
56 MRS BULLETIN/JANUARY 2002

Introduction
It is an enormous compliment to start

one’s career in one field—in my case,
physical-organic chemistry—and to have
an entirely different field recognize research
resulting from that career. It is a particular
compliment to me (and to my colleagues
who have actually done the research being
recognized by the Von Hippel Award) be-
cause, when I started my career, materials
science was just forming as a discipline; as
a graduate student in chemistry in the
early 1960s, I had never heard of it. It has
since grown to become one of the most in-
teresting fields in science and engineering:
its place at the interface between engineer-
ing and physical science has allowed it to
play an important role in some of the most
exciting technology of the last century. Ma-
terials science, together with biology, has
become a major focus for exploration in
chemistry and for applications of physics.
It has been enormously interesting and re-
warding to be a part of these two fields—
materials science and chemistry—as they
have advanced together. It is a great honor
for me and for the members of my group
to receive this award in recognition of the

growing part that organic chemistry, bio-
logical chemistry, and biology are now
playing in materials science—both in the
present and for the future.

Much of the work carried out in the early
days of materials science concerned the
traditional classes of materials—metals,
ceramics, and to a smaller extent, organic
polymers. The world of materials is, of
course, now changing rapidly; organic ma-
terials, materials relevant to biology, and
materials with complex new types of func-
tionality and properties are all increasingly
important to the future of technology (and
therefore to the future of materials science).

While organic polymers have histori-
cally been the most important class of or-
ganic materials in materials science, these
polymers have played, primarily, rela-
tively simple roles as structural materials,
coatings, and protective films; they have
not been taken quite as seriously as metals,
for example, which have multiple func-
tions and complex electronic and optical
properties.1 The view of organic polymers
as materials with only narrow applica-
tions is now changing: it is increasingly

clear that one should think of organic
polymers—and indeed many other or-
ganic substances—as materials with many
functions—from electrical conductivity
and electroluminescence to biocompatibil-
ity and capacity for information storage. I
believe that organic materials should now
be considered in the same category as the
historical pillars of materials science in
terms of versatility in applications and in
importance. They have an overall com-
plexity in behavior—including structural,
electronic, and optical behavior—that
probably exceeds that of any other single
class of materials. They have unique phases
(elastomers, gels, liquid crystals). In ad-
dition, they bring a key new capability
to materials science: the ability to bridge
materials science and biology. This combi-
nation of materials science and biomedicine
will offer, I firmly believe, some of the most
important opportunities for materials sci-
ence in the future.

Chemistry and materials science offer one
another four opportunities. First, chemistry
can design and synthesize new components
(compounds, structures, polymers, com-
posites) with which materials science can
work. Second, materials science offers a
range of targets and a sophisticated under-
standing of applications. Third, each field—
in pursuing its activities—uncovers new
phenomena and develops new techniques
for measurement. Fourth, combining chem-
istry (which is normally concerned with
molecules and small particles such as
colloids) and materials science (which is
normally concerned with meso- and macro-
scopic phenomena) has the potential to ex-
plore the transition between microscopic
structure and macroscopic properties.

At the interface between materials sci-
ence and biology, there will also be im-
portant opportunities for the exchange of
concepts. Figure 1 illustrates a simple ex-
ample. This figure shows four fundamental
types of materials: metallic, ceramic, poly-
meric, and biological. The combination of
different components as alloys or compos-
ites has been a remarkably successful
strategy in materials science for achieving
and designing new properties. There are
entire subfields devoted, for example, to
the concept of “alloys.” Do these kinds of
concepts—so useful in one area—carry
over into another? There is probably no
general answer to this question, but it is
interesting that the glowing mice in Fig-
ure 1d can be considered a kind of biological
“alloy.” These mice are a combination—
that is, an “alloy”—of mouse and jellyfish.2
They combine certain genes taken from a
jellyfish with the genome of the mouse.
Gentle illumination of these mice with
UV light produces the green fluorescence
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characteristic of a specific jellyfish protein.
This type of biological alloy is becoming
important in genomics. It also suggests
that using the concepts familiar in one
field to describe the phenomenon emerg-
ing in a second may provide stimuli to the
imagination. Are there other ideas that can
be taken from metallurgy that would sug-
gest new approaches to genetics? Could
the strategy used to create hybrid organ-
isms stimulate new ways of designing or
creating alloys?

