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The electric and magnetic properties of Cu doped and pure/undoped hydrogels were investigated by impedance
spectroscopy and electron spin resonance techniques, respectively. The capacitance and dissipation factor (tand)
were measured in the frequency range of 100 Hz—10 MHz at room temperature. The Cole-Cole plots for the Cu
doped dry and pure dry hydrogels have been used to describe the characteristic change of electrical properties in
mentioned temperature interval. The comparison between Cu ions doped and pure/undoped samples is done using
the impedance spectroscopy and the electron spin resonance techniques. Electron spin resonance signal for pure,
Cu doped wet and Cu doped dry samples are not any power absorption signal, near the symmetric with respect
to the resonance field values according to the dry sample and asymmetric for resonance field/base line, respectively.

PACS: 52.25.Mq, 82.35.—x, 42.70.Jk, 64.60.—i, 76.30.—v

1. Introduction

Hydrogels have received increasing interest in the
preparing [1-4] and investigation of the drug delivery
applications in the last years. Hydrogels have poten-
tial applications in broad range of topical areas, biology,
biomedical, photo-electronics, life sciences, biosensors,
some ecological problems [5-9], and tissue engineering
[10-12]. Hydrogels have been prepared using a variety of
techniques [5, 13-15]. Some metal-containing polymers
can be considered a new generation of materials with a
potentially wide application in fields such as liquid crys-
tals [16, 17], smart materials, superconducting materials
and biocompatible polymers [18-23]. However, dielec-
tric and magnetic properties of pure, Cu-ions-doped-wet
and Cu-ions-doped-dry hydrogels have not been studied.
There is no detailed information in literature about the
electric and magnetic properties of this type hydrogels.
The impedance spectroscopy (IS) and electron spin res-
onance (ESR) have become very popular and powerful
techniques for studying the dielectric and magnetic prop-
erties for this type hydrogels, respectively.

In the focus on this work, we have studied electric and
magnetic properties of pure, Cu-ions-doped-wet and Cu-
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-ions-doped-dry hydrogels by using the impedance spec-
troscopy (or dielectric spectroscopy) (IS&DC) and ESR
techniques, respectively. The frequency evolution of the
real (¢') and imaginary part (¢”) of the dielectric constant
for pure, Cu-ions-doped-wet and Cu-ions-doped-dry hy-
drogels were studied in the frequency range 100 Hz to
10 MHz. The change of ¢” with frequency gives infor-
mation on the dielectric relaxation frequency and loss of
the energy level about the samples. Doping on hydro-
gels was shown drastic change on the dielectric constant.
The main aims of this work are to investigate electric
and magnetic properties of pure, Cu-ions-doped-wet and
Cu-ions-doped-dry hydrogels.

2. Experimental details

2.1. Sample preparation

2.1.1. Synthesis of hydrogels

The poly (2-acrylamido-2-methylpropane sulphonic
acid-co-itaconic acid, or poly (AMPS-co-TA)), hydrogels
were synthesized by co-polymerization of AMPS and TA
in aqueous medium, using N,N’-methylenebisacrylamide
(MBAAm) as cross linker and potassium peroxodisul-
fate (KPS), as initiator. In brief, 9.0 mmol of AMPS,
1.0 mmol of TA, and 1.0 mmol of crosslinker were dis-
solved in distilled water to give a total volume of 5.0 ml.
After adding 0.15 mmol of initiator, the resulting solu-
tion was placed in poly (vinylchloride) straws of 0.40 cm
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diameters and about 20 cm long. The poly (vinylchlo-
ride) straws were sealed and immersed in a thermostated
water bath at 50°C. Polymerization was conducted for
24 h. After the reaction, the hydrogels were cut into spec-
imens of approximately 10 mm in length and dried in an
oven at 55°C to constant weight and subjected to Soxh-
let extraction with water to remove the uncross-linked
polymer from copolymers. The extracted gels were dried
again in oven at 55°C to constant weight.

2.1.2. Metal loading study

Dried samples (0.1 g each) of hydrogels were added
in 100 ml Erlenmeyer including volumes of 30 cm? of the
Cu?* ions solution (25 ppm) adjusted to desired pH. The
mixture was stirred through the experiment at 25°C for
24 h. The Cu?* ions loaded hydrogels were taken at the
end of loading. Thereafter, the hydrogels were washed
with deionized water and dried.

