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Li-ion battery technology is considered as the neffitient solution for the electrochemical energy
storage. While standard liquid electrolyte - basedfigurations provide best performances, solidesta
electrolytes are developed as a safer alternatieeein, we discuss a three step synthesis procexfure
self-doped solid block copolymer electrolyte, conmibg a single-ion poly(lithium methacrylate-
oligoethylene glycol methacrylate) ion conductintpdk (P(MALi-co-OEGMA)) and a structuring
polystyrene block (PS). The macromolecular desigpwa the formation of a self-standing film with
excellent mechanical properties provided by theaR8&horing nanodomains while attaining attractive
ionic conductivities of up to 0.02 mS/cm at roormperature. Moreover, the single-ion configuration
based on polyanionic backbone affords high traesfee numbers, close to unity, and alleviates theepo
limitation encountered in salt-doped solid polyngectrolyte (SPE). The electrolyte exhibits a wide
electrochemical stability window up to 4.5W. Li'/Li and promote the formation of stable interfaces at
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1. Introduction 1
12

With an ever-increasingemand for wireless technologies and portilgle

devices, Li-ion batteries (LIBs) have become widead in our day lifé?; 4
Although many great advances have been made cv@att two decad%;‘3
the challenge is still to design safer, longersiifan, higher energy densitg
batteries able to power as well the electric velsidf tomorrow. Tackling7
this challenge requires the design of new matedalhe cathode andﬂé
the anode, as well as the development of new elgtrchemistries??; o

Currently, the large majority of commercial LIBseusarbonate-bas%
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liquid electrolyte exhibiting high ionic conductiiés (>10° S/cm at room
temperature) and thus, the best power performadespjte safety issues
like leakage of corrosive and flammable constitaght

Gel polymer electrolyte have considerably reduceskdge hazard by
trapping the liquid electrolyte within a polymerlgeatrix or a swollen
membrané® Many achievements have been made so far to attaiall
mature technology currently used in commercial idith-polymer
batteries. The mechanical integrity of gel polyrakerctrolyte also ensures
original battery configurations such as flexiblstretchablé, transparerit
and paintable batterié3.The risks of fire and bursting are however

unavoidable due to the content of flammable licglettrolyte.

XXXX-XXXX/$ — see front matter © 2013 xxxxxxxx. Hiog by Elsevier B.V. All rights reserved.

http://dx.doi.org/xxxx



© 00 N O O B~ W DN PP

A A D DA D B B DD OWW W W W WWWWWDNDNDDNDNDNDDNDNDDNDNDDNDDNIERLRRPRPRP R P P P P P PP
0 N o o M W NP O © 00N O O MM WN P O © 0N O O &M WNPFP O O 0N O o b~ W N P+ O

2 POLYMER 00 (2013) 000-000

Solid-state electrolytes remain together with iodiguids the best9
alternatives to develop safe all-solid-state lithigells**? Dry polymer$0
and ceramic electrolytes developed over the yeawe lbeen found il
exhibit technologically relevant ionic conductiesi’® However, th&2
structural rigidity of ceramic membrane and limitdeposition techniqués
restrain their implementation only to niche bagsrapplications such 54
micro-, thin-film and 3D batteri¢é. By combining their lightweighg5
easier and conformal implementation, as well asir tmeechanicab6

strength, solid polymer electrolyte (SPE) appeass am attractive

tethered onto the polymeric backbone (PEO or POEGMIAwing only

for Li* motion (t =1).

Here, we discuss on the synthesis, characterizatidnperformances of a
series of single-ion block copolymers SPEs that liom i) high ionic
conductivity at room temperature due to the POEGMAductive matrix,
ii) mechanical strength thanks to the PS mechaaicathor and iii) single-

ion transport through the use of lithium carbotg/lgroups.

alternative to inorganic electrolyt&sTo enable both, mechanical strenggh o Experimental section

and high ionic conductivity at ambient temperatwarious polymers

were studied® Amongst them, poly(ethylene oxide) (PEO) ba¥dd

materials are by far the most implemented systewengheir good I_*|59
solvation in the solid-stafé® The solid-state lithium ion transportqg
PEO is enabled through an ion hopping mechanisrmlynan the61
amorphous regiong. In the crystalline domains, the ion motione?s
severely hampered and is responsible of poor ioomtcluctivities in PEC?
based electrolytes at ambient temperature f<BJcm)*? Relevanf?
performances are only attained at elevated tempemt Thus, muckP
effort was devoted to lower the melting point atb#nt temperature tgﬁ
incorporating organic plasticizers, inorganic fileand nanoparticleléx1967
lonic conductivities were significantly improved tbthe me(:hanicg8
properties (film forming ability, dimensional stétyi, etc) were degradegg
Even worse, the ionic conductivity decreased inadten of days becaugg
of the rapid crystallization of metastable amorpheegions? Regarding1
the charge transport, the anion mobility in PE@dsally higher than tf?e2
lithium cation. Transference numbery ©f about 0.3 are typicalk3
observed in PEO systems and are responsible for eleetrodd4
polarization with deleterious effect on the powerpabilities, dendritéS
formation and the overall battery performantesAn acceptablé6
compromise has to be found between high ionic cotidty, mechanical 7
strength, transference number (preferably ~ 1), as well as wid&
electrochemical stability window. 79
Poly(oligo (ethylene glycol)) methacrylate (POEGM#ps found as &0
promising amorphous substitute to PEO raising themr temperatur@l
ionic conductivity above 19S/cm? In turn, mechanical reinforcemenBid
required to freeze the dimensional stability of tiscous liquid-like33
polymer. Therefore, various block copolymer arattitees have be@x
developed to combine the two antagonistic propertikigh ioni@g5
conductivity of POEGMA and mechanical stiffness af structurin@®é
block?~**For instance, by using high glass transition pghgse, notablg7
performances were obtained for poly(styr&heckoligo(ethylene glycol3g
methacrylate) block copolymer offering good mechahipropertieg9
without compromising on ionic conductivity Nevertheless, a great deal
of work remains to be realized to overcome the pdimgtations causegd1
by the small current fraction carried by the litmication. The concept 9f
single-ion SPE (and self-doped electrolyte) hasnbgeoposed tQ3
circumvent those limitation8:**?" In a single-ion SPE, the aniongis

