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ABSTRACT: Hybrids, which were composed of the am-
phiphilic diblock copolymer polystyrene-b-poly(2-hydroxy-
lethyl methacrylate) (PSt-b-PHEMA) and nickel, cobalt, or a
nickel–cobalt alloy, were characterized with infrared ab-
sorption spectroscopy and ultraviolet–visible (UV–vis) ab-
sorption spectroscopy. UV–vis spectroscopy analysis
showed that a redshift happened after the PSt-b-PHEMA/
metal-ion complexes were reduced by KBH4. The PSt-b-
PHEMA/nickel–cobalt alloy hybrids had the biggest red-
shift [difference of the UV-vis absorption wavelength be-
tween (PSt-b-PHEMA)/metal ion complex and (PSt-b-
PHEMA)/metal hybrids (��m � 19.9 nm)]. In comparison
with the PSt-b-PHEMA/nickel hybrids (��m � 3.5 nm) and

PSt-b-PHEMA/cobalt hybrids (��m � 9.0 nm). The magnetic
properties of PSt-b-PHEMA/metal were studied with vi-
brating sample magnetometry. The results of magnetic
hysteresis loop studies showed that the obtained PSt-b-
PHEMA/metal hybrids could be categorized as ferromag-
netic materials. The results showed that the magnetic sus-
ceptibility decreased with increasing temperature in the
range of 150–400 K and increased with increasing temper-
ature above 400 K. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci
99: 2314–2319, 2006
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INTRODUCTION

Because there are strong chemical bonds (covalent or
ionic) or interactions such as van der Waals forces,
hydrogen bonding, and electrostatic forces in poly-
mer/metal hybrids,1 some properties of polymer/
metal hybrids, such as optical, magnetic, catalysis, and
electronic properties, are different from those of the
pure polymers and pure metals.2,3 To control the func-
tionality of these composite materials, the location and
size of metal nanoclusters in the gels should be con-
trolled. Microphase separation of amphiphilic block
copolymer results in heterogeneous structures with,
for example, lamellae, cylinders, or spherical microdo-
mains, which can serve as nanoreactors within which
a variety of nanoclusters can be synthesized in a con-
trolled manner.4–7 The geometry and size of the nano-
reactor usually can be varied in a predictable manner
by the adjustment of the length of each block and the
total molecular weight.8 Thus, the properties of am-
phiphilic block copolymer/metal hybrids can be con-
trolled through the control of the structure of the block

polymer. Advantageous use of such structures has
been made for the production of a variety of nonmag-
netic metal nanoclusters (Ag, Au, Pd, and Pt)8–12 and
magnetic nanoclusters.13,14

Recently, we reported a method for synthesizing poly-
styrene-b-poly(2-hydroxylethyl methacrylate) (PSt-b-
PHEMA) nickel, cobalt, and nickel–cobalt alloy hy-
brids.15 First, the block copolymer polystyrene-b-poly-[2-
(trimethylsilyoxy)ethylene methacrylate] (PSt-b-
PTMSEMA) was synthesized with atom transfer radical
polymerization (ATRP). ATRP has been proven to be
effective for a wide range of monomers16,17 and appears
to be powerful for controlling the polymer molecular
weight and distribution. Then, the hydrolysis of PSt-b-
PTMSEMA led to the formation of an amphiphilic
diblock copolymer, PSt-b-PHEMA. Transmission elec-
tron microscopy (TEM) showed that the obtained PSt-b-
PHEMA ([St]117[HEMA]21) formed micellar aggregates,
with the insoluble block polystyrene (PSt) as the core
and the soluble block poly(2-hydroxylethyl methacry-
late) (PHEMA) as the corona, in the mixed solvents
dimethylformamide (DMF) and water. Under appro-
priate conditions, the addition of Co2� and Ni2� ions
to the PSt-b-PHEMA solution in DMF and water
greatly affected the microphase-separation process
and, lastly, the morphologies of the metal-ion/
polymer composite. Electron spectroscopy for chemi-
cal analysis (ESCA) and X-ray diffraction (XRD) anal-
ysis showed that before reduction the metal existed as
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a hydroxide; after reduction with KBH4, nanometer
metal particles [Ni(0) or Co(0)] on the surface were
formed and oxidized in air to form NiO or CoO. TEM
showed that most of these metals were aggregated.

This article presents research continuing from our
previous work.15 The goal of this research is studying
the magnetic properties of [St]117[HEMA]21 metal (co-
balt, nickel, and cobalt–nickel alloy) hybrids. The mag-
netic behavior of the hybrids was examined with vi-
brating sample magnetometry (VSM) at temperatures
ranging from 78 to 423 K and at fields ranging from 0
to 5 kOe.

