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Block Copolymer Nanotubes**
Sean Stewart and Guojun Liu*

The preparation of nanometer-sized structures with well-
defined shape and narrow size distribution, ªnanostructuresº,
has attracted much attention mainly to meet the demand for
smaller electronic devices.[1] Nanostructures are also useful in
the preparation of strong nanocomposite materials or sensors
that may imitate enzymes in molecular recognition. Nano-
structures of block copolymers[2] are interesting because they
span the size range from 5 to 500 nm and fill the gap between
nanostructure sizes obtainable from traditional lithographic
techniques and those from small-molecule self-assembly
processes. In this communication we report the preparation
of solvent-dispersible nanotubes from a triblock copolymer,
polyisoprene-block-poly(2-cinnamoylethyl methacrylate)-
block-poly(tert-butyl acrylate), PI-b-PCEMA-b-PtBA (1),
with 130 isoprene, 130 CEMA, and 800 tBA units.

Although there have been many reports in the past decade
on the preparation and study of nanotubes, our nanotubes are
unique in composition and properties. Excluding those deal-
ing with nanochannels formed in inorganic oxides,[3±6] glass,[7]

metals,[8] or polymer matrices,[9, 10] the majority of publications
in the past eight years have been on carbon[11±14] or metal

A sample (0.104 g) of the binary alloy ªKGe4º, prepared by high-
temperature reactions of pure elements (Aldrich) within sealed Nb tubing,
was dissolved in neat en (5 mL), forming a dark green solution. A separate
solution of [18]crown-6 (0.048 g, 0.182 mmol) in neat toluene (4 mL ) was
slowly added and layered on the alloy solution. Formation of transparent
light blue-green rodlike crystals was observed after two weeks. The
moisture-sensitive crystals were preserved in mother liquor and were found
to be of compound 1 (yield 30 ± 40%).
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oxide nanotubes.[15, 16] Nanotubes have been reported to
derive from lipids,[17] amino acids,[18, 19] tubulin templates,[20]

organic precursors,[21, 22] or polymers.[23, 24] For polymeric
nanotube preparation, alumina membranes with cylindrical
pores were used as the template.[23] The resultant tubes are
generally made of conductive polymers and are not disper-
sible in any solvents. More recently Eisenberg and co-
workers[24] reported tubule formation due to the self-assembly
of polystyrene-block-poly(ethylene oxide) in water. The
tubules were not crosslinked and are different from our
nanotubes not only in preparation methodology but also in
their structural stability in different solvents.

The approach utilized here, illustrated in Figure 1, is similar
to that used extensively in our research group for the
preparation of nanochannels in thin films,[9, 25] nanofibers,[26, 27]

and hollow[28, 29] or shaved[30] nanospheres. This approach has

Figure 1. Schematic presentation of the process involved in the prepara-
tion of nanotubes. The PCEMA shell is photocrosslinked (dark gray to light
gray), then ozonolysis decomposes the PI core (black to white). The PtBA
corona chains (wavy lines) render solvent dispersibility to the nanotubes.

also been utilized by Lee et al.[10] for the preparation of porous
films and Huang et al.[31] for the preparation of hollow
nanospheres from diblocks. The approach involves molecular
design, block copolymer synthesis, self-assembly of block
copolymers, the interlocking of the self-assembled nano-
structure by crosslinking the shell, and the selective domain
degradation, ªnanosculpturingº, of the crosslinked nano-
structure. The triblock self-assembly occurred in methanol
to form cylindrical micelles with a PI core, a PCEMA shell,
and a PtBA corona. Cylindrical structure interlocking was
achieved by photocrosslinking the PCEMA shell. Nanotubes
of PCEMA-block-PtBA (2) were obtained by degrading the
PI core of crosslinked micelles of 1.

The precursor to the triblock was synthesized by anionic
polymerization with the detailed procedure described else-
where.[32±35] The triblock 1 was characterized by light scatter-
ing (LS), 1H NMR, and gel-permeation chromatography
(GPC) (Table 1). LS was used to determine the molar mass of
the PI block. NMR analysis of the triblock yielded monomer
ratios n/m/l� 1.00/0.97/6.0. GPC analysis suggests narrow
molar mass distributions for both the PI block and 1 as a
whole.

