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While the Pitzer model had been used in the past with great success for degenerate internal motions, e.g.,
transitional bending motions in the recombination of hydrogen and methyl radicals, simpler models are often
used in the treatment of nondegenerate modes, such as the transitional bending motions in the recombination
reaction of hydrogen and choloromethyl radicals. In this work, highly detailed analysis of the Pitzer free
rotor treatment for nondegenerate internal motions is presented. The addition reaction of a chlorine radical
with 1,1,-dichloroethylene is used here for illustrative purposes. The reaction proceeds in two steps: the
reactants reach a bridged intermediate that can dissociate back to reactants or yiEH1G# adducts.

Only the long-range part of the reaction was investigated in this paper. Electronic structure calculations were
performed at the UQCISD(T)/6-31G**//[UMP2/6-31G** level of theory, and canonical variational transition
state theory rate constants were computed. In conclusion, it is shown that two different pathways lead to the
bridged intermediate. Consideration of the forward and backward rate constants demonstrated that the more
direct route to the bridged intermediate is favored kinetically.

Introduction addition reaction of a radical species to disubstituted olefins.
Although olefins withCy, symmetry were chosen for simplicity
purposes, the treatment is similar for asymmetric species.
Second, the above model was used to compute rate constants
for the addition reaction of a chlorine radical to 1,1-dichloro-
ethylene. An important feature for this type of reaction is the
presence of a bridged intermediate on the MEP36 In this

work, we focused on the long-range part of this reaction.

Specific treatments for barrierless reactions have been
reported in the literature, such as the variational approach of
transition state theory (VTSTY In this model, the transition
state (TS) is located at the maximum of free energy along the
minimum energy path (MEF)Most VTST studies investigated
were reactions where (1) the variational TS was short-range and
transitional modes, i.e., the modes that change significantly along
the path, were treated with the vibrator mddebr (2) the
variational TS was long-range and transitional modes were
degenerate. In this case, the Pitzer free rotor nfddehs used In this section, a model that allows computation of rate
with great successAlthough the Pitzer model is more complex  constants for very long range barrierless bimolecular association
for a species with many coupled nondegenerate internal rotors,reactions (X+ A — products) is presented. The canonical
a simple expression has been recétpipvided for the specific  variational transition state theory (CVTST) has proven to be
case of two three-dimensional internal rotors. extremely useful and accurate for the treatment of such reactions,

In this paper, the addition reaction of a chlorine radical to especially radical/radical recombination and ion/molecule as-
1,1-dicloroethylene is used for illustrative purposes. Free radical sociation reaction®’38
addition reactions to substituted alkenes represent a key step in I. The CVTST Rate Constant. Let atom X and species A

The Kinetic Model

polymerizatioA®12 and telomerization procesdés! in com- be the fragments ard the total number of atoms. The CVTST
bustion kineticg? atmospheric chemisti?, 25 and biological rate constant can thus be writless

mechanisms%27 One major challenge consists of fully under-

standing the regioselectivity of these reactfén¥® in order to ke T Q* £ keT

design regularly patterned polymers. The kinetic control of kCVTSTZTme ° 1)

propagation and telogen transfer rate constants is another
important issue in this field. Moreover, recent developments of
telogen addition to halogenated monomers encouraged theoreti
cal investigations at the microscopic levél.

This paper is organized as follows: first, detailed description
and analysis of the Pitzer free rotor model is presented for the

whereQ; are molecular partition functions¥™ stands for TS).
Mode separability is assumed and thus global molecular partition
functions are written as products of molecular partition functions
for the different degrees of freedom, i.e., translational, rotational,
vibrational, and electronic. Nuclear partition functions are
* Corresponding author. Present address: Laboratoire de Photochimiea.Ssumed to be equal t(.). Unit, is the eleCtromc.: ene'rgy

Moléculaire et Macromdleulaire, UMR CNRS 6505, ENS Chimie de  difference between transition state and reactants, including the
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center-of-mass of £1,Y,. Such a treatment becomes increas-
ingly important as long as one of the following is fulfilled: (1)
the interfragment distance at the TS is large (in general, the
lower the temperature the larger this distance for radical/radical
association reactions) or (2) if the temperature is high, the

Figure 1. Principal geometric parameters used in this waérland ¢ harmonic oscillator partition function does not go to the correct
motions were identified with internal rotations of the axis that connected asymptotic limit, since it behaves as whereas the mono-
the incoming X atom and the-8,Y center-of-mass. dimensional rotational partition function is proportionallt.

