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Scientific and technological interest in one-dimensional nano-
materials, in particular carbon nanotubes1,2, is a result of their
fascinating properties and their ability to serve as templates
for directed assembly. For applications in nanoelectronics it is
necessary to create ordered arrays of nanotubes for large-scale
integrated circuits, an area in which there has been significant
progress3–7, and to produce controllable patterns on individual
nanotubes so that multiple transistors can be fabricated on
them, an area where progress has been slower8–14. Here, we
show that judiciously selected crystalline block copolymers
can be periodically decorated along carbon nanotubes, leading
to amphiphilic, alternating patterns with a period of �12 nm.
In addition, end-functionalization of the block copolymers
allowed gold nanoparticles to be periodically attached to the
nanotubes. This approach provides a facile technique for the
periodic patterning of one-dimensional nanomaterials.

The functionalization of carbon nanotubes is of great interest
from both scientific and technological viewpoints15. Periodically
functionalized carbon nanotubes can directly lead to the creation
of controlled two- or three-dimensional carbon nanotube supra-
structures, which is an essential step towards building future
carbon nanotube-based nanodevices. Very few reports have
addressed periodic functionalization/patterning on carbon nano-
tubes10–13. Regarding the patterning on the carbon nanotube
surface, all the reported periodic patterns to date have suffered
from limitations such as the locality of the pattern or poor period-
icity. Here, we report the use of low-molecular-weight polyethylene-
b-poly(ethylene oxide) (PE-b-PEO) block copolymer to obtain
uniform, periodic patterns on carbon nanotubes. This unique
hybrid structure holds promise for a variety of nanoelectronic and
biomedical applications16.

A single-walled carbon nanotube (SWNT)/dichlorobenzene sol-
ution was dropcast on a carbon-coated nickel grid and dried at
ambient temperature. The fractionated PE-b-PEO (molecular
weight 1,700 g mol21; 50 wt% PE) was dissolved in chloroform
and the solution was then spincoated onto the SWNT-loaded
grid. The sample was stained with ruthenium tetroxide
(RuO4) to enhance the contrast. Figure 1a shows a transmission
electron microscopy (TEM) image of the resultant block
copolymer/SWNT hybrid. Numerous elongated ‘worm-like’ struc-
tures with dark and bright stripes are clearly visible. Their average
length is �1 mm and their width �50 nm. The stripes are phase-
separated block copolymers; the dark stripes are PEO and the
bright ones PE blocks. The inset of Fig. 1a shows an enlarged
area. Because of their small size and the coverage of block copoly-
mers, no carbon nanotubes can be clearly identified in the image.
However, the consistent orientations of the adjacent stripes and
the aspect ratio of this unique worm-like morphology indicate
that the axes of the underlying SWNTs are perpendicular to the
stripes, as shown in Fig. 1b. This can also be supported by our

control experiment, in which block copolymer alone was spincoated
on the carbon-coated grid. In such a case, random alternating
stripes and/or lozenge-shaped single crystals were formed (see
Supplementary Fig. S1).

Observing this regular pattern on carbon nanotubes at a scale of
�12 nm is intriguing and the formation of this structure is related to
the interplay between block copolymer phase separation and carbon
nanotube-induced polymer crystallization. Block copolymers are
known to be able to phase separate into ordered microstructures
at a scale of �10–100 nm (refs 17–19). As they are dissolved in sol-
vents, block copolymers can be considered as macromolecular sur-
factants20,21. In a carbon nanotube/block copolymer system, if one
segment of the block copolymer is crystalline and is able to form
single crystals on carbon nanotubes, the block copolymer phase sep-
aration and the carbon nanotube-induced crystallization should
affect each other. Depending on the block copolymer/nanotube/
solvent interaction parameters, a few scenarios are possible: (i) the
block copolymers form micelles (or other aggregates), which separ-
ate from the carbon nanotubes; (ii) the block copolymers form
micelles that wrap around the carbon nanotubes; and (iii) one
segment of the block copolymer crystallizes on the carbon nano-
tubes, leading to nanotube-induced block copolymer phase separ-
ation. The morphology of the block copolymer/SWNT hybrid in
Fig. 1 clearly indicates that the phase separation of PE-b-PEO is
directed by the underlying SWNTs, suggesting that scenario (iii)
is the dominant physical process in the present system. Note that
there are some other possible mechanisms that might lead to the
formation of similar structures. For instance, if both blocks of a
block copolymer are neutral to the surface of a carbon nanotube,
a similar phase-separated structure could be formed along the nano-
tube. Other researchers have also shown that topological pre-
patterned lines could guide a block copolymer-containing hybrid
material to form an orthogonally aligned lamellar phase22. To
demonstrate the role of PE crystallization in the formation of the
present hybrid structures, we further conducted two control exper-
iments. In the first control experiment, PE-b-PEO was replaced by
polybutadiene(1,4 rich)-b-poly(ethylene oxide) (PB-b-PEO). In
the second, a thin layer of amorphous carbon was deposited onto
the SWNTs before spincoating. In both cases, alternating block
copolymer patterns were not observed on the SWNTs (see
Supplementary Fig. S2). These control experiments clearly demon-
strate that nanotube-induced PE crystallization is critical to the for-
mation of the alternating patterns on the carbon nanotubes. Note
also that solvent selectivity is critical to solution crystallization of
crystalline block copolymers20. Our preliminary work showed that
as the solvent was switched from chloroform to dimethylformamide
(DMF) or water, uniform and dense stripes were not observed. DMF
and water are more selective for PEO, so micelles become more
stable in the solution. As a result, crystalline stripes are not
formed upon solidification. Recently, our laboratory reported that

