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Abdulaziz Kaya 

(Abstract) 

 

Throughout the study of polymer adsorption at the air/water and solid/water interfaces, 

surface tension measurements and surface plasmon resonance (SPR) spectroscopy have been 

identified as key methods for the acquisition of structural and thermodynamic information. These 

techniques were used to determine air/water and cellulose/water interfacial properties of pullulan 

(P) and pullulan cinnamates (PCs), 2-hydroxypropyltrimethylammonium xylans (HPMAXs), and 

hydroxypropyl xylans (HPXs). 

Hydrophobic modification of pullulan with cinnamate groups promoted adsorption onto 

model surfaces of regenerated cellulose. In order to understand the relative contributions of 

hydrophilic and hydrophobic interactions towards PC adsorption, PC adsorption onto self-

assembled monolayers (SAMs) with different functional groups was also studied. As the degree 

of cinnamate substitution increased, greater adsorption onto cellulose, methyl-terminated SAMs 

(SAM-CH3), and hydroxyl-terminated SAMs (SAM-OH) was observed. This study showed that 

hydrogen bonding alone could not provide a complete explanation for PC adsorption onto 

cellulose. 



 iii 

The adsorption of cationic 2-hydroxypropyltrimethylammonium (HPMA) xylans with 

different degrees of substitution (DS) onto SAMs and regenerated cellulose was studied by SPR. 

Surface concentration (�) exhibited a maximum (�max) for HPMAX adsorption onto carboxylic 

acid-terminated SAMs (SAM-COOH) at an intermediate HPMA DS of 0.10. This observation 

was indicative of a relatively flat conformation for adsorbed HPMAXs with higher HPMA DS 

because of higher linear charge densities along the polymer backbone. � observed for HPMAX 

adsorption onto regenerated cellulose and SAM-OH surfaces was relatively low compared to 

HPMAX adsorption onto SAM-COOH surfaces.  

Surface tension measurements for aqueous solutions of HPX by the Wilhelmy plate 

technique showed that surface tension changes (�� = �water � �HPX(aq)) increased and critical 

aggregation concentrations generally decreased with increasing hydroxypropyl (HP) DS. Hence, 

even though HP substitution was necessary to induce aqueous solubility, excessive 

hydroxypropylation promoted aggregation in water. SPR studies indicated that HPXs did not 

adsorb significantly onto regenerated cellulose or SAM-OH surfaces (submonolayer coverage). 

In contrast, HPX did adsorb (~monolayer coverage) onto SAM-CH3 surfaces.  

     Collectively, these studies showed natural polymers could be chemically modified to produce 

surface modifying agents with sufficient chemical control, whereby the surface properties of the 

resulting systems could be explained in terms of chemical structure and intermolecular 

interactions. 
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CHAPTER 1 

Overview  

Engineering interfaces is important in order to develop high strength composites. Wood 

based biocomposites suffer from incompatibility between hydrophilic cellulosic fibers and 

hydrophobic thermoplastics which yields poor mechanical properties. Our aim in this study was 

to understand the fundamentals behind polysaccharide adsorption from aqueous solution onto 

surfaces in order to engineer better interfaces in the future. Another aim of this study was to 

utilize biomass to develop surface modifying agents for cellulosic systems. We have investigated 

xylan derivatives, a hemicellulose, for this purpose because hemicelluloses play an important 

role in compatibilizing cellulose and lignin in plant cell walls.    

This dissertation consists of seven chapters. In Chapter 2 (Introduction and Literature 

Review), the three main components of wood (cellulose, hemicellulose, and lignin), and their 

mutual interactions are discussed at the start of the chapter. Subsequent discussion focuses on 

theoretical concepts for polymer adsorption and experimental methods for investigating polymer 

adsorption. After an overview on the three main components of wood, physical investigations of 

these three components are discussed in the context of previous self-assembly and adsorption 

studies. This discussion is followed by coverage of thermodynamic treatments of an interface 

and the Gibbs adsorption isotherm. Theoretical predictions and explanations for polymer 

adsorption based upon self-consistent field and scaling theories are then addressed. The thesis 

then moves on to polyelectrolyte adsorption, and relevant features of polyelectrolyte solutions 

and interfacial properties. Next, surface tension measurements at the air/water interface, as a 

technique for providing surface excesses, are covered.  These topics are then followed by a 

discussion of model cellulose surfaces and recent studies involving these surfaces. Moreover, 
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self-assembled monolayers (SAMs) and structural properties of SAMs will be illustrated as 

relevant model systems for exploring interactions between adsorbates and specific surface 

functional groups. Finally, surface plasmon resonance (SPR) spectroscopy, the main optical 

technique used in this dissertation, will be introduced for studying polymer adsorption. 

