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ABSTRACT: A sample of poly(ferrocenyldimethylsilane)-b-poly(2-vinylpyridine) (PFS23-b-P2VPy30), with a
short PFS block and a P2VP block 10-fold higher in degree of polymerization, forms spherical micelles when
dissolved in ethanol. Over time (hours, days, and weeks), these solutions undergo a micelle sphere-to-cylinder
transition eventually forming rather stiff, uniform fiber-like micelles with a core width of 10 nm, lengths between
20 and 50 um, and approximately four polymer molecules per nm length. Here, we report the results of a
combination of transmission electron microscopy, wide-angle X-ray scattering (WAXS), as well as static and
dynamic laser light scattering measurements to follow the structural evolution. One key observation is the onset
of partial aggregation of spherical micelles after an initial induction period (hours), so that the system as it ages
consists of mixtures of free spherical micelles, micelle aggregates, and elongated structures with a high aspect
ratio. Another important observation is the growth in intensity and sharpness of the WAXS peak characteristic
of crystalline PFS domains as the number and uniformity of the cylindrical micelles increases. This formation of

crystalline domains is the likely driving force for the structural transformation.

Introduction

Amphiphilic block copolymers self-assemble in selective
solvents to yield a range of supramolecular morphologies, such
as spherical micelles, cylinders, lamellae and vesicles.!”” The
size and shape of aggregates obtained depend upon a number
of factors, such as the relative block lengths of the polymers,
the chemical nature of the blocks, the presence of additives
(salts, homopolymers, etc.), solvent composition, and temper-
ature. These structures, with nanometer dimensions, have a
variety of applications such as supports for catalytic devices,
drug delivery carriers, and lithographic templates.®'® As a
consequence, the study of block copolymer self-assembly has
attracted intense scientific and technological attention.

We are interested in organic—organometallic block copoly-
mers in which the organometallic block contains a ferrocene in
the backbone of the repeat unit.'” One such set of polymers
has poly(ferrocenyldimethylsilane) (PFS) as the insoluble block.
These block copolymers are interesting in part because of the
unique features of PFS homopolymer. This polymer can be
oxidized to a semiconductor. Its thin films act as charge
dissipative coatings, and its derivatives can be shaped and
pyrolyzed to yield magnetic ceramics.'®° These polymers are
also interesting because many compositions yield rod-like
cylindrical micelles in solution. Examples include PFS-b-
polydimethylsiloxane (PFS-b-PDMS),?! PFS-b-polymethylvi-
nylsiloxane (PES-b-PMVS), ?*> PFS-b-polyisoprene (PFS-b-PI),>
and PFS-b-poly(methyl methacrylate) (PFS-b-PMMA).>* We
have provided evidence that the crystallization of the PFS core
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polymer is the main driving force for the formation of the
cylindrical morphologies in most of these polymers.?'~2?

There are other examples in which different morphologies
are obtained. For example, one sample of PFS-b-polystyrene
(PFS-b-PS) with a relatively short PS block was reported to
form spherical micelles in acetone, a solvent selective for the
short PS block.?> PFS-b- poly(dimethylaminoethyl methacrylate)
(PFS-b-PDMAEMA )¢ gave rod-like micelles in ethanol but
more complicated morphologies in other solvents. Even more
interesting is the case of PFS-b-poly(2-vinylpyridine) (PFS-b-
P2VP).?” We found that it formed spherical micelles in methanol
and cylindrical structures in 2-propanol. We also mentioned on
an observation that, when dissolved in ethanol, this polymer
initially formed spherical micelles, but these micelles appeared
to evolve into more elongated structures on standing. This paper
reports the results of a more detailed examination of this
morphology rearrangement for the specific case of PFSy3-b-
P2VP,30, where the subscripts refer to the number average
degree of polymerization.

There are many examples in the literature of sphere-to-
cylinder transformations of self-assembled structures. The
earliest reference, for traditional small molecule surfactants, is
the work of Luzzati et al.>® Since then, this topic has been
thoroughly investigated.® For most traditional surfactants, an
increase in concentration or temperature results in the formation
of elongated micelles.

This type of transition has also been observed in polymer
systems, which show more complex behavior than the conven-
tional surfactants. For instance, both Chu’s group® and Brown’s
group’! used laser light scattering (LLS) to investigate the
sphere-to-cylinder transition of poly(ethylene oxide)—poly-
(propylene oxide)—poly(ethylene oxide) (PEO—PPO—PEO)
triblock copolymers induced by an increase in temperature in
dilute aqueous solution. Mortensen et al.>* also studied this
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system using small-angle neutron scattering (SANS). Eisenberg
and co-workers* examined the sphere-to-cylinder transition for
poly(styrene)-b-poly(acrylic acid) (PS-b-PAA) block copolymers
by varying the composition of a dioxane/water mixed solvent.

