most weakly coupled QDs is as low as the
spectral resolution of our spectrometer, 40
eV, a value comparable to the smallest
linewidth reported so far (6). The decrease
of the exciton lifetime for the antibonding
state with increasing level separation can be
described in a simple two-level picture in-
volving acoustical phonon scattering from
the upper state into the lower state (19).
This would lead to a cubic dependence of
this linewidth on the energy level separa-
tion, which is also observed experimentally.

CEQ has proven to be a versatile method
for the fabrication of zero-dimensional ob-
jects of well-defined size, shape, and posi-
tion. The excellent optical quality, mani-
fested in extremely narrow emission lines,
and the high degree of homogeneity acces-
sible with this method permit the precise
tailoring of the quantum-mechanical cou-
pling between these nanoscale structures. As
an extension to this work, we propose the
use of higher barriers, narrower QWs, and
the incorporation of indium into the wells.
All these measures should increase the bind-
ing energy of excitons to the QDs. The use
of strained InGaAs QWs, in particular, is
expected to enhance this binding energy
drastically because the strain can be almost
completely elastically relaxed at the inter-
sections. This might open a route to exper-
imental investigation of a variety of quan-
tum mechanics textbook examples previous-
ly inaccessible by other means, such as going
from artificial atoms to molecules to an ar-
tificial one-dimensional solid.
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Organically Modified Aluminosilicate
Mesostructures from Block Copolymer Phases

Markus Templin, Achim Franck, Alexander Du Chesne,
Heike Leist, Yuanming Zhang, Ralph Ulrich, Volker Schadler,
Ulrich Wiesner*

Organically modified aluminosilicate mesostructures were synthesized from two metal
alkoxides with the use of poly(isoprene-b-ethyleneoxide) block copolymers (PI-b-PEO)
as the structure-directing molecules. By increasing the fraction of the inorganic pre-
cursors with respect to the polymer, morphologies expected from the phase diagrams
of diblock copolymers were obtained. The length scale of the microstructures and the
state of alignment were varied using concepts known from the study of block copoly-
mers. These results suggest that the use of higher molecular weight block copolymer
mesophases instead of conventional low-molecular weight surfactants may provide a
simple, easily controlled pathway for the preparation of various silica-type mesostruc-
tures that extends the accessible length scale of these structures by about an order of

magnitude.

Currently, a great deal of attention is being
paid to the synthesis of complex inorganic
materials with long-range order (I). Such
materials could find applications in cataly-
sis, membrane and separation technology,
and molecular engineering (2). A typical
approach is the use of organic structures
formed through self-assembly as structure-
directing agents. The final morphology is
then determined by the cooperative organi-
zation of inorganic and organic molecular
species into three-dimensionally structured
arrays, a concept also discussed in the con-
text of biomineralization (3). This strategy
has already been successfully used in the
preparation of inorganic mesoporous mate-
rials (4). Different pathways, where the
driving forces of the cooperative organiza-
tion are either ionic (5) or based on hydro-
gen bonds (6), have been described in vast-
ly different concentration regimes (7). Pore
sizes of 20 to 100 A are commonly obtained
in this way.

Here, we used block copolymers of high-
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er molecular weight to make the transition
from the small to the large mesoscopic re-
gime (up to several tens of nanometers) of
silica-type mesostructures. Bagshaw et dal.
previously used block-type low—molecular
weight surfactants as templating agents to
produce mesoporous molecular sieves (6).
Higher molecular weight block copolymers
have been used to stabilize inorganic metal
or semiconductor nanoparticles (8). How-
ever, they all produce solid particles with
morphologies never very far from spherical
(9). An example of a different shape of
inorganic material in a random-coil organic
homopolymer is the synthesis of randomly
distributed inorganic nanowires (10). Most
recently, block copolymers have been used
to control the growth of anisotropic inot-
ganic crystals (11).

