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Abstract: Owing to the unique feature
of the non-IPR D; (isomer 6140) Cg
cage (IPR=isolated pentagon rule),
Sc;N@Cgy; has been attracting great in-
terest in the fullerene community.
Herein we report the first high-yield
synthesis of Sc;N@Cg; by the “reactive
gas atmosphere” method and its facile
isolation by single-step HPLC to a high

tronic and vibrational structures of
Sc;N@Cgq were studied in detail experi-
mentally and by theoretical computa-
tions. The assignment of the observed
absorption bands to particular electron-
ic transitions is given in detail on the
basis of time-dependent DFT computa-
tions. Vibrational spectroscopy of
Sc;N@Cgs reveals good agreement be-

tween the measured spectra and the
theoretically calculated spectra. A de-
tailed assignment of the vibrational
modes, including the Sc;N cluster
modes, cage modes, and vibrations of
the adjacent pentagons are discussed.
This study reveals that the effect of
Sc;N encapsulation in the cage is much
more complicated than just a formal

purity (>99%). Thus, Sc;N@C; is iso-
lated in sufficient quantities for its fur-
ther spectroscopic characterization,
while the high purity of the sample en-
sures the reliability of the spectroscopic
data obtained. In particular, the elec-

lations -

Introduction

As a new class of fullerenes hosting a trimetallic nitride clus-
ter, trimetallic nitride endohedral fullerenes (clusterfuller-
enes) have been attracting a great deal of interest because it
is possible to tune the trapped metal atoms and to stabilize
a large variety of cage sizes, including different isomeric
structures.'”” Soon after the discovery of Sc;N@Cy,,! a non-
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transfer of six electrons. Consequently
the electronic and vibrational spectra
of the carbon cage in Sc;N@Cy, cannot
be adequately understood on the basis
of a Cg®™ cage alone.

host—guest

IPR clusterfullerene Sc;N@Cyg as well as A, Sc;_ [N@Cgs (x=
0-2; A=Tm, Er, Gd, Ho, La; IPR =isolated pentagon rule)
were isolated in the year 2000, after the first non-IPR metal-
lofullerene Sc,@Cy had been reported.®® The unique fea-
ture of Sc;N@Cy is the Sc;N cluster that is encapsulated in
a D; (isomer 6140), non-IPR Cy cage, as determined by X-
ray crystallography and NMR spectroscopy,” ¥ which
makes this fullerene particularly interesting. However, only
limited spectroscopic data on Sc;N@Cy has been reported
to date,””’ chiefly owing to its lower accessibility compared
with that of other clusterfullerenes, such as Sc;N@C,; and
Sc;N@Cy,, which have IPR-obeyed cages.®” Therefore, a
detailed discussion on the synthesis of this fullerene with re-
spect to enhancement of the yield is needed. Furthermore, a
very recent study focused on theoretical calculations of the
molecular structure of Sc¢;N@Cg, on the basis of the
BC NMR spectrum.!" 1 A deeper understanding of this pe-
culiar molecule, including the electronic and vibrational
structures, appears to be quite intriguing. No detailed exper-
imental or theoretical studies of these structures have been
carried out to date.

Although the isomeric structure of the cage has been well
established,!” the structure and stability of the cluster and
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its charge transfer to the cage are rarely studied because
such information could not be provided directly by X-ray
crystallography and NMR spectroscopy. As we have previ-
ously demonstrated, vibrational spectroscopy is a powerful
tool for the structural analysis of fullerenes owing to its high
structural sensitivity on the one hand and because of its
higher time resolution relative to NMR spectroscopy on the
other.">>7 Specifically, for clusterfullerenes, the structure
of the encaged cluster can be probed by its vibrational pat-
terns in IR and Raman spectra.

We report herein on the high-yield synthesis of Sc;N@Cgg
by the “reactive gas atmosphere” method and the first ex-
perimental vibrational and electronic absorption spectro-
scopic studies. Both the electronic and vibrational structures
of Sc;N@Cy, have been further studied by means of theoreti-
cal computations. The assignment of the observed absorp-
tion bands to the electronic transitions is given in detail.
The measured IR and Raman spectra are compared with
those computed by using DFT in order to assign the specific
vibrational modes.

