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proach of functionalizing the entrance to
each CNT core can be generalized to a
variety of biological affinity pairs to block
ionic flow through the CNT core when the
analyte is present.

Electrochemistry can also be used to tailor
the aligned CNT membrane structure. Practical
considerations of membrane strength and
aligned CNT growth require that the membrane
be at least 5 �m thick. However, for large
molecular separations based on gate-keeper se-
lectivity, a short path length is desired, because
it increases the diffusion flux. One possible
route to trim the CNT length is to anodically
oxidize the CNTs at �1.7 V versus an Ag-
AgCl reference electrode (26). Because the PS
polymer is an insulator, the conductive CNTs
are selectively etched within the polymer ma-
trix. Thus, one can adjust pore length while
maintaining the mechanical integrity of the
thicker PS matrix. Figure 4A shows the surface
of membrane films after H2O plasma oxidation.
The tips of the CNTs are extending above the
surface because of the faster etching rate of PS
by plasma treatment. Each bright area in Fig.
4A corresponds to the tips of multiple (2–7)
CNTs clustered together, resulting in outer di-
ameters of �50 nm that are consistent with
TEM observations. An areal density of 6
(�3) � 1010 per cm2 can be estimated from this
micrograph. Figure 4B shows a schematic cross
section illustration of how CNTs could be se-
lectively oxidized electrochemically inside an
insulating PS matrix. Figure 4C shows the sur-
face after selective electrochemical oxidation.
The size of the pores on the PS surface should
be at least that of the 40-nm outer CNT diam-
eter (Fig. 4B). Because the tips of the CNTs
tend to group together and there is the possibil-
ity of localized PS oxidation next to the CNTs,
the resulting PS surface pores were often great-
er than 100 nm. Figure 4C (arrow) shows an
example of a smaller PS surface pore inside a
larger PS surface pore, which is consistent with
clustering of CNT tips at the surface.

Selective reduction of the length of CNTs
within the PS matrix can be a valuable tool
for tuning membranes to give a required flux
while keeping carboxylate functionalization
at the tips of CNTs. These carboxylate end
groups can then be readily functionalized at
the entrance of each CNT inner core to se-
lectively gate molecular transport through the
ordered nanoporous membrane for separation
and sensing applications.
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Supramolecular Self-Assembly of
Macroscopic Tubes
Deyue Yan,* Yongfeng Zhou, Jian Hou

The macroscopic molecular self-assembly of an amphiphilic hyperbranched co-
polymer in acetone generated multiwalled tubes millimeters in diameter and
centimeters in length. The thickness of the tubewalls approaches 400 nanometers,
and the walls have an inhomogeneous lamella structure that alternates between
ordered hydrophilic domains and amorphous, partly irregular hydrophilic domains.

Molecular self-assembly of organic molecules
has generated a wide variety of objects with
nanoscale or micrometer-scale morphologies,
including micelles (1, 2), vesicles (3–5), rib-
bons (6), films (7), fibers (8–10), and tubules
(11–13). These reported self-assembled ob-
jects were predominantly generated from or-
ganic molecules with well-defined size and
structure. To date, little attention has been
paid to molecular self-assembly originating
from ill-defined macromolecules such as
hyperbranched copolymers. We now report
the molecular self-assembly of tubes with
macroscopic dimensions.

When an amphiphilic hyperbranched multi-
arm copolymer was added to a selective sol-
vent, macroscopic tubes with centimeter-scale
length and millimeter-scale diameter appeared.
The hyperbranched multi-arm copolymer
(HBPO-star-PEO; Fig. 1) is an amphiphilic
macromolecule with a hydrophobic hyper-
branched poly(3-ethyl-3-oxetanemethanol)
core (HBPO) and many hydrophilic poly-

