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A B S T R A C T   

Protic ionic liquids (PILs) show great potential as electrolyte components for energy storage devices. A 
comprehensive understanding of their transport properties must be achieved to optimize the design of safer and 
efficient electrolytes. This study focuses on a series of PILs based on the DBUH+ cation (protonated 1,8-dia
zabicyclo[5,4,0]‑undec-7-ene superbase) and three anions derived from strong acids: TFO− (triflate), IM14−

(perfluorobutyl-trifluoromethylsulfonylimide) and TFSI− (bis(trifluoromethylsulfonyl)imide). Neat PILs and PILs 
doped with LiTFO, LiIM14, and LiTFSI were studied using temperature-dependent NMR diffusion and relaxation 
techniques. The ionicity of these systems was also evaluated. Results revealed that the dynamic behaviour of 
lithium ions, as well as ionicity, strongly depend on the structural features of the anions, particularly in the case 
of IM14− , whose main feature is the uneven distribution of the fluorinated sidegroups. The 19F relaxation rates in 
IM14− provide insights into the rotational reorientation of that anion. DBUH-IM14 exhibited diffusion co
efficients lower than the expected ones on the basis of its viscosity, likely due to fluorophilic intermolecular 
interactions involving the fluorinated terminal groups. The presence of Li+ in the DBUH-IM14 electrolyte led to 
unexpected and relatively faster translational mobility of Li+ ions, resulting in a higher lithium apparent 
transference number. However, the trends observed in ionicity indicate a more complex interplay between 
intermolecular interactions and ion correlations. While DBUH-TFSI showed minimal effect of Li+ addition, 
DBUH-TFO and DBUH-IM14 exhibited a significant decrease in ionicity, possibly attributed to strong interactions 
between ions.   

1. Introduction 

The use of lithium ion batteries (LIBs) exponentially increased in the 
last decades due to their excellent performance in terms of high energy- 
storage capability, good cycle life, and their possibility of being manu
factured in different sizes and shapes allowing the development of 
flexible electronic devices [1]. However, safety is still an issue because 

the current state-of-the-art electrolyte solutions for rechargeable LIBs 
are composed of a relatively thermally unstable lithium salt (usually 
lithium hexafluorophosphate, LiPF6) dissolved in flammable carbonate 
organic solvents [1]. It is known that under thermal, mechanical, and/or 
electrical abuses of the LIB, rising temperature can initiate an 
exothermic process resulting in fire, explosion, and release of toxic gases 
[2]. Therefore, the development of safer and more efficient electrolytes 
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for LIBs is of primary importance [3,4]. 
The replacement of carbonate solvents with non-flammable ionic 

liquids (ILs) has been intensively investigated to improve the safety of 
the liquid electrolytes [1]. ILs are commonly defined as molten salts 
displaying a melting point below 100 ◦C, constituted by an organic 
cation and an organic/inorganic anion [5,6]. Usually, ILs are recognized 
for their unique physical chemical properties such as good transport 
properties, high thermal stabilities, large electrochemical stabilities, low 
flammability, and low volatility [7–9]. Clearly, this set of properties 
makes ILs interesting candidates to replace organic solvents currently 
used in electrochemical devices resulting in improved safety in case of 
overheating/overcharging [10–12]. 

Depending on their chemical structure, ILs can be divided into 
different classes. Among them, two of the most important ones are 
aprotic (AILs) and protic (PILs) ionic liquids. Basically, the main dif
ference between them is that PILs contain one (or more) exchangeable 
proton in the cation moiety [13], which introduces an additional level of 
complexity to the already rich pool of interactions of AIL-based elec
trolytes (Coulomb forces, hydrogen bonds, π- π interactions, dispersion 
forces) [8,14]. 

Until the last decade, most studies focused on developing ILs for LIBs 
electrolytes have been performed applying AILs [15]. The justification 
for PILs not being considered a feasible strategy for safer electrolyte 
components is related to the relatively low electrochemical stability and 
potential reactivity of the acidic proton towards alkali metals, including 
lithium [16]. However, in the last years, it has been demonstrated that 
PILs allow the realization of stable electrochemical devices with good 
performances comparable to those achievable with AILs [16–19]. The 
interest in using PILs in energy storage devices such as LIBs has then 
been increasing, and nowadays, PILs are quoted as promising candidates 
for electrolyte components by the scientific community [18,20–23]. 

