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From the Synclinic to the Anticlinic Smectic Phases: a
Deuterium NMR and Diffusion NMR Study

Mario Cifelli
Valentina Domenici
Carlo Alberto Veracini

Dipartimento di Chimica e Chimica Industriale, Universita degli Studi
di Pisa, Pisa, Italy

The behaviour of the 2H NMR line-width throughout the whole mesophasic range
of the ferroelectric liquid crystal “I-methylheptyl 4'-(4"-n-decyloxybenzoyloxy)
biphenyl-4-carboxylate” (10BIM7) is here reported and discussed.

Static Fringe Field NMR Diffusometry measurements from the isotropic to the
anticlinic phase have been performed leading to a significant result concerning
the tumbling diffusional coefficient (D ).

These results have been compared to X-Ray measurements and 2H NMR line-
widths in order to explain the peculiar behaviour occurring at the transition
between the ferroelectric (FLC) and the antiferroelectric (AFLC) liquid crystalline
phases.

Keywords: diffusion; dynamics; 2H NMR; liquid crystals; line-width

INTRODUCTION

There has been recently much effort devoted to elucidating the struc-
ture and polar properties of FLC and AFLC phases. Continuous
experimental work and many different theoretical models have been
put forward to explain the microscopic nature of the organization of
chiral phases and the molecular reasons of the transition from the
synclinic to the anticlinic phases.
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In a previous investigation on the smectogen object of the present
work [1], 10B1M7, partially deuterated on the aromatic core (both
on the phenyl and biphenyl moieties) a progressive Deuterium NMR
(DNMR) line-width increase was observed entering the SmC* phase
from the SmA one. This line-width increase is not linked to this parti-
cular mesogen: looking to the literature this phenomenon has been
already observed in different cases [2], as a tilted phase is formed from
a SmA one, in DNMR spectra as well as in *C ones.

However, no particular attention has been dedicated to the occuring
of this line broadening in the chiral phase and only in some cases the
Goldstone mode has been invoked as a dynamic effect that could
explain this line-width increase [3].

In reference [1] we were able not only to point out this line-width
increase in the synclinic phase but also a further decrease entering
the anticlinic antiferroeletric smectic phase.

In principle either static disorder or dynamic modulations could be
responsible of the observed line broadening in tilted phases, but what
has still to be rationalized is the further decrease of the line-width as
the anticlinic phase is formed. This line-width behaviour, happening
so generally in NMR of chiral smectic phases and still not completely
clarified, could be linked to some fundamental aspects of the structural
change occurring at the FLC — AFLC phase transition.

In this paper, with the impression that this behaviour could be of inter-
est in elucidating the structure of chiral subphases, we have undertaken
different experiments on the 10B1M7 smectogen. Starting from a
detailed investigation of the DNMR line-width behaviour of the fully
deuterated achiral chain of the smectogen, we then exploited the angular
dependence of the deuterium quadrupolar coupling of the alfa methyl of
the achiral chain to obtain further informations. Moreover, SAXS mea-
surements of the smectic layer spacing, as well as an evaluation of the
out of plane component of the molecular translational diffusion, by means
of 'H stray field diffusometry [4], have been carried out throughout the
smectic phases of the smectogen under investigation, in order to bring
forward some deeper knowledge about the phase transitions.

Finally we will try to rationalize and explain these experimental
results in a complessive discussion.

EXPERIMENTAL
Deuterium NMR Line-widths

The 2H NMR experiments on the sample 10B1M7-dy;were carried out
on a 7.05T Varian VXR-300 spectrometer, working at 46.04 MHz for
deuterium. The 90° pulse was 22 us.
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The sample was microscopically aligned within the magnets by slow
cooling from the isotropic phase and the spectra were recorded every
two degrees allowing 10 minutes for thermal equilibration. The
temperature was stable within 0.2 degrees.

