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Abstract: Block copolymers with a high asymmetry normally give spherical starlike micelles in a solvent
selective for the longer block. We have discovered that samples of poly(ferrocenyldimethylsilane-b-
dimethylsiloxane) (PFS-b-PDMS) with block ratios of 1:12 form nanotubes in n-hexane and n-decane, which
are poor solvents for PFS. Two block copolymer samples PFS40-b-PDMS480 (Mn ) 45 300, PDI ) 1.01)
and PFS80-b-PDMS960 (Mn ) 90 500, PDI ) 1.01) were synthesized by sequential anionic polymerization.
When self-assembly occurs, the PFS blocks aggregate and crystallize to form a shell with a cavity in the
middle of the tube, while the PDMS blocks form the corona. The nature of these structures was elucidated
by conventional transmission electron microscopy and dark-field scanning transmission electron microscopy.
Time- and temperature-dependence studies revealed that a variety of morphologies are formed initially
depending on the conditions of sample preparation, but most of them eventually rearrange to form
nanotubules. The lengths of the tubes can be varied with time and with the choice of solvents. We have
been able to grow nanotubes with lengths reaching 0.1 mm. The presence of the hollow core was confirmed
by trapping tetrabutyllead in the cavity and performing energy-dispersive X-ray measurements on the
resulting structure.

Introduction

Block copolymers self-assemble in selective solvents.1 For
polymers that have a narrow distribution of chain lengths and
a common composition, the structures that form are normally
uniform in size and have nanometer dimensions. Most diblock
copolymers associate to form spherical micelles. A common
feature of these structures is that the insoluble block is an
amorphous polymer. Under these circumstances, the polymer
is referred to as a “coil-coil” diblock copolymer.2 We have
our best theoretical understanding of these structures in two
limiting cases. In starlike micelles, the soluble block is much
longer than the core-forming block. Repulsive interactions
between solvent-swollen coils within the corona lead to chain
stretching. The equilibrium size of the micelle is determined
by a balance between elastic stretching within the corona, which
promotes high curvature and small core size, and the interfacial
tension, which promotes an increase in core size to minimize
the interfacial area in the system. At the other extreme are crew-
cut micelles in which the soluble block is much shorter than
the insoluble block. Here the corona consists of short stubby

coils of the soluble block. The factor that limits the growth in
core size is the stretching of the insoluble polymer, which is
necessary to densely fill the core.

Other morphologies are known, particularly for polymers
having insoluble amorphous blocks much longer than the soluble
blocks. Cylindrical structures have been reported, as well as
tubes, vesicles, raftlike layer structures, and compound micelles,
whose structure resembles an aggregate of smaller self-
assembled structures.3 Many of these structures are formed under
kinetic conditions and then become trapped, for example, by
the glassy nature of the insoluble core. It is often difficult to
establish that a certain structure represents the equilibrium
morphology of a block copolymer-selective solvent system.
Within a family of related block copolymers, the morphology
one obtains is governed by a number of factors. These include
chain length, ratio of the block lengths, polydispersity, chain
architecture, solvent composition, temperature, time, concentra-
tion, and the details of sample preparation. By manipulating
these variables, one can hope to optimize the structures obtained
to meet the needs of various applications. Zhang and Eisenberg,
for example, demonstrated for polymers that form crew-cut
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micelles in water, that they could obtain a variety of different
morphologies with a single polymer sample by changing the
solvent and salt composition.4 Those findings provide a glimpse
of the complex interplay of factors that affect block copolymer
self-assembly.

Another class of diblock copolymers is referred to as rod-
coil systems. These polymers consist of a flexible soluble block
attached to a rigid, or semirigid second block, which can either
be a helical polymer or a stiff conjugated polymer.5 We have a
much poorer theoretical understanding of the structures formed
by rod-coil systems6 than those formed by coil-coil block
copolymers.7

We are interested in self-assembled structures formed from
poly(ferrocenylsilane) (PFS) block copolymers in solution. We
have studied a series of these polymers.8,9 Those in which the
insoluble PFS block is amorphous appear to form normal starlike
micelles. Some of these polymers form long, thin, relatively
flexible cylindrical (wormlike) micelles in simple hydrocarbons
solvents in which the PFS block is insoluble. We have attributed
the formation of these wormlike structures8 to the crystallinity
of the PFS block.10 Thus, these polymers fall within the general
class of crystalline-coil block copolymers.

When the insoluble block of a block copolymer is able to
crystallize, crystal packing forces play a dominant role in
determining the structure of the core of the self-assembled
objects that form. In the Vilgis and Halperin11 model, this block
forms crystals through adjacent folds within the core, and a sharp
interface divides the crystalline core from the solvent-swollen
corona. The overall shape of the self-assembled structure
depends on the interplay between the interfacial energy between
the core and the solvent and stretching within the corona due
to overlap of adjacent coils. The corona chains are treated as
though they are grafted to the core at a spacing that depends on
the number of folds per core block. Thus, the response to strong
corona chain repulsion is a larger number of thinner folds in
the crystalline core-forming chain. Vilgis and Halperin identified
two separate contributions to the interfacial free energy, one
due to the interfacial tensionσf in the fold plane and the other
due to the lateral interfacial tensionσl at the edge of each crystal.

The most common morphology expected from this model is
that of flat monolayer or bilayer plates, with the corona chains
protruding from both faces.12 In lamellar structures, a system

can minimize the repulsion between adjacent coils of the corona
block by increasing the number of folds in the crystalline core,
leading to a thinner core, or it can minimize the surface free
energy by increasing the fold length, decreasing the spacing
between coils of this polymer. The equilibrium structure
represents a balance between these two energies. If the soluble
block is very long, one can imagine cylindrical or even starlike
micelles. Vilgis and Halperin contended that because the core
is formed by adjacent folds of a crystalline polymer, the core
of a cylindrical micelle does not have a circular cross section
but must be formed by the end-to-end packing of a rectangular
unit cell.11 Furthermore, they postulated that starlike micelles
formed from polymers with long corona chains have a core in
the form of a rectangular solid.

In this paper, we describe the results we obtained with two
samples of poly(ferrocenyldimethylsilane)-block-poly(dimethyl-
siloxane) (PFS40-b-PDMS480 and PFS80-b-PDMS960) in which
the PDMS block is a factor of 12 longer than the PFS block.
Unlike the case of PFS50-b-PDMS300 examined by Massey et
al., which formed wormlike micelles in hexane solutions, the
1:12 polymers generate a tubular morphology.13 We examine
the influence of temperature on the structures formed in
n-hexane and inn-decane, and we describe our experiments that
were designed to investigate whether the structures that appear
to be nanotubes in the electron microscopy images are in fact
hollow structures.

