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We have studied structural, electronic, and magnetic properties of transition-metal—fullerene complexes
Vu(Ceo)m, (n, m) = (1, 1), (1, 2), (2, 3), (3, 4), (4, 4), by means of a density functional theory method. We
have examined relative stabilities of complexes with different V—Cgy binding sites (V atoms are bound to
either pentagonal or hexagonal rings of Cg) and with different stacking configurations (linear or nonlinear).
The linearly stacked sandwichlike complexes with V atoms binding to hexagonal rings of Cg, are the most
stable for (n, m) = (n, n + 1), although nonlinearly stacked configurations can be energetically competitive.
For (n, m) = (1, 1), the V atom tends to bind to a pentagonal ring of the Cg, molecule. For (n, m) = (4, 4),
a riceball-like structure is found to be the most stable. Except for (n, m) = (1, 1), the lowest-energy structures
of the complexes are generally in their lowest spin states.

I. Introduction

Low-dimensional compounds that are comprised of transition-
metal (TM) atoms and organic molecules such as cyclopenta-
dienyl (CsHs) and benzene (Bz = C¢Hg) have been extensively
studied for many years both experimentally and theoretically.! ™%
An example of such compounds is the TM—Bz complex, whose
structure can be either multidecker sandwichlike for early TMs
such as Sc, Ti, and V or riceball-like for late TMs such as Fe,
Co, and Ni.2"!2 Novel magnetic properties in V,Bz,+, have been
observed in Stern—Gerlach molecular beam deflection experi-
ments and predicted from density functional theory (DFT)
calculations.*'#72° TM—C;sH;s multidecker sandwichlike com-
plexes have also been synthesized despite the fact that pure CsHs
radicals are difficult to produce in the gas phase.”’ "2 Buck-
minsterfullerene Cg is a versatile ligand for interacting with
TM atoms to make metal—ligand compounds because it has 20
six-membered rings and 12 five-membered rings. Nakajima and
coworkers*¥%3! have synthesized TM,(Ce),, cations using the
laser vaporization method. They predicted that the TM,,(Cgp),, "
(TM = V, Ti, and Sc) cationic complexes exhibit sandwichlike
structures for m = n + 1, n = 1 to 3 or ringlike structures for
m = n, n = 4 to 5. The chemical probe experiment further
suggested that the TM atoms may bind to hexagonal rings of
Cso molecules in these complexes. Theoretically, Andriotis et
al.’2?? have investigated small TM,(Cq),, (TM = V, Ni, n + m
< 4) clusters with molecular dynamics and ab initio methods
and found that Cg acts as #° or 7? ligands toward Ni but as 7°
ligands toward the V atom in the TM(Cq), clusters. However,
it is still challenging to infer geometric structures of the
TM,(Cep),» complexes directly. Therefore, complementary ab
initio theoretical studies are needed to explore geometric,
electronic, and magnetic properties of the TM,,(Ce),, complexes.

In this article, we have systematically investigated structural,
electronic, and magnetic properties of V,(Cg),, complexes for
(m, n) = (1, 1), (1, 2), (2, 3), (3, 4), and (4, 4), which have
been synthesized experimentally.***3! We studied various
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geometries of these complexes to search for the lowest-energy
structures; geometries include V atoms binding to pentagonal
or hexagonal carbon rings (denoted as #°-ligand or 5°%ligand
structure, respectively) and linear or nonlinear multidecker
(ringlike) configurations of Cgy molecules. Among these geom-
etries, the 77°-ligand structures are the most stable, although linear
and nonlinear structures are also energetically competitive for
(m, n) = (n, n + 1). For (m, n) = (1, 1), the n°-ligand structure
is the most stable. For (m, n) = (4, 4), a riceball-like structure
is much more stable than the ringlike structure.

II. Computational Methods

For ab initio calculations, we used a DFT method with the
Becke and Lee—Yang—Parr exchange-correlation functional
(BLYP),*% a double numerical basis set including d polariza-
tion functions (DNDs), and a relativistic semicore pseudopo-
tential (DSPP), all implemented in the DMol package.’
Geometry optimizations were carried out using the Broyden—
Fletcher—Goldfarb—Shanno algorithm with a fine accuracy, that
is, the convergence criterion of 107 a.u. on the gradient and
displacement and 107 a.u. for the total energy and electron
density.