EXPERIMENTAL

Materials

PSt-b-PHEMA/metal hybrids containing nickel, co-
balt, or a nickel–cobalt alloy were prepared with
[St]117[HEMA]21 diblock copolymer (Scheme 1); the
details are described in a previous report.15

Analysis

The composition and structure of the PSt-b-PHEMA/
metal hybrids were confirmed with infrared (IR) spec-
troscopy (Equinox 55, Bruker, Karlsruhe, Germany)
with KBr pellets. Ultraviolet–visible (UV–vis) absorp-
tion spectra were obtained on a UV-2401 PC spectro-
photometer (Sahimadzu Corp., Kyoto, Japan). Ab-
sorption from the medium was subtracted from each
spectrum. Thermogravimetric analysis (TGA) was
performed by TGA-50H (Sahimadzu) with alumina
plates with about 9 mg of the sample under a nitrogen
atmosphere at a heating rate of 10°C/min. Magnetic
measurements for powder samples of several tens of
milligrams were performed with a vibrating sample
magnetometer (BHV-55, model VSM VT-800, Riken
Densh Co., Ltd., Yokohama, Japan) at temperatures
ranging from 78 to 423 K and at fields ranging from 0

to 5 kOe. All the data were corrected for the contribu-
tion of the sample holder.

RESULTS AND DISCUSSION

IR spectra of the PSt-b-phema/metal hybrids

Figures 1 and 2 present IR spectra of PSt-b-PHEMA/
metal-ion complex hybrids and polymer/metal hy-
brids, respectively. The adsorption bands at 1604,
1493, and 1450 cm�1 and the double peak of 752 and
699 cm�1 are the characteristic band of PSt [Fig. 1(a)].
A band at 1726 cm�1 appears due to the CAO groups
of PHEMA, and a strong band at 1156 cm�1 is due to
the COCOO groups of PHEMA. These results show
that the copolymer was composed of PSt and PHEMA
[Fig. 1(a)]. After PSt-b-PHEMA reacted with the metal,
the intensity of the band at 1725 cm�1 decreased, and
new bands appeared at 1630 [Fig. 1(b); PSt-b-
PHEMA/nickel-ion complex, B-1], 1583 [Fig. 1(c); PSt-
b-PHEMA/cobalt-ion complex, B-2], and 1583 cm�1

[Fig. 1(d); PSt-b-PHEMA/nickel–cobalt alloy ionic
complex, B-3]. These results implied that a PSt-b-
PHEMA/nickel-ion complex, a PSt-b-PHEMA/cobalt-
ion complex, and a PSt-b-PHEMA/nickel–cobalt-ion
complex formed, respectively. After the PSt-b-
PHEMA/metal complexes were reduced by KBH4,
there was no visible change in the adsorption band
position, but the intensity of these adsorption bands
had greatly decreased; this suggested a large reduc-
tion in the PSt-b-PHEMA/metal-ion complex. These
results agree with our previous XRD and ESCA re-
sults.15 Nickel and cobalt metal existed after the PSt-
b-PHEMA/metal-ion complexes were reduced by
KBH4 according to the XRD results. ESCA analysis
showed that nanometer metal particles [Ni (0) or Co
(0)] on the surface formed and oxidized easily in air to
form NiO or CoO. Furthermore, UV–vis spectra of the
PSt-b-PHEMA/metal complexes and PSt-b-PHEMA/
metal hybrids were measured.

Scheme 1 Preparation process of the PSt-b-PHEMA/nickel-ion complex (B-1), PSt-b-PHEMA/cobalt-ion complex (B-2),
PSt-b-PHEMA/nickel–cobalt-ion complex (B-3), PSt-b-PHEMA/nickel hybrids (B-11), PSt-b-PHEMA/cobalt hybrids (B-22),
and PSt-b-PHEMA/nickel–cobalt hybrids (B-33).
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UV–vis data for the PSt-b-phema/metal hybrids

Table I shows the UV–vis absorption wavelength (�m)
of the PSt-b-PHEMA/metal-ion complexes and
PHEMA-b-PHEMA/metal hybrids. A comparison of
these spectra shows that �m experienced a redshift
after the reduction of the PSt-b-PHEMA/metal-ion
complexes with KBH4; among them, the PSt-b-
PHEMA/nickel–cobalt alloy hybrids (B-33) had the
longest redshift in comparison with the PSt-b-
PHEMA/nickel hybrids (B-11) and PSt-b-PHEMA/co-

balt hybrids (B-22), and PSt-b-PHEMA/nickel had the
shortest redshift.