Historically, materials science has played
a strong role in issues related to national
security. Materials science was, in a sense,
invented by the U.S. Department of De-
fense (by DARPA, the Defense Advanced
Research Projects Agency) to satisfy a need
for a university-based style of research with
the characteristics of some of the best in-
dustrial laboratories: that is, combining a
wide range of talents from conventional
disciplines to solve difficult interdiscipli-
nary problems. Those problems were origi-
nally posed in terms of military systems,
and metals and ceramics—as components
of airframes and armor—were centrally
important. Sensors and electronics also
developed as important foci of materials
research in this period.

The end of the Cold War changed the
focus and pace of development of materials-
based technologies. There is now intense
competition in the commercial world, while
the military world is less technologically
dynamic and more cost-conscious. The
economic competition extends across all
economic sectors, but the major innova-
tive foci in the United States have centered
on information technology, computational
equipment and communications, and—
to a smaller, but very rapidly growing
extent—biomedicine and the interface
between materials science and biology.
Industry has also been increasingly con-
strained to focus on product-development
research and to leave longer-range re-
search to the universities. Venture capital-
backed startups now play a vital part of
the process of commercialization of new
technology. Materials science still sits at
the base of this tumultuous change, but
since it is often far removed from end
products, it requires more effort to explain
to nonscientists what the opportunities—
both intellectual and practical—of mate-
rials research are than it does for biology
or astronomy.

It is important for materials science to
engage with fields in which opportunities

are particularly rich, and to do so rapidly.
The combination of chemistry—especially
chemical synthesis—and materials science
is one such area. The combination of
biology/biomedicine and materials science
is a second one. Nanoscience, a field that
will have a very strong chemical compo-
nent, is a third.

Opportunities
Organic chemistry is particularly impor-

tant in three broad fields that overlap with
materials science: biomaterials, informa-
tion technology, and nanotechnology.3–6

Why? The central reason is the versatility
of carbon as an atomic building block of
molecules. Organic chemistry is, of course,
fundamentally centered on the chemistry
of carbon, as microelectronics is centered
on silicon. The progression from diamond—
the hardest material known, the best
thermal conductor, and a good electrical
insulator—through graphite (soft and
electrically conductive) and buckytubes
(which have astonishing electrical con-
ductivity and stiffness) to polyethylene
and methane illustrates the range of sub-
stances and properties that can be obtained
in carbon-based compounds (Figure 2).
This amazing collection of properties re-
sults from simply changing the ratio of
hydrogen to carbon, and the bonding be-
tween carbon atoms. Very few elements
have the versatility of carbon.

Why is it that this versatility is so im-
portant for the future of materials science?
The answer is that ultimately, organic
chemistry (or perhaps more generally,
chemistry) offers both the ability to syn-
thesize materials to design—that is, to
convert atomic-level design to physical
reality—and the opportunity to connect to
the carbon-based molecular structures
that make up life.7–9

Chemistry has always excelled in syn-
thesis and has historically solved problems
through the synthesis of new molecules. I
believe that one of the major impacts of or-
ganic chemistry on materials science will
be to reintroduce the idea of exploratory
synthesis—that is, the invention of new
materials and processes—into materials
science as a core discipline.10–12

Organic Surface Science and
Self-Assembled Monolayers

Our initial work in organic materials
science, and our initial effort to connect
molecular-level synthesis to microscopic
properties, began with organic surface
chemistry. We started with work on the
surface chemistry of polyethylene. This
work was technically fascinating, but un-
satisfyingly complicated. As soon as self-
assembled monolayers (SAMs) became

Figure 1. Four fundamental types of materials: (a) metallic, (b) ceramic, (c) polymeric, and
(d) biological.
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available from the initial experiments of
Nuzzo, Allara, and colleagues,13–16 we fo-
cused on this marvelous system for sur-
face science. SAMs form on dipping a thin,
supported film of gold into a solution of
almost any organic compound that con-
tains sulfur; this procedure works par-
ticularly well with alkanethiols [e.g.,
CH3(CH2)17SH]: these compounds form
monolayers that are highly ordered and
relatively durable (Figure 3).

