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A B S T R A C T

For battery architectures that need a solid ion conductor with good contacting performance and high stability 
against electrochemical oxidation, polymerized ionic liquids (PIL) pose a valuable class of materials. The low 
conductivity of the binary PIL/ lithium salt system can be increased using a ternary ionic liquid acting as 
plasticiser. The conductive mechanism of the ternary system is however not fully understood. This work shows 
the shift in conduction mechanism for the ternary Li− /[1,3]PYR-/PDADMA-FSI system by increasing the lithium 
salt concentration and comparing the transfer mechanism to binary ionic liquid (IL) electrolyte analogues using 
pulsed field gradient (PFG) nuclear magnetic resonance (NMR), NMR relaxometry, Raman spectroscopy and 
electrochemical techniques. Two conducting regimes were found which show a strong trade-off between con-
ductivity and transference number. In the low lithium salt regime (≤35 wt% LiFSI), cluster diffusion of aggre-
gated lithium is the dominating mechanism leading to low transference numbers (0.04–0.15 at room temperature 
(RT)). The high salt regime (≥50 wt% LiFSI) shows diffusion through free lithium ion hopping transfer, which 
has a stronger dependence on temperature and yields higher transference numbers (0.31 at RT). Increasing 
lithium salt concentration shows an inverse linear correlation with conductivity. The electrochemical charac-
teristics of ternary IL/PIL/lithium salt are shown to be highly tuneable by varying the lithium salt fraction, while 
it maintains excellent characteristics like processability, stability and mechanical function.

1. Introduction

In the search for flexible ionic conducting materials, polymerized 
ionic liquids (PIL) are a class of solid state electrolytes which have 
garnered considerable attention in terms of innovation and potential use 
in lithium ion batteries [1–3]. The advantage of PIL is that one of the 
ions is incorporated into the polymer chain, resulting in a solid material 
with conducting properties. To function as a lithium conductor the 
addition of a lithium salt is needed for cationic PIL, a class of PIL in 
which the cation is immobilized. Binary PIL/lithium salt show relatively 
low ionic conductivity (<mS/cm) with a high lithium transference 
number. For the poly(diallyldimethyl)ammonium fluorosulfonylimide 
(PDADMAFSI)/lithium fluorosulfonylimide (LiFSI) system, a 

conductivity of 0.078 mS/cm with a tLi+ of 0.56 was reported at 80 ◦C 
[4]. A secondary ionic liquid (IL) can be added as plasticiser, making it a 
ternary (PIL:IL:lithium salt, called IL-PIL throughout this work) system. 
As such, IL-PIL typically offer good ionic conductivity and a high sta-
bility against oxidation, good surface contact with electrodes at mild 
pressures and excellent cycling performance, as shown by Fu et al. [5] 
They used N-propyl-N-methylpyrrolidinium bis(tri-
fluoromethylsulfonyl) imide ([1,3]PYRFSI) as IL, which cycled for 600 
and 300 cycles in lithium metal NMC811 and LNMO full cells, respec-
tively. Pyrrolidinium based PILs therefore form an excellent candidate 
as the ion-conducting constituent of battery separators and coatings. 
Recently, Homann et al. showed increased lithium salt concentrations 
allow improved electrochemical performance in lithium metal NMC811 
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full cells [6]. In this work we investigate the mechanism behind the 
increased lithium conduction of the IL-PIL used in these works by 
probing molecular motions in a wide range of time scales and lithium 
salt concentrations.

The system investigated possesses three positively charged ions. The 
system contains lithium and [1,3]PYR cations and PDADMA cationic 
polymer. As counterion only one negatively charged ion, being FSI is 
used. Studies have been conducted on similar systems, optimizing for 
example Li(T)FSI/[x,y]PYR(T)FSI ILE systems in which x and y depict 
the alkyl chain length [7,8], or including various polymers focussing on 
changes in molecular interactions using a fixed ratio of lithium salt to 
ionic polymer [9]. On a similar, PDADMA(T)FSI based IL-PIL, spin 
relaxation is studied to investigate local interactions [10]. Here they 
conclude cationic polymers mechanically stabilize liquid electrolytes 
with a lower net decrease in lithium motion compared to neutral poly-
mers [10]. Also, comparison between FSI and TFSI combinatory effects 
[11],the effect of polymer concentration in the IL-PIL TFSI system [12] 
and the effect of stack pressure [13] have been studied before. Finally, 
the effect of the [x,y]PYR concentration [14] and the effect of the ratio 
between IL and PIL have also been studied to find the balance between 
an increase in diffusivity and the lower transference [15]. One general 
observation is that increasing the lithium salt in ionic liquids has shown 
to have a beneficial effect on the transference number and therefore net 
charge transfer in lithium ion conducting systems [16]. This observation 
has been exploited to some degree by making high salt PDADMAFSI IL- 
PIL using phosphonium ionic liquid instead of [1,3]PYRFSI [17]. In this 
study the concentration of lithium salt is varied to assess the change in 
effective lithium conduction to find a similar optimum and to under-
stand the underlying mechanism of change in transference number 
observed between binary and ternary PIL and IL-PIL respectively.

