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Nanoscopic Metal Particles — Synthetic Methods and Potential Applications

Helmut Bonnemann*!#! and Ryan M. Richards!?!
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Mono- and bimetallic colloidal particles have gained incre-
asing attention in science and application throughout the last
several years. In this contribution, we present a synopsis of
the wet chemical syntheses of these materials and survey po-

tential applications in catalysis and materials science. Me-
thods for the characterization of these particles and their sur-
faces are not reviewed here.

Introduction

Colloidal metals — originally called gold sols — first gen-
erated interest because of their intense colors, which en-
abled them to be used as pigments for glass or ceramics.
Nanoparticulate metal colloids are generally defined as isol-
able particles between 1 and 50 nm in size that are pre-
vented from agglomerating by protecting shells. They can
be redispersed in water (“hydrosols’) or organic solvents
(“organosols’). The number of potential applications of
these colloidal particles is growing rapidly because of the
unique electronic structure of the nanosized metal particles
and their extremely large surface areas. A considerable body
of knowledge has been accumulated on these materials over
the last few decades.! ~!2l Highly dispersed mono- and bi-
metallic colloids can be used as precursors for a new type
of catalyst that is applicable both in the homogeneous and
heterogeneous phases.'37 161 Besides the obvious applica-
tions in chemical catalysis, recent studies have examined the
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potential of nanostructured metal colloids as fuel cell
catalysts.['7 201

Wet Chemical Preparations

Nanostructured metal colloids have been obtained by so-
called “top-down methods”, e.g. by the mechanical
grinding of bulk metals and subsequent stabilization of the
resulting nanosized metal particles by the addition of col-
loidal protecting agents.?! =221 Metal vapor techniques have
provided chemists with a very versatile route for the pro-
duction of a wide range of nanostructured metal colloids
on a preparative laboratory scale.>>~?81 The use of metal
vapor techniques is, however, limited because the operation
of the apparatus is demanding and it is difficult to obtain
narrow particle size distributions. The “bottom-up
methods™ of wet chemical nanoparticle preparation rely on
the chemical reduction of metal salts, electrochemical path-
ways, or the controlled decomposition of metastable or-
ganometallic compounds. A large variety of stabilizers, e.g.
donor ligands, polymers, and surfactants, are used to con-
trol the growth of the initially formed nanoclusters and to
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prevent them from agglomeration. The chemical reduction
of transition metal salts in the presence of stabilizing agents
to generate zerovalent metal colloids in aqueous or organic
media was first published in 1857 by Faraday®”! and this
approach has become one of the most common and power-
ful synthetic methods in this field.[1%!1-3% The first reprodu-
cible standard protocols for the preparation of metal col-
loids (e.g., for 20 nm gold by reduction of [AuCly]~ with
sodium citrate) were established by Turkevich.[! =3 He also
proposed a mechanism for the stepwise formation of nano-
clusters based on nucleation, growth, and agglomeration,
which in essence is still valid. Data from modern analytical
techniques and more recent thermodynamic and kinetic re-
sults have been used to refine this model, as illustrated in
Figure 1.[31730
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Figure 1. Formation of nanostructured metal colloids bg/ the “salt
reduction” method (adapted with permission from ref.['>%))

In the embryonic stage of the nucleation, the metal salt
is reduced to give zerovalent metal atoms.*!! These can col-
lide in solution with further metal ions, metal atoms, or
clusters to form an irreversible “seed” of stable metal nuc-
lei. The diameter of the “seed” nuclei can be well below
1 nm depending on the strength of the metal—metal bonds
and the difference between the redox potentials of the metal
salt and the reducing agent applied.
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Protective agents are necessary to stabilize nanostruc-
tured colloidal metals and to prevent agglomeration. Two
basic modes of stabilization have been distinguished (Fig-
ure 2).[301
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Figure 2. a) Electrostatic stabilization of nanostructured metal col-
loids (scheme adapted with permission from ref.[3%); b) steric stabil-
ization of nanostructured metal colloids (scheme adapted with per-
mission from ref.[3])

Electrostatic stabilization [see Figure 2, a)] is based on the
Coulombic repulsion between the particles caused by the
electrical double layer formed by ions adsorbed at the par-
ticle surface (e.g. sodium citrate) and the corresponding
counterions. This is exemplified by the gold sols prepared
by the reduction of [AuCl,]™ with sodium citrate.[! !

Steric stabilization [Figure 2, b)] is achieved by the coor-
dination of sterically demanding organic molecules that act
as protective shields on the metallic surface. In this way,
nanometallic cores are separated from each other and ag-
glomeration is prevented. The main classes of protective
groups selected from the literature are: polymers®’ 4% and
block copolymers; P, N, and S donors (e.g. phosphanes,
amines, thioethers);[%>7 82l solvents such as THF,®83 THF/
MeOH,®¥ and propylene carbonate;®  long-chain
alcohols;[#1~36:86] surfactants;[6-7-9-15.16,85.87-98] and
organometallics.”®~ 1921 In general, lipophilic protective
agents give metal colloids that are soluble in organic media
(“organosols’), while hydrophilic agents yield water-soluble
colloids (“hydrosols™). In Pd organosols, stabilized by tetra-

Eur. J. Inorg. Chem. 2001, 2455—2480
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Figure 3. Differential TEM/STEM study of a Pd organosol show-
ing that the metal core (size = drgy) is surrounded by a monolayer
of the surfactant [thickness A = (dtgm — dstm)»] (adapted with
permission from ref.[193])

alkylammonium halides, the metal core is protected by a
monolayer of the surfactant coating (Figure 3).[193]

In contrast, metal hydrosols that are stabilized by zwitter-
ionic surfactants capable of self-aggregation are enclosed in
organic double layers. After the application of uranyl acet-
ate as a contrasting agent, TEM micrographs show that the
colloidal Pt particles (average size 2.8 nm) are surrounded
by a double layer zone of the zwitterionic carboxybetaine
(3—5 nm). The hydrophilic head group of the betaine inter-
acts with the charged metal surface and the lipophilic tail
is associated with the tail of a second surfactant molecule
resulting in the formation a hydrophilic outer sphere (see
Figure 4).'%4 Pt or Pt/Au particles have been hosted in the
hydrophobic holes of non-ionic surfactants, e.g. polyethyl-
ene monolaurate.[193-100]

Reducing Agents

It has been experimentally verified in the case of silver3!]
that stronger reducing agents produce smaller nuclei in the
“seed”. These nuclei grow during the “ripening” process to
yield colloidal metal particles in the size range 1—50 nm,
which have a narrow size distribution. The mechanism of
particle formation was assumed to involve an agglomera-
tion of zerovalent nuclei in the “seed’ or, alternatively, colli-
sions of already formed nuclei with reduced metal atoms.
Henglein[*?l has monitored the stepwise reductive formation
of Ags™ and Ag,™ clusters by spectroscopic methods. His
results strongly suggest that an autocatalytic pathway is in-
volved, in which metal ions are adsorbed and successively
reduced at the zerovalent cluster surface. The formation of
colloidal Cu protected by cationic surfactants (NR4") was
investigated by in situ X-ray absorption spectroscopy, which
revealed the formation of an intermediate Cu* state prior
to nucleation of the particles.[33 It is now generally accepted
that the size of the resulting metal colloid is determined by
the relative rates of nucleation and particle growth, al-
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Figure 4. Top: TEM micrographs of colloidal Pt particles (single
and aggregated; average core size = 2.8 nm) stabilized by carboxyb-
etaine 12 (3—5 nm, contrasted with uranyl acetate against the car-
bon substrate); bottom: schematic model of the hydrosol stabiliza-
tion by a double layer of the zwitterionic carboxybetaine 12 (AV\V\ =
lipophilic alkyl chain; —o = hydrophilic, zwitterionic head group)
(adapted from ref.[104)

though the processes involved in nucleation and particle
growth cannot be analyzed separately.

The main advantages of the salt reduction method in the
liquid phase are that it is reproducible and allows colloidal
nanoparticles with a narrow size distribution to be prepared
on a multigram scale. The classical Faraday route, as in the
reduction of [AuCly]~ with sodium citrate for example, is
still used to prepare standard 20 nm gold sols for histolog-
ical staining applications.!'"'%71 Wet chemical reduction pro-
cedures have been applied in the last decades to successfully
combine practically all transition metals with the different
types of stabilizers and the whole range of chemical redu-
cing agents. In 1981, Schmid et al. established the “dibor-
ane-as-reductant  route”  for  the  synthesis  of
Auss(PPh3),Clg (1.4 nm), a full shell (“magic number”)
nanocluster stabilized by phosphane ligands.’”~7!1 Clusters
of Auss are uniformly formed when a stream of B,Hg is
carefully introduced into an Au'" ion solution. The “dibor-
ane route” for MssL,,Cl, nanoclusters was recently re-
viewed by Finke et al.l''l Bimetallic nanoclusters made ac-
cessible by this method®’~7!1 have been thoroughly charac-
terized. Using silsesquioxanes, the phosphane ligands may
be quantitatively exchanged in the Auss nanoclusters, which
causes marked changes in the physical and chemical be-
havior of these clusters.l”!] The synthesis and general chem-
istry of nanosized silica-coated metal particles has been
elaborated by Mulvaney.”?! The “alcohol reduction pro-
cess” of Hirai and Toshimal!0-37-40.323.324] i5 widely applic-
able for the preparation of colloidal precious metals stabil-
ized by organic polymers such as poly(vinylpyrrolidone)
(PVP), poly(vinyl alcohol) (PVA), and poly(methylvinyl
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ether). Alcohols having a-hydrogen atoms are oxidized to
the corresponding carbonyl compound (e.g. methanol to
formaldehyde) during the salt reduction. The method for
preparing bimetallic nanoparticles by the co-reduction of
mixed ions has been evaluated in a recent review.['"] Hydro-
gen is an efficient reducing agent for the preparation of elec-
trostatically stabilized metal sols and of polymer-stabilized
hydrosols of Pd, Pt, Rh, and Ir.['%8~112] Moiseev’s “giant”
palladium cluster [Figure 5, a)]”>~78 and Finkes poly-
oxoanion- and tetrabutylammonium-stabilized transition
metal nanoclusters [Figure 5, b)Jl!!:341137117] were also pre-
pared by the hydrogen reduction pathway.

