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Abstract

One approach to combine sufficient ion conductivity and mechanical strength in solid polymer electrolytes (SPE) involves the construction
of supramolecular architectures consisting of a liquid-like phase in intimate contact with a rigid phase, both dispersed on a molecular level.
Taking advantage of the self-assembling tendencies of palgénylene)s (PPP) as rigid rods, layered structures as reinforcing elements
were formed which were separated by a liquid matrix of ethyleneoxide (EO) side chains, in which Lithium salts were dissolved and ion
conduction occurs. Single-ion conductors with EO-side chains plus Li-sulfonate groups attached to the PPP backbones exhibit lower
conductivities. Although the EO-side chain to Li-sulfonate molar ratio was chosen so that-925, the dc conductivity of such a material
was found to be approximately two orders of magnitude lower than in a PPRLE@)ium-triflate blend with the same O/Liratio. The
conductivity decreases further when the EO-side chain to sulfonate ratio is decreased. Thus, the increase in the molar concentration of the Li-
sulfonate moieties does not lead to higher conductivities either because the number of “free”, i.e. mobile, charge carriers is decreased or
because the mobility of the ionic species is drastically reduced due to the lack of segmental motion of the matrix. Consequently, when the
matrix is plasticized by the addition of large amounts of oligoether, the ionic conductivity increases dramatically and becomes comparable to
that of the corresponding multi-ion conducting SPE with the sameQ#tio. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction polymer matrix [4], ensuring that only one ionic species
supports conduction, have also been used as ion-conducting
The development of polymeric materials which conduct materials. This type of ion conductor is especially interest-
electricity via the migration of ions has attracted a great deal ing since the nature of the ion transport can be investigated
of attention in recent years [1,2]. Presently, there are many more thoroughly than in electrolytes with different types of
different ion conducting materials described in the literature migrating species.
with the vast majority of them consisting of salts dissolved  Our approach for the enhancement of the mechanical
in a polymer matrix, which generally are known as “solid strength of separators for Lithium batteries is the develop-
polymer electrolytes” (SPE), e.g. LiClOin polyether ment of materials based on stiff macromolecules with short
matrices [3]. Low molecular weight plasticizers have been flexible ethyleneoxide (EO) side chains. For the present
added to these polymer—salt complexes to enhance theirinvestigations the anionic species are covalently attached
conductivity. However, the consequent loss of mechanical to the polymer matrix, ensuring that only the cationic
properties have played a secondary role in most studies inspecies supports conduction. Here, sulfonate side groups
the application of these materials as separators in batteriesare linked to the polymer backbone to act as counter-ions
Obviously, it is desirable to retain the mechanical strength for the lithium cations which are mobile. These polymers
in these polymer electrolytes which already benefit from belong to the class of “hairy rod molecules” [5], which have
typical polymer properties such as ease of processing,a strong tendency to self-organize into supramolecular
flexibility and low specific weight. architectures when films are cast from solution [6,7,9,10].
Polyelectrolytes in which one type of ionic speciesis free  The morphology sketched in Fig. 1 indicates how the
to migrate while the other is covalently attached to the rigid rod polymers, working as reinforcing elements,
together with the flexible EO-side chains, providing the
* Corresponding author. Tel#49-6131-379135; fax+-49-6131-379100. ion'condUCting amorphous matrix, combine to enable the
E-mail addressmeyer@mpip-mainz.mpg.de (W.H. Meyer) prOdUCtion of thin films with hlgh dimensional Stablllty
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ion-conducting composites with high dimensional stability.
The synthesis, molecular structure, morphology, thermal
properties, and the ionic conductivity of these systems are
described.

2. Results and discussion
2.1. Synthesis

Integration of the EO-side chains with the sulfonate
groups into the rigid polymer backbone required the synth-
esis of four different monomers. These were composed of

. . . ... three different substituted 2,5-dibromobenzerdes and
Fig. 1. Schematic of the supramolecular architecture formed by chain stiff . . . .
macromolecules with flexible side chains (the rods represent the PPP back-ON€ gnsupstltuteqb-phenylgne—b|sboron|c acid esltéras
bones, while the hairs the EO-side chains). explained in Scheme 1 which shows the synthetic route to

the copolymers PPP[EGBOsLI] , [9-11].