Formation of cylindrical micelles from 1 in methanol was
confirmed by transmission electron microscopy (TEM) results
shown in Figure 2 a. The cylinders have a diameter of about

Figure 2. TEM images of a) cylindrical micelles of 1 and b) nanotubes 2.
The micelles were stained with OsO4, the nanotubes with RuO4.

22 nm with a dark-gray core-shell structure. Since PtBA is
soluble in methanol and is not stained by OsO4, the PtBA has
formed an ªinvisibleº corona. The core and shell of micelles of
1 (Figure 2 a) should consist of PI and PCEMA. PI should
look darker, as demonstrated by Ding and Liu,[36] under these
conditions because each gram of PI contains approximately
four times more stain-susceptible double bonds than PCE-
MA. The cylinders reach micrometer lengths but with a broad
length distribution.

Although there have been many studies of ABC triblock
copolymer morphology in the solid state,[37] the study of their
morphologies in block-selective solvents has been rare.[29, 38±40]

This may represent the second report of cylindrical micelle

Table 1. Characteristics of the polymers.

PI block Triblock
Sample dn/dc Mw (LS) Mw/Mn (GPC) 1,4-PI [%] n m l Mw/Mn (GPC)

[mL gÿ1] [gmolÿ1]

1 0.104 9.0� 103 1.05 92 130 130 800 1.08
1'' 0.104 20� 103 1.06 93 290 220 770 1.30



ZUSCHRIFTEN

350 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0044-8249/00/11202-0350 $ 17.50+.50/0 Angew. Chem. 2000, 112, Nr. 2

formation of a triblock copolymer in a block-selective solvent
following Yu and Eisenberg.[38]

The crosslinking of the cylindrical micelles of 1 to produce 2
was achieved by irradiating the sample with UV light (500 W
Hg lamp) that had passed through a 260 nm cut-off filter. The
filter was used to minimize light absorption by PI and its
consequent crosslinking. The loss of CEMA double bonds was
followed by absorbance decrease from either IR (1631 cmÿ1)
or UV (274 nm) where the converted CEMA groups absorb
negligibly. PCEMA crosslinked due to the dimerization of
CEMA groups from different chains in the shell.[41, 42] A
typical CEMA conversion of 40 to 50 % was used for locking
the cylindrical micelle structure. PCEMA crosslinking did not
perturb the structure of the cylindrical micelles as judged from
TEM images. The crosslinking, however, made the structure
immutable as demonstrated by the stability not only in
methanol but also in THF, CHCl3, and CH2Cl2 which dissolves
PI, PtBA, and uncrosslinked PCEMA.

Due to the structural stability of the crosslinked micelles
and the fact that PCEMA crosslinking stabilized but did not
change the micelle morphology, it was more convenient to use
the crosslinked micelles or nanofibers for demonstrating their
core ± shell corona structure. This was done using 1H NMR
spectroscopy and TEM. When a nanofiber sample of 1 was
analyzed by NMR in CDCl3, no signals were observed from
the PCEMA block and the intensity of the PI peaks was
substantially reduced relative to that of the PtBA signals. The
absence of PCEMA signals suggests PCEMA crosslinking
and lowered mobility of PCEMA chain segments. The
enhanced signals of PtBA relative to PI suggest that the PtBA
chains exist in a relatively unhindered environment, such as in
the corona. Signals were seen from PI because PI is a rubbery
polymer at room temperature and segmental motion was
possible in the PI phase of the nanofibers.

For the TEM study, another triblock 1'' (Table 1) was used
because this sample had an overall higher molar mass, and
formed much larger straight or branched cylindrical micelles
(Figures 3 a and 3 b), thus facilitating the differentiation of the
various sub-domains. Unfortunately, this sample had a greater
polydispersity arising presumably from nonuniform chain
growth due to the high viscosity of the mixture at the later
stage of the polymerization. Also, 1'' formed mainly branched
rather than straight cylindrical micelles due to the different
relative block lengths. Despite these differences, the straight
or branched cylindrical micelles formed from this triblock
should have the same core ± shell ± corona structure as 1 due
to their similar preparation.