The characterization of Moiseev’s giant cationic palla-
dium clusterst”>~78 [Figure 5, a)] [idealized formula
Pd_s61L_¢o(OAC)~ 539 (L = phenanthroline, bipyridine)] and
their catalytic properties have recently been reviewed by
Finke et al.l''l The results of a combination of modern in-
strumental analysis methods applied to Finke’s nanoclus-
ters were discussed in detail in the same review.['!]

Colloidal Pt in water®!!8 was obtained using CO, formic
acid, sodium formate, formaldehyde, and benzaldehyde as
reductants.''”) Silanes have been found to be effective for
the reductive preparation of Pt sols.'>%1211 Duff, Johnson,
and Baiker have successfully introduced tetrakis(hydroxy-
methyl)phosphonium chloride (THPC) as a reducing agent
that allows the size- and morphology-selective synthesis of
Ag, Cu, Pt, and Au nanoparticles from the corresponding
metal  salts.'>271271  Furthermore, hydrazine,['*8!  hy-
droxylamine,'?*! and electrons trapped in, for example,
K *[(crown),K]~,[13% have been applied as reductants. In
addition, BH,; ™ is a powerful and valuable reagent for the
salt reduction method. However, a disadvantage is that
transition metal borides are often found alongside the
nanometallic ~ particles.'311321  Tetraalkylammonium
hydrotriorganoborates(®7-%-1537-81 offer a wide range of ap-
plications in the wet chemical reduction of transition metal
salts. In this case, the reductant [BEt;H]™ is combined with
the stabilizing agent (e.g. NR,4"). The surface-active NR,*
salts are formed immediately at the reduction center in high
local concentration and prevent particle aggregation. Trial-
kylboron is recovered unchanged from the reaction mixture
and no borides contaminate the products.

MX, + NR4BEt;H) —» Megiioia + v NRyX + v BEt; + v2 Hy T

M

M = metals of groups 6-11; X = Cl, Br; v = 1-3; R = alkyl, C¢—C»

As synthesized, the NR, " -stabilized “raw” metal colloids
typically contain 6—12 wt-% of metal. “Purified” transition
metal colloids containing ca. 70—85 wt-% of metal are ob-
tained by work-up with ethanol or diethyl ether and sub-
sequent reprecipitation from a solvent of different polarity
(see Table 9 in ref!®). The pre-preparation of [NR,]"
[BEt3H]™ can be avoided if NR4X is coupled to the metal
salt prior to the reduction step. Transition metal nanopart-
icles stabilized by NR4" can also be obtained from NR,X/
transition metal double salts. A number of conventional re-
ducing agents may be applied since the local concentration
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Figure 5. a) Idealized model of Moiseev’s “giant palladium cluster”
de;?lphenzéo(OAc)z 130 (phen = phenanthroline) gadapted from
ref[?)); b) idealized model of a Finke-type Ir® nanocluster
P,W,5sNb;04,°~ and BuyN"-stabilized 1r°_5,, (adapted with per-
mission from ref.['!3])

of the protecting group is sufficiently high for Equation (2)
to hold.[:13]

(NRy),MX,Y,, +vRed = Mcoia + v RedX + w NRsY
M = metals; Red = H,, HCO,H, K, Zn, LiH, LiBEt;H, NaBEtH, KBEt:H;  (2)

X,Y =Cl, Br; v, w=1-3; R =alkyl, C¢-C,,

Eur. J. Inorg. Chem. 2001, 2455—2480
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Table 1. THF-stabilized organosols of early transition metals

Product Starting material Reducing agent T [°C] t [h] Metal content [%0] Size [nm]
[Ti-0.5THF] TiBr,2THF K[BEt;H] room temp. 6 435 (<0.8)
[Zr-0.4THF] ZrBr,s2THF K[BEt;H] room temp. 6 42

[V-:0.3THF] VBr;:3THF K[BEt;H] room temp. 2 S1 -
[Nb-0.3THF] NbCl;2THF K[BEt;H] room temp. 4 48 -
[Mn-0.3THF] MnBr,-2THF K[BEt;H] 50 3 70 1-2.5

In a recent review,!'!l the scope and limitations of this
method were evaluated. Isolable colloids of the zerovalent
early transition metals stabilized only by THF have been
prepared by [BEt;H] ™ reduction of the preformed THF ad-
ducts of TiBr, [Equation (3)], ZrBrs, VBr3;, NbCl,, and
MnBr,. Table 1 summarizes the results. Detailed studies of
[Ti-0.5 THF]®3 have shown that it consists of Ti;3 clusters
in the zerovalent state, stabilized by six intact THF molec-
ules (Figure 6).

x [TiBrs - 2 THF + x4 K[BEt;H] THF, 2 h, 20 °C,

(©)

[Ti- 0.5 THF], + x4 BEt; + x4 KBr 4 + x4 H, T

Figure 6. Ti;; cluster stabilized by six THF O atoms in an octahed-
ral configuration

By analogy, [Mn-0.3THF] particles (1 —2.5 nm) have been
prepared!'33 and their physical properties have been

Figure 7. Organosols stabilized by tetrahydrothiophene; M = Ti,
V (decomposition); M = Mn, Pd, Pt; stable colloids

Eur. J. Inorg. Chem. 2001, 2455—2480
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Figure 8. Nanopowders and nanostructured metal colloids access-
ible by the [BEt;H]™ reduction method (including the mean particle
sizes obtained) (adapted with permission from ref.[”))

studied.['3*] The THF in Equation (3) has been successfully
replaced by tetrahydrothiophene (THT) in the case of Mn,
Pd, and Pt organosols, but attempts to stabilize Ti and V
in this way led to decomposition (Figure 7).['3 Figure 8
gives a survey of the [BEt;H]™ method.

The advantages of the method (Figure 8) may be sum-
marized as follows:

— The method is generally applicable to salts of metals
of Groups 4—11 in the Periodic Table.

— It yields extraordinarily stable metal colloids that are
easy to isolate as dry powders.

— The particle size distribution is nearly monodisperse.

— Bimetallic colloids are easily accessible by co-reduction
of two different metal salts.

— The synthesis is suitable for multigram preparations and
is easy to scale up.

One of the drawbacks of this method is that the particle
size of the resulting sols cannot be varied by altering the
reaction conditions. Highly water-soluble hydrosols, par-
ticularly those of zerovalent precious metals, were made ac-
cessible by using betaines instead of NR,™" salts as the pro-
tecting group in Equation (1). A wide variety of hydrophilic
surfactants may be used in Equation (2).[-1>-8%8] Reetz and
Maase have reported a new method for the size- and mor-
phology-selective preparation of metal colloids using tetra-
alkylammonium carboxylates of the type NR,*R'CO,~
(R = octyl; R" = alkyl, aryl, H) as both the reducing agent
and the stabilizer [Equation (4)].1135~137:325]
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M+ RN"R'CO,” 50-90°C_ M°(R:NR'CO;), +CO, +R-R'

“

R =octyl, R' = alkyl, aryl, H

The resulting particle sizes were found to correlate with
the electronic nature of the R’ group in the carboxylate.
Electron donors produced small nanoclusters, whereas elec-
tron-withdrawing substituents R’ yielded larger particles.
For example, Pd particles of size 2.2 nm were formed when
Pd(NOsj), was treated with an excess of tetra(n-octyl)am-
monium carboxylate bearing R’ = (CH;3);CCO, ™~ (an elec-
tron-donating group) as the substituent. With R’ =
CLL,CHCO,~ (an -electron-withdrawing substituent), the
particle size was found to be 5.4 nm. Bimetallic colloids of
the following were obtained with tetra(n-octyl)ammonium
formate as the reductant: Pd/Pt (2.2 nm), Pd/Sn (4.4 nm),
Pd/Au (3.3 nm), Pd/Rh (1.8 nm), Pt/Ru (1.7 nm), and Pd/
Cu (2.2 nm). The shape of the particles was also found to

According to Equation (5), colloids of zerovalent ele-
ments of Groups 6—11 of the Periodic Table (and also of
tin) may be prepared in the form of stable, isolable or-
ganosols. Available analytical data suggest that a layer of
condensed organoaluminum species protects the transition
metal core against aggregation, as depicted in Equation (5).
However, the exact “backbone” of the colloidal organoalu-
minum protecting agent has not yet been completely estab-
lished.

Unreacted organoaluminum groups (e.g. Al—CHs,
Al—C,H;) from the starting material are still present in the
stabilizer and have been detected by quantitative pro-
tonolysis experiments. These active Al—C bonds have been
used for a controlled protonolysis by long-chain alcohols or
organic acids (“modifiers”) to give Al—alkoxide groups in
the stabilizer [Equation (6)].

