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Abstract: Eight new polymerized ammonium-based ionic liquids were prepared as thin membrane
films and evaluated within the scope of their usage in lithium-ion batteries. The focus of this work
is to get a better understanding of the influence of structural modifications of the monomers on the
polymerized materials. Further, different concentrations of a lithium-ion conducting salt were ap-
plied in order to receive an optimized combination of monomer structure and lithium salt concen-
tration. It was found that an increased side chain length of the studied ammonium-based polymer-
ized ionic liquids leads to a reduction in glass transition temperatures and increased ionic conduc-
tivity values. As a result of the addition of conducting salt to the PIL membranes, the glass transition
temperatures and the ionic conductivity values decreases. Nevertheless, PEFG-NMR reveals a higher
lithium-ion mobility for a sample with higher conducting salt content.

Keywords: polymerizable ionic liquids; ionogel; property—structure relationship; ionic
conductivity; ionic liquids; lithium-ion battery; solid state electrolyte; solid-state-battery

1. Introduction

In terms of battery electrolytes, ionic liquids feature several desirable properties like
low vapor pressure, low flammability, high ionic conductivity and high electrochemical
stability. [1] Thus, transferring these properties into a solid electrolyte system would be
promising for increasing safety of lithium-ion batteries. One approach is the covalent link-
age of ionic liquid molecules via direct polymerization of an acrylate or methacrylate
function. The resulting material class of polymerized ionic liquids (PIL) was pioneered by
the group Ohno et al. [2-4] and meanwhile evaluated for several different applications
alongside the battery research, like in solar cells [5] or for CO: adsorption [6]. Compared
to conventional separator-liquid electrolyte systems, all-solid-state polymer electrolytes
are expected to be beneficial in terms of battery safety due to properties like no leakage or
high thermal stability [7]. The most widely investigated material class for this type of ap-
plication are poly(ethylene oxide) (PEO) based membranes [8]. The huge drawback of
PEO based solid electrolytes is the low ionic conductivity at room temperature due to
glass transition temperatures far above room temperature and resulting slow segmental
movements of the polymer chains [8]. The approach of combining the ionic liquids phys-
ical properties in a solid material with an almost uncountable variety of combinations
with different anions and variations in the cations structure enables an outstanding tuna-
bility of the materials properties. To overcome challenging issues as low ionic conductiv-
ity values but also to get a better understanding of systematical coherences within the
variation possibilities, systematical structure—property studies are necessary. For the us-
age of PIL materials with a cationic polymer backbone as an alternative to conventional
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acrylate

separator-electrolyte systems, at least two components are necessary, i) the PIL structure
and ii) an lithium-ion conducting salt within the polymer matrix.

Shaplov et al. define three parts of the structure building ionic liquid monomers, i)
the polymerizable function, ii) the spacer and iii) the ionic group [9]. Properties of the
resulting polymer can be adjusted by variations in each of these parts, plus variation of
the counter ion species. There is a large amount of literature covering different variations
and resulting material properties. Although there is a huge variety of studied structures,
there is a lack of systematic research in structure—property relationships, especially when
it comes to the combination of the polymers structure and the influence of the conducting
salt concentration.

In order to get an impression of how the monomers structure influences the polymers
properties, we synthesized eight new ammonium-based ionic liquid monomers, which
were presented in a previous publication [10]. Figure 1 shows the corresponding chemical
structures which are labelled as [CaNa2] TESI. Variations were applied in the polymer-
izable group and the length of one alkyl group at the quaternary ammonium group. For
all monomeric ionic liquids the Bis(trifluoromethane)sulfonimide anion (TFSI) was used.
Cn represents the length of the introduced alkyl chain at the quaternary ammonium ion.
The synthesis of the monomers starts either from 2-(diethylamino)ethyl acrylate or 2-(di-
ethylamino)ethyl methacrylate, which is indicated in the nomenclature as A,22 (for acry-
late and two ethyl groups) or MA,22 (for methacrylate and two ethyl groups), respec-
tively. For the monomers (labelled as [Cation]Anion), we found that the structure varia-
tions have a systematic influence on the monomer’s ionic conductivity. Acrylate function-
alities and short side chains at the ammonium group lead to higher ionic conductivities
than methacrylates and longer side chains. This observation can be explained with the
higher steric demand of bulkier groups and resulting phenomena like entanglements that
lead to increased internal friction, causing decreased ionic mobility [10].
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§ 0 1§ 0
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Figure 1. Previously introduced ionic liquid monomers and their ionic conductivities at 25 °C [10].

