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ABSTRACT: A typical arc-synthesis generates many types of fullerenes and
endohedrals. Resulting soot extracts contain a complex mixture of >50 types
of fullerenes, metallofullerenes, and their structural isomers. Prior to
application development, novel separation methods are required to fractionate
this rich array of metallic, metallic carbide, metallic nitride, and metallic oxide
endohedrals, all of which can be present in a single, soot extract. Herein, we
report the discovery of CuCl, as a Lewis acid that will selectively precipitate
only the more reactive members of each of these endohedral families. The
more reactive Sc,0,@1,-Cg, Sc;C,@1;,-Cqp, and Sc;N@Dy;,-Cg endohedrals
are quickly removed from extracts to greatly decrease the number of
endohedrals present in a sample. Experiments indicate that enrichment factors
of several orders of magnitude can be achieved within minutes of reaction
time. CuCl, also has sufficient selectivity to resolve and separate structural

Empty Cage Fullerenes
12,002 019V

Fullerene cuc|2
Soot

Extract

Metallofullerenes More
Inert to Lewis Acids
E.‘l,{z. ot 2 0.13V

Precipitate

More Reactive Metallofullerenes to Lewis Acids
(Clusters of Nitrides, Oxides, Carbides, and Metals, and Isomers)
Eif2, 000 <019V

isomers, as demonstrated with Er,@Cg, (isomer I, C/(6)-Cg, versus isomer III). The selective complexation of CuCl, with
fullerenes can be correlated to their first oxidation potential. We estimate a significantly lower threshold of precipitation for
CuCl, (<0.19 V) compared to stronger Lewis acids. Fullerenes and metallofullerenes having first oxidation potentials above 0.19
V tend to remain unreacted in solution. In contrast, species with first oxidation potentials below 0.19 V (vs Fc/Fc") precipitate
via complexation, and are easily decomplexed. CuCl, is compared to Lewis acids having higher precipitation thresholds (e.g.
FeCl;) in our goal to predict a priori which endohedrals would remain in solution versus which endohedral species would
complex and precipitate. The ability to predict endohedral precipitation a priori is beneficial to the design of purification

strategies for metallofullerenes.

B INTRODUCTION

Metallofullerene' > extracts can become complex when several
families of endohedrals are simultaneously produced. The
introduction of nitrogen and oxygen (e.g,, N, air, and nitrates)
into an electric-arc reactor creates a diverse family of
endohedral clusters entrapped within an array of fullerene
cages, many of which possess structural isomers.

Soot extracts that are %enerated under mild CAPTEAR®
conditions contain metallic' (e.g,, Er,@Cs,), metallic carbide®’
(e.g, Sc;C,@Cg, Sc,Co@Cs,), metallic nitride™™” (e.g, Sc;N@
Cyg), and metallic oxide'®™" (e.g, Sc,0,@Cgy) families of
endohedral species. The sum of these metallofullerenes
typically represents only 1—10% of the extract. The remaining
90—99% of the sample often consists of lower-mass, empty-
cage fullerenes, such as Cgy, C,y, which can be removed by
selective complexation and precipitation with a Lewis acid (e.g,,
AICL'" or TiCL,"*'®) or via their immobilization onto solid
supports containing reactive aminosilica'”'® or cyclopenta-
diene."”"” Earlier work on the purification of Cg, from other
empty-cage fullerenes has been achieved using AICI;.>°
Selective chemical oxidation methods have also shown success
for isomeric separation of Sc3N@D5h-C80.21
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Simplification of these endohedral-containing extracts prior
to HPLC fraction collection is highly desired. Their direct
injection into HPLC is problematic because of (1) the presence
of >50 different fullerenes and metallofullerenes, along with
their structural isomers, (2) the need for multiple columns of
proprietary, stationary phases necessary to resolve the coelution
of fullerenes, (3) the large expense of HPLC instrumentation,
specialty columns, solvents, solvent waste, and time, and (4)
the low solubility and poor abundance of targeted metal-
lofullerenes, each of which can be present in only trace amounts
(e.g, <0.1%) of the injected extract.

The goal of this research is to discover a new Lewis acid with
a lower precipitation threshold such that separation between
individual metallofullerenes could be achieved. Results indicate
a remarkable selectivity of CuCl, for those endohedrals
possessing low first oxidation potentials (<0.19 V). The
majority of endohedrals (0.19 V to 0.70 V) possess first
oxidation potentials above the precipitation threshold of CuCl,
(~0.13 V to 0.18 V), and these more inert metallofullerenes
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tend to remain in solution. Shown in Table 1, lower mass,
empty-cage fullerenes (e.g, C4—Cgs) also have much higher
first oxidation potentials (0.72 V to 1.21 V) and are largely not
precipitated upon addition of CuCl,.

