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We synthesised a series of rod-like mesogens with a (S)-2-methylbutyl-(S)-lactate unit in the chiral chain that
exhibited extremely wide temperature ranges in the TGBA and TGBC* phases. TGB phases were identified,
based on typical textures in confined samples and in free-standing films, by Grandjean-Cano texture and by
NMR studies on a deuterium-labelled isotopomer. A sufficiently high electric or magnetic field transformed the
TGBA and TGBC* phases into their respective SmA and SmC* phases, the TGB structures being restored within
some 20-30 minutes. Therefore values of the spontaneous polarisation and spontaneous tilt angle, when
measured under a sufficiently high field, gave evidence of the properties of the SmC* phase. Temperature
dependencies of relaxation frequency, dielectric strength, selective reflection and layer spacing showed anomalies
at a certain temperature within the TGBC* phase range. Also, changes in textures, as well as in ZH-NMR spectra,
occurred at this same temperature. These results suggest the existence of two TGBC* phases.

Keywords: lactate unit; the TGBA phase; the TGBC* phase; dielectric properties

1. Introduction

Twist grain boundary (TGB) phases that appear as
an intermediate state between the cholesteric and
smectic phase are examples of frustrated phases
induced by molecular chirality. The analogy between
smectics and superconductors was initially mentioned
by de Gennes (/), while the TGB phases were
theoretically described for the first time by Renn
and Lubensky (2—4) and later discovered by the Bell
Laboratories group (5). The TGBA phase has been
confirmed as being organised in SmA blocks with
their normal N rotated across each grain boundary
by an angle A=2sin" '(d/2l,), where d is the smectic
period (layer spacing) and [, is the separation of
parallel screw dislocation.

The reason for the TGB phase’s appearance is
that the direct cholesteric (Ch)-smectic phase transi-
tion cannot occur in a continuous way since the
cholesteric twist of the director is not compatible with
smectic layering. TGB phases exhibit distinct struc-
tural features: smectic layers and a helical super-
structure with its axis parallel to the smectic layers.
While the structure of the TGBA phase seems to be
quite well understood, the character and properties
of its tilted variants is still the subject of intense
debate. The tilted TGBC phase was first experimen-
tally proved by Nguyen and coworkers (6). Several

types of TGBC phases with different local smectic
structures have been described (7-9) and the phase
transition between two TGBC phases found by
calorimetric measurements (8). This variety arises
from the differing organisation of the molecular tilt
with respect to the plane of smectic layers and grain
boundaries. Possible configurations of the tilted TGB
phase have been analysed theoretically in (2—4) and
two phases, designated as TGBC and TGBC*, have
been proposed. In the TGBC phase molecular tilt in
the smectic blocks is uniform, while in the TGBC*
phase the blocks are filled by the SmC* phase
modulated in a direction perpendicular to the block’s
normal. In (/0) the Renn and Lubensky model was
modified on the basis of the calculation of elastic
interactions for the TGBC* phase. It has been
suggested that the TGBC* phase could exist in
several structural modifications — and transitions
between different phases have been predicted (10, 11).
Dielectric studies of TGB phases are scarce (/2-14)
and questions still exist concerning its temperature
behaviour and the origin of observed modes. Ismaili
et al. (/5) have observed the soft mode in the TGBA
phase and the Goldstone mode in the TGBC phase,
the dielectric strength of both modes being much
lower and relaxation frequency much higher com-
pared to those found in the SmC* and SmA phases.
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They explained this discrepancy on the basis of a
modified Landau free energy, taking into account the
elastic strain connected to the anchoring at the grain
boundaries and the distance between them.

Liquid crystals incorporating lactate units fre-
quently exhibit unusual mesomorphic properties, for
example the presence of the re-entrant smectic C
phase (16-21). However, the effect of the chiral centre
number and/or its configuration (S, R) on the
occurrence of mesophases has still not been clarified.
Recently, mesogens with a naphthalene core and
lactic unit in the chiral chain have been described that
exhibit the TGBA phase (21). Nevertheless, the
relationship between the structure and formation of
the TGB phases is still unknown and their physical
properties have not been systematically studied due
to the rarity of these phases and their existence in
such a narrow temperature interval. Here we report
the synthesis and mesomorphic behaviour of a novel
series of compounds with a three-benzene-ring core
and (S)-2-methylbutyl-(S)-lactate unit in the chiral
chain exhibiting TGBA and two different TGBC
phases. Their physical properties are studied and
discussed. One homologue was also prepared as a
deuterated variant to enable ’H-NMR measurements.

