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ABSTRACT: Solid organie-inorganic hybrid electrolytes based on diureasils doped with LiGl@ve been
obtained by the setgel process through the reaction of poly(propylene glybtikpoly(ethylene glycol)-
block-poly(propylene glycol) bis(2-aminopropyl ether) fi-PPG-PEG-PPG-NH,) with 3-isocyanatepropy-
Itriethoxysilane (ICPTES), followed by co-condensation of an epoxy trialkoxysilane, 3-(glycidyloxypropyl)-
trimethoxylsilane (GLYMO). The structural and dynamic properties of the materials were systematically investigated
by a variety of techniques including ac impedance, Fourier transform infrared spectroscopy (FTIR), differential
scanning calorimetry (DSC), multinucled?g, 2°Si, "Li) solid-state NMR'H—13C 2D WISE (wide-line separation)
NMR, and’Li pulsed gradient spinecho (PGSE) NMR measurements. The length of backbone PEG chain, the
extent of GLYMO cross-linking, and the salt concentration were varied in order to obtain the materials with high
conductivities. A maximum ionic conductivity value of 1.3710° S/cm was obtained at 3 for the hybrid
electrolyte with a [O]/[Li] ratio of 32. This ionic conductivity value is 1 order of magnitude higher than that of
previously characterized electrolytes based on ureasils without incorporation of GLYMO. The restits of
cross-polarization magic-angle spinning (CPMAS) NMR with varying contact timestard3C WISE NMR
provided a microscopic view of the effects of salt concentrations on the dynamic behavior of the polymer chains.
Only one distinct’Li local environment was detected by variable temperafiie-{'*H} MAS NMR. The
temperature dependence @fi static line widths and self-diffusion coefficients showed that there is a strong
correlation between the dynamic properties of the charge carriers and the bulk ionic conductivity.

Introduction appear to be the main strategy to obtain better conductivity for

Solid polymer electrolytes (SPEs) formed by complexing ST ES: Avalr_ule:y of amorphous materials with [3yhave been
alkali metal salts (LiX) with an ion-conducting polymer have developed: Recent Wo_rk_ has utilized various appro_aches
received considerable attention because of their potential!® SuPpress the crystallinity through the incorporation of
applications in solid-state batteries, chemical sensors, data®*ymethylene groups to PE®:2 In addition, low Ty poly-
storage, and electrochemical deviéesThese polymer elec- ~ Phosphazenés' and polysiloxanes-2 with oligoether side
trolytes have to satisfy several requirements, including high ionic 9roups attached to the flexible backbones have been used
conductivity, good mechanical properties, and excellent elec- effectively.
trochemical stability. Although lithium doped polyethylene oxide In search for better polymer host matrices, much effort has
(PEO) based SPE systems were first recognized with ionic been devoted to develop new polymer electrolyte systems such
conductivity, it was soon realized that their performance was as copolymer$ and blend® or materials doped with nanosized
often hindered by crystallization of PEO, leading to its low fillers, classified as composite electrolyféositive effects of
conductivity at ambient temperature. Furthermore, for many the incorporation of the inorganic filler have been observed for
battery applications, even high molecular weight PEO based fylly amorphous polymer& A more favorable strategy is to
electrolytes have unacceptable mechanical properties and lowgevelop organieinorganic hybrid electrolytes, so-called or-
processability, especially at higher temperatures. The ionic molytes (organically modified electrolytes) via in situ formation
conductivity of SPEs is due to the motion of dissolved ionic of inorganic component within the polymer matrix. The
species (cations and anions) in a polymeric matrix. It is organic-inorganic hybrid electrolytes are often prepared via a
recognized that ion conduction occurs exclusively in the gimple sol-gel synthetic route, through the use of functionalized
amor_phous phase in pure polymer ellectrolytabove the g!asS organosilanes to combine with the polymer backbones, without
transition temperaturd’g), via a liquidlike motion of the cations | ocourse to complex synthesis proceddfed These materials
assisted by the segmental reorientations of the neighboringaye advantage of the rich chemistry of silicon-based structure

polymer chains, although some recent studies showed that the, ey orks to provide a relatively stable three-dimensional matrix,
ion transport associated with the crystalline phase can also yleIdWhiCh can be readily tailored to obtain the desired chemical

a_3|gn|f|;;ant cg_rl;c)rl_lt_)#tlon_ to the POH?#Ct'V'ry un(ilcer at\ppro;f)rtlﬁte and physical properties. With dependence on the reaction
:rrr::cl:rmrsloinscgo.main ?:’tk']r;creoallsxgr h%gto:nrge dergrce:sr}no itse conditions and the ratio of organic and inorganic components,
P poly % organic and inorganic components can be either merely inti-

_ ' ' mately mixed or chemically bonded. Two types of hybrids have
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static interactions are established between both components (one Scheme 1. Schematic Representation of the Synthesis and
acts as host network and the other as entrapped spétiésy, Structure of the Present Hybrid Electrolyte
and type Il hybrids, in which at least a proportion of the organic

. f EtO N - OEt
and inorganic components are bonded by means of strong o Ssi~~n=c-0 HH>N,\/\/\N<5 0=C-N"~"siLOFt
chemical interactions such as covalent bo#d8.The type | Et0 OFt
hybrids, in general, have higher room-temperature ionic con- THF
ductivities (up to 10* S/cm) than the type Il hybrids but T=70°C (5 days)
unfortunately with much lower chemical stability. The structural
and electrical properties of these two types of hybrids are
strongly dependent on the synthesis conditions such as the
polymer molecular weights, the lithium concentration, the weight
percent of polymer, and the interactions between the organic Mo, ™ 0 ? o7 o
inorganic phase¥. In most of cases, the incorporation of a Cv’\O’\:O/S‘;%SiMNCN'\/\/\NCNMSi\-&‘S{a’\O’V
silicate network into the polymer matrix permits not only a
significant reduction or even suppression of crystallinity but may
also result in a marked improvement in the mechanical resistance
and the chemical/thermal stability of the materials. Therefore,
the hybrid polymer electrolytes with controlled chemical and
physical properties are promising candidates to overcome the
disadvantages associated with conventional PEO-based elec-
trolytes.

