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Small-Angle Scattering Studies of Block Copolymer
Micelles, Micellar Mesophases and Networks

Kell Mortensen?

2Condensed Matter Physics and Chemistry Department,
Risg National Laboratory, DK-4000 Roskilde, Denmark.

Small-angle scattering is a key technique in relation to experimental studies of complex
fluids and polymers. The application of small-angle neutron scattering is reviewed in re-
lation to structural studies of block copolymers and their solutions. It is shown that such
scattering experiments provide detailed information on both size and form of the polymer
as well as their aggregates, and on the thermodynamics characterizing the self-assembling.
The scattering data gives the detailed structure of block copolymer micelles as well as in-
formation on the inter-micellar interactions. In dense systems, the small-angle technique
is used to study thermodynamics of the disorder-to-order phase transitions, and to study
details of the ordered phases. It is shown that aqueous systems of triblock copolymers
composed of poly(ethylene oxide) and poly(propylene oxide) have not only interests for
applications, but constitute a very good model system in which a variety of thermody-
namics can be studied. This include for example the unimer-to-micelle self-assembling,
micellar sphere-to-rod shape transformation, micellar hard-sphere crystallization into cu-
bic or hexagonal order, and order-to-bicontinuous phase-transitions.

1. INTRODUCTION

Static and dynamic neutron scattering have been key techniques in studying the basic
properties and revealing some of the universal structures and scaling laws for polymers
and other complex fluids.

An important property of complex polymer materials is the degree of miscibility be-
tween various units in the material, i.e. the miscibility between polymers and a solvent,
between different polymers, or between various regimes (blocks) within a single polymer
chain. This factor plays a main role for the material properties and phase behavior. As
a general rule it is found that polymers do not mix. When low-molecular weight liquids
normally makes an ideal mixture, this is a result of the dominating entropic contribution
to the Gibbs free energy. Even though the intermolecular forces usually are repulsive, the
enthalpic contribution is only small (except for special liquids like water). In polymers, on
the other hand, the gain in mixing-entropy is very much reduced due to the large molec-
ular dimensions, whereas the enthalpic parts remain like small molecules. Therefore, it is
practically only possibly to make ideal blends of few, special polymers.

The absence of miscibility is, on the other hand, the basis for attractive structural
properties. When various parts within a single chain are immiscible, or have different sol-



ubility in selective solvents, the molecules may self-assembly into well organized structures
to minimize direct contact between the immiscible units. This self-association gives rise
to a wide range of phase behavior, including the formation of micelles of various form and
sizes, complex structured microemulsions, and liquid crystalline phases on the mesoscopic
length scale.

The association of amphiphilic macromolecules into complex structures is analogous
to that of small surfactants like soaps and lipids. The polymeric nature of amphiphil
macromolecules will, however, give rise to new properties which may be the basis for
important extensions of the use of amphiphil molecules.

Diblock and triblock copolymers have been extensively studied both in the melt and
in solution. The solutions, which is the main topic of here, are in particular interesting
when only one of the blocks are soluble. In such case a variety of aggregates may be
formed, depending on the molecular architecture. Often, the polymers then self-associate
into microscopic well defined aggregates where the non-soluble parts form a core shielded
from the solution by the soluble blocks. Such micellar aggregates may have the form of
spherical objects, or they may be elongated stif rods or less flexible 'worms’, or have the
form of flat discs. More complex structures can also be found, as for example networks
of micelles or bi-continuous phases.

A variety of block copolymers have been investigated when mixed with a selective sol-
vent. These include organic solvents with copolymers composed of blocks of poly(styrene),
PS; poly(isoprene), PI; poly(ethylene), PE; poly(ethylene propylene), PEP; and poly (ethyl
ene butylene), PEB. Most of the polymers which have been studied in relation to aqueous
solutions, are based on poly(ethylene oxide), PEO, as the water soluble block. The non- or
less-soluble blocks have f.ex. been poly(propylene oxide), PPO [1-4], poly(dimethyl silox-
ane) (PDMS) [5] poly(butylene oxide), PBO [6], poly(styrene) [7], and poly(isobutylene),
PIB [8]. Most experimental as well as applied studies have concerned triblock copolymers
with the center block of poly(propylene oxide), PPO, known as Pluronics or Poloxamers.
A large number of papers on such PEO-PPO-PEO tri-block copolymers have been pub-
lished in the last few years, including extended reviews [1-4]. Only few studies have been
published on the reversed Pluronics with molecular architecture PPO-PEO-PPO [9]. The
PEO-PPO block copolymers constitute an ideal model system to study the properties
as a function of amphiphil character. While PEO is water soluble within the 0-100°C-
temperature range, PPO is only soluble at low temperatures and for relative low polymer
concentrations. It is therefore possibly to control the degree of the amphiphil character
of the block-copolymer, just by varying the temperature.

Below we will focus on di- and tri-block copolymers which self-organize into micellar
aggregates. We will discuss both AB, ABA and BAB type of chemical architecture, where
A is the soluble block. The AB and ABA type of systems to be discussed organize as a
general rule in individual micellar aggregates, which interact through a near hard-sphere
type of potential. Such micellar systems are visualized in Fig. 1. BAB polymers may also
form individual micelles, but this imply that all polymer chains start and end in the same
micelle having the middle A-block dispersed into the liquid. More likely, such micelles
form interconnected networks, where cores are connected by the soluble A-polymer block,
as shown schematically in Fig. 2.

Scattering experiments give important insight into the assembling characteristics. Fig. 3



and Fig. 4 shows the characteristic scattering pattern, I(q), typically obtained from ag-
gregates of respectively AB(A) and BAB type of block copolymers. The peak is indicative
of interacting micelles. The peak position depends on both the (local) micellar volume
fraction and the interaction distance.

Figure 1. Schematic representation of spheri- Figure 2. Schematic representation of
cal micelles of AB and/or ABA type of block  spherical micelles of BAB type of block
copolymers in A-solvent, resulting in inde- copolymers in A-solvent, resulting in
pendent hard-sphere interacting spherical ag- domains of interconnected networks of
gregates. spherical aggregates.

Block copolymer micellar aggregates have wide range of potential and applied uses, as
for example viscosity controlling agents, soaps and detergents, lubricant’s and units for
controlled drug release. An important class of block copolymers are those in which water
is a selective solvent.

2. Small Angle Scattering Instrumentation

Small-angle x-ray (SAXS) and neutron scattering (SANS) facilities consists in principle
of few, independent units: the radiation source, the monochromating system, the collima-
tor and the detector. In addition, special sample environment are typically an integrated
part of the instrument. While most SAXS instruments are laboratory facilities, SANS
facilities must due to the need for intense neutron flux always be located at large instal-
lations of either thermal research reactors or neutron-spallation sources. The additional
possibilities for high resolution and quick data sampling from synchrotron x-ray sources,
do, however, make the use of such SAXS-instruments at large installations still more
important.

