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Abstract

Micro-banded textures developed from thin films of a main-chain thermotropic liquid crystalline chloro-poly(aryl ether ketone) in the melt

were investigated using transmission electron microscopy (TEM), selective area electron diffraction, and atomic force microscopy

techniques. The micro-banded textures were formed in the copolymer thin films after annealing at temperatures between 320 and 330 8C,

where a highly ordered smectic crystalline phase is formed without mechanical shearing. The micro-banded textures displayed a sinusoidal-

like periodicity with a spacing of 150 nm and an amplitude of 2 nm. The long axis of the banded texture was parallel to the b-axis of an

orthorhombic unit cell. In the convex regions, the molecular chains exhibited a homeotropic alignment, i.e. the chain direction was parallel to

the film normal. In the concave regions, the molecular chains possessed a tilted alignment. In addition to the effects of annealing temperatures

and times, the thickness of the film played a vital role in the formation of the banded texture. A possible formation mechanism of this banded

texture was also suggested and discussed. It was suggested that the micro-bands were formed during cooling.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Control of molecular and supra-molecular ordering is of

central significance in academic studies and some appli-

cations of small molecular liquid crystals and liquid

crystalline (LC) polymers. For example, molecular align-

ment played an integral part in the development of liquid

crystal devices, and the preferred molecular orientation is

described as the director (or vector) [1]. Depending on the

nature of the interactions of LC molecules in films with

substrate surfaces, two limiting cases to describe the

molecular alignment exist: homogeneous orientation with

the chain molecules being perpendicular to the film normal,

and homeotropic alignment with the director parallel to the

film normal [2]. In most cases, a uniform orientation of the

LC molecules can be induced via chemically or physically

modifying surface, as well as, external mechanical, electric,

or magnetic fields [3–7]. The resulting periodic banded

structure, which shows an alternation in the molecular

director, is commonly observed in lyotropic and thermo-

tropic LC polymers.

During the past two decades, much attention has been

paid to the banded structures formed in LC polymers by

mechanical shearing [8–18]. It was shown that the banded

textures were formed during the chains relaxation after the

shear, and the bands were perpendicular to the shear

direction in polarized light microscopy (PLM) and trans-

mission electron microscopy (TEM). The bands had a

periodicity ranging from 0.5 to 10 mm, depending on the

nature of LC polymers and shearing rates. In general, it has

been understood that the molecular and texture elasticity

were the source of band formation [19,20].

Recently, it was reported that banded structures in LC
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polymers were formed without mechanical shearing

[21–25]. Therefore, the concept of crystallization-induced

bands was introduced [21]; specifically, the bands arose

from the volume change on the crystallization of sufficiently

enlarged domains. In this case, the energy associated with

excess free volume contributed to the buckling in forming

the banded structures. Multiple banded textures on different

length scales have also been observed in similar conditions

[22]. Solidification-induced banded textures in non-crystal-

lizable polymers have also been reported. The banded

textures were generated during quenching from the oriented

nematic phase to below the glass transition temperatures

[23–25]. However, it is possible that the crystallization/

solidification-induced banded textures possess different

formation mechanisms, than those induced by mechanical

shearing. Moreover, the molecular alignment of the banded

textures reported thus far, irrespective of whether caused by

the shearing-induced or the crystallization/solidification-

induced, exhibit homogeneous orientation (the molecular

chains are perpendicular to the film normal).

In our previous papers, we have reported that main-chain

LC copoly(aryl ether ketone)s possessed highly ordered

smectic LC phase behaviors and exhibited abundant LC

textures in PLM such as schlieren, grainy, focal-conic, fan-

shaped, mosaic, and spiral textures [26–28]. In particular,

one of the copoly(aryl ether ketone)s that contained a

chloro-pendent group, exhibited two main first order

thermodynamic transitions: a crystal-to-highly ordered LC

transition ðTmÞ at 318 8C, and a highly ordered LC-to-

isotropic melt transition ðTiÞ at 333 8C measured by

differential scanning calorimetry as shown in Fig. 1. The

lower temperature transition at 285 8C might be associated

with the existence of a crystal polymorphous. The highly

ordered LC phase showed a mosaic optical texture between

Tm and Ti as shown in Fig. 2 [26–28]. In this publication, we

report our most recent study on the formation of ordered

structures in inducing micro-bands in thin films of this

copolymer. The molecular alignment in the banded region

was homeotropic or tilted from the film normal direction as

determined by TEM, selective area electron diffraction

(SAED), and atomic force microscopy (AFM) techniques. A

possible explanation for the formation of the micro-banded

texture was also proposed.

