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CH3 + HBr — CH4 + Br Reaction'

Hua-Gen Yu* and Gunnar Nyman*
Department of Chemistry, Physical Chemistryt&mwrg Uniersity, S-412 96 Geborg, Sweden

Receied: September 27, 2000; In Final Form: December 6, 2000

An interpolated ab initio quantum scattering (AIQS) study for the;GHHBr — CH, + 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 compfexHBi

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 theBi bond stretch enhances the reactivity,
whereas one quantum in the umbrella mode of @&k the opposite effect. Finally, a comparison of calculated
thermal rate coefficients with experimental results is made.

1. Introduction experiments. They ruled out errors due to contributions from

vibrationally excited species but do not draw definite conclusions
Reactions of alkyl radicals (R) with hydrogen halides (HX, about the activation energy.

X =1, Br, angl Cl) have been extensively studied during the ¢ oy 4 HBr — CH, + Br reaction was studied by Chen

past O!ecadg’s. _Th|s is due to thelrlmpqrtance for fundamental et alll12 using RRKM theory applied to a potential energy

Che”?"?a' kinetics and thermodyna.mlcsh Tﬂe measured rateyrface defined by G1 ab initio calculations. The G1 results

coefcert can e sed lo determine the heats f o717 ge a saddle pot with a colinear "BH—CH srctre i

radical reaZtions weré activéte d h ! I?&’ geometry and a van der Waals complex4ZHHBr with a

processes characterized by sma — . ; .

small binding energy of 0.28 kcal/mol (including the zero point

e o  1e48 : )
positive activation energiés:"* However, since 1988, negative energies). A statistical decay from the van der Waals complex

activation energies with large rate coefficients have been to products or back to reactants was assumed. The vibrationall
observed using laser flash photolysis techniques for some small P ’ y

alkyl radical R+ HX (X = I, Br, and Cl) reaction& 7 adiabatic ground-state barrier heighotfl obtaingd was 0.67
Although this finding can seem surprising for simple hydrogen Kcal/mol for the forward process. However, in the RRKM
transfer reactions, the heats of formation obtained for these alkyl ¢alculations, the authors had to adjust Weto be—0.11 keal/
radicals are in good agreement with those obtained from studiesmol to fit the experimental rate coefficients, implying a negative
of bond dissociation and recombination rates. On the other hand,activation energy.

other recent direct kinetic studies using the very low-pressure  The assumption of statistical behavior and the Wigner
reactor technique resulted in normal rate coefficients with tunneling correction used in the theoretical study might be

positive activation energies for theC4Ho + DBr and GHs + questioned because the van der Waals well is so shallow and
HBr reactions’*° the VS value is negative. In addition, the most recent rate

The measurements that lead to negative activation energiescoefficient§”?are a factor of 2 higher than those used by Chen
and large rate coefficients in the- RHX (X = 1, Br, and CI) et all?2 We thus find it motivated to theoretically investigate
reactions were recently assessed by Benson and Bdthisy the CH; + HBr — CH,4 + Br reaction again.

argued that highly vibrationally excited reactants might be |5 the present work, a reduced dimensionality quantum
involved in the experiments, resulting in a negative activation scattering approaé#r1s has been used to study the €H HBr
energy. To clarify this issue, Krasnoperov and Méenves- — CH, + Br reaction. The potential energy surface employed
tigated the Cig+ HBr and CH + Br reactions over an extended a5 directly interpolated from a set of ab initio energy points
buffer gas density range using the laser photolysis technique, ,qing 5 generalized discrete variable representation (GDVR)
where. the pressure u§ed 1S h|gh enough to .completely quenChrnethod%6 The main goal is to investigate the effects on the
any vibrationally excited species on the time scale of the ,q1mq) rate coefficients of tunneling, recrossing, vibrationally
excited reagents, and the vibrationally adiabatic ground-state

*E-mail: nyman@phc.gu.se. rrier height. The temperatur ndence of the thermal rat
T Part of the special issue “Aron Kuppermann Festschrift”. barrier height. The temperature dependence of the thermal rate

# Present address: Department of Chemistry, Brookhaven National COEfficient and the validity of an RRKM approach to this
Laboratory, Upton, NY 11973-5000. reaction is discussed.
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2. Quantum Dynamics and wherek, is a wave vectorY is the log-derivative matrix.

