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Kinetic Isotope Effects in the Reactions of D Atoms with CH, C;He, and CH3OH:
Quantum Dynamics Calculations
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A practical procedure of calculating quantum rate constants for polyatomic reactions presented previously
has been extended in this paper to investigate the kinetic isotope effects (KIEs) for the following reactions:
D + CHg4, D + CsHe, D + CiDg, and D+ CH3OH. The method involves treating the quantum dynamics
explicitly for bonds being broken and formed with a potential energy surface obtained from ab initio calculations
(MP2 for geometry optimizations and vibrational frequencies, CCSD(T) for points on reduced dimensionality
surface). Rate constants are evaluated, and we find the existence of inverse and normal kinetic isotope effects
among the listed reactions. Comparison with the available experimental measurements for B ,Land

D + CH3OH reactions confirms the inverse KIE found in the present calculations.

1. Introduction than the H+ CH30H reaction over the temperature range-500

L ) . 680 K. Calculations of the rate constants have been performed
There has been significant recent progress in applying ¢y, + C:Hs” and H-+ CH;OH®233reactions using transition

theoretical methods to treat kinetics and dynamics of polyatomic ;e theory with tunneling corrections and quantum calcula-
reactions. The study of kinetic isotope effects (KIEs) on reaction tions® These results have been compared with experimental
rate constants is an important topic theoretically and experi- | 5| es.

mentally? Such studies can be used to diagnose transition states The main objective of this study is to extend a recently

and also to examine breakage and formation of bonds. 'SOtOpeSdeveloped quantum procedure to treat kinetic isotope effects

can also be used as markers to determine the nature Ofyqcyrately and with minimal computational cost. We apply the
intermediates in chemical reactioh$n the case of reactions

. . . computational procedure that we have been developing that
involving transfer of light atoms such as hydrogen atoms, an

e . ° employs a small number of accurate ab initio calculations with
accurate description of the KIE normally relies heavily on the 4 ,antym scattering computatioh&Thermal rate constants and
importance of a quantum mechanical tunneling description.

kinetic isotope effects for the following reactions are computed

In this work, we have investigated the primary isotope effect and compared to existing results from the literature.
in abstraction reactions of methane, ethane, and methanol with

D atoms. We employed a quantum-based procedure to construct H+ CH,— H,+ CH; (1)
the ab initio potential energy surfaces and performed time-

independent calculation of reaction probabilities and rate D+ CH,— HD + CH, 2)
constants. This procedure has been presented previously by the

authors to study the reaction kinetics of hydrogen with methane, H+ C,Hg— H, + CHg ©))
ethane, and the two channels of methafoHere, we extend

the method to the study of kinetic isotope effects. D + CHg—HD + C,Hg (4)

Reactions of H atoms with hydrocarbons are important steps

in combustion and pyrolysfs’ Intepsive experimental investiga— D+ C,Dg — D, + C,Ds ®)
Ormyrogehvin et e St e TrCHON-HACHON @
Cirvaiire Inthe Arhemus plot o low ermperaires, an rger H + CH,OH— H, + CHO @
S1 217 it & roporie tht the observed isotopie reacton of D D + CH,OH — HD + CH,OH ®
with methanol shows an important inverse KIE in the temper- D -+ CH,OH — HD + CH,0 )

ature range 298 k& T < 575 K. Whereas in the experimental
work of Hoyermann et aP® the authors found similar values
for the rate constants at= 555 K for H+ CH3;OH and D+
CH3OH within the limits of error, the H+- CDsOH and H-+
CD3;0D reactions showed significantly smaller rate constants

