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Abstract: The potential energy surface for the Gt{g™ system is probed by using a guided-ion beam tandem mass
spectrometer in conjunction with a dc discharge/flow tube ion source. Bimolecular reactions ef CgHs, Co'-

(CaHg) + Hz (D2), and CoCH™ + CH,4 (CDy) are examined

, as well as threshold collisional activation of(CgHe)

and Cd (C;H,) with Xe. The results allow details of the [Celds] ™ potential energy surface (PES) to be elucidated.
Key features of the PES include barrier heights of #0@.11 eV (0.2% 0.09 eV in excess of the endothermicity)

for the reaction of C6 with ethane to form CoCk + CH,

and of 0.324 0.12 eV for the exothermic reaction to

form Ca"(C;H4) + Hao. From the collisional activation studies, we deterenih K bond dissociation energies for

Cot—C;H,4 and Co—C,Hg complexes of 1.86: 0.07 and
literature values.Do(DCo"—C;H,) = 1.13+ 0.16 eV is als

Introduction

C—C and C-H bond activation in saturated and unsaturated
hydrocarbons by transition metal ions has undergone consider-
able research? In particular, Cd has been studied intensely
in part because the valence electron configuration offts
ground state () has an empty 4s orbital allowing efficient
reactivity. Experimentally, such studies include ion beam
studies of the bimolecular reactions of Cwvith methané,
ethané* propane’~6 deuterated propanésnd alkene$§; %in
addition to reaction rate studies of these systems at thermal
energies:1112 Recent work includes studies of Cealkane
complexe¥’® and reactions of electronic state specific cobalt ions
with propanel* Theoretical studies include several products
of the Co™ + CyHg reaction, e.g., CoH15-18 CoCH,",17-20
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1.04+ 0.05 eV, respectively, in good agreement with
o determined although it is somewhat more speculative.
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Recently, details of the [Caoflg]" potential energy surface
(PES) have been calculatét®

The various products observed in the reaction of @dth

ethane are shown in Scheme 1, which reproduces the mechanism

suggested previousR. The theoretical calculations of Petfy
and those of Holthausen and Koch (HKxgree that the initial
step in the dehydrogenation reaction to form@@H,) + H>
is C—H bond activation to form intermediage H—Co*—C;Hs.
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In contrast to Scheme 1, the studies of both Perry and HK show appropriate source gas is added to the flow about 60 cm downstream

that the HCo™(C,H4) dihydride intermediated is unstable.

of the discharge. For production of Caabout -3 mTorr of CH, is

|nstead’ dehydrogenanon occurs by a Concerted mechanlsnﬁdded to qUenCh excited states. Under these Conditions, we have found

leading directly to (H)Co™(C,H4). These studies find a barrier
for the exothermic dehydrogenation reaction, in agreement with
previous experimental studiésAlthough Perry did not carry
out calculations concerning the pathways available ferGC
bond activation of ethane by Cpthe work of HK does include
this. They find that intermediaté loses CH through a four-
centered transition state rather than involving intermedsate

that the Cd ions have an electron state distribution characterized by a
temperature of 80& 100 K1° To form Co"(CzHs) and Cd(CzHa),

we add either ethane or ethene, respectively, to the flow gases such
that the desired complexes are formed by three-body collisions.
CoCH," ions are generated by bimolecular reaction of @ms with
ethylene oxide added to the flol®26 At typical flow tube pressures

of 0.5—-0.6 Torr, the ions underge 10* thermalizing collisions as they
traverse the remaining 40 cm of the flow tube. lons are extracted from

This process is analogous to that described experimentally andthe flow tube and gently focused through a 9.5 cm long differentially

theoretically for the dehydrogenation of methane by &%?®

pumped region before entering the rest of the instrument described

In the present experiments, several reactions are used to prop@°ove. Before any experimental run, a high-energy-@8 eV, lab)

the [CoGHg]™ PES in order to gain further insight into the
ability of Co" to activate C-C and C-H bonds and to compare
to the theoretical calculations. Specifically, we reexamine the
Co" + CyHg system with higher sensitivity, study several
bimolecular reactions, C4C,H4) + H, (D,) and CoCH*' +
CH, (CDy), and use threshold collision activati@i”30 (TCA)

to characterize the C¢C,H¢) intermediate. These various
means of entering the [CeHg]™ PES allow us to obtain

collision-induced dissociation (CID) spectrum with Xe was taken in
order to make sure that no impurity ions were present in the parent ion
beam. CID of the CoChkt beam revealed only a Croduct with a
threshold consistent with previously determined thermochemistry of
CoCH,".%8

Thermochemical Analysis. Cross sections are modeled by using
eq 12834

0=09) G(E+E +Eq—E)/E @

information on the energies of intermediates and transition states, e ref is the relative translational enerdgs is the reaction threshold

along the PES.

Experimental Section

The guided-ion beam instrument on which these experiments were
performed has been described in detail previoéisiy.lons are created
in a flow tube source as described below, extracted from the source,
accelerated, and passed through a magnetic sector for mass analysi
The mass-selected ions are decelerated to the desired kinetic energ

frequency electric fields to trap the ions in the radial direction and

ensure complete collection of reactant and product ions. The octopole

passes through a gas cell with an effective length of 8.26 cm that
contains the neutral collision partner at a pressure sufficiently low that
multiple ion—molecule collisions are improbable. Except for two
products in the Cb+ C;Hg reaction (specified below), it was verified

that the results presented here exhibit no dependence on pressure an

thus correspond to single iemmolecule collisions. The unreacted
parent and product ions drift to the end of the octopole from which

they are extracted, pass through a quadrupole mass filter for mass

analysis, and are detected with a secondary electron scintillation ion

detector using standard pulse counting techniques. Raw ion intensities.

are converted to cross sections as described previduslye estimate
absolute cross sections to be accurate-20%.

Laboratory (lab) energies are converted to energies in the center of

mass (CM) frame by usinBcy = EpM/(M + m), wherem andM are

and corresponding full width at half maximum (fwhm) of the ion beam
kinetic energy distribution are determined by using the octopole as a
retarding energy analyzer as described previotislythe absolute
uncertainty in the energy scale i£0.05 eV (lab). The energy

distributions in these studies are nearly Gaussian and have a typical

fwhm of 0.2-0.5 eV (lab).

Co' ions are produced by using a direct current discharge s$urce
consisting of a cobalt cathode held at high negative voltage-@.5
kV) over which a flow of approximately 90% He and 10% Ar passes.

S

at 0 K, gp is an energy-independent scaling parameter, and the exponent
n is treated as a variable parametet,; is the average rotational
energies of the reactants at 300 K: 0.039 €\3ksT/2 for Co" +

C;Hg, CoGHg" + Xe, and CoGH,™ + Xe; 0.065 eV= 5kgT/2 for
CoGHs" + Hy; and 0.078 e\&= 3kgT for CoCH™ + CH,. Vibrational
energies of the polyatomic reactants are included explicitly in eq 1 as
a summation over vibrational energy levelswith energiesk and
relative populationsg; (g0 = 1). We use the BeyerSwinehart

N TG .
and focused into an octopole ion beam guide. This device uses radio-)'lJllgorlthma o calculate a MaxweftBoltzmann distribution of vibra

tional energies at 300 K which is used for the factgrsy eq 1. We
have described this modeling procedure in detail elsewiiere.

The vibrational frequencies used for the polyatomic reactants are
given in Table 1. The vibrational energy contributions from ahd
D, are negligible and those for GKi0.001 eV), C0Q (0.0012 eV), and
C:He (0.019 eV) are sufficiently small that the average vibrational
gnergy is used rather than the explicit sum. For the"(CgHy)
complexes, several sets of values for the modes involvinga@®listed
and span the limits of what is reasonable. Because these species have
few low-frequency modes, the average vibrational energies for GoCH
Co*(CzHg4), and Ca(CzHe) at 300 K are only 0.015, 0.036, and 0.049
eV, respectively. Therefore, the exact choice of vibrational frequencies
is not critical to the thermochemistry determined here. In the case of
the Co” + C;Hg reaction, the thresholds are modeled assuming that
99.66% of the Cb ions are in the # ground state and 0.34% are in
the &F first excited state, corresponding to a temperature of 800 K, as
determined in previous experimefAfsWe assume that the populations

f any electronic states of the polyatomic ions have equilibrated to the

temperature of the flow gas, 300 K, such that the average electronic
energy is negligible. Even if the distribution is somewhat hotter, it is
unlikely that the contributions of electronic excitation will influence
the thresholds determined here outside the error limits provided.
Hydrocarbon gases were obtained from Matheson in high purity
(>99%) and used without further purification. Xenon (99.995%, Air
Products) was used without further purification, except for multiple
freeze-pump—thaw cycles to remove noncondensible impurities.

