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ABSTRACT: While several nonchromatographic methods are available for the isolation
and purification of endohedral fullerenes of the type M3N@Ih-C80, little work has been
done that would allow other members of the M3N@C2n family to be isolated with minimal
chromatography. Here, we report that Gd3N@D2(35)-C88 can be isolated from the
multitude of endohedral and empty cage fullerenes present in carbon soot obtained by
electric-arc synthesis using Gd2O3-doped graphite rods. The procedure developed utilizes
successive precipitation with the Lewis acids CaCl2 and ZnCl2 followed by treatment with
amino-functionalized silica gel. The structure of the product was identified by single-
crystal X-ray diffraction.

■ INTRODUCTION

Since the discovery of Sc3N@Ih-C80, the third most readily
prepared fullerene after C60 and C70,

1 considerable attention
has been given to the preparation, isolation, and purification of
various members of the M3N@Ih-C80 family. The chemical
reactivities of this family of endohedrals have also been
extensively studied.2 Generally, purification of Sc3N@Ih-C80 and
other endohedral fullerenes relies on high-performance liquid
chromatography (HPLC), frequently involving multiple col-
umns and a variety of solvents.3,4 Alternatively, several non-
chromatographic methods have been developed to enrich or
chemically purify members of the M3N@Ih-C80 family,
including mixed-metal cases where the M3N unit contains
two or even three different metals.5−15 Chemical means of
purification of the M3N@Ih-C80 family frequently relies upon
the observation that these molecules are less reactive toward
addition reactions than other endohedral fullerenes or empty
cage fullerenes.
In addition to the M3N@Ih-C80 family of endohedral

fullerenes, related molecules with larger or smaller cage sizes
have been identified and purified by standard HPLC
techniques. For example, the individual members of the
Gd3N@C2n (2n = 78 to 88) family have been isolated and,
except for Gd3N@C88, crystallographically characterized.16−18

These gadolinium-containing molecules have potential medical
applications as magnetic resonance imaging agents.19−22

However, alternative, non-HPLC means of purification and
isolation of the Gd3N@C2n family have not been explored.
Moreover, the lack of means to obtain these endohedrals

readily has meant that their chemical reactivity is unexplored.
Here, we present a useful, non-chromatographic method to
obtain the largest member of the Gd3N@C2n family in pure
form and to determine its structure by single-crystal X-ray
diffraction.

■ RESULTS AND DISCUSSION

Isolation of Gd3N@C88 from Carbon Soot. An overview
of our non-HPLC approach to the isolation of Gd3N@C88 is
shown in Scheme 1. Stage 1 utilizes selective fractionation of
Gd endohedrals by successive precipitation with two Lewis
acids, namely, CaCl2 and ZnCl2.

10,15,23,24 Stage 2 provides
further selectivity by manipulating chemical reactivity differ-
ences of the various fullerenes and endohedral fullerenes with
nucleophilic amines immobilized onto a solid support (stir and
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Scheme 1. Overview of Purifying Gd3N@C88 by Selective
Reactions with Lewis Acids (Stage 1) and Aminosilica (Stage
2)
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filter approach or SAFA).9,11,12,25 By combining the selectivity
of two different types of reagents (i.e., electron-poor and
electron-rich), Gd3N@C88 can now be isolated using simple
solution chemistry, as opposed to the conventional method of
HPLC as the sole separation method. The existence of Gd3N@
C88 has been noted for many years;16−18 yet the X-ray crystal
structure remained unsolved until now, due in part to its low
abundance and difficulty in removing traces of fullerene and
metallofullerene contaminants. As the data in Table 1 show,

