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The liquid crystalline systems studied consisted of non-chiral mesomorphic esters [ the eutectic
mixture of 4-n-hexyloxyphenyl 4-n-octyloxybenzoate and 4-n-octyloxyphenyl 4-n-hexyloxyben-
zoate] and structurally similar chiral dopants (N-arylidene derivatives of S-1-phenyl- and S-
1-benzyl-ethylamine). Twist grain boundary phases occur between the cholesteric and
smectic C* or smectic A phases in all the investigated systems. The different structures of
these TGB phases (TGB4 and TGBc) are proved by small angle X-ray scattering and textural
studies. The concentration and temperature ranges of the TGB phases are defined by the
twisting power of the chiral dopants and their own mesomorphic peculiarities. The experi-
mental dependences of TGB phase temperature range on cholesteric helical twist are influenced
by a ratio change of the optically active and racemic forms of the dopant at a constant total
concentration. The results obtained are discussed within Renn’s theory.

1. Introduction

More than twenty years ago, noticing the formal
analogy between superconductors and SmA liquid crys-
tals, de Gennes predicted a liquid crystalline phase
similar to the Abrikosov phase in type-II supercon-
ductors [1]. In the same way as the magnetic field is
expelled from superconductors, the twist distortion is
expelled out of the smectic structure in this phase
forming a lattice of defect lines. The theoretical model
of this new phase structure was proposed in 1988 by
Renn and Lubensky [2]: two-dimensional smectic slabs
are arrayed along a helix axis parallel to the smectic
layers. Adjacent slabs are separated by grain boundaries
which consist of a grid of parallel equi-spaced screw
dislocation lines to allow for the helical twist. Hence,
the name of this phase is twist grain boundary (TGB).
The model [2] is extended to tilted smectic phases,
distinguishing the TGBa phase where the molecules are
statistically normal to the smectic layers from the TGBc
phase where the molecules are tilted in the smectic
layers [3].

The new phase with a local smectic ordering and
helical supramolecular structure was first found experi-
mentally by Goodby er al. [4] and further assigned to
the TGB state [ 5]. TGBa and TGBc phases have been

*Author for correspondence.

studied by several groups (for example, see [6-8]).
However, most research on TGB states has concerned
individual liquid crystals that did not give the opportun-
ity to reproduce Renn’s phase diagram in full. In our
viewpoint, the most favourable materials are liquid
crystalline systems with an induced helical supramolecu-
lar structure consisting of a non-chiral mesogen and
chiral dopant. In such systems, the variation of choles-
teric twist can be controlled by the chiral dopant concen-
tration over a wide interval. We have previously
presented a phase diagram with a wide TGB phase
region for certain binary liquid crystalline systems
[9,10] and then established the influence of the chiral
dopant molecular structure on the type of phase diagram
and on the TGB regions [11].

In this paper, we present the phase diagrams showing
TGB phases for some liquid crystalline systems based
on the same non-chiral smectogenic matrix and different
chiral dopants. The phenyl benzoate fragment is
common to the structurally similar non-chiral mesogens
and the chiral dopants used. Such a choice of materials
for study allowed us to analyse the data for the influence
of chiral dopant molecular structure, their twisting
power and their own mesomorphic peculiarities on the
types of TGB phases and their overall concentration
and temperature ranges. Side by side with a qual-
itative analysis of the TGB phases, the experimental

0267-8292/97 $12-:00 © 1997 Taylor & Francis Ltd.
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dependences of the TGBa and TGBc temperature ranges
on the cholesteric helical twist are presented. The results
are discussed on the basis of Renn’s theoretical model.

2. Materials
In this work the eutectic composition of 4-n-hexyloxy-
phenyl 4-n-octyloxybenzoate and 4-n-octyloxyphenyl 4-
n-hexyloxybenzoate (7:3) (1) was used as the non-chiral
matrix. This composition has the following temperatures
of phase transitions:
78°C 78°C

cr 25 sme 25 N IS 1 S N

51°

2 sme 25 o

The chiral dopants were derivatives of S-
I-phenylethylamine (2,3) and S-1-benzylethylamine
(4-7)[12].

