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Block copolymers aggregate in selective solvents into
micelles of various form and size depending on
molecular architecture and interaction parameters.
The micelles constitute the basis for a variety of novel
mesophases, including bicontinuous phases and
networks of ordered micelles. Small-angle scattering
of X-rays and neutrons are among the most central
tools to investigate the structural properties, and
thereby thermodynamics and dynamics of such
complex block copolymer micellar systems.

Introduction

The  physical  properties of  amphiphilic
macromolecules constitute a rich topic which in
recent years has attracted interest within both applied
and basic science [1-7].

When block-copolymers are mixed in a solvent
which dissolves only one of the blocks, the
molecules self-associate into specific structures to
avold direct contact between solvent and the blocks
which are insoluble. This self-association gives rise
to a wide range of phase behavior, including the
formation of micelles of various form and size,

complex structured microemulsions, and liquid
crystalline phases. A variety of block copolymers,
have in this context been studied when dissolved in
selective solvents of both polar and non-polar type.
In aqueous systems, particular interests have
concerned block copolymers based on poly(ethylene
oxide), PEQ, as the water soluble block.

Block copolymer self-association into micellar
aggregates

It is well established that di- and triblock copolymers
of AB or ABA type, respectively, typically form
micellar aggregates in solvents which are
thermodynamically good for the A-block and
precipitants for the B-block. Such micelles constitute
a liquid suspension of hard sphere interacting units,
as illustrated in Figure la. Triblock copolymers of
BAB architectures may also form individual
micelles, but this implies that all polymer chains start
and end in the same micelle having the middle A-
block dispersed into the liquid, the so-called flower
type micelles. More likely, such micelles form
interconnected networks, where cores are connected

by the soluble A-polymer block, as shown
schematically in Figure 1b and c.

Critical  micellization  temperature and
concentration

In general, micellization of block copolymers
assumes equilibrium between molecularly dispersed
copolymers  (unimers) and multi-molecular
aggregates (micelles). Aqueous systems of block

Figure 1: Schematic representation of spherical micelles. (a) Micelles of AB or ABA type of block copolymers, resulting in
independent hard-sphere interacting aggregates. (b) and (¢) Micelles of BAB type of block copolymers, resulting in domains of

interconnected networks of spherical aggregates.




copolymer composed of PEO with either PPO or
PBO constitute very good model systems for
studying the micellization process and micellar
interactions. At low temperature all these polymers
are hydrophilic, while at higher temperatures PPO
and PBO become hydrophobic.

PEO-PPO-PEO and PEO-PBO-PEO copolymers
therefore appear as unimers when mixed with water
at low temperatures. Structural studies based on
neutron scattering [5] indicate, however, that the
unimers have the form of uni-molecular micelles
presumably with the PPO-blocks at the centre, rather
than Gaussian chains. The temperature-induced
change in hydrophobicity leads to a temperature
above which micellar aggregates are formed with a
core dominated by PPO (respectively PBO) and
surrounded by a corona of hydrated PEO sub-chains.
Depending on the molecular architecture and the
interaction parameters, various micellar forms can
appear, including spherical, rod-like and disc shaped.
In the PEO-PPO-PEO-systems, thermodynamic
changes from spherical to rod-like, discs and
possibly bicontinuous microemulsion [8] can be
induced by changing temperature or concentration.

Typical scattering functions of EQOggPOgsEQgg-

micelles are shown in Figure 2 [9]. The characteritics
of the scattering functions are the concentration-
dependent correlation hole at low-g (¢ being the
scattering vector), the side maximum near g=0.1A""!
and the limiting I~g > behavior at high g-values,
reflecting to first order respectively the inter-micellar

correlations, the micellar core and the dispersed
PEO-chains.

The micellar form factor can be expressed
analytically assuming a dense core and Gaussian
chains in the corona [10]. The solid lines in Figure 2
represent best fits to this formula, including
instrumental smearing and inter-micellar correlations
based on hard sphere interactions in the Percus-
Yevick approximations [11].

The spherical micellar conformations have been
confirmed by direct imaging, using cryo-TEM [9].
The micellar characteristics as obtained from SANS
may also be compared to the hydrodynamic radius,
Ry, as obtained using dynamic light scattering
[12,13]. Generally, the hydrodynamic radius is larger
than the core and smaller than the interaction-radius.