2. Synthesis

General formula of the studied materials denoted as
HZLn/* is in Scheme 1. The synthesis of the
compounds studied was carried out according to
the synthetic path described in Scheme 2. Both chiral
centres have the (S) configuration.

The synthesis of chiral alcohol 1 has been
described in detail in (/6). As starting materials, we
used commercial (S)-(-)-2-methylbutanol (Fluka),
99.5%, [0]*°p=—6.3, c=10 in ethanol and L-(+)-lactic
acid (Fluka) ca. 80% solution in water and was
prepared by fermentation containing less than 1% of
D-antipod. After esterification we obtained (S)-(-)-2-
methylbutyllactate with an  optical rotation
[0]°b=—11.1 (neat). This is the same optical activity
as described in (/6).

X
O

CoHypi O P
0]
0 I
O-(‘Z*HCO-R

CH;
R = -CH,C*H(CH3)C,Hs

X=H  HZLn/* n=7,809
X=D  HZLn/*D n=7

Scheme 1. Chemical formula of studied materials.

2.1. Preparation of phenol 2

Chiral alcohol 1 was esterified by protected 4-
hydroxy-4'-biphenylcarbonyl chloride in a pyridine/
dichloromethane mixture followed by ammonolysis
in a chloroform/tetrahydrofurane mixture at 10°C.
After separation of the reaction mixture by column
chromatography on silica gel (using a mixture of
dichloromethane and acetone 99:1 as the eluent),
compound 2 was obtained in 50% yield.

'"H-NMR 2, CDCls, 200 MHz

8.1d (2H, ortho to —COO); 7.58d (2H, meta to —
COO); 7.42d (2H, meta to —OH); 6.90d (2H, ortho to
—OH); 5.4q (1H, ArCOOCH¥*); 4.0m (2H, COOCH,);
1.6d (3H, CH;, CHCOO); 1.2-1.7m (3H, CH-CH,);
0.9m (6H, CHs3).

2.2. Preparation of acids 3a and 3b

Compound 3a is commercially available. Deuterated
acid 3b is prepared by the following procedure: 4-
hydroxybenzoic acid (4.0 g, 29.1 mmol) was dissolved
in 50 g of 5% solution of deuterium chloride in D,O.
The solution was refluxed for 24 hours, then the
mixture was cooled to 0°C and white solid powder
was filtered and dried. A total of 3.4 g (yield 85%) of
4-hydroxy benzoic acid-D, was obtained.

'"H-NMR, DMSO-dg, 200 MHz

12.4 (1H, broad s), 10.1 (1H, broad s), 7.7 (2H,
s+very weak d), 6.8 (0.1H, d).

The esterification of the deuterated acid with
heptylbromide was carried out by the usual method
via the 4-hydroxybenzoic acid (D) ethylester, which
was obtained by azeotropical esterification by ethy-
lalcohol in toluene.

"H-NMR, deuterated acid 3b, CDCl;, 200 MHz

8.1s (2H, ortho to —COO); 4.02t (2H, CH,0Ar);
1.8quint (2H, CH, CH,OAr); 1.3-1.7m (8H, CH,);
0.9t (3H, CHs).

From the 'H-NMR spectrum 95% deuteration
was estimated.

2.3. Preparation of final products

The final products HZLn/* and HZLn/*D were
prepared by standard methods of esterification with
dicyclohexylcarbodiimid (DCC) in presence of
dimethylaminopyridine (DMAP) in dichloromethane
using acid 3a and 3b, respectively. Crude products
were purified by column chromatography on silica
gel using a mixture of dichloromethane and acetone
(99.5:0.5) as an eluent and crystallised twice from a
mixture of ethanol and acetone. The structure of all
final products was confirmed by 'H-NMR (200 MHz,
CDCls, Varian, Gemini 2000). The chemical purity of
a compound was checked by high-performance liquid
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Scheme 2. Synthesis of studied compounds.

chromatography (HPLC), which was carried out with
a Watrex HPLC chromatograph using a silica gel
column (Biospher Si Sum, 4 x250, Watrex) with a
mixture of 99.9% of toluene and 0.1% of methanol as
eluent, and detection of the eluting products by a
UV-vis detector (A=290nm). Chemical purity was
found to be better than 99.8% under these conditions.

