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Solid Polymer Electrolytes Based on Copolymers of Cyclic

Carbonate Acrylate and n-Butylacrylate

Fadoi Boujioui, Helen Damerow, Flanco Zhuge, and Jean-Frangois Gohy*

Solid polymer electrolytes (SPEs) are prepared by mixing poly(2-oxo-1,3-diox-
olan-4-yl)methyl acrylate-random-n-butylacrylate) [P(cyCA-r-nBA)] statistical
copolymers with bis(trifluoromethane)sulfonimide lithium salt. The P(cyCA-r-
nBA) copolymers are synthesized by reversible addition-fragmentation chain
transfer polymerization and different molar masses as well as copolymer
composition are targeted in order to study the influence of the molecular
parameters on the thermal, mechanical, and electrochemical properties of the
SPEs obtained after mixing the copolymers with lithium salts. In the inves-
tigated experimental window, it is shown that the thermal and mechanical
properties of the SPEs mainly depend on the composition of the copolymer
and are poorly influenced by the molar mass. In sharp contrast, the ionic con-
ductivities are more deeply influenced by the molar mass than by the com-
position of the copolymers. In this respect ionic conductivity values ranging
from 4.2 X 10° S cm™ for the lower molar mass sample to 8 x 10® S cm™!

and increasing the glass transition tem-
perature (Ty) of the polymer.®l As a result,
solid-state batteries using PEO-based SPEs
should be operated above the melting tem-
perature of PEO, typically around 70 °C.V!
Therefore, many studies are being con-
ducted to find alternatives to PEO.I!

The carbonate functional groups are
known to present high dipolar moment
and dielectric constant enabling them to
dissociate many types of salts.l”! They are
found especially as five-membered cycles
in the composition of commercial liquid
electrolytes, ethylene, and propylene car-
bonate being representative examples.
Carbonates were thus introduced into
polymeric architectures in order to pro-

for the higher molar mass one are measured at room temperature for the

investigated SPEs.

1. Introduction

Improvement of the ionic conductivity of solid polymer elec-
trolytes (SPEs) is an important requirement for the develop-
ment of safer, flexible, and performant energy storage devices.!
Since poly(ethylene oxide) (PEO) mixed with lithium salts
was reported as a promising solid polymer electrolyte,”) many
studies have been realized on the nature and the design of ioni-
cally conducting polymers in order to improve the solubility of
lithium salts in the polymer matrix and the mobility of lithium
ions.’l It is known that ion conduction not only depends on
the motions of polymer chains (or polymer chain segments)
but also on the interactions between the units of the chains
and the dissolved salts.[*l In this respect, the segmental motion
of PEO chains, which allows the migration of ions, essentially
takes place in amorphous regions and is hampered in crystal-
line domains.P! Moreover, the electron-donor oxygen atoms
trap and coordinate Li* cations, inhibiting their displacement
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vide polymer electrolytes as demonstrated
by the early work of Tarascon and co-
workers.!' Contrary to the ethylene oxide
(EO) units, the carbonate units show a
weak coordination with Li* ions.

Polymers based on cyclic carbonates were essentially inves-
tigated as gel polymer electrolytes (GPEs) (i.e., with the pres-
ence of liquid electrolytes), whereas the polymer based on
noncyclic carbonates were investigated as SPEs. Chai et al.
polymerized vinylene carbonate to obtain a polymer incorpo-
rating the cyclic carbonate function in the polymer backbone,
reaching an ionic conductivity of 5 x 107 S cm™ at room tem-
perature, good mechanical properties, and an electrochemical
stability window up to 4.8 V versus Li*/Li.™!! Cyclic carbonates
were also introduced in polymer architectures as side-chains as
reported by Lex-Balducci and co-workers who copolymerized a
cyclic carbonate methacrylate with oligo(ethylene glycol) methyl
ether methacrylate and further studied gel polymer electrolyte
obtained by swelling the accordingly obtained copolymers in
a carbonate-based electrolyte.1>13] A noncyclic poly(propylene
carbonate) providing an ionic conductivity of 107* S cm™ at
ambient temperature was described by Zhang et al.'*l Tomi-
naga and co-workers synthesized a noncyclic poly(ethylene
carbonate) and further developed a hybrid membrane based
on porous polyimide matrix, supporting a poly(ethylene
carbonate)-based SPE reaching an ionic conductivity of
107 S cm™ at 30 °C.">16 They also proved that the noncyclic
poly(ethyne carbonate) could act as a suitable SPE, exhibiting
high lithium transference number and high ionic conductivity
that increases with the concentration of salts.

