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Much effort is conducted to construct artificial objects that are capable of converting chemical or elec-
tromagnetic energy into a specific, predetermined motion on the nanoscale. We present results on the
synthesis of core–shell nanoparticles capable to be set in rotation by the application of electromagnetic
fields. The nanorotors implied in the study are based on the cobalt nanospheres decorated with a stabi-
lizing brush shell composed of poly(3-caprolactone) that is attached by surface-initiated polymerization.
The functional cores used as macroinitiators can be fabricated alternatively by a two-step or a one-step
process.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Organic–inorganic hybrid materials incorporating magnetic
nanoparticles are of growing interest in actual materials research
due to the unique properties including magnetic manipulation, de-
tection, and field-induced local heating processes. There is need for
synthetic pathways that allow the preparation of well-defined
particles with narrow size distribution, good stability and a defined
interface to the liquid or solid particle environment. Such systems
are of high interest concerning the magnetic separation of biologi-
cal species [1] or catalysts and for the purification of wastewater
[2,3].

In alternating fields in the kHz to GHz range, magnetic nanopar-
ticles undergo a reversal of their moment driven by the rotation of
the field vector resulting in a local evolution of thermal energy.
Concerning spherical Co particles with a diameter of 8 nm and
more, the magnetic anisotropy barrier is high enough to consider
the particles’ moment to be blocked inside the crystal lattice of
the particle [4]. As a consequence, such systems are forced to
a fast, Brownian-like rotation of the whole particle in alternating
fields. As such, the characteristic time scale of such process depends
on the hydrodynamic radius of the particles and the inner viscosity
fax: þ49 (0)211 81 15840.
de (A.M. Schmidt).
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of the system [5]. Thus, the time-dependent field is partially trans-
formed into kinetic energy of the particles.

Cobalt nanoparticles in the nanometer size range are commonly
prepared by the reduction of cobalt salts or by the thermal compo-
sition of Co2(CO)8, in the presence of either low molecular or
polymeric surfactants, firstly described as early as 1966 [7,8]. In par-
ticular, micelle-forming copolymers have been applied to the syn-
thesis, and it has been shown in several systematic investigations
that the choice of block polarity, molecular weight and concentra-
tion is suitable to optimize particle size and size distribution for the
respective needs [9–13]. Similar findings have been reported for
polymer coated iron particles starting from Fe(CO)5 [14,15].

In view of the above-mentioned applications, however, there is
need for polymer shells that perform more sophisticated functions,
and much effort has been conducted for the development of well-
defined polymer shells with predetermined architecture, thickness
and chemical functionality. A versatile method for the preparation
of polymer shells with a brush architecture, that combines high
grafting density, adjustable thickness and effective steric stabiliza-
tion, is surface-initiated polymerization, realized by the surface
attachment of initiator groups and subsequent chain growth
according to an appropriate mechanism [16]. Due to its controlled
character and the high monomer versability resulting from the
good tolerance towards many functional groups, atom transfer rad-
ical polymerization (ATRP) is the most widely applied method for
the creation of polymer brushes on particulate surfaces [17–20].
The use of ring-opening polymerization (ROP) has also been shown
to result in well-defined brush layers [21–24] and is suitable for the
synthesis of polyester brush coatings on ferrite particles [25,26]. In
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these studies, the initiator sites are introduced to the particle sur-
face in an additional step after core precipitation.

In this work, we show that the hybrid cobalt/polycaprolactone
brush particles can be obtained and effectively stabilized in toluene
dispersion by two different pathways. Next to the surface function-
alization of particles subsequent to precipitation, we show that hy-
droxy-functional cobalt cores can be obtained in a single step by
thermal decomposition of (Co)2(CO)8 in the presence of ricinolic
acid as a functional surfactant. The role of ricinolic acid is multi-
fold: (1) it serves as micelle-forming pre-stabilizing amphiphile
for the decomposition, (2) it allows a permanent attachment on
the particle surface oxide layer by means of the carboxyl function,
(3) provides an effective steric stabilization due to the aliphatic
chain, and (4) enables subsequent surface-initiated ring-opening
polymerization of lactones by using the hydroxyl group.

