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The study of amphiphilic polymer based functional organic-inorganic hybrid materials is
an emerging research area offering enormous scientific and technological promise. Here,
we show that employing poly(isoprene-block-ethylene oxide) block copolymers (PI-b-PEO)
and a silicon precursor, which contains a polymerizable organic moiety, unprecedented
morphology control on the nanoscale is obtained. This control is based on a unique polymer-
ceramic interface, which is characterized using a multi-nuclei solid-state NMR approach.
The results show that the hydrophilic parts of the polymer are completely integrated into
the ceramic phase, thereby leading to a quasi “two-phase system”, allowing for a more rational
hybrid morphology design based on the current understanding of the phase behavior of block
copolymers and copolymer-homopolymer mixtures. Examination of the full phase space of
the hybrid materials reveals the existence of a new bicontinuous cubic structure that was
not known to exist in polymer systems. SAXS and TEM data of this structure are consistent
with a so-called “Plumber’s nightmare” morphology. Selective solvent swelling of the
hydrophobic parts of the hybrids leads to isolated nano-objects of different shapes, sizes,
and compositions, while heat treatment generates mesoporous ceramic materials in which
the mesostructure of the precursor material is preserved. Potential applications of these
materials ranging from nanobiotechnology to catalysis are discussed.

1. Introduction
Control of the shape and size of organic-inorganic

hybrid materials is a key feature of natural growth
phenomena. Both are a result of long evolutionary
optimization processes and are intimately related to
specific functions.1 In biomineralization, complex archi-
tectures on different length scales are usually obtained
through cooperative self-assembly of organic and inor-
ganic species.2-4 Despite the success in understanding
the basic principles of self-assembly,5-8 it remains a
challenge for scientists to mimic such natural pathways
and develop simple but efficient routes to materials
structured all the way down to the nanometer scale.9-17

Since all biological systems are based on water as the
solvent, the role of organic amphiphiles in structure
formation processes is of key interest. The self-assembly
of small amphiphilic molecules in an aqueous solution
was first investigated by Luzzati et al.18,19 They discov-
ered that biological amphiphiles can form ordered
structures on the nanometer scale. From then on a
range of bilayer aggregates of small amphiphilic mol-
ecules such as flat sheets (lamellae), closed spherical
aggregates (vesicles or liposomes), and tubules has been
found and explored extensively. This forms the basis of
intense research activities now moving toward potential
applications as complex as drug delivery.20-25

Block copolymers can be regarded as macromolecular
analogs of low molecular weight surfactants.26-30 Their
self-assembly in block-selective solvents has been shown
to result in a variety of nanoscale morphologies includ-
ing spheres, rods, lamellae, vesicle tubules, cylinders,
and large compound vesicles, micelles, or rod mi-
celles.31-41 In particular, crew-cut micelle-like aggre-
gates42 of various morphologies have been obtained by
aqueous solutions of amphiphilic diblock copolymers and
their conformational characteristics are extensively
discussed in the literature.36,43-49 Moving from solution
to condensed phases, the self-assembly of block copoly-
mers in bulk has also attracted much research interest.8
The phase behavior was found to be similar to low
molecular weight nonionic surfactants26 and numerous
experimental as well as theoretical studies have helped
to elucidate specific phase diagrams.50

The use of self-assembly to gain structured organic-
inorganic composites on the nanometer scale is appeal-
ing since no special machining, other than combining
the “right” components under the “right” conditions is
required. Block copolymer self-assembly is particularly
interesting. As in the case of unstructured hybrids, the
best features of inorganic oxides and organic polymers
are combined (cf. the use in contact lenses, waveguides,
scratch-resistant coatings, data-storage devices, chemi-
cal filters, biosensors, electrolytes, and dental fill-
ings51,52). At the same time block copolymers allow
control of organic-inorganic hybrid morphology down
to the nanometer scale. Since macroscopic property
profiles crucially depend on both composition and
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morphology, properties can thus be tailored over a wide
range.

The present review article will focus on a particular
class of block copolymer-ceramic hybrid materials in
which the inorganic precursor itself gives rise to an
organically modified ceramic (ormocer) material. In
particular, the structure-directing properties of an am-
phiphilic poly(isoprene-block-ethylene oxide) block co-
polymer (PI-b-PEO) during the sol-gel synthesis of an
organically modified aluminosilicate network based on
3-(gycidyloxypropyl)trimethoxysilane, GLYMO, and alu-
minum sec-butoxide, Al(OsBu)3, will be described.53,54

The article is organized as follows: In the first part,
properties of both inorganic and organic components will
be highlighted individually. Structural aspects of the
sol-gel network and the phase behavior of the block
copolymer will be discussed. In the second part, the
structure-directing effects of the polymer on the inor-
ganic network will be outlined, employing results of
small-angle X-ray scattering (SAXS) and transmission
electron microscopy (TEM). To gain a deeper under-
standing of the guiding principles in the structural
control, the hybrid interface will be examined in more
detail using solid-state NMR techniques. In the pro-
ceeding part, the full phase space of block copolymers
will be explored in the hybrid material synthesis. A new
bicontinuous cubic morphology will be described, which
to the best of our knowledge was not known for
polymers. Finally, use of these nanostructured hybrid
materials for the preparation of isolated nano-objects
with controlled shapes, sizes, and compositions and for
the production of mesoporous materials is demon-
strated. Potential applications of these materials are
discussed in fields ranging from nanobiotechnology to
catalysis.

2. Unstructured Organic-Inorganic Hybrid
Materials

2.1. Synthesis of Hybrid Materials Using Sol-
Gel Chemistry. Organic-inorganic hybrid materials
can be obtained through a combination of organic and
inorganic components via a sol-gel process. Three
different approaches of organic-inorganic hybrid ma-
terials are distinguished:55 (a) impregnation of a porous
silicon dioxide matrix by organic components, which can
be polymerized in situ, (b) dispersion or solvation of the
organic compound in a sol-gel mixture, and (c) use of
educts with at least one direct heteroatom-carbon
bond.56-59 As starting materials for the sol-gel process,
compounds of different reactivity can be used.60 Silicon
alkoxides need catalysis by an electrophile or a nucleo-
phile,61 whereas the alkoxides of metals such as tita-
nium, zirconium, or aluminum react without external
stimuli.59 The process as such can be regarded as
processing in two steps. In the first step, the inorganic
compound is hydrolyzed. This leads to the corresponding
hydroxide groups which in the second step react with
the remaining unhydrolyzed ones to form a three-
dimensional network.62 During the condensation pro-
cess, reaction products such as water or alcohol are
formed, causing a considerable shrinkage of the mate-
rial.63 The general reaction pathway is outlined in
Scheme 1 for silicon ethoxide.

The final structure and morphology of the network
highly depends on the reaction conditions. Even small

variations in temperature, solvent quality, and concen-
tration of the reactants or catalyst may influence the
final properties of the resulting gel, like the density and
pore size distribution.

2.2. Characterization of Unstructured Hybrid
Materials by Solid-State NMR Techniques. 2.2.1.
Information from NMR Spectroscopy. A deeper
understanding of the relationship between the macro-
scopic properties and the structure and dynamics on the
microscopic level is crucial for the improvement of
hybrid materials. Templin et al.64 investigated the
structural aspects of an aluminosilicate-based hybrid
material on the molecular level by multinuclear solid-
state NMR.65-68 They used various advanced NMR
techniques under magic-angle spinning conditions
(MAS),67,69 which enabled them to probe the chemical
environment of different nuclei and the local dynamics
very precisely, as outlined in Scheme 2.

As starting material for the sol-gel process, 3-(gly-
cidyloxypropyl)trimethoxylsilane, GLYMO, an alkox-
ysilane containing an epoxide ring as a polymerizable
group attached to the silicon was used by Templin et
al.64 (cf. Scheme 3). Sols were prepared at 0 °C by mixing
GLYMO with aluminum sec-butoxide, Al(OsBu)3, in the
presence of diluted hydrochloridic acid. Solidification
was achieved by a stepwise temperature increase up to
130 °C within 24 h.

Scheme 1. Principal Reactions in the Sol-Gel
Process of Silicon Ethoxide

Scheme 2. Schematic Drawing of an
Organic-Iorganic Hybrid Material Together with

the Nuclei Probed in NMR

Reviews Chem. Mater., Vol. 13, No. 10, 2001 3465



2.2.2. Organic Part. The organic part of the com-
posite material was characterized by solid-state 13C
MAS NMR. Representative spectra, recorded with cross
polarization (CP),70 showed that the reactive epoxy ring
of GLYMO was stable in the absence of Al(OsBu)3. The
addition of aluminum alkoxide to the sol considerably
changed the 13C CP-MAS spectra. Even the addition of
only 1 mol % aluminum alkoxide caused the epoxy ring
signals to disappear. They concluded that the Al(OsBu)3
mainly catalyzes the epoxy ring-opening reaction. This
result was corroborated very recently by Innocenzi et
al.,71 who obtained similar results using boron trifluo-
ride etherate as the catalyst.

