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A computational study on the experimentally detectedN&2Css cluster is reported, involving quantum
chemical analysis at the B3LYP/6-31G* level. Extensive computations were carried out on the;pcageC
which does not conform with the isolated pentagon rule (IPR). The two maximally stgbisoBers were
selected as initial SBl@Css cage structures. Full geometry optimization leads to a confirmation of an earlier
assessment of the $&@ Css equilibrium geometryNature200Q 408 427), namely an eclipsed arrangement

of SgN in the Gg 6140 frame, where each Sc atom interacts with one pentagon pair. From a variety of
theoretical procedures, g, structure is proposed for the freeScmolecule. Encapsulated into thesC
enclosure, this unit is strongly stabilized with respect to rotation within the cage. The complexation energy
of SGN@GCss cage is found to be in the order of that determined faN&2 G and exceeding the complexation
energy of SIN@GCrs. The cage-core interaction is investigated in terms of electron transfer from the
encapsulated trimetallic cluster to the fullerene as well as hybridization between these two subsystems. The
stabilization mechanism of 4@ Ceg is seen to be analogous to that operative isN&C;s. For both cages,

Css and Gg, inclusion of SeN induces aromaticity of the cluster as a whole.

I. Introduction the species Sbl@GCss has been detected with particularly high
abundancé.The NMR spectrum of this metallofullerene was
found to be compatible with 11 cage structures combined of
pentagon and hexagon rings, all of them characterize®dy

or S symmetry, and chosen from a set of 6332 possible isomers,
as generated by the spiral algoritBhilhe minimal number of
fused pentagon pairs in these selectgg €@ges turned out to

be three. A first tight binding density functional theory (DFT)
calculatiort? singled out two cages, labeled 6140 and 6275, as
maximally stable within the pool of the 11 competitors.

Encapsulating metal atoms into fullerene enclosures gives rise
to novel phenomena of relevance for the fundamentals of cluster
science as well as technological applicatiorhus, it has been
found that the cage structures of endohedral metallofullerenes
may differ from the most stable geometries of the respective
pure cages, as observed for composites baseg@had Go.3
Numerous applications of metallofullerenes in the fields of
nanoscale materials science, photochemistry and biomedical

technology are envisagéd.For instance, repent expgr[mental Combining!3C NMR spectroscopy measurements with energy
studies suggest that fullerene cages enclosing gadolinium aloMSinimization arguments, a unique structure consisting of three

may be utilized as highly effective and biocompatible magnetic fused pentagon pairs with; symmetry was identified as the

resonance imaging (MRI) contrast agefts. . most likely geometry for the cage of @ Css. This structure,

H. C. Do and co-workers recently discovered novel gypiniting the smaliest possible number of pentagon pairs, is
metallofullerenes of composnlor;,gﬂ(‘gixN@Cﬁs W'th,M - L"’," in keeping with the pentagon adjacency penalty rule (PAPR).
Gd, Ho, Er, and Tm and = 0—2."%It is among the interesting  According to this rule, maximally stable non-IPR cages contain
features of this newly characterized family of metallofullerenes 1,4 hinimal number of fused pentagons since each [5:5] junction
tEat t:ey do no(tjconform Ivvitgltheralolat.eq pe”,tagoln r,“'e'PRl) __enhances the ring strain of the cluster as a whble.
that has served as a valuable heuristic principle in exploring o
pure fullerene clusteisThis rule states that the most stable W E;rshesJ;gglrtizsebsysg?gyogz]:cfr;iggfffggégégH:ﬁﬁr_y

furlllttierrelnes frorrﬁngng to ds_tructnutris )'(n W?}'Ch_me [r)enta?lofnsr, ?k:e(OEP)]-ZC(;HG crystal$ from which the structure displayed in
3 .et.y Sij outh.e Iy a Ja;e Sfago St I fe” €aso bo (fFigure la emerged as the most probable candidate for the
eviation from this rule as observed for metafiolufierenes base ground-state equilibrium geometry. In this unit, the$core

ggﬁ?;gﬂéﬁly ;?1‘:3%?4:6‘2 gam%{rfu'g'rr?:rﬁg?gltglll\lozsggle is planar, and each Sc atom is located above the midpoint of a
" P gons, excepting. , all posst pentalene motif of the cage, more specifically the center of the

Csg Cages based on five and six-membered rings contain ., : L _
adjacent, or “fused” pentagons. The non-1PR uni@6es that 556ﬁ£junct|on, i.e., the bond shared between two fused penta

has been described recently in the literattirepresents a case .
s : Two further members of the metallofullerene series\&D Gy
comparable to NBe-xN@Css. Within the latter cluster family, have been reported, namely wikh= 78! andN = 802 The
* Corresponding author. cages of both species conform ywt'h the IPR rule. FaN&2Cyg,
t Jackson State University. spectroscopy yielded an equilibrium geometry closely related
* Samsung Electro-Mechanic Co. Ltd. to that proposed for SN@GCss (see Figure 1b). As a marked
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cluster core and the fullerene enclosure. In these investigations,
the IPR system SBI@C;s provides a natural reference for
comparison.