One of the important parameters obtained from the
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Figure 2: Examples of scattering functions, I(g), of different
concentrations of spherical ABA triblock copolymer micelles
(EOg7POgsEQy7) obtained at 7=35°C. The solid lines represent

the best fit of micellar form factor and structure factor with a
hard-sphere interacting potential.

experimental scattering data and other indirect
techniques is the micellar volume fraction, ¢. Figure
3 shows a contour plot of ¢-data of EOQ,5PO40EO,5
[5,14]. The variation in ¢ separates into four regimes.
At low temperatures and concentrations, all
polymers are dissolved as the unimers. Above a line
of critical micellization temperatures (7,,,) and
concentrations (cmcy), a regime of coexisting
micelles and unimers appears. The dispersion is
totally dominated by micelles in the regime above
T~30°C. For copolymer concentration more than
approximately 20%, the micelle volume fraction
reaches a limiting value of the order of ¢, ~ 0.53. On
crossing this ¢, ~ 0.53 line, the suspension undergoes
a transition from a low-7"/ low-concentration liquid
to a high-7"/ high-concentration solid.

Micellar Size and Aggregation Number

The micellar core-radius, R., of PEO-PPO-PEO

copolymers is roughly independent of copolymer
concentration, but shows temperature dependence
reflecting changes in aggregation number [5,15]. The
change in micellar radius for different PEO-PPO-
PEO copolymers shows very similar characteristics.
The core size follows an empirical scaling relation
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Figure 3: Temperature/polymer-concentration contour plot
showing the experimental micellar volume fraction ¢ of
aqueous solutions of EOQ¢7;PO¢sEOg;. The solid line represents
0=0.53 separating the micellar liquid and cubic ordered phase.
The other lines are guides separating the characteristic regimes
of pure unimers (phase I); unimers + micelles (phase 11); and
spherical micelles (phase III (liquid) and phase IV (solid)).

relative to the reduced temperature: R, ~(T-Tepm)?2.
The aggregation number N4, can be calculated both
from the core dimension and, independently of,
based on the limiting micellar volume fraction, with
very good agreement [16]. The values range from
less than 10 to more than 200, depending on
temperature.

Rod and worm-like micelles

Depending on the block copolymer design and
depending on the specific interaction parameters

between solvent and polymer blocks, other forms
than spherical aggregates may occur. In the
EO,,PO,EO,,-copolymers it is possible
thermodynamically to follow such transitions from
spherical to rod and disc shapes by changing the
temperature and/or changing the size of the PEO-
blocks. At elevated temperatures, aqueous solutions
of PEO-PPO-PEO show form-transformation from
sphere to rod-like micelles [5,15]. The origin of the
sphere-to-rod transition is related to the size of the
spherical aggregates. Close to the sphere-to-rod
transition the core-radius is large relative to the
polymer backbone, resulting in either highly
stretched PPO-chains, or major mixing of EO and
PO inside the core, which respectively is entropically
costly and causes an increase in chemical potential
[5,15].

The rod-like micelles form potentially a nematic
phase above some concentration limits. In steady
shear it was shown that the PEO-PPO-PEO rod-like
micelles align to various degrees depending on
polymer concentration and shear-rate, as shown in
Figure 4 [5,14].

Cubic phase of spherical ABA and AB block
copolymer micelles

In the contour plot of the micellar volume fraction, ¢,
shown in Figure 3, we see that ¢ saturates at a
limiting value of the order of ¢.=0.53. When the ¢,
border-line is crossed the micellar liquid undergoes a
first order phase transition to a cubic crystal [17,18],
in agreement with simple hard-sphere crystallization.
Both bece [5,14] and fcc [19] phases have been
reported in the PEO-PPO-PEO and related micellar
systems [20].
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Figure 4: Shear induced alignment of rod-like micelles into a nematic state.




Shear has a marked effect on the cubic crystalline
texture, but seems to depend critically on the specific
copolymer architecture. While original studies
showed only minor shear dependence [5], more
recent experiments have shown shear thinning and
structural dislocation [21-23] analogous to the results
of Gast and coworkers on PS-PI [20]. In static flow
conditions, the shear aligned texture of bce-crystals
is most often found corresponding to a mono-domain
with ¢y, I [112] and gy Il [111], where ¢, and gy are
the g-vector parallel to shear flow and shear gradient,
respectively. In large amplitude oscillatory shear, on
the other hand, the texture is usually a twin structure
with g, Il [111] and gy Il [110].

The mono-domain cubic phase of PEO-PPO-PEO
micelles typically has a mosaicity of the order of 10°
[5,24]. With shear-oriented crystals, it is possible to
perform crystallographic studies and indexing of the
observed Bragg-reflections [5,24]. In Figure 5 is
shown the two-dimensional scattering pattern of
EOy4PO39EOQg; with the beam along the shear

gradient and when the sample is rotated 35° around
the primary [110]-reflection. The scattering pattern is
in agreement with a bee-lattice, as indicated by the
associated Miller indices.

In the limit of high temperature and/or high polymer
concentration, the cubic phase of the EO,,PO,EQO,,
micelles melts near the transition from a spherical to
a rod-like form.

Micelles with glassy cores.

