
diff~~sional reweld~ng of the darnage, thus pro- 
Tiding the ultinlate b~ornirnetic property of 
self healing. 

Thermodynamic conlpatibility of the 
pair of two-phase alloys req~tires a four- 
phase eq~tilibrium at  operating temperatures 
and a two-phase equilibrium 'luring sol~t-  
tion treatment. A preliminary thermody- 
namic feasibility analysis, including assess- 
ment  of memory alloy stability require- 
ments. was performed by a team of iuniors 
in  ma;erialsLdesign class: ~on t inued .eva lu -  
ation 138) has ~ncluded a test of mechanical , , 

concepts that uses a TiNi-reinforced S n  
alloy composite prototype to demonstrate 
both lnacroscopic strain reversal and the  
desired crack-clamping behavior (41 ) .  Pre- 
clse multicomponent phase relations for the 
Fe-based system have been evaluated with 
diffusion couple esper i~nents ,  and prototype 
steel composites are bemg fabricated. 

T h e  success of these initial designs sug- 
gests that the lntegratlon of computational 
materials science within a systems engineer- 
ing framework offers a powerful n e ~ v  ap- 
proach for the  creatlon of superior materials 
that have sophisticated control of a multi- 
level dynamic structure, combined with re- 
duced time and cost of materials develop- 
ment.  These flrst steps herald a nenr synergy 
of the science and engineering of materials. 
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Molecular Manipulation of 
Microstructures: Biomaterials, 

Ceramics, and Semiconductors 
Samuel I. Stupp* and Paul V. Braun 

Organic molecules can alter inorganic microstructures, offering a very powerful tool for 
the design of novel materials. In biological systems, this tool is often used to create 
microstructures in which the organic manipulators are a minority component. Three 
groups of materials-biomaterials, ceramics, and semiconductors- have been select- 
ed to illustrate this concept as used by nature and by synthetic laboratories exploring 
its potential in materials technology. In some of nature's biomaterials, macromolecules 
such as proteins, glycoproteins, and polysaccharides are used to control nucleation and 
growth of mineral phases and thus manipulate microstructure and physical properties. 
This concept has been used synthetically to generate apatite-based materials that can 
function as artificial bone in humans. Synthetic polymers and surfactants can also 
drastically change the morphology of ceramic particles, impart new functional proper- 
ties, and provide new processing methods for the formation of useful objects. Interesting 
opportunities also exist in creating semiconducting materials in which molecular ma- 
nipulators connect quantum dots or template cavities, which change their electronic 
properties and functionality. 

T h e  functionality of materials in macro- 
scopic form is seldom achieved with pure 
chemlcal cornpounds that forin sillgle crys- 

The a,lthors are In the Deparment of Materals Scence 
and Eng~neer~ng Devarment of Chem~stry Beckman 
nsttute for Advanced Scence and Technology, Vaterl- 
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tals. Many of nature's remarkable materials 
contain mixtures of molecules or micro- 

structures in which inorganic crystals or 
glasses coexist with organic molecules. Ex- 
amples include bone, cartilage, shells, 
leaves, and skin. Here, we address the  con- 
cept of molecular manipulation of micro- 
structures in  inorganic materials, a biologi- 
cally inspired synthetic tool for the  era of 
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materials by design. As discussed here, mo- 
lecular manipulation of materials implies 
the use of organic molecules, even in very 
small amounts, to control the microstruc- 
tures of inorganic solids. This article focuses 
on materials in which organic molecules are 
the minority component; examples of these 
systems can be found in nature, but the 
potential exists to discover synthetic ana- 
logs of technological interest. The inverse 
systems (which are predominantly organic) 
or those with comparable amounts of both 
types are certainly interesting but resemble 
more the conventional polymer composites 
that have been investigated over the past 
few decades. 