II. Computational Details

All species considered in this work have been subjected to
guantum chemical analysis by density functional theory (DFT)
using the B3LYP hybrid density functional method in conjunc-
tion with the d polarized 6-31G* basis set implemented in the
Gaussian 98 prografi. 22 Each unit reported here was fully
optimized without symmetry constraints, taking into account
all electrons. The structures resulting from geometry optimiza-
tion have been classified as local minima or stationary points
on their respective potential energy surfaces according to the
number of their imaginary frequencies. The frequency analysis
has been performed at the B3LYP/3-21G level, as necessitated
by the considerable sizes of the systems analyzed in this work.
For selected clusters, however, the results of the B3LYP/3-21
approach were reexamined by a subsequent computation at the
B3LYP/6-31G* level. Thus, both methods confirmed the

staggered SN@GCsg(6275) structure (see subsection llic) as a

transition state. A variety of DFT, ab initio and hybrid

procedures was employed to assess the ground-state geometry
@ of the cluster SgiN.

For the composites @ Css and SeN@Crs, complexation
energies, i.e., adiabatic binding energies between the cage and
the trimetallic core, were computed as the release of energy
upon incorporation of the endohedral cluster into the fullerene
enclosure according to

Ecmp(SGN@G) = E(SeN@G,) — E(SeN) — E(Cy)

(a) SesN@Cos

The fullerenes & and Gg, the corresponding endohedral
(b) SesN@C7s clusters SN@Cy with N = 68, 78 and several species of the
; P form C;4Hg have been investigated with respect to aromaticity.
Figure 1. Equiliorium structures of Shl@Ces (a) and SN@Crs (b). For this purpose, the nucleus independent chemical shift
¢ (NICSY?® was evaluated at the centers of all inequivalent six
membered and five membered rings of the studied species. The
calculations were carried out by use of the gauge-independent
atomic orbital (GIAO) method?
The natural atomic charges were calculated at the B3LYP/
6-31G* level with the natural bond orbital (NBO) progr&dm
implemented in the Gaussian 98 package.

difference between the two units, however, each Sc atom o
SaN@GC;s occupies a position above the junction between two
adjacent hexagons, while Sc ins8l@ Gsg attaches to pentagon
pairs. The structural observations on the former species were
confirmed by the computational work of Campanera éf ah

the basis of geometry optimizations performed by use of the
local spin density approximation (LSDAJ.The experimentally

identified Dsn geometry of SN@GCs was found to be most || Results and Discussion
stable within the series of investigated isomers. FGN&2C g, . . . i
In symmetry was found which is remarkable sincelfhisomer In this section, we will comment first on our results on the

of the Gy cage has been determined by computation to be the PUre Gs cage. Subsequently, we will present our findings on
least stable among allggspecies that satisfy the IPR The the isolated core molecule $¢ to be followed by a discussion

cage symmetry of metallofullerenes, however, may deviate of the composites 3H@Ces and SeN@Crs, with special

substantially from that of the respective empty cage. Since empt_wra;lssporr\ tr&: c;é)mpa_pﬁonllljeéweter " tth?se t\i/\r/]o IS%GC'?SB
sizable electron transfer between the trimetallic core and the m:§s seectli o?nets iigc%mb?nationsviit# CNIL\jﬂlisr:ea%Sregémy
fullerene enclosure has been recorded for both specig$@3¢ s P Y

16 L compatible with either aD; or & symmetry assignment.
and SQN@C‘?’O’ re_sultlng in a formal charge of6 au on t_he Utilizing the spiral algorithm, one finds 11 structures that satisfy
cage, it is misleading to compare the neutral fullerene with the

tallofull indeed. it has b h that th this condition!! The previous optimization of these units at the
metallotulierene cage. Indeed, it has been shown thal the ner tight binding level? has been repeated by use of the

hexaanionicly, isomer of Go unit is of substantially higher B3LYP/3-21G and B3LYP/6-31G* procedures. Energetic prop-
stability in relation to the competing isomers than the neutral g ias of the 11 G isomers are summarized in Table 1. As in
In Cgo cluster!® It is noteworthy that the Sl molecule in Gg the previous analysis by Stevenson et’ahe two units that
is strongly stabilized in the position shown in Figure 1b while  ghare a regular arrangement of three fused pentagons, labeled
in Cgo, it has been found to be free to rotate. 6140 and 6275 turn out to be maximally stable within this

