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Abstract: The dynamics of pure ionic liquids and solutions with acetonitrile have been investigated
through quasielastic neutron scattering (QENS). The translational diffusive motion of the 1-butyl-
3-methyl-imidazolium cation was revealed as a function of concentration and temperature. The
diffusion coefficients obtained are in reasonably good agreement with molecular dynamics (MD)
computer simulations based on a classical potential. The diffusive mobility of the cation dramatically
increases when adding acetonitrile. This increase in diffusivity is directly related to a maximum in
conductivity of these ionic liquid solutions and might pave the way for new design of electrolytes. The
translational motions in pure ionic liquids are too slow to be resolved by our experiment. However,
localized motion resembling rotation on a sphere of the measured proton signal could be identified in
the pure ionic liquids.
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1. Introduction

Ionic liquids are the room temperature relatives of molten salts. They consist of an
organic cation and an inorganic or organic anion. A wide range of cations and anions
exist, which can be combined to form ionic liquids with different properties [1]. Unlike
high-temperature molten salts, ionic liquids have a melting point below 100 ◦C. Due to their
low vapor pressure, high thermal stability and almost non-flammable nature, ionic liquids
are currently being applied as reaction media, green solvents and electrolytes [1,2]. One
particular field of interest for application of ionic liquids is their use of an as an electrolyte
in batteries [3]. Here, lithium salts are used in a solution with an ionic liquid as electrolyte,
and one important performance aspect is the ion conductivity.

Structural studies with X-ray scattering and neutron scattering have been employed
to reveal the molecular structural arrangements in ionic liquids [4–10]. The dominating
force between the ions is Coulomb forces, which result in an alternating shell structure of
the ions, similar to the high-temperature-melting molten salts. Further interactions, such as
hydrogen bonding, and geometric constraints of the molecules influence the liquid structure
and can lead to further structural motifs. One common feature of all the structural studies
is a diffraction peak in the measured total structure factor, which reflects the intramolecular
and close intermolecular ordering on a 5–7 Å length scale in the partial pair correlation
function. For imidazolium chloride ionic liquids, the structure factor has a peak around
Q ≈ 1.3 Å−1 [11]. To unravel the complex structural motifs, diffraction experiments have
been combined with simulation studies [12]. Further structural studies have focused on
longer length scales, resulting in the observation of an additional structural peak at small
Q, which might be related to a segregation on a nanometer scale [13–18].

In contrast to the dynamics of the high-temperature molten salts, the dynamics in ionic
liquids is much more complex. In molten alkali halides, for example, the self-dynamics de-
scribes the translational diffusion of the ions, and no rotational component appears [19–21].
For molten salts, as one step of increased complexity, it was demonstrated that the inclusion
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of ion polarization is necessary to allow properly describing the diffusive dynamics in
simulations, which demonstrates the importance of a well-defined force field for proper
description of the dynamics in these ionic liquids. Ion polarization acts like a lubricant for
ion mobility and decisively enhances the diffusion coefficients.

In ionic liquids, the molecules will not only have translational motion but also show a
large degree of all sorts of rotational and localized motions, which can occur on a similar
timescale and are hence difficult to separate experimentally. Quasielastic neutron scattering
(QENS) is a valuable tool to resolve the self-dynamics in the 1 to 1000 ps time regime. QENS
is particular sensitive to the movement of hydrogen and might hence allow resolving the
dynamics of a specific ion, provided the scattering cross sections are chosen in a suitable
way. Several studies have been performed to reveal the different contributions to the
measured QENS signal in ionic liquids; see, for example [22–33]. Due to the complex
behavior of the stochastic movements, it remains a challenge to decipher the measured
signal into the most basic motions of the ions. For example, in the imidazolium ion alone,
four different reorientational motions have been identified, which might contribute to
the measured QENS signal [30]. The interlinked translational and rotational dynamics,
extending over a wide range of time scales, are not yet fully understood.

Further experimental techniques such as Raman spectroscopy, nuclear magnetic reso-
nance (NMR), dielectric spectroscopy and light scattering have been employed to unravel
the complex phase behavior and dynamics of ionic liquids [34–38]. Molecular dynam-
ics (MD) simulations were also applied to the understanding of ionic liquids; see, for
example [30,39–46]. With simulations, the partial contributions to the structure and dynam-
ics can be investigated in detail, which is an advantage compared to scattering experiments,
which can often only measure the integrated response of the liquid. With isotopic substi-
tution of parts of the ions, more specific information can be obtained, which was used in
structural neutron scattering studies; see, for example [4].

