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Stellingen 

1. Het vloeibare karakter van vloeibaar-kristallijne polymeren is zeer duidelijk waarneembaar in 
dunne films van dit materiaal, namelijk als de film opbreekt en begint te vloeien bij verwarming in 
de mesofase. 

Dit proefschrift, hoofdstuk 4 en 5. 

2. Bij de vorming van een macroscopisch eenkristal in dunne vloeibaar-kristallijne polymeerfilms 
speelt onderkoeling geen of nauwelijks een rol. 

Dit proefschrift, hoofdstuk 3. 

3. Een goede polymeerhechting en hoge mate van ordening hoeft niet automatisch te leiden tot 
stabiele polymeerfilms. 

Dit proefschrift, hoofdstuk 2 en 4. 

4. De waargenomen bevochtigingsovergang van een dunne homopolymeerfilm (met 
polymerisatiegraad NH) op een chemisch identieke 'brush' (met polymerisatiegraad NBr) wordt 
door Liu et al. gecorreleerd aan de verhouding NH/NBr. Hierbij wordt voorbij gegaan aan het feit 
dat de filmdikte en oppervlaktebezetting ook een cruciale rol spelen bij deze overgang. 

Liu, Y.; Rafailovich, M.H.; Sokolov, J.; Schwarz, S.A.; Zhong, X.; Eisenberg, A.; Kramer, E.J.; Sauer, B.B.; 

Satija, S. Phys. Rev. Lett., 1994, 73, 440. 

5. Het nodig zijn van een kritische filmdikte bij polymeerkristallisatie in ultradunne polymeerfilms, 
sluit niet uit dat polymeerkristallisatie mogelijk is in nog dunnere films. 

Frank, C.W.; Rao, V.; Despotopoulou, M.M.; Pease, R.F.W.; Hinsberg, W.D.; Miller, R.D.; Rabolt, J.F. 

Science, 1996,275, 912. Reiter, G.; Sommer, J.-U. Phys. Rev. Lett., 1998, SO, 3771. 

6. In de coating-technologie wordt de glasovergangstemperatuur Tg algemeen als grens gezien 
tussen Fickse en niet-Fickse diffusieverschijnselen. Aangezien de T van het systeem kan 
veranderen door absorptie van laagmoleculaire verbindingen ('penetranten') is deze overgang 
blijkbaar niet scherp gedefinieerd. 

Van der Wei, G.K.; Adan, O.C.G. Progr. in Org. Coat., 1999, in press. 

7. In de wetenschap is de kans groot dat het wiel vaker dan eens wordt uitgevonden, aangezien vele 
grote landen slechts in hun eigen, minder toegankelijke, taal publiceren. 

8. Het is op opmerkelijk dat tijdens de fusie tussen de Landbouwuniversiteit (LUW) en de Dienst 
Landbouwkundig Onderzoek (DLO) de gezamelijke noemer uit de naam verdwenen is. 

9. Indien een proefschrift bestaat uit reeds verschenen publicaties, dan is te hopen dat het nawoord, 
c.q. dankwoord, niet het meest gelezen onderdeel is. 



10. Het gezegde: "Ik heb er mijn buik vol van", kan zeer letterlijk opgevat worden bij hoogzwangere 
vrouwen. 

11. De tijdsaanduiding op een parkeerbewijs vergemakkelijkt de planning van inbraak en diefstal van 
auto's. 

12. De beste stelling is hopelijk die van de schilder. 

Stellingen behorende bij het proefschrift 

Thin liquid-crystalline polymer films: nucleation, crystallisation, instabilities and growth 

Maarten W.J. van der Wielen, Wageningen Universiteit, 30 november 1999. 
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Chapter 1 

Introduction 

Abstract 

In this thesis thin films of side-chain liquid-crystalline polymers are investigated. In this chapter, 

first some background on liquid crystallinity (classification and ordering) and thin films in 

general is given. Then the background and objectives of this project are discussed and, finally, an 

outline of this thesis is presented. 



Chapter 1 

1.1 General 

Polymers with a degree of molecular order which is intermediate between that of a solid 

crystal and that of an isotropic liquid, are termed liquid crystalline, mesomorphic or 

mesophasic. Such order may be established either in solution (lyotropic) or in the melt 

{thermotropic). The term mesomorphic is adopted from the Greek language (^eaoa = 

intermediate and uopqpT] = form). 

Liquid-crystalline polymers (LCPs) combine liquid-crystalline behaviour (electroactive, 

magnetoactive, variable optical properties) and typical polymeric properties (mechanical 

properties such as high melt viscosity and a vitreous state, optical and dielectric properties) in 

one and the same material1. The bulk material of such polymers has been the subject of 

intensive research during the last two decades. 

The structural feature which gives liquid crystallinity to a polymer is the presence of 

rigid or semi-rigid structures within the molecule. This rigid moiety is also called the mesogenic 

group. It usually has a high axial ratio or it is disc-like and is often built up from aromatic rings. 

The mesogenic groups can be present in the backbone and/or connected to the backbone as side 

groups. The location of the mesogenic group defines the two major classes of liquid-crystalline 

polymers, which are correspondingly designated as main-chain and side-chain types (Figure 

1.1a and b). Also other variants exist, for example a combination which is a hybrid between the 

main-chain and side-chain LCPs (Figure 1.1c). 

In this study we focus only on thermotropic side-chain liquid-crystalline polymers, in 

which the mesogenic groups are linked to the polymer chain as side groups via a flexible 

spacer. In this way the polymer chains (random coils) and mesogenic groups (LC phases) are 

partially decoupled. If the mesogenic groups are linked to the polymer chain rigidly, i.e. 

without a flexible spacer, LC phases are rarely obtained. 

backbone 
\ 

spacer— 

mesogenic group— 

end group— 

Figure 1.1: Schematic representation of (a) main-chain, (b) side-chain, and (c) combined liquid-

crystalline polymers. 
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Figure 1.2: Schematic representation of some characteristic liquid-crystalline phases: (a) Nematic, 
(b) Smectic A, (c) Smectic B, (d) Columnar and (e) Cholesteric. 

1.2 Ordering phenomena 

Depending on the molecular order and molecular mobility different phases can exist. 

Types of LC phases which LCPs can exhibit are the so-called nematic, cholesteric, smectic and 

columnar phases. A schematic representation of these phases is given in Figure 1.2. In the 

nematic phase the order is present through the alignment of the long axes of neighbouring 

mesogenic groups (nearly) parallel to each other: the order is in one direction only. The centres 

of gravity have no long-range order. A special kind of nematic phase is the so-called cholesteric 

phase. In this phase the preferred direction of the long molecular axis is not constant over the 

whole sample, as it would be in a 'regular' nematic, but it rather displays a helical distortion 

(rotating order). Smectics are layered structures with a well-defined interlayer spacing. They 

have their long axis perpendicular to the layer plane and exhibit order in two directions. In the 

columnar phase we find piles of rigid building blocks. 

With increasing temperature every type of LC phase undergoes a transition towards a 

liquid (or isotropic) phase at the so-called isotropisation temperature Tr The temperature below 

which the LC phase solidifies is called the glass transition temperature Tg and the polymer then 

is in the glassy LC phase. 

