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ABSTRACT

The NMR methodologies employed for investigating translational diffusion in anisotropic fluids
and the results of their applications to ionic liquid crystals are reviewed. Experiments on ionic
liquid crystals are preferably performed using oriented samples and require magnetic field
gradients in orthogonal directions. Diffusion experiments in anisotropic systems with broad
NMR lines are performed using line narrowing techniques and by application of strong static
or pulsed field gradients for efficient gradient encoding/decoding of the spatial locations of
molecules. Self-diffusion studies on various thermotropic ion-conductive materials exhibiting
smectic, cubic, and columnar phases have been reported. Diffusion rates and anisotropy char-
acterise the translational dynamics of ions in nanostructures and reflect the molecular ordering
and ion pairing/dissociation processes. Distinct diffusion behaviours were observed for cations
and anions. The knowledge of molecular mobility in ionic liquid crystals is important for the
understanding their dynamic properties and is, therefore, valuable for the development of
anisotropic soft materials for ion transport.
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1. Introduction and the anisotropic physicochemical properties of liquid
crystalline materials. ILCs exhibit rich mesomorphism.
Typically, layered (smectic), columnar, and cubic
(bicontinuous optically isotropic) phases are formed by
ionic mesogens, while least-ordered, nematic phases are
uncommon. The presence of macroscopic molecular
orientational and spatial ordering in fluid ionic phases
leads to new dynamic properties exploited, for example,
in the development of functional materials for low
dimensional transport of electrons, ions, and molecules
in electrochemical energy conversion and storage tech-
nologies [4]. For these applications, understanding the
molecular/ion transport and dynamics is essential.
Besides, there is also fundamental interest in

Organic salts with melting points below 100°C are cate-
gorised as ionic liquids (ILs). Ionic liquids capable of
self-assembling into thermodynamically stable liquid-
crystalline phases, on cooling from the isotropic state,
are referred to as ionic liquid crystals (ILCs) [1-3].
Thermotropic mesogenic materials, consisting solely of
cations and anions, have the typical properties of ionic
liquids, as well as nano-scale structures of liquid crystals
(LCs), where high degrees of molecular translational
and rotational mobilities are combined with partial
orientational and positional orders. This synergy results
in unique combination of conductivity of ionic liquids
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understanding complex molecular dynamics in nano-
assembled ionic structures.

Translation dynamics by self-diffusion processes are
most directly investigated by nuclear magnetic reso-
nance (NMR) spectroscopy combined with pulsed mag-
netic field gradient (PFG) methods. This technique has
been widely used in studying lyotropic and thermotro-
pic mesophases [5-8]. A variety of other experimental
approaches have also been applied, including EPR with
spin-labelled probes [9], radioactive tracer method [10],
optical microscopy of dyes [11], and quasi-elastic neu-
tron scattering [12]; however, none of these methods has
gained wide acceptance due to experimental or technical
limitations. Moreover, these approaches often yield only
indirect estimates of the diffusion coefficients of the
molecules constituting the mesophases. The NMR-
based methodology is molecular-selective and requires
neither foreign probes nor modification of the LC prop-
erties. Molecular positions and displacements are
encoded by the NMR frequency, which becomes spa-
tially dependent in the presence of a magnetic field
gradient [13-16]. A large anisotropy of diamagnetic
susceptibility of mesogenic functional groups can
induce macroscopic molecular alignment in the pre-
sence of the strong magnetic field of an NMR spectro-
meter. This provides access to diffusion anisotropy.

Extensive reviews on ionic mesogen design, synth-
esis, characterisation, and application of ILCs were
published recently [1-4]. The present article aims to
review the reports on molecular/ion self-diffusion in
ILCs. This review can be considered as an update to the
review on diffusion in thermotropic LCs published in
2006 [7], but focuses exclusively on ILCs. A part of
discussion is devoted to the NMR diffusion methodol-
ogy in LCs and is presented in the next section, where
basic and advanced techniques are introduced. The
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results of employing NMR to determine the compo-
nents of the diffusion tensor in ionic mesophases are
given thereafter. Starting by presenting a new, original
diffusion study of a smectic phase of an imidazolium-
based mesogen, investigations of smectic, columnar,
and cubic phases are reviewed.

