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Abstract Polysaccharide- and gelatin-based biobl-

ends and polyblends were synthesized and character-

ized by complex impedance spectroscopy, proton

nuclear magnetic resonance (NMR) and electron

paramagnetic resonance (EPR). Higher ionic conduc-

tivities of 7.9 9 10-5 S/cm at room temperature and

2.5 9 10-3 S/cm at 80 �C were obtained for the agar-

chitosan polyblends. For all samples, the activation

energies, calculated from the Arrhenius plot of ionic

conductivity and from the onset of NMR line narrow-

ing, are in the range 0.30–0.86 and 0.38–0.57 eV,

respectively. The glass transition temperatures (Tg
NMR)

varied from 200 to 215 K, depending on the sample

composition. The temperature dependence of the 1H

spin–lattice relaxation revealed two distinct proton

dynamics. The EPR spectra are characteristic of Cu2

ions in tetragonally distorted octahedral sites. Quan-

titative analysis of the EPR spin Hamiltonian g|| and A||

parameters revealed copper ions complexed by nitro-

gens and oxygens in the samples containing chitosan

or gelatin and only by oxygens in agar-based ones. The

in-plane p bonding is less covalent for the gelatin and

chitosan blends. Results suggest that natural bioblends

and polyblends are interesting systems to be used in

materials science engineering.

Keywords Natural macromolecules �
Bioblends � Impedance � Solid state NMR � EPR

Introduction

Blends are defined as one-phase miscible or two-phase

partially miscible or immiscible systems (Chanda and

Roy 2006). From the historical point of view, these

materials have always been known and used; however,

only in the past century did they started to be

investigated with technological interest. Polymer

blends, also known as polyblends, are produced by a

physical mixture of two or more polymers or copoly-

mers and present as a new polymeric material with

improved properties compared to those of its constit-

uents (Chanda and Roy 2006). Recently, polyblends

obtained from natural polymers have gained greater

interest because of their advantages in relation to

petroleum-based polyblends (Yu et al. 2006). Natural

macromolecules are easily extracted from fast-
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growing plants or crustaceans, but can also be obtained

from bacterial synthesis, resulting in almost pure

polymers (Cremona et al. 2008). Polysaccharides and

gelatin are also relatively cheap, biodegradable and

biocompatible with human tissue, which is an impor-

tant property for biomedical materials development

(Ciardelli and Chiono 2006; Rinaudo 2006). Because

chitosan-gelatin polyblends have antimicrobial prop-

erties (Gomez-Estaca et al. 2011), they are being

applied for cartilage defect regeneration (Guo et al.

2006) and scaffolding for guided tissue regeneration

(Huang et al. 2005; Hong et al. 2009). Moreover, it has

been suggested that these materials can enhance nerve

cell attachment and make the mechanical properties of

scaffolds more similar to those of nerve tissues

(Ciardelli and Chiono 2006; Cheng et al. 2003). It

has been remarked that the nerve regeneration is due to

the presence of polysaccharides and good cell adhe-

sion properties of the protein phase (Ciardelli and

Chiono 2006).

Another method to obtain blends and alter the

physical–chemical properties of the polymeric mate-

rials is by addition of plasticizers (Pawlicka et al.

2008). The influence of the plasticizer on the

thermal, mechanical and permeation properties of

the chitosan-gelatin-water or polyol edible blends

has been described (Hong et al. 2009). A decrease in

the mechanical strength, melting and glass transition

temperatures and increase in the gas/water perme-

ation rates proportional to the total plasticizer

content in the samples have been noted (Hong

et al. 2009). Although several reports on chitosan-

gelatin polyblends have already been published, just

a few reports related to the preparation and charac-

terization of chitosan-agar polyblends can be found

(El-Hefian et al. 2010).

Most of the bio-macromolecules are polyelectro-

lyte (Yalpani 1988) and can dissolve inorganic salts or

acids (Pawlicka et al. 2008; Raphael et al. 2010),

making possible the use ionic conductivity and solid-

state NMR measurements to study the ionic and

polymer chain dynamics (Chung et al. 1998; Bohmer

et al. 2007; Walderhaug et al. 2010). The temperature

dependence of the NMR line shapes and spin–lattice

relaxation times provides an effective and selective

probe of the spin dynamics on the Hz to MHz

frequency scale, supplying valuable information on

the molecular motions that modulate the magnetic

dipolar and electric quadrupolar interactions (Bohmer

et al. 2007; Eckert 1992). With the EPR measure-

ments, it is possible to investigate the local environ-

ment and the coordination geometry of the Cu2? ion in

the biomembranes (Pawlicka et al. 2013). Transition

metals, such as Cu2?, Fe3? and Mn2?, are widely

studied by EPR spectroscopy because of their impor-

tance in biological and catalytic systems (Pilbrow

1990; Boobalan and Rao 2010; Peisach and Blumberg

1974). In particular, the hyperfine structure of the

Cu2? ion, with an effective electron spin of 1/2 and a

nuclear spin of 3/2, is an interesting and useful EPR

probe. Since Cu2? EPR spectra are very sensitive to

symmetry and strengths of the ligand field in the

immediate environment of the paramagnetic ion, the

EPR data combined with optical absorption spectros-

copy are used to obtain information about the nature of

the ground state of Cu2? ions and the nature of the

bonding between the copper 3d orbital and the ligand

orbitals. Finally, the interest in the complexation

behavior of the Cu2? ion comes from its importance

regarding the biological activity of the membranes

(Singh et al. 2008).

