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ABSTRACT: We review our experimental results on the structural characteristics of polymeric liquid crystals col-

lected through our studies on the main-chain liquid crystalline polyesters with mesogenic biphenyl groups connected by

flexible alkyl spacer. The polyesters studied, designated as BB-n where n is the number of carbon atoms in the alkyl

spacer unit, form smectic mesophases. Of interest is that the type of smectic phase alters depending on the odd-even

parity of n. An ordinal smectic A phase is formed by BB-n with even n, whereas BB-n with odd n forms a new type of

smectic phase, so called smectic CA phase, in which the long axis of the mesogen is tilted against the layer normal and

the tilting direction is opposite between neighboring layers. Finding of smectic CA phase with specific packing sym-

metry leads to a distinct discovery of ferroelectric and antiferroelectric phases in achiral molecular systems. In these

smectic phases, the polymer chain assumes more extended conformation. Such an extended conformation, however,

does not continue over the whole length of the polymer and hairpin folding arises to gain entropy. In the smectic phases,

the hairpin foldings are located at a limited space, forming chain folded lamellae. Unusual shear flow orientation and

anomalous crystallization behavior are explained based on the chain folded lamellar structure. Solid state morphology

of liquid crystalline polymer is also presented. Since the degree of liquid crystallinity is almost 100%, the solid phase

cooled through the formation of liquid crystals is composed of crystal and liquid crystal glass. Liquid crystal glass is

studied and properties are discussed in a comparison with those of conventional isotropic glass.

[doi:10.1295/polymj.PJ2006008]
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Molecular structures of liquid crystalline polymers
are usually characterized in terms of locations of
mesogenic groups. In the main-chain liquid crystalline
polymers, the mesogenic groups within a polymer
backbone are linked to each other through a flexible
spacer. Each mesogenic group forms mesophase
structure as in the low-molecular-weight materials,
but the polymer molecules must adopt a conformation
or packing compatible with the structure of meso-
phase. As a result, mesogenic properties are closely
coupled with the polymeric properties. Considering
that the polymer chain conformation is dominated by
the conformation of flexible spacer, alteration of the
flexible group may influence the molecular packing
into a mesophase and result in the structure and prop-
erties which depart from those of the low-molecular-
weight mesogen. In this paper, focusing on this cou-
pling effect, we review our experimental results on
the structural characteristics of polymeric smectic liq-
uid crystals which have been collected through our
studies on the main-chain liquid crystalline polyesters
with the biphenyl group as a common mesogen.1–24
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The polyester is designated as BB-n where n is the
number of carbon atoms in the alkyl spacer unit.
The paper is edited as follows. The first section re-

fers to the odd-even effects on smectic properties and
structures in the BB-n polyesters. In these polymers,
alkyl spacer assumes the more extended conformation
that is coupled with the cooperative orientation of
mesogenic groups, but its conformational constraint
appears different between the odd and even-numbered
polymers. As a result, a new type of smectic CA phase
is formed from the odd-membered BB-n polyesters. In
the second section, the structural details of new smec-
tic CA phase are presented. The third section shows
that new types of ferroelectric and antiferroelectric
liquid crystals can be designed in achiral system based
on the polymeric effects clarified in the preceding sec-
tions. The forth section addresses the problem on the
polymer chain configuration, i.e., whether the polymer
chains are extended along the entire length or not in
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the smectic liquid crystalline field. In the final section,
we describe the characteristics of smectic liquid crys-
tal glass.

ODD-EVEN EFFECTS ON SMECTIC
PROPERTIES AND STRUCTURES

The BB-n polyesters with n of 3 to 9 exhibit two
transitions in DSC thermograms.1,2 Thermodynamic
data of BB-n polyesters based on DSC are given in
Figures 1a and 1b. Figure 1a shows variation of the
transition temperatures with n. Here, one can find a
simple trend that the mesophase temperature region
decreases with increase of n and finally the mesophase
disappears when n exceeds 10. The isotropization

entropies of liquid crystals are given in Figure 1b.
Figures 1a and 1b indicate the clear odd-even oscilla-
tion with the larger value observed in even-membered
BB-n polyesters.
The mesophases observed here can be assigned to

the smectic phase from the X-ray observation of the
sharp inner layer reflection and the outer broad reflec-
tion and also from the microscopic observation of the
fan-shape texture. The spacings of inner reflection,
i.e., the smectic layer thicknesses, are plotted against
n in Figure 2. One can also observe the odd-even os-
cillation with a larger spacing in the even-membered
BB-n polyesters.
The most striking feature in this system is that the

type of smectic phase appears different depending
on the odd-even parity of n. This was initially shown
by X-ray observations of the oriented fiber specimens
spun from the isotropic melt.3 Figures 3a and 3b show
the X-ray diffraction patterns of the oriented smectic
phases of BB-6 and BB-5, representative materials
of even- and odd-membered polymers, respectively.
In BB-6, as found in Figure 3a, the layer reflections
are located on a meridional line and the broad reflec-
tions are on an equatorial line. This diffraction geom-
etry unambiguously indicates a smectic A (SA) struc-
ture in which the mesogenic groups forming a layer
are arranged parallel to the polymer chain and both
lie perpendicular to the layers (see Figure 3c and
Figure 4a). The BB-5 polyester shows distinct X-ray
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pattern shown in Figure 3b. The broad outer reflec-
tions are split into two portions lying above and below
the equator while the layer reflections appear on a
meridional line as in BB-6.2,6 In this case, the layered
packing structure can be illustrated such that the poly-
mer chains lie perpendicular to the layer as in BB-6
but the mesogenic groups are tilted to the layer normal
(see Figure 3d). Tilt angle is independent of tempera-
ture and elucidated about 25� from the splitting angle
of the broad reflections.2 The structure is thus similar
to the smectic C (SC) as far as the arrangement of
mesogenic groups within a layer is concerned.
To account for this odd-even oscillation in the

smectic structures, conformational analysis of the
flexible spacer has been performed within a frame-
work of the rotational isomeric state model, and eval-
uated the angle �, defined by unit vectors attached
to two successive mesogenic groups.12,25 The results
are shown in Figure 5 where the relative numbers of
conformers are plotted against � for BB-6 and BB-5.
From this figure, we see that the angular distributions
are completely different between the even- and odd-
series of BB-n polymers. When n is even, the angles
� are found to be distributed in two ranges of 0 to
20� and 90 to 120�. For odd n, most of the angles
are located in the region of 50 to 90� and to some de-
gree orientation is also permitted in the region above
150�. In each system, the conformers with the smaller
angular displacement of successive mesogens are in
the more extended form. Based on this calculation,
we can arrive at the following points which are closely
related to the observed characteristics in the smectic
layered structures.12,25

(1) In the n = even series the parallel orientation of
successive mesogenic groups is allowed, conforming
more or less to the concept of an ordinary uniaxial
ordering of the n-director, but in the n = odd series
uniaxial orientation of successive mesogenic groups
is not allowed (see Figure 5).
(2) The conformers with the smaller angular dis-

placement in both odd and even systems correspond
to the conformers participating in the observed layer
structure (compare Figure 4 with Figure 5).
These explain the odd-even appearance in the type

of smectic phases and at the same time, suggest the
specific formation of a distinct smectic phase in the
odd-numbered BB-n, leading to the significant conclu-
sion that the structure of smectic phase is strongly pro-
moted by the conformational constraint of a flexible
spacer. This conclusion is supported by a comparison
of the observed layer thickness with the calculated
layer thickness,12 which corresponds to a distance be-
tween the neighboring mesogens in a chain. As found
in Figure 2, the absolute value as well as the odd-even
oscillation can be perfectly reproduced when the cal-
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Figure 3. Oriented X-ray pattern taken for the fibrous smectic

phases of (a) BB-6 and (b) BB-5. The packing structures of meso-

genic groups within a layer elucidated from the X-ray patterns are

also illustrated in (c) and (d). Here, the oriented fibers were pre-

pared by pulling the isotropic melt and the fiber axis is placed

in the vertical direction.

(a)

(b)
Figure 4. Layered structures of the smectic phases of (a) BB-

6 and (b) BB-5.
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culation was performed for the confined conformers
with the smaller angular displacement.

DISTINCT SMECTIC CA PHASE

From the above, it is strongly suggested that the
odd-membered BB-n polyesters form the distinct
smectic phase, as illustrated in Figure 4b, in which
the polymer chains are perpendicular to the layer but
the mesogenic groups are tilted to the layer in an alter-
nate fashion. In most types of liquid crystals so far
observed, uniaxial orientation is for the long axes of
mesogens. In this sense, the smectic phase suggested
here is quite novel and interesting since uniaxial
ordering cannot be observed for n-director but only

for the c-director.6 This smectic phase is designated
as smectic CA (SCA) phase.26 This section presents
experimental evidences for the formation of the quite
novel SCA phase in odd-membered BB-n polyesters.