To identify the lowest-energy structure, various geometric
configurations, either linearly or nonlinearly stacked, with
different binding sites between V atoms and Cg, molecules were
considered. To obtain the ground spin states, the magnetic
moment was first allowed to optimize freely to the energetically
favored spin state (S;); then, the neighboring spin states (S, £
2) were fixed during the optimization to confirm that the
obtained spin state is the most energetically preferred. All
structures were fully optimized without using symmetry restriction.

The selection of the BLYP/DND/DSPP method was justified
on the basis of simple benchmark systems, namely, a single V
atom, a V, dimer, a Cq molecule, and two small V—Bz
compounds (VBz, VBz,). As a comparison, another two GGA
functionals of PW91 and PBE with the same basis sets were
also considered. The theoretical and experimental results are
presented in Table 1. As displayed in Table 1, the BLYP/DND/
DSPP gave the best agreement to the experimental data for the
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TABLE 1: Comparison of (BLYP/PBE/PW91)/DNP with Experimental (EXP) Studies®

properties BLYP PBE PWO1 EXP
\Y% IP (eV) 6.851 6.555 6.649 6.746%
V, Ry_v (A) 1.80 1.78 1.78 1.77%
IP (eV) 6.33 6.34 6.37 6.35%7
Ceo BE (eV) 7.06 7.54 7.55 7.04%°
Re_c (A) 1.459/1.404 1.439/1.387 1.439/1.386 1.458/1.401%
VBz IP (eV) 5.604 5.827 5.861 5.147
BE (eV) 0.714 1.721 1.757 0.79'4
VBz, IP (eV) 5.730 5.802 5.930 5.75(3)%
BEvysg, (eV) 2.812 3.428 3.453 3.19

“Rc—c and Ry_vy are the equilibrium interatomic distances, IP is the ionization potential, and BE is the binding energy of Cgy, BE = [60E(C)
— E(C4)]/60; of VBz, BE = E(V) + E(Bz) — E(VBz); and of VBz,, BEyg, = E(Bz) + E(VBz) — E(VBz,).

(a) C;

v

M=6, AE=0 eV (b) C,, M=4, AE=0.078 eV
Figure 1. Optimized structures of VCg, the distance (A) between the
V atom and the C¢y molecule, Ry, group symmetry, spin multiplicity

(M), and relative energy with respect to the lowest-energy structure,
AE.

tested systems and therefore was chosen to investigate properties
of the V—Cg, complexes.

III. Results and Discussion

The optimized structures of V,,(Cgo)m, 7, m = 1 to 4, obtained
at BLYP/DND level are displayed in Figures 1—5, and the
structure/symmetry, spin-multiplicity, bond length, relative
energy, and HOMO—LUMO gap of low-lying isomers of the
complexes are presented in Tables 2—4 and Table S1 in the
Supporting Information.

A. Geometry. VCs Complex. Two initial configurations
were constructed for this complex: (a) a C;, configuration with
the V atom binding to a hexagonal ring of Cgy (17%-ligand) and
(b) a Cs, configuration (17°-ligand) where the V atom is located
on the Cs axis of Cg. The lowest-energy configuration is the
one with the 73-ligand, and it is in the sextet state with Cs,
symmetry (Figure 1a). The V atom is about 2.002 A from the
mass center of the five-membered ring (Ry-1s). Because of the
V—Cg interaction, the five-membered carbon ring binding to
V is expanded and exhibits the largest C—C bond lengths (Rc—c)
of 1.462 A. Other C—C bond lengths in Cg vary from 1.451 to
1.459 A for the 5/6 edges and from 1.401 to 1.416 A for the
6/6 edges. The 5°-ligand configuration is in the quartet state
with C; symmetry (Figure 1b), and this configuration is
0.078 eV higher in energy than the 7’-ligand configuration. The
distance between V and the mass center of the six-membered
ring (Ry—1¢) is 1.882 A, 0.12 A shorter than the corresponding
distance in the 7°-ligand structure. The Rc—¢ distances are about
1.400 to 1.479 A in the six-membered ring that binds to V and
1.399 to 1.471 A in other rings. The chemical probe experiment
suggested that the V atom tends to bind to the hexagonal ring
of Cg in the VCg' cation.’?%3! The inconsistency between
theory and experiment might be due to the two nearly degenerate
VC structures (AE = 0.078 eV); both structures thereby may
be involved in the reaction experiment.