'"H-NMR HZL7/*, CDCl;, 200 MHz

8.18d (4H, ortho to —COOQO); 7.68d (4H, ortho to —
Ar); 7.30d (2H ortho to -OCO); 7.00d (2H, ortho to —
OR); 5.40q (1H, CH¥*); 4.05m (4H, CH,OAr and
COOCH,); 1.7d (3H, CH;C*); 1.2-1.9m (13H,
CH+CH,); 0.9m (9H, CH,).

"H-NMR HZL7/*D, CDCl;, 200 MHz

8.18m (4H, ortho to —COO); 7.68m (4H, ortho to
—Ar); 7.30d (2H ortho to —OCO); 5.40q (1H, CH*);
4.05m (4H, CH,0Ar and COOCH,); 1.7d (3H,
CH;C*); 1.2-1.9m (13H, CH+CH>); 0.9m (9H, CH5).

3. Experimental

The molecular structure of all synthesised com-
pounds was checked using standard analytical
methods. '"H-NMR spectra were acquired on a
spectrometer Varian-Gemini 200 MHz, deutero-
chloroform, DMSO-ds serving as solvent and the
signals of the solvent were used as internal standards.
Chemical shifts are given in the J-scale (ppm), coupling
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constant J(H,H) in Hz. IR spectra were recorded on a
Nicolet FTIR 740 spectrometer in chloroform.
Column chromatography was carried out at atmo-
spheric pressure using silica gel (100-200 mesh,
Merck).

Phase transition temperatures and enthalpies were
determined by differential scanning calorimetry
(DSC) studies (Pyris Diamond Perkin-Elmer 7) under
cooling and heating runs at a rate of 5K min~'. The
samples of 2-5mg were hermetically sealed in
aluminium pans and placed in the calorimeter
chamber inflated by nitrogen. The plane samples
for texture observation and electric field studies were
filled by capillarity action in the isotropic phase into
cells composed of glasses with ITO transparent
electrodes (5x 5mm?). The sample thickness was
defined by mylar sheets. Cells with planar and
homeotropic orientation and thickness 8 and 12 um
were used. For Grandjean—Cano textures (for details
see (22)) the lower glass was covered with surfactant
by spin-coating (ensuring planar anchoring) and
rubbed on velvet. A lens with a large focal length
was used as an upper glass cover. Free-standing films
were spread over a circular hole (diameter 2mm) in
an aluminium plate. All texture observations were
performed using a Nikon Eclipse polarising micro-
scope equipped with a Linkam hot stage.

Spontanecous polarisation, P, was determined
from hysteresis loops detected during switching at a
frequency of 50Hz and an electric field of about
40kVem ™', The spontaneous tilt angle, 0g, was
determined from the angular difference between
extinction positions after the helicoidal structure
was unwound in opposite d.c. electric fields of about
+10kVem ™.

Frequency dispersion of dielectric permittivity
was measured on cooling using a Schlumberger
1260 impedance analyser in a frequency range of
1 Hz-1 MHz, keeping the temperature of the sample
stable during frequency sweeps within +0.1 K. The
frequency dispersion data were analysed using the
Cole—Cole formula (/4) for the frequency dependent
complex permittivity complemented by second and
third terms to eliminate the low frequency contribu-
tion from d.c. conductivity ¢ and the high-frequency
contribution due to resistance of the ITO electrodes,
respectively:

Ae i g
L+ ) 2maf™

+Afl71 (1)

& —ty =

where f, is the relaxation frequency, A¢ the dielectric
strength, o the distribution parameter of relaxation,
&o the permittivity of a vacuum, &.. the high-frequency
permittivity and n, m, A are parameters of fitting.

Measured real, &', and imaginary, &, parts of
dielectric permittivity &*(f)=¢'—i” were simulta-
neously fitted to formula (1).

The selective reflection measurements were per-
formed in transmission mode at normal incidence
with a Shimadzu PC3101 spectrophotometer for free-
standing film samples in the wavelength range 250—
3200 nm. At normal incidence the selective reflection
from the half-pitch band was detected and a mean
refractive index of n=1.5, that is assumed to be
temperature independent within the temperature
range of measurements, was used for calculating the
pitch length. The smectic layer thickness was
measured by X-ray diffraction from one surface free
samples (which assured homeotropic alignment)
using a modified DRON system (Graphite mono-
chromator, CuKu line) working in reflection mode.

