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Effect of mild nanoscopic confinement on the dynam-
ics of ionic liquids

Daria Noferini,* Olaf Holderer,” and Henrich Frielinghaus

lonic liquids are molten salts without additional solvent and are discussed as innovative solvents
and electrolytes in chemical processing and electrochemistry. A thorough microscopic under-
standing of the structure and ionic transport processes is essential for tailored applications. Here,
we study the influence of “mild” nanoscopic confinement on the structure and diffusion properties
of an ionic liquid, 1-Ethyl-3-methylimidazolium acetate, with scattering techniques. The structure
is analyzed with x-ray diffraction, while neutron backscattering spectroscopy is employed for the
study of the diffusion processes in these systems. Interpreting the diffusion processes in terms of
a jump-diffusion model allowed to deduce confinement effects on the jump length and residence
time, both increased at elevated temperatures in confinement. The applied “mild” confinement,
which leaves room for 10-25 times the domain spacing, allows to observe in much detail how the

onset of domain distortion decelerates the dynamics.

1 Introduction

Ionic liquids (IL) attracted much interest as innovative solvents
used in synthesis!, electrochemistry acting for examples as elec-
trolyte2 and are also of large interest for fundamental research
in chemistry and physics34. The ionic transport within an ionic
liquid is one of the prominent questions in terms of applicabil-
ity as a solvent in electrochemical energy converters (fuel cells,
electrolyzers) >°. The structure of ionic liquids has been stud-
ied with scattering techniques such as x-ray reflectivity” or small
angle neutron scattering (SANS) 8. Interestingly, several orders
of diffraction peaks are observed®10 where the molecule spac-
ing scales with the molecule size, and the surface tension is re-
duced!!. Molecular Dynamics simulations have been employed
to calculate physical properties of an ionic liquid such as diffu-
sion constants, radial distribution functions and confinement ef-
fects12714 Very often a high confinement down to a very few
molecule layers was considered 1415, Experimentally, the ion
transport within an ionic liquid has been addressed with PFG-
NMR and quasielastic neutron scattering (QENS) for an ionic
liquid exhibiting nano structures1®, whereas an increased ionic
mobility has been reported for 1D-confinement of an ionic liquid
inside carbon nanotubes!7:18. In extreme (bidisperse) pore con-
finement!? of few and sub nanometers the alternating domain
structure seems to be widely suppressed, while the diffusion is
slowed down. A similar study with bidisperse hierarchical pores
found a very complicated scenario with “highways” for ion trans-
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port20. However, phase boundaries seem to be rather unaffected
by pore confinement?!,

In this work we present results on the structure and dynam-
ics of ionic liquid 1-Ethyl-3-methylimidazolium acetate (hereafter
indicated as EmimAc) 22 in the bulk state and confined in porous
glasses with different pore diameter. The here studied pore sizes
range from 10 to 25 times the molecule pair size (i.e. repeat dis-
tance), which is considerably larger than in many other studies fo-
cusing on a few molecule layers such as in carbon nanotubes 17-18
or nanometer gaps in simulations 141>, We thus term this confine-
ment as “mild”, since the ionic liquid still has considerable space
to arrange itself and only a rather small fraction is actually in di-
rect contact with the glass surface. The influence of the size of
confinement on the structure and details of the diffusion process
of the ions are studied by X-ray diffraction and QENS.

2 Experimental

The IL 1-ethyl-3-methylimidazolium acetate (EmimAc, 97% pu-
rity) was purchased from Sigma-Alrdich and used as received.
The porous glass Varapor-100 (noted as VP) and AGC-40 (noted
as AGC) were purchased from the company Advanced Glass and
Ceramics (www.porousglass.com) with a diameter of 14 mm and
0.5 mm thickness. The chemical compositions of the glasses were
provided as VP: better than 99% SiO,; AGC: 95% SiO,, 5% B,0s.
Natural glass surfaces23 have a surface charge of -0.77 C/m? due
to the dissociation of the silanol groups. However the Debye-
Hiickel model would predict a Debye length of sub-Angstrém and
so all surface charges are shielded by the first layer of cations. For
reusing the glass, the pieces were kept overnight in methanol and
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Fig. 1 X-ray diffraction patterns of the IL without confinement, in VP and
AGC with model fits (red & dotted blue) as discussed in the main text.

