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The factors affecting kinetic isotope effects in barrierless recombination reactions are considered from the
perspective of variational transition state theory (VTST). Despite the broad application of VTST methods, a
general consideration of kinetic isotope effect predictions of the theory has not previously been undertaken,
especially for cases where changes in the internal structure and vibrational frequencies of the fragments (i.e.,
the conserved modes) can be assumed to be negligible. Use of the center-of-mass separation as the reaction
coordinate in such a case entails some restriction on the range of kinetic isotope effects which can be
accommodated. Larger effects are possible within a variable reaction coordinate implementation of transition
state theory, and the predicted kinetic isotope effects are shown to be strongly dependent on the location of
the pivot point. Illustrative model calculations demonstrate the feasibility of reproducing the experimentally
observed kinetic isotope effects for the GHO,, HCC + O,, CH + C,H,, and CH+ C,H,4 reactions with

realistic deviations of the pivot points from the center-of-mass. In contrast, calculations restricted to center-
of-mass pivot points predict isotope effects that are even inverted. For thé CH, reaction, the isotope

effects appear too large to be explained by the reaction coordinate variations, and changes in the conserved
modes play a key role in the observed isotope effects, as demonstrated with ab initio based TST simulations.
Overall, the experimentally observed kinetic isotope effects in CH addition reactions are strongly suggestive
of an optimum reaction coordinate corresponding to a pivot point located near the center of the radical orbital.

I. Introduction kinetic isotope effects for reactions of CH where no barrier exists
to the reaction and where considerably exothermic product

The measurement of kinetic isotope effects plays a key role .nannels exist, ensuring negligible returning %S In this

in inve;tligating detailf of chemical intgrac':iohéBecafusg the  haper, we investigate the possible sources for kinetic isotope
potential energy surface must remain the same for iSOtopiC gtects in such systems.

substit_ution, th_e change_in atomic mass allows_specific fe_atures Applications of variational transition state theory (VTST) to
O.f th? interaction potentllal to be probed. The interpretation Of harrierless recombination reactions commonly employ some
kinetic isotope effects is generally based on transition state form of a loose transition state approximatién2! The central

thepry. In reactions proce_gdlng through a We”.'def'ned ba}rrler aspect of this approximation involves an assumed separation
region, conventional transition state theory provides a physically |, een the conserved modes, which correspond to vibrations

pompelling framework for both primary and segondary kjngtic of the separated molecules, and the remaining modes, termed
|sptpp§ effects. Howeverz even for. these reactlons, var lational the transitional modes. The transitional modes gradually trans-
minimization can have as_lgnlfl_cantlmpact on the_klnenc ISOtOPE o their character throughout the transition state region as
effect, especially where vibrational modes involving substituted the rotations of the separated reactants couple together to form

atcl)mz chgnlge frequetncy in tEe tratrkllsmton st.?te ret@?n. b bending and torsional vibrations, and overall rotations in the
n barrieriess reactions, wnere the transition state must b€ g qq et The strict loose transition state approximation consists

gfetetr_ml_ne(tj varla#ontaéﬂg, thehre has been “t?r? |nvest|gat|ont OJ of neglecting changes in the conserved mode frequencies from
INEUC ISOlope Efiects, ™ pernaps because ey are expected y,q;, asymptotic values in the separated molecules, and, as a

to be close to the collision frequency ratio which is generally corollary, changes in their bond lengths and angles. The
smalll. Indeed,fpr the H(D) CH.3 reaction both gentgr-of—mass computational effort is therefore focused on the hindering
reaction coordl_n_aﬁeand reaction path_Ham|It0n_|an ba§>_ed_ potential and evaluation of the partition function for the

_vanatlonal transition state theor_y_caICUIat|ons pred|_cted akinetic transitional modes. In recent years, the introduction of variable
isotope effect equal to the collision frequency ratio. However, reaction coordinate (VRGVTST22-2° where the reaction

recent experimental measurements show small but SIgnIfICamcoordinate is chosen to be the distance between variationally
*To whom correspondence should be addressed. optimized “pivot points” in the two reactant molecules, has

* Present address: Combustion Research Facility, Mail Stop 9055, SandiaSignificantly improved the calculation of rate coefficients for
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10.1021/jp011632g CCC: $20.00 © 2001 American Chemical Society
Published on Web 08/25/2001



8568 J. Phys. Chem. A, Vol. 105, No. 37, 2001 Taatjes and Klippenstein

The concentration on the transitional modes is understandablell. General Theory
for computation of rate coefficients, which are determined by A. VTST Description of Kinetic Isotope Effects. The

the total number of available states in the transition state region interpretation of kinetic isotope effects begins with the transition

and hence depend most sensitively on the low frequency state approximation, namely that the rate of reaction depends

:jnft;hons. The klnegc |so;o;:et effect, in c:)nt.rast,bart'lfet's from d only on the characteristics of the reactive system near the critical
ITerences In numDers ot States upon ISotopic SUbSHtution andy, , gjtion state region. For a fixed transition state, this results

may be qmte sensitive tp var|at|qns in the conservgd mode in the familiar expression for the high-pressure limiting rate
frequencies and zero-point energies along the reaction path'coefﬁcient

Furthermore, for a reaction coordinate specified by the separa-
tion between the centers-of-mass, the potential-independent Q*(ﬂ
component of the transitional mode contribution to the kinetic k() = gek—Tﬂ—e*V*’kT
isotope effect reduces to the collision frequency ratio. The h 6% QreacdT)
observation of kinetic isotope effects differing significantly from
the collision frequency ratio would thus seem to provide data WhereQreactis a partition function for the reactantd, is the
on changes in the frequencies of the conserved modes in thePotential energy along the reaction pathjs the rotational
transition state, complementing the transitional-mode informa- Symmetry number, angd. is the electronic degeneracy factor.
tion available from rate coefficient measurements. However, A double-dagger is used to denote quantities evaluated at
as discussed below, more realistic reaction coordinates andthe transition state. The pseudo-partition function for the
transitional mode potentials may yield a significantly different transition stateQ, includes the B — 7 vibrational modes
transitional mode contribution to the kinetic isotope effect. ~ orthogonal to the reaction coordinate. N _
This article focuses on the role of a generalized reaction The kinetic isotope effect for a flxeq transition state Is
coordinate in explaining kinetic isotope effects in barrierless straightforwardly related to ghanges n V|brat|ona_1| frequenae_s
association reactions, such as those observed in the CHCD) betwee_n reactants gnq transition state. For a barrierless reaction,
0, HCC(DCC) + 0,12 CH(CD) + CHa,1* CH(CD) + aquantltatlve.d.escrlptlon of the temperature d.ependence requires
C:Ha(C2D2), 14 and CH(CD) + CHa(CD4)1315 reactions. As that the transition state be determined variationally. Here, as in

discussed in the experimental studies, each of these reactions. ost VTST analyses, we f(_)c_us_ flrs_t on a canonical !r_nplementa-
is expected to be barrierless, and to have a highly exothermic lon, .W'th a TTresoIved minimization of_the transition state
saddlepoint for producing bimolecular products from the initially partltlgn fugctlon. Igtrr?ducmg a selpara(';lon betyveﬁn lthe con-
formed molecular complexes. The interested reader is referreg>c'ved mo exjandt .etra'nsmorr:a m.ol des),(as in the loose
to these works for more detail on the various product channelstranSItlon state approximation, then yields
available and on the combustion significance of these reactions. + "
Although specific comparisons with experiment are made here, k(T =g KT o (M (T)e—v—"/kT )
the present analysis is qualitative and is aimed at a general °h & Q(T) Q(T)
investigation of the factors controlling kinetic isotope effects
in VRC—VTST calculations, as is appropriate for the first A discussion of the assumptions involved in this separation of
detailed study of such effects. Thus, only simple model potential modes is provided in the Appendix for both tAisesolved case
energy surfaces are employed in the analysis. and also for thee-resolved case where the canonical transition

