
llloSt lveakly coupled QDs is as lo\,. as ,+he same object~ve lens and d~rected to a confocal m -  47, 1 324 (1 985). 

spectral resolLltioll of our 40 agng system, whch defned a nearly d~ffractlon-m- 21. A. R. GBn eta!. !bid. 61. 1956 (1992). 
ted detecton range of F\J1!HM = 833 ilm. The PL 22. W. Wegscheder et a/. .  Phys,  fie^/. Lett. 71, 4371 

~ e v ,  a value comparable to the  sinallest signal was d~spersed with a trple-grating spectrom- (1 993). 
linewidth reported so far (6).  T h e  decrease eter (spectra resout~on = 43 weVj and detected 23, T. ~omeya .  H. Ak~yama, H. Sakak ibld. 74. 3664 
of the excitoll lifetilne for antibonding wth a cooed charge-coupled-devce camera. ( I  995); ib!d. 76 2965 (1 996). 

16. The PL energy of (1 13) QWs is red-shified with re- 24, W. \b/egscheder, G. Schedebeck, G. Abstreter. M. state with i~lcreasi~lg level separation can be spect to that of (301) QWs of dentIca tl,lckness Rother, M. Bcher, ibid. 79, 191 7 i l997). 
described in a simple two-level picture in- because of dfferent heawl hole Inasses n these two 25, We thank A, zrenner for helpful discussions, Sup. 
volving acoustical phonon scattering from dlrectlOnss. ported by the Deutsche Forschungsgeme~nschaft n 

17. J. Hasen et ai., ~h'ature 390, 54 (1 997). the upper state into state (I9)' 18, M, Grundinann and D, Elmberg, Phys, Rev, B 55, 
the frameviork of SFB 348 and the Bundesmnste- 
rlum flir B~ldung, W~ssenschaft. Forschung, und 

This would lead to a cubic depe~ldence of 4054 (1997). Technoogie through conrract 01 BM 6301'1. 
this linewidth o n  the  enerev level seoara- 19, P, patzman, nersona communcation. ", 
tion, which is also observed experimentally. 

CEO has oroven to be a versatile method 
for the fabrication of zero-dime~lsional ob- 
jects of well-defined size, shape, and posi- 
tion. T h e  excellent optical quality, mani- 
fested in exrre~nelv narrow emission lines, 
and the high degree of homogeneity acces- 
sible x i t h  this lnethod ~ e r i n i t  the ~ r e c i s e  
tallorlng of the cluantum-mechanical cou- 
~ l l n e  betn~een these nanoscale structures. As 
L - 
a n  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. T h e  use 
of strained InGaAs QWs,  in particular, is 
expected to enhance this binding energy 
drastically because the  strain can be allnost 
completely elastically relaxed a t  the inter- 
sections. This might open a route to exper- 
imental investigation of a variety of quan- 
tuin ~nechanics 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-6-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. 

Current ly ,  a great deal of attelltion is being 
paid to the synthesis of complex inorganic 
materials with long-range order (1) .  Such 
~naterials could find applicatio~ls in cataly- 
sis, membrane and separation technology, 
and ~nolecular engineering (2) .  A typical 
approach is the  use of organic structures 
iorined through self-assembly as structure- 
directing agents. T h e  final ~norphology is 
then  determined by the  cooperative organi- 
zation of inorganic and organic ~nolecular 
species into three-dimensionally structured 
arrays, a concept also discussed in the  co11- 
text of biolnineralization (3). This strategy 
has already been successf~~lly used in the  
preparation of inorganic mesoporous mate- 
rials (4). Different pathways, \i.here the 
driving forces of the  cooperative organiza- 
tion are either ionic (5) or based o n  hydro- 
gen bonils (6 ) ,  have been described in vast- 
ly ilifferent concel2tration regimes (7). Pore 
sizes of 20 to 100 4 are commonl\~ obtained 
in thts way. 

Here, we used block copolylners of high- 

Max-Planck-lnst~tut f ~ ~ r  Polymerforschung, Postfach 
3148 55321 Ma~nz, Germany. 

t to whom correspondence should be addressed 

er molecular weight to make the  transition 
from the small to  the  large mesoscopic re- 
gime (up to  several tens of na~lometers) of 
silica-type mesostructures. Bagshau et a[ .  
previously used block-type low-molecular 
weight surfactants as telnplating agents to  
produce mesoporous molecular sieves (6) .  
Higher molecular weight block copolyiners 
have been used to stabilize inorganic metal 
or selniconductor nanoparticles (8). H o u -  
ever, they all produce solid particles with 
morphologies never very far hoin spherical 
(9). A11 exainple of a different shape of 
inorganic material in a random-coil organic 
homopolymer is the  synthesis of rando~nly 
distributed inorganic nanowires (1 C). Most 
recently, bloclc copolymers have been used 
to  control the  growth of anisotropic inor- 
ganic crystals (1 1 ). 

