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The impact of NMR on the field of liquid crystalst

R. BLINC
J. Stefan Institute, University of Ljubljana, Jamova 39, Ljubljana, Slovenia

(Received 28 December 1998, accepted 25 March 1999)

In the fifty years that it has been available as an investigative technique, NMR has strongly
promoted the advancement of knowledge in the field of liquid crystals. This article provides
a brief overview of its contributions to the subject.

1. Introduction

Since its discovery in the fifties, nuclear magnetic
resonance (NMR) has been intensively used in liquid
crystal research. The most important aspect of NMR
for the study of liquid crystals is that the splitting of
the proton or deuteron NMR line is directly related to
the nematic orientational order parameter S and to the
orientation of the nematic director n.

The interaction of the nuclear magnetic moment with
the external magnetic field results in several equidistant
Zeeman energy levels. The Zeeman levels in liquid
crystals are perturbed by the interaction of the nuclear
spins with the surroundings. In the case of protons with
a spin I = 1/2, magnetic dipole-dipole interactions with
neighbouring spins are the main perturbation. For
deuterons with a spin 7 =1, the electrical quadrupole
interactions with the electric field gradient (EFG) tensor
at the nuclear site is dominant.

For an isolated rigid proton pair, dipole-dipole
interactions split the NMR line into a doublet separated
by:

3 ¥hl
A%ZEC};—;EGCOSz 6,-1) (1)
where y denotes the proton gyromagnetic ratio,  the inter-
proton distance and 6, the angle between the inter-proton
vector and the external magnetic field B, .

For rigid deuterons we find a similar splitting of the
deuteron NMR line

3e7q0 1

Avq—2 ; 5(30032 6,-1) (2)

where ¢’ ¢Q/h stands for the static deuteron quadrupole
coupling constant (which is =~ 165kHz for alkyl chain
deuterons and 185kHz for aromatic deuterons) and
where 6, is the angle between the largest principal axis

1 Written to mark the 70th birthday of G. W. Gray in 1996.

of the EFG tensor (usually parallel to the C-D bond)
and the direction of the magnetic field.

In a liquid crystal the angular factor 1/2(3 cos* 6, — 1)
is averaged over all molecular motions which are faster
than (2mAv,)-"' or (2mAv,)-', respectively. It is thus
averaged over conformational changes of molecules,
molecular rotations around the long axis and fluctuations
of the long axis around the preferred direction n.

For a uniaxial nematic phase we thus find

Ay, = . 1S3C0829 -1 ! 3 cos? p—1

Ya 21T 2 ( B ) 2( )
and

A —3equ1S3C()829 -1 ! 3 cos? p—1

(4)

Here 65 describes the orientation of the nematic

director with respect to the magnetic field direction, g

describes the angle between the inter-proton vector (or

the largest principal axis of the EFG tensor) with respect

to the molecular long axis and S represents the nematic
orientational order parameter.

S=<%(3 cos29—1)> (5)

where 6 stands for the angle between the instantaneous
direction of the molecular long axis and the local director
n. () stands for the ensemble average. It should be noted
that S=S.. and that in deriving equations (3) and (4)
the biaxiality term

eq0
h

1 . 3 1 ,
E(S” — S,,)( sin® Bcos 2a) 2 5(3 cos’ Bz— 1)

in equation (4) has been neglected. Here « would describe
the azimuthal angle of the inter-proton vector (or EFG
direction) with the molecular long axis.
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In the isotropic phase, S=0 and the splitting of
the NMR line vanishes (figure 1). Here the spin inter-
actions are averaged out by fast and isotropic molecular
reorientations.

In a bulk nematic, 6z is spatially uniform. For com-
pounds with a positive diamagnetic anisotropy, Ay > 0,
GB = 0

In a spatially confined or chiral liquid crystal, on the
other hand, the director field is space dependent, n = n(r).
In some, for example confined systems, the magnitude
of the nematic order parameter may also vary over the
sample S = S(r). The deuteron NMR line splitting thus
becomes

Av,(r)= Avqoé[3 cos® Op(r)— 1]S@) (6)

where Av,, denotes the splitting in the perfectly oriented
nematic phase (S = 1) with the director oriented along
the magnetic field (6 = 0). In view of the spatial depend-
ence of Av(r) we have here a frequency distribution
rather than a line splitting.