After discussing the importance of a variable reaction state partition functions are obtained from minimizations of the
coordinate for transitional-mode contributions to the kinetic microcanonical number of states. Notably, for teeesolved
isotope effect, we also briefly consider the possible contribution case, the separation into a product of terms as in eq 2 requires
to the kinetic isotope effect from variations in the conserved an additional assumption of adiabatic conserved mode dynamics.
modes. For the CH CH, reaction, some of the observed kinetic ~ B. Center-of-Mass Reaction Coordinate.If the reaction
isotope effects are too large to be explained by the nature of coordinate is taken as the separat®uof the centers of mass
the reaction coordinate, and so a somewhat more detailedof the two reagent molecules, the description of the transitional
analysis of the conserved mode variations is presented. Howevermode partition function is greatly simplified. The transitional
we reiterate that the focus of this article is on the consideration modes can then be expressed in terms of hindered rotations of
of the possible magnitude of kinetic isotope effects that can be the fragment molecules and overall rotation of the reacting
obtained from realistic pivot point deviations within the variable System. Furthermore, the hindered rotor partition functions may
reaction coordinate transition state theory formalism. The goal be written in terms of free rotational partition functions and a
is an overall framework for interpretation of kinetic isotope ~configuration integratb(R T) to yield?329.0
effects in barrierless reactions, not quantitative predictions for
a few specific reactions. () = KT o e VKT [ QM

_To_ b_egln, a gener_al loose transition state de_scrlpnqn for geh o Qtrans(T)leib,l(T)Qvib,z(T)

kinetic isotope effects is summarized in section I, with particular Q‘t M Q¢ M Q‘t M
emphasis on the transitional mode contributions. Then, in section pd fr.1 fr.2 ‘bi(-l-) 3)
11, some illustrative model calculations of the transitional mode Q. 1(MQy 2(T)
contribution are discussed. Included therein is a brief discussion
of the features of the interaction potential that lead to optimiza- where the double dagger now represents quantities calculated
tion of the reaction coordinate away from the center of mass at the variationally determined transition state location. In this
separation. Next, limited ab initio quantum chemical simulations expressioQuansdenotes the canonical partition function for the
provide the basis for estimates of the conserved mode contribu-relative translational motion of the two reactar@®sj,,; denotes
tions for CH reactions with acetylene, ethylene, and methane, that for the conserved vibrational modes of reactanQJq
as discussed in section 1V. Finally, some concluding remarks denotes the pseudo-diatomic partition function for the free orbital
are made in section V. motion of the two fragments, an@r; denotes the partition

1)
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function for free rotation of reactant i. The dependence on the C,HJ/C,D4, CoH2/CoD5) this isotopic independence of the
transitional mode interaction potential is entirely contained in potential is met and the predicted kinetic isotope effect properly

the factor®*(T), which is the configuration integraP(R,T), reduces togp/un)Y/2 for the center-of-mass reaction coordinate,
evaluated at the variationally determined value of the reaction regardless of the form of the interaction potential. We also note
coordinate R¥29 that in phase space theofy 35 the potentials are explicitly
assumed to be onR dependent, and the predicted isotope effect
ORT) = fe‘Vt(Q;R)’deQ/fdQ (4) again reduces to the collision frequency ratio. However, in

reality, the potential values for the sarReandQ generally do

The transitional mode potenti&t is a function of the angular  depend on the isotopic masses because the position of the center
coordinates2 describing the orientation of each of the fragments of mass is changed by isotopic substitution. Holding the center-
and of the line connecting them. It also depends parametrically of-mass separation fixed then leads to different atatom
on the reaction coordinate. separations for different isotopic masses. Such effects are

The evaluation of the canonical VTST rate coefficient requires described in more detail below and are of course included in
that a minimum ink.(T) is found by varying the reaction  the model calculations presented in section IIl.
coordinateR. In principle, all of the transition state quantities A similar result is obtained for the energy-resolved VTST
can vary withR. The loose transition state assumption is often treatment. As described in the Appendix, an assumption of
a very good approximation for barrierless association reactions,vibrational adiabaticity for the conserved modes, together with
and provides an excellent starting point for consideration of the the strict loose transition state assumption, allows for a
sources of kinetic isotope effects in such reactions. This separation of the transition state partition function into the
approximation neglects changes in the geometries and forceproduct of the partition functions for the conserved and
fields of the conserved modes, which means that any dependencéransitional modes. The expression for the rate coefficient then

of Qc, Qr.1, andQp 2 on R is neglected. Thus reduces to
QXM = Quioa(M Qi AT (5) [ONEETE Qi) [ Ni(E)e e
and D QMM FQand NN
Qi 1N AT = Qy2(MQy M) (6) Jo NiE)e #dE

(11)

h

The part of the transitional mode partition function that Quand N QoD
corresponds to the orbital rotation of the complex has a simple The value forN(E) is minimized for each energy, yielding an

dependence oR, energy-dependent transition state location.
5 Thus, the problem of calculating the rate coefficient is again
Q-‘Fd(-r) _ 8 /‘kTR2 7) reduced to calculating the transitional mode partition function.
. h? The latter quantity can be written as a phase space integral,

o and the integral over the momenta can be carried out analyti-
Where the faCtOﬂ COFreSpOHdS to the CO”|S|On reduced mass Ca"y’ g|V|ng an expression fdﬂti(E) Wh|Ch |S reminiscent of

for the two reacting fragments. eq 4638
Thus, under the strict loose transition state assumption, and
using the center-of-mass separation as the reaction coordinate, t
the VTST expression can be rewritten: NeE O fdQcD(E’Q)|R: RE (12)
with
KT o e VKT : :
ko(T) = gep- QMM (®)
*h 6 QuandT) ™ [E— V(@)
PEQQD—— (13)
Then, gathering together the factors that depend on the reaction n 12
coordinate yields Bo|_| (B)
i=1
KT\Y2 . Ry, R ; i
k,(T) O n min[e PR TR5R] 9 wheren is the total number of rotational degrees of freedom

for the two reactants. The rotational constants of the separated
where the notation mifff(R);R] indicates minimization of the ~ fragments are denoted & andBy is the effective rotational

function F(R) with respect to variation oR. constant for the orbital angular momentum,
The predicted kinetic isotope effect, for any arbitrary interac- )
tion potential, can then be calculated as B — h (14)
° 8712uR2
ki () min [e" " DRT)RER],, (10)
v _ Placing eqs 1214 into eq 11, collecting together the factors
1/2 Vp(R)/KT, .
ko ()" min [P TORT)RR], that depend on the reaction coordinate, and expressing the