H-NMR experiments were performed by using a
Varian Infinity Plus 400 double channel spectrometer
operating at the deuterium frequency of 61.39 MHz
(9.4T), equipped with a goniometric probe for
recording static spectra. These spectra were acquired
by using the quadrupolar echo sequence (23-24) with
a 90° pulse of 4.6us, a pulse delay of 0.5s, a
quadrupolar echo delay (t) of 30us and 400 scans.
The sample was aligned within the magnet by slow
cooling from the isotropic phase. The temperature
was stable within 0.2°C. The spectra recorded in the
lower magnetic field (4.7 T) were measured by a 200
VXL Varian double channel spectrometer operating
at the deuterium frequency of 30.7 MHz, using a
standard Smm probe for liquid samples. A single
pulse sequence with a rectangular pulse of 12us, a
pulse delay of 0.8 s and 200 scans was used.

4. Results

All studied compounds exhibited the same phase
sequence, namely isotropic—cholesteric-TGBA—
TGBC* on cooling. The justification for the identi-
fication of phases is given below. The phase transition
temperatures and enthalpies were determined
from DSC studies and are summarised in Table 1.
All DSC data were taken at a rate of 5K min '
within the temperature range of —25°C to 150°C.
Crystallisation usually took place at temperatures
below room temperature, and for HZLS8/* and
HZIL9/* no crystallisation occurred even on cooling
down to —25°C. For such compounds the crystal-
lisation process started on heating, which was mani-
fested on the DSC plots as an opposite peak. For
HZL8/* the DSC plot is shown in Figure 1, where
the profile of the peak connected with the TGBA-
TGBC* transition is shown at an enlarged scale.
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Table 1. Melting point, m.p., was indicated on third heating from —25°C, phase transition temperatures, Ti,, in °C and
corresponding enthalpies, AH, detected on second cooling and presented in square brackets in kJmol ™', and n denotes the
alkyl chain length; see Scheme 1. Star indicates that the phase transition was not recognisable in the DSC plots and was

determined from texture studies.

=

m.p. [4AH] TGBCy* Ty [4H] TGBC*

T, [AH]  TGBA T.[4H]  Ch T. [4H]  Tso

HZL7/* 7 67 [+17.4] . 70 [#]
HZL7/*D 7 67 [+14.8] . 71 [¥]
HZLS/* 8 49 [+6.5] . 80 [¥]
HZLY/* 9 66 [+24.4] . 79 [¥]

86 [—0.24] . 120 [-0.80] .«  123[-1.32]
87 [~0.27] . 118 [-0.46] «  122[-1.09]
93 [—0.16] . 120 [-1.41]  «  122[-147]
96 [—0.42] . 111 [-0.78]  « 120 [—1.26]

In the next paragraphs we suggest the existence of
two different TGBC* phases and designate them as
TGBC* and TGBC,* phase on subsequent cooling.
The phase transition between them (see Table 1) is
identified from microscopic observations as a change
of texture and sample colour.

4.1. Texture observations

Under homeotropic boundary conditions the so-
called filament texture was observed (see Figure 2
for HZL7/*D), similar to that described in (27). In
the TGBA phase, bright coloured filaments are
visible in a  non-birefringent  background
(Figure 2 (a)). In the TGBC,* phase the birefringence
(double refraction) appeared (Figure 2 (b)) and the
colour changed discontinuously at the TGBC;*-
TGBC,* phase transition (compare Figures 2(c)
and 2 (d)).

The free-standing textures are shown in Figure 3.
In the TGBA phase, a filament texture was observed
(Figures 3(a) and (b)), the amount of filaments
increasing on heating and the pseudo-fan type of
texture appearing in the close vicinity of the transi-
tion into the cholesteric phase (Figure 3(c)). No
filaments survived in the TGBC* phase on cooling —

==

#

'
(]
T

Heat flow / W g™!

/ : Iso
— ] 1 |
TGB(II1 5 .TGBA ¥Ch

\
|
§
90 95 H
2

60 90 1
T/°C

Figure 1. DSC plots for compound HZLS8/*. The upper
and lower curves show the second heating from RT and
subsequent cooling runs, respectively. In the inset, cooling
in the vicinity of the TGBA-TGBC,* phase transition is
enlarged.

only a schlieren texture was seen. This fact could be
explained by the unwinding of the TGBC* super-
structure due to the effect of free surfaces. A change
of colour at the TGBC,*-TGBC,* phase transition
took place, similar to that in the homeotropic sample
(see Figures 2 (c) and (d)).

