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Introduction

The study of amphiphilic block copolymer-derived, organic-

inorganic hybrid materials is an emerging research field

offeringenormousscientificandtechnologicalpotential.Am-

phiphiles, like polyisoprene-block-poly(ethylene oxide),[1]

polybutadiene-block-poly(ethylene oxide),[2] polystyrene-

block-poly(ethylene oxide),[3,4] poly(ethylene oxide)-block-

poly(propylene oxide)-block-poly(ethylene oxide)[5] and

alkyl-PEO alcohols,[6] have been used in conjunction with

ceramic precursors in sol-gel processes to obtain arrays of

nanocomposite morphologies. These composites can subse-

quently be employed to generate, e.g., mesoporousmaterials

or nanoparticles of different shapes and sizes.[7]

Summary: The present study describes the use of poly-
(ethylene oxide)-block-poly(hexyl methacrylate) diblock
copolymers (PEO-b-PHMA) as structure-directing agents
for the synthesis of nanostructured polymer-inorganic hybrid
materials from (3-glycidylpropyl)trimethoxysilane and alu-
minium sec-butoxide as precursors and organic, volatile
solvents. Four differentmorphologies, i.e., inorganic spheres,
cylinders, lamellae, and organic cylinders in an inorganic
matrix, are obtained confirmed by a combination of small-
angle X-ray scattering (SAXS) and transmission electron
microscopy (TEM). The composites are further characterized
by differential scanning calorimetry (DSC) and solid-state
13C, 29Si, and 27AlNMR. It is demonstrated that the change in
the hydrophobic block from polyisoprene (PI) to poly(hexyl
methacrylate) (PHMA) has no significant effect on the local
structure of the inorganic rich phase. By the dissolution of the
composites rich in poly(hexyl methacrylate), nano-particles
of different shapes, i.e., spheres, cylinders, and lamellae, are
obtained as demonstrated by atomic forcemicroscopy (AFM)
and TEM. Finally, calcination of composites with the inverse
hexagonal structure at elevated temperatures up to 600 8C
results in nanostructured aluminosilicates that retain their
structure as evidenced through a combination of SAXS and
TEM. The study opens pathways towards tailoring filler-
matrix interactions in model nanocomposites and builds the

bases for the preparation of composites from multiblock co-
polymers with polyisoprene (PI), poly(ethylene oxide)
(PEO), and poly(hexyl methacrylate) (PHMA) as building
blocks.

Bright field TEM micrograph of composite T55/1 with
inverse hexagonal morphology after calcination.
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In previous studies, we developed hybrid materials based

on PI-b-PEO mixed in organic volatile solvents with the

metal alkoxides, (3-glycidylpropyl)trimethoxysilane and

aluminium sec-butoxide, in a sol-gel approach.[7] Themetal

alkoxides selectively swelled the PEO phase of the block

copolymer due to the hydrophilic nature of PEO. The

aluminium alkoxide served as a hardening component.[8] A

range of morphologies were formed (Figure 1 shows a

specific subset) by varying the polymer to metal alkoxides

ratio demonstrating that the amphiphilic block copolymer

PI-b-PEO functions as an effective structure-directing agent

in the synthesis of structured organic-inorganic hybrid

materials. So far, spherical, hexagonal and lamellar struc-

tures, the respective inverse phases, a wormlike micelle

morphology and the so-called Plumber’s Nightmare

structure have been found for our system.[7,9,10] To obtain

more complex hybrid structures, one strategy is to move

from the phase behavior of diblock copolymers like PI-b-

PEO to that of tri- or multiblock copolymers.[11–16] This

should access a whole range of new morphologies to the

design of polymer-inorganic hybrid materials.

The first step in this direction is the extension of the

described hybrid synthesis to other amphiphilic, but chemi-

cally different diblock copolymers, which later can be

combined with the PI-b-PEO base system. A suitable

material, which could be used in the sameway as PI-b-PEO,

has to meet the following criteria: First, the building blocks

should show phase separation at ambient temperatures.