Despite all the efforts to understand the key features ruling the 
properties of PILs for electrochemical applications, the dynamics of PIL- 
based electrolytes has been minimally discussed. So far, it is known that 
the presence of the acidic proton changes the intermolecular features of 
neat PILs, especially due to the presence of hydrogen bond networks [13, 
23–25]. The scenario is even more complicated in PIL electrolytes 
because the addition of a third charged species, such as Li+, may 
significantly affect the micro- and macroscopic properties. Still, it is 
unclear how the simultaneous presence of an acidic proton and a small 
positively charged ion changes the intermolecular network and specif
ically the transport properties of PIL electrolytes in terms of ion mobil
ities [23]. In particular, in AIL-based electrolytes, the role of the anion 
structure was shown to be of high relevance for Li+ ion transport, as it 
determines the coordination of Li+ to anions [26]. The role of the anion 
has, however, not yet been explicitly studied in AIL-based electrolytes. 
Therefore, this work attempts to understand the ionic and molecular 
mobilities of PILs formed by different anions, aiming at their application 
as electrolyte components. The study presents a systematic evaluation of 
the effects of lithium salt on the structure and dynamic properties of 
PILs. To this end, the present work investigated a set of PILs based on the 
1,8-diazabicyclo[5,4,0]‑undec-7-ene (DBUH+) cation and three anions 
obtained from very strong acids: trifluoromethanesulfonate (TFO− ), 
(trifluoromethanesulfonyl-nonafluorobutylsulfonyl)imide (IM14− ), and 
bis(trifluoromethanesulfonyl)imide (TFSI− ) (Fig. 1). It is established 
that PILs are readily synthesized through a neutralization reaction be
tween a Brønsted acid and a Brønsted base. [13] Therefore, the careful 
selection of precursors is vital to minimize the presence of neutral spe
cies in the bulk system. In this study, DBU was chosen as a cation pre
cursor owing to its super-strong basicity, characterized by a large size 
and strong charge delocalization on the N–C––N moiety [27]. Previous 
studies have demonstrated that, when combined with highly potent 
acids like HIM14, HTFO, and HTFSI, DBU undergoes full protonation, 
resulting in the formation of PILs without any detectable presence of 
neutral species [25,28]. Both neat PILs and PIL electrolytes (PIL +
lithium salt containing the same anion, i.e., LiTFO, LiIM14, and LiTFSI) 

were investigated by different NMR techniques to access the rotational 
and translational dynamics of the ions. The combination of relaxation 
and diffusion NMR data provided a general picture of the ionic mobil
ities from the molecular bond scale to the µm scale. In addition, density 
and conductivity, together with the diffusion coefficients, allowed the 
calculation of the ionicity to characterize the ionic behavior of the sys
tems. The synergy between these different techniques provides a com
plete picture of the ion dynamics in the PIL electrolytes, which turns out 
to be dependent on the features of the anion, especially in the case of 
IM14− containing systems. 

2. Materials and methodology 

Three PILs, DBUH-IM14, DBUH-TFSI and DBUH-TFO were prepared 
following a previously established protocol [25] consisting of a standard 
neutralization reaction (for DBUH-IM14 and DBUH-TFO) or a neutrali
zation followed by a metathesis reaction (for DBUH-TFSI). Additional 
purification and vacuum-drying steps were performed. Three PIL elec
trolytes, (DBUH-IM14)1(LiIM14)0.1, (DBUH-TFSI)1(LiTFSI)0.1 and 
(DBUH-TFO)1(LiTFO)0.1, were prepared by doping the neat PILs with 
the lithium salt containing the same anion keeping the molar ratio 
[DBUH+]:[Li+] equal to 10:1. All samples were characterized using 
diffusion and relaxation NMR spectroscopy. Density and electro
chemical impedance spectroscopy (EIS) measurements were performed 
to the PIL electrolytes to allow the quantitative estimation of the 
ionicity. Details on sample preparation and purification, as well as 
characterization methods, are given in Supplementary Material. 

3. Results 

3.1. Translational motion of the ions 

Fig. 2a displays the self-diffusion coefficient (Di) of the ionic species 
in the neat PILs and PILs electrolytes (the raw data are available in the 
Supporting Information, Tables S1-S3, as well as the individual plots, 
Figures S1-S3). Experimental data were fitted by using both the Vogel- 
Fulcher-Tammann (VFT) type relationship [29] (Eq. S4) and the 
Arrhenius equation [30] (Eq. S5). The best fitting parameters are re
ported in Tables S4-S5, respectively. 

According to the standard Stokes-Einstein equation, high diffusivity 
is expected for PILs with low viscosity (high fluidity), as previously re
ported for some DBU-based PILs [28]. The results obtained for 
DBUH-TFSI (85 mPa.s at 318 K) and DBUH-TFO (448 mPa.s at 318 K), 
the least and the most viscous system, respectively [25], are in line with 

Fig. 1. Structure of the DBUH+ cation and the (b) IM14−
, (c) TFSI− and (d) 

TFO− anions. Numbers and markers correspond to the assignment of the 1H 
NMR signals (for the DBUH+ cation) and 19F NMR signals (for the anions). 
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this relationship, showing the highest and smallest translational 
mobility, respectively. Surprisingly, DBUH-IM14 (213 mPa.s at 318 K) 
behaves as an exception to the viscosity statement since its diffusivity is 
very close to that of DBUH-TFO (see data in Tables S1-S3), which is the 
most viscous system among the studied PILs. The slowing of the diffusive 
motion of DBUH-IM14 reasonably stems from the additional intermo
lecular interactions in the fluorophilic domains introduced by the IM14−

anion [31,32]. 
In previous studies, a consistent pattern emerged, indicating a 

decrease in both cation and anion self-diffusion coefficients as the size of 
the cation increased [33]. When comparing the self-diffusion co
efficients of the neat DBU-based PILs with those of guanidinium-based 
PILs that have similar anions, an overall reduction in mobility be
comes apparent. Importantly, the measured values still fall within the 
same range (E-12 m2.s), as seen in the case of CnHTMG-TFSI and 
CnHTMG-TFO, where n = 1 and 4, respectively [33]. 

