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Correlations among the structure, thermal properties, and ionic conductivity of solid polymer electrolytes
(SPEs) were studied using a ureasil-polyethylene oxide (U-PEO) organic—inorganic hybrid prepared
according to a simple sol-gel route, employing a low molecular weight PEO macromer (M,, = 1900 g
mol™). The behavior of an amorphous sample loaded with lithium triflate (LITFSI) at an optimum ratio
between ether oxygen and lithium (EO/Li* = 15) was compared with that of a semicrystalline sample
prepared without salt loading. The temperature range investigated by differential scanning calorimetry
(DSC), Raman spectroscopy, small angle X-ray scattering (SAXS), and complex impedance spectroscopy
covered both the glass transition and the melting temperature of the U-PEO. The gauche to trans
conformational transformation of the (O-C-C-O)Li* sequence showed similarity between the
temperature evolution of the semi-crystalline U-PEO and amorphous U-PEQ:Li* samples, providing an
indication of the local structural memory of crystalline state in the amorphous SPE. The linear thermal
expansion of the average correlation distance between the siloxane crosslink nodes and the long-
distance period of the lamellar semi-crystalline edifice were determined by SAXS. Comparison of the
expansion curves suggested that although the siloxane nodes were excluded from the PEO crystalline
edifice, the sharp expansion of the amorphous region between the lamellae during melting permitted
modulation of the free volume of the hybrid network. In addition, the temperature-induced Li*-EO
decomplexation observed by Raman spectroscopy explained the change of the average activation

energy of the conduction process revealed by the different Arrhenius regimes. These results evidence
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energy and high solvation energy, due to its mutual polariz-
ability, tending to form free ions.* The development of solid-
state polymer electrolytes (SPEs) has evolved rapidly,** after

1. Introduction

The research and development concerning solid-state electro-

lytes (SEs) for electrochemical devices such as lithium-ion
batteries (LIBs) has remained popular, due to their better
performance in terms of safety and fabrication, compared to
liquid electrolytes that can have associated safety concerns due
to possible leakage and the explosive nature of volatile organic
electrolytes.”* Most liquid electrolytes used in commercial LIBs
are non-aqueous solutions, typically containing a lithium salt
such as lithium triflate (LiTFSI), due to the “soft” characteristic
of the CF3S0;~ anion, which has low ion-dipole stabilization
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the first studies by Wright” in 1973 concerning the ionic
conductivity of lithium salt dissolved in poly(ethylene oxide)
(PEO). Renewed interest in novel SPEs has been stimulated by
the development of lithium metal batteries (LMBs) of high
specific capacity, due to the increasing demand for electric
vehicles, portable electronic equipment, and implantable
medical devices.*® In PEO, the high segmental motion of the
chains at temperatures above the glass transition results in high
ionic mobility, but harms the mechanical properties of SPEs.® In
addition to the concurrence between these properties, PEO is
semi-crystalline and the Li* transport is limited to the mobility
of its amorphous phase. Hence, unmodified PEO must be
heated to around 80 °C to achieve conductivity higher than
10°* S em ™', which is a limitation for many applications.*
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Nonetheless, despite the limitations of PEO, materials based on
modified PEO are still considered the best SPE candidates,
because they are inexpensive and nontoxic. Various strategies
can be used to modify the PEO architecture (comb copolymers
and block copolymers with micro domain structures), among
which organic-inorganic hybrid (OIH) materials are of partic-
ular interest.'* These materials provide high capacity for the
solubilization of Li* salts, dimensional stability resulting from
the network formed by the hard inorganic cross-linkers, and the
possibility of controlling the coordination of counter-ions to the
ligand present at the soft-hard interface.*

The sol-gel process is well suited to the production of rubber
OIH materials presenting ion-conducting properties and liquid-
like diffusive behavior." The OIH material studied here, U-PEO,
prepared the first time by Hall et al.** and Smid et al.," followed
by Spindler and Shriver,’® consists of a rubber network
composed by short PEO chains (1900 g mol ') covalently
bonded to siloxane nodes by urea groups forming ureasil cross-
linkers (U)."” The expected synergistic contribution of each part
of the framework causes complex structural effects arising from
interaction of the alkaline salt with the PEO chains and the urea
bridge structure.'® The loading of U-PEO with a lithium salt has
several effects. Firstly, weakening or breaking of the polyether—
urea hydrogen bonds occurs due to the complexation involving
anions with Lewis acid character,’” increasing the lithium
transference number.*'** Secondly, strong solvation of Li" by
the ether type oxygen reduces the amount of macroscopic
crystalline phase to zero, which eliminates the anisotropy effect
of transport through the amorphous phase confined in the
randomly orientated crystalline lamellae. This contributes to
improving the cation motion, assisted by segmental motion at
moderate Li" concentrations with [EO]/[Li'] > 15.2** On the
other hand, for [EO]/[Li"] < 15, the conductivity decreases, due
to the formation of O-Li'-O cross-linking between ether-type
oxygen atoms of different chains. Accordingly, maximum
ionic conductivity occurs for the ratio [EO]/[Li"] = 15.%

