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Aperiodic core structures of Pd and Pt giant clusters chemically
stabilized with diphenyl phosphide ligands
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Abstract

Atomic scale structures and compositions of “giant” clusters [Pd2(PPh2)Hx]n, (I) and [Pt(PPh2)]n (II) (PPh2 = diphenyl phosphide, n ∼= 6–10) and
Pd∼561Phen∼60(OAc)∼180 (III) (Phen = 1,10-phenanthroline; OAc = CH3COO−) have been investigated by high-resolution electron microscopy,
electron diffraction and integrated field-emission analytical electron microscopy combining high-angle annular dark-field scanning transmission
electron imaging, electron energy-loss spectroscopy (EELS) and windowless energy-dispersive X-ray nanoanalyses of metal cores and ligand
shells. Observations revealed a uniform cell structure of the cluster matter with the unimodal core size distributions. Compositional deviations from
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he ideal stoichiometry were determined by EELS line profile analyses starting at the interfaces between cluster (I) cores and ligand shells. For
lusters (I) and (II), with core sizes centered around 1.6 ± 0.3 nm and 1.5 ± 0.3 nm, respectively, lattice fringes and Debye–Scherrer diffraction
ings were not observed, thus indicating that the structure within particles is not periodic. This was in contrast with the sputtered reference 1–2 nm
t particles, which show clear evidence of crystallinity. Polyhedral Pd cores of clusters (III) with the diameter of 2.4 ± 0.3 nm also revealed lattice
ringes assigned to an expanded face-centered cubic (fcc) structure, sometimes with multiple twinning. The structural differences suggest a ligand
nduced metal-to-molecular (non-crystalline) state transformation in clusters (I) and (II).

2006 Elsevier B.V. All rights reserved.
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. Introduction

The noble metal (M = Au, Pd, Rh, and Pt) polynuclear coordi-
ation compounds of Chini’s type serve as a remarkable bridge
etween molecular clusters and metal colloids [1–4]. Their
ppearance has been predicted based on a “magic” number,
= 1/3(10m3 + 15m2 + 11m + 3), of metal atoms filling a layer

round the central atom or cluster core, where m is the num-
er of metal layers in the packing of some possible symmetry
ypes (cubooctahedral, anticubooctahedral, or icosahedral) [5].
he series of Chini’s “magic” numbers, N = 13, 55, 147, 309,
61, . . . correspond to m = 1, 2, 3, 4, 5, . . ., respectively. The
izes of the metal cores of the cluster compounds are close to
ower sizes of colloidal metal particles. However, chemically
tabilized nanoclusters have a distinct ligand environment with
definite stoichiometry inherent to molecular clusters.

∗ Tel.: +1 434 982 5659; fax: +1 434 982 5660.
E-mail address: vpo6n@virginia.edu.

Interest in structures of the cluster compounds has increased
in recent years in view of their unique catalytic selectivity under
mild conditions towards a number of important redox reac-
tions (photoelimination of hydrogen from water, hydrogenation
of monocyclic arenes, oxidation, redox disproportionation and
chain termination of alkenes, CO and alcohols [6–11], which
open a way to the development of a new branch of catalysis
by nanoclusters). Remarkable quantum-size effects in the ther-
modynamic properties of giant clusters [12,13] and attractive
applications as electronic nanodevices (quantum dots [14,15]),
nanofabricated planned cluster patterns [16], one- and two-
dimensional (1D and 2D) self-assembled arrays of nanoclusters
[17–19] and nanoporous alumina membranes [20] have been
also reported. A key feature in structural characterization of
such species (they are amorphous solids usually unsuitable for
X-ray diffraction analysis) is to understand the relations between
the atomic arrangement, electronic structure and chemical reac-
tivity. In this regard, the effects of metal–ligand bonding and
organic ligand-to-metal ratios on the cluster core structure that
still remain essentially unclear, should be clarified.
381-1169/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.12.029
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Over last two decades high-resolution transmission electron
microscopy (HRTEM) and scanning TEM (STEM) combined
with nanometer resolution electron diffraction, energy-filtering
TEM (EFTEM), electron energy-loss spectroscopy (EELS) and
energy-dispersive X-ray (EDX) spectroscopy (so called analyt-
ical electron microscopy, AEM) have become major techniques
for direct structural and analytical investigation of ultrafine
particles [21]. By demonstrating the existence of polyhedral
(dodecahedral and icosahedral) structures in multiple twinned
nanoparticles of noble metals, HRTEM has provided probably
the first instance that revealed the crucial role of surface forces
in determining the overall particle structure. In addition, high
spatial resolution EFTEM/EELS enables successful studies of
transitions between outer-shell valence bands to the empty states
above the Fermi level and related collective plasmon excitations
in small particles between 0 eV and 25 eV energy loss. Another
category of useful information can be obtained complemen-
tary to EDXS by recording of the core ionization edges above
25 eV, which relate unambiguously to the presence of given atom
species. Furthermore, the detailed profile of the EEL spectrum
on the ionization core threshold, energy-loss near-edge structure
(ELNES) and extended energy-loss fine structure (EXELFS), is
very sensitive to the oxidation state, local density of unoccupied
states, bonding, coordination and crystal symmetry.