In the cell with planar boundary conditions,
typical oily-streaky textures were observed in the
cholesteric phase, which very often survived deep into
the temperature range of the TGBA phase. The
coloured pseudo-fan texture, which could not be
focused (see Figure 4(a)), was characteristic for
planar geometry in the TGBA phase (22). On
cooling, the TGBA-TGBC* phase transition was
observed as an abrupt sharpening of contrast and
change of fan colour (see Figure 4 (b)). A continuous
sharpening of fans took place within the TGBC*
phase temperature range. The TGBC;*~-TGBC,*
phase transition was not exactly visible in contrast
to the homeotropic sample, but, below this tempera-
ture, evolution of the texture, as well as the changes
of colour, were more pronounced (Figure 4 (c)). On
applying an electric field in the TGBA phase, the
texture started to become even more blurred. On
approaching the TGBA-TGBC* phase transition,
the application of an electric field higher than
1Vum™' led to a gradual transformation into the
regular fan-shaped texture, typical for the SmA phase
(dark fans in extinction were already transformed to
the SmA phase in Figure 4(d)). Within the whole
temperature range of the TGBC* phases, the
application of an electric field led to a complete
transformation into the regular broken fan-shape
SmC* texture. The helix of the SmC* structure was
probably unwound because of the field. We suppose
that after switching the field off, the helical structure
of the SmC* phase was quickly restored, even though
no dechiralisation lines were visible in the tempera-
ture range of the TGBC;* phase (see Figure 4 (e)).
This fact might be explained by the short helical pitch
below 1um. The lines became visible under the low
electric field, which increased the pitch but did not
unwind the helix completely. In the temperature
range of the TGBC,* phase, the dechiralisation lines
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Figure 2. Textures of HZL7/*D under homeotropic boundary conditions detected on cooling: (a) TGBA phase at 7=89°C,
(b) TGBC,* phase at T=77°C, (c) TGBC;* phase at 7=71°C and (d) TGBC,* phase at 7=70°C. The width of every photo is

about 120 um.

appeared just after the field was switched off,
showing a significantly longer helical pitch
(Figure 4 (f)). The lines disappeared gradually while
the reconstruction of the typical TGBC,* texture
proceeded. Complete restoring of the TGBC;* phase
was accomplished within at least 20 minutes after the
electric field had been switched off; for the TGBC,*
phase this process was considerably slower.

One of the most typical textures of the TGB phase
were the so-called Grandjean—Cano textures, with
defect lines separating the zones where the number of
helix turns differed by 1/2 or a multiple of this value
(22). We obtained typical Grandjean—Cano textures
in the TGBA phase several degrees above the TGBA-
TGBC* phase transition. The TGBA-TGBC*
phase transition was clearly demonstrated by the
phase frontier seen as a step change of colour (see
Figure 5 for HZL7/*D). No visible discontinuity in
colour was observed in the Grandjean—Cano textures
at the TGBC*~TGBC,* phase transition.

4.2. Spontaneous polarisation and tilt angle in the
TGBC* phases

We measured the spontaneous polarisation, P,, and
the spontaneous tilt angle, @, for all studied
compounds. The values of spontaneous polarisation
exhibited no saturation tendency down to low
temperatures except for HZL9/* and reached large
values up to 190-270nCcm 2 depending on the
material (see Figure 6 (a)). For all compounds, spon-
taneous tilt angles reached up to 35-38° at saturation
(see Figure 6(b)). As the coercive field strongly
increased below 40°C, we were not able to measure it
for lower temperatures. In the TGBA phase on
approaching the TGBA-TGBC;* phase transition
on cooling, tilt values significantly depended on the
strength of the electric field, illustrating a strong
electroclinic effect. At the TGBC;*—>TGBC,* phase
transition, no anomalies were detected on P(7) and
O4(T) dependence (see Figures 6 (a) and 6 (b), respec-
tively). Both quantities were measured under a

Figure 3. Texture of free-standing film of HZL7/* in the TGBA phase at temperatures of about (a) 7=115°C and (b)
T=118°C, (c) T=119°C, in the vicinity of the TGBA—Ch phase transition. The width of each figure is about 250 um.



