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Abstract

Measurements are reported for sequential clustering gft€&ao" ions under equilibrium conditions. The Gldluster bond
strengths show a pairwise behavierAH3 = 23.1 and25.3 kcal/mol fom = 1 and 2; 7.3 and 5.2 kcal/mol for = 3 and
4; and~2 kcal/mol for bothn = 5 and 6. This pairwise behavior is well reproduced by large basis set density functional theory
calculations. These calculations indicate= 1 andn = 2 add on opposite sides of the Cmn in n? configuration and induce
significants/d hybridization on Cd. This hybridization both reduces Pauli repulsion and fosters sigma donation ints the 4
orbital on Co'. Clustersn = 3 andn = 4 add at 90° to the = 1 and 2 line of centers forming a planar system. Efk
hybridization is unfavorable for these clusters resulting in longer-@ bond lengths and substantially reduced binding
energies. Tan = 5 and 6 ligands probably complete a pseudo octahedral complex and are very weakly bound, perhaps
defining a second solvation shell. An impurity contributed substantially to the experimental pe&k=atl23 corresponding
to Co"(CH,),. The impurity was tentatively identified as,Co"(CH,), and experimental protocals were developed to
eliminate its impact on the data reported here. It is suggested this impurity could be responsible for published guided ion beal
results that found a substantially larger binding energynfer 4 than forn = 3 in contrast to what is reported here. (Int J
Mass Spectrom 204 (2001) 281-294) © 2001 Elsevier Science B.V.
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1. Introduction [1-3] although bare atomic transition metal atoms are
known to be unreactive [3] due to their filled, repul-
The search for a method of controlled activation of sive 4s orbital (for first row metals). However, singly
the C—H bond in methane has been on going for many charged transition metal atoms have been successfully
years due to its immense technological importance used to activate C—H bonds in;@nd larger alkanes
[1,2]. It is also of substantial fundamental importance and many important experimental and theoretical
as an alkane C—H bond prototype that is susceptible to studies have been reported [4]. Although the kinetics
high level electronic structure calculations. Transition [5] and dynamics [6] of certain reactions have been
metals are traditionally chosen as activation agents explored, the dominant tool used to probe sigma bond
activation has been thermochemistry; the guided
* Corresponding author. E-mail: bowers@chem.ucsb.edu. beam method developed by Armentrout and co-

1 Current address: Department of Chemistry, Pohang University WOrKers [7] and the equilibrium method used by our
of Science and Technology, South Korea. group [8].
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Activating the C—H bond in methane is a daunting
task since the generic reaction

M* + CH, —M?¥CH, + H, (1)

is at least 18 kcal/mol endothermic for the first row
transition metals [9], although simple insertion into
the C—H bond is closer to thermoneutral [9]. It was
surprising, then, when the following reaction was
observed [10]:

Ti* + 3CH, = Ti"(C3Hyo) + Hy (2)

and temperature dependence studies indicated it was

near thermoneutral. Although the complete details of
the mechanism remain to be proven [11], it is fairly
certain that sequential clustering of three Gdigands
preceeds the loss of HThis kind of “cluster assisted”
or “ligand assisted” activation mechanism was first
observed [12] for insertion of Scinto H,. Subse
quently, we found the CpCoion also activates CH

in a formal cluster assisted way

CpCo" + 2CH, — Co"(C,H,,) + H, 3)

although the mechanism is complex and involves the
Cp ring [13].

Our studies of activation of the H-H bond in
hydrogen by first row metal ions strongly indicate that
complete activation is not required for substantial
information to be obtained on the factors that govern
the activation process [14,15]. In a similar way, we
expect much information to be gained from system-
atically studying sequential clustering of Chgands
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Co"(CH,),, bond energy drops from 25 kcal/mol for

n = 2 to ~9.4 kcal/mol forn = 3 and then rises
again to ~15.4 kcal/mol forn = 4. This is very
unusual behavior. Usually a monotonic (sometimes
pairwise) decrease in binding energy occurs as com-
mon weak field ligands are addedblr CH,) due to
either steric effects or to the fact that the prime
bonding sites (orbitals) have been taken by prebound
ligands. In the case of UH,),, a significant increase
forn = 6 overn = 5 was observed and shown to be
due to a spin change on the central ¥hetal [19,20].

In the Co"(CH,), system, the increase was also
observed in the theoretical calculation [17] and as-
cribed to a hybridization effect not a spin change.
Since hybridization effects usually account for only 1
or 2 kcal/mol, this was a significant finding. Because
we were embarking on a systematic study of CH
ligation to first row metal ions we felt it important to
confirm this result. Our findings are given here, along

with a new set of detailed electronic structure calcu-

lations. Both experiment and theory are at variance

with the earlier results. Reasons are suggested for the

differences observed in the two sets of experiments.