As a logical extension of a concept referred to as an inte-
grated modular EM system, field-emission (FE)-AEM instru-
m
a

unique advantages over any single instrument down to sub-
angstrom levels of lateral resolution, sub-electron volt energy
resolution and single-atom analytical sensitivity [22,23]. This
has made possible integrated digital data acquisition using flexi-
ble object oriented graphical user interfaces and various combi-
nations of multiple detectors under the control of a powerful host
processor. High-resolution integrated FE-AEM enables rapid
and flexible acquisition of bright-field and high-angle annular
dark field (HAADF) STEM and (EF) TEM images and diffrac-
tion patterns, series of EDX/EEL spectra and “live” on-line data
evaluation and processing, e.g. with extraction of elemental pro-
files and maps (spectrum-imaging). However, to our knowledge
there were no publications until present time describing appli-
cations of integrated FE-AEM particularly to giant clusters of
noble metals and related cluster systems.

Earlier reported attempts on atomic-resolution TEM imag-
ing particularly of Au55(PPh3)12Cl6 clusters were not successful
because of their sensitivity to electron irradiation. Only lattice
fringes from perfect Au nanocrystals formed during electron-
beam induced decomposition of the clusters were observed
[24]. Indeed, radiation damage of clusters followed a loss of
organic ligands, rearrangement and agglomeration of metal
cores that could occur during electron microscope observa-
tions, may significantly hamper HRTEM and AEM investigation
[2]. Unlike palladium and gold, data on platinum “giant” clus-
ters are still scarce and contradictory [25]. In this paper, we
p
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ents combine in a design several electron imaging, diffraction
nd spectroscopic modes to provide analytical synergism having

ig. 1. Multiple-window user interface of an EmiSpec ES Vision acquisition
DXS analyzer and a GATAN 667 EEL spectrometer. The system enables one-c

tc.) and processing of images, spectra, maps and line profiles: (upper left) HAADF-
cquired in the same area, background subtracted, spectral lines fitted using three win
lusters (I) acquired along the profile indicated by black line in the STEM image; (bo
rom 14 EEL spectra along the line profile in the image. KLM-markers denote the lin
resent atomic scale HRTEM observations of [Pd2(PPh2)Hx]n,
I) and [Pt(PPh2)]n (II) clusters (PPh2 = diphenyl phos-

coupled a VG HB-501 dedicated field-emission STEM, a LINK AN-10000
cquisition with pre-selected controls (brightness, contrast, gamma, dwell time,

STEM image of clusters (I); (upper right) spot X-ray spectrum of a cluster (I)
dows and the first order polynomial fitting; (bottom left) EEL spectrum of the
ttom right) Pd M4,5-, P L2,3-, C K- and O K-edge spectral intensities extracted
es of the elements of interest.
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phide, n ∼= 6–10, metal:ligand = 2:1 and 1:1, respectively)
and Pd∼561Phen∼60(OAc)∼180 (III) clusters (Phen = 1,10-
phenanthroline; OAc = CH3COO−, metal:ligand ≈ 9.4) com-
plemented by high-spatial resolution integrated compositional
HAADF-FE-STEM/EELS/EDXS nanoanalyses that indicate a
ligand induced metal-to-molecular (non-crystalline state) trans-
formation in the metal cores of chemically stabilized Pd and Pt
nanoclusters (I) and (II).