dried in vacuum. The glasses were filled with a meniscus of IL
on top at 100 °C under high vacuum overnight, and paperdried
after the application. Specifications are listed in Table 1. The dis-
crepancy in the nominal size vs. pore size distribution lies in the
number average vs. volume weighted distribution. From the vol-
ume weighted distributions the overlap of the two glasses is well
beyond the 1o-limit and thus the glasses can be considered to be
different. The specific surfaces of the two glasses are 116 and 215
m?/g (VP and AGC) according to the producer.

X-ray diffraction (XRD) was performed on single glass samples
and the pure IL on a Bruker D2 Phaser with a copper Ko source
(A=1.541 A, operated at 30 kV, 10 mA). The incident beam was
collimated to 0.1° divergence. The shading characteristics of the
beam stop from the rather flat scattering of the neat IL have been
used to correct the scattering at smallest angles. The pure glass
scattered considerably less than the IL. For the IL confined in AGC,
the background substracted scattering from the IL and the scatter-
ing of the empty AGC glass are presented in Figure 1. For neutron
experiments, the bulk IL sample was placed in a cylindrical cell
with annular geometry and Al walls with a thickness of 0.5 mm.
The inner diameter of the external cylinder of 24 mm left a gap
of 0.1 mm. For the confined samples, three glass disks were ver-
tically arranged between two Al plates of 0.5 mm thickness that
were sealed by laser-welding.

Table 1 Specifications of the pore size and porosity for the two porous

glasses.

Glass nominal pore diam. pore diam. distr. porosity
VP 98 A 135+44 A 40%
AGC 37A 50+17 A 31%

The QENS measurements were conducted at the high-
resolution backscattering spectrometer SPHERES at the Heinz
Maier-Leibnitz Zentrum (MLZ) in Garching, Germany?24. The
instrument is operated with an incident wavelength of 6.27 A
and Si(111) unpolished analyzers, providing a resolution of
ca 0.66 peV and Q-range of ca 0.2-1.8 A~!. By moving the
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Doppler-monochromator at 4.7 m/s, a dynamical range of ap-
prox. +£31 ueV was obtained. For the measurements of the con-
fined IL, the Al plates were oriented at 45° in transmission. VP
disks with no absorbed IL and arranged in the same geometry and
Al plates were measured for background subtraction of the con-
fined IL. In the case of the measurements in AGC, the signal was
re-scaled according to transmission ratios of VP and AGC. For the
bulk measurements, an empty cell with the same annular cylinder
geometry was measured and subtracted. Spectra were acquired at
3, 280, 320 and 373 K and analysed in the Q-range 0.6-1.4 AL
where signal-to-noise and energy resolution are the highest and
influence from the structural peaks are minor. The low-7 mea-
surements, after empty cell subtraction, were used as resolution
functions R(Q,%®) in the data analysis and for detector normal-
isation. This approach is justified as the signal is dominated by
the incoherent scattering of the hydrogen atoms and all dynamics
are frozen out at the base temperature. For the bulk sample, the
change of intensity in the elastic channel at i = 0 as function of
the temperature (elastic fixed window scan; EFWS) was also ex-
amined, in the range 3——373 K upon heating, with a heating rate
of 0.7 K/min. Data reduction and corrections were carried out
using the software SLAW2> and LAMP26, whereas the software
LAMP and MATLAB were used for the fitting procedures.