The chiral dopant 7 is non-mesomorphic and chiral
dopants 2—6 are smectic; their mesomorphic character-
istics are presented in the table.

The structural similarity between the non-chiral
matrix and the chiral dopants and their miscibility in
any proportion allowed us to study the phase diagrams
over the entire concentration range.

3. Experimental

The identification of mesophase types was achieved
using thermal polarizing optical microscopy, X-ray
diffraction and helical pitch measurements. Textural
analysis was realized using a Polam P-111 microscope.
The samples were sandwiched between two glass plates
which were previously treated with a surfactant
and rubbed in one direction. The sample thickness was
varied from 14 to 40 um. The mounted material was
confined in a specially constructed cell which had a +0-5°
temperature control accuracy.

X-ray scattering experiments were performed on
samples contained in Imm glass capillaries.
Monochromatic CuK radiation (30kV, 30mA, focus
size 0-4><8mm2, X-ray wavelength Ax=1-541A) was
used as the X-ray source in the range 26=0-1-5°. The
instrumental resolution was 0-02° in the scan direction.
The helical pitches of cholesteric and TGB phases were
determined by the Grandjean—Cano method and from
the peak wavelengths of selective transmittance bands
which were measured using a Hitachi-330 spectrophoto-
meter [9].

Temperatures of phase transitions for the non-chiral
matrix and some mixtures were determined by differen-
tial scanning calorimetry using a Sateram DSC-111
calorimeter. The heating rates were 0-5°Cmin~" and
2°Cmin .

As a result of the measurements which were carried
out the phase diagrams of the liquid crystalline systems
studied were obtained (see figures 1-6). The temper-
atures of I-N*, N*-TGB, TGB-SmC* or TGB-SmA
transitions are for cooling; the temperatures of the
Cr-SmC* and Cr—SmA transitions relate to heating, as
the mixtures undergo supercooling.

4. Results and discussion

Phase diagrams of all the systems studied have the
following general features: the TGB phases lie between
the N* and SmC* or SmA phases; blue phases are
observed practically within the same concentration range
as that for TGB phases; there is a critical point B in
which the SmC*, TGB and SmA phases meet. At this
point a division of the TGB region into two zones can
be recognized, one which is intermediate between the
N* and SmC* phases and the other which is inter-
mediate between the N* and SmA phases (see figures
1-6).

Data obtained by X-ray diffraction enabled us to

. V72
CnHzn+1—M©C 818 CH=N—(!33—(CH2)m
CHs

2m=0,n=9, 3m=0,n=11

dm=1,n=7 Sm=1,n=9;, 6 m=1,n=11

CngO@C oo—@cmr\x—gﬂ—cm—@
| — CHs
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Table. Transition temperatures (T/°C), enthal_l?ies (AH[KJ mol™"), overall mesophase ranges (AT/°C) and twisting powers
(B/lum ™" mol fr ") for the chiral dopants 2-7.
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T (AH)"
Dopant n Cr SmC* SmA I AT —p°

2 9 heating 98-0 (28-0) — 1073 (4-2) . 9-3 432422
9 cooling . — 762 (23-2) 1065 (4-1) . 30-3

3 11 heating . 69-2 (33-7) . 82-3 (<0°1) 101-6 (3-7) . 32-4 40-5+ 17
11 cooling o <20 . 80-6 (<0°1) 99-5 (3-5) . >70-0

4 7 heating 122:5 (419) — 1270 (2-0) . 4-5 334+ 11
7 cooling . — 90-3 (319) 1251 (2-0) . 34-8

5 9 heating o 1032 (377) — . 1262 (3-4) . 230 32:8+ 10
9 cooling . — 75-8 (27-7) 1247 (3-3) 489

6 11 heating 97-8 (359) — . 1227 (4-2) . 249 346 +22
11 cooling . 59-8 (18-7) . 70-0 (3-1) . 121-1 (4-2) . 61-3

7 8 heating . 74-2 (50-4) — — . 0 276+ 08

*DSC data [12].