Aside from the interesting structures that they form, these
block polymers are of interest because the PFS component is a
redox-active material with semiconducting properties, and it can
also serve as ceramic precursor.14 Thus, the self-assembled struc-
tures may be thought of as precursors to ceramic nanodomains.15

Experimental Section

Materials, Synthesis, and Characterization.The solventsn-hexane,
n-nonane, andn-dodecane were obtained form Aldrich Co. (99+%
pure).n-Heptane (99% pure) andn-octane (97%) were obtained from
Caledon Laboratories Ltd.n-Decane was acquired from Fisher Chemi-
cals (99% pure). All of these solvents were used without further
purification. Tetrahydrofuran was distilled from Na/benzophenone under
prepurified N2 immediately prior to use. Chlorotrimethylsilane, hexa-
methyltrisiloxane, andn-butyllithium were purchased from Aldrich Co.
Chlorotrimethylsilane was distilled before use. Hexamethyltrisiloxane
was stirred over CaH2 in n-pentane at room temperature overnight and
then distilled under vacuum twice before use.n-Butyllithium was used
without further purification.

Polymer synthesis was carried out in a Braun model MB20G
glovebox at 25°C in an atmosphere of prepurified nitrogen. Molecular
weights were determined by gel permeation chromatography (GPC)
with a Waters Associates liquid chromatograph equipped with a Waters
410 differential refractometer and a Viscotek T60A dual detector
consisting of a 90° angle laser light scattering detector (λo ) 670 nm)
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and a four-capillary differential viscometer. The triple-detector system
has been shown to provide absoluteMw values of PFS homopolymers,16

and we assume that it provides accurate values ofMw/Mn. 1H NMR
spectra were taken with a Varian Mercury 300 instrument operating at
300 MHz.

Synthesis and Characterization of Diblock Copolymers.A
detailed description of the synthesis of a poly(ferrocenylsilane-b-
dimethylsiloxane) is presented elsewhere.17 The first step involves the
initiation of the strained silicon-bridged [1]ferrocenophane withn-
butyllithium and the subsequent addition of hexamethyltrisiloxane (D3).
The reaction was terminated with chlorotrimethylsilane. Before adding
D3 to the reaction, an aliquot of the PFS homopolymer was withdrawn
from the reactor and analyzed by GPC. This sample allowed us to
determine the weight of the PFS block. TheMn of the homopolymer
and the unpurified diblock copolymer were determined by GPC analysis.
The block copolymer was then passed through a preparative size exclu-
sion column in THF to eliminate any homopolymer present in the
sample. From the composition of the purified diblock copolymer deter-
mined from its1H NMR spectrum in combination with the knownMn

of the PFS block, we calculated the degree of polymerization of the
block copolymers to be PFS40-b-PDMS480 and PFS80-b-PDMS960. 1H
NMR (300 MHz, C6D6, δ): 0.28 (s,OSiMe2), 0.54 (s, fcSiMe2), 4.10
(s, C5H4), 4.27(s, s, C5H4). Block ratio of PFS:PDMS) 1:12.

Preparation of Micelle Solutions.All micelle solutions described
in this paper have a concentration of 1.0 g/L. To ensure reproducibility,
all experiments were repeated at least three times. Experiments in
n-hexane andn-decane examine the temperature- and time-dependent
changes in micelle morphology.

(a) Experiments in n-Hexane. When a sample of solid PFS-b-
PDMS is dispersed by agitation inn-hexane at room temperature (23
( 0.5 °C), a clear solution forms. Samples were collected over time
(immediately/within 5 min, 1 day, 3 days, 1 week, 3 weeks, and 3
months) for transmission electron microscopy (TEM) analysis. Samples
were also prepared by addingn-hexane (10 mL, bp 68°C) to the diblock
copolymer (10 mg) in a flask or vial, which was then placed in a
preheated oil bath at 61( 0.5 °C for 30 min to 1 h. TEM samples
were prepared at this temperature by quickly spraying the micellar
solution onto a carbon film or by immersing a precoated copper grid
into the solution. Then the mixture was cooled to room temperature
over a period of 2 h. Samples were then collected over time.

(b) Experiments in n-Decane.Micelle solutions inn-decane (bp
174°C) were prepared by adding 10 mL of solvent to 10 mg of block
copolymer in a vial or flask, which was then placed in a preheated
oven or oil bath at 151( 0.5 °C for 30 min to 1 h.n-Decane does not
dissolve the block copolymer at room temperature. An aliquot was
withdrawn and immediately quenched in an ice bath. TEM samples
were then prepared by placing a 7-µL sample on a precoated copper
grid. Excess fluid was then removed with a clean piece of filter paper.
Samples were also prepared by quickly spraying a 20-µL sample of
the micellar solution at 151°C onto a carbon film. The rest of the
micellar solution was allowed to cool to room temperature over a period
of 6 h. Samples were then collected over time.

To explore the effects of temperature on sample preparation, the
block copolymer was also heated inn-decane in a preheated oil bath
at 61 °C for 30 min to 1 h. TEM samples were prepared at this
temperature by placing a 7-µL sample of the micellar solution onto a
precoated copper grid, which was placed on a filter paper, or by
immersing a precoated copper grid into the solution. Excess fluid was
then removed with a clean piece of filter paper. The mixture was
allowed to cool to room temperature over a period of 2 h. Samples
were then collected over time.

(c) Encapsulation of Tetrabutyllead. A sample of the block
copolymer PFS40-b-PDMS480 (10 mg) was dissolved inn-hexane (10
mL) at room temperature. Once the solution became homogeneous,
tetrabutyllead (100 mg, Gelest Inc.) was added, and the solution was
stirred at room temperature for 2 days. An aliquot of the solution was
removed, and a sample for TEM analysis was prepared by spraying
20-µL of this solution onto a carbon film onto a mica substrate.

Transmission Electron Microscopy and Energy-Dispersive X-ray
Measurements.Samples for TEM were prepared by aerosol spraying
a micellar solution (20µL) onto a carbon film (∼50 Å) grown on mica,
then floated off the mica, and placed on a 300-mesh gilder copper TEM
grid. To explore the effects of sample preparation on the micellar
morphology, TEM samples were also prepared by placing a 7-µL aliquot
onto a precoated copper grid and removing the excess fluid with a
clean piece of filter paper. Precoated copper grids were prepared by
floating a clean carbon film onto water and depositing the film on the
copper grids. No staining was necessary to image the PFS blocks by
TEM.

To visualize the entire micelle structure, our samples were coated
with Pt/C. For Pt/C shadow casting, the micelle sample on carbon-
coated mica was placed in a high-vacuum chamber coater (Edwards,
model E12E4) above a 5-mm spherical platinum source on a carbon
substrate. Pt/C atoms were vaporized onto the mica at a 30° angle at
high voltage at 10-5 Torr. The sample was then floated onto several
300-mesh copper grids.

