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Abstract

Measurements are reported for sequential clustering of ©OHFe™ and Ni" ions under equilibrium conditions. Detailed
density functional theory calculations were performed to provide structural and electronic configuration information and to help
analyse and interpret the experimental data. The calculations indicate that the first fwigatids add on opposite sides of
the F€ core ion in any® configuration, in am? configuration for Ni, and induce significarg/d hybridization on both of the
metal centers. This hybridization both reduces Pauli repulsion and fosters sigma donation from the ligands gobited 4
on M*. Another major covalent interaction is the donation from,@tio the singly occupied orbital(s) on M™ for both »?
andn?® configurations. For Fg, the change of spin state, frotd (3d®4s) to “F (3d"), takes place during the clustering of the
first methane ligand. The clustering of the third Ctd Fe" and Ni, unlike Co"(CH,);, is not impeded by the/d
hybridization present fon = 1 and 2. The interactions of all three Glgands with the F&€ and Ni* core are essentially the
same. Then/z 120 peak [nominally F&(CH,),] and them/z 122 peak [nominally Ni(CH,),] were formed irreversible in the
temperature range from 270 to 170 K, probably due to the persistent impurity we reported earlier fot thesteon. Then =
5 and 6 ligands are very weakly bound and begin a second solvation shell. Calculations suggest@&hduster forms a
pseudo octahedral complex. (Int J Mass Spectrom 210/211 (2001) 265-281) © 2001 Elsevier Science B.V.

Introduction bons, where controlled activation has tremendous
technological importance [2]. Although much success
Sigma bond activation by transition metal centers has been achieved in these studies, the addition of
has long been a central focus in inorganic chemistry. often bulky ligands makes high level ab initio calcu-
Conventional wisdom is that neutral first row transi- lations extremely difficult. As a consequence, the
tion metal atoms are usually unreactive due to the details of the activation mechanism are not yet well
doubly occupied, repulsivesdorbital or due to the known.
half filled 3d and 4 shells of Cr and Cu [1]. Hence Our approach has been to start with transition
“activating” ligands need to be added to oxidize the metal atoms in their first oxidation states; that is
metals tod" configurations. This is especially true for  singly charged ions. One immediate advantage is that
activation of “inert” systems like saturated hydrocar- all first row transition metal centers have eithef ®r
3d" ~ ! 4s! configurations and thus intrinsically more
reactive than their neutral analogues. The second
* Corresponding author. E-mail: bowers@chem.ucsb.edu advantage is charged species are easy to manipulate
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and the powerful methods of mass spectroscopy can
be applied. A variety of methods has been devel oped
to study the energetics and mechanism of transition
metal ions reacting with a wide range of neutrals [3].
Of direct relevance to the work discussed here are
equilibrium measurements, initiated by Paul Kebarle
many years ago [4]. and guided ion beam measure-
ments developed by Armentrout [5] that obtain bond
energies using collision induced dissociation. Careful
systematic measurements of M*—L bond energies
offer excellent opportunities for understanding sigma
bond activation, especialy when coupled with theory
[6].

The initial targets of our groups were first row
metal ions sequentialy adding dihydrogen [7]. Care-
ful measurements of bond energies were coupled with
high level calculations to yield both structura infor-
mation and details of the nature of the bonding. It
rapidly became apparent that the idea that the bonding
was primarily electrostatic was incorrect. For exam-
ple, for M™(H,); systems Ti, Mn, and Zn form ~90°
angles between ligands, Cr, Ni, and Cu have planar
D, complexes, and Fe, Co, and V form T-shaped C,,
complexes [8]. From the systematic study four factors
that influence the bonding are, in order of importance:
[8].

(1) backbonding from filled d, orbitals on the
metal to o* orbitals on H,; (2) sigma donation from
H, into (partially) empty d,. or especially s orbitals on
M™; (3) repulsion from a (partialy) filled d, or s
orbital on M™*; and (4) electrostatic attraction between
M™ and the H, ligands.

When the s orbital on M™ is occupied, factor (3)
becomes dominant [9]. Most importantly, these fac-
tors really became apparent only after a systematic
study of the entire first row was completed. In this
article we are continuing a new systematic study of
bonding between first row metal ions and CH,. In our
initial study we determined Ti* activated methane on
the addition of the third CH, ligand [10], eliminated
H,, and appeared to generate an olefin ligand with
subsequent CH, addition. Among the late metals, Co™
was found to sequentially add CH, through n = 6
with no H,, elimination or C—H bond insertion [11,12].
When the cyclopentadienyl (Cp) ligand was added to

Co™, however, H, elimination was observed on addi-
tion of the second CH,, ligand with active involvement
of the Cp ring [13].

In this article we report the results of CH, cluster-
ing with Fe™ and Ni ", metals that fall on either side
of cobalt. The Fe" system has been investigated
before using guided ion beam methods [14] where it
was reported that up to four CH, ligands are strongly
bound to the metal center. This contrasts with the Co™
system where only two CH, ligands were strongly
bound. It was suggested a spin change on the Fe*
center was responsible, and occurred on addition of
the second and fourth CH, molecules. On the other
hand the Ni™ system has not yet been studied and it
could prove interesting as the bonding in Ni*(H,),
was significantly different than found in Fe* (H,),, and
Co"(Hyp), for n = 3.

2. Experimental methods

Experimental details of the method and instrument
have been given previously [15-17]. The Fe* and
Ni* ions were formed by electron impact or surface
ionization on Fe(CO)g and Ni(CO),,, respectively. The
transition metal ions, M, were mass selected by a
guadrupole mass filter and injected into a drift cell
containing the CH,, reaction 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:

M* (CH,), _ 1 + CH, =M™ (CH,), (1)
The cell temperature is variable from 80 to 800 K and
equilibrium constants were measured over this range.

_ M* (CHy), (760)
~M* (CHoy — 1 Pon, 2

where Pcy, isthe pressure of CH,4 in Torr, (760) Torr
normalizes to standard state conditions and M*
(CH,), M (CH,),, _ ; arethe measured intensities of
the ions. The standard state free energy is then
calculated

AGY = —RT InK (3)



Q, Zhang et al./International Journal of Mass Spectrometry 210/211 (2001) 265-281 267

and enthalpies and entropies determined by plotting
AGY versus T:

AGY = AH? — TAS? (4)

where AH? and AS? 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 (AHS), extrapolations using statis-
ticd mechanics methods and theoreticaly determined
structures and vibrationa frequencies are accomplished.