Interesting conclusions can be drawn when evaluating the diffusion 
ratios (Figures S1-S3). In all the systems, the exchangeable proton 
(N–H) has the same diffusion coefficient as the DBUH+ cation (DN–H/ 
DDBUH+ ≈ 1). This indicates a charge transport based on the vehicular 
mechanism, in agreement with other anhydrous PILs containing similar 
anions (TFO− and TFSI− ) [34,35]. Additionally, it also confirms the 
kinetic stability of the N–H bond in DBUH+ [20]. Additionally, the 
cation/anion diffusion coefficient ratios, Dcation/Danion, is always higher 
than the unity (Dcation/Danion > 1), indicating that the ions of the selected 
PIL are not diffusing as an ion pair [36]. 

While Dcation/Danion is nearly constant in the whole temperature 
range studied for the sulfonylimide-based PILs (DBUH-TFSI and DBUH- 
IM14), it decreases for DBUH-TFO (see also Fig. S3, hollow symbols), in 
agreement with similar findings for PIL containing the TFO− anions 
[37]. With the DN–H/DDBUH+ ratio being constant in the temperature 
range, this indicated that TFO− experiences a higher diffusivity 
enhancement with the temperature increase than the DBUH+ cation. 
The difference between imide and triflate-based PIL can be related to the 
different intermolecular interactions: TFO− has a strong and localized 
H-bond component which is, per se, very sensitive to the temperature, 
while IM14− and TFSI− have a more diffuse soft hydrogen bond network 
[38,39]. The different response to temperature is thus reasonable, as it is 
directly related to the different sensitivity of the two types of H-bond 
networks to temperature. 

Considering the effects of the lithium salt addition, overall, the 
presence of Li+ decreases the diffusion coefficients of all the PILs’ ions, 
in agreement with results reported for other ILs doped with lithium salts 
[40]. Besides, the relative diffusivities follow the expected order Dcation 
> Danion > DLi+considering that the Li+ cation is generally anion 

coordinated and exists as a distribution of complexes of varying sizes 
[41,42]. 

Interestingly, the diffusion ratio DLi+/Danion (Figures S1-S3) follows 
the order DLi+/DIM14- > DLi+/DTFSI- > DLi+/DTFO-. There are two main 
mechanisms describing Li+ transport in ILs: the vehicular mechanism on 
the one hand [43], where Li+ diffuses with its solvation shell, which was 
shown to consist of a number n>1 of anions [44,45], and the structural 
diffusion mechanism on the other hand [40], where Li+ transport occurs 
through the anion exchange in the first Li+solvation shell via the sub
sequent steps of disruption–diffusion–reformation of the solvation shell. 
MD simulations showed that the relative contributions of these two 
mechanisms depend on two factors: i) the Li salt concentration, with low 
Li+ concentrations driving the diffusion towards the vehicular mode, 
high Li+ concentrations favouring the structural diffusion pathway, and 
ii) the size-shape features of the anion, with large and asymmetrical 
anions preferring the structural diffusion mechanism [42,46,47]. In the 
cases reported here, with a constant salt concentration, the size and 
asymmetry of Li-IM14 complexes may be particularly important in 
selecting an efficient transport mechanism, confirming the unique ef
fects of the distribution of the highly fluorinated IM14− anions on the 
overall transport of Li ions. 

Additional considerations can be drawn from the translational acti
vation energies (Etransl

a ) extracted from the Arrhenius model (Table S5). 
For the DBUH-TFSI and DBUH-TFO samples, Etransl

a (Li+) seems to be 
uncorrelated to the activation energy of other species. Indeed Etransl

a (Li+) 
= 37.8 kJ.mol− 1 in the DBUH-TFSI electrolyte, slightly smaller than 
both cation and anion (38.4–38.5 kJ.mol− 1), and Etransl

a (Li+) = 42.6 kJ. 
mol− 1 for the DBUH-TFO electrolyte, smaller than both cation (44.5 kJ. 
mol− 1) and anion (45.1 kJ.mol− 1). Instead, for the DBUH-IM14 elec
trolyte Etransl

a (Li+) is on the upper limit (50.5 kJ.mol− 1), very close to the 
activation energy of the anion (50.2 kJ.mol− 1), and higher than the 
activation energy of the cation (48.4 kJ.mol− 1). Therefore, the overall 
picture emerging from the diffusion data suggest a relationship between 
the structural features of the IM14− anion and the dynamic properties 
observed in the corresponding electrolyte, stressing once again the 
unique behavior of DBUH-IM14 and its electrolyte. 