2.2. Dielectric measurements

Alternative current (AC) electric properties were an-
alyzed from the capacitance and the dissipation factor
values. HP 4194A Impedance analyzer was utilized dur-
ing these measurements. The complex dielectric response
was considered between 100 Hz and 10 MHz. In this
study, the overall errors for the real and imaginary parts
of the complex dielectric permittivity in the low and high-
-frequency region were less than 2.5%. The root mean
square (rms) amplitude of the device is ~ 495 mV.

2.3. ESR measurements

ESR spectra of pure, Cu-ions-doped-wet and Cu-ions-
-doped-dry hydrogels samples were taken by high sensi-
tive conventional X-band (9.5 GHz) commercial Bruker
EMX-type spectrometer at room temperature (RT). The
field derivative ESR spectra of these samples are given
in Fig. 1.
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Fig. 1. ESR spectra of pure, Cu-ions-doped-wet and

Cu-ions-doped-dry samples and their theoretical Gaus-
sian and Lorentzian simulations.

3. Results and discussions
3.1. Electrical properties

The complex dielectric permittivity e is defined as
e = ¢ 4 ig”. Here, ¢’ and " are accordingly referred
to as the real and imaginary parts of the complex ¢, and
are represented by Re(e) and Im(e), respectively. The
complex conjugates of € is denoted as e*, e* =&’ — ie”.
The product of a complex number and its conjugate are
real numbers cex = (¢/)? + (¢/)2. Therefore the com-
plex conjugates of dielectric respectively can be written
as [24-26]:
* ’ - €S — €
e'(w) = &' (w) — ie"(w) = e + T (iwr)a’

where

(1)

e'(w) = es + (ee0 —€3)
y 1+ (wr)~sin(ra/2)
1+ 2sin(ra/2)(wr)=* + (wr)2(1-2)

and
e (w) = (e —&5)
(wr) = sin(ra/2)

X .
1+ 2sin(ma/2)(wr) = 4 (wr)2(-)

In this expression, €-,es are high and static (low) fre-
quency dielectric constants, respectively. The parameter,
a, changes from zero to one (0 < a < 1) and this depends
on temperature. If a = 0, it corresponds to standard De-
bye type relation. The frequency evolution of the real
(¢') and imaginary part (£”) of the dielectric constant
for hydrogels were studied according to the frequency
range 100 Hz to 10 MHz. But the parameter, «, has val-
ues different from zero for all temperatures. Therefore,
the Debye type relation may not been seen in this study.
Here the frequency used is the angular frequency; the real
part of complex dielectric constant &’ of a material is the
normalized permittivity with respect to the permittivity
of vacuum. It is a measure of the amount of polarization
in a material and calculated from the following equation:
e = @7 (2)
E()A
where Cp, is the parallel capacitance in the electrode, d
is the inter electrodes distance, €q is the permittivity of
free space, A is the sample area.

The frequency evolution of the real part (¢') of the di-
electric constant in the experimental results for undoped
and Cu-doped hydrogels are given in Fig. 2. Starting
from the 100 Hz, the &’ values for pure and Cu-doped
dry hydrogels are slowly decreasing while the frequency
is increasing. A slow decrease for Cu doped hydrogels was
observed smaller than for undoped hydrogels according
to the frequency. On the other hand, the real part, ¢/,
of the dielectric constant has decreased with Cu-doping.
At low frequency, €’ value corresponds to 231100 and
67722 for undoped and Cu-doped hydrogels, respectively.
Level of the ¢’ value decreased by doping with Cu ions.
From this result, Cu ions doping provided extra value
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Fig. 2. The frequency evolution of the real part of the
complex dielectric constant Cu ions doped and pure/
undoped hydrogels (¢'—f).

for the conductivity. The real part of eg (minimum) and
€00 (maximum) dielectric values of complex dielectric, e,
have been shown in Table.
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Fig. 3. The frequency evolution of the imaginary part

of complex dielectric constant for Cu ions doped and
pure/undoped hydrogels (¢”-f).

