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ABSTRACT: Several palladium and platinum colloids stabilized by polystrene-b-poly(methacrylic acid) (PS-b-PMAA) 
and polystyrene-b-poly(ethylene oxide) (PS-b-PEO) in a polar medium were prepared by in situ reductions from various 
precursors. Micelle formation of these diblock copolymers, as well as the particle sizes, morphologies, and size distributions 
of the metal nanoparticles were investigated by transmission electron microscopy. The catalytic activities of the colloidal metal 
nanoparticles were qualitatively determined by the hydrogenation of cyclohexane as a model reaction. The activities thus 
observed for these polymer-metal systems were found to depend significantly on precursor type and preparation conditions. 
These differences could be due to several factors, such as (i) partial embedding of the nanocatalysts within the hydrophobic 
micelle cores, (ii) influences of the side products of the reducing agent, or of the metal precursor counterions, or (iii) changes 
in the block copolymer micelle diameters or morphologies. 
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Polymer-protected, nanosized transition metals are of 
great interest since they are very promising candidates 
for a wide variety of technological applications, such as 
catalysis. 1 - 28 The choice of the protective polymer is 
crucial for the stablization of the metal colloids and for 
the control of the particle sizes, size distributions and 
particle morphologies. In addition, the polymer influ
ences the technological applicability and processability 
of these materials by providing certain solubilities, 
thermal stabilities and protective functions. In order to 
design metal-polymer systems for special needs, various 
types of protective polymers are worth investigating, 
since they can fulfill special functions in combination 
with the nanometal. In some of our previous research, 
various water-soluble homopolymers and random co
polymers, as well as cationic polyelectrolytes have been 
studied for their abilities to stabilize noble metal colloids 
and their usefulness for catalytic applications. 23 - 27 It 
was found that the catalytic activities of these materials, 
for instance, depend strongly on the type of protective 
polymer.23 - 26 Several other research groups have also 
investigated the utilization of polymer-protected metal 
colloids for selective catalytic reactions. 1 - 8 •21 •22 •28 

One important group of polymers, which has lately 
received a lot of attention, are the amphiphilic block 
copolymers. Due to their ability to form micelles, for 
example, they can offer many advantages for the forma
tion of colloidal systems. Not only are they very good 
steric stabilizers for metal colloids, 29 but they can also 
be used to control their particle sizes and size dis
tributions. This is based on the concept of the micelles 
acting as "molecular reactors" 7 - 15 for the formation 
of the nanoparticles. Such size-controlled metal or semi
conductor nanoparticles have already been prepared by 
several groups for reverse-micelle systems. 7 - 15 The 
incorporation of the nanoparticles into the hydrophilic 

micelle cores is achieved by the interaction of the 
precursors with the hydrophilic block, for instance, by 
complex or ion-pair formation. The incorporation of 
metal nanoparticles into hydrophobic micelle cores 
appears somewhat difficult, since usually there is a lack 
of strong interactions of most metal salt precursors with 
hydrophobic block components, such as polystyrene. 
Nevertheless, for some applications, the use of such 
systems in polar media could be desirable, and could 
have environmental advantages. 

It can be expected that for most cases the introduction 
of metal salt precursors into block copolymer environ
ments in polar media will result in the formation of the 
nanoparticles in the coronas of the micelles. These 
nanoparticles would be expected to be located in the 
vicinity to the hydrophobic micelle cores. The closeness 
would depend on the affinity of the metal nanoparticles 
to hydrophobic surfaces, and on the type of the hy
drophilic block (providing more or less strong in
teractions with the precursors or nanoparticles). How
ever, with careful selection of the precursor type (e.g., 
by varying its hydrophobicity and/or steric bulkiness), 
and of the reaction conditions (such as temperature and 
solvent selection) it should be possible to incorporate the 
nanoparticles into the hydrophobic micelle cores, at least 
to some extent. This, in turn, should have some effect 
on the catalytic properties, for instance, the catalytic 
activities of the systems. It should be possible to reg
ulate this by selection of the polymer block types, 
the precursor type, and the reaction conditions. 24 

Another advantage offered by amphiphilic block co
polymers is their ability to form various morphologies, 
and the morphological changes of several amphiphilic 
block copolymer systems were systematically studied by 
Eisenberg and coworkers. 30 - 34 It was shown that these 
morphologies can be controlled by a variety of factors. 

t To whom correspondence should be addressed (e-mail: jemark@ucbeh.san.uc.edu, URL: http://jemcom.crs.uc.edu/). 
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This, in turn, could be highly useful for tuning the 
properties of such metal-block copolymer catalyst sys
tems, especially if catalyst tuning during the course 
of a catalytic reaction is desired. 