2.1. Small-Angle X-ray Scattering
In instruments using conventional x-ray tubes as the source, the Kratky type of SAXS
instrument is the most commonly used [10]. This type of instrument has optimized the
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Figure 3. Typical scattering function of in- Figure 4. Typical scattering function of
dividual, hard-sphere interacting micelles. networks of connected spherical micelles.

flux and resolution using slit geometry for collimation and simple filter for monochrom-
atization. The detector is a simple or a linear sensitive detector. The Kratky-apparatus
is often sufficient for studies of solution with not too anisotropic aggregates. The Kratky
instrument has also successfully been used in studies of micelles with liquid crystalline
order [11], but due to the extreme anisotropic resolution function it may cause signifi-
cant problems in such samples, with misleading values of scattering momenta. In x-ray
sources of high power rotating anodes and synchrotron facilities, pin-hole cameras are
usually used. In these systems the collimation consists of two pinhole to define the beam,
one near the source, and a second relative near the sample. A third pinhole is usually
needed between the defining pinhole and the sample to reduce parasitic scattering and
Fraunhofer diffraction from the slits. The monochromatization is obtained using Bragg-
scattering from single crystals, and the scattered photon are detected by an area sensitive
detector.

2.2. Small-Angle Neutron Scattering

Small-angle neutron scattering instruments are basically always of the pin-hole type,
and facilitated with area sensitive detectors. In thermal reactor instruments, the mono-
chromatization is usually obtained using the transmission of a mechanical velocity selector.
Few instruments uses the Bragg scattering from a crystal with broad mosaic spread, or
super mirrors. Spallation source instruments can also with advance use such monochrom-
atization units, in particular in the case of significant inelastic scattering processes. Usu-
ally, however, the full beam is used, and time of flight analysis split the spectra into given
neutron wavelengths.

2.3. Auxcilliary in situ devices.

The success of many recent studies utilizing small-angle scattering technique for poly-
mers and liquids, are facilitated by the access to new experimental tools which can be
operated in situ during the scattering experiment. These include pressure cells [12] and
mechanical stretching and shearing devices [13]. Within studies of soft condensed matter
the application of shear field has in particular given important new insight into the under-



lying physics. Hadziioannou et al. [14] showed that highly oriented cylinder and lamellae
structures of block copolymer melts could be produced in oscillatory shear flow, whereas
Bates and coworkers demonstrated shear oriented single domain cubic phases [15,16].
Ackerson et al. [17] and Lindner et. al. [18], have shown how colloidal crystals can be
oriented in the continuous shear flow in a Couette cell. Block copolymer micellar crystals
can equivalently be oriented in the Couette cell, as shown by Mortensen et al. [19] and
Gast et al. [20].

2.4. Couette shear cell

A simple shear cell used in SANS experiments is the Couette type shown schematically
in Fig. 5. Both inner and outer cylinders of the Couette cell can be manufactured of
neutron transparent materials like quartz, aluminium or niobium. In the design of Fig. 5
the apparatus is contained in a larger steel cylinder allowing removal of the driving motor
and inner Couette cylinder from the top through the open shaft. Conical contact surfaces
guarantee that the inner cylinder always is in perfect centricity with the outer cylinder.
The outer cylinder is mounted vacuum tight to the bottom of the steel cylinder with a 120°
V-shaped inside bottom to prevent air bubbles being caught when the cell is spun. The
diameter of the inner cylinder is typically of the order of 30 mm, and the annular gap of
0.5-1 mm. The apparatus is placed in the horizontal neutron beam so that the neutrons
pass either radially through the center of the cylinders, or tangential to the cylinder.
Couette devices are typically operated with shear gradients in the ¥=1-3000 sec™! range.

Figure 5. Sketch of Couette cell for SANS. Figure 6. Sketch of parallel plate shear
device for SANS.

2.5. Parallel Plate Cell
A parallel-plate device for in situ studies of block copolymer melts and more viscous
micellar suspensions are shown schematically in Fig. 6. The fist instrument of this type



were specially constructed for SANS [13,21], while more recent devises for both neutrons
(Risp) and x-ray (Daresbury) facilities have modified a commercial rheology instrument
(Rheometrics, RSA2), thus providing the possibility for simultaneous rheological and
structural information.

2.6. Pressure Cell
Pressure cells for studies of complex liquids exists for both x-ray and neutrons. The
typical range of available pressures are in the 1-2000 bar range.

3. Scattering function from dilute solutions.

The theory of small-angle scattering has been presented in various text books [10,22-24]
and will only briefly be reviewed below.

The interaction between matter and radiation is for x-ray scattering dominated by the
response of the electrons which is accelerated in the electric field of the beam. To a
good approximation each electron scatters the beam as a dipole proportional to the term
be = €?/m.c?, where e is the electronic charge, m, the electron mass and ¢ the velocity of
light. b, which has the dimension of length, b,=0.282-10~*A, is the ’scattering length’.
In the interaction with an atom, one must integrate over all electrons, taking the phases
into account:

b, = / bep(r)dr (1)

where p(r) is the charge distribution in the atom. The integral, which depends on the
scattering angle 6, defines the atomic form factor. For small-angle scattering (6 = 0),
the [ p(r)d®r-term approaches the number of electrons, i.e. Z, thus giving the atomic
scattering length b, ~ b.7.

The interaction between neutrons and (non-magnetic) matter is dominated by the in-
teraction with the nuclei. The scattering from different isotopes of the same atom may
therefore be quite different. This is in particular the case for the two hydrogen isotopes,
'H (abbreviated H) and ?H (abbreviated D for deuterium). Since the neutron is a spin-1
particle there are two different couplings between the neutrons in the beam and a nucle-
ous, unless the nucleous spin approach null (as in for example O and '2C, see Table 1).
The average of these two interactions gives coherent scattering, whereas the deviation
from average is incoherent and gives a uniform background. Only the coherent scattering
term give information on the static structure. In Table 1 is given the scattering lengths
of the most relevant atoms for polymer solutions.

The amplitude of x-ray or neutron radiation scattered from a collection of objects,
located by vectors 7; and characterized by the scattering length b; is given by

flg) =" bi-expli(q- 7)) (2)

where ¢ is the momentum transfer with length |g| = ¢ = 47/Asin(6/2), A being the
radiation wavelength and € being the scattering angle. The intensity I(g) is proportional
to the square of the scattering amplitude

I(q) = K- |f(@)f (3)



Table 1

Neutron scattering parameters

Nuclei Coherent Scattering Length Incoherent Scattering Length
'H -0.374 - 107 *2¢ 2.527 - 10~ *2cm
’H 0.667 - 10~ %¢ 0.404 - 10~ 2cm
160) 0.580 - 10_120m 0.0 - 10~ 2cm
20 0.665 - 10~'2cm 0.0 - 10~ 2cm
UN 0.937 - 10~ '2cm 0.20 - 10~ '2cm
BSi 0.411 - 10~ '2cm 0.0 - 10~ *2cm
3ip 0.513 - 107 2cm 0.02 - 107 2cm
35C1 1.165 - 10~ *2cm 0.61 - 10~ '2cm

Ref: Neutron News, Vol 3, 1992

where K is given by the geometrical configuration, the intensity of the incident flux,
and the sample transmission. Normalizing with respect to these parameters, we get the
differential cross section do/d2. From Eq. 2, do/dS) can thus be written

) 5 iy expli(q- ) ()

where 7;; = 7; — 7;. It is useful to replace the scattering length b with the parameter n
describing fluctuations from average: 7 = b— < b >, and defining the correlation function
vi; = nin;/ < n? >. Inserted in Eq. 4, this gives

W) <> g esplifa - ) )

In small-angle scattering experiments the resolution is not on atomic distances (~ 1A).
The scattering lengths may therefore be replaced by a continuous function, defined as the
scattering length density, p, given by p = > b;/V, where V' is an appropriate (molecular)
volume. Equivalently, the fluctuation parameter 7 is redefined as a continuous function:
n(7) = p(F)— < p >. The prefactor < n? > is in a two-component system with scattering
length density p; and p, easily shown to be equal (p; — p2)? = Ap?. With the summation
in Eq. 5 replaced by an integration, we then have:

do(q) NP
= Ap? 7(7) expli(g - 7)]dr (6)
ds? sample
The integration in Eq. 6 is over the whole sample volume. For a monodisperse ensemble
of scattering objects, particles, the integration of the correlation function can be split into
the intra-particle self-correlation term and the inter-particle correlation giving

W) (a2 | a@yesplia-mldr- [ (5() = 1) expliq - )ldr (7)

inter

where n is the number density of particles, and spherical symmetry is assumed. The
first integral in Eq. 7 determines the normalized particle form factor, P(q), and the last



integration term gives the inter-particle structure factor, S(q). The scattering function
can thus be written

= nAp’V?P(q)S(q) (8)

For very dilute systems, S(¢)=1 and the particle form factor is determined directly
from the scattering function.