A number of micelles are composed of block
copolymers where the non-soluble block is a glass at
relevant temperatures. Any dynamics involving
molecules jumping from one micelle to another or
micellar shape transformations are frozen out. Block
copolymers of PS are examples of such systems.
Mixing PS-PEO block copolymers with water at
ambient temperatures leads to large plate or rod-like
micelles given by the original lamellar sheets of the
bulk PS-PEO. Only when annealed above the glass
transition of the PS-block do the micelles relax to the
spherical equilibrium structure [25]. In triblock
copolymers of the BAB type, the glassy cores have a
particularly strong influence, since these make up a
permanent physical network structure.

BAB block copolymer architecture

The phase behavior of the BAB-type of triblock
copolymer in a solvent selective for the mid-block, is
to form quite different structures relative to the AB
and ABA types. These polymers may also form
micellar aggregates. Frequently, however, the dilute-
concentration causes loose structures of less well
defined aggregates [7,26].

In the micellar phase, the A-midblocks of the BAB
copolymers form either loops or bridges between
micelles. The inter-micellar bridging gives rise to
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Figure 5: Two dimensional scattering function of EOggPO40EQqq. (a) as obtained with the shear axis parallel to the beam, and

(b) as observed when the sample is rotated by 35° around the vertical axis.




clusters of highly interconnected micelles. For a
certain copolymer concentration, the micellar
networks extend over the whole sample volume, thus
providing a macroscopically isotropic physical gel.
In PO,EO,PO, and BO,EO,,BO,-systems, cubic
ordered structure is observed in the isotropic phase at
low temperatures [26-30].

The usual Pluronics, EO,,PO,EO,,, might be of the

BAB-type if dispersed in nonpolar solvents.
Alexandridis and coworkers and Chu and coworkers
have studied the aggregation behavior of
EO,,PO,EO,, in xylene and found micelles with
predominantly individual flower type micelles [31-
34].

Micellar networks

Depending on the lifetime of the polymer blocks
associated to a given core, BAB-material may show
a finite elastic response. Systems with glassy
micellar cores are ideal systems for such elastomers
crosslinked by self-association. A number of studies
have focused on the PS-type of block copolymers,
including PS-PI-PS [35,36], PS-PEP-PS [37] and
PS-PEB-PS [38,39]. Scattering experiments as well
as electron microscopy imaging have clearly
revealed the spherical PS-cores with effectively
hard-sphere interaction.

The microscopic response to macroscopic
deformation of the three-dimensional network was
studied by neutron scattering. Upon stretching up to
about 100%, additional correlations appear in
specific directions, resembling induced para-
crystalline order, as shown in Figure 6 [40]. Further
stretching gives rise to an anisotropic pattern of the
butterfly type, indicating non-homogeneous
connectivity [41].

Shear alignment of BAB copolymer ordered
networks

For polymer concentrations of 15% or more, ordered
cubic structures are observed above 7=55°C [42]. As
in the AB and ABA systems, the BAB ordered gels
might align into a mono-domain cubic structure upon
application of shear [27,43]. In BAB-networks of
PS-PEB-PS micelles, the scattering pattern
resembles a twinned body centreed cubic
morphology with lattice constants of the order of
400A as shown in Figure 7. Upon cooling,
preliminary measurements indicate a transition to
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Figure 6: Two dimensional scattering function of PS-PEP-PS
when stretched between 2 and 10 times.

another ordered morphology, presumably an fcc-
structure.

Conclusions

It is clear from the present review that the field of
block-copolymer micelles is an active research field
with a large variety of materials. The unique
structural characteristics provide novel attractive
properties. X-ray and neutron small angle scattering
are among the central tools for basic studies of this
class of materials.
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Introduction

Microtubules play several important roles in the cell
[1]. They consist of long chains of tubulin protein
dimers, called protofilaments, which connect
laterally to form a hollow cylindrical structure with
an external diameter of approximately 30 nm and a
length which can extend to microns. The number of
protofilaments can vary, but the predominant number
in a normal functioning cell is 13. The persistence
length of these polymers is reported to be between
2000 and 5200 um [2,3], so that for most
experiments they can be considered to be a
monodisperse rigid rod system with a large
polydispersity in the length. In the experiments
described here the average length is approximately 5
um [4] giving an average molecular weight of 10°
Dalton.

The preparation of hydrated microtubule samples
suitable for small angle X-ray fibre diffraction is not
trivial. A reasonably successful method has been
centrifugation over extended lengths of time (>24
hours) and subsequent rehydration [5]. We have
developed a less invasive method using the
cooperative effect of the diamagnetic moment of the
tubulin dimers in combination with strong magnetic
fields to induce orientation on microtubules in
diluted solutions. For rigid rod molecules with an
axial ratio of 50 - 200 without any constraint applied
to them, Flory has predicted that the angular
distribution of the long axis would be at most 10.2 -