3 Results and Discussion

The structure of the IL with and without confinement was de-
termined using XRD (Fig. 1). The pure glass samples display
significantly less scattering compared with loaded samples. The
case of AGC is shown in Fig.1. The glass exhibits a characteris-
tic Si0, peak above 1 A~!, which is still lower than the peak of
the IL confined in AGC, where the glass scattering has been sub-
tracted. All spectra displayed a clear correlation peak connected
to the repeating distance of the IL. The neat IL was described by
a microemulsion scattering function2”-28 because the alternating
structure of anions and cations resembles that of oil and water
and the IL often remains not aligned, i.e. disordered on macro-
scopic length scales:

A
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with amplitudes A, and B, a wave vector for the repeat dis-
tance kg, a correlation length &£, a domain size gyration ra-
dius R,, and a domain roughness ¢. This scattering function
does not originate from a diverging correlation function of the
kind exp(—&r)sin(kgr+ )/ (kor) in real space -8 with an non-zero
phase shift ¢. This non-zero phase shift was introduced to ac-
count for the dissymmetry of the correlation peak. For the here
suggested function the dissymmetry is generated by the term con-
taining the error function. It adds excess domain surface with
the amplitude B to the Teubner-Strey expression with amplitude
A. While the Teubner-Strey2” expression results from a free en-
ergy Landau expansion at low Q, the excess surface needs to be
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Fig. 2 Dynamic structure factor S(Q,%®,T) for a) EmimAc bulk, b) EmimAc in VP and ¢) EmimAc in AGC. For each sample, spectra at 0=0.6 (top) and
1.4 A-! (bottom) and T= 280 (left) and 373 K (right) are displayed. Red solid lines represent fits of the signal (see text). Data points are displayed as

rebinned in energy, for clarity.

added explicitly. These thoughts hold well for microemulsions
with approx. 10 nanometer domain sizes, and seem to apply for
the current system as well. The ordered domains with random

orientation are described by two Lorentzians2°:
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again, with amplitudes Cy and C, two correlation lengths &, and
£. The domain wave vector is kg. All fitting parameters are listed
in Table 2. In Fig. 1 we explicitly display the mismatching mi-
croemulsion approach for the VP-sample by the dotted blue line.
For the ordered systems, we directly see the strong increase of
the correlation length £ with confinement that goes along with
the change of the model for bicontinuous vs. lamellar structures.
The slight decrease of k& is statistically relevant and underlines
the higher degree of order, possibly due to aligned or oriented
molecules. Apart from the structural parameters, the extrapo-
lated forward scattering I(Q — 0) is clearly higher for the AGC
system, even though the scales of intensity are not fully compara-
ble. Thus, the osmotic compressibility is higher for AGC3°, mean-
ing that fluctuations of the stoichiometry are facilitated here.

Table 2 Structural parameters for describing the XRD scattering patterns
according to egs. 1 and 2. The error bars of the correlation peak param-
eters (ko, &) are better than 1%, 1.6% for R,, and 2.6% and 10% for &,
for VP and AGC. o was set fixed. Amplitude ratios are better that 1%.

Sample ko[A~'] E[A]  3rd par 4th par. A/B, Cy/C
neatIL  1.70 1.62 R,=095A o=0.1A 0.145

VP 1.58 325 & =050A - 0.701
AGC 1.60 273 £ =393A - 12.0

In Fig. 2 we present selected spectra of the measured dy-
namic structure factor S(Q,%®,T). The signal becomes generally
broader with increasing Q and 7, suggesting thermally activated
diffusion. Differences induced by the confinement can be also no-
ticed, in particular a reduced influence of the temperature com-
pared with the bulk sample.

A parametrization of the data is carried out with the following
equation:

_u2\O?
S(0,hw) = Kexp<%) 40(0)8 (7o) 3)

