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Abstract. The experimental NMR techniques for studies of trans-
lational diffusion in anisotropic systems and the results of their
applications to thermotropic liquid crystals are reviewed. The
main approaches to the theoretical description and computer
simulations of diffusion are discussed. The experimental results
are compared with computations. The bibliography includes 194
references.

1. Introduction

Liquid crystals (LC) represent substances that exist, under certain
conditions, in a particular state that is intermediate between the
solid and liquid states.

Liquid crystals or mesophases are formed by asymmetric rod-
like or discotic molecules.! Depending on the method of prepara-
tion of LC, thermotropic and lyotropic systems are distinguished.
The former result from thermal influence on mesogenic solid
crystals, while the latter are formed upon dissolution of mesogenic
molecules in certain solvents. Liquid-crystalline ordering stems
from the anisotropic pair potential among mesogenic molecules.
As a result of this interaction, molecules tend to align preferen-
tially along the same spatial direction called a director. Quantita-
tively, this orientational order is characterised by the order
parameter S = 0.5(3cos>$ — 1), where 3 is the angle between the
molecular symmetry axis and the director. Depending on the
spatial arrangement of the mesogenic molecules, LC are subdi-
vided into nematic, cholesteric, smectic and columnar phases.!
Nematics exhibit one-dimensional orientational order. In smectic
and columnar phases, in addition to the orientational order, a
positional molecular order is present (molecules are arranged to
form layered or column-like structures, respectively).

Molecules in liquid crystals exhibit high translational mobil-
ity. Combination of spatial ordering of the molecules with their
high mobility opens the prospects for the practical applications of
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LC, which, in turn, stimulates the interest in fundamental studies
of mesophases.! -7

In contrast to isotropic liquids where the self-diffusion is
described by a scalar diffusion coefficient D, the translational
self-diffusion in LC is characterised by a tensor D.8~!! In LC with
the axial symmetry, two of the three principal components Dy,
Dgp, D, of the diffusion tensor are equal in magnitude.!!-12
Conventionally, diffusion coefficients D and D denote diffusion
along and perpendicular to the director, respectively.

Diffusion in LC has been studied by a variety of experimental
techniques including nuclear magnetic®%!-13 and electron
spin 416 resonances, quasielastic  neutron  scattering
(QENS),!7-26 forced Rayleigh scattering,?’ 33 optical micro-
scopy 3¢~ 42 and radioactive tracer method.*?>~ 4> NMR is currently
the predominant method in diffusion studies of liquid crystals
primarily because in most of the other techniques it is the diffusion
of the molecular labels that is measured, which reflects only
indirectly the diffusion of the molecular species in LC.

The past decade has witnessed significant advances in the
NMR techniques. Novel procedures for the diffusion studies in
LC have been developed;**— ¢ that based on the magnetic pulsed
field gradient spin-echo technique is unique because it is molecu-
larly selective and requires neither foreign probes nor changing the
LC properties.®! ~¢7 Molecular positions and their changes are
encoded by the NMR frequency, which becomes a function of the
position in the presence of a magnetic field gradient.

The development of new techniques has allowed much more
accurate measurements in a far broader range of diffusion
coefficients. This has stimulated studies of ‘difficult’ and less
conventional LC phases and determination of the diffusion tensor
components in the phase transition region. With these new
improved techniques it was also shown that some previous
diffusion data were erroneous. New experimental results have
motivated the development of new theoretical models and com-
puter simulations of the diffusion process in liquid crystals.

In the present review, the experimental NMR techniques for
diffusion studies in thermotropic liquid crystals are considered.
The experimental results are compared with those derived from
theoretical modelling and computation. The previous exhaustive
review of diffusion studies in liquid crystals was published more
than 20 years ago by Kriiger® and was followed by brief recent
surveys > 10 and a methodological review.!!
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I1. NMR methods for measuring diffusion in liquid
crystals

In ordinary liquids, the NMR spectra consist of narrow lines
because anisotropic spin interactions are all motionally averaged
to zero due to rapid isotropic tumbling of the molecules. In
contrast, in liquid crystals this local motional averaging is
incomplete 3 and anisotropic spin couplings, such as the dipole—
dipole or quadrupole interactions, are averaged to non-zero
residual value. Hence, experimental NMR spectra usually exhibit
line broadening and splitting. Spectral broadening translates into
a quick decay of spin coherences in the time domain, which has a
direct detrimental bearing on field-gradient NMR experiments for
diffusion.

1. Pulsed-field-gradient NMR experiments
The determination of diffusion in conventional NMR experi-
ments in isotropic liquids usually employs the pulse gradient spin
echo (PGSE) %97 or the pulse gradient stimulated spin echo
(PGSTE) T (Ref. 68) radio-frequency (rf) pulse sequences depicted
in Fig. 1. Irrespective of the specific experiment, NMR detects
displacement via gradient-assisted de- and re-phasing of spin
coherences. Diffusion coefficients can be measured only if the
spin coherences are sufficiently de-phased by the applied field
gradient.

