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Polyferrocenylsilanes are remarkable polymers. They can be
oxidized to a semiconducting state and serve as precursors to
magnetic ceramics.1 Their block copolymers (e.g., those of poly-
ferrocenyldimethylsilane, PFS) form unusual and unexpected self-
assembled structures in selective solvents. For example, diblock
copolymers of PFS with polyisoprene (PI-b-PFS) with a long PI
block form dense wormlike micelles in hexane and decane, good
solvents for PI but nonsolvents for PFS.2 In the dry state, these
structures can be thought of as self-insulating nanowires in which
the rubbery block forms an insulating sheath around the PFS core.
When the soluble block is poly(dimethylsiloxane) (PDMS), the type
of structure formed depends on the relative lengths of the PFS and
PDMS blocks. For example, PFS50-PDMS300 (the subscripts refer
to the mean repeat lengths) forms cylindrical (wormlike) micelles
in hexane, but when the ratio of PDMS to PFS is increased, the
morphology changes.3 For block ratios of 1:12 and 1:18, long
hollow structures are formed.4,5 While we have only a poor
understanding of the factors that control the morphology formed,
the characteristic feature of both the tubular and the nanowire
structures is a strong peak at ca. 6.4 Å in the wide-angle X-ray
scattering pattern, indicative of a (semi)crystalline PFS phase.3 The
PFS homopolymer has a melting range from 120 to 140°C.1

In this Communication, we describe a remarkable morphology
transition induced by a change in temperature for a PFS40-b-
PDMS480 sample in decane solution. This sample, which forms
nanotubes at 23°C, rearranges to form short dense rods when the
solution is heated to 50°C. When the solution is cooled to 25°C,
the system evolves back to nanotubes. Beyond demonstrating a
remarkable and unprecedented change in morphology, these experi-
ments demonstrate that both structures are dynamic and represent
equilibrium states of the material.

The PFS40-b-PDMS480 sample (PDI) 1.01) was synthesized via
sequential anionic ring-opening polymerization and purified in a
size exclusion column in THF.4 The copolymer sample was
dissolved inn-decane at 60°C and allowed to cool to 25°C. At
this temperature, we observed nanotubes by bright field transmission
electron microscopy (TEM, see ref 4 and the inset in Figure 1).4

These tubes have a width of 20 nm, a wall thickness of ca. 7 nm,
and, as reported previously, can have lengths in excess of 10µm.
Thus, the tubes on the TEM grid have a high aspect ratio, withp
) L/d . 10. When solutions (ca. 0.33-0.85 mg/mL) are heated at
50 °C and aged for 24 h (time needed for the system to reach
equilibrium), we observe dense rods by TEM (Figure 1 and
Supporting Information, Figure S1). Samples for TEM were
prepared by dipping a carbon-coated copper grid into the warm
solution, and also by placing a 20-µL drop onto a coated grid placed

on a piece of filter paper. Either way, we observed the same
morphology. Because the PFS block contains Fe, we do not stain
the samples, and we take advantage of our sample’s natural contrast.
Thus, we see only the insoluble PFS domains. The TEM micrograph
shows that the PFS cores have diameters ranging from 14 to 20
nm and that most rods havep values less than 10.

We also characterized the micelle structures in solution using
multiangle light-scattering measurements.6 We are fortunate that
the index of refraction ofn-decane (1.4097 at 25°C) is virtually
identical to that of PDMS (nD 25 °C ) 1.40347). Through fortuitous
contrast matching, we are able to probe the insoluble PFS core,
while the PDMS corona chains remain “invisible”.

In light-scattering (LS) experiments at low concentrations, the
excess Rayleigh ratio,∆R, is related to the sample concentration
c, the second virial coefficientA2, and the form factorP(q) through
the expression:

whereK ) 4π2n50
2(dn/dc)2/(NAλ4), andNA, λ, dn/dc, andn50 are

Avogadro’s number, the incident wavelength (632.8 nm), the
refractive index increment (0.0398 mL/g), and the refractive index
of the solvent (nD ) 1.3987),8 respectively. Our measured dn/dc
value of PDMS inn-decane at 50°C is -6.85× 10-3 mL/g, with
an incident wavelength of 620 nm. Data were collected at 26 angles
(from 27° to 36°, at 3° intervals, and from 40° to 145° at 5°
intervals).

