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ABSTRACT  

Knowledge of the ion motion in room temperature ionic liquids (RTILs) is critical for their 

applications in a number of fields, from lithium batteries to dye-sensitized solar cells. 

Experiments on a limited number of RTILs have shown that, on macroscopic time-scales, the 

ions typically undergo conventional, Gaussian diffusion. On shorter time-scales, however, non-

Gaussian behavior has been observed, similar to supercooled fluids, concentrated colloidal 

suspensions, and more complex systems. Here we characterize the diffusive motion of ionic 

liquids based on the N-butyl-N-methylpyrrolidinium (PYR14) cation and bis(trifluoro 

methanesulfonyl)imide (TFSI) or bis(fluorosulfonyl)imide (FSI) anions. A combination of 

pulsed gradient spin-echo (PGSE) NMR experiments and Molecular Dynamics (MD) 

simulations demonstrates a cross-over from subdiffusive behavior to conventional Gaussian 

diffusion at about 10 ns. The deconvolution of molecular displacements into a continuous 

spectrum of diffusivities shows that the short-time behavior is related to the effects of molecular 

caging. For PYR14FSI, we identify the change of short-range ion-counterion associations as one 

possible mechanism triggering long-range displacements. 
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Room temperature ionic liquids (RTILs) represent an important and broad class of salts 

characterized by melting temperatures around room temperature. The low vapor pressure, high 

electrochemical and thermal stability, and high ionic conductivity make them well suited for 

several applications, including lithium batteries, sensors, dye-sensitized solar cells, fuel cells, 

capacitors, hydrogen storage and catalysis.1–6 In principle, by a careful selection of the cations 

and anions, their chemical-physical properties can be tailored to the application of interest. In 

practice, however, the synthesis and characterization of a large number of potentially interesting 

candidates is both time- and resource-consuming. In this perspective, a better understanding of 

the relationship between molecular structure and physicochemical properties can be extremely 

valuable, and may help to fully exploit the potential of these materials. 

The transport properties of RTILs are especially relevant, in view of their application as 

electrolytes. During the past decade, significant efforts have been put in understanding the 

complex dynamics of these systems. Studies based on NMR experiments7,8 have evidenced that, 

on a macroscopic time-scale, ion diffusion in the bulk liquid phase is essentially unrestricted and 

Gaussian, albeit with generally small diffusion coefficients. On shorter timescales, early 

indications of non-Gaussian diffusion in RTILs were provided by MD studies9-14 and associated 

to dynamical heterogeneities, e.g., transient spatial fluctuations in the local dynamical behavior.15 

According to this view, the mobility of the individual ions in the bulk may vary over a wide 

range, due to local fluctuations in the fluid structure, similar to those observed in supercooled 

fluids,16–19 concentrated colloidal suspensions20,21 and more complex systems.22,23 At the 

molecular level, dynamical heterogeneity is usually associated with caging phenomena. The 

molecules inhabit transient cages formed by their nearest neighbours. Most of the time, the 

molecules "rattle" around well-defined positions within the cage. Occasional cage 
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rearrangements, however, may promote large displacements, allowing the molecule to "jump" 

from one cage to another. In turn, the displacement of one molecule triggers the rearrangement 

of the its nearest neighbors, so that these correlated motions result in the transient formation of 

higher mobility pockets within a lower mobility matrix. The strong Coulomb interactions among 

the ions, in combination with other effects such as Van der Waals and hydrogen bonding 

interactions and the conformational flexibility of the ions, further enhance the importance of 

these correlation effects. 

