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Solid single-ion conducting polymers continue to attract significant interest as electrolyte materials with
great potential to improve safety and performance of energy storage devices. Still, their low conductivity
is a significant hurdle presently preventing their application. Here, we report on highly conductive BAB tri-
block copolymers with A blocks of either poly(ethylene oxide) (PEO) or poly(ethylene oxide-co-propylene
oxide) (PEOPO), and B blocks of poly(lithium 2,3,5,6-tetrafluorostyrene-4-sulfonate) (PPFSLi). The copoly-
(ATRP) of 2,3,4,5,6-
pentafluorostyrene from polyether macroinitiators, followed by quantitative thiolation using NaSH and

mers were readily synthesised by atom transfer radical polymerisation
subsequent oxidation to form the sulfonate anions. The copolymers possessed high thermal stability and
their ionic content was conveniently controlled by the block ratio during the ATRP. Above the polyether
melting point, PEO-based block copolymers with [O]:[Li] = [18]:[1] showed the highest conductivity,
close to 1.4 x 107> S cm™ at 60 °C, while at lower temperatures, the PEOPO materials reached the
highest conductivity, nearly 1.5 x 107® S cm™ at 20 °C. The high conductivity of the former copolymer
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suggests weak interactions of the lithium ions with the pentafluorosulfonate anions in combination with a
high degree of Li* dissociation facilitated by PEO. The results of the present study demonstrate that well-
designed block copolymers containing lithium pentafluorostyrene sulfonate units can approach the levels
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Introduction

Today portable devices such as laptops and cell phones rely
heavily on lithium-ion batteries. These power sources offer sig-
nificant advantages in terms of high specific energy and
energy density compared to alternatives such as lead/acid or
nickel metal hydride batteries."”> However, the flammability of
the employed liquid electrolytes, commonly a lithium salt dis-
solved in a mixture of carbonates (e.g, ethylene carbonate and
dimethyl carbonate), presents a significant drawback which
causes safety issues and limits not only the operating tempera-
ture range, but also the battery lifetime because of their high
reactivity with the electrode materials."”> Furthermore, the use
of these liquid electrolytes prevents the utilization of lithium
metal, which is widely considered to be the ultimate negative
electrode material.’ Employing solid polymer electrolytes,
consisting of a lithium salt dissolved in a polar polymer,
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of conductivity required for high-temperature lithium battery applications.

would solve most of the safety issues associated with the
liquid electrolytes."™ The most widely studied salt-in-polymer
systems is based on poly(ethylene oxide) (PEO) and lithium bis
(trifluorosulfonyl)imide (LiTFSI) salt. In these systems, the
ionic conductivity is closely coupled with the relatively slow
segmental mobility of the polymer in the amorphous state.
Moreover, both the anion and Li" are free and mobile which
results in that only about 20% of the ionic current is carried by
the Li* ions.® The mobility of both ions further leads to polar-
ization effects which decrease the charge-discharge rates of
the battery.

In solid single Li'-ion conducting polymer electrolytes, the
anion is tethered to the polymer and ideally only the cation is
mobile.>>* This solves many of the inherent problems of
liquid and salt-in-polymer electrolytes. However, the conduc-
tivity of single-ion conducting polymer electrolytes is usually
very low, mainly because of the low level of ionic dissociation
and slow dynamics of the polymer chains.>® This issue may be
at least partly alleviated by careful polymer design and
increased operation temperature. Several studies have demon-
strated that the performance can be enhanced by preparing
well-designed block copolymers in which anionic blocks are
combined with conductive PEO blocks.>® For example, Mayes
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and coworkers have reported 1-2 orders of magnitude higher
ion conductivities when the anions were placed in a separate
block, spatially separated from the ion conducting PEO blocks,
in comparison with the stoichiometrically equivalent materials
where the anions were placed in the PEO blocks.” This was
explained by higher ion dissociation in the former copolymer
due to migration of Li" into the PEO phase. The results
implied that the energy gained by Li* solvation in PEO is
sufficient to outweigh the electrostatic energy penalty for nano-
scale separation of Li" and the covalently bound anion.” Most
of the recent work on state-of-the-art single-ion conducting
polymer electrolytes have been performed with styrenic and
acrylate blocks functionalized with sulfonyl(trifluoromethane-
sulfonyl)imide lithium groups.'*™* In a recent study, Bouchet
and co-workers reported on BAB triblock copolymers having a
central B block of PEO and flanking A blocks of poly[4-styrene-
sulfonyl(trifluoromethanesulfonyl)imide].>> They reported a
very high conductivity of 1.3 x 107> S em ™" at 60 °C reached by
a copolymer containing 20 wt% of the ionic block.

In the present work we have for the first time tethered
lithium 2,3,5,6-tetrafluorobenzene sulfonate groups to poly-
mers and investigated their properties as single Li'-ion con-
ducting BAB block polymer electrolytes. Previously, Sanchez
and co-workers have studied and compared lithium penta-
fluorobenzene sulfonate and LiTFSI salts dissolved in PEO.>®
Although the latter polymer electrolyte was more conductive,
the lithium pentafluorobenzene sulfonate system provided
much higher cationic transference numbers, as well as high
thermal and electrochemical stability. The BAB triblock copoly-
mers of the present work were designed with B blocks of
poly(lithium  2,3,5,6-tetrafluorostyrene-4-sulfonate) (PPFSLi)
and A blocks of either PEO or poly(ethylene oxide-co-propylene
oxide) (PEOPO). The triblock copolymers were synthesised by
atom transfer radical polymerisation (ATRP) of 2,3,4,5,6-penta-
fluorostyrene from polyether macroinitiators, followed by thio-
lation using NaSH and subsequent oxidation with H,O, to
form the sulfonate anions. The ionic content ([O]:[Li]) was
conveniently controlled by the block ratio targeted in the
ATRP. The copolymers were evaluated as Li'-single ion con-
ducting electrolytes with a focus on the molecular structure,
thermal stability, phase behaviour and ionic conductivity.