Optical Texture Characteristic of SCA
Evidence for the SCA structure is the observation of

dispiration in homeotropically arranged sample.6 Its
typical homeotropic textures as observed in BB-5
are given in Figures 6b and 6c. High birefringence
and also various schlierens can be observed. These
observations, together with the X-ray observations,
undoubtedly show that the c-director exists in each
layer and its orientation correlation is maintained from
the layer to layer. To be emphasized here is that the
schlieren texture with singularities of s ¼ �1=2 is
observed in this smectic phase (see Figure 6c). This
fact rules out the assignment to a SC phase27 and leads
to only a SCA structure of Figure 4b.6–8 Figure 7 illus-
trates the c-director alignment to produce the s ¼
�1=2 disclination in the SCA phase. Here, the edge
disclination is coupled with helical dislocation, that
is, one layer shifts to its neighboring layer after a
rotation of 180� around disclination line. This com-
bined effect with edge disclination and helical dis-
location is called a dispiration.28 Thus, the odd-num-
bered BB-n sample allows the first visual obser-
vation of the dispiration as well as the discovery of
SCA structure.6–8

Unique Helical Structure in Chiral Smectic CA Phase
Other evidence for the SCA structure is given by a

characteristic helical structure which results from the
helical twisting of c-director in its chiral phase. The
chiral SCA phase can be attained in the BB-3�(1-Me)
polyester with the chiral 1-(s)-methyl propyl unit as
a flexible spacer as given below.6
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Since the SCA phase has an alternate tilting of meso-
genic groups in successive layers, i.e., the two differ-
ent sets of c-director vectors, the resultant helical
structure should be essentially different from that of
the conventional chiral SC which has only a set of
c-director vector. In other words, it can be regard-
ed as identical to two chiral SC helices geared into
each other with a phase difference of �. In Figure 8,
such a peculiar helical structure is schematically
illustrated and compared with the helical structure
of chiral SC.
Such a difference in a helical structure between the

chiral SCA and SC can be confirmed through the selec-
tive reflection property of light. On this point, we first
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angle � defined by two successive mesogens; (a) BB-6 and (b)

BB-5. The rotational angles and statistical weights in Table II of

reference 25 are adopted for the calculation.
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try to figure out the helical arrangement of the refrac-
tive index ellipsoids. In both smectic phases, the in-
dex ellipsoid has a biaxial nature, as illustrated in
Figure 9. In the SCA phase, the unit cell includes two
layers and molecular packing has a crystallographic
D2h symmetry.6,29 Hence, the z-axis giving maximum
refractive index lies perpendicular to the layers as
illustrated in Figure 10a. In the SC with C2h symme-
try, in contrast, the corresponding z-axis is tilted to

the layer plane (see Figure 9b). Since the helical
structure is formed along the layer normal, there
should be remarkable difference in helical arrange-
ment of index ellipsoids between both phases. Shown
in Figure 10 is such a different situation. In a helix of
chiral SC, the index ellipsoid rotates around the helical
axis with a certain tilting of z-axis while in helical
chiral SCA, it rotates keeping the z-axis parallel to
the helical axis.
Let’s irradiate light on these two helices. When the

light propagates parallel to the helical axis, both phas-

Figure 7. c-Director orientation around the wedge dispiration

with rotational component of � which can be expected for the SCA
phase. The translational component gives rise to the step.

(a) (b)

Figure 8. Schematic illustration of the arrangement of the

c-directors in (a) chiral SCA and (b) chiral SC phases.

Figure 6. Optical microscopic textures observed for the smec-

tic phase of BB-5. a): The fan-shape texture observed for the

untreated specimen prepared by slow cooling from isotropic melt.

b) and c): Homeotropic textures for the specimens which were

prepared by shearing between glasses. Homeotropic textures are

birefringent and include the schlierens with point singularities of

s ¼ 1 (b) and s ¼ 1=2 (c).
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es exhibit the selective reflection of the light with
the wavelength equal to a half pitch, since the layer
giving the same refractive indices appears in every
half pitch. Such a reflection band is called here a
half-pitch band. In contrast to this, when the light
propagates in a tilted direction to the helix axis, the
same refractive indices no more appear in every half
pitch for the chiral SC but in every full pitch, while
in the chiral SCA they still repeat in every half pitch.
On tilted irradiation of light to the helix axis, the
chiral SC should newly show a full-pitch band while
the chiral SCA should still exhibit only a half-pitch
band like a cholesteric phase.30,31

The experimental evidence for these reflection prop-
erties is given in Figure 11.6 With irradiation of light
parallel to the helix axis, only a half pitch band can
be observed for both chiral phases. By tilted irradiation
(for example on 60� irradiation), in contrast, the full
pitch band appears in chiral SC but not in chiral SCA.
The results are thus obtained as expected, confirming
again the structural peculiarity of SCA phase.

Biaxiality in SCA Structure Evidenced from X-ray Pat-
terns of Thin SCA Film
Here, we refer to distinct molecular orientation ob-

served in a thin film of SCA phase where the zigzag
tilting of mesogenic groups takes place preferentially

z 

x 

y

a b 

x 

z 

y 

(a) 

x

z

x y

a b

(b)

Figure 9. Molecular ordering and optical index ellipsoid in

(a) the SCA and (b) SC phases.
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Figure 10. Schematic illustration exhibiting helical arrangement of the refractive index ellipsoids in (a) the chiral SCA and (b) chiral SC
phases.
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in a direction perpendicular to the film surface. This is
also a clear evidence for the biaxiallity of SCA phase.20

The polymer used here is BB-(OEt)2 with the fol-
lowing structure,

C C

O

O 2CH2-O-CH2CH2

O

O

DP

CH

that belongs to the odd homologue of polymers since
the number of atoms in the spacer is five. BB-(OEt)2
shows a SCA-isotropic transition at 199 �C on heating
and at 180 �C on cooling. No crystallization took
place at a normal cooling rate. Oriented film with a
thickness of around 20 mm was prepared by stretching
the viscous isotropic melt at a high rate of around
1 cm s�1. Figures 12(a)–(c) show its X-ray patterns

Chiral SCA Chiral SC

Figure 11. Reflection spectra for chiral SCA and chiral SC
phases with homeotropic alignment. (a) and (c); the reflection

spectra as measured by the incident light parallel to the helix axis.

(b) and (c); the reflection spectra as measured on incidence in-

clined by 60� to the helix axis.

Figure 12. X-ray diffraction patterns for the oriented SCA film of BB-(OEt)2 taken by irradiation from three characteristic positions.

Thin film with a thickness of around 20 mm was prepared by stretching the isotropic melt and the X-ray beam was irradiated (a) parallel to

the film surface and perpendicular to the chain axis, (b) perpendicular to the film surface, and (c) parallel to both the film surface and chain

axis. In (a) and (b) the chain axis is placed in the vertical direction, and in (c) the film surface is parallel to the horizontal direction.
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taken from three characteristic positions to the film. In
the X-ray pattern of Figure 12(a), taken with the beam
irradiation parallel to the film surface and perpendic-
ular to the oriented axis (chain axis), layer reflections
appear on the meridian and broad reflections are
split above and below the equator. The splitting
of the broad reflections can be seen more clearly in
curve (a) of Figure 13 where the intensity distribution
Ið�Þ was measured as a function of the azimuthal an-
gle � at a constant diffraction angle of the reflection
(2� ¼ 20:5�). In contrast, when the X-ray beam is
irradiated perpendicular to the film surface, the layer
reflections are invariably observed on the meridian,
but the broad reflections are concentrated on the equa-
tor (see Figure 12(b) and curve (b) of Figure 13). On
X-ray irradiation parallel to both the film surface and
the chain axis, only broad reflections can be observed
without any orientation (Figure 12(c)). These diffrac-
tion profiles dictate the biaxiallity of the SCA phase, in
which the zigzag tilting of mesogenic groups takes
place in a direction perpendicular to the film surface,
as illustrated in Figure 14(a).