Unfortunately, polycarbonates have higher T, than poly-
ethers (such as PEO), generating low segmental motion of
the chains, which is unfavorable for a good ionic conduction.
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Tominaga and co-workers developed a copolymer composed
of noncyclic carbonate and ether units, which was obtained by
polymerization of EO with CO,.l"”] The accordingly obtained
copolymer presents a low T, of 1 °C, an ionic conductivity of
0.48 mS cm!, and a lithium transference number reaching
0.66 at 60 °C. They also prove that the presence of ethylene
carbonate units prevented the complexation of Li* ions by
EO units. Mecerreyes and co-workers synthesized a series of
poly(carbonate-ether) by polycondensation of PEO end-capped
diol with dimethyl carbonate and investigated the influence of
the different content of EO units as well as the different con-
tent of bis(trifluoromethane)sulfonimide lithium salt (LiTFSI)
salts.l'® They found an optimum SPE exhibiting a high ionic
conductivity of 3.7 x 107 S cm™" with 30 wt% of LiTFSI. Besides
the presence of PEO groups, the addition of a low amount of
LiTFSI salts (below 40 wt%), decreases the T, and breaks PEO
crystallinity. More information about solid polymer electrolytes
based on polycarbonates can be found in recent reviews.[1*20

We have previously disclosed an SPE based on cyclic car-
bonate trifluoromethacrylate and vinylidene fluoride units,
which exhibits an ionic conductivity of 2 x 10™* S cm™ at room
temperature.?!! Even if the T, of the SPE was observed at 31 °C,
the material kept some viscoelasticity, which was demonstrated
by oscillatory shear measurements carried out in the linear
regime with a strain amplitude y of 0.03%.

Here, we investigate SPEs based on amorphous poly(2-
oxo-1,3-dioxolan-4-yl methyl acrylate-random-n-butyl acrylate)
P(cyCA-r-nBA) statistical copolymers. The polymerization
of these copolymers by reversible addition-fragmentation
chain transfer (RAFT) is detailed in this paper. The RAFT
method has been selected because it allows a controlled rad-
ical polymerization of the two comonomers, meaning that
copolymer chains with well-defined compositions, molar
masses, and low dispersity indices can be obtained through
this method. The cyCA comonomer has been selected to
afford ionic conductivity after salt loading while the nBA
comonomer is known to lead to low T, amorphous polymers
and should therefore allow the formation of soft SPEs with
increased ionic mobility. Moreover, thermal, mechanical, and
ionic conductivity analyses are carried out in order to under-
stand the effect of the polymer structure on the properties of
the accordingly obtained SPEs.

2. Experimental Section

2.1. Materials

All reagents were used as received. Glycerol 1,2-carbonate (>90%)
was bought from Tokyo Kasei Inc. Triethylamine (TEA, 299%)
and o,0/-azoisobutyronitrile (AIBN, >98%) were purchased
from Acros Organics. Acryloyl chloride (297%), n-butyl acrylate
(nBA, 299%), dimethyl sulfoxide (DMSO, 299%), sodium bicar-
bonate (NaHCO;, 299.7%), sodium sulfate (Na,SO,, 299.5%),
lithium perchlorate (LiClO,, battery grade, 299.99%), LiTFSI
(299.95%), and 2-dodecylthiocarbonothioylthio-2-methylpropi-
onic acid (DDMAT, >98%) were purchased from Sigma-Aldrich.
Dimethyl sulfoxide (DMSO-d6, > 99.8%), used for NMR spec-
troscopy, was purchased from Euriso-top.
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2.2. Methods
2.2.1. NMR

'H and !*C NMR spectra were acquired on a Bruker Avance I1
spectrometer (300 or 500 MHz) using DMSO-d; as solvent.