2. NMR methods for diffusion studies of liquid
crystals

2.1. Field-gradient NMR

In diffusion NMR experiments, the displacements of
molecules are detected via field-gradient-assisted de-
and re-phasing of spin coherences. In the absence of
translational motion, spin magnetization, de-phased
during the encoding period, is fully recovered after re-
phasing during the decoding period. Random molecu-
lar displacements induce re-phasing errors, leading to
decreased magnetization upon increasing the de-
phasing efliciency. Residual magnetization is recorded
in the form of spin echo signals (Figure 1). In isotropic
liquids, the echo amplitude is given by the Stejskal-
Tanner relation [13]:

I oc e~ (80°(8~8/3)D _ o~bD 1)

where g and § are the strength and the length of the
applied gradients, respectively; A, the diffusion time; D,
the self-diffusion coefficient; y, the gyromagnetic ratio
of the observed nuclei; b = (ygd)*(A — 8/3). The effect
of the anisotropic diffusion, characterised by diffusion
tensor D, is described by replacing the term ¢°D in
Equation (1) with gDg. In conventional diffusion
experiments employing gradient pulses, the signal
intensities are recorded on increasing the gradient
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Figure 1. Pulse sequence for pulsed-field-gradient stimulated spin echo NMR experiments. Radio-frequency (rf) 90-degree pulses
and gradient pulses (grad) are shown on upper and lower panel, respectively. § is the length of the gradient pulse, and A is the time

delay between the gradient pulses.



strength, g, and the diffusion coefficient, D, is calcu-
lated by fitting Equation (1) to experimental points.

In practice, the basic stimulated echo sequence
represented in Figure 1 is expanded with various blocks
to suppress possible experimental artefacts. The influ-
ence of convectional flow, induced at elevated tempera-
tures, is diminished by employing a double stimulated
echo sequence [17]. The effect of eddy currents, after
field gradient pulses, can be suppressed by
a longitudinal eddy current delay block [18]. The arte-
facts due to cross-relaxation are removed by applying
bipolar gradient pulses [19].

Diffusion can be measured only if the spin magne-
tization de-phasing is significant. This can be consider-
ably limited in LCs. The anisotropic spin interactions
in LCs lead to spectral splitting and line-broadening as
well as correspondingly quick decays of spin coher-
ences. The signal loss due to spin-spin relaxation pro-
cess, limits the gradient encoding/decoding times
(gradient pulse length § in Figure 1), and thereby
places a lower limit on the assessable diffusion coeffi-
cients [20].

2.2, PFG NMR with spin decoupling

Line broadening and splitting effects for abundant
spins I = 1/2 in LCs are, in most cases, signiﬁcant
due to homonuclear dipolar interactions. The strategy
explored for the diffusion experiment in samples with
dipolar-broadened spectra involves the suppression of
the homonuclear spin coupling by appropriate radio-
frequency (rf) pulse sequences. Dipolar decoupling is,
however, inefficient if the rf pulses are applied in the
presence of a large frequency offset induced by the field
gradient. In this context, the advantage of the magic-
echo (ME) homonuclear decoupling pulse sequence is
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the relatively long windows between the rf pulses,
where gradient pulses can be inserted; thus, off-
resonance effects are avoided (Figure 2) [21,22]. ME-
PFG has been the conventional approach for investi-
gating the diffusion in non-ionic LCs [7,22-27] and
also, recently, in ILCs [28]. Other methods based on
dipolar decoupling have been described, where the
frequency offset effects are diminished by limiting the
active sample volume using slice selection methods
[29,30]. This strategy, however, suffered from
decreased signal intensities and a relatively low gradi-
ent encoding efficiency.