The gelation reaction could follow three possible
pathways, which are outlined in Scheme 3. (i) Reaction
to oligo- or poly(ethylene oxide) derivatives by step
polymerization of the epoxy group, (ii) hydrolysis of the
epoxy group yielding a diol, or (iii) formation of a methyl
ether by methanolysis.

The reaction products of all pathways were detected
in the 13C CP-MAS spectra. Furthermore, single-pulse
spectra revealed that at least 25% of the epoxy rings is
converted by methanol or water. This leads to the
conclusion that oligomers of ethylene oxide are formed
rather than a poly(ethylene oxide) with high molecular
weight.

2.2.3. Inorganic Part. Information about the inor-
ganic part of the composite material was provided by
27Al and 29Si NMR measurements. For aluminum,
chemical shifts have been shown to be sensitive to the
coordination number,72 whereas in 29Si NMR next-
nearest-neighbor effects could be probed, respec-
tively.65,73,74

Typical results from a single-pulse 27Al MAS NMR
for a sample with 10 mol % Al(OsBu)3 showed tetrahe-
drally (at 55.2 ppm) and octahedrally (at 5.4 ppm)
coordinated aluminum species (cf. Figure 6). The au-
thors concluded that tetrahedrally coordinated alumi-
num is incorporated into the aluminosilicate lattice65

while the octahedrally coordinated aluminum is dis-
tributed in aluminumoxohydroxo domains AlOx(OH)y-
(H2O)z.64

Further information on the inorganic part can be
obtained from 29Si NMR. For the organosilicate species
with a direct Si-C bond, the coordination number of
the silicon is described by the notation Tn (n ) 0, 1, 2,

or 3) where n is the number of bridging oxygen atoms
(Si-O-Si or Si-O-Al). Different Tn species resonate
at a different chemical shift in a 29Si spectrum.64 A
comparison of the 29Si CP-MAS spectra of GLYMO
before and after the addition of Al(OsBu)3 lead to four
main differences: (i) the peaks became broader, (ii) the
intensity in the area of T1 and mainly T2 groups
increased, (iii) the maxima of the T3 and T2 signals were
shifted downfield, and (iv) a new peak at -46.5 ppm
arose. The significant broadening observed indicates a
broad distribution of environments in the second coor-
dination sphere of silicon as expected for amorphous
composites. Moreover, the intensity increase in the
chemical shift area of purely siliceous groups is consis-
tent with the appearance of T3 and T2 species such as
RSi(OAl)2(OSi) or RSi(OAl)2(OH) in the network. The
chemical shift of the new peak lies between that of
purely siliceous T0 and T1 units. Because the spin-
lattice relaxation time T1 (obtained by a single-pulse
experiment) is more than 1 order of magnitude larger75

than what is usually obtained for T groups (20-40 s),68

this group is probably in a more rigid environment than
the other T units. Templin et al.75 attributed such
hindered mobility to silicon units which are localized
in pockets of aluminum-oxohydroxo complexes, whereas
the observed downfield chemical shift was explained by
the presence of three aluminum atoms in the second-
coordination sphere around these T3 groups.76

2.3. Structural Model of the Unstructured Or-
ganic-Inorganic Hybrid Materials. By combination
of the various NMR results, Templin et al.75 proposed
a structural model for the GYMO Al(OsBu)3 composite,
which is shown in Scheme 4.

This model features two different aluminum coordi-
nations (6-fold and 4-fold) and three different surround-
ings of the silicon in the second coordination sphere
(only silicon, only aluminum, or both together). A higher
network density is obtained through short links of oligo-
(ethylene oxide) between different silicon centers.

3. Structured Organic-Inorganic Hybrid
Materials

Employing self-assembling organic molecules as struc-
ture-directing agents can be regarded as the most
promising strategy for preparing ordered hybrid materi-
als. This pathway has already been successfully used
in the synthesis of inorganic mesoporous materials.77,78

Scheme 3. Possible Ring-Opening Reactions of
(3-Glycidyloxypropyl)trimethoxylsilane, GLYMO,

in the Presence of Aluminum sec-Butoxide,
Al(OsBu)3: (i) Step Polymerization; (ii) Hydrolysis;

(iii) Methanolysis

Scheme 4. Structural Model for the GLYMO/
Al(OsBu)3 System
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The final morphology is then determined by the coop-
erative organization of organic and inorganic molecular
species into three-dimensional structured arrayss
driven by either ionic11,79-81 or hydrogen bonds82-84sa
concept also discussed in the context of biomineraliza-
tion.10

Block copolymers as structure-directing agents have
been used by different authors: Bagshaw et al.82 used
block-type low molecular weight nonionic surfactants
as templating agents to produce mesoporous molecular
sieves. Higher molecular weight block copolymers have
been used to stabilize inorganic metal or semiconductor
nanopartcles85-91 with morphologies never far from
spherical.14 Very recently, Raez et al.92 demonstrated
the formation of novel organometallic nanotubes by the
self-assembly of a poly(ferrocenyldimethylsilane-b-di-
methylsiloxane) block copolymer. In this elegant ap-
proach organometallic segments are combined with or-
ganic or inorganic blocks, which offers the opportunity
to access self-assembled materials with redox-active,
semiconducting, or preceramic nanodomains.93-97 The
transition from the small to the large mesoscopic regime
of silica-type mesostructures was achieved by Templin
et al.53 using a poly(isoprene-b-ethylene oxide), PI-b-
PEO, block copolymer of higher molecular weight; see
below.

3.1. Phase Behavior and Phase Transition of
Poly(isoprene-b-ethylene oxide). The phase behavior
of block copolymers can be described theoretically by
different approaches.50,98 According to the mean-field
theory (MFT),99 the block copolymer phase behavior is
dictated by the Flory-Huggins segment-segment in-
teraction parameter, ø, the degree of polymerization, N,
and the composition, f, with the product Nø determining
the degree of segregation. In the case Nø e 10, the
system is ruled by entropic terms, resulting in a dis-
ordered phase. Under the condition Nø > 10, enthalpic
terms dominate, causing an order-to-disorder transition,
ODT, where the unlike segments segregate into a var-
iety of ordered periodic microstructures. For nearly
symmetric compositions the unlike blocks form domains
composed of alternating layers, known as lamellar phase
(lam). Slightly off-symmetry results in the formation of
another layered structure where the minority compo-
nent layers are interrupted by channels through which
the majority component layers are connected.100 The
structure is known as perforated layers (“pl”) and des-
pite an earlier assignment as an equilibrium phase it
is now known to be in a long-lived metastable state.101,102

In the vicinity of the “pl” phase another complex phase
is formed. This phase possesses a bicontinuous structure
(Ia3hd symmetry) with the minority component forming
two interpenetrating 3-fold coordinated networks, known
as the gyroid phase (“gyr”) (cf. Scheme 8A).103 For more
asymmetric compositions a hexagonal phase (“hex”) is
formed when the minority component forms hexagonally
packed cylinders whereas the arrangement of the minor-
ity component in spheres packed in a body-centered
cubic lattice is referred to as a spherical phase (“bcc”).

Additional factors play an important role in deter-
mining the phase state: architecture,104-108 fluctuation
effects,109,110 and conformational asymmetry.111-114 The
architecture, i.e., the way the unlike blocks are con-
nected, was shown to have a strong effect on the phase

behavior by changing the ODT temperatures and the
boundaries between ordered phases.104-108 Fluctuation
effects raise the TODT and allow for direct transitions
between the different ordered and disordered phases.109

The main effect of conformational asymmetry is to shift
the phase boundaries toward compositions richer in the
segments with the higher asymmetry,114 as shown by
recent self-consistent field calculations.111-114 The sys-
tem poly(ethylene oxide-b-isoprene) (PI-b-PEO) is a
unique system because of its high interaction param-
eter. Furthermore, the strong tendency of PEO to
crystallize accounts for its unusual phase behavior. For
example, a sample with fPEO ) 0.77 and a molecular
weight of about M ≈ 104 shows five phases within about
200 K. Both PI and PEO have a similar glass transition
temperature, Tg ≈ 200 K, and therefore similar mobili-
ties within the microphase. The extreme conformational
asymmetry of PEO and PI is expected to affect the phase
behavior.

The phase behavior of PI-b-PEO has recently been
extensively studied by Floudas et al.115-117 A Flory
interaction parameter (by fitting the disordered phase
structure factor of the PI-b-PEO to the mean field theory
predictions) of ø ) 65/T + 0.125 was found, and the
corresponding transition temperatures were determined
using small-angle X-ray scattering (SAXS) and rheo-
logical measurements. In conclusion, a phase diagram
based on 25 samples spanning the range 0.05 < fPEO <
0.8 depicted in Figure 1 was constructed.