Among the various organiginorganic hybrids that have been
proposed in the literature, a family of versatile compounds is
noteworthy, classified as diureasils, in which polyether-based
chains of variable lengths are grafted on both ends to silicate
backbones through urea functionaliti@g%-42 Therefore, the

EtO. 2 OFt

\ R4

EtO= Si M NCN™" " NCN M SiCTOE
07 S

l GLYMO

matrix of the so-called ureasils belongs to the family of type I """ ED2000, ED900, or ED600
hybrids. Generally, the oxyethylene segments of a commercial  u,NEPG)(PEG),(PPG),NH,  NH—ETNH ™ lica domain
polymer containing diamine groups were bonded to a silica  a+c=35;b=405,155, and 85 for 0

matrix through urea {NH(C=O)NH-) bridges to yield a ED2000, ED00. and EDGOD respectvely

semicrystalline macromolecular structure with high optical polymer host. It is important to emphasize that the multicom-
transparency, good thermal stability, and encouraging chemicalponent nature of this system allows the physical and chemical
and mechanical properties. The ureasil structures have beemyroperties of these SPEs to be tunable through optimization of
investigated very recently by fR and photoluminescence  the polymer segment length, the salt concentration, and the silica
spectroscopie®! The chemical and electrochemical properties content. Moreover, the functionality, i.e., thelC=O group,

of the ureasil-based electrolytes synthesized through the additiony |CPTES provides a cross-linking center to interact with the
of controlled quantities of various salts such as LigtOLICFs- amine end groups of the triblock copolymer to generate a
SG; to a diureasil hybrid host matrix for the potential use in  semicrystalline diureasil precursor. Then the diureasil precursor
lithium ion batteries have also been reporteth*®The urea  fyrther condenses with GLYMO and results in reinforcement
linkage in these electrolytes provides anchoring points for the of the rubbery network and thereby improves the mechanical
chains, making these polymer electrolytes fully amorphous. The properties of the hybrid materials. This paper highlights the use
amorphous nature of the ureasils allows these materials to beof multinuclear £3C, 29Si, Li) solid-state NMR techniques in
promising candidates for use as ion-conducting polymer elec- combination with the measurements of'Ldiffusion coef-
trolytes with no detrimental effects by crystallization. When ficients, a parameter directly related to ionic conductivity, using
doped with lithium salts, however, the ionic conductivity of these pulsed gradient spinecho (PGSE) NMR techniques, in order
electrolytes is relatively low at room temperature (only up to to gain more insights into the role for iefpolymer interactions,
107° S/em). The effects of the synthesis conditions on the the nature of the charge carrier, and the ionic association process
dynamic properties of diureasil based hybrids are still not fully in the ionic conductivity. These NMR results were combined
investigated. The information about their microscopic molecular with the infrared (IR), differential scanning calorimetry (DSC),
behavior should be considered to be a key point for the and ionic conductivity results for further discussion and elucida-

optimization of the properties of these hybrids. For this purpose, tion of the influence of the material composition on their
solid-state NMR spectroscopy can make important contributions. properties.

In the present work, organitinorganic hybrid electrolytes ) .
based on the host diureasils have been prepared by reacting-XPerimental Section
HN—PPG-PEG-PPG-NHj triblock copolymer, where PPG Preparation of Hybrid Electrolyte Films. Lithium perchlorate
and PEG represent poly(propylene glycol) and poly(ethylene (LICIO4, Alfa Aesar) and HN—PPG-PEG-PPG-NH triblock
glycol), respectively, with 3-isocyanatepropyltriethoxysilane copolymer (Aldrich, commercially designated by Jeffamine ED2000,
(ICPTES) to form a diureasil hybrid precursor, followed by the EDP900, and ED600 witM,, = 2000, 900, and 600 g/mol containing
co-condensation with (3-glycidyloxypropyl)trimethoxysilane 220Ut 4O'f5' 15.5, anldf.s PEG uryts, respgt_:twel;t/%wer? otl_r ied u?_der
(GLYMO) as another silica source to yield materials with totally vacuum for several days prior fo use. sSifice e relative Tatlos

L . between the ethylene oxide and the propylene oxide units in the
amorphous nature and good conductivity. As shown in SChemeponmer play a key role in ion transport, a series of polymers with

1, hydrolysis of GLYMO, followed by condensation and fixed PPG segments but varying PEG segments were used.
polymerization with the preformed diureasil precursor, leads to 3-Isocyanatepropyltriethoxysilane (ICPTES, Aldrich) and 3-(gly-
fresh inorganic components that are intimately mixed with the cidyloxypropyl)trimethoxysilane (GLYMO, Aldrich) were used as
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received. Tetrahydrofuran (THF) was distilled from sodium/ Solid-State NMR MeasurementsSolid-state NMR experiments
benzophenone prior to use. The previously reported procedures forwere performed on a Varian Infinityplus-500 NMR spectrometer,
the synthesis of Li-based diureasils were slightly modified in this  equipped with a Chemagnetics 7.5 mm MAS probe and a double-
study. The preliminary step of the preparation of the diureasils tuned static probe. The Larmor frequencies for 12C, and?°Si
involves the formation of urea linkages between the terminal amine nuclei are, respectively, 194.3, 125.7, and 99.3 MHz. Magic angle
groups of a doubly functional oligopolyoxyethylene segment and spinning conditions in the range of=% kHz were employed to
the isocyanate group of ICPTES with a molar ratio of 1:2 in an record'3C and?°Si NMR spectra and sontéi NMR spectra. The
anhydrous THF solution (10 mL). The resulting solution was stirred /2 pulse lengths fofLi and 2°Si nuclei were typically 4 and gs,
at 70°C for 5 days to yield a stable diurea cross-linked hybrid respectively. The!®C and 2°Si chemical shifts were externally
precursor molecule, as illustrated in Scheme 1. This process wasreferenced to tetramethylsilane (TMS) at 0 ppm. The— 3C
adopted for polymers with different molecular weights. The grafting cross-polarization magic-angle spinning(CPMAS) NMR spectra
process was monitored by infrared spectroscopy. The intensity of were also recorded as a function of CP contact time ranging from
the isocyanate vibrational band at approximately 2273cwas 0.2 to 18 ms’Li NMR spectra were acquired under either static or
progressively decreased as the reaction proceeded, finally disapMAS conditions with and without proton decoupling during the
pearing when the reaction was complete. These spectral changesicquisition. The statiéLi line widths were taken to be the full-
were accompanied by the growth of a series of bands due to thewidth at half-height (FWHH) of the peaks and measured as a
presence of urea groups in the region between 1800 and 1500 cm function of temperature from 100 to 80°C. Variable temperature
GLYMO was incorporated in the second step of the synthesis ‘- —{'H} (i-€., proton decoupled) MAS NMR spectra were acquired
procedure. The inorganic part of the hybrid was further prepared t© reveal different local environments of the lithium catiofis.
by mixing 2.5 g of the diureasil precursor in 30 mL of acetonitrile chemical shifts were externally referenced tolaM LiCl(aq) at 0
with the desired amount of GLYMO in the presence of 2 mL of 2 PPM- , o
M HCI at room temperature, and the resulting mixture was stired 2D 'H—*°C WISE Experiments. *H wide-line spectra were
for 1 h. Afterward, appropriate amounts of LiC/@ere added into ~ acquired with the use of the 2D WISE (wideline separation
the solution to achieve the desired [O]/[Li] ratios. The solutions specgoscopy) NMR pulse sequence developed by Schmidt-Rohr
were then stirred at room temperature for another hour. The casting€t @*" The pulse sequence consists of 3 88gree pulse on the
solution was put into Telfon dishes, and the solvent was slowly Protons, which flips the magnetization into thgplane, followed
evaporated at room temperature for 24 h. The materials were thenPY & & evolution period. The proton magnetization evolves under
heated gradually from 30 to 8 under vacuum for several days € influence of dipolar coupling during the timg Then a 90y
to give a piece of transparent and crack-free film with good dedree pulse is applied to flip the magnetization back tetes.
mechanical strength and a good degree of elasticity. The resulting!n the simplest version of this experiment with the mixing tithe

