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Nanoparticle networks can be synthesized by the self-as-
sembly of arrays of metal colloid particles linked by spacer
molecules of different sizes. The particles are linked through
reactive aluminum sites in a metal–organic shell around the
metal particles. Rigid spacer molecules with functional
groups at each end are used to bind at these reactive sites.
The resulting networks have been characterized by various
methods such as transmission electron microscopy (TEM),
sorption analysis, X-ray absorption spectroscopy (XAFS),
anomalous small angle X-ray scattering (ASAXS), metasta-
ble impact electron spectroscopy (MIES), and ultraviolet
photoelectron spectroscopy (UPS). These investigations

Introduction

The assembly of nanosized metal particles into highly
ordered arrays has become a new trend in chemistry over
the past few years.[1–3] The resulting materials are expected
to exhibit novel collective properties that make them very
promising with respect to application in microelectronics or
optics.[4,5] Superlattices of nanocrystals have already been
reported,[6–12] but bottom-up syntheses of three-dimen-
sional structures consisting of nanoparticles still remain a
challenge for the synthetic chemist. Over the past couple of
years we have developed a synthetic strategy for the prepa-
ration of arrays of three-dimensionally connected nanopar-
ticles. The key feature of this synthesis is the formation of
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showed that the metal nanoparticles form aggregated net-
works with average distances between the metal particles
that are determined by the sizes of the spacer molecules ap-
plied. In this way, porous as well as nonporous networks have
been obtained. Whether accessible pores are formed de-
pends on the type of spacer molecule. Furthermore, the prop-
erties of the metal particles have proved to be sensitive
towards the reaction of the aluminum in the protective shells
with the linker molecules.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

a reactive metal–organic colloidal protecting shell around
the particles.[13] Reactive alkylaluminum groups in the pro-
tective shell allow substitution of the alkyl groups by other
organic groups,[14] and the use of bifunctional substituents
allows the linking of two metal particles and, consequently,
the formation of larger networks of metal particles.[15,16]

Using this approach it possible to cross-link different types
of metal nanoparticles, such as Pt, Ni, and Co. The syn-
thetic procedures have been adapted to the specific chemis-
try of the metal species, and the suitability of different alkyl
groups in the protective shell has been investigated. The
present review gives a survey of these results. In order to
provide a consistent thread, however, we will focus here
mainly on cross-linked Pt nanoparticles.

Synthesis of Pt Colloids

Different colloid particles, i.e. Pt, Ni, and Co, are consid-
ered in this survey, although the general synthetic concept
will be demonstrated for Pt particles. In a typical synthesis,
the Pt colloids were prepared as follows: Pt(acac)2 (1.97 g,
5 mmol) was dissolved in 200 mL of toluene. Then,
Al(CH3)3 (1.44 g, 20 mmol) was dissolved in 200 mL of tol-
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uene and carefully added to the first solution over 4 h at
60 °C. After the gas evolution had stopped (24 h), the solu-
tion was filtered, and all volatile components were com-
pletely evaporated under vacuum to give 2.4 g of colloidal
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platinum powder in the form of a black, air-sensitive pow-
der. The Pt colloid used for the experiments described here
had a composition of 40% Pt, 14% Al, 31% C, and 6% H
(by elemental analysis).
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Formation of Pt Colloid Networks

As described above, Pt colloid particles were prepared
by reducing [Pt(acac)2] with Al(CH3)3. These particles have
highly reactive methylaluminum groups in the colloidal sta-
bilizer, which allows protonolytic reactions at the protective
shell with alcohols or carboxylic acids, while the metallic
core remains intact. Several bifunctional organic spacer
molecules have been used to cross-link the Pt colloid to
form nanoparticle networks. One example using hydroqui-
none as the spacer is illustrated in Scheme 1.

Scheme 1. Principle of the protonolytic cross-linking mechanism.

Further spacer molecules used to cross-link protected
colloid particles are shown in Scheme 2. The spacer com-
pounds HBDB, HBP, and HPDB were kindly supplied by
Prof. Dr. Joannis Kallitsis[17,18] of the Institute of Chemical
Engineering at the University Patras, Greece. For simplicity,
the abbreviations given in the scheme will be used when
discussing the different molecules.

Scheme 2. Structures of the molecular spacers.

All reactions were performed in THF. The ratio of meth-
ylaluminum groups in the colloid to hydroxy groups in the
molecular spacer was found to be 1:1. The molecular spa-
cers were added dropwise into the Pt colloidal solution over
1 h. The quantity of reactive methylaluminum groups in the
colloidal shell can be measured on the basis of the amount
of gas (methane) evolved upon adding acetic acid to the
Pt colloid. Since the reactive methylaluminum groups are
statistically present on the colloidal surfaces, a 3D cross-
linked nanoparticle network can be expected. The precipi-
tate formed after the cross-linking reaction between the Pt
colloid and the bifunctional molecular spacers can be iso-
lated by simple filtration.
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In the present work, several molecular spacers with dif-
ferent rigidity have been used to prepare Pt nanoparticle
networks; their structures are depicted in Scheme 2. Here
we will focus mainly on the more-rigid molecules hydroqui-
none (HQn), HBP, HBDB, and HPDB rod-like structures.
The spacer lengths depend more or less on their conforma-
tional structures.

The introduction of HBDB and HPDB into the Pt colloi-
dal solution caused a precipitate to form in 2 h. Compared
with the results using hydroquinone and HBP as the spa-
cers, these precipitates were produced rapidly and were very
loosely suspended in the reaction medium. For some sam-
ples, the preparation conditions were varied to investigate
the effect of this variation on the properties of the resulting
materials. For example, the sample Pt/HBP was synthesized
at 50 °C, while another sample, Pt/HBP2, was prepared at
25 °C using the same spacer molecule. In a similar manner,
Pt/HBDB and Pt/HBDB2 were prepared at 50 and 25 °C,
and Pt/HPDB and Pt/HPDB2 at 25 and 50 °C, respectively.

Characterization Methods

Transmission Electron Microscopy (TEM)

TEM measurements were performed using a Hitachi H
7500 instrument operating at an accelerating voltage of
120 kV. Energy-dispersive X-ray spectroscopy (EDX) analy-
ses were performed to obtain a chemical analysis of the
particles using an Oxford Instruments INCA EDX spec-
trometer attached to the microscope. The TEM samples
were prepared by placing a drop of the colloidal dispersion
onto a copper grid coated with a carbon film. High-resolu-
tion TEM measurements were performed on a Hitachi HF
2000 Instrument operating at 200 kV. In order to obtain a
chemical analysis of the bimetallic catalysts, point-resolved
EDX analyses were performed using a Noran Instruments
EDX spectrometer attached to the microscope. The samples
were prepared by placing a drop of the colloidal dispersion
onto a copper grid coated with a lacey film.