Gd3N@C88 has a remarkably low first oxidation potential.16,26

Since a correlation between the first oxidation potential for
endohedral fullerenes and the strength of the Lewis acid needed
for precipitation has been observed, the low oxidation potential
of Gd3N@C88 should allow it to preferentially precipitate with
weak Lewis acids.
Graphite rods containing Gd2O3 and copper metal were

vaporized in an electric-arc generator under a helium/
dinitrogen atmosphere to produce fullerene-containing soot
as described previously.27 This soot was extracted with xylenes
to produce a soluble extract. The laser desorption ionization
(LDI) spectrum of this soluble Gd soot extract is shown in
Figure 1a. The extract contains a variety of empty cage
fullerenes and various gadolinium-containing endohedral full-
erenes.
A 1.5 g portion of this extract was dissolved in 1 L of carbon

disulfide and subsequently subjected to four rounds of
treatment with solid Lewis acids. In Round 1, 1.2 g of solid
CaCl2 was added. After it was stirred for 3.75 h, the mixture was
filtered, and the filtrate was saved for Round 2 of treatment.
The precipitate from Round 1 was then transferred to a beaker
containing ice, water, and carbon disulfide for recovery of the
endohedrals from the precipitate. After multiple washes with
water in a separatory funnel, the decomplexed metallofullerenes
were recovered from the bottom layer of carbon disulfide.
Figure 1b shows that this sample is enriched in Gd@C82 and
contains few of the empty cage fullerenes.
In Round 2, 3.4 g of anhydrous, solid CaCl2 was added, and

the suspension was stirred for 7.75 d. The solid was again
removed by filtration, and the filtrate was saved for Round 3.
The solid material was treated with ice, water, and carbon
disulfide to recover the endohedrals in the carbon disulfide
layer. Mass spectral analysis as seen in Figure 1c shows that this
sample contains a variety of endohedrals including Gd@C82
and many members of the Gd2C2n family.
For Round 3, 2.0 g of anhydrous ZnCl2 powder was added to

the filtrate from Round 2, and the mixture was stirred for 4 h.
Subsequently, the solid was collected by filtration and treated
with ice, water, and carbon disulfide as described above. The
mass spectrum shown in Figure 1d reveals that some Gd@C82
is still present but that Gd3N@C92 and Gd3C102 are prominent,

along with members of the Gd3N@C2n and Gd2C2n families.
Gd3C102 and other M3C102 (M = Lu, Dy, Tb) compounds have
recently been discovered and shown to be remarkably stable.28

In the final round, Round 4, the filtrate from Round 3 was
treated with 2.1 g of anhydrous ZnCl2 powder and allowed to
stir for 7 d. The solids were collected by filtration and treated
with the usual ice, water, and carbon disulfide mixture. Mass
spectral analysis of the carbon disulfide layer reveals the
presence of the target Gd3N@C88 as the dominant material in
the recovered sample as seen in Figure 1e. Figure 1f shows the
mass spectrum of the contents of the filtrate from the final
round of Lewis acid treatment. Empty cage fullerenes and other
members of the Gd3N@C2n family have survived the Lewis acid
treatments. The enrichment of Gd3N@C88 from the initial soot
extract as shown in Figure 1a to the Round 4 precipitate
(Figure 1e) is remarkable, given the complexity of the initial
sample.
Because the Lewis acid approach still revealed low-level

amounts of Gd2@C2n contaminants in the Round 4 precipitate,
a different type of chemical reaction was implemented to
achieve further purification. On the basis of prior reports of the
use of aminosilica for endohedral separations,9,11,12,25 we
investigated the feasibility of further purification of Gd3N@
C88 with the stir and filter approach using aminosilica.
A 5 mg sample of enriched Gd3N@C88 from the Round 4

precipitate was dissolved in 90 mL of xylenes and stirred with
fresh, vacuum-dried aminosilica for 22 h. The progress was
followed as shown in Figure 2. An isolated sample of 3 mg of
Gd3N@C88 (∼90% purity) was obtained from the filtrate as
seen in Figure 2c, where it is compared to the original soot
extract in Trace (a) and the product of the Lewis acid
treatment in Trace (b). Note that the Gd2@C2n contaminants
were immobilized onto the aminosilica. To provide the X-ray
crystallographic experiment with maximal purity, a single
HPLC pass was performed on a BuckyPrep-M column. The
chromatogram of this final purified sample is shown in Figure

