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Abstract

This study describes the results of the characterization of solid polymer electrolytes using chitosan matrix plasticized with
glycerol and doped with cerium and lithium triflate binary salt composition. The electrolytes were prepared by solvent casting
method and characterized by thermal analysis (thermogravimetric analysis—TGA and differential scanning calorimetry—DSC),
impedance measurements, X-ray diffraction (XRD), scanning electron microscopy (SEM), atomic force microscopy (AFM), and
electron paramagnetic resonance (EPR). Samples are thermally stable up to 128—153 °C, and most of them are amorphous. In
some cases, the appearance of crystalline peaks is due to the diffraction of salt domains, which makes the samples less conduc-
tive. The room temperature conductivity maximum of 10° S cm ™" at 30 °C was obtained for the samples with the same total salt
mass of 0.15 g (ChitCeTrify gsLiTrify 1o and ChitCeTrify ;0LiTrify o5). Finally, the EPR analysis suggests that the local coordi-
nation environment of the paramagnetic Ce** is not the same in different samples. In summary, beside the modest conductivity

values of these samples, they are still adequate for some electrochemical applications.
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Introduction

Solid polymer electrolytes (SPEs) appear as substitutes for
liquid electrolytes because they present very little problems
of leakage or pressure-related distortions. Moreover, they are
materials with good electrode-electrolyte contact and good
mechanical and adhesive properties, and they can be prepared
easily and in different forms [1]. Due to their interesting prop-
erties such as lightweight, flexibility, thin film-forming ability,
and no leakage they find several applications as for example in
batteries, fuel cells, and other electrochemical devices among
others [2]. The most SPEs extensively investigated are PEO
(poly(ethylene oxide))-based systems containing lithium salts
[3]. More recently, electrolytes based on natural polymers
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have been alternatively proposed due to their biodegradability,
low production cost, good physical and chemical properties,
and good performance as solid polymer electrolytes [4]. Most
of these new systems are based on polysaccharides such as
cellulose and its derivatives [5], starch [6], agar [7], gelatin [8],
or chitosan [9].

The SPEs of the present work were prepared by solvent
casting technique, and they consist of a polymer doped with
binary salt composition and a plasticizer. Chitosan (Chit) was
chosen as polymer host because it is a natural, non-toxic, and
biodegradable polymer and it can be used as polymer matrix
for ionic conduction [10]. Chit is a chitin derivative obtained
by its deacetylation, and it is soluble in dilute aqueous solution
of a weak acid [11]. In its structure, the presence of lone pair
electrons on the nitrogen and oxygen atoms of the amine and
hydroxyl functional groups, respectively, enables the chela-
tion of a proton donor provided by salt [12].

Over past years, the authors’ research have been focused on
different approaches with the aim to achieve higher room con-
ductivity values of the SPE samples. This is done by blending
polymers [13], crosslinking [14], inserting fillers [15], or plas-
ticizing [16] processes, for example. Among all these
methods, plasticization seems to be the simplest and cost-
effective way to improve the ionic conductivity of SPEs
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[17]. The role of the plasticizer is not only to decrease the
crystallinity of polymer electrolytes but also to enhance ion
dissociation and reduce Tg, which leads to the increase in
number of mobile ions; the polymer electrolyte becomes flex-
ible at a reduced temperature resulting in higher ionic conduc-
tivity [18].

In this work, a novel polymeric electrolyte system was
developed. It contains mobile trivalent rare earth cations, but
it is known that the ionic mobilities of multivalent cations are
generally low in polymeric matrices probably due to the
strong electrostatic force between the multivalent cations and
the polar groups of the polymer [19]. However, it was already
shown in other studies on mixed salt systems that they display
better ionic conductivity than the single salt system [20].
Therefore, in this paper a binary salt system composed of
two inorganic salts: cerium and lithium triflates was incorpo-
rated in a chitosan matrix with the aim to increase the conduc-
tivity values of the samples. Lithium and cerium salts are
chosen because their cations are easily coordinated and sol-
vated, resulting in ionic conductivity character of the samples
[21]. Additionally, there was added a plasticizer because small
organic and compatible molecule as glycerol improve the ion-
ic conductivity values too [22].