Materials:

Lithium perchlorate, lithium bis(trifluoromethanaj®nimide, lithium
trifluoromethanesulfonate, lithium bis(oxalato)berébattery grade, 99.99
%, Aldrich); (99.8 %,
isobutyrylbromide (98 %, Aldrich) 2,2’-bipyridyl {@/, 99%, Aldrich),

benzyl alcohol Aldrich), a-bromo

4.,4'-dinonyl-2,2'-dipyridyl  (dNbpy, 97 %, Aldrich), ethyl a-
bromoisobutyrate (EBiB, 98%, Aldrich), N,N,N’,N”,N”
pentamethyldiethylenetriamine (PMDETA, 99% Aldrichyopper(l)

bromide (CuBr, 99.999%, Aldrich), copper(l) chi@igCuCl, >99.995%,
Aldrich), were used as received. (Oligoethlene gflyamethyl ether
methacrylate (OEGMA, Mn: 500 Aldrich)tert-butyl methacrylate
(tBMA, >99%, Aldrich) and, styrene (>99%, Aldrichyere filtered
through activated basic alumina column prior to. usle other solvents
and reagents were analytical grade and were usédowti further
purification.

I nstrumentation:

Proton nuclear magnetic resonantt¢ KIMR) spectra were acquired on a
300 MHz and 500 MHz Bruker Advance Il
determined byH NMR by integration of the characteristics pedakise

All convenss are

conversion of OEGMA-tBMA containing polymers aretefenined by
using trioxane as an internal reference. Molar n{th$ and dispersity
(P) of the polymers were measured on an Agilent peimeation
chromatography (GPC) system equipped with an Agil&h00/1200
pump (35 °C; eluent DMF; flow rate 1 mL/min), anikgt differential
refractometer and two PSS GRAM columns. The cdiima was

performed using polystyrene standards.

Synthesis of benzyl bromoisobutyrate (BnBiB):

Benzyl alcohol (6.21 mL, 0.06 mol, 1.2 eq.) wasigitl in dry DCM (50
mL) and cooled down on ice bath. A solution @bromoisobutyryl
bromide (6.18 mL, 0.05 mol, 1 eq.) and triethylaen{8.3 mL, 0.06 mol,
1.2 eq.) in dry DCM (25 mL) was added dropwise oagperiod of 30
min. The mixture was stirred at room temperatune Zoh, and then
washed five times with acidic water (pH 2). Theamg phase was dried
NaSQ, and the solvent
Purification was achieved by fractionated distitlat under vacuum to
afford a clear oil (44 mg, 88 %3H NMR (300 MHz, CDCJ) &, (ppm):
1.9 (s, 6H, 2xCh), 5.2 (s, 2H, Ch), 7.3 (br m, 5H, k).

over removed under reduced pressure.
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Typical synthesis of P(OEGM A-co-tBM A) macr oinitiator: 48
A solution of benzyl bromoisobutyrate (BnBiB) (&, 0.0314 mmol, 49
eq.), OEGMA (828 pL, 1,882 mmol, 60 eq.), tBMA (306 pL, 1,882
mmol, 60 eq.), dNbpy (32 mg, 0.0784 mmol, 2.5 aqd absolute ethargi
(2 mL, 40 wt%) was degassed three times by freemeppthaw cycles.

The degassed solution was introduced in a Schigk funder argo'13|2
atmosphere containing CuBr (5 mg, 0.0376 mmol,et}d. The mixture3
was degassed three times by freeze-pump-thaw cyidled with argor54
and stirred in oil bath at 60 °C for 30 min. Thelypeerization was®
stopped by cooling down at room temperature theleBkhtube an@®
exposing the catalyst to air. The reaction mixtwees diluted in CIzCI257
and filtered over neutral alumina. The solvent veasoved under reduce8
pressure. The residue was diluted in methanol #mah tpurified b)59
dialysis (SpectraPor membranes cut off 6000-800PiDanethanol oveh?
48 h. The solvent was finally removed under redugessure and 1%
residue dried under vacuum at 35 °C for 48 h, difgy a clear viscol¥?
liquid. M, (GPC) = 13 kg.md%; dispersity,D, (GPC) = 1.162H NMR63
(500 MHz, CDCY) 3 (ppm): 7.4 (br m , 5H, k), 4.2 (br s, 23H, CtP?4
OEG side chain), 3.9-3.2 (br m, 483H £hligo ethylene glycol sid(‘é5

chain), 2.2-0.8 (br m, 257H, GHCH, backbone + Ckitert-butyl). 66
67

Procedure for P(OEGM A-co-tBM A)-b-PS block copolymer synthesis: 68
A solution of P(OEGMAeo-tBMA) (325 mg,M,: 13 kg.mof', P: 1.16),69
styrene (2.7 mL, 23 mmol, 1000 eq.), PMDETA (6 @10302 mmol, 1.20
eg.), and anisole (1.8 mL, 40 wt%) was degassezkttimes by freezg1
pump-thaw cycles. The degassed solution was intextlun a Schlenk2
flask containing CuBr (4 mg, 0.0279 mmol, 1.2 edhe solution was
degassed three times by freeze-pump-thaw cyclésd fivith argon?3
stirred in oil bath at 100 °C for 24h. The polymzation was stopped 5)4
cooling down the solution and exposing the catalgsair. The reactiof®
mixture was diluted with CpCl, and passed through neutral alunfifa
column. The solvent was removed under reduced ymes3he residué’
was precipitated twice in cold hexane. The polywas recovered ar®
dried at 35 °C for 48 hM, (GPC) = 37 kg.mdt; *H NMR (500 MHz,®
CDCls) &4 (ppm): 7.3-6.3 (br m, ), 4.2 (br s CHoligo ethylene glycoff0
side chain), 3.9-3.22 (br m Ghligo ethylene glycol side chain), 2.0-6.]7

