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Abstract 

Solvent-stabilized organosols of the early transition metal series, e.g. Ti, Zr, Nb, and Mn, may be prepared by the reduction of the 
THF adducts or thioether solutions of the corresponding metal halides with K[BEt~H]. Mono- and bimetallic organosols of Group 6-1 ! 
metals stabilized by tetraalkylammenium halides may be formed either by the reduction of the metal salts using NR4 hydrotriorganobo- 
rotes or conventional agents, e.g. H 2 or HCO2H, after the pretreatment of the metal salts with NR4X. The chemical reduction of 
transition metal salts in the presence of hydrophiUc suffactants provides straightforward access to nanostructured mono- and bimetallic 
hydrosols. This synthesis can be performed even in water. Mono- and bimetallic nanoparticies stabilized by lipophilie or hydrophilic 
suffactants of the cationic, anionic or nonionic type serve as precursors for heterogeneous metal colloid catalysts effective for the 
hydrogenation and oxidation of organic substrates. Bimetallic precursors, e.g. Pt-Rh, have a synergic effect on the catalytic activity. A 
comparison of catalytic results and CO chemisorption experiments has revealed that the protecting suffactants still cover the nanoparticle 
surface alter adsorption on supports, v, hich markedly improves the lifetime of the catalysts. Cl~iral protecting agents may induce 
enantioselectivity in metal colloid catalysts. 

Keywm'd.w Metal colloids; Catalysis; Enantioselectivity 

I. Introduction 

Owing to their potential in surface chemistry, cataly- 
sis, and electronic microdevices, colloidal mono- and 
bimetallic materials have, after a period of hibernation, 
recently attracted more attention [1]. After physicists 
had provided most powerful analytical tools, which for 
the first time allowed the comprehensive characteriza- 
tion of these materials, the knowledge about nanoscale 
metal colloids has developed almost explosively, no- 
tably through chemical contributions made by Bouton- 
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net and coworkers [2,3], Bradley and coworkers [4-0] 
Braunstein [7], Esumi and coworkers [8-11], Evans and 
coworkers [12-14], Heaton [15], Henglein [16], 
Klabunde and coworkers [17-20], Knbzinger [21], Lar- 
pent and Patin [22], Lewis and coworkers [23-26], 
Moiseev and coworkers [27,28], Schmid and coworkers 
[29-33], and Toshima and coworkers [34-38]. Some 
key publications of the field have been collected here 
[2-61]. An important advance consisted in the prepara- 
tion of water-soluble nanoclusters using hydrophilic P 
or N donors as stabilizers [62-66]. 

Miscellaneous agents have been used for this purpose 
[34,35,67-80]. The first nanoscale metals stabilized by 
surfactants were reported in 1976 by Lisichkin et al. 
[81] and 1979 by Kiwi and Gr'~itzel [82]. The object of 
this paper is to summarize some chemical reduction 
pathways to nanoscale metal and metal alloy colloids 
utilizing either surfactants or solvents as the stabilizing 
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Fig. 1. Survey of  powder or colloidal nanometals. 

agents. In addition, the application of these nanostruc- 
tured materials as precursors for a new type of catalyst 
will be discussed. In the course of our research in this 
area, we have developed various methods for the prepa- 
ration of stable and very soluble metal organo- and 
hydrosols having a narrow particle size distribution. The 
metallic core derived from elements of Group 6-11 is 
protected either by lipophilic or hydrophilic surfactant 
molecules [34,83-91], Recently, Reetz and coworkers 
have found an alternative electrochemical access to this 
class of nanoparticles [92-94]. In the early transition 
metal series, e.g. Ti, Zr, Nb, and Mn, the stabilization is 
achieved by THF or the corresponding thioether to give 
very soluble organosols [95,96] (Fig. !). 

The reduction of transition metal salts and oxides 
using alkali hydrotriorganoborates in organic media in 
the absence of stabilizers at ambient temperature leads 
to X°ray amorphous nanopowders of metals and alloys 
[97]. In contrast, the reduction of ether and thioether 
adducts of early transition metal halides, with K[BEt sH], 
gives isolable organosols of zerovalent Ti, Zr, V, Nb, 
and Mn stabilized by ether or thioether molecules re- 
spectively. The use of tetraalkylammonium hydrotri- 
organoborates as reducing agents leads to mono- and 
bimetallic organosols. Pretreatment of transition metal 
halides with various hydrophilic suffactant types prior 
to the reduction using conventional agents, e.g. Ha or 
HCO2 H, provides easy access to nanostructured mono- 
and bimetallic hydrosols of Group 8-11 metals• This 
synthesis can be performed even in water. Mono- and 
bimetallic hydrosols of this type serve as effective 
precursors for heterogeneous metal catalysts for the 
selective hydrogenation and oxidation of organic sub- 
strates. Electron microgcopy has revealed that these 
colloidal metal systems stabilized either by surfaetants 
or solvents are very monodisperse and may be deposited 
onto supports without any unwanted agglomeration. This 
is a major prerequisite for size selective studies in 
heterogeneous catalysis [83,84,87,98]. 

2. Results and discussion 

2.1. X-ray amorphous metal nanopowders 

Metal salts of Group 6-12 and SnC! 2 may be re- 
duced using alkali hydrotriorganoborates in hydrocar- 
bons between - 2 0  °C and 80 °C to give boron-free 
powdery metals. According to X-ray diffraction the 
particles are nearly amorphous. The particle size of th.e 
powders according to transmission electron microscopy 
(TEM) is between 1 and 100 nm, dependent on the 
metal (Fig. 2). By simple coreduction of suspended 
metal salts binary or ternary alloys and intermetallic 
compounds were obtained [97]. 

uMX v + vM'(BEt3H). 

THF uM,l, + vM'X. + uoBEt3  + uv/2H2 T ( l )  

X = halogen 

2.2, Ether-stabilized organosois of Ti(O), Zr(O), V(O), 
Nb(O), and Mn(O) 

The reduction of TiCI 4 • 2THF or TiC! 3 • 3THF in 
THF with K[B£t3H] gives colloidal titanium stabilized 
by THF. After evaporating the solvent and BE% and 
thoroughly drying in vacuo a black pyrophoric powder 
(containing small amounts of KCI) is obtained. 
Protonolysis and cross-experimeats using K[BEt3D] as 
the reducing agent indicated the presence of residual 
hydrogen in the resulting Ti colloid [95,96]. In contrast, 
the reduction of TiBr 4 • 2THF I according to Eq. (2) 
yields a hydrogen-free colloidal [Ti. 0.5THF L 2 con. 
sisting of 44% Ti and !% KBr. 

Till ~ 
x [TiBr 4 2THF] + x  4K[BEt~H] 2h.20o c 

l 

[Ti. 0.5THF] x + x.  4BEt 3 + x.  4KBr ~, + x. 2H 2 ? 
(2) 

No particles were detected by high resolution 
(HR)TEM, indicating that the size is less than 0.8 nm. 
The careful analytical examination of the electronic and 
geometric structure of this extremely oxyphilic Ti 
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Fig, 2, X-ray amorphous nanopowders and alloys. 
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organosol 2 by means of IR spectroscopy, X-ray diffrac- 
tion, X-ray photoelectron spectroscopy (XPS), X-ray 
absorption near-edge structure (XANES), and extended 
X-ray absorption fine structure (EXAFS) [95,96] re- 
vealed that 2 consists of very small Ti particles in the 
zerovalent state stabilized by intact THF molecules. The 
EXAFS spectra showed signals at 1.6 ,~ and 2.4 ,~; no 
signals from backscatterers greater than 3 A were ob- 
served. The Ti-Ti distance found (2.804 ,~) was smaller 
than in the bulk Ti metal and the Ti-O distance was 
1.964 ,~. On the bas;s of these findings 2 is best 
described as a regular Ti ~3 cluster having six THF-O 
atoms in an octahedral configuration (Fig. 3). 