Experimental

Materials

Poly(ethylene oxide) (PEO, Sigma-Aldrich, M,gszc = 32.6
kg mol™", PDI = 1.23), poly(ethylene oxide-co-propylene oxide)
(PEOPO, Sigma-Aldrich, M, sgc = 12.4 kg mol™", 75% EO, PDI =
1.21), o,a’-dibromo-p-xylene (Sigma-Aldrich, 98%), copper(1)
bromide (Sigma-Aldrich, 98%), 2,2-bipyridyl (bipy, Acros,
99+%), anhydrous potassium carbonate (Sigma-Aldrich, 99+%),
18-crown-6 (Sigma-Aldrich, 99+%), copper(0) powder (Sigma-
Aldrich, 99.5%), sodium hydrogensulfide hydrate (Sigma-
Aldrich, technical grade), glacial acetic acid (Acros, 99.5+%),
hydrogen peroxide (Sigma-Aldrich, 30 wt% in H,0), hexane
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(Honeywell, 99%), diethyl ether (Honeywell, 99%), and N,N-di-
methylacetamide (DMAc, Sigma-Aldrich, 99.8+%) were used as
received. Tetrahydrofuran (THF, Honeywell, 99%) and o-xylene
(Sigma-Aldrich, 99+%) were dried using molecular sieves
(Acros, 4 A 8-12 mesh). 2,3,4,5,6-Pentafluorostyrene (PFS)
(Sigma-Aldrich, 99%) was passed through a column packed
with alumina (Alfa Aesar, activated, basic, Brockmann Grade I,
58 A), degassed and stored under an inert atmosphere. The
ion exchange resin Amberlite IR-120 in its sodium form
(Sigma-Aldrich) was appropriately conditioned before use.

Preparation of polyether macroinitiators

The Br-PEO-Br and Br-PEOPO-Br macroinitiators were pre-
pared by attaching benzylic bromide initiator groups at each
chain end of PEO and PEOPO, respectively. Br-PEO-Br was pre-
pared by mixing PEO (0.4 mmol, 14 g, 1 eq.), a,a’-dibromo-p-
xylene (8 mmol, 2.1 g, 20 eq.), 18-crown-6 (4 mmol, 1.5 g,
10 eq.), anhydrous potassium carbonate (8§ mmol, 1.1 g, 20 eq.)
and THF (300 mL) in a dark brown round bottom flask under
nitrogen protection. The mixture was kept under reflux for
4 days at 80 °C. Subsequently, the hot reaction mixture was
filtered and the filtrate was cooled to —18 °C and recrystallized
in THF (300 mL). The product was then dried under vacuum at
50 °C and collected as a white powder (yield: 95%).
Br-PEOPO-Br was synthesized by a similar procedure. However,
after the reflux the hot reaction mixture was filtered and the
solvent of the filtrate was removed under reduced pressure.
Next, the remaining material was first dried in a vacuum at
50 °C overnight, and then treated with water (200 mL) at 60 °C
for 10 min, followed by removal of the insoluble solid by
filtration. The product was a light yellow viscous liquid which
was collected after freeze-drying and further dried in a vacuum
at 50 °C (yield: 85%).

Preparation of precursor triblock copolymers

The triblock copolymers combining PPFS blocks with PEO and
PEOPO blocks, respectively, were prepared by using the poly-
ether macroinitiators for ATRP of PFS, as illustrated in
Scheme 1. For example, in the preparation of the PPFS-PEO
block copolymers, Br-PEO-Br (0.1 mmol, 3.5 g, 1 eq.), copper(i)
bromide (0.4 mmol, 58 mg, 4 eq.), copper(0) powder
(0.28 mmol, 18 mg, 2.8 eq.) and 2,2"-bipyridyl (0.8 mmol,
126 mg, 8 eq.) were first dissolved in degassed o-xylene
(10 mL) at 80 °C. The system was degassed three times under
nitrogen protection before addition of PFS via a syringe (see
Table 1 for amounts). Subsequently, the solution was kept at
110 °C for 48 h, before being quenched with THF (50 mL). It
was then passed through a column packed with alumina,
before precipitation of the copolymer in hexane (200 mL).
Next, the PEO-PPFS product was collected as a white powder
by filtration, washed with diethyl ether and dried in a vacuum
at 50 °C for 48 h. The PEOPO-PPFS triblock copolymers were
prepared in a similar way using Br-PEOPO-Br as the macro-
initiator. After passing the reaction mixture through the
alumina column, the solvent was removed under reduced
pressure. Diethyl ether (50 mL) was used to wash the remain-

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Synthetic pathway to PEO-sPPFSLi, and PEOPO-sPPFSLi,
triblock copolymers via the preparation of polyether macroinitiators,
ATRP of PFS, followed by thiolation, oxidation and ion-exchange to form
the sPPFSLi blocks [key: (i) a,a'-dibromo-p-xylene, K,COs, 18-crown-6,
THF, 80 °C, 96 h, (ii) PFS, CuBr, bipyr, o-xylene, 110 °C, 48 h, (iii) NaSH,
DMAc, 20 °C, 8 h, (iv) H,O,, AcOH, 48 h, and (v) LiCl].

ing viscous product twice. The product was obtained as a light
yellow viscous liquid after drying in a vacuum at 50 °C for
48 h. The block copolymer samples were designated as
PEO-PPFS, and PEOPO-PPFS, respectively, where x is the PFS
content in wt%.