In many cases external forces, like that exerted by a substrate, a magnetic field, an 

electric field or light can play a role in the ordering process of liquid crystals and/or liquid-

crystalline polymers. However, the driving force is due to excluded-volume effects. 
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Onsager and Flory were the first to give an explanation for the isotropic-nematic phase 

transition in a system of rigid rods. According to their model, the steric interactions between 

rigid rod-like groups (no overlap) play a major role in selecting the anisotropic state. Rods 

which are densely packed have more translational freedom (entropy) if they are aligned parallel 

(nematic) rather than oriented randomly. The average excluded volume is smaller in this ordered 

phase than in the isotropic phase, which leads to a higher packing entropy in the ordered 

phase2-4. 

In the liquid-crystalline state of side-chain liquid-crystalline polymers, the backbone 

must adopt (at least locally) the anisotropic phase structure. Compared with an isotropic melt, 

this results in a reduction in the chain entropy, because several conformations accessible in the 

statistical chain confomation are no longer possible. Therefore the chain entropy counteracts the 

formation of the liquid-crystalline phase structure. Nevertheless, many liquid-crystalline 

polymer systems exist. 

In the Onsager-Flory picture the transition from isotropic to nematic is described in 

terms of repulsive interactions purely. For smectic ordering it was generally believed in 

literature that attractive forces are required as well. However, Frenkel et al.5 showed that the 

nematic-smectic phase transition can also occur in the absence of attractive forces, hence, when 

only repulsive interactions play a role. Therefore, also the nematic-smectic phase transition can 

be understood on the basis of a competition between two entropic terms. The long range order 

of smectic layers reduces the ideal entropy but the more efficient packing of the particles leads to 

a lower excluded volume which, in turn, leads to a gain in packing entropy5. 

Of course, attractive forces may also play an important role in the ordering process. By 

changing the chemical structure of the liquid-crystalline polymer these attractive forces are 

influenced and different LC phases can arise and/or the transition temperatures can change. 

Small alterations in the mesogenic group, the polymer backbone, the spacer and the degree of 

polymerisation all affect the phase behaviour4 as will be briefly discussed below. 

Variation of the mesogenic group: The mesogenic group comprises three components, 

i.e., the rigid segments, the groups linking different rigid segments together, and substituents 

of the aromatic rings. Small alterations of each of these components can strongly affect the LC 

phase behaviour. For example, Ti increases with an increase in polarity of the terminating 

group. This terminating group determines the strength and direction of the dipole moment. The 

isotropisation temperature also increases when more benzene rings are present. Also, more 

ordered phases can then be expected and the thermal stability of the mesophase is enhanced. 

Variation of the polymer backbone: The backbone is responsible for the retardation of all 

relaxation processes. A higher molar mass (due to a longer polymer backbone) results in an 

increase of the glass transition temperature and of the isotropisation temperature. Increasing the 

flexibility of the backbone results in wider temperature ranges of the mesophase, and T; is often 

increased6. 
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Figure 1.3: Schematic representation of the dependence of the phase behaviour on the degree of 

polymerisation (DP) (g = glassy, c = crystalline, LC = liquid crystalline, i = isotropic). 

Variation of the spacer: With increasing length of the spacer the mobility of the 

mesogenic groups increases. This results in a decrease of T( and there is an increasing tendency 

for the formation of smectic phases. The length and the flexibiltiy of the flexible spacer also 

determine Tg. Short, flexible spacers strongly elevate T , which effect is nearly independent of 

the chemistry of the main chain, whereas for long flexible spacers the nature of the backbone 

does become an important feature4. 

Influence of the degree of polymerisation DP: What kind of mesophases are found often 

depends on the degree of polymerisation. At high DP more LC phases exist and consequently 

they can be stabilised differently (Figure 1.3). 

In the regime of oligomers (DP s 10), T; is strongly affected (increases with DP), while 

for 10 < DP < 100 this effect becomes weaker, to approach a constant value of the transition 

temperature for DP > 100. The same holds for LC-LC transitions, e.g., smectic to nematic, and 

for the glass transition temperature. A schematic example of such behaviour is given in Figure 

1.34-7. 

The increase of the LC phase transition temperatures with increasing DP is due to the 

reduction of the specific volume in going from the monomer to the polymer, which is strong for 

oligomers. Furthermore, the phase transition temperatures of highly ordered smectic phases are 

less sensitive to changes in DP than those of the nematic phase. 

1.3 Thin films 

Thin films (sub-micrometer range) on solid substrates are important in many 

technological applications and scientific investigations. They can be easily prepared via solvent 

casting procedures (spin-coating and dip-coating), by a Langmuir-Blodgett technique, or by 
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self-assembly of organic molecules like silanes and thiols. The purpose of these films can be, 

e.g., to modify the surface behaviour of a material, to form a protective barrier against moisture 

or solvent penetration, to produce a smooth(er) surface on a rough substrate, or to act as a 

dielectric insulator. Since thin films offer advantages over thicker films (such as requiring less 

material), films are made progressively thinner as science and industry strive to exploit these 

advantages. Upon decreasing the film thickness, though, the films become increasingly 

susceptible to defects resulting from the coating process8, substrate nonuniformities, or 

conjoining pressure, i.e. negative disjoining pressure which originates from the long-range 

interactions between molecules of the film and substrate910. Upon decreasing the film 

thickness, the molecular ordering can also change11-12. Therefore, understanding and 

controlling the processes acting in thin films are of utmost importance. Some important 

characteristics are surface morphology, film thickness, orientational molecular ordering, 

chemical composition and surface reactivity, wettability and adhesion, surface topography and 

roughness, and mechanical properties and stability. 

A considerable amount of research has been performed on thin films of isotropic liquids 

like alkenes, silicon oils and polystyrene10-13"16, but also on more organised films of low-

molar-mass liquid crystals (LCs)17"19, fatty acids and lipids20-21, block-copolymers2224, and 

classical self-assembling films formed by chemisorption such as alkylsilanes on silica and 

alkylthioles on gold25. There is, however, an interesting class of materials exhibiting structured 

ordered phases in bulk which has hardly been investigated in thin films, namely liquid-

crystalline polymers (LCPs). 

Since LCPs are hybrid materials (behaving both as liquid crystals and as polymers), 

they possess a versatility which can make them useful for various applications such as, for 

instance, optical storage, non-linear optics, gas and liquid chromatography, solid polymer 

electrolytes, separation membranes and display materials26. 