Analogously, the corresponding Zr colloid may be 
isolated; on the slow addition of the filtered THF solu- 
tion slowly to pentane (removal of residual KCi) the Zr 
colloid pl~cipitates. The workup of the V and Nb 
colloids is performed similarly. The reduction of the 
THF adduct to MnBr~ at 40 °C yielded a stable, isolated 
[Mn. 0.3 THF]~ colloid containing typically 60% Mn 
(Eq. (3)). 

x. [MnBr2,2THF] + x. 2K[BEt~H] 
- 2h, 40 °C 

[Mn. 0.3THF], + x. 2BEt 3 + x.  2KBr $ + x. 2H 2 1' 
(3) 

IR and NMR data of the colloid show intact THF 
coordinated to Mn. HRTEM shows the fringes of Mn 
particles of the size 1-2.5 nm. No bromine was de- 
tectable by energy-dispersive X-ray (EDX) analysis of 
the Mn nanoparticles and XANES and EXAFS con- 

( 

M = Ti, V (decomposition) 
M = Mn, Pd, Pt stable organosols 

Fig. 4. Organosols stabilized by tetrahydrothiophene. 

firmed that colloidal Mn(0) was formed according to 
Eq. (3) [88]. Table 1 summarizes the results achieved so 
far with THF-stabilized organosols of ~arly transition 
metals [99,100]. 

The colloidal stabilization of zerovalent nanometals 
may also be achieved using tetrahydrothiophene as the 
donor molecule in a synthesis similar to Eq. (3). In the 
case of Mn, Pd and Pt, stable organosols were isolated; 
however, sols of Ti and V quickly decomposed (Fig. 4). 

2.3. Organosols via the stabilization of nanometals by 
lipophilic surfactants 

Lipophilic suffactants of tile cationic type such as 
tetraalkylammonium halides have been used previously 
by various workers, e.g. see Refs. [2,3,¢,81,82], as 
highly efficient protecting groups for nanoiqc~als giving 
very stable organosols, isolable in the form of dry 
powders containing up to 85 wt.% of metal 
[83,8%89,98]. The reduction of SUSl~l~ded metal salts 
using tetraalkylammonium hydrotriorganoborates in or- 
ganic solvents (see Eq. (4)) occurs very smoothly giving 
metal organosols stabilized by NR~ [82] which is preo 
sent at the reduction center in a high local concentra- 
tion. The metal particles ( l -10  nm in size) arc well 
protected from agglomeration by the long-chain alkyl 
groups so that very little metal (if any) precipitates. This 

Table I 
THF-stabilized organosols of early transition metals 

Product a Starting material Reducing agent 

[Ti.  0.5THF L TiBr 4 • 2THF K[BEt3H] 
[Zx. 0.4THF]~ ZrBr 4 • 2THF K[BEt3H] 
IV.  0.3THF]~ VBr 3 • 3THF K[BEt3H] 
[Nb.  0.3THF L NbC! 4 • 2THF K[BEt3H] 
[Mn.  0.3THF L MnBr 2 • 2THF K[BEt3H] 

a For details see Section 7.1.1. 

T(°C) 

rt 
rt 
rt 
rt 
50 

t Metal Size 
(h) content (nm) 

(%) 

6 43.5 ( < 0.8) 
6 42 - 
2 51 - 
4 48 - 
3 70 1-2.5 
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very lipophilic type of surfactant makes the resulting 
organosols very soluble in organic phases so that up to 
1 M metal solutions are easily obtainable. 

MX,, + vNR4(BEt3H ) 

• rm: M,.oaokt + vNR4 x + vBEt 3 + v /2H 2 1' (4) 

M = metals of Groups 6-11; X = CI, Br, v = 1,2,3; 
R = alkyl, Ca-C20 

The necessary pre-preparation of the alkylammonium 
organoborate (Eq. (4)) can be avoided by coupling the 
NR4X agent to the metal salt prior to the reduction step. 
This again provides a high local concentration of the 
protecting agent right at the reduction center so that the 
reduction itself may now be performed using a large 
variety of conventional inorganic or organic reducing 
agents (Eq. (5)). 

( N R 4 ) , , M X ~ Y w  + vRed 

Mco,oia + vRedX + wNR4Y (5) 

M = metals; Red - H 2, HCOOH. K, Zn, LiH. LiBEt3H. 
NaBEt3H, KBEt3H; X, Y -  Ci. Br; v, w = 1 - 3 ;  R = 
alkyl, C6-C n 

In the case of noble metals the simple reduction of 
the THF suspended metal salts using H 2 in the presence 
of trialkylamines proved to be an effective and clean 
synthetic alternative (Table 2). This pathway avoids the 
formation of alkali salt byproducts completely (Eq. (6)). 

MX, + nN(RI):R 2 + n / 2 H  2 

THP n[(R,) :R2N,H] X_ (6) M¢otto| a + 

M - Ru, Rh, Pt 
X - CI, Br Ru: 60°C, 1=50 bar H 20 24 h 

R t . CgHt 7 Rh: 60°C, 1-50 bar H~. 16 h 

Pt: 20°C, I bar H2, 1 h 
R 2 ~ CH~, CsH,~ 

Comparing the utility of the three synthetic alterna- 
tives given in F, qs. (4)-(6) it can be stated that the 
'ammonium borate method' (Eq. (4)), using a powerful 

reducing agent, provides the most general access to 
mono- and bimetallic organosols via the reduction or 
coreduction of metal salts between Group 6 and 11 
PSE. The 'double-salt method' (Eq. (5)), in contrast, 
provides an easy access to these materials; however, 
Group 6 metal organosols and colloidal Fe(0) cannot be 
produced in this way. The amine variation described in 
(Eq. (6)), where the protective ammonium group is 
formed via "self-construction' at the particle surface 
during the reduction step, is certainly the cleanest ac- 
cess to metal organosols; however, its application ap- 
pears to be limited to noble metal salts which are easy 
to reduce. 

Interestingly, Fe(0) organosols turned out to be the 
most difficult example to prepare in the Group 6-11 
transition metal series. Using the 'ammonium borate 
method' (Eq. (4)) no reduction of e.g. FeBr 2 occurs at 
25 °C even after 10 days of stirring. At 60 °C, however, 
the salt suspended in THF dissolves completely within 
24 h. During the evolution of hydrogen ca. 50% of the 
Fe precipitates as a magnetic powder, which is removed 
by filtration (Eq. (7)). 

FeX 2 + 2N(Octyl)4BEt3H 

THF' 6'0 °C ( 1 - u)Fecouoid + uFe,[, + 2N(Octyl)4X 

+ 2BEt3 + H2 1' (7) 

X =  Br, I 
Subsequent workup of the reddish-black colloidal Fe 

solution and further purification of the raw product by 
precipitation of the redispersod material in 'DIF by slow 
addition of pentane to the solution gave the dry 
organosol (particle size 3 nm) containing 14% of F¢(0) 
(oxidation state evident from MtSssbaucr spectra), which 
proved to be fully redispersible in THF and toluene 
[99]. This nanosized colloidal Fe is extremely oxyphilic 
both in solution and in powder form. On the carefully 
controlled addition of air (I 6 h), however, the dissolved 
N(octyl)aBr-stabilized Fe(O) organosol slowly oxidizes 

Table 2 
Preparation of noble metal colloids by reduction using H l in the presence of N(octyl) 3 
No, Metal s a l t  Co~Klitions Product colloid Work up 

H ~-pressure t T (solution colour) solvent 
(bar) (h) (°C) 

Solvent added Metal content in Mean 
for precipitation isolated colloid particle 

(%) size 
(nm) 

I RuC! ~ • 3H tO I~S0 24 60 dark brown to black ethanol 
Ru completely 
dissolved 

2 ~ RhCI~ • 3H~O 1~50 16 60 dark brown to black ether 
Rh completely 
dissolved 

3 PtCI~ ! I 20 black - 
Pt completely 
dissolved 

For details see Section 7,1'8, 

pentane 75.5 I. I 

ether 60.99 2.4 

2.9 
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Fig.  6. Par t ic le  size d is t r ibu t ion  o f  an N R  ~.stabi l ized Ru co l lok l .  

giving a nlsty-brown solution of colloidal Fe oxide, 
which is stable in air for several days and may be kep~ 
under argon even for months without any sedimentation 
[101] (see Fig. 5). 