In addition, Mdller’s group®® investigated micelle formation
by poly(styrene)-b-poly(2-vinylpyridine) (PS-b-P2VP) in toluene
for samples in which the insoluble P2VP block was significantly
longer than the PS block. When the P2VP block was partially
protonated by HAuCly, they observed a mixture of spheres and
cylinders by transmission electron microscopy (TEM) and
scanning force microscopy (SFM), and the spheres appeared to
condense into cylinders. They suggested that the cylinders grew
by deposition of spherical micelles onto their ends. Iyama et
al.* reported that dilute solutions of certain poly(styrene)-b-
poly(dimethyl siloxane) (PS-b6-PDMS) samples underwent a
structural rearrangement from spherical to cylindrical micelles
upon heating. Lodge et al.® reported transitions between
spheres, cylinders, and vesicles by varying the solvent composi-
tion for poly(styrene)-b-poly(isoprene) (PS-b-PI), and LaRue
et al.®” investigated the sphere-to-cylinder transition of PS-b-
PI induced solely by temperature in heptane. Recently, Savin
and co-workers* studied the cylinder-to-sphere transition of a
poly(butadiene)—poly(L-lysine) amphiphilic block copolymer in
water solution by changing the pH. A theoretical analysis by
Linse et al.,* based on a mean-field lattice model, provided
phase diagrams and a prediction for the locus of the sphere-
to-cylinder transition in heterogeneous systems. Zhulina et al.*
investigated dilute solutions of neutral diblock copolymer
micelles from both experimental and theoretical points of view
and demonstrated that transitions between spherical and cylin-
drical micelle morphologies occur in or near the crew-cut regime
of block copolymer composition.

In the experiments cited in the previous paragraph, all of the
cylindrical micelles reported were formed from block copoly-
mers, in which the core-forming block was comparable in length
or longer than the corona-forming soluble block. Here, we report
a study by TEM, wide-angle X-ray scattering (WAXS), as well
as static (SLS) and dynamic (DLS) light scattering of a sphere-
to-cylinder transition for micelles formed by PFS3-b-P2VPy3,
in ethanol, for which the degree of polymerization of the soluble
block is a factor of 10 longer than that of the PFS block. This
transition, which occurs on a timescale of weeks, is likely driven
by the crystallization of the PFS component in solution.

Experimental Section

Materials. n-Decane (99+%), toluene (99.8%), and ethanol
(100%) were purchased from Aldrich and used without further
purification. The synthesis and characterization of block co-
polymer PFS;3-b-P2VP,3, was described in ref 27. It was
synthesized by multiple-stage anionic polymerization, beginning
with dimethylsilaferrocenophane initiated by n-butyllithium and
subsequent addition of 1,1-dimethylsilacyclobutane, 1,1-diphe-
nylethylene, and 2-vinylpyridine. The reaction was terminated
with degassed methanol. The copolymer was purified by
repeated size exclusion column chromatography using tetrahy-
drofuran as the eluent. In that publication, the molar mass of
the PFS block was determined by size exclusion chromatography
(SEC) with reference to polystyrene (PS) standards and the
composition (i.e., the block ratio) was determined by 'H NMR.
Massey et al.*! have shown that SEC based upon PS standards
underestimates the molar mass of PES polymers, but their work
did not extend to samples as small as that employed here for
the PFS block. Additional '"H NMR experiments (see Figure
S1 in Supporting Information) reported here show that values
of M, can be determined by end group analysis (the CH3z group
of the butyllithium initiator). In this way, we determined
M,(PES) = 5600, My(copolymer) = 30 000, and M,,/M,, = 1.07.
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The polydispersity of the block copolymer was determined by
triple detection (TD-SEC). In ref 27, this polymer was described
as PFSl7-b-P2VP17o.

Sample Preparation. Polymer solutions for LLS experiment
were prepared by mixing PFS»3-b-P2VP,30 with ethanol fol-
lowed by filtration through 0.20 #m PTFE membranes. Samples
were aged in the dark at 20 °C. Aliquots for TEM analysis were
taken at various time intervals. One sample carefully sealed in
a stoppered flask was aged for more than one year in the dark
at ambient temperature (ca. 23 °C).

Laser Light Scattering. A modified commercial light scat-
tering spectrometer (ALV/SP-125) equipped with an ALV-5000
multitau digital time correlator and a He—Ne laser (output power
= 35 mW at 1y = 632.8 nm) was used. In static light scattering
(SLS), we obtained both the weight-average molar mass (M,,) and
the z-average root-mean-square radius of gyration ([R,*(Y?) of
scattering objects in a dilute solution from the scattering vector
(¢) dependence of the excess absolute scattering intensity, known
as the Rayleigh ratio R(g)

KCIR(g) = (1 + R,’[§°/3)/M,+ 2A,C (1)

where K = 4m?n2(dn/dC)*/(Nalo*), g = (4mnllo)sin(0/2), and
Na, n, Ao, and 0 are the Avogadro number, the solvent refractive
index, the wavelength of the light in vacuum, and the scattering
angle, respectively. The extrapolation to C — 0 and ¢ — 0 leads
to M,,. Plots of [KC/R(q)]c—o versus ¢* and [KC/R(q)]c—o vs C
lead to ERgz[Iand As, respectively. For block copolymers, the
specific refractive index increment (dn/dC)polymer 18 related to
the dn/dC values of the components via the weight fractions w;
of monomer type j in the polymer (with Z—jw; = 1):

(ANAC) s = Y w,(dnldC) @)
=

provided that the dn/dC contributions of the multicomponent
polymer in a single solvent are additive. Using values of (dn/
dC)pps = 0.253 mL/g and (dn/dC)poyp = 0.245 mL/g in ethanol,
we calculated (dn/dC)polymer = 0.2464 mL/g.