In this manuscript, we will discuss how the monomers structure influences the pol-
ymer properties. Further, different concentrations of LiTFSI as a conducting salt were
added to the polymer matrix to build lithium-ion conducting membranes. The results will
be discussed in terms of an application as solid electrolyte membranes for lithium-ion
batteries.

2. Materials and Methods
2.1. Materials

The polymerizable ionic liquids [C2Nwma2]TFSL, [CsNwma2]TESI, [CsNwma22]TESI,
[CsNwma,22] TESI, [C2Na22]TESI, [C4Na,22]TESI, [CsNa,22] TESI and [CsNa22] TFSI were synthe-
sized as described in our previous publication [10]. Bis(trifluoromethane)sulfonimide lith-
ium salt (99.95% on metal basis) and the initiator Irgacure651 were purchased from Sigma-
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Aldrich (Munich, Germany) and Ciba Chemicals (Basel, Switzerland) and used as re-
ceived. For FT-NMR spectroscopy, polymer samples were dissolved in acetone-ds
(99.80%; Deutero, Germany).

2.2. Polymerisation Equipment

Polymerization of the IL monomers was carried out in an EC-500 UV chamber (Elec-
tro-lite, Bethel, CT, USA), equipped with four 9 W UV lamps peaking at 365 nm (P/N
82469; Electro-lite, Bethel, CT, USA). The UV-chamber was located inside an argon-filled
glovebox (H20, O2< 0.5 ppm) to prevent water contamination.

2.3. Measurements

NMR spectra were recorded using an Avance III HD 500 MHz spectrometer (Bruker,
Rheinstetten Germany). Glass transition temperatures (accuracy + 2.5 °C) were measured
by DSC analysis using a DSC 204 F1 Phoenix (Netzsch, Selb, Germany) with temperature
programs between —150 °C and 180 °C with heating rates of 10 K min. The given glass
transition temperatures are the inflection points of the heating curves and were calculated
with support of the software Proteus (Netzsch, Selb, Germany). DSC coupled TG analysis
(TGA) was carried out on a STA 449F3 Jupiter apparatus (Netzsch, Selb, Germany) with
synthetic air (80/20) as purge gas (250 mL-min).

Ionic conductivity values were received from electrochemical impedance spectros-
copy. For the measurements, a Zahner Zennium potentiostat (Zahner, Kronach, Germany)
and Swagelok type cells (Swagelok, Stuttgart, Germany) located inside a SH-261 climate
chamber (ESPEC, Diisseldorf, Germany) were applied. The spectra were recorded be-
tween 2 MHz and 10 mHz with an amplitude of 10 mV. Within the Swagelok cells, the
PIL membranes were located between two non-lithium containing blocking electrodes.
The membranes bulk resistance R was determined at the point where the phase difference
approaches 0°. The resulting ionic conductivity values ¢ are calculated from the bulk re-
sistance values R, the electrodes surface area A and the PIL membranes thickness [ via the
equation 1 [11]:

: (1)

Both, the surface area A and the PIL membranes thickness I are determined individ-
ually for every single experiment directly after the EIS experiment was executed. Typical
electrode diameters were 12.3 to 12.5 mm and measured with a sliding caliper. The thick-
ness of the PIL membranes was quantified with a VRZ 4 measuring sensor (Heidenhain,
Germany) and was typically between 60 pm and 150 pm.