2.2.2. Size Exclusion Chromatography (SEC)

Average molar masses (M, and M,) and dispersities (D) were
measured on an Agilent SEC system equipped with an Agi-
lent 1200 pump; an Agilent differential refractometer and two
Polymer Standards Service Gram columns (1000 and 100 A). N,N-
dimethylformamide containing 2.5 x 107 m of NH,PF, was used
as eluent thermostated at 35 °C with a flow rate of 1 mL min~'.

The calibration was performed using polystyrene standards.

2.2.3. Differential Scanning Calorimetry (DSC)

DSC measurements were carried out using a Mettler Toledo
822e calorimeter. The samples were analyzed under nitrogen
atmosphere in a 40 uL Al pan with an empty Al pan as ref-
erence cell. The samples were first heated from 25 to 200 °C
and cooled down from 200 to —120 °C at a heating rate of
10 °C min~'. The temperature was maintained for 2 min before
changing cycle. The samples were then heated from —120 to
200 °C at the same heating rate to determine the glass transi-
tion temperature (Ty) using the Stare software.

2.2.4. Electrochemical Measurements

Thick electrolyte films were prepared as follows. The P(cyCA-r-
nBA) and LiTFSI salt were dissolved in acetonitrile. This latter
was removed under reduced pressure following by the vacuum
at 70 °C overnight. The viscous samples were casted on stain-
less steel electrodes. The thickness was kept constant with a
270 pum thick polytetrafluoroethylene spacer placed between
two stainless steel electrodes into the Swagelok cell. Electro-
chemical impedance spectroscopy (EIS) measurements were
performed using a Parstat 4000 apparatus over a frequency
range of 1 MHz to 10 mHz and with an amplitude a.c. excita-
tion voltage of 5 mV. The temperature dependence measure-
ments were carried out from 22 to 80 °C by gradually increasing
the temperature by steps of 10 °C with an equilibration time of
=1 h between each step.

2.2.5. Rheology

Rheological experiments were performed on an Ares (TA Instru-
ments) rheometer equipped with an air/nitrogen convection
oven that ensures an accurate temperature control (0.1 °C).
Dynamic mechanical measurements were carried out at given
temperatures, using stainless steel 8 mm cone—plate geom-
etries. The cone geometry has an angle of 0.1 rad and a trunca-
tion of 31 pum. The sample was equilibrated in the rheometer at

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

{4 Chemistry and Physics

www.advancedsciencenews.com

80 °C for 30 min. Dynamic frequency sweeps were performed at
a deformation amplitude of 3% at 30 °C under nitrogen atmos-
phere and a frequency range of 100-0.01 rad s7!. All dynamic
measurements were performed within the linear viscoelastic
region, which was determined from dynamic strain sweep
experiments. The equilibration was checked with dynamic
time sweep measurements up to 30 min. Normal forces were
checked to be relaxed prior any measurement.

2.3. Synthetic Procedures
2.3.1. Synthesis of 2-Oxo-1,3-dioxolan-4-yl Methyl Acrylate (cyCA)

Into a 250 mL round-bottom flask, glycerol 1,2-carbonate
(10.0 g, 84.68 mmol) and triethylamine (8.74 g, 86.33 mmol)
were dissolved in anhydrous dichloromethane (60 mL) and
cooled at 0 °C under argon atmosphere. A solution of acryloyl
chloride (5.11 g, 56.45 mmol) in dichloromethane (12.0 mL)
was added dropwise into the flask and the mixture was left
at 0 °C during 1 h before reaching the ambient temperature.
After 24 h, the mixture was filtered and then washed with 5%
aqueous NaHCO; followed by distilled water. The organic phase
was dried over Na,SO, and dichloromethane was removed
under reduced pressure. After purification by silica gel column
chromatography (hexane: ethyl acetate, 3:2) the product was
isolated as a colorless liquid (8.43 g, 53%).

IH-NMR (300 MHz, CDCly) & (ppm): 6.35 (dd, 1H,
—HC=CHH, ] = 16.8, 2.1 Hz), 6.05 (dd, 1H, —HC=CH,,
J =168, 10 Hz), 5.84 (dd, 1H, —HC=CHH, ] = 10, 2.1 Hz),
4.90 (m, 1H, —O— (CH,)CH—CH,—, | = 7 Hz), 4.52 (t, 1H,
—O—CHH—CH-, | = 7 Hz), 430 (m, 3H, -O—CHH—CH—,
and —CH—CH2—-0—, ] =7 Hz).