Materials and experimental techniques for this thesis are provided in Chapter 3. The 

description of materials and experimental methods will not be repeated in subsequent chapters. 

Chapter 4 describes the self-assembly of pullulan and pullulan cinnamates onto regenerated 

cellulose surfaces and self-assembled monolayers. Surface tension and pyrene dye fluorescence 

experiments used to probe aqueous solution properties of pullulan and pullulan cinnamates will also 

be covered. Next, pullulan and pullulan cinnamate adsorption onto model cellulose surfaces and self-

assembled monolayers will be discussed along with in-situ atomic force microscopy (AFM) studies 

of pullulan and pullulan cinnamate layers adsorbed onto regenerated cellulose surfaces and various 

SAMs. Fitting of experimental adsorption isotherms to Langmuir and Freundlich adsorption 

isotherms will be demonstrated with subsequent speculation about possible conformations of 

adsorbed pullulan and pullulan cinnamate layers on the aforementioned surfaces. 

Chapter 5 decribes the adsorption of 2-hydroxypropyltrimethylammonium xylan (HPMAX) 

onto SAMs and regenerated cellulose surfaces. The dominant role of electrostatic interactions on the 

adsorption process is the primary emphasis of this chapter. Initially, studies of HPMAX adsorption 

onto carboxyl terminated SAMs is discussed with respect to how linear charge density along the 

HPMAX backbone affects adsorption. Ultimately, comparisons to HPMAX adsorption onto other 

hydrophilic and hydrophobic surfaces are also made to probe the roles, hydrogen bonding and van 

der Waals interactions play on adsorption. These results are discussed in terms of predictions from 

scaling theory.   
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In Chapter 6, the adsorption of hydroxypropylxylan (HPX) at the air/water interface and onto 

regenerated cellulose surfaces and SAMs will be discussed. NMR characterization of acetylated 

derivatives of HPX will be discussed for the determination of the degrees of substitution. Surface 

tension measurements of aqueous HPX enabled us to estimate surface excesses at the air/water 

interface by using the Gibbs adsorption isotherm. Chapter 6 will conclude by discussing HPX 

adsorption onto SAMs and regenerated cellulose surfaces by SPR. 

Finally, Chapter 7 summarizes the overall conclusions of this thesis and provides 

suggestions for future work. In particular other possible directions that can be explored through 

polysaccharide adsorption onto model cellulose surfaces and self-assembled monolayers will be 

discussed.  
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CHAPTER 2 

Introduction and Literature Review 

 2.1 Introduction to Wood 

 Wood is a complex plant tissue composed of different types of cells. It can be easily 

recognized as the tissue located inside tree bark and it forms the interior part of major stems, 

branches, and roots.1 Within living trees, wood (xylem) has the function of support, nutrient and 

mineral conduction, and storage. The support function helps the tree to remain erect despite the 

heights to which a tree grows. Transport of ground water to upper parts of a tree occurs through 

tube like structures in wood. Finally, food (energy) is stored in certain parts of the wood. The 

wood cells which support the tree and conduct water make up 60 to 90 percent of wood by 

volume. Within the living tree, these cells are dead which means that the cytoplasm is absent 

leaving hollow cells with rigid walls. The only living portion of the wood is the food storing 

cells.2 Almost, all of the wood cells are derived from the layer that lies immediately outside the 

wood in a tree, which is called the vascular cambium. There are two kinds of cells in the vascular 

cambium: spindle-shaped, axialy elongated cells, termed as fusiform initials, and ray initials, 

which are as broad as they are high.3 While these structures are present in all trees, several types 

of wood with different structure and properties can be obtained through the hierarchical 

assembly noted above. 

The secondary xylem produced by cell division in the vascular cambium of gymnosperms 

is termed softwood, while that of angiosperms is hardwood. Both softwoods and hardwoods are 

widely distributed on earth. The characterization of the xylem species from arctic regions to 

moderate temperature regions can be carried out by considering the distinct growth rings. For 

softwood, which consists mainly of tracheids, the latewood (summer wood) has smaller radial 
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dimensions and thicker cell walls than earlywood (spring wood). These anatomical differences 

yield higher densities for latewood compared to earlywood. Hardwoods, like softwoods, are also 

present in tropical and arctic regions. In colder regions, hardwoods are deciduous, but in tropical 

regions they are evergreen and growth regions are not easily recognized. While tracheids are the 

main cells in softwoods, hardwoods can have a variety of cells. The macroscopic characteristics 

of hardwoods are governed by the distribution and number of different types of cells such as 

vessels, parenchyma, and fibers.4  Hardwoods are characterized by the presence of vessels 

