. Either this has only a small effect on
the rate coefficients or tunneling through the centrifugal barrier
is important enough to make the net effect small. It is seen in
Figure 5 that theVa

G ) 0.00 kcal/mol results are in very good
agreement with the experimental values by Russell et al.5 Their
values are, however, now believed to have been incorrectly
obtained6,7 and more recently measured rate coefficients are a
factor of 2 larger.7

5. Conclusions

We have performed an interpolated ab initio quantum
scattering (AIQS) study for the CH3 + HBr f CH4 + Br
reaction using the rotating line umbrella (RLU) model. The
potential energy surface was interpolated from 1296 UMP2/6-
311G(3df,d,p) energy points. The UMP2 theory predicts a

transition state with C3V symmetry and a vibrationally adiabatic
ground-state barrier height of 0.69 kcal/mol. There is a van der
Waals complex, CH3‚‚‚HBr, in the entrance channel, which
however is unstable.

The calculated thermal rate coefficients show a strong
nonlinear Arrhenius behavior. At lower temperatures, the rate
coefficients have a negative temperature dependence, while a
positive activation energy was obtained at higher temperatures.
The negative temperature dependence is largely due to tunneling
effects. Further, it was found that the shallow van der Waals
complex has only minor effects on the dynamics, which suggests
that the statistical decay assumption made in the previous
RRKM study on this reaction may not be valid, even if good
agreement with experimental results may be found.

Vibrational excitation of the reactants has also been inves-
tigated. Exciting the vibrational mode of the H-Br bond stretch
can enhance the reaction, whereas exciting the umbrella mode
of CH3 has the opposite effect. This is consistent with the latter
case, giving a positive activation energy over the whole
temperature range 150-1100 K. In contrast, the temperature
dependence for the CH3(V2 ) 0) + HBr(V ) 1) reaction is
similar to that of the calculated thermal rate coefficients.

Finally, the results show that the thermal rate coefficients
we have calculated using the RLU model and our AIQS
approach are in good agreement with the experimental results
by Gac et al.3,5 They are, however, a factor of 3 smaller than
most of the more recent experimental results. Although the
calculated rate coefficients can be increased by using a potential
energy surface with a smallerVa

G value, it is still hard to fit the
largest experimental rate coefficients measured.
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