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Carbon Pyramidalization in Fullerene Cages Induced by the
Endohedral Cluster: Non-Scandium Mixed Metal Nitride

Clusterfullerenes*

Shangfeng Yang,* Alexey A. Popov, and Lothar Dunsch*

Metal nitride clusterfullerenes (NCFs) represent a special
class of endohedral fullerenes with an encaged trimetallic
nitride cluster."! One of the characteristic features of the
NCFs with homogeneous M;N clusters is that the structure of
the cluster is determined by its size which varies with the
radius of the involved metal.*®! The mixed metal nitride
clusterfullerenes (MMNCFs), that is, the nitride clusterfuller-
enes with different metals mixed in the encaged nitride, are
recognized as a small group within the NCF family."*1 A
noteworthy feature of MMNCEFs is that their yields can be
higher than those of homogeneous NCFs.'+712131 Such an
advantage makes MMNCEFs a promising route to boosting the
yield of clusterfullerenes, which is often low for homogeneous
NCFs incorporating large metal ions. So far a number of
MMNCFs have been isolated, including MSc,N@Cy, (I,)
(M=Y, Ce, Gd, Tb, Er),*##1%12551 M ScN@Cy, (I,) M =Y,
Gd, Er),*1"21Gd,Sc;_ N@C, (Ds,) (x=1,2), ScYErN@C,
I,),” DySc,N@C,,[! MSc,N@Cg(M=Dy, Lu),
Lu,ScN@Cg." Note that, in all cases, the involvement of
Sc was essential to direct the formation of these MMNCFs,
because Sc-based NCFs are known to have higher yields,
compared to homogeneous NCFs with other metals.[*®!

An interesting finding revealed in the studies of Sc-based
MMNCFs (M,Sc;_,N@C,,) is that the yield of the homoge-
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neous Sc-NCFs dominates that of the M-based homogeneous
NCFs, for which formation is dramatically suppressed.™?
Therefore, an open question to be addressed is the formation
of MMNCFs based on two non-Sc metals. In particular, if two
metals for which the yield of the homogeneous NCFs is
comparable are mixed within one nitride cluster, how would
they compete during the formation of MMNCFs and how
does the structure of MMNCEFs in terms of both the nitride
cluster and the carbon cage depend on the composition of the
mixed nitride cluster? Herein we report on the synthesis and
isolation of Lu,Y;_ N@Cy, (isomeric structure I, x=1, 2)—
the first MMNCEFs without the involvement of Sc, with the
synthesis of Lu,Sc; N@Cy, (I, x=1, 2) also studied for
comparison. The isolated MMNCFs are characterized by UV/
Vis-NIR, FTIR, and "CNMR spectroscopies and the
dependence of their spectroscopic properties on the encaged
cluster is studied. DFT calculations are also performed to
address the effect of the size of the encaged cluster on the
structure of the MMNCEFs especially with respect to the
carbon cage.

In this work, lutetium and yttrium are chosen because the
radii of their trivalent ions are similar (0.85 and 0.90 A,>!"
respectively) and the yield of the homogeneous Lu;N@Cy, is
only approximately 1.9 times higher than that of Y;N@Cy,
(see Supporting Information S1). As neither have partially
filled f-shell electrons, their *C NMR spectroscopic charac-
terization is facilitated. The synthesis of Lu,Y;_N@Cg, (x=1,
2) by the “reactive gas atmosphere”™ method is similar to
that of the previously reported Gd,Sc;_ N@Cq,.[*?! Figure 1
shows a typical chromatogram of a Lu,Y;_N@GC,, fullerene
extract mixture obtained under the optimized condition
(molar ratio of Lu:Y:C=1:1:15). The dominant fraction A
(t,,,=30.7-33.1 min) is correlated to Lu,Y;_N@Cq, (I, x =0-
3, hereafter the label “I” for the isomeric structure is omitted
for clarity unless specified) according to the mass spectro-
metric (MS) analysis, with the abundance up to 95 % of all the
fullerene products. For comparison, the total yield of
LuY; N@Cy, (x=1, 2) is approximately 5.4 times lower
than that of Lu,Sc;_N@Cg, (x =1, 2) which we isolated more
recently (the results will be reported elsewhere; see Support-
ing Information S1), highlighting the role of Sc in promoting
the formation of Lu,Sc;_ N@Cg, Furthermore, because the
retention times of LusN@Cy, and Y;N@Cy, are very close,
these two products as well as Lu,Y;_N@Cy, (x =1, 2) overlap
in fraction A. As a result the four possible structures of
Lu,Y; N@Cg, (x=0-3) co-elute in one fraction, which is
narrower than that of Lu,Sc;_ N@Cg, (x =0-3) (see Support-
ing Information S1). As a result, the isolation of
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Figure 1. Chromatogram of the Lu,Y;_ N@GC,, fullerene extract mixture,
synthesized by the “reactive gas atmosphere” method (combination of
two 4.6x250 mm Buckyprep columns; flow rate 1.6 mLmin™"; injec-
tion volume 100 pL; toluene as eluent (mobile phase); 40°C). Fraction
A consists of Lu,Y;_ ,N@GC,, (I; x=0-3). Inset: Positive ion laser
desorption time-of-flight (LD-TOF) mass spectrum of Lu,Y; ,N@C,,
(x=0-3) isolated from fraction A.