Theoretical methods

All calculations were carried out at the density
functional theory (DFT) level using the unrestricted
open shell Becke-style 3 parameter using the Lee-
Y ang-Parr correlation functional (B3LYP) functional
[18,19] with the Gaussian98 program package [20].
For carbon and hydrogen, the 6-31G(d,p) basis was
used. For transition metals, two basis sets were used
to ensure basis set superposition error was minimized.
First, we used the double zeta valence polarization
(DZVP) basis set [21], which is a [5s3p2d] contrac-
tion of (15s9p5d) primitive set. This basis leads to
imaginary frequency problems for the weak M *—CH,,
clustering modes whereas restricting the molecules to
high symmetry, i.e. C,, or C,,. After lifting the
symmetry restriction, the molecules converged to a
geometry with C, symmetry which lies between C,,
and C,,. Consequently, we used the (14s9p5d)[8s4p3
d] Wachters basis augmented with two diffuse p
functions, one diffuse d function and a (3f)[1f] polar-
ization function [22,23], which result in a
(14s11p6d3f)[8s6p4d1f] basis set. The imaginary fre-
guency problem is essentially fixed with this basis set.
Even after breaking the symmetry restriction, the
molecules still favor and converge to high symmetry
structures, i.e. C,, or Cg, for M "—CH,,. The minimum
energy structure achieved with the DZVP basis set is
far away from that predicted with the Wachters basis
set, with the hydrogens rotated 30° from the M *—C axis.
The possible reason for this significant difference is that
the DZVP basis is insufficient to accurately deal with

the shallow potential well in which the C—H bonds of
CH, rotate relative to the metal center.

For iron ion, ®D(3d® 4s') is the ground state. The
j-averaged first excited state, “F(3d), lies 5.7 kcal/
mol higher in energy [24]. However, the DFT calcu-
lation with a B3LYP functional erroneously predicts
the electronic ground state of Fe* to be “F(3d"), lower
than the ®D(3d® 4s') state by 3.5 kcal/mol with a
Wachters(f) basisin our present calculation and by 3.2
kcal/mol in the calculation by Koch and co-worker
[25]. This error of 9.2 kca/mol reflects a “well-
known" problem in DFT, i.e the bias toward d" over
d™s! configurations [26]. Fortunately, for d’ confi
gurations the change of 3d, electron population is
minor: the lowest one is 6.85 for Fe™(CH,) (C, “A,)
and the highest oneis 7.16 for Fe*(CH,)g (D, “Bay).
The increase of 3d electron population with increasing
cluster size is believed due to electron donation from
the methane ligands into the half filled 3d orbitals of
iron. Therefore, to calibrate the state separation error
we simply correct the energy splitting by the Mulliken
3d electron population of iron for thefirst cluster only.
In the Fe*(CH,) (C,, “A, state), for example such
calibration will increase the diabatic bond dissociation
energy by 1.4 kcal/mol. The uncertainty is about 10%
and relatively small compared to the total bond
dissociation energy. For Ni*, the calculated 26.6
kcal/mol ?D(3d°%) — “F(3d® 4s') energy separation
with the Wachters(f) basis is very close to the exper-
imental 25.0 kcal/mol splitting. No energy separation
calibration was performed for Ni*(CH,), clusters.
With the DZVP basis, the energy separation error is
16.0 kcal/mol for Fe* and 6.5 kcal/mol for Ni™,
which is much larger than that with the Wachters(f)
basis set. Full geometry optimization and frequency
analyses are performed on al M*(CH,), clusters
using the augmented Wachters basis set.

4, Results and discussion

The experimental data are plotted in Figs. 1 and 2
as AGY versus temperature graphs. A summary of the
experimental and theoretical enthalpies and experi-
mental entropies for the M*/CH, association reac-
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Fig. 1. Plot of experiment AG2 values vs. temperature for sequential clustering of CH,, ligandsto Fe™. Then = 5 data are the open circle and
the n = 6 data point is the asterisk.
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Fig. 2. Plot of experimental AG? values vs. temperature for sequential clustering of CH, ligandsto Ni*. The n = 5 data are the open circle
(A) and the n = 6 data point is the asterisk. For n = 4 only a single data point could be obtained (see text). The dashed lines assume AS? =
—20 cal/mol K) for n = 4 and —10 ca/(mol K) for n = 6.



Q, Zhang et al./International Journal of Mass Spectrometry 210/211 (2001) 265-281 269

Table 1
Experimental results for the reactions Fe*(CH,),,_, + CH, = Fe"(CH,), forn = 1-6
Experiment Theory
BDE (Do) —AH$ —-AS} DS D/’ Dy°
lon (kcal/mal) (kcal/mol) (cal mol~t K™Y T (K) Symmetry (kcal/mal) (kcal/mal) (kcal/mol)
Fe"(CH,) 175 183 20.6 670 =130 Cy(2 (“E) 16.2 15.2 155
(13.7)¢ Co(¥) (*Ay 15.0 15.2 151
C(2 (*A, 144 14.0 137
Ca/(2 (°E) 10.8 104 104
C(2 (°A) 95 9.4 95
Fe"(CH,), 26.0 259 28.6 625 + 125 Ds4(?) (‘Ey) 21.3 22.0 215
(23.3)¢ Don(X) (‘Byy)  19.2 21.3 19.6
Don(@ (“Ay) 184 20.1 19.0
Fe"(CH,); 52 5.6 225 190 = 50 C(¥) (*Ap) 5.8 6.6 4.0
(23.6)° C(2 (“A) 38
D242 (°E) 21
Fe"(CH,), ~4.9 ~4.7 ~20 160 = 15 Dun(? (“Byy) 41 41 3.0
(17.6)¢ D.4(2 (*A) 27 34 28
Fe"(CH,)s ~2 ~10 95 + 15 Co(2 (°A) 0.8 05
Fe"(CH,)s ~2 ~10 80 Dun(2) (“Byg) 0.8 0.2

®Estimated uncertainty of 1%—2%.
PCalculated from DZVP basis set.
“Calculated from Wachters(f) basis.

dSee [14].
Table 2
Experimental results for the reactions Ni*(CH,),,_; + CH, = Ni*(CH,), for n = 1-6
Experiment Theory
BDE (D,)  —AH% —AS? D DS D°
lon (kcal/mol) (kcal/mol) (cal mol~* K™Y T (K) Symmetry (kcal/mol) (kcal/mol) (kcal/mol)
Ni*(CH,) 24.9 26.8 205 750 * 50 C(¥) ((Ay 24.2 238 239
C.(2 CA) 236 22,6 225
Ni"(CH,), 26.5 26.8 28.2 690 = 110 Don(¥) (°Byy) 236 242 229
D@ 3By 219 213 20.4
NiT(CH,)s 9.3 8.4 185 350100  C,)(¥) (CA) 8.6 8.1 7.4
C,)(%) (Ay) 85 85 7.4
Co(2) (CA)? 38 2.0
Col2) (A)° 33 1.9
Ni*(CH), ~55 ~55 ~20 140 D.n(2) (°Byy) 6.8 49 37
< 238 -05
NiT(CHp)s ~20 20 9.9 110 + 30 C(2) (CA) 1.6 05
Ni*(CH)s ~20 ~20 ~10 80 Don(2d (PA) 0.9 0.4

®Estimated uncertainty of 1%—2%.
PCalculated from DZVP basis set.
“Calculated from Wachters(f) basis.
9See Fig. 6 (0).