In isotropic liquids, the resulted spin echo amplitude is
described by the well-known Stejskal — Tanner 9% % expression

A(g, 8, A) ~ exp {nyzgzéz (A - g)} 1)
where g and J are the strength and the length of the applied
gradient pulses, respectively, 4 is the diffusion time (the delay
between gradient pulses), D is the self-diffusion coefficient and y is
the gyromagnetic ratio of the observed nuclei.? In anisotropic
systems, this expression is modified to accommodate for the
diffusion anisotropy [Eqn (2)]:!1-6%-70
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Figure 1. Pulse sequences for conventional pulsed-field-gradient spin
echo (a) and stimulated echo (b)) NMR experiments;  is the length of the
gradient pulses, 4 is the time delay between the gradient pulses.

T In the absence of motion, all de-phased magnetisation can be recovered
in the form of echo signal.®®

1 Since dephasing is proportional to 72, the majority of NMR diffusion
measurements have been carried out on high-y nuclei, mainly 'H.

A(g, 8, A) ~ exp {77952 (A - g) gpg} ) )

The quick decay due to relaxation processes sets an upper limit
for the length of applicable gradient encoding/decoding pulses
and, thereby, a lower limit for the measurable diffusion coeffi-
cients. Whether or not the line broadening can be suppressed
depends on the dominant spin interaction and the magnitude of
the residual coupling.

2. Spin interactions and the NMR spectral shape

The residual spin interactions depend on the orientation of local
LC director with respect to the applied static magnetic field Bo. If
this orientation varies at short distances, spectral splitting by
residual couplings may even vanish due to molecular reorientation
induced by translational displacement. The director orientation
with respect to the direction of the external magnetic field can be
homogeneous or randomly distributed in the sample. Low-viscous
LC can be prepared in a homogeneous state with the same director
orientation all over the sample volume by applying suitable
electromagnetic fields. For example, in many nematics the molec-
ular axes orient spontaneously along the field vector in the
magnetic field. This is a consequence of the positive anisotropy
of the magnetic susceptibility Ay = y — 7. of molecules (y; and
7. are susceptibilities parallel and perpendicular to the director,
respectively). The contribution to the free energy

1
AG = —gAxB% (3cos* 9 — 1)

(9 is the angle between the director and the field vector) due to
coupling to a magnetic field By is minimised for the director
alignment parallel to the field. Although Ay is relatively small, the
collective effect in the bulk sample is sufficient to overcome
thermal fluctuations. Such oriented systems are contrasted to
‘powder’ samples with the random angular orientation of the
director.

The appearance of the spectrum also depends on the involved
spin couplings. The pairwise dipole—dipole interactions usually
act in LC among a manifold of nuclei. Hence, even in uniformly
oriented LC samples [e.g., in 4-cyano-4'-pentylbiphenyl (5CB)]
'H NMR spectra of dipole—dipole coupled 'H nuclei are wide
because they consist of many overlapping split lines (Fig. 2).

20 10 0 —10 —20
kHz
Figure 2. 'H NMR spectrum of nematic 4-cyano-4-pentylbiphenyl

(5CB).

The exception is LC where the director of a sample is oriented
at the ‘magic angle’ 9y to By, since at this condition the splitting
and the resulting spectral broadening are suppressed.’ Single-spin
quadrupole interactions for spin 7 = 1 nuclei in a macroscopically

§At 9m = acos (1/v/3) & 54.7° (9m), the angular factor in the dipole—
dipole interaction term is equal to zero; hence, the corresponding
contribution to the spectral line width vanishes.
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oriented LC may result in spectra split into sharp lines. For
example, the 2H NMR spectrum of partially deuterated 4-cyano-
4'-octylbiphenyl (8CB)
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consists of quadrupolar split doublets (Fig 3).
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Figure 3. 2H NMR spectrum of partially deuterated smectic 4-cyano-4'-

octylbiphenyl (8CB).

Powder samples exhibit, irrespective of the type of the
involved spin interaction (dipole—dipole and quadrupolar),
large broadening but often, for the latter case, with a discernible
‘powder pattern’ line shape with the characteristic singularities.”!