2. Experimental

Clusters (I) and (II) have been synthesized by reduction of
corresponding arylphosphide–acetate MII complexes [26]:

n[PPh3Pd(OAc)2]2
n(x+5)HCOOH/C6H6−→ [Pd2PPh2Hx]n

(I)

+ 4nHOAc + nPPh3 + nC6H6 + n(x + 5)CO2 (1)

n[PPh3Pt(OAc)2]2
(3n+1)HCOOH/Ar−→ 2[(Ph2P)Pt]n

(II)

+ 4nHOAc + 2nC6H6 + (3n + 1)CO2 (2)

Here n ∼= 6–10.
The giant Pd clusters (III) were prepared by the reduction

o

phenanthroline, followed by treatment with O2 [1,2]:

4nPd3(OAc)6
15nH2,3nPhen/AcOH−→ 3[Pd4Phen(OAc)2H4]n

+ 18nHOAc, n ≈ 100 (3)

[Pd4Phen(OAc)2H4]n
O2/AcOH−→ Pd570±30Phen60±3

(III)
(OAc)180

(4)

The material was mildly crushed and deposited onto car-
bon lacey and SiO2 films supported by copper grids. HRTEM
and SAED experiments were carried out on a JEOL-4000EX
microscope at 400 kV accelerating voltage and point-to-point
resolution of 0.17 nm. Windowless EDXS and EELS analy-
ses and HAADF STEM imaging were performed using a VG
HB-501 dedicated field-emission STEM at 100 kV accelerating
voltage with a resolution of 0.4 nm equipped with a LINK AN-
10000 EDXS analyzer and a GATAN 667 EEL spectrometer
and coupled with an integrated EmiSpec ES Vision acquisition
system (Fig. 1). Minimum beam intensities were used in order
to prevent radiation damage of the specimens.

In order to extract net X-ray peak intensities, the spectrum
background was subtracted and X-ray characteristic lines were
fitted using three background windows followed by a first order
polynomial fitting. EDX spectra have been quantified using a
C

F
1

f Pd(OAc)2 with H2 in acetic acid in the presence 1,10-
ig. 2. HRTEM images of Pd and Pt giant clusters (I)–(III) and reference naked Pt
–2 nm in diameter. Black boxes mark individual non-crystalline (a and b) and crysta
liff–Lorimer thin film ratio method with calculated k-factors,
nanoparticles: (a) (I); (b) (II); (c) (III); (d) thermally sputtered Pt particles of
lline Pd (c) and Pt (d) nanoparticles.
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kC(P)Pd and absorption (thickness) correction, ACF [27–29]:

CPd

CC(P)
= kC(P)Pd ACFIPd

IC(P)
(5)

Here CPd and CC(P) are the mass concentrations, and I
are the net intensities of the characteristic X-ray �-lines
for Pd, C and P, respectively; kC(P)Pd = [(Qωa)C(P)/
(Qωa)Pd][APdεC(P)/AC(P)εPd], where Q is the ionization
cross-section, ω the fluorescence yield, a is the relative tran-
sition probability for the characteristic X-ray �-lines, A the
atomic number and ε is the detector efficiency of the elements

of interest:

ACF =
(

µ/ρ]C(P)

µ/ρ]Pd

)(
1 − e−(µ/ρ]Pdρt cos ec α)

1 − e−(µ/ρ]C(P)ρt cos ec α)

)
,

where µ/ρ]Pd,C(P) is the mass absorption coefficient for �-lines
of the elements of interest, ρ the density of specimen, α the
detector take-off angle and t is the specimen thickness.