Table 1. First Oxidation Potentials for Selected Fullerenes
and Metallofullerenes

fullerene cluster type  Ej ), ox-I (V, Fc/Fc") ref.
Ceo L (1) empty +1.21 39
C,o-Dg, (1) empty +1.19 39
Cys empty +0.81 39
Cy»-C, (3) empty +0.72 39
Se;N@L,-Cgg nitride +0.62 40
Sc,0@C,-Cy, oxide +0.35 41
Sc;N@Dg,-Cgy nitride +0.34 38
Sc;N@D;-Cyg nitride +0.33 42
Er,@Cs, (Isomer III) metal +0.197 43
Sc;N@D4,-Cog nitride +0.12 44
8¢,0,@1;-Cyo oxide 0.00 45,46
Sc;C,@1;,-Cgo carbide —-0.03 47

“SWV, pyridine.

Results indicate the threshold of precipitation for endohe-
drals with CuCl, is much lower than that for presently used
Lewis acids (e.g, AIClL;,'*" FeCl,,'"*'® AlBr,,'*" and
TiCl,'>'®). Hence, we propose a first Lewis acid step using a
“weak” Lewis acid, such as CuCl,, with its low precipitation
threshold to obtain a fraction containing predominantly the
more reactive endohedrals. A second Lewis acid precipitation
step with a “stronger” Lewis acid, such as those described
above, with a higher precipitation threshold, would be
performed to obtain a second endohedral, enriched fraction,
containing the more inert metallofullerenes.

The advantage of discovering a Lewis acid with a lower
precipitation threshold (i.e., CuCl,) is the ability to fractionate
within endohedral family members. Splitting metallofullerenes
into two fractions is beneficial to those wanting “pre-cleanup”
steps for obtaining multiple samples of enriched endohedrals
prior to HPLC fraction collection.

The experimental results show an enrichment of low-
abundant endohedrals by 2—3 orders of magnitude after
selective precipitation with CuCl,. The time to selectively
precipitate endohedrals with lower oxidation potentials is only
10 to 60 min, depending on which metallofullerene is targeted.

We also demonstrate the versatility of the CuCl, approach
for endohedrals with various types of clusters. For example, the
CuCl, approach selectively precipitates a variety of cluster
types, including metals, metal carbides, metal nitrides, and
metal oxide endohedrals. We also show the CuCl, approach
can distinguish and separate structural isomers (e.g., Er,@Cg,,
isomers I and III).

An overview of our CuCl, method for fractionating the
reactive endohedrals (i.e., lower first oxidation potentials) away
from the more inert metallofullerenes (i.e., higher first
oxidation potentials) and lower mass empty-cage fullerenes
(also with higher first oxidation potentials) is shown in Figure
1.

B EXPERIMENTAL SECTION

Endohedral metallofullerene extracts were prepared as previously
described®®® in our electric-arc reactor. Er- or Sc-based extracts
containing fullerenes and metallofullerenes were obtained by packing
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Figure 1. Overview of the CuCl, approach for fractionating more
reactive endohedrals away from the less reactive metallofullerenes and
lower mass empty-cage fullerenes.

either Er,0; or Sc,0; powder along with either copper™ or copper
nitrate hydrate® into cored-graphite rods. Vaporization of these packed
rods was performed under a dynamic flow of He, with air introduced
into the arc-reactor at 1—6 Torr/min.

CAPTEAR conditions® were used in the generation of extracts
containing Sc- or Er-based endohedrals (e.g, Sc,0,@I;-Cso, ScsN@
D3,-Cyg, BrsN@I,-Cgo, and Er,@Cg, isomers). For the synthesis of
scandium carbide endohedrals (e.g, Sc,C,@I;-Cg), an atmosphere
deficient in air was used. For scandium carbide soot extracts, cored
graphite rods were packed with Sc,0; or recycled®*** Sc,0; and Cu
and vaporized under an inert atmosphere (e.g, He).

SAFA'7'8 experiments to isolate either ErN@Cyg, or Sc;N@Cg,
used vacuum-dried, diaminosilica gel. Washes of the spent aminosilica
with carbon disulfide provided the fullerene samples used in Figures
3a, 4a, and Sa.

