Il RESEARCH ARTICLE

Supramolecular Materials:
Self-Organized Nanostructures

S. I. Stupp,* V. LeBonheur, K. Walker, L. S. Li, K. E. Huggins,
M. Keser, A. Amstutz '

Miniaturized triblock copolymers have been found to self-assemble into nanostructures
that are highly regular in size and shape. Mushroom-shaped supramolecular structures
of about 200 kilodaltons form by crystallization of the chemically identical blocks and
self-organize into films containing 100 or more layers stacked in a polar arrangement.
The polar supramolecular material exhibits spontaneous second-harmonic generation
from infrared to green photons and has an adhesive tape-like character with nonad-
hesive-hydrophobic and hydrophilic-sticky opposite surfaces. The films also have rea-
sonable shear strength and adhere tenaciously to glass surfaces on one side only. The
regular and finite size of the supramolecular units is believed to be mediated by repulsive
forces among some of the segments in the triblock molecules. A large diversity of
multifunctional materials could be formed from regular supramolecular units weighing

hundreds of kilodaltons.

Ohne of the great challenges for materials
science is the creation of supramolecular
materials in which the constituent units are
highly regular molecular nanostructures.
For organic materials, self-assembly of large
oligomers into supramolecular polymers of
10% kD or more has the potential for creat-
ing such nanostructures. If necessary for the
control of properties, chemical reactions in-
ternal to the units could transform them to
shape-invariant covalent polymers, and ex-
ternal ones could interconnect them into
stable morphologies. We believe that learn-
ing how to create large supramolecular
units, and the elucidation of rules mediating
their macroscopic organization into func-
tional materials, will offer a fascinating
prospect for technology.

Supramolecular chemistry has already
demonstrated the possibility of assembling
well-defined smaller structures, as pio-
neered by Lehn and co-workers (1). White-
sides and co-workers have also studied a
number of systems with the objective of
synthesizing well-defined nanoscale com-
pounds with molar masses of a few kilodal-
tons (2). The self-assembly of other similar
organic structures through hydrogen bonds
has also been studied in the context of
dendrimers (3), and polydisperse systems
that form liquid crystals by hydrogen bond-
ing have been studied by Frechet and co-

workers (4). Our laboratory has reported on

the combined use of self-assembly and
chemical reaction in chiral monomers to
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generate two-dimensional (2D) polymers
(5). We have also investigated the forma-
tion of nanostructures by self-assembly, us-
ing diblock polymer molecules termed “rod-
coils,” having a rigid rodlike segment co-
valently attached to a molecularly flexible
coil-like segment (6). We found that rod-
coil polymers can self-assemble into long
striplike aggregates measuring 1 pum or more
in length and a few nanometers in other
dimensions. As the flexible segment of the
rodcoil polymer increased in length relative
to the rodlike segment, the molecules self-
assembled into discrete disklike aggregates.

Qur goal in this work has been to study
strategies that could be used to create huge
numbers of supramolecular units with sim-
ilar size and shape. Such synthetic nano-
structures, analogous to folded proteins in
the definition of chemical sectors, shape,
and topography, will be interesting building

blocks for materials because they must pack
in ways that fill space efficiently. For simple
geometrical shapes such as flat objects, rods,
and tubules, the 3D packing can be easily
predicted. Flat objects such as 2D polymers
are likely to stack and form layered struc-
tures (5), tubules and rods align uniaxially,
and identically shaped and sized nanostruc-
tures such as the parallelepipeds are likely
to tile into a wide variety of superlattices
(Fig. 1).