In summary, the electrical properties of U-PEO are strongly
dependent on the mobility of both the polymer chains and the
active ionic species, which themselves depend on the polymer
mesostructural organization resulting from the complexation
induced by the lithium salt. In the case of PEO/LiTFSI with PEO
of low molecular weight (M), a crystallization gap was observed
for [EOJ/[Li"], ranging from 12 : 1 to 6 : 1.2*2° However, it was
suggested that crystalline structures of PEO lamellae and
tubular cylindrical geometry of the (PEO)4:LiTFSI complex per-
sisted in the fully amorphous material, due to a memorizing
capacity of polymers, when low molecular weight resulted in the
structural elements shown schematically in Fig. 1.

Reiter” has defined the term ‘memory’ as the ability of the
material to establish a link between past and future in terms of
its properties. Nevertheless, it is possible to erase the all
memory information of a polymeric material by employing an
appropriate kinetics of annealing and relaxation.”” However, the
time required to reach a thermal equilibrated state, ensuring
the erasure of information, may be exceedingly long.”® As
a result, polymeric materials can never reach this thermal
equilibrated point and, remembering their thermal and
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mechanical history, as example, the structure and conformation
in which they were synthesized.

Computational simulations**® and analytical statistics of
mechanical theories®~** have clarified the major factors for the
memory of conformation in polymers.** One of the factors was
the interaction between the monomers with different confor-
mational energies, which are able to memorize their confor-
mation in a condensed state. The difference of the energies is
due to the heterogeneous interactions created by different
conformations, being some of them potentially more favorable
than others.>® Flexible polymers like PEO and PPO poly(-
propylene oxide) have a strong coupling of ionic transport to
structural relaxation and good ion solvation.*® For example the
(PEO),:LiClO, shows a decoupling of the structural and
conductivity relaxations in a temperature range below the PEO
melting point, due to the semi-crystalline nature of PEO, which
hinders long-range ion-migration below its melting tempera-
ture. Even after considerable efforts of the scientific commu-
nity, Gao, et al. have recently published a review discussing the
perspectives on current challenges and future directions of
SPEs.”” In their conclusions, the ionic conductivity at room
temperature and below is still unsatisfactory for their practical
applications.

The goal of this paper is to establish new links between the
molecular and mesoscopic structures and the macroscopic
properties. To reach this objective, we investigated the correla-
tion among the structural, thermal, and ion conduction prop-
erties, by means of a comparative study of the temperature
evolution of semi-crystalline U-PEO (PEO M,, = 1900 g mol )
and an SPE based on U-PEO:LiTFSI with [EO]/[Li'] = 15. This
approach provided evidences of the existence of semi-crystalline
structural elements memory, which influenced the macroscopic
properties of the amorphous SPE. We showed through the
experimental results that the decrease of Li*-EO complexation
on the channels formed by the PEO chain pairs induce addi-
tional improvement on the ionic conductivity.

2. Experimental

2.1. Sample preparation

The U-PEO materials were synthesized by the sol-gel method,
using a well-known procedure®®** and commercially available
reagents. In brief, the ureasil (U) cross-linking agent (3-
(isocyanatopropyl)-triethoxysilane (IsoTrEOS), Fluka, Aldrich,
95% purity, CAS #24801-88-5) was covalently bonded to both
ends of the functionalized PEO (0,0’-bis(2-aminopropyl) poly-
propylene glycol-block-polyethylene glycol-block-polypropylene
glycol, M,, =1900 g mol !, Jeffamine® ED-2003, CAS #65605-36-
9) by reacting their terminal aminopropyl groups, in a molar
ratio of 1 : 2. These reagents were stirred together in ethanolic
solution, under reflux for 6 h at 78 °C, to prepare 20 g of the OIH
precursor  (EtO);Si-(CH,);NHC(=O)NHCH(CHj;)-(polyether)-
OCH,CH(CH;)NH(O=)NHC(CH,);-Si(OEt);. The second step
comprised a sol-gel reaction involving Si(OEt); hydrolysis,
generating silanol moieties, followed by a condensation reac-
tion to form ureasil cross-linking nodes. The hydrolysis was
started by adding 30 uL of water, to satisfy the ratio [H,OJ/[Si] =

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Scheme of the PEO mesostructural organization and tubular cylindrical geometry of the (PEO)g:LiTFSI complex above the PEO melting

temperature.