The phase space of PI-b-PEO consists of five ordered
phases: crystalline lamellar (“clam”), amorphous lamel-
lar (“lam”), cylinders packed in a hexagonal lattice
(“hex”), spheres in a body-centered cubic lattice (“bcc”),
and the Gyroid (“gyr”) phase with a Ia3hd space group
symmetry. The clam phase dominates the phase behav-
ior at intermediate and strong segregations. The lam
phase has a peculiar appearance owing to the clam
formation at intermediate segregation. The gyr phase
is found on both sides of the phase diagram, being the

Figure 1. Phase diagram for the system poly(isoprene-b-
ethylene oxide). The phase diagram is as follows: clam,
crystalline lamellar; lam, amorphous lamellar; hex, hexagonal
packed cylinders; shaded area, bicontinuous cubic structure
(gyr). Only the equilibrium phases are shown which are
obtained on cooling from high temperatures. The ODT and
OOT temperatures were identified by SAXS and rheology.
Values of øN were obtained by using øN ) 65/T + 0.125. The
dashed line gives the spinodal line in the mean-field prediction.
Notice the pronounced asymmetry of the phase diagram with
ordered phases shifted parallel to the composition axis. The
asymmetric appearance can be accounted for by the confor-
mational asymmetry of segments.
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last before disordering. For some volume fractions the
hex phase has direct access to the disordered state. Due
to the asymmetric compositions employed here, the bcc
phase was only found on one side of the phase diagram.
The phase diagram allows for direct transitions between
the hex and gyr phases for 0.38 < fPEO < 0.46 and
between the lam and gyr phases on cooling diblocks with
compositions in the range 0.66 < fPEO < 0.7.115,116 It is
shifted along the composition axis toward the compo-
nent possessing the more asymmetric segments. As a
result, the gyr structure is observed for 0.4 < fPEO <
0.45, with the upper bond being the highest composition
ever reported.

3.2. Poly(Isoprene-b-Ethylene Oxide) Block Co-
polymers as Structure-Directing Agents in Sol-
Gel Processes. When using block copolymers as struc-
ture-directing agents in sol-gel processes, one possible
pathway toward structural control depends on the
ability of the inorganic oxides to selectively swell only
one block of the block copolymer. In the case of
the GLYMO-Al(OsBu)3 system, the aluminosilicate is

expected to preferentially swell the hydrophilic PEO
block. Consequently, Templin et al.53 performed a sol-
gel experiment by adding a mixture of prehydrolyzed
GLYMO/Al(OsBu)3 solution and KCl to a solution of PI-
b-PEO in THF/CHCl3. The entire process is sketched
in Scheme 5, the characteristics of the block copolymers
used are summarized in Table 1.

3.2.1. One-Dimensional Small-Angle X-ray Scat-
tering. The structure-directing effect of the PI-b-PEO
was highlighted in the following experiments: Three PI-
b-PEO block copolymers with molecular weights of M
≈ 9.9 × 103 g/mol (PP3), 1.4 × 104 g/mol (PP5), and 3.4
× 104 g/mol (PP7) and a narrow molecular weight
distribution (Mw/Mn e 1.1 leading to Mw ≈ Mn ≈ M)
were employed in the sol-gel process (cf. Table 1 for
characteristics of different block copolymers used). The
microdomain structures of the resulting hybrid materi-
als dependent on the weight fraction of the alumino-
silicate, wINORG, were investigated by small-angle X-ray
scattering (SAXS). The resulting patterns at room
temperature are depicted in Figure 2.

Scheme 5. Schematic Drawing of Templin’s Approach for Synthesizing Ordered Hybrid Materials: Left,
Morphology of the Precursor Polymer; Right, Resulting Morphologies after Addition of Various Amounts

of Metal Alkoxides

Table 1. Molecular Characteristics and Phase State of PI-b-PEO Block Copolymers and Structured Hybrid Materials
Derived from Them

parent block
copolymer name Mn (PI)a Mn (PEO)b Mn (block)c Mw/Mn

a fPEO
b morpholgyd

hybrid
material name wINORG morphologyd

PP3 8400 1500 9900 1.05 0.15 bcc
PP3/4 0.33 hex
PP3/10 0.53 lam

PP5 12400 1800 14200 1.06 0.13 bcc
PP5/1 0.23 bcc
PP5/2 0.32 hex
PP5/3 0.45 lam
PP5/4 0.65 inv. hex
PP5/5 0.82 worm mic
PP5/6 0.28 inv. bcc

PP7 28900 5200 34100 1.03 0.15 bcc
PP7/1 0.30 hex

PP9 10200 6200 16400 1.07 0.38 hex
PP9/1 0.53 lam
PP9/2 0.56 PLN
PP9/3 0.73 inv. hex
PP9/4 0.79 inv. bcc

PP0 77400 6700 84100 1.05 0.080 bcc
PP0/3 0.28 hex

a From SEC. b From 1H-NMR. c Calculated as Mn(block) ) Mn(PI) + (Mn(PEO). d SAXS and TEM results.
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For the pure PP5, the pattern with at least two higher
order reflections at angular positions of x2 and x3 of
the first-order maximum is characteristic for spheres
packed in a simple or body-centered cubic lattice (bcc)
(cf. Figure 2A). The composite material PP5/2, however,
consisting of the same copolymer PP5 and metal oxides
at a weight percentage of wINORG ) 0.32, shows higher
order reflections at angular positions of x3, x7, and x9.
This spacing sequence is indicative of a hexagonal array
of cylinders (hex). At an even higher amount of inorganic
materials (PP5/3, wINORG ) 0.45), two higher order
reflections at integer multiples of the q value of the first-
order peak are clearly visible. Such a sequence is
characteristic of an arrangement of lamellae (lam) (cf.
Figure 2A).

The effect of molecular weight of PI-b-PEO on the
spacing of the resulting hybrid materials is outlined in
Figure 2B. Both SAXS patterns are consistent with a
hexagonal morphology at an aluminosilicate weight
fraction of wINORG ≈ 0.31. In the case of the PI-b-PEO
of lower molecular weight (PP3 M ≈ 9.9 × 103 g/mol)
the main peak is located at a q value corresponding to
a spacing of ≈20.3 nm. In the composite prepared from
the block copolymer with a higher molecular weight of
M ) 3.4 × 104 g/mol, the spacing increases to ≈ 40 nm,
indicating that not only the morphologies but also the
dimensions of the structured hybrid materials can be
fine-tuned on the nanometer scale.

3.2.2. Transmission Electron Microscopy. To cor-
roborate the assignments of these SAXS patterns to the

Figure 2. SAXS patterns of hybrid materials: (A) Block copolymer PP5 (M ) 1.4 × 104 g/mol, fPEO ≈ 0.13; bcc) with different
amounts of inorganic material, wINORG ) 0.32 (PP5/2; hex), and wINORG ) 0.45 (PP5/3; lam). (B) Effect of block copolymer molecular
weight on hexagonal morphology at a given amount of inorganic material, wINORG ≈ 0.31, M ) 9.9 × 103 g/mol (PP3/4), and M )
3.4 × 104 g/mol (PP7/1) (hex). Angular positions of higher order peaks with respect to the first-order maximum are indicated for
each curve.

Figure 3. TEM micrographs of hybrid materials composed of PI-b-PEO PP5 (M ) 1.4 × 104 g/mol fPEO ≈ 0.13) with (A) wINORG

) 0.32 (PP5/2) and (B) wINORG ) 0.45 (PP5/3), all at the magnification indicated by the bar in (B). Samples having a PI matrix
were stained with OsO4 before and after ultrathin sectioning. Images of stained specimens were taken under bright field conditions
(energy loss ∆E ) 0, dark phase is stained PI).
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hex and lam morphology, samples were examined by
transmission electron microscopy (TEM). The contrast
in the micrographs arises from the PI phase, stained
with OsO4 and appearing black. The TEM image of the
sample PP5/2 (cf. Figure 2A) clearly shows hexagonally
packed cylinders (hex) in the two most typical projec-
tions (Figure 3A). The TEM of the sample PP5/3 with a
higher amount of inorganic proves the lamellar struc-
ture (lam, Figure 3B).

Furthermore, the elemental mapping technique118-120

was used to determine whether the silica-type material
is confined to one phase of the block copolymer,53 as
expected. In this process two images are acquired at
electron energy losses before the Si-L2,3 edge and these
are used to extrapolate an image expected at the energy
loss of the Si-L2,3 edge. Because the extrapolated image
is not influenced by the absorption edge, it represents
a silicon-nonspecific mass-thickness background. This
background is then subtracted from a third image
acquired at the Si-L2,3 edge and the difference image
represents the pure contribution of silicon to the con-
trast,118 with areas containing silicon appearing bright.
In Figure 4 two TEM micrographs of hybrid material
PP3/10 (wINORG ) 0.53) of an identical area are depicted.
Figure 4A shows results obtained in the energy-filtering
imaging mode using electrons of zero energy loss,121

whereas in Figure 4B the same site was recordered
using the elemental mapping technique. From these two
micrographs (Figure 4) it is obvious that the inorganic
silicon-rich phase has lamellar morphology and that the
silicon is confined to the PEO phase.

3.2.3. Two-Dimensional Small-Angle X-ray Scat-
tering. Due to the solvent cast technique,122-124 which
is part of the sample preparation, the hybrid material
may exhibit a preferential orientation. Templin et al.53

investigated this effect by using two-dimensional SAXS.
The patterns of the lamellar sample PP3/10 (wINORG )
0.53) are depicted in Figure 5 for two different orienta-
tions with respect to the X-ray beam.

