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pendent system of enzymatic reactions in a
well-defined structural framework with a range
of features that are not considered in single-
enzyme catalysis. Moreover, detailed mechanis-
tic questions regarding fatty acid synthesis by
fungal FAS and related type I FAS enzymes
(supporting online text) can now be addressed
with structure-based genetic and biochemical
experiments.
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Plastic and Moldable Metals by
Self-Assembly of Sticky
Nanoparticle Aggregates
Rafal Klajn,1* Kyle J. M. Bishop,1* Marcin Fialkowski,1 Maciej Paszewski,1
Christopher J. Campbell,1 Timothy P. Gray,2 Bartosz A. Grzybowski1,2†

Deformable, spherical aggregates of metal nanoparticles connected by long-chain dithiol
ligands self-assemble into nanostructured materials of macroscopic dimensions. These materials
are plastic and moldable against arbitrarily shaped masters and can be thermally hardened into
polycrystalline metal structures of controllable porosity. In addition, in both plastic and hardened
states, the assemblies are electrically conductive and exhibit Ohmic characteristics down to
~20 volts per meter. The self-assembly method leading to such materials is applicable both to
pure metals and to bimetallic structures of various elemental compositions.

Although various techniques have been
developed to assemble nanoparticles at
the microscale, such as nanoparticle

superlattices (1, 2) and three-dimensional crys-
tals (3, 4), scaling up these procedures to
freestanding, macroscopic materials (5) has

proven challenging. This situation contrasts
with the formation of ceramic “greenwares”
from colloidal particles such as clays, the
interactions of which can hold the particles
close together even during the dehydration
and calcining steps that produce the final

product (6). Here, we describe straightforward
synthesis of suchmaterials by a two-stepmethod
in which individual metal nanoparticles first
self-assemble into deformable spherical aggre-
gates (“supraspheres”) and then “glue” together
like pieces of clay into millimeter-sized struc-
tures. Notably, not only are these macroscopic
materials plastic and moldable into arbitrary
shapes, but they also can be electrically con-
ductive. In addition, because of the metastability
of the spherical building blocks, they can be
thermally hardened and structurally evolved into
porous, polycrystalline metal monoliths. The
described methodology works well with nano-
particles of more than one type and can be used
to prepare both pure-metal and bimetallic
materials.

We used spherical nanoparticle assemblies, or
supraspheres, similar to those prepared previous-
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Fig. 1. Synthesis and properties of spherical nanoparticle aggregates. (A)
Structure of the dithiol azobenzene cross-linker [4,4′-bis(11-mercaptoun-
decanoxy)azobenzene (ADT)] mediating self-assembly. (B) Scheme of the
light-induced self-assembly of metal nanoparticles (NPs) coated with DDA
and ADT into supraspheres (for mechanistic details of this process, see SOM
text, sections 2 and 3). (C) Diameters (blue) and the wavelengths of maximal
absorption (lmax, red) for supraspheres formed by UV irradiation of Au
nanoparticles (yellow) covered with various numbers of ADT ligands. Below
the critical number of ligands adsorbed onto each nanoparticle (here, ~20),
the photoinduced interactions between nanoparticles are too weak to cause
their aggregation. Above this limit, nucleation and growth of supraspheres
occurs. (Inset) Suprasphere diameters, D, decrease with increasing
concentration of ADT ligands. The abscissa has the total ADT concentration
(both adsorbed and free ligands) and is logarithmic to emphasize the
agreement of the experimental results with D ~ CADT

–1/3 power law predicted
by the nucleation-and-growth model (black line). Error bars showmean ± SD.
(D) For metals exhibiting surface plasmon resonance (Au and Ag),
aggregation is accompanied by a pronounced color change (as shown here
for Au). The vials in the bottom row are solutions of supraspheres arranged in
the order of increasing ADT/NP ratio and correspond to the points in the plot.

(E) Aspect ratios of height to width, h/w, of supraspheres placed on silicon
(100) increase with width. Solid line corresponds to the trend predicted by
the Ramberg-Osgood model of suprasphere plasticity (for more details, see
SOM text, section 4). (F) Side-view SEM images of two typical supraspheres
on a silicon surface. Fig. 2. (A) Upon dewetting of a suprasphere solution
from an inclined silicon surface, the supraspheres—similar to coffee dregs
(24)—organize into bands. (Left) An optical micrograph of such bands
(“wires”) while still attached to the surface. Scale bar, 1 mm. (Inset) A
freestanding wire washed off the surface with methanol. Scale bar, 0.5 mm.
(Middle) SEM image showing the wire’s porous structure. Scale bar, 1 mm.
(Right) A magnification of individual supraspheres. Scale bar, 200 nm. (B)
Concentrated solution of the supraspheres can be molded against masters
[here, made of polydimethylsiloxane (PDMS)] of arbitrary surface reliefs
and then peeled off onto a polyurethane film [Norland Optical Adhesive
(NOA) no. 68]. (C and D) Optical and SEM images of microstructures
prepared by molding Au or Ag supraspheres against an array of concave
microlenses and an array of microgears. The freestanding gear and track
pieces in the left panel of (D) were arranged manually after liberating from
the polyurethane film. Scale bars, 200 mm. (E) Polypropylene miniature
before (left) and after (right) coating with supraspheres. Scale bar, 1 mm.
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ly (7–9). For our purposes, however, we required
that the supraspheres be structurally sturdy as
well as deformable and adhesive with respect
to one another. We expected that these proper-