15:17 25 January 2011

Downl oaded At:

Liquid Crystals 293

Figure 4. Planar texture of HZL7/* obtained on cooling from the isotropic phase: (a) TGBA phase at 7=85°C, (b) TGBC,*
at T=76°C; and (¢c) TGBC,* at T=70°C, (d) TGBA phase at 7=87°C under an a.c. electric field, dark areas were already in
the SmA phase; (e) and (f) were textures after the applied electric field was switched off: (e) 7=76°C, the TGBC;* has started
to reappear (the blue areas) in the SmC* texture induced by the field, (f) 7=70°C, the field induced SmC* phase existed in
blocks bounded by defects. The width of figures (a)—(c) corresponds to 200 um, that of (d)—(f) to 100 um.

sufficiently high electric field for the TGBC* phase to 4.3. Dielectric spectroscopy

be transformed to the regular SrpC* phase. Thu§ bOFh The frequency dispersion of complex permittivity was
P, and O, values were not experimentally accessible in measured at stabilised temperatures over a wide
the TGBC* phase. range of temperatures of the TGBA and TGBC*

(c)

Figure 5. Grandjean—Cano textures of HZL7/*D subjected to the planar boundary condition (a) 7=91°C (in the TGBA
phase), (b) TGBA-TGBC,* phase transition, (¢) 7=75°C (in the TGBC* phase). The width of figures corresponds to about
150 pm.
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phases. A 3D plot of the imaginary part of dielectric
permittivity versus temperature in the frequency
range 10 Hz-1 MHz is shown in Figure 7 for the
compound HZL7/*. In the studied frequency range
one mode was detected and fitted, thus obtaining the
temperature dependence of its dielectric strength,
Ae(T), and relaxation frequency, /(7). For HZL9/*,
temperature profiles of Ae(T) and f,(7) are shown in
Figure 8. On cooling from the TGBA phase, A¢
increased at the TGBA-TGBC;* phase transition
and reached relatively high values. The relaxation
process in the TGBA phase can be attributed to the
amplitude fluctuation of the molecular director, the
so-called soft mode, which may exist in small blocks
of the TGBA phase similar to how it exists in the
SmA phase. For all studied compounds, a softening
of this mode was found (linear dependence of the
fitted relaxation frequency in the temperature range
10K above the TGBA-TGBC* phase transition).
Below the TGBA phase, the detected mode could be
ascribed to the Goldstone mode. Nevertheless,
relaxation frequency having such a strong tempera-
ture dependence was not typical for the Goldstone
mode in the SmC* phase. The soft mode in the
TGBC* phase was overwhelmed by the strong
Goldstone mode.

For all studied compounds, a pronounced anom-
aly in dielectric permittivity was found at a certain
temperature within the temperature range of the
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Figure 6. Temperature dependencies of (a) spontaneous
polarisation, P, and (b) spontaneous tilt angle, @, for all
studied compounds.

TGBC* phase. In Figure 7 for HZL7/*, such an
anomaly is marked by an arrow. For HZL9/*, we
measured several planar samples with different
thicknesses (12, 25 and 7 um). Independent of surface
treatment and thickness, we found an anomaly in
Ag(T) and f(T) in the form of a change of slope in
f(T) as well as Ag(T) (see Figure 8). We suppose this
anomaly was connected with the TGBC*—>TGBC,*
phase transition.

In the TGBC* phases, the application of a biased
electric field led to a suppression of the relaxation
process, which could be explained by a transforma-
tion to the SmC* phase with the unwound helix (see
section 4.1). After the electric field was switched off,
first a pronounced increase of A¢ and decrease of f,
occurred, reaching much higher and lower respective
values than in the TGBC* phase. These values
corresponded to the helical SmC* phase and relaxed
slowly to the TGBC* values.

4.4. X-ray study and selective reflection measure-
ments

From X-ray diffraction measured at a range of small
scattering angles, the layer spacing d was evaluated
(see Figure 9). In the TGBA phase, a slight increase
of d was seen on cooling, similar to the behaviour in
the SmA phase. Such an increase used to be explained
by an increase of long molecular axis ordering (23).
At the TGBA-TGBC,* phase transition, d(7) clearly
showed a decrease, which reflected the tilt of
molecules. Another jump-like decrease was found at
the temperature corresponding to the anomaly in
Ag(T) (see Figures 7 and 8). We attribute this
anomaly to the TGBC*~TGBC,* transition. The
existence of this transition is supported by selective
reflection measurements performed in transmission
mode for free-standing films in the wavelength range
250-3200nm. At normal incidence, the selective
reflection (SR) was observed and temperature depen-
dence of the corresponding wavelength exhibited a
decline at the TGBC*-TGBC,* phase transition (see
Figure 9). In addition, the shape of the SR signal and
the character of the background also changed at this
transition, the signal becoming much broader.

