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ABSTRACT

A new HPLC stationary phase, 1-methylnaphthalene modified
Polystyrene-divinylbenzene resin (MNPSDVB), has been
prepared to separate C60 and C70.  High column loading capacity
and large separation factor of C60 and C70 were obtained in
MNPSDVB column with the strong solvent, o-xylene, as the
mobile phase.

INTRODUCTION

Since a new type of allotropes of carbon other than diamond and graphite,
buckminsterfullerenes, C60, C70 and higher fullerenes, were first prepared in 1990
by Krätschmer et al.1  In macroscopic quantities based on resistive heating of
carbon rods in an inert helium atmosphere, the vigorous worldwide research
efforts on the fullerenes led to many important advances at a miraculous pace.
The raw carbon soot prepared by resistive heating of carbon is a mixture
containing the most abundant of C60 and C70, and some higher fullerenes, such as
C76, C78, C82, and C84 etc.
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C60 comprises 60 carbon atoms arranged into a round, hollow and soccer-
shaped molecule with the diameter of 0.7 nm, while C70 contains 70 carbon
atoms shaped into a ellipsoid with larger molecular volume than C60, about 0.7 ×
0.7 × 0.9 nm.2  C60, C70 and higher fullerenes are very similar in shapes and
physicochemical properties.  There are no groups on molecules that can be used
for their separation.  The solubility of fullerenes in many common solvents, such
as water, alcohol, ether, ketone, ester, and alkane is very low.  So the separation
of C60, C70 and higher fullerenes from their mixture, especially in the large scale,
to prepare pure C60 or C70 seemed unsatisfactory, as it was proven to be a major
throttle on the pace at which theoretical research and practical application of
these compounds could proceed.  In the early studies on the selective separation
of C60 and C70 Hawkins et al.,3 Welch and Pirkle,4  and Cox et al.5 reported
similar methods on the dinitrophenyl-based (Pirkle’s column) or dinitroanilino-
based silica column.  However, only the weakest solvent, n-hexane, could be
used as mobile phase because the interaction force between fullerenes and the
stationary phase was very weak, so the solubility of C60 or C70 in mobile phase
was very low, only at µg/mL level, and the column loading capacity was very
low.  GPC column, Waters Ultrastyragel (5µm, 50nm),2 was then used as a
stationary phase for the separation of C60 and C70 with toluene as the mobile
phase.

The column loading capacity was larger than that of Pirkle’s column.  The
smaller molecule C60 eluted first, and followed by larger molecule C70 on
PSDVB GPC column.2,6]  This reversed size exclusion elution order indicated
that the dominant retention mechanism of C60 and C70 is not size exclusion but
the π-π interaction between fullerenes and PSDVB resins.6

But the interaction force between fullerenes and the stationary phase was
still not so strong so that the retention of C60 and C70 on stationary phase was
weak, and the separation factor was also low.  Kibbey el al.7 separated C60 and
C70 on tetraphenylporphyrin modified silica gel stationary phase with toluene as
the mobile phase.  The high separation factor between C60 and C70 was obtained.

However, irreversible adsorption of fullerenes on the column was
observed.  In order to obtain high column loading capacity in the preparation
separation of C60 and C70, the stationary phases must be designed and prepared to
have strong interaction force with fullerenes.  Thus the retention of fullerenes on
the column is strong, and strong solvent can be used as a mobile phase in which
the solubility of C60 or C70 is large.  In this paper, a new HPLC stationary phase,
porous 1-methylnaphthalene modified PSDVB resin, was prepared for the
separation of C60 and C70.

A strong interaction force resulted from the π-π charge-transfer interaction
between the fullerenes and the stationary phase made it possible to use the
strong  solvent,  o-xylene,  as   the  mobile  phase  in which  fullerenes have high
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Figure 1. Scanning electron photomicrograph of PSDVB resins.

solubility.  Our column loading capacity was about 15 times higher than that of
Ultrastyragel column.  The separation factor of C60 and C70 was also high.
Irreversible adsorption of fullerenes on the column was not observed.  Large
amount of C60 and C70 with high purity can be obtained with this method.