HPLC analysis is performed on a PYE column (SES Research)
using toluene as a mobile phase at 0.75 mL/min with UV detection at
360 nm. A discussion and description of our Lewis acid separations
and decomplexation of precipitated endohedrals is previously
described."*

Mass spectral analysis is performed on a Bruker Microflex LT mass
spectrometer. Samples are spotted on a stainless steel plate without
using a matrix. The analysis is performed in the positive-ion mode.

B RESULTS AND DISCUSSION

Metallic Carbide Endohedrals. To demonstrate the
teasibility of CuCl, to selectively precipitate metallic carbide
endohedrals (e.g, Sc;C,@L-Cg), a fullerene extract was
prepared (see Experimental Section). For this Lewis acid
experiment, 100.3 mg of Sc-fullerene extract is dissolved in 110
mL of carbon disulfide. The corresponding HPLC chromato-
gram of this soot extract is shown in Figure 2a. While stirring
under ambient conditions, 103 mg of anhydrous CuCl, is
added. The reaction is allowed to proceed for 15 min. The
precipitated endohedrals are released from the complex as
previously described.'"* The HPLC chromatogram for the
recovered metallofullerenes is shown in Figure 2b, with the
metal carbide, Sc;C,@I},-Cyq, being the dominant endohedral
species.

Comparison of the amount of Sc;C,@I,-Cg, before (0.2%)
and after (30%) the CuCl, reaction indicates an enrichment by
greater than 2 orders of magnitude. For the isolation of S¢;C,@
I,-Cg, subsequent fraction collection from an enriched sample
(Figure 2b) is clearly favored over direct HPLC fraction
collection from the soot extract (Figure 2a). Analysis of the
MALDI mass spectrum (Figure 2c) of the decomplexed
precipitate indicates the presence of other endohedrals present
in minor amounts relative to Sc;C,@1;,-Cg. If purified Sc;C,@
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Figure 2. (a) HPLC chromatogram of soot extract before reaction
with CuCl,, (b) HPLC chromatogram of the decomplexed precipitate
obtained after 15 min of reaction time, and (c) corresponding MALDI
mass spectrum of the recovered precipitate.

I-Cg is desired, only a single pass on a PYE column with
toluene as an eluent is necessary.

Metallic Nitride Endohedrals. The family of metallic
nitride clusters in fullerene cages has shown recent success in
medical applications®~>* (e.g., MRI and X-ray contrast agents)
and nonmedical applications™* (e.g., photovoltaic devices). The
most readily abundant metallic nitride endohedrals are the Sc-
based family of metallofullerenes, which are used in this study
as representative members of the class of metallic nitride
metallofullerenes.

To produce a simpler extract (i.e., to minimize the synthesis
of metallic and metallic carbide endohedrals), the CAPTEAR®
electric-arc synthesis was used to create an oxidizing
atmosphere in the reactor. With Cq and C,, being the
dominant fullerenes, Sc;N@I;-Cg, is the third most dominant
species. In comparison to Sc;N@I;-Cgg, Sc;N@D3;,-Cog is often
the fourth most dominant species.

While recent literature describes several methods to obtain
purified Sc;N@I,-Cgo,'”~"?"3° there is a paucity of literature
on novel isolation approaches for the less abundant Sc;N@D;-
C,5 species. Rather, the literature describes the HPLC fraction
collection of Sc;N@D4,-C¢ directly from soot extract as the
method for its purification.*®

In our pursuit to manipulate reactivity differences between
Sc;N@D5;,-Cog and Sc;N@I,-Cy, as a basis for a chemically
based separation method, we needed a sample containing both
species. A carbon disulfide wash (see Experimental Section) of
the spent diaminosilica gel used in the isolation of Sc;N@I,,-Cyg,
permitted a sample containing low mass, empty cage fullerenes
(e.g, Cepy Cy), a trace of metallic oxide endohedrals, and the
more abundant metallic nitride endohedrals (e.g., Sc;N@D;-
Cesy S&N@D3y-Crs, and ScsN@1,-Cg).-
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To demonstrate the effectiveness of CuCl, as a selective
precipitation agent for Sc;N@Dj;,-Crg, SO mg of this Sc-based
fullerene mixture (Figure 3a) was dissolved in S0 mL of carbon
disulfide. While stirring, 51.1 mg of anhydrous CuCl, was
added. This reaction mixture was allowed to proceed for 60
min. After filtration, the recovered endohedrals from the
precipitate were analyzed by HPLC (Figure 3b) and MALDI
(Figure 3c).