In the case of fast translational diffusion, n(r) is also
time dependent and additional motional averaging may
occur.

2. Bulk and confined nematics
NMR has been extensively used to study director
configurations and phase transition behaviour in both
bulk and confined nematics. The ordering effect of the
nematic phase on dissolved organic molecules also
allows for structural determinations via high resolution
NMR.

2H NMR spectrum
5CB-fd2
T=256°C

b 2H NMR line
5BC-Bd,
T=35.6°C

1 1 i 1 |
-20 -0 0 10 2
kHz

Figure 1. Deuteron NMR spectra of 5CB: (q) deuteron
NMR spectrum of 5CB-f3d,, in the nematic phase [8];
(b) deuteron NMR spectrum of 5CB-fd, in the isotropic
phase.

Using selectively deuterated compounds, the decrease
of orientational order along the hydrocarbon chain in
thermotropic nematic liquid crystals has been observed
by Boss er al. [1]. Similar effects were then seen in
lyotropic membranes by Charvolin and Hendricks [2].
The even—odd variation of S along the hydrocarbon
chain in nematics has been observed as well, and NMR
measurements also allowed the observation of biaxiality
in cholesteric liquid crystals by Doane et al. [3] and in
lyotropic liquid crystals by Yu and Saupe [4]. The
gradual increase of the orientational order S on cooling
through the various smectic phases was also clearly seen
by Figueirinhas et al. [5].

In nematic polymer dispersed liquid crystal (PDLC)
materials, NMR has confirmed the bipolar director
configuration in droplets with parallel anchoring at the
wall [6]. It was also shown by Vilfan et al. [ 7] that in
droplets below a critical size ~ (.13 pm, the first order
isotropic-nematic transition is replaced by a continuous
evolution of the orientational order.

For liquid crystals confined in sub-micron size
cylindrical cavities, deuteron NMR was used by Crawford
et al. [8] to discriminate between various different
nematic director field configurations (figure 2) resulting
from an interplay of elastic forces, surface interactions,
and also the morphology and size of the cavity. NMR
also allows for a determination of the strength of sur-
face anchoring and measurement of the surface elastic
constants.

NMR has also been used for the study of nematics
confined in a random network of pores in Vycor glasses
(Iannacchione et al. [9]) and in silica aerogel matrices
(Kralj et al. [ 10] and Zidansek et al. [ 11]). Liquid crystals
embedded in a low concentration polymer network have
been also studied (Vilfan and Vrbancic-Kopac¢ [12])
and valuable information on the polymer—liquid crystal
interactions and the ordered surface layer were obtained
(figure 3).

Very recently deuteron NMR demonstrated the exist-
ence of nematic biaxiality (figure 4) in a homeotropically
aligned o-deuterated SCB surface layer in Anapore
cylindrical cavities (Kopac, Zalar, and Blinc [13]). For
0s=Ty2 four peaks in the frequency distribution are
found:

_ 340
Avit=t-—=S5 (7a)
and
3 2
A%i=ttZeZQLﬂl—nﬂ- (7b)

The results yield at T=293 K: S=0.22 and = 0.142.
Here = (S\»— S,,)/S.



19: 06 25 January 2011

Downl oaded At:

Impact of NMR on liquid crystals 1297

L
T
-l y
. M s
B

50 kHz

Figure 2. Deuteron NMR spectra for different nematic
director fields in sub-micron size cylindrical cavities [8]:
(@) nematic phase with parallel-axial structure in the
cylindrical cavity and splitting Av,,,, ; (b) Pake-type powder
spectrum for isotropic spatial distribution of directors in a
spherical cavity with radial structure; (c¢) spectrum of
a planar-polar structure in cylindrical cavities with all
directors perpendicular to the magnetic field and splitting
1/2Av,,,1,; (d) spectral pattern for the isotropic distribution
of nematic directors in a plane parallel to the magnetic
field; (e) escaped-radial structure in a cylindrical cavity.
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Figure 3. Temperature dependence of the nematic order
parameter S of SCB in Anopore membranes with filled
cylindrical cavities and a thin surface layer on the walls
of the cylindrical cavities.