In the case of electrochemical applications of ILs, the diversity of systems can be fur-
ther expanded by combining them with common solvents. A number of studies have been
performed to assess the dynamics of water/IL solutions [47]. Less studied are IL solutions
with acetonitrile and their properties for electrochemical applications. The diffusion coeffi-
cient of pure acetonitrile (D = 4.3 · 10−5 cm2/s) [48,49] is up to two orders of magnitude
larger than the diffusion coefficients of ILs (D ≈ 1 · 10−7 cm2/s [31,50]). Therefore, one
can expect a sizeable influence on the ion conductivity of ILs with the concentration of the
solvent. Within an IL solution with acetonitrile, a conductivity maximum around 20 mole
% IL was found [51]. MD-simulation has shown that the ion conductivity is strongly
influenced by the acetonitrile concentration through a large change in diffusivity of the
ions [44]. Using NMR, the increase in ion conductivity with acetonitrile concentration has
been shown for an imidazolium salt [36]. That behavior opens up an avenue for designing
an electrolyte that has a specific conductivity at operational temperatures. In this case, a
thorough understanding of molecular properties, such as diffusivity, is required to optimize
the electrolyte.

Here, we present a QENS study to elucidate the microscopic aspects of the translational
diffusion of the cations inside IL solutions depending on the mole concentration of the IL
with acetonitrile and the temperature. A direct comparison with results from a classical
MD-simulation is conducted to determine the origin of the concentration dependence of
the conductivity in these solutions. With the aim of measuring the translational diffusive
motion of 1-butyl-3-methyl-imidazolium BMIM+ cations in BMIM PF6 and BMIM TfO
ionic liquids and their solutions in deuterated acetonitrile, QENS measurements were
carried out. The deuterated acetonitrile will enhance the QENS signal from the moving
cations, which is the source of dominating incoherent scattering.

2. Experimental Details

1-Butyl-3-methyl imidazolium hexafluorophosphate (in short, BMIM PF6) and 1-butyl-
3-methyl imidazolium trifluoromethanesulfonate (in short, BMIM TfO) are the investigated
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ionic liquids. Measurements were performed on pure ILs BMIM PF6 and BMIM TfO at
T = 298 K and T = 333 K and their solutions in deuterated acetonitrile (CD3CN) with mole
fractions of ILs 50%, 15% and 1% at three temperatures T = 278 K, T = 298 K, T = 333 K.

The scattering of neutrons is dominated by the large incoherent cross section of
hydrogen (about 81 barn [52]). The incoherent cross section is directly related to the
self-motion of hydrogen, and the measured QENS signal will provide information about
self-diffusion and the rotational motions of the moving hydrogens in the sample [53]. The
cross section of all the other atoms are about one order of magnitude smaller. The use of
deuterated acetonitrile leaves the overwhelming scattering power with the 15 hydrogen
atoms on the cation of the ionic liquid, and the dynamics of the anion and the deuterated
acetonitrile is small.

The ILs and their solutions have been filled into annular-shaped PTFE (polytetrafluo-
roethylene) cells. PTFE does not react with the ionic liquids, and the neutron cross section
of PTFE is coherent. Hence, the cell contribution is from the disordered structure factor of
the PTFE, which has a modest structural peak around Q ≈ 1.3 Å−1. The gap in the cell is
1 mm, and the outer diameter of the cylindrical cell is 20 mm. The lower concentration limit
is restricted by the sensitivity of the experimental technique. The appropriate weighted
amount of acetonitrile and IL was filled into the cells inside a glovebox.

Quasielastic neutron scattering measurements were performed on the OSIRIS spec-
trometer at the ISIS Facility, UK. OSIRIS is an indirect time of flight backscattering
spectrometer [54,55]. With a final energy of E f = 1.845 meV, the energy resolution is
FWHM = 0.025 meV. A wide dynamic range from −0.7 to +1.5 meV in energy transfer
was used to cover a wide range of molecular motions. A typical runtime for a single scan
is about 3–4 h. Pure acetonitrile measurements were performed in addition at the same
temperatures. Pure IL in the solid state at 245 K was measured to provide a resolution
function for the data analysis.