Self-diffusion coefficient measurements were performed on a Bruker NMR spectrom-
eter, which operates at the 7Li resonance frequency of 116.6 MHz. The spectrometer was
equipped with a pulse-field gradient (PFG) probehead that produces linear z-gradients
with strengths up to 0.3 T-cm™. Stimulated echo (STE) pulse sequence with bipolar gradi-
ents allows to avoid issues with fast T>-relaxation in solids and the eddy currents appear-
ing when one deals with strong gradients [12]. The diffusion parameters were optimised
and reached 3 ms for the gradient duration (0) and 100 ms for the diffusion delay (4). In
the experiment, the signal intensity is measured as a function of the gradient strength (g)
and this obeys Stejskal-Tanner equation: [13]

1(t)~I, - exp (—%) - exp (—Dy2g262 (A - g)) )

Where Io is the initial magnetization, T: denotes the spin-lattice relaxation time, y is the
gyromagnetic ratio of the 7Li nucleus. In order to get rid of the relaxation time dependence,
all timings were kept constant through the whole pulse sequence.

x| r

g =
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3. Results and Discussion
3.1. Preparation of the Polymer Films

Due to the usage of hygroscopic materials, preparation of the PIL membranes (la-
belled as P[Cation]Anion) was performed inside an argon-filled glovebox. Ionic liquid
monomers were mixed with the claimed amount of conducting salt LiTFSI and 2,2-Di-
methoxy-2-phenylacetophenone as a photo initiator for radical polymerization. The initi-
ator concentration was set to 0.01 mol initiator per 1 mol ionic liquid monomer. The
freshly prepared monomer mixtures were applied on an aluminum foil with a doctor’s
blade (200 um gap) applicator and cured inside an UV oven. It was found, that the liquid
monomer mixtures turn rapidly into solid materials after a few seconds of UV exposure.
Nevertheless, the sheets were treated 40 min with UV-radiation (365 nm) to ensure a high
conversion rate of the (meth-) acrylate groups. All polymers were manufactured with the
same preparation method. Figure 2 shows exemplarily the 'H NMR spectrum of
[C2Nwma 2] TFSI before and after the polymerization. The typical thickness of the prepared
membrane films is between 60 pm and 150 pm.

40 min UV exposure

1 mol% initiator

] L

T T T T T T T T T T T T T T T

T T T T T T T T T
60 55 50 45 40 35 30 25 20 15 1.0 ppm 60 55 50 45 40 35 30 25 20 15 10 ppm

IH NMR spectrum before polymerization IH NMR spectrum after polymerization

Figure 2. "H NMR spectrum of [C2Nwma 2] TESI before and after polymerization. Samples were dissolved in acetone-ds.

As seen in the NMR spectra, the two proton signals at the double bond at 5.74 ppm
and 6.13 ppm chemical shift disappear completely during the polymerization. In terms of
detection levels of NMR spectroscopy, the polymerization occurs quantitatively. New
proton signals in the polymer sample occur at 1.22 ppm and between 2 ppm and 3 ppm
and derive from the aliphatic protons in the polymer backbone and the aliphatic side chain
proton in a-position to the backbone.

3.2. Structure—Property Relationship of the Polymerized Ionic Liquids

It has been observed that the various polymerized ionic liquids show significant dif-
ferences in their hardness and brittleness. The methacrylate PIL are more brittle and
harder than the acrylate IL. Furthermore, longer side chains on the ammonium ion lead
to softer polymers. At room temperature, P[C2Nwma, 22] TESI is a hard, brittle glass, whereas
P[CsNa, 2] TFSI is a relatively soft, viscoelastic material. The different mechanical behavior
can be derived from the glass transition temperatures Ty determined by means of differ-
ential scanning calorimetry (DSC), which are graphically summarized in Figure 3.
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Figure 3. (a) Exemplary DSC data for the neat acrylate-PIL materials (b) Glass transition tempera-
tures of the polymerized methacrylate (MA) and acrylate (A) containing ionic liquids.

The glass transition temperatures of the polymers tend to decreases with increasing
chain length of the substituted alkyl chain. The acrylate derivatives have significantly
lower glass transition temperatures than the corresponding methacrylates at the same side
chain length. The influence of the alkyl chain length on Ty is particularly pronounced be-
tween the ethyl- and hexyl-substituted IL. The hexyl- and octyl-derivatives of the respec-
tive homologous series differ only slightly in their T values. From Figure 3b it can also be
seen, that the methacrylate PIL materials occur in a glassy state at room temperature.
Thus, they show a much higher rigidity than the acrylates at room temperature.