Since the synthesis pathways (Eqs. (4)-(6)) provide 
a high local concentration of the protecting agent right 
at the reduction center, the resulting colloid particles 
consequently are rather small and monodisperse. A 
typical particle size distribution histogram, derived from 
the electron micrograph, of a Ru organosol is shown in 
Fig. 6. 

Fig. 7 summarizes the results obtained in the prepara- 
tion of transition metal organosols stabilized by 
lipophilic NR~ surfactants as the protecting agent [89]. 

2.4. Hydrosols via the stabilization of nanometals by 
hydrophilic surfactants 

For the effective synthesis of stable nanometal hy- 
drosols via chemical reduction we first tried to transfer 
the principle of combining the reduction agent with the 
protective group (used in Eq. (4) for the synthesis of 
organosols) to hydrophilic surfactants such as betaines. 
For example 3-(N,N-dimethyldodecylammonio)-pro- 

panesulfonate (SB 12) reacts in THF suspension with Li 
hydrotriorganoborate to form a strongly reducing THF- 
soluble 1:1 adduct [102], the structure of which is 
currently under investigation. This adduct was used to 
reduce a number of transition metals salts of Groups 
8-11 PSE in THF to give mono- and bimetallic hydro- 
sols, which precipitate from THF. The resulting 
nanometallic :naterials (particle size I -6  nm) proved to 
be highly soluble in water. An example of this new 
synthesis of transition metal hydrosols is given in (Eq. 
8). 

C12H25N(CHj)2(C3H6-SO3) • LiBEt3H + PtCi 2 
THF 

Ptco.oia. C 12 H25N(CH 3) 2(C3H6-SO3) (8) 
The zerovalent state of the metal core was checked 

by X-ray absorption and XPS [103]. All analytical data 
obtained so far of the various sulfobetaine-stabilized 
nanometailic hydrosols are in full agreement with the 
schematic structure depicted in Fig. 8. 

The method of coupling the stabilizing surfactant to 
the metal salt prior to reduction (analogous to Eq. (5)) 
allows the performing of metal hydrosol synthesis even 
in water. This variation (Eq. (9)) led us to highly water 
soluble colloidal nanometals (mono- and bimetallic), 
stabilized by hydrophilic suffactants of the anionic, 
nonionic or amphiphilic types, using e.g. hydrogen, Li 
formates or alkali borohydrides, as reducing agents in 
aqueous solution. 

PtCI 2 + 4CI2H2sN(CH~)2(C~Ho-SO.~)  + Li2CO ~ + H z 

water, 20 °C 
. Ptco,otd + 4C,2H2.~N(CH.~)2(C.~Ho-SO~) + 2LiCI 

+ H 20 + CO2 r (9) 

The consequent application of both synthetic path- 
ways described in Eqs. (8) and (9) in our hands has 
made a plethora of mono- and bimetallic hydrosols 
accessible (see Table 3). 

Since both the synthesis methods (Eqs. (8) and (9)) 
favor a high local concentration of the protecting agent 
at the reduction center, the resulting hydrosoi particles 
are consequently found by TEM to be rather small 
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Fig. 7. N'R~-stabilized organosols and diameter of the metal core. 

(I-10 nm). The electron micrographs also show a very 
narrow particle size distribution to be present in the 
hydrosols. 

3. Nanometal powders from organosols 

After the extraction of the protecting shell from the 
metal core of the colloid using e.g. ethanol, nanometal 
powders of the same particle size as the colloidal start- 
ing material may be obtained. For example, the extrac- 
tion of colloidal Pt (mean particle size 2.8 nm) with 
ethanol yields a grey Pt powder of 2.8 nm size accord- 
ing to TEM [83]. 

During the physical characterization of the colloidal 
materials through electron microscopy (specifically 
EDX) and XPS, both of which employed ultra high 
vacuum conditions (10 =7 to 10 =s Pa), the nitrogen of 
the NR4X groups could not be detected, This clearly 
indicates that the protecting tetraalkylammonium halide 
may be removed under certain conditions leaving the 

bare metal core behind. This observation prompted us to 
develop a chemical procedure for the extraction of the 
protecting shell from the colloids at room temperature 
to produce nanoscale metal powders (given in Table 4). 
The preparation of nanoscale platinum powder from the 
corresponding platinum colloid represents a typical ex- 
ample. The grey-brown colloid powder is treated with 
an excess of ethanol, after which the supernatant solu- 
tion containing the tetraalkylammonium halide is si- 
phoned off. This procedure is repeated several times 
during which a continuous darkening of the product 
color is observed. The resulting black pyrophoric metal 
powder (93 wt% Pt) is no longer redispersible in THF 
(Table 4, No. 5). The TEM image of this product shows 
that the mean particle size of the platinum powder after 
the extraction corresponds exactly to that of the initial 
colloidal platinu,, sample. As determined by EDX anal- 
ysis the extracted sample still contains traces of the 
protecting shell, which can be completely removed by 
heating the metal powder at 700 °C under vacuum (0. I 
Pa). According to the TEM image of the heated product 

so; 

\t"s°; 
N ,, . . + N " ~ ' ~  

/ 

' \  

% 

\ 

M= Cu, Ru, Rh, Pal, Ag, Ir, Pt, Ru/Fe. Ru/Co, Ru/Ni, Ru/Cu, PffCo. PVCu. Ru/Rh. 
Ru/Ir, RutPt, Rh/Ir. R h t P t ,  P~Pt, IdPt 

Fig, 8, Sulfol~taine-stabilized colloidal metals and alloys. 
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the mean particle size is 2.8 nm, the same value found 
for the original colloidal platinum. Hence, an agglomer- 
ation of the metallic nanoparticles as a consequence of 
heat treatment is not observed. 

Table 3 
Stabilization of water-soluble colloids by various surfactant types 

149 

This finding holds basically true in almost every 
preparation of metallic or intermetallic powder from the 
corresponding colloidal material (compare the particle 
sizes listed in Table 4). The only exception found so far 

Surfactents 
i i i i l lml  . 

Cationic type 

ICH= OH CI 
+ I ! 

CteH~7"Ni ~CH~'CH--CH ~ 

CH 3 

QUAB 426 

CI" 

O 
I I  + 

(R COCHaCH2)nN (CHaCHaOH)3,n 
CH 3 

R = partially hydrogenated C15-grou p 

ESTERQUA T AU35 

Anionic type 

R CNH(CH=~I-CHzCO=Na 
CHeGH=OH 

R = Co¢~allo/I 

NaoCocoarnidoethyI.N-hydroxyethyl.glycinale DEHYTON G 

Nonlonle type 
o 

Polyoxyethylenelaurylether, BRIJ 35 

Polyoxyethylenesorbilanmonolaurate, TWEEN 20 

Amphiphllic types 

Bstsines 
b 

3-(N,N-Dimethyidodecylammonio).propanesulfonate (SB12) 

Lauryldimcthylcarboxymethyl.ammoniobetaine, REWO 

Cocoarnidopropylbelaine, DEHYTON K 

Coccamidopropylbetaine, AMPHOL YT JB130 

Metals 

Pt 

b 
Cu, Ru, Rh, Pd, Ag, Ir, PI 

Ru/Fe, PUCo, PUCu, Ru/Rh, 

Ru/Ir, Ru/Pt, RWIr, RWPt, 

Pd/Pt, Ir/Pl 

Sugar derivatives 

Alkylpolyglycosides, ~,PG 600 

a 
Co, Rh, PI, Pt/Pd 

Pt 
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involves palladium (Table 4, No. 4), where a particle 
growth from 2.5 to 5.8 nm is seen (via TEM) upon 
removing the protecting shell. After the thermal treat- 
ment no further particle growth is detected. 