Aiming to progress in the understanding of the

natural macromolecule materials for medical and

engineering applications, the present article provides

the results of complex impedance spectroscopy, 1H

NMR and EPR studies of the agar and chitosan blends

and polyblends. The work focuses on the proton

mobility and coordination geometry of copper ions in

these biomaterials and is a continuation of recently

reported conductivity and magnetic resonance inves-

tigations on chitosan-based biomembranes (Pawlicka

et al. 2013).

Experimental

All membranes, i.e., chitosan, gelatin and agar blends

and chitosan-agar and chitosan-gelatin polyblends,

were obtained by the solution casting method. The

solutions were poured onto petri plates and allowed to

form membranes that were dried at 50 �C for 48 h and

stored in a desiccator. The formulations of chitosan,

gelatin and agar blends with higher conductivity were

used to obtain the chitosan-agar and chitosan-gelatin

polyblends.

Chitosan blends were prepared by dispersing 0.55 g

of chitosan (Aldrich, no. 448877; average molecular

mass of 3–6 9 104; viscosity of 200–800 cps with
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1 % CH3COOH and measured deacetylation degree of

70 %) in 55 ml of acetic acid solution (excess of 21.7

times to amine groups in chitosan), previously

prepared with concentrations of 5 % (0.87 mol/l) in

Millipore Milli-Q� water with resistivity of

18 mX-1cm-1 at 25 �C. For homogeneous gel for-

mation, this solution was left under magnetic stirring

for 24 h and vacuum filtered. Then, 0.8 g of glycerol

was added as plasticizer, and the mixture was stirred

for a few minutes to obtain homogeneous solution.

Gelatin blends were prepared by dispersing 2.0 g of

commercial uncolored gelatin (Oetker�) in 15 ml of

Millipore Milli-Q� water and heating under magnetic

stirring up to 50 �C for complete dissolution. Then,

1.25 g of glycerol (Synth) as plasticizer, 0.25 g of

formaldehyde (36.5–38.0 %; Synth) as cross-linking

agent and 1.25 g of acetic acid (99.7 %; Quemis) were

added and stirred for a few minutes to obtain

homogeneous solution.

Agar blends were prepared by dispersing 0.5 g of

agar (Sigma-Aldrich) in 25 ml of Milli-Q� water and

heating under magnetic stirring up to 100 �C for

complete dissolution. Then 0.5 g of glycerol as

plasticizer, 0.5 g of formaldehyde as cross-linking

agent and 1.5 g of acetic acid were added to the

solution and stirred for a few minutes to obtain

homogeneous solution.

Chitosan-gelatin and chitosan-agar polyblends

were obtained by mixing and stirring the respective

solutions at 50 �C for 20 min.

Complex impedance spectroscopy measurements

were performed on membranes with the shape of discs

sandwiched between two stainless-steel electrodes and

placed under reduced pressure in a hermetically closed

Teflon holder. Impedance data were collected with a

Solartron model 1260 using an AC potential of 50 mV

in the temperature range of 298 K (25 �C)–358 K

(85 �C) and frequency range of 10 Hz–1 MHz.

The UV-Vis-NIR optical spectra of the samples

were recorded with an Agilent Spectrophotometer

Instrument 8453 between 500 and 1,000 nm.

Proton 1H linewidth and spin–lattice relaxation

time measurements were carried out from 150 to

380 K on a home-built NMR spectrometer equipped

with a Tecmag NMR kit, operating at 36 MHz.

Spectrum linewidth was determined using a single

pulse sequence, with a typical non-selective p/2 pulse

length of about 2 ls. The spin–lattice relaxation time

was determined with the standard saturation-recovery

pulse sequence, the magnetization recoveries toward

equilibrium being found to be exponential throughout

the entire temperature range.

Continuous-wave electron paramagnetic resonance

(CW-EPR) spectra were obtained at 15 K on a

BrukerElexsys E580 spectrometer operating at

9.5 GHz (X-band), with the temperature controlled

by a continuous flow liquid helium Oxford cryogenic

system. The EPR experiments were carried out in

samples doped with copper perchlorate (0.001 mol/l).

Results and discussion

To analyze the ionic conductivity properties of the

bioblends and biopolyblends, complex impedance

spectroscopy was measured as a function of the

temperature. Figure 1a shows the appearance of an

impedance semicircle at high frequencies, followed by

a spike-like response at low frequencies in the Nyquist

plot of agar, chitosan blends and chitosan–agar and

chitosan–gelatin polyblends at room temperature. The

Nyquist plot of gelatin-based samples is shown in the

work of Vieira et al. (2007). According to the

literature, such a semicircle-like impedance response

can be simulated by an equivalent circuit consisting,

ideally, of a parallel resistance-capacitance (R-C)

arrangement. In our case, the experimental data were

fitted with an equivalent circuit model using Zview2

software. In the used model (inset of Fig. 1a), R1 is the

membrane-electrode charge transfer resistance, R2 is

the electrolyte resistance in parallel with the constant

phase element (CPE), which is an imperfect capacitor,

and W is the Warburg element responsible for the

diffusional control of the system. As can be observed

in this figure and similarly to Yu et al. (2007), good

agreement between both experimental and impedance

fitting was obtained.