Three groups of materials have been se- 
lected to illustrate the microstructural con- 
cept of molecular manipulation-biomate- 
rials, ceramics, and semiconductors. Bioma- 
terials are defined here as either naturally 
occurring materials in living organisms or 
materials designed to repair humans. As 
discussed below, organic molecules impart 
toughness to otherwise brittle mineral 
structures in many organisms (I) ,  and thus 
synthetic minerals that use molecular ma- 
nipulators could be excellent candidates for 
bone replacement in humans. However, 
there is no reason to limit the role of or- 
ganic molecules in such systems to tough- 
ening functions. Organic molecules could 
also be used to synthesize highly functional 
minerals. for exam~le. im~lants that would 

morphology in inorganic semiconductors 
(7), or one could disperse organic molecules 
with an electronic or photonic function in 
semiconducting microstructures. Organic 
molecules could also help organize semicon- 
ducting nanocrystals into functional macro- 
scopic structures (8). We explore here ex- 
amples in these three areas, which involve 
work performed in various laboratories, in- 
cluding our own. 

Biomaterials 

Among mineralized biological materials, 
one finds magnificent examples of micro- 
structures in which only a small content of 
organic matter plays a key role in the de- 
termination of properties. Weiner and 
Addadi (1 ) have recentlv reviewed this 
field and hescribed many e;amples of these 
remarkable materials svnthesized at ambi- 
ent temperatures and pressures by various 
taxonomic groups. Nature's mineralizers use 
small amounts of organic macromolecules 
to manipulate nucleation, growth, micro- 
structure, and, consequently, the properties 
of their mineral-based materials. One 
example in mammals is the microstructure 
of tooth enamel in the incisor of a rat. The 
microstructure, shown in Fig. lC, contains 
rods composed of hundreds of spaghetti- 

Invertebrates 

shaped crystals of carbonated apatite. This 
microstructure resembles the cross-ply con- 
figuration of some advanced composites for- 
mulated with carbon fibers in ~olvmer ma- 

L ,  

trices. Two other fascinating examples, 
which are also shown in Fig. 1. are the - ,  

spongy ventral plate of a starfish, varying in 
texture at different sites (Fig. lB), and the 
sea urchin spine (Fig. lA), both of which 
are composed entirely of a single crystal of 
calcite. The sea urchin single crystal may 
contain as little as 0.02 weight % glycopro- 
tein, but this small content of organic mat- 
ter remarkably enhances the mineral's resis- 
tance to fracture (9, 10). According to 
Weiner and Addadi ( I ) ,  the manner in 
which the mineral phase and the organic 
material are organized is one of the key 
factors contributing to the distinctive me- - 
chanical properties in these biomaterials. 
They suggest that this could be part of the 
organism's strategy to create more isotropic 
properties from inherently anisotropic com- 
ponents such as one-dimensional macro- 
molecules and crystalline minerals. This is 
in fact a very important goal in the design 
and engineering of composite materials. 

The minerals and macromolecules used 
by nature vary greatly, as do the structural 
motifs in which these hybrid materials are 
organized. The macromolecules used by na- 

Mammals . .  . 
cany critical therapeutic agents or mole- 
cules such as growth factors that would be 
useful in tissue engineering. 

The ceramic group generally encompass- 
es chemically resistant materials that are 
designed to withstand elevated tempera- 
tures but are usually brittle in nature. Thus, 
a minority component of organic material 

, - 
in ceramics could also play a toughening Single crystal spne Spongy sing e crystal Mneral cross-ply 
role in brittle microstructures but could re- 
duce the high thermal resistance of these 
materials. If extremely high temperature use Plants Bacteria . - 
is not required, organic manipulators could 
add a great deal of functionality to ceramic 
materials. Of course. organics have been . ., 
used over the past two decades as the pre- 
cursors of ceramics in the so-called chemi- 
cal routes to ceramics (such as sol-gel syn- 
theses) (2, 3). Such chemical routes to ce- 
ramics have offered a great deal of synthetic 
and processing flexibility in this group of 
materials. A different role for orpanics in 

0 - ~ -  

ceramic microstructures would be as manip- 
ulators of morphology, leaving an imprint of 
their original presence even after their dis- 
appearance at high temperatures (4-6). 