Table 1. First Oxidation Potentials for the Gd3N@C2n
Family

endohedral first oxidation potential (V)a reference

Gd3N@C88 +0.06 ref 16
Gd3N@C84 +0.32 ref 16
Gd3N@C86 +0.35 ref 24
Gd3N@C82 +0.37 ref 24
Gd3N@C80 +0.58 ref 16

aIn o-dichlorobenzene solution with 0.05 M (n-Bu4N)(PF6) as
supporting electrolye with ferrocene/ferrocinium reference.

Figure 1. LDI spectra of (a) soluble Gd soot extract, (b, c)
endohedrals selectively isolated from Rounds 1 and 2 of precipitation
with CaCl2, (d, e) Rounds 3−4 of precipitation with ZnCl2, and (f)
unreactive fullerenes and endohedrals in the filtrate from Round 4.
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2d. The LDI mass spectrum obtained from this Gd3N@C88
sample is provided in the Supporting Information.
Crystallographic Characterization of Gd3N@D2(35)-

C88. For the X-ray diffraction study, a toluene solution of
Gd3N@D2(35)-C88 in toluene was layered over a saturated
solution of Ni(OEP) (OEP is the dianion of octaethylporphyr-
in) in toluene to produce black blocks of Gd3N@D2(35)-C88·
Ni(OEP)·2(toluene). The crystallographic results show that the
D2(35)-C88 cage is present in these crystals, but two
orientations of the chiral cage occupy a common site. A
drawing of one enantiomer of Gd3N@D2(35)-C88 is shown in
Figure 3. The D2(35)-C88 cage has a somewhat squashed shape.
Thus, the distances across the cage along the three C2 axes
reveal one short span, 7.254 Å, and two longer distances, 8.530
and 8.829 Å.
The Gd3N group inside the cage shows disorder, but there is

only one position for the nitride ion. Three orientations of the
interior Gd3 unit are clearly evident and were refined with the
following occupancies (Gd1, Gd2, Gd3: 0.2314(7); Gd4, Gd5,
Gd6: 0.1525(9); Gd7, Gd8, Gd9: 0.0802(8)). There also are
three additional Gd positions (Gd10, Gd11, Gd12) that did not
form a defined cluster and probably share other Gd positions.
Figure 3 shows the position of the major Gd3N unit and the
close contacts made between those gadolinium ions and the
cage carbon atoms. For the major Gd3N orientation, the Gd−N
distances are 2.1402(17) Å for Gd1, 2.216(3) Å for Gd2, and
2.181(3) Å for Gd3. A selection of other Gd−N and Gd−C
distances is given in Table 2. The three major Gd3N groups are
planar. The sum of the three Gd−N−Gd angles for these
clusters are Gd1, Gd2, Gd3: 359.9°; Gd4, Gd5, Gd6: 360.0°;
Gd7, Gd8, Gd9: 360.0°.
Overall, our results show that the structure of Gd3N@

D2(35)-C88 is similar to those of Tb3N@D2(35)-C88
29 and

Tm3N@D2(35)-C88,
30 whose structures have been determined

by single-crystal X-ray diffraction. The D2(35)-C88 cage in all
three of these compounds shows a similar degree of flattening.
The distances along the three twofold axes in these molecules
follow a similar pattern with one short and two longer distances
as follows: Gd3N@D2(35)-C88, 7.254, 8.530, 8.829 Å; Tb3N@
D2(35)-C88, 7.245, 8.531, 8.839 Å; Tm3N@D2(35)-C88, 7.273,
8.538, 8.808 Å. Additionally, the dimetallo-endohedral Sm2@
D2(35)-C88 also utilizes the same cage with distances along the
twofold axes of 7.241, 8.518, and 8.915 Å and the metal ions
situated along the longest axis.31

Our results on the structure of Gd3N@D2(35)-C88 agree
with density functional calculations that indicated that the
lowest-energy isomer of Gd3N@C88 would utilize the D2(35)-
C88 cage.