Results and Discussion

Synthesis of the Sc;N@Cg; clusterfullerene: The Sc;N@Cg
clusterfullerene can be obtained in a high yield by using the
“reactive gas atmosphere” method.!">*”1 A typical chroma-
togram of an extracted mixture of Sc;N@C,, fullerenes is
shown in Figure 1 (curve a), which, in combination with
mass spectroscopic (MS) analysis, indicates the formation of
Sc;N@C,, clusterfullerenes as the main products. According
to the integrated peak area, it is clear that the yield of
Sc;N@Cyg (tg=19.3 min, m/z: 965) exceeds those of the
empty fullerenes Cq and C;, and is at least three orders of
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Figure 1. Chromatograms of a) a Sc;N@GC,, fullerene extract mixture syn-
thesized by using the “reactive gas atmosphere” method and b) Sc;N@Cg
(isolated with linear combination of two 4.6x250 mm Buckyprep col-
umns; flow rate 1.6 mLmin™'; injection volume 100 uL; toluene as eluent
(mobile phase); 40°C). A: Sc;N@Cyq; B: Sc;N@Cy (I); C: Sc;N@Cy (1I).
Inset: positive-ion LD-TOF mass spectrum of the isolated Sc;N@Cgg.
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magnitude higher than that of Cg by assuming that the ab-
sorption coefficient of Sc;N@Cg at the detection wavelength
of 320 nm is comparable to those of the empty fullerenes.
Such a high yield has never been achieved by using the “tri-
metallic nitride template” (TNT) method previously report-
ed.? In general, Cg, could be regarded as the reference for
estimating the relative yields of the conventional endohedral
metallofullerenes.®™!4> Based on this reference, it could be
inferred that the yield of Sc;N@Cg; is also several orders of
magnitude higher than that of all the endohedral metalloful-
lerenes. On the other hand, among the Sc;N@C,, clusterful-
lerenes, only three Sc;N@C,, (2n=78, 80) clusterfullerenes
(A-C in Figure la, t3~31.0-38.0 min) exceed Sc;N@Cg in
yield, while the yields of clusterfullerenes with cages larger
than Cy, and consequently larger retention times, are signifi-
cantly lower than that of Sc;N@Cg. An interpretation of the
strongly enhanced yields of the clusterfullerenes by using
the facile “reactive gas atmosphere” method has already
been proposed.®

Owing to such a high-yield production, Sc;N@Cg is readi-
ly isolated by single-step HPLC to a high purity (>99%),
which is ascertained by further HPLC analysis (curve b in
Figure 1) and laser desorption time-of-flight (LD-TOF) MS
analysis (inset of Figure 1). Such a high purity ensures the
reliability of the following spectroscopic characterization.

Electronic structure of Sc;N@Cg: The UV/Vis/NIR spec-
trum of the isolated Sc;N@Cy dissolved in toluene
(Figure 2a) exhibits the characteristic electronic absorptions
that are chiefly attributable to m—m* transitions of fullerene
cages and is very rich in features. The measured UV/Vis/
NIR spectrum of Sc;N@Cgq completely agrees with the spec-
trum measured in CS, reported in ref. [9]. Therefore, the
same isomeric structure of the cage (D;) could be unambig-
uously assigned to our sample because it is known that the
electronic spectrum of a fullerene is strongly dependent on
its isomeric structure.[*”'*%] However, the detailed analysis
of the UV/Vis/NIR spectrum of Sc;N@Cg is not given in
ref. [9] and other literature despite its importance. Based on
the absorption spectral onset at 11200 nm, the optical
band gap of Sc;N@Cy is estimated to be 1.1 eV,[*1413 indi-
cating that Sc;N@Cg has a large band gap and is hence a
stable fullerene. The optical band gap of Sc;N@Cy is signifi-
cantly smaller than those of Sc;N@C, and Sc;N@Cy (1,
I1),7*") suggesting the strong influence of the non-IPR cage
on its electronic structure. The strongest absorption of
Sc;N@Cgg has maxima at A =560 and 600 nm, and there are
several shoulder peaks at 627, 659, and 673 nm. This pattern
is significantly stronger than the HOMO-LUMO transition,
which has a doublet structure with absorption maxima at
A=785 and 824 nm (see inset of Figure 2a).