4, and 12 pL of HCI (1072 mol L™ ") as catalyst, to 1.6 mL of the
ethanolic solution containing the hybrid precursor (equivalent
to 0.5 g of the solid precursor). In the case of the Li"-loaded
sample (U-PEO:Li"), addition was also made of 0.176 g of CF;-
SO,NLiSO,CF; (Fluka, Aldrich, 99.95% purity, CAS #90076-65-
6). The lithium content was calculated considering the ratio
[EOJ/[Li'] = 15. Transparent rubber xerogels with mass of
around 0.5 g were obtained after drying at room temperature for
48 h.

2.2. Characterization

All the measurements were performed as a function of
temperature, starting with an isothermal period of 10 min at
+100 °C, in order to eliminate adsorbed water molecules, fol-
lowed by fast cooling to =—100 °C, and controlled heating to
+100 °C. The thermal, vibrational, nanostructural, and electrical
properties were determined as described below.

Differential scanning calorimetry (DSC) measurements were
carried out using a Q100 analyser (TA Instruments). Small disks
with diameter of 0.5 cm and weighting =10 mg were cut from
the OIH samples and placed in aluminium pans. The analyses
were performed under nitrogen flow of 50 mL min .

Raman spectra were recorded in backscattering geometry,
using a Raman RXN1 analyser (Kaiser Optical Systems, Inc.).
The instrument incorporated a near-infrared laser diode,
operating at 785 nm, and a HoloPlex transmission grating that
diffracted the different wavelengths of the polychromatic
Raman scattered light into different angular output paths on
the Peltier-cooled charge coupled device detector. The
measurements were performed in the spectral range from 200

© 2022 The Author(s). Published by the Royal Society of Chemistry

to 1000 cm ', at a resolution of 2 cm™'. Raman spectra were
recorded every 12 s during heating at a programmed rate,
resulting in collection of one spectrum for each degree (°C).

The nanostructures of the hybrids were analysed by small
angle X-ray scattering (SAXS) measurements, performed at the
SAXS1 beamline of the National Synchrotron Light Laboratory
(LNLS, Campinas, Brazil). The beamline was equipped with
a 2D Pilatus 300k detector located 910.9 mm from the sample,
recording the image of the scattering intensity, I(g), as a func-
tion of the modulus of the scattering vector, g = (47/A)sin(e/2),
where ¢ is the X-ray scattering angle. The data were normalized
considering the varying intensity of the direct X-ray beam,
detector sensitivity, and sample transmission. The intensity of
parasitic scattering due to the cell windows and vacuum was
subtracted from the total scattering intensity. Small pieces of
the monolithic hybrids were introduced into a temperature-
controlled sample holder (model DSC6000, Linkan) allowing
control of the temperature in the range from —100 °C to 100 °C.
SAXS patterns were recorded every 12 s during heating, taking
one measurement every degree (°C).

The ionic conductivity of the U-PEO:Li" SPE was measured
using a vacuum system, with an impedance/gain phase analyser
(model SI1260, Solartron) connected to a programmable
temperature controller (model K-20, MMR Technologies, Inc.).
The measurements were made in the frequency range from 1
MHz to 50 Hz, with applied signal amplitude of 3 mV. The
sample was prepared in the form of a rectangular monolith
about 2 mm thick, with flat surfaces and electrical contact area
of 3 mm?®. The two parallel surfaces of the sample were painted
with a silver ink (type #09937, Sigma-Aldrich). To form the

RSC Adv, 2022, 12, 5225-5235 | 5227
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electrical contacts, two copper wires were connected to the
electrical active area using Leit-C adhesive (type #09929, Sigma-
Aldrich), with each end being welded to the electrical terminals
of the sample holder. The part of the sample without the elec-
trical contact was glued to the heating source of the sample
holder using a silicone heat sink, in order to assist energy
transfer. The Nyquist plots (Z' versus Z"), obtained every 10 °C,
were normalized by the electrolyte geometric factor of the solid
monoliths. Z-view software* was used to analyse the Nyquist
plots obtained from the impedance measurements.

