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Abstract: The aF, a’F, and b’F states of Co* react with CH;sl to form the CoCH;I* adduct as well as CoCH;+ +
and Col* + CHj; products. The observed rates for adduct formation and methyl elimination were found to be strongly
dependent on the electronic configuration of the metal ion. Under our experimental conditions (10~ Torr of CH;I
in 1.75 Torr of He), adduct formation is the dominant product for the a®F 3d® ground state of Co*, with only small
amounts of elimination products observed. The 4s3d” excited states (aSF and b3F) show greatly reduced clustering (due
to the repulsive 4s electron) and enhanced elimination channels. The temperature dependencies of the rate constants
were measured and indicate that all reaction channels, for ground and excited state Co™, involve the formation of a
complex as the initial step in the reaction. By modeling the reaction efficiencies for the elimination channels on the
ground-state surface with statistical phase space theory, the Co*—CHj and Co*-I bond energies were determined to

be D° = 53.3 £ 2 and 50.6 % 2 kcal/mol, respectively.

Introduction

Studies of gas-phase ion—molecule reactions involving atomic
transition metal ions have provided detailed insight into their
mechanisms and energetics.!-* These reactions have been shown
to be generally complex and usually extremely dependent on the
electronic state of the metal ion.#16 Characterizing the effects
of the metal ion electronic state is therefore especially important
in transition metal ion reactions.

Several studies of atomic metal ions with alkyl halides have
been reported. In one of the first studies, Allison and Ridge!’
examined reactions of Fe*, Co*,and Ni* with several alkyl halides.
They postulated oxidative addition of the metal ion to the alkyl
halide bond and were able to place limits on several M*-R and
M*-X bond energies including D°(Co*—CHj;) and D°(Co™*-I)
which were 56.0 < D°(Co*-CH;) < 69.0 kcal/mol and
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D°(Co*-I) > 56 kcal/mol. In these studies, Fe*, Co*, and Ni*
were formed by electron impact on Fe(CO)s, Co(CO)3;NO, and
Ni(CO),, respectively. Atomic transition metal ions formed by
electron impact are formed in a mixture of ground and excited
states, and the excited state population is a strong function of the
electron energy, increasing rapidly with increasing electron energy
up to 40-50eV.18 Aware of possible effects of excited state metal
ions on these reactions, Fisher et al.!® measured the absolute
cross sections as a function of translational energy for Fe*, Co*,
and Ni* reacting with CH3X (X = Cl, Br, I) using surface
ionization to produce the metal ions. With surface ionization
(SI) a Boltzmann distribution of ground and excited states is
produced. With a filament temperature of 2250 K, SI of CoCl,
produces 85% a3F ground state Co* and 15% a’F excited state
Co*. Even though the effect of the 15% excited state Co* on the
Co* + CH;l reaction cross section was not clearly delineated,
previous studies? indicated that the CoCH;* + I channel was in
fact endothermic on the ground state surface and on this basis
a 298 K bond energy for Co*—CH; was determined to be 51.2
+ 1.5 kcal/mol.2! The Col* channel was assumed to be
exothermic on the ground state surface and therefore its bond
energy was notderived. Two reaction mechanisms were proposed
for the formation of Col*. At low energy, oxidative addition of
Co* to the methyl iodide bond produces an inserted I-Co*—CH3;
intermediate which subsequently dissociates to form either
CoCHj;* or Col*. At high energy a direct mechanism producing
only Col* was proposed.

At this point several questions need to be addressed. What is
the effect of the 15% excited state Co* on the Co* + CH;I cross
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section data? Is the CoCHs* channel in fact endothermic and
the Col* channel exothermic on the ground state surface? Is the
bond energy derived for Cot—CHj correct and what is the Co*-I
bond energy? Finally, does the mechanism involve a direct
reaction at high energy and complex formation at low energy for
the Col* channel? Does only complex formation occur in the
CoCH;* channel?

These questions are addressed here by directly studying the
interaction of the a3F, a’F, and b3F states of Co* with CH;I. The
elimination and adduct formation reaction rate constants (and
their temperature dependencies) are measured for both the ground
and excited states of Co*. By modeling the reaction efficiencies
for the elimination channels on the ground state surface with
statistical phase space theory,2223 the Co*—CHj and Co*-I bond
energies are determined.

Experiment and Theory

Details of the instrument used in these experiments have been
described?¢ and are only briefly outlined here. The instrument couples
areverse-geometry massspectrometer operatingat SkV toa high-pressure,
temperature-variable drift cell that operates at thermal energies. The
first-stage mass spectrometer is a home-built instrument with the same
dimensions and ion optics as a V.G, Instruments ZAB-2F. Co™* ions are
formed by electron impact on Co(CO)3;NO and CoCp(CO); or by surface
ionization of CoCl; using 2 V.G. Instruments electron impact ionization
source which was modified to do surface ionization. Upon exiting the
source, the ions are accelerated to 5 kV and mass selected using the
double focusing reverse geometry mass spectrometer. The ions are then
decelerated to 2-3 eV kinetic energy and are focused and injected into
the high-pressure drift cell containing 1.75 Torr of helium buffer gas.
The ions are quickly thermalized by collisions with He and drift through
the reaction cell at constant velocity due to the presence of a uniform drift
field. The ions react with a trace (~2 X 10-5 Torr) of CH3l present in
the He, exit the cell, and are quadrupole mass analyzed and detected.
Reaction times typically range from 200 to 600 us corresponding to drift
fields of E/N < 3.5 X 10717 Viem?2, These fields do not perturb the ion
translational temperature more than a few degrees.2¢ However, we can
increase the field to translationally excite the ions. The effect of the ion
drift velocity on the temperature of the ions can be represented by a
changein an “effective temperature”,25-27 T4, as indicated in eq 1, where

M, [M+M,

Tur=T+ 3% 320,

1)

T is the thermodynamic temperature, My, is the mass of the buffer gas,
vq is the ion drift velocity, M; is the mass of the reactant, M; is the mass
of the ion, and k is Boltzmann’s constant. By increasing the drift field
in our experiment, effective temperatures of 300~650 K could be used.