Research on LCPs is not only interesting because of possible applications but also 

intellectually stimulating from an academic point of view since they provide examples of 

structurally ordered fluid phases. Although much work has been performed on the synthesis 

and characterisation of LCPs in bulk3-4-27-28, studies of surface phenomena of LCPs are very 

scarce. As stated above, the same applies to thin films of LCPs. The work performed so far on 

side-chain liquid-crystalline polymer films mainly concerns the orientation of the mesogenic 

group within Langmuir-Blodgett films29-30 and within spin-coated films annealed above the 

glass transition temperature12-31-32. Another feature which has been investigated is the effect of 

surface roughness on the layer undulations in LB-films33 and the propagation of the roughness 

from a boundary in spin-coated films32. The topics described in this thesis contribute to 

investigations in this unexplored area of surface phenomena of ordered fluids. 
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1.4 Liquid-crystalline polymers in thin films: background and objectives 

As mentioned in section 1.3 there are several applications in which LCPs are used. In 

this thesis LCPs which could be relevant in the coating technology are studied. An important 

problem with coatings is the question how old paint layers can be removed. When a paint layer 

does not meet its requirements (like e.g. protection, decoration) any longer, it has to be 

removed. It is necessary that this is done in an environmentally friendly way. Techniques used 

so far are not always adequate in this respect. Therefore there is not only a need to improve 

existing techniques but also to investigate new paint removal techniques. A novel idea is to 

make use of a polymer primer layer with a sharp softening temperature. The removal of such a 

layer is schematically depicted in Figure 1.4. At low T, such a primer layer should adhere well 

to the substrate and be stable against break-up. Upon heating, e.g., by hot steam under high 

pressure, the polymer should undergo a phase transition at a certain temperature at which its 

viscosity suddenly drops so that it becomes possible to remove the coating layer as one intact 

film, simply by pulling the coating off the primer layer. 

There are several reasons why side-chain liquid-crystalline polymers might be suitable 

for this purpose. First, this kind of polymers can order in parallel layers. By tuning the 

chemical composition, and thus the polymer-surface interactions, it might even be possible to 

achieve layering parallel to the substrate surface, i.e., with the mesogenic groups perpendicular 

to the surface. This will then create more interfaces at which the primer film can split upon 

heating at suitable temperatures. 

Such a suitable temperature probably can be the T{, since LCPs 'melt' here, and thus 

undergo an abrupt drop in viscosity. For practical reasons, i.e., in order to remove the coating 

in an easy way, such an abrupt drop is preferred over the situation occuring for 'classical' 

polymers where the softening occurs over a long temperature traject and the viscosity remains 

relatively high even at high temperature34. By varying the chemical constitution of the polymer, 

the value of Tj can be adjusted. 

coating • AT 

surfacex/ // 

Figure 1.4: Splitting of a liquid-crystalline primer layer. 
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Another advantage of side-chain LCPs as primers is the fact that ordered layers can 

prevent and/or slow down the permeation of small molecules (such as water) towards the 

substrate surface. This has been shown by Gahde et al. in a system where LCPs were used as a 

primer35. Hence, the interfacial bonds are not weakened as is often the case when water 

penetrates to the interface; therefore ordered structures can provide protection against corrosion. 

All of the properties mentioned above will only constitute real advantages if the primer 

adheres well to the substrate. Since maleic anhydride moieties, and carboxylic groups in 

particular, are known to adhere well to metal oxides3639, liquid-crystalline copolymers of 

maleic acid anhydride and mesogenic alkenes were synthesised and used in thin films in this 

project. 

The synthesis was performed, in the context of a common project, by R.P. Nieuwhof, 

at the Laboratory of Organic Chemistry at Wageningen University. The entire project is 

financially supported by SENTER IOP-verf, which stimulates innovative research programmes 

in the coating field. Nieuwhof describes the synthesis and characterisation of bulk properties of 

the polymers in his thesis40. 

In the present thesis, thin films (in the nanometer range) of these LCPs are investigated. 

These films are prepared by the spin-coating technique. In this technique substrates covered by 

a polymer solution are rotated at high velocities (around 3000 rpm) to remove the superfluous 

material. The remaining solvent evaporates, leaving a thin polymer film behind. By adjusting 

parameters like the type of solvent, the rotation speed and the polymer concentration, smooth 

homogeneous films with varying sub-micrometer thicknesses can be prepared. The main 

techniques used to characterise and study these thin films are 

(i) ellipsometry, to measure the film thickness, 

(ii) atomic force microscopy (AFM) to investigate the surface topography and/or film thickness, 

(iii) optical microscopy (equipped with crossed polarisers and a heating stage) to study the film 

quality at a macroscopic level, the film stability, the dewetting process, and the appearance of 

crystalline structures, 

(iv) X-ray reflectivity to study the structures in the film perpendicular to the substrate surface, 

and 

(v) contact angle measurements to check the quality and hydrophobicity of different substrates. 

Several physical properties of the thin liquid-crystalline polymer films are investigated, 

thereby contributing to the fundamental knowledge in the field of ordered fluid phases and thin 

films. With the obtained results prudent conclusions might be drawn with respect to the 

possibilities to use the material as a primer in the proposed novel paint-removal technique. 
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1.5 Outline of this thesis 

This thesis describes different physical properties in thin (nanometer scale) films of 

side-chain liquid-crystalline polymers. The backbone consists of maleic acid anhydride moieties 

and the mesogenic side-groups are methoxybiphenyl systems. For the bulk material of LCPs it 

is known that certain ordered phases appear. However, for thin films little is known about the 

ordering phenomenon and therefore it is interesting to investigate whether this ordering is also 

present in thin films. 

In Chapter 2 we describe the structures which have been found in the films after 

annealing the samples above T . The combination of AFM and X-ray reflectometry gives a clear 

picture of the occurrence of ordered structures in thin films, both in parallel as well as in 

perpendicular directions with respect to the substrate suface. 

How this ordering comes about is described in Chapter 3, together with the layering 

kinetics. We report about the influence of the film thickness and about the effect of the 

annealing time and temperature. Again the same techniques were used. 

Upon prolonged annealing the films do not always remain stable but holes can appear 

and the film can break up. In Chapter 4 this dewetting behaviour is discussed for the mesophase 

as well as for the isotropic phase. The film stability is described as a function of the film 

thickness, the annealing time, and the temperature. The combination of optical microscopy and 

AFM gives a clear picture of the features on the micrometer to nanometer-scale. 

The properties described in Chapters 2,3 and 4 apply to thin films on smooth silicon 

substrates with a native silica layer. In Chapters 5 and 6 this model substrate was modified 

chemically and physically, respectively. In Chapter 5 the effect of changes in the polymer-

substrate interaction on the film formation, ordering and stability is described. For this purpose, 

the surface was chemically modified with a variety of chlorosilanes. The results are compared to 

the behaviour of thin films of a liquid-crystalline polymer with cyanobiphenylic side groups and 

a methacrylate backbone on unmodified silicon wafers. 

In Chapter 6 we describe a new method to roughen the smooth surface, without 

changing the chemical composition. We make use of colloidal silica particles which are 

adsorbed onto a pre-adsorbed positively charged poly electrolyte. By varying the radius of the 

particles and the particle density the roughness can be controlled. The effect of this nano-

roughness on the ordering, stability, and wetting behaviour, has been investigated. 

Finally, in Chapter 7, some results in bulk and at surfaces obtained in this IOP-project 

both from the work of R.P. Nieuwhof as well as from the present work are combined. In the 

same chapter the perspectives for using this kind of side-chain liquid-crystalline polymers as a 

primer is discussed. 
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Chapter 2 

Order in thin films of side-chain liquid-

crystalline polymers* 

Abstract 

Spin-coated side-chain liquid-crystalline polymer films, based on alternating copolymers of 

maleic acid anhydride and a-olefins carrying terminal mesogenic methoxybiphenylyloxy groups, 

on silicon wafers show lamellar ordering upon annealing above the glass transition temperature. 