These materials can thus be regarded as “molecular compo- The synthesis of the statistical copolymers was carried
sites” with a dispersion of both components at the molecular out via a Suzuki coupling reaction of the type AA/BB
level [8-10]. using a Pd(0)-catalyst. The polycondensation reaction

This study reports the use of poprphenylenes) (PPP)  between the substituted 2,5-dibromobenzehe3 and an
grafted with both EO-side chains and lithium sulfonates as equimolar quantity ofp-phenylene-bisboronic acid estér
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Table 1
List of the polymers (see Scheme 1 for the identification of the polymer names) and molecular weight data as determined by SEC and membrane osmometry
(MO) for the precursor polymers (% R) and thermal propertie§ AC,) of the polyelectrolytes PPP[EQ[SOLi] , (X = Li)

Polymer M mMo Phsed® Phuo? T, (K) ACp/EO (J/g K)
PPP(EO{SO:X]o2 5800 9100 18 28 225 6.83310 2
PPP(EO{(SO:X]os 7400 15 400 25 51 236 5.95110 2
PPP(EO{SO:X] 14 23 800 28 500 89 83 252 6.33710 2
PPP(EO{SO:X] 20 19 200 21 100 75 107 - -
PPP(EO{SO:X] 4+ 15 210 31 200 65 133 - -

2Ph represents for the number of phenyl units in the polymer backbone.

was performed in a biphasic THF/aqueous sodium carbo- sodium salts and then easily converted into the free acids
nate mixture at 8@ with catalytic amounts of tetrakis- PPP[EO}[SO:H], by ion exchange. The lithium salts
(triphenylphosphine) palladium. The synthetic strategy is PPP[EO}[SOsLi], 6 were then prepared from the free
outlined in Scheme 1. acids by titration with lithium hydroxide (Scheme 1).

End capping reactions were carried out with bromoben-  Molecular weight and composition on the precursor poly-
zene to remove any free boronic acid end groups that couldmers as well as thermal data of the corresponding polyelec-
cause unwanted aggregation. trolytes are given in Table 1.

To suppress the crystallization tendency of the EO-side
chains it was necessary to create disorder in the side chairn2.2. Characterization
matrix. Therefore, all copolymers consist of equal quantities
of 3 and4 with pentaethyleneglycol and hexaethyleneglycol 2.2.1. Solubility
side chains, respectively. This type of substitution is repre- ~ The precursor polymers PPP[EJBO;R], were soluble
sented by R, with the side chain ratia/y kept equal in the in organic solvents such as dichloromethane, toluene, and
present study. The ratio of EO-side chains to sulfonate THF, but were insoluble in more polar solvents such as
groups was varied Systematica”y’ and is represented byethanol or water. HOWeVer, the r|g|d rod p0|ye|eCtr0|yteS
the indicesn and m in the formula PPP[EQISO?,R]n PPP[EOJq[SOng] » were insoluble in toluene, THF, chloro-
(with m set as unity). form or N,N-dimethylformamide (DMF), while partly solu-

The first synthetic step involved the preparation of the ble in water and fully soluble in DMSO. This partial
polysulfonic esters by coupling the monomdrs4. This §30|Ub'|'ty allowed characterization by means tf and
method, using the protected acid groups, was chosen to C NMR spectroscopies as well as the casting of thin
achieve sufficient solubility for the full characterization of films for dielectric measurements. The solubility of the
the precursor polymers PPP[E{SO:R], 5. Additionally, polymers decreases with both a decrease in the amount of
the *H NMR signal of thetert-butyl groups of the sulfonic ~ EO-side chains and an increase in the degree of polymer-
esters allowed the determination of the ratio of the different 1zation.
types of copolymer side groups. Hydrolysis of the precursor
polymers occurred after 3 days of treatment with sodium 2.2.2. Molecular structure, copolymer composition and
butanolate at about 80. The polymers were isolated as polymer morphology