In this work, we present the first computational investigation group. In keeping with the PAPR, both of these clusters contain
of the SgN@Gss cluster. The emphasis of this effort is on the three pairs of fused pentagons. Their equilibrium structures are
understanding of the interaction between the encapsulated metathown in Figure 2. The total energies of these two clusters are
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TABLE 1: Relative Energies, Lowest Vibrational TABLE 2: Comparison of ScN in Day and Cz, Symmetry
Frequencies, and Point Groups (PG) of the Eleven g Cages As Obtained by Various Quantum Chemical Procedure's
Considered in This Work, As Evaluated at the B3LYP/
6-31G* and 3-21G Levels natural charge
relative energy HOMO—-LUMO energy (kcal/mol) Dan Cs,
isomers PG 3-21G  6-31G* w?® gap [degeneracy] method Dsn Cay N Sc N Sc
6140 D; 0.0 00 222 1.264 [2/2] HF/TZV 0.0(0) —2.19 0.73
6275 Ds 045 078 214 1.301 [1/1] MP2/TZV 0.0(0) —2.19 0.73
6059 D  1.31 149 211 1.338 [1/1] MP2/6-311+G(3df) 0.0 (0) —2.26 0.75
6263 & 238 257 212 1.581 [2/2] MP2/6-31G(d) 0.0(0) —219 073
6015 D 241 2.68 212 1.339[1/2] QCIS(N)TZvV 0.0(0) —2.19 0.73
2189 D 311 344 191 1.135[1/1] B-LYPYTZV 0.0(0) —1.68 0.56
3862 Ds 4.16 4.68 199 1.994 [2/1] B3LYP/6-31#+G(3df) 0.2(0) 0.0(0) —1.77 0.59
3875 Dy 4.39 485 197 1.434[1/2] B3LYP/6-31G(d) 0.0(0) —-171 0.57
3093 D; 534 559 189 1.280 [2/1] B3-P86/TZvV 0.0(9) —1.67 0.56
3993 D 1003  10.84 196 1.216 [1/1] B3-PWOLTZV 0.0(0) —1.68 0.56
663 Ds 10.86 11.85 177 1.489 [1/1] S—-VWN/TZV 11.0(3) 0.0(0) —1.51 0.50—-1.40 0.47
SVWN/6-31H-G(3df) 16.5(3) 0.0(0) —1.59 0.53 —1.50 0.50
2 Lowest frequencies as obtained at the B3LYP/3-21G |&v@hl- SVWN/6-31G(d) 9.7(1) 0.0(0)—1.55 0.52-1.49 0.50
culated at the 6-31G* levet.[degeneracy of HOMO/degeneracy of  S-LYP/TZV 8.2(3) 0.0(0) —1.51 0.50—-1.40 0.47
LUMO]. ¢ All energies are in eV. All structures have been found to be S—P86/TZV 9.4(1) 0.0(0)—1.51 0.50—-1.40 0.47
stable from frequency analysis at the 3-21G level. S—-PW91/TzV 10.5(1) 0.0(0)—1.52 0.51—-1.40 0.47
BY-LYP/TZV 7.0(3) 0.0(0) —1.55 0.52 —1.45 0.48
BLYP/6-311+-G(3df) 11.9(3) 0.0 (0) —1.65 0.55 —1.57 0.52
BLYP/6-31G(d) 5.7(3) 0.0(0)—1.60 0.53 —1.55 0.52
B—P86/TZV 8.4(3) 0.0(0)—1.56 0.52 —1.44 0.48
B—PW9L1/TZV 9.6 (3) 0.0(0) —1.56 0.52 —1.44 0.48
B—VWNNTZV 9.9(3) 0.0(0) —1.55 0.52 —1.43 0.48
B—VWN5//TZV 8.8(3) 0.0(0) —1.56 0.52 —1.44 0.48

aMP2: Mgller—Plesset correlation energy correction, truncated at
the second ordéf. ® QCIS(T): Quadratic Cl calculation including
single and double substitutions with a triples contribution to the energy
added®® ©B3: Becke's three parameter functiod@l.dLYP: the
correlation functional of Lee, Yang, and Parr, which includes both local
and nonlocal term& ¢P86: the nonlocal correlation functional
provided by the Perdew 86 expressfén.PW91: Perdew and Wang's
1991 gradient-corrected correlation functioffal® Becke's one pa-
rameter hybrid functional with his 1996 correlation functfér VWN:
Vosko Wilk Nusair correlation functional fitting the RPA solution to
the uniform electron gas, often referred to as Local Spin Density (LSD)
correlatior?® ' VWN 5: the Vosko Wilk Nusair functional, as obtained
from a fit of the Ceperley-Alder solution to the uniform electron ¢fas.
I'S: Slater Local Spin Density exchange, with a coefficient of<2r8.
each case, the number of imaginary frequencies is given in parentheses
behind the relative energy. The ground state energy is set to zero.
& Wherever no optimization result has been obtained, the respective entry
Ce3(6275) - Ds is left blank. Ab initio procedures are distinguished by boldface type,
and hybrid methods by italic type. The remaining procedures are DFT
Figure 2. Equilibrium structures of the twodgcages found maximally variants.
stable, labele®140and 6275