One could envision a variety of func-
tional materials synthesized with supramo-
lecular nanostructures. One possibility is
micro- or macroscopic structures made up of
stacked plates with surface properties that
directly reflect the chemical exterior of flat
nanostructures. Another example would be
cables or microfibers formed by aligned
nanotubes that could select and direct mol-
ecules or ions in space. [t is also possible to
envision macroscopic objects or lithograph-
ically fabricated domains made up of super-
lattices formed by nanostructures with sens-
ing features. Such features could include
cavities or protrusions that present to an
external environment large arrays of bind-
ing sites for small or large molecules. Alter-
natively, similar superlattices may function
as membranes because the packing of nano-
structures (depending on their shape) could
create free volume that is available for the
selective flow of liquids or gases. Macro-
scopic organization of such nanostructures
could help us learn what is needed to de-
velop highly functional materials that be-
have as devices and are created on demand
without the use of complex hardware. It
would also provide us with abiotic systems
with which we could learn about self-assem-
bly on the length scales of biological sys-
tems. The work reported here describes the
self-assembly of mushroom-shaped nano-
structures built from small-molecule precur-
sors with chemical sequences inspired by

Fig. 1. Supramolecular
nanostructures with well-
defined shapes and sizes
are likely to pack into pre-
dictable structures. Plates
are likely to stack with a
common stacking direction,
and tube- or rodlike nano-
structures would tend to
align uniaxially. Regularly
sized and shaped nano-
structures may tile into su-
perlattices of varying geom-
etries and symmetries.

SCIENCE ¢ VOL. 276 * 18 APRIL 1997 ¢ http://www.sciencemag.org



i,

block copolymer chemistry.

Synthesis. We synthesized molecules
with the following structure, which can be
described as miniaturized triblock polymers.

\ /0

The synthesis starts with the reaction
known as living anionic polymerization,
studied extensively by Szwarc (7) (using in
this case styrene monomer initiated by n-
butyl lithium). However, the amount of
monomer supplied is only sufficient to cre-
ate a miniature styrene chain with an aver-
age degree of polymerization of 9. A second
block with a similar average degree of poly-
merization grows when isoprene is added,
acting as an electrophile to the living an-
ions in the reaction medium (8). In a third
step, CO, quenches the isoprenic living
anion and installs carboxyl end groups at
the end of the miniature diblock copoly-
mets (9). This carboxyl group can then be
used as a junction point to attach the third
block by esterification reactions. As shown
in Scheme 1 (10), the third block in 1 is a
rigid chemical sequence built by the ester-
ification of 2 and 3, followed by de-
protection at the phenolic terminus and
a second esterification of compounds 4
and 5 [PhH, benzene; THF, tetrahydrofu-
ran; DPTS, 4-(N-N-dimethylamino) pyri-
dinium-4-toluenesulfonic acid; DIPC, di-
isopropyl carbodiimide; CHCIl;, chloro-
form; RT, room temperature]. The final
triblock structure (1) is obtained after a
second deprotection of the phenolic ter-

minus. This triblock structure has two ape-
riodic blocks that are chemically diverse
in the system and one rodlike block that is
identical in all molecules. One terminus of
the triblock is a hydrophobic methyl group
(from the n-butyl lithium initiator), and
the opposite terminus is hydrophilic, con-
sisting of a phenolic group.

