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Cobalt carbene ion: Reactions of Co+ with C2H4, cyclo-

C3HG6, and cyclo-C 2H 40
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An ion beam apparatus is employed to study the formation of the cobalt carbene ion, CoCH2. This ion is
produced in the endothermic reaction of cobalt ions with ethene and cyclopropane and in an exothermic
reaction with ethylene oxide. A model is proposed to account for the dependence of experimental cross
sections on relative kinetic energy for the endothermic reactions. Using this model to interpret the

experimental results, a bond dissociation energy Z)°(Co+-CH2 = 3.7+0.3 eV is derived.

I. INTRODUCTION

Transition metal carbenes have been postulated as
intermediates in a variety of reactions, including metal
alkyl decomposition,lolefin metathesis,2polymeriza-
tion of olefins,3olefin homologation,4and cyclopropane
formation from olefins.5Yet, despite their seeming
abundance, little is known about metal carbene thermo-
chemistry. Recently, ion cyclotron resonance spectros-
copy was used in our laboratories to prepare several
ionic carbenes of iron8and manganese7in the gas phase.
These studies included the first experimental determi-
nations of metal carbene bond dissociation energies.
The present investigation represents a continuation of
our effort to characterize metal carbenes in the gas

phase. Specifically, we have studied the endothermic
reactions of Co* with ethene,
-CoH*+C2H3 )
Co*+CH, - T ~» 8
-CoCH2+CH2 (2)
and with cyclopropane,
Co* +¢c-C3H6—CoCH2+C2H4 3)
and the exothermic reaction with ethylene oxide,
Co*+c-C2HH —CoCHJ+CH2 . 4)

The experimentally determined threshold for Reaction
(2) is used in the present work to arrive at the cobalt
carbene bond dissociation energy.

A complete understanding of the dynamics of such re-
actions requires knowledge of the potential energy sur-
face. Due to the unavailability of such detailed informa-
tion, a simple surface consisting of only the reaction co-
ordinate is often considered. The dynamics of chemi-
cal reactions are often dominated by the gross features
of such a simplified surface.8 Speculation on the reac-
tion coordinate diagrams for processes (2)—4) reveals
important features which distinguish these reactions.

In Fig. 1(a), the example of a highly endothermic pro-
cess, Reaction (2), is given. Even though the binding
energy of Co* to ethene is substantial, giving rise to a
potential well,9a considerable amount of energy must
be provided to surmount the reaction barrier. At these
energies, the influence of the well on the reaction dy-
namics is small, and, therefore, we expect the reaction
to be direct. The endothermicity of Reaction (3), Fig.
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1(b), is much less. Based on related studies,Dthe
formation of a metallocyclobutane as a reaction inter-
mediate is proposed. The well corresponding to this
reaction intermediate should be of comparable magni-
tude to the heat of reaction. This situation is more
conducive to the formation of a long-lived complex which
can dissociate in many ways including back to reactants.
Finally, we consider a case where the reaction is ex-
othermic, Fig. 1(c). A long-lived intermediate is again
expected, but now formation of products is much more
likely.

In the present study, a particular form for the excita-
tion function of endothermic reactions is proposed. This
form is used to analyze the dependence of the cross sec-
tion for Reaction (2) on kinetic energy of the reactant

@) CoCHg* CHZz
- I
AH=87 kcal/mol
Co** C2H4
Co,
FARAN
(b) CoCH** CgH4

AH, =7 keal/mol
==

(c) Co*™* A CoCH**CH 0
—_— — —— — t_
AHr=-6 kcal/mol
—r
Co' Co"
0 Lo
FIG. 1. Postulated reaction coordinate diagrams for Reaction

(2), part (a), Reaction(3), part (b), and Reaction (4), part (c).
The heats of reaction are determined in the present study. The
scale of part (a) is a factor of 6 less than parts (b) and (c).
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ion. Previously, the analyses of such processes con-

centrated on interpretation of the threshold region. In
this paper, we have extended this analysis to include
the energy region where substantial product dissocia-
tion may occur.ll The proposed form for the reaction
cross section is shown to fit the experimental results
over a large energy range. The threshold measured
for Reaction (2), using this analysis, allows us to de-
rive the bond dissociation energy, K°(Co*-CH2)=85+7
kcal/mol. This agrees with the upper limit for this
bond energy of 92 kcal/mol established by the endotherm-
icity of Reaction (3) and with the lower limit of 79 kcal/
mol established by the exothermicity of Reaction (4).
The agreement gives us confidence that the analysis is
useful in obtaining accurate thermochemical data.

