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ABSTRACT: Temperature-sensitive hydrogels based on
poly(vinyl methyl ether) (PVME) with ferroelectric or ferro-
magnetic properties were synthesized by high-energy irra-
diation. Barium titanate and poly(vinylidene fluoride)
(PVDF) were used as ferroelectric filler and Ni as ferromag-
netic filler. The filled PVME hydrogels were synthesized by
electron beam or �-ray irradiation (of a suspension with 5–50
wt % of filler (with respect to polymer mass) in a 20 wt %
aqueous PVME solution). Filling of the gel reduces the ab-
solute swelling degree at low temperatures, but do not in-
fluence the phase-transition temperature of the gel. The
particle distribution of the fillers inside the gel was visual-

ized by field emission scanning electron microscopy. The
fillers were incorporated in the PVME network and fixed
because of their size (inorganic particles), as well as by
chemical bonds (PVDF). The ferroelectric or ferromagnetic
properties of the filled gels were proved. Measurements in a
corresponding alternating field provide the hysteresis loop,
for both the ferromagnetic and ferroelectric gel. © 2005 Wiley
Periodicals, Inc. J Appl Polym Sci 98: 2253–2265, 2005

Key words: hydrogels; stimuli-sensitive polymers; ferroelec-
tricity; ferromagneticity; field emission scanning electron
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INTRODUCTION

Temperature-sensitive hydrogels are showing a dras-
tic change in volume and in mechanical properties as
a result of a slight change in temperature.1–3 For the
synthesis of these gels, several techniques can be used:
physical, chemical, or radiochemical crosslinking re-
actions. Radiochemical crosslinking can be achieved
by electron beam or �-irradiation of a monomer or
polymer solution in water or in aqueous solvent mix-
tures. Irradiation of a polymer solution above the
overlapping concentration c* leads to the formation of
macroscopic networks, often designated as bulk gels.
Variation of the radiation dose and the polymer con-
centration leads to a change in gel (g) and sol (s)
contents.4 Irradiation of a diluted solution forms mi-
crogels or branched polymers.5–7

Poly(vinyl methyl ether) (PVME) was used for in-
vestigations in this work. The phase-transition tem-
perature of its gels corresponds to the lower critical
solution temperature (LCST) of the noncrosslinked
polymer8,9 in water. The LCST can be influenced by

the addition of various salts.10 PVME can be
crosslinked by irradiation with electron beam or
�-rays of its aqueous solution,11,12 usually solutions
with a polymer concentration of 10 wt % or 20 wt %
and radiation doses between 20 and 120 kGy.13–16

Another possibility is the crosslinking of dry PVME
films.17 The advantage of radiochemical crosslinking
is that no additives (e.g., initiator, crosslinker) are
required. Irradiation above the phase-transition tem-
perature (electron beam) leads to porous gels and
irradiation at room temperature (�-rays) to homoge-
neous ones.9 Porous gels possess a faster swelling
behavior.13 Using sodium alginate as template, it is
also possible to synthesize PVME gel beads.18

The stimulation of deswelling of a temperature-
sensitive gel causes the direct contact of the gel to a
heat source or heating of the surrounding liquid
phase. To avoid this, we filled the PVME gels with
ferroelectric or ferromagnetic materials. An alternat-
ing electric or magnetic field causes a heating of these
particles because of the hysteresis loss.

According to the literature, hydrogels were filled by
ferroelectric substances to obtain electrorheological
materials. Gao and Zhao19 investigated a barium ti-
tanate (BaTiO3)-filled gelatin network under an elec-
tric DC field. Ferromagnetic temperature-sensitive
networks were investigated by Kato et al.20 They filled
PNIPAAm networks with �-Fe2O3 particles to heat
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these gels by alternating magnetic fields. Magnetic
PNIPAAm gel beads were synthesized and character-
ized by Kuckling et al.21

The aim of this work was the synthesis of PVME
gels filled with ferromagnetic and ferroelectric parti-
cles by radiation techniques. BaTiO3 and poly(vinyli-
dene fluoride) (PVDF) particles were used as ferro-
electric fillers and Ni powder as ferromagnetic filler.
The hydrogels are characterized with respect to their
gel content, swelling behavior, phase- and glass-tran-
sition temperature, distribution of filler in the gel, as
well as hysteresis loop. Field emission scanning elec-
tron microscopy (FESEM) was used for the study of
the behavior and the fixation of the fillers influenced
by swelling–deswelling processes. This method rep-
resents an indispensable and well-tried tool to study
the structures of hydrogels at both the micrometer-
and nanometer scale.22