13C.-NMR (300 MHz, CDCl;) § (ppm):165.3 (1C, ~HC—CO—0—),
1545 (1C, —0—CO—0—), 132.3 (1C, CH,=CH-), 127.1 (IC,
CH,=CH—CO-), 739 (IC, —O— (CH,)CH—CH,—), 66.0 (1C,
0—CH,—CH-), 63.1 (1C, ~CH—CH,—O).

2.3.2. Synthesis of Poly(2-oxo-1,3-dioxolan-4-yl methyl acrylate)
[P(eyCA)]

In a 25 mL flask cyCA (2000 mg, 11.62 mmol, 50 eq.),
AIBN (8 mg, 0.05 mmol, 0.2 eq.), and DDMAT (85 myg,
0.23 mmol, 1 eq.) were dissolved in DMSO (11.6 mL). The
mixture was purged with argon for 30 min and immersed in
a preheated oil bath at 70 °C. After 125 min, the reaction was
stopped by cooling in liquid nitrogen and by exposing to air.
The polymer was precipitated in ethanol, filtered, and washed
with ethanol to obtain P(cyCA)y;. To determine the final conver-
sion and the dispersity, the analysis was performed by SEC and
TH-NMR (in DMSO-dg).

2.3.3. Typical Procedure for the Synthesis of Poly(2-oxo-1,3-diox-
olan-4-yl methyl acrylate-random-n-butylacrylate) [P(cyCA-r-nBA)]

In a 50 mL flask (2-oxo-1,3-dioxolan-4-yl)methyl acrylate
(2000 mg, 11.62 mmol, 50 eq.), n-butyl acrylate (2000 mg,
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4.64 mmol, 20 eq.), AIBN (8 mg, 0.05 mmol, 0.2 eq.), and
DDMAT (85 mg, 0.23 mmol, 1 eq.) were dissolved in DMSO
(16.2 mL). The mixture was purged with argon for 30 min and
immersed in a preheated oil bath at 70 °C. After 90 min, the
reaction was stopped by cooling with liquid nitrogen following
by exposure to air. The polymer was precipitated in water, fil-
tered, and washed with water and methanol. To determine the
final conversion and the dispersity, the analysis was performed
by GPC and 'H-NMR (in DMSO-dg). P(cyCAjor-nBAss),
P(cyCAj;-r-nBAyo), and P(cyCA4-1-nBA;;) were obtained by
using [cyCA]/[nBA]/[DDMAT] molar ratios equal to 30:40:1,
50:20:1, and 60:80:1, respectively.

3. Results and Discussion

3.1. Synthesis of P(cyCA-r-nBA) Copolymers via RAFT
Polymerization

The cyCA monomer was synthesized in one step, according to
the protocol of Yoshikawa et al.l??l The synthesis was achieved
by esterification of glycerol 1,2-carbonate with acryloyl chlo-
ride, which was base-catalyzed with triethylamine in dichlo-
romethane. The cyCA monomer was yielded at 53%.

The cyCA was RAFT homopolymerized in order to be used
as reference afterward. The polymerization was performed
at 70 °C in DMSO at 1 mol L with DDMAT as RAFT chain
transfer agent (CTA) and AIBN as initiator (Figure 1).

The CTA/initiator ratio was kept at 5. In order to study the
kinetics of the polymerization, samples of the reaction medium
were withdrawn and subjected to 'H-NMR and SEC analyses.
The initiation of the polymerization is slow and only 23% of
conversion are reached after 45 min (Figure 2a). However,
after 125 min of polymerization, the conversion reaches 82%,
meaning a relatively fast propagation. Between 45 and 125 min
of polymerization, the evolution of Ln[M],/[M]; is linear with
time, which demonstrates that the concentration of the active
propagating species remains constant (Figure 2a). There-
fore, this indicates that the termination reactions are very low
or inexistent. Moreover, the evolution of the molar mass as a
function of the conversion is linear, confirming the absence
of transfer reactions (Figure 2b). Finally, the dispersity keeps
narrow values between 1.10 and 1.13 during the polymeriza-
tion (Figure 2b). These results are consistent with SEC curves
observed as narrow mono-modal peaks (Figure 2c). The RAFT
polymerization of cyCA is thus considered as a controlled
radical polymerization. In this study, the polymerization was
stopped at 82% of conversion, yielding to the desired P(cyCA)4,
homopolymer (Figure S1, Supporting Information).