(ethylene glycol) arms (PEO). The molecular
weight of the core precursor, as characterized
by size exclusion chromatography (SEC), is
8560 (10,500 by the vapor-pressure osmome-
ter); the polydispersity index is 1.5, and the
degree of branching measured by 13C nuclear
magnetic resonance (NMR) is 0.45 (14). When
3 g of the dried viscous jelly-like HBPO-star-
PEO was directly added to 30 ml of acetone
under stirring conditions at room temperature,
macroscopic tube self-assembly was observed.
[Details of the preparation, characterization,
and self-assembly of HBPO-star-PEO are given
in (14).] A photograph of the resulting self-
assembly objects (Fig. 2) reveals transparent
tubes that can be seen with the naked eye. The
diameter of the tubes approaches 1 mm, and the
average length of the tubes is about 1.8 cm
(except those broken by vigorous stirring). The
length of the longest tubes formed in other
batches approaches 7.5 cm, and the diameter of
the largest tube is 1.5 mm (15). In addition,
there are a number of imperfect tubes in Fig. 2.
For instance, object a is a fractured tube that
mediates between a tube and a film, and object
b is a twin tube made of a curly film.

The macroscopic morphology of the tubes
was also observed by optical microscopy. A
pentawalled tube with the coaxial cylindrical
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structure (Fig. 3A) has an outer diameter of 1
mm, and the thickness of a single wall is
around 400 nm (Fig. 3B). Most of the tubes
have a similar inner diameter, uniform wall
thickness, and almost equal distance between
two neighboring walls; the outer diameter of
a tube mainly depends on the number of its
walls. Two terminal types of the tubes (Fig. 3,
C and D) suggest that a multiwalled tube
consists of only one membrane and grows
with the formation of the screw structure.

The tubes are stable in organic solvents.
Before the self-assembly, the synthesized
HBPO-star-PEO dissolves in polar solvents
such as N,N-dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO), but after molec-
ular assembly the tubes are insoluble in
DMSO, DMF, and other polar solvents ex-
cept trifluoroacetic acid (TFA). In TFA the
self-assembly tubes gradually disappeared af-
ter 1 week at room temperature (25° to 35°C).
Some of the hydroxyl groups in the tubes had
reacted with TFA to form the ester groups
during the “dissolution” process, and after
removing the TFA the residual material could
no longer self-assemble in acetone (14). No
change was observed for the tubes after im-
mersion in acetone for at least half a year.

These tubes are flexible, and they can be
bent in solvent to form a crossed knot pattern
without any fracture. In addition, when a tube
is taken out of acetone and dried on glass, it
collapses into a ribbon-like object. However,
it can recover its tubular shape if the ribbon-
like object is immersed in acetone once more.

The copolymer composition is important
for the macroscopic molecular self-assembly.
The tube yield was relatively low. Only about
10% of the synthesized multi-arm copolymer
underwent the molecular self-assembly, and
the remainder dissolved in acetone. Quantita-
tive magic angle spinning (MAS) solid-state
13C NMR was used to characterize the self-
assembled part of the synthesized HBPO-
star-PEO copolymer (14). The spectrum

shows that the molar ratio of ethylene oxide
units to 3-ethyl-3-oxetanemethanol units (the
mole hydrophilic ratio) is 5.14, and that
�28% of the hydroxyl groups of the hyper-
branched cores remain unreacted, so the num-
ber-average degree of polymerization of PEO
arms is about 7. We take account of the 90%
residual multi-arm copolymer that does not
take part in the self-assembly. The character-
ization with quantitative MAS solid-state 13C
NMR shows that the PEO arms of the 90%
residual multi-arm copolymer are longer than
those of the self-assembled part (Table 1).
The detailed characterization of HBPO-star-
PEO molecules by SEC (Table 1) shows that
the copolymer that forms tubes has a lower
molecular weight and a narrower molecular
weight distribution than the residual copoly-
mer that does not participate in the self-
assembly. The copolymer before the self-
assembly has a molecular weight between
those of the self-assembled part and the re-
sidual non–self-assembled part of the copol-
ymer, and has an even broader molecular

weight distribution. Evidently, only a part of
the HBPO-star-PEO molecules with suitable
length of the PEO arms and hydrophilic ratio
can self-assemble into the macroscopic tubes,
and the major part of the copolymers with
longer PEO arms does not separate from
acetone, so it fails to self-assemble.