SAMs of terminally functionalized al-
kanethiolates on gold provide what is
probably the most flexible system in mate-
rials science for tailoring the surface prop-
erties of materials because it is so easy to
change the functional groups that are in
the terminal position of the poly(methylene)
chain. By changing that single functional
group, it is possible to determine many of
the properties of the surface. For example,
if the terminal functional group is a methyl
group, the surfaces are very hydrophobic;
if the surfaces are populated by carboxylic
acid groups, they are very hydrophilic.
Extension of the idea of rational design of
surface properties from simple examples
(wettability) to the complex systems re-
quired in biology has been one of the ac-
complishments of biomaterials science in
the last decade.17,18

The study of SAMs has clearly demon-
strated the connection between the atomic-
and molecular-level structures of surfaces
and the properties of materials. Because
the number of different types of organic
groups that can be introduced onto a sur-
face by synthesis is very large, it is pos-
sible to prepare a wide range of different
types of surfaces by design.19

Figure 4 demonstrates the application
of SAMs in biology and provides an ex-
ample of a type of contribution that mate-
rials science can make to this field. This
figure shows two images of bovine capil-
lary endothelial cells (the cells lining the
interiors of the blood vessels of cows). The
fact that these cells are square (cells on
surfaces are normally irregular in shape)
reflects patterning of the surface using
SAMs.20 Accomplishing this type of pat-
terning requires a combination of two types
of surfaces. One lies directly underneath
the cells. In this instance, this surface is
hydrophobic. It adsorbs proteins strongly
from solution and allows the cells to attach
and spread on the surface. The surround-
ing regions present a SAM designed in
such a way that the structure of its surface
prevents the adsorption of proteins. Since
cells require intermediate proteins to act
as “glue,” the cell is unable to spread onto
the protein-free surface. Developing SAMs
that provide the correct surface function-
ality to achieve the patterning of cells re-

Figure 2.Various materials composed of carbon–hydrogen frameworks.These materials
differ in their state, tensile strength, and conductivity.

Figure 3. (a) Self-assembled monolayers (SAMs) of alkanethiols can be formed on gold
evaporated onto a solid flat substrate such as silicon or glass.The sulfur groups interact
covalently with the gold, the poly(methylene) chains pack tightly to form the monolayer,
and the head groups are exposed. (b) A silicon wafer patterned with SAMs with different
head groups. Water drops avoid the surface and curl up on the left half, where the SAM
head groups are hydrophobic, while they lie flat on the right half, where the head groups
are hydrophilic.
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quired a program of research that took full
advantage of the characteristics of these
surface materials.

Soft Lithography
Another important part of surface

chemistry, including the surface chemistry
of biocompatible materials, is patterning.
We have been very interested in develop-
ing methods of microfabrication that make
it straightforward for nonexperts in this
field—chemists, biologists, and most ma-
terials scientists—to carry out microfabri-
cation without requiring access to the clean
rooms and expensive instrumental facili-
ties used in microelectronics. So-called soft
lithography is one technology that has
emerged from this work.21 Soft lithogra-
phy relies on printing, molding, and em-
bossing using a stamp whose surface is
patterned in a bas-relief structure. The ad-
jective “soft” in soft lithography comes both
from the fact that the stamp—commonly
made of poly(dimethylsiloxane) (PDMS),
an elastomer that readily deforms (i.e., is
soft)—and from the fact that the organic
materials being patterned are often called
“soft” by physicists. Soft lithography—in
the instance of the patterning shown in
Figure 5, microcontact printing—makes it
possible to generate small patterns with
sophisticated control over surface proper-
ties using remarkably straightforward ex-
perimental procedures.

In soft lithography, we begin with a
pattern in a CAD file and print this pat-
tern onto a transparency using a high-
resolution printer (Figure 5). This process

provides patterns with a linewidth down
to approximately 20 �m.21 This feature
size is not particularly useful for high-
performance microelectronics, but it is
sufficient for most applications in biology.
The transparency is used as a photomask
in 1�1 photolithography: it is placed on
top of a wafer supporting a thin film of
photoresist and exposed to UV light. After
development, what remains is a bas-relief
pattern in developed photoresist. A liquid
prepolymer of PDMS is poured onto that
pattern, cured, and then removed simply
by peeling it away. The PDMS stamp
can be used in a wide range of types of
microfabrication.

