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Density functional theory calculations have shown that the open-shell-nuatddide endofullerene 82,@ Cso

has the valence state @}s(C2)3 @%° . A lot of low-lying isomers differing in geometries and locations

of the endohedral [(S¢t)3(C,)®] cluster have been located, indicating unusual dual intramolecular dynamic
behaviors of this endofullerene at room temperature. The electrochemical redox properties of this endofullerene
have been elucidated in terms of electronic structure theory. Its redox states are found to follow the general
charge-state formula (St);C.C8- 9~ @G~ (q is the charge of the whole molecule ranging freih to —3),
demonstrating the high charge flexibility of the endohedral metatbide cluster. The structure of the
endohedral [(St)sC,397] cluster varies with the redox processes, shifting from a planar structurg €or

0 and—1) to a trifoliate structure (fog = +1, —2, —3).

1. Introduction CHART 1: Two Possible Geometries of S¢C, Cluster
Endohedral metallofullerenes are such a unique class of Encased in Go: (@) Planar and (b) Trifoliate

fullerene derivatives that have a metal atom or a metal- ‘T’c

containing cluster encased in a hollow carbon cage. An C. s‘:—,-;"ﬂ:‘:f}sc

interesting common feature of endofullerenes is their “super- Scil | iSc "Cil\SC

atomic” core (postive}shell (negative) structures arising from c

the inherent electron transfer from the encapsulated metal or a) b)

cluster to the carbon cad& he number of electrons transferred
is a key factor that governs the stability of the otherwise unstable (coded #39705 by following the spiral algorith®h On the
fullerene cages, exemplified by those endofullerenes (e.g., contrary, liduka et al° reported very recently*C NMR and
Se@Css” SGN@Gss®, and La@Cr2") that have carbon cages  x.ray diffraction experiments on the monoanion otSg and
violating the well-known isolated pentagon rule (IPRBecause s derivatives and demonstrated unambiguously the endohedral
of their fascinating geometric and electronic structures, endo- metal carbide structure $&@Cso with a SeC, cluster being
fullerenes have attracted intense interests in exploration of theirencased in af-symmetric Go cage. Two structural features
physical and chemical properties and potential applicafions.  of this unique endofullerene should be noted here: (i) thE€sc
Thus far, a large number of endofullerenes have been cluster may rotate freely within the carbon cage at room
synthesized and characterized; the endohedral species disclose@mperature, as was implied by ESR (for neutral molecule) and

varies from a simple metal atom (e.g., M Sc, Y, La in 13C NMR (for monoanion) experiments; and (ii) the geometry
M@Cs,t), a dimetallic cluster (e.g., kain La,@Cn (M = of the encased $€, cluster is somewhat elusive, either in a
72,80))! a trimetat-nitride cluster (e.g., S8l in SGN@G, planar structure or in a trifoliate structure (Chart!).

(n = 68, 78, 80))}" to a metal carbide cluster (e.g.,28¢ in The aim of the present theoretical investigation is multifold:
SeC,@Ces TinCy in TinCo@Cre® and SeC; in SGCo@Ceol?). (i) to unravel the electronic structure of £B@GCao, (i) to
Among them, the endofullerene £L@Cgo that has the largest  explore the redox properties of @ Cso, and (iii) to see how
endohedral cluster (8C2) encapsulated in ai-symmetric Go the structure of the encased cluster responds to the redox-

cage appears to be the most interesting. This endofullerenecharging process.
possessing an open-shell electronic configuration was first

synthesized and isolated in 19%2Thereafter, it has been 2 cComputational Details
extensively characterized by means of electron-spin resonance

