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1 Introduction

Materials based on synthetic polymers (“plastics”) are used in a variety of

applications and the demand for increasingly specialized materials with tailored

properties (‘high-tech” applications) has increased steadily.

Highly specialized materials with properties tailored to specific functions are very

common in nature. This is in spite of the fact that natural materials are made-up of only a

limited number of molecular constituents.

Material scientists have recognized that they can learn lessons form nature in their

effort to create new classes of synthetic materials for “high-tech” applications. The

lessons to be learned are the fundamental building principles found in natural materials.

Virtually all natural materials are composites. Unlike man-made composites, they show

rarely interfacial failure which is attributed to their hierarchical structure. The

hierarchical arrangement of the composites ranging from the molecular scale to the

macroscopic scale is facilitated by the spontaneous self-assembly on the molecular level.

Self-assembly, which is the purposeful reaction to environmental conditions, attests to the

smartness of the materials involved.

Materials scientists have recognized the superiority of natural composites and

started to apply the same fundamental building principles1. For example, the sizing of

fibers in composites is thought to eliminate the interface. Instead an interphase (i.e.

1. National Academy of Sciences. “Hierarchical structures in biology as a guide for new materials

technology”, National Academy Press, Washington, DC, 1994
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gradual transition between fiber and matrix) is created, similar to the interphases found in

nature. The existence of the interphase is a result of the hierarchical structure.

Material scientists have started to examine the self-assembly behavior of polymers as a

first step towards new hierarchical structures.

Special interest has been placed on amphiphilic materials. Because of the polar

and non-polar moieties found in amphiphiles, they lend themselves to self-assembly. A

variety of self-assembled structures have been identified in block and graft copolymers

with polar and non-polar moieties, among them are surface segregation and micelle

formation.

Fluorine-containing cellulosics are initially synthesized to improve compatibility

of cellulose with man-made polymers. But these materials are also inherently

amphiphilic, combining hydrophobic fluorine-containing moieties with the hydrophilic

cellulose backbone. Therefore they are expected to show self-assembly behavior.

This study deals with the self-assembly behavior of amphiphilic polymers in a model

system of blends as well as neat films of F-containing cellulose ester derivatives and

cellulose propionate.

In order to perform this investigation, several goals were set:

1. Synthesis of end-functionalized CP oligomers terminated with F-containing end-

groups.

2. Synthesis of statistical cellulose esters with F-containing esters groups.

3. Determination of self-assembly in solvent cast films depending on the architecture of

the F-derivatives, the type of F-containing group and blend concentration.

4. Determination of reorganization phenomena at the film surface.
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2 Literature Review

2.1 Homogeneous phase cellulose chemistry

The discovery of novel solvents for cellulose has lead to increased activity in the

field of cellulose chemistry. Homogeneous phase reactions allow the synthesis of exotic

derivatives with unusual properties1, which can in the future lead to new applications for

cellulosic materials. New cellulose materials include cellulose esters of higher carbon

acids, which cannot be prepared by heterogeneous reactions2, with controlled degree of

ester-substitution with regular distribution (statistical distribution) of the substituent

along the backbone. Cellulose esters of C12-C18 acids, so-called waxy esters, have been

synthesized in dimethylacetamide / lithium chloride (DMAc/LiCl)3 using either carbon

acids4 or anhydrides5. These esters are termed waxy esters because they have a waxy

consistency.

The incorporation of fluorine atoms into cellulose has been attempted because

polymer-polymer interactions arising from the presence of fluorine atoms are of interest

for the potential use in multicomponent systems like blends and composites.

Incorporation directly into the cellulose backbone was found to be very difficult6. F-

incorporation in the form of F-containing ester groups, however, can easily be performed

using homogeneous phase chemistry7.

The first commercially available new product utilizing novel cellulose solution

techniques are Tencel fibers, which are a new class of regenerated liquid crystalline

cellulose fibers spun from N-methyl morpholine N-oxide (N-MMNO)8. N-MMNO is a

solid that melts at 80°C and dissolves cellulose in the melt9.
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2.2 Cellulosic segments

The ability to synthesize low molecular weight cellulose esters (i.e. oligomers) has

been demonstrated before10. Cellulose tripropionate and –tributyrate have been reduced

successfully to low molecular segments in the presence of anhydrides11. Under these

conditions, only the glycosidic bonds of the cellulose backbone but not the ester moieties

are hydrolyzed, resulting in low molecular weight triester glycosyl bromides.

Such glycosyl bromides are known for their ability to react with hydroxyl groups,

causing branching (transglycosidation)12. This suggests that residual OH functionalities in

the cellulose ester have to be avoided during the HBr-catalyzed degradation to avoid

transglycosidation. However, higher molecular weight species could be synthesized from

esters with a small number of residual hydroxyl groups (DSOH = 0.3) present which was

explained with the esterification of the remaining hydroxyls by the anhyride13.