+A1(Q)L1(Q, hw)] @ R(Q,he) +b(Q)

where K is a normalisation constant, (4?) is the vibrational mean
square displacement, L; is a nornalised Lorentzian function mul-
tiplied by its weight A, and 5(Q) is a a flat, energy-independent,
background. The elastic component, Ayd(ho), present in all spec-
tra of the confined ionic liquid, indicates slow dynamics which
cannot be resolved within the resolution of SPHERES. The bulk
IL at elevated temperatures is a pure liquid sample and has
no elastic component, so Ayp = 0 in this case. The bulk sam-
ple at 280 K showed an additional fast dynamics, making nec-
essary the use of a second broad Lorentzian component in the
fit. In Equation 3 the single Lorentzian is therefore replaced by
A1(Q)L1(Q,hw) + (1 —A1(Q))L2(Q,hw), where the width of the
Loretzian function L, is the sum of the widht of L; and the width
of a localised component. Such a localised component likely
becomes too fast, and thus too broad to be distinguished from
the background, as the temperature increases. Interestingly, it
is not observable in the confined samples at the same tempera-
ture. Ag(Q) and A;(Q) (and A,(Q) if applicable) are normalised
so that their sum is equal to 1 for each spectrum. In this con-
text we note that in order to describe the complex dynamics of
ILs, some groups have previously employed stretched exponen-
tial functions. 31733 Our use of single Lorentzian components does
not necessarily mean a Debye nature of the here investigated
processes. Within the present experimental conditions such an
approach, previously used in QENS studies on similar materi-
als, 16:18:34-38 allows us to reduce complexity while sufficiently
approximate the data, with the aim of obtaining qualitative infor-
mation about the dynamics to compare the different samples and
highlight the possible influence of the confinement.

We focus now on the component described by L;. The Q-
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Fig. 3 O0-dependence of the widths of the quasielastic Lorentzian components for a) bulk EmimAc, b) EmimAc confined in VP, and ¢) EmimAc confined

in AGC. Solid lines represent fits according to the SSM, Eq. 5.

dependence of the half width at half maximum of L, %(Q), is
shown in Figure 3 and clearly identifies the dynamics described by
AL, as diffusive3®. In particular it is well described by the jump
diffusion model proposed by Singwi and Sjélander (SSM) 40, rep-
resented by the solid lines in Figure 3. Such a model was previ-
ously applied to describe dynamics in similar systems 16:18,20,34-38
and it assumes a diffusive motion via successive jumps spaced out
by rests in a given site for a residence time 7. The jump distance
p(r) is exponentially distributed,

r r
=L -1). 4
p0)= e () @
The Q-dependent quasielastic broadening is thus described as
r ho QM2
- = =" 5
Q-G )

where /? is the mean square jump length, which is equal to
I p(r)dr=6r3.

The average jump lengths / and residence times t as obtained
from the fits according to Eq. 5 are presented in Figure 4 a) and
b), respectively. In c), we report the Arrhenius plots of the dif-
fusion coefficients, calculated as D = é—i. The residence time de-
creases with increasing temperature and ranges for the bulk from
1.1(2) to 0.017(9) ns. The 7-values in the confined systems seem
to be less influenced by the temperatures and ranges from 0.11(2)
to 0.093(8) ns in VP and from 0.12(3) to 0.10(2) ns in AGC. Jump
lengths are in the order of 1-2 A, with different behaviour as a
function of the temperature for bulk and confined systems. Val-
ues are again quite similar for the two confined systems, in the
range 0.9-2.2 A. In the bulk sample, the jump length is constant
with temperature within the error bars and ranges from 0.9(2) to
0.8(3) A.

Overall, the effect of confinement is therefore more evident in
the extreme temperatures investigated here. At 280 K, the dy-
namics is much slower in the bulk sample: localised motions,
too fast in the other samples and at higher temperatures, are
here slow enough to enter into the dynamical range of SPHERES,
whereas the diffusion described by A|L; is at the edge of the ex-
perimental resolution and thus difficult to separate from it. At
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373 K, the bulk shows a much shorter / but also much shorter
T with respect to the confined systems. As an effect, diffusion
coefficients are very similar, around 6-9 x10~7 cm?/s.