(pores). These vessels or pores are cells which occupy a large cross-sectional area and can 

usually be detected by the unaided eye.2, 5 Fibers make up 25% of the wood by volume, but in 

some hardwoods they can make up 50-70 % of the wood by volume.4 

2.1.1 Formation and Structure of the Cell Wall 

 Living cells associated with the growth and development of the woody stem of trees are 

produced in the vascular cambium which is located between the xylem and the phloem. These 

cambium cells form a sheath of living cells around the stem, root, and branches of the tree. The 

development of xylem cells from the cambium happens in four phases, cell division, the growth 

of the daughter cells into mature cells, development of the secondary cell wall (wall thickening), 

and lignification. Two kinds of cell division can occur: (a) tangential/longitudinal (periclinal) 

which involves an increase in the diameter of the stem, and (b) pseudo-transverse (anticlinal) 

which increases the circumference of the stem (Figure 2.1). The periclinal division of each 

cambium initial gives rise to daughter cells. The circumferences of the initials are increased by 

anticlinal division, i.e., new rows of cambium initials are introduced. All the daughter cells 

expand radially and longitudinally until final cell dimensions are reached. During rapid extension 
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of the daughter cells, there is an active growth in the cell wall which corresponds to the 

formation of the cellulose microfibrils.5 

During the enlargement of daughter cells to form mature cells, the cells consist of a 

primary wall that can grow both longitudinally and radially. After the cells reach their full 

dimensions, a secondary wall starts to deposit onto the internal side of the primary wall that 

increases the rigidity and thickness of the cell wall. Figure 2.2 presents cell walls of two mature 

cells from a softwood species. Three distinct layers can be seen. Primary walls for the two cells 

are present adjacent to both sides of the middle lamella (the midline between the two cells in 

Figure 2.2). However, this primary wall is too thin and it is very hard to observe. Therefore, the 

term compound middle lamella is usually used for the region that includes both the middle 

lamella and two primary cell walls (c in Figure 2.2). Adjacent to the compound middle lamella, 

the first layer of the secondary cell wall, the S1 layer, is present. The central layer, the S2 layer, is 

the thickest of the three layers of the secondary cell wall. Finally, the innermost layer adjacent to 

the lumen is called the S3 layer.2 

(a) (b)(a) (b)
 

Figure 2.1: A schematic representation of the (a) periclinal and (b) anticlinal division of the 

cambium initial. 
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Figure 2.2: Cell walls in a cross-sectional view from springwood tracheids depicting cell wall 

layering. C: compound middle lamella, 1: S1 layer, 2: S2 layer, and 3: S3 layer (16000× 

magnification). Reprinted with permission from ACS Symposium Series 1977, 43, 1-23. 

Copyright [1977] American Chemical Society.  

2.1.2 Chemical Composition of the Cell Wall 

 The major constituents of the cell wall are cellulose, hemicellulose, and lignin. These 

polysaccharides and complex crosslinked �phenylpropane� polymers  form a composite structure 

that is the cell wall.6 Other polymeric constituents such as starch, pectin, and ash for extractive-

free wood are present in varying quantities to a lesser extent. The cellulose content is more or 

less the same (43 – 2%) by weight for both softwoods and hardwoods. The lignin content of 

hardwoods varies between 18 and 25% by weight, whereas softwood varies between 25% and 

35% by weight. The hemicelluloses found in both groups are different in structure and in quality. 
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The hemicellulose content of the cell wall varies between 20 and 35% by weight in hardwoods, 

versus as much as 30% by weight in softwoods.7 

2.1.2.1 Cellulose 

Cellulose is the most abundant component of the cell wall and is also the main 

component of a variety of natural fibers such as cotton, bast fibers, and leaf fibers. In nature, 

cellulose is found in close association with hemicelluloses, pectin, water, wax, proteins, lignin, 

and mineral substances. This biopolymer is a linear chain composed of anhydro-D-

glucopyranose units linked by �-(1�4)-glucosidic bonds (Figure 2.3).8 These pyranose rings are 

found to be in the chair conformation, 4C1, in which hydroxyl groups are in equatorial positions.9 

Therefore, cellulose is an extensive, linear polymer chain containing a large number of hydroxyl 

groups (3 per anhydroglucose unit) in the thermodynamically preferred conformation of 4C1. To 

preserve the bond angles for acetal-oxygen bridges, every other anhydroglucose unit (AGU) is 

rotated 180° in the plane of the molecule.10 The dimer cellobiose is actually the repeating unit of 

cellulose, but AGUs are used for determining the degree of polymerization (DP or n).11 DPs for 

cellulose molecules depend on the origin and treatment of the raw material. For wood pulp, DP 

varies from ~ 300 to 1700. Cotton and other plant fibers have DP values in the range of ~ 800 to 