For polydisperse systems Pedersen [25] proposed an approximation assuming sub-systems
of monodisperse ensembles. The total scattering function is then the sum of these systems
weighted by a size distribution function D(R)

do(q)
dQ

= A* [ DIRVA(R)P(q)S(q)dRe (9)

Kotlarchyk and Chen [26] showed that it is possibly formally to write the scattering
function of polydisperse systems as Eq. 8, but with the form factor replaced by the
weighted mean value:

V2P(q) =< V*P(q) >

and the structure factor replaced with

S(q) — 1= p(q)[S(q) — 1],

where (3(q) is a correction term determined by the degree of polydispersity. The scattering
function of non spherical particles can be treated equivalently, using Eq. 8.

3.1. Contrast Variation

Small-angle neutron scattering experiments are particularly useful for detailed studies
of the local structures of block copolymer aggregates. This is done by systematic studies
of systems in which the contrast is varied by exchanging hydrogens with deuterium in
specific places. This is most easily done simply by changing the composition of the solvent
in terms of normal and deuterated material. Alternatively, specific deuterium labeling is
chemically build into the block copolymer molecule during the synthesis. While the effect
of changing the contrast of a pure two-phase systems is only to change the prefactor in
front of the scattering function, more complex structures with varying scattering length
density gives significant different form of the scattering function. This is shown in the
example given in Fig. 7, showing PEO-PPO-PEO micelles in mixtures of water and oil,
with different contrasts.

4. Model Functions

In the following we will assume that the block copolymer aggregates are monodisperse
and randomly oriented, so Eq. 8 is valid. We will review some of the most important
analytical expressions for the scattering function of typical block copolymer aggregates,
eg. micelles with spherical, elliptical or rod-like shapes. Most of the expressions can be
found in the book of Guinier and Fournet [22], or in the extended list of known scattering
cross sections recently summarized by Pedersen [28].



Figure 7. Scattering function of PEO-
PPO-PEO block copolymer aggregate in
mixture of water and oil, with two differ-
ent contrasts [27].

4.1. Block Copolymers Dissolved as Gaussian Coils

If the solvent is a theta solvent for both blocks, the copolymers will be dissolved as in-
dividual random coils. The scattering function is then determined by the Debye function,
F, [22]:

F.(q) ~ 2 *(exp(—z) +2 — 1) (10)

where z=(¢qR,)?, R, being the polymer radius of gyration.

4.2. Scattering from Spherical Micelles
The form factor, F of a homogeneous spherical particle with radius R, has the analytical
form [22]

3
(qR.)?

Fy(q) = [®s(q))" = | (sin(qRe) — qR. cos(qR.))]” (11)

which approach the F,(q) o< ¢~* Porod law at large g-values.

The form factor Eq. 11 represents a good approximation to block copolymer micelles if
they form a dense spherical aggregate, or if the contrast of the micellar corona has been
matched to the solvent. The spectrum shown in Fig. 7 represents the latter situation.

Typically, however, the micelles are of the ’star-type’ (Fig. 1) with relative dense cores
of the non-soluble blocks and a corona of the soluble part extended into the solvent. At
large g-values such block copolymer micelles rather shows a form factor which approach
a ¢~2 behavior at large g-values.

4.2.1. Concentric Spherical Shells
A possibly solution for better description of such spherical symmetric micelles is to use
the form factor of concentric shells.
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The form factor of a single shell with inner and outer radius R; and Ry, respectively,
is obtained from the form factor of dense sphere, P = Psppere (Eq. 11) by subtracting the
empty core with the proper volume weighting [22]:

V(Rl)PSPhere((L Rl) - V(RQ)Psphere(QJ RQ)
VI(Ry) = V(Ry)

Pg) = (12)

This form factor can be generalized to a form factor of N concentric shells with radii
R; and p; being their respective scattering length densities:

plv(Rl)Psphere((L Rl) + Z(pz - pi—lv(Ri)Psphere((L Rl)

Plg) = PV (By) + X V(R (pi = pia

(13)

4.2.2. Micellar Form Factor

A more realistic form factor of spherical block-copolymer micelles including the dense
core and corona of Gaussian chains can be approached by an analytical expression [29].
This form factor includes both the self-correlation of the spherical core, self-correlation
of the chains in the corona, the cross term between the core and chains and cross term
between different chains. The self-correlation term of the sphere (F and ®,) and chains
(F,.) are given by the formula Eq. 11 and Eq. 10, respectively. The cross terms are
calculated using the Debye equation, using infinitely thin shells and taken into account
the correct weighting functions for, respectively, solid sphere and Gaussian chains. The
interference term between core and chains thereby get the form:

See(q) = ®4(q, Rz~ (1 — e ®)sin(qR,)/(qR.) (14)

and the term between chains attached to the surface:

See(q) = x_Q(l - ‘9_06)2 [Sin(qRC)/(ch)]Q (15)

where z=(R,q)?, as before. The resulting form factor of a block-copolymer micelle with
aggregation number N,,, can then be expressed as [29]

Fmic(Q) = Ngggszs (Q7 R)+Nagg/)(2:Fc(Q7 L7 b)+Nagg(Nagg_1)pzScc(Q)+2Naggps/)cssc(Q)(16)

where p, and p,. are the excess scattering length densities of blocks in the core and in the
chains of the corona, respectively.

4.3. Ellipsoidal Micelle
The form factor of a dense ellipsoid with rotation symmetry is not analytically, but

must be calculated numerically. Averaging over orientations gives the form factor for an
ellipsoid with axes R, R, €R [22]

Plg) = /077/2 3(sin(¢R) — ¢R cos(qR)] sina da (17)

(¢R)?

The form factor for concentric ellipsoidal shells can be calculated in analogy to that of
concentric spheres.
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4.4. Rod-Like Micelles
The form factor expression for rod-like micelles involves an integration over the first

order Bessel function Bj(x). The form factor of rods with radius R and length L has the
form [22]

P _/W/2 2By (qRsina) sin(gLcosa)/2
V= gRsin« qL cosa/2)

]? - sina da (18)

4.5. Inter-Micellar Correlations

The scattering function of micellar solutions, Eq. 8, becomes increasingly dominated
by the structure factor S(q) as the micellar concentration is increased.

