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’ INTRODUCTION

Functional one-dimensional (1D) nanostructures have re-
ceived considerable recent attention due to their emerging utility
in a variety of materials-based applications.1 Several strategies toward
the realization of the nanomaterials exist, including the self-
assembly of organic molecules2 and nanoparticles,3,4 functiona-
lization of virus particles,5 self-assembly of inorganic6 and carbon-
based materials,7 synthesis of molecular brushes,8 and self-assembly
of “hairy-rod” macromolecules9 and oligopeptides.10 Recent
advances concerning the solution self-assembly of block copoly-
mers suggest a promising alternative strategy for the realization
of functional 1D nanostructured materials.11 A wide range of
morphologies including disks,12 helices,13 toroids,14 vesicles,15

and more complex structures16 have been reported. Cylindrical
(or nanofiber) micelles17�20 based on block copolymers have
emerged as interesting examples due to their potential utility as
templates for nanoparticles,21 as precursors for nanostructured
ceramic materials,22 as strength-enhancing additives in plastics,23

as etch resists,24 and in drug delivery.25 In addition, the structural
control and the ability to “lock-in” structures by making them
permanent through core and coronal cross-linking chemistries
offer potential advantages for a range of applications.26

Most studies of the solution self-assembly of block copolymers
have involved materials in which the core-forming block is amor-
phous. Recently, the solution self-assembly of crystalline-coil block
copolymers has attracted growing attention with the demonstra-
tion that crystallization of the core can direct self-assembly
toward morphologies with intrinsically low interfacial curvature,
such as cylinders and platelets that are otherwise difficult to
access.17,20,27 The self-assembly of diblock copolymers containing a
polyferrocenyldimethylsilane (PFS) metalloblock as the crystal-
line, core-forming segment has provided a route tomonodisperse
cylindrical micelles29 as well as a variety of complex architectures
including block comicelles,30,31 hierarchical scarf-like micelles
andmicelle brushes,32 and pointed ovals.33 The control exhibited
in these systems arises from a crystallization-driven living self-
assembly growth mechanism, which is believed to operate via
epitaxial growth of PFS at the micelle ends. Recent developments
indicate that this process is extendable to crystallizable, core-
forming blocks based on other polymer systems, including organic
materials.20,32,34Understandinghowthe core-formingblock crystallizes
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ABSTRACT: The self-assembly of block copolymers in selective solvents
represents a powerful approach to functional core�shell nanoparticles.
Crystallization of the core can play a critical role in directing self-assembly
toward desirable, nonspherical morphologies with low mean interfacial
curvature. Moreover, epitaxial growth processes have been implicated in
recent advances that permit access to monodisperse cylinders, cylindrical
block comicelles with segmented cores and/or coronas, and complex
hierarchical architectures. However, how the core-forming block crystal-
lizes in an inherently curved nanoscopic environment has not been resolved. Herein we report the results of synchrotron small-angle
X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS) studies of well-defined, monodisperse crystalline-coil
polyisoprene-block-polyferrocenylsilane cylindrical micelles aligned in an electric field. WAXS studies of the aligned cylinders have
provided key structural information on the nature of the PFS micelle core together with insight into the role of polymer crystallinity
in the self-assembly of these and potentially related crystalline-coil block copolymers.
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in a nanoscopic environment with inherent curvature is therefore
of key importance.

We previously reported preliminary studies of the liquid-crystal-
line properties of monodisperse 730 nm long PI550-b-PFS50
cylindrical micelles that revealed an electric field-responsive ne-
matic-like phase at a concentration of 50 mgmL�1 in decane.29 In
the present study, we examined a field-aligned sample of mono-
disperse PFS-b-polyisoprene (PI) cylindrical micelles grown from
PFS-b-polydimethylsiloxane (PDMS) crystallites by synchrotron
small-angle X-ray scattering (SAXS) and wide-angle X-ray scatter-
ing (WAXS). Crucially, the alignment behavior confirmed by
SAXS studies allowed for the structure of the crystalline PFS
micelle core to be studied and for the orientation of the PFS
polymer chains with respect to the direction of cylinder growth to
be explored. These results represent a significant advance toward
understanding the mechanism of crystallization-driven living self-
assembly in this and other systems.

