
niques were used to fabricate mesa structures,
in which single dot molecules can be isolated
due to the small lateral sizes (;100 nm) (33).
The luminescence of single QD molecules,
from which the evolution of the molecule states
with decreasing dot separation (from top to
bottom) is seen, is shown in Fig. 3A. The
spectra were recorded at low excitation powers
to avoid emission from multiexciton complex-
es. The temperature was ;60 K so that not only
ground state exciton emission, but also emis-
sion from excited exciton states is observed due
to thermal excitation. In each case, symmetric
single QD molecules were selected whose
ground state emission is located at the center of
the emission band of the corresponding arrays.
The top trace in Fig. 3A shows the emission of
a single QD which serves as reference for the
emission from the QD molecules.

For a large dot separation d 5 16 nm in a
molecule (34), two emission lines are observed
in the s-shell with a splitting varying from 0 to 4
meV. For this distance and temperature, inter-
action with acoustical phonons prevents coher-
ent tunneling, and we expect that the recombi-
nation takes place from either state 0,0& or
1,1& in individual QDs. The small splitting
arises from dot inhomogeneities. For a dot sep-
aration d 5 8 nm, the s-shell emission splits into
the entangled exciton states a9& and b9& (ei-
genstates of the electron-hole Hamiltonian). The
energy splitting between them is about 10 meV.
In addition, a further emission line denoted by
a& appears on the high energy side. The ener-
gies of all these features depend systematically
on d: Reduction of the QD separation moves the
emission line a9& strongly to lower energies,
while the energy of the peak b9& is almost
constant leading to an increase of their splitting
to more than 25 meV. This behavior is sugges-
tive of the energy level splitting due to the dot
coupling. Hence we ascribe the two emission
lines as originating from the entangled states of
the s-shell exciton. The line a&, on the other
hand, moves to lower energies with decreasing d
and can be assigned to the lowest entangled state
from the p-shell.

The transition energies (summarized in
Fig. 3B) show the dependence of exciton
transition energies in the QD molecules in
Fig. 3A versus wetting layer separation d.
The observed behavior is in qualitative agree-
ment with that expected from the model cal-
culations in Fig. 2. Most importantly, the
splitting between the optically active entan-
gled exciton states of the s-shell is more than
30 meV when the barrier width becomes
smaller than 5 nm. Despite the statistical
variations, the observed trends, in particular
for the energy splitting among the levels, are
typical for the studied QD molecules.
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A Lost-Wax Approach to
Monodisperse Colloids and

Their Crystals
Peng Jiang, Jane F. Bertone, Vicki L. Colvin*

We report a nanoscale “lost-wax” method for forming colloids with size dis-
tributions around 5% and their corresponding colloidal crystals. Macroporous
polymer templates are first prepared from a silica colloidal crystal. We then use
the uniform and interconnected voids of the porous polymer to generate a wide
variety of highly monodisperse inorganic, polymeric, and metallic solid and
core-shell colloids, as well as hollow colloids with controllable shell thickness,
as colloidal crystals. We can also uniformly deform the polymer template to
alter colloidal shape and demonstrate the formation of elliptical particles with
precisely controlled aspect ratios.

Monodisperse colloids have uniform physical
and chemical properties that are useful for the
quantitative evaluation of the optical, mag-
netic, electrokinetic, or adsorptive behavior
of colloidal matter. In addition, highly uni-
form colloids offer superior properties for
commercial applications ranging from mag-
netic recording to optical pigments (1). When
sedimented, colloids with size distributions
less than 5% can form three-dimensional
(3D) periodic colloidal crystals. Existing
strategies for preparing monodisperse col-
loids and nanoparticles generally manipulate

the chemistry of colloid formation (1, 2).
Only silica and some polymer colloids can be
routinely prepared with the narrow size dis-
tributions required for forming monolithic
high-quality colloidal crystals (3). Unfortu-
nately, these colloids do not exhibit the opti-
cal, nonlinear optical, or electro-optical func-
tionality of other materials. In addition, al-
though several methods have been developed
to make colloidal crystals from silica and
polymer colloids (4), colloidal crystallization
is difficult for other denser colloids.