DESIGN OF FERROELECTRIC SMECTIC
PHASES IN ACHIRAL SYSTEM

In addition to the conformational constraint, anoth-
er interesting effect can be considered on the smectic
structure of main-chain LC polymer when the two dif-

ferent alkyl spacers are introduced in a regularly alter-
nate fashion (refer to Figure 15).32 If the two spacers
are incompatible, or if there is a sufficient lateral at-
traction between identical spacers of adjacent polymer
molecules, segregation into the bilayer may occur.
Then, four possible types of bilayer structures will
arise as a result of a coupling with conformational
constraint mentioned above. These are illustrated in
Figures 16a–16d. The bilayer structures of Figures
16a and 16b may be formed from the polymers in
which both different spacers have even number of car-
bons. The bilayer smectic phase in Figure 16c may
arise in the polymers with the two spacers different
in an odd-even parity of their carbon number. Finally,
the bilayer phase of Figure 16d can be expected for
the polymers in which both spacers have the odd car-
bon number.
The bilayer smectic phase of Figure 16d is espe-

cially interesting since it should be ferroelectric even
in non-chiral system. Its ferroelectricity can be under-
stood by considering the space group. As illustrated in
Figure 17, the space group is analogous to the crystal-
lographic C2v; there are two fold axes along y-axis
and mirror planes perpendicular to x- and z-axes.33

Since there is no mirror plane perpendicular to the
two fold axes, the spontaneous polarization can be
expected to arise along the y-axis, i.e., in a tilted
direction of molecule in a layer.
This type of ferroelectric smectic liquid crystal has

Figure 13. Intensity distribution Ið�Þ measured as a function of the azimuthal angle � at a diffraction angle of 2� ¼ 20:5�. Curves (a)

and (b) are collected from Figure 12(a) and 12(b), respectively. The equatorial direction corresponds to � ¼ 0�.
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been sought in the following main-chain LC polymers
with two odd-numbered aliphatic chains sequenced in
a regularly alternate fashion.11

COO(CH2)mOOC O(CH2)nO

DP

Here, the aliphatic chain containing three methylene
units is connected to the mesogenic cores by ester
linkage groups, while the other aliphatic chain with
odd n (¼ 3{15) is linked to the mesogenic cores by
ether linkage groups. The polymers were designated
BP-CO3-On where 3 and n indicate the numbers of
methylene groups in the spacers. All the polymers
form the smectic phases.

Smectic Layer Structure as Elucidated from X-ray
Pattern
Depending on the compatibility of two flexible

spacers, two possible types of smectic structures can
be considered to be formed. One is a single-layer
smectic phase in which the two different spacers are
compatible and so randomly mixed. Another is a bi-
layer smectic phase with the different spacers segre-
gated from each other. These two types of layer struc-

Figure 15. Illustration of main-chain LC polymer with two

different spacers sequenced in a regularly alternate fashion.

Figure 16. Four possible smectic structures with the bilayer modifications which may be formed in the main-chain LC polymers of

Figure 15.

Figure 14. (a) Illustration of biaxial orientation of zigzag

molecules in the SCA film where the mesogenic groups are tilted

in a direction perpendicular to the film surface. This preferential

orientation may be caused by relaxation from the extended ar-

rangement of mesogenic groups on drawing to the stable zigzag

arrangement illustrated in (b).
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tures can be easily distinguished from each other
through X-ray observations. In random mixing sys-
tem, the first-order layer reflection should possess a
spacing corresponding to half a length of repeat unit
(L=2) while in the bilayer system it arises with a spac-
ing corresponding to the length of repeat unit (L).
Figure 18a shows the X-ray diffraction pattern

observed for the oriented smectic phase of BP-CO3-
O7. A similar X-ray pattern is observed for BP-CO3-
O3, BP-CO3-O5 and BP-CO3-O9. For these polymers
with n ¼ 3 to 9, the first-order layer reflections (the
001 reflections) appear with the spacings of 12.9 Å
to 16.1 Å as listed in Table I. These values approxi-
mate half a repeat length (L=2), meaning that the layer
structure is constructed by a random mixing of the two
different spacers. The type of smectic phase is SCA, as
clarified from diffraction geometry in Figure 18a.
The remarkably distinct X-ray pattern is observed

for the smectic phases of BP-CO3-O11, BP-CO3-
O13 and BP-CO3-O15 with larger n, as shown in
Figure 18b. An interesting aspect of this pattern is that
the meridional layer reflection is accompanied by four
point (off-meridional) reflections (see enlarged photo-
graph in Figure 18b). As listed in Table I, the spacing
of the first meridional reflection corresponds to half a
length of repeat unit (L=2) while the off-meridional
reflections appear with the height of 1=L far from
the equator. This shows that there is a density modu-
lation with a periodicity of L along the layer normal.
The X-ray photograph shows additionally weak but
distinct higher order reflections on meridian and off-
meridian, which are also listed in Table I. All of these

Figure 17. Space-group symmetry for the bilayer smectic structure of Figure 16d.

(a)

(b)

Figure 18. X-ray diffraction photographs of the oriented

smectic phase observed in (a) BP-CO3-O7 and (b) BP-CO3-O11

fibers at 200 �C. The fiber specimen was prepared by pulling up

the isotropic melt and its axis is placed in the vertical direction.

The enlarged photograph in (b) shows the X-ray pattern in a

small-angle region.

M. TOKITA and J. WATANABE

620 Polym. J., Vol. 38, No. 7, 2006



reflections can be interpreted as 00l (l ¼ 2m) and 10l

(l ¼ 2mþ 1) reflections based on the two-dimension-
al rectangular lattice. The lattice parameters are deter-
mined as a ¼ 28:5 Å and c ¼ 34:2 Å for BP-CO3-
O11, a ¼ 33:8 Å and c ¼ 36:2 Å for BP-CO3-O13
and a ¼ 38:9 Å and c ¼ 37:8 Å for BP-CO3-O15.
Here, the c-axis corresponds to the polymer chain axis
and a-axis lies perpendicular to the polymer chain.
Considering that the averaged diameter of molecule
is more or less than 4.5 Å, six to eight molecules
are located in these lattices. Diffuse outer reflections
are also observed here, lying above and below the
equator. Hence, the mesogenic groups are liquid-like
in a layer and their axes are alternately tilted to the
layer normal similarly as in the SCA phase of the
random mixing system. Overall results show that
the smectic phase forms the bilayer structure of
Figure 16d although it also has another periodic den-
sity modulation in a direction parallel to the layer
irrespective of the liquid-like lateral association of
mesogenic groups.

Layer Structure Responsible for Distinct X-ray Pat-
tern Showing Meridional and Off-Meridional Layer
Reflections
The characteristic pattern of Figure 18b containing

the meridional and off-meridional layer reflections
is reminiscent for the frustrated smectic phases,4–36

and a structural model is proposed as illustrated in
Figure 19. Here, the internal structure of the smectic
layers displays an unusual density modulation perpen-
dicular to the tilt direction of mesogenic groups.37 The
unusual density modulation can be produced in such a
way that the bilayer is constructed by a repeat unit of
polymer chain in a small domain but the polymer
chains in adjacent domain slide halfway along the
layer normal after the 180� rotation around their chain
axes. In other words, this density modulation can be
described by a periodic structure of domain walls, in
each domain the basic layer structure being the same
as the bilayer structure of Figure 16d. Observation
of a series of reflections with l ¼ 1 to 5 dictates the
highly positional order along the layer normal (c-axis)
while the positional order along the layer (a-axis) is
low because of the observation of reflections with
only h ¼ 1. This shows that the density modulation
along the layer is not necessarily regular. Further-
more, tilted orientation correlation of the mesogenic
groups, which should be required in a liquid crystal-
line field, is maintained irrespective of the frustration.
The frustrated smectic phases with a two-dimen-

sionally positional order were first observed for low
molar mass compounds such as the derivatives of cy-
anobiphenyl possessing a strong longitudinal dipole.34

Frustration effects arise in such a system because of
the incommensurability of two types of characteristic

Table I. Spacing (Å) of layer reflections for smectic phases of BP-CO3-On polymers�

BP-CO3-O3 BP-CO3-O5 BP-CO3-O7 BP-CO3-O9 BP-CO3-O11 BP-CO3-O13 BP-CO3-15

21.9 (101) 24.7 (101) 26.5 (101)

12.9 (001) 13.9 (001) 14.9 (001) 16.1 (001) 17.1 (002) 18.0 (002) 19.0 (002)

12.1 (103)

6.43 (002) 6.94 (002) 7.45 (002) 8.54 (004) 9.04 (004) 9.51 (004)

6.66 (105)

5.70 (006) 6.02 (006) 6.34 (006)

�Figures in parentheses are indices of reflections (see text).