hvbrid electrolvtes were designated a -Z, where G stands = 0, the proton magnetization is transferre_d to t_he carbons by means
foyr GLYMO y)t( the molarg ratio ofg(%(f_(pMO/polymer ) of CP processes and the correspondi@signal is detected under

represents the host diureasil framework (U denotes the urea group conditions of MAS and proton decoupling during the acquisition
For each of these resolvé¥C signals, a correspondirigl

and the numbeY corresponds to the average molecular weight of t_imetz. . - . .
the starting polymer, either 2000, 900, or 600), afd(salt line can be obtained in thls way. Therefore, a correlation can be
composition) indicates the number of ether oxygen atoms (only made between the che_mlcal structure and segmental mobility of
for polymer) per Li cation. The films were then stored in a the polymer. Spectral widths of 40 and 100 kHz were used for the

glovebox under a nitrogen atmosphere for further measurements. 2 @nd w1 dimensions, respectively. Typically 128increments
The thickness of the films was controlled to be in the range of Were used in the 2D WISE experiments. The CP and the dipolar
150-200um. The cross-linked polymer films are strong and highly decoupling field strengths were the same as those used féfGhe
elastic in nature. CPMAS NMR experiments.
. . . . Pulsed Gradient Spin—Echo NMR. PGSE NMR experiments
DSC Thermograms. Differential scanning calorimetry (DSC) were employed in this study to measure fhé diffusion coef-

was performed in the temperature range freB0 to 125°C using ficients. The PGSE NMR experiments were performed using a Doty
a Perkin-Elmer DSC 7 calorimeter at a heating rate 6C&min. 5 mm dual broad band gradient probe and a current amplifier
The sample weights were maintained in the range-€2Gmg and rovided by Varian. The PGSE pulse sequence consists of a 90

were hermetically sealed in aluminum pans. Glass transition ise followed by two identical gradient pulses, separated by & 180

temperatures) were then determined using the fictive temperature ;s which attenuate the echo intensity while the observed nuclei

method in the Pyris software. The reported DSC curves are the 4r¢ diffusing. The echo attenuation is directly related to the diffusion

second heatlng scans taken after an |n|t|al heating scan to erasgoefficient, D, of the observedLi spins, and the experimental

the thermal history, followed by quenching 100 °C. parameters of the PGSE pulse sequence according to the Stejskal
FTIR Spectroscopy.FTIR spectra were obtained from a Bio- Tanner equatiof?

Rad FTS155 spectrometer at a resolution of 4 tosing the KBr

wafer technique. Band deconvolution of the resulting spectra was =1, exp[_yz(szgz(A — 0/3)D] 1)

conducted to obtain the best fit for the band envelope.

ac Impedance MeasurementsAlternating current (ac) imped-  wherel andl, are the echo amplitudes obtained with and without
ance measurements of the hybrid electrolytes were performed usingapplication of the gradient pulses, respectivelyhe gyromagnetic
a frequency response analyzer Autolab/PGSTAT 30 electrochemicalratio of the observedLi nuclei, 6 the width of the gradient pulse,
instrument over a frequency range of 10-Hz MHz with an g the magnetic field gradient amplitude, aAdthe time interval
amplitude of 10 mV. All the specimens were sandwiched by two between the leading edges of the gradient pulses. For each PGSE
polished stainless steel blocking electrodes for conductivity tests. experiment, the gradient strength was varied while keeping all other
These measurements were performed at the temperature in the rangearameters constant. The gradient strength was calibrated by
of 10—75 °C. Each sample was thermally equilibrated at each measuring the known self-diffusion coefficient ob® at 25°C
selected temperature for at Iedsh prior to taking measurements.  (2.23x 107° cn¥/s)#° TheLi diffusion coefficients can be obtained
Impedance plots of the complexes (semicircles) were computedfrom the slope of the plots of (o) againsty?02g?(A — 6/3).
from the raw experimental data. The intersection in the imaginary Measurements were carried out on about 500 mg samples which
impedance at low frequency with the real impedance axis corre- were loaded and packed into 5 mm Pyrex tubes in a very low
sponds to the ionic conductance of the samples, and hence thehumidity (<1 ppm) glovebox. The Pyrex tubes were then flame
conductivity values ) are obtained from the equatiom = sealed under vacuum. The self-diffusion coefficients were obtained
(1/Rp)(t/A), whereR, is the bulk resistancd,is the thickness, and  in the temperature range of 4020°C. The typical reproducibility
A'is the area of the sample. of the diffusion coefficient measurements is ab&i8%.
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® Figure 2. IR fitting results (in the range of 666650 cnT?) of G(1)-
T U(2000)Z hybrid electrolytes with various [O]/[Li] ratios, whe@&=
1350 (a) 32, (b) 24, (c) 16, and (d) 8.
~ o spectra of model polyurethangsWe thus assigned the bands
‘ ‘ . . _C0-C, 8i-0-C, 8i-O-Si at 1720 and 1660 cm (Figure 1) to the amide | modes without
3500 3000 2500 2000 1500 1000 500 and with hydrogen bonding, respectively. The amide Il band
Wavenumber (cm!) involves the vibration of the NH in-plane bending, the €N
Figure 1. FTIR spectra of (a) ED2000, (b) G(0)-U(2008)-and G(1)-  Stretching, and the €C stretching mode¥.*3 The medium
U(2000)Z hybrid electrolytes with various [O]/[Li] ratios, whe@&= intensity band observed at 1562 chis attributed to the amide
(c) 32, (d) 24, (e) 16, and (f) 8. I mode?4 The presence of the characteristic bands associated
) ) with the urea linkage confirmed a successful synthesis of the
Results and Discussion ureasil hybrid.
Structure of Diureasil Based Electrolytes. IR. Infrared A major peak associated with-—C stretching vibrations