Although this picture may qualitatively explain non-Gaussian diffusion in RTILs, its details 

are often difficult to capture and require a close integration  of experiments, computation and 

theory.24–28 The complex organization of these liquids is susceptible to change significantly upon 

changing the ion structure and, even for the same system, the interpretation of the experimental 

or numerical data may not be univocal. For example, non-gaussianity in Emim-NO3 was 

attributed to the effect of long-range Coulombic interactions,9 whereas in Bmim-BF4 to the 

formation of polar and non-polar domains.29 In another study on Bmim-PF6,
30 the differences in 

ion mobilities were linked to the existence of locally heterogeneous environments, and ultimately 

related to ionic nearest-neighbor interactions. In parallel with computational studies, quasi-elastic 

neutron scattering (QENS) experiments31–33 have evidenced the existence of distinct relaxation 

mechanisms for some RTILs, with a slower one (α) related to spatially restricted translational 

diffusion and a faster one (β) to conformational motion of molecular sub-structures, like alkyl 

side-chains.32,33 

In this manuscript we analyze the translational dynamics of two RTILs based on N-butyl-N-

methylpyrrolidinium (PYR14) as cation and bis(trifluoromethanesulfonyl)imide (TFSI) or 

bis(fluorosulfonyl)imide (FSI) as anions. Our interest in these systems is motivated by their 
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importance in the field of lithium-ion batteries.34–38 Furthermore, while imidazolium-based 

systems have been quite extensively characterized,11,14,31 less information is available for 

pyrrolidinium-based RTILs. Experimentally, the dynamical behavior of these systems has been 

investigated by means of pulsed gradient spin-echo (PGSE) NMR spectroscopy. In addition to 

this technique, which was already been used by us39,40 and other41–43 groups, we employ also MD 

simulations. In doing so, our aim is to cross-validate the experimental and numerical results, as 

well as to obtain structural information and provide a consistent description of the ion dynamics, 

from the sub-ns to the ms time scale.  

 

Scheme 1. Sketches of the molecular structures investigated in this work. 

PGSE-NMR spectroscopy is able to encode the molecular spatial position by employing 

pulsed magnetic field gradients of varying intensity. At t=0, certain nuclei within the probe 

molecules are labeled by the pulsed field gradient according to their position. After diffusion has 

occurred over a certain time t, the observed signal intensity ( )tqI ,
 
is attenuated depending on the 

net molecular mean-square displacement (MSD) and on an experimental parameter q=2g. 

This combines the magnetogiric ratio of the observed nuclei (), the applied field gradient (g) 
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and gradient pulse duration (δ) (see the Supporting Information for experimental details). Note 

that q has the dimension of a reciprocal distance. The value of t determines the time-scale of the 

dynamical information that can be extracted from the NMR experiment. In an isotropic system, 

the MSD along the pulsed field gradient axis (z) is statistically equivalent to that along the 

orthogonal directions (x and y), and therefore we have: 

( )22 )0()(
3

1
)( rr −= ttz     (1) 

where r(t) is the position of the tagged species at time t, r(0) is its starting position and •  

indicates an average over all nuclei. 

The mathematical treatment of PGSE-NMR data can follow two complementary approaches:  

1) The gradient-dependent echo decay (GDED) analysis. The echo decay ( )tqI ,  is related as 

follows to the MSD of the nuclei along the pulsed field gradient axis: 

( ) ( ) 







−= tzqtItqI 22

2

1
exp),0(, .     (2) 

The MSD of the diffusing nuclei increases with the observation time t. The following general 

relationship holds for an isotropic system: 

Dttz 2)(2 =       (3) 

Unrestricted, Fickian diffusion⎯here we follow refs. 22 and 23 in using this term⎯occurs when 

=1 and the proportionality constant D is then a true diffusion coefficient. In addition, it is 

possible to observe also subdiffusive (0<<1) and superdiffusive (>1) motion. The same 

system may exhibit all of these translational regimes, depending on the observation time 

window. We also point out that conventional Fickian diffusion (α=1) does not necessarily 

correspond to a Gaussian distribution of displacement probabilities.22,23 For this reason, it makes 

sense to refine data analysis by the q-space approach described below. 
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2) The q-space analysis. This is an alternative approach used to analyze PGSE experiments.44 