ties could be achieved by using long-chain
dithiol cross-linkers (Fig. 1A), the terminal
thiol (SH) groups of which are known to bind
strongly to noble metal nanoparticles. The long

spacer connecting these groups should endow
the resulting aggregates with flexibility. In
addition, our linkers incorporated a photo-
switchable azobenzene unit that allowed for
precise control of the assembly process and of
the dimensions of the forming spheres by ultra-
violet (UV) light.

In a typical procedure, we used 2 mM
solutions of metal nanoparticles (here, mostly
Au, but also Ag, Pt, or Pd) in toluene. The
nanoparticles were ~5 nm in diameter and had a
dispersity of s ≈ 10% [supporting online material
(SOM) text, section 1]. We stabilized the
solutions with 35 mM dodecylamine (DDA)
capping agent and 10 mM didodecyldimethyl-
ammonium bromide (DDAB) surfactant. Next,
under vigorous stirring, we added varying
amounts (up to 2.4 mM) of photoactive trans-
azobenzene dithiol (ADT) ligands (Fig. 1B)
to the solutions. Because excess surfactant
and capping agent prevented the spontaneous
cross-linking of nearby nanoparticles through
their divalent ADT ligands, the unirradiated
solutions were stable (10) for manyweeks. Low-
power UV irradiation (365 nm, 0.7 mW/cm2)
(11) caused rapid trans-cis isomerization of
the ADTs (Fig. 1B, center) and induced mo-
lecular dipoles on the azobenzene units
[electric dipole moment (m) = 4.4 debye for
the cis (12) form compared with 0 debye for
trans], causing the molecules to aggregate and
cross-link into supraspheres (Fig. 1B, right).
[For detailed discussion of the forces mediating
self-assembly, see SOM text, sections 2 and 3.]
The suprasphere growth occurred by means of
a nucleation-and-growth mechanism, in which
the free nanoparticles initially nucleated into
small, thermodynamically stable clusters (un-
less smaller than a critical size) that sub-
sequently grew by the addition of single
nanoparticles until all nanoparticles available
were used (13). The important feature of this
mechanism is that it allowed the control of
suprasphere diameters (Fig. 1C) by changing
the concentration of the nanoparticles and/or
the concentration of the ADT cross-linkers
(14, 15). In this way, we prepared supraspheres
with diameters between about 50 and 300 nm
(16) (Fig. 1, C and D, and fig. S6).

Irrespective of their sizes, the supraspheres
were highly deformable upon contact with other
spheres (or surfaces) and—despite being com-
posed in ~92% weight by weight of metal
(17)—had themechanical properties of a plastic
solid. The plasticity was confirmed in two
ways: (i) by nanoindentation of individual
supraspheres and (ii) by the aspect ratios and
contact angles of spheres adhered onto different
substrates, always increasing with increasing
sphere size. Here, a systematic study of supra-
spheres on silicon (100) surfaces indicated (Fig.
1, E and F) that their deformation is driven by
short-ranged adhesion forces, and can be
described by the so-called Ramberg-Osgood
model (18) of initial elastic response followed

Fig . 3 . (A) Typical load-
displacement loops recorded during
nanoindentation (TriboIndenter,
Hysitron Inc.) of (left) a plastic wire
(~1mmby 170 mmby 30 mm)made
of ~150-nm gold supraspheres and
(right) the samewire after hardening at
50°C for 12 hours. The compression-
release hysteresis recorded before
hardening indicates plastic deforma-
tion. (B) SEM images corresponding
to the graphs above show structural
changes accompanying hardening.
(C) Hardened materials subject to
further heating at 350°C melt and
shrink to ultimately give a solid
block of metal. The panels show the
progression, from top left, to bottom
left, to bottom right, and finally to
top right. Scale bars, 200 nm.