An ideal ionic conductor would only transfer the redox active ion 
(giving a transference number of 1). Such a material would not suffer 
from problems arising from concentration depletion, which typically 
lead to unwanted side reactions at interfaces. Of the solid-state elec-
trolytes, polymers show transference numbers lower than unity due to 
correlated ionic motion and polymer segmental motion [18]. Adding 
ionic liquids reduces the transference number further, albeit with the 
benefit of increased conductivity. By adding a plasticising agent several 
additional factors can be influencing the PILs transfer numbers and 
conductivity: 

- The lithium ions in IL, PIL, and IL-PIL are surrounded by negative 
counterions in a solvation shell, affecting its diffusivity [19]. Such a 
solvation shell may act as clusters which migrate in an electric field 
to one of the poles depending on the polarity of the cluster [20].

- Ions either present as ionic liquid constituents or part of the polymer 
chain may affect the formation/dissolution rate of the solvation shell 
by formation of stable aggregates [21].

- The counter-ion may disturb the inertia of the conducting ion by 
momentum conservation, which leads to a strong anticorrelated 
motion and very low transference numbers reported in systems with 
high lithium salt concentrations [3].

- Segmental motion of the polymer affects ionic migration as well 
[22].

The mobile cations are able to migrate in the electric field, leading to 
concentration polarization effects [23]. The role of the polymer in 
lithium transfer mechanisms has no clear theoretical basis in ternary 
systems. Analysing the mobilities at different time scales with NMR, 
compared to electrochemical measurements and Raman spectroscopy 
(Fig. 1) can elucidate whether the root cause of sluggish transfer lies in 
the movement of lithium ions as individuals, which potentially allow a 
transference number of 1 (when the anions are immobilized), or if there 
is coupled migration.

Local kinetic effects like making/breaking of aggregates, defined by 
the degree of association, is estimated using NMR relaxometry. The 

aggregate cluster size is observed by Raman spectroscopy. Long range 
diffusion effects of aggregates, causing concentration polarization is 
analysed by comparing electrochemical diffusion coefficients with dif-
fusivities measured through PFG NMR. Finally, this paper correlates the 
observations to a quantitative theoretical framework proposed by 
Wohde et. Al. [24] to increase the understanding of ion mobilities in 
ternary IL-PIL.

2. Experimental

2.1. Electrolyte synthesis

IL-PIL electrolyte separators were made using the procedure of 
Homann et al. [6]: a 25 μm thick porous polypropylene separator 
(Celgard 2500) was punched into a disc with a diameter of 18 mm, dried 
in vacuum (< 10− 3 mbar) for 12 h, and soaked in a solution containing 1 
M LiFSI in [1,3]PYRFSI (60 wt%) and PDADMAFSI (40 wt%) in aceto-
nitrile (ACN, Solvionic, 1:1 wt ratio) for 1 h, dried passively in a poly-
tetrafluoroethylene (PTFE) dish and subsequently soaked again [6]. This 
procedure was repeated for the other samples after adding LiFSI (99.99 
%, Solvionic) to the solution, to increase the salt concentrations sum-
marized in Table 1. In a previous study Yoon et al. found an optimum 
lithium salt concentration for lithium charge transfer around 3 M LiFSI 
in [1,3]PYRFSI for the ILE system without polymer [16]. The optimum 
concentration for maximum lithium conductivity in IL-PIL can be similar 
to the previously found optimum of the ILE analogue [6]. Therefore, for 
the IL-PIL system a concentration of 20 wt%, LiFSI (called 20 IL-PIL) was 
selected, which contain a similar LiFSI/IL ratio to 3 M LiFSI in [1,3] 
PYRFSI. Similarly, an optimized lithium IL:PIL ratio was used, previ-
ously found to be 51:40 wt%, with 9 wt% lithium salt [5,6]. 

Fig. 1. Description of the correlation between the measurement techniques and 
the information on molecular motion the technique is able to acquire. The 
longest time scales shows the net ion transfer originating from the various 
different types of diffusion phenomena in an electric field. The shortest time 
scale show the relative molecular motions. In between the intermediate time 
scale shows the tracer diffusion of specific molecular species. Together the three 
time scales show which diffusion mechanism is dominating: cluster diffusion 
dominated (relatively high diffusion coefficient with respect to molecular 
hopping frequency and a high degree of concentration polarization) or ion 
hopping dominated (relatively low diffusion coefficient with respect to mo-
lecular hopping frequency and a low degree of concentration polarization).
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Concentrations of 9 wt%, 34 wt% and 50 wt% LiFSI (called 10, 35 and 
50 IL-PIL respectively) were tested to determine trends as function of 
lithium salt concentration.

The infiltrated Celgard separator is then dried at 20 ◦C in vacuum 
(<10− 3 mbar) for 24 h, and transferred into an argon-filled glovebox 
(see Fig. 1b). Separators (Celgard 3501) were dipped in 1 M and 3 M 
LiFSI in [1,3]PYR FSI solutions. Separators were fit in between two 12 
mm lithium discs in a C2032 coin cell.