3. Dynamics of bulk and confined nematics
Whereas static dipole-dipole or electric quadrupole
interactions give rise to a splitting of the NMR spectrum,
the time variations of these interactions induce spin-lattice

(T, ) and spin—spin (7, ) relaxation processes [ 14].

—— Biaxial Nematic
15000 — — Uniaxial Nematic
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Figure4. Angular dependence of the dueteron quadrupole
splitting of a thin surface layer of o-deuterated SCB

(€ =04%) on the walls of the cylindrical cavities of
Anopore membranes.
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Soon after de Gennes in 1968 stressed the importance
of collective order director fluctuations

n(, 1) =n, )+ On(r, 1) (8a)

in nematics, it was realized by Pincus [15], and by Blinc
et al. [ 16] that these fluctuations lead to a characteristic
square root type dependence of the spin-lattice relaxation
rate (T ' ),pr On the nuclear Larmor frequency:

(T7 Nopr = l/w]L/z- (Sb)

This characteristic frequency dependence is due to the
gapless nature of the two director modes which are the
Goldstone modes of the isotropic-nematic transition.
These are the modes responsible for the strong scattering
of light in the nematic phase.

Director fluctuations are however not the only
spin-lattice relaxation mechanism in bulk nematics.
Translational self-diffusion, individual molecular rotations
around the molecular long axis and internal confor-
mational changes all contribute to the spin-lattice
relaxation process [ 17] so that:

Tl_]:(Tl_])ODF+(T1_])SD+(T1_])R (9)

These contributions may be separated (figure 5) due
to their different Larmor frequency, angular and temper-
ature dependences. Order director fluctuations dominate
T;' in the bulk nematic phase below 10°—10° Hz, i.e. in
the kHz region. Above a few MHz translational self-
diffusion, (7' '), and molecular rotation (7 '), take
over [18].

The absence of order director fluctuations in the bulk
isotropic phase results in a smaller and Larmor frequency
independent spin-lattice relaxation rate in the kHz
range. On approaching the isotropic-nematic transition
temperature 7, from above, nematic fluctuations appear
within the isotropic phase. In 5CB, for instance, regions



19: 06 25 January 2011

Downl oaded At:

1298 R. Blinc

103 —
. 05 MBBA S _F
€ R e /
~ sSD // /
- 2F ODIZ___ 4
02—
E 4
5k //
2 I~ /// o
10’ P + 18°C
5 | ST B TR |

boaad 1
103 10 105 106 107 108
v/Hz
Figure 5. Dispersion of the proton 7, in the nematic phase
of MBBA. The solid line is the fit to equation (9) where
ODF denotes the contribution of director fluctuations,
SD the contribution of translational self-diffusion, and R
the contribution of molecular reorientations about the
short axis.

with nematic order appear a few degrees above T,. The
size of these regions is ~ 0.65nm. As a molecule diffuses
from the ordered into the disordered region, the deuteron
quadrupole interaction is modulated. It is zero in the
disordered region and small but non-zero in the ordered
islands of the nematic phase. This slow modulation is
characterized by the exchange time, <., , of the molecules
which depends on the size of the ordered regions [ 19].

In confined liquid crystals or liquid crystals with an
embedded polymer network, the nematic orientational
order persists in a thin surface layer far above the
nematic-isotropic transition temperature. This results
in an additional exchange-induced contribution to the
spin—spin relaxation rates (T'; '),,., which extends over
a much wider temperature interval than pretransitional
fluctuations in the bulk phase, as shown by Dolinsek
et al. [20] and VrbandiC et al. [21].

If the biaxiality effects are neglected, one finds

. 21 S, Y[l N
(T2_ )exch = nZ 27-’:Avq,nem S_ 5(3 COs” GB_ 1) Ts'

(10)

Here ¢, ~ ..., is the average life-time of the molecules
at the surface and S, is the surface order parameter,
whereas S,.,, and Av, .. are the values of the nematic
order parameter and quadrupole splitting in the bulk
nematic phase. 771s the surface to volume ratio measuring
the fraction of molecules temporally bound to the surface.
Typical values #=0.06, S, =0.05 and 7, =2x 10-" s
are obtained, whereas S,.,, ~ 045 and Ay, ,.,, = 51 kHz
at 28°C. These values refer to a 3% polymer dispersion
in 5CB-od, in the isotropic phase. Molecular exchange
with the ordered surface layer is thus the dominant spin
relaxation mechanism in confined or polymer dispersed
systems in the isotropic phase in the 30-200 kHz range.