The data reduction included grouping of the spectra into 18 momentum transfer values.
The detector range where the PTFE empty cell has its structural peak (around Q ≈ 1.3 Å−1)
was excluded from the data analysis. The measurement with the deuterated acetonitrile was
subtracted from the IL solution measurements with appropriate absorption factors for the
different concentrations, assuming that the dynamics from the pure acetonitrile and within
the solutions does not change too much. In this procedure, the coherent elastic contribution
from the PTFE cell is subtracted, and the remaining quasielastic scattering contribution
from the deuterated acetonitrile is also eliminated, which for the low concentrations of
the IL (1%) is still a considerable amount of scattering and would overlay the signal from
the motion of the ionic liquid. In addition, the incoherent contribution from deuterium
is not negligible and will be subtracted in this way. Nevertheless, such a subtraction
procedure always has its limitations. For the pure ionic liquids, a measured empty cell scan
was subtracted.

When the scattering power of the sample is relatively large (typically larger than 15%)
the probability for a further scattering event within the sample increases accordingly, and
the additional multiple scattering events can overshadow the single scattering signal. The
scattering power of the 1% and 15% solutions are less or similar to 10%, and multiple
scattering correction was not performed for these concentrations. The correction procedure
is based on an approximation for the scattering probability as input and hence cannot be
regarded as an exact methodology to obtain fully corrected single scattering data. For
the higher concentration measurements, multiple scattering correction is needed. This
correction was achieved using a Monte Carlo code, which simulates the twice-scattered
neutrons with a scattering function input resembling the measured liquid; for more details,
see [21,56]. The so-simulated ratio between single- and twice-scattered neutrons was then
multiplied with the measured signal to correct for multiple scattering events.

For the data analysis, a simple model was used that incorporates the main motions of
the ions:
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I(Q, ω) = A0(Q)δ(Q) + A1
1
π

Γ1(Q)

ω2 + Γ1(Q)2 + A2
1
π

Γ2(Q)

ω2 + Γ2(Q)2 (1)

Here, the first term represents the elastic part of the signal, which might stem from
motions that cannot be resolved within the spectrometer resolution. In addition, localized
motions, for example rotation of the molecule, will add a further contribution to the elastic
line. The first Lorentzian function models the translational motion of the molecule, which
will show up as a Q2 dependence toward Q → 0 of the line width Γ1(Q). The second
Lorentzian will encompass all rotational and localized motions, which often occur on
a faster time scale and only show a modest dependence on the momentum transfer Q.
The most obvious and fastest rotational motion will be the rotation of the methyl groups.
Further rotational motions can be expected from the ethyl groups, or the whole molecule,
which is the slowest rotation. All these motions might occur on a similar time scale and
would overlap in the measured spectrum. Hence, they are in general not resolvable and we
treat them as a single relaxation process. With increasing momentum transfer, the width of
the translational diffusion process increases and will approach and interfere with the time
scale of the localized motions. Therefore, values for both processes are only unambiguously
separable at small Q values.

That model function is then convoluted with the measured resolution function and
fitted to the measured data. For most of the fits, an algorithm using a Bayesian statistical
approach was used [57]. For the 50% concentrations, the width of the broader line was
fitted globally to a constant Q-independent value. The translational dynamics of the pure
ionic liquids was too slow to be unambiguously revealed by the spectrometer. Hence, a fit
with a single Lorentzian lineshape and an elastic line was performed, where the Lorentzian
covered all rotational and localized motions. All analysis steps have been performed using
the Mantid software framework [58].

In Figure 1a, a spectrum at Q = 0.8 Å−1 is plotted on a logarithmic scale. The total
fit according to Equation (1) is included as a dashed line. The two separate fits with
a Lorentzian are shown as full lines and represent the two dynamic ranges observed
in the experiment. The measured resolution function (thin line) clearly demonstrates
the quasielastic signal of the 15% BMIM PF6 sample at 333 K. Panel (b) shows the Q-
dependence of the quasielastic signal on a logarithmic scale for a reduced range of energy
transfers. With increasing momentum transfer, the width increases, which implies that this
signal stems from translational diffusive motion. In panel (c), a reduced range in energy
transfer of BMIM PF6 at T = 298 K at Q = 0.6 Å−1 is plotted for two concentrations of the
BMIM PF6 ionic liquid solution on a linear scale. The lines are fits to the slower motion
and demonstrate that with reduced concentration of the ionic liquid, the cation dynamics
become faster. The spectrum for the 1% solution is accordingly much smaller and shows an
elastic contribution on top of the quasielastic signal. This indicates a further slow motion
of the molecules, which cannot be resolved by the spectrometer.
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Figure 1. Cont.
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Figure 1. Plot (a) shows a spectrum on a logarithmic scale. Included are the two fitted Lorentzian
contributions and as a dashed line the total fit. The thin line represents the resolution function.
Panel (b) shows the Q dependence of the translational motion for 15% solution of BMIM PF6 at
T = 298 K. In plot (c), the energy window with the translational movement is shown for the 1% and
15% concentration of BMIM PF6 for T = 298 K at Q = 0.6 Å−1. The full and dashed line denote the
Lorentzian contributions of the slower translational movement.