The q-space theory, developed for heterogeneous systems and biological tissues45,46, describes 

the NMR diffusion measurements in terms of displacement probabilities. In analogy with 

scattering methods, the reciprocal vector q can be considered as a probe of the reciprocal space 

of spin displacements. According to this theory, the echo attenuation is the Fourier transform 

(FT) of the displacement probabilities GNMR along the z axis. Thus GNMR can be recovered by the 

inverse FT: 

( ) ( ) dqetqItzG iqz
NMR 

+

−
= ,,      (4) 

This is actually the Van Hove self-correlation function, which will be formally defined below in 

connection with the MD simulations. In the case of conventional diffusion, combining Eq. (2) 

and Eq.(3) (with α=1), GNMR is a Gaussian function: 

( ) Dt

z

NMR
Dt

ItzG 4

2

0 exp,
−

=


.    (5) 

In this case, increasing t widens the profile as the molecules can travel longer distances, and the 

diffusion coefficient D can be calculated from the full width at half-maximum: 

 ( )   2/1
5.0 2ln42 Dtz = .        (6) 

Instead, for a restricted motion (e.g., in heterogeneous or porous materials), no difference should 

be observed once 
2/1

2 )(tz  becomes comparable with the length scale of the heterogeneities 

which provide the restriction. 

 

 

 



 

 

9 

 NMR MD 

 PYR14FSI PYR14TFSI PYR14FSI PYR14TFSI 

DH (m2/s) 3.2810-11 2.4810-11 3.4210-11 2.2510-11 

DF (m2/s) 4.0210-11 2.0410-11 3.6310-11 2.0410-11 

Table 1. PGSE-NMR and MD diffusion coefficients of the cations (DH) and the 

anions (DF) within the two RTILs. 

For all species, we have initially analyzed our experimental data following GDED 

approach, Figure 1 shows the log-log plots of the MSDs obtained from the measurements 

performed on the cation (1H) and anion (19F) of both RTILs, for diffusion times t in the range 

0.2-0.7 s. We found 2z  to vary linearly with time, thereby indicating Fickian diffusion over 

this time scale in both PYR14FSI and PYR14TFSI. The results have been collected in Table 1. 

Both DH and DF are higher for PYR14FSI than for PYR14TFSI, due to the lower viscosity47,48 of 

the former. 
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Figure 1. Log-log plot of the experimental MSDs 2z  for PYR14FSI (left panel) and 

PYR14TFSI (right panel), as a function of diffusion time t. Linear fits to the data are 

also shown, along with the diffusion coefficients. 

To further assess the nature of the diffusive motion in both systems, we performed the q-

space analysis, which leads to the displacement distribution profiles GNMR. Note that the 

experimental data can only be collected over a finite range 0<q<qmax, where the maximum value 

of q depends of investigated system (it is not necessary to record data for q<0, as ( )tqI ,  is 

necessarily an even function of q). The limited sampling in q-space usually leads to numerical 

fluctuations in the FT, which hamper the full reconstruction of the GNMR profile. Zero filling or 

data extrapolation are commonly applied to overcome this issue and enhance the spatial 

resolution of the FT.14 Here we adopt a different strategy, by fitting GNMR to the FT of a 

truncated Gaussian with the same q-space interval.  Thanks to the FT denoising properties, this 

procedure is expected to give more accurate results than fitting I(q,t) via Eq. (2). 

Figure 2 shows the results of the fitting of the experimental points for PYR14FSI and for 

diffusion times in the range 0.2-0.5 s. For both the cation and the anion, the agreement is 

excellent. The values of Δ(z0.5) decrease with decreasing diffusion times, as expected for a 

Gaussian diffusive behavior (see Eq. (6)). Similar results were obtained for PYR14TFSI.  This 

confirms the hypothesis of fully developed Gaussian diffusion of the ions on these long time-

scales. 
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Figure 2. Displacement distribution profiles for H atoms (left) and F atoms (right) in 

PYR14FSI. The numerical FTs of the original data (points) are compared with the 

fitted profiles at different diffusion times (lines). For comparison purposes, all 

functions have been rescaled to unity at z=0. Full widths at half-maximum are also 

reported. 