This way, polymer brushes are created on the particle surface
with a high degree of synthetic flexibility concerning composition
and thickness of the shell. We show that hydrodynamic properties
of the dispersions that are ruled by the polymer shell thickness in-
fluence the dynamic magnetic properties of the hybrid materials.
Therefore, we investigated magnetic heating characteristics in AC
magnetic fields on a set of core–shell materials based on the
same batch of cobalt core and with different shell thicknesses.

2. Experimental part

2.1. Materials and instrumentation

Dicobaltoctacarbonyl (95%) stabilized in 5% hexane (Sigma),
ricinolic acid (85%; TCI), 1,2-dichlorobenzene (99%; Aldrich),
trioctylphosphineoxide (99%; Acros Organics) and tin(II)-bis(2-eth-
ylhexanoate) were used as-received. Ricinolic acid and dicobaltoc-
tacarbonyl were stored at �20 �C. Acetone was dried with
phosphorous pentoxide (98%; Acros Organics) and distilled. Dry
acetone was stored under Argon with molecular sieves 3 Å. 3-Cap-
rolactone (98%; Merck) was dried with calcium hydride (92%;
Riedel-de-Haën) and distilled in vacuo. Xylene (Riedel-de-Haën)
was used as-received.

Attenuated total reflection FTIR (ATR-FTIR) is conducted on
Nicolet FT-IR 5SXB equipped with a diamond. Nuclear magnetic
resonance spectra were recorded on a Bruker DRX500 at ambient
temperature with TMS as internal standard. Gel permeation chro-
matography (GPC) is conducted in tetrahydrofurane with a system
consisting of a SFD sample collector, a pump (Waters 510,
1 ml min�1) using polystyrene coulombs of 100 Å, 1000 Å and
10 000 Å and a differential refractometer detector (Waters), relative
to polystyrene calibration. Elemental analysis (EA) is performed on
a Perkin–Elmer analyzer 2400. Dynamic Light Scattering (DLS) is
measured on a Malvern Instruments HPP5002 at l¼ 633 nm at
25 �C. The presented results on the hydrodynamic diameter dv are
volume-averaged. TEM experiments are performed on samples
prepared by drop-casting on a carbon-coated 400 mesh copper
grid by using a Philips Tecnai F20 equipped with a field emission
gun at 200 kV.

2.2. Synthesis procedures

All synthetic procedures are performed under argon
atmosphere.

2.2.1. Synthesis of cobalt nanoparticles
The cobalt particles are synthesized by thermal decomposition

of dicobaltoctacarbonyl Co2(CO)8 by two different methods. They
are obtained either (PF route) by a method according to Bönne-
mann et al. [27] and received as a powder. In a typical procedure,
0.5 g Co2(CO)8 (1.5 mmol) is added to 0.25 ml Al(C8H17)3 in 8.7 ml
toluene and heated to reflux for 22 h under stirring. After cooling
the reaction mixture to room temperature, the particles are passiv-
ated by synthetic air, which was carefully introduced through
a small capillary. The resulting black precipitate is washed several
times with toluene. In the second step, the particles are stabilized
by ultrasonic radiation in the presence of ricinolic acid, followed
by repeated washing cycles in ethanol in order to remove excess
surfactant, and redispersed in toluene.

Alternatively, the stabilized and hydroxy-functional particles
can be obtained in one step after a procedure of Puntes et al. [28]
by replacing oleic acid with ricinolic acid (DF route). In this
procedure, 0.5 g dicobaltoctacarbonyl (Co2(CO)8) is dissolved in
3 ml 1,2-dichlorobenzene in a 25 ml Schlenk-flask. Trioctylphos-
phine oxide (0.1 g, 0.26 mmol) and 0.2 ml (0.63 mmol) ricinolic
acid are dissolved in 12 ml 1,2-dichlorobenzene and heated to
reflux under stirring. The solution of dicobaltoctacarbonyl is rapidly
injected. After 30 min of heating, the reaction mixture is cooled
down to ambient temperature. The obtained black ferrofluid has
a cobalt mass content of about 172 mg and a particle concentration
of 1.1 mass%.