EXPERIMENTAL

Materials

PVME was obtained as a 50 wt % aqueous solution
from BASF (Lutonal M40) and was used without fur-
ther purification. The molecular weight of the polymer
was determined by static light scattering on FICA 50
(SLS Systemtechnik G. Baur, Freiburg, Germany) in
2-butanone to Mw � 57,000 g/mol. The phase-transi-
tion temperature of PVME in aqueous solution (5 g/L)
was determined by differential scanning calorimetry
(DSC) with a 2920 Modulated DSC (TA Instruments)
to 37°C (onset). PVME solutions of different concen-
trations were prepared by diluting the stock solution
with deionized water. Ni powder (FLUKA), BaTiO3
(FLUKA), and PVDF with a molecular weight of
534,000 g/mol (Aldrich) were used as recieved.

Synthesis

The inorganic particles were suspended under stirring
in the aqueous polymer solution (20 wt %), with a total
amount of filling particles between 5 and 50 wt %
(with respect to the mass of polymer). The suspen-
sions were degassed by blowing argon through the
solution for about 4 h. Electron beam irradiation was
carried out with an electron accelerator ELV-2 (Budker
Institute of Nuclear Physics Nowosibirsk, Russia). The
energy of the electrons was 1.0 MeV at a beam power
of 20 kW. The maximum value of beam current was 25
mA. At a constant value of beam current, the absorbed
dose depends on the exposure time (typically � 1
min). Because of the high-energy absorption in a short
time, the samples were heated above the phase-tran-
sition temperature, which results in porous hydrogels.
For preparation of PVME by �-irradiation, a 60Co ra-
diation source with a dose rate of 2 kGy/h was used.

The radiation dose was determined by a dosimeter
based on alanine film. The generated alanine radicals
were quantitatively analyzed by ESR spectroscopy
with a high degree of accuracy (�99%). An advantage
of �-rays for crosslinking is their high penetration
depth. The crosslinking reaction needs a longer time
(15–40 h), and the sample temperature is not influ-
enced by the radiation. Therefore, the gels are more
homogeneously crosslinked. In either case, for elec-
tron beam and �-ray irradiations, the doses varied
between 60 and 120 kGy in steps of 20 kGy.

Characterization

X-ray diffraction analysis and scanning electron
microscopy (SEM) on filler particles

Inorganic particles can change their properties by sus-
pending in water and during irradiation. Degassed
aqueous suspensions of 5 wt % BaTiO3 and Ni, respec-
tively, were irradiated by electron beam at a dose of 80
kGy. X-ray diffraction experiments (STOE IPDS, STOE
and Cie GmbH Darmstadt, Germany) were carried out
on the nontreated fillers and on the dried irradiated
fillers. The angle was varied stepwise (0.5°) between
10 and 90°, with a measuring time of 30 s per angle.

SEM of filler particles was carried out on a DSM
982“Gemini” (Zeiss) using 2 kV as acceleration volt-
age. Samples were prepared by air drying the suspen-
sion on an aluminum surface.

Sol–gel analysis

For determination of the sol (s) and gel (g) contents,
the synthesized gels were dried in vacuum for several
days, weighed, and extracted with water or acetone
for 5 days using a Soxhlet extractor. The gel content g
(eq. 1) is determined as the ratio of mass of the dry gel
after extraction (mgel) to initial mass of dry gel before
extraction (mgel � msol).

g �
mgel

minitial
�

mgel

mgel � msol
(1)

The sol content s is defined as s � 1 � g.
The extraction with both the solvents provides the

same sol and gel contents. Therefore, most of the
extractions were performed with acetone (lower boil-
ing point). The sol content was calculated from the
weight loss of the dry gel. PVDF-filled gels were also
extracted with N,N-dimethylacetamide, which is a
good solvent for PVDF.