In the surface topography (atomic force microscopy measurements) structures are visible with a 

height corresponding to a bilayer. Also within the fdm, the side chains are ordered 

perpendicularly to the surface as measured by X-ray reftectometry. There are indications that 

directly at the substrate surface the side chains are aligned parallel to the surface. By the two 

complementary techniques, a rather complete picture is obtained. Even though the films are very 

thin (nanometer-scale thickness), the structure has a high degree of perfection and the bilayer 

spacing is the same as measured for bulk polymer. 

Based on: M.W.J, van der Wielen, M.A. Cohen Stuart, G.J. Fleer, D.K.G. de Boer, A.J.G. Leenaers, R.P. 
Nieuwhof, A.T.M. Marcelis, E.J.R. Sudholter, Langmuir, 1997, 13(17), p. 4762-4766. 
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2.1 Introduction 

There has been increasing interest in the properties of thermotropic liquid-crystalline 

polymers (LCP) during the past several years1 4 . Most of these studies were concerned with 

bulk material; much less work was done on the thin films of such polymers. The use of X-ray 

reflectometry (XRR) or atomic force microscopy (AFM) to study thin films of liquid-crystalline 

polymers is even more scarce58. It is important to investigate the behaviour of these polymers 

in thin films because such films can be used in several applications, e.g., in optical and 

electrical devices. For these and other applications, it is crucial that the adhesion of the thin 

films on the substrate is good and that the phase behaviour is known. Because the molecular 

ordering may be affected by both the substrate-polymer interface and the polymer-air interface, 

the behaviour could well be different from that of bulk material. 

In this study thin films of side-chain thermotropic liquid-crystalline polymers are 

investigated. The polymer backbone is modified with anhydride groups, and the side chains 

contain mesogenic groups, in this case methoxybiphenylyloxy groups, separated from the 

backbone with an alkyl spacer. The anhydride groups are expected to improve the adhesion9, 

and the mesogenic groups are responsible for an ordered structure. Atomic force microscopy is 

used in combination with X-ray reflectometry to study the behaviour of films of these side-

chain liquid-crystalline polymers and to extract information on the ordering. A similar approach 

was used in a recent study by Henn et al.6. With AFM, it is possible to investigate lateral 

structures in the topography on the nanometer length scale. If thin films would not adhere 

sufficiently, dewetting is expected to take place upon annealing, which should be detectable 

with AFM. Vertical structures inside the film can be detected with XRR, with a depth resolution 

better than 1 nm10. With XRR, one obtains information on the layer thickness, the order within 

the film, the electron density profile, and the interfacial roughness. 

2.2 Experimental 

The liquid-crystalline side-chain polymers under study were synthesised by Nieuwhof 

et al.11. The synthesis of these polymers is based on an alternating copolymerisation of maleic 

acid anhydride and cc-olefins carrying terminal mesogenic methoxybiphenylyloxy groups. The 

radical polymerisation was performed in tetrahydrofuran under an argon atmosphere. The 

molecular structure of the repeating unit is depicted in Figure 2.1. Also shown in this figure are 

some aspects of the phase behaviour of the polymers in the bulk as determined by differential 

scanning calorimetry (DSC), X-ray diffraction, and polarisation microscopy. Full details of the 

synthesis and bulk properties will be published elsewhere11. The numbers used in the 

abbreviations for the liquid-crystalline polymers LCP-C4 and LCP-C9 refer to the number of 

carbon atoms (m) in the alkyl spacer of the side-chain, 4 and 9, respectively. The symbols g, 

SB, SAd and I correspond to the glass, smectic B, smectic Ad, and isotropic phase as described 

14 



- Order in thin films of LC polymers 
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LCP-C4 (m=4): Tg= 130°C, TSAd ^ , = 136°C 
LCP-C9 (m=9): Tg=99°C, TSB _ SAd =112°C, TSAd _ , =164°C 

Figure 2.1: Molecular structure of the repeating unit of the side-chain liquid-crystalline polymers 

LCP-C4 and LCP-C9. Also indicated is the phase behaviour of these polymers. The explanation of 

the symbols is given in the text. 

by Collyer12. These smectic phases are interdigitated bilayers; they are distinguished by 

differences in the short-range positional order. The polymers have a degree of polymerisation 

(DP) of about 9 and a polydispersity of 1.4. 

Films were prepared by spin-coating, with a homebuilt spin-coater, on smooth silicon 

substrates ( l x l cm2 for AFM measurements and 2 x 2 cm2 for XRR measurements) with a 3-

nm-thick native oxide layer. The cleaning procedure of the substrates is successive: (i) 

ultrasonic cleaning for 5 min in demineralised water, (ii) ultrasonic cleaning for 5 min in 1 M 

KOH, (iii) UV-ozone treatment for 20 min, and (iv) ultrasonic cleaning for 5 min in isopropyl 

alcohol. Before spin-coating, the wafers were dried in a nitrogen flow. The polymers were 

deposited on the wafer from 1,2-dichloroethane by spinning at 4500 rpm during 1 min. Film 

thicknesses are a function of the polymer concentration in the solution and were found to be in 

the range 3 - 4 0 nm as determined by ellipsometry (Gaertner ellipsometer Model LI 16C, with a 

rotating analyser) at an angle of incidence of 70°, and/or by XRR and/or by AFM. 

The surface topography of the films was investigated by AFM at room temperature 

directly after spin-coating and after annealing at several temperatures for different time intervals. 

The images were measured with a Nanoscope III (Digital Instruments, Santa Barbara, CA) 

operating in the tapping mode (TM-AFM) at a resonance frequency of about 370 kHz. This 

mode enables one to minimise the lateral forces. Silicon cantilevers with a spring constant 

between 25 and 110 N/m and resonance frequency in the range of 305 - 493 kHz were used. 

Some measurements were performed in the contact mode (CM-AFM) with silicon nitride 

cantilevers with a spring constant of about 0.58 N/m. In this mode, high forces can be applied 

to the surface to remove the material from the substrate and to determine the thickness of the 

film afterwards. 

An optical microscope (Olympus BX60) was used to study the films on larger length 

scales to see whether dewetting took place or whether ordering could be made visible by use of 

crossed polarisers. Some of the films were also characterised by X-ray reflectometry. Again, 

the films, untreated or annealed, were investigated at room temperature. 
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The XRR measurements were performed using a Philips reflectometer with a copper-

anode tube. The incidence angle with respect to the sample surface is typically below 4°. An 

asymmetric germanium monochromator with a divergence of 0.02° is used for the incident 

beam, and the reflected beam is measured using a conventional gas-filled detector with a 50 \im 

slit. The wavelength of the CuKa beam is 0.154 nm. Layer densities, thicknesses, and interface 

roughnesses are extracted from the reflectivity measurement via model-fit calculations13. It 

should be noted that in specular XRR, the roughness profile is laterally averaged over the 

projected X-ray coherence length (10 - 100 u,m). If the roughness is assumed to be distributed 

normally, an error-function-shaped density profile results, which cannot be distinguished from 

a similar profile at the atomic scale. We use the Nevot-Croce method14 to account for error-

function-shaped profiles. In a model fit, the reflectivity is calculated (Ic) and compared with the 

experimental data (Im) by iteratively minimising V (logIm - logIc)
2 iS. 