Our procedure involves using hyperspherical quantum dynamics
to treat the bonds being broken and formed in the reactions.
The effective potential energy surfaces are obtained by optimiz-
ing the geometries using the ab initio MP2(full) method,
calculating vibrational frequencies using MP2(full) and comput-
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The paper is organized as follows. In section 2, we describe TABLE 1: Energetics of the Isotopic Reactions of Methane,
briefly the ab initio calculations of the potential energy surfaces, Ethane, and the Channel 1 of Methanol in kcal/mat

the interpolating method, and the reduced dimensionality AV# AV* AE AH (0 K)
guantum scattering theory for reactionsd In section 3 we H+ Ch, 154 142 36 06
present the rate constants and the kinetic isotope ratios, discuss p 4 cp, 15.4 13.26 36 0.24
the results for these reactions, and make comparisons with H + C,Hs 13.54 12.0 4.1 1.5
available experimental measurements and calculations. Finally D + C.He 13.54 11.1 4.1 0.6
our main conclusions are displayed in section 4. D + CaDs 13.54 12.34 4.1 21
H + C:Dsg 13.54 14.65 4.1 4.35
H + CH;OH 9.85 8.56 —5.48 —-7.87
2. Theory D + CHsOH 9.85 772  -5.48 ~8.74
We used the hyperspherical representatjgf)(to describe D + CD;OD 9.85 888  —548 —7.34

the reactive process in a polar coordinate transformation from H+ CDsOD 9.85 9.75 —5.48 —6.31

the Jacobi coordinate®; andR.. The reactions studied are of aAV# is the classical barrier height, am/ * is the vibrationally

the form Hy+ Hy,YZ — H.Hp + YZ, where Y is the atom from adiabatic barrier heightAE is the energy change for the reaction
which H, is abstracted. The distance joining thgadd H, atoms excludir_lg vibrational zero-point energies. These are included in the
is R, and the distance between the center of mass.sf, ldnd calculation of AH.

the center of mass of YZ iRy. The polar hypersphericdl® 2.1.2. H+ CyHg — H, + CoHs. The four isotopic reactions
coordinates are obtained from the following transformation:  of ethane are characterized by different thermochemistry and
reactivity. All four reactions are found to be endothermic, the
lowest barrier reactionAV i = 11.1 kcal/mol) is D+ C;Hs,

and the highest barrier reaction\(z = 14.65 kcal/mol) is H

+ C,Ds. The analytical surfaces were obtained from 43 grid

%Rf:[p cosp)I’, %Rf: [psin@®)]*  (10)

The mass factors are defined as points. The transition state haasymmetry, and the reactions
are reactant-like in view of the small deformation of the bonds
(my + rmh)(mY +my) (my me) at the transition state in comparison to their values in the isolated
M, = : , My=———r, fragments.
(M, +my, +m,+m) (my, +my) 2.1.3. H+ CHsOH — H, + CH,OH. This reaction presents
u=(M;M,M 3)1/3 (11) two reactive channels, as stated previously. The abstraction from

the methyl group is the most importar2331t is exothermic
. . #
whereM; is the reduced mass of the product YZ as defined in @nd has a lower barrier to reaction\(; = 8.56 kcal/mol)

ref 4. compared to the endothermic second channel where the barrier
The grid points required to map all the domains of a given height is AV = 13.29 kcal/mol).

reaction are the j-Hy, = R, and H—Y = Ry’ distances and Four analytical potential energy surfaces (PESs) have been

correspond respectively to the bonds formed and broken whereconstructed from an average of 50 grid points for the H/D

R = R + R:M,. A transformation from theRy,R,) grid to CH3;OH reactions. Two PESs were required to model the

the hyperspherical coordinates using eq 10 was performed wherisotopic reactions through channel 1 (i.e., abstraction of H from

studying the different isotopes. the methyl side), and two other PESs were required to study