32 However, similar calculations predict that La3N@
C88 will utilize another cage isomer with Cs symmetry as the
most stable structure.32

The structure of the D2(35)-C88 cage involves 22 different
types of carbon atoms as shown in Figure 4. Thus, this is a
more complex fullerene cage than the more frequently
encountered Ih-C80 cage, which contains only two types of
carbon atoms. The procedures reported here should allow the
chemical reactivity of Gd3N@D2(35)-C88 to be studied and

Figure 2. LDI mass spectra showing the progression of chemical
isolation of Gd3N@C88 from (a) Gd soot extract, (b) precipitation and
recovery from ZnCl2, (c) further purification using aminosilica in a
SAFA step, and (d) chromatogram for the X-ray purity sample,
BuckyPrep-M column, 1 mL/min xylenes, 360 nm UV detection, and
400 μL injection.

Figure 3. A drawing of one enantiomer of Gd3N@D2(35)-C88 in
Gd3N@D2(35)-C88·Ni(OEP)·2(toluene) with the major orientation of
the Gd3N group. The short, two-fold axis of the cage is nearly
perpendicular to the plane of the figure and passes through N1. The
closest contacts between the carbon atoms of the C88 cage and the Gd
ions are indicated by the dashed lines.

Table 2. Selected Interatomic Distances (Å) in Gd3N@
D2(35)-C88

Gd1 Gd2 Gd3

N1 2.1402(17) N1 2.216(3) N1 2.181(3)
C33 2.3655(15) C41 2.5614(16) C25 2.642(3)
C57 2.4516(16) C42 2.4057(14) C26 2.502(3)

C62 2.3746(13) C27 2.407(3)
C63 2.5022(15) C49 2.624(3)

C50 2.522(2)
C51 2.443(2)

Gd4 Gd5 Gd6

N1 2.234(3) N1 2.131(3) N1 2.2559(17)
Gd7 Gd8 Gd9

N1 2.167(5) N1 2.142(3) N1 2.149(6)
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compared to that of the relatively inert M3N@Ih-C80 family.
The D2(35)-C88 cage contains all of the bond types that can be
found in a cage that obeys the isolated pentagon rule (IPR)
including: bonds at a 5:6 ring junction and three types of bonds
at 6:6 ring junctions, those with pentagons at either end like the
C12−C13 bond (pyracylene sites), those with hexagons at
either end like the C5−C6 bond (pyrene sites), and those with
a pentagon and a hexagon at either end. In contrast, the Ih-C80
cage contains C−C bonds at a 5:6 ring junction and only one
type of bond at a 6:6 ring junction, a bond with a pentagon and
a hexagon at either end like the C15−C16 bond.
Figure 5 shows the orientation of the Gd3N@D2(35)-C88

with respect to the Ni(OEP) molecule. As usual with such
cocrystals, the eight ethyl arms of the porphyrin embrace the
carbon cage. Inside the cage, the Gd3N unit is aligned so that it
is almost parallel to the porphyrin plane. The dihedral angle

between the plane of the NiN4 unit and the Gd3N unit is 17.55°
for the major orientation of the latter and 16.97° and 17.68° for
the other two Gd3N orientations. For Tb3N@D2(35)-C88·
Ni(OEP)·2.5(benzene) and Tm3N@D2(35)-C88·Ni(OEP)·2.5-
(benzene), the M3N units are more tipped with regard to the
porphyrin plane. In Tb3N@C88·Ni(OEP)·2.5(benzene), the
dihedral angles between the Tb3N and NiN4 planes are 40.45
and 42.14° for the two orientations present, while in Tm3N@
C88·Ni(OEP)·2.5(benzene) the corresponding angles are
similar: 40.14 and 43.26°. In contrast, in cocrystals of M3N@
Ih-C80 with Ni(OEP), the M3N unit invariably is aligned
perpendicular to the NiN4 plane with two of the metal ions
lying near the nitrogen atoms of the porphyrin as seen in Figure
6.33−36 In this figure we utilize the structure of Tm3N@Ih-C80
rather than Gd3N@Ih-C80 because the latter involves an
unusual, pyramidalized Gd3N unit.18b Our results show that
the shape of the carbon cage influences the positioning of the
M3N unit relative to the porphyrin.