For small scattering objects, the Zimm plot on the basis of
eq 1 is usually used, which incorporates the extrapolations of
C— 0 and ¢ — 0 in a single grid. For elongated structures, as
cylindrical micelles, the particle scattering form factor P(q) =
(R(q)/KCMy)c—o can be plotted as gP(g)/m versus [R,[4 ac-
cording to the Casassa—Holtzer analysis.*> The simplest ap-
proach for P(g) analysis of stiff thin rods with monodisperse
length L is given by

P(q) = (2/qL) j;qL [sin(gL)/gL] d(gL) — [(2/qL) sin(¢L/2)I’
©)

To accommodate polydispersity in this presentation for a
system of cylinders, polydisperse in length, a weight average
Zimm—Schulz distribution*’

w(L) = b* %) )

was used together with b = (z + 1)/Ly. z and L, are the
polydispersity index (z = 1/[(Lw/Ly,) — 1]) and weight averaged
contour length of the cylinders, respectively.

In dynamic light scattering (DLS), the Laplace inversion of
each measured intensity—intensity time correlation function
[(G®(g,7) — B)/B] of scattering objects in a dilute solution can
lead to a line-width distribution (G<I'>), where B is the
measured baseline. The CONTIN Laplace inversion program
in the correlator software was used. For a pure diffusive
relaxation, I' is related to the translational diffusive coefficient
(D) by D = (I'/g*)4—0,C—o and further to the hydrodynamic
radius (Ry) by Ry = kgT/(6tyD), where kg, 1, and T are the



4382 Shen et al.

Boltzmann constant, the solvent viscosity, and the absolute
temperature, respectively. Therefore, G(I') can be converted to
a distribution of translational diffusion coefficients (G(D)) or a
hydrodynamic radius distribution (ARy,)). For large particles, I'/g>
shows a g-dependence in the low ¢ range limit given by the
equation:

Tly* = D(1 + CR]G — ..) 6))

where D, is the translational diffusion coefficient and Cr is a
parameter that depends upon the molecular architecture and
polydispersity of the particles.

In the current study, all measurements were carried out at
20.00 = 0.05 °C. Two angular ranges were investigated. The
first range consisted of scattering angles between 20° and 30°
(at 2° intervals), while the other range consisted of angles
between 30° and 150° (at 5° intervals). Some experiments were
carried out at a fixed scattering angle of 17.0°. SLS and DLS
measurements were carried out simultaneously. Filtered toluene
was used as the standard solvent in the SLS experiments.

Transmission Electron Microscopy. Dark field transmission
electron microscopy (TEM) images were taken using a Hitachi
HD-2000 STEM instrument operating at 200 kV and 13 uA
current. For TEM samples, a polymer solution was dropped onto
a carbon-coated copper grid, and then transferred to the TEM
after the liquid dried completely.

Wide-Angle X-ray Scattering. Samples for wide-angle X-ray
scattering (WAXS) measurements were prepared by casting a
film from a micelle solution (1.0 x 1073 g/mL) in ethanol at
20 °C onto a silicon substrate followed by spontaneous evapo-
ration of the solvent. WAXS diffraction data were obtained with
a Siemens D500 6/20 diffractometer with a Cu Ko source
operating at 50 kV and 35 mA in the step scan mode.

Results and Discussion

In a previous publication,?” we reported that the PES-P2VP
polymer examined here (PFS,3-b-P2VP,3), PFS:P2VP block
ratio 1:10, M, = 30000, M,/M, = 1.07) formed spherical
micelles in methanol and cylindrical structures in 2-propanol.
Both types of structures are characterized by a dense PFS core
and a corona of P2VP chains. Films formed from the cylindrical
micelles exhibited a prominent WAXS peak at 6.4 A, charac-
teristic of (semi)crystalline PFS, whereas the WAXS spectrum
of a film formed from the spherical micelles in methanol showed
no features. We suggested that the spherical micelles were formed
under kinetic control and that the enhanced solubility of the block
copolymer in 2-propanol facilitated nucleation and growth of the
cylindrical structures. The idea of enhanced solubility was based
on solubility parameter (0) arguments. The value of the solubility
parameter of PFS (Oprs = 18.7 MPa'2)* is closer to that of
2-propanol (02 pron = 23.5 MPa!’?) than to that of methanol (Omeon
= 29.7 MPa'?). As a less poor solvent for PFS than methanol,
2-propanol improves its solubility and allows the PES to rearrange
into crystallized structures. The solubility parameter of P2VP is
21.7 MPa!”2, which suggests that 2-propanol is also a better solvent
for the corona chains than methanol.

Ethanol has a solubility parameter (Ogon = 26.0 MPa'/?)
intermediate in magnitude between those of 2-propanol and
methanol for both PFS and for P2VP. Upon dissolution in this
solvent, PFS,3-b-P2VP;3, forms spherical micelles that over time
evolve to cylindrical structures. We begin our description of
this morphology evolution by examining TEM images and laser
light scattering data for samples at the two extremes of the
morphology evolution: spherical micelles examined shortly after
sample preparation and cylindrical micelles in a sample carefully
aged for one year.
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Figure 1. (A) Dark-field TEM micrographs depicting structure evolution
for a sample of PFS,3-b-P2VPy3 diblock copolymer in ethanol (1.0 x
107* g/mL) 0.5 h after sample preparation. (B) Scattering vector (¢%)
dependence of the average characteristic line-width (<I">) of the same
polymer solution at the same time after sample preparation. (C) A
typical Zimm plot for this solution.