In the field of semiconductors, micro- 
structural manipulation with organics is a 
field that is just emerging but has enormous 
potential. One could envision organics 
serving a templating role to access a specific 

Composite ii9ril.s Protein template Mineralized membrane 

Fig. 1. Electron micrographs of molecularly manipulated inorganic microstructures obsewed in nature. 
Two unusual calcite single crystals are observed in invertebrates: one is a spine with radial texture in the 
sea urchin (A) and the other is a sponge with different size pores in the arm of the star Ophiocoma wendti 
(B) (7) (reproduced by permission of the Royal Society of Chemistry). An example from mammals is 
observed in the incisor of a rat, which generates crossed elongated crystals of carbonated apatite 
reminiscent of an advanced composite microstructure (C) (1) (reproduced by permission of the Royal 
Society of Chemistry). In certain plants, macromolecules can stabilize amorphous silica with a specific 
morphology (D) [reproduced from (13) with kind permission from Elsevier Science Ltd, the Boulevard, 
Langford Lane, Kidlington OX5 lGB, UK], and in the membrane of some bacteria, they form highly 
symmetric templates for mineralization (E and F) [reproduced with permission from (1 711. 
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ture in small quantities to manipulate mi- 
crostructure include proteins, glycoproteins, 
and polysaccharides (1 ). The macromole- 
cules tend to have common structural fea- 
tures, such as a high content of carboxylate 
groups (such as glutamic and aspartic acid 
residues in proteins), which lead to interac- 
tions between organic chains and mineral 
Drecursor ions and also h e l ~  to attach the 
macromolecules to solid surfaces. With re- 
gard to minerals, two important ones found 
in endoskeletons and exoskeletons are cal- 
cium carbonate polymorphs and calcium 
phosphates such as carbonated crystalline 
apatite. An  interesting example of micro- 
structural manipulation may be found in 
the nucleation of either the aragonitic or 
calcitic polymorphs of calcium carbonate, 
which differ significantly in mechanical 
properties (1 1 ). In biological systems, mac- 
romolecules could also serve to control crys- 
tal growth and thus the object's shape by 
adsorbing to specific crystal planes. The 
entraDment of these macromolecules in the 
mineial-based microstructure could then 
increase toughness in an otherwise brittle 
material. A possible toughening mechanism 
would involve their deviation of cracks and 
absorption of energy from the propagating 
crack (12). A remarkable example is the 
toughness of the sea urchin spine shown in 
Fig. 1A. Other examples of molecular ma- 
nipulation in biominerals could be related 

to the stabilization of amorphous minerals 
[for example, silica (13), calcium carbonate 
(14), and calcium phosphate (15, 16)] and 
the formation of microstructures in which 
there is long-range ordering of mineral par- 
ticles (1 3). Biogenic amorphous silica found 
in branches. leaves. and hairs of certain 
plants my have microstructures with fi- 
brous, sheetlike, or globular morphology, 
and it is intimately associated with macro- 
molecular comDonents such as  rotei ins and 
carbohydrates (13). A micrograph of amor- 
phous silica fibrils found in plants is shown 
in Fig. 1D. Another interesting system in 
the present context is the mineralization 
observed on the cell membranes of some 
bacteria that can be equal to or exceed their 
cellular weight (17, 18). In some bacteria, 
the cell membrane contains a regular ar- 
rangement of proteins on its outer surface 
(S layer) that serves as a template for min- 
eralization (Fig. 1E). In these systems, the 
resulting mineral nanostructure has the 
same svmmetrv and dimensions as the S 
layer of proteins (see the example in Fig. 
IF). 