For quantification of EEL spectra, the spectrum background
was initially assigned assuming its power-law decay with a
two window pre-edge fitting. Then, the spectral intensities were
extracted with a 50 eV window from a series of EEL spectra
along the line profile in a HAADF-STEM image shown by black

F
m

ig. 3. Differential (bottom) and cumulative (top) histograms on size distributions on
easurements. Continuous lines indicate normal curves with the given distribution p
giant clusters (I)–(III), dmean (nm) is the mean diameter of a metal core, 500
arameters: (a) (I); (b) (II); (c) (III).
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Fig. 4. SAED patterns of the giant clusters (I)–(III) with assigned reflecting
planes for the fcc structure: upper left (I); bottom left (II); right (III).

lines in Fig. 1. The chemical compositions (in at.%) were con-
verted from the net spectral intensities into atomic ratios by the
ratio method followed normalization according to the equation
[30]:

NPd

NC(P)
=
[

IPdM4,5(β, ∆)

ICK(PL2,3)(β, ∆)

] [
σCK(PL2,3)(β, ∆)

σ(PdM4,5)(β, ∆)

]
(6)

Here, NPd[C(P)] is the element areal density, IPdM4,5,[CK(PL2,3)]
the edge intensity, σPdM4,5[CK(PL2,3)](β, ∆) the integral cross-
section of corresponding atoms, β the collection angle
and ∆ is the integration window. Estimates of the rele-
vant cross-section were obtained from Gatan ELP software,
version 3.0. For chosen working conditions (E0 = 100 keV,
β = 39 mrad, the convergent angle, α = 6.9 mrad and ∆ = 50 eV),
the following values for integral cross-sections for the C
K-edge, the P L2,3-edge and the PdM4,5-edges were cal-
culated: σCK (39 mrad, 50 eV) = 6751 ± 675.1 barns, σPL2,3
(39 mrad, 50 eV) = 55790 ± 557.9 barns and σPdM4,5) (39 mrad,
50 eV) = 6288 ± 628.8 barns, respectively.

3. Results

HRTEM micrographs in Fig. 2a–c exhibit metal cores of
the clusters (I) and (II) forming a close packed cluster mat-

Fig. 5. (a) HAADF-STEM image of giant clusters (I), two neighboring areas exhibit s
(b) their X-ray spectrum, lines of interest are marked; (c) EEL spectrum of the cluste
the image (a). The stripped CK-edge superimposed with the PdM4,5-edge and the we
lightly different contrast due to partial overlapping and varying mass-thickness;
rs (I) acquired in the same area along the line profile marked by white line in
ak OK-edge from SiO2 support is shown.
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ter with an average diameter of 1.6 ± 0.3 nm and 1.5 ± 0.3 nm,
respectively. In both cases, preferentially unimodal core size
distributions can be fairly fitted with the normal curve (Fig. 3a
and b). To avoid changes in the cluster samples due to ligand
losses, rearrangement and/or agglomeration of metal cores, min-
imal beam intensities and short acquisition times were utilized.
The clusters, unlike 1–2 nm diameter thermally sputtered refer-
ence Pt particles (Fig. 2d), showed no evidence of lattice fringes
from spherical Pd and Pt cores. Their SAED patterns (Fig. 4)
revealed only broad diffuse rings corresponding to the most
probable interatomic distances between 0.23 nm and 0.25 nm
(I) and between 0.23 nm and 0.28 nm (II) and weak rings at
∼0.14 nm (I and II), respectively.

High-resolution HAADF-STEM imaging of the clusters
(I) indicated that heavy metal atoms are concentrated within
1.2–1.8 nm diameter sphere-like clusters surrounded by ligand
shells with no evidence of lattice fringes (Fig. 5a). On the con-
trary, the polyhedral Pd cores of clusters (III) of 2.4 ± 0.3 nm in
diameter exhibit clearly lattice fringes with spacings consistent
with the metal (1 1 1) planes as well as a series of diffraction
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Debye–Scherrer rings assigned to an expanded face-centered
cubic (fcc) structure, sometimes with multiple twinning.