The ricinolic acid-functional particles are precipitated in a three-
fold volume of acetone. Afterwards the product is washed with ac-
etone several times, and the obtained particles are redispersion in
toluene.

2.2.2. Surface-initiated ring-opening polymerization
of 3-caprolactone

Ricinolic acid (0.65 ml) functional Co particles dispersed in
1.35 ml toluene are placed in a two-neck flask, and the required
amount of 0.2 ml (1.8 mmol) 3-caprolactone and 0.73 mg
(1.8 mmol) tin(II)-bis(2-ethylhexanoate) as the catalyst is added. Af-
terwards, the mixture is heated to 130 �C and polymerized for 5 h.
After cooling to room temperature, the particles are purified by
precipitation in hexane and redispersed in toluene, followed by
dropwise addition of ethanol at 0 �C and magnetic separation of
the precipitated particles in order to remove free polymer chains.

2.2.3. Acidolysis of Co cores
In order to characterize the polymer arms, 0.3 ml toluene-dis-

persed core–shell particles are treated with the same volume of
1 M hydrochloric acid that is added dropwise to the heavily stirred
dispersion. The mixture is stirred until the black colour is disap-
peared and a bluish aqueous phase can be separated from the or-
ganic, polymer-containing phase. The aqueous phase is washed
several times with toluene, and the organic fractions with 1 M
hydrochloric acid, brine, and water. The polymer is obtained by dry-
ing the organic phase in vacuo and analyzed with 1H NMR, ATR-FTIR
and GPC.

3. Results

We report the synthesis and properties of cobalt nanoparticles
with a poly(3-caprolactone) (PCL) brush shell of variable thickness
by two different pathways, and investigate the influence of prepa-
ration procedure and particle radius on the dispersion properties.

3.1. Particle synthesis

By the precipitation–functionalization method (PF), a three-step
procedure is followed by first thermolysis of Co2(CO)8 in the pres-
ence of trioctylaluminum and subsequent smooth oxidation [27].
The aluminum alkyls on the one hand act as an activator for the de-
composition of the cobalt precursor, and on the other improves the
surface passivating oxidation of the particles, preventing a further
oxidation of the cobalt core in the presence of oxygen. The tolu-
ene-suspended Co nanoparticles with a diameter of 10 nm (TEM)
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Fig. 1. ATR-FTIR spectra of bare PF particles (compact), ricinolic acid (RA, dotted) and
RA-functionalized particles (Co@RAPF: dash-dotted, Co@RADF: dashed).
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were surface-functionalized with ricinolic acid by chemisorption of
the carboxylic acid group in order to introduce hydroxyl groups
that serve as an initiator for the ring-opening polymerization of
3-caprolactone.

Alternatively, an additional functionalization step can be
avoided by direct functionalization (DF method) during the ther-
molysis of Co2(CO)8 in the presence of ricinolic acid by adapting
a procedure of Puntes et al. [28]. In contrast to the particles used
in PF route, these nanoparticles are not surface passivated, and as
a consequence they have to be handled under inert atmosphere
to prevent their oxidation.

Both pathways result in stable dispersions of functional Co
particles in toluene, with Co contents of 0.3 mass% and 0.7 mass%,
respectively (see Table 1). The presence of ricinolic acid on the par-
ticle surface can be verified qualitatively by ATR-FTIR, and quanti-
fied by elemental analysis.

Comparison of the ATR-FTIR spectra (Fig. 1) shows significant
similarities between the two species of functional Co particles
and ricinolic acid indicating successful immobilization on the par-
ticle surface in both cases. Differences in the relative intensities of
the peaks are attributed to possible differences in the actual bind-
ing mode on the surface and to the restricted mobility of the alkyl
chains in the confinement of the surface.