According to Figure 5, only a ring of small scattering
intensity is observed in the qx-qy plane (film plane),

whereas in the qy-qz plane two strong and narrow
scattering peaks along qz are detected. This result is
expected for lamellae oriented parallel to the film
surface. It demonstrates that the solvent cast technique
is capable of producing macroscopically aligned samples
in the case of lamellar silica type mesostructures.

3.3. Characterization of Structured Hybrid Ma-
terials by Solid-State NMR Techniques. While
small-angle X-ray scattering (SAXS) and transmission
electron microscopy (TEM) experiments explored the
nanoscale morphologies, the molecular-level structure
and dynamics as well as the nature of the hybrid
material’s aluminosilicate/PI-b-PEO interface remained
an open question. In several other structured com-
pounds, the inorganic phase was shown to be stabilized
by Coulombic interactions with either the organic
template125 or with an intermediary counterion.11 For
the aluminosilicate/PI-b-PEO system, however, the situ-
ation is quite different since the separation of inorganic
and organic regions is not as clearly defined. GLYMO
itself contains both organic and inorganic moieties (cf.
Scheme 3), and the intrinsic compatibility between
GLYMO and PEO leads to a case where the organic
polymer may significantly penetrate the aluminosilicate
network as described for copolymer and epoxy resin
mixtures.126,127

Figure 4. TEM micrographs of hybrid material PP3/10 (lam, wINORG ) 0.53) reordered (A) in the energy-filtering imaging mode
using electrons of zero energy loss and (B) using the method of elemental mapping as described in the text.

Figure 5. Two-dimensional SAXS patterns of hybrid material
PP3/10 (lam, wINORG ) 0.53), at 295 K for two different
directions of the X-ray beam with respect to the sample
coordinate frame, as schematically depicted in the inset.
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3.3.1. Possible Structural Models. Possible models
for the distribution of the aluminosilicate component in
the PEO phase of the lamellar composite (see Scheme
6) can be postulated analogously to previously studied
block copolymer/homopolymer systems.128-130 Theoreti-
cal studies of the addition of a homopolymer (A) to a
block copolymer (AB) suggest that two competing effects
control the location of the homopolymer within one of
the phases of a lamellar block copolymer.131 Covalent
links between the blocks tend to pull the A-type
monomer units of the block copolymer toward the B
blocks (leaving the added homopolymer in the center of
the A block), while entropic considerations favor a
uniform distribution of the homopolymer throughout the
A block. The size of the homopolymer tends to determine
which scenario is most likely. For larger molecular
weights of the homopolymer, covalent effects govern the
system; for small molecular weights, the entropic effects
dominate. Such effects have been observed experimen-
tally.128

The aluminosilicate/PI-b-PEO hybrid system can be
expected to behave similarly to such block copolymer/
homopolymer systems since the aluminosilicate phase,
which contains PEO-like organic segments, is selectively
added to one block (cf. Figure 3). However, the effective
“size” of this aluminosilicate layer is unknown. Two
limiting scenarios are, therefore, possible. The first is
an interfacial layer of pure PEO lying between the PI

and the PEO/aluminosilicate mixture (Scheme 6A). In
this case, PEO forms an interphase132 and three separate
domains can be distinguished (“three-phase scenario”).
The second possibility is the aluminosilicate fully pen-
etrating the PEO region of the block copolymer. Thus,
there is no pure PEO layer, and the hybrid can ad-
equately be described as a two-phase system (“two-phase
scenario”, Scheme 6B). Note that, in both cases, the
separation of the PI from the PEO is expected to be
sharp (less than 5 Å) because of the inherent incompat-
ibility of these two polymers.115

3.3.2. Solid-State NMR Results. To verify these
models and to obtain better insight into structure and
dynamics of these novel structured hybrids in general,
1H, 13C, 27Al, and 29Si solid-state NMR measurements
were performed by De Paul et al.133

Single-pulse 27Al MAS NMR spectra in the presence
and in the absence of the structure-directing PI-b-PEO
are shown in Figure 6A. In both samples tetrahedrally
(at δ ) 55.2 ppm incorporated into the aluminosilicate
lattice65) and octahedrally (at δ ) 5.4 ppm, aluminu-
moxohydroxo domains,64,75 AlOx(OH)y(H2O)z) coordi-
nated aluminum species were found, cf. Scheme 4.
Significantly, in contrast to the unstructured hybrids,
no peak was present in the 30-40 ppm region, where
highly distorted tetrahedral sites are expected to reso-
nate. This indicates that for the structured hybrids no
significant numbers of severely distorted aluminum
sites in the aluminosilicate network are present. The
relative intensities of the sites varied when comparing
the unstructured with the structured hybrid materials
of different polymer/inorganic compositions but no
systematic relation to composite morphology was ob-
served.133

Further information about the inorganic part was
obtained from 29Si NMR (Figure 6B). Again, the two
spectra of the structured and unstructured material are
qualitatively similar to each other, as peaks due to T1,
T2, and T3 sites can be clearly distinguished in both
spectra. The downfield peak at -46.5 ppm (clearly
visible in the upper spectrum, but also present in the
lower one) can be attributed to a specific T3 environment
RSi(OAl)3 in which the silicon is coordinated via bridg-
ing oxygens to three aluminums. When 29Si NMR
spectra of structured hybrids with different amounts of
inorganic material are compared, the populations of the

Scheme 6. Two Possible Models for the
Distribution of the Aluminosilicate Network in the

PEO Phase of PI-b-PEO; (A) Three-Phase
Scenario: Interfacial Layer or Interphase of Pure

PEO Is Present; (B) Two-Phase Scenario:
Aluminosilicate Network Is Distributed

throughout the PEO Phase

Figure 6. Comparison of the MAS NMR spectra of the structured (sample PP5/3, lam) and the unstructured hybrid material:
(A) 27Al MAS NMR spectra and (B) the 29Si MAS NMR spectra. Chemical shifts in ppm from AlCl3 and TMS, respectively.
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various silicon environments do not significantly change
as a function of composite morphology.133 In fact, the
observed differences likely reflect normal fluctuations
in the hydrolysis step.

These results indicate that the polymer is not likely
to play a significant role in the inorganic network
formation since the NMR spectra of the structured and
unstructured hybrid materials are very similar.

3.3.3. Local Dynamics as Revealed by Two-
Dimensional Wide-Line Separation Spectroscopy
(WISE) and Differential Scanning Calometry
(DSC). On the other hand, the inorganic components
are expected to influence the dynamics of the block
copolymer, respectively the PEO block. In fact, one
common reason for forming organic-inorganic compos-
ites is to improve the hardness of the polymeric materi-
als.51 To find out whether the PEO/aluminosilicate
phase is uniformly rigidified or a distribution of mobili-
ties exists, two-dimensional wide-line separation spec-
troscopy134,135 (WISE) experiments were performed.133

This technique gives insights into the relative mobilities
as large proton width corresponds to more rigid regions
of the sample. Figure 7 shows the results of a WISE
experiment performed on the lamellar composite PP5/3
(lam) at 268 K. (The sample was cooled to reduce the
mobility of the polyisoprene so that cross polarization
was possible.)

Dynamic differences in mobility for the different
regions of the sample were observed. The vinyl protons
(Figure 7C, occurring exclusively in polyisoprene) were
quite mobile. The least mobile protons were associated
with the carbons adjacent to oxygen (Figure 7D, found
in poly(ethylene oxide) and GLYMO) and with the
carbons adjacent to silicon (Figure 7F, found exclusively
in GLYMO), respectively. The aliphatic proton line
(Figure 7E), made up of contributions from the meth-
ylene groups in polyisoprene and in GLYMO as well as
the methyl groups in polyisoprene and in one of the
minor hydrolysis products of GLYMO (cf. Scheme 3) had
two clear components: a broad component and a nar-
rower component. The mobile component is naturally
assigned to polyisoprene. These results indicate the

presence of significant dynamical heterogeneity in the
composite materials. In particular, the polyisoprene is
quite mobile, while both the PEO and GLYMO phases
are significantly more rigid. The glass transition of PI
as measured by DSC is, in fact, the same in the
composites as in the pure block copolymer (Tg ≈ 214-
215 K, compare Figure 8). The behavior of the PEO

Figure 7. Results of a two-dimensional WISE experiment performed on the lamellar composite PP5/3. Chemical shifts in ppm
from TMS. (A) A stacked plot of the full spectrum. (B) The projection along the 13C dimension. Proton slices corresponding to (C)
the vinyl protons in PI, (D) the -CH2O- protons in PEO and GLYMO, (E) the aliphatic protons, found throughout the composite,
which are not near oxygen or silicon, and (F) the -CH2-Si- protons in GLYMO. Larger proton line widths correspond to more
rigid regions of the sample.

Figure 8. DSC traces of (A) the pure PI-b-PEO copolymer
and (B) the lamellar composite PP5/3 (wINORG ) 0.53). The
glass transition temperature of the PI in the composite (Tg ≈
215 K) is approximately unchanged from that of the bulk (Tg

≈ 214 K). The concentration of PEO is too low (fPEO ) 0.13) to
permit observation of its glass transition in any of the
materials. Note that a melting peak at 315 K is clearly evident
in the DSC of the pure block copolymer and indicates the
presence of crystalline PEO; such a peak is absent from all
the composite materials.