The by-products formed with the use of certain re
ducing agents, as well as the counterions stemming 
from the metal precursors, could have additional effects. 
An example would be promoting or inhibiting the 
catalytic properties of the systems, and this could be done 
systematically. 

In the present investigation, several stable palladium 
and platinum colloids were prepared in the presence of 
two amphiphilic block copolymers, namely polystyene
b-poly(methacrylic acid) (PS-b-PMAA) and polystyrene
b-poly(ethylene oxide) (PS-b-PEO). Various metal pre
cursors, reduction methods, and reduction conditions 
were employed, and the effects of these variations on the 
catalytic hydrogenation of cyclohexene were qualitatively 
investigated. Polar media based on ethanol were chosen. 
In this way, differences (e.g., in the hydrophobicities 
of the precursors) are better maintained than in, for 
instance, a purely aqueous medium. Furthermore, some 
variations with respect to solvent mixtures and thus the 
possibility of swelling the polystyrene core or changing 
the copolymer morphology were possible. The particle 
sizes, morphologies, size distributions, and the locations 
of the metal nanoparticles (i.e., vicinity and/or partial 
embedding in the micelle core, or in the corona) were 
investigated by transmission electron microscopy (TEM). 
The catalytic activity was found to depend on the pre
cursor type, the reducing agent, and the preparation 
conditions. These differences might be attributed to 
several factors that could influence catalyst activity, 
namely (i) partial embedding of the palladium nano
catalysts within the hydrophobic micelle cores, (ii) in
fluences of the by-products of the reducing agents, or 
of the metal precursor counterions, or (iii) changes in 
the diameters or morphologies of the block copolymer 
( or "substrate") micelles. 

EXPERIMENT AL 

Chemicals and Reagents 
The metal precursors palladium chloride (PdCl 2), pal

ladium acetate [Pd(CH 3COO)z; Pd(ac)z], palladium 
trifluoroacetate [Pd(CF 3COO)z; Pd(F 3ac)z], palladium 
acetylacetonate {Pd[CH 3 COCH = C(O-)CH 3] 2 ; 

Pd(acac)z}, dihydrogen hexachloroplatinate hydrate 
(H 2 PtCl 6 · H 20), and platinum(II)acetylacetonate {Pt
[CH3COCH = C(O-)CH3] 2 ; Pt(acac)z} were obtained 
from Aldrich. The block copolymers were purchased 
from Polymer Source, and had the following molecular 
weights: PS-b-PMAA (number-average molecular weight 
Mn of PS 6,500; Mn of PMAA 16,000; polydispersity 
index Mwf Mn= 1.02), and PS-b-PEO (Mn of PS 29,800; 
Mn of PEO 8,400; Mw/Mn= 1.03). The reducing agents 
potassium borohydride (KBH4 ) and sodium hypophos
phite monohydrate (NaH 2 PO 2 · H 2O) were purchased 
from Aldrich. 

Colloid Preparation 
a) Reductions by Refluxing the Solutions. The metal 

colloids were prepared using a method described by Hirai 
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et al. 3 The metal precursors were reduced by refluxing 
the solutions (6.8 x 10- 4 M) containing the block co
polymers in a mass ratio of copolymer: palladium= 
25: 1. The oil-bath temperature was kept at about I00°C. 
For PS-b-PMAA ethanol (EtOH) was used as a solvent, 
for PS-b-PEO solvent mixtures of tetrahydrofuran 
(THF) and EtOH were used. For the preparation of 
the PS-b-PEO samples the block copolymer was first 
dissolved in the desired amount of THF, and EtOH 
was then added dropwise, resulting in initial solvent 
mixtures of THF: EtOH = 1 : 9 (v /v) or 16: 9 (v /v). The 
metal precursors were slowly added as solutions in 
EtOH (equal volumes of block copolymer and metal 
precursor solution were combined), thus resulting in 
final solvent mixtures of THF: EtOH = 1: 19 (v/v) or 
1: 2.1 (v/v). 

b) Reductions by Heating below Reflux Temperatures. 
For the Pd( ac )z and Pd(F 3Ac) 2 precursors some re
ductions were performed in a sandbath at 60°C. The 
other reduction conditions were the same as those 
described in part a). 

c) Reductions at Room Tempeature. Some palladium 
colloids were prepared from the Pd(ac)z and Pd(F 3ac)z 
precursors by stirring the solutions at room temperature. 
The concentrations, mass ratio, and solvents were the 
same as those described in part a). 