Figure 19. Tentative structural model for the frustrated smectic phase.
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lengths, namely, the molecular length and the pair
length, the pair formation being controlled by dipolar
forces. In the present system, can one make sense for
the driving force for the adoption of such a frustrated
smectic phase? If the fundamental bilayer smectic
phase of Figure 16d is ferroelectric, it turns out that
the answer is rather simple. By comparison with the
ferroelectric bilayer of Figure 16d, there is a two di-
mensional escape of polarization, i.e., an antiferro-
electric arrangement of polarization in the frustrated
smectic phase of Figure 19. It is thus postulated that
the frustration is induced to eliminate the strong inter-
action of the spontaneous polarization.
According to the same argument on the packing

symmetry, more recently, ferroelectric and antiferro-
electric liquid crystals in achiral system have been dis-
covered on the low molecular weight materials, twin
dimers and banana molecules, by our group.38–40 Typ-
ical banana molecule is given below.

OO

O O

NN

H2n+1CnO OCnH2n+1

In these nonchiral molecular systems, it is interesting
that there is a simultaneous formation of chiral struc-
ture.41–45 The polarity and chirality as well as frustra-
tion have become a world wide topics in the liquid
crystalline field.46 It should be emphasized that studies
on these exotic phases start from the studies on the
polymeric effects in main-chain LC polymers.

CHAIN FOLDING IN SMECTIC PHASE

The preceding sections show that the polymer takes
up the relatively extended configuration at least in a

local space of smectic liquid crystal field. However,
it has not been clarified whether the polymer chains
are extended along the entire length or not.
This important structural aspect on polymer chain

configuration in a liquid crystal field has been exten-
sively debated theoretically.47–49 The complexity and
subtlety in the main-chain LC polymers come from
the interplay between long-range orientational order
of the liquid crystals and the polymeric tendency to
maximize entropy. de Gennes47 first pointed out that
a semiflexible polymer chain in nematic phase may re-
cover some part of the entropy loss due to the ordering
of mesogenic units by forming hairpin foldings where
the chain executes a counter reversal (180�) with re-
spect to the n-director. The existence of one or two
hairpin foldings has been established by small-angle
neutron scattering measurement in the nematic phase
of main-chain polymers.50–53 This section represents
the solid state morphology of BB-6 by small-angle
X-ray scattering (SAXS) method and discusses the
chain configuration in the smectic phase.16–19

Chain Folding Lamellar Structure in BB-6 Crystal
Formed from SA Melt
Six specimens with different molecular weights,

BB-6-I to BB-6-VI, were prepared. All the polymers
exhibit the well-defined transition behavior as listed
in Table II. The two transitions at Tm and Ti can be
assigned to the crystal melting to SA phase and the
isotropization of SA phase, respectively.
Parts a and b of Figure 20 show the wide-angle X-

ray diffraction pattern and SAXS pattern for the crys-
talline BB-6 specimen, respectively. Here, the sample
was prepared by crystallizing the smectic melt which
was sheared and oriented. For crystallized sample, the
orientational order of the smectic phase is completely
sustained, and as found in Figure 20b, clear reflection

Table II. Characterization of BB-n polyesters

Calorimetric Data

Transition temperatures Transition enthalpies

Heating Cooling

Sample �inh/dL g�1 Tm/
�C Ti/

�C Tc/
�C Ti/

�C �Hc/kJmol�1 �Hi/kJmol�1

BB-6-I 0.26 210 231 187 218 13.05 8.33

BB-6-II 0.34 213 238 167 228 8.74 9.67

BB-6-III 0.40 216 239 166 227 8.74 8.24

BB-6-IV 0.49 214 240 165 229 7.94 8.41

BB-6-V 0.67 220 241 161 227 7.69 8.91

BB-6-VI 0.92 210 239 155 224 8.20 10.46

BB-8 0.70 193 153 180 6.78 9.50

BB-10 0.84 171 151 16.23

BB-12 1.05 164 141 19.71

aBased on DSC data measured at a scanning rate of 10 �Cmin�1.
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maxima with spacing around 250 Å can be seen on the
meridian, showing the long period along the chain
axis. Takahashi and Nagata54 reported an electron
microscopic observation for the same BB-6 crystal
sample and concluded the formation of the character-
istic stacked lamellar structure in which the 250 Å
thick lamellae are superimposed on smectic-fan tex-
ture. The thickness of lamellae corresponds to the
long period observed in our work.
The lamellar spacings by SAXS were determined

for all the polymers and are listed in Table III. To
prevent thermal prehistory, the data were collected

for the crystals cooled at a rate of 10 �Cmin�1 after
5min of annealing in the isotropic melt. The lamella
spacing, L, is distributed around 250 Å, increasing
somewhat with an increase of molecular weight. This
trend is reasonably explained in the next part of this
section. The correlation length between foldings thus
corresponds to approximately 15 times the length of
the repeat unit. The values for the average number
of foldings in a chain, F, are listed in Table III as cal-
culated from the equation, F ¼ l=L� 1 where l is the
whole length of polymer. It is found that several fold-
ings are included in a chain.
Here it should be recalled that the crystallization of

the BB-6 polymer takes place from the SA melt, but
not from the isotropic melt. The SA phase has a long
range orientational order and one-dimensional posi-
tional order. If the polymer chain is extended along
its entire length in the SA phase, it must fold at the
crystallization with falling out of the order of the
smectic liquid crystal. In practice, however, not only
the orientational order of the smectic phase (see
Figure 20a), but also characteristic smectic-like tex-
ture and defects54 are completely sustained on crystal-
lization. We therefore conclude that the chain folding
observed in the crystalline phase already exists in the
preceding SA phase.

Anomalous Dependence of Lamellar Spacing on Crys-
tallization Temperature
SAXS measurements were performed for the crys-

talline BB-n specimens with various crystallization
temperatures (Tc). Here, four BB-n polyesters, name-
ly, BB-6, BB-8, BB-10 and BB-12 were used. As list-
ed in Table II, BB-6 and BB-8 form isotropic liquid,
SA and crystalline phases in order of decreasing tem-
perature, thus they crystallize from SA mesophase. On
the other hand, BB-10 and BB-12 with longer spacer
crystallize from the isotropic liquid as conventional
polymers. It is interesting to compare the crystalliza-
tion behavior of these two homologues.
To secure a wide range of Tc and prevent effects of

annealing at high temperature, the samples were pre-
pared by cooling from the preceding phase (the SA

(a)

(b)
Figure 20. (a) Wide-ange and (b) small-angle X-ray patterns

of the crystalline phase of BB-6-III. Here, the oriented film speci-

men was prepared by shear flowing the smectic A phase between

glass plates. The flow direction is horizontal.

Table III. Parameters for the lamellar structure formed by folded chains of BB-6

Sample Mn Mw=Mn
Chain length

la/Å
Lamellar size

Lb/Å
Number of chain folding

Fc

BB-6-I 1:28� 104 2.41 7:8� 102 225 2.5

BB-6-II 1:36� 104 2.39 8:3� 102 244 2.4

BB-6-III 1:52� 104 2.03 9:2� 102 251 2.7

BB-6-IV 1:70� 104 2.46 1:0� 103 247 3.2

BB-6-V 2:15� 104 2.38 1:3� 103 267 3.9

BB-6-VI 3:23� 104 2.30 2:0� 103 294 5.5

aCalculated using repeating length of 19.6 Å in the crystalline state. bObserved for the crystal sample cooled

from the isotropic melt at a rate of 10 �Cmin�1. cF ¼ l=L� 1.

Liquid Crystals of Main-Chain Polyesters

Polym. J., Vol. 38, No. 7, 2006 623



phase for BB-6 and BB-8 and the isotropic phase
for BB-10 and BB-12) at various rates (1.25 to 40
�Cmin�1). Figure 21 shows the dependence of the
lamellar spacing (L) on the Tc. Opposite trends are
found between the specimens crystallized from the
isotropic liquid (BB-10 and BB-12) and those crystal-
lized from the SA phase (BB-6 and BB-8). In the for-
mer, the lamellar spacing increases with an increase in
Tc, which can be understood from the kinetical criteria
as considered in conventional polymers.56 In the latter,
in contrast, it decreases with an increase in Tc.
Here, the effect of molecular weight on the lamel-

lar spacing for BB-6 is reconsidered (see Table III).
The lamellar spacings were determined for samples
with different molecular weights (BB-6-I � BB-6-VI)
cooled from SA phase to room temperature at a con-
stant rate of 10 �Cmin�1. Tc decreases with an in-
crease in molecular weight. The data are plotted in
Figure 21 with closed circles, showing the identical
relationship with the data (open circles) collected for
one sample (BB-6-IV) cooled at various rates. It is
thus reasonable to assert that the lamellar spacing de-
pends on the crystallization temperature rather than
the molecular weight.