€S, €00, Emax, and 7(s) values. TABLE
Samples €3 €co €max 7(s)
undoped | 231100 | 167.14 | 32806.5 | 6.60476 x 1076
Cu-doped | 67722 | 66.232 | 12262.9 | 1.88015 x 107°

Figure 3 shows the evolution of the imaginary part (¢”)
of the complex dielectric constant in the experimental re-
sults for pure/undoped and Cu ions doped dry hydrogels.
It can be seen from Fig. 3 that an exponential increase
in imaginary part (¢”) of the complex dielectric constant
can be identified for pure/undoped and Cu ions doped
hydrogels with decreasing frequency. Near this behav-
ior, another increase of imaginary part (¢) of the com-
plex dielectric permittivity has been observed around the
8465 Hz and 24097 Hz for Cu ions doped and undoped

samples, respectively. These maximum in the 8465 Hz
and 24097 Hz originated from level of the energy loss for
each hydrogels. The peak frequency shifts to higher fre-
quencies with an increase frequency for undoped samples.
The imaginary part of the complex dielectric constant
peak and its shifts with undoping suggest a dielectric
relaxation process. The dielectric relaxation frequency
decrease and maximum peak values disappeared for Cu
ions doped hydrogels. In additional, critical frequency
values slip to low frequency region with Cu-doped hy-
drogels. This behavior is seen from Fig. 3 in detail for
24097 Hz and 8465 Hz for pure/undoped and Cu-doped
hydrogels, respectively. Relaxation times (7) were mea-
sured by using the £’—f figures (Fig. 3).
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Fig. 4. Dependence of the dissipation factor vs. fre-
quency (tan o—f) plots.

Moreover, the energy or dielectric loss, €”, was calcu-
lated from Eq. (3)

E//

tand = o (3)

where § = 90° — ¢ and ¢ is the phase angle. Tangent
loss tand is also typically considered as a characteris-
tic dielectric quantity. This behavior is seen in Fig. 3
in detail by using the tandé—f. Energy loss factor de-
creases with Cu ions doped hydrogels from maximum
peaks in Fig. 4. Maximum values of the dissipation factor
for pure/undoped and Cu-doped hydrogels correspond to
1155962 Hz and 170329 Hz, respectively. The maximum
values of tané values of Cu doped sample smaller than
the pure/undoped sample. In additional, for the narrow-
ing of maximum peaks in Cu doped hydrogels, condition
changes from the molecular vibration to rotational mo-
tion. The contributions of different resistance can be sep-
arated by complex impedance measurement. This result
corresponds to a parallel circuit with the component re-
sistance R and the component capacitance C. The com-
plex dielectric permittivity € (¢ = &’ + ie”’) is expressed
by the Debye type (o = 0) equation

€S — €

1+ iwr’

Here i and w are the imaginary number unit and angle
frequency, respectively. The real € and the imaginary

E=¢€x +
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part €” of the complex dielectric permittivity are

€g — €
! o0
€ =€+ ——7F—
1+ jw?r2
and
"o WT(€S - Eoo)
1+ iw?72

respectively. Thus, the relationship between & and &”
can be expressed by

(EI . (600 + €s _Eoo>>2 + (5//)2 _ <SS _Eoo>2.
2 2

(4)
This equation corresponds to circle [27]. Thus, the Cole-
Cole plots (the imaginary part €” of the impedance is
plotted as a function of the real part of the impedance
¢’ for Cu ions doped and pure/undoped hydrogels with
their RC circuit are given in Fig. 5 (inset). Figure 5
shows the experimental (open circle for Cu ions doped
and full circle for undoped samples) and theoretical (dot
lines for each samples) Cole—Cole plots of the imaginary
e” and real part ¢’ of the complex dielectric constant at
room temperature. A depressed semicircle is obtained
for each sample. As can be seen from Fig. 5, analysis of
the Cole—Cole plots shows equivalent electrical circuit for
samples. The theoretical analyses on the Cole—Cole plots
were carried out and the relaxation times and dielectric
parameters have been obtained according to Eq. (1) (see
for details Ref. [3]). The fit parameters were given in
Table.
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Fig. 5. Cole—Cole plots for pure/undoped and Cu ions
doped hydrogels. An equivalent RC circuit of Cole-Cole
plots is shown in the inset.

In the literature, there are standard phenomenological
theories and resulting equations to analyze the Cole-Cole
plots [28]. Relaxation times (7) increase with the Cu ions
doped. The Cole—Cole plots can be accurately presented
by a RC parallel circuit model for samples. The dielectric
data can be fitted to the conventional equivalent circuit.
This type equivalence RC circuit for samples is given in
inset in Fig. 5.

A specially designed computer program has been used
to model for Cole—Cole plots with Eq. (1) and the ESR
signal with Egs. (5) for Cu doped wet and dry samples.
The real part of eg (minimum) and €5 (maximum) di-
electric values have been shown in Table.