spectroscopy is a convenient method to trace the reaction ofwas observed at 1104 crhfor the parent ED2000. With the
isocyanate for ureasil preparation and also can provide theaddition of the lithium salts, two sharp peaks at 1120 and 1110
information about the development of an orgafilworganic cm~1 appeared, suggesting that the ether group of ED2000 had
network. Figure 1 shows the FTIR spectra of the parent polymer some interactions with the added lithium cations. Although
ED2000, the ureasil precursor (without GLYMO and salt), and changes in the intensity, shape, and position of theOEC
G(1)-U(2000)Z hybrid electrolytes with various LiCl9con- stretching mode were associated with the polyethéClO,4
centrations. Previous spectroscopic studies carried out byinteractions, the dependence of the absorption peak-@-€C
Coleman et al. revealed that polyurethane exhibited bands atstretching vibrations on the salt concentrations was not clarified
3440 and 3320 cri due to the free and hydrogen-bonded NI in the IR spectra, since the characteristic absorption bands of
stretching modes, respectivélyAs seen in Figure 1, the high-  the hydrolysis product (SiO—C and Si-O—Si) of ICPTES
frequency region of the IR spectra was ill-defined and exhibited and GLYMO were also expected to appear in the same
only a broad band. Therefore, we focused on another spectralregion54:55

region where the main absorption bands produced by the lon Dissociation.The CIQ;~ anion is an excellent probe that
vibrations of the urea groups occurred, so-called amide | and Il allows the extent of ionic association to be estimated. The
vibrations. When ED2000 reacted with ICPTES to form the characteristia’(ClO;~) mode of LiCIQ, is particularly sensitive
diureasil precursor, the formation of the urea groups gave newin changing the iorrion interactions in the electrolyte systems.
peaks appearing in the region between 1800 and 150G.cm Two bands at 625 and 635 cidue to the vibration modes of
These peaks did not have any significant changes after GLYMO CIO,~ ions were observed. According to previous literafifrés
incorporation and Li salt doping. The urea cross-links in ureasils the band centered at 625 chhas been assigned to the vibration
contains active centers capable of participating in hydrogen of the “free” CIO;~ anion, which does not interact directly with
bonds, which structurally resemble the polyurethane block lithium cations, and the band centered at 635 tno the
polymers. Previous IR spectroscopic studies have confirmed thatvibration of the Li*fCIO4~ contact-ion pairs. To investigate the
two hydrogen-bonded uregolyether structures are present in  behavior of ion association in the present hybrid system, the
the undoped ureasil materi&lThe amide | band involves the  spectral features of the(ClO,~) mode were fitted with
C=O0 stretching, the €N stretching, and the €C—N defor- Gaussiar-Lorentzian functions, and the results are displayed
mation vibration®! which is highly sensitive to hydrogen in Figure 2 for G(1)-U(2000% samples and in Figures S1 and
bonding. A band at 1732 cr, associated with carbonyls free  S2 (Supporting Information) for G(1)-U(90®-and G(1)-

of hydrogen bonding, and another one at 1703 %mattributed U(600)Z samples, respectively. The fractions of “free” cations
to hydrogen-bonded carbonyls, have been observed in theas a function of salt concentration for the hybrid electrolytes
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Figure 3. 3C CPMAS NMR spectra of (a) ED2000, (b) G(0)-U(2000)-
oo, and G(1)-U(2000% hybrid electrolytes with various [O]/[Li] ratios,
whereZ = (c) «, (d) 32, (e) 24, (f) 16, and (g) 8.

Table 1. Conductivity (at 30 °C) and FTIR Deconvolution Results of
the G(1)-U(Y)-Z Hybrid Electrolytes Studied

G(1)-U(2000) G(1)-U(900) G(1)-U(600)

Z, free free free
[OVIL]] o (Slcm) CIOs,% o (S/cm) ClOs, % o (S/lcm) ClOs4, %
32 137x10° 82 2.46x 106 79 2.75x 1007 78
24 7.49x 10°© 81 2.16x 1076 75 3.22x 1077 75
16 6.45x 10°¢ 71 217x 106 71 7.38x 108 70
8 121x10% 70 9.78x 107 70 1.33x 107 69

are given in Table 1, which were calculated as the ratio of the
area under the 625 crh mode to the total area under the
v(ClO47) envelope. About 80% of ClQ exists as spectroscopi-
cally “free” species for G(1)-U(2000)-32 and G(1)-U(2000)-
24, while about 70% of free Cl was observed for other
electrolytes with higher salt concentrations (Table 1). This is

Lithium-Doped Organie-Inorganic Hybrid Electrolytes 8677
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Figure 4. 2°Si MAS NMR spectra of (a) G(1)-U(2000)-32 and (b)
G(1)-U(2000)-8 hybrid electrolytes. The dashed lines represent the
components used for the spectral deconvolution.

the diamines. Two peaks at 23 and 9 ppm were clearly visible
when GLYMO was incorporated and are assigned to the
methylene carbons in the andf positions to the silicon atom

of GLYMO, respectively, while the peaks at 44 and 51 ppm
expected for the carbon atoms in the epoxide ring of GLYMO
were also observed, indicative of the incompleteness of the
epoxide ring opening. Besides the major peak at 71 ppm, there
is a smaller peak at 75 ppm due to the ether carbons in the
PPG segments, which is also clearly resolved for the parent
ED2000. This peak became a broader shoulder and was no
longer resolved when the salt doping level was high. The peak
at 73 ppm can be assigned to the carbon attached to ether
oxygens of GLYMO, while a small peak at around 60 ppm is
due to the formation of diol function from the polymerization
reaction of GLYMO?®® The high level of salt doping causes a
more broad distribution of the environments of the polymer
chains, which results in a broader low-field shoulder near the
peak at 71 ppm (Figure 3f,g). For example, the line width
(FWHH) of the peak at 71 ppm progressively increased from
120 Hz for G(1)-U(2000¥» to 220 Hz for G(1)-U(2000)-8. The

