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Investigation of Ion-Conducting Ormolytes:
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Hybrid organic—inorganic composites with ionic properties, so called ormolytes (organically
modified electrolytes) have been prepared by the sol-gel process from mixtures of tetraethox-
ysilane, tetraethylene glycol, and lithium salt. They show ionic conductivity up to 5 X 10-5 Q-1
cm~!, with activation energies around 0.6 eV. Their properties have been related to their structure
using a multitechnique approach (IR, DSC, NMR, SAXS). These materials can be described
as diphasic systems with silica clusters providing the mechanical properties and the organic
phase allowing the dissolution of large quantities of salts. Optical transparency and mechanical
stability can be explained by the interpenetration of these two phases at a molecular level.

Introduction

Over the past few years, there have been a great deal
of studies in the field of solid electrolytes.! Thesematerials
are of great interest for various applications such as
batteries, energy and data storage, sensors, electrochromic,
and photoelectrochemical devices.? Systems based on
conductivity induced by the addition of lithium appear to
offer the most favorable properties.? The most promising
materials involve lithium salts dissolved in poly(ethylene
oxide) (PEO). While PEO chains act as solid solvents for
many lithium salts, the limited conductivity at room
temperature, low processability, and poor mechanical
properties mean that pure PEO/LiX phases are of limited
practical use.* It is well established that conductivity
occurs in the amorphous phase, via a liquidlike motion of
cations through the segmental motion of the neighboring
chaing.168 Decreasing T appears to be the main path
toward obtaining better conductivity. This can be achieved
by grafting side chains onto the backbone (comb-shaped
systems)? or by reducing the likelihood of crystallization
by a judicious choice of Li* couterion®? or by addition of
fine particles to the polymer.’® The controlled addition
of inorganic fillers has been widely studied as a way to
increase the processability and stability of the polymer,
byanincrease inits mechanical modulus. Thelatesttrends
in the polymeric electrolyte field are the trapping of lithium
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salt solutions into a polymer matrix!%12 so that the
processability and mechanical properties of the polymers
synergize with liquidlike conductivity.

The sol-gel process appears to be a unique way of
designing such materials.!®> Starting from molecular
precursors, one can obtain a solid matrix with controlled
porosity and filling of the pores. The mixing of organic
and inorganic moieties on the molecular scale leads to
materials with totally new properties.! Moreover, the
control of the viscosity from very fluid to very viscous is
auseful feature for processing these materials as monoliths
or as films of controlled thickness.'* Suchmaterials called
ormocers (organically modified ceramics) or ormosils
(organically modified silanes) have been widely developed
to possess many useful properties.1s Electrolytes (so called
ormolytes) have already been described and are obtained
by the hydrolysis—condensation of amine or benzyl sulfonic
modified silanes.’® Other interesting proposals have been
the synthesis of mixed organic—inorganic networks based
on TEG/TEOS (tetraethylene glycol/tetraethoxysilane)?
or glycerol/ TiO; mixturesi®in which Lisalts are dissolved.
Tonic conductivity properties have been measured in these
transparent materials.

This paper concerns the study of TEOS/PEG (poly-
(ethylene glycol)) systems in which large quantities of
lithium perchlorate could be dissolved. The structure of
these materials is described from the molecular scale (*H,
2951 and 13C NMR, liquid and solid state) to the structural
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and morphological scale (SAXS, DSC). Complex imped-
ance spectroscopy, in a broad temperature range is used
to describe the ionic conductivity properties of such
systems. Thisstudy emphasizes the relationships between
the structure and properties of these materials.

Experimental Section

Materials and Methods. All chemical reagents were com-
mercially available and were used as purchased (Fluka, Aldrich);
these included tetraethoxysilane (TEOS), tetraethylene glycol
(PEG,), diethylene glycol (PEGy:), and poly(ethylene glycol) 600
(molecular weight 600, 11-13 ethylene glycol units) (PEG:2),
hydrochloric acid, and lithium perchlorate (LiCl0y). Deionized
water wasused in all experiments. Infrared spectrawere obtained
with an IFS25 Bruker Fourier transform spectrometer. The
samples were thin films deposited on silicon wafers polished on
both sides. Spectra were recorded in the range 4000-400 cm~!
with 2-cm! resolution.