The diffusion data allows one to quantify the relative mobility of Li+

ions with respect to other species in the mixture by calculating the 
apparent transference number, which is the fractional contribution of an 
ion species to the overall conductivity [48]. Indeed, high values for Li+

transference number are crucial for facilitating efficient charge and 
discharge processes in LIBs [49]. For all the studied PIL electrolytes 
(xLiSalt = 0.09), it is tLi+ < 0.04 with a negligible variation when 
increasing the temperature, and tLi+ follows the order 

Fig. 2. (a) Self-diffusion coefficients of the DBUH-TFSI (red), DBUH-TFO (blue) and DBUH-IM14 (purple) neat PILs (hollow symbols) and PILs electrolytes (filled 
symbols) as a function of temperature - solid lines correspond to the VFT fitting; (b) Apparent transference number tLi+ for the lithium ion in the investigated PIL 
electrolytes. 
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tLi+(DBUH-IM14)1(LiIM14)0.1 > tLi+(DBUH-TFSI)1(LiTFSI)0.1> tLi+(D
BUH-TFO)1(LiTFO)0.1 (Fig. 2b and Table S6). This trend highlights the 
distinct influence of IM14 on the motion of Li ions, contrasting with TFSI 
and TFO. The asymmetry in IM14, coupled with its higher steric hin
drance and tendency to form fluorophilic domains [32], weakens in
teractions with Li+ ions. Consequently, DBUH-IM14 exhibits a higher Li 
transference number compared to other PILs, a feature attributed to the 
reduced Li-anion coordination and the lesser formation of stable clus
ters. This asymmetrical structure of IM14− aligns with previous obser
vations made for other asymmetric anions such as FTFSI [44]. The low 
apparent transference numbers calculated for the studied PIL electro
lytes are in line with transference numbers found for other mixtures of 
ILs and lithium salts at similar concentrations [41,50,51]. Typically, 
lower salt concentrations in IL-based electrolytes compared to organic 
solvent-based electrolytes, along with the higher viscosity and lower 
conductivity, contribute to the poorer rate performance of the 
Li-containing IL electrolytes in the same cell configuration [46]. As the 
salt concentration in the electrolyte increases, tLi+ also tends to increase 
to a certain extent due to the higher Li+ availability at the electrodes, 

which likely is the primary reason for the improved rate capability. 
While bearing in mind the possible formation of multiple ions and/or ion 
couples occurring at high lithium contents [52], the results presented 
here encourage further investigations on exploring DBU-based PIL 
electrolytes considering higher salt concentrations. 

3.2. 1H spin− lattice relaxation times T1: the cation rotational motion 

The DBUH+ cation local dynamics of the PILs and the effects of 
lithium doping on it was probed by spin-lattice NMR relaxation times T1 
(raw data in Tables S7-S9 in the Supplementary Material). Fig. 3a shows 
that for all systems R1 (the relaxation rate, simply defined as 1/T1) of 
DBUH+ protons (exemplified by the CH2(4) group) increases with 
increasing temperature, reaches a maximum at the temperature TR1,max, 
and then decreases (individual plots in Figure S4-S6 in the Supple
mentary Material). This indicates that these nuclei undergo a smoothly 
changing from the diffusion limit (slow motion, characteristic of viscous 
systems and/or low temperatures and/or molecules having large size) to 
the extreme narrowing limit (fast motion, characteristic of fluid systems 

Fig. 3. (a) N–H and CH2(4) 1H spin-lattice relaxation rates R1 and (b) Arrhenius plot of the reorientational correlation times τc as a function of the temperature, 
obtained for the DBUH-IM14 (purple), DBUH-TFSI (red) and DBUH-TFO (blue) neat PILs (hollow symbols) and PILs electrolytes (filled symbols). Lines correspond to 
the data regressed using the BPP fitting parameters and (b) guide to the eyes. Assignments are shown in Fig. 1. 
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and/or high temperatures and/or molecules having small size) [53,54]. 
To obtain quantitative information about the relaxation mecha

nisms, the relaxation rates 1H R1 of the DBUH+ were fitted through the 
Bloembergen, Purcell, and Pound (BPP) model [55] (Tables S10-S12). A 
detailed BPP model description is presented in the Section 3 of the 
Supplementary Material, as well as the possible physical interpretations 
of the calculated correlation times τc. As observed in Fig. 3b, as well as in 
Figures S7-S9, for the neat PILs, the R1 profiles of the CH2 groups of the 
DBUH+ cation indicates that τc describes the whole molecular reor
ientational motion, with only minor differences coming from the 
contribution of local internal motions. 