An X-ray spectrum of the clusters (I) in Fig. 5b revealed
the Pd L-series (the Pd L�1 line at 2.84 keV, the Pd L�1 line
at 2.99 keV and the Pd L�2 line at 3.17 keV) referred to the
metal core and the C K� line at 0.28 keV and the P K-series
(the P K�1 at 2.02 keV, the P K�2 at 2.01 keV and the P K�1 at
2.14 keV) assigned to the ligand shell. The O K� line at 0.52 keV
and the weak Si K�1 line at 1.74 keV generated from SiO2 sup-
port and traces of copper (the Cu L�1 line at 0.93 keV) from
a microscope grid were also found. The elemental composi-
tion of the clusters (I) estimated from the net intensities using
the Cliff–Lorimer ratio method was 92.0 at.% C, 4.0 at.% P and
4.0 at.% Pd, respectively.

A PEEL spectrum of the clusters (I) acquired along the
profile shown in Fig. 1 (Fig. 5c) presents the stripped C K-
edge at 284 eV containing contributions both from π (285.5 eV)
and σ (above 290 eV) C–C-bonding in PPh2 ligands super-
imposed with the Pd M4,5-edge at ∼336 eV and the weak
O K-edge at 532 eV from SiO2 support. The spectrum back-
ground was assigned assuming its power-law decay with a two
window pre-edge fitting. Fig. 6a shows the net Pd M4,5-, P
L2,3-, C K- and O K-edge spectral intensities extracted with
a 50 eV window from 14 EEL spectra along the line profile
in Fig. 6a. Fig. 6b shows the chemical composition (in at.%)
along the line profile converted from the net spectral intensities
i
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ig. 6. (a) Pd M4,5-, P L2,3-, C K and O K-edge spectral intensities extracted
rom 14 EEL spectra of giant clusters (I). The spectra were acquired along a
ine profile in the image shown in Fig. 1. (b) The local chemical compositions
f clusters (I) along the line profile converted from the net EEL intensities
nto atomic ratios by the ratio method followed normalization (solid points,
ars denote an accuracy of ±10 at.%) and derived from the EDX spectrum in
ig. 5b by the Cliff–Lorimer thin ratio method (empty points at arbitrary chosen
osition). Horizontal lines show the ideal expected stoichiometry corresponding
3.3 at.% Pd, 6.67 at.% P and 80 at.% C, respectively.
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nto atomic ratios by the ratio method followed normalization
30].

. Discussion

HRTEM and HAADF-STEM imaging (Figs. 2a–c and 5a)
emonstrate a quite uniform cell structure of the cluster matter
I) and (II) with core sizes centered around 1.6 ± 0.3 nm and
.5 ± 0.3 nm, respectively. For HAADF-STEM, the differential
ross-section of Rutherford elastic scattering is proportional to
he square of the atomic number, Z2 [28,29], thus giving a Z-
ontrast image that represents the cluster core structure in a
ather straightforward way as bright spheres of 1.2–1.8 nm in
iameter. Ligand shells are practically invisible here due to the
uch lower mean atomic number. Because of minimal beam

ntensities and short acquisition times under chosen experimen-
al conditions, no visible changes in the cluster samples due
o ligand losses, rearrangement and/or agglomeration of metal
ores were found during observations. For both clusters (I)
nd (II) corresponding to relatively low metal-to-ligand rations
2:1 and 1:1, respectively), lattice fringes were not observed
y HRTEM and HAADF-STEM. The direct observations show
hat the structure within spherical Pd and Pt cores is not peri-
dic and it is essentially aperiodic. SAED patterns reveal only
road diffuse rings corresponding to the most probable inter-
tomic distances between 0.23 nm and 0.25 nm (I) and between
.23 nm and 0.28 nm (II) and weak rings at ∼0.14 nm (I and
I), respectively. According to EXAFS data [26], the distances
f 0.21–0.22 nm are M–P (M = Pd, Pt) distances and ones of
.25 nm (I) and of 0.28 nm (II) can be assigned to M–M dis-
ances. Due to inherent limitations of the technique, EXAFS
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data, however, are averaged over the entire sample and usually
require corrections for phase shift and amplitude and compli-
cated fitting simulations [31].