II. EXPERIMENTAL

The ion beam apparatus shown in Fig. 2 is a highly
modified version of an instrument previously described.12
lons from a surface ionization source are accelerated
(typically to about 700 V) and focused into a 60° sector
magnet for mass separation. The ion beam mass selec-
tor provides unit mass resolution to greater than 100
mfz. This mass selected beam is decelerated and fo-
cused into a collision chamber containing the reactant
gas. Product ions scattered in the forward direction
are focused into a quadrupole mass filter and detected
using a Channeltron electron multiplier operated in a
pulse counting mode. lon signal intensities are corrected
for the mass discrimination of the quadrupole mass
filter.

The ion source, previously described, 12 is comprised
of a tubular stainless steel oven attached to the side of a
U-shaped repeller plate which surrounds a rhenium ion-
ization filament. For these experiments, the oven is
loaded with CoCI2«6HzO. The filament generates suffi-
cient heat to dehydrate the cobalt complex and vaporize
the CoCI2. This vapor is directed at the filament where
dissociation and ionization of the resulting Co takes
place. This method of ionization minimizes the produc-
tion of excited metal ion states. It is estimated that at
the filament temperature used, ~ 2500 °K, 81% of the
Co* ions produced are in the 3F ground state manifold
and 19% are in the *F excited state manifold at 0.42 eV.
In order to observe the effects of an excited state, its
lifetime must exceed about 10 |us, the approximate flight
time of the ions. An attempt was made to determine the
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FIG. 2. Schematic diagram
of the ion beam apparatus.
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presence of excited ions using an attenuation tech-
nique. 13,14 Only a single component was detected, sug-
gesting that excited ions are absent. This assumes that
the 3F and F states have different total scattering cross
sections for the collision gases used (02, C2H4, and
C2H6).

The energy of the ion beam is taken nominally as the
difference in potential between the collision chamber
and the center of the filament, the latter being deter-
mined by a resistive divider. This energy is verified
by use of a retarding field energy analyzer.15 Agree-
ment was always within 0. 3 eV. The energy width of
the Co* beam was also thus obtained and determined to
be 0. 7 eV [full width at half-maximum (FWHM)]. In the
center of mass frame, this introduces an uncertainty
of £+0.12 eV in the reaction with C2H4 and of +0.15 eV
with c-C3H8 and c-C2H40. No specific account of the
energy distribution of the ion beam is taken in the treat-
ment below.

Despite attempts to make such measurements, we find
the present apparatus is not particularly suited to accu-
rate determinations of product ion energies.15 Severe
problems due to focusing effects preclude an effective
analysis on any ion having low intensity and a wide spread
in kinetic energy. These effects may be accounted for if
the ion is sufficiently intense and nearly monoenergetic
(as for the incident ion beam).

A more severe problem concerning the actual energy
of interaction is the effect of the thermal motion of the
reactant gas. Chantryl6 has shown that the distribution
of the relative kinetic energy at an energy E due to this
effect has a full width at half-maximum of

W/ 2= (11.1yferE)/2 | )

where T is the temperature of the target gas, andy =m/
(m+M), m and M being the masses of the incident par-
ticle and target gas. Thus, W./2=0.44S1/2 eV for the
reactions with ethene and WI/2=0.41E1/2 for reaction
with cyclopropane or ethylene oxide. This energy dis-
tribution effectively broadens any sharp features in the
excitation function, including threshold. To account for
this effect, the proposed excitation function is convoluted
with this distribution before comparison with the data us-
ing the method outlined by Chantry. 16

Reaction cross sections for a specific product, af{,
are calculated from
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= (6)

where the sum is over all products and It refers to a
particular measured product ion intensity. The total
reaction cross section, cr, is evaluated using