Besides the molecular structure, the mac-
roscopic self-assembly of HBPO-star-PEO
copolymer is also affected by other factors
such as the nature of the selective solvent, the
copolymer concentration, the added ions, and
the self-assembly procedure. For instance, the
self-assembly had been conducted in water,
ester, alcohol, and other solvents, but the
macroscopic tubes were observed only in ac-
etone and were obtained only when the co-
polymer concentration in acetone ranged
from 10 mg/ml to 1 g/ml. The self-assembly
morphology was influenced as well by the pH
and ionic strength of the medium, and mac-
roscopic membranes were found in a suitable
pH or ionic strength in acetone. In addition,
the preparation procedure is important for the
self-assembly process. When the copolymer-
DMF solution was put into acetone, as was
done for the preparation of crew-cut micelles

Fig. 1. Diagrammatic sketch of the HBPO-star-
PEO multi-arm copolymer. Green, HBPO core;
red, PEO arms.

Fig. 2. Macroscopic molecular self-assembly
tubes from the HBPO-star-PEO multi-arm co-
polymer. The photo was recorded with a digital
camera from the bottom of a glass beaker, with
red paper as the background. An open tube (a)
and a twin tube (b) are shown. Scale bar, 1 cm.

Fig. 3. Optical microspectroscopy images of
the tubes in acetone. (A) A pentawalled self-
assembly tube. One of the dark lines shows a
single wall, and the space between two lines is
vacant. (B) Image of a single wall. (C) An inter-
nal screw end of the self-assembly tube. It is a
left-hand screw. (D) An external screw end of
the self-assembly tube. It is a right-hand screw.
Scale bars, 300 �m [(A), (C), (D)], 1 �m (B).

Table 1. Characterization of core precursor and HBPO-star-PEO samples. Mn, number-average
molecular weight.

Samples
Mn

(g/mol)
Polydispersity

index

Mole
hydrophilic
ratio

HBPO core precursor 8,560 1.5 —
Copolymer before self-assembly 36,660 2.7 8.20
Copolymer constituting tubes 5.14
After end-capping 32,789 1.46

40,340* 1.6*
Subtracting end groups 25,020 —

31,570* —
Residual copolymer not participating
in self-assembly

42,202 2.0 9.46

*The characterization was conducted using SEC with a multi-angle light-scattering detector and THF as the solvent.
Other molecular weight data were measured by SEC with a refraction index detector and DMF as the solvent.
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(1, 2), saddle-like macroscopic membranes
instead of tubes appeared (fig. S5).

1H NMR studies show that the surface of
a tube is covered by highly ordered and tight-
ly packed PEO arms (14). Given that the
thickness of the tube wall is about 400 nm
and the size of a single HBPO-star-PEO mac-
romolecule is about tens of nanometers (as
inferred from its molecular weight), how do
the HBPO-star-PEO macromolecules aggre-
gate into such a multiwalled tube? To address
this question, we used transmission electron

microscopy (TEM) to investigate the mor-
phology of the cross section of the tube wall.
Uranyl acetate was used as a negative stain-
ing agent, which made the PEO phase appear
dark. The lamella morphology in Fig. 4A
follows the sequence of “black-gray-black,”
which corresponds to “PEO-HBPO-PEO,” or
alternating lamellae of HBPO cores and PEO
arms. The width of the striped domains is not
uniform, which can be attributed to the inho-
mogeneous molecular size and ill-defined
structure of the hyperbranched multi-arm co-
polymer, and differs from the lamella mor-
phology of block copolymers (7, 16).