We report a physical rather than chemical
strategy for forming virtually any colloid
with size distributions of 5%. Rather than
developing separate chemical methods for
different materials, an alternative approach is
to use high-quality colloidal crystals to create
templates for the formation of a second gen-
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eration of colloidal particles. This approach is
similar to the lost-wax method used to create
molds for casting sculptures (5). Examples of

such two-step replication processes have been
reported. Masuda and colleagues (6) replicated
porous glass arrays in TiO2. Mallouk and col-

leagues (7) used polymer replicas to replicate
silica colloids and also showed that polymer
replicas could be shrunk to change the period-
icity of the open interconnected mesoporous
arrays. In this work, we rely on the uniform and
periodic voids of macroporous polymers to
contain colloidal growth. A key feature of our
macroporous polymers is that they are ordered
over large distances (;1 cm) and are highly
uniform because of the assembly method used
to form them. Such long-range order and per-
fection is essential, as it permits uniform parti-
cle formation and fixes the spatial relation of
the growing colloids. In addition, this interme-
diate template provides us with extensive con-
trol over particle formation, and diverse colloid
shapes and architectures can be formed directly
in a dense and crystalline format.

Our method involves two distinct steps:
the formation of a macroporous template of a
silica colloidal crystal, followed by the
growth of new colloids within the voids of
the porous polymer (Fig. 1). First, silica col-
loidal single crystals are formed through a
convective assembly method (Fig. 1A) (8).
Next, these thin-film arrays are used as tem-
plates to generate macroporous polymers
containing spherical and ordered voids (Fig.
1B) (9). A key feature of these macroporous
polymers is the interconnectedness of their
pores; scanning electron microscopy (SEM)
(Fig. 1B, inset) shows that each void is con-
nected to its neighbors through smaller win-
dows whose mean dimension can be precise-
ly controlled through the viscosity of the
starting monomer (9). Such microstructure
allows these macroporous polymers to be
filled with different liquid precursor solutions
in a second templating process. Further
chemical or photochemical reactions then so-
lidify the precursors and fill the cavities (Fig.
1, C and D). The host macroporous polymer
can be removed by dissolution in an appro-
priate solvent, or by heating, leaving behind
an array of colloids that retain the initial silica
template geometry (Fig. 1, E and F). Al-
though in principle this method could be used
with any inverse opal material, polymers are
the ideal hosts because they provide for enor-
mous variation in colloidal architecture and
shape.

The compatibility of porous polymers
with many solvents and chemicals also al-
lows these materials to form a diverse range
of colloidal materials within their pores, in-
cluding ceramic, polymer, semiconductor,
and metal nanospheres. For ceramic colloids,
the highly iridescent macroporous polysty-
rene films are first immersed in an alcoholic
solution of metal alkoxide; once removed, the
alkoxides, which adhere to the inner polymer
surfaces, condense as they react with the
moisture in air, forming hollow spherical
shells. Because the colloids are formed
through successive deposition of thin layers

Fig. 1. SEM images at all stages of the templating process. (A) A SiO2 colloidal crystal template. (B)
A macroporous polymer replicated from the crystal shown in (A). The inset shows a higher
magnification image of the interconnecting pores between the voids. (C) TiO2 solid colloids (178 6
9.8 nm) pull away from the PMMA template (coated twice). (D) TiO2 hollow colloids (shell
thickness 37.9 6 4.5 nm) adhere strongly to the polystyrene template surface (coated nine times).
(E) A solid titania colloidal crystal replica (coated seven times) obtained by burning out the PMMA
template with a propane torch. The observed incomplete filling of the voids is reasonable
considering the use of diluted metal alkoxides and the large shrinkage (20 to 30%) of alkoxide
hydrolysis condensation to form ceramics. A similar reduction in ceramic particle size was observed
in a single-step emulsion template method (30). (F) A hollow titania colloidal crystal replica (coated
nine times) obtained by dissolving the polystyrene template in toluene. The insets in (E) and (F)
show Fourier transforms of 40 mm 3 40 mm regions in the (111) plane.
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of ceramics, shell thickness can be precisely
controlled (Fig. 2, B and C). In addition,
core-shell colloids whose composition is dif-
ferent on the outside and inside of the hollow
shell can be formed (Fig. 2D). Metallic nano-
spheres and nanoshells are also of interest
because of their optical and physical proper-
ties (10), yet they are notoriously difficult to
prepare in the 50- to 500-nm range by stan-
dard chemical methods. We formed them by
adapting the metal templating chemistry used
to infiltrate opals developed by Yan et al.
(11). Here, metal oxalate salts that adhere to
the polymer walls are reduced by calcination
at 450°C for 10 hours. As in the case of the
ceramic nanoparticles, hollow colloids are
formed that retain the shape of the initial
oxalate shells (Fig. 3B).

