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Salt-containing supramolecular assemblies of rigid-rod polymers tethered with flexible ion-solvating side
chains represent a synthetic pathway towards thin ion-conducting solid electrolyte membranes with high
dimensional stability. In the present work we have synthesized poly(p-phenylene)s (PpPs) carrying di-, tri-
and tetra(ethylene oxide) side chains, respectively. p-Dichlorophenyl oligo(ethylene oxide) monomers
were polymerized by Ni-mediated Yamamoto polymerization via in situ reduction of Ni(i). This gave PpPs
with an average degree of polymerization reaching 60, where each phenylene ring carried one oligo
(ethylene oxide) side chain. Results from calorimetry and X-ray scattering measurements clearly showed
the formation of molecular composites, i.e., bicontinuous morphologies with mechanically reinforcing
layers of the stiff PpP backbones separated by the flexible oligo(ethylene oxide) side chains. This mor-
phology was retained after adding lithium bis(trifluoromethane)sulfonimide (LiTFSI) to form salt-in-
polymer electrolytes, but with an increased distance between adjacent backbones. Furthermore, upon
addition of salt the order-to-disorder transition (ODT) region increased from ~50-170 °C to ~75-200 °C
at [EQJ/[Li] = 20. Increasing salt concentrations also revealed a maximum in the ODT enthalpy at
[EQI/ILI] = 40. At 80 and 160 °C, the ionic conductivity reached 1.1 x 10™* and 1.0 x 107> S cm™%, respect-
ively. Finally, we demonstrate that ionic conductivity of the polymer electrolytes can be significantly
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1. Introduction

Solid polymer electrolytes ideally combine high ionic conduc-
tivity and mechanical strength, and essentially consist of a
polymer host material containing a dissolved salt."? This class
of materials has been extensively studied in, e.g., the develop-
ment of solid-state Dbatteries, solar cells, electrochromic
devices and different sensors and actuators.’® They are con-
siderably less unstable and flammable than the currently dom-
inating liquid-based electrolytes, and in some cases possess
the necessary electrochemical stability and mechanical pro-
perties to operate directly with lithium metal electrodes
without dendrite formation during battery cycling.">"" With a
suitable molecular design, solid polymer electrolytes may
reach sufficiently high conductivity above ambient tempera-
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ture, and if applied as thin films or membranes the resistance
of solid polymer electrolytes can be kept sufficiently low.
However, the conduction of the ions in a solid polymer electro-
Iyte is normally coupled to the segmental motions of the
polymer, and hence to the glass transition temperature
(Ty).">** Consequently, the mechanical stability (stiffness) and
ionic conductivity are generally conflicting properties, unless
crosslinked or microphase separated solid polymer electrolytes
are employed.'>'® In the latter case, the polymers are usually
molecularly designed to form a co-continuous morphology
containing a “soft” ion-conducting phase domain to facilitate
the ion conductivity, interconnected to a “hard” phase domain
to induce the mechanical stability. The most common
examples of such polymers are perhaps di- and triblock copoly-
mers of, e.g, poly(ethylene oxide) (PEO) and polystyrene,
designed to self-assemble into co-continuous morphologies
consisting of a soft ion conducting PEO phase domain and a
hard glassy polystyrene phase domain.'”'®

Rigid-rod polymers tethered with short flexible ion-conduct-
ing side chains represent an alternative synthetic approach to
solid polymer electrolytes combining high ion conductivity
and mechanical stability. These kind of “hairy-rod”***° poly-
mers typically self-organize into supramolecular assemblies

This journal is © The Royal Society of Chemistry 2020
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where the rigid-rod polymer backbones stack up to form a
hard phase domain in a soft phase domain containing the
highly flexible side chains.*"** Hence, the former materials
form “molecular composites” where the stiff stacks of the rigid
rod backbones mechanically reinforce the soft side chain
phase in a co-continuous arrangement. The phase domains in
these polymers are thus characteristically much smaller than
in the case of block copolymers. The concept of “molecular
composite electrolytes” was originally introduced and demon-
strated by Wegner and coworkers who first prepared poly(p-
phenylene) (PpP) backbones carrying flexible oligo(ethylene
oxide) (EO,) side chains by Suzuki coupling reactions, and
then added lithium salt to study their properties as solid
polymer electrolytes.'® The electrolytes showed fully amorphous
EO, phases with T, values down to —25 °C, and the phase struc-
ture of the molecular composite electrolytes remained stable up
to at least 90 °C. Moreover, the conductivity behavior of these
materials was found to be similar to that of corresponding elec-
trolytes prepared from amorphous PEO, but the mechanical
properties were significantly improved.'® However, the use of
two homobifunctional monomers in the Suzuki coupling
approach to the polymers resulted in severe limitations in the
chain growth, and the degrees of polymerization reached only
X, = 11-17." Moreover, every second phenylene ring in the PpP
backbone did not carry any EO, side chain which may impede
the ion conduction pathway.