These triblock molecules have a rodcoil
architecture, because a stiff rodlike segment
is covalently connected to a more torsional-
ly flexible diblock segment that in solution
adopts coil-like conformations. The polydis-
persity of the triblock molecules (ratio of the
weight-averaged to number-averaged molec-
ular weights) measured by gel permeation
chromotography with the use of polystyrene
standards ranges from 1.06 to 1.1. Numerous
chemical sequences are possible for the coil
diblock, generating great structural diversity
in the system. The styrene block is atactic
and is thus a random sequence of meso and
racemic diads; the isoprene segment has
mostly repeats from 1,4 and 3,4 addition
(based on nuclear magnetic resonance data)
but can also have a trace of 1,2 units. Al-
though both blocks are nonamers on aver-
age, the diblock sequences should have a
distribution of molar mass comparable to a
Poisson distribution. On the basis of field-
desorption ionization mass spectrometry of
short styrene segments, the distribution may
be slightly narrower than a Poisson one. The
molar mass distribution contributes further
to the structural diversity in chemical se-
quence among the triblock molecules of the
system. In contrast, the rod segment is anal-
ogous to a chemical compound, and it is
therefore the common structural element
shared by all molecules in the system.
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Scheme 1
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Supramolecular and thin film struc-
ture. When thin films of the triblock mol-
ecules were cast from dilute chloroform so-
lutions (1 mg/ml), nearly identical nano-
sized aggregates formed, as revealed by the
transmission electron microscope (TEM)
micrograph in Fig. 2 (ro staining com-
pounds were used); Fig. 2 also shows the
wide-angle and small-angle electron diffrac-
tion (ED) patterns corresponding to the
image, indicating that the observed nano-
sized aggregates (dark spots) are crystalline.
We obtained the image using a large objec-
tive aperture (40 wm), and the image was
properly underfocused to enhance contrast.
Under the conditions used, the image in
Fig. 2 contains both diffraction and phase
contrast. Because the only segment that
could organize into a crystalline lattice is
the rodlike segment, the dark regions ob-
served probably consist of ordered clusters
of the rigid biphenyl ester blocks. The wide-
angle ED pattern reveals an a*b* reciprocal
lattice plane, indicating that rod segments
are oriented normal to the plane of the
micrograph. All of the dark spots are of
similar shape and size, which indicates that
these aggregates must contain about the
same number of molecules. The similarity
in shape and size is fingerprinted by self-
organization of the aggregates into a super-
lattice with periodicities of 70 and 66 A.
The image and small-angle ED pattern in
Fig. 2 show the planar superlattice to be
oblique with a characteristic angle of 110°.
If the superlattice were monoclinic in three
dimensions, then the aggregates shown in
the image would be positioned at the lattice
points of an (001) plane.

Crystallization of the identical rodlike
segments in the miniature triblock polymer
must exclude the chemically diverse oligo-
styryl and oligoisoprene blocks. In our view,
the chemical aperiodicity and diversity of
these two segments in the triblock popula-
tion of molecules is an extremely important
factor in the formation of supramolecular
units observed here. These two segments
frustrate the global ordering of the system,
thus preventing the formation of a 3D crys-
tal as expected when all molecules are iden-
tical. Thus, the disruption of chemical reg-
ularity in two of the blocks in each triblock
molecule predisposes the system to form
finite aggregates. The oligoisoprene seg-
ment is conformationally flexible, given
that polyisoprene is a rubber at room tem-
perature, and also has a small cross-section-
al area relative to the styrene segment. The
isoprene blocks therefore serve as a struc-
tural buffer that can stretch and pack to
accommodate the density of the crystallized
rodlike segments.

The biphenyl ester segments have an
extremely high tendency to aggregate and
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order through w-w overlaps. This is fairly
evident in the insolubility of a compound
containing only the rodlike segment of the
triblock structure. Also, polymers with sim-
ilar structures in their chemical repeats
have extremely high melting points if they
fuse at all before reaching the regime of
chemical decomposition. Because oligosty-
rene segments have a fairly large cross sec-
tion, they will encounter strong hard-core
repulsive forces when trying to accommo-
date the nanocrystal’s density. These repul-
sive forces could balance the favorable as-
sociation of aromatic blocks and prevent
the infinite aggregation of triblock mole-
cules. This effect is illustrated by a comput-
er model in which an empirical force-field
calculation is used on a small cluster of
seven triblock molecules arranged parallel
to each other (I1). Figure 3 shows the
cluster of triblock molecules before com-
plete energy minimization, color coded for
energy and pointing to the larger cross sec-
tion styrene segments as a site of high re-
pulsive energy. In the fully relaxed cluster
(right side of Fig. 3), the growth of an
incipient mushroom-shaped nanostructure
is evident. Calculations based on the use of
the same model (11) indicate that forces
among densely packed molecular segments
remain attractive for rod blocks and repul-
sive for styrene-isoprene blocks in either
parallel or antiparallel arrangements. Inter-
estingly, however, the parallel arrangement
of blocks leading to a mushroom-like aggre-
gate is the most favorable, according to the
calculated packing energies. We refer to
parallel and antiparallel arrangement of
blocks as ferro and antiferro clusters, respec-
tively, and the energies of all four possibil-
ities are given in Fig. 4. On the basis of the
packing energies, one would conclude that
fully interdigitated rod and coil segments
would not be a favorable molecular arrange-
ment in the units observed. However, the
supramolecular units may consist of mush-
room-shaped aggregates with molecules ar-
ranged in parallel or of dumbbell-shaped
ones in which only rod segments interdigi-
tate in antiparallel fashion.