Magnetic properties

Magnetic hysteresis loops of PSt-b-PHEMA/metal hy-
brids, as shown in Figures 3–5, were measured on
powder samples at room temperature with a vibrating
sample magnetometer. The saturation magnetization
[Ms (emu/g of PSt-b-PHEMA/metal hybrids)], coerci-
vity [Hc (Oe)], and remanent magnetization [Mr

(emu/g of PSt-b-PHEMA/metal hybrids)] are given in
Table I. The results showed that Ms and Mr of the
PSt-b-PHEMA/cobalt hybrids were the biggest, and
those of the PSt-b-PHEMA/nickel hybrids were the
least.

Figure 1 IR spectra of (a) PSt-b-PHEMA, (b) B-1, (c) B-2, and (d) B-3.

Figure 2 IR spectra of (a) B-11, (b) B-22, and (c) B-33.

TABLE I
Summary of the Properties of the Samples Produced in

This Study

Sample
�m

(nm)
��m
(nm)

Ms
(emu/g)

Mr
(emu/g) Hc (Oe)

B-1 323.0
B-11 326.5 3.5 0.73 0.36 348
B-2 315.0
B-22 324.0 9.0 4.42 2.04 323
B-3 324.0
B-33 343.0 19.0 3.41 1.84 292
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It is well known that bulk cobalt and nickel are
ferromagnetic at room temperature. The results of our
experiments showed that the PSt-b-PHEMA/metal
hybrids had ferromagnetic properties. According
to TEM results,15 the obtained PSt-b-PHEMA
([St]117[HEMA]21) formed micellar aggregates with the
insoluble block PSt as the core (20-nm diameter) and
the soluble block PHEMA as the corona (10-nm thick-
ness) in the mixed solvents DMF and water. When
metal ions were added to this polymer solution, the
metal complexed with the OOH group of PHEMA
and prevented the PHEMA segment from aggregating
around the core. After the block copolymer/metal-ion
complexes (B-1, B-2, and B-3) were reduced by NaBH4,
the corresponding block polymer supported metal

composites, PSt-b-PHEMA/nickel (B-11), PSt-b-
PHEMA/cobalt (B-22), and PSt-b-PHEMA/nickel-Co
(B-33) were obtained. XRD and ESCA analysis15

showed the existence of nickel in B-11, cobalt in B-22,
and a cobalt–nickel alloy in B-33. Magnetic attractive
forces combined with inherently large surface ener-
gies (�100 dyn/cm)18 favor nanoparticle aggregation
in magnetic dispersions.19 Previous TEM15 results
demonstrated this situation and showed that the metal
aggregated and its size was more than 20 nm. Hyster-
esis curves with different characteristics are necessary
for various applications.20 Permanent magnets require
a large remanence and coercive force so that they
retain their magnetization even when maltreated.
Computer memory stores and similar devices require
a well-defined switching field with a sharp change
between the positive and negative magnetizations, so
they should have a very square hysteresis curve.
Transformer laminations need thin, high curves to
avoid saturation, to minimize losses, and to ensure
that there is maximum flux linkage between primary
and secondary circuits. The hysteresis curves of the
PSt-b-PHEMA/metal hybrids were thin and high, and
so these materials might be used as transformer lam-
inations.

Figure 6 present the magnetization curves of the
PSt-b-PHEMA/metal hybrids. The magnetic intensity
of the PSt-b-PHEMA/cobalt hybrids was the greatest
in the whole range of applied fields (0–5000). These
results mean that the PSt-b-PHEMA/cobalt hybrids
were easier to magnetize than the PSt-b-PHEMA/
nickel hybrids. In the case of the PSt-b-PHEMA/nick-
el–cobalt alloy hybrids, the magnetic intensity was
lower than that of the PSt-b-PHEMA/cobalt hybrids;
this was due to the lower cobalt content (5.96%) in
comparison with the PSt-b-PHEMA/cobalt hybrids

Figure 3 Magnetization versus the applied magnetic field
(VSM curves) for PSt-b-PHEMA/nickel hybrids taken at
room temperature [Hc � 348 Oe, Mr � 0.36 emu/g, Ms �
0.73 emu/g].

Figure 4 Magnetization versus the applied magnetic field
(VSM curves) for PSt-b-PHEMA/cobalt hybrids taken at
room temperature [Hc � 323 Oe, Mr � 2.04 emu/g, Ms �
4.42 emu/g].