The electronic structure of Sc;N@Cg was also studied by
means of time-dependent (TD) DFT computations. Figure
2b compares the experimental absorption spectrum of
Sc;N@Cys (curve A) to the calculated spectrum, including
excitation energies and oscillator strengths (f) of Sc;N@Cg,
(curve B). Taking into account the systematic underestima-
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Figure 2. a) UV/Vis/NIR spectrum of Sc;N@Cgq dissolved in toluene. The
inset shows the enlarged spectral range (700-1100 nm). b) Experimental
UV/Vis/NIR spectrum of Sc;N@Cgg (A, converted from a) compared to
the calculated spectra of Sc;N@Cg (B), and Cg (C) (up-shifted by
0.1 eV for the sake of comparison) by TD-DFT simulations. The wavy
arrow denotes the wavelength of the excitation laser line. The arrows in
curves B and C represent the dipole-forbidden HOMO —LUMO transi-
tions.
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Figure 3. MO levels in Sc;N@Cg, Cgs, and Cg® . The electrons in Cgg®~
are formally unbound, and for the sake of comparison, the energy levels
in Cg’~ were shifted by 16.89 eV to equalize the energies of the occupied
a, MOs.

In the higher energy region (1.8-2.5 eV), the experimental
spectrum exhibits very rich structures specifically with the
strongest absorption as discussed above. However, TD-DFT
computations predict only three intense transitions in this
energy region, indicating that some of the observed features
may be attributable to vibronic bands. Therefore, we attrib-
ute the absorption band at 1.842 eV to the S,—1'E transi-
tion with leading HOMO(—1)—»LUMO and HOMO—
LUMO(+2) excitations. As such, the absorption at 2.066 eV
is assigned to the HOMO —LUMO(+2) transition (S,—
2'E), while the broad intense band at 2.214 eV is assigned to
the HOMO—LUMO(+4) transition (S,—4'E). The pro-
posed correlation of the observed absorption bands with the
assigned transitions is summarized in Table 1.

Table 1. Low-energy excitations in Sc;N@Cg: experimental (exptl) data and TD-DFT calculations (calcd).

. e . . S E [eV Leadi fi ti
tion of excitation energies by ™ | [eV] | ! cacing configurations

16] . exptl (A [nm]) caled
TD-DFT,'® the latter provides -

ol qp SrUAL 1505 (824), 1579 (785) 1.326 HOMO —LUMO
a reasonable agreement With g jia, 1701 (728) 1565 0.0013 HOMO —LUMO(+1)
the experimental data and §,_1'E  1.842 (673), 1.881 (659), 1.977 (627) 1.768 0.0099 HOMO(—1)—LUMO, HOMO —»LUMO(42)
hence enables us to provide a S,2'E  2.066 (600) 1917 0.0274 HOMO—LUMO(+2)
tentative interpretation of the 25‘;& ;(9)(5)2 0.0008 ggﬁg(—i);&ggv{g(“)

; 64 £\ . — +

electronic structure of S&;N@Cqs. & 4" 5 514 (560 2128 00450 HOMO—LUMO(+4)

The MO levels in Sc;N@Cg,

obtained by means of DFT

computations, are shown in

Figure 3 in comparison with those in Cg and Cg". As both
the HOMO and LUMO in Sc;N@Cg have A, symmetries,
the HOMO —LUMO transition is dipole-forbidden. The
predicted energy of this transition is 1.326 eV, and we pro-
pose that the very weak experimental features at 1.505 eV
(824 nm) and 1.579eV (785 nm) (see inset of Figure 2a)
result from vibronic activation of HOMO —LUMO excita-
tion. The first dipole-allowed transition is HOMO—
LUMO(+1), because LUMO(+1) has A, symmetry, and in
the experimental spectrum it appears as a weak band at
1.701 eV (728 nm).
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Furthermore, the calculated electronic spectrum of Cg®™
(Figure 2b, curve C) appears to be dramatically different
from that of Sc;N@Cg. This is a clear manifestation of the
difference in their electronic structures, which can be also
established by a comparison of the relative MO levels in
these species (Figure 3). Therefore, it is worth noting that,
because the cage MOs in Sc;N@Cy are hybridized with
those of the Sc;N cluster, the electronic structure of Sc;N@
Cqg 1s substantially different from the one that could simply
result from a formal six-electron transfer from the Sc;N clus-
ter to the empty Cg cage.