U]

where /0is the transmitted reactant ion beam intensity,
nis the number density of the target gas, and | is the
length of the interaction region. The pressure of the
target gas, measured using an MKS Baratron Model
90H1 capacitance manometer, is kept sufficiently low,
(1-5)x 10"3 Torr, that attenuation of the ion beam is
minimal. The length of the interaction region is 5 mm
and is uncorrected for entrance and exit apparature ef-
fects!7 (1.0 and 1.5 mm in diameter, respectively).
Our experimental procedure is to take a complete scan
of kinetic energy at a single pressure to obtain the ex-
citation function. At several energies, the product yield
is measured as a function of pressure to ensure Eqs.
(6) and (7) are obeyed. This procedure also readily
identifies products formed by more than one collision
event. 18

The greatest uncertainty in measurements of reaction
cross sections is the ion detection efficiency. In the
present experiments which involve heavy projectile and
light target species, efficient detectionis assisted by
the appreciable center-of-mass velocity which tends to
scatter all products in the forward direction in the labo-
ratory frame. At laboratory energies below about 10
eV, a small field of 0.5 V is placed across the specially
designed collision chamberli2to extract low energy ions.
This field introduces an additional uncertainty in the en-
ergy of interaction. Relative cross sections are well
reproduced, and we estimate that the absolute cross
sections reported are accurate to a factor of 2.

I1l. THEORETICAL

A key problem in obtaining information from measure-
ments such as those made in the present study is an ac-
curate determination of the true microscopic cross sec-
tion for reaction, a(E). It has been shown that direct
deconvolution of the phenomenological cross section mea-
sured does not yield a unique reaction cross section in-
dependent of the experimental energy distributions. 19
Thus, a choice for the form of ¢c(E) must be made and
eventually shown to be consistent with the data by aver-
aging over the experimental conditions (as above). 18
This choice, however, is not an easy one. No ab initio
theory presently exists which derives the correct gen-
eral form for particle transfer reactions. While trajec-
tory calculations2 can yield v{E) for a given reaction,
this is clearly of no general help to the experimentalist.
Simple models, 2l such as hard-sphere cross sections,
line of centers cross sections, or cross sections deter-
mined by the long-range portion of the interaction po-
tential of the reactants, may be used. However, these
are primarily useful in defining an encounter but not sub-
sequent events which may or may not lead to reaction.

2821

In the past, workers have assumed forms for a(E) which
are easy to handle mathematically, such as step func-
tions, 2 linear functions, 12,22,23 and exponential func-
tions. 4

Another approach is to “derive” <y(E) from statistical
considerations developed for understanding reaction
rates such as transition state theory,5 RRKM theory,28
and phase space theory.27,28 However, these theories
were developed such that no particlar form for the reac-
tion cross section need be assumed. Consequently, ad-
ditional assumptions are required to derive a cross sec-
tion. 252930

A. Form for a(E)

The choice we will make for the reaction cross sec-
tions is that it has the general form

O(E)CC(H *)l 8)

when we refer to a direct state to state reaction. Here,
the reactants have a total energy E and the barrier to
reaction is E0. When n=1, this form reduces to the
familiar line of centers model which has often been found
to have approximately the correct shape for experimen-
tal cross sections.2l Expression (8) is also familiar as
the probability derived by Kassel3l for one particular
oscillator out of a system of n+1 oscillators to have an
energy greater than EOwhen the total system energy is
E. We expect that the problem of determining whether
sufficient energy is in a reaction coordinate of a system
having n +1 degrees of freedom should be related. The
form of (8) can also be viewed as a ratio of numbers of
states (in a classical approximation)25of a transition state
to that of an energized molecule25 or as the ratio of flux
in the reaction product channel relative to the incident
flux.32,33

This latter viewpoint suggests several possible re-
finements which may become warranted as more ex-
periments are done and compared with theory. The
first of these refinements is to simply replace (8) by
the ratio

<r(E)<xN*{E*)/N(E) , (9)

where N(x) is the number of quantum states of a sys-
tem with an energy less than or equal to x, N*(E*) re-
fers to a transition state with Ex=E - EO, and N(E), for
a direct reaction, refers to the reactants. Now, rather
than use classical approximations yielding the form in
(8), other means of counting states, such as direct count
or semiclassical expressions,2 may be utilized. These
may be more accurate especially near reaction thresh-
old. It can also be noted that expression (9), using a
classical approximation, may yield

a(E) (£ _EONEm (10)

such that n and m are not equal. This could be the case,
for instance, if a tight transition state were involved. %4

The second refinement is the extension to reactions
which may proceed via long-lived complex formation.
The cross section for reaction is now related to
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a0(g) o« NaE) (V)

£ N*E)

where the sum is over all decomposition paths, desig-
nated by a, of the complex (including back to reac-
tants).34 The expressions (9) and (11) can be identified
with the reaction probabilities of Miller’s unified sta-
tistical theory3 and thus may be extended to intermedi-
ate cases between direct and complex mechanisms.