The structure factor can often successfully be determined using the Ornstein-Zernike
and Percus-Yevick approximations [30] using a hard-sphere interaction potential, but
other approximations are also available. S(¢) is in the hard-sphere Percus-Yevick approx-

imation given by the micellar volume fraction ¢ and the hard-sphere interaction distance
Rps [31-33]:

1
Sla) = 5 + 240G (qRhs, ¢)/ (2qRps)

where (G is a trigonometric function of y=qR, and ¢

(19)

Gly,0) = a(¢)/4y® - [sin(2y) — 2y cos(2y)] + B(¢) /8y’ - [4y sin(2y) + (2 — 4y?) cos(2y) — 2]
+7(4)/32y° - [-16y* cos(2y) + 4[(8y* — 6) cos(2y) + (8y® — 12y) sin(2y) + 6]]

and «, 3, and y are given by the hard sphere volume fraction ¢:

a=(1+2¢)%/(1-¢)*
f=—6¢-(1+¢/2)*/(1—¢)"
v=9/2-(1+2¢)%/(1 - ¢)*
The peak-position ¢q, of I(q) of hard-sphere systems are frequently interpreted simple
as given by the mean micellar distance: 27/gnes = D = [ R}, /¢]'/, i.e. given by the

micellar number density only. This is not true, the position of ¢, is determined by a
complex function of Ry and ¢.

5. Examples:

Aqueous solutions of block copolymers of PEO and PPO constitutes an ideal class of
systems in which self assembling and correlations can be studied in great details. The
solubility of PPO in water changes markedly by relative small changes in thermodynamic
parameters like temperature and pressure. It is therefore possibly in details to study
phenomena like the micelle-formation as a function of the amphiphilic character of the
molecules continuously by for example changing the temperature. Likewise, it is possibly
to study form-transformations of the aggregates, as well as correlations between aggregates
and possibly crystalline mesophases. Below, we will show examples of the use of small
angle scattering technique for studies of micellar systems. The examples will mainly be
taken from studies of Pluronics, but some other systems are mentioned as well.
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5.1. Unimers

The miscibility of polymers in solvents may vary substantially with polymer concentra-
tion and thermodynamic parameters like temperature and pressure. This is for example
the situation for poly(propylene oxide), PPO, in water. PPO is soluble in water only at
low temperatures and relative low polymer concentrations. Block copolymers of water
soluble poly(ethylene oxide), PEO, and PPO therefore appear as independent polymer
chains, called unimers. Within statistical error, the scattering function of these unimers
is in agreement with the polymers obeying Gaussian conformation. This is shown by the
experimental scattering data of 5% EOggPOg;EOQge (F127) obtained at T=5°C, given in
Fig. 8. The solid line represents the best fit to the Debye function of Gaussian chains,
Eq. 10, including instrumental smearing and a constant ;. which represents incoher-
ent background from the sample. The resulting radius of gyration for EOggPOg;EOgg is
Rg=22A. Equivalent good agreements to the Debye function have within statistical error
been observed in other Pluronics [33-35].

Figure 8. Scattering function of an aqueous Figure 9. The radius of gyration R, as

solution of EOQggPOgsEOQgg unimers (5% so- obtained from SANS data of a variety of

lution at 5°C). The solid line represents the PEO-PPO-PEO unimers in aqueous so-

best fit to the Debye-function. lutions. The dotted line represents the
expected Rg-values expected for Gaussian
conformation with monomer size 2A and
Kuhn segment length 10A.

Fig. 9 shows the experimental R, values of different Pluronics, as plotted against the
total number of monomers (2m+n). The experimental R, values appear rather small if
the copolymers really are dissolved as Gaussian chains. It has been argued that acqueous
solution of PEO-chains with more than 10 units are predominantly in the helical mean-
der configuration [36,37] with monomer length [ of the order of 2A. The Kuhn segment
length b is of the order of 10A [38,29]. If we assume that the PPO chain have the same
characteristics as the PEO chain (which is a lower limit) this leads to a radius of gyration
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R,=\/NIlb/ 6=30A for EOg9POg;EOQge. The broken line in Fig. 4 represents this calcula-
tion as a function of N=2m+n. The reduced experimental value of R, may indicate that
the less soluble PPO-block is significant more compact than Gaussian chain. The unimer
thus resemble that of a uni-molecular micelle.

5.2. Spherical Micelles

The poly(propylene oxide) block becomes more hydrophobic upon increasing temper-
ature. For a wide range of Pluronics, this leads to a well defined temperature upon
which spherical micelles are formed. These micelles are composed of a core dominated
by propylene oxide blocks, and surrounded by a corona of hydrated ethylene oxide sub-
chains. Model calculation have been able to describe adequately the micellation process
and proved that the PPO blocks are responsible for the entropy-driven micellation pro-
cess [39,40].

The scattering function of EOggPOg5EOgg-micelles in a 1%, 2% and 5% polymer solu-
tions are shown in Fig. 10 [41]. The data have been normalized to polymer concentration.
The scattering functions clearly show a side maximum as expected from the formfactor
of dense spherical objects with sharp interface

Figure 10. Experimental scattering func-
tion of EOQg9POgsEOQgg-micelles in a 1%,
2% and 5% aqueous solutions. The data
have been normalized to polymer concen-
tration. The solid line represents best fits
to the micellar scattering function, Eq. 16,
including hard-sphere inter-micellar corre-
lations, Eq. 19.

It appear from Fig. 10 that the position of the side maximum is effectively unaffected by
the polymer concentrations, showing that the micellar size, and thereby the aggregation
number, is rather independent of the polymer concentration. At low ¢-values, on the other
hand, a significant reduction in scattering intensity is seen resulting from inter-micellar
correlations of higher concentrations. The temperature dependence (not shown) of the
side-maxima is also weak, but significant, reflecting an increase in micellar size upon
raising temperatures.

The significance of the side maximum is different for different Pluronics. For low molec-
ular weight systems, the side maximum is significantly reduced, if visible at all. The
side-maximum observed in neutron scattering of Pluronic micelles is generally weak due
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to the rather gradual change in scattering length density at the interface between the
micellar core and corona. Since there is quite some difference in electron density from
the PPO-melt core to the hydrated PEO corona, x-ray scattering has a larger change
in scattering length density. x-ray scattering shows accordingly significantly more pro-
nounced side maximal42]. The factor which reduces the side-maxima in both x-ray and
neutron scattering experiments, is possibly dispersity in size or shape. It thus seems that
the high-molecular weight Pluronic micelles have significantly more well characterized
spherical shape and size than low molecular systems.

Excellent fits are obtained to the experimental scattering function as represented by
the representative EOggPOg5EOg9 micellar data shown in Fig. 10. The solid lines are best
fit using Eq. 16, and including instrumental smearing.

In the attempt to reduce the number of fitting parameters when analyzing extended
number of scattering data, one may simple use the formfactor of dense spheres (Eq. 11)
rather than the more complex (Eq. 16). Good fits are then obtained to the experimental
scattering function for ¢-values up to approximately 2-3 times the peak-position ¢,. The
scattering function is thereby expressed in an analytical form determined by only three
parameters: the hard-sphere volume fraction ¢, and the two radii characterizing the
micelles: the core-radius R. and the hard-sphere interaction radius R,;. In extended
data sets one can then obtain detailed information on the temperature and concentration
dependence of the micellar structure.

It is important to note, that in spite of the dispersed polymer corona a near-hard sphere
interaction potential is expected as a result of entropic repulsion.

5.2.1. Micellar Size and Aggregation Number

As already concluded based on the position of the side maximum observed in the
formfactor, the Pluronic micellar core-radius, R., appear to be basically independent of
polymer concentration (Fig. 10). Likewise the hard-sphere interaction radius is relative in-
dependent of concentration, showing that the thermodynamics controlling the copolymer
aggregation first of all is determined by temperature.

