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ABSTRACT: Hybrid organic—inorganic ionic conductors, also called ormolytes, were obtained by
dissolution of LiCIO, into silica/poly(ethylene glycol) matrices. Solid-state nuclear magnetic resonance
(NMR) was used to probe the inorganic phase structure (?°Si) and the effects of the temperature and
composition on the dynamic behavior of the ionic species (“Li) and the polymer chains (*H and *3C). The
NMR results between —100 and +90 °C show a strong correlation with ionic conductivity and differential
scanning calorimetry experiments. The results also demonstrate that the cation mobility is assisted by
segmental motion of the polymer, which is in agreement with the results previously reported for pure

poly(ethylene oxide), PEO, electrolytes.

Introduction

Over the past few years, many studies have been
reported in the field of solid polymer electrolytes.! These
promising materials are of potential interest for various
applications such as batteries, data storage, sensors, and
electrochromic and photoelectrochemical devices.? Sys-
tems showing ionic conductivity induced by the addition
of lithium salts offer the most favorable properties.® It
is well-established in pure polymer electrolytes that
conductivity occurs in the amorphous phase, above the
glass transition temperature (Tg), via a liquidlike motion
of the cations associated with segmental reorientations
of the neighboring chains.»#® Increasing the volume
fraction of the amorphous domains and decreasing its
Ty appear to be the main rules to obtain better ionic
conductivity.

Recently organic—inorganic hybrids or nanocomposite
systems (also called ormolytes—organically modified
electrolytes) were demonstrated to be excellent poly-
mer electrolytes. Such materials are constituted of
organic (polymer) and inorganic (silica) phases mixed
at the nanometric scale, leading to materials with new
properties such as transparency and high mechanical
strength.6=11 The sol—gel route!? is a unique way to
design such structures because this room temperature
process allows synthesis of an inorganic network under
mild conditions. The ormolyte properties are strongly
dependent on the connectivity of the two phases and
the mobility of both the structural network and the
active ionic species. This connectivity can be partially
controlled by the chemistry, leading to two main
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families.’® In type | nanocomposites, hydrogen bonds
and van der Waals interactions associate the organic
and inorganic components, while in type Il materials,
these two phases are linked together through covalent
bonds. Inorganic salts can be dissolved in both types of
materials, resulting in good ionic conductors.

The enhancement of the properties of these materials
must be based on the knowledge of the microscopic
molecular phenomenon, and nuclear magnetic reso-
nance (NMR) yields notable contributions. This work
reports a H, “Li, 13C, and 2°Si solid-state NMR study
of new hybrid ionic conductors based on SiO,—poly-
(ethylene glycol) networks of type I and type Il doped
with lithium perchlorate (LiClO,4). NMR is used to study
the motion of both the mobile cation and the polymer
backbone through the measurement of line widths, Av,
and spin—Ilattice relaxation times, T;. Differential scan-
ning calorimetry (DSC) was used to identify the glass
transition temperatures,#15 and previous ionic conduc-
tivity results'®17 are included for further discussion and
to elucidate the influence of the material type and
composition on their properties.

Materials and Methods

Sample Preparation. All chemical reagents are commer-
cially available (Fluka, Aldrich), were used without further
purification, and contain all nuclei at natural isotopic abun-
dance. Materials of type | were prepared by an ultrasonic
method:%617 12.5 mL of tetraethoxysilane (TEOS) and 4 mL of
water were stirred together under ultrasound to hydrolyze the
TEOS. Then the desired quantities of poly(ethylene glycol),
HO(CH,CH0)nH, PEG, with various molecular weights (PEG,,
n = number of ethylene oxide monomers) were added under
neutral pH conditions. LiClO, was then introduced and
dissolved using ultrasound in order to obtain a transparent
monophasic liquid. Gelation occurred in a few minutes and
the samples were slowly dried at 90 °C as a monolithic solid
piece. This method is very similar to the sol—gel method used
previously to prepare type | nanocomposite samples, with the
exception of the ultrasonic activation. Only weak interactions
are expected to link together the organic and inorganic
components in these materials.%418
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Table 1. Ormolytes of Types | and 11, and Silica-Free Samples

series 1 series 2 series 3 series 4 series 5 series 6 series 7
[41]6[4]-1 [58]6[4]-1 [58]6[4]-1 [26]2[4]-11 [76]17[4]-11 [100]6[4] [100]6[30]
[58]6[4]-1 [58]12[4]-1 [58]6[8]-1 [76]17[4]-11 [76]17[8]-11 [100]12[4] [100]12[30]
[73]6[4]-1 [58]20[4]-1 [58]6[10]-I [83]42[4]-11 [76]17[10]-11 [100]20[4] [100]20[30]
[78]e[4]-1 [58]6[15]-I [76]17[15]-11 [76]17[15]-11

