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Fig. 2. a) Comparison of the C K-edge from a commercial VC powder (fine
line, ~0.3 eV energy resolution) with that from V3C; prepared by an SSM re-
action (thick line, ~1 eV resolution). b) Comparison of the V L, 3-edges. The
two superimposed spectra have an energy resolution of ~1.6eV while that
displaced upward has an energy resolution of ~0.3eV.

1.504 A). Patterns were indexed using TREOR or METRIC-LS programs.
SEM/EDX was carried out on a JEOL JSM820 microscope, equipped with
a Kevex Quantum Detector Delta 4, and a Hitachi SEM S-570. Infrared
spectra were recorded on a Nicolet 205 spectrometer using KBr pressed
discs. Elemental compositions were determined by the departmental service
using combustion in oxygen with tin powder as a combustion aid. The EELS
spectra from the commercial VC powder (Alpha chemicals) were recorded
using a GATAN 666 PEELS spectrometer on a VG Microscopes HBS scan-
ning transmission electron microscope operated at 100 keV, whereas those
from the VgC; produced by the SSM reaction were recorded using a similar
spectrometer system on a Phillips CM20 transmission electron microscope
with a field emission gun operated at 200 keV.

Reactions of Al,Cs; and Transition Metal Halides (TiCl;, ZrCl, VClI;,
WCl,, MoCls, and MoCls): Transition metal halide, MX,,, and aluminum car-
bide, n/12 A1,Cs (0.1 mmol), were ground together and heated inside an
evacuated ampoule. The ampoule was placed with 2/3 of its length inside a
tube furnace at 500 °C. The reaction was left for 2-3 h at 500 °C and then
the temperature was raised by 100 °C every 12 h to 1000 °C and left to an-
neal for 2-5 days. The coformed AICl; separated from the black-gray car-
bide product by sublimation to the cool end of the ampoule.

The black or gray solids obtained were treated with THF (2 x 5 mL) and
methanol (1 x 10 mL) and dried in vacuo. The resulting gray to black pow-
ders were analyzed using powder XRD (Table 1), SEM/EDX, FTIR, ele-
mental microanalysis and, in the case of vanadium, PEELS. (Microanalysis:
VgCy: Obs. C 13.75, H 0.21, N 0.19 %; Caled. C = 17.07 %; Mo,C: Obs. C
6.66, H 0.0, N 0.0 %; Calcd. C = 5.88 %; WC: Obs. C 6.64, H 0.14, N 0.0 %;
Caled. C=6.12%.)
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Reactions of CaC, with TiCl;, ZrCl, VCl;, WCl,, MoCl;, and MoCls:
Metal halide, MX,,, and calcium carbide, n/2 CaC, (0.2 mmol), were ground
together and heated in an evacuated Pyrex glass ampoule. This induced a ra-
pid reaction that produced a red glow at ca. 200-350 °C with the product
spread along the inside walls of the ampoule. The temperature was ramped
to 500 °C (20 °C/min), left for an hour, and allowed to cool to room tempera-
ture. The solids obtained were triturated with methanol (5 x 6 mL), dried in
vacuo and analyzed by powder XRD (Table 1), SEM/EDX, and FTIR.
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Superlattices of Self-Assembled Tetrahedral Ag
Nanocrystals**

By Zhong L. Wang,* Steven A. Harfenist, Igor Vezmar,
Robert L. Whetten, James Bentley, Neal D. Evans, and
Kathy B. Alexander

Size- and shape-selected passivated nanocrystals behave
like molecular matter that can be used as the fundamental
building blocks for constructing ordered arrays of metal,
semiconductor, and ceramic nanocrystals.[l'“] The forma-
tion of self-assembled arrays involves the self-organization
into monolayers, thin films, and/or superlattices of size-
selected nanoclusters encapsulated in a compact protective
organic coating. Nanocrystals can be arranged with long-
range translational and even orientational order, forming a
new state of materials with ordering on two different length
scales: the atomic dimension and the nanocrystal molecular
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dimension. With control of the interparticle distance by
choosing the length of the passivation molecules, a transi-
tion from insulator to semiconductor or conductor is possi-
ble owing to strong interparticle interactions. This reso-
nance gives rise to new plasmon modes, possibly leading to
large optical nonlinearity.?!