Our laboratory explored nature's use of 
macromolecules as manipulators of mineral 
microstructure to synthesize materials de- 
signed to serve as human artificial bone 
(19-21). We have termed these biomateri- 
als "organoapatites," which are synthesized 
by the nucleation and growth of hydroxy- 

apatite mineral in aqueous solutions of or- 
ganic macromolecules, including ho- 
mopolymer poly(amino acids), low molar 
mass peptides, and synthetic polyelectro- 
lytes. The microstructure of these materials 
is envisioned as apatite lattices threaded or 
surrounded by very small amounts of mo- 
lecularly dispersed organics amounting to 
only 2 to 3% of the total weight. These 
small amounts of organic content manipu- 
late dramaticallv their microstructure and 
physical properties and in this regard bear 
some resemblance to the ~reviouslv dis- 
cussed calcium carbonates that are modified 
bv occluded  rotei ins. Furthermore. in the 
case of organoapatites, the chemical struc- 
ture of the minority organic component can 
also control the observed biological re- 
sponse when these materials are implanted 
in bone (21 ). As illustrated in Fig. 2, B and 
D, when organoapatites are synthesized in 
dilute aqueous solutions of poly(~-lysine), 
one obtains two-dimensional single crystals 
(micrometers in cross section and nanome- 
ters in thickness), whereas small nanocrys- 
tals grow in the presence of similar solutions 
containing poly(~-glutamic acid) (Fig. 2, A 

p&t in 6 & liqkr (B and D). Me the ooherence b&mm the apatite Pystal lattice and thq 
svnhpWd* ##$;7,i$ .\ .f r,, ' 4'" -". ., c . - ; . , . ( . ..< . < *%. 7.i:. .& .- - 

Fig. 3. The brittleness of an apatite-based artificial 
bone material is revealed by the common frag- 
mentation of cylindrical objects implanted in bone 
(A), whereas mechanically toughened implants 
can be synthesized by manipulation of the miner- 
al's growth and particle sintering with only 2 to 3 
weight % organic macromolecules (B) [see (20, 
21) for synthetic details and definition of the frag- 
mentation index, which is given on the right-hand 
side of (A) and (B)]. 
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and C) (22). We believe that this is ex- 
plained by the ability of poly(~-lysine) to 
favor the growth of the ab planes of the 
crystal. Glutamic acid residues, however, 
are possibly very effective at nucleating 
crystals. An  illustration of the manipulation 
of physical properties is shown in Fig. 3, 
which reveals microscopic evidence of the 
highly brittle behavior of materials ob- 
tained in the absence of organic content 
and the toughened material formed by poly- 
ionic organoapatites. 'Whereas we cannot 
access for synthetic systems the capabilities 
of living cells in biogenic microstructures, it 
is likely that we may discover fascinating 
tools for microstructural control in cell- 
seeded forms of these materials in the 
emerging biomaterials approach known as 
tissue engineering (23, 24). In this ap- 
proach, biodegradable synthetic materials 
acting as scaffolds are seeded with cells to 
induce the regeneration of natural tissues. 

An  exciting future prospect in the con- 
text of organoapatite biomaterials and other 
molecularly manipulated inorganics is the 
use of the organic content to create highly 
functional minerals. We recently generated 

that contains three structural motifs varying 
in function: the anti-inflammatory drug in- 
domethacin; the amino acid tyrosine, 
which is potentially adhesive toward solid 
surfaces; and the precursor monomer to the 
biocompatible polymer poly(2-hydroxy- 
ethyl methacrylate) (25, 26). One could 
envision future examples of designed func- 
tional minerals containing organic mole- 
cules, which may include ceramic materials 
to be used at low temperatures and even 
semiconductors, in which the organic com- 
Ijonent contributes an electronic or pho- 
tonic function in the inorganic lattice. 