The lamella morphology of tube wall in-
dicates that microphase separation plays an
important role in the molecular self-assembly
of the hyperbranched multi-arm copolymer.
In the selective solvent acetone, the hydro-
phobic interaction of the HBPO cores of the
amphiphilic hyperbranched multi-arm copol-
ymer leads to a spinodal microphase separa-
tion. The HBPO cores aggregate together in
acetone during the microphase separation,
and this process is accompanied by the spon-
taneous segregation of HBPO cores and PEO
arms. The phase of the aggregated cores
should have a sufficiently large surface for
the residence of the large population of arms.
The aggregated PEO arms extend out from the
interfaces between cores and arms because of
the hydrophilic nature of PEO and the repulsion
among arms. With the segregation of HBPO
cores and PEO arms, the distance between hy-
droxyl and ether groups or among hydroxyl
groups in both arms and cores decreases and
facilitates the formation of hydrogen bonds.
Hydrogen bonds in both core and arm lamellae
can further drive the molecular self-assembly
process and strengthen the macroscopic self-
assembly tubes. The dissolution of the self-
assembled tubes in organic solvents after de-
struction of the hydrogen bonds verifies the
important effect of hydrogen bonds on the mo-
lecular self-assembly [the evidence of strong
hydrogen bonds between hydroxyl and ether
groups or among hydroxyl groups in the tubes
is illustrated in (14)]. Finally, the macroscopic
tubes with the lamella wall are formed. We
consider that the macroscopic molecular self-
assembly of the hyperbranched multi-arm
copolymer is induced by microphase separa-
tion and further driven by the formation of
hydrogen bonds.

We propose two molecular stacking mod-
els for the tube walls. In a juxtaposed struc-
ture (Fig. 4B), a number of sandwich-like
microfilms form, consisting of condensed
HBPO cores inside and a large population of
oriented PEO arms outside, and these films
pile together layer by layer. The PEO arms
are highly ordered because of their mutual
stereo repulsion. The sandwich microfilms
are joined together by the hydrogen bonds
between the PEO arms of neighboring micro-

films. In an interdigitated structure (Fig. 4C),
the arms from neighboring microfilms inter-
penetrate. Because a PEO arm of the HBPO-
star-PEO copolymer in the macroscopic tubes
has 7 ethylene oxide units in average, the
theoretical average length of the PEO arms is
about 3.5 nm if the arms adopt a completely
zigzag stretched conformation (17), and the
width of the dark PEO zone in Fig. 4A is
about 6 (�2) nm, so the juxtaposed model
seems more preferable and the PEO arms are
highly oriented indeed. In these models, the
core lamellae are amorphous, and the PEO
arms in their lamellae are oriented. Thus, the
lamella structure of the tube wall is in the
sequence of “ordered-amorphous-ordered,”
and the lamella thickness is not uniform. In
general, the macroscopic self-assembly tube
is made from a single membrane, and the
membrane is formed through the layer-by-
layer stacking of the alternating lamellae of
HBPO cores and PEO arms (14). The lamel-
lae are inhomogeneous and may merge (fig.
S7), so the order of macroscopic organization
of the tubes is not as perfect as that of a
conventional block copolymer.

The formation of hydrogen bonds in both
core and arm lamellae strengthens the mac-
roscopic self-assembly tubes and further
drives the molecular self-assembly process.
The robustness of these tubes should facili-
tate post-treatments such as surface cross-
linking and functional group modification.
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Fig. 4. (A) TEM micrograph of the cross section
of the macroscopic molecular self-assembly
tube wall. Scale bar, 25 nm. (B and C) Stacking
pattern of the macroscopic self-assembly tube
wall. The tube wall was formed by the stacking
of the sandwich-like nanomicrofilms. (B) Juxta-
posed model. (C) Interdigitated model. The
green zones represent the condensed HBPO
cores; the red wave curves denote PEO arms;
the exaggerated part on the top of (B) shows
three arms and the hydrogen bonds among
them; and hydrogen bonds within core zones
and between sandwich layers are omitted. The
illustrations are not drawn to scale.
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