EXPERIMENTAL

Preparation of Porous PSDVB Resins

Porous polystyrene-divinylbenzene (PSDVB) resin beads were prepared by
means of microsuspension polymerization from styrene and divinylbenzene in
the presence of pore-producing agents, toluene and n-heptane (19/1, v/v).  An
aqueous solution of 1% surfactant, sodium dodecylbenzenesulphonate,
containing 1% polyvinyl alcohol was used as the water dispersion phase.
Volume ratio of organic phase to water phase is 1:30.  The co-polymerization
reaction was initiated by benzoyl peroxide and carried out at 80°C for 10 hours
under vigorous stirring.

After the completion of the reaction, the product was washed, in
succession, with distilling water, ethanol, and toluene, and then dried to offer
white PSDVB resin beads with diameter 5-10 µm and average pore diameter 50
nm.  A typical scanning electron photomicrograph of PSDVB resins was shown
in Figure 1.
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Chemical Modification of the Resins

The interaction force between PSDVB resins and fullerenes is very small,
so that the fullerene mixture cannot be retained on the resins.  Suitable
separation function groups must be selected and attached to the resins.  The
chemical modification of resins was carried out by two successive Friedel-Crafts
reactions.

A suitable reagent, such as 1,2-dichloroethane, which acts as the
connecting bridge, was first connected at one end onto the resin while unreacted
at another end, and then followed by the reaction between the selected
modification reagent and the chloroethylized resin.

Thus, 20g dry PSDVB resins prepared were added to 30 mL 1,2-
dichloroethane and the mixture was stirred to let the resins swell at 85°C for 15
min in a 100 mL flask equipped with a thermometer and a condenser.  Then 15g
anhydrous AlCl3 was added into the slurry as a catalyst, and stirring continued
for 5 min.  After the completion of the reaction, 20 mL distilling water was
added into the slurry to stop the reaction.

The product was separated and washed, in succession, with distilling
water, ethanol, acetone, and toluene, and dried to offer chloroethylized PSDVB
resins.  Secondly, all dried resins obtained from the first step were added to 30
mL 1-methylnaphthalene.

The mixture was stirred at 20°C for 15 min in a 100mL flask, then 15g
AlCl3 was added into it, and the mixture stirred for 5 min at 20°C.  The
following procedure was the same as was the first step.  Eventually, 1-
methylnaphthalene modified PSDVB resins (MNPSDVB) with diameter 5-10
µm and average pore diameter 50 nm were obtained.

Chromatographic Separation of C60 and C70 with MNPSDVB Resins

Chromatographic separation of C60 and C70 was carried out on Waters 600
HPLC with Φ4.8 × 300nm column filled with MNPSDVB resins.  Waters 484
Tunable Absorbance Detector was used to monitor the separation process at the
detection wavelength of 600 nm, at which low sensitivity for fullerenes was
provided so as to detect peaks of C60 and C70 in high concentration.

The column was equilibrated with o-xylene until the baseline became very
low and didn’t change with time. 0.2 mL of mixture solution of C60 and C70

fullerenes in o-xylene was injected onto the column to study the separation
property of the column.  2.00 mL sample was separated in the column loading
capacity study.
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Table 1

The Effect of Composition of Mobile Phase on the Separation of C60 and C70

Mobile Phase
1-Methylnaphthalene: Flow Rate Pressure Separation

o-xylene(v/v) (mL/min) (/107 pa) Factor, α

10 : 0 0.15 1.3445 0
5 : 5 0.20 0.8067 1.44
3 : 7 0.50 0.7170 1.54
2 : 8 0.50 0.6550 1.56
0 : 10 0.50 0.3447 1.71