(br m, CH+CH; backbone €Hjs tert-butyl)). 82

83
Synthesis of PS macroinitiator:

A solution of EBIiB (59uL, 0.243 mmol, 1 eq.), styrene (18.6 mL, fé‘z
mmol, 400 eq.), PMDETA (5iL, 0.243 mmol, 0.6 eq.), and anisole (%?2
mL, 20 wt%) was degassed three times by freeze-ghep cycles. Tth
degassed solution was introduced in a Schlenk ftaskaining CuBr (29

mg, 0.202 mmol, 0.5 eq.). The solution was degasbesk times b‘?f8
freeze-pump-thaw cycles, filled with argon, stiriacan oil bath at 90 °89
over 15 h. The polymerization was stopped by cgotiown the squtio?l0
and exposing the catalyst to air. The reaction unixtwas diluted witfc%1
CH:CI; and passed through neutral alumina column. Theeeolwa392

removed under reduced pressure. The residue wagpipaged twice 93
94

cold hexane, filtered and dried in vacuo at 35 6€ X5 h, affording a
white powderM, (GPC) = 12.2 kg.mdt D (GPC) = 1.092H NMR (500
MHz, CDCk) & (ppm): 7.3-6.3 (br m, 5 H, &), 2.3-1.2 (br m, 3H, CH-
CH, backbone).

Typical procedurefor PS-b-POEGMA block copolymer synthesis:

A solution of PS-Br (530 mgyl,: 12.2 kg.mot, B: 1.09), OEGMA (3.1
mL, 7.1 mmol, 164 eq.), dNbpy (36 mg, 0.089 mmo052eq.), and
anisole (3.4 mL, 50 wt%) was degassed three tirgdseleze-pump-thaw
cycling. The degassed solution was introduced irSchlenk flask
containing CuCl (4 mg, 0.043 mmol, 1 eq.). The Sofluwas degassed
three times by freeze-pump-thaw cycles, filled véiton and stirred in an
oil bath at 50 °C for 2h30. The polymerization v&spped by cooling
down the solution and exposing the catalyst to Hile reaction mixture
was diluted with CECl,and passed through neutral alumina column. The
solvent was removed under reduced pressure. Tidueewasdiluted in
methanol and then purified by dialysis (SpectraP@mbrane, cut off
6000-8000 Da) in methanol over 48 h. The solvens veanoved under
reduced pressure and the residue dried under vaeti88 °C for 24h.
Unreacted PS macroinitiator was finally removedstigring the residue in
ether/toluene (95:5 %vol) solution during 24h. Bpalescent residue was
recovered and dried at 60 °C over 28R.(GPC) = 52 kg.mdl, B (GPC)

= 1.25;*H NMR (500 MHz, CDCJ) 3 (ppm) 7.3-6.3 (br m, 720 H, H,
4.2 (br s, 228 H, CHoligo ethylene glycol side chain), 3.9-3.22 (br m,
4430 H, CH oligo ethylene glycol side chain), 2.0-0.7 (br 1250 H,
CHCH;-CH, backbone).

Typical procedure for PS-b-P(OEGMA-co-tBMA) block copolymer
synthesis:

A solution of PS-Br (757 mg\l.: 12.2 kg.mot, B: 1.09), OEGMA (1.9
mL, 4.293 mmol, 85 eq.YBMA (700 pL, 4.293 mmol, 85 eq.), dNbpy
(43 mg, 0.106 mmol, 2.1 eq.), and anisole (2.7 5Lwt%) was degassed
three times by freeze-pump-thaw cycling. The degrssolution was
introduced in a Schlenk flask containing CuCl (5,851 mmol, 1 eq.).
The solution was degassed three times by freezgqhaw cycles, filled
with argon, stirred in oil bath at 60 °C for 2h3Me polymerization was
stopped by cooling down the solution and expodiregcatalyst to air. The
reaction mixture was diluted with GBI, and passed through neutral
alumina column. The solvent was removed under redlywessure. The
residue was diluted in methanol and then purifigdiialysis (SpectraPor
membrane, cut off 6000-8000 Da) in methanol oveh48he solvent was
finally removed under reduced pressure and theduesidried under
vacuum at 35 °C for 24h, to afford a white viscéigsid. M, (GPC) = 35
kg.mof*; *H NMR (500 MHz, CDCJ) &, (ppm) 7.3-6.3 (br m, K), 4.2
(br s CH oligo ethylene glycol side chain), 3.9-3.22 (brQhi, oligo
ethylene glycol side chain), 2.0-0.7 (br m, CHEEH, backbone -tert-
butyl).