Ceramics 

Manv of the metal-nonmetal structures 
known as ceramic materials have tradition- 
ally been synthesized by fusion or sintering 
of complex mixtures of inorganic com- 
pounds such as metal oxides (27). Over the 
past few decades, new possibilities for their 
synthesis have been identified by the use of 
chemical routes, including the sol-gel meth- 
ods for glasses and ceramics (2). In these 
methods, the synthesis of the inorganic net- 
works begins at low temperatures with con- 
densation polymerization of multifunc- 

an example by synthesizing an organoapa- 
tite containing a molecule designed by us 

2e (-1 
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tional metal alkoxide monomers and ends 
with calcination aimed at the removal of 
the organic by-products of polymerization, 
solvents, residual monomer, and other or- 
ganics. There is no question that these 
methods offer the possibility of more chem- 
ically homogeneous ceramics, new forms of 
fluid precursors, and particle shape control, 
which is important in further processing. 
Other approaches in which designed inor- 
ganic clusters are synthesized as building 
blocks for a self-assembling approach to ce- 
ramics may eventually emerge as important 
methods. The concept considered here, 
however, is the possibility of using organic 
molecules to drastically change the micro- 
structure of the inorganic lattice of a ceram- 
ic material. Some examples are described 
below. 

An  interesting recent discovery about 
molecular manipulation in ceramic micro- 
structures is their sol-gel synthesis mediated 
by organic surfactants, which leads to me- 
soporous materials (4, 28-32). The meso- 
porous microstructure obtained by this 
method reflects the order parameter of me- 
sophases formed by the self-organization of 
organic and inorganic components during 
synthesis. Over the past few years, many 
mesoporous ceramics have been synthe- 
sized, including aluminosilicate (4), titani- 
um silicate (33), zinc phosphate (30), and 
manganese oxide (34), achieving control of 
chemical composition, microstructure, and 
gross morphology (35). These materials can 
be grown as particles (4), free-standing 
films (36), films on a variety of substrates 
(32), and complex morphologies (37). A 
wide range of chemistries has been used for 
the inorganic precursors and the surfac- 
tants, but many use silica precursors such as 
tetramethvlammonium silicate or colloidal 
silica (or both) and a cationic surfactant 
(38). Presumably, the mesoporous micro- 
structure emerges as supramolecular assem- 
blies form that contain the cationic surfac- 
tant and the growing metal oxide mole- 
cules. It is believed that the nanoscale and 
microscale symmetry and dimensions of the 
inorganic phase are controlled by molecular 
packing constraints and growth rates of the 
inorganic phase. This method results in 
structures controlled mostly by kinetics and 
not thermodynamics (37). Periodic arrays of 
designer pores imprinted by the surfactant 
in important materials such as silica may 
lead to im~ortant functional ceramics. 
These functional ceramics may include in- 
teresting catalytic functions and environ- 
mental waste remediation properties chem- 
ically engineered into the mesoporous mi- 
crostructure (33, 34, 39). 

Self-assembled monolayers (SAMs) (40) 
provide the opportunity to molecularly ma- 
nipulate the microstructure of inorganic 
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materials when they are used as growth of solution chemistry and supersaturation, 
substrates (41 ). Selection of specific mole- mineral phase growth with specific crystal- 
cules to create the SAM can yield surfaces lographic orientation can be induced to 
designed to interact with specific mineral precipitate on almost any substrate on 
phases, such as sulfonated SAMs for the which SAMs can be deposited. By pattem- 
growth of FeOOH. Through careful control ing the SAM on which the mineral phase 

Fig. 5. The morphology of inorganic-organic composite particles is preserved as the system is calcined 
to form a mostly inorganic material (500°C), and the particle's spheroidal contour is still observed as the 
organic content vanishes and the material transforms to ceramic by 1000°C. 

Fig. 6. Transmission electron micrographs of three molecularly manipulated microstructures of Il-VI 
semiconductors: a colloidal crystal of CdSe nanocrystals covered by organic surfactants, a colloid of 
Cd(,-x)ZnxS punctured by a regular array of cavities templated by cylindrical molecular assemblies of 
surfactant molecules, and a lamellar particle with alternating CdS and organic layers templated by an 
organic lamellar mesophase. Below the micrographs, models and schematic representations of the 
hybrid structures and their respective molecular manipulators are shown in color. 
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will grow, it is even possible to write inor- 
ganic microdomains (42). We describe be- 
low another concept in which organic mac- 
romolecules modify inorganic microstruc- 
tures and form composite materials. 