as expected since more and more free ions become bound witturea functional groups of this hybrid matrix, which are

the opposite ions to form contact ions upon addition of more considerably less abundant, gave rise to a very weak signal at
salts. As a result, the content of the free ions decreased. Thel60 ppm of the Li-doped hybrid electrolytes (see inset, Figure
degree of ion dissociation slightly decreased or remained 3). This confirmed the formation of urea linkages between the
unchanged when the molecular weight of the polymer host polymer diamine and ICPTES.
changed from 2000 to 600 g/mol (Table 1), indicating that the  29Si MAS NMR. 2°Si MAS NMR is a direct method to
fraction of the PEG segment did not make significant contribu- characterize the silicon condensation and to indicate the silica
tion to ion dissociation at a given [O]/[Li] ratio. network architecture inside these hybrid materials. As shown
13C CPMAS NMR. Figure 3 shows thé3C CPMAS NMR in Figure 4, two signals at67 and—57 ppm, corresponding
spectra of the parent ED2000, the ureasil precursor (without to T2 (RSi(OSi), R = alkyl group) andr? (RSiOSi)(OH)) sites,
GLYMO and salt), and G(1)-U(200@-hybrid electrolytes with were observed for the two selected G(1)-U(2000)-32 and G(1)-
various salt contents. The most predominant peak at 71 ppm isU(2000)-8 samples. The observationTo§roups indicated the
assigned to methylene carbons adjacent to the ether oxygen ofpresence of organosilane groups in the material. The spectral
the polymer chain. The methyl carbon from the propylene oxide features for all samples were basically the same, but the
units appear at 18 ppm, while the peak at 47 ppm can be populations of various silicon environmen®® (s T3) showed
assigned to the nitrogen substituted carbons at the terminal ofsome changes as a function of the [O]/[Li] ratio. TR&T® ratio
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further to 12.8C after the ureasil precursor was further reacted
with GLYMO to become G(1)-U(2000% (see Figure S3,
Supporting Information). No melting transition was observed
upon doping with lithium salt, and thg, values were progres-
sively displaced to higher values with increasing salt concentra-
tions for the present hybrid electrolytes. TAg value is
influenced by the intensity of the interactions developed between
the polymer segment and the guest salt due to the formation of
transient cross-links between the salt and the polyether phase.
The presence of such polymesalt interactions restricts seg-
mental mobility of the host hybrid matrix and thus increases
the Tg.

Effect of GLYMO Content on Tg. The effect induced by
introduction of GLYMO into the hybrid electrolytes is more
evident by comparing th&y values. In comparison to G(0)-
U(2000)Z (Table 2), the G(1)-U(2000X- samples generally
exhibited a lowerTy at a given [OJ/[Li] ratio. Since GLYMO
also contains some EO segments, the silica domain formed by
the co-condensation of ICPTES and GLYMO may solvate some
lithium cations, resulting in a decrease in the actual lithium
concentration in the polymer host as compared to that without

GLYMO. With more GLYMO added in the hybrid electrolytes,
@ however, the G(2)-U(2000d- samples exhibited similailg
354 values as compared to G(1)-U(200D)+or example, théy
values are—42.5°C for G(1)-U(2000)-32 and-41.0 °C for
G(2)-U(2000)-32, and-2.3°C for G(1)-U(2000)-8 and 1.0C
for G(2)-U(2000)-8, respectively. This observation implies that
the salt solvation ability due to the silica domain is relatively
limited, and thus an optimal GLYMO content, GLYMO/
ICPTES= 1/2 in the present case, is an important factor for
controlling the mobility of the polymer host.
Effects of Polymer Chain Length onTg. As seen in Table
2, the increase of the PEG fraction of the polymer chains
decreased thely value for all the lithium concentrations

Endothermal —
\N
© L
\ =
w

40 20 0 20 40 60 80 100
Temperature (°C)
Figure 5. DSC thermograms of (A) G(1)-U(200@-and (B) G(1)-
U(900)Z hybrid electrolytes with various [O]/[Li] ratios, whei2z =
(a) 32, (b) 24, (c) 16, and (d) 8. THR value was indicated by the
dashed line.

Table 2. DSC Results of the Hybrid Electrolytes Studied

Ty, °C investigated. This indicated that the PEG fraction of the
Z [O)[Li] G(0)-U(2000) G(1)-U(2000) G(1)-U(900) G(1)-U(600) polymers h.as an effect on the dynamics of the polymgr which
32 36 125 354 72 is substantial enough to influence this bulk property. Since the
24 —276 375 —24.9 —o01 polymer chains are bonded to the silicate network by covalent
16 -17.5 —-20.8 -16.3 6.1 bonds via an urea linkage, it is reasonable that the entire chain
8 9.4 -2.3 14.1 417

is closer to the silica node and the segmental motions are thus
more hindered for the case of shorter PEG chains, while only
progressively changed from 48% for G(1)-U(2000)-32 to 71% a small fraction of the chains is located near the silica interface
for G(1)-U(2000)-8, indicating that the condensation of the and the majority of chain segments have high mobility for the
silicate network was more complete with lower salt concentra- case of longer PEG chains. Thé&grends are also corroborated
tions. The observed difference also reflected that the presencepy the ionic conductivity measurements shown below. This
of LiClO4 somehow disturbed the hydrolysis and condensation feature is similar to the previously reported PEG/silica nano-
process for the formation of the silicate networks. composites of type 1224

Mobility of Polymer Chains. DSC. The ionic conductivity 13C CPMAS NMR with Variable Contact Time. While
of SPEs is governed by the content and mobility of the Liions DSC measurements help assess the global dynamics of the
within the polymer matrix. The mobility is influenced at least material, solid-staté’C CPMAS NMR experiments performed
by two factors: one is from the mobility of the polymer and with various contact times and 2BH—13C WISE NMR are
the other is the interaction of Li cations with anions and polymer useful to gain more insights into the influence of-lions on
chains. Mobility within the PEO-based electrolytes depends on the local dynamics of the polymer chains from the microscopic
the segmental motion in the amorphous phase, which is grosslyview. Owing to the complex environments in the region of72
characterized by the glass transition temperailyeand the 75 ppm, we focused on tH&1—13C CP signal intensity for the
amount of crystalline phase. The thermal behaviors of the hybrid major ether carbon at 71 ppm as a function of contact time and
electrolytes doped with various contents of LiGl®easured salt doping levels (Figure S4, Supporting Information). The
by DSC are shown in Figure 5, and the results are also andT,,(H) measurements were obtained by fitting the CP signal
summarized in Table 2. These DSC thermograms showed thatintensities with the following formul&®
all the electrolytes produced, with compositions of [O]/[Li] ratio
in the range of 8 to 32, were completely amorphous since no
melting transitions were observed. The parent polymer ED2000
has a melting transition at 32:8. After reacting with ICPTES,
the Tr, value of the ureasil precursor (i.e., G(0)-U(200&)-
without GLYMO and salt) shifted to 24.4C and was down