’RESULTS

The amphiphilic block copolymers employed in this study
were prepared by the previously reported sequential living anionic
polymerization of dimethylsila[1]ferrocenophane 1 and an ap-
propriate co-monomer.35 PFS28-b-PDMS560 2, where the sub-
scripts refer to the number-average degree of polymerization, was
prepared by addition of hexamethylcyclotrisiloxane [(Me2SiO)3]
containing 12-crown-4 in THF to a solution of n-BuLi-initiated
living PFS before the addition of trimethylsilylchloride (TMSCl)
to quench the living chain. PI637-b-PFS53 3 was prepared by
addition of 1 to a solution of s-BuLi-initiated PI, before the living
chain was terminated by addition of a few drops of degassed
methanol. The molecular weight of the diblock copolymers
was determined using a combination of gel permeation chroma-
tography (GPC) and integration data from 1H NMR spectra.
The polydispersity index (PDI) of the diblock copolymers was
determined by GPC analysis (Table 1).

The monodisperse cylindrical micelles of PI637-b-PFS53 were
prepared according to previously reported methods (Figure 1).29

Transmission electronmicroscopy (TEM) (Figures 2, S1, and S2)

was used to determine the length distribution of the PI637-
b-PFS53 cylindrical micelles (core radius∼7.0 nm, Ln = 1160 nm,
Lw = 1210 nm, Lw/Ln = 1.04, σ/Ln = 0.20), which were grown
from small PFS28-b-PDMS560 crystallites (Ln = 23 nm, Lw =
24 nm, Lw/Ln = 1.04, σ/Ln = 0.13) obtained via sonication of
long (>5 μm) cylindrical micelles (Figures S3 and S4) by
manually tracing the electron-rich cores of 500 individual mi-
celles. The height (∼10 nm) and overall width (∼50 nm) of the
micelles were determined by examination of atomic force micro-
scopy (AFM) height images (Figures 2 and S5), where both the
micelle core and corona contribute to the measurements.36

The liquid-crystalline properties of rigid rods in solution have
been of interest since the development of Onsager theory in the
1940s.37 The theory describes the liquid-crystalline behavior of
hard rigid rods as a function of aspect ratio and concentration. As
the aspect ratio of rigid rods increases, the relative concentration
required to access liquid-crystalline phases (e.g., nematic and
smectic) decreases. The theory has been revisited several times,38

primarily due to advances in modern computing power, and
variables such as the polydispersity of the rigid rods have been
explored.39 Many examples of liquid crystals based on suspen-
sions of surfactant-stabilized inorganic rigid rods have been
described in the literature;40 however, fewer examples based on
self-assembled block copolymers (i.e., soft matter) have been
described,19 perhaps due to the potential for concentration-
dependent morphology changes. In this study we utilized the
I22 small-angle X-ray scattering instrument at the Diamond
Synchrotron operating at a wavelength of 1.0 Å and a detector
distance of 6.0 m for SAXS studies which were used to confirm
the dimensions and orientational order of the micelles in a field-
responsive nematic-like liquid-crystalline phase (Figure S6). A
wavelength of 0.62 Å and a detector distance of 0.6 m were used
for WAXS studies. The high intensity of the X-ray source com-
bined with the short wavelength and short detector distance were
required to probe the internal structure of the micelle core.

The SAXS from solutions of perfectly rigid rods is expected to
be highly anisotropic if their long axes are aligned in a given

Table 1. Polymer Characterization Data

polymer

Mn first block

(g mol�1)a
block

ratiob
Mn diblock

(g mol�1)b PDIa

PFS28-b-PDMS560 (2) 6 700 1:20 48 200 1.02

PI637-b-PFS53 (3) 43 400 12:1 56 300 1.01
aDetermined by triple detection GPC analysis. bDetermined by relative
integration of 1H NMR signals from each block.

Figure 1. Formation of monodisperse PI637-b-PFS53 cylindrical micelles via bidirectional epitaxial growth from small, uniform, stub-like PFS28-
b-PDMS560 crystallites. The polymers used in this study are shown in orange (PFS), red (PDMS), and blue (PI).
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direction. If the alignment is perfect, the extent of the scattering is
inversely proportional to the dimension of the particle; therefore,
the scattering parallel to the preferred direction would be con-
fined to a scattering vector, Q ), less than ∼10�3 Å�1, but that
perpendicular to the preferred direction would extend to scatter-
ing vector Q ^ ≈ 10�1 Å�1. Thus, rods aligned horizontally
would give a narrow, vertical streak in the diffraction pattern. If
the alignment is not perfect, the streak broadens, and the
distribution of the scattered intensity around a ring of constant
Q can be used to determine the orientational order parameter, S,
of the rods (see Supporting Information for details). The order
parameter would have a value of 1 for perfect alignment of the
long axes of the rods parallel to the applied electric field, zero for
random alignment, and �0.5 for alignment perpendicular to
the field.