3. Results & discussion

3.1. Effect of Li* loading on U-PEO thermal and structural
transformations

The U-PEO and U-PEO:Li" DSC curves (Fig. SL.1t) displayed
a common characteristic, which was the relatively sharp
discontinuity due to the heat capacity variation (ACp), charac-
teristic of a second order transition, ascribed to the glass tran-
sition (T,).* The T, event occurred at —58 and —41 °C for U-PEO
and U-PEO:Li", respectively. The upshift of the T, value evi-
denced increased rigidity of the polymer chains, due to the
formation of inter- and/or intramolecular interactions between
the lithium cations and the ether-type oxygen atoms (Li-OEt) of
the amorphous phase of the PEO macromer.”” The U-PEO
endothermic event typical of a first order transition occurred
between 0 and 35 °C, with a maximum at ~29 °C, corresponding
to the melting temperature (Ty,) of the semi-crystalline PEO.**
After loading with Li", the melting event was absent, indicating
that the Li" cations hindered PEO crystallization, due to the Li-
OEt coordination that induced crown-ether conformations,
restricting the helical PEO conformations of the crystalline
phase.*

In order to analyse the effect of Li* loading on conforma-
tional changes of the PEO chains of the U-PEO host during the
melting and glass transitions, Raman spectra were acquired as
a function of temperature from —85 to 55 °C. In the low
temperature range (7 = 10 °C, Fig. 2(a)) the U-PEO spectra
showed an intense band at around 845 cm™*, attributed to the
gauche conformation of the PEO backbone (O-C-C-O). The
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contribution of this band decreased continually in the
temperature range of the melting event revealed by DSC,
accompanied by a small increase of the band at around
807 ecm ', for T > 29 °C, attributed to the trans backbone
conformation.*” In the same temperature range as the melting
event (Fig. SI.1}), the two medium intensity bands at 280 and
360 cm ™' disappeared. These two contributions, corresponding
to CCO and COC bending vibrations,* confirmed the gauche —
trans conformation shift of the PEO backbone during the solid
— liquid transition.

For U-PEO:Li", the backbone (O-C-C-O) conformation
Raman bands remained almost invariant in the entire temper-
ature range studied (Fig. 2(b)), confirming the absence of PEO
crystalline phase evolution. An intense peak at around 740 cm ™"
could be ascribed to symmetric stretching of SNS from the tri-
flate anion,** confirming dissociation of the salt in the OIH host
matrix. In the region dominated by the spectral pattern of the
triflate anion, between 260 and 410 cm™*, bands at 295, 325,
and 340 cm™ " could be ascribed to SO, rocking modes,* while
a band at around 275 ecm ™! could be attributed to the CF,
rocking mode.* For U-PEO:Li", the absence of the bands at 280
and 360 cm ™", related to gauche CCO and COC bending vibra-
tions, suggested dominance of the trans (O-C-C-O) backbone
conformation for this hybrid electrolyte, even below the melting
temperature. This feature evidenced the amorphization
induced by Li" loading in the U-PEO matrix, in agreement with
the DSC results.

As evidenced in Fig. SI.1t1 and in agreement with the litera-
ture,” the addition of an ionic salt containing a small cation
promoted crown-ether type coordination (¢rans conformations).
Crown-ether conformations deviate from the helical PEO
conformations typically found in bulk PEO crystals.***® For in-
depth investigation of the effective conformation of the (O-C-
C-0) sequence of PEO polymers containing small cations, the
individual components in the region of the CH, rocking vibra-
tion (770-900 cm ') were calculated, as a function of temper-
ature. The nonlinear least-square curve fitting was based on the
number and positions of the individual bands found by the
well-established criterion of the second derivative of the spec-
trum.* The results, summarized in Fig. 3, revealed that the
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Fig. 2 Stacked Raman spectra for (a) U-PEO and (b) U-PEO:Li*, recorded in situ during heating from —85 to 55 °C.
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Fig. 3 Gaussian fitting of the Raman band envelope in the region of the CH, rocking vibration, recorded at a temperature below the glass
transition and above the melting point for U-PEO at (a) T = —85 °C and (b) T = 60 °C, and for U-PEO:Li* at (c) T= —85°C and (d) T = 60 °C.

conformation window of the U-PEO spectrum presented four
components at low temperature and five components at high
temperature, assigned to various conformational modes (¢tt, #gt,
tgg, and ggg triads of trans (¢f) and gauche (g) C-C bands).*®
However, the most important observed effects were the inten-
sity changes with increase of the temperature, for the compo-
nents at 807, 845, and 880 cm™?, ascribed to trans and gauche
conformations of the (O-C-C-O) backbone, respectively.
Fig. 3(c) shows the dominant contribution of a band at
870 cm™ ', assigned to M-O,, breathing motion in the PEO:Li"
complexes,* while absorbance of bands corresponding to trans
(807 em ™) and gauche (855 and 837 cm ™ ') conformations were
comparable. The U-PEO:Li" Raman spectra at high temperature
(Fig. 3(d)) also revealed a changing profile, suggesting an
increase of the trans conformation contribution at the expense
of decomplexation and gauche state abundance, as evidenced by
the similar decrease of the bands at 865 and 857 cm ™.