The crystallography of self-assembled nanocrystal super-
lattice (NCSs) materials can be strongly affected by the
geometrical shape of the nanocrystals, because the interac-
tion between adjacent nanocrystals is believed to be weak
(van der Waals forces) so that the packing is determined, to
a large extent, by the geometrical configuration.!'3 In this
communication, we report the successful preparation of
well-ordered arrays of Ag nanocrystals whose predominant
shape is tetrahedral. The packing exhibits not only long-
range translational order but also short-range orientational
order. A model is suggested to interpret the geometrical
packing of the nanocrystals and the conclusion supports
the bundling of passivation molecules on nanocrystal sur-
faces.

Silver nanocrystals with specific size and shape were
synthesized by an aerosol technique, reported in detail
elsewhere.®'*! The nanocrystals were passivated by
SCi,H,s chain molecules and were suspended in toluene.
Ordered NCSs were formed by slowly drying a droplet of
the solution on a thin carbon (or SiO,) film supported by a
copper grid. The structure of the nanocrystals was deter-
mined using transmission electron microscopy (TEM). The
TEM experiments were performed at 300 kV using a Phil-
ips CM30 TEM and at 400 kV using a JEOL 4000EX high-
resolution TEM.

For imaging the ordered distribution of nanocrystals,
conical scan dark-field TEM imaging, obtained in the dark-
field mode with a centered objective aperture while the in-
cident beam is tilted and scanned conically,’® has shown
great potential for distinguishing monolayer, bilayer, and
trilayer NCSs. Figure 1 is a dark-field TEM image of a
monolayer Ag NCS, which clearly shows the size unifor-
mity of the nanocrystals. The slight contrast variation

Fig. 1. Dark-field TEM image of Ag nanocrystals, passivated with thiolates
and dispersed on carbon film, showing ordered self-assembly with long-
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among particles is due to their relative orientations. The
distribution of the nanocrystals has a 2m symmetry that is
likely to be due to the shape of the nanocrystals, as dis-
cussed below. Dark-field imaging is useful for illustrating
the particle core distribution but is a difficult method for
determining the particle shape owing to nanocrystal wob-
bling under the beam during the long exposure time
needed to record the image, typically ~10 s.

Figure 2a shows a bright-field TEM image of a near-
complete monolayer Ag NCS, where more than 70 % of
the particles can be identified to have a triangular pro-
jected shape. The small-angle electron diffraction pattern
shown in the inset proves the ordered structure. There are
two possible geometrical configurations that are likely to
give the projected triangular shapes in the nanocrystal sys-
tem, one is a tetrahedron bounded by four {111} facets, the
other is a (111) based platelet structure. If the latter were
the structure seen here, the contrast within each nanocrys-
tal in the dark-field image would be uniform because of the
uniform thickness of the nanocrystal. In contrast, the dark-
field TEM image given in Figure 2b from the same speci-
men area clearly shows that the contrast across each nano-
crystal is non-uniform, as there is a small bright dot within
the projected area of each nanocrystal. This suggests that
the nanocrystals have a pyramidal shape, where the white
dot corresponds to the projected position of the vertical
apex of the tetrahedron, simply because the contrast in the
dark-field image is directly related to the projected mass
thickness if the diffraction effect is ignored. A high-res-
olution TEM image of the nanocrystals, as shown in the in-
set in Figure 2b, also proves the tetrahedral shape of the
particle, where the incident beam direction is [110], along
which two {111} faces are imaged edge-on. It is also noticed
that the apexes of the nanocrystals appear to be truncated,
possibly because the atoms at the apexes have higher
energy and they are likely to move to sites having lower
energy.'! The low-angle electron diffraction pattern
clearly indicates the ordered assembly of the nanocrystals,
while the pattern gives a 2m symmetry rather than 3m. This
is important evidence for constructing the geometrical
model of the NCS.

To further confirm the tetrahedral shape of the nanocrys-
tals, the specimen was tilted by ~40° in the TEM. From the
TEM image shown in Figure 3 most of the particles still
have a projected triangle shape, as expected. The decrease
in the interplanar distance in the horizontal direction is a
foreshortening effect due to the tilt of the specimen.