3472 Chem. Mater., Vol. 13, No. 10, 2001 Reviews



phase, however, is dramatically different in the com-
posites as compared to that in the bulk block copolymer.
Unfortunately, the glass transition of PEO in these
systems (expected to occur somewhere in the range
158-233 K136) is too weak to be detected. However,
while the pure block copolymer shows a strong melting
peak (see Figure 8A), crystallization of PEO is entirely
suppressed in the composites (see Figure 8B). This
provides evidence for significant mixing of the inorganic
and PEO phases. It is interesting to note that compos-
ites with higher PEO volume fractions (up to 35%) also
fail to show a melting peak.

3.3.4. Interface between the Organic/Inorganic
Hybrid and Organic Regions. The presence of dy-
namic heterogeneity in the lamellar composite suggests
the possibility of using differences in mobility as a way
to selectively excite magnetization in certain regions of
the composite. More specifically, one could apply a
“mobility filter” to suppress the signal from the less
mobile spins and then monitor the diffusion of magne-
tization from the mobile to the immobile regions of the
sample. Since the rate of spin diffusion is related to
internuclear distances, such experiments allow the
length scales in the sample to be determined.67,132,137,138

The 13C detected spin-diffusion NMR experiment con-
sists of four basic steps:139,140 (i) a dipolar filter step
which suppresses the 1H magnetization of rigid parts
of the sample, (ii) a “mixing” step (characterized by a
mixing time, tm) in which the remaining magnetization
spreads to neighboring spins, (iii) a transfer step in
which 1H magnetization is transferred to the nearest
13C spins, and (iv) a detection period in which resolved
13C signals are recorded.

As discussed above, the PEO/aluminosilicate phase
is more rigid than the PI part. Thus, at the beginning
of the “mixing step”, only polyisoprene protons have a
net magnetization. During the mixing time, this mag-
netization is transferred at a rate proportional to 1/rij

3

(in abundant proton spin systems) by a process known
as “spin diffusion”. At short mixing times, polarization
is only transferred to spins near the magnetization
source; at longer times, relayed transfer can occur. After
the mixing period, a short cross-polarization step is used
to monitor the location of the magnetization that has
“diffused” throughout the sample.

Figure 9 shows the intensity of the -Si-CH2- carbon
peak (i.e., the GLYMO containing regions of the sample)
in the lamellar sample PP5/3 as a function of mixing
time.67,133,137 Intensities were corrected for the proton
spin-lattice relaxation time T1 and normalized to the
plateau value (the average of the last 6 data points). A
linear fit to the first 11 data points gave a slope of 0.12
( 0.01 × 10-3 s-1/2 and a y-intercept of 0.0 ( 0.04. From
these values, the x-intercept was found to be 0.0 ( 0.5
× 10-3s1/2. If there were a PEO interphase (cf. Scheme
6A), magnetization would initially diffuse from the
isoprene to this PEO phase. Only at later times would
it reach the GLYMO protons. Such a situation would
correspond to a spin-diffusion buildup plot for the
GLYMO carbon, which has an x-intercept that is greater
than zero.

The absence of such a “lag time” like in Figure 9
indicates that the model of Scheme 6B, where PEO and
GLYMO are intimately mixed, is representative of the

system. Nevertheless, the presence of a small interfacial
layer due to experimental error of the NMR experiments
cannot be completely ruled out. The upper bound of this
layer can be estimated from an error analysis to be 10
Å, i.e., 1 nm. This is small compared to the 9-nm
thickness of the PEO/aluminosilicate layer as obtained
from SAXS and TEM measurements on the sample PP5/
3. Consequently, the model depicted in Scheme 6B is a
superior description of the reality. Note that 1 nm is
also significantly smaller than the mean-squared end-
to-end distance of a freely rotating chain of PEO with
Mn(PEO) ) 1800 g/mol (see Table 1), 〈r 2〉1/2 ) 2.3 nm,
which can be taken to represent a lower bound for the
size of a PEO-rich interphase if the model of Scheme
6A were correct.

In summary, the behavior of the aluminosilicate
network is in qualitative agreement with that of a low
molecular weight homopolymer mixed with a block
copolymer and the two-phase scenario depicted in
Scheme 6b describes the situation quite well. It is
interesting to note that this mesoscopic structure is in
striking contrast to what is observed in other ap-
proaches toward block copolymer derived silica-type
materials.141 While these methods are limited, in the
following it will be shown that the present strategy
allows access to the entire phase space of block copoly-
mers for the design of hybrid morphologies.

4. Exploring the Phase Space of
Ormocer-Derived Organic-Inorganic Hybrid

Materials

4.1. Morphologies Known from Organic Block
Copolymers. In the last paragraph we showed that
changing from conventional silicon precursors to organi-
cally modified ceramic (ormocer) precursors in the block
copolymer directed synthesis leads to a unique polymer-
ceramic interface in which the hydrophilic blocks of the
amphiphilic copolymers are completely integrated into
the ceramic phase. This “quasi-two-phase system” should
allow for a more rational hybrid morphology design
based on the current understanding of the phase
behavior of block copolymers and copolymer-homopoly-
mer mixtures.50

Figure 9. Intensity of the signal from the carbon adjacent to
silicon as a function of the square root of the mixing time of
the lamellar sample PP5/3 at 268 K. The solid line drawn
through the data represents the best fit to the initial 11 points.
The slope of this line is 0.12 ( 0.01 × 10-3 s-1/2 and the
x-intercept is 0.0 ( 0.5 × 10-3 s-1/2, indicating that there is no
significant interphase present between the polyisoprene and
the inorganic part of the composite. The error bar represents
the root-mean-square of the noise for each spectrum.
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Moreover, the morphology of the final hybrid material
should mainly be a function of the weight fraction of
the inorganic components and essentially be indepen-
dent of the microstructure of the PI-b-PEO block
copolymer. As will be shown below, this allows access
to a wide variety of morphologies starting from a single-
block copolymer by simply mixing in the inorganic
components. The effect of increasing ormocer content
on the mesostructures was explored by Ulrich et al.54,142

All results obtained so far are summarized in Scheme
7. Representative TEM micrographs of these hybrid
morphologies are depicted in Figures 10 and 11, respec-
tively.

Increasing the content of GLYMO and Al(OsBu)3 leads
to spheres (PP5/1, wINORG ) 0.23, Figure 10A), hexago-
nally packed cylinders (PP5/2, wINORG ) 0.32, Figure
10B), lamellae (PP5/3, wINORG ) 0.45, Figure 10C), the
inverse cylinder morphology (PP5/4, wINORG ) 0.65,
Figure 10D), and randomly packed wormlike micelles
of PI in an inorganic-rich matrix (PP5/5, wINORG ) 0.82,
Figure 10E) when starting from the PI-b-PEO block
copolymer PP5 with a bcc structure (1.4 × 104 g/mol,
fPEO ≈ 0.13). Lamellae (PP9/1, wINORG ) 0.53), a bicon-
tinuous cubic structure (PP9/2 wINORG ) 0.56, Figure
11 vide infra), an inverse cylinder morphology (PP9/3,
wINORG ) 0.73), and inverse spheres (PP9/4, wINORG )
0.79, Figure 10F) were found when employing the block
copolymer PP9 exhibiting a hexagonal array of cylinders
(M ) 16400, fPEO ) 0.38) as the structure-directing
agent.

When the sequence of hybrid morphologies in Scheme
7 are compared with that observed for the pure PI-b-
PEO block copolymer in Figure 1 (or sequences found
for other diblock copolymers50), the following issues
arise. First, only with block copolymer PP9 could a
bicontinuous cubic structure be obtained. As described
below, SAXS and TEM data on this bicontinuous

structure is not consistent with a double-gyroid mor-
phology but rather suggests a so-called “Plumber’s
nightmare” morphology,143,144 a phase first described
within the organelles of certain plant cells.19 Second,
only with polymer PP9 could the inverse spherical
morphology be reached through the addition of inorganic
material. With block copolymer PP5 the addition of large
amounts of inorganic material (wINORG > 0.8) leads to
wormlike rather than spherical micelles. This morphol-
ogy has been reported for A2B-mictoarm star poly-
mers145 and diblock copolymer/homopolymer (AB/A)
mixtures.128,146 The occurrence of wormlike micelles
instead of spheres arranged on a cubic lattice has been
ascribed to interphase-curvature constraints.145 In sum-
mary, the fact that the use of block copolymers with
different morphologies leads to slightly altered se-
quences of microstructures indicates subtle, yet poorly
understood, differences in the phase behavior between
the present hybrid materials and block copolymers.
Despite these small differences, the overall structural
control is tremendous, as also underlined by the quality
of the data.

