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Recently, several experimenital and theoreticdP papers have
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obtain VTST rate constants that fit the experimental rates for the
protium addition.

Attempts to explain deuterium kinetic isotope effects (KIES)
for the H + C;H,4 reaction by means of ab initio electronic
structure calculations combined with conventional transition state
calculations have been unsucces&tdt. The very poor agreement
of the theoretical and experimental KIEs raised questions about
the validity of the Borr-Oppenheimer approximation and the
other assumptions of transition state theBryAn even greater
challenge to theory that has also gone unmet has been provided
by the results of Garner et diwho applied the muon spin rotation
techniqué? to Mu + C,H,, to directly measure the pressure-
independent (i.e., high-pressure) addition rate congtankIEs
involving muonium (Mu) are very sensitive to the correct
inclusion of quantum effects since the muonium atom (the isotope
of hydrogen with a positive muon as its nucleus) is 8.8 times
lighter than protium (H}2 Encouraged by our succédsr the
protium addition, we have now examined the question of whether
a consistent theoretical explanation of the KIEs for this prototype

reassessed the kinetics of the gas-phase hydrogen atom additioaddition reaction is finally possible.

to the ethylene molecule, which is a prototype for the general
case of addition of a free radical to a multiple bond. Theoretical
work by Hase et at.and ourselvéshas established two conclu-

Geometries and vibrational frequencies were calculated for
stationary points (reactants, product, and saddle point) using
quadratic configuration interaction with single and double excita-

sions about the dynamics of this reaction. (1) The reaction showsjongi4 (QCISD) and the 6-311@(p)™® basis set. At the same
statistical behavior, so that the generalized transition state theory|eye| of theory a distinguished-coordinate FaDCP) was

and the Rice-RamspergerKasset-Marcus theory can simulta-
neously fit the rates of the &8, + H addition and the ¢Hs
unimolecular dissociation. (2) The transition state for the reaction
is loose.

(using variational transition state thedr}TST) to overcome
the limitations of previous calculations which employed static

We showed that it is necessary to consider the
temperature dependence of the location of the transition state

constructed by following an isotope-independent distinguished
coordinateR, which was taken to be the-€H separation distance

of the attacking hydrogen. After evaluating the first and second
derivatives at 21 points on the DCP, the reorientation-of-the-
dividing-surface (RODS) algoriththwas used to variationally
optimize the generalized transition-state dividing surfaces. The
resulting generalized transition state geometries, gradients, and

transition states (based on conventional transition state theory . di . . on by the Ch
which assumes an identical geometry for the transition state at'1€SSians were rotated into a consistent orientation by the Chen

all temperatures). The major difficulty in describing the dynamics algorithm_,17 and generalized normal-mode vibrational freq.uencies
is to obtain a reliable potential energy surface. This was and reaction-path curvature components and the zero-point energy
accomplished in ref 5 by introducing a new method to (in (ZPE)were calculated at each point. The vibrational calculations
principle) extrapolate electronic structure calculations to the limit Were based on redundant curvilinear coordinéteSnergies along

of full configuration mixing and a complete one-electron basis the reaction path were then corrected by means of the VSEC
set. This method, called variable scaling of external correlation approximatiofiwith the external correlation energy estimated by
(VSEC), is based on the previously described scaled externalthe coupled cluster approximation with single and double excita-

correlatiorf (SEC) method. VSEC uses a geometry-dependent
scale factor,F(R) where R is some distinguished reaction
coordinaté® to combine a complete-active-space self-consistent-
field® (CASSCF) calculation with a calculation including an
appreciable amount of the dynamical correlation energy. The
function F(R) contains three parameters that are fitted in order to
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1078 1 Figure 2. Vgrp curves (solid lines) andV,€ curves for X= Mu (dotted
R line), H (long-dashed line), and D (short-dashed line) as functions of the
C—X distance. The solid circles indicate the location of the maximum
10716 o I : \ . of each curve. Although the three reactions have diffekgptcurves,
1 2 3 4 5 6 7 the differences between them are smaller than the plotting resolution,
1000/T and thus the three lines appear superimposed.
Figure 1. Arrhenius plots for the CVT (dashed lines) and the CVT/ . . .
SCT (solid lines) calculations for the % CzH, addition, with X= Mu, of Vrpand the ZPE relative to its value at reactants, as functions
H, and D. Also shown are the experimental data for these reactions (Mu, Of the C-H distance for the three isotopes. This figure allows
open triangles; H, solid circles; D, open diamonds). the reader to compare the widths of the effective barriers for

tunneling. The location of the maximum of th&V.® curve

(CVT) with multidimensional tunneling contributions calculated depends on the isotope and is 0-@R09 A tighter than the saddle
by the small-curvature tunnelitfig(SCT) approximation. point, which hasRe—x = 2.07 A. TheAV.,€ curve corresponds

Figure 1 is an Arrhenius plot for the three isotopic variants of to the free energy of activation profile at 0 K. As the temperature
the reaction. The experimental results have been taken fromincreases, the transition state becomes even tighter for all three
Sugawara et @t for H and D addition and from Garner et'al.  of the isotopes. This is one reason conventional transition state
for muonium addition. Theoretical results are shown for CVT theory, which locates the dynamical bottleneck at the maximum
without tunneling and for CVT/SCT. of Vgp for all of the reactions and temperatures, fails to explain

Without tunneling, the Mu rate constants are calculated to be the KIEs. A second reason is the importance of tunneling. The
7 times smaller than the H ones and 6 times smaller than the DAV.® curve is the effective potential for reactive tunneling.
ones at 200 K, whereas experimentally they are larger. Figure 1 Although the barrier is highest for Mu and lowest for D, tunneling

shows that including tunneling gives the correct tréhdit 461 through the barrier is an exponentially increasing function of
K, the highesfT for which the KIEs are availablég, andky are reciprocal mass. The lower mass more than makes up for the
computed to be within a factor of 1.2 of each other without higher barrier, leading to the observég, > ky > kp. For
tunneling, whereas when tunneling is includegd/ky = 2.7, in example, for the D addition the most typical tunneling energy at
excellent agreement with the experimental ratio of 2.8. (The 230 K is only 0.10 kcal below the maximum &V, for H it is
tunneling effect can be even larger for other Mu reactiénghus, 0.25 kcal below the maximum, and for Mu it is 3.3 kcal below

tunneling plays a dominant role in getting the correct trends for the maximum. Even Mu atoms with almost zero incident velocity

Mu. Figure 1 shows that tunneling also explains the KIE for D. tunnel through the barrier with a probability greater than“10

As an example, at 230 K, tunneling increases the rate constantwhereas for D atoms the tunneling probability is4for a relative

by factors of 35, 2.0, and 1.5 for Mu, H, and D, respectively. translational energy of 0.9 kcal.

The fact that tunneling depends sensitively on the variation of A derived benefit of the good agreement of theory and

the potential energy and ZPE over an appreciable portion of the experiment is that it validates the VSEC prediction of the Bern

reaction path (in particular the part of the reaction path wittHC Oppenheimer barrier height for this prototype reaction, namely

distances in the interval 1-2.9 A) gives us some confidence 1.7 kcal. Barrier heights for addition reactions have proved to

that these quantities are correctly modeled by the VSEC and be difficult to calculate directly, and the present estimate should

RODS algorithms used here. be useful as a benchmark as well as serving as an important first
Figure 2 shows the classical barri®p, which is the Bora- step toward an understanding of more general free-radical addition

Oppenheimer potential energy along the reaction path (RP), andkinetics.

the quantal adiabatic ground-state barriev,®, which is the sum
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