In order to rationalize the analysis of this complex behavior,
the relative areas (%) of the Raman bands for the trans and
gauche components were investigated in the temperature range
corresponding to the glass transition and melting, as shown in
Fig. 4(a) and (b) for U-PEO and U-PEO:Li", respectively. Fig. 4(a)
shows almost invariance of the areas of the bands at 845 and
807 cm™ " at lower temperature, with an abrupt change near the
T, event. Above Ty, a small decrease of the ¢gt band at 845 cm ™"
occurred concomitantly with increase of the tt¢ band at

© 2022 The Author(s). Published by the Royal Society of Chemistry

807 cm™'. This almost linear evolution accelerated near T,
leading to a crossover point at 15 °C, the beginning of PEO
melting. A plateau occurred above 35 °C, in the temperature
range where the sample was completely amorphous. The sharp
changes observed in the same region as the melting event could
be ascribed to the mostly gauche — mostly trans conforma-
tional transition. It is noteworthy that the overall temperature
evolution of the both conformation curves display bottleneck
shapes near to the T, and Ty, similar to the entropy-energy
funnel theoretically proposed for folding-defolding of heli-
coidal segments of protein.*

Fig. 4(b) shows quite different profiles, but with comparable
temperature evolutions. The areas of both bands of U-PEO:Li"
were essentially invariant below —58 °C, compared to the
unloaded U-PEO, with a sharp inversion of intensity near the U-
PEO T, (—58 °C), suggestive of a PEO backbone conformational
memory effect. This phenomenon can be explained by the chain
connectivity interplay and the excluding volume constraints,
with leads to formation of an energetically favorable confor-
mation of pairs of mere, hindering the formation of other such
pairs.*

A second abrupt change occurred near the T, of U-PEO:Li"
(=41 °C), with decreases of the bands at 855 and 870 cm ™,
occurring concomitantly with increase of the ¢t band at
807 cm™ !, which was similar to the ‘bottlenecks’ evolution
observed for U-PEO between T, and Ty, (Fig. 4(a)). However,

RSC Adv, 2022, 12, 5225-5235 | 5229
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C-0) backbone, as a function of temperature, for (a) U-PEO and (b) U-PEO:Li*.

above the host U-PEO melting point, accelerated changes of the
band areas were observed for U-PEO:Li". These three acceler-
ating events suggested the existence of a memory effect of the
Li'-free polymeric chains in the (O-C-C-0O) backbone confor-
mation of the U-PEO:Li* sample. This finding indicated that the
extent of the amorphization/disorganization induced by Li*
loading also depended on the cation-decomplexation equilib-
rium kinetic, which appeared to be more effective above the T,
point of the unloaded U-PEO hybrid. This is a typical manifes-
tation of the entropic contribution to the kinetically organized
elements of the crystalline structure.®*?*

3.2. Effect of Li* loading and temperature on the U-PEO
nanostructure

SAXS measurements were carried out to investigate the effects
of Li" loading and phase transformation on the nanostructural
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Fig. 5 Room temperature SAXS curves, using a log—log scale, for the
U-PEO (full black squares) and U-PEO:Li* (empty red squares)
samples.
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features of the OIH. The room temperature SAXS pattern for U-
PEO (Fig. 5) presented a broad peak ascribed to the interference
effect of X-ray scattering by the spatially correlated siloxane
crosslink nodes.>* The average correlation distance between two
adjacent siloxane nodes (dg) could be calculated from the
position of the peak maximum (¢pay): dsit = (270)/Gmax->2 After Li"
loading, decreases of dg; (from 3.72 to 3.29 nm) and peak
intensity (I(gmax)) were observed. This behavior was associated
with decrease of the electron density contrast between the
siloxane nodes and the polyether matrix, due to the interaction
of Li" with the ether oxygen of the PEO (Li-OEt), decreasing the
free volume between the oligomeric chains.?