Precipitated nanopowders obtained by chemical re- 
duction may be transferred into soluble metal colloids 
by subsequent reaction with NR4X. For example, a 
sample of magnetic cobalt powder (particle size 4 nm), 
precipitated from CoBr 2 by reduction in THF was re- 
acted with an excess of N(Oetyl)4Br to give a clear, 
dark red solution of the corresponding cobalt organosol. 

4. Col lo idal  al loyed metals  

The coreduction of a mixture of different tetraalky- 
lammonium metalates yields colloidal metal alloys. 
HRTEM of the product of the coreduction of 
(NRa)3RhCI6 and (NR4)2PtCI 4 (magnification: 6.3 × 
l0 s) showed particles of an average size of 2.3 nm and 
a net plane distance of 0.25 nm. Under the microscope, 
70 particles were analyzed by EDX with a point resolu- 
tion of 1 nm. In every particle examined, both Rh and 
Pt were found to be present, which indicates that in fact 
a colloidal Pt-Rh alloy is generated during coreduction. 
An EXAFS study of a Pts6Rh44 colloid at both the Rh 
K-edge and the Pt Lm-edge verified the formation of a 
bimetallic alloy nanoparticulate system [90]. In subse- 
quent X-ray absorption spectroscopy studies, the struc- 
tural characterization of a sefi~s of Pt-Rh colloids with 
varying stoichiometries was achieved. The results of 
these investigations together with electrochemical stud° 
ies, XPS and X-ray diffraction measurements will be 
the subject of forthcoming papers [91], 

$. Catalytic applications 

The goal behind the preparation of novel metal and 
alloy colloids includes, in addition to possible applica- 

tions in the field of electronic 'nanodevices' [104], the 
development of promising new homogeneous and het- 
erogeneous catalysts. The catalytic potential of the col- 
loidal materials was explored both in the homogeneous 
phase and in the supported state. Regarding the former, 
the activities of a series of palladium colloids were 
measured for the hydrogenation of cyclohexene in THF 
under normalized conditions [84]. The catalytic activity 
as well as selectivity and long time stability of noble 
metal colloids adsorbed on charcoal, 5 wt.% Pd [85], 5 
wt.% P-,h [83] and 5 wt.% Pt [83], were tested in the 
hydrogenation of einnamic acid, butyronitrile or cro- 
tonic acid respectively. Further, the selective oxidation 
of glucose giving gluconic acid using a bimetallic Pd-Pt 
colloid as the active component has been recently in- 
eluded in these studies. The experimental apparatus and 
the test conditions employed in the investigations of the 
heterogeneous charcoal supported catalysts are de- 
scribed in detail in Ref. [84]. 

5.1. The precursor concept 

Pre-prepared nanometals stabilized by suffactants 
may be used as easily accessible precursors for a new 
type of heterogeneous catalyst. These precursors may be 
optimized independent of the support by varying the 
panicle size, the composition and structure of bimetallic 
systems. Further, the coverage of the metal surface by 
various protective shells and intermediate layers, e.g. 
oxygen or sulfur, may be used for modifications of the 
active component. This is visualized in Fig. 9. 

Since modem analytical tools such as HRTEM, EDX, 
XPS, XANES, and EXAFS provide detailed physical 
data about the size, composition, oxidation state, and 
structure of the precursor particles, all prerequisites 
necessary for the 'molecular design' of catalyst precur- 
sors are given. The perfect protection of the nanometal- 
lic hydrosols by the various hydrophilie suffacumts 
listed in Table 3 allows t':c handling of the precursors 
even in concentrated aqueous solution. Further, the use 

Table 4 
Preparation of monoscale metal powders via metal colloids 

No. Starting material 

Colloid Mean 
particle 
size 
(nm) 

Co 2,8 
Ni 2.8 
Rh 2.1 
Pd 2,5 
Pt 2.8 
Rh-Pt 2,3 

Pd-Pt 2.8 

Solvent 
for extraction 
of NR4X 

ethanol 
ethanol 
ethanol 
ethanol 
ethanol 
ether:ethanol 
l:10 
ether:ethanol 
I:10 

Product 
metal content 
after 
extraction 
(%) 

Mean panicle size 

after extraction after heat treatment 
(rim) (700 °C, 4 h, 0, ! Pa) 

(nm) 

82.84 3,8 
88,18 3.0 
82,76 2,7 2.9 
98.13 5,8 6.0 
92.90 2.8 2.8 
- 2,7 3.0 

2.8 
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Fig. 9. The precursor concept. 

of surfactants as the protective shell around the metal 
core enables the efficient adsorptive fixation of the 
metal particles, even on single crystalline oxides such as 
quartz, sapphire or on highly oriented pyrolitic graphite 
(HOPG), simply by dipping these substrates into aque- 
ous solutions of the nanometal h~drosols at 20 °C. A 
combined atomic force microscopy (AFM), scanning 
tunneling microscopy (STM), and XPS study by Behm 
et al. [105] has further revealed that the supported metal 
particles are very resistant to agglomeration even under 
extreme conditions. For example, AFM of an alumina 
supported Pt SBI2 hydrosol after annealing the sample 
in vacuo at 5(X) °C still showed individual, sphere-shaped 
Pt species randomly distributed over the support sur- 
face. 

5.2. Heterogeneous cataiysts on the basis of surfactanz 
stabilized precursors 

In order )o prepare heterogeneous catalysts, the pre- 
cursors may be adsorbed from aqueous solutions on the 
supports simply by dipping at ambient temperature. 
According to TEM no agglomeration of the particles 
occurs [83]. The advantage of supported colloid cata- 
lysts is demonstrated, e.g. by comparison of the activity 
of two Rh catalysts (5% Rh on charcoal), in the buty- 
ronitrile hydrogenation test (hydrogenation of butyroni- 
trile to butylamine) (Fig. 10). 

The electron micrograph of the conventional catalyst 
made by salt impregnation and subsequent calcination 
shows large metal agglomerations on the surface be- 
sides a minor fraction of Rh particles of 1-5 nm size. 
Using a Rh colloid precursor of 1.2-2.2 nm particle 
size on the same support the activity observed in the test 
reaction is virtually doubled. Both catalyst types show a 
significant increase of activity when doped with 0.2% 
of the Ti(0) colloid 2. 

In addition, the life:ime of the colloid catalyst is 
superior to the conventional precipitation systems. 
Whereas the activity of a conventional Pd-C catalyst 
tested in the hydrogenation of cyclooctene to cyclooc- 
tane expires completely after the performance of 38 × 
10 ~ catalytic cycles per Pd atom, the Pd colloid-C 
catalyst still shows a residual activity after 96 × 103 
catalytic turnovers (see Fig. i 1). 

Selectivity control may be brought about by doping 

,°° I 250 

200 

Activ i ty [Nml/(g rain)] 

263 
E) oxiganatad 
D0,2% i1~ Oxloo"atod . . . . . . . . . . .  

'[ . . . . . . . . . . . .  124 . . . . . . . . .  150 ~ r 
[ 

0 
Industrial catalyst 
5% Rh on charcoal 

Colloidal catalyat 
5% Rh on charcoal 

~ r 

Fig. I0. Activity of Rh-C catalysts in the butyronitrile hydrog:nation test. 
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Fig. I !. Lifetime of Pd-C catalysts in the cyclooctene hydrogenation 
test. 

by adding a second metal. For example, doping of Rh 
colloid catalysts with Sn has a strong effect on the 
selective C=O group hydrogenation of o~,/3-unsaturated 
aldehydes. 