Second, the hydrolysis products of the metal alkoxides

should preferentially swell the hydrophilic block. Third, a

low glass transition temperature, Tg, of the hydrophobic

block should introduce high mobility at ambient tempera-

tures and should allow rapid formation of structures with

long range order even in the bulk.

One candidate which fulfills all these requirements is the

amphiphilic block copolymer, poly(ethylene oxide)-block-

poly(hexyl methacrylate) PEO-b-PHMA.While the hydro-

philic PEO block ismaintained, the hydrophobic PI block is

exchanged for poly(hexyl methacrylate), PHMA. The glass

transition temperature of the PHMA block (approx. 268 K)

should be low enough to guarantee high mobility during

hybrid film formation. The synthesis of PEO-b-PHMAblock

copolymers by a combination of anionic polymerization and

ATRP has been described in a recent publication.[17] Here,

we show first results on the synthesis of hybrid materials

casted from organic solvents derived from PEO-b-PHMA

block copolymers and the metal alkoxides, (3-glycidylpro-

pyl)trimethoxysilane and aluminium sec-butoxide.

Experimental Part

Materials

Chloroform (CHCl3), tetrahydrofuran (THF), aluminium sec-
butoxide (Fluka), (3-glycidylpropyl)trimethoxysilane
(GLYMO, ABCR), and potassium chloride (KCl) were used

Figure 1. PEO-b-PHMA as structure-directing agent.
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as received. The poly(ethylene oxide)-block-poly(hexyl
methacrylate) copolymers (PEO-b-PHMA) were synthesized
from commercial ethylene oxide (Fluka) and hexyl methacry-
late (Aldrich) according to a recently published polymerization
procedure.[17] Three different polymers were used to prepare
the hybrids studied in this paper, referred to as T273 (Mn ¼
21 800 g/mol, Mw=Mn ¼ 1.19, PEO weight fraction: 12%),
T55 (Mn ¼ 20 960 g/mol, Mw=Mn ¼ 1.16, PEO weight frac-
tion: 13%) and T37 (Mn ¼ 18 750 g/mol, Mw=Mn ¼ 1.09,
PEO weight fraction: 16%). The morphology of these
block copolymers in the bulk is a lattice of PEO spheres in a
PHMA matrix as expected from diblock copolymer phase
diagrams.

Characterization

For the characterization of the hybrid materials, small-angle
X-ray scattering (SAXS) and transmission electron micro-
scopy (TEM) were used. The SAXS setup consisted of a
Rigaku rotating anode X-ray source (Cu Ka, l¼ 1.54 Å

´
),

typically operated at 40 kV, 50 mA (Figure 2A, 2B and 2C).
The X-rays were nearly monochromatized by Ni filtering
followed by focusing onto the detector using a pair of crossed
Franks mirrors. A two-dimensional CCD detector[18] (512�
512 pixels) at a typical sample to detector distance of 60 cm
was used to record the diffraction patterns. The powder pattern
rings were azimuthally integrated around the incident beam
direction to yield one-dimensional traces of diffracted intensity
vs q¼ 4p sin y/lwhere 2y is the angle between the incident and
scattered beam directions. These traces were divided by q to
normalize to X-rays per unit area in the detector plane.

For Figure 2D and 11A, SAXS experiments were performed
on a Bruker-AXSNanoSTAR. The setup consisted of an X-ray
source (Cu Ka, 1.54 Å) operated at 40 kVand 40 mA. Göebbel
mirrors were used to focus the beam. A 2-D Hi-Star arial
detector at a sample to detector distance of 62.5 cmwas used to
record the scattering images. 2-D images were integrated over
the azimuthal angle f to obtain one dimensional intensity vs
scattering plots.

A Zeiss EM 902 electron microscope operated at 80 kV
using an objective aperture of 8 mrad was used to take the dark
field images. Ultrathin sectionswere produced using a Leichert
ultramicrotome. Bright field transmission electron micro-
graphs weremeasured on a JEOL 1200EX operating at 120 kV.

Glass transition temperatures were measured by differential
scanning calorimetry (DSC) on a Mettler DSC-30 over
the temperature range �120 to 150 8C with a heating rate of
10 8C/min.