Synthesis of PS-b-P(OEGMA-co-MALI):

PSb-(POEGMA<co-PtBMA) (1.3 g, 10 g/L), butylated hydroxytoluene
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(BHT) (5 mg) was dissolved in chloroform (170 mi) Ar atmospher&9
Trifuoroacetic acid (1.8 mL, 0.2 M) was added drig@aand the solutidsO
stirred in an oil bath at 60 °C for 12h. The reawtis cooled down &tl
room temperature and the solvent removed underceetipressure. TR
residue was dissolved in a minimal amount of THR gurified by53
dialysis (SpectraPor membrane, cut off 6000-800p iDanethanol oves4
24 h. Single-ion functions were then generated Hdgirgy lithiumb5
methoxide (2 mL, 2.2 M in methanol) to the dialys@ution and stirre56
during 12h. The polymer was then dialyzed in pusghanol for 24h. T67
remove unreacted PS macroinitiator, the polymer fivesly washed b%8
stirring the residue in ether/toluene (95:5 %valuton during 24h. Thg&9
resulting solid polymer was finally recovered anikd at 60 °C over 280
h.M, (GPC) = 33 kg.md!; *H NMR (500 MHz, CDCJ) &, (ppm) 7.3-6.51
(br m, 720 H, H,), 4.2 (br s, 74 H, CHoligo ethylene glycol side chaigp
3.9-3.22 (br m, 1422 H, Ghbligo ethylene glycol side chain), 2.0-0.7 gBr
m, 738 H, CHCH-CH, backbone). 64
Thin-film preparation: 65
Thin-films were prepared by spin-coating a polyrselution onto silicof6
substrates. The silicon substrates were first elédny piranha solutid®’
(H2S0, 98 % : HO,35 % - 2/1 vol) and carefully rinsed with ultrap6fe
water. The substrates were then spun at 4000 rpn3Cfcs. A filtered

(PTFE 0.2 pm) solution of P&P(OEGMA<o-MALI) at 10 g/L ingg
THF/MeOH (50:50 vol%) was spin-coated at 2000 rmm40 s. Atomic

Force Microscopy (AFM) imaging was performed on a'gital70
Instruments Nanoscope V scanning force microscopgapping modg1

using NCL cantilevers (Si, 48 N/m, 330 kHz, nancses).

73
Self-standing film preparation:

Self-standing films were prepared by casting a 1% \I’Tv’Sb—P(MALi—C(}74
OEGMA) solution in THF/MeOH (50:50 vol%) onto Teffiofilm. The75
film was first dried under air flux for 12h, andetinfurther dried at 60 ‘%6
under vacuum for 48 h. The obtained films with iekhess ranging fror?17
300 um to 1 mm were stored in a dry Argon glove.box 8
For BR; doped films, all the following operations were rgegt into dry79
argon glove box with dry polymer and solvent toverg lewis acig0
decomposition. To dope the polymer, an equimolaowar) with respect,
to MALI of BF; in methanol is added to the BSR(MALIi-co-OEGMA)
THF/MeOH solution. The self-standing film is obtaéhby drop casting
of polymer solution onto Tefflon film, further ddeunder vacuum for 423‘51

h.
86

87
lonic conductivities were measured by eIe(:troche]niimpedancg8

lonic conductivity:

spectroscopy using a CHI 660 B analyzer. The albté was first drog9
casted (from a 50 g/L solution in MeOH/THF 50:501%) onto 390
stainless steel electrode, followed by drying undacuum at 60 °81
during 48h. The set-up was capped with a secommulesa steel electrodg2
followed by annealing at 90 °C for 1h. The eledtemical response 85
the electrolyte was measured in the 1 mHz-100 kklgufency range Wit$14

an AC excitation voltage of 5 mV. 95

Transference number measur ement:

The ion transference numbers were determined bygutie AC-DC
polarization experiment according to the Evans-Bruprotocof®
Li/PisP(OEGMA<CO-MALI)/Li
assembled by laminating the self-standing SPE iiiinbetween two Li-

Symmetrical Swagelock cell were
metal electrodes. The sandwich was sealed usingagedock cell inside
an Ar-filled glove box. The cell was first heated8 °C in an Espec SH-
261 oven followed by stabilization for at least 24 prior any
measurement. Impedance spectra were recorded lzfdrafter DC cell
polarization by using a CHI 660B electrochemicalrkgtation in a
frequency range of 100 kHz - 1 Hz. An AC excitatimitage of 20 mV
was used. The cell was subsequently polarized a@@V and time-

current dependence recorded until the steady wtsaeached.

Electrochemical stability window:

The electrochemical stability windows were detemdinby cyclic
voltammetry by using CHI 660B electrochemical woaki®n. Swagelock
cells consisting of a thick polymer filre 300 pm) sandwiched between a
stainless steel working electrode and a lithiurh dounter- and reference
electrode were used. The cells were cycled betWweérto 6 Vvs. Li/Li*

at 0.5 mV/s.

3. Results and discussion

Developing high performance solid state electralytequires high ionic
conductivities, combined with excellent mechanistiength. These two
features are usually in conflict (without consideri further the
transference numbers). To reach high ionic conditygti the used
polymers have to solubilize the lithium salt and thain mobility has to
be very high to ensure rapid movement of ions thhoilhe matrix. Those
polymers exhibit usually low glass transition temstere (-60 °C for
PEO, -70 °C for POEGMA). Moreover, the polymers éduo be fully
amorphous for the reasons mentioned above. Asuét,réeeir mechanical
strength is inevitably poor. To circumvent theseavdracks, block
copolymer electrolytes have been found to combioth lantagonistic
properties: structural integrity and high ionic dantivity. In our
molecular design, the ionic conductive block isugaed by oligo(ethylene
glycol) chemically anchored to a methacrylic backdo(Figure 1a).
Oligo(ethylene glycol) oligomers exhibit excell@unductivities up to 10
3 S/cm at room temperature, but behave like a liGlittaching OEG to
a methacrylic backbone results in a viscous liquith no dimensional
integrity and thus requires further mechanicalrggtieening®® The size of
the oligomers has to be considered carefully. Rstance, OEG oligomers
with less than 15 units, exhibit the best perforogngiven their liquid
form, low viscosity and good salt solubiliy.The trend is reversed to
some extent when the oligomers are attached tothacrglic backbone.
Below 9 units, the chain motion is restricted ahne ipnic conductivities
are as low as 10S/cm?®! Above 15 units, the oligomers tend to crystallize
at room temperature and the attained conductivéresalso low, of the
order of 1 S/cm. POEGMA bearing oligomers with 9 units seegtyin
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provides the best compromise: totally amorphous dmgh ionic 5 electrolyte, the lithium cation is already boundttie polymer backbone.
conductivity, as high as 2 x 2®/cm at room temperatuf®. 6 The carboxylate counterion is tethered and randalislyibuted along the
In conventional SPE, the lithium source usually esrfrom lithium salt7 methacrylic backbone, allowing thus only lithium iy and high