2.3. Stray-field NMR

To achieve sufficient spin-coherence diffusional de-
phasing, stronger field gradients can be used as an
alternative to the suppression of line broadening.
Experiments on LCs have been performed using large
static gradients in the stray field of conventional super-
conducting NMR magnets [20,31,32]. The experimen-
tal pulse sequence is as in Figure 1, but with the field
gradient field constantly present. The disadvantage of
this approach is the large broadening of the recorded
signals, owing to the static gradient present during
detection, leading to a decrease in the signal-to-noise
ratio. Furthermore, the limited excitation range of the
rf pulses in the presence of a large frequency offset
contributes to the signal loss. Moreover, the gradient
strength and direction cannot easily be varied.

2.4. NMR relaxation

The diffusion coefficients in the mesophases were also
obtained from the T relaxation time measurements
[33-35]. Estimation of the diffusion coefficients from
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Figure 2. Stimulated echo sequence combined with magic-echo decoupling for measuring the diffusion coefficients in the presence
of static dipole-dipole interactions [7]. Gradient pulses are inserted into the windows of the decoupling sequence.
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the relaxation rate requires the separation of contribu-
tions from a number of molecular processes, such as
individual and collective reorientation modes.
Therefore, the relaxation measurements were per-
formed in a wide Larmor frequency range by field-
cycling NMR [33]. In this technique, which employs
electromagnets, the magnetic field is fast switched
between different levels, and the Larmor frequency
can be varied in the kHz to tens of MHz wide range.
The diffusion coefficients extracted from the relaxation
data characterise the translational motion on the mole-
cular length-scale, in contrast with the micrometre-
scale diffusion coefficients obtained by the field-
gradient techniques. A significant number of field-
cycling NMR studies on conventional LCs [36] and
non-mesogenic ionic liquids have been reported [37];
however, no applications of this method to ILCs have
been published.

2.5. Anisotropic diffusion and director alignment

Translational diffusion in liquid crystals is represented by
a second-rank diffusion tensor that is diagonal in the
director reference frame. In LCs with cylindrical symme-
try, only two principal components of the diffusion tensor
are independent. Conventionally, coefficients Djjand D |
are defined for diffusion along and perpendicular to the
director, respectively. To characterise the diffusion ten-
sor, experiments performed at several gradient orienta-
tions, relative to the director, are required. The
orientation of the director in the sample can be homo-
geneous or randomly distributed with respect to the
direction of the external magnetic field and field gradient.

Many LCs, when exposed to a strong magnetic field,
exhibit homogeneous or partial director alignment. Low
viscous LCs (for example, nematics) align spontaneously
under magnetic field exposure, while for some other
phases the alignment can be obtained by slow cooling
from an isotropic or intermediate nematic phase.
Depending on the sign of the molecular magnetic suscept-
ibility anisotropy, Ay, a director alignment parallel or
perpendicular to the external magnetic field vector is
induced. Although Ay is relatively small, the collective
effect in a bulk sample is sufficient to overcome thermal
fluctuations. In a homogeneously oriented sample, D} and
D | can be measured using orthogonal gradient coils.
Macroscopically oriented LCs are contrasted to ‘powder’-
like samples, where the orientation of the director varies
randomly across the sample.

The diffusional decay recorded in the experiments
on partly- or un-aligned samples, becomes a composite
decay due to different director orientations to the
applied field gradient. For a sample region, where the

director is aligned at angle 6 to the gradient, the rele-
vant diffusion coefficient is a combination of D) and
D [38,39].

D(6) = Djcos’8 + D sin’®.

For a 3D powder distribution, by averaging over all
solid angles, the echo decay is given by [38]:

/2
I o etD: J e~ b(D=D1)cos0 i1y 910 (2)
0

If the sample is a 2D powder’ with directors distrib-
uted perpendicularly to the z axis, the echo decay for
the gradient along x (or y) axis is described by the
expression [39],

/2
I x e*bDL J e*b(Du*Dl)COSZBdQ (3)
0

Since the director aligned in xy-plane makes a 90°
angle to the z-axis (symmetry axis) for any location
within the sample, the signal decay with the gradient in
the z direction is given by Equation (1), with D=D ; .