2. Methods
2.1. Experimental methods

Experimental details on the method and instrument
have been given previously [12,21,22]. The'dons

even if complete activation is not observed. In this were formed either in a glow discharge source using

article we are revisiting a system that has been
investigated previously: the sequential clustering of
CH, ligands to Cd. The bond dissociation energies
for addition of the first two CH ligands have been
measured by equilibrium methods [16] and addition
of the first four CH, ligands by the guided ion beam
method [17]. High level theory has also been applied

[17,18]. There is good agreement between the equi-

librium and guided ion beam results and theory for the
first two clusters. For cluster three and especially four

something interesting appears to be happening. Ac-

cording to the guided ion beam experiment, the

Ar as a buffer gas or by electron impact on
Co(CO)NO. Indentical results were obtained from
both sources. The Coions were mass selected by a
guadrupole mass filter and injected into a drift cell
containing the Chireaction gas (typical pressures 1-5
Torr). The ions drift under a weak electric field that
does not measurably perturb their thermal energies
and rapidly come to equilibrium:

Co"(CHy)p_1 + CHy= C0"(CH,), (4)

The cell temperature is variable from 80 to 850 K and
equilibrium constants were measured over this range
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o_ Co"(CH,),(760)
P CO+(CH4)n—lPCH4

(5)

whereP¢,, is the pressure of CiHn Torr, (760) Torr
normalizes to standard state conditions and
Co"(CH,),,, Co"(CH,),,_, are the measured intensi-
ties of the ions. The standard state free energy is then
calculated

(6)

and enthalpies and entropies determined by plotting
AGY versusT:

AGY = —RTIn K}

AGY= AHY - TAS? (7)

whereAH? andAS? are the intercept and slope of the
plot, respectively. These quantities are valid over the
temperature range of the experiment. To get true bond
dissociation energies\HY), extrapolations using sta-
tistical mechanics methods and theoretically deter-
mined structures and vibrational frequencies are ac-
complished.

The injection energy was normally kept low 10
eV), resulting in a typical mass spectrum shown in
Fig. 1(a). However, when the Coinjection energy
was raised to 30 eV a new series of peaks arose
corresponding to the equilibria

CH4C0"(CH,),,_, + CH, = CH,Co"(CH,), (8)

[Fig. 1(b)]. The ratio of ions arising from Cj€o" to
those from C0 is given as a function of injection
energy in Fig. 2. The mechanism of formation
CH,Co" is complex and will be discussed elsewhere
[23]. In this article only the equilibrium shown in Eq.
(8) will be dealt with.

A number of checks were done to ensure equilib-
rium was established for all systems. For example,
Eq. (5) requires that the ratio C¢CH,),_,/
Co"(CH,),, be independent of reaction time for a
fixed pressurePcy,. This condition was met for
almost all of the equilibria reported here. However, a
dramatic departure from time independence of this
ratio was observed fon = 4. An example is given
for several pressures at= 250 K in Fig. 3(a). In
this case, the relative intensities mfz = 123 [nom-
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Fig. 1. (a) Typical mass spectrum of cobalt-methane cluster ions.
The bare cobalt ion was injected with 10 eV kinetic energy into the

reaction cell. The temperature of the reaction cell is 300 K, and the
pressure of methane is 2 Torr. (b) Spectrum is obtained by injecting
Co* with 30 eV kinetic energy. The temperature of the reaction cell

is 300 K, and the pressure of methane is 2 Torr.

inally Co"(CH,),] increase with time relative to the
intensity ofm/z= 107 [nominally Cd (CH,)] indi-
cating an irreversible process is either depleting
m/z = 107, formingm/z= 123 or both. In order to
assertain if an irreversible formation ofi/z= 123
was the problem, we did a similar plot of the ratio of
m/z= 123 to m/z= 91 [nominally Co (CH,),l,
shown in Fig. 3(b). Since this ratio still shows a
problem exists and since C¢CH,), passed all of the
equilibrium tests for time and pressure dependence,
the problem must be withm/z= 123. Hence, a
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Fig. 2. Plot of the ratio ofSCH,Co*(CH,),/2C0"(CH,), as a 000 -
function of injection energy of Cb, wherem = 1-2 andn =
0—3 — 0.025
&
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protocol had to be established to determine the equi-
librium constant for formation of Co(CH,), in the
. . 0.005
presence of this unknown reaction.
Of importance is the fact that the interfering o o2 o4 o8 o8 w0 2

reaction is relatively slow, whereas establishing equi- B Reaction Time (ms)
librium for simple "ga”d addltlon. IIS |mmeasur§bly Fig. 3. (a) Plot of the ratio of peaks 123/107 vs. reaction time at 250
fast under our experimental conditions. Hence, if the K at several different methane pressures. (b) Plot of the ratio of
apparent equilibrium constant (or ratio of peak inten- peaks 123/91 vs. reaction time at 250 K at several different methane
sities) is measured as a function of time and extrap- P'¢®sUres:
olated tot = 0, this asymptotic value should give the
true equilibrium constant. Examples are given in Fig. i strongly endoergic and presumably remains so
4. As a further safeguard, theG2 values obtained in ~ When Co' is ligated with CH. Further, as the data in
this way were then remeasured at a series of pressuredig- 1 show, water readily clusters with Can the
which were also extrapolated t®c, = 0. This presence of Ciland gives no indication a reaction
safeguard allows elimination of other possible prob- like Eq. (9) is occurring.
lems [like collision-induced dissociation (CID) fol- Another possibility is direct clustering of £to
lowing the exit hole of the cell]. These doubly Co". In this instance, the most likely scenarios are
extrapolated values oAGY are then plotted versus
temperature, and yield a linear plot as shown in Fig. 5.
We have attempted to unambiguously identify the Co*(CH,); + O, — 0,Co"(CH,), + CH,  (11)
impurity source am/z= 123. An obvious choice is h -  th ) )
oxygen [either OCB(CH,); or 0,Co* (CH,),] since Under the conditions of the experiment, reaction (10)