Beside the ionic conductivity values evaluation of these
new polymer electrolyte systems, the purpose of this work
was to verify what kind of changes occur when binary salt
system of lithium and cerium triflates is added to the electro-
lyte formula. These changes were evaluated in terms of ther-
mal stability, ionic conductivity, diffraction patterns, surface
morphologies, and electron paramagnetic resonance (EPR).
EPR is a sensitive spectroscopic technique for investigating
paramagnetic species, such as transition metal ions and lan-
thanide ions, in a variety of solid-state systems [23—25]. In the
present work, pulsed EPR technique was used to obtain the
absorption EPR line shape of Ce®* in membranes of
Chit:Ce(CF5S05);. Hyperfine and super-hyperfine interac-
tions between the electron spin and remote magnetic nuclei
present in the surroundings of the paramagnetic Ce®* ions
were investigated by electron spin echo envelope modulation
(ESEEM) and hyperfine sublevel correlation experiment
(HYSCORE) techniques [26, 27].

Materials and methods
Solid polymer electrolyte preparation

The solid polymer electrolytes were synthesized according to
the method described previously [28]. A synthesis scheme, pic-
tured in Fig. 1, shows that 0.20 g of chitosan (Sigma-Aldrich,
medium Mw) was dispersed in 10 mL of 1% acetic acid solu-
tion (Sigma-Aldrich) and stirred overnight under magnetic stir-
ring for complete dissolution of polymer. Next, different
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quantities of cerium (III) trifluoromethanesulfonate (CeTrif,
HuiChem, 98%) and lithium trifluoromethanesulfonate
(LiTrif, Sigma-Aldrich, 98%) were added to the solution and
left under stirring for more few minutes. Finally, the plasticizer
(0.25 g), in this case glycerol (Himedia, 99.5%), was added and
the solution was again left under magnetic stirring. When the
solutions were homogeneous, they were poured on plastic Petri
plates and cooled at room temperature for a week until film
formation, and then, they were subjected to a drying procedure
in an oven whose temperature was raised from 25 to 60 °C for
2 days, while the oven was periodically evacuated and purged
with dry argon. Samples were represented by the notation
ChitCeTrif,LiTrif,,, where n and m are the mass of cerium
and lithium triflate, respectively. The electrolyte membranes,
shown in Fig. 1, were transparent; their thicknesses were deter-
mined with a micrometer (Mitutoyo, Japan) and ranged be-
tween 0.045 and 0.180+0.001 mm. Finally, the samples were
stored in a glovebox under argon atmosphere and removed only
before each characterization analysis.

Characterization techniques

The thermal stability was studied using TGA-Q500 instru-
ment in 25 to 900 °C temperature range. For differential scan-
ning calorimetry (DSC) measurements with Mettler DSC
821e, the samples were placed in 40-uL aluminum cans, and
the analyses were carried out under a flowing argon atmo-
sphere between — 60 and 200 °C with a heating rate of
5°C min .

The total ionic conductivity was determined by intro-
ducing a chitosan electrolyte disk between two 10-mm
diameter ion-blocking gold electrodes (Goodfellow, >
99.95%) to form a symmetrical cell electrode/chitosan
electrolyte/electrode assembly that was placed in a
Biichi TOS51 tube-oven. A K-type thermocouple was lo-
calized close to electrolyte disk to measure the sample
temperature. Before each analysis, the samples were
heated to 60 °C for 2 hours to improve contact between
the electrodes and the electrolyte. The impedance mea-
surements were carried out using an Autolab PGSTAT-
12 (Eco Chemie) at frequencies between 65 kHz and
500 mHz and over the room temperature to about
100 °C.

X-ray diffraction measurements were performed in a
PANalytical X Pert Pro diffractometer equipped with an
X’Celerator detector at room temperature and over a scattering
angle (20) range from 3 to 60°. The samples were placed on a
Si wafer to minimize diffuse scattering from the substrate and
exposed to monochromated CuK« radiation with A =
1.541 A.

The surface morphology of the films was evaluated using
SEM micrographs obtained in a LEO 440 instrument. All film
samples were pre-coated with a conductive layer of sputtered
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Fig. 1 Diagram of chitosan-based
electrolyte synthesis and physical
appearance of the samples l

« 0.20g chitosan
(in 10 mL 1% acetic
acid solution)

Stirring
overnight

\\

gold, and the micrographs were taken at 10 kV and at different
magnifications.