®See Fig. 6 (d).
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Table 3

Natural bond orbital population of Fe* in Fe*(CH,),, clusters

Cluster State 4s 4ap, 4p, 4p, Ay dy, d, de_2 dp

Fe*(CH,) n° Ca(2) “E 0.1663 0.0039 0.0039 0.0011 1.9949 1.0160 1.0152 0.9996 1.8407
72 Coy(X) A, 0.0947 0.0012 0.0038 0.0022 1.9908 1.0000 1.0161 0.9997 1.9376
12 Co(2) *A, 01887 00012 00022 00039 10000 1.0007 10159  1.9927 1.8455
n° Ca(2) °E 1.0105 0.0032 0.0032 0.0085 1.0000 1.0073 1.0107 1.9964 1.0160
72 Co(2) A, 1.0186 0.0011 0.0022 0.0147 1.0000 1.0013 1.0090 1.9969 1.0209

Fe'(CH,),  m°Day(® *E, 02057 00057 00057 00014 19930 10345 10321  0.9997 1.7784
1? Dp(X) 4B19 0.2208 0.0072 0.0017 0.0033 1.9843 1.0369 1.0000 1.0029 1.8855
72 Don(2) "Ag 0.3348 0.0075 0.0034 0.0016 1.0371 1.0024 1.0000 1.8297 1.9464

Fe'(CHn)s M2 ColX) “A, 01867 00073 00059 00037 19777 10350 10150  1.0424 1.9112

Fe*(CH,), 7 Dn(2 4BZg 0.1769 0.0083 0.0083 0.0034 1.9857 1.0298 1.0298 1.0735 1.9286
7? Dog(2) “A, 0.1310 0.0071 0.0071 0.0093 1.0290 1.0489 1.0489 1.9781 1.9685

Fe'(CH,)s M2 Cold) “A, 01708 00087 00087 00042 19856  1.0301 10292  1.0717 1.9315

Fe'(CH,)s 7° Don(2) 4B1g 0.1700 0.0045 0.0091 0.0092 1.0284 1.0295 1.9857 1.7162 1.2889

tions is given in Tables 1 and 2. The AS? and AH?
values are taken from slopes and intercepts, respec-
tively, of linear fits to the AG} versus temperature
plots [15,16]. The bond energies at 0 K (AH) was
derived from statistical mechanical fitting as described
earlier. The natura bond orbital (NBO) populations for
the Fe™ and Ni " 3d/4s orbitals are listed in Tables 3 and
4. The B3LYP optimized geometries with Wachters(f)/
6-31G(d, p) basis for the successive clustering of CH,, to
Fe" and Ni* are displayed in Figs. 3-7.

On a global basis, good agreement is found
between the theoretical and experimental bond

dissociation energies (BDES) for n = 1-6 for Fe™,
Co*, and Ni*. In particular, the first two CH,
ligands are theoretically predicated to be relatively
strongly bound as observed. The BDEs for the third
and the fourth clusters, while still substantial, are
15 kcal/mol or so weaker than the first two, which
is also in good agreement with the theory. For n =
5 and 6, the theory indicates a bond dissociation
energy of about 0.5 kcal/mol and a bond length of
about 4 A. These BDE and the geometry informa-
tion support the second solvation shell structure
suggested by experiment for these ligands. In the

Table 4
Natural bond orbital population of Ni* in Ni*(CH,), clusters
Cluster State 4s 4ap, 4p, 4p, dyy d,, d, de_,2 dz
Ni*(CH,) 7% Co(X) %A, 0.0935 0.0044 0.0029 0.0012 1.0276 1.9943 2.0000 1.9668 1.9813
7° Co(2) %A, 0.1337 0.0014 0.0031 0.0046 1.0000 1.9952 1.9921 1.9975 1.9201
Ni*(CH), 12 Doy(X) 02440 00093 00045 00015 10609 19900 19999 19279  1.9658
2
Big
7° Don(2) 0.2925 0.0019 0.0044 0.0091 1.0000 1.9921 1.9829 1.9963 1.8589
2
Big
Ni*(CH,); 7% Co(X) %A, 0.1726 0.0095 0.0064 0.0042 1.9915 1.9848 1.9934 1.0595 1.9433
72 Cou(X) %A, 0.1807 0.0081 0.0090 0.0031 1.0687 1.9919 1.9912 1.9821 1.9557
7? Co(2) 2A2 0.2106 0.0047 0.0094 0.0058 1.0527 1.9976 1.9910 1.9357 19784
7% Co(2) 2A° 0.1545 0.0044 0.0081 0.0073 1.0326 1.9902 1.9913 1.9684 1.9863
Ni*(CH), 72 Da(2 01752 00105 00105 00041  1.9932  1.9892  1.9892  1.0848 1.9545
2
Bog
7n? Cg 2AM 0.1477 0.0101 0.0065 0.0082 1.9868 1.0546 1.9904 1.9775 1.9901
Nit(CH)s 12 Ca(2) %A, 01712 00112 00112 00050 1.9932  1.9890  1.9888  1.0838 1.9571
Ni*(CH)s  m°Dxn(@ %A, 01691 00057 00117 00118 19892 19888 19932 17359 13050

2Quter shell structure [see Fig. 6(c)].
PInner shell structure [see Fig. 6(d)].
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Fig. 3. Structures and states predicted by theory for the lowest
energy structures of Fe*(CH,) and Fe*(CH,),. Orbitals important
for the bonding are shown as are the coordinate systems. For each
of the state listing the principal bonding axis is given.

following section we will discuss the systems in a
pairwise manner, since experiment indicates thisis
how the bonding varies.