both the O atom and CHhave the same nominal can be ruIEd OLC'; since C()CH4)3_ 'S T1UCh mor.e
mass. One possible source of oxygen is water but the abuqdant t an qCHa); sugggstmg t at react_|on
reaction (11) is responsible. One of the interesting clues in the

mystery is the fact the impurity contamination of
Co" + H,0—>Co O" + H, (9) m/z = 123 is reduced as temperature is reduced and

Co"(CH,), + O, — 0,C0*(CH,), (10)
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Fig. 4. (a) Plot of the ratio of peaks 123/107 vs. reaction time at 200
K. The asymptotic values at= 0 give the true equilibrium ratios
(see text). (b) Plot of the ratio of peaks 123/107 vs. reaction time at
125 K. In addition to the CHithere was 2 Torr helium bath gas. The
equilibrium ratio is almost time invariant and near proportional to
the methane pressure.

finally disappears below = 125 K (see Figs. 3 and
4). This result is qualitatively consistent with a ligand
switching reaction favoring the impurity contribution
and a clustering reaction forming the true G6H,),
product

Co"(CH,); + CH, = Co"(CH,), (12)

For ligand switchingAS? = 0 and could be positive
while for the clustering reactiodS? = —25 cal
mol~* K™% Hence, for every 100 K decrease in
temperature, th G2 for reaction (12) decreases by
about 2.5 kcal/mol relative to that for reaction (11),
apparently, eventually dominating below 125 K.
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Fig. 5. Plot of AGY vs. temperature for the association reaction
Co*(CH,); + CH, = Co*(CH,),. We first extrapolateAG$ to
zero reaction timeAGS,_o, then extrapolatAG$,_, to zero
pressureAG? ;_o p—o. The error bar is the maximum uncertainty
with above extrapolations.

responsible. To do so is an almost impossible task due
to the mass degeneracy of O atom and,CWe did
notice a very slight irreversible reaction occurring in
them/z107/91 ratio above 250 K which indicates that
a small amount of ligand switching could be occurring
with Co"(CH,):

Co*(CH,), + O, - 0,Co"(CH,) + CH, (13)

However, as we will show, reaction (13) is energeti-
cally less favorable than reaction (11) by about 18
kcal/mol and reaction (13) appears to have no effect
on the results obtained. We did extrapolate 4@2
values to bothT = 0 andP = 0 for this system just

to be sure, however.

2.2. Theoretical

All calculation were carried out at the density
functional theory (DFT) level using the unrestricted
open shell B3LYP functional [24,25] and tleuss
IAN98 program package [26]. For carbon and hydro-
gen, the 6-31Gi,p) basis was used. In order to ensure
basis set superposition error were minimized, we first
used the DZVP basis set [27] for cobalt, which is a
[5s3p2d] contraction of (159p5d) primitive set.

The evidence and related arguments given here areThis basis led to unacceptable imaginary frequency

circumstantial and do not prove reaction (11) is

problems for the weak Ce-CH, clustering modes.
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Fig. 6. Plot of experimental G° vs. temperature for the association ~ Fig. 7. Plot of experimental G° vs. temperature for the association
reactions C6(CH,),,_, + CH, = Co*(CH,),.. reaction CHC0"(CH,),_; + CH,; = CHyC0"(CH,),,.

greater than the = 3. In fact, the opposite is true
Consequently, we also used theg1%h6d3f )[8s6p4dif] (Table 1).

Wachters basis set [28] which essentially eliminated this The covalently bound CHradical acts qualita

problem. Full geometry optimization and freqUeNncy ey jike a CH, ligand. The first CH ligand is bound

analyses are performed on all Q&H,),, clusters using relatively strongly to CoCEl and the second one
this higher order basis set. The DZVP basis was used for significantly less strongly. There are, however definite

n
the CHCo™ (CH,), system. quantitative  differences between CogH and

3. Results Table 1 .
Experimental results for the reactions G&€H,),,_, + CH, =
_ Co"(CH,),
3.1. Experimental
—AHS%2 —ASRP (cal Temperature range
) ) n (kcal/mol) mol~* K™%) (K)
The methods discussed previously were used to

obtain accurate values &GS over a wide tempera ! 24.2 19.7 700+ 100

Qo ove P 2 24.6 25.7 700 100
ture range for sequential clustering of up to sixCH 3 7.3 21.9 250+ 100
ligands about the Cbcore ion and two Chlligands 4 5.4 26.7 150+ 50