Ar* ions created in the discharge are accelerated toward the cobaltreglts

cathode, sputtering off ionic and neutral metal atoms. If required, an
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Table 1. Vibrational Frequencies (in cm)?

J. Am. Chem. Soc., Vol. 118, No. 13, 13251

Table 2. Literature Thermochemistry (in kd/mol)

species frequencies species AiH®% species AtH%
H.° 4401.2 H 216.035+ 0.008 CoH» 288.84 0.7°f
CHy® 1306(3), 1534(2), 2916.5, 3018.7(3) C 711.2+ 0.3 CoH4 61.04 0.4
CH 826, 943, 949, 1023, 1236, 1342, 1444, 1623, CH 592.9+ 1.7 CoHs 132.2+2.1°
2989, 3026, 3103, 3106 CH, 388.3+ 2.5°4 CoHst 915.2+ 2.3
CH¢d 289, 822(2), 995, 1190(2), 1379, 1388, 1468(2), CH; 149.8+ 0.4° CoHs —68.2+ 0.4
1469(2), 2896, 2954, 2969(2), 2985(2) CH, —66.44 0.4 Co 425.1+ 2.12
Co"(CH) A: ethenet 100, 300, 500 Co" 1183.9+ 2.12
B: ethenet 100, 400, 700 " p—
C: ethenet 300, 500, 700 _ Footnotec.of Table 1. Ervml, K. M.; Gronert, S..; Barlow, S. E.;.
Co*(C2Ho) A: ethane+ 100, 300, 500 Gilles, M. K.; Harrison, A. G.; Bierbaum, V. M.; DePuy, C. H;
. Lineberger, W. C.; Ellison, G. Bl. Am. Chem. S0d99Q 112 5750.
B: ethanet 100, 400, 700 ) A IS
. ¢ Converted fromA¢H®29s given using information in footnote.
C: ethanet 300, 500, 700 d Id ) . il - Lineb
CoChy*e 452, 624, 700, 1319, 2942, 3012 Leopold, D. G.; Murray, K. K.; Stevens Miller, A. E.; Lineberger,

aDegeneracies in parenthesesiuber, K. P.; Herzberg, G. In
Molecular Spectra and Molecular Structure. IV. Constants of Diatomic
Molecules Van Nostrand Reinhold: New York, 1979Chase, M. W.,
Jr.; Davies, C. A.; Downey, J. R., Jr.; Frurip, D. J.; McDonald, R. A;;
Syverud, A. N.J. Phys. Chem. Ref. Dat985 14, No. 1 (JANAF
Tables).d Shimanouchi, TTables of Molecular Vibrational Frequen-
cies National Bureau of Standards: Washington, DC, 1972; Consoli-
dated Vol. I.® Vibrational frequencies are assumed to equal those for
FeCH and are taken from: Hauge, R. H.; Margrave, J. L.; Kafafi, Z.
H. In Chemistry and Physics of Matrix-Isolated Speriesdrews, L.,
Moskovits, M., Eds.; North-Holland: Amsterdam, 1989; p 289.

indicated with each reaction and is determined from literature

information given in Tables 2 and 3. For simplicity, the values

given are for perprotio species in all cases, thereby neglecting ¢4+ cp,
the zero point energy differences for deuterated species. The cot—C,H,
cross sections of each product are analyzed with eq 1, and the Cot—C;H,

optimum parameters obtained are listed in Table 4. In all

reaction systems studied here, about five data sets are analyzeogoC
in each case. For most reactions, the data sets were coIIectedC0+_02H6

over a two to three year period.
Co' + CoHg. Results for the reaction of Cot+ C,Hg are

shown in Figure 1. We observe nine products corresponding (Cz2Hs)Co*—D

to reactions 210.

Co" 4+ C,Hy— CoCHg" + 1.214 0.07 eV 2
— CoCH," +H,+ 0.48+ 0.22 eV 3)
— CoCH," 4+ CH, — 1.714 0.04 eV (4)
— CoCH," + CH, — 0.75+ 0.06 eV (5)

— CoCH" + CH, + H, — 4.054 0.38 eV (6)

— CoC"+ CH,+H,—3.79+0.30eV (7)
— CoH" + C,Hg — 2.334 0.06 eV (8)
— C,Hs" + CoH — 2.70+ 0.07 eV 9)
— C,H," + CoH+ H, — 4.84+ 0.08 eV
(10)

W. C.J. Chem. Physl985 83, 4849.¢ Reference 36.Pedley, J. B.;
Naylor, R. D.; Kirby, S. P.Thermochemical Data of Organic
Compounds2nd ed.;1986 Chapman and Hall: New York, 1986.

Table 3. Cobalt-Ligand Bond Dissociation Energies (in eV) at 0
K

species experiment theory
Co"—H 1.98+ 0.06
Cot—D 2.01+ 0.08
Co—H 1.86+ 0.0%
Co"—H; 0.794 0.04¢0.76+ 0.10'
Co"—C 3.60+ 0.3C¢°
Co"—CH 4.35+ 0.38
Co"—CH, 3.29+ 0.0%
Cot—CHjs 2.10+ 0.04
0.934+ 0.06f0.99+ 0.0F
>0.28+0.13 1.72
1.86+ 0.07/1.824+ 0.22] 1.51k1.88!2.14
>1.73+0.28"
*—CoHs >1.76+0.0922.00+ 0.1 1.96P2.43
0"—C;H, 1.134+0.16
1.044+0.05/1.214+ 0.07 1.06!1.23
Co"—Xe 0.854 0.07
(CHz)C0+—H2 0.36
1.28+0.13
(C2H4)CO+—H2 074!J 0.69

2 Reference 332 Elkind, J. L.; Armentrout, P. BJ. Phys. Chem
1986 90, 6576.¢ Reference 13 Reference 53 Reference 26.Haynes,
C. L.; Armentrout, P. B.; Perry, J. K.; Goddard, W. A., Ul Phys.
Chem 1995 99, 6340.9 Reference 10" D(Co"—C,H,) is estimated
in ref 10 from aDe value of 1.44 eV in: Sodupe, M.; Bauschlicher, C.
W. J. Phys. Chem1991, 95, 8640.' This work.i Reference 42.
kReference 22, converted frord. values as described in text.
' Reference 17, converted frod. values as described in text.
mReference 41, 298 K.Reference 18, converted fromCa value of
2.21 eV, see text? Reference 43° Reference 179 D value from ref
18." Reference 253 Reference 18, converted froma value of 1.26
eV see text! De value taken from ref 20.

product cross sections were found to be pressure independent
except for the second feature on the Gd¢" product observed
at about 6 eV. This feature has a small pressure dependence,
although the cross section does not disappear upon extrapolation
to zero pressure (single collision) conditions. GHE" and
CoGH3* products were looked for but not observed in this
reaction system, indicating cross sections less thaf8iir.

The present results are consistent with previous ion beam
studies of Armentrout and Beauchamp (AB)hd Georgiadis,
Fisher, and Armentrout (GFA).In both previous studies, the
CoH' and CoCH" ions are the major products observed and
have similar maximum cross sections to each other and to the

absolute cross sections observed here. GFA also observed the

C,Hst product. AB did not, presumably because this slow
product is not efficiently collected by the instrument used (which

Results for reaction 2 are not shown in Figure 1 because thehad no octopole). The minor products, Gbizt and CoCH™,

cross section for the Ce8ls™ product was found to be linearly
dependent on the &g reactant pressure. This indicates that
this adduct ion is formed by termolecular stabilization. All other

were observed by both AB and GFA, although the small
intensity of these species prevented extraction of any detailed
information from them. GFA also had difficulties resolving
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Table 4. Parameters Used in Eq 1 for Fitting Reaction Cross