V(Csy)2 Complex. Five initial configurations (Figure 2) were
constructed for the smallest sandwichlike complex: (a) a normal
n%-ligand structure with D3, symmetry, where the V atom binds
two opposing six-membered rings; (b) a staggered sandwichlike
structure with D; symmetry, in which one Cg, molecule is
rotated by 30° along the Cj; axis with respect to the other Ceo;
(c) a normal Ds;, 7°-ligand structure with the V atom binding
to two opposing five-membered rings; (d) a staggered sand-
wichlike structure in Ds; symmetry with one Cgy molecule
rotated by 36° about the Cs axis with respect to the other one;
(e) a mixed-ligand sandwichlike structure (17°—n°-ligand) where
the V atom is binding to one five-membered ring of one Cg
and one six-membered ring of another Cg.

The most stable structure of V(Cg), is the normal 7°-ligand
sandwichlike structure with C, symmetry in the doublet state
(Figure 2a), which is slightly distorted from the D;, structure
by rotating one Cgy molecule along the C; axis by about 8°.
The Ry_16 is 1.855 A, and Re_c is 1.422 A for the 6/6 edges
and 1.452 A for the 5/6 edges in the six-membered rings binding
to V. Other Rc_¢ distances are about 1.399 to 1.422 A for the
6/6 edges and 1.451 to 1.466 A for the 5/6 edges. The staggered
nS-ligand sandwichlike structure is also in the doublet state with
D; symmetry (Figure 2b), and it is only 0.092 eV higher in
energy than the normal (C,) one with very close Ry_1¢ and Rc—c
values, as shown in Table 2. The normal #°-ligand structure
(Dsp) (Figure 2c¢) is in the sextet state and is 0.156 eV higher in
energy than the lowest-energy n°-ligand sandwichlike structure.
The Ry, 5 is lengthened to 2.056 A, and the Rc_c distances are
about 1.461 A in the rings binding to V, and are about 1.400 to
1.461 A in other rings of Cg. The staggered 7°-ligand structure
with Ds,; symmetry (Figure 2d) is 0.002 eV higher in energy
than the Ds, structure with nearly the same Ry—;s and Rc—c.

The mixed-ligand structure is in the quartet state with C;
symmetry (Figure 2e), and the Ry_;¢ and Ry_; 5 are 1.895 and
2.028 A, respectively. However, the mixed-ligand structure has
much higher energy (AE = 0.323 eV) than that of the lowest-
energy 77%ligand structure.

V(Cgy)3; Complex. Seven different initial configurations were
constructed for this complex: (a) a normal #°-ligand sandwich-
like structure with D3, symmetry; (b) a staggered n°-ligand Sg
structure with the middle Cq rotated by 30° with respect to the
two Cg at the ends; (c) a normal #7°-ligand sandwichlike
structure with Cs, symmetry; (d) a staggered 7°-ligand structure
with Ds, symmetry and one terminal Cg rotated by 36° with
respect to the other one; (e) a mixed 7°—7%ligand structure
with the V atoms sandwiched between the six- and five-
membered rings of two neighbor Cgp; (f,g) two nonlinearly
stacked structures with the V atoms located between two six-
membered rings of neighbor Cep.
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TABLE 2: Point Group Symmetry (PGS), Spin Multiplicities (1), Relative Energies with Respect to the Lowest-Energy
Structures (AE), HOMO—LUMO Gap (A), C—C Bond Lengths (Rc—c), V—Cg Distance (Ry_;) Defined as the Distance from
the V Atom to the Mass Center of the Five-Membered or Six-Membered Carbon Ring Binding to V, Binding Energy (BE) per
V Atom, and Computed Vertical (VIP) and Measured (IP.,q) Ionization Potential of VCq and V(Cy),