Chem. Eur. J. 2006, 12, 7856 —7863
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Vibrational spectra of Sc;N@Cg: The vibrational structure
of Sc;N@Cg was studied both experimentally and theoreti-
cally. Figure 4 compares the measured FTIR spectrum of
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Figure 4. FTIR spectrum of Sc;N@Cg, (a) compared with the calculated
IR spectra of Sc;N@Cgq (b) and Cg’~ (c). The calculated spectra were
shifted by 10 cm ™' to higher wavenumbers for a better comparison.

Sc;N@Cyy (curve a) to the calculated spectra of Sc;N@Cgy
(curve b) and Cg’~ (curve c). The measured FTIR spectrum
of Sc;N@Cg; (curve a) is dramatically different from those
of Sc;N@C,5 and Sc;N@Cy, (I, ITI) and exhibits a relatively
large number of lines owing to its reduced cage symmetry
compared with the latter ones.™" We used the same
method as previously reported by our group®’*!7 to
assign the most intense low-energy IR line at about
660 cm™' to the antisymmetric Sc—N stretching vibration,
while the remaining lines are mainly contributions from the
tangential and radial cage modes.®7*17l Regardless of the
~10 cm™' systematic underestimation of the vibrational fre-
quencies, the DFT-calculated results of Sc;N@Cy (curve b)
perfectly fit the measured IR spectrum (curve a) in terms of
both the Sc—N antisymmetric stretching vibrational mode
and the cage modes, thus facilitating a reasonable assign-
ment of the vibrational bands as discussed in detail below.
On the other hand, the dramatic difference between the IR
spectra of Sc;N@Cg and Cg’~ reveals the strong influence
of the encapsulated Sc;N cluster, and consequently its
charge transfer to the cage, on the vibrational structure of
the clusterfullerene.

Figure 5 presents the measured Raman spectrum of
Sc;N@Cyg (curve a). The spectrum is dramatically different
from that of Sc;N@Cy,(I) with the main discrepancy ob-
served in the range of Raman shift between 500 and
850 cm 'l As a matter of fact, the Raman lines of
Sc;N@Cgg between 500 and 850 cm™' exhibit the strongest
intensities. In contrast, the intensities of the Raman lines in
this range for Sc;N@Cg,(I) are dramatically lower than
those from 500 cm ™' downwards.'”l Assuming that the vibra-
tional modes in the range of 500-850 cm™! are usually corre-
lated with the radial modes of the carbon cages,”! this
result suggests a strong contribution of the non-IPR feature
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© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

a) measured

ol

b) resonance with 1'E, calcd
)\lh IAJJ”IGI.IMAA . NS ST
¢) resonance with 21E, calcd
. . A
200 400 600 800 1000 1200 1400 1600
Raman shift/ cm™" —

Raman intensity / a.u. ——

Figure 5. Raman spectrum of Sc;N@Cg (a) in comparison with the calcu-
lated spectra for resonance (b, ¢) and off-resonance (d) conditions. The
calculated spectra are broadened with Lorentzian peaks with half-width
at half-maximum (HWHM) 1.5 cm™, except for the 86 cm™' mode that is
broadened with a HWHF of 5 cm™'. The calculated spectra were shifted
by 10 cm™! to higher wavenumbers for a better comparison.

of the Cg cage to the radial modes of the carbon cages, as
discussed below.

The measured Raman spectrum was also compared to
those spectra simulated for the resonance scattering en-
hanced by Sy—1'E (curve b) or S,—2'E (curve c) electronic
transitions, and for the off-resonance scattering condition
(curve d). The latter shows a poor agreement with the ex-
perimental results because the lines that are predicted by
simulation to be the most intense have a very low intensity
in the measured spectrum. In fact, theory predicts that the
Sy—1'E dipole-allowed electron transition is quite close to
the Raman excitation wavelength, thus the excitation of the
spectrum with 676 nm (1.83 eV) may result in pre-resonance
scattering owing to its interaction with the electron transi-
tions observed in the absorption spectrum of Sc;N@Cg
(Figure 2b). Indeed, the simulated spectrum with resonance
is in much better agreement with the measured data and
may serve as a further guide for assignment of the vibra-
tional bands. However, it should be noted that all com-
puted spectra severely underestimate the intensities of
strong Raman lines in the 600-800 cm ™' range, while the in-
tensity of the A; mode at 453 cm™' is significantly overesti-
mated.