A Rh colloid-C catalyst doped with Sn £Rh/Sn = 
1.5/1) exhibits 86% selectivity in the hydrogenation of 
cinnamic acid to cinnamic alcohol [106]. Using the 
catalytic hydrogenation of crotonic acid to butanoic as a 
test reaction, we were able to observe the synergistic 
effect of bimetallic colloidal precursors (see Fig. 12) 
[83]. The catalysts prepared by mixing Pt colloid-C and 
Rh colloid-C powders or by consecutive adsorption of 
Pt and Rh colloid on charcoal show a linear increase of 
activity with increasing content of Rh (additive effect). 

5O0O 
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Flg, 12, Comparison of the activity of alloyed and mixed Rh=Pt~C catalysts in the croto,ic acid test. 
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Fig, 13, Catalytic hydrogenation of butyronitrile on Rh colloid catalysts. 
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Fig. 14. Initial activity in the catalytic oxidation of D-glucose on 
bismuth-promoted Pd-Pt-C colloid catalysts. 

In contrast, the con'esponding activity plot of the 
bimetallic Pt-Rh colloid systems [90,91] clearly shows 
a maximum at Pt20Rh80. Since this maximum exceeds 
the activity found for Rh colloid-C alone, this finding 
indicates a synergistic effect. 

The superior properties of the new type of bimetallic 
colloid catalyst formed by the adsolgtive fixation of 
surfactant-stabilized bimetallic precursor particles to the 
support, compared with conventional 'bimetallic' cata- 
lysts ptx~pared via co.impregnation of two metal salts 
followed by calcination, were confirmed in the catalytic 
oxidation of e.g, D.glucose by molecular oxygen giving 
D°gluconic acid using a bismuth-promoted Pd-Pt col- 
loid as the active component on a charcoal support (see 
Fig. 14) [ ! 07]. 

The carbohydrate oxidation reaction shown in Fig. 14 
is currently under intensive investigation both in 
academia [1081 and industry [109,110]. In our study we 
first compared the activity of a conventionally prepared 
catalyst from industry (atomic ratio Pd:Pt = 4:1, sup- 
ported on charcoal) with the activity of a Pdss-Pt12 
colloid supported on an identical sample of charcoal. 
Both catalysts were promoted by bismuth. The results 
are shown in Fig, 14. Without affecting the high selec- 
tivity of the reaction (98%), the catalytic activity of the 
supported bimetallic Pd-Pt colloid was found to be 
virtually doubled. 

The improved activity of the Pd-Pt colloid catalyst 
may be explained - -  in addition to the true bimetallic 
composition of the active component w by the fact that 
the adsorbed precursor particles sit at the most exposed 
sites of the support; consequently, they are more acces- 
sible for the substrates than the conventional type of 
catalyst made via salt impregnation, where part of the 
metal is inevitably 'buried' under the support surface. 
The practical disadvantage of highly active catalyst 
components sitting on exposed positions of the support 
often lies in a rather insufficient long term stability 
because the sensitivity to poisons is drastically in- 
creased. Fig. 15 compares the stability of an optimized 
conventional catalyst with the colloidal Pd-Pt system. 
Surprisingly, the expected decay in activity after recy- 
cling the catalysts was found to be much less in the case 
of the colloidal than in the conventional system [107]. 

Since chemisorption measurements indicate that metal 
colloid precursors adsorbed on the surface of the sup- 
port are still partly covered by surfactant molecules 
[111], it seems reasonable to assume that the catalyti- 
cally active nanometal particles are protected by a 'coat' 
which, although permeable to small molecules such as 
H 2 or O 2, prevents the direct contact with poisons. 

In order to check the possible influence of stabilizing 
groups on the catalytic properties of colloidal nanomet- 

Oxygen consumption [ml] 
12oo [ _ 

I . . . . . . . .  • . . . . . . . . .  

200 
-~ Industrial catalyst 4%Pal + 1%Pt 4-5%Bi / C 

• -~supported coiloId 5%[Pc10188~0. i 2]cOilOid/5~'~Bi/C . . . . . . . . . .  

v 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 

number of run 

Fig. ] 5. Conversion decay after recycling of the Pd-Pt-C oxidation catalysts (reaction time 40 min). 
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als we have investigated the stereoselectivity of col- 
loidal platinum (particle size 2 nm) stabilized by a 
chiral ammonium group derived from dihydrocinchoni- 
dine in the enantioselective hydrogenation of ethyl 
pyruvate (Eq. 10) [112]. 

The enantioselectivity control of conventional hetero- 
geneous Pt catalysts in the reaction (Eq. 10) using 
modifiers derived from cinchona alkaloids is well estab- 
lished in the literature, and ee values above 90% have 
been reported [ 113- I 15]. Further, the influence of con- 

version and bulk diffusion limitations on the stereose- 
lectivity was recently studied in detail [116]. 

Unsupported colloidal Pt of 2.0 nm particle size 
stabilized by dihydrocinchonidonium acetate gave, in 
homogeneous acetic acid solution under the conditions 
quoted in Section "t.4,2, the R-ethyl lactate in 70% ee.  

This clearly sugges~ a strong selectivity control of the 
catalytic reaction in(laced by the chiral ammonium group 
present at the surface of the colloid particle. Our current 
investigations have further revealed that the alkaloid 
derivative acts as an 'accelerating ligand' in favor of the 
formation of the R enantiomer. Consequently, the e e  

values increase when higher concentrations of H z are 
applied in solution. In homogeneous phase, however, 
the Pt colloid tends to precipitate when pressurized 
hydrogen is applied. Therefore, we have adsorbed the Pt 
colloid to SiO., and AlzO 3 supports. The resulting 
chirally modified heterogeneous Pt colloid catalysts per- 
foimed the reaction (Eq. 10) under 10 MPa of hydrogen 
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Fig. 16, Metal dispersion (surface accessibility) and hydrogenation activity (crotonic acid test) of Pt colloid catalyst protected by different 
suffactants compared with a conventional Pt catalyst. 
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Fig, 17, Influence of the alkyl chain length in N(R),~-stabilized Rh colloid catalysts on CO chemisorption and hydrogenation activities 
(butytonitrile test), 
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Fig. 18, Influence of the alkyl chain length in N(R)~-stabilized Pt colloid catalysts on CO chemisorption and hydrogenation activities (crotonic 
acid test). 

giving the R enantiomer in 81% and 85% ee respec- 
tively. 

6. Inf luence  o f  the protect ing shel l  

6.1. Accessibility by CO chemisorption 

The CO chernisorption of several 5 wt.% Pt 
colloid-charcoal catalysts was investigated by the static 
method and correlated to their hydrogen,tion activity in 
the crotonic acid test [83]. The mean panicle size of the 
colloids is 2.3 nm. The results were compared with the 
conventional 5 wt.% Pt-charcoal catalyst F 103 R / D  
(Degussa AG) (see Fig. 16). The accessible metal sur- 
fitce of the colloid catalysts was found to be much 
smaller (dispersion between 1 and 5%) than the metal 
surface of the conventional catalyst (dispersion 24%). 
Variation of the protecting agent alters the accessibility 
of the metal surface and consequently the hydrogenation 

activity (87, 150, 190 N ml g-~ min-t).  The most 
active colloid catalyst reaches nearly the same activity 
as the industrial catalyst (232 N ml g-~ min- i). How- 
ever, the catalytic activity is not strictly governed by the 
surface accessibility. In the case of colloid catalysts the 
protecting shell covers the metal surface, but the hydro- 
genation activity of those catalysts is still high enough 
because hydrogen penetrates through the protecting 
shell. Consequently, metal colloid catalysts often show 
an improved lifetime, because the protecting shell pre- 
vents the metal surface form being poisoned (compare 
Figs. 11 and 15). 

The accessibility of the metal surface may even be 
controlled by the steric demand of the protecting shell. 
The accessibility of the metal surface and the hydro- 
genation activity using the crotonic acid test (Pt) or the 
butyronitrile test (Rh) [83] depends on the alkyl chain 
length of the NR~ protecting shell for Pt (Fig. 17) and 
Rh (Fig. 18) colloid catalysts (R = hexyl, octyl or de- 
cyl) [85,87]. The hydrogenation activity of the Rh-NR 
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Fig. 19. Synergetic effect of colloidal Pt,,Rhm alloy catalysts monitored by CO chemisorption. 
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Fig. 20. Correlation of the hydrogenation activity with the CO 
chemisorption values of Pt,Rh,,, alloy catalysts. 

take correlates with the activity both in the case of Rh 
and Pt catalysts. 

