
ring overnight at room temperature, monomer and initiator were readily ab-
sorbed in the vesicle bilayer. Photoinitiated polymerizations were per-
formed in a thermostatted quartz reactor using either an UV-lamp (HPR
125 W, Philips) or a pulsed excimer laser (Lambda Physics XeF, 351 nm,
2 Hz pulse frequency, 30 mJ energy per pulse) as irradiation source. Conver-
sions were determined by HPLC analysis of the residual monomers.

Details concerning the use of cryo-electron microscopy have been de-
scribed earlier [19].
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Phase Separation of Carbon Nanotubes and
Turbostratic Graphite Using a Functional
Organic Polymer**

By Jonathan N. Coleman, Alan B. Dalton, Seamus Curran,
Angel Rubio, Andrew P. Davey, Anna Drury,
Brendan McCarthy, Bernd Lahr, Pulickel M. Ajayan,
Siegmar Roth, Robert C. Barklie, and Werner J. Blau*

Since their discovery in the early nineties,[1] carbon nano-
tubes in their various forms have generated much interest.
Attention has been focused on the unusual electronic[2,3]

and mechanical[4,5] properties predicted for these materials.
Carbon nanotubes occur in two distinct forms, single-
walled nanotubes (SWNT), which are composed of a
graphene sheet rolled into a cylinder and multi-walled
nanotubes (MWNT), which consist of multiple concentric
graphene cylinders. The electronic properties of nanotubes
depend on how the hexagonal carbon lattice is rolled up
i.e. their chirality. Individual single walled tubes can be me-
tallic or semiconducting, depending on their chirality and
diameter.

Nanotubes are expected to have many potential applica-
tions, but their nature makes them difficult to purify and
process. This is because the powder produced using
production methods such as arc discharge is actually a
multiphase system containing nanotubes, carbon anions,
and turbostratic graphite. To date the best reported yields
of MWNT are in the region of 20±30 %. While there are
established purification methods such as oxidation, these
tend to be extremely wasteful, generally giving less than
one percent yield. We suggest that the solution to this
problem is to incorporate nanotubes into a polymer matrix
that acts as a filtration system. Recently we have reported
some of these interesting properties when composite struc-
tures are formed from nanotubes and a conjugated poly-
mer, poly(m-phenylene-co-2,5-dioctoxy-p-phenylenevinyl-
ene) (PmPV, Fig. 1a).[6,7]

To prepare the composite, multi-walled nanotubes pro-
duced in a Krätschmer generator[8] were added to a solu-
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tion of the polymer in toluene. The suspension was soni-
cated for 30 min in a low power (60 W) sonic bath then al-
lowed to settle for 3 days. The suspension was then dec-
anted from the settled solid. This suspension is stable over
indefinite periods; no subsequent settling of material has
been observed over periods of months. The suspended ma-
terial was drop-cast onto carbon grids and examined using
transmission electron microscopy (TEM).

A transmission electron micrograph of the edge of
composite film is shown in Figure 2a. It is clear from this
picture that there is virtually no carbonaceous material
other than nanotubes present. In addition to this, the
nanotubes appear well dispersed in the film. There is a
relatively strong interaction between polymer and nano-
tube as the polymer is seen to wet all the nanotubes in
the figure.

Fig. 2. A TEM micrograph of nanotubes protruding from the edge of a com-
posite film.

In order to investigate the purity of the extracted mate-
rial, Raman spectroscopy was employed to examine the
spectroscopic properties of nanotube powder compared to
a composite thin film. The MWNT powder spectrum is
shown in Figure 3a. The excitation wavelength was
514 nm. The broad feature at 1350 cm±1 is typical of un-
purified nanotube samples and arises from amorphous
graphite carbon particles and defect sites on nanotubes.
The peak at 1581 cm±1 is assigned to the E2g mode of the
multi-wall nanotubes, similar to that found for highly orga-
nized pyrolitic graphite. The Raman spectrum of a com-
posite thin film is shown in Figure 3b. The dominant fea-

ture centered at 1581 cm±1 is due to the nanotubes. An
indication of the proportion of nanotubes to amorphous
material is given by the ratio of the intensities of the
1581 cm±1 relative to the 1350 cm±1. The comparison of
Figure 3a and 3b demonstrates a higher proportion of
nanotubes to amorphous material in the composite sam-
ple. We suggest that in the preparation process, the vast
majority of amorphous material settles to the bottom leav-
ing nanotubes suspended in the polymer solution. Decant-
ing thus separates suspended nanotubes from the amor-
phous material. In this case, the binding of the polymer to
the nanotubes displaces amorphous material from the na-
notube surfaces, keeping the majority of the nanotubes in
the polymer solution whilst removing excess carbonaceous
materials.