Truhlar* proposed an empirical switching function that allowed

from conserved (i.e., nontransitional) modes only. The terms the partition function to change continuously from a vibration
ks andh are the usual Boltzmann and Planck constants,Tand {0 @ free (or hindered) internal rotation. This model was not
is the temperature (room temperature was used in the present!Sed here since the addition reactions in our work were long-
work). range and the transitional modes were expected to behave much

In proceeding from reactants to products, three modes arelike free rotations.
created, one of which is the reaction coordinate. The reaction ~ Thus the product of internal rotation partition functions can
coordinate was projected out of the mass-weighted Cartesianf€ written as
Hessian matrix, which after diagonalization yielded 3- 7 )
frequencies, i.e., the modes that are orthogonal to the reaction P 81k T 12
coordinate. Among thesé\3— 7 vibrational frequencies NB— 9 % 9y = oh? (Igl) (4)
do not vary significantly between the TS and the reactants
because of the very long range character of the TS. They aréynerel, andl, are reduced moments of inertia for thandg
the conserved modes. The remaining two frequencies (thejnternal rotations, respectively. SincgHGY » hasC,, symmetry,
transitional modes) changed between 0 and some finite value;, andl, are not degenerate. In eqd,= 1 is the symmetry
atthe TS. They are labelélandg. Therefore, the ratio of TS nymber for this two-dimensional internal rotation. Next we
and reactants vibrational partition functions is describe the procedure that was used to obtaandl,.
Ill. Computation of the Reduced Moments of Inertia |
Qib  + =+ and l,. The free rotor model has been used in studies where
qVT_ =04, @ the transition states were symmetric t8gds. this case, Pitzer

b and Gwini§ were able to provide a simple analytic expression
dfor ly andl, (eq 5):

In eq 2, the cancelation of the conserved modes was assume
If this hypothesis is not verified, the conserved modes should |
be included in the ratio of vibrational partition functions. l.=1 =1I (1 — _A) (5)
. . . . 6 @ A |
Since X is an atom, only the translational and electronic XeeeA
components of the molecular partition function contribute to

the rate constarsf wherela andlx...o are the degenerate principal moments of
inertia for species A and TS, respectively. The symmetric top
08 5\12  _* impli i i
3 keT 1 ., [111315 blec _EiaT nature qf the TS implies _thgt Alis a symmetric top as vyeII (or
Krst=—— M ey A€ 3) a spherical top). In the limit of the infinite XA separation,
qftlrans 17 15 15]  QgjecTelec eq 5 reduces tty = |, = 4, i.e., internal rotations become the

degenerate overall rotation of species A and the reaction
In eq 3,0yansiS the translational partition function for a species  coordinate becomes X relative translation. In eq 5, provided
of massu; u is the reduced mass of X and A;is the ratio of the X---A distance is sufficiently largelx..a can be ap-
the rotational symmetry numbers for TS and A (i.e., the reaction proximated bWri---A: wherey is the reduced mass of X and
path degeneracy); and the fraction in parentheses is the ratiop, andry..., is the distance between X and A center-of-mass.
of the respective principal moments of inertiaedQeChiec IS In the third of a series of papers, Kilpatrick and Pitzitowed
the ratio of the respective electronic partition functiéhs. how I, andl,, could be exactly calculated for asymmetric species

Il. Transitional Modes Treatment. Different approaches  with many coupled internal rotors. This more exact method will

have been used in the literature for the treatment of transitional be used here. The computationipfandl,, in the most general
modes, one of which is the free rotor treatm&nt3 Such a  case is now briefly stated. A more detailed description can be
model accounts for fundamental changes in the character of thefound in refs 7 and 9.
transitional modes. Let us consider the model reaction where  First, define a fixed frame in the molecule, such as thedC

A is a disubstituted olefin: bond in our illustrative example, and any two axes orthogonal
to each other and to this bond. Then define the internal rotors.
‘X + CH,=CY,— CXH,—CY, X is undergoing two kinds of internal rotations (see Figure 1).