Physisorption Analysis

Nitrogen sorption isotherms were recorded with a Micro-
meritics ASAP 2010 sorption analyzer at 77 K to evaluate
the textural properties of the prepared porous materials.
Prior to the measurements, the samples were evacuated at
80 °C for 12 h. The BET (Brunauer–Emmett–Teller) surface
area was calculated from the adsorption data in the relative
pressure interval from 0.06 to 0.20.

Anomalous Small-Angle X-ray Scattering (ASAXS)

For the characterization of nanostructures with typical
metal-particle diameters and interparticle distances in the
1–10 nm regime, small-angle X-ray scattering (SAXS) is
amenable for the determination of the structure parameters.
Thus, anomalous small-angle X-ray scattering (ASAXS)
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was applied to analyze the inter-particle distances of the as-
prepared Pt network products, as the contributions from
the organic parts and pore-like voids can be subtracted.
Different Pt samples[15] were investigated by ASAXS at the
JUSIFA beamline[19] at HASYLAB (DESY Hamburg, Ger-
many). The contrast variation experiments were performed
at two X-ray energies, namely E1 = 11.437 keV and E2 =
11.535 keV, near the PtL3 [E(L3) = 11.564 keV] absorption
edge (for a detailed description, see ref.[16]).

Since ASAXS is not a very common characterization
method, the principle of ASAXS measurements will be in-
troduced here.

In the case of a low-concentration ensemble of uniform
metal particles in a (negligible) low-molecular matrix, the
particle scattering intensity can be written as:

where c0 (= Nanoparticlearticle/Vsample) is the number den-
sity of the particles, n [= Natoms/V (V = particle volume)] is
the number density of the metal atoms within a particle, f0

is the scattering amplitude, and S2(Q) is the intraparticle
interference factor, i. e., the form factor of a particle.

For a spherical particle of radius R0, the particle form-
factor is defined by

with the magnitude of the scattering vector Q being
equal to 4π sinΘ/λ (λ is the X-ray wavelength and 2Θ is the
scattering angle). In order to obtain more information on
the (pure) particle scattering, it is convenient to perform
ASAXS experiments. For the two-phase model, the total
differential cross-section is given by

where np, fp, nm, and fm are the number densities and
atomic form-factors, respectively, of the particles (p) and
the surrounding matrix (m). Besides the particle scattering,
an additional background scattering term dΣ/dΩbg(Q)
(which is proportional to Q–4 in most cases) contributes to

Figure 1. Schematic representation of the dependence of atomic scattering factors from the energies close to the absorption edge of an
element (here Pt).
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the total differential cross-section, which, for the most part,
originates from inhomogeneities in the matrix. Therefore,
the SAXS intensity almost always contains a (in many cases
non-negligible) contribution from the matrix if a SAXS ex-
periment is performed at only one energy. Fortunately, the
particle scattering can quite easily be separated from the
matrix background if, for example for Pt particles, contrast-
variation experiments are carried out at at least two dif-
ferent energies near the PtL3 absorption edge [E(PtL3) =
11564 eV]. As shown schematically in Figure 1, the atomic
form-factors of the Pt particles vary significantly at energies
close to the absorption edge, while those of all other ele-
ments, i.e. the matrix, remain more or less constant.

Thus, the atomic form-factors

of the mainly organic matrix components (C, H, O) re-
main almost constant in this energy regime. A simple sub-
traction of two SAXS curves measured at two different en-
ergies E1 and E2 yields the (almost) pure (Pt) metal-particle
scattering

(in the case of negligible f�� correction terms), which re-
duces to

From the scattering curves thus obtained, the average
particle sizes and particle–particle distances are accessible.
Figure 2 shows how the thickness of the protective layer
and the average distance between particles that are linked
by different spacer molecules are accessible from the
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ASAXS data. Knowing the size (R0) of the pure colloid
particle allows calculation of the thickness of the protective
shell (tps) from the particle–particle distance if the protected
particles have direct contact, i.e. in solid aggregates of pro-
tected particles without spacer molecules. The distance (D0)
between cross-linked particles then allows calculation of the
distance (lsp) due to the spacer molecules by considering the
thickness of the protective layer according to lsp = D0 –
(2tps).

Figure 2. Model to calculate the thickness of the protective layer,
tps, and the distance due to the spacer molecule, Isp, from the par-
ticle–particle distance, D0 (R0 is the radius of the colloid particle,
here Pt colloid).

X-ray Absorption Spectroscopy (XAFS)

The X-ray absorption spectra discussed in this article
were measured in transmission mode at two different syn-
chrotron radiation sources: at the ELSA storage ring at
University of Bonn, Germany, and at the Center for Ad-
vanced Microstructures and Devices (CAMD). Detailed de-
scriptions of the beamlines and instrumentation are found
in the literature;[20,21] important parameters of the measure-
ments are summarized in Table 1.

To prepare the samples for measurement at the AlK-
edge, a very thin but homogeneous and pinhole-free layer
of powder was fixed on an ultra-thin (6 µm) polypropylene
film by application of pressure. For all other measurements,
the dried colloids were mixed with boron nitride and
pressed into pellets. The optimal sample thickness was
found by trial and error and was chosen in such a way that
the maximum absorption, µd, was not higher than 1.2. The
entire process of sample preparation was undertaken in a
glove box filled with argon. Sample transfer to the measure-
ment station also took place under an inert gas atmosphere.

XANES data treatment consisted of subtraction of a lin-
ear background adapted to the pre-edge and normalization

Table 1. Results of PtLIII EXAFS analysis for unconnected and two differently connected nanoparticle systems. Fitting was done in r-
space between 0.15 and 0.32 nm using a k-weight of 3.

PtL3 Edge Backscatterer R [nm] N σ2 [nm2] E0 [eV]

Unconnected Al 0.248±0.002 0.8±0.4 2×10–5 ±3×10–5 0.1±6.3
Pt 0.270±0.002 4.0±3.3 11×10–5 ±6×10–5 –0.5±3.6

Connected O 0.07±0.001 0.7±0.1 5×10–5 ±1×10–5 8.1±1.6
(sebacic acid) Al 0.253±0.001 0.4±0.1 2×10–5 ±2×10–5 2.9±2.8

Pt 0.267±0.001 4.7±0.6 9×10–5 ±1×10–5 0.9±0.8
Connected Al 0.250±0.001 0.8±0.1 4×10–5 ±8×10–5 11.4±1.6
HBP Pt 0.279±0.001 6.2±1.4 2×10–5 ±1×10–5 11.4±1.6
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to an edge jump of one at the position given in Table 1. For
EXAFS analysis, the UWXAFS package[22] was used.