10000 depending on the treatment.10  

In the cell wall, cellulose exists in the form of threadlike structures which are called 

microfibrils.4 These microfibrils are about 10 to 29 nm in diameter, and are much longer than 

their diameter. Each microfibril consists of about 2000 or so cellulose molecules arranged in a 

parallel orientation, to form a crystalline array.12 The crystallinity has been demonstrated by X-

ray diffraction and polarized optical microscopy.4 X-ray diffraction measurements show that 

crystalline regions are interrupted with non-crystalline (amorphous regions) about every 600¯.2, 5 
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However, physical and chemical investigations reveal that cellulose molecules are long and can 

be at least 50,000 ¯ in length. Therefore, it is assumed that each cellulose molecule passes 

through a number of crystalline regions, and that cellulose chains only align in these crystalline 

regions.5 The orientation of the fibers varies greatly between the three layers of the secondary 

cell wall. In the S1 layer, the cellulose fibers are arranged in helical structures where about half 

of the molecules are left-handed and the other half are right-handed. In the S2 layer, the cellulose 

fibers are composed entirely of right-handed helices, but the angle between the fiber direction 

and the long axis of the cell varies between 10° and 40° in different woods. In the S3 layer, the 

angles between the long axis of the cell and the fiber are greater than that of the S2 layer, 

between 10° and 60°. Initially, the cellulose microfibrils are laid down in a porous matrix of 

hemicellulose. Later, these pores are occupied by lignin.12 

O

O

n/2

HO

OH

OH

OH

O

HOO

OH

 
 
Figure 2.3: Repeating unit of cellulose. 

 

Cellulose chains can form several alternate structures when these chains associate with 

each other through hydrogen bonds and van der Waals forces.13 There are four different 

polymorphs of cellulose (I, II, III, and IV). Cellulose I is the form found in nature and it occurs 

in two different allomorphs (I� and I�).
11 Cellulose II, the second most studied cellulose 

polymorph, can be obtained from cellulose I by one of two processes: (a) solubilization of 
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cellulose in a solvent and reprecipitation by dilution with water; or (b) mercerization, which is 

the process of swelling native fibers with sodium hydroxide and then removing the swelling 

agent.9 Cellulose III and cellulose IV are  obtained from liquid ammonia and heat treatment of 

the other polymorphs, respectively.14  

Thermodynamically, the most stable polymorph is cellulose II, which has an additional 

hydrogen bond for each glucan unit.15 In both cellulose I and cellulose II, the dominant 

intramolecular hydrogen bonding is O3-H••••O5.16-18 However, intermolecular hydrogen bonding 

is different for the two polymorphs. In cellulose I, O6-H••••O3 intermolecular hydrogen bonding 

dominates, whereas in cellulose II, O6-H••••O2 is present.11 It is also important to emphasize the 

fact that all the hydrogen atoms are more or less hydrogen bonded and there are no �free� or 

�non-hydrogen bonded hydroxyl groups� present in cellulose.19 The large number of hydrogen 

bonds makes the linear cellulose molecules strongly associate with each other laterally. The 

crystallinity of cellulose arises from this excellent association and nearly perfect alignment of the 

cellulose molecules.2   

2.1.2.2 Lignin 

 Lignin is the most abundant aromatic (phenolic) polymer in nature20 and is distributed with 

hemicelluloses in the spaces between cellulose microfibrils in primary and secondary walls, and 

in middle lamellae.21 Its main function is to cement cellulose microfibrils together.22 It is a 

widely accepted concept that lignin is formed by the enzymatic dehydrogenative polymerization 

of three phenylpropane units (monolignol). The biosynthesis of lignin employs various oxidative 

coupling reactions of resonance-stabilized phenoxy radicals obtained from these phenylpropane 

units leading to randomly cross-linked macromolecules.23 These phenylpropane units are: p-

coumaryl, coniferyl, and sinapyl alcohols (Figure 2.4).22, 24-26 Lignins can be divided into three 



 11 

broad groups; softwood lignin, hardwood lignin, and grass lignin. Softwood lignin, also called 

guaiacyl lignin, originates from the precursor, coniferyl alcohol.  Hardwood lignin is made up of 

coniferyl and sinapyl alcohol units. Grass lignin is derived from coniferyl, sinapyl, and p-

coumaryl alcohol units.22 

 Lignin is the most complex high molecular weight natural polymer in the cell wall, and 

investigators still struggle with structure determination. The presence of many complex C-C 

linkages makes it harder to decompose the structure into lower molecular weight species without 

inducing structural changes. It is also optically inactive which is unusual for a biopolymer.27 This 

behavior may be expected from a random three-dimensional network.28 Furthermore, it is an 

amorphous polymer23 and there are no reports of even semi-crystalline lignin.28 Because it is not 

possible to isolate lignin quantitatively from plant materials without chemical or mechanical 

degradation, the true molar mass (MW) of lignin cannot be determined. In the isolation process, 

lignin usually degrades into fragments of varying size. Reported MWs of these isolated lignins 

range from 102 to 106 g�mol-1 depending on the source of the lignin and the isolation process.29 