3. Measurement of diffusion coefficients in liquid crystals

Diffusion in thermotropic liquid crystals has been addressed by a
broad range of NMR techniques,® % 1! including static-field-
gradient method,*7-3% %0 as well as various techniques combining
pulsed field gradients with a ‘nematic’ echo sequence,”?~ 74 multi-
ple-pulse spin decoupling,'!-4°~5%75-77 magic-angle sample ori-
entation,*6-56-38,73.78-82  deyuterium stimulated (alignment)
echo,”®  soft-pulse  excitation®® and  multiple-quantum
NMR 338485 The optimum choice depends on the type of spin
interaction, spectral shape and macroscopic sample orientation.
Thus, conventional PGSE and PGSTE techniques have been used
for weakly oriented solutes in liquid crystalline matrices.3- 8- 8688

a. Sample alignment at the magic angle
The simplest and earliest method for the diffusion coefficient
measurement involves the preparation of a homogeneously ori-
ented sample, which is then placed by its director at the magic
angle (54.7°) with respect to the magnetic field By.”® In LC with the
uniaxial symmetry of the orientational order, this rotation sup-
presses the dipole-dipole broadening. The limitation of the
method is the required uniform orientation at a given oblique
angle to the magnetic field; hence, this technique is not available in
liquid-crystalline phases that reorient in the magnetic field or
cannot be uniformly oriented. Hence, this approach has mainly
been used for studies of viscous smectic phases formed upon
cooling of nematic phases.” For nematic phases, the electric field
has been employed to hold the director along the magic angle.”®
In yet another approach, fast switching of the By direction in a
field-cycling spectrometer #¢ creates the magic-angle condition. A

9 Once oriented by the magnetic field in the nematic phase and subse-
quently transformed upon cooling to the smectic state, many samples
preserve a homogeneous director orientation even when turned away from
By.

late offspring of magic-angle technique, appropriate for studies of
unoriented powder-like LC samples, is a diffusion experiment
performed under magic angle spinning (MAS) conditions 8 with
the gradient field set along the spinning axis.

b. Suppression of anisotropic spin interactions by echo techniques
In the case of small anisotropic dipole—dipole (I =1/2) or
quadrupole couplings (/ = 1), one may apply the solid or quadru-
pole echo °%-°! instead of a conventional spin echo. In some cases,
the so-called nematic echo %% generated in a 90°—7—f—1
sequence with B < 54.7° has been observed in 'H NMR and
employed in diffusion experiment.”?74%* For 2H NMR experi-
ments, the stimulated echo sequence with modified pulse flip
angles has been suggested to suppress the effect of the quadru-
polar coupling on the echo amplitude.3?

c¢. Spin decoupling

Line broadening effects for systems of nuclei with 7 = 1/2 are in
most cases significant due to homonuclear dipolar interactions. In
solids, static dipolar line broadening is usually suppressed by
appropriate radio frequency pulse sequences.®® The same strategy
has been explored for anisotropic diffusion experiments. The
problem is that dipolar decoupling sequences perform inefficiently
in the presence of a large frequency offset induced by the applied
field gradient.”® Hence, initially only very short (and, hence, weak
due to instrumental limitations) gradient pulses in-between the rf
pulses of the homonuclear decoupling sequence have been
applied.”>7% As a consequence, only relatively fast diffusion
could be measured this way. A better choice is to apply magic-
echo (Fig. 4)3%97 decoupling during evolution periods of the
stimulated echo pulse sequence.’® In this sequence, longer win-
dows are available for gradient pulses. Magic echo, originally
devised to remove multi-spin dipole—dipole coupling, has also
been shown to suppress simultaneously static quadrupole
effects.”” Hence, this strategy has been applied to quadrupolar
spins with non-vanishing dipolar couplings.’3~3° The disadvant-
age of the experiment is the limited time available for gradient
encoding: at most, one-third of the coherence evolution periods.
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Figure 4. Stimulated echo sequence combined with magic-echo decoupl-
ing for measuring diffusion coefficients in the presence of static dipole—
dipole and/or quadrupole interactions in LC.>3
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Decoupling in the presence of uninterrupted gradient
pulses 100:101 is more effective. However such experiments can
only be made accurate if the resonance frequency offset effects of
decoupling are correctly dealt with. This can be achieved using
slice selection by a soft 180° pulse (Fig. 5), which limits the active
sample volume to the region with sufficiently small frequency
offset.#=3! Applied to homonuclei,*-3! this strategy suffers from
two shortcomings: down-scaling of the gradient by the decoupling
sequence, which limits the efficiency of gradient encoding and a
decrease in the signal intensity as a result of slice selection. In the
case of heteronuclei,* there is no down-scaling of gradient and the
slice selection scheme can be ‘multiplexed’ thereby collecting the
signal from most of the sample volume.
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Figure 5. Pulse sequence for diffusion measurements using stimulated

echo experiment with homonuclear decoupling (by MREVS sequence) >
applied simultaneously with the field-gradient pulses.*®

d. Multiple-quantum NMR

An additional possibility, explored not only in the case of 7 =1
nuclei,> but also in the situation of dipolar coupled spins I =
1/2,84:85 is to perform an experiment where gradient pulses are
employed during the evolution of multiple-quantum spin coher-
ences. The highest-order coherences are not influenced by static
quadrupolar and dipolar effects and, hence, exhibit longer
decay.'9? As an additional advantage, the field gradient affects
higher-quantum coherences proportional to their quantum order
thereby increasing the efficiency of gradient encoding/decoding.

