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Abstract

The effect of silica and water content on the glass transition temperagyuoé MPEG2000-silica-LiCl@Qormolytes was assessed by differ-
ential scanning calorimetry (DSC). The sol—gel synthesized ormolytes consisted of various amounts of poly(ethylene glycol) monomethylether
(M.W. =2000 g/mol; i.e., MPEG2000) tethered to silica gel through the hydroxyl terminus via a urethane linkage. DSC features corresponding
to physisorbed and hydrogen-bonded water, as well as the glass transition of the polyether, were identified. Both silica arsdde@HeT,
and suppress crystallization of the polyether component. Water plasticizes the polyether and stoichiometrically solvates and séguesters Li
thereby, loweringlg.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction focused on the study of oligoether—silica hybrids formed by
sol—-gel synthesis.

Organic—inorganic composite materials are currently be- It has been shown that the crystallinity of high molecular
ing intensively studied due to their potential use in ambi- weight polyether-based systems can be greatly reduced by the
ent to moderate temperature, solid-state electrolyte, lithium addition of inorganic fillers such as alumifia3] or silica[4],
ion batterieq1,2]. Polyethers are the most popular organic giving increased ionic conductivity. New ionic conduction
component in these composites because they dissolve a vapaths and phases, which have lower energy barriers for ion
riety of lithium salts to a concentration of 2M by forming transport, are thoughtto form at the silica—polyether interface,
lithium—polyether complexes. However at room temperature, consistent with the fact that the conductivity enhancement
these complexes either crystallize when using high molecularincreases with the interfacial arfsa-7]. Polyethers incorpo-
weight polymers, resulting in low ionic conductivity (10 rated in a silica matrix via sol-gel synthesis would not only
to 108 S/cm), or remain as a liquid when using low molecu- suppress crystallization, but would also maximize the interfa-
lar weight oligomers, leading to creeping or bleedidh To cial contact between the organic and inorganic components.
enhance the conductivity and mechanical properties of theseln addition, the silica component should impart rigidity to the
materials while minimizing creeping and bleeding, we have material.

Composite materials can be prepared by physically mix-
_ ing the polyether with the inorganic phaf&-10], homo-
* Corresponding author. Present address: 1140 Morris Road, Apt. 6, Kent, geneously entrapping the polyether in an inorganic sol-gel
OHé424_°' USA. Tel. +1 330 676 9746; fax: +1 330 672 9434, : [11-13], or covalently binding the polyether to an inorganic
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hmasui@kent.edu (H. Masui). sol-gel[14,15]. The latter organic—inorganic hybrid, often
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advantage of mitigating creeping, bleeding and evaporationby the stoichiometric reaction of poly(ethylene glycol)
of low molecular weight oligomers incorporated in the hy- monomethyl etheMl, = 2000; Aldrich; i.e. MPEG2000) and
brid. Oligoethers, which tend to be more conductive than high 3-isocyanatopropy! triethoxysilane (Gelest) in THF. The re-
molecular weight polyethers, can then be utilized in these ap-action mixture was capped with a drying tube and refluxed

plications. at 67°C for 8 h. The product was then flash evaporated and
Our hybrids consist of polydisperse poly(ethyleneglycol) washed with hexane. Any hexane remaining after extraction
methyl ether having an averadd, of 2000 g/mol (i.e., was removed by rotary evaporation. The completion of the

MPEG2000), tethered to the silica framework at the hy- reaction was confirmed by FT-IR, where disappearance of the

droxyl terminus via a urethane linkage. This leaves one endisocyanato vibrational band at 2270 chwas correlated with

of the oligoether free to vacillate and facilitate ion-hopping. the appearance of a urethane vibrational band at 1726.cm

The hybrid is doped with lithium perchlorate in a ratio of The direct correlation of the two bands indicated that there

1 lithium ion per 9 polyether oxygen atoms (Li:EO=1:9), was a negligible amount of water present, and hence very

which was previously found to give optimum conductivity in  little carbamate formation, during the reaction.