dissolved in the conductive matrix. In our singde-iblock copolymer8 transference numbers (Figure 1a).

Molecular design Single-ion solid polymer electrolyte

Self-standing film

- 8 Nanpstructuréd
2 ' electrolytes,
o

PS mechanical domain
- POEGMA Li conductive matrix
- MALi Single-ion function

FIGURE 1: Electrolyte design. (a) Design at the molecular level of the tri-ftinnal block copolymer bearing PS, POEGMA and, PNfAfunctions;
(b) Self-assembly leads to distinct functions: BBi@ins ensure mechanical anchor, POEGMA matrixegponsible for ionic transport at the solid state
whereas PMALi enables Li+ doping and anion immahiiion. (c) Atomic force microscopy phase imagesaéing the nano-scale structure of the
electrolyte; (d) Robust self-standing films areaoiéed after solvent casting.

icursor polymerization 1:

w o

/\o Br
0 tBMA CuBr/ CuBr, / dNbpy b (a+b) CuBr/ PMDETA
__ s
0Q
J>< Solvent 40 %wt Solvent 50 %wt
60 T, 30 min 100 C, 24 h
7
OEGMA Styrene
P(BMA-co- OEGMA)
macroinitiator
xcursor polymerization 2: o
Br
2 CuBr/PMDETA  ~ O CuCl/ dNbpy
J><Br + X
Anisole 20 %wt Solvent T(C)t (h)
90 C,15h (\/
Styrene PS-Br macroinitiator \“)‘\ O)\ \")L
OEGMA BMA

drolysis & neutralization

1) TFA, CHCl, 60T, 12h -~ 0

2) MeOLi / MeOH 8 Q
o
7L/

PS-b-P(MALi-co-OEGMA)

FIGURE 2: Single-ion SPE synthesis strategy. (a) First approach for P(tBMA-co-OEf8A)-b-PS precursor polymerization, (b) Halogen exle
strategy for precursor polymerization, (c) Hydra$ystep followed by neutralization to generate Erign functions.
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TABLE 1: Experimental conditions and results for ATRP pa@simation of tBMA and OEMA

Entry” CUBHCUBE(/r?nNoEw;ii?MMBMA Solvent OE((B:I(\)/IrZ/(teI;SI\i/IOAﬁ(%) (ng;g:l) (g.’\r:lﬁirl) br

1 1.0/0.1/2.4/60 /60 Anisole 40/ 49 16 000 16 000 1.24
2 1.0/0.1/2.4/60 /60 DMF 45/61 18 000 16 500 1.23
3 1.1/0.1/2.4/60 /60 DMF 35/43 13 600 13 200 121
4 1.2/0/2.4/120/0 EtOH 33/- 19 000 22 000 1.25
5 11/0.1/2.4/120/0 EtOH 51/- 29 000 29000 1.22
6 1.1/0.2/2.6/60 /60 EtOH 32/36 12 200 14 700 1.20
7 1.1/0.1/2.4/60 /60 EtOH 27133 10 500 12 000 1.19
g 1.1/0.1/2.4/60/60 EtOH 35/38 13 200 13 000 1.16
9o 12/0/2.4160/60 EtOH 30/33 11 300 10 000 118

2 Reactions initiated by EBiB and carried out af60during 30 min® Solvent 40 wt%¢ Conversion determined Bii NMR. ¢ Theoretical molecular
weight calculated on the basis of conversion ddti.andP measured by GPC using PS calibratidPolymerization initiated by BnBiB.Ligand

replaced by Bpy.

Finally, the integration of a polystyrene block ucés the formation of
glassy nano-domains responsible of the mechareaaorcement (Figure
1 b-c-d). Only small fraction of PS was necessawy cbnfer the
dimensional stability of our electrolyte. As depidtin figure 1c, the
investigated diblock was designed to self-orgamite a body-centered
cubic phase and form an optimized morphology focrometer thick
electrode providing a continuous ion conductive riratvhere the
tortuosity is limited to offer the best ionic comdivity performance and

mechanical stiffness provided by PS nanospheres.

Synthesis of single-ion block copolymers

The PSb-P(MALIi-co-OEGMA) single-ion block copolymer electrolytes
were synthetizedia a three-step protocol (Figure 2). The first twepst
consist in the synthesis of a BSR(OEGMA<co-tBMA) precursor by
atom transfer radical polymerization (ATRP). Theaboeylate groups
(single-ion functions), are masked teyt-butyl groups, which prevent the
poisoning of the ATRP catalyst during the polymatian3® In the final
step, the single-ion functions are released by dlysis of tert-butyl
protecting groups. The neutralization of the cagfioxacid functions with
a strong lithium base allows to generate the siitgleSPE.