d) Reductions by Potassium Borohydride. An aque
ous solution of KBH4 (0.0015 g KBH4 in 0.2 ml dis
tilled water) was prepared just before use and 0.05 ml 
was rapidly added to 0.8 ml of the stirred solutions 
(6.8 x 10- 4 M, room tempeature) which contained the 
metal precursors and the block copolymers. The mass 
ratio and the solvents used were the same as described 
in a). Potassium borohydride was used instead of the 
more commonly employed sodium borohydride. In this 
way it was possible to prepare an aqueous solution 
immediately before the addition to the reaction mixtures, 
due to its slightly lower reactivity with water. Also, a 
more exact measurement of the borohydride added was 
possible, especially with the small quantities used for 
these experiments. The addition as a solution furthermore 
allows better and immediate mixing of the reactants. 

e) Reductions by Sodium Hypophosphite. An aqueous 
solution of NaH 2PO2 · H 2O (0.0015 g NaH2PO2 in 
0.2 ml distilled water) was freshly prepared and 0.05 ml 
was rapidly added to 0.8 ml of the reaction mixtures 
stirred at room tempeature. The precursor concentration, 
mass ratio, and solvent mixtures were the same as those 
described under part a). 

All glassware was cleaned with aqua regia (for the 
platinum samples) or concentrated nitric acid (for the 
palladium samples) before use. Especially for the 
palladium acetate and palladium trifluoroacetate sam
ples, freshly prepared precursor solutions were used 
because of the easy reduction of these precursors in 
ethanol, even at room temperature. 

Characterization 
A JEOL-100 XCII electron microscope (operated at 

80 kV) was used to obtain the sizes, morphologies, and 
size distributions of the metal nanoparticles. The samples 
were prepared by placing a drop of the colloidal dis
persion on a formvar/carbon-coated copper grid and 
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letting the solvent evaporate. The metal particle sizes 
were measured with a comparator and the average 
particle sizes and size distributions were determined based 
on the measurement of at least 150 particles. The sizes 
of the micelles were estimated from the TEM micro
graphs as well. The relative changes in micelle size 
and morphology due to changes in solvent composition, 
quality, and polarity can be explained to mainly stem 
from changes of the micelle core (i.e., expansions, due 
to good solvent for the core component, THF, having 
been added in various amounts). No special shadowing 
technique was used for the TEM micrographs. The 
patterning and arrangement of the shadowed regions 
on the TEM micrographs, however, suggest that the 
micelle cores are indeed being seen. Also, the arrange
ment of the metal nanoparticles for many samples are 
expected to be located close to the micelle cores, there
fore "describing" their dimensions. However, for the 
interpretation of the presented results the only relevant 
quantities are the relative and not the absolute changes 
of the micelle size (i.e., relative changes of the sizes of 
the micelle cores and thus their changes in "density"). 
In the text and tables, however, references to micelle 
dimensions should be understood to be estimates and 
relative, comparative values, used primarily to charac
terize changes of the micelle core dimensions. 

Catalytic Hydrogenations 
The hydrogenations were carried out with a Parr 

hydrogenation apparatus (shaker type) at room tem
perature. For the qualitative comparison of the cat
alytic activities, cyclohexene (0.05 ml) was added to 
10 ml methanol, and the metal catalysts were added as 
colloidal dispersions. An amount of catalyst that cor
responds to 0.09wt% palladium and 0.16wt% platinum 
(with respect to cyclohexene) was added. The amounts 
were calculated taking into account the addition of 
water for the reductions described in parts d) and e), 
and associated changes in colloid concentration. The 
catalytic reactions were carried out for 30 min at a 
hydrogen pressure of 10 psi. Test reactions without the 
addition of any catalyst were performed in between each 
reaction. The reaction mixtures were analyzed by gas 
chromatography (SE-30 packed column) with a flame 
ionization detector, and helium as the carrier gas. 

RESULTS AND DISCUSSION 

Table I summarizes the results for palladium nano
particles protected by the PS-b-PMAA diblock copoly
mer. The respective palladium precursors, reduction 
methods, average particle diameters, and micelle sizes/ 
block copolymer morphologies are listed, along with 
the catalytic activities in terms of percent conversion of 
cyclohexene. 