Finally, cyCA was randomly copolymerized with n-butyl
acrylate (nBA) (Figure 3). The RAFT copolymerization was
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Figure 1. RAFT homopolymerization of cyCA.
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Figure 2. a) Dependence of Ln[M]y/[M]; versus time, b) dependence of M, and of dispersity (D)) versus conversion, and c) evolution of the molar

mass with polymerization time for the homopolymerization of cyCA.

conducted under the same conditions and with the same rea-
gents that for the P(cyCA),; homopolymer. Three different
copolymers with various monomer compositions and various
chain lengths were synthesized: P(cyCA;y-r-nBAss), P(cyCA3;-
r-nBA,), and P(cyCAy-r-nBAy), the numbers in subscripts
representing the average degree of polymerization of the cor-
responding blocks as determined by 'H-NMR.

The SEC analyses (Figure 4) show shifting of narrow mono-
modal peaks toward higher molar mass, proving that copo-
lymerization is taking place. The evolution of molar mass
obtained by SEC is in correlation with the trends obtained by
NMR. Moreover, the P(cyCA;o-7-nBAss), P(cyCAsz,-r-nBA,),
and P(cyCA4,-r-nBA;;) random copolymers display a dispersity
(P) of 1.15, 1.18, and 1.23, respectively. Thus, the dispersity
increases when high molar masses are targeted is in line with a
possible loss of control for the RAFT copolymerization.

To summarize, four polymers based on cyCA units were syn-
thesized by RAFT and are reported in Table 1. The P(cyCA)4;
homopolymer is used as reference with a cyCA content of
100 wt%. The three others are based on a mix of cyCA and nBA
monomers. In order to study the influence of the composition

in cyCA and nBA on ionic conductivity measurements, two
copolymers were synthesized with a similar chain length but
a different cyCA content. These are the P(cyCA y-r-nBA3s) and
P(cyCAs;-r-nBA,) copolymers which present approximatively
the same molar mass, 8200 and 8700 g mol™!, respectively.
However, the P(cyCAio-r-nBAss) contains 42 wt% of cyCA,
whereas the P(cyCAs;-r-nBA,g) has 71 wt%. On the other hand,
to observe the influence of the chain length, two other copoly-
mers display similar cyCA content but different molar masses.
In this respect, the P(cyCA,4-r-nBA5;) copolymer is comprising
45 wt% of cyCA like the P(cyCAo-r-nBAjs), but it is ca. two
times longer than the latter.

3.2. Thermal Properties

The glass transition temperatures were measured using DSC.
The T, of the P(cyCA) is measured at 68 °C (Figure 5). In order
to prepare SPEs, cyCA-containing polymers are mixed with
lithium salts. Therefore, we have investigated the effect of the
nature of the salt on the thermal properties of the investigated

HOOC S N
T =0 =0 )( c CraHzs
o o HOOC )J\ 12 25 Wm\n/

+

. AIBN / DMSO / 70°C J)
o)
O%\o = ))

Figure 3. Synthesis of poly(2-oxo-1,3-dioxolan-4-yl methyl acrylate-r-nbutyl acrylate) via RAFT [P(cyCA-r-nBA)]
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Figure 4. SEC curves superposition of homopolymer and copolymers
based on cyCA.