Ionic conductivities were determined in Swagelok type cells against nickel as a block-
ing electrode via electrochemical impedance spectroscopy (EIS). Figure 4 shows the ionic
conductivities of all eight neat PIL systems at various temperatures. As expected, the ionic
conductivities of all PIL increase with increasing temperature. As found for the mono-
mers, the acrylates feature higher ionic conductivities than the methacrylate derivatives.
The analysis also reveals an opposite influence of the side chain length on the ionic con-
ductivity compared to the monomers. With increasing side chain length, the ionic conduc-
tivities increase. Zhang et al. synthesized and analyzed the two similar methacrylate PIL
P[CsNwmau][TESI] and P[C7Nwma,11][TFSI] with two methyl units and a butyl or heptyl sub-
stituent at the cationic center, respectively [14]. The P[CsNwma1][TFSI] with the shorter side
chain has a glass transition temperature of 66 °C and a ionic conductivity of approximately
2:10 S-cm™ [14]. The heptyl derivate P[C7/Nma11][TFSI] features a lower glass transition
temperature of 48 °C and a higher ionic conductivity of around 1-10-% S-cm™ [14]. This is
consistent with the systematic influence of the side chain length we found and shows that
this structure—property relationship may also apply for similar TFSI-PIL.



Polymers 2021, 13, 792

6 of 12

-

=
&
]

-

<.
&
1

lonic conductivity (S cm™)
JNE

-

>
o
1

10 5
—— P[CzNMA’22]TFS|
—— P[C4NMA‘22]TFS| ‘TE
P[CgNMA,22]TFSI O 104
—v— P[CgNMA’zleFsl g
2
S
2= 07
o 10
>
-g —8— P[C2Np 22]TFSI
s )
O 4084 —o— P[C4NA’22]TFS|
g —A—P[CgNp 2] TFSI
o —w— DIC_N. .. 1TEQI
-— o TTOTLV8NA 220 TS
10° 5
T T T T T T T T T
30 40 50 60 20 30 40 50 60
Temperature (°C) Temperature (°C)
(a) (b)

Figure 4. Ionic conductivities of the neat (a) methacrylate PIL (b) acrylate PIL membranes at various temperatures.

The structure-property trends for increasing ionic conductivity values correlate
strongly with the decreasing glass transition temperatures. This indicates that the segmen-
tal mobility has a strong influence on the ionic conductivities of the PIL. As the literature
shows, the same trend was also found for several other PIL materials [14-16]. It is as-
sumed, that the ionic conductivity within the neat PIL is almost exclusively caused by the
TFSI anions, since the cations are bound within in the polymer matrix. Larger side chains
cause a higher steric demand and a higher free volume, what is proven by decreasing
glass transition temperatures. Besides the influence of the segmental movement, the
higher ionic conductivity may be explained by two more effects, i) more free space for the
anions to move between the polymer chains and ii) a higher electrochemical shielding of
the cationic groups in the backbone resulting in less electrostatic attraction between the
cations and TFSI anions. As discussed in the literature, electrochemical shielding of the
positively charged nitrogen center due to longer alkyl chains may influence properties
like the cationic stability of an ionic liquid [17]. Therefore, it is assumed, that this kind of
electrochemical shielding may also affect the electrostatic interactions between the posi-
tively charged ammonium center and TFSI anions within a polymerized ionic liquid.

Coupled thermogravimetric analysis with DSC (TGA-DSC) measurement shown in
Figure 5 reveal that the decomposition of the polymers are exothermic reactions. TGA
curves of all eight neat PIL materials are provided in the Supplementary Materials figure
S1. The DSC analysis also shows that there is no melting peak between 25 °C and 300 °C.
It can therefore be assumed that the polymers have a predominant amorphous structure.
All eight neat PIL materials feature very high thermal stabilities with decomposition tem-
peratures above 300 °C.
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Figure 5. Graphical representation of the results of the TGA-DSC analysis of (a) P[C2Nwma 2] TESL; (b) P[C2Na,22] TFSL