5.M*CH, and M*(CH,),
5.1. M™CH,

A linear fit to the AGS versus temperature data
(Fig. 1) for the first Fe*—CH, association gives AHS
and AS) values of —18.3 kcal/mol and —20.6 cal/
(mol K), respectively (Table 1). The resulting bond
energy (AHY) from the statistical mechanical fit to the
data is 17.5 kcal/mol (Table 1). An anaogous AG2
versus temperature plot for Ni*—CH, association
reaction is shown in Fig. 2. The AH and AS} values
were measured to be —26.8 kcal/mol and —20.5
ca/(mol K), respectively (Table 2). The resulting
bond energy (—AHY) is 24.9 kcal/mol (Table 2).

Ni*(CHg)y, 2

Cal¥ (A2
z
dy,”
b) H
219 O\ e
>\ )—z Cald ()
X
dy'
) y
______________________ 214\ e
x Dan(¥) (*Bsg)
z
dy,’
9 y
onr oo W 220 N\
/< g )—z Dan(2) (*Byg)
X

Fig. 4. Structures and states predicted by theory for the lowest
energy structures of Ni*(CH,) and Ni*(CH,),). Orbitals important
for the bonding are shown.

For the second Fe"(CH,)-CH, association, the
experiment gives AH? and AS) values of —25.9
kcal/mol and —28.6 cal/(mol K), respectively (Table
1). The resulting bond energy (AHY) from the statis-
tical mechanical fit to the dataiis 26.0 kcal/mol (Table
1). An analogous AGS versus temperature plot for
Ni*(CH,)—CH, association reaction is shown in Fig.
2. The AH? and AS? values were measured to be
—26.8 kcal/mol and —28.2 cal/(mol K), respectively
(Table 2). The resulting bond energy (—AH9) is 26.5
kcal/mol (Table 2).

It is well known that the transition metal ions tend
to ligate to inert species with a 3d", instead of a
3d" ~ 1 4s! core electron configuration, to reduce the
metal/ligand repulsion. Co™ and Ni™ are d" ground
state ions but Fe™ has a ®D(3d° 4s') ground state and
thefirst excited state, “F(3d"), lies 5.7 kcal/mol higher
in energy. Of interest is whether the Fe* ion core
changes both configuration and spin on clustering
with thefirst CH, ligand. Schultz and Armentrout [14]
concluded the Fe* core was unchanged on clustering
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Fig. 5. Structures and states predicted by theory for the lowest
energy structures of Fe*(CH,); and Fe*(CH,,),. Orbitals important
for the bonding are shown.
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Fig. 6. Structures and states predicted by theory for the lowest
energy structures of Ni*(CH,); and Ni*(CH,),. Orbitals important
for the bonding are shown.

the first CH, and remained a sextet but changed to a
quartet on adding the second CH,.

Table 5 summarizes the experimental and theoret-
ical BDES (AHY) for reactionsM™ (CH,),,_ ; + CH,
=M™ (CH,), forn = 1-6, whereM™ = Fe*, Co™,
and Ni*. Co™ and Ni™ both have 3d" ground states.
The experimental BDE (AHY) show that for Co™ and
Ni* the first methane is bound about 2 kcal/mol
weaker than the second one, an effect due to the
partial 3d/4s hybridization to reduce the meta to
ligand repulsion [11]. In contrast, for Fe™ the BDE
(AHY) for the first adduct is smaller than the second
one by 85 kcal/mol. This unusually low binding
energy may well be due to a change of spin state on
clustering the first CH, requiring a promotion energy
of 5.7 kcal/mol for the Fe" core. Our theoretical
caculations give a diabatic BDE (AHY) of 21.2
kcal/mol to the 3d” asymptote. By subtracting the 5.7
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Fig. 7. Structures and states predicted by theory for the lowest
energy structures of Fe™(CH,)s ¢ and Ni*(CH,)s 6.

kcal/mol promotion energy, theory gives an adiabatic
BDE (AHY) of 155 kca/mol (Table 3). If the
dVd" ~ 1 s' energy separation calibration is further
considered, a BDE (AH9) of 16.7 kcal/mol is ob-
tained. Perry carried out modified coupled pair func-
tional (MCPF) level calculation and obtained a BDE
(Do) of 15.7 kcal/mol [27], which is in good agree-

ment with our current DFT calculation. This supports
the proposition that a spin change takes place in the
Fe* core on clustering to the first methane.

We aso explored the BDE for the sextet high spin
state. Theory indicates ground sextet spin state has a
BDE (AHY) of 9.7 kcal/mol with the d/d"~* st
energy splitting calibration, and 10.4 kcal/mol with-
out. Perry calculated a BDE (D) of 9.1 kcal/mol for
the sextet, which again isin good agreement with our
calculation. The guided ion beam experiment per-
formed by Schultz and Armentrout gave a BDE of
13.7 kcal/mol for the first adduct (Table 1). They
ascribed the low binding energy of this adduct to the
high spin sextet state of Fe* in the cluster reasoning
that the 4s electron is highly repulsive and will lower
the BDE significantly. The BDE for the second adduct
they measured is 23.3 kcal/mol (Table 1), which is
comparable to our current measurement of 26.0 kcal/
mol. Such a high BDE certainly cannot be due to the
high spin Fe" core. Therefore, they claimed the sextet
to quartet spin change takes place while Fe* (d®
shHCH, is clustering to the second methane. It is hard
to distinguish when the spin change takes place in a
collision-induced dissociation (CID) experiment.
However, this dilemma can be clarified by the gas
phase equilibrium experiment. For the following gas
phase reaction

Fe" (d")(CH,), = Fe* (CH,) + CH,

the second cluster must have a d’ electron configura-
tion on the Fe* core for reasons just given. As
equilibrium is approached between the first and sec-
ond adducts, the Fe* (CH,) adduct will eventually be
dominated by Fe* (d")(CH,) since it would be ener-
geticaly unfavorable to form Fe' (d® s%)(CH,).
Therefore, the BDE we measured for the first associ-
ation reaction in our equilibrium experiment is for the
quartet species. Thisinterpretation is supported by our
DFT calculation and Perry’s MCPF calculations. Fi-
nally if the spin change happens during clustering to
the second methane, the diabatic BDE will be as high
as 31.7 kcal/mol, a completely unrealistic value.