(co)polymers. In this respect, DSC measurements were first
performed on P(cyCA),4;, with two different added salts, namely
LiClO, and LiTFSI (Figure 5). These salts are often used in
order to prepare SPEs.'””l The cyCA/Li* ratio was kept at 5 for
both the used salts, a ratio commonly used in SPEs.['7]

We observe that the T, varies with the addition of salt and
that the nature of the anion plays an important role. More pre-
cisely, the use of LiTFST leads to a decrease in the T, from 68 to
63 °C, while LiClO, increases it to 81 °C. This can be explained
by the fact that the volume of the TFSI™ anion is higher than
the volume of the ClO,~ anion, leading to the formation of free
volume between the chains and hence decreasing the value of
the T,/ As a result, the polymer chains are expected to be
more mobile in the presence of LiTFSI than LiClO, and this
should have a positive impact on the ionic mobility of lithium
ions. This effect has been already observed for PEO-based
SPEs.[23] Moreover, the larger size of TFSI™ anions compared
to ClO,™ ones is leading to a better separation with Li* cations
and an increased ionic conductivity for the system since Li* cat-
ions can move more freely. Thus, only LiTFSI was considered
thereafter.

The poly(nBA) homopolymer is characterized by a T, of
—54 °C. Thus, the addition of nBA monomer sorely decreases
the T, of the P(cyCA-r-nBA) copolymers (Figure 6).

The P(cyCA;g-r-nBAss), which has the same chain length
than P(cyCAs;-r-nBAy), displays the lowest T, (Figure 6a).
Therefore, the T, of copolymers decreases from of 26 to 1 °C
when the nBA content increases from 29 to 58 wt%. These

Table 1. Summary of (co)polymers characteristic features.

Sample vcyCA content M2 Bb)
(Wt%) [g mol™]

P(cyCA) 4 100 7400 1.13

P(cyCA;9-r-nBA;ss) 42 8200 1.15

P(cyCA3-r-nBAyp) 71 8700 1.18

P(cyCA4-r-nBA;) 45 16 900 1.24

Determined by '"H NMR; "Determined by SEC.
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Figure 5. DSC thermograms of P(cyCA)4; without salt, with LiTFSI, and
with LiCIO, (at cyCA/Li* ratio of 5).

observations are in line with the fact that the chemical nature
of the monomers as well as the composition of the copolymers
influences the thermal properties of the materials. Although
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Figure 6. DSC thermograms of homopolymer and copolymers based on
cyCA: a) without I-LiTFSI salt and b) with LiTFSI salt (at cyCA/Li* molar
ratio = 5).
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Figure 7. Complex viscosity n* (Pa s) versus angular frequency (rad s™)
for the copolymers with and without LiTFSI (cyCA/Li* molar ratio = 5)
at 30 °C.

Fox’s law is not strictly respected, the fact that one single T,
has been observed for all the synthesized copolymers and that
its value decreases when the content of the low T, component
nBA increases points toward a statistical distribution of cyCA
and nBA in the P(cyCA-r-nBA) copolymers. The chain length
has only a slight impact on the T,. Indeed, for the copolymers
composed of =43 wt% of cyCA, such as P(cyCA;y-r-nBA35) and
P(cyCA4-r-nBA;y), the T, increases only of 5 °C despite the
chains are ca. two times longer for the latter sample. The addi-
tion of LiTFSI (at cyCA/Li* molar ratio = 5) lowers the T, of
P(cyCAs7--nBA,) from 26 to 3 °C, while the T, of P(cyCA;q-1-
nBA;s) increases from 1 to 12 °C (Figure 6b). Thus, the pres-
ence of a larger cyCA content increases free volume, allowing
the polymer chain segments to move easily. In the presence of
LiTFSI, the chain length has again almost no impact on the T,
(Figure 6b).