TEM images were obtained with a Hitachi model 600 electron
microscope at 75 kV. Before every TEM session, the electron beam
was aligned to minimize optical artifacts. Energy-dispersive X-ray
(EDX) analysis was performed using a JEM2010F HRTEM/STEM field
emission electron microscope at 200 kV, using a Link Pentafet-Oxford
detector connected to an ISIS software (McMaster University, Hamilton,
ON, Canada).

Wide-Angle X-ray Scattering. Samples for wide-angle X-ray-
scattering (WAXS) measurements were prepared by casting a film from
a micelle solution (1 mg/mL) inn-hexane at room temperature onto
an aluminum substrate, followed by spontaneous evaporation of the
solvent. The films were∼10 µm thick. WAXS diffraction data were
obtained with a Siemens D500θ/2θ diffractometer with a Cu KR source
operating at 50 kV and 35 mA in the step scan mode.

Contact Angle Measurements.Contact angles were measured with
a Brice-Phoenix differential refractometer at 23°C. A film of poly-
(ferrocenyldimethylsilane) was prepared by solvent casting from toluene
and left under vacuum for 2 days. To measure the angles, the flat film
was placed on a glass slide. Angles were measured as soon as a 3-µL
drop of solvent (n-heptane,n-octane,n-nonane,n-decane, andn-
dodecane) was placed on the film. After 3 min, the contact angles were
measured again. In the case ofn-heptane andn-octane, the drops
evaporated after 3 min. All angles reported are averaged from repeated
measurements.

3. Results

Samples of well-defined PFS-b-PDMS were synthesized by
living anionic ring-opening polymerization as shown in Scheme

(16) Massey, J. A.; Kulbaba, K.; Winnik, M. A.; Manners, I.J. Polym. Sci.
Polym. Phys.2000, 38, 3032.

(17) Massey, J.; Power, K. N.; Manners, I.; Winnik, M. A.J. Am. Chem. Soc.
1998, 120, 9533.

Scheme 1

Nanotubes Formed from Block Copolymers A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 124, NO. 35, 2002 10383



1. The first step involves the initiation of the strained silicon-
bridged [1]ferrocenophane withn-butyllithium and the subse-
quent addition of hexamethyltrisiloxane (D3). The reaction was
terminated with chlorotrimethylsilane. The crude product was
purified by preparative size exclusion chromatography column
in THF.

To study the effect of molecular weight on self-assembly at
a given block ratio, we prepared two polymers differing by a

factor of 2 in molecular weight. The characteristics of these
polymers are presented in Table 1.

PFS40-b-PDMS480. (1) Experiments inn-Hexane.We begin
by examining the aggregates formed when a sample of solid
PFS40-b-PDMS480 is dispersed by agitation in hexane at room
temperature (23°C). TEM images of these aggregates show
that they have a tubular morphology (Figure 1a). These
nanotubes have contour lengths ranging from 60 to 600 nm, an
average wall thickness of 7 nm, and a cavity width of 9 nm.
Although the length of these micelles is polydisperse, the width
of these tubes (∼23 nm) and that of the cavity (9 nm) are
relatively uniform. From previous experience, we have learned
that, in unstained TEM images of PFS-b-PDMS cylindrical
structures, we are only able to see the electron-rich PFS
domains.8,17Thus, we infer that the walls of the tubes are formed
by the PFS blocks. When then-hexane solutions described above

Figure 1. TEM micrograph of PFS40-b-PDMS480 assemblies formed inn-hexane at room temperature. The samples were aerosol-sprayed onto a carbon
film. Samples were viewed (a) under bright-field mode in a CTEM (b) and under dark-field mode in a STEM. The inset in (a) shows a section of the image
at enhanced magnification. In this and subsequent figures, the insets correspond to an area of 150 nm× 150 nm. (c) WAXS pattern of film of PFS40-b-
PDMS480 assemblies prepared inn-hexane at room temperature.

Table 1. Characterization of the PFS-b-PDMS Samples

polymer
Mn

(PFS)a

Mn

(diblock)a

block
ratiob

Mn

(diblock)c PDIa

1 PFS40-b-PDMS480 9 700 46 800 1:12 45 300 1.01
2 PFS80-b-PDMS960 19 300 105 200 1:12 90 500 1.01

a Determined by GPC analysis.b Determined by1H NMR analysis.
c Determined fromMn(PFS) and1H NMR analysis.
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were allowed to age in the dark at room temperature, no changes
were observed by TEM over a 3-month period. We also found
identical structures when the samples for TEM were prepared
by aerosol spraying or solvent casting fromn-hexane.

Figure 1b shows a high resolution/scanning TEM (HRTEM/
STEM) micrograph in the dark-field mode. In dark field, the
cores of the structures, which we assign to the nanotube cavity,
appear darker than the shells of the tubes but slightly lighter
than the background. This result is consistent with a tubular
structure with electron-rich walls. We prepared a sample for
WAXS measurements by solvent casting from the micellar
solution described above. The solvent was allowed to evaporate
at room temperature. The WAXS pattern shows a single strong
reflection at 6.48 Å and a halo at the base of the peak from the
amorphous regions in the sample (Figure 1c).

Another method by which we prepared polymeric micelles
consisted of addingn-hexane to a known amount of solid
polymer1 (1.0 g/L), and heating the mixture for 30 min to 1 h
at 61°C (Figure 2). This temperature is above the glass transition
temperature of PFS (Tg ) 34 °C).18 Samples for TEM

measurements were prepared by quickly spraying small amounts
(20 µL) of the hot solution onto a carbon film or by immersing
a precoated copper grid in the solution. Figure 2a is a
representative TEM image of the sample prepared by spraying.
It shows aggregates that appear to be a mixture of nanotubes
and hollow spheres. The lengths of these tubes range from 250
to 400 nm, with widths similar to the nanotubes shown in Figure
1a,b. The spherical objects appear to be relatively monodisperse
in size with a diameter similar to the width of the tubes (∼23
nm). This solution was allowed to cool slowly to room
temperature over a period of 2 h. An aliquot was sprayed onto
a carbon film and viewed under TEM. No significant changes
in the morphology or the distribution of different species were
observed when compared to the sample shown in Figure 2a.

This sample was allowed to age for 3 days at room
temperature. Samples for TEM were prepared by spraying an
aliquot onto a carbon film. The image taken is shown in Figure
2b, where we observe that lengths of the tubes reach 2µm,
while their widths remain constant at∼23 nm. The images taken

(18) Manners, I.Chem. Commun.1999, 857.