e. Strong field gradient

Instead of suppressing line broadening, one may try a ‘brute force’
approach, viz., to increase the strength of the gradient field. One
way is to use a small gradient coil in combination with a high-
current generator.'93- 111 The other solution is to exploit static
gradients such as the one present in the fringe field of a conven-
tional NMR superconducting magnet.!!'2113 The rf pulse
sequence in this case is similar to that shown in Fig. 15, but with
the gradient field constantly present instead of the pulsed gra-
dient.47-5%-60. 114 Ap obvious disadvantage is small signal-to-noise
ratio, which is a consequence of the limited range of excitation of
the applied rf pulses and of the spectral broadening by the gradient
during detection. Moreover, one cannot conveniently vary the
gradient strength and direction.

f. Spectral selective excitation

Spatial slice selection can be replaced by spectral slice selection by
long selective rf pulses.®3 It has been shown that weak rf pulses can
excite sharp proton signals in 'H NMR spectra of liquid crys-
tals,!!> which can be exploited for measurements of their diffusion
coefficients.®3 Just as for spatial slice selection, the signal loss is a
disadvantage of this approach.

g. Relaxation

Diffusion coefficients can be estimated from the NMR spin
relaxation rate measurements.!1®~123 An access to diffusion via
relaxation, however, requires the separation of contributions to
the relaxation rates of intra- and intermolecular interactions as
well as contributions of different modes of molecular reorienta-
tions. The contribution of the intermolecular interaction to spin
relaxation processes originates from the modulation of dipole—
dipole interactions upon molecular diffusion.'>*~127 Diffusion
coefficients extracted from the relaxation data characterise the
translational motion on the molecular length-scale in contrast to
the micrometre-scale diffusion coefficients obtained by the field-
gradient techniques.

h. Spectral shape analysis

Chiral mesophases (cholesterics) exhibit helical spatial modula-
tion of the molecular orientation. If the NMR spectral shape is
dominated by the anisotropic spin interactions, the resonance
frequency turns out to be spatially encoded even without the
application of an external field gradient.!?8~ 137 Modulation of the
spin resonance frequency as a result of molecular diffusion is

reflected in the shape of the NMR spectrum, akin to chemical
exchange effects.!® Note, this approach can only measure the
diffusion component along the modulation direction, i.e., along
the helical axis.

4. Accessing the diffusion tensor components

Characterisation of the diffusion tensor D requires experiments
performed at several field gradient orientations with respect to the
director. In a homogeneously oriented sample, D and D} can
be measured either by wusing orthogonal gradient
coils 5% 33-35.57. 58,139 or by changing the sample orientation pro-
vided that the director is not re-oriented by the magnetic
field.46-60.78.82 The other option, applicable in non-oriented
samples, exploits the spectral broadening itself by anisotropic
spin interactions, such as quadrupole coupling °° or chemical shift
anisotropy.>!- 140 Since the anisotropic interactions provide corre-
spondence between the spectral resonance frequency and the
domain orientation, the intensity decay at different frequencies
in the spectrum for just one gradient direction reveals the principal
components of the diffusion tensor D.

If diffusion within individual domains of non-oriented powder
samples cannot be orientationally assigned (as is typical of the '"H
nuclei), the diffusional decay becomes the composite of decays for
different gradient orientations.!'!- 14! If the orientational distribu-
tion is completely random and other effects, such as restricted
diffusion, do not complicate the evaluation, the diffusion tensor
can also be extracted either from the composite decay or from
diffusion —diffusion correlation (or exchange) experiments using
orthogonal field gradient pulses.!42~ 144

I1I. Theoretical models and computer simulations
of diffusion in liquid crystals

1. Diffusion models in nematics
Several theoretical approaches have been developed to describe
the translational diffusion in nematic liquid crystals. The hydro-
dynamic theory of Franklin !4> evaluates the molecular diffusion
in terms of viscosity coefficients, friction constants and detailed
molecular geometry. Using this approach, the temperature
dependence of the anisotropic radio-tracer diffusion in the
nematic phase of p-azoxyanisole (PAA) was correctly pre-
dicted.!#? In contrast, the results obtained for nematic SCB were
found to be incompatible with this model.3? >3 Since the approach
involves many parameters not readily available with sufficient
accuracy, its predictions cannot be easily verified by experiments.

