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Abstract

We investigated liquid crystallization of liquid crystalline polyester BB-5 during isothermal annealing by digital high-fidelity microscope

and light scattering. A liquid crystalline spherical domain having a radius of micrometers appeared by annealing at around 180 8C. The

domain grew dendritically in all directions. Neighboring liquid crystalline regions coalesced and then interconnected. The interconnected

structure changed to a co-continuous two-phase structure with increasing ordering of the liquid crystalline phase, and the interface between

the liquid crystalline phase and the isotropic phase became smoother over time. Liquid crystallization stopped before volume filling the

whole space, and the liquid crystalline phase and isotropic phase coexisted. The liquid crystalline region became narrower with an increase in

the temperature of the liquid crystallization. Such structural development is different from the liquid–liquid phase separation via spinodal

decomposition, and it may be attributed to the segregation of non-liquid crystallizable low molecular weight molecules from the growth front

by fractionation of the molecular weight distribution during the liquid crystallization in terms of the instability of the diffusion-controlled

interface.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The increase of density fluctuations during the induction

period prior to crystallization of crystalline polymers has

been proposed as the result of small angle X-ray scattering

(SAXS) and wide angle X-ray scattering (WAXS). The

SAXS peak corresponding to density fluctuation having a

wavelength of several tens of nanometers increases

exponentially with time before the appearance of the

Bragg peak in WAXS. This increase suggests that liquid–

liquid phase separation via spinodal decomposition occurs

during the induction period of the crystallization. Such

spinodal decomposition has been reported in poly(ethylene

terephthalate) (PET) [1,2], poly(ether ketone ketone) [3],

isotactic polypropylene [4,5], and isotactic polystyrene [6].

Spinodal decomposition is explained by the kinetic theory

of the isotropic-to-nematic transition of polymer liquid
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crystals; i.e. phase separation is induced by the parallel

orientational ordering of rigid polymer segments prior to

crystallization [7,8].

Recently, Wang et al. found a co-continuous structure of

a liquid crystalline phase and an isotropic phase having a

size of 10 mm in liquid crystalline co-polyester consisting of

p-hydroxybenzoic acid and ethylene terephthalate [9]. The

development of the co-continuous structure was explained

by the liquid–liquid phase separation via late stage of the

spinodal decomposition. Independently, we found a co-

continuous structure consisting of a liquid crystalline phase

and an isotropic phase by a drop in temperature from the

isotropic melting state to the liquid crystalline state in

poly(pentamethylene-4,40-bibenzoate) (BB-5), which has a

structure similar to that of PET and a segmental rigidity higher

than that of PET [10]. The liquid crystallization stopped before

volumefillingof thewhole space, and the isotropicmelt region

remained in spite of the long annealing time.

This paper reports on our investigation of the structural

development of BB-5 to help in understanding the origin of

the co-continuous structure of BB-5. The investigation was

performed by using a digital high fidelity microscope, a

polarized optical microscope, and light scattering. The
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results led us to understand that the co-continuous structure

is not ascribed to spinodal decomposition but to the

segregation of low molecular weight molecules from

the growth front of the liquid crystalline phase by the

fractionation of the molecular weight distribution. Develop-

ment of the co-continuous structure is discussed in terms of

the instability of the diffusion-controlled interface [11–17].
2. Experimental

This study used the liquid crystalline polyester, BB-5.

The BB-5 was synthesized by melt transesterification of

dimethyl 4,4 0-bibenzoate and pentandiol including five

methylenes with isopropyl titanate as a catalyst [18–20].

Table 1 lists the characteristics of BB-5. BB-5(WD) is

BB-5 with a wide molecular weight distribution while BB-

5(ND) is BB-5 with a narrow molecular weight distribution.

The weight average molecular weight Mw, number average

molecular weight Mn, and molecular weight distribution

Mw/Mn were determined by gel permeation chromatography

(GPC) based on data for polystyrene. The isotropization

temperature of the smectic phase, Ti, indicating the smectic–

isotropic phase transition temperature, was obtained from

the exothermic peak in the DSC heating curve. Ti is below

the thermal decomposition temperature, and the develop-

ment of liquid crystallization after the temperature drop

from the isotropic melting state can be observed [21,22].

A thin film of ca. 30 mm thick was prepared by melting

the pellets at 235 8C for 5 min on a hot stage and pressing

them between two cover glasses. The melt specimen at the

isotropic melt state was then rapidly quenched to the desired

liquid crystallization temperature, Tlc. Structural develop-

ment during isothermal annealing at Tlc was observed under

a polarized optical microscope (Olympus, BX-50) with a

sensitive tint plate and high-fidelity digital microscope

(Hirox, MX-50305ZP).