- .5 ~2 ~12 115+ 35
about the CoCHl core ion. These data are plotted in 5 5 13 90+ 10

Figs. 6 and 7 and thAH? and A S} results extracted
from Figs. 6 and 7 are summarized in Tables 1 and 2.
Then = 4 datain Fig. 6 are restricted To= 200 for
reasons given previously. Table 2

One striking feature of the data in Fig. 6 is the Experimental results for the reactions g¥6*(CH,),_, + CH,

2 Estimated uncertainty of 1%—2% except for= 5, 6.
b Estimated uncertainty of 1%—2%.

pairwise similarity in bothﬁH? (intercepts al = 0) = CH,Co™(CH,), forn =1, 2

and—AS] (slopes)n = 1 and 2 are strongly bound, —AHOa CAS (cal Temperature range
n = 3 and 4 have intermediate bonding energies and n (kcal/mol) mol K™Y (K)

n = 5 and 6 are very weakly bound. In addition, the 4 16.6 20.1 550 100

values of AS? are substantially greater (i.e. less 2 9.3 19.0 340+ 60

negative with shallower slopes) far = 5 and 6. aEstimated uncertainty between 1% and 2%.
There is no evidence that the= 4 bonding energy is b Estimated uncertainty between 1% and 2%.
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Co"CH,. That fact will be briefly commented on later
in the article.

3.2. Theoretical

A thorough study has been made to locate the
lowest energy states of the C(CH,), systems.
Although these systems have been discussed previ-
ously [17,18], we take a somewhat different approach
and so a brief accounting of our findings are useful.
We will do so system by system.

3.2.1. CGCH,

Both »? andn® configurations were explored. The
lowest energy state was determined to®Bg of C,,
symmetry but théA, state ofC,, symmetry was only
0.7 kcal/mol higher in energy (see Fig. 8). The bond
energies are given in Table 3. The lowest enelgy
1 state has a bond energy of 22.9 kcal/mol in
excellent agreement with experiment. Choosingxhe
axis as the bonding axis, the Celectron configura
tion is

a1(dx27y2) 2bl(dxz) 2a2(dyz) 2b2(dxy) lal(dzz) !

which retains _the Iow energg/F state for thg metal Fig. 8. Geometry of the Cq(CH,), clusters: (a1 — 1 with C,,
center. The primary interactions, as determined from symmetry, wherex is the principal axis; (b)n = 1 with Cy,

natural bond orbital [29,30] population analyses (Ta- symmetry, wherez is the principal axis; (c)n = 2 with D5,
ble 4), are donation from the, symmetry orbital on Sﬁ’m"‘_‘EtP’; and <_d):j: é_ WI"h C3&5ymmﬁ”y- Thehorie”_tatilcl’”s of
CH, into the vacant 4 orbital on Cd" and a small the singly occupied orbitals on Coare shown schematically.
donation from theb, symmetry orbital on CHinto
the singly occupiedi,, orbital on Cd". These charge
transfer interactions result in a small elongation of the Tapje 3
C-H bond (0.033 A) and reduction in the vibrational Comparison Ofd btrJ]nd diisocri]ation ehergiesﬁ(HS) betwecen

; ; + =
frequencies of th_e1 proximate C.—H bonds by l?etween g’;ﬁ‘?gﬁs:tam Ct I—:COQ‘/* ((o:rH t4 )i ffaftgﬂjggﬂgé}(w:'fm
100 and 200 cm™. The 4s orbital also (partially)

hybridizes with the doubly occupied,._,» orbital —AHg (keal/mol)

[31] generating two positive bonding effects: reduc- Experiment Theory

tion of Pauli repulsion by shifting electron density to = 1 23.1(21.4) 22.9 (21.45°

they axis and improving overlap with the, orbital n=2 25.3(23.0) 22.1 (23-0?bb

on CH, by elongating the gorbital along thex axis. " — j ;; 8-5427 3‘2‘ E:iéz)la)ab
An 3A, state ofC,, symmetry is found to be 3, _; 172 437

kcal/mol higher in energy than th#B, state. This m=2 9.2 7.1

state orients the singly occupielgk orbital toward the aFrom [17].
n? bound methane. Although a number of factors  ®D, notD,.
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Table 4

Natural bond orbital population of Coin Co™(CH,), clusters

Cluster State 4 4p,, 4p, 4p, d,, d,, d,, de2_y2 d,2

Co'CH, 1°C,, °B, 0.1028 0.0040 0.0026 0.0013 1.0221 1.9927 2.0000 1.9281 1.0064
1n°C,, °A, 0.0499 0.0012 0.0023 0.0045 1.0000 1.9951 1.9898 1.9948 1.0031
n°Cs, °A2 0.1033 0.0041 0.0041 0.0013 1.6750 1.3360 1.3360 1.6750 1.9105
1°Cs, A, 0.0955 0.0040 0.0040 0.0015 1.6798 1.3247 1.3247 1.6798 1.9203