The 2H NMR measurements on the sample 10B1M7-d,, deuterated
on the phenyl fragment as indicated in Ref. [5], were carried out on a
15T Varian600 spectrometer, working at 92.06 MHz for deuterium.
The spectra were acquired by using the quadrupolar echo sequence
(904-1-90,-1-ACQ), with a 7 delay of 25us and a 90° pulse of 8ps.
The sample was microscopically aligned within the magnets by slow
cooling from the isotropic phase and the spectra were recorded every
five degrees from 130° to 30°, allowing 10 minutes for thermal
equilibration. The temperature was stable within 0.2 degrees.

SAXS Measurements

The diffraction measurements were made using copper Ko X-rays
(1.54 A), from a 1.5kW sealed tube with other wavelengths removed
using a nickel filter and a graphite monochromator. The diffraction
pattern was detected using a multi-wire area detector [6]. It was
placed at 840 mm from the sample with an evacuated path so that
a @ (scattering vector) range from 0.03A! to 0.5A ! was covered.
The sample to detector distance was calibrated using a silver behe-
nate standard [7] and the @ values calculated from the scattering
angle, 20, (@ = 4nsin0). Since the samples were not aligned, the
scattering was regrouped so that pixels at the same @ were averaged
and the maximum of each diffraction peak was determined numeri-
cally and used to calculate its mean scattering vector, @g. The rela-
tive precision of the Qg values was generally better than 0.01%
although the absolute accuracy would be about 1%. The software
for viewing and analysing the X-ray scattering was developed with
PV-WAVE [8].

Diffusion Measurements

All the diffusion measurements have been performed in the Static
Fringe Field (SFF) gradient of a 9.4 T Magnex (UK) super-conducting
magnet. The exact position corresponded to a proton resonance
frequency of 235 MHz (located 112mm below the iso-centre) where
the nominal field gradient strength in the vertical (z//By) direction
of the magnet is 58 T/m. This position and gradient were identified
from a magnetic field plot supplied by Magnex and verified using stray
field imaging of thin planar samples.
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The radio-frequency probe was home made with a 90° pulse of 1.1 to
1.5 us, dependant on the sample loading and temperature. Hence, the
excited slice in the sample varied from about 1 to 0.7 mm; a distance
far greater than the average molecular displacement during the
measurement. The temperature was measured using a PT100 resist-
ance thermometer and controlled by a Chemagnetics temperature
controller. The temperature stability was better than +/—0.5°C.

The 10B1M7 sample has been homogenously aligned with the smec-
tic A phase director parallel to the SFF direction cooling it from the
isotropic phase.

RESULTS
Deuterium NMR Line-width of 10B1M7 d-,

The sample under study is the 10B1M7-ds;, with C10 achiral chain
fully deuterated. The synthesis was performed following the route
reported in Ref. [1] and a complete analysis of the dynamic behaviour
in the SmA phase of this compound has been just published in [9].
Deuterium NMR spectra have been collected slowly cooling down
the sample from the isotropic phase to the semicrystalline Smd*.
The spectra are shown in Figure 1. The transition temperatures of this
deuterated compound are slightly lower than those of the non deuter-
ated sample, which are: 124.5°C for isotropic-SmA, 105.4°C for SmA-
SmC*, 75.9°C for SmC*-SmC*ferri, 69°C for SmC*ferri-SmC*anti, and
47.8°C for the SmC*anti-SmdJ* phase transition. Despite many deuter-
ated sites in the SmA phase almost all the quadrupolar couplings can
be assigned to the deuteria in the achiral chain, assuming a monotone
decrease of the quadrupolar splitting along the chain.

In the SmA phase deuterium signals for C1 and C2 moieties overlap
in a broad signal, while C5 and C6 probably turn out to be overlapped
in a quite sharp signal. Line-width for all the quadrupolar doublets
turned out to be constant as the temperature decreases.

At the SmA-SmC* phase transition all the line-widths starts to
broaden and the splittings of the inner methylenes (reasonably from
C1 to C6) rapidly coalesce in a wide and complex structure, neverthe-
less the outer methylenes (from C7 to C9) and the methyl (C10) give
still rise to enough resolved quadrupolar doublets. This broadening
is typical for SmC* phases and has been already observed in some
other ferroelectric smectogens [2,10].