DSC measurements were performed with a Netzsch DSC200
microcalorimeter. Samples (about 20 mg) were cooled to ~150
°(, then measurements were performed up to 150 °C (heating
rate 20 K/min) under air atmosphere. Glass transition temper-
atures, T, were determined from the midpoint of the experi-
mental curve step.

Liquid-state NMR spectra (2Si and '3C) were obtained on a
AC 200 Bruker spectrometer following standard procedures. The
chemical shifts were determined within £0.2 ppm accuracy. Solid-
state NMR spectra were obtained at 295 K on a Bruker MSL
spectrometer operating at 300 MHz for protons, using magic
angle spinning at a rate of 2 kHz. One-dimensional carbon-13
and silicon-29 spectra were recorded with both cross polarization
(CP) and single-pulse excitation. Since similar results were
obtained, only the cross polarization spectra are discussed here.
External tetramethylsilane was used to set the chemical shift
scale. As aconsequence of the broadening of the peaks, chemical
ghifts were obtained with uncertanties of £0.3 and %1 ppm
respectively for 13C and *Si nuclei. The cross-polarization time
was 1 ms in all cases with data acquisition under high-power
heteronuclear decoupling (DD) for up to 30 ms. The decoupling
field strength was 62 and 45.5 kHz for carbon-13 and silicon-29,
respectively. The spectral width was 30 kHz for carbon-13 and
8 kHz for silicon-29. Simple proton spectra were also acquired
under magic angle spinning. Two-dimensional proton—carbon
and proton-—silicon cerrelation spectra were obtained with the
sequence 90° (tH)-t;-CP-t3 (acquire X, DD), using parameters
identical to those given for one-dimensional spectra. Data were
acquired in ; for 16 ms with a spectral width of 5 kHz. This
heteronuclear correlation experiment was first demonstrated by
Miiller and Ernst!® in a liquid and has been used more recently
in solids without major modification to investigate zeolites?® and
polymer blends.?' In our case, a pure absorption-phase sign
discriminated spectrum was obtained by incrementing the phase
of the proton 90° pulse in synchronization with the value of ¢;.

SAXS was performed on all samples using Cu Ka radiation
with a wavelength of A = 1.54 A, The SAXS facility utilized 2
Kratky camera and a linear detector. The samples are small
pieces of monoliths of about 1-mm thickness. All the data have
been desmeared from the entrance slit geometry (80 pm, 1 cm),
and the intensities have been corrected for background scattering
and transmission and normalized by the sample thickness, with
procedures described elsewhere.?? Then, the corrected SAXS
profiles were plotted in the usual forms (e.g., I = f(Q), where I
is the intensity and Q the magnitude of the scattering vector, log
() = flog Q), Zimm, Guinier, etc.) in order to determine the
characteristics values of the samples (@ = 4\~ sin 6, with 26
scattering angle). The experimental errors are within 0.05 for
slope determinations and 10 % for the characteristic dimensions.
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Complex impedance spectroscopy was used to determine the
electrical properties of the samples. Measurements were per-
formed with a Zahner IM5d apparatus, in the range 0.1 Hz to 1
MHz, with an applied signal amplitude of 50 mV. The sample
was a piece of monolith of about 0.2-0.5 mm thickness, with
surfaces as flat as possible. The contacts were obtained with
plasticized conductive probes (Altoflex, 2 X 2 mm?) pressed on
the sample. The sample holder was placed in a closed thermo-
stated cell, the temperature of which could be controlled in the
range ~30 to 95 °C (£0.5 °C). Desiccant agents such as P05 or
silicagel were placed in the cell to dry the atmosphere. Prior to
the experiment, the aged and dried samples were placed in the
measurement cell and conditioned under vacuum at 90 ° Cfor 24
h. The o values then appear stable and reproducible over the
full temperature range.