A Zimm plot of the scattering data (Supporting Information,
Figure S2) gave anMw value of the PFS nanorods of 1.60× 106

Figure 1. TEM micrograph of PFS40-b-PDMS480 assemblies formed in
n-decane at 50°C. Sample was prepared by dipping a carbon-coated grid
into the warm solution. The sample was not stained. The inset (from ref 4)
shows nanotubes at 25°C.
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g/mol ((0.95%) with a radius of gyrationRg ) 54.4 nm. Because
the mass of the PFS block is 9680 g/mol, we calculate an average
aggregation number of 165. On the basis of theMw of the core, the
Mw of the entire micelle is calculated to be 7.46× 106 g/mol.

To obtain structural information, we extrapolate the scattering
intensity toc ) 0 and fit the angular dependent scattering intensity
to a model. For a “long-thin” rigid rod (p . 10), P(q)long is given
by9

where the rod lengthL ) 121/2Rg, θ is the scattering angle, andq
) 4πn50 sin(θ/2)/λ is the scattering vector.

If a rigid rod has a small aspect ratio,P(q) is given by10

where r is the radial cross section,J1 is the first-order Bessel
function, andγ is the angle betweenq and the rod’s long axis.

In Figure 2, we show the results of fitting our scattering data to
the models described by eqs 2 and 3. For the fit to eq 3, we take
advantage of the fact that we see only the PFS core in both the
TEM and the LS measurements, and we take the value of the core
radius from the TEM images. The data in Figure 2 show that we
obtain a poor fit to eq 2, but a reasonable fit to eq 3 (error fit)
0.081%),11 with anL value of 150 nm. Varying the radius between
7 and 10 nm did not affect the fit to eq 3. This model, however,
does not account for the upturn in the data points in the range of
q ) 20-27 µm-1. To delve deeper into the data analysis, we next
consider a Gaussian distribution of rod lengths with a mean length
lm and a standard deviation (σ), where the form factor is given by
the expression

With eq 4, the fit is improved significantly, leading tolm ) 150
nm andσ ) 60 nm (error fit) 0.042%). These lengths are in global

agreement with the values obtained (averageL ) 184 nm,σ )
59.4 nm) from the TEM images using an image analysis program
(AIS ver. 6.0). The polydispersity measured from the TEM images
is 1.10 (Lw/Ln).12 The concordance between the two sets of values
gives us confidence that the objects present in solution correspond
to those seen in the TEM image. The small differences in the fitting
parameters may point to subtle shortcomings in the model forP(q),
such as the influence of a distribution of core radii.

When the solution was cooled to 23°C and allowed to age for
a day, the TEM shows that nanotubes were regenerated. The fact
that this process can be repeated establishes the dynamic nature of
the self-assembled structures and emphasizes that both the tubes
and the rods are equilibrium structures. What is less clear are the
forces that drive the rearrangement. The theory of coil-crystalline
block copolymer micelles primarily predicts a lamellar structure
for the crystalline block.13 A long hollow tube with a fraction of
the soluble PDMS chains penetrating into the interior may represent
a compromise between the space filling needs of the PDMS coil
and a strongly unfavorable edge surface tension of the PFS crystal.
Decane is a relatively poor solvent for PDMS at 25°C, with a
Flory-Hugginsø value of 0.64.14 Like analogousn-alkane solvents,
n-decane is a better solvent for PDMS at higher temperatures.15

The system can respond to swelling of the PDMS brush by an
increase in curvature, leading to the formation of dense rods. The
rigidity of the rods is consistent with the semicrystalline nature of
the PFS core.

As a hypothesis for future research, we can imagine that the
size of the coil formed by the soluble block is a major determinant
of whether PFS block copolymers form rods or tubes in selective
solvents. Decane is a better solvent for PI than for PDMS. Thus, it
may be possible to form tubes of PI-b-PFS if a suitable poor solvent
for PI can be identified.
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Figure 2. Form factor plots comparing the “long-thin” rod model, the “short
rigid-rod” model, and “short rigid-rod” model with a Gaussian distribution
of rod lengths.
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