system PGS M AE (eV) A (eV) Rec (A) Ryv_1 (A) BE (eV) VIP (eV) 1P, (€V)*
VC¢o Cs,—a 6 0 0.155 1.401—1.462 2.002 0.822 5.920 5.92—6.42
Cy—b 4 0.078 0.375 1.399—1.479 1.882 0.744 6.400
V(Ceo)2 C,—a 2 0 0.585 1.399—1.466 1.855 2.534 6.099 5.82 £ 0.005
D;—b 2 0.092 0.561 1.399—1.467 1.860 2.443 6.081
Ds,—c 6 0.156 0.242 1.400—1.461 2.056 2.379 5.895
Ds,—d 6 0.158 0.241 1.400—1.460 2.055 2.377 5.896
Ci—e 4 0.323 0.128 1.399—1.474 2.028, 1.895 2212 5.964
TABLE 3: Data of V,(Cg); Complex as in Table 2
PGS M AE (eV) A (eV) Re—c (A) Ry_1 (A) BE (eV) VIP (eV) 1Py
D3;—a 1 0 0.529 1.400—1.468 1.856, 1.862 2.494 5.738 5.92—6.42
3 0.011 0.390 1.399—1.467 1.855, 1.862 2.489 5.733
S¢—b 1 0.063 0.503 1.399—1.468 1.856, 1.863 2.463 5.726
3 0.075 0.372 1.399—1.468 1.856, 1.862 2.457 5.714
Cs,—c¢ 11 0.185 0.041 1.400—1.460 2.054, 2.055, 2.058 2.402 5.577
Ds,—d 11 0.187 0.041 1.400—1.461 2.056, 2.058 2.401 5.577
C,—e 7 0.362 0.205 1.398—1.474 1.887—2.021 2.314 5.768
C,—f 3 0.013 0.419 1.398—1.466 1.856—1.862 2.488 5.760
1 0.020 0.539 1.399—1.466 1.855, 1.859, 1.862 2.485 5.770
Ci—¢g 1 0.053 0.519 1.399—1.467 1.855—1.860 2.468 5.808
3 0.057 0.427 1.398—1.467 1.855, 1.858, 1.859 2.466 5.805
TABLE 4: Data of V;3(Cg)s and V4(Cg)s Complexes as Shown in Table 2
system PGS M AE (V) A (eV) Re—c (A) Ry_1 (A) BE (eV)  VIP (eV) 1Py
V3(Ce0)s Ds;—a 2 0 0.380 1.398—1.468 1.852, 1.861, 1.865 2.490 5.534 5.92—6.42
4 0.014 0.312 1.398—1.467 1.852, 1.861, 1.865 2.485 5.585
C,—b 2 0.108 0.376 1.399—1.468 1.837—1.863 2.454 5.546
4 0.125 0.314 1.398—1.468 1.837—1.862 2.448 5.549
Ci—c 2 0.114 0.415 1.399—1.467 1.844—1.864 2.452 5.645
4 0.131 0.337 1.398—1.467 1.842—1.864 2.446 5.640
C,—d 2 0.024 0.396 1.398—1.466 1.851—1.863 2.482 5.565
4 0.028 0.327 1.398—1.466 1.851—1.863 2.481 5.638
Ci—e 2 0.037 0.398 1.399—1.466 1.845—1.869 2.478 5.660
4 0.042 0.326 1.399—1.467 1.846—1.866 2.476 5.582
Vi4(Ceo)s a 1 0 0.129 1.396—1.499 3.412 5.812
b 1 3.708 0.328 1.398—1.467 1.856—1.864 2.486 5.623

The most stable structure of V,(Cy)s is the normal 7°-ligand
sandwichlike structure with D3, symmetry and is in the singlet
state (Figure 3a). Its triplet state is only 0.011 eV higher in
energy. The Rc_c distances are 1.422 A for the 6/6 edges and
1.453 A for the 5/6 edges in the carbon rings binding to V and
are about 1.400 to 1.468 A for the rest. The V atoms are 1.856
and 1.862 A to the hexagonal rings of the end and middle Cg.
The optimized staggered #%-ligand sandwichlike structure
(Figure 3b) retains the S, symmetry in the singlet state. Similar
to V(Cg), this staggered structure is close in energy to the
normal one (0.063 eV difference). The lowest-energy 7°-ligand
sandwichlike structure has Cs, symmetry (Figure 3c), and it is
about 0.185 eV higher in energy than the lowest-energy 7°-
ligand structure. Remarkably, the most favored spin state has a
magnetic moment of 10 ug. The staggered structure (Figure 3d,
in Ds,) has the same magnetic moment of 10 ug, and it is only
0.002 eV higher than its normal sandwichlike structure. The
mixed-ligand structure (Figure 3e) also has a high magnetic
moment of 6 ug, but it has much higher energy (AE = 0.362
eV) compared with the lowest-energy 7°-ligand structure.