Sections
product n ) Eo, eV Eo, eV (lit.)?
Co' + CzH(;
CoH* 14401 28+0.3 2.36+0.10 2.33+0.06
CoCH" 26+0.4 0.02+0.01 486+ 0.51 4.05+0.38
CoCH* 294+0.6 0.14+0.20 1.114+0.22 0.75+0.06
CoCHs* 1.8+0.3 3.6+0.7 1.84+0.10 1.71+0.04
CoGH,t 3.440.4 0.03+:0.01 0.32+0.12 -0.48+0.22
CoHs" 1.0+ 0.2 0.60+0.09 477+ 0.12 4.84+0.08
CoHs* 1.3+£0.2 1.1+0.2 2.65+0.09 2.70+0.07
CoGHe" + Xe
Co" 1.5+£0.1 9.31+0.62 1.04+0.05 1.21+0.07
CoH" 1.7+0.4 0.20+0.10 4,09+ 0.46 3.54+ 0.09
CoCHs* 1.6+0.6 0.29+0.21 3.80+0.20 2.92+ 0.08
CoGH," + Xe
Co" 1.7+0.1 2.30+0.19 1.86+0.07 1.82+0.22
CoXe" 244+0.8 1.08+0.59 1.20+£0.21 0.97+0.23
CoH" 15+ 0.4 0.35+0.18 5.83+:0.25 4.59%-0.23
CoCH* 1.6+£04 0.17+0.13 7.42+0.30 5.95+0.23
COCzH4+ + D2
CoH* 1.5+ 05 1.12+0.28 4.30+£0.30 4.3+:0.2
CoD" 1.5+ 0.5 0.15+0.08 3.914+0.21 4.3+0.2
CoCHD* 3.04+1.1 0.09+0.08 2.65+ 0.60 2.194+0.22
CoGH.D* 1.54+0. 1.67+0.56 3.28+0.13
CoCH*' + CH,
Co* 24403 0.14+0.03 0.28+ 0.10 -0.75t+ 0.06
CoH" 20+0.6 0.18+0.14 2.70+0.40 1.58+0.08
CoCHs* 29+0.6 0.11+0.07 1.114+0.22 0.96+ 0.07
CoGH," 1.34+0.3 0.02+0.01 257+ 0.27 1.23+0.06
CoGH,t 1540.2 0.007£0.001 0.50:0.20 -1.23+0.23
CoCH* + CD,4
Co* 24+0.1 0.11+0.01 0.34+0.10 -0.75+ 0.06
CoH" 2.0+£0.9 0.04+0.03 2.73+0.53 1.58+0.08
CoD" 24405 0.10+0.06 2.78+0.32 1.58+0.08
CoCHD" 2.94+1.6 0.06+0.04 1.114+0.27 0.964+ 0.07
CoChs* 3.1+ 0.7 0.08+0.05 1.224+0.21 0.96+ 0.07
CoCDy* 2.84+0.6 0.03+0.02 2.504+0.33 2.36+0.08

aCalculated using data in Tables 2 and 3 for perprotio species.
b Analysis was performed by holdimgconstant over a reasonable range

of values.
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Figure 1. Cross sections for the reaction of Cwith ethane as a
function of relative kinetic energy (loweraxis) and laboratory energy
(upperx-axis).

the CoCH™ product ion from the much more intense CotH
product. Observation of the;H3™, CoCH", and CoC product
ions, which have even smaller intensities, is reported here for
the first time. In the present study, the sensitivity is one to
two orders of magnitude better than that of GFA and two to
three orders of magnitude better than AB largely because of a
much more intense reactant ion beam.

Haynes et al.

The energetic behavior of the various cross sections is
straightforward to understand. Products that obviously involve
C—H bond activation will be discussed first. The GbG*
product has the lowest threshold among all products observed.
We measure a value of 0.32 0.12 eV, Table 4, consistent
with the observations and estimate of GFA. This cross section
reaches a maximum at an energy consistent with the thresholds
for several higher energy products, notably Cokhd GHs*.
Although formation of Cod + C,H4 + H; can begin at about
1.34 eV, no noticeable influence of this decomposition pathway
is evident. Rather, as pointed out previousihe decline in
the CoGH,4* cross section is most plausibly due to competition
with these other reaction channels, indicating that they share a
common intermediate. The second feature in the(CgH.)
cross section is likely to be the result of GG+ + 2H
formation, which can begin at 4.08 0.22 eV. Although we
observe no CogHst product ion that would serve as the
precursor for this process, the maximum magnitude for the
second feature is only I crm?, consistent with a Cols™
cross section too small to observe readily.

The CoH cross section rises from its thermodynamic
threshold and then levels out. Dissociation of this product in
the overall process to form Cot+ H + C;Hs can begin aDg-
(H—CzHs) = 4.31+ 0.02 eV. The failure to observe a decline
in the CoH" cross section beginning at this energy indicates
that the GHs neutral product carries away significant amounts
of energy. The @Hs™ product competes directly with CaH
as reactions 8 and 9 differ only in location of the charge. As
previously discussed by GFA, the relative behavior of these two
cross sections indicates that IE(CoH) is slightly less than IE-
(CoHs) = 8.117 & 0.008 eV3¢ The GHs™ product ion
decomposes by dehydrogenation to foraHg", as shown by
the correspondence between the peak in #tdsCcross section
and the threshold for £i3™.

Of the products that involve €C bond activation, the
CoCH™ + CHj, product channel has a cross section that peaks
near 4 eV, consistent with the threshold for decomposition in
the overall process to Cot CH; + CHy, 4.04+ 0.03 eV. The
CoCH,™ product can also decompose by dehydrogenation to
form CoC" + H,, accounting for this latter product. The
CoCHs™ cross section rises from its thermodynamic threshold
and reaches a maximum near 4 eV. At this point, the product
ion can decompose to Cot CHz, a process that can begin at
3.814 0.01 eV= Dg(CH3—CHj). CoCH;* can also decompose
to form CoCH™ + H starting at 5.28 0.06 eV and to form
CoCH" + H; starting at 4.05= 0.38 eV. The former process
accounts for the higher energy feature observed in the GoCH
cross section. The latter process accounts for the CoCH
product.

As listed in Table 4, most products in this reaction system
are measured to have thresholds in agreement with the ther-
modynamic thresholds calculated from Tables 2 and 3. Excep-
tions include CogHst and CoCH™ which have thresholds
higher than the thermodynamic values by 0480.25 and 0.36
+ 0.23 eV, respectively. This suggests that there are barriers
to reactions 3 and 5. The Cd@nd CoCH cross sections are
difficult to analyze because the cross sections rise slowly and
are noisy in the threshold region due to their small intensity. If
the Ep values are held at their thermodynamic values while the
other parameters are optimized, then eq 1 can reproduce the
cross sections reasonably well.

CoC;He™ + Xe. Figure 2 shows cross sections for the
interaction of Xe with CogHg* formed by three-body conden-

(36) Berkowitz, J.; Ellison, G. B.; Gutman, D. Phys. Chenl994 98,
2744.
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Figure 2. Cross sections for the reaction of Géfz" (made by adding
ethane to the flow tube) with xenon as a function of relative kinetic
energy (lowerx-axis) and laboratory energy (uppe&xis).

sation of ethane and Coin the flow tube. The products
observed correspond to reactions-14.

CoCH," + Xe
— C0" + C,Hg + Xe — 1.214 0.07 eV (11)

— CoXe" + C,Hg — 0.36+0.10eV  (12)

— CoCH," + CH, + Xe — 2.92+ 0.08 (13)

— CoH' + C,Hs + Xe — 3.544+ 0.09 (14)

It is evident that Co, formed by collision-induced dissociation

(CID), is the predominant product observed at all energies above

about 1.5 eV. Ligand exchange forms CdXand is the
predominant process at lower energies. Production of CoXe
clearly undergoes strong competition with reaction 11 as
evidenced by the sharp decline in the CdXeoss section once
the threshold for CID is exceeded. Both Cogtand CoH

are minor products in this reaction and correspond to the largest

products observed in the bimolecular reaction of*Geith
ethane, Figure 1. It seems likely that other products observed
in the bimolecular reaction are also formed, but their intensities
are too small to be detected here.

It is important to know the identity of the Cel¢™ structure
to determine relevant thermochemistry. Three possible struc-
tures are the Cethane) adduct, cobaltimethyl cation, Co-
(CH3)2™, and the hydrido-ethytcobalt cation, H-Co™—C;Hs.
To determine the structure of the C#z*t complex, we carried
out several studies. First is the study shown in Figure 2, CID
of CoGHg" produced by adding ethane to the flow tube.
Second, we formed CaBls" by the bimolecular reaction of
Co" with acetone in the flow tub#,which might preferentially
form Co(CH),t. CID of this isomer should yield appreciable
amounts of CoChi" + CHjs, in analogy with our observations
on Fe(CH);".2° Instead, CID results for the Cels" ion
formed in this fashion were identical to those in Figure 2. This
suggests that only the C¢ethane) isomer is being produced,
with little or no cobalt dimethyl isomer. This conclusion is in
good agreement with recent studies of Carpeettet38 Third,

J. Am. Chem. Soc., Vol. 118, No. 13, 13283

to remove as much internal energy from the Gdg species

as possible (which might allow isomerization to occur), we
produced this ion by using ligand exchange reactions in the flow
tube. This was achieved by first adding methane to the flow
tube near the Cosource and then adding ethane or acetone
about 60 cm downstream. In both cases, the CID results on
the CoGHg* species produced were identical to those shown
in Figure 2. All these results point to a G@thane) adduct
structure.