The U-PEO SAXS pattern revealed a poorly defined second
maximum located in the middle g range (g < 1 nm ™", with gpax
~0.42 nm™ '), which was not observed for the Li*-loaded sample.
This maximum corresponded to a Bragg d. spacing of 14.9 nm,
which was similar to the long-period distance of superstruc-
tures formed by lamellar arrangements of crystalline and
amorphous parts of semi-crystalline PEO homopolymers.**>*
The origin of this maximum was confirmed from the tempera-
ture dependency of the SAXS curves for the U-PEO and U-
PEO:Li" samples.

Fig. 6 and SI.27 show the evolution, according to tempera-
ture, of the SAXS curves recorded in situ during heating of the U-
PEO and U-PEO:Li" samples, respectively. In the temperature
range —100 °C < T < ~29 °C, the SAXS curves exhibited the two
maxima discussed earlier, with one in the middle g range (g <1
nm ") and the other in the high g range (g > 1 nm™"). The
former vanished above the PEO melting point (T, = 15 °C),
confirming the attribution of this peak to the long-distance
period of the semi-crystalline PEO. In addition, this feature
was in full agreement with the temperature dependence of the
PEO organic chain conformation, revealed from the Raman
spectra (Fig. 2(a) and 4(a)), which showed gauche — trans state
transition. It could be concluded from this that the long-
distance period peak, found for the U-PEO hybrid host, had
a backbone dependence similar to that reported for the PEO
homopolymer.>® In contrast, in this temperature range, no

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Stacked log-log SAXS curves for U-PEO, as a function of
temperature, recorded in situ during heating from —100 to 100 °C.

remarkable modification was observed in the SAXS curves for U-
PEO:Li*, confirming the amorphous nature of the Li'-loaded
hybrid (Fig. SI.31). However, both the unloaded and Li*-loaded
hybrids showed some correlation peak features in common,
such as downshift of gm.x and increased intensity as the
temperature increased. These features were associated with the
thermal expansion of the polymeric framework, which led to
increase of the electron density contrast between the PEO and
the siloxane nodes, due to the greater contribution of the free
volume between the chains.

Fig. 7 shows the evolution, according to temperature, of the
average correlation distance of the siloxane crosslink nodes
(dsit) of U-PEO and U-PEO:Li", calculated from the maximum
peak position (gmax) and the long-distance period of U-PEO (ds).
The very low thermal expansion (TE) of dg; below T, was
consistent with the rigidity of the polymeric framework in the
glass state, which relaxed and expanded at T > T. The crossover
of these TE regimes was in agreement with the T, value found
from the DSC analysis. A notable feature was the thermal

T T T T 1 25
40} = -3
o G o=1.0x10
= 1202
£ 36| =
£ o=-1.0x10° <
Q L.
g 115
£32 o= 1.2x107 ma L] B
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=
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o) 4 | S_
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Fig. 7 Siloxane correlation distance (dg) for U-PEO and U-PEO:LI™,
and the U-PEO long-period distance (ds.), as a function of
temperature.
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shrinkage of d. below T,, which was consistent with the theo-
retical lattice dynamics prediction of negative thermal expan-
sion along the oriented chain axis inside the lamellar crystalline
phase.>*** Above T, and below 0 °C, the TE slopes for U-PEO and
U-PEO:Li" tended to approach the same final value, leading to
a comparable value of the coefficient of linear thermal expan-
sion (@ = 4.0 x 107° °C™"). This finding indicated that the
amorphous phase controlled the overall expansion of the semi-
crystalline U-PEO hybrid.*® However, the accelerated thermal
expansion observed in the U-PEO correlation distance, in the
temperature range between —10 °C and 10 °C, evidenced an
additive effect on the crystalline phase, inducing a higher
expansion regime of the long-period distance. Accordingly,
similar values of the coefficient of linear thermal expansion
were obtained from the correlation distance (¢ = 1.2 x 102
°C™") and the long-period distance (¢ = 1.0 x 10~ > °C™"). In
contrast, the sharp decrease and complete disappearance of the
long-period contribution for 7 > 25 °C coincided with the onset
of the new linear regime of dg;, with « = 1.2 x 107°°C™". These
thermal events suggested that despite exclusion of the siloxane
nodes from the PEO crystalline lamellae, the rapid expansion of
the amorphous region between the lamellae permitted modu-
lation of the mesh size and the free volume of the network,
leading to greater segmental motion of the chains. Further-
more, for U-PEO:Li", the higher temperature region displayed
a linear TE regime with « value close to that observed for the U-
PEO host matrix above the PEO melting temperature (« = 1.0 X
107 °C™"). This similarity indicates a decoupling of Li"-EO
complexion of the segmental dynamics of PEO chains, inducing
an additional contribution to the PEO conformational memory
effect, associated with the gauche — trans conformation tran-
sition, which could also affect the Li" mobility, as will be dis-
cussed in the next section.