2.2. Electrochemical measurements

Electrochemical (EC) measurements were conducted using a PAR-
STAT MC200 module (Ametek) and a climate chamber. The cells were 
conditioned at setpoint temperature in a climate chamber (Memmert) 
for at least two hours and measured in duplo. Materials were tested in 
symmetric Lithium coin cell configuration. Electrochemical impedance 
spectroscopy (EIS) measurements were conducted in a range between 
0.1 Hz and 100 kHz with 10 mV amplitude. After a resting period a 
potentiostatic measurement at 10 mV is conducted for at least 0.5 h (dt 
= 1 s, 10 ms during first 10 s). The steady state current of the poten-
tiostatic measurement is taken as low frequency point (<0.5 mHz) to 
obtain steady state resistance RSS calculated from steady state current 
ISS. The potential relaxation after this period is measured during an hour 
(dt = 1 s, 10 ms during first 10 s). A second EIS measurement is con-
ducted to check if the cell resistances changed during the period (see 
example Figure S2).

2.3. Pulse field gradient NMR

For Pulsed field gradient NMR, a Bruker Ascend 600 (B0 = 14.1 T) 
magnet equipped with a NEO console was used. A 5 mm NMR sample 
tube was filled with precursor solution described above. Drying was 
conducted at room temperature in an argon filled glovebox until the 
majority of acetonitrile was evaporated. To prevent flash boil-up, sam-
ples were subjected to stepwise vacuum of 200 mbar intervals with 
regular intervals of 30 min until full vacuum was reached. After 24 h of 
drying samples were measured using stimulated echo pulse field 
gradient procedure on 7Li for Li* tracer diffusivity (π/2 pulse length of 
16.8 μs, 45 W and B1 = 10–500 G/cm for 2 ms), 19F for FSI* tracer 
diffusivity (π/2 pulse length of 23 μs, 15.5 B1 = 10–250 G/cm for 2 ms) 
and 1H for [1,3]PYR* tracer diffusivity (π/2 pulse length of 18 μs, 20.3 
W, B1 = 64–1280 G/cm for 2 ms) using a linear gradient of 8 slices with 
typical diffusion times of 10–50 μs. Data was fit using the Stejskal-tanner 
equation [25].

2.4. NMR relaxometry

For NMR relaxometry a Bruker Ascend 500 (B0 = 11.7 T) magnet 
equipped with a NEO console was used. The sample was filled in an 
airtight 4 mm rotor zirconia rotor with a vespel cap and inserted in a 4 
mm triple resonance MAS NMR probe (Bruker). For 7Li (194.37 MHz), 
π/2 pulse lengths of 3.5–4.5 μs (143.88 W) corresponding to RF field 
strengths of 71.8–55.5 kHz were utilized. T1 saturation recovery mea-
surements were performed under static conditions in the temperature 
range of − 40 to 85 ◦C. Low temperature measurements were conducted 

by cooling the variable temperature gas flow through liquid nitrogen as 
coolant and subsequent heating to the appropriate temperature. Relax-
ation measurement fitting was performed using the Dynamics Center 
module from Bruker. Temperature dependent relaxation rate fitting was 
conducted using the OriginPro 2019 software after deconvolution of the 
spectra.

In order to estimate the rate of lithium complexation and transfer, 
spin-lattice (T1) relaxation measurements can be used to determine the 
hopping rate and energetics of lithium transfer from one position to 
another. Similarly, fluorine relaxation can be correlated to the transfer 
of FSI ions with respect to its surroundings. The change in relaxation rate 
correlates to the effectiveness at which the nucleus is able to lose its 
excited state and return to equilibrium. In our case, the Larmor fre-
quency of lithium (ω0 = 194.37 MHz) and fluorine (ω0 = 470.592 MHz) 
in the magnetic field (500 MHz 1H) which we use, determine the char-
acteristic rate 1/τc at a certain temperature TC, at which the nucleus 
relaxes fastest in its surroundings. The nuclear relaxation rate at this 
temperature is most efficient, and generally correlates to the average 
transfer period of the nucleus from one surrounding to another. When 
the movement of ions is uncorrelated, this results in a symmetric 
exponential shape which can be fit using the Bloembergen-Purcell- 
Pound [26] formulation (Eq. (1)) to obtain the activation energy of 
the transfer [27]. Here the relaxation period T1 is fit as function of the 
hopping time τ and second moment, or interaction strength M2. 

1
T1

=
2
3
M2

(
τ

1 + ω02τ2 +
4τ

1 + 4ω02τ2

)

(1) 

The hopping period at other temperatures is subsequently estimated 
using the Arrhenius equation (Eq. (2)), solving τ0 and EA. The charac-
teristic hopping period τc, having the duration of the inversed larmor 
frequency, is measured as the fastest relaxation at temperature Tc. 

τ = τ0e
− EA
kbT (2) 

The relaxometry method yields information on the energetic envi-
ronment at a specific (relatively high) frequency (short time scale), 
which combined with PFG can show the correlation of complexation 
time, diffusivity and transference.

