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ABSTRACT: This study reports the lyotropic phase behavior of two poly(ethylene oxide)-b-poly(butadiene)
diblock copolymers and their cross-linking in the mesophase under retention of the mesoscopic order.
The lyotropic phase behavior in water was characterized by polarized light microscopy and small-angle
X-ray scattering (SAXS) in the concentration range from 0 to 100 wt % and in a temperature range between
20 and 100 °C. Depending on polymer composition and concentration micellar, hexagonal, lamellar, and
cubic phases are found. Their ranges as well as pronounced coexisting phase regions were determined.
Several of these mesophases were cross-linked via γ-irradiation to form mesostructured hydrogels. It is
shown that the cross-linked polymer gel essentially maintains the parental lyotropic order, as proven by
SAXS, polarized light microscopy, and transmission electron microscopy (TEM). TEM enables imaging
of the polymer gel structure and thereby the visualization of the liquid-crystalline mesophase morphologies
in themselves. The lyotropic mesophases as well as the lyotropic gels were used as templates for the
synthesis of mesoporous silica, which is expected to give a negative solid copy of the ordered soft matter
structure. The influence of the different templates on the silica structure formation is discussed.

I. Introduction

Amphiphilic block copolymers (ABC’s) consist of at
least two polymer blocks with different composition and
cohesion energies (e.g., hydrophilic, hydrophobic) that
are covalently linked. As with all amphiphiles and block
copolymers, amphiphilic block copolymers phase-sepa-
rate on a mesoscopic length scale which leads to a
manifold phase behavior.1 This structure formation
occurs in the bulk phase as well as in selective solvents.

It is well-known that the aggregation behavior of
block copolymers in the bulk phase depends on the
degree of polymerization N, the volume fractions f of
the polymer blocks, and the interaction parameter ø
between the blocks.2,3 Formation of mesophases in the
bulk phase can be described by universal phase dia-
grams as a function of these parameters.4

Dilute solutions of amphiphilic block copolymers in
selective solvents have also been well studied. In this
case, amphiphilic block copolymers aggregate into mi-
celles, the aggregation number of which is directly
related to the molecular geometry of the amphiphile,
which was recently described by a universal relation.5
Besides spherical micelles, other aggregate structures,
such as wormlike micelles, toroids, or vesicles, were also
described.6-8 Similar to their low molecular weight
counterparts, a particular amphiphilic block copolymer
usually does not realize all different aggregation struc-
tures, but the morphology responds to the molecular
geometry, the concentration of the amphiphile, and the
solvent.

Another analogy between low molecular weight sur-
factants and amphiphilic block copolymers is the forma-
tion of lyotropic mesophases in the concentration range
between micellar solutions and the bulk phase. The
aggregation behavior in this intermediate concentration

range is by far not that well investigated and under-
stood. Pioneering work on Pluronics, a certain class of
poly(ethylene oxide)-b-poly(propylene oxide) diblock and
triblock copolymers,9,10 showed that the position of the
phase regions in the binary phase diagrams is nearly
independent of the molecular weight of the block
copolymer and depends strongly on the block length
ratio.

Here we report the lyotropic phase behavior of poly-
(ethylene oxide)-b-poly(butadiene) block copolymers,
their ability to form self-organized assemblies, and their
cross-linking to generate covalently linked, mesostruc-
tured polymer gels with preservation of the original
structure. Lyotropic mesophases and their polymerized
gels were characterized by polarized light optical mi-
croscopy (POM), small-angle X-ray scattering (SAXS),
and transmission electron microscopy (TEM). Ultrami-
crotomy of the polymer gels allows the direct imaging
of the phase morphologies by electron microscopy.