Block copolymer materials are similar to
low—molecular weight nonionic surfactant so-
lutions with respect to their general phase
behavior (12). The phase diagrams of these
materials have been elucidated by numerous
experimental and theoretical studies (13).
The combination of inorganic siliceous com-
ponents in a hybrid material with block co-
polymers is appealing for various reasons.
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First, a blend of desirable macroscopic prop-
erties (mechanical, thermal, and so forth) in
the final product can be expected. Because
the block copolymer chemistry (architec-
ture, chain length, composition, and so
forth) can be varied substantially, it should
be possible to fine tune the properties of the
composite. Moreover, the length scale of the
microstructures of block copolymers is on
the order of the characteristic length scale of
the chains, ranging from 5 to 100 nm, which
may make mesoporous materials with
large pore sizes accessible. We investigated
the sol-gel process of a mixture of two metal
alkoxides, (3-glycidyloxypropyl-)trimethox-
YSilane, (CH}O)}Si(CHz)‘}OCHchCH;)
(GLYMO), and aluminum sec-butoxide,
Al(OBw’);, with poly(isoprene-b-ethylene-
oxide) block copolymers (PI-b-PEO) (Fig.
1). GLYMO itself is an interesting hybrid
material known to form thin-film coatings
on polymers, thereby enhancing the abrasion
resistance up to values of conventional glass
(14). The block copolymer has two impor-
tant features. First, the hydrolysis products of
the metal alkoxides should preferentially
swell the hydrophilic PEO block as a result of
hydrogen bonding (as known, for example,
from the synthesis of mesoporous molecular
sieves with low—molecular weight nonionic
surfactants) (6, 7). Second, the low glass
transition temperature T, =~ 213 K of the PI
block introduces high mobility at ambient
temperatures and should allow rapid forma-
tion of structures with long-range order even

in the bulk.

Two PI-b-PEO block copolymers, re-
ferred to as PP3 and PP7, were synthesized
by anionic polymerization using a recently
described procedure (15). The molecular
weights are nearly 10 kg mol™! (PP3) and 34
kg mol™ (PP7), and the polydispersity is
low (M /M, =~ 1.05, where M, and M, are
the weight-average and number-average
molecular weights, respectively). The vol-
ume fraction of the PEO block is ~15% in
both cases. Their microdomain structure

was explored by small-angle x-ray scattering
(SAXS) (Fig. 2). In a representative SAXS
pattern obtained for PP3 at room tempera-
ture (Fig. 2A), the main peak is centered
around a value for the scattering wave vec-
tor g corresponding to ~11.9 nm. There are
at least two higher order reflections clearl
visible at angular positions of V2 and V3
of the first-order maximum. This pattern is
characteristic for spheres packed in a simple
or body-centered cubic lattice, as expected
for this volume fraction.

In a typical preparation of an organic-
inorganic composite, 0.5 g of PI-b-PEO
block copolymer was dissolved in a 1:1 mix-
ture of CHCl, and tetrahydrofuran (5 weight
% polymer); under moderate stirring, a pre-
hydrolyzed solution of 80 mol % GLYMO
and 20 mol % AI(OBw), (16) was added,
and after 2 hours the mixture was transferred
to a petri dish at 333 to 343 K. After subse-
quent evaporation of the organic solvents
(~1 hour), the formation of the composite
was accomplished by heat treatment at 403
K in vacuum for 45 min. A series of film
samples with thicknesses of ~0.5 to 1 mm
were prepared in this way by adding different
amounts of the metal alkoxide solution to
the same block copolymer. In the following,
we focus on samples with 0.22 and 0.57 g of
metal oxides in 0.5 g of PP3, denoted PP3/4
and PP3/10, respectively.

In the SAXS pattern of PP3/4 (Fig. 2B),
the main peak is located at a g value corre-
sponding to ~20.3 nm, and there are higher
order reflections at angular positions of V4
and V7 of this first-order maximum. This
spacing sequence is indicative of a hexagonal
array of cylinders. For PP3/10 (Fig. 2C), the
main peak is centered around a g value cor-
responding to ~19.6 nm, and two more re-
flections of higher order are clearly visible at
integer multiples of this g value. Such a
sequence is characteristic of an arrangement
of lamellae.
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process