In order to test this hypothesis solutions of polymer and
nanotube material were prepared as before (10 % mass
fraction nanotubes, 20 mg/mL solvent). The nanotubes
were sonicated in the presence of PmPV and toluene and
allowed to settle for 7 days. However, instead of decanting
off the suspension the solution was carefully separated into
three fractions, the top, middle, and bottom part. These
fractions were then drop cast onto spin free glass plates for
electron paramagnetic resonance (EPR) analysis. This
technique measures the absorption of microwaves by a
sample in the presence of a magnetic field. Transitions are
induced between the ms = 1/2 and ms = ±1/2 spin states of
any unpaired electrons in the sample. Information about
the environment of the electron can be deduced from the
position and shape of the absorption line. For technical rea-
sons the first derivative of the line-shape is usually re-
ported.

EPR studies have been carried out on various nanotube
materials by several groups.[9,10] It is generally accepted
that the signature at room temperature, of an unpaired
electron on a MWNT has the following characteristics. The
line-shape of the microwave absorption is Lorentzian, with
a width of approximately 10 G (10±3 T) and the g0 value
(a quantity that describes the position of the absorption) is
close to 2.01. Conversely, for an unpaired electron asso-
ciated with turbostratic graphite the line width is generally
in excess of 15 G and g ³ 2.02. As these lines are well sepa-
rated it is possible to deconvolute them.

The spectra obtained from these fractions are shown in
Figure 4. In these graphs, the EPR spectra of the first two
fractions (top and middle) are highly symmetrical. This in-
dicates that microwaves are being absorbed by one spin
system only. Thus, what was originally a two-phase system
(fullerenes and turbostratic graphite), is now a single-phase
system. In this description we are neglecting the polymer
phase as it has an almost negligable microwave absorption.
The only indication we see of the polymer's EPR signal is
the small high field shoulder. As we can see from Table 1
both the g values and widths of this line agree well with the
predicted values of g = 2.01 and DB = 10 G for multi-walled

Fig. 1. Repeat unit structure of the polymers, poly(m-phenylene-co-2,5-di-
octoxy-p-phenylenevinylene) and polystyrene.



nanotubes. This shows that while nanotubes are being held
in solution by the host material, all of the turbostratic
graphite precipitates out.

This can clearly be seen in the spectra of the
third (bottom) fraction. It is apparent that the
major proportion of these spectra is due to a
line with g ~ 2.02 and DB ~ 25 G. This, as we
have seen, is clearly due to turbostratic graph-
ite. In addition to this however there is a signif-
icant nanotube component as expected be-
cause nanotubes should be more or less evenly
distributed throughout the original solution. It
is clear however that the nanotube component
in the third fraction seems large in comparison
to the spectrum of the nanotube powder. This
can be explained as follows. Before film prepa-
ration each fraction was sonicated in order to
homogenize it. However, the larger fragments
of turbostratic graphite tend to settle very
quickly and so it is extremely difficult to cast a
film containing the exact composition of the fi-
nal fraction. Thus, the signal intensity values
quoted for the third fractions cannot be consid-
ered exact and should be used only as rough
guides.

In order to show that this is not just a viscos-
ity or a buoyancy effect, the procedure was re-
peated using polystyrene as the host. The EPR
spectra of the top and bottom fractions are
shown in Figure 5. In the case of this material,
it was immediately clear visually that both
nanotubes and turbostratic graphite had preci-
pitated completely after only a few hours. In
the spectra due to the polystyrene composite,
the first fraction exhibited only one line of g =
2.0035 and width 7.7 G. This line is due to poly-
styrene, indicating that virtually no nanotubes
were held in solution. The bottom fraction was
similar to that in Figure 4 with components of
g = 2.0101 and 2.0184 and widths 10.5 G and
23 G representing nanotubes and turbostratic
graphite, respectively.

Solutions of a semi-conjugated organic
polymer have been shown to be capable of

suspending nanotubes indefinitely whilst the accompa-
nying amorphous graphite settles out. In the case of a
non-conjugated polymer such as polystyrene, this was
not observed and all the carbonaceous material settled
out. We have demonstrated using both Raman spec-
troscopy and electron paramagnetic resonance that it
is possible to purify nanotubes using certain polymers
as extracting agents.
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Fig. 3. a) Raman spectrum of multi-walled nanotube powder produced in the arc generator
using the laser line at 514 nm. b) Raman spectrum of the composite material. The laser line
used is at 514 nm.

Table 1. A summary of the results of Figure 3, The g values, linewidths, and
signal intensities for three different composites, for top, middle, and bottom
fractions. Fraction 1 refers to the top fraction. The results in the fraction 3
rows are parameters gained from two line fits to the spectra.
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Fig. 4. EPR spectra of films made from fractions tak-
en from a 10 % mass fraction PmPV-MWNT solu-
tion. Fraction 1 refers to the fraction taken from the
top of the solution while fraction 3 refers to the frac-
tion taken from the bottom of the solution. The
nanotube powder EPR spectrum is shown for com-
parison. Note that the fraction 3 spectrum has been
scaled down by a factor of two for clarity.

Fig. 5. Top and bottom fractions taken from a poly-
styrene-MWNT composite. The spectrum in the top
fraction is due to polystyrene. No nanotubes were ob-
served in any but the bottom fraction. Note, frac-
tion 3 has been scaled down by a factor of 20 for
clarity.
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