2. Experimental section

2.1. Materials and sample preparation

The random chloro-copoly(aryl ether ketone) used in this

investigation was synthesized by a nucleophilic substitution

reaction based on 4,40-biphenol and chlorohydroquinone

with 1,4-bis( p-fluorobenzoyl)benzene [29–31], and abbre-

viated as Cl-co PEK. The chemical structure of the

copolymer is

The number average molecular weight of this copolymer

was about 5000.

Thin films of Cl-co PEK with a thickness between 20 and

50 nm were prepared for TEM and AFM experiments. The

preparation of the thin films was done with a 0.1%

solution of the copolymer in a 40/60 (w/w) mixed solvent

Fig. 1. DSC curves of Cl-co PEK during cooling and subsequent heating at

scanning rates of 10 8C/min. Fig. 2. PLM micrograph of the mosaic texture of Cl-co PEK in its highly

ordered smectic crystal phase.
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of p-chlorophenol/1,1,2,2-tetrachlorethane coated on car-

bon-coated cover glass slides, and the solvent was

evaporated in a vacuum oven. After being heated above

the Ti (360 8C) for 5 min, to eliminate previous thermal

history, the films were rapidly cooled to a temperature

between the Tm and Ti in the highly ordered LC phase

temperature region (320–330 8C) for a preset period of time

(usually 1–2 h). The thin film samples were then cooled to

room temperature. The films were separated by etching

glass slides using hydrofluoric acid. The thin films were then

floated on the surface of water, and collected on copper

grids for TEM and AFM observations.

2.2. Experiments and equipment

The highly ordered smectic crystal structure and micro-

banded texture of the Cl-co PEK thin film samples were

observed in TEM (JEOL 2010 TEM using a 200 kV

accelerating voltage). In order to determine the chain

direction in the micro-banded structure, a rotating–tilting

stage for the specimen in SAED was used (with ^308 tilt

and 3608 rotation). Calibration of the camera length was

carried out using Au as the standard material.

AFM measurements were performed using a Nanoscope

III atomic force microscope (Digital Instruments) operated

in the contact mode at ambient conditions. A Si3N4 tip

attached to a 200 mm cantilever with a spring constant of

0.06 Nm21, was used with an applied force of 3 nN.

Micrometer-scale and molecular lattice resolution images

were obtained using 100 and 1 mm piezoelectric scanner

heads, respectively. Scanning line frequencies were 1 Hz for

large scale and up to 60 Hz for smaller areas. In most

experiments, the samples were scanned or rotated in dif-

ferent directions and images were taken repeatedly. This

technique provided an important approach in verifying the

observed images.

3. Results and discussion

3.1. Observations of micro-bands

When a 20 nm thick Cl-co PEK film was annealed in the

highly ordered smectic crystal phase at a temperature of

325 8C for 1.5 h and subsequently cooled to ambient

temperature, micro-banded textures were observed at the

film surface. Fig. 3(a) shows an AFM height image of the

thin film surface. The periodicity of the micro-bands was

around 150 nm. The overall shape of the micro-bands was

sinusoidal-like at the top surface as shown in Fig. 3(b),

which is an enlarged height image. It also contains

alternative convex–concave parts, and the amplitude (the

distance between maxima and minima) was around 2 nm.

This banded texture was also observed in TEM bright field

(BF) image as exhibited in Fig. 4. However, the less obvious

bands in the TEM BF image resulted from the fact that,

TEM observations only provide electron density difference

of the sample. The alternative lighter and darker zones are

representative of the micro-banded texture. When compar-

ing the AFM image in Fig. 3(a) and (b) with the TEM BF

image (Fig. 4), it seems that the convex–concave parts in

AFM image correspond to the alternating electron density

zones of the TEM image (see below).