. . M, OR
depend on the reductant: With tetra(n-octyl)lammonium Al I N—
glycolate and Pd(NOs),, a significant amount of trigonal  HcC- ?A’i"“ A RO- "™ b
particles was detected in the resulting Pd colloid. Organoal- acac + R-OH (Modifier) acac
. . iy -
uminum compounds have been used for the “reductive sta- g j,{. a -CHa "m; *i-'-oa
bilization” of mono- and bimetallic nanoparticles [see r:lc":%m_h1L = RO T
Equation (5) and Table 2].°%-1901 CH, OR .
' i3]
CH Maodifiers: alcohols, carbonic acids, silanols, sugars, polyaleohols, polyvinylpymrolidone,
.___,l|,]_"a surfactants, silica, alumina, ete. (32).
acac
HL-., Aeae '_\“‘_(Zlh
Toluene ¥ |-|"| L
MNy + ARy ——— 2R 4 [RzAlacac]
I.I.l:lt\ i:
: Alcn . . . . .
.1,.:-":‘;"(_‘_1t o ! This “modification”, Equation (6), of the organoalumi-
C (5)

CH,

M = Moetals of Groups 6-11 PSE

X = Halogen, Acetylacetonate n = 2-4
R = C-Cy-Alkyl

Particle sizes 1-12nm

num protecting shell can be used to tailor the dispersion
characteristics of the original organosols. A vast spectrum
of solubilities of the colloidal metals in hydrophobic and

Table 2. Mono- and bimetallic nanocolloids prepared by the organoaluminum route (see ref.?%l)

Metal salt Reducing agent Toluene Conditions Product Metal content  Particle size
[g] [mmol] ] [mmol]  [mL] T[ECl  t[h]  mg] [wt-%] F [nm]
Ni(acac), 0.275 1 Al(iBu); 0.594 3 100 20 10 0.85 Ni: 13.8 2—4
Fe(acac), 2.54 10 Al(Me); 2.1 30 100 20 3 2.4 n.d.
RhCl, 0.77 3.1 Al(oct); 4.1 11.1 150 40 18 4.5 Rh: 8.5 2-3
Al: 6.7
Ag neodecanoate 9.3 21.5 Al(oct); 8.0 21.8 1000 20 36 17.1 Ag: 11.8 8—12
Al: 2.7
Pt(acac), 1.15 3 Al(Me);  0.86 7.6 150 20 24 1.45 Pt: 35.8 2.5
Al: 15.4
PtCl, 0.27 1 Al(Me); 0.34 3 125 40 16 0.47 Pt: 41.1 2.0
Al: 15.2
Pd(acac), 0.54 1.8 Al(Et); 0.46 4 500 20 2 0.85 P: 22 3.2
Pt(acac), 0.09 0.24 Pt: 5.5
Al: 12.7
Pt(acac), 7.86 20 Al(Me);  8.64 120 400 60 21 17,1 Pt: 20.6 1.3
Ru(acac); 7.96 20 Ru: 10.5
Al: 19.6
Pt(acac), 1.15 2.9 Al(Me); 0.86 12 100 60 2 1.1 Pt: 27.1 n.d.
SnCl, 0.19 1 Sn: 5.2
Al: 14.4
2460 Eur. J. Inorg. Chem. 2001, 2455—2480
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Figure 9. Size conservation of colloidal Pt/Ru particles under the hydrophilic modification of the (CH;),Al—acac protecting shell using

polyethylene glycol/dodecyl ether

hydrophilic media (including water) has been achieved in
this way. Inorganic surfaces bearing OH groups can react
with the active AI—C bonds in the colloidal protecting
shell, opening new possibilities for the preparation of het-
erogeneous catalysts. The modification process does not
substantially alter the particle size of the metal core (see
Figure 9).[101

Electrochemical Synthesis

This very versatile means of preparing nanostructured
mono- and bimetallic colloids has been further developed
by Reetz and his group since 1994.18-90°11 The overall pro-
cess of electrochemical synthesis, Equation (7), can be di-
vided into six elementary steps (see Figure 10).

1. Oxidative dissolution of the sacrificial My, anode.

2. Migration of M"" ions to the cathode.

3. Reductive formation of zerovalent metal atoms at the
cathode.

4. Formation of metal particles by nucleation and growth.
5. Arrest of the growth process and stabilization of the par-
ticles by colloidal protecting agents, e.g., tetraalkylammo-
nium ions.

6. Precipitation of the nanostructured metal colloids.

Anode: Mbui - M +ne
Cathode: M" +ne + stabilizer —  Mca/stabilizer )
Sum: Mpux  + stabilizer - Mcon/stabilizer

Advantages of the electrochemical pathway are that con-
tamination with by-products resulting from chemical redu-
cing agents are avoided and that the products are easily isol-
ated from the precipitate. Further, the electrochemical pre-
paration allows for size-selective particle formation. Experi-

Eur. J. Inorg. Chem. 2001, 2455—2480
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Figure 10. Electrochemical formation of NR 4" Cl~ -stabilized nano-
metal (adapted with permission from ref.[8l)

ments using Pd as the sacrificial anode in the electrochem-
ical cell to give (CgH;7),N*Br~-stabilized Pd° particles have
indicated that the particle size depends on the current den-
sity applied: high current densities lead to small Pd particles
(1.4 nm), whereas low current densities give larger particles
(4.8 nm).°%1 As was seen from a careful analysis of tetraal-
kylammonium-stabilized Pd and Ni by means of a com-
bination of TEM and SAXS, the control of particle size
does not have a single cause. It can be brought about by
adjusting the following parameters:
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— the distance between the electrodes,
— the reaction time and temperature,
— the polarity of the solvent.

Nearly monodisperse Pd® particles with sizes of 1—6 nm
can be obtained by means of electrochemical synthesis. It
was also shown that the size of NR4"-stabilized Ni° par-
ticles® can be adjusted at will. The electrochemical
method®®~°71 [Equation (7)] has been successfully applied
in the preparation of a number of monometallic organosols
and hydrosols, e.g. of Pd, Ni, Co, Fe, Ti, Ag, and Au, on a
scale of several hundred milligrams (yields > 95%). Using
the electrochemical pathway, solvent-stabilized (propylene
carbonate) palladium particles (8—10 nm) have also been
obtained.® Bimetallic nanocolloids (Pd/Ni, Fe/Co, Fe/Ni)
are accessible®? if two sacrificial My, anodes are used in
a single electrolysis cell. In the case of Pt, Rh, Ru, and Mo,
which are anodically less readily soluble, the corresponding
metal salts were electrochemically reduced at the cathode
(see bottom part of Figure 10 and Table 3). Tetraalkylam-
monium acetate has been used as both the supporting elec-
trolyte and the stabilizer in a Kolbe electrolysis at an anode
[see Equation (8)].°°! By combining the electrochemical
methods described in Equation (7) and Equation (8), bimet-
allic nanocolloids can be prepared (see Table 4).[¢
—> Pt

Cathode: Pt +2¢

—» 2CH;CO,+2¢ ®)

Anode: 2 CH3COy”

Table 3. Electrochemical colloid synthesis

Metal Salt d [nm] EA

PtCl, 2.51b] 51.21% Pt

PtCl, 5.0 59.71% Pt

RhCI;H,O 2.5 26.35% Rh

RuCl3H,O 3.5 38.55% Ru

0OsCls 2.0 37.88% Os

Pd(OAc), 2.5 54.40% Pd

Mo,(OAc), 5.0 36.97% Mo

PtCl, + RuCl3H,0 2.5 41.79% Pt + 23.63% Rh!4
[al Based on stabilizer-containing material. — ! Current density:

5.00 mA/cm?. — [ Current density: 0.05 mA/cm?. — ¥ Pt—Ru
dimetallic cluster.

Table 4. Bimetallics prepared electrochemically

Anode Metal salt d [nm] Stoichiometry (EDX)
Sn PtClz 3.0 PtSOSHSO
Cu Pd(OAC)2 [a] 2.5 CU44Pd56
Pd PtCl, 35 Pds,Pts

[a] Electrolyte: 0.1 M [(n-octyl)sN]JOAc/THF.

By modifying the electrochemical method, the synthesis
of layered bimetallic nanocolloids (e.g. of Pt/Pd) has been
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achieved.’>°71 A preformed (Oct),NBr-stabilized Pt colloid
core (size 3.8 nm) was electrolyzed in 0.1 M (Oct)4;NBr solu-
tion in THF with Pd as the sacrificial anode (Figure 11).
The preformed Pt core may be regarded as a “living-metal-
polymer”, on which the Pd atoms are deposited to give “on-
ion-type” bimetallic nanoparticles (5 nm).

Electrolysis Cell

Electrolyte
{0.1 M Oet,NBr/THF
+ Oet,Br/Pt-Colloid)

Pt-Cathode Pd-Anode

Figure 11. Modified electrolysis cell for the preparation of layered
bin}gezt]allic Pt/Pd nanocolloids (adapted with permission from
ref.P2])

Decomposition of Low-Valent Transition Metal
Complexes

Low-valent organometallic complexes and several or-
ganic derivatives of the transition metals decompose under
the action of heat, light, or ultrasound to give short-lived
nucleation particles of zerovalent metals in solution, which
may be stabilized by colloidal protecting agents. For ex-
ample, thermolysis!!38 143 Jeads to the rapid decomposition
of carbonylcobalt complexes to give colloidal cobalt in or-
ganic solutions.['3813] Thermolysis of labile precious metal
salts in the absence of stabilizers yields colloidal Pd, Pt, and
bimetallic Pd/Cu nanoparticles!'#"] with broad size distribu-
tions. These results were found to be greatly improved when
the thermolysis was performed in the presence of stabilizing
polymers, such as PVP.I*I Recently, heating in a simple
household microwave oven has been proposed as a means
of preparing nanosized metal particles and col-
loids.[142:143.326] The substrate is heated uniformly by the
electromagnetic waves, leading to a more homogeneous
nucleation and a shorter aggregation time. It is informative
to compare the particle size of polymer-stabilized Pt col-
loids (spheres, 2—4 nm, narrow size distribution) prepared
by dielectrical microwave heating with that of samples pre-
pared by conventional heating under otherwise identical
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Table 5. Comparison of conventional and microwave heating

No.[4l PVPDPI NaOH®! Average diameter [nm] Standard deviation [nm] Relative standard deviation
1 10 0 3.8 0.57 0.15
2 20 0 34 0.56 0.16
3 50 0 3.0 0.50 0.17
4 100 0 2.9 0.47 0.16
5 50 2 3.0 0.49 0.16
6 50 4 2.6 0.48 0.18
7 50 6 1.9 0.33 0.17
8 50 8 2.0 0.32 0.16
9 50 10 2.1 0.40 0.19

10 50 0 3.1 1.08 0.35

11 50 8 1.8 0.55 0.31

12 50 0 2.7 0.74 0.27

13 50 8 1.1 0.31 0.28

[al Nos. 1—9 were prepared by microwave dielectric heating without stirring; nos. 10 and 11 were prepared without stirring, and nos. 12
and 13 were prepared by stirring in a heated oil bath. — ® The data in the columns labeled PVP and NaOH refer to the molar ratios of

PVP (as a monomeric unit) and NaOH to Pt.

conditions (Table 5). Sonochemical decomposition methods
have been successfully developed by Suslick!'* and
Gedanken!'* 1471 and have yielded Fe, Mo,C, Ni, Pd, and
Ag nanoparticles in various stabilizing environments.