2.3 Results and discussion 

2.3.1 Atomic force microscopy 

The procedure of spin-coating described above always resulted in homogeneous films, 

as determined by AFM: the roughness was below 1 nm. An example is shown in Figure 2.2a, 

in which the topography of an 16.9-nm-thick film of LCP-C9 is imaged over an area of 3 x 3 

um2. Upon annealing, the topography changes. Films of this polymer which were annealed in 

the mesophase (at 110 CC, in between the glass transition temperature (T) and the 

isotropisation temperature (T;)) showed terrace-like structures with a characteristic height of 

roughly 3.4 (± 0.2) nm, as can be seen from Figure 2.2b. The holes in this figure cover 25 -

30 % of the film area. The minimum annealing time to obtain such terraces is not precisely 

known, but 30 min appeared to be enough to get this terrace-like image. The formation of such 

structures is independent of the film thickness, as was checked for the range of 8.7 - 40 nm. 

Films of LCP-C9 which were annealed above Ti; at 168 °C, and subsequently imaged at room 

temperature, already showed a change in topography after annealing for just 0.5 min, as shown 

in Figure 2.2c for a 17.8-nm-thick film. Holes of different diameters, all with about the same 

characteristic depth, are visible over the whole sample surface. 

The same kind of topography is found for thin films of LCP-C4 (not shown). Again, a 

homogeneous topography is obtained immediately after spin-coating, and holes or terrace-like 

structures appear after annealing (several minutes above T; at 140 CC). For this polymer, the 

height of the structures is typically about 2.5 nm. 

Similar structures were recently found by Sheiko et al.16 for films of polymethacrylates 

with fluorocarbon side chains which were annealed in the mesophase. These structures were 
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Figure 2.2: AFM image (3x3 (xm2) of an about 17 nm thick film of LCP-C9 on a silicon substrate: 

a) as prepared by spin-coating), b) annealed at T = 110 °C for 30 minutes, c) annealed at T = 168 

°C for 0.5 minute (black-white contrast in all images: 10 nm). The cross-sectional profiles along 

the lines in the images (left) are depicted on the right. 

ascribed to bilayer formation in which the side chains were in a rather extended conformation 

and oriented perpendicularly to the surface, facing the side chains of the next macromolecule. 

Also in our case, the characteristic heights are approximately equal to the calculated 

bilayer spacings for the two polymers, 3.3 and 2.6 nm, respectively, for LCP-C9 and LCP-C4. 

This calculation was done by summation over the atom-atom distances in the side chain and 

assuming total overlap of the mesogenic groups oriented perpendicularly with respect to the 
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substrate. The X-ray diffraction pattern of the bulk material of LCP-C9, measured by Nieuwhof 

et al.11 , gave a comparable spacing of about 3.17 nm for the mesophase ordering. These 

findings seem to indicate that, indeed, bilayer formation takes place in the thin films of these 

polymers at the polymer-air interface, after annealing above T . 

The holes most probably arise because there is not enough material to complete a full top 

bilayer. This assumption is confirmed by experiments in which the surface was covered with 

insufficient material to obtain a complete bilayer (e.g., 25 % coverage). The fact that the height 

of the structures corresponds with a bilayer spacing might be an indication that the side chains 

are alternatively directed up and down; otherwise, one would expect to measure the height of 

half a bilayer for incomplete bilayers. 

Further annealing above Tf for thin films of both polymers (containing several bilayers) 

resulted in less ordered structures, although also here (even more) terrace-like structures are 

present (not shown). The size of these structures increases upon longer annealing times. Later, 

holes of several hundred of nanometers in diameter appear. Dewetting of the surface occurs in 

some cases. This was also visible with optical microscopy. These dewetting phenomena are 

under further study and will not be treated in detail in this paper. 

Also, even thinner films of LCP-C4 and LCP-C9 (thickness 3 - 4 nm) were prepared 

by spin-coating, annealed for 30 min in the mesophase and imaged at room temperature. To 

study the configuration of the first layer in the thin films, the polymer was removed from a 

small area of the surface by applying a high force on the tip in the contact mode. A schematic 

representation is given in Figure 2.3. The numbers 1 and 2 indicate the "underlayer" and the 

outer layer structure, respectively. The height of both layers for the two polymers is given in 

Table 2.1. These results should be treated rather qualitatively because it is not very accurate to 

determine the height of structures in the contact mode. In this mode the surface is very sensitive 

to damage induced by the tip, especially after the 'scratching' procedure. In spite of this, it is 

clear from Table 2.1 that there is still a thin layer under the bilayer structures. Most probably 

this is a layer of side chains which are aligned parallel to the substrate surface. 

2 .3 .2 X-ray reflectometry 

In the reflectograms of as-prepared films of LCP-C9, Kiessig fringes are visible with 

XRR, which indicates the presence of smooth surfaces, just as found with AFM. The Kiessig 

fringes originate from interferences of beams reflected at the air-polymer and polymer-substrate 

interface, respectively. The fringes can be fitted very nicely, assuming no order in the film. An 

example is given in Figure 2.4 (lower curve) for a film which in the model fit has a thickness of 

16.85 nm, an electron density of 334 e/nm3, and a surface roughness of 0.65 nm. 
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Figure 2.3: Schematic representation of the profile of an CM-AFM image of an annealed thin layer 

of LCP. The explanation of the numbers is given in the text. 

Table 2.1: The height of the ' underlayer' (1) and outer layer (2) of an annealed thin (about 4 

nm) layer of LCP-C4 and LCP-C9. 

LCP 'underlayer' (nm) outer layer (nm) 

C4 

C9 

0.7 ± 0.2 

0.4 ± 0.2 

2.5 ± 0.2 

3.6 ± 0.2 

Annealing for 30 min in the mesophase at 110 °C of a 17.8-nm-thick LCP-C9 film and 

measuring at room temperature resulted in a spectrum where Bragg reflections became visible 

(upper curve in Figure 2.4). From these Bragg reflections, arising from the periodicity of layers 

in the film, together with Kiessig fringes, from which the total film thickness can be derived, it 

was concluded that the film consists of 5.5 (bi)layers. This number of layers, together with the 

thickness and the composition of the film, was used in model calculations to fit the reflectivity 

spectrum. The fit is also given in Figure 2.4. Some of the data used for the fitting, or extracted 

from it, are listed in Table 2.2. The accuracy of the fit results is 5 - 10 % for the electron 

density and 0.02 - 0.05 nm for the thickness and roughness. In Figure 2.5, these data are 

represented graphically, by plotting the fluctuations in the electron density as a function of the 

distance perpendicular to the substrate. The wavy character of this figure is due to the 

roughness of the layers, modelled by an error-function-shaped profile as explained in section 