One-dimensional 27Almagic-angle spinning (MAS) and 1H-
to-29Si cross-polarization (CP) MAS NMR spectra were
recorded on a Bruker ASX-500 spectrometer with a 1H fre-
quency of 500.1 MHz, an 27Al frequency of 130.3 MHz, and a
29Si frequency of 99.4 MHz. The alumina spectra were
recorded at spinning speeds of 8 kHz using a small tip angle
pulse (1 ms for gB1/2p¼ 42 kHz) and a recycle delay of 100ms.
For the 1H-to-29Si CP-MAS experiments, the 908 pulse length
was 5 ms, the contact time was 2 ms, the recycle delay was 2 s,
and the spinning speed was 4 kHz. Peak intensities were fitted
using a deconvolution routine provided with the spectrometer
software. 1H-to-13C CP-MAS experiments were also perform-
ed on this spectrometer. The 1H Larmor frequency was
500.1 MHz, and the 13C Larmor frequency was 125 MHz.
The cross-polarization contact timewas 2ms, and the spinning

Figure 2. SAXS diffractograms of organic-inorganic hybrid materials with A) T273/1,
21 wt.-%, B) T273/2, 38 wt.-%, C) T273/3, 52 wt.-%, and D) T55/1, 69 wt.-% metal
alkoxides in the hybrid material.
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speed was 4 kHz. Recycle delays for the 1H-to-13C CP/MAS
experiments were 2 s.

Atomic force microscopy samples were prepared by dip
coating mica substrate in dilute solutions of nano-objects in
toluene. The images were taken using a Veeco Nanoscope III
Multimode scanning probe microscope employing tapping
mode etched silicon tips.

Results and Discussion

Morphological Investigation

The ability of the PEO-b-PHMA block copolymer to act as

a structure-directing agent in the synthesis of organic-

inorganic hybrid materials was studied by mixing various

amounts of a prehydrolyzed solution of (3-glycidyloxypro-

pyl)trimethoxysilane (GLYMO) and aluminium sec-but-

oxide in a solution of PEO-b-PHMA block copolymers,

T273, T55 or T37, in THF/CHCl3. The molecular weights

of the polymers varied between 18–22 kg/mol, the poly-

dispersities were low (Mw=Mn < 1.2, whereMw andMn are

the weight-average and number-average molecular

weights) and the weight fraction of the PEO block varied

between 12 and 16%. After evaporation of the solvents at

50 8C and final condensation at 130 8C, clear, transparent
hybrid films were obtained.

The morphologies of the resulting hybrid materials were

studied by SAXS and TEM. Representative SAXS patterns

from samples with 21, 38, 52, and 69% of metal oxides in

the hybridmaterial, denoted as T273/1, T273/2, T273/3 and

T55/1 (Table 1), are shown in Figure 2. For the hybrid with

21% aluminosilicate (T273/1, Figure 2A), no higher order

peaks were found. For the hybridmaterial T273/2with 38%

aluminosilicate (Figure 2B), the spacing sequence is

consistent with a hexagonal morphology. For the material

with 52% aluminosilicate (T273/3, Figure 2C), a main peak

and one reflection of higher order is clearly visible at

multiples of the q value of themain peak. Such a sequence is

characteristic of an arrangement of lamellae. When the

aluminosilicate content is raised to 69% (T55/1, Figure 2D)

reflections consistent with a hexagonal morphology were

found.

Although the SAXS data are indicative, there were too

few X-ray reflections to make unambiguous structure as-

signments. Therefore, TEM investigations were performed

on all materials. The results are shown in Figure 3. The

TEM images of composites T273/1 (Figure 3A), T273/2

(Figure 3B), T273/3 (Figure 3C) and T55/1 (Figure 3D)

show spheres, cylinders (head-on), lamellae (side-on), and

the inverse cylinder morphology (head-on), respectively,

consistent with the SAXS results.