) . rotational and translational partition functions yields
where we have assumed that the ratio of symmetry numbers is

unchanged by isotopic substitution. If the potentiland V; o _ n2+1 .oV A EKT,
take the same value for the two isotopes at the sBrard Q2, k.(T) ﬁ) mm{f[E V()] deQ,R}e dE
then the predicted isotope effect reduces analytically to the ratio

of the collision frequenciesyb/up)Y2. For symmetric substitu-

tions in molecules with a center-of-symmetry (e.g., 3D, Because we are interested in the kinetic isotope effect, various

(15)
‘Mllz(kT) (n+3)/2
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constant factors in the derivation of eq 15 have been suppressedreaction coordinats introduces the kinematic factor
The ratio of the two isotopic reaction rate coefficients is now

2 e t= a7)

kg 4oy min{ fE = V(@)™ " 'RidQiRye *FTdE s
g w2 [ min{ [ [E — Vp(Q)]™ " 'RdQ; R} e TdE into the variational optimizations. In this expressiaris the
(16) reaction coordinate velocity, arg, is simply the value oftR

. " o . which conserves energy. For the “variable reaction coordinate”
_Once_ again, for_specmc cases _wh(_ere Fhe_ potential is ISOtOpICa"yscheme, where the reaction coordinates are implemented as
Invariant for a giverR and(2, th's. k_|net|c Isotope effe_ct canbe  jistances between fixed points (“pivot points”) in the molecular
analytically reduced to the collision frequency ratio. In most g mne of the individual reactants, this factor can be written in

cases, h.ﬁwev%r, the variation in (;he Iogatmn Ofr\fge cen(tjer of terms of factors depending on partial derivatives of the reaction
mass will produce an isotope dependenceWR.2) an coordinate with respect to the rotational motions of the

contribute to the predicted kinetic isotope effect. fragmenta8
The most accurate VTST calculations optimize the transition
9s \? s \?|[1
+—] +{—)| |—|+
00y o,) [\R?

state separately for each energy and total angular momentum as\ [ [ as\2
J. The transition state sums of states then contain angularg = |— (_R)
momentum terms which depend on the rotational constants for

aR 0

overall motion of the transition state (cf. eq 93 of ref 28), N uf 3s\? 12
preventing the separation of mass-dependent terms used in the —— (18)
above discussion. A simple analytic reduction of the kinetic i1li\09,

isotope effect appears infeasible for angular momentum con-

serving VTST, even with a strict loose transition state ap- The andl;in eq 18 refer to rotational motions and moments
proximation and the center-of-mass separation reaction coor-of inertia of the fragment molecule®,, and do, to orbital
dinate. Nonetheless, one does not expect major variations frommotions of the complex. In the case where the fixed points
the E/J-resolved to theE-resolved case above since the high coincide with the centers of mass, the center-of-mass separation

pressure rates typically decrease by only about 10% uponcoordinate is recovered aridreduces to unity.

can be simply summarized. Changes in the conserved mode

changing conserved mode frequencies are reflected in isotope - ﬂ( 35)2 llsze_V(Q’R;s),kT (19)
center-of-mass frame coordinates) results in the collision

potential are illustrated in section IlI. =

must be minimized as a function of the reaction coordirsate
while, for theE-resolved case, the average value over the spatial
coordinates of
(1
—|+
R

0s \2 0s \?
+[—) +|—
00y Vg,

inclusion ofJ resolution in the transition state determinations. ~ For the T-resolved minimization of the transition state
The VTST predictions for the kinetic isotope effect using a partition function, the average value over the spatial coordinates
center-of-mass separation distance as the reaction coordinat®f

frequencies can generate primary and secondary kinetic isotope ds| *[ [ 9s\2 0s \? 0s\?|[ 1

effects according to the traditional TST expressions, and a_R 8_ + 99 + 99 Ez +

variational minimization can affect the degree to which these 0% o,

dependence of the overall rate coefficient. In the absence of Z‘I_ 5

conserved mode frequency changes, use of a center-of-mass P

separation coordinate and an isotopically invariant potential (in

frequency ratio for the calculated kinetic isotope effect. Devia-

tions from the collision frequency ratio resulting from the

isotopic dependence of the center-of-mass separation constraine 8S)_ll ( 8;)2

The observation of kinetic isotope effects that exceed the \oR 0
collision frequency ratio, for example in the CH(CB)O, and N uf 9s)?] V2
CH(CD) + hydrocarbon reactions, has been argued to imply _(_) RI[E — V(Q,R;S)]”lz"'l (20)
conserved-mode frequency chan@éslt would be convenient i<\ oY,

if an experimental measurement could be so unambiguously

associated with conserved mode frequency changes. Howeveris to be minimized. The generalized definition of the reaction
an improved definition of the dividing surface, provided by the coordinate then affects the predicted kinetic isotope effect
implementation of variable reaction coordinate VTST, can be through both the kinematic factdr (and the relatedR? term)
shown to provide significant kinetic isotope effects without and a potential energy dependent factor.

changes in the conserved mode frequencies. This isotopic As discussed above for the center-of-mass separation coor-
sensitivity is caused by the kinetic coupling of rotational motion dinateR, the potential energy can depend on isotopic substitution
to the redefined reaction coordinate. Exploring the effects of through the isotopic variation in the ateratom separations with
varying the reaction coordinate definition on the predicted orientation for a given reaction coordinate, thereby affecting
kinetic isotope effect aids in the interpretation of experimental the predicted kinetic isotope effect. However, for more chemical
measurements and in determining when the involvement of definitions of the reaction coordinate (e.g., bond separations)
conserved modes is implied. there is no isotopic variation of the potential for fixednd Q.