Preparation of single-ion conducting triblock copolymers

The PEO-PPFS, and PEOPO-PPFS, triblock copolymers were
sulfonated by thiolation and oxidation of the corresponding
non-ionic precursor copolymer (Scheme 1). The former copoly-
mers were sulfonated by dissolving the PEO-PPFS, block co-
polymer (3 g) in DMAc (30 mL) at 90 °C, followed by cooling to
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room temperature before addition of sodium hydrogensulfide
hydrate (2 g). The green-blue mixture was kept for 48 h and
then acidified by slowly adding a portion of aqueous HCI solu-
tion (1 M, 30 mL) over a period of 30 min. Subsequently, all
the solvents were removed by vacuum distillation and the
remaining mixture was treated with DMAc (50 mL) at 90 °C for
30 min. The suspension was filtered and the clear filtrate was
kept at —18 °C overnight. Next, the thiolated block copolymer
intermediate was collected as a light yellow powder by fil-
tration, washed with diethyl ether and air-dried. The thiolated
block copolymer (2 g) was treated with glacial acetic acid
(20 mL) and hydrogen peroxide solution (30%, 13 mL) at 50 °C
for 48 h before bringing it to reflux for 1 h. All solvents were
then removed under reduced pressure at 60 °C. Water was
added to dissolve the remaining gel-like product and was later
removed by freeze-drying to afford the sulfonated copolymer
samples in the H' form. Copolymers in the Li" form were
obtained by ion exchange to the lithium-ion form, and were
further purified by dialysis (MWCO = 3500 Da) in deionized
water for 48 h. The PEOPO-PPFS, copolymers were sulfonated
using the same method, but applying a dialysis membrane
with MWCO = 100-500 Da. The resulting sulfonated copoly-
mers were designated as PEO-sPPFSLi, and PEOPO-sPPFSLi,,
respectively, where y denotes the wt% of the sPPFSLi blocks.
The structural data of these polymers are listed in Table 2.

Drying procedure and water determination

The PEO-sPPFSLi, and PEOPO-sPPFSLi, electrolyte samples
were pre-dried in a vacuum oven at 50 °C overnight and
further dried in the melt state during stirring at a high
vacuum (<0.2 Pa) at 80 °C for 48 h, and then stored under an
inert atmosphere. The water content of the dried samples was
determined to be in the range of 75-110 ppm by Karl-Fischer
titration using a TitroLine KF trace titrator.

Measurements

All polymer samples were characterized by "H NMR spec-
troscopy using a Bruker DRX400 spectrometer and DMSO-dg or
CDCl; as a solvent. All the block copolymers were further
characterized by '°F NMR spectroscopy.

Table 1 Synthetic and structural data of PEO-PPFS, and PEOPO-PPFS, block copolymers

Degree of PPFS block

[PFS]: [EO] PPFS content  polymerization” PFS M e’ M nmr My sec PDI
Sample in synthesis®  (wt%) of the PPFS blocks ~ conversion (%) (kg mol™) (kgmol™)  (kgmol™) MM, "
PEO-PPFS; 10 5 9.5 71 1.8 34.4 34.7 1.29
PEO-PPFS,, 15 10 20 73 3.9 36.5 43.0 1.29
PEO-PPFS,, 25 20 45 72 8.7 41.3 45.7 1.30
PEO-PPFS;, 35 30 77 75 15.0 47.6 43.6 1.31
PEO-PPFS,; 50 43 136 69 26.4 59.0 53.9 1.33
PEOPO-PPFS;¢ 20 16 12 71 2.3 14.6 14.2 1.31
PEOPO-PPFS,, 25 21 16 68 3.2 15.5 15.1 1.32
PEOPO-PPFS;5 30 35 33 71 6.5 18.8 16.5 1.29

“ Molar ratio between [PFS] to [EO]. ” Calculated from NMR data.

This journal is © The Royal Society of Chemistry 2017
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Table 2 Synthetic and structural data for PEO-sPPFSLi, and PEOPO-sPPFSLI, triblock copolymers

Block copolymer sPPFSLi content sPPFSLi block IECy; [H,0]
Block copolymer precursor (Wt%) M, (kg mol™) M, (kg mol™) [0]:[Li]* (mmol Li g™ (ppm)
PEO-SPPFSLi, 5 PEO-PPFS;, 13 5.2 37.8 40 0.50 94
PEO-sPPFSLi,5 PEO-PPFS,, 25 11.8 44.4 18 0.95 82
PEO-sPPFSLis, PEO-PPFS;, 37 20.2 52.8 10 1.41 104
PEOPO-sPPFSLi,, PEOPO-PPFS;¢ 20 3.1 15.4 21 0.76 125
PEOPO-sPPFSLi,¢ PEOPO-PPFS,, 26 4.2 16.5 16 0.10 75
PEOPO-sPPFSLi,, PEOPO-PPFS;5 42 8.6 20.9 8 1.6 110

“Molar ratio of [O] to [Li].

