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Existence of Negative Activation Energies in Simple Bimolecular Metathesis Reactions and
Some Observations on Too-Fast Reactions

Sidney W. Benson* and Otto Dobis

Loker Hydrocarbon Research Institute, Weisity of Southern California, Unersity Park,
Los Angeles, California 90089-1661

Receied: September 3, 1997; In Final Form: April 27, 1998

A large number of reactions of the type R HX and R + X; have been reported as having negative activation
energies (X= 1, Br, Cl). These reactions have none of the behavior of reactions that are expected to have
negative activation energies. Itis shown that they must be simple metathesis reactions having a single transition
state, (RH-X)* or (R-X-X)*. It is concluded that the negative activation energies must be artifacts of the
experimental techniques employed. Some of what appear to be simple metathesis reactions but which proceed
via atom+- radical recombination have had rate constants reported, close to the collision limit. When examined
from a collisional point of view, it is shown that they require collision diameters from 8 to 25 A, far in excess

of any known long-range interaction at these distances between neutral species. Again, artifacts of the
experimental methods may be responsible.

Introduction Reaction with Negative Activation Energies

Exothermic reactions between free radicals (and/or atoms) A typical example of a complex metathesis is provided by
and molecules have, since their extensive study which startedthe reaction of two HQradicals'3
about 1934, been characterized by small but positive activation
energies in the range from 1 to about 12 kcal/mol. It therefore 2HO, — H,0, + O,
came as somewhat of a surprise when, about 10 years ago,
reports began to appear suggesting that some of these had This reaction can proceed via two independent pathways:
negative activation energies. Most of the ones reported were

of the type R+ HX — RH + X and R+ X, — RX + X where i
R could be alky! or substituted alkyl radicals and X was Br or ‘ 1 ho 0-0-H
I. A number of the R+ HX are listed in Table 1, while R- A 2HO; == T4 0=0
X2 are shown in Table 2. \
There are a number of bimolecular, metathesis reactions that Hy0; + O,
are expected to have negative activation energies. These fall I 2/'
into the general category of reactions that proceed over a B: 2HO, HOOHOO
potential well**~14 These have been discussed and have a 2 ﬂ
number of verifiable features, as follows. 0- H~ 0 Q- H -('I)
1. They involve two or more steps with two or more .OmH=0 |0++-H-0

intervening transition states, where the first step is actually the

formation of a weakly bound complex (chemical activation step). The sole intermediate formed in path A;®4, has a 10 kcal
2. The second (usually a tight or cyclic) transition state has central G-O bond. In path B step’Iproduces a H-bonded
a barrier {/2*) below the first transition state, so théf > V., open dimer worth about 7 kcal, while the cyclic dimer formed
when only two are involved. in step 2 is in a 14 kcal well. Path B seems to fit the data
3. As a consequence of 2, thefactor of the second transition  petter. The negative activation energy for the overall reaction
state is significantly smaller than that for the reverse process.is —1.0 &+ 0.5 kcal* over the range 226700 K. Reflecting
4. They will be sensitive to pressure due to the possibility of the tight transition state, th&-factor is low. At 1 atm it is 6x
collisional deexcitation of the first bound complex. 10713 cm®¥/(molecule s). Pressure effects have been observed.
5. Deuterium isotope substitution increases heotential Another example, even more complex, of a polystep metath-
due to substantial zero-point energy correction, while \the esis is provided by the very important reaction of@dth alkyl
potential of the first step, complex formation, is practically radicals. Choosing ethyl for our example, we can have a direct
insensitive to isotope composition. Consequently, they will metathesis with a single transition state:
show an inverse isotope effe&l/kp < 1, and it will approach
AnlAp with increasing temperature. [ oH *