C. Variable Reaction Coordinate. Calculations on many  Thus, for the chemical reaction coordinates there is no direct
barrierless reactions have shown that a definition of the reactioneffect from the potential on the predicted isotope effects. The
coordinate that is allowed to deviate from the center-of-mass potential does still play a key role since the form and value of
separation can result in a significant lowering of the calculated s* are largely determined by the details of the potential energy
reaction rate coefficient, i.e., an improvement in the variational surface. In particular, from our experience, it is generally the
estimate of the transition state. The use of such a more generahngular dependence of the potential that determines the qualita-
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tive shape of the transition state dividing surfaces, i.e., the & [ rg-075A
location of the pivot points, and thusf. For example, the [ 1
optimum dividing surfaces generally follow the attractive 150 14
contours of the potential for modest angular displacements from 16
the minimum energy path. Then, for larger displacements these 1’2
dividing surfaces approach the repulsive regions of the potential 100 0
as rapidly as is feasible, within the restricted functional forms c e,
employed fors. /)
The kinematic factoif, which is absent for the center-of- oo
mass separation case, has a direct effect which depends on the O,
rotational constants of the individual molecules, and hence on 3 1875
the isotopic substitution, even under the strict loose transition C iy
state assumption. It also has a secondary effect in slightly ok : : : |
modulating the precise location of the pivot points. This 2.0 25 3.0 35 4.0
secondary effect of also leads to a minor further effect of the s(A)
potential in that the optimum value sf is now different for b)  [5/0,ford=075A
different isotopes and so different portions of the potential are 1.04 =
sampled for different isotopes. In summary, for chemical 150 1981
definitions of the reaction coordinate, the details of the potential 115 ::Z
largely determine the location of the pivot points and thus the @
form and value ofs, whereas the kinematic factor for the 100}——/—'122
optimizeds* largely determines the predicted kinetic isotope &) e
effect. i
Immediately apparent from eq 18 is that the kinetic isotope L 124
effect arising fromZ requires coupling of the rotational motion 50 122
of the fragments to the reaction coordinat&@he effect is larger g2 —
for larger rotational constants (i.e., smaller moments of inertia f}gg@m
I)). The derivative couplings in eq 18 imply that any rotation of ol [ ‘ - |
the fragment can contribute foonly if the pivot point is located 20 25 3.0 35 4.0
away from the axis of rotation. For example, the change in the s(A)
A rotational constant of a molecule upon isotopic substitution ) -
will contribute to the kinematic factor only if the pivot point [ Gwfors=25A4
for the fragment is located away from tieaxis. 150 -

For the simple case of a linear rotér atom reaction with
the pivot point for the linear rotor taken to lie along its axis,
the kinematic factor can be simply expresse#f as

2 1/2
& + (dcosé + Vs — d’sin 20)2(ﬂ) sin?0

IIinear

100 -

g (21) %

& — d’sin%9

whered is the distance from the center-of-mass of the linear
rotor to its pivot pointsis the distance from the pivot point to 02 04 0.6 08 10
the atom,6 is the angle between the line of centers and the d(A)
linear rotor axis (i.e., the Jacobi angle), dpdaris the moment -
of inertia of the linear rotor. The form of the dependencépf r
and {w/Cp on's, d, and @ is illustrated in Figure 1. For this 15°P
illustration, uy = 8.88 amu (the same as CH C;H,) andup r
= 90.33 amu (the same as CB C;Ha), ljinearn IS set to 1.16
amu 2 (Icy), and linearp t0 2.19 amu & (Icp). This simple
calculation gives a crude estimate of possible purely kinematic
contributions to the kinetic isotope effect for CH(CD) reacting
with C2H4. A
The plots of the dependence &f and¢n/Ep onsandé for 501
advalue of 0.75 A, provided in Figure 1a and 1b, indicate that i
the kinematic factor has only a modest variation with the value L
of the reaction coordinatg which may be related to the near o_—
temperature independence of the observed kinetic isotope effects. o] 5 ol 4 0' o 0' 8 1o
The largest kinematic factors arise for angles ne&r @ath, ’ ' d(A) ) ’

for this fairly typicald value (0.75 A), the peak in the predicted _. i .
T . Figure 1. Dependence of the factd@rin the case of an atonft diatom
k!net!c .ISOIOpe effect being about 1.3. _However, the actual reaction on the Jacobi angular coordin@tehe pivot point locatiord,
kinetic isotope effect would be substantially smaller because gnq the reaction coordinage (a) Contour plot ofy vs s andé for d
the angular values must be averaged over, with the largest= 0.75 A. (b) Same as (a) but a plot &f/Cp. (c) Contour plot ofty
contribution coming from angles where the potential is a vsdand6 for s= 2.5 A. (d) Same as (c) but a plot Gf/Cp.

Lflpfors=25A

100
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andu is the distance from the dummy atom Y to the center of
the molecular fragment (labeled as dummy atom X here).

The angular dependence of the potential is represented as an
exponentially modulated two point Fourier series

Voend0:U) =
— fyexp[— y(u — uy)]|cosAb) — %cos(%@) - %] (24)

where# is the XYC angle A6 is the deviation ind from its
equilibrium valuef,, andfy andy are two parameters which
u modulate the strength of the bending potential. For a given
this angular form achieves its minimum value of QAdt = 0,
9 its maximum value of Zyexp[—y(u—ue)] atr, and has a period
of 27. Furthermore, the first and second derivativeAét= 0
are zero.

Thus, for small angular displacements from the minimum
energy path the contours are parallel to spheres centered at the
dummy atom Y, whereas for large displacements the potential
a becomes repulsive with a strength determinedfbynd y.

\\‘/Y Again, such an angular form qualitatively reproduces the

observations from our studies of-Hradical reactions. Another
Figure 2. Schematic plot of the coordinates employed in the model key aspect of this potential form is that it can yield an optimized

potential, illustrated for CH O,. fixed point for the radical that is displaced from the C atom,
away from the center-of-mass, by about 0.8 A.
minimum. Similar results are obtained for otlieralues as well, In all cases, the interfragment torsional potentials are assumed

but with the magnitude of the effect gradually increasing with to be negligible. Similarly, the potentials are assumed to be
increasingd, as illustrated in Figure 1c and 1d, where the independent of the £and GH, orientations. For the i,
dependence dfy and&n/Cp ond and@ for a typicals value of fragment, mimicking the observedlQ, isotope effects requires
2.5 A is plotted. In the absence of conserved-mode frequencya similar description as for the radical component. Thus, the
changes, the ratio of the kinematic factors is expected to be thedummy atom X is displaced from the,l84 center-of-mass by
principal determinant of the kinetic isotope effect. These plots 0.8 A along the symmetry axis perpendicular to the molecular
show that it is reasonable to expect, on a simple kinematic basis plane. Ther value is then redefined as + 1.6 A, and the
CHI/CD kinetic isotope effects between about 1.05 and 1.2.  bending potential is taken to be the sum of two components;
one for each of the XYC and YXZ angles, where Z is now at
the center-of-mass of the;84 molecule. This revised potential
yields pivot points that are located near each of the two dummy
A. Model Potential Forms. The accurate description of the — atoms. The proper implementation of such pivot points requires
potential energy surface in the transition state region for a the separate consideration of the contribution from each face
barrierless reaction requires difficult and time-consuming ab of the GHy fragment.
initio simulations. The development of such potentials is far ~ For each of the potentials, we have set the equilibrium XYC
outside the scope of the present general study. Instead, this workending anglé. equal tosr. For the HCC reaction, this should
focuses on the predicted isotope effects for realistic magnitude be physically correct because the radical orbital is an sp hybrid
reaction coordinate variations in simple model potentials chosenorbital which lies along the HCC axis. For the CH reactions,
to reproduce overall features of the experimentally investigated the bonding in the transition state region is instead strongest at
reactions. The aim of the present work is to investigate the XYC angles closer tar/2. Thus, a physically correct potential
sources of kinetic isotope effects in the VRETST treatment, for the CH reactions should usée = x/2, and would
not to quantitatively analyze specific reactions. correspondingly yield optimum fixed points displaced off the
To begin, a dummy atom, Y, is placed at a distance of 0.8 A linear axis. Unfortunately, the current VR&/TST implemen-
away from the radical C along the CH (or CCH) axis (cf. Figure tations are restricted to fixed points that lie along the linear