If other effects such as restricted diffusion [16] do
not complicate the decay, the diffusion components
can be obtained from the analysis of the composite
decay by fitting data points to Equations 2 and 3. The
effect of restricted diffusion can be recognised by com-
paring the decays at different diffusion times. The
accuracy of extracting diffusion coefficients from the
composite decay can be limited due to deconvolution
errors, particularly when the values are within the same
order of magnitude.

In a limiting case, with the LC director oriented
randomly on the diffusion length scale (small domain
size limit), the exponential decay of Equation (1) is
resulted with the average diffusion coefficient. For
a 3D powder, the diffusion coefficient is
(D) = (D +2D)/3, and two components cannot be
independently extracted. For a 2D distribution, the
diffusion coefficient in the transverse plane is
(D) = (D + D_)/2, while diffusion along the symme-
try axis is not affected: D, = D | [40].

To illustrate these different scenarios, diffusion
decays are calculated and plotted in Figure 3 for parti-
cular combinations of diffusion coefficients, D | /D = 4
and D | /Dy = 1/4. The characteristic curvature of the
semi-logarithmic plot of echo intensity log(I) versus b =

(yg0)*(A — 8/3) is observed for the decays given by
Equations 2 and 3.
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Figure 3. (Colour online) Diffusional decays of the echo signals calculated for isotropic diffusion (solid black line) and composite diffusion for
3D (dotted lines) and 2D (dashed lines) powders, calculated according to Equations 2 and 3, with D | /Dy =4 (red lines) and D ; /Dy = 1/4

(blue lines).

3. Experimental studies of diffusion in ionic
liquid crystals

3.1. Smectic layered phase

A wide variety of ionic mesogen structures have been
reported, the majority of which are built from
a positively charged head group linked to a long aliphatic
chain. This structure favours the formation of smectic
phases induced by phase segregation of incompatible,
charged and hydrophobic, moieties. Electrostatic cation-
anion interactions contribute to the stabilisation of layered
structures, which can be formed with relatively low mole-
cular orientational order as compared to that in their non-
ionic counterparts [41,42]. The most extensively studied
ILCs are based on imidazolium cation. Reduced ionic
interaction due to charge delocalization in the aromatic
core promotes low transition temperatures in these mate-
rials, thereby increasing their application potential. NMR
diffusion studies of imidazolium based ILCs, exhibiting
smectic A phases, have been reported [2843].
Investigating organic cation diffusion requires the applica-
tion of spin-decoupling-based methods. The diffusion of
small and symmetric counter-ions, if bearing suitable
spins, usually fluorine-19 or lithium-7, can be studied by
conventional spin-echo field-gradient methods.

In the next section, the diffusion study of hydrated
1-dodecyl-3-methyl-imidazolium chloride (C;,mimCl)
ionic liquid, exhibiting a smectic A phase, is presented
in details. Thereafter, literature reports on diffusion in
ionic smectic phases are reviewed.

3.1.1. Diffusion in a smectic a phase of a hydrated

C,>mimc|

The thermal behaviour of ILCs with hydroscopic coun-
ter-ions can be influenced by hydrogen bonding
between anion and water. Partly hydrated samples of
imidazolium-based ionic liquid crystals with Cl ~ coun-
ter-ions had significant water-content effects on the
stabilisation of the smectic mesophase [44-46]. Here,
we present the diffusion study of hydrated C;,mimCl
and compare our data to the results obtained in
a previous study on a dehydrated sample [28].

The C;,mimCl sample purchased from ABCR
GmbH, Karlsruhe, contained negligible water amount
of ~0.02 wt% (estimated from 'H NMR spectra in the
isotropic phase). The sample formed a smectic A phase
in the temperature range of 45-120°C. A partly
hydrated sample with 5.5 wt% of H,O (or 87 mol%)
was obtained by equilibrating for 48 h in a desiccator
with 85% relative humidity, stabilised by a saturated
KCl solution. The hydrated sample exhibited
a significantly wider smectic phase range of 30-160°C.