Many emerging applications for colloidal
materials require complex particle morphol-
ogies. One form we explored was the hollow
colloidal polymer. We chose polypyrrole as a
target material because of its possible use in
drug delivery applications (12). Successive
exposure of a macroporous polystyrene tem-
plate in a 20% (v/v) pyrrole ethanol solution
and a 0.05 M FeCl3 aqueous solution formed
arrays of conductive polypyrrole capsules
(Fig. 3A). When the sample is compressed
before imaging, the colloids collapse into
irregular shapes, much like deflated soccer
balls (Fig. 3B). Existing methods for forming

polymer capsules rely on layer-by-layer as-
sembly of polyelectrolytes (13) or the forma-
tion of block copolymer assemblies (14),
which necessarily limits the choice of poly-
mer materials. In our method, the only con-
straint placed on the choice of material is that
its polymerization must occur under condi-
tions that do not destroy the host template.

The macroporous polymer templates can
also be completely filled physically rather
than chemically, where they act as a 3D
analog of the “soft lithography” elastomeric
stamps used to make 2D patterns (15). We
have made solid poly( p-phenylenevinylene)
(PPV) and Au colloidal crystals by filling the
macroporous polystyrene films with PPV
precursor–methanol solution or gold nano-
crystals–hexane solution (16). The solvents
were slowly evaporated to deposit solids deep
inside the pores, and the templates were re-
moved by dissolution in toluene. The general
nature of this physical filling allows one to
make solid colloidal crystals from a large
number of other materials, including many
available nanocrystals.

In most of the prior examples, template
filling led to the formation of hollow colloids;
it is also possible to form solid colloids using
macroporous polymers if the adhesion be-
tween the filling phase and the polymer is
appropriately controlled. When macroporous
polystyrene serves as the host for colloidal

growth, most materials conformally coat the
interior polymer void surface during filling
(Fig. 1D). In these polymers, colloids grow
from the outside in, and after thermal treat-
ment and polymer removal, hollow capsules
are the result. A very different process is
observed when macroporous poly(methyl
methacrylate) (PMMA) is used as a template.
Here, the ceramic layer pulls away from the
host polymer and forms solid spheres smaller
than the cavities (Fig. 1C). Colloidal forma-
tion in this instance proceeds from the center
outward, and colloids grow successively larg-
er after repeated cycles of immersion and
filling. The PMMA template can be burned
out using a propane torch in air, leaving an
array of solid ceramic spheres (Figs. 1E and
2A). We have found that other inorganic
materials (CdS and AgCl) (17) also show a
tendency to adhere strongly to polystyrene
and not to PMMA. The interfacial free energy
between the polymer and ceramic is the main
contribution to their apparently different ad-
hesion properties (18). We speculate that the
polystyrene functions as a strong p-donating
ligand with the metal centers in the inorganic
materials, leading to an increased adhesion
between the growing colloids and the poly-
styrene template (19).

In addition to providing for a remarkable
range of colloidal materials and architectures,
the macroporous polymers are pliable mate-

Fig. 2 (left). TEM images of monodisperse particles and colloidal crystals
made by the templating method. (A) Solid titania colloids (diameter
262 6 5 nm) replicated from PMMA template after coating seven times.
(B) Hollow titania colloids (diameter 267 6 14 nm, shell thickness
31.4 6 2.3 nm) replicated from polystyrene templates after coating
seven times. (C) Thinner shell hollow titania colloids (shell thickness
15.4 6 1.0 nm) replicated from the same template as (B) after coating
only twice. The inset shows the relation between shell thickness and
number of coatings. (D) Core-shell structure of a hollow zirconia-alumina
colloid formed from successive deposition of alumina and then zirconia
(each coated twice) on the surface of a polystyrene template. Because
zirconia has a higher electron density than alumina, it appears darker in

electron microscopy images. In situ energy-dispersive x-ray (EDX ) and
microprobe analyses indicate the expected stoichiometric proportions of
the materials. Fig. 3 (right). SEM images of the templated colloidal
crystals. (A) The ordered structure of a polypyrrole colloidal crystal
replicated from a polystyrene template. (B) The deflated hollow structure
of the same sample after being compressed. (C) Top view of a hollow
nickel colloidal crystal replicated from a polystyrene template. Several
broken colloids are apparent in the image. The inset shows a Fourier
transform of a 40 mm 3 40 mm region in the (111) plane. In situ EDX
analysis indicates that the nickel is relatively pure (.95 atomic %). (D)
A solid Al2O3 colloidal crystal replicated from PMMA template after
coating seven times.
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rials that can be compressed or extended to
form unusual void shapes. We investigated
whether colloids grown in such distorted
voids would adopt nonspherical shapes. Non-
spherical colloids may offer advantages over
their spherical counterparts in applications
that require periodic structures with lower
symmetries (20). In addition, monodisperse
ellipsoidal latex colloids have been intro-
duced as a potential model for rigid rod sys-
tems such as liquid crystal polymers and
biopolymers (21). Methods for preparing in-
organic, polymeric, and metallic colloidal
cubes, ellipsoids, and rods have been reported
for specific materials (1, 21, 22), but sample

homogeneity is poor and a general method-
ology has not yet been developed.