A 75 mg mL�1 solution of 1160 nm long PI637-b-PFS53
cylindrical micelles in decane was studied by SAXS in the
presence of an alternating current (1 kHz) electric field of
4.0 V μm�1 (peak to peak).41 In the presence of an electric field,
the long axis of the cylindrical micelles aligned in the direction of
the applied field (Figures 3a and S7). Using the distribution of
intensity in rings of radius 0.14�0.36 Å�1, the order parameter
was determined to be S ≈ 0.77.42 This value is comparable to
those observed for the previously studied 50 mg mL�1 decane
solution of 730 nm PI550-b-PFS50 cylindrical micelles in a similar
electric field (S = 0.73)29 and solutions of the relatively lower
aspect ratio tobacco mosaic virus in a magnetic field (S = 0.77).43

A vertical section from the data in Figure 3a is shown in
Figure 4. At lowQ ^, there are some inter-rod interference peaks
which arise from translational ordering of the rod axes. This
feature will be discussed in detail in a future publication. At higher
Q ^, the inter-rod interference appears to have decayed, and so
the intensity can be analyzed using a model for the scattering
from a rigid cylindrical rod,

IðQ ^Þ � 1
Q ^

2J1ðQ ^RÞ
Q ^R

� �2

ð1Þ

where J1 is a cylindrical Bessel function and R is the radius of the
rod.44,45 Polydispersity of the radius may be accounted for by
averaging over a distribution of R values. The fit shown in
Figure 4 corresponds to a mean radius of 4.7 nm and a Gaussian
distribution of radii with standard deviation 1.0 nm. This was

interpreted as the core radius because the diffuse polyisoprene
corona is expected to have electron density similar to that of the
decane solvent and significantly less than that of the PFS core.

As noted above, the mechanism of seeded growth upon intro-
duction of additional PFS or polyferrocenyldimethylgermane
(PFG) diblock copolymers in solution is believed to involve
epitaxy from the ends of the crystalline PFS core of cylindrical
micelles.32 We therefore also acquired WAXS data for the same
field-aligned sample of cylindrical micelles in decane in order to
gain insight into the structure of the crystalline core derived from
the PFS block that is formed during solution self-assembly. The
diffraction shown in Figure 3b has had background from pure
solvent subtracted. The uniaxial alignment of the sample means
that the long axes of the micelles tend to be parallel to the applied
field. The short axes tend to be perpendicular to the field but are
distributed uniformly about the field. Thus, the WAXS results in
Figure 3b represent an average of all orientations of the micelles
about the field (Figure S9). The 2D diffraction pattern contains six
Bragg peaks at 60� intervals around a circle, with two of the Bragg
peaks occurring at slightly different values ofQ. We therefore infer
that the diffraction pattern, which is consistent with the pattern
previously obtained during electron diffraction studies of platelet
micelles formed by PFS-containing block copolymers of different
composition, arises from a crystalline phase with pseudo-hexagonal
symmetry (i.e., it does not possess perfect d6 symmetry).32 Since
the orientational order of the rods with respect to the field is high
(S = 0.77), and assuming that there is no preferred orientation
perpendicular to the field, this pattern indicates that, in every
micelle, the hexagonal axis is perpendicular to the rod axis. On
the basis of this alone, it is not possible to conclude whether the
micelle cores are single-crystalline domains or whether there are
several different domains present in a rod with hexagonal axes
distributed about the rod axis. However, the full width at half-
maximum of the peaks in the transverse direction is about 15�,
which indicates a very high orientational order parameter
(∼0.9). This is consistent with the interior of the micelles being
a crystalline monodomain and also suggests that the order
parameters from the SAXS may be underestimated.