Another motivation for the examination of the lyo-
tropic mesophases of ABC’s lies in the increasing uti-
lization of the principle of self-organization in modern
materials science. Self-organized media, such as micro-
emulsions,11-14 vesicular solutions,15,16 bicontinuous
microemulsions,17-19 and lyotropic mesophases,20 have
turned out to be very useful templates for the colloidal
structure design of nanomaterials. In these procedures,
the rather fragile self-assembled structures are turned
into solid and permanent stable mesostructured materi-
als. For all these techniques, polymeric amphiphiles are
promising because they usually show very low critical
micelle concentrations (cmc), slow exchange dynamics,
and kinetically more stable aggregate structures which
makes them more robust templates.20 Another versatile
advantage of amphiphilic block copolymers is that their
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lyotropic phase behavior as well as their mesoscopic
dimensions can be easily adjusted by changing the block
lengths, as for example in the templating of mesoporous
silica.21-24

Lyotropically ordered gels in this sense would repre-
sent templates with infinite kinetic stability. Most trials
to form lyotropic ordered gels by polymerization pro-
cesses of inert monomers in surfactant assemblies
however have failed, which is due to the entropic
influence of the growing polymer chain on the ordered
phase. O’Brien and also Gin reported on the preserva-
tion of order in some special polymerizable surfac-
tants.25,26 The γ-ray polymerization of lyotropic meso-
phases of low molecular weight polymerizable surfactants
was also carried out.27 Compared to low molecular
weight materials, γ-ray cross-linking of polybutadiene-
containing ABC’s promises a number of advantages.6,28,29

Besides improved kinetic stability of the polymeric
template, the much higher number of polymerizable
units per molecule ensures homogeneous cross-linking
already at very low conversions. In this way any
changes of the parental structure can be suppressed
already during the very early stages of reaction. The
resulting cross-linked mesophases were used as tem-
plates for silica casting. The resulting silica morpholo-
gies were compared to those obtained from templating
with the primary, non-cross-linked mesophases under
otherwise unchanged conditions.

II. Experimental Part
II.1. Materials. Poly(ethylene oxide)-b-poly(butadiene)

diblock copolymers were synthesized by anionic polymerization
according to literature procedures.30 The molecular properties
of the polymers P1 and P2 are summarized in Table 1.
Deionized water (Milli-Q) was used for the preparation of the
aqueous polymer solutions.

II.2. Preparation and Polymerization of Lyotropic
Mesophases. Lyotropic mesophases of amphiphilic block
copolymers were prepared by mixing the polymer and deion-
ized water in 5 mL test tubes. After homogenization by intense
mechanical stirring, the sealed samples were equilibrated at
60 °C for 24 h and stored at 25 °C for another 48 h. The
polymerization of the samples was carried out using a 60Co
γ-irradiation source (dose rate: 55.67 krad/h ) 0.5567 kGy/
h). The overall radiation dose for all samples was 13.15 Mrad
) 131.5 kGy (1 rad ) 0.01 J/kg ) 0.01 Gy).

II.3. Synthesis of Mesoporous Silica. The synthesis of
mesoporous silica within the non-cross-linked phase was
performed as described in the literature.31 For the synthesis
of silica within the polymer gel, the silica precursor TMOS
(tetramethoxysilane) was prehydrolyzed. Therefore, a mixture
of 6 g of TMOS and 3 g of HCl (pH 2) was stirred at 50 °C
until it became a single-phase silicic acid solution. A slice of
the polymer gel (1 g) was placed within the silicic acid for 15
min. After removing the swollen slice from this solution, the
polycondensation of the silicic acid occurred by heating the
polymer gel for 6 h at 60 °C in a drying oven. Removal of
organic matter from the silica matrix was done by heating the
hybrid gel in a quartz glass tube for 4 h under nitrogen at
500 °C, followed by 12 h under oxygen.

II.4. Analytical Methods. Optical Microscopy. The lyotro-
pic phase behavior of the amphiphilic block copolymers was
studied by polarized light optical microscopy (POM) using a
Leica DM R optical microscope and a Linkam THM 600/S
hotstage. To investigate the phase diagrams, polymer solu-
tions were prepared in 2-5 wt % intervals. The lyotropic
mixtures were heated between two glass slides from room
temperature (20 °C) up to 100 °C using various constant
heating rates from 2.0 to 0.1 °C/min. The occurrence of phase
separations was checked by phase contrast optical micros-
copy.