The molecular weights of the block copolymers were deter-
mined by size exclusion chromatography (SEC) employing a
Viscotek GPCmax VE-2001 instrument. The samples are dis-
solved in chloroform and passed through a series of three
Shodex columns (KF-805, -804, and -802.5) and a refractive
index detector at room temperature. The elution rate was
1 mL min~'. Four PEO standards (Agilent) M, = 100, 50, 12.6
and 4.25 kg mol ™" were used for calibration. The M, values of
the commercial PEO and PEOPO were determined to be 32.6
and 12.3 kg mol™", respectively. The M,, values of the triblock
copolymers were subsequently calculated using their PFS
content determined by 'H NMR analysis.

Thermogravimetric analysis (TGA) was carried out using a
TA instruments Q500 TGA analyzer. The thermal degradation
was evaluated under nitrogen at a heating rate of 10 °C min™"
up to 600 °C. Prior to this heating ramp the samples were
dried at 130 °C for 10 min. The degradation temperature
(Ta,05) was determined at the point where 95% of the sample
mass remained. The thermal stability of the samples was
further investigated using isothermal measurements at 60, 80,
100 and 120 °C over 10 h. Differential scanning calorimetry
(DSC) was performed on a TA instruments Q2000 calorimeter
at a heating rate of 10 °C min™" under nitrogen. The melting
temperature (T;,) was determined during the heating and the
crystallization temperature (7.) during the cooling scan.

In order to investigate the phase structure of the electro-
lytes, PEO-sPPFSLi,; was analyzed by small angle X-ray scatter-
ing (SAXS) in the g range between 0.14 and 7 nm™", which
corresponds to a d spacing between 0.9 and 44 nm. The
sample was placed on a homemade sample stage in a
SAXSLAB SAXS instrument, from JJ X-ray Systems ApS
(Denmark) equipped with a Pilatus detector. The scattering
experiments were performed using Cu Ko radiation with a
wavelength of 1.542 A generated within a high brilliance micro
focus sealed tube with shaped multilayer optics operating at
50 kV and 60 mA.

The ionic conductivity of the electrolytes was evaluated by
measuring the temperature dependence of impedance spectra
during a heating-cooling-heating cycle in the region from 0 to
90 °C. Dried electrolyte samples with a diameter of 15 mm and
a thickness of 107 pm were sandwiched between two gold-
plated brass coin electrodes spaced by a PTFE ring spacer
inside an Ar-filled glove box. The measurements were carried

788 | Polym. Chem., 2017, 8, 785-794

out using a computer controlled Novocontrol BDC40 high-
resolution dielectric analyzer equipped with a Novocool cryo-
stat unit. The samples were analyzed in the frequency range of
107'-107 Hz at a 50 mV ac amplitude, and the conductivities
were subsequently evaluated using the Novocontrol software
WinDeta.

Results and discussion

Synthesis

Three PEO-sPPFSLi, and three PEOPO-sPPFSLi, triblock co-
polymers with different values of y, i.e., with different block
lengths and ionic contents, were prepared according to
Scheme 1. The precursor PEO and PEOPO blocks had M,, = 33
and 12 kg mol™, respectively, and both had a quite narrow
polydispersity index (PDI) with M,M, " = 1.23 and 1.21,
respectively (Table 1). In the synthesis of the block copolymers,
the ionic content (y) was targeted to obtain electrolyte
materials with [O]:[Li] ratios in the range between ~10 and
40. This corresponded to average degrees of polymerization
between 10 and 136 of the individual PPFS blocks.

In order to form ATRP macroinitiators for polymerization of
the PPFS blocks, the polyether precursors were chain-end func-
tionalized with benzyl bromide groups via a K,COz-mediated
reaction with a,a’-dibromo-p-xylene in THF at 80 °C. An excess
of dibromoxylene was used to ensure full functionalization
and avoid chain extension reactions. Moreover, 18-crown-6 was
used as a phase transfer catalyst to assist the solvation of
potassium carbonate in THF. The successful reaction was con-
firmed by 'H NMR spectroscopy, which indicated the shifts of
the benzylic protons at 5.16 and 5.28 ppm, respectively, with
equal integrals within the error of the method (Fig. 1).
Moreover, as seen in Table 1, M, and M,M, " evaluated by
SEC remained essentially the same after the functionalization,
which excluded the occurrence of significant chain extension
reactions.

The PEO-PPFS, and PEOPO-PPFS, triblock copolymers were
prepared by ATRP of PFS from the polyether macroinitiators
using the CuBr/bipy system at 110 °C in o-xylene.”*° A cata-
Iytic amount of Cu(0) powder was used to regenerate Cu(r). The
molar ratio of PhCH,Br:Cu(1)Br:bipy was kept at 1:2:4
because the typical ratio of 1:1:2 led to unrepeatable ATRP

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 'H NMR spectra of (a) the Br-PEO-Br macroinitiator and (b)
PEO-PPFS3,, and '°F NMR spectra of (c) PEO-PPFS,, and (d) PEO-
SPPFSLips.

results, possibly a consequence of the rather high molecular
weight of the macroinitiators. The PPFS block length and the
block ratio, and subsequently the ionic content ([O]:[Li]), of
the block copolymer electrolytes were controlled by the
[PFS]: [EO] ratio employed in the ATRP step (Table 1). The
PPFS content of each block copolymer was calculated by com-
paring the integrated '"H NMR signals of the polyether and
PPFS blocks at 3.4-3.9 and 1.9-3.0 ppm, respectively (Fig. 1
and S11).>* Then the degree of polymerization of the PPFS
blocks was calculated by taking into account the PPFS content
and the M, value of the respective polyether precursor.
Furthermore, as seen in Fig. 1c, the appearance of the expected
signals from the PPFS fluorine atoms in the '’F NMR spectra
(ortho-F at 143.2, meta-F at 161.3 and para-F at 154.3 ppm) indi-
cated the success of the ATRP.>*2® As seen in Table 1, the M,
values of the block copolymers obtained by direct SEC analysis
(SEC traces shown in Fig. S21) were in good agreement with
the values calculated by using the NMR data and the M,, value
of the respective polyether precursor. Finally, a typical PDI

This journal is © The Royal Society of Chemistry 2017
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value for ATRP products close to MM, " = 1.3 was found for
all the block copolymers.