In the first route, the ionic conductive block presor is first produced by
copolymerization of OEGMA and tBMA (Figure 2a). TRS structuring
block is then polymerized starting from the P(OEGNEAtBMA)
macroiniator. Table 1 presents the results of @BAITRP conditions for
POEGMA P(tBMA-co-OEGMA) The
copolymerizations were realized at 60 °C in presesfcthe CuBr/dNbpy

and polymerization.
catalyst with the same comonomer feed (exceptemntti and 5). This
catalyst system was selected to generate polyméhs avbromo end-

chain, known to ensure re-initiation of the secatgene block with

relatively fast kinetic§>** Several parameters were screened such as the

solvent (anisole, DMF, ethanol), the addition oBE4) the ligand (dNbpy,
Bpy) and the initiator (EBib, BnBiB).

In each case, polymers with rather low dispersitglow 1.25, were
obtained in a relatively short time (30 min). Thmitar conversions of
both monomers, especially in EtOH, suggest thatABWid OEGMA are
randomly incorporated in the resulting copolymethe&t same amount as
the feed ratio. The relatively close reactivity bbth methacrylic
monomers can be explained by the presence of baligp(ethylene
glycol) side chain that increase steric constrantl favour random
incorporation of both monomers. Better dispersitiesre obtained by
performing the copolymerization in EtOH (Entrie8)}-instead of DMF
or anisole (Entries 1-3). The addition of 0.1 mattio of CuBg (Entries
4-6)and using BnBiB as an initiator further contributedsignificantly
improve the dispersity values (Entries 8-9), legditm well-defined
macroinitiators.

In the next step, the polymerization of the strrioty block was realized
by re-initiation from the P(tBMAco-OEGMA) bromo end-chain. The
polymerization of styrene was performed by usingBZRMDETA
catalyst at 100 °C for 24 h. The block copolymdita was first
investigated in different solvents: anisole, dicxaBMF (Table 2). For
each situation, low conversions were obtained a2#n. Re-initiation
efficiencies lower than 55 % were attained. GPCowtatograms of
dialyzed polymers clearly show two overlapping eakrresponding to
diblock copolymer and unreacted macroinitiator evdr and higher

retention times, respectively (Figure 3).
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TABLE 2: Experimental conditions and results for styrene

polymerization starting from the P(tBMA-co-OBMBA) macroinitiator

CuBr/

Entyy  PMDETA  Solvent ConV Mp M.
(molar (%) (g.mof*)  (g.mol?)
ratio)

1 1.8/2.0 Anisole <5 - 37 000
2 1.2/1.2 Dioxane 5 21 000 38 000
3 1.2/1.3 DMF 11 26 000 77 000
4 1.2/1.3 DMF 14 29 000 85 000

2 Reactions conditions : P(tBM&e-OEGMA) (M, 13 kg.mot"; H 1.16),
100 °C, 1000 equiv. styrenfeSolvent 50 wt%¢ Conv = conversion
determined byH NMR. ¢ Theoretical molecular weight calculated on the
basis of conversion dataM, and® measured by GPC using PS
calibration.! Reaction realized with preformed catalyst.

\

— P(tBMA-co-OEGMA)
macroinitiator
P{tBMA-co-OEGMA)-b-PS
ATRP in DMF
P(tBMA-co-OEGMA)-b-PS
ATRP in Anisole

| — P(tBMA-co-OEGMA)-b-PS
ATRP in Dioxane

12 14 16 18 20 22

Retention time (min)
Figure 3: GPC chromatograms of P(tBMA-co-OEGMA)-b-PS
polymerized in different solvents and of the P(tB&®A
OEGMA) starting macroinitiator.
As expected, incomplete re-initiation leads to axtare of block
copolymer and unreacted macroinitiator after polyration. However,
the re-initiation efficiency seems to be strongipendent on the nature of
the solvent. Changing the solvent from DMF to diwxamproves the re-
initiation efficiency whereas with anisole poor indiation was
observed.These results suggest that some of tmeobecbain-ends in the
macroinitiator are not able to reinitiate polymatian. A possible
explanation for this observation could lie in thenformation of the
macroinitiator polymer chain in solutigh® In this respect, the
accessibility of the bromo chain-end could be desed or even totally
screened. Incomplete conversion of macromonomemacroiniator
brushes is indeed usually reported in ATRP andtirerocontrolled (or
living) polymerization, causing difficulties in gtication
The synthetic strategy was thus adapted and ther asfl monomer
addition was reversed. As depicted in Figure 2ke tiew approach
the ATRP of the styrene block, followds/ the

copolymerization of the second block. At the fettp, a well-defined PS

consists in

macroinitiator was obtained with=1.09 (for details on the PS synthesis

—— PS-b-POEGMA purified
— PS-b-POEGMA
—— PS macroinitiator

[RRARRRRARN RARAN LN AL AR RRA RN RRRRN LR LR
12 14 16 18 20 22
Retention time (min)
Figure 4: GPC chromatograms of PS-b-POEGMA, starting from
PS-Br (Table 3; entry 8).

see experimental section). Now, the PS macroinitiatan be
advantageously used as a platform to polymerizé@EGMA (Table 3)
or P(MALi-co-OEGMA) (Table 4) block. However the copolymeripati
of a methacrylate block from a PS macroinitiatoguiees halogen
exchange methodology in ATRP® This strategy was successfully
applied here to the synthesis of BROEGMA and P3®-P(tBMA-co-
OEGMA) copolymers, despite the incomplete re-ititia efficiency.
Pure P-POEGMA was however recovered from the polymerarati
mixture after ether/toluene washing step (Figurel@the case of PB-
P(tBMA-co-OEGMA), pure block copolymer was only obtaineceathe
hydrolysis step due to the solubility of P(tBMA-OEGMA) in ether
(Figure 5).

