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(Fig. 3). Similarly, PPX tubes with gold-coated inner walls
were obtained. Polymer/metal hybrid tubes with inner di-
ameters ranging from 0.5±1.5 mm were observed.

Finally, coating PLA template fibers solely with alumi-
num and subsequent thermal degradation of the PLA fi-
bers following the concept shown in Figure 1D results in
very stiff single-walled aluminum tubes. The inner diam-
eters of these aluminum tubes were found to be in the
range of 0.8 mm, as revealed by SEM (Fig. 4).

Fig. 4. SEM micrograph of aluminum tubes prepared by coating electrospun
PLA fibers with aluminum, followed by thermally induced degradation of
the template fibers.

The results presented here are based on a simple and ef-
ficient general route towards nano- and mesotubes using
electrospun degradable polymer fiber templates. For this
approach we coined the term TUFT process (tubes by fiber
templates). This approach offers a great potential for the
design of novel tubular devicesÐnovel, in the sense of con-
trol of dimensions and shape and even with respect to the
broad range of materials that can be manufactured. The

TUFT process will gain significance with improvement of
the control of tube diameters, structuring, and functional-
ization of the tubes, which should be possible by adjusting
the parameters for the preparation of template fibers by
electrospinning, as mentioned above.
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Ordered Colloidal Nanoalloys**
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Since the realization that nanoscale metal and semicon-
ductor particles exhibit unusual size-dependent properties

Fig. 3. TEM cross-sectional view of a PPX/aluminum composite tube pre-
pared by coating PLA fibers with aluminum followed by PPX coating and
subsequent thermally induced degradation of the template fibers. The un-
even structure of the aluminum layer reproduces the rough structure of the
PLA template fiber.
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there has been great interest in using them as the building
blocks for new materials with novel characteristics. One of
the most straightforward approaches for constructing or-
dered superstructures from such particles is self assembly,
whereby a colloidal solution of chemically stabilized nano-
particles is placed on a substrate surface and the solvent is
allowed to evaporate in a controlled fashion. For particles
with a narrow monomodal size distribution, regular hex-
agonal close-packed monolayer films are formed.[1±8] More
recently it has been shown that thiol-stabilized Au particle
preparations with well-defined bimodal size distributions
can organize themselves into complex, ordered two-dimen-
sional arrays.[9] Based on the geometrical packing of hard
spheres, a clear parallelism was demonstrated between the
bimodal structures formed and those predicted either for
atomic scale intermetallic alloys or for colloidal crystals. In
this work we demonstrate, for the first time, that two chem-
ically different building blocks, namely thiol-functionalized
Au and Ag nanoclusters, can also spontaneously self organ-
ize to form true nanoscale colloidal alloy superlattices.

The crystallographic alloy structure adopted by a mixture
of two different elements depends on the physical dimen-
sions and properties of its constituent atoms. Laves[10] has
stated that if two metallic species with atomic radii RA and
RB (where RA > RB) are alloyed, the crystal structure
adopted is determined by: i) the local number ratio of the
two components (nA/nB), ii) the ratio of the radii of the
two components RA/RB, and iii) polarizability effects.
Colloidal crystal structures prepared from micrometer
scale SiO2 or poly(methylmethacrylate) (PMMA) spheres
have been shown by Sanders and Murray to follow closely
a comparable set of geometric rules.[11,12] It is therefore not
unreasonable to expect that similar considerations should
apply to the superlattice structures formed by ligand-stabi-
lized metallic nanoparticles provided that the resultant
capped clusters are roughly spherical in shape. However,
when the particles are relatively large (i.e., ~ 10 nm) the
thiol shell around a strongly faceted (e.g., truncated cub-oc-
tahedral) metallic core may not effectively smooth out the
exterior shape and the effects of particle shape may addi-
tionally have to be considered.

When the thin film superlattice is comprised solely of
thiol-stabilized Au nanoparticles with a diameter of less
than 10 nm and well-defined bimodal particle sizes, the
superlattice structures formed depend primarily on the ra-
tios nA/nB and RA/RB, with polarization effects being negli-
gible. For instance, when nA/nB = 0.5 and 0.482 < RA/RB

< 0.624 an AB2 structure, analogous to AlB2, can be gener-
ated (Fig. 1a). Alternatively, when nA/nB = 1 and 0.27
< RA/RB < 0.425 an AB superlattice analogous to NaCl can
crystallize as shown in Figure 1b. It should be noted that
the metallic cores in these electron micrographs are not di-
rectly touching because of the presence on the particles of
interdigitated thiol capping layers. With other specific com-
binations of nA/nB and RA/RB effects such as phase segre-
gation and random alloy formation have been demonstrat-

ed.[9] Even though these systems follow the hard sphere
packing rules of simple metallic alloy theory, they are not
true alloys because they comprise only one metallic ele-
ment. Han et al.[13] have gone a step further and prepared
simple hexagonal arrays of bimetallic nanoparticles where
each metal cluster contains a mixture of two elements,
namely Au and Ag. These are also not strictly true colloidal
alloy supercrystals, since the alloying occurs only on the
atomic scale.