The glycosyl bromide can easily be converted into a monohydroxy terminated

cellulose derivative. The monofunctional derivative can be utilized as a reaction site to

synthesize copolymers with blocky structures. Monofunctional low molecular cellulose

propionate (CP) segments have been utilized for the synthesis of star copolymers of

lignin and CP. Lignin was the center of the star and the arms were CP segments14. The

coupling of CP and lignin was achieved by termination of the CP segments with di-

isocyanate (TDI) using urethane chemistry and subsequent coupling with lignin15.
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2.3 Smart materials

Smart materials are not yet unambiguously defined. In a first approximation, a

smart material can be defined as “…a structure having the following attributes: it senses

the environment, it responds in a purposeful way to the environment through design or by

means of a logic controller element” 16. A more detailed definition distinguishes between

different level of smartness: active and passive smartness.

Passive smartness is seen in so called adaptive materials. These are materials that

respond to external stimuli, for example an electrical signal. Active smartness is seen in

active materials. Active materials are defined as materials that not only react to stimuli,

but they also have an external feedback loop to process the received signal.17

Smartness is found in many natural systems and increasingly scientists try to apply

the principles behind natural smartness to man-made materials18. Two principle fields of

smart materials have emerged, sensors and actuators. Sensors require materials with a

detectable and reproducible response to changes in the environment. Applications of

sensors include the detection of temperature, humidity, etc19. Actuators are materials that

convert a stimulus into motion, like piezo electric materials, which convert electrical

stimuli into motion. They are used for example in atomic force microscopes20 (see section

about AFM).

2.4 Hierarchical structures

The concept of structural hierarchies as been developed to describe the intricate

composite structures found in biological materials. The many highly specialized

functions found in biological materials, in spite of only a limited number of molecular
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constituents, is explained by this hierarchical architecture. The architecture of a

biological composite is precisely matched to its desired properties and function21. Thus

materials with essentially the same molecular composition can have remarkably different

properties, just due to small variations in the composite architecture. For example, soft

connective tissues are based on collagen fibrils, but tendons, invertebrate disks or

intestines have different properties, due to a different hierarchical structure22.

Three characteristics of hierarchical structures have been defined23: organization on

discrete dimensional levels, specific interaction between the different levels, and

organization of the levels in a hierarchical way.

All biological systems examined were organized on at least four dimensional

levels: Ångstrom level (molecular level), nanometer level, millimeter level (microscopic

level) and meter level (macroscopic level) (Figure 1).

Specific interactions between levels ensure structural integrity of the system. Due

to the structural integrity over various levels, there is always a gradual transition between

two different phases (Figure 2). As a consequence, interfacial failure is uncommon in

biological materials. This is exemplified in the structure of wood. Lignin is distributed on

a gradient through the cell wall. Structural integrity is thought to arise from the gradual

transition between phases (Figure 3). Strategically placed covalent bonds, like the

covalent bond between lignin and carbohydrates, will furthermore ensure molecular

coexistence of chemically different molecules.

The concept of hierarchical structures has also been applied to synthetic materials.

First synthetic hierarchical structures were examined in thermotropic liquid crystalline

(TLC) polymers24. An injection-molded TLC copolyester of hydroxy benzoic acid and
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hydroxy naphthoic acid showed hierarchies as observed by SEM and X-ray diffraction.

On the macroscopic scale, a core surrounded by two skin layers was observed. But the

skin layers themselves were found to be formed from one layer of fibrillar surface skin

and a sub-layer, which in turn was composed of layers less than 1 µm thick. Altogether,

four layers of discrete organization were identified in this particular system, like in

natural hierarchical structures.

2.5 Nanostructures / self-assembly / supramolecular structures

Nanostructures (or nanostructured materials) are defined as materials organized on

the nanometer level. The spontaneous formation into nanostructures is known as self-

assembly. Self-assembled systems containing more than one molecule are called

supramolecular structures, whereas unimolecular structures are self-assembled systems

containing only one single molecule. The principle of self-assembled nanostructures was

initially described in biological materials. Examples include the lipid bi-layer of cell

walls as a supramolecular structure and proteins as unimolecular structures.

Self-assembled nanostructures have also been described in synthetic systems.

Examples include the core/shell assemblies that are formed above 33°C in a system of

poly (N-isopropyl acrylamide) grafted with poly (ethylene oxide). Below that

temperature, the polymer adopts a linear configuration. The process was found to be

reversible, and this indicate some degree of smartness, temperature being the stimulus25.

This transition is referred to as coil-globule transition and it is also observed in DNA26.

Other examples of self-assembly are found in rod-coil copolymers. Rod-coil copolymers

are defined as AB block copolymers in which the one block is a rigid rod and the other
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one a random coil27. The system of polyisoprene (coil) and a rod-component was found

to organize in two discrete layers. Initially, supramolecular aggregates in three

dimensions are formed and the aggregates are furthermore assembled into a two-

dimensional superlattice.

A similar bi-layered organization was found in a miniaturized tri block copolymer

system containing polystyrene, biphenyl and vinyl blocks (DP<10 for each block). On the

smallest level the system crystallized into mushroom shaped units and a second level of

organization was found to consist of more than one hundred stacked layers28.