The PPFS blocks were sulfonated by substitution of the fluo-
rine atoms at the para-position using NaSH, followed by oxi-
dation of the resulting thiol groups to form the sulfonate
groups, as described by Kerres et al.>” These authors prepared
proton conducting poly(2,3,5,6-tetrafluorostyrene-4-sulfonic
acid) via emulsion polymerisation. The polymer was reported
to have a pK, value close to —2 and a proton conductivity
higher than the perfluorinated Nafion® membrane at reduced
relative humidity at 160 °C, demonstrating the electron with-
drawing power of the neighboring aromatic fluorine atoms.>”
Using a similar synthetic pathway, PPFS has been previously
phosphonated to form proton conducting polymers and
membranes.”***° To obtain the present sulfonated copoly-
mers, the para-fluorine atoms of the PPFS blocks were first
completely and selectively substituted by thiol groups via the
reaction with an excess of sodium hydrogen sulfide in DMAc
solutions of the block copolymers, essentially following the
method reported by Kerres et al®>’ The salt formed after
sequential acidification in the present case was removed by
hot filtration of diluted DMAc solutions of the thiolated block
copolymers. Next, the thiol groups were oxidized to sulfonic
acid groups using hydrogen peroxide in DMAc at room temp-
erature. The '’F NMR spectra of the sulfonated block copoly-
mers showed two broad signals corresponding to the ortho-F at
142.8 ppm and meta-F at 139.3 ppm, which confirmed the
complete functionalization of the PPFS blocks (Fig. 1).”” The
sulfonic acid protons of the block copolymers were exchanged
to lithium ions, and the copolymers were further dialyzed
against deionized water for two days to obtain salt-free PEO-
SPPFSLi, and PEOPO-sPPFSLi, samples. Finally, the samples
were dried under high vacuum at 80 °C.

During the course of the present work a total of five
PEO-PPFS block copolymers, and accordingly five PEO-
SPPFSLi, block copolymers, were prepared in total (Table 1).
However, both PEO-sPPFSLi; and PEO-sPPFSLis,, with the
lowest and the highest sPPFSLi content, respectively, produced
very low ionic conductivities (<107'° S em™") and were there-
fore not investigated any further. At room-temperature, the
PEO-sPPFSLi, and PEOPO-sPPFSLi, samples were light yellow
soft solids and light brown pastes, respectively.

Thermal stability

The thermal decomposition of the ionic block copolymers, as
well as the different precursor polymers, was studied by TGA
under a nitrogen atmosphere. The neat PPFS, PEO and PEOPO
showed Ty.os5 values of 370, 357 and 353 °C, respectively
(Fig. S31). The non-ionic block copolymers decomposed in two
steps, seemingly corresponding to the decomposition of the
two blocks. The values of Ty s were noted between 352 and
361 °C for the PEO-PPFS series and between 334 to 345 °C for
the PEOPO-PPFS series (Fig. S3t1). In both cases, the values
were close to the T495 of the neat PEO and PEOPO,
respectively.
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Fig. 2 TGA traces of PEO-sPPFSLi, (a) and PEOPO-sPPFSLi, (b) block copolymers, as well as the respective homopolymers.

As expected, the ionic block copolymers decomposed at
significantly lower temperatures, between Tyo5; = 200 and
264 °C, decreasing with the sPPFSLi content (Fig. 2). This can
be attributed to the desulfonation of sPPFS moieties.>” The
samples were also investigated under isothermal conditions
under a nitrogen atmosphere. After 10 h, the samples kept at
60, 80 and 100 °C lost less than 0.02 wt%, while the samples
kept at 120 °C lost less than 0.17 wt% (Fig. S4t). These results
indicated that the block polymer electrolytes had sufficient
thermal stability for high-temperature battery operation.

Phase transitions

All the materials were analyzed by DSC in order to study their
phase behavior, and the results are summarized in Table 3. As
expected, the degree of crystallinity of PEOPO was significantly
depressed in comparison with the PEO precursor. In addition,
the former polymer crystallized at a much lower temperature

Table 3 Thermal data of the copolymers in the PEO-sPPFSLi, and the
PEOPO-sPPFSLiy series, as well as their respective precursor polymers

AHC EY AH[’]] CY
Sample Taos% °C  T.%,°C Jg* Tn%°C Jgo!
PEO 357 44 154 65 157
PEOPO 353 —43 37 0 44
PEO-PPFS,, 352 46 148 65 161
PEO-PPFS,, 358 47 156 64 166
PEO-PPFS;, 361 49 157 63 160
PEO-sPPFSLi, ; 263 -1 92 37 132
PEO-SPPFSLi,s 217 -10 85 36 103
PEO-sPPFSLis, 200 -21 13 42 18
PEOPO-PPFS, ¢ 344 -46 14 -1 40
PEOPO-PPFS,, 345 —45 19 -1 45
PEOPO-PPFS;5 334 n. d. 2 -10 22
PEOPO-sPPFSLi,, 264 —40 9 -7 31
PEOPO-SPPFSLi,s 236 n. d. n.d. -9 23
PEOPO-sPPFSLi,, 240 n. d. nd -7 12

