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Abstract

Siloxane—polyoxypropylene (PPO) hybrids obtained by the sol-gel process and containing short polymer chain have been doped with
different sodium salts NaX (X =CIg) BF, or 1). The effect of the counter-ion (X) on the chemical environment of the sodium ions and on
the ionic conductivity of these hybrids was investigatedFiya NMR, small angle X-ray scattering (SAXS), complex impedance, Raman
spectroscopy and differential scanning calorimetry (DSC). Results reveal that the different sodium salts have essentially the same effect on the
nanoscopic structure of the hybrids. The formation of immobilé ¢dions involved in NaCl-like species could be minimized by using a low
amount of HCI as hydrolytic catalyst. The differences in the ionic conductivity of hybrids doped with different sodium salts were correlated
with the proportion of Na ions solvated by ether-type oxygen of the polymeric chains and by the carboxyl oxygen located in the urea groups
of the PPO chain extremities.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction amorphous phase via a liquid-type migration of the doping
cation assisted by segmental motions of polymeric chains.
A novel class of solid electrolytes, called ORMOLYTES Spectroscopic studies (IR, Ramafjand molecular dynamic
(ORganically MOdified electroLYTES) have emerged in the simulation§ showed that cations are dissolved in the classical
past years that combine ionic conductivity and optical polyoxyethylene (PEO) polymer as “free ions” or associated
transparency which are desirable for the development of with anions to form ion-pairs or even larger aggregates. The
electrochromic devices and fuel cells. An interesting family amount of these species depends on the nature of the poly-
of sol—gel-derived ormolytes are based on hybrid materials mer and of the counter-ion and also on the salt concentration,
constituted of polyoxyethylene or polyoxypropylene chains but it seems that “free cations” contribute to the ionic con-
grafted to siloxane nanoparticlé® Specific physical prop-  ductivity mechanism for the larger extefftLithium-doped
erties can be obtained by dissolving suitable doping agentssiloxane—polyoxyethylene ormolytes were recently charac-
within such hybrid networks, for example, alkaline salts and terized by’Li nuclear magnetic resonance (NMR), differen-
polymetalates which induce ionic conductiiyand pho- tial scanning calorimetry (DSC) and ionic conductivity and it
tochromic propertie§ respectively. It is well established that has been demonstrated that the cationic mobility, as in clas-
ionic conduction in polymer electrolytes occurs within the sical polymeric electrolytes, is assisted by segmental motion
of the polymeP The tailoring of the properties in such sys-
mpondmg author. Tel.: +55 16 33 01 66 53; tems is reIaFed to the connectivity beft'ween the siloxane and
fax: +55 16 33 22 79 32. the polymeric phases and to the mobility of the structural net-
E-mail addresskaridahm@ig.unesp.br (K. Dahmouche). work and active ionic species. In short, in both classic organic

0955-2219/$ — see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2005.03.113