About 300 mg of the sample was sealed in a 5 mm
NMR tube. The measurements were performed on
a Bruker 500 Avance II spectrometer at a Larmor fre-
quency of 500 MHz, using a microimaging probe with
3-directional gradients of maximum strength 2.8 T/m.
The stability of the hydration level during the diffusion
measurement was confirmed by inspecting the "H NMR
water signal intensity in the isotropic phase prior and
after completing the diffusion experiments.
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The diffusion in the isotropic phase was measured
using a standard double-stimulated-echo pulse
sequence which compensates for the effects of convec-
tional flow [17]. The diffusion measurements in the
smectic phase were performed in the sample prepared
by cooling from the isotropic phase under exposure to
a magnetic field of 11.7 T of the spectrometer, at a slow
cooling rate of <1°C/min. Interestingly, the director
alignment in the sample can be obtained, also, at
a relatively fast cooling rate of >10°C/min, as was
already reported for similar ILCs [43]. This is in con-
trast to non-ionic smectics, which are prepared aligned
either in intermediate nematic phase or by slow cooling
from the isotropic state [24,47]. The sample alignment
with the director distributed in the plane perpendicular
to the magnetic field was confirmed by recording an
13C NMR spectra [42]. The '"H NMR spectra in the
mesophase displayed a dipolar-broadened line of about
8 kHz wide and correspondingly short spin-spin
relaxation time below 100 ps. This line width is smaller
than that typically observed in non-ionic thermotropic
phases; however, it is still too broad for diffusion mea-
surements by conventional PFG NMR. Therefore, the
ME-PFG method was applied.

Faster diffusion was found along the magnetic field. In
the aligned sample, the smectic layers are parallel to the
7 direction. Therefore, the diffusion in this direction
reports on molecular displacement within the smectic
layers and the experiment thus provides a direct estimate
of the diffusion coefficient perpendicular to the phase
director, D | . In contrast, the diffusion in the presence
of an x gradient is contributed by the displacements both
parallel and perpendicular to the director because of the
random director distribution in the xy-plane (2D powder).
Therefore, composite decay is recorded. The diffusion
coefficient along director Dy is obtained by performing
a fit of experimental points to Equation 3. As discussed
above, this model is valid in the limit of a large domain size,
L > (2DA)"?, compared to the diffusion path length. The
decays measured at different delays, A, exhibited no sig-
nificant variation, thus confirming this assumption.

The temperature dependencies of the diffusion coeffi-
cients in the isotropic and smectic A phases are shown in
Figure 4. Diftusion is much faster compared to the diffu-
sion in the dehydrated sample reported in [28]; activation
energies are slightly lower. Interestingly, the diffusion ani-
sotropy in the mesophase is considerably larger in the
hydrated sample, D | /D) = 7-9, versus 4-5 in anhydrous
material [28]. Profound hydration effects on stability and
range of the mesophase have been previously reported for
a number of mesogenic halide salts [1,44-46]. Herein, we
report, for the first time, a dramatic diffusion acceleration
upon sample hydration. Furthermore, the diffusion
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Figure 4. Cation diffusion coefficients, Dis, (@), D (A), and D |
(0) in the isotropic and smectic A phases of C;,mimCl ionic
liquid. Lines are guides for the eye.

anisotropy increases. Hence, water promotes diffusion
within the layers to a larger extent compared to that in
the perpendicular direction. In smectic ILCs, the dominant
layer-stabilising effect is due to a ‘charge-ordered’ nanos-
cale segregation induced by ionic interactions, while the
orientational ordering is less important [1,41,48,49]. Water
molecules contribute further to the structure stabilisation
by the formation of a hydrogen bonding network in the
ionic sub-layers [1].

3.1.2. Diffusion in C;,mimBF, and C,>mimCl|

Cifelli et al. performed pulsed-field-gradient NMR
measurements and compared the anisotropic diffusion
of cations and anions in smectic ILC C;,mimBF, [28].
For cation diffusion in the smectic phase, the ME-PFG
method was used to suppress proton homonuclear
couplings. "’F NMR was exploited to measure the
diffusion of BF,~ ions. Since '’F NMR spectrum exhib-
ited a narrow spectral line, a standard spin-echo
sequence was used.