AFM analysis was done with a Nanosurf easyScan 2 AFM
System in the non-contact mode and using silicon AFM
probes, a force constant of 48 Nm™', and a resonance frequen-
cy of 190 kHz.

X-band continuous wave (CW-EPR) and pulsed EPR ex-
periments were carried out on a Bruker Elexsys ES80 spec-
trometer operating at 9.478 GHz. CW-EPR measurements
were performed at 50 K and the pulsed experiments at 6 K.
Electron spin echo envelope modulation (ESEEM) decay was
recorded 4500 G using a three-pulse sequence, (7/2)—7—(m/2)—
T—(m/2)—(echo), with (7/2) pulse width of 12 ns. The ESEEM
spectrum was obtained from the Fourier transform of the spin
echo decay. The echo-detected field-sweep absorption spectra,
EDFS, were recorded using a three-pulse sequence with a (n/
2) pulse width of 12 ns. The integrated echo intensities were
measured as a function of the magnetic field strength over the
range of 100-12,100 G. Hyperfine sublevel correlation exper-
iments (HY SCORE) was performed at 4500 G using the pulse
sequence (m/2)—7—(/2)—t;—(7)—t>—(7/2)—17—(echo), with (7/2)
pulse width of 12 ns and 7= 120 ns. Both time intervals t; and
t, were incremented in 20 ns to generate a 128 x 128 matrix
which, after apodization, was Fourier-transformed to generate
the two-dimensional HYSCORE spectrum. Numerical simu-
lation was performed using the function saffron from the
EasySpin package [29].

Results and discussion
Thermal characterization (TGA and DSC)

TGA is an effective tool for identification on the thermal sta-
bility, and the thermograms of the samples are presented in
Fig. 2(a—c). The obtained results reveal that for all the electro-
lytes the degradation process occurs in three stages. For pure
chitosan membrane, the degradation occurs in two stages, and
it was thermally stable up to 265 °C [30]. In an early study
with cerium triflate, the sample of chitosan matrix also pre-
sented two degradation stages, but when salt is added the
decomposition occurs in three stages that started in the interval

/7~ 2\
l Stirring few
minutes

* CeTrif (0.05.0.250)
* LiTrif (0.04-0.259)

Chitosan electrolytes ]

« 0.25g glycerol

N/

Drying |
procedure

of 128 and 143 °C [31]. In a study of chitosan-NH4NO;-EC
(ethylene carbonate) membrane, the authors obtained two-
stage decomposition [32]. The first one corresponds to desorp-
tion process, which occurs at 50—-100 °C and has a weight loss
of'about 15%. This first stage is followed by a total decompo-
sition that occurs in between 150 and 200 °C with 60% of the
weight loss. The total decomposition began at 174 °C, which
is a relatively lower value when compared with most pure
chitosan membranes where the total decomposition occurs at
200 °C, and this difference is probably due to the presence of
EC plasticizer. In the case of this study, the addition of lithium
salt to cerium electrolytes does not cause significant changes
in the thermogram aspect, and the degradation process of
these samples also occurs in three stages. The curves of the
samples with and without lithium triflate in Fig. 2 (bl) are
practically overlapped, and the main difference is the remain-
ing residue that is higher in lithium-free sample. In relation to
the degradation temperature, the addition of lithium makes the
samples more stable in almost all cases as shown by the deg-
radation temperature graphs present in Fig. 2 (a2), (b2), and
(c2). In samples containing two salts, the degradation started
in the interval of 136-153 °C, which is a relatively higher
temperature range than that obtained in samples containing
only cerium triflate. In both samples, with and without lithi-
um, the decomposition occurs below 200 °C, which is proba-
bly due to the presence of glycerol as plasticizer. This first
predominant stage of thermal degradation was caused proba-
bly by depolymerization of chitosan chains. The second stage
occurred between 200 and 300 °C, and the degradation pro-
cess ended at about 500 °C; however, the weight loss contin-
ued slowly as the temperature was increased up to 900 °C. The
fact that degradation occurs in three stages may be due to the
different interactions of the salts and the plasticizer with poly-
saccharide chains [31]. The remaining residues were in the
range of 24-30% for the samples without and 11-18% with
lithium triflate in the electrolyte composition.