RESULTS AND DISCUSSION

Effect of Different Compositions of Mobile Phase on the Separation of C60

and C70

Different solvents were selected as mobile phase to separate C60 and C70 on
the MNPSDVB column.  Pure toluene did not elute fullerenes from the column;
all C60 and C70 were adsorbed on MNPSDVB column.  This shows that the
interaction force between fullerenes and MNPSDVB resins is stronger than that
between fullerenes and Ultrastyragel column.  So, stronger solvents should be
used as mobile phase instead of toluene.  The mixture of toluene and o-xylene in
different ratio was tested to separate C60 and C70.  They still did not elute from
the column.  The solubility shows the strength of interaction force between
solute and solvent.  The solubility of C60 and C70 in different solvents are
different, for example, the solubility of C60 in several solvents is as follows:8

Solvent: n-Hexane Toluene o-Xylene 1-Methylnapthalene
Solubility: 0.043 2.8 5.2 33.0
(mg/mL)

The interaction force between 1-methylnaphthalene and fullerenes is the
largest. So, 1-methylnaphthalene is the strongest solvent for the elution of
fullerenes.  But, the separation of C60 and C70 using pure 1-methylnaphthalene as
mobile phase was not ideal, both C60 and C70 eluted rapidly with the solvent
without any separation.  At the same time, the viscosity of 1-methylnaphthalene
is high, so the column pressure is very high when it is used alone as mobile
phase.  Then the mixtures of different ratio of 1-methylnaphthalene and o-xylene
were selected as mobile phase.  Table 1 shows the results of separation of C60

and C70.
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Figure 2. Chromatograph of C60 and C70 on MNPSDVB column with different flow rates.
Flow rate: a. 0.25 mL/min, b. 0.4 mL/min, c. 1.0 mL/min.  Sample: 0.2 mL saturated o-
xylene solution of C60 and C70 (C60 36%, C70 63%).

The separation factor of C60 and C70 increased while the column pressure
decreased with the increasing ratio of o-xylene in the mixture.  Optimum
separation of C60 and C70 was obtained when pure o-xylene was used as mobile
phase.

Effect of Flow Rate on the Separation of C60 and C70

C60 and C70 were separated on an MNPSDVB column with a different flow
rate of o-xylene at 0.25, 0.4 and 1.0 mL/min, respectively.  The chromatographic
results were shown in Figure 2.  When the flow rate was 1.0 mL/min, the
retention times were short, and the peaks were narrow, but the peaks of C60 and
C70 overlapped slightly.  As the flow rate decreased, the separation of C60 and C70

became better and better as shown in Figure 2.  During  the  separation,  the pure
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Figure 3. Chromatograph of C60 and C70 on MNPSDVB column in high loading capacity.
Flow rate: 0.15mL/min; sample: 2mL saturated o-xylene solution of C60 and C70 (about
12mg mixture, C60 45%, C70 54%).

violet C60 eluted first, and followed by the yellow-brown C70 band.  The elution
order of C60 and C70 is inconsistent with size exclusion mechanism, but the same
as PSDVB column.2,6  This fact indicates that π-π change-transfer interaction
between fullerene and resin dominates steric effects, and alters the elution order
from a conventional size exclusion column.  The separation of C60 and C70 peaks
nearly reached baseline.  The separation factor of C60 and C70 was 1.71.  In an
injection, 2.0 mL of fullerene saturated o-xylene solution (about 12mg C60 and
C70) was successfully separated in the column loading capacity test.  The result
was shown in Figure 3.  In order to compare the separation property of
MNPSDVB column with that of Ultrastyragel column, two Ultrastyragel
columns (Waters, each Φ7.8mm × 300mm, particle diameter 5µm, pore
diameter 50nm) were connected in series.  Toluene was used as mobile phase
with  the  flow rate of  0.25  mL/min.  1.00 mL  sample  of  fullerenes in  toluene
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Figure 4. Chromatograph of C60 and C70 on Ultrastyragel columns.  Column: two
Ultrastyragel columns (Waters, each Φ7.8mm × 300mm, particle diameter 5µm, pore
diameter 50nm) were connected in series; mobile phase: toluene (0.25 mL/min); sample:
1.00 mL toluene solution of fullerenes (about 3.0 mg mixture, C60 36%, C70 63%).