Swelling measurements

The mass degree of swelling with respect to the whole
gel is given by eq. 2(a); and with respect to PVME, this
is given by eq. 2(b).
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Qm�gel� �
mPVME � mwater � mfiller

mPVME � mfiller
(2a)

Qm�PVME� �
mPVME � mwater

mPVME
(2b)

The dry gels (mdry � 20–50 mg) were swollen in water
at room temperature for 3 days. After this, the gels
were stored for 8 h at constant temperature in water
and weighed (determination of mswollen).

Thermogravimetry analysis (TGA) and DSC
measurements

The absolute amount of filler in the gel after extraction
was determined by using TGA (TG50, Mettler To-
ledo). Measurements on the dry samples were per-
formed with a heating rate of 10 K/min from room
temperature to 650°C in air atmosphere. The glass-
transition temperatures (dry samples) and phase-tran-
sition temperatures (swollen samples) were deter-
mined with a 2920 Modulated DSC device (TA Instru-
ments). In both the cases, the heating rates were 5
K/min.

Field emission scanning electron microscopy (FESEM)

The hydrogel structure and the distribution of the filling
materials in the gel in different states were visualized by
FESEM at low voltage. The sample preparation was as
follows: 20 wt % PVME solution, containing 35 wt %
(with respect to the dry mass of polymer) of the filling
particles, was dropped onto a small piece of clean alu-
minum. The Al support was irradiated with a 1.0 MeV
electron beam at a dose of 80 kGy. The gel-coated alu-
minum was immersed in distilled water for 15 min to
remove noncrosslinked PVME. Secondary electron mi-
crographs were taken on swollen samples (swollen at
room temperature and at 40°C) with an “in-lens” FESEM
S-5000 (Hitachi, Japan). The structure formed during
swelling at different temperatures was fixed by rapid
cooling to 77 K with liquid ethane. Under these condi-
tions, the formed ice is in an amorphous state and do not
destroy the network structure. The frozen water was
removed by freeze-drying at 190 K for 6 h at about 5
� 10�6 torr. The samples were rotary coated with 2 nm
Pt/C at an elevation angle of 65°.

Hysteresis measurement

Ferromagnetic hysteresis was measured on a supra-
conducting vibration magnetometer. The sample was

Figure 1 SEM micrograph of (a) BaTiO3 powder (d �3 �m), (b) Ni powder (d � 1–5 �m), and (c) PVDF powder (aggregates
with d � 3–5 �m of smaller spheres with d 	 250 nm). The bars correspond to (a) 1 �m, (b) 10 �m, and (c) 2 �m.
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a dry 35.7 wt % Ni-filled gel with a volume of 2 � 2
� 2 mm3. An alternating magnetic field (frequency of
30 Hz) was used at 300 K, with a dB/dt � 0.1 T/min in
the range from B � �1T to B � 1T.

Ferroelectric properties were determined at a cus-
tom-made measuring device. The samples were
2-mm thick dry cylindrical gels with a diameter of
13 mm. The samples were mounted between copper
plates with a size of 20 � 10 mm2. A triangle-
modulated voltage with a frequency of 10 Hz and
field strength in the range of �0.1– 0.1 V/�m was
used.

RESULTS AND DISCUSSION

Influence of high-energy irradiation on filling materials

For both Ni and BaTiO3, no changes in particle sizes
were observed after irradiation. Ni powder consists
mainly of spherical particles with a diameter of some
microns [Fig. 1(b)]. The size of the BaTiO3 particles is
smaller than 1 �m [Fig. 1(a)]. Figure 1(c) shows that
PVDF spheres with a diameter of about 200 nm form
spherical aggregates in a range of 2–5 �m. These ag-
gregates are also stable during the irradiation with the
electron beam in aqueous suspension.

Figure 2 (a) X-ray diffraction of the nonirradiated (solid line) and with the 80 kGy electron beam irradiated (dashed line)
BaTiO3 particles. (b) X-ray diffraction of the nonirradiated (solid line) and with the 80 kGy electron beam irradiated (dashed
line) Ni particles.
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The X-ray diffractograms of Ni and BaTiO3 before
and after the irradiation are shown in Figures 2 (a,b).
The diffractograms of the irradiated Ni and BaTiO3
suspensions are similar to those of the nonirradiated
materials. The reflection angles correspond to the val-
ues given in the literature.23,24 There is no change in
the crystal structure. It can be expected that the ferro-
electrical and ferromagnetical properties of these ma-
terials are not changed.