“Decomposition temperature determined at a 5 wt% sample loss at
10 °C min~'. ”Crystallization temperature. “Based on polyether
weight. ¢ Melting point; n.d. - not detected.
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(T. = =43 °C) in comparison with PEO (7. = 44 °C). After the
formation of the PPFS blocks, the crystallization and cryst-
allinity of the polyether blocks of all the PEO-PPFS triblock
copolymers were very similar to the precursor (Fig. S51). Still,
the value of T. increased slightly with the PPFS content
(Table 3). These results indicated complete phase separation
of the dissimilar blocks. In the PEOPO-PPFS triblock copoly-
mers, a pronounced cold crystallization occurred at —55 °C
during the heating scan of PEOPO-PPFS;s and PEOPO-PPFS,;.
For PEOPO-PPFS;;5, with the highest PPFS content, no crystalli-
zation was detected during cooling and the start of the cold
crystallization was shifted to —40 °C. In addition, the heat of
fusion of the PEOPO blocks decreased to only approximately
half of that of the PEOPO precursor (Table 3). This may indi-
cate a change in morphology where the polyether phase
became less continuous as the PPFS content increased. The
glass transition temperature (7,) of PPFS is close to 110 °C,**
but was not observed in any of the present polyether-rich block
copolymers.

The DSC cooling and heating traces of the ionic block co-
polymer electrolytes are displayed in Fig. 3. In relation to the
PEO-PPFS samples, the T. and T, values of the PEO-sPPFSLi,
materials were sharply depressed and only a very low level of
PEO crystallinity remained in the sample with the highest
ionic content, PEO-sPPFSLi;,. On the other hand, this sample
displayed a slightly higher Ty, than the two samples with the
lower ionic content. Moreover, the value of T, decreased with
the increasing ionic content, from —1 to —20 °C. The PEOPO-
sPPFSLi, samples displayed very broad melting intervals
between —40 and 10 °C, and only PEOPO-sPPFSLi,, showed
signs of crystallization during cooling. The two samples with
the lowest ionic contents showed cold crystallization between
—35 and —50 °C, while no crystallization was detected for
PEOPO-sPPFSLi,, with the highest ionic content.

In summary, the polyether crystallinity was significantly
depressed by exchanging PEO with PEOPO in the block copoly-
mer. The formation of the non-ionic block copolymers did not
significantly influence the crystallinity, which suggested

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 DSC traces of the block copolymers in the PEO-sPPFSLi, (a) and the PEOPO-sPPFSLI, (b) series (cooling trace: - - -; heating trace: —).

immiscibility of the dissimilar blocks. After sulfonation, the
polyether crystallinity decreased sharply with the ionic
content, most probably because of an extensive Li-O coordi-
nation. This indicated an increasing compatibility and mis-
cibility between the ionic sPPFSLi and polyether blocks.

Ionic conductivity

The temperature dependence of the ion conductivity of the
block copolymers in the PEO-sPPFSLi;, and PEOPO-sPPFSLi,
series was measured by electrochemical impedance spec-
troscopy. In these single-ion conducting triblock copolymers,
the sulfonate anions were covalently attached to the sPPFSLi
blocks, which were restricted exclusively to short-range seg-
mental mobility. Presumably, only the Li' cation has long-
range mobility in the materials and the transport number is
expected to be very close to unity.>® Furthermore, we expected
that the dissociation of the lithium sulfonate groups would be
greatly facilitated by their position on the strongly electron-
withdrawing tetrafluorobenzene units.>” The Li* conductivity
of PEO electrolytes is normally coupled to the segmental mobi-

@ qo*4 Tttt 1
90807060 50 40 30 20 10 0 °C

vl vl vl vl il

—A— PEO-sPPFSLi,
—8— PEO-SPPFSLiys
—m— PEO-sPPFSLis;
T T T T T
28 30 32 34 36

1000/T (K)

_.I
[
Ll

lity. Hence, any crystallinity is likely to decrease the level of
conductivity. A further factor that is often ignored, and which
can strongly influence the performance of single-ion conduct-
ing electrolytes, is the water content. As these materials are
highly charged, they are generally extremely hygroscopic. The
presence of trace amounts of water can significantly facilitate
the dissociation of the lithium ion and therefore increase the
conductivity. The ionic conductivity of two samples with
different water contents (400 and 75 ppm water, respectively) is
presented in Fig. S6.T As expected, the sample with the higher
water content reached much higher conductivity than the one
with lower water content by a factor of 2.5. In the present case
the single-ion conducting electrolytes were dried to a water
content of 75-100 ppm before characterization.