(ESR)!112 YV —Vis 122 cyclic voltammetry (CV)3 and syn- All DFT calculations were performed with the GGA-BLYP
chrotron radiation X-ray power diffractiol.It has long been  functional” using the Dmal code:® For open-shell systems,
thought to have a simple endohedrak®Ss; structurell—15 the spin-unrestricted algorithm was employed. Double numerical
Previous density functional theory (DFT) calculati$fisug- plus polarization (DNP) basis sets without frozen core, which

gested that the $S@GCs, structure had a charge state of are of the highest quality among all the available basis sets
(S@)s@Cs, in which the G, cage can be &z,-symmetric within the Dmof code, were employed for Sc and C atoms.
IPR-satisfying isomer or &,-symmetric non-IPR isomer ~ Ge€ometry optimizations were performed with the BFGS algo-
rithm at the GGA-BLYP/DNP level of theory. We have tested
*To whom correspondence should be addressed. E-mail: xinlu@ another density functional, GGA-P91 which gives results
xmu.edu.cn. Tel:+86-592-2181600. Fax:86-592-2183047. essentially similar to the BLYP predictions (Supporting Infor-
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Figure 1. Symmetries, 2D schemes, and 3D ball-stick representations for the GGA-BLYP/DNP-optimized isomesS,@ &g (1a—2b). The
Sc atoms are represented by green dots in the 2D representations. Reported efErgie&dgal/mol) are relative to S€,@GCs, 1a

mation). Since SEC,@ Cgp has an open-shell doublet electronic

upon geometry optimization the-€C axis tilts away from the

configuration, spin contamination of high spin states may be a S axis in the final geometry. Aligning the-©C axis of SeC,
problem for an accurate description of its doublet ground state cluster along &3 axis of the Go (I;,) cage leads eventually to

with use of the unrestricted Hartre€ock (UHF) wave func-

the Cs-symmetric isomeficin a2A" electronic state. Th€,,-

tions20 However, previous theoretical investigations on a large symmetric isomefb has a?B; electronic state. Among these
number of neutral radicals showed that DFT-based “unrestrictedthree isomersla is the most stable. However, the energy

Kohn—Sham (UKS) wave function is much less spin contami-
nated by higher spin states than its UHF counterp&ftSo
we did not consider the spin contamination effect in our DFT
calculations.

3. Results and Discussion

3.1. Geometric and Electronic Structures of SgC,@Cs
Isomers. We have performed GGA-BLYP/DNP calculations
on various possible structures of;8g encapsulated in thegg
(In) cage. As depicted in Figure 1, five isomets—2b, have
been located as stationary points. For isomerslc, the trapped
SaC, cluster is trifoliate with the €C axis being nearly
perpendicular to the Sglane. TheCy,-symmetric isomerla
with a 2A electronic state was obtained by aligning the €
axis of SgC; cluster along ar$s axis of the Go (Ih) cage, but

discrepancies between these isomers are smaller than 10 kcal/
mol, suggesting that the trifoliate $&& cluster can readily rotate
within the carbon cage at room temperature.

For isomers2a (in a 2B, state) and2b (in a 2B, state), the
encased SC€, cluster is planar, in sharp contrast to the trifoliate
ones in isomerda—1c. Both isomersla and 2a have equally
the lowest total energy, implying that the 8 cluster
encapsulated in theggcage may readily fluctuate between the
planar structure (in isomea) and trifoliate structure (in isomer
14). This confirms the previous B3LYP prediction reported by
liduka et al'®

Local views of the S¢C; clusters in isomerda and2a are
depicted in Figures 2 and 3, respectively. The@Cbond length
of the encased SC; cluster is~1.31 A in isomerla (Figure
2) and~1.29 A in isomer2a (Figure 3), even shorter than the
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Figure 4. Isodensity surface plots for the (a) SOMO and (b) LUMO
of SeC,@Cyo isomerla

2.32(2.29)[2.34]

Figure 2. Local view (around the equatorial [10]cyclacene part) of
the SgC; cluster in SeC,@ Csoisomerlaand the key atomic distances
(A) for the neutral, cationic (in parentheses), and anionic (in square
brackets) forms of SE,@Cg 1a.