2.2. Due to this wavy character, the values for the electron densities are lower as compared to 

the values given in Table 2.2. Small changes in the fit parameters do not change the density 

profile. At the left side in Figure 2.5, the silicon surface is located, with an electron density of 

about 712 e/nm3, which corresponds to the bulk density typical for this material10. The density 

of the LCP film is of the same order of magnitude as has been found by Mensinger et al .5 and 

Henn et al.6 for different ordered LCP films. In our case, we relate the different electron 

densities to backbone regions, spacer regions and mesogen regions, respectively. Although we 
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Figure 2.4: Reflected X-ray intensity Ir as a function of the angle of incidence 9, for a 16.9 nm 

thick film of LCP-C9 on a silicon substrate as prepared by spin-coating (lower curve) and of a 

17.8 nm thick film annealed at T = 110 °C for 30 minutes (upper curve). The reflection curve for 

the film as prepared is shifted down over two decades. The solid curves are the model fits. 

do not have hard evidence which electron density we have to assign to which region, we think 

we have reasonable indications to the assignment as described below. We plan to do some more 

X-ray and AFM measurements and some modeling to further verify this model. 

The region close to the substrate surface is difficult to interpret with XRR. We expect 

that the backbone will be at the silicon substrate due to its good adhesion properties. 

Furthermore, when we assume that the configuration of the molecules at the substrate is the 

same as in an about 4-nm-thick film, the layer at the substrate surface consists of side chains 

lying parallel to the surface and a backbone region (see section 2.3.1). Probably, regions with 

backbones on the substrate exist next to regions with side chains on the substrate. This structure 

gives rise to the shoulder near the silicon surface (at the left side in Figure 2.5). Layer 1 in 

Table 2.2 corresponds to this region. One must keep in mind that the picture of the first layer in 

the schematic representation is somewhat speculative. 

The peaks in Figure 2.5 with a high electron density of about 410 eVnm3 (corresponding 

to the value 428 eVnm3 in Table 2.2, layers 4, 8, 12, and 16) we assign to the backbone region 

because we expect that this layer will have the highest density due to its oxygen atoms in the 

anhydride group. Compared with the mesogen region, the volume of the backbone region is 

much smaller and the mesogen region will be more diffuse. This conclusion is also supported 

by making estimates of the number of electrons per unit volume in the different regions. The 

density of 340 eVnm3 (the top of the smaller peaks in Figure 2.5) is assigned to the mesogenic 

groups. The reason that the density of the mesogenic groups does not reach the value of 
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Figure 2.5: Electron density profile of the LCP-C9 film as given in Figure 2.4 as a function of the 

depth (bottom). The dashed curve is the electron density profile for the as prepared film. The 

solid curve is for the annealed film. An illustration of the corresponding layer ordering (5.5 

bilayers) is given in the top diagram. The symbols refer to backbone (fat lines), alkyl spacers 

(stripes) and mesogenic groups (circles), respectively. 

Table 2.2: Results of the model fit (shown in Figure 2.4 as a solid line) for a 17.8 nm thick 

annealed (30 min. at T = 110 °C) LCP-C9 film. 

Layer 

Si 

Si02 

1 

2 

3 

4 

5 

18 

19 

20 

21 

22 

Thickness 

(nm) 

00 

3.0 

1.40 

0.49 

0.93 

0.74 

0.93 

0.49 

0.93 

0.74 

0.93 

0.45 

Roughness 

(nm) 

0.45 

0.45 

0.30 

0.33 

0.25 

0.21 

0.25 

0.20 

0.20 

0.60 

0.20 

0.40 

Density 

(e7nm3) 

712 

712 

260 

411 

261 

428 

261 

360 

196 

321 

196 

357 

4x 
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411 eVnm3 (Table 2.2: layer 2, 6, 10, and 14) is due to the large roughness as compared to the 

layer thickness, 0.33 and 0.49 nm, respectively, which results in the wavy character as 

described before. Finally, the lowest density of about 260 e /nm3, in Figure 2.5 and in the odd 

layers of Table 2.2 (except for layer 1), we assign to the region of the spacers. The electron 

density here is low compared to the backbone and mesogenic groups, because the spacers 

contain no atoms with a high electron density. Figure 2.5 (top) gives a schematic representation 

of the corresponding layer ordering in the 5.5 bilayers. 

An alternative model, in which the electron density maxima would be assigned to the 

mesogen groups, results in a worse fit. In that case also, the structure of the top layer cannot be 

explained. 

The top layer shows a density which is about three-fourths of the density found in the 

four periodic layers (e.g., for the spacers, these are 196 and 261 e /nm3, respectively). This can 

be explained with the AFM results in which holes were detected in the surface topography (25 -

30 %, see section 2.3.1) which will give rise to a lower mean value for the electron density. 

One periodic bilayer has a thickness of 3.1 nm (summation over the thicknesses of 

layers 3 - 6 , Table 2.2), which is quite close to the layer-spacing as found for the bulk material 

(3.17 nm)11. For the top bilayer (layers 19-22 of Table 2.2), we find 3.1 (± 0.2) nm (with the 

uncertainty determined by the surface roughness), in good agreement with the AFM terrace 

height of 3.4 (±0.2) nm. 

An LCP-C9 film of about 9 nm has also been investigated by XRR, both untreated (film 

thickness of 9.24 nm, an electron density of 400 eVnm3 and a surface roughness of 0.45 nm) 

and after annealing in the mesophase (at 110 °C for 30 min). The reflection curve for the as-

prepared film shows Kiessig fringes. For the annealed film, again, these fringes change, 

indicating a change in the ordering (Figure 2.6). A comparable model as found for the 18-nm-

thick film, now assuming 2.5 interdigitated bilayers, reasonably describes the reflection curve 

of the film (Figure 2.6), but not as well as in the case of the 18-nm film. Apparently the 

ordering is less perfect in a thin film. 

2.4 Conclusions 

The combination of atomic force microscopy and X-ray reflectometry is very useful in 

describing the morphology of and the structures in thin films of side-chain liquid-crystalline 

polymers. Although the two techniques measure different properties of the films, there is good 

agreement between the results from both techniques as to surface roughness, density and top-

layer thickness. We can conclude that directly after spin-coating, the LCP-C9 films are not 

oriented and rather smooth. Annealing above the T results in ordered layers parallel to the 

substrate surface and holes and/or islands with a depth of one bilayer appear in the toplayer. 

This is also the case for thin films of LCP-C4. 
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Figure 2.6: Reflected X-ray intensity Ir as a function of the angle of incidence 6, for a 9.24 nm 

thick film of LCP-C9 on a silicon substrate as prepared by spin-coating (lower curve) and of a 9 

nm thick film after annealing at T = 110 °C for 30 minutes (upper curve). The reflection curve 

for the film as prepared is shifted down over two decades. The solid curves are the model fits. 

From AFM measurements it becomes clear that when annealing takes place above Ti the 

ordering is achieved much faster than in the case of lower annealing temperatures, probably 

because the molecules are less mobile in the latter case. Furthermore, the ordering seems to be 

independent of the film thickness, as checked for the range of 8.7 - 40 nm with AFM. 