The molecular structure of the polymers was determined
on the basis of high resolutioid and **C NMR spectra. A
typical 'H NMR spectrum of a precursor polymer
PPP[EO][SO;R], is shown in Fig. 2. This spectrum exhibits
signals typical of the EO-side chains betwe®s 3.4 and
3 4.2 ppm (A), while the singlet corresponding to thibutyl
groups of the sulfonic esters is foundsat= 1.2 ppm (B). As
‘ the reactivity of1 and 2 can be considered as equivalent
[9,10], the copolymer composition can be determined by the
} integral ratios of the respective groups according to the
| \ ; formula (n/m) = (B/A)(50/18), whereA represents the inte-

3 ” gral of the EO-side group protons aBdhe integral of the

m |‘ t-butyl groups of the sulfonic ester. Additional information
o N L of copolymer composition was confirmed by elemental
T Ty Ty analysis.

By comparing the copolymer composition with the ratio
Fig. 2. 'H NMR spectrum of PPP[EGIBO;R], in CDCl,. of the monomers, it follows that the sulfonic ester monomer
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The diffraction pattern at parallel incidence was aniso-
tropic. The reflection intensities showed sickle-shaped
maxima along the meridian and minima along the equator
(Fig. 3). These results indicate that the stiff polymer chains
are predominantly ordered parallel to the film surface.
Ordering increased with increasing sulfonate content and
upon annealing.

Light microscopy under crossed polarizers showed that
the polymers are lyotropic for PPP[EQ$O:R], in THF
and for PPP[EQJSOsLi] , in DMSO, respectively.

a)

Fig. 3. X-ray diffraction pattern of PPP[EQ$OsLi] 47 with the incident X-
ray beam (a) perpendicular, (b) parallel, respectively, to the film surface. 2.2.3. Molecular weight

The molecular weight of the polymers was determined
reacts with a 1.2-fold rate of the monomers carrying the via size exclusion chromatography (SEC) as well as
EO-side chains'H NMR also indicated complete polymer membrane osmometry (MO) (Table 1). The SEC data
hydrolysis by the disappearance of tHautyl-group protons ~ were analyzed by using calibration data from sulfonate
(peak B, Fig. 2). ester and dodecyl side chain substituted PPP standards

The morphology of free-standing films cast from solu- [13]. This calibration was necessary, since the hydro-
tions of PPP[EQJ[SOsLi],, in DMSO was studied by X-  dynamic behavior of PPP[EGIBO:R], is presumably
ray diffraction with the incident X-ray beam being parallel different from common standards such as polystyrene.
and perpendicular to the film surface. In the latter case all As seen in Table 1, the MO molecular weights are incon-
polymer salts showed circularly symmetric diffraction. This sistent with those obtained via SEC. This discrepancy can be
indicates no in-plane preferential orientation of the polymer attributed to the use of an absolute method versus a relative
chains. However, if the polyp{phenylene) backbones are method, as well as possible polymer aggregation behavior.
arranged parallel to each other in small domains, as can be
expected from their liquid-crystalline behavior [11], these 2.2.4. Thermal behavior
domains must be randomly oriented in the film plane. Thermogravimetric (TG) measurements of the polyelec-

The spacing of one reflection is consistent with the trolytes PPP[EQ]SO;Li],, showed no weight loss below
distance of two phenylene units along the polymer backbone 250°C, while above this temperature three stages of weight
(8.25 A). . loss are observed (Fig. 4). In the range of 250 to°@28

Another reflection at a spacing of 14.52ig\typical for weight loss consistent with the cleavage of the EO-side
the packing of the polymer backbones [12]. This indicates chains was observed. Further heating to°@8@isplayed a
that in films of PPP[EQ]SOsLi] > and PPP[EQ]SOsLi] g5 weight loss correlating to loss of the sulfonate salt groups.
there are interdigitating side chains which allow the back- At 900°C, the weight loss was substantial (20—30%), which
bones to achieve a minimum separation of about 14 A indicates pyrolysis of the polp{phenylene) backbone. TG

The polymers containing a greater EO-side chain content measurements indicate that the precursor polymers
display an additional reflection at= 22—23 A This is in PPP[EO}[SOsR], are of about the same thermal stability
good agreement with the expected layer separation ofas the polyelectrolytes PPP[E{Q&OsLi] . However, they
oligo(ethylenoxide) substituted pofyphenylene)s in lose most of their weight (35-45%) in one step at about
which no side chain interdigitation occurs [9,10]. 42C°C.