Co"(CH,), 1°Dop “Byg 0.2419 0.0081 0.0040 0.0017 1.0487 1.9875 1.9999 1.8736 1.0104
N°Dag “Asg 0.2414 0.0060 0.0060 0.0017 1.6988 1.3272 1.3272 1.6988 1.8432
1°Daq Agg 0.2328 0.0058 0.0058 0.0018 1.7075 1.3040 1.3040 1.7075 1.8500

Co"(CH,); 7n°D3 3A, 0.1719 0.0079 0.0079 0.0034 1.5788 1.4502 1.4502 1.5788 1.9477
1°C,, °A, 0.2037 0.0042 0.0088 0.0061 1.0430 1.9948 1.9869 1.8984 1.0476

Co"(CH,), N“Don “Big 0.1880 0.0040 0.0095 0.0081 1.0418 1.9928 1.9887 1.9039 1.0823

7n2C 3A” 0.1321 0.0091 0.0076 0.0073 1.2289 1.3503 1.6866 1.9659 1.8005

1°Dy, 3By”  0.1249 0.0088 0.0088 0.0033 1.0550 1.9874 1.9874 1.9915 0.9930

aWith two singly occupiedd, andd; orbitals toward then® hydrogens, also see Fig. 8(b) and (d).
P With two doubly occupiedi,, andd; orbitals toward theq® hydrogens.

¢Wtih two sets CG—C bonds, see Fig. 9(c).
dWith four equivalent C6—C conds (2.52 A).

cause it to be higher in energy, the primary one is a of the first BDE by the DFT method, something that

lack of hybridization with the 4 orbital.
The lowest energy,® state is’A, in Cg,. Actually

we have previously observed [32]. The dual Hartree-
Fock/modified coupled pair functional procedure used

there are two states separated by 1.7 kcal/mol. In both by Haynes et al. [7] did find a slightly larger second

states, thel,- orbital is doubly occupied and is parallel
to theC; bonding axis. In this case tlig- orbital does
hybridize with the 4 orbital again leading to the dual

BDE relative to the first.
We also exploredy® complexes with the lowest
energy form being 3Azg state ofD 5, symmetry (Fig.

benefits of reduced Pauli repulsion and increased 8). The bonding of the second GHigand was the

overlap with thea, symmetry orbital on CEl The
difference in energy of the twdA, states results from
the orientation of the two singly occupiet] andd;
orbitals on Cd: (1) toward then® hydrogens (lower
energy) or (2) away from the?® hydrogens (higher
energy).

3.2.2. CA(CH,),

The ground state is found to be”BlQ state ofD,,
symmetry as previously found by Haynes et al. [17]
(Fig. 8). The bonding of the second methane is
identical to the first on the opposite side of the'Co
center. A bond dissociation energy of 22.1 kcal/mol is
calculated in good agreement with experiment. It is
worth noticing that the experimental bond dissocia-
tion energy (BDE) is 2.2 kcal/mol larger for the
second CH ligand than for the first whereas theory
predicts a slightly lower BDE for the second versus
the first. This is probably a result of an overestimation

same as the first in both cases. Again, a bonding
energy only slightly smaller than tH’EBlg state was
found.

3.2.3. C3(CH,);3

We found two configurations with essentially the
same energy for this cluster (Fig. 9). The first is a near
T-shape with the third Cllligand approaching at 90°
to the line of centers of they> C,, Co"(CH,),
structure. In this case the Cadon retains its same
electron configuration and/d hybridization. This
results in aC,, structure with one long Cb6-C bond
(2.57 A) and two short bonds (2.23 A).

The second structure is trigonal withy symmetry.
Actually, there are two chiral isomers with the ¢H
ligands rotated-31° around the Cb-C bonds from a
“planar” Dy, structure. In this instance, the electron
configuration is
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Fig. 9. Geometry of the Cq(CH,), clusters: (an = 3 with D; symmetry; (b)n = 3 with C,, symmetry; (c)n = 4 with D, symmetry;

and (d)n = 4 with C, symmetry.

al(dzz) zel(dxz—y2 * dxz) 2e1(dxy * dyz) 2ez(dxz—y2

+ d,)le(dy * d)’

where the upper sign corresponds to positive rotation
and the lower sign to negative rotation about the
Co"—C bonds. The axis is the principal rotation axis
perpendicular to the plane containing the three,CH
ligands. The two singly occupied orbitals are oriented
to accept electron density from a pair of hydrogens on
one of the CH ligands while the doubly occupied
orbitals are at right angles to minimize repulsion.
Somes/d hybridization occurs with the . orbital to
minimize repulsion but is less than either tke,
structure or then = 1 and 2 systems (Table 4).
Similar structures are found by Haynes et al. [17] but
with slightly different geometry and energies.