4.5. ’H-NMR studies

The deuterium-labelled compound HZL7/*D
(Scheme 1, Table 1) was used to perform “H-NMR
investigations. The presence of deuterons allowed us
to obtain quite simple 2H-NMR spectra. In principle,
the use of “H-NMR spectroscopy was the best way to
study the orientational and dynamic properties, as
well as the molecular structure (24-37). In our
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Figure 7. Temperature—frequency plots of the imaginary
part of dielectric permittivity taken on cooling from the
isotropic phase for HZL7/*. An arrow marks the anomaly
at the TGBC*-TGBC,* phase transition.

measurements, the aim was to check the mesogenic
properties and to get qualitative information about
the character of the mesophase. The main features of
the spectra recorded in a high magnetic field (9.4 T)
were the simplicity of the spectrum and the clear
transition from an untilted phase to a tilted phase at
about 87°C (see Figure 10). The *H-NMR spectra,
acquired using a quadrupolar echo sequence under
proton decoupling, were characterised by a single
quadrupolar doublet, which we could ascribe to the
aromatic deuterons.

In the TGBA phase, quadrupolar splitting grew
on cooling due to the increase in the orientational
order, S. At the TGBA-TGBC,* phase transition, a
big jump down in the quadrupolar splitting
was observed and at lower temperatures the quad-
rupolar splitting continued to decrease. This tendency

120
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80

40

T/°C

Figure 8. Temperature dependencies of relaxation fre-
quency, f,, and dielectric strength, Ae, for HZL9/* (12 um
thick planar sample).
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Figure 9. Temperature dependence of layer spacing and
selective reflection wavelength for HZL7/*. In the inset are
examples of profiles of intensity of transmitted light
dependent on wavelength in the TGBC* (7=80°C) and
TGBC,* phases (T=60°C).

persisted throughout the whole temperature range of
the TGBC* phase. Moreover, the “H-NMR line-
width progressively increased, giving rise to much
broader signals, as observed in the chiral smectic C*
phase (26-31). The decrease in the quadrupolar
splitting and the increase of the line-width on cooling
the sample were indeed typical for the tilted phases,
due to the scaling of the order parameter S by a
factor proportional to (3(cosf(T))’~1), where 0(T)

/i I fi TGBA

10 o =10

Figure 10. 2H-NMR spectra for HZL7/*D recorded at 9.40
Tesla, by cooling the sample from the isotropic phase. A
series of spectra acquired by proton decoupling from 123°C
to 66°C every 3 degrees. Phase ranges shown at the right are
taken from Table 1.
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was the tilt angle, and to changes in the dynamic
processes.

The simple features of the recorded spectra in a
magnetic field of 9.4T were consistent with a
molecular system uniformly oriented in a magnetic
field, with the local director n oriented in the
preferred direction with respect to the external
magnetic field. No distributions of directors were
present in this case, meaning that the supramolecular
structure typical of the TGB phase was here
destroyed by the magnetic field. In fact, the °H-
NMR spectra of liquid crystals showing the TGBA
phase, with a magnetic susceptibility Ay<<0 as is
typical of calamitic liquid crystals, were characterised
by a ‘powder pattern’ due to the cylindrical distribu-
tion of directors, as reported in (26) and (27). On the
other hand, this was not the first case of a strong
effect of a magnetic field over the mesophase
structure of frustrated mesophases. It has been found
for instance as an unwinding of the helical super-
structure in the ferroelectric SmC* phase by a
magnetic field (26) or as the effect of a magnetic
field on the >H-NMR line-shape of re-entrant smectic
phases (31).

The H-NMR investigations were performed at a
lower magnetic field, namely 4.7 Tesla. This field was
not so high so as to destroy the TGB structure. A
selection of *H-NMR spectra recorded without
proton decoupling by cooling the sample from the
isotropic phase to the crystalline one is depicted in
Figure 11. At the phase transition between the
cholesteric and the TGBA phase, a sudden broad-
ening of the signal started to retain the spectral
features typical for the cholesteric phase, as shown in
Figure 11 (a). This fact strongly confirms the TGBA
character of the studied phase. Below 87°C, the “H-
NMR spectra drastically changed. The appearance of
a different distributed spectrum meant that in this
magnetic field the supramolecular structure of the
TGBC* phase is neither unwound nor destroyed. The
line-shape changes at about 70°C, which fits the value
of the TGBC*-TGBC,* phase transition tempera-
ture proposed from previous experiments.

The analysis of the >H-NMR spectra recorded in
the two magnetic fields — in terms of orientational
order and other structural properties — is in progress
(32). Preliminary '"*C-NMR investigations have con-
firmed our findings about the effect of a magnetic
field on the TGB structures.