2.5. Raman spectroscopy

Raman spectroscopy was performed on a Horiba Jobin Yvon Lab-
RAM HR800 Raman Spectroscopy system, using an excitation wave-
length of 515 nm (Cobolt Fandango™ 50) and a 50× objective lens. 
Raman measurements were recorded between 100 and 2000 cm− 1 and 
an acquisition time of 20 s and accumulation of 5 using the maximum 
slit and hole opening (1000) with a grating of 1800. To avoid air 
exposure, the specimens were transferred (in an Ar glovebox) to an 
airtight homemade optical sample holder.

2.6. Derivation of transference and conductivity

The transference number during anion blocking condition (tabc
Li+, Eq. 

(3)) is a useful measure to quantify net effective current for lithium ion 
battery applications in concentrated solutions [28]. The anion blocking 
transference definition from Vargas-Barbosa and Roling [28] is used 
which is the ratio of lithium conductivity σLi+ to total conductivity σtot 
which is defined as the sum of lithium and other, residual conductivity 
σres. The anion blocking transference compensates for initial current 
contribution and solid electrolyte interface (SEI) layer resistances, RSEI 
which varies between interface layer composition, salt concentrations 
and temperatures. The ratio of lithium conductance in the bulk to the 
total conductance is calculated using resistances Rele and RSEI obtained 
from high frequency and inflection point in the EIS spectrum respec-
tively. Steady state resistance Rss is obtained from current jss under po-
tential U from PITT (Figure S1). Electrolyte resistance Rele is measured 

Table 1 
Materials used in this study.

Abbreviation 
based 
on roundoff % 
LiFSI

m/m% 
Polymer 
PDADMA FSI

m/m% Ionic 
Liquid 
[1,3]PYR FSI

m/m% 
Salt 
Li FSI

Molarity LiFSI in 
PIL

10 40 % 51 % 9 % 0.56
20 35 % 44 % 21 % 1.27
35 29 % 37 % 34 % 1.88
50 22 % 28 % 50 % 2.56
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using the high frequency impedance resistance in the EIS spectra. The 
SEI resistance RSEI is taken as the real resistance readout at the tipping 
point of the first semicircle (10–50 Hz) in the EIS spectra, minus the 
electrolyte resistance. Steady state current jss is taken as the current 
readout after 12 h of polarization at potential U. 

tabc
Li+ =

σLi+

σLi+ + σres
=

σLi+

σtot
=

1
/(

U
jss
− RSEI

)

1/Rele
(3) 

This transference number is compared with the transference deter-
mined from diffusivities obtained by PFG (Eq. (4)) [28]. Here the charge 
is not indicated, as in PFG this cannot be discerned. 

tPFG
Li+ =

σ*
Li

σ*
Li + σ*

FSI + σ*
13PYR

(4) 

The tracer conductance (σ*) of molecule x is calculated using the 
Nernst Einstein equation. 

σ*
x =

cxF2

RT
DPFG

x 

The tracer conductance may be split in an associated (1- α) and 
dissociated fraction α following Vargas-Barbosa and Roling [28], 
yielding the lithium ion conductance σLi+: 

σ*
Li = ασLi+ + (1 − α)σLiFSI 

In analogy to [28] this can be done with FSI− and counter ions 
13PYR+ and PDADMA+ using dissociated fractions β and γ respectively. 
Since PDADMA is immobile, σPDADMA+ remains practically zero. The 
PFG transference becomes Eq. (5). 

tPFG
Li+ =

ασLi+ +(1 − α)σLiFSI

ασLi+ +βσ13PYR+ +(α+β+γ)σFSI− +2(1 − α)σLiFSI +(1 − β)σ13PYRFSI

(5) 

=
σLi+ + s

σLi+ +

(

1 +
(β+γ)

α

)

σFSI− + σ*13PYR
α + 2s 

With the variable s indicating the associated fraction to LiFSI as s =
1− α

α σLiFSI.

Two ionic transfer mechanisms contribute to the lithium trans-
ference number in anion-blocking conditions. The first being through 
free lithium (cation) migration and the second through neutral pair 
diffusion with anion migration [28]. Similarly the anion blocking 
transference is defined as Eq. (6). [28] 

tabc
Li+ =

σLi+ + sσFSI−
(σFSI− +s)

σLi+ +

(

1 +
(β+γ)

α

)

σFSI− + σ*13PYR
α

(6) 

Free lithium cation migration requires the lithium ion to hop from 
site to site in order to balance the ion transfer happening at the electrode 
interfaces. For neutral pair diffusion with anion migration there is a 
dependence on FSI ions hopping to do the same.

Comparison of tabc
Li+ and tPFG

Li+ in Eq. (5) and Eq. (6) highlights two 
differences between the techniques. First, the conductivity in tabc

Li+ orig-
inating from anion migration is not appropriately accounted for in the 
PFG transference estimation. This mode of conductivity is determined 
by the degree of association with lithium(s) and motion of free anions 
σFSI
− . Second, the degree of association lowering the PFG transference, 

giving tPFG
Li+ =0.5 at high degrees of association s> > σion diverges from 

the physical behavior of electrolytes in anion blocking conditions. In this 
work the two values are reported as function of salt concentration to 
observe which type of migration dominates the mode of transference.