The materials will be described by the nomenclature [x1a[¥],
where x represents the molar ratio [PEG]/ [TEOS], n the chain
length of the PEG used (n = 2, 4, or 12) and y the ratio [0}/[Li}
where oxygens considered are only those of the ether type ([x]s
for materials without Li). '

Synthesis. For the sake of clarity, the synthesis of cne
representative material [0.5]4[8] is described. TEOS (2.08 g,
10-2 mol) was added to 0.97 g of PEG, (6 X 10-8 mol) and 0.45
g of water (2.5 102 mol), under vigorous stirring. The mixture
was heated to 60 °C and stirred for 10 min. Afterward, 0.197 g
of LiC10, (1.87 X 10-* mol) was added and dissolved. Then, 2
L, of concentrated HCL (5 X 10-% mol) was added, and the blend
was mizxed to give a monophasic liquid. The liquid was cast in
a PTFE vessel, and placed in a 60 °C oven. Gelation of this
system occured after 6 days, and the samples were aged 30 days
prior to further investigations. Monoliths are then obtained.
Further aging of the pellets for 7 days under vacuum {6 Torr) at
100 °C was performed prior to conductivity measurements,

Materials with x = 0.5, 1.8, and 2.3 and y =2, 4, 8, 16, 30, and
80 have been prepared. The ratio of water was chosen to be
[H:01/[S8i] = 2.5.

Transparent materials are obtained for these different com-
positions. Gel times are shorter for higher amounts of LiClQ4
and smaller ratio of organic components. Brittlegelsare obtained
for smaller ratios of organic in the material. Very soft gummy
resins are obtained for higher ratios of PEGys. A density of about
1.5~1.7 was determined by pycnometric measurements, meaning
that these materials could be considered as rather compact,
without voids.

Results and Discussion

IR Spectroscopy. Infrared spectroscopy clearly shows
the development of a network during the gel formation,
with broad bands centered around 1170 (vc-0-¢) and 1070
em! (vgi-0-c, vsio-si). However, their broadness and their :
overlap with sharp and intense vibrations of the dissolved -
LiCl0, salt (1147, 1113, and 1089 cm™!) prohibit further
investigations of the network formation. A sharp bandis .
observed hetween 940 and 943 cm! in LiClO4-doped |
materials which is characteristic of the symmetric ClO4 -
stretching vibration for solvent-separated ion pairs
[Li(PEG),Cl0415232¢ A broad band in the range 876~
885 cm- could be also observed, characteristic of the metal-
oxygen breathing motion, and evidence for the formation
of PEO salt and crown ether complexes.2526 Theseresults |
establish the dissolution of the lithium salt in the PEG, :
component. :

DSC.. DSC measurements have been performed on
materials [2], and [2]4[30]. A glass transition is observed
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Scheme 1. 13C NMR Assignments: Hydrolysis of
TEOS (Incertitude on Chemical Shift Is £4.2 ppm)
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Scheme 2. 13C NMR Assignments: Aleohol-Exchange
Reaction (Incertitude on Chemical Shift Is +0.2 ppm)
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atlower temperature T, followed by a cold crystallization
associated with a melting peak.?” No other phenomenon
are observed up to 150 °C. T, are measured at —70 and
-b60 °C, with the second phenomenon observed around
~10 and 5 °C respectively for the compounds without and
with Li salt dissolved. Such an increase of transition
temperatures with salt doping has been measured in most
of polymericelectrolytes, and associated with the decrease
of the PEG, chain mobility.282® The glass transition
observed in these materials asserts their polymeric be-
havior and the restraining of erystallization, as opposed
to the individual behavior of PEG, molecules of PEG,/
LiCl0Oy4 solutions.

NMR Spectrescopy. NMR spectroscopy has been
applied to determine the chemistry involved in the
formation of these materials in order to clarify their
structures.

At least, two reaction steps can oceur when TEOS and
PEG,, are mixed with water under acid catalysis: an
alcohol-interexchange reaction and the hydrolysis of
TEOS. These reactions have been studied separately in
order to get a tentative assignments of the different '3C
peaks, and the data summarized in Scheme 1 and 2.

(a) Hydrolysis Step [1 mol of TEOS + 2.5 mol of H;0
+0.005 mol of HCI), Figure 1a and Scheme 1. The main
effect is the formation of ethanol (peaks at 57.5 and 18.0
ppm), and the consequent appearance of broad peaks
around 15.8 and 59.6 ppm. These latter come from ethoxy
groups bonded to silicon atoms. The width of these peaks
could be attributed to a large distribution of sites and
environments of silicon (CH3CH308i(OEt)3_,y(OH);_,-
(O81),), because of the grafting of the alkoxy groups to
small silica clusters, with low mobilities.
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Figure 1. Liquid *CNMR, (from bottom to top): (a) hydrolysis
step, 1 mol of TEOS + 2.5 mol of H;0 <+ 0.005 mol of HCI; (b)
alcohol-exchange step, 1 mol of TEOS + 0.5 mol of PEG, +0.005
mol of HCL; (¢) [0.514 sample, 24 h after mixing. Only 50 ppm
sections are shown,