B. Influence of product dissociation on the form for
a(E)

The possibility of product dissociation can have a pro-
found influence on the cross section observed for prod-
uct formation. The thermodynamic threshold for such
dissociation is simply the dissociation energy of the
bond broken during reaction. However, not all of the
available energy will be in the internal modes of the ap-
propriate product. We can estimate that energy assum-
ing that the energy is statistically distributed among the
degrees of freedom of the products.34,35 Treating the
problem classically, neglecting angular momentum, 38
and remembering that only n internal modes are “active”
(excluding the reaction coordinate), it can be shown that
the probability of an energy greater than Ev is in internal
modes of the products at a total available energy (E - EO)
is just

P =[Er/{E-EQ)]n . (12)

We now assume the product ion dissociates if its inter-
nal energy exceeds its bond dissociation energy, D. We
define the parameter a as the average fraction of inter-
nal energy Ev in the ionic fragment. The dissociation
probability (i.e., the probability aEv~D) becomes

P=[D/a(E-EO)]n . (13)

If the neutral product is monatomic, a equals unity, 3
and if polyatomic, O<a< 1.

C. Expression to be used for a(E)

If we recognize that expression (8) is the reaction
probability, Pr, the final result for a(E) is given by

J % prodb (14)
f
where b is the collision impact parameter and bmis the
maximum value of b for which reaction occurs.2l Thus,
we find

0(E) =nbmP r=00P r (15)

The value of adOmay be determined by assuming one of
two simple models: one based on the long-range inter-
molecular potential of the reactants3and the hard-
sphere model.2l The long-range intermolecular poten-
tial is given by -C /V , where r is the distance between
reactants. For the specific case of ion-molecule reac-
tions, (s=4, C=5a , a is the polarizability of the neu-
tral reactant), the result is

ad0=TTe(2at/E)1/z . (16)
This should only be the case until E=2a/d4, where d is
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the hard-sphere radius.8 Above this energy, usually
less than 1 eV, a0=ir(fi, the hard-sphere model result.

Summarizing, the form for the reaction cross section
below EOis zero. For EO<E< EO0+D/a, a(E) is given by

cr(E) =a; 17)

For E> EO+D/a, the cross section is the product of EQs.
(13) and (17) or simply

<y(E)=00(D/aE)n . (18)
D. Application to experiment

For the reactions in the present study, the total ener-
gy E is taken equal to the relative translation energy
since under our experimental conditions this energy is
much greater than the internal energy of the reactants.
We also assume that there is no barrier for reverse re-
action (i.e., the transition state is loose). Consequent-
ly, EOrepresents the energy difference between prod-
ucts and reactants. We use Egs. (17) and (18) to fit the
data treating d0, EO, n and a as variable parameters.
[Note that D =D° (neutral reactant bond)-E0.] Deter-
mination of these parameters is aided by several tech-
niques of analysis. First, n can be determined from
a log-log plot of a vs £ since the slope of this plot at
high energies (after product dissociation commences)
is -n. Ingeneral, we restrict ourselves to integral
and half-integral values of n. Knowing n, a0 and Ea
may be determined by plotting a n E vs E for low ener-
gies which gives a slope of a\,n and an energy axis in-
tercept of Eq. The parameter a is determined by fitting
the high side of the excitation function. An alternate
means of assessing n and E0is to plot o/[E{d(j/dE)] VS
E for low energies, which gives an energy axis inter-
cept of EOand a slope of 1/nE0. Having determined n
and approximate values of aQand EO, we convolute this
starting function as discussed above and adjust these
parameters until a good fit is obtained. We also assess
how sensitive the fit is to the value of wwhich fits the
best. Often, within experimental error, several sets
of parameters fit the data equallywell. This, then is
how the errors in EOare determined.