polyether-LiCIQ solutiong16]. Apart from an FT-IR study

by Gongalveg14] and an ionic conductivity study by Lee et 2.2, Sample preparation

al.[15], little work has been done on singly-tethered hybrids

compared to those in which the polyether was tethered atboth  Ormolyte samples were prepared by the sol-gel reaction

ends and used to cross-link the sil[@al7-20]. of MPGSC2000 with tetraethyl orthosilicate (TEOS) under
The effect of the micro-scale structure and overall com- acid-catalyzed conditions as follows. Approximately 1 g of

position of these materials has great influence over the me-MPGSC2000 was dissolved in 2 mL ethanol prior to the ad-

chanical and thermal characteristics, most notably, the glassdition of varying amounts of TEOS (Aldrich) to reach the

transition temperature$g, of the polyether. Th&g controls desired polyether to SiOratio as seen ifable 1. To this

the lower temperature limit of conduction in these materi- solution was added a mixture containing 1 mL of a 2 M HCI

als, thus, it is desirable to keep it as low as possible. The solution and a precalculated amount of LiGI0 reach a L

purpose of this investigation was to examine the effect of sil- to polyether oxygen ratio of 1:9. The mixture was shaken

ica, lithium perchlorate and water content on the glass tran- until it was homogeneous. The sol was allowed to crosslink

sition temperature of these ormolytes, and to ascertain howfor approximately 24 h at room temperature, or until gelled.

each component interacts with each othef:ltee ormolytes Remaining water, ethanol and HCI were pumped off in a

and Li*-doped ormolytes can be made without difficulty us- vacuum oven under dynamic vacuum at room temperature

ing the sol-gel methofP1]. The acid-catalyzed sol-gel re-  for 72 h, but are denoted ‘undried’ samples because they still

action of triethoxysilane-derivatized MPEG (MPGSC2000) retain about 7-8 wt% water unless they are heated at@20

with tetraethylorthosilicate (TEOS) yields solid electrolyte for some time.

materials in which the polymer phase is covalently linked to

an inorganic silica backbone. The thermal properties of theses 3 Differential scanning calorimetry (DSC)

materials were studied by differential scanning calorimetry.

The resulting gel was lightly ground and crimped shut in
non-hermetic DSC pans. DSC was performed on a TA In-

2. Experimental struments Model 2920 equipped with a chiller at an average
heating rate of 10 K min! under a dynamic nitrogen atmo-
2.1. Reagents sphere (50 mL mint). Pure indium metal was used for all

temperature and enthalpy calibrations of the instrument. Un-
All starting materials were reagent grade and used with- dried samples were scanned from 60 to 200'Dried’ sam-
out further purificationm-Methoxy poly(ethylene glycol)-3-  ples were obtained by scanning undried samples from room
triethoxysilylpropylcarbamate (MPGSC2000) was prepared temperature to 120C where they were held isothermally

Table 1

The names and compositions of the MPEG2000-Silica-Li3i®nolytes

Sample SiO; (Wt%) Li/[EQ] H2O?, undried (wt%) H,0P excluding SiQ (wt%)
40%SiQ — Li 40 0/9 n/a n/a

20%SiQ + Li 20 1/9 7.3 8.0

25%SiQ + Li 25 1/9 5.3 6.3

35%SiQ + Li 35 1/9 6.1 8.0

40%SiQ + Li 40 1/9 4.8 6.8

50%SiQ + Li 50 1/9 4.1 6.8

& Estimates based on the area under the DSC curves, assiigon~ AHyap=44kJ mot ! (see text).
b percent water by mass if the mass of Si®excluded from the calculation.
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for 20—40 min to remove adsorbed water. These were then
scanned from-60 to 200°C to obtain glass transition data. 36001
" . ; ! MPEG2000
Glass transition temperatures are reported at the inflection Of‘,‘c» 3100
the transition during the heating cycle. 2
E 26001
z
) _ u_? 2100
3. Results and discussion =
2 16001
3.1. Physically adsorbed water € 11004
Qo
Koy
DSC was employed to study the glass transition temper- § °°°]
atures of the ormolytes. A thermogram of théaidded or- w100 . : . . .
molytes can be seenfig. 1, with silica content ranging from 70 20 30 80 130 180
20t050% by weight. A broad endothermic peak, due tothe re- Temperature / °C

moval of physisorbed wat§22], appears around 10C and o bSC th " ety ol et

becomes significantly diminished after the sample is dried in F19: 3 DSC thermograms of: (a) poly(ethylene glycol) monomethylether
. _ . . (M.W.=2000g mot-; i.e. MPEG2000); (b}»-methoxy poly(ethylene gly-

the calorimeter at 120C for 20 min prior to the scan (Fig. 2).  ¢o1) 3-triethoxysilylpropyl carbamate (MPGSC2000).

A similar peak is present in the thermogram of air-exposed

silicic acid and in silica gel derived from hydrolyzed TEOS, . . .
but it is not present in pure MPEG2000 (Fig. 3a) or in pure sition of this peak depends on the water content in the sample

MPGSC2000 (Eia. 3b). The variability in the height and po- and the rate at which the DSC pan allows the outflow of gases.
(Fig. 3b) y ¢ P The anomalous appearance of the DSC thermogram for the

35 wt% silica sample ifrig. 1demonstrates this point, as the
sample contains unusually large amounts of water, probably
adsorbed from the air. The water content of the samples can,

(B x AHvap)

whereAis the area under the DSC curve in legMWHzo

the molar mass of watels the average heating rate in

80 -60 40 20 O 20 40 60 80 100 120 140 160 180 200 Kmin~1, and AHyap the enthalpy of vaporization of water

in kI mot*. The result of such estimates is showable 1.