~ (b) Aleohol-Interexchange Reaction [1 mol of TEOS +
0.5 molof PEG++ 0.005 mol of HCI), Figure 1band Scheme
2. The formation of the four different exchange com-
pounds (PEG,).Si(0OEt),.; (0 < x < 4) is suggested by the
multiplicity of the peak around 59.3 ppm (CH;CHOSi)
and the appearance of four peaks around 63.6 ppm
(OCH.CH,08i). Consequently, the decrease of the in-
tensity of the peak at 70.2—70.8 ppm, and the appearance
of multiple peaks around 72.6 ppm (QCH;CH;08Si) are
observed. ‘

While in most previous studies this kind of materials
has been studied by the NMR of the metal nuclei,?® both
solid- and liquid-state carbon-13 spectra were found to
give useful information. The [0.5]4 blend is considered
first as arepresentative example. Itsliquid-statespectrum
(Figure 1c), recorded 24 h after mixing shows five intense
narrow peaks which corresponds to those of pure PEG,
and four broad peaks around 15.8, 59.5, 63.2, and 72.5
ppm, corresponding respectively to ethoxy groups bonded
to silica clusters and PEG, groups bonded to silicon or
gilica clusters as described earlier.

The solid state CP-MAS spectrum (Figure 2d), recorded
after drying, shows seven groups of lines with the small
peak at 15 ppm suggesting an almost complete remowval

(30) (a) Nabavi, M.; Doeuff, S.; Sanchez, C.; Livage, J. J. Non-Cryst,
Solids 1990, 121, 31. (b) Pouxviel, J. C.; Boilot, J. P.; Beloeil, 4. C.;
Lallemand, J, Y. J. Non-Cryst, Solids 1987, 89, 345.
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Figure 2. 3C CP-MAS spectra of materials: (a) [0.5]z, (b) [2]2,
(c) [0.514[8], (d) [0.5],, recorded using the parameters given in
the text. Only 100 ppm sections are shown.

of the ethoxy groups during gelation and aging of the
material. Small variations in the chemical shifts between
the liquid and the solid can be explained in terms of
conformational changes and hindrance of the chains in
the solid state, but broadly speaking, the same groups of
lines are obtained. A notable exception is that the 58
ppm line from the pure PEG has completely vanished and
the 62 ppm line is much reduced while the other lines in
thisregion of the spectrum are enhanced. The same groups
of lines are present in the spectra of all the samples
investigated, ([0.514[81, [0.5}2 and [2.0]2) (Figure 2a,0),
but in these cases the resolution is reduced because of the
greater rigidity of the materials (see below). Thisprevents
any further conclusions about the grafting of the chains.

Simple proton NMR measurements provide a very
convenient means of studying the changes in dynamics
across the range of materials studied here. Figure 3 shows
5-kHz-wide sections of the spectra for [0.5]4, [2]2, [0.5]4-
[8],[0.514, [2]4 materials. Those prepared from the higher
molecular weight PEG show motionally narrowed spectra
with the high PEG ratio materials [2]4 (e) exhibiting
resolution of two proton lines separated by less than 1
ppm and a pair of spinning sidebands toward the edges
of the sections. Indeed, this material is so mobile that
cross polarization fails. Decreasing the PEGy ratio (d)
leads to broadening indicative of increasing rigidity, while
addition of LiClO, salt (c) results in no major change. The
low molecular weight PEG, based materials show lines
which are broadened still further evidence of their still
greater rigidity.
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Figure 3. Proton NMR spectra of materials: (a) [0.5]2, (b} {22
() [0.51,[81, (d) [0.514 (e) [2]s recorded using parameters .
described in the text. The width of the sections shown is 5 kHz.

Spinning side bands are observed in (¢}, (d), and {e).