An increase in both R, and Ry, of the PEO-PPO-PEO micelles upon increasing tem-
peratures reflects changes in aggregation number. The core radius of EOy5PO40EO,;
micelles, as an example, changes from approximately 40A at 20°C to 50A at 50°C. Si-
multaneously, the hard-sphere interaction radius changes from 50 to 70A. The changes
in the micellar sizes with temperature show that the micelles are dynamic aggregates in
which the individual copolymer chains constantly move from one micelle to another. This
allows optimizing the aggregation number according to thermodynamic parameters.

The change in micellar radius for different Pluronics shows very similar characteristics.
Fig. 11 shows in a double logarithmic plot R, versus reduced temperature for the series
of PEO-PPO-PEO micelles with similar size PPO block: EOy5PO4EOs5, EOgs EO39EOgs
and EOgsPO39EOQgs for 9% and 20% copolymer concentrations. It appears that, when
R, is plotted against the reduced temperature T-T,,,;, the data follow a common master
curve with the empiric scaling relation:

R o< (T — Tpn1)? (20)
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Figure 11. The micellar core-radius of var-
ious PEO-PPO-PEO block copolymer mi-
celles plotted versus the relative tempera-
ture T — Tepa, Temy being the critical mi-
cellation temperature [34]. The scale on
the left axis gives the aggregation number
N.

The aggregation number N,4, can be calculated from the the core dimension. If we
assume that the core consist only of propylene oxide, we have

ATR2 /3 = Nggy-n - Vpo (21)

where n=40 is the poly(propylene oxide) degree of polymerization. Vpo=Mpo/(ppoNa)
is the dry propylene oxide volume. With the molar weight Mpo=58 and the mass density
ppo=1.01g/cm? we get Vpo=95.4A% This leads to an aggregation number of Nogg =~ 58
at T=20°C and Ng4y ~ 116 at T=40°C.

5.2.2. Critical Micellar Values and Micellar Volume Fraction

One of the important parameters obtained from fits to the experimental scattering
function is the micellar volume fraction, ¢.

In Fig. 13 and Fig. 12 are shown the micellar volume fraction of a 28% aquous solution
of EOgsPO39EOgs (F88) as a function of respectively temperature and pressure. One see
that at low temperatures, the micellar volume fraction is zero corresponding to that all
copolymers is dissolved as independent unimers.

Above a well defined critical micellation temperature, T,,,;, there appear a broad range
where micelles and unimers coexists thermodynamically. The micellar volume fraction
increases roughly linearly with temperature and reaches an approximately constant level
above a second characteristic temperature, T,,,2. Above T2 ’all’ copolymers have ag-
gregated in micelles. The broad range with linear increase in micelle density is rather
different from low-molecular surfactants, which at the critical micellar temperature typ-
ically shows a step-like function in micelle-concentration. The origin of the broad range
where significant concentrations of both micelles and unimers coexist may be a result of
the polymeric nature, including polydispersity.

The application of hydrostatic pressure, Fig. 12 has an effect corresponding to lowering
the temperature, i.e. PPO get more hydrophilic upon application of pressure.

For polymer concentrations below approximately 20%, the limiting micellar volume
fraction, ¢, varies linearly with concentration [54,33]. This is in agreement with the
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Figure 12. The micellar volume fraction of Figure 13. The micellar volume frac-
an aqueous solution of 28% EQOg¢PO39EOQgs tion of an aqueous solution of 28%
block copolymer, as obtained versus pres- EQOgPO39EOgs block copolymer, as ob-
sure [12]. tained versus temperature [19].

postulate that all polymers have aggregated in micelles above T,,». Above ¢ ~20%, on
the other hand, the micelle volume fraction reach a limit of the order of ¢, ~0.53. In
this regime there therefore remain some unimers present. The ¢=0.53 value is the critical
value for hard-sphere crystal formation [43,19], and will be discuss further below.

The aggregation number, which was discussed above on the basis of the size of the
micellar core, can be independently calculated on the basis of the micellar volume fraction.
In the regime where ¢ increases linearly with temperature, the system is thermodynamic
stable with both micelles and polymers present. The number of micelles per volume,
&/ Vs, (Vis=47/3R3, being the hard-sphere micelle volume) and the number of free chains
per volume, n,, is related through

ny + Nagg * ¢/ Vis = ¢/V, (22)

where ¢/V, represents the total concentration of polymer chains, V), being the dry volume
of the polymer. Above T,,,, there are basically no free polymer chains, i.e. n,=0. This
leads to the aggregation number:

Nogg = /o 477st/3‘/20 (23)

where ¢,=¢,(c) is the saturating value, linearly dependent on polymer-concentration c.
The dry polymer volume is given as the sum of the volume of monomers, V,=2mVgo+nVpo,
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where V;=M;/(piN,), i=PO or EO. Vpp=95.4A% as given above, and with Myzo=44 and
pro=1.01 g/cm? the ethylene oxide volume is Veo=T73.1A3. Using the fitted value for Ry
we then get an aggregation number of N,,,~37 at 20°C, increasing to 78 at 40°C for the
EO95PO4EO95 copolymer micelles. These values are slightly smaller than those obtained
from the core-dimension. If we, on the other hand, use a more realistic model where the
core dimensions are given by a dense propylene oxide core covered by a dense monolayer
shell of ethylene oxide we get, within the whole temperature-regime, perfect agreement

between the two routes of calculating the aggregation number. The effective thickness of
the dense EO-shell is then 2.8A.

Figure 14. Contour plot of the micel-
lar volume fraction of the EOQ5PO40EOQ5
system as a function of polymer concen-
tration and temperature. The broken
lines separates pure unimer phase (I), pure
spherical micellar phase (III) and coexist-
ing micellar and unimer phase (IT). The
solid line represents ¢=0.53 and separates
liquid and para-crystalline phase (IV).

In Fig. 14 is shown in a contour plot the micellar volume fraction as resulting from
neutron scattering data of EOy5PO4EQO9; obtained for polymer concentrations in the
range 0-40% and at temperatures up to 50°C, i.e. the range of spherical micelles. The
variation in ¢ separates into 4 regimes as indicated in the figure.

At low temperatures and concentrations (regime I in the figure), all polymers are dis-
solved as the unimers discussed above. Above a line of critical micellation temperatures
(T.m1) and concentrations (cmey), regime II, micelles and unimers coexists. The solu-
tion is totally dominated by micelles in regime III. The line separating phase II and III
is well defined and reproducible characterized by the relative concentration independent
temperature T,,,-.

For polymer concentrations below approximately 20%, the limiting micellar volume
fraction, ¢,, varies linearly with concentration (phase-I1I), as discussed above. Above
¢ ~20%, on the other hand, the micellar volume fraction reach a limit of the order of
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¢ ~0.53 (phase-IV). In this regime the micelles form an ordered structure, as discussed
below.

For constant polymer concentration below 20%, Fig. 14 shows a minor decrease in
micellar volume fraction in the high temperatures phase-III. This reflects the increasing
aggregation number, resulting in larger micelles which occupy less volume.

5.3. Rod-like Micelles

At high temperatures, the scattering pattern of many PEO-PPO-PEO copolymer mi-
celles changes in character. For low concentrations of EO9sPO4EQ.s5, this appears at
approximately 70°C. Above T'~70° the low angle scattering intensity increases and in the
low concentration regime the characteristic correlation peak totally disappears.