To investigate the behavior of our systems on shorter timescales, which are not accessible 

to NMR, we performed classical MD simulations. All-atom force fields were developed for all 

species starting from the parameters by Canongia Lopez, Padua and coworkers.49-52 The partial 

atomic charges were rescaled in order to obtain a good agreement between calculated and 

experimental RTILs densities (at 293 K)4,5 and NMR diffusion coefficients at 305 K (see SI for 
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details), whilst maintaining the overall charge neutrality. The sum of atomic charges within the 

ions was ±0.6e for PYR14FSI and ±0.7e for PYR14TFSI. This scaling is necessary mainly to 

correct for ion polarization effects, which are not included in our force field. Both RTIL models 

contained 125 cation/anion pairs. All simulations were performed at constant temperature and 

pressure, each with an overall duration of 0.5 s. 

 

Figure 3. Log-log plot of 2z  for H and F atoms in PYR14FSI and PYR14TFSI, 

derived from the MD simulations. Molecular center of mass profiles are shown as 

dashed lines. Shaded areas highlight the different diffusion regimes (see text). 

Approximate values of α for H and F within each region are also shown.  

 Figure 3 shows the mean-square displacements obtained from the MD simulations of 

both systems. In addition to the atom-based MSDs, which are closely analogous to those 

measured by NMR, we have plotted also the molecular center-of-mass (COM) displacements for 

the cations and anions. The changes of slope in the plots indicate the presence of three distinct 

diffusion regimes. The boundaries between them were set at the MSD inflection points, 

corresponding to the stationary points of ( ) ( )tzt log/log 2 = . In both systems, the Fickian 

diffusive behavior (=1) is observed for both H and F at times greater than about 10 ns. The MD 
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diffusion coefficients, calculated via Eq. (3) in the interval 10<t<400 ns and used for fine-tuning 

the force field parameters, are in excellent agreement with the experimental ones (see again 

Table 1). 

 Having validated the MD simulations by comparison with the long-time behavior 

encoded in the NMR data, we may analyze the ion dynamics at increasingly shorter times. Below 

10 ns, corresponding to COM displacements of about 1.5 nm, the linear regime smoothly evolves 

into a subdiffusive regime, characterized by values of α close to 0.5 for H and F in both systems. 

The deviations from linearity affect in similar ways both RTILs, the subdiffusive regions 

spanning three orders of magnitude in time, from about 10 ns to about 3 ps. At very short times 

(t<3 ps) and displacements (of the order of 1 Å), the center of mass motion is free and 

characterized by a ballistic regime (α=2) analogous to that observed in other RTILs.9,30 The 

corresponding atomic displacements are larger and associated with different values of α. 

Differences between atom-based and COM-based displacement are understandable at short 

times, since the former are sensitive to tumbling motions of the ions while the latter are not. For 

the same reason the differences between the short-time dynamics of the H and F atoms reflect 

different rotational, conformational and caging dynamics of the cations and anions. The minima 

of A(t),
 
located at tmin=2.9 ps for all species, provide an estimate of the average collision time 

between nearest-neighbor molecules. 

 To further analyze the COM dynamics, we have calculated the corresponding Van Hove 

self-correlation functions: 

( ) ( ) ( )( )
=

−+=
N

i

iiMD tzzz
N

tzG
1

0
1

,  .     (7) 

Figure 4 compares the profiles of GMD(z,t) plotted as a function of the normalized displacement 

z/σ, σ being to the standard deviation of the displacements (square root of the MSD).53 The 
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Gaussian distributions with the same variances are also plotted for comparison. For the largest 

diffusion time shown (t=12.8 ns), the deviation from the Gaussian behavior is generally small 

(except for TFSI), but progressively increase upon decreasing t. In analogy with more confined 

systems,8,14,15 these deviations only affect the tails of the distributions, leaving the central portion 

unaffected. 