When considering the effects on the rotational motion of DBUH+

cation upon addition of lithium salt (Fig. 3), an overall increase of the 
TR1,max values and the correlation times is observed (Tables S13-S15, 
Figures S4-S9). Such a phenomenon is expected due to viscosity effects, 

as already reported for other ILs [56]. For DBUH-TFSI and DBUH-TFO, 
the slowing down of the rotational motion is comparable for all the 
protons (i.e., all CH2 groups and N–H of DBUH+) in the temperature 
range evaluated, indicating that DBUH+ undergoes random isotropic 
tumbling as a single molecular entity, and that Li+ doping does not in
fluence the distribution of the correlation times. Surprisingly, the 
DBUH-IM14 relaxation data clearly show how the presence of Li+ has a 
stronger effect in decreasing the rotational mobility of the N–H proton 
compared to that of the methylene protons of DBUH+ Figure S7). 
Remarkably, the curve of τc(N–H) and τc(CH2) show a cross-over point 
around T = 328 K. The data show a selective dynamic response of the 
N–H site in the presence of Li+, resulting in different activation en
ergies, and decreasing of its internal mobility. 

Comparing the effect of Li+ in the activation energy for the rotational 
motion (Tables S10-S12), it seems that while Erot

a of all the CH2 protons 

Fig. 4. (a) 19F spin-lattice relaxation rates R1 and (b) Arrhenius plot of the reorientational correlation times τc as a function of the temperature, measured for the 
DBUH-IM14, DBUH-TFSI and DBUH-TFO neat PILs (hollow symbols) and PILs electrolytes (filled symbols). Lines (a) correspond to the regressed data using the BPP 
fitting parameters and (b) guide to the eyes. Assignments are shown in Fig. 1. 
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of DBUH is nearly the same in the three neat PILs (in the range 22–25 kJ. 
mol− 1), and remains almost unchanged upon lithium addition, a sig
nificant effect on the Erot

a upon lithium doping was observed only in the 
N–H proton of the DBUH-IM14 (ΔErot

a (N–H) = 4.6 kJ.mol− 1). These 
findings confirm the sensitivity and selectivity of the N–H locus in 
DBUH+ towards the IM14− anion. 

3.3. 19F spin− lattice relaxation times T1: the anion rotational motion 

19F T1 relaxation times were measured to probe the effect of Li- 
doping on the anion local dynamics (Tables S16-S18). It is worth 
noting that the relaxation profiles do not reach the R1 maximum, which 
raises concerns regarding the accuracy of the fitting parameters [46]. A 
detailed description of the methodology employed to ensure the effec
tiveness of the fitting approach is presented in the supplementary in
formation (SI). Upon initial inspection the BPP model seems to describe 
quite well the relaxation profile of CF3 groups of the DBUH-TFSI and 
DBUH-TFO PILs and PIL electrolytes (Fig. 4a and Table S19), consid
ering the contribution of the internal rotation around the C3v axis as the 
main relaxation mechanism (see Section 3 of the Supplementary Mate
rial for more details) [57]. Fig. 4b and Tables S20-S21 show that τc(CF3) 
DBUH-TFO > τc(CF3) DBUH-TFSI, likely due to viscosity effects. In both 
cases, the addition of lithium salt causes an increase of R1, more pro
nounced in the TFO− (Fig. 4a), and a corresponding increase of τc 
(Fig. 4b), suggesting that the 19F rotational motion in the CF3 groups was 
significantly reduced with respect to the neat PIL. Interestingly, this 
effect is stronger in the high temperature region, with τc at 308 K 
practically overlapping in the PIL and PIL electrolyte. These counterin
tuitive observations suggest that the good fit of the R1 profiles to the BPP 
model cannot be translated automatically to a naive model of internal 
rotation around the C3v axis, thus calling for further refinement of the 
dynamic model. 

The BPP model fails to describe the 19F relaxation behavior of the CF3 
groups of the IM14− anion. Here, one of the trifluoromethyl groups, 
labeled as CF3(5), located at the edge of the perfluoroalkyl chain, has a 
shorter relaxation times than the CF3(1), directly attached to the sulfo
nylimide group (Table S16 in the Supplementary Material). Interest
ingly, the relaxation curves of the CF3(1)(IM14− ) and CF3(TFSI− ) almost 
overlap for T > 338 K (Fig. 4a), thus suggesting a change in the com
bination of relaxation mechanisms contributing to the relaxation profile, 
and a similarity in the relaxation mechanisms at higher temperatures 
between CF3(1)(IM14− ) and CF3(TFSI− ) in both PILs and PIL electrolytes. 

Interpretation of the 19F relaxation results of the CF2 groups of IM14−

(Fig. 4a) is even less straightforward because the observed R1 de
pendences are changing the trend with the temperature. For clarity, R1 
vs T for CF2(2) shows a local minimum at ca. 322 K and a local maximum 
at ca. 358 K, whose interpretation is not attempted here (see Figure S10). 