The electronic state populations are largely obtained from the ion
arrival time distribution (ATD). The ATD for Co* is measured by pulsing
the mass selected ion beam into the drift cell (pulse width ~1-3 us). The
pulse simultaneously triggersa time-to-pulse-height converter ramp. Ions
that exit the cell are collected as a function of time, giving the arrival time
distribution. Ionsthat have different mobilities have different drift times
through the cell and appear as different peaks in the ATD. With Co*
the ground 3d® configuration and the excited 4s3d’ configuration are
well-separated in the ATD. This allows a direct determination of the 3d®
ground and 4s3d’ excited electronic state population. No excited state
deactivation was observed. There are two excited states with 4s3d’
configurations present in Co* formed by electron impact, and additional
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Figure 1. Co™ arrival time distribution (ATD) [300 K, 50 eV electron
energy, Co* from CoCp(CO);]. The absence of Co* arrival times
intermediate between those of the excited state and ground state indicates
deactivation does not occur from the excited state to the ground state.
The integrated peak areas equal the populations of the electronic state
configurations.

information from the reaction was required to determine the state
populations. This point is discussed below.

The state specific rate constants are determined by studying the reaction
as a function of the state populations. The kinetics, which are solved in
Section II, indicate that under the low conversion conditions of our
experiment the fractional decrease [Co*]/[Co™*]o is a simple exponential
decay. The electronic state populations are altered by changing both the
electron energy and the precursor used, ranging from 36 to 97% ground
state Co*. With the electronic state population determined, the [Co*]/
[Co*]o ratio is measured as a function of time to obtain the total rate
constant, K. We measure ki, as a function of percent ground state Co*
and extrapolate to 100% ground state and 100% excited state Co* to
determine the relative rates of reaction. Product distributions are
measured as a function of percent ground state Co* to obtain individual
rate constants.

The accuracy of the absolute total rate coefficient measurements is
estimated to be within £30%.2¢ The relative rate coefficient measure-
ments, however, are much more accurate (£10%).

Additional information regarding individual electronicstate reactivities
is obtained from product ion ATDs. In these experiments Co™ is pulsed
into the cell, but a particular product ion is collected instead of the bare
metalion. These product ATDshaveseparate components corresponding
to the reaction of the 3d® or 4s3d” configurations to form the particular
product. This method providesaseparate, semiquantitative determination
of the relative efficiencies with which the Co* states react to form the
product ion. The use of this technique is discussed below.

The experimental reaction efficiencies for the elimination channels
were modeled using statistical phase space theory. The parameters are
well-defined for these reactions with frequencies and geometries obtained
from ab initio calculations by Bauschlicher.2 The only unknown
parameters are the heats of formation of the CoCH3* and Col* product
ions. By modeling the experimental reaction efficiencies, the overall
heats of reaction and the Co*t—CHj; and Co*-I bond energies are
determined. Details of the calculations and the parameters used are
summarized in the Appendix.

Resuits

L. Arrival Time Distributions. (a) Electronic State Populations.
A typical ATD for Co* is shown in Figure 1. Two peaks are
observed corresponding to ground (3d®) and excited (4s3d7)
electronic state configurations. The excited state Co* contains
a 4s electron which is larger and more repulsive than the ground
state which contains only 3d electrons.!® The reduced attraction
to He gives the excited state Co* a greater mobility than the
ground state, causing the excited state to appear earlier in the
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extrapolated rate constant for excited-state Co* (0% ground state in Figure
4) is corrected for the shorter reaction time for excited-state Co*. These
corrected values are listed in Table L.
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ATD than the ground state. The two peaks are baseline resolved.
The absence of Co* ions with arrival times intermediate between
those of the excited and ground state indicates deactivation does
not occur from the excited state to the ground state while the ion
traverses the reaction cell. Since deactivation does not occur, the
integrated ATD peak areas equal the populations of the electronic
configurations.

The peak corresponding to the 3d® electronic configuration
has been shown to contain only the ground state.* The excited
state however has been shown to be a composite of the a’F and
b3F states, both of which have a 4s3d’ electronic configuration.*
Ta obtain information regarding the individual reactivity of the
asFstate with methyliodide, Co* was formed by surface ionization
of CoCl,. Unlike electron impact, surface ionization of CoCl,
on a resistively heated rhenium ribbon at approximately 2250 £
100 K does not have enough energy to form measurable amounts
of the b?F second excited state. The electronic state population
obtained by integrating the ATD peak areas is 15 £+ 1% a’F first
excited state and 85 £ 1% a’F ground state, in agreement with
the calculated Boltzmann distribution at this temperature. The
a’F state formed by surface ionization was found to react with
methyl iodide at a rate very similar to that of the combined b*F
and a’F states formed by electron impact (the product ATDs
were very similar for Co* formed by electron impact and surface
ionization—see the following section). Consequently, the presence
of any asF Co* in the electron impact experiments will have a
negligible effect on our reported Co*(b*F) + CH;l rate constants,
although the reported fraction of b*F will be in error.