The full kinetic energy matrix is then written down for this
In the associated species, the transitional modes becomesystem in the fixed reference frame. The overall rotation is
nondegenerate XC—C bending modes. They are described in decoupled from overall translation by setting the origin at the
Figure 1: 6 motion conserves th€;s symmetry, whilep motion system’s center-of-mass. The kinetic energy matrix is now
breaks it. To a good approximation, and provided the frequenciesblock diagonal. The first block is for overall translation of
for these modes are large enough, such degrees of freedom cathe species, and the second block comprises overall rotation,
be represented by oscillator partition functions. However, internal rotations, and their respective coupling terms. By
because the X-C distance is large at the TS, tlfeand ¢ further diagonalizing this second block about its three overall
motions are better represented by free internal rotations thanrotation diagonal elements, one is left with the internal kinetic
vibrations. The axes for these internal rotations originate at the energy matrix, decoupled from overall rotation. Its diagonal
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Figure 2. Principal axes of inertig, y, andz for the GH,Y > molecule.
The origin is at the gH,Y, center-of-mass.

elements are the reduced moments of inertia for internal

rotation, whereas the nondiagonal elements correspond to the

coupling terms between internal rotors. The partition function
for internal rotation was shown to be proportional to the square
root of the determinant of the internal kinetic energy matrix
for the systent® In the work presented heré,and ¢ internal
rotations are orthogonal, thus already decoupled from one
another, and the internal kinetic energy matrix is diagonal with
elementdy andl,. Iy andl, are computed along the MEP, and
thus depend omx...a, the interfragment distance, and other
internal variables. In ref 7, internal rotors were off-balance in
only one direction:z is the direction of the axis for internal
rotation, the hindered rotor center-of-mass being irxdy@ane,

and thus contributing ng off-balance kinetic coupling. The
most general procedure for internal rotation decoupling was
programmed in our laboratory and used thereafter. In addition,
the general expression of the internal kinetic energy matrix is
given in the appendix.

For X--A symmetric top species)y(rx..a = ®) =
l¢(rx...a = ) = la. This is generally not the case for asym-
metric species. Lelf, I}, and1; be the principal moments of
inertia of GH,Y », the axes of which are represented in Figure
2. Cs symmetry is conserved throughout the reaction. Thus, the
incoming X atom lies in theyz plane. Moreover, since the
geometries of fragments are similar to those of their infinite
separations, two variables only, for example,. (the distance
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Figure 3. Geometries of the Gxand Cx intermediates. See also Table 1.

As expected, a perfect agreement was reached between both
methods'® In ref 9, a similar agreement was obtained for the
H+CH; addition reaction (results were labeled CFR and
CFTST-FR). In standard VTST calculations, external rotational
degrees of freedom at the TS are generally assumed decoupled
from internal rotation. In this case, eq 6 clearly shows that the
productlyl, should not be simply replaced by3...,.4

Application to the Model Reaction *Cl + CH,=CCl, —
CCIH,—CCl,

In this section, the above method is used to compute rate
constants for the reaction of chlorine radicals with 1,1-
dichloroetylene. High-level electronic structure calculations
(section | below) were performed to obtain a reliable potential
energy surface (PES), and canonical variational transition state
theory rate constants are computed and discussed in section Il.