[83]6[4]-1 [58]6[30]-1 [83]42[15]-11 [76]17[30]-11

[91]6[4]-1 [58]6[80]-1

[95]6[4]-1

The synthesis of PEG/silica type Il was already described
elsewhere.1%1416.17 Equimolar amounts of 3-isocyanatopropyl-
triethoxysilane (IsoTrEOS) and O,0'-bis(2-aminopropyl) poly-
(ethylene glycol) (abbreviation: NH,—PEG—NH;) were stirred
together in tetrahydrofuran (THF) and refluxed for 6 h. THF
was evaporated and a pure hybrid precursor (OEt);Si—NH—
PEG—NH-SIi(OEt); was obtained. Afterward, 0.5 g of this
precursor was mixed with 1 mL of ethanol containing NH4F
(NH4F/Si = 0.005) to which was added the desired quantities
of LiClO4. Finally, 0.2 mL of water was added under vigorous
stirring. A monolithic gel was obtained after 4 h. The ethanol
was then slowly removed under vacuum at 90 °C to yield a
piece of rubbery material. The existence of covalent chemical
bonds between the silica network and the polymer chains has
been reported for similar materials.®1%14 The thermal history
is the same for all samples. After the preparation, the
nanocomposites were immediately sealed in appropriate glass
tubes for NMR and aluminum pans for DSC.

Other important alkali metal salts could have been used to
prepare these ionic conducting systems, for example: LiCFs-
SO; or NaClO,4. However, either the cation possesses a higher
quadrupolar moment than “Li (I = 3/,), e.g., ®Na (1 = %/,), or
their anions contain high natural abundance and intense
magnet moment nuclei, e.g., *°F (I = %/,). To avoid additional
nuclear interactions and simplify the interpretation of the
cation NMR measurements we decided to use LiClO,4. "Li
possesses one of the smallest quadrupolar moments and the
counterion CIO4~ contains magnetic nuclei with relatively low
abundances and small magnetic moments. However, it was
not possible to study in this work the dynamics of the ClO4~
anion and its correlation with the polymer chain motion due
to the low NMR sensitivity and high electric quadrupole
moments of the 3°Cl and *’O nuclei.

The following nomenclature will be used to describe the
composites: [X]n[Y]-Z, where X represents the weight percent
of polymer, n the average number of monomers in each
polymer chain, and Y the ratio [O]/[Li] (where the oxygens
considered are only those of the ether type), and Z equals I or
I1, for the corresponding type of ormolyte, nonbonded and
chemically bonded, respectively.

Silica-free samples of LiClO4-doped PEG, were also pre-
pared. They were obtained by direct dissolution, at 50 °C, of
appropriate amounts of LiClIO, in the polymer to obtain the
desired value of Y. The nomenclature of these materials is the
same as used above, however in this case [X] = 100.

Seven different series of samples were prepared as listed
in Table 1. Series 1, 2, and 3 are composed of nonbonded
samples (type 1). In each of these different series only one of
the parameters was varied, respectively X, n, and Y, while the
others remained constant. Series 4 consists of bonded samples
(type 1) having different combinations of X and n. The values
of X and n in type Il nanocomposites are codependent. In series
5, the influence of the oxygen-to-lithium ratio, [Y], in type Il
samples is studied. Finally, series 6 and 7 consist of silica-
free samples having different values of n for Y equaling 4 and
30, respectively.

Experimental Techniques

Solid-State NMR. Room-temperature solid-state 2°Si (I =
/) NMR measurements were performed in order to determine
the structure of the inorganic component inside the different
materials. Li (I = 3/,), 3C (I = %), and *H (I = ;) NMR
measurements were performed as a function of the tempera-
ture with the purpose of establishing relationships between

the sample preparation conditions and the dynamic properties
of both the Li* ion and the polymer chain. Solid-state NMR
spectra were recorded between —100 and +90 °C at 2 T using
a TECMAG LIBRA system and a variable temperature double
resonance Doty probe. The Larmor frequencies, v, for 2°Si,
13C, Li, and H are, respectively, 16.9, 21.4, 33.1, and 85.1
MHz. In all cases the spectra were obtained from the Fourier
transform of the free induction decays (FID) following a single
10 us n/2 excitation and a dead time of 10 us. Magic-angle
spinning (MAS) of the samples at 3 kHz was employed for
obtaining 'H,3C, and 2°Si spectra. For 3C and 2°Si nuclei,
proton decoupling was always used during acquisition, while
Li spectra were successively acquired with and without proton
decoupling. Special care was taken to avoid the sample heating
due to RF irradiation by using long repetition times (normally
>3 s) and a small number of averages.

The full width at half-height (fwhh) of the *H, “Li, and **C
lines will be defined as the line width in this article. The spin—
lattice relaxation times T1 were measured for “Li, 13C, and 1H
by the inversion—recovery method.*® *H decoupling was used
only during the “Li FID acquisition to improve the signal-to-
noise ratio, thus allowing T; measurements over extended
temperature and lithium concentration ranges.

In the case of the quadrupolar nucleus “Li (I = 3/,), the spin—
lattice relaxation should be described by a distribution of two
or more exponentials functions.?%2* However, deviations from
a single-exponential function are often hard to detect,?>?3 as
was also found in this study. For all samples and temperatures
the 7Li T; was calculated using only one exponential function.