It should be pointed out that the band observations were

not related to the cooling rates used on the thin film samples.

The banded texture was observed in both samples, that were

quenched and cooled slowly to ambient temperature.

However, the banded texture was strongly associated with

the annealing process. Only the thin film samples annealed

between the Tm and Ti for 1 or 2 h, showed the banded

structure that was observed at ambient temperature. Direct

cooling without annealing from temperatures either higher

than the Ti or between the Tm and Ti did not yield the banded

texture.

Fig. 3. (a) AFM height image of the thin film Cl-co PEK in a large area. The

white solid line represents one periodicity of the micro-bands. (b) AFM

height image in a local area of the micro-bands.

S. Zhang et al. / Polymer 45 (2004) 3967–3972 3969



3.2. Molecular orientation in the ordered structure of the

micro-bands

When SAED experiments were conducted on the thin

film as shown in Fig. 4, a SAED pattern was obtained as

shown in Fig. 5. Based on previously reported results in

determining the crystal structures in poly(aryl ether ketone)s

[32 – 34], this SAED pattern with strong and sharp

diffraction spots, likely represented a [001] zone SAED

pattern, and it should provide information on the molecular

lateral packing structure in the thin films. The measured

dimensions of the unit cell based on this SAED pattern were

a ¼ 0:77 ^ 0:02 nm and b ¼ 0:61 ^ 0:02 nm, and it was a

rectangular lattice. Assuming that the chain direction was to

be parallel to the film normal in the convex regions, the

three-dimensional structure should be orthorhombic. The

long axis of the micro-bands was determined to be parallel

to the b-axis direction. However, if the chains were tilted in

the concave regions, the three-dimensional structure should

be monoclinic.

When the scan resolution was increased in AFM, a

molecular lattice resolution image could be obtained.

Fig. 6(a) shows the lattice image of the convex regions

selected from the height image of Fig. 3(b). A two-

dimensional Fourier transformation generated a diffraction

pattern which is inserted in Fig. 6(a). From this, a

rectangular lattice for the lateral chain packing could be

obtained. After Fourier filtering, a two-chain lateral packing

model was clearly observed in Fig. 6(b), where the bright

spots were representatives of chains projected in a head-on

direction. The two-dimensional lateral dimensions were

a ¼ 0:79 ^ 0:02 nm and b ¼ 0:63 ^ 0:01 nm, which corre-

sponded well to the dimension parameters obtained using

SAED technique in Fig. 5.

Although the AFM results seemed to indicate that the

molecular chains in the convex regions were parallel to the

film normal, Figs. 3–6 do not directly provide any structural

relationships between the chain orientation and the micro-

bands. In order to establish this relationship and understand

the formation mechanism of the micro-bands, DF experi-

ments in TEM were carried out. Fig. 7 shows the SADF

image of the banded texture taken from the (200) reflection.

The bright zones in this figure indicated that the molecular

chains obey the (200) Bragg reflection in the SADF image

Fig. 4. BF TEM image of the Cl-co PEK thin film sample.

Fig. 5. SAED pattern of the Cl-co PEK thin film sample.

Fig. 6. Unfiltered AFM high-resolution image of the thin film and the

Fourier transformed diffraction pattern as inserted (a); and the Fourier

filtered image of Fig. 5(a) (b).

S. Zhang et al. / Polymer 45 (2004) 3967–39723970



and, therefore, were homeotropically aligned. Note that only

the chain molecules located in these banded regions

contributed to the ED pattern shown in Fig. 5. It is also

important to note that these alternating bright and dark

zones also corresponded to the BF TEM micrograph in Fig. 4

and the convex–concave regions of the AFM in Fig. 3.

The remaining question was, how are the molecules in

the concave region of the micro-bands as seen in the AFM

images in Fig. 3 (as well as the bright regions of the BF

image of TEM in Fig. 4) aligned? Since the thin film

thickness was around 20 nm, which is roughly similar to the

extended chain length, it was speculated that only a single

layer of chain molecules was involved in the thin films.