Concerning the effect of Li doping on 19F local dynamics in both the 
CF3 and CF2 groups of the IM14− anion, Fig. 4a shows that the addition 
of lithium salt causes an increase of R1, as expected. 

Some general qualitative considerations on the relaxation behavior 
of fluorine nuclei can be drawn if one considers the R1 profiles all 
together (Fig. 4a). CF3(TFSI− ), CF3(TFO− ) and CF3(1)(IM14− ) exhibit the 
lowest R1 (longest T1) in both PILs and PIL electrolytes, and they almost 
overlap in the high temperature region. Given that low R1 values qual
itatively translates into short τC, and that for flexible molecules τC is a 
combination of molecular reorientation and internal motions (see Sup
plementary Material for more information), this would mean that the 
rotational motion of these perfluoro-methyl groups corresponds to (or is 
the closest to) the whole molecular reorientation. Other relaxation 
mechanisms add up when looking at CF3(5)(IM14− ) and the CF2 groups 
of IM14− . Among them, spin diffusion likely plays a major role, 
considering the structure of the perfluorobutyl chain, and this holds true 
especially at low temperatures. Also, intermolecular dipole-dipole in
teractions may likely contribute, taking into account that IM14− is 

known to create fluorophilic domains in ILs [32]. Despite the assump
tion that different relaxation mechanisms contribute to the 19F relaxa
tion profile, any attempt to identify and quantify the relative 
contribution of each specific relaxation mechanism is unrealistic at 
present. 

3.4. 7Li spin− lattice relaxation times T1: the lithium one-jump motion 

The temperature dependences of R1(Li+) in the three PIL electrolytes 
are shown in Fig. 5a (raw data available in Table S22). A striking point is 
the different range of values of R1 of Li+(LiIM14) on the one hand and 
the other two PILs on the other hand. This indicates a large difference of 
the Li+ local coordination environment in the case of the IM14− anion 
when compared to Li+ in TFSI− or TFO− -based electrolytes. 

It should be noted that, in the case of 7Li, the quadrupolar relaxation 
mechanism is dominating (see Section 3 of SI). In such case, the pre- 
factor C of the BPP model (see equations S7 and S10) depends on the 
electric field gradient at the site of the nucleus, and it also contains the 
asymmetry parameter η, dependent on the geometry of the environment 
at the relaxing nuclei. The C value calculated for (DBUH- 
IM14)1(LiIM14)0.1 is roughly 2 times higher than in the other PIL elec
trolytes (Table S23). A large pre-factor C might thus imply a larger 
electric field gradient and/or a larger asymmetry of the local Li+ coor
dination. Bearing in mind that Li+ mainly coordinates to the oxygens of 
the respective anions, a comparatively symmetric environment can be 
expected for the bidentate Li(TFSI)2 coordination by four oxygens. The 
comparison to the 7Li relaxation data in IM14− PILs, however, points out 
a clear role of the perfluorobutyl chain, enhancing the asymmetry of the 
local coordination, even though the ligand functional group able to form 
Li-chelates is identical in the two anions. One may conclude that with 
IM14 the interactions controlling the local coordination structure are 
less dominated by the Li-O coordination bonds, but rather the hydro
phobic perfluorobutyl chain and its separation from the ionic groups 
imposes structural constrains and induces a more asymmetric coordi
nation environment. 

As for the Li+ dynamics induced by either of the anions, again the 
BPP equation for quadrupolar 7Li was successfully applied, and results 
are shown in Fig. 5b and Tables S23-S24. For quadrupolar nuclei like 
lithium, the correlation time and activation energy are related to the 
time and energy barrier for the Li+ jump from one site to another [57, 
58] (a more detailed description of the jump-model is in Section 3 of SI). 
The activation energy estimated for the Li+ motion in DBUH-TFSI and 
DBUH-TFO was 20.4 kJ.mol− 1 and 23.4 kJ.mol− 1, respectively, in line 
with activation energies around 20 kJ.mol− 1 already reported for 
TFSI-based ILs [55,59]. Surprisingly, in the case of DBUH-IM14 elec
trolyte, the activation energy of Li+ motion is significantly lower than in 
the other PILs electrolytes (Ea = 14.7 kJ.mol− 1). This leads to the 
conclusion that the large and asymmetrical IM14− anion favors the 
activation of local motion of the Li cation. This is consistent with the 
diffusion coefficient discussion of the previous section, supporting the 
conclusion that IM14− assists the motion of Li+ ions. 

Average jump distances 〈Rone− flip〉 were estimated from Eq. S14 and 
are shown in Fig. 6. The one-flip distances obtained are in the range 0.1 – 
0.4 nm (Table S25) close to other Li-doped ILs reported in the literature 
[55,60]. 