Lu,Y;_N@Cg, (x=1, 2) is even more laborious than for any
Sc-based MMNCFs(M,Sc;  N@Cg, x =1, 2).1*!? The success-
ful isolation of Lu,Y; N@Cg, (x=1, 2) has been accom-
plished by three-step HPLC, including recycling HPLC in the
last two steps of the isolation (see Supporting Information S2
for the detailed isolation procedure). The high purity
(> 99 %) of the MMNCFs was confirmed by laser-desorption
time-of-flight (LD-TOF) MS analysis (inset of Figure 1).

With the successful isolation of Lu,Y;_ N@Cg, (x=1, 2),
the relative yield of Lu,Y; N@Cg, (x=0-3) has been
estimated, according to the integrated area of the corre-
sponding peak in HPLC. Under the optimized synthesis
condition (a molar ratio of Lu/Y/C = 1:1:15), the ratio of the
yield of Y;N@Cg/LuY,N@Cqg/Lu,YN@Cy)/ LusN@Cy, is
2.3:4.6:3.6:1 (see Supporting Information S3), as opposed to
the 1:3:3:1 ratio that would be expected for an unbiased
statistical distribution. In particular, the yield of LuY,N@Cs,
is ca. 1.3 times that of Lu,YN@Cy;, and the yield of Y;N@C,
is ca. 2.3 times that of Lu;N@C,,. This is especially remark-
able as it is the reverse of the relative yields for the synthesis
of homogeneous NCFs using pure Lu,O; or Y,0; (see
Supporting Information S1). Moreover, according to the
integrated area of the corresponding peak in HPLC chroma-
tograms, the yield of the Lu,Y;_N@Cg, (I) mixture is ca 1.5
and 2.8 times higher than that of the homogeneous Lu;N@Cg,
(I) and Y;N@Cy, (I), respectively. These results indicate the
enhancement of the yield upon the formation of MMNCFs
and show that a complicated competition effect takes place
when two metals with comparable ionic radii are mixed to
form the MMNCEFs.

The UV/Vis-NIR spectra of the isolated Lu,Y;_N@Cx,
(x=0-3) dissolved in toluene are shown in Figure 2, and their
characteristic absorption data are summarized in Table 1. The
overall absorption features of Lu,Y; N@Cg, (x=0-3) are
almost identical, with subtle shifts of the the bands. Their
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Figure 2. UV/Vis-NIR spectra of Lu,Y;_ N@GC,, (I; x=0-3) dissolved in
toluene. The inset shows the enlarged spectral range (600-830 nm).

Table 1: Electronic absorption data of Lu,Y;_,N@Cg, (x=0-3) MMNCFs.

x  Product Mass UV/Vis-NIR absorp- ~ Onset Band
number tion peaks (nm) [nm]  gap® [eV]
(m/z)
0 Y;N@GCq 1241 407, 549, 633, 665,694 786 1.58
1 LY,N@Cy, 1317 403, 549, 630, 662,690 793 1.56
2 LuYN@Cs, 1413 403,548, 627,659,687 797 1.56
3 LusN@Gg 1499 403, 548, 626, 658,685 807 1.54

[a] band-gap (eV) ~1240/onset (nm).

absorption onsets are also quite close, indicating comparable
optical band-gaps (1.58-1.54 ¢V, see Table1). All these
results point to the close resemblance of their electronic
properties, which can be understood by the similarity of Lu*"
and Y*' in terms of their ionic radii and the HPLC retention
behaviour discussed above.” This is, however, not the case for
Lu,Sc;_,N@Cg, (I) as well as for other M,Sc;_ N@Cy, (I; M =
Y, Gd, Er) MMNCFs[*1%22l which exhibit considerable
variations in their absorption spectra with the change of the
encaged cluster, including an increase in the bandgap and an
increase in the resolution of the absorption pattern with a
higher number of lanthanide atoms in the cluster.!*1%1