M(t) = Mo expCtT, (H))(1 — expC-tTey) (2

whereM(t) is the peak intensity as a function of contact tithe
Mo is the normalization constants,(H) is the proton spis
lattice relaxation in the rotating frame, afidy is the cross-
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polarization time constant. Since CP is a measure of the
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®)

efficiency of magnetization transfer by the dipolar coupling from iz : te s
H to 13C, it is most efficient for the statiéH—3C dipolar USRI S
interactions. As a result, the less mobile carbon groups exhibit 7 5'0_ . LT,
the faster cross-polarization rate or the shoftgy. The slower s ", ¢ v
growth in spin magnetization for the peak at 71 ppm for G(1)- o 9] . ‘ :
U(2000)-32 Tcy = 1.4 ms), in comparison to that of G(1)- & 607 ' L Y (a)
U(2000)-8 {Tcn = 0.3 ms), is consistent with its higher mobility -6.57
of polymer chains, as also indicated by its |3y This reflects -7.01 - . ©
that the rapid motion of the former makes the CP signal transfer -7.54 0
from the proton spins less efficient than for the latter. The -8.0 @
significant decrease ifcy for the peak at 71 ppm with 20 30 31 32 33 34 135 36
increasing salt concentration suggests a possible coordination 1000/T (K1)
of Li* ions with the ether oxygen atoms of the polymer chain, ®) 4,4
thereby restricting the segmental motion and leading to stronger ’ .
1H—13C dipolar couplings. Although NMR and DSC techniques 451 0.
probe the materials on a local scale and on a more global scale, 481 4w,
respectively, it appears that the NMR results are also consistent 7517 v : A 12
with the Ty trends as revealed by DSC. \%_5.4_ v, ! '

2D ™H—13C WISE NMR. 2D WISE NMR has been widely © 571 Vv 3 .
used for determining dynamic heterogeneities in solid poly- 3 601 M
mers#” With this technique, the spectroscopic information about 63 . . EZ))
the dynamic behavior within the present system can be ' .
qualitatively assessed by examining the proton line widths 667 v 83
associated with the ether carbons in the polymer host. The line 6.9 29 30 31 32 33 34 35
width of theH line reflects the nature of the dipolar interaction ’ ’ 1000/ &) ’ ' ’

between the protons and thus can be used to monitor the mobility .

of the polymer chains. For the selected carbon signal at 71 ppPM,

Figure 6. Temperature dependence of ionic conductivity of (A) G(1)-
(2000)Z and (B) G(1)-U(900)2 hybrid electrolytes with various

the G(1)-U(2000)-8 sample exhibited a larger line width (2.55 [O)/[Li] ratios, whereZ = (a) 32, (b) 24, (c) 16, and (d) 8.

kHz) in the ™H dimension than the G(1)-U(2000)-32 sample
(1.95 kHz) (see Figure S5, Supporting Information). This
reflected some microscopically dynamic changes of the polymer

Table 3. Conductivity, Li* Diffusion Coefficients (Both at 60°C),

and Activation Energies (E,) Obtained from 7Li Line Width
Measurements of the G(1)-U(2000% Hybrid Electrolytes

chains as the salt content was increased. In comparison to most
crystalline or semicrystalline polymers, which always exhibited

G(1)-U(2000)

proton line width larger than 50 kHz, the much narrower proton  Z, [OJ/[Li] o (Slcm) Dui (cn/s) Ea (kd/mol)
line width from the 2D WISE NMR revealed considerable chain 32 1.39x 1074 7.47x 1078 16.9
mobility for the present hybrid electrolytes. Upon addition of 24 7.40x 1075 3.08x 1078 22.0
more GLYMO, the G(2)-U(2000% (Z = 32 and 8) samples 16 1.42x 10 219x 10°® 30.7

8 4.64% 1075 1.52% 1078 319

gave similar line widths in théH dimension as to the G(1)-
U(2000)Z samples with the same [O]/[Li] ratio. This observa-

obtained for the hybrid electrolyte films as a function of salt
concentration are summarized in Tables 1 and 3. It is generally
accepted that ionic conductivity in polymer electrolytes is mainly
attributed to the presence of the amorphous phase above their
glass transition temperatures, which assists the ion mobility. All
the present hybrid electrolytes with various Li concentration
are in a completely amorphous state. Therefore, this factor can
be ruled out for their difference in the ionic conductivity values.
Several factors, such as mobility of polymer chains, cation
and anion types, and salt concentration, are important to
G(1)-U(2000)Z and G(1)-U(900)2 hybrid electrolytes. All the determine the ionic conductivity in polymer electrolytes. The
electrolytes showed a VTF (VogeTamman-Fulcher)-like ionic conductivity of a polymer electrolyte depends on the actual
enhancement of the conductivity when the temperature was concentration of the conducting species and their mobility and
increased, similar to what was observed for conventional SPEs.may be given as
The nonlinearity of temperature dependence of ionic conductiv-
ity indicates that the ion transport in the present hybrid
electrolytes is mainly dependent on the polymer segmental
motion. The G(1)-U(2000)-32 electrolyte, with a [O]/[Li] ratio
of 32, exhibited the highest ionic conductivity with a value of wheren; is the number of charge carrieig,is the charge on
1.37x 10°°S/cm at 30°C. Further increase in the salt contents each charge carrier, and is the mobility of charge carriers.
results in a remarkable decrease in the total ionic conductivity, According to eq 3, the ionic conductivity depends on the amount
especially for the hybrid electrolyte with the largest amount of of charge carriers in the system and the mobility of the various
lithium salt (i.e., [OJ/[Li] = 8). Other hybrid electrolytes with  species. The dissociation of the guest salt into mobile ions is
less salt concentrations were also prepared and characterizedlearly important. Since the polymer environment is a medium
but with lower conductivity values. The conductivity values of low dielectric constant, the dissociation of the guest salt

tion revealed that the mobility of the polymer chains did not
have a significant change as more GLYMO was incorporated
to form a more rigid organieinorganic network. The 2D WISE
NMR results gained a microscopic insight into the mobility
change of the polymer chains as functions of salt concentrations
and silica contents, which are also corroborated byTfteends

as revealed by DSC.