Isolable colloidal products can be prepared in multigram
amounts by the controlled chemical decomposition of zero-
valent transition metal complexes by the addition of CO or
H, in the presence of appropriate stabilizers.[72~82148~158]
Bradley and Chaudret!7®~821497155327-3331 have demon-
strated the use of low-valent transition metal olefin com-
plexes as a very clean source for the preparation of nanos-
tructured mono- and bimetallic colloids. Nanoparticulate
colloids have also been successfully prepared in micelles, in-
verse micelles, and by encapsulation.[32-3318¢ Although bey-
ond the focus of this article, we should also mention that a
number of nanoparticulate metal oxide systems have been
successfully developed.[’-157-1621

Particle Size Control

Metal colloid sols are generally described as “monodis-
perse” when the particle size deviates by less than 15% from
the average value. Histograms with a standard deviation o
from the mean particle size of approximately 20% are de-
scribed as showing a “narrow size distribution”. The kinet-
ics of the particle nucleation from atomic units and of the
subsequent growth process cannot be directly observed by
physical methods. In practice, the means available to the
preparative chemist for controlling the particle size are size-
selective separationl#3.163.164] and size-selective
SyntheSiS.[4l756’90’1357137’1657181]

The so-called size-selective precipitation (SPP) method
was predominantly developed by Pileni.*>334 Monodis-
perse silver particles (2.3 nm, ¢ = 15%) are precipitated
from a polydisperse silver colloid solution in hexane by
adding pyridine in three iterative steps. Schmid has recently
reported the two-dimensional “crystallization” of truly
monodisperse Auss clusters.[1®3 Schmid has also shown that
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the size of nanoparticles can be limited by steric restrictions
imposed by a 3D polymer network.*33 Chromatographic
separation methods proved unsuccessful because the colloid
was decomposed after the colloidal protecting shell had
been stripped off.l'33] Colfen has developed the size-select-
ive ultra-centrifuge separation of Pt colloids.['® However,
although this elegant separation method gives truly monod-
isperse metal colloids, as yet it can only provide milligram-
scale samples. Turkevich was the first to describe size-select-
ive colloid synthesis.!'?l Using the salt reduction method,
he was able to vary the particle size of colloidal Pd between
0.55 and 4.5 nm. The crucial parameters were the amount
of reducing agent applied and the pH of the medium. Ac-
cording to the literature concerning the process of nucle-
ation and particle growth, the essential factors that control
the particle size are the strength of the metal—metal
bond;™% the molar ratio of metal salt; colloidal stabilizer;
and reducing agent;[!:119:126.165=182] the extent of conversion
or the reaction time;!'!®! the applied temperature;!!-166-17¢]
and the pressure.l'%! The preparation of nearly monodis-
perse nanostructured metal colloids using the salt reduction
pathway is well documented in the literature. In practice,
however, the “control”, i.e. the variation of particle sizes
(and shapes), in wet chemical colloid synthesis is left to the
intuition of the chemist. Recently, Pileni has also demon-
strated that control of particle size and composition can
be achieved using oil-in-water micelles.?3°! At present, the
electrochemical synthesis of Reetz and co-workers offers the
most rational method for selecting the particle size. Using
variable current densities and making appropriate adjust-
ments of further key parameters, these authors have been
able to obtain at will almost monodisperse samples of col-
loidal Pd and Ni with sizes between 1 and 6 nm.”0=%7 In
the thermal decomposition method, the particle size ob-
tained depends on the heat source (see Table 5).['43 Size
control has also been reported for the sonochemical de-
compositon method and y-radiolysis.['33-184]

The domain of preparation methods using constrained
environments offers control over the metal particle shape
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by predetermining the size and morphology of the products
in nanoscale reaction chambers.[! =39 The controlled tem-
perature-induced size and shape manipulation of 2—6 nm
gold particles encapsulated in alkanethiolate monolayersi>#
has recently been reported. The use of near-IR laser light
has led to an enormous increase in the size of thiol-passiv-
ated gold particles up to ca. 200 nm.’* A new medium-
energy ion-scattering (MEIS) simulation program has suc-
cessfully been applied in analyzing the composition and av-
erage particle size of Pt/Rh/a-Al,05.5%

Applications in Catalysis

“Quasi-Homogeneous” Reactions

Lipophilic or hydrophilic nanostructured metal colloids,
dissolved in the form of organosols or hydrosols, can serve
as catalysts in organic solutions and in the aqueous phase,
respectively. Schmid®# has referred to these quasi-homo-
geneous catalytic reactions, which involve solvated metal
atom dispersions (SMAD),?% as “heterogeneous catalysis
in solution”. Rhodium hydrosols, dissolved in water, were
shown to be effective as hydrogenation catalysts in two-
phase systems, where the olefin formed the organic
phase.'®] Aqueous solutions of Moiseev’s giant Pd colloids
[Figure 5, a)]73~ 78 were shown to catalyze a number of re-
actions in the “quasi-homogeneous’ phase, namely oxidat-
ive acetoxylation reactions,””*! the oxidative carbonylation
of phenol to diphenyl carbonate,!'® the hydrogen-transfer
reduction of multiple bonds by formic acid,!'87! the reduc-
tion of nitriles and nitroarenes, and acetal formation,[!3%] all
with high turnover frequencies and significant lifetimes (see
ref.l'l). Remarkable catalytic lifetimes for polyoxoanion-
and tetrabutylammonium-stabilized transition metal nano-
clusters have been reported by Finkel''3~ 7] (see Figure 5).
For example, in the catalytic hydrogenation of cyclohexene,
a common test for structure-insensitive reactions, the Ir°
nanocluster®! showed up to 18,000 total turnovers with
turnover frequencies of 3200 h~!.['%°] Recently, as many as
190,000 turnovers were reported in the case of the Rh® ana-
logue.[" These results are quite unprecedented. Obviously,
the polyoxoanion component prevents the precious metal
nanoparticles from aggregating so that the active metals
have high effective surface areas.!'”l A recent review!”! com-
pares this new approach with the catalytic properties of
other nanometallic systems active in the “quasi-homogen-
eous” phase. When nanostructured Ti colloids (3 nm), sta-
bilized by BuyNBr, were used, the formation of olefins from
aldehydes and ketones through McMurry-type coupling re-
actions was observed.l'"l THF-protected Ti;; nanoclus-
ters!®3 were found to hydrogenate Ti and Zr sponges in the
“quasi-homogeneous” phase.l'>193 Using cinchonidine-
stabilized Pt colloids, the enantioselective hydrogenation of
ethyl pyruvate in HOAc/MeOH solution was per-
formed.l'””] Heck and Suzuki C—C bond coupling reac-
tions were catalyzed by NR," X -stabilized Pd and Pd/Ni
colloids in dimethylacetamide. The same reactions have
been observed using solvent-stabilized Pd particles in pro-
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pylene carbonate as the catalyst.[83:194195] Nanosized Pd
colloids generated in situ by the reduction of Pd" to Pd°
are involved in the catalysis of phosphane-free Heck and
Suzuki reactions.'®l Hexagonal or quasi-two-dimensional
Pd nanoparticles (hcp structure, 53 nm) encapsulated in
graphite have also been tested as catalysts for the Heck re-
action. Microphotographs confirmed that the nanoparticles
were located between the spacing layers of graphite. The
catalyst is very stable: Although no strong interaction is
present between the nanoparticles and the carbon lattice,
the particles cannot be washed out and they are still found
inside the carbon lattice after the Heck reaction.!'®”! The
[3+2] cycloaddition of methylenecyclopropane to methyl
acrylate is effectively catalyzed by nanostructured nickel
colloids (2.5 nm) in solution."®®! The liquid-phase hydro-
genation of isomeric undecenoic acids has been shown to
be selectively catalyzed by Pt colloids encapsulated in poly-
merized micelles.['”] Metal colloids stabilized by amphi-
philic block copolymers have been used as efficient catalysts
in the “quasi-homogeneous” phase.2°07291 A generally ap-
plicable synthesis of metal colloids in microemulsions, in
particular of nanostructured noble metals in amphiphilic
block copolymers, has been devised by Antonietti and co-
workers.[20012011 Micelles incorporating nanosized metals
are very stable; they undergo no significant change of their
colloidal properties such as size and polydispersity and are
consequently effective hydrogenation catalysts. The mor-
phology of the metal core can be varied between a
“cherry”-type and a “raspberry”’-type architecture de-
pending on the strength of the reducing agent. Block co-
polymer stabilized Pd “raspberry” colloids have an extra-
ordinarily high metal surface area and no additional sup-
port is needed for catalytic applications in solution. This
type of colloid catalyst combines the advantages of homo-
geneous and heterogeneous catalysis, i.e. the high selectivity
and reactivity of homogeneous hydrogenation catalysts is
coupled with the long-term stability of heterogeneous sys-
tems. Nanostructured metal colloids, stabilized with syn-
thetic polymers,?°4~2%81 may be regarded as artificial en-
zyme models. The interaction between the “polymeric
fields” and the reactive substrates determines the selectivity
of the colloidal nanometal catalysts. Coordinating polymers
such as poly(N-vinyl-2-pyrrolidone) have been shown to
protect nanostructured mono- and bimetallic particles hav-
ing an average diameter of ca. 1—3 nm and a narrow size
distribution.?*¢=34% The resulting materials have proved to
be effective catalysts for olefin hydrogenation,?° nitrile hy-
dration,?°%l and photoinduced electron transfer.?°” The ap-
plication of dendrimer-encapsulated Pd nanoparticles to
fluorous phase soluble catalysts has recently been de-
scribed.?%®! The scope of ligand-stabilized transition metal
nanoparticles in catalysis has recently been summarized by
Schmid. [68-20%]

Heterogeneous Reactions

Heterogeneous catalysts are obtained by depositing pre-
prepared nanometal colloids on supports.’! On this basis,
the so-called “precursor concept” for the manufacture of
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heterogeneous metal colloid catalysts was developed in the
1990s.[6:7:9-158781 Ag a result, so-called egg shell catalysts
were obtained, which contain the active metal particles as
a thin layer (<250 nm) on the surface of the support.
Metal colloid catalysts of this type have been successfully
applied in the hydrogenation of C—C double bonds, organic
carbonyl groups, unsaturated C—N bonds, and in the
reduction of N—O bonds.?!%! An obvious advantage of the
precursor concept over the conventional salt-impregnation
method is that both the size and the composition of the
colloidal metal precursors may be tailored independently of
the support. Furthermore, the metal particle surface may
be modified by lipophilic or hydrophilic protective shells
and coated by intermediate layers, e.g., of oxide. The modi-
fication of the precursor by dopants is also possible. Such
catalysts are manufactured by dipping the supports into or-
ganic or aqueous media containing the dispersed precursor
at ambient temperature to adsorb the pre-prepared par-
ticles. This has been demonstrated for supports such as
charcoal, various oxidic support materials, and even low-
surface-area materials such as sapphire, quartz, and highly
oriented pyrolitic graphite (HOPG), for which no sub-
sequent calcination is required (see Figure 12). Researchers
at Degussa have demonstrated the feasibility of preparing
catalysts for industrial purposes in this way.