2). The use of this dummy atom simplifies the generation of a axis due to the neglect of certain symmetry aspects. Thus, we

potential form that has the features observed in our prior studies.have chosen here to simply explore the variation in the predicted

of H + radical reactions, where the potential contours roughly isotope effects for potentials that produce displacements along
follow the shapes of the radical orbif8:41 We write the the linear axis. The corresponding results will likely differ in
potential as the product of radial and angular factors. The radial qgantltatlve _de_tall fr_om the physically co rrec_:t ones, due to the
component of the model potential then involves a Varshni different variations in the moments of inertia. However, they

; Lo : hould still provide a qualitatively meaningful description of
representation of the bonding interactions shou! . : . .
P 9 the size of isotope effect that can be obtained by varying pivot

r 2 point locations.
VoondF) = De(l —1—exp[ a(rf — rZ)]}) - D, (22) The actual parameters employed for the various systems are
r summarized in Table 1. The choice of these parameters was
based on various considerations. First, the optimized canonical

where VRC—VTST results should roughly reproduce the magnitude
of the experimental observations. Second, the bonding potential

r=u+ 0.8(A) (23) should have a qualitatively realistic magnitude in the transition

Ill. Model Potential Calculations
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TABLE 1: Model Potential Parameters CH+O,
De a & fo y 108l T T T T T T

system (kcal/mol) (A2 (A) (kcal/mol) (A™Y I
CH+O,(Potl) 85 038 12 380 15 124 1 Cb;a=08
CH + O, (Pot 2) 85 038 1.2 630 1.3 120 i l i
CH + O, (Pot 3) 85 0.38 1.2 1000 1.5 1
CCH+ O 70 038 1.2 500 1.5 116 |- ]
CH + C,H; 85 030 1.2 880 15 a L
CH+ CoH4 100.0 0.22 1.2 250,500 1.5,1.5 X 112} -
CH+ CHgy 85 050 1.2 940 15 xg ‘

1.08 |- u

state region. Also, the optimized pivot point locations should 1.04 CH: a206 i
be reasonably close to the dummy atoms. Finally, the transition r T
state location, and its variation with energy or temperature, 1o ]
should be similar to our observations for other systems. Note 0.96 ! I R T
that although the values employed fgiappear large, they are 00 02 04 06 08 10 12
not simply related to a bending force constant but instead d (A)

describe the maximum repulsion for bending motions at fixed Figure 3. Plot of the kinetic isotope effect for the CH(B) O, reaction
u value, which can of course be quite large. Furthermore, they as a function of the distanetfrom the radical pivot point to the CH(D)
have decayed significantly prior to the transition state region. center-of-mass.

The entry for the gH, case has twdy andy values because effects, and do not affect any of the qualitative conclusions.

there are two separa.te modes .to be represent.ed. ) Thus, for simplicity, onlyT-resolved optimizations are consid-
The model potentials described here provide a basis for geq here.
isolating the role of the kinematic factdrin determining the We have mentioned above that the variation of the location
kinetic isotope effect in barrierless reactions. Although the o the center of mass with isotopic substitution leads to a
potentials are designed to reproduce qualitative features of theyeyiation from the collision frequency ratio for calculated kinetic
reactions under consideration, we reiterate that the aim of this isotope effects, even employing pivot points constrained to the
investigation is to provide a general description of the various centers-of-mass. The model potential calculations illustrate the
contributions to kinetic isotope effects in VRUTST calcula- magnitude of this deviation. For the present model potential
tions. The model potentials are clearly not intended to serve asihe (, group bonds to the C side of the CH(CD) radical. Thus,
an acceptable approximation for rate constant calculatlons.foragiven center-of-mass separatRrat the minimum energy
However, they enable modification of separate aspects of theorientation, the @to C separation is smaller for CD as opposed
potential energy surface and can provide physical insight into CH, and the potential is more attractive. Correspondingly,
overall mechanism which is not readily available from more o optimized transition state separatigris larger in CD+
sophisticated and detailed calculations of individual reactions. O, than in CH+ O». As a result, the factor in brackets in eq 10
B. Results and DiscussionThe variation of the calculated s |arger for D than for H, yielding a net reduction from the
kinetic isotope effect with pivot point location was examined  collision frequency prediction for the isotope effect. To confirm
here via VRC-VTST calculations in which the separati6h  that the shift in center of mass location toward areas of more
between the pivot points is optimized at the canonical level while repuylsive interaction is responsible for the deviation from the
the location of the pivot points is held fixed. A plot of this  collision frequency ratio, we have also performed calculations
variation in the iSOtOpiC rati%H + ozlkCD+02 as a function of for a “reversed” potentia| that Corresponds to th@ @oup
d, the distance of the CH radical pivot point from its center- honding to the H side of the CH radical. In this case, the above
of-mass, is provided in Figure 3. The results plotted are for a argument is inverted and one expects the calculated kinetic

temperature of 293 K, but they are essentially independent of isotope effect to exceed the collision frequency ratio, as is indeed
temperature. For comparison the laser photolysis/chemi- ghserved in the calculations.

luminescence Study of ref 9 observed kinetic iSOtOpe effects in The Comparison in section Il above of center-of-mass

the range from 1.16 to 1.21-0.08) for temperatures ranging  separation and variable reaction coordinate results suggests that
from 293 to 720 K. The absence of any observed pressurethe kinematic factor may dominate the kinetic isotope effect.
dependence suggests that the observations should correspongdyrther calculations for two related potential forms substantiate
to the high-pressure limit, as examined with the present thatthe VRG-VTST predictions for the isotope effects depend
calculations. more strongly on the location of the optimized pivot points than
The experimental values roughly correspond to the calcula- on the details of the model potential form. For potential 2, the
tions on the model potential for a pivot point that is 0.8 A away dummy atom X was moved to a separation of only 0.2 A from
from the center-of-mass. At the canonical level the optimized the radical C atom, and the potential employed was otherwise
pivot points for the CH and CD reactions are displaced by 0.6 analogous to the nominal potential form. For potential 3, the
and 0.8 A from the center-of-mass, respectively, yielding a angular dependence of the nominal potential [cf. eq 21] was
kinetic isotope effect of 1.14. In contrast, for center-of-mass replaced with a sinusoidal hindered rotor. The optimized pivot
pivot points the kinetic isotope effect is calculated to be 0.975, point is at a separation of only 0.2 A for both of these potentials,
whereas the collision frequency ratio is 1.026. Thus, for the which would result in a calculated H/D isotope effect of only
CH + O reaction, the consideration of realistic magnitude about 1.02 in both instances. However, as illustrated in Figure
deviations in the pivot point locations can yield quantitative 4, the functional dependence on the pivot point location is
corrections to the predicted isotope effect. remarkably similar to that for the nominal potential, indicating
Sample calculations indicate that the more appropriate energythat the kinematic factor largely governs the kinetic isotope
E- and total angular momentudaresolved optimizations yield  effect. This in turn suggests that the isotope effect is most
only modest further reductions in the calculated kinetic isotope sensitive to the location of the optimum pivot point (i.e., the
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CH+O,
1.32 T T T T T T T T T
1.28 | 4
1.24 |-
1.20
1.16 |- L
8 112l A
SRR i
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x 108 -----Pot2 7
R N N Pot3 -
1.00 -1
0.96 | g
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Figure 4. As in Figure 3, but also including results for model potentials
2 and 3.
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Figure 5. Plot of the CCH to CCD Kkinetic isotope effect for the