6.2. Bimetallic effects in catalysis monitored by CO 
chemisorption 

In order to monitor the synergic effect of Pt and Rh 
found in colloidal Pt-Rh bimetallic catalysts (see Fig. 
12), both the CO chemisorption and the hydrogenation 
activity (butyronitrile test) of a series of P%-Rh,,,- 
N(octyl)~ colloid catalysts [83] were compared. The 
CO uptake varies between 0.49 cm 3 g-  t for the pure Pt 
catalyst and 2.78 cm 3 g-I for the pure Rh catalyst. For 
the PtmRhg0 alloy catalyst a maximum value of 3.23 
cm 3 g- t  was found, which corresponds with the cat- 
alytic activities of the various alloy compositions 
(butyronitrile test). Figs. 19 and 20 show the good 
correlation between CO chemisorption and hydrogena- 
tion activity. 

colloid catalyst varies between 37 and 82 N ml g -  
rain ̀ t ,  when R is changed from decyl to hexyl and in 
the same order the CO uptake varies between 2.48 and 
5.14 cm 3 g-i .  In the case of Pt-NR~ colloid catalysts 
the CO uptake varies between 0.14 ( R -  deeyl) and 
0.31 cm -~ g~ ~ (R ,~ hexyl). However, the differences in 
CO chemisorption are much smaller in the case of Pt 
catalysts than in the case of Rh catalysts. The hydro- 
genation activities of the Pt catalysts vary between 89 
(R--decyl) and 144 N ml gel miami (R ~ hexyl). 
With increasing chain length of lhe alkyl group R the 
accessible metal surface measored by CO chemisorption 
and the hydrogenation activity decreases. The CO up- 

6.3. IR investigation of chemisorbed CO species 

Supplementary to the CO chemisorption studies on 
supported colloids we have investigated chemisorbed 
CO species by IR spectroscopy on free-metal colloids 
[6,117,118] and on different supports. Fig. 21 shows the 
IR spectra of CO adsorbed on a free N(octyl)~-stabi- 
lized Rh colloid (a), a free sulfobetaine-stabilized Rh 
colloid (b) and a sulfobetaine-stabilized Rh colloid sup- 
ported on alumina (c). 

The spectra of the free colloids ((a) and (b)) show 
lbur main IR absorptions which can be assigned to three 
different Rh-CO species: geminal Rh(CO)~ (2064 + 
1988 cm "1), terminal Rh-CO (2000 cm-l(sh)) and 

o o i • 
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Fig, 21, IR spectra of adsorbed CO on an N(octyl)~-stabilized Rh colloid (a), sulfobetaine-12-stabilized Rh colloid (b), sulfobelaine-! 2-stabilized 
Rh colloid suppor~ on alumina (c), 
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Fig. 22. IR spectra of adsorbed CO on an N(octyl)~-stabilized Rh colloids in different oxidation states without pretreatment (a), hydrogen 
pretreated (b), after oxidation by air (c). 

bridged Rh2CO (1854 cm- ~). For the sulfobetaine- 
stabilized Rh colloid, these IR absorptions are shifted 
slightly to higher wavenumbers, which may be an effect 
of particle size. The geminal Rh(CO) 2 represents an 
oxidized Rh I + species, whereas the frequencies for the 
terminal and bridged CO are typical for Rh °. The 
supported Rh colloid exhibits only two IR absorptions 
corresponding to geminal Rh(CO) 2 at 2067 and 1991 
cm = i. This pattern has been lbund with supported Rh 
colloids on alumina, titania, silica and charcoal. In the 
literature a mechanism is proposed [119-121] where 
Rh ° is oxidized to Rh ~ + in the presence of CO by the 
hydroxyl groups on the support, forming a species of 
the type support-O=Rh I+ (CO) 2. 

The influence of the oxidation state of Rh surface 
atoms on the adsorbed CO species is shown in Fig. 22. 
First, CO was adsorbed on sample (a) without any 
pretreatment. Colloid sample (b) was pretreated with 
hydrogen, a second sample (c) was air oxidized before 
CO adsorption. Sample (a) exhibits four IR absorption 
bands at 2064/1989, 2005(sh) and 1840 c m  -~ (a). CO 
adsorbed on sample (b) shows an increased intensity for 
the absorptions at 2007 and 1841 cm-~ compared with 
the colloid (a). The IR absorption bands at 2064 and 
1989 cm -I of the Rh(CO) 2 species are decreased. 
Obviously, a part of the oxidized Rh ~+ species was 
reduced by hydrogen. In contrast, the air pretreated 
colloid (c) shows increased absorptions at 2064 and 
1988 cm -t ,  while the absorptions at 2006 and 1830 
cm -~ almost disappeared, indicating that nearly the 
whole Rh surface was oxidized. The IR spectra show 
that the hydrogen pretreatment causes a decrease of the 
Rh(CO) 2 species while the air treatment causes an 

increase of Rh(CO)2 species. Using IR evidence, the 
intensity of the Rh(CO)2 absorptions indicates the oxi- 
dation state of the Rh atoms on the particle surface. 

Work is currently in progress to explore further the 
scope and E~mitations of nanosized metal colloids as 
precursors for a new type of highly active, stable, and 
selective catalyst. 

7. Experimental 

All reductions using metals or hydrides were carried 
out under m'gon in dry organic solvents. Using hydro- 
gen for reductions in aqueous solution, deoxygenated 
water was used. 

7.1. Organosols 

7.1.1. THF-stabilized Ti, Zr, V, Nb, and Mn organosols 
70 ml of a 1.15 M solution of K[BEt3H] (80 mmol) 

in 'H-IF were added at room temperature over 2 h to a 
stirred suspension of TiBr4.2THF (10.24 g, 20 retool) 
in THF. During the reaction approximately 20 mmol of 
H 2 were released. The reaction mixture was stirred for 
another 2 h at room temperature. The precipitated KBr 
was removed by filtration. BEt a and THF were removed 
from the brown filtrate in vacuo. R e  product was dried 
in vacuo for 16 h. Yield: 1.61 g (79%), 9.3 g (99%) 
KBr. IR: v(cm- m ) 867s, 9 i 5vw, i 035s, ! 340br, 1455w; 
~H NMR ([Ds]THF, 300 K, TMS): 6 1.77 (m, 2H), 
3.61 (m, 2H); MS: M / z  72 (C4HsO+); protonolysis 
with 2 N HCI yielded 1.5 mol H2/Ti. 
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The organosols of Zr, V, Nb and Mn were prepared 
in an analogous manner. 

Starting materials: ZrBr4- 2THF; VBr 3 • 3THF; 
NI~213 • 2THF; MnBr z • 2 THF. 

7.1.2. Tetrahydrothiophene-stabilized Ti and V 
organoscls 

45.1 mmol of K[BEt3H] dissolved in 40 ml of tetra- 
hydrothiophene were added at room temperature over 3 
h to 2.13 g of TiCI4 (11.3 retool) in 50 ml of tetrahydro- 
thiophene. Hydrogen was developed and a precipitation 
of KCI was formed. The resulting black reaction mix- 
ture was filtered and all volatile compounds were re- 
moved in vacuo. The product was dried in vacuo for 16 
h. Elemental analysis: C, 8.87%; H, 1.55%; B, 0.18%; 
Cl, 35.22%; K0 15.70%; S, 8.33%; Ti, 12.40%. IR: 
~,(cm -I)  880vw, 1260s, 1440w, 2860w, 2940w. 

The organosol of V was prepared in an analogous 
manner using VBr~. 