(b) Product Ion Peak Shapes. The product ATD for CoCH;*
is shown in Figure 2a. The observed peak is broad and consists
of two components. The onset of these components correlates
exactly tothe ATDs of ground state Co* and excited state (Co*)*
as indicated by the dashed arrows (see Figure 2b). We interpret
this result as follows. The arrival time for a particular CoCH,*
product ion is a function of the position at which it was formed
in the cell. If Co* reacts with CH;l at the end of the cell, the
arrival time of the product CoCH;* will correspond to the arrival
time of Co*. The longest CoCH;* arrival times correspond to
the formation of CoCHj3* at the entrance of the cell (CoCH;*
is larger and drifts more slowly through the helium in the cell
than Co*). The longest arrival time for the CoCH3* product is
the same for the excited state (Co*)* as it is for ground state Co*
in their reaction with CH,l since the decrease in mobility due to
the CH; ligand is much greater than the difference in mobility
due to the different electronic state configurations. Hence the
excited state (Co*)* contribution to the CoCH;* ATD goes all
the way across the distribution as shown by the shaded area in
Figure 2b.* Ions which react at intermediate positions in the cell
have intermediate arrival times giving rise to the broad flat-
topped peak we observe.

The observed shapes of the product ATDs are complicated by
the presence of excited and ground state Co*. However, the
ATD:s for both the ground and excited state reactions to form the
CoCHj;* can be calculated from known transport properties and
are expected to be broad and to decrease in intensity at long
times. On the basis of this, as well as experimentally observed
peak shapes where a single state dominates the reaction, we
approximate the peak shape indicated by the shaded area for
excited state (Co*)* reacting to form the CoCH;* product ion
(denoted as (Co*)*CH; in Figure 2). Since the initial Co* beam
consisted of 90% ground state Co* and 10% excited state (Co*)*,
it appears from the relative areas in Figure 2a that ground state
Cot* forms the CoCH3* product ion about as efficiently as the
excited state does at 300 K.

The ATD for the Col* channel is shown in Figure 3. Again
thereare two components in the ATD corresponding to the ground
and excited states of Co* reacting with CH;l to form the Col*.
Unlike the CoCH,* channel, the excited state is much more
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Figure 2. (a) Product ATD for CoCH;* formed in the reaction of ground
and excited states of Co* with CH;1. The data shown are for a Co* ion
beam containing 90% ground state Co* and 10% excited state (Co*)*.
This beam is injected into the reaction cell where it reacts with CH;l to
form CoCH;*. Thearrival time of the CoCH;* product ion is a function
of the position at which the reaction took place in the cell. The product
ion peak shapes are discussed in the text, Section Ib. The contribution
due toexcited state reaction corresponds to the shaded area and is denoted
as (Co*)*CHj (this notation does not imply excited state products are
formed).

efficient in producing Col* than the ground state over the
temperature range measured from 300 to 650 K. In Figure 3a
where the initial Co* beam consisted of 89% ground state and
the effective temperature is 350 K, the ground state contribution
tothe Col* ATD is less than 10% as indicated by the shaded area.
As we increase the effective temperature from 350 to 650 K, the
ground state contribution increases relative to the excited state
contribution as indicated by the relative areas in Figure 3b.
However, the excited state is still much more efficient than the
ground state in producing Col*. These production ATDssuggest
that Col* product formation is more endothermic than CoCH;*
formation for ground state Co*.

II. Kinetics and Reaction Rate Constants. The mechanism
assumed for Co* reacting with CH;l involves the formation of
aninternally excited (CoCH,I*)* complex which can be stabilized
by collisions with helium, dissociate back to reactants, or eliminate
I or CH;.

Scheme I

Ky e _KalHe) i
Co* + CHl === (CoCH3l")" — = CoCHjyl

L
Col”™ + CH,

For one electronic state of Co* the fractional decrease [Co*]/
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Figure 3. Product ATD for Col* formed in the reaction of Co* with
CHj;l at (a) 350 and (b) 650 K. For the Co* ion beam containing 89%
ground state Co* and 11% excited state (Co*)®, the ground state
contribution, indicated by the shaded area, is shown to increase with an
increase in temperature. The relative areas for the ground and excited
state contributions indicate the excited state is more efficient than the
ground state in producing Col*.

[Co*]y is a simple exponential decay as shown in eq (2). There

kek (He) + k'K
* = (Cot)yete, L i i ik 3
Co™ = (Co™)ge ko + k(HO) + &’ CH;I) (2)

are, however, two electronic states of Co* with different reaction
rates giving rise to the sum of two exponentials shown in eq 3.