Cellulose derivatives were found to self-assemble into Langmuir-Blodgett (LB)

films and liquid crystalline (LC) materials.

LB films are monomolecular thin films of molecules spread out on a liquid

surface, usually water. Graft copolymers with a rigid backbone and numerous short and

flexible hydrophobic side chains, so called hairy rod polymers, are known to form LB

films where the backbone is embedded in a sea of side chains29.

The structure of cellulose esters resembles that of hairy-rod polymers, because the

cellulose backbone is rigid and ester side chains are short, flexible and hydrophobic

compared to the backbone. LB film formation has been observed in cellulose triesters

from C1 to C1630. At close packing the cellulose backbone was found to lay flat on the

water surface and the ester groups were fully extended in a perpendicular fashion to the

backbone31.

The transfer of LB films off the liquid surface onto a solid substrate is possible by

dipping the substrate into, and withdrawing it out of, the liquid passing through the

monolayer. Either single or multiple layers can be transferred. Multiple layers of
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cellulose C16 ester transferred onto a solid substrate form a structure similar to that of

lipid bi-layers (Figure 4). Multiple layers, however, are not only restricted to layers of the

same material. By changing the composition of each layer and the number of layers

different architectures are achieved. This provides an opportunity to engineer materials

with desired properties.

Liquid crystallinity is defined as two-dimensional order and several types of LC

phases are known. LC structures are considered self-assemblies. Both cellulose esters32

and ethers33 show different forms of liquid crystallinity.

2.6 Surface reorganization

Surface reorganization describes the compositional change of solid polymer

surfaces when the nature of their surrounding medium changes. Usually, the change is

from air (hydrophobic) into water (hydrophilic).

First observations of a change in polymer surface composition, i.e. surface

reorganization, were made on gelatin hydrogel systems. These materials showed contact

angles of over 90° which is commonly defined as non-wettable, in spite of their

hydrophilic nature. The hydrophilic groups of the gel were thought to be buried inside the

gel, which caused the high contact angle34. Upon immersion in water, the contact angle

decreased dramatically, indicating a hydrophilic surface. This was explained with surface

reorganization through which the hydrophilic groups oriented themselves towards the

surface in the hydrophilic environment.

Subsequently, similar observations have been made in polyurethanes.

Polyurethanes are of interest as biomedical implant materials, because a large variety of
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properties can be achieved by changing the hard and soft segments in chemistry and

amount.

However, in order to be useful as implants, materials need to show compatibility

with biological surroundings like body fluids, which are in general aqueous. Interfacial

free energy of the order of 1-3 dyn/cm is considered one of the criterion for

biocompatibility35.

Although high interfacial free energies are measured, polyurethanes show

biocompatibility. This is explained with surface reorganization in a water-based medium.

Fluorine (F)-containing materials have been examined for potential reorganization. F-

containing systems show preferential orientation of F-atoms towards the air-interface (see

chapter on surface segregation) and it was hypothesized that F-containing moieties

should orient away from the surface in a hydrophilic environment like water.

Reorganization was observed in a variety of systems that were tagged by plasma

fluorination36. But not only tagged systems showed surface reorganization; untagged, F-

containing systems have also shown surface reorganization. For example, polymers with

perfluorooctyl side groups showed strong reorganization37. Copolymers of methyl

methacrylate and perfluorooctyl ethyl methacrylate of different composition were

examined by dynamic contact angle. The contact angle measurements showed large

kinetic hysteresis, which was indicative of surface reorganization.

Reorganization was also found in non-fluorine containing systems consisting of

hydrophilic and hydrophobic parts. In a copolymer system of ethylene and vinyl alcohol

repeat units, ethylene moieties were found to be located at the air-surface. But when the

system was immersed into water, the more hydrophilic vinyl alcohol moieties reoriented
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towards the water-surface38. This was seen in an increase in contact angle with time. The

driving force was the ability of the OH groups to engage with the water molecules in

hydrogen bonding. The same mechanism was also found to drive the surface

reorganization in block copolymers of polystyrene and hydroxyl containing

methacrylate 39.

The examples illustrate that the surface properties are not defined by the presence

or absence of certain molecules (hydrophilic or hydrophobic) at the surface. Instead,

surface properties are defined by the surface configuration40, that is whether hydrophilic

or hydrophobic moieties of molecules are laying at the surface or not. The principle of

surface configuration was originally established for surfactants, but it is also applicable to

polymer surfaces as the examples of reorganization illustrate41,42. Even with the presence

of an overall hydrophilic molecule at the surface, the surface can be hydrophobic, if

hydrophobic parts of the molecule are laying at the surface.

2.7 Surface mobility

The event of surface reorganization requires molecular mobility at the surface.