The influence of high-energy radiation on the prop-
erties of PVDF was studied in the literature. Crosslink-
ing is preferred to decomposition during irradiation.25

The remanent polarization temporally increases be-
cause of the entrapped ions and electrons after irradi-
ation. These changes are almost completely lost after
subsequent annealing.26,27

Modification of the surface of PVDF by grafting of vinyl
monomers using electron beam was described by Fuehrer
and Ellinghorst.28 Furthermore, the surface modification of
PVDF by grafting of acrylic acid to the polymer after irra-
diation was shown by Chlochard et al.29

Sol–gel analysis

The sol content s at a constant radiation dose D de-
pends on the filler concentration. After extraction of
the BaTiO3-filled gels, the sol was analyzed by TGA to
obtain information about extractable BaTiO3 particles.
The residue at 650°C was less than 1 wt %. The parti-
cles are firmly locked inside the gel. The dependency

of gel content g on the concentration of BaTiO3 and
PVDF is shown in Figure 3.

In the case of BaTiO3, the gel content decreases with
increasing filler concentration. A possible reason for
that is the absorption of radiation energy by the inor-
ganic particles. Above a filling concentration of 20 wt
%, the gel content is almost constant.

In the case of PVDF, the gel content increases at higher
filler concentrations. It could be expected that the PVDF
is directly involved in the crosslinking reaction. To prove
this, after the extraction with acetone, PVDF-filled gels
were extracted with N,N-dimethylacetamide (which is a
good solvent for PVDF) to remove uncrosslinked PVDF.
Only 50% of the PVDF could be removed, which means
that the half mass of the PVDF is crosslinked or linked to
the PVME network.

The gel content g of �-irradiated samples is higher
than that of the gels synthesized by electron beam. A
reason is the different dose rate during the irradiation.
Because of the high dose rate of the electron beam
irradiation, the sample is heated above the phase-
transition temperature of the polymer, leading to
crosslinking. The synthesis of �-irradiated gels is car-
ried out at room temperature.

Swelling behavior

The influence of the filler concentration and tempera-
ture on the swelling behavior was investigated [Fig.
4(a,b)].

Figure 3 Gel content g of BaTiO3-filled ((�) 80 kGy electron beam) and PVDF-filled ((f) 80 kGy �-rays) gels as a function
of the filler concentration c.
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As expected, the swelling degree of the gels at
lower temperature decreases with increasing filler
concentration. The fillers do not swell in water. At
higher temperature in the deswollen state, the
swelling degrees show the same tendency. The cav-
ities and inhomogeneities of the gels (gels synthe-
sized by electron beam are porous), which can retain
water in the deswollen state, are partially occupied

by the filling particles. The difference between the
swelling degree in swollen and in deswollen state is
smaller at higher filler concentration. The phase-
transition temperature is about 36°C. Figure 4(b)
shows the swelling degrees of BaTiO3- and PVDF-
filled gels at 23.6°C. With respect to the whole gel,
the swelling degree decreases with filler concentra-
tion as expected. However, with respect to the

Figure 4 (a) Swelling degree Qm(gel) of BaTiO3-filled PVME gels as a function of the temperature T ((‚) 0 wt %; (ƒ) 5.1 wt
%; (�) 20.2 wt %; (E) 38.4 wt %; and (�)50.6 wt %). (b) Swelling degree of BaTiO3-filled (solid symbols) and PVDF-filled (open
symbols) PVME gels at T � 23.6°C as a function of filler concentration c (square, with regards to the whole gel Qm(gel) and
triangle, with regard to PVME Qm(PVME)).
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PVME matrix, the swelling degree decreases slightly
at filler concentrations above 40 wt %. The fillers
have only a small influence on the swelling behavior
of the thermosensitive polymer matrix.