The Yamamoto coupling reaction, where two aryl halides
are coupled together through the use of a nickel(0) reagent,
presents an attractive alternative to the Suzuki coupling
approach.?>** The former reaction is an efficient way to poly-
merize not only aryl dibromides, but also aryl dichlorides,***
which increases the versatility and monomer availability.
Moreover, a precise stoichiometric control of the monomers in
the polymerizations is not necessary since the Yamamoto reac-
tion occurs via homocoupling. Recently, this reaction has been
utilized in polymerizations to prepare proton conducting poly-
mers for use as proton exchange membranes,*>° as well as
lithium ion conducting polymers.*® In the present work, we
have employed the Yamamoto homocoupling route for
straightforward and efficient polymerizations of 2,5-dichloro-
phenolic monomers functionalized with di-, tri- or tetra(ethyl-
ene glycol), respectively. This provides a molecular design in
which every phenylene unit in the PpP backbone carries an
EO, side chain to create an even distribution along the back-
bone. Hence, short side chains (x = 2, 3 or 4) were attached to
the PpP backbone to give an EO, content below 75 wt% which
will, combined with the even distribution, likely facilitate the
formation of morphologies with a continuous phase domain
of flexible EO, side chains containing a molecularly ordered
and mechanically reinforcing layers of stiff PpP backbones.
After additions of lithium bis(trifluoromethanesulfonimide)
(LiTFSI) salt, the resulting solid molecular composite electro-
lytes were investigated with regard to the ability to form thin
electrolyte membranes, thermal transitions and phase behav-
ior, self-assembly and morphology, and ionic conductivity in
order to determine important structure-property relationships.

This journal is © The Royal Society of Chemistry 2020
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2. Experimental

2.1. Materials

Di(ethylene glycol) monomethyl ether (Janssen Chimica,
99%), tri(ethylene glycol) monomethyl ether (Fluka, 97%),
tetra(ethylene glycol) monomethyl ether (FluoroChem, 95%),
sodium hydroxide (NaOH, Merck, 99%), p-toluenesulfonyl
chloride (TsCl, Sigma-Aldrich, 98%), potassium carbonate
(K,COg3, Fisher Chemical, Reagent), 2,5-dichlorophenol (Alfa
Aesar, 98%), N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich,
anhydrous 99.5%), chloroform (CHCl;, VWR, HPLC), and
acetonitrile (MeCN, Scharlau, Reagent) were all used as
received. Tetrahydrofuran (THF, VWR, Reagent) employed in
the tosylation reaction was used as received. Lithium bis(tri-
fluoromethane)sulfonimide (LiTFSI, Fluka, 99%) was dried at
150 °C under vacuum. THF used for film casting was dried by
a MBraun 800 solvent dispenser SPS system and further dried
with freshly activated molecular sieves (4 A). Tri(ethylene
glycol) dimethyl ether (triglyme, Acros Organics, 99%) was dis-
solved and azeotropically distilled in toluene, followed by the
removal of the toluene at 120 °C under nitrogen, and drying
under vacuum at 120 °C overnight. LiTFSI, the anhydrous
THF, and the triglyme were subsequently stored in an N, filled
glovebox.

The chemicals listed just below were purified as specified
and then stored in an Ar filled glovebox (H,O < 1 ppm, O, <
60 ppm). Triphenylphosphine (PPh;, Acros Organics, 99%)
and 2,2"-bipyridine (bipy, TCI, 99%) were recrystallized twice in
ethanol and dried at 80 °C under vacuum.?® Sodium iodide
(Nal, Sigma-Aldrich, 99%) was recrystallized twice in water and
dried at 120 °C in vacuum.>” Zink powder (Zn, Sigma-Aldrich,
98%, <10 pm) was stirred in acetic acid, washed extensively
with diethyl ether, and dried at 40 °C under vacuum.®" Bis(tri-
phenylphosphine)nickel(n) dichloride (Ni(PPh;),Cl,, Sigma-
Aldrich, 98%) was dried under vacuum at 100 °C.>®

2.2. Oligo(ethylene oxide) monomethyl ether tosylate
(MeEO,Ts)

The tosylation of oligo(ethylene oxide) monomethyl ethers
containing 2, 3, and 4 EO units, respectively, was based on a
literature method.** The synthesis of MeEO,Ts is given as an
example. First, 11.582 g (1 eq.) tri(ethylene oxide) monomethyl
ether was mixed in 50 ml THF, followed by addition of 9.875 g
(3.5 eq.) of NaOH dissolved in 50 ml of water. The resulting
two-phase system was cooled to 0 °C followed by dropwise
addition of 16.137 g (1.2 eq.) of TsCl dissolved in 70 ml THF.
The mixture was stirred at 0 °C during 2 h and then stirred at
room temperature overnight. Next, the mixture was poured
into 5% HCI, and the aqueous phase was extracted with
chloroform. The combined organic phases were washed with
deionized water and brine. Subsequently, the organic phase
was dried with MgSO,, filtered, and concentrated under
vacuum. An amount of 21.189 g (94%) of product was
obtained. "H NMR (400 MHz, CDCl;, ppm) § 7.78 (d, 2H), 7.33
(d, 2H), 4.41 (t, 2H), 3.67 (t, 2H), 3.62-3.56 (m, 6H), 3.54-3.49
(m, 2H).