A different concept that has been 
explored in our laboratory is the precip- 
itation from solution of calcium and 
aluminum layered double hydroxides, such 
as [Ca2A1(OH) J+ [(OH)-3H20]-, in the 
presence of organic polymers. This pro- 
cedure eenerates oreanoceramics in which - - 
the organic macromolecules significantly 
change the morphology and properties (5, 
6, 43). Micrographs of the flake-like mor- 
phology obtained in the absence of organics 
and the very different rosette-shaped com- 
posite particles obtained in the presence of 
poly(viny1 alcohol) macromolecules are 
shown in Fig. 4, A and B, respectively. The 
organic-inorganic composite rosettes are 
fairly monodisperse in size, and these ruf- 
fled-surface m articles have an AlICa ratio 
that is esseAially identical to that of the 
fully inorganic material and an organic con- 
tent of -20 weight %. The mechanical 
properties of bulk materials pressed at room 
temperature are significantly improved in 
the organoceramic composition (44). 

We believe that the molecular manipula- 
tion of microstructure occurs here through the 
role of polymer chains in nucleation of the 
inorganic layers. Furthermore, we believe 
that the polymer becomes intercalated be- 
tween the inorganic principal planes to 
produce expanded interlayer spacings. 
These expanded spacings revealed in x-ray 
diffraction (XRD) scans (see Fig. 4C) can- 
not be induced by simple diffusion of the 
same macromolecules within the nanome- 
ter-scale spaces in a stage after precipita- 
tion. This barrier presumably arises through 
the large entropic barriers involved in mac- 
romolecular diffusion into such tight spac- 
es. Becze and Xu have argued that this 
intercalation does not take place and that 
the ~olvmer is merelv involved in nucle- . , 
ation (45); however, we found that the 
degree of intercalation was highly depen- 
dent on the synthetic scheme used (44). On 
the basis of XRD studies, we found that the 
molecularly manipulated microstructure 
can expand and contract reversibly with 
exposure to moisture, suggesting possibili- 
ties for sensing minerals (44). Interestingly, 
an imprint of the spheroidal composite ro- 
settes remained in the microstructure after 
organic molecules had vanished and the 
material had been converted to CaO and 
calcium aluminate ceramics by heating to 
1000°C (6). The rosette skeleton was clear- 
ly visible when the structure was almost 
entirely inorganic at 500°C. These trans- 
formations are illustrated by micrographs 
shown in Fig. 5. 



Semiconductsrs 

Given the  well-known materials function- 
ality tha t  is possible with solids of inter- 
mediate conductivity between metals and 
insulators, it would be interesting to  de- 
velop the  field of molecular manipulation 
of semiconducting microstructures. Over  
the  past few years, some systems have 
emerged that  have begun to  explore this 
area. O n e  example is the  synthesis of 11-VI 
selniconductor nanocrystals, which are 
highly regular in  size and shape, by the  use 
of organic surfactants to  control the  pro- 
cess 13. 46-52), T h e  surfactant molecules ~, 

coat the  nanocrystals, which in  turn  can 
self-organize into highly ordered micro- 
structures analogous to  colloidal crystals 
13). These crystals of nanostructures have ~, 

potential as large arrays of quantum dots 
with interesting electronic properties. 

Bawendi and co-workers have achieved 
a very high degree of control over the  size of 
semiconductor qualltilm dots, generating 
oreanicallv coated CdSe nanocr~stall i tes 
t h i t  are i~~onodisperse within the' l imit of 
atomic roughness and soluble in  colnmon - 
organic solvellts (47) .  Because the semicon- 
ductor crvstallites are all virtuallv the same 
size, the 'dots can assemble i n k  faceted 
crystals of micrometer dimensions or as a 
closely packed layer o n  a n  appropriate sub- 
strate (8) .  blolecular monolayers around 
the  llallocrvstals nrevent the  formation of 
disordered structlires, and self-organization 
of the auantuln dots occurs in  a controlled 
fashion as the  solubilizing power of the  
solvent is decreased. This vields the  suoer- 
lattice of quantum dots shown in  ~ i i .  6. 
Along with the  for~nation of these two- and u 