Comparison of the amount of Sc;N@D4,-C,5 present in the
sample before (Figure 3a, 0.40%) versus after reaction (Figure
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Figure 3. (a) HPLC chromatogram before reaction with CuCl,, (b)
HPLC chromatogram of the decomplexed precipitate obtained after
60 min of reaction time, and (c) corresponding MALDI mass
spectrum of the recovered precipitate.

3b, 30%) indicates a factor of 75 times increase in Sc;N@Dj,-
C,g when using the CuCl, approach. Results show that Sc;N@
D;;,-C;g is the dominant fullerene in both the HPLC
chromatogram (Figure 3b) and MALDI mass spectrum (Figure
3c), which further confirms Sc;N@D;,-Cos as the most
abundant species.

Clearly the enriched Sc;N@D3;,-C,g sample in Figure 3b is
preferred in lieu of the sample in Figure 3a for subsequent
HPLC fraction collection. If purified Sc;N@D+;,-Co4 is desired,
it is readily isolated via a single injection onto a PYE column
with toluene as the mobile phase (see Supporting Information).
The significance of this accomplishment will be the increased
availability of purified Sc;N@Djy,-C5 because of its ease of
isolation.

Metallic Oxide Endohedrals. The discovery' of
metallic oxide clusters entrapped within fullerenes is recent.
This new family of compounds has the most atoms
encapsulated in a fullerene (ie, seven entrapped atoms,
Sc4O3@Ih-C80) and other 1nterest1ng features, such as mixed
oxidation states'® (e. g, two Sc** and two Sc** ions in Sc,0,@
I,-Cgp). However, their yield is often low, as metallic oxide
endohedrals consist of <1% in typical soot extracts.

0—12

dx.doi.org/10.1021/ic4013476 | Inorg. Chem. 2013, 52, 9606—9612



Inorganic Chemistry

The motivation to develop a new method to overcome their
low abundance is the impetus for exploring the use of CuCl,.
To demonstrate the use of CuCl, as a tool for selectively
reacting with a metallic oxide endohedral, 50.3 mg of Sc-based
fullerenes (see Experimental Section) is dissolved in SO mL of
carbon disulfide (Figure 4a). While stirring, 50.1 mg of
anhydrous CuCl, was added. The reaction mixture is stopped
after 20 min.
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Figure 4. (a) HPLC chromatogram of before reaction with CuCl,, (b)
HPLC chromatogram of the decomplexed precipitate obtained after
20 min of reaction time, and (c) corresponding MALDI mass
spectrum of the recovered precipitate.

HPLC and MALDI analysis of endohedrals recovered from
the decomplexed precipitate is provided in Figures 4b and 4c,
respectively. A comparison of the percent abundance of
Sc,0,@L,-Cgy in the sample before (0.21%) versus after
reaction (33%) clearly demonstrates the selectivity of CuCl, for
S¢,0,@I,,-Cgy. An enrichment factor of greater than 2 orders of
magnitude is achieved. HPLC fraction collection from the
sample in Figure 4b permits isolated Sc,0,@1I,,-Cg, (Supporting
Information).

Sc,0,@1,-Cygy is the most abundant of the metallic oxide
endohedrals in extracts produced via the CAPTEAR® synthetic
process, and is now the easiest metallic oxide fullerene to isolate
with the CuCl, separation method. This will be impactful given
the high demand for purified samples of Sc,0,@I}-Cyg.

Metal Endohedrals (Structural Isomers). The next
experiment was evaluating CuCl, to determine whether this
Lewis acid could selectively precipitate structural isomers of
metallofullerenes. We switched from Sc-based to Er-based
endohedrals because of confirmed structures (via X-ray
crystallographic analysis) of noncarbide clusters, (ie., Er,@
Cy,, isomers I, C,(6)-Cg, versus III). We also wanted to
demonstrate that our CuCl, method would be successful for
non-Sc endohedral metallofullerenes.

To prepare a sample enriched in Er,@Cg, (isomer I, C(6)-
Cs, and isomer III), we generated an Er-based sample using
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CAPTEAR conditions (see Experimental Section). Removal of
Er;N@I,-Cg, was accomplished via our SAFA'”'® process. To
evaluate CuCl,, 18 mg of Er-based fullerene sample (see
Experimental Section) containing Er,@Cg, isomers was
dissolved in 25 mL of carbon disulfide (Figure Sa). While
stirring 12.8 mg of anhydrous CuCl, was added, and the
reaction was allowed to proceed for 44 min.
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Figure S. (a) HPLC chromatogram before reaction with CuCl, or
AICl;, (b,d) HPLC chromatograms of the decomplexed precipitates
obtained after 44 min of reaction time when using (b) CuCl, or (d)
AICl,, (c,e) HPLC chromatograms for isomerically purified Er,@Cg,,
isomers I and III. UV—vis spectra are obtained in CS,.