lonic Conductivity. Figure 6 shows the effects of LiClO
content and temperature on the ionic conductivisy ¢f the

o(T) = zniqi:ui )
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depends on the salt concentration and increases as the concen- , 038 ®) -0.8

tration is reduced. Although the number of charged mobile

species is less at higher values of [O]/[Li] ratios, the dissociation
©
wﬁ

of the salt to form charged species is greater, as revealed by

IR, at least partially compensating for the effect of lower salt

concentration. As the ion transport mechanism in solvent-free

polymer electrolytes is dependent on the local motion of polymer

segments, which is governed by tfig, components which

increase free volume may be expected to have a beneficial

influence on conductivity. At low salt doping levels, the decrease

in the free volume is not significant as evident from the lower

Ty values (Table 1). Consequently, the conductivity is predomi-

nately governed by the mobility of charge carriers, and thus a

better ionic conductivity for the hybrid electrolyte with a [O]/[Li]

ratio of 32 is obtained, which can be further supported by the

diffusion coefficient measurements of the lithium cations. At

high salt concentration, or low values of [O]/[Li] ratios, on the

other hand, the decrease in segmental mobility arising from

transition cross-linking and the increase of ionic association

leading to the formation of ion pairs or aggregates are verified (b
by DSC and IR, respectively. Both effects result in a reduction
in bulk ionic conductivity at high salt concentrations.

An increase of the inorganic component fraction also has , , . , :
influence on the conductivity of the material. For example, the 10 5 0 S5 -0 10 5 0 S5 -0
G(2)-U(2000)-32 sample only exhibited a conductivity value 8, /ppm 8./ppm
of 9.87 x 1076 S/cm at 30°C, which is slightly lower than that Figure 7. "Li—{H} MAS NMR spectra of (A) G(1)-U(2000)-32 and
of G(1)-U(2000)-32 (1.37x 107> S/cm at 30°C). To some (B) G(1)-U(2000)-8 hybrid electrolytes at (a)80, (b)—40, (c) —20,
extent, this is expected given that the silicate network must have (d) 20, and (e) 60C, acquired at a spinning speed of 3 kHz.

a certain blocking effect on long-range ion transport, making - .
remaining conduction pathways more tortuous. It should be correlated to the ionic conductivity. The temperature dependence

noted that the G(0)-U(2000)-32 samples without GLYMO of the static’Li line widths is sensitive to théLi motional

; ; o
incorporation only exhibited conductivity values of around 1.5 Narrowing process. Th‘? spectrum O.f a siir(e.g.,’Li) system
x 107% S/cm at 30°C. Clearly, introduction of GLYMO has a in a powdered crystaliine sample '13 expeqt_ed to consist of a
beneficial effect on the enhancement of ionic conductivity by narrow component due to th¢ < —%; transition and a Pake

- 1 1 <« —3 i
about 1 order of magnitude. On the other hand, the G(2)- ?oub_lte_t ;ﬂ%llto thet3_/2 fth/2 andt /id'ﬁ /tzt Sate"'t‘f
U(2000)-8 sample exhibited a conductivity value of 280076 ransitions== Inspection of tne spectra at difiereént temperatures

Slem at 30°C, which is slightly higher than that of G(1)- shows that the line shape consists of only a relatively broad

U(2000)-8 (1.21x 105 S/cm at 30°C). Since the silica domain line. Since the present hybrid elfactrolyte is a heterogeneous
formed by the GLYMO and ICPTES also contains some ether system, the absence_of th_e s_atell_lte quadrup_ole powde_r pattern
oxygen atoms to solvate the lithium cations, increasing the silica could be due to a wide distribution of possible electric field

contents accompanied by the increase in the salt concentratio radients W.h'Ch results in an aImpst unqpservable Qaussmn-
makes positive contribution to the total ionic conductivity. roadened line shape for the satellite transitions. For this reason,

) ] ) i ] only the’Li central transition was analyzed in this study.
Local Environment of Li Cation. Three possible Li The7Li line widths, measured with and withotiti decou-
coordinating locations, namely, the ether oxygen atoms of the pling, were investigated as a function of temperature frab00
polymer and GLYMO and the carbonyl oxygen atoms, may be 5 go°C for the G(1)-U(2000) samples (Figure 8). The static
active in the diureasil-based hybrid structure. To identify and 7, j |ine width evolution as a function of temperature for these
explore the local environments of the mobile species in the materials essentially present similar shapes and can be described
present hybrids, variable temperatuitg —{'H} (i.e., proton by a curve composed of two plateaus separated by a temperature
decoupled) MAS NMR measurements were performed on the 3nqe where a rapid change in line width occurred. At the low-
G(1)-U(2000)-8 and G(1)-U(2000)-32 samples. As seen in temperature region of 100 to—50 °C, the temperatures much
Figure 7, there is only one distinti local environment present  pajow theT, of the systems, the line widths were very broad
in both hybrids over the temperature range investigateql. Sif‘ce(FWHH = ~6 kHz) and were slightly narrowed upon increasing
the ether oxygen atoms in the polymer host are the major siteSiemperature, indicating the limited motion of the lithium cations
for coordination with the LT cations, other sites such as ¢ |ow temperatures. A significant reduction in fhéline width
carbonyl carbons and the ether oxygen sites of GLYMO are (from 6.0 to 1.0 kHz) in the low-temperature region (i:100
too minor to be detectable. Moreover, the local environments {5 —5qg °C) was achieved by the use of the proton decoupling
for the lithium cations complexed with the ether oxygen sites techniques. This clearly demonstrated that the line widff.iof
of GLYMO and the polyether chains could be very similar so NpMR spectra is predominately governed Hy—7Li dipolar
that a single resonance in thei—{*H} MAS NMR spectra jnteractions (about 85% of alLi spin interactions). Upon an
was observed. increase in the temperature, the line widths were motionally
“Li Line Width Measurements. It is important to study the narrowed, with the onset temperature of narrowing for all these
motion of the mobile Li-ion in polymer electrolytes because samples is around-50 °C, which is much below their
the Li-ion moves in a dynamic environment created by the corresponding glass transition temperature (Figure 8). Motional
polymer motion in the amorphous phase and their transport is narrowing begins when the rate of the fluctuations™) of

(@)