For both cations and anions, diffusion was faster in
the direction perpendicular to the director (Figure 5).
Moreover, for the anions, the diffusion is faster, while
the diffusion anisotropy D | /D) is smaller, =1.2, com-
pared to =1.8 for the cations. This suggests a separation
of the ionic pairs; the smaller and symmetric anion
moves faster in the smectic layered structure. Cations,
having anisotropic shapes and large sizes, also
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Figure 5. Diffusional coefficients of C;,mim cations (left) and BF, anions (right) in isotropic and smectic A phases of C;,mimBF, ionic
liquid [28]. Adapted with permission from Cifelli et al: Study of Translational Diffusion Anisotropy of lonic Smectogens by NMR
Diffusometry. Mol Cryst Liq Cryst. 2015;614:30-38. Copyright 2015 Taylor & Francis.

experience van der Waals interactions with neighbours
in addition to electrostatic interactions with anions.

In the same study, diffusion was compared for smec-
tic ILCs having the same mesogenic cation and different
anions [28]. A much higher anisotropy D | /D, of cation
diffusion, 4.2, was found in C;,mimCI sample compared
to that in C;,mimBF,, 1.8; further, at comparable tem-
peratures, diffusion is slower for C;,mimCl mesogen.
The mesophase stability is influenced by the type of
anions, and it reflects the ability of the anion to build
an extended network with charged imidazolium head-
groups. For example, for the same imidazolium-based
materials, mesophase stability decreases when Cl ~ is
replaced with BF,~, owing to the decreased interactions
(electrostatic attraction, hydrogen bonding) between the
cation and anion [1]. This trend can explain the signifi-
cant difference in the observed diffusion anisotropy in
these two materials. Indeed, more constrained displace-
ment of the molecules between the layers and faster
diffusion within the layer better defines the layered
structure of the mesophase.

A similar diffusion trend is expected for anions.
However, diffusion measurement by NMR of chlorine
was precluded by a high quadrupolar coupling and
a low gamma ratio of chlorine spins.

3.1.3. C,mimBF, and C,vimBF, mixtures with LiBF,
Diffusion has been studied in smectic A phases of pure
ionic liquids, C,mimBF, and C,,vimBF,, and their mix-
tures with LiBF, salt (n = 14, 16, mim - methylimidi-
zalium, vim - vinylimidazolium) [43]. The authors
noted easy alignment of the smectic layers under the

magnetic field upon cooling from the isotropic phase
even at fast cooling rates. The domain size, that is, the
persistence length of the director orientation, is known
to be dependent on the preparation condition, particu-
larly on the cooling speed and other factors, such as
sample purity. Domain sizes on the um scale can have
an influence on the measured diffusion, as discussed
above in the Methodology section. The diffusion results
in the work [43] were analysed assuming a small
domain size and monoexponential diffusion decays.

Only diffusion of small ionic species, BF, ~and Li", by
"F and "Li PFG NMR, respectively, were studied, while
the diffusion of the organic cations was not measured
due to instrument limitations. For BF,", the diffusion
along the magnetic field, i.e. perpendicular to the phase
director, was measured, while for Li", the diffusion was
measured in two orthogonal directions. (Note, in work
(43] the opposite notations for Dy and D | were used
compared to those introduced in Section 2)

When the Cy,vimBF, ionic liquid was mixed with
0.3M LiBF,, the diffusion coefficient of the BF, anion
decreased by a factor in the range of 2 to 4. This was
explained by the hindered ionic mobility with increased
concentration of polar moieties. Li diffusion displayed
significant anisotropy ratio up to 1.8. This is close to
a factor of 2 expected for a 2D powder with a domain
size smaller than the diffusion path length, L < (2DA)'?
(and assuming negligible diffusion along the director).