There does not seem to be a pronounced dependence 
of the catalytic activities on the particle sizes. However, 
several other factors can be taken into consideration for 
explaining the activities found. Ethanol was the solvent 
for these systems, and in most cases the diameters of the 
micelles, as estimated from the TEM micrographs, were 
about 15 nm. In three cases, namely the KBH4 reductions 
for the PdCI2 and Pd(acac)z precursors, the TEM 
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Table I. Palladium nanocatalysts protected by PS-h-PMAA 

Catalytic 
Average Micelle 

Reduction particle diameterb 
Precursor 

method 
activity 

diameter/nm 
% cyclo-

(std. dev.) nm 
hexane" 

PdCl 2 Refluxing 23.1 7.9 (6.3) - 15 
PdC12 KBH4 33.5 2.1 (1.2) 
Pd(ac), Refluxing 13.8 3.4 (0.8) -15 
Pd(ac)i KBH4 14.6 1.3 (0.5) - 15 
Pd(ac)i Room temperature 6.1 1.0 (0.9) -15 
Pd(ac)2 60°C 8.2 1.3 (1.2) - 15 
Pd(ac) 2 NaH 2P02 52.3 2.5 (1.6) -15 
Pd(F 3ac) 2 Room temperature 6.2 3.5 (1.5) -15 
Pd(F 3ac)i 60°C 8.3 2.7 (1.0) -15 
Pd(F 3aclz NaH 2PO2 34.2d 1.8 (0.4) -15-22 
Pd(acaclz Refluxing 11.8 6.3 (3.8) - 14----20 
Pd(acac) 2 Stirred/Refluxing' 15.8 5.4 (2.6) -15 
Pd(acaclz KBH 4 80.7 2.0 (0.7) - I 5, loose 
Pd(acac), Stirred/KBH4 ' 54.6 2.1 (0.9) -35 

'Hydrogenation conditions: 0.05 ml cyclohexene, 0.09 wt% palladi
um, 10 ml methanol, hydrogen pressure IO psi, hydrogenation time 
30 min. h Estimated from TEM micrographs. 'Not seen on TEM 
micrographs. d Hydrogenation conditions (due to smaller amount of 
colloid available), same as in footnote a, but with one third of the 
amounts. 'Stirring time, two days. 

micrographs indicated that there were either no defined 
micelles (for the PdCl 2 precursor), or there were only 
"loose" aggregates or enlarged micelles (for the Pd( acac h 
precursor). Figures 1 and 2 show some of these TEM 
micrographs, for palladium nanoparticles reduced from 
the Pd(acac)z precursor by KBH4 (both with and with
out previous stirring) in the presence of PS-b-PMAA. 
This change in morphology most likely stems from the 
combined influence of the various ions present (stem
ming from the reducing agent and the precursor counter
ions), and from the change of the solvent polarity (due 
to the addition of the reducing agent as an aqueous solu
tion). The finding that larger "loose" micelles are pres
ent despite the higher solvent polarity is surprising at 
first. However, the presence of ions that can influence 
the poly(methacrylic acid) corona should have a con
siderable influence, 30 - 34 especially since an excess of re
ducing agent was used. Possibly a transition to a dif
ferent morphology is taking place. 

It is interesting to note that in these cases the catalytic 
activities are increased in comparison to the samples 
being reduced by refluxing from the same precursors, 
with the presence of defined spherical micelles. It can be 
assumed that with the higher temperature employed 
during the reduction by refluxing, the hydrophobic 
micelle cores allow partial embedding of the nano
particles, and thus shield the catalytically active and 
available sites to a certain extent. Blocking of catalyti
cally active sites by strong hydrophobic interactions and 
sorption between the metal surface and the hydrophobic 
block is responsible for the reduced catalytic activities. 
Therefore, the position of the catalyst nanoparticles with 
respect to the hydrophobic micelle core should have an 
influence on the catalytic activity, i.e., the more em
bedded the particle, or the closer its location towards 
the micelle core, the lower should be its activity. For the 
"loose" aggregates, however, it can be expected that the 
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Figure 1. Palladium nanoparticles reduced by KBH 4 • from Pd(acac) 2 

in the presence of PS-h-PMAA (bar =42 nm). 

'--' 

Figure 2. Palladium nanoparticlcs reduced by KBH 4 • with previous 
stirring for two days. from Pd(acaclz in the presence of PS-b-PMAA 
(bar=42nm). 

palladium nanoparticles are less-densely surrounded by 
the hydrophobic polystyrene blocks, or that they are 
only located in the corona. A good solvent system for 
the hydrophilic block component was used, which should 
give more flexibility and less-dense attachments around 
the palladium nanoparticles. This should result in an 
easier availability of the active sites for the catalytic 
reaction to occur, which expresses itself in the increas
ed catalytic activity observed. 