3.2.4. CG(CHy),
We found the ground state to 58,, with D,
symmetry (Fig. 9). The cluster is essentially the=

2 ground state with the third and fourth Chgands
approaching at 90° in the molecular plane. The
electron configuration is unchanged from the= 2
cluster. Two short (2.28 A) and two long bond (2.69
A) bonds are formed. The binding energy of 2.2
kcal/mol is somewhat smaller than experiment (5.2
kcal/mol), but that is not unexpected for a molecule of
this size at this level of theory.

A second stable structure was located with
symmetry at quasitetrahedral geometry. It has one
short bond (2.33 A), two intermediate (2.47 A) and
one long bond (2.57 A). The singly occupied orbitals
are oriented to minimize repulsion. The long bond
CH, ligand has a doubly occupietj. orbital pointed
directly toward it.

A cluster with initial D4, symmetry was also
considered, that slightly distorts tD,,, due to the
Jahn-Teller effect. For the electron configuration

bZQ(dxz) ZbBQ(dyz) 2ag(dxz—yZ) 2blg(dxy) 1ag(dzz) *
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a)

b)

/C'of\

Fig. 10. Geometry of the C}€o*(CH,), clusters: (an = 1 with
Cs;, symmetry and (bp = 2 with C, symmetry.

the z axis is perpendicular to the molecular plane and
four equivalent bond lengths of 2.52 A were found.
This cluster is unbound relative to loss of by 0.4
kcal/mol. When the electron configuration is changed
to that reported by Haynes et al. [17]

ag(dzz) ZbZQ(dXZ) Zag(dxzfyz) 2b:l_g(dxy) lb3g(dyz) !

the bond length reduces to 2.44 A but the cluster is
even more unstable at 1.5 kcal/mol.

3.2.5. CHCo"(CH,)

The lowest energy structure was found to &\a
state withC,, symmetry (Fig. 10)a 3d”4s" electron
configuration, with a C6—CH, bond length of 1.93 A
and a CdCH, bond length of 2.38 A. A calculated
value for the C6—CH, bond dissociation energy of
13.7 kcal/mol is in acceptable agreement with exper-
iment, 17.2 kcal/mol. Twa)>-bound CH, states were
found to be stable as wellC{ symmetry) but they
were 2.9 and 5.3 kcal/mol higher in energy. The
lowest lying doublet state was significantly higher in
energy.

3.2.6. CHCO0"(CH,),
The lowest energy structure has both Qidands
n° bound in A" state ofC, symmetry (Fig. 10). The
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pseudoC,, structure has a Ce-CH, bond length of
1.93 A identical to the CKCo"(CH,) cluster. The
two Co"—CH, bond lengths are 2.51 A indicate (near)
identical bonding. The calculated bond dissociation
energy of 7.1 kcal/mol is in acceptable agreement
with experiment (9.2 kcal/mol).

4. Discussion

Good agreement is found between the theoretical
and experimental bond energies far= 1-4. In
particular, the first two are theoretically predicted to
be relatively strong as observed and the third about 17
kcal/mol weaker, again as observed. Finally, the
fourth is predicted to be weaker still by several
kcal/mol, again confirmed by experiment. The bond-
ing in the entire sequence of structures appears to be
determined by the bonding of the first ¢Hgand.
The lowest energy structure g% with significant
4s/3d,:_,2 hybridization. The hybridization both +e
duces repulsion along the bondixgaxis and pro-
motes increased electron donation from the two prox-
imate C—Ho bonds into the (nearly) vacansérbital.
The second CH ligand binds identically on the
opposite site of the metal ion and enjoys the same
benefits of thes/d hybridization. The third Ch must
approach at right angles to the first two. The most
probable structure of this species is T-shaped [Fig.
9(b)] although the barrier to rearrangement to form
the trigonal structure [Fig. 9(a)] may not be large. In
the T-shaped structure the bonding of the first two
CH, ligands is essentially identical to the dimer. The
binding energy of the third ligand is negatively
impacted by the existing/d hybridization, and prob-
ably by steric hindrance. The net affect is a strong
drop in binding energy from 25.3 to 7.3 kcal/mol and
an elongated Co—C bond length (2.57 versus 2.23 A).
When the fourth Cl approaches it does so opposite
the third with the same negative influences at play.
The result is a slightly weaker bond (5.2 kcal/mol)
and slightly longer bond (2.69 A). These effects are
almost surely due to the increased steric effects as the
strongly bound ligandsh = 1 andn = 2 can no
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longer bend away froom = 3 and are forced back
into a linear alignment with the Cometal center.
There are, as mentioned in the previous section,

other possible structures for each of the clusters and at
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Although the analogy of CHmimicking O, is far
from perfect, we established that

CHsCo"(CH,), *®. CH,Co*(CH,) + CH, (16)

this level of theory the above scenario cannot be would have a threshold of 17.2 kcal/mol which is

unambiguously posited. However, it does nicely ra-
tionalize all of the experimental observations and
smoothly builds from then = 1 cluster ton = 4

without either changing the electron configuration on
Co" or requiring any structural rearrangement of the

similar to the measured guided ion beam threshold for
formation ofm/z107 fromm/z 123. Hence, reaction
(14) may in fact be occurring in their instrument.
There are several unusual features in the cross
section versus energy plot reported by Haynes et al.

ligands as new ones are attached. These are compell{17] for collisional dissociation of the ion ah/z =

ling reasons to support this simple picture.