5. Discussion and conclusions

This paper has reported a series of new compounds,
exhibiting an extremely wide temperature range of
TGBA and tilted TGBC* phases. The existence of
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Figure 11. Selection of H-NMR spectra recorded at 4.70
Tesla on cooling from the isotropic phase without proton
decoupling for HZL7/*D. Spectrum in (a) the TGBA phase
(105°C), (b) the TGBC,* phase (75°C) and (c) the TGBC,*
phase (65°C).

these frustrated phases probably originated from the
nature of the molecular chiral chain possessing two
chiral centres (9).

The existence of TGB phases in the studied
compounds was confirmed by the typical textures in
planar samples as well as in free-standing films and
by the Grandjean—Cano textures in wedge-shaped
samples. The NMR study performed in a lower
magnetic field confirmed also the TGB character of
the phases occurring below the cholesteric phase.
Both TGBA and TGBC* phases are transformed to
the respective SmA and unwound SmC* phases
under a sufficiently high electric or magnetic field.
For an electric field, it was shown that when the field
was switched off the SmC* phase was quickly wound
with a very short helical pitch, while the TGB
structure was not restored for another 20 minutes.
The effect of the electric-field-induced phase transi-
tion from TGBA and TGBC* to SmA and SmC*
phases has already been described in (33).

The measurement of the layer spacing, d, accom-
plished on cooling by means of X-ray diffraction,
showed d very slightly increasing within the TGBA
phase similar to that which is typical for the SmA
phase, where it used to be explained as an increase of
ordering of the molecular long axes (23). Under a
high magnetic field, such ordering has been found in
NMR studies within the temperature range of the
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TGB phase (see section 4.5). When entering the
TGBC* phase, a strong decrease of d occurred,
confirming the tilt of molecules within the smectic
layers.

Dielectric spectroscopy threw some light on the
modes existing in the TGB phases. Similar to that
seen in the classical SmA and SmC* phases, the mode
found in the TGBA phase could be attributed to the
soft mode, while in the TGBC* phase only the
Goldstone mode was visible, the soft mode being too
weak. These modes were reduced due to the elastic
strain originating in the anchoring of molecules at the
grain boundaries (/5). This effect could explain the
observed relatively low dielectric strengths and high
increase of relaxation frequencies compared to those
usually found in the classical SmA and SmC¥* phases.

The following are quoted experimental results
suggesting the existence of a phase transition between
two possible TGBC* phases: a sharp change of
texture colour was observed in homeotropic samples
and free-standing films. The temperature of this
change is taken as the transition temperature between
two TGBC* phases (see Table 1). An anomaly at the
same temperature is also seen in the dielectric
properties, namely in the imaginary part of permit-
tivity (Figure 7), the dielectric strength and relaxation
frequency of the Goldstone mode (Figure 8), and
further in the layer spacing and selective reflection
(Figure 9). As the transition between the TGBC*
phases can be only of the first order (/7), the
anomalies may be smeared due to the coexistence of
phases. A difference was also seen between the line-
shape of the *H-NMR spectra recorded in a low
magnetic field in each TGBC* phase (see Figure 11).
The H-NMR line-shape of these spectra was quite
complex. Analysis of the spectra showed that the
molecules were tilted and organised in helicoidal
structures, so that the phases were really TGBC* and
not TGBC. Further investigations based on *H- and
13C-NMR measurements in different magnetic fields
are in progress in order to clarify the structure of all
TGB mesophases. One cannot find this transition
between the two TGBC* phases in the temperature
dependencies of spontaneous polarisation and tilt
angle, because both are measured under electric fields
high enough to transform the TGBC* phases to the
SmC* phase.

One can speculate on the structure of the TGBC
phases that we denoted as TGBC*; and TGBC*,.
Selective reflection was detected in both TGBC*
phases and not in the TGBA phase, which suggested
that this reflection was connected with the helix. Also
the preliminary NMR study confirmed a helicoidal
smectic structure in both TGBC* phases. In (/1),
Galerne presented a model yielding a variety of

Liquid Crystals 297

TGBC* phases with commensurate order between
the three characteristic parameters of the helical
TGBC* phase, namely the TGB period, thickness of
the smectic blocks and the helical pitch. Besides, the
incommensurate phase was also possible. To describe
the detailed structure, and differences between the
TGBC* phases found in the materials studied, precise
X-ray analysis on an oriented sample will be
necessary. Detailed NMR studies in a low magnetic
field will also yield information on the structural
geometry of these phases (32).
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