The impedance measurements were then used to

obtain membranes’ bulk resistance (Rb) from the

intercept of the semicircle with the Nyquist plot real

axis. Then, the dc ionic conductivity was deduced

from the Rb values by employing the formula r =

l/RbA, where l is the thickness of the membrane, and

A is the contact area between the sample and the

electrode. Figure 1b shows the behavior of the con-

ductivity (r) as a function of the reciprocal temper-

ature for the chitosan, gelatin and agar blends and the

chitosan-agar and chitosan-gelatin polyblends

Cellulose (2014) 21:2247–2259 2249
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investigated. As can be observed in this figure, the

polyblends display a significant increase in conduc-

tivity values when compared to the results obtained for

the gelatin and agar blends separately. The increase in

the ionic conductivity as a function of temperature is

mainly due to the blend formulation and temperature.

Since the glass transition temperature of the system is

very low, the polymeric chains can move easily and

create the free volume and/or help in ion transporta-

tion. The ionic conductivity of natural polymer-based

samples can be explained by two models, i.e., the

Grotthuss model, where the ion movement is due to

ion displacement between cation-heteroatom coordi-

nations (Wright 1975), and the vehicular or VTF

model (Kreuer 1997), where the ions move with the

chain movement because of the free volume environ-

ment (Pawlicka et al. 2013; Mattos et al. 2010). The

ionic conductivity values of 5.4 and 2.3 9 10-5 S/cm

at 300 K of the chitosan-agar and chitosan-gelatin

polyblend, respectively, are in good agreement with

those reported for the samples of plasticized chitosan–

poly(ethylene oxide) (PEO) and chitosan-poly(vinyl

alcohol) (PVA) polyblends prepared with ammonium

nitrate (Kadir et al. 2009, 2010; Shukur et al. 2013).

Moreover, it can be stated that the ionic conductivity

value of the chitosan-agar polyblend at 300 K is about

twice the value obtained for the chitosan–gelatin

sample at the same temperature. This difference can be

due to the acetic acid content in the sample being 59 %

for the chitosan-agar and 35 % for the chitosan-gelatin

sample. Figure 1b also reveals an increase in the

conductivity values with temperature. At 353 K the

values are 2.5 9 10-3and 6.4 9 10-4 S/cm for the

chitosan-agar and chitosan-gelatin polyblend, respec-

tively. Again, these values are higher when compared

with the values of 3.6 and 3.3 9 10-4 S/cm found in

the gelatin and agar blend samples at the same

temperature. Probably, the addition of chitosan plays

an important role in the significant improvement in

conductivity.

The ionic conductivity as a function of temperature

reveals an Arrhenius behavior with activation energy

values (Ea) of 53.2 kJ/mol (0.55 eV) and 56.1 kJ/mol

(0.58 eV) for the chitosan-gelatin and chitosan-agar

polyblend membranes, respectively (Table 1). Usu-

ally the lower Ea, the higher r is; thus, the polymer

environment facilitates the ion movement, which

results in higher ionic conductivity. In the present

work, it should be noted that the activation energies of

the polyblends are higher than those obtained for the

(a)

(b)

Fig. 1 Nyquist plot of agar (filled square) and chitosan blend

(open square), chitosan–gelatin (filled triangle) and chitosan–

agar polyblends (filled circle) with equivalent circuit model

(inset). Fittings are in straight lines (a). Temperature depen-

dence of the logarithm of the ionic conductivity for the

bioblends and polyblends (b)

Table 1 Values of the ionic conductivity and activation

energy for the bioblends and polyblends

Sample Conductivity room

temperature (S/cm)

Ea (kJ/mol) Ea (eV)

Gelatin 4.5 9 10-5 28.3 0.30

Chitosan 3.2 9 10-5 82.5 0.86

Agar 2.0 9 10-5 43.3 0.45

Chitosan-agar 5.4 9 10-5 56.1 0.58

Chitosan-gelatin 2.3 9 10-5 53.2 0.55

2250 Cellulose (2014) 21:2247–2259
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samples based on gelatin and agar blends that showed

the values of 28.3 (0.3 eV) and 43.3 kJ/mol (0.45 eV),

respectively. These Ea values are smaller than the

value of 82.5 J/mol (0.86 eV) for the chitosan blend

doped with acetic acid shown in Table 1, as well as in

other works (Pawlicka et al. 2013; Donoso et al. 2007).

However, because of their different acid concentra-

tions, it is difficult to establish a quantitative compar-

ison among the conductivity values of these

biosamples.