The measured IR and Raman spectra of Sc;N@Cy are
shown in Figure 6 for an overall view and its molecular
structure is schematically shown in Figure 7. D;-Sc;N@Cy
exhibits 140 vibrational modes that are IR- or Raman-
active, as shown by the irreducible representations shown in
Equation (1):

I (D5-Sc;N@Cyg) = 35A, (R) +35A, (IR) + 70E (R, IR)
(1)

in which R and IR denote Raman and IR activity, respec-
tively. Accordingly, 105 lines are expected both in Raman
and IR spectra. In this sense, the observed number of lines

— 7859

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

L. Dunsch et al.

A EUROPEAN JOURNAL

LA

] T N AN Wi
. LA | WJ\ v
] w}‘

Intensity /a. u. —

a

-J\MLWA\ "AILM-}J{M L&IL-ML L.M«WWW”W«.W’LV

B s A e A e
200 400 600 800 1000 1200 1400 1600
Wavenumber / cm™' —=

Figure 6. Experimental FTIR (top trace) and Raman spectra (lower
trace) of Sc;N@Cg (copied from Figures 4 and 5) for comparison. The
labels a and b are explained in the text.

Figure 7. Schematic structure of Sc;N@Cgy in two views. Left: along the
C; (z) axis; right: along the C, (x) axis).

is much lower than that expected by the selection rule of
D;-Sc;N@Cy, in both spectra owing to the existence of many
lines with a very low intensity. Only a few lines with a rela-
tively low intensity appear to be both IR- and Raman-
active. Below we focus the detailed discussion on the assign-
ment of some specific vibrational modes of Sc;N@Cg and
the complete assignment of the experimental lines. A com-
plete list of computed vibrational frequencies of Sc;N@C is
given in Table S2 of the Supporting Information.

Sc;N cluster vibrational modes: The irreducible representa-
tion for the Sc;N cluster (including external degrees of free-
dom) in the D; symmetry group is A;+3A,+4E. Accord-
ing to DFT computations, the five lowest frequency vibra-
tions of Sc;N@Cg; are solely cluster modes: the two-fold de-
generated vibrational E mode (rotation around the x and
the y axis, Figure 7) appears as a broad Raman band at
90 cm™!. The strong Raman line at 174cm™! (linea in
Figure 6) corresponds to the in-plane Sc-N-Sc bending mode
(E mode, calcd at 166 cm™'). Three other low-frequency
modes have A, symmetry and are therefore silent in the
Raman spectrum. Another mode with a predominant cluster
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contribution appears as a strong IR band at 661 cm™! (line b
in Figure 6). This E-symmetry mode is also known as an an-
tisymmetric Sc—N stretching vibration, which corresponds to
the nitrogen atom motion in the plane of the cluster.®"1°]
In Sc;N@C5 and Sc;N@Cy, (I), the corresponding vibrations
occur at 623 and 600 cm~.* The softening of this mode
with enlargement of the carbon cage is in good agreement
with the elongation of Sc—N bonds in these molecules pre-
dicted by the calculations: 1.993 A in Sc;N@Cy, 2.012 A in
Sc;N@Cyg, and 2.034 A in Sc;N@Cy, (I). Two remaining
modes of the ScsN cluster are strongly coupled to the
carbon cage vibrations. The highest contributions of the E
translation mode (7,,) are calculated to be at 242 (45%)
and 344cm™' (20%). In the measured Raman spectrum,
only the former is observed as a weak line at 249 cm ™. A to-
tally symmetric Sc—N stretching vibration is scattered
among several cage modes, with the highest contributions
found at 351 (18%), 424 (26 %), and 521 cm™! (38 %). In the
measured Raman spectrum, these modes are observed at
361 (vw), 431 (m), and 528 cm™' (w), respectively. The mode
at 528 cm ™' is also characterized by the considerable contri-
bution of Sc—C stretching vibrations as the amplitudes of
the outward Sc atom motions are much higher than those of
C atoms, which inevitably causes variation of the Sc—C bond
lengths during the vibration. The observed vibrational
modes of the Sc;N cluster in both IR and Raman spectra
and their assignments are summarized in Table 2.