If the spin change is slow, relative to the collision
rate, the addition of the first CH, to Fe™ (°D) should
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Table 5
Experimental and theoretical BDE (—AHY) for reactions M* (CH,),_, + CH, = M™ (CH,), for n = 1-6, where M* = Fe*, Co™, and
Ni*

Experiment Theory
n Fe* Co* Ni* Fe* Co™* Ni*
1 175 231 24.9 155 (Ca) 22.9(Cy) 23.9(Cy)
2 26.0 253 265 215 (Dyy) 22.1 (Do) 22.9(D,)
3 5.2 7.3 9.3 40(C,) 46(C,) 74(C,)
4 49 5.2 55 3.0(Dy) 2.2 (D) 3.7(Dy)
5 ~2 ~2 ~2 0.5(Cy) 0.7 (Cy) 0.5(Cy)
6 ~2 ~2 ~2 0.2 (D) 0.3 (D) 0.4 (D)

be slow to come into equilibrium. To test this possi-
bility, we varied the drift time from 0.15to 2 ms. The
variation of the Fe"CH,/Fe" observed ratios were
within the experimental fluctuation. Hence, the sextet
to quartet spin change must occur efficiently.

Various electron configurations and geometries
will be explored theoretically for M™ (CH,),, adducts
in this article. In order to be able to analyze the NBO
population directly, we utilize the normal d orbital
notation, using d,, instead of d,. or d, to represents a
d, orbital. As a consequence, the z axis does not
always represent the principal axis, but does give the
d, orientation. We use molecular term symbols from
character tables directly even though the principal
axisis other than the z axis. Consequently we indicate
the principal axis in addition to the molecular point
group.

The DFT calculation with a Wachters(f)/6-31G(d,
p) basis set indicatesthe first CH, ligand binds side on
to Fe* in an n° configuration (Fig. 3). Choosing the z
axis as the bonding axis, the C,,(2) “E ground state,
with dlightly distorted C5, symmetry, has an electron
configuration on Fe* of
die_e dy, dy, dZ, dZ or d}, dy, d, d% . d%
which retains the low energy “F state for the metal
center. The calculated Fe*—C bond length is 2.10 A.
For Ni ™, the calculation predicts that the CH,, ligand
binds side on to Ni* in an n? configuration (Fig. 4).
The calculated Ni*—C bond length is 2.15 A. Choos-
ing the x axis as the bonding axis and z axis perpen-
dicular to the molecular plane, the C,(X) ?A, ground
state electron configuration of Ni™ is

d% . d, dZ, dZ dy,

which again retains the low energy 2D state for the
metal center.

A Mulliken population analysis showsthereis 0.38
and 0.42 electron charge transfer from CH, into the
half-filled 3d, and empty 4s and 4p orbitals on Fe*
and Ni™, respectively. The primary covalent interac-
tions, as determined from NBO [28,29] population
analyses (Tables 3 and 4), are donation from the a;
symmetry orbital on CH, into the vacant 4s orbital in
M™. In addition, there is a small donation into the
singly occupied d,, and d,, orbital on Fe" and into the
singly occupied d,, orbital (recal that x is the bond
axis) on Ni*. These charge transfer interactions result
in asmall elongation of the C-H bond (~0.03 ,&) and
reduction in the vibrational frequencies of the proxi-
mate C—H bonds by between 100 and 200 cm™*. The
4s orbital also (partialy) hybridizes with the on-axis
doubly occupied d orbital in Fe” and the d. _
orbital (x isthe bond axis for Ni " CH, adduct) on Ni*
generating two positive bonding effects: first, reduc-
tion of Pauli repulsion by shifting electron density
off-axis and second improving overlap with the a;
orbital on CH, by elongating the 4s orbital along the
bond axis [30]. The NBO population shows a d,.
occupancy of 1.8407 for Fe'* and a d,. — y* occu-
pancy of 1.9668 for Ni*. Because the d orbitals
contract with respect to the s orbitals with increasing
Z for each transition row and the propensity for s/d
hybridization increases as the radia extent of these
orbitals becomes more similar. s/d hybridization is
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therefore more favorable for early first row metals
than for late first row metals.

Two 72 quartet states, C,(x) (*A,) and C,(2)
(*A,), were explored for iron. The calculated BDE
(—AHY) is 15.1 kcal/mol for C,(x) *A, state, which is
only 0.4 kcal/mol lower in binding energy than the
C5(2) (“E) ground state. The bond distance was found
to be 2.23 A, 0.13 A longer than the C,(2) (*E)
ground state. Choosing the x axis as the bonding axis,
the electron configuration of the C,(X) *A, state is
de_ 2 dy, dj, dZ, d

xz Hyz Uxy

where the doubly occupied d,, orbital bridges the two
proximate hydrogens to avoid repulsion. The d,
orbital is doubly occupied to maintain the pure atomic
coupling of the Fe™ core.

The C,(2) (*A,) state has a d electron configura-
tion of

2 2
db di, di, d%_ d2

The doubly occupied d, orbital is oriented on the
bond axis and increases on-axis repulsion to the
ligand, decreasing the bond energy by 1.4 kcal/mol
relative to C,,(X) (*A,) state. It is surprising that the
Fe*—C bond length is not elongated relative to the
Cx(X) (“A,) state. The analyses of the NBO popula-
tion (Table 3) shows that the d/s hybridization in the
C.(2 (“A,)) state is nearly twice as great as in the
C.(X) (*A,) state. This hybridization helps reduce the
on-axis repulsion and therefore hel ps shorten the bond
distance. The calculated BDE is 13.7 kcal/mol for this
state.

As mentioned previously, the high spin sextet
ground state aso has C;, symmetry. The electron
configuration of Fe* in this C,(2) °E dtate is

dy di, d, d2 dZ . s*

The Fe*—C bond length is 2.52 A, significantly longer
than the low spin states. Another high spin C,(2)
(°A,) state with a z principal axis has the electron
configuration of

dg, dy, dy, dz d% s

The BDE is 9.5 kcal/mol. The bond length is 2.65 A.
For both the low and high spin states, the C,,
structures are slightly less favorable compared to the
C,, structure for Fe"(CH,) species.