2.1. Ab Initio Potential Energy Surfaces. The potential the second channel reactivity (i.e., abstraction of H from the
energy surfaces developed in this work treat explicitly the bonds hydroxyl side). The H+ CH;OH and D+ CHzOH reactions
formed and brokenRy',R,) and include the zero-point energy through channel 1 are found to be exothermic, and the lowest
for the other degrees of freedom not participating to the reactive barrier reaction AV’ = 7.72 kcal/mol) corresponds to the D
process calculated using MP2(fdflf” with the cc-pVvTZ + CH3OH reaction. In channel 2, the #f CH3OH reaction is
basis set. In the BornOppenheimer approximation, total endothermic and the B- CH3OH reaction is exothermic and
energies for the isotopic reactions are the same, and for a givenhas a lower barrier to reactiom\(/’; = 12.2 kcal/mol). The
set of grid points, total energies are calculated with the key energetics data are listed in Table 1. The transition state
CCSD(T,full@®39 method and the cc-pVTZ basis $tForce structure shows an almost lineag+HH,—Y angle and a reactant-
constants for all other vibrational modes are obtained from one like geometry for both channels.
frequency calculation at the MP2(full) level and the same basis 2.1.4. Analytical Representation of the PESSs. far, after
set, and the normal mode analysis is repeated, for a differenttransformation from theR3,Ry) grid to the p,0) grid, the
isotope, at minimal computational cost. All the ab initio effective energies of the ab initio points were fitted to a
calculations have been performed with the quantum chemistry functional form we have introduced previouélyhe parameters
code Gaussian 98.The additional (but very minor) computa- that enter the functional were optimized numerically using the
tional cost when treating the deuterated systems is the MP2Gauss-Newton algorithr? designed for nonlinear least-squares
calculations of frequencies at the geometries already optimized.problems to obtain the best fit to the ab initio grid points in the
In practice, the cost can be eliminated by storing the MP2 (p,0) representation.

Hessian matrix. The CCSD(T) calculations do not have to be  The analytical forms of the undeuteratedtHC,Hg and H+
repeated for each isotope. CHs30H reactions have already been presented in a previous

2.1.1. H+ CHy — H; + CHas. A full description of the paper® and a new functional has been developed for the H
guantum chemistry calculations for the H CH,4 reaction is CH, system, where the barrier on the potential is nearer the ab
given in ref 4. Reaction Dt CH, is found to have a smaller initio value. The forms of the functionals for the isotopic
vibrationally adiabatic barrier and is endothermic; the energetics reactions developed in this work are available upon request from
data are reported in Table 1. The transition state h&,a the authors.
symmetry and is reactant-like. The potential energy surface is 2.2 Dynamics.To calculate the cumulative reaction prob-
obtained from 40 grid points. abilities (CRPs) and thereby the rate constants, we performed
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quantum dynamics calculations on the analytical potential energy TABLE 2: Values of the Parameters Used in the Scattering
surfaces obtained above. We used the 2D reduced dimensionalitycalculations?

model we have presented in earlier work on the-lCH,, H + channell channel2 H/B C,H¢/C:Dg D + CHq
C,Hs, and H+ CHsOH reactiong:® To avoid a rerun of the N 10 10 10 10
scattering details, we only present a brief description, and the 130 130 130 130
reader should consult those papers for more details. The 2D N, 146 146 144 140
Hamiltonian used in our calculations is given by Pmin 2.7 2.7 3 3.6
Pmax 26 26 26 26
. K2 92 K2 92 3K2 J J+1 Pa 20 20 20 20
H= _Za_ 28_62+8 ( )+V( ,0) b 26 26 26 26
p 2up ,up 2,up (12) aDistances are in atomic units.
where J is the total angular momentum and(p,d) is the TABLE 3: Normal Mode Analysis of the Stationary Points

. . . : ._and Zero-Point Energies at the MP2(full)/cc-pVTZ Level for
effective potential energy surface. The integration procedure is (o 5 CH, and H + C,Hs Reactions

made betweepmin and pmax Over N, sectors.