The radial distributions of the peaks were analyzed in detail by
taking a 15� wide sector centered on each peak and regrouping
the intensity as intensity vs Q. These data were then fitted with a
Gaussian peak shape on a linear background (Figure 5). It was

Figure 2. (a) Bright-field TEM image of 1160 nm PI637-b-PFS53 cylindrical micelles drop-cast onto a carbon-coated copper grid. (b) AFMheight image
of PI637-b-PFS53 cylindrical micelles drop-cast onto highly ordered pyrolytic graphite. Horizontal scale bars correspond to 1000 nm, and the vertical scale
bar in (b) corresponds to 0�40 nm. The RMS background of the AFM height image is 0.54 nm.
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found that two peaks (labeled b and e) were at slightly lower
Q (0.977 Å�1) than the other four (labeled a, c, d, and f, Q =
1.000 Å�1) and were also broader (Figure 5). Thus, there are
crystal planes (corresponding to peaks b and e) spaced by 6.43 Å
lying parallel to the rod axis and planes spaced by 6.29 Å tilted
with respect to the rod axes.46 The widths of the peaks may
arise from particle size broadening effects. For a Bragg peak at
a scattering vector exactly perpendicular to a cylindrical rod, a
Guinier approximation can be used to show that the standard

deviation (σ) of the radial peak profile is related to the rod radius,
R, by45,47

R ¼
ffiffiffi
2

p

σ
ð2Þ

The fits to peaks b and e give σ = 0.35 nm�1, giving R = 4.1 (
0.3 nm. This value is in excellent agreement with the radius

Figure 4. Plot of intensity vs Q^ from the SAXS results for the 75
mg mL�1 solution of 1160 nm long PI637-b-PFS53 cylindrical micelles in
a 4.0 V μm�1 electric field. The line is a fit of the model described in
the text.

Figure 5. Plots showing Gaussian fits to the radial sections across each
of the peaks observed in the WAXS pattern obtained for a sample of
1160 nm long PI637-b-PFS53 cylindrical micelles in decane in a 4.0 V
μm�1 electric field. The inset represents the scattering observed in
Figure 3b.

Figure 3. (a) SAXS and (b) WAXS patterns for a 75 mg mL�1 decane solution of 1160 nm long PI637-b-PFS53 cylindrical micelles in a 4.0 V μm�1

electric field. The pseudo-hexagonal pattern shown in (b) is offset by 3� due to a small misalignment of the applied electric field. Idealized representations
(not to scale) of (c) side view and (d) end view of a crystalline PFS cylindrical micelle core. The incident X-rays were perpendicular to the applied electric
field and to the plane of (c). The PFS chains are packed in a 2D lattice with pseudo-hexagonal symmetry, perpendicular to the long axis of the cylindrical
micelle. The micelle core may also possess a disordered or amorphous region near the core�corona/solvent interface. The vertical scale bars in (a) and
(b) represent log(intensity) of the scattered X-rays.
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determined from the SAXS data. The fits to peaks a, c, d, and
f give σ = 0.20 nm�1, giving R = 7.0( 0.3 nm. This is consistent
with the factor of 2 which arises because the planes’ normal is at
30� to the rod axis rather than perpendicular to it (see Supporting
Information for more details). The agreement between the radii
determined from the two different sources indicates that there
are no sources of peak broadening other than the cutoff of the
crystal structure at the rod radius. This provides a further
indication that the crystalline domains within the micelle core
are highly ordered. The radii of the crystalline PFS domains
within the micelle core are significantly lower than obtained by
TEM analysis, ∼7.0 nm, which allows for direct observation of
the electron-rich micelle core. This may be an indication that the
outer, curved portion of the micelle core is in fact comprised of a
disordered, amorphous region of PFS chains. This hypothesis is
consistent with the assumption that chain folding must occur
within the micelle core, and that regions of the core that are rich
in chain folds are not expected to be crystalline.48 Another
possible interpretation for the difference between the radii
determined by TEM and X-ray scattering studies is that the
micelle cores are anisotropic (i.e., elliptical) in terms of their
cross-section.49 The PFS chains are packed pseudo-hexagonally
along the major axis; therefore, the line-broadening studies from
the WAXS data give an average radius for the minor axis of 4.1(
0.3 nm. The TEM studies yield a radius of∼7 nm, which may be
more sensitive to the dimensions of the major axis, but may also
be influenced by interactions between the micelle and the
hydrophobic substrate employed. The SAXS data yield an
intermediate value (4.7 ( 1.0 nm), as there is no preferred
micelle orientation perpendicular to the applied electric field,
which is consistent with this interpretation. Previous studies of
cross-sectioned shell-cross-linked cylinders of PI-b-PFS were
consistent with a curved core cross-section rather than a flat ribbon
structure.22 However, the data would not be expected to distinguish
between circular and elliptical cross-sections.