Real-time analysis of the isothermal liquid crystallization

was performed by the light scattering method. A film

specimen on a cover glass was melted at 235 8C for 5 min on

a hot stage. The film specimen was then immediately

transferred to another hot stage on the light scattering stage

and annealed at Tlc. A polarized He–Ne laser with a

wavelength of 632.8 nm was applied vertically to the film

specimen. The scattered light was passed through an

analyzer and then onto a highly sensitive charge-coupled

device (CCD) camera with a 13.3!8.8 mm2 sensor having
Table 1

Characterization of BB-5

Polymer Mn Mw Mw/Mn Tm (8C)

BB-5(WD) 3472 9819 2.83 190

BB-5(ND) 22,101 42,080 1.90 210

WD, wide molecular weight distribution; ND, narrow molecular weight

distribution.
512!512 pixels (Princeton Instruments, Inc., TE/CDD-

512-TKM-1). We employed Hn geometry in which the

optical axis of the analyzer was set perpendicularly to that of

the polarizer. This enables a time-resolved, one-dimensional

measurement with 512 data points in a time scale of 0.2 s.

The input data from the CCD camera was digitized by the

ST-13X controller. The digitized data were stored in a

personal computer for further analysis [23].
3. Results and discussion

Fig. 1 is a polarized optical micrograph of BB-5(WD)

annealed at 180 8C for 1 h. The liquid crystalline texture of

the smectic phase having a strong birefringence is seen in

this temperature range [18–20]. The noteworthy result here

is that a co-continuous structure consisting of a liquid

crystalline phase and an isotropic phase was obtained.

Another interesting result is that the liquid crystallization

stopped before volume filling of the whole space and the

isotropic melt region remained in spite of the long annealing

period. The stopping of the liquid crystallization with a co-

continuous structure is rare in neat polymers, and the co-

continuous structure is different from the characteristic

liquid crystalline textures such as Schlieren and focal conic

textures caused by defects [24–29].

There are two possibilities for the stopping of the liquid

crystallization with a co-continuous structure. One is the

liquid–liquid phase separation via spinodal decomposition

[9] caused by parallel orientational ordering of rigid

segments prior to crystallization demonstrated in PET

since the segmental rigidity of BB-5 is higher than that of

PET [1,2]. The other is the segregation of non-liquid

crystallizable low molecular weight molecules from the

growth front of the liquid crystalline phase during liquid

crystallization by the fractionation of the molecular weight

distribution [30,31]. To understand this unique behavior, the
Fig. 1. Polarized micrograph of BB-5(WD) annealed at 180 8C.
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morphology development is discussed in the following

paragraphs.

Fig. 2 shows the development of the liquid crystalline

morphology of BB-5 during isothermal annealing at 180 8C.

Initially, spherical domains having a size of several

micrometers were detected (Fig. 2(a)). When the domains

grew to a size of about 10 mm, protuberances having a width

of several micrometers appeared on the surface of the

spherical domains (Fig. 2(b)). The spherical domains grew

asymmetrically and their shape became distorted, although

the protuberances did not propagate into long projections

(Fig. 2(c)).

The distorted domains became larger over time and the

neighboring domains impinged on each other. The impinged

domains coalesced and the interfaces between the domains

disappeared (Fig. 2(d)). Because of their coalescence, the

distorted domains changed to large branched domains

having a size of about 100 mm. The branched domains
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. In situ observation of BB-5(WD) during liquid crystallization at
became larger over time by impinging on and coalescing

with the neighboring domains.

After the domains coalesced, the branched and distorted

domains changed their shape to long and curved one over

time, creating continuously connected domains (Fig. 2(e)).

The growth of the liquid crystalline domains stopped before

filling the whole space and the interstices between the

branches remained as isotropic melt regions. After growth

stopped, the optical anisotropy of the continuously

connected liquid crystalline phase increased while main-

taining the co-continuous structure. The interfaces of the

domains became smoother over time, i.e. the branching and

distortion of the domains decreased over time (Fig. 2(f)).

Finally, a co-continuous structure consisting of a liquid

crystalline phase and an isotropic phase shown in Fig. 1 was

obtained.

As explained above, the spherical liquid crystalline

domains changed into a co-continuous structure through
  

195 8C. Left, digital high-fidelity micrographs; right, schematics.



Fig. 2 (continued)
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various stages. This change is quite different from the

development of the morphology by liquid–liquid phase

separation via spinodal decomposition. The co-continuous

structure is usually obtained by spinodal decomposition,

though the development of the co-continuous structure in

the liquid crystalline co-polyester is explained by the late

stage of the spinodal decomposition [10]. Such evolution

might be explained by the fractionation of high and low

molecular weight molecules during liquid crystallization

due to molecular weight distribution, as explained in the

following paragraphs.