In the MHz regime on the other hand, the proton and

deuteron spin relaxation times in these systems differ
only modestly from those in pure bulk nematic or
isotropic phases.

4. Ferroelectric and antiferroelectric liquid crystals

In ferroelectric (FE) liquid crystals, the direction of
the average molecular tilt slowly varies in space as one
goes from one smectic layer to another in the chiral
SmC* phase. In antiferroelectric (AFE) liquid crystals,
on the other hand, the average molecular tilt direction
alternates as one goes from one smectic layer to the
next: 6, » — 6,, P — — P or what is the same ¢ — ¢+ T
(figure 6) where ¢ is the azimuthal angle of the average
direction of the molecular long axis. Superimposed on
this rapid alternation of the sign of the tilt we have in
the AFE SmC, phase a chirality-induced slow precession
of each of the two sub-lattice tilts resulting in a double
helicoidal structure (figure 6).

The deuteron NMR frequency v for a tilted molecular
layer where the angle between the external magnetic
field and the normal to the smectic layers is 6+ 0 is
given by

3 e*q0

v=1y + 3 TS[3(sinesin 6, sin ¢

+cos 6cos 6,7 — 11]. (11)

In view of the distribution of azimuthal angles in the
multi-layer sample we have a frequency distribution

const . const
dyd: ~ dvdp
dp d-

In the plane wave limit d¢/dz = const. The frequency
distribution has intensity singularities at frequencies where

fW= (12)
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Figure 6. (a) The alternating-tilt model of the homogeneous
antiferroelectric smectic C, phase of liquid crystals, (b) the
antiferroelectric double helix.
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dydep =0, i.e. at

_ 3¢90
v=4T— =5 (13a)
3 2
v_=i§eZQSchna_%y_u (135)
3 2
v+=J_r§eZQS[3cos2(9+90)—1]. (13¢)

A measurement of the 0-dependence of these singularities
allows for a determination of the molecular tilt angle 6,
[22] in the FE SmC* phase (figure 7).

In the AFE SmC, phase, on the other hand, the
0-dependence of the positions of the singularities gives
0, =0. This is due to the fact that rapid molecular
diffusion between two adjacent smectic layers averages
out the + g, tilt in one layer and the — 6, tilt in the other
layer so that the largest principal axis of the deuteron
EFG tensor is effectively normal to the smectic layer.
Self-diffusion is too slow to have a similar effect in the
FE SmC* phase where the tilt does not reverse on a
scale of 30 A as in AFE liquid crystals, but on a scale
of 10 pm.

Deuteron NMR thus provides direct microscopic
evidence for the alternating tilt model of AFE liquid
crystals.

Deuteron NMR has also allowed for a determination
(figure 8) of the 2m-symmetry of the magnetic field
induced multi-soliton lattice in FE liquid crystals for a
general orientation of the magnetic field, as well as for
a measurement of the anisotropy of the critical field
for the unwinding of the SmC* helix [22].

Te-T K
0 0 10
0,

LI N

20

0_

I S R
340 350 360 370
T/K
Figure 7. Temperature dependence of the molecular tilt angle
0, of ovdeuteriated FE CE-8 deduced from deuteron NMR.

The solid line represents the best fit to a power law
6,=6, [(T.— T)VT, ] with 6, =43°+4°, T, =353.7K+ 03K

0p=10°, Tc-T =3K
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Figure 8. Angular dependences of the quadrupole-perturbed
deuteron NMR spectra of CES at 7, — 7 =3 K (g, = 10°).
The theoretical spectra are derived by taking into account
the magnetic field induced soliton structure in a 9T
magnet.

5. Conclusion

From this brief review, it is clear that not only has
NMR contributed greatly to the establishment of the
understanding of liquid crystals that is now regarded as
fundamental, but also it continues to play a very signi-
ficant role in advancing knowledge in developing areas
of liquid crystals as those involving anisotropic fluids
in confined geometries, polymer LC networks and
ferro- and antiferro-electric LC systems.
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