In yet another approach, the diffusion coefficients in nematic
phases have been derived via a parameterised form of the
momentum time-autocorrelation function in the system of per-
fectly ordered clusters and subsequent transformation of the
diffusion tensor from the cluster frame to the laboratory
frame.'4® The theory relates the components of the diffusion
tensor to the molecular geometry (molecular axial ratio) and the
order parameter S. It predicts that the arithmetic (isotropic)
average of the diffusion coefficient

(), = P ()

is independent of orientational order and geometry and changes
continuously across the nematic—isotropic phase transition. The
model has previously been applied with varying success to nematic
liquid crystals. Particularly, a satisfactory agreement with the
results in PAA was found.!4¢

Hess and co-workers 147 have applied the affine transforma-
tion from the isotropic diffusion of hard spheres to the space of
aligned uniaxial ellipsoids to derive the diffusion coefficients in
terms of the molecular axial ratio and the phase order parameter.
In contrast to the previous approach, the geometric average

(D), = Dy*p}” Q)
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rather than the isotropic average (D), is predicted to be independ-
ent of the molecular shape and order and to coincide at the phase
boundary with the diffusion coefficient in isotropic phase. This
model has been successfully tested using molecular dynamics
computer simulations '47-148 and describes well experimental
NMR results.> 33

A mean-field kinetic approach to anisotropic translational
diffusion in nematics has also been proposed.'# Similarly to the
affine transformation model, the predicted value of (D), increases
with the increase in the molecular order.

2. Diffusion models in smectics
The diffusion in the smectic A phase has been modelled under the
assumption of a periodic temperature-independent potential V(z)
along the smectic director 150152

V(z) = %cos (%7) , (5

where dis the layer spacing. Thus, diffusion parallel to the director
requires the molecule to overcome not only the viscous drag of the
medium, but also the potential barrier. In-layer diffusion remains
essentially unaffected. Molecular diffusion along the director is
given by the equation

(D)™ = (D)™™ {’o (%Tﬂ N ; (6)

where /j is the modified Bessel function of the first kind and of the
zero order. For the non-zero potential amplitude, V', this model
predicts a discontinuity of D) at the nematic —smectic A phase
transition. This approach has successfully described diffusion
data obtained by QENS and NMR methods in some smectic LC
with a pronounced discontinuity of D at the nematic—smectic
phase transition.® %4

Recently,* this model has been modified to include a temper-
ature-dependent potential in the parameterised form:

T\
7) @)
in keeping with the temperature dependence of McMillan’s
smectic order parameter.!3® The value of the parameter T* is
close to the smectic—nematic transition temperature. This modi-
fied model provided a correct description of the experimental
results in smectic A phases with a weak second order nematic—
smectic phase transition as is typical of systems exhibiting a
significant nematic range.>>-80-81

Vi(T) = Vo(l—

3. The temperature dependence of the diffusion coefficients
Arrhenius-type descriptions are commonly applied to the temper-
ature dependence of the individual components of the diffusion
tensor in liquid crystals,®°

E
Dy, =D, exp<f o ) 8)

However, the energy parameter E does not have a simple physical
meaning in the case of liquid crystals, in contrast to solids where it
corresponds to the height of the potential barrier for particle
Jjumping between the lattice sites. The values E) 1 in mesophases
may be dependent on the temperature through the order param-
eter, especially near the phase transitions.>> Thus, although
Eqn (8) has often been found to fit well the experimental data
recorded in mesophase temperature ranges, the numerical results
lack physical interpretation.

4. Computer simulation of the diffusion by molecular
dynamics

In molecular dynamics (MD) simulation of diffusion in liquid
crystals, 148, 149.154-164 the diffusion coefficients were determined
either from the mean-square molecular displacements or from the

velocity autocorrelation functions. The results are commonly
compared to those predicted based on the affine transformation
model and to experimental data.

A non-monotonic temperature dependence of D in nematic
phase was observed,!48- 194 which was attributed to the competi-
tion between a decrease in molecular ordering and mobility. The
geometric average of the diffusion coefficient (D), was found to be
continuous and linearly temperature-dependent across the nem-
atic—isotropic phase transition. In contrast, the isotropic average
(D), depends on molecular order,!%* as illustrated in Fig. 6.163 164
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Figure 6. The temperature dependences of the diffusion tensor compo-
nents and their averages as obtained from MD simulation.!%
(D) D), (2) D1, (3) (D). () (D).

Calculations of mean-square displacements were performed in
a system of soft-core spherocylinders (cylinders with hemispher-
ical caps) interacting by an inverse-power pair potential.'>* The
obtained data showed that, in the smectic A phase, diffusion takes
place exclusively along the layer. In an MD simulation of a Gay-
Berne mesogen, '3 D) was shown to change abruptly for the phase
sequence isotropic—smectic A, which is characteristic of a first-
order phase transition, and D < D, . However, if the system also
exhibits an extended nematic phase, starting from
Dj(smecA) ~ Dj(nem) in the vicinity of nematic—smectic A
transition, the D| > D, nematic property permeates the smectic
A phase and may become inverted at lower temperatures. The
coefficient D essentially follows the same temperature trend well
described by the Arrhenius law over the whole range of smectic
and nematic phases. This type of diffusion was observed exper-
imentally in liquid crystals of 8CB.%3

MD simulation has been performed in the columnar phase of
the discotic molecules of hexakis(pentyloxy)triphenylene.!6> The
diffusion process exhibited a solid-like jump behaviour in the
plane perpendicular to the columnar axis. The translational
dynamics of the molecules along the axis was described by the
model of column sliding.