The largest area of application of soft
lithography at the present time is in the
fabrication of microfluidic systems for
bioanalysis (particularly genomics, cell bi-
ology, and high-throughput screening of
drugs). Figure 6 shows channels in a micro-
fluidic device that are approximately
50 �m wide, made by soft lithography.22

Sophisticated microfluidic devices can be
made rapidly using soft lithography. This
figure shows one example—a central
channel surrounded by a helical, three-
dimensional (3D) cooling channel.23 This
technology is proving remarkably useful
in rapid prototyping and in producing small
lots of devices and systems for bioanalysis.

The ability to fabricate microchannel sys-
tems makes it possible to explore a range
of new ideas in microfluidics. Figure 7
provides an example. This figure shows a
simple microfluidic system—a “crow’s
foot” microchannel structure—used to

regulate the flow of fluids in the vicinity
of mammalian cells. The flow of liquids
in the microfluidic systems is typically
laminar: because of the small lateral di-
mensions of the channels, there is no tur-
bulence, and Reynolds numbers are low.24

In this application, by regulating the flow
of liquids into the three inlets, it is possible
to position a liquid stream containing a dye
over the one portion of a cell attached to
the bottom of the main channels, while
leaving an adjacent part of the cell isolated
from that dye. By relatively straightforward
manipulation of the rates of flow, using
channels that are a few hundred micro-
meters wide, it is straightforward to position
the interface between fluid streams over
the cell with an accuracy of a few micro-
meters. Figure 7b is a single cell in which
the mitochondria of the cell have been
dyed red to the left of the nucleus, and
green to the right of the nucleus. This
simple device illustrates the ability of soft
lithography to fabricate tailored micro-
fluidic devices for a wide range of uses in
biotechnology and biomedicine.

Organic polymers have largely displaced
silicon as the preferred material for the
fabrication of microfluidic systems and
will, in due course, probably also replace
glass. Polymers are optically transparent
(and thus allow optical detection), durable,
easily fabricated, biocompatible, and, above
all, inexpensive.

Near-Field Optics
In another application of organic mate-

rials in lithography, we embedded small,
transparent, polymeric microspheres in a
transparent membrane of PDMS; the
spheres have an index of refraction higher
than that of the PDMS.25 When these

Figure 4. Bovine capillary endothelial cells conform to a patterned surface created by
means of SAMs. (a) Differential interference contrast image showing the contour of the
cell morphology. (b) Fluorescent image of the same cell. The green fibers outline the actin
cytoskeleton that is part of the network that supports the cell. The blue stain indicates the
location of the nuclei where genetic information is stored. See text for further details.

Figure 5. (clockwise from top left)
Master made from photoresist,
poly(dimethylsiloxane) (PDMS) stamp
prepared by molding against the
master, and a metal structure fabricated
by microcontact printing followed
by etching.

50 µm
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spheres are embedded at a distance from
the surface of the PDMS that is approxi-
mately equal to their diameter, they act, on
illumination, as ball lenses (Figure 8). Thus,
by illuminating an array of microspheres
in an appropriate membrane placed in
contact with a film of photoresist, it is pos-
sible to project multiple microscopic copies
of the pattern of the illuminating aperture
into the photoresist. This procedure pro-
vides a simple method of patterning large
areas of photoresist in parallel with rela-
tively simple, repetitive figures using an
experimentally straightforward system. It
relies on the transparency of the PDMS
membrane and its ability to conform ex-
actly to the surface of the photoresist, as
well as to hold the spheres embedded in
it at the correct distance to focus into the
photoresist. It is practical to achieve sub-
micrometer features and 1000�1 size reduc-
tions in a single step using this technique
(albeit with distortions in the dimensions
of the patterns). We believe that this type
of system—while not competitive with con-
ventional photolithography for the pro-
duction of the complex, multilevel patterns

required for circuits—may be useful for
simpler types of photolithography. Ex-
amples might include optical filters and
inexpensive circuits.