A balance of attractive and repulsive
forces among blocks could mediate the for-
mation of supramolecular units. However, a
different mechanism based on entropic ef-
fects could lead to their formation. In addi-
tion to the usual entropic penalties linked
to molecular aggregation (translational), an
additional entropic loss associated with this
system could be linked to the required
stretching of the flexible coil segments in
order to accommodate rod-rod interactions.
Finite aggregation into nanostructures re-
duces this penalty because it allows coils to
splay at the periphery of the supramolecular
unit (6). Thus, this mechanism for nano-
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structure formation could be important
even in systems of identical molecules with
very large, molecularly flexible segments. In
the triblock molecules studied here, the coil
diblock segments are not very long or ex-
tremely flexible. Thus, the balance of at-
tractive and repulsive forces among blocks
may be more important. Finite aggregation
may also prevent the entropically unfavor-
able vitrification of packed coil segments
exposed to repulsive interactions.
Fourier-transform infrared spectroscopy
indicates that annealing of the films at
250°C for 2 hours leads to cross-linking of
the triblock molecules by reaction among
isoprene segments, consuming about 40% of
their double bonds. This reaction, which
has a well-defined exothermic signature in
differential scanning calorimetry scans at a
rate of 20°C/min (with an onset tempera-
ture of 300°C), does not appear to form a
3D gel. Once cross-linking occurs, the sam-
ples remain thermoplastic and a birefrin-
gent melt is observed at 250°C (12). Isotro-

pization of the birefringent fluid is never

observed before chemical decomposition
above 400°C. After cross-linking, the crys-
talline order of rod segments in the self-
assembled aggregates improves as revealed
by ED. We do not know at this time if the
reaction is confined within the discrete su-
pramolecular units, transforming them to
covalent polymers. However, a thermoset-
ting 3D network does not form as a result of
cross-linking among isoprene segments.
Solution-cast films coated with C on

Fig. 2. (A) Transmission electron micrograph at
low magnification [with a high-magnification im-
age shown in (B)] of a film formed by the triblock
molecules, revealing regularly sized and shaped
aggregates that self-organize into superlattice do-
mains. Wide-angle (C) and small-angle (D) ED pat-
terns are also shown.

one side and placed on Au grids were em-
bedded in epoxy for ultramicrotomy. These
films were ~1 wm thick and, before the
embedding procedure, had been annealed at
250°C for 2 hours and also had been ex-
posed to a stain of OsO,, vapors for 15 hours
(13). Sections from films ~1 cm? in area
and ~1 pm thick were made up of many
layers, all oriented with a common layer
normal. The characteristic period of the
layers with a common stacking direction
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Fig. 3. Molecular graphics of the triblock self-
assembling molecule (left); cluster of triblock mol-
ecules before complete energy minimization, col-
or-coded for energy in different sectors of the
cluster (middle); a relaxed cluster revealing the
incipient mushroom architecture (right).

Antiferro-rod Ferro-coil

34.4 kcal'mol

Antiferro-coil

Fig. 4. Two different molecular clusters com-
posed of 13 coil-like diblock segments (right) ar-
ranged parallel to each other (ferro cluster) or an-
tiparallel to each other (antiferro cluster). At left the
same two types of clusters are shown for the rod
segments of triblock molecules. The calculated
energies associated with these four clusters sug-
gest that a mushroom cluster of triblock mole-
cules would be favored by the system.
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was ~70 A, consisting of one dark and one
light band with thicknesses of 30 and 40 A,
respectively. A TEM micrograph of one of the
ultramicrotomed sections at two different
magnifications is shown in Fig. 5 together
with a Fourier-filtered image (14) revealing
very clearly the periodicity and orientation of
the layers. We obtained this Fourier-filtered
image using only the meridional intensity in

100 nm

Fig. 5. Transmission electron micrograph of an
ultramicrotomed section obtained from a fim 1
pm thick by use of a diamond knife (bottom). A
section of the image viewed under higher magni-
fication (middle). Its Fourier-filttered image was ob-
tained only with meridional intensity in the Fourier
transform in order to highlight the lamellar period-
icity of the film (top).