A. J. Drexel Nanotechnology Institute and Department of Materials Science and Engineering, Drexel University, Philadelphia, Pennsylvania 19104, USA.

*e-mail: chrisli@drexel.edu

LETTERS
PUBLISHED ONLINE: 26 APRIL 2009 | DOI: 10.1038/NNANO.2009.91

NATURE NANOTECHNOLOGY | VOL 4 | JUNE 2009 | www.nature.com/naturenanotechnology358

© 2009 Macmillan Publishers Limited.  All rights reserved. 

mailto:chrisli@drexel.edu
http://www.nature.com/doifinder/10.1038/nnano.2009.91
www.nature.com/naturenanotechnology


carbon nanotubes were able to induce polymer crystallization23–25.
PE single crystals have been controlled to grow on carbon nano-
tubes, and the growth mechanism is size-dependent soft epitaxy.
In the present block copolymer/SWNT hybrids, upon crystalliza-
tion, PE chains aligned parallel to the SWNT axis, forming the
bright stripes. The observed alternating stripes are thus perpendicu-
lar to the SWNT axes. Compared with the crystal patterns formed
in carbon nanotube-induced homopolymer crystallization, the
present alternating pattern formed by the block copolymer is far
more uniform. In Fig. 1a, the period of the alternating pattern is
11.9+0.9 nm. The width of the bright stripes along the carbon nano-
tube axes is 5.9+0.7 nm. Comparing this number with the extended
chain length of the PE block suggests that each PE domain is
made of one layer of interdigitated extended PE chains. Note that
sodium dodecyl sulphate (SDS)-wrapped carbon nanotubes have also
been reported to have periodic patterns12. The formation mechanism
in the SDS/carbon nanotube casewas first attributed to the hemisphere
micelles formed along the carbon nanotube. Molecular simulation
conducted by others have shown, however, that the hydrophobic tail
of SDS aligned parallel to the tube axis, forming multiple layers on

the carbon nanotube surface26. The parallel packing of the SDS tails
may resemble the crystallization of the PE segments in PE-b-PEO.

The block copolymer concentration around the SWNT has an
important role in the formation of the alternating pattern. Figure 2
shows five different morphologies of block copolymer/SWNT
hybrids formed at various block copolymer concentrations. At a
relatively low block copolymer concentration, the SWNTs are deco-
rated by discrete patches of stripes (Fig. 2a). There is no block co-
polymer present in the intervals between the adjacent patches. As
the block copolymer concentration rises, the number of stripes in
each patch increases (Fig. 2b). When the block copolymer concen-
tration reaches a certain value, the intervals between patches are
completely filled with stripes, and uniform, alternating stripes are
found along the entire SWNTs (Fig. 2c). As the block copolymer
concentration increases further, new ‘intervals’ seemingly appear
along the tubes (Fig. 2d). These new intervals are made of block
copolymers. The area looks greyish because the orientation of the
phase-separated block copolymer is not uniform. As the concen-
tration increases further, the lateral dimension of the patches
increases dramatically (Fig. 2e).

Concentration increasing

Figure 2 | TEM images of the five different morphologies of the block copolymer/SWNT hybrid at various block copolymer concentrations.

a–e, TEM images for concentrations of the block copolymer solution of 0.001 wt% (a), 0.002 wt% (b), 0.005 wt% (c), 0.020 wt% (d), 0.050 wt% (e).