between the fullerene cage and thghscore molecule changes

separated by a difference of 0.78 according to our B3LYP/6- the shape of this molecule from pyramidal to planar, since planar
31G* calculation (0.45 eV as the 3-21G basis set is employed), geometry has been established by X-ray analysis for the core
while the earlier computation yielded 1.24 é¥Although the of SeN@GCss, SGN@Crs, and SeN@Cg0.2%815 From the
stability difference between the two competitors is markedly computations presented here, however, the structural modifica-
lower in the present than in the previous assessment, isomettion of the SgN by the fullerene cage does not appear to be a
6140 still emerges as the lowest energy structure by a cogent conclusion. Performing a geometry optimization of the
pronounced margin. Comparing our results obtained with the pure SeN by use of the B3LYP/6-31G* method adopted in
3-21G and the 6-31G* basis set we note that the differencesour work on the endohedral composite, we arrive at a planar
pertaining to geometry are negligible. The relative energies Dap structure, in contrast to the earlier finding. Thesl$cCs,
however, show deviations between the approaches whichpyramid results as unstable in spin singlet condition. Examining
average 12%. The more sizable basis set leads consistently tdhe Cs, spin triplet, we find stability; however, this isomer turns
higher values oAE than the smaller one. out to be higher in total energy than the spin singlet by the

b. The Free SgN Molecule. A previous computational  considerable margin of 1.13 eV. To clarify the ambiguous
investigation on the free g molecule yielded a pyramidal  situation with respect to the equilibrium geometry of the free
Cs, geometry with an SeN equilibrium bond length of 1.957 SN unit, we carried out further calculations, employing a large
A and an Se-N—Sc bond angle of 99°16 In this work, the range of different quantum chemical procedures in conjunction
local spin density approximatiéhwas used with the Voske with a variety of basis sets. Our findings are summarized in
Wilk —Nusair (VWNY8 parametrization for correlation and with  Table 2. Some trends pervading the data listed in this table can
Becké&’ and Perde#? nonlocal corrections. Th€s, symmetry be identified, related to the employed computational technique,
assignment for the free cluster species implies that the interactioni.e., a pure DFT approach, a hybrid or a pure ab initio method.
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In particular, we notice the following features: (1) Without 5
exception, the pure DFT procedures yield stability for @
structure while all optimization results for thgy, alternative

lead to stationary points, in most cases with as much as threeg 4

imaginary frequencies. (2) For the hybrid methods, a hybrid - |

picture arises. More specifically, we find a pronounced basis > .

use of thetriple-¢ valence (TZV) and the 6-31G* basis set. In - 1 L
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all of these cases, th2s, geometry emerges as stable while no
convergence is reached fGg, symmetry. This changes as one
moves to the 6-31tG(3df) basis, i.e., the basis set of highest
complexity employed in the context of this work. Utilizing this
basis in combination with the B3LYP method one finds both
alternatives stable and near-degenerate with a difference in total
energy of 0.2 kcal/mol. (3) The full ab initio approach, where 0-
the MP2 procedure has been combined with the three basis sets
considered here, yields stability for tBg, geometry throughout. 20 a5 0 5 o & o s
As in point 2, the optimizations performed for tk&, isomer

do not converge for any of the bases except for that of highest
complexity. Here, however, we observe that the init),

geometry deforms to relax eventually into the plaDat shape. 6 -
(4) The three classes of methods considered here, ab initio,
hybrid, and DFT, yield clearly distinct values for the natural

charges on the N or Sc atoms. The most sizable electron transfer_ 5 L
between Sc and N is obtained from the ab initio, the lowest : 1
from the DFT computations. (5) The three computational 4
approaches lead to strongly deviating density of states (DOS) |
distributions around the Fermi level. This is demonstrated in :
Figure 3 which compares the total DOS distributions yielded 31
by calculations at the MP2/TZV, the B3LYP/TZV and the ] -
S-VWN/TZV level for SgN in D3, symmetry. The energy gap 2
is high for the ab initio procedure, intermediate for the hybrid ]
method, and vanishing for DFT. 2]

As the analyzed system exhibits a substantial amount of § |

T T T T T 1

Density of States (arbitra

Energy (eV)
(a) ScsN- MP2

nits

sity of States (arbitrary u

electron transfer, and thus charge localization, it may be ©
described more adequately by ab initio and hybrid procedures

than by DFT. This consideration suggests a pl eometr T y
y 99 plahag y -1'5 -1'0 :5 0 5 10

as the equilibrium structure of the freesBlcunit, implying that

SN does not undergo a change of symmetry as it is Energy (eV)
incorporated into the fullerene cage. We want to emphasize that (b) ScsN-B3LYP
the B3LYP procedure yields a consistent result when applied i

to the SgN (Dsn) structure, predicting stability for all of the 6 L

basis sets employed in this work, with a small variation of the
N—Sc bond length on the order of less than 1%. Also, its results
are in agreement with those of the most accurate methods use
in the present context, namely the MP2/6-313(3df) and