2618 J.A. Chaker et al. / Journal of the European Ceramic Society 25 (2005) 2617-2621

polymeric ionic conductors or ormolytes, the conductivity is SAXS analysis was performed at room temperature using
related to the motion of polymeric matrix and to the cation the SAS beamline of the National Synchrotron Light Labo-
mobility, but the influence of the counter-ion on the cation ratory (LNLS), Campinas, Brazil. This beamline is equipped
environment and on ionic conduction properties is not well with anasymmetrically cutand bentsilicon (1 1 1) monochro-
known. Furthermore, the acid or base catalyst used in themator, which yields a monochromatic£ 1.608,&) and hor-
hydrolytic sol-gel route leads to the precipitation of alkaline izontally focused beam. A vertical position-sensitive X-ray
halide salts that do not contribute to ionic conducttén. gas detector and a multichannel analyzer were used to record
The work reported here is mainly devoted to the corre- the SAXS intensityl(q), as a function of the modulus of the
lation between ion-conduction properties and structure in scattering vectay = (47/)1)sin(e/2), ¢ being the scattering an-
siloxane—polyoxypropylene (PPO) hybrids using comple- gle.
mentary technique$3Na NMR, small angle X-ray scattering 23Na (1 =3/2) solid-state NMR-MAS (magic angle spin-
(SAXS), complex impedance, Raman spectroscopy and dif- ning) spectra were recorded in a NMR spectrometer (Varian)
ferential scanning calorimetry (DSC). These analyses haveoperating at 300 MHz and 7.05 T. The Larmor frequency for
been applied for ormolytes doped with different sodium salts 23Na is 79.34 MHz at 7.05 T. The spectra were obtained from
and aim to understand how the nature of the counter-ion the Fourier transform of the free induction decays (FID) fol-
should affect both the preferential environment of the sodium lowing a singler/2 excitation and a dead time repetition rate
ions and the ionic conductivity. The hybrid material contains of 2 s. Proton decoupling was always used during acquisition.
two types of oxygen atoms that play a role in the solvation Chemical shifts are reported relative to a NaGIHL M ref-
of alkali salt. The first one is related to ether-type oxygen of erence standard.
the polymeric chains and the second is the carboxyl oxygen Raman data were recorded using the RXN1-785 Ra-
located in the urea groups of the chain extremities. man spectrometer from Kaiser Optical Systems Inc. (KOSI)
equipped with a near IR laser diode working at 785 nm as
excitation light and with a CCD detector for providing si-
2. Experimental multaneous full spectral collection of Raman data from 100
to 3450 cnTL. The transmitted laser power at the sample po-
All chemical reagents (Fluka, Aldrich) are commer- sition was about 25 mW.
cially available. Equimolar amounts of 3-(isocyanatopropyl)-
triethoxysilane (IsoTrEOS) an@®,0’-bis(2-aminopropyl)-
polyoxypropylene were stirred together in tetrahydrofuran 3. Results
(THF) under reflux for 15 h. THF was evaporated and the hy-
brid precursor (OESi—(PPO)-Si(OEty with PPO molec- The effect of the concentration of HCI used to catalyze
ular weight of 300 g/mol (labeled PPO300) was obtained. A the hydrolysis of Si(OEf)groups on the formation of immo-
0.5 g of the precursor was mixed with 0.6 mL of ethanol con- bile Na species in NaClQdoped samples was analyzed by
taining HCI, used to catalyze the hydrolysis of #&i(OEt); 23Na NMR and presented ifiig. 1 The peak around 7 ppm
groups, and 0.15 mL of a sodium salts NaX (X = GJ8F4 or corresponding to NaCl-like specféss observed in hybrids
I) aqueous solution ([Si]/[pO]=0.067). The concentration  prepared from ethanolic solution containing HCI concentra-
of HCl catalyst was systematically varied aiming to minimize tion higher than 0.0001 M. Below this limit, only the broad
the formation of NaCl. The sodium content was defined as band near te-20 ppm typical of mobile sodium is apparent.
a function of the concentration of the ether-type oxygen of
PPO chains: [O]/[Na] = 15. Gelation occurred in a few hours

and the samples were dried under vacuum &i@Btbr 24 h. 400 e NaCl ref.

Monolithic pieces with thickness of 0.5 mm were obtained. | —— [HCl]= 0.128M
The glass transition temperatufig was determined from —+— [HCIl]= 0.1M

DSC measurements performed on 10 mg samples with a scan 3009 ff —— [HCI]= 0.0001M

rate of 10°C/min from —60 to 250°C using a differential
scanning calorimeter TA instrument model Q100.

The ionic conductivity was determined by complex
impedance spectroscopy measured at room temperature
(25°C) with a Solartron 1260 spectrometer, in the 100~
1Hz-10kHz range and applied voltage amplitude of 5mV.
Coole—Coole plots (semi-circles) were computed from the
raw experimental data. The intersection in the imaginary : W 28 e o
impedance at low frequency with the real impedance axis cor- chiemical shift {ppri}
responds to the ionic conductance of the samples and hence
the ionic conductivity can be calculated knowing the sample Fig. 1. Room temperatuf@Na solid-state NMR-MAS spectra for siloxane—
thickness and the area of the electrodes. PPO NaClQ-doped hybrids prepared with different HCI contents.
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Fig. 2. DSC curves for siloxane—PPO hybrids doped with NaCMal and .
NaBF; with [O)/[Na] = 15. Fig. 3. SAXS intensity as a function of the scattering veataA 1), for
siloxane—PPO hybrids doped with NaGlMal and NaBE ([O]/[Na] = 15).