Fig. 6. Molecular model of the supramolecular
unit composed of 100 triblock molecules and a
molar mass of about 200 kD. Rod segment
packing in the mushroom stem is based on elec-
tron diffraction data and its rectangular shape on
the observation of an oblique superlattice of
nanostructures.
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the Fourier transform to highlight the layered
nature of the self-organized film.

The electron micrograph of the ultramic-
rotomed films reveals information on how the
nanostructures might be stacked to form the
macroscopic films. We interpret the dark and
light bands to be regions containing the crys-
talline rods and the amorphous coil segments,
respectively. This interpretation is based on
two facts. (i) The thickness of dark bands is
roughly equivalent to the length of one ex-
tended rod segment, and (ii) a rather strong
diffraction contrast results from the crystalli-
zation of rod blocks alone, as demonstrated by
the micrographs of an unstained sample in
Fig. 2. The thicker light band, on the other
hand, has a thickness corresponding to a sin-
gle nonextended styrene-isoprene segment
(the fully extended length of an average seg-
ment would be ~60 A). The OsO; stain did
not seem to provide any additional contrast,
and this may be due to cross-linking among
isoprene units during annealing.

Additional evidence for a characteristic
periodicity in films equivalent to one triblock
molecule was obtained by electron microsco-
py of Pt-shadowed samples. These shadowed
samples were imaged at their edges where the
films were thinnest. All the distinct steps or
terraces observed in the films had dimensions
definitely under 100 A, thus suggesting that
the nanostructures self-organize as monolayers
and not as bilayers. The observed period of
~T70 A rules out the dumbbell-shaped su-
pramolecular structure in which only rods are
interdigitated, even though this would create
more volume for the flexible segments to ex-
plore conformational space. However, one
must still consider the possibility that inter-
digitation of both rods and coils occurs in
these supramolecular units. However, as men-
tioned before, the interdigitation of both rod
and diblock coil segments in antiferro clusters
may not be favorable given the large cross
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section of styrene blocks (see Fig. 4). If
diblock coils cannot interdigitate, the inter-
pretation of TEM images must be that mole-
cules are assembled into nanostructures that
are one molecule thick with nanophase sepa-
ration of all three blocks. Furthermore, in
order for this type of aggregate to generate an
image with layers of alternating light and dark
bands, the nanostructures must be stacked in
polar fashion and not antiparallel to each
other within the layers.

On the basis of the wide-angle diffrac-
tion pattern of Fig. 2, the rodlike segments
are packed into an orthorhombic unit cell
with lattice parameters equal to 5.4 and 8.2
A. Using these unit cell parameters as well
as the cross section and thickness of nano-
structures observed in TEM images, we es-
timate that there are approximately 100
molecules in each nanostructure. The su-
pramolecular units would then have a molar
mass of approximately 200 kD. Also, the
nature of the superlattice (oblique with two
characteristic dimensions as opposed to
hexagonal or cubic) suggests that the su-
pramolecular aggregates have cross sections
that are more rectangular than circular in
shape. On the basis of data presented so far,
we are led to the heuristic model of the
nanostructure shown in Fig. 6 that envi-
sions it as a mushroomlike aggregate of
about 100 triblock molecules. In this mush-
room aggregate, the chemically aperiodic
and structurally diverse coil segments are
excluded from the crystalline sector formed
by identical rod segments. If we regard the
aggregate as a shape-invariant supramolecu-
lar polymer, the system would be one with a
fairly narrow distribution of size and shape.