Metastable Impact Electron Spectroscopy (MIES) and
Photoelectron Spectroscopy (UPS)

The characterization of the surface of metal nanopar-
ticles (nanoparticle) is of considerable technological rele-
vance as:
· often a pre-stabilization, i. e. passivation of the particles
against air and/or moisture, is required when it is planned
to integrate them into nanostructures (or particle networks
as in the present application);
· a termination of the nanoparticles by some particular
active molecular group, with bifunctional character in the
present case, is required in order to be able to interlink the
nanoparticles within a customized nanostructure or particle
network;
· some applications require a peptization of the nanopar-
ticles, i. e. their embedding into a micelle of specific organic
molecules, in order to prevent sintering of the reactive
nanoparticles.

Thus, the availability of techniques that are able to con-
centrate specifically on the chemical properties and the elec-
tronic structure of the outermost layer of the nanoparticles
is mandatory in order to design, characterize, and manipu-
late nanoparticles in particle networks or nanostructures in
general. Ideally, the depth resolution of the employed sur-
face-analytical technique should be tunable in the sense
that, besides the information on the outermost layer, the
corresponding information on the sub-surface region of the
particles should also be provided for comparison.

MIES metastable He atoms are utilized to eject electrons
from surfaces. Metastable He* atoms with thermal energy
interact with condensed matter, including nanoparticles, by
three different mechanisms depending on the electronic
structure of the surface under consideration and its work
function.[23,24] In the present work, only Auger neutraliza-
tion (AN) and Auger deexcitation (AD) are observed.
When molecular adsorption onto metals is studied, the situ-
ation can become complicated as a change of the mecha-
nism from AN (on clean metals) to AD often takes place
as a function of the adsorbate coverage because either an
insulating surface is formed or the transfer of the He 2s
electron into the metal, which is a prerequisite for the AN
process, becomes inhibited because the metal becomes in-
creasingly shielded by adsorbed species from access by the
He* probe atoms.
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Figure 3. a) TEM image of Pt colloid particles and b) the corresponding particle size distribution (from ref. 16 with permission from
IUCr).

While the energy balance of MIES (at least for the AD
process) is quite similar to that of UPS (HeI) the depth
information of MIES is “zero” because the Auger processes
typically take place 4 a.u. in front of the surface and elec-
trons are ejected from species in the outermost layer of the
nanoparticles. On the other hand, the depth information of
UPS (HeI) is about three monolayers (ML), therefore this
technique provides information on the sub-surface region,
although averaged over three monolayers. A more detailed
introduction to MIES and its various applications in mol-
ecular and surface spectroscopy can be found in recent re-
views.[23,24] Details of the apparatus employed for the pres-
ent work can be found elsewhere.[25–27] For the characteriza-
tion of the chemical composition of the bare surface as well
as of films of nanoparticles the apparatus was equipped
with a twin anode (Mg/Al) XPS source.

Characterization of Pt Colloids

TEM, ASAXS, and Sorption Analysis

A TEM image of the Pt colloid sample used and the
respective particle size distribution is shown in Figure 3.
The particles have an average diameter of 1.2 nm.

The particle sizes were confirmed by small-angle X-ray
scattering experiments. The particle sizes determined for the
Pt colloids by ASAXS were 1.2±0.06 nm. The average dis-
tance between neighboring Pt particles in this solid was de-
termined by ASAXS to be 0.36 nm. Assuming a direct con-

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 3625–36403630

tact between the protected particles, the thickness of the
protective layer is thus 0.18 nm.

After evaporation of the solvent, nitrogen sorption ex-
periments on the obtained powder resulted in specific sur-
face areas (BET) in the range of only a few square meters
per gram. From geometric considerations, spherical 1.2-nm
Pt particles should have a specific surface area of about
230 m2 g–1. This discrepancy can be explained by the ex-
tremely small voids that form between densely packed par-
ticles of this size − the nitrogen molecules are simply too
large to fit into these voids. Thus, only the external surface
areas of the Pt particle aggregates contribute to the BET
surface area. The majority of the colloid particle surfaces
are inside the aggregates and thus not accessible to the ni-
trogen.

XAFS Characterization of Particles Before Networking

Figure 4 shows the PtL3-edge XANES spectra of the Pt
nanoparticles that, along with the spacer molecules, form
the basic building blocks of the cross-linked systems under
investigation in this study. Evidently, clear differences with
the reference spectrum of a Pt foil are observed. For exam-
ple, the characteristic resonances of the reference spectrum
are present, but strongly damped. This is to be expected for
nanoscaled systems. One reason for this resides in the large
number of surface atoms (in this case about 75%) that do
not possess complete nearest neighbor shells and for which
surface relaxation effects prevent the ideal coherent ad-
dition of scattering paths. In addition, nanoscaled particles
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frequently show increased local disorder, which is not de-
scribed well using the standard Debye–Waller factor ap-
proach due to its partially anharmonic nature. A detailed
discussion of such effects on nanoparticles[28–30] and a thor-
ough general discussion of the consequences of such inhar-
monicity[31] can be found in the literature.

Figure 4. PtL3 XANES spectra of (top to bottom): Pt reference
foil, Al-organically stabilized Pt colloid after cross-linking with se-
bacic acid, the same material before cross-linking. Measurements
were performed at CAMD.

Intuitively less to be expected are the changes observed in
the white-line area, where electronic rather than geometric
structure is probed. The maximum intensity of the white-
line feature is slightly reduced and shifted to higher exci-
tation energy and features a less-steep slope to the high en-
ergy side. Calculations performed in the context of a pre-
vious in situ study on the synthesis of such particles[32] sug-
gest that this can indicate an effect of a Pt–Al coordination
to surface atoms.