6. With increasing temperature, the vibrational energy A: C,Hs + O,=——=|H,C= C<IH yc') == C,H, + HO, + 12.4 kcal
contribution toV, potential becomes gradually significant. It H- O
causes convex curvative (tollaxis) of an Arrhenius plot even

to the extent of changing the sign Bf. and a complex path with two stable intermediates:
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TABLE 1. Some Metathesis Reactions of the Type R+ HX
with Negative Activation Energies

reactants 16 A, c?/(molecule s)  Eae, kcal/mol ref
CHa/HCI 0.50+ .07 +1.4+0.3 1
0.25+ .02 +0.75+ 0.2 2
CHa/HBr 1.57+ 0.28 —0.38+0.14 3
1.364+0.10 —0.46+ 0.046 4
0.80+ 0.30 +0.95 40, 38
0.68 +0.8 5,41
CH4/DBr 1.07£0.17 —0.26+0.11 4
CHa/HI 45+ 0.8 —0.29+0.14 5
CR/HI 0.90 0.5+ 0.5 39
C;Hs/HBr 1.70+ 0.55 —1.00+ 0.29 3
1.33+£0.33 —1.07+0.16 4
1.43+0.9 +0.44+ 0.03 6
CoHy/HI 45+09 —0.77+0.14 5
i-C3H7/HBr 1.584+ 0.38 —1.53+0.22 3
1.33+0.33 —1.07+ 0.16 4
i-C3H7/HI 3.9+0.8 —1.22+0.17 5
t-C4Ho/HBr 1.37+ 0.5 —1.86+0.34 3
1.07+ 0.3 —1.91+0.30 4
t-C4Ho/HI 3.1+0.6 —1.51+0.19 5

a A value of 1.0x 107*?is calculated for a tight TS with €H—Br
collinear. A similar value is for Met HI.

TABLE 2: Some Metathesis Reactions of the Type R- X,
with Negative Activation Energies

reactants 16A, cn¥/(molecule s)  Eac, kecal/mol ref
CHa/Cl; 50+1.2 +0.53+ 0.12 7
18 +1.7 8, 37
13 +2.3 46
20 +2.2 47
CHa/Br; 20+ 4 —0.394+ 0.25 8
96" [—0.38F 3,37
CHy/l, 6.0+2.4 0 (assumed) 38
CHl, 4.3 0+£0.5 39
C:Hs/Cl, 13+ 3 —0.30+0.11 7
7.7+ 1.6 [0 24
C;Hs/Br; 26+ 8 —0.82+0.41 8
8.5 0.44 6, 36
10.0 —1.00 3,36
CoHs/l, 6.3+2.4 [0] assumed 38
i-C3H+/Cl, 25+ 6 —0.494+ 0.23 7
i-C3H7/Br; 24+ 7 —1.07+0.45 8
t-C4Ho/Cl; 40+ 9 0.0+ 0.14 7
t-C4Ho/Br, 20+ 6 —0.97+0.45 8
t-CaHoll, 1243 [-2.9F 5,9

a|n ref 9 the ratio ofk(t-Bu + HI)/k(t-Bu + |,) was measured near
500 K as 0.25 with a positive activation energy of H40.5 kcal.
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rate determining k' > k-2'), with an estimated energy of
activation of about 27 kcal/mol and a lo#factor of about
10122571 Step 1is expected to be at equilibrium above 400
K at 100 torr so that the overall rate constant includingsl
given byKj'ky’ with a combinedA-factor of about 1.7« 10714
cm?/(molecule s). Since thA-factor for the direct metathesis
is expected to be about 3:3 1012 cm?/(molecule s), we find
that at about 900 K the two paths are expected to be equal,
while at 600 K the complex path B is about 20-fold faster.
Let us now see what light these examples can bring to the
metatheses of R+ HX and R + X,.