The data presented above unambiguously show the long-
range translational order of the NCSs. Two important ques-
tions are of particular interest. They concern the orienta-
tional ordering of the nanocrystals and the geometrical
pattern of the self-assembly. The images shown in Figure 2
indicate that the orientation of the nanocrystals is close to
uni-axial along the normal direction of the substrate, but
the in-plane twisting may only have short-range order. To
answer these questions, we first examine an ideal situation
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for the geometrical assembly of identical tetrahedra. A few
possible configurations are proposed in Figure 4. These
models are given based on two theoretical predictions:[”]
the adsorbate heads are tethered uniformly to the nano-
crystal surfaces but the chain-like tails are packed into bun-
dles to give the lowest energy. The experimental observa-
tion of truncated octahedral Ag nanocrystals supports
these two predictions.! If the perfect three-fold symmetry
is preserved, the model shown in Figure 4a would be the
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Fig. 2. a) Bright-field and b) dark-field
TEM image of a monolayer assembled
superlattice of tetrahedral Ag nanocrystals.
A low-angle electron diffraction pattern is
inserted in (a), corresponding to the inter-
planar distances indicated in the images. A
high-resolution TEM image of a tetrahedral
Ag nanocrystal is shown in the inset of (b),
whose shape is a truncated tetrahedron be-
cause the atoms located near the apexes are
absent.

choice, but this model leave unfilled space (an array of
large voids) in the monolayer. The model shown in Fig-
ure 4b is also similarly unfavored. The model presented in
Figure 4c fills the space. A careful examination of this
model gives three nanocrystal lines, two of which are of
equal interplanar distance, while the third one is slightly
smaller than the other two, exhibiting two-fold mirror sym-
metry. The real-space symmetry of this model agrees well
with the experimentally observed low-angle electron dif-

Adv. Mater. 1998, 10, No. 10
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Fig. 3. Bright-field TEM image of a monolayer Ag NCS after the specimen
was tilted by 40°.
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Fig. 4. a-d) Possible monolayer self-assembly models of tetrahedral nano-
crystals passivated by bundled thiolate molecules.

fraction pattern inserted in Figure 2a, in which the scatter-
ing angle of one pair of planes (indicated by arrowheads) is
larger than the angles of the other two sets of planes (2m
symmetry). More directly, the real-space distribution of the
tetrahedral particles in some regions, as indicated in
Figure 2a, agrees with this model. Therefore, model ¢ in
Figure 4 is likely to be a good illustration of the orienta-
tionally ordered packing of the tetrahedral nanocrystals.
Alternatively, the model given in Figure 4d shows the same
characteristics as the one in Figure 4c, but half of the parti-
cles face down to produce the most compact packing, as
required for minimizing the assembling energy. Unfortun-
ately, the TEM images cannot distinguish model ¢ from
model d because of the results of projection.

To directly image the distribution of thiolate molecules
on the particle surface, energy filtered electron images
were acquired by selecting the electrons that excited the
carbon K ionization edge in the TEM; the image intensity
is proportional to the local projected density of carbon
atoms. This is the so-called energy-filtered TEM (EF-
TEM),['! and a resolution of ~2 nm can be achieved. Fig-
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ure 5 shows the bright-field TEM image and the corre-
sponding EF-TEM image acquired by selecting the carbon
K ionization edge using the electron energy filtering system
equipped on the TEM. The dark spots correspond to the
Ag nanoparticles, while the bright contrast areas represent
higher local projected carbon concentrations, in which the
effect from SiO, substrate was removed by image process-
ing. It is apparent that the distribution of carbon around
the Ag nanocrystals is non-uniform, rather forming accu-
mulated carbon-rich aggregates, in correspondence to the
bundled thiolates on the particle surfaces.

Fig. 5. a) Bright-field TEM image and b) energy filtered TEM image of
electrons after exciting the carbon K edge, showing the distribution of
carbon atoms around the nanocrystals. The arrowheads indicate a few nano-
crystals around which the image contrast shows a trio-split, possibly indicat-
ing the bundling of passivation molecules on the surfaces of the nanocrys-
tals.