Nanoparticle
Metal / Alloy

Intermediate Layer
e.g. Oxygen, Gold

Protective Shell
e.g. surfactant

Figure 12. The precursor concept (adapted from ref.l”l)

A combination of AFM, STM, and XPS!!'#] has been
used to probe the interaction of platinum hydrosols with
oxide (sapphire, quartz) and graphite single-crystal sub-
strates (Figure 13). When dipped into aqueous Pt colloid
solutions at 20 °C, the metal core is immediately adsorbed
onto the support surface. The carpet-like coating formed
over the particles by the protecting shell and the support
surface cannot be removed from the particle surface even
by repeated washing with solvents. The organic protecting
shell decomposes on annealing at 280 °C and above in
UHYV. By monitoring the thermal degradation up to 800 °C
by XPS and STM, it was shown that the Pt particles remain
virtually unchanged up to ca. 800 °C, above which sintering
processes take place.
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Figure 13. Top: AFM investigation of a sulfobetaine-12 stabilized
Pt hydrosol (3 nm) absorbed on highly oriented pyrolytic graphite
(HOPQG) after dipping (left) and after additional washing (right);
bottom: scheme of the Pt hydrosol adsorbtion on HOPG derived
from a combined STM and XPS study (ref.?!2])

Reetz et al. have used (octyl);NBr-stabilized Pd colloids
(of typical size 3 nm) as precursors of so-called “cortex
catalysts”, where the active metal forms an extremely fine
shell less than 10 nm thick on the support (e.g. Al,O5).[>13!
The impregnation of Al,O5 pellets by dispersed nanostruc-
tured metal colloids occurs with a time-dependent penetra-
tion of the support over the first 1—4 s, and is complete
after 10 s [see Figure 14, a)—c)].

“Cortex catalysts” were reported to exhibit a threefold
higher activity in olefin hydrogenation than conventionally
prepared catalysts of the same metal loading (5% Pd on
Al,05). Schmid!®¥ has described phosphane-stabilized Rhss
nanoclusters, namely Rhss[P(zBu)s];,Clyg and
Rhss5(PPh3),,Cl,y, which were deposited on TiO,. These
systems were reported to catalyze the heterogeneous hydro-
formylation of propene with high turnover numbers giving
equal amounts of n- and iso-butanal. Although the ob-
served turnover frequencies were higher than those seen
with homogeneous complex catalysts, the selectivity was
found to be too low for practical applications. In the bu-
tyronitrile hydrogenation test, the activity of surfactant-sta-
bilized colloidal rhodium (5 wt-% on charcoal) was found
to surpass that of conventional salt impregnation catalysts
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aj b) c)

Figure 14. Heterogeneous Pd colloid catalysts of the cortex-type
(adapted with permission from ref.[>!3l): a) Al,O5 pellets (3.2 mm)
after penetration with a 0.5 m solution of (octyl),;NBr-stabilized
colloidal Pd in THF for 1 s, b) for 4 s, ¢) for 10 s

of the same metal loading. The addition of 0.2% colloidal
Ti® to the supported noble metall® resulted in a significant
enhancement of the activity (see Figure 15).7)

Activity [Nmli{g min)]
300 |
oxygenated
0,2% Ti, oxygenated

250 | |

Industrial catalyst
5% Rh on charcoal

Colloidal catalyst
5% Rh on charcoal

Figure 15. Activities of conventional and colloidal Rh/C catalysts,
eventually doped with 2% colloidal Ti’, compared in the but;/ron-
itrile hydrogenation test (adapted with permission from ref.l1>)

The compounds used as dopants are not limited to those
of the early transition metals. The addition of neodymium
ions to the palladium particles was found to have a signific-
ant promoting effect on the hydrogenation of acrylic
acid.[?'¥ The selective transformation of 3,4-dichloronitrob-
enzene to the corresponding aniline has been selected to
test pre-prepared Pt hydrosols as heterogeneous catalyst
precursors (see Figure 16).1215]
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Figure 16. Reaction scheme for the hydrogenation of 3,4-dichloro-
nitrobenzene

The performance of the colloidal catalyst system was
evaluated in both batch and continuous tests and compared
to that of conventional Pt/C systems. In summary, the po-
tential of the colloidal heterogeneous catalyst stems from
the fact that it is possible to tailor the properties for specific
applications by the addition of specific dopants or
“poisons” (such as sulfur). Further “fine tuning” of the
complex process has been achieved by using the synergistic
effect of bimetallic precursors (e.g. Pt/Cu). The influence of
metal ions on the hydrogenation of o-chloronitrobenzene
on platinum colloids and the effect of metal complexes on
the catalytic performances of metal clusters have also been
investigated.[?'®~ 2181 It was found that the catalytic proper-
ties of platinum clusters for the hydrogenation of o-chloro-
nitrobenzene to o-chloroaniline are very sensitive to the me-
tallic cations added. Enhanced activity and selectivity was
observed when Ni’>" ions were used as the modifier. The
selectivity in the formation of o-chloroaniline increased
from 44.7% to 66.3%, while the activity of the catalyst was
almost doubled. The maximum activity and selectivity
(82.9%) in the formation of o-chloroaniline was obtained
with an Ni?"/Pt molar ratio of 8:1.2!¢1 The same authors
also studied the “doping effect” of additional metal com-
plexes on the activity and selectivity of platinum clusters in
the homogeneous liquid-phase hydrogenation of cinnamal-
dehyde.”!81 The conversion was increased from 65.5% to
78.0% by using NasFeFy as the additive, while the selectiv-
ity of cinnamic alcohol formation was increased from
17.7% to 75.0%. The addition of Ni(bipy);Cl, to the col-
loidal platinum catalyst increased the conversion to 82.1%,
while the selectivity in the formation of hydrocinnamal-
dehyde was as high as 97.3%. By doping Rh colloid cata-
lysts with Sn, it was found that the selectivity in the hydro-
genation of cinnamic acid to cinnamic alcohol could be va-
ried. A selectivity of 86% was achieved using a colloidal
Rh/Sn (Rh/Sn = 1.5:1) catalyst on carbon.l'”! Remarkably,
the stabilizing surfactant was shown to modify the colloidal
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metal surface and hence the catalytic properties.[>!3]
Hanaoka et al.?'! have reported the selective photocata-
lytic transfer of hydrogen to 1,5-cyclooctadiene using a light
transition metal modified rhodium colloid catalyst. Bulk in-
dustrial processes often rely on alloy-like bimetallic
catalysts.?2072221 Here, nanostructured bimetallic colloid
catalysts have provided a possibility of carrying out differ-
ential studies on the mutual influence of two different
metals on the catalytic properties. The controlled co-reduc-
tion of two different metal ions has made bimetallic colloids
readily accessible.[6-7:15:37740.69.85.90=97.223] The structural
characterization and some catalytic aspects of bimetallic
colloids have recently been reviewed.['”1 The successive re-
duction of different metal ions allows the homogeneous
structure of bimetallic particles to be altered to one of col-
loidal particles having composition gradients from the core
to the shell 2052247227 Tryly layered particles consisting of,
for example, a gold core plated by palladium or vice
versa,[®! have also been synthesized. Bimetallic particles
having a gradient metal distribution or a layered structure
are most interesting for catalytic applications. In the cata-
lytic hydrogenation of crotonic acid to give butanoic acid,
a clear synergistic effect of Pt and Rh!® was observed using
bimetallic colloidal precursors (Pt,gRhgg) having a gradient
core/shell structure with an increase in the Rh content on
going from the core to the surface of the particle (see Fig-
ure 17).2241 Toshima has discussed a similar effect in the
partial hydrogenation of 1,3-cyclooctadiene with PtgyPdyg
and PdgoAu,, colloid catalysts.[1%]

Activity [Nml/g min]

5000
== A/ Pt-colloid on C (curve 1)
[ Rh colloid + Pt colloid ) on C (curve 2)
4000 = AR colloid on C + Ptcollaid an (curve 3) \ 4000
3000 / | 3000
| ‘

2000 /// | 2000
1000 /’/ 1000
0 0
100 70430 50/50 20/80 100

mol % Pt mol % Rh

Figure 17. Activity plot of alloyed Rh/Pt/C and mixed Rh + Pt/C
catalysts in the crotonic acid hydrogenation test (H, consumption)
(adapted with permission from ref.['])

The difference in the electronegativities of Pd and Au,
together with the combination of the partially filled d band
of Pd and the completely filled d band of Au, result in a
novel electronic structure that may account for the catalytic
behavior of gold/palladium alloys.[>?8237] Fascinating pro-
spects for the design of new catalysts have been opened up
using bimetallic particles with layered structures. Schmid et
al.[®! have applied the classical seed growth method3®! to
synthesize layered bimetallic Au/Pd and Pd/Au colloids
with sizes of 20—56 nm. The Au core is coated with Pd by
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the sequential reduction of gold and palladium salts with
sodium citrate. The layered bimetallic colloid is stabilized
by trisulfonated triphenylphosphane and sodium sulfanil-
ate. More than 90% of the metal can be recovered in the
solid state and redispersion in water is possible in high con-
centration. Au/Pd and Pd/Au systems on a TiO, support
have been used in stabilized and non-stabilized forms as
heterogeneous catalysts for the hydrogenation of hex-2-yne
to (Z£)-hex-2-ene. Both the palladium-plated gold seeds and
the gold-plated palladium particles showed considerably in-
creased activities compared with either pure metal. The life-
times of the ligand-stabilized colloid catalysts are consider-
ably enhanced by the protecting ligand shell. The influence
of the electronegativity difference between Au and Pd on
the activity and selectivity of the hydrosilylation reac-
tion!>*1 on colloidal Pt surfaces!'>-'?!] has been carefully
investigated. In essence, the results demonstrate that the ac-
tivity, selectivity, and lifetime of a metal colloid catalyst
may be optimized by a defined variation of the core/shell
composition in the bimetallic precursor.