The total rate constant was obtained using the energy and frequency (cm*) (hﬁﬁr'fee)
the KJ-shifting approximatior$47applied at the transition state 3920
Ty # " . . o @ 0.008 931
via Q,, and Qy;, partition functions, respectively. This is to  p, 3202¢7) 0.007 294
account for the (& — 8) degrees of freedom not explicitly =~ D---H:-:CH3 (TS) 1607i(a) 503 (¢) 503 (e) 1020 (p 0.042 073
treated in the calculations. It is given by 1119 (e) 1119(e) 1468(e) 1468 (e)
1529 (a) 3146 (a) 3296 (e) 3296 (e)
Q-8 C2Ds 217 (&) 579(d) 590 (&) 869 (d) 0.046 074
0 —E/(keT) 919 (d) 992 (&) 1062 (4 1095 (&)
KM= hQ.eacT) QH Tjj(; d EPC]””‘(E) € (13) 1100 (4) 1228 (4) 2182 (4) 2285 (d)
2312 (4) 2384 (&) 2410 (&)
To assess the quantum tunneling effect, we computed also©?¢ ggg Ezg ggg gg ?82 ﬁzﬁ) fggéai’é) 0.056 621
the rate constarkrst from transition state theory: 1096 (3) 1112 (8) 1112 (a) 1199 (a)
N 2225 (a) 2232 (g) 2341 (a) 2341 (g)
_ 2354 2354
krr(T) = Q'(M kT e AV#/(ksT) (14) (a) (a)

hQieac(T) QHa(T) TABLE 4: Normal Mode Analysis of the Stationary Points
N ) ) and Zero-Point Energies at the MP2(full)/cc-pVTZ Level for
The total partition functionQt, of a given molecule can be  the H + C,Hg Reaction

expressed as a product of partition functions for the translational ZPE
motion and the internal motion (vibration and rotation). These (hartree)
can be calculated within the framework of the rigid-retor — Dp---H---C,Hs (TS) 1491i (§ 207 (&) 229(d) 527 (&) 0.072036

frequency (cm?)

harmonic-oscillator approximation: 841 (az’)) 857 (a})) 1035 ga)) 1103 gag
1130 (&) 1137 (3) 1254 (&) 1417 (&)
Quot = QuranQrotQuibQelec 1497 (&) 1512 (8) 1527 (&) 1586 (8)
3064 (4) 3133 (4) 3154 (4) 3193 (&)
M 3217 (&)
wa(T) [1 th/(kBU] D---D---CyDs (TS) 1122i (&) 159 (&) 214 (d) 406 (&) 0.054 697

606 (&) 631(d4) 808(4) 829 (d)
879 (d) 922(d) 995(d) 1075 (d)
1097 (4) 1099 (&) 1206 (&) 1514 (d)

3
Q. (T)= 7T 2212 (4) 2290 (4) 2305 (4) 2372 (4)
rot 0,0,0, 2388 (&)
H---D---C,Ds (TS) 1124i (& 170 (d) 264 (d) 446 (&) 0.056 376
#2 611 (&) 649 (d) 842(a) 869 (&)
0= (15) 901 (d) 929(a) 995(d) 1075 (4
2likg 1098 () 1099 (&) 1210 (4) 2018 (4)
2213 (&) 2291 (4) 2305 (a) 2372 ()
where M is the number of vibrationsQeact is the partition 2388 (&)