Although native lignin is insoluble in virtually all simple solvents,23, 28 isolated lignins exhibit 

partial solubility in solvents like dioxane, acetone, methyl cellosolve (ethylene glycol 

monomethyl ether), THF, DMF, and DMSO.23 
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Figure 2.4: Lignin precursors (a) p-coumaryl alcohol, (b) coniferyl alcohol, and (c) sinapyl 

alcohol.  

2.1.2.3 Hemicelluloses 

 Hemicelluloses are the most complex molecules in the cell walls of woods, straws, and 

grasses and comprise roughly one-fourth to one-third of the material present in most plants. In 

contrast to cellulose, these compounds are non-crystalline heteropolysaccharides and are 

classically defined as the alkaline soluble material that remains after pectic substances are 

removed.30 Pectins are polysaccharides extracted from cell walls by hot water, ammonium 

oxalate, weak acid, or chelating reagents. Extraction of hemicelluloses from the cell wall requires 

strong alkali rather than the weak acids used for the extraction of pectins.31 In plant cell walls, 

hemicelluloses are situated between the lignin and the collection of cellulose fibers that form the 

microfibrils.32 They form hydrogen bonds with cellulose, covalent bonds with lignin, and ester 

linkages with acetyl units and hydroxycinnamic acids. Figure 2.5 provides one example of a 

hemicellulose-lignin linkage where ferulic acid, ether-linked lignin, forms a cross-link to 

hemicelluloses through an ester linkage. The general formulae of hemicelluloses are (C5H8O4)n 

and (C6H10O5)n, and these units are termed as pentoses and hexoses, respectively. The principle 
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sugars present in hemicelluloses (Figure 2.6) are D-glucose, D-galactose, D-xylose, D-mannose, 

L-arabinose, D-glucuronic acid, 4-O-methyl-D-glucuronic acid, and D-galacturonic acid, and to 

a lesser extent, L-rhamnose, L-fucose and various 4-O-methylated neutral sugars. These sugar 

units are arranged in different proportions with different substituents depending on the source of 

the hemicellulose.30  

O

O

CH2

O

O

Xyl-Xyl-Xyl-Xyl
H3CO

O

O

OCH3

HO

CH2OH

OH

OH

 

Figure 2.5: An example of a hemicellulose-ester-ferulic acid-ether-lignin bridge.  

 

The chemical and thermal stability of hemicelluloses are lower than cellulose because 

they are non-crystalline and generally have low degrees of polymerization, n ~ 100 to 200. In 

addition, hemicelluloses differ from cellulose in terms of their alkali solubility. This 

characteristic is exploited to fractionate polysaccharides using different alkali conditions for 

lignin-free samples.23 Hemicelluloses can be divided into four groups of structurally different 

polysaccharides: (a) xylans, (b) mannans, (c) �-glucans with mixed linkages, and (d) 

xyloglucans.33 Subgroups exist within a given group. 
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Figure 2.6: Main sugars used in hemicellulose biosynthesis.  

2.1.2.4 Xylans 

 Xylans are the major component in the primary cell walls of monocotyl plants (grasses and 

cereals), whereas they exist in secondary cell walls of dicotyl plants (hardwoods and herbaceous 

plants).33, 34 Monocots and dicots are two divisive groups of flowering plants. In dicots, there are 

two cotyledons (seed leaves) and, but in monocots, there is only one cotyledon.35 Xylans from 

terrestrial plants have a backbone of �-(1�4)-D-xylopyranosyl groups that are branched with 

short hydrocarbon groups. Based on the known primary structure of xylans, xylans can be 

subdivided into homoxylans and heteroxylans, the latter include glucuronoxylans, 

(arabino)glucuronoxylans, (glucurono)arabinoxylans, arabinoxylans, and complex 

heteroxylans.33 Homoxylans in which D-xylopyranosyl (Xylp) residues are linked by �-(1�3), 