Small-Angle X-ray Scattering. Small-angle X-ray scattering
(SAXS) measurements were performed using a camera con-
structed at the Max-Planck-Institut of Colloids & Interfaces.
Cu KR X-rays were generated by a rotating anode (Nonius,
FR591). The lyotropic solutions were sealed in fine-glass
capillary tubes (1 mm in diameter). The accessible s range is
0.01 nm-1 < s < 0.30 nm-1, where the scattering vector is
defined as s ) 2/λ sin θ with 2θ being the angle between the
incident and the scattered light.

Transmission Electron Microscopy. The polymerized gels
were examined using transmission electron microscopy (TEM).
For this purpose the gels were dried using a critical-point
apparatus (BAL-TEC CPD 030) after a stepwise exchange of
water for acetone followed by a subsequent solvent exchange
to supercritical CO2. The dried gels were embedded in a
polyepoxide matrix for ultramicrotoming using a Leica Ul-
tracut UCT ultramicrotom. The cut sections had a thickness
of about 30-50 nm and were examined with a Zeiss EM 912
OMEGA transmission electron microscope.

III. Results and Discussion

Lyotropic Phase Behavior. Figure 1a,b gives a
schematic phase assignment of the two polymers P1 and
P2, as revealed by POM.

Polymer P1 forms clear and isotropic micellar solu-
tions up to 25 wt % at temperatures between 20 and 77
°C. Above 77 °C demixing occurrs, as is typical for
nonionic surfactants of the CiEj-type with low poly-
(ethylene oxide) content due to reduced hydration of the
hydrophilic block (cloud point).33 In contrast to low
molecular weight surfactants, no macroscopic phase
separation is observed, as the viscosity of the meso-
phases is high. Phase contrast microscopy clearly con-
firms the demixing into domains of several tenths of
micrometers in size. The cmc appears to be very low.
Already at concentrations of 0.1 wt % wormlike micelles
were detected at 25 °C by dynamic light scattering and
atomic force microscopy (AFM).7 At higher weight
fractions (>25 wt %), slightly opaque and optically
anisotropic lyotropic mesostructures are observed. A
hexagonal phase (HI) occurs between 25 and 57 wt %
which shows a weak fan texture (Figure 2a). The
corresponsing SAXS pattern of a sample with 50 wt %
polymer P1 shows no fewer than five peaks, which
underlines the high degree of order of the mesophase
(Figure 3a). The characteristic length of the hexagonal
phase, given by the d spacing calculated from the first
peak, is 44 nm (s ) 2/λ sin θ ) 1/d).

At concentrations above 66 wt %, a lamellar me-
sophase (LR) is observed which persists until a lamellar
bulk phase at 100 wt % block copolymer is reached. The
typical POM texture of this lamellar mesophase is
depicted in Figure 2a. The SAXS pattern of a sample
with 70 wt % ABC shows no fewer than nine equidistant
peaks (Figure 3b), again indicating the very high degree
of order of these polymeric lyotropic mesophases. The
d spacing of the lamellar structure of P1 at 70 wt % is
31 nm. Both POM and SAXS indicate that a two-phase
coexistence region occurs between the hexagonal and

Table 1. Characteristics of the PEO-b-PB Copolymersa

sample N(PEO) N(PB) Mw/Mn fPEO

P1 125 155 1.02 0.55
P2 202 360 1.06 0.64

a N(PEO) ) degree of polymerization of the PEO block (from
1H NMR data30); N(PB) ) degree of polymerization of the PB block
(from GPC data30); Mw/Mn ) molecular weight distribution
calculated from GPC data30 and fPEO is the volume fraction of the
PEO block.
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the lamellar phase, which shows that even after longer
equilibration times, there is no macroscopic demixing.
The detailed discussion of the structure of this coexist-
ence region will be given in context with the TEM
results. Analogous to poly(ethylene oxide)-b-poly(ethyl-
ethylene) block copolymers,32 a semicrystalline phase
(X) is formed at low temperatures and high concentra-
tions (>86 wt %) where a liquid lamellar mesophase and
small PEO crystallites coexist, indicated by POM,
showing optical textures of PEO spherolites.