IV. RESULTS
A. Co++C2H4

Cobalt ions react with ethene to yield two products,
CoH*, Reaction (1), and CoCHj, Reaction (2). Variation
of cross section with relative kinetic energy is shown
in Figs. 3 and 4, respectively. The background at low
energies in Fig. 3 is apparently due to a contribution
from reaction at higher energies outside the collision
chamber. The theoretical fit shown in Fig. 3 is ob-
tained using only Eq. (17)with« =2, a0=1.81 A2, and
E0=2.5 eV. An equally good fit is obtained with n as
low as 1.5 and as high as 3.0 giving threshold energies
from 2.9 to 2.0 eV. The sharp rise in cross section at
~18 eV in Fig. 3 is possibly an indication of a new prod-
uct channel, perhaps due to formation of electronically
excited CoH* or C2H3.

The data shown in Fig. 4 for Reaction (2) are best fit
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FIG. 3. Variation in experimental cross section with relative
kinetic energy in the center of mass frame (lower scale) and
the laboratory frame (upper scale) for Reaction (1). Arrows
indicate the threshold energy for reaction, 2.5 eV, and the
lower limit on the H-C2H3bond energy, 4.68 eV. The curve
is the fit to the data given in the text convoluted as discussed.

using N=5, a0=18.6 A2, ZD=3.8 eV, and a=0.80. The
data are also fit reasonably well if n=6 or 4 correspond-
ing to thresholds of 3.5 and 4.1 eV, respectively. The
background at low energies is believed to be much less
than for process (1) since here reaction occurs over a
much narrower energy range.

B. Co++c-C3H6

While other products are also observed, the primary
reaction of cobalt ions and cyclopropane is formation of
the metal carbene ion, Reaction (3). A crude energy
analysis gives the laboratory energy of this product as
1.54+£0.80 eV when Ellb(Co*)=3.70+0.75 eV and as 0.83

E (eV, Lab)
40 60

o
)
o

o
@
|

- + *
0"+ CoHy — CoCHy + CH,

o
)
T

o
P
T

Reaction Cross Section (A%)

0.2 -1
- l -
0.0, 1 1
¢) 4 8 12 16 20 24

E(ev,CM)

FIG. 4. Variation in experimental cross section with relative
kinetic energy in the center of mass frame (lower scale) and
the laboratory frame (upper scale) for Reaction (2). Arrows
indicate the threshold energy for reaction, 3.8 eV, and the
carbon—earbon bond energy of ethene, 7.47 eV. The curve is
the fit to the data given in the text convoluted as discussed.
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+0.43 eV when Ela,(Co*)=1.5 £0.75 eV. In both cases,
these energies are sufficiently low to suggest the CoCHJ
ion has the velocity of the center of mass, rather than a
velocity resulting from a direct reaction. The former
possibility corresponds to CoCH| energies of 1.56 and
0.63 eV, respectively, while a spectator stripping
modelP predicts 3.0 and 1.2 eV. This observation con-
forms with the notion that a long-lived intermediate, a
metallocyclobutane, is formed.

The excitation function shown in Fig. 5 cannot be fit
using Eq. (17). This may be due to the influence of the
long-lived intermediate, especially since metallocyclo-
butanes have been postulated as intermediates in the iso-
merization of cyclopropanes to alkenes.4 In our par-
ticular case, rearrangement of cyclopropane to propene

Co* +c-C3H8—Co’ +CjHg (19)
is exothermic by 7.8 kcal/mol.4l In our experiment, we
have no means of monitoring such a reaction. The in-
fluence this possibility may have on the cross section
for Reaction (3) is unknown. The fit shown in Fig. 5
utilizes expression (10) for the reaction probability.

The parameters used are n=3.5, m=5.0, €0=46.3A2
(eV)3/2, E0=0.5eV, anda =0.60.

Other products noted are CoCaHJ, CoC2H|, CoC3HJ,
C3HJ, and the adduct, CoC3HJ. All but the latter are
formed in highly endothermic reactions. Since they
cumulatively account for less than 10% of the product
yield, no good excitation function data could be obtained
for them. The adduct is a collisionally stabilized com-
plex as established by the pressure dependence of its
cross section.