The values for the catalytic conversion of cyclohexene 
for the Pd(ac)z precursor are comparable to one another 
for both reduction methods (namely the reduction by 
refluxing the ethanolic solution and the borohydride 
reduction). In both cases, micelles with a diameter of 
about 15 nm can be seen on the TEM micrographs, as 
shown in Figures 3 and 4. (The micelles appear less well 
defined for the sample reduced by KBH4 than for the 
sample reduced by refluxing). These catalytic activities 
are also comparable to the values obtained for the 
Pd(acac)z precursor in combination with the reduction 
by refluxing the ethanolic solutions. This is not so, 
however, for PdC1 2 as a precursor prepared by the same 
reduction method (for which the catalytic activity is 
higher in comparison). This difference could stem from 
the varying degrees of hydrophobicity of the precursors 
and thus a different degree of incorporation and em
bedding into the micelle cores. The Pd(ac)z, Pd(acac)z 
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Figure 3. Palladium nanoparticles reduced by refluxing the ethanolic 
solution, from Pd(ac)i precursor in the presence of PS-h-PMAA 
(bar=42nm). 

Figure 4. Palladium nanoparticles reduced by KBH 4 from Pd(ac)i 
precursor in the presence of PS-b-PMAA (bar=30nm). 

presursors are more hydrophobic than PdC12 in the 
present solvent system, and therefore could possess 
a somewhat higher affinity towards the hydrophobic 
micelle core. 

This effect could possibly also be responsible for the 
decreased catalytic activity for the Pd(acac)z precursor, 
reduced by KBH4 but stirred for two days prior to the 
reduction. Here, due to the stirring time the precursor 
could be accumulated to a somewhat higher extent 
towards the micelle core or be partially incorporated at 
its periphery, therefore resulting in reduced catalytic 
activity of the palladium particles after reduction. It 
has to be pointed out that no complete incorporation 
of the precursor or the resulting metal nanoparticle into 
the hydrophobic micelle core is expected. However, 
certain differences in the precursor type and reduction 
conditions could influence the accumulation towards 
the core, and partial incorporation/embedding on the 
periphery of the micelle core seems likely. Due to the 
larger steric hindrance of the Pd(acac)z precursor in 
comparison to, for instance, Pd(ac)z the stirring time 
might make a major difference, especially for the room
temperature reduction. Thus, steric effects of the pre
cursors in combination with their hydrophobicity have 
to be considered as well. Pd(acac)z as the sterically 
most-hindered precursor should be more difficult to be 
partially incorporated into the micelle core, especially at 
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Figure 5. Palladium nanoparticles reduced by stirring the ethanolic 
solution at 60°C, from Pd(F 3ac)z precursor in the presence of PS-b-
PMAA (bar= 62 nm). 

Figure 6. Palladium nanoparticles reduced by stirring the cthanolic 
solution at 60'C. from Pd(ac) 2 precursor in the presence of PS-b
PMAA (bar= 53 nm). 

lower temperatures. These considerations seem to be 
confirmed by the higher catalytic activities observed for 
the KBH4 reductions. With the borohydride reduction 
performed about five minutes after mixing the block 
copolymer and the Pd(acac)z solutions, the precursor is 
reduced "outside" the micelle cores. This should in return 
result in less-em bedded particles and higher catalytic 
activities. This difference should be less pronounced for 
higher temperatures during the preparation of the col
loids, and this is confirmed by the catalytic data ob
tained. 

Another interesting feature is observed for the Pd(ac)z 
and Pd(F 3ac )z precursors. These precursors are easily 
reduced even at room temperature by stirring of the 
ethanolic solutions. The values obtained for the catalyt
ic activities of the samples prepared by the mere stirring 
at room temperature, and by stirring at 60°C are very 
similar for the respective precursors, demonstrating the 
reliability of the values obtained. Figure 5 shows the 
TEM micrograph of palladium nanoparticles reduced 
by stirring at 60°C from Pd(F 3ac)z in the presence of 
PS-b-PMAA, and Figure 6 the corresponding sample 
prepared from Pd(ac)i. The TEM micrographs look 
very similar for both samples, which is consistent with 
the similar catalytic activities observed. 