3.3. Effect of temperature on the ionic conductivity of the U-
PEO:Li" SPE

In order to correlate the conformational and nanostructural
characteristics with the macroscopic properties of U-PEO:Li",
AC impedance spectroscopy was used to study the evolution of
the ionic conductivity as a function of temperature. Analysis at
temperature lower than the melting point is important for
better understanding of the global ionic conduction mecha-
nism, because the natural multi-phases of semi-crystalline PEO
can be a major drawback in this kind of SPE, where cation
mobility is assisted by local relaxation and segmental motion of
the amorphous region of the polymer chains.**

Fig. 8 shows the Nyquist impedance diagrams (Z” versus Z')
for U-PEO:Li", normalized by the geometric factor, in the
temperature range from 183 to 370 K (—90 to 100 °C). The
numbers (between 3 and 6, shown in the insets of Fig. 8)
represent the frequency range (from 1 kHz to 1 MHz), expressed
in terms of log, (signal frequency). The Nyquist diagrams at 7' <
T, (Fig. 8(a)) showed an incomplete semicircle, due to the high
resistivity associated with the PEO polymer chain rigidity. For T,
< T < 15 °C (Fig. 8(b)), the semicircle for the U-PEO:Li" SPE
became complete and a linear dependency was observed in the
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Fig. 8 Nyquist impedance diagrams (Z” vesus Z') for the U-PEO:Li* OIH electrodes at different temperature (K) range (a) T =< 203, (b) 203 < T =

263 and (c) T = 323.

low frequency region (3), characteristic of diffusion-controlled
transport through the electrolyte, indicating increases of the
free volume and the flexibility of the polymer chains as the
temperature increased.®” On the other hand, for 7> 15 °C, the
SPE acted as an ionic liquid electrolyte (Fig. 8(c)).*** In this
case, the semicircles were incomplete at the high frequency side
(5), indicating that the spectral frequency used was not sulffi-
ciently high to follow the increase of the cation mobility. It has
been reported previously that the high frequency semicircle
does not appear in impedance plots for ion-facilitated plasti-
cized polymer electrolytes.** It is important to note that the
temperature range in which the semicircle disappeared coin-
cided with the melting point of the U-PEO, as observed in the
thermal, vibrational, and nanostructural analyses. The expo-
nential increases of the ionic conductivity observed up to this
temperature range suggested the existence of the same
conformational/nanostructural memory effect of the host U-
PEO on the macroscopic ionic transport properties of U-
PEO:Li". Similar effects were observed elsewhere, with a sudden
increase in ionic conductivity as the PEO T, was approached,
related to the PEO semi-crystalline (gauche) — amorphous
(trans) phase transition.*

In order to correlate the thermo-structural transformation
with the ionic transfer properties of U-PEO:Li", the Arrhenius
model was applied in the entire temperature range: ¢ = G-
exp—E*/kT, where o, is a pre-exponential factor, T is the
temperature, E, is the activation energy of the conduction
process, and k is the Boltzmann constant. As shown in Fig. 9,
the U-PEO:Li" SPE did not follow a single Arrhenius behavior in
the entire range of temperature studied. A stepped pattern was
also evident in the logarithmic dependency of conductivity with
the temperature (Fig. SL4t): (i) from —90 to —70 °C, the
conductivity was almost invariant, which was consistent with
the rigidity of the PEO polymer in the glass state (T < Ty); (ii) for
—60 °C < T < ~15 °C, a linear regime was observed, with E, =
0.35 eV, indicating a correlation between the ionic conduction
and increase of the PEO free volume, due to the thermal
expansion that occurred above —60 °C for both U-PEO and U-
PEO:Li" (Fig. 7). The onset of the ionic conductivity increased
just above the glass transition of U-PEO (Ty = —58 °C) and below

5232 | RSC Adv, 2022, 12, 5225-5235

that of U-PEO:Li" (T, = —41 °C), as found from the DSC anal-
yses, suggesting a memory effect of the segmental motion of the
polymer chains of the U-PEO host on the ionic mobility of the U-
PEO:Li". The facilitated lithium motion could be explained by
the segmental motion of the same chains with low numbers of
ether oxygens coordinated to Li* 3,57; (iii) for T > 20 °C, the
linear ionic conductivity regime was more extended, with the
highest slope (E, = 0.45 eV).