The DSC results of ChitCeTrif, LiTrif,-based electrolytes are
shown in Fig. 3. The DSC measurements were performed in the
—60 to 200 °C temperature interval, and no glass transition
temperature was detected within this range, so the samples
semi-crystalline nature was confirmed. This behavior is very
similar to that obtained with other natural polymer ionically
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conducting membranes [33, 34]. Although samples have pre-
dominantly amorphous character, they presented some peaks
that appear at about 175 °C in most of the samples containing
cerium triflate, which may be due to the presence of the crystal-
line domains. These peaks can be related to undissolved salt or a
complex formation between the matrix and the salt. Some sam-
ples also presented a weak and large endothermic peak, which
can be attributed to acetal crosslinking break. As found for other
samples, this crosslinking break is due to the catalytic properties
of acetic acid residues in the samples [35].

@ Springer
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Impedance analysis

Figure 4(a—c) shows the typical impedance plots of
ChitCeTrify osLiTrif,, prepared with 0.05 g of cerium triflate
and different quantities of lithium triflate and measured at
various temperatures. The impedance plots show a semicircle
at high frequencies and a spike at low frequencies. In this
figure, one can also observe a disappearance of a depressed
semicircle at high frequency with the increase in temperature,
which reveals the absence of capacitive nature and just
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diffusion process [36]. At low frequencies, information about
the electrode/electrolyte interface is obtained, and if the inter-
action is ideal vertical spikes are observed [37]. In the present
and other studies, the spike is inclined at an angle less than 90°
and may be due to the roughness or non-homogeneous of the
electrode/electrolyte interface [38].

The ionic conductivity values can be obtained using
Eq. ().

0= m ’ (1)
where / is the thickness of sample, R, is the bulk resistance,
and A is the contact area between the electrolyte and the elec-
trode. The Ry, values were calculated from the intercept of the
semicircle or the intercept of the spike with the real axis. The
bulk resistance values plotted in Fig. 4 decrease with the in-
crease of the temperature indicating an increase of the ion
mobility and the thermal movement of polymer chains [39].
The Ry, values are higher for lower conductivity values, but an
increase in salt concentration increases the number of mobile
charge carriers, which leads to the decrease in R, values.
Howeyver, the salt excess leads to the recombination of ions,
a decrease in the amorphousness and, consequently, an in-
crease in Ry, values and a decrease in ionic conductivity.

The evolution of the ionic conductivity as a function of
temperature is shown in Fig. 5. The ionic conductivity de-
pends on factors such as salt concentration and temperature
[40]. The higher conductivity value obtained in this work
shows that the ionic conductivity can be increased by using
a mixture of salts. The best ionic conductivity values were
obtained for the samples with the same total amount of salt
of 0.15 g. Thus, ChitCeTrify ogsLiTrify 10 and
ChitCeTrify ;oLiTrify o5 are the samples with higher, but still
modest, conductivity values namely 2.63 x 107°° and 2.28 x
10°S cm ™' at 30 °C. At higher temperatures, thermal move-
ment of polymer chain segments and dissociation of salts
would be improved, which results in an increase of the con-
ductivity, and values of 9.63 x 10° and 5.84x10° S cm !
were obtained at 90 °C for the samples referred above. The
difference in conductivity values may also be attributed to the
different ratio of CeTrif-LiTrif used in the present work. In the
case of the ChitCeTrify osLiTrify 10, the incorporation of lithi-
um triflate enhances the room temperature ionic conductivity
by one order of magnitude, which may be attributed to the
contribution of Li* ions. The effect of the addition of LiTrif
in SPEs was also evaluated in another study, where the authors
obtained a greater increase of three to four orders of magni-
tude in conductivity values at room temperature [41]. The
ionic conductivity increases with the increase in total salts
amount to reach a maximum, and this is probably due to the
increase in the number of mobile charge carriers. However, for
higher salt levels a decrease in the conductivity values is cer-
tainly related to undissolved or recrystallized salt. On the other
hand, at higher salt levels the ions are able to recombine and
form neutral ion pairs, leading to a decrease in the number
density of mobile ions and a decrease in the ionic conductivity
[42].
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Fig. 4 Complex impedance plots of ChitCeTrify osLiTrif,,, measured at different temperatures

From the temperature dependence of ionic conductivity, it
is possible to deduce that practically all samples displayed
almost linear (#* ~ 1) relationship of log o vs 1000/7. This
indicates that the ionic conductivity is thermally activated,
and the plots obey the Arrhenius equation (2).