Spherical Micelles in Freshly Prepared Solutions. When
samples of PFSy3-b-P2VP,3, were added to dry ethanol,
transparent solutions formed upon swirling the mixture at 20
°C. TEM images of films formed from these solution shortly
after sample preparation reveal the presence of only spherical
micelles, quite uniform in size with an average core diameter
of ca. 25 nm. An example from a droplet of solution (1.0 x
107* g/mL) placed on the TEM grid 0.5 h after sample
preparation is shown in Figure 1A. Because of the low contrast
between the supporting carbon film and the P2VP corona, the
spheres on the TEM images are expected to represent only the
PFS iron-rich core region of the micelles.
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Figure 2. (A) Dark-field TEM micrographs depicting structure evolution for a sample of PFS»3-b-P2VP,3, diblock copolymer in ethanol (1.0 x
107* g/mL) 1 year after sample preparation. (B) Plot of gR(q)/KCzM, as a function of g for a diluted solution of these micelles diluted 20-fold and
then sonicated for 3 min. The fitted line yields L, = 800 nm, M,, = 1.02 x 10® g/mol, Ly/L, = 1.5. (C) and (D) Dark-field TEM micrographs of

the same solution examined in (B) prior to sonication.

Dynamic (DLS) and static (SLS) light scattering measure-
ments were carried out on the same solution of PFS;3-b-P2V P53
block copolymer in ethanol at 20 °C. These experiments give
information about shape, size, and molar mass of the scattering
objects present in solution.***” The polymer solution was
filtered through a 0.20 um PTFE membrane to remove the dust,
and the first data points were collected at the same time (after
0.5 h) that the sample for TEM was prepared. DLS and SLS
data were collected simultaneously. A plot of the DLS line-
width <I'> vs ¢? is presented in Figure 1B. A straight line
passing through the origin reveals that the relaxation measured
for the small micelles is purely diffusive, and a spherical shape
can be inferred from the independence of <I'>/g> on ¢*. The
calculated hydrodynamic radius ([R,[J= 25 nm) is larger than
the core radius seen in the TEM image (Figure 1A), because
the P2VP corona contributes to R, in the DLS measurement
but offers little contrast in the TEM experiment. At this low
concentration, there is no concentration dependence detected
on the apparent Ry value.

In the SLS experiment carried out at the same time, a typical
Zimm plot was obtained (Figure 1C). The extrapolated value
of [R(g)/KClq—o leads to an apparent My 4pp, Which, because of
the small concentration effect in the dilute regime, is likely close
to the absolute My, of the micelle. Using a value of (dn/dC)polymer
= (0.2464 mL/g in ethanol, we calculate M,, of 1 760 000 g/mol
for these spherical micelles. By comparison with the PFS;3-b-
P2VP,3p molar mass, we deduce that the micelles have a mean
apparent aggregation number Nypp (= My, app/My chain) Of ca. 55.
From the slope of the plot, we obtained the z-average root-

mean-square radius of gyration ([R,[J~ 20 nm). It is known
that for a flexible random coil chain in an athermal solvent [R,[/
Ry~ 1.5 and for a uniform hard sphere (R R,0= 0.774.*
The value [R,[/[R,[J~ 0.8 obtained here is consistent with the
idea that PFS)3-b-P2VPy3 chains form relatively uniform
spherical micelles upon dissolution in ethanol.

Cylindrical Micelles after a Year. A solution of PFS;3-b-
P2VP»3 at the same concentration (1.0 x 10™* g/mL) was
carefully stored for one year at room temperature (ca. 23
°C) in the dark, with no significant loss of solvent. The dark-
field TEM image in Figure 2A shows that only long fiber-like
structures were present. Here one sees bright filaments with a
uniform diameter of 10 nm, which we ascribe to the PFS cores
of these micelles, flanked by lighter gray regions, which are
likely due to the P2VP coronae. Not only are the PFS cores of
uniform width but also they appear as evenly spaced parallel
lines within these fiber bundles. The equal distance between
adjacent fibers that is probably determined by the space occupied
by P2VP chains. We estimate the edge-to-edge distance between
adjacent fibers as ca. 20 nm. This compares with an estimated
end-to-end distance for the P2VP segments of about 10 nm.*®
There was no indication of residual spherical micelles. In order
to observe individual fibers more clearly, we diluted the solution
20 times and examined them at lower magnification. Although
all of the images showed elongated fibers, most of the fibers
extended outside the image area, and it was not possible to
measure their length with any confidence. In Figure 2C,D, we
present images of two individual fiber-like micelles, which are



4384 Shen et al.

Macromolecules, Vol. 41, No. 12, 2008

B85h

D225h

Figure 3. Dark-field TEM micrographs depicting structure evolution for a sample of PFSy3-b-P2VPy3 diblock copolymer in ethanol (1.0 x 107*
g/mL). A-C) 8.5 h later. (B) and (C) refer to two different locations on the same TEM grid. (D) The same solution after 22.5 h.

sufficiently coiled that the entire length lies in the image frame.
We estimate that for all of these micelles the length ranged from
about 20 to 50 um, much longer than the “giant fiber-like” block
copolymer micelles reported by other groups.