CCH(D) + Oz reaction as a function of the distandé&om the CCH(D)
pivot point to the CCH(D) center-of-mass.
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Figure 6. As in Figure 3, but for the CH(D} C;H, reaction.
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Figure 7. Plot of the CH to CD kinetic isotope effect for the CH(D)

+ C;H4(C;Dy) reaction as a function of the distandérom the radical
pivot point to the CH(D) center of mass.

A. The canonical optimization of botR andd yields a kinetic

nature of the reaction coordinate) and less sensitive to the detailssotope effect of 1.146. Both the calculated and observed kinetic

of the interaction potential.
The observed kinetic isotope effect for the HCC(DCE)

isotope effects are essentially independent of temperature. Again,
a realistic magnitude deviation of the pivot point location from

O, reaction is considerably smaller than that for the CH(CD) the center-of-mass yields a quantitative correction for the kinetic

+ O, reaction, being only 1.04- 0.0312 The kinetic isotope

effect calculated from the model potential, as illustrated in Figure

isotope effect.
The GH; to C,D; kinetic isotope effect was also measured

5, is also substantially smaller, with the canonically optimized for the CH+ C,H, reaction and it was found to be 1 within
value being only 1.04. This reduction occurs even though the experimental uncertain{#. The cylindrical symmetry of the
optimized pivot point for the HCC radical lies substantially acetylene molecule makes it unlikely that its pivot point deviates

further from its center-of-massl¢cy = 1.45 A anddccp = 1.6

A) than it does for the CH radical. The reduction in the
magnitude of the variation in the isotope effects is related to
the reduction in the variation of the rotational constants. The
ratio of the CCH to CCD rotational constants is only 1.22,
whereas that for CH to CD is 1.86. As a result, the kinematic
factor does not vary as much from one isotope to another for

CCH.

For the remaining CH addition reactions, the variation in the

CH/CD KIE with the value ofd is qualitatively similar to that
for the CH+ O, reaction. A plot of the variation in the VRE
VTST calculation of the isotopic ratikcy + cH/Keptc,H, 8S a
function of d, the distance of the CH radical pivot point from

its center-of-mass, is provided in Figure 6. For this reaction

the KIE was observed to be 1.350.03 at 291 K in the laser-

photolysis/continuous-wave laser-induced fluorescence experi-

mental study of ref 13, which corresponds td aalue of 0.7

substantially from the center-of-mass. Furthermore, because
there is a center-of-symmetry in acetylene, the KIE for the
center-of-mass case reduces to the collision frequency ratio of
1.01, in agreement with experiment.

The CH to CD and gH, to C;D4 kinetic isotope effects for
the CH + CyH4 reaction were observed in laser photolysis/
continuous wave laser-induced fluorescence experimental study
to be 1.19+ 0.04 and 1.08t 0.04, respectively, at 290 K.
The CH to CD KIE gradually decreases with increasing
temperature reaching a value of 1.200.02 at 720 K, while
the GH4 to G,D4 KIE is essentially constant. The VR&/TST
calculated dependence of the calculated CH to CD KIEg&n
anddc,n, is illustrated in Figure 7. Locating the CH pivot point
about 0.9 A away from its center-of-mass again yields a
prediction in agreement with experiment.

For the GH,4 to G,D4 KIE the center-of-mass coordinate again
reduces to the collision frequency ratio of 1.02, due to the
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CH+CH,

kCZH‘/ kczon

Figure 8. As in Figure 6, but for the @14 to C,D4 kinetic isotope
effect as a function of the distanddrom the GH4(CzD,) pivot point
from its center of mass.

existence of a center-of-symmetry inkG. However, for GHa
the pivot point is more likely to vary away from the center-of-
mass (as compared toid;) due to the rotational asymmetry
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opportunity for improving the sampling of repulsive regions of
the potential via optimizations of the pivot points, implying that
the optimized CH pivot point location should lie near the center
of mass for chemically realistic potentials. The four equivalent
CH bonds also make it somewhat more difficult to develop a
practical potential and transition state model. For this reason,
we have not explored this kinetic isotope effect with explicit
VRC—VTST calculations and instead simply suggest that it is
highly unlikely that pivot point variations within the variable
reaction coordinate framework could yield an isotope effect of
the magnitude observed experimentally.

IV. Ab Initio Potential Based Calculations. The model
potential calculations described above provide an overall
framework for considering the transitional mode contributions
to kinetic isotope effects in barrierless addition reactions, and
highlight the role of the kinematic factor which arises from the
use of a generalized reaction coordinate. A comprehensive
description of the kinetic isotope effects naturally requires
consideration of possible variation in the conserved mode
frequencies. For completeness, we therefore provide more
detailed ab initio based calculations of several €Hhydro-
carbon reactions which illustrate the role of conserved mode
frequency variations.

A. Kinetic Isotope Effects in CH + CHy. The reaction of

of thezz-orbital binding space. Thus, the calculated dependence ¢y with methane is somewnhat different from the other reactions

of the GH4 to G,D4 KIE on the pivot point location is illustrated
in Figure 8 for 290 K. The predicted KIE is seen to depend
quite strongly on not just the £, pivot point location, but
also on that of the CH pivot point. Still, a deviation of about 1
A again provides the right sort of magnitude for the KIE. The

considered here in that there is no simple barrierless addition
path. Instead, the formation of an adduct proceeds via insertion
of the CH radical into one of the CH bonds to form an ethyl

radical. The required rearrangements are likely to produce a
significant saddle point on the potential energy surface. Fur-

fact that model potential calculations provide qualitative agree- thermore, at this saddle point, the decoupling into conserved

ment for the observed behavior of a range of reactions supportsyn transitional modes is likely to break down. Instead, the usual
the interpretation that the kinematic factor dominates the kinetic rigid-rotor harmonic-oscillator picture of the energetics is likely

isotope effect, and suggests that the kinetic isotope effect gives;y he more meaningful.