BB-5(WD) has a wide molecular weight distribution of

Mw/MnZ2.83, indicating that it consists of a wide range of

different molecular weights. The smectic–isotropic phase

transition temperature, Ti, increases with an increase in the

molecular weight, as suggested in Table 1. That is, Ti of the

higher molecular weight polymer BB-5(ND) is higher than

that of the lower molecular weight polymer BB-5(WD).
Hence, high molecular weight molecules in BB-5 are liquid

crystallizable while low molecular weight molecules are not

liquid crystallizable if BB-5 is annealed at a temperature

close to Tlc after the temperature drop from the isotropic

melt state. Non-liquid crystallizable low molecular weight

molecules diffuse away from the growth front of the liquid

crystalline phase by fractionation during the liquid crystal-

lization of the high molecular weight molecules.

Because of the segregation of the non-liquid crystal-

lizable low molecular weight molecules, a concentration

gradient is formed in the isotropic melt region at around the

interface between liquid crystalline phase and isotropic

phase (Fig. 3(a)) [12]. If part of the flat interface grows

faster than another part by some fluctuation, the advanced

part can grow faster due to the concentration gradient

(Fig. 3(b)). This might induce growth of the protuberances

on the surface of the spherical liquid crystalline domains, as

shown in Fig. 2(b). According to the Mullins–Sekerka



   

  

Fig. 3. Segregation of non-liquid crystallizable molecules from the growth

front; (a) concentration gradient in front of the interface, (b) isothermal

distribution in the isotropic melt region around the interface.
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theory [11,14,16], the stability of the interface is described

by

_dlm Z ðlK1Þ

!
Dc

c0R
2

ðcNKceÞK ðl2 C3lC4Þ
ceGc

R

� �
dlm

hulmdim (1)

Gc Z
gu0

kBT
(2)

where dlm is the deformation amplitude, Dc is the diffusion

coefficient, c0 is the concentration in the liquid crystal, cN is

the concentration at infinity, ce is the equilibrium

concentration at the flat interface, R is the radius of

spherulite, l is the order of spherical harmonics, Gc is the

capillary length, g is the interfacial tension, u0 is the atomic

volume, kB is Bolzmann’s constant, and T is the absolute

temperature. Interfacial stability is determined by the

increase and decrease of the deformation amplitude _dlm in

Eq. (1). In the { } of Eq. (1), the left term (cNKce) is the

supersaturation and the right term (l2C3lC4)ceGc/R is the

contribution of the interfacial tension. The supersaturation

enhances the perturbation of the interface while the

interfacial tension suppresses the perturbation. When the

contribution of the supersaturation on _dlm is larger than that

of the interfacial tension (ulmO0), the interface is unstable

due to the growth of the deformation, and the protuberances

propagate to fibrillar projections and proliferate by

divergence of the protuberances. In contrast, when the

contribution of the interfacial tension is larger than that of

the supersaturation (ulm!0), deformation decays and the

protuberances do not propagate to projections. Thus, the

small protuberances in Fig. 2(c) are ascribed to strong

interfacial tension.

The spherical domains with small protuberances grew to

distorted domains due to the presence of the non-liquid

crystallizable low molecular weight molecules at around

the growth front of the liquid crystalline phase. That is, the

growth rate changes with the concentration of the

segregated non-liquid crystallizable molecules at the growth

front. Since the liquid crystalline phase is not solidified but

is movable, the neighboring domains can coalesce and the

interface between each domain disappears when they

impinge, as shown in Fig. 2(d). Because of the coalescence,

distorted domains change their shape to branched and

continuous connected ones. The branched and continuously

connected domains are not volume filled and the isotropic

melt region remains in the interstices within the branches.

The isotropic melt region remains in spite of the long

annealing time due to the presence of the non-liquid

crystallizable low molecular weight molecules segregated

from the growth front.

After the growth of the liquid crystalline domains, the

strong interfacial tension of the liquid crystalline phase
reduces the curvature of the branched domains and

smoothes the protuberances on the surfaces of the domains.

Because of the strong interfacial tension, the branched and

continuously connected domains with small protuberances

change to long and curved domains with flat surfaces, as

shown in Fig. 2(f). Finally, the co-continuous structure

shown in Fig. 1 is obtained.

To better understand the evolution of the co-continuous

structure in Figs. 1 and 2, it is convenient to employ the

integrated scattering intensity in Hn mode, i.e. the invariant

QHn defined by [23,32,33]

QHn Z

ðN
0
IðqÞq2dq (3)

where I is the intensity of scattered light at the scattering

vector q, qZ(4p/l)sin(q/2), l and q being the wavelength of
the light and the scattering angle, respectively.