These results are in agreement with the corresponding
EXAFS analysis, whose results are summarized in Figure 5
and Table 1: in addition to the expected Pt–Pt coordination
at a distance, which is slightly reduced relative to the Pt–Pt
distance encountered in bulk Pt, an additional backscatt-
erer located at a distance of about 2.5 Å is needed in order
to achieve a fit with reasonably good quality. Clearly, this
distance is too high for a second row element such as O or
C, but is in good accordance with the distance expected for
a coordinated Al atom. A more detailed discussion of the
EXAFS analysis of the particles before cross-linking can be
found in a previous publication.[33]

MIES and UPS

The concept of the surface characterization of nanopar-
ticles is as follows. Normally, the metal particles need a
“shell” that serves two purposes:

· Passivation: the long-term stability of the metal particles
(the magnetic particles Fe, Ni, and Co in particular) against

Eur. J. Inorg. Chem. 2005, 3625–3640 www.eurjic.org © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3631

Figure 5. Non-phase-corrected radial distribution functions of
(from top to bottom): a) the colloid before cross-linking, b) the
colloid network with sebacic acid spacer, c) the colloid networked
with HBP.

air and/or moisture has to be guaranteed prior to their inte-
gration into a nanoparticle network or, more generally, into
a nanostructure;

· Anchor Function: the shell must allow for the reliable
embedding of the nanoparticles into the custom-designed
network, i.e. for the reliable interlinking of the particles in
the network by “spacer” molecules.

In general, a two-step procedure must be pursued in or-
der to get information on the composition and the elec-
tronic structure of the particles’ shell:
· A planar film of the species from which the nanoparticles,
Pt in the present case, are composed, has to be studied by
MIES and UPS, eventually supported by techniques that
give additional information on the chemical composition of
the metal film prior to and after being subjected to the shell
molecules (XPS), and on the film topology (STM). Then,
the interaction of selected atomic and/or molecular species
(“shell molecules”; see below) with this film has to be
studied in the same way. This step provides “fingerprint
spectra” that provide structural information that can be
compared with that obtained in the second step on the
nanoparticles from the same species as those that constitute
the film, and also provide structural information on those
molecules that potentially form the shell of the nanopar-
ticles.
· The corresponding analysis is performed on the nanopar-
ticles, which normally possess a shell resulting from wet-
chemical procedures. An obvious complication arises from
the fact that the composition of the shell produced in this
way is, a priori, unknown, i.e. normally cannot be predicted
on the basis of the wet-chemical procedures alone. A com-
parison of the results from the second step with a series of
“fingerprint spectra”, which have either been gathered in
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Figure 6. MIES and UPS spectra of Co nanoparticles pre-stabilized by soft oxidation. Deposition on SiOx. The substrate temperature
after deposition was varied between 200 and 500 °C.

the first step or are already available in the literature, is
required.

For didactic reasons, the details of the above-mentioned
procedure will be illustrated for Co nanoparticles pos-
sessing a shell produced by “soft oxidation”. First, Co films
were produced on SiOx. These films were then exposed to
O2, CO, and CO2 with in situ control by MIES/UPS. A
detailed presentation of the results and their interpretation
can be found elsewhere.[34] Secondly, pre-stabilized Co
nanoparticles were deposited on SiOx substrates from sus-
pensions in toluene.[35] STM indicated that a closed layer of
the particles was obtained. Figure 6 displays the MIES (a)
and UPS (b) spectra of the surface-deposited, pre-stabilized
Co nanoparticles as a function of surface temperature. Also
shown are the energetic positions of the main structures
resulting from step (1). For completeness, we have also indi-
cated where the spectral features from carbonate (CO3)
groups bound to metallic surfaces[36] should be seen.

Below 250 °C some emission must still be attributed to
the ionization of π-type MOs from the aromatic rings of
residual toluene solvent molecules on the surface of the par-
ticles. From the comparison of the results at higher tem-
peratures with those for gas-exposed planar Co films we
estimate that most of the intensity observed in the valence
band region (about 70%) is due to (Co–COx), with the rest
being due to (Co–O) bonds.

For the formation of networks from Pt colloids the exis-
tence of an intact Al-organic colloidal protection shell is
vital. The reactive methylaluminum groups present in the
protecting shell provide the possibility to substitute organic
groups at the Al; for the interlinking of the nanoparticles
via organic spacer molecules these substituents must be bi-
functional. The heating of Al-organic stabilized Pt nano-
particles with in situ control of MIES and UPS (HeI) has
provided important information on the thermal properties
of the Al-organic stabilization.[37] When heating a colloid
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network film consisting of Pt nanoparticles cross-linked by
hydroquinone spacers, MIES shows the disappearance of
the π-emission from the aromatic rings of the spacer mole-
cules at binding energies, Eb, of between 4 and 8 eV. XPS,
on the other hand, only indicates a small, unspecific change
in the C1s and O1s intensities. This suggests the destruc-
tion of the spacer molecules (above 200 °C). Moreover, in-
tensity develops at the Fermi level in the MIES spectra.
This indicates that the Pt colloids (featuring metallic prop-
erties) become accessible to the He* probe atoms utilized
for MIES. For temperatures above 200 °C the MIES spectra
between Eb = 5 and 10 eV start to resemble more and more
those of Al2O3 films.[36] This suggests that, as a conse-
quence of the heating procedure, the Pt colloids are sur-
rounded by some sort of (Al–O) network. This implies that
most of the emission seen between Eb = 5 and 10 eV after
heating would then be due to the ionization of O2p orbitals
from oxygen atoms of the (Al–O) network surrounding the
Pt nanoparticles. XPS provides evidence that the Pt nano-
particles are present on the Si substrate employed for depo-
sition up to 600 °C, although they are now stabilized by a
Al–O network which has no bifunctional character any-
more.

Spacer Molecules

Characterization of the Nanoparticle–Spacer Interaction by
MIES and UPS

Some applications require a shell of organic molecules,
in particular when the sintering of nanoparticles has to be
avoided. Moreover, nanoparticle–organic spacer complexes
are natural building blocks for networks of nanoparticles.
Both applications impose similar problems for their charac-
terization: the functional group, responsible for the nano-
particle–OM (OM: organic molecule) bond has to be iden-
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tified, and the thermal stability of this bond has to be
studied. Essentially the same procedure as described above
for the pre-stabilization of the nanoparticles can be pur-
sued, namely a comparison must be made with the finger-
print spectra obtained from the interaction of the same
OMs (or at least originating from OMs with the same func-
tional groups) with a planar surface possessing the same
termination (the same “shell”, see above) as the employed
nanoparticles.