Carbon cage modes: The stability of the Cgx cage in
Sc;N@Cg is established by a formal charge transfer of six
electrons from the encaged cluster to the cage."") Assuming
the molecular and electronic structures of the carbon cages
in Sc;N@Cg and Cg~ are similar, it is reasonable to pro-
pose that vibrations of these cages are also similar. Exact
correlations can be obtained through projection of the
Sc;N@Cgg vibrational eigenvectors onto the space of the
C¢’™ normal modes. When the vibrational displacement pat-
tern of a Sc;N@Cg mode is similar to the given Cg mode,
the contribution of the latter is close to 100 %. Conversely,
if a Sc;N@Cg mode is not similar to any Cg’~ vibration, it
appears in the projection analysis as a “mixing” of different
Cg"™ modes. Indeed, for more than half of the Sc;N@Cg vi-
brations, the projection analysis revealed strong similarities
with Cg®™ modes, but at the same time, comparison of the
calculated IR spectra shows that intensity patterns for
Sc;N@Cg and Cg~ are substantially different (Figure 4).
For instance, the corresponding vibrations of Sc;N@Cgg usu-
ally occur at higher frequencies than in Cg’".

Eisler et al. used the thin sphere model to establish two
types of vibrations, the so-called monopolar (referred to as
“breathing”) and quadrupolar (“squashing”) modes,'
which may be used to characterize the carbon cages by
means of their Raman spectra. The squashing mode is five-
fold degenerated in the case of an ideal sphere and for an [,
point group, such as Cg,, but it is split by the symmetry re-
duction in other fullerenes. The magnitude of the splitting
represents the deviation of the cage from sphericity. The

Chem. Eur. J. 2006, 12, 7856 —7863
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Table 2. Vibrational modes of the Sc;N cluster in Sc;N@C.

Symmetry Frequency I(IR) ExptlIR I(RR)? [(off-RR)® Exptl Raman PED [%]" Description!®!

E 86.3 1.47 91.2 68.0 90 (brm) 82Sc¢(z), 9Css, 9Sc(x,y) rot. (R,,)

A, 114.9 6.95 55S8c(z), 26Sc(x,y), 17Cs  transl. (55% T,)+rot. (R,)
A, 154.4 1.52 60Sc(x,y), 19Sc(z), 18Cys  rot. (60% R.) + transl. (T,)
E 166.4 3.26 20.8 27.2 174 (s) 75Sc(x,y), 18 Cgs, 8Sc(z)  Sc-N-Sc bend

A, 213.0 5.56 93N(z), 5Sc(z) N out-of-plane (pyramidal deformation)
E 241.8 1.15 14.2 51.3 249 (w) 55Cgs, 40Sc(x,y), SN(x,y) transl. T,

E 305.2 0.00 03 25.0 313 (vw) 89 Cgs, 11Sc(x,y) transl. T,

E 327.7 0.41 3.1 33 336 (w) 91 Cgs, 8Sc(x,y) transl. T,

E 3435 0.50 0.0 6.4 78 Ceg, 20Sc(x,y) transl. T,

A 350.9 0.1 34 361 (vw) 82 Cgs, 18Sc(x,y) sym. Sc—N stretching

A, 4243 24.6 98.8 431 (m) 74 Cys, 26 Sc(x,y) sym. Sc—N stretching

A 521.2 7.7 72.9 528 (w) 62 Cgs, 38Sc(x,y) sym. Sc—N stretching

E 638.0 59.36 661 (s) 0.6 1.0 660 (vw) 67N(x,y), 26 Cyg, 6Sc(x,y) asym. Sc—N stretching

E 638.9 17.41 661 (s) 0.0 0.1 79 Ceg, 20N(x,y) asym. Sc—N stretching

[a] Computed intensities are given in % with respect to the most intense lines; /(RR) denotes intensities for resonance Raman scattering. [b] PED (po-
tential energy distribution) analysis shows the contribution of the carbon cage (denoted as Cgg) and Sc;N atoms to the given vibration; Sc(z), Sc(x,y), etc.
denote contributions of Sc displacements along z or (x,y) directions. In the D; group, the contributions from x and y displacements are equivalent and

thus are given together. [c] rot. =rotation; transl. =translation; sym. =symmetric; asym. = antisymmetric.