Perhaps, the most complete picture is provided by the
correlation experiments. Figure 4 shows the proton-carbon 5
correlation of the [0.5], material, showing in the proton
dimension only the 2-kHz region around the largest peak.
Several correlations can be observed. First, the large |
proton signal is associated with the carbon lines at 62, 71,
and 73 ppm which are all signals observed for pure PEG,.
In each of these cases, the correlation peak has the form
of a doublet of extremely narrow lines, suggesting that
these carbon lines are associated with free chains. These
nonbound signals dominate for this particular material :
which explains the overall liquidlike behavior observed in
the proton spectra. The signal from the most mobile
protons is a doublet because the motional narrowing allows
the resolution of the indirect carbon-13—proton spin—spin ;
coupling. Indeed a major component of the cross polar-
ization may be through the indirect coupling for this -
sample. Avalueof 170 Hz can be assigned to the splittings :
observed here which is typical for indirect heteronuclear
couplings. The correlation peak at a carbon shift of 71 '-
ppm consists of the doublet sitting on top of a broader !
component, as can be clearly seen in the contour plot. :
This might be evidence of a second type of motional :
behavior associated with the PEG chains bound to the .
silica, which are somewhat rigid. Similar broader corre- :
lations are expected for the carbon peaks at 63.5 and 60.5 .
ppm although they are not visible above the noise in the
two-dimensional spectrum. A different proton signal :
correlates with the carbon line at 72.5 ppm and again a
doublet of narrow lines is observed. Similar results have :
been obtained for the [2], material, although here the |
lack of sufficient motional narrowing prevents the resoc- .
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Figure 4. Proton—carbon heteronuclear correlation of material
[0.5],, recorded using the parameters and pulse sequence given
in the text. Only positive contours are plotied, there being no
negative intensity at these levels. Carbon chemical shifts run
along the horizontal axis with proton line shape appearing on the
vertical axis. Only a 2-kHzregion of the proton spectrum around
the narrow peak is shown, Correlations of a doublet form are
due to the resolution of 'H-13C couplings.

lution of heteronuclear couplings. Nevertheless, in all the
materials investigated the most mobile component of the
proton spectrum is clearly associated with the pure PEG
carbon lines, indicating the presence of an organic-rich
phase not bound to silicon.

Figure 5 shows the silicon-29 CP-MAS of the [0.5]4
material in which three peaks can be observed around
-91,~101, and ~110 ppm, characteristic of Q2, Q3, and Q*
environments, respectively. Liquid-state measurements
were also made during the formation of the gel; the
hydroxylation—condensation occurs so quickly that the
same three lines are observed only a few hours after mixing,
CP-MAS spectra are not quantitative,? the high propor-
tion of Q2 and Q3 environments is expected because of the
higher proton density close to the surface of the silica
particles. Evidence of the structural heterogeneity of the
[0.5]4material is provided by the proton-silicon correlation
gpectrum. This is also shown in Figure 5 along with the
vertically expanded proton spectrum; note that a 5-kHz
section is shown here. Both the Q? and Q3 signals are
clearly correlated with broad proton signals lying under
the main proton line. The increased rigidity suggested by
the broader line is evidence of PEG chains bound to silica
particles. The lack of a correlation with the narrow proton
line is evidence of a spatial separation on the nanometer
scale of the silicon-rich and organic rich phases of the
material. Such a correlation is expected because of strong
proton-proton spin-spin couplings if the protons from the
two phases are closer than a few nanometers.
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Figure 5. Proton-silicon heteronuclear correlation of material
[0.5]4, recorded using the parameters and pulse sequence given
in the text. Again, only positive contours are plotted. Here, a
5-kHzregion of the proton spectrum is plotted with an expanded
vertical scale.
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Figure 6. SAXS curve: (a) [0.5]4, (b) [0.514[8], (¢} [2]4, (d)
[2}408].

SAXS. Figure 6 presents the SAXS curves obtained
for different samples, plotted on a log-log graph. These
scattering profiles display a very broad interference peak,
indicative of a non-highly periodic fluctuation of the
electron density within the materials. T'his result can be
explained by a diphasic structure of these compounds,
caused by local phase separation between domains rich in
gilica or organic materials. The maximum position shifts
tolower angles with an increase of the content of the organic
component. The intensities drastically increase with an
increase of the organic component or the dissolution of
LiClO4 in the materials.