Because of the high sensitivity for 7Li and 'H NMR
measurements, the uncertainties in the obtained values for
’Li and 'H line widths and spin—lattice relaxation times are
around 5%. For the 3C NMR experiments these uncertainties
increase to 15%.

lonic Conductivity. The electrical properties of the samples
were analyzed by complex impedance spectroscopy between
20 and 100 °C with a Solartron 1260 apparatus, in the
frequency range of 1 Hz to 10 MHz, and an applied voltage of
5 mV. The samples were monolithic pieces of about 0.5 mm
thick, with flat surfaces. The contacts were made with
plasticized conductive probes (Altoflex) pressed on the sample.
Reproducible values of the ionic conductivity, o, were obtained
after drying the samples under vacuum at 90 °C for 24 h.
Values of ¢ up to 102 S/cm were found at room temperature.
The uncertainties in the obtained values for ionic conductivi-
ties are approximately 10%.

Differential Scanning Calorimetry (DSC). DSC mea-
surements were performed on several samples with a scan rate
of 10 °C/min from —80 to +90 °C using a Texas Instruments
model 2910 apparatus.

NMR Background. The line width and spin—Ilattice re-
laxation NMR measurements as a function of the temperature
yield information on Li* and polymer dynamics due to the
motion-dependent anisotropic nuclear spin interactions. Two
important parameters are obtained directly from NMR mea-
surements of the solid polymer electrolytes as a function of
the temperature. The first parameter is the temperature at
which the NMR line width undergoes a strong narrowing
phenomenon. The line width indicates the occurrence of low-
frequency motions (1—100 kHz) that modulate the longitudinal
local fields leading to an average of the interactions. The line
width transition is then commonly associated with the increase
in chain motion that occurs near the polymer glass transition,
Tg. However, the agreement of Ty values from various different
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Figure 1. Typical #Si spectra for nonbonded and bonded
ormolytes obtained at room temperature: (a) [58]¢[30]-1 and
(b) [76]17[30]-11.

methods is poor, and the fact that they occur at about the same
temperature may be coincidence. Part of this difficulty is due
to the large difference in frequencies at which the information
was obtained.?-26 For this reason we shall use Ty™" to refer
to the temperature at which the strongest change in NMR line
width occurs. The second information is provided by the spin—
lattice relaxation rate, T,7%, that reaches a maximum which
is generally measured at a higher temperature (> T,"). This
temperature, which we shall call Tmax, corresponds to the
condition where the transverse local field fluctuations achieve
sufficient amplitude at the Larmor frequency to maximize the
spin—Ilattice relaxation rate. The experimental uncertainty for
Tmax is +2 °C. Both parameters Ty™" and Tmax indicate the
mobility of the polymer. The higher these two temperatures,
the more rigid are the polymers.

Another important dynamic parameter can be indirectly
obtained from the NMR data: the activation energy E,. This
parameter can be estimated using the Bloembergen, Purcell,
and Pound (BPP) model?’~3° and the Arrhenius law. Using the
well-known procedures for the determination of the activation
energies,?>31-33 this parameter can be evaluated for both
relaxation processes.

Results and Discussion

29Si NMR. The 2°Si NMR solid-state MAS spectra
were used to characterize the silicon condensation and
to indicate the silica network architecture inside these
materials. Previously reported architectures include
polymeric chains or compact clusters.3*3> Nonbonded
samples, type I, are obtained through the hydrolysis of
tetraalkoxysilane (Si(OEt,)), and then, in the silica
phase, each silicate group is bonded to 1, 2, 3, or 4 other
silicates through oxygen bridges. The notation Q"
(n =1, 2, 3, or 4) is used to represent the number of
connections that each silicate makes to its neighbors,
i.e., Si*(0Si)n(OX)s—n (X =H or C) structural units. The
29Si isotropic chemical shifts of the Q" units are
approximately —80, —87, —98, and —108 ppm (relative
to tetramethylsilane = TMS), respectively for n = 1,
2, 3, or 4. When the degree of condensation is not
high, inorganic polymer structures are predominant,
with mainly Q' and Q2 structures, while for three-
dimensional agglomerates Q2 and Q* structures prevail.
The typical 2Si spectrum obtained for the nonbonded
ormolytes (type 1) is illustrated by Figure la. The
spectrum shows lines situated in the range between
—100 and —120 ppm, associated with the Q3% and Q*
environments, indicating the dominant presence of silica
agglomerates. This spectrum is similar to those of type
I materials obtained under acidic conditions without
LiClO,.18

Figure 1b presents the typical 2°Si spectrum of type
Il nanocomposites with lines centered around —65 and
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Figure 2. Temperature dependence of the “Li spin—lattice
relaxation rate and line width, with and without H decou-
pling, for the nanocomposites belonging to series 2 in Table 1
with n = 6 and 20. For comparison, the continuous line
represents the DSC curve for the sample [58]:2[4]-]1 with
arbitrary units along the y axis. Key: (O) [58]¢[4]-1-Av;
(O) [58]6[4]-1-Avgec; (M) [58]20[4]-1-Av; (@) [58]20[4]-1-Avgec;
(2) [58]6[4]-1-T17%; (A) [58]20[4]-1-T17%. The uncertainties in
the 7Li spin—lattice relaxation rates and line widths are
approximately 5%.
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Figure 3. Temperature dependence of the “Li spin—lattice
relaxation rate and line width, with and without *H decou-
pling, for the nanocomposites belonging to series 4 in Table 1
with n = 17 and 42. For comparison, the continuous line
represents the DSC curve for the sample [76]:7[4]-11 with
arbitrary units along the y axis. Key: (O) [76]:7[4]-11-Av;
(O) [76]17[4]-11-Avgec; (M) [83]s2[4]-11-Av; (@) [83]42[4]-11-Avgec;
(&) [76]17[4]-11-T17%; (A) [83]42[4]-11-T1 7. The uncertainties in
the 7Li spin—lattice relaxation rates and line widths are
approximately 5%.