Analysis of the Co cross section is straightforward and yields
a threshold, Table 4, that agrees with literature values for the
Cot—ethane bond energy, Table 3, as described in more detail
below. This confirms our identification of the structure of
CoGHg" as the Cd—ethane complex. The CoXecross
section was difficult to model because of its complicated shape;
however, the cross section can be reproduced with eq 1 and the
thermodynamic threshold, Table 3. When the cross sections
for the CoCH™ and CoH products are analyzed over most of
the energy range shown, eq 1 yields the optimized parameters
given in Table 4. These measured thresholds are higher than
their thermodynamic values, although they have the correct
relative values. However, these cross sections can also be
reproduced nicely with eq 1 an#, values equal to the
thermodynamic threshold (with a concomitant increase in the
n parameter). Thus, the apparent shift to higher energies is
caused by strong competition with the CID channel, which is
favored for both thermodynamic and kinetic reasons. Simple
CID should occur through a loose transition state from thé-Co
(C,He) adduct, while G-C and C-H bond activation processes
require rearrangement through tight transition states.

CoC;H4™ + Xe. Cross sections for the interaction of Xe
with CoGH," formed by three-body condensation of ethene
and Ca in the flow tube are shown in Figure 3. The products
observed correspond to reactions-13.

CoCH," + Xe
—Co +CH,+ Xe—1.82+0.22eV  (15)
— CoXe" + C,H, — 0.97+ 0.23 eV (16)

— CoCH," + CH, + Xe — 5.95+ 0.23 eV (17)

— CoH" + C,H, + Xe — 4.59+ 0.23 eV  (18)
The dominant process is simple CID to formCoeaction 15.
Analysis of this cross section yields a threshold, Table 4, that
agrees nicely with literature values for the Ceethene bond
energy, Table 3. This clearly identifies the structure of the
CoGHy" ion as the Co(ethene) complex. The ligand exchange
reaction to form CoXe& competes strongly with CID, as shown
by the strong decline in this product once the threshold for CID
is exceeded.

The CoXe€ product cross section exhibits a small exothermic
feature that is matched by a small endothermic feature at the
lowest energies in the Cocross section. These features do
not depend on the neutral reactant pressure and are reproducible
(observed in every data set taken over a 3-year period). This
discounts the possibility that they are due to trace impurities. It
seems likely that we have a small amount of unquenched excited
states, although drastic changes in the dc discharge conditions
and flow gas ratios did not eliminate the low energy features.

(37) Halle, L. F.; Crowe, W. E.; Armentrout, P. B.; Beauchamp, J. L.
Organometallics1984 3, 1694.

(38) Carpenter, C. J.; van Koppen, P. A. M.; Bowers, MJTAm. Chem.
Soc.1995 117, 10976.
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The two minor product ions observed in Figure 3, Cadhd
CoCH", correspond to the primary products observed in the
bimolecular reaction of Coand ethené. When analyzed over
an extended energy range, the thresholds measured for these
products are larger than their thermodynamic values, Table 4.
We can also reproduce these cross sections with eq 1 and the
thermodynamic thresholds, such that we again attribute the
behavior to competition with the thermodynamically and
kinetically favored CID process. The apparent shifts observed
for reactions 17 and 18 in the Cegidy+ system are larger than
those of the comparable processes, reactions 13 and 14, in the
CoGHg" system. This is consistent with higher thermodynamic
thresholds in the former system.

CoCyH4™ + Dz (Hp). The dominant product formed in the
reaction of CoGH4™ with D, is Co", with a cross section shown
in Figure 4. This cross section can be explained by processes
19a and 19b. Other minor products observed correspond to
reactions 26-23.

Figure 3. Cross sections for the reaction of GoG* (made by adding
ethene to the flow tube) with xenon as a function of relative kinetic

energy (lowerx-axis) and laboratory energy (uppegxis). COC2H4+ + D,
+
Energy (eV, lab) —Co + C,H,D,—0.48+0.22 eV (19a)
0 20 40 60 80 100
‘ ' —Co"+ CH,+ D,—1.82+0.22eV  (19b)
CoC,H,* + Dy—>
£ 107 3 F — CoCH,D" + D (20)
o
< CoC,H,D*
% Co* ﬁ .,..-"““--.--.. — COCH2D+ +CH,D —2.19+0.22eV  (21)
£ 107 o CoH"
O * o +
] o CoCH,D* & CC)AB}M . v+ _
é %@fjﬂm " 0\§W«m CoCHD" + CH;D — 1.23+0.23eV  (22a)
© o O A‘AACoCHZ N
102 4T IR A < 22T — CoCH," + CH,D, — 1.23£ 0.23eV  (22b)
- o g g -
.« o oAOMMA"- =~CoCHD"
0 1 2 3 4 5 —CoH"+CH,D+D—43+02eV (23a)
Energy (eV, CM)
Figure 4. Cross sections for the reaction of G#G+ with D, as a . . _
function of relative kinetic energy (loweraxis) and laboratory energy CoD" +CH,+D—43+02eV (23D)

(upperx-axis). The line is the Cocross section taken from the reaction . .
of CoGH.* + Xe, Figure 3. Reaction of C(C;H,) with H, was also performed. The only
product observed was Cpprocess 19. Given the small size

A similar low-energy tail was also observed in our study of the Of the cross sections in all cases but the" Quoduct, useful
Co™(CsHe) + Xe system, where this complex was made by results for the minor products could not be obtained. Because
tubel® For each method of preparation, the low-energy tail in Sion, these minor products are not formed until over 100 eV
the Cd'(CsHe) CID cross section had a similar magnitude and (lab) in the B system and therefore are not Colle_c_ted effic_iently
threshold to that observed here. Analysis of the low-energy When the guadrupole mass resolution is sufficiently high to
tail on the Cd cross section with eq 1 yields a threshold of 0.4 distinguish them.

+ 0.1 eV whenn is held to a value of 1. This indicates an The cross section for Coclearly has two features. Below
excitation energy of about 1.5 eV, which could indicate 1-> €V, it rises from an apparent threshold near 0.3 eV and
involvement of the 3D state of C& (1.444 eV higher than the reaches a magnitude of about 0.04 At is tempting to attribute

&F ground statéy or perhaps the®& state (which should bind this part of the cross section to reaction 19a, the formation of
ethene much more weakly than th# astate because the 4s ethane. However, the magnitude and shape of this part of the
orbital is occupied). The presence of these low-energy featuresC'0SS Section are comparak+)le o the low-energy feature observed
complicates the analysis of the €Cand CoXé cross sections ~ and described in the CeB,4" + Xe system, Figure 3. Further,
somewhat. The cross sections were modeled both by ignoringon the basis of the threshold observed for reaction 19, we expect
the low-energy features and by modeling them and subtracting rez;ctl(r)]n 19.a'to hgvseza thr;shpld of g;:i(l).ZSl e\./ (:?'ﬁS ev

the model from the data before further analysis. The uncertain- endot ekzm'c'tﬁl d : ﬁv k?rlr:jer)f, V‘é e ;ng 32’3'3\/0 ;he Cross
ties listed in Table 4 include both types of analyses, although section ehre yields aft r:esl oldora Ol]ft <€ 'hé éj; it

the differences between the two modeling methods are small@PPears that most of the low-energy feature in t SS

because of the small size of the low-energy features. section can be attributed to the same metastable,@gC
species observed in the reaction with Xe, where no ethane can

possibly be formed. We conclude that there iscomclusie
evidence for process 19a although our sensitivity to this process

(39) Sugar, J.; Corliss, C. J. Phys. Chem. Ref. Data, Suppd85 14,
Supp. 2.
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Figure 5. Cross sections for the reaction of Cog€Hvith CH, as a Figure 6. Cross sections for the reaction of CogHvith CD, as a
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is mitigated by the interference of the metastable CID process. section near threshold is larger than that for most products. The
Beginning at about 1.5 eV, the Caross section increases more neutral products accompanying these product ions could be
rapidly, a result that can be attributed to CID of the ground C:HsD» and GH4D, respectively, or gHsD + D and GH4 +

state CoGH4™ complex, process 19b. The apparent threshold D, respectively. The former reactions have thresholds of about
observed differs from the 1.82-eV endothermicity because of 2.8+ 0.2 eV, while the latter can begin at about 4£3.2 eV.

the kinetic energy distributions of the reactants. Thé Qwss The results are more consistent with the latter process, although
section from reaction 19 rises more slowly than that from the possibility of barriers or delayed thresholds due to competi-

reaction 15, a common observation for a light target §48. tion cannot be completely eliminated.