The projection matriceX® have been given in refs 13 and 14.
From the S-matrix, the state-to-state reaction probability for

the reaction Chl(v) + HBr(v) — CHg(van, v4) + Br is defined

In the quantum scattering calculations a three-dimensional
rotating line umbrella (RLU) mod&1517 was used. For the
CHs; + HBr — CHy4 + Br reaction, the RLU model treats the

umbrella vibrational mode of C{#CH, and the H-Br and by
H—CHs reactive bond stretches explicitly, while the remaining P’ -9 2
vibrational degrees of freedom are taken into account statisti- VU, | uvag,buﬂ )
cally. In the RLU model the system is kept i, Gymmetry
throughout the reaction. where the vibrational quantum numbertsz,, v2, andv, refer
The RLU Hamiltonian of the system is written in the to the H-Br stretch, the reactive HCHs stretch and the
hypercylindrical coordinateso( ¢, 2) as umbrella modes in Ckand CH, respectively. The cumulative
reaction probability (CRP)N(E, J), can be calculated by
i 2= 19 P Kkl +£8_2 _ }fﬁG(z) g+ summing the state-to-state reaction probabilities over all final
pr @ zﬂ 3 ap p pag? 209z 7oz and initial states, i.e.
A2
T(z) +Verlp 0,2 (1) NE =SSPl (6)

VU2 U3hV4

with the volume element
The thermal rate coefficient is calculated from ref 25

dr = p°dpdedzsin 6d6de

k(M) = Z(ZJ + Dky(T) (7
where
@) = up® + u? QMQAT) oo
k(T) = Z;)QJ%) o) dEeX ~EKTINE ) (8)
_ ’msrrm(mc +3m)]+2 3
my where
= —3rncm_| Ex/KT
2™ me+3m, QM = K_ZJe 9)
mT:rr'Br+n1|—|+rnC+3m—| and
% -7 — (AT _ phK?2
- E.= (A" —B)K (20)
G(2) K
AR+ 3m,Zimy) | y | y
Q(T) is the partition function at the transition state for all
and the total angular momentum operator is vibrational modes not explicitly treated in the RLU scattering
calculations.A* and B* are the rotational constants of the
P _p2 1 9,0 1 8_2 transition state Cki--H--Br treated as a symmetric toQ;(T)
- sin6 90 sin 30 sirfo 84)2 @ is the reactant partition function per unit volume. To obtain eq

8, theK-shifting approximatio?f~28 has been invoked.
Herems;, mc, andmy are the masses of the Br, C, and H atoms,  Vibrationally state-selected rate coefficietds,(T) for the
respectively. The term® and ¢ are the spherical angles reaction CH(v2) + HBr(v) — CHs + Br are calculated from
describing the spatial orientation of the linearBt—C axis in
the CHBr molecule. In eq Ver(p, ¢, 2) is an effective potential k,(T) = Z(ZJ + 1)K, (T) (11)
energy surface, see section 3. ? :
The time independent Schdimger equation of the system

was solved using the log-derivative algorithm of Manolopou- QMQ3(M oo
los'819 in a partial wave expansion basis set. The resulting K,(T) = 27hQ r(nf dEexp[ —E/KTIN,, (E -
coupled channel equations were propagated from a small e J) (12)

hyperradiu to a largep. The adiabatic basis set was calculated
using the guided spectral transform (GST) algorithm due to the
authorst”20-25 |n the asymptotic region, whereis large, the
S-matrix was extracted using the hyperspherical projection
method!31420|t gives the scattering S-matrix as N, (E )= P e (13)

U3pla

with the initial state-selected cumulative reaction probabilities

S(E) = —kYANV twrk 12 (3) _ y _ _
whereQ;(T) is the reactant partition function per unit volume
with but excluding the contributions from the two vibrational modes
(v, v2) of HBr and CH. €,,, is the vibrational energy referenced
=Y (o)X® = X +i[Y (o)X@ = X9 (4) to the ¢ = 0, v, = 0) level.
The ground-state tunneling coefficient, and ground-state
wherek is a diagonal matrix with the elements){n = knOnn, transmission coefficienk®, are defined &8