Fig. 15 shows the scattering function of 1% EQ.5PO4EO.5 obtained at 80°C. The solid
line is a fit to cylinder with axes 50A and length 500A. There are systematic differences
which can be associated with contribution to the scattering from the PEO-chains and
possibly polydispersity or deviation from rod-like (worm-like) form.

Figure 15. The scattering pattern of
EOQ5PO40EOQ5 in the rod phase. The
solid line represents scattering from a
cylinder with radius 50A and length 500A.

The low-temperature spherical micelles have apparently within a small temperature
regime transformed into rod- or worm-like micelles. Based on Fourier transform of the
scattering function it was anticipated [33] that the micelles within a narrow tempera-
ture range continuously change from spherical via prolate ellipsoids to worm- or rod-like
micelles. The scattering data would, however, also be consistent with coexistence of
spherical and worm-like micelles within the given temperature regime. Such behavior has
recently been observed in a study combining neutron scattering and cryo-electron mi-
croscopy measurements on the closely related aqueous system of PEO-PIB-PEO, where
PIB is poly(isobutylene) [44].

In block copolymer micelles of higher PEO-content, the phase lines (unimer-to-micelle
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and spherical-to-rod) are shifted. In EOggPOg5EOQgg and EOgsPO39EOgg, f.ex., the sphere-
to-rod transition for low polymer concentrations only appear at T~95°C [41,34], whereas
the EOgsPO39EQg¢ appear at approximately 90°. On increasing polymer concentration,
the sphere-to-rod transition temperature is reduced.

The origin of the sphere-to-rod transition is attributed to the size of the spherical
aggregates. As seen from the plot Fig. 11 the core-radius of the spherical micelles in-
creases markedly with increasing temperature. Close to T=70°C for low concentration
EO05;PO4EOy;, the core-radius approach 50A giving on average only 2.5A per PO-
monomers for those chains crossing the micelle-center. This can be accommodated in
two ways. Either the PPO-blocks are highly stretched which entropically is very costly,
or there is a large mixing of EO and PO inside the core with a resulting increase in
chemical potential [33]. Linse has in a lattice model calculated the chemical potential [45]
and thereby theoretically verified that the rod-like structure due to these properties are
favored at elevated temperatures.

5.4. Disc-like Micelles

At high polymer concentrations, many aqueous systems of PEO-PPO-PEQO block copoly-
mers form assemblies of disc-like or lamellae structure. Individual micelles of disc like form
have been proposed in block copolymers of low PEO-content, eg. EOgPO3EOg [35]. The
reason for disc like shape is in these system obviously resulting from the optimum way to
shield the large core of non-soluble PPO-blocks.

A quite different reason for disc-like micelles can be found in for example micelles of
polyethylene, PE, in which the form is governed by polymer crystallization. Diblock
copolymers of PE and poly(ethylene propylene), PEP, form in decane large disc-like mi-
celles, in which the PE-blocks have crystallized into extended lamellar sheets [46]. The
sheets are surrounded on both sides by PEP brushes.

6. Micellar Liquid Crystalline Phase

In the contour plot of the micellar volume fraction, ¢, shown in Fig. 14, we see that ¢
saturates at a limiting value of the order of ¢.~0.53. When this ¢. boarder-line is crossed
the micellar liquid undergoes a first order phase transition to a cubic crystal [19] which
constitute a transparent, paste-like material with elastic shear modulus of the order of 10*-
10°Pa [47,48]. The liquid and crystalline domains coexist in the range between ¢.=0.47
and ¢.=0.53 [12] (see also Fig. 13 and Fig. 12). These characteristics are in agreement
with simple hard-sphere crystallization [43].

The polycrystalline paste-like powder-sample is easily aligned into one macroscopic
monodomain crystal upon application of simple continuous or oscillatory shear. In spite of
the fact that the individual micellar aggregates are dynamic in the sense that copolymers
on a short time scale move from one micelle to another, the mono domain crystalline
phase remains for more than weeks after the shear has been stopped.

While the shear thus have dramatic influence on the texture, it does not have marked
effects on the phase behavior of the PEO-PPO-PEO systems. There has been no obser-
vations of any shear dependence in the cubic phase for shear rates up to 6000 sec™'. This
is different from observations on crystalline ordered PS-PI diblock copolymer micelles in
decane [20]. In the BCC phase of these PS-PI micelles, Gast et al. observe at moder-
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ate shear rates a continuous deformation of the lattice into a twin structure with sliding
crystalline layers. At higher shear rates the crystalline long range order is lost, and an
amorphous or liquid-like structure develops. In micellar networks of triblock copolymers
of PS-PEB-PS, the order-disorder phase transition temperature changes significantly by
shear rate [49], as has been seen in pure melts of both di-block [50] and tri-block copolymer
melts [51].

6.1. Single Crystal Crystallography

The poly-crystalline phase of PEO-PPO-PEO micelles can effectively be oriented in
both the static shear of a Couette cell and in the oscillatory shear of plan-parallel devices,
as shown in Fig. 5 and Fig. 6, respectively. In fact, the sample is so easy to shear align that
mounting the material between two parallel plates (eg. quartz or aluminum) and by hand
just move one plate relative to the other, results in a well oriented single phase crystal with
mosaicity typically of the order of 10°. Such shear-oriented crystals are free to be rotated,
and are accordingly suitable for crystallographic studies in the neutron beam, and thereby
index the observed Bragg-reflections. Fig. 16 shows an example of such studies performed
on EOggPO39EOQgg-micelles. The figure shows two two-dimensional scattering pattern,
obtained with the beam along the shear gradient and when the sample is rotated 35°
around the primary [110]-reflection, respectively. The scattering conclude body centered
cubic lattice, bce, as indicated by the associated Miller indexes.

Figure 16. Two-dimensional scattering pattern of EOgsPO39EOgg-micelles in the cubic
bce phase. The scattering pattern are obtained with the shear axis horizontal and with
shear gradient parallel to the beam (left) and the with the sample rotated by 35° around
the vertical axis (right), respectively.
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Most classical hard-sphere systems crystallize on face-centered cubic, fcc, lattice, rather
than bce. The reason for bee-phase in many micellar system is related to the influence of
the polymer-chains dispersed into the solvent, given rise to a softening of the interaction
potential. Only in the limit of a thin corona, the micelles are true hard-sphere systems
and should form a fcc solid. As the corona and thereby the length scale of the repulsion
increases, the micellar system favors bce symmetry. This has been nicely demonstrated
experimentally in PS-PI diblock copolymer micelles [52].

Experiments on the cubic mesophase of PEO-PPO-PEO micelles have always revealed
the shear gradient parallel to [111] and with the flow direction parallel to [112]. [110]-types
of Bragg reflections dominates therefore the scattering pattern, as shown in the examples
given in Fig. 17. In the two-phase regime with 0.47<¢$<0.53, the orientation appears,
however, to depend on both history and applied shear field. While the [111]-axis is still
parallel to the shear gradient, both [112] and [110]-axes are found parallel to the flow
direction.

Figure 17. Two-dimensional scattering pattern of ABA-type of block copolymer micelles:
EO25PO4EOs5, EOgsPO39EO39, and EOggPOgsEOgq; and BAB-type of block copolymer
micelles: PO;5EO145PO15 in the cubic phases. The scattering pattern are obtained with
the shear axis horizontal and shear gradient parallel to the beam.