Thus, the structural and electrical characterization reported in

the following corresponds to hybrids prepared with 0.0001 M has already been observed for undoped and lithium-doped

of HCI catalyst. similar hybrids? and attributed to an interference effect re-
The DSC thermograms for hybrids doped with the differ- lated to the existence of spatial correlation between siloxane

ent sodium salts NaX (X =CI§) BF, and 1) are shown in  hanoparticles bonded at the PPO chain extremities. The av-

Fig. 2 The polymeric phase of all materials is in an amor- €rage and most probable distance between siloxane clusters

phous state, since no melting transition is observed. However,(ds = 27/0ma) is independent on the nature of sodium salt
an endothermic peak located at P& appears for NaBF used as doping (24). The siloxane clusters size was deter-
doped hybrids, which is associated with PPO degradation.Mined assuming spherical particles of radResforming a
The observed second order transition (glass transition) oc-Compact arrangement using the following relatfon

curs essentially at lowest temperature for Nag£{©21°C) 39\ V2 /4

and Nal (-14°C) doped samplesTéble 1. Otherwise,Tg Rs = (S) <3> 1)
increases up to 14C for the NaBR-doped sampleTable J). 87 2

It is important to note that the structural and the electrical ¢s being the volume fraction of siloxane particles. The same
properties presented _in this paper were investigated at room 5 ;e ofRs (3,&) was found for hybrids doped with different
temperaturet25°C), i.e. above thég for all samples. sodium salts. Additional information about the degree of or-
'I;able 1shows the ionic conductivity at room temperature - ye of the siloxane clusters arrangement can be obtained from
(25°C) for Fhe studied hybrids. For all samples, Iow'vallues the FWHM (Aq) of the SAXS peak. An average size of the
of conductivity are observed. The NaG@doped hybrid is - ¢4 relation volumel(c) associated to the spatial distribution
the best ionic conductor, while the NapEoped composite ¢ jjoxane clusters (i.e. an estimate of the size of the very
exhibits the lowest conductivity value. This illustrates, as al- disordered “supercrystal”) can be obtained by applying the
ready observed in classic organic polymer electroljfebe Scherrer equation:c = 47/Aq. The values of ¢ are shown
influence of the nature of the counter-anion on the electrical j, Taple 1for the different sodium-doped ormolytes. For all
properties of the Na-doped ormolytes. samples, the value afs (24A) and Lc are lower than ob-
_F|g. 3 shows_ the SAXS patterns for siloxane—PPO hy- served in the undoped hybrid (26 and MOespectively)l.z
brids doped with NaBf Nal and NaClQ. All patterns £\ rthermore, while the interparticle distartgand the par-
present a single peak whose positifiax remains essen- icje radiusRs remains essentially constant by changing the
tially constant for all doping salts. The presence of such peakdoping salt, the correlation site. is lower for the more con-

ducting ormolytes (doped by Nal and NaG)O

Table 1 Fig. 4shows th&*Na NMR spectra for the siloxane—PPO
Glass transition temperatur@g, ionic conductivity and correlation size ~ hybrids doped with NaBFand NaClQ whereas the spectra
Lc for siloxane-PPO hybrids doped with NaGIONal and NaBf of pure NaCIlQ and NaBR salts are shown in the in-set.
([OV[Na] = 15) Differently from our previous results, only one main peak
Dopingsalt ~ Tg (°C) Conductivity Correlation size is observed in the spectrum, whose position depends on the
(x10%em o™ e (A) doping salt nature:-19.2 and—15.3 ppm for NaCIQ and
NaClOy -21 188 66 NaBF;, respectively. However, the formation of NaCl has not
Nal -18 111 57 been totally avoided in the NaBFloped hybrid, as illustrated
NaBF, 14 22 75

by the weak band present at 7 ppm.
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PPO300 - [O)[Na=15 polymer—cation breathing mo#fshifts toward 865 cm for
all the doped samples. Furthermore, the width and the shape
of the band located around 935 cfrdue to a mixture of Chi