three-dimensional networks, semiconductor 
quantum dots call also be joined with spe- 
cific chemical linkers, forming, for example, 
dimers of CdSe with defined interoarticle 
spacings (50).  Langrnuir  non no layers were 
first used to manioulate the  growth of inor- " 

ganic and organic crystals (51 ) and more 
recentlv as ternplates for semiconductor 
growth, resulting in crystallites shaped as 
rods, triangles, and even a colltilluous net- - 
work (43).  T h e  driving force for the  forma- 
tion of the  observed structures is molecular 
recognition between monolayer head 
groups and specific crystallographic faces of 
the  incipient semiconductor crystallite 
(52) .  

Our  laboratory has studied a different 
type of molecular mallipulation in  11-VI 
semiconductors that  achieves the  inverse 
of the  quantum dot arrays, namely, a poly- 
crystalline selniconducting c o n t i n u u ~ n  
with periodic nanometer-sized cavities 
telnplated directly by assemblies of organic 
molecules. W e  initially reported (7) o n  
the  synthesis of colloid-sized particles of 

C d S  tha t  were punctured periodically by 
cylindrical cavities 2 to  3 n m  in  diameter 
and spaced 8 n m  apart in  a hexagonal 
array. Recently, we observed improved fi- 
delity between t h e  template and periodic 
nanometer-sized cavities by adjusting the  
reaction conditions 153).  W e  achieved the  ~, 

molecular manipulation of the  semicon- 
ducting ~nicrostructure by doping a hexag- 
onal liquid crystal wi th  precursor C d 2 +  
ions and then  allowing precipitation to  
occur by diffusion of H2S through t h e  
highly ordered metal-doped gel. W e  
achieved direct templating by the  gel, 
which was seen because the  semiconduct- 
ing medium copied exactly the  character- 
istic svlnmetrv and  dimensions of the  lye- 
tropic' liquid crystal. W e  observed a n  kx- 
cellent example of this te~nplat ing effect 
in  a ternary systenl of C d  Zn,S. As  
shown in  Fig. 6 ,  hexagonal symmetry of 
the  liquid crystal is expressed no t  only in  
the  symmetry and  dimension of periodic 
nanocavities interrupting the  semicon- 
ducting lattice but also in  the  shape of the  
particle itself (54) .  T h e  microstructure is 
generated because semiconductor growth 
is excluded from the  nonpolar regions of 
the  liquid crystal, that  is, t he  cylindrical 
regions i n  which hydrophobic segments 
are confined. 

blolecularly templated cavities in a 
selniconducting colltilluu~n are interesting 
features of the inicrostructure because thev 
could serve Inally functions. Their presence 
could produce a periodic array of antidots 
that could modify electronic properties of 
the  semiconductor (55-57). Alternatively, 
the  cavities could be used to selectively 
adsorb or transoort molecules and also to 
chemically transform molecules diffusing 
through the  cavities by taking advantage of 
electronic or photonic properties of the  
semiconductor. Interestingly, depending o n  
the che~nical  nature of selniconductor pre- 
cursors, it is possible to  anchor irreversibly 
the  templating molecules in  the  semicon- 
ducting lattice (58).  This concept, illustrat- 
ed in Fig. 6, suggests that molecules with 
interesting electronic or photonic charac- 
teristics could serve as templates but once 
anchored in  the  inorganic medium could 
modify electronic properties such as elec- 
tron-hole recombination rates. This would 
represent an  electronic analogy to  the  ine- 
chanical function sewed by occluded pro- 
teins in biologically occurring crystals of 
calcium carbonate. 