Metatheses of R with HX and X »

It has been proposed that the metatheses*of RiX is a
two-step process in which a weak complexXR-H is first
formed, which then isomerizes toIR—X, which is a second
complex preceding the second transition Sfate

[R-H-X]*— RH + X*

leading to final products. The first transition state (TS) is
postulated as having a cyclic structure:

. -H]}
R

X

R"'XH R'u. H—X

One may ask what role the first transition state plays since it
does not itself lead to products. If it has a weak binding of R
to the halogen atom in HX, this binding is totally lost in passing
to the second TS. In such case what prevents the formation of
this second TS directly?

Transition-state theory is an “equilibrium” theory in that the
TS is in equilibrium with reactants. With the first TS in
equilibrium with [RH—X] and this latter in equilibrium with
R + H—X, the second TS is also in equilibrium with* R-
H—X, and so the first transition state plays no role. Only the
second TS determines the reaction rate. This is very different
from the R + O, examples shown where totally different
chemical species and different steps are rate determining. In
fact the formation of the first structure,R—H in which the
C* atom in Ris in contact with the halogen of HX, is guaranteed
to prevent formation of final product RH. If X is, for example,

These numbers are used with results from ref 5 to obtain the valuesan | atom, then the €X distance in the complex is anywhere
shown.P This is the rate constant at room temperature, assuming zero from 3.9 A (van der Waals contact) to 2.6 A, corresponding to
activation energy¢ Calculated from relative measuremenk@@H; +

Clp)/k(CH;s + Bry) together with use ok(CHs + Bry) from ref 8.

d Calculated using ref 30 for the ratio &CH; + Br,)/k(CH; + HBr)
and parameters of reference 3 for the latter.

. ' .
B: CH3CH,; + 0 === CH3CH0;

N

Direct metathesis A is expected to have a normal activation
energy of about 5 1 kcal/mol, while path B has been reported

C,H4 + HO,

T

H,C= CH
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H-O
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to have a negative activation energy of abe@tkcal/mol**In
the B path, step'2the isomerization of Et®to C;H40,H, is

weak, half-bond formation. At any of these separations the
closest G:-H distance possible is from 4.2 A (linear complex)
to 3.1 A (I-H bond at 90 to C:++I contact). Thus there is no
energetic role possible for the @ interaction in the final TS.

The first TS, shown as cyclic, has strong constraints on its
formation. It cannot have even weak covalent character since
the three electrons involved in the metathesis will then have a
repulsive triplet interaction between two of them and in the
cyclic structure this triplet pair must be found on one of the
three atoms. lon pair states such astR-X~ or R" X—X~
require too much energy to contribute to the reaction.

Bimolecular reactions with no barrier and the longest range
interaction between neutral species, namely the valence interac-
tion preceeding radical recombination which occurs at distances
between 4 and 6 A, show zero activation ener§fesVhen
modeled by the modified Gorin theory, they have a small
positive TY6 temperature dependence, which has however never
been confirmed experimentally. It is probably too small to
measure with current limits of accuracy.
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Figure 1. Reaction paths and transition states proposed for the reactions
Br + CzHe, HBr + C2H5, and H+ CszBI’.

The conclusion from these considerations is that a weak van
der Waals’ interaction between Gf the radical and X in the

HX can play no role in the final metathesis. Only the- and (b) are ball and stick models showing trans (a) and cis (b)
H—X structures can lead to ob_served _pro_ducts, and only the geometries of Br relative to the GHyroup. (4 and () are space-
corresponding TS plays a role in the kinetics. filling models of the same structures showing van der Waals’ radii.
Some further light is shed on these arguments by considering
the reaction of Rwith X,. Here only one TS is possible,  the geometry shown, the Br atom has no room in which to move
namely, RX-X. There is no plausible second complex or TS. o be closer to the Of the ethyl radical. The intermediate H
These metatheses must proceed as normal metatheses. Yet §tom being transferred effectively fills the space about the C
look at Table 2, we see that seven of them involving &ld  radical. Even if we move the H atom back by 1.5 A in the
Brz have been listed with negative activation energies. geometry of a contact transition state betweear@ H, the Br
A chemical observation is of interest. In the reactions of H atom is also pushed 1.5 A away, and it will make contact with

atoms with R-X where X is | or Br the only products observed ihe H atoms on the {Bi5 radical before it can make contact
are R + HX, and all of these reactions have positive activation ity the C.

energies’~1942 The transition states for these reactions are thus
normal, direct metatheses.