3. Results and Discussion

In Figure 2, the widths of the two Lorentzian fits for the 15% concentrated samples
at T = 333 K are shown. The smaller line width shows a decrease toward zero with
decreasing Q, a sign of translational motion. The broader line does not decrease to a zero
width value with decreasing Q-vector and might be related to rotation. In a QENS study for
BmimBr, a broader Lorentzian line with similar values was observed and related to localized
motion [30]. The increase in the line width with Q was assigned to coupling between
translational and rotational motions in this wave vector range. For a dimethylimizadolium
hexafluorophosphate ionic liquid, a structural peak around Q ≈ 1.3 Å−1 was reported [5],
and for the 1-alkyl-3-methylimidazolium PF6 ionic liquid, a peak at the same position was
reported [10]. These structural correlations also influence the self-dynamics of the particles.
For molten NaBr, it was shown that around the structure peak, the width of the diffusing
particles shows a modest minimum with increasing wave vectors [21]. This reduction in
line width and hence increase in relaxation time can be understood as the particle needing
more time to move to a nearest neighbor position within a dense liquid. Therefore, the
modulation of the line width around Q ≈ 1.3 Å−1 might be caused by the structure in the
dense liquid. Please note that this wave vector-dependent change in line width might also
be attributed to imperfect subtraction of the empty cell, which has a structural peak at the
same Q-vector. In addition, the coherent scattering from the liquids might also influence
the fit. The fit results indicate that a change with different anions in the here-regarded ionic
liquids only marginally influences the cation dynamics.
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Figure 2. The line widths of both Lorentzians are depicted for the 15% concentration of both ILs
at T = 333 K. Circles depict the widths of the slower translational movements and the triangles
the rotation.
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With increasing temperature, the width increases and the cation dynamics becomes faster.
In Figure 3, we present the concentration dependence of the translational diffusion dynam-
ics. The widths are shown for the 1%, 15% and 50% concentration of the BMIM PF6 solution
at T = 333 K. With increasing concentration of the ionic liquid, the dynamics distinctly
slow down. The widths decrease toward Q = 0 and demonstrate that the observed process
originates from translational cation diffusion. For the modeling of 50% concentration,
the broader Lorentzian was fitted globally to a Q-independent value, which resulted in
a smoother fit result for the width representing the translational motion, in contrast to
the lower concentrations where both widths were Q-dependent-fitted. The spectrometer
resolution is indicated as a dashed line, which shows that the line width at the smallest Q
vector is smaller than the spectral resolution, which still can be deconvoluted with data of
good statistical quality.
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Figure 3. The molar concentration dependence for the line width representing the translational
diffusive motion is plotted for T = 333 K. Included as a dashed line is the spectrometer resolu-
tion (FWHM).

In Figure 4, the widths are plotted against Q2 in a small Q-range up to Q ≈ 1 Å−1. At
long distances and therefore small Q, the Fick diffusion law applies, and the line width is
related to Q in the following way: Γ(Q) = h̄DQ2. Hence, this relationship provides a linear
dependence on Q2 with the diffusion coefficient as the slope. The fit has been applied to
data points up to Q = 1.0 Å−1. Please note that at the smallest wave vector, there is a small
deviation from the straight line, which is probably the result of not correcting for multiple
scattering at this concentration.
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Figure 4. The line width of 15% BMIM PF6 solution for the three measured temperatures is plotted
against Q2 to extract the diffusion coefficients. The lines describe the fitted diffusion behavior.

The measured diffusion coefficients are plotted on a logarithmic scale against the in-
verse temperature in Figure 5. Included are the values from the classical MD-simulation [44],
which were performed at slightly different temperatures and concentrations. There is a
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fair agreement between QENS and MD-simulation concerning the evolution with tempera-
ture, even though the MD-simulation seems to provide a slower dynamics. For the MD-
simulation, it was mentioned that the model delivered an about 25% slower dynamics than
experimentally observed for acetonitrile [44]. Taking this mismatch into account, the exper-
imentally observed diffusion coefficients are in good agreement with the MD-simulation
results. With NMR a BMIM+ cation self-diffusion coefficients of D = 6.6 · 10−6 cm2/s at
T = 298 K has been reported for a 15% mole solution of an IL in acetonitrile [36].
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Figure 5. The derived diffusion coefficients are plotted in an Arrhenius-type representation against
the inverse temperature. Included are results from a classical MD-simulation (open symbols) [44].