Polym. Chem., 2020, 1, 2418-2429 | 2419
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2.3. a-(2,5-Dichlorophenoxy)-o-methyl-oligo(ethylene oxide)
(pPCl,-EO,)

The synthesis of p-dichlorobenzene bearing oligo(ethylene
oxide) chains with 2, 3, and 4 EO units, respectively, was based
on a modified literature method.*® In the synthesis of pPCl,-
EO3, 10.357 g (1 eq.) MeEO;Ts, 5.374 g (1.01 eq.) 2,5-dichloro-
phenol, 6.835 g (1.52 eq.) K,CO;, and 100 ml MeCN were
added to a round bottom flask. The mixture was heated to
reflux, and the pink-colored suspension was stirred overnight.
After cooling to room temperature, the mixture was filtered,
and the filtrate was concentrated under vacuum. Subsequently,
the filtrate was dissolved in diethyl ether, washed with de-
ionized water, dried with MgSO,, filtered, and concentrated
under vacuum. A total 9.562 g (95%) of the product pPCl,-EO;
was obtained. '"H NMR (400 MHz, CDCl;, ppm) 6 7.21 (d, 1H),
6.90 (d, 1H), 6.83 (dd, 1H), 4.12 (t, 2H), 3.85 (t, 2H), 3.75-3.71
(m, 2H), 3.65-3.59 (m, 4H), 3.52-3.47 (m, 2H), 3.33 (s, 3H).

2.4. Poly(p-phenylene) tethered with oligo(ethylene oxide) [P
(_pP'EOx)]

In the Ar-filled glovebox, 8.887 g (34 eq.) pPCl,-EO3, 0.559 g (1
eq.) NiCl,(PPhy),, 0.132 g (1 eq.) bipy, 2.884 g (13 eq.) PPhs,
2.747 g (49 eq.) Zn, and 0.550 g (4.3 eq.) Nal were added to a
schlenk flask. The flask was removed from the glove box and
placed under Ar-atmosphere. A volume of 50 ml of anhydrous
NMP was added and the mixture was stirred at 80 °C under Ar
during 5 days. The reaction mixture was cooled to room temp-
erature and poured into 500 ml 1.5 wt% HCI. After 1 h of stir-
ring, 100 ml of DCM was added to the suspension, and the
resulting mixture was stirred vigorously during 3 h. The
aqueous phase was then extracted with 2 x 100 ml of DCM.
The combined organic phase was washed with deionized
water, dried with MgSO,, filtered, and concentrated under
vacuum. The yellow/orange oil was diluted with DCM (85 ml)
until slightly viscous and precipitated in diethyl ether
(850 ml). The white solid was filtered, washed with diethyl
ether. An amount of 5.076 g (74%) of the product P(pP-EO3)
was obtained after drying under vacuum at 50 °C. "H NMR
(400 MHz, CDCl;, ppm) 6 7.65-7.17 (m, 3.5H), 4.27 (t, 2H),
4.00-3.46 (m, 10H), 3.37 (s, 3H).

2.5. Polymer electrolyte membranes

Prior to casting electrolyte membranes, the polymers in the
P(pP-EO,) series were dried during three days under vacuum at
60 °C, followed by two days under high vacuum (0.2 Pa) at
80 °C. The polymers were then stored in the N,-filled glove
box. In the same glove box, approximately 0.12 g of polymer
and the appropriate amount of LiTFSI were dissolved in 2 ml
dry THF. This solution was stirred during 24 h and then
removed from the glovebox. The solution was poured into a
Teflon Petri dish, which was then immediately placed in a
desiccator under a flow of dry nitrogen. After casting during 1
day, the membrane was further dried under vacuum during 1
day. Subsequently, it was removed from the Petri dish and
stored in the Ar filled glovebox. The casting procedure was

2420 | Polym. Chem., 2020, 1, 2418-2429
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repeated for P(pP-EO;) and P(pP-EO,) with different amounts
of LiTFSI salt added. This yielded polymer electrolyte mem-
branes [designated P(pP-EO,)-y] with various salt concen-
trations (y) expressed the number of EO units per lithium ion.

2.6. Characterization

All NMR spectra were collected using a Bruker DR X400
spectrometer 400.13 MHz, employing CDCl; (§ = 7.26 ppm)
solutions of the samples. The molar masses of the polymers
were determined using size exclusion chromatography (SEC) at
35 °C on a Viscotec TDAmax system equipped with OmniSEC
Triple Detectors (refractive index, viscosity, and light scatter-
ing). The SEC system was fitted with a 2 x PL-Gel Mix-B LS
column set (2 x 30 cm), and CHCl; was used as eluent. A

CHCl; solution of a polystyrene standard (Polymer
Laboratories, M, = 96 kg mol™, Py = 1.03) was used for
calibration.

Thermogravimetric analysis (TGA) was performed using a
TA instruments Q500 Thermogravimetric Analyzer. Samples
were dried at 120 °C for 30 minutes under nitrogen, followed
by cooling to 50 °C, and heating to 600 °C at a heating rate of
10 °C min~". Differential scanning calorimetry (DSC) was per-
formed on a TA instruments Q2000 calorimeter. Polymer
samples were placed in aluminum pans that were sub-
sequently sealed. The measurements started by heating the
samples to 200 °C, followed by cooling to —80 °C, an isother-
mal period of 10 min at this temperature, and finally heating
to 200 °C. All heating and cooling rates were 10 °C min™".

For the ionic conductivity measurements, circular pieces of
the electrolyte films with a diameter of 12 mm were cut out in
the Ar filled glove box. These were placed between two gold-
plated brass coin electrodes (& = 15 mm) separated by a Teflon
ring spacer with an inner diameter of 12 mm and a thickness
of 0.112 mm. Electrochemical impedance spectroscopy (EIS)
measurements were performed using a computer controlled
Novocontrol BDC40 high resolution dielectric analyzer
equipped with a Novocool cryostat unit. The samples were ana-
lyzed in the frequency range 10~'-10” Hz at a 50 mV AC ampli-
tude during heating-cooling-heating cycles between 20 and
160 °C. At 20 °C intervals, the DC conductivity was obtained by
extrapolation from the plateau value in a log-log plot of the
real part of the complex conductivity as a function of the ac fre-
quency (Fig. S61).