Co* = f(Co*)pe ™™ + (1 - H(Co*) e (3)

In this expression, Co* corresponds to the sum of ground and
excited state Co*, fis the fraction of ground state Co*, and kg,
and k. are the ground and excited state rate constants,
respectively. Inthelow conversion limit used in our experiments,
the exponential decay of both ground and excited state Co* is
well-described by linear functions (i.e. e =~ 1 — kt for kt << 1).
In this case, the sum of the two exponentials in eq 3 effectively
reduces to the single exponential decay as given in eq 4. We

Co*/(Co*)g=e™*,  kyy=fhyy+ (1-Nk, @)
obtain ky by plotting In [Co*/(Co*)o] versus time. The total
rate constant (ko ),at 300 K and 1.75 Torr of He, for Co* reacting
with CH;l as a function of percent ground state Co* is shown
in Figure 4. The experimental data points range from 39 to 97%
ground state Co*. A linear least-squares fit of the data points
is used to determine the rates of reaction corresponding to 100%
ground state and 100% excited state Co*. The time used in the
analysis corresponds to ground state Co*. The extrapolated rate
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Figure 4. The total and differential rate constants, at 300 K and 1.75
Torr of He, as a function of percent ground state Co*. The linear least-
squares fit of the experimental data points is used to extrapolate to rates
of reaction corresponding to 100% ground state and 100% excited state
Co*.®

Table I. Effective Co* + CH;l Bimolecular Rate Constants at 300
K, 1.75 Torr of He®

ks(He)®
CoCH,I*
Keal®
Co* + CHal Col* + CH,
"MH,'
CoCHy* + 1
kit/  kcart/
ky(He)* kcors® kcochy* kapo? kcoch,
Co* (a’F, 3d%) 6.0 <0.05 034 048 <0.15

(Co*)* (a°F, b°F, 4s3d7)  0.75¢ 44¢ 097 046 4.5

4The accuracy of the absolute rate coefficient measurements is
estimated to be within 30%.2¢ The relative rate coefficient measurements,
however, are much more accurate (£10%). ¢ Only He stabilization is
important due to the low CH;1 pressure. ¢ Rate constants in units of 10-1°
cm?/s. ¢ The average dipole orientation rate constant, kapo = 1.33 X
10-% cm?/s. ¢ See ref 29.

constant for excited state Co* (0% ground state in Figure 4) is
corrected for the shorter reaction time for excited state Co*.
These corrected values are listed in Table L.

Rate constants for adduct formation as well as CH; and |
elimination are also shown in Figure 4 and are summarized in
Table I. For the Co* a3F 3d® ground state reacting with CH;l,
adduct formation is the most abundant channel with a rate
constant of 6.0 X 10-'° cm?/s. The rate constants for the Col*
+ CHj; and CoCH;* + I channels are an order of magnitude
lower with rate constants of <0.5 X 10! and 3.4 X 10-!! cm?/s,
respectively. For the Co* a’F and b’F excited states (4s3d”
configuration) the elimination channels are enhanced. Col* is
the most abundant channel with a rate constant of 4.4 X 10-10
cm?/s. Thisisa factorof 4.5 larger than the observed rate constant
for CoCH;* production (9.7 X 10-!' cm?/s). The rate of adduct
formation for the combined a’F, b’F 4s3d” excited states of Co*
is 7.5 X 10-!" cm3/s, a factor of 8 less efficient than that for the
a3F 3d® ground state Co*. The factor of 8 difference in the adduct
formation rate constants will change with the pressure of helium
since the He pressure dependence of the apparent second-order
rate constant differs for the different states. In the high-pressure
(saturated) limit both ground and excited states will react to
form the adduct at the collision rate. However, at 1.75 Torr of
helium, the rate constant for adduct formation for the ground
state is 45% of the collision limit, whereas the excited state forms
the adduct at only 6% of the collision limit.

II. Co*-I and Co*—CH; Bond Energies. By modeling the
experimental reaction efficiencies for the elimination channels
on the ground state surface using statistical phase space theory,
the overall heats of reaction and the bond energies for Co*—CH;
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Table II. Reaction Thermochemistry by Theoretically Modeling the
Experimental Reaction Efficiencies

CoCH;t +1
Co* + CHyl
Col* + CHs
ground state Co reaction
efficiency, k/kapo D% AHpn
experiment theory (kcal/mol)  (kcal/mol)
Co*—CHj; 0.026 0.026 53.3x2¢ +1.9
Co*-1 <0.001 0.00014 50.6 x 2¢ +4.6

% The uncertainty indicated corresponds to a factor of 10 increase or
decrease in the theoretical reaction efficiency which is much larger than
the uncertainty in the experimental reaction efficiency.

0.6
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Figure 5. CoCH;I*, CoCH3*, and Col* rate constants as a function of
temperature for the Co* ion beam containing (a) 95% ground state Co*
and (b) 61% excited state (Co*)*. The Col* channel is not shown for
95% ground state Co™ since the 5% excited state (Co*)* dominates the
reaction and a net negative temperature dependence is observed. The
positive temperature for Col* formation on the ground state surface is
clearly seen in the product arrival time distributions shown in Figure 3.

and Co*-I can be determined. Both channels were found to be
endothermic, +1.9 and +4.6 kcal/mol for the CoCH;* + I and
Col* + CHj; channels, respectively. The Co*—CHj3 and Co*-I
bond energies were determined to be D° = 53.3 £ 2 and 50.6
+ 2 kcal/mol, respectively. Details of the calculations and the
parameters which were used are outlined in the Appendix.