The addition of the next two CHigands,n = 5
andn = 6, probably occurs along theaxis perpen-
dicular to thexz plane of then = 4 cluster. A pseudo
octahedral complex is probably formed but ligands 5
and 6 are very weakly bound and probably have a
significantly longer C6—C bond length tham = 3
and 4. The increase inS? by 10—15 entropy units
(from —26 to —12) indicates the final two ligands
have great freedom of motion consistent with their
very small bonding energy. These are, in effect, in the
second solvation shell.

The disagreement with the guided ion beam results
for n = 4 is substantial. As pointed out in our
experimental methods section, we discovered a per-
sistent impurity contribution to then/z= 123 peak,
which is nominally Cd (CH,),. Although we cannot
absolutely prove it, we feel the impurity is most likely
O,Co"(CH,),. In our experimental set up we did
everything we could to eliminate Qincluding put
ting an oxygen getter in the cell inlet lines, yet the
impurity persisted. Hence, even very small amounts
of O, must be able to significantly affect thm/z =
123 peak. If this impurity is present in our system it
might also be present in the guided ion beam instru-
ment [17]. If so, the threshold they measure could be
due to

0,Co*(CH,), _*¢, O,Co"(CH,) + CH, (14)
instead of
Co"(CH,),_*¢, Co"(CH,); + CH, (15)

123, i.e. Cd(CH,), O,Co"(CH,),, or less likely
OCo"(CH,),. First, the appearance curve ofiz =

91 has noticeable structure in it, with a “kink”
appearing near 0.8 eV suggesting a second process
may be leading to products. This kink was not noted
or commented on by Haynes et al. However, if our
suggestion is correct anai/z= 123 is dominantly
0O,Co"(CH,),, then the two overall processes forming
m/z= 91 are

0,Co0"(CH,), _*°, O,Co" + 2CH, m/z = 91
(17a)

0,Co0"(CH,), _*®. Co"(CH,), + O, m/z = 91
(17b)

Although the detailed thermochemistry for reac-
tion (17a) and (17b) is not known, Eq. (17a) probably
has a higher threshold energy than Eq. (17b) since the
ligand switching reaction (11) appears to facilly form
0O,Co"(CH,), but the ligand switching reaction (13)
does not form appreciable amounts ofGd" (CH,).
Hence, the binding energy of Qo partially ligated
Co" is probably of the order 26- 5 kcal/mol. Since
loss of one CH from O,Co"(CH,), requires 15.4
kcal/mol, reaction (17a) requires in excess of 30
kcal/mol. Hence, the observed threshold is due to
reaction (17b) and the kink due to reaction (17a). This
interpretation is in qualitative agreement with the
observed data of Haynes et al.

The second unusual feature in the data of Haynes
et al. is the fact that the cross section for appearance
of m/z= 75 [i.e. Co"(CH,)] becomes larger than the
cross section for appearancemfz = 91 at center of
mass, energies above 2 eV. For “sequential” threshold
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-CHy N cates the fourth Cllis more weakly bound than the
Co™(CHa): C,f,z‘f%‘) third. The DFT calculations reported here are in good
/ me=o1 agreement with experiment but not with the MCPF
theoretical results. MCPF is a single reference con-
miz = 123 k\ . figuration interaction (Cl) method. Fomn = 4,
! 02C0’(CHy) 0200 Haynes et al. found the two singly occupi@drbitals
me=107 s on cobalt wered,, andd,,. This configuration does
Scheme 1 not correspond to the puf& ground state of isolated
Co". On the other hand, the DFT ground state had the
singly occupied orbitals asl,, and d which do
processes, this is a very unusual observation thatcorrespond to the pufé ground state of Cb. In fact
suggests something special is occurring. Haynes et al.the lowest energy Co configuration was unchanged
[17] suggest it could be due to the fact that for n = 1-4 in DFT. However, DFT is a single
Co"(CH,); has two nearly energy degenerate siruc reference method with CI only indirectly handled in
tures [see Fig. 9(a) and (b)], that have different the parameterization. Consequently, we decided to do
dissociation dynamics that could somehow explain the following test.
this effect. If our interpretation is correct, C(CH,); First we generated complete active space self
is not formed at all, and hence the structural isomer -gnsistent field (CASSCF) wave functions with the
dissociation dynamics is a moot issue. If we have 3q grpjtals as the active space using the ground state
correctly identified the m/z= 123 ion as found by Haynes et al. (four equal CeCH, bonds)
0,C0"(CH,),, then the competitive dissociation-re  ang the DFT ground state found here (two long and

actions are given in Scheme 1 two short C6—CH, bonds). The state with four
Whenm/z = 123 dissociates, loss of GHbccurs — gquivalent bonds generated a Cl eigenvector
forming m/z= 107 at lowest energies with a thresh-