Chain Folding in Smectic Phase
The unusual dependence of the lamellar size on Tc

in BB-6 and BB-8 crystals suggests that the chain
foldings result from a completely different origin from
conventional polymers, and it can be interpreted based
on an assumption that the chain folding has already
existed in the preceding SA mesophase. In the fluid
liquid crystalline field, the hairpin fold may be reason-
ably occur to recover some part of entropy loss due to
the ordering of the mesogenic units and its probability
increases with the increase of temperature. In other
words, the fold length decreases with increasing tem-
perature, showing that the lamellar thickness in the
resulting crystal decreases with increasing crystalliza-
tion temperature.
The quantitative argument on the temperature de-

pendence of the chain folding length has been done
by Warner and coworkers.48,49 They have developed
statics and dynamics of chain foldings in worm-like
chains and given the simple theory in which the fold
length is proportional to expðUh=kBTÞ where Uh ¼
2

ffiffiffiffiffiffiffiffiffiffi
3aS"

p
is the hairpin energy, S, the order parameter

of the LC field, ", the elastic bend constant, and a,
the LC field coupling constant. To clarify this propor-
tionality, the logarithmic lamellar spacings are plotted
against the reciprocal of absolute temperature in
Figure 22 for BB-6 and BB-8. A linear relationship
between the two can be seen as expected from the
above equation. Here, it is reasonable that the slope
of the line of BB-6 is larger than that of BB-8 since
it reflects the chain rigidity estimated by ". The hair-
pin theory for the preceding LC phase thus explicates
the variation of lamellar size in BB-6 and BB-8 crys-
tals, showing that the chain folding exists at thermo-
dynamic equilibrium as an entropy effect in the pre-
ceding SA phase.
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Figure 21. Plots of lamellar spacing of BB-6 (circle), BB-8

(triangle), BB-10 (square) and BB-12 (lozenge) crystals as crystal-

lized from the preceding phase (the SA phase in BB-6 and BB-8

and the isotropic melt in BB-10 and BB-12) against the crystalli-

zation temperature. Here, the open symbols were collected from

the samples prepared by cooling at different cooling rates and

the closed circles were obtained from the BB-6 samples with dif-

ferent molecular weights which were cooled at a rate of

10 �Cmin�1 (refer to Tables II and III).
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Figure 22. Plots of logarithmic lamellar spacing against the

reciprocal of the crystallization temperature (Tc) for BB-6-IV (cir-
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bols are those observed in Figure 21. Also included are the data

points given by closed symbols collected for the BB-6 polyesters

with different molecular weights.
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Unusual Orientation of Smectic Melt on Uniaxial
Stretching and Shear Flow That Is Explained by
Chain Folded Lamellar Structure
The question arises as to how the chain folding is

accommodated in the SA or SCA phase. Two possible
schematic diagrams are shown in Figure 23. In one
model, the chain foldings are positioned randomly
(Figure 23a), and in another they are segregated at a
certain confined position to result in the lamellar type
of domain boundaries like in the crystalline phase
(Figure 23b).
Regarding this aspect, an anomalous molecular ori-

entation in the fibers drawn from the smectic melts is
interesting.1,12,18,19,57–60 Figure 24b shows X-ray pat-
tern taken for such a fiber of BB-5. The pattern is sim-
ilar to that (Figure 24a) of the fiber drawn from the
isotropic melt, but quite different in the orientation
geometry of reflections with respect to the fiber axis.
The layer reflections in smectic melt-spun fibers ap-
pear on the equator, showing that the smectic layers
lie parallel to the fiber axis, i.e., the polymer chain
axis orients perpendicular to the elongation direction.
Such a type of flow has been observed in low molecu-
lar weight smectic phases and can be easily under-
stood since each smectic layer is composed of the
molecules (refer to Figure 25a) and flow takes place
by mutual slip of layers. In the polymeric system,
however, this mechanism is not acceptable since the
mesogenic groups in neighboring layers are linked
to each other through a flexible spacer and so each
polymer molecule passes through many smectic lay-
ers. To explain this unusual orientation, we postulate
that the chain-folded lamellar domains form in the
smectic field and their flow takes place between
lamellae (see Figure 25b).
Decisive evidence for existence of the chain folded

lamellae in the smectic liquid crystal has been ob-
tained from the studies on shear-flow orientation of
SCA melt of following BB-5(3-Me).

C C

O

O CH2CH2CHCH2CH2

O

O

DPCH3

Two types of orientation can be observed mainly
depending on temperature. By shear flow at tempera-

Figure 23. Two possible schematic diagrams showing the dif-

ferent accommodation of the chain folding sites into the smectic

structure. In (a), the folding sites are randomly placed, while in

(b), segregated to form domain boundaries.

(a) 

(b) 

Figure 24. X-ray photographs for (a) fiber A drawn from the

isotropic melt of BB-5 at a rate of around 1m sec�1 and (b) fiber B

drawn from the smectic melt of BB-5 at a rate of 1 cm sec�1. The

fiber axis is in the vertical direction. The molecular arrangements

deduced from the X-ray patterns are also illustrated.

(a) (a) (b) 

Figure 25. Schematic comparison of the flow of (a) the low

molecular mass smectic phase and (b) polymeric smectic phase.

In the polymeric system, lamellae are formed and slip over each

other while in the low molecular mass system, smectic layers slip

over each other.
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tures close to the isotropization temperature (Ti), the
SCA phase is oriented with the layer normal parallel
to the vorticity direction (so-called ‘‘perpendicular ori-
entation’’) as shown in Figures 26 and 28a, whereas it
is oriented with the layer normal parallel to the veloc-
ity gradient direction (‘‘parallel orientation’’) as shown
in Figures 27 and 28b by shear flow at temperatures
enough below Ti. The orientation mechanism of these
two types is explained as follows.
The SCA phase is the fluid smectic phase where

the mesogen centers of mass have a one-dimensional
layer order along the n-director, but are isotropically
distributed within a smectic layer. If the shear flow oc-
curs based on the intrinsic fluidity of molecules, the
smectic phase would not show the transverse orienta-
tion with the polymer chains lying parallel to the shear
direction as typically observed in the nematic liquid
crystal. In place of the transverse orientation, it exhib-
its perpendicular orientation since the molecules can
flow only within a layer, i.e., maintaining the layer or-

(a) 

v×× ∆

∆

∆

∆

v 

v

v× v 

v

v 

v

(b) 

(c) 

Figure 26. Wide-angle X-ray diffraction patterns for the BB-

5(3-Me) sheared at a rate of 0.214 s�1 at 140 �C. These patterns

indicate a perpendicular layer orientation. The broad inner hallows

with the spacing of around 8 Å appearing in (a)–(c) are scattering

due to continuous X-rays remaining in Ni-filtered X-ray. The

intensity inequality in the outer broad halo in (c) was inconsistent

throughout the measurements.
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Figure 27. Wide-angle X-ray diffraction patterns for the

BB-5(3-Me) sheared at a rate of 6:38� 10�3 s�1 at 130 �C. These

patterns indicate parallel layer orientation. The broad inner hal-

lows with the spacing of around 8 Å in (b) and (c) are scattering

due to continuous X-rays remaining in Ni-filtered X-ray.
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dering. Parallel orientation cannot be achieved at all
by the intrinsic fluidity of molecules, but by the mutu-
al slip of smectic layers. However, such a slip is im-
possible in the polymeric system since the polymer
chain passes through many smectic layers as men-
tioned above. The slipping unit should be a chain fold-
ed lamella.
The chain folded lamella in the parallel orientation

has been detected with synchrotron radiation small-
angle X-ray scattering method (Figure 29). The long
period is about 80 Å which is five times as long as
the repeat unit length of BB-5(3-Me) (16.4 Å). This
lamella spacing is much smaller than those of around
250 Å proposed for the SA phase in the previous part
of this section,16,17,19 suggesting that shear flow in the
smectic liquid crystal may affect the lamellar thick-
ness. Here, it should be stated that the spacing of
80 Å is comparable to the value estimated by a theo-
retical treatment of the effects of shear flow on the
parallel oriented lamellae at microscopic level where
the lamellar spacing (d) is connected with the critical
stress for the layer collapse (disorientation) (ð� _��Þc)
and the lamellar binding energy (K) as61,62