Wide angle X-ray scattering (WAXS) measurements were per-
formed using a Stoe STADI MP X-ray powder diffractometer
under ambient conditions. Measurements were performed
over 20 ranges 1-70° with copper K, (0.15406 nm) radiation.
Samples were prepared in the Ar glove box by placing a piece
of the polymer films between two Mylar sheets.

3. Results and discussion
3.1. Monomer and polymer synthesis

The polymers in the P(pP-EO,) series were molecularly
designed to tether every single phenylene unit in the PpP back-

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthesis of P(pP-EO,) (x = 2, 3 or 4) via tosylation of di-, tri-, and tetra(ethylene glycol) monomethyl ether, respectively, reaction with
2,5-dichlorophenol, and Yamamoto polymerization using in situ reduction of Ni(i).

bones with exactly one short side chain of precisely 2, 3 or 4
EO units, respectively (Scheme 1). This creates an even distri-
bution of short flexible side chains along the backbone to
facilitate the formation of morphologies with molecularly
ordered and mechanically reinforcing layers of stiff PpP back-
bones separated by flexible EO, side chains. Upon addition of
salt, the dense and evenly distributed side chains may also
decrease the distance between each EO-Li coordination site in
the solid polymer electrolyte. The P(pP-EO,) samples were pre-
pared via Yamamoto homocoupling reactions of 2,5-dichloro-
phenol monomers functionalized with the corresponding EO,
side chain. The monomer synthesis started with the tosylation
of di-, tri, and tetra(ethylene glycol) monomethyl ether,
respectively, in a THF-water two-phase system. After workup,
all the excess TsCl had been removed and hence no chromato-
graphic method was necessary. Subsequently, the monomers
(designated pPCl,-EO,) were then synthesized by Williamson’s
ether synthesis from 2,5-dichlorophenol and the corres-
ponding tosylate. The structure of the monomers was con-
firmed by "H NMR spectroscopy (Fig. 1a). Signals arising from
the aromatic protons (i.e., the hydrogen at a—c) were readily
distinguished by their respective shifts and splittings. The
signals arising from the protons on the EO, side chains (i.e.,
d-j) continuously decreased in chemical shift from the
protons at the a-methylene, d, (4.12 ppm) to the w-methyl, j,
(3.33 ppm).**

Yamamoto coupling is a nickel-mediated reaction in which
Ni(0) is used to couple two aryl halides (ArCl, ArBr, or Arl) to
form a carbon-carbon bond. A common reagent for this type
of coupling is bis(cyclooctadiene)nickel(0), used in (at least)
stoichiometrically equal amounts to the monomer.””**** This
reagent is air sensitive and fairly expensive, which impedes
scale up of the reaction. In the present work, an alternative
method was used in which a small amount of a nickel(u)
reagent (i.e., bis(triphenlyphosphine)nickel(n) dichloride) was
continuously reduced in situ by zinc metal.>**>>%%> The reac-
tion mixture was still prepared in a glove box to protect against
moisture, since nickel(0) is an efficient reagent for the dehalo-
genation of aryl halides in presence of hydrogen sources such
as water. As suggested by Colon and Kelsey,*' 2,2"-bipyridine
was added to suppress side reactions that often arise when
monomers with electron donating groups are used. Using this
method, the polymers in the P(pP-EO,) series were successfully
prepared in ~5 g scale, and in ~70% isolated yield for
(PpP-EO,) and (PpP-EOj;). After polymerization, the products

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 'H NMR spectra of pPCl,-EO5 (a) and P(pP-EOs) (b), recorded
using chloroform solutions.

were precipitated in diethyl ether to remove the PPh;. Most
probably, this procedure also removed some of the low molar
mass oligomers formed. Especially sample P(pP-EO,) showed
partial solubility in diethyl ether due to the long EO, side
chains, which led to some product loss during the purification
and a lower isolated yield (20%).

The molecular structure of the polymers was confirmed by
'"H NMR spectroscopy (Fig. 1b). As expected, the 'H NMR
signals of the polymers were broadened in comparison to the
signals of the corresponding monomer. Due to the conjugated
structure the signals arising from the protons at a'-¢’ formed
one broad signal. The signals from the protons at d and j on
the EO, side chains still clearly distinguished.
Furthermore, all the polymer spectra included small signals
from the end groups of the PpP backbones at ~7 ppm.** The
integrals of these end group signals were compared with the

were

Polym. Chem., 2020, 1, 2418-2429 | 2421
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Table 1 Key physical and thermal properties of the P(pP-EO,) series
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Sample EO, content (Wt%)  Yield (%) M (kgmol™) By X, X! @ T®S(C) TE(C) AH (g AHS(JgY)
P(pP-EO,) 61 79 12 1.6 61 68 1.2 403 — 16 14
P(pP-EO;) 68 74 14 1.6 60 58 1.1 398 —48 11 11
P(pP—EO4) 73 20/ 17 1.4 61 68 1.4 393 —54 14 10

“Number average molar mass (SEC).