Aiming to investigate the ionic and polymer

dynamics of the obtained biomembrane samples,

solid-state NMR was used (Chung et al. 1998; Bohmer

et al. 2007; Walderhaug et al. 2010). Figure 2 shows

the temperature dependence of the 1H NMR linewidth

for the natural polymer-based membranes. The inset in

Fig. 2 shows the 1H static NMR spectrum recorded at

153 K for the chitosan-gelatin polyblend. As can be

observed in this figure, the spectrum exhibits the same

line pattern of those observed previously for gelatin

and chitosan blends at low temperature, where a

narrow central resonance line, flanked by a pair of

peaks attributed to a Pake doublet, is observed

(Pawlicka et al. 2011, 2013). The central line can be

assigned to the superposition of the 1H signals

belonging to the OH and CH groups and the doublet

belong to the intermolecular interactions between the

protons of molecular groups, such as CH2 and NH2.

The CH3 groups contribute to the triplet structure of

the spectrum (Pawlicka et al. 2011, 2013). Analysis of

the Fig. 2 inset, which is representative to all samples,

clearly shows a large broadening caused by the dipole-

dipole intra- and intermolecular interactions between

protons of different molecular groups of the gelatin,

agar, chitosan and glycerol (Pawlicka et al. 2011,

2013).

The low temperature dependence of the 1H NMR

linewidth, shown in Fig. 2, reveals that the spectra are

essentially unchanged up to approximately 200 K for

all samples, meaning that the proton mobility in these

membranes is restricted at low temperatures. How-

ever, above 200 K, the central and broad lines begin to

narrow because of the motional narrowing caused by

the increase in proton mobility. The final residual

linewidth observed at higher temperatures is only a

small fraction of the initial low-temperature rigid

lattice value. In ionically conducting samples, the

onset of the 1H line narrowing is associated with the

calorimetric glass transition temperature (Tg
NMR)

(Bohmer et al. 2007; Pawlicka et al. 2013). Therefore,

from the data in Fig. 2, it is possible to estimate the

Tg
NMR values that range from 200 to 215 K, depending

on the sample (Table 2). The detailed analysis of the

polyblend values also reveal that in the chitosan-agar

sample, the motional narrowing starts at about 200 K,

which is 12 K below the onset temperature observed

in the chitosan-gelatin sample. This difference can be

explained in terms of proton mobility that increases at

lower temperatures for the chitosan-agar than for the

chitosan-gelatin polyblend (Ogihara et al. 2004). This

result is in agreement with the difference observed

between the ionic conductivity of both polyblends

showed in Fig. 1b.

The activation energy for the NMR line-narrowing

processes was evaluated by assuming a thermally

activated process following an Arrhenius temperature

dependence for the correlation times associated with

Fig. 2 Temperature dependence of the 1H NMR linewidth of

the bioblends and polyblends. The inset shows the 1H NMR

spectra at 153 K for the chitosan-gelatin polyblend

Table 2 NMR parameters obtained from 1H NMR linewidth

for the bioblends and polyblends

Sample DH (kHz) Tg
NMR (K) Ea(kJ/mol) Ea (eV)

Gelatin 104 215 ± 3 41.5 0.43

Chitosan 108 205 ± 3 47.3 0.49

Agar 113 200 ± 3 36.7 0.38

Chitosan-agar 108 201 ± 3 46.3 0.48

Chitosan-

gelatin

107 212 ± 3 55.0 0.57

DH is the low temperature linewidth; Tg
NMR is the glass

temperature transition determinant from the onset of NMR line

narrowing; Ea is the activation energy for the line-narrowing

process
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the proton motion (Wilkening et al. 2002; Lopes et al.

2003). From the analysis of the line-narrowing data in

Fig. 2, it was possible to calculate the activation

energies of 46.3 kJ/mol (0.48 eV) for the chitosan-

agar and 55 kJ/mol (0.57 eV) for the chitosan-gelatin

polymer blends. It should be noted that the activation

energies obtained from conductivity measurements

may not coincide with those determined from NMR

measurements because these techniques do not probe

the same dynamic processes. Since the correlation

function of the impedance spectroscopy is sensitive to

fast-charged species motion, the conductivity mea-

surements probe long-range ion migration. The NMR

line-narrowing process, which takes place when the

rate of the fluctuations of the local dipolar fields is of

the order of the low temperature rigid lattice line-

width, is dominated by low-frequency (kHz) fluctua-

tions in the local magnetic field on the nuclei. In

contrast, the correlation function governing NMR

spin–lattice relaxation samples short-range motions of

the probe nuclei in the Larmor frequency range (MHz)

(Bohmer et al. 2007; Winter et al. 1997).

Figure 3 shows the temperature dependence of the
1H NMR spin–lattice relaxation rate (T1