When a macroporous polymer film is
heated above its glass transition temperature
(Tg), it becomes a rubber and can be stretched
by a uniform uniaxial or biaxial force. The
draw ratio D characterizes the magnitude of
this extension, and for one-dimensional
stretching D is defined as the ratio of the
extended length to the starting length. To
avoid collapse of the voids during the heat-
ing, we fill the pores with mineral oil before
heating, which we remove by a heptane wash
afterward. If the film is then quickly cooled
down below Tg while still constrained in the
deformed state, the shape of the stretched
voids—oblate for a two-dimensional exten-
sion and ellipsoidal for a one-dimensional
extension—is fixed into the glassy, inflexible
polymer. These nonspherical voids can be
replicated into many different materials using
the methods described above. The SEM im-
ages in Fig. 4, A and B, show top views of
two hollow ellipsoidal titania colloidal crys-
tals (23) with different axial ratios, both tem-
plated from macroporous polystyrene (Tg 5
94°C) (24). The ellipsoidal shapes of the
colloids and the long-range order in the (111)
plane are confirmed by the elongated hexag-
onal patterns of the fast Fourier transforms
(FFTs) (Fig. 4, A and B, insets). We mea-
sured the lengths of the long and short axes of
these ellipsoidal colloids made with differing
draw ratios (DA 5 1.3 and DB 5 1.7). The
sample in Fig. 4A has a long axis of 489 6 27
nm, a short axis of 333 6 18 nm, and an axial
ratio of 1.47; the sample in Fig. 4B has a long
axis of 624 6 43 nm, a short axis of 281 6 14
nm, and an axial ratio of 2.22.

We achieved a high degree of control
over the aspect ratio of the resulting col-

loids. The axial ratios ( p) of ellipsoidal
samples can be predicted from their corre-
sponding draw ratios (D) by assuming that
the volume of the voids does not change
during the stretch; this assumption is rea-
sonable because the voids are filled with
mineral oil, which is not likely to undergo
a large change in density as a result of the
modest forces during extension. A brief
analysis (25) yields the relation

p 5 b/a 5 D3/ 2 (1)

where b and a are the lengths of the long
and short axes of the ellipsoidal colloids,
respectively. The measured axial ratios of
four ellipsoidal samples with differing
draw ratios (Fig. 4B, left inset) agree well
with this simple model. A similar result has
also been observed in a polystyrene latex–
poly(vinyl alcohol) system (21). Axial ra-
tios greater than 5.0 are not feasible be-
cause the polymer begins to tear as a result
of the tensile force; the use of more flexible
polymers such as poly(dimethylsiloxane)
(PDMS) may alleviate this problem.

The ordering perpendicular to the close-
packed (111) axis of these elliptical colloidal
crystals is apparent in the cross-sectional im-
age in Fig. 4C (same sample as Fig. 4B). The
sample templated from polystyrene is hollow,
as shown by the broken colloids in Fig. 4C
and further confirmed by the transmission
electron microscopy (TEM) image in Fig.
4D. The ellipsoids are monodisperse with a
uniform shell thickness. Thus, heating and
stretching does not change the surface prop-
erties of the polymer substantially, so all of
the morphologies and materials developed for
the nonstretched templates can be extended to
these nonspherical examples. Because geo-
metric anisotropy has been shown to widen

Fig. 4. Electron microscopy images of ellip-
soidal colloidal crystals. (A) Top view of a
hollow titania sample (coated four times)
templated from a macroporous polystyrene
(void diameter 429 6 16 nm). Draw ratio
D 5 1.3. The inset shows a Fourier transform
of a 40 mm 3 40 mm region in the (111)
plane. (B) Top view of a hollow titania sam-
ple (coated four times) templated from the
same macroporous polystyrene sample. D 5
1.7. The left inset shows the linear relation of
the axial ratio with D3/2. The right inset
shows a Fourier transform of a 40 mm 3 40
mm region in the (111) plane. (C) Cross-
sectional view of the same sample as (B). (D)
TEM image of the same sample as (B).