function for the reactantQu, is the translational partition
function of H, and Q%) is the partition function of the a and b of Figure 1 are plotted the quantum and the transition
transition state. state rate constants and the experimental values from the rate
u “ " expressions of refs 8, 50, and 51 for theHDCH,4 reaction and
Q"= Q'anVQ' Qi of refs 8, 54, and 55 for the H- CH, reaction, respectively. In
feact  react ~react(—6) the case of the - CHy reaction, on the same plot are reported
Qreact™ QuransQrot - Quib the transition state theory (TST) values of Pu and Trutflar.
H, The rate constants by Lawrence ef@alvere measured by a
QHa — Nlrans (16) gas chromatography technique and are given for a low-
) temperature range; those values are higher than ours by a factor
whereV IS the volume. . . 8 at 300 K and~5.7 at 400 K. The measurements of Klein et
_ Numerical parameters used in the quantum dynamics calcula-5 51 gptained from mass spectrometry are in good agreement
tions for the model are reported in Table 2. with our quantum calculations. The experimental values of
Kurylo et al® were analyzed from electron spin resonance; they
are ~4.7 times smaller at 360 K ang2.8 smaller at 720 K
3.1. Rate ConstantsThe frequencies and zero-point-energies than our quantum results. First, we see the importance of
for all the stationary species are listed in Table63In parts tunneling in view of the large difference between the quantum

3. Results and Discussion
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TABLE 5: Normal Mode Analysis of the Stationary Points -10 . . . . .
and Zero-Point Energies at the MP2(full)/cc-pVTZ Level for 500 K 200K
the H + CH3;OH Reaction 12 |
ZPE @
A
frequency (cm?) (hartree) ol
CDs;0OD 225(a) 789(a) 923(a) 1018 (a) 0.039 101 ]
1078@) 1108@) 1119 (a) 1183 (a) 2 6l
2204 (a) 2318 (a) 2360 (a) 2340 (a) 2
CD30 639 (a) 775(a) 1027 (a) 1028 (a) 0.028 485 '°
1060 (a) 1204 (a) 2168 (a) 2281 (a) £ 18 1
2322 (a) g
CD,OD 320(a) 478(a) 782(a) 1056 (a) 0.028 843 = 20 .
1074 (a) 1279 (a) 2328 (a) 2505 (a) T
2838 (a) ® 0l |
D:+-H---CH,OH (TS1) 1792i(a) 240 (a) 349 (a) 537 (a) 0.048871 - Present : Quantum .
1028 (a) 1093 (a) 1171 (a) 1225 (a) A TSR ah Trunier, 2002 ot
1287 (a) 1365 (a) 1398 (a) 1518 (a) -24 || N Exp:Kuryloetal. 1970 AN
3118 (a) 3237 (a) 3886 (a) G BB K ata os oione: 1968 i
CH30-+*H:+D (TS2) 2153i(a) 192 (a) 319(a) 627 (a) 0.047 956 26 . . . I !
928 (a) 1065 (a) 1179 (a) 1191 (a) 0 1 2 3 4 5 6
1457 (a) 1480 (a) 1549 (a) 1721 (a) 1000 / T(K)
3065 (a) 3133 (a) 3144 (a) 10
D:+-D---CD,OD (TS1) 1332i(a) 219 (a) 285(a) 418(a) 0.037 553 ' 506K ' ' 206'(
792 (a) 833(a) 918(a) 934 (a)
1038 (a) 1078 (a) 1189 (a) 1281 (a) -2+ (b)
2260 (a) 2410 (a) 2829 (a)
= -14 g
TABLE 6: Normal Mode Analysis of the Stationary Points S
and Zero-Point Energies at the MP2(full)/cc-pVTZ Level for o 16
the H + CH3;OH Reaction R 7
2 ZPE 2
frequency (cm?) (hartree) ”: 18 L i
CD30---D-+*D (TS2) 1579i(a) 151 (a) 305(a) 476(a) 0.037 143 < 20
697 (@) 889(a) 926(a) 1021 (a) § “r 7
1065 (a) 1093 (a) 1176 (a) 1656 (a) =)
2194 (a) 2320 (a) 2334 (a) 2 221 | .
H:-D+--CD,OD (TS1) 1345i(a) 250 (a) 322(a) 471(a) 0.038943 —7 - Present : Quantum .
798 (a) 868(a) 945(a) 962 (a) 24 | i Exp: Sutherland et al. 2001 N i
1043 (a) 1079 (a) 1213 (a) 1642 (a) R BN ﬁggv,v;gg.wm N
2261 (a) 2410 (a) 2829 (a) B
CDz0-+*D++H (TS2) 1581li(a) 166 (a) 382(a) 533(a) 0.038 942 -26 ; : : ;
738(a) 891(a) 926(a) 1023 (a) 0 1 2 3 4 5 6
1066 (a) 1093 (a) 1176 (a) 2193 (a) 1000/ T(K)
2251 (a) 2320 (a) 2334 (a) Figure 1. (a) Comparison of the calculated quantum and TST thermal