I. Electronic Structure Calculations. The reactivity of
substituted olefins toward radical species has been extensively

between the chlorine radical and A center-of-mass) and the g,died with theoretical methods. In recent work, electronic

attacking X-C—C angle# change along the MEP (one can

structure calculations were performed with the density functional

choose another set of variables, such as an interatomic distanC@neory (DFT)*8-52 However, in some cases, a bridged inter-

andd). Thereforely andl,, are functions ofx...» and 6 only.
Itis easily seen (since X is in theplane) that, fory...a fixed,

lyp does not depend ofi (the axis for6 internal rotation is in
the x direction). This means that, in the limit of infinite
separation,ly approachesi’x‘\, the principal axis for overall
rotation of A in thex direction (see Figure 2 for the definition
of x, y, and z). However, |, depends on botly.... and 6.
Therefore, for infinite separations, only when the axis that
connects the chlorine and A center-of-mass exactly matzhes
doesl, approachlf, the principal moment of inertia of A in
the z direction. Similarly, only when the axis that connects the
chlorine and A center-of-mass matches exactiydoes |,
approachl”, the principal moment of inertia of A in thg
direction. Thus, in the limit of infinite fragment separation,
lo(rx.a = o) is equal toly, whereasl,(rx..a = ©,0) is
different from bothl2 or 1.

In ref 9, Robertson et al. showed that the product of
external and internal classical partition functions is proportional
to (urk....)%5 1712 (see above for the definition of variables).
This expression is exact in the specific case of two three-
dimensional internal rotors. For our model reaction, A is
undergoing one two-dimensional internal rotation; tHysnd
I, are related taur4..., through eq 6:

F 55, 2 \2A (AJA
lol I 15 13= (uri...a) T 17

(6)

mediate could not be obtained on the DFT PESVore
generally, correlated wave functions are needed because the
alkene triplet state contributes in a significant manner to the
MO wave functior?5% Thus, configuration interaction (ClI)
methods seem to be adequate to obtain accurate potential energy
surfaces for the type of reaction investigated éreé3-56-61

In this work, electronic structure calculations were performed
at the UQCISD(T)/6-31G**//UMP2/6-31G** level of theory
with the Gaussian series of prograPisGeometries were
optimized with the second-order MgltePlesset perturbation
theory and the 6-31G** basis set (polarization basis functions
were used for both hydrogen and heavy atoms). Single-point
calculations were carried out with the above geometries and
the quadratic Cl method (corrections for single, double, and
triple excitations are included). Polarized Hamiltonians, i.e.,
unrestricted calculations, were used throughout.

Several minima were found on the UMP2/6-31G** PES,
among which are the product isomer species@CH*CCl, and
*CH,—CCls, and two long-range intermediates;@nd Cx (see
Figure 3). In Cx, the incoming chlorine radical and the carbon
atoms are aligned. Gxs stabilized by long-range dipole/dipole-
induced interactions and h&s, symmetry. Cx is a bridged
intermediate withCs symmetry and, from previous calculations,
was expected on the MP2 PE&:35 Energies and relevant
geometrical parameters of the above species are given in
Table 1 and Figure 3. Thus, the reactants and the bridged
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Figure 4. Minimum energy paths (MEPs) between reactants and the

bridged intermedisfge€xext). In Figure 4a, the dependenc&am 6

is displayed for the MEPs. In parts b and c, the UMP2/6-31G** and UQCISD(T)/6-31G**//UMP2/6-31G** energies are plotted against the ClI

CH, distance R, see Figure 1) for paths 1 and 2, respectively.

TABLE 1: Electronic Structure Calculation Results?

species E(MP2y  E(CI)° R 04 Re—c¢
Cx.® —0.40 —0.40 3.951 180.0 1.334
Cxx® —-1.73 —1.23 2.866 74.2 1.351
CICH,—CCl, —19.4 —18.4 1.802 113.2 1.478
*CH,—CCl -7.81 —554 1.798 (109.6) 1.476

Because the reactive pathways investigated here are barrierless,
the minimum energy path (ME®)%* was identified with the
reaction path. At large interfragment distances, the reaction
coordinate is mainly a function of the €ICH, distance and

the attacking Gt-CH,=CCl, angle,R and 0, respectively (see
Figure 1). The MEP was obtained by fixing the distinguished