The values are slightly over-estimated because silica and salt
Fig. 1. DSC thermograms of the undried MPEG2000-silica-LiCIg- raise the heat of desorption/vaporization by about 20% for
molytes containing varying wt% of silica, as indicated. the amount of water in these samples.

20% 510, 3.2. Hydrogen-bonded water
» Other features appear between 0 anéGthat increase in
% temperature as the amount of silica increases (Fig. 2). They
N generally have a peaked shape but are broader on the higher
] temperature side. These features are attributed to transitions
of water hydrogen-bonded to the silica, and may be related
to the 15, 30, 45, and 6@ thermal anomalies reported in

the literature for water-containing silica sampl@<—26].
These anomalies are thought to originate from the construc-
tion and destruction of ice-like clusters of water molecules.
The features are absent from the DSC of MPEG2000 and
MPGSC2000 (Fig. 3), but similar features do appear in pure
silicic acid, commercial silica gel and in TEOS-derived silica

Fig. 2. DSCthermograms of the dried MPEG2000-silica—Ligx@nolytes gel The pO_SitiOﬂ and appearance of the features change sig-
containing varying wt% of silica, as indicated. nificantly with the history of the silica. For example, when a

t in fact, be estimated from the area under the peak since the
Z energy required to remove water in these types of materials
L is roughly equal to the heat of vaporization of the w§p&]
3 | ie.,
I
2 —5
6 x 10 A x MW,
£ Wit Hpo = 810 x A4 X MWri;0)
<
3
e
L

Temperature / °C

50 mwg1

Endothermic Heat Flow —

60 -40 20 0 20 40 60 80 100 120 140 160 180 200 220
Temperature / °C
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sample of silicic acid is dried at 12@ for 20 minin the DSC 15
and subsequently scanned fremd0 to 120°C, the features dried
are absent; however, a following scan from —60 to 120 5

causes the features to appear. One last scan a6 to
120°C again shows no features. Since no phase transitions
appear below-10°C during the scante60°C at 10°C/min, 9
the silica must undergo a slow, undetectable phase change
According to StaszczUR6], water freezes at20°Cin silica

gel pores and this supports our observations.

Heating a sample of silicic acid to 30C causes shifts in 35
the temperature at which these features occur, but does no
eliminate them. Thus, it is suspected that the transitions are  -45 ‘ : : : ‘ ‘ ‘
affected by further condensation of vicinal silica hydroxyl 20 25 3 3% 40 45 80 55
groups, which is known to occur at around 2T0[22]. silica content / Wt%

-15

T/

undried
-25

Fig. 5. The glass transition temperature of dried, and undriedatided

3.3. Polyether melting/crystallization MPEG2000-silica ormolytes as a function of silica content.

The DSC thermograms of MPEG2000 and MPGSC2000 between the pquether chaif23] and the reduction of the '
respectively exhibit strong endothermic peaks at 59.4 and POyether's partial molar volume as the polymer solvates Li
57.2°C due to the melting of polyether (Fig. 3). The lower [29,3_0]. The latter gﬁects viscosity in a manner similar to a
melting point of the latter reflects the poorer crystal pack- Physical compressiofsl].
ing of the terminal triethoxysilane group. In the'tfree or- .
molytes, the melting peak of the polyether moiety, which 3-4. Polyether glass transition
occurs at 47.9C, is greatly diminished (Fig. 4). From the ] o .
area under the melting peak, and the reported 203 J/g heat of A Sigmoid in the DSC thermogram, ranging from —20
melting of 100% crystalline poly(ethyleneoxidg7], it is to 10°C in the dried samples (Fig. 2), and ranging roughly
estimated that the 1.7% of the polyether is crystallized in the 20°C lower in the undried samples (Fig. 1), is assigned to
ormolyte as compared to 97% in pure MPEG2000. TheCL0 the glass transition of the MPE.G mqety. This assignment is
drop in melting point from that of MPEG2000 suggests that sgpported by the fact that the intensity of the fea.tulre scales
the tethered end is unable to participate in crystallization, With the MPEG content (Table 2), and because it is absent
leaving only the free end to crystallize. The*tadded or- fro_m theth_ermogram ofMPEG?free silica ge_l_. This transition
molytes do not exhibit melting peaks for the polyether. As _shlfts to higher temperatu_re with greater silica content, and
in other poly(ethylene glycol) solutions of lithium salts, the [NCreases more for the dried samples than for the w_et ones
lithium ion raises the viscosity of the polyether, thereby, sup- (Tablé 2,Fig. 5). As would be expected, tfig for the dried
pressing crystallization and promoting glassing. Such viscos- S@mples, when extrapolated to 0 wt%*Hiy. 5, approaches

ity increases are due to the formation of temporary cross-links that of a silica-free LiCIQ-MPEG2000 solution having a
Li:[EQ] ratio of 1:9 (Tg=—29°C).
The elevation of the polyeth&g with added silica appears