-1) of chitosan-

gelatin, chitosan-agar polyblend, and agar, chitosan

and gelatin blend membranes. The main relaxation

process observed in this figure is of dipolar origin and

is due to the thermal motion of protons, which

modulates the 1H–1H dipolar interactions. It is inter-

esting to note that the 1H relaxation times, measured at

the same Larmor frequency in the proton-conducting

membranes studied here, are of the same order of

magnitude, where T1 varies from about 30 ms to 1.0 s

in the temperature range investigated. The tempera-

ture dependence of the relaxation rate T1
-1 is usually

analyzed using the simple Bloembergen, Purcell and

Pound (BPP) model (Bohmer et al. 2007; Pawlicka

et al. 2013). The spin–lattice relaxation rate is

parameterized by the NMR Larmor frequency (xo),

by a constant that depends on the spin interaction

responsible for the relaxation (C) and by the correla-

tion time (sc) of the molecular motion modulating the

nuclear spin interactions. Arrhenius temperature

dependence for sc is often assumed for the correlation

time, sc = so exp(Ea/kBT), where kB is the Boltzmann

constant, Ea is the activation energy, and so is the pre-

exponential factor. Inspection of Fig. 3 shows that the

relaxation curves have similar shapes and display a

single relaxation rate maximum, indicating that the

relaxation mechanism is the same for all analyzed

samples. Furthermore, an asymmetric shape around

the relaxation rate maximum is also observed in all

plots. This asymmetry was interpreted assuming the

existence of two distinct proton dynamics, one asso-

ciated with the protons of the acetic acid and another

one caused by protons in different environments

(Mattos et al. 2010). Therefore, the experimental 1H

relaxation rate for both polyblend samples was

deconvoluted into two BPP theoretical spin–lattice

relaxation curves, shown in Fig. 4 (Pawlicka et al.

(a) (b)
Fig. 3 Temperature

dependence of the 1H spin–

lattice relaxation rates (1/T1)

for the chitosan-agar and

chitosan-gelatin polyblends

(a) and for the gelatin, agar

and chitosan blends (b)
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2013; Mattos et al. 2010). As can be seen in Fig. 4, the

simulated curves closely reproduce the temperature

dependence of the experimental data.

The dynamic parameters such as Ea and so obtained

from the BPP analysis of the 1H NMR relaxation data

for the studied samples are summarized in Table 3. It

should be remembered that the activation energies

determined from conductivity measurements for the

blend and polyblend samples were higher than those

obtained from NMR data (Tables 1, 2). As mentioned

above, this is likely to be a result of the different time

scales of the NMR spin relaxation compared with

conductivity measurements.

The BPP model predicts the presence of a spin–

lattice relaxation rate maximum at a given tempera-

ture, Tmax, at which the condition xosc & 0.62 is

satisfied. Furthermore, the value of the relaxation rate

maximum (T1
-1)max depends upon the strength of the

spin interaction responsible for the relaxation (the

constant C). In the case of the 1H resonance in proton-

conducting membranes, this constant C is related to

the mean-square amplitude of the fluctuating proton-

proton dipole-dipole interactions. Therefore, the slight

differences in the value of (T1
-1)max observed in Fig. 3

reflect modifications in the interaction distance or in

the nature of the interaction itself such as, for example,

homonuclear and heteronuclear interactions (Pawlicka

et al. 2011; Ng et al. 1998).

Providing that the activation energies of the studied

samples do not differ very much, one can compare the

relative mobility of the protons in different samples by

comparing the temperature position of the 1H relax-

ation rate maxima (Ng et al. 1998). The T1
-1 maximum

occurring at lower temperatures in the chitosan-agar

polymer blend, when compared the chitosan-gelatin

one, is an indication of higher proton mobility. The

shift in Tmax toward lower temperature is in agreement

with the low Tg
NMR observed for this sample (Fig. 3).

Moreover, this chitosan-agar polyblend exhibits the

highest room temperature conductivity of 5.4 9

10-5 S/cm and the lowest room temperature correla-

tion time of 4.0 9 10-10 s when compared with other

samples (Tables 1, 3). It should be noted that the

conductivities and the NMR results in these proton-

conducting membranes seem not to be directly related

with the acetic acid and/or the glycerol content in the

sample. The relationship between conductivity and

acid (or salt) concentration in conducting membranes

is a complex matter because of several factors, such as

the charge-carrier concentration, plasticizer nature and

charge-carrier mobility, which contribute to the con-

ductivity (Chung et al. 1998; Mattos et al. 2010;

Ng et al. 1998).

Aiming to analyze the local environment and the

coordination geometry of copper cations in the

bioblends and polyblends, EPR measurements were

(a) (b)
Fig. 4 Temperature

dependence of the 1H spin–

lattice relaxation rates (T1
-1)

for the chitosan-agar (a) and

chitosan-gelatin polyblend

(b). The solid lines

correspond to the BPP fitting
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performed. Copper perchlorate was chosen because of

the paramagnetic properties of the Cu2? ion, and the

stability of the samples was confirmed by thermo-

gravimetry (TGA) analysis (not shown here) revealing

about 5 % weight loss up to 150 �C. Figure 5 shows

the EPR spectra of biomembranes containing Cu2? at

50 K. Spectra A and B in Fig. 5 are similar to those

previously reported for gelatin-based membranes

(Mattos et al. 2010) and for chitosan biomembranes

doped with Cu(ClO4)2 (Pawlicka et al. 2013). The

overall shapes of the observed spectra in Fig. 5 are

typical of paramagnetic Cu2? ions in axially distorted

sites, but some significant differences can be observed.

The low field part of the spectra in Fig. 5, i.e., around

3,000 G and corresponding to g||, shows a set of four

evenly spaced copper hyperfine lines, whereas in the

high field part of the spectra, i.e., around 3,300 G and

corresponding to g\, the hyperfine satellites are not

resolved, and a single line is observed. These hyper-

fine structures result from the dipole-dipole interaction

between the magnetic moment of the 63Cu and 65Cu

nuclei (nuclear spin I = 3/2) and the electronic

moment of the paramagnetic Cu2? ion (3d9 electronic

configuration, spin S = 1/2) (Giua et al. 1996). No

additional features associated with the superhyperfine

interaction between the Cu2? electronic spin with

neighboring 14N nuclei (spin I = 1) are observed in

the measured EPR spectra.