IV. Temperature Dependence of the Rate Constants. The rate
constants for adduct formation as well as the elimination channels
were measured as a function of effective temperature ranging
from 300 to 650 K. A negative temperature dependence was
observed for adduct formation for ground state Co* as shown in
Figure 5a. This is not surprising since the probability for
dissociation back to reactants increases with increasing temper-
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Figure 6. Schematic reaction coordinate diagram for the a3F, a5F, and
b3F states of Co* reacting with CHil.

ature. A positive temperature dependence of the rate constants
was observed for both CoCH;* + I and Col* + CHj; channels
on the ground state surface as shown in Figure 5a for the CoCH;*
channel and in Figure 3 for the Col* channel. A positive
temperature dependence is consistent with the fact that these
reactions were found to be slightly endothermic. For excited
state Co* a negative temperature dependence was observed for
all three channels as shown in Figure 5b. The temperature
dependence shown is for 61% excited state (Co*)* and 39% ground
state Co*. This is the highest percentage of excited state we can
produce experimentally. For 100% excited state (Co*)*, the
temperature dependence of the rate constants would be even more
negative for the elimination channels, particularly for the CoCH;*
channel. In this case the ground state reacts about as efficiently
asthe excited state but exhibits a positive temperature dependence.
The true magnitude of the negative temperature dependence of
the Co* excited state is hidden in the data with the ground/
excited state mixture shown in Figure 5b.

Discussion

I. Reaction Mechanism and Energetics. A simplified schematic
reaction coordinate diagram, consistent with all the data, is shown
in Figure 6. Reactions of the a3F 3d? ground state Co* as well
as the a’F and b3F 4s3d? excited states of Co* with CH;I are
shown.

On the ground state surface, Co* and CH;lI react to form the
Cot..ICHj; electrostatic complex. Ozxidative addition of the cobalt
ion to the methyl iodide bond yields the I-Co*—CHj inserted
intermediate3® which dissociates to form the Col* + CHj; or
CoCH;* + I products. The transition state for I-C bond
activation, denoted as X* in Figure 6, must be located well below
the reactant and product energies for the following reasons. The
transition state for C-H bond activation for Co* reacting with
propane was determined to be located 0.11 eV below the
asymptotic energy of the reactants.3! Since methyl iodide has a
permanent dipole moment, it is more attractive to Co* than
propane which does not have a permanent dipole moment. In
addition, the I-C bond strength is less than the C—H bond strength.
Hence, with a deeper electrostatic well and a lower bond activation
energy, the oxidative addition transition state, X¥, for the Co*
+ CH;I system must be well below that for the Co* + C;H;
system and therefore well below the reactant and product energies

(30) Allison and Ridge!? obtained strong evidence for oxidative addition
to the methyl iodide bond for Fe* reacting with CH;3l. They found that
FeCHj;I* reacts with CD;1to form FeICD;I* + CH; exclusively; no FeICH;I*
+ CD; was observed. Exclusive CH; elimination indicates a symmetric
Fe(CH;I)(CD;I)* complex is not formed and the Fe* ion must insert into the
I-C bond to form the I-Fe*—CH; intermediate which reacts with CD;l
eliminating CH;. Other first-row transition-metal ions, including Co*, are
expected to activate methyl iodide in a similar fashion.

(31) van Koppen, P. A. M.; Brodbelt-Lustig, J.; Bowers, M. T.; Dearden,
D. V,; Beauchamp, J. L.; Fisher, E. R.; Armentrout, P, B, J. Am. Chem. Soc.
1991, 113, 2359; 1990, 112, 5663.
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as shown in Figure 6. The rate-limiting transition state for both
elimination channels is thus the orbiting transition state in the
exit channel. This is consistent with the positive temperature
dependence observed for these reactions.

In contrast to the ground state, a negative temperature
dependence is observed for the a’F and b*F excited states of Co*
for both adduct formation and elimination channels. Oxidative
addition of the 4s3d’ excited states of (Co*)* to the C-I bond
correlates to an antibonding orbital of the complex formed if the
reaction remains on the excited state surface.!32 Formation of
the inserted I-Co*—CHj; intermediate must therefore correlate
tothe ground state surface. Asaconsequence, the overall reaction
for excited state (Co*)* reacting with CH;I becomes exothermic
for both Col* + CH;3 and CoCH;* + I product channels and the
C-I bond activation transition state must be the rate-limiting
transition state for these channels. An increase in temperature
would then favor dissociation back to reactants (through the
orbiting transition state) over C-I bond activation (through a
tight transition state). This occurs because the density of states
increases more quickly with temperature for an orbiting than for
a tight transition state.

The Col* + CH; channel is observed to be favored over the
CoCH;* + I channel for excited state (Co*)* reacting with CH;I.
There are two possible mechanisms that can explain this effect.
First, insertion of (Co*)* into the C—I bond could occur as it does
in the ground state via transition state I. The insertion transition

1 HoH
cot 1 Co*---=C--=1  Co*-=--I---CH,
"**CH |
: H
I I 1t

state I would be strongly mixed with the ground state, resulting
in ground state ICoCH;* which subsequently dissociates to form
Col* + CH; and CoCH;* + I products. In this mechanism the
insertion transition state is overall rate determining but the
branching ratio is determined by competition between the two
orbiting transition states in the exit channel. In this case the
Col* + CH;channel will be favored over the CoCH;* + I channel
duetoits greater rotational density of states, a result in agreement
with experiment and consistent with statistical phase space
calculations (details given in the next section). Further, strong
mixing of the ground state with the excited state in the insertion
transition state greatly lowers the transition state energy, offsetting
the fact that the (Co*)*CH;I electrostatic complex is much less
strongly bound than the ground state complex (due to therepulsive
4s electron in the excited state (Co*)*) and the fact that the
occupied 4s orbital of (Co*)* impedes insertion from occurring.
Finally, since a common tight transition state is rate limiting in
this model, both channels should exhibit a negative temperature
dependence, as observed.