500 — to be caused by a mechanism similar to that of added lithium
. 450/ : L wpasca00 salts[29]. Attractive forces between the polymer and the po-
- i e lar or charged inorganic component directly restrict polymer
%” 4001 .;' ,"“"\ I. segmental motions and cohesively decrease the free volume
3 9501 LA a0y of the mixture. Moreover, the effect of Liand silica onTg
& 3001 A P oSO, appears to be additive.
i As mentioned earlier, the undried ormolyte samples show
Toes0 7 ke a Ty that is about 20C lower than that of the dried sam-
g 200 1 ples. Solutions of LiCIQ in MPEG2000 having a Li:[EO]
£ ratio of 1:9 exhibit a 2C drop inTg per wt% of water added
2 1501 [32]; thus, a 20C drop in Ty corresponds to 10wt% wa-

ter in these solutions. If one considers, hypothetically, that

—
, @
Lo
(=]
(=)

Fig. 4. A comparison of the DSC thermograms of dried;-free
MPEG2000-silica ormolyte containing 40wt% silica (40% $iOLi),
dried, Li*-added MPEG2000-silica ormolyte containing 40 wt% silica (40%
SiO, + Li), and MPEG2000.

50 100 150
Temperature / °C

200

the silica in the undried ormolyte is a non-interacting filler,
the wt% of water in the LiCIQ-MPEG2000 portion would
be, at most, 7-8wt% (Table 1). Thus, only 7-8% water is
required in the ormolytes to cause the saméQQ@rop in

Ty drop as 10wt% in silica-free LiCI@-MPEG2000 solu-
tions. The silica in the ormolytes, therefore, enhances the
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Table 2
DSC data for the dried, Li:[EQ]=1:9, MPEG2000-Silica-LiGlOrmolytes. Silicic acid is also shown for comparison
Sample Glass transition of PEG C) Adsorbed water transitioAg°C)
Dry Wet
Ty (°C) AC, Ty (°C) ACy"
20%SiQ+Li —-18.4 0.56 —40.9 0.65 2.5,10.3,21.0
25%SiQ+Li -15.8 0.52 -32.6 0.58 5.0,13.2,26.7
35%SiQ+Li —8.2 0.40 —28.2 0.56 6.6,16.1,41.1, 38.9,47.1
40%SiG+Li —-3.6 0.23 214 0.59 5.8,15.7,41.8,39.1, 47.9
50%SiQ+Li 7 -20.7 0.45 6.7,16.7, 38.9,45.4,51.6
Silicic Acid n/a 11.6, 24.4,53.9

2 The onset temperatures of the adsorbed water transitions are reported.
b The changes in specific heat capacityzp, from the glass state to the liquid state are reported in units of Bg?.

Tg-lowering ability of water. In fact, our data suggest that the only appear after the sample is cooled bele®0°C, where
Tg-lowering ability increases in proportion to the amount of water in silica—gel pores reportedly freezes. Similar transi-
silica present. A possible explanation for this is that water tions have been previously noted for samples of silicic acid
preferentially binds to silica and inhibits tAg-raising asso-  impregnated with salt solutions.
ciation of polyether and silica. Since a larger portion of the ~ The effect of L and silica content on the ormolyteTg
polyether is associated with silica at high silica: polyether ra- appears to be additive. Both raise thgof the incorporated
tios, water has a greater effect for ormolytes having a higher polyether due to the restriction of the polymer’'s segmental
wt% of silica. motion by dipole—dipole and ion—dipole interactions, and by
The depression dffy by water in LICI.—-MPEG2000 so-  the cohesive contraction of the material. Addition of water de-
lutions is due to a combination of plasticization and the sol- creases the ormolyte; by a combination of plasticization,
vation of Li* by water[33]. The Ty is observed to be more  sequestering of lithium ions by complexation, and by inhibit-
dependent on water content than suggested by the Fox equaing silica—polyether associations by preferentially binding to
tion, the silica.

1 wt%A  wt%(B)
Ty Ty(A) Ty4(B)
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