information on the nature of the reaction coordinate inthe VTST  The insertion path was examined at the MP4/6-3:G(2d,p//
framework. MP2/6-31G* level in ref 42. These calculations suggest that
The CH(CD)+ CH4(CDy) reaction is the final system for  there is indeed a saddle point, and that it is 0.2 kcal/mol below
which we wish to consider kinetic isotope effects. For this reactants. Later calculations at the MP2/6-311G** and MP2/
system, the CH/CD and GHCD, kinetic isotope effects were  6.311++G** levels failed to find a saddlepoirf€ A reanalysis
observed to be 1.23 0.09 and 1.6t 0.13, respectively at  of the insertion saddlepoint is performed here with the goal of
293 K13 Although not explicitly shown here, the CH/CD kinetic  sing the resulting vibrational and geometric information in a
isotope effects can again be explained with reasonable magni-conventional transition state theory analysis. This reanalysis
tude deviations of the CH pivot point from its center-of-mass. jnyolves QCISD(T)/6-311+G** and MP2/6-313+G(3df2pd)
In contrast, the CHICD4 KIE seems too large to explain simply  cajculations carried out at geometries determined at the B3LYP/
with inOt pOint variations. The CJDK:DA, KIE for the center- 6-311++G** level. This procedure provides approximate

of-mass reaction coordinate again analytically reduces to the Qc|SD(T)/6-311+G(3df,2pd) energies via the relation
collision frequency ratio, which is now 1.05. The somewhat

large variation of a factor of 2 in all three of the rotational
constants for Cprelative to CH might at first be expected to
yield an increased KIE relative to some of the other systems
examined here. However, because methane is a spherical top,
one axis of rotation can always be taken to contain the pivot
point. Hence, only two of the CHrotations contribute to the
kinematic factorg, just as in the case of the CH molecule with
the pivot point constrained to lie along the diatomic axis. The
variation of the kinetic isotope effect with GHpivot point
displacement is therefore only slightly larger than that for the
CoH4/CaD,4 case, where thé rotational constant changes by a  CD + CD, reactions differ by—0.6,+0.4, and—0.1 kcal/mol
factor of 2 upon isotopic substitution, and should be similar to from that for the CH+ CH, reaction. Subsequent CCSD(T)/
the variation seen for the CH radical (as shown in Figures 3 6-31G** evaluations of the vibrational frequencies yield es-
and 4). Clearly, the pivot point displacement required to match sentially identical zero-point energy corrections and closely
the experimental kinetic isotope effect in such a case would be analogous vibrational frequencies to those of the B3LYP
physically unreasonable. calculations.

Moreover, the presence of four equivalent CH bonds to be  The rate constants and kinetic isotope effects evaluated for a
attacked by the incoming CH suggests that there is little rigid-rotor harmonic oscillator model employing the B3LYP/

QCISD(T)/6-311+G(3df,2pd)=
QCISD(T)/6-31H+G** + MP2/6-311+G(3df,2pd)

— MP2/6-31H+G** (25)

With this approach the zero-point corrected saddle point energy
is estimated to be-3.07 kcal/mol relative to reactants for the
CH + CHg4 reaction. The average spin squared at the B3LYP
and MP2 levels was 0.754 and 0.884, respectively. The zero-
point corrected barriers for the CB CH4, CH + CDy4, and
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TABLE 2: Rate Constants and Kinetic Isotope Effects for CH+ CH,

Kew + e, (EXPLR Ken + o, (RRHO/TST) CH + CHy/ CH+ CDJ/ CH + CHy/ CD+CHy/
T(K) 10 e s 1 10 e st CD+CHg CD+CD,° CH+ CDy CD+CDy
200 1830 0.41 0.40 4.2 4.2
300 7.1+ 03 112 0.60(1.22) 0.60(1.25) 2.8(1.57) 2.8(1.61)
450 5.0+ 0.1 20.7 0.76(1.06) 0.76(1.03) 2.0(1.50) 2.0(1.46)
700 4.6+0.1 8.49 0.87(1.07) 0.87(1.08) 1.59(1.48) 1.58(1.49)
1000 7.05 0.93 0.92 1.39 1.38
1400 8.12 0.96 0.95 1.28 1.28
2000 11.9 0.98 0.98 1.22 1.21

a Experimental measurements from ref 13 for a pressure of 100 T@alculated and experimental (ref 13, in parentheses) kinetic isotope
effects.

6-311++G** structures and unadjusted vibrational frequencies variations again involve an increase rather than a decrease, and
and QCISD(T)/6-311+G(3df,2pd) energetics are summarized the variations in the remaining conserved modes are again too
in Table 2. At low temperatures, the calculated rate constantssmall and generally increasing. Thus, once again, it does not
are much greater than experiment due to the negative activationappear that variations in the conserved mode frequencies have
energy for the insertion saddle point. This discrepancy simply any role in the observed kinetic isotope effects.
indicates that the dominant TS at low energies would be that  For both the CH+ C,H,4 and the CH+ C,H,, reactions, the
for the initial approach to the weak complex preceding the saddle CH may also directly insert into one of the CH bonds in the
point. By 700 K, the theoretical estimate has nearly reached its molecule. For the CHF C,H, reaction, we have determined
minimum value, and is within a factor of 2 of the experimental the saddle point geometry and vibrational frequencies for the
rate constant, suggesting the dominance of the insertion saddlénsertion at the B3LYP/6-31G** level. (Optimizations at the
point by that temperature. The remaining overestimate is likely B3LYP/6-31HG** yield effectively no change in geometry
an indication of the need to variationally optimize the transition gnd only a modest increase-1 kcal/mol) in the energy.) At
state for each energy and angular momentum contributing to the ~QCISD(T)/6-311+G(3df,2pd) level (as for CH- CHy)
the reaction. the saddle point was determined to lie 3.47 kcal/mol below
Interestingly, at 700 K, where the RRHO transition state reactants. The average spin squared for this saddle point was
theory model is most meaningful, its prediction for the a6l calculated to be 0.754 and 1.57 at the B3LYP and MP2 levels,
CD4 kinetic isotope effect is in reasonable agreement with the respectively. The high spin contamination at the MP2 level
experimental observation, suggesting that conserved-modesuggests the need for some caution in interpreting the energetic
frequency variations are responsible for the kinetic isotope effect. predictions. However, we note that the QCISD(T) methodology
However, the prediction for the CH to CD isotope effect is is often capable of correcting for even such large spin
inverted. The latter discrepancy is likely an indication that one contaminations.
still needs to consider a more general reaction coordinate and = Rijgid-rotor harmonic oscillator calculations of the kinetic

the variational nature of the TS for the CH motion in order to sotope effect for this path are similar to the above-described
properly predict this kinetic isotope effect. results for the CH+ CH, insertion reaction, with a predicted

B. Conserved Mode Variations in CH+ C,H, and CH + C,H4/C,D4 Kkinetic isotope effect of about 1.3 to 1.4, and a
CzHa. For the CH+ CoH; reaction the vibrational frequencies  predicted CH/CD kinetic isotope effect of about 0.95 to 1.0.
were evaluated along the addition reaction path by Peeters andHowever, comparison of the energetics and rates for the addition
co-workers with B3LYP density functional theoty.These  reaction path with those for the insertion path, suggests that
calculations indicate very modest variations in the conserved the insertion reaction is unlikely to make a contribution of more
mode frequencies during the initial association. For example, than about 10%. Thus, the observed kinetic isotope effects for
the CH stretching frequency in the CH radical varies by 12°m  the CH+ C,H, reaction should largely correspond to that for

or less from its infinite separation value for CC separations of the simple addition. A more detailed description of these
2.3 A or greater. Furthermore, these variations are toward higherfindings has been provided previousfy.