The phase diagram of P2 with its higher relative PEO
content differs from that of P1. Up to 25 wt % a micellar
solution is formed. A hexagonal phase occurs at 45-75
wt %. Between the micellar and the hexagonal phase,
a cubic phase (I) is formed around 40 wt % polymer,
which however is barely defined by POM, as indicated
by the dashed lines. For a better determination of the
phase range, more detailed rheological or SAXS inves-
tigations would be necessary. At concentrations higher
than 85 wt % a lamellar mesophase is found. Both
hexagonal and lamellar mesophases show POM textures
similar to the ones shown in Figure 2, and SAXS
supports these classifications. By showing a superim-
position of both scattering patterns, SAXS measure-
ments also hint at a coexistence phase region between
the HI and the LR phases, which demand further
investigations in the concentration range between 60
and 75 wt %. The phase region of the semicrystalline
phase (X) is even larger than that of P1, due to the
higher tendency of the longer PEO block to crystallize.

To sum up, both phase diagrams go well with the
systematic trends seen for CiEj-type surfactants.33 A
direct comparison of both PEO-b-PB phase diagrams
shows that the polymer with the higher volume fraction
of polar chain, P2 (fPEO ) 0.64 for polymer P2 as
compared to fPEO ) 0.55 for polymer P1), tends to form
aggregates with a higher curvature toward water,
resulting in a shift of phase regions toward higher
concentrations as compared to the case of P1. The higher

amount of PEO also suppresses the occurrence of a high-
temperature miscibility gap.

γ-ray Cross-Linking of Lyotropic Mesophases.
γ-ray cross-linking was performed within the cubic,
hexagonal, and lamellar phases and the coexistence
regions of PEO-b-PB block copolymers. After γ-irradia-
tion with a dose of 13.15 Mrad, all samples turned into
solid, mechanically stable and elastic hydrogels. After
irradiation, all materials were completely cross-linked,
as no unreacted polymer could be isolated by Soxhlet
extraction using water or acetone as solvents. Within
all samples, the water-swollen poly(ethylene oxide)
blocks form the continuous phase. Addition of water
after cross-linking leads to swelling but not to a dis-
solution of the gel structure. This is an indirect proof
that cross-linking occurs not only in the polybutadiene
units but also in the polyether block, as was reported
for PEO homopolymer solutions34,35 for the synthesis of
drug release systems.36 A reexamination of the samples
after cross-linking by POM showed the preservation of
optical textures (Figure 2b). Even after drying, the
textures of the gels are not changed, indicating the
retention and immobilization of the lyotropically orga-
nized morphology.

SAXS measurements of the cross-linked hydrogel
show essentially the same peak sequences and peak
profiles, but all peaks are slightly shifted to higher s
values (Figure 3a,b). This means that the cross-linking

Figure 1. Binary phase diagrams (composition versus tem-
perature) of the PEO-b-PB block copolymers (a) P1 and (b) P2
in water as revealed by polarized light optical microscopy.

Figure 2. (a) A contact preparation of the lamellar phase (90
wt % P1) with water. The concentration of the polymer
decreases from the left to the right. The texture of the
hexagonal phase occurs between the texture of the lamellar
phase (left) and the isotropic micellar phase (dark region,
right). (b) The texture of the cross-linked hexagonal hydrogel
(50 wt % P1).
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effects a decrease of d spacings on the order of 5-10%.
Thin sections of critical point dried polymer gels were
used for TEM studies to visualize the morphologies of
the lyotropic organized gel structures. TEM micrographs
of the critical point dried, cross-linked lyotropic meso-
phases of polymer P1 are depicted in Figure 4a-c.