Like the cylindrical micelles of 1, the branched cylindrical
micelles of 1'' have distinctively a dark PI core and gray
PCEMA shell in the TEM images independent of the staining
by OsO4 (Figure 3 a) or RuO4 (Figure 3 b). The presence of an
unstained PtBA layer was confirmed by the following experi-
ment. After spraying from CH2Cl2 and staining with OsO4, the
crosslinked branched or straight cylindrical micelles of 1'' had
a diameter of approximately 65 nm. This value increased to
about 79 nm when the sample was sprayed from a trimethyl-
silyl idodide solution in CH2Cl2. The diameter of the cross-
linked micelles increased, because trimethylsilyl idodide
stained the PtBA corona through reaction (1).

Figure 3. TEM images of straight or branched cylindrical micelles of 1''

stained with a) OsO4 and b) RuO4. Shown in c) is the TEM image of
nanotubes 2'' stained with RuO4.
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The PI block of nanofibers (1 or 1'') was decomposed by
ozonolysis to form nanotubes (2 or 2'', respectively). The
complete decomposition of the PI block is demonstrated by
the almost quantitative disappearance of the characteristic IR
absorption for double bonds at 1631 cmÿ1 (Figure 4). Shown

Figure 4. Comparison between the FTIR spectra of micelles of 1 (top),
crosslinked micelles of 1 (middle), and nanotubes 2 (bottom).

in Figures 2 b and 3 c are TEM images of such straight 2 or
branched 2'' nanofibers stained with RuO4. Comparing
Figures 3 b and 3 c, a light stripe in the center of each cylinder
in Figure 3 c unambiguously suggests the formation of nano-
tubes. A similar light stripe can be seen in each cylinder in
Figure 2 b but it is not as clear due to its small size.

The formation of nanotubes from 1 was also confirmed
from a rhodamine B (RB) loading experiment. RB loading
was achieved by refluxing either nanofibers of 1 or nanotubes
2 with a RB solution in methanol (ca. 10 %) for 24 h and then
evaporating off the methanol. RB impregnated the tubes and
fibers presumably to eliminate a concentration gradient
between the bulk phase and the fiber or tube phase. The
distinct IR absorption peaks at 1590 and 845 cmÿ1 for RB and
tert-butyl groups of the nanotubes and nanofibers, respective-
ly, were used to estimate RB loading density. Under the same
conditions, each gram of nanotube or nanofiber was impreg-
nated with 0.065 and 0.021 g of RB, respectively. The much
higher RB loading for the nanotubes suggests the presence of
a hollow space left behind by PI degradation. Since the mass
ratio of PI to PCEMA and PtBA in the triblock 1 is 0.066, the
excess loading density of 0.044 g gÿ1 for the nanotube 2
relative to that of the nanofiber of 1 suggests the high
utilization of the hollow space in 2. This high space utilization
is possible because of methanol evaporation. As methanol
evaporates, the RB concentration increases until it reaches
the saturation limit. After that, RB crystallizes inside and
outside of the tube. The crystallization of RB inside the tube
will decrease the local RB concentration and lead to the
diffusion of more RB into the tube. This process continues
until all the methanol evaporates.

The loading of RB into the nanotube hollow space is
evident from the TEM image shown in Figure 5. A sample

Figure 5. TEM image of nanotubes 2 loaded with rhodamine B, and
stained with RuO4.

from the reflux of 2 with RB in methanol was aspirated onto a
carbon-coated copper grid. The grid was equilibrated with a
drop of water for 20 s to dissolve most of the free RB on the
grid or adsorbed on the nanotube outer surfaces, and this
excess water was removed by adsorption onto filter paper.
The RB-loaded 2 was stained with RuO4, and the TEM image
of the cylinders do not show the light stripes in agreement
with RB filling of the nanotubes.