(a) SOMO () LUMO

Figure 5. Isodensity surface plots for the (a) SOMO and (b) LUMO
of SeC,@Cyo isomer2a

Similarly, for Sc@G., the MEM/Rietveld determined charge
state is SE@GCg?~, whereas the recent DFT computation
disclosed unambiguously a valence state 8f &Cg,*~.2° These
facts indicate that the MEM/Rietveld analysis of synchrotron
X-ray power diffraction data is sometimes unreliable, despite
the fact that this technique has been widely accepted for
structural determination of endofullererfes.

In inorganic metal carbide solids, the Gnits can attain a
formal charge of-2 in binary metal carbides (e.g.,2d,, CaG,
and My(Cy)s with M = Al, La, Pr, or Th), of —4 in ternary
metal carbides containing Ln (lanthanide) metals (e.gM(8>),
with M = Fe, Co, Ni, Ru, Os, or Ir), or even of6 in
Figure 3. Local view of the SgC, cluster in SeC,@ Cgo isomer2a p-ScCrG.2 .Hence, the ¢~ SpeC'eS, found in SC,@Co is
and the key atomic distances (A) for the neutral, cationic (in unusual. It is the covalent S€, dative bond as well as the
parentheses), and anionic (in square brackets) forms;@h@&Cso 2a. carbon cage that facilitate the formation of such unusuyét C

moiety.

lowest limit (~1.32 A) for tetraanion €~ in inorganic At this stage, we would like to further comment on the
compound$?23 So the G moiety should have a charge state dynamic behavior of the encasedsSg implied by room-
lower than—4. temperature ESR12and NMR experiments on S€,@ Cgo.

For all five isomers, a careful inspection of their KS wave As depicted in Figure 1, the three Sc atoms in either the trifoliate
functions revealed that they are essentially in a valence state offSc;C;]®+ cluster of isomerla or the planar [S£2;]6" cluster

2.16(2.25)[2.09]

2.22(2.20)[2.26]

(SxC)8 @Cs®, in which the spir-unpaired electron is
localized within the (S¢C,)®" cluster. For the most stable
isomersla and 2a, their singly occupied molecular orbitals

of isomer2a are not equivalent at all, whereas thgyCage
does not maintain the idek symmetry due to inclusion of the
low-symmetric [SeC;]®" cluster. However, ESR experi-

(SOMO) are shown in Figures 4a and 5a, respectively. For eachment3!12suggested that the three Sc atoms of this endofullerene

isomer, the SOMO is localized within the encaseds;(3)¥"
cluster and is primarily attributed to the covalent dative bonding
between the gdatomic orbitals of S&™ atoms and ther* orbital

of the G moiety. Hence the £moiety in the encased cluster
can be described asT, and all the Sc atoms are in the formal
charge of+32425|n detail, the valence state of the whole
molecule is (S&M)3(C)3~ @Cgs®~. This reminds us of the very
stable endofullerene §8@Cy that has analogously a charge
state of (SN~ @Cg?~.7226 The present DFT prediction,
together with the previous work by liduka et al., contradicts
the previous MEM/Rietveld analysis on :8g,.14 The MEM/
Rietveld analysis suggested a charge state of )g®2Cg>~,14
which is wrong in either structure or charge distribution.

should be equivalent at room temperature, whereassitsdge

is I, symmetric by displaying only tw&*C NMR lines!® These
phenomena can be understood by taking into account the
intramolecular dynamics pertaining to this endofullerene, i.e.,
rotation of the encased [§2;]¢" cluster. Tentatively, we have
considered the rotation of the [§2]6" cluster around thé&s

axis of the G (In) cage for both isomerkaand2aby pointwise
exploration of the potential energy surface at the GGA-BLYP/
DNP theoretical level. As shown in Figures 6 and 7, the
estimated activation barriers for the rotations of the trifoliate
and planar [S§<,]5" clusters within isomersaand2aare~4.6

and 1.4 kcal/mol, respectively. The small barriers corroborate
that the intramolecular rotation readily occurs at room temper-
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Figure 6. Selected points along the hypothetic route for the top-like
spinning of the trifoliate [S¢C,]%t cluster around th&; axis of the Go