These results clearly demonstrate that the PEO-b-PHMA

block copolymer is an effective structure-directing agent in

the formation of structured organic-inorganic hybrid ma-

terials. As shown in Table 1, the correlations between

composition and morphology for this composite system are

consistentwith those for the hybrids derived fromPI-b-PEO

described in earlier studies. This demonstrates the robust-

ness of the present structure-directing approach. Besides

the morphological characterization, it is interesting to look

at the microstructure of the present hybrids. Indirect

information about local structure is provided by differential

scanning calorimetry (DSC). Figure 4 shows DSC plots for

the pure block copolymer (T273, Figure 4A) as well as the

spherical (T273/1, Figure 4B) and the hexagonal (T273/2,

Figure 4C) hybrid materials derived from it. First, the

crystallization behavior of the PEO phase is very different

in the hybrids as compared to that in the bulk block co-

polymer.Whereas the pure block copolymer shows a strong

melting peak at 36 8C (Figure 4A), crystallization of PEO is

suppressed in the hybrids, providing evidence for co-

localization of the inorganic and PEO phases. Residual

melting is still observed for the composite with 21% alumi-

nosilicate (Figure 4B), but crystallization is completely

Table 1. Different hybrid samples prepared from three PEO-b-PHMA block copolymers using various amounts of metal alkoxides and
comparison with PI-b-PEO system.

Sample Amount of metal alkoxide useda) PEOþ inorganicb) Mesostructure PEOþ inorganic for system PI-b-PEOc)

wt.-% vol.-% vol.-%

T273/1 21 24 spherical 23
T37/7 21 27 micelles
T37/1 34 37 cylinders 28–32
T273/2 38 37
T273/3 52 50 lamellae 45–53
T37/8 53 52
T55/1 69 66 inverse cylinders 65–74

a) Wt.-%metal alkoxides based on the amount of material remaining after evaporation of all the volatile components (estimated to be 55%
of initial weight of the sol).

b) Vol.-% (PEOþ inorganic) were calculated using a density of 1.4 g/cm3, see ref.[21]
c) From ref.[21]
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suppressed in all hybridswith higher inorganic content PEO

(Figure 4C). Furthermore, in the case of pure block copoly-

mer (Figure 4A) and composite T273/1 (Figure 4B), a

clear step in the DSC trace is observed around �60 8C
indicating the glass transition of amorphous PEO.Although

the onset of a continuous change in slope is observed around

this temperature for the composite T273/2 (Figure 4C), a

well-developed step in the DSC trace cannot be identified.

Consistent with the crystallization behavior this suggests

that in composites with >21 wt.-% metal alkoxides,

PEO is fully integrated into the inorganic network and

significantly immobilized compared to amorphous bulk

PEO. Finally, a step in the DSC trace around �5 8C is

observed for both composites indicating the glass transi-

tion, Tg, of amorphous PHMA, which is not affected by the

presence of the inorganic network. In the pure block

copolymer, the PHMA Tg is masked by the strong PEO

melting peak.

Structural Investigation by Solid-State NMR

A deeper insight into the microstructure and the inorganic

connectivities of the present hybrids could be gained by

solid-state NMR. For the characterization of the organic

groups, 13C NMRwas used. Figure 5 shows the 1H-13C CP-

MAS NMR spectra of the pure PEO-b-PHMA block

copolymer, T273, and its composite, T273/2, with lamellar

morphology along with the peak assignments. Areas where

significant spectral changes occur when going from block

copolymer to composite are highlighted (Figure 5). The

peak at �68 ppm (Figure 5B) is due to carbons adjacent to

oxygen, which are present in PEO and GLYMO. This peak

is significantly broader in the composite than in pure PEO-

b-PHMA (Figure 5A) due to the structural disorder and

rigidity in the aluminosilicate phase of the hybrid material.

The aliphatic carbon atoms in GLYMO also give rise to

relatively broad peaks at around 7 and 22 ppm. Different

morphologies of the composites did not lead to significant

spectral changes. This is not surprising since the local en-

vironments of the carbons, which are probed by the chemi-

cal shift, are not expected to differ in kind from sample to

sample.