Block copolymer materials are similar to 
low-molecular weight nonionic surfactant so- 
l ~ ~ t i o n s  u-ith respect to their general phase 
behavior (12).  T h e  phase diagrams of these 
inaterials have been elucidated by numerous 
experimelltal and theoretical studies (1  3). 
T h e  coinbillatioll of inorganic siliceous corn- 
ponents in a hybrid material with block co- 
polyiners 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 co~olvmers is on 
the order of the characteristid leAgth 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, (CH30) Si(CH,)30CH2'CHCH,0 
(GLYMO), and alummum sec-butoxide, 
A1(OBuY3, 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 polydispeity is 
low (M JM, - 1.05, where 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 scatterine wave vec- u 

tor q corresponding to - 11.9 nm. There are 
at least two higher order reflections clear1 
visible at angular positions of ~ and d 
of the first-order maximum. This Dattern is 
characteristic for spheres packed in a simple 
or bodv-centered cubic lattice, as ex~ected 
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 CHC13 and tetrahydrofuran (5 weight 
% polymer); under moderate stirring, a pre- 
hydrolyzed solution of 80 mol % GLYMO 
and 20 mol % A~(OBU')~ (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 q value corre- 
sponding to -20.3 nm, and there are higher 
order reflections at angular positions of fl 
and fl of this first-order maximum. This 
spacing sequence is indicative of a hexagonal 
array of cylinders. For PP3/10 (Fig. 2C), the 
main ~ e a k  is centered around a a value cor- 
responding to -19.6 nm, and two more re- 
flections of hieher order are clearlv visible at 

L. 

integer multiples of this q value. Such a 
seauence is characteristic of an arraneement - 
of lamellae. 

m" , - 1  Sol-Gel ~. 1 process 
(--,J 

Fig. 1. Schematic drawing of our approach for synthesizing \ 
organically modified silica mesostructures. Left: the mor- 
phology of the precursor block copolymer. Right: the result- 
ing morphologies after addition of various amounts of the metal alkoxides. 

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 ( E M )  (Fig. 3). The con- 
trast in these micrographs arises from PI, 
stained with Os04 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 (Fie. 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 (1 7). 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 

Fig. 2. Scattered intensities I(q) as a function of 
scattering vector q 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 a, 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) equipped with a 
one-dimensional position-sensitive detector (M. 
Braun). The Ni-filtered Cu Ka radiation (A = 0.1 54 
nm) was from a Siemens generator (Kristalloflex 
71 0 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 
ison of Fig. 3B and Fig. 3C shows that silicon aluminum mapping, and similar results were 
is confined to the PEO phase of PP3. The obtained for the hexagonal phase (18). 

Fig. 3. TEM rn~crographs of PP3 4 (A) and PP3/ 
10 (B and C]. For TEM, films were stained with 
OsO,, 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 91 2 12 operated at 
120 kV. The images in (A) and (B) were recorded in 
the energy-filtering imaging mode using electrons 
of zero energy loss (1 7); (C) qualitatively shows the 
silicon distribution of the same site as in (0) 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- 
fore the Si-L,,, edge, and these are used to ex- 
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 
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). 

Fig. 4. Two-dimensional SAXS patterns of PP3/1O 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. The order param- 
eter (P,) for the angular distribution of the lamellae normal with respect to the z-direction (film-normal), 
as obtained from the 2D SAXS pattern (21) on the right side, is 0.5. Patterns were obtained with a Rigaku 
Rotaflex x-ray source at 0.1 54 nm (Cu Ka). A three-pinhole collimator was used to generate a beam 1 
mm in diameter. Scattering patterns were recorded on a 2D Siemens X-1000 area detector with a 
sample-to-detector distance of 130 cm. 

The length scale of the morphologies in 
the present composites reflected from the 
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 lo2 to lo3 kg mol-' can 
be synthesized, fine-tuning of morphological 
parameters becomes possible. 