QCIS(T)/TZV procedures. It is worth while emphasizing that 44
the three classes of computational methods compared abov 1
converge in their prediction of a planarsBiccore of SgN@ Gy 34
with N = 68, 78, 80. |

c. SgN@Css and SgN@Cys. For the two Gg cages of 2
minimal energy, labeled6140 and 6275 in Table 1, we |
performed full optimizations of SBl@GCss using the B3LYP 2
method in conjunction with the 6-31G* and 3-21G basis sets.
In each case we adopted an eclipsed as well as a staggere o ]

T T T T T 1

nits)

(arfﬁtrary u

Pensity of States
s

structure as initial geometry. The terms “eclipsed” and “stag-
gered” refer here to the geometric relation between the three T T T y T

Sc atoms of the core and the three fused pentagons of the cage, 15 10 S 0 5 10
as shown in Figure 4 which displays two different perspectives Energy (eV)
on both geometric alternatives for both cages. The staggered (c) ScsN-SVWN

initial structure is generated from the eclipsed by rotation of Figure 3. Total density of states (DOS) for $¢ at Da, symmetry as

the SeN molecule by 66 about the 3-fold symmetry axis of  emerging from MP2/TZV (a), B3LYP/TZV (b), and S-VWN/TZV (c)
the cluster. Both clusters shar@; symmetry. From our  computations. The arrows point to the HOMO (H) and LUMO (L)
computations, an eclipsed arrangement agNSa the 6140Cgg levels.
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(a) S;sN@Ces  (6140)

1.465(1.439)

Figure 5. Fragment of the of SBl@ Css (6140) ground-state structure,
showing the SN cluster with pentalene-like ligands.

encapsulated into 4g the corresponding increase of-C
distances in the shown cage fragment averages to about 5%. It
should be noted that the obtainee-Bc equilibrium bond length

in SGN@Gss is in keeping with the results of X-ray measure-
ments performed on this metallofullereh&hese investigations
yielded an average value of 1.98 A for this quantity. Our finding
of d(N—Sc)= 1.982 A agrees perfectly with the experimental
bond length.

The analogous minimum for tH&275Csg cage with enclosed
SaN is separated from the ground-state candidate by a large
difference in total energy of 4.24 eV. In this case, the $¢
bond stretching is somewhat more pronounced, amounting to
6%, while the deviation of the €C distances in the £
fragments adjacent to the Sc atoms is found to be 4% on the
average. All optimized structures were subjected to frequency
analysis at the B3LYP/3-21G level, verifying that both eclipsed
structures are true minima. The staggered structures, in contrast,
result as stationary points of third and first order for the
SaN@Css complexes based on thedragest140and6275
respectively. For the former unit, we find a markedly higher
energy difference between the eclipsed and the staggered
alternative than for the latter, i.e., 4.52 vs 0.622 eV. While the
SN core is well stabilized with respect to rotation within the
cages about their 3-fold axes, this effect is more pronounced
for the proposed Sbl@GCss ground-state equilibrium structure
than for its less stable competitor.

An alternative6140 based structure, which is intermediate
between the eclipsed and the staggered alternative, was inves-
tigated as well. In thi€3 geometry, the Sc atoms are positioned
at “particle sites” , as they locate above one of the two C atoms
shared by the fused pentagons. The respective hypothetical
geometry, however, was found to converge toward the eclipsed
minimum, emphasizing once more the strong stabilization of
SaN with respect to rotation within the fullerene enclosure.

While the C3 unit could not be confirmed as an isomer of
SIIEgEret Stchume SaN@Ces, its counterpart for SN@Crg has been identifiedh
being separated from the ground-state energy of the latter species
by the small margin of 0.1 eV.