There is some ambiguity about the identification of the =~ COCHz" 4+ CH, (CD4). Results for the reaction CoGH+
CoCH,*, CoCHD', and CoCHD™* products as they have the CHa are shown in Figure 5. Products correspond to reactions
same masses as CoEDCoCH:+, and CoCh*, respectively. 24-29.

All three cross sections rise from apparent thresholds of about
3 eV, thereby offering no clear differentiation among products. CoCI—E+ + CH,
Such a threshold is consistent with Cemethyl products and

. +
also demonstrates that any Co{H «" products are ac- Co" + CHg +0.75+ 0.06 eV (24a)
companied by Chll.4Dy neutral products. Such a threshold also
rules out a CoCD product because its thermodynamic threshold —Cco" + CH,+ CH, —3.29+ 0.05 eV (24b)

is about 4.5 eV, although such a product could be formed at

higher energies. Thus, there is little ambiguity regarding the N

identity of the COCH™ cross section. The CoGB*/CoCD;" — CoH" + C;Hg — 1.58+ 0.08 eV (25)
product ion has the largest cross section of these product ions.
We can think of no rational mechanism that would preferentially
form CoCDy" in much greater abundance than CoCHhence

this cross section is attributed to Cogl¥. The most
problematic of these products is the CoCHDoCH;* channel, — CoCI—|4+ + CH, — 2.36+£ 0.08 eV (27)
in part because the mass resolution conditions needed to obtain

efficient collection of these products also allow an estimated

— CoCH," + CH, — 0.96+ 0.07 eV (26)

+
10 + 10% overlap with the more intense CogI product — CoGH," +2H, — 1.23+ 0.06 eV (28)
ion. The CoCHD/CoCHs" cross section is shown uncorrected
for this overlap, but such a correction leads to a cross section . C0C2H4+ +H,+1.23+0.23eV (29)

that is half the magnitude shown or possibly completely gone.

We attribute this cross section primarily to the CoCH@oduct, " . . . . .
largely because formation of CoGH+ CHD, implies that Additional information regarding this reaction system can be

COCHD," -+ CHs should also be formed with a comparable obtained by performing. thi.s experiment using deyterated
yield. This product was not observed, although because of theamert:;gi’mcvﬂgitﬁstsgsgvgf'giF:ﬁgrg 6. The results are in good
small size of these cross sections, such a failure is not definitive. g 9 ’

Other mechanistic reasons for the CoCHBssignment are Reactions 24a and 29 are exothermic but the’ Gd
discussed below 9 CoGH4* cross sections exhibit clear thresholds, indicating

Th . for f . t Cotdnd Col rise f reaction barriers to both processes. *@othe dominant product

. 'Ie crr?ss ierlzgons or orminondo 45 r\1/ '(I?h rg;om over the energy range studied. Above about 3 eV, this cross
simriar thresholds between 4 and 4.5 e ; N 0SS section increases more rapidly, consistent with the onset of
section has been corrected for overlap with the much more

: Co d h that th . o thi reaction 24b, the simple CID process. Analysis of the Gmss
intense CO product, such that the uncertainty in this Cross geciion with eq 1 yields a threshold of 0.280.10 eV for the

(40) Aristov, N.; Armentrout, P. BJ. Phys. Chen986 90, 5135, Hales, ~ CHa reaction and 0.34t 0.10 for the CI2 reaction, Table 4.
D. A.; Armentrout, P. BJ. Cluster Sci199Q 1, 127. The CoGH4* cross section rises from a threshold at about the
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same energy, between 0.3 and 0.7 eV, Table 4, and declineghermalized. However, the difference of 0.1 0.09 eV
when the CoH and CoGH," cross sections begin, indicating corresponds to a temperature of about 2800000 K, and it
competition between these product channels. In thgsyBtem, is unlikely that our ions have internal excitation this high. Itis
isotope scrambling is observed for the Gbig™ products. Both conceivable that our ions have a small population of electroni-
CoGH,D,™ and CoGHD3;™ are observed and have cross cally excited states (as observed for GBHE), but we expect
sections<0.01 A2. Because of their small intensities, we were that these should be evident in the ‘Cand CoXe cross
not able to unambiguously differentiate individual cross sections sections. Careful inspection of our data, Figure 2, shows no
for these products and those for the GHE" analogues where  low-energy tails for either of these products.
CoGD,t, CoGHD™, and CoGH," were formed with cross Cot—C,H4. From the CID reaction of Coflst + Xe,
section=<0.01 A. Analysis of the CogH," cross section in  Figure 3, we measara 0 Kthreshold of 1.86+ 0.07 eV for
the CH, system provides a threshold of 2.570.27 eV, Table the dissociation of Cog,* into Co" + C,H,, Table 3. This
4, higher than its thermodynamic value of 1.23 eV, although value corresponds to the Ceethene BDE and is in good
this cross section is sufficiently small that the threshold analysis agreement with a lower limit measured from the reaction of
is not definitive. This delayed threshold is most likely due to Co* + ¢c-C3Hg, D2og(Cot—CyHy4) > 1.734 0.20 eV4 It also
strong competition with the CoHand CoGH4" channels. agrees with a value of 1.82 0.22 eV determined by van
The threshold measured for CoHs consistent with that  Koppenet al“2 Three theoretical values have been calculated.
calculated for the formation of £, + H as neutral products, Sodupeet al?? used the MCPF method with geometries
Table 4, but could also correspond to formation of Co determined at the Hartred=ock level to calculatdDg(Co"—
C2Hs with a threshold pushed to higher energies by competition. C;H;) = 1.58 eV. Perry used a higher level of theory to
The Co-hydride ion channels in the GDsystem show both  determine the geometries and calculabgCot—C,H,) = 1.95
CoH' and CoD". These cross sections rise from similar eV1? The density functional calculation of HK obtails =
thresholds with similar energy dependencies. Cafavored 2.21 eV18 On the basis of the vibrational frequencies listed in
over CoH", such that CoD comprises 80t 5% of the sum of ~ Table 1, we estimate that the zero point energy correction is

the CoD" and CoH cross sections. 0.07+£ 0.02 eV. Thus, the three theoretical values correspond
CoCH;* is also an abundant product and begins at an apparentto Do(Co™—C,H,4) values of 1.51, 1.88, and 2.14 eV, respec-
threshold near its thermodynamic value. The cobalethyl tively, in reasonable agreement with our experimental value of

ion channels formed in the Gystem exhibit two products, 1.86+ 0.07 eV.
CoCD;* and CoCHD*. These products rise from the same  The BDE for Cd—C;Ha, 1.86+ 0.07 eV, is stronger than
threshold with identical intensities, but the former declines above the BDE for Cd—ethane, 1.04- 0.05 eV. The same trend is
about 3.5 eV while the latter is relatively constant over the same also observed in the Ce-propene bond, 1.8% 0.07 eV1°
energy range. The decline must be due to dissociation of thisand the Cé—propane bond, 1.34 0.06 eV4® This seems
product to Co + CDjs, which can begin at 3.06 0.08 eV. consistent with the idea that theelectrons of alkenes make
The CoCHD™ product could also begin to decompose at this them much better electron donors than the saturated alkanes.
energy. This difference in behavior is discussed below. Pern}’ suggests that the Ce-ethene bond is predominantly
CoCH;" was observed in the CHbystem, but is not shown  electrostatic and leads toe-complexes following the Dewar
in Figure 5 because the results are noisy due to the high- Chatt-Duncanson bonding modé.
resolution conditions required to separate this product fromthe  coc,H,D+. The CoGH.,D* species formed in reaction 20
more intense neighboring CoGHproduct ion. The CoCE can conceivably have a cobakthyl, Car—C,H.D, or DCot-
product in the CRsystem rises from a threshold consistent with (CzHy) structure. Insight into which structure is being formed
its thermodynamic threshold. The failure to observe any H/D may be found by looking at the Ce-hydride channels (CoH
scrambling shows that this product is formed in a simple ligand and CoD) in reactions 23a and 23b. As mentioned above, the

exchange process. thresholds of these channels indicate that the likely neutrals
) formed are GH3D + D and GH4 + D, respectively. A
Thermochemistry mechanism for the latter reaction is decomposition of £b0+