Future Opportunities:
Nanoscience

Nanoscience and nanotechnology are
exciting, emerging subfields of materials
science. They are also a part of chemistry,
since molecules are the prototypical nano-
structures. Nanomaterials are among the
first new systems to emerge from nano-
science. Quantum dots, buckytubes, and
iron/platinum colloids are examples of im-
portant new materials that have emerged
from explorations of nanoscience (Figure 9).
The semiconductor quantum dots studied
by Brus et al. (Figure 9a) are rapidly be-
coming important as nonbleaching dyes
in biotechnology;26 buckytubes (Figure 9b)
have attracted wide attention for their
remarkable properties—electrical con-
ductivity, stiffness, and size.27 The iron/
platinum colloids (Figure 9c) developed
by Murray represent an example of
components composed of ordered, self-

assembled arrays that have substantial
promise as magnetic materials.28

The development of new classes of ma-
terials based on colloid science and related
areas represents a new opportunity both
for materials science and for chemistry.
Colloid synthesis is a sophisticated and
highly developed area,29 but one that has
not seen enormous growth or popularity
within chemistry for a number of years. It
is increasingly evident now that colloid
science is once again moving to the center
of the stage. It provides direct synthetic
access to structures having dimensions in
the range of 1–100 nm. As such, it provides
the best present approach to “bottom-up”
nanotechnology. Understanding how to
connect the synthetic capabilities of the
colloid community with the understand-
ing of opportunities and measurements
present in materials science is a new op-
portunity in nanoscience.

Organic electronics is another area of ma-
terials science that is rapidly emerging.30

Electronically functional structures are the
core of all devices that manipulate infor-
mation, and as such, they are unarguably

Figure 6.Three examples of microfluidic systems. (a) Optical micrograph of a three-
dimensional coiled channel surrounding a straight channel. (b) Optical micrograph of a
three-electrode system inside a 200-�m-wide channel. C: counter electrode; R: reference
electrode; W: working electrode; in and out indicate the flow direction. (c) Scanning electron
micrograph of a double-T section of a network of PDMS channels.The roughness in the
side walls of the PDMS channels arises from the limited resolution of the transparency
used as a mask in photolithography to create the master.

Figure 7. Differential manipulation of
regions of a single bovine capillary
endothelial cell using multiple laminar
flows. (a) Illustration of the experimental
setup. (b) A single cell after treatment of
its right half with a green mitochondrial
dye and its left half with a red
mitochondrial dye.The nucleus is
visualized through a DNA-binding blue
dye.The cell morphology is visualized
by transmitted light.
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important. The current technology for fab-
ricating microelectronic devices is based
on a relatively small set of materials—
silicon, metals, and ceramics. This technol-
ogy has largely been optimized for high
speed and durability, while cost has
been a secondary characteristic. There are,
however, applications for which different
properties may be required. Electronic
analogues of bar codes provide one ex-
ample (Figure 10).31 The systems—which
would replace printed bar codes and optical
scanners with small, externally powered
circuits—have the characteristic that the
speed of operation of the microelectronic
device can be low, but its cost must be
even lower than currently available tech-
nology (because it will be used only once).

These and related systems will probably
be made of organic materials, either pre-
dominantly or exclusively. Organic materials
for electronic systems—conductors, semi-
conductors, and insulators—represent a
new class of challenges for materials science.
In these systems, performance may be low
relative to the standards of the most highly
developed silicon-based microelectronics,
but the underlying technology represents
new and challenging problems. Obtaining
reproducible results with these new organic
materials, understanding how to fabricate
and pattern them (probably by printing),
and learning how to package them will
require developing an entirely new tech-
nology base. The successful development
of organic electronics will not threaten the
high-performance microprocessor industry,
but it will offer the opportunity to make
many objects that we use every day—paper,
shipping labels, hospital patient records—
much more responsive and information-
rich than they are at present. Organic
electronics will also provide the foundation
for electronic paper, displays (using organic
light-emitting diodes), and memory, and
ultimately, perhaps, for organic molecular
electronics.32

A simple example from our laboratory
of a new materials system with potential
application in information technology is
based on a relatively unexplored class
of materials: electrets. An electret is a ma-
terial in which an electrostatic potential
can be induced. Figure 11 shows a film of
poly(methyl methacrylate) (PMMA) that
has been patterned with stored electro-
static charge by contacting it with a
stamp—the same type of stamp used in
soft lithography, but coated with a thin
film of gold—and then subjected to a cur-
rent pulse.33 By mechanisms that are not
well understood, this process generates a
persistent electrostatic potential at the sur-
face of the PMMA. We have begun to ex-
plore this type of process for information

Figure 8. Near-field photolithography with self-assembled microlenses. (a) Schematic
diagram of the experiment: a monolayer of polystyrene microspheres is allowed to
self-assemble.This layer is then embedded in a slab of PDMS and the composite of the
PDMS and the beads is placed in contact with the substrate that is covered with photoresist.
The substrate is then exposed to light through a shadow mask that contains a macroscopic
(�centimeter-scale) pattern. A reduced copy of the pattern is projected onto the substrate
by each bead. (b), (c) The micrometer-scale periodic patterns that can be achieved with
this method.