153 NaBF, bending and €0-C rocking? is affected by Nal doping,
NaCio, while it remains unchanged by doping with NaBRn in-
] Ao © 40 @ 0 0 o d0 i crease of the intensity of the band located at 1295'c(due

to CH, twisting) is also observed in the spectra of the more
conducting ormolytes (doped by NaGl@nd Nal), which
does not occur in the less conducting one (doped by NaBF
The urea groups of the PPO chain extremities are also affected
by dissolving sodium salts in the hybrid matrix, as illustrated
by the pronounced increase of the intensity of the band lo-
cated at 1137 cmt in the spectra of the NaBFdoped sample
compared to the undoped hybrid. The increase of the intensity
of this band (also present in the spectrum of an undoped urea
reference sample (insetkig. 5)) is much lower in the other
doped ormolytes. Raman spectroscopy also provides infor-
Fig. 4. Room temperaturé®Na solid-state NMR-MAS spectra_for mation about ionic associatiqn of doping species. In the case
siloxane—PPO hybrids doped with NaGlénd NaBF ([O]/[Na] = 15). The of the NaBR-doped composite, the presence of freeyBF

inset shows th&*Na NMR-MAS spectra, measured in the same conditions, ions is attested by the band located around 765'cH
for NaBF,; and NaClQ solid references.
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4. Discussion
Fig. 5 shows the Raman spectra of the studied hybrids

between 500 and 1780 crth The spectra of the undoped The main information given by Raman spectroscopy is
siloxane—PPO composite and pure PPO are also presentedhe difference in nature of the coordination sites for sodium
Several observed bands in the spectrum of the undoped hy-cations between the more conducting samples (doped by Nall
brid are affected by the presence of the doping sodium saltsand NaClQ) and the less conducting one (doped by NaBF
and these changes depend on their nature. The first point conWhereas in the former most of the sodium ions are coordi-
cerns the bands related to ether-type oxygens and carbons ofiated by ether-type oxygens of the PPO chains (suggested
the polymer segments: the band located around 87Gcm by the fact that several Raman bands related to polymer seg-
in the spectrum of the undoped hybrid and attributed to the ments are affected by doping), in the latter the main coor-
dination sites for sodium seems to be the urea groups lo-
cated at the PPO chain extremities. However, sodium ions
interacting with ether-type oxygens also exist in the less con-
ducting nanocomposites, since the breathing mode band is
also affected by doping. This feature suggests that the co-

1100 1050 1000 ordination of sodium species by the carbonyl oxygens of
AT urea groups hinders the ionic conductivity of siloxane—PPO
i hybrids.
e The modifications of the coordination sites for sodium
species by changing the doping salt and their correlation
with ionic conductivity are confirmed by NMR spectroscopy
(Fig. 4). The N& resonance around19 ppm for the NaCl@-
doped sample has already been reported in PPO and siloxane-
based polymer electrolyt€'sdoped with different sodium
salts and attributed to “mobile” sodium. This confirms that
in this more conducting sample most of the cations are co-

— ordinated by ether-type oxygen of the polymer chains. The
1600 1400 1200 1000 800 600 less negative chemical shift&i¢. 4) for the less conduct-
Raman shift ing hybrid (doped by NaBf is another indication of the

existence of sodium ions interacting with both ether-type

and NaBR ([O)/[Na] = 15). The spectra of the undoped siloxane—PPO sam- oxygen of PP.O and C.arbonyl oxygen I.Ocated in the urea
ple and of the PPOMy, =4000 g/mol) are also presented. The inset shows groups of Cham ends_ n the_se comp(_)S|te_s. As a ma_tter of
the spectrum, measured in the same conditions, of an undoped urea solidact, the typical chemical shift for sodium ions exclusively
reference. correlated by urea groups is arourd ppm, as observed

i:ﬁ

1150

hybrid-NaBF,

hybrid-Nal

Fig. 5. Raman spectra for siloxane—PPO hybrids doped with Na@lal
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in the NMR spectra of urea-based references samples (notAcknowledgments
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