The peculiarity of this sample is the sudden decrease of the doublets
linewidths as the SmC*ferri phase is reached and lines remain narrow
till the high ordered SmdJ* phase is entered. This behaviour is clearly
depicted in Figure 2 for the C7-C10 sites of the achiral chain.
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FIGURE 1 ?H NMR spectra of 10B1M7-dy; in function of temperature (°C)
from the SmA (on the bottom) to the crystal (on the top).
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FIGURE 2 Left. DNMR line-widths of the last four sites of the C10 achiral
chain of 10B1M7. The symbols represent respectively: (o) C7, (o) C8, (m) C9
and ([J) C10. Right. C8 DNMR line width; the SmC* phase behaviour has been
fitted with the Landau-DeGennes equation with f = 0.56.
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Previous studies on the same compound, performed by means of '3C
NMR by Nishiyama et al. [11] reveal the same behaviour which is
particularly evident for aromatic signals: the line broadening in the
SmC* phase, and also SmC*anti one, contrasts with the relative sharp
peaks obtained in the SmC*ferri. The linewidth discontinuities among
these smectic phases probably are correlated with different dynamic
behaviours, as it is suggested by '3C T; trends obtained for this
compound [11] and for an other ferroelectric one [2]. The purpose of
this paper is to give a more detailed explanation of these complex
phenomena.

Static Fringe Field NMR Diffusometry

Static Fringe field diffusometry proposed by Kimmich and coworkers
[12] is a valuable method for measuring self-diffusion in systems with
small diffusion coefficients and/or short nuclear spin relaxation times
[4]. Tt exploits the large, steady and very stable magnetic field gradient
surrounding a conventional high field magnet in place of the switched
field gradients generated using current windings used in PFG. The
method, has been used by Kimmich et al. to measure diffusion in
polymer melts [12]; by Feweier et al. in super-cooled fluids [13] and
Karakatsanis and Bayerl in phospholipids bilayers [14]. It has been
used by Vilfan and co-workers to measure self-diffusion of the nematic
phase of 4-n-pentyl-4’-cyanobiphenyl (5CB) both in the bulk and con-
fined in controlled porous glasses [15].

Methodology

Recently SFF diffusometry has been succesfully exploited to deter-
mine the translational self-diffusion along the phase director in the
nematic and smectic A phase of the 4-n-octyloxy-4’-cyanobiphenyl
(80CB) [16]. The method there reported takes advantage of a double
stimulated echo approach in order to remove contributions to the echo
decays due to spin relaxation and dipolar correlation effects [17]. Two
stimulated echo experiments are considered:

D@ Qe o

D55 (59)- @
O (1) Qo w

and
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Here (3), , and m, are a 90° and 180° excitation pulses of relative
phase x or y and 7, § and (A — 1) are periods of magnetisation evolution
in the transverse plane and storage in the longitudinal direction
respectively.

As the two experiments are performed as a function of the diffusion
time A, in the case A>7 > ¢ (that is a typical experimental condition),
the diffusion coefficient measured along the gradient direction can be
determined from the ratio of the two echo amplitudes decays:

ASTE 2NG A2 52
4o1E = X[~ (0G)"DfA(" — &%) (3)
5p
where ASTE and AgTE are the echo amplitude of the pulse sequence (1)

and (2) respectively, 7y is the magnetogyric ratio, D(‘; is the diffusion
coefficient parallel to the field gradient direction and G is the strength
of the static gradient.

In the present case a variant of the method has been considered,
that takes into account possible cross relaxations effects that can
affect the stimulated echo decay. As demonstrated by Furé and
Dvinskikh [18], in the case of a two spin system with a chemical shift
difference of Aw, longitudinal cross relaxation affects the stimulated
echo amplitude in a way that it decays bi-exponentially as the dif-
fusion time A increases.