In ordered phases of PPO-PEO-PPO triblock copolymer micellar networks, as dis-
cussed further below, equivalent shear orientation have been found in the cubic phase.
In a triblock copolymer gel of polystyrene and poly(ethylene buthylene), PS-PEB-PS,
on the other hand, the bcc cubic phase orient in a twinned structure arranged with a
[111] direction parallel to the shear, and [100] direction parallel to the shear gradient,
Fig. 18 [49]. This is the orientation typically observed in the ordered phase of amorphous
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diblock copolymer melts (see eg. [53,13]) as well as classical systems like metals.

Figure 18. Two-dimensional scattering
pattern of the ordered state of an intercon-
nected network of PS-PEB-PS micelles in
oil, revealing twinned bcc-structure. The
scattering pattern are obtained with the
shear axis horizontal and shear gradient
parallel to the beam [49].

In the limit of high temperature and/or high polymer concentration, the cubic phase
melts at the point where the spherical micelles transform into rod-like form, as discussed
above. In some systems, eg. EOa5sPO4EO.5 [54], there are a separate phase between the
cubic and the hexagonal rod-phase. Other materials, e.g. (EO2;POg EOy7) [55], shows
a direct transition from the cubic to the hexagonal. The cubic phase of EOy5PO4EO,;
remains to concentrations of the order of 45-50 % copolymers. At 45 % the cubic phase is
observed from the lowest temperature measured (5°C) up to T=17°C. In the 50 % copoly-
mer sample no six-fold por other atterns characteristic of the bce phase are observed.

6.2. Cubatic Order

The Bragg reflections of the micellar crystals of typical PEO-PPO-PEO systems are far
from resolution limited. Analysis, including instrumental resolution, shows that the line-
shapes are Lorentzian rather than Gaussian [19]. The correlation length (&) as obtained
from Lorentzian fits to the first order reflections

do(q) _ I,
dS2 1 + [(q - QO) * 5]2

shows a small discontinuity at T,,, in agreement with the first order phase transition. In
the ordered phase, however, the correlation length remains typically only of the order of
a few hundred A, i.e. the bond-length correlation is only a few lattice constants (roughly
2, 6 and 10 lattice constants for EOQ5PO40EOQ5, EO%POggEO%, and E099P065E099,
respectively). The orientational order, on the other hand, is macroscopic. This indicate
cubatic classification of the crystalline state[19]. This para-crystalline nature markedly
reduce the intensity of higher order reflections.

+ 1 (24)
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The reason for the cubatic nature of the ordered phase of PEO-PPO-PEO-micelles is
unclear. It is possibly that the polydispersity in the micellar size play a role. Pluronics
with large PEO-blocks tend to make more well characterized spherical micelles, as evident
from the more pronounced side peaks in the form factor. Accordingly one should expect
both more narrow peaks, and better resolved higher order reflections. This is consis-
tent with experiments on different Pluronics. Fig. 17 shows the shear oriented scattering
pattern of EOQ5PO40EOQ5, EOQGPO39E096, E099P065E099, and P015E0156P015. Note
that the latter is of the reverse architecture PPO-PEO-PPO, making a network of inter-
connected micelles. Another effect which however also affect the higher order reflections
in the Pluronics series is the ratio between core size and inter-micellar distance. The
low PEO-content polymers form relative larger cores. Their form factor will accordingly
reduce the intensity of higher order reflections.

7. Nematic Phase

Upon application of steady shear, rod or worm-like micelles align to various degree de-
pending on polymer concentration and shear-rate. In the rod-phase of 1% EO95PO40EPo5
copolymer solution, shear has only a relative small effect, possibly as a result of both rel-
ative small rods and because of the low viscosity, i.e. high relaxation rate. In samples of
higher polymer concentration, on the other hand, shear has a marked effect as displayed
in Fig. 19.

Figure 19.  Two-dimensional scattering pattern of a 10% aqueous solutions of
EO55PO4EO,5 in the rod-phase, as a function of external shear rate.

Fig. 19 shows the shear dependence of a 10% solution of EOy5PO4EPys5 as obtained
approximately in the middle of the rod-phase (T=76°C). Although the data still have to
be finally analyzed, it is clear that the micelles align in the shear field, forming a nematic
phase. The degree of alignment can be quantified by the ratio between scattered intensity
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parallel and perpendicular to the shear. For shear-rates below approximately 1000/sec a
near linear increase in this order parameter is observed. For higher shear-rates, the value
saturates at a finite number.

The anisotropic scattering pattern relaxes instantaneously back to an azimuthally isotropic
structure when the shear is stopped. In the neutron scattering experiment we observe
isotropic scattering within the time resolution of a few seconds after the shear has been
stopped.

Other systems of rod-like micelles have shown a hexagonal phase even at low concen-
trations [56,57]. This is not the case for low concentration Pluronics. In an experiment
of 10% EO95PO40EP9s where the Couette cell was displaced from a 'through center’ to a
tangential configuration, there were no sixfold pattern as characteristic of the hexagonal
phase. In higher concentration, on the other hand, the PEO-PPO-PEO block copolymer
rod-like micelles clearly form a permanent hexagonal rod-structure, as discussed below.
The exact transition between nematic and hexagonal order has not been identified, but
seems to be somewhere between 10 and 20 % copolymer concentration.

8. Hexagonal Rod-Phase

In aqueous systems of EOy5PO4EPy5 and related Pluronics, the rod-like micellar phase
form a solid high viscous suspension for polymer concentrations approaching 15-20%. This
solid-like phase appear to be hexagonally ordered rod structure.

As in the cubic phase, this phase can be oriented by shear in a Couette cell, or between
two parallel plates allowing crystallographic studies. In Fig. 20 is shown the pattern with
the beam respectively parallel and perpendicular to the shear gradient. Two reflections
clearly appear in the parallel configuration, while the perpendicular configuration shows
the six fold pattern characteristic of the hexagonal rod-pattern, i.e. the beam parallel to
the flow and to the rods. No other reflections were observed at any sample orientation.

The two patterns shown in Fig. 20 are to some extend not in agreement with each
other. Rotating the sample 90° we should not expect to see the two strong 1st order
reflections at g,, but only higher-order terms like those at /3 X ¢, (which is however
not visible in these samples). The reason for first order peaks in the ¢, — ¢.-plane is
that the shear oriented sample always consists of two types of domains. This becomes
evident from a detailed study of scattering pattern in three dimensions. The major part
of the sample have the (110)-axis parallel to the shear gradient, but a minor part of the
sample is aligned with the (110)-axis parallel to the shear gradient. The (001) rod-axis
is always parallel to the shear flow. In studies using the Couette cell for shear alignment,
it is actually scattering from the minor part of the sample which dominates, since the
major part have no first order peaks in this scattering plane and there is no higher order
reflections. In the 90°-orientation displayed in Fig.14b, however, the major part of the
sample dominates. Similar observation of two-domain structure from hexagonally ordered
rods have also been done in block-copolymer mesophases [58].

9. Lamellar Phases

Aqueous solutions of typical PEO-PPO-PEO block copolymers form lamellar mesophases
within wide ranges of the temperature-concentration phase diagram. In the EOo5PO4EO95-
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Figure 20. Two-dimensional scattering pattern of a 27% aqueous solutions of
EO95PO4EQO95 in the hexagonal rod-phase. Left: xz-plane; right: yz-plane, where the
x-axis is parallel to the flow and the y-axis is parallel to the shear gradient.

system, the lamellar phase is observed over the 0-90°C temperature range [59], for polymer
concentrations of the order of 50% or more. In aqueous systems the low-PEO content
copolymer, EOgPO3,EO¢-system, the lamellar phase is stable already at 10% polymer
concentration [35]. The scattering function of the lamellar phase is dominated by a single
correlation peak with only weak or no higher order reflections.