〈Rone− flip〉 showed an interesting increase with increasing the T value 
(Fig. 6). In the T < 358 K range, the order (DBUH-TFSI)1(LiTFSI)0.1 >

(DBUH-TFO)1(LiTFO)0.1 > (DBUH-IM14)1(LiIM14)0.1 was observed. 
Notably, a cross-over occurs at T > 358 K, as the averaged one jump 
distance of the Li+ in (DBUH-IM14)1(LiIM14)0.1 significantly exceeds 
that of (DBUH-TFO)1(LiTFO)0.1. This noteworthy enhancement is an 
actual descriptor of the different temperature response of Li+ when 
complexed with IM14− anions, supporting the above findings that the 
perfluorinated chain actively modulates the dynamic behavior of Li ions, 
considering that Li+ is always chelated by anions. 
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The curves of Fig. 6 show that the change of the Li one-jump distance 
with T is higher in the case of DBUH IM14 compared to the other two 
PILs. This translates into a larger response of the Li solvation shell to 
temperature in the PIL containing the anion with long a perfluoroalkyl 
chain in comparison with the other two PILs with shorter fluorinated 
groups. Such an enhanced sensitivity to T detected in the case of DBUH 
IM14 might be related to temperature-driven changes of the conformers 
population of the perfluorobutyl chain, in turn likely to affect the 
structure of the first solvation shell of the Li ions. 

3.5. Density and conductivity 

The temperature-dependent density (ρ) measured for the investi
gated PILs doped with lithium salts display the typical linear decrease 
with rising temperature (Tables S26-S27). The comparison of the neat 
PILs [25] and PIL electrolytes density (Figure S11) shows that 
DBUH-TFSI and DBUH-TFO are almost equally affected by the presence 
of the Li salt (Δρ = ρ(PIL electrolyte) – ρ(PIL) = 0.02 g.cm− 3). Contrarily, 
the density of DBUH-IM14 is almost unchanged upon lithium doping, 
indicating the efficient packing ability of the IM14− anion around the 
cations, as previously detected for other ILs [23,42]. 

Considering the ionic conductivity of the neat PILs [25], we 
emphasize that the investigated DBU-based PILs show good ionic con
ductivity (i.e., in the order of 10− 3 S.cm− 1 at 328 K) comparable to other 
PILs and AILs reported in the literature [33,36,61]. Here is worth 

pointing out that DBUH-IM14 shows a considerable high ionic conduc
tivity (10− 4 S.cm− 1) at 298 K, which is comparable to the specific con
ductivity of IM14-based AILs [62]. 

The ionic conductivity (σ) of electrolytes is determined by the 
number and mobility of charge carriers throughout the system, which is, 
in principle, limited by the fluidity. However, our previous work has 
demonstrated that this does not hold for the neat PIL DBUH-IM14, for 
which intermolecular interactions from the anion play a key role in 
lowering its ionic conductivity [25]. A similar trend is observed here for 
the PIL electrolytes, with σ[(DBUH-TFSI)1(LiTFSI)0.1] > σ[(DBUH-T
FO)1(LiTFO)0.1] > σ[(DBUH-IM14)1(LiIM14)0.1] (Table S28 and 
Fig. 7a). When combining the density and ionic conductivity results, 
some considerations can be drawn regarding the molar conductivity 
(Figure S12 and Table S29). The lowering in the molar conductivity due 
to the presence of the lithium salt is generally attributed to the Li+ ions’ 
interactions within the anions of the ionic liquid, which reduces the ions 
mobility. Indeed, Figure S12 shows that Li+ lowers the molar conduc
tivity of the PILs electrolytes, probably due to Li-anion coordination. 

3.6. Ionicity 

In an ionic system the effective fraction of ions participating in the 
conduction process is estimated by the ionicity [63]. In a previous work, 
we have demonstrated that the Walden rule fails in describing the 
ionicity of this set of PILs [25]. Alternatively, the ionicity can be 
quantitatively estimated using the inverse Haven ratio (IHR), (see Sup
plementary Material for more information) [64–66]. 

The IHR values calculated for the PILs and PIL electrolytes are shown 
in Fig. 7b and reported in Table S30. For the neat PILs, ionicity follows 
the order DBUH-TFSI > DBUH-IM14 ≥ DBUH-TFO. The reported values 
are not very high compared to AILs and PILs reported in the literature, 
which show considerably higher ionicity values (sometimes higher than 
0.7) [33,67,68]. Noteworthy, an in-depth review revealed that for AILs, 
ionicity values of TFSI-containing ILs closely align with those of TFO 
[36]. However, this study underscores a paradigm shift for protic ionic 
liquids, wherein TFSI-based PILs exhibit higher ionicity compared to 
DBUH-TFO. In particular, the low ionicity values measured for 
DBUH-IM14 and DBUH-TFO may be related to interionic contributions 
leading to aggregations/structuration phenomena in the liquid structure 
[69] stemming from the different intermolecular features of the TFO−

and IM14− anions. DBUH-TFO has a well-packed cation-anion solvation 
shell, and a highly oriented hydrogen bonding network [39] contrib
uting to anion-cation aggregation and decrease of ionicity. The scenario 
is different for the DBUH-IM14 where the weaker hydrogen bond 
network results in a much less structured solvation shell [39]. However, 
the perfluorobutyl chain is capable to generate spatial segregation, 
detectable as structural heterogeneities on the mesoscopic scale in 

Fig. 5. (a) 7Li spin-lattice relaxation rates R1 and (b) Arrhenius plot of the reorientational correlation times τc as a function of the temperature measured for the 
DBUH-IM14, DBUH-TFSI and DBUH-TFO PILs electrolytes. Lines correspond (a) to the regressed data using the BPP fitting parameters (b) guide to the eyes. 