A comparison of tracer diffusivity and effective diffusivity is con-
ducted using PFG and the potential relaxation rate after PITT. For 
electrochemical diffusivity from potential relaxation generally two ap-

proaches are used [29]. Long term relaxation yields diffusivity estima-
tions near concentration equilibrium. Short term relaxation yield 
diffusivity estimations which may need concentration correction. Short 
term relaxation is suitable here due to the relatively short depolarization 
period over separator thickness L (30 μm) and limited concentration 
polarization with PITT (5–9 mV dU, where ~46 mV/mol was measured 
in a concentration cell). In the estimation of short relaxation diffusivity 
D+,eff the slope m of a linear fit of potential readout U versus squared 
time (Eq. (7)) from t = 0.5 to 8 s is used in Eq. (8) [29]. 

U = mt1/2 +U0 (7) 

DLi+ ,eff =
πL2

16

(
m
U0

)2

(8) 

The slow potential relaxation (6 s > t > 10 s) which does not include 
activity coefficients does not show linearity upon plotting log(U(t)) and 
are two orders below the expected diffusivities (Figure S5). The low 
values obtained using long potential relaxation may origin from the 
almost complete relaxation of short range polarization, either due to the 
short pathway (low resolution) or by larger secondary effects like SEI 
equilibration in the symmetric lithium metal cell after 12 h of poten-
tiostatic measurement.

3. Results

3.1. Transference and conductivity

After acetonitrile evaporation, a transparent Celgard sheet was ob-
tained which was infiltrated with a non-sticky gel for concentrations 
lower than 50 IL-PIL. The conductivity and transference of the systems 
are measured in symmetric Li:Li cells through EIS and potentiostatic 
measurements at various temperatures as is shown in Fig. 2. Similar to 
the ILE analogue the lithium conduction is the highest in the 20 IL-PIL 
system (Fig. 2). The tabc

Li+ increases with increasing salt concentration to 
a more typical lithium-salt-in-polymer value of tabc

Li+= 0.26. However, for 
the 35 IL-PIL and 50 IL-PIL material the total conductivity drops 
severely. Strikingly the transference number of the 10 IL-PIL and 20 IL- 
PIL systems are not that different compared to the 1 M and 3 M ILE 
systems (Figure S3). Based on these observations, the role of the polymer 
seems to have a minimal effect on the transference number at these 
concentrations.

Increasing the temperature does typically increase the total con-
ductivity and may cause divergence of the transference number when 
the mobilities of the constituents have a different temperature depen-
dence. The total conductivity σtot of 20 IL-PIL is in the same order 
compared to 10 IL-PIL as function of temperature (Fig. 2B). With 
increasing salt concentrations, the σtot becomes generally lower. The 
observed optimum of σLi,RT for 20 wt% LiFSI concentration in 20 IL-PIL 
remains. However σLi+ shows a different temperature dependence be-
tween the different salt concentrations. At 333 K, the 50 IL-PIL σLi even 
exceeds the 35 IL-PIL σLi due to its high transference number.

Elevated temperatures generally show a positive effect on the 
transference number (Fig. 2A, EC lines). This positive influence is 
stronger for higher salt concentrations. The activation energy for lithium 
transfer generally appears to be higher compared to the other con-
ducting constituents, which translates to an increasing transference as 
function of temperature for all materials tested. The plasticising effect of 
1,3PYRFSI increases the mobility of all constituents, yielding a higher 
conductivity σres for lower LiFSI fraction IL-PILs. Immobilization of the 
FSI anion, which may yield transference numbers above 0.5 are not 
observed.

A comparison of the transferences measured electrochemically and 
derived from PFG NMR provides insight into the mode of transport and 
utilization of ion mobility in the material (Fig. 2A, PFG lines). Only for 
35 IL-PIL the tPFG

Li+ shows a negative trend as a function of temperature. In 
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this system the FSI* tracer conductance is increasing more at higher 
temperatures compared to the other tracer conductivities in this mate-
rial. The anion blocking transference tabc

Li+ is generally found to be lower 
compared to tPFG

Li+ (Fig. 2A) for all materials tested and both values are 
below 0.5. This behavior is expected to originate from a high mobility of 
ion pairs compared to dissociated ions (SI Figure S4). A tPFG < 0.5 is 
expected only with a relatively high mobility of secondary cations, like 
[1,3]PYR+. An exception to the comparatively lower tabc

Li+ is the 50 IL-PIL, 
which shows a tabc

Li+ which is equal or higher than tPFG
Li+ . Based on Eq. (5)

and Eq. (6), an increasing tPFG
Li+ can be explained by a lower conductivity 

of [1,3]PYR* or if the transfer mechanism of free lithium starts to 
dominate. The tracer diffusivities of Li* and FSI* as a function of tem-
perature remain the same order of magnitude for all LiFSI concentra-
tions tested (Fig. 3A). Also the ratio of [1,3]PYR*/Li* diffusivity remains 
similar (0.76 for 10 IL-PIL and 0.56 for 50 IL-PIL, Figure S11), indicating 
a small decrease in the specific [1,3]PYR* diffusivity. The total con-
ductivity σtot does however drop, indicating less mobility of conducting 
ions while the specific lithium conductivity σLi does not show much 
difference (Fig. 2B). Therefore in this case, conduction through free 
lithium ions appears to become a significant part of the charge transfer 
mechanism in anion blocking condition.