Using differential scanning calorimetry (DSC), a glass

100F S transition {Ty) was detected for the three polymers contain-
- ing the highest amount of EO-side chains. Tgincreased
soF and broadened as the EO-side chain content was decreased.
The change in heat capacity at the glass transitidz,) can
< 60f be related to the amount of EO-units (—&HH,—O-) in
£ the polymer, indicating that the glass transition is an effect
‘8 4o ----PPPEO)[SOL], of the flexible side chains only (compare Table 1). The
e '.'jiﬁiﬁg};{ﬁggiﬂjj observed glass transition temperatures—a8 to —21°C
20} - PPP[EOJ[SO,L], ‘ are quite low compared with thg, of pure poly(ethylene-
:ﬁg{ggﬁolmﬂ oxide) of —60°C [2]. This indicates that the side chains have
0 : L L L L . L ' an unexpectedly high mobility even though they are rela-
0 100 200 300 400 500 600 700 800

. . tively short and fixed at one end.
cmperature [°C] In the polymers with the two lowest/n ratios,

Fig. 4. TGA traces of PPP[EQISO.Li], under nitrogen (heating rate: ~ PPP[EO][SOsLi], and PPP[EQ[SOsLi] 47 however, no
10 K/min). glass transition could be detected. Here, the side chain
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] while holdingT, constant. A compilation of the WLF fitting
6x10 e . parameters for PPP[EEBO,LI] +is displayed in Table 2.
4x10° " - . - - Fig. 6 shows that the conductivity first decreases with an

. L increase in the density of Li-sulfonate, thus with increasing
2%10" _-' '.,U-' amount of available lithium ions. Further, the conductivity
of the polymers PPP[EQ]SOsLi] ,is, in general, lower than

0 1 SRR P AR RSN B A RN L R the conductivity of the corresponding PPP[EQ]4SB;Li

5x10° 7' 1x10 2x10 . : L .
mixtures, but higher than the conductivity of PPPESID

without any EO-side chains. However, the different slopes
for the group of polymers PPP[EO], PPP[E[SOsLI] o2,

) ) ~ PPP[EO][SOsLi] o5 and PPP[EQ]SOsLi] 1 4 in comparison
density was too low to provide for a detectable mobility +{g the slopes of the group of polymers PPP[ESPsLI],

Fig. 5. Cole—Cole plot of PPP[EQ$OsLIi] o5 at 60°C.

increase of the EO-chains. PPP[EO][SO,Li] 7 and PPP[SQLi] were unexpected. As
the slope in the Arrhenius plot in Fig. 6 corresponds to the
2.2.5. Dielectric properties activation energy of the conductivity, this indicates differ-

The temperature dependent conductivities of PPRJEO] ences in the conductivity mechanisms between the two
[SOsLi] , were obtained from impedance spectroscopy of groups of polymers.
cast films, sandwiched between two blocking gold electrodes. To understand these results fully, one must consider that
From a complex impedance plot (Fig. 5) the effective dc the relative amount of EO-side chains decreases with a
resistancek was obtained by reading’ at minimumz”. simultaneous increase in the number of moles Iper

The DC conductivityopc is related to the dc resistanBe mole of polymer (Table 3). However, as the side chains
as opc(T) = (d/R(T)A) (with d=distance between the form the ion-conducting amorphous matrix, the relative
electrodesA = area of the electrodes.) PPP[EfJ0xLI] , number of side chain oxygens per lithium cations may be
conductivities are shown in Fig. 6. of paramount importance for the conduction mechanism. As