(In) cage (BLYP/DNP calculations). The energiéd] are relative to
SaC.@Csisomerla. 1laand1d' are equivalent isomers. The rotation
proceeds with the Sc atoms rolling round the equatorial cyclacene-like
belt (the blue-colored part).
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Figure 7. Selected points along the hypothetic route for the rotation
of the planar [S¢C,]®t cluster around th&s axis of the G (In) cage
(BLYP/DNP calculations). The energieSE) are relative to S€,@Cso
isomer2a. 2aand2d’ are equivalent isomers. The carbon atoms of
the Gy cage that are directly connected to the Sc atoms in is@aer
are blue colored.
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TABLE 1: GGA-BLYP/DNP-Predicted Relatlve Energy
(AE, in eV), C—C Bond Length (Rcc, in A), and Charge
State Qcc) of the C, Moiety for the Monocations and
Monoanions Derived from SgC,@Csgo Isomers 1a and 2a

la” la la 2a" 2a 2a
AE 6.31 0.0 —-3.33 6.65 0.0 —3.48
Rcc 1.27 1.31 1.35 1.27 1.29 1.33
Qcc -2 -3 -4 -2 -3 —4

a For comparison, the computed data for the neutral ones are also
given.

of such fascinating intramolecular dynamic behavior, quantum
mechanical (QM) simulation of the ESR spectrum (e.g.,
computations of the g-factor and hyperfine coupling constants)
by using the static S€,@Cgo geometries is meaningless. To
reproduce the experimental ESR data, a QM-based molecular
dynamics simulation is essential but unfortunately unapproach-
able at present.

3.2. Monocations and Monoanions Derived from S€,@Cgo
Isomers la and 2a.The optimized geometries of the mono-
cations and monoanions derived from the most stable isomers
laand2adiffer slightly from the neutral ones; the key geometric
parameters of them are given in Figures 2 and 3. Their energies
relative to the neutral ones are listed in Table 1. The optimal
C—C bond length in the encaged s8g cluster is shorten to
1.27 A for eitherla’ or 2a*, indicating the G moiety in either
monocation is divalent (£°). Meanwhile, due to absence of
a* electron in G2~ group (cf., Figures 4a and 5a), the interaction
of S&* cations with the @~ group is primarily ionic; as a
result, the SeC, distances in eitheta™ or 2a" are slightly
longer than those in the neutral ones. On the contrary, thé C
bond length is elongated from 1.31 to 1.35 A far, and from
1.29 to 1.33 A for2a-, showing the presence of & moiety
in either monoanion. The dative bond between the doubly
occupiedrt* orbital of the central G~ group and the gdorbirals
of the surrounding S¢ cations (cf., Figures 4a and 5a) is
stronger than that in the neutral ones, leading to slightly shorter
Sc—C, bond lengths in the monoanions.

Despite the fact that the neutrfsd and2aare equal in energy,
lat is by 0.34 eV favored oveRa’, whereas2a™ is slightly
lower in energy tharia™. Hence the monocation and monoanion
of SeC.@Cg should adopt thela™ and 2a~ structures,
respectively. Accordingly, the ionization potential and electron
affinity predicted for SgC,@GCgo at the GGA-BLYP/DNP level
are 6.31 and 3.48 eV, respectively. The high electron affinity
implies that this endofullerene can be readily reduced to its
monoanion form. Indeed, liduka et al. found that chemical
reduction of this endofullerene to its monoanion can be readily
attained with use ofn-BuyNTCIO,~ in pyridinel® Earlier
electrochemical CV experimendtsalso revealed that the first
reduction potential of this endofullerene is onh0.50 V vs
ferrocene/ferrocenium (Fc/FL We shall discuss in detail the
redox properties of this endofullerene in the next subsection.