7.1.3. NR 4 Cl.protected lr organosol 
A solution of N(CsHIT)4[BEt3H] in THF (50 ml, 

0.37 M) was added within 1 h at room temperature to a 
stirred suspension of anhydrous IrCl 3 (!.84 g, 6.1 retool) 
in 200 ml of THF. Almost complete dissolution of the 
IrCi 3 occurred after 16 h at 60 °C. After filtration the 
clear, dark black-brown solution was concentrated in 
vacuo, and the black-brown, waxy residue was dried for 
3 h at room temperature and 0. i Pa. The product (7.38 
g) was soluble in THF, ether, toluene and acetone, but 
insoluble in ethanol, and contained 10.85% Ir. The 
residue was suspended in 200 ml technical quality 
ethanol without protective gas and addition of 20 ml 
t~chnicai quality ether caused a grey-black precipitate to 
form. This was left to stand for I h, before removing the 
clear supematant solution by inert gas pressure (argon) 
on the liquid surface. The precipitate was washed once 
with a mixture of 40 + 4 ml ethanol + ether. Drying in 
vacuum (0.1 Pa. I h, room temperature) yielded a grey 
IX colloid powder (0.36 g), which was very soluble in 
THF, soluble in acetone and insoluble in ether, ethanol 
and toluene. Elemental analysis: C, 19.97%; H, 3.49% 
Ix, 65,55%; N, 0.27%. Mean particle size (TEM): !.5 
r im.  

7.1.4. NR ~ Br-protected Pd organosol 
0.5 g (2.23 retool) Pd(CH3COz) 2 and I g (!.30 

retool) N(dodecyl)4Br were dissolved in II0 ml of 
THE The flask was evacuated several times and then 
H 2 was introduced via a gas burette under normal 
pressure. After a while the solution turned black and 
after 16 h 60.4 N ml (120%) of H 2 had been taken up. 
THF was added to give a total volume of 110 ml and on 
addition of 55 ml of HzO-Ar, a brown-black precipitate 
resulted. After standing for 16 h the supematant liquid 
was siphoned off and the solid was dried for 3 h in 

vacuum (0.1 Pa). The black powder isolated in this 
manner was redispersit:le in THF. Yield: 0.27 g (87%). 
Elemental analysis: C, 13.19%; H, 2.47%; Br, 3.06%; 
N, 1.64%; Pd, 76.73%. XPS: Pd(0). Mean particle size 
(TEM): 1.8 nm. 

7.1.5. NRf-protected Cr, Me, Cu, Ag, and Au 
organosols 

20 ml of a 0.29 M solution of N(octyi)4[BEt3H] (5.8 
mmol) in toluene were added at room temperature to a 
vigorously stirred suspension of CrCI 3 (0.311 g, 1.96 
mmoi) in 200 ml of toluene. Thereafter the reaction 
mixture was ult,'asonically treated for 2 h and all volatile 
compounds of the resulting black solution were evapo- 
rated in vacuo (0.1 Pa). Drying in vacuum (0.1 Pa, 16 h, 
room temperature) yielded a black viscous chromium 
colloid, which proved to be very soluble in toluene and 
THE and insoluble in ether and pentane. (The solutions 
of the colloid are air-sensitive.) Mean particle size 
(TEM): !.5 rim. 

The organosois from Me, Cu, Ag, and Au were 
prepared in an analogous manner using MoC! 3, CuC! 2, 
Ag neodecanoate, and AuBr 3 as starting materials. Mean 
particle sizes (TEM): Me, 2-3 rim; Cu, 8.3 rim; Ag, 15 
nm; Au, 10 nm. 

7.1.6. NR 4 Br-protected Fe organosol 
A solution of 23.8 mmol of N(CsHIT)4[BEt3H] in 

THF (70 ml, 0.34 M) was added within 3 h at 60 *{2 to a 
stirred suspension of anhydrous FeBr~ (2.47 g, 11.45 
mmol) in 400 ml of TlolF. The color changed from 
brownoorange to deep black-red and after 16 h at 60 °{2 
precipitated magnetic iron was filtered off at 20 °C. The 
clear solution was concentrated in vacuo at room tem- 
perature~ and the black, viscous residue was dried for 16 
h at room temperature and 0.1 Pa. The air-sensitive 
magnetic product (7.23 g) was soluble in THF, toluene 
and acetone, but insoluble in ether, ethanol, and pentane 
and contained 4.5% Fe. Mean particles size (TEM): 3.0 
rim. The residue was dissolved in 50 mi of THF and 
addition of 120 ml pentaa~ caused a grey-black precipi- 
tate to form. This was left to stand for I h before 
removing the clear supernatant solution on the liquid 
surface. Drying in vacuum (0. I Pa, 16 h, room tempera- 
ture) yielded a grey iron colloid powder (1.97 g), which 
was soluble in THF and toluene. Metal content: 14.34% 
Fe. Mean particle size (TEM): 3.0 rim. 

7.1,7. Oaygcnation of the Fe organosol to Fe oxide 
organosol 

0.5 g iron colloid (4.5% Fe) was dissolved in 50 mi 
of THF under argon atmosphere and the resulting clear 
black-red solution was slowly stirred for 16 h after 
opening of the flask. The color of the solution changed 
to rusty-brown without any precipitation of agglomer- 
ated iron. This solution can be handled for a longer time 
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in air, but evaporation of the solution resulted in an 
insoluble powder. 

was obtained in the form of a black solid having a metal 
content of 4.3% Pt and 2.3% Pd. 

7.1.8. Rh colloid via H z reduction in the presence of  
trialkylamines 

2.0 g (7.6 retool) of RhCI 3 • 3H20 and 16.13 g (45.6 
mmol) of N(CsHIT) 3 were dissolved without protecting 
gas in 200 ml of THE The intense red solution was 
introduced into a 500 ml autoclave and hydrogen was 
added to a pressure of 5 MPa. After stirring for 16 h at 
60 °C, the hydrogen was released, and a clear, deep 
brown-black solution discharged. The volatile com- 
pounds were removed thrc,ugh evaporation. Drying un- 
der vacuum (0.1 Pa, 4 h, 40 °C) resulted in a waxy 
black residue which proved to be very soluble in THF, 
toluene, and acetone and partly soluble in ether and 
ethanol. Thereafter, the residue was dissolved in 300 ml 
of technical quality ether without using an inert gas 
atmosphere which caused the formation of a dark grey 
precipitate. The precipitate was allowed to settle for ca. 
1 h before the clear supernatant solution was removed 
by applying pressure of an inert gas on the liquid 
surface. Drying under vacuum (0.1 Pa, 5-10 rain, 20 
°(2) yielded a greyish-black colloidal powder (0.68 g) 
which proved to be very soluble in THF and insoluble 
in ether, acetone, toluene and ethanol. Elemental analy- 
sis: C, 27.38; H, 4.86; CI, 4.61; N, 1.76; Rh, 60.99 
wt%. Mean particle size (TEM): 2.4 nm. Mass spectrum 
m / z :  353 [(CsHtT)aN), M+], 254 [(CsHt7)2NCH2], 
36 (HCl). IR (KBr):'(cm -I)  2920, 2855, 2450 (N÷H), 
1465, 1380, 722. 

7.2. itydrosols 

7.2.1. SBl2-protected Pt colloid in water 
1.4 g (5.3 mmol) PtC! 2, 7.2 g (21.2 mmol) SBI2 and 

0.4 g (5.3 retool) Li2CO a were stirred in 10 ml of H20 
and H 2 was introduced under normal pressure for 3 h at 
20 °C. After ca. 30 min a clear black solution formed 
and all volatile compounds were evaporated in vacuum 
(0.1 Pa, 40 °C). The resulting black powder was redis- 
persible in water. Yield: 8.4 g. Metal content: Pt 10.7%. 
Mean particle size (TEM): 2.2 nm. 