Figure 2. TEM micrographs of PFS40-b-PDMS480 assemblies prepared inn-hexane at 61°C. In (a) the sample was prepared at 61°C. In (b) the solution
was cooled to room temperature and allowed to age for 3 days. (c) is a higher magnification micrograph of the sample in (b). (d) shows assemblies similar
to those in (b) coated with Pt/C at an angle of 30°. Samples for TEM analysis were aerosol-sprayed onto a carbon film.
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for this aged sample show a significantly smaller population of
hollow spheres than in the images of the samples prepared
initially at 61 °C (Figure 2a). Figure 2c is a high magnification
micrograph of the tubes present in Figure 2b.

Figure 2d is a TEM image showing aggregates from Figure
2b that were shadowed with platinum/carbon (Pt/C) at 30°.
Based on the angle of shadowing and the length of the shadow,
we calculated the height of the tubes to be 14-17 nm, whereas
the overall width ranges from 36 to 40 nm. When the objects
are coated with Pt/C, we are no longer able to see the cavity of
the tubes or spheres in the sample.

One week after preparing the solution at 61°C, we prepared
a sample for TEM by spraying an aliquot onto a carbon film
(Figure 3a). Here we find that the length of the tubes has reached
∼4 µm and that the spheres are no longer present. The widths
of these tubes are the same as the ones observed in Figure 2b.
A film prepared from this solution was analyzed by WAXS.
Figure 3b shows the WAXS pattern of the film, which reveals
a strong reflection at 6.49 Å, a moderate reflection at 7.30 Å,
and a weak peak at 3.21 Å.

(2) Experiments in n-Decane. We examined aggregates
formed inn-decane by adding the solvent to a sample of solid
PFS40-b-PDMS480 in a vial (1.0 g/L) and heating it at 151°C
(above theTm of PFS, 122-143 °C).18 Although the diblock
copolymer itself is not soluble inn-decane at room temperature,
heating produces a homogeneous solution, which remains clear
upon cooling back to room temperature. After the solution was
heated at 151°C for 30 min, a 20-µL aliquot of the hot solution
was rapidly sprayed onto a carbon film. Another 1-mL aliquot
was quenched in an ice bath, and a 7-µL drop of the cold
solution was placed on a precoated copper grid. Excess fluid
was withdrawn with a piece of filter paper. Both samples gave
similar TEM images. Thus, we conclude that sample preparation
by either method does not affect the morphologies found in the
TEM images. Figure 4a is a representative TEM micrograph

showing the aggregates formed at 151°C. These aggregates
are dense spherical micelles, with PFS core diameters ranging
from 10 to 15 nm.

The micelle solution was then allowed to cool to room
temperature over a period of 6 h. Samples were prepared by
placing a 7-µL drop on a precoated copper grid. Figure 4b is a
TEM image of the sample prepared in this way. One sees
aggregates with irregular morphologies and sizes ranging from
750 nm to 3.5µm in length. After this solution was allowed to
age for 5 days at room temperature, another sample for TEM
was prepared (Figure 4c). Here we see an example of an unusual
morphology in which a single cylindrical object appears to have
grown out of a large aggregate.

When this same solution was allowed to age 3 weeks at room
temperature, the images seen in the TEM are very different.
Now only long nanotubes are observed, with an average shell
thickness of 7 nm and a cavity 7 nm wide (Figure 5a). The
tubules are so long that a single low-magnification micrograph
is not sufficient to measure the contour length (Figure 5b).
However, by scanning through large areas in the microscope,
we are able to estimate the lengths as up to∼0.1 mm. We did
not observe any further changes in the morphology of the
aggregates in the solution over a period of 6 months.

We then explored the formation of aggregates inn-decane at
61°C. We prepared the solution by addingn-decane to a sample
of solid PFS40-b-PDMS480 in a flask, which was then placed in
a preheated oil bath. After maintaining this temperature for 30
min, a 7-µL drop was placed on a precoated copper grid placed
on a filter paper. As soon as the drop came into contact with
the grid, the excess fluid was immediately absorbed by the filter
paper. We hoped that this method would minimize the cooling
time of the sample before the solvent was removed. Other
samples for TEM were prepared by dipping a precoated copper
grid into the micellar solution at 61°C. TEM images from both
types of samples show the presence of a mixture of spherical

Figure 3. (a) TEM micrograph of PFS40-b-PDMS480 assemblies prepared inn-hexane at 61°C and cooled to room temperature and left to age for 1 week.
The inset shows a section of the image at enhanced magnification. The solution was then allowed to age for 1 week. Samples for TEM analysis were
aerosol-sprayed onto a carbon film. (b) WAXS pattern of a film of PFS40-b-PDMS480 assemblies from (a).
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micelles with diameters of 10-12 nm and dense wormlike
micelles with diameters of∼15 nm (Figure 6a). The cylindrical
micelles have lengths ranging from 60 to 200 nm.

After cooling the solution to room temperature over 2 h, a
sample was taken and examined by TEM. We see in Figure 6b
that only nanotubes are present. The width of these nanotubes
is similar to those prepared in the previous experiment (Figure
5a), and the lengths here reach 3µm. Nanotubes with lengths
reaching 100µm (as in Figure 5b) can be grown by allowing
the solution to stand for 1 day at room temperature.

(3) Encapsulation of Tetrabutyllead. We attempted to
encapsulate tetrabutyllead (Pb(n-Bu)4) inside nanotubes formed
from PFS40-b-PDMS480. We first prepared the aggregates (1 mg/
mL) in n-hexane at room temperature (Figure 1a). A small
amount of Pb(n-Bu)4 (100 mg) was added to 10 mL of the
micellar solution, and then the mixture was stirred for 2 days.
A 20-µL sample of this mixture was sprayed onto a carbon film,
and then the carbon film was floated off onto a series of copper
grids. Figure 7a is a TEM micrograph of the sample obtained
in this way. The widths of the structures are∼20 nm, and the
cavity is no longer visible. Pb(n-Bu)4 is relatively volatile. In

designing this experiment, we imagined that any excess Pb(n-
Bu)4 that was not trapped inside the aggregates would spontane-
ously evaporate inside the high-vacuum sample chamber of the
TEM. We carried out EDX measurements on a single aggregate
(Figure 7b). The EDX spectrum contains peaks that can be
assigned to the presence of Fe (MR1 ) 6.40 keV) from the
ferrocene groups in PFS, Si (KR1 ) 1.74 keV) from the silane
and siloxane groups in PFS and PDMS, respectively, and Pb
(MR1 ) 2.34 keV, LR1 ) 10.6 keV) from the encapsulated lead
compound. The peaks for both Pb and Fe are very weak, barely
visible above the background noise. Despite repeated experi-
ments in order to improve the quality of the EDX data, we
obtained reproducibly similar results.