From elemental analysis, the organic mass content and from this
the surface functionality on ricinolic acid for both types of Co
particles can be extracted. We obtain a value of 0.49 mmol g�1 for
particles obtained after the PF method, and a slightly higher value
of 0.60 mmol g�1 for DF particles, showing a good functionalization
degree suitable for the following step of polymer shell synthesis.

3.2. Surface-initiated polymerization

The ricinolic acid-functional Co particles carry a large number of
hydroxyl groups and thus they are capable to serve as multifunc-
tional macroinitiators for the surface-initiated ring-opening poly-
merization of 3-caprolactone. This synthetic pathway is suitable
for the preparation of polymer brush shells of high grafting density
and adjustable thickness [25]. By choice of the particle-to-mono-
mer ratio, the arm length of the polymer brush shell can be tailored
and thus the hydrodynamic radius is influenced.

This way, cobalt nanoparticles obtained from the PF and DF
methods have been decorated with polymeric brush shells of
variable thickness (Fig. 2) and were analyzed with respect to their
Table 1
Composition and properties of Co@RA and Co@PCL core–shell particles

Run mCo,dry

(mass%)
dv (nm) Mn

(g mol�1)
Ms

(kA m�1)
mCo,disp

(mass%)
dc (nm)

Method PF
Co@RAPF

a 83.00a 15.9 n.d. 0.47 0.31 9.8
Co@PCL13PF 39.7 22.1 1300 n.d. n.d. n.d.
Co@PCL17PF 28.1 25.2 1700 1.20 0.90 9.9
Co@PCL23PF 23.0 26.3 2300 2.06 1.58 10.1
Co@PCL27PF 18.5 30.9 2700 2.88 1.97 10.0
Co@PCL32PF 13.7 38.5 3200 3.71 2.83 9.9
Method DF
Co@RADF

a 87.3 10.3 n.d. 1.11 0.71 11.4
Co@PCL14DF 39.6 20.7 1350 n.d. n.d. n.d.
Co@PCL16DF 37.6 21.1 1600 n.d. n.d. n.d.
Co@PCL24DF 23.8 27.2 2400 n.d. n.d. n.d.
Co@PCL48DF 9.4 54.6 4800 n.d. n.d. n.d.

mCo,dry: cobalt mass content of dry particles, from TGA; dv: volume-average hydrody-
namic diameter, from DLS; Mn: number-average molar mass of polymer arms, from
GPC; Ms: saturation magnetization; mCo,disp: cobalt mass content of dispersions, from
VSM; dc: core diameter from VSM.
Nomenclature: Co@RA, ricinolic acid-functionalized cobalt nanoparticles;
Co@PCLxy, cobalt nanoparticles with a poly(3-caprolactone) brush shell; xy ¼ Mn:
100; n.d., not determined.

a By elemental analysis (C content).
composition, dispersion properties and their quasi-static and
dynamic magnetic properties.

Therefore, repeatedly washed samples have been subjected to
ATR-FT infrared spectroscopy, thermogravimetric analysis (TGA)
and elemental analysis to verify the attachment of the shell and
to quantify the mass ratio of polymer and inorganic core material.
In order to get information on the nature of the polymeric shell,
a sample of each material is subjected to acidolysis of the core
with hydrochloric acid and isolation of the polymeric material. Bi-
phasic conditions were chosen in order to prevent the polyester
chains from degrading during the acidolysis, and linear PCL was
treated similarly to ensure no significant change of the molecular
weight or the distribution occurred [25]. The isolated polymeric
fraction is subsequently characterized by proton resonance spec-
troscopy (1H NMR) and gel permeation chromatography (GPC).
ATR-FTIR confirms the presence of PCL in all samples.