Decomplexation of the precipitate resulted in a sample
containing ~90% Er,@Cg, (Figure Sb), of which isomer I,
Er,@C,(6)-Cyq, is the dominant endohedral metallofullerene in
the sample. A single pass on a PYE column with toluene as the
eluent leads to facile purification of Er,@C,(6)-Cg, (isomer I)
as shown in Figure Sc.

To compare the effect of using AICl; as the Lewis acid, 18
mg of the identical sample containing Er,@Cg, (Figure Sa) was
dissolved in 25 mL of carbon disulfide. To this stirring solution,
12 mg of AlCl, was added. HPLC analysis (Figure Sd) of the
precipitate obtained after 44 min of reaction reveals, in sharp
contrast, the presence of Er,@Cg, (isomer III) as the dominant
metallofullerene (Figure Sd). Based on the similar ratios of
isomers III/I in Figures Sa and Sd, AICl; precipitated both
isomers I and III of Er,@Cg,. In contrast, the weaker CuCl,
selectively precipitated Er,@C,(6)-Cs,, isomer 1. Purified Er,@
Cg, (isomer III) is shown in Figure Se. Obtained in carbon
disulfide, the UV—vis data for the two purified Er,@Cg,
isomers are shown in Figures Sc and Se. The cage isomer for
Er,@Cs,, isomer I is assigned via crystallographic analysis to be

dx.doi.org/10.1021/ic4013476 | Inorg. Chem. 2013, 52, 9606—9612
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Er,@C,(6)-Cgy.”” Er,@Cg,, isomer III is awaiting crystallo-
graphic analysis to determine its cage symmetry.

Precipitation Threshold Comparison. Based on these
results from CuCl, experiments, the next step was to investigate
why CuCl, precipitated much fewer endohedrals in comparison
with the more reactive AlCl;, AlBr;, FeCl; and TiCl, Lewis
acids,"*'® which successfully separated empty-cage fullerenes
from metallofullerenes. The drawback to using these stronger
Lewis acids is their precipitation of the entirety of the
metallofullerenes (i.e., with metallic, metallic carbide, metallic
nitride, and metallic oxide clusters). While it was beneficial to
have an enriched sample of endohedrals with empty-cage
fullerenes removed, there remained a plethora of different
families of endohedrals that still needed separation.

Recently Shinohara et al.">'® have correlated the ability of a
Lewis acid to precipitate a metallofullerene based on the
endohedral’s first oxidation potential. It was determined that
TiCl, could precipitate metallofullerenes with first oxidation
potentials <0.62 V—0.72 V.'® They noted that smaller, empty-
cage fullerenes (e.g,, C4o-Cgs) have oxidation potentials greater
than this threshold to explain their unreactive behavior when
exposed to TiCl,. The first oxidation potentials of Cg—Cgg
range from 0.72 V—1.21 V. For comparison, Sc;N@I,-Cg, a
more inert metallofullerene, has a first oxidation potential of
+0.62 V (versus Fc/Fc*).®

Reactions using other Lewis acids such as FeCl; and AlCl;
with soot extracts have also demonstrated an ability to separate
metallofullerenes (precipitated) from these unreactive Cgy-Cgq
empty-cage fullerenes (filtrate)."*'> Hence their threshold of
precipitation appears to be comparable with TiCl,. We sought
to estimate the threshold of precipitation for CuCl, reactions
for different types of fullerenes. We suspected the threshold for
CuCl, to be lower than these stronger Lewis acids based on our
results described herein.

When comparing the first oxidation potentials (Table 1) for
a variety of fullerenes and metallofullerenes with our
experimental data, it is clear that the precipitation and reactivity
order to CuCl, is Sc,0,@I;-Cgy > Sc;N@Crg > Sc;N@Cq >
Sc;N@I,-Cgy > Cgp-Cgq. This order of complexation is in
agreement with the trend of increasing first order oxidation
potentials of 0.00 V, +0.12 V, +0.33 V, +0.62 V, and 0.72—1.21,
respectively. Because Sc;N@Cg, remained unreacted (ie., in
the filtrate) upon exposure to CuCl, the threshold for
precipitation was initially in the range of +0.12 V and +0.33 V.