Residues of the stabilizing agents that are still present on
the surface of the colloidal metal precursors (1—5 wt-%
metal loading on charcoal, glassy carbon, zeolites, TiO,,
Al,O3, CaCOs, SiO,, single-crystal oxides, or HOPG) may
act as effective catalyst modifiers, controlling the selectivity
and durability of the heterogeneous colloid catalysts (see
Figure 13). Ligands such as phosphanes or phenanthrol-
ines,%® surfactants of various typest”-!3 or organic “envel-
opes” such as polymers!!?%-240-241] have been found to con-
trol the regio- and enantioselectivity of heterogeneous metal
colloid catalysts. In the case of the partial hydrogenation of
hex-2-yne to (Z)-hex-2-ene, Schmid has found that even
subtle changes in the chain length of the substituents of the
alkyl-substituted phenanthrolines used as colloid stabilizers
have a significant effect on the regioselectivity.”*?! Seven-
and eight-shell palladium clusters on TiO,, protected by
phenanthroline, catalyze the partial hydrogenation of hex-
2-yne to (Z)-hex-2-ene with a selectivity of 93%. A similar
selectivity was achieved using 3-(n-decyl)phenanthroline as
the stabilizer. On substitution of the phenanthroline with 7-
butyl or n-heptyl groups, however, the activity drops dra-
matically and the subsequent isomerization or total hydro-
genation of the (Z)-hex-2-ene is completely suppressed.
Geometrical, i.e. steric, factors were proposed to explain the
strong influence on the selectivity, and indeed this has been
illustrated by further examples. A surfactant was found to
control the selectivity in the (Z)-selective partial hydrogena-
tion of 3-hexyn-1-ol giving leaf alcohol, which is a valuable
fragrance [Equation (9)].243

o=’ s A N, W)
©)

The performance in this reaction, Equation (9), of het-
erogeneous Pd colloid catalysts on CaCO;,modified by a
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number of surfactants, was compared with those of conven-
tional Pd/C and Lindlar catalysts under optimized reaction
conditions. The selectivity was found to be dependent on
both the support and various promoters. The highest activ-
ity and best selectivity (98.1%) in formation of the desired
(Z)-3-hexen-1-ol was found when a lead acetate promoted
palladium colloid on CaCOs3, modified by the zwitterionic
surfactant sulfobetaine-12 (N,N-dimethyldodecylammoni-
opropanesulfonate), was employed. Chemisorption meas-
urements showed that residual amounts of the surfactant
were still present on the surface of the immobilized par-
ticles. This colloid catalyst proved to be twice as active as a
conventional Lindlar catalyst and gave 0.5% higher selectiv-
ity. Hydrophilic protecting shells allow improved contact
between heterogenized metal colloid surfaces and substrates
in aqueous media. For example, a hydrophilic ruthenium
colloid catalyst on lanthanum oxide was shown to convert
benzene into cyclohexene with 59% selectivity at 50% ben-
zene conversion when suspended in an aqueous solution of
sodium hydroxide.***l Chiral molecules on the surface of
the metal colloid can induce control of the enantioselectiv-
ity. In this context, a new type of enantioselective platinum
sol catalyst, stabilized by the alkaloid dihydrocinchonidine,
has been designed (see Figure 18).[177:243]

Figure 18. Enantioselective hydrogenation of ethyl pyruvate using
dihydrocinchonidine-stabilized Pt colloids (adapted with permis-
sion from ref.l!])

The colloidal catalysts were prepared with different par-
ticle sizes by reducing platinum tetrachloride with formic
acid in the presence of different amounts of the alkaloid.
Optical yields of 75—80% ee were obtained in the hydro-
genation of ethyl pyruvate with chirally modified Pt sols,
Equation (10). These catalysts were shown to be structure-
insensitive since turnover frequencies (ca. 1 s~!) and enanti-
omeric excess proved to be independent of the particle size.

Pt catalyst

7 (e}
R-ethyl lactate

\/6'1

)cl;(o\/ + Hy
(o}

(10)

In order to evaluate the catalytic characteristics of col-
loidal platinum, the efficiency of Pt nanoparticles in the
“quasi-homogeneous” reaction shown in Equation (10) was
compared with those of supported colloids of the same
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charge and of a conventional heterogeneous platinum cata-
lyst. The “quasi-homogeneous’ colloidal system was found
to surpass the conventional catalyst in turnover frequency
by a factor of three.>*3] Bradley et al.?46:>47] and Liu[?48-24]
have studied the enantioselectivity of the reaction according
to Equation (10) in the presence of polyvinylpyrrolidone as
a stabilizer. In addition, Bradley>*®! has observed that the
presence of HCI in such Pt sols, modified by cinchona al-
kaloids, has a marked effect on the rate and reproducibility.
The performance of the catalysts was improved in terms of
both reproducibility and rate by the removal of HCI by dia-
lysis. These “purified” colloidal catalysts can be used as reli-
able test systems in the screening of alternative chiral modi-
fiers to cinchona alkaloids and for precise rate studies. In
addition, a systematic variation of the reaction parameters
relevant to the catalyst performance is possible without un-
wanted side effects. It has been shown that an excess of
polyvinylpyrrolidone present on a colloidal Pt catalyst is
irrelevant to the access of modifier molecules to the col-
loidal metal surface. However, the polymer may be ad-
sorbed at the metal surface, thereby reducing the number
of modified surface sites available for the enantioselective
hydrogenation.?*”! The stereoselective and enantioselective
transformation of specific prochiral substrates into valuable
fine chemicals can be achieved through the use of nanos-
tructured metal colloids. The application of rational ligand
control based on molecular modeling, which has been suc-
cessful in homogeneous metal complex catalysis, promises
similar results in heterogeneous metal colloid catalysis.
Superior lifetimes can also be expected since it is reason-
able to assume, on the basis of the chemisorption results,
that the “coating” on catalytically active nanometal par-
ticles, which is permeable to small molecules such as H, or
0O,, effectively prevents contact of the metal surface with
poisons. In fact, the lifetimes of the colloid catalysts are
considerably longer than those of conventional precipita-
tion catalysts. For example, the activity of a conventional
Pd/C catalyst expires completely in the hydrogenation of
cyclooctene to cyclooctane after 38,000 catalytic cycles per
Pd atom, but the Pd colloid/C catalyst still shows a residual
activity after 96,000 catalytic turnovers (Figure 19).123%

Activity in [Nml/g min]

250
\ -o-Colloidal Pd/C catalyst

200 \ --Industrial Pd/C catalyst

40000
TON

60000 80000 100000

Figure 19. Durability of colloidal Pd/C catalysts in the cyclooctene
hydrogenation test compared with a conventional Pd/C system (ad-
apted with permission from ref.['l)
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When surfactant-stabilized Pd/Pt precursors were sup-
ported on charcoal and promoted by bismuth, superior
catalytic oxidation catalysts were obtained.[>>!) Compared

CHO COONa
—on o
HO—— Pd-PtBIC  po—t—
o+ 120 1oy * O
1 o4 + NaOH Hy0 — oH
CH,OH PH 9.5 CH,OH
D-(+)-glucose D-gluconic acid
Na-salt
(11)

to industrial heterogeneous Pd/Pt catalysts, charcoal-sup-
ported Pdgg/Pt;,—(oct)sNCI alloy particles (1.5 to 3 nm)
were found to offer an excellent activity combined with high
selectivity in the oxidation of glucose to gluconic acid by
molecular oxygen, see Equation (11).2°!1  An increased
durability of the colloidal Pd/C catalysts was also observed
in this case. Much greater retention of the catalytic activity
was found for such a system as compared to a convention-
ally manufactured Pd/C catalyst after recycling both cata-
lysts 25 times under similar conditions. Obviously, the lipo-
philic (oct)4NCI surfactant layer prevents the colloid par-
ticles from coagulating and being poisoned in the alkaline
aqueous reaction medium. Shape-selective hydrocarbon ox-
idation catalysts have been described, where active Pt col-
loid particles are present exclusively in the pores of ultrami-
croscopic tungsten heteropoly compounds.>>?! Phosphane-
free Suzuki and Heck reactions involving iodo, bromo, or
activated chloro substituents were performed using catalytic
amounts of ammonium salt or poly(vinylpyrrolidone)-sta-
bilized palladium or palladium nickel colloids [Equa-

tion (12)].1145:2321
R1 R1
+ A Ro \©\/\ + HX
., o~
(12)

base
Pd catalyst 140°C

The Pd-colloid-catalyzed Heck arylation of styrene with
chlorobenzene gave (E)-stilbene as the exclusive product.
This type of C—C linkage is valuable for the production of
pharmaceutical intermediates and fine chemicals. Turnover
frequencies (TOF) of more than 80,000 have been achieved
in the coupling of p-bromobenzaldehyde with butyl acrylate
using poly(vinylpyrrolidone)-stabilized palladium as the
catalyst.[?>3] Reetz has applied colloidal, water-soluble PtO,
(i.e. a colloidal “Adams catalyst™) in the immobilized form
for the reductive amination of benzaldehyde by n-pro-

pylamine [Equation (13)].l16-161]
Ha R_Ph
/\/NHz + PhCHO cazt. NN (13)
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The selectivity in favor of the desired monobenzylated
product was found to be > 99% and the immobilized PtO,
was found to be four to five times more active than the
commercial Adams catalysts. The PtO, colloid proved to be
effective in the hydrogenation of carbonyl compounds and
of olefins, both in solution and in immobilized form. The
heterogeneous catalytic amination of aryl bromides by im-
mobilized Pd® particles has recently been reported.[>>? Sec-
ondary amines such as piperidine and diethylamine were
used in the amination of aryl bromides. The reactions pro-
ceeded with good turnover numbers and regiocontrol. The
catalysts could be reused repeatedly without loss of activity
or selectivity following filtration from the reaction mixture.