In Fig. 21 is shown an example of the scattering function of a typical lamellar phase:
a narrow first order Bragg peak and a shoulder indicating the second order reflection.
The data represent that of a 30% solution of EOgPO36EQ¢ [35]. The low-¢ scattering is
typical for swollen lamellaes with major in-plane fluctuations. The lamellar periodicity,
d, increases linearly with polymer concentration as expected for ideal one-dimensional
swelling

d=0/¢ (25)

with bilayer thickness ¢ and polymer volume fraction ¢.

The scattering pattern of the lamellar phase becomes usually anisotropic when the
sample is exposed to shear. The result is a characteristic pattern with two symmetrical
broad arcs [59]. Studies of shear alignment of block-copolymer lamellar phases have
revealed that such materials typically orient into one of two kind of crystal orientations:
either in parallel lamellar (lamellae parallel to xz plane) or in perpendicular lamellar
(lamellae parallel to xy-plane of shear). In the lamellar phase of PEO-PPO-PEO aqueous
solutions one find usually lamellar domains in all directions which have the lamellaes
parallel to the direction of flow (z-axis).
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Figure 21. Scattering function of
30% EOgPO3EOg aqueous solution in
the lamellar L,-phase and in the bi-
continuous Lz-phase [35].

10. Bi-continuous phases

While bi-continuous microemulsions frequently appear in ternary phase diagrams of
oil, water and low-molecular surfactants, there has only recently been observations of
such phases in binary systems of block copolymers and solvent. The first observation was
made in an aqueous solution of the low PEO-content PEO-PPO-PEO triblock copolymer,
EO¢PO3EO¢ previously mentioned [35]. In Fig. 21 are shown scattering functions of 30%
EOgPO35EO¢ solutions in the lamellar L,-phase described above, and in the bi-continuous
L3 sponge-phase with the characteristic scattering function as described by Teubner and
Strey [60].

More recently, the microemulsion sponge phases have been observed in systems of ABA
tri-block copolymers dissolved in A-homopolymers [61] and in a ternary systems of AB-
diblock copolymer and A- and B-homopolymers [62]

11. Block Copolymer Micellar Networks

While the ABA-kind of block copolymers form individual micelles which interact through
hard-sphere like repulsions, quite different behavior can be expected for BAB-kind of ag-
gregates.

The PPO-PEO-PPO BAB-kind of copolymers associate also in spherical micelles. Since,
however, the water soluble block is in the middle, aqueous solutions form opaque mate-
rials because of interconnected domain structures as schematically visualized in Fig. 2.
In the scattering pattern such domains of micellar networks are characterized by a major
low-angle scattering on top of the pattern observed for individual micelles. Such behavior
is observed, for example, in the system, PO;5EO54PO;5. Only for polymer concentra-
tions above approximately 50%, the network constitutes the whole sample. Within this
"isotropic’ phase, single domain cubic ordered mesophases have been observed in analogy
with the ABA kind of micellar systems, as shown in Fig. 17 [9]. Other interconnected
micellar systems expand the whole material even at only few percents of copolymers [63].

The BAB-micellar systems have potentially interesting elastic properties as a result of
the network structure. One may imagine that very well defined networks can be designed
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with controllable sizes of both the rubber-like middle blocks and the knots formed by the
micellar cores. One may even be able to control the position of the knots since these can
be organized on a crystalline lattice. The dynamics of the individual molecules within
PEO-PPO kind of polymers are very fast, which makes the elastic properties of this
particular network beyond the frequency range of practical interests.

In triblock copolymer systems of crystalline or glass forming polymers, permanent stable
networks are possibly. Tri-block copolymers of polystyrene, PS, and rubber like materials
like poly(ethylene propylene), PEP, form such stable networks when dissolved in oil [63].
Already with a few percent of such polymers in the oil, a permanent network of intercon-
nected glassy PS spheres is formed throughout the sample, resulting in rubber-like elastic
material. In some parts of the phase diagram, these materials form solid like ordered
structures in analogy with the independent ABA-micelles (Fig. 18) [49].

Figure 22. Two-dimensional scattering function of micellar network of PS-PEP-PS tri-
block copolymers in oil, as obtained when stretched to various degree [64,65].

Stretching these materials gives rice to interesting structures, as shown in the contour
plot of Fig. 22 [65]. The scattering pattern of samples stretched up to roughly 100% shows
markedly enhanced scattering intensity in specific positions: pseudo Bragg reflections
revealing stretching induced positional order of the PS-cores. At higher stretching ratios
butterfly shaped patterns appear indicating inhomogeneity in the distribution of micellar
cores and links [64].

12. Phase behavior of bulk block copolymers

Bulk block copolymers form also ordered mesophases, as revealed through intense stud-
ies during the last decade. The ordered phases includes bee-structure of spherical micelles,
hexagonal ordering of rod-like micelles and lamellar phases. Moreover, the tri-continuous
cubic Ta3d-phase has been observed as well as complex modulated lamellar phases [66].
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The pristine PEO-PPO-PEO materials form lamellar phases at low temperatures [59].
In opposition to the mesophases of both most block copolymers studied as well as the
block copolymer solutions, where the self-assembling is controlled by the Flory-Huggins
solubility parameter, the PEO-PPO-PEO lamellar phase is formed as a consequence of
the crystallization of PEO.

In EO45PO4EO,;5 the scattering momentum of the [10]-Bragg reflection is ¢;0=0.0272 A~
giving a lamellar periodicity of d=2m/q1;=230 A. To accomodate this large periodicity
both the PEO and the PPO blocks have to be highly stretched.

At the melting point of PEO the block copolymer material undergoes an order-to-
disorder transition. In the disordered phase there are still some composition fluctuations,
but the Flory-Huggins interaction parameter characterizing the PEO-PPO-PEO system
is relative small: ¥ = 0.092. For the typical polymer sizes N studied, this y-value is too
small to accomodate the xy/N-value needed for ordering.

Other related PEO-block copolymer melts based on comparable molecular weights have
significant larger Flory-Huggins interaction parameters. This is the case for poly(ethyl
ethylene)-poly(ethylene oxide) (PEE-PEO) which show a variety of x-driven mesophases
above the PEO-melting temperature, and a conventional order-disorder transition at
higher temperature [67].

13. Concluding Remarks

In the present review we have described the use of small-angle neutron scattering to
study block copolymer micellar phases. The technique provide experimental values for
size and form of the polymers as well as their aggregates. It gives information on aggrega-
tion number and aggregation thermodynamics. The scattering experiments also provide
information on the interactions between polymeric aggregates. It gives detailes on po-
sitional correlations between these structures, including detailed information on ordered
structures.

It is shown that the aqueous systems of PEO-PPO-PEO triblock copolymers is a very
good model system for experimental thermodynamic studies on the block copolymer self-
assembly, as the amphiphilic character can be varied continously by changing either tem-
perature or pressure.

The information obtained from scattering experiments can be used directly in the design
and optimization of new polymeric materials. Moreover, experimental scattering studies
of complex polymer systems provides a challenge for exploring new physical phenomena.
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