�-(1�4), and/or mixed �-(1�3), �-(1�4) linkages are common in seaweeds (e.g. red and green 

algaes). In the highest evolutionary dicots (e.g. hardwoods), the main hemicellulose component 

of the secondary cell walls is glucuronoxylan (GX) (Figure 2.7) where �-D-glucuronic acid (GA) 

and/or 4-O-methyl �-D-glucuronic acid (MeGA) can be attached to the O-2 position of Xylp 

repeating units.36 In (arabino)glucuronoxylans (AGX), �-L-arabinofuranosyl (Araf) units  are 

usually attached at position 3 of the Xylp repeating units in addition to attachment of GA and/or 
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MeGA at position 2. AGX exists in softwoods and lignified tissues of grasses and annual 

plants.37 The main difference between (arabino)glucuronoxylans and (glucurono)arabinoxylans 

(GAX) is the disubstituted Araf units for each Xylp repeating unit.36 Neutral arabinoxylans 

(AX), in which Araf residues are usually substituted at position 3 or both position 2 and 3 of 

Xylp repeating units, represent the main xylan component of cereal grains.37 The last xylan 

group, complex heteroxylans (CHX), have their Xylp backbone substituted with various mono- 

and oligoglycosyl side chains in addition to Araf, GA and MeGA units.33  The degree of side 

chain substitution and substitution pattern determines the solubility of xylan in common solvents, 

interactions with other cell wall components, degradability by enzymes, and solution and 

functional properties.37  
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Figure 2.7: Structural features of (a) glucuronoxylan (GX), (b) (arabino)glucuronoxylans 

(AGX), and (c) arabinoxylan (AX).  
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2.1.3 Physical Investigations of Interactions Between Cellulose, Hemicellulose, and Lignin 

Figure 2.8 illustares the structure of the cell wall of a softwood fiber proposed by Salmen 

et al.38 They suggested that different types of lignin could be associated with different kinds of 

hemicelluloses in the S2 layer. An earlier deposition of condensed lignin and unsubstituted xylan 

led to a closer proximity of these polymers towards the cellulose microfibril aggregates. By 

chemical analysis of lignin carbohydrate complexes isolated from spruce wood, Lawoko et al.39 

found a more condensed type of lignin associated to glucomannan, while the less condensed type 

lignin was associated to xylan. In accordance with these experimental observations, they also 

proposed that in hardwoods, a low substituted xylan was associated with cellulose and with a 

condensed type of lignin. On the other hand, a highly substituted xylan was more closely 

associated with a less-condensed type of lignin. In softwood, the glucomannan replaced the low 

substituted xylan as depicted in Figure 2.8.38 
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Figure 2.8: Schematic picture of the cell wall of a softwood fiber (tracheid). The figure indicates 

the cellulose microfibril angle of the secondary wall (S2), the concentric lamellar arrangement of 

cellulose aggregates interspaced by matrix lamella, the lenticular undulating cellulose aggregate 

structure and the variability of cellulose aggregate sizes, as well as the arrangement of matrix 

components from glucomannan (non-substituted xylan in hardwoods) closest to the cellulose 

microfibrils that outwards associates to a condensed type of lignin followed by the xylan (more 

highly substituted xylan in hardwoods) associated to a more non-condensed type of lignin. 

Adapted from Salmen et al.38
 

2.1.3.1 Miscibility of the Chief Components of Wood 

 The miscibility of two materials can be studied by thermal analysis. If the blend shows a 

single glass transition temperature (Tg) between the glass transition temperatures of the two 
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constituents of the blend, the two materials are miscible with each other. However, immiscible 

blends exhibit two separate glass transition temperatures each corresponding to the Tg of the 

individual homopolymer. Partial miscibility is indicated by migration of the Tg values toward a 

common glass transition temperature which is a function of the fraction of each component 

present.40   

 

Figure 2.9: Dynamic mechanical and thermal analysis of solid spruce wood. Moisture contents 

are (--��--) 5 %, (----) 10 %, (���) 20 %, and (��) 30 %. Reprinted with permission from 

Journal of Materials Science 1987, 22, 617-624. Copyright [1987] Springer.  

 

 Dynamic mechanical and thermal analysis (DMTA) of the amorphous region of solid 

spruce wood is shown in Figure 2.9. The tan � (phase angle of strain used in DMTA) is plotted 

against temperature for five different wood samples with varying moisture content, 5% (bottom) 

to 30% (top). The � transition is a secondary relaxation involving small-scale molecular motions 

which are attributed to the local site exchange of the moisture content of the wood. The �1 and �2 

transitions which are due to large scale motions of the backbone chain imply two distinct glass 
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transition temperatures. These two transitions are caused by two different amorphous materials 

residing in wood, each having different phases at the molecular level. It has been concluded that 

the �1 transition corresponds to lignin and the �2 transition corresponds to the hemicellulose.41, 42 