IV. Experimental studies of diffusion in
thermotropic liquid crystals

Early NMR diffusion experiments in thermotropic ne-
matic® 72 74.75.77.88,166 and smectic systems$-73.76.79.80 often
merely recorded the fact that the diffusion is anisotropic. The
experimental accuracy, reproducibility and the range toward slow
diffusion were limited, as has been demonstrated recently
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Figure 7. Data on anisotropic diffusion in SCB as obtained by spin-
decoupling-based NMR diffusion experiments (06 — Diso, ® — Dy, & —
D),%% in comparison with the results obtained by other techniques: PGSE
NMR (1) Diso,'®” [(2) Disos (2') Dy, (2") D1];'%® fringe-field NMR (3)
Diso;'%° field cycling NMR [(4) Diso, (4) Dy, (4)" D1];* PGSE NMR with
the sample reorienting in the electric field [(5) Diso, o — Dy];”® forced
rayleigh scattering [(6) Diso, (6') Dy, (6)" D112 [(7) Diso, (7) Dy, (7") D11
QENS (E\f Diso, a— DH, o — Dl).lg

(Fig. 7).52 The early works performed up to 1982 have been
comprehensively reviewed by Kriiger,® and hence are only briefly
recalled here.

A parameter that can be measured with the acceptable
accuracy is the activation energy, since it may be obtained from
the strong temperature dependence of the diffusion coefficient.
The values of the activation energies E,| ~ E,1 that have been
obtained in nematic liquid crystals were comparable to those in
isotropic phases. In smectics, the relationships E, > E,1 and
E, (smec)x E, (nem ) have generally been observed, which is
consistent with the model of in-layer continuous diffusion in
liquids and a jump process between the layers typical of solids.

The diffusion anisotropy Dj/D. in nematic phase ranges
between 1.2 and 4. Within the experimental accuracy, the values
of the majority of average diffusion coefficients (D), in the
nematic phase at the clearing point determined earlier were close
to the isotropic diffusion coefficients. The ratio D)/D 1 in smectics
was found to vary in a wider range from Dj/D;>1 to
Dy/D. < 1.

1. Diffusion in nematic and cholesteric phases

Nematic phases were frequently chosen for testing new techniques
for the determination of diffusion coefficients in liquid crystals,
the nematic phase of 5CB being the most popular model com-
pound. Recently, the diffusion coefficients in SCB obtained by
different methods have been compared (see Fig. 7).52 While earlier
results strongly disagree, obviously due to methodological prob-
lems, more recent studies by advanced NMR techniques, includ-
ing multiple-pulse-decoupling PGSTE,*?% fringe-field-gradient
stimulated echo#” and spectral-slice-selection PGSTE 83 demon-
strate a good agreement.

The most accurate values of the diffusion tensor components
in SCB over a wide temperature range (Fig. 8) have been obtained
by multiple-pulse-decoupling PGSTE NMR.>%35 The temper-
ature dependence of the diffusion coefficient D, in the isotropic
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Figure 8. Values of Dy (1), D1 (2), (D)a (3), (D), (4) and Djs (5) in 5CB
obtained by multiple-pulse spin-decoupling-based NMR experiment.>2
Solid lines are the fits by the affine transformation model.!'4’

phase is described with high accuracy by the Arrhenius equation.
Although the temperature dependence of both D and D, in the
nematic phase at the points far from the nematic —isotropic phase
transition can be approximated by the Arrhenius-type relation-
ship (with the activation energies Ey| < Eagso) < Eal ), the two
curves D(T) and D (T') converge fast toward the isotropic value
closer to the phase transition. This suggests that the anisotropy of
the translational diffusion reflects the orientational ordering of
the molecules, which decreases sharply on approaching the
isotropic phase. The temperature dependence of the isotropic
average (D), [see Eqn (3)] also deviates from the simple Arrhenius
relationship in the vicinity of the phase transition. At the phase
transition, there is an appreciable discontinuity between Dis, and
(D). This behaviour contradicts that predicted from a model of a
momentum time-autocorrelation function used for the diffusion
coefficient calculations.'® In contrast, calculations using the
affine transformation model 47 are consistent with experimental
results. In particular, the values of the geometric average (D), [see
Eqn (4)] are on the line extrapolated from the isotropic phase. An
analogous behaviour was observed in the nematic phases of §CB
(Refs 53, 55) and  N-(4-ethoxybenzylidene)-4'-butylaniline
(EBBA) 3% where the same types of multiple pulse techniques
were employed.