Cot—C,Hs. From the CID reaction of CoElg" + Xe, we to CoD" + C;H4. This dissociation pathway is thermodynami-
measue a 0 Kthreshold of 1.04- 0.05 eV for COQHG} to cally favored by 0.15+ 0.09 eV over the alternate pathway to
dissociate into Cband ethane, Table 3. This threshold should C0'(C2Hs) + D, Table 3. The observation of appremalJ)rIe_ CoH
be a direct measure of the €oC,Hg BDE, because this is a  formation in Figure 4 demonstrates that the Gid¢D™ ion
simple bond fission and the interaction of Caiith ethane scrambles the H and D atoms. A+n obvious mechanism is the
should be attractive at long range. This BDE of 1-89.05 rearr+angement of DCC2Ha) to Co"—CH,CH,D and back to
eV is somewhat lower than the experimental result from Kemper HC0"(C2HsD) by sequentiai-H or 5-D transfers. Complete
et all® of 1.21+ 0.07 eV, but agrees well with a theoretical Scrambling between the H and D atoms would give a Ct
Do value calculated by Perst al25 of 1.06 eV. These authors CoD" ratio of 4:1 or 80% CoH. Incomplete scrambling would
then estimate a correction for their calculated bond energy of I0Wer this percentage. This is consistent with our results in
0.09+ 0.09 eV, such that their best estima@glvalue is 1.14  Which CoH'" is found to comprise 75 5% of the sum of the
+ 0.09 eV, in good agreement with both experimental values. COH" and CoD' cross sections. In contrast, complete scram-
Holthausen and Koch (HK§ obtainD{(Co"—C,Hg) = 1.26 €V, bling ina (DYCo"(CzHa) |nt.ermed|ate would lead to 66% CoH
which can be corrected ®o(Co*—C,Hg) = 1.23 eV using the (and mcomplg—:-te scramblmg to a lower percentage), in poorer
zero point energy correction estimated by Pernal. for this agreement with experiment.

BDE* . . (41) Fisher, E. R.; Armentrout, P. B. Phys. Chem.199Q 94, 1674.

The agreement between these various measurements is (42)van Koppen, P. A. M.; Bowers, M. T.; Beauchamp, J. L.; Dearden,
acceptable considering the weakness of the bonds being probedp. V. ACS Symp. Se99Q 428 34.

T - ihiliti ; _ (43) Haynes, C. L.; Fisher, E. R.; Armentrout, P. B. Work in progress.
Nevertheless, it is worth exploring possibilities for the discrep (44) Crabtree, R. H. IThe Organometallic Chemistry of the Transition

ancy. It is conceivable that our CGCZHG BDE is smaller Metals Wiley: New York, 1988; Chapter 5. Lukehart, C. undamental
than that of Kempeet al. because our ions are not completely Transition Metal Organometallic Chemistrrooks/Cole: Monterey, 1985.
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Another potential way of ascertaining which structure is

formed at threshold is to consider the thermodynamics. The ” T"c:“3 La.o
threshold measured for reaction 20 lead®D —Cao*(CoH.)] /cg_cfﬁaa col —chp
= 1.28 4+ 0.13 eV, substantially weaker thdy(Co™—D) = 1.0 — H CoChHg" + CHg

2.01 + 0.06 eV, Table 3. Alternatively, we can use this
threshold to determin®o(DCo"—C;Hy) = 1.13 & 0.16 eV,
much weaker thamo(Cot—CyHs) = 1.86 4+ 0.07 eV. It is
reasonable that these BDEs decrease because thelCioond

0.0—

Energy, eV

CH4-Co*~CHp

utilizes the 4s orbital on the metal, while strong bonding of — 0.0
C,H4 to Co' relies on having an empty 4s orbital. A useful

comparison is therefore the diabatic BDE for'f®,4s3df) -1.0— oo

to C;Hs. This cannot be measured directly because the ground ° T Hy=Co™*-CoH, 1o

state of F&(C,H,) is a quarte?? Sodupeet al?? calculate that
the sextet state BDE is 0.23 eV weaker than the adiabatic BDE Reaction Coordinate

for the quartet ground state which has been measured as 1.5@Figure 7. Potential energy surface for-G4 bond activation in the

+ 0.06 eV33 Thus, an estimate for the sextet BDE is 127  interaction of Cd + CoHe.

0.06 eV. Therefore, the BDE of ethene to Cold comparable

to that for F&(éD), indicating that the threshold is consistent Vibrational states than GB. However, such a dramatic
with formation of the DC®(C,H,) isomer. Alternatively, we difference in behavior is surprising. Another possibility is that
could assign this threshold to production of the cobathyl there is a direct pathway for formation of Coelf. Such a
structure, which leads to a €e C,H,D BDE of 1.59+ 0.15 pathway could be a direct D atom abstraction from,@Dform
eV.45 Experimentally, the Cb—C,Hs BDE has been measured DCoCH*, the higher energy isomer. If the CogDcross

in a study of the reaction of Cot+ propane where the measured Section is subtracted from the CogIbt cross section, analysis
threshold for production of Cols™ yields a lower limit to of the remaining cross section yields a threshold of 29118
the Co—C,Hs BDE of >1.76 + 0.09 eV. Later it was eV. This is 1.83+ 0.32 eV above the primary threshold,
suggeste# that the BDE should equal 2.68 0.11 eV based consistent with the formation of the DCoGHisomer at these
on a comparison of the relative thresholds for production of higher energies.

CoCHs* + CoHs and CoGHs" + CHg in this system. The _ _

latter bond energy is probably correct given theoretical results Discussion

that suggest that the Ce-CHz; BDE (2.10+ 0.04 eV, Table

3) is higher than Co—C;Hs BDE by 0.07 eV*” and lower by
0.30 eV!® Thus, the threshold obtained here is inconsistent
with formation of the cobaitethyl ion structure.

C—H Bond Activation of Ethane. The threshold measured
for reaction 3, 0.32- 0.12 eV, is a direct determination of the
barrier height for the dehydrogenation reaction of GoC;He.

] Rt ) Combined with the information from calculations by Péfry
Finally, we note that no Cofls" species is formed in any  5ng Holthausen and Koch (HK§,we can now construct a

of the other reaction systems studied here. Based on theqantative PES for the dehydrogenation reaction of ethane by
mechanism of Scheme 1, we might have expected to se& CoO ¢+ Both theoretical studies calculate that the limiting

CoHs formed in the Co + CpHg system by decomposition of  tansition state (TS) for dehydrogenation of ethane by Co
intermediate2, although this product is disfavored compared ¢qrresponds to a structure similar to intermedtei—Co* —
to CoH" on the basis of angular momentum arguméht3his C2Hs, where the Ce-H and G-C bonds are eclipsed, Figure 7.
suggests that a DC¢CzH) product is probably formed in @ The energy of this TS is calculated as 0.87 eV by HK and 0.46
direct reaction between C¢C;H,) and D, although this species oy, by Perry, who then estimates a value of 0.221&\Either
can rapidly equilibrate with the Ce-ethyl structure as dem- ¢ Perry’s values is in good agreement with our measured
onstrated by the isotope scrambling results in the cethgitiride barrier. The lowest energy isomer & has a staggered
ion channels. _ _ _ configuration and is calculated to lie 0.09 eV below the"Go
CoCH,D™. The CoCHD™ species formed in reactions 21b  c,H, asymptote by HK and 0.29 eV above (estimated as 0.04
and 26 can conceivably have a cobattethyl, Co—CH,D, or eV above) by Perry. The @Co*(CHa) intermediate is
DCoCH," structure. Simple bond additivity indicates that the calculated to lie 0.74 eV (estimated as 0.70 eV) below the-Co
DCoCH," isomer is 1.5+ 0.3 eV higher in energy than the (C:Hs) + H, asymptote by Per#y and 0.69 eV by HKS
Co*—CH;,D isomer, and an estimate that considers promotion Qyerall, the theoretical work can be combined with experimen-

energies finds a similar result. Inthe reactipn offC(QH;;) + tally determined values fddo(Cot—C,Hg), Do(Cot—C,Ha), and
D>, reaction 21b, the CoCid* cross section rises from a  the barrier height to give the detailed potential energy surface
threshold consistent with the production of ‘GeCHD + for the dehydrogenation of ethane shown in Figure 7.