The model in Fig. 7 envisions the films
(1 wm thick and 1 cm? in area) prepared in
our laboratory as the layered assembly of
trillions of mushroom-shaped nanostruc-
tures, arranged with polar order in the lay-

Fig. 7. Schematic rep-
resentation of how mush-
room nanostructures
formed by triblock mol-
ecules might organize
to form the macroscop-
ic film. The nanostruc-
tures are stacked with
polar order, always pro-
ducing a surface of
caps and an opposite
surface of stems. The
3D details of nanostruc-
ture stacking are not
known, but within one
layer we have observed
an oblique arrangement
of the aggregates.
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ered stacking. The TEM images of single
layers of nanostructures revealed the pres-
ence of oblique superlattice domains within
one layer. We do not know, however, if the
mushrooms organize with 3D order or if the
stacking is uncorrelated through the layers.
In other more symmetric molecular nano-
structures studied in our laboratory, 3D or-
der was observed across several layers (15),
and so this possibility cannot be ruled out at
this time. Even if a stacking order were to
exist, we would expect a given concentra-
tion of stacking faults and point defects, as
is common in most materials.

Surface properties. We measured con-
tact angles made by water droplets on the
surfaces of films cast from chloroform solu-
tions on a water surface, picked up on glass
slides, and dried thoroughly under Ar. Top
surfaces of these films (air side) were always
highly hydrophobic, and contact angles for
water of approximately 98° * 1° were ob-
served. When we inverted the films by
means of adhesive tape before complete
drying and then dried them thoroughly un-
der Ar, the contact angles observed for
water were always lower (approximately
27° = 2°), indicating the formation of a
more hydrophilic surface. The contrasting
hydrophobic-hydrophilic character on op-
posite surfaces of these films was always
observed even without any long annealing
period after solvent evaporation. In con-
trast, long annealing periods (hours or days)
are often required to observe contrasting
surface properties in films of block copoly-

T
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Fig. 8. Water droplets on the surfaces of 16 dif-
ferent supramolecular films placed on glass sub-
strates in different orientations after casting on
water. The receding contact angles of water indi-
cate which surface of the polar film is exposed to
air—the one with hydrophilic or hydrophobic sec-
tors of the supramolecular units.
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Fig. 9. Intensity of the SHG signal from the un-
poled supramolecular fim as a function of fim
thickness (average of 30,000 pulses).
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mers that may contain hydrophobic back-
bones and hydrophilic end groups after be-
ing cast on polar surfaces (16). The ob-
served surface behavior of films would be
consistent but does not prove the formation
of polar films by self-organization of the
nanostructures. Water droplets on opposite
surfaces of the supramolecular films are
shown in Fig. 8.

Adhesion and mechanical properties.
Supramolecular films cast on glass and ther-
mally cross-linked adhere tenaciously to the
substrate. This observed property could
arise partly from hydrogen bonding between
the substrate and the phenolic groups of rod
segments. Aqueous hydrofluoric acid (HF)
dissolves glass, and dilute solutions are rou-
tinely used to lift organic films cast on glass.
We found that films could not be lifted
from glass surfaces even at HF concentra-
tions of 6.7 M, which visibly etch the glass,
producing cracks and pits throughout its
surface. In contrast, poly(vinyl phenol)
films whose side chains of repeats are iden-
tical to the termini of rod segments in the
supramolecular units are readily removed in
a few minutes. Finally, two films fused be-
tween glass surfaces exhibited a shear
strength equal to 1.22 MPa, at least twice
that observed for a film of poly(vinyl phe-
nol) of comparable thickness (0.53 MPa).
The layered supramolecular film, without
the benefit of extensive chain entangle-
ments, exhibits a higher adhesive strength
than does poly(vinyl phenol).

Nonlinear optics. A polar film envi-
sioned in the schematic of Fig. 7 should not
have a center of inversion and could there-
fore exhibit dipolar second-order nonlinear
optical activity without the need for elec-
trical poling. We measured and averaged
the second harmonic generation (SHG)
from films cast from solution on glass sub-
strates and discovered that frequency dou-
bling of an infrared laser beam at 1064 nm
was indeed observed well above any possi-
ble noise levels in the experiment (17). The
correlation of SHG with mean film thick-

