
O.A. P l a t o n o v a  
L.M. Brons te in  
S.P. So lodovn ikov  
I.M. Y a n o v s k a y a  
E.S. O b o l o n k o v a  
P.M. Valetsky 
E. Wenz  
M. Antonie t t i  

Cobalt nanoparticles 
in block copolymer micelles: 
Preparation and properties 

Received: 27 September 1996 
Accepted: 22 November 1996 

O.A. Platonova" Dr. L.M. Bronstein ([~) 
S.P. Solodovnikov �9 I.M. Yanovskaya 
P.M. Valetsky 
Nesmeyanov Institut 
of Organoelement Compounds 
The Russian Academy of Sciences 
28 Vavilov str. 
117813 Moscow, Russia 

E.S. Obolonkova 
Institute of Synthetic Polymeric Materials 
70 Profsoyuznaya St. 
117813 Moscow, Russia 

E. Wenz- M. Antonietti 
Max-Planck-Institut 
of Colloids & Interfaces 
Kantstral3e 55 
14513 Teltow-Seehof, FRG 

Abstract The preparation and 
properties of  Co nanoparticles in 
polystyrene(PS)-poly-4-vinyl-py- 
ridine(PVP) micelles were studied. 
Elementary Co was generated by two 
methods:  (i) by reduction of micelles 
loaded with COC12, and (ii) by thermal 
decomposit ion of Co2(CO)s in micel- 
lar solutions of such block copoly- 
mers. Co particles formed by both 
processes are effectively stabilized by 
the block copolymer matrix and do 
not aggregate. For  CoC12 as a Co- 
source, the formed particles have 
a size less than 1 nm. Thermal 
treatment of such dried polymers at 
200 ~ for 2 h leads to spherical 
particles of 3-5 nm in size. The 
polymeric hybrid materials prepared 
in this way display remarkably high 
values of magnetization at rather low 
Co contents in the polymer, i.e., we 
obtain a tenfold increase of the 
specific magnetization density. 

Co2(C0)8 as a Co source, results in 
a more complex behavior. Co2(CO)s 
dissolves in the solvent as well as in 
the micelle core where it is converted 
to an cat ionic-anionic  complex 
involving the 4-VP units. The shape 
and size of the Co nanoparticles 
formed by thermolysis can be 
controlled by the balance of 4-VP/Co 
and can be varied from spherical 
particles in the limit of lower Co loads 
being mainly attached to the micelle 
core to a star-like and cubic 
morphology  in case of excess of 
Co2(CO)8. Both superparamagnetic 
and ferromagnetic materials can be 
prepared. For  ferromagnetic samples 
coercive force varies from 250 to 
475 Oe depending on Co content and 
polymer sample. 
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Introduction 

The interest of researchers in colloidal metals has grown in 
the last years causing the appearance of a lot of new 
controlled methods for colloid metal  synthesis. In particu- 
lar, nanosized face-centred-cubic (f.c.c.) Co particles gain 
a very special, technologically driven interest, which is due 
to their high spin density and the resulting extraordinary 
magnetic properties. Fo r  instance, Co particles in a size 
range of 1 10 nm exhibit superparamagnetic  behavior  and 

are highly promising for preparat ion of "mild" magnets for 
controlling devices. The synthesis of Co nanoparticles has 
been improved for many years, and a paramount  success- 
ful procedure for this was the format ion of particles under 
thermal decomposition of Co2(CO)s dissolved in a hydro- 
carbon solvent containing a suitable polymeric material 
[1, 2]. This method allowed the preparat ion of spherical 
particles or chains of particles, depending on polymer-  
solvent-metal balance, but did not  permit the subtle 
regulation of shape and size of Co particles which very 
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strongly influences the magnetic properties, e.g. coercive 
force and absorption bandwidth of electromagnetic oscil- 
lations. Varying the asymmetry parameters one might 
move the absorption band position which will, in turn, 
permit to control the magnetic properties of polymeric 
materials. 