—75 ppm characteristic of T2 (RSi*(0Si),OH) and T3
(RSi*(0OSi)3) sites (where R is the organic motif). They
show the strong condensation of the silicon alkoxides
and the formation of silica nodes which act as cross-
linking units of the polymeric PEO network. Again, the
presence of LiClO4 does not disturb the hydrolysis—
condensation process, and the NMR spectra are equiva-
lent to spectra of salt-free samples.®

DSC and lonic Conductivity. As for semicrystal-
line polymers and organic/inorganic systems, analyzing
glass transitions for ormolytes is difficult. The
DSC measurements for the samples [58]:2[4]-]1 and
[76]17[4]-11, shown in Figures 2 and 3, indicate that the
PEG inside these two types of nanocomposites is in the
amorphous state, since no melting transitions are
observed in the thermograms. These DSC curves sug-
gest also the presence of two second-order transitions
for both samples. These two transitions could be associ-
ated with the biphasic character of the PEG inside the
nanocomposites. The polymer far away from silica
behaves as unrestricted PEG chains, possessing glass
transition temperatures, TESC, at around —50 and —25
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Table 2. Room Temperature lonic Conductivity? for
Different Sample Series

series 1:° [X]20[4]-1 [41]20[4]-1 [58]20[4]-1 [78]20[4]-1
o (Slem) 40x107 80x107 33x10°
series 2: [58].[4-1  [58]6[4]-1  [58]12[4]1  [58]x0[4]-]
o (Slem) 92x105 35x10°¢ 80 x107
series 4: [XJn[4]-1l  [261[4]-11  [76]w7[41-11  [83]az[4]-1I
o (S/em) 1.3 x 1077 1.5 x 1076 1.2 x 1075

a8 The uncertainties in the ionic conductivities are ca. 10%.
b These samples are not shown in Table 1, however are similar to
those of series 1.

°C, respectively for the nonbonded (type 1) and bonded
(type I1) hybrids. On the contrary, the polymer near the
silica nodes is more rigid due to physical interaction,
type |, or covalent bond, type IlI, with silica, both
showing transitions around 50 °C.

The respective plots of ’Li line width as a function of
the temperature are also shown in Figures 2 and 3.
These plots are placed together in order to show that
the transitions observed by DSC occur near the ’Li NMR
line width transitions. This topic will be discussed later.

Thermal properties of PEG/silica nanocomposites
were previously studied.* Generally the T.°C of type |
ormolytes increases with the increase of the polymer
chain length. Depending on the synthesis conditions
(catalyst), increasing the weight percent of the polymer
decreases or does not affect T;°C. Unlike type I, type II
materials show some decreasing T2 when the poly-
mer chain length increases. Similar to silica-free poly-
mer electrolytes,!® types | and Il nanocomposites exhibit
an increase in the glass transition temperature with the
increase of the lithium concentration. However, this
behavior is less accentuated for nonbonded materials.
For similar compositions, TgDSC values are always higher
for type Il materials, which is a consequence of the
polymer motional hindrance introduced by the covalent
bonds connecting the organic and inorganic phases.

These Ty°C trends are also corroborated by the ionic
conductivity measurements!®17 summarized in Table 2,
where the values of o are reported for various weight
percents of polymer, X, and chain lengths, n, for both
types | and Il materials.

For both types of ormolytes, increasing X leads to
some increase in the ionic conductivity. Increasing the
polymer chain length, n, decreases the ionic conductivity
for the nonbonded ormolytes, while an increase is
measured for the bonded nanocomposites. Figure 4
presents the variation of the room temperature conduc-
tivity as a function of the ratio [O]/[Li] for both type I
(series 3) and type Il (series 5) samples. These two
curves present similar shapes with a maximum for the
ionic conductivity which is for [O]/[Li] values of 8 and
15 for series 3 and 5, respectively. This conductivity
behavior as a function of the [O]/[Li] was previously
reported and explained for nanocomposite systems16.17
and pure polymeric ionic conductors.36:37

It was also observed,'®17 only for the nonbonded
ormolytes, a clear modification in the slope of the curve
of conductivity vs temperature, around 50 °C, which
could be related to the second thermal transition
observed by DSC.