Diffusion measurements have been performed in 4-(n-octyl-
oxy)-4'-cyanobiphenyl (§OCB) and 4,4’-di-(n-octyl)azoxybenzene
(OAB) using fringe-field-gradient NMR.>-¢0 The temperature
dependences of D) in the nematic phase and at the isotropic—
nematic phase transition resemble that in SCB and 8CB. Since the
temperature dependences of the D, component of the diffusion
tensor were not measured and since the nematic phase in OAB
exists in a limited temperature range, no comparison with the
theoretical models was performed.

The temperature dependences of the principal components of
the diffusion tensor were reported for homologous series of
di(alkyl)azoxybenzenes and (alkoxy)cyanobiphenyls#%-82 using
the field-cycling technique. A characteristic alternation of diffu-
sion coefficients and activation energies as functions of the chain
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length, i.e., the familiar odd-even effect, has been observed.
Unexpectedly, it was found 8 that both Dy and D, were larger
than Djs,, which is probably due to systematic errors caused by
methodological problems.

An anomalous temperature dependence T of the components
of the diffusion tensor was also found in nematic 4-pentylphenyl
2-chloro-4-(4-pentylbenzoyloxy)benzoate.'’° This behaviour is
most probably an artefact due to interference between the hetero-
nuclear decoupling and the field gradient as discussed in Ref. 50.

Conventional PGSTE NMR has been applied for studying the
diffusion behaviour in a cholesteric phase formed by SCB doped
with an optically active chiral component, viz., 4-cyano-4'-(2-
methyl)butylbiphenyl (CB15).198 The orientation of molecules in
a cholesteric phase corresponds to that in the nematic phase with
the director helically twisted in space. The pitch axis of the twisted
structure is aligned perpendicular to the direction of the magnetic
field of a spectrometer. This experiment demonstrates the exis-
tence of the translational diffusion anisotropy (ratio
D\/Dy =~ 1.7) with the diffusion coefficients dependent on the
diffusion time.

In a number of diffusion studies in cholesteric phases, NMR
spectral shape analysis has been used, which allowed measure-
ment of only D, i.e., diffusion along the pitch axis. It was shown
that D, increases with pitch length and depends on the diffusion
time.!28-130 The Arrhenius-type temperature dependence was
commonly observed with apparent activation energies close to
those in nematic phases and with relationship D < D, at the
clearing temperature (Fig. 9).128 131
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Figure 9. The temperature dependence of the diffusion coefficients in the
isotropic and cholesteric phases of a mixture of substituted phenylben-
zoates and chiral dopants.'3!

(1) D1, (2) Diso.

While diffusion coefficients in the isotropic phases of liquid-
crystalline compounds commonly display simple Arrhenius-type
temperature dependences,*’-52.33. 167169174 accurate measure-
ments performed in the vicinity of the isotropic—nematic phase
transition on the isotropic side indicated a noticeable deviation
from this conventional behaviour.'%-175 This effect has been
attributed to the formation of locally ordered nematic clusters
(cybotactic groups) in isotropic surroundings.

T The experimental values of the activation energies in this nematics were
related as £ > E,, which is not typical of nematics.

2. Smectic phases

Smectics A exhibit high molecular mobility within the layers
comparable to that in conventional liquids. Diffusion anisotropy
in smectics typically becomes Dy/D, < 1,%57-76:7 as opposed to
that in nematics. At the nematic—smectic phase transition, D
changes nearly continuously, while D) and its apparent activation
energy change abruptly as a result of molecular jumps between
adjacent smectic layers.® 3% %0 However, smectic A materials that
exhibit a broad temperature range of the nematic phase display a
different behaviour (Fig. 10): for them, the nematic-like relation-
ship D|/Dy > 1 is typically found in the vicinity of the phase
transition point.>% 56385981 Upon cooling deeper into the smectic
phase, the diffusion ratio may change to the opposite, more
common for smectics.>®>73 As concerning the activation energies,
the relation £ > E is always fulfilled.
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Figure 10. The temperature dependences of the diffusion coefficients in
isotropic, nematic and smectic A phases of 8CB.>

Lines are fits by the affine transformation model !4’ in the nematic phase
and by a model with a temperature-dependent periodic potential in the
smectic A phase.>% 150

(1) Dy, (2) D1, (3) Diso.

Fringe-field-gradient stimulated echo has been applied ''# to
measure the diffusion coefficients in different smectic A, C* and
C} phases?® of the liquid crystal of 1-methylheptyl 4'-[4-(n-decyl-
oxy)benzoyloxy]biphenyl-4-carboxylate. A continuous decrease
in the diffusion coefficient in the direction of the layer normal was
observed in smectic A and C* phases, while an abrupt decrease by
nearly two orders of magnitude was found on the transition to Cj
phase. Similarly, slow interlayer diffusion in smectic C, phase
compared to phase C* has been detected using 2H NMR spectral
shape analysis.!37-176 This finding was explained by steric effects
arising from the anticlinal molecular arrangement in adjacent
layers, which hinder the interlayer diffusion.