ð� _��Þc ¼�
ðkBTÞ5=2

K3=2d3
: ð1Þ

Here we assume that K � kBTi (Ti is the isotropization
temperature of BB-5(3-Me), 423K) and that ð� _��Þc
equals the maximum stress of 3:0� 103 Pa appearing
on shearing the parallel oriented sample to transform
to the perpendicular oriented one at 140 �C, and obtain
d � 120 Å. The calculated lamellar spacing of 120 Å
is comparable to the lamellar spacing of 80 Å rather
than the smectic layer spacing of 16.4 Å. Thus, the
parallel orientation of the polymer smectic liquid crys-
tal is reasonably attributed to the mutual slide of the
chain folded lamellae.
As shown in Figure 30, the type of the orientation

depends on temperature and shear rate. At higher tem-
peratures, the perpendicular orientation is preferred,
while at lower temperatures the parallel orientation
is observed. This clear temperature dependence can
be connected to temperature dependence of the fric-
tion of the mesogens within the layer. The packing
of mesogens within a layer is more liquid-like at high-
er smectic temperatures, allowing the molecules to
fluid within a layer. However, it may become solid-
like at lower temperatures. As a result, the shear gra-
dient prefers the mutual slide of the chain-folded
lamellae whose boundary may possess more fluidity
to the internal flow with hard friction of mesogens
within a smectic layer.22

Hairpin Folding in Nematic Liquid Crystalline Field
The hairpin folding may significant in the nematic

liquid crystal, which has the least order and the high-
est symmetry. The molecules are mobile in three
dimensional directions.63 Thus, the formation and
elimination of the chain folds in the nematic field
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Figure 28. Illustration of perpendicular (a) and parallel (b)

orientations in the shear oriented SCA specimen. In (a), the arrows

depicted in the side of the rectangular parallelepiped mean that the

mesogens are tilted respect to the layer normal in the shear plane

as seen in the upper face. In (b), the wave lines in the side of the

rectangular parallelepiped indicate that the smectic layers undu-

late along the vorticity direction.
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Figure 29. SR-SAXS profile of the parallel oriented BB-5(3-

Me) (a) in the velocity gradient direction and (b) in the shear flow

direction recorded by irradiating X-ray beam in the vorticity direc-

tion. The specimen was prepared by shearing the smectic melt at

6:38� 10�3 s�1 at 130 �C.
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would reflect on the sample length along the director.
This has been examined in a monodomain nematic
elastomer.64

Figure 31 shows the change of sample length along
the nematic director by heating and cooling cycles in
the nematic temperature range between 80 �C and
150 �C. Here, L0 is the sample length at 150 �C deter-
mined at the beginning of the measurement and the

relative length L=L0 and the temperature are plotted
against time. The elastomer is expanded along the
nematic director (polymer chain direction) on cooling
and contracted reversibly on heating in the nematic
LC state. The degree of expansion or contraction
was about 45% in the temperature range of 80 to
150 �C. The shape change took place with a constant
orientational order. This characteristic thermoelastic
behavior is explainable if the polymer chain connect-
ing the cross-link points includes several hairpins, the
probability of which is proportional to the Boltzmann
factor of hairpin energy. The hairpin energy deduced
from the temperature dependence of the length of
nematic elastomer was 3:8� 10�20 J, which are com-
parable to those estimated from the SANS data for
other nematic main-chain polyesters.50–53

SMECTIC LIQUID CRYSTALLINE GLASS

Typical thermotropic LC materials form isotropic
liquid, LC and crystal phases in an order of decreasing
temperature. However, some LC materials solidify
without crystallization. The resulting solid is hence re-
garded as liquid crystal glass.18,23,24,65–78 While con-
ventional glass, namely isotropic liquid glass, is char-
acterized by an absence of long-range order, the nem-
atic LC glass possesses a simple orientational order of
rod-like molecules and the smectic LC glass has the
long-range one-dimensional positional order as well.
These LC glasses are thus expected to provide new in-
sight into dynamics of glassy materials representing a
topic of current interest in condensed matter physics.

Representative Smectic LC Glass Prepared from BB-5
and its Thermal and Mechanical Properties
In the liquid state, a polymer molecule is capable

of assuming a large number of conformations due to
the rotational freedom of individual chain atom about
their connecting bonds. There is no significant corre-
lation between conformations assumed by the individ-
ual molecules so that the liquid state is characterized
with random, haphazard arrangements of the polymer
chain segments. In the LC phase, a long range orienta-
tional order requires polymers to take some extended
conformations. Starting from coiled, mutually inter-
penetrating macromolecules, these specified confor-
mations in the LC phase seem hardly to be achieved
instantaneously from purely kinetic reasons. We thus
have a significant question as to whether the isotropic
phase can be transformed to the LC phase completely
or not in the LC polymeric system.
To examine this point, the isotropization enthalpy,

�Hi, was measured for the SCA phase of BB-5 formed
under an isothermal condition. On this measurement,
BB-5 polyester was quenched to the SCA phase of
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Figure 31. Repeatability of change of the relative length
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185 �C from the isotropic melt at 230 �C. After the
isothermal formation of the SCA phase at this tem-
perature for a certain period, isotropizaion enthalpy,
�Hi, was measured at a heating rate of 10 �Cmin�1.
The crystallization behavior from the smectic phase
was also examined with a similar procedure. After
the sample was annealed at the SCA temperature of
185 �C for 30min, it was maintained at 140 �C for a
certain period for crystallization. The melting enthal-
py of the crystal, �Hm, was measured at a heating rate
of 10 �Cmin�1.
In Figure 32, �Hi and �Hm thus determined are

plotted against the time of the isothermal transforma-
tion, respectively. �Hi is relatively constant inde-
pendent on the transformation time which was varied
from 1 to 330min. This feature of the liquid crystalli-
zation is in contrast to that for the crystallization
where �Hm decreases significantly with a decrease
of the crystallization time. Thus, it is likely that the
perfect transformation of the isotropic phase to smec-
tic phase takes place in a short period even in the
polymeric system. This is reasonable since in the
smectic phase the molecules are mobile and can be
packed without significant defects although some de-
formation might be included with respect to the orien-
tation of n- and c-directors. Crystallization does not
proceed completely in a short period even if it takes
place from the ordered SCA phase. This may be due
to the fact that the structural order of the SCA phase
is fairly less than that of the crystal. Such characteristic
transformations in thermotropic LC polymer system

result in the interesting solid morphology in which
no isotropic liquid glassy phase is included. In other
words, the solid of LC polymer is composed of two
phases, LC glass and crystal. This is completely differ-
ent from that of the conventional polymers which is
composed of isotropic liquid glass and crystal.
Because of a very late crystallization, it is possible

to prepare the BB-5 solid composed only of the glassy
smectic phase by quenching the smectic phase to the
room temperature. This is clearly evident from the
X-ray photograph as shown in Figure 24, where the
pattern characteristic of the mesophase is still ob-
served. DSC thermogram of this sample shows the
typical jump of the heat capacity at around 45 �C
and dynamic mechanical analysis (DMA) shows the
relaxations characteristic to the glass transition as stat-
ed in details below.
Figure 33 shows the temperature dependence of the

storage tensile modulus (E0), loss modulus (E00) and
mechanical loss tangent (tan �) for a glassy smectic
film of BB-5. Three relaxations can be detected at
around 50, �60 and �120 �C, and are designated here
as �-, �- and �-processes, respectively. Since the tem-
perature of �-relaxation corresponds to the glass tran-
sition temperature (Tg) detected by DSC, �-relaxation
can be connected to the glass transition and attributed
to the segmental motion of molecules. The �-process
can be connected with the motion of the aromatic
part including the ester group.67,79,80 The �-process
is attributed to local rotation of methylene group com-
monly observed for polymers containing methylene
sequences.79 These mechanical relaxations are similar
to those observed in the isotropic liquid glass of the
conventional polymers. The activation energies esti-
mated from the frequency dependence of the relaxa-
tion temperature are 75, 35 and 10 kcalmol�1 for
the �-, �- and �-relaxations, respectively. Increasing
crystallinity by annealing the sample at 140 �C for a
certain period (see Figure 32) results in decrease of
the loss signal, indicating that the �-process is attrib-
uted to a smectic LC glass.
The use of oriented specimens is a further step

to understand molecular relaxation. Two smectic LC
glassy fibers of BB-5 with different orientations were
produced by the two methods of spinning. Fiber A
was prepared by drawing the isotropic melt at a high
rate of about 1m sec�1. The X-ray pattern of fiber A
shows that the polymer chains lie parallel to the axis
and hence that the smectic layers arrange perpendicu-
lar to the fiber axis as found in part (a) of Figure 24.
Drawing the smectic melt at a low rate of 1 cm sec�1

produced fiber B in which the smectic layers lie par-
allel to the fiber axis, i.e., the polymer chains lie per-
pendicular to the axis (see part (b) of Figure 24). As
stated above, this unusual orientation of fiber B can
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gles), and crystal melting enthalpy, �Hm (circles), for BB-5 with

the isothermal formation time. �Hi (or �Hm) was measured for

the sample which was quenched from the isotropic (or SCA) phase

and held at 185 �C (or at 140 �C) during a certain period for

isothermal formation of the SCA (or crystal) phase.