Scale bars, 50 nm.
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Figure 1 | The alternating pattern of PE-b-PEO block copolymers formed on SWNTs. a, TEM image of the PE-b-PEO decorated SWNTs. The dark and bright

stripes are the PEO and PE domains, respectively. The formation of this unique structure is attributed to the subtle interplay between carbon nanotube-

induced polymer crystallization and block copolymer phase separation (scale bar, 200 nm). The inset shows an enlarged area (scale bar, 20 nm).

b, Schematic representation of the arrangement of the PE-b-PEO molecules along a SWNT.
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Based on the above observations, we propose a growth mechanism
for the formation of the alternating stripes on SWNTs (Fig. 3).
During spincoating, the block copolymer molecules randomly
adsorb onto the SWNT surface due to the favourable interaction
between the PE segments and the SWNTs, leading to heterogeneous
nucleation (Fig. 3a). After the formation of a stable nucleus, the PE
crystal starts to grow, following the soft epitaxy mechanism23. At an
extremely low block copolymer concentration, the block copolymer
molecules crystallize only to the initially formed nuclei. Because of
the local concentration gradient generated at the crystal growth
front, the stripes grow laterally on the carbon film with a

perpendicular orientation to the tube axis (Fig. 3b). The above
process is driven by carbon nanotube-induced PE crystallization.
As the block copolymer concentration increases, more crystals
start to appear. The tethered PEO chains at the crystal edges,
dangling in the solution, attract PEO segments of the free block
copolymer molecules to the adjacent region, and facilitate crystalli-
zation of the block copolymer at a certain distance away from the
initially formed nuclei on the SWNT, where the distance depends
on the length of the PEO block. This process is governed by the
phase separation of the block copolymer. Repetition of the
process leads to the formation of patches of alternating block

Figure 4 | Periodic immobilization of 5-nm gold nanoparticles on the block copolymer/SWNT hybrid. a, TEM image of the gold nanoparticle-decorated

block copolymer/SWNT hybrid. The block copolymer is end-functionalized with a thiol group (scale bar, 100 nm). The inset shows an enlarged area

(scale bar, 10 nm). b, Schematic representation of the arrangement of the gold nanoparticles and the block copolymer chains along an SWNT.

Concentration increasing

Figure 3 | Growth mechanism of the alternating stripes on a SWNT. a, Heterogeneous nucleation of the PE segments on a SWNT. b–e, The growth patterns

of the stripes at various block copolymer concentrations, where concentration increases from b to e.
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copolymer stripes along the SWNT (Fig. 3c). As the block copolymer
concentration reaches a critical point, the patches are long enough
to connect with each other, leading to continuous, alternating
stripes spanning the entire SWNT (Fig. 3d). As the concentration
further increases, there are so many block copolymer molecules
depositing on the SWNTs that they do not have enough time and
space to align themselves into a well-defined structure. As a result,
the block copolymer molecules accumulated at the intervals do
not show a clearly phase-separated pattern (Fig. 3e).

This uniformly patterned hybrid structure represents a unique
nanoscale complex architecture that has not been achieved pre-
viously. Because PE is hydrophobic and PEO is hydrophilic, this
system features a hybrid structure on individual carbon nanotubes
that has alternating amphiphilicity with a �12-nm period. The
domain size can be controlled by changing the block copolymer
molecular weight. Our preliminary data show that as the PE mol-
ecular weight decreased from 850 to 730 g mol21 (the molecular
weight of the PEO block ranging from 850 to 970 g mol21, respect-
ively), the width of the bright stripes dropped from 5.9+0.7 nm
to 4.6+0.7 nm. This structure is also similar to multicompart-
mental block copolymer structures, which can be used as a drug
delivery system with the capability to deliver multiple drugs27,28.
Furthermore, the PEO domains can be modified with various func-
tional groups so that periodic functionalization of carbon nanotubes
may be achieved. As a proof of concept, we synthesized thiol-termi-
nated PE-b-PEO (see Supplementary Fig. S3). Following the same
experimental procedure, SWNTs were periodically decorated by
the block copolymer with thiol groups present in the PEO stripes
(see Supplementary Fig. S4). The resultant product was then incu-
bated with a gold colloid (5 nm in diameter). Figure 4a is a TEM
image of the gold nanoparticle-decorated block copolymer/
SWNT hybrid. The gold nanoparticles were patterned periodically
along the SWNTs, with a period the same as that of the block
copolymer/SWNT hybrid. This is because the thiol-terminated
PEO stripes immobilized gold nanoparticles on their surface by
means of sulphur–gold bonds, as shown in Fig. 4b (ref. 29). Note
that the number of gold nanoparticles on each PEO stripe can be
tuned by controlling the lateral dimension of the block copolymer
stripes on the carbon nanotube surface. This periodic gold
nanoparticle/SWNT hybrid is of great interest in various areas of
nanoelectronics and single-electron devices.

In summary, we have produced nanoscale alternating patterns
of block copolymer along SWNTs. The period of the patterns
was �12 nm along the SWNT axis. The mechanism of formation
was attributed to the interplay of carbon nanotube-induced PE crys-
tallization and the block copolymer phase separation. By end-func-
tionalizing the block copolymer with a thiol group, gold
nanoparticles were immobilized along the SWNTs, replicating the
ordered block copolymer structure. This work therefore demon-
strates a facile method to achieve periodic patterning on SWNTs,
a key step towards using one-dimensional nanomaterials in nano-
device applications.