To serve as a basis of comparison, the conductivities of acan be seen from Table 3, the Oflratio, i.e. the number of
sulfonate-free  PPP containing only EO-side chains available coordination sites for a Liin the side chain
(PPP[EQ]) and an EO-side-chain-free PPP containing only matrix, decreases from 66.7 in PPP[ESPDsLi], to 2.7
sulfonate groups (PPP[S0)]) are included in Fig. 6. The  in PPP[EO][SOsLi] 4. When comparing Fig. 6 and Table
former was doped with Lithium trifluoromethanesulfonate 3 it becomes evident that down to a OfLriatio of about 10

(CF;SOiLi) in a O/Li ™ molar ratio of 50. the conductivity decreases continuously, while the slope of
The data in Fig. 6 were fit using the Williams—Landel- the WLF fits remains more or less unchanged (with a small
Ferry (WLF) equation [14] tendency to increase). At a O/Liratio of 6.5 and lower,
however, the conductivity behavior of PPP[E[S[OsLI] »
o(T) = oy exp{ G~ Ty ] and PPP[EQ]SO;Li] 47 becomes more temperature sensi-
C+T-Ty tive. The temperature dependence approximates that of the

. . polyelectrolyte without EO-side chains (O/L& 0,
where Ty is the glass transition temperature (taken from PPP[SGLI])

DSC measurementsg, is the conductivity afl = T, and

As conductivity depends on both the number of free
C, andC, are constantsry, C, andC, were allowed to vary

charge carriersN) and their mobility ), we consider
both to help explain the conductivity behavior of these poly-
PPPIEOL (SO elle(?trolytesN depgnds on t.he number and degree of disso-
PPP[EO]:[SO:U]“_S ciation of the SGLi-groups in our polymers, which are not
PPP[EO],(SO,Lil, only a function of the O/Li-ratio but may also depend on
‘;Eiig”ggﬂ the number and length of side chains per polymer repeat.
peRisoLi Thus, with decreasing O/Liratio a reduction in the disso-
— WLF-Fits ciation of the sulfonate groups can be expected. In contrast,
+i?r[2(3$20” w depends on the molecular composition throdghwhich

: is sensitive to O/Li. As T, increases with decreasing O/
Li "-ratio, a reduction in the mobility can be expected. To
differentiate between the effect of redudédnd reducedq.,

. N L and especially to explain the change in mechanism, more

26 28 30 32 34 36 38 40 detailed experiments are necessary.
1000/T [K'] The additon of TEGDME (tetraethylene-glycol-
Fig. 6. lon conductivities vsT* for PPPEO}SOLI, PppiEcy  dimethylether) to PPPIEGIBOLIl, 7 which increases the
CR:SOiLi, PPP[SQGLI] and PPP[EOJ[SOLi] . plasticized with 72 wt.% O/Li"-ratio from 2.7 to 25.0, causes a dramatic increase in
TEGDME. conductivity. To our own surprise, the conductivity in

PPP[EO]/CF,SO,Li

0.2

+ o « D O m X

log &, [S/cm]
~
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Table 2 Table 4
WLF parameters used for fitting the conductivity data in Fig. 6 Elemental analysis of PPP[EQ$O:R],
Polymer WLF parameter Polymer Calculated (wt.%) Found (wt.%)

C, C, (K) Ty (K) log o (S/cm) C H S O C H S
PPP[EO]/CESO;Li 26.97 27.06 220 —14.43 PPP[EO][SO:R],, 63.37 7.95 0.82 27.86 6294 7.86 0.79
PPP[EO][SOsLi] 2 26.74 46.10 225 —15.07 PPP[EO][SO;R],s 64.88 7.78 177 2557 6493 7.72 1.69
PPP[EO][SOsLi] o5 26.29 86.24 236 —14.05 PPP[EO][SO:R],, 67.64 7.46 3.49 2141 66.32 7.62 3.40
PPP[EO][SOsLi] 1.4 26.87 108.98 252 —14.19 PPP[EO][SO:R],o 68.73 7.34 4.17 19.77 6856 7.28 4.23