This increase of the activation energy suggested a change of
the ion transport mechanism, as a result of the Li*-EO bonds in
the distinct U-PEO conformational backbone.®® In addition, the
sharp conductivity change at the onset of this regime (~15-20
°C) was consistent with decrease of the Li'-EO bond lifetime,
due to the mobility of Li* facilitated by the ¢rans conformation
of the polyether, leading to high mobility of Li* cations, due to
the segmental motion of the polymer chains. In the case of
semi-crystalline SPE, this phenomenon is a consequence of the
amorphous phase increasing at high temperature, with the
polymer chain gaining faster internal modes in which bond

10-3 - %-. U-PEOL1+ i
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° f? T,
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Fig. 9 Arrhenius plot showing the conductivity dependence with

reciprocal temperature of the U-PEO:Li* SPE.
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rotation also contributes to the segmental motion.*” This then
favors inter-chain and intra-chain ion movements, with the
conductivity of the polymer electrolyte behaving in the same
way as for a liquid-like electrolyte.®®* The occurrence of these
conductivity regime changes for U-PEO:Li’, at the same
temperature as for the structural transformation caused by the
melting (Fig. 7) of semi-crystalline U-PEO, was another indica-
tion of a memory effect associated with the motion of Li" inside
the cylindrical tunnels. Although conduction through the
channels of the crystalline structure is well known, the notion of
similar motion in isolated cylindrical channels in an amor-
phous matrix is a more recent concept.””> Accordingly, the
accelerated increase of the trans conformation observed in this
temperature range (Fig. 3(b)) was indicative of disorganization
of the tunnels formed by lithium complexed by two interlocked
chains. This phenomenon favors the decoupling of ionic
conductivity from the segmental dynamics of the chains.”

4. Conclusions

An in-depth thermal, conformational, and nanostructural
analysis was made of organic-inorganic hybrid monoliths
based on ureasil-poly(ethylene oxide) (U-PEO, M,, = 1900 g
mol '), unloaded and loaded with Li* (U-PEO:Li", [EO]/[Li"] =
15). The Li" cations were preferentially solvated by the ether-
type oxygens of the polyether chains, in a crown-ether confor-
mation. The intermolecular and intramolecular (Li-OEt) inter-
actions increased the rigidity of the polymer chains, increasing
the T, value. The Li*-loaded SPE showed absence of the char-
acteristic semi-crystalline U-PEO melting point (T, = 29 °C).
The T, and Ty, of the host U-PEO matrix were marked by
abrupt changes of the (O-C-C-0O) backbone conformation of
the PEO polymer chain. Below T,,, the U-PEO matrix had
a mainly gauche backbone conformation, clearly evidenced by
the Raman bands located at 280 and 360 cm ™', which dis-
appeared near Ty,. The U-PEO:Li" spectrum showed comparable
amounts of trans and gauche (O-C-C-O) backbone below T,
evidencing inter-chain interactions arising from solvation of the
lithium cations. An accelerated increase of the trans (O-C-C-O)
component was observed above the U-PEO melting point,
indicating disorganization of the tunnels formed by complexa-
tion of the lithium atoms with the interlocked chain segments,
induced by a thermal decomplexation effect. The comparable
numbers of acceleration events (similar to ‘bottlenecks’)
observed in the thermal evolution of the trans and gauche bands
evidenced a memory effect of the Li'-free polymeric chains in
the (O-C-C-0) backbone conformation of the U-PEO:Li" SPE.
The linear thermal expansion of the average correlation
distance between the siloxane nodes and the long-distance
period of the lamellar semi-crystalline edifice were deter-
mined by SAXS. Comparison of the expansion curves indicated
that the siloxane nodes were excluded from the PEO crystalline
edifice of the semi-crystalline U-PEO, while the sharp expansion
of the amorphous region between the lamellae, during melting,
enabled modulation of the hybrid network free volume. Far
from the T,,, comparable thermal expansion coefficients were
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found for U-PEO and U-PEO:Li’, indicating a dominant contri-
bution of the amorphous phase in the semi-crystalline sample.

Another indication of the effect of semi-crystalline structure
memory on the U-PEO:Li" SPE properties was revealed by the
temperature-dependence of the ionic conductivity. For the
amorphous sample, three different regimes were observed in
the Arrhenius plot of conductivity, with a pronounced deviation
of the linear behavior above Ty, evidencing a role of
temperature-induced Li"-EO decomplexation in the ionic
conduction process.

The set of results related to the key role of Li'-EO bonds in
the distinct U-PEO conformational backbone may inspire the
materials chemistry scientists to design optimized structures of
polymer electrolytes with minimized structural memory of
crystalline building blocks and improved ionic conductivity.
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