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Fullerenes have attracted much attention since their discovery but research efforts are plagued by the
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challenge of fullerene purification. We have developed a functionalized silica gel that allows for the

purification of fullerenes using standard flash chromatography. The method relies on a stationary phase
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Since their discovery in 1985,' fullerenes have been at the
forefront of materials research due to their electronic and
optical properties.> Fullerenes have been used in biosensors,**
photovoltaics,*” as molecular containers®* and in biological
applications.” The potential for their future advancement is
vast but there has been significant lag in their development due
to the cost of producing fullerenes and, more importantly, the
difficulty in purifying fullerene based materials. The difficulty
stems from the chemical similarity of fullerenes, consisting
entirely of sp> carbon atoms.

Currently there exist a few main methods for fullerene
purification. The most common methods include complexa-
tion,""* crystallization'® and high performance liquid chroma-
tography (HPLC)."**® There are several drawbacks to each
method. Complexation generally requires specifically designed
molecules, which are expensive and may be difficult to recycle.
Crystallization is a slow process and has a significant yield to
purity trade-off.

Chromatographic methods are currently satisfactory for
small-scale purification of not only Cs, and higher fullerenes
from as-prepared fullerene soot, but also for the purification of
modified fullerene derivatives. This is significant because the
other methods are not widely adaptable to derivatized fuller-
enes, which are indispensable in the research and development
of fullerene based technologies.>*>* However, the current state
of the art relies on HPLC to achieve satisfactory separation of
fullerenes. While HPLC is a powerful purification technique, it
suffers from high costs and low output quantity. The high cost
is not only due to the upfront cost of the HPLC equipment, but
also the cost of the high performance silica gel. These HPLC
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consisting of bent aromatic molecules that interact strongly with different types of fullerenes, allowing
for their purification on a relatively large scale.

columns can cost tens of thousands of US dollars and have
injection volumes on the order of 1 mL, thus are only capable of
separating a few milligrams of fullerenes at a time.

A far more desirable method for fullerene purification would
be the use of flash chromatography. Flash chromatography is
a routine technique that is used on a daily basis in most organic
synthetic labs, making it indispensable to many researchers.> It
allows for the separation of much larger quantities of materials
than HPLC and has a far lower cost since it only requires stan-
dard glassware. Due to its widespread use, a method for purifying
fullerenes with flash chromatography is alluring. However, it has
proven difficult to design a stationary phase capable of sufficient
interaction with the fullerenes to provide enough retention time
for separation to take place. Typical silica gel only interacts with
the fullerenes via weak van der Waals interactions, resulting in
fast elution even in weak solvents like hexanes. Likewise, reverse
phase silica gel results in a similar problem. However, the current
state of the art employs a flat, extended aromatic core which is
capable of forming m-7 interactions with the fullerenes, thus
increasing retention time (Fig. 1).** This introduction of
aromatics to the silica gel allowed for a large enough retention
time to separate fullerenes on a small scale through the use of
HPLC. While this innovation was crucial in establishing a foun-
dation for chromatographic separation of fullerenes, further
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Fig. 1 Schematic of the interactions of stationary phases with Cgg.
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advancement in the interaction between fullerenes and the
stationary phase must be made before standard flash chroma-
tography becomes viable.

Herein we describe a new concept for functionalized stationary
phases that enable facile and scalable flash chromatography of
fullerenes. Our phase takes advantage of the curvature of fuller-
enes as well as their aromatic nature to separate the chemically
similar mixture of compounds. Current stationary phases rely
solely on the -7 interactions that are similar, specifically in Cg
and C,, for separation with flash chromatography. Previous
reports have shown that triptycene, its derivatives and other bent
aromatic molecules are capable of binding selectively to varying
sizes of fullerenes and carbon nanotubes.*®* Based on these
reports, we devised a stationary phase consisting of bent aromatic
molecules that allows for substantial separation between fuller-
enes (Fig. 1). The amount of fullerenes loaded in each run was
about 25 mg, which is many times larger than what is capable with
current HPLC purification techniques. The loading is based on the
use of 12 g of silica gel and therefore has potential to be further
scaled up.

Bent aromatic molecule 1 was chosen due to its facile synthesis
consisting of only a single step from commercially available
materials. Additionally, the diethyl phosphonate groups, such as
those of 1, have been shown to be excellent groups for the func-
tionalization of various metal oxides including silica gel.”® The
Diels-Alder reaction between anthracene and bis(diethox-
yphosphoryl)acetylene proceeded smoothly to afford 1 in 50%
yield (Scheme 1, reaction (1)).