Information about the inorganic parts of the composites

can be obtained by measuring 27Al and 29Si NMR. For

organosilicate species with a direct Si–C bond, the coordi-

nation of the silicon atom is described by the notation Tn

Figure 3. Dark field TEM micrographs of hybrid materials with A) T273/1, 21 wt.-%, B)
T273/2, 38 wt.-% and C) T273/3, 52 wt.-%metal alkoxides. Under dark field conditions, the
silicon and aluminium containing phase appears bright. Bright field TEM micrograph of
hybrid material with D) T55/1, 69 wt.-%metal alkoxides (the PHMA phase appears bright).
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(n¼ 0, 1, 2 or 3), where n is the number of bridging Si–O–Si

or Si–O–Al oxygen atoms (Figure 6). Different Tn

species resonate at different ppm values in a 29Si NMR

spectrum.[19]

Figure 7 shows the 1H-29Si CP-MAS spectra of the

spherical (T273/1), hexagonal (T273/2), and lamellar

(T273/3) composites. In all three spectra, peaks arising

from T1, T2, and T3 sites can be clearly distinguished. Most

of the silicon atoms are connected to two or three other

metal atoms (silicon or aluminium) by oxygen bridges,

thereby yielding a three-dimensional network. The popula-

tions of the various silicon environments do not signifi-

cantly change as a function of composite morphology. It

seems that the observed differences more likely reflect

normal fluctuations in the metal alkoxide hydrolysis step.

Single pulse 27Al MAS NMR was performed to deter-

mine what kind of aluminium species are present in the

composites. Figure 8 shows the 27Al spectra of the same

threehybrids,whose29Si spectrawerecompared inFigure7.

Two peaks are visible, one due to octahedrally coordinated

aluminium at 6.2 ppm and one due to tetrahedrally coor-

dinated aluminium at 56.5 ppm. The tetrahedrally coordi-

nated aluminium can be assumed to be incorporated into the

aluminosilicate lattice, whereas the octahedrally coordi-

nated aluminium is attributed to aluminiumoxohydroxo

complexes.[8] More than 50% of the aluminium is incor-

porated into the network as a fourfold coordinated species.

Significantly, no peak is present in the 30–40 ppm region,

which is where highly distorted tetrahedral sites would be

expected to resonate. This indicates that there is not a

significant number of severely distorted aluminium sites in

the aluminosilicate network. The relative intensities of the

sites vary slightly from sample to sample, but no systematic

relation to hybrid morphology was observed.

The results obtained by solid-state NMR suggest that the

polymer does not play a significant role in the inorganic

network formation since the relative populations of the

different silicon T-sites in the present composites do not

differ from those found in hybrids derived from the pure

hydrolyzed GLYMO/aluminium-sec-butoxide mixture.[8]

Furthermore, the NMR spectra are similar to those obtained

from hybrid materials synthesized with the structure-

directing agent, PI-b-PEO.[20] This establishes that, as

expected, the hydrophobic block, which does not directly

interact with the metal oxides, has little effect on their

microstructure.

Nano-Objects

ForPI-b-PEOderived hybridmaterials rich in PI, it has been

shown that they can be utilized to obtain well-defined

nanoparticles of different shapes.[21] This is possible since

the condensation of the metal alkoxides leads to a covalent

three-dimensional network incorporating the PEO block

of the PI-b-PEO block copolymer, as demonstrated by

solid-state NMR.[19,20] Thus, selective swelling of the

purely organic PI phase ultimately leads to single, isolated

hybrid objects of controlled shape and size. These

nanoparticles have potential applications, e.g., as fluores-

cent markers in the area of nanobiotechnology. Figure 9

and 10 show the TEM and AFM images, respectively, of

nanoparticles prepared from the present PEO-b-PHMA/

aluminosilicate nanocomposites. These images demon-

strate that dissolution of the bulk phases leads to

nanoparticles with sphere, cylinder and plate shapes. It is

interesting to note that after dissolution in the organic

solvent, the particles are expected to be covered by a thin

layer of the hydrophobic block, PHMA, in analogy to what

was found for PI-b-PEO hybrids.[21] Since the nano-

particles can themselves be used as fillers to generate

nanocomposites,[22] by changing the hydrophobic block of

the structure-directing block copolymer, nanoparticles

compatible with different synthetic polymers can be

derived.