ASTE(¢ ) = (By + C1 cos(Aw - 1)) exp(/.A)
+ (Bg + Cacos(Aw - 7)) exp(A_A) (4)

A?,,TE(r, 0) = (B1 + C1 cos(Aw - 8)) exp()»ipA)
+ (Bg + C3 cos(Aw - 9)) exp(1*PA) (5)

with 1. =p, — 2yGDﬁ;7: +u—cPCE, )P —p 2yGDﬁ;(3 + p— cPCE,
The coefficient ¢”“F has been added to take into account the dipolar
correlation contribution to the echo decays [16] while p_, u, B; and
C; are parameters dependent on the terms of the longitudinal cross
relaxation matrix for a two spin system as reported in references
[18,19]. Dipolar correlation and longitudinal cross relaxation related
terms will not be discussed further. What is worth to notice for the
present aim is that the self-diffusion coefficient Dﬁ; can be extracted

from Eqgs. (4) and (5) considering that:

Ji = I = —2yGDf (z - ) (6)
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Consequently the diffusion coefficient Dﬁ; can be determined:
DS = — (4 = i) /[29G(x — ) (1)

In fact, all the terms that depend on dipolar correlation and longitudi-
nal relaxation are removed by the difference, while the transverse
relaxation contribution is held constant, as t is kept constant [16].

Experimental Results

Stimulated echo decays of experiments (1) and (2) have been collected
as a function of the diffusion time A at different temperatures. The
echoes have been acquired with 40 scans and a repetition time of five
seconds. Fixed values of 1 = 50 us and 6 = 10 us were used, whereas A
was varied in the range 5-100ms to 5-800ms as the temperature
decreased.

While in the isotropic phase the echo amplitudes decays in a single
exponential fashion, as the liquid crystal phase form the decay
becomes bi-exponential. In Figure 3 echo amplitude decays collected
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FIGURE 3 On the left: Double Exponential Echo decays at T = 375 K. The
empty circles and the empty squares represent the STE echo decay and the
STE + 180° pulses decay respectively. The lines show the best fitting obtained
with a bi-exponential fitting. On the right: Double Exponential Echo decays at
T = 337K. The empty circle and the empty squares represent the STE echo
decay and the STE + 180° pulses decay respectively. The lines show the best
fitting obtained with a bi-exponential. The echo decays at T = 375 K are shown
for comparison; the different effect of the diffusion attenuation effect is
evident.
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at T=375K and T = 337K are reported as an example. It can be eas-
ily noticed the relevant difference in the decays between the smectic
sinclinic phase (Fig. 3, on the left) and the anticlinic smectic phase
(Fig. 3, on the right).

As the echo amplitudes decay in a single exponential way in the iso-
tropic phase, the diffusion coefficient could be determined following
the method reported in reference [16]. On the other hand, in order
to determine the out of plane diffusion coefficient in the smectic phases
we followed the method described in the previous section.

The echo amplitude decays have been well fitted using a simplified
version of Egs. (8) and (9):

ASTE(1,5) = Py exp(A,A) + Pyexp(i_A) (8)
A%g;E(Ta 0) = Ps3 exp(,{ipA) + Py exp(}pr) (9)

From the best fitting parameters A.’s the diffusion coefficient DI(I} has
been determined using Eq. (7). The values obtained are reported in
Table 1.

In Figure 4 are graphically reported the whole set of data collected
as a function of temperature, with the corresponding error bars. A dis-
continuous step at T = 389 K denotes the effect of the uniaxial smectic
A formation; D‘G turns from D;,,, the isotropic diffusion coefficient, to
D/ that expresses the diffusion process parallel to the phase director
in the principal axis system of the smectic A phase. Hence, despite
the layer formation, phase, near the phase transition the rod-like
10B1M7 molecules diffuse more easily along the phase director that
in the non ordered isotropic.