1 was then used to functionalize silica gel (see ESI 1.31) by
refluxing in acetonitrile followed by solvent removal and heat-
ing in a vacuum oven. Because 1 contains four possible sites for
functionalization, it was important to determine the optimal
ratio of silica gel to 1 in order to maximize the functionalization
of the silica while limiting the amount of unused 1. To this end,
we tried a number of small-scale reactions and determined the
extent of the functionalization by the use of >°Si SSNMR (solid-
state nuclear magnetic resonance). It was determined that 28 w/
w% of 1 to silica gel was required to sufficiently functionalize
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Scheme 1 Synthesis of bent aromatic molecules.
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Fig. 2 (a) The functionalization of silica gel with 1. (b) 2°Si SSNMR of
functionalized silica at varying w/w% of 1 with silica gel (red: 7% 1,
green: 14% 1, blue: 28% 1).

the silica gel as evidenced by the >°Si SSNMR (Fig. 2). The peak
at —109 ppm (designated Q) is attributed to the internal silicon
atoms which have no free -OH groups and thus are not available
for functionalization and the size of the peak remains constant
throughout the trials. At —99 ppm is the peak associated with
silicon atoms with a single -OH group (designated Q?).>® This
peak is used to determine the extent of functionalization
because as the Si-OH bond is replaced by an Si-O-R bond, this
peak decreases.

The effectiveness of the 1-functionalized silica gel was evalu-
ated by attempting to separate a Cgo/C;o mixture using flash
chromatography with an in-line UV-Vis spectrophotometer. The
resolution was also compared to that of unfunctionalized silica gel.
The results showed no improvement between using silica gel
functionalized with 1 and unfunctionalized silica gel, resulting in
insignificant separation and a retention time of only 8 minutes
(Fig. 3). Based on the retention time, it is reasonable to conclude
that the interactions between 1 and the fullerenes are too weak to
afford meaningful retention and, therefore, resolution. We
believed that by incorporating more aromatic rings into the
stationary phase, there would be a larger surface area for increased
- interactions with the fullerenes, resulting in longer retention
times and better resolution. Therefore, we proceeded to synthesize
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Fig. 3 UV-Vis chromatogram of Cgo/C79 mixture being eluted on
a flash column with 1-functionalized silica gel as the stationary phase
and hexanes as the mobile phase.

the bent, extended aromatic compound 2a, via a Diels-Alder
reaction between pentacene and bis(diethoxyphosphoryl)acetylene
(Scheme 1, reaction (2)). However, we discovered that the reaction
led to two inseparable isomers, 2a and 2b, in a 5.5:1 ratio
respectively. We hypothesized that 2b should behave in a similar
manner due to its similar shape and aromatic units, so we
continued on, using this mixture of isomers.

2(2a/b mixture) was then used to functionalize silica gel
under the same functionalization conditions as 1. The 2-func-
tionalized silica gel was then used to separate a Cgo/Cyo
fullerene mixture using flash chromatography which resulted in
significant separation between Ceo and C,. Moreover, not only
is there increased resolution (Fig. 4) but also, drastically
increased retention times (45 minutes for Cg, and 90 minutes
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Fig. 4 UV-Vis chromatogram of a Cgo/C5o mixture being eluted on
a flash column with 1-(black) or 2-(red) functionalized silica gel as the
stationary phase and hexanes as the mobile phase.
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Fig. 5 UV-Vis chromatograms of Cgo/C;9 mixture being eluted on
a flash column with 2-functionalized silica gel with various eluent
systems.

for C,¢). These results verify the hypothesis that increased
conjugated area of 2 leads to stronger m-m interactions with
fullerenes. Due to the unique shape of 2, it is possible that the
subsequent interactions with fullerenes may lead to a different
elution order from that the flat aromatic stationary phase.
However, upon identification of the fractions it was confirmed
that that Cg, elutes first, followed by C;,, which indicates that
C,, forms stronger interactions with the stationary phase than
Ceo. Consistent with previous reports on the interaction of
fullerenes with extended conjugated triptycene motifs,** the
stronger interaction of C;, may in part be due to the boat-like
cavity of the 2-functionalized stationary phase being better
matched to interact with oval-shaped C,, as opposed the
spherical shape of Cgy.

After confirming that the newly functionalized silica gel per-
formed satisfactorily using hexanes as the mobile phase, addi-
tional eluent systems were evaluated in hopes of decreasing the
retention time, thus speeding up the separation time. As can be
seen in Fig. 5, the elution time can be decreased significantly by
increasing the amount of toluene in the mobile phase. In pure
toluene, the retention time can be reduced to just 6.5 and 7.5
minutes for Cgo and Gy, respectively. The two peaks are visible
but not completely resolved. As a result, we tested a number of
other mobile phases and found that 3:1 hexanes/toluene
allowed for easy separation of Cg¢o from C,, while decreasing
elution times to 33 and 59 minutes, respectively. Experimental
results show slight decreases in performance over a number of
trials with loss of separation after 10 trials. However, utilizing
more traditional and robust anchoring groups such as chlor-
osilanes will likely avoid this issue.

Conclusions

In conclusion, we have demonstrated the effectiveness of
a stationary phase functionalized with bent aromatic molecules

This journal is © The Royal Society of Chemistry 2017
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for scalable purification of fullerenes by flash chromatography.
Both the size of the conjugated aromatic system and the shape
of the active component of the stationary phase proved to be
essential to the successful resolution of fullerene derivatives by
increasing the extent of - interactions. This concept should
be widely applicable given that flash chromatography is a scal-
able technique extensively utilized in many synthetic laborato-
ries and does not require any expensive specialty equipment.
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