Here, we concentrate on the nanoparticle–spacer com-
plexes as the peptization of nanoparticles by long-chain car-
boxylic acids (possessing a carbonyl group as functional
unit) has been dealt with elsewhere.[35]

For illustration, Figure 7 presents MIES and UPS (HeI)
spectra for Pt colloids cross-linked by hydroquinone (left)
and chlorohydroquinone (right) spacers. For the as-pre-
pared films there is practically no emission for binding ener-
gies smaller than 3.5 eV. Together with the fact that the
work function of the as-prepared films is 4 eV (as estimated
from the low-energy onset of the MIES spectra), we con-
clude that the studied films possess insulating character,
with a bandgap of 7.5 eV. We have not interpreted the
MIES/UPS spectra for binding energies above 11.5 eV be-
cause this range of binding energies is strongly affected by
contributions from secondary and backscattered electrons
The coarse structure of the MIES spectra for both networks
was identified by comparison with fingerprint spectra avail-
able for p-CPC films (CPC = para-comylphenyl cyanate) on
silicon.[38,39] While the MIES/UPS spectra from p-CPC
show rather well-resolved fine structure due to the ioniza-
tion of the π-MOs of the aromatic rings in particular, the
present spectra show at most indications of a fine structure.
From this comparison, we conclude that the emission be-
tween 4 and 11 eV is largely due to the ionization of the π-
and σ-MOs of the aromatic rings in the spacers. In particu-
lar, the emission between 4 and about 8 eV is largely due to
the ionization of the π-MOs. Apparently, as the inspection
of Figure 7 shows, the main effect of the chlorination of the
spacer molecules is a reduction of the emission in the range

Figure 7. MIES and UPS (HeI) spectra for Al-organic-stabilized Pt
colloids cross-linked with hydroquinone (left) and chlorohydroqui-
none (right) spacers.
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between 4 and 8 eV, i.e. a reduction in the emission from
the ionization of the π-MOs. In addition, we see some fine
structure in the MIES spectra in the range Eb = 3 to 7 eV
which, as the comparison with the MIES results for 4(2)-
CBM (CBM = conduction band minimum) suggests,[40]

must be attributed to the ionization of the Cl3p orbitals.
Another instructive example for the study of the core–

shell interaction is the functionalization of Pd nanoparticles
by NR4Cl molecules (R denotes alkyl groups of different
length).[41] The reduction of metal salts with tetraalkylam-
monium hydrotriorganoborates is a general method for the
preparation of metal colloids of elements of groups 6 to
11 in organic solvents. During the colloid formation, the
stabilizing tetraalkylammonium salts are formed directly at
the reduction center and act as powerful protecting agents
for the metal particles. In early publications it was assumed
that the protecting groups coordinate to the negatively
charged metal cores of the colloid through NR4 (model 1).
The combination of X-ray absorption near edge structure
(XANES) measurements with MIES and UPS (HeI) results
suggests that the coordination of the stabilizing agent at the
particle surface through metal–chlorine bonds is the more
appropriate stabilization mode (model 2):[41] if model (1)
were applicable, a comparatively well-localized spectral fea-
ture from the ionization of the Cl3p atomic orbital should
be seen in the MIES spectra at about EB = 6 eV because
the He* probe atom employed for MIES should interact
with the charge cloud of the Cl atom.

Characterization of Pt Colloid Networks

TEM, ASAXS, BET, Modeling

The cross-linked Pt particles form solids which have been
investigated by TEM. Comparison of TEM images of the
cross-linked samples with those of simply protected Pt col-
loids show that the particle size of the colloids as well as
their monodispersity have not changed after cross-linking
(see Figure 8). Furthermore, particles seem to have larger
distances between each other if larger spacer molecules are
used.

Figure 8. TEM images of protected Pt colloid particles and Pt par-
ticles cross-linked with HQn, HBP, and HPDB.
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Because of the large side-chains of Pt/HBDB and Pt/

HPDP, one might expect a more linear rather than a three-
dimensional network. The TEM images of these samples
indeed show areas where one could assume such a chain-
like linear arrangement of the particles. The particles are
lined up in one direction with more or less identical dis-
tances (see part d of Figure 8).

Nitrogen sorption analyses have been used to investigate
whether accessible pore systems are obtained after the
cross-linking of the Pt particles. The results show that a
mesopore system is formed for Pt/HBP (50 °C) with an
average pore size of about 31 nm and a pore volume of
0.4680 cm3 g–1. For Pt/HBP2 (25 °C), the pore volume is
only 0.0696 cm3 g–1 with an average pore size of only 18 nm.
These results show that the temperature applied during the
network formation has an influence on the density of the
pore system formed. For the networks with the larger mole-
cules HBDP and HPDP, the amount of nitrogen adsorbed
in physisorption experiments is extremely low, indicating
that no accessible pore system has formed. This can be ex-
plained by the large -OC12H25 side-chains of the spacer
molecules which probably block the pore entrances and the
space between the colloid particles.

The small-angle X-ray scattering curves of different
cross-linked samples at different energies (ASAXS) are
shown in Figure 9.

Figure 9. ASAXS curves of Pt particles cross-linked with different
spacer molecules. For each plot, the lower curve (circles) is always
the difference between the two upper curves (triangles) measured
at two different energies (11437 and 11535 eV).

For the modeling of the scattering curves, a modified ver-
sion of the so-called local monodisperse approximation (Pe-
dersen[42]) is used:

where ∆ρ2 is the scattering contrast, and tPS (= 0.18 nm)
is the thickness of the Al-organic protecting shell, which
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was determined in an earlier study.[16] Φ2(Q,R) is the par-
ticle form-factor for a sphere of radius R, where

and V0(R) is the particle volume. N(R) is the log-normal
size distribution of the platinum particles

where σ is the half-width at half maximum (HWHM)
parameter of the size distribution, and R0 is the most fre-
quently occurring radius. N(D) is the distribution of the sur-
face-to-surface distances D, which has to be taken into ac-
count due to the high flexibility of the spacer molecules.
Here, N(D) is modeled by the Gaussian distribution

where D0 denotes the mean distance (spacer–molecule
length) between two particles and σg is the HWHM of the
Gaussian distribution. The structure factor S(Q, R, D, tPS)
is given by

(see, for example, Kinning and Thomas[43]), where L is
the distance between two particles of radius R,

η is the volume fraction of a sphere of radius L/2, and

with

The scattering behavior at low Q-values is modeled by a
Q–p power law, where p is the Porod exponent. This power
law provides information on the whole particle system in
the sample. The refined structure parameters for the seven
samples are given in Table 2.

The Pt particle radii, R0, as well as the polydispersities,
σ, of all samples are in excellent agreement with one an-
other. This can be expected, since the Pt particles used for
the preparation of the nanoparticle networks stem from the
same synthesis. The scattering contrast parameters, ∆ρ2, re-
flect, in general, the different volume fractions of the nano-
particle networks, and show therefore the same trend as the
η parameters. The surface-to-surface distances, D0, show
partly significant differences between samples where the
same spacer molecule was used for the interconnection of
the Pt particles (HPDB, HPDB-2, and HBDB, HBDB-2).
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Table 2. Refined structure parameters for a Pt colloid cross-linked with different spacer molecules according to the Pedersen model.