Methods
Materials. Purified HiPco SWNTs were purchased from Carbon Nanotechnologies.
Dichlorobenzene (DCB), tetraoctylammonium bromide (TOAB), pentyl acetate,
thioglycolic acid, sulphuric acid (98%), isopropyl ether, dichloromethane, 5-nm
gold/water colloid, toluene and chloroform were purchased from Sigma-Aldrich
and used as received. Polyethylene-b-poly(ethylene oxide) (PE-b-PEO) (molecular
weight 1,400 g mol21, 50 wt% PE) was purchased from Sigma-Aldrich and was
fractionated before usage. Polybutadiene(1,4 rich)-b-poly (ethylene oxide) (PB-b-
PEO) (molecular weight 930–1,020 g mol21) was purchased from Polymer Source
and used as received.

Instruments. The Branso Ultrasonic Cleaner was used for sonication. Spincoating
was performed on the Specialty Coating Systems Spin Coater—G3P12. The Fisher
Scientific Centrifuge Marathon 21000 was used as the centrifuge. TEM experiments
were conducted on a JEOL 2000FX TEM with an accelerating voltage of 120 kV. The
polydispersity index of PE-b-PEO was characterized by gel permeation

chromatography (GPC) at 40 8C using tetrahydrofuran as the eluent at a flow rate of
1.0 ml min21. Data were collected by the Refractive Index Detector 2414 and
analysed using the software provided by Waters. The calibration curve was
constructed with narrowly distributed PEO standards. Proton nuclear magnetic
resonance (1H NMR) was measured on a Unityinova 500 MHz NMR spectrometer.
The Fourier transform infrared (FTIR) spectra were obtained on a Varian Excalibur
FTS-3000. Vacuum evaporation of carbon was conducted on a Polaron Range E6300
Vacuum Evaporator.

Fractionation of PE-b-PEO. PE-b-PEO (10 g) was dissolved in 50 ml
dichloromethane and 100 ml isopropyl ether was added to the solution
subsequently. The mixture was then placed in a vacuum chamber to gradually
remove the solvents. The block copolymers with the highest PE percentage
precipitated out first. The precipitated block copolymer was collected and labelled as
fraction 1 to 6 in time order. Fraction 4 was chosen to be used in this research.

The GPC spectrum (see Supplementary Fig. S5) showed that the polydispersity
index of the fractionated block copolymer was 1.15. From the end-group analysis
using 1HNMR (see Supplementary Fig. S6), the molecular weight was 1,700 g mol21

and the PE block 50 wt%.

Crystallization of block copolymer on SWNTs. SWNTs (0.02 mg) were dissolved
in 1.0 g DCB by means of sonication for 1 h. The SWNT/DCB solution was
dropcast on the carbon-coated nickel grids and dried at ambient temperature. Block
copolymer/chloroform solution was spincoated on the SWNT-loaded
grids at 3,000 rpm for 30 s. The concentrations of the solutions varied from 0.001 to
0.050 wt%. The samples were stained by RuO4 before TEM observation.

Preparation of amorphous carbon-coated SWNTs. The SWNT-loaded grids were
placed in a vacuum evaporator. A layer of amorphous carbon was deposited on the
SWNTs by thermally evaporated a small amount of carbon from a graphite rod.

Synthesis of thiol-terminated PE-b-PEO. The PEO segment of the fractionated
block copolymer is terminated with a hydroxyl group. Thiol-terminated PE-b-PEO
was synthesized by reacting the hydroxyl terminated PE-b-PEO with thioglycolic
acid as described by Brash30. Briefly, a drop of sulphuric acid, 5 g of PE-b-PEO, and a
stoichiometric amount of thioglycolic acid were added to 20 ml of toluene preheated
to 80 8C. The reaction proceeded at 110 8C under nitrogen for 3 h and was driven
forward by the continuous removal of the water produced. The modified polymer
was purified by precipitation in isopropyl ether and subsequent dissolution in
dichloromethane. This sequence was repeated three times. The reaction product was
then dried under vacuum at ambient temperature for 2 days.

Preparation of 5-nm gold/pentyl acetate colloid. The detailed procedure can be
found in ref. 29.

Immobilization of gold nanoparticles on a block copolymer/SWNT hybrid.
Thiol-terminated PE-b-PEO/chloroform solution (0.005 wt%) was spincoated on
a SWNT-loaded grid at 3,000 rpm for 30 s. The grid was then incubated with the
5-nm gold/pentyl acetate colloid for 1 h. The grid was rinsed with pentyl acetate and
dried at ambient temperature.
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