Motion of molecular sequences of approximately 50 atomic bonds in length is well-

known to occur above Tg. Similarly, translational motion of complete molecules is

observed above Tm. Each mechanism can explain the mobility necessary for

reorganization. However, reorganization is most often observed at room temperature,

often well below Tg of the respective system and none of the above mentioned

mechanisms is applicable.
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The phenomenon of physical aging shows that molecular motion does occur at

temperatures below Tg. β and γ transitions, which are indicative of rotational movement,

are also observed below the Tg.

Rotational motions are also thought to cause reorganization43,44. The mobility of the

polymer at the surface determines the amount of reorganization, and different mobilities

lead to different degrees of reorientation in a given time frame. The surface mobility is

influenced by two molecular parameters: the Tg of the involved material and the types of

bonds present in the material.

The closer the actual temperature (where mobility is observed) is to the Tg, the

more mobile is the whole molecule, and the possibility of sequential motion increases.

Differences in bond structures also influence the mobility. Some bonds are inherently

more mobile than others. For example, ether bonds are known as flexible hinges, whereas

urethane bonds are rather stiff due to a high degree of double bond character.

The dual dependence of mobility on Tg and chemistry makes it difficult to

compare surface mobilities in a series of systemically varied polymers. For example, if

the mobility of a side-chain in a side-chain polymer is investigated with respect to side-

chain length differences in mobility can be due to either the difference in side-chain

length or to changes in Tg, because both changes are interconnected.

Attempts to elucidate different degrees of mobility depending on the structure of

the reorienting molecules have been made with hydrophilic / hydrophobic block

copolymers.

Di-and tri-block copolymers with side chains of either polydimethylsiloxane (PDMS) or

methoxy poly-ethylene glycol (MPEG), with systematically varied chain length of PEG,
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were examined by dynamic contact angle for different mobilities. Upon film formation in

air, the surfaces showed an increased amount of PDMS at the surface, and after dipping

the material into water, it was expected that the hydrophilic PEG would reorient to the

surface at different rates, depending on the mobility of the segment. The segmental

mobility was thought to be a function of the PEG chain length. But results revealed that

the mobility did not only depend on the PEG segment length, but also on the PDMS

chain length. At long PDMS chain lengths, the PEG chains showed less mobility,

whereas the PEG mobility increased when the PDMS chains were shorter. This was

explained with steric hindrance of the PEG chains by long PDMS chains. Also, block

copolymers with PMPEG and polystyrene were examined for mobility. The mobility was

found to vary with the size of the PEG block45. Longer PEG chains rendered the system

more hydrophilic and a larger amount of surface segregation of polystyrene (hydrophobic

block) was observed. Reorientation was found to be slow for long chain PEG and fast for

short chain. However, the studies of PEG systems did not discuss changes in Tg with

changing composition and their influence on mobility.

The same is true for a study of polymers of methyl methacrylate (MMA) and

methacrylate (MA) containing PEG and perfluorooctyl side groups46. This system shows

a large contact angle hysteresis, due to reorganization of the perfluorooctyl groups. Their

reorientation accounts for great differences in surface energetics. A higher number of

PEG groups was found to restrict the mobility of the perfluorooctyl groups.

The influence of Tg on surface mobility was reported for a system of poly (n-alkyl

methacrylates)47. Reorientation in this system was explained with mobility stemming

from side chain β-rotation48 and the size of the side chain was thought to possibly
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influence the mobility. For example, larger side chains were expected to be less mobile.

This was found to hold true for chains with up to six carbon atoms. However, at even

longer chain lengths, the mobility unexpectedly increased. This was explained with

motion of polymeric segments. Segmental motion becomes increasingly possible,

because with increasing side chain length the Tg decreases. The alkyl side chains were

found to act as internal plasticizer to the acrylate backbone49.

2.8 Micelle formation in synthetic polymeric materials

Amphiphilic molecules (amphiphiles) are molecules with polar and non-polar

moieties, which are covalently bonded50. The preference of the two parts for

environments of different polarities (the non-polar portion of the molecule likes a non-

polar solvent and the polar portion likes a polar solvent) leads to the formation of self-

assembled structures in solvents which dissolve only one molecular compound51. Several

types of structures are possible and they can include micelles, worm-like structures,

lamellae, bi-layers (similar to lipid bi-layers found in cell walls), sheets, crew-cut

micelles, and vesicles52,53. The micelle structure consists of a core and a corona, where

the corona is formed of the part of the molecule which likes the solvent, and the core

consists of the material which dislikes the solvent.

The driving force for micelle formation is the hydrophobic effect. The hydrophobic

effect drives micelle formation to prevent an entropy loss of solvent molecules when they

have to arrange in a neat, cage-like fashion around molecules of opposite polarity54.

Considering for example a surfactant in water, self-assembly into an aggregate takes

placesin such a way, that the hydrophobic moieties are concealed in the inside,
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surrounded by hydrophilic moieties at the outside where they are in contact with the

solvent. Because the water doesn’t “see” the hydrophobic moieties, its cage-like

arrangement is unnecessary and the system does not experience an entropy loss.

Micelle formation has been investigated in systems of AB di-block copolymers

with a hydrophilic and a hydrophobic part, which self-assemble at low concentrations

into micelles55.