Table 1 summarizes the ionic conductivity values of all neat PIL at room temperature
and 60 °C, glass transition temperatures and thermostability values. The data show that
Tg may have a pronounced impact on the ionic conductivity at room temperature. Increas-
ing of the temperature leads to a less marked increasing of ionic conductivity for samples
with Tg below room temperature compared to samples with Tg above 25 °C. The mem-
branes of disassembled cells with P[CsNa22] TFSI after EIS measurements showed that the
PIL material was partly pressed out of gap between the electrodes. Thus, the acrylates
with a long alkyl side chain might not be an appropriate choice for electrolyte membranes
due to a low mechanical stability at higher temperatures, although they show the highest
ionic conductivity values and lowest glass transition temperatures.

Table 1. Physicochemical properties of the neat polymerized ionic liquids, including ionic conduc-
tivity values at 25 °C, glass transition temperatures (Tg), onset temperature of thermal decomposi-
tion (Tpec (Onset)) and temperature at which 98 wt% of the sample mass is remaining in thermo-
gravimetric analysis (Tpec (98 wt%)).

Polymer o [S:em?] at o [S:em™] at 60 T, [°Cl Toec (Onset)  Toec (98 wt%)

25°C °C [°C] [°C]
P[C2Nwma 2] TESI 2.7 x107 4.5x107 62 333 323
P[C4Nma 2] TESI 3.4 %107 7.5 %107 60 329 325
P[CéNma 2] TFSI 4.8 x107 7.9 x107 31 330 329
P[CsNwma 2] TFSI 1.1x10°® 1.5x10° 29 335 332
P[C2Na 2] TFSI 7.3 x 107 2.1x10° 30 347 333
P[CaNa2]TFSI 1.3 x10°8 2.4 x10° 14 354 319
P[CeNa 2] TFSI 3.0x108 3.6 x 107 6 361 334
P[CsNa 2] TFSI 45x108 4.0x10° 7 358 342

3.3. Influence of the Conducting Salt

In order to study the influence of the conducting salt concentration on the mem-
branes, LiTFSI was added to the monomers and the mixtures were polymerized like de-
scribed for the neat PIL. The amount of LiTFSI was calculated in mol% which means [mol
(LiTFSI) per mol (monomer)] to compensate varying molar masses of the different mono-
mers. LiTFSI concentrations of 10, 20, 50 and 150 mol% were applied. By way of example,
Figure 6 shows the resulting ionic conductivity values of P[CsNax2]TFSI and
P[CsNwma2] TFSI in dependence of temperature and LiTFSI concentration (plots for all PIL
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membranes are available in the supporting materials figure S2). Ionic conductivity values
increases with increasing temperature and length of the alkyl side chain. With increasing
content of conducting salt, the glass transition temperatures decreases as shown in Table
2 and the polymer membranes become noticeable softer, finally resulting in highly viscous
fluid like materials for P[CsNa22]TFSI and P[CsNa2]TESIL. Thus, ionic density increases
and T; decreases, the ionic conductivity values overall tend to decrease due to the addition
of conducting salt. Within the neat polymer membrane, the TFSI anions are the only mov-
ing ionic species since the cations are bound within the covalent network. Therefore, the
ionic conductivity relates mainly to the anions. The data imply that an addition of lithium-
ions to the matrix lowers not only the overall ionic conductivity but also the mobility of
the TFSI anions. The observation of decreasing ionic conductivity values with increasing
LiTFSI content might therefore be explained with a complex formation of Li cations and
TFSI anions, reducing the anions mobility and therefore reducing the overall ionic mobil-

ity.
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Figure 6. Ionic conductivity values of (a) P[CsNwma,22]TFSI and (b) P[CsNa22] TFSI polymer membranes in dependence of
temperature and LiTFSI concentration.

Table 2. Glass transition temperatures of the studied PIL-LiTFSI mixtures.