In summary, we have demonstrated cylindrical micelle
formation in methanol from sample 1. The cylindrical micelles
consisted of a PtBA corona, PCEMA shell, and PI core.
Nanotubes 2 were obtained after PCEMA crosslinking and PI
core degradation. The potential of using molecules 2 as
microvials has been demonstrated by RB loading. Other
potential applications of 2 include the use as templates for
metal or semi-conductor nanowire production. Such insulated
nanowires should be of use in nanometer-sized electronic
devices. Nanotube 2 can also be pyrolyzed to yield carbon or
metal-carbide nanotubes, which could be useful in nano-
composite preparation.[1]

Experimental Section

The polymerization of isoprene was performed in dry hexane (1 d). A slight
excess of diphenyl ethylene over sec-butyl lithium was added to convert the
polyisoprene anion to the terminal diphenyl ethylene anion and an aliquot
of the PI block was taken for molar mass determination. After the
introduction of THF by cryodistillation, the second monomer 2-trimethyl-
siloxyethyl methacrylate (HEMA-TMS) was polymerized at ÿ78 8C for
2 h, then the third monomer tBA for 4 h. Polymerization was terminated by
the addition of methanol. The methanol also hydrolysed the trimethylsilyl
group from HEMA-TMS to yield poly(2-hydroxylethyl methacrylate),
PHEMA. PI-b-PHEMA-b-PtBA was purified by precipitation from
methanol/water (�7/3) at ca. ÿ10 8C. 1 was obtained by reacting PI-b-
PHEMA-b-PtBA with excess cinnamoyl chloride in pyridine overnight at
room temperature. Polymer 1 was purified by repeated precipitation from
methanol/water (see above). Residual PI homopolymer in the triblock was
removed through three extractions with hexanes (room temperature, 1 d).
The extracted sample was dissolved in THF and added into a large excess of
methanol; once the THF evaporated, the micellar sample was finally added
into ice to induce precipitation.

The specific refractive index increment dn/dc of the PI block in cyclo-
hexane at 488 nm was determined to be 0.104 gmLÿ1. The molar masses of
the PI blocks were determined from a Brookhaven Model 9025 light-
scattering instrument. The GPC analysis was performed using a Waters HT-
4 ultra-styragel column and polystyrene as calibrant.
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Over the last few years, considerable research has been
directed at the preparation of molecule-based magnets,
especially nanoscale magnets in which each microcrystal
behaves as a single domain. A method of preparing nano-
magnets involves single molecules having ground electronic
states with a large number of unpaired electrons.[1] A variety
of blocking organic ligands has been used for the preparation
of these cluster compounds, most of which provide oxo
bridges between metal centers.[2]

To prepare cylindrical micelles, triblock copolymer (100 mg) was dissolved
in THF (�2 mL), the THF was evaporated and the sample dried at 85 8C
for 2 h. Methanol (50 mL) was added to redisperse the polymer.

To prepare nanotubes, ozone generated (Welsback generator) was bubbled
into a nanofiber solution in CH2Cl2 atÿ78 8C for 10 min. Excess ozone was
purged with nitrogen. An excess of trimethylphosphite was added and the
mixture was stirred for 3 h at ÿ78 8C to reduce the ozonides formed to low
molar mass aldehyde or ketone groups.[43]

TEM images were obtained using a Hitachi-7000 instrument operated at
100 kV. TEM specimens were prepared by aspirating a liquid sample onto a
carbon-coated Cu grid and staining with OsO4 or RuO4. For staining PtBA
with (CH3)3SiI, nanofibers of 1'' were mixed with a 0.14m (CH3)3SiI solution
in CH2Cl2 for 1 h, followed by aspirating onto a carbon-coated copper grid.
Excess (CH3)3SiI was removed with a drop of dry CH2Cl2 and adsorption
onto tissue.

For RB impregnation, nanotubes or nanofibers (40 mg) were mixed with
RB (470 mg) and methanol (6 mL). The mixture was refluxed for 24 h.
Then the methanol was evaporated. The remaining solid was suspended in
water, filtered, and washed repeatedly with hot water before drying. The
dried RB-loaded nanotube or nanofiber aggregates were ground with KBr
for FTIR measurements.
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