Systems containing polystyrene as the non-polar block are among the most

frequently studied systems. This is due on the one side to the cost-effectiveness and good

processability of styrenic polymers56. And it is related on the other side to the fact that

styrene has a high potential for self-assembly. Micelle formation is not only driven by the

hydrophobic effect (entropic effect), but in addition it is driven by the strong hydrophobic

π-π interactions of its benzene ring. Hydrophobic interactions provide a strong enthalpic

driving force for self-assembly of amphiphilic substances in organic solvents.

Micelles have also been observed in graft-copolymers, and they can be either

supramolecular or unimolecular structures.

Unimolecular micelles, i.e. micelles containing only one molecule, have been

observed in poly(methylmethacrylate)–g- polystyrene (6 wt% grafts) systems in a

solvent, which is a good solvent for PS and a bad one for PMMA (iso-amyl acetate)57.

The same system, containing more grafts (13 wt%) shows supramolecular micelles in a

different solvent. The solvent was acetonitrile / acetoacetic acid ethyl ether, which is a

bad solvent for PMMA and marginally good solvent for PS58. In the latter case, the grafts

are soluble and form the corona around the insoluble backbone (Figure 5). The system
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not only forms micelles, but recent experiments have also demonstrated the potential to

solubilize small molecules in the core of the micelles59.

These examples show that a variety of parameters are important in the formation of

micelles, including solvent, chemistry and architecture.

Block copolymers have been observed to self-assemble either by surface

segregation (see section on surface segregation) or by micelle formation. The prevalent

mechanism is determined by the chemical nature of the system. A block copolymer of

polystyrene and poly (ethylene oxide) shows micelle formation in solution, but it is also

possible for the polystyrene block to segregate out and absorb onto polystyrene particles.

However, in order to do so, the core of the micelle has to be weakened by adding a

solvent for poly (ethylene oxide), the block that forms the core60.

Although micelles are traditionally observed in solutions, recently a system has

been described in which micelles form initially in solution and solidify during subsequent

solvent evaporation61. The system uses a rigid rod-coil copolymer with polystyrene (coil)

and poly (phenylquinoline) (rod) which form a variety of types of aggregates, including

micelles on the micrometer scale. Upon solvent evaporation, the micellar structure is

retained (Figure 6).

2.9 Micelle formation in biological and biobased systems

Self-assembled structures have also been observed with natural amphiphilic

polymers. Micelles of molecules having a polysaccharidic polar portion and various non-

polar portions have been described in the literature. Examples are oligosaccharide-protein

block copolymers62 as well as hydrophobically modified hydroxyethyl cellulose63,64. The
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literature also reports observations on supramolecular structures of lignin-carbohydrate

complexes, LCC. A variety of LCCs have been found to form micellar structures in water

(Figure 7). Micelles were first described in the acidic LCC fractions of Pinus densiflora.

This LCC, which contains 30-40% lignin, was nevertheless soluble in water. The

solubilization was explained with the formation of micelles with a core of lignin

surrounded by a corona of carbohydrates65. By arranging in this fashion, the lignin is

essentially removed from the water phase resulting in the solubilization of the aggregate.

Similarly, low molecular weight LCC obtained from the acidic LCC fraction by

enzymatic carbohydrate degradation, termed fraction IV, with 40-60% lignin and 30%

carbohydrate content has been observed to form micelles. The critical micelle

concentration (cmc) of the acidic LCC was determined to be 0.035wt%. Furthermore,

both the acidic LCC fraction and fraction IV were found to be able to solubilize Sudan

III, a naphthalene based hydrophobic diazo dye, in water. The colloidal dispersion of

Sudan III is explained with the incorporation of the hydrophobic dye molecule into the

core of the micelle. The acidic LCC fraction was found to be more effective in the

dissolution of the dye than was fraction IV. In the former case, 2-9 equivalents of LCC

dissolved 1 equivalent of dye, whereas in the latter case 18.1 equivalents were necessary.

Micelles are formed by both, high and low molecular weight molecules and it has been

concluded that they can form intermolecularly as well as intramolecularly. The

dependence of micelle formation by LCCs on lignin content and carbohydrate molecular

weight is still unclear. Water-extracted, fractionated LCC from Pinus densiflora

containing 70% sugars failed to form micelles66; but LCCs from Populus deltoides

showed micelle formation even at low lignin content. Of four LCCs examined, two had a
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high lignin : carbohydrate ratio (L:C ratio) and two had a low L:C ratio. The lignin-poor

LCC had a ten times higher cmc (i.e. 200-350 µg/ml) than the lignin-rich LCC. However,

the lignin-rich LCCs had high molecular weight, whereas the lignin poor LCCs were of

smaller size. Thus it is not clear whether the difference in cmc stems from differences in

molecular weight or lignin content67. Additional experiments on enzyme degradation

products of these four LCCs showed that the cmc of the isolated enzyme products

increased for both high and low L:C ratio when at the same time the A280-value, a

measurement for lignin content, indicated a constant amount of lignin in the copolymer68.