4.2. The Plumber’s Nightmare Morphology. Com-
plex bicontinuous cubic structures have always at-
tracted particular attention of researchers in the past.19

Besides their esthetic character, the right assignment
of structures is a challenge. In Scheme 8A the real space
image of a double-gyroid phase (of Ia3hd symmetry) is
shown, a structure now well established to exist in block
copolymer materials.50

Finnefrock et al.144 investigated the PI-b-PEO/alumi-
nosilicate hybrid material morphology in an area of
block copolymer phase space where such a gyroid phase
was expected. To their surprise, their data were not
consistent with those of a gyroid but rather suggested
a “Plumber’s Nightmare”143 morphology (see Scheme 8B
for the real space image). Their bright field TEM data

Scheme 7. Schematic Drawing of Ulrich’s Approach to the Synthesis of Hybrid Materials Exhibiting
Different Morphologiesa

a See text and Table 1 for explanation of sample names.
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Figure 11. Bright field transmission electron microscopy (TEM) of the hybrid material PP9/2 exhibiting the plumber’s nightmare
phase, highlighting the 3-fold (left) and 4-fold (right) projections of the cubic phase. Insets to each panel show the computed
Fourier diffraction patterns.

Figure 10. TEM micrographs of the hybrid materials (A) PP5/1 (bcc), (B) PP5/2 (hex), (C) PP5/3 (lam), (D) PP5/4 (inv. hex), (E)
PP5/5 (wormlike micelles), and (F) PP9/4 (inv. bcc) shown all in the magnification indicated by the bar in (A), if not otherwise
indicated. Bulk samples having a PI matrix were stained with OsO4 before and after ultrathin sectioning. Images of stained
specimens were taken under bright field conditions (energy loss ∆E ) 0 eV, dark phase is stained PI) while unstained ones
(inorganic-rich matrix) were imaged utilizing structure-sensitive contrast (∆E ) 250 eV, the silicon- and aluminum-containing
phase appears bright). Hence, the PI and the aluminosilicate are generally shown as the dark and the bright phase, respectively.
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of sample PP9/2 (wINORG ) 0.56) are depicted in Figure
11. Both micrographs show cubic 4-fold and 3-fold
orientations as expected for cubic morphology. The
connected volumes (channels) with 4-fold and 3-fold
(“wagon-wheel”) orientations, typical of a bicontinuous
cubic structure, can be more easily identified in TEM
data of calcined samples (see Figure 22). Furthermore,
as demonstrated by scanning electron microscopy (SEM),
the materials show a remarkably large average grain
size (data not shown). It was not uncommon to find
grains spanning the entire area of a grid mesh (ap-
proximately 100 µm in diameter).

The underlying symmetry and the long-range struc-
ture was further elucidated by SAXS experiments
(Figure 12). The X-ray pattern indicates a remarkable
degree of ordering, out to q2 ) h2 + k2 + l2 ) 50
reciprocal lattice units despite the structure being
highly disordered on length scales of a few angstroms.
Consistent with the large grain sizes observed by
electron microscopy,144 the distinct peaks in the images
imply that the X-ray beam (<0.1 mm2) averages only
over a limited number of crystallites with different
orientations. Using systematic algorithms, a structure
was solved from each set of peaks that could originate
from a single microdomain within the scattering volume.
(see Figure 12b for peak positions)

The inclusion of azimuthal information on the SAXS
pattern, such as that presented in Figure 12, places
strong constraints on the possible symmetry groups and
unit cell lengths of the sample. The reciprocal-space
SAXS data are consistent with Im3hm symmetry, and
the lattice basis length can be determined to be 630 Å,
consistent with the analysis of the TEM data. The TEM
data, together with the X-ray Im3hm symmetry, suggest
a Plumber’s Nightmare-like phase143 and excludes the
gyroid and double diamond (see Scheme 8c for a real
space image of the latter).

5. Nanoengineering

In the previous paragraphs it was demonstrated that,
despite subtle differences in the phase behavior of the
present hybrid materials from that of conventional block
copolymers, the ormocer approach allows access to a
sequence of morphologies (by simply adding different
amounts of inorganic material to the same block copoly-
mer) that is very similar to that found in all-organic
block copolymer systems. Indeed, a more rational hybrid
morphology design than in the past is thus achieved.
In the following section based on the bulk hybrid
materials, pathways toward different potential applica-
tions will be highlighted, focusing on the preparation
of isolated nano-objects of predetermined shape, size,
and composition as well as on mesoporous materials.
These approaches are schematically depicted in Scheme
9. While those bulk phases rich in PI can be utilized to
obtain single, well-defined nano-objects, calcinations at
elevated temperatures of those phases rich in inorganic
material lead to mesoporous materials. The nano-objects
have potential applications, e.g., as fluorescent markers
in the area of biotechnology and nanobiotechnology
while the mesoporous materials could find way into
separation technology and catalysis.

5.1. Preparation of Isolated Nano-objects. In the
hybrid materials with tailored morphologies (cf. previ-

Scheme 8. Real Space Image of a Stick Structure
Derived from a Plumber’s Nightmare (B); for

Comparison, the Real Space Image of a Gyroid (A)
and That of a Double Diamond Derived Structure

Are Shown in (C)a

a Graphics were generated using the following web site: http://
msri.org/publications/sgp/SGP/. Gray scales serve to distinguish
the two distinct three-dimensional channel systems in each case.
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ous discussion) the condensation of the alkoxides leads
to a covalent three-dimensional network incorporating
the PEO block of the PI-b-PEO block copolymer. Thus,
selective swelling of the purely organic PI ultimately
leads to single, isolated hybrid objects of controlled
shape and size (Scheme 9).

Ulrich et al.54 used this approach to prepare hybrid
spheres, cylinders, and plates from the respective bulk
phases as evidenced by TEM (Figure 13).

As the hydrophilic PEO block of the copolymer acts
as an anchor for the metal alkoxide condensation

products, the copolymers remain partly embedded in the
hybrid phase after dissolution. The nano-objects are
therefore covered by a thin PI layer as evidenced in
Figure 14 by using structure-sensitive contrast TEM
measurements.118,119,121

Whereas the upper part of Figure 14 exclusively
reveals the silicon- and aluminum-containing cylinder
core (structure-sensitive contrast118,119,121), the lower
part depicts the carbon distribution, clearly showing the
organic polymer layer. Hence, the block copolymer is an
integral part of the nano-objects. They can be described

Figure 12. (A) SAXS image of the hybrid material PP9/2 exhibiting the plumber’s nightmare phase. The false color scale (ascending
from blue to red) corresponds to logarithmic X-ray intensity. (B) Indexed peak positions are shown on the right. Peaks from the
same crystallite are colored identically. All these peaks can be assigned to five microdomains within the scattering volume. The
circle radii are given by q ) (h2 + k2 + l2)1/2, where h, k, l are integers allowed by the Im3hm symmetry group. The apparent gap
results because q2 ) 28 units is not the sum of any three squares of integers.

Scheme 9. Schematic Drawing for the Preparation of Nano-objects as Well as Mesoporous Materialsa

a Single “hairy” nano-objects of different shapes are isolated by dissolution. Calcinations at about 600 °C lead to mesoporous materials
with preserved morphologies..
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Figure 14. TEM picture of cylindrical nano-objects prepared
by swelling the hybrid material PP5/3 (cf. Figure 13B) using
structure-sensitive contrast in the upper part (Al-Si contrast)
and the carbon map (carbon distribution image reordered using
the C-K absorption edge, three window potential extrapola-
tion118,119,121), clearly showing that the aluminosilicate cylinders
are coated with a thin layer of block copolymer (the background
intensity is due to the carbon film).

Figure 15. TEM micrographs of isolated cylinders with
tailored properties. Effect of the amount of metal oxide and
calicination: (A) isolated cylinders obtained by dissolution of
PP5/2 (wINORG ) 0.32) with a diameter of 12.5 nm. (B) Isolated
cylinders obtained by dissolution of PP5/6 (wINORG ) 0.28) with
a diameter of 10.0 nm. This demonstrates the effect that an
increasing amount of metal oxides, wINORG, has on the diameter
of the cylinders. (C) Ceramic objects obtained from the
cylinders shown in (A) by the following procedure. First, the
“hairy” cylinders were transferred to KCl plates. In a second
step combustion of the organic parts under an oxygen atmo-
sphere at 873 K was performed. Afterward, a detachment
replica was prepared by evaporation of a thin carbon film that
was floated off the KCl onto water.

Figure 13. TEM micrographs of isolated nano-objects of
different shapes. Samples were obtained by dissolution of the
hybrid material in tetrahydrofuran, forming colloidal solutions
that were stirred for about 1 week. They were then cast onto
thin carbon films: (A) spheres prepared from PP5/1 (wINORG

) 0.23); (B) cylinders prepared from PP5/6 (wINORG ) 0.28);
and (C) lamellae prepared from PP5/3 (wINORG ) 0.45).
Micrographs were recorded using structure-sensitive contrast.
Image (C) exhibits single plates that partially overlap. In the
lower right corner at least four plates are stacked on top of
each other.
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as “hairy objects”, analogous to the concept introduced
in polymer science about 10 years ago for rodlike
macromolecules.147-149 Furthermore, the spheres in
Figure 13A can be regarded as an extension of the core-
shell concept150,151 to organic-inorganic hybrid materi-
als. Of interest from an application point of view is the
use of the “hairy cylinders” or plates for reinforcement
of polymers.152,153 The advantage of these materials over
conventionally used layered silicates is their intrinsic
compatibility with the organic matrix.