A recent trend in the synthesis of colloidal particles is 
the process of metal particles formation in the amphiphilic 
block copolymer micelles. This approach was successfully 
elaborated recently by some research groups, including 
the authors [3 8]. These works, however, were related 
to noble metal colloids or semiconductors, and not a 
single paper dealt with magnetic particles of less noble 
metals. 

This paper reports the preparation and properties of 
Co nanoparticles in polystyrene-poly-4-vinylpyridine (PS- 
b-P4VP) micelles where elementary Co was generated in 
two ways : (i) by reduction of micelles loaded with COC12, 
in analogy with preparation of noble metal colloid par- 
ticles, and (ii) by thermal decomposition of Co2(CO)8 in 
micellar solutions of such block copolymers. 

Experimental 

Materials and polymer synthesis 

Unhydrated CoG12 was prepared by drying COC12-6H20 
through interaction with SOC12 [9]. Co2(CO)8 was purifi- 
ed by crystallization from pentane during cooling. Toluene 
was refluxed for 4h  under Na and subsequently twice 
distilled under Na; THF  was predried with KOH, then 
refluxed under Na/benzophenone up to the appearance of 
violet color and distilled prior to use. Superhydride, 
Li(C2Hs)BBH (1 M solution in THF), was used as the 
reducing agent as received (Aldrich). The synthesis of PS- 
b-P4VP block copolymer was carried out by the proce- 
dure described in [10]. For preparation of metal colloids 
two samples of PS-b-P4VP block copolymers were 
used: PS-1,2 which has Mn = 127400, Mw= 149000, 
U = 1.17, and a relative 4-VP content of 21 mol%; and 
PS-3,4, having Mn = 19400, Mw = 22500, U = 1.16, and 
a relative 4-VP content of 34 mol%. 

Preparation of cobalt colloid particles 

Samples derived from C02(CO)s were prepared in Schlenk 
tubes equipped with a Teflon stirring bar, a reflux conden- 
ser, and a bubble counter. The polymer solution (0.05 g in 
8 ml of toluene) was evacuated under freezing and then 
inflated by argon. A distinct amount of C02(CO)8 to keep 
the desirable ratio Co :N  was added and three-time 

degassed under freezing. Afterwards, the reaction tube was 
filled with argon and heated at 110 ~ for 1 h. 

The incorporation of COC12 into PS-1,2 micelles in 
toluene of THF  solution was carried out by procedure 
described in [3, 4] for other salts. Polymer solution (0.05 g 
in 8 ml of toluene or THF) was prepared in a two-neck 
flask containing stopcock, rubber septum, and a Teflon 
stir bar. Oxygen removal was achieved by a three-time 
degassing procedure and storage under argon. COC12 
(0.0133 g, loading molar ratio Co :N  = 1:1) was added in 
argon counterflow. 

After stirring for two weeks at room temperature, 
a blue solution was obtained finally, which was filtered 
through 0.45/~m Millipore filter units. After an addi- 
tional degassing procedure, the salt was reduced by 
Li(CzHs)aBH (5 mol excess). Handling with degassed sam- 
ples during reduction provides the further stability of 
metal colloids under air because the interaction of Co 
particles formed with air or water leads only to the forma- 
tion of thin oxide film on the particle surface. The presence 
of air or water during reduction or thermolysis results in 
the complete Co oxidation. 

For FTIR and elemental analysis examination, an 
aliquot of the final solution after filtration and before 
reduction was precipitated in petroleum ether, washed and 
dried in a vacuum dessicator under paraffin and P205. 

Ferromagnetic resonance (FMR) examination 

Measurements were performed in ampoules filled by solu- 
tions of the samples studied in a special argon box (to 
prevent the surface oxidation of nanoparticles which could 
influence the FMR line width), then frozen and sealed under 
vacuum. FMR was carried out with a Varian E-12 spec- 
trometer. The whole examination includes several opera- 
tions: the recording of FMR spectra of liquid, frozen and 
solid samples at room and at liquid nitrogen temperatures. 