The next logical step in the development of these alloy
structures is to attempt to combine metal nanoclusters
made from different metals. To this end, solutions of C10

thiol-stabilized Au and Ag nanoclusters were prepared se-
parately in toluene and then mixed in various proportions.
A drop of the Au/Ag mixture was then allowed to evapo-
rate slowly onto a carbon-coated copper mesh grid and the
resultant structures formed were examined by scanning
transmission electron microscopy (STEM). Figure 2 shows
a pair of complementary images obtained from the same
area of film derived from a roughly equimolar mixture of
Au and Ag solutions. Figure 2a is a bright field image
formed from the transmitted electrons only, whereas Fig-
ure 2b is an annular dark field micrograph in which only
electrons that have been scattered through high angles are
allowed to contribute to the final image. Since scattering by
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Fig. 1. Rafts of bimodal nanoparticles forming a) ordered AB2 and b) or-
dered AB superlattice arrays.
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heavier elements is stronger at high angles, the latter imag-
ing mode is useful for giving strong atomic number (Z)
contrast. Hence, the Au and Ag particles, which are ap-
proximately of the same size (4±5 nm) in this instance, are
clearly distinguishable in these micrographs. The Au clus-
ters appear as the darker spots in Figure 2a and the very
bright spots in Figure 2b. It is clear that an intimate mixing
of the Au and Ag nanoparticles has occurred forming a
random alloy structure.

Only when the Au and Ag toluene mixtures were mixed
so that the gold particles were in large excess (i.e., Au:Ag
> 10:1) were ordered superlattice structures observed. Fig-
ure 3a shows a bright field image of such an ordered re-
gion. The dark particles, which are 8 nm in diameter, form
a hexagonal array, whereas the fainter particles, which are
5 nm in diameter, are positioned in each of the trigonal in-
terstices. The distance of closest approach of any of the me-
tallic cores is approximately 1.5 nm, corresponding to the
dimensions expected for a layer of interdigitated C10-thiol
chains. The local stoichiometry of this region corresponds
to AB2 and the superstructure adopted is analogous to the
AlB2 alloy structure.[10] In this case it is dangerous to assign
the chemical identity of the two species only on the basis of
the level of contrast in the bright field image since the par-
ticles have different sizes and part of the strong contrast in
the larger particles could be due to thickness rather than
mass contrast. Hence energy dispersive X-ray (EDX) anal-
ysis using a 0.7 nm diameter electron probe was employed
to determine directly the chemical identities of the constit-
uent particles. The probe was scanned along the line
marked RS in Figure 3a crossing the cores of four smaller
particles and two of the larger particles in the sequence
-BABBAB-. Figures 3b, c, and d show the EDX linescans
obtained from the 2.307 eV S Ka, the 9.711 eV Au La, and
the 2.984 eV Ag La emission lines respectively. There is a
strong spatial correlation of the 8 nm particles with the Au
signal, and the 5 nm particles with the Ag signal, confirm-
ing that the local number ratio nAu/nAg of particles is 0.5.
Furthermore, it is seen in Figure 3b that the weak S signal
is roughly constant across the whole linescan as it should
be since both types of particle are covered with a thiol li-
gand sheath.

Hence, for the first time, the formation of a true ordered
colloidal alloy comprised of two differing types of metallic
cluster has been demonstrated. The largest raft of this type
that has been observed to date is about 150 ´ 150 nm, as
compared to the 1 � 1 mm AB2 rafts obtained when using
bimodal Au preparations.[9] On a typical TEM grid square
for the 10Au:1Ag preparation we would come across sever-
al of these ordered patches, usually embedded in a more
random alloy structure similar to that shown in Figure 2.

The particle-size ratio RA/RB, measured from mid-gap to
mid-gap, for the superlattice shown in Figure 3 is 0.625.
This is on the upper limit of the allowed size ratio range
(0.482 < RA/RB < 0.624) predicted by Sanders and Mur-

Fig. 2. Complementary a) bright field and b) annular dark field images of a
random Au/Ag colloidal nanoalloy structure.