For nickel, the C,(X)(?A,) ground state (Fig. 4) has
aNi*—C bond distance of 2.15 A. A second n? state,
C.(2 (A,), has the d,: orbital oriented along the
bond axis of Ni* and CH,. The singly occupied d,,
orbital lies perpendicular to the bond axis, which
results in an electron configuration of Ni* as

d% . d, dZ, dZ dy,

For this state, the doubly occupied d,, orbital is
directed toward the proximate pair of hydrogen in
methane, causing both more repulsion between metal
and ligands and loss of the back donation from the n?
hydrogens. One might hope to evaluate the difference
of repulsion and donation between the singly and the
doubly occupied d, [d,, in the C,(2) 2 A, state and dyy
in the C,,(x) ?A, state) orbitals by comparing the
C,(X) 2A, and the C,(2) 2A, states. However, the
prior reorientation also causes other changes in the
bonding features. One aspect is that the extent of s/d
hybridization is different. The d,. orbital in the C,,(2)
?A, state has a higher electron density than the d,z.2
orbital in the C,(x) A, state along the bond axis
which results in a more extensive hybridization to the
empty 4 orbital on Ni* (to reduce repulsion). Con-
seguently, the more extensive /d hybridization costs
more promotion energy. The calculated *D(3d°%) —
4F(3d® 4s') separation with the Wachters(f)6-31G(d,
p) basis is 26.6 kcal/mol. Based on the NBO popula-
tion, the C,(2) A, state needs about 1 kcal/mol more
promotion energy than the C ., (x) ?A, state to hybrid-
ize the on-axis 3d orbital with the 4s orbital. For
simplicity, if the difference of on-axis d, repulsion
and other effects are negligible, the increase in d,,
repulsion and reduced back donation will cause a
dlightly more than 2 kcal/mol decrease in binding
energy for the Ni*—CH, system. The net effect is a
slightly elongated(0.04 ,&) bond length and a decrease
in BDE of 1.4 kcal/mol.

An 1 C,, structure was also explored. Due to the
Jahn-Teller effect, the molecular orbitals only have Cg
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symmetry. Unlike Fe* (CH,), the n® C,, configura-
tion islessfavorable than the n°C,, vee structure. The
binding energy is 0.9 kcal/moal lower than the C,,(X)
(*A,) ground state. The calculated bond distance is
2.09 A. The only singly occupied d orbital orients to
one of the proximate hydrogens in methane. After
lifting the symmetry constraint, the n° C,, structure
eventually converged to the C,(x) (?A,) state.

5.2. M*(CH,),

The ground state for Fe* (CH,), was found to be
n° D3y(2) (*Ey) from the DFT calculation. The elec-
tron configuration of Fe* is

1 2 42
dh_. di, d, o2, d2

Again, the d, orbital is oriented along the bond axis.
The calculated BDE is 21.5 kcal/mol. The Fe*—CH,
bond distance is 2.12 A, dlightly longer than the first
cluster. Two low spin quartet states with D, symme-
try, corresponding to the quartet C,,, structuresin first
adduct, were also considered. For the Dy,(X) (“Byy)
state, the valence electron configuration of Fe™ is
di_ e dy, dy, dZ, dZ

xz Yyz Uxy
The BDE is 19.6 kcal/mol and the bond distance is
2.23A. The D,(2) (*A,) state with z principal axis has
the valence electron configuration as

2 2
dl, di, dl, d2 . d2

The BDE is 19.0 kcal/mol and the bond distance is
223 A.

For nickel, a D, (X) 2B1g ground state is obtained
with the second methane directly opposite the first on
the Ni™ center. Choosing the x axis as the bonding
axis, the D,y,(X) °B; g ground state (Fig. 4) electron
configuration of Ni* is

d% . dZ, dZ, dZ dy,

A bond dissociation energy of 22.9 kcal/mol is cal-
culated in good agreement with experiment. It is
worth noticing that the experimental BDE is 1.6

kcal/mol larger for the second CH,, ligand than for the
first whereas theory predicts a dlightly lower BDE for
the second vs the first. Thisis probably aresult of an
overestimation of the first BDE by the DFT method,
something that we have previously observed [31].

The Dy,(2) *By, state (Fig. 4), which corresponds
to the C,(2) %A, state in the first cluster, has a BDE
25 kcal/mol smaller than the D,(X) B,y ground
state.

For Fe*, Co™, and Ni™, the BDE of the second
adduct is experimentally found to be about 2.5 kcal/
mol higher than the first one (for Fe*, the diabatic
BDE is 23.2 kcal/moal), which is shown in Table 5.
The DFT calculations usually overestimate the first
BDE. For Fe*, Co", to Ni*, the BDEs tend to
increase monotonically across the row, which is due
to an increase of charge transfer. However, for Fe™,
since the ground states have 1 configurations, rela-
tively higher BDEs are obtained, an effect well
reproduced by the DFT calculations.

6. M* (CH,); and M*(CH,),

A linear fit to the AGS versus temperature data
(Fig. 1) for the third Fe*—CH,, association gives AH°®
and ASP values of —5.6 kcal//mol and —22.5 cal/(mol
K), respectively (Table 1). The resulting bond energy
(—AHS) from the statistical mechanical fit to the data
is 5.2 kcal/mol (Table 1). An analogous AG? versus
temperature plot for Ni "—CH,, association reaction is
shown in Fig. 2. T he AH? and AS? values were
measured to be —8.4 kcal/mol and —18.5 cal/(mol K),
respectively (Table 2). The resulting bond energy
(—AHY) is 9.3 kcal/mol (Table 2).

For the fourth Fe* (CH,);—CH, association, the
experiment gives AH? of about —4.7 kcal/mol and the
AS} is estimated to be about —20 cal(mol K) (Table
2). These parameters could not be obtained as accu-
rately as those for the first three CH, ligands due to a
persistent impurity. A very thorough study of the Co™
system indicates the impurity is aimost certainly O..
The resulting bond energy (—AHY) from the statistical
mechanical fit to the datais 4.9 kcal/mol (Table 1). An
analogous AG? versus temperature plot for
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Ni*(CH,)s—CH, association reac tion is shown in Fig.
2. The AH? and AS? values were estimated to be —5.5
kcal/mol and —20 cal/(m ol K), respectively (Table
2). Again the persistent impurity made a more accu-
rate measurement impossible. The resulting bond
energy (—AHY) is 5.5 kcal/mol (Table 2).

As expected the calculation shows a significantly
weaker bond energy for the third and the fourth CH,
ligands. For Fe*(CH,),, The calculated BDE for the
C. (%) (*A, ground state (Fig. 5) is4.0 kcal/mol (Table
1). The doubly occupied d,, orbital bridges all three
methanes and the other doubly occupied d orbital is
perpendicular to the molecular plane, resulting in two
short bonds of 2.29 A and one longer bond of 2.46 A.

The second structure we explored has C,,(2) (*A,)
symmetry. The BDE calculated wit h a DZVP/6-
31G(d, p) basisis 2.0 kcal/mol lower than the C,,(X)
(*A,) state. For this state, the doubly occupied d.,.
orbital points to one CH, and the other doubly
occupied d orbital is d, 2.