■ CONCLUSIONS

In summary, a non-chromatographic method of purification of
Gd3N@D2(35)-C88 has been developed that uses successive
precipitation with CaCl2 and ZnCl2 to selectively remove
endohedrals from solution and treatment with amino-function-
alized silica to remove remaining endohedral fullerenes and
empty cage fullerenes. The structure of Gd3N@D2(35)-C88
shows that the planar Gd3N unit fits within a somewhat
squashed cage.

■ EXPERIMENTAL SECTION
Stage 1: Enrichment of Gd3N@C88 from Soot Extract by

Selective Reaction with Lewis Acids. Round 1. The synthesis of
Gd-containing endohedrals utilized graphite rods doped with Gd2O3
and copper metal, which were vaporized in an electric-arc generator
under a helium/dinitrogen atmosphere to produce fullerene-
containing soot.26 The soot was extracted with carbon disulfide, and
the resulting solution was filtered and evaporated to dryness. A 1.5 g
portion of this solid extract was dissolved in 1 L of carbon disulfide.
The solution was filtered over a 1 μm polytetrafluoroethylene filter
membrane to remove traces of insoluble material.

For Round 1 of the separation scheme, this carbon disulfide
solution was poured into a 2 L flask and stirred after the addition of 1.2
g of anhydrous CaCl2 powder. After 3.75 h, the reaction mixture was
filtered with a Buchner funnel to obtain a filter cake. This precipitate
was then transferred to a beaker containing 250 g of ice, 250 mL of
water, and 500 mL of carbon disulfide for recovery of the endohedrals.
After multiple washes with 500 mL of water in a separatory funnel, the
decomplexed metallofullerenes were recovered from the bottom layer
of carbon disulfide.

Round 2. The filtrate from Round 1, which contained unreacted
fullerenes and metallofullerenes, was poured into a 2 L round-bottom
flask. A portion of 3.4 g of anhydrous CaCl2 was added, and the
reaction was stirred for 7.75 d. The solution was filtered. The filtrate
from this reaction mixture was saved for the Round 3 separation.
Decomplexation and recovery of precipitated fullerenes and
endohedral fullerenes from this Round 2 precipitate was performed
as described above.

Round 3. The filtrate from Round 2 was transferred into a 2 L
round-bottom flask. While the filtrate was stirred, 2.0 g of anhydrous
ZnCl2 powder was introduced. After 4 h of reaction, the mixture was
filtered to provide a filtrate for subsequent reaction in Round 4.
Decomplexation and recovery of endohedrals from this Round 3
precipitate was obtained as described above.

Round 4. The filtrate from Round 3 was transferred to a 2 L round-
bottom flask. Addition of 2.1 g of anhydrous ZnCl2 powder and
stirring for 7 d provided precipitate that was enriched in Gd3N@C88.

Figure 4. Idealized D2(35)-C88 cage with the 22 distinct types of
carbon atoms individually labeled. The short C2 axis is aligned
vertically and bisects the two red C−C bonds. A second C2 axis is
arranged perpendicular to the plane of the page and bisects the two
blue C−C bonds. The third C2 axis passes through the centers of the
two hexagons that are colored green.