2242 J. Phys. Chem. A, Vol. 105, No. 11, 2001 Yu and Nyman

Koo(T) TABLE 1: Calculated Geometric Structures, Energies, and
G_ — Harmonic normal Mode Frequencies of Stationary Points for
the CH; + HBr — CH,4 + Br Reaction at the UMP2/
I%o(T) 6-311G(3df,d,p) Level of Theory (length in Bohr; angles in
o0 degrees
(23+ 1)QY(T) [ dE exp-EKTINGE, ) grees)
species parameter value energy/au  mode d¢ragf
. 14) g —2572.93106

234+ 1 dE exp(—E/KT)N.(E, J HBr Ruer 2.6758 —2573.57183¢0 2592

Z( )QJ(DfEﬁ PEEKTINo(E, J) CHs(Dar) Ren 2.0415 —39.72506a, ' 417

e 1376

a 3008

G_ KoolT) _ ¢ 3216
K= g CHa(Tq) Rew 2.0617 —40.398041; 1298
o (M e 1501

+ 00 & 2918

Z(ZJ +1)Q3(T) [~ dE exp(E/KT)Ny(E, J) t 3048

CHg*+-HBr Ruer 2.6933 —2613.30221v1(ay) 3005

(15) (complex, Gy) Rcu 4.3521 V2 2479

kTS (23 + 1)Q5(T) expE3/K " 2.0411 v 745

Z( YT exp(-EykD) OHCH  93.46 va 29

us(e) 3211

_ _ o Ve 1380

where E} = VS + J(J + 1)B is an effective vibrational vr 619
ground-state barrier height for a total angular momeniuthe vg 410
term k5,(T) is a rate coefficient for reaction out of the ground 8_';3'22;"')& EHBf g-giéé —2613.30032:(2y) ﬁ,gg
state of the reactants, which excludes tunneling. It is obtained ‘"~ ~*" CS > 0464 zz 892

by setting the lower limit in eq 12 tdE;, multiplying by OHCH 98.48 v 297
2J 4+ 1 and summing oved. The termk}; (T) is the conven- vs(€) 3184
tional transition state theory (TST) rate coefficient for reaction V6 1332
out of the ¢ = 0, v, = 0) state. Z; c13

The frequencies and geometries at the stationary points that )
were used to evaluate the partition functions in egs 8 and 12 *The UMP2/6-311G(3df,d,p) frequencies are scaled by &.95.

are given in Table 1. 7

3. Potential Energy Surface

Ab initio electronic structure calculations were performed with 6
the GAUSSIAN 98 codé? The full second-order Mgller
Plesset (UMP2) perturbation theory has been used with a
6-311G(3df,d,p) basis s&t31This basis set consists of a triple
split 6-311G basis s#t with polarization functions having
exponential parameteos, = 0.75 for the hydrogens,y = 0.626

for the carbon atom, andy = 1.353, 0.451, 0.15033 and =

0.560 for the bromine atom. 4r
Calculated structures and frequencies of the stationary points

for the CH; + HBr — CHy + Br reaction are given in Table 1.

There is a van der Waals complex withy, Gymmetry in the St

entrance channel. It has an energy-8.34 kcal/mol relative

to the CH + HBr limit. However, with the zero point energies

added, this complex is unstable. In contrast, the G1 tHéory 2

predicted it to be 0.28 kcal/mol below the gH HBr limit.

Also obtained is a g symmetric transition state with a long

H—CHs bond. The transition state is lower in energy (2.16 kcal/ Figure 1. The potential energy surface for the €# HBr — CH, +

mol) than the reactants. If the harmonic zero point energies areB' 'éaction in G, symmetry, with the umbrella coordinate optimized.

taken into account, we obtain a vibrationally adiabatic ground- The contours start at 0.0_9 (?V with an interval of 0.20 eV. Energies are
relative to the CH + Br limit.

state barrier heigh\‘/f symmetric transition state with a long

H—CH3 bond. The transition state is lo®]1 = 0.69 kcal/mol, ap) bond stretches, while 9 points were used for the umbrella

which is consistent with the G1 result 0.67 kcal/mibTThese coordinatez = —1.65~ 1.65a,.

stationary point comparisons suggests that the UMP2/6-311G- In the interpolation procedure, the logarithen= In R was

(3df,d,p) method may describe the reaction quite well. employed for both theRys; and Rey variables. Furthermore,