A model has been proposed to explain similar curves
obtained with inorganic-organic network ceramers.32 The
peak position reflects the interdomain spacing, d = 27/Q,
where d is the interdomain distance and  the magnitude
of the scattering vector. The intensity I scattered by a
diphasic system is related to the electron density variation

(31) Devreux, F.; Boilot, J. P.; Chaput, F.; Lecomte, A. Phys. Rev. A
1990, 41, 6901,

(32) Rodriguez, D.E.; Brennan, A. B.; Betrahet, C.; Wang, B.; Wilkes,
G. L. Chem. Mater. 1992, 4, 1437.
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Table 1. Small-Angle X-ray Scattering Results and Interpretations?

% vol d (nm) R, (nm) R; (nm) Realed (nm) L (nm) ¢ (nm)
formula 8i0; interparticle dist slope Guinier plot Zimm plot from d (rod model) (rod model)
[0.514 23.6 3.0 0.3 0.5 0.4
[0.51418] 23.6 24 -1.1 1.1 1.1 3.6 3.8 0.22
[114 13.4 3.6 0.8 0.6 0.4
[114(81 13.4 26 -1.3 1.7 2.1 3.1 6.1 0.4
[214 7.1 28 -1.6 2.5 1.9 2.8 8.7 0.6
{21481 7.1 a3 -1.7 3.4 4.7 3.3 11.7 1.1
[0.5112£8] 9.0 26 -1.9 2.2 3.5 2.8 6.5 0.4
[0.5]2 36.1 <1.b 0.2
[1]2 22.0 2 0.3
[2]a 124 3.1 0.3 0.4 0.4

a §ilica volume ratio (% vol 8i0s), interparticle distance (d), slope of the curve, Guinier radius (Ry) determined by Guinier and Zimm plot,

theoretical radius (R) determined in regard to the experimental d value,

length (L), and diameter (¢) of the particles considering a rod-size

shape as a function of the material composition. The experimental errors are within €.05 for slope determinations and £10% for characteristic

dimensions.

Ap by the relation I = (Ap)2N, where N is the number of
scatterers. Then, the maximum intensity gives informa-
tion on the number of particles, and the slope (or the
curvature) of the profile reflects the sharpness of the
boundaries between phases, as it could also be stated from
the fractal theory.3® Lower slopes are representative of
more diffuse scatterers or/and less compact surfaces.
Moreover, an estimate of the size of the particle could be
established from Guinier or Zimm plots, following usual
analysis.3¢

Table 1 summarizes the results obtained from the
analysis of the different curves. Intheset of samples [x]y4,
the effect of x on the material morphology could be
followed. Compounds with higher silica ratio flat curves
with a low intensity. Results from calculations lead to a
radius of gyration R, of about 0.4 nm and an interparticle
distance of about 8 nm. This means a great homogeneity
in the material on the SAXS scale. An increase of the size
of the particles and of the interparticle distances is
observed with a decrease of the silicaratio. Aslopeof—-1.6
could be measured for the [2]4 compound meaning that
the silica particles have arandom shape, a very low surface
density, and an anisotropicframe. Such dimensions could
also correspond to swollen polymers® or fractal objects.3

The radius of the particles and the interparticle distances
stronglyincrease, upon addition of LiClO4 in the different
[x]; samples. The intensity of the signal increases,
meaning that the number of scatterers increases and the
diphasic character of the material gets more pronounced.
Silica particles are better defined in the presence of LiClOy.
In fact, the structural effect can be assumed to be even
larger as measured from the intensity of the curves, since
LiCl10, dissolved in the organic phase should decrease the
electron contrast Ap between the two phases. Nonetheless,
the moderate change of the slope may indicate that the
particle shape is hardly changed. These particles could
be treated as anisotropicrods® orstill be considered shaped
more like swollen polymer of increased size. The calcu-
lation for the rod model is reported in Table 1.

These results point out the effect of the addition of
inorganic salt on the morphology of sol-gel materials. The
size of the Si0; particlesis evidently greatly affected. This

(83) Schaeffer, D, W.; Keefer, K. D. Mater. Res. Sec. Symp. Proc.
1984, 34, 1.

(34) Glatter, 0.; Kratky, O. Smell Angle X-Ray Scattering; Academic
Press; New York, 1982.