This indicates a dependence of the cmc on the molecular weight. Micellar aggregates are

not only confined to native LCC, but they are also observed in derivatized lignin-

carbohydrate copolymers. Recently, micelle formation in derivatized acetic acid

(organosolv) pulp has been reported69. Hydroxypropylated acetic acid pulp was found to

form micelles with a hydrophobic core surrounded by a hydrophilic corona. These

micelles were capable of incorporating a hydrophobic substance, in this case a

fluorescence probe (N-phenyl-1 naphtyamine, PNA), in their hydrophobic core. The cmc

of the derivatized pulp was reported to be about 1 mg/ml, 1000 times greater than the

cmc observed for native LCC. This illustrates the importance molecular parameters have

on the process of micelle formation in polymeric species containing both lignin and

carbohydrate moieties.

2.10 Surface characterization by dynamic contact angle (DCA) measurements

The contact angle measurement is a sensitive technique to characterize the

outermost surface of polymer films (5-10 Å)70
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Contact angle measurements can be either static or dynamic. Static measurements

report equilibrium angles with static fluid lines and without time-dependency. On the

other hand, dynamic measurements incorporate a moving contact line (i.e. the liquid

moves over the surface)71 and yield a measured contact angle that progresses through a

number of non-equilibrium stages72, i.e. a time dependent measurement. Dynamic

measurements are useful to detect reorganization due to the movement of the probing

liquid. However, the observed contact angle depends on the velocity with which the

liquid is spread. Higher velocities usually lead to a decrease in contact angle73. It is

therefore important to conduct dynamic contact angle measurements at a constant fluid

velocity speed.

Several methods to measure contact angles are known and the two most commonly

used ones are the sessile drop and the Wilhelmy plate method.

The sessile drop method provides a direct value for the contact angle by laying a

tangent on the outside of the drop. It is often used as a static measurement, but it can also

be used in a dynamic set-up by expanding and shrinking the drop or by tilting the sample.

The angle is measured by fitting a tangent to the drop circumference, a procedure that

renders the method extremely operator-dependent.

The Wilhelmy Plate method is a dynamic wetting force measurement. The sample

is automatically immersed into, and withdrawn from, the wetting liquid. The force at the

solid / liquid / vapor interface is measured. The procedure can be visualized as a mass

measurement74. The sample is attached to one arm of a (micro) balance beam and

lowered into the wetting fluid. If wetting occurs, positive interfacial forces are observed.

It can be visualized as the sample being pulled down into the liquid. The measured force
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is the mass that is necessary to apply in order to balance out the beam of the balance.

Similarly, in the case of non-wetting the film is rejected from the liquid and a negative

force is observed. In this case a weight has to be taken off the balance to even out the

beam (Figure 8).

The measured wetting force (in mass units) can be transferred into contact angle

values using

F = γ cosθ *P - B Equation (1)

where γ is the surface free energy of the liquid, cosθ the contact angle, P the perimeter of

the sample, F the measured force and B the buoyancy75.

However, this equation implies a Young contact angle, i.e., a static equilibrium

contact equation angle, and doubt has arisen as to whether its use is correct for dynamic

contact angles76. Also, the equation was found not to be applicable for all sample

geometries77. If a circular sample is used, the meniscus perimeter at the disc face and its

height change with the immersion depth.

The wetting trace shows stable advancing and receding forces (Figure 9). The

advancing force is measured on the dry sample and the receding one on a sample that was

prewetted during the measurement of the advancing force78. When the liquid initially

contacts the sample, a meniscus is built up and the water does not yet move forward on

the sample. Thus the force is initially stable with increasing immersion. At the turning

point from immersion to withdrawal, the water recedes first over the area of the meniscus

and no change in force is measured. Only if the wetting fluid recedes past the meniscus,

the force begins to change according to the properties of the sample.
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2.11 Contact angle hysteresis

The difference between the advancing and receding force is known as the contact

angle hysteresis and its magnitude depends on a large number of parameters. They

include both, thermodynamic and kinetic parameters79 leading to thermodynamic and

kinetic hysteresis, respectively. Thermodynamic hysteresis is usually derived from

surface roughness and chemical heterogeneity80. The contact angle of heterogeneous

surfaces with two different phases was modeled as the average of the contact angle of the

neat materials weighted on their volume fraction:

cos cos cosθ σ θ σ θ= +1 1 2 2            Equation (2)

with θ the contact angle for the heterogeneous surface, σ1,2 the fraction of the surface

having the intrinsic contact angle θ1,2 respectively81. According to this theory, contact

angle hysteresis is explained as changes in σ1,2 as the liquid advances and recedes over

the surface82. Equation 2, however, holds only for macroscopically heterogeneous

surfaces, and does not address surface heterogeneities on the molecular or atomic level,

as they often occur in polymeric systems. In these cases, a modified equation replaces

equation 2

( ) ( ) ( )1 1 12
1 1

2
2 2

2+ = + + +cos cos cosθ θ θf f Equation (3)

with f1,2 the fractional area of the different phases, θ the total contact angle, and θ1,2 the

contact angle of the homogeneous phases83. These equations were confirmed by

experimental findings84.