Glass Transition Temperature T; of PIL Mixture with LiTFSI Content of

PIL 0 mol% 10 mol% 20 mol% 50 mol% 150 mol%
P[C2Nwma 2] TFSI 62 31 29 20 =27
P[CsNwma 2] TFSI 60 14 8 7 27
P[CsNwma 2] TFSI 31 3 -13 6 —43
P[CsNwma, 2] TESI 29 -3 -2 -2 -24

P[C2Na2]TFSI 30 17 11 -7 =30
P[C4Na 2] TFSI 14 6 -1 -13 -35
P[C6Na,22] TESI 6 6 0 -8 —40
P[CsNa,2]TFSI 7 0 -1 -11 -35

Table 3 shows the ionic conductivity values of P[C2Na,2]TFSI with varying LiTFSI
content and compares it with literature data of two polyethylene oxide (PEO; Mw = 4-10¢
g'mol?) membranes containing different amounts of LiTFSI. The indexed number n in
PEORTESI expresses the ratio of n ethylene oxide units to one lithium-ion (n EO:1 Li) [18].
The data show significant lower ionic conductivity values of the prepared PIL membranes
compared to the literature values of the PEO membranes. Within the PEO matrix, lithium-
ions are supposed to be coordinated by the oxygen atoms of the ethylene oxide (EO) units,
which have a high flexibility, supporting the lithium-ion transport [19,20]. Transport of
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the lithium-ions is considered to proceed by ion hopping alongside the EO units via intra-
chain and interchain transfers [21,22]. The molecular structure of the studied PIL with
cationic polymer backbone excludes these oxygen-related ion-hopping mechanisms. In-
stead, TFSI related transport mechanisms of the lithium-ions are proposed in the literature
[23]. Even through, it is not possible to distinguish between the anions and cations influ-
ence on the ionic conductivity in the performed EIS measurements, comparable PEO
membranes appear to have superior overall ionic conductivities.

Table 3. Ionic conductivity values of P[C2Na2]TFSI with varying LiTFSI concentrations compared
to literature results for PEO-LiTFSI membranes. Literature values taken from [18].

Polymer o [S-cm™] at 20 °C o [S-em™] at 60 °C

P[C2Na 2] TFSI (neat) 2.2 %107 2.1 x10°¢
P[C2Na,22] TESI + 10 mol% LiTESI 2.4 %107 2.7 x 106
P[C2Na22] TFSI + 20 mol% LiTFSI 1.8 x107? 2.3 x10°
P[C2Na22] TFSI + 50 mol% LiTFSI 1.8 x 10710 7.9 x107
P[C2Na22] TFSI + 150 mol% LiTFSI 2.6 x 10710 7.0 x107
PEO1wLiTFSI [18] 1.5x107° 41x10*
PEO2LiTFSI [18] 7.0 x 106 3.7 x10*

The measurements of the ionic conductivity values by EIS give an easy accessible
impression on the system. In terms of an application of PIL membranes in lithium-ion
batteries, the mobility of lithium-ions is the more interesting property, but much more
resource intense to access. To get an understanding of how the increasing lithium-ion salt
concentration influences the actual lithium-ion mobility, PEG-NMR measurements were
carried out on two samples. In our studies we found that P[C2Na 2] TFSI might be the most
promising compromise of high ionic conductivity and mechanical stability. Thus, samples
of P[C2Na 2] TFSI with 20 mol% and 150 mol% LiTFSI salt were used. As shown in Table
4, the diffusion coefficient of the sample with 20 mol% conducting salt is below the detec-
tion limit of 10* m?-s! at room temperature. Even though, the ionic conductivity of the
sample with 150 mol% LiTFSI is almost six times lower, the diffusion coefficient of lithium
is significantly higher. In view of an application as lithium-ion conducting membrane, the
material with higher salt content has a superior lithium conducting property but unfortu-
nately lower mechanical stability. In contrast to the neat PIL membranes, the addition of
LiTFSI leads to a decoupling of the ionic conductivity from the segmental movement of
the polymer chains. On the one hand, an addition of salt decreases the anion dominated
ionic conductivity and increases the lithium-ion mobility on the other hand. This indicates
that the transport of TFSI anions and lithium cations follow two different dominating
mechanisms. While the lithium-ion mobility correlates with the segmental movement of
the polymer chains, the anion mobility does not.