®Data for g in 4-pentyl-4'-cyanobiphenyl [12]. The values of B for compounds 2 and 5 in the ester 4-hexyloxyphenyl
4-octyloxybenzoate are, respectively, 17-3 + 0-3 and 154 + 23 pum ' molfr ™! at T= T,— 5°; the values of § for the same compounds
in the isomeric ester 4-octyloxyphenyl 4-hexyloxybenzoate are 17-1 +0-4 and 13-4 4+ 0-3 [ 14], respectively.

100

80

T/i°C
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0 20 40 60 80 100
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Figure 1. The phase diagram of the system 1-2; c=mol % of
2in 1.

estimate the different structures of the TGB states corres-
ponding to the two zones in the phase diagrams. Using
the values of the layer spacing d measured by X-ray
diffraction for the SmC* and TGB phases, and the
molecular length of the non-chiral mesogens calculated
in their most extended conformations (/=31:0A), we
obtained the tilt angle of the director relative to the
smectic layer normal (6:). By such an approximate

100

TI°C

0 20 40 60 80 100

Cl mol%

Figure 2. The phase diagram of the system 1-3; c=mol % of
3in 1.

calculation, we consider that within a relatively small
concentration range of chiral dopant (0-24 mol %) the
smectic layers are statistically formed by a matrix of
non-chiral molecules without regard for the chiral
dopant.

The temperature dependences of 6. for the systems
1-5 and 1-7 with different concentrations of chiral
dopant are shown in figure 7. As is evident from the
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Figure 3. The phase diagram of the system 1-4; c=mol % of
4in 1.
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Figure 4. The phase diagram of the system 1-5; c=mol % of
5in 1.

figure, the values of 6. decrease with increasing temper-
ature and chiral dopant concentration. As the chiral
dopant concentration increases, the slope of 6.(T) grows
(compare curve 1 with 2, and curve 3 with 4 and 5). The
0. have reasonably high values at small chiral dopant
concentrations, when the wide TGB region is over the
SmC* phase (curves 1, 3). These values decrease consid-

120
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Figure 5. The phase diagram of the system 1-6; c=mol % of
6in 1.

3 o L | ! 1 L | L 1
0
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Figure 6. The phase diagram of the system 1-7; c=mol % of
7 in 1.

erably as the chiral dopant concentration increases and
the SmC*-SmA boundary is approached (curves 2, 5).
For the 1-5 and 1-7 systems, the high values of 0. are
preserved at the SmC*-TGB phase transitions (curves
1, 4). This suggests that the TGB state over the SmC*
phase has the TGBc structure. In the case of the systems
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Figure 7. The temperature dependences of the tilt angles (0)
for the systems 1-5 (curves 1, 2) and 1-7 (curves 3-5):
curve 1-3-15mol% of the chiral dopant; curve
2-14-65mol % of the chiral dopant; curve 3-5-62mol %
of the chiral dopant; curve 4-14-18 mol % of the chiral
dopant; curve 5-22-94 mol % of the chiral dopant.

with high chiral dopant concentrations, the values of 6.
decay practically to zero at the SmA-TGB transitions
(curves 2, 5). Therefore, the TGB states above the SmA
phases may be considered as TGBa phase, where the
molecules are normal to the smectic layers.

The above conclusion about the different structures
of the two TGB states is confirmed by textural studies.
The appearance of the observed textures for the systems
with the TGB phase on the SmC* side (for example,
system 1-7 with 14:18 mol % of chiral dopant) is the
following. On cooling from the isotropic liquid, a ‘net’
of regular disclinations appears in the plane cholesteric
texture; then the cholesteric texture converts into a
‘disclination net’ texture at the N*~TGB phase transition
and this is preserved over the TGB temperature range.
On subsequent cooling, this texture transforms into the
zig-zag folding texture of the SmC* phase. Other textural
changes are observed for the system having the TGB
phases on the SmA side. In the case of the 33:23mol %
system 1-7, the plane cholesteric texture transforms into
the ‘platelet’ texture of the TGB phase at the N*-TGB
phase transition. The polygonal shaped domains of this
texture have boundaries with steps typical of the SmA
phase. The fan-shaped texture of the SmA phase appears
on subsequent cooling. Similar textural changes have
been recently reported in reference [ 10].