When the band height changed with a magnitude of about

2 nm, one would expect that the molecules in these bands to

periodically change their orientations. We tried to find

which direction the chain molecules were tilted using a

tilting stage in SAED experiments. After tilting the film

around both the a-and the b-axes determined in Fig. 5, the

tilted SAED results indicated that the chain molecules in the

concave regions in the thin film were indeed tilted.

However, the tilt directions and tilt angles were not fixed

with respect to the film normal. Therefore, a more precise

description of the chain direction should be that molecules

are staggered along the b-axis.

3.3. Origin in the formation of the micro-bands

In the past, crystallization and structural ordering

induced micro-banded textures have been reported. In

those cases, the molecular orientation was homogenous,

similar to the case under mechanical shearing [8–18].

Homeotropic orientation of chain molecules with micro-

banded texture was first reported in LC polyethers via

thermal annealing on carbon-coated cover glass slides. It

was also noted that this micro-banded texture did not appear

when the polyether was deposited on silane-grafted

substrate surfaces [5]. In the case reported here, both the

annealing process on the thin film samples, as well as the

film surface chemistry resulted in micro-bands only being

formed in samples having a thickness in the vicinity of

20 nm. Fig. 8 shows a sample with a variable thickness. In

the right part of Fig. 8, the film thickness was close to

20 nm, and the micro-banded texture can be found. In the

left part of Fig. 8, the sample was thicker than 20 nm, and no

banded texture was observed.

A possible explanation for the formation of this banded

texture involves the effects of the substrate, and the energy

associated with excess free volume. The copolymer film

was initially cooled from the isotropic melt to the LC

transition temperature (320–330 8C) thereby forming a

highly ordered LC phase as shown in Fig. 1. This phase

transformation process was accompanied with a decrease in

volume due to the first-order thermodynamic transition.

During the annealing process, the poly-domain sample

gradually became mono-domain via annihilation of dis-

clinations, and unifying the chain orientation. Both

processes produce contractions perpendicular to the chain

direction and expansions along the chain direction. These

two processes also contributed to the energy associated with

excess free volume due to the texture elasticity and lateral

close packing. Under an assumption that all the molecules in

the thin film ‘participate’ in these processes, and no new

materials become available, the overall sample area must

contract.

It was reported that Helfrich–Hurault undulations were

found in a smectic A phase [35]. The principle of this

finding was that, when a homeotropic sample was heated

slightly, and then cooled, the smectic layers contracted.

When the sample thickness was fixed, this contraction could

be achieved through undulations [36,37] in the sample, and

resulting in banded texture. We believe that the micro-

banded texture found in our case should possess a similar

Fig. 7. (200)-DF TEM image of the Cl-co PEK thin film sample where the

bright and dark zones correspond to the micro-bands.

Fig. 8. BF TEM image of the Cl-co PEK thin film with different thickness in

different areas. In the left part of this figure, the film thickness is around

20 nm, and in the right part of this figure, the film thickness is substantially

thicker than 20 nm.
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mechanism. Therefore, the banded texture was formed in

this manner on cooling the annealed Cl-co PEK thin film to

ambient temperature.

4. Conclusion

Ordering induced formation of a micro-banded texture in

the Cl-co PEK thin film mono-domain was experimentally

observed in TEM and AFM images after thin films were

annealed in the highly ordered smectic crystal region of

320–330 8C, and subsequently cooled to ambient tempera-

ture. The banded texture was sinusoidal-like with an ampli-

tude of ,2 nm and periodicity of 150 nm. Based on SAED

results, the band-long direction was along b-axis of the

smectic crystals, which possessed an orthorhombic packing.

In the convex regions, the chain molecules exhibited

homeotropic alignment with the chain direction parallel to

the film normal. In the concave regions, the chain molecules

were tilted. The thickness of the thin films also served as one

of the controlling factors for the formation of the banded

texture. Only when the thickness of the film was comparable

to, or a little larger than the extended chain length (,20 nm)

of the copolymer, could the regular single crystal-like

banded texture be formed. A possible mechanism for the

banded texture formation may be similar to that seen in

Helfrich–Hurault undulations.
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