SLS measurements on these diluted solutions (5.0 x 107°
g/mL) were problematic. Scattering data from long thin
objects are normally plotted as a Casassa—Holtzer represen-
tation (qR(q)/KC vs ¢) and exhibit a plateau at high ¢.*°~'
Some experiments gave reasonable plots in which values of
qR(¢)/KC were independent of g over the entire range of
accessible angles, as might be expected for such long fibers.
Other measurements gave scattered data and, upon visual
inspection, one could see that the laser beam did not pass
uniformly through the solution. To overcome problems associ-
ated with the very long lengths of the fibers, the diluted solution
was subjected to 3 min exposure to a 90 W ultrasonic bath, the
conditions which we in the past have shown to lead to
fragmentation (shortening) of PFS cylindrical micelles without
affecting their width. These solutions well behaved in the light
scattering experiments. Data obtained in this way are plotted
in Figure 2B, and in terms of the units employed for the y-axis
of these plots, (gR(q)/KCzM,), the magnitude of the plateau is
given in polymer molecules per nm of rod length. The solid
line corresponds to the best fit of the data to the form factor for
thin rigid rods as per eq 3. The value of the plateau does not
depend on chain length (L) or the polydispersity (Ly/Ly) of
the cylinders.>” In order to test the robustness of the fit for the
plateau, we fixed Ly, to various values in the range of 800—1000
nm and fitted the data to obtain corresponding Ly/L, and plateau
values. While the values of L/L, changed, we obtained the same
value of the plateau as shown in Figure S2 in Supporting

Information. Thus we deduce that there are approximately 4
polymer chains per nm.

The Morphology Transition Observed by TEM. Our focus
here is on the nature of the structural evolution, which from
a TEM perspective, we examine through the images presented
in Figures 3 and 4. In Figure 3, we show the objects present in
a sample taken after 8.5 and 22.5 h at 20 °C. In the low
magnification dark-field TEM image presented in Figure 3A,
one can see well-spaced bright spots with diameters on the order
of 50—60 nm. When seen at higher magnification (Figure 3B,C),
three types of structures can be discerned. First, there is a
background of spherical micelles, too small to be noted in Figure
3A, which resemble the micelles seen in Figure 1A.

In Figure 3B, these are accompanied by circular objects that
are light gray in color, with diameters of about 60 nm. Each of
these contains a countable number (on the order of 10) of bright
spots comparable in size to individual spherical micelles outside
these larger objects. While we cannot say for certain whether
these are spheres or disks, they appear to be aggregates of
micelles. This is the most common feature of the TEM images
at this resolution. Nevertheless, other features can be discerned.
As shown in Figure 3C, there are regions of the grid that contain
a small number of short elongated micelles of relatively uniform
width (10 nm), with lengths that range from 30 to 90 nm.

There is also an indication of much thinner connecting fibers
between the ends of the elongated structures. The number of
these objects is very small, and the predominant structures
present in the solution, as discerned from the TEM images, are
the spherical micelles with diameters of ca. 25 nm.



Macromolecules, Vol. 41, No. 12, 2008

400 nm

4385

200 nm

Figure 4. Dark-field TEM micrographs depicting structure evolution for a sample of PFSy;-b-P2VPy3 diblock copolymer in ethanol (1.0 x 107
g/mL) aged for different times at 20 °C: (A) 144 h; (B) 192 h; (C, D) 314 h at two different levels of magnification.

In Figure 3D, we show a TEM image taken 22.5 h after
sample preparation. One sees the presence of elongated struc-
tures, coexisting with spherical micelles. A qualitative examina-
tion of a series of micrographs obtained from this solution shows
that the length of the fibers is on the order of 1—2 um, 50 times
larger than the diameter of spherical micelles. As indicated in
the two insets of higher magnification, many small bright
objects, presumably spherical micelles or their aggregates, tend
to cluster alongside the fibers. These clusters may be a
consequence of sample drying on the TEM grid, but they may
also reflect an intermediate stage of the morphology transforma-
tion in solution. Interestingly, a variation in width can be
observed along the fibers. While much of the fiber length appears
relatively uniform in width (10 nm), there are regions in the
insets to Figure 3D where widths up to 20 nm can be seen. It
is interesting to note that the width of these fibers is smaller
than the 25 nm diameter of the spherical micelles. Since there
is much less contrast for P2VP than PES with the carbon-coated
TEM grid, we infer that the bright domains seen in these dark-
field TEM images are PFS domains of the micelles. Dense P2VP
domains are probably the source of the faint gray background
separating the brighter small PFS spheres and PFS fibers seen
in these images.

For the samples aged 144 and 192 h, there are an increasing
number of rather stiff fiber-like structures as shown in panels
A and B of Figure 4, respectively. Many of the cylinders are
5—10 pum long. Close inspection shows a large number of
seemingly unchanged spherical micelles in the background. The
images in Figure 4C,D (314 h) are interesting in this respect.
At low magnification, the spherical micelles cannot be seen,

but at higher magnification (Figure 4D), one can see that a large
number of these micelles accompany the fiber-like structures
that dominate the lower resolution image. Only after a year do
we obtain a sample that is free of any indication of these
spherical micelles. Even after 18 months, these solutions
remained colloidally stable; no precipitates were ever observed.

Wide-Angle X-ray Scattering (WAXS) Measurements. We
have argued in the past?’~* that the defining characteristic of
PFS block copolymers that form cylindrical micelles is the
crystallinity of the PFS in the core of the cylinders. PFS itself
is a (semi)crystalline polymer,”*>* and its films exhibit a
characteristic peak in the WAXS spectrum corresponding to a
spacing of 6.36 A. In the single-crystal study of the PFS
pentamer, this peak corresponds to a 6.287 A spacing between
adjacent planes of the fully extended molecules.” We have also
noted that films formed from cylindrical micelles of PFS;3-b-
P2VP»3 in 2-propanol gave a single strong reflection corre-
sponding to a spacing of 6.4 A,>” whereas films formed from
the spherical micelles that formed in methanol gave no
discernible WAXS peak.