2 Distances are in angstroms, angles in degrees, energies in kcal/coordinateR while optimizing all the other degrees of freedom
mol. The reference energy is that of the separated reactants at the(however, the reaction coordinate between @rd Cx more

respective level of theory.Electronic energy at the UMP2/6-31G**
level of theory.© Electronic energy at the UQCISD(T)/6-31G**//UMP2/
6-31G** level of theory.¢ Ris the C}--CH; interfragment distance)
the Ct--CH,=CCl, attacking angle (see Figure 1), aReLc the carbon/
carbon bond lengttRe—c = 1.334 A for the reactant specie8)Cx; is
the long-range species with the linear@C=C structure, whereas gx
is the bridged intermediatéThe value for the C+CCL—*CH, angle
is listed in parentheses (in place of the-@H,—CCl, angle).

intermediateare connected through two different MEPs. The
overall reaction scheme is shown below:

Cx 1
% \&\ / « CH,-CCl;
Cls + CH,=CCl; Cx, < H
2 .
\/ S CCIH,CCl,

likely resembled?, which was, for this part of the MEPs only,
the distinguished coordinate. See Figure 4a where the depen-
dence ofR on 6 is displayed). The MEPs between reactants
and the bridged intermediate are represented in Figure 4b,c
and are labeled paths 1 and 2, respectively. In Figure 4b, the
plateau region aroun® = 4 A characterizes the region of the
long-range Cx structure. Normal-mode analysis (harmonic
approximation) showed that €xwas a true local minimum at
the MP2 level, and single-point calculations at the Cl level (i.e.,
UQCISD(T)/6-31G**//UMP2/6-31G**) confirmed this result
(see inset in Figure 4b). Past theoretical investigations of radical
addition reactions to substituted olefins assumed path 2 was
the unique way to reach the bridgedntermediate. Although

the rate constants in paths 1 and 2 are quite different (see Kinetic
Results Section below), it may be interesting in future work to
see if Cx can play an active role in the reaction (for example,
in cases where the dipole moment of the olefin is large or where
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the incoming radical is highly polarizable). However, thermal
equilibrium is unlikely for such a shallow minimum, and the \
reactants will be considered to proceed te @a a single-step

process in path 1. The overall scheme may now be represented TS
as follows: Reactants

Cl

//}'\ ° CH2'CCI3 1 AN
«Z
W\/ \\\ -

Two different elementary bimolecular processes may vyield the
bridged intermediate Gx In path 1 (Figure 4b), the chlorine
radical reacts collinearly to the carbon/carbon bond (\W@th
symmetry) and the reaction coordinate is mainly a function of
R. Next, the chlorine radical shifts in the; plane until Cx is
reached (the reaction coordinate is mainly a functioR@ind

0). In path 2 (see Figure 4c), the incoming chlorine radical
proceeds directly to the bridged intermediafk $§ymmetry is
kept throughout the course of path 2). In accordance to what

was found in another stud,Cx, was not found with the DFT

method (various functionals were used with the 6-31G** basis Figure 5. Energy levels of the reactant€(+CH,=CCl), the bridged
set) intermediate (C¥, the more stable product isomer (CIEHCCL,), and

. . . the transition state (TS) between £and CICH—CCl, at different
First, MP2 and CI calculations agree very well for inter- eyels of theory. The geometries of £and the TS at the UMP2/
fragment distances larger than 3.2 A. It will be shown further 6.31G** level are shown. All geometries were optimized at the UMP2/
that the variational transition states are located in this region 6-31G** level (bold solid). PMP2 (hashed) and UQCISD(T) (wavy)
of the phase space and that MP2 level calculations adequatelyresults are single-point calculations on the respective UMP2 geometries
yield CVTST rate constants for paths 1 and 2. However, the (Se€ text). Actual relative scaling is shown.
discrepancy between the MP2 and ClI results becomes sizable ) ) ) o
as Cx progresses to the product radical spec@s,Cls. structure was hlghly_ _spln-cont_amlnated. Thls_ is a well-
Last, the carbon/carbon bond lengR—c changes very known artifact for addition reactions of the type investigated
little between reactants and £xsee Table 1). However, here, and spln-prqjected calculations (and/or larger pa5|s sets)
harmonic frequencies of some conserved modes iti@ered are often used to circumvent the probl&m®5However, single-
significantly from those in gH,Cl, (in Cxs, the carbon/carbon ~ Point PMP2/6-31G**//UMP2/6-31G** calculations lowered
bond is part of a three-body bridged structure while it is purely the energy of the UMP2 TS below that of £fsee Figure 5).