Sample R0 [nm] σ D0 [nm] σg [nm] ∆ρ [10–4 nm–2] η P

HQn 0.50(9) 0.021(8) 0.59(3) 0.10(1) 2.02(2) 0.142(7) 2.07(13)
HBP 0.50(9) 0.021(12) 0.64(3) 0.01(1) 1.82(3) 0.135(12) 3.18(11)
HBP-2 0.51(9) 0.021(9) 0.70(2) 0.01(1) 1.93(2) 0.139(8) 3.22(8)
HBDB 0.52(9) 0.020(8) 0.70(6) 0.01(1) 1.17(3) 0.108(9) 1.90(12)
HBDB-2 0.53(6) 0.019(5) 1.00(5) 0.07(4) 1.39(1) 0.118(6) 2.04(11)
HPDB 0.54(4) 0.020(3) 1.29(9) 0.37(9) 2.05(2) 0.143(7) 2.37(5)
HPDB-2 0.54(5) 0.021(4) 0.96(6) 0.30(1) 1.28(1) 0.113(5) 2.43(16)

The HWHM parameters, σg, are also quite different, so that
the distance distributions range from almost delta-shaped
functions (σg = 0.01 nm) to quite broad distributions (σg =
0.37 nm). These findings may indicate that these flexible
and rather complex spacer molecules are extremely sensitive
to small differences in the sample preparation process. The
Porod exponents, p, show that the nanoparticle networks of
most samples form chain-like structures (p � 2), and only
for the samples HBP and HBP-2 is an exponent of p � 3
obtained, which indicates the formation of more compact
structures (e.g., surface fractals). In order to crosscheck the
conclusions drawn from the Porod exponents, the pair-cor-
relation functions g(r) were calculated from the structure
factors according to

The Pt particle concentration, c0, is readily obtained
from the relation

where the hard-sphere volume, VHS, is given by

Formal coordination numbers �Z� are obtained by inte-
gration of g(r) over the volume of the first coordination
shell:

where g(r0) = max, and 2∆ is the total width of the coor-
dination peak. Although the coordination numbers will
probably not be correct on an absolute scale due to the
influence of the polydispersities of the particles and the
spacer molecules on the shape of the coordination peak, a
qualitative comparison between the different samples is still
possible.[16]

The particle concentrations, c0, hard-sphere volumes, co-
ordination-peak positions, r0, and the average coordination
numbers �Z� are given in Table 3.
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Table 3. Particle concentrations, c0, hard-sphere volumes, coordina-
tion-peak positions, r0, and the average coordination numbers, �Z�,
of Pt particles cross-linked with different spacer molecules.

Sample c0 [10–2 nm–3] VHS r0 [nm] �Z�
[101 nm3]

HQn 3.38(68) 0.42(8) 2.4(5) 2.4(4)
HBP 3.00(60) 0.45(9) 2.5(5) 2.1(4)
HBP-2 2.83(56) 0.49(9) 2.5(5) 2.2(4)
HBDB 2.10(42) 0.51(10) 2.6(5) 1.6(3)
HBDB-2 1.51(30) 0.79(15) 2.9(6) 1.6(3)
HPDB 1.24(25) 1.16(23) 3.3(6) 2.2(5)
HPDB-2 1.43(28) 0.79(15) 3.0(6) 1.8(4)

The lowest values for the coordination numbers are ob-
tained for those samples with lowest Porod exponents, and
higher coordination numbers correspond to larger Porod
exponents, i.e. to the networks forming more compact
structures. Thus, the results confirm that the scattering con-
tributions at low Q-values are sufficiently well described by
the power laws and that the above conclusions are obvi-
ously correct.

A further crosscheck of the least-squares results can be
obtained from the Fourier transform of the SAXS inten-
sities, the so-called radial distance distribution function[44]

where J0 is the total scattering power

This function contains information on the particle sizes,
and interparticle distances. Here, the particle radii are sim-
ply given by the corresponding maxima of the first peaks
at γ(r = R1). Together with the maxima of the second peaks
(at r = R2), the interparticle distances (d = R2 – R1) and the
surface-to-surface distances (D0 = d – 2R1 – 2tPS) are read-
ily obtained.[16] These values are of course only crude
approximations, since the determination of particle radii
and/or interparticle distances from the radial distance dis-
tribution functions is only reasonable for the case of mono-
disperse particle systems. Table 4 summarizes the results
from the analysis of the distance distribution functions. The
parameters are found to be consistent with those obtained
from the least-squares analysis, and the significant differ-
ences in the D0 compared to the least-squares results can
be attributed to the influence of the particle-size and
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spacer-length distributions, as well as the moderate data
quality (the average relative e.s.d.’s for the SAXS intensities
are around 15%), which is also reflected by the fairly large
e.s.d’s of the refined least-squares model parameters (see
Table 4).

Table 4. Structure parameters of Pt particles cross-linked with dif-
ferent spacer molecules calculated by the Fourier transform
method.

Sample J0 R1 [nm] R2 [nm] d [nm] D0 [nm]
[cm–1 nm–3]

HQn 20(1) 0.6(1) 3.0(1) 2.4(2) 0.8(3)
HBP 15(1) 0.6(1) 3.0(1) 2.4(2) 0.8(3)
HBP-2 53(1) 0.6(1) 3.1(1) 2.5(2) 0.9(3)
HBDB 45(1) 0.6(1) 3.4(1) 2.8(2) 1.2(3)
HBDB-2 65(1) 0.6(1) 4.0(1) 3.4(2) 1.8(3)
HPDB 135(27) 0.6(1) 4.0(1) 3.4(2) 1.8(3)
HPDB-2 52(1) 0.7(1) 4.1(1) 3.4(2) 1.6(3)

Modeling of the Pt–Spacer Interaction

The interparticle distances analyzed by ASAXS were
compared to those calculated from constructed Pt network
structures. The spacer lengths were calculated using the
MNDO method.[45] The construction of the network struc-
tures is based on the assumption of the presence of an Al-
organic monolayer on the particle surface, while the corre-
sponding bond lengths were taken from the literature and
the Cambridge Structural Database: (1) Al–Pt: 0.232 nm;[46]

(2) Al–C: 0.187 nm; (3) Al–O: 0.232 nm. The thus-con-
structed Pt nanoparticles (1.2 nm) with the cross-linked
spacers BDM and HPDB are illustrated in Figures 10 and
11, respectively.