Rough surfaces can show different wetting forces as compared to smooth surfaces

of the same composition. This is explained with the entrapment of air, if the liquid cannot

fill in cracks and crevices in the surface. Essentially, part of the drop is floating on an air
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cushion85. This results in an apparent contact angle which can be related to the Young

contact angle by defining a roughness factor:

R = actual surface / geometrical surface  Equation (4)

cosθr = R cos θY  Equation (5)

with θr the contact angle of the rough sample and θY the Young contact angle. Again,

theoretical treatments could be repeated with experimental data86.

Kinetic hysteresis is caused by sorption or surface reorganization87. Often dynamic

wetting measurements are conducted using water as the interrogating liquid. During the

measurement, the surface configuration changes from a more hydrophobic configuration

in air to a more hydrophilic configuration in water. The advancing angle is higher

indicating a more hydrophobic material. During the immersion, reorganization or water

sorption causes the surface to become more hydrophilic88,89 and as a consequence the

receding force (measured on the prewetted sample) is higher, indicating a more

hydrophilic sample.

2.12 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy, XPS, also known as electron spectroscopy for

chemical analysis, ESCA, is well established as a tool to determine the atomic

composition of a surface. A large variety of materials like polymers, metals, and ceramics

can be examined. In the experiment, the sample surface is irradiated with a

monochromatic x-ray beam (Figure 10). The absorption of the x-rays leads to the

emission of core electrons from the examined surface. All electrons with binding energies

lower than the x-ray energy can be emitted, although the probability for emission is not
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equal for each atom. The detector measures the kinetic energy of the emitted electrons

and the binding energy can be calculated as follows:

Ebind = hν - Ekin +φs Equation (6)

where Ebind is the binding energy, Ekin the kinetic energy, φs an instrument constant and

hν the x-ray energy. Since the binding energy of a core electron to its nucleus does

depend on the chemical environment of the nucleus, XPS measurements can not only be

used to identify different atoms present at the surface, but they can also distinguish atoms

according to their chemical environment. In a fashion similar to the chemical shift in

NMR methods, the binding energy of a given core electron depends on the character of

the nearest neighbor atoms. The influence is greatest for the immediate nearest neighbor

atom and declines sharply for the next but one atom. If the neighboring atom has a

negative inductive effect, the electron density in the valence region is decreased and the

binding energy for the core electrons increases accordingly.

Analysis of organic materials usually concentrates on the carbon atoms, because

the sensitivity to the chemical environment is particularly pronounced for carbon. The

deconvolution of the carbon peak is the subdivision of the carbon peak into several peaks

for carbon atoms with different chemical environments, and it can give valuable

information about the chemical state of the examined surface.

In addition to the qualitative analysis of identifying atomic species, XPS

measurements also yield quantitative results such as the concentration of the various

atomic species, by measuring peak areas. By doing so, the mean free path of electrons

and the efficiency for x-ray absorption of various atoms has to be considered. Also the
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different probability for emission has to be accounted for. These factors are taken into

account by the instrument software.

Even though x-rays can penetrate deep into the examined samples, the escape

depth of the emitted photoelectrons limits the sampling depth. The maximum attainable

depth is approximately 100Å. By changing the sampling depth, so-called depth profiles

can be measured (Figure 11). Depth profiles record the concentration of atoms depending

on the sampling depths. The escape depth of the electrons can be changed from

approximate 10 – 100Å. The escape depth of the electrons (i.e. the sampling depth)

depends on the incident angle of the x-ray and the electron mean free path:

d = 3λ sin Equation (7)

with λ the electron mean free path, d the sampling depth and α the incident angle.λ

depends on the x-ray energy for most polymeric systems

λ = E0.8 Equation (8)

where E is the x-ray energy90.

Using equations 7 and 8, the incident angle an be converted into the sampling

depth. It becomes obvious that a change in x-ray energy, that is use of a different x-ray,

can also be used to vary the probing depth.

In recent years x-ray instruments have been improved by adding the capability to

measure samples at cryogenic temperatures91. This allows running of “wet” samples. In

this case, samples can be wetted and freeze-dried and than measured in the XPS at

cryogenic temperatures. Using this method, a sample can be run in the dry state (i.e.

conventional XPS) and then in the freeze-dried state, which mimics the hydrated state.
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From these two measurements the difference in surface configuration depending on the

environment can be elucidated92.

2.13 Atomic force microscopy

Scanning probe microscopy (SPM) allows surface characterization at

unprecedented resolution, down to the molecular level. A number of SPM’s have been

developed to date. All types of SPM utilize a physical sensor, often a very sharp, in some

cases atomically sharp tip, to scan the surface of the sample. The sensor interacts with the

surface of the sample and a secondary picture of the sample surface is created from these

sensor-surface interactions. SPM is different from ‘traditional’ microscopy in the sense

that the sensor is not a electromagnetic wave but a mechanical tip, and in that the

resulting picture is not a primary picture, but a secondary picture which is assembled

from the raw physical data that is actually measured.