_E‘a
g = 0pg€Xp (ﬁ) s (2)

where oy is a pre-exponential factor, E, is the activation ener-
gy for ion transport, R is the gas constant (8.314 Jmol ' K1),
and T is the temperature. The E, value was calculated using
the slope of the fittings of obtained data from Arrhenius equa-
tion (2). For the electrolyte ChitCeTrif; ;(LiTrify o5 the £, val-
ue is 49.45 kJ mol !, which is a very similar value to that
obtained in a study using other natural polymer as host [43].

XRD analyses

The XRD analysis is a useful tool to determine the structure
and crystallization of the polymer matrices [43]. XRD analysis
has been performed in order to investigate the effect of the
mixed salts in the system, and the respective diffraction pat-
terns of the samples ChitCeTrif, LiTrif,, are shown in Fig. 6(a—
c). Figure 6 reveals that all the samples presented a peak at
20 =10°, which may be attributed to the cerium triflate salt as
previously demonstrated in another study [31]. On the other
hand, the incorporation of lithium triflate makes some samples
more crystalline as in the case of ChitCeTrify osLiTrify 5 and
ChitCeTrify oLiTrify 4. The new peaks that appear in XRD
data of these samples are certainly related to the diffraction of
salt domains. In a study of U(600),LiCF3;SO; xerogels, some
samples also present new peaks with lithium addition, namely
at approximately 34°, which are also related with Li* domains
[44]. The XRD obtained results corroborate with conduc-
tivity results since the samples with the presence of crys-
talline domains, namely ChitCeTrify osLiTrify 55,
ChitceTrif0V25LiTrif0V00, and ChitCeTrifO,]OLiTrifO,M are
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also those with less conductivity. On the other side, the sam-
ples with similar XRD patterns, ChitCeTrify oLiTrify o and
ChitCeTrify ;oLiTrify o5, also present very similar conductivity
values.

SEM analyses

Figure 7 shows the SEM micrographs of the polymer electro-
lytes films containing only one salt (cerium triflate) and a
mixture of two salts (cerium and lithium triflate).

As shown in Fig. 7 (al), (bl), and (cl), for the samples
without lithium triflate, the surface morphologies are very
similar to those obtained with other natural polymers [45,
46]. Also, in this case, the electrolytes present a uniform sur-
face morphology without any phase separation.

The samples containing a binary system of two salts have
less homogeneous surfaces, which is clear in the remaining
images of Fig. 7.

Figure 7a shows the results of the samples with the same
cerium amount of 0.05 g and varied quantity of lithium salt of
0.10 and 0.25 g. As already seen above, the addition 0of 0.10 g
of lithium triflate made the samples more conductive (Fig. 5a)
probably due to the presence of lithium ions. On the other
hand, when a large amount of lithium is added, in this case
0.25 g, the ionic conductivity decreases probably due to un-
dissolved or recrystallized salt, which justifies the clearer lines
in SEM images (Fig. 7 (a3)) and crystalline peaks in XRD
(Fig. 6a).