CH,D. This makes sense if Dadds across the=€C bond Given this potential energy surface, we can now rationalize

(although there is no implication that this is a concerted o gpservations regarding the dehydrogenation of ethane and
addition). , its reverse. In the forward direction, the exothermic dehydro-
In the reaction of CoCbt + CDs, process 26, formation of  genation reaction of Co+ C,Hg to form Co"(C,Ha) + Ha has

CoCHD™ and CoCRy" rises from thresholds indicating a Co a barrier. This barrier lies below the threshold energies of all
methyl structure. At higher energies, the Caross section  other reaction channels such that dehydrogenation is the only
drOpS off rapldly because this prOdUCt dissociates tbe@Dg process observed at low energiesy Figure 1. Thé(Cﬂ'u)

In contrast, the CoCHD* cross section remains constant. Itis product cross section does not decrease until th€st —C,Hs
possible that this difference is because the;@Butral carries intermediate2 formed can decompose to CoH+ C,Hs or
away more of the excess internal energy than@Hvhich is CoHs™ + CoH. As either of these decompositions has a loose
plausible because GDhas a higher mass and density of transition state, CoHformation (the thermodynamically favored
- - - - of the two) dominates the product spectrum once it is energeti-
tha(,ﬁ%eTgi{ZEHeB?E??:bfsnfateM D BDE thatis 0.04 eV greater cally accessible. This depletes such that the Co(CH,)
(46) Aristov, N.; Armentrout, P. BJ. Phys. Chem1987, 91, 6178. product cross section decreases.
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In the reverse direction, reaction of Q&;H,4) with H, (D), intense than the CoGIB* and CoCR' products. Bond
there is now a significant barrier to reaction of 084.14 eV, additivity can be used to estimate that the energy & 0.40
a point discussed in some detail by PertyTherefore, the eV below the Cd + C;Hg asymptote. More sophisticated
formation of all products except for Cas inefficient, Figure estimates that consider promotion energies find that the promo-
4. Indeed, the dominant ionic products observed; @ad tion energies for the first and second covalent bonds t6 Co
CoGH4D™, can be explained without oxidative addition of the are nearly equal, such that simple bond additivity should be
D, molecule at all. As discussed above, "Cis generated approximately correct. Calculations concerning the Caf)gH
primarily in the simple CID process with no clear evidence for species findDe values for breaking both CeC bonds of 3.653
concomitant formation of ethane (although an inefficient 3.802*and 4.428 eV, with an average of 3.94 0.41 eV. On
production of ethane cannot be ruled out). As discussed in thethe basis of vibrational frequencies taken from these calculations,

previous section, the Co8,4D* product is likely to be DCt- the frequencies of the CHradical, and estimates for the
(C2H,) formed in a direct process. Even the minor Co&hd remaining low frequency modes of the dimethyl intermediate
CoD' channels are likely formed by decomposition of the (assumed to equal 30& 300 cntl), we estimate that the
DCo*(CzH,) product. averageDo value is 4.1+ 0.4 eV. GivenDo(CH3;—CH3) =

Compared with the reactivity of the bare Tion, Co"(C;Hy) 3.812 eV, Table 2, this puts the dimethyl intermediate about
is less reactive with kHbecause the donation from ethene to 0.3+ 0.4 eV below the Cb + C,Hg asymptote, in reasonable

Co" increases the 4s acceptor orbital occupancy oh Gaile agreement with the bond additivity assumption.

the  back-bonding from Cb to ethene removes electrons There is some controversy regarding the TS between thie Co
from the metal. As discussed in detail elsewheteefficient + C;Hg reactants and the cobalt dimethyl ion intermedihte

H, activation occurs when the metal center has an empty HK calculate that this TS lies 0.26 eV below the reactafts,
acceptor orbital and occupiedorbitals. Thus, ligation by &4 while Perry suggests that there is a large barrier based on the

moves electrons on the cobalt ion center in ways that are work of Low and Goddard? although he does not specify a
counterproductive folo bond activation. Per®y offers an value for the barrier height. In previous work on the Fe+
alternative, but related way of explaining this observation. He CzHg systemi® the CG-C bond activation barrier was found to
notes that in order to efficiently activate nd form two strong lie above the €&H bond activation barrier by about 05 0.2
Co—H bonds, the Cb center must utilize 4s3d hybridization. eV 30 In an analysis of the activation of-€C bonds in acetone
When this occurs, however, the 4s orbital has a repulsive by Co*, Carpenteet al. suggest that the barrier for-& bond
interaction with the ethene ligand, thereby destabilizing the H  activation exceeds that for-&H bond activation by 0.26- 0.22
Co"(CzH,) dihydride complex. The relationship between these eV.38 In contrast, the calculations of HK indicate that the
views is that addition of the(H,) bonds to the empty 4s orbital  difference is 0.22 eV with the TS for-GC bond activation lying

of Co™(°F,3cf) and & back-donation of 3d(Co") orbitals to below that for C-H bond activation. These values have a range
0" (H,) leads smoothly to the 4s3d hybridization in a Cobi of 0.3+ 0.4 eV, a conservative estimate of the value in the
intermediate. present system. The energy of the-B bond activation

C—C Bond Activation of Ethane. C—C bond activation transition state in the present system (the staggered geometry
also occurs in the reaction of Cowith ethane. The lowest  of intermediate?) lies about 0.1+ 0.2 eV above Co + CyHg
energy C-C bond activation process is the production of (see above). This puts the<C€ bond activation transition state
CoCH," + CH,, reaction 5, for which we measure a threshold about 0.4+ 0.5 eV above the Co+ C;Hg asymptote.
in excess of the endothermicity by 0.360.23 eV, Table 4. There are two plausible pathways for formihfrom CoCH™
The reverse reaction CoGH+ CH, to form Co" + CHs + CHjs. The first involves oxidative addition of the-&H bond
allows us to measure this barrier more directly, as reaction 24to the Cd center to form intermediat8 followed by a-H
is the major process at all energies. We observe a thresholdmigration, Scheme 1. The second is a four-centered addition
for this reaction of 0.28 0.10 eV. The weighted averatje across the Co=CH, = bond. We note that if intermediaf
of these two numbers, 0.280.09 eV, is our best determination  were formed, then we might have expected to see products
of the barrier height for demethanation of ethane by Cin corresponding to thermoneutral hydrogen scrambling, e.g.
the CoCH* + CD, system, we measure a barrier of 084  CoCHD* and CoCR*t. These products should have been
0.10 eV, in agreement with this average and also consistent withobserved at energies corresponding to the height of the barrier,
a small difference due to zero point energy effects. but were not. Additionally, analysis of the molecular orbital

Insight into the mechanism for-€C bond activation by Cb character of this reaction points to the four-centered transition
is provided by the reverse of the demethanation reaction, e.g.state. The appropriate molecular orbital considerations have
CoCH," + CH4 (CD4). Co' is the dominant product observed, been discussed in detail for the analogous reactions of transition
with obvious features corresponding to ethane formation and metal oxides, M® with D,5152 and CH,52 as well as the
simple CID, Figures 5 and 6. Formation of Cogtand CoH interaction of CoCH"™ with D,.26 Our analysis in all of these
channels is fairly efficient, contrasting with the inefficiemt cases suggested that the four-centered transition state was
bond activation observed in the @&;H,) + H, system. One operative. We therefore conclude that interaction of CoCH
reason for this difference is the much lower barrier in the former with methane should also form a four-centered transition state,
system (0.29t 0.09 eV) versus that in the latter system (0.84 in agreement with the calculation of HK. These authors
+ 0.14 eV). From the reaction of CoGH+ CDy4, we observe  calculate that the TS lies 0.87 eV above the CeCH CH,
equal amounts of CoGP and CoCHD™ at energies<3 eV. reactants, somewhat larger than the 0290.09 eV value
This clearly implicates a (CHD)Co*(CDs) intermediate analo-
gous tol. It also demonstrates that no scrambling of the 835‘1?)153‘(’5"'13(5;'g(flc’gdfgg\}’vf]’: é‘:; g’ég(;’;"rgh@’f‘fﬂ%ﬁgiﬂ?&?ﬁﬁi’s
hydrogen isotopes occurs because a statistical distribution of19gg'5 609.

isotopes would yield a CoCHD product three times more (50) The threshold for €EC bond activation was-1 eV while the
threshold for G-H bond activation was measured to be 0470.12 eV.
(47) Elkind, J. L.; Armentrout, P. BJ. Phys. Chem1987, 91, 2037. (51) Clemmer, D. E.; Aristov, N.; Armentrout, P. B.Phys. Chen993
Armentrout, P. BAnnu. Re. Phys. Chem199Q 41, 313. 97, 544.
(48) Taylor, J. R.An Introduction to Error AnalysisOxford Univer- (52) Chen, Y.-M.; Clemmer, D. E.; Armentrout, P. B.Am. Chem. Soc.

sity: Mill Valley, 1982. 1994 116, 7815.
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between Cb + C;Hg and the dimethyl intermediafie otherwise
CoCHZ' + CHy —1.0 ethane elimination should be much more efficient. Further, this
CHg—H suggests that the reverse reaction occurs mainly along the
dot _duy potential energy surface shown in Figure 8, rather than that
CoChg + CHy shown in Figure 7, as the latter surface should also allow for
efficient ethane elimination. The latter surface does provide a
direct pathway for production of CoHand CoGH,4* products
T oH,-Co"-CHp in the CoCH* + CH, system. Overall, it appears that both
— 10 pathways for methane elimination in the Té- C;Hg system

are accessible.