The second mechanism was suggested by a reviewer. In this
mechanism the branching ratio is determined by competition
between the two “abstraction” transition states II and III. In
both cases the C-I bond is “broken” in the transition state, but
presumably transition state III is lower in energy than II due to
the fact that the iodine atom is the negative end of the dipole in
CH;I and because the CH; group must invert when transition
state II is involved. Exothermic abstraction predicts a negative
temperature dependence for both channels since both go through
a tight transition state whose energy is presumably lower than
the (Co*)* + CHsl asymptoticenergy. The Col* + CH; products
would be favored over CoCH;* + I since transition state III is
expected to be lower in energy than transition state II.

There are, however, some serious problems with this “abstrac-
tion” mechanism. First, the excited electronic configuration of
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(Co™*)* is 453d7, and it is the 4s orbital that binds to the methyl
or iodine in transition states II and III. As a consequence, the
reaction retains excited state character in both the transition
states and the products. Thus, it is not obvious that the reactions
areexothermic in this mechanismsince the ground state reactions
of Co* + CHal to form CoCH;* + I and Col* + CH; are
endothermic. Reactions occurring on the excited state surface
may be even more endothermic because the occupied 4s orbital
isexpected toreduce the binding energy. Endothermic abstraction
would exhibit a positive temperature dependence, and thereactions
would be relatively inefficient (as observed for ground state Co*
where CoCH;* + I and Col* + CH; are formed at only 6% of
the collision rate). This model is thus not consistent with
experiment since a negative temperature dependence is observed
and, for excited state (Co*)*, the CoCH;* + I and ColI* + CH;
products are formed at 40% of the collision limit. Consequently,
it is unlikely transition states II and III are involved in any
significant way with the chemistry reported in this paper. Rather,
we feel it is the strong mixing of the excited and ground state
surfaces in transition state I which enhances the CoCH;* + I and
Col* + CH; channels for excited state (Co*)* relative to the
ground state Co™* reactions.

The Co*-CH; and Co*-I bond energies, determined by
modeling the reaction efficiencies for the elimination channels
on the ground state surface, are D° = 53.3 £ 2 and 50.6 £ 2
kcal /mol, respectively. The Co*—CHj bond energy is in good
agreement with literature values. Fisher et al.!® determined
D®,45(Co*—CH;) to be 51.2 + 1.5 kcal/mol (converting to 0 K
this value decreases to D° = 50.1 £ 1.5 kcal/mol), and
Bauschlicher?? calculated a lower limit of 48.3 kcal/mol. Allison
and Ridge!? determined these bond energies to be much higher,
56.0 < D°(Co*—CHj;) < 69.0 kcal/mol and D°(Co*-I) > 56
kcal/mol. However, since electron impact ionization was used
in these experiments, the effect of excited state (Co*)* will be
significant, yielding incorrect bond energies.

II. Reaction Rate Constants. Under the relatively high pressure
conditions of our experiment (1.75 Torr of He), adduct formation
represents 94% of the total ground state products. Theelimination
channels are relatively inefficient. The Col* channelis essentially
nonexistent at 300 K. The inefficiencies of these channels are
consistent with the fact that both channels were found to be slightly
endothermic and therefore do not compete effectively with
collisional stabilization of the vibrationally excited (CoCH;I*)*
complex (see Scheme I).

The rate constant data indicate that adduct formation for the
a3F 3d8 ground state of Co* is more efficient than for the a’F and
b3F 4s3d7 excited states of Co™. The repulsive 4s electron in the
Cot* 4s3d” excited states greatly reduces the (Co*)*~ICH; well
depth and therefore reduces the clustering efficiency of (Co*)*
with CH;1. In addition, since oxidative addition of the 4s3d’
excited states of Co* to the C-I bond correlates to the ground
state, the elimination channels are exothermic and effectively
compete with collisional stabilization of the excited (Co*)*CH;I
adduct.

Since the CH; and I elimination channels are both exothermic
for the excited states of Co*, they are enhanced relative to those
of ground state Co*. For the excited states of Co*, the Col* +
CHj; channel is favored over the CoCH;* + I channel due to the
greater rotational density of states for the Col* + CH; products
relative to the CoCH;* + I products. Statistical phase space
calculations are consistent with these results. Even though
applying statistical phase space theory to a system where two
surfaces are involved is not always possible, in this case it is. In
the reaction of excited state (Co*)* + CH;l, the rate-limiting
transition state, C—I bond activation, is the same for both the
Col* + CH; and CoCH;* + I channels. It is at this transition