3.3. Electrochemical Redox Properties of SE€,@Cgo. As
shown in Figures 4a and 5a, both neutradG@ Cso isomers
laand2ahave a SOMO that is attributed to the covalent dative
bonding between the,catomic orbitals of St~ atoms and the
o orbital of the G group. However, their lowest unoccupied
molecular orbitals (LUMOSs) differ significantly in character.
The LUMO of isomerla (Figure 4b), quite similar to its SOMO,

ature. As such, by averaging over all possible static structuresis localized within the encased trifoliate [§&2]%" cluster and
in a long time scale, the three Sc atoms appears to be equivalentcan be definitely ascribed to the covaleptdr* dative bonding

and the G~ cage appears to bk symmetricl® Similar
intramolecular dynamic behavior was disclosed by ESR experi-
ments on the radical monoanion of ;8@ Cgo.2” On account

between the S¢ cations and the £~ moiety. On the contrary,
the LUMO of isomer2ais delocalized over the entire molecule
with significant contribution from the orbitals of thes§&age.
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TABLE 2: Computed Relative Energies (AE), the HOMO Energies Enomo), and LUMO Energies (ELumo) of 1a% and 2& (q =
+1, 0,—1, —2, —3) in ODCB Solvent, the C-C Bond Length (Rcc), and Derived Charge State Qcc) of the Encased G Moiety,

Computed and Experimental Redox Potentials E) of SiC,@Cso

la* 2a" la 2a la 2a- lad 288 lad~ 2a8

Q 1 1 0 0 -1 -1 -2 -2 -3 -3
AE (eV) +5.29 +5.56 +0.02 0.00 —4.29 —4.60 —7.72 —7.60 —10.44 —9.83
Eromo (€V)° —6.12 —6.05 —4.87 —-5.18 —3.88 —4.12 —-3.15 —2.53 —2.41 —-1.78
ELumo (eV)° —5.42 -563  —451 —-482  —342  -3.17 —2.67 -237 139 —1.45
Rcc (A) 1.27 1.27 1.31 1.29 1.35 1.33 1.46 1.33 1.69 1.34
Qcc -2 -2 -3 -3 -4 -4 -5 -4 -6 -4
E° (V) +0.31 —0.38 —1.87 —2.26

(—0.06): (—0.50f  (—1.64) (—1.82)

2The experimental redox potentials extracted from ref 13b are given in parenthe@®O refers to the highest occupiedspin—orbital for
an open-shell systefiLUMO refers to the lowest unoccupigitspin—orbital for an open-shell system.

Accordingly, when reduced to dianion or trianion, the additional
electrons will go solely into the $C; cluster forla but partially
into the Gy cage for2a. Given the bonding character of the
LUMO in la and the limited electron-capacity of a highly
charged Go®~ cage, the dianion and trianion would probably
prefer aladike structure. Thus SE€,@Cs should probably

length of the encased,@noiety being elongated from 1.33 to
1.69 A (cf. Table 2). In particular, the trianion [§2:@ Csg]3~
has a rather compact trifoliate [§2]3" cluster with a rather
short Se&<Cearige bond of ~2.06 A and a long €C bond of
1.69 A for the carbide moiety. Accordingly, the carbide moiety
in this reduction state can be well describegiag-C5~. So

show three reversible reduction states with the charge statefar such a peculiar carbide moiety can only be found in the

ranging from (S&M)3(Co)* @Cec®~ to (SCM)3(Cr)6 @Cao®.

B-ScCrG solid, which contains analogous trifoliate KCg]3"

Such an inference is consistent with the recently observed clusters?®

electrochemical redox properties ofs8g, i.e., three reversible
reductions with potentials at0.50, —1.64, and—1.82 V vs
Fc/Fcf, and a reversible oxidation with a potential-e®.06 V
vs Fc/F¢ in 1,2-dichlorobenzene (ODCB) solvent.