Figure 4a shows the TEM micrograph of the cross-
linked hexagonal phase at 50 wt % P1. The lengths of
the sectioned cylinders vary strongly, due to the differ-
ent orientation of the cylinders with respect to the cut
direction. The radius of the cylinders is constant at
about 10 nm. The long period of the cross-linked and
dried hexagonal phase is determined to be about 40 nm,
which corresponds well to the primary, non-cross-linked
mesophase. γ-Irradiation of a mesophase containing 70
wt % P1 results in a lamellar hydrogel as shown in
Figure 4c. The distances between the single lamellae
seem to vary strongly, which is again affected by the
different orientation of the aggregates with respect to
the cut direction.

Between the hexagonal and the lamellar mesophase,
a coexistence region was observed. The corresponding
cross-linked hydrogel shown in Figure 4b allows direct
visualization of the mesophase structure in the coexist-
ence range at 60 wt % P1 in water. Both cylinders and
lamellae are observed in the direct neighborhood of each
other, indicating a possible transition between these two
mesoscopic geometries. Even the dynamic zipperlike
mechanism which turns the cylinders into lamellae was
frozen by cross-linking in some parts of the sample and
can therefore statically be visualized.7

The TEM micrographs in Figure 5a-d represent the
results of γ-ray cross-linking of some of the mesophases

formed by polymer P2. In accordance with the higher
molecular weight and the longer contour lengths of the
blocks, the mesophases and polymer gels of polymer P2
show generally larger characteristic lengths. Due to the
different block length ratio, a cubic phase is also
accessible which results in a bcc ordered polymer gel
after γ-ray cross-linking as shown in Figure 5a (40 wt
% P2). The morphologies of the hexagonal and lamellar
ordered gels are depicted in Figure 5b,d (50 and 80

Figure 3. SAXS diffractograms of (a) the hexagonal (50 wt
% P1) and (b) the lamellar (70 wt % P1) mesophase of polymer
P1 in water, prior to (solid line) and after (dashed line) cross-
linking. Arrows mark the expected peak positions for the
indicated morphologies. (The spacing ratios of the expected
peaks are 1:x3:x4:x7:x9:x12:x13... for the hexagonal and
1:2:3:4:5:6:7... for the lamellar phase.)

Figure 4. TEM micrographs of cross-linked mesophases of
polymer P1. (a) A dense packing of cylinders is obtained from
cross-linking of the hexagonal (HI) phase (cross-linked at 50
wt % P1). (b) Gel structure in the transition range (cross-linked
at 60 wt % P1); coexistence of lamellae and cylinders. (c)
Morphology of the cross-linked lamellar (LR) mesophase (cross-
linked at 70 wt % P1).
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wt % P2) whereas Figure 5c (70 wt % P2) again illu-
strates the morphology of the mesophase in the coexist-
ence range between the hexagonal and the lamellar
mesophases. Here the cylinders coexist with different
low-curvature, layerlike structures, such as platelets,
vesicles, and single lamellae.

All cross-linked and dried PEO-b-PB gels were
swellable in polar and nonpolar solvents, such as water
and toluene (Table 2). Swelling with these solvents as
well as changes in temperature had no influence on the
optical textures; only the intensity of birefringence
increases by swelling with toluene. This underlines that
the internal order is irreversibly fixed by cross-linking
of both the hydrophilic and hydrophobic domains.

Lyotropic Ordered Polymer Gels as Templates
for Mesoporous Silica. Recently, the use of lyotropic
mesophases of amphiphilic block copolymers for the
synthesis of mesoporous silica was reported.21-24 The
variation of block lengths and concentrations allows the
adjustment of pore sizes, porosities, and morphologies

in a range that clearly exceeded those of classical MCM-
type materials. By SAXS measurements, it was dem-
onstrated that the generated silica matrix adopts the
same order as the lyotropic template, whereas the long
period was slightly decreased, as to be expected for a
polycondensation reaction.

Up to now, a direct comparison of the template and
the silica morphology by imaging was not possible. This
is enabled by the γ-ray cross-linking of the block
copolymer templates. Silica templating can be conducted
in both cross-linked and non-cross-linked lyotropic
phases. The resulting morphologies can be compared
with the cross-linked template and should give direct
proof for the retention of morphology.