Differences between tracer diffusivity DPFG and effective diffusivity 

DEC obtained through electrochemical potential relaxation show the 
degree of correlated motions of ions by e.g. association/solvation or 
repulsion. For IL-PIL the tracer diffusivity of Li* and FSI* has a strong 
dependence on temperature and are in the same order of magnitude in 
the complete temperature range (Fig. 3A). However, DEC (Fig. 3B) is an 
order of magnitude lower and shows only a weak dependence on tem-
perature. A temperature dependence similar to DPFG with increasing salt 
concentrations is not observed in the potential relaxation method. This 
indicates that DPFG does not adequately represent the ion motion during 
depolarization of the electrolyte. PFG measurements do not probe as-
sociation as it directly traces the bulk migration of the NMR sensitive 
nucleus in the applied magnetic field gradient only. Therefore the 
observed difference between tracer and effective diffusivities may 
originate from a high degree of association of lithium to the FSI 
counterion.

The temperature dependence of DPFG (Fig. 3A/B, 7Li for Li* and 19F 
for FSI*) and conductivities σLi and σtot (Fig. 2) were fitted using the 
Arrhenius equation yielding the activation energy EA,diff and EA,EC 
respectively (Fig. 3C). Activation energies of the total conductivity EA,EC, 

tot and FSI* tracer diffusivity EA,diff,FSI show a similar temperature 
dependence for both processes. The activation energies show a trend 
that is in line with viscous behavior. Upon the addition of polymers or 
kosmotropic (order-making, interaction enhancing) salts in poly-
electrolyte solutions, an increase in the viscosity is observed due to 
higher constrained mobility and lowered electrostatic repulsion [30]. 
Such constraints cause an increased dependence on temperature, which 
is observed in the IL-PIL series as well. The change in activation energy 
of FSI* tracer diffusivities EA,diff,FSI are smaller compared to the change 
in EA,EC,tot but show a similar trend. Upon addition of the polymer the 
FSI diffusion activation energy EA,diff,FSI shows a significant decrease, 
which is not translated to a decrease of EA,EC,tot (Fig. 3C, 19F of 1 M ILE 
versus 10 IL-PIL). This indicates that the FSI− anion becomes less 
dependent on changes of ordering when the polymer is introduced.

The temperature dependence of lithium diffusion and conduction 
point to multiple modes of lithium transfer. Similar to lithium diffusion 
Ddiff,Li the temperature dependence of lithium conduction σLi decreases 
when the polymer is introduced (EA,Diff,Li and EA,EC,Li Fig. 3C between 1 
M ILE versus 10 IL-PIL). However, the temperature dependence of 
lithium conductivity EA,EC,Li seems to follow the trend of EA,EC,tot above 
10 IL-PIL concentration rather than EA,diff,Li, which hints the conduction 
mechanism at these concentrations is not solely dependent on lithium 
ion diffusion. For ILE this trend in activation energy is similar: a higher 
LiFSI concentration results in a lower temperature dependence of 
lithium diffusivity while it shows an increased temperature dependence 
for lithium conductivity (following the total conductivity). In Fig. 3C the 
activation energies for lithium conductivity EA,EC,Li of 20 IL-PIL shows a 
lower temperature dependence compared to both lower and higher salt 
concentrations 10 IL-PIL and 35 IL-PIL respectively. A second observa-
tion is that the lower temperature dependence of lithium diffusion EA,diff, 

Li in 50 IL-PIL compared to 35 IL-PIL does not translate to a lower 
temperature dependence of lithium conductivity EA,EC,Li. This highlights 
PFG NMR measurements are not sufficient to predict the mode of con-
duction in ternary systems as lithium association plays a strong role in 
the conduction mechanism.

3.2. Solvation and Raman

Raman spectroscopy is used to study the solvation environment of 
lithium ions in the IL-PIL system when the LiFSI concentrations are 
increased. The S-N-S symmetric stretching vibration of FSI is often used 
to obtain information about the Li+ − FSI− coordination modes. These 
modes are typically categorised as solvent-separated ion pairs (SSIP at 
720 cm− 1), contact ion pairs (CIP at 730 cm− 1) and aggregates (AGG I at 
739 cm− 1 and AGG II at 752 cm− 1) [31–33]. According to the literature, 
diluted LiFSI based electrolytes (< 0.25 LiFSI/solvent ratio) result in 
predominantly SSIP and CIP Raman bands, while the peaks associated 

Fig. 2. (A) Transference number obtained electrochemical under anion 
blocking condition tabc