However, the more interesting result of this data set can be individ-
uated in the sharp decrease of the measured diffusion coefficient going
from the synclinic to the anticlinic phase (compare the diffusion

TABLE 1 Out of Plane Component of the Diffusion Tensor Determined from the
Lambda Fitting Coefficients. The Values Reported are in Units of 10~ "' m?/s

Temp (K) D Lambda (+) Dy Lambda (-) D, Average
387 5.2 5.1 5.15
375 3.7 3.3 3.5

357 2.4 2.7 2.55
345 1.6 1.9 1.75
339 0.06 0.04 0.050

337 0.06 0.05 0.055
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FIGURE 4 Diffusion coefficients in the isotropic phase and along the out of
plane direction in the smectic phases of 10B1M7. The diffusion coefficients
in the LC phases are the average value reported in Table 1. The error bars
in the isotropic and synclinic phases has been estimated about 10%, of the cor-
responding value, whereas, in the anticlinic phase, the error rises to 40% due
to the lower value of the diffusion coefficient. The full line represents an
Arrhenius fitting of the isotropic diffusion with an activation energy of
58 kJ /mol.

coefficient at T = 345K and T = 339 K). This sudden decrease of Dﬁ
can be correlated to the layer organization that changes from a syncli-
nic to an anticlinc arrangement. Df hence drops of more than one
order of magnitude in the SmC* antiferroelectric (AFE) phase, with
respect to the synclinic SmC* ferroelectric one. This behaviour should
be explained by the fact that an anticlinic arrangement of the smectic
layers relevantly hinders the out of plane diffusional process. An anal-
ogous result has been already determined from the investigation of
interlayer molecular exchange by means of deuterium NMR in the
SmC* AFE phase of the chiral smectogen MHPOBC [20]. In that case
the probability per unit time of an interlayer jump through the layers,
w has been evaluated and related to the macroscopic diffusion coef-
ficient by the relation Dff =w/d?, where d” is the layer thickness.
The Dcl; value reported is comparable to one the determined in the
present work [20].
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CONCLUSIONS

As shown in Figures 1 and 2, the line-width depends on the quadrupo-
lar splitting and therefore on the CD bond nematic order. The increase
in linewidth, which could be related to the increase of the tilt angle in
the SmC* phase, can be fitted with a Landau De Gennes equation with
a f$ value that spans from 0.8 to 0.56 going from the C7 to the C10 car-
bon sites of the achiral chain under study. Such a line broadening hap-
pens always, as in the present case, when the director makes an angle
0 # 0 with the static magnetic field direction. Whenever this angle is
affected by some orientation the linewidth increases and the higher
is the quadrupolar splitting the higher turns to be the linewidth
increase.

In principle this distribution could be ascribed either to some static
disorder or to some dynamic modulation. In fact, as shown by the
SAXS measurements (see Fig. 5), the structure of the mesophase
undergoes only changes as far as the layer spacing or the tilt angle
are concerned.

However what is important to stress is not only the linewidth
increase in the SmC* phase but the further decrease as soon as the
anticlinic phase occurs. It is therefore extremely unlikely that by low-
ering the temperature we can pass from a disordered static situation
to a more ordered one since the static disorder can only be frozen by
lowering the temperature.

In fact, as shown by the quadrupolar echo experiments (reported in
Fig. 6) the line broadening is dynamic in nature. This broadening,
moreover, cannot arise from Goldstone modes [21]: phasons do not
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FIGURE 5 SAXS Measurements on 10B1M7 in the smectic phases. On the
right the figure is zoomed in at the Ferro-Antiferroelectric transition. Upper
points refer to measurements during cooling process, lower points refer to
the warming process in a range of temperature from 50°C to about 80°C.
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FIGURE 6 2H NMR spectra recorded with the quadrupolar echo sequence of
10B1M7-d, in function of temperature (°C) from the isotropic at 130°C (on the
bottom) to the crystal at 30°C (on the top) phases, every 5 degrees interval.

imply modification of the tilt angle. Amplitude fluctuations of the tilt
angle helix (amplitudons) could explain the observed line broadening.

In summary going from synclinic to anticlinic phases there is only a
poor change in the layer spacing (tilt angle). On the other hand, the
diffusion is strongly affected, changing by two orders of magnitude;
soft-modes undergo a significant change too.
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