C. Co++c-C2H40

The reaction of cobalt ions with ethylene oxide forms
a variety of products, Fig. 6. All of these find analogy

E (eV,Lab)
0 10 20 30
T T T T T T
S 8F .
= Co"+ /\ — CoCHj + CyH,
c - L ]
o
LY
v 6P —
3 |
" u -
Ld
2
S 4 ]
L]
=
o T 7
°
s 2— -
-4
l. -~
0 1 1 1 1 1 i 1 1 1 Il
o] 2 4 6 8 10 12
E (eV.CM)
FIG. 5. Variation in experimental cross section with relative

kinetic energy in the center of mass frame (lower scale) and
the laboratory frame (upper scale) for Reaction (3). Arrows
indicate the reaction threshold at 0.5 eV and the energy needed
to produce methylene and ethene from cyclopropane, 4.0 eV.
The curve is the fit to the data given in the text convoluted as
discussed. The inflection point at about 6 eV marks the energy
at which product dissociation begins according to the model out-
lined in the text.
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with the products observed in the cyclopropane system.
For present purposes, however, we need only consider
the cross section for formation of CoCH2. It is observed
to decrease monotonically with increasing energy and is
considerably larger than the cross sections measured in
the other two systems. This clearly indicates that Reac-
tion (4) is exothermic. The other major product of an
exothermic reaction in this system is CoCO*, which
probably results from the rearrangement of ethylene
oxide to acetaldehyde followed by decomposition of the
latter species.f2 The same product is observed in the
reaction of Co* with acetaldehyde, where the carbene
product is not detected.43

V. DISCUSSION

The test of any model is, of course, whether it ex-
plains what is observed. It can be seen that for our pro-
posed cross section this is true not just at threshold but
throughout the energy range. A more severe test, how-
ever, is that the parameters used in obtaining these fits
be physically meaningful. This is especially true of EO
since we would like to extract thermochemical informa-
tion from our experiments. The thermochemical data
inferred from this study are summarized in Table I.
The cobalt hydride dissociation energy of >2.2+0.3 eV
(the limit is due to the poorly known C-H bond energy of
ethene) compares well with the value 2.3+0.2 eV deter-
mined from the endothermic reaction of Co* with hydro-
gen.# The agreement between the thermochemical data
measured for Reactions (2), (3), and (4) is also good.
The observation that a straightforward interpretation of
the data for Reaction (2) yields a bond energy which
agrees with limits established by Reactions (3) and (4)

E(eV.Lab)

00— T T T T

i

o

e 1 11l

o

Reaction Cross Section (RZ)

o.!

1 [ | i
0.2 0.6 1.0 2.0 4.0

E (eV.CM)

FIG. 6. Variation in experimental cross section with relative
kinetic energy in the center of mass frame (lower scale) and
the laboratory frame (upper scale) for reaction of Co* with
ethylene oxide. Lines through the data are drawn as an aid

to the reader and have no theoretical significance.

TABLE I. Thermochemical data.
Species Alif 298 (kcal/mol) Reference
CH2 924 1.0 a
chi4 12.54+0.07 b
c-C3H6 12.73+0.14 c
ch2o —25. 95+ 0.12 c
c-CHAQ —12.58+0.15 b
2298 (kcal/mol)
H-C2H3 >108+ 2 d
Co*—H 52+4 e
>50+ 10 This work [Reaction ()]f
Co*—CH2 857 This work [Reaction (2)]*
<92+1(81+7) This work [Reaction (3)]f
>79+ 1 This work [Reaction (4)]

aJANAF Thermochemical Tables, 1975 Supplement, J. Phys.
Chem. Ref. Data 4 (1975).

BJANAF Thermochemical Tables, Natl. Stand. Ref. Data Ser.
Natl. Bur. Stand. 37 (1971).

°J. D. Cox and G. Pilcher, Thermochemistry of Organic and
Organometallic Compounds (Academic, New York, 1970).

dD. M. Golden and S. W. Benson, Chem. Rev. 69, 125 (1969).
'Reference 44.