The two nonlinear 7%-ligand sandwichlike structures (Figure
3f,g) are in the triplet and singlet states, respectively, and they
are about 0.013 and 0.053 eV higher in energy than the lowest-
energy 7°%-ligand structure. The singlet state of structure f is

Cy, M=2, AE=0 eV D;, M=2, AE=0.092eV

Dy, M=6,AE=0.156 €V D, M=6, AE=0.158¢V C,, M=4, AE=0323 eV

Figure 2. Optimized structures of V(Cgp),.
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C;, M=3, AE=0.013 eV
Figure 3. Optimized structures of V,(Ce)3.

degenerate with the triplet state with an energy difference of
only 0.007 eV. The triplet state of structure g is only 0.004 eV
higher in energy than the singlet state. Therefore, for nonlinear
structures f and g, the most stable state can be in either the
singlet or triplet state because of such small energy differences.

As shown above, there are some common structural charac-
teristics in V(Cgp)» and V»(Cg)s: (1) the V atom tends to bind
to the six-membered ring of Ce; (2) the binding of V atoms to
one or two five-membered rings is less stable, but it can induce
a higher spin moment; (3) the rotation of one C¢y molecule does
not significantly affect the overall stability of the complex,
although high energy barriers may exist between different
rotational states.

V3(Cg0)s Complex. Because the structures with V atoms
binding to five-membered rings or to one Cg rotated with respect
to other Cq are energetically unfavorable, we considered only
normal sandwichlike structures with the V atoms binding to

C,, M=1, AE=0.053 eV

hexagonal rings of Cg. Besides the linear structure, four
nonlinear structures with the V atoms binding to six-membered
rings of Cg were considered. All five optimized structures are
displayed in Figure 4.

The most stable structure is a linear sandwichlike structure
with D3, symmetry in the doublet state (Figure 4a); the quartet
state is less stable by 0.014 eV in energy. In the doublet state,
the Ry_p distances are 1.852, 1.861, and 1.865 A; the Rc_c
distances are 1.452 and 1.453 A for the 5/6 edges and 1.422
and 1.423 A for the 6/6 edges in the rings binding to V. Other
Rc—c distances are about 1.398 to 1.468 A.

When a V—Cg unit is located off the main axis (Figure 4b,c),
the most favorable spin states are still doublets, but the energies
of these two configurations are 0.108 and 0.114 eV higher,
respectively, compared with that of the most stable structure
(Figure 4a). The structure (Figure 4d) with two parallel V(Cq)
units connected by a V atom is also in the doublet state, and it



5410 J. Phys. Chem. A, Vol. 113, No. 18, 2009

Zhang et al.

C,, M=2, AE=0.024 eV

Figure 4. Optimized structures of V3(Cg)q.

is 0.024 eV higher in energy than the lowest-energy structure.
An open-ring structure (Figure 4e) is in the doublet state and is
0.037 eV higher in energy than the lowest-energy structure. As
in the case of V,(Cep)3, the quartet states for all five structures
of V3(Cgp)4 are close in energy to the doublets (only 0.004 to
0.017 eV in energy differences). The lower stabilities of
structures declined from D3, might be attributed to the least
strain—strain interaction in the linear sandwich Ds, structure.
Among the four nonlinear structures (Figure 4b—e), because
the V(Cgp), subunits are more symmetrically bonded to each
other in the structure shown in Figure 4d.e, they are expected
to have less strain energy and thus are more stable than the two
structures shown in Figure 4b,c.