Figure 4. DSC measurements A) PEO-b-PHMA block co-
polymer, T273, along with synthesized hybrid materials with B)
21 wt.-% and C) 38 wt.-%metal alkoxides in the hybrid materials.
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Mesoporous Materials

Finally, block copolymer directed composites for which the

organic-inorganic network forms the matrix can be used to

prepare mesoporous materials with controlled pore sizes.

One of the composite materials, T55/1, exhibits an inverse

hexagonal morphology of PHMA cylinders in a PEO/

aluminosilicate matrix. For such structures, heat treatment

at elevated temperatures is expected to lead to mesoporous

materials with accessible pores as shown in Figure 1. A

representative SAXS pattern of composite T55/1 after cal-

cination in several stages up to 600 8C is shown in

Figure 11A. The data reveals higher order reflections

consistent with a hexagonal order. This result is confirmed

by the TEM image of the same sample depicted in

Figure 11B, clearly demonstrating that the hexagonal

symmetry of the sample is retained. From the TEM data,

the average distance between the centers of two cylinders is

about 16.7 nm, which is in good agreement with the SAXS

result of 16.1 nm.

Conclusions

In this study, we were able to show that the amphiphilic

block copolymer PEO-b-PHMA can be used as an effective

structure-directing agent in the synthesis of structured,

organic-inorganic hybrid materials from organic, volatile

solvents. So far, four different morphologies could be

identified by a combination of SAXS and TEM, namely

spherical, hexagonal, lamellae and inverse hexagonal. The

local structure of the composites was elucidated by DSC

and solid-state NMR measurements indicating that it is

similar to previously studied composites using PI-b-PEO as

Figure 5. 1H-13C CP-MAS spectra A) PEO-b-PHMA block copolymer (T273) and B)
composite material with lamellar morphology (52 wt.-% metal-alkoxides). Reference:
Si[Si(CH3)3]4¼ 0 ppm.

Figure 6. Representation of the Tn nomenclature of organosili-
cates.
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Figure 7. 1H-29Si CP-MAS spectra of different hybrid materials
with A) spherical morphology B) cylindrical morphology and C)
lamellar morphology. Reference: Si[Si(CH3)3]4¼�9.8 ppm.

Figure 8. 27AlMAS spectra of composites with A) spherical, B)
cylindrical andC) lamellarmorphology exhibiting tetrahedral (Td)
and octahedral (Oh) coordination of aluminium. Reference:
AlCl3¼ 0 ppm.

Figure 9. Dark field TEMmicrographs of nano-objects obtained through dissolution of
composite A) T273/1; spheres (21wt.-%metal alkoxides) B) T273/2; cylinders (38wt.-%
metal alkoxides) and C) T273/3; plates (52 wt.-% metal alkoxides).
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structure-directing agent. Single ‘‘hairy’’ nanoparticles

were obtained by dissolving hybrid materials with PHMA

as the major phase in an organic solvent. With TEM and

AFM, individual spheres, cylinders and lamellaewere iden-

tified. The demonstration that the chemical nature of the

polymer hairs covering these particles can be varied by

choosing different hydrophobic blocks, opens novel

approaches towards tailoring the filler-matrix interactions

in model nanocomposites.[21] A mesoporous material was

fabricated through heat treatment of a composite with

inverse hexagonal morphology with PHMA as the minority

phase. These investigations demonstrate that the present

approach towards nanostructured polymer-inorganic hy-

brids using amphiphilic, low Tg block copolymers and cast

from organic, volatile solvents can be transferred to other

polymer systems beyond PI-b-PEO. It may access tri- und

multiblock copolymers containing PI, PEO, and PHMA in

some sequence, which are expected to exhibit amuch richer

Figure 10. AFM images of calcined nano-objects A) T37/7; spheres (21 wt.-% metal
alkoxides), B) T37/1; cylinders (34 wt.-% metal alkoxides) and C) T37/8; plates (53 wt.-%
metal alkoxides).

Figure 11. A) SAXS diffractogram and B) bright field TEMmicrograph of composite T55/1 with inverse hexagonal morphology after
calcination.
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phase diagram. Studies along these lines are now in

progress in our laboratories.
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