(32) Tonkyn, R.; Ronan, M.; Weisshaar, J. C. J. Phys. Chem. 1988, 92,
92,

(33) Bauschlicher, C. W., Jr.; Langhoff, S. R. Int. Rev. Phys. Chem. 1990,
9,
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state that the excited and ground state surfaces mix and formation
of the I-Co*—CH]j intermediate correlates to the ground state
surface. Subsequent dissociation of this complex leads to the
CoCH;* + I and Col* + CHj; products. Phase space theory was
used to calculate the probability for dissociation through the
CoCH;* + I and Col* + CHj; orbiting transition states as a
function of the available energy. The calculations indicate that
the greater the availableenergy the more the Col* + CHj; channel
is favored over the CoCH;* + I channel (simplydue to the greater
rotational density of states associated with the Col*+ + CH;
channel). Since the b3F state is higher in energy then the a’F
state of Cot*, the Col*/CoCH;* branching ratio will increase as
the population of the b*F state increases. Modeling the exper-
imental Col*/CoCH,* branching ratio for 100% excited state
Co* using phase space theory indicates that the excited state
population is about 74% b*F and 26% a’F. This population may
vary with electron energy, introducing some uncertainty in the
excited state rate constants.

Absolute reaction cross sections for methyl and iodide elim-
ination channels have been measured by Fisher et al.1® under
single-collision conditions. In these experiments, surface ion-
ization of CoCl, produces 85% a3F ground state Co* and 15%
a’Fexcited state (Co*)*. Atlow kinetic energy, they observe the
reaction to be exothermic for both the CoCH;* and Col* channels.
The cross section drops off with increasing energy until approx-
imately 1.5 eV where both the CoCH;* and Col* cross sections
increase. Since previous studies by Georgiadis et al.20 indicate
the CoCH;* I channel to be endothermic on the ground state
surface, the exothermic behavior in the cross-section data was
attributed to the 15% excited state (Co™)* reaction and the high
energy feature was attributed to the ground state Co* reaction.
The Col* + CH;* channel was assumed to be exothermic on the
ground state surface, and a direct mechanism was proposed to
be responsible for the high-energy feature in the cross-section
data. Since our data show both the Col* + CH; and CoCH;*
+ I channels to be endothermic on the ground state surface, we
believe the exothermic component in the cross-section data for
both the Col* and CoCHj;* channels at low kinetic energy is due
to the 15% excited state Co*. With increasing collision energy,
the cross sections for both Col* and CoCHj;* increase on the
ground state surface and appear as high-energy features in the
cross-section data for both channels.1® At high collision energies
a direct mechanism to form the Col* + CH; could occur, but
such a mechanismis not necessary to explain the observed results.

The CoI*/CoCH;* product ratio we observe for ground state
Cot is <0.15. For the a’F, b3F excited states of Co* this ratio
increases dramatically to4.5. Under surfaceionization conditions,
where 15% aSF excited state and 85% a3F ground state Co* are
formed, we observe this ratio to be 1.3, which as expected is
intermediate between the results of the ground and excited states.
In the surface ionization experiments of Fisher et al.,!® the CoI*/
CoCH;* ratio was observed to be 0.77 at low kinetic energy. This
is somewhat lower but consistent with our results considering the
fact that we are working under high-pressure, multicollision
conditions, which overemphasizes contribution of the excited state
elimination reactions34relative to the low-pressure, single-collision
experiment of Fisher et al. elimination reactions34 relative to the
low-pressure, single-collision experiment of Fisher et al.

Conclusion

By measuring the rate constants as a function of temperature
forthe a3F, a’F, and b3F states of Co* reacting with CH;l, detailed
insight into the mechanism and energetics of these reactions has
been obtained. Under the high-pressure conditions of our
experiments (1.75 Torr of He), adduct formation is the dominant
product for the a3F 3d® ground state of Co*, with only small
amounts of elimination products observed. The a’Fand b3F 4s3d’
excited states of Co* react similar to each other and show greatly
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reduced clustering efficiency but enhanced elimination relative
to the ground state.

The temperature dependence of the rate constants indicates
that all reaction channels for both ground and excited state Co*
reacting with CH;I involve the formation of a complex as the
initial step in the reaction. Elimination proceeds via oxidative
addition of the cobalt ion to the methyl iodide to form the I-Co*—
CH; intermediate which subsequently dissociates to form either
the CoCHj3* or Col* product ions.

Both methyl and iodide elimination channels were determined
to be endothermic on the ground state surface by modeling the
efficiencies of these reactions using statistical phase space theory
assuming therate-limiting transition state is the orbiting transition
state in the exit channel. This result is consistent with the strong
positive temperature dependence observed experimentally for these
reactions. The bond energies determined for Co*~CHjzand Co*-1
were D% = 53.3 + 2 and 50.6 + 2 kcal/mol, respectively, in good
agreement with literature values for the Co*—CHj bond energy.
No literature values for the Co*-I bond energy are available.

For excitedstate (Co*)* reacting with CH;I, oxidative addition
of the cobalt ion to the methyl iodide correlates to the ground
state surface, resulting in the elimination channels becoming
exothermic. The negative temperature dependence of the rate
constant observed for both elimination channels for the excited
state (Co*)* reaction implies that in this case the C-I bond
activation transition state is the rate-limiting transition state.
The enhancement of the Col* + CHj; channel over the CoCH;*
+ I channel observed for both the aF and b3F excited states of
Co* was reproduced in the phase space calculations and is due
to the greater rotational densities of states of the Col* + CH;
products.
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Appendix

The experimental reaction efficiencies for the CoCHs* + I
and Col* + CHj; elimination channels were modeled using
statistical phase space theory. In all instances the collision
complex was formed through an orbiting transition state and
dissociated to products via an orbiting transition state. The
potential energy surface used in the calculations is shown in Figure
6. Competition occurs for the internally excited (Co(CH;I)*)*
complex between stabilization by collisions with helium and
dissociation back to reactants and to eliminating products via
orbiting transition states.