The activation energies derived by fitting D(T) according to
Arrhenius law (solid lines in Figure 4 c)) are in the range of
0.2-0.3 €V. In particular, they take values of 0.3(3) eV for bulk,
0.2(5) eV in VP and 0.20(3) eV in AGC, thus suggesting a slight
decreasing trend with increasing confinement. A NMR study*!
on the IL Emim-SCN confined in SiO, matrix with pores of simi-
lar size finds a contrary trend of the diffusion coefficients towards
lower temperatures. There, the bulk dynamics are clearly faster
than the confined dynamics. Only the detailed pore size variation
between 59 and 82 A obtains trends that appear unsystematic
— so we would rather look on the average values for all studied
pores. The obtained Arrhenius energies lie in the range of 0.3 €V,
similar to ours. A much closer value using neutron backscatter-
ing spectroscopy on Bmim-PFs was found elsewhere 2. About 10
times slower modes of the NMR study*! are addressed to the near
surface diffusion, a contribution with lower weight, which would
appear in our study as the elastic line indistinguishable from the
instrumental resolution. In Figure 4 c¢) the obtained diffusion
constants follow the Arrhenius law quite well (with the num-
ber of points available). Typically, the main relaxation in glass
forming substances, the o-relaxation, follows a non-Arrhenius
behaviour. The phase behaviour of the ionic liquid bmim-PFg
has been described in Ref.31, where elastic fixed window scans
(EFWS) with the backscattering spectrometer revealed that the IL
can be strongly supercooled, or can crystallize, depending on the
heating or cooling pathway. We conducted differential scanning
calorimetry (DSC) measurements on the bulk liquid and elastic
fixed window scans with the backscattering instrument obtaining
information on the phase behaviour of EmimAc IL. Figure 5 shows
the DSC results. A phase transition to a crystalline phase has been
observed at 319 K upon cooling. Characteristics of a glass tran-
sition could be seen at or below 269 K (+10 K), with some lim-
itation concerning the accessible temperature range in DSC. The
EFWS experiment discussed in the next lines, which spans over a
larger temperature range, will shed additional light onto the glass
transition temperature. The crystallization corresponds to the for-
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graph, is 1.0(3) ns. c) Arrhenius plot of the diffusion coefficient (solid lines
represent fits according to Arrhenius equation).

mation of a lamellar structure in the IL. QENS experiments were
conducted at three temperatures, where the two higher tempera-
tures are in the liquid phase of the IL. We therefore think that our
interpretation with the jump diffusion model is adequate. The
lowest temperature is below the crystallization temperature, but
above the glass transition temperature obtained from DSC. EFWS
showed the onset of the main relaxation process above 240 K (Fig-
ure 6). There, also the crystallizing step approaching the crystal-
lization temperature upon heating is clearly visible as a peak in
the elastic intensity of the bulk IL. The crystallization starts at
280K, where the intensity begins to rise again with temperature.
Above 310K the IL is molten and is in the liquid state. One might
arrive in a supercooled liquid state when cooling from high tem-
peratures across the crystallization temperature. The DSC mea-
surements in Fig. 5 on the other hand indicate that also upon
cooling some crystallization might take place. The scattered in-
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Fig. 5 Differential scanning calorimetry (the modulus of the heat flow) of
the bulk EmimAc IL during heating (red) and cooling (blue) at 10 K/min.
Crystallization into a lamellar phase is visible during the cooling at 319
K, and the signature of a glass transition at 269 K (+10 K) during the
heating.
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Fig. 6 EFWS for the bulk IL. The onset of the main relaxation process
starts at around 260 K, when the mobility increases, a rearrangement
into a crystalline (lamellar) phase takes place above 290 K. The larger
temperatures of the QENS data have been therefore in the liquid phase.

tensity below the ,,crystallization peak® in the EFWS scans follows
always the same curve, upon heating as well as upon cooling, only
in the region of the crystallization peak deviations might occur.
The DSC measurements and the elastic scans of the bulk EmimAc
IL shows that the IL is liquid at the higher temperatures, for the
lowest one further and more detailed studies are planned to shed
light on the behaviour around the crystallization temperature into
the lamellar phase and at lower temperatures.