.
%




Macromolecules, Vol. 40, No. 24, 2007

Lithium-Doped Organie Inorganic Hybrid Electrolytes 8681

70007 T, 70007 o Ty
) @ (B)
60001 " 60007 (a)
.’._./' —l/l——l
Esooo- / 50001 S
T 4000 1 h 40001 g
% 30001 30001 /./
n
20001 /./ ©) 20007 . ©
—o—0—@ —0—0—0—0
10001 doo—o—o—e—* 10001 _aligeee0e
_._........‘:'Za.. —llll-lrl=l—0’..
0 A ]
0
3 4 5 6 3 4 5 6
1000/T (K- 1000/T (K1)
70007 ¢y T, 70007 o) T,
6000+ @ o 6000] @
./l——l/ _a— .
3 5000 x/' 5000 ./'/.
et | 4
E 4000 v 4000 - -('/
/
£ 30004 in 3000 1 ./
[
20004 / ®) 20001 -/ (b)
4 _o—o—0—0—90 ) ._.—.-—.—.—'.
1000 (a0 —0—0—0 1000 ::_:'g:...oo
OTTYE & }-5-a 088 B0
[ 04
3 4 5 6 3 4 5 6
1000/T (K1) 1000/T (K1)

Figure 8. Temperature dependence’bf static line widths of G(1)-U(2000% hybrid electrolytes with various [O]/[Li] ratios, whe&= (A) 32,
(B) 24, (C) 16, and (D) 8, measured (a) without and (b) with proton decoupling. The dashed lines repre$gnathes obtained from DSC.

either the local dipolar fields or the electric field gradients (EFG)
is comparable to their respective rigid lattice line widths()

or when 1f. ~ Agy, Wherer, is the motional correlation tim@.
The fluctuations of the local dipolar fields may come from the
contribution of the motion of the polymer chains. If this is the
case, the onset temperaturelofline width narrowing without
proton decoupling should be lower than the case with proton
decoupling, since thtH—"Li dipolar coupling was removed in

rigid lattice line width (approximately 6 kHz) occurs at about
—50 °C. Assuming that. is thermally activated

7, = 7o eXpELKT) (6)

The activation energiesk, obtained from’Li line width
measurements by fitting eqs 5 and 6 are listed in Table 3. The
activation energies were obtained from tfe line width

the latter case. As evidenced in Figure 8, however, the onsetmeasurements performed without proton decoupling around the

temperature ofLi line width narrowing is nearly the same for
both experimental conditions. From the microscopic view of
NMR, therefore, it can be concluded that the reduction in the
line widths of the lithium ion at temperatures below the DSC
Ty is mainly due to the averaging of the quadrupolar effects
with increasing temperature.

The activation energ\g,, is an important dynamical param-
eter that can be indirectly obtained from the NMR data. The
NMR motional narrowing of théLi line width takes place when
the rate of fluctuations of the local magnetic fields or electric
field gradients, which are generally described by a correlation
time, 7, is of the order of the rigid lattice line widti\gL

1, ~ Ag, (4)
An estimation of the activation energy for the narrowing process,
E, may be obtained by the relationsfip

¢ Anpr | 2\Agy

whereAyr andAg, are the FWHHSs at a given temperature and
in the rigid lattice, respectively, ardis a constant of the order
of unity. For all of the samples, the onset temperature of the

®)

transition. As seen in Table 3, the activation energies progres-
sively increased with increasing salt concentrations as expected.

“Li Diffusion and lonic Conductivity. Whereas the con-
ductivity is a macroscopic quantity, PGSE NMR technique is a
more direct NMR method for measuring the ion mobility at
the micrometer scale. The most important advantage of the
PGSE method over NMR relaxation-based techniques is the
direct measurement of diffusion constanB) (f the charged
carriers without any assumptions. The disadvantage is, however,
that the measured values are the population-weighted averages
of the various’Li species, since the self-diffusion coefficients
measured by the PGSE NMR method include all the species
(i.e., isolated and ion-paired). The representative diffusion curves
of G(1)-U(2000)Z as a function of temperature and tfs
diffusion coefficients measured for the temperature range of 40
100°C are shown in Figure 9. As seen in Figure 9B, the increase
in the’Li diffusion coefficient was more pronounced at elevated
temperatures. Among the samples studied, the G(1)-U(2000)-
32 sample with a low salt concentration exhibited the highest
“Li diffusion coefficients over the temperature investigated.
Conductivity and ionic diffusion are commonly related by the
modified NernstEinstein equation:

Ocalcd = I\Iez(DLi + Danior)lg/kT (7)
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(A) important contribution to the conductivity observed for G(1)-
R . U(2000)-16.
O\:y\\"\‘&"‘\u ----- LERhE - .
0. 5::52\}\\!\-.\2\__‘_ " 50°C Conclusions
’ B AN 5o60°C The effects of lithium salt concentrations and silica contents
3 u: ey 20°C on conductivity, polymer segmental motions, and ion structure
= -1.0- N V and dynamics have been investigated in orgamorganic
- TN Y goec hybrid electrolytes based on ureasils complexed with LiCIO
T TNY via the co-condensation of GLYMO and ICPTES. The multi-
-1.5 NI component nature of this system allows these hybrid electrolytes
o 100°C to be fine-tuned by systematically varying the length of
20 . . . . . . backbone PEG chain, the extent of GLYMO cross-linking, and
2 3 4 5 6 the salt concentration. The highest ionic conductivity value
(B) VA - 8/3) (x 109) obtained is 1 order of magnitude higher than that of previously
6.6 - characterized electrolytes based on ureasils without incorporation
\'\ of GLYMO. Multinuclear NMR techniques are useful to provide
684 4 '\ a microscopic view for probing the specific interaction between
z \' the polymer chain and Etication and the behavior of the mobile
§ 7.0 \ -\ ionic species. These combined experiments demonstrate that
a v \‘\ there is a strong correlation between the behavior of the solid
5 7 \ A \ electrolyte and the mobile lithium species.
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26 27 28 29 30 31 32 U(900) and G(1)-U(600) (Figures S1 and S2); DSC thermograms
1000/T (K-1) of pure ED2000, G(0)-U(2000% and G(1)-U(2000}» (Figure S3);
Figure 9. (A) Representative diffusion curves of G(1)-U(2000)-32 as and**C CPMAS_ and WI_SE. NMR. spectra of G(l)'U(ZOQO) (Figures
a function of temperature. (B diffusion constants of G(1)-U(200- S4 and S5). This material is available free of charge via the Internet

hybrid electrolytes, wher& = (a) 32, (b) 24, (c) 16, and (d) 8, as a  at http://pubs.acs.org.
function of temperature.
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