Table 1. Size and size distribution of colloids
synthesized by the templating process. More than
200 particles were measured in SEM images to
arrive at the values reported. Macroporous poly-
styrene (PS) samples [void diameter 333 nm
(4.3%)] templated from silica colloidal crystals
[colloid diameter 336 nm (3.7%)] were used to
make all spheres in the middle column; macro-
porous PMMA samples [void diameter 288 nm
(4.8%)] templated from silica colloidal crystals
[colloid diameter 294 nm (4.7%)] were used to
make all spheres in the right column. N/A, not
applicable.

Material
PS

template
(nm)

PMMA
template

(nm)

TiO2 325.0 (5.2%) 267.8 (4.8%), solid
ZrO2 327.1 (5.1%) 271.3 (5.3%), solid
Al2O3 327.3 (4.7%) 273.7 (5.5%), solid
Polypyrrole 322.0 (4.8%) N/A
PPV 310.5 (5.6%)* N/A
CdS 323.7 (6.3%) 269.6 (6.1%), solid
AgCl 325.2 (5.7%) 270.9 (5.2%), solid
Au 319.7 (5.3%)* N/A
Ni 306.6 (5.9%) N/A

*Solid.
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the photonic band gap of colloidal materials
(26), ellipsoidal colloidal crystals with a high
refractive index may pave the way for build-
ing new photonic crystals with superior opti-
cal properties.

The primary advantage of this approach
to colloidal synthesis is that uniformity
control is completely affected by the tem-
plate, thus transferring this burden to the
original silica colloids for which high-qual-
ity samples are routinely available. To
evaluate how effectively the templating
process captured the uniformity of the
macroporous voids, we measured the final
particle size and size distribution using
SEM images such as Fig. 3C. These sizes
are compared to the characteristics of the
starting silica colloids and macroporous
polymer voids in Table 1. Size distributions
remained remarkably narrow after the tem-
plating steps. The average diameters of col-
loids templated from PMMA templates
show roughly a 10% reduction, which is
reasonable given the shrinkage that occurs
during the template removal process (27 ).
Although there are chemical methods for
producing some of these colloids with rel-
atively narrow size distributions (around
10%) (1, 28), this templating approach pro-
vides a strategy for creating a wide range of
highly monodisperse colloids (around 5%).

Ultrasonication is a well-established
method for breaking up colloidal aggre-
gates in solution (29), and we used it suc-
cessfully to fragment these colloidal films.
Brief treatments (30 s in a 40-W ultrasonic
bath) in solvents such as toluene yielded
larger pieces of colloidal crystal fragments
(several millimeters in size), which were
ideal specimens for TEM studies of the
array geometry (Fig. 2C). Longer treat-
ments, up to 10 min, provided dispersed
material of the type shown in Fig. 2, A and
B. These dispersed colloids exhibit uniform
surfaces. Although the geometry of the
macroporous host contains windows be-
tween the spherical voids, colloidal materi-
al does not appear to template these chan-
nels at an appreciable density. We attribute
this to the relative size of the windows,
which is only 10 to 20% of the void size,
and to the colloidal shrinkage induced dur-
ing the condensation or polymerization re-
actions (30).

Except for ultrasonication in appropriate
solvents, the templated colloidal crystals
are remarkably robust, high-quality materi-
als. The long-range order of the crystals is
apparent in SEM images such as Fig. 3C.
The FFT of the image provides a measure
of order in the (111) plane (Fig. 3C, inset),
and it is apparent that the spheres are ar-
ranged in a close-packed array (31). Al-
though defects such as cracks and point
defects can be observed, the single crystal-

line nature of the starting silica colloidal
crystals is retained during the templating
process. The ordering perpendicular to the
close-packed (111) axis is best visualized
in cross-sectional images; Fig. 3D shows an
example for an alumina solid sphere sam-
ple. These samples are films, not mono-
liths, and their (111) axis is perpendicular
to the underlying glass substrate. The film
thickness can be precisely controlled from
single monolayers to more than 100 layers
because of the faithful replication of the
starting silica colloidal crystal (8). Because
of their long-range order, these samples
have a photonic stop-band comparable to
that seen in macroporous titania (27 ). The
spectral position and width of this band for
hollow titania colloids depends sensitively
on the shell thickness and on the overlap
between adjacent spheres (32). Thus, hol-
low spheres offer another two parameters—
shell thickness and aspect ratio—for engi-
neering photonic properties in colloidal
systems (26 ).
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