The electron microscopy results (Fig. 3) 
suggest that the h~drophilic 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) (1 9). Although the 
T, value of the PI block is unaffected, the 
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 
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- 
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. 
The residual aluminum is located in alumi- 
num oxohydroxo complexes, AlO,(OH), 
(H20),, 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 
network density. 

Finally, we concentrate on orientational 
effects induced by the solvent-cast tech- 
nique (22), which is part of the preparation 
procedure for our materials. Two-dimen- 
sional (2D) SAXS patterns for two different 
orientations of a film of lamellar sample 
PP3/10 with respect to the x-ray beam (Fig. 
4) show that in the 4,-4, plane (film plane) 
only a ring of small scattering intensity is 

www.sciencemag.org SCIENCE VOL. 278 5 DECEh 



ohseri:ed, nliereas in tlie q,-ql plane two 
strong and narrow scatter~ng peaks alol-ig q: 
are detected. This result is expected for 
lalnellae oriented parallel to tlie fllm sirr- 
face. It demonstrates that the  solvent-cast 
teclinique 1s capable of mducing macro- 
scopically aligned salnples for tlie present 
lamellar sil~ca-type mesostructures. Because 
tlie film tlilckness of these materials 1s con- 
slderahle (-  1 mm),  surface-i~idi~ced mor- 
phologlcal transltlons and related effects 
observed for very tlilli til~lis (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 soils of inherently similar 
fertility and select sites of higher sodium availability as well as enhancing that availability. 

%here is a growqg recognition 111 ecology 
that organisms can modlfi- their environ- - 
lnents 111 \\jays beneficla1 to tliemselves, 
rarl-ier tlian in<\-itabli: ca i rs in~ environmen- - 
tal deterloration ( I  ) ,  and it is a m a s ~ m  of 
grassland ecologi- that nutrient recycling b!; 
grazers contrih~ltes to plant regrotvth poten- 
tial ( 2 ) .  Ho~vever ,  direct el-ldence of the 
effect of large wid  mammal,^ o n  l i~~ t r i e l i t  
recvcllng 1s meager ( 3 ! ,  and stildles 111 bo- 
real forests (4) ~ndicate  that nioose (iilces 
alies) browslno inciirectly diminishes so11 
mineralization rate hy shiftilig the compo- 
sition of i.egetatio1-i species to less palatable 
and less decomposable plants. 

T h e  distrll?ution and abundance of large 
grazing niamlnals 111 Sereligetl National 
Park, Tanzania, are i ~ i t l ~ ~ e ~ - i c e ~ i  by tlie oc- 
currence of nutritionally sufficient forages 
(5) anil the spatiotemporal variation ot  veg- 
etation productivity clue to Iirono~~ncecl 
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geograplilc rainfall gradients and 13roduc- 
tlon seasonality (6). Grazers preferentially 
forage o n  swards e~ir lched in minerals that 
are ~mpor tan t  in late-stage pregnancy, lac- 
tatlon, aliil the gr0a.tl-i of young animals 
(5 ) .  Tl-iere are tivo plausible explanations 
f i~ r  this plie1101nenon: Alillnals forage o n  
vegetation supported by soils of il-i~iately 
greater liutrlelit a\-allahllit!;, or alilllial ac- 
tlvltles auemcnt ~iiltrielit availahllitv. Iden- 

u 

tlflcation of tlie correct e sp lana t~on  has 
implications for conservation vollci- and 
n-ianagen-ient j throl~gh a n  understand~ng of 
tlie l-iabitat reilulrelnelits of eniiangered - 
wild graxng mammals! anil for ecological 
theory (by J o c ~ ~ m e n t i n g  how gra:lng mam- 
mals are meclianist~cally coupled n-ith their 
habitats). Reoio~ial eLlaphic dlffere~ices af- 
tect the  llill-ieral contents of torages and 
therehy influence s e a s o ~ ~ a l  mar-eme~its of 
migratory grazers in the Serengeti, but no  
ev~dence  of general sol1 dlfferelices n.as 
found in  landsca~~e-level studies o t  resident 
grazers (5). nliich are those that do  not 
migrate but occupy discrete holue ranges. 
Here we present e~ic lence colicer~iilig tlie 
mechanisms associated bvith hlelier nutrient 
availal?ility at sites preferred hy resident 
erazers. 

h~linera1l:ation of two elements-nitro- 
gen ( N ) ,  n-hlc1-i 1s essential to l?otli pla~its 
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