Figure 9. Nanoscience: nanoparticles. (a) Crystals of CdSe colloids. Individually and
collectively, these particles interact strongly with optical light, as can be seen from the rich
colors of these crystals.The stacked crystals range in size from 5 �m to 50 �m. (b) An
atomic-resolution scanning tunneling micrograph of a single-walled nanotube (buckytube).
The graphite-like structure of the wall of the tube is evident. (c) Self-assembled crystal of
iron/platinum nanoparticles that can be ferromagnetic.This system is potentially useful for
extremely high-density information storage.
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storage and for replication procedures such
as micro-xerography.

This application is interesting, but even
more interesting is the realization that al-

though organic electrets are a very familiar
class of materials,34–36 they are barely ex-
ploited, and our understanding of them is
sufficiently poor that it is not possible to

design (or even convincingly rationalize)
their properties. The ability to pattern
electrostatic potential has wide applica-
tion in materials science; the potential to
design organic materials that would serve
as electrets with a range of different types
of properties, and to find new types of ap-
plications for these electrets, is large. Fun-
damentally new discoveries may not be
required to develop this type of material
fully, but it will be necessary to combine
the perspectives of materials scientists,
chemists, and physicists to develop a
complete and predictive understanding of
organic electrets.

Self-Assembly
A third area at the border between

chemistry and materials science in which,
I believe, there will be rapid progress
will be self-assembly. Figure 12 shows a
set of self-assembled structures—SAMs,37

colloidal crystals,38 millimeter-scale self-
assembled arrays39,40 (held together by
capillary forces), and a prototype structure
for a self-assembling electrical network.41

Self-assembly offers the ability to make
highly ordered, symmetrical arrays42,43

(and perhaps, in the future, asymmetrical
arrays) without the intervention of humans
(or their surrogates, e.g., robots). Particu-
larly in the area of assembly of nanometer-
scale structures, the strategies now used
for fabrication at larger scales fail.44 If
nanotechnology is to be successful, it will
require the development of new strategies
and new techniques for the assembly of
nanometer-scale components into final,
functional materials or structures.45 Self-
assembly offers this potential.

Self-assembly is probably closer in phi-
losophy to crystallization than to conven-
tional fabrication. The components are
designed in such a fashion that interactions
between them cause the direct formation
of correctly aggregated structures.46 Thus,
the information required for fabrication is,
in a sense, encoded in the structures of the
starting components. As in crystallization,
the spontaneous formation of defects is
a challenging problem in all forms of 
self-assembly.

Despite the challenges to its implementa-
tion, self-assembly is being widely explored
as a route to photonic-bandgap struc-
tures,47 as a method for distributing com-
ponents for use in a large-area electronic
systems,48 as a method of making ordered
arrays of molecules,49 and for a range of
other purposes.

“Impossible”Materials
Materials science, like every field of

science, suffers from unexamined beliefs.
We “know” the limits of many materials

Figure 10. All-organic functional systems represented here by prototypes of a complete
radio-frequency identification tag with a programmable code-generator and antitheft sticker
(smart labels).This is the first example where both the conductive and insulating parts of
a transistor are made from polymers.The smart labels are aimed at applications where
inexpensive and disposable single-use tags are required, for example, parcel services,
supply-chain management, and airline baggage tagging. (a) Flexible 3-in. polyimide foil with
a variety of components and electronic test circuits.The circuits still operate when the foil is
sharply bent. (b) Complete rf identification transponder integrated on an antitheft sticker.
(Photo: Philips Research.)

Figure 11. Parallel charging of electrets. (a) Schematic diagram showing how a flexible
conductive stamp is used to electrically expose selective regions of a flat substrate.
(b) Kelvin-probe force micrographs (from a modified atomic force microscope) of patterns
of electrostatic charge that were created with this method. (top) Positively charged circles;
(bottom) test pattern of high-density data storage.
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properties, and often no longer think seri-
ously of moving beyond those limits. As
the need for new materials has increased,
remarkably imaginative experiments are
beginning to generate classes of materials
that would, in the past, have been consid-
ered highly unlikely or even impossible.
Figure 13 shows one example. This mar-
velous structure, designed and fabricated
by Schultz and colleagues, has an index
of refraction that is negative in certain fre-
quency regions.50 This structure is not an
intuitive one, and its design required a so-
phisticated understanding of the factors
that determine index of refraction.