A third structure is trigonal with D4(2) symmetry
with the CH, ligands rotated 31.5 ° around the Fe"—C
bond axis from a “planar” Dy, structure. In this
instance, the electron configuration is

el(dxz_yz - dxz)zel(dxy + dyz)zez(dxz_yz
+d,,) 1e2(dxy - dyz)lal(dzz)l

The z axis is the principal rotation axis perpendicular
to the plane containing the three CH,, ligands. Two of
singly occupied orbitals, ey(de 2 + d)' and
eﬂ(dxy—dyz)1 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. Some s/d hybridization occurs
with the d,. orbital to minimize repulsion.

For Ni*(CH,)j our density functional theory
(DFT) calculations found two configurations with
essentially the same energy (Table 2). The first is a
near T-shape with the third CH,, ligand approaching at
90° to the line of centers of the > C,, NiT(CH,),
structure. By choosing the x axis asthe principal axis,
the singly occupied d,.,. orbital has three lobes
oriented toward the CH,, ligands and the d 2 orbital is
perpendicular to the molecular plane. Thisresultsin a

C.(X) %A, state (Fig. 6). The clustering of the third
CH, to Ni* is significantly different than for Co™. In
the cobalt case, the association of the third CH, is
impeded by s/d hybridization, which results in a
T-shape structure with two short Co*—C bonds (2.23
,&) and one long bond (2.57 ,&). However, for the
Ni*(CH,)5 ground state C,,(X) ?A,, the most repulsive
d orbital is the doubly occupied d,, orbital, which
hybridizes with the empty “S orbital and does not
hinder the clustering of the third CH, in the x
direction. As a result, the T-shape structure has two
Ni*—C bonds of 2.28 A and one slightly longer (2.37
A). These three bonds are nearly identica. The
calculated bond energy (—AH9) is 7.4 kca/mol,
which is in good agreement with the experimental,
BDE, 9.3 kcal/mol. Notice that the D,,(X) (°Byy)
ground state of thee second cluster has the singly
occupied d,, orbital facing four proximate hydrogens
from the ligands. To form the third cluster from this
state a rearrangement of the methanes around Ni*
core ion is required.

The second bound structure, 2A,, is trigonal with
C,(X) symmetry (Fig.6). The two identical methanes
ligate to the two lobes of the d,, orbital with a bond
length of 2.32 A. The third methane, therefore, orients
to the other two lobes of this orbital with a bond
length of 2.23 A. This relatively strong bond gets
most of the benefit of ligand to metal donation. The
s/d hybridization only impedes clustering perpendic-
ular to the molecular plane, and therefore, does not
interfere with the bonding of the other two methanes.

We also considered the structure which inherits the
electron configuration from the D, (X) (ZBlg) ground
state from the second cluster, resulting in a C,(2) %A,
state [Fig. 6(c)]. Under this orientation of methanes,
the first two methanes provide most of the electron
donation to Ni* ion. The clustering of the third
methane isimpeded by the doubly occupied d orbital
and the s/d hybridization mention above. This results
in a much longer bond distance, 2.91 A, for the third
methane. The calculated bond dissociation energy
(Dy) is 2.0 kcal/mol, which is significantly lower than
the experimental value. Because this bond is so long
we had to carefully account for basis set superposition
energy (BSSE) to ensure the methane was really
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bound. The calculated BSSE is 0.2 kcal/mol, which
ensures the validity of bonding. From the analysis of
the electron population, there is almost no covalent
interaction between this methane and Ni™ core ion.
The bonding is essentidly only electrostatic attraction.

Under the same orientation, another bound C,,(2)
%A, state was found to have the trigonal structure [Fig.
6(d)], which has two short Ni *—C bonds (2.29 ,&) and
one longer Ni*—C bonds (2.39 A). The calculated
bond dissociation energy (D) is 1.9 kcal/mol. This
configuration loses some of the covalent bond char-
acter but partially compensates by electrostatic attrac-
tion.

For Fe"(CH,),, the ground state was found to be
D.n(2) (*B 4) with a BDE of 3.0 kcal/mol. The two
doubly occupied d orbitals are shown in Fig 5. This
adduct inherits the electronic configuration from the
ground state of the third cluster. The bond distance for
the four equivalent bonds is of 2.47 A.The stationary
energy for a D,4(2) (“A,) state is 1.4 kcal/mol lower
than the D,(2) (*By,) State. The BDE, after vibra-
tional zero point energy (ZPE) cdlibration, is 2.8
kcal/mol, near degenerated to the D,,(2) (“B ,p)state.

For Ni*(CH,),, our DFT calculations found the
ground state to be *B,g with D,,,,(2) symmetry (Fig.6).
The singly occupied d,z.y2 orbital liesin the molecular
plane and points to the four CH ,ligands. The Ni*—C
bond length is 2.41 A. The calculated bond energy is
3.7 kcal/moal. A cluster with C, symmetry at quasitet-
rahedral geometry was aso considered. It has one
short bond (2.31 A), two intermediate (2.41 A) and
one long bond (2.81 ,&) (Fig. 6). The singly occupied
orbital is oriented to minimize repulsion. The furthest
CH, ligand has a doubly occupied d,, orbital pointed
directly toward it. This structure has a very small
BDE for loss of a CH, ligand.

We are not able to measure accurately the bond
dissociation energy in our equilibrium experiment for
n = 4. The peak mVz 122 [nominally Ni* (CH,),] is
observed in our experiments. However, the species is
formed irreversibly in the temperature range 150-270
K, which is probably due to a persistent impurity,
possibly O,, in our system. For temperatures under
120 K, good equilibra between reactants and products
are observed. However, due to significant collision

induced dissociation after the reaction cell, we are still
unable to get a temperature versus AG; plot in the
temperature range under 120 K. The only temperature
we are able to obtain a good temperature vs AG; plot
isT =140 K. At T = 140 K, the measured A/G; =
—2.7 kcal/mal. The slope, AS is estimated to be —20
cal/(mol K). Therefore, we postulate the AH? to be
about 5.5 kcal/mol. For such a low temperature, the
AH2 value will be very close to the AHYvalue. The
calculated binding energy of 3.7 kcal/mol is some-
what smaller than experiment, but that is not unex-
pected for a molecule of this size at this level of
theory. The experimental BDE rises from iron to
nickel by about 2 kcal/mol for binding the third CH,
ligand. Theory reflects this tendency well. For the
fourth ligand, the BDEs are nearly the same, but still
increase dlightly from iron to nickel. Theory is in
good agreement with experiment for Fe* and Ni " but
does not do as well for cobalt.