The synthesis of mesoporous silica within the non-
cross-linked hexagonal phase of polymer P1 (50 wt %)
was carried out under acidic conditions using the silica
precursor tetramethoxysilane (TMOS) as described in
the literature.31 The polycondensation of this precursor
within the cross-linked hexagonal mesophase was per-
formed by maximal swelling of the network with a
precondensed 1:1 hydrochloric acid (pH 2)/TMOS mix-
ture, followed by polycondensation at 60 °C and calcina-
tion. The TEM micrographs of the calcined and thin-
sectioned silica ceramics are shown in Figure 6a,b.

Both silica structures show nearly the same morphol-
ogy. The characteristic lengths vary slightly as shown
by SAXS measurements. Using the non-cross-linked
template, the d spacing is 31 nm. Templating within

Figure 5. TEM micrographs of cross-linked mesophases of polymer P2. (a) Cubic (I) gel gel structure (cross-linked at 40 wt %
P2). (b) Cylinders of the hexagonal (HI) phase (cross-linked at 50 wt % P2). (c) Transition range with platelets, vesicles, and
single lamellae (cross-linked at 60 wt % P2). (d) Cross-linked lamellar (LR) mesophase (cross-linked at 80 wt % P2).

Table 2. Swelling of Cross-Linked and Dried Gels with
Water and Toluenea

weight increase, %

compound in water in toluene

P1 (HI, 50 wt %) 131 72
P1 (LR, 70 wt %) 88 79

a Weight increase of critical point dried, hexagonal and lamellar
ordered gels of polymer P1 by swelling with water and toluene.
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the cross-linked mesophase results in a d spacing of 34
nm. This slight difference results from the different
amount of precursor that was used, as a result of the
different methods of precursor addition (addition of
TMOS/swelling with silicic acid). The TEM micrographs
show also a different ratio of length dimensions and a
higher degree of order in the case of using the cross-
linked template, which might be affected by the different
times of equilibrating the lyotropic phases. All in all the
morphologies of the templated silica materials and the
cross-linked polymer template correspond directly. These
results confirm the above statements to structure
preservation which were made so far only on the basis
of scattering data.

IV. Conclusion and Outlook

γ-ray cross-linking of lyotropic PEO-b-PB block co-
polymer phases enables the synthesis of organic polymer
gels under complete retention of the original mesoscopic
order. Using this approach, comparably fragile self-
organized nanostructures of lyotropic mesophases are
turned into temperature- and solvent-insensitive, solid
and mechanically stable materials. Morphology and size
of the compartments can be controlled by adjusting the

polymer concentration and varying the block length of
the polymer.

This procedure is interesting from an analytical as
well as a synthetic point of view. Considering analysis,
imaging the primary aggregate structures using ultra-
microtomy and TEM gives new insights in the formation
mechanism of lyotropic mesophases. Thereby the struc-
tures of the different mesophases in single phase,
transition, and coexistence ranges can be directly visu-
alized. A convenient way to generate mesoscopically
ordered gels is described, the morphology of which is
stable against changes of temperature and concentra-
tion, addition of solvents, or even drying. Addition of
polar or nonpolar solvents do not change the order of
the gels but only the characteristic lengths of the
lyotropic ordered materials by the degree of swelling.

Mesoporous silica was synthesized using the novel
cross-linked lyotropic block copolymer mesophases as
templates. By TEM studies, it was demonstrated that
the lyotropic ordered structure is retained during the
sol-gel process, even for the non-cross-linked meso-
phases.

Potential applications of such compartimentized am-
phiphilic polymer gels lie within the fields of mem-
branes, which are swellable in both hydrophilic and
hydrophobic solvents, bioseparation, and controlled drug
delivery systems. An advantage of γ-ray cross-linking
for the latter application is the possible incorporation
of polar and nonpolar drugs without using an additional
chemical cross-linking agent.
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