The qualitative data of coercive force of Co-particles 
were obtained by a set of FMR recording in low fields. The 
beginning of the first record exhibits a zero level of resona- 
tor breakdown because of absence of the macroscopic 
magnetization. The second record is produced in the op- 
posite direction of magnetic field change. The end level of 
the second record usually does not coincide with the be- 
ginning of first one as the result of a magnetic hysteresis 
loop. The next operation is the rotation of a sample 
through 180 ~ in zero magnetic field. The recording pen 
registers the resonator breakdown due to the rotation 
of the macroscopic magnetic orientation of the sample. 
The value of the magnetic field strength is equal to the 
coercive force when the pen marks zero level again in the 
third record in the direction of magnetic field increase. 
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Symmetric positions with respect to zero level of the sec- 
ond and third circles are important for the correct defini- 
tion of the coercive force. Measurements were usually 
performed at 77 K in the frozen magnetic liquids. 

Transmission electron microscopy and X-ray fluorescence 

Samples were prepared by evaporation of 10 -4 mol/L 
toluene solutions under air. A drop of solution was placed 
on a copper sample grid of the electron microscope. After 
drying, electron micrographs of the sample were prepared 
with a Zeiss 912 Omega electron microscope. A magnifica- 
tion of 125 000 was used. Particle sizes were determined by 
processing from the photographs. 

Co content was examined by XRF measurements em- 
ploying a VRA-30 spectrometer (Carl Zeiss Jena) with 
a Mo anode, a LiF crystal analyzer and a SZ detector. The 
line used for analysis was Co-K~. Samples (for comparison 
and for analysis) were prepared by mixing 1 g of polysty- 
rene with 10-20 mg of standard substances. The time of 
calculation was 10 s. 

Results and discussion 

The dissolution of metal salts in the solution of PS-b- 
P4VP micelles which are otherwise insoluble in the solvent 
means the incorporation of these salts only in micelle 
cores, as described in our previous papers [3, 4]. The 
uptake of most of the salts, besides Au- and Ag-salts, into 
the micelle core is however very slow, and their content 
inside the micelles is limited [3]. Solvents in which salts are 
soluble can be also used to provide a faster uptake. There- 
fore both toluene and THF solutions of PS-1,2 are em- 
ployed for the introduction of COC12 into micelles. PS-1,2 
was chosen because it forms rather large, strongly seg- 
regated micelles in both solvents, unlike PS-3,4 which 
forms micelles only in the poorer solvent for the core 
block, toluene. It was found that in toluene solutions 
a significant quantity of COC12 remains as undissolved 
crystals in the reaction flask even after two weeks of 
stirring. The dissolution of COC12 in THF occurs almost 
immediately after adding. 

The FTIR spectrum of the polymer prepared by inter- 
action of PS-1,2 with COC12 in toluene (PS-1,2-Co-1) in the 
ratio Co:N = 1:4.07 (by elemental analysis data) shows 
the weakening of bands characteristic for pyridine units 
(1555 and 1415 cm-a) and the appearance of new bands at 
1637 and 1615 cm- ~ which are responsible for stretching 
of pyridine complexes with metal salts. A similar behavior 
was observed for the Au-salts [3]. Strong new bands show 
that the complete metal salt is coordinated with VP units, 

although the solubilization of CoC12 in micelle core pro- 
ceeds very slowly and the metal load of the micelle core is 
also low. On the contrary, the metallation in THF results 
in the formation of complex with VP units where the THF 
is involved as a ligand which is confirmed by FTIR data 
[11]. Because CoC12 is soluble in THF, the salt is at first 
present both inside and outside of the micelles. However, 
with time (about two weeks), the major part of Co salt 
becomes a coordinated with VP units of the micelles cores: 
the precipitation of polymer and elemental analysis of the 
precipitate confirms that 85 mol% of the Co salt is inside 
the micelles. 