~1.0— e Coupling between CG-C and C—H Bond Activation
=8 — 20 Processes.The reaction of CogH,t + D, forms CoCH* +

CH,D,, CoCH.D* + CH,D, and CoCHD + CH3D/CoCH;™
+ CHD, products. As there are no analogous processes in the
reaction of Co(C,H,) with Xe, these observations indicate that
the C—H and C-C bond activation channels are connected to
one another, although the coupling between these channels is
inefficient based on the small cross section magnitudes of these
channels. The mechanism for these processes is not obvious,
but presumably involves the reverse of the dehydrogenation
reaction along the potential energy surface shown in Figure 7
to form the D-Co"™—CH,CH,D intermediate analogous &
Scheme 1. A four-centered elimination would lead to CeCH
+ CH,D,, Figure 7. As there should be a barrier to this process
comparable to that for the four-centered transition state shown
in Figure 8, it is not surprising that the observed threshold lies
above the thermodynamic value.

Formation of the cobaltmethyl cation products from CeB4"
+ D, presumably involves conversion of intermediatéo 1.
This could occur via two mechanisms. Most probable is
formation of the Co(CH,DCH,D) adduct, which would lead
to a Co(CHD)," intermediate that could form the CoGbt*
product directly. Because we observe no isotope scrambling
for the comparable dimethyl intermediate in the Ce€H CD,
system, this mechanism means that we should not observe any
CoCHs™ or CoCHDy* products in the CogHyt + D, reaction,
consistent with observation. Another possible mechanism is

2.0 —

1.0—

Energy (eV)

!
CHg-Co’~CHy

Reaction Coordinate

Figure 8. Potential energy surface for-&C bond activation in the
interaction of Co + C;He.

measured here. We also note that this four-centered addition
could occur with the carbon attached to the Gidrbon rather
than to the metal, Figure 7. This would lead directly to the
hydrido-ethyt-cobalt intermediat@, thereby providing a mech-
anism for production of CoHand CoGHx" products.
Bauschlicheret al,’® Musaevet al,2° Perryl” and HK!®
calculate that CoCH has &A, ground state. Thus, the overall
reaction of CoCH" + CH, to form Co" (°F) + CoHg (fA)
conserves spin. Musaet al. assigned the electronic ground
state ion configuration as (38(1by)2(1a)Y(2by)3(4a)?(5a)t. In
this system, efficient €H bond activation would occur if the
(5a&) acceptor orbital was empty and the (lLidonor orbital
doubly occupied. Thus, the barrier tobond activation by
CoCH,™ occurs because the acceptor orbital is singly occupied.
The lowest lying state where the j5arbital is empty is @A,
state calculated to lie 1.28 eV higher in eneffyReaction of
this state of CoChH™ with CH, in a spin allowed process would
lead to production of Cg(!D) + C;He, lying 1.44 eV above
the ground state product®. Given these excitation energies, it
seems unlikely that the transition state on the singlet surface
would lie below that on the triplet surface, such that coupling

between the singlet and triplet surfaces is probably not an ; . .
important consideration for this reaction surface. an mtermed!ate (or transition state)_such 3a$(D)(CH2D)- .
CoCH", which would also be consistent with preferential

Given all this information, we can now construct a detailed formation of COCHD*. The former mechanism would also
potential energy surface for the demethanation of ethane, Figure. ’
8. We use our valuBo(Co'—CoHe) = 1.04 eV, Table 3, and imply that Co™ + Csz (CoH4Dy) should be observed as a

: X X ) ' L4 product in the CogHs™ + H» (D), albeit inefficiently. As
the barrier height of 0.29 eV. The energy of the (JEbCH discussed above, there is no unambiguous evidence for such a

intermediate could be estimated by simple bond additivity, process, but neither can it be eliminated by the present data
+__ ~ + — ) .
namely Do(COCH," —~CH) ~ Do(Co'~CHy) = 0.93 + 0.06 Once the Co(CkD)," intermediate is formed, it can also

eV, Table 3. This is in reasonable agreement with the —. " . .
calculations of HK, who findDe(CoCH*—CHa) = 0.87 eVi® eliminate either ChHD, or CI—_I3D inan analogous four_-centered
f process to that shown in Figure 8. This can explain the small

It is possible that this bond is somewhat weaker, however, on .
: : L L amount of CoCHD + CH3D observed and could contribute to
the basis of comparing BDEs in similar complexBg(Co the CoCH* + CH,D, product channel as well.

H,) andD¢(CoCH*—H,). The latter BDE has been calculated

to be about half that measured for the former, Tabfé3. Coupling of C-C and C-H bond activation processes are
(CoCH"—CH,) ~ 0.67 eV. reaction, we see appreciable amounts of €oydride and small

v ) :
Given this potential energy surface, we can now rationalize 2mounts of CogH,™ products, suggesting that the reaction

our observations regarding demethanation of ethane and theP'oc€eds through the cobahydrido ethyl ion intermediaté.
reverse reaction. The forward reaction of'Gd C,Hg to form Two mechanisms for this are possible. One, as noted above, is

CoCH* + CH; has a threshold in excess of its endothermicity 2ddition of the C-H bond across the GeCH, « bond such
due to the barrier. No other-€C activation related products ~ that the carbon atoms bond to one another. As noted above,

are directly affected by this barrier as their thresholds are higher S has a measured barrier in excess of its endothermicity of
in energy. For the reverse reaction, nothing is observed until 0-3~0-7 €V on the basis of the threshold for'@G2H.) product
energies above the barrier. The lowest energy process isformation, reaction 29. In the Gizystem, this pathway forms
formation of Cd + C,H, but production of CoCkf + CHs a D_CQ+_CH2CD3 intermediate, thereby explaining the 4:1
becomes competitive as soon as it is thermodynamically Predominance of the CoDproduct over CoH. The second

allowed. This seems consistent with an appreciable barrier Mechanism involves formation df followed by C-C bond
coupling to form Cd(CzHg) [Co™(CH,DCD3)] which can then

(53) Haynes, C. L.; Armentrout, P. Bhem. Phys. Letl996 249, 64. react along the surface shown in Figure 7. This pathway should
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yield a statistical 2:1 distribution of CoDand CoH products, measure a dehydrogenation barrier of 082.12 eV and a

in disagreement with our observations. The first mechanism is demethanation barrier of 1.04 0.11 eV (0.29+ 0.09 eV in
also more appealing as it provides a facile pathway feiGC excess of its endothermicity). Lastly, we meas0OrK bond
bond coupling, which helps explain the much more efficient dissociation energies (BDEs) fBp(Co"—CyH4) = 1.86+ 0.07
coupling between the €H and C-C bond activation channels eV andDo(Co"—C;Hg) = 1.04+ 0.05 eV, in good agreement
observed in this system compared with that found in th&-Co  with literature values determined by other techniques. Although

(CoHg) + Hy system. more speculativeDg(DCot—C,H,4) = 1.13+ 0.16 eV is also
i measured. By putting this information together with recent
Conclusions theoretical results, a quantitative potential energy surface for

In these experiments, we probe the potential energy surfacethe [COGHe| " system is derived.
(PES) for the activation of ethane by atomicCiens using
guided-ion beam mass spectrometry. We are able to map ou
the [CoGHg]™ PES in detail by looking at the reactions of Co
+ C;Hg, TCA of CoGHe", as well as the reverse of the
dehydrogenation and demethanation reactions,,8¢C+ H,

(D2) and CoCH™ + CH,4 (CDy), respectively. We directly — JA953769Y
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