7.2.2. Polyoxyethylenelaurylether-protected Pt-Pd col- 
loid in water 

1.35 g (2.65 mmol) HzPtCI 6 • 6H20 and 0.7 g (2.65 
retool) Pd(NO3) 2 • H20 were dissolved together with 7 
g polyoxyethylenelaurylether and 1.0 g (13.25 mmol) 
I i2CO 3 under argon in 100 ml H20, and for 4 h H 2 gas 
was pa3sed through it at 20 °C. The resultant deep black 
reaction mixture was filtered over a D4 glass frit, and 
the deep black clear solution was concentrated in high 
vacuum (0. I Pa, 40 °C) to dryness. 11.2 g Pt-Pd colloid 

7.2.3. Water-soluble Pt colloid stabilized by dihydrocin- 
chonidine 

0.104 g PtCI 4 (0.31 mmol) were dissolved in a 100 
ml two-neck flask, provided with reflux condenser and 
a septum, in 80 ml distilled water, and heated to reflux 
temperature in an oil bath. The temperature of the oil 
bath was 140 ___ 5 °(2 during the synthesis. A solution of 
0.092 g dihydrocinchonidine (0.31 mmel) in 7 ml of 0.1 
N formic acid was rapidly injected through the septum. 
In the beginning, the reaction mixture became turbid 
and began to turn black after some minutes. The reac- 
tion was finished approximately 10 min after the start of 
the black coloration. (If the formed platinum colloids 
are to be applied on carrier materials, the aqueous 
product dispersion can be used without isolation of the 
metal particles before the fixing on the carrier.) The 
reaction mixture was frozen in liquid nitrogen, and 
water and hydrochloric acid removed by freeze drying. 
A black powder is obtained which can be completely 
dispersed in water. The yield is 0.18 g (103% of the 
theory). Elemental analysis: C, 39.5%; H, 5%; CI, 16%; 
N, 5%; Pt, 24.5%. TEM examinations show an average 
particle size of 2 nm. 

7.2.4. Polyoxyethylenelaurylether-protected Pt-Rh col- 
loid in water 

1.35 g (2.65 mmol) H2PtCI 6 • 6H20 and 0.7 g (2.65 
mmoi) RhCi 3 • H20 were dissolved together with 7 g 
polyoxyethylenelaurylether and 1.0 g (13.25 mmol) 
Li2CO 3 under argon in 100 mi H20, and over 20 h a 
solution of 2.86 g (55.0 retool) Li formate in 50 mi 
H20 was added at 60 °C. The resultant deep black 
reaction mixture was filtered over a D4 glass frit, and 
the deep black clear solution was concentrated in high 
vacuum (0.1 Pa, 40 °(2) to dryness. 12.5 g Pt-Rh 
colloid were obtained in the form of a black solid 
having a metal content of 4.0% Pt and 2.0% Rh. 

7.3. Preparation of  the catalysts 

7.3.1. Preparation of a Pd (SB12)-activated carbon 
catalyst for the partial oxidation of carbohydrates (5 
wt.% Pd on C) 

i.254 g of a microporous powdery active carbon 
having a grain size of 20/zm were suspended in 50 ml 
deoxygenated H20, and 64.7 mi of a solution of Pd 
(SBI2) colloid in deoxygenated water (1.02 mg Pd 
ml - I )  added within 16 h under stirring. The treated 
carbon is separated over a glass frit yielding a colorless 
filtrate. This was washed twice with 25 ml deoxy- 
genated water and dried over 16 h in vacuum (0.1 Pa) at 
room temperature. Subsequently, the catalyst was oxy- 
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genated over 16 h at 10 Pa (approximately 0.2% O2). 
The resulting catalyst can be handled at air. 

7.3.2. Preparation of a heterogeneous Pt catalyst by 
adsorption of Pt-dihydrocinchonidine colloid on SiO z 
and activated carbon 

100 ml of the colloid solution, described in Section 
7.2.3., were directly taken up after the synthesis in 100 
ml cold, distilled water, and added dropwise over 1 h 
into 100 ml of the carrier suspension in water. Either 
the highly disperse silicon dioxide Aerosil P 25 TM 

(Degussa) or the active carbon carrier 196 (Degussa) 
(which was oxidized with NaOCl before the fixing of 
the colloid to the carrier) can be used as carriers. The 
resulting suspensions were stirred with a magnetic stir- 
rer at a low rotational speed for 2 days and then filtered. 
The filtrate is completely decolorized, from which it can 
be concluded that the metal colloids were quantitatively 
absorbed on the carrier. The resulting heterogeneous Pt 
catalysts were dried in a drying oven, and could be used 
subsequently as hydrogenation catalysts without further 
intermediary steps. A uniform and agglomeration-free 
distribution of the colloids on the carrier materials was 
shown by TEM examination. 

7,4, Catalysis 

tion took place at 25 °C, and lasted approximately 15 
min. Following the venting of the pressure vessel, the 
product mixture was separated from the catalyst by 
filtration, the clear filtrate neutralized with sodium bi- 
carbonate solution and subsequently extracted with di- 
ethyl ether. After removing the solvent, 3.5 g of a clear 
liquid was obtained, corresponding to 70% isolated 
yield. This was identified as ethyl lactate by NMR and 
mass spectroscopy. The conversion was determined by 
gas chromatography to be 100%. The optical yield of 
the reaction was examined by gas chromatography on a 
chiral column, and yields an excess of enantiomer of 
81%. 

7.5. Chemisorption measurements 

7.5.1. CO chemisorption 
Chemisorption measurements on colloid/support 

catalysts were carried out with a Micromeritics ASAP 
2000 Chemi system instrument. The samples were de- 
gassed at 150 "C and 10 -4 Pa for 16 h, reduced with 
hydrogen at 40 "12 for I h and evacuated at 90 °C for 2 
h. After this pretreatment the CO chemisorption isotherm 
was measured and after 30 rain evacuation the CO 
physisorption was measured. The physisorbed CO vol- 
ume was subtracted from the adsorbed CO volume of 
the first isotherm and from the difference the accessible 
metal surface area was calculated. 

7.4.1. Use of the Pd (SBl2)-activated carbon catalyst 
for the oxidation of glucose to gluconic acid 

100 ml of an aqueous solution of glucose with 16 g 
(88 retool) glucose (99 wt.%) and 024 g of the catalyst 
described in Section 7.3.1, (I,5 wt,% in relation to the 
amount of glucose) were transferred to a 250 ml sti:'ring 
reactor equipped with gassing stirrer, thermometer, al- 
kali metering, pH electrode and oxygen inlet. The oxy- 
gen is distributed at normal pressure by means of the 
gassing stirrer in the solution at a reaction temperature 
of 56 *C, The resulting gluconic acid is neutralized by 
addition of aqueous 10 wt.% sodium hydroxide. The 
final pH value of the suspension was 10.0. The catalyst 
was filtered off, and the filtrate analyzed by means of 
ion chromatography and HPLC, 

7.4.2. Enantios¢lective hydrogenation of ethyl pyruoate 
to ethyl lactate 

A 100 ml autoclave was charged with 100 mg of the 
catalyst, described in Section 7.3.2 (Pt on SiO2; metal 
content 5%), 5 ml (45 mmol) ethyl pyruvate, 20 mg (0.1 
retool) dihydrocinchonidine, I0 ml acetic acid and a 3 
cm magnetic stirring bar. The pressure vessel was de- 
gassed after closure and, subs~uendy, I0 MPa hydro- 
gen was introduced under vigorous stirring. The reac- 

7.5.2. CO adsorption on colloids" in solution 
100 mg colloid was dissolved under argon in ca. 50 

ml of THF (N(octyl)~-stabilized colloid) or water 
(SB 12-stabilized colloid). CO was bubbled through these 
solution for 30 min. The solvent was then evaporated in 
vacua (0.1 Pa). The IR spectra were recorded with a 
Nicolet FFIR ~pectrometer 7199 as KBr pellets or (in 
the case of waxy substances) between two KBr plates. 
The supported colloids were measured in the diffuse 
reflectance mode. 
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