Experimental results obtained in smectic A phases 3% 60
have been compared to the available theoretical models. Some
results > were consistent with the model developed by Volino et
al.,'13% 151 which predicts an abrupt decrease in D at the transition
from nematic or isotropic phases to smectic A phases (Fig. 11).

1 C* and C}j are chiral smectic phases C with synclinically and anticlini-
cally ordered molecules, respectively.
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Figure 11. Diffusion coefficients of OAB obtained in the isotropic,
nematic and smectic A phases.>
(1) Dy, (2) D1, (3) Diso.

However, for systems with a weak second-order nematic-to-
smectic phase transition, a model with the temperature-dependent
potential (see Eqn 7 and Fig. 10) should be assumed for the
analysis of the experimental data. The behaviour of 8CB>° and
80OCB % was correctly described in that way.

3. Columnar phases of discotic molecules

In contrast to conventional thermotropics built by rod-like
mesogenic units, columnar phases are formed by discotic flat
molecules.!”” For the columnar hexagonal phase of a discotic
thermotropic hexapentyloxytriphenylene, it was shown that the
diffusion is very slow>* in contrast to early indications.!”® The
diffusion in the direction perpendicular to the columnar axes was
measured by 2H PGSTE NMR. A low magnitude of the diffusion
coefficient [D; = (1—4)x 10~ m? s—!] and a high activation
energy (E; = 115 kJ mol—") suggested solid-like or, perhaps,
collective diffusion mechanisms in discotics.>*

4. Polymeric liquid crystals

Anisotropic diffusion with the relationship D) > D relative to
the a-helical chain axis and with apparent activation energies
dependent on the main-chain length has been observed in LC
phases formed by rod-like polypeptides.!”®~ 181 In the polymeric
LC phase formed by flexible poly(diethysiloxane) molecules, the
diffusion was found to be faster than that in the isotropic phase.!$?
This was attributed to a decrease in the degree of entanglement
between the polymer chains that become orientationally corre-
lated in the anisotropic phase.!8?

5. Liquid crystals confined in porous media

The effect of confinement on the diffusion properties of LC
embedded in porous glass matrices (with the pore size varied
from 7.5 to 140 nm) was studied for the nematic SCB as an
example.*’ A strong decrease in the diffusion coefficient with the
decrease in the pore size was observed. The PGSE NMR measure-
ment of self-diffusion in nematic EBBA confined in porous glasses
was used to estimate the size of the nematic clusters in the isotropic
pre-transition region adjacent to the nematic phase.!%

6. Diffusion of small solute molecules in mesophases

Due to their low orientational order, small organic molecules
dissolved in liquid crystals exhibit long decays of spin coherences.
Therefore, conventional PSGE or PGSTE experiments can be
used to assess their diffusion coefficients.®14.72.86.87,183-189 p
nematic phases, the solute diffusion is fast and the diffusion
anisotropy is small, as compared to the diffusion of molecules
forming a mesophase.®-? This contrasts the strong translational
diffusion anisotropy D/D, << 1 observed in smectic phases.®

Recently, the diffusional behaviour of xenon in liquid crystals
has been studied in detail.'?°~194 PGSE 12Xe NMR has been
used to probe diffusion of xenon dissolved in nematic 1°0- 191,194
and smectic (A and C*) phases.!?2-194 No diffusion anisotropy
and very weak anisotropy (Dj/Dy> 1) were observed in the
nematic phases of ZLI-1132190 and EBBA/ZLI-1167,'°! respec-
tively. In contrast, significant anisotropy was found in smectic
phases of ferroelectric liquid crystals, where D/D << 1.192.193

V. Conclusion

A number of new diffusion techniques applicable to liquid crystals
have been developed during the past decade. In contrast to
techniques applied for isotropic liquids, these advanced
approaches with various degrees of sophistication have not yet
become routine tools. However, when applied with insight, the
new techniques provide much higher accuracy and significantly
extend the range of the accessible diffusion coefficients.

Self-diffusion data provide detailed and easily interpreted
information on the molecular organisation and dynamics in
mesophases. The anisotropic diffusion tensor and the activation
energy in liquid crystals are very sensitive to structural changes at
the phase transitions. Observing the changes in components of the
diffusion tensor at the phase transitions allow a thorough evalua-
tion of, and discrimination among, the theoretical models as well
as the assessment of the computer simulation data. For conven-
tional thermotropic phases, such as nematics and smectics A, the
accurate diffusion data obtained with advanced NMR methods
are well understood in terms of available theoretical models. For
other systems, including highly ordered columnar and smectic
phases generally exhibiting slow diffusion, only limited data are
available as yet.

This work was supported by the Russian Foundation for Basic
Research (Project Nos 04-03-32639 and 05-08-50280) and by the
Swedish Research Council VR.
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