Table 4. Ionic condutivity values and diffusion coefficient of P[C2Na,22] TFSI with 20 mol% and 150
mol% LiTFSI at 25 °C.

Membrane Ionic conductivity at 25 °C 7Li diffusion coefficient
[S-em™]C at 25 °C [m?s7]
P[C2Na22] TFSI + 20 mol% LiTFSI 6.9 x10°° <1014"
P[C2Na2] TESI + 150 mol% LiTFSI 1.2 x107 43+0.1x10™"

* 7Li diffusion coefficient below detection limit of 104 m2-s1.

According to Zhang et al. the movement of lithium-ions through a TFSI-PIL system
is coupled to a coordination of the lithium cations to the TESI anions in different simulta-
neously occurring transport mechanisms [23]. The lithium-ions can either move as a kind
of naked cations from one TFSI-coordination shell to another (structural movement) or
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within a fixed TFSI-complex shell from one cationic PIL center to another (vehicular move-
ment) [23]. With increasing lithium concentration the overall lithium mobility increases
and the vehicular movement is getting more influence over the structural movement [23].
Within the studied systems, the ionic conductivity is most likely dominated by the TFSI
anions, since there is a significant excess of anions within the free moving ions. On the one
hand, a higher anion density may lead to phenomena like electrostatic repulsion and
therefore lead to lower ionic conductivity values in EIS. On the other hand, a higher LiTFSI
content shifts the Li:TFSI ratio into direction of the lithium-ions, which may lead to a
transport promoting coordination environment for the lithium-ions [23]. Therefore, a
lower overall ionic conductivity but higher lithium mobility does not have to exclude each
other.

4. Conclusions

In terms of a structure—property relationship for the PIL materials, the results reveal
the following trends:

e  Acrylate PILs feature lower Tg and higher ionic conductivity values than methacry-
late PILs with same side chain length;

e Longer side chains lead to reduced T; and increasing ionic conductivity values
(within the studied range from C: to Cs alkyl chains);

e A higher content of conducting salt reduces Tz and the ionic conductivity but in-
creases the 7Li diffusion coefficient.

It was found that the structure of the ammonium-based IL monomers has a signifi-
cant influence on the PIL membranes. Thereby, an opposite trend concerning the ionic
conductivity was found for the neat PIL compared to the monomers. Increasing side chain
lengths result in lower glass transition temperatures and higher ionic conductivity values,
which is consistent with literature data found for P[CsNman]TFSI and P[C/Nwmau]TFSI
[14]. Methacrylates show lower ionic conductivity values than the acrylate derivates with
same side chain lengths for both, the PIL and the monomers.

The addition of the lithium conducting salt LiTFSI leads in most cases to a decrease
in the ionic conductivity values. Though, PEFG-NMR studies revealed a higher lithium dif-
fusion coefficient for a membrane with a higher LiTFSI concentration. However, for all
tested membranes, the ionic conductivity values are significantly below 10 S-cm™ at
room temperature, which is one of the main requirements for the usage in lithium-ion
batteries [24]. Furthermore, the influence of the structure modifications and conducting
salt concentrations on the PIL membranes is significant, but it seems unlikely to reach a
desirable electrochemical conductivity by adjustments of these two parameters for the
studied ammonium-based PIL. Hence, for the usage of the studied PIL materials in battery
cells, the addition of further additives is necessary to adjust electrochemical and mechan-
ical properties. Nevertheless, the high thermal stability and very fast and easy processing
to thin membrane layers makes PIL materials interesting candidates for polymer electro-
lyte membranes. Another big advantage is the combination of the high chemical stability
of ionic liquids, brought together with the possibility to easily use other conducting salts.
Accordingly, the PIL membranes are generally not just limited by the explicit usage for
LiTFSI but may also be interesting for post lithium-ion cell systems such as lithium-sulfur
or multivalent rechargeable batteries, or even in the field of [25].

Supplementary Materials: The following are available online at www.mdpi.com/2073-
4360/13/5/792/s1, Figure S1. TGA curves of the eight studied PIL materials without addition of con-
ducting salt, Figure S2. Ionic conductivity values of the membranes in dependence of monomer
structure, temperature and LiTFSI concentration.
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