(b) (b")

Figure 2. Tight transition state for reaction of.8s with HBr. (a)

Scanning the reportefifactors in Table 1, we see no example
of an abnormally lowA-factor such as might be expected for a
two-step mechanism involving two intermediates with two
transition states, one of them with a low-entropy, cylic structure.

(Contrast this with the lowA-factor for GHs + O,.) In fact the
These TS correspond to the structures postulated for the WeakA—factors range from 0.% 10-22to 5 x 1012 cm¥(molecule

complex 1, and we see that there is no tendency to transformg \yith no consistent variation with X from Cl to Br to | or
them to the presumed, thermodynamically more stable: R with R from Me to t-Bu. This variation instead may be

despite (he greater avallgble energy in these systems. Thesﬁﬂterpreted as a measure of systematic biases in the experimental
observations are summarized in Figure 1 for the particular cases

methods used.
of CoHs + HBr, C;HsBr + H, and GHs + Br. . . . .

We have recently measured the rates of reactionbksG- Of par'qcular interest are the four values listed in Table 1 for
HBr over the range 228368 K using the techniques of very the reaction Chl+ HBr. TheA-values span a small range of
low pressure reactor (VLPR).We have found a quite normal abqut a factor of 2 However two values Bf: are _negauve_,
reaction rate with a positive activation energy of 4446 call while two are positive. Both the latter are composites obtained
mol. in contrast to the values 6f1004+ 287 and—1071+ from independent sets of measurements. Reference 40 is a
155 listed in Table 1. Even more striking is the fact that at relative measurement of GH- HBr with CHs + 15, while ref
298 K our observed value of the rate constant is about 14-fold 38 is an absolute measurement near 300 K o €H,. This
smaller than the values in Table 1. We will comment further Value derived from the two is in excellent agreement (2%) with
on this later. the absolute value &{CH3; + HBr) at 300 K derived from ref

All three reactions can occur without utilizing TS 1, and the 41 andref5. Reference 41 is a relative measuremek((Qs

products of reaction 2 show that path 5 in Figure 1 plays no T HBr) with k(CHz + HI) combined with data of ref 5 for the
role in this system. latter. The reactions with negative activation energiess(@&H

It is instructive to trace the reaction backward. In Figure 2 HBr) are about 4-fold faster than those with positive activation
we have drawn, approximately to scale, the tight transition state €nergies at 300 K.
for the GHs + HBr reaction. In order to produce products A similar range is seen in the reactions oftRX, (Table 2),
C,He + Br, the two reactants must pass through the geometry where 1012A varies from 5-40 cn¥/(molecule s). Again there
shown by this transition state. The outlines shown as circles is no correlation with X (Cl, Br, 1) or with alkyl R (Me, Et, i-Pr
around the atoms Br and H represent van der Waals radii. Inor t-Bu). A mean value of (2@ 15) x 10~12 cm?/(molecule

[R-X-H]*
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s) characterizes most of these values and again might be takeWABLE 3: Bimolecular Rate Constants with Large Collision
as a measure of the range of systematic effects in the experi-Diameters. Atom and Molecule

ments. 10"Kagg, .