The Hn light scattering pattern from the liquid crystalline

phase of BB-5 has a circular symmetric one, suggesting

scattering from a liquid crystalline domain with randomly

orientated optical anisotropy. In this case, QHn is expressed

by the mean square optical anisotropy hdi2

QHnf hdi2 Zfsðar KatÞ
2 (4)

where fs is the volume fraction of the liquid crystalline

domain, and ar and at are the radial and tangential

polarizabilities of the liquid crystalline domain,



ζ

Fig. 4. Optical anisotropy and volume fraction of liquid crystalline phase in

BB-5(WD) at 195 8C.
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respectively. Therefore, QHn is expected to increase with an

increase in the volume fraction of the domain and then level

off when the liquid crystallization stops [23,32,33].

During the evolution of the liquid crystallization at

180 8C, QHn increased steeply at first, then increased

gradually over time. This behavior indicates that liquid

crystallization starts to occur after a short induction period

and it stops after around 100 s. The volume fraction of the

liquid crystalline domain fs was obtained by image data

processing of particle analysis of the morphology shown in

Fig. 2. The optical anisotropy (arKat)
2 is a measure of the

ordering in the liquid crystalline domain. The value of

(arKat)
2 can be obtained from Eq. (4) by QHn and fs. Fig. 4

shows fs and (arKat)
2 thus obtained as a function of liquid

crystallization time. fs increases steeply with time, and

reaches a maximum at around 20 s, then starts to decrease.

In contrast, (arKat)
2 increases steeply with time for the first

50 s, then continues to gradually increase with time. These

results suggest that the liquid crystalline domain grows

rapidly at an early stage with an increase in the ordering of

the domain. The growth of the liquid crystalline domain

stops after around 20 s. This corresponds with the result

shown in Fig. 2(e). The decrease of fs suggests the

contraction of the domain. The contraction may be ascribed

to the reduction in surface area by interfacial tension and
Fig. 5. Digital high-fidelity micrographs of BB
densification due to an increase of ordering after the liquid

crystalline domain stops growing.

Fig. 5 shows optical micrographs of BB-5(WD) obtained

by liquid crystallization at 185 and 193 8C. As the

temperature of liquid crystallization increased, the rate of

growth of liquid crystallization decreased and the liquid

crystallizable region became narrower. Since the liquid

crystallizable high molecular weight molecules decreased

with increasing temperature, as demonstrated before, the

liquid crystallizable region became narrower and the growth

rate decreased with an increase in the liquid crystalline

temperature. Distorted domains with small protuberances

coalesced and branched domains were obtained at 185 8C

(Fig. 5(a)). The sizes of the protuberances decreased and the

domain became flatter with an increase in the liquid

crystalline temperature, and multifaceted domains were

obtained at a temperature of 193 8C (Fig. 5(b)). Since the

contribution of supersaturation in Eq. (1) becomes smaller

while that of the interfacial tension remains constant with an

increase in temperature, the contribution of interfacial tension

on interfacial stability in Eq. (1) becomes larger than that of

supersaturation with an increase in temperature. Thus,

distortion and branching decrease with an increase in

temperature, and the interfaces become flatter by the

suppression of the protuberances due to interfacial tension.

This behavior may support the instability of the diffusion-

controlled interface developed by the fractionation of the

molecular weight distribution.

Fig. 6 shows the change in the morphology of BB-5(WD)

during heating from 180 8C. During heating, the liquid

crystalline region melted from the surface and became

smaller. As shown in Fig. 7, the volume fraction of the

liquid crystalline region continuously decreases with an

increase in temperature. The volume fraction decreases

gradually with an increase in temperature in BB-5(WD),

while it decreases steeply in BB-5(ND). Since the smectic–

isotropic phase transition temperature, Ti, increases with an

increase in molecular weight and the liquid crystalline phase

melts when it reaches Ti, continuous melting with

temperature may be ascribed to the distribution of Ti due

to the molecular weight distribution in the liquid crystalline

phase. Therefore, Ti in BB-5 widens and the change in the
-5(WD) at (a) 185 8C and at (b) 190 8C.



Fig. 6. Polarized micrographs of BB-5(WD) during heating.

Fig. 7. Volume fraction of liquid crystalline region in BB-5(WD) and BB-

5(ND) as a function of temperature during heating.
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volume fraction becomes smaller as the molecular weight

distribution increases. This behavior may also support the

obtaining of the two-phase structure by the fractionation of

the molecular weight distribution.
4. Conclusion

We found a co-continuous two-phase structure of a liquid

crystalline phase and an isotropic phase in liquid crystalline

polyesterBB-5. The co-continuous structure is obtained by the

coalescence and impingement of branched and distorted

domains caused by fractionation of high and low molecular
weight molecules during liquid crystallization. That is, a

concentration gradient is formed at the growth front, and the

growth front is unstable due to the segregation of the non-

liquid crystallizable low molecular weight molecules. Such

structure development is quite different from the morphology

development by liquid–liquid phase separation via spinodal

decomposition, and it may be attributed to the segregation of

non-liquid crystallizable low molecular weight molecules

from the growth front by fractionation of themolecularweight

distribution during the liquid crystallization.
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