PPP[EOJ[SO;R],; 71.07 7.07 5.64 16.22 70.64 7.01 556

PPP[EO][SOLi]4; plasticized with 72wt.% TEGDME  Ejmer Paragon 1000 spectrometer. Mass spectra were
even exceeded the level of PPPIESDLIlo, with @ OF  gptained from a VG-Biotech Trio-2000 instrument with El
Li * ratio of 66.7. Based on an O/Liratio increase alone, a ionization (70 eV). The morphology of the solution-cast
conductivity comparable to PPP[E@BO.Lilos was  fims was characterized by X-ray diffraction using a flat-
expected. However, in contrast to the backbone-attachedfjim camera with Ni-filtered Cuk radiation. Thermogravi-
EO-side chains, the mobile TEGDME molecules in the metry was performed on a Mettler TG 50 with a heating rate
side chain matrix can support the Lithium-ion transport by of 10 K/min. DSC measurements were carried out under
diffusion. This effect may explain the unexpectedly high nitrogen with a heating rate of 10 K/min on a Mettler DS
conductivity increase in plasticized PPP[ESOLI] 4 TA 3000 instrument; glass transition temperatur@gs)
materials. were taken at the inflection points of theC, steps. lon
Surprisingly, the addition of large quantities of plasticizer cgnductivities of polymer electrolytes were determined
does not lead to liquid-like materials, but films prepared using a Schlumberger SI 1260 impedance/gain phase analy-
from PPP[EO|SOiLil4; plasticized with  72wt.%  zer with a custom-built dielectric interface with a frequency
TEGDME are not even tacky and exhibit surprisingly yange of 0.1-10Hz. The measurements were performed in
good mechanical properties. This appears to be the resulty Novocontrol cryostat. The sample temperature was regu-
of the reinforcing nature of the rigid polymer backbones |5ted by a temperature-controlled nitrogen gas jet and
which demonstrates the concept of the molecular compo- measured with a platinum resistor (Pt 100) inserted in one
site-based polyelectrolyte as a possible separator forgjectrode. For sample preparation, polymers were dissolved
batteries. in DMSO and cast onto gold electrodes. After evaporation
of the solvent under vacuum the films were vacuum dried at
70-80C for at least 24 h. In order to provide good electrode
contact, the gold counter-electrode was vapor-deposited
onto the polymer film. The dc conductivities obtained
from Cole—Cole plotsZ” versusZ') were identical with
the low frequency plateau of the ac conductivities.

3. Experimental section
3.1. Measurements

'H and *C NMR data were obtained with a Bruker AC
300 (300 MHz) spectrometer using CRGIs the chemical 3 2 Materials
shift standard. FT-IR spectra were recorded on a Perkin—

All reagents were purchased from Merck, Fluka, or
Aldrich and were used without further purification unless
otherwise stated. In order to remove peroxide impurities and
oxygen, the THF for polymerization reactions was refluxed

Table 3
O/Li*-ratio in the polymers PPP[EEBOsLIi] ,, PPP [EOJ/CESOsLi and
PPP[S@Li] for comparison

No.  Polymer OlLi-ratic®  mole Li" per mole with a sodium/potassium alloy and distilled under argon.
polyme? Oxygen-free water for the polymerization procedure was
1 PPP[EO)/CESOLi 50.0 0.26 prepared by distilling under argon followed by purging
2 PPP[EO]SOsLi] 0 66.7 0.17 with a nitrogen stream for at least 3 h. The monomers
3 PPP[EO][SOsLi] o5 25.6 0.33
4 PPP[EO][SOsLi] 1.4 9.3 0.58 Table 5
5 PPP[EO][SO,Li] » 6.5 0.66 Solvent mixtures for the polymeric sulfonates
6 PPP[EO][SOsLI] 47 2.7 0.82 :
7 PPP[EO][SOsLi] 47 25.0 _ Polymer Solvent mixtures
+ 72 wt.%
TEGDME PPP[EO][SO:Nal, 2 THF/H,0
8 PPP[SGLI] 0 1 PPP[EO][SO:Nalys EtOH/H,0
PPP[EO][SO:Nal; 4 THF/H,0
PPP[EO][SO:Nal, CH:CN/H,0