shape of the Cg cage deviates significantly from a sphere:
the cage is flattened along the C; axis, and squashing modes
in Cg are computed to be at 213 (A;), 224 (E), and
237 cm ™ (E). The splitting (24 cm™) is close to the value re-
ported for C;, (33 cm™) and is smaller than in most other
fullerenes studied by Eisler et al.'®! This pattern is preserved
in Cg’™, although the frequencies are slightly higher (218
(A,)), 225 (E), 246 cm™" (E)) and the splitting is increased to
28 cm™". The frequencies of squashing modes of Sc;N@C,
are significantly hardened. The calculated frequency of the
A, mode is 232 cm™'; in the experimental Raman spectrum
it is observed at 239 cm ™' (w+). A lower-frequency E mode
shifts to 239 cm™' (caled) and, along with another E mode,
contributes to the weak Raman line at 249 cm™'. Finally, the
second E mode in Sc;N@Cg, is mixed with the cluster vibra-
tion and therefore cannot be tracked unambiguously. The
highest contributions of this mode are found at 242 cm™
(39%, measured 249 (w)) and 305cm™' (37 %, measured
313 (vw)). The hardening of the squashing modes in
ScsN@Cys versus Cge®~ would be difficult to explain without
covalent interactions with the encapsulated cluster. On the
contrary, as far as such interactions are concerned, it is in-
evitable that the cage should become stiffer.

The breathing cage mode is nondegenerated, and its fre-
quency was shown to correlate with the inverse square of
the fullerene molecular mass, irrespective of the cage shape.
This is also true for the breathing mode in the empty non-
charged Cg (not shown), for which our calculations predict
a frequency of 453 cm™' (Raman), which is less than that in
Cq (calculated 487 cm™', measured 496 cm™'), but higher
than that in Cy, (calculated 448 cm™, measured 455 cm™!).[1¥
Upon sixfold charging of the empty Cq, Ce is expected to
give a 10cm™! softening on the breathing mode. On the
other hand, the breathing mode of the cage in Sc;N@Cg; is
mixed with the symmetric Sc—N stretching vibrations, and
the highest contributions of such a breathing mode are
found at 424 cm™' (56 %, exptl 431 cm™' (m)) and 521 cm™!
(34 %, exptl 528 cm™' (w)).

Chem. Eur. J. 2006, 12, 7856 7863
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On the basis of the IR intensity pattern and the character-
istic squashing and breathing modes discussed above, it can
be concluded that the effect of Sc;N encapsulation in the
cage is more complicated than just a formal transfer of six
electrons, and the vibrational spectra of the carbon cage in
Sc;N@Cgg cannot be adequately understood on the basis of
the Cg® cage solely.

Vibrations of the adjacent pentagons: Because of the

unique non-IPR carbon cage in D;-Sc;N@Cy,””! the vibra-
tions of the three pairs of adjacent pentagons (Figure 8a)

a)

Figure 8. a) Schlegel diagram of Cg. The adjacent pentagons are shown
in bold. b) Vibrational displacements (only major contributions are
shown) for “swinging” mode of “a” bonds (left; 791 (E), 789 cm™' (A,))

and the A, vibration at 792 cm™! (right), which most probably corre-

sponds to the strong Raman line at 806 cm™'.

are quite intriguing. A list of all modes of Sc;N@Cy with
contributions from 24 carbon atoms in the adjacent penta-
gons exceeding 50 % (note that in the case of uniform distri-
bution of the vibration over the whole cage this contribution
should be 24/68=35%) is given in Table S3 of the Support-
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ing Information. Most of the vibrations with enhanced local-
ization on the pentagons have low intensities. The only ex-
ception is the strong Raman line at 806 cm™', which may be
assigned either to E symmetry “swinging” vibration of the
“a” bonds with the vibrational displacements illustrated in
Figure 8b (left) or to the A; mode with 50% contribution
from pentagons, which can be roughly described as “rota-
tion” of the “a” bonds around the Sc—N axis (Figure 8b,
right). Unfortunately, the calculations do not seem to de-
scribe the intensities in this range adequately, and all assign-
ments are rather ambiguous. Taking into account the reso-
nance character of the Raman scattering, intensities of the
A, modes are expected to be higher owing to the Franck-
Condon principle. In the IR spectra, the “swinging” mode of
the “a” bonds appears at 800 cm™' (either A, or E modes,
which are quasidegenerated). This swinging mode is the
only vibration localized solely on the adjacent pentagons.