In practice, the experimental conditions were oféd for PSb-
POEGMA and then applied for the BSR(tBMA-co-OEGMA) synthesis.
The synthesis of PBPOEGMA was carried out by using CuCl/dNbpy
catalyst. The effect of several parameters waseserk such as the
solvent, the temperature and the concentration efiamer. Amongst
anisole, dioxane and DMF, only polymerizations perfed in anisole led
to well-defined block copolymers with relativelymaw mass distribution
(Table 3; Entry 1-3).

polymerizations performed at 60 °C allow to get tiest compromise

Looking at the temperaturefeaf the

between efficient re-initiation and low dispers{fjable 3; Entry 1, 4-6).
Finally by lowering the concentration of the polyization medium to 70
wt%, better control is achieved leading to wellidefl block copolymers
with $=1.19 (Table 3; Entry 7-8). The optimized condifqresented in
the Entry 8 (Table 3) were transposed to the swmhef the P3-
P(tBMA-co-OEGMA) copolymers with variable tBMA/OEGMA molar
ratio (Table 4).

As encountered for the OEGMA/tBMA homopolymerizatio the
conversion of both monomers is similar and is propoal to the molar
reactant feed. These results further support BistAt and OEGMA are
randomly incorporated during the polymerization.

The PSb-P(MALIi-co-OEGMA) single-ion electrolytes were finally
obtained by the hydrolysis ofert-butyl groups. The hydrolysis is
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performed in presence of a 10 fold excess of tifhacetic acid for 12 h

(reflux of chloroform).

TABLE 3: Experimental conditions and results for PS-b-PQ®& polymerization

Entry’ Solvent Wi Tem(E)(e:;ature Reac(tri:;n time gé)g\ﬁ;\si((;?) (gIT/In,;g‘:l) (ZI_""TE,AF; o

1 Anisole 50 60 25 26 29 400 56 000 121
2 Dioxane 50 60 25 36 37 200 60 000 1.29
8 DMF 50 60 25 60 55 900 87 000 1.50
4 Anisole 50 50 2.5 27 30 200 69 200 1.25
5 Anisole 50 70 1.8 25 28 600 45 000 1.30
6 Anisole 50 80 15 18 23 200 40 000 1.27
7 Anisole 60 60 2.5 20 24 800 50 000 1.20
8 Anisole 70 60 25 30 32500 57 000 1.19

2 Reactions conditions: PS / CuCl / dNbpy / OEGMA/£/2.05/160° Solvent wt%" Conversion determined Bt NMR. ¢ Theoretical molecular weight.
€M, determined byH NMR. ' b measured by GPC.

TABLE 4: Experimental conditions and results for PS-b-P(Mét-OEGMA) synthesis

Entry? OEGMA/tBMA Conversion - M, °71 faL MiS ) -
(molar ratio) OEGMA/tBMA(%) (g.mol™) (%) (g.mol™)

1 85/85 23/25 34 000 76° 29 000 1.23

2 85/85 25/27 35 000 53 33400 1.23

& 102/ 68 24125 33 500 41 32 500 1.23

4 127143 25/26 44 000 28 43 000 1.25

2 Reaction conditions: PS / CuCl / dNbpy 1:1:2.08saele 70 wt%, 60 °C, 2h30Conversion determined Bt NMR. M, M, andP are respectively
molar mass of P8-P(tBMA-co-OEGMA), molar mass of PB-P(PMALi-co-OEGMA) obtained after hydrolysis and dispersityasiered by GPC using
PS calibration? MALI fraction assessed By NMR. ® Higher fraction of MALi obtained after hydrolysisiring 24 h.

The hydrolysis vyield is assumed to be complete raftee total

. . .. PS-b-P(MALI-co-OEGMA
disappearance of the straight and characteristik pétert-butyl protons £ MAL ((%) e )
— 28

on the™ NMR spectra. The fraction of MALI is then deterail by —r
— 53
— 76

integration of protons signal of the remaining OBi@e-chain and the
protons corresponding to the polymer backbone. fReatime has been
optimized to hydrolyze mainly the tBu protectinggps and to limit as
much as possible the hydrolysis of the OEG sidénshdncreasing the
reaction time resulted in deeper OEGMA side chaudrdlysis (Table 4;

Entry 1). Subsequent neutralization with lithiumséaand ether/toluene

washing allow to separate unreacted macroinitiitom well-defined

22 24 26 28 30 32 34 36 38 40 42 44
Retention time (min)

block copolymer chains as shown on GPC chromatog(&igure 5)
Conduction characteristics

The ionic conductivities of the single ion blockpotymer SPE and Figure5: GPC chromatograms of PS-b-P(MALi-co-OEGMA) at
conventional salt-doped SPE are detailed in FigurEirst, the effect of different MALI/OEGMA ratio (Table 4).

MALI content was investigated.
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Figure 6: lonic conductivities (a) MALi content dependence for single-ion eldgtenand BReffect, (b) high performance salts-doped PS-b-POBGM

electrolytes (EO/Li 20:1) at 20 °C.