The inner layer spacings, measured by XRR, in an annealed thin film (17.8 nm) of 

LCP-C9 are the same as measured by Nieuwhof et al.11 for the same material in bulk. Also, for 

a 9-nm thin film of LCP-C9 ordering of (2.5) interdigitated bilayers is observed after annealing 

in the mesophase. However, this ordering is not as perfect as in case of the thicker films. This 

leads to the conclusion that the molecular ordering in these thin films is not, or only slightly, 

influenced by the substrate-polymer and polymer-air interface for this polymer. 

Only at the substrate surface the configuration of the LCP molecules is different. 

Directly at the substrate, the side chains are most probably ordered parallel to the substrate 

surface instead of the perpendicular configuration they have within the bilayers. 

As discussed above, specular XRR cannot distinguish smearing of the electron density 

at an atomic scale from that due to interface roughness at larger lateral scales. This distinction 

can be made by nonspecular reflection. Preliminary nonspecular measurements show that 

diffuse scattering is present, indicating that roughness at larger scales certainly plays a role. 
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Chapter 3 

Growth of a single-domain smectic phase 

in a thin liquid-crystalline polymer filmx 

Abstract 

The ordering process and kinetics in thin films (200 - 800 nm thick) of a thermotropic side-chain 

liquid-crystalline polymer have been investigated vertically and laterally, respectively, by X-ray 

reflectivity and atomic force microscopy. The original smooth and amorphous spin-coated films 

initially become corrugated upon annealing in the smectic mesophase. The roughening of the 

surface results from the formation of randomly oriented micro-crystalline domains in the film. At 

the same time, however, a laterally macroscopic crystal starts to grow from the substrate surface in 

the direction of the polymer-air interface at the expense of these domain structures. Finally, a 

nicely ordered single crystal with parallel ordered bilayers is formed in the film as well as at the 

polymer-air interface. This one-dimensional crystallisation, actually recrystallisation, depends 

strongly on the temperature due to viscosity effects. At low temperatures, just above the glass 

transition temperature, the ordering is very slow, but with increasing temperature the crystal 

growth is faster. An Arrhenius-type plot gives an activation energy of 122 kJ/mol, which we 

ascribe to the expected reorientations of the mesogenic groups during the recrystallisation 

process. 

1 Based on: M.W.J, van der Widen, M.A. Cohen Stuart, G.J. Fleer, A.R. Schlatmann, D.K.G. de Boer, 
Physical Review E, 1999, in press. 
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3.1 Introduction 

Liquid-crystalline materials represent an important field of study with many practical 

applications. Part of this field concerns liquid-crystalline polymers (LCPs). The study of thin 

films of such materials started about 5 years ago with the discovery that in thin films of 

thermotropic liquid-crystalline polymers (on a smooth substrate) perfect ordering can be 

achieved by a thermal treatment14. This kind of epitaxy results in a perfectly ordered one-

dimensional single crystal. As a result of the ordering process, nanoscale surface structures 

appear. So far, the layering process (a kind of one-dimensional crystallisation) and its kinetics 

have not been studied systematically. 

In the case of classical polymers, crystallisation can take place when their melts or 

solutions are cooled. Crystallisation has also been investigated for thin films and close to 

interfaces56. One finding is that in thin films the crystal growth is definitely slower as 

compared to that in bulk due to the slowing down of the diffusion of molecules. Between the 

melting temperature and the glass transition temperature the crystallisation rate of polymers has 

a maximum. Starting from the melting point the rate of secondary nucleation increases as 

undercooling increases. However, at lower temperatures transport processes are slower due to 

the increasing viscosity which will reduce the growth rate7'8. 

As for crystallisation of classical polymers, the annealing temperature, the annealing 

time, and the film thickness of thin LCP films will play a crucial role in the ordering 

(crystallisation) process. By changing these parameters it should be possible to influence the 

dynamics of ordering in and the final surface topography of thin liquid-crystalline polymer films 

and hence, to control the formation of (nanoscale) surface structures. Therefore, it is important 

to know how the crystallisation process in thin LCP films takes place and on what time scale the 

ordering is completed. 

The combination of X-ray reflectometry (XRR) and atomic force microscopy (ARM) 

gives a good view on the morphology of and structures in the film and their changes in time. 

This motivates the present study. 

3.2 Experimental section 

Films were prepared by spin-coating from a 1,2-dichloroethane solution of the liquid-

crystalline polymer LCP-C9 (depicted in Figure 3.1) on silicon wafers (Wacker Chemitronics). 

Film thicknesses of about 200 and 800 nm were prepared. For the synthesis of the polymer, the 

cleaning of the substrates and the spin-coating conditions we refer to previous work9-1'. The 

main step in the cleaning procedure is a plasma treatment. 

The polymer used has a degree of polymerisation of around 10 and has a glass transition 

temperature, T„, of 99 °C. Above this temperature two interdigitated smectic phases appear: a 

smectic B phase above 99 CC and a smectic Ad phase above 112 °C. The isotropisation 
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Figure 3.1: Molecular structure of the repeating unit of the side-chain liquid-crystalline polymer 

LCP-C9. The polymer studied has m=9, n=10, T>99 °C, TSB^SA(I=112 °C and TSAd^,= 164 °C. 

(melting) temperature (T() is at 165 °C. Full details about the synthesis and bulk characterisation 

can be found elsewhere10 '1!. 

The samples were annealed on a hot stage at different temperatures for varying time 

intervals. Because of the finite time needed to heat up the sample (a few seconds) an uncertainty 

is present in the annealing time and temperature. To minimise the relative uncertainty as much as 

possible all samples were annealed for at least 20 s, after which they were immediately cooled 

down on a cold red copper plate (stored in a refrigerator at -6 °C). In this way the temperature 

of the film is dropped rapidly to below T„ and the structure within the film is quenched. 

In between the heating steps the films were analysed at room temperature using a X-ray 

reflectometer (X'pert MRD, Philips) with a copper-anode tube. Symmetrical 8-20 scans were 

performed with an incidence angle below 1.75° and the specular reflection was measured. A 

germanium 4-crystal monochromator (Ge220AS) with a divergence of 0.0042° was used for 

the incident beam, and the reflected beam is measured using a gas-filled detector with a 0.1 mm 

slit. The wavelength of the Cu K„ beam is 0.154 nm. Analysis of the reflectivity data, resulting 

in electron density profiles, thicknesses, and interfacial roughnesses, requires model 

assumptions. In model-fit calculations (programme Philips WinGixa V l . l ) the reflectivity is 

calculated and compared with the experimental data. Details about this programme and the 

underlying method have been described by De Boer et al .1213 . 

The surface topography was investigated by AFM (Nanoscope III, Digital Instruments, 

Santa Barbara, CA) at room temperature, both for the as-prepared films and after annealing, in 

both contact mode (silicon nitride cantilevers, spring constant about 0.58 N/m) as well as 

tapping mode (silicon cantilevers, spring constant between 25 and 110 N/m, and drive 

frequency about 370 kHz). 