Figure 7b presents the SEM micrographs of samples with
0.25 g of cerium triflate and different quantities of lithium
triflate. The addition of a small amount of lithium salt
(0.05 g) results in a less regular structure and in a more con-
ductive sample. At low magnification, Fig. 7 (b2.1) and
(b2.2), a granular structure is observed. In Fig. 7 (b2), it is
seen that some crystalline aggregates are adjacent taking
shape of a semi-crystalline morphology, which corroborates
XRD data (Fig. 6b). In a study of blends with different mass
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ratios of PMMA/PVdF, the SEM images at different magnifi-
cations revealed a granular structure at low magnification
[47]. The extreme PMMA/PVdF compositions of 80/20 and
30/70 are more amorphous and crystalline structures. In 60/40
blend ratio, the samples have semi-crystalline morphology
because PVdF crystalline aggregates are adjacent.
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When lithium triflate is added to chitosan-based samples
with fixed 0.10 g of cerium triflate, the resulting SEM images
are presented in Fig. 7c. The first increment of lithium (0.04 g)
results in a poorly conductive sample, which can be explained
by recrystallized or undissolved salt. This is confirmed by the
peaks observed in XRD data (Fig. 6¢) and the irregular surface
presented in SEM micrograph (Fig. 7 (c2)). Also in the case of
higher lithium amounts (0.10 g), although the samples show a
porous morphology (Fig. 7 (c4)), the conductivity is close to
that obtained for 0.04 g of lithium salt and again it may be due
to undissolved salt. The increments of 0.05 g of lithium salt in
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DSC and XRD investigations suggest a lower degree of crys-
tallinity and predominance of the amorphous phase, which
results in a higher value of ionic conductivity.

All the prepared samples also appeared translucent and
showed very good adhesion properties.

AFM analysis

Aiming to evaluate the homogeneity and changes in the sur-
face topography of the electrolytes the AFM analyses were
carried out. Therefore, morphological characteristics of chito-
san doped with one salt (cerium triflate) and two salts (cerium
and lithium triflate) were examined by AFM, and Fig. 8 dis-
plays characteristic images of these samples. The scanning
area of 2.00 um x 2.00 um and the roughness, expressed in
roughness mean square (RMS) of chitosan electrolytes are
presented in Fig. 8. In the case of the samples containing
0.05 g of cerium triflate and different quantities of lithium
triflate, Fig. 8a, the RMS varies between 7.10 and 124 nm.
The more conductive sample (ChitCeTrify osLiTrify 1) pre-
sented smaller roughness of 7.10 nm, while the less conduc-
tive sample (ChitCeTrify osLiTrify»5) showed higher rough-
ness of 124 nm. From these results, it was stated that the most
conductive sample exhibits a lower surface roughness value,
and the same remarks were done for samples of chitosan
doped with europium triflate [48]. For the samples with
0.25 g of cerium triflate and different quantities of lithium
triflate the AFM results are presented in Fig. 8b. Similar to
conductivity results also in this case the roughness values are
very close each other. The RMS value varies between 8.43
and 10.2 nm, and the most conductive sample
(ChitCeTrify »5sLiTrify o5) exhibits a higher surface roughness
of 10.2 nm. This behavior is opposite to those referred in the
literature for samples with chitosan doped with cerium triflate
[31].

EPR analysis

Trivalent cerium ion, Ce®*, is a paramagnetic ion with 4f'
electronic configuration and °F free-ion ground state. Spin-
orbit coupling causes the separation between ’F,,, and °Fs),
levels, the latter being the ground state separated by
2200 cm ! (~0.27 eV) from the °F-, excited state. Since the
unpaired electron is in the 4f shell and there are two further
filled shells (55 and 5p), crystal field effects are smaller than in
transition metal ions, where the unpaired electron is in the
latest occupied shell. In an axial field, the sixfold J = 5/2 from
the ?Fs, level splits into three degenerate Kramer doublets,
M;== 1/2, £ 3/2, and £5/2. For tetragonal symmetries, the
expected g values are g =0.86 and g, =2.57 fora My=+1/2
doublet ground state; g;=2.57 and g, =0 for a My==3/2
ground state; and g =4.29 and g, =0 for a My == 5/2 ground
state [49-51]. Sometimes, admixture of J levels should be

considered to describe experimentally observed g values
[52]. As natural cerium has no isotope with non-zero nuclear
spin, the EPR spectrum of Ce’* is composed of a single line
without hyperfine structure. Reliable EPR spectra of Ce**
have been reported almost solely for single crystals and poly-
crystalline materials [50-54].