Fig. 3. a) A bright field image of an ordered Au/Ag colloidal nanoalloy raft.
Also shown are EDX linescans taken along the line RS using b) the
2.307 eV S Ka, c) the 9.711 eV Au La, and d) the 2.984 eV Ag La X-ray
emission lines.



ray[12] for the AB2 structure to be stable. In contrast to the
AB2 structure formed from pure Au particles (Fig. 1a), it is
also possible that an extra degree of stability is being con-
ferred upon this nanoalloy structure by virtue of an elec-
tronic (or polarization) contribution. The work functions of
metallic Ag and Au are 4.5 and 5.2 eV respectively.[14]

Since neighboring Au and Ag particles are effectively sepa-
rated only by a 1.5 nm thick dielectric layer, it is possible
that electron transfer can occur from Ag to Au via a tun-
neling process to equalize Fermi levels. The resultant posi-
tive charges associated with the Ag and negative charges
on the Au clusters could then give rise to an additional
electrostatic attraction between neighboring Au and Ag
particles. This extra contribution to nanoalloy stability has
yet to be confirmed experimentally.

This work demonstrates, albeit on a rather limited spatial
scale, the scope of using self assembly to create ordered
two-dimensional arrays of multicomponent systems. This
observation should have far reaching implications for the
future of nanotechnology. Combining nanoparticles of dif-
fering materials in this way should allow the manufacture
of new nanocomposite materials with a plethora of exploit-
able electronic, optical, and magnetic properties.

Experimental

Thiol-capped gold nanoparticles were prepared by the addition of dec-
anethiol to a toluene solution of colloidal gold prepared by established two-
phase methods [15]. The conditions of synthesis were slightly modified: after
phase transfer of the gold salt, the toluene phase contained 1 mmol of
AuCl±

4 in 80 mL of 50 mM tetrakis(decyl)ammonium bromide. After reduc-
tion in aqueous BH±

4, 1-decanethiol (523 mg) was added; isolation of the de-
rivatized clusters was achieved by precipitation following addition of
200 mL of methanol and the product was redissolved in toluene.

Thiol-capped silver particles [16] were also prepared by a modified two-
phase technique. AgNO3 (0.0637 g) was dissolved in 25 mL of deionized
water and 50 mL of 25 mM tetrakis(decyl)ammonium bromide in toluene
was added to this solution. Vigorous stirring resulted in the formation of a
pale green color in the organic phase. Addition of aqueous sodium borohy-
dride (10 mL; 0.125 M) turned the organic phase a deep brown color. This
was then separated and washed once with dilute sulfuric acid, three times
with deionized water and finally dried with anhydrous sodium sulfate. At
this stage the Ag clusters were stabilized by adsorbed Br± and N(C10H21)+

4

species. 1-Decanethiol (422 mg) was added to 1.5 cm3 of this solution in or-
der to form thiol-capped Ag nanoparticles by direct reaction. This solution
did not exhibit the good stability characteristic of Au particles and for this
reason was used directly. It is important to note that no residual Br± species
were detected with EDX, implying that complete substitution of
N(C10H21)+

4 Br± with C10-thiol ligands had occurred and that the quaternary
ammonium salt was excluded from the regions where the nanoalloy crystal-
lized.

Specimens for examination by electron microscopy were prepared by
slow evaporation of a drop of the toluene solution onto a carbon-coated
copper-mesh grid. The samples were examined in a VG HB601 UX scanning
transmission electron microscope (STEM) operating at 100 kV with a
0.7 nm probe size. An annular dark field detector was employed for record-
ing dark field images. The STEM was equipped with an Oxford Instru-
ments/Link EDX analysis system (RTS/FLS2) for nanometer scale chemical
analysis.
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Microstructured TiO2 Templates for the
Preparation of Size-Controlled Bryopsis
Protoplasts as Cell Models**

By Tetsu Tatsuma, Ayako Ikezawa, Yoshihisa Ohko,
Tetsuya Miwa, Tomokazu Matsue, and Akira Fujishima*

In general, growing cell cultures requires a clean bench,
equipment for rigorous sterilization, and high skill to pre-
vent contamination. This sometimes limits in vitro physio-
logical studies on living cells. On the other hand, proto-
plasts of the marine alga Bryopsis plumosa can be prepared
without any special skill or equipment.[1] The plant is cut
and the protoplasm is pressed out of the plant. The proto-
plasmic droplets thus obtained are placed in a glass dish
filled with seawater. Then chloroplasts and other organisms
contained in the protoplasm gradually aggregate, and final-
ly form protoplasts.[1,2] Some of the protoplasts even germi-
nate and regenerate whole plants. This technique does not
require any careful culturing or rigorous sterilizing proce-
dures. Also, the technique is much easier than the typical
procedure of protoplast preparation from normal plant
cells, for which cell walls are removed by an appropriate re-
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