Control over the synthesis and shape, i.e., tailoring
of properties of these nano-objects, is tremendous.
Increasing the weight fraction of inorganic material,
wINORG, with respect to the same PI-b-PEO block
copolymer PP5 from wINORG ) 0.28 (PP5/6) to wINORG )
0.32 (PP5/2) increases the cylinder diameter from ≈10
to 12.5 nm (Figure 15).

The use of block copolymers of different molecular
weights at a given weight fraction, wINORG, further
extends the size control. As depicted in Figure 16, the
diameter of the cylinders can be varied from ≈12.5 nm
(PP5/2) to 35 nm (PP0/3) by increasing the molecular
weight of the PI-b-PEO block copolymers from M ) 1.4
× 104 to M ) 8.4 × 104 g/mol.142

Nano-objects prepared from the hybrid bulk materials
by the selective swelling of the PI block can be regarded
as a one-, two-, or three-dimensional preceramic net-
work.154 Consequently, heat treatment should transform
the networks into ceramic materials with a defined
geometry. The loss of the organic components, followed

by thermogravimetry and confirmed by thermal analy-
sis,54 results in shrinkage of the aluminosilicate phase.
A comparison of the TEM micrographs of the cylindrical
sample PP5/2 shows a decrease of the diameter from
≈12.5 nm before (Figure 15A) to 8.5 nm after calcina-
tions (Figure 15C). A micrograph of the same material
at lower magnification is depicted in Figure 17. It
demonstrates that the ceramic objects extended over
several micrometers and shows areas displaying high
curvature and even loops. These arrangements must
have been formed upon deposition of more flexible hairy
rods before thermal treatment.

Hence, not only the connectivity of the objects but also
their arrangement survive processing, opening access
to nanoengineering of ceramic materials through the
sequence of synthesis-dissolution manipulation-hard-
ening.

5.2. Pathways to Possible Applications in Nano-
biotechnology. Due to their nanosize and chemical
inertness, these kinds of nano-objects are valuable
candidates, for example, as markers or labels for sensor
applications in the field of nanobiotechnology. The sol-
gel technique has proven to be especially suited for
preparing inorganic oxide thin films with functional
organic molecules and organometallic complexes en-
trapped in the inorganic matrix.155-157 Doped nano-
objects can thus be yielded if the sol-gel process is
performed in the presence of a structure-directing block
copolymer and, for example, a dye. Among suitable dye
molecules, ruthenium complexes are of particular inter-

Figure 16. TEM micrographs of hybrid materials (A) PP5/2 (Mn(block) ) 1.4 × 104 g/mol; wINORG ) 0.32) and (B) PP0/3 (Mn-
(block) ) 8.4 × 104 g/mol; wINORG ) 0.28) and of the isolated nano-cylinders (C) and (D) obtained by dissolution in THF. This
demonstrated the influence of the molecular weight of the block copolymer on the diameter of the cylinders that increases from
12.5 nm in (C) to 35 nm in (D).
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est. These complexes exhibit a variety of attractive
functions based on luminescence properties with a long
excited-state lifetime, redox properties, and excited-state
reactivities combined with a relatively high chemical
and thermal stability. So far, ruthenium complexes were
successfully incorporated in inorganic oxide thin
films155,158,159 as well as in oxide bulk gels,160,161 and
applications in devices such as optical sensors have been
demonstrated.159,162

In a straightforward approach, Ulrich142 prepared
nanocylinders by addition of tris(2,2′-bipyridyl)ruthe-
nium(II) to a prehydrolyzed GLYMO-Al(OsBu)3 solu-
tion in the presence of PI-b-PEO as a structure-directing
agent and subsequent dissolution of bulk material. TEM
micrographs of the resulting structures are shown in
Figure 18. The presence of the organometallic dye did
not interfere with the sol-gel process. Because bleach-
ing was not observed even after dialysis of the isolated
nanocylinders, it can be concluded that the fluorescent
dye molecules are firmly entrapped in the aluminosili-
cate matrix. This strategy paves the way to fluorescent
spheres, cylinders, and plates with dimensions of 10-
50 nm. Furthermore, the “hairy” surface of these objects
allows a fine-tuning of their solution properties by
chemical modifications.

For certain sensor applications a length of the nano-
cylinders shorter than micrometers may be desirable.
This can be achieved by treating them with ultrasound.
A TEM micrograph showing nanocylinders with an
average length of about 200 nm obtained after such a
treatment is depicted in Figure 19 (compare with

micrometer length cylinders in Figure 17).142 Thus,
besides composition and diameter, the length of nano-
cylinders can conveniently be adjusted to specific needs
as well.

5.3. Preparation of Mesoporous Materials. The
synthesis of nano-, meso-, and microporous silicate
materials using the structure-directing properties of
organic molecules is an area of rapid growth with
diverse applications, such as separation technology and
catalysis. Zeoliths, although appearing in nature,163,164

can be prepared by application of organic molecules, e.g.,
tertiary amines.165 They exhibit a periodical pattern of
cavities connected by channels. The synthesis of meso-
porous M41S zeoliths was first achieved using am-
phiphilic molecules with long hydrophobic chains as
structure-directing agents.77 In this case aggregates
rather than single molecules are responsible for the
structure-directing effect leading to, e.g., MCM41 with
hexagonal and MCM48 with a cubic pore pat-
tern.125,166-169 Their potential in catalysis, as tem-
plates170 and in separation technology, was outlined in
recent publications.16,171-173

Use of block copolymers has recently been shown to
extend the pore sizes of ordered porous silica to hun-
dreds of Angstroms.53,82,172,174 Combined principles of
polymer, colloidal, and inorganic chemistries have been
used to synthesize materials with uniform and adjust-
able pore sizes and with thick, hydrothermally stable
walls.175 Both two-dimensional (2D) hexagonal struc-
tures and three-dimensional (3D) cubic morphologies
with more accessible pores have been synthesized. The
synthesis strategy has been generalized to various metal
oxides and hierarchical oxide structures.175-177

In the preceding sections it was shown that the
preparation of an inverse cylindrical as well as a
bicontinuous cubic structure could be achieved by
employing PI-b-PEO as structure-directing agents. For
such structures with PI in the minority phase, embed-
ded in the majority phase of the aluminosilicate/PEO

Figure 17. TEM micrograph of ceramic nanocylinders ob-
tained by dissolution and heat treatment of PP5/2 (cf. Figure
15C). Arrows indicate regions of high curvature.

Figure 18. TEM micrograph of fluorescent cylinders prepared
by addition of tris(2,2′-bipyridyl)ruthenium(II) to a prehydro-
lyzed GLYMO-Al(OsBu)3 solution in the presence of PI-b-PEO.
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network, heat treatment at elevated temperatures is
expected to lead to mesoporous materials with accessible
pores as sketched in Scheme 9.

The preparation of these kinds of materials has
indeed recently been reported by Ulrich142 and Finne-
frock et al.144 They used nanocomposites with an inverse
cylindrical and a plumber’s nightmare (cf. Figure 12B)
morphology, respectively, which after heat treatment in
several stages up to 600 °C were converted successfully
to the corresponding mesoporous materials.

Representative SAXS data of a sample with inverse
hexagonal morphology before and after calcinations are
shown in Figure 20. Most evident is the significant shift
of the first-order peak of the calcined material toward
a larger scattering vector, q. In fact, the average
distance between two cylinders is reduced through heat
treatment down to 62% of its original value. This goes
along with a mass loss of about 75%! Despite this large
shrinkage and mass loss, which is due to the large
fraction of organic moieties even in the inorganic phase

Figure 19. TEM micrograph of a monolayer of cylinders on a carbon surface. The monolayer film was obtained by ultrasound
treatment of a diluted solution of nanocylinders in chloroform and casting of this solution on a water surface.

Figure 20. SAXS data of the hexagonal packed hybrid material PP5/4 before (top) and after (bottom) calcination. Angular positions
of higher order peaks with respect to the first-order maximum are indicated for each curve.
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of the hybrid, the SAXS data of the calcined materials
show higher order reflections consistent with a hexago-
nal long-range order. This result is corroborated by the
TEM results depicted in Figure 21, clearly demonstrat-
ing the hexagonal symmetry of the calcined sample.
From these TEM data the average distance between the
centers of two cylinders is about 22.5 nm, which is in
good agreement with the SAXS results of 24 nm. The
pore diameter from TEM is about 10.5 nm.

Bright-field transmission electron microscopy (TEM)
data on a calcined sample of the plumber’s nightmare
material are shown in Figure 22. Bright areas cor-
respond here to the voids, while dark areas correspond
to the ceramic phase. It is easy to identify thin, con-
nected volumes (channels) with 4-fold and 3-fold (“wagon-
wheel”) orientations, typical of a bicontinuous cubic
structure.