The diftusion in samples with different organic cations
(C,4vim and C,y4vim, and C,4vim and C,,mim) was ana-
lysed in terms of the cationic transference number, T,tion

= Deation/ (DeationtDanion)- This value was insensitive to
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the chain length, while it decreased when the vinyl group
was changed to methyl group in the imidazolium core.
This further confirmed the segregation of apolar and
ionic moieties as a major factor contributing to the self-
assembly of the smectic layers.

3.2. Columnar phase

Yoshio et al. prepared disc-shaped supramolecular
mesogens via self-assembly of fan-shaped tris-
(alkyloxy)phenylene molecules, functionalised with
an imidazolium salt. These discotic structures, in
turn, aggregate into a columnar phase, where the
imidazolium moiety forms a 1D ionic path inside
the columns [50]. Such materials were shown to dis-
play relatively high conductivities along the columnar
axis rather than perpendicular to it. Frise et al. stu-
died the diffusion in the hexagonal columnar and the
isotropic phases of such salts with a PF¢ ~ anion [51].
The sample in the columnar phase was macroscopi-
cally aligned under exposure to the magnetic field.
The orientation of the phase was tested by “H NMR
of the probe molecules which confirmed that the
director (average direction of column axes) is distrib-
uted in the plane orthogonal to the magnetic field
(2D powder distribution).

Studies were conducted by conventional spin-echo
diffusion NMR experiments. For the diffusion mea-
surements of the organic cation, the proton signal of
the methyl groups was exploited, which in this sample,
exhibited a relatively long spin relaxation T, > 1 ms.
For measuring the diffusion of PFs~ '"F NMR was
applied.

In the aligned sample, with the columnar axes dis-
tributed in the xy-plane, the diffusion decay with
z gradient reported on the diffusion coefficient perpen-
dicular to the phase director, D . Conversely, the
diffusion in the presence of x (or y) gradient was
contributed by the displacements both parallel and
perpendicular to the director. The resulting composite
decay was analysed to obtain diffusion coefficient Dy,
while D | was set to the value obtained from the
experiment with the z-gradient. By performing mea-
surements at different diffusion times, A, it was verified
that the large domain size limit, L > (2DA)Y2, is valid;
thus, the diffusion anisotropies within individual
domains were observed.

The authors found that the PFg anion diffusion in
the mesophase was faster along the columnar axis and
the diffusion anisotropy, D)/D | , was = 5. In contrast,
for the imidazolium cation, the anisotropy was negli-
gible, Dy = D | . Faster anion diffusion along the
columnar axis and slower diffusion perpendicular to

the columns, as compared to the case with cation
diffusion, validated the ion channel model of the
columnar ionic mesophase. In addition, ion dissocia-
tion in the mesophase was confirmed, while in the
isotropic phase of this material, the very similar diffu-
sion coefficients of two species suggested significant ion
pairing.

3.3 Cubic phase

Optically isotropic mesophases of cubic symmetry are
relatively rare for thermotropic ILCs. In multi-
continuous ionic cubic phases, periodic interpenetrat-
ing molecular/ion 3D network is formed with a long-
range positional order. Such phases show potential as
charge-transporting materials in molecular electronics.
Polymerisable quaternary ammonium salts, forming
bicontinuous cubic phases, were used for the prepara-
tion of ion-conductive films with 3D-interconnected
ion channels [52].

A high molecular mobility (translational and rota-
tional) within the 3D isotropic structure of the cubic
mesophase leads to efficient averaging of the anisotro-
pic spin interactions. Thus, the NMR spectra exhibit
relatively narrow lines and correspondingly long spin-
spin relaxation times for both anions and cations.
Therefore, the standard stimulated-echo PFG techni-
que can be applied to measure diffusion coeflicients in
cubic phases.