20 includes only the oxygens of the EO-side chains and that of

TEGDME. PPP[EO][SO:Nal, 7 THF/H,0




P. Baum et al. / Polymer 41 (2000) 965-973 971

p-phenylene-bisboronic acid ester [14]2,5-dibromo-1,4- IH NMR(CDCly): 6 = 8.3 (m, 2H, H), 8.0 (m, 2H, H),
bis(pentakis(oxyethylene))benzene [9,10]2,5-dibromo- 77 7.6 (m, 14H, & H, H® HZ H?, HZ H2), 7.29 (m,
1,4-bis(hexakis-(oxyethylene))benzene [9,1D]and 2,5- oy H4 7.1 (m, 2H, H8 H®), 6.8 (s, 4H, HY), 4.2 (M, 4H,
dibromoarylsulfon esters [1Bwere prepared as described 1425 425y 3.8 (m, 4H, H° HZ'), 3.6 (m, 32H, H’, H?,
in the literature. The preparation of the polymerization cata- {28 1428 3 5 (m, 4H, H°, H¥'), 3.4 (m, 6H, H° H3)
lyst tetrakis-(triphenylphosphine)-palladium was carried out 1 o1 (s, 18H, K ppm (Fig. 2).

according to the literature [16]. 13C NMR(CDCL): & = 152.8 (&9, 150.7 (C°CL),
149.8, 149.3 (&, isomers), 140.5-138.5 (CC*¥, C*,

2 2 2 3

3.3. Synthesis of precursor polymers PPP[E[SIOsR], c?¥, c*, c*), 135.3, 135.0, 133.9, 133.6, 133.5,(C”,

c* cY ¢t c® c® isomers), 131.7, 130.4, 129.6, 129.2,
Equimolar amounts gb-phenylene-bisboronic acid ester 128.9, 128.0, 127.8, 126.8, 126.4%C®, C°, C8, C°, C%,
4 and the sum of the three dibromides 2,5-dibromo-1,4- C*, C*® C?* isomers), 121.0 (¢), 117.1 (C® C*®), 116.5
bis(pentakis(oxyethylene))benzend, 2,5-dibromo-1,4-  (C*, 72.0 (C° C¥), 71.2, 71.0, 70.9, 70.7, 70.6, 70.3,
bis(hexakis(oxyethylene))-benzeBand 2,5-dibromoaryl-  69.9, 69.8, 69.7, 69.5 (& Cc*, c*’, c*” c®, c®, c*,
sulfonic esteB are dissolved in a mixture of absolute THF  C*"), 59.0 (C°, ¢*), 35.0 (C), 31.3 (C°) ppm.
and water under argon atmosphere. A concentration of For the elemental analysis of the polymers PPP[EQ]
170 ml THF/water was used for every millimole of the [SOsR], see Table 4.
bisboronic acid estet. NaHCQ was added to the reaction
mixture until a concentration of 2 M was reached followed 3 4. Synthesis of the polymers PPP[EfJOsLI] ,
by the addition of 5 102 equivalent of the palladium
catalyst Ph[PPjy,. The ratio of the dibromided and 2 Sodium butanolate solution was prepared by dissolving
was kept 1:1 in order to incorporate equal amounts of NaOH in 1-butanol. To a solution of 5 g precursor polymer
pentaethyleneglycol and hexaethyleneglycol side chainsPPP[EO}[SOsR], in 150—350 ml of toluene a threefold
into the polymer. Care must be taken to exclude oxygen molar excess of sodium butanolate solution was added drop-
from the reaction mixture and to protect the reaction vessel wise over a period of 1/2 h. During this process the reaction
from sunlight as the palladium catalyst is oxygen and light mixture was kept under nitrogen atmosphere. After further
sensitive. Bromobenzene (0.01 mol equivalent) was addedstirring for 48 h, the reaction mixture was neutralized with
after stirring the reaction mixture at & for 3 days. The NaHCQO;. The product was filtered and washed with toluene
polymerization was terminated after 4 days by precipitating and water to remove phenol residues. The product was
the THF/polymer solution into a fivefold volume of petro- isolated after freeze drying as a pale gray solid.
leum ether. The precipitate was filtered and washed with  If the resulting sulfonate failed to precipitate out of the
water. reaction mixture the polymer product was obtained by
Reprecipitation was carried out from toluene for pouring the reaction mixture into an excess of petroleum
PPP[EO][SO:R],4 PPP[EOJ[SO:R], and PPP[EQ]- ether.
SO;R],s7 and dichloromethane for PPP[E{BOsR]q, and When the resulting products were not completely sapo-
PPP[EO][SO:R]ys respectively. The dissolved polymers nified (according tdH NMR they contain still 1-7% unsa-
were subsequently filtered over silica gel. After precipita- ponified ester groups), a second saponification in ethanol
tion in petroleum ether and vacuum drying atGQhe pure was required.