The reduction of Co 2+ ions in block copolymer 
micelles derived from PS-1,2 both in toluene and THF was 
carried out by super-hydride. As found previously for Au 
and Pd colloids [3, 4], super-hydride reduction of COC12 
provides the formation of very small, non-ferromagnetic 
particles. As discussed above, the magnetic properties of 
Co particles are strongly influenced by their size, and vice 
versa, ferromagnetic resonance (FMR) allows examination 
of particle size, especially as a correlation exists between 
FMR line width and the particle size [12, 13]. Particles 
smaller than 1 nm exhibit magnetic disorder [10], and are 
thus undetectable by FMR. The data of elementary analy- 
sis and FMR for the Co nanocrystals derived from PS-1,2 
and COC12 are summarized in Table 1. 

PS-1,2-Co-1 containing 2.34 wt% Co includes Co par- 
ticles with size less than 1 nm. For the sample PS-1,2-Co-2 
prepared in THF and containing 8.26 wt% Co (in dried 
state), reduction by super-hydride leads to the appearance 
of a very weak and broad signal in the FMR spectrum. The 
position of the absorption maximum Ho (about 2550 Oe) 
and FMR line width (AH = 1250 Oe) are characteristic 
for the formation of some large, slightly asymmetric 
particles. Both PS-1,2-Co-1 and PS-1,2-Co-2 were precipi- 
tated after reduction in petroleum ether. Dried Co-con- 
taining polymers were heated in vacuum-sealed ampoules 
for 2 h at 200 ~ which exceeds the glass transition temper- 
ature Tg of both blocks (Tg Ps= 93~ --gT PvP= 142~ 
After this heating cycle, the samples were reexamined by 
FMR. In both cases such heating leads to the formation of 
spherical particles (H0 = 2950 Oe; a value of 2975 Oe is 
typical for spherical particles [12]) with a size of about 
3-5 nm for PS-1,2-Co-1 and PS-1,2-Co-2. Table 1 shows 
very high values of coercive force for these samples. Similar 
values of Hc have been described for Co particles prepared 
in stabilizing polymers at a tenfold higher Co content 
(75 wt%) when Co particles form chains of 20 nm Co 
particles [2]. In this paper it was speculated that the high 
coercive force was provided by the specific small distance 
of separation between the primary particles (about 2 nm). 
For the present case of Co particles in PS-b-P4VP 
micelles, the spherical Co particles formed in solid micelle 
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Table 1 The data of elemental analysis and FMR for f.c.c. Co species derived from PS-1,2 and CoC12 *) 

Sample Co N: Co Ho, A H, He, 
in solid (mol) [Oe] [Oe] [Oe] 
polymer in solid 
[wt%] polymer 

Solvent Aggregate 
state 

PS- 1,2-Co- 1 2.34 4.07 : 1 - -  - -  0 Toluene Liquid 
2.34 4.07 : 1 2975 650 425 Toluene Solid 

PS- 1,2-Co-2 8.26 1.15 : 1 2550 1250 0 TH F Liquid 
8.26 1.15 : 1 2950 500 675 THF Solid 

*)According to loading Co : N = 1 : 1 (tool). 

cores are not a r ranged in chains, as confirmed by the 
values of the posit ion of the absorpt ion m a x i m u m  H0. In 
addition, the low content  of Co in polymer  (especially for 
PS-1,2-Co-1) in combina t ion  with the high stabilization 
power of block copolymers  prevent the aggregation of Co 
particles. 

By analogy with the approach  described in [,1, 2], the 
formation of Co colloids by thermal decomposi t ion of 
Co2(CO)s in the PS-b-P4VP toluene solutions was also 
studied. Coz(CO)s is soluble in toluene, and it is straight- 
forward to assume that  it is present both  inside and out-  
side the micelles. F T I R  spectra of PS-b-P4VP after adding 
Co2(CO)s in carbonyl  region does not correspond to 
Co2(CO)s [,15] and shows mainly one wide band at 
1884cm -1 which is characteristic of anionic species 
Co(CO)2 of cat ionic-anionic  complexes which can form in 
D M F  [16] and pyridine [17]. Therefore, on the basis of 
the F T I R  data  we suggest that  dissolution of Coz(CO)s in 
block copolymer  solution leads to the format ion of a 
similar ca t ionic-anionic  complex with VP units with the 
structure [,C0(VP)612+[,C0(C0)412, where due to the 
sterically demanding  polymeric ligands involved - the 
complex is not  expected to be perfect. Since P4VP is 
localized in the micelle core, such a complexat ion does not  
lead to the precipi tat ion of polymer,  but provides the 
interaction of Co c om pound  with polymer  molecules 
which, in turn, can furnish the size and shape control 
during Co particle formation.  