PFS80-b-PDMS960. The methods used to prepare micellar
solutions and samples for TEM were the same as those described
in the previous section (PFS40-b-PDMS480).

(1) Experiments in n-Hexane.We begin by exploring the
types of aggregates formed when a sample of solid PFS80-b-
PDMS960 (polymer2) is dispersed at 1 mg/mL inn-hexane at
room temperature to form a transparent solution. A sample from
the solution was sprayed on a carbon film and imaged under

Figure 4. TEM micrographs of PFS40-b-PDMS480 assemblies formed inn-decane prepared at 151°C. In (a) the sample was aerosol-sprayed at 151°C onto
a carbon film. In (b) the solution was cooled to room temperature over a period of 6 h. In (c) the solution was examined by TEM after 5 days at inn-hexane
at 23°C. Samples for TEM analysis in (b) and (c) were prepared by placing a 7-µL drop of the solution onto a precoated copper grid.
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TEM (Figure 8a). The micrograph shows the presence of
nanotubes with a PFS wall thickness of 7 nm, a cavity width of
11-12 nm, and lengths reaching 2µm. In addition, one can
see that spherical objects are also present. These have similar
overall diameters, but it is very difficult to tell whether they
are hollow.

We let the solution age for 1 week at room temperature and
then prepared another sample for TEM (Figure 8b). Here we
see that only nanotubes are present, and no spherical aggregates
can be observed. Wall and cavity thicknesses are similar to those
shown in Figure 8a, but the nanotubes themselves are 4µm
long. A 3-day-old sample from the micellar solution described
above was sprayed onto a carbon film and shadowed with Pt/C
at an angle of 30° (Figure 8c). Based on the angle of shadowing,
we calculate the height of both the tubes and spherical
aggregates to be 15-18 nm, whereas the overall width ranges
from 45 to 52 nm.

We also examined the aggregation of polymer2 in n-hexane
by dissolving a solid sample of the polymer at 61°C. While

this temperature was maintained, TEM samples were prepared
both by aerosol spraying and by immersing a precoated copper
grid in the solution. Figure 9a is a TEM micrograph of the
sample prepared by spraying. It shows both hollow spheres and
tubular aggregates with lengths reaching 2µm. The thickness
of the PFS shell is 7 nm and the cavity is∼12 nm wide. The
hollow spheres have a shell thickness of 6 nm. The solution
was allowed to cool to room temperature over a period of 2 h.
An aliquot was then sprayed onto a carbon film and viewed
under TEM. The sample showed no significant changes in the
morphology or the distribution of species from those observed
in Figure 9a. The micellar solution was allowed to age for 2
weeks at room temperature. Samples for TEM were prepared
by spraying an aliquot onto a carbon film (Figure 9b). We see
in the micrograph that the nanotubes are up to 4µm in length,
and no spherical aggregates are present.

(2) Experiments Performed inn-Decane.We examined the
aggregation of polymer PFS80-b-PDMS960 in n-decane above
the Tm of PFS by adding the solvent to a known amount of

Figure 5. TEM micrographs of PFS40-b-PDMS480 assemblies prepared inn-decane at 151°C and cooled to room temperature. Samples were imaged (a)
after 3 weeks. The inset shows a section of the image at enhanced magnification. (b) is a lower magnification image of the sample in (a). Samples for TEM
analysis were prepared by placing a 7-µL drop of the solution onto a precoated copper grid.

Figure 6. TEM micrographs of PFS40-b-PDMS480 assemblies formed inn-decane at 61°C. (a) Image of the initially prepared sample. (b) After cooling to
23 °C over a period of 2 h. The inset shows a section of the image at enhanced magnification. Samples for TEM analysis were prepared by placing a 7-µL
drop of the solution onto a precoated copper grid at room temperature.
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solid polymer and then heating the mixture at 151°C. After 30
min, samples for TEM were prepared. Figure 10a is a TEM
image of a sample prepared by spraying 20µL of the hot
solution onto a carbon film. It shows the presence of small dense
spherical objects with diameters ranging from 6 to 15 nm. After
cooling the micellar solution to room temperature over a period
of 6 h, a small portion of the material precipitated out of
solution. A 7-µL aliquot of the soluble portion was collected
and a sample for TEM was prepared. Figure 10b is an image
of this sample, and it shows the presence of small spherical
aggregates (∼15 nm in diameter) and compound aggregates up
to 200 nm in diameter. After this solution aged for 3 months at
room temperature, we prepared samples for TEM. These images
showed structures essentially the same as those shown in Figure
10b.

We also examined the aggregation of this polymer inn-decane
at 61 °C. After the mixture was heated for 30 min, a sample
for TEM was prepared by placing a 7-µL drop of the hot solution
on a precoated copper grid. Figure 11a is a TEM micrograph
showing the presence of compound spherical aggregates co-
existing with cylindrical structures. The lengths of these
cylindrical aggregates range from 250 nm to 2µm, and the
overall diameters vary between 15 and 45 nm. Some of these
aggregates appear to be tubular. It is noteworthy that polymer
PFS80-b-PDMS960 did not completely dissolve inn-decane at
61 °C; only about half of the material dissolved.

We then let the solution cool to room temperature over a
period of 2 h. Another sample for TEM was prepared. In these

images, the cylindrical aggregates appear to have grown. The
lengths of the cylinders range from 1µm to tens of micrometers
(Figure 11b). The widths of these aggregates are not uniform,
and most of them appear to be dense cylinders. In these samples,
the population of compound spherical aggregates appears to be
smaller than in Figure 11a.

We allowed the solution to age for 1 day at room temperature,
and another sample for TEM was prepared. The TEM micro-
graph of this sample showed well-defined cylindrical aggregates
as the only structures in the sample (Figure 11c). Most of them
appear to have a tubular morphology, with lengths up to 100
µm. The widths range from 24 to 35 nm. Table 2 summarizes
the dimensions of the tubular structures observed in this study.
We list the diameters of the cavities, the PFS wall thicknesses,
and the contour lengths. The sizes listed in the table are those
of the nanotubular morphologies that did not change over a time
scale of months.

Discussion

Wide-Angle X-ray Scattering. PFS is a crystalline poly-
mer.10,18A detailed crystal structure has been reported for single
crystals of the pure pentamer.19 Many of the reflections
characteristic of the pentamer appear in the WAXS pattern of
a high molecular weight nonoriented PFS film, which revealed
a main reflection at 6.36 Å.10aWe have expressed the view that
the nonspherical morphologies we observe with PFS diblock

(19) Rulkens, R.; Lough, A. J.; Manners, I.; Lovelace, S. R.; Grant. C.; Geiger,
W. E. J. Am. Chem. Soc.1996, 118, 12683.