This material may or may not ulti-
mately prove to be practically important.
It represents, however, the demonstration
of an important potential in current ma-
terials science: that is, to reconsider the
limits of important classes of materials
and to inquire if materials now thought to
be inaccessible might, in fact, be achiev-
able with appropriate designs. A wide
range of materials are emerging that have
remarkable and stimulating properties—
high-temperature superconductors, high-

temperature organic ferromagnets, aerogels,
Bose–Einstein condensates, optical matter—
all are examples. These successes lead natu-
rally to the question of what other types of
materials it might be possible to make.
What about moldable organic polymers
with very high indices of refraction? What
about liquid ferromagnets? We obviously
do not know what can be made until it has
been made. Chemistry, with its remark-
able capacity to synthesize new structures,
will be an important partner with mate-
rials science in developing important new
classes of materials.

Coda
Organic materials offer two very impor-

tant capabilities to materials science. The
first is the ability to synthesize fundamen-
tally new classes of materials. The second
is the potential to bridge materials science
and biology/medicine. The opportunities
for new science and for new technology in
both of these areas is enormous. What is
required to exploit these opportunities?

Probably the most important need is for
researchers—especially young researchers—

who can speak the language of all of the
interacting disciplines. Figure 14 illustrates
the problem. This figure simply reproduces
diagrams of the sorts used in these various
disciplines on a day-to-day basis. In an
ideal education, researchers would be able
to read all of these diagrams and work
with the science that underlies them.
Armed with a working knowledge of the
language of each discipline, the imagina-
tion to identify important problems, and
the courage (and support) needed to at-
tack them, it is hard to imagine that im-
portant new science and technology would
not emerge.

Is it, in practice, practical for a single in-
dividual to know enough about multiple
fields to be able to use the information in
these fields fluently in his or her own re-
search? Can one be both an effective gen-
eralist and a proficient specialist at the
same time? Perhaps, perhaps not. As an
alternative, the interdisciplinary research
group—a social entity that has always
been at the core of materials science—
provides a good start. No single person
may know everything that is required to
solve a problem, but the group as a whole
may. Even with interdisciplinary groups,
however, it will still be critically important
to have “translators,” that is, individuals
who can speak enough of the languages to
help each member of the group to under-
stand the others. Producing materials sci-
entists and engineers with sufficient breadth
in their backgrounds to serve as transla-
tors among disciplines is one of the many
challenges for the field.

Figure 12. Structures ranging in size from nanometers to millimeters can be formed by
self-assembly. (a) SAM of alkylthiols on gold. (b) A close-packed array of colloidal particles
crystallized in two dimensions. (c) Self-assembled array of millimeter-scale hexagons,
floating at the water-perfluorodecalin interface.The porous two-dimensional array is an
assembly of hexagons whose alternate faces are made hydrophobic. (d) Self-assembled
three-dimensional electrical network with parallel connectivity.The aggregate containing
millimeter-scale components is formed and held together by means of the fusion of solder
drops patterned on the faces of the polyhedra.

Figure 13. New materials: negative
index of refraction.This photograph
shows a macroscopic (centimeter-
scale) structure that has a negative
index of refraction for a certain
band of microwave radiation
(wavelength � centimeters). Reflected
radiation from this structure will be
bent in the opposite direction from
that of a “normal” material with a
positive index.
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Figure 14.Various languages used in different scientific disciplines. (a) The photonic energy-band structure of a periodic dielectric array under
two different polarized modes, transverse magnetic and transverse electric.The wave vector k (x axis) varies across the irreducible Brillouin
zone, from � to X to M, then back to �. (b) Phase diagram of a uranium-plutonium alloy.Various polymorphic crystals (�, �, �, �, �, and 	) of U
and Pu as well as coexisting phases are represented, depending on the composition of alloys and temperature. (c) Retro-synthetic scheme of
cobyric acid, a precursor of vitamin B-12. (d) Complex biochemical pathways. See text for discussion.
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