A linear increase in the number-average molar mass Mn of the
isolated polymer arms with growing polymer-to-cobalt ratio is
detected by GPC (Fig. 3), being in accordance with the assumption
of a constant grafting density of chains on the particle surface. In all
cases, the polydispersity index concerning the polymer chain
length is close to 2, as commonly observed in Sn-catalyzed ring-
opening polymerization processes of 3-caprolactone as a conse-
quence of the applied ROP mechanism that is characterized by
interchain transesterification. It is important to stress that this
DF

PF

O
OH

HO

O

O

Co2(CO)8

O

O

toluene
130 °C

RA-AlR3

Fig. 2. Two different pathways for the synthesis of Co@PCL brush particles. PF: precip-
itation–functionalization, DF: direct functionalization.
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transesterification process does not affect the surface attachment of
the participating chains if both chains are attached by their carbox-
ylic end [25].

The grafting density fs can be calculated from the slope of the
graph of Mn vs. polymer-to-cobalt ratio mPCL/mCo by using:

fs [
mPCL

mCo

1
Mn

(1)

resulting in a value 0.22� 0.02 mmol g�1 for the PF samples and
0.22� 0.03 mmol g�1 for DF samples, with respect to the cobalt
cores. The values are very similar for the two types of Co initiating
cores, but considerably lower than the calculated surface density of
ricinolic acid obtained by elemental analysis (see above), indicating
that not all the surface bound moieties take part in the initiation
process. Taking into account an average particle mass of ca.
4.7�10�18 g (with dc¼ 10 nm, rCo¼ 8.9 g cm�3) and an average
surface area of ca. 300 nm2, this corresponds to 600 chains per par-
ticle or 2 chains per nm2. Results on the composition of the hybrid
core–shell particles are summarized in Table 1.

3.2.1. Atomic force microscopy and transmission
electron microscopy

Visualization of the prepared materials and additional and com-
plementary information on the size of core and shell of the hybrid
particles are achieved by means of atomic force microscopy (AFM)
and transmission electron microscopy (TEM). As shown in Fig. 4a,
spherical objects are detected in AFM experiments with an average
diameter of 30.3� 4.5 nm for Co@PCL27, which is in good
Fig. 4. AFM (a) and TEM (b and c) analys
agreement with DLS results (see Table 1). The shell is supposed to
be stretched out in AFM experiments due to solvation with xylene
(a good solvent for PCL). In contrast to this, the polymeric shell is
collapsed in samples prepared in the dry state for TEM experiments
(see Fig. 4b and c). The average core diameter obtained by TEM is
9.8� 1.4 nm (inner) and 12.9� 2.1 nm (outer diameter). The
brighter regions are interpreted as cobalt oxide layer of the cores
prepared according to the PF route, while the polymer is not visible
in the TEM images. It is observed that the particles form arrays with
a regular structure with enhanced interparticle distance compared
to the particles without polycaprolactone, Co@RA. In Fig. 4b we ex-
tract average core center distances of 20.1�2.5 nm for Co@PCL27PF

particles, indicating a shell contribution of 7.2 nm to the total diam-
eter in the dry state.

3.2.2. Dynamic light scattering
In order to get information on the dispersion behavior of core–

shell particles with different polymer arm lengths, the hybrids were
dispersed in toluene and analyzed by dynamic light scattering
(DLS). The results are shown in Fig. 5 and indicate that the hydro-
dynamic particle diameter increases from 15.9 nm to 38.5 nm for
hybrid particles obtained after the PF method, and from 10.3 nm
to 54.6 nm for the DF method.

In both cases, a steady increase of the hydrodynamic diameter as
obtained from DLS experiments with the molecular weight of the
polymer arms is observed, in accordance with the expectation
from theoretical considerations for polymer brushes grown on
spherical nanoobjects. Here, the well-established blob model of Al-
exander [30] and de Gennes [31], resulting in a layer thickness of
lblob, is adapted to curved surfaces owing to the fact that the free
volume of polymer chains increases with higher curvature and
with distance to the surface.

Thus, the layer thickness lbp of a polymer brush on a curved sur-
face with radius rc can be written as [32]:

lbp [

 �
1D

5
3

lblob

rc

�3
5

L1

!
rc (2)

Fig. 5b shows a good accordance of the obtained results with the
theoretical expectations.