V4(Cs)4 Complex. Chemical probe experiments suggested
that no V atom is located in the outer region of V4(Cgp)s+.33%3!
As such, we constructed two initial configurations: (a) a ringlike
structure with the V atoms located between Cgy molecules, and
(b) a riceball-like structure with four V atoms forming a
tetrahedron unit, which is surrounded by four Cg, molecules.
The riceball-like structure in the singlet state is more stable
among the two structures at various spin states, as in the case
of the Co4Bz, cluster.?! The ringlike structure favors the singlet
state but it has much higher energy (3.708 eV) than the riceball-
like structure. These results are in disagreement with experi-
mental suggestion that a ringlike structure is more likely for
the cationic complex.*¥%3! As displayed in Figure 5a, the
riceball-like structure is actually distorted with each V atom
binding to either a C—C bond or one C atom. The V—V and

C;, M=2, AE=0.037 eV

V—C bond lengths are about 2.252 to 2.469 and 2.131 to
2.689 A, respectively. The V—V bond lengths here are a bit
larger than those of the bare V tetrahedron® (2.206 A). The
ringlike structure has bond lengths similar to those of the
sandwichlike clusters (Figure 5b), in which Ry_, distances are
1.856 to 1.864 A and Rc_c distances are 1.398 to 1.467 A, with
those in the 5/6 edges longer than those in the 6/6 edges.

B. Size-Dependent Energetic, Electronic, and Magnetic
Properties. The average binding energy (BE(n, m)) per V atom
for a V,(Cep),, complex with respect to individual V atom and
Cgo molecule is computed using the formula BE(n, m) = {nE[V]
+ mE[Ce] — E[V,(Ce0)]}/n, where the E[ ] is the total energy
of a relaxed V,(Cgo)., a single Cg molecule, or a V atom. The
BE per V atom of the most stable structures quickly increases
from 0.822 eV for VCqy to 2.534 eV for V(Cg),, but then
decreases a little to 2.494 eV for (2, 3) and to 2.490 eV for
(3, 4). For (4, 4), the BE per V atom is 3.412 eV, which is
significantly higher than that of other sandwichlike clusters.
However, the BE per V atom of the ringlike structure is only
2.486 eV, close to those of sandwichlike clusters. This result
can be understood from their different structural characteristics.
In sandwichlike or ringlike structures, the V atoms are located
between Cgy molecules, and their binding interaction is relatively
weak. When the V atoms form a metal cluster and are
surrounded by Cgyp molecules in the riceball-like structure, the
orbital overlapping between V and V as well as V and Cg is
much larger, giving rise to much higher BE.
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Figure 6. Mulliken charge (spin) on V atoms and Cg molecules of the lowest-energy structures of V,(Ce),,. The number in parentheses is the

local magnetic moment in ug.

The HOMO—LUMO gaps of the complexes studied are all
relatively small (Tables 2—4), indicating that these complexes
may be highly reactive. The maximum HOMO—-LUMO gap
among the most stable structures is 0.585 eV for V(Cg)s,
suggesting that V(Cg), is relatively more stable than other
complexes.

The vertical ionization potentials (VIPs) of low-lying com-
plexes are also computed and presented in Tables 2—4. The
VIP of the lowest-energy structures shows a peak value (6.099
eV) at V(Cgp), and a minimum at V3(Cgg)s. The measured IPs
are well reproduced for (1, 1) but have some discrepancies with
the calculated VIPs for (1, 2), (2, 3), and (3, 4). * As shown
above, several low-lying isomers for each complex were
identified. (See Tables 2—4.) For example, the #°-ligand
structure of VCg is only 0.078 eV higher in energy than the
ni-ligand structure. Similarly, energy differences between
nonlinear and linear structures are small, less than 0.06 eV for
(2, 3) and 0.12 eV for (3, 4). These nearly isoenergy structures
may coexist and contribute to the measured photoionization
spectra. One can see from Tables 2—4 that the computed VIPs
of some low-lying isomers are quite close in value to the
measured ones.