> Molar mass dispersity (SEC). Number average degree of polymerization from SEC. ¢ Number average

degree of polymerization from NMR. Mark Houwink exponent (SEC)./ Temperature at 5 wt% weight loss (TGA, under N,). £ Glass transition
temperature (DSC, heating 10 °C min™"). ” ODT enthalpy (DSC, heating 10 °C min™?). ' DOT enthalpy (DSC, cooling 10 °C min~").” Low isolated

yield due to loss during workup.

integral of signal d' in each polymer in order to estimate the
degree of polymerization (Table 1). Notably, no broad signals
were observed between é 5.40-5.80 ppm, which might indicate
the absence of Ni complexes bound to the polymer."” The
molar mass of the P(pP-EO,) samples was determined using a
SEC setup fitted with a triple detector system. The results
showed that all polymers had a number average degree of
polymerization very close to X,, = 60, which was similar to the
results obtained from the "H NMR spectra and corresponded
to number average molar masses between M;, = 12 and 17 kg
mol~" (Table 1 and Fig. S31). In comparison, Wittmeyer et al.
reached a degree of polymerization close to 21 in polymeriz-
ations of dibromobenzene functionalized with two oligo-EO
side chains using an excess of Ni(COD),.** The molar mass
dispersities of the present polymers were between Dy, = 1.4
and 1.6, which was very narrow compared to previously
reported poly(p-phenylene)s.’®**** The combination of high
X, and low Py, values indicates a high level of control in the
present polymerizations.

The intrinsic viscosity ([#]) measured during the SEC ana-
lysis, enabled the calculation of the parameters in the Mark-
Houwink equation ([57] = K x M?). As seen in Table 1, the expo-
nent a was above 1 for the P(pP-EO,) samples, which indicated
that the polymers attained a stiff or rigid rod conformation,
rather than a conventional random coil conformation in
chloroform. This was due to the very high chain stiffness of
the PpP backbone, which instead induced stiff coil or rigid rod
conformations.*®?”

Films of the neat P(pP-EO,) samples were cast from THF
solutions. P(pP-EO,) exhibited limited solubility in THF, result-
ing in very brittle films. However, casting P(pP-EO,) from
CHCl; solutions resulted in flexible and self-standing films
(Fig. S4t). In contrast, both P(pP-EO;) and P(pP-EO,) formed
very soft films regardless of the solvent used. Subsequently,
the possibility to cast polymer electrolyte membranes from
mixtures of the polymers and LiTFSI salt dissolved in THF was
investigated, keeping [EO]/[Li] between 10 and 40. The result-
ing materials were denoted P(pP-EO,)-y, where y = [EO]/[Li].
Since no solvent was found that fully dissolved both P(pP-EO,)
and LiTFSI, no salt-containing membranes could be prepared
from this polymer. Consequently, this polymer was not charac-
terized as an electrolyte material. P(pP-EO;) formed self-stand-
ing membranes when [EO]/[Li] was between 40 and 20 (Fig. 2);
P(pP-EO3)-10 was very brittle. Of the electrolyte films derived
from P(pP-EO,), only P(pP-EO,)-10 was self-standing. Lower

2422 | Polym. Chem., 2020, 1, 2418-2429

Fig. 2 Photographs of a strip of P(pP-EO3)-30 membrane (100 pm
thick) illustrating its translucent, white appearance and load carrying
capabilities: unloaded (a) and gently stretched between two tweezers
(b).

salt concentrations ([EO]/[Li] > 40) produced membranes that
were too soft for handling.

3.2. Thermal stability

The thermal decomposition of the neat P(pP-EO,) polymers
was measured by TGA, and the results are shown in Fig. 3a.
Weight loss of the samples was only observed above ~390 °C
and occurred in only one step, most likely through the exclu-
sive loss of the EO, side chains. This most probably started by
scission of the bond between the phenolic oxygen and the
a-methylene group, followed by decomposition of the EO,
residue.'® As expected, longer side chains led to a higher
degree of weight loss and lower T,°°. The ash content at
600 °C roughly corresponded to the weight fraction of the aro-
matic backbone (Fig. 3b), which indicated that very little of the
PpP backbone had decomposed. In conclusion, all the poly-
mers exhibited high thermal stability, sufficient for application
as polymer electrolytes.

3.3. Phase behavior

DSC was employed to study the thermal transitions of the neat
P(pP-EO,) polymers (Fig. 4) and the corresponding polymer
electrolytes (Fig. 5). None of the samples exhibited any
endothermic transition between 0 and 40 °C, indicating that
the side chains were completely amorphous. Glass transition
temperatures (T,s) originating from the EO, phase of
P(pP-EO;) and P(pP-EO,) were observed at —48 and —54 °C,

This journal is © The Royal Society of Chemistry 2020
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respectively. Hence, the T, of P(pP-EO,) was slightly lower than
that of P(pP-EQ;), due to its longer side chains. No T, of
P(pP-EO,) was observed, presumably due to the short side
chains and hence low EO, phase content.