Fig. 4. Assembly schemes, SEM
images, and energy dispersive
analysis by x-rays (EDX) (Hitachi
S3500) spectra of nanoporous
materials made of (A) pure plati-
num, (B) 1:1 gold-palladium, and
(C) 3:1 gold-silver. To verify spa-
tially uniform composition of the
bimetallic materials, EDX spectra
were taken by focusing the beam at
different regions of the same sam-
ple. a.u., arbitrary units. Scale bars,
500 nm.
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by irreversible, plastic deformation (SOM text,
section 4).

The plasticity and “stickiness” of the
supraspheres enabled their further assembly
into macroscopic materials (19). This is shown
in Fig. 2, where suprasphere solutions either
were dewetted from an inclined surface to
leave behind an array of parallel “wires” (Fig.
2A) or were first concentrated to between 0.1
and 0.5% of the original volume and then
molded against arbitrarily shaped and pat-
terned masters (Fig. 2, B to E). Upon drying
the solvent and washing with methanol to
remove excess surfactant, the structures ob-
tained could be gently pealed off the surface
onto a polyurethane resin and then me-
chanically detached to give freestanding mate-
rials. Nanoindentation experiments revealed
that similar to the supraspheres they comprise,
these materials were plastic (with reduced
modulus Er of few gigapascals and hardness
H of a few tens of megapascals; Fig. 3, A and
B, left panels). At the same time, they could be
structurally evolved and hardened by mild
thermal treatment (about 50°C) to give rela-
tively brittle, polycrystalline porous materi-
als (Er ~ 10 GPa and H ~ 300 MPa; Fig. 3, A
and B, right panels). The plastic-to-porous
metal evolution proceeded without noticeable
changes in the materials’ overall dimensions
and was the result of gradual desorption of
DDA and dithiol molecules (20, 21) and con-
sequent fusion of nearby nanoparticles com-
posing the materials.

Because this process was similar for plastic
precursors assembled from supraspheres of dif-
ferent sizes, it was possible to prepare hardened
materials of different porosities. Scanning
electron microscopy (SEM) analysis showed
that the pore sizes were commensurate and
increasing with increasing diameters, D, of the
suprasphere building blocks. At the same time,
surface areas of the porous materials decreased
slightly with increasing D and, as evidenced by
Brunauer-Emmett-Teller measurements, were
typically several square meters per gram (e.g.,
8 m2/g for porous Ag made of 80-nm Ag
supraspheres).

When hardening was continued at tem-
peratures above 300°C, the pore sizes and the
material’s overall dimensions gradually de-
creased (by as much as 20%) to ultimately give
a block of solid metal (Fig. 3C). During such
heating, the material initially preserved its
shape (up to about 10% shrinkage), but its fine
structural details were lost upon full melting.
Because of the adhesiveness of the supra-
spheres, they not only assembled with one
another but also readily coated various glasses
and plastics (e.g., rubber and polyurethanes
such as Norland Optical Adhesive, SU-8 photo-
resist) dipped into suprasphere solutions. In
one example of this capability (Fig. 2E), gold
supraspheres formed uniform coating on a
small polypropylene statuette.

In addition to plasticity, moldability, and
susceptibility to thermal hardening, our evolv-
ing nanostructured materials exhibited electric
properties reminiscent of semimetals. In both
plastic and hardened states, these materials
were electrically conductive; they had purely
Ohmic current density-field strength character-
istics over a range of applied electric fields
from 2 × 105 V/m down to 20 V/m; and their
resistance decreased as the underlying structure
evolved (SOM text). The observed Ohmic char-
acteristics are in sharp contrast to those of
other metal-insulator structures studied to date,
which usually require a threshold voltage (22, 23)
for conductance.

Because our self-assembly approach al-
lows for the use of different types of supra-
spherical building blocks, all of the discussed
methods and material properties could be
extended to nanostructured materials com-
posed of more than one metal—that is, to
bimetallic materials (Fig. 4). In principle, such
materials could be made either from mixtures
of supraspheres of different types (e.g., all Au
and all Pt) or from mixed supraspheres
composed of different types of nanoparticles.
In practice, however, the first method proved
unsatisfactory because the different metals
often phase separated upon thermal hardening.
In contrast, hardening of mixed supraspheres
gave structurally uniform materials (on the
scale of ~100 nm), in which the composition at
every probed location was equal to that of the
supraspheres used. In this way, we were able
to prepare bimetallic monoliths of various
combinations and proportions of Au, Ag, Pt,
and Pd. Two representative examples—Au
and Pd (1:1) and Au and Ag (3:1)—are shown
in Fig. 4, B and C. We believe that because of
their high porosity, these materials may find
uses in separations science and in heteroge-
neous catalysis, in which the application of
multicomponent “nanofoams” to catalyze
multiple (or multistep) reactions seems partic-
ularly interesting.
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