7Li, 13C, and 'H NMR. Below the glass transition
the 7Li spectra consist of a very intense central transi-
tion (—/, <= +1/,) and an almost unobservably weak and
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Figure 4. Behavior of the room-temperature ionic conduc-
tivity as a function of Y = [O]/[Li] for nonbonded (series 3,
Table 1) and bonded (series 5, Table 1) samples. The uncer-
tainties in the ionic conductivities are around 10%.

broad (~5—10 kHz) line that could be associated with
the quadrupolar satellite transitions (3/, <= Y/, and -1/,
< —3/5). Above the glass transition, the weak and broad
line associated with the quadrupolar satellite peaks is
averaged out as the temperature is raised from T,4. For
this reason, only the “Li central transition was analyzed
in this study. Despite well-resolved first-order quadru-
pole satellite lines having been already observed in solid
polymer electrolytes utilizing the same experimental
procedure used in this study (quadrupolar coupling
vo ~ 1 kHz)® or using the quadrupolar-echo pulse
sequence (vq ~ 30 kHz),?? the quadrupole satellites lines
are only faintly observed for the ormolytes. Since the
experimental conditions applied at all temperatures
assured a spectral bandwidth of at least 50 kHz, the
absence of the satellite quadrupole powder pattern
should be discussed. The absence of this structure, even
in the rigid lattice limit, could be due to one of the
following reasons: (a) distribution of electric field
gradients with low quadrupole couplings (vo ~ 1—10
kHz), (b) highly symmetric lithium sites, or (c) very large
quadrupole couplings (vq = 100 kHz). The two last
hypotheses are not expected since highly symmetric
sites or high quadrupolar couplings vq are not observed
for similar systems. In this case, the first reason could
be true. Since the ormolytes are heterogeneous systems,
it is expected that they present a wide distribution of
electric field gradients, which results in a Gaussian-
broadened satellite line. In addition, the satellite lines
are broadened by the intense 'H—"L.i dipolar interaction.
Below the glass transition, where all transitions are
broad, some of the central transition line broadening
could also be due to first-order quadrupolar interactions
incompletely averaged by rather slow motion. The
central transition line broadening due to the second-
order quadrupole interactions is expected to be very
small since its estimated contribution,?® vg?/v, is on the
order of hertz.

The “Li line width, with and without *H decoupling,
and the spin—lattice relaxation time of the central
transition were investigated as a function of tempera-
ture from —100 to +90 °C for all samples listed in Table
1. Typical results of these measurements can be seen
in Figures 2 and 3 for types | and Il nanocomposites
with extreme values of the compositional parameter n,
series 2 and 4, respectively. The curves for the different
materials of each series present similar shapes but the
characteristic parameters (TQ‘MR,TmaX, line widths, ...)
vary.

Taking as an example Figure 2, the line width
evolution with temperature can be described by a curve
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Table 3. Observed Trends for Ty™?, Tmax, Av, and Avaec with the Increase of the X, n, and Y Parameters

X series 1 n series 2 Y series 3 n series 4 Y series 5

Tg"\"R (°C) approximately constant®  increase approximately constant  decrease decrease
X <80:—-32+5 —37——28 —38+5 Y=4: 37— -11 7——16
X >80:—48+5 Y =15 -11— —17

Tmax (°C) approximately constant increase approximately constant  decrease decrease
X <80: 30£5 26 — 46 19+5 Y=4: 81—64 81 — 43
X>80: 21+£3 Y =15: 57 — 46

Av (kHz) increase approximately constant  decrease approximately constant  increase
5.4—8.0 6.4+0.3 6.4—27 Y=4:57+02 57—6.7

Y=15: 66+0.1

Avgec (KHZz)  increase approximately constant ~ decrease approximately constant  decrease

0.33—0.76 0.7+0.1 0.59—0.24 Y=4:08+01 0.72—0.29
Y =15: 0.30 £ 0.01
a For all the approximately constant parameters we show their (mean values + standard deviations).

composed of two plateaus separated by a temperature 10* [ A ' ' '

range where rapid changes in line width occurs. The = [73][4]1

line width transition temperature is taken as the T ol —=—Tuiav §

inflection point of these sigmoidal curves and the mean s —x—"Cav,,

value of the temperatures, measured with and without T L[ —a_Hav ..

: : NMR : ; s 10°F <k 5

proton decoupling, is named T;™". The uncertainty in < Lo LT "*ﬁamw__;_

Ty'" is ca. 15%. This characteristic glass transition 2 T S

temperature is around —30 °C and varies slightly with £ 10, Tl-n/*j;ﬁ:ﬂi&f"“”\ﬂ\u\n\ 3

composition. Below T;™%, the polymer is rigid and the A = \&a;‘“

rigid-lattice line widths will be denoted Av or Avgec, 10° . o

respectively, when measured without or with proton
decoupling.

An additional broadening of the “Li line can also occur
due to the finite life of the spins in any eigenstate as a
result of the spin—Ilattice relaxation,’® and this effect
should be evident around Tnax. In this situation, the
spin—lattice relaxation rates can reach values on the
order of ’Li line width introducing a nonsecular line
broadening. To estimate the lifetime broadening con-
tribution to the 7Li line width, the temperature depen-
dence of the 7Li spin—Ilattice relaxation rate of the
central transition, T;71, is also shown in Figure 2. These
bell-shaped curves present maxima at Tmax around 35
°C and indicate a small nonsecular broadening contri-
bution to the 7Li line width. Normally, this small
nonsecular line broadening occurs at the same temper-
ature range of the second thermal transition observed
in the DSC curves, Figure 2, which could be associated
with some transition of the more rigid PEG, such as a
glass transition, resulting in a small line narrowing. For
some nonbonded samples it is possible to observe both
the line broadening, due to the T;~! maximization, and
the small line narrowing, due to the second thermal
transition, occurring at different temperature ranges.
Similar effects can also be observed in the line width
behavior of 'H and 3C nuclei of the sample [73]¢[4]-I
shown in Figure 5. In the case of type Il nanocomposites,
this additional transition in the “Li line width around
50 °C is not observed, Figure 3. Modifications in the
13C and H line widths can be observed for sample
[76]17[4]-11 only at approximately 75 °C, Figure 6.