The FTIR spectra of Lu,Y;_N@Cg, (x =0-3) in compar-
ison to those of Lu,Sc; N@Cg, (x =0-3) shown in Figure 3
clearly indicate the identity of their tangential and radial cage
vibrational modes, which are virtually identical to those of
other M;N@Cy, (I) (M = Sc, Y, Gd, Tb, Dy, Ho, Er, Tm).[ 1]
This result enables us to assign the same cage isomer, that is,
Cyo:7 with I, symmetry™? to all Lu,Y; N@Cg, (x=0-3)
MMNCFs studied in this work, as well as to Lu,Sc,_ N@Cg,
(x=1-2). The anti-symmetric M—N stretching vibrational
modes (vy._n), Which appear as the most intense low-energy
IR lines in the region of 600-800 cm™' =121 are more
characteristic for a given NCF. Unlike the homogeneous
NCFs, in which the anti-symmetric M—N stretching mode is
two-fold degenerate, the lower molecular symmetry in
MMNCEFs results in the splitting of this mode.'?! However,
the magnitude of splitting is quite different for Lu,Y;_ N@Cg,
and Lu,Sc; N@Cg, (x=0-3). The vy frequencies in
Lu;N@Cy, and Y;N@Cy, are quite close, and similar spectral
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Figure 3. FTIR spectra of Lu,Y; N@GC,, and Lu,Sc;_,N@Cgy (x=0-3).

patterns are also observed for the corresponding MMNCFs
(Figure 3, Table 2), with the only indication of the splitting
being the somewhat broader bands in Lu,Y; N@Cg, (x=
1,2). A more complex behaviour of the vy y mode is

Table 2: Characteristic ~ structural and  spectroscopic data of
LuY; ,N@Cg MMNCFs (Lu,Sc;_,N@Cg MMNCFs are also given for
comparison).

Product Vi dun AP dun[A9  *CNMR shift
[em™] [ppm]

Y;N@Cy 698, 714, - 2.060 138.04, 144.44
725

LuY,N@Cs 705,713, 2.054 2.064, 2.065 137.95, 144.41
717, 723,
736

Lu,YN@Cg 703,712, 2.058,2.059 2.069 137.66, 144.22
726, 735

Lu;N@Cgy 703,714  2.062 - 137.39, 144.02

Lu,ScN@Cy, 668, 680, 2.104, 2,107 1.945 137.12, 143.99
699, 710

LuSc,N@Cgy 652 2.147 1.988, 1.993 136.90, 143.99

SGN@Cy 599 - 2.034 136.87, 144.18

[a] Vu-n represents the anti-symmetric stretching vibrational frequency of
M—N; [b] d,,n represents the DFT-predicted bond length of Lu—N;
[c] dy-n represents the DFT-predicted bond length of M—N (Y—N or Sc—
N).

observed for Lu,Sc; N@Cyg, (x =0-3). Lu,ScN@Cg, exhibits
significant splitting (main components are observed at 668
and 710 cm ™), while only one band (at 652 cm™) is found in
LuSc,N@Cy,. The latter frequency is different from both
Sc;N@Cy, (599 cm ™) and LusN@Cy, (714 cm ™). Interpreta-
tion of these data is straightforward if M—N bondlengths in
DFT-optimized clusterfullerenes are analyzed (Table 2). As
the ionic radii of Lu** and Y** are close, they have similar M—
N bondlengths (however, Y is still somewhat larger, and the
cluster in Y;N@C, is predicted to be slightly pyramidal, the N
being 0.083 A displaced out of Y; plane). As a result, there are
marginal variations in Lu—N and Y—N bond lengths in
Lu,Y;_N@Cy, as compared to homogeneous NCFs, and the
splitting of vy y is small. The difference of ionic radii of Sc**
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and Lu*" is rather large, and Lu—N bonds in Lu,Sc;_ N@Cg,
(x=1,2) are elongated at the expense of considerable short-
ening of Sc—N bonds. As a result, vg.y increases from
599 cm ™' in Sc;N@Cy, to 652 cm ™' in LuSc,N@Cg, to 710 cm™!
in Lu,ScN@Cg,, while v,y decreases from 714cm™ in
Lu;N@Cy, to 668cm™ in Lu,ScN@Cy, to 652cm™ in
LuSc,N@Cy,."™! Similar changes in vs.y and vy Wwere
observed for other M,Sc;_ N@Cy, (M=Gd, Y, Er) and in
Lu,Sc;_N@Cg, *1214