A new class of heterogeneous catalyst has emerged from
the incorporation of mono- and bimetallic nanocolloids in
the mesopores of MCM-41 or the entrapment of pre-pre-
pared colloidal metals in sol-gel materials.[>34~25¢ Pre-pre-
pared Pd colloids stabilized by phenanthroline obtained by
the Schmid method7~ 7% have successfully been embedded
in MCM-41 mesopores (some colloid is deposited on the
external surface) to give CO-oxidation catalysts.[>54

Reetz has developed a strategy for the entrapment of
monodisperse nanometal colloids, e.g. R;NX-stabilized Pd
particles.”>>! The nanosized particles (2—3.5 nm) are pre-
prepared by electrochemical synthesis.[83-°°~°71 The entrap-
ment in hydrophobic sol-gel materials occurs through the
fluoride-catalyzed hydrolysis of mixtures of CH;Si(OCHs3)
and Mg(OC,Hs),. Finally, the stabilizer is extracted and the
“naked” nanometallic particles are left trapped in the pores
(see Figure 20).

RSI(OCH,), / A
Mg(OC;Hs) o 4
.
NaF / H,0

wash with /" C,HsOH

| S, : | | ‘/f

Figure 20. Incorporation of preformed metal colloids in sol—gel
materials (adapted with permission from ref.[>>%)

Ultramicrotomic techniques in combination with
shadow-casting TEM have confirmed that the Pd particles
are embedded in the oxide matrix and are not fixed on the
outer surface. Reetz et al.>>° have also investigated the
catalytic properties of the new material. They were able to
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control the hydrophobicity of the matrix by adjusting the
relative amounts of the CH3Si(OCHj3); and Mg(OC,Hjs), in
the gel. The catalytic activity and selectivity was tested in
the partial hydrogenation of COD to give cyclooctene: It
was found that the activities of the new systems are gov-
erned by the specific pore volume and the hydrophobic
properties of the wall. The selectivity for cyclooctene was
93% and the most active of these sol—gel-entrapped Pd
catalysts exhibited a considerably higher activity than those
of commercially available Pd/Al,O5 samples. The prepara-
tion of a fully alloyed Pd/Au colloid of 3.0 nm particle size
by a modified sol—gel procedure using THF as the solvent
and involving the co-reduction of Pd and Au salts with
tetraalkylammonium triethylhydroborate,'® and its sub-
sequent embedding in silica, has been described.[>>®l The
integrity of the incorporated Pd/Au alloy particles remained
virtually unaffected. A mesoporous texture with a compar-
atively narrow pore distribution remained after the removal
of the protecting surfactant. According to the physical
characterization by a combination of techniques, the SiO,-
embedded Pd/Au colloid retains the size and structural
characteristics of the colloidal metal precursor. The mat-
erial exhibits excellent catalytic properties in selective hy-
drogenation test reactions. These few examples show that
colloidal bimetallic precursors — embedded in matrices or
deposited on various supports, and promoted by additives
if necessary — may become of practical importance in het-
erogeneous catalysis.

Fuel Cell Catalysts

“Fuel cell technology” attracts a great deal of interest
because it allows the direct conversion of chemical energy
into electricity.[>>” The catalyst systems are an integral part
of the electrochemical reactor utilized in fuel cells. Among
the wide-ranging applications of fuel cells are low-emission
transport systems, stationary power stations, and combined
heat and power sources. Classical studies were carried out
in the early 1900s and major innovations and improvements
have been achieved over the last few years. The first “new
electric cars” are expected to be on the market around 2005,
but further developments are still needed, most notably in
the area of catalysts. Hydrogen fuel cell catalysts rely on
pure Pt, whereas Pt alloy electrocatalysts are employed for
the conversion of reformer gas or methanol into electricity.
The active component in the latter cases are small Pt-con-
taining bi- or trimetallic particles, 1—3 nm in size, which
scatter X-rays as nearly perfect “single crystals”. These sys-
tems offer improved efficiency and tolerance towards cer-
tain contaminants, especially CO, in the anode feed.[>>87263]
It was clear from patents filed in the early 1970s that finely
particulate colloidal platinum sols should be the ideal pre-
cursors for the manufacture of fuel cell electrodes.[>>®!

This section of our microreview focuses on recent devel-
opments in catalysts for phosphoric acid fuel cells (PAFCs),
proton-exchange membrane fuel cells (PEMFCs), and the
aforementioned direct methanol fuel cell (DMFC). The six
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main types of fuel cell are described in recent
reviews.[?6472681 PAFCs operating at 160—220 °C use ortho-
phosphoric acid as the electrolyte; the anode catalyst is Pt
and the cathode can be, e.g., Pt/Cr/Co.[264281 For this ap-
plication, a trimetallic colloidal precursor of the composi-
tion Pt5qCo039Cr» (size 3.8 nm) was prepared by the co-re-
duction of the appropriate metal salts.?®~27!l The trimetal-
lic particles are alloyed in an ordered fcc structure accord-
ing to XRD analysis. The electrocatalytic performance in a
standard half-cell was compared with that of an industrial
standard catalyst (trimetallic crystallites of size 5.7 nm)
manufactured by co-precipitation and subsequent an-
nealing at 900 °C. The advantage of the trimetallic colloid
catalyst lies in its improved durability, which is essential for
PAFC applications. After 22 h, it was found that the poten-
tial had decayed by less than 10 mV.[>7%]

PEM fuel cells use a solid proton-conducting polymer as
the electrolyte at 50—125 °C. The cathode catalyst is based
on Pt alone, but because of the required tolerance to CO a
combination of Pt and Ru is preferred for the
anode.?* 72631 Colloidal Pt/Ru catalysts are currently under
widespread investigation for low-temperature (80 °C) poly-
mer membrane fuel cells (PEMFCs).[33%-351 They have also
been proposed for the use in direct methanol fuel cells
(DMFCs) or in PEMFCs, which are fed with CO-contam-
inated hydrogen produced in on-board methanol reformers.
The ultimate dispersion state of the metals is essential for
CO-tolerant PEMFCs, and truly alloyed Pt/Ru colloid par-
ticles less than 2nm in size seem to fulfill these
requirements.!1718:20,258,260.273=276] Aternatively, bimetallic
Pt/Ru PEM catalysts have been developed for the same pur-
pose, where non-alloyed Pt nanoparticles of < 2 nm and Ru
particles of < 1 nm are dispersed on a carbon support.[>¢0]
From the results obtained, it can be concluded that a Pt/Ru
interface is essential for the CO tolerance of the catalyst,
irrespective of whether the precious metals are alloyed. For
the manufacture of DMFC catalysts, however, Pt/Ru nano-
powders of size 3—5nm or thin films are used as the
precursors.?61 72631 For the electrocatalytic oxidation of
methanol, a Pt or a Pt metal alloy catalyst has been de-
veloped, where a (phthalocyanine)Ru complex is added as
a dopant to significantly enhance the catalytic effect.[>”!]
For comparison, the electrocatalytic activity in the oxida-
tion of CO and a CO/H, gas mixture (simulated reformer
gas)!'”l was compared with that of a bimetallic Ptsy/
Rusp—(oct)4NCI colloid prepared by the salt co-reduction
method.[®M878] The mean particle diameter was 1.7 nm ac-
cording to high-resolution transmission electron micro-
scopy (HRTEM) [see Figure 21, a)]. The alloyed state of the
particles was verified by point-resolved energy dispersive X-
ray (EDX) analysis [Figure 21, b)].

Glassy carbon supported Ptso/Ruso—(oct)4NCI colloids
were examined by CO-stripping voltammetry and the data
were found to be essentially identical to those found in well-
characterized bulk-alloy electrodes. The activity of the col-
loid in the continuous oxidation of 2% CO in H, at a rotat-
ing disk electrode was determined at 25 °C in 0.5 M H,SO,.
The results led to the conclusion that these Pt/Ru colloids
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Figure 21. a) High-resolution TEM image of a single PtsoRus, particle %1.7 nm) (adapted from ref.l!'”)); b) EDX point analysis (focus
10 nm) of discrete PtsgRus, particles (adapted with permission from ref.17])

are very suitable precursors for high-surface-area fuel cell
catalysts.?) XANES data were supportive of the bimetallic
character of the particles. In addition, in situ XRD (by De-
bye function analysis) has revealed the catalytic function of
the alloyed Ru in the CO oxidation: Oxide species are
formed on the Ru surface at 280 °C, which slowly coalesce
to form RuO, particles. After re-reduction, the catalyst
shows a pure Acp ruthenium phase and larger platinum-en-
riched alloy particles.?’”1 Scanning probe microscopy
(SPM) has been applied in order to characterize the real-
space morphology of the electrode surfaces of supported
nanostructured metal colloids on the nanometer scale.l*’!
Colloidal Ptsy/Rusy precursors (< 2 nm) raise the tolerance
to CO, allowing higher CO concentrations in the H, feed
of a PEMFC without a significant drop in
performance.'82% A selective Pt/Mo oxidation catalyst for
the oxidation of H, in the presence of CO in fuel cells com-
prises Pt,Mo, particles, where x = 0.5—-09 and y =
0.5—0.1.271 The colloid method was found to offer a highly
suitable exploratory approach to finding improved formula-
tions for binary and ternary anode electrocatalysts. The
metals used include Pt, Ru, W, Mo, and Sn.['”! The combin-
atorial screening method has been successfully applied to
electrocatalysts,?8%1 and it is an obvious step to include col-
loids in these experiments. As an alternative to the reductive
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metal colloid synthesis, the so-called “metal oxide concept™
was developed, which allows the fabrication of binary and
ternary colloidal metal oxides as electrocatalyst precursors
[Equation (14)].1160~162]

PtCl, + RuCl; _Hz0/base PRuO; colloid
stabilizer

(14)

Colloidal Pt/RuO, (1.5+0.4 nm) stabilized by a surfact-
ant was prepared by co-hydrolysis of PtCl,; and RuCl; un-
der basic conditions. By variation of the stoichiometry of
the transition metal salts, the Pt/Ru ratio in the colloids
could be varied between 1:4 and 4:1. The corresponding
zerovalent metal colloids were obtained by the subsequent
application of H, to the colloidal Pt/Ru oxides (optionally
in the immobilized form). Additional metals have been in-
cluded in the “metal oxide concept” [Equation (14)], so as
to prepare binary and ternary mixed metal oxides in col-
loidal form. Pt/Ru/WO, is regarded as a good pre-catalyst,
especially for application in DMFCs. Main group elements
such as Al have been included in multimetallic alloy systems
in order to improve the durability of fuel cell catalysts. Al-
loys of Pt3AlC,s with Cr, Mo, or W particles of size
4—7 nm have been prepared by sequential precipitation on
conducting carbon supports such as highly disperse Vulcan
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1. Synthesis: 40 °C, 24 h
CH,
Pt(acac), + Ru(acac); —» H,C Mofifier
+ Al(CH,), - CHy

2. Supporting: 40 °C, 24 h

3. Conditioning: 30 min O,, 250-300 °C
30 min H,, 250-300 °C
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/ species on
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Figure 22. Scheme of the preparation of colloidal Pt/Ru/Al PEMFC anode catalysts (> 20% metal on Vulcan XC72") by the “precursor

concept”’(adapted with permission from ref.?73])

XC725 2811 Alternatively, colloidal precursors composed of
Pt/Ru/Al allow the manufacture of multimetallic fuel cell
catalysts (1 —2 nm) having a metal loading of > 20%. The
three-step catalyst preparation is summarized in Figure 22.