The ionic conductivities versus OEGMA/MALI ratioeashown in Figure
6a and correlated with the EOJkatio. For every case, the single-ionsBF
free SPE displays very low ion transport, with aactivities of the order
10® - 10™ S/cm at room temperature. The ionic conductivis been
found to gradually increase with a decrease inMiA&i content which is
consistent with previous report for POEGMA basestiblytes?® Indeed,
increasing MALi load results in higher lithium cardration in the
electrolyte. Based on crown ether mechanism, theben of EO[L{]
complexes increases with the concentration andecpently reduce the
segmental motion of OEG side chain crucial for wiffusion. Even
worse, the ion-pair formation and salt clusterisgusually formed at
EOI/Li ratio below 8 thus, trapping and hinderinge ththium cation
motion® Even if the salt concentration affects the iorinductivity, only
slight variations have been reporfédhe salt concentration alone does
not explain the trend. For weakly entangled polgrid&e POEGMA, the

inter-chain ion hopping mechanism is expected wersdy impact the

orders of magnitude, with a maximum of 2*18/cm reached. These
values compete with those obtained for high peréoroes lithium salt
such as LIBOB, LiTFSI, LiTFS dissolved in REPOEGMA as reflected
in Figure 6b. It is worth mentioning that BB particularly sensitive to
moisture traces. All electrolyte film process shibbk carried out under
stringent dry inert atmosphere.

The rise in the transference number as a resuthefsingle-ion design
was confirmed by AC-DC polarization spectroscépyransport numbers
as high as 0.84 were obtained for the single-i@ttelytes, which is
much higher than 0.2-0.3 usually observed for stethdsalt-doped
systems® Thus, by combining the high ionic conductivity and
transference numbers close to unity, the single®8b-P(MALI-co-
OEGMA) electrolytes outperform the simple salt-dbggstems.
Electrochemical stability

The electrochemical stability of ARSP(MALi-co-POEGMA) with and

without added BEwere investigated by cyclic voltammetry. The resul

ionic conductivity'? In the ion conductive block; the distance between gre shown in Figure 7. The REP(MALi-co-POEGMA) exhibits a wide

OEGMA units is spaced by MALIi groups. The ion hogpidistance is
thus increased and the ion motion lowered. Thiseceffis more
pronounced for conductivities as the MALIi conterdreases.

Even if the macromolecular architecture has beeimaged, the ionic
similar

conductivites remain low, of about %#0S/cm. In fact,

performances are characteristic for a wide range sofgle-ion
moieties?®?*?’ The poor performances are attributed to strongpiiring
with the carboxylic group.

The Li* ions are thus trapped onto the polymeric backdwesring the
counter ions and only weakly contribute to ionicrreat. Providing
satisfactory conductivities require a higher degoéalissociation. The
addition of lewis acid was therefore exploited hetee process being
known to induce charge delocalization of carboxylgtoups and then
enhance the degree of dissociaffdfRemarkably, the addition of boron

trifluoride raises the ionic conductivity of allustied configuration by 3

electrochemical stability window up 5 V, even wreemplexed with BE:
Both formulations exhibit an anodic peak above ¥.5that can be
attributed either to polymer electrolyte degradatamd to the stainless-
steel electrode corrosion. In the &fontaining electrolyte, an anodic peak
appears only at the first cycle around 3.5 V. Uparorporation of BE;
the reactivity of the electrolyte is seemingly ie@sed at anodic potentials
and promote the oxidation of the electrolfteit the second scan, the
peak is less pronounced and suggests the formaftiarstable electrolyte
interface at the electrode that prevents furthectablyte oxidation on the
subsequent cycle. At the cathodic potential below ¥s. Li’/Li, the
formation of solid electrolyte interface (SEI) ivitable as demonstrated
by strong electrochemical response around 1.3 aB¥.OAt these
potentials, complex reduction reactions occur antbmpte the
degradation of the electrolyte at the interfacehwihe electrod&

However, as observed for the anodic processescdlteodic response
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diminishes on the following cycles and is aimospmessed at the"s

cycles. A stable and protective SEI is thus formaed prevents further

cycle. Due to the solid form of the electrolytestable SEI is generated at electrolyte deterioration.

the interfaces between the electrode and the elgigtr Unlike the
situation of liquid or gel electrolytes, this infire is structurally robust

and cannot be stripped and reformed by supplyieshfelectrolyte at each

(@) 60—

40

Current density (nA/cm2)

-100

T T T T T
0 1 2 3 4 5 [

Potential (V vs. Li'/Li)

o
@
l

Current density (,uA/cmP)

0 1 2 3 4 B 8
Potential (V vs. Li /L))

Figure 7: Cyclic voltammetry of (a) PS-b-P(MALi-co-OEGMA) single-ion electrelyand (b) in presence of BF3 at a scan rate offO\gs. The

curves are shifted for more clarity.

4, Conclusion

Herein, we describe a very convenient method fer pheparation of 1.
single-ion electrolytes. The three steps synthedisvs to get well-
defined P%-P(MALi-co-POEGMA) single-ion electrolytes  with 2.
dispersity below 1.25.

The macromolecular design offers self-standingilflexmembranes and
combines outstanding ionic conductivities. By indgc charge
delocalization, the main limitations of single-i@hectrolyte have been 4.
vanished and the accordingly obtained ionic coridities around 2.18
S/cm compete with conventional doped electrolytdues at room
temperature. At same ionic conductivities, single-SPEs rise the Li
transference number and thus potentially alleviptever limitation 6.
encountered in solid electrolytes.

The single-ion electrolyte displays also a widegtEhemical stability up 7
to 4.5 Vvs. Li'/Li and excellent passivation behavior by promoting the
formation of a stable solid electrolyte interface.

By merging together mechanical stiffness, excellenic conductivities,

8.
high transference number and wide electrochemtabilgy window, this
single-ion SPE appears as a promising candidateafierand performing
solid-state electrolyte.

9.
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Highlights:

*  Wedisclose a convenient 3 steps synthesis for high performance solid electrolyte.
* The single-ion electrolyte design has been optimized to afford the mechanical and ion
transport performances

» Single-ion electrolytes containing BF3 have attractive ionic conductivities as high as 0.02
mS/cm at room temperature.

* The single-ion electrolyte promotes the formation of a stable SEI