The 125 MHz “C NMR spectra of Lu,Y; N@Cg, and
Lu,Sc; ,N@Cg, (x=0-3) obtained at room temperature
exhibit two narrow lines with chemical shifts of 137-138 and
144-145 ppm, respectively (see Figure 4 and Table 2). The

| Y,N@Cyp J

" .
YLu,N@Cy, ‘

Y,LUN@Cy,

| Lu;N@Cyp
] Lu,ScN@Cgq l
| LuSc,N@Cyg,
l sehac |
136 138 140 142 144
o (**C)/ ppm —

Figure 4. The 125 MHz "C NMR spectra of Lu,Y;_ N@Cy, and
Lu,Sc; N@Cg, (x=0-3) in CS,/ds-Acetone at room temperature.

intensity ratio of these two lines is 1: 3, which is characteristic
for NCFs with the Cy, (I,) cage isomer.**” Significantly, the
3C NMR lines show appreciable downshifts with the shrink-
ing of the encaged nitride cluster, that is, in the order of
Y;N@Cy—LuY,N@Cy,—Lu, YN@Cqy—Lu;N@Cyy—

Lu,ScN@Cyy—LuSc,N@Cg, (however, Sc;N@Cg, exhibits
some deviation). Such a systematic shift of the “C NMR
lines with the change of the composition of the encaged
cluster has not previously been reported for NCFs. A further
analysis on the *C NMR spectra is presented below.

In the analysis of the "C NMR spectra of the empty
fullerenes it was established that "*C shifts correlate with the
pyramidalization of the carbon atoms as quantified in terms of
the m-orbital axis vector (POAV) analysis.”™*! To understand
the observed shift of the *C NMR lines of M;N@Cy,, we
performed DFT calculations of the molecular structures of all
NCFs studied in this work focusing on the curvature of the
carbon cage induced by the cluster (see Supporting informa-
tion S4).2 There are two different types of carbon atoms
within the Cy:[;, cage—the pyrene-type carbon atoms (triple-
hexagon junctions, THJs, which correlate to the NMR line at
a lower shift of 137-138 ppm) and the corannulene-type
carbon atoms (pentagon/hexagon/hexagon  junctions
(PHHIJs) which correlate to the NMR line at a higher shift,
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around 144 ppm).l'">" It is known from experimental data, as
well as from the calculations reported herein, that coordina-
tion to the endohedral metal increases pyramidalization of
the carbon atoms.[™ With respect to this, it should be pointed
out that THJs are originally more planar, and hence their
pyramidalization appears to be less energetically favored than
that of PHHIJs. One consequence of this point is the
avoidance of additional THJs in the chemical derivatization
of higher fullerenes.!

Figure 5a—c illustrates the enlarged view of the metal-
coordinated hexagon within DFT-predicted C; isomers of
M;N@Cg, (M=Sc, Lu, Y)."" In Sc;N@Cy, the Sc atom is
significantly displaced from the center of the hexagon, being

LuSc;N@Csp

Lu,ScN@Cygq

]

Lu;,N@Cqo
o LUY;N@Cy,
Lu,YN@Csgo ‘(351@ Co

@

1.05 1.00 095 0.90
A POAV angle / deg

9.‘24 9.‘28 9.52 9.:’:6 1.10

POAV angle / deg

Figure 5. Enlarged view of the metal-coordinated hexagon in the C;
isomers of (a) SGGN@Cg, (b) LusN@Cy, and (c) Y;N@Cy, with DFT-
optimized interatomic distances [A, in black] and POAV angles [°, in
red]. The THJs are highlighted as black spheres. (d) Correlation
between the experimental *C chemical shifts of THJs of Lu,Y;_,N@Cg,
and Lu,Sc; ,N@GCg, (x=0-3) and the averaged POAV angles of carbon
atoms on THJs. (e) Correlation of A("*C chemical shift) and A(POAV
angle) of Lu,Y;_ ,N@Cq and Lu,Sc; ,N@Cqp (x=0-3).