To corroborate the assignment of these
two SAXS patterns to a cylindrical and a
lamellar morphology, respectively, we also
examined the samples by transmission elec-
tron microscopy (TEM) (Fig. 3). The con-
trast in these micrographs arises from PI,
stained with OsO, and appearing black. The
image of PP3/4 (Fig. 3A) clearly shows hex-
agonally packed cylinders in the two most
typical projections. The TEM image of PP3/
10 (Fig. 3B) exhibits lamellae. To determine
whether the silica-type material is confined
to one phase of the block copolymer, we used
the recently developed method of elemental
mapping (17). In Fig. 3C the silicon map of
the same area depicted in Fig. 3B is shown;
areas containing silicon appear bright in this
image. Two conclusions can be drawn from
Fig. 3C: (i) The inorganic silicon-rich phase
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Fig. 2. Scattered intensities /(q) as a function of
scattering vector g for PP3 (A), PP3/4 (B), PP3/10
(C), and PP7/4 (D) at 295 K. Angular positions of
higher order peaks with respect to the first-order
maximum are indicated for each curve. The max-
ima with an angular position of V/3, usually ex-
pected for a cylindrical morphology, are not well
resolved in curves (B) and (D), probably because
of the large width of the peaks. The patterns in (A),
(C), and (D) were obtained with a Kratky com-
pact camera (Anton Paar KG) eqguipped with a
one-dimensional position-sensitive detector (M.
Braun). The Ni-filtered Cu Ka radiation (A = 0.154
nm) was from a Siemens generator (Kristalloflex
710 H) operating at 35 kV and 30 mA. The pattern
in (B) was obtained with a Rigaku Rotaflex x-ray
source and a 2D area detector after integration
over the azimuthal angle (see Fig. 4).
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has a lamellar morphology, and (ii) compar- same spatial distribution can be shown by The length scale of the morphologies in
ison of Fig. 3B and Fig. 3C shows that silicon  aluminum mapping, and similar results were  the present composites reflected from the
is confined to the PEO phase of PP3. The obtained for the hexagonal phase (18). SAXS patterns in Fig. 2, B and C, is ~20

nm, considerably longer than what is typi-
cally obtained for materials prepared from
low-molecular weight surfactants. The spac-
ings can be further increased by using higher
molecular weight block copolymers. In com-
posites prepared from PP7, spacings of ~40
nm were achieved (Fig. 2D). Because molec-
ular weights of up to 10? to 10° kg mol™ can
be synthesized, fine-tuning of morphological
parameters becomes possible.

The electron microscopy results (Fig. 3)
suggest that the hydrophilic PEO block acts
as an anchor for the metal alkoxide conden-
sation products. More information about this
effect was obtained from differential scan-
ning calorimetry (DSC) (19). Although the

\ T, value of the PI block is unaffected, the
MUILIEITNEY  melting behavior of the PEO block is mark-

edly altered by the addition of inorganic
material (18). For pure PP3, a melting point
T, was clearly detected at 310 K. For sam-
ples PP3/4 and PP3/10, however, the crystal-
lization of the PEO block was suppressed.
This is a well-known phenomenon in poly-
mer blending, where the intimate mixing of
a second polymer prevents PEO crystalliza-
tion (20). Crystallization is only suppressed,
however, if during the synthesis the organic
solvents are evaporated at temperatures

above the T_ of PEO. This suggests that

200 nm

Fig. 3. TEM micrographs of PP3/4 (A) and PP3/
10 (B and C). For TEM, films were stained with
0OsO,, embedded in Technovit, and sectioned at
218 K (Reichert cryo-ultramicrotome). Ultrathin
sections (~50 nm) were again stained with OsO,,
and investigated using a LEO 912 () operated at
120kV. The images in (A) and (B) were recorded in
the energy-filtering imaging mode using electrons
of zero energy loss (77); (C) qualitatively shows the
silicon distribution of the same site as in (B) and
was recorded by elemental mapping using the
Si-L, , absorption edge. In this process two im-
ages are acquired at electron energy losses be-

trapolate an image expected at the energy loss of
the Si-L, , edge. Because it is not influenced by
the absorption edge, the extrapolated image rep-
resents silicon-nonspecific mass-thickness back-
ground. This background is then subtracted from

100 nm

the PEO chains and the hydrolysis prod-
ucts of the metal alkoxides mix well only
above the T_ of the PEO block, and this
state is frozen through condensation of the
metal alkoxides.

Information about the inorganic con-

a third image acquired at the Si-L , , edge, the difference image representing the pure distribution of
silicon to the contrast (24). The smaller distance in the lamellar spacing in the TEM images relative to that
indicated by the SAXS data is a result of contraction of the ultrathin sections normal to the plane of the
lamellae, driven by free energy minimization (25).

nectivities can be gained by solid-state
nuclear magnetic resonance. The conden-
sation behavior of the present mixtures is
similar to that of the pure metal alkoxides
(21). Most of the silicon atoms are connect-
ed to two or three other metal atoms (silicon
or aluminum) by oxygen bridges, thereby
yielding a three-dimensional network. Near-
ly 40% of the aluminum is incorporated in
this network as fourfold coordinated species.
i ‘ The residual aluminum is located in alumi-
fit \ num oxohydroxo complexes, AlO,(OH),
(n (H,0),, as sixfold coordinated aluminum. In
addition to the links on the inorganic side,
the conversion of the epoxy group to oligo-
ethyleneoxide derivatives leads to a higher