The DC conductivity values of the samples were determined
from the frequency-independent conductivity plateaus
observed in the plots of AC conductivity versus frequency
(Fig. S71). The conductivity data measured during heating of
the PEO-sPPFSLi, samples from 0 to 90 °C are displayed in
Fig. 4a. As seen, the conductivity of the two samples with the

() 10 LI S I B B E B B
90807060 5040 30 20 10 0 °C

Conductivity (Sem™)
o

—A— PEOPO-sPPFSLiy,
—— PEOPO-sPPFSLiyg
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ol v vl vl vl vl

Fig. 4 Arrhenius conductivity plots of the PEO-sPPFSLi, (a) and the PEOPO-sPPFSLi, (b) block copolymer electrolytes.
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lowest sPPFSLi contents increased sharply from low levels in
the temperature range of 30 to 50 °C because of melting of the
PEO blocks. Consequently, the conductivity of these samples
increased by almost 4 orders of magnitude between 0 and
90 °C. PEO-sPPFSLi;; and PEO-sPPFSLi,s reached 2.2 x 107°
Scem™" and 3.0 x 107° S em ™, respectively, at 90 °C. In contrast,
sample PEO-sPPFSLi;; with the highest sPPFSLi content was
seemingly not influenced by any PEO melting but still reached
a rather moderate level of conductivity, 2.9 x 107° S cm™" at
90 °C. The data below 50 °C were in line with the DSC results,
which showed that the PEO crystallinity decreased with the
SPPFSLi content (Fig. 3). Above 50 °C, the highest conductivity
was reached by PEO-sPPFSLi,; with an [O] : [Li] ratio of ~18, as
seen in Fig. 5.

The conductivity of the copolymers in the PEOPO-sPPFSLi,
series is displayed in Fig. 4b. Because the low propensity of the
PEOPO blocks to crystallize, as seen in Fig. 3b, the conductivity
between 0 and 90 °C was not influenced by any polyether crys-
tallinity and melting. Consequently, the conductivity of the
PEOPO-sPPFSLi, series was significantly higher than that of
the PEO-sPPFSLi, series below 50 °C, and reached above
4x107and 1 x 107® S em™" at 0 and 20 °C, respectively. The
conductivity of the PEOPO-sPPFSLI, series increased with the
SsPPFSLi content, and the maximum conductivity at 90 °C
reached just above 1 x 107> S em™" for PEOPO-sPPFSLi,, with
[O]:[Li] ~ 8: 1. This was a factor of 3 below the conductivity of
PEO-sPPFSLi,;. Consequently, no optimum [O] : [Li] ratio was
found for the PEOPO-sPPFSLI, series (Fig. 5).

Because PEO melting and crystallization occurred during
the heating and cooling of the PEO-sPPFSLi, samples, there
was a significant hysteresis in the conductivity values
measured in the temperature range between 10 and 50 °C

Conductivity (Sem™)

>] —@— PEO-sPPFSLi series
—8— PEOPO-sPPFSLi series
— 1 - 1 T 1 T 1
10 20 30 40
[OL:[Li]

Fig. 5 Conductivity versus [O] : [Li] ratio of the block copolymer elec-
trolytes at 60 °C.
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Fig. 6 Conductivity data measured during heating—cooling—heating
scans of (a) PEO-sPPFSLi»s and (b) PEOPO-sPPFSLiyg in the temperature
range of 0—-90 °C. The large hysteresis seen between 10 and 50 °C for
the former sample because of PEO crystallization and melting was com-
pletely absent for the PEOPO-based sample.

(Fig. 6). Thus, the conductivity at 20 °C was measured to be
3 x107% and 2 x 107® S em™" during heating and cooling,
respectively. In contrast, no hysteresis was observed for the con-
ductivity of the PEOPO-sPPFSLi, samples when measured during
heating and cooling, and the data virtually overlapped (Fig. 6).
Recently, Balsara et al. used small angle X-ray scattering
(SAXS) to study PEO-poly(styrenesulfonyllithium(trifluoro-
methylsulfonyl)imide) diblock copolymers in which the PEO
molecular weight was 5.0 kg mol™", while that of the ionic
block was varied between 2.0 and 7.5 kg mol™".*° When the
ionic block length was kept small, the block copolymers were
microphase separated with a crystalline PEO-rich domain and
a glassy phase domain containing ionic clusters. Above the
PEO melting point, the Li" ions were released from the clusters
to form a homogeneously disordered morphology at which the
conductivity increased abruptly by several orders of magni-
tude.”® When the molecular weight of the ionic block was
above 5.4 kg mol™", the material was disordered at all tempera-
tures and there was no abrupt change in conductivity. These
findings are very similar to the observations made in the
present case. This prompted us to investigate our materials

This journal is © The Royal Society of Chemistry 2017
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using SAXS to see if any order to disorder transitions could be
identified. Measurements were performed both below and
above the polyether melting points. However, no scattering
maxima were observed in a representative sample (PEO-
SPPFSLi,s5) at 23 °C (below T,,,), as well as at 55 °C (above Ty,)
in the g-range corresponding to the d-spacings between 0.9
and 44 nm (Fig. S8). The molecular weight of the PEO block
was much higher (30 kg mol ™) in the present study compared
to the study by Balsara et al. (5 kg mol™"). Hence, the scatter-
ing maxima may appear outside the g-range of our equipment.

The convex shape of the conductivity curves of the PEOPO-
sPPFSLI, series, as well as of the PEO-sPPFSLI,, series above the
Tm of PEO, agrees well with the general temperature depen-
dence observed for amorphous polymer electrolytes which may
be described by using the Vogel-Tammann-Fulcher (VTF)
equation:

log o =log 60 — Ea/[R(T — To)] (1)

here, o, is the “ultimate” conductivity which may be related to
ion mobility and ion association, E, is the apparent activation
energy, and T, is the thermodynamic T, of the electrolyte
which has been proved to be 35-50 °C lower than the
measured 7, for many polymer electrolyte systems.>'** The fit
of the VTF equation to the experimental data was excellent, as
seen in Fig. S9,f and Table 4 contains the parameters
obtained. The analysis revealed that the PEO-sPPFSLi, series
gave the highest logo, values, which increased with the
content of sPPFSLi in both series. The value E, increased with
the sPPFSLi content in both series. However, the increase was
very weak in the case of the PEOPO-sPPFSLi, series and very
strong for the PEO-sPPFSLi, series. The value of T, was
~15-28 K higher in the PEO-sPPFSLIi, series compared to the
PEOPO-sPPFSLi, series and showed only small variations
within the respective series.