The dependence of Ty™?, Trax, Av, and Avgee with
the composition parameters X, Y, and n are generally
weak and monotonic with respect to the composition
parameters. The trends are summarized in Table 3 and
will be discussed in the forthcoming section.

The activation energies for both relaxation processes
were calculated.?231-33 |n the case of line width, the
activation energies were obtained from the measure-
ments without proton decoupling, since there are few
points to calculate these parameters from proton de-

120 80 40 0 40 80 120
Temperature (°C)

Figure 5. Temperature dependence of the *H, “Li, and 3C
line widths and spin—Ilattice relaxation rates for the sample
[73]6[4]-1. The uncertainties in the line widths and spin—lattice
relaxation rates for *H, 7Li, and 13C are around 5, 5, and 15%,
respectively.
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Figure 6. Temperature dependence of the *H, “Li, and C

line widths and spin—Ilattice relaxation rates for the sample

[76]17[4]-11. The uncertainties in the line widths and spin—

lattice relaxation rates for *H, 7Li, and *3C are around 5, 5,

and 15%, respectively.

coupled “Li line width. In the case of the spin—lattice
relaxation, two values of activation energy were found
in the temperature intervals above and below Tax. The
values obtained for E, are presented in Tables 4 and 5
for all samples of each series of ormolytes. The uncer-
tainty in this parameter is around 15%. The samples
[58]6[4]-1, [76]17[4]-11 and [76]17[15]-11 were prepared
several times, and the variation of the different values
was calculated to be 15%.

To estimate the contribution of the polymer chain
(PEG) to the ionic dynamics, 'H and 3C NMR experi-
ments were performed, including line width and spin—
lattice relaxation rate measurements as a function of
temperature. Ormolytes of both types | and Il, with
similar compositions, [73]e[4]-]1 and [76]17[4]-11, were
studied. These data are presented in Figures 5 and 6
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Table 4. Activation Energies? Obtained from Av(T) and
T1(T) Measurements for Materials of Type |

from T1(T)
from Ay(T) Ea (eV) Ea (eV)
sample Ea(eV) T > Tmax T < Tmax

Series 1
[41]6[4]-1 0.52 0.18 0.13
[581s[4]-1 0.35 0.10 0.18
[73]6[4]-1 0.65 0.23 0.18
[78]6[4]-1 0.50 0.13 0.25

Series 2
[58]6[4]-1 0.41 0.26 0.26
[58]12[4]-1 0.41 0.25 0.28
[58]20[4]-1 0.39 0.18 0.22

Series 3
[58]6[4]-1 0.36 0.19 0.22
[58]6[8]-1 0.34 0.22 0.25
[58]6[10]-1 0.58 0.22 0.29
[58]16[15]-1 0.44 0.19 0.23
[58]6[30]-1 0.80 0.23 0.31
[5816[80]-1 0.37 0.20 0.31

a8 The uncertainties in the activation energies are approximately
15%.

Table 5. Activation Energies? Obtained from Ay(T) and
T1(T) Measurements for Materials of Type Il

from T1(T)
from Av(T) Ea (V) Ea (V)
samples Ea (eV) T > Tmax T < Tmax
Series 4
[26]2[4]-11 0.64 0.26
[76]17[4]-11 0.45 0.23
[83]42[4]-11 0.51 0.24
[76]17[15]-11 0.38 0.05 0.22
[83]42[15]-11 0.59 0.08 0.20
Series 5
[76]17[4]-11 0.45 0.23
[76]17[8]-11 0.39 0.07 0.28
[76]17[10]-11 0.49 0.04 0.21
[76]17[15]-11 0.38 0.05 0.22
[76]17[30]-11 0.40 0.10 0.36

a The uncertainties in the activation energies are approximately
15%.

together with those previously shown for the “Li nucleus
to facilitate the comparison among the nuclei associated
with the polymeric chain and that associated with Li*.

For each material the line width and spin—lattice
relaxation curves for *H and 13C nuclei present similar
behaviors and indicate that the polymer dynamics helps
the ionic mobility. As for the 7Li, the T17 curves for 'H
and 13C present bell-shaped curves, and the maxima of
these two curves occur at the same temperatures, which
are around 40 °C lower than the Tmax of the Li™ species.
The 'H line width evolution of type | material presents
a three plateau evolution with the first transition near
—40 °C and the second one above 30 °C, Figure 5. This
is also observed for 13C line width behavior, Figure 5.
This behavior could be correlated with the thermal
analysis that indicated the presence of two second-order
transitions for these compounds. For type Il materials
it was possible to observe, for 'H and 13C nuclei,
one intense transition around 0 °C and another very
small around 70 °C, Figure 6. For both types of nano-
composites, the more intense transitions for 3C and *H
line widths occurred at temperatures between 20 and
30 °C lower than that found for the “Li cations. The
comparison between the behaviors of the polymer
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backbone and the dissolved cations will be discussed in
the next sections.