Among the SPM’s the atomic force microsope (AFM) is the most frequently used.

The terminology is derived from the fact that the forces measured in the experiment

between tip and sample are of the order of atomic forces. The universal applicability of

the AFM is due to the fact that no specific properties are demanded from the samples that

are examined. Other SPM methods are only useful for materials with certain properties.

For example the scanning tunneling microscopy (STM) relies on the tunneling current

between an atomically sharp tip of one charge and the surface of the opposite charge. The

method is only applicable to conductive samples.

There are two basic operating modes of AFM, contact and tapping mode. In contact

mode the tip is in soft contact with the sample. During the measurement, the tip can
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damage soft samples such as biological samples, polymers or computer chips. Tapping

mode AFM was developed in order to prevent sample damage. This is achieved by

oscillating the tip at a residual frequency which reduces the contact time of the tip with

the sample. Because the tip has its own frequency, the measurement becomes susceptible

to noise, especially higher frequency noise like human voices and low vibrational noises.

But with sufficient noise isolation these problems can be eliminated.

In tapping mode there are two methods of creating the picture of the surface, height

mode and phase mode, and they all involve measurement of the tip parameters.

In height mode, the instrument produces a three-dimensional secondary picture of

the topology of the sample. The detector in the AFM is a photodiode (Figure 12). A laser

is shone onto the end of the oscillating tip, which is connected to a piezo scanner. At zero

position, the laser is reflected into the center of the detector. If the tip encounters an

elevation at the surface, the amplitude is diminished and the reflected laser moves out of

the center of the diode. This information is fed back to the software and voltage is applied

to the piezo scanner in such a way that the tip regains its initial amplitude, i.e. the laser is

back in the center of the diode. The positive or negative movement of the piezo scanner is

then converted into the topology of the sample. In the amplitude mode, the observed

change in amplitude is measured directly (Figure 13).

In the phase mode, the phase of the tip oscillation and not its amplitude is measured

(Figure 14). The tip has an inherent phase, and when it contacts the sample the phase is

always slowed down because the tip is not perfectly elastic. This leads to a phase shift.

The phase shift depends on the softness of the surface and a softer sample results in a

greater phase shift. Due to this, the phase mode AFM can give information about the
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chemistry at the surface, especially in blended materials that might have a chemically

heterogeneous surface.

The advantages of AFM, other than the high resolution, are the ease of sample

preparation and the non-destructive nature of the experiment. Polymer films can be

measured without any sample preparation, and only very rough surfaces, such as fracture

surfaces may have to be microtomed. But extensive sample preparation like coating or

embedding/microtoming is usually not necessary. Additionally, the AFM does not require

a vacuum setup. As a result both, the initial instrument cost and running costs are low.

This has lead to the increased interest in using AFM. Applications of AFM to neat

polymer surfaces concentrate on the determination of surface crystallinity and

nanostructures93. Among the nanostructures visualized by AFM are for example liquid

crystalline structures94,95 and microphase separated materials96.
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Figure 1: The human tendon as an example of hierarchical structure
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Figure 2: Schematic model of interphase (gradual transition)
vs interface (abrupt transition between 2 phases)
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Figure 3: Lignin transition in the middle lamella
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Figure 5: Transferred multiple LB films of cellulose ester. The structure resembles
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Figure 5: Demonstration of the influence of the solvent on self-assembly. In this graft-copolymer
a variety of unimolecular micelles are observed depending on the quality of the solvent (from 
ref. 58) 
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Figure 6: Example of the fomation of solid state micelles (from ref. 61)
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Figure 7: Examples of some of the micellar structures found in lignin-carbohydrate
complexes (from ref. 64)
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a: 
Zero position, before the measurement.
The sampe is attached to one side of 
balance beam. A weight is put on the
other side to even out the beam. 

b:
Wetting occurs. The sample is pulled into
the liquid and more weight has to be put
on the other side of the beam to keep the
beam even. A positive force is registered.

c:
Non-wetting occurs. The sample is rejected
from the liquid and weight has to be taken
off the other side of the beam to keep the
beam even. A negative force is registered.

Figure 8: 
Demonstration of wetting force measurement as a mass measurement on a balance beam. 
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Figure 9: A schematic description of the changing meniscus shape at the solid/liquid
interface when the plate is immersed into (a) or withdrawn from (b) the water. Due
to the the round specimen, the line 1-2 in the resulting  wetting force trace (c) is
sloped.
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Figure 10: Schematic of X-ray photoelectron spectroscopy experiment
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Figure 11: Schematic of angle dependent X-ray photoelectron spectroscopy experiment
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Figure 13: Schematic of signal processing in height mode atomic force microscopy (tapping mode)
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Figure 14: Schematic of signal processing in phase mode atomic force microscopy (tapping mode) 