3.2.3. Quasi-static magnetic properties
In vibrating sample magnetometry (VSM) experiments, the

magnetization of a sample is recorded against the applied magnetic
field strength in order to gain information on the response of the
sample to a quasi-static and homogeneous field. The equilibrium
properties of the magnetic dispersions give information on the
core properties and concentration and should not be influenced
by the presence of a polymeric shell, provided that the particles
es of Co@PCL27 core–shell particles.
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are well dispersed and able to rotate freely (Fig. 6). Information is
gained on the saturation magnetization of the sample by extrapo-
lation of M to H / N, and on the volume-average magnetic mo-
ment mv of the involved particles from the initial slope of the graph.

No hysteresis is observed for all investigated samples, indicating
the superparamagnetic character of the involved particles.
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Magnetic fluids with a saturation magnetization of up to
3.7 kA m�1 were obtained. Based on the single crystal 3-Co cores
(M0¼1.46�106 A m�1) [29], the cobalt content of the dispersions,
mCo,disp, is calculated to be up to 2.8 mass%, increasing with shell
thickness. The increase of cobalt content with increasing shell
thickness may be attributed to a more effective stabilization of
the highly interacting magnetic particles by steric repulsion of
the brushes. The initial susceptibility, that allows the calculation
of the average involved magnetic moments, is extracted from the
initial slope of the graph, and values for the particles’ magnetic
moments in the range of 7.3–7.9�10�19 A m�1 are found, giving
volume-average diameters dc of the respective cobalt cores in all
samples that are in good agreement with observations from TEM
and with the unfunctionalized cores (Table 1).

3.2.4. Magnetic heating capacities of particle dispersions
The field-induced particle rotation gives an impact on the mag-

netic heating behavior of particles when exposed to an alternating
field in the radio frequency range due to the internal friction of the
rotating particles. This is shown by exposure of the samples to an
AC field with fixed frequency at 300 kHz, thus well above the char-
acteristic frequency for Brownian rotation of the particles, being be-
low 20 kHz [6]. It is assumed that the particle radius impacts on the
rotation frequency, and thus the particles are forced to a rotation
limited by their hydrodynamic radius.

In order to investigate this, the temperature of the fluids is
recorded against time, giving information on the specific heating
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power of the particles from the initial slope of the graph (Fig. 7),
with:

SHP [
cp

mCo;disp

dT
dt

(3)

The resulting temperature profiles are shown in Fig. 7 together
with obtained SHP values for the different samples. The fluids
show a considerable temperature rise within minutes, depending
on the cobalt content of the fluids and their respective heating
capacities. From the relation of the SHP on characteristic
frequencies obtained from AC susceptometry [6], it is found
that the faster the particles are able to rotate, the higher the
transferred energy into heat. This is in accordance with the
above considerations. However, the relationship is not linear,
as would be the case if heating power of a single rotation would
be constant for the investigated particles. In contrast to this,
the SHP/f ratio is increasing with shell thickness. Future experi-
ments will give more insight into the impact of the shell and
internal friction on the heat evolution and transfer of such
systems.

4. Conclusion

Decorating blocked magnetic Co particles with a poly(3-capro-
lactone) shell of adjustable thickness is possible via different path-
ways, including post-precipitation–functionalization of cobalt
particles, and one-pot synthesis of the hydroxy-functional particu-
late macroinitiators, and subsequent surface-initiated polymeriza-
tion of 3-caprolactone. We obtain hybrid core–shell particles with
high grafting density and adjustable shell thickness, resulting in
a brush-like architecture and hydrodynamic diameters in toluene
between 21 nm and 55 nm.

Due to the hydrodynamic nature of the magnetization reversal,
the effective conversion of magnetic energy to heat energy is
shown to be influenced by the shell thickness. In particular, mag-
netic heating experiments result in decreasing AC loss values for
hydrodynamically bigger particles at constant frequency and core
size.

The materials may be of interest for microfluidic pump systems
or other nanoactuator systems.
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