3.2. Magnetic properties

The ESR data have been analyzed by using the both
Lorentzian and Gaussian line shapes by analytical ex-
pressions [29]. Lorentzian and Gaussian lines are given
below, respectively

dap H;(0)
dH ~ 1+ ¢2(H — H?)?
and
dpP
— =H —c%(H — H,)?
ai, ~ M@ exp(=*(H — H,)?) (5)

In these expressions; H;(0), Hg(0), H, and ¢ (¢ = 2/2I")
denotes maximum amplitude of Lorentzian line, maxi-
mum amplitude of Gaussian line, resonance field value
for each hydrogels and the inverse width factor, respec-
tively. 21" is the peak-to-peak line width.

Figure 1 shows the experimental and theoretical ESR
spectra [29] for undoped (pure wet), Cu-doped-wet, and
Cu-doped-dry hydrogels. Magnetic Cu-ions were dis-
solved in pure water with hydrogels. To observe an ESR
signal, a single spin is not sufficient, but many of them
are needed. The spin at the end of the any odd num-
bered Cu-chain becomes uncoupled, giving a contribu-
tion to the ESR signal. ESR signal for pure hydrogels
is not any power absorption signal. The ESR signals of
Cu-ions-doped-wet and dry hydrogels are near to sym-
metric with respect to the resonance field values. The
resonance field and line-width of Cu-ions-doped-dry sam-
ple are higher and broadened according to the resonance
field and line-width of Cu-ions-doped-wet sample, respec-
tively. The resonance field values for wet and dry hydro-
gels are 3188 G and 3227 G, respectively. There is also
some local anomaly near the resonance field values for
two Cu-ions-doped hydrogels. This anomaly can be con-
sidered as an indication to exchange interaction between
the spins in the doped ions. From these results, the in-
crease of the peak-to-peak linewidth and shift to high
field region of resonance field values depend on temper-
ature. The g-values of Cu doped wet and dry hydrogels
were estimated using “ESR marker” and from the rela-
tion

g=2f(vH)™ (6)
with v = 28 GHz T~!. Here, f and H are frequency
and magnetic field, respectively. The effective g-values
for Cu-ions-doped wet and dry hydrogels are calculated
from the scope of curve and found as gwet = 2.19301
and g4ry = 2.16873. The linewidth evolution of the
ESR signal for doped hydrogels is related spin glass be-
havior. In other words, the peak-to-peak linewidth can
be determined from the spin—spin relaxation times (73).
The spin—spin relaxation time (7%) is smaller than spin—
orbit relaxation time (77) in generally for magnetic ion
doped samples. From our results, 75 is much shorter
than 77 for Cu-doped-dry hydrogels. The linewidth for
Cu-doped-wet hydrogels is significantly narrower com-
pared to that for Cu-doped dry hydrogels. In additional,
this type structure corresponds to crystalline like struc-
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tures. Spin glasses behavior appears at temperature de-
pendence. Therefore, spin glass and crystalline structure
occur with increasing temperature for Cu doped hydro-
gels.

4. Conclusion

Values of ¢’ for pure and Cu-ion-doped dry hydrogels
are decreasing while the frequency is increasing. The real
part of the dielectric & constant have been decreased
with Cu-doped hydrogels. The exponential decrease in
imaginary part of the ¢” complex dielectric constant can
be identified for pure and Cu-ion-doped dry hydrogels
with increasing frequency. The dielectric relaxation fre-
quency decrease and maximum peak values disappeared
at 8465 Hz and 24097 Hz for pure and Cu-ion-doped dry
hydrogels, respectively. The critical frequency values slip
to low frequency region with Cu-ion-doping. The en-
ergy loss factor (tand) decrease with Cu-ion-doped and
narrowing of maximum peaks in Cu-ion-doping hydro-
gels; conditions change from the molecular vibrations to
rotational motion. Cu-ion-doped dry hydrogels can be
considered as crystalline behavior. The spin glass state
only occurs in a limited concentration range of the mag-
netic ions for Cu-ion doped hydrogels. The Cole-Cole
plots and electron spin resonance are good techniques
in order to investigate electric and magnetic properties
for hydrogels structures, respectively. Dielectric strength
decreases with Cu ions doped hydrogels. The semicircles
make their centers on a line below the real axis, which in-
dicates the departure from the ideal Debye type behavior.
From the analysis of the Cole—Cole plots, the semicircles
correspond to parallel RC circuit. The relaxation time
decreases with Cu ion doped hydrogels. The ESR signals
for pure/undoped hydrogels are not any power absorp-
tion spectra.
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