As can be seen in Fig. 4b, all three P(pP-EO,) samples
exhibited endotherms between 75 and 175 °C, which was
likely connected with an order-to-disorder transition (ODT)
which involved the disruption of the PpP stacks.'®*® The
broadness of the transitions may arise from the molar mass
dispersity leading to an increase in transition temperature
with polymer molar mass.'®*® The onset and end of these
transitions were shifted to lower temperatures as the length
of the EO, side chain increased. This indicated that the
phase structures became less thermally stable with an
increase in the length and content of the EO, side chains.
The values of the enthalpy of the transitions could not be
accurately determined due to the rather unclear onset and
end of the transitions. Hence, no clear trends could be dis-
cerned. The length of the EO, side chains likely had two
effects on the enthalpy of the ODT; one increasing effect due
to the lowering of the melt viscosity and one decreasing effect
due to the less efficient packing of the PpP when the EO,
content increased. Upon cooling, a corresponding exothermic
disorder-to-order transition (DOT) was observed for all poly-
mers at approximately the same temperature interval as the
ODT transitions (Fig. 4a). This was likely connected with the
ordering of the PpP backbone, and the DOT enthalpy was
approximately the same as the ODT enthalpy for a given
sample (Table 1).

Upon addition of LiTFSI, the T, increased and continued to
increase with increasing salt concentration (Fig. 5a-d and
Fig. 6) up to a value of 15 and —11 °C for P(pP-EO;)-10 and
P(pP-EO,4)-10, respectively. This was due to the increase in
the coordination between the EO, units and the lithium
ions.*®%? Addition of LiTFSI affected the ODT behavior and,
e.g., shifted the transition temperature to higher values
(Fig. 5c¢ and d). The onset of ODT increased to ~80 °C for
P(pP-EO3)-y (y = 40-20) and to 50-80 °C for the P(pP-EQ,)-y
(y = 40-10) electrolyte membranes (Table S17). Furthermore,
the ODT and DOT enthalpies initially increased upon
addition of salt. However, further increase in the salt con-
centration resulted in lower transition enthalpies. The
initial increase in the transition temperature and enthalpy
may be due to the interactions between the lithium cations
and the EO, side chains. This would likely increase the
phase separation between the side chains and the PpP back-
bone and facilitate the stacking of the latter. The reduction
of the ODT enthalpy upon further increases in salt concen-
tration could be due to an increase in melt viscosity caused
by the Li'-EO, interactions reducing the DOT kinetics. To
conclude, addition of LiTFSI had two opposing effects on
the transition of the backbone; one effect increasing the
ordering due to increased phase separation between the PpP
backbone and EO, side chains, and one decreasing
effect due the reduced DOT rate caused by increased melt
viscosity.
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3.4. Morphology

The morphology of the polymers in the P(pP-EO,) series was
studied by wide angle X-ray scattering (WAXS) measurements,
where the scattering intensity is monitored at an angle 26. Any
(local) maximum indicates an ordered structure which repeats

2424 | Polym. Chem., 2020, N, 2418-2429

at a characteristic distance, d, according to Braggs law. As
shown in Fig. 7, all polymers displayed similar scattering
pattern. Scattering maxima were observed at low angles (26 =
4-5°), which may correspond to the distance between two adja-
cent PpP stacks separated by the EO side chains (indicated as
d, in Fig. 8)."°?% Consequently this distance increased with
increasing length of the side chain, from d; = 1.7 nm (20 =
5.2°) for P(pP-EO,), to 2.0 nm (26 = 4.4°) and 2.2 nm (26 = 4.0°)
for P(pP-EO;) and P(pP-EQ,), respectively. The larger difference
in d between P(pP-EO,) and P(pP-EO;), than between
P(pP-EO;) and P(pP-EO,), was likely due to a less efficient
packing of the shorter EO side chains.

At higher scattering angles (26 = 21°, d, = 0.4 nm) all poly-
mers exhibited a broad peak. This type of amorphous halo is
commonly observed scattering behavior of polymers, since all
polymers exhibit a degree of short range order due to the
covalent bonding in the molecule. This maximum was less
broad for P(pP-EO,) indicating a higher degree of short-range
ordering of the amorphous phase of this polymer, likely due to
a lower number of possible conformations that the shorter EO
side chains could attain.

At 26 = 42° (d; = 0.2 nm) a small peak was observed for all
samples. This may correspond to the width of the PpP back-
bone chain (marked d; in Fig. 8),"**" which would further

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Diffractograms of neat P(pP-EQ,) films cast from THF solutions.

Fig. 8 Schematic representation of the phase structure of P(pP-EO,)
(dy interchain distance, ds width of PpP backbone, d, interlayer distance)
with the EO, side chains marked as red lines.

indicate an ordered arrangement of the PpP backbone chain.
In comparison, the width of one phenyl ring in a graphene
layer has been reported to be 0.25 nm.*°

At lower angles (260 = 18°), a small and broad shoulder was
observed prior to the amorphous halo for P(pP-EO,). The
shoulder may be related to the distance between two PpP
layers, d, = 0.5 nm. This is in agreement with Wegner et al.,
who estimated the distance between two neighboring PpP
units in a stack to be around 0.53 nm."

Upon addition of LiTFSI to P(pP-EO3) and P(pP-EO,), the
intensity of all the scattering peaks decreased (Fig. 9), indicat-
ing less ordered structures in the electrolyte membranes, as
compared to the neat polymers. Furthermore, the scattering
angle of the low angle maxima decreased [to 20 = 4.2° for
P(pP-EO;) and 20 = 3.9° for P(pP-EQ,)]. This indicated a larger
distance between two adjacent PpP stacks (d; = 2.1 nm and

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Diffractograms of the electrolyte membranes in the P(pP-EO3)-y
(a) and P(pP-EQy4)-y (b) series.