Li+ compared to transference number tPFG
Li+ obtained from 

PFG NMR and (B) total ionic conductivity σtot and lithium-ion conductivity σLi 
of IL-PILs with varying LiFSI concentration as a function of temperature. With 
higher lithium salt concentration the contribution of lithium conductivity in-
creases. Error bars indicate difference between duplic measurement.
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with Li+ − FSI− aggregates become more present at moderate-to-higher 
salt concentrations [31]. A similar trend is observed in our Raman 
spectra in Fig. 4. The lowest LiFSI concentration at 10 IL-PIL shows a 
signal at lower Raman shifts, matching well with SSIP and CIP coordi-
nation modes. Peak broadening was observed at 20 IL-PIL, indicating the 
coexistence of different types of ionic – solvent interactions, which did 
not change when the LiFSI concentration is increased to 35 IL-PIL. This 
result is not surprising since the transference number barely changed 
(Fig. 2A) between 20 and 35 IL-PIL. At 50 IL-PIL, the Li+ − FSI− envi-
ronments are mostly in their aggregated states. The 50 IL-PIL shows 
phase transitions at − 16.3 (2.03 J/g) and − 0.9 ◦C (1.77 J/g) with DSC 
(Figure S7, using a heating rate of 10 ◦C/min), where lower concen-
trations only show a change in specific heat below − 15 ◦C, but show no 
clear phase transition between − 35 and 100 ◦C. The phase transition of 
50 IL-PIL, together with the low aggregation indicates LiFSI is near its 
glass transition state.

3.3. Spin lattice relaxation

The duration of lithium association to its counterion is probed by 
measuring the differences in relaxation rate in NMR relaxometry for the 
Li and the counterion. This yields the Li+ and FSI− hopping frequency 
which is the inverse of the complexation time (Fig. 5A and B respec-
tively). The peak maxima (drop down lines) indicate the temperature at 
which the hopping frequency is equal to the Larmor frequency of the 
nucleus probed. The fluorine spectrum (Fig. 5B) highlights that this 
characteristic frequency occurs at higher temperatures with increasing 
salt concentration. This indicates a lowered mobility within the solva-
tion complex when the LiFSI salt concentration is increased. The ILE 
indicate increased hopping frequency compared to the IL-PIL analogues 

(Fig. 5B, dashed drop down lines).
The characteristic lithium hopping rate does not follow the same 

trend compared to fluorine, when increasing the salt concentration: 
above 20 wt% LiFSI with increasing LiFSI mass fraction the character-
istic rate does not change significantly (Fig. 5A, drop down lines). The 
relaxation rate increases (Fig. 5A, peak height), but that illustrates an 
increasing dipolar interaction strength, not the timescale of the mobility 
itself. As the FSI− hopping frequency decreases as a function of salt 
concentration, this results in a net increase in the lithium hopping rate. 
This may explain the higher transference numbers at increasing lithium 
salt concentrations. Lithium mobility in ionic liquids show generally a 
higher characteristic rate compared to the IL-PIL analogues (Fig. 5A). 
The BPP model for NMR spin-lattice relaxation shows a good fit with a 
single uncorrelated hopping transfer process (Fig. 5, fitting lines). The 
peak symmetry indicates that lithium transfers occurs via a single 
transfer process between equal (or indistinguishable) states of aggre-
gation during nanosecond intervals. The model fit results in the acti-
vation energy for transfer EA,trans (Fig. 5C) which allow extrapolation of 
the characteristic hopping rate at temperatures other than TC using the 
Arrhenius equation.

To test if the mode of conduction is through neutral pair displace-
ment, the anion blocking transference can be correlated to the 
displacement of lithium in a complex. The duration of a complex can be 
estimated by taking the inverse of the lithium hopping frequency, which 
yields characteristic duration of a complex τ. When τ is multiplied by the 
tracer diffusivity of lithium DPFG

Li this yields the neutral displacement 
τDLi (Fig. 5D).

To increase the mechanistic understanding, Wohde et. Al [24] pro-
posed a quantitative method to distinguish correlated movement of 
lithium originating from counterions (by associative movements) and 

Fig. 3. Temperature dependence of Lithium and FSI Diffusivities of IL-PILs and ILE from 20 to 60 ◦C. A) Lithium (7Li) and FSI (19F) tracer diffusivity in PILs obtained 
through PFG NMR. B) Effective electrochemical diffusivity DLi+,eff obtained by fast potential relaxation measurements. C) Activation energies obtained by fitting 
Arrhenius equation on tracer diffusivities (left), lithium and total conductivities (right). D) Lithium (7Li) and FSI (19F) tracer diffusivity of PILs compared to their 
ILE analogue.
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cation-cation and/or anion-anion interactions. This approach relates the 
anion blocking transference to the complex duration using parameter ξ 
as the degree of correlated movement via Eq. (9) [24]. Here ϕ is defined 
as the degree of non-ideality originating from cation-cation correlations, 
and (1- ϕ) as the degree of non-ideality from anion-anion correlations. 
Here the case of equal contributions of cation-cation and anion-anion 
non-idealities is tested which result in ϕ=tPFG

Li+ . 

tabc
Li+ =

ξ2 − 4ϕ + 4ϕ2

4(1 − ϕ)(1 − ξ)
(9) 

As expected a negative correlation appears between lithium complex 
displacement τ*DLi and transference (Fig. 5D). Two outliers are 
observed. The 50 IL-PIL (Fig. 5D, indicated with Δ) indicates lithium 
complex displacement is not dictating the mode of transference tabc

Li+ as it 
does not follow the trend of lithium complex displacement found for 
other IL-PIL concentrations (Fig. 5D, line). A change in mode of 
conductance by free lithium ions when LiFSI becomes the major mass 
fraction of the material is expected. This could result in strong cation- 
cation (anti)correlations in which case Eq. (9) would not be appli-
cable. In concordance, the solvation of lithium (Fig. 4) and hopping 
transfer energy EA,trans (Fig. 5C) increases significantly for the 50 IL-PIL 
compared to lower LiFSI weight fractions. This indicates a higher energy 
is needed for breaking up the more strongly bound aggregates observed 
with Raman (Fig. 4). In contrast, the change in EA,trans for PILs does not 
change significantly for concentrations below 50 %wt LiFSI.