These components are covalently linked to each other in a block copolymer fashion, a conclusion 

that is consistent with two different transitions in dynamic mechanical analysis of bulk wood 

and, the ability of these amphiphilic substances to form micelles or aggregates in solution.42-46   

2.1.3.2 Previous Self-Assembly Studies of Biological Materials 

 Self-assembly behavior has been studied in order to understand the hierarchical structure of 

wood composites. The micelle forming properties of many amphiphilic block copolymers 

containing poly(ethylene oxide) such as polystyrene-b-poly(ethylene oxide) and poly(propylene 

oxide)-b-poly(ethylene oxide) have been performed.47 Self-assembled structures have also been 

found for natural polymers including oligosaccharide-protein block copolymers,48 hydroxyethyl 

cellulose,49, 50 fluorine-containing cellulose diblock structures, and xylan-rich 

hetereopolysaccharides and their derivatives.51 Lignin-carbohydrate structures also form micellar 

structures in aqueous solution.45 Lignin-carbohydrate complexes consist of sugar chains with 

lignin moieties as pendant side groups. It is believed that lignin is attached to sugar units with 

aromatic ether linkages. The exact nature of the interaction between lignin and carbonhydrate is 

still unclear, but it is known that a covalent bond exists between the lignin and the carbohydrate. 

The lignin-carbohydrate complexes form micelles in the aqueous solution due to the hydrophobic 

nature of the lignin. The study of the self-assembly behavior of wood constituents is extremely 

relevant, because it is believed that self-assembly behavior is responsible for the composite 

structure of wood.44     
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2.1.3.3 Self-Assembly Behavior of Xylans 

The aim of this thesis is to study the self-assembly and adsorption of xylan and its 

derivatives onto a cellulose surface. There have been numerous investigations52-54 about the self-

assembly of xylan onto cellulose surfaces.  Mora et al.52 investigated the redeposition of xylan 

molecules onto cellulose microfibrils during the pulping process. Electron micrographs of the 

cellulose microfibrils taken after treating the xylan deposited cellulose microfibrils with 

hydrogen bond-disrupting reagents produced the same images as those of pure cellulose 

microfibrils. This hydrogen bond-disrupting reagent, 4 M aqueous urea solution breaks up the 

hydrogen bonding between xylan and cellulose microfibrils, and thus regenerates smooth 

microfibril surfaces. These results demonstrated the role of strong hydrogen bonding in the 

sorption and retention of xylan aggregates on microfibril surfaces. In a later study, Henrikkson et 

al.53 investigated the optimum conditions for the assembly of birch xylan onto cellulose 

microfibrils. By varying the temperature, pH, and time of the autoclaving experiments, he 

concluded that temperature and time were the most important parameters, whereas pH was not 

important in the investigated region. Linder et al.54 extended the investigation of birch xylan self-

assembly by changing the cellulose surfaces from cellulose microfibrils to bacterial cellulose 

(BC) gels produced by Acetobacter xylinum. The BC surfaces retained significantly greater 

amounts of xylan than the cellulose microfibrils under the same conditions. The morphology of 

the BC/xylan surfaces revealed globular xylan particles of nanometer scale even after short 

treatment times by atomic force microscopy.  This observation suggested that the mechanism 

was one in which preformed xylan aggregates adsorbed onto the cellulose surfaces rather than 

the build-up of multilayers through the sequential adsorption of single xylan molecules.                 
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2.2 Adsorption Phenomena 

 An increase of the solute concentration in the interfacial region is called adsorption. When 

adsorption occurs through a chemical bond, the process is called chemisorption, whereas the 

process of adsorption through physical interactions is termed physisorption. The opposite case, a 

reduction of concentration in the interfacial region is called negative adsorption or depletion for 

the case of polymers.55 Depending on the type of systems in contact, we can consider different 

types of interfacial regions: liquid/gas, liquid/liquid, solid/liquid, and solid/gas. The material that 

adsorbs is defined as the �adsorbate� whereas the material which is in the bulk gas or liquid phase 

prior to adsorption is defined as the �adsorptive�. The penetration of adsorbate molecules into a 

bulk solid phase (also known as the adsorbent) is termed �absorption�. The terms �sorption�, 

�sorbate�, �sorptive� and �sorbent� are often times used if adsorption and absorption are not 

clearly distinguishable for a process.56  

For the adsorption of most vapors onto solid surfaces, the adsorption is spontaneous. 