2.3 nm respectively), and the increase was likely caused by
plasticization by the large TFSI anion. At the highest ionic con-
centration ([EO]/[Li] = 10), the low angle maxima were no
longer observed, which might indicate that the ordering of
adjacent PpP stacks was lost. Instead, electrolyte membranes
exhibited maxima at 15.0° for P(pP-EO;) and 13.9° for
P(pP-EO,4), which corresponds to d, = 0.59 and 0.64 nm,
respectively. This may be related to the average distance
between two PpP layers with TFSI anions incorporated in-
between. The incorporation of TFSI anions between PpP layers
would introduce defects in the layered structure thereby redu-
cing the ordering.’® This may further explain the decrease in
the transition enthalpies with increasing salt concentration, as
observed by DSC. The incorporation of TFSI anions between
the PpP layers has been suggested to improve the dissociation
of the lithium salt and produce more mobile lithium ion
speicies.*®

3.5. Ionic conductivity

Electrochemical impedance spectroscopy was used to measure
the temperature dependence of the ionic conductivity of the
P(pP-EO,) membranes (Fig. 10). As expected, samples with
high salt concentration exhibited a stronger temperature
dependence due to the reduction of chain mobility of the side
chains by the strong coordination with lithium ions. In the
low temperature region, electrolytes with low ion concentration
(i.e., high [EO]/[Li] values) exhibited the highest ionic conduc-
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Fig. 10 Arrhenius conductivity plots of the P(pP-EO3) (a) and P(pP-EQ,) (b) electrolyte membranes containing LiTFSI (symbols are the measured
data points and lines are calculated from the VTF-equation with the parameters shown in Table 2).

tivity. However, as the temperature (and hence chain mobility)
increased, electrolytes with high ion concentration reached the
highest conductivity. The membranes of P(pP-EO,) generally
exhibited higher ionic conductivity than the P(pP-EO;) ones,
because of the higher mobility of the longer EO chains in the
former sample series. Furthermore, at a given value of [EO]/
[Li], P(pP-EO,)-y contained more LiTFSI than P(pP-EO3)-y,
leading to higher absolute charge carrier concentration. The
influence of salt concentration on the ionic conductivity is
shown in Fig. 11. As can be seen, the ionic conductivity
reached an optimum at a certain salt concentration, which at
80 °C was [EO]/[Li] = 30 for P(pP-EO;) and [EO]/[Li] = 20 for
P(pP-EQ,). The optimum shifted towards higher ion concen-
tration as the temperature increased. This effect was especially
pronounced for P(pP-EO3)-10, most likely due to the combined
effect of increased segmental chain motion and increased sol-
vation of the LiTFSI as the temperature increased.

The highest measured ionic conductivities at 20 °C in the
series were 4.6 X 1077 S em™" and 1.8 x 10°® S em™" for
P(pP-E0;)-30 and P(pP-EO,)-40, respectively. These values may
be compared with those reported by Wegner et al. for polymer

electrolytes based on LiTFSI and PpP backbone bearing two
EO side chains on every second p-phenylene unit.'® At 20 °C,
the ionic conductivity of these electrolytes reached values close
to the present ones (~2 x 107® S em™*) with [EO]/[Li] = 25 and
a 1:1 ratio of PEO; and PEOg side chains. Moreover, the con-
ductivity of P(pP-EO,)-20 was in level with that of a poly
(styrene-block-ethylene oxide) (SEO) sample doped with LiTFSI,
reaching conductivities between 7 x 1077 and 4 x 10™° S cm™*
at 20 °C.*»*

At 80 °C the highest ionic conductivities observed were
5.5 x 107" S cm™" for P(pP-E0;)-30 and 1.1 x 10™* S cm ™" for
P(pP-EO,)-20 (Fig. 10). These values are slightly higher than
the ones measured by Wegner et al., reaching 10™* S cm™ at
100 °C." The conductivity of P(pP-EQ,)-20 was also compar-
able to SEO doped with LiTFSI which have recorded conduc-
tivities between 3.5 x 10~ and 5 x 107" S em™" at 90 °C.**** In
another piece of work, Bergfelt et al. prepared triblock copoly-
mers containing a oligo(ethylene oxide) methyl ether
methacrylate center block and two benzyl methacrylate end
blocks.*® After addition of LiTFSI, the electrolyte with
[EOJ/[Li] = 8 exhibited the highest ionic conductivity at 80 °C,

a) P(pP-EO,) b) P(pP-EO,)
1073 103 \\\
.E ._N\’\-
S
H ‘—_—‘\\
2
§ 4 4
8 L] 140 °C
A 120 °C
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. A ) ) ) x ) 80 °C ‘ )
10 20 30 40 10 20 30 40

[EO]:[Li] ratio

Fig. 11
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[EO]:[Li] ratio

lonic conductivity of the P(pP-EOs) (a) and P(pP-EQ,) (b) membranes as a function of the ionic content (lines to guide the eye).
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2 x 107" S em™'. Moreover, Kuan and coworkers prepared
tapered block copolymers of polystyrene and poly(oligo[ethyl-
ene oxide] methacrylate) doped with lithium triflate.*” At 80 °C
the highest measured ionic conductivity was approximately
7x107°Sem™