olefin-like in G;H,Cl,) and the conserved modes were included !t should be r_10_ted that GXis not spin-contaminated and is

The final reaction step (Gx— *C,H.Cls) was thoroughly ~ the geometry of the actual TS that connected &hd the most

investigated and is briefly discussed below. Results show thatStable isomer product ouqht to differ significantly from that
much higher level calculations than those performed here (i.e., 0btained at the UMP2 level; thus, multireference Cl or CASSCF

large CASSCF calculations) are needed to obtain a potentialMethods are necess&#’to obtain accurate rate constant for
energy surface free from spin-contamination. Moreover, this part these processes. Other possibilities mclud_e full optlm[zatlons
of the reaction is of a much shorter range and the respective@t the UQCISD(T) levet!->2 However, Hessian matrix diago-
rate constants may be obtained with standard procedures. ~ Nalizations are unpractical for many heavy atom systems. Such
The reaction of a chlorine radical with ethylene was recently Calculations are beyond the subject of this work and will not
showr$! to proceed through a bridged intermedia@,4Cl), be presented here.
which, in turn, could react and yield either of the identical  Il. Kinetic Results. Free energie\G(R) were computed
isomers*CH,—CH,CI or CCIH,—*CH,. It was shown that the  for the geometries obtained at the UMP2/6-31G** level on
chlorine shift from one carbon atom to the other proceeded the MEPs (electronic energies were those calculated at the
preferentially through a two-step mechanis@H,—CH,Cl went UQCISD(T)/6-31G**//[UMP2/6-31G** level). The maximum
back to the bridged intermediate, which, in turn, reacted value for AG was identified with the free energy of reaction
unimolecularly and yielded the other isomer £H—*CH,. The for the respective pathway. The corresponding angle and bond
above indirect chlorine shuttling motion was shown to be distance at the variational TS are labet€@ndR?, respectively.
thermodynamically favored with respect to the direct shuttling Finally, the principle of microscopic reversibility allowed
motion. In our work, one isomer is more stable (see Table 1). calculations of the reverse rates in paths 1 and 2{taed¢

Cls + CH,=CCl,
CCIH,-CCl,

CH,CI-CCl,

CCIH,—*CCl, and *CH,—CCl; lie 18.4 and 5.5 kcal/mol, motions in Cx were treated with the nondegenerate free rotor
respectively, below the reactants, in agreement with experi- model). The results are shown in Table 2.
mental result§>66 Only Cx, — CCIH,—*CCl, was examined The mechanism is similar to the addition reaction of a chlorine

in this work. However, as shown below, more adequate atom to ethylene. Reactants proceed rapidly to a bridged
electronic structure methods are needed for this part of the intermediate on the reaction path, which, in turn, yields products
reaction. or returns back to reactants. Experimental rates of 8.4 and
A tight transition state that connected £&and CCIH—*CCl, 7.5 x 108 cm®/mol/s were reported for the addition reaction
was found at the UMP2/6-31G** level. However, the obtained of chlorine radicals to 1,1-dichloroethylef®@This result was
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TABLE 2: Canonical Variational Transition State step back to reactants, or yield products. Two conclusions arose

Properties for Paths 1 and 2 (See Figure 4) and Rate from our results: (1) the collinear route (path 1) to the bridged

Constants intermediate can be neglected with respect to the more direct

RFa 6*a VD ke Krevers§ path (path 2) on the basis of respective rate constants, and (2)

path 1 3.555 105 —0.829 9.0 4.23 significant amount of the bridged intermediate goes back to
path 2 4515 85.4 —0.285 37.8 56.8 reactants. This results in a slower apparent reactant decay.
aR is the Ch--CH, distance at the TS in A, whil@* is the