Thus, several factors might be important for the par-
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Table II. Palladium nanocatalysts protected by PS-b-PEO 

Precursor 

PdC12 

PdC12 

PdC12 

Pd(ac) 2 

Pd(ac)z 

Pd(ac)i 

Pd(ac) 2 

Pd(ac) 2 

Pd(ac) 2 

Reduction 
method 

Refluxing 
THF: EtOH = 1: 2.1 
KBH4 

THF: EtOH = 1 : 2.1 
KBH4 

THF: EtOH = I : 19 
Refluxing 
THF: EtOH = 1 : 2.1 
Room temperature 
THF: EtOH = 1 : 2.1 
Room temperature 
THF: EtOH = 1: 19 
60°C 
THF: EtOH= 1: 19 
NaH 2PO2 

THF:EtOH=l: 19 
KBH/ 
THF: EtOH= 1 :2.1 

Catalytic 
activity 

% cyclo
hexane• 

24.9 

21.5 

40.6 

21.4 

18.4 

28.1 

15.8' 

59.3 

32.0 

Average Micelle 
particle diameter b 

diameter/nm----
(std. dev.) nm 

6.6 (2.0) -22 

3.4 (1.3) -38 

3.6 (1.3) - 18, strings 

4.3 (1.1) -22 

2.1 (1.4) -22 

2.7 (0.7) -18 

2.1 (1.4) 17-22 

1.8(1.1) -22 

1.7 (0.7) -19 

'Hydrogenation conditions: 0.05 ml cyclohexene, 0.09 wt% palladi
um, 10ml methanol, hydrogen pressure I0psi, hydrogenation time 
30 min. b Estimated from TEM micro graphs. c The use of Pd(acac)z 
precursor with the KBH4 reduction at 60°C in THF: EtOH = 1 : 9 
results in 14.1 % cyclohexane. This sample has not been investigated 
by TEM. a Reduction performed immediately after mixing of the 
copolymer and precursor solutions; no previous stirring allowed. 

tial embedding of the precursors and the resulting metal 
nanoparticles. At higher temperatures (reflux) during the 
preparation procedure a "softening" of the PS core might 
allow partial embedding to take place. However, there 
seems to be better incorporation of the precursors 
towards the micelle cores at lower or only somewhat 
elevated temperatures (below Tg) with previous stirring 
for a certain amount of time. Thus, two trends can be 
observed: (i) lower catalytic activities for the reduction 
at reflux temperature in contrast to the room-temperature 
reductions by borohydride, due to the "softening" of the 
hydrophobic PS core (with more embedding) and (ii) 
lower catalytic activities at lower or only slightly elevated 
temperatures in combination with stirring, which allows 
a more complete diffusion of the precursor towards the 
core moiety. 

Generally, the differences observed for the same pre
cursor, for instance, Pd(ac) 2 , but prepared by different 
reduction conditions show that partial embedding is 
likely to be the determining factor for the catalytic 
properties of these systems. Less important is the simple 
influence of the precursor counterion. 

Finally, another important feature can be seen from 
Table I. Spherical micelles and an increased catalytic 
activity are observed for the NaH2P02 reduction (the 
reducing agent again added as an aqueous solution). 
For this reducing agent, the increased activity might 
additionally stem from its by-products. For example, 
NaH2P02 as well as phosphinic or phosphorous acids 
are reported to be useful in hydrogen transfer catalysis 
in combination with palladium metal, and it is known 
that efficient catalytic hydrogenations at mild conditions 
are possible. 35 - 37 Therefore, the use of this reducing 
agent could lead to promoting effects on the catalytic 
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Figure 7. Palladium nanoparticles reduced by stirring the solution at 
room temperature from Pd(ac), precursor in the presence of PS-h
PEO; solvent mixture THF: EtOH =I: 19 (v/v) (bar=42nm). 

Figure 8. Palladium nanoparticles reduced by stirring the solution at 
room temperature from Pd(ac), precursor in the presence of PS-h
PEO; solvent mixture THF: EtOH= I: 2.1 (v/v) (bar=53 nm). 

activity. 
Table II lists the results obtained for palladium 

nanoparticles protected by PS-b-PEO. For this block 
copolymer two different solvent systems, based on 
THF: ethanol mixtures in different ratios, have been used 
in order to explore possible effects from swelling the 
micelle core. 

As expected, the TEM micrographs indicate a trend 
for somewhat larger micelles (and therefore hydrophobic 
cores) for the solvent mixture with a higher THF content. 
A comparison of palladium nanoparticles reduced from 
Pd(ac) 2 by stirring at room temperature in the presence 
of PS-b-PEO in the different solvent mixtures is shown 
in Figures 7 and 8; similar results for use of a reflux 
temperature are shown in Figure 9. The micrographs for 
the reduction at room temperature and at reflux tem
perature for the final solvent mixture THF: ethanol= 
1 : 2.1 look similar, as do the catalytic activities. Again, 
it is interesting to note that for the PdC12 precursor 
in combination with the KBH4 reduction, the micelle 
seems "larger" (with a trend to form "loose" aggregates) 
that it does for the reduction by refluxing. (This ap
pears to be the case even though the solvent mixture is 
somewhat more polar due to the addition of the reducing 
agent in an aqueous solution). Figure IO shows the 
palladium nanoparticles reduced from PdC12 by KBH4 
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Figure 9. Palladium nanoparticles reduced by refluxing the solution 
from Pd(ac), precursor in the presence of PS-h-PEO; solvent mixture 
THF: EtOH =I: 2.1 (v/v) (bar=53nm). 