d th | ical s d . h ate constants with results from the literature fortDCH, reaction.
and the classical rate constants. Second, we notice the goo xperiments are given by the functional folvexp(—E/T): Kurylo

agreement between the present TST calculation and those fromet a18 (361-732 K, fork(T), A= 7.47 x 10711, E = 5589); Lawrence
ref 48. Some of the rate constants are reported in Table 7. Theet al%° (298-398 K, fork(T), A= 5.99 x 1071, E = 4279); Klein et
values published by these authors from TST and G@OMT al®t (620-738 K, fork(T), A= 1.65x 107, E = 3920). Calculated
on the MPW60 PES are also displayed. The barriers used bytotal thermal rate constants are from Table 7. (b) Comparison of the

them are 13.7 kcal/mol for D CH, and 14.8 kcal/mol for calculated quantum and TST thermal rate constants with results from
H + CH ' 4 ' literature for the H+ CH, reaction. Experiments are given by the
4.

. . _functional formA exp(~E/T): Sutherland et & (348-1950 K, for
Rate constants versus inverse temperature are displayed INk(T), A= (6.78 x 10 21T 315 E = 4406); ShawpP (2981500 K, for

Figure 2 for D+ C;Hg and D + CyDg reactions. There is a  k(T), A= (2.3 x 10 "3)T?2 E = 4449); Kurylo et aPf (424-732 K, for
large difference between the quantum values and results fromk(T), A = 1.04 x 107% E = 5837). Calculated total thermal rate
transition state theory in the case of reactior-[T,Hg, whereas ~ constants are from Table 7.
it is smaller in the case of reaction B C,De. This shows the
important tunneling of the H atom abstraction fromHg, 300 K and 2.5 at 550 K. Some values of the calculated quantum
deuterium tunnels less efficiently to formyProducts. There ~ rate constants are reported in Table 8.
are no results in the literature on these reactions to our 3.2. Kinetic Isotope Effects.Kinetic isotope effects are a
knowledge. sensitive test of the potential energy surface and also the
From Figure 3, where we plot the thermal quantum and properties of the saddle point. In the present work the KIE is
transition state rate constants, we see an important tunnelingdefined as the ratié/k;, wherek; represents the rate constant
effect for the D+ CHzOH reaction. It is, however, less than in  for the isotopic reaction with heavier mass, dqadepresents
the case of the s and CH, reactions. Also reported in the the rate constant for the corresponding reaction of H atoms with
same figure are values of some experimental measurements fronthe undeuterated reactant. With this convention, KIEs greater
rate expressions of refs 23 and 25 obtained from electronthan 1 are called “inverse” and those less than 1 are called
resonance and mass spectrometry techniques, respectively. Thgnormal”.

results of Hoyermann et &. agree well with the present The classical calculated KIE from conventional transition state
guantum calculation in the temperature range 50 K < theory and the quantum calculations are reported in Figures 4,
680 K. The experimental values of Meagher et%ain the 5, and 6 for methane, ethane, and methanol, respectively. We

temperature range 29%75 K are larger by a factor of 3.6 at remark that the KIE is larger in the case of thetbCH,4 and
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TABLE 7: Comparison between Calculated Thermal and TST Rate Constants with Results from Refs 49 and 48 for the H/B-
CH,4 Reactions (in cn? molecule™® s71)