Figure 7. (a) TEM micrograph of PFS40-b-PDMS480 assemblies formed inn-hexane at room temperature after being stirred with Pb(n-Bu)4 for 2 days. The
sample was aerosol-sprayed onto a carbon film. (b) EDX spectrum of a single assembly shown in (a). (c) EDX spectrum of a single dense wormlike micelle
(PFS50-b-PDMS265) after being stirred with Pb(n-Bu)4 in n-hexane for 2 days.
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copolymers arise as a consequence of the crystallinity of the
PFS block.8 In the examples reported here, the crystallinity of
the PFS block is supported by the single reflection at 6.48 Å in
the WAXS pattern (Figure 1c). Since PDMS is in its melt state
at room temperature, PFS is the only domain able to provide
such a reflection. Interestingly, the WAXS pattern of nanotubes
formed by initial heating at 61°C (Figure 3b) shows three
reflections, while the WAXS pattern of the nanotubes formed
at room temperature shows only one reflection (Figure 1c). We
can observe in Figure 3b a very weak peak at 3.21 Å, which is
consistent with a second-order reflection (roughly half the value
of 6.49 Å). Furthermore, the amorphous region between the
diffraction angles 15° and 16° in Figure 1c is no longer present
in Figure 3b. This information suggests that PFS chains are
slightly more ordered in nanotubes formed at 61°C than in
those formed at room temperature.

Encapsulation, STEM, and Pt/C Shadowing Experiments.
In this section, we examine evidence that the tubular structures
seen in many of the TEM images are in fact hollow. We also
try to infer from the Pt/C shadowing experiments if they are
round.

Under conventional transmission electron microscopy (CTEM),
the elongated aggregates appear to be hollow. However, optical
artifacts, such as Fresnel fringes, associated with defocusing
can make a dense cylinder appear as a tube. To test for this
possibility, we carried scanning transmission electron micros-
copy (STEM) measurements in the dark-field mode. In this
technique, one monitors electron backscattered from the speci-
men by a detector, and optical aberrations can be minimized.20

The STEM micrograph shown in Figure 1b shows that the same
aggregates seen in Figure 1a also appear hollow in the dark-
field image. The STEM image shows the presence of structures
consistent with nanotubes having electron-rich shells formed
from the crystalline PFS blocks.

Further evidence to support the presence of a cavity comes
from encapsulation experiments with Pb(n-Bu)4. We chose this
lead derivative for three reasons. First, we wanted to use a
n-hexane-soluble compound containing an electron-rich atom

(20) (a) Reimer, L.Transmission Electron Microscopy: Physics of Image
Formation and Microanalysis; Springer-Verlag: Berlin, 1984; pp 112-
125. (b) Murr, L. E.Electron and Ion Microscopy and Microanalysis:
Principles and Applications; Marcel Dekker: New York, 1991; pp 590-
593. (c) Joy, D. C.; Maher, D. M.; Cullis, A.J. Microsc.1976, 108, 185.

Figure 8. TEM micrographs of PFS80-b-PDMS960 assemblies prepared inn-hexane at room temperature. In (a) the sample was prepared immediately after
dissolution. In (b) the sample was prepared after 1 week. In (c) the sample was allowed to age for 3 days and then coated with Pt/C at an angle of 30°.
Samples for TEM analysis were aerosol-sprayed onto a carbon film.
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in order to image it under TEM. Second, we knew that not all
of the small molecules would be encapsulated. We wanted the
excess nonencapsulated compound to be volatile enough to
evaporate under the high vacuum of the TEM. Third, we wanted
the heavy atom in the molecules to be different from iron so
that its presence could be detected by EDX. Figure 7a shows a
TEM image of the nanotubes with Pb(n-Bu)4 inside the cavity.
The structures seem dense, but we do not see a dark line due to
a cavity densely packed with Pb(n-Bu)4. The EDX spectrum
shown in Figure 7b confirms the presence of Pb inside the
micelles. Although the peak due to Pb is weak, it is comparable
in intensity to the Fe peak, which comes from the repeat unit
of the crystalline PFS block.

To rule out the possibility that Pb(n-Bu)4 is adsorbed on the
micelle surface, a control experiment was performed by stirring
dense cylindrical micelles (composed of PFS50-b-PDMS265, 1:5.3
block mole ratio) with Pb(n-Bu)4. As in the case of the
aggregates formed by PFS40-b-PDMS480, Pb(n-Bu)4 was stirred
at room temperature with the micelles of PFS50-b-PDMS265 in

n-hexane for 2 days. A sample for TEM was then prepared by
spraying an aliquot of the mixture onto a carbon film. The EDX
spectrum showed no trace of a peak for Pb in this sample of
dense wormlike micelles (Figure 7c). We conclude that the EDX
peak for Pb in the PFS40-b-PDMS480 sample indicates that Pb(n-
Bu)4 was encapsulated in the interior of a tubular structure. We
propose a model for the cross section of the tubes in Figure 12.
This drawing does not consider how the chains in the crystalline
core are folded, a topic that we consider in more detail below.

Pt/C shadow-casting experiments were performed on the long
tubes prepared from PFS40-b-PDMS480 in n-hexane at 61°C at
an angle of 30° (Figure 2d). From the length of the shadows,
we calculate a height of 14-17 nm. The height includes the
contribution of the PDMS chains. This compares with an overall
width of 36-40 nm. From direct observation of the TEM
images, we found a tube width of 23 nm and a width of the
PFS shell of 7 nm. The combination of the Pt/C shadowing
and the direct transmission images indicate that the tubes are
wider than they are high. There are two explanations for this

Figure 9. TEM micrographs of PFS80-b-PDMS960 assemblies prepared inn-hexane at 61°C. In (a) the sample was prepared at 61°C. In (b) the solution
was cooled to room temperature and allowed to age for 2 weeks. Samples for TEM analysis were aerosol-sprayed onto a carbon film.

Figure 10. TEM micrographs of PFS80-b-PDMS960 assemblies formed inn-decane prepared at 151°C. In (a) the sample was aerosol-sprayed at 151°C onto
a carbon film. In (b) the solution was cooled to room temperature over a period of 6h, and a 7-µL drop of the solution was placed onto a precoated copper
grid.
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result. First, the tubular micelles themselves may have an oval
shape. Alternatively, the tubes may have a round cross-section
in solution but tend to flatten on the substrate. There is no
evidence to support either possibility. One can imagine,
however, that ribbonlike structures deposited by aerosol spraying
might twist prior to deposition. We have never seen any
indication of twisted structures in our TEM images.