In the RLU quantum scattering calculations, the three- for the reactant channel, the long-range interaction potential was
dimensional potential energy surface was interpolated from 1296 extrapolated assuming a dipelguadrupoleCa(Rygr, z)/Rgf1
energy points using the GDVR meth&t° The energy points behavior.C4(Rug:, 2) was determined by interpolation between
were precomputed using the UMP2/6-311G(3df,d,p) theory for the ab initio energies for the two largdty distances for each
Csv geometries for the C¥HBr molecule with the &H bond Rysr and z value on the grid. The potential energy surface,
length of the CH moiety held fixed at 2.0464y, i.e, the value V(Rugr, Ren, 2), is illustrated in Figure 1 with the umbrella
at the transition state. Twelve points were used for each of the coordinatez optimized. Both the van der Waals complex and
H—Br (Rqgr = 1.55~ 8.0 &) and H-CHz (Rcy = 1.35~ 7.0 the transition state are clearly seen.

Ryg/ag

2 3 4 5 6 7
Rh-cHy/20
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Figure 2. Hyperspherical adiabats for the @+ HBr — CH, + Br

reaction as a function of hyperradius for the total angular momentum

J = 0. (v, vo) refer to HBr@) + CHs(vy).
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The effective potential energy surface used in the dynamics
calculations was obtained by
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Figure 3. Calculated cumulative reaction probabiliti®§E, J) vs
energy for the Chl+ HBr — CH, + Br reaction for several total
angular momentd.

TABLE 2: Calculated Thermal Rate Coefficients (k(T)/10712
cm?® molecule™® s71), Initial State-Selected Rate Coefficients
(Kyp(T)/10722 cm3 molecules?® s7%), Ground State Tunneling

(»®), and Transmission () Coefficients for the CHz + HBr

Vef'f(RHBr' I:QCH' 2= V(RHBr’ RCH' 2) + AV(:orr (16) — CH4 + Br Reaction

with TIK KT) kooT) kou(T) kio(T) 7#° WR297)@ «C k(T)> #°
150 1.62 1.62 0.089 327 17.0 1.34 6.1 287 3.2
AV =VJ1 - tan _ 17 200 1.20 1.21 013 229 101 119 35 200 3.1
corr C[ a W(RCH REH)] 17 250 0.99 102 0.17 182 7.4 1.12 26 164 31
1 300 0.88 093 0.20 157 6.0 1.08 20 146 3.1
where the parameters aye= 0.2522 ", RS, = 0.7583%, and 350 0.81 0.88 0.25 142 51 1.06 1.7 1.36 3.1
V. = 0.198 eV This correction is mainly made for the-HCH; 400 0.78 0.86 028 134 45 105 15 130 31
bending normal modes of CHo that a vibrationally adiabatic 288 g-;? 8-8‘15 8-22 ié‘i g; 1-82 ii i-gg gg
grgund(—js:jate ba(rler Ihtelght oft0.69 kctatlllmol is ?roldl:.ced in the 800 088 108 063 148 25 101 09 144 24
reduced dimensionality quantum scattering calculations. 1000 1.06 133 087 170 22 101 08 165 21

4, Results and Discussion

In the scattering calculations, the coupling matrix was

aWigner tunneling correction [1h{/ksT)%24] using an imaginary
frequency of 297 cm. ® These values were obtained With\@ =
0.0 kcal/mol potential energy surface.

expressed in a direct product DVR basis. We have used 70 sine-

DVRs for n and 35 Fourier DVRs fog, spanning the range 3.5
[-1.65, 1.65%,. The final DVR basis was truncated by a
potential energy threshold of 3.5 eV in each sector. A set of 60 30 ¢
coupled channel equations were propagated using 278 sectors -,
from hyperradiup = 8.0ay to p = 22.0a,, where the scattering "o 251
S-matrix elements were extracted. g 20l
Figure 2 shows the adiabatic energy levels as a function of g
the hyperradius. As this hydrogen abstraction process is a mg 15l
heavy-light—heavy (HLH) reaction, these adiabats reflect many =
dynamical features. For instance, the low-lying adiabats are & ;41
repulsive while there are wells on some of the adiabats with <
higher energy. The wells give rise to resonances which can be 0.5
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