The colloidal Pt/Ru/Al precursor is pre-prepared by the
organoaluminum route. In the absence of stabilizers, the co-
reduction of organic Pt and Ru salts using Al(CHs); gives
halogen-free, multimetallic Pt colloids, e.g. PtsoRuso/Al (size
1.2%+0.3 nm). By adjusting the stoichiometric ratio of the
metal salts, the ratio of Pt to the second metal in the colloid
can be adjusted. The addition of alcohols or suitable sur-
factants allows the dispersivity of the colloidal precursor in
organic media or water to be tailored without affecting the
particle size. In the second step, the Pt/Ru/Al colloid is ad-
sorbed on high-surface-area carbon by treatment at 40 °C
for 24 h. In the third step (conditioning), the dried Pt/Ru/
Al Vulcan catalyst powders are exposed to O, and H, for
30 min each at 250—300 °C to completely remove the sur-
factants. The particle size of the Pt/Ru/Al colloid adsorbed
on the support was found to be virtually unaffected by the
treatment (1.3£0.4 nm) and after the thermal treatment
only a moderate growth was evident (1.50.4 nm). The alu-
minum was found to be present on the Pt/Ru surface in
an oxidized form. This accounts for the size-stabilization
observed in the Pt/Ru particles and for the improved durab-
ility of the resulting electrocatalysts. Recently, a fuel cell for
generating electric power from a liquid organic fuel (“syn-
fuel””) was described. It comprises a solid electrolyte mem-
brane directly supporting the anode and cathode layers,
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Figure 23. a) TEM image of a one-dimensional Auss cluster wire
in a nanoporous alumina membrane; b) schematic representation
of }g%]hehcal wire in a 7 nm pore (adapted with permission from
ref.l=771)

which contain 7—10% Pt and Ru, 70—80% perfluorovinyl-
ether sulfonic acid, and 15—20% polytetrafluoroethy-
lene.[*’%! In conclusion, nanostructured metal colloids are

Eur. J. Inorg. Chem. 2001, 2455—2480
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very promising precursors for manufacturing multimetallic
fuel cell catalysts that are truly nanosized (i.e. < 2 nm) and
have high metal loadings (20 wt-% of metal).

Potential Applications in Materials Science

It is expected that metal nanoparticles and their assem-
blies will find numerous applications in materials science. It
has been demonstrated that physical properties, including
magnetic, optical, melting points, specific heats, and surface
reactivity are size-dependent. Quantum size effects are re-
lated to the “dimensionality” of a system in the nanometer
range. “Zero-dimensional” metal particles might still com-
prise hundreds of atoms. One-dimensional nanoparticle ar-
rangements (cluster wires) are of potential practical interest
as semiconducting nanopaths for applications in nanoelec-
tronics. 1D particle arrangements may be induced through
the use of host templates. Using vacuum or electrophoretic
methods, Schmid et al.[3'8732% were able to fill the parallel
channels of nanoporous alumina membranes with chains/
rows of 1.4nm gold particles giving one-dimensional
“quantum wires”’ consisting of insulated 20—100 Auss clus-
ters in a helical array (see Figure 23). The diameter of the
nanowire could be controlled by varying the pore size.

Interestingly, 1.4 nm Au particles were found to arrange
themselves into a linear row when attached to single-
stranded DNA oligonucleotides.[*?'! Driven by the techno-
logical significance associated with such architectures, the
fabrication of ordered two-dimensional nanoparticle arrays
has been successfully achieved by several research groups,
whose work has recently been reviewed.?8!1282] Planar ar-
rays of uniform metal nanoparticles would allow the design
of new “supercomputers’ having a superior data storage
capacity. Langmuir—Blodgett films of nanometal systems
have frequently been studied in this context. Starting with
nanoparticles of defined nuclearity, 2D lattices of thiolized
Auss, Pdsg;, and Pd 45 have been prepared.’??! Recently,
the first successful preparation of 2D hexagonal and cubic
lattices of Auss nanoparticles by self-assembly on polymer

11

10 nm

»ili

Figure 24. Auss monolayers showing a hexagonal (a) and a cubic
(b) structure; the insert in (a) shows single clusters in the hexagonal
form (adapted with permission from ref.[193])
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films was reported.l'®¥ Simply dipping polyethylenimine-
modified surfaces into aqueous solutions of acid-func-
tionalized Auss cluster generates the Auss monolayers
shown in Figure 24.

Figure 25. Pd colloid hexagonal close-packed arrangement in the
first monolayer (adapted with permission from the Royal Chemical
Society from ref.[>°!)

The interactions between the nanoparticles and the sur-
face are obviously strong enough to prevent mechanical re-
moval. Whereas the hexagonal form shown in Figure 24 (a)
is normal for an ordered monolayer, the cubic orientation
seen in Figure 24 (b) is unprecedented. Most of the work
published on organized nanometal structures has been fo-
cused on gold particles and sulfur-containing groups in the
various ligands.[?8372881 Schiffrin et al. have achieved the
self-organization of nanosized gold particles using
R,NTX"™ surfactants.”®] Ramos et al. have recently re-
ported the surfactant-mediated two-dimensional crystalliza-
tion of colloidal crystals.?*°! Making use of the attractive
Coulomb interactions between colloids and surfactant
structures offers a potential new route to the self-assembly
of ordered colloidal structures. Nanostructured palladium
clusters stabilized by a monomolecular coating of tetraal-
kylammonium halide surfactants self-assemble on carbon
surfaces in an ordered manner with the formation of /cp
structures (Figure 25).[2°1

The self-organization of magnetic nanosized cobalt par-
ticles was studied by Pileni’s group.?*®2°71 A comparison of
the magnetic properties of deposited cobalt nanoparticles
with those of particles dispersed in a solvent indicated a
collective flip of the magnetizations of adjacent particles
when they were self-assembled. Pileni et al. have recently
published a number of papers concerning the self-assembly
of nanoparticles and have developed a number of methods
for the manipulation of these systems.’37 7331 Mulvaney et
al. have described two- and three-dimensional assemblies
of metal core/silica shell nanoparticles in a recent review
article.”®8] A feature article by Balazcs?*! outlines how
solid additives can be used to tailor the morphology of bin-

2473



MICROREVIEW

H. Bonnemann, R. M. Richards

e |
- Metal

Semiconductor - Metal -

Metal Semiconductor Metal

Figure 26. Three-dimensional superlattices obtained by layer-by-
layer deposition of Pt particles (or CdS as a semiconductor) onto
a dithiol-coated Au substrate (adapted from ref.['63])
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Figure 28. Self-organization of conjugates from gold particles
(shaded spheres) and oligonucleotide codons to supramolecular as-
semblies by the addition of a template strand; derivatization of the
oligonucleotides in the 3'- or 5'-position allows control over the
mode of head-to-head (a) or head-to-tail (b) homodimers; the
trimer (c) is formed using the complementary sequence in trlphcate
(adapted with permission from ref.[3!4])

Figure 27. Functionalization of nanoporous alumina membranes and immobilization of metal colloids or clusters on the pore walls

(adapted with permission from ref.[34°)

ary mixtures containing nanoscopic particles and thereby
control the macroscopic properties (e.g., the mechanical in-
tegrity) of composites. In addition, computer-aided design
has been employed to establish how self-assembled nanos-
tructures can be induced to form arbitrary functional arrays
on surfaces.?% Bifunctional spacer molecules such as di-
amines have been used in attempts to link nanoparticles
three-dimensionally.?°!) The multilayer deposition of par-
ticle arrays on gold has been successfully achieved by the
sequential adsorption of dithiol and near-monodisperse
nanometal or CdS particles (see Figure 26).

Several monometal, bimetal, and metal-semiconductor
superlattices have been prepared by dipping a gold substrate
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into the appropriate solutions, with intermediate steps in-
volving washing and drying.[3°? The stepwise three-dimen-
sional assembly of layered gold nanoparticles in porous sil-
ica matrices has also been reported.[%31 Schmid has recently
reported strategies for the anchoring of metal complexes,
clusters, and colloids within nanoporous alumina (Fig-
ure 27).13%1

A different field of technological interest stems from the
high spin density of nanostructured magnetic metals of the
Fe, Co, Ni series.[394-393] THF-stabilized Mn® particles ex-
hibiting superparamagnetism below 20 K were described as
the first example of an antiferromagnetic metal colloid.?%¢!

Eur. J. Inorg. Chem. 2001, 2455—2480
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New strategies utilizing DNA as a construction material
for the generation of biometallic nanostructures have made
it possible to develop larger ‘“nanotechnology devices”
(< 100 nm) for microelectronic photolithographic applica-
tions. DNA is regarded as a promising construction mat-
erial for the selective positioning of molecular devices be-
cause of its recognition capabilities, physicochemical
stability, and mechanical rigidity. Seeman was the first to
propose DNA for the precise spatial arrangement of 3D
networks.[307-3081 Agsemblies of DNA-derivatized gold col-
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