No signals were observed in the CW-EPR spectra of the
three samples investigated. The absorption EPR line shape of
Cet of sample ChitCeTrify osLiTrify oo was obtained by the
pulsed EPR technique EDFS (Fig. 9a). The observed broad
signal (~10* G) was previously attributed to Ce**ions in
glasses and polycrystalline materials [55, 56]. The principal
values of the g tensor, g,,=g;=0.3 and g\« =g,y =g, =1.61,
were obtained from the EDFS spectrum. The observed g
values are close to those calculated for a M=+ 1/2 doublet
ground state. The discrepancy can be explained by assuming
admixture with the first excited state >F,, [52]. It is interesting
to note that the g values of Ce** in the chitosan:Ce(CF3S05)3
membranes (g = 0.3, g, = 1.61) are rather different from those
reported for Ce®* in La(CF3SO;)5 crystals (g=381,g.=
0.26 for the My==+5/2 doublet and g;=0.977, g, =2.15 for
the M; ==+ 1/2 doublet) [50], suggesting that the local coordi-
nation environment of the paramagnetic Ce>* is not the same
in this system.

In order to clarify the local environment of Ce*" in the
chitosan:Ce(CF3S03); membranes, we have resorted to the
spin-echo-pulsed EPR techniques ESEEM and HYSCORE.
Figure 9b shows the ESEEM decay and spectrum of sample
ChitCeTrify osLiTrify oo. The envelope decay curve is obtained
from the electron spin-echo amplitude recorded as a function
of the pulse separation. These decay curves often exhibit a
periodic modulation whose frequencies correspond to the
Larmor frequencies of nuclear species surrounding the para-
magnetic electron spin. Figure 9b shows the spectrum obtain-
ed from the Fourier transform of the electron spin echo decay.
The identification of the nuclear species is performed by com-
paring the frequency of the peak in the ESEEM spectrum with
the Larmor frequencies of nuclei at the magnetic field of the
ESEEM experiment. The intense peak at around 19 MHz in
Fig. 9b corresponds to 'H nuclei (nuclear spin /=Y, gyro-
magnetic ratio y=4.2576 kHz/G, natural abundance 100%).
The weak peak at around 5 MHz can be assigned to *C nuclei
(I=", v=1.07 kHz/G, natural abundance 1.1%). It is inter-
esting to note that there are no peaks corresponding to '°F
nuclei (/="', v=4.0055 kHz/G, natural abundance 100%)
in the ESEEM spectra of Fig. 9b suggesting that the
CF3S0; group does not participate in the complexation of
the Ce®* ion.

Information on the magnetic nuclei coupled to the para-
magnetic Ce’" in the chitosan:Ce(CF;S0s); membranes was
obtained with the two-dimensional pulse technique
HYSCORE. The spectrum of sample ChitCeTrify osLiTrify oo
depicted in Fig. 10 exhibits an intense signal close to the
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Fig. 9 Echo-detected field-sweep
absorption spectra, EDFS (a) and
electron spin echo envelope
modulation, ESEEM (b), decay
and spectrum of sample
ChitCeTrifO.OSLiTrifo_oo. ESEEM
experiment was performed at 6 K
at a magnetic field of 4500 G,

(@)

showing a feature at ~19.2 MHz !
assigned to 'H and a weak feature
at ~5 MHz assigned to '>C nuclei
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(19.16 MHz) point of the diagonal line. This isotropic feature
results from the interaction between the Ce®* electronic spin
and the '"H nuclei. No features are observed at the Larmor
frequency corresponding to the '°F.

This interpretation is supported by the observation of the
proton peak in the three-pulse ESEEM spectrum (Fig. 9b).
Numerical simulation of the experimental HYSCORE spec-
trum was performed using a spin Hamiltonian which includes
the electronic and nuclear Zeeman interactions and the
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Fig. 10 Hyperfine sublevel correlation, HY SCORE, spectrum of sample
ChitCeTrify osLiTrify oo at 6 K with magnetic field strength of 4500 G and
7= 120 ns. Dashed lines mark the position of features due to 'H

T d T T T T T T
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Frequency / MHz

hyperfine interaction between the Ce®* unpaired electron spin
and the 'H nuclear spin [57, 58]:

H = 3.H-gS + B,g,H 1+ S-A".M

where [3. is the Bohr magneton, [, is the nuclear magneton
and 1" is the 'H nuclear spin. The other symbols have their
usual meaning. Euler angles («, (3, y) were included to account
for the fact that the g and A™ tensors are not diagonal at the