(35) Flory, P. J. Principles of Polymer Chemistry; Cornell University
Press: Ithaca, NY, 1953,

(36) Jutson, d. A.; Richardson, R. M.; Jones, S. L.;Norman, C. Mater.
Res, Soc. Symp. Proe. 1990, 180, 123.

can be only explained by some change in the involved
chemistry.3” The effect of variation of the chain length
of the PEG, polymer appears to be moderate. It acts
mainly through the change of the SiQ; ratio, with the
subsequent change of the interparticle distance and
particle size.

The calculated inter- and intradimensions are compared
with those obtained from a theoretical calculation. Inthis
model, it is assumed that silica particles form compact
spheres of radius R. If d is the distance between two of
these particles, the following relation can be verified: R
= (% vol(sio,-3/8m)1/3d/2. Thevaluesof R calculated from
this relation on the basis of the experimental d values are
alsoreported in Table 1. Theslight discrepancies of those
values with the experimental ones can be explained by the
nonregular polymeric or anisotropic structure of 8i0y
particles. However, the results of these calculations
confirm the initial hypothesis used for the interpretation
of the SAXS curves.

Conductivity Measurements. As usually observed
for ionic conductors, electrical impedance, plotted in the
complex plane exhibits an arc of circle at high frequencies
that corresponds to the bulk conductivity of the sample,
followed by a vertical linear variation at lower frequencies
due to the interface between the gel and the blocking
electrodes.® The intercept of the arc of circle with the
real axis gives the ohmicresistance from which conductivity
o can be deduced.

Figure Ta presents the changes of room temperature
conductivity, orr, measured at 20 = 1 °C, with composition
variations. Values of conductivity between 10-8 Q-lem!
and 6 X 105 0! cm™! are measured. These values are
large enough in regard to the conductivity measured for
the pure matrix (TEOS/TEG/H;0/HCI with the same
ratios; <1010 01 cm-!) to assume that the conductivity
occurs mostly from the dissolved salts. Nonetheless, a
contribution from a mixed ion conductivity effect cannot
be excluded. The conductivity values reported in graphs
and tables correspond to anhydrous materials after vacuum
and heat treatment. The decrease of conductivity from °
aged materials to deep-dried materials is more than 3
decades. An huge increase of conductivity with Lit*
concentration is observed for both PEG, and PEG,
systems. Nonetheless, this behavior is in contrast with

(37) Henry, M.;Jolivet, J. P.; Livage, J. Chemistry, Spectroscopy and |
Applications of Sal-Gel Glasses; Springer-Verlag: Berlin, 1982 p 117.
(38) Linford, R. G. Electrochemical Science and Technology of
Polymers; Linford, R. G., Ed.; Elsevier Science: London, 1990; Vol. 2, p
281. ;
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Figure7. lonic conductivity measured at room temperature (20
£ 1 °C) as a function of [O]/[Lil: (a) ogrr; (b) Agrr (in regard to
the polymeric PEG,, phase).

those observed for most of the polymeric systems in which
a maximum conductivity is observed for [Q/Li] around
8.2%39 QOne of the current interpretations of this phenom-
enon has been provided recently by McCallum and
Vincent.%® They attributed the increase in conductivity
with increasing the salt concentration to long-range
coulomb interactions (alsoreferred as coulomb screening).
The decreasing observed after the maximum is a conse-
quence of the immobilization of the polymer chains by
interactions with the ions. Spectroscopic investigations
suggest a diphasic structure for the materials, where the
lithium salts can be only dissolved in the polymeric phase
(PEG,). Then, the variation of the molar conductivity
Agr determined in respect to the polymeric phase pre-
sented on Figure 7b is more informative. Most of PEG,
(and to a less extent also PEGy) based materials present
the expected maximum Agy values for [0]/[Li] around 4.
Nonetheless, the materials based on PEG present a net
increase of Arr for the full range of data.

Figure 8 presents the variation of the conductivity with
temperature for characteristic samples. For all samples,
discrepancies with pure Arrhenius [oT' = oo exp(-Eo/RT)]
or free volume (VTF) [o¢T1/2 = oy exp(—E/R(T ~ To))]
models are observed.l?

Mostly, these plots reveal two slopes, with an intercept
around -5/0, 8/10, and 15/20 °C, respectively, for PEGg-,
PEGy-, and PEGqs-based systems. The corresponding
activation energy E, are around 0.5/0.8 and 1.2/1.4 eV
respectively for higher and lower temperature processes.