The second outlier is at 10 IL-PIL (Fig. 5C, circle with asterisk) which 
shows a poor correlation between complexation, transference and the 
degree of association. It must be noted that during relaxometry acqui-
sition of 10 IL-PIL, samples which were held above approximately 70 ◦C 
repeatedly showed an increasing instead of a decreasing Li relaxation 
rate during ramping down of the temperature (Figure S7). The 

relaxation time becomes similar to ionic liquids with a maximum 
relaxation rate at a lower temperature. This may indicate that a (local) 
phase separation occurred, which is not visible in differential scanning 
calorimetry (DSC) measurements (Figure S8). Phase separation of 10 IL- 
PIL at high temperatures may have influenced determination of the τc, 
implying longer complexation times, as TC was never reached during 
heating. When a similar characteristic temperature TC as 20, 35 and 50 
IL-PIL are assumed the correct correlation between τ*DLi and tabc

Li+ be-
comes apparent (Fig. 5D, open triangle/square).

4. Conclusion

The conduction mechanism of salts dissolved in polymers can be 
understood by correlating the polymer’s rheologic behavior and carrier 
concentration to the conductive performance of the solvated ions [34]. 
Ternary polymer ionic liquids show different behavior as the ionic liquid 
cation lowers the effective transference but increases the mobility of all 
constituents to a great extent. In this work a range of lithium salt con-
centrations are tested to understand the role of the ionic liquid cation in 
constructive and anticorrelated motion of the lithium ion.

The energetics of the ionic lithium complex formation, as observed 
by relaxometry, remain unchanged with increasing lithium salt con-
centration until the lithium salt becomes the dominant fraction in 50 
PIL. Below this concentration a contribution from the presence of the 
polymer in the gel is not apparent in the lithium transfer process, as the 
activation energy of transfer is not altered. Tracer diffusivity of FSI, 
being the counterion of all cation constituents, forms a good indicator 
for the change in mobility by viscosity changes in the polymer gel. The 
activation energy of conduction shows a strong correlation to the FSI 
diffusivity. The conduction mechanism can therefore be described as 
‘cluster diffusion dominated’. Positive correlations of transference to the 
degree of association ξ imply a significant contribution of neutral car-
riers’ mobility. A dramatic shift in both relaxation behavior and solva-
tion of lithium is observed in 50 IL-PIL, indicating a strong shift in 
lithium transfer mechanism. The transfer may be described as ‘hopping 
transfer dominated’ originating from free lithium ion conduction at 
these concentrations, as AGG II aggregation state dominates for this 
concentration.

The high temperature dependence of mobility in ‘dilute’ lithium-ion 
concentrations in ionic liquids as observed in PFG NMR becomes smaller 
when the polymer is introduced. Increasing the lithium salt concentra-
tion in the ternary systems reverses this effect. The activation energy of 
lithium diffusivity in the 20 IL-PIL shows a local minimum between this 
trade-off, and electrochemical measurements show a local optimum of 
lithium conductivity at room temperature for this material. The 
increased net lithium conductivity of 20 IL-PIL indicates an optimal 
balance between the carrier concentration, correlated motion and vis-
cosity below 60 ◦C. Generally the diffusivity of lithium in IL-PILs are 
lower compared to the ILE, which may be explained by the severe 
change in material viscosity.

IL-PILs can be deposited on (electrode) substrates using wet pro-
cessing techniques and therefore pose a valuable material for use as 
lithium conductor in solid state batteries. This work shows that 
depending on the desired transference number and conductivity one can 
select the lithium salt concentration to have the desired conduction 
mechanism. At high temperatures the lithium conductivity consistently 
increases with higher weight fractions of the conducting salt. At lower 
temperatures there exists an optimum which balances the mobility and 
lithium concentration. For high temperature lithium battery applica-
tions (40–60 ◦C) IL-PIL with high conducting salt concentrations have 
the benefit of showing high transference numbers as well.
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Fig. 5. 7Li (A) and 19F (B) NMR Relaxometry on IL-PIL and ILE. The change in relaxation rate R1 as function of temperature indicate the change in spin-lattice motion 
of the nucleus at its larmor frequency. Line indicates the fit of the BPP model. Activation energies obtained by the BPP model fit (C) and correlation between 
transference and RMS displacement estimation using PFG diffusivity and characteristic hopping time at 30 ◦C (D). Line is added in (D) to guide the eye. Open 
triangle/square indicates implied RMS displacement of 10 IL-PIL (encircled with asterisk), when similar τC as 20 IL-PIL is assumed as phase changes occurred at 
temperatures above 70 ◦C during relaxometry. 50 IL-PIL is second outlier indcated with Δ symbol.
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