The probability of a Co(CH;I)* complex with energy E and
angular momentum J forming products in channel i is given by
expression A1, where FUrb(E.J)is the microcanonical flux through

(34) Enhancement of the Col* channel is expected under the multicollision
conditions of our experiment. This is due to the fact that on the ground-state
surface both methyl and iodide elimination channels are endothermic and
collisional stabilization of the adduct is the dominant channel. That is, the
elimination channels are very inefficient (<2% of the collision limit) and
cannot compete effectively with adduct formation on the ground-state surface
under multicollision conditions (adduct formation represents 94% of the total
ground-state products whereas the elimination channels represent only 6%).
Ontheexcited-state surface, however, both elimination channels are exothermic
and dominate over adduct formation (88% elimination versus 12% adduct
formation) with the Col* + CH; channel favored by a factor of 4.5 over the
CoCH;* + Ichannel. Thus,under high-pressure conditions, with 15% excited-
state (Cot)*, the Col*/CoCH;* branching ratio (observed to be 1.3) tends
to reflect that of the excited state (which is 4.5) rather than the ground state
(<0.15) and is therefore somewhat larger than the branching ratio of 0.77
observed under single-collision conditions.
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Table III. Input Parameters Used in Calculations
Co* CHsl CoCH3+*  Col* CH; I
AH?pe 282 6.0 264.3 257.0 35.6 25.6
Bb 0.688 0.843 0.209 8.34
a¢ 3 3 1 6
ol 6.3 (13.4)° 1.92 5.87
v/ 533 282 285 407
882 (2) 490 1389(2)
1252 532 2926
1432 (2) 1317 3085(2)
2933 1372
3060 (2) 1381
2891
3004
3032

2 Heat of formation at 0 K in kcal /mol. # Rotational constant in cm-!.
¢ Symmetry number. ¢ Polarizability in A3, ¢ The polarizability used in
the calculations is the larger value in parentheses.3®/ Vibrational
frequencies?’ in cm-1.

FXED
F™EJ) + F¥(EJ) + FF(E.J)

P(EJ) = (A1)

the orbiting transition state back to reactants and Fi¥*(E,J) and

(35) The phase space calculations reported here employ the ion-induced
dipole potential, ¥(r) = —q2a/2r*. The potential is a good approximation for
ion-molecule reactions where the neutral does not possess a permanent dipole
moment. Since CH;I does contain a permanent dipole moment, the Co*/
CHj;l long-range potential is more realistically represented by the ion-dipole
potential, V(r) = —q2a/2r* — (upg/r?) cos 6.3637 Even though this potential
has yet to be included in the phase space calculations, increasing the
polarizability of the neutral molecule has been shown3® to approximate the
increased ion-induced dipole attraction due to the presence of a permanent
dipole moment in the neutral, giving good agreement between experiment and
theory. The value of the polarizability used in the calculations was such that
the calculated ion-induced dipole capture rate constant gives the same rate
constant as that calculated from average dipole orientation (ADO) theory. 6.3

(36) Su, T.; Bowers, M. T. J. Chem. Phys. 1973, 58, 3027.

(37) Su, T.; Bowers, M. T. In Gas Phase Ion Chemistry; Bowers, M. T.,
Ed.; Academic Press: New York, 1979; Vol. I.

J. Am. Chem. Soc., Vol. 115, No. 13, 1993 5623

F,-*(E,J) are the fluxes through the orbiting transition states to
go on to products in channels i and j, respectively. Averaging
over the E,J distribution, the bimolecular rate constant for
formation of product i, relative to the total collision rate constant,
is given by expression A2. The reaction efficiencies calculated

k' @ E J
i = -E/kT max rb
p [fo dE ¢ fo dJ2J FP(E.J) X

collision
FF(EJ) ] )
F™EJ) + FF(E.J) + FF(EJ)
[f; dE &5/ [ =427 F*™(E.1)] (A2)

from eq A2 are used for comparison with the measured reaction
efficiencies.

Stabilization of the CoCH;I* complex by collisions with helium
is not included in eq A2 because the effect on the overall reaction
efficiencies for elimination channels was calculated to be negligible
(a2 maximum of 0.7 kcal/mol increase in the bond energy was
determined). This is not surprising considering the fact that the
elimination reactions are slightly endothermic and only the
CoCH;I* collision complexes with relatively high internal energy
will dissociate to form the CoCH;* + I and Col* + CH;
elimination products and these high energy complexes are precisely
the ones that have the least chance of collisional stabilization
(short complex lifetime).

The parameters are well-defined for these reactions with
frequencies and geometries obtained from ab initio calculations
by Bauschlicher.2! The only unknown parameters are the heats
of formation of the CoCH;* and Col* productions. By modeling
the experimental reaction efficiencies, the overall heats of reaction
and the Co*—CH; and Co*-I bond energies are determined. The
parameters used in the calculations are summarized in Table II1.

(38) Illies, A, J.; Jarrold, M. F.; Bass, L. M.; Bowers, M, T. J. Am. Chem.
Soc. 1983, 105, 5775.