product was recovered at yields of 80—95%. To convert the sodium salt into the free sulfonic acid and
Characteristic data of the precursor polymers to remove foreign salts, the polymeric sulfonate was
1. PPP[EOL[SOsR], dissolved in a solvent/water mixture (Table 5) and acidified

1 PPP[EO],[SO;R],
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Table 6

FT-IR data

Polymer v(CHy CH)  vA(SOM™)  w(CHyp) (SO M ™) v(SO; M) Unidentified ~ 8(Ar—CH)
PPP[EO][SOiLilo,  2872.4 1472.7 1387.7 13521 12499 12154  1109.9 1064.4 947.5
PPP[EO][SOiLilos  2873.1 1470.6 1387.5 12848 12442 12123  1105.3 1064.0 947.1
PPP[EO][SO.Li],4s  2873.8 1469.1 1385.0 13522  1240.6 12043  1099.8 1064.1 947.2
PPP[EO][SO.Li],o  2374.1 1468.8 1383.0 13519  1238.1  1204.4  1099.2 1064.3 947.4
PPP[EO][SOiLil,;  2876.9 1468.1 1379.8 13524  1229.7 12046  1098.8 1064.6 948.8
with concentrated HCI. The solution was then passed transport. The present study demonstrates, however,

through a column filled with an amberlist ion exchange
resin in protonated form. After solvent removal the product
was freeze dried from water.

The lithium salts PPP[EQ]SOsLi] ,, 6 could be prepared
from the free acids by titration with lithium hydroxide.

For the FT-IR data see Table 6.

Characteristic data of the polyelectrolytes

2. PPP[EQ}[SO;sH],

2

PPP[EO],[SO.H],

'H NMR(DMSO): 8 = 8.4 (m, 2H, H), 7.7, 7.6 (m, 14H,
H8 HE H° H? H?, HZ® H**), 7.3 (m, 2H, H), 7.2 (m,
2H, H'® H'®), 6.8 (s, 4H, H?), 4.2 (m, 4H, H°, H®), 3.8
(m, 4H, H5, H?®), 3.5 (m, 32H, H, H?" | H?, H?®), 3.4 (m,
4H, H® H*), 3.4 (m, 6H, H° H*®') ppm.

¥Cc NMR(DMSO): § = 150 (C*°,C'¥), 140.5-138.5 (§
ClO, C21, C21/, C24, C24/), 135_133 (é, C3, C4, C17, Cl7/, CZO,

C? isomers), 130.5,130.4,129.9,129.2,128.9,128.3,126.6

125.6, 124.4 (€ C5, C° C8, C° C*% C?, C=, C? isomers),
117.2 (G C®), 72.0 (C°, C*), 70.9, 69.6, 69.4, 69.2, 68.8
(C26 CZGI C27 C27/ CZS C28/ ng C29/) 57.5 (C;O C30/) ppm.

4. Conclusions

The concept of a rigid-rod scaffolding to provide
enhanced mechanical stability in intimate contact with
a liquid-like matrix to facilitate ion conduction is
demonstrated. If the anions are fixed to the polymer
as in cationic polyelectrolytes, the conductivity usually
appears to be some orders of magnitude lower in
comparison with polymer electrolytes, in which both
cations and anions can contribute to

the charge

that the conductivity dependence on relative cation
concentration (O/Li-ratio) cannot simply be explained
by the effective number of charge carriers, and that the
ion mobility must be taken into account. Thus, if the
mobility is increased by the addition of a plasticizer so
that the O/Li-ratio is sufficiently increased,
conductivities comparable to multi-ion conductors are
obtained.
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