Inorganic-organic interactions in seini- 
conductor synthesis could open up new av- 
enues to novel ~nicrostructures and control 
of properties. For example, semiconductor- 
metal transitions (59, 60),  as well as absorp- 
t ion and luminescence spectra (46, 49, 61, 
62) ,  are molecularly modifiable. T o  date, 

virtually all research o n  the  design of semi- 
conductor devices has involved hieh-tem- " 

perature and high-vacuum syntheses fol- 
lowed by patterning with conventional 
lithographic techniques. However, control 
of dimensions in  the  1- to 5-nm range, as 
well as novel properties, may emerge with 
the  use of molecular engineering of organ- 
ics. Our  own recent work o n  mushroom- 
shaped organic nanostructures could be 
adapted to  template the  synthesis of huge 
arrays of quantuln dots with interesting mo- 
lecular connectors between them 163). Lio- 
uid crystals have potential for three-dimel;- 
sional control in temolated syntheses of 
inorganics, but many Lhallenge; still need 
to be faced to achieve this goal. T h e  poten- 
tial is based o n  the  possibility of thermody- 
namic control of dimensions, svmmetry. , , , , 
and internal structure through changes in 
mesoeen chemical structure. W e  illustrate. " 

for example, in Fig. 6 a n  additional system 
studied in our laboratorv, a lamellar one 
based o n  a liquid crystal formed by oligovi- 
nyl alcohol amphiphiles and water (64)  
generating alternating layers of inorganic 
semiconductor and organic material. 

Conclusions 

T h e  examples described in  this article in- 
volving biomaterials, ceramics, and semi- 
conductors are all based o n  the  use of rela- 
tively simple organic molecules to  manipu- 
late microstructure. A rather extensive ter- 
ritory could still be explored if one 
considers the  possible use of molecules with 
controlled stereochemistry, block design, 
and backbone architecture. T h e  potential 
outcome could be a toolbox of inorganic 
materials synthesized directly into specific 
macroscopic or microscopic shapes, me- 
chanically versatile inorganic materials 
with combinations of properties not  yet of- 
fered by com~ent ional  composites, and a 
new set of functions that integrate the  prop- 
erties of both components. It is certainly 
true that a n  era of designed hybrid materials 
of the  type discussed here has not  yet 
touched technology and it is not at the  
present time a totally established chapter in 
materials science. 
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systems form a variety of morphologies and 
can be used as precursors to prepare nano-
structured solid materials (10). Similarly, 
block copolymers (BCPs) assemble a fasci­
nating array of nanostructures. BCPs have 
the desirable feature that their morphology 
can be systematically controlled by varying 
the number of blocks, their lengths, and 
their chemical compositions. For example, 
diblock copolymers can form cubic arrays of 
spheres, hexagonal arrays of cylinders, bi-
continuous cubic phases, or lamellae, de­
pending on the relative block lengths (1). 
Triblock copolymers composed of three dis­
tinct blocks (ABC) can assemble even 
more complex structures (14), such as heli­
cal strands surrounding cylinders embedded 

Pathways to Macroscale Order 
in Nanostructured Block 

Copolymers 
Zhong-Ren Chen, Julia A. Kornfield,* Steven D. Smith, 
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Polymeric materials undergo dramatic changes in orientational order in response to 
dynamic processes, such as flow. Their rich cascade of dynamics presents opportunities 
to create and combine distinct alignments of polymeric nanostructures through pro­
cessing. In situ rheo-optical measurements complemented by ex situ x-ray scattering 
reveal the physics of three different trajectories to macroscopic alignment of lamellar 
diblock copolymers during oscillatory shearing. At the highest frequencies, symmetry 
arguments explain the transient development of a bimodal texture en route to the 
alignment of layers parallel to the planes of shear. At lower frequencies, larger-scale 
relaxations introduce rearrangements out of the deformation plane that permit the for­
mation of lamellae perpendicular to the shear plane. These explain the change in the 
character of the pathway to parallel alignment and the emergence of perpendicular 
alignment as the frequency decreases. 

1248 SCIENCE • VOL. 277 • 29 AUGUST 1997 • www.sciencemag.org 

http://www.sciencemag.org