To more accurately determine the threshold of precipitation
for CuCl,, an endohedral with a first oxidation potential
between +0.12 V and +0.33 V was sought. The published
oxidation potential for Er,@Cg, (isomer III), obtained in
pyridine, is +0.19 V.** This Er,@Cg, isomer was not readily
precipitated with CuCl, (Figure Sb). Thus, the threshold of
precipitation for CuCl, can be estimated between +0.12 V and
+0.19 V.

The significance of the lower threshold of precipitation for
CuCl, is the ability to divide the total metallofullerene content
into two samples, such as a first fraction containing the reactive
endohedrals versus a second fraction containing the more inert
metallofullerenes instead of obtaining just one sample
containing all the endohedrals. With CuCl, separations,
endohedrals with first oxidation potentials lower than +0.19
V would be easily precipitated. Endohedrals with first oxidation
potentials greater than 0.19 V (e.g,, 0.19 V-0.70 V, the range for
the more inert metallofullerenes) would tend to remain
unreacted when CuCl, is used as the precipitating agent.
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Recovery and Extent of Separation. Fullerenes and
endohedral metallofullerenes can be complexed to Lewis acids
and subsequently decomplexed via addition of ice and water.
Upon addition of carbon disulfide in a separatory funnel,'* the
recovered metallofullerenes in the CS, layer can be analyzed via
HPLC and MALDI mass spectrometry. The percent recovery
for decomplexed endohedrals, as previously reported,* is 839%,
86%, and 83% for AlBr;, FeCl;, and AICI,, respectively. In this
study, the percent recovery for decomplexed metallofullerenes
from CuCl, is comparable.

To demonstrate the ability to remove Sc;N@C.g and
Sc,0,@Cg, SO mg of Sc-based fullerene mixture (Figure 6a)
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m/z
(b) Sc;N@Cyp Filtrate
RI
e T i
1050 1100 1150 1200 1250
m/z
) SesN@Crs Recovered
5¢40,@Cqo from
L Precipitate
o  S— ——
1050 1100 1150 1200 1250
m/z

Figure 6. Mass spectral analysis of fullerenes in the (a) starting extract,
(b) filtrate, and (c) endohedrals decomplexed from the precipitate.

was dissolved in 50 mL of carbon disulfide. While stirring, 51.1
mg of anhydrous CuCl, was added. Upon reaction for 60 min,
the mixture was filtered. The MALDI mass spectrum of
endohedrals left unreacted (i.e., remaining in solution, filtrate)
is shown in Figure 6b.

Mass spectral analysis of decomplexed endohedrals recovered
from the precipitate (Figure 6c) clearly demonstrates the high
selectivity of CuCl, for those endohedral metallofullerenes
possessing very low first oxidation potentials (e.g, Sc,O,@1;-
Cgo and Sc;N@D4;-Cyg). The results in Figure 6 indicate that
all the Sc,O,@1,,-Cg, and virtually all of the Sc;N@D4;,-Cg has
complexed with CuCl, and precipitated (i.e., removed from
solution) during the 60 min of reaction time.

H CONCLUSION

The discovery of CuCl, as a new Lewis acid for selectively
precipitating endohedral metallofullerenes is demonstrated.
The use of CuCl, successfully separates a broad array of
endohedral clusters (e.g, only metals, metal carbides, metal
nitrides, and metal oxides). CuCl, has also been shown to be
effective in separating structural isomers of endohedrals, such as
Er,@C,(6)-Cq, (isomer I) and Er,@C,, (isomer III). The
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threshold of precipitation for CuCl, is estimated to be in the
range of 0.12 V to 0.19 V. This much lower threshold of
precipitation, relative to currently used stronger Lewis acids,
has the advantage of selective complexation with fewer
endohedrals because many metallofullerenes possess first
oxidation potentials above +0.19 V.

A logical experimental design for future endohedral
separations would be a first Lewis acid precipitation stage
with CuCl, to obtain the more reactive endohedrals to Lewis
acids, followed by a second Lewis acid stage with a stronger
Lewis acid (e.g, TiCl, AlCl;, FeCl;) for precipitation of
metallofullerenes more resistant to complexation. The endohe-
dral enriched samples would then be subject to automated
HPLC fraction collection for isolating purified metallofuller-
enes.
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