+0.6

+0.6 +0.6  network density.
q, (hm™) 0.6 0.6 0.0 q, (nm™) 0.6 0.6 0.0 Finally, we concentrate on orientational
! ’ gy (nm') Y ' g, (nm7) effects induced by the solvent-cast tech-

nique (22), which is part of the preparation
Fig. 4. Two-dimensional SAXS patterns of PP3/10 at 295 K for two different directions of the x-ray beam que (22), w p brepa

with respect to the sample coordinate frame, as schematically depicted in the inset. The order param- grocel(i uzreD fg;\;)(Lér materla}s. Twod-'c}lfmen-
eter (P,) for the angular distribution of the lamellae normal with respect to the z-direction (fim-normal), 513 ( - ) patterns for two ditterent
as obtained from the 2D SAXS pattern (27) on the right side, is 0.5. Pattemns were obtained with a Rigaku ~ Orlentations of a film of lamellar sample
Rotaflex x-ray source at 0.154 nm (Cu Ka). A three-pinhole collimator was used to generate a beam 1 PP3/10 with respect to the x-ray beam (Fig.
mm in diameter. Scattering patterns were recorded on a 2D Siemens X-1000 area detector with a ~ 4) show that in the g,-q, plane (film plane)
sample-to-detector distance of 130 cm. only a ring of small scattering intensity is
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observed, whereas in the g,-g. plane two
strong and narrow scattering peaks along g
are detected. This result is expected for
lamellae oriented parallel to the film sur-
face. It demonstrates that the solvent-cast
technique is capable of inducing macro-
scopically aligned samples for the present
lamellar silica-type mesostructures. Because
the film thickness of these materials is con-
siderable (~1 mm), surface-induced mor-
phological transitions and related effects
observed for very thin films (23) can be
neglected.
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Promotion of the Cycling of Diet-Enhancing
Nutrients by African Grazers

S. J. McNaughton,” F. F. Banyikwa, M. M. McNaughton

Experiments in Serengeti National Park, Tanzania, provide direct evidence that large,
free-ranging mammalian grazers accelerate nutrient cycling in a natural ecosystem in a
way that enhances their own carrying capacity. Both nitrogen and sodium were at
considerably higher plant-available levels in soils of highly grazed sites than in soils of
nearby areas where animal density is sparse. Fencing that uncoupled grazers and soils
indicated that the animals promote nitrogen availability on socils of inherently similar
fertility and select sites of higher sodium availability as well as enhancing that availability.

There is a growing recognition in ecology
that organisms can modify their environ-
ments in ways beneficial to themselves,
rather than inevitably causing environmen-
tal deterioration (1), and it is a maxim of
grassland ecology that nutrient recycling by
grazers contributes to plant regrowth poten-
tial (2). However, direct evidence of the
effect of large wild mammals on nutrient
recycling is meager (3), and studies in bo-
real forests (4) indicate that moose (Alces
alces) browsing indirectly diminishes soil
mineralization rate by shifting the compo-
sition of vegetation species to less palatable
and less decomposable plants.

The distribution and abundance of large
grazing mammals in Serengeti National
Park, Tanzania, are influenced by the oc-
currence of nutritionally sufficient forages
(5) and the spatiotemporal variation of veg-
etation productivity due to pronounced
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geographic rainfall gradients and produc-
tion seasonality (6). Grazers preferentially
forage on swards enriched in minerals that
are important in late-stage pregnancy, lac-
tation, and the growth of young animals
(5). There are two plausible explanations
for this phenomenon: Animals forage on
vegetation supported by soils of innately
greater nutrient availability, or animal ac-
tivities augment nutrient availability. Iden-
tification of the correct explanation has
implications for conservation policy and
management (through an understanding of
the habitat requirements of endangered
wild grazing mammals) and for ecological
theory (by documenting how grazing mam-
mals are mechanistically coupled with their
habitats). Regional edaphic differences af-
fect the mineral contents of forages and
thereby influence seasonal movements of
migratory grazers in the Serengeti, but no
evidence of general soil differences was
found in landscape-level studies of resident
grazers (5), which are those that do not
migrate but occupy discrete home ranges.
Here we present evidence concerning the
mechanisms associated with higher nutrient
availability at sites preferred by resident
grazers.

Mineralization of two elements—nitro-
gen (N), which is essential to both plants
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