Solvent Effects on the Persistent Structures.The block
copolymers described in this paper have a strong tendency to
form nanotubular structures. While we believe that nanotubes

represent the equilibrium morphology of the 1:12 block
copolymers inn-hexane and inn-decane at 23 and 61°C, it is
difficult to establish unambiguously that these structures have
reached their equilibrium state. For example, it is possible that
the structures formed by the lower molecular weight block
copolymer have reached their equilibrium diameter, but they
may not have reached their equilibrium length. In this section,
we are concerned with the structures formed after long aging,
and to avoid confusion, we will refer to these as “persistent”
structures. In this way, we admit that some aspect of their

Figure 11. TEM micrographs of PFS80-b-PDMS960 assemblies formed inn-decane at 61°C. (a) Image of the initially prepared sample. (b) After cooling
to 23 °C over 2 h. In (c) the sample was allowed to age for 1 day at room temperature. Samples for TEM analysis were prepared by placing a 7-µL drop
of the solution onto a precoated copper grid at room temperature.

Table 2. Persistent Dimensions of Nanotubes Formed under Given Conditionsa

n-hexane n-decane

block copolymer 23 °C 61 °C 61 °C 151 °C

PFS40-b-PDMS480 dcavity
b (nm) 9 9 7 7

PFS wall thickness (nm) 7 7 7 7
Lmax

c (µm) 0.6 4 ∼100 ∼100
PFS80-b-PDMS960 dcavity

b (nm) 11-12 11-12 10-21 -d

PFS wall thickness (nm) 7 7 7 -
Lmax

c (µm) 4 4 ∼100 -

a These are the “final structures’ observed by TEM in our experiments. In each instance, these structures persisted for at least 1 month after the final
measurements reported in the text.b Cavity diameter c Typical contour length of the nanotubes as estimated from the TEM images.d No tubular structures
formed from this sample.
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structure may be kinetically trapped. To provide a framework
for our discussion of these structures, we begin with a brief
review of the theory of Vilgis and Halperin11 on the structure
of self-assembled structures formed in selective solvents in
which the insoluble block is crystalline.

Vilgis and Halperin considered aggregates with a crystalline
core, in which the crystalline chain, of lengthNB, adopts a tight
folding conformation (Figure 13a). A sharp interface divides
the crystalline core from the solvent-swollen corona formed by
the soluble block of lengthNA. The corona chains are treated
as though they are grafted to the core at a spacing that depends
on the number of foldsnf per core block. The overall shape of
the self-assembled structure depends on the interplay between
the interfacial energy between the core and the solvent and
stretching within the corona. Thus, the response to strong corona
chain repulsion is a larger number of thinner folds in the
crystalline core-forming chain.

Two interfacial energies enter into the description of the
surface free energy per chain (Fsurface), σf, the surface tension
associated with the fold surface, andσl, the lateral surface
tension.

wherea is the size of the monomer,T is temperature, andk is
the Boltzmann constant. A representative structure showing the
origin of σl and σf is shown in Figure 13b. The equilibrium
free energy is expressed as

Within the core, the distanceD between grafting sites and the
layer thicknessl are given by

According to this theory, D/l is proportional toσl/σf. Thus, one
can have an anisotropic structure with many folds per chain
(with D . l) when the lateral surface tensionσl is much larger
than the surface tensionσf associated with the folds.

In Table 2, we summarize our observations about the long-
lived structures formed in hexane and in decane at the
temperatures we examined. These are the structures that persist
for more than 1 month after structure evolution appears to cease.
In the case of PFS40-b-PDMS480, the cavity diameter of the tubes
formed inn-decane (7 nm) is smaller than that (9 nm) of the
tubes formed inn-hexane. We obtained the same result
independent of the initial sample preparation temperature. In
contrast, the wall thickness inferred from the TEM images is 7
nm in both solvents. In the case of PFS80-b-PDMS960, the
differences in tube width are less clear. The PFS wall thickness
remains at 7 nm, despite the doubling of the length of the PFS
block. The cavity diameter is larger, but inn-decane there is a
broad variability in cavity diameter for structures formed at 61
°C, and the system prepared at 151°C in n-decane does not
evolve to tubes under the sample aging conditions we employ.
The most striking difference between the tubes formed in
n-hexane and those formed inn-decane is the length of the tubes
that are formed. The tubular structures formed inn-hexane have
lengths of at most a few micrometers, whereas the structures
formed inn-decane have lengths of 100µm or longer.

To assess whether some feature of the interfacial energy
between the core and the solvent is responsible for this change,
we measured the contact angle of a series ofn-alkane solvents
on the surface of the PFS homopolymer. The central column
of Table 3 lists the values of the contact angle immediately
after application of a solvent droplet to the film. This can be
thought of as an advancing contact angle. The right-hand column
reports the contact angle taken 3 min after the droplet was

Figure 12. Schematic cross-section of a tube. The PDMS chains are
represented by the coils, and the PFS shell is represented by the dark rods.

Fsurface
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Figure 13. (a) A monolayer layer structure satisfying the Vilgis and
Halperin model of how the crystalline block and the soluble block pack in
an aggregate formed in a selective solvent. (b) A schematic platelet formed
by coil-crystalline block copolymers showing the origin ofσl andσf.

Table 3. Contact Angles Measured for n-alkanes on a PFS Film

θav (deg)

solvent immediately after 3 min

n-dodecane 26.2 19.0
n-decane 22.7 12.7
n-nonane 17.3 9.8
n-octane 14.3 a
n-heptane 10.2 a

a Solvent evaporated and no measurement was possible.
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applied. Since these droplets contracted in size due to solvent
evaporation, they can be thought of as receding contact angles.
n-Hexane, unfortunately, evaporated too quickly for a contact
angle to be measured. Nevertheless, the trend in these values is
clear. The interfacial energy between PFS and the lower linear
alkanes is much smaller than that between PFS and decane or
dodecane. While we cannot separate these surface free energies
into their σf and σl components, we can conclude thatFsurface

(eq 2) is significantly larger for the core inn-decane than in
n-hexane. The massive change in the length of the tubes that
form in the two solvents may point to a strongly unfavorable
surface energy inn-decane associated with the ends of the tubes.
The change in solvent may have a much larger effect onσl than
on σf.

There is evidence in the literature based on Flory-Huggins
interaction parameters thatn-decane is a poorer solvent than
n-hexane for PDMS.21 Thus, we expect an expanded corona
and greater stretching of the corona chains inn-hexane than in
n-decane. From this perspective, we expect a larger value of
Fcorona for the polymer inn-hexane than inn-decane. The
interplay betweenFcoronaandFsurfaceallows us to rationalize the
larger tube cavity found for structures formed inn-hexane.
PDMS chains pointing into the tube interior are swollen with
solvent and, because of the negative curvature of the interior
surface, experience much stronger repulsion than PDMS chains
on the exterior surface. Interactions across the tube interior may
even limit the extent of stretching accessible to the corona in
the tube interior. The system appears to respond by enlarging
the cavity rather than by increasingnf, which would lead to
thinner walls.