20+ 1
15+ ]
N
T
=
SN 10f E
5 - -
0 . . . ‘
0 5 10 15 20
v, [MHZz]

Fig. 11 HYSCORE spectrum of sample ChitCeTrify osLiTrify 0o (blue
contours) and its numerical simulation (green contours). The dashed
line marks the position of features due to 'H. Both experimental and
numerical spectra were normalized. The parameters used to generate the
numerical simulation are displayed in Table 1
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Table 1

Parameters used to generate the numerical simulation of the HY SCORE spectrum at 4500 G. For the simulations, we assumed an axial g-

tensor with principal values gy =gy, =g, =1.61 and g,, =g =0.3. The three Euler angles («, 3, ) rotates the A tensor from the coordinate system

where the g tensor is diagonal

T, XX (MHZ) T, vy (MHZ)

T,, (MHz)

aiso (MHZ) a(®) SXQ) 7

Site Ce** -36 -36 7.2

0.6 0 62 0

same coordinate system and are defined according to the
EasySpin package [29, 59].

The best-fit for the experimental spectrum is achieved with
the axial g tensor interacting with the 'H nucleus. The mea-
sured and the simulated HYSCORE spectra of sample
ChitCeTrify osLiTrify o9 are shown in Fig. 11. For the simula-
tions, we wrote the A" tensor as aisol + T, where a;, is the
isotropic hyperfine coupling and 7 is a traceless tensor con-
taining only dipolar hyperfine coupling. The values used to
generate the best-fit simulation are listed in Table 1. The in-
tense proton peaks found in the HY SCORE spectra belong to
protons of chitosan with hyperfine couplings a;s, = 0.6 MHz,
T, =3.4 MHz, which are comparable to those reported for
Cu(H,0) in MCM-41 (a3, =1.5 MHz, T, =4.8 MHz) [27]
and pyridine—copper complex (a;, =4 MHz, T, =2.6 MHz)
[58].

Assuming that the anisotropic part of the hyperfine inter-
action (7, =3.4 MHz) can be described by a point-dipolar
interaction, the distance () between the unpaired electron of
Ce** ion and the protons of the chitosan macromolecule can
be estimated from the following eq. [57, 60, 61]:

gggngeﬁn 3)

T:
* hr

where / is the Planck constant, g. =2.0023 is the free electron
g factor and g, = fiy,/f3, = 5.5857 is the 'H nuclear g factor. A
Ce—H distance of 2.83 A (0.28 nm) was found which is con-
sistent with the distance between the cation and macromolec-
ular protons in polymer electrolytes [62].

Conclusion

This paper reports thermal analysis, conductivity, XRD, SEM,
AFM, and EPR measurements in electrolytes formed by chito-
san, prepared from acetic acid solution, and containing glycerol
and binary system of two salts: cerium and lithium triflates. The
obtained results were compared to the membranes with only one
salt system. All prepared samples presented good flexibility,
homogeneity, and transparency. The thermal analysis revealed
that the degradation occurs in three stages, and the samples are
thermally stable up to 128-153 °C. The best room temperature
ionic conductivity, 10°Scm! (at 30 °C), was obtained for the
samples with 0.15 g of total salt amount. Most of the electrolytes
are amorphous, and the appearance of crystalline peaks in XRD

@ Springer

data are due to the diffraction of salt domains. Because there was
no signal in CW-PR spectra, pulsed EPR technique EDFS was
used to study the interaction of Ce®* ion with chitosan network.
The observed broad signal (~ 10* G), attributed to Ce**ions, had
values of the g tensor, g,,=g=0.3 and g =g,, =g, = 1.61,
which were close to those calculated for a M=+ 1/2 doublet
ground state and explained by assuming admixture with the first
excited state “F-,. To investigate a local coordination environ-
ment of the paramagnetic Ce>*, the spin-echo-pulsed EPR tech-
niques ESEEM and HYSCORE technique were used. The re-
sults revealed no peaks corresponding to '°F, suggesting that the
CF3S05 group does not participate in the complexation of the
Ce** ion. HYSCORE numerical simulation revealed that the
paramagnetic Ce>* in the chitosan:Ce(CF5S05); membranes is
coupled to '"H nuclei of chitosan, and an Ce—H distance is
2.83 A (0.28 nm).
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