(about 3mg fullerenes) was injected into the column. C60 and C70 eluted at 68.93
min and 75.55 min, respectively.  The separation factor was 1.33.  It is smaller
than that of MNPSDVB column, and the peaks of C60 and C70 overlapped partly
as shown in Figure 4.  The volume of MNPSDVB column was only 1/5 as large
as Ultrastyragel column, but the loading capacity of MNPSDVB column was
about 4 times as high as the later.  So the total loading capacity of MNPSDVB
column in the separation of C60 and C70 on preparative scale will increase by
some 15 times.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
1
8
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



ORDER                        REPRINTS

SEPARATION OF FULLERENES 2451

Although crystallization method9 and selective complexation of C60 with
calixarene method10 were reported to be able to separate C60 and C70, it is difficult
to obtain high purity C60 or C70 (>99.99%).  HPLC is an ideal method to prepare
highly pure C60 and C70.  MNPSDVB column shows high column loading
capacity and good separation factor.  It could have more practical value in the
preparation of high purity of C60 and C70.

Discussion of Separation Mechanism

HPLC separation of C60 and C70 is based on the difference of distribution
ratio of C60 and C70 between stationary phase and mobile phase.  To increase
column loading capacity of fullerenes, it is necessary to increase the interaction
force between fullerenes and stationary phase so that stronger solvents can be
used as mobile phases, and the solubility of C60 and C70 in the mobile phase
increases.  With Pirkle’s column as stationary phase, the separation mechanism
of C60 and C70 involved a proposal that π-acid stationary phase containing
dinitrophenyl group increased the retention action and promoted the
discrimination of fullerenes which were considered as stronger π-basic aromatic
clusters.4

However, later researches11 indicated that C60 and C70 are not π-bases, but
rather stronger electron-deficient π-acid.  The electrons on C60 molecule
delocalized poorly.  The double-bond reactivity of C60 resembles that of very
electron-deficient arenes and alkenes.  It reacts readily with electron-rich
reagents,12 so it is difficult for C60 and C70 to form strong charge-transfer π-
complexes with dinitrophenyl group modified stationary phase (electron-
deficient π-acid).  In fact, although C60 and C70 were separated with 2,4-
dinitrophenyl-based silica, interaction force between fullerenes and Pirkle’s
stationary phase was so weak that only the weakest solvent, n-Hexane, must be
used as mobile phase, while stronger solvents, such as o-xylene, cannot be used.
So it is important to prepare stationary phase modified with electron-donating
groups that can strengthen the interaction force between stationary phase and
fullerene.

1-Methylnaphthalene is a polycyclic arene with electron-donating methyl
group being attached to the ring.  It should behave as a strong electron-donating
property.  In fact, the solubility of fullerene in 1-methylnaphthalene is very high,
showing stronger interaction force between fullerene and 1-methylnaphthalene
molecule.  A series of C60 solutions in different solvents were prepared and their
UV-spectra were determined.  The results showed that character wavelength of
C60 is 327.5nm in n-hexane, 334.5nm in toluene, 335.5nm in o-xylene, 344nm in
1-methylnaphthalene, respectively.  The UV absorption peak of C60 appeared as
the largest “red shift” in 1-methylnaphthalene, indicating the formation of
charge-transfer complex between electron-donating 1-methylnaphthalene and
electron-drawing C60.  We modified PSDVB resin with 1-methylnaphthalene to
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prepare MNPSDVB stationary phase in order to strengthen the interaction force
between fullerene and MNPSDVB resin.  As the result, the interaction force
between fullerene and resin was so strong that strong solvent o-xylene can be
selected as mobile phase, causing the solubility of C60 and C70 in mobile phase to
increase greatly.  The column loading capacity improved dominantly.

On the other hand, the electron affinity of C60 is different from C70.  This
can be proven from the fact that the reduction potentials of C70 are more positive
than that of C60 in Cyclicvoltammetry study,13 which shows that the electron
affinity of C70 is stronger than that of C60.  So, the retention ability of C70 on
MNPSDVB resin is stronger than C60.  The separation factor of C60 and C70

increased.
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