Liquid Crystals of Main-Chain Polyesters

Polym. J., Vol. 38, No. 7, 2006 629



be explained either by mutual slide of chain folded
lamellae or by the internal flow of the mesogens with-
in the layer.16,17,19,22,23 The results of DMA obtained
for the two oriented fibers of A and B are shown in
Figure 34, where only tan � are presented because

the small cross section of the fibers prevents determin-
ing the accurate value of Young’s modulus. Consider-
able mechanical anisotropy with tan � of fiber B larger
than that of fiber A can be seen for the �-relaxation
while the intensities of � and � relaxations are similar.

Figure 33. Storage modulus, loss modulus and loss tangent as a function of temperature at 10Hz for BB-5 specimen quenched from

smectic melt.

Figure 34. Temperature dependence of loss tangent measured at 10Hz for the two different BB-5 fibers; (a) solid curve for fiber A and

(b) dashed curve for fiber B (refer to Figure 24).
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The ratio of tan � peak height is around 3. This aniso-
tropy is simply explained according to the layered
characteristics of the smectic structure as following.
In the SCA phase, the mesogenic groups lie with one-
dimensional positional order along the polymer chain
axes to form the layers. Along each layer, the center of
gravity has no positional order, i.e., the mesogens are
laterally packed with liquid-like nature. Hence, the
motion of the chain in the direction perpendicular to
the layer is restricted while relatively free motion is
allowed in the parallel direction.
Anisotropy in mechanical properties is also ob-

served with respect to the terminal flow behavior in
the fibers. As seen in Figure 34, the temperature at
which the terminal flow takes place so that tan � di-
verges to infinity corresponds to Ti (210

�C) for fiber
A while it corresponds to Tm (170 �C) for fiber B. This
can be also explained in terms of the structural fea-
tures of smectic phase as mentioned above.

Dependence of Glass Transition Temperature on Car-
bon Number of Alkyl Spacer
It is interesting to examine how Tg of the LC glass

depends on the carbon number of flexible spacer. With
respect to this, we first refer to Tg of the isotropic liq-
uid glass observed in the poly(alkylene 2,6-naphtha-
lene dicarboxylate)s (N-n) with n ¼ 5{12.

C

C

O

(CH2)nO

O

DP
O

These polyesters form no mesophase so that crystal-
lization takes place directly from the isotropic melt
like in the conventional polymers. N-n polyesters
show three �, � and � relaxations as observed in
BB-5. The temperatures of these relaxations are plot-
ted against n by square marks in Figure 35. Here, it
should be noted that the �-relaxation temperature
was determined with significant error because of the
overlapping with �-relaxation. T� showing odd-even
oscillation decreases steadily with an increase of n.
T� also decreases with n although T� is relatively con-
stant at around �130 �C.
These dependences of �, � and �-relaxation tem-

peratures are interstingly compared with those of the
BB-n polyesters which are given by circular marks
in Figure 35. It must be noted that the BB-n poly-
esters show an unusual variation of T� on n. The LC
BB-n polyesters with n of 5–8 forming the smectic
phase show the lower T� than the non-LC BB-n with
n of 10–12 despite of the higher chain stiffness. This
variation is at variance to that observed in N-n poly-
esters, in which T� decreases steadily with increase
of chain flexibility.80 Since T� are almost same be-
tween non-LC BB-n and N-n with n of 10–12, this

anomalous variation can be understood if the smectic
LC glass shows the lower T� than the isotropic liquid
glass.
Let us now expand the observation to the copoly-

mers of BB-6-co-N-6.

C
C
O

(CH2)6O
O

CC
OO

OO (CH2)6

X

1-X

O

The transition temperatures from the cooling DSC
data are plotted against the content of the N-6 unit in
Figure 36a. Only copolymers with N-6 contents less
than 60% form a SA phase and so solidify from the
SA phase, while the copolymers with the N-6 contents
above 60% solidify directly from isotropic liquid
state. As observed in the homopolymers of BB-n
and N-n, the copolymers show up three �-, �- and
�-relaxations. The relaxation temperatures, T�, T�
and T� , are plotted against the molar content of N-6
units in Figure 36b. The glass transition temperature
in a copolymer system is related to its composition
as described in many cases successfully and simply
with the ‘Fox-Flory’ equation where the glass transi-
tion temperature is represented with a continuous
function of the volume fractions. In this series of co-
polymers, T� remains almost constant around 50 �C up
to N-6 content of 60%. For higher N-6 content, T� ris-
es discontinuously to 70 �C. On comparing this feature
with the phase behavior of Figure 36a, one can find
that lower T� is observed for the copolymers forming
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ured at 10Hz.
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the SA phase. The overall results thus lead to the con-
clusion that the LC glass shows a lower transition
temperature than the isotropic liquid glass.
With respect to the �-relaxation, we find that T� of

N-n is fairly higher than that of BB-n (see Figure 35).
This means that the rotational motion of the naphtha-
lene moiety is more restricted than that of biphenyl
moiety. T� decreases with increase of n in both the
BB-n and N-n polymers although T� of the smectic
LC BB-n with n of 5 to 9 shows some odd-even
oscillation. In the BB-6-co-N-6 copolymers, as seen
in Figure 36b, T� increases continuously with molar
content of N-6 unit, suggesting that the �-relaxation
is not closely associated with the structure of the
glassy state. T� of LC BB-n polymers with n of 5–9,
showing some odd-even oscillation, is relatively high-
er than that in non-LC N-n polymers with identical

n (see Figure 35). Higher T� of the LC glass can be
also observed in the copolymer system as found in
Figure 36b. T� is around �110 �C for the LC copoly-
mers while �140 �C for the non-LC copolymers. This
may be caused by extended conformation of poly-
methylene units in the smectic structures.

Glassy States of Isotopic Liquid and Smectic LC
Formed by BB-3(1-Me) Polyester
A main-chain smectic liquid crystalline BB-3(1-

Me) polyester is a typical polymer which forms smec-
tic CA liquid crystal (LC) glass and isotropic liquid
glass, allowing direct comparison of the properties
of two glasses.
Smectic LC glass was obtained by cooling the iso-

tropic liquid to ambient temperature at rates smaller
than 1 �Cmin�1. The resulting solid was opaque and
optically anisotropic, and showed an X-ray pattern
characteristic to the SCA. Isotropic liquid glass was
obtained by rapid cooling of the isotropic melt at rates
larger than 50 �Cmin�1. The solid sample was totally
transparent, and its X-ray diffraction pattern included
only an amorphous halo. It is noteworthy that in the
BB-3(1-Me) polyester, crystallization does not take
place at all even if any cooling process is applied. This
may be because of packing difficulty due to branched
methyl group.
Figure 37 shows DSC thermograms of the two

distinct solids measured on heating at a rate of 10
�Cmin�1. As found in Figure 37a, the smectic LC
glass showed a simple thermogram including a jump
of the heat capacity at around 81 �C associated to the
glass transition and an exothermic peak at 159 �C due
to the isotropization of the liquid crystal. The isotropic

(a)

(b)

Figure 36. (a) Transition temperatures and phase behavior of

BB-6-co-N-6 copolyesters. Transition temperatures were deter-

mined from the cooling DSC curves measured at a rate of 10
�Cmin�1. (b) Variation in �-, �- and �-relaxation temperatures

of BB-6-co-N-6 copolyesters with the molar content of N-6. Tem-

peratures were determined from the peak of loss modulus, E00,

measured at 10Hz.
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Figure 37. DSC thermograms for the BB-3(1-Me) polyester

cooled from the isotropic liquid state to ambient temperature at

a rate of 1 �Cmin�1 (a), and 100 �Cmin�1 (b).
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liquid glass showed a somewhat complex thermo-
gram. The DSC thermogram shown in Figure 37b
includes a step at 93 �C associated with the glass tran-
sition of the isotropic liquid, a sharp exothermic peak
at 110 �C and finally an endothermic peak at 159 �C.
The exothermic peak following the glass transition
is due to the liquid crystallization of the relaxed iso-
tropic liquid glass, and the final endothermic peak at
159 �C is attributed to the isotropization of the result-
ing smectic LC. The difference in the glass transi-
tion temperature (Tg) is significant between the two
types of glasses: Tg for the isotropic liquid glass
(Tg

iso) is 12 �C higher than Tg for the smectic LC glass
(Tg

LC). This trend coincides with that observed in the
previous part of this section. A similar result has been
reported for main-chain liquid crystalline polymers
which can form these two glassy states.69,70,76,77

To cralify in more detail thermodynamic properties,
specific heat was measured by the temperature-modu-
lated DSC (TMDSC) method.81,82 Temperature de-
pendences of CP

0 and CP
00 determined at a frequency

of 1:7� 10�2 Hz are shown in Figures 38a and 38b,
respectively. CP

0 of the two glasses are comparable
to each other, showing that similar molecular motion
takes place in the glassy states. In the glass transition,
CP

0 and CP
00 show a jump and a peak, respectively.