Except for the (1, 1) complex, which is in the sextet state,
other complexes favor the lowest spin states, that is, either the
singlet states for complexes with an even number of electrons
or the doublet states for complexes with an odd number of
electrons. We have shown that for the (1, 1) complex, the V

atom actually binds to a five-membered ring, whereas for the
complexes (n, n + 1), the V atoms bind to six-membered rings.
We have also shown that the #°-ligand configurations favor
higher magnetic moments. For example, the 7’-ligand and the
mixed 7°—#°%ligand structures of V,(Cgp)3 possess magnetic
moments of 10 and 6 ug, respectively. Therefore the (1, 1)
complex is also expected to exhibit a high magnetic moment.
The Mulliken spin distributions on localized V atoms and Cqg
molecules are shown in Figure 6. In VCgqy, the V atom
ferromagnetically couples to Cgy with the local moments being
3.793 and 1.216 ug, respectively. In the case of V(Cg),, the
magnetic moment of the V atom is reduced to 1.645 ug, which
is antiparallel with the two Cg with small negative values
(—0.327 ug). Therefore, the total moment of the cluster is only
1 ug. As for Vo(Cgp)s and V3(Cep)s, the local moments on V
atoms and Cgy molecules are similar to those in V(Cg),, whereas
the magnetic coupling between V atoms and between V atoms
and Cg molecules is antiparallel. Therefore, the magnetic
moments of these clusters are very small. In V4(Cg)s, the local
moments of every part are zero.

The Mulliken charge distribution on each V atom and Cg
molecule of the lowest-energy structures of V,(Cg),, can be used
to characterize the interaction between V and Cg (Figure 6).
All V atoms have positive charge, and Cg ligands possess
negative charge. The charge on the inner C¢) molecules is almost
twice that at the end in the sandwichlike complexes. This is
because inner Cgy molecules are located between two V atoms,
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Figure 7. Isodensity surface of HOMOs (bottom) and LUMOs (top) of the lowest-energy structures of V,,(Ceg)n-

and the charge transfer should be more pronounced. In (4, 4),
the four V atoms and Cg, molecules have similar charges due
to its riceball-like structure (with tetrahedral unit of V sur-
rounded by Cgo). The charge distributes nearly symmetrically
about the principal axis of the complexes, giving a small dipole
moment. Also, the charge population is mainly distributed on
those C atoms adjacent to the V atoms, which leads to larger
structural distortion in this region in Cg.

The isodensity surfaces of HOMOs and LUMOs of the
lowest-energy structures of V,(Cg),, are plotted in Figure 7. It
is evident that the HOMOs are mainly localized on the d (d,,,
de-y2, dy, dy, d.?) orbitals of V atoms, whereas the LUMOs
are mainly on the p, orbitals of Cg in all of the sandwichlike
complexes. However, different hybridization behavior is found
for VCgy and V4(Cg)s, where the d orbitals of V atoms are also
found in the LUMOs.

More interestingly, the isodensity surfaces of HOMOs and
LUMO:s of the sandwichlike structures show strong similarities:
the isodensity surface of “V(Ce),” is also seen in both HOMOs
and LUMOs of larger clusters of V,(Cg); and V3(Cgp)s. The
HOMO/LUMO isodensity surface of multidecker sandwichlike
complexes can be constructed on the basis of that of V(Cg),.
For example, the isodensity surface of the HOMO of V3(Ce)s4
can be viewed as approximately two HOMOs of V(Ce)s
connecting by the HOMO of a V atom, and its LUMO is mainly
from the middle two Cgy molecules. On the basis of its BE per
V atom, HOMO—LUMO gap, and VIP, V(Cq), is likely the
most stable complex. The similarity of the HOMO/LUMO
isodensity surfaces for the sandwichlike complexes suggests that
V(Cqgp)> can serve as a base for building larger sandwichlike
complexes by adding additional VCg units. Conversely, this

view can also explain why V3(Cg)4 has the smallest ion intensity
in the mass spectra®*®3! because it tends to dissociate into a
V(Cep), base plus two VCg units or one V(Cgp), base plus a
smaller V,(Cg); complex.

IV. Conclusions

We have studied structural, electronic, and magnetic proper-
ties of V,(Cgo)e (n, m < 4). In general, the linear 5°-ligand
sandwichlike structures are energetically more favorable than
the 7°-ligand structures or nonlinear structures for (n, n + 1).
However, for (1, 1), the most stable structure is a ns—ligand
conformation, and for (4, 4), a riceball-like structure is favored
over a ringlike structure. The HOMO—LUMO gaps of these
complexes are all relatively small, suggesting that they may be
of high reactivity. The average binding energy per V atom and
vertical ionization potential peak at (1, 2) and (4, 4). The lowest-
energy structures are generally in their lowest spin state, except
for (1, 1). Complexes in 7°-ligand configuration tend to be in
high spin state.
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