On the contrary, phase contrast HRTEM and SAED, as spa-
tially resolved techniques, enable to evaluate directly both statis-
tical distributions of interatomic spacings and shapes and local
crystallographic ordering/disordering of the cluster cores. This
is illustrated by comparison of Fig. 2a–d. Unlike the clusters (I)
and (II), thermally sputtered reference Pt nanoparticles of the
same size range 1–2 nm show two-dimensional 0.23 nm {1 1 1}
lattice fringes in a HRTEM image (Fig. 2d), thus unambigu-
ously indicating crystallinity of individual Pt particles. For Pd
giant clusters (III) stabilized with 1,10-phenanthroline ligands
at the higher metal-to-ligand ratio of 9.4:1, mixed polyhedral
(octahedral, cubooctahedral and icosahedral with characteris-
tic pentad symmetry axis) shape Pd cluster cores also reveal
multiple {1 1 1}-lattice fringes (Fig. 2c). Randomly oriented
crystalline cores of the clusters (III) could exhibit some vari-
ations in apparent fringe spacing from 0.22 nm to 0.25 nm likely
due to some expansion of the lattice and to edge effects and par-
ticle tilt as well [32]. A series of diffraction Debye–Scherrer
rings in SAED patterns were assigned to an expanded face-
centered cubic structure (Fig. 4). Discrete reflections corre-
sponding to the cores larger than 7 nm in size were found
occasionally. The unimodal core size distribution of the clus-
ters (III) with the estimated average diameter of 2.4 ± 0.3 nm
d
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ual clusters and partially overlapping neighboring cluster dimers
(maxima at positions of 1.5 nm, 5 nm and 7 nm, respectively,
Fig. 6a). In general, estimations of the chemical composition of
the clusters (I) along the line profile converted from the net EEL
spectral intensities into atomic ratios with an accuracy of 10%
(solid points, Fig. 6b) appeared to be in a fair agreement with
the ideal stoichiometry (horizontal lines, Fig. 6b) and quantifi-
cation of EDXS data (empty points at arbitrary chosen position,
Fig. 5b). In the latter case, approximations made for the calcu-
lated k-factors (±20% relative [28]) and possible mass losses of
organic ligands during analyses should be taken in account. On
the other hand, compositional variations along the line profile at
positions of 1.5 nm and 7 nm exceed ±10% limits (Fig. 6a and
b), thus indicating local deviations from the ideal stoichiome-
try likely starting at the interfaces between Pd cores and ligand
shells.

HRTEM and HAADF-STEM observations combined with
local EELS/EDXS chemical analyses indicate that clusters (I)
and (II) may have no exact chemical composition neither pre-
cise ordered structure, but rather composed of statistically dis-
tributed units with more or less narrow size and structure
distributions similar to colloidal metals. However, the metal
formal oxidation state in such species described by idealized
models (see also reactions (1) and (2) in Section 2) can be
non-integer as for the majority of individual metal clusters.
Unusual aperiodic non-metallic structures of the clusters (I)
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emonstrate a satisfactory fit with the normal curve (Fig. 3c).
he observed core sizes match satisfactory to the expected
agic number, N = 1/3(10 × 53 + 15 × 52 + 11 × 5 + 3) = 561, of
d atoms in the five-layer core [5]. The cluster matter displays

ocal non-uniformity due to different packing of the metal cores
nd multiple twinning (not only icosahedral shapes, as it was
nitially suggested based on EXAFS analyses [1]) rather than
ariations in the core sizes. So, Figs. 2 and 4 suggest the dis-
inct structural differences between thermally sputtered naked
t nanoparticles and the clusters (III) on one hand and the clus-

ers (I) and (II) on the other hand. This difference cannot be
xplained only by decreasing the average cluster sizes below
.4 nm that might lead to a broadening of the diffraction rings.
iffuse scattering distributed over the expected positions of the
ragg reflections in the SAED patterns was likely caused by
non-periodic perturbation of the metal lattice in clusters (I)

nd (II) induced by surface reconstruction/relaxation due to the
nteraction with strong PPh2 ligands [21].