Table 2 summarizes  the elemental analysis and F M R  
data on Co particles prepared  from Co2(CO)8 and PS-b- 
P4VP. It  is seen that  at feeding ratios P V P : C o  equal to 
15:1 and 1.75: 1, spherical particles are formed: the posi- 
tion of absorp t ion  m a x i m u m  H0 corresponds exactly to 
that observed for spheres. Moreover ,  such molar  ratios 
also provide the prepara t ion  of superparamagnet ic  par-  
ticles, since Hc = 0. 

For  a feeding ratio N : Co = 2: 1 (for PS-3,4) the formed 
Co particles are neither ferromagnetic nor  superparamag-  
netic (i.e., particle size is less than 1 nm), and only after 2 h 
heating at 200 ~ in the solid state, a F M R  signal appears  

Table 2 Elemental analysis and FMR data for f.c.c. Co-containing 
PS-b-P4VP toluene solutions prepared from Co2(CO)s 

N: Co Co Ho, A H, He, 
[moll in solid [Oe] [Oe] [Oe] 
according to polymer 
loading Ewt%] 

PS-3,4 
2:1 6.55 - -  No signal 0 
1.5:1 8.42 2950 1250 0 
1.75:1 7.23 2950 700 0 
1:1 10.22 1945 825 250 
1:2 12.56 2275 625 250 

PS-1,2 
1.5:1 5.83 2950 1125 0 
1:1 6.58 2200 1250 300 
1:2 7.23 2425 550 350 
1:3 7.89 2263 700 475 

characterized by the parameters  Ho = 2970Oe,  A H  = 

275 Oe, which is an evidence of the format ion  of spherical 
particles of 1-3 nm in size [16]. 

The increase of the Co content  in the react ion med iu m 
to the extent of balancing or even increasing the ratio of 
N : C o  leads to the change of the posit ion of absorp t ion  
m a x i m u m  Ho which indicates the fo rmat ion  of aniso- 
metric particles. These samples exhibit fer romagnet ic  be- 
havior:  their coercive force varies f rom 250 to 475 Oe 
depending on Co content  and polymer  sample.  These 
values are a lmost  in the range of the magnet ic  Co particles 
reported in [,2], but  those data  were obta ined  for dried 
samples with Co content  75 w t %  in solids, as c o m p a r e d  to 
the magnet ic  liquids (in frozen state) where the highest Co 
content  is 12.56 wt%.  Dried samples ob ta ined  after pre- 
cipitation of the reaction solutions of PS-1,2 ( C o : N  = 1: 1) 
and PS-3,4 ( C o : N  = 1:1) do not show a change of F M R  
line widths after 2 h heating at 200 ~ This means  that  the 
large Co particles formed in these samples are effectively 
stabilized by the block copolymer  matr ix  and  do not  
aggregate. F r o m  the analysis of the Hc values given in 
Table  2 it is concluded that  the molecular  weight of 
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Fig. 1 TEM micrographs of Co nanoparticles prepared in PS-1,2 at 
molar rat iosN:Co= 1:1 A, l :2B, 1:3C 

the stabilizing polymer (or micelle size) only marginally 
influences the magnetic properties of formed Co 
nanoparticles. 