coordinated to the pentagon/hexagon edge, whereas, with the
increase in cluster size to Lu;N and further to Y;N, the metal
is shifted in the cage towards the center of the hexagon.”
Thus, the Sc atoms in Sc;N@Cg, are presumably coordinated
to the PHHJs, as could be anticipated based on energetic
considerations. However, the larger sizes of the Lu;N and
Y;N clusters preclude the same type of coordination as for
Sc;N, forcing Lu and Y metals to be coordinated to the THJs
as well. Therefore, the average POAV angle of THJs in
M;N@Cy, increases with increasing cluster size. This trend is
evident as the perfect correlation of the POAV angle of THIJs
to their *C chemical shifts (as can be seen in Figure 5d). As
the total curvature of the cage should be preserved, the
average POAV angle of PHHIJs decreases to compensate for
the increased POAV angle of THJs. However, the magnitude
of the changes of POAV(PHH]J) is smaller in view of the
three-to-one ratio of PHHJs to THJs. This behavior also
correlates with the smaller magnitude of changes to the *C
chemical shift of PHHJs (ca 0.5 ppm), compared to that for
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THIJs (ca 1.5 ppm). Finally, although the POAV(PHHJ) shows
a weaker correlation with *C shifts (see Supporting informa-
tion S5), A(POAV) exhibits a good correlation with A("*C
shift) (Figure 5e¢). This result is a consequence of the
pyramidalization of the carbon atoms being dependent on
the encaged mixed metal nitride cluster. With the enlarge-
ment of the cluster size from Sc;N via Lu;N to Y;N, the larger
metal atoms (Lu and Y) “move” closer to the center of the
hexagon and hence lead to the increase in local curvature, as
the coordination of the metal is distributed more evenly over
the cage atoms, resulting in the increase of the pyramidaliza-
tion of pyrene-type carbon atoms (that is, the increase of the
average POAYV angle of THJs).

In summary, we have successfully synthesized and isolated
the first MMNCFs without the involvement of Sc—
LuY,N@Cg; and Lu, YN@Cy,. The UV/Vis-NIR spectroscopic
study reveals a similarity in electronic properties to their
respective analogous homogeneous NCFs (Y;N@Cg, and
Lu,N@Cg) in terms of the HOMO-LUMO absorption
bands and optical band-gap. The vibrational structures of
LuY,N@Cg, and Lu,YN@Cy, are found to resemble those of
Lu;N@Cy, and Y;N@Cy, in terms of the frequencies of vy
and cage vibrational modes as indicated by FTIR spectro-
scopic characterization. The ®C NMR spectroscopic study of
LuY,N@Cg, and Lu,YN@Cg, indicates two sharp lines. A
systematic comparison of the “C NMR chemical shifts of
LuY; N@Cy (x=0-3) with those of Lu,Sc; [N@Cg,
(x=0-3) indicates that the two NMR signals undergo
appreciable downshifts with shrinking cluster size, while the
gap between the two signals decreases. This result is
interpreted by the correlation of the shifts of the *C NMR
lines with the pyramidalization of the carbon atoms as
analyzed in detail by DFT calculations. With increasing
cluster size, the larger metal atoms move to the center of the
hexagons of the carbon cage, and this leads to the increase in
pyramidalization of the pyrene-type carbon atoms. As the
first report of the change of pyramidalization of the carbon
atoms induced by the encaged cluster, this study provides a
new insight to the carbon cage structure of endohedral
fullerenes.

Experimental Section

General procedures for the synthesis of Lu,Y;_ N@Cy, (x=1, 2) are
similar to those used for synthesizing Gd,Sc;_,N@Cg, (I; x=1, 2)
reported elsewhere.*>!81 A mixture of Lu,O5 and Y,O; and graphite
powder with an optimized molar ratio of Lu:Y:C=1:1:15 was
subjected to DC-arc discharging by a modified Kréatschmer-Huffman
DC-arc discharging method with the addition of NH; (20 mbar).
Clusterfullerene separation was performed by a three-step HPLC as
described in detail in Supporting Information S2. The purity of the
isolated product was further checked by LD-TOF MS analysis
running in both positive and negative ion modes (Biflex III, Bruker,
Germany). Sample preparation and experimental details for UV/Vis-
NIR and FTIR spectroscopic measurements were described previ-
ously.*!> The CNMR spectroscopic study was performed at
125MHz in a multiprobe head PH 1152Z on an Avance 500
spectrometer (Bruker) at room temperature in carbon disulfide
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solution with [DgJacetone as a lock. DFT calculations were described
previously.[* 214
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