The Cu2? EPR spectrum is usually described by an

axial spin Hamiltonian, H, that includes the hyperfine

interaction,

H ¼ gjjbHzSz þ g?bðHxSx þ HySyÞ þ AjjIzSz

þ A?ðIxSx þ IySyÞ ð1Þ

where z is the tetragonal symmetry axis; Hx, Hy and Hz

are the components of the static magnetic field; S and

I are the electron and the nuclear spin operators; g|| and

g\ are the parallel and perpendicular components of

the anisotropic g tensor; A|| and A\ are the parallel and

perpendicular hyperfine components of the hyperfine

tensor A, and b is the Bohr magneton (Pawlicka et al.

Fig. 5 X-band EPR spectra measured at 15 K of the chitosan

(A), gelatin (B), agar blends (C) and chitosan-gelatin (D) and

chitosan–agar polyblend (E)

Table 3 NMR parameters obtained from 1H NMR spin–lattice relaxation rates for the bioblends and polyblends

Sample Process Tmax (K) Ea (eV) so (s) sc (300 K) (s) (T1
-1)max (s-1)

Chitosan 1 270 0.25 2.9 9 10-14 4.6 9 10-10 30

Gelatin 1 293 0.35 0.28 9 10-14 21.2 9 10-10 22

2 – 0.12 5.0 9 10-11 – –

Agar 1 280 0.30 1.0 9 10-14 11.0 9 10-10 25

2 – 0.14 2.5 9 10-11 – –

Chitosan-agar 1 253 0.26 1.7 9 10-14 4.0 9 10-10 33

2 – 0.10 9.0 9 10-11 – –

Chitosan-gelatin 1 283 0.26 7.5 9 10-14 17.0 9 10-10 23

2 – 0.08 34.0 9 10-11 – –

Tmax is the temperature of the relaxation rate maximum; T1
-1

max is the relaxation rate maximum; Ea is the activation energy for the

motion causing the proton relaxation; so is the pre-exponential factor of the correlation time, and sc is the room temperature

correlation time
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2013; Pilbrow 1990). The first two terms in Eq. 1

represent the interaction between the electronic spin

and the magnetic field and the third and fourth terms

the coupling between the electronic and nuclear spins.

The experimental Cu2? EPR spectra in Fig. 5 were

analyzed by numerical simulation of the spin Hamil-

tonian (Eq. 1) by using the EasySpin package in the

Matlab environment (Stoll and Schweiger 2006) for a

1/2 spin with an anisotropic g-tensor and hyperfine

coupling. As previously reported, the observed line

shape of the gelatin blend samples (Fig. 5B) (Pawlicka

et al. 2011) is a superposition of two spectral

components, corresponding to two different copper

species. In the case of the agar blend sample (Fig. 5C),

also two components were necessary to simulate the

experimental EPR spectrum. The spin Hamiltonian

parameters, deduced from the simulated spectra, are

collected in Table 4. The error in the EPR parameters

obtained from the fitting procedure was estimated to

be ±2 G for A|| and ±0.001 for g|| and g\. It should be

noted that the spin-Hamiltonian parameters (Table 4)

are consistent with those previously reported for

copper in gelatin gel electrolytes (Pawlicka et al.

2011) and for copper complexes stabilized with

chitosan (Kramareva et al. 2003; Justi et al. 2004).

Figure 6 shows the experimental (continuous line)

and simulated spectra (dotted line) of two represen-

tative spectra: chitosan-gelatin and chitosan-agar

polyblends. The simulated spectra closely reproduce

the position and intensities of the prominent features

of all spectra.

Detailed quantitative information on the coordina-

tion environment of Cu2? ions in the biomembranes

can be obtained by analyzing the EPR spin Hamilto-

nian parameters. The parallel components of the

tensors (g|| and A||) are sensitive to changes in

geometry and ligand binding and therefore can be

used to interpret experimental EPR data (Pilbrow

1990; Carl and Larsen 2000). The empirical model

originally suggested by Blumberg and Peisach corre-

lates the Cu2? pair of parameters (g|| and A||) and has

been applied extensively to proteins and copper-

exchanged zeolites (Peisach and Blumberg 1974; Carl

and Larsen 2000). When the EPR parameters are

plotted in a g|| versus A|| graph, a correlation can be

found between these values and the nature of the

equatorial coordinating atoms. Figure 7 shows a so-

called Peisach-Blumberg plot for biomembranes using

the g|| and A|| from Table 4. In the construction of this

graph, no distinction was made between the g|| and A||

values of the different copper species of the same

membrane. Since the goal was to analyze the nature of

the coordinating atoms exclusively, the same symbols

were used in Fig. 7 for the different Cu2? species of

Table 4 Summary of Cu2? spin Hamiltonian and bonding parameters for the bioblends and polyblends