The division of the TGB region into two zones
observed in all phase diagrams and the experimental
evidence for the different structures of the mesophases
corresponding to these zones is consistent with Renn’s
model version for TGBa and TGBc phases.

As shown in figure 7, the chiral dopants used lead to
the tilt angle decreasing in the smectic C* layers. Due
to this capacity of the chiral dopants, the induced SmA
phase appears in the case of the system with the non-
mesomorphic compound 7 (see figure 6). We presume
that a 0. decreasing with temperature and concentration
increase is an important factor in relation to the occur-
rence of SmC*-TGBc and SmA-TGBa polymorphism.

Analysis of the phase diagrams reveals an appreciable
effect of chiral dopant molecular structure on the TGB
phase regions. Since TGB states are observed only for
chiral liquid crystals, it was reasonable to consider an
influence of the chiral dopant helical twisting power on
the TGB phase regions. For that analysis we used data
for the helical twisting power B of the chiral dopants in
4-pentyl-4'-cyanobiphenyl (5CB) (see the table) [ 12, 13].
It is evident from the data that the values of B for the
chiral dopants 2 and 3 (m=0) are higher then the values
of B for the chiral dopants 5-7 (m=1). An analogous
tendency in the change of B is observed for the chiral
dopants 2 and 5 in 4-n-hexyloxyphenyl 4-n-octyloxyben-
zoate and 4-n-octyloxyphenyl 4-n-hexyloxybenzoate (see
footnote to table) [ 14]. On the basis of conformational
analysis, this difference was explained by a capability of
the S-1-benzylethylamine derivatives to adopt in the
mesophase more anisometric, but less chiral conforma-
tions compared with the S-1-phenylethylamine derivat-
ives [12,13]. A chiral dopant’s helical twisting power
depends mainly on the extent of its r-conjugated molecu-
lar skeleton and this manifests itself in the lower value
of B for the compound 7 as compared with compounds
4-6. Moreover, it has been found [12, 13] that a chiral
dopant’s helical twisting power does not depend on the
terminal alkyl chain length for the same extension of
the m-conjugated molecular skeleton (see the table,
compounds 2, 3 and 4-6).

The chiral dopant 7 with the lowest helical twisting
power induces TGB phase formation up to 50mol %
(see figure 6). The TGB phase concentration region
decreases with increase in the chiral dopant’s helical
twisting power. For the system 1-5, the TGB phase
region extends up to 40 mol % of chiral dopant 5 and
for the system 1-2, only to 30mol % of dopant 2 (see
figures 2, 4), so chiral dopant 5 has a lower helical
twisting power than chiral dopant 2 at the same alkyl
chain length (n=9).

However, it is obvious from the phase diagrams that
the extent of the TGB phase region is determined not
only by the helical twisting power of the chiral dopants,
but also by the dopant’s own smectic mesomorphism.
As the alkyl chain length increases in the same series of
smectogenic chiral dopants (m=0 or m=1), the SmA
temperature range widens and smectic polymorphism
appears (see the table). The TGB phase region decreases
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with enhanced smectogenicity of the chiral dopant (com-
pare figure 1 with 2 and figures 3 and 4 with 5). The
TGBa phase region is more sensitive to enhancement of
the chiral dopant’s smectogenicity; in particular this
region disappears completely for system 1-6 (figure 5).
Therefore, the greatest extension of the TGB phase
concentration region for system 1-7 is caused not only
by the lowest helical twisting power of chiral dopant 7,
but by its non-mesomorphic nature.

As follows from the phase diagrams, the maximum
temperature range of the TGBc phase (A TTGBC) is wider
than that of the TGBa phase (A TTGBA) for the systems
with chiral dopants 2-6; in the case of system 1-7, the
A TTGBC and A Ttgp  are practically equal. The maximum
temperature ranges of both the TGBa and TGBc phases
change insignificantly for all systems studied (the values
of ATrge_ are 5—9° and the values of ATrtgp are
1:5-6'5°). However, some tendency of the chiral dopant
to influence the temperature range of the TGBa phase
is noted. For example, the values of ATTGBA decrease
with the enhancement of the chiral dopant’s smectogenic-
ity from 3-5° for system 1-2 to 1-5° for system 1-3, and
from 5-5° for system 1-4 to 4° for system 1-5, and the
value of ATtge_drops to zero for system 1-6. The
similar effect observed for the chiral dopant’s influence
on the temperature and concentration regions of the
TGB phases is in agreement with Renn’s model TGB
phase diagram.