’DISCUSSION

There have been several reports on the crystallization and
crystal structure of PFS homopolymers, with varying results
depending on sample preparation.50�55 High-molecular-weight
samples of PFS drop-cast frombenzene solutions showed an intense
maximum d-spacing of 6.34 Å when studied by WAXS,51 while
melt-crystallized samples of PFS showed two sharp reflections at

6.02 and 6.65 Å.52 Finally, extrusion methods have been used
to study oriented PFS fibers. For these samples a maximum
d-spacing of 6.36 Å along the equator of the extruded fiber was
reported, and this led to the conclusion that PFS crystallized in
themonoclinic crystalline phase (a= 13.29 Å, b= 6.01 Å, c= 13.9 Å,
and γ = 93.6�).53

For our purposes, a particularly useful study for interpretation
of the present results involves the packing within the crystal
structure of the linear pentamer of ferrocenyldimethylsilane 4,
which takes place in a pseudo-hexagonal fashion (Figure 6).54

The strongest reflection in the powder pattern of 4, corresponding
to a d-spacing of 6.287 Å, has previously been assigned to planes
with [0 1 1] Miller indices.55 This distance corresponds well with
the strongest reflections observed in the WAXS studies of PFS
homopolymers and provides significant evidence that the most
intense reflections observed for the crystalline micelle cores corre-
spond toMiller planes approximately parallel to the polymer chains
with d-spacings corresponding to the interchain packing distances.

Further inspection of the powder pattern of 4 reveals that the
next two most intense reflections also correspond to planes with
[1�2 0] (d = 5.904 Å) and [1�1 1] (d = 6.580 Å) Miller
indices, each approximately parallel to the pentamer chains in the
crystal structure.55 The WAXS scattering observed for the
cylindrical micelles is similar to that observed for the linear
pentamer; however, the structure of the micelle core has relatively
higher symmetry with two closely related d-spacings (6.29 and
6.43 Å), which can be assigned to interchain packing distances.
Using the single-crystal X-ray structure of the linear pentamer of
ferrocenyldimethylsilane 4 as a model, we can approximate the
intramolecular Fe�Fe distances in the crystalline PFSmicelle core
as 6.056(5) and 6.913(5) Å. Based on the number-average degree
of polymerization of the PFS block in PI637-b-PFS53 (determined
by GPC) and the average intramolecular Fe�Fe distance, the
estimated contour length of the PFSblock is∼34nm.Comparison
of the contour length and the cylinder dimensions determined
from the SAXS studies allows for the conclusion that each of the
PFS chains folds on average at least four times in the crystalline
micelle core. Furthermore, on the basis of the average d-spacing,

Figure 6. Pseudo-hexagonal packing viewed (a) perpendicular and (b) parallel to the linear pentamer chains in the crystal lattice of 4.54
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we estimate that up to 15 folded polymer segments may
pack together in order to span the diameter of the crystal-
line core.

’SUMMARY

We have studied the crystal structure of the PFS core of
cylindrical micelles based on PFS-containing block copolymers.
By taking advantage of the field-responsive behavior of mono-
disperse PI637-b-PFS53 cylindrical micelles, we were able to
determine that the PFS chains pack in a lattice with 2D pseudo-
hexagonal symmetry perpendicular to the long axis of the micelle
core with d-spacings of 6.29 and 6.43 Å. With the knowledge of
the micelle core structure gained in this study, we are now able to
suggest a mechanism for the interesting crystalline-driven living
self-assembly process established for these PFS metalloblock
copolymer systems.29,30,32 The epitaxial growth appears to involve
efficient packing (perpendicular to the cylinder long axis) of the
PFS segment of the added block copolymer at the ends of
crystalline PFS domains, resulting in a controlled increase in
cylinder length. A similar mechanism may operate with PFS
platelet micelles, which exhibit analogous epitaxial growth pheno-
mena predominantly along the direction of their long axis,32 and
cylinders formed by all-organic systems, which display similar
self-assembly behavior.20 Future work will aim to place these
assertions for micelles based on other crystalline-core block
copolymers on a firm experimental basis. Of particular interest
in this regard are micelles based on π-conjugated structures,
which are expected to possess interesting and potentially useful
electronic and optical properties.20b,27h
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