Assuming an Arrhenius-type temperature dependence for the diffusion process, ac-
tivation energies can be derived. We obtain for the 15% solutions activation energies of
Eact(BMIM PF6) = 74± 3 meV and Eact(BMIM T f O) = 83± 1.7 meV. For the 1% solution,
the values are slightly lower: Eact(BMIM PF6) = 53± 7.2 meV and Eact(BMIM T f O) =
60± 13 meV.

The concentration dependence of the diffusion coefficients is plotted in Figure 6. It
clearly shows the strong dependence of the diffusion coefficients with concentration of
acetonitrile. The difference in the diffusion coefficient between the 1% and 50% concentra-
tion is about a factor of 8. Diluting the IL with acetonitrile considerably speeds up cation
diffusion. The ionic conductivity is given by a product of diffusion coefficient and the ion
density. Combined with the cation density in the solution, this increase in D provides a
maximum conductivity of around 20% [44]. Macroscopic conductivity measurements on
IL–acetonitrile solutions related the mobility of the ions to the viscosity of the surrounding
fluid [59]. Structural changes with the addition of acetonitrile were reported [60]. The
QENS measurements confirm the conclusion from the MD-simulation.
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Figure 6. The concentration dependence of the diffusion coefficients is plotted together with results
from a MD-simulation [44].

Finally, we wish to discuss the dynamics in the pure ionic liquids. In this case,
no translational motion could be resolved because its dynamics were too slow for the
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spectrometer resolution. Therefore, we applied a fit with a single Lorentzian function
to resolve all localized motions together. This model fit delivers an amplitude for the
quasielastic broadening and a contribution for the elastic part of the signal. From the ratio
of these intensities, the elastic incoherent structure factor (EISF) can be obtained [53]. From
the modeling of the spectra, the EISF is extracted and the EISFs for both ILs are plotted
in Figure 7. The EISF provides a measure for the geometry of the localized motion of the
hydrogen atoms. The shape of the EISF indicates a motion, which might be described by a
rotation of the hydrogens on a sphere. In this case the EISF is given by:

EISF = j20(Qr) (2)

where r indicates the radius of the sphere. The lines in Figure 7 show the fit result with this
equation and demonstrate a good agreement with this model. For the radius, we obtain
r = 1.7 Å, which is larger than the radius expected for a single methyl rotation; hence, we
conclude that the whole cation is involved in this motion. The dashed line indicates the
expected behavior of a single rotating methyl group. The experimental data rule out this
interpretation, and more complex rotational motion must be assumed. For the BmimBr
ionic liquid, localized motion was identified from fitting the EISF [30]. A sphere radius of
r = 1.5 Å was obtained, which might indicate that we observe the same type of motion.
A QENS study on C8mimTFSI found slow localized motion, which was interpreted as
restricted diffusive motion in a sphere [31]. The analysis delivered a radius of r = 1.7 Å, in
perfect agreement with our result.
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Figure 7. The EISFs for the pure ILs are shown together with a fit (lines) that assumes rotational
movement on a sphere of hydrogens. The dashed line indicates the EISF for a methyl rotation.

4. Conclusions

A quasielastic neutron scattering experiment on pure ILs and solutions of different con-
centrations of ILs in acetonitrile was performed. The QENS experiment is mostly sensitive
to the motions of the cations in the solutions due to the choice of a deuterated solvent. The
translational diffusive dynamics was resolved for 1%, 15% and 50% concentrations of the
IL. Two different ILs with different anions were investigated, and no significant difference
in the cation dynamics appeared with different anions. With decreasing concentration, the
diffusivity increases by nearly an order of magnitude, in agreement with results from a
classical MD-simulation. Changing the temperature resulted in an Arrhenius-type behavior
of the diffusion coefficients. This concentration dependence is the reason for the strong
increase in conductivity of the IL within acetonitrile, which might peak at an IL concen-
tration of about 20%. For the pure IL, the translational dynamics could not be resolved;
however, the localized motion of the cations could be described as spherical rotation. The
creation of appropriate solutions paves the way to engineer the required conductivity for
an application.
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