It follows from the above results that the TGB phase’s
concentration and temperature regions are determined
by several macroscopic parameters of the liquid crystal-
line systems. In the case of induced chiral liquid crystal-
line systems, it is possible to observe separately how the
helical cholesteric twist (P_l) affects the TGBc or TGB4
phase temperature ranges. The variation of the values
of P can be realised by a ratio change of the optically
active and racemic forms of the dopant at a constant
total concentration. Measurements of the ATTGB(P_I)
were carried out for the system 1-5 at small (8-:01 mol %)
and high (23-:5mol %) total concentrations of the dopant
5. The systems with these concentrations have TGBc
and TGBa phases, respectively.

The experimental dependences of ATTGB(P_I) were
compared with Renn’s theoretical relation:

ATros=BTxsm(d/P)” = AK Twsm @/PY" (1)

where 4 is a constant, K2 is the twist elastic constant,
Tnsm is the N-Sm transition temperature in the non-
chiral liquid crystalline system, and d is the layer spacing.
Under the above mentioned experimental conditions,
the values of K2 and d are constant at the given total
concentration of the dopant. This allows a linear
approximation of the experimental dependences
A TTGB(P_1 ). In the case of the dopant at small concentra-

tion, it was assumed that the value d is determined by
the molecular length of the non-chiral mesogens in their
most extended conformations (/=31-0A). For the high
concentration system, taking into consideration the effect
of the longer molecules of the dopant (/=355A [9]),
we used the value of d obtained by X-ray diffraction
measurements (d=31-2A). The transition temperatures
Tnsm for the non-chiral systems with the 801 and
23-5mol % racemic dopant concentrations were 338 and
351K, respectively.

The dependences of A T/ Tnsm on (d/P)™ are presented
in figure 8. The linear character of these dependences
suggests that Renn’s relation (1) performs well (the
correlation coefficient R is 0-949 for TGBc and 0-971 for
TGBa). The different slopes a of the A Trgs/Tism on
(aI/P)Z/3 indicate that ATrtgp_ is more sensitive to a
change of the cholesteric twist than ATTGBA (a is
1-:57 £ 0-6 for TGBc and 0-56 + 0-2 for TGBa). Possibly,
this experimental fact is explained by the different values
of K» in the cholesteric phase above the TGBc and
TGBAa phase, respectively.

2/3

5. Conclusion

For the liquid crystalline systems consisting of smectic
non-chiral esters and structurally similar chiral
dopants, the helical twisting power and the inherent
smectogenicity of the chiral dopants influence consider-
ably the overall concentration and temperature ranges
of the TGB phases. However, the properties of these
chiral dopants influence differently the two types of TGB
regions (TGBa and TGBc). Whereas the concentration
and temperature regions of the TGBc phases are deter-

0.03

Tree /Tn.sm
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001 /*

0.00 ; ; ; ; . ' ;
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Figure 8. The dependences of A Trgp/ Tnsm on (d/P)Z/3 for the
system 1-5. Total concentration of the compound 5
(optically active and racemic forms) is 8-01 mol % (curve 1)
and 23-5mol % (curve 2).
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mined mainly by the cholesteric helical twist, the TGBa
phase regions are sensitive to enhancement of chiral
dopant smectogenicity. At the same time, mesomorphism
for the chiral dopant is not necessary for the appearance
of TGB states, if the disordering effect of the chiral
dopant on the mesophase is insignificant.

The quantitative relation found experimentally
between the temperature range of the TGB phases and
the cholesteric helical twist correlates well with Renn’s
model relation.

This work was supported by the Ukraine Science
Foundation for Investigations under grant No. 2.3/514.
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