T (K) quantum Ry) guantum Ry) TST R) TST R)* TST (R) TST (R)*® CVT/uOMT (Ry)*®
200 9.45 (23) 2.75 (-20) 2.99 26y 1.70 (-25)
250 1.07 {20) 3.58 (-23) 1.8 (22)
300 3.42 £19) 2.20 (18) 4.09 (-21) 1.6 (-20) 1.09 (-20)
400 3.61¢17) 5.64 (-17) 1.63 (18) 4.3 (-18) 3.02 (18)
600 5.44 (-15) 4.46 (-15) 7.68 (16) 1.4 (-15) 1.02 (15) 2.0 (15) 3.2 (15)
700 2.48 (-14) 1.87 (14) 4.78 (-15) 8.0 (-15) 5.83 (15) 1.1 (14) 1.4 (-14)
800 7.99 (14) 5.79 (-14) 1.95 (14) 3.0 (14) 2.24 (-14)

1000 4.37 £13) 3.04 (13) 1.5 13) 2.1 (13) 1.6 13)

1500 4.94{12) 3.28 (12) 2.82 (12) 3.4 (12) 2.77 €12)

2000 1.83 {11) 1.17 ¢11) 1.43 (11) 3.8 11) 1.36 (11)

D + C,Hg reactions than in the case of the B CH3OH

these reactions, as mentioned in the previous paragraph.

TABLE 8: Calculated Thermal Rate Constants for the D +
reaction. This may be a consequence of quantum tunneling in C_21H6/C2D6 and D + CH3OH Reactions (in cn molecule™

T (K) D + CHe D + C:Dg D + CH;OH
-10 ' ' ' Y 200 1.98 C18f 1.21 (23) 1.55 €17)
260 5.83 ¢17) 8.18 (-21) 4.59 (-16)
a2 L 4 300 3.13€16) 1.61 (19) 1.94 (-15)
360 2.18 £15) 4.41 ¢18) 9.32 (15)
_ 400 6.04 (15) 2.39 £17) 2.07 £14)
Yo 14 . 600 1.66 13) 4.72 (15) 2.52 (13)
@ 700 4.68 (-13) 2.31¢14) 5.43 13)
% 46 L | 800 1.06 £12) 7.81 (14) 9.90 £13)
S 1000 3.51¢12) 455 (-13) 2.41 (12)
E 1500 2.01¢€11) 5.46 12) 8.93 ¢12)
g 18 4 2000 5.18 ¢£11) 2.07 ¢11) 1.90 £11)
§ 20 H + CH, has the largest rate constant. Some experimental
- T values from ref 8 given by the rate constants [(6422.00) x
—o— D+C2H6 Quantum 10%]exp[(—11600+ 150 cal moftY)/(RT)] and [(4.5+ 2.00)
22 1| oo DregHe TSt T x 10%exp[(—11100+ 150 cal mot?)/(RT)] cm® mol* 572
--a--D+C2D6 TST for the H+ CH4 and D + CHjy reactions, respectively, are
24 L L ! ! Lt plotted in Figure 4 and confirm the inverse kinetic isotope effect
0 1 2 3 4 5 6 for this reaction.
1000 / T(K)
Figure 2. Comparison between the different thermal rate constants 1000
from the quantum calculation and the transition state fot[C;Hs Prosent K2/K1: Quantum
and D+ C;Dg reactions. — + - Present k2/k1: TST
0 Exp: Kurylo et al. 1970
Because of its smaller vibrationally adiabatic barrier, reaction 100 |
D + CH. shows an inverse kinetic isotope effect at small -
temperature. At temperatures larger than 500 K, the reaction é
w
-10 T T T T T 8
500 K 200K g 10} .
K
(2]
H N
A2 b . £ L
'.A x i \L‘:: —| +
o 1 L i Al o T A N A A U U Y .
3 . 4+ 0
e 14 1
°
=
e 0.1
S 6l | 400 800 1200 1600 2000
§ T(K)
2 Figure 4. Quantum and classical kinetic isotope effects for the-D
= 18 CH;, (ko/ks) reaction. In the same figure are plotted experimental values
Prosent: Quantum N of ko/k; from ref 8.
—f - Pres_ent:TST |\ |
N E’aép'? ﬂ%’é%ﬂ?:?:f.%;fm From the figure we can see that our results are within the
-20 . . . . ! error bars of the experiment. We also notice that at temperatures
0 1 2 3 4 5 6