The substantial stability of the eclipsed geometry ofNsc
frame results as the structure of highest stability (see Figure within the 6140 cage is further reflected by its complexation
4a). Characteristically, each Sc atom in this cluster is oriented energyEcmpix. We compute for this quantity a high value of
toward one pentagon pair. Figure 5 shows a fragment of the —12.07 eV. This may be compared to the result given in ref 16
cluster of highest stability. The presented substructure consistsfor the complexation energy of §@Czs in equilibrium
of the SgN core combined with the pentagon pairs of thgg C  geometry, Ecmpix = —9.73 eV. To rule out method related
cage. From the indicated bond lengths it can be seen that theuncertainties that could impact the comparison of the two
SN unit undergoes a small bond elongation of 4% when metallofullerenes, we subjected thesS@Crs structure to a

Figure 4. Investigated geometries of 6@ Css for the 6140(a) and
the6275(b) fullerene cage. The eclipsed structures are stable isomers,
the staggered alternatives saddle points of third (a) and first (b) order.
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geometry optimization on the basis of the procedure employed
in this work, i.e., the B3LYP/6-31G* method with inclusion of
all electrons. This computation yield€&dy,x = —9.62 eV for
SaN@Crgwhich is close to the earlier result. The complexation
energy obtained for S8l@GCss even exceeds the one calculated
for SGN@Gso, namely—11.6 eV according to ref 16. We note
that another computation dcmp(SGN@ Ceg 35 arrived at a
deviating value 0f~10.72 eV. The latter result was generated
by a single point calculation using the B3LYP method applied
here; however, the geometry optimization was performed at the
BLYP level with basis sets of somewhat reduced size, and thus
with a lower degree of accuracy than the calculatiofEgfpix.

Both results for SEN@GCgp allow to conclude that the com-
plexation energy of SN@GCss rivals that of SeN@ Cgo.

This finding is relevant in the context of a recent experiniént,
where the differences between complexation energies of the
species SIN@G?" and SeN@Cy—2*", with N = 78, 80 andz
=1, 2, were determined. The respective values were inferred
from measured kinetic energy distributions for unimolecular loss
of C,. Within the experimental accuracy of 0.6 eV, no Figure 6. Fragment (6-5-5—6) of the Gg cage. For each bond
dependence of the stabilization energy on the fullerene size hasetween two C atoms, three bond length values are indicated, denoting
been found for these cations. The similarity of the complexation the bond length in ¢ (6140) (highest entry), &°~, and SeN@GCss
energies for neutral SN@Css and SeN@GCso, as established ~ (owest entry).
in this work, suggests that a very weak dependencEc@fix
over a sizable interval of fullerene cage sizes, ranging fidom 10 3
= 68 toN = 80, is indeed conceivable. ] N 6556

The high degree of stabilization experienced by thgdage
upon incorporation of the S molecule is rooted in the
electronic interaction between the trimetallic core and the
fullerene enclosure. This interaction is likely to be dominated
by a significant loss of electrons from the core to the cage. Thus,
for SGN@Gy with N = 78, 80, a formal transfer of six electrons
from the Sc atoms to the fullerene enclosure has been regérted.
Investigating the empty £ 6140 cage and the SN@GCss
structure of highest stability with respect to molecular orbital
symmetries in the frontier orbital region, we find the sequence
(A2)(E)(E) for the highest occupied and (E)(E)j4or the lowest
unoccupied orbitals in the case of the purgs @nit. For

Density of States (arbitrary units)
h

SaN@Gss, the six highest occupied molecular orbitals are 0

labeled (E)(E)(A)(E)(E)(Aq), repeating the succession of the 1] ———
low lying virtual orbitals found for G This observation is 16 14 12 10 -8 6 -4 2 0 2 4
consistent with a formal transfer of six electrons fromNsto Energy (eV)

C‘?Shan.d thus sug}gests a Slm”?r:'l[y betW(ra]_era_l\@ng ande8 . Figure 7. SeN@GCss density of states as a function of orbital energy.
with six added electrons. We followed this idea by performing e tota1 DOS distribution (dotted line) is shown along with the

a full geometry optimization of £° at the B3LYP/6-31G* contributions of the & (6—5—5—6) fragments (dashed line) and of

level. The result is a unit dD3 symmetry. To assess the extent Sg (solid line).

of bond length stretching and thus distortion as one goes from gther C atoms are negative. The difference between the formal

Cegto Ceg”, we focused on a cage fragment consisting of the anq the natural cage charges is indicative of a substantial amount

pentagon pair and two adjacent hexagons, as shown in Figureof hybridization between contributions of the;3eibsystem and

6. We will refer to this cage substructure as-a5%-5—6 unit the cage, as found for the highest occupied orbitals of

and distinguish it in the subsequent discussion from the inverseS%N@Ces_ This observation is in accordance with earlier

5-6-6-5 unit. Figure 6 includes the bond lengths between theoretical work on monometallofullerenes of composition

neighboring C atoms within this motif for three species, namely Sc@G with N = 6037 and 8238 where strong metal-cage