28 1(39) Tsuchida, B.; Shigehara, K. Mol. Cryst. Lig. Cryst. 1984, 106,

('40) McCallum, J. R.; Vincent, C. A. Polymer Electrolyte Reviews;
McCallum, J. R., Vincent, C. A., Bds.; Elsevier: London, 1987; p 23.
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Figure 8. Temperature dependance of ionic conductivity for
different materials.
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Figure 9. Influence of composition on activation energy E,,

Such behavior has also been observed in some polymer??
or composite electrolytes?! and interpreted as partial
crystallization and phase separation of the material below
acritical temperature. Moreover, the range of magnitude
ofthese critical temperatures is not so far from the melting
point of pure PEG, (—10.6 °C), PEG, (-6.2 °C) or softening
point of PEGy» (17-22 °C), and the observed variations
could be explained by the well-known effect of salt
concentration atthe melting and glass points of polymers.28
Figure 9 presents the variation of the Arrhenius activation
energy F, of the high-temperature process for different
systems. Pseudoactivation energies from 7 X 10-2 to 12
X 10-2 eV are calculated using the VI'F model (with T
around 200 K). These measured values are higher than
reported values for polymeric? or composite electrolytes!842
but similar to those observed for systems in which big
anions are complexed.® The highest values of E, are
observed for [O]/[Li] around 10, as has also been obhserved
in liquid polymeric electrolyte.43 Hindrance of the move-
ment of the polymer chains from the small silica cluster
could explain such behavior. This could be confirmed by
the [0.5]9[x] system presenting typical features as very
high E, (>1.1 eV), and a great increase of conductivity
with increase of x. Moreover, thisshould be related to the
specific behavior of thig system observed on the basis of
NMR spectroscopy, presenting a real strong solid-state
behavior.

(41) Huang, X.; Chen, L.; Huang, H.; Xue, R.; Ma, Y.; Fang, S.; Li,
Y.; Jiang, Y. Solid State Ionics 1992, 51, 69.

(42) Charbouillot, Y.; Ravaine, D,; Armand, M.; Poinsignon, C.J. Non-
Cryst. Solids 1988, 103, 325.

(43) Albinsson, I; Mellander, B. Ii.; Stevens, J. R. J. Chem. Phys.
1992, 96, 681.
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Conclusion

Organic—inorganic materials showing interesting ionic
conductivities were prepared by the sol~gel process. The
chemical synthesis of such materials is the key to the
control and optimization of the processing and properties.
However, the first guide to enhancement of these is the
study of structure—property relationships. The multifold
framework of such materials requires multitechnique
investigation to complete their description.

TEOS/PEG,/H.0/LiCl0  mixtures lead to transparent
monoliths and films with conductivities up te 5 X 10-5 Q-1
cm-l. Their thermal stability has been checked in the
~925/+95 °C range, and the mean conductivity activation
energy was measured in the range 0.5/0.9 eV depending
on the composition of the blend. However, the phenom-
enological approach of the conductivity measurements
establish some singularities in the behavior of these
materials, in regard to the classical VTF model for
polymeric electrolyte.

The whole set of data indicate the real diphasic
structures for these materials. SAXS shows that low-
density SiO; clusters (fractallike) are formed. Their size
and shape depend the material composition. The PEG,
phase dissolves the LiClOy salts. However, the interpen-
etration of these two phases in the nanometer range could
explain the polymeric behavior observed with the DSC
measurements. NMR measurements clear up the struc-

Judeinstein et al.

ture on the molecular scale. PEG,, chains partially react
with the gilicon atoms to produce silica clusters with comb
like grafted chains. Most of the PEG, molecules (n = 4
and 12) are simply entrapped in the network. This gives
the dynamic behavior of aliquid system, observed through
the NMR experiments. The organic phase appears as a
very mobilesystem, leading to the liquid features measured
by the ionic conductivities. Nonetheless, the interpene-
tration of these two phase at a molecular level, leads also
to some collective behavior usually encountered in poly-
meric systems, such as a glass transition. Moreover, this
excellent dispersion and mixing of phases leads to elec-
trolytes with optical transparency and better stability and
mechanical behavior than for most pure polymeric systems.
These materials combine two goals required in the field
of polymeric electrolytes by the simultaneous presence of
plasticizers (TEG molecules) and fillers (SiOg particles).
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