In order to elucidate the underlying ion transport mecha-
nism, the ionic conductivities of the present electrolyte mem-
branes were fitted to the Vogel-Tamman-Fulcher (VTF)
equation:

E,

In(e) = In(o) — R(T—T)

(1)

The parameter T, is often taken as T, —50 K. However,
apparent trends of the three parameters (E,, Ty, and o,) can be
heavily dependent on fitting method and choice of T,.*®
Consequently, in this study 7, was included in the fitting
through non-linear regression of the natural logarithm of the
VTF equation (eqn (1)). The values of the fitted parameters are
shown in Table 2, and conductivities calculated with the VTF-
equation are indicated in Fig. 10. The apparent activation
energy, E,, is evaluated from conductivity data and is typically
considered to include the activation energy for segmental
mobility and ionic dissociation.*® The difference in E, between
the electrolyte membranes had limited statistical significance,
but some trends could be discerned. As is typically observed,
increasing ion concentration led to an increase in E,, which is
typically due to an increase in the level of coordination
between lithium cations and EO impeding chain motions.*®
Furthermore, the P(pP-EO,) membranes tended to have a
lower E, than P(pP-EO3), due to the longer and more flexible
side chains. The Vogel temperature, T,, can be considered the
thermodynamical glass transition temperature (free from
kinetic effects) at which the polymer can only adopt one
conformation.®™' Just as in the case of E,, T, trended towards
higher values with increasing salt concentration, but the differ-
ences in T, were not statistically significant. Since the level of
Li*-EO coordination increased with the salt concentration, the
number of different conformations that the EO side chains
can adopt decreases, causing 7T, to increase. This effect was
less pronounced in the electrolyte films of P(pP-EO,) due to
the more flexible side chains. Furthermore, the difference
between T, and T, increased with the salt concentration, as

Table 2 VTF parameters based on fitting EIS data from the second
heating cycle (20-160 °C). Parameters given together with estimation of
their 95% confidence interval (see Fig. S7+ for graphical representation)

Polymer  [EOJ/[Li] In(co)” E, (K mol™) T,(°C) R*

P(pP-EO;) 40 -33+0.8 8.6+1.9 -71+14 0.9994
30 -2.9+1.0 8.4+22 -66+17 0.9991
20 -2.9+04 9.6+0.9 -69+6  0.9999
10 0.014+1.0 12.3+2.2 -58+10 0.9995

P(pP-EO,) 40 -41+03 6.4+0.6 -64+5  0.9999
30 -3.4+0.2 7.1+05 -67+5  0.9999
20 -2.8+03 7.6+0.6 -64+5  0.9999
10 -1.8+0.6 83+1.0 -46+6  0.9997

“6,in Scm™.
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Fig. 12 Arrhenius conductivity plots of P(pP-EO3)-20 (closed symbols)
and P(pP-EOs)-30 membranes (open symbols) containing 0-12 wt%
triglyme.

has previously been observed.*® For P(pP-EO;)y (y = 40 and
30) this difference was 35 °C and increased to 48 and 72 °C for
P(pP-EO3)-20 and P(pP-EO3)-10, respectively. For P(pP-EO,)-40,
Ty — To was estimated to be 23 °C and increased to ~35 °C
upon further increase in salt concentration. This indicated
that the kinetic effects when measuring the T, by DSC are
larger for the electrolyte membranes with shorter EO, side
chains and higher salt concentration.

Finally in the present study, we plasticized electrolyte mem-
branes based on P(pP-EOj3) by additions of triglyme in order to
investigate the possibility to increase the ionic conductivity.
Hence, P(pP-EO3)-20 containing 5 and 12 wt% triglyme and
one membrane of P(pP-EO3)-30 with 10 wt% triglyme were pre-
pared. The resulting membranes exhibited similar physical
properties as the non-plasticized film; they were self-standing,
flexible, and could be folded without being deformed. As
expected, the triglyme additions significantly increased the
ionic conductivity (Fig. 12). The increase was higher for
P(pP-EO;)-20, most probably due to its higher salt concen-
tration. At 80 °C, the membrane containing 12 wt% triglyme
exhibited an ionic conductivity of 1.4 x 10™* S em™" which rep-
resented a six-fold increase compared to the conductivity of
the non-plasticized membrane.

4. Conclusions

We have explored salt-containing supramolecular assemblies
of rigid-rod polymers tethered with flexible EO, side chains as
ion-conducting solid electrolyte membranes with high dimen-
sional stability. Long rigid PpP backbones bearing short flex-
ible EO, side chains were successfully prepared through
Yamamoto polymerization via in situ reduction of Ni(u). These
polymers formed “molecular composite” morphology in which
a soft EO, phase was mechanically reinforced by self-
assembled stacks of PpP backbones. The materials showed
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order-to-disorder transition intervals up to 170 °C and were
thermally stable up to ~400 °C. After addition of salt, the
resulting solid polymer electrolytes were found to retain the
“molecular composite” morphology, albeit with a slightly
lower degree of order. The order-to-disorder transition inter-
vals increased up to 200 °C and an increase in the distance
between adjacent PpP stacks was observed in relation to the
corresponding salt-free samples. The ability to form thin self-
standing membranes depended on both the EO, chain length
(and hence EO, content) and the salt concentration and the
highest conductivity reached by the present materials was
1.1 x 107" and 1.0 x 107 S em ™" at 80 and 160 °C, respectively.
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