600 800 1000
TK
Figure 4. Calculated thermal rate coefficients and initial state-selected

rate coefficients, denoted by, (v2) for the HBr({) + CHs(z,) reaction.

coefficients show a strong nonlinear Arrhenius behavior. Up to compensates for the different tunneling coefficients. Above 550
550 K, a negative temperature dependence was obtained, evel, the calculated thermal rate coefficients give a positive
though the vibrationally adiabatic ground-state barrier height activation energy. The temperature dependence is, however,
is positive (\/g = 0.69 kcal/mol). This largely results from the rather small as the rate coefficient only increases by about 50%
guantum tunneling effects associated with this light atom transfer on raising the temperature from 550 to 1100 K.

reaction. We note that the Wigner tunneling coefficients used It is interesting to study the effect of reactant vibrational
in the RRKM calculation® are lower than the ones obtained excitation on the reactivity. As shown in Figure 4, placing one
from the RLU calculations. However, for this HLH reaction, quantum of energy in the GHimbrella mode makes the reaction
the recrossing factoryC/k® ~ 3) is large, which partially slower. The corresponding rate coefficieiat(T), has a positive
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4.0

- transition state with ¢ symmetry and a vibrationally adiabatic

* V\*}jggb% Eﬁzlfmgl ----------- ground-state barrier height of 0.69 kcal/mol. There is a van der

851 n KD,\h ; | Waals complex, Cki--HBr, in the entrance channel, which
- a0l g eaB x however is unstable.
v; 0‘: NDKW = The calculated thermal rate coefficients show a strong
2 257 Sof © SPNGK o nonlinear Arrhenius behavior. At lower temperatures, the rate
2 2ol k o | coe_ff_icients_ haye a negative temperature d_ependence, while a
"’g : positive activation energy was obtained at higher temperatures.
£ st The negative temperature dependence is largely due to tunneling
5 effects. Further, it was found that the shallow van der Waals
¥ 10 complex has only minor effects on the dynamics, which suggests

05 | . that the statistical decay assumption made in the previous

) RRKM study on this reaction may not be valid, even if good

0 agreement with experimental results may be found.

0 200 400 500 800 1000 Vibrational excitation of the reactants has also been inves-
K tigated. Exciting the vibrational mode of the-+Br bond stretch
Figure 5. Comparison of calculated thermal rate coefficients with can enhance the reaction, whereas exciting the umbrella mode
experimental results for the GH- HBr reaCt'o_”'DThe acronyms inthe - o CHj has the opposite effect. This is consistent with the latter
ngj&?,&egesr;?\gﬁsnmemal results as follows: BKM,” GGBRSG; case, giving a positive activation energy over the whole
' ' temperature range 15@100 K. In contrast, the temperature
temperature dependence. An explanation for this is that the dependence for the Gfi» = 0) + HBr(v = 1) reaction is
reaction approximately behaves vibrationally adiabatic and, similar to that of the calculated thermal rate coefficients.
because the umbrella mode frequency increases as the reaction Finally, the results show that the thermal rate coefficients
proceeds, exciting this mode increases the vibrationally adiabaticwe have calculated using the RLU model and our AIQS
barrier height, thereby decreasing the reaction rate. approach are in good agreement with the experimental results
If we put one quantum of energy in the-HBr stretch motion, by Gac et a5 They are, however, a factor of 3 smaller than
the rate coefficients roughly increase a factor of 2 compared to most of the more recent experimental results. Although the
the ground-state results, with a temperature dependence that isalculated rate coefficients can be increased by using a potential
similar to that of the thermal rate coefficients. We have also energy surface with a small@/ﬁ value, it is still hard to fit the
noticed that the translational energy is more efficient in largest experimental rate coefficients measured.
enhancing the reaction than the vibrational energies are. This
observation is consistent with the shape of the potential energy Acknowledgment. H.G.Y. thanks Profs. Sidney W. Benson
surface, see Figure 1, which shows an early transition state. and Lev N. Krasnoperov for fruitful discussions. The calcula-
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experimental value 0.48 10~ 2cm?® molecule’! s71, obtained supercomputer at Chalmers University of Technology and
as a low estimate of the average value in the range 608000 Goteborg University. This research has been supported by the
K.375 Figure 5 shows a comparison of calculated thermal rate Swedish Natural Science Research Council (NFR).
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