DSC measurements

Figure 5(a) shows the DSC traces of the filled gels. All
gels are showing a phase-transition temperature of

about (36.7 
 0.6)°C (onset). The fillers have no influ-
ence on the temperature-sensitive properties. Only
small differences could be observed, but there is no
tendency in phase-transition temperature depending
on the particle concentration. Similar results were ob-
tained by analyzing the glass-transition temperature
Tg of the dry gels [Fig. 5(b)]. Almost no changes in Tg

were observed. The inorganic and polymer filling ma-
terials do not influence the thermal properties of the

Figure 5 (a) DSC traces (phase-transition) of filled swollen PVME gels (solid line, PVME; dashed line, PVME � 35.7 wt %
BaTiO3; and dotted line, PVME � 35.7 wt % PVDF). (b) DSC traces (glass-transition) of filled dry PVME gels (solid line,
PVME; dashed line, PVME � 35.7 wt % BaTiO3; and dotted line, PVME � 35.7 wt % PVDF).
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PVME gel. Only a change in the specific heat capacity
of the glass-transition was observed. This difference
corresponds to the amount of filling particles, which
do not show structural changes in this temperature
range.

Sedimentation of filler

The period between suspending the fillers and
crosslinking can influence the distribution of the filler
because of the sedimentation. Therefore, it was neces-
sary to prove the stability of the suspensions. BaTiO3
(35.7 wt %) was suspended in a 20 wt % PVME solu-
tion. The suspension was kept without stirring for 2
days in a 3-cm high glass tube before irradiation. The
sample was irradiated with a dose of 80 kGy. In dis-
tances of 0.5 cm, slices were taken parallelly to the
surface of the gel. The concentration of BaTiO3 in these
slices was determined by thermogravimetry. The Ba-
TiO3 content as function of sample height is shown in
Figure 6.

Above 1 cm from the bottom of the gel, the amount
of BaTiO3 is almost constant. At the bottom of the
sample, the concentration is very high (above 60 wt
%). Possibly the larger particles sedimentate and
smaller particles form a suspension that is stable for
several days. Therefore, all further investigations were
performed on filled PVME gels, which were synthe-
sized by irradiation of stirred solutions.

FESEM measurements

The localization of Ni, BaTiO3, and PVDF particles
inside of the filled gels was studied by two different

modes of FESEM. Secondary electron imaging was
used to illustrate the morphological features of the
gels [Fig. 7(a,c,e)]. On the other hand, backscattered
electron imaging provides a better contrast between
materials with different mean atomic numbers and a
higher depth of information concerning the distribu-
tion of the particles [Fig. 7(b,d,f)].

The BaTiO3-filled gel consists of clusters of the
particles that are randomly distributed inside the
gel. The domains without BaTiO3 are not larger than
2– 4 �m. These images were taken on samples pre-
pared in swollen state. Because the gel is synthe-
sized above the phase transition temperature, these
distances are caused by the swelling process. In
deswollen state, distance between the clusters
would be smaller.

The Ni-filled gel shows a similar structure. The Ni
rich clusters are greater in comparison to BaTiO3,
which can be simply explained by the larger particle
size. The particles are hardly visible using secondary
electron imaging, but there is a high contrast in back-
scattered electron imaging.

In the case of PVDF-filled gels, the material contrast
given by backscattered electron imaging is very low,
because the mean atomic numbers do not vary so
much. Nevertheless, it is easy to recognize the aggre-
gates of PVDF particles. The PVME network spans
over the aggregates but also between the particles.
Like in other cases, the PVDF particles are statistically
distributed.

We were also interested in the structure of the hy-
drogels in swollen and shrunk state. Therefore, the
accordingly prepared samples were investigated at
higher magnifications [Fig. 8(a–f)].

Figure 6 Distribution of BaTiO3 in 20 wt % PVME solution (crosslinked by electron beam D � 80 kGy).
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The investigated gels have a porous structure
(caused by high-energy electron beam irradiation),
which is characterized by a pore size of less than
some 100 nm. This structure is obvious in swollen
and in shrunk state. At high resolution, chains of the
gel “docked” to the filling particles were observed,
in particular, in the case of BaTiO3. For Ni-filled
gels, this effect is not so prevailed. As a reason for
that, we expect hypothetical hydrogen bonds or
other interactions at the interface between PVME

and the oxidized particles. Using much smaller par-
ticles could led to a shift in phase-transition temper-
ature, because the larger interphase between PVME
and the filler could also influence the interaction
between the temperature-sensitive polymer and the
water.

The pore size, both in swollen and shrunk state, is
smaller than the particle size of both Ni and BaTiO3.
Therefore, the particles cannot be removed from the
gel by extraction.