TMDSC data clearly show that Tg
iso (92 �C) is higher

than Tg
LC (81 �C), as found in the conventional

DSC thermograms (see Figure 37). The correspond-
ing increase in CP

0 determines �CP in the glass tran-
sition more accurately than the conventional DSC
thermogram, because TMDSC is not influenced by
the enthalpy relaxation endotherm overlapping with
glass transition.65,66 �CP thus estimated were 78.5
Jmol�1 K�1 and 50.1 Jmol�1 K�1 for the isotropic
liquid glass and the smectic LC glass, respectively.
The difference in �CP reflects the difference in mo-
lecular motion between the isotropic liquid and the
smectic LC. In the CP

0 curve of the isotropic liquid
glass, the jump is followed by a drop, and the value
becomes equal to that of the smectic LC. This drop
is thus attributed to the liquid crystallization of the
relaxed isotropic liquid glass, but the corresponding
exothermic peak observed in the conventional DSC
thermogram (Figure 37b) is not found in the CP

0 curve
in Figure 38a. This is reasonable since the TMDSC is
not influenced by thermal events arising from kinetic
process such as the liquid crystallization.
TMDSC thermograms give temperature depend-

ence of the heat capacities of the smectic LC and
the isotropic liquid as well as the two glassy states.
The temperature dependence of CP in the measure-
ment temperature range is expressed as

CP ¼ aþ bT ; ð2Þ

where a and b are the constants determined with tem-
perature dependence of Cp

0. The enthalpy in each
state was obtained by integration of eq 2 to estimate
the enthalpy-temperature relationship.

H ¼
Z

CPdT ¼ aT þ bT2=2þ c: ð3Þ

Here, c is the arbitrary constant determined by taking
account of continuity in the enthalpy at the glass tran-
sition and the enthalpy difference at the isotropic liq-
uid-smectic LC transition and by setting the reference
point as the enthalpy of the liquid = 0 Jmol�1 at 0K.
Figure 39 shows temperature dependence of the en-
thalpy estimated for each state by eq 3. Quantitative
accuracy of the enthalpy-temperature relationship
can be confirmed by comparison of the difference
in the enthalpy between the isotropic liquid and the
smectic LC at 110 �C (3.25 kJmol�1, see Figure 39)
with the enthalpy change in the liquid crystallization
taking place at 110 �C on heating the isotropic liquid
glass (3.11 kJmol�1, see Figure 39b). In the enthal-
py-temperature diagram, the enthalpy at Tg for the
smectic LC is smaller than that for the isotropic liquid,
and that the difference between them (�Hg ¼ 8:02
kJmol�1) is about two times larger than the en-
thalpy change at the isotropic – smectic LC transition
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(�Hi ¼ 4:47 kJmol�1). On the assumption that en-
thalpy is proportional to specific volume, this quanti-
tative result is related to a supposition submitted by
Zachmann et al.69 to explain the lower Tg of the LC
glass: the critical volume at Tg for the LC is smaller
than that for the isotropic liquid, and the difference
between them is larger than the volume change at
the isotropic-LC transition.

Two Glass Transitions Observed in Isotropic Liquid of
Main-Chain LC Polymer
The two glasses undergo enthalpy relaxation, which

is apparent as the endotherm peak appearing immedi-
ately after the glass transition in the heating DSC ther-
mogram as seen in Figure 40a. Extent of this relaxa-
tion process can be detected by growth of the endo-
thermic peak measured for the glassy solid stored at
certain temperature, Ta, below Tg for prolonged aging
period. The endothermic values were determined by
subtracting the DSC curve for the un-aged glassy sam-
ple from that for the aged sample, and are plotted
against the aging period in Figure 41. Aging time
dependence of the endothermic value is well fitted
to Cowie-Ferguson equation83

�HðtÞ ¼ �H1ð1� e�ðt=	Þ�Þ; ð4Þ

for both these glasses as seen in Figure 41. Thus,
we can determine kinetic parameters of average relax-

ation time, 	 and measure of width of the underly-
ing relaxation spectrum, �. Here �H1 is comparable
to the value estimated by a simple relationship of
�H1 ¼ �CP(Tg � T). The relaxation rates depend
on extent of undercooling from the glass transition
temperature, while � is not significantly dependent
on the aging temperature nor the type of the glassy
state.
In Figure 42 the reciprocal of 	 (	�1) is plotted

against the reciprocal of the aging temperature in unit
of K�1. Temperature dependence of 	 is usually por-
trayed by Vogel-Fulcher-Tamman (VFT) relationship:

	 ¼ A exp
Q

T � T0
; ð5Þ

where A and T0 are prefactor and ideal glass tem-
perature, respectively. VFT equation expects a non-
Arrhenius relationship between 	�1 and 1=Ta where
	�1 decreases more rapidly with increment in Ta

�1

to give a single glass temperature, T0. Such a relation-
ship is found for the smectic LC to give T0

LC of 343K
(see Figure 42). For the isotropic liquid, however, the
decrease in 	�1 takes place in two steps; the decrease
of 	�1 in Ta

�1 larger than 2:775� 10�3 K�1 is less
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than that in smaller Ta
�1. The data at Ta

�1 larger and
smaller than 2:775� 10�3K�1 give T0L

iso of 343K
and T0H

iso of 353K, respectively. T0L
iso is 10K lower

than T0H
iso and is interestingly equal to T0

LC.
In addition to the enthalpy relaxation, as found in

Figure 40b, aging of the isotropic liquid glass also de-
creases the exothermic value at 110 �C, showing that
the liquid crystallization takes place simultaneously
in the relaxed isotropic liquid glass. In Figure 43,
the enthalpy values of the liquid crystallization are
plotted against ageing time and compared with the en-
thalpy values of the enthalpy relaxation. The isotropic
liquid glass clearly transforms to the smectic LC after
completion of the enthalpy relaxation.
Liquid crystallization was followed with the frac-

tion conversion (Xt), which was estimated from de-
crease in the area of the exothermic peak due to the
liquid crystallization of the unconverted isotropic liq-
uid in the DSC thermograms. We take the inverse of
the time at which Xt is 50% to represent the measure
of the transition rate, t1=2

�1. The transition rate shows
the VFT type temperature dependence as shown in
Figure 44, giving two glass temperatures of 344K
and 355K. These temperatures approximate T0H

iso

and T0L
iso estimated though the enthalpy relaxation

rate of the isotropic liquid glass. The appearance of
two glass transitions in the isotropic liquid and the
coincidence between T0L

iso and T0
LC thus seem more

than casual ones.
Two ideal glass temperatures of isotropic liquid of

LC material are discussed in recent works on glass
transition, by extension of a mode coupling theory
(MCT) to hard ellipsoids.84 According to this theory,
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the ellipsoids with aspect ratio greater than 2.5 (ca-
lamitic mesogens) freeze their orientational degree
of freedom, and remaining translational degree of
freedom attaches still liquid like nature to some extent
to the system. Temperature scaling analysis for optical
heterodyne detected optical Kerr effect data for low
molecular weight nematic LC materials have repre-
sented two glass transitions of the isotopic liquid.85

The two ideal glass temperatures found in this study
may thus be understood by the same way: T0H

iso is
attributed to the freezing of molecular orientation fluc-
tuation while T0L

iso to the freezing of molecular trans-
lation motions. The glass transition in the smectic LC
is attributable to the freezing of translational molecu-
lar motion within the layer.18,24 This seems to be the
reason why T0

LC corresponds to T0L
iso.
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R. Dı́az Calleja, Macromol. Chem. Phys., 203, 2508 (2002).
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