Ces Ces . and SeN@Ces. We note that the average bond pybridization was reported, related chiefly to the interaction of

elongation from @g to Ce®" is found to be 1.33%; from - Sc d valence orbitals with bonding and antibondingrbitals

to SeN@Gss it amounts to 0.39%. This demonstrates that the of the cage. For SBI@Ceg, this feature is reflected by the partial

transition from the hexaanionic to the endohedral unit involves pos distributions for selected subunits 0&8@& Cgs, as shown

a substantially smaller degree of structural distortion than that Figure 7 along with the total DOS. Thus, in the energy interval

from the neutral to the hexaanion. [—14, —4 eV] adjacent to the HOMOLUMO gap we find a
The formal charge assignment 8¢5 @ Cee®~ is modified pronounced representation of fused pentagon contributions

by natural charge analysis. Thus, the net natural charge on theaccompanied by admixtures of S8oth components form two

cage amounts te-2.95 au. The two polar C atoms, i.e., those separated continua with correlated profiles.

that are positioned on the 3-fold axis of the cluster acquire In terms of natural atomic populations, we find that the 4s

positive charges of 0.031 au while the natural charges of all valence orbital of Sc which is 2-fold occupied in the free Sc
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© the neutral unit and the dianion, respectively. Deforming the
systems along their unstable coordinates leads to bent isomers
e /‘\ . of C,, symmetry. As we analyze the two clusters with respect
._ ./ . @ to their energetic properties, we notice a very significant
) widening of the HOMG-LUMO gap AE4. when going from
/ the neutral to the negatively charged unit. Specifical{g,
© 1 .* . . . changes from 1.55 eV for the neutral species to 4.29 eV for the
/ dianion, indicating a substantial stability gain as two electrons
® O == are added.
o:' N "O In carbon based ring systems, transition from aromatic to
? antiaromatic character is frequently seen to be accompanied by
o a very marked increase of the HOMQUMO gap3° In view
of the pronounced difference oAEy_ for the 6-5—5—6
complex when stabilized as a neutral and with two added
electrons we examined these units under the viewpoint of
aromaticity. For this purpose, we adopted the aromaticity
criterion proposed by Schley&tThis criterion makes use of a
correlation between the ability of a ring structure to sustain a

(o} ° diatropic current and the magnetic shielding at the ring center.
Figure 8. Equilibrium structure of GHg (6—5—5—6). In quantitative terms, a negative nucleus independent chemical
TABLE 3: Relative E ) d Number of | ) shift (NICS) at the ring center is indicative of aromaticity.

- Relallve Energies and Numboer or Imaginary Utilizing this methodology, we computed NICS values for both
Frequencies of the SIN@Ces ISomers (6140 and 6275) at the hexa (?ns and both en%Zl ons of t£%5—6 neutral as well
B3LYP/6-31G* and 3-21G Levels gons a pentag _

- as the dianion. Table 4 lists the NICS values for both species.
. relative energy HOMO—-LUMO These values turn out to be consistently positive for the neutral
isomers 3-21G 6-31G*Nimag® gap [degeneracy]  gnd negative for the dianion, reflecting a distinct change from
SeN@6140 eclipsed 0.0 0.00 0 2.106 [1/1] antiaromatic to aromatic character. We found a similar trend
staggered 4.71 452 3 2.394 [2/2] for pure pentalene, i.e., a junction of two pentagons with added

SeN@6275 eclipsed 4.06 4.25 0 1.959 [2/2]

terminating hydrogen atoms.

We point out that the 65—5—6 ring system is the inverse
structure of pyracelene, labeled-6—6—5 in the notation
adopted here. The latter system turns out to be of interest in
the context of SIN@Cy5.18 It has been shown that in the most

atom, is nearly depleted in $¢6@Css. From our analysis, only stable structure of this pomposite gach Sc atom attaches to a
10% of the original occupation are retained in the 4s orbital, >~6—6—5 subunit, which is obviously analogous to the
while 27% are transferred to the central N atom and another intéraction between Sc and the-5—-5-6 motif. From Table
14% are promoted from the 4s to the 3d level. The remaining 4 N0 unlqugly antiaromatic character can be assigned to the
49% are donated to the cage. former species as the NICS values found for the hexagons are

To understand the cage-core interaction mechanisms in greatele"y close to zero. For the corresponding dianion, however, they
detail, we considered the-6—5—6 motif with terminating H are distinctly Iarger in magnitude and negative throughout.
atoms to saturate the dangling C bonds. Thé&65—6 cage  1herefore, both ring systems;-6—6—5 and 6-5-5-6, turn
segments which are in close proximity of the Sc atoms carry OUtto become aromatic upon addition of two eIectr(_)ns; howevgr,
the highest charge density on the cage surface. The total naturafor the former the change of the magnetic screening properties
charge concentrated on these three substructures amounts to 7695 less marked than for the latter. Correspondingly, we arrive at
Of the net Charge res|d|ng on the Cage a IeSS dl’aStiC increase Of the HOM’@UMO gap fOf 5_6_