Figure 10. Palladium nanoparticles reduced by KBH4 , from PdCl2 

precursor in the presence of PS-h-PEO; solvent mixture THF: EtOH = 
I :2.1 (bar=42nm). 

in the presence of PS-b-PEO and a final solvent mixture 
THF: EtOH = 1 : 2.1. However, as already mentioned 
with regard to the results in Table I, the influence of 
various ions present is crucial as well. 3o- 34. 

For the catalytic activities the general trend seems to 
be such that higher catalytic activities are found for the 
more polar solvent mixture containing smaller "more 
dense" micelle cores. In the case of the PdC12 pre
cursor reduced by KBH4 in THF: EtOH = 1: 19, a strin
glike morphology is observed for the block copolymer, 
which obviously stems from the combined influence of 
the higher solvent polarity (and additional water) and 
the presence of the various ions. 30 - 34 The TEM 
micrograph for this sample is shown in Figure 11. The 
increased catalytic activities in these cases seem to reflect 
the decreased degree of embedding of the palladium 
particles, due to the denser micelle cores present in the 
more polar solvent mixtures. 

One exception seems to be the lowered value of the 
catalytic activity observed for the Pd(ac)i precursor in 
the THF: EtOH = 1: 19 (v/v) solvent mixture. However, 
an elevated temperature (60°C) was used during the 
reduction which could cause the "softening" of the 
micelle core to some extent (thus enabling partial em
bedding of the palladium nanoparticles). Indeed some 
micelle diameters found on the TEM micrograph are 
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Figure 11. Palladium nanoparticles reduced by KBH4 from PdC12 

precursor in the presence of PS-h-PEO; solvent mixture THF: EtOH = 
l: 19 (bar=62nm). 

Figure 12. Palladium nanoparticles reduced by KBH4 from Pd(ac)i 
precursor in the presence of PS-h-PEO; solvent mixture THF: EtOH = 
l : 2.1, no stirring time allowed (bar= 53 nm). 

significantly larger than those from the similar room
temperature reduction. 

One additional experiment was very relevant to the 
question of whether the diffusion of the metal precursor 
towards the micelle core was crucial for the catalytic 
properties. It involved reduction of Pd(ac)z in the solvent 
mixture possessing the higher THF content (both chosen 
aspects usually resulting in increased embedding). 
However, a fast reduction method (KBH4 ) was employed 
immediately after mixing of the copolymer and the 
precursor solutions (therefore preventing extensive 
diffusion). The fast reduction method was selected to 
ensure reduction of the precursor before its diffusion 
towards the micelle core. A higher catalytic activity was 
found for this sample. The TEM micrograph shown in 
Figure 12 reveals an interesting picture, namely that the 
palladium particles are found to surround the micelle 
core but are obviously not embedded in it. A similar 
feature was also observed for Pd(acac)z as a precursor; 
however, in this case, the particles coexisted with some 
large agglomerates. The pertinent TEM micrograph is 
shown in Figure 13. This preparation still needs to be 
optimized, followed by evaluation of its catalytic activity. 
Such metal-block copolymer morphologies with small 
metal nanoparticles surrounding the micelle cores are 
certainly very interesting. They could be important not 
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Figure 13. Palladium nanoparticles reduced by KBH4 , from 
Pd(acac)i precursor in the presence of PS-b-PEO; solvent mixture 
THF: EtOH= I: 19 (bar=53 nm). 