Frise et al. studied self-diffusion in the bicontinuous
cubic phase of a fan-shaped ammonium tetrafluoroborate
salt [53]. In their study, nanoscale segregation of incom-
patible moieties led to the formation of highly ordered
interconnected ion-channel networks, which facilitated
anion transport. The cation and anion diffusion coeffi-
cients were distinctly measured via 'H and F NMR,
respectively. The convection artefacts, at high tempera-
tures, were diminished by employing a double stimulated
echo sequence [17]. The artefacts due to cross-relaxation
were removed by applying bipolar gradient pulses [19].
The authors considered that, for the sample prepared by
sufficiently slow cooling from the isotropic phase, the
domain boundaries had no significant effect on the diffu-
sion measurements.

A significant difference in the diffusion for the two
ionic species in the cubic phase was found, while in the
isotropic phase, the diffusion coefficients were similar.
The comparable diffusion of anions and cations, in
spite of the large difference in their sizes, was explained
by strong ion pairing, where the diffusion is controlled
by the displacement of the relatively large ion. In con-
trast, in the mesophase, where anions diffused about
twice as fast as cations, ion pairs were dissociated. The



authors suggested that the ion pair dissociation might
explain the much higher ionic conductivity observed in
the cubic phase, compared to that in the isotropic state
[54]. The diffusion results were consistent with the
ionic nano-channel network model of the ionic cubic
phase.

Conclusions

The translational diffusion coefficients of molecules/
ions in ILCs can be accurately measured by pulsed-
field-gradient NMR. The methodology is applied to
samples with natural isotopic abundance, and it
requires no foreign probes. Since it is also molecular
selective, the diffusion coefficients of different ionic
species can be distinctly measured. Proton NMR was
applied to measure the diffusion of organic cations.
Conventional NMR spin-echo methods can be used
in optically isotropic mesophases (cubic), while in
most other cases, PFG NMR combined with spin-
decoupling was required. The diffusions of small and
symmetric inorganic counter-ions containing NMR
sensitive spins, such as F and 7Li, were measured by
conventional PFG sequences.

Diffusion anisotropy is most easily accessed if
a mesophase sample is macroscopically aligned. The
anisotropic diamagnetic susceptibility of mesogenic
functional groups induces a macroscopic molecular
alignment in the presence of a strong magnetic field
of NMR spectrometer. This provides access to the
diffusion anisotropy by applying gradients in orthogo-
nal directions. If the director alignment is random (2D
or 3D distribution) along the field gradient direction,
a relatively large domain size exceeding a spatial range,
over which diffusion is measured, is preferred to accu-
rately extract the diffusion tensor components. A larger
domain size is obtained with a slow sample-cooling
rate from the isotropic phase.

Anisotropic diffusion was observed in the smectic
and columnar phases. Diftfusion was found to be faster
within the aggregates, layers or columns, compared to
the diffusion across the aggregates. The anisotropy
varied with the type of anion: a relatively small aniso-
tropy was found for the decreased interactions (elec-
trostatic attraction, hydrogen bonding) between the
cation and anion. A strong hydration effect on the
diffusion anisotropy, which was related to the water
contribution to the hydrogen-bonding network in the
ionic sublayers, was observed. The diffusion tempera-
ture dependencies were well described by the
Arrhenius law. The activation energies were similar
for the two diffusional components and for the diffu-
sion coefficients in the isotropic phase. Furthermore,
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the diffusion coeflicients near the phase transition were
of the same order of magnitude with the relationship:
Dyithin>Diso>Dacross: This general behaviour is consis-
tent with the results of molecular dynamics computa-
tional analysis of diffusion in the ionic smectic
phase [55].

The domain of nano-structured, ion-conductive
mesogenic materials is a rapidly growing research
field. Diffusion coefficients deliver direct molecular-
level information on translation mobility, and thus
contribute to the fundamental understanding of the
complex ion dynamics in ionic liquid-crystalline mate-
rials. The obtained diffusion data have provided sup-
port for structural models in ILCs. Ion diffusion
coefficients depend on the extent of ionic association,
and thus reflect ionic activity. Advances in understand-
ing molecular/ion diffusion processes assisted the
molecular-level explanation of the macroscopic con-
ductivity behaviour in an anisotropic low-dimensional
environment.
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