3 .3 Results and discussion 

3 . 3 . 1 Crystallisation processes 

The investigated films (thickness 200 and 800 nm) are initially amorphous after spin-

coating (at room temperature) and have a smooth surface (roughness less than 1 nm), as 

determined by XRR and AFM. Upon annealing the films for several seconds in the mesophasic 
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Figure 3.2: AFM images (10 x 10 um2) of a 210 nm thick film, annealed at 140 °C for 30 s (a), 

1.5 min (b), and for 20 min (c) (black-white contrast in all images 40 nm). 

temperature range the polymer surface begins to roughen. Irregular structures are formed, the 

size of which increases with the film thickness. As an example we show in Figure 3.2a the 

surface topography (AFM-image) of a film of 210 nm thickness annealed at 140 °C for 30 s. In 

Figure 3.2a the width and height of the corrugations are typically about 500 nm and 25 nm, 

respectively. Under an optical microscope with crossed polarisers one also sees these small 

structures in the film. 

After prolonged annealing (a few minutes) the domains which were initially visible 

under crossed polarisers disappear. However, the film does not become smooth. Under the 

AFM, a complicated structure with multiple terraces is found. This is shown in Figure 3.2b, 

which has been taken after a total annealing time at 140 °C of 1.5 min. It can be seen that the 

terraces are bounded by a smooth circumference. The typical lateral size of the 'hills' is now 

about 1 um. Further annealing (total annealing time 20 min) results in the growth of the terraces 

together with a reduction in their number, as shown in Figure 3.2c. For this growth to occur 

molecules have to be transported within the bilayers, as well as cross over from one bilayer into 

a neighbouring one. Ausserre et al.14 have modelled this process of permeation and interlayer 

transport of molecules. 

A very striking 'landscape' is given in Figure 3.3 for a film of about 800 nm thickness 

which was annealed at 145 °C for 10 min. Up to 20 terrace levels can be seen. The step height 

between terraces (3.2 nm) corresponds precisely to the spacing of one interdigitated bilayer4. 

The lateral size of the terraces is of the order of microns. When we compare Figure 3.2b and c 

with Figure 3.3, it seems that the thickness of the original film has an influence on the final size 

of the terraced 'hills'. It is striking that the terraces are all perfectly parallel to the substrate. We 

note that the terraces have sharp edges but very smooth perimeters (Figure 3.2b and c and 

Figure 3.3) which is indicative of a tendency to minimise the length of circumference, i.e., a 

line tension operates. The time scale in which this layering process takes place is another 

striking point, it all happens (for these temperatures) within a few minutes. 
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Figure 3.3: AFM image (10 x 10 |im2) of a 800 nm thick film, annealed at 145 °C for 10 min. 
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Figure 3.4: Electron density profile (from X-ray reflectivity) for a 210 nm thick film, annealed at 

140 °C for 20 s. At the left side the silicon substrate is located with a density of approximately 700 
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In the following, we try to interpret these results. Clearly, a description in terms of 

equilibrium does not make sense, since this would always require the total free energy and, 

hence, the total surface area to be minimal. Hence, we have to consider the sample history. This 

brings us to the following scenario. 

Below the isotropisation temperature (T^ the amorphous phase is metastable. As soon 

as the initially vitreous polymer is heated to a temperature above Tg in the smectic range, LC 

domains may nucleate anywhere in the film. These nuclei are oriented randomly. As they grow, 

they will eventually reach the surface of the film, but this does not stop their growth. Should the 

crystallisation go on, this would eventually lead to a polycrystalline material with a concomitant 

rough surface. However, this is not the only process. Simultaneously with the crystallisation in 

the bulk of the film, a macroscopic crystal begins to grow from the surface of the substrate 

upward. The presence of such a crystal could be demonstrated with X-ray reflectivity. An 

extensive description of the X-ray data is given in section 3.2. However, in Figure 3.4 we 

already present an electron density profile (as extracted from a model fit of the X-ray reflection 

spectrum4) for a film of 210 nm thickness which was annealed during 20 s at 140 °C. After 

such a short time the topography of the free surface of this polymer film (as monitored by 

AFM) does not show any terraces yet (surface topography comparable with the one given in 

Figure 3.2a). Still, we find that about 45 ordered layers are present at the substrate surface, 

whereas the top layer is not yet stratified in this way. This proves that a large crystal is growing 

from the wafer in the direction of the polymer-air interface. It seems that the substrate acts as an 

external field in imposing the orientation. This is not very surprising, because we expect 

attractions between the maleic acid anhydride groups in the polymer backbone and the silicon 

surface1518 which will help to impose the ordering. Some ordering is even present above the 

isotropisation temperature in the form of a single stable bilayer as shown in previous work9. 

Obviously, the free surface does not act like an external field (in contrast to the case of lamellar 

ordering in thin copolymer films1920) and this surface then becomes rough. Somewhat later, 

the terraces appear. Apparently, the large stable crystal grows at the expense of the smaller 

domains that were responsible for the roughness. It is this Ostwald ripening process, or 

recrystallisation, which produces the layering, while preserving the corrugations formed in the 

first few seconds, with terraces as a result. Apparently, molecules are not transported over large 

distances, so that macroscopic smoothing cannot occur, or occurs very slowly. 

Somewhat similar 'landscapes' have been observed during deposition of thin silver 

films21. However, the mechanism of formation is different: the Ag terraces are a consequence 

of layer-by-layer growth of an Ag( 111) crystal from the vapour phase, induced by the presence 

of surface active additives like Sb. Hence, new material is added in the course of time, in 

contrast to what occurs in our system where there is no transport from a dilute phase. 
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Figure 3.5: XRR-spectra of a 210 nm thick film annealed at 140 °C for 0 (a), 20 (b) and 120 s 

(c), and of a film annealed at 160 °C for 20 s (d). The data have been offset for clarity. 

3 .3 . 2 Kinetics of one-dimensional (re)crystallisation 

The growth of the layered structures in time in films of about 200 nm thickness was 

examined more closely by XRR. With this technique it is possible to follow the layering 

process in the direction perpendicular to the substrate surface. The samples were annealed at 

different temperatures in the mesophase at 105, 115, 140, 147, 155, 160 and 164 °C, 

respectively. The as-prepared films show Kiessig fringes in the reflectograms (an example is 

given in Figure 3.5, trace a), which indicates that the surfaces are smooth. 

Upon annealing these fringes remain, but also a Bragg peak appears at a certain moment 

in the reflectivity curves at all temperatures mentioned above. In Figure 3.5 examples are given 

for films annealed at 140 °C and 160 °C, respectively. 

The Bragg reflectivity arises from the periodicity of the layers. Its intensity increases 

with annealing time, which reflects the increase in the number of ordered layers in time. The 

Bragg peak occurs around 0 = 1.5°. From Figure 3.5 it is clear that in the course of time the 

position of the peak shifts to higher angles, from about 1.45 to 1.5°. This corresponds to a 

(small) decrease in layer spacing from 3.0 to 2.9 nm. Furthermore, upon reaching the final 

stage of layering the Bragg peak becomes narrower and additional Kiessig fringes appear 

around the Bragg peak. The observations mentioned above (intensity increase, sharpening and 
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