Figure 5 Magnetization versus the applied magnetic field
(VSM curves) for PSt-b-PHEMA/nickel–cobalt alloy hybrids
taken at room temperature [Hc � 292 Oe, Mr � 1.84 emu/g,
Ms � 3.41 emu/g].
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(7.64%). Figure 7 shows the temperature dependence
of the magnetic susceptibility [� (emu/g of PSt-b-
PHEMA/metal hybrids)] for B-11, B-22, and B-33. The
� values of the PSt-b-PHEMA/cobalt hybrids [Fig.
7(a)] are the largest in the temperature range of 150–
400 K in comparison with the PSt-b-PHEMA/nickel–
cobalt alloy hybrids [Fig. 7(b)] and PSt-b-PHEMA/
nickel hybrids [Fig. 7(c)]. Below 150 K, there are some
undulations in curves a–c. However, when the tem-
perature is above 400 K, the � values of B-22 and B-33
increase with the temperature.

� is defined in terms of the magnetization, M, pro-
duced by an applied magnetic field, H, as follows:

� � M/H (1)

Generally,20 below the Curie temperature (Tc), the
magnetic material is subdivided into domains, each of
which is spontaneously magnetized in agreement
with eq. (2), but in which the direction of magnetiza-
tion changes between one domain and the next:

M � M0�1 � �Tn� (2)

where M0 is the magnetization at 0 K, � is the constant
if the magnetic materials are definite, and n is 3/2.

Thus, at a very low temperature (�Tc), the varia-
tions of � are in agreement with eq. (2). Of course, all
these theories are appropriate for inorganic magnetic
materials. Magnetic PSt-b-PHEMA/metal hybrids are
composed of a polymer and a metal (nickel, cobalt, or
a nickel–cobalt alloy), so the variation in the regularity
of � with temperature may be different from that of
pure inorganic magnetic materials. It is well known
that the external factor of the polymer resulting in
internal rotation is the environmental temperature.
When a sample was first cooled at 78 K, 2500 Oe was
applied, and the magnetization measurement was
taken with increasing temperature. The process of

magnetization of magnetic PSt-b-PHEMA/metal hy-
brids entails a change in the arrangement of the do-
mains, so their magnetization becomes more nearly
parallel, the rotation of the molecules begins freer, and
the polymer chains become more flexible. However,
below 150 K, this process is not finished completely,
and so there are some undulations in the curve [Fig.
7(a–c)]. From 150 to 400 K, the variations of � are in
agreement with eq. (2). When the temperature is
above 400 K, � increases with the temperature; this
means that some block copolymer begins to decom-
pose because of the lower glass temperature of
PHEMA (ca. 63°C; the data are not shown). Thus, the
metals, especially cobalt, like to aggregate. To investi-
gate these speculations, TGA of B-11, B-22, and B-33
was performed. When the samples were heated at 400
K, percentage of thermal weight loss (�m) was 97.5
(B-11), 93.3 (B-22), and 95.6% (B-33). These results
implied that the metal aggregated at this temperature
because of the beginning decomposition of the block
copolymer. The reason that the weight loss of the
PSt-b-PHEMA/cobalt hybrids (B-22) was bigger than
that of the PSt-b-PHEMA/nickel hybrids (B-11) at the
same temperature is not clear.

CONCLUSIONS

A redshift happened after the PSt-b-PHEMA/metal-
ion complexes were reduced by KBH4. The PSt-b-
PHEMA/nickel–cobalt alloy hybrids had the biggest
redshift (��m � 19.9 nm) in comparison with the PSt-
b-PHEMA/nickel hybrids (��m � 3.5 nm) and PSt-b-
PHEMA/cobalt hybrids (��m � 9.0 nm). The PSt-b-
PHEMA/metal hybrids had the hysteresis phenome-
non at room temperature, which showed that the PSt-
b-PHEMA/nickel, PSt-b-PHEMA/cobalt, and PSt-b-
PHEMA/nickel–cobalt were ferromagnetic materials.

Figure 7 � with an applied field of 2500 Oe for (a) B-22, (b)
B-33, and (c) B-11.

Figure 6 Magnetization curves of (a) B-22, (b) B-33, and (c)
B-11.
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Hc of the PSt-b-PHEMA/nickel hybrids was 348 Oe,
Ms was 0.73 emu/g, and Mr was 0.36 emu/g. Hc of the
PSt-b-PHEMA/cobalt hybrids was 323 Oe, Ms was
4.42 emu/g, and Mr was 2.04 emu/g; Hc of the PSt-b-
PHEMA/nickel–cobalt alloy hybrids was 292 Oe, Ms

was 3.41 emu/g, and Mr was 1.84 emu/g. The PSt-b-
PHEMA/cobalt hybrids were easier to magnetize than
the PSt-b-PHEMA/nickel hybrids. � of the PSt-b-
PHEMA/metal hybrids decreased with increasing
temperature in the range of 150–400 K and increased
with the temperature above 400 K.
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