Polymer—Cation Interactions. The “Li line width
was measured as a function of temperature for all the
samples listed in Table 1. The results show that,
independent of the decoupling condition, the line width
transitions occur near the glass transition of the nano-
composites, Figures 2 and 3. Moreover, the 'H and
13C NMR measurements performed on two samples,
[73]6[4]-1 and [76]17[4]-11, show line width transitions
starting at temperatures lower than those measured on
the cation Li™, Figures 5 and 6. These lower tempera-
tures corresponding to the polymeric network dynamics
are closer to the T4 measured by DSC measurements.
Therefore, rapid cation motions occur only when the
polymer segments motions are high enough to assist the
cationic jumps.1216:39-41 This conclusion is corroborated
by the measurements of 3C and 'H T;~1 vs temperature,
Figures 5 and 6. The results indicate similar behavior
for type | and type Il ormolytes. *H and 13C nuclei
belonging to the polymeric chain present T;~! maxima
at similar temperatures while the ions Li™ present a
minimum of T; for temperatures which are approxi-
mately 40 °C higher.

The observation of stronger “Li and H line narrow-
ings above 30 °C for the nonbonded samples, Figures
2, 3, 5, and 6, is in accordance to the DSC, Figures 2
and 3, and temperature-dependent ionic conductivity16.17
measurements. This correlation could indicate that the
polymer mobility, for nonbonded samples, significantly
increases after the second thermal transition improving
the ionic conductivity above 50 °C, which does not occur
for the bonded samples.

Below Ty™® the rigid-lattice 7Li line widths, ob-
tained with and without 'H decoupling, demonstrate
that the “Li—'H magnetic dipolar interaction accounts
for approximately 90% of all ’Li spin interactions. Above
Ty, a slight modification of the 7Li line width with
temperature is observed in several samples, Figures 2
and 3. This is a consequence of both the high spin—
lattice relaxation rate, which reaches values on the
order of the line width for higher temperatures (14 + 1
Hz), and the second transition observed by DSC.

On the basis of the above discussion the polymer
motion and the Li* ion diffusion cause the observed
temperature dependence of both the 7Li line width and
spin—Ilattice relaxation time. Also, the *H—"L.i is pre-
dominately responsible for the temperature behavior of
the Li line width. However, other studies? indicate that
the quadrupolar interaction is responsible for the 7Li
spin—lattice relaxation. The minimum 7Li T, obtained
for all samples are very similar showing an average
value of 71 + 7 ms. This fact indicates that the
quadrupolar couplings and the ’Li sites are also very
similar for all of the samples.

The activation energies obtained from the curves of
“Li line width for all ormolytes (Tables 4 and 5) present
similar values to those found for silica-free ionic con-
ducting polymers.22 The activation energies obtained
from the curves of 7Li spin—lattice relaxation for non-
bonded ormolytes (type 1) show a three-dimensional
BPP behavior, where the activation energies obtained
above and below Tnax are similar (Table 4). These
activation energies present comparable values to those
found for silica-free ionic conducting polymers.?2
However, in the case of the bonded ormolytes (type I1),
because of the hindrance to chain mobility by the
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Figure 7. Arrhenius plot of the “Li T, ! for the bonded
nanocomposites [76]17[8]-11 and [76]:7[15]-11. The difference

between the slopes in the temperature intervals above and
below Tmax can be easily observed.

silica nodes, the difference between the activation
energies obtained above and below Tmax indicates a
large deviation from the three-dimensional BPP model
(Table 5). Figure 7 contains the most evident results
showing this behavior for the bonded samples [76]17[8]-
Il and [76]17[15]-11. Because of the heterogeneity of
mobility in different sites of the bonded polymer chain,
another relaxation models should be used to understand
this behavior, such as a distribution of correlation times
(e.g., the Kohlrausch—Williams—Watts function)*243
and/or a quasi two-dimensional BPP.4

It is important to notice that the activation energies
obtained from Av(T) are sensibly larger than those
obtained from T1(T) measurements. These results indi-
cate that a single relaxation model BPP cannot be used
along the whole temperature interval. This result is
reasonable because the activation energy necessary for
the glass transition process is expected to be larger than
that of the hopping process of the cation Li* above T4.22

The general features discussed above for samples
belonging to series 2 and 4 are also observed for the
other type | and type Il materials. This indicates that
the ionic mobility occurs through similar mechanisms
described for pure polymer electrolytes.! However,
compositional variations (X, n, and Y) and dependence
of the type of the material (I and Il) are observed for
the different NMR parameters (T’;MR, Tmax, Av, and
Avgec) and will be discussed in the next sections.

Influence of the Compositional Parameters. The
major trends of the 7Li NMR spectral changes as a
function of the compositional parameters are sum-
marized in Table 3. The following general evidences are
observed in this table.

(a) Type | Materials. (1) Effects of the Weight
Percent of Polymer (X). Both TNMR and Tmax for
nonbonded ormolytes are approximately constant with
changes of the weight percent of polymer X (series 1).
This effect suggests that the silica cluster surface is
large and reduces the mobility of the organic phase
through weak bonds between the polymer and the
inorganic structure. For X > 80, the TQ‘MR and Tmax
present a decrease possibly due to the larger presence
of an unhindered polymeric phase.