frequency, which would correspond to a CH to CD KIE of less
than unity, in contradistinction with the exper_imental obse_rvg- V. Concluding Remarks
tions. The other conserved mode frequencies have a similar
overall tendency to increase with decreasing separation and thus Kinetic isotope effects for barrierless reactions have been
cannot be correlated with the observations. The CASSCF resultsexplored using variational transition state theory with a variable
of Walch?#® which focus on an apparent saddle point at a CC reaction coordinate. Experimental investigations of CH reactions
separation of 2.5 A, similarly suggest only modest variations, have shown small but significant kinetic isotope effects which
with that for the CH mode again increasing relative to separated cannot be explained by center-of-mass reaction coordinate
reactants. Thus, one cannot explain the observed CH to CD KIE calculations using a loose transition state assumption, that is to
for the CH+ C;H; reaction with the calculated conserved-mode say, assuming no variation in the frequencies of conserved
frequency variations. modes between reactants and transition state. The measured
For the CH+ CyH,4 reaction we have examined the force kinetic isotope effects had been construed to indicate a departure
field along the addition reaction path at the CASSCF(7,7)/6- from the loose transition state pictU¥&3 The present work has
31G* level and at the B3LYP/6-31G** level. The 7 active shown that many of the observed kinetic isotope effects can be
orbitals in this CASSCF calculation consisted of the 5 valence explained without conserved-mode frequency variations if more
orbitals of the CH radical plus the andsz* orbitals of GHa. realistic reaction coordinates are employed in VTST calculations.
There are again only modest variations in the CH stretching In fact, with the exception of the large GI/D, effect in the
force constant until separations past (smaller CC values) thatCH + methane reaction (which requires changes in conserved
expected for the transition state. Furthermore, those modestmethane vibrations), the calculated kinetic isotope effects are



Barrierless Recombination Reactions J. Phys. Chem. A, Vol. 105, No. 37, 2008577

in relatively good agreement with experimental observations terms of the individual transitional and conserved mode canoni-

for pivot points corresponding roughly to the center of the cal partition functions

radical orbitals involved in the incipient bond. It would be

interesting to compare and contrast the predictions of the present Q’JF(T) =min [Q(T,9Q(T.9;9 (A4)

variable reaction coordinate model with those of the reaction

path Hamiltonian model, which has recently been revised to where

include approximate anharmonicity correctidf3he use of a Hin

variable reaction coordinate in transition state theory calculations _n -

not only provides an improved variational estimate of the rate QTS kg T f dadp o O ) IVSO(S exp- fH)

coefficient, but appears to be essential for correctly describing (AS)

the kinetic isotope effect in many systems. and
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In standard applications the dividing surfé&is represented
in terms of a few scalar parameters, and the transition state
partition function in eq A4 is minimized with respect to those
We review here the approximations necessary to obtain ascalar parameters. For example, for the center-of-mass reaction
decoupling of the conserved and transitional mode contributions coordinate case the distanBebetween the centers-of-mass of
to the canonical transition state partition function. When the the two reacting fragments, specifies the dividing surface and
variational minimization is performed at the canonical level, the minimization with respect t8is replaced with a minimiza-
the transition state partition function may generally be written tion with respect t&R. For the variable reaction coordinate case,
as two additional vector parameterd; and d,, specifying the
- location of the pivot point for each fragment, are also used to
h™" . defineSand are treated as variables in the minimization process.
kBTmln [ded)qutdptdchpcu 1 0@)oS For a variational minimization at thE-resolved level, the
exp AH):S (AL) canonical transition state partition function may be written as

Appendix: Decoupling of the Conserved Modes in the
Evaluation of Transition State Partition Functions

QM =

whereuy is the velocity perpendicular to the dividing surface QM = ij:o dEexp( BE)min [N(E,S);S], (A7)

defined byS andn is the number of degrees of freedom in the ke T

Hamiltonian H. The coordinatesR, q, and q;, denote a - .

fragment-fragment radial separation, the fragment and orbital where the total number of states on the dividing surface

orientational coordinates, and the internal vibrational coordinates 9'V€" by

of the fragments, respectively. The momepgap;, andp. are pLn

the corresponding conjugate momenta. The transitional modes NESS =+—= qudpuDG(u DO(SO(E — H). (A8)

can also be viewed as consisting of the overall rotational and kT

relative bending and torsional motions of the two reacting

fragments. The notation miR(S);] indicates minimization of

the functionF(S) with respect to variation o&. fro
If the dividing surfaceS is independent of the conserved QM=

modes then the integral ovgg andp: may be performed first if‘” dE exp(— SE)min [fdeNt(E - €,90/69:9, (A9)
to yield kgT~/0

A similar analysis to the abové-resolved analysis yields

[ whereN{(E,S)andp(E,S)are the number and density of states

QM= Hmin [deddeqtdthDg(U 2)o(S for the transitional and conserved modes, respectively
exp— AHYQ(T,R pr.0uP):S (A2) ht ™
e TR N(E,S =T JdRdpdadp O )O(O(E — H)
where Q. is the conserved mode canonical partition function (A10)
for the given phase space poirR,(r,q,p) on the dividing
1
surfaceS pdES = [dadpolE ~H(S)  (ALD)

- 1 oo~
QTR Pr o) = f dchpchnc exXPE- AHR PGPl (A3) The convolution of the conserved and transitional modes prior

to the minimization as in eq A9 corresponds to a statistical
The conserved mode Hamiltonidh is essentially that for the ~ assumption for the distribution of energy among all the modes.
internal vibrations of the fragments (e.g., it would include the This statistical assumption of transition state theory should be
normal mode Hamiltonian for the conserved mode vibrations) valid when there is a strong coupling of the conserved modes
but also builds in the coupling to the remaining degrees of to the reaction coordinate or the transitional modes throughout
freedom. the transition state region. With this statistical assumption the

Assuming that this coupling [i.e., the dependencedgion integration ovek properly ranges from 0 t&-Vpyin(S, where

(R,r.aup)] may be written solely in terms of the dividing  Vmin(S) is the minimum potential value on the dividing surface
surfaceS, allows one to make the standard separation of the S.The conserved and transitional modes are then inextricably
overall canonical partition function for the transition state in coupled through the minimization process in eq A9. As a result,
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even if the conserved mode geometries and force fields are'vI I(2) IMeSarﬁde\rl,v :- Sa(l;rgiers, Y\JV HYJFf(ealgtgoon Rates of Isotopic

strictly independent of, one cannot writdQ*(T) in terms of a T nup 1) G0 e ™ ippenstein, S.0.Phys. Chem.
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