3.3. Rheological Properties

To investigate the linear viscoelastic properties of copolymers
containing LiTFSI, shear rheological experiments were per-
formed. Figure 7 shows the complex viscosity n* (Pa s) versus
angular frequency (rad s7!) for the copolymers without and
with TiTFST (cyCA/Li* ratio = 5) at 30 °C (i.e., above their Ty).
The n* of copolymer increases of one decade when the LiTFSI
salt is added. Moreover, the flow of the materials is more pro-
nounced with the presence of salts, when the angular frequency
increases. In presence of LiTFSI, at low shear frequency (i.e.,
below =10° rad s71), the n* of P(cyCA;o-r-nBAss) and P(cyCA,4
r-nBA;) reaches constant values of 1.2 x 10° and 1.6 x 10° Pa s,
respectively, corresponding to the maximal resistance that the
copolymers exhibit under low deformation. The zero-shear vis-
cosity of P(cyCA,4-r-nBA;) is higher than this of P(cyCA;g-r-
nBA;s). This result is in correlation with the fact that the molar
mass is a structural parameter influencing the flow behavior of
the copolymer. The zero-shear viscosity of P(cyCAsz;-r-nBA,) is
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still not observable in the measured angular frequency range.
On the contrary, the n* increases toward infinity. Moreover,
at a shear frequency of 107 rad s7!, its n* is of 3.2 X 10° Pa s,
which is higher than those of P(cyCA o--nBA3s) and P(cyCAy,-
r-nBAy;). This can indicate that P(cyCA;z,-r-nBA,) has a firm
texture compared to the other copolymers, which could be due
to a high amount of Li*-carbonate interactions. At high shear
frequency, the three copolymers exhibit shear-thinning flow
behavior. The flow of the P(cyCAs;-r-nBA,)) is more impor-
tant than the P(cyCA,4-r-nBA;;), which is more important than
the P(cyCA 9--nBA;3s). Therefore, the cyCA/Li* content has an
influence on the mechanical behavior of the copolymer, which
is more important than its molar mass.

3.4. lonic Conductivity Measurements

All the copolymers mixed with salts at cyCA/Li* molar ratio of
5 were subjected to EIS in order to measure their ionic conduc-
tivity. To this aim, the samples were placed between two stain-
less steel electrodes and the ionic conductivity of samples was
measured at various temperatures.

Figure 8 shows the ionic conductivity versus temperature
for three copolymers containing LiTFSI. The ionic conductivity
of each copolymers decreases linearly with the inverse of tem-
perature. Over the entire measuring temperature range (i.e.,
from 22 to 80 °C), the P(cyCA;qg-r-nBA;s5) exhibits conductivity
values higher than the P(cyCA,4-r-nBA;;). At ambient tempera-
ture, they display respectively 4.2 X 107® and 8 x 108 S cm™..
Thus, when the molar mass increases, the ionic conductivity
decreases. This observation is perfectly in line with previous
investigations conducted on copolymer interpenetrating net-
works containing EO and ethylene carbonate units.?* In this
previous report, it was shown that increasing the molar mass
of the copolymer resulted in decreased ionic conductivities.?
Concerning the influence of the different amounts of cyCA and
nBA units on the ionic conductivity, we hypothesize that the

Temperature (°C)

10° 80 70 60 50 40 30 22
10+ - 1
- | ] n
— n | ] I
- 10'5_ n [ ] _
§ . - " .
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o 10°4 = 1
1071 " P(yCA-rnBA) - ]
= P(cyCA,-rnBA,) -
- = P(cyCA,,-rnBA,)
27 28 29 30 31 32 33 34 35
1000/T (K™)

Figure 8. lonic conductivity versus temperature for copolymers based on
cyCA and nBA containing LiTFSI (cyCA/Li* molar ratio = 5).
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addition of a certain amount of nBA units does slightly increase
the conductivity by lowering the T, of the copolymer. In fact,
nBA does not contribute directly to the conductivity because
it constitutes as “dead” material due to its low polarity. In this
respect, we were not able to measure reliable ionic conductivity
values for a PnBA homopolymer loaded with LiTFSI. Although
the P(cyCAsz;r-nBA,,) and the P(cyCA;g-r-nBAjs) contain
respectively 71 and 42 wt% of cyCA, their conductivities tend
to a constant and seem not to be dependent on the copolymer
composition.

4, Conclusions

In this paper, we have prepared SPEs based on amorphous
random copolymers, which contain cyclic ethylene carbonate
(cyCA) and n-butyl acrylate (nBA) comonomers. They were
easily obtained by RAFT polymerization. Moreover, we demon-
strated that the difference in molar mass (i.e., M, of 8200 and
16900 g mol™) of copolymers having the same cyCA and nBA
content, does not have a big influence on the flow behavior and
the glass transition temperature of the SPEs, maybe because
of the small gap between their Mn. However, this small gap is
sufficient to influence the ionic conductivity measurements.
Finally, the ionic conductivity values remain approximately the
same whatever the amount of cyCA in the copolymer. However,
investigation of a higher number of copolymers with different
compositions would be required to draw a more definitive
conclusion.
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