Cl-+-CH,—CCl, angle Zt the TS in degrees (see FigureMf is the Acknowledgment. The authors thank Professor M. Roche

classical potential energy at the TS with respect to reactants in kcal/ for valuable discussions and the Elf-Atochem company for
mol. ¢ k andk.everseaire the forward and backward CVTST rate constants financial support.

in units of 163 cm¥mol/s and 1€ s, respectively. Standard reference

state is 1 mol/L. Appendix

shown to be a good approximation of the high-pressure limit  In ref 7, clarity prompted the authors to give the internal
rate constant. Provided (see reaction scheme below) is smaller kinetic energy maitrixS for a system with internal rotors that
thank_; + k_», the results in Table 2 (i.ek; < ky andk_; < were off-balance in only one direction. The most general
k_,) clearly show that path 2 is the most favored route to the expression foiS (which was used in our Fortran program for
bridged intermediate and that the chemical equilibrium between the general computations of the moments of inertia) is given
reactants and Gxmay be represented by a unique step, path 2 here. The variable designation is consistent with ref\Vr:is
) ) the total massUE the off-balance factor of internal rotor k in
. — 2 -3 the g direction,Ax the moment of inertia for internal rotor k
Cl+ Ch=CCh, k2 Cx, = products about its internal rotation axigy; the kinetic energy matrix

. . coupling term between the g component of overall rotation and
Here, ks is expected to be much smaller thian, + k-3 since internal rotation or rotor k. The expression féf}; is given in

the unimolecular rearrangement from Q& products involves . 7 - . .
important electronic and geometric changes. This is not the caseref 7. Finally, iy, is the cosine of the angle between thaxis

for the long-range part of the reaction. Finally, it is necessary 3: tikrle \'/(vr?gdxr? mt_:_arr]nal rcr)‘torrsl. A;(” |rnterinerl1l %);orfhrc;]tate about
that k-3 be much smaller thak_, to rule out path 1 in the ero axis. the general expressio s the
mechanism. Otherwise, the reactants would go tpi€path 2

and they return back to reactants in path 1. The reaction scheme A~ Ky B — Ky Bla— Kz o
would then have been Bio— Ky A=Ky 33— Kyg o
S=|Bla— Kis B~ Koz As— Kz ®)

‘Cl + CH,=CCl, % Cx, -l products

Moreover, the reverse process in path 1 was favored on
thermodynamic grounds over that in path 2 (38evalues in where
Table 2).
Finally, the most recent wofk reported a rate constant 1, ) . - y o
(7.5 x 10" cm?/mol/s) that is much smaller thaa in Table 2 Kij = M(Ui + Ul — 207 Ul e + o odg + odg odel) (9)
(37.8 x 10" cm?/mol/s). In ref 68, the disappearance of the

olefin speciesR is monitored and compared with that in a S T N VL VYV
reference reactio( k), e.g., the addition reaction of chiorine  Kii = j;([%0 Ui = o Ul U — ayo Uil +
atoms to ethylene. The rate constaktre then fit from a plot YUK — oY AT WY 1% — oY )
of IN[RYR] versus Illy/T: [“'OZ U'X 0 Ul 0 UJX 10 Uil + o
B [o Ui = aig Ulllegg Uf — ogg U) fori = (10)
IN[R/RIN[T/T] = Kk )

In egs 9 and 10, the subscript “0” refers to the fixed frame,
whereas the fixed frame was labeled 1 in ref 7. Eventually, if
the U{ values are zero, these expressions reduce to those in
ref 7.

That is, experimental rates measure the overall decay of the
olefin species. In our work, the overall disappearance of the
olefin species may be represented oy koks/k—, (a steady-
state approximation for Gxis assumed) ank_, greater than
ks results in apparent slower decay of the reactants, in agreemenk qterences and Notes

with experimental results.
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