Sub-nanometer electron probes generated using a FEG-
TEM and integrated with digital spectral data acquisition
llowed us to acquire 10–14 spectra and images under the con-
rol of the EmiSpec ES Vision digital acquisition system from
ny detector–spectrometer combination within a relatively short
ime (1–2 min). The chemical composition both of metal cores
nd PPh2 ligand shells has been identified with sub-nanometer
ateral resolution simultaneously by windowless EDXS and
ELS spot and line profile nanoanalyses in the HAADF-STEM
ode as illustrated in Fig. 5a–c. The net Pd M4,5-, P L2,3-, C K

nd O K-edge spectral intensities extracted from 14 EEL spectra
f clusters (I) acquired along the line profile in Fig. 5a indicate
ocal compositional variations when the probe crossing individ-
nd (II) may arise due to a transformation to a molecular (non-
rystalline) state induced by the strong binding PPh2 ligands
ossibly involved in M· · ·P–M· · ·P–M· · ·triple-bridging bond-
ng between [Pd2(PPh2)Hx]n and [Pt(PPh2)]n oligomers in the
luster cores [26]. Strong donor diaryl- and triarylphoshide lig-
nds are known due to their ability to form organometallic
omplexes with Au, Pd, Pt and Rh and commonly used as aux-
liary ligands in catalytic systems for hydrogenation [2,26,34].
o, because of strong metal–ligand interactions, the three-layer
u55 core in the Au55[PPh3]12Cl6 cluster behaves as a non-
etallic if it has an intact ligand shell, but the transition to
etallic state occurs after partial decomposition of the ligand

hell initiated by the removal of the Cl atoms [35]. At the higher
etal-to ligand ratio, clusters (III) with larger five-shell Pd cores

tabilized by weaker 1,10-phenanthroline or 2,2′-bipyridine lig-
nds in the inner coordination sphere and acetate anions in the
uter coordination sphere [33] display essentially colloidal metal
olyhedral crystalline structures similarly to 1–2 nm diameter
hermally deposited naked Pt particles.

Although data on the catalytic activity of the clusters (I) and
II) are not available at present time, one can make some sug-
estions concerning possible relations between their structures
nd catalytic properties. An aperiodic arrangement of the Pt
nd Pd cores stabilized with phosphine ligands indicates a non-
rystalline state of the metal atoms forming molecular clusters.
igand stabilized metal nanoclusters in this size range exhibit
ell pronounced quantum size behavior. The catalytic activity
f the clusters also depends on the kind of ligand molecules.
ll these factors should influence catalytic properties of the

lusters (I) and (II). Similarly to Pd and Pt phosphine com-
lexes [26], cleavage of the C–Ph bond under mild conditions
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may be a common catalyzed process for reactions of both Pd
and Pt clusters. Giant palladium clusters (III) catalyze various
oxidative reactions under mild conditions (20–90 ◦C, 1 atm),
such as oxidative acetoxylation of ethylene into vinyl acetate,
propylene into ally1 acetate and toluene into benzyl acetate;
oxidation of primary aliphatic alcohols into esters, and con-
version of aldehydes into acetals [1,7–10]. Unlike palladium,
data on platinum giant clusters are still scarce and contradic-
tory. However, it was shown that the Pt clusters stabilized with
1,10-phenanthroline and triphenylphosphine are active in photo-
catalytic generation of hydrogen from water and hydrogenation
of olefins in ethanol at 30 ◦C under 1 atm hydrogen [6,36].
Due to the more favorable coordination of diphenylphosphine
than 1,10-phenanthroline, the activity of clusters (I) and (II)
in both reactions could be lower as compared to (III). One
could expect in this case higher selectivities because the coor-
dination of diphenylphosphine may block efficiently most parts
of the active sites on the surface of the cluster particles while
1,10-phenanthroline may block only edge-like parts of the metal
cores.

5. Conclusions

Pd and Pt giant clusters (I)–(III) of varying ligands and
metal-to-ligand ratios were investigated by HRTEM and SAED
complemented with integrated high spatial resolution FE-AEM
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structures with an expanded fcc lattice similarly to 1–2 nm diam-
eter thermally deposited reference Pt particles.
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