 

Figure 4: Normalized GMD(z,t), plotted logarithmically against the normalized 

displacement (z/σ) for PYR14FSI (top) and PYR14TFSI (bottom). Lines are fits to the 

data obtained with Lucy’s deconvolution algorithm (see text). The black lines 

correspond to a Gaussian distribution with the same variance. For clarity, only the 

tails of the distribution with z/σ>2.5 are shown.  
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 Decreasing the diffusion time, the tail distribution is found to decay linearly on the 

logarithmic plot, implying that the probability function changes according to 

( ) ( )/exp, ztzGMD − . This behavior suggests the possibility of heterogeneity in long-range (z/σ 

> 2.5) diffusion processes, which could be described by admitting the existence of different ions’ 

states with apparently different diffusion coefficients. In order to test this hypothesis, we have 

calculated the distribution of diffusivities, P(D), using Lucy’s deconvolution algorithm to fit the 

displacement distributions according to the following equation:54  

( ) ( ) dD
Dt

e
DPtzG

Dtz

MD
4

,
4/2−

=      (8) 

Eq. (8) describes GMD(z,t) as the superposition of Gaussian diffusion processes associated with 

different diffusion coefficients.10 In this work, the integration was performed over a "basis set" of 

400 Gaussian functions. In order to limit the statistical noise of poorly sampled regions, the 

integration interval was set to -3.5 < z/σ < 3.5. The result of the fitting are reported in Figure 4, 

whereas the corresponding diffusivities are given in Figure 5. For comparison purposes, we also 

report within Figure 5 the average diffusivities, given by: 

= dDDDPDave )(       (9) 
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Figure 5. Diffusivity profiles of PYR14FSI and PYR14TFSI at different diffusion 

times. Dotted lines represent the average diffusion coefficients, Dave. Note the 

different diffusivity ranges used to plot the data. 

 Before discussing these results, we note that, for a pure Gaussian motion, the use of Eq. 

(8) should provide an infinitely narrow delta function centered at Dave. Clearly, this outcome 

cannot be observed, due the use of a finite number of Gaussians. Nonetheless, upon approaching 

the Gaussian behavior, we may also expect P(D) to converge to Dave. For t = 25.6 ns, the 

diffusivity profiles are symmetrical and centered about the corresponding averages. The 

exception of TFSI is due to the slow converging behavior of its diffusion coefficient, as reported 

above. At 6.4 ns, the profiles look slightly asymmetrical for all species, although peak values are 

still centered on their averages. Interestingly, the cation and the anion in PYR14TFSI show 
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similar profiles, while in PYR14FSI the two profiles do not overlap. At 50 ps, in the subdiffusive 

domain, peak values no longer coincide with the averages. The profiles appear more skewed and 

span a wide range of diffusivities. This outcome can be associated with caging effects. The 

collisions with the neighbor ions increase the occurrence of small displacements, leading to the 

peaks at reduced D’s. Meanwhile, occasional cage rearrangements may promote large 

displacements. For t = 50 ps, we see that cation and anion diffusivities can be four times the peak 

value. Further analysis of the MD trajectories is reported in the SI. 

 Overall, the analysis of the experimental PGSE NMR data using two specific, but 

complementary approaches demonstrates that ion diffusion in PYR14TFSI and PYR14FSI is 

Gaussian over long observation timescales (ms). Conversely, molecular dynamics simulations 

indicate subdiffusive motion for short observation times (below 10 ns). This non-Gaussian 

dynamics is related to molecular caging effects. Work is in progress to extend this dual 

experimental-numerical approach to other systems, in particular ones with locally heterogeneous 

environments in which strong confinement effect have already been evidenced by experiments.31 

 

ASSOCIATED CONTENT 
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