One of the reactions listed in Table 2 between €ICH; reaction cm/(molecules) gg  avar o A ref
has a positive activation energy and thus presumably a normal Cl + C;Hs — 6.1 12 11 2.5 32
A-factor, namely 5x 10712 cm¥(molecule s). In striking HCI + CoHs (44y (5.1p calc
contrast the reaction betweepHG and Ch, which has a negative =~ F+ CHa— 6.6 2 11 24 21

- 12 HF + CH; (32y (3.8¢ calc
activation energy, has akfactor 4-fold larger, 20< 10712 cm?/ F+ CHsl — 170 12 11 4.0 21
(molecule s). We would expect tiefactor for Et+ Cl, to be IF 4+ CHs 10
smaller than that for Met Cl, if they both go by a direct {HF+ CHal 7
metatheses route since the overall reaction hastab8leu or 50° \ calc
more, negative entropy change forEtCl, — EtCl + Cl than C'éﬁzgf(;;) 30 () 12 105 8 22

— 20 i i 2114
for Me + Cly - MeCl + CI.2° A simple, _normal, tight Cl + CH,CO — o5 12 105 70 23
nonlinear transition statéfor both Me and Et gives about % CH,Cl + CO
10712 cm?/(molecule s) for theA-factors. This agrees with the _ _ ) _
value for CH + Cl, in Table 2 but is 2-fold smaller than that a Calculated assuming-8s can be viewed as a cylinder of radius
for Et 4 Cho. whi ﬁ h ithin th . f th 3.8 A and length 8.8 AP This is the bimolecular rate constant
or Et + Clp, which is however within the uncertainty of the  gyrapolated to infinite pressureThe Path leading to IF- CHs is
methods used. about 1.5 faster than that leading to HF plus CH Calculated

Two of the studies on CH+ Cl, were done by classical ~ assuming that every collision of F with Ghkith a collision diameter
methods*647 One was a steady state photol&isf Cl, + CH, of 3.8 A leads to reactiort.Calculated assuming that every collision

of F with CHsl leads to reaction. CHiis assumed to be a cylinder of

mixtures in which GHg was one of the termination products. radius 3.8 A and length 9.7 A,

The observed 3/2 order in £Verifies termination by 2Cgl—
C;Hg as the major termination and in principle permits the slow
step,k(CHs; + Cly), to be determined with good precision. As
can be seen, the results are in good agreement with a flas
photolysis study of Ckl+ Cl, in which CH; was followed by
absorption spectroscopy, and in addition, the final products CH
Cl and GHg were both measured directly. For obscure reasons,
little subsequent work has paid much attention to these two
studies'® Both are appreciably slower by a factor of 7 at 300
K than the flash photolysis study which followed only the

methyl radical loss by mass spectroscdpy. . o . . - . ;
) ) . . mol. ltis very difficult to visualize a single negative barrier to
Reactions that might be expected to have negative activation 5, exothermic reaction, and we shall not comment further.

energies by the reasoning of the flash photolysis workers are jq\yever even with this value and tunneling corrections they

the reactions of Ht Hl and H+ |, Very recent studi€d g4y 1411 short by a factor of 4 in fitting the experimental déta.
have shown that both of these have positive activation energies

of 0.62+ 0.20 kcal/mol and 0.4% 0.20 kcal/mol, respectively.

The H+ I, reaction is favored to form polar complexes at H Reactions That Are Too Fast

-|—1 distances on the order of 1.7 A, due to the electron affinity

of H atoms (0.7 eV) and the low ionization potential af The Along with the category of simple metathesis reactions having
alkyl radicals which have electron affinities close to zero and negative activation energies is a category of bimolecular
larger contact distances cannot do this. Despite this, tHe H reactions we will call “too fast”. Again, over about the same

to fit the data. Tunneling has of course a negative activation
energy. Since the “revised” barrier is now only 0.17 kcal above
he van der Waals barrier and the total energy in the complex
is about RT (1.8 kcal at 300 K) from translation and rotation,
it is difficult to understand the role that tunneling can play.
The third paper in the seri¢sexamines among others the
C,Hs + HBr reaction but with a lesser degree of sophistication.
This showed no van der Waals interaction, so there is only one
barrier. However this barrier is calculated to b€.85 kcal/

I, reaction has a positive activation energy. time frame, the past 15 years, these reactions have been
Ab initio calculations have been done on a number of these appearing in the literature. What characterizes these reactions?
reactions using a variety of sophisticated progr&fn% These They all have bimolecular rate constants at or near the

studies ruled out the RX—H complex as playing any role.  collision limit, loosely defined as & 10-1° molecules/(crhs).