Figure 10. Modeled Pt–spacer–Pt units with BDM as the spacer:
a) the minimum interparticle distance; b) the maximum inter-
particle distance.

Figure 11. Modeled Pt–spacer–Pt units with HPDB as the spacer:
a) the minimum interparticle distance; b) the maximum interpar-
ticle distance (another extreme case of minimum particle distance
between different interlaced subunits is also shown).
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Considering the rotation of Al–O bonds, two extremes
are possible, namely the minimum and maximum interpar-
ticle distance, although another extreme case of minimum
interparticle distance between different interlaced subunits
is also shown in Figure 11b. Thus, one has to keep in mind
that interparticle distances do not necessarily correspond to
the length of the molecular spacers in the obtained net-
work. The more flexible the spacer molecules and the an-
choring group, the broader the particle–particle distance
distribution is expected to be.

XAFS Characterization of Networked Particles

X-ray absorption spectroscopy can contribute in two
ways to the characterization of networked particles, either
indirectly, as the (partial) decomposition of the surfactant
shell in a networked system should lead to notably reduced
rates of agglomeration, and directly, if changes in the elec-
tronic structure and the geometry of the metal particles are
observed. The indirect characterization is discussed in detail
in ref.,[47] therefore here only the main results obtained from
XAFS are summarized briefly considering Figures 12 and
13.

Figure 12. Pt colloid before cross-linking at (from top to bottom)
room temperature, 160 °C, and 300 °C in comparison with a Pt foil
reference (bottom).

Figure 13. Pt colloid, cross-linked with chlorophenol at (from top
to bottom) room temperature, 160 °C, and 300 °C in comparison
with a Pt foil reference (bottom).

As the actual intensity of the shape resonances typical
for platinum metal allows a rough qualitative estimate of
the particle size and degree of ordering present in the sam-



Pt Nanoparticle Networks MICROREVIEW
ple, size-effects and effects of varying spacer molecules at
different temperatures can be separated from each other.
Only for the unmodified colloid does one observe a signifi-
cant increase in the intensity of the shape resonances start-
ing at 160 °C, which indicates that the particles undergo
significant agglomeration processes at this temperature. In
contrast to that, the system with a chlorophenol spacer
shows a much smaller trend towards agglomeration even at
300 °C.

At the same time, it is worth noting that the room tem-
perature spectra displayed in Figures 12 and 13 show differ-
ences in the white-line region, especially the maximum in-
tensity of the white line and the shape of its high energy
slope. The different white-line features change as a function
of time in different ways: whereas the agglomerating par-
ticles feature a more and more intense white line upon ap-
proaching a status more similar to the bulk, the reverse is
observed in the cross-linked system. This proves that the
observed temperature-dependent changes in the electronic
structure shown in Figures 12 and 13 are predominantly
due to changes in the decomposing surfactant shell of the
colloidal particles, whereas the spacers effectively prevent
agglomeration.

With respect to the direct characterization, at first sight
it may seem surprising that any changes in the structure of
the particles occur at all as a consequence of the networking
process even though such changes are clearly visible, as evi-
dent from the example presented in Figure 4, where the
white-line intensity is increased notably and appears slightly
shifted to lower energy, whereas the shape resonance region
of the spectra is hardly influenced by the network formation
with this type of spacer molecule. TEM studies verify that,
in contrast to the situation encountered after the system has
been exposed to thermal stress, which was discussed in the
above paragraph, the geometry parameters of the individual
cores, such as size and shape, remain identical. In addition,
the connection of individual metal cores by spacer mole-
cules leads to a preferred interparticular distance although
not (necessarily) to a highly ordered long range structure,
in which modification of electronic structure can be envi-
sioned due to the necessity to introduce periodic boundary
conditions.

Nevertheless, on looking at the PtL3-edge XANES spec-
tra displayed in Figure 4 it is evident that the effects of
spacer-induced changes in the electronic structure are ob-
served. Therefore, the only explanation for such changes is
that the surfactant shell around the particle core is restruc-
tured, either geometrically or with respect to the charge dis-
tribution, in such a way that considerable influence is ex-
erted on the metal atoms. It is important to stress the impli-
cations of this statement, because it means that information
on the particle size and shape [as obtained typically from
TEM, but also using (A)SAXS] and the nature of the core
[as obtained frequently using a diffraction-based technique,
such as XRD (X-ray diffraction) or SAED (selected area
electron diffraction)] is not sufficient to describe the nature
of a nanoparticle, which in turn explains why the macro-
scopic (e.g. magnetic) properties determined by different re-
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searchers on particles of equal size and phase can vary dras-
tically. In fact, a number of theoretical predictions and ex-
perimental results based on various experimental tech-
niques,[48–51] including X-ray absorption spectroscopy,[52–57]

can be found in the literature to describe such effects. Speci-
fically, a more detailed review on such effects in general is
found in ref.,[28] the width of accessible modifications. for
example for the case of Co nanoparticles, is discussed in
ref.,[56] and a detailed model how these changes influence
electronic structure in terms of magnetic properties of Co
particles is presented in ref.[57]

Returning to the class of particles discussed in this work,
clearly such a modification must be traceable even more
directly in the aluminum organic shell. In fact, as shown for
selected examples in Figure 14, and discussed in more detail
in ref.,[33] the cross-linking with sebacic acid leads to a dra-
matic change in the electronic structure of Al, increasing
the intensity of the white-line drastically and shifting its en-
ergy position to a value typical for sixfold (oxygen) coordi-
nated Al. At the same time, the changes induced by cross-
linking with a mixture of decanol and sebacic acid spacers
lead to a similar trend in the spectra, but to a notably
smaller extent. All of these experimental results underline
that a spacer-dependent, controlled change in the protec-
tion shell is in fact observed, which is especially pronounced
when sebacylic acid is used, which leads to a didentate coor-
dination of the spacer to the Al and a sixfold oxygen coor-
dination, but less significant when the connection between
the aluminum organic shell and spacer molecule involves
just the OH bond.

Figure 14. AlK XANES spectra of (from top to bottom) a Pt col-
loid networked with sebacic acid, the same networked with a mix-
ture of decanol and sebacic acid, the same before networking, and
trioctylaluminum.

As discussed in ref.,[33] an almost identical behavior is
observed for a related system based on Co nanoparticle pre-
cursors, emphasizing once again that one is dealing with a
spacer-induced effect on the aluminum organic shell that is
dependent on the exact nature of the spacer molecule.