The IL displays a clear capillary condensation*?® in both pores
according to the XRD measurements that results from the attrac-
tion of cations to the glass surface, meaning that lamellar struc-
tures snuggle to the glass walls and fill in the whole volume. I.e.
the preferential attraction of cations to the negatively charged
glass walls (due to the dissociation of the silanol groups) leads to
an onion-like domain alignment all over the volume. The center
volume of mismatch inside each pore is clearly negligible for the
scattering, however the ordered bulk structure is dominating the
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Fig. 7 Sketch of bicontinuous and lamellar domain structure in the bulk
and at the glass wall (blue). The possible jumps in the bicontinuous bulk
(A) and in the lamellar structure (B) are indicated. Please note, that the
lamellar ordering is capillary condensed and not only a single layer at the
glass wall.

results from scattering experiments. So, this situation clearly al-
lows for several (10-25) domain spacings being placed inside the
pores. In our “mild” confinement the correlation peak is therefore
still prominent, with changes of the correlation length indicating
the confinement effects (Fig. 1). In this sense, our situation de-
scribes an onset of confinement at an early stage, where an or-
dered bulk structure is formed and governs the results of our ex-
periments. Contrarily to carbon nanotubes!7-'® and nanometer
confinements in simulations 1415 where also density mismatches
may occur, the surface scattering from the 1-2 molecule layers
would be dominating. Eventually, the static correlation peak
would be lost in strong confinement 12,

When focusing on the dynamic parameters / and 7 at the high-
est temperature of 373 K, both bulk values are clearly smaller
than for the confined samples. When looking at the structural dif-
ferences of the domains that are bicontinuous and lamellar (Fig.
7), the possible jumps in a bicontinuous structure can easily hap-
pen along the domain boundaries (case A) while in the lamel-
lar structure the whole domain needs to be overcome (case B).
For the overall diffusion, this different jump mechanism does not
seem to play an important role, because two smaller values of [
and 7 nearly compensate each other. The absolute values of D
are quite comparable. However, looking in more detail to the ac-
tivation energies (in the sense of Arrhenius), the values decrease
with confinement. Considering the much higher osmotic com-
pressibility of the AGC sample, the distortion of the IL structure
is so high that jumps seem to be facilitated, because the possible
domain structure is far from the preferred equilibrium structure
without confinement. A structural distortion has direct impact on
the dynamic properties. However, our observed distortions are
still relatively “mild” compared with other studies where the con-
finement allowed for only 1-2 molecule layers in between. Con-
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trarily, in carbon nanotubes the acceleration of the diffusion can
be dramatic!7-18, Possibly, a density mismatch causes this effect.

When looking on the two lower temperatures, the parameter
[ is quite low in all cases indicating shorter jumps in the diffu-
sion process.
bulk at low temperatures are also confirmed by QENS and MD
simulations**. However, at lower temperatures the dynamical
characteristics resemble more like the one from lamellar arrange-
ments33. We believe that transient perforations with consider-
able residence times in the ‘wrong’ domain for the diffusing ions
play a major role for all domain structures at lower temperatures
because the slowing down of all motions captures the ions also
in the transiting state. This goes along with smaller /-values.
Whether the structure is bicontinuous or lamellar does not play a
major role anymore. However, the confinement introduces distor-
tions to the structure that keep the residence times much shorter
than in the relaxed lamellar bulk phase.

The translational diffusion characteristics in the

4 Conclusions

Summarizing our study, the onset of confinement of the IL. Emi-
mAc in porous glasses was monitored in the very early stage,
where the relation of changed domain structure and dynamics
is visible. A connection between domain structure and a char-
acteristically different jump diffusion mechanism was observed.
Furthermore the onset of this “mild” confinement leads to a weak
distortion of the lamellar domains, which reduces the activation
energies of the jump diffusion. Future investigations are planned
where molecular dynamics simulations shall be combined with
neutron scattering experiments to get a deeper understanding of
structural and dynamic changes under confinement at different
temperatures. In particular, neutron spin echo measurements are
planned to access longer timescales than the present one, in order
to gather information on the slower dynamics.
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