Fig. 6. Averaged Li+ one-jump distances vs temperature dependence.  
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perfluorinated ILs55,56. Such additional anion-anion intermolecular 
fluorophilic interaction likely contribute here to the lowering of the 
DBUH-IM14 ionicity, compared to DBUH-TFSI. 

Considering the effect of the lithium salt on the ionicity of the PIL 
electrolytes (Fig. 7b filled symbols), it can be observed that (DBUH- 
TFSI)1(LiTFSI)0.1 is the only electrolyte in which the ionicity values of 
the lithium-free and doped systems are very close. Conversely, (DBUH- 
TFO)1(LiTFO)0.1 and (DBUH-IM14)1(LiIM14)0.1 show a relevant 
decrease of the ionicity with respect to the neat PILs (ΔIHR ≈ 0.1). This 
difference may arise again from the nature of the intermolecular in
teractions. In the case of the triflate anion, Li+ may be highly structured 
around TFO− forming a strongly bonded Li− TFO, which significantly 
slows its rate of diffusion, contributing to the ionicity decrease. 

When comparing the DBUH-TFSI and DBUH-IM14 electrolytes, the 
main difference between those systems lies in the size and asymmetry of 
the anion. Based on the findings that the IM14− anion favors Li+ motion, 
it is counterintuitive to assume that [Li(IM14)n] clusters are solely 
responsible for the decrease in ionicity. Once again, the ionicity 
behavior of DBUH-IM14 is linked to the known capability of IM14− to 
create fluorophilic domains, which introduces additional intermolecular 
interactions, probably enhancing anion-anion anticorrelated motion. 
Further progress in exploring the ionicity behavior of IM14-containing 
PILs can be achieved through Fast Field Cycling NMR experiments 
[70–74]. The application of this innovative technique is intended to gain 
a better understanding of the effect of correlated motions on the trans
port properties of IM14-based PIL and electrolytes. 

4. Conclusions 

Protic ionic liquid electrolytes are attractive systems to improve the 
safety and, in principle, the performance of lithium ions batteries. Their 
actual application in energy devices requires a deeper understanding of 
the features governing transport properties and aggregation phenom
ena. In particular, TFSI based anions as components of PILs are being 
investigated in view of possible modulation of the electrolyte response 
to external stimuli such as the temperature and the Li+ doping, in the 
perspective of tailored electrolytes for given applications. 

Beginning with DBUH-TFSI as a reference, the overall picture 
emerging from the present study is that of DBUH-IM14 with somewhat 
distinct and counterintuitive properties. Diffusion NMR highlighted 
lower diffusion coefficients than expected from its viscosity, probably 
due to occurrence of fluorophilic intermolecular interactions involving 
the two fluorinated terminals – CF3 and the perfluorobutyl chain – 
attached to the sulfonylimide functional group of IM14− . Besides, the 
uneven distribution of the fluorine atoms around the sulfonylimide core 
of IM14 anion dictates the distribution of nuclear relaxation times 

observed in IM14− . This finding fingerprints the rotational reor
ientation features of IM14− and suggests a descriptor for the role of the 
fluorinated substitute in the dynamic characterization of the electrolyte. 
Diffusion NMR pointed out the unexpected and relatively faster trans
lational mobility of Li+ in doped DBUH-IM14 electrolyte, along with the 
highest lithium apparent transference number. The Li+ presence affects 
selectively some of the dynamic features of IM14-based PIL. Indeed, the 
temperature effect on the rotational correlation times τC of the DBUH+

cation and on the 〈Rone− flip〉 of Li+ marks the border between TFSI− , 
TFO− on the one side, and IM14− on the other. The crossover temper
ature detected in both cases is a physical descriptor showing the possible 
modulation of dynamic properties by acting on the fluorinated sub
stituents at the [SO2–-N-SO2]− moiety. 

However, the trends observed for the ionicity seem to be part of a 
more complex scheme. In the case of DBUH-TFSI, the ionicity seems to 
be barely affected by the Li+ addition whereas for DBUH-TFO and 
DBUH-IM14 it shows a strong decreasing, which is probably related to 
the strong intermolecular created by fluorophilic domains. Overall, the 
findings of this work and the still open issues underlined here provide a 
starting point for further investigations related to this promising 
technology. 
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