The guided ion beam results are much different
than our equilibrium studiesfor n = 3and n = 4in
the iron system (See Table 1). for n = 3, the guided
ion beam resultsindicate the BDE is 23.6 kcal/mol, or
an increase of 0.3 kcal/mol over n = 2. By contrast,
our equilibrium results indicate the BDE for n = 3is
5.2 kcal/mol, or a decrease of 20.8 kcal/mol. For n =
4, we also obtain a relatively weak BDE of 4.9
kcal/mol whereas avalue of 17.6 kcal/mol is obtained
by the guided ion beam method. Schultz and Armen-
trout [14] suggest the Fe* core in Fe"(CH,); retains
a quartet spin stat but do not speculate on why the
BDE is so high. In the same work they measure the
BDE of Fe"(H,0); to be 18.2 kcl/mol, or 21.1
kcal/mol less than the BDE for Fe* (H,0),. Thiskind
of large drop in BDE fromn = 2ton = 3 has been
observed for al late first row metal ionsfor L = H,.
The reason is there are no vacant d orbital on these
metals and only two favorable locations for attach-
ment of nonoxidizing ligands. Promotion energies to
low spin states with more favorable orbital configu-
rations are generally prohibitively high. Theory sup-
ports this view and indicates attachment of a third
CH, ligand (or H,, ligand) should result in a strongly
reduced BDE. The only conclusion we can make is
the guided ion beam data for the dissociation of
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Fe"(CH,)5 to Fe*(CH,), + C H, must somehow be
in error. Based on our careful studies on the Co*/CH,
system one possibility could be the presence of a
significant O, impurity. In this instance the dissocia-
tion observed in the guided ion beam experiment
would be

CID
O,Fe" (CH,) — O,Fe* + CH, (5)

which could well have a BDE of 23 kcal/mal.

Schultz and Armentrout[14] suggest a spin change
from quartet to doublet may account for the drop in
BDE for n = 3and n = 4 intheiron system. Even if
our suggestion given for the n = 3 case above is not
correct, such a spin change is amost certainly not
occurring. The lowest energy doublets state of Fe* is
about 2 eV, or 46 kcal/mol, higher in energy than the
Fe™ ground state and about 40 kcal/mol above the *F
first excited state with d’ configuration. Hence, the
observed diabatic dissociation energy would be about
57 kca/mol, far too large for even the first CH,
ligand. Our equilibrium valueis ~5 kcal/mol for n =
4 which is supported by theoretical calculations.
Again it appears there is a problem with the experi-
mental guided ion beam value, and O, impurity might
also be implicated.

7. M*(CH,)s and M*(CH )

For Fe"(CH,)s, the AHS and AS} were estimated
to be about —2 kcal/mol and —10 cal/(mol K) (Table
1). The AHS was measured at temperature range
80—110 K. For Ni*(CH,)s, the AH? and AS} were
also estimated to be about —2 kcal/mol and —10
ca/(mol K) (Table 2). The AH? was measured at
temperature range 80-140 K. For such low tempera
tures, AHS is expected to be very close to the AHS
value. The small AS} value indicates that the fifth
methane is in the second solvation shell for both
metals.

For Fe", the DFT calculations show that the fifth
methane approaches vertically to the molecular plane

of Fe*(CH,),, resulting in a C,,(2) symmetry cluster.
The “A, ground state electron configuration of Fe* is
di_ e dy, dy, dZ, dZ

A BDE of 0.5 kcal/mol is calculated. The Fe™—C bond
distance for the fifth methane is 4.09 A, consistent
with a second solvation shell.

For Ni*, the DFT calculations show that the fifth
methane also approaches vertically to the molecular
plane of Ni*(CH,),. By choosing the x axis as the
principal axis, the C,,(2—2A, ground state electron
configuration of Ni* is

dZ, dZ, d7, 2 dy

A bond dissociation energy of 0.5 kcal/moal is calcu-
lated, again in good agreement with experiment. The
Caxia—Ni—Cequatoria bONd angle is 90.2° and the
Ni*—C bond length of the four equatorial methanes
are 2.41 and 2.42 A; or about the same as those in
Ni*(CH,),. The NBO population shows that the d
electron population of Ni"(CH,)s is very close to that
of Ni*(CH,), (Table 4). The bond length of the fifth
methane approaching in the z direction is 3.93 A.
Analysis of the Mulliken charge population indicates
there is almost no charge transfer between Ni™ and
the fifth methane. The results are consistent with a
second solvation shell for the fifth CH, ligand.

For Fe"(CH,)s, AG? is measured to be 1.2 kcal/
mol at 80 K (Table 1). If we assume AS; to be about
10 cal/(mol K), we estimate a bond dissociation
energy of 2.0 kcal/mol for the sixth methane.

For Ni"(CH,)s, the AG? is also measured to be 1.2
kcal/mol at 80 K (Table 2). Again assuming AS} to be
about 10 cal/(mol—K), we estimate a bond dissocia-
tion energy of 2.0 kcal/mol for the sixth methane.

The DFT calculations indicate a “B,, ground state
with D,,(2) symmetry for Fe"(CH,)s. A bond disso-
ciation energy of 0.2 kcal/mol is obtained. The axial
Fe"—C bond length is 4.14 A and the equatorial
Fe"—C bond lengths are 2.46 and 2.48 A. The charge
on iron is +0.08. There is aimost no charge transfer
between Fe* and then = 5and n = 6 CH, ligands.

The DFT calculations indicate a 2Ag ground with
D,n(2) symmetry for Ni*(CH,)s. A bond dissociation
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energy of 0.4 kcal/mol is obtained. The axial Ni*—C
bond length is 4.01 A and the equatorial Ni *—C bond
lengths are 2.40 and 2.43 A. The charge on nickdl is
+0.06. Thereisno charge transfer betweenn = 5and
n = 6.

8. Conclusions

The sequentia binding energies of CH, ligands to
Fe" and Ni™ are measured for n = 1-6. The binding
energies decrease in a pairwise fashion fromn = 1, 2
ton = 5, 6. Theory suggeststhen = 1, 2 pair benefit
from s/d hybridization that reduces Pauli repulsion
and fosters sigma donation from the C—H bonds into
partialy filled orbitals on M™. For the first two
adducts, an 1 structure is more favorable for Fe™ but
n? structures form the ground states for Co™ and Ni ™.
A spin change from °D (3d°4sh) state to a “F (3d")
state on the Fe™* core occurs on addition of the first
CH, ligand. Theory indicates a switch from 7> to n?
coordination for Fe™(CH,),, primarily to reduce Pauli
repulsion. Theory also predicts the ground states of
both Fe"(CH,), and Ni*(CH,), are pseudo planar
with D, symmetry. Both experiment and theory
suggest that both Fe" (CH,4)s ¢ and Ni " (CH,)s ¢ are in
the second solvation shell.
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