(2) Effects of the Polymer Chain Length (n). The
increase of polymer chain length (series 2) is related to
an increase of T"MR and Tmax. Such an increase in the
rigidity is probably related to the increasing hindrance
of chain motions with chain length, as it was already
observed on the pure polymer.14
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Figure 8. Temperature dependence of the “Li spin—lattice
relaxation rate and line width without *H decoupling, for the
nanocomposites [58]:2[4]-1, [58]20[4]-1, and [76]17[4]-11.

(3) Effects of the Lithium Concentration (Y).
High lithium content in these materials (series 3) does
not affect significantly TN™R and Tmax, Which is rather
different from silica-free polymer electrolytes, where Ty
is dependent on the salt content.?? Consequently, one
can conclude that polymer—silica interactions overcome
the effect of the Li™ ions on the chain mobility.

(b) Type Il Materials. (4) Effects of the Polymer
Chain Length (n). The increase of the polymer chain
length, n, (series 4) decreases both TN"MR and Tmax for
both lithium concentrations (Y = 4 and 15). This fact
had been observed in type Il nanocomposites without
lithium by EPR and NMR experiments.1® Polymer
chains are bonded to the silica network by covalent
bonds and the motion of the first segments is severely
restrained. Therefore, for shorter PEG chains, the entire
chain is near the silica node and the segmental motions
are severely hindered. For longer PEG chains, only a
small fraction of the chains is located near the silica
interface and the majority of chains segments have high
mobility.10

(5) Effects of the Lithium Concentration (Y). The
effect of increasing the Li concentration (series 5) results
in an expected increase for both characteristic temper-
atures TNMR and Tmax. Lit ions are complexed by the
specific sites of the polymer chains (ether groups) and
then act as reticulation nodes, with the consequence of
reducing the segmental mobility of the PEG.

Bonded, Nonbonded, and Silica-Free Samples
Correlation. Figure 8 presents the temperature de-
pendence of the 7Li line width without 'H decoupling
and “Li spin—Ilattice relaxation rate for three different
nanocomposites [58]12[4]-1, [58]20[4]-1, and [76]17[4]-11,
which present similar parameters X, n, and Y.

The effect of the covalent bonding of the polymer
chain to the inorganic silica structure (sample
[76]17[4]-11) is clearly apparent from Av(T) and T, Y(T)
data which show a large shift of the TQ'MR and Tmax
toward higher temperatures relative to the type I
ormolytes ([58]12[4]-1 and [58]0[4]-1). This result is
consistent with ionic conductivity measurements, Figure
4 and Table 2, which present systematically lower
conductivity values for bonded ormolytes compared with
the nonbonded materials of similar compositions. This
confirms that the presence of covalent bonds between
the silica structure and the PEG chains strongly hinder
the polymer motion and consequently the Li* mobility,
leading to an increase of TNMR and a decrease of ionic
conductivity. This interpretation is also confirmed by
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Figure 9. Temperature dependence of the “Li line width with

1H decoupling, for the nanocomposites [58]12[4]-1, [58]20[4]-1,
[76]17[4]-11, [100]:2[4], and [100]20[4].

DSC measurements which show that the T;° of the
nonbonded sample, [58]12[4]-1, is much lower than that
of the bonded one, [76]17[4]-11, revealing a much lower
mobility of polymer chains in type Il nanocomposites
for similar temperatures.

Figure 9 shows the temperature dependence of the
’Li line width with 1H decoupling for three different
nanocomposites, [58]12[4]-1, [58]20[4]-1, and [76]17[4]-11,
and, for comparison, also for two silica-free samples,
[100]12[4] and [100]20[4], all presenting similar param-
eters X, n, and Y. Figure 9 reinforces the preceding
conclusions: the presence of silica increases the glass
transition of the PEG, this effect being more intense for
the bonded ormolytes. Figure 9 also points out that
the averaging of the line width due to the motional
narrowing is less efficient for ormolytes when compared
with silica-free samples. This effect indicates a restricted
polymer motion resulting from the interaction of PEG
with the silica structure through weak or strong bonds.
Similar effects were also observed for PEO intercalated
in clays.*®

Conclusions

The dissolution of LiClIO4 inside nanocomposite struc-
tures provides materials with ionic conductivity that
could reach values comparable with pure polymer
electrolytes. Moreover, the mechanical properties of the
nanocomposites are much better than the pure poly-
meric materials, which is a requisite feature for further
applications.

NMR studies have been performed to probe specifi-
cally the behavior of the mobile ionic species and also
the polymer chains for type | and Il ormolytes. These
combined experiments point out that strong correlations
are observed between the behavior of the solid electro-
lyte and the mobile species. The ion mobility is still
assisted by segmental motion of the polymer. The
detailed study of the mobility processes point out some
interesting differences between nonbonded and bonded
ormolytes. In the type Il family, a strong deviation from
the BPP model is observed, which could be the conse-
quence of the segmental mobility hindrance. On the
contrary, nonbonded type | nanocomposites are quite
similar to pure polymer, which indicates that organic—
inorganic interactions are weak.
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