In fact, these differences are also reflected in the PtL3

EXAFS evaluation of particles after cross-linking with se-
bacic acid and HBP, respectively, as shown in Figure 5.
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Table 1 compares the results of this analysis for two such
particles, one cross-linked with sebacic acid and the other
with HBP. In contrast to the situation encountered for se-
bacic acid, where it is necessary to use an additional soft
backscatterer like oxygen in the fit, this is not the case for
HBP. At the same time, the presence of the HBP spacer
seems to influence the Pt–Pt distance, which differs beyond
the uncertainty of the fitting result and is increased almost
to bulk level. As the core of the particles is only 1.2 nm in
diameter, such a change can easily be attributed to a varia-
tion in core–surfactant interaction as a function of the local
charge density on the aluminum atom. Consequently, a
controlled tuning of the structure of the Pt core appears
possible by choosing the spacer molecules. In fact, the mul-
tiplicity of choices becomes evident when looking at the
variety of spectral signatures in the white-line region as a
function of the spacer molecule, as shown in Figure 15. In
combination with a detailed understanding of such effects,
this may open a novel approach towards catalysts that are
optimized in terms of both activity and accessibility of the
catalytic centers.

Figure 15. PtL3 XANES spectra of colloids with varying spacer
molecules and a foil reference.

MIES and UPS Investigations

The obvious problems faced during the characterization
of nanoparticle networks produced by a “bottom-up” strat-
egy are threefold:
· Verification of the presence of the spacer molecules in the
assembled network;
· Given the presence of the spacers in the nanoparticle–
spacer compound, the bonding between the nanoparticles
and the spacers needs to be verified;
· The verification of an ordered network composed of nano-
particles and spacers.

As far as the first point is concerned, the main task to
be done is to distinguish between the spectral contributions
from the organic molecules (OMs) of the particle’s shell
(Al-organic stabilization in the present case) and those from
the spacers. A simple approach is the use of appropriately
labeled spacers, i.e. those having a particular ligand atom
attached to that produces a clear spectral signature that is
well-separated from any of those from the OMs present in
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the shell. This strategy is similar to that illustrated above
for the study of the interaction between and Pt and Pd
nanoparticles with their respective protection shells (see
above).

The verification of a link between a spacer and adjacent
nanoparticles follows the strategy outlined above for ob-
taining information on the bond formation between nano-
particles and species forming their shell or between nano-
particles and spacer molecules. As a necessary condition,
it can be stated that no free, unreacted functional groups
(intended for bond formation with the nanoparticles)
should be detectable by MIES. However, it is advisable to
obtain topological information on the existence of an or-
dered nanoparticle–spacer structure in addition to the elec-
tronic structure information. Our strategy consists in com-
bining MIES/UPS with STM and STS.

STM Investigations

For illustration, we present results for Pt nanoparticles
interlinked by HBDB spacers. Figure 16 shows the STM
results for Pt nanoparticles (about 1 nm average diameter,
as determined by TEM) interlinked by the spacer molecules.
The average size of the detected, close-packed aggregates is
typically 7 nm. However, the ordered array seen in Fig-
ure 16 is apparently not that of single Pt nanoparticles sepa-
rated by spacers, therefore each aggregate must consist of
several interlinked Pt nanoparticles. The simplest structural
unit producing aggregates of 7 nm consists of six Pt nano-
particles clustered around a central Pt nanoparticle. Inter-
estingly, we find such compact structures very seldom. This
indicates that the nanoparticle networks consist mainly of
1D structures, such as chains, that would escape detection
by STM. This agrees with the ASAXS results, which indeed
indicate that the nanoparticle networks of most samples
consist of chain-like structures (see above).

Figure 16. STM image of Pt nanoparticles (average diameter 1 nm)
interlinked by HBDB spacers deposited on an Au substrate.

STS measurements, performed as a function of the tem-
perature of the substrate onto which the nanoparticle array
is deposited, confirm that the network structure possesses
insulating behavior up to 200 °C. More detailed infor-
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mation on the electronic structure of the network is fur-
nished by the MIES/UPS spectra. They confirm the insulat-
ing character of the structure, which possesses a bandgap
width of about 7 eV and gives spectra (not shown) similar
to those of Figure 7.

Summary

Combining different analytical methods, such as TEM,
ASAXS, UPS, MIES, XAFS, Sorption analysis, and STM,
has allowed us to gain insights into the processes taking
place during the network formation of nanoparticles cross-
linked with different spacer molecules. Several new spacers
with different molecular lengths and rigidity have been used
to cross-link Pt colloids via protonolytic reaction to prepare
network materials. In general, the materials that form upon
cross-linking show no long-range order but rather form net-
work-like structures. When using rigid molecular spacers
such as those described above, TEM investigations have re-
vealed that short-length spacers give rise to a densely
packed material while long and rigid molecular spacers tend
to produce 1D-type structures where the interparticle dis-
tance is considerably larger. These results are corroborated
by ASAXS investigations. Physical sorption analyses have
shown that mesoporous materials are produced for some
systems. The shapes of the hysteresis loops of the sorption
isotherms strongly depend on the type of molecular spacer
used and also on the preparative conditions. Isotherms re-
corded on products prepared from long-length molecular
spacers show that these materials hardly adsorb nitrogen.
This is due to the blocking effect from the organic species
and poorly defined porous structures. ASAXS measure-
ments have revealed that the interparticle distance only re-
flects the conformation of the molecular spacers. Varying
the preparative conditions with each defined molecular
spacer leads to diverse pore structures but identical inter-
particle distances.

Significant differences between the electronic structures
of Pt nanoparticles pre-stabilized with an Al-organic shell
and cross-linked particles are observed at room tempera-
ture. The properties of the metallic nanoparticles are thus
directly influenced by changes of the protective shell.
Furthermore, it has proved possible to analyze subtle
changes in the protecting shell. Although the Pt colloid
modified with 3-chlorohydroquinone differs only in the ad-
ditional cluster located on the second end of the space
molecule, the chlorine can only be detected by MIES in the
latter case, thus indicating different equilibrium positions of
this molecule. Thermal treatment leads to a disintegration
of the spacer molecules, as could be shown by MIES and
XANES spectroscopy. A clear trend towards the formation
of shape resonances under thermal loads is observed only
for the unmodified particles. This indicates that it is driven
not by agglomeration but by mere structural reordering
within the colloidal metal cores. This agglomeration does
not occur as easily for particles that are initially surrounded
by spacer molecules, even after destruction of the spacer
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molecules. It was possible to correlate this observation to a
suggested formation of an Al–O protecting shell by MIES.
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