In conclusion, tetrahedral Ag nanocrystals synthesized
by an aerosol method behave like molecular matter, form-
ing patterned nanocrystal superlattices (NCSs). The NCSs
have long-range translational order, while the orientational
order is short range. A model is suggested to explain the
observed orientational order and the results support the
following: the thiolate adsorbates are distributed over the
nanocrystal surfaces, their extended tails (chains) extend to
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form bundles, and the entire assemblies orient in such a
way that the bundles tend to fill the entire space.
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Surfactant- Assisted Synthesis of a Mesoporous
Form of Zirconium Phosphate with Acidic
Properties**

By José Jiménez-Jiménez, Pedro Maireles-Torres,*
Pascual Olivera-Pastor, Enrique Rodriguez-Castellon,
Antonio Jiménez-Lopez, Deborah J. Jones, and
Jacques Roziére*

The continuous demand for acidic solids for use in the
fields of catalysis and sorption has greatly encouraged the
search for new materials with a porosity and intrinsic reac-
tivity that can be tailored.l'! The synthesis of the family of
M418S solids has shown that surfactant species favor, by a
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mechanism of cooperative nucleation, the formation of
organo-inorganic nanocomposite biphase arrays, the struc-
tures of which mimic those of liquid crystals.[2’3] This syn-
thetic approach is demonstrating its importance by its ver-
satility, and a great variety of mesoporous solids have been
prepared since the landmark articles of Beck et al. We re-
port here the sol-gel synthesis of zirconium phosphate in
the presence of a structure-directing cationic surfactant,
leading to mesoporous solids with a BET (Brunauer-Em-
mett-Teller) surface area of ca. 250-320 m®g™" and a high
and modulable surface acidity following removal of the sur-
factant by acid-ethanol extraction or by calcination at
540°C.

Zirconium phosphate is the most studied member of the
well-known family of layered solid acids.! “Pillared” de-
rivatives can be prepared by intercalation of inorganic or
organometallic species followed by a grafting reaction de-
signed to eliminate organic matter, dehydroxylate, and an-
chor the pillaring metal oxide nanoparticle formed to the
layer. These multifunctional zeolite-like compounds are
meso- and microporous, and have potential applications as
catalysts and catalyst supports.’] Although templated
syntheses of open-framework phosphates has been devel-
oped as a route to ultra-large pore solids,®! until very re-
cently, surfactant-assisted syntheses of metal phosphates
led only to layered phases,m and the synthesis of mesopor-
ous phosphate-based solids with pore dimensions larger
than those of the aluminum phosphates remained a chal-
lenge. Last year, however, Zhao et al. reported the prep-
aration of a thermally stable mesoporous hexagonal alumi-
nophosphate and silicoaluminophosphate with BET sur-
face areas of 772 and 928 m>g™, respectively.’l Some
months earlier, Ciesla et al. had recourse to phosphoric
acid treatment of a surfactant-containing zirconium oxosul-
fate gel, which, by neutralizing the remaining ZrOH
groups, helped to avoid the structural collapse of the zirco-
nium oxide on removal of the surfactant. This led to high
surface area zirconium oxophosphate.’! In a different ap-
proach, we have used phosphoric acid directly at the stage
of the formation of the inorganic matrix, and now report
the templated synthesis and characterization of a new me-
soporous zirconium phosphate with uniform pore dimen-
sions and acidic properties.

The synthesis of this new templated zirconium phosphate
(t-ZrP) was carried out by mixing an aqueous solution of
cetyltrimethylammonium (CTMA) bromide (25 wt.-%, Al-
drich) with orthophosphoric acid (85 wt.-%, BDH Analar)
(P/CTMA molar ratio = 1). The CTMA solution was then
aged for at least 30 min before adding zirconium n-propox-
ide (Zr(OCsHy)4, 70 wt.-% solution in 1-propanol, Al-
drich), in a molar ratio P/Zr = 2. The gel that immediately
forms was stirred at room temperature for 2-3 days. The
solid was then recovered by filtration, washed with ethanol,
and dried at 60 °C. Two procedures were used to remove
the surfactant: i) extraction with HCl/ethanol (ext-t-ZrP)
and ii) calcination at 540 °C in air (calc-t-ZrP).
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