For the reaction of Ckl+ HCI they showeef a weakly bound This would be the value for a collision diameter of 4.0 A of
van der Waals complex (0.67 kcal/mol) at &l distance of spherical particles at 300 K with a reduced mass of about 15
2.60 A, which is close to the van der Waals contact distance of amu. A number of such rate constants are listed in Tables 3
2.95+ 0.1 A20 This is followed by a positive barrier of 2.53 and 4.

kcal/mol, quite close to the measured value of 2.8 kcal/mol.  Why are these reactions of concern since only one or two at
For CHse--H—Br they find a weaker complex (0.28 kcal/mol) most seem to be above the 4.0 A collision diameter rate? The
at 2.67 A followed by a positive barrier of 0.67 kcal/mol. In answer is that they are not spherical particles, and there are
both cases the weak van der Waals binding is below a positive strong constraints both geometrical and electronic on the number
barrier. This would appear to establish for both reactives a of collisions that can lead to reaction. We shall show that when
positive activation energy sined#l chemical metatheses proceed these constraints are included in the collision rate, the permitted
through a weak van der Waal's complex. However the authors rates require abnormally large collision diameters.

decided to fit the data of the flash photolysis workers forsCH Table 3 is a compilation for some atom-molecule reactions,
+ HBr (see refs 3 and 4 for earlier work). They did this by whereas Table 4 is a list of some atemadical reactions, all
lowering their calculated barrier by 0.78 kcal/mol to a small of which appear to go by an addition mechanism to form a
negative barrier of~0.28 kcal/mol! They justified this on the  vibrationally excited species which then dissociates to final
grounds of the intrinsic uncertainty of their calculation being products. Table 3 is composed of two different sets of
about 2 kcal/mol. But even this was not enough. In a second mechanisms. The first four examples are simple, direct atom
papef* they added an Eckert tunneling correction in an effort molecule bimolecular metatheses, while the last two represent
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TABLE 4: Bimolecular Rate Constants with Large Collision
Diameters. Atom + Radical Additions

1011|(298,
reaction cm?/(molecule s) g:, /o oc, A ref
Cl+ CHs— 1.20 1/8 1/05 31 32
HCI + CHq4 [2.7]2 [5.4]2 calc
24 15 24
30 17 25
29 17 26
H+ CHs— 6 1/4 1/0.5 25 44
2CHs (3.5)
Br + CHs — 1.18 1/8 1/05 31 6
HBr + C2H4
Cl+ CH,CO— 25 1/8 1K05 =>10 23
HCI + CH,CO
H+CR— 9.1 1/4 1/0.5 3.0 27
HF + CR, 8.9 3.0 28
[3.5]2 calc
O+ CH;— 14 1/7  1/0.5 84 29
OH + CH; [4.4]% calc
O+ CHs— 22 /7 1/05 121 30
Products [4.4 calc
O+ t-CsHg — 87 1/7 1/0.5 25 31
Products [4.4 calc

2 Calculated from modified Gorin mod#l.  This rate constant was
mistakenly reported in ref 25 as 9 1071° cm?/(molecule s)¢ This
rate constant was described as “extraordinarily large” in ref 43.

a more complex mechanism in which addition of the atom to a
double bond in the molecule is rate limiting.