Figure 5. Relative positions of one enantiomer of the endohedral
fullerene and Ni(OEP) molecule in Gd3N@D2(35)-C88·Ni(OEP)·
2(toluene). The color scheme is carbon atoms, black or gray; nitrogen,
blue; nickel, turquoise; gadolinium, green. Only the principle
orientation of the Gd3N unit is shown. The positions of hydrogen
atoms and toluene molecules are omitted for clarity.
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Decomplexation and recovery of endohedrals from this Round 4
precipitate were performed as described above. The filtrate contained
empty-cage fullerenes and unreacted endohedrals, which were more
chemically resistant to the weak CaCl2 and ZnCl2 Lewis acids.
Stage 2: Isolation of Gd3N@C88 by Selective Reaction with

Aminosilica Gel (SAFA method). The dried sample of enriched
Gd3N@C88 (i.e., 5 mg of recovered endohedrals from the Round 4
precipitate) was dissolved in 90 mL of freshly purchased xylenes. To
this solution was added 4.5 g of monoaminosilica gel, which was
prepared as described previously,12 heated, and vacuum-dried
overnight at 60 °C and cooled to ambient temperature under inert
gas prior to its addition to the reaction flask. After 22 h of being
stirred, the reaction slurry was filtered through a Buchner funnel to
provide a filtrate, which contained the isolated Gd3N@C88. Note the
contaminant endohedrals were immobilized onto the amino-function-
alized silica gel. Solvent removal and washing the dried sample with
diethyl ether produced 3 mg of an isolated Gd3N@C88 sample with
∼90% purity. A sample of higher purity for X-ray analysis (∼99%) was
readily obtained by a single pass of HPLC with a BuckyPrep-M
column and xylenes as the eluant.
HPLC Monitoring of Reaction Mixtures. Aliquots from reaction

mixtures of aminosilica were analyzed by HPLC to determine when to
stop the SAFA reaction. Chromatographic conditions were as follows:
4.6 mm × 250 mm BuckyPrep-M stationary phase, 360 nm detection,
and 1 mL/min of xylenes.
LDI Mass Spectrometry. A Bruker Microflex LT mass spectrometer

was used to characterize endohedral samples obtained from Lewis acid
and SAFA experiments. The analysis was performed by spotting
endohedral samples that were dissolved in CS2 directly onto the
stainless steel target. For each sample well, 1−5 μL of fullerene
solution was spotted, and no matrix was used. Data were collected in
the positive ion mode.
Structure Determination of Gd3N@D2(35)-C88·Ni(OEP)·2C7H8.

Black blocks were grown by slow diffusion of a toluene solution of
Gd3N@C88 layered over a toluene solution of Ni(OEP). Crystal data
for Gd3N@D2(35)-C88·Ni(OEP)·2 toluene. C88Gd3N·C36H44N4Ni·
2(C7H8): M = 2318.37, black parallelepiped, λ = 0.7449 Å, Advanced
Light Source, beamline 11.3.1, monoclinic, space group C2/m, a =
25.2389(16), b = 15.3624(9), c = 20.5877(12) Å, β = 94.599(3) °, T =
100(2) K, V = 7956.8(8) Å3, Z = 4, 89 654 reflections measured,
19 828 unique (Rint = 0.053), which were used in all calculations,
Bruker SMART Apex II; 2θmax = 80.62°; min/max transmission =
0.819/0.516 (multiscan absorption correction applied); full-matrix
least-squares based on F2 (SHELXL-2014/7);20 the final wR(F2) was
0.2670 (all data), conventional R1 = 0.0888 computed for 19 828
reflections with I > 2σ(I) using 983 parameters with 847 restraints.
The asymmetric unit consists of one-half of a Gd3N@D2(35)-C88

molecule, one-half of a Ni(OEP) molecule, and two half toluene
molecules. The Gd3N@D2(35)-C88, Ni(OEP), and one toluene reside
on the same crystallographic mirror plane. By virtue of the mirror
plane, both enantiomers of the D2-symmetric fullerene cage occupy

the same site. The fullerene was modeled with suppressed crystallo-
graphic symmetry. The interior Gd3N cluster was disordered over four
orientations. The Ni(OEP) molecule was fully ordered. One toluene
molecule was modeled with suppressed crystallographic symmetry,
and the remaining toluene molecule was disordered over two
orientations. More refinement details can be found in the crystallo-
graphic information file (CIF).
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