In order to examine whether crystallization of the PFS played
a role in the sphere-to-cylinder transition of PFS;3-b-P2VPa3
in ethanol, we carried out WAXS measurements on films formed
from solutions aged for 0.5, 24, 192 h, and 1 year. As shown
in Figure 5, no peak can be detected in the sample aged 30
min, indicating that the initially formed spherical micelles
contain amorphous PFS chains. In contrast, a weak peak having
a d spacing of 6.4 A appeared in the WAXS spectrum of films
formed by PFS»3-b-P2VP530 micelles aged in ethanol for 24 h.
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Figure 5. WAXS pattern for films of PFSy3-b-P2VP,3p micelles prepared
from an ethanol solution (1.0 x 1073 g/mL) aged for different times at
20 °C: (A) 30 min after sample preparation; (B) after 24 h; (C) after
192 h; (D) after 1 year.
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Figure 6. Evolution of the normalized light scattering intensity of
ethanol solutions of PFS,3-b-P2VPy3 at two different concentrations
(1.0 x 107*and 1.0 x 1073 g/mL) at 20.00 °C. The scattering angle is
17.00°.

In a sample from a solution aged just over a week (192 h), this
peak became stronger. For the solution that was aged for 1 year,
this peak sharpened considerably, with a maximum at 6.45 A.
This information is consistent with the idea that crystallization
of the PFS chains accompanies the formation of cylindrical
micelles and is likely the driving force for the sphere-to-cylinder
transition of PFS13-b-P2VP,3y block copolymers in ethanol.
Nevertheless, the width of the WAXS peak and the lack of
higher order peaks suggest that the degree of crystallinity in
these samples is small.

Laser Light Scattering Measurements. With increasing
time, these spherical micelles transform into cylindrical
structures. The larger structures are much more visible in
light scattering, because the scattering intensity (/) is
proportional to the square of the mass of (M) of scattering
objects, i.e., I ~ M?. Figure 6 shows the growth in normalized
scattering intensity of the PFS,3-b-P2VP,3 solution at two
different polymer concentrations. The scattered intensity at a
17.0° scattering angle was obtained as the number counts
obtained in a fixed time window. These data were normalized
by dividing them by the intensity of the incoming laser beam.
Over the first 5 h, little increase of I was observed. After about
10 h, one can see the onset of an increase in scattering intensity,
corresponding to a growth in the overall weight-averaged micelle
mass (M). The increase at 10 h is relatively small and
corresponds to the time for which we see a small number of
circular clusters and short elongated structures in the TEM
(Figure 3A—C).
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Figure 7. A) Hydrodynamic radius distributions (f(Ry)) of a PFS,3-b-
P2VPy3 solution in ethanol (1.0 x 107* g/mL) with increasing aging
time. The scattering angle is 17.0°. (B) The area fraction (Fy)
corresponding to the slow mode in (A) plotted as a function of aging
time.

Dynamic Light Scattering (DLS). DLS measurements
carried out on solutions undergoing structural evolution exhibit
two relaxation modes in G(I'). These indicate the coexistence
of self-assembled structures of two distinct sizes. CONTIN plots
of the hydrodynamic radius distribution (f(Ry)), obtained from
DLS measurements on the PFS,3-b-P2VP»3, ethanol solution
at 1.0 x 107* g/mL are presented in Figure 7A. Over the first
8.5 h, f(Ry) is unimodal. Nevertheless, f(Ry) broadens signifi-
cantly, indicating the presence of both spherical micelles and
aggregates of micelles. The solution at 8.5 h described here is
the same solution used to obtain the TEM images seen in Figure
3A—C. Thus, we can identify the source of broadening in f{Ry)
as due to the presence of the spherical aggregates seen in Figure
3B as well as the short elongated aggregates seen in Figure
3C. At 22.5 h, f(Rp) changes from unimodal to bimodal, as
expected for a mixture of spherical and rod-like micelles. With
further aging, the mode corresponding to the longer relaxation
time grows bigger, indicating that more and more spherical
micelles have been transformed into cylindrical structures. We
also carried out similar experiments for a lower concentration
(1.0 x 1073 g/mL) sample of PFS,3-b-P2VPy3 in ethanol (not
shown) and obtained qualitatively similar results.

In a DLS experiment, the integrated area under a G(I)
distribution is proportional to the excess scattered intensity R(q)
over solvent. For a mixture of two different objects in the same
solution, if there exist two distinct peaks in G(D), denoted as
G4(D) and Gy(D), the area ratio (A,) of these two peaks can be
written as

A, = AJA, = FJ(1— F) = [ [ GyD)dDV/ j; “ G,(D) dD]

= My, 0)/(M, ) ©)

where the subscripts “a” and “b” denote the two different objects
and v is the cutoff translational diffusion coefficient between
G4(D) and Gy(D). X, and X}, are weight fractions of the objects
(a and b). The term Fy, = Au/(A, + Ap) plotted in Figure 7B
describes the fraction of scattering intensity due to the large
slow moving species seen as the slow mode in Figure 7A. After
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Figure 8. Dependence of <I'>/g? on ¢ for a solution of PFS3-b-
P2VPy3 (1.0 x 107* g/mL) in ethanol aged 192 h at 20.00 °C: (A) the
fast relaxation mode in G(I'); (B) the slow relaxation mode.

100 h aging, the larger objects in the solution contribute more
than 80% of the scattering intensity. Unfortunately, these data
do not allow us to calculate the mass fraction of the two
components, because we do not know M, of the species
corresponding to the slow relaxation time peak in Figure 7A.