TEM was employed to clarify the shape and size of 
particles formed. Figure 1 shows T E M  images of Co par- 
ticles prepared in PS-1,2 micelles after Co2(CO)8 incorpo- 
ration at three feeding ratios N : Co : 1 : 1 (A), 1:2 (B), and 
1 : 3 (C). For  a feeding ratio of N : Co = 1 : 1 mainly spheri- 
cal particles form (a slight asymmetry  is seen) with a mean 
diameter of 10 nm (with a s tandard deviation of 1.5 nm, 
from a sample populat ion of 150). Size distribution for this 
case is narrow. The feeding ratio N : Co = 1 : 2 brings to the 
formation of fluffy, star-like aggregates (about 20-23 nm in 
diameter having an irregular shape), which seem to consist 
of primary, anisometric clusters. This particle morphology 
is also supported by the comparably  low AH-value listed 
in Table 2. The situation changes again for the feeding 
ratio N : C o  = 1:3 which produces two kinds of particles: 
smaller spheres and bigger cubes. Evaluation of 150 par- 
ticles gave a mean diameter of spheres of 10 nm (same size 
and polydispersity like the spherical particles at the 1:1 
feed), and cubes with a mean size of 21 nm (with a standard 
deviation of 1.5 nm). The size distribution for both kinds of 
particles is quite narrow. In some pictures it is seen that the 
cubic particles have a strong tendency to chain or trail 
formation, lining up a number  of cubes. F rom TEM 
micrographs it is also seen that the spherical particles 
(N: Co = 1 : 1) are mainly located in the micelle cores. Even 
the larger stars (N:Co = 1:2) seem to start their growth 
from the cores. At the molar  ratio N : C o  = 1:3, only the 
cubic particles are placed outside of micelle cores, while 
the spherical particles still form in the cores. Obviously, 
the feeding ratio heavily influences the particle size and 
shape, but in all cases the polymeric amphiphiles take part 
in the particles formation, and the following reaction sce- 
nario can be given. Co2(CO)8 is present both in solution 
and in the micelle core (as a complex). After rapid heating 
to 110 ~ (decomposition starts at 60 ~ elementary Co is 
formed which quickly aggregates to Co clusters and 
spherical particles. The format ion of such particles is 
strongly controlled by interaction with 4-VP units: for 
high relative 4-VP contents, small superparamagnetic par- 
ticles exhibiting very high coercive forces are obtained. 
For  higher Co-loads, the Co2(CO)8 being present in 
the continuous phase acts as a Co-source which feeds 
further growth of the particles, and either spherical 
colloids of 10 nm size or star-like clusters are obtained. 
Only in case of a larger Co-excess, colloids also nucleate 
in the continuous solvent phase, and cubic colloids are 
formed. 

Conclusions 

Reduction of Co salts or thermal decomposition of 
Co2(CO)8 in block copolymer micelles of polystyrene- 
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poly-4-vinylpyridine in selective solvents allows the 
preparation of Co particles with various shapes and sizes. 
The resulting block copolymer  stabilized nanoparticles 
- as the other systems described in the literature - are very 
stable, can be handled as a solution or powders or in 
polymer films, and they display either superparamagnetic 
or ferromagnetic behavior. 

For COC12 as a Co-source, the formed particles have 
a size less than 1 nm in diameter. Thermal treatment of 
such dried polymers at 200 ~ for 2 h leads to spherical 
particles of 3-5 nm diameter. The polymeric hybrid 
materials prepared in this way display remarkably high 
values of magnetization at rather low Co contents in the 
polymer, i.e., we obtain a tenfold increase of the specific 
magnetization density. Co2(CO)s as a Co source, results 
in a more complex behavior. Coz(CO)s dissolves in the 
solvent as well as in the micelle core where it is con- 
verted to an cationic anionic complex involving the 
4-VP units. 

Consequently, the shape and size of the Co nanopar-  
ticles formed by thermolysis can be controlled by the 
balance of 4-VP/Co and can be varied from spherical 
particles in the limit of lower Co loads being mainly 
attached to the micelle core to a star-like and cubic mor-  
phology in case of excess of Co2(CO)s. 

Due to the extraordinarily high values of coercive force 
and magnetization, the ability to control particle size, 
shape and the related type of magnetism, and the possibili- 
ty to produce both very stable magnetic fluids as well as 
magnetic polymeric films and coatings, further develop- 
ment of block copolymer/metal  colloid hybrids seems to 
be a very promising approach  to develop materials with 
high technological relevance. 
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