In Table 3 the reactions of Ct C;Hg, F + CHg4, and F+
CHzsl have relatively fast rate constants, but all are appreciably

smaller than the collision frequency, as evidenced by the values”.

listed for the collision diameters (column 5, Table 3) calculated
from the observed rate constants, the electronic partition
formationge, and the van der Waals collision rates. For€l
C,Hs, the van der Waals collision rate is 44 1071 cmd/
(molecule s) (column 2, Table 3) compared with the observed
rate constant of 6. 10~Ycm®(molecule s). Thus the observed

rate constants for these three metathesis reactions, though fas

all fall below the constraints of simple collision theory, and the

reaction rate constants would be considered reasonable for smal

or zero activation energy reactions. Only for the reaction of

Cl + C,Hs has the activation energy been measured, and it is

very small, 170£ 20 cal/mol®2 It may be assumed that the
much more exothermic reactions of# CH, and F+ CHsF
have similar or even smaller activation energies.

Simple collision theory, historically, was put in the form of
a collision frequencyZ. multiplied by a Boltzman factor to
account for the activation energy and also a steric faetdo
allow for the fact that not every collision had the requisite
geometry for reactiof®

k= Pz~ (1)
Comparing this with the simple Arrhenius factgxandE, we
see that

IrT

E=E+;

_ Al
A=e"PZ(T,) 2)
in which Z; has aT'2 temperature dependence (when species
are in concentration units), and we chodkg as the mean
reaction temperature at which studies have been mag@,)
is calculated affy,.
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Transition-state theory put all of this in a more detailed form,
which allowed for structural changes in the reaction species in
the transition state. In reactions with no measured activation
energy a “contact transition state” has been defined correspond-
ing to a suitably oriented collision at a collision diameter
corresponding to a van der Waals confdciSince there is no
barrier to reaction, such a contact will always lead to products.

However there are detailed geometrical constraintsPgn
which can be interpreted in terms of the fraction of orientations
o anda, of each of the two reacting species which can lead to
reaction®#3% Finally there are electronic constraints, represented
by g, (column 3, Table 3 and 4).

Q%
s Qe 3
%~ 0,0 Q@ )
so that
k= gioa,Ze (4)

Qz, is the electronic partition function for the transition state
while Qg((1) andQe|(2) are the electronic partition functions for
reactants 1 and 2, respectively. For species in singlet electronic
states having no electronic angular momentum and no low lying
electronic statee = 1. For H atoms?2S;;, Qe(H) = 2s +
1= 2, reflecting the electronic spin of 1/2. For halogen atoms
F, Cl, Br, and | which have a ground st&fy,, Qe(300 K),(2
+ 1) = 4. F and Cl have low lying excited staté;,, which
are only slightly above the ground state by abotu2Xkcal and
give a small contribution t®e with increasing temperature.

All of the reactions listed in Table 4 correspond to recom-
binations of atoms with radicals, and the vibrationally excited
state that is formed must be in its ground electronic state with
no spin and no electronic angular momentum. Collisions that
form triplet transition states or states with electronic angular
{nomentum are on repulsive surfaces which do not lead to
products. This is true even if the reaction path is not a complex

ne of addition followed by dissociation. Direct metathesis of

| + CoHs — HCI + C,H,4 would be constrained to go through
a complex with no spin and no orbital angular momentum.

In similar fashion there are geometric constraints on recom-
binations. Thus the collision of Cl with G&H, must occur
with the open ClI orbital overlapping the Grbital of the ethyl.

A collision of Cl with the CH or with the H atoms of the B,

will not lead to recombination but instead to reflection. Thus
the oz anda, represent the fractions of collision of species 1
and 2 with the proper geometric orientations for each species,
respectively.

In Table 3 in which the reactions are atethmolecule, the
transition states will all have the spin of the odd electron from
the atom but will have no orbital angular momentum [these will
all be?A (nonlinear) or’Z (linear TS)]. HenceQ:I =22 For
the first three reactions which are simple metathesis we have
treated GHe as a cylinder, Chl as a slightly longer cylinder,
and CH, as a sphere. The value useds= 1, for the molecule
is an upper limit for a van der Waals collision. We notice that
the observed rate constants for these species, though fast, yield
rate constants smaller than the collision limit or even the
collision limit with the electronic constraints.

For the last two reactions listed in Table 3, which represent
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