To derive theoretically the redox properties o Sga Cgo,
we performed GGA-BLYP/DNP calculations on the {Sg@ Gy
(g= +1, 0,—1,—2,—3) molecular systems in ODCB solvent.
The conductor-like screening model (COSM&yas employed

4. Concluding Remarks

In summary, we have shown by means of DFT calculations
that the open-shell metatarbide endofullerene 8,@ Cgo has
the charge state (80)3(C,)3~@GCgo®~. The presence of a lot of
low-lying isomers differing in geometries and locations of the
endohedral [(St)3(C,)37] cluster implies unusual dual intra-
molecular dynamic behaviors pertaining to this endofullerene

to describe solvent effects. The dielectric constant used in theat room temperature, i.e., nearly free rotation of the endohedral

COSMO calculations is 10.12 for ODCB solvent. For a given
redox reaction, reduced form (solventy oxidized form
(solvent)+ e, the computed redox potenti&P is defined by
the equation

E°=AG —4.98

in which AG is the free energy change of the reactier.98
(unit = eV) is the free energy change associated with the
reference Fc/Fcreaction (i.e., ferroceniunt e — ferrocenef?
The three reduction potentials and the first oxidation potential
of SeC,@Cs in ODCB can thus be derived on the basis of
the predicted total energies of the fSe@Cg]? (q = +1, O,
—1, —2, —3) molecular systems in ODCB solvent.

The computed relative energies of isom&ad and2af (q =
+1, 0, —1, —2, —3) in ODCB solvent are listed in Table 2,
along with the G-C bond length and derived charge state of
the carbide @ moiety. On the basis of the computed relative
energies, the preferential reduction states ofC3@Cgp in
ODCB solvent ar®a-, 1&2-, and1a®", whereas its favorable
oxidation state ida". Thus the geometry of the encasedGc
cluster is highly sensitive to the charge state of the whole

cluster within thel,-symmetric Go°~ as well as dynamic
geometric fluctuation of the endohedral cluster between a planar
structure and a trifoliate structure.

The electrochemical redox properties of this endofullerene
observed experimentally have been reproduced and elucidated
in terms of electronic structure theory. The redox states of this
endofullerene, including three reversible reduction states and
one reversible oxidation state, follow the general charge-state
formula (Sé+);C3-9-@Cg®~ (q is the charge of the whole
molecule) and differ solely in the charge state of the centsal C
carbide moiety that varies sequentially fro?C(for q = +1)
to G5 (for g = —3). This demonstrates the high charge
flexibility of the endohedral metalcarbide cluster arising from
the flexible charge states of the central €rbide moiety3
More interestingly, the structure of the endohedral §{$¢
C,-97] cluster appears to be highly sensitive to the charge
state of the whole molecule, varying from the planar structure
(for g = 0 and—1) to the trifoliate structure (foq = +1, —2,
=3).

Finally, we should emphasize that the high charge-flexibility
of endohedral metalcarbide cluster disclosed herein should
play an important role in the chemistry of endohedral metallo-

molecule, adopting a planar structure in the neutral molecule fullerenes. For example, since 8@ Cgo has an endohedral

and monoanion and shifting to trifoliate structures in the

(ScM)3C3 cluster, further addition of a Sc atom into this

monocation, dianion and trianion. On the basis of the relative endofullerene would lead to the formation of,86@ Csg that
energies of these redox states, the electrochemical redoxlikely has the charge state 834C.5-@Cso® . Note that this

potentials of SgC,@Cgp in ODCB were computed and given

new endofullerene containing an unprecedentedly large six-

in Table 2. The agreement of the theoretical data with the membered metal carbide cluster is in a stoichiometry a€&c
experimental ones is fairly good, except that the third reduction It should be mentioned that isolation of,8g, was once claimed

potential is overestimated by 0.36 V.

It is noteworthy that the three reduction states of this
endofullerene, i.e., [SC.@Cg]? (g = —1, —2, —3), have the
electronic states (8t);CC-9-@Cge®~ with the CG-C bond

without structural characterization by Shinohara grbéfwe
believe the SgC,@ Gy structure could be a rational structural
model for the previously synthesized tetrametallofullerene
SQ;ng.Sl
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