The TEM data together with the analysis of the
corresponding SAXS data shown in Figure 23 suggest
a “Plumber’s Nightmare” structure also for the calcined
sample. Although somewhat lower than in the as-made

sample (Figure 12), the degree of order of this sample
is still remarkably high. Consistent with the large grain
sizes observed by electron microscopy, the distinct peaks
in the SAXS image again imply that the X-ray beam
(<0.1 mm2) averages only over a limited number of
crystallites with different orientations. Analysis of the
SAXS data indeed shows that peaks originate from only
six microdomains within the calcined sample.

As in the case of the as-made sample, the SAXS data
are consistent with Im3hm symmetry, and the lattice
basis length can be determined to be 395 Å for the
calcined sample, consistent with the analysis of the
TEM data.

It is striking that the symmetry is so well-preserved
after calcination, even though the lattice constant falls
to ≈60% of its uncalcined value (the cell volume falls to
about 25%!). This indicates that the bonding network
formed by the inorganic precursors is extremely robust.
This may be a general feature of the present block
copolymer derived hybrid materials. After calcination
the bulk material consists of an aluminosilicate matrix

Figure 21. Bright field transmission electron microscopy (TEM) data of the hexagonal packed sample PP5/2 after calcinations.
Bright areas correspond to the voids.

Figure 22. Bright field transmission electron microscopy (TEM) from calcined material highlighting the 3-fold (left) and the
4-fold (right) projections of the cubic phase. Insets to each panel show the computed Fourier diffraction patterns.
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interwoven with two discrete, continuous nanochannel
systems that do not touch each other (see Scheme 8B).
The important question about the accessibility of the
pores in both hexagonal and plumber’s nightmare
materials could be resolved through measurements of
the corresponding nitrogen sorption isotherms.142,144

Both mesoporous materials exhibit a nitrogen sorp-
tion isotherm of type IV according to BDDT classifica-
tion with a specific surface area of 300 m2/g for the
plumber’s nightmare and 280 m2/g for the hexagonal
material according to the Brunnauer-Emmett-Teller
(BET) method.178 The lower specific surface area as
compared to pure SiOx materials with comparable pore
sizes, which ranges from 630 to 850 m2/g,172 is caused
by the higher density of the present aluminosilicate.
Aluminosilicates comparable to the present materials177

indeed exhibit an almost identical surface area (300-
350 m2/g).

Calculation of the pore size distribution from the
desorption branch of the isotherm reveals in both cases

a slightly bimodal pore size distribution with an average
pore diameter according to BJH (Barrett-Joyner-
Halenda)179 of ≈9 nm. The specific pore volume can be
calculated following the Gurvitch rule180 to be 0.47 mL/g
(plumber’s nightmare) and 0.50 mL/g (hexagonal), re-
spectively.

That specific surface areas and pore sizes are so
similar for both materials is due to the similar weight
fraction of the PEO/GLYMO/Al(OsBu)3 phase in both
materials (≈22 wt % PI for hexagonal sample and ≈27
wt % PI for the bicontinuous cubic sample). They only
significantly differ in their PEO fraction, which deter-
mined the morphology, however, as discussed in section
4.

It is interesting to note that, in the present hexagonal
mesoporous material with about 12 nm, the wall thick-
ness is about twice as large as that of materials
described in the literature.172,177 This should lead to
significantly improved stability. Furthermore, the pore
sizes of the present materials can be varied through a

Figure 23. (A) SAXS image and (B) indexed peak positions for the calcined sample. For specifics, see Figure 12.

Scheme 10. Complexity Diagram for Blocked Macromolecules
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simple variation of the molecular weight of the precursor
PI-b-PEO obtained through anionic polymerization. As
an example, from the PI-b-PEO sample PP0 with Mn )
8.4 × 104, fPEO ≈ 0.08, and polydispersity, Mw/Mn )1.05,
a hybrid material with inverse hexagonal morphology
was prepared at wINORG ) 0.28 and then calcined.
Analysis of the corresponding nitrogen sorption iso-
therm revealed a pore size of about 50 nm.142

6. Conclusion and Outlook
The study of amphiphilic polymer based polymer-

ceramic hybrid materials is an exciting emerging re-
search area offering enormous scientific and technolog-
ical promise. By choice of the appropriate block copolymer
system (PI-b-PEO) as well as ceramic precursors (or-
mocers), unprecedented morphology control on the
nanoscale is obtained. It is based on a unique polymer-
ceramic interface that was characterized in detail by
solid-state NMR measurements. The hydrophilic parts
of the block copolymers are completely integrated into
the ceramic phase, analogous to what is often found in
biological hybrid materials. The resulting composites
can be described as a “quasi two-phase system”, allowing
for a more rational hybrid morphology design based on
the current understanding of the phase behavior of block
copolymers and copolymer-homopolymer mixtures. The
structures generated on the nanoscale are a result of a
fine balance of competing interactions, another feature
of complex biological systems. In the present contribu-
tion the synthesis and characterization of nanostruc-
tured hybrids based on aluminosilicates has been de-
scribed, spanning the entire phase space of block
copolymers. Besides morphologies known from other
polymer studies, the existence of a “plumber’s night-
mare” phase was suggested. This indicates subtle, not
yet understood differences from conventional block
copolymer systems. Nanoengineering of such hybrids
toward applications has been demonstrated in the area
of nano-objects of predetermined size, shape, and com-
position for nanobiotechnology as well as mesoporous
materials for separation technology and catalysis.

The future potential of this approach for new materi-
als lies in the versatility of the polymer chemistry as
well as that of the sol-gel chemistry that can be
exploited in the materials synthesis. Focusing on the
polymer side, Scheme 10, shows a complexity diagram
for blocked (compartmented) macromolecules.181 It il-
lustrates that when the number of building blocks along
the chain is increased, the complexity of the resulting
structures is elevated significantly. For the case of
passing from AB diblock copolymers to ABC triblock
copolymers, this has already been demonstrated.182-187

A whole range of new morphologies has been found for
ABC triblocks and to understand their phase behavior
in detail is a current area of intensive research. It
constitues an interesting challenge to try to use those
polymer systems as structure-directing agents for the
generation of nanostructured polymer-inorganic hybrid
materials. In this way, e.g., inorganic nano-objects in
the form of rings or even helices should become acces-
sible. This is only one possible future pathway research
could go along, however, since the variety of the polymer
chemistry as well as that of the inorganic sol-gel
chemistry is only limited by one’s imagination (cf.
Scheme 10).

Acknowledgment. This review is based on several
years of research on block copolymer-ormocer hybrid
materials started at the Max-Planck Institute for Poly-
mer Research in Mainz and now continued at Cornell
University in Ithaca. It is our pleasure to thank the
following co-workers that were engaged in this re-
search: M. Templin, A. Du Chesne, S. De Paul, V.
Schädler, Y. Zhang, H. Leist, U. Friedrich, C. Honeker,
and A. Franck. Our work benefited from fruitful col-
laborations with K. Schumacher and K. Unger, Mainz
University, J. Zwanziger, Indiana University, G. Flou-
das, F.O.R.T.H, and A. Finnefrock and S. Gruner,
Cornell University. The financial support of the Max-
Planck-Society and the National Science Foundation
(Grant DMR-0072009) is gratefully acknowledged. The
work was further supported by the Cornell Center for
Materials Research (CCMR), a Materials Research
Science and Engineering Center of the National Science
Foundation (DMR-0079992).

References

(1) Weiss, A. Angew. Chem., Int. Ed. Engl. 1981, 20, 850.
(2) Krampitz, G.; Witt, W. Top. Curr. Chem. 1979, 78, 57.
(3) Sarikaya, M.; Aksay, I. A. Biomimetics: Design and Processing

of Materials; AIP Press: Woodbury, N.Y., 1995.
(4) Mann, S.; Ozin, G. A. Nature 1996, 382, 313.
(5) Lehn, J.-M. Angew. Chem., Int. Ed. Engl. 1988, 27, 89.
(6) Ringsdorf, H.; Schlarb, B.; Venzmer, J. Angew. Chem., Int. Ed.

Engl. 1988, 27, 113.
(7) Ahlers, M.; Müller, W.; Reichert, A.; Ringsdorf, H.; Venzmer, J.

Angew. Chem., Int. Ed. Engl. 1990, 29, 1269.
(8) Bates, F. S. Science 1991, 251, 898.
(9) Heuer, A. H.; Fink, D. J.; Laraia, V. J.; Arias, J. L.; Calvert, P.

D.; Kendall, K.; Messing, G. L.; Blackwell, J.; Rieke, P. C.;
Thompson, D. H.; Wheeler, A. P.; Veis, A.; Caplan, A. I. Science
1992, 255, 1098.

(10) Mann, S.; Archibald, D. D.; Didymus, J. M.; Douglas, T.;
Heywood, B. R.; Meldrum, F. C.; Reeves, N. J. Science 1993, 261,
1286.

(11) Huo, Q.; Margolese, D. I.; Ciesla, U.; Feng, P.; Gier, T. E.; Sieger,
P.; Leon, R.; Petroff, P. M.; Schüth, F.; Stucky, G. D. Nature
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