Sample Area (%) g|| g\ A|| 9 10-4 cm-1 a2 b2 DEyx 9 104 cm-1

Chitosan 2.261 2.056 170 0.80 0.62 1.28

Gelatin 39 2.299 2.056 191 0.89 0.67 1.33

61 2.268 2.069 207 0.91 0.59

Agar 62 2.366 2.068 137 0.82 0.81 1.20

38 2.381 2.063 117 0.77 0.88

Chitosan-gelatin 60 2.263 2.060 173 0.81 0.65 1.33

40 2.235 2.065 183 0.81 0.58

Chitosan-agar 2.265 2.054 173 0.81 0.64 1.31

Fig. 6 Experimental and simulated EPR spectra of the chito-

san-agar (a) and chitosan-gelatin polyblends (b)
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the same membrane. The values of g|| = 2.39 and

A|| = 141 9 10-4 cm-1 of the PEO doped with

copper perchlorate (PEO:Cu(ClO4)2) are also included

in Fig. 7 (Donoso et al. 1995). The dashed lines in

Fig. 7 show, with a substantial overlap, the relative

position for the Cu2? ion with four oxygen ligands

(4O), two nitrogens and two oxygen ligands (2N2O)

and four nitrogens (4 N). As expected, the g|| and A||

parameters of the agar blend, as well as those of the

PEO:Cu(ClO4)2, fall within the region corresponding

to the coordination of Cu2? ions only by oxygens,

whereas those of the gelatin and the chitosan blends

fall in the region corresponding to cooper ions

coordinated to nitrogen and oxygen atoms (Fig. 7).

The involvement of nitrogen atoms in the copper

complexation of the gelatin-based sample was verified

in our previous work by electron spin echo envelope

modulation (ESEEM) (Mattos et al. 2010). Perhaps the

most important result in Fig. 7 is the observation that

the g|| and A|| parameters for both chitosan-based

polyblends fall in the region where oxygen and

nitrogen are coordinating the Cu2?. Thus, these results

highlight the importance of the chitosan in the

complexation of copper ions in the samples. In

particular, for the chitosan-agar polymer blend, the

result in Fig. 7 reflects the reluctance of the agar

polysaccharide to coordinate the copper ion in this

membrane.

As mentioned above, EPR spectroscopy can pro-

vide valuable information concerning the local envi-

ronment of paramagnetic ions. EPR spectra with

‘‘axial symmetry’’ (e.g., Cu2? in the present study),

i.e., with one principal axis of symmetry, convention-

ally the z-axis, exhibit two g values, labeled g|| parallel

to the z-axis or g\ perpendicular to the z-axis, i.e., in

the x-y plane. The relative value of these two

parameters in relation to the ‘‘free electron g-factor,’’

ge = 2.0023, indicates the predominance of the dz2 or

the dx2-y2 orbital in the ground state. For example, in

the case of g|| [ g\[ ge, the geometry corresponds to

a tetragonal elongated configuration, with dx2-y2 being

the ground state. For g\[ g|| C ge, tetragonal com-

pressed configuration and trigonal bipyramidal geom-

etries are expected with dz2 being the ground state

(Pilbrow 1990; Hathaway and Billing 1970; Stosser

et al. 1999; Vedeanu et al. 2012). Analyzing the EPR

results resumed in Table 4, it is seen that g|| [ g\[ ge

in all the samples. This is consistent with Cu2? ions

being located in axial elongated symmetry (square

planar, square pyramidal and distorted octahedral

geometries). From the g values and the EPR spectra, it

can be concluded that the ground state of Cu2? is the

dx2-y2 orbital, i.e., the 2B1g state (Pilbrow 1990). The

parameter G, which is a measure of the exchange

interaction between the copper centers in the complex,

can be calculated by using the expression appropriate

for axial EPR spectra, G = (g||-ge)/(g\-ge) (Procter

et al. 1968). If G [ 4.0, the exchange interaction is

considered negligible; if it is \4.0, considerable

exchange coupling is present in the complex. Since

the G values calculated for the biomembranes are

within the range of 3.9–5.5, exchange coupling effects

are not significant, and the observed g values are

considered to reflect the local Cu2? ion environment.

The nature of metal ligand bonding can be analyzed

using coefficients calculated from the EPR spin

Hamiltonian parameters and the optical absorption

spectra of the Cu2? doped samples shown in Fig. 8.

According to the molecular orbital (MO) theory

approach (Pilbrow 1990; Kivelson and Neiman

1961), the bonding parameters are described in terms

of the covalency parameters a2 and b2. The parameter

a2 describes the covalency of the in-plane r bonding

between a copper 3d orbital and ligand orbitals,

quantifying the delocalized electronic density on the

ligand atoms. Its value decreases with increasing

covalency to a minimum value of a2 = 0.5 for a

completely covalent copper-ligand bond up to a

maximum value of a2 = 1.0 for a completely ionic

bond. Within the framework of the MO model

Fig. 7 Correlation plot of g|| and A|| of the gelatin (filled

square), agar (open circle), chitosan blend (open square),

chitosan-gelatin (open triangle) and chitosan-agar polyblends

(filled circle), and PEO40:Cu(ClO4)2 (filled triangle)

2256 Cellulose (2014) 21:2247–2259

123



approach, it should be noted that the overlapping

integral between the d orbital of the copper ion and the

p orbital of the ligand atoms is not negligible;

therefore, it is not feasible to precisely indicate the

nature of the bonds but only provide trends.