Figure 7 FESEM micrographs (secondary(SE) and backscattered(BSE) electron imaging) of PVME hydrogels filled with
BaTiO3 particles SE (a) and BSE (b); with Ni particles SE (c) and BSE (d); and with PVDF particles SE (e) and BSE (f). The bars
correspond to (a, b) 5 �m, (c, d) 20 �m, and (e, f) 10 �m.
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In the case of PVDF-filled gels, the PVME network
seems to be “coated” on the surface of the PVDF
particles. In swollen state, some kind of regular struc-
ture was observed, which is characterized by a net of
PVME with a pore size of about 50 nm. The PVME
chains are docked to the surface of the PVDF particles.
This effect agrees with the results of the extraction
experiments and suggests that PVDF is directly
crosslinked with PVME.

Ferroelectric/ferromagnetic hysteresis

Measurements were carried out on a Ni-filled gel with
a particle concentration of 40 wt %. The sample be-
haves like soft magnetic Ni. The saturation magnetic
moment of �40% of the saturation magnetic moment
of pure Ni corresponds to the filling amount. The
ferromagnetic properties of the Ni particles are not
influenced by the crosslinked polymer in any way.

Figure 8 FESEM micrographs of the PVME hydrogels filled with BaTiO3 particles in swollen (a) and in the shrunk state (b);
with Ni particles in swollen (c) and in the shrunk state (d); and with PVDF particles in swollen (e) and in the shrunk state
(f). The bars correspond to (a–d) 1 �m and (e, f) 500 nm.
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The dependency of the magnetic moment M on the
magnetic flow density B � �0 � Hext is shown in
Figure 9.

Hysteresis loops of the BaTiO3- [Fig. 10(a)] and
PVDF-filled [Fig. 10(b)] gels are shown.

The filled gels are showing ferroelectric properties.
Because of the small field strengths, the saturation
field strength is not achieved. The hysteresis losses
were calculated by integrating the hysteresis loops.
For the BaTiO3-filled gel (35.7 wt %), the calculated
hysteresis loss was PV � 4.8 � 10�5 J/cm3. For the
PVDF-filled gel (55.6 wt %), a hysteresis loss of PV

� 7.4 � 10�5 J/cm3 was obtained. From these exper-
imental data, the increase of temperature in the filled
PVME gels due to the energy loss of hysteresis can be
estimated. Applying an electric field with the field
strength of 1 kV/cm and a frequency of 875 kHz on a
gel (swelling degree of 10, adiabatic conditions)
should theoretically result in a heating rate of 1 K/s.
However, it is only a rough approximation, because
the hysteresis loss depends on the frequency and field
strength of the electric field.

CONCLUSIONS

In this work, we synthesized BaTiO3-, Ni-, and PVDF-
filled PVME hydrogels by electron beam or �-ray ir-

radiation of an aqueous PVME solution containing
suspended particles. Using these methods, we are able
to synthesize thermosensitive gels with ferroelectrical
or ferromagnetical properties.

First, the influence of high-energy radiation to the
chemical properties and the particle size of the inor-
ganic filling materials was investigated. The inorganic
particles do not show structural changes after the ir-
radiation treatment. The filler particles were sus-
pended under stirring in aqueous PVME solutions (20
wt %) and subsequently irradiated. The resulting hy-
drogels are mechanically stable, even at filling
amounts up to 50 wt %. The gel content g of these gels
decreases with increasing filler concentration in case
of the inorganic filling particles. For PVDF, g is in-
creasing at high filling amounts. The swelling degrees
are decreasing with higher particle concentration, but
the swelling behavior of the gel matrix is only influ-
enced at very high particle concentrations (c � 40 wt
%). There is no influence on the phase-transition as
well as the glass-transition temperature. A statistical
distribution of the particles was observed using
FESEM measurements in the swollen and shrunk
state. The inorganic particles are incorporated into the
gel caused by their particle size, which is larger than
the mesh size of the network. For PVDF, a covalent
bonding of the PVDF to the PVME gel matrix was

Figure 9 Virgin curve of an Ni-filled gel in magnetic field.
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shown. Furthermore, the ferroelectrical and ferromag-
netical properties of the filled PVME gels were inves-
tigated. The filled gels are showing ferroelectric or
ferromagnetic hysteresis, which depends on the filler
amount.
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Figure 10 Hysteresis loop of the (a) BaTiO3-filled gel and (b) PVDF filled gel.
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