On the basis of eq 4, one would expect the wall thickness to
increase as the molecular weight increases obeying a power law
of 1/3. However, this is not the case in our system. As one can
observe from Table 2, the wall thicknesses of tubes formed by
PFS40-b-PDMS480 and PFS80-b-PDMS960 remain constant at 7
nm. Assuming that the PFS blocks undergo chain folding, there
would be an average of four folds for PFS40-b-PDMS480 and
eight folds for PFS80-b-PDMS960 to maintain this shell thickness.
Clearly, in the tubes formed by the higher molecular weight
block copolymer, thenf increases in order to minimize the
corona repulsion. A possible explanation for the discrepancy
between our data and the relation described in eq 4 is that the
model does not take into account theFcoronaof a wormlike, or
tubular, micelle that has a curved interface.

Morphology Evolution. One of the most challenging aspects
of the research reported here is to understand the factors that
affect the changes in morphology that we observe. For example,
it is relatively straightforward to rationalize the finding of small
spherical micelles in the solution inn-decane above the melting
temperature of the PFS block. Polymers in which the soluble
block is 12 times longer than the insoluble block should form
starlike micelles. It is a much bigger challenge to understand
how the morphology evolves when this solution of star micelles
is cooled and the core attempts to crystallize. The length of the
insoluble block has an important influence on the evolution rate.
The shorter polymer, PFS40-b-PDMS480, readily rearranges to
form nanotubes, whereas under the conditions reported here,

the longer polymer does not. It becomes trapped in some
intermediate state.

In the course of this research, we have seen examples in which
the initially prepared solution appeared to contain hollow
spherical structures (vesicles) in addition to relatively short (60-
600 nm) tubular structures and a very small number of longer
tubes. One example is shown in Figure 2 for aggregates prepared
in hexane at 61°C. Over time, the sphere population decreases
and the tubes grow longer. We infer that the tubes grow at the
expense of the spheres perhaps by fusion or coalescence.
Evidence for this type of growth mechanism has been reported
by Yu and Eisenberg, when they formed “crew-cut” tubules
from PS-b-PEO.3e In that study, the authors described the
formation of vesicles in water/DMF mixtures. They reported
that, upon aging, their sample evolved. The ratio of tubes to
vesicles increased, suggesting that the vesicles were the precur-
sors of the tubules. The authors were able to capture TEM
images of possible intermediates of the vesicle-to-tubule transi-
tions. Although there is no theory describing the formation of
tubular structures by block copolymers in selective solvents,
de Gennes predicted the formation of tubules from lipid-based
bilayer membrane vesicles.22

One of the most challenging observations to understand is
that freshly prepared solutions of PFS40-b-PDMS480 in n-decane
at 61°C show the presence of short dense cylinders and small
spheres (Figure 6a). Upon cooling the solution to room
temperature, the structures rearrange and grow into well-defined
nanotubes. This rearrangement is relatively rapid, occurring in
only 2 h (Figure 6b). The nanotubes seen in Figure 6b are
significantly wider (21 nm) than the dense cylinders (10-15
nm) formed initially (Figure 6a). We cannot explain why the
system initially forms dense cylinders, but we can try to
rationalize why these cylinders rearrange to hollow tubes as
the solution is cooled.

The ø-parameter for PDMS inn-alkane solvents is reported
to decrease with increasing temperature.23 At higher tempera-
tures, the PDMS corona chains are more swollen. Steric
repulsion among corona chains promotes curvature at the core-
corona interface to increase the volume accessible to each corona
chain. When the temperature is lowered, the PDMS chains
contract, and this steric repulsion is diminished. Thus, cooling
a sample would favor a decrease in the curvature of the interface.
Under normal circumstances, this deswelling would provide a
driving force for the diameter of core to increase. We speculate
that the dense core of the cylindrical structure may not be able
to accommodate a decrease in curvature, which would require
a rearrangement of the insoluble crystalline PFS block to fill
the volume of the core. A rearrangement to a hollow structure
with PDMS chains protruding from both the interior and exterior
surfaces might allow an optimum balance betweennf and the
curvature of the interface.

Our observations have some features in common with results
reported by Yu and Eisenberg3e for polystyrene-b-poly(ethylene
oxide) (PS-b-PEO) vesicles and tubules in water/DMF mixtures.
They found that adding salt to these solutions led to an increase
in the diameter of the self-assembled structures. They argued

(21) (a) Hammers, W. E.; De Ligny, C. L.J. Polym. Sci. Polym. Phys. Ed.
1974, 12, 2065. (b) Chahal, R. S.; Kao, W.-P.; Patterson, D. J. Chem. Soc.,
Fraday Trans. 11973, 69, 1834.

(22) De Gennes, P.-G.C. R. Acad. Sci. Ser. 21987, 304, 259.
(23) (a) Summers, W. R.; Tewari, Y. B.; Scheiber, H. P.Macromolecules1972,

5, 12. (b) Sugayima, K.; Kuwahara, N.; Kaneko, M.Macromolecules1974,
7, 66.
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that the increase in ionic strength promoted the dehydration (i.e.,
reduction in swelling) of the corona chains.

Summary

We have examined the self-assembly in hexane and in decane
of two PFS-b-PDMS block copolymers, each with a block ratio
of 1:12. The PFS domains in these structures are crystalline
and exhibit WAXS peaks similar to those of PFS homopolymers.
Depending on the temperature and the details of sample
preparation conditions, we observe by TEM a variety of
structures in the initially prepared sample. The final morphology
of both polymers in both solvents is that of nanotubes. We were
able to confirm the presence of a cavity inside these tubes by
encapsulating Pb(n-Bu)4. The tubes formed are much longer in
decane (∼100µm) than in hexane (up to 4µm). In both solvents,
the tubes have wall thicknesses, as inferred from the TEM
images, of 7 nm for the lower molecular weight block copolymer
(PFS40-b-PDMS480). The interior cavity is wider (9 nm) for the

tubes inn-hexane than for the tubes inn-decane (7 nm). We
rationalize these differences by showing that the interfacial
energy of the PFS core is significantly higher inn-decane than
in n-hexane.

In conclusion, in this paper we demonstrate that the crystal-
lization of the insoluble block allows access to remarkable
tubular assemblies. The hollow structures revealed here are
intriguing for encapsulation purposes and because of their redox
activity and preceramic potential. Further work aimed at
exploring these novel possibilities is in progress.
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