Taking the 192 h solution as an example, plots of <I'>/g?
vs ¢* for each mode are shown in Figure 8. The intensity —intensity
time correlation functions at two ¢ values (17° and 150°) for
this solution are shown in Figure S3 in Supporting Information.
For the fast relaxation mode, <I'>/g? is independent of ¢>
(Figure 8A), consistent with the contribution of spherical and
optically isotropic particles. In contrast, the positive slope for
the slow mode in the <I'>/g? on ¢ plot (Figure 8B) indicates
a polydisperse system or a system exhibiting a rotational
contribution to diffusion. We attribute this relaxation to the
presence of elongated micelles in our system because, at large
scattering angles for dilute solutions of long cylinders, an
additional exponential decay appears in the correlation function
representing local motions, especially rotation.

Static Light Scattering (SLS). In Figure 9A, we present
Zimm plots (KC/R(g) vs g*) for polymer solutions at different
aging times of the SLS data obtained simultaneously with the
DLS measurements. The upper line (0.5 h) corresponds to the
Zimm plot presented in Figure 1B. Only spherical micelles are
present. With increasing aging time, the data exhibit a steep
initial part at low scattering angles and a flatter curvature at
large scattering angles. The downward type of curvature is often
indicative of the presence of elongated objects in the solution,>®
which we attribute to the rod-like micelles in our system. The
flatter portion of these curves at large scattering angles, on the
other hand, arises from the presence of the smaller spherical
micelles. This superposition of scattering from elongated objects
and much smaller species has analogies to the work of Herzog
et al.,”” who used light scattering to examine the growth of
semiflexible rod-like aggregates in aqueous NaCl solutions from
monomeric dye molecules. In our experiments, no further
insights are available into the nature of the larger, elongated
species, if we attempt to correct the data in Figure 9A to remove
the contribution of scattering by the spherical micelles. When
the data in Figure 9A are replotted as a Casassa—Holtzer
representation (gR(q)/KC vs q), we obtain the results shown in
Figure 9B. From the positive slopes, we learn that the form
factor has a stronger ¢ dependence than predicted for rigid thin
cylinders, as shown in Figure 2B. While a unique interpretation
of these plots is not possible, we suggest that aggregates, perhaps
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Figure 9. (A) Plots of KC/R(g) as a function of ¢° for a solution of
PFS,3-b-P2VPys3 in ethanol (1.0 x 107 g¢/mL) at 20.00 °C for different
aging times. (B) Replotting of the data in (A) as a Casassa—Holtzer
representation gR(g)/KC vs q.

similar to those observed in the TEM images in Figure 4B,C,
are present in solution and contribute to the scattering signal.

Mechanism of the Sphere-to-Cylinder Transformation.
One of the important characteristics of the morphology trans-
formation described above is the onset of partial aggregation
of spherical micelles after an initial induction period (hours).
Aggregated structures coexist with small spherical micelles
throughout the structure transformation process until, after a
year, all low-aspect-ratio species have disappeared from the
solution. Another important characteristic is the increase in the
extent of crystallinity of the PFS as the transformation proceeds.
The WAXS peaks seen in Figure 5 increase in intensity and
sharpen as the solution ages. The challenge for us is to connect
these observations into a mechanism for the sphere-to-cylinder
transformation in this system.

We begin by recalling that PFS»3-b-P2VP»3p forms small
spherical micelles in methanol similar in size to those formed
initially in ethanol. In methanol, no aggregation is seen by DLS
and no structural evolution is seen by TEM over a period of a
week. This result implies that the spherical micelles themselves
are colloidally stable as long as the spherical PFS domain
remains amorphous. From this perspective, the crystallization
of the PFS core in the core of a spherical micelle can be seen
as a rare event that occurs more rapidly in ethanol than in
methanol. We hypothesize that once this crystallization occurs,
the micelle becomes colloidally unstable. When these structures
encounter one another in solution, they form aggregates. The
circular objects seen in Figure 3A,B would then be aggregates
of spherical micelles with a semicrystalline core.

It is interesting for us to note that the diameter of the core (ca.
25 nm) for the small spherical micelles is similar in size to the
spherical polyethylene domains in the polyethylene-b-poly(styrene-
r-ethylene-r-butene) (E/SEB) melts studied by Loo et al.”® For
sufficiently strong segregation, these domains crystallized under
the confinement of the amorphous rubbery block, preserving the
bec lattice structure of the material. These domains underwent
homogeneous nucleation, and exhibited first-order kinetics in the
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crystal growth. For polymers with a higher volume fraction of the
ethylene block, the extent of confinement imposed by the matrix
was less. Crystalline material from individual domains was able
to “break out” to encounter neighboring domains and nucleate
crystallization. These authors studied crystallization kinetics at a
variety of temperatures. We note that, in their systems, the
crystallization processes they deemed to be slow (over 3—4 h) are
still much faster than that reported here.

We like this concept of breakout and use this idea to suggest
that occasionally the PES cores of the spherical aggregates seen
in Figure 3B break out to form a single localized PFS domain,
which then becomes elongated as seen in Figure 3C. Thin
protrusions of PFS appear to connect these domains. We imagine
from the image seen in Figure 3D for the sample aged 22.5 h
that spherical micelles begin to aggregate along these protrusions
to give the fiber—cluster aggregates seen in the insets to this
figure. Transfer of material within the aggregates leads to local
regions of the fibers that are wider than the equilibrium structure.
Upon ripening, the PFS cores of the cylindrical micelles reach
their ultimate width of 10 nm. Eventually, the system evolves
to a mixture of cylindrical micelles, spherical micelles, and their
aggregates. The CONTIN plots in Figure 7A indicate that even
after 192 h there are still free spherical micelles in the system.