old according to Haynes et al. of 15.4 kcal/mol. ¥,=0.94d,,d,,— 0.33d,._.d,, (18)
According to our interpretation, the next threshold
observed is loss of Dforming m/z= 91 at 21.8
kcal/mol. The threshold for formingn/z= 75 is a
further 29 kcal/mol higher in energy and can come
from either loss of @ from O,Co"(CH,) m/z= 107 ¥,=1.0d,,d, (19)
or loss of CH from Co"(CH,), m/z= 91. This
schematic mechanism could explain the fact that the The orientation of thexyz axes are different in both
abundance ofin/z = 75 exceeds that af/z = 91 at cases but the same as previously noted (Fig. 8 and
high energies if the Co-CH, bond strength is sig ~ [17]). We then did single point single double (CISD)
nificantly larger than the C6-O, bond strength. If calculations and found the state corresponding'{o
this is true nowm/z= 91 will be preferentially 3 kcal/mol higher in energy than the state correspond-
depleted to form Cb at m/z= 59. We know the  ing to ¥,. A Wachters )/6-31G(d,p) basis was
Co"—CH, bond strength is 22.9 kcal/mol and it would used in the calculations. These results are virtually
not be unreasonable if the CeO, binding energy  identical to the DFT calculations previously discussed
were 5 kcal/mol less. where the state with four equal CeCH, bonds was
One troubling aspect remains. The modified cou- 4.0 kcal/mol higher in energy than the one with two
pled pair functional (MCPF) theoretical calculations long and two short Co-CH, bonds.
of Haynes et al. indicate the fourth GHigand is The above mentioned results are in line with what
much more strongly bound than the third. For reasons would have been predicted qualitatively for the dif-
given above we think experiment conclusively indi- ferent orbital populations. In the DFT ground state,

0,C0*(CHy), -0,

where the noted orbitals are singly occupied and the
remaining doubly occupied. For the two long bond/
two short bond state
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the singly occupiedl,, orbital nicely overlaps with
the two pairs of proximate C—H bonds [see thes 2
structure in Fig. 8(c)] whereas the singly occupikd
orbital is directed at the two methanes with the long
Co"—CH, bonds. The first interaction is stabilizing
due to (a small) electron donation from the proximate
CH, ligands intod,, whereas the orientation of tiug-
orbital minimizes metal-ligand repulsion.

For the state with four equivalent CeCH, bonds,
thed,, andd,, orbitals are singly occupied. The four
CH, ligands are in thexy plane [17] and the lobes of
the d,, orbital are directed toward them in anf
configuration. This configuration is very mildly stabi-
lizing but the longer C6—CH, bond lengths probably
make it less so than the long/short configuration

293

ably induces/d hybridization, and foster C—H bond
sigma donation into partially filled orbitals on Co
Theory also suggests thhe= 3 andn = 4 pair are
forced to accept much higher levels of Pauli repulsion
since they bond at right angles to the= 1 and 2
pair. They also experience a degree of steric hin-
drance. This leads not only to much lower binding
energies but also much longer GeC bond lengths.
Then = 5 andn = 6 pair are so weakly bound,
they could be thought of as beginning the second
solvation shell, an interpretation consistent with the
AS? for these associations. The probable structure for
then = 6 cluster is quasi octahedral with two short
Co"'—C bonds (=1 and 2), two intermediate
Co"—C bonds ( = 3 and 4) and two long C6-C

discussed above. (2.45 A bond length for this case andbonds ( = 5 and 6).

2.28 A for the short bond in the prior case.)
The orientation of thed,, orbital does minimize
repulsion but apparently not as effectively as the

orbital in the long/short bonding case described pre-

viously due to the proximity of all four Cllligands in

Trace amounts of Qappear to contaminate the
m/z = 123 ion leading to an gCo"(CH,), impurity
competing with the C6(CH,), cluster. Experimental
protocols were established to eliminate the effects on
the binding energies reported here. It is speculated

the equal bond structure. In any case there is no that the QCo"(CH,), impurity is responsible for an

indication that thed,,d,, electron configuration

apparently large binding energy observed for the

should lead to a greater than 10 kcal/mol stabilization fourth CH, ligand by Haynes et al. using the guided

over thed,,d,. configuration as suggested by the
calculations of Haynes et al.

In summary, the DFT calculations reported here
are in good quantitative agreement for= 1—4 with

the experimental binding energies. Similar agreement

forn = 1 and 2 is obtained with the MCPF calcula-
tions of Haynes et al. but fon = 3 the binding
energy predicted by this method is significantly larger
than experiment and far = 4 very much larger than
experiment. It is not clear why this method fails for
the higher order clusters but it appears to do so.

5. Conclusions

The sequential binding energies of Chfands to
Co" occur in pairsn = 1 andn = 2 at about 24+
1 kcal/mol;n = 3 andn = 4 at about 6+ 1 kcal/
mol; andn = 5 andn = 6 at~2 kcal/mol.

Theory suggests the = 1 andn = 2 pair benefit
from the ability to minimize Pauli repulsion, favor-

ion beam method.
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