Layer
normal

ness {measured by profilometry) is indica-
tive of bulk polar structure in the macro-
scopic supramolecular film, as opposed to
just broken symmetry at its surfaces (Fig. 9).
Measurements taken with p-polarized light
as the sample was rotated at 5° intervals
about an axis in the plane of the film re-
vealed a significant increase in SHG with
rotation (the plane of the sample was tilted
at an obtuse angle relative to the beam
direction). Thus, the conjugated rod seg-
ments normal to the glass substrate must
contribute to the signal. Furthermore, when
the incident beam had s-polarization, essen-
tially no signal was observed. The SHG
signals were observed in both annealed and
unannealed films, an indication that the
origin of noncentrosymmetry is the self-
organization of supramolecular units when
films are cast from solution. One has to
consider the possibility that the observed
signal was the result of quadrupolar SHG,
which has been observed recently in cen-
trosymmetric films (18). However, this phe-
nomenon has been observed in films with
higher symmetries than ours, such as phtha-
locyanine films or Cgq films. The phthalo-
cyanine films investigated had Dy, symme-
try and were prepared by molecular-beam
epitaxy techniques. Because of steric fac-
tors, we do not believe that our system can
have complete molecular interdigitation
and the necessary symmetries for strong
quadrupolar effects.

Polar organization. It remains a chal-
lenge to understand the origin of polar
organization in the supramolecular mate-
rial studied. Polar order is an extremely
useful source of functionality in materials
but is uncommon in nature. Polar struc-
tures are linked to properties of materials
such as piezoelectricity, pyroelectricity,
second-order nonlinear optical suscepti-
bility, and ferroelectricity. Ideal polar or-
der achieved with layered nanostructures
also offers a strategy for creating films
much thicker than a monolayer that
would still have two chemically distinct

Fig. 10. Schematic representation
depicting the smaller and more eas-
ily filled pores in monolayer stacking
of nanostructures compared to
pores formed in bilayer stacking. In
bilayer stacking of these nanostruc-
tures, displacements parallel or
perpendicular to the layer normal
are not efficient at filling volume oth-
erwise occupied by solvent (orange
regions).
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surfaces regardless of thickness, surface
roughness, or erosion of molecular layers.
Polar stacking of nanostructures in macro-
scopic supramolecular films could be relat-
ed to efficient space filling by mushroom-
shaped aggregates of molecules. We be-
lieve that minimization of free volume in
these films is important because solvent
(chloroform) is tenaciously retained even
after films are heated to temperatures
more than 100°C higher than the sol-
vent's boiling point of 61°C (19). Chlo-
roform is known to hydrogen-bond with
carbonyl groups (20, 21) and thus could
also bond with phenolic and ester bonds
in rod segments. At an entropic cost, the
solvent could fill space not occupied by
the nanostructures, thus avoiding the pres-
ence of free volume. If solvent molecules
interact strongly with rod termini, the
contact energies between mushroom stems
and caps would be minimized because
bound solvent disguises their hydrophilic
nature. Bilayer stacking could certainly
create larger pores, which may be more
difficult to fill with molecularly flexible
segments by x, y, z translations of the
nanostructures (Fig. 10), whereas polar
monolayer stacking of the supramolecular
units in three dimensions may fill volume
more effectively by such translations. The
caps of the mushroom mnanostructures
should be more deformable than the rod
stems and therefore have the flexibility to
fill space more efficiently. In the case of
bilayer stacks, displacements parallel to
the layer normal may not be effective at
filling space. Thus, macroscopic objects
composed of supramolecular bilayers may
require for stability the entrapment of
larger amounts of solvent in order to avoid
free volume. ‘
Our findings should encourage the
search for multifunctional materials in sol-
ids composed of one or several types of
supramolecular units with regular shape,
surface chemistry, and dimension. Our dis-
covery challenges the search for structurally
diverse systems of simple molecules that can
find energy minima in regular nanostruc-
tures defined by chemical sectors, topo-
graphical features, and global shape. Be-
cause of the potential for function integra-
tion, such supramolecular materials could
affect the technologies of sensors, biomate-
rials, cell substrates, waveguides, mem-
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branes, materials coupling in composite
structures,; solid lubricants, and catalysts,
among others.
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