The covalency parameter a2 can be evaluated from

the EPR spin Hamiltonian parameters by using the

simplified Eq. 2 (Pilbrow 1990; Boobalan and Rao

2010; Kivelson and Neiman 1961),

a2 ¼
Ajj
P
þ gjj � 2
� �

þ 3

7
g? � 2ð Þ þ 0:04; ð2Þ

where P = 0.036 cm-1 is the dipolar hyperfine cou-

pling constant for free Cu2?.

The coefficient b2 describes the covalency of the in-

plane p bonding; the smaller the value of b2 is, the

greater the covalent nature of the bond. It has been

previously noted that b2 is more sensitive to variation

in covalency than a2 and is, therefore, a better

indicator of bond character (Boobalan and Rao 2010;

Kivelson and Neiman 1961). The b2 coefficient can be

calculated using Eq. 3 (Ganesan and Viswanathan

2004).

gjj ¼ ge 1� 4ka2b2

DExy

� �
; ð3Þ

where DExy is the energy corresponding to the

transition 2B1g ? 2B2g, and k is the spin–orbit cou-

pling constant (k = -828 cm-1 for Cu2?). Here,

DExy was assumed to be the peak energy of the only

one absorption observed in the 750–840 nm region of

the Vis-NIR spectra (Fig. 8). Using Eqs. (2) and (3),

the bond coefficients a2 and b2 were evaluated and are

given in Table 4. Because of the uncertainty involved

in the assignment of DExy and g\, the calculated

values of the bond coefficients are accurate within

5 %. In general, the MO coefficients are smaller than

unity, indicating the covalent nature of the bonding

between the metal and ligand orbital. The values of a2

obtained for the studied biomembranes are in the range

of 0.83–0.91, indicating moderate covalency for the r
bonding. The b2 values are in the range of 0.57–0.63

for the gelatin and chitosan blends, indicating that the

in-plane p bonding is mostly covalent. The fact that

b2 \ a2 suggests that the in-plane p bonding is more

covalent than the in-plane r bonding. It is interesting

to note that the bonding parameter b2 = 0.79 ± 0.04

obtained for the agar blend (Table 4) is considerably

higher than the values found for gelatin and chitosan

blends and indicates that the in-plane p bonding is less

covalent than in other samples.

In summary, the EPR spectra for the copper ion in

the studied samples exhibit a resonance signal that is

characteristic of Cu2? ions in tetragonally distorted

octahedral sites. The EPR parameters were determined

by simulation of the spin Hamiltonian of copper ions

in axial symmetry. Finally, the relation g|| [ g\[ ge

observed in all the samples is also consistent with the

dx2-y2 ground state of the Cu2? ion. Different copper

species were identified in the EPR spectra, being two

for gelatin and chitosan and three for the agar blends.

Conclusions

The present article shows the results from complex

impedance spectroscopy, proton nuclear magnetic

resonance (NMR) and electron paramagnetic reso-

nance (EPR) of polysaccharide- and gelatin-based

blends and polyblends. The best ionic conductivities

of 7.9 9 10-5 S/cm at room temperature and

2.5 9 10-3 S/cm at 80 �C were obtained for the

chitosan-agar polyblends. The activation energies of

0.58 and 0.48 eV of the chitosan–agar polyblend were

calculated from the ionic conductivity Arrhenius plot

and the onset of NMR line narrowing, respectively.

The onset of the 1H NMR line-narrowing results were

also used to determine the glass transition tempera-

tures (Tg
NMR) that varied from 200 to 215 K depending

on the membrane composition. The temperature

Fig. 8 Vis-NIR spectra of the chitosan (A), gelatin (B), agar

blends (C) and chitosan-gelatin (D) and chitosan-agar polybl-

ends (E)
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dependence of the 1H spin–lattice relaxation shows the

asymmetrical inverted-V shapes around the relaxation

rate maximum. The fitting of these data with the BPP

model revealed two distinct proton dynamics: one

associated with the protons of the acetic acid and

another one caused by protons in different environ-

ments, probably in glycerol. The EPR spectra of the

studied samples showed a resonance signal character-

istic of Cu2? ions in tetragonally distorted octahedral

sites. The empirical model of Blumberg and Peisach,

which correlates the pair of Cu2? EPR parameters (g||,

A||) to the bonding nature of the Cu2? in copper

complexes, was used to establish the involvement of

nitrogen and oxygen atoms in the copper complexa-

tion of the bioblends and polyblends. The results

revealed copper ions complexed by nitrogens and

oxygens in the membranes containing chitosan or

gelatin and only by oxygens in agar-based ones.

Moreover, it was reported that the gelatin and chitosan

blends possess in-plane p bonding that is less covalent

than in other samples. Finally, significant information

about the nature of bonding in the Cu2? ion was

derived from the magnitude of the covalency param-

eters. The bonding parameters a2 indicate a moderate

covalency for the r bond between the Cu2? and its

ligand in the chitosan blends.

All these results suggest that natural bioblends and

polyblends are interesting systems to use in materials

science engineering.
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