Table III. Platinum nanocatalysts protected by 
PS-b-PEO and PS-b-PMAA 

Precursor 
Reduction 

Catalytic 
Average Micelle 

method 
activity 

particle diameterb 

Copolymer % cyclo-
diameter/nm 

hexane• 
(std. dev.) nm 

H 2PtCl6 Refluxing• 83.8 2.2 (1.5) -30 
PS-b-PEO 

H 2 PtCl6 KBH4 • 63.8 2.8 (1.9) -22 
PS-b-PEO 

H 2PtCl6 Refluxingd 82.5 2.6 (1.1) -15 
PS-b-PMAA 

H 2 PtCl6 KBH4 d 63.0 3.3 (0.9) -15 
PS-h-PMAA 

Pt(acac)2 Refluxing< 60.7 2.8 (1.0) -15-20 
PS-h-PMAA 

•Hydrogenation conditions: 0.05ml cyclohexene, 0.16wt% plati
num, IO ml methanol, hydrogen pressure IO psi, hydrogenation time 
30 min. b Estimated from TEM micrographs. • Initial solvent 
mixture, tetrahydrofuran: ethanol= I : 2.1 (v/v). d Initial solvent, 
ethanol. c Initial solvent, ethanol: water= IO: 3; reflux time, 3 days 
(oil-bath temperature I00°C). 

only for catalytic applications, but could as well be the 
starting point for the development of, for example, 
conductive, low-density materials as well. Of course, a 
different (conductive) type of corona would have to be 
developed, or a conductive polymer would have to be 
included as an additional blend component. 

Finally, as already mentioned in the discussion of the 
results in Table I, reduction by NaH2P02 results in an 
increased catalytic activity also for the PS-b-PEO block 
copolymer, probably due to promoting effects from the 
hypophosphite salt. 35 - 37 

Some experiments for platinum nanoparticles have 
been performed as well, and the respective results are 
listed in Table III. TEM micrographs for platinum 
nanoparticles reduced by KBH4 from H 2PtC16 pre
cursor in the presence of PS-b-PMAA and PS-b-PEO are 
shown in Figures 14 and 15, respectively. Interestingly, 
the catalytic activities observed for the same reduction 
methods but with the two different block copolymers 
employed are very similar. This seems to imply that the 
types and lengths of the hydrophilic corona blocks have 
only a very limited influence in this case. Since the 
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Figure 14. Platinum nanoparticles reduced by KBH4 , from H 2PtC16 

precursor in the presence of PS-b-PMAA (bar=42nm). 

Figure 15. Platinum nanoparticles reduced by KBH4 , from H 2PtC16 

precursor in the presence of PS-b-PEO; solvent mixture THF: EtOH = 
I: 2.1 (bar=42 nm). 

precursor was H 2PtC16 (which possesses only small 
hydrophobicity), only a limited incorporation into the 
hydrophobic micelle cores could be expected. Therefore, 
for this sample the differences in block lengths of the 
hydrophobic blocks should not be as influential, and this 
is confirmed by the catalytic results presented. 

In contrast to the results obtained for the palladium 
samples, reduction with KBH4 results in lower catalytic 
activities when compared to the reduction by refluxing. 
The influence of reduction by-products might have an 
influence in this case. 

The activity in the case of reduction by refluxing is 
lowered, however, if Pt(acac)2 is used as the precursor. 
In this case the higher hydrophobicity and associated 
partial embedding might be responsible. Comparison 
with reduction of Pt(acac)i with KBH4 however, could 
not be carried out definitively under the present con
ditions. 

CONCLUSIONS 

Amphiphilic block copolymers are highly interesting 
and versatile components for polymer-metal systems, due 
to the variety of options they offer for tuning and 
controlling such systems for various specific applications. 
For instance, certain desired catalytic properties, such as 
catalyst activities, can be easily varied. In fact, the results 
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obtained in the present study show that a variety of 
factors can be used to influence such catalytic properties. 
Crucial factors appear to be the choice of the metal 
precursor (based, for example, on hydrophobic or steric 
criteria), reduction method and conditions (including 
temperature and solvent), as well as block copolymer 
morphologies. 

Such block copolymer-metal systems might even offer 
the possibility of altering and/or controlling catalytic 
properties during the course of a reaction. This might be 
achieved, for instance, by simply inducing a morphologi
cal change (by the change of, e.g., solvent composition 
or temperature). Furthermore, certain metal-block 
copolymer morphologies in combination with suitable 
(conductive) block copolymer or blend components 
could be very promising for many other technological 
applications, such as conductive, low-density films and 
composite materials. 

Another important aspect that can contribute sig
nificantly to the versatility of such block copolymer
metal systems is the ratio of the amounts of the two 
blocks, and the investigation of its influence on the 
catalytic properties should be very promising. 

Hydrophobic block types other than polystyrene are 
of further interest and are recommended for future 
investigations. In addition to various block copolymers, 
certain graft or comb polymers are also of interest since 
they might offer similarly versatile options for tailoring 
metal-polymer composite materials. This class of po
lymers (consisting of a hydrophobic backbone, and 
hydrophilic side chains) might be especially useful for 
incorporating metal particles in a purely hydrophobic 
environment within a polar solvent system. 
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