1000 / T(K)

Figure 3. Comparison of the calculated quantum and TST thermal
rate constants with results from literature for- CH;OH reaction.
Experiments are given by the functional foAexp(—E/T): Hoyermann

et al?5 (500-680 K, fork(T), A= 2.16 x 1074, E = 2649); Meagher

et al?®(298-575 K, fork(T), A= 4.68 x 10711 E = 2619). Calculated
total thermal rate constants are from Table 8.

larger than 500 K the KIE becomes normal. This behavior may
be associated with the low curvature at these temperatures
compared to that at temperatures as low as 200 K. The result
from TST shows an inverse KIE for the whole temperature
range.

Schatz and co-workersperformed conventional transition
state theory calculations for many isotopic combinations of the
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Figure 5. Quantum and classical kinetic isotope effects fot-[Z,He Figure 6. Quantum and classical kinetic isotope effects for reactions
(ko/k1), D + CiDs (kalky), and H+ C,Ds (Ka/ki) reactions. D + CHsOH (kz/ks), D + CD30D (ks/k), and H+ CD30D (kaky). In
the same figure are plotted experimental value&f6 from refs 23
TABLE 9: Comparison of the Kinetic Isotope Effects for D and 25.
+ CH, Reaction Defined askio/k; with Available Results
present Schatz  Pu comparison shows an agreement within a factor 2 at 300 K and
T(K) work etal® etal*® Espinosa-Gafet® exptP 1.3 atT ~ 500 K with the present quantum calculations. Results
400 1.56 1.96 1.81 1.34 from transition state theory show that only the4bCH3;OH
500 097 161 156 1.40 1.18  reaction that has the lowest barrier height/( = 7.72 kcall
600 0.81 1.42 1.40 1.29 1.08 mol) has an inverse KIE for the whole temperature range when
700 0.75 1.30 1.29 1.21 1.02

compared to the D+ CDs0OD and H+ CD3OD reactions.

H + CH, reaction and its reverse. The values the authors found )

for ko/k; are systematically 30% higher than ours. Truhlar et 4. Conclusions

al*® carried out kinetic isotope effects calculations for the |y this paper we have investigated the effect of quantum
isotopic variants of the H- CH, reaction in both the forward  tynneling on the reactivity and kinetic isotope effects in
and reverse directions on different parametrized potential energyapstraction reactions of H CHs, H + CoHg, and H+ CHzOH.
surfaces, obtained using variational transition state theory with Thjs has been achieved by extending a combined ab initio and
mutidimensional tunneling (VTST/MT). Espinosa-Gaféelso  guantum dynamics procedure of calculating rate constants to
investigated kinetic isotope effects calculations on eight deu- these reactions. We compared the results with the available
terated reactions involving methane. The author developed acajculations and experimental values of kinetic isotope effects
new semiempirical potential energy surface foffHCHs and  for the D + CH, and D+ CHyOH reactions. The predicted
performed VTST/MT calculation of the rate constants over the jnyerse kinetic isotope effects agree with the experiments and
temperature range 362000 K. The kinetic isotope effect  previous calculations.

results from those studies are reported in Table 9 for comparison

with the present investigations on the-DCH, system. Acknowledgment. This work was supported by the Engi-
Reaction D+ C;Hg shows an inverse kinetic isotope effect neering and Physical Sciences Research Council and the
for the whole temperature range in the case of TST and quantumgyropean Union Framework V Programme.
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