At some point there has to be a crossover in growth mechanism.
We know that the cylindrical micelles formed by this PFESy3-b-
P2VPy3y polymer in 2-propanol can be “chain extended” by
introducing to the micelle solution additional polymer dissolved
in a common good solvent like tetrahydrofuran. Addition of this
polymer does not lead to the formation of new cylindrical micelles
but rather leads to an increase in length of the micelles already
present in solution.”® We have referred to this process as “living
self-assembly”, in analogy with living polymerization reactions,
and have explored its properties in a more detailed study of other
PFS block copolymer in selective solvents.®® To maintain consis-
tency with this well-documented behavior, we have to assume that
at some point in sample aging, the growth of the cylindrical micelles
occurs only at the ends. We see no indication that this occurs by
collision of small spherical micelles with the ends of the cylindrical
structures. We previously showed that solutions of short cylindrical
micelles of PFS—polyisoprene in decane kept their length and
relatively narrow length distribution when aged 5 months at room
temperature.®® End-to-end aggregation in this system did not occur.
This result argues against growth involving interaction of the
cylindrical micelle ends with preexisting micelles. It is more likely
that growth occurs via the slow dissociation of individual molecules
from the spherical micelles or their aggregates into the solution
and incorporation onto the cylinder ends by epitaxial crystallization
onto the exposed ends of the PFS core. From this perspective, the
presence of aggregates as seen in the TEM images at 144, 192,
and 314 h play no role in the micelle growth process.

Our model for the sphere-to-cylinder transformation presumes
that nucleation occurs over a period of tens of hours in ethanol
and involves rare events such as that seen in Figure 3D. This is
followed by an extended growth period lasting up to one year.
Solvent must play an important role in both the nucleation step
and the subsequent growth process. Methanol, the poorest
solvent for PFS, shows no evidence of nucleation over a period
of 1 week. This effect may be related to the fact that the
experimental temperature (20 °C) is close to the glass transition
temperature (T, = 33 °C) for PFS homopolymer.'’~>* The short
chain length of the PFS block likely leads to a core-polymer
Tg below room temperature; nevertheless, the mobility of PFS
chains in the core may be restricted by the proximity to 7,. In
2-propanol, a less poor solvent for PFS, nucleation and growth
are rapid. After a day, the solution consists entirely of cylindrical
micelles with lengths on the order of a few ym. From this result,
we infer that many nuclei form over a relatively short time scale.
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While we have not yet examined the growth kinetics in
2-propanol, we suggest that the micelles grow in length over a
period of hours.

Ethanol is an intermediate quality solvent for PFS. Here, we
know that spherical micelles are formed initially and presume that
solvent penetration into the PFS core assists the onset of crystal-
lization. It must also promote dissolution of free chains in the
continuous medium to permit the growth of the cylindrical micelles.
From the extraordinary length of the fiber-like micelles seen after
one year (ca. 20 to 50 um), we infer that nucleation events are
rare and the nuclei formed grow into very long micelles.

Summary

Using a combination of TEM, WAXS and laser light scattering,
we have examined the sphere-to-cylinder transition for micelle
solutions of PFS3-b-P2VP»3) block copolymer in ethanol. The
small spherical micelles formed initially ([R,[J= 25 nm, [R,[1~
20 nm, aggregation number 55 molecules per micelle) resemble
the stable micelles formed by this polymer in methanol. Over time,
the solution becomes enriched in cylindrical micelles and ag-
gregates of spherical structures with these elongated objects. After
one year, the solution contains only long thin micelles with a
uniform core width of 10 nm, lengths ranging from 20 to 50 um,
and approximately 4 polymer molecules per nm length. These
resemble the somewhat shorter cylindrical micelles formed by this
polymer in 2-propanol. Normally, block copolymers with long
corona chains and short insoluble blocks prefer to form spherical
star-like micelles to take advantage of the sharp curvature of small
spheres that minimizes corona chain repulsion in a good solvent.
For PFS,3-b-P2VPy3owith a much long corona-forming chain, some
other factor such as the crystallization of the core polymer must
drive the transformation to a cylindrical structure with a smaller
core diameter than that of the precursor spherical micelles and larger
repulsion between corona chains.

Although the TEM images provide a rich view of changes in
the system over time, the detailed mechanism of the sphere-to-
cylinder transition remains obscure. In refs 59 and 60, we showed
that once seed micelles are present, they grow by deposition of
polymer molecules onto the ends of these structures. Thus, we
imagine from the 20 to 50 um length of the cylindrical micelles
present in our solutions after one year that nucleation is a rare event
and micelle growth is slow. This means that the various aggregates
detected by light scattering and seen in by TEM at intermediate
times are not important intermediates in cylinder growth. These
aggregates serve as a reservoir for block copolymer molecules,
which have rather poor solubility in the medium. As individual
polymer molecules slowly dissociate from the spherical micelles
or aggregates, they become incorporated into the cylinder micelles
by epitaxial crystallization onto the ends of the PES block. More
experiments are needed to understand the details of the cylinder
nucleation process.

Supporting Information Available: 'H NMR spectrum of
PFS block of the block copolymer, a fitted plot of gR(q)/KCaM,
as a function of g with different fitting parameters from those of
Figure 2B, and a plot of the autocorrelation function decay at two
different scattering angles (17° and 150°). These materials are
available free of charge via the Internet at http://pubs.acs.org
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