The conductivity reached by PEO-sPPFSLi,5 with [O] : [Li] ~
20 was very high, e.g. 1.4 x 107> S em™" at 60 °C, and may be
compared with similar state-of-the-art single-ion conducting
block copolymers containing lithium sulfonyl(trifluoromethane-
sulfonyl)imide, known for its high degree of dissociation in
solid polymer electrolytes.”® Bouchet and co-workers reported
on the preparation and properties of BAB triblock copolymers
having a center block of PEO (35 kDa) and flanking poly[4-styr-
enesulfonyl(trifluoromethanesulfonyl)imide] blocks in the

Table 4 VTF parameters® of the PEO-sPPFSLi, and the PEOPO-
sPPFSLi, block copolymers

Block copolymer log o, E, (k] mol™) To (K) R

PEO-sPPFSLi, 3 —-4.7 1.03 232 0.99987
PEO-SPPFSLi,5 —-3.5 1.15 229 1

PEO-sPPFSLi;, -3.3 2.60 222 0.99995
PEOPO-sPPFSLi,, —4.8 1.48 204 0.99988
PEOPO-sPPFSLi5¢ -4.1 1.50 207 0.99987
PEOPO-sPPFSLi,, —-3.8 1.51 207 0.99987

“Obtained by fitting measured conductivity data to the VIF equation:
log o =log 6, — E/[R(T — Ty)]-

This journal is © The Royal Society of Chemistry 2017
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lithium form.>* They reported a conductivity of 1.3 x 107>
S em™ at 60 °C obtained with a block copolymer containing
20 wt% of the ionic block, corresponding to [O] : [Li] ~ 30.
This level of conductivity virtually coincides with that of the
present materials. Jangu et al. prepared microphase separated
BAB triblock copolymers by reversible addition-fragmentation
chain transfer polymerization (RAFT) where the “soft” A blocks
were statistical copolymers of di(ethylene glycol) methyl ether
methacrylate and 4-styrenesulfonyl(trifluoromethanesulfonyl)
imide, and the “hard” B blocks were polystyrene.'” These
materials reached a conductivity close to 1 x 107> S cm™" at
90 °C. Porcarelli and coworkers used RAFT to prepare AB
diblock copolymers with poly(lithium 1-[3-(methacryloyloxy)
propylsulfonyl]-1-(trifluoromethylsulfonyl)imide) ~ combined
with poly(ethylene glycol) methyl ether methacrylate blocks."®
These soft polymer electrolytes reached a maximum conduc-
tivity of 1.2 x 107> S em ™" at 55 °C.

The level of conductivity reached by the present single Li'-
ion conducting block copolymers may also be compared with
solid block copolymer electrolytes containing a free lithium
salt. For example, Bouchet et al. studied PS-PEO-PS triblock
copolymers doped with the LiTFSI salt.®> They found a conduc-
tivity of 5 x 107 S em™" at 60 °C for a block copolymer having
a center PEO block of 35 kDa and with [O] : [Li] = 20. In
addition, we have previously reported a similar level of conduc-
tivity (3 x 107" S em™" at 60 °C) for a PPFS-PEOPO-PPFS tri-
block copolymer having a central block of 12 kDa and with an
LiTFSI concentration corresponding to [O] : [Li] = 20.>

Conclusions

Two series of BAB type triblock copolymers with fixed central
blocks of either PEO or PEOPO flanked by two PPFSLi blocks
were readily prepared by ATRP of PFS from the respective poly-
ether macroinitiator, followed by quantitative substitution of
the fluorine atoms at para-positions using NaSH. Complete
oxidation of the resulting thiol groups gave the PPFSLi blocks
after ion-exchange. The ionic content of the copolymers were
directly linked to the relative block lengths, which was efficien-
tly regulated by the relative amount of PFS to the macroinitia-
tor used in the ATRP. The ionic triblock copolymers had high
thermal stability with decomposition temperatures above
210 °C under a nitrogen atmosphere. As expected, the poly-
ether crystallinity decreased with the increasing propylene
oxide content and the decreasing [O] : [Li] ratio. Very high
levels of ionic conductivity were measured for the two series.
Above the polyether melting point, PEO-based block copoly-
mers showed the highest conductivity, up to 1.4 x 107> S cm ™"
at 60 °C, while below the same point, a PEOPO-material
reached the highest conductivity, approximately 1.5 x 107°
S em™" at 20 °C. The former conductivity is in level with that of
state-of-the-art block copolymer electrolytes functionalised
with sulfonyl(trifluoromethanesulfonyl)imide lithium groups
and suggest weak interactions of the lithium ions with the

pentafluorosulfonate anions in combination with their
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enhanced dissociation facilitated by PEO. The results also hint
that the room-temperature conductivity of these electrolytes
may be enhanced by decreasing the molecular weight of the
PEO block to depress its crystallinity. The results of the
present study demonstrate that favourably designed block
copolymers containing lithium pentafluorostyrene sulfonate
units can approach the levels of conductivity necessary for
high-temperature lithium battery applications. However, to
conclude about the practical applicability of the present
materials requires further characterisation of the electro-
chemical properties, including electrochemical stability, which
is the focus of our next study.
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