Conclusion

In summary, we have synthesized the non-IPR fullerene
Sc;N@Cy in a high yield by using the “reactive gas atmos-
phere” method. The established facile route enabled us to
study the electronic and vibrational structures of Sc;N@Cgg
by absorption and vibrational spectroscopy for the first time
and to compare them with theoretical calculations. Its elec-
tronic structure was characterized by using UV/Vis/NIR
spectra as well as TD-DFT calculations. The observed ab-
sorption bands are assigned to specific electronic transitions.
The measured IR and Raman spectra exhibit good agree-
ment with the theoretically calculated spectra. A detailed
assignment is given for the vibrational modes, including the
Sc;N cluster modes, cage modes, and vibrations of the adja-
cent pentagons. This study reveals that the effect of Sc;N en-
capsulation in the cage is much more complicated than just
a formal transfer of six electrons, and consequently, the
electronic and vibrational spectra of the carbon cage in
Sc;N@Cy cannot be adequately understood on the basis of
a Cg®~ cage alone.

Experimental Section

General procedures for the synthesis of Sc;N@Cg by means of a modi-
fied Kratschmer—Huffman DC-arc discharging method with the addition
of NH; (20 mbar) have been described elsewhere.>*7 After DC-arc dis-
charging, the soot was pre-extracted into acetone and further Soxhlet-ex-
tracted into CS, for 20 h. Fullerene separation was performed by single-
stage HPLC on a Hewlett—Packard instrument (series 1050) with toluene
as the eluent. A linear combination of two analytical 4.6 x 250 mm Bucky-
prep columns (Nacalai Tesque, Japan) was applied to separate the prod-
uct. The fullerenes were detected by UV at 1=320 nm. The purity of the
isolated products was checked by HPLC runs performed on a 10x
250 mm Buckyclutcher column (Regis, USA), followed by LD-TOF MS
analysis running in both positive-ion and negative-ion modes (BiflexIII,
Bruker, Germany).

Sample preparation and experimental details for UV/Vis/NIR and FTIR
spectroscopic measurements have been previously described.”” The
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Raman spectra were recorded at 4.2 K on a T64000 triple spectrometer
(Jobin Yvon, France) with visible laser radiation (Innova 300 series, Co-
herent, USA) and an excitation wavelength of 676 nm.

Computational methods: Optimized geometry parameters, force fields,
and IR intensities of the Sc;N@Cg molecule and the Cg®~ anion were
calculated at the DFT level of theory with the PRIRODA package!!**")
using the Perdew—Burke-Ernzerhof (PBE) functional® and the TZ2P-
quality basis set with an SBK*! effective core potential for Sc atoms. The
quantum-chemical code employed expansion of the electron density in
an auxiliary basis set to accelerate evaluation of the Coulomb and ex-
change-correlation terms."”) Off-resonance Raman intensities were com-
puted numerically at the PBE0™! level with the 6-31G basis set for
carbon atoms and the 6-31G* basis set for the Sc;N cluster. The PC ver-
sion®! of the GAMESS (US) package!® was used for these computa-
tions.

The resonance Raman intensities were computed by means of the
method described in refs. [26] and [27]. In brief, if there is no normal
mode rotation and frequency change in the excited states, the Raman in-
tensity of the ith vibrational mode from the resonance with the S; excited
state is proportional to the square of the displacement parameter B
which is defined by Equation (2):

ij>

B, = 0.1720,°° AX ;ML )

in which ; is the frequency of the ith vibrational mode, AX,; is the
vector defining the change in the Cartesian coordinates between the
ground and S; excited states, M is the diagonal matrix of atomic masses,
and L; is the vibrational eigenvector (in mass-weight Cartesian coordi-
nates). The evaluation of B; by using Equation (2) requires optimization
of the geometry parameters for excited states, which causes severe diffi-
culties for large molecules owing to increased computational demands
and root-flipping problems. The simplified approach for computation of
Bj; used in this work was introduced in ref. [27], and is shown in Equa-
tion (3):

B, =241 x 10w, S E,M %L, 3)

in which E; is the gradient of the excited-state S; computed for the
ground-state geometry. We used a time-dependent (TD) PBE functional
with a TZ2P basis set implemented in the PRIRODA package to calcu-
late the excitation energies and gradients of the excited states.
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