Calculated from the difference between the dissociation energy
of the neutral bond broken and the measured endothermicity
(listed in text).

gives us confidence that this method is a useful means
for interpreting the data. While the bond energy derived
from Reaction (3) is in good accord, 3.5%£0.3 eV, the
interpretation of this reaction was not straightforward.
We therefore choose the result from Reaction (2),
D°(Co*-CH2 =3.7%£0.3 eV, as the best value. This bond
energy is in the same range as limits by other experi-
mental means for D°(Mn*-CH2) of 4.0 to 4.3 eV and

D\ (CO)5Mn*-CHZ =3.3 eV.7

Values for the other parameters used to interpret the
experimental results also seem reasonable. Certainly,
the effective cross sections, <0, are on the order of hard-
sphere interactions. The assumption that such hard-
sphere cross sections will remain nearly constant over
the energy range examined should be good.& The ob-
servation that the a0’s used to interpret Reactions (1)
and (2) are different is consistent with our assumption
that these reactions are direct and do not proceed through
a common intermediate. The inclusion of the long-range
ion-induced dipole interaction into a0[Eq. (16)] could
help explainthe behavior observed for Reaction (3) at the
lowest energies.

The values for parameter a can be understood qualita-
tively by noting whether the product ion or neutral is
likely to have lower vibrational frequencies and thus a
higher density of states. For Reaction (2), the ionic
product would be expected to have lower energy modes,
and a is correspondingly found to be high, 0.8. The vi-
brational frequency of CoH* is undoubtedly much higher
than those of C2H3. Consequently, little excitation of
this ionic product would be predicted. Since the cross
section for production of CoH*, Reaction (1), is observed
to increase monotonically from threshold, we take the
value of a to be quite low. In Reaction (3), both the ionic
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and neutral products have two heavy atoms. Therefore,
it should be an intermediate case, and indeed, a is found
to be 0.6.

The identification of expression (8) as a ratio of num-
bers of states in a classical approximation suggests that
n should correspond to the degrees of freedom of the re-
actants, collision complex, or products. The values of
nused above are generally much less than the total num-
ber of oscillators involved. This is perhaps to be ex-
pected since for a direct process it is not clear whether
any mixing of energy among modes should occur. How-
ever, this extreme assumption seems unrealistic. While
not expected to be completely statistical, extensive ener-
gy may flow between strongly Coupled modes of a colli-
sion complex, however short-lived. It should be cau-
tioned that regarding nas related to the degrees of
freedom is only true in the limit of a classical approxi-
mation. It was observed in the early applications of ex-
pression (8) to unimolecular decomposition rates that
n+1was often half the total number of oscillators.48
More sophisticated treatments for the numbers of states
has led to the conclusion that all oscillators are, in fact,
active. Whether this will also be the case for direct
endothermic bimolecular reactions, a system well re-
moved from an equilibrium situation, will require fur-
ther study.

VI. CONCLUSION

A form has been proposed for the energy dependence
of reaction cross sections which draws extensively from
ideas formulated to examine reaction rates. Utilization
of this form gives good agreement with data for endo-
thermic bimolecular reactions including the energy re-
gion where product dissociation affects the observed
cross section. Values of the parameters used to fit the
data seem reasonable. Most important, energy thresh-
olds for the reactions observed are substantiated by
thermochemical data from other sources. This means
of interpretation has allowed us to determine the bond
energy for the cobalt carbene ion, Z)°(Co*-CH2)= 3.7
+0.3 eV.

The cobalt carbene ion bond is significantly stronger
than the cobalt methyl ion bond, D°(Co*-CH3)=2.65
+0.17 eV.4 Substantial v bonding would appear to con-
tribute to this difference. Calculations on NiCH2and
NiCH3 lead to the conclusion that only a weak ir bond ex-
ists for the former species.47 Contraction of the metal
d orbitals due to a positive charge will likely change the
7r-bonding characteristics as will specifics of the elec-
tronic structure of the cobalt carbene ion. Generalized
valence bond considerations predict a 35 ground state
for the isoelectronic CoO* which does not correlate with
ground state separated species.48 Since coupling of
ground state Co*3F) with ground state CHa(3Bt) gives
rise to several states which may cross the potential
energy curves arising '-om higher levels of Co* and
CHg, the electronic structure of CoCHJ is unclear. Ab
initio calculations on this system will be of interest now
that experimental numbers are available.
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