We subjected the planar&—5—6 unit with terminating H ~ 6—5 than 6-5-5-6, determiningAE_ to be 2.83 eV for the
atoms, as shown in Figure 8 to optimization at the B3LYP/6- Nheutral and 3.69 eV for the dianion.
31G* level. Spin singlet conditions were assumed, and the The discussion given in the preceding paragraphs leads
computation was performed for the neutral as well as the naturally to the question for the aromaticity of:S8@ Gy with
dianionic species. The planBgy units turned out to be unstable N = 68, 78. We thus calculated the NICS values at the centers
as the related geometry optimizations resulted in a stationary of the six (seven) inequivalent rings og§£and SeN@ Css (Crs
point with two imaginary frequencies and a transition state for and SeN@Cg). For the pure cages, no unanimous assignment

staggered 4.77 4.87 1 1.881[2/2]

aNumbers of imaginary frequencies, evaluated at the B3LYP/3-21G
level. ® [degeneracy of HOMO/degeneracy of LUMOJAIl complexes
shareD; symmetry. The energies are in eVs.

TABLE 4: Nucleus Independent Chemical Shift (NICS) Values at the Centers of Five and Six Membered Rings for Various
Systems Discussed in the Text at the GIAO-B3LYP/6-31G* Level

no. of NICS

system centers NICS values
C14Hg (6—5—5—6) 2 16. 35, 14.85
Ci4Hs (6—5—5—6)*~ 2 —13.92,-12.11
CisHg (5—6—6-5) 2 0.05, 17.04
Ci4Hs (5—6—6—5)*~ 2 —20.68,—6.25
Ces 6 —8.15,—8.02,—5.26,—3.93,-0.86,—0.17
SeN@GCss 6 —21.77,-15.24,—12.17,—11.71,—10.36,—8.80
Crs 7 —8.84,—8.53,—2.21,—-0.97,—0.44, 2.97, 8.96
SeN@Crs 7 —17.73,—-8.58,—7.76,—5.69,—4.35,-3.13,—-2.25
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TABLE 5: Vertical lonization Energies, Electron Affinities,
and HOMO —LUMO Gaps for the Ground State Structures
of Css, SGN, SQ;N@CGS, SQ;N@C78, and CyisHg (6_5_5_6
and 5—6—6—5) at the B3LYP/6-31G* LevePl

ionization  electron HOMO-LUMO
system energy affinity gap
Ci4Hg (6—5—5-6) 6.55 1.60 1.55
68 6.65 3.09 1.26
SeN@Ces 6.28 1.88 2.09
CisHg (5—6—6-5) 7.08 0.78 2.83
Crs 6.51 2.75 1.54
SeN@GCss 6.16 1.73 2.27
SaN 5.05 1.14 1.88

aAll values are in eV.

of aromaticity or antiaromaticity is possible. This is due to the
occurrence of extremely small NICS values faggGvhile for

Czg a mixture of positive and negative values is found. Upon
implantation of the S\ core, however, an unambiguous picture
emerges. Both composites exhibit distinct aromaticity. The
corresponding increase of the HOMQUMO gap amounts to
0.83 eV for SeN@GCss and 0.73 eV for SIN@C;s, as
documented in Table 5.

The vertical ionization energies of both thes®140 cage
and the SgN@GCsg composite resemble that of the-6—5—6
fragment (see Table 5). The vertical electron affinity of
SaN@GCss results as a compromise between that of\sand
of Ces. With a value of 1.88 eV, this quantity is found to be
relatively large, albeit distinctly smaller than the electron affinity
of Cgs. Analogous observations are made fogl$@ C;s where

nevertheless, the ionization energy appears more strongly

determined by that of Sbl than in the parallel case of
SaN@GCss. We note that the ionization energy and electron
affinity values given in Table 5 for £g and SeN@C;s are

Park et al.

In continuation of this work, it will be worth while to close
the gap between SH@GCss and SeN@Crs by theoretical
investigations of SIN@ Gy with N = 70, 72, 74, and 76. This
project will be interesting under various aspects. Thus, the high
complexation energy found for ¢@GCy with N = 68 could
indicate a “magical” character of this unit or, in view of the
comparable complexation energy reported fér= 80, a
relatively weak dependence Bfmpix On the cage size for 68
N < 80. This latter possibility is suggested by the recent
experiment of Gluch et &8 For a more adequate interpretation
of this experiment, it will be relevant to perform computations
on cationic and dicationic SN@GCy with N = 76, 78, 80.

Further, the present work emphasizes the finding that highly
stable complexes can emerge from non-IPR fullerenes. Con-
sidering this result in the context of the observation that the
PAPR does not necessarily apply to charged cages, as pointed
out recently by S. Diaz-Tendef8,it is not a priori clear that
IPR cages @will turn out to be the maximally stable enclosures
of SgN in the size region 7& N < 76. Addressing this problem
may be helpful for examining the validity of the IPR rule for
charged fullerenes or metallofullerenes with pronounced internal
charge-transfer characteristics.
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