Therefore, the Gibbs free energy change due to adsorption (�Gads) must be negative. The 

adsorbed molecules lose a degree of freedom on the surface, as they are restricted to two instead 

of three directions of motion. Thus, their entropy decreases and the entropy change due to 

adsorption (�Sads) is negative. From the thermodynamic relationship:  

 adsadsads STHG D-D=D  (2.1) 

we can conclude that the enthalpy change due to adsorption (�Hads) must be negative if the 

adsorption process is to be spontaneous or that the adsorption process must be exothermic. The 

situation may be different for adsorption from solution due to the effects of solvency, etc. The 

exothermic nature of adsorption of gases onto solid surfaces explains why the amount of 
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adsorbed gas decreases when the temperature increases.57 In the next section, we will analyze the 

thermodynamic treatment of interfaces. 

2.2.1 Thermodynamic Treatment of Interfaces - The Gibbs Adsorption Isotherm 

The presence of a surface affects all the thermodynamic parameters. Consider a liquid in 

equilibrium with its vapor. The change across the boundary between the two bulk phases, � and 

�, is not sharp and the local pressure and density vary along the interface. Figure 2.10 illustrates 

the change in some general property (P) between two bulk phases � to �, where z is the distance 

measured along a line normal to the interface. Gibbs developed a thermodynamic model for 

analyzing a two phase system by assigning a dividing surface, �. This dividing surface is a 

mathematical plane with no thickness in the third (z) direction. In a real system, the interface 

between two bulk phases, � and �, is not a plane in the mathematical sense, but a zone of 

thickness where properties of the system continuously change from characteristic values of P for 

the � phase to characteristic values of P for the � phase. Therefore, the total volume of the 

system becomes 

 sba
VVVV ++=  (2.2) 

where V�, V�, and V� are the volumes of the � and � phases and the interfacial region. For the 

case of the Gibbs dividing surface the interface is perfectly sharp. Under this condition, V� = 0 

and the � and � phases are defined relative to the dividing surface, �, which is just a plane. 
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Figure 2.10: Variation of a general property (P) in the vicinity of an interface between bulk 

phases � and � with respect to position (z) measured along a line normal to the interface.  

 

It is possible to obtain values for extensive properties of the two bulk phases (Gibbs free 

energy, internal energy, entropy, etc.) because these extensive properties have constant molar 

values outside the interfacial region. The difference between the values for the bulk regions and 

the total value of a thermodynamic variable for the entire system allows one to assign a value to 

the interfacial region. For the case of the surface internal energy,   

 bbaas
VuVuUU --=  (2.3) 

where U represents the total internal energy of the system, u� and u� are the internal energy per 

unit volume of the bulk phases � and �, respectively. Similar surface quantities can be defined 

for other extensive thermodynamic properties. 

Because the molecular composition changes across the interface, the number of moles of 

component i per unit volume in each phase, a
in  and b

in , in a two-phase multicomponent system 

can be defined as  
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 bbbaaa
VcnVcn iiii ==   and   (2.4) 

where a
ic and b

ic represent the concentration of the solute in bulk phases of � and � with volumes 

of V� and V�, respectively. The amount of component i in the interfacial region is 

 bas
iiii nnnn --=  (2.5) 

where ni is the total number of moles of species i in the entire system. Here, we can define 

surface concentration or surface excess for component i: 

 
s

s

A

ni

i =G  (2.6) 

where A� is the cross-sectional area of the dividing surface. It should be kept in mind that Gibbs 

approach is a model that explains the mathematical handling of data, and does not imply that the 

surface excess of i is actually physically located on the dividing surface, �. The reason is that 

molecules of i are three dimensional and cannot occupy a two dimensional mathematical plane. 

Eqn. 2.5 makes it clear that s
in  and thus �i can be either positive or negative. By varying the 

location of the dividing surface, z0, the magnitude and sign of the �i can change dramatically. 

 The total differential of the surface internal energy is 

 �++= ssss mg ii dnTdATdSdU )(  (2.7) 

where � is the interfacial tension. In Eqn. 2.7, �dA� replaces the bulk work term PdV, where P is 

the pressure of the system, because the interface has no volume but does have an area. At 

equilibrium, the bulk and surface have the same temperature, T and components at the surface 

have the same chemical potential, �i they have in bulk. If we integrate Eqn. 2.7 over a finite area 

of constant T, �, and �i (T), we obtain 
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 �++=
i

ii nTATSU ssss mg )(  (2.8) 

Taking the total differential of Eqn. 2.8 and subtracting Eqn. 2.7 yields 

 �++
i

ii dndAdTS mg sss  (2.9) 

At constant temperature, Eqn. 2.9 gives the Gibbs adsorption isotherm: 

 �� G==-
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i

i

i

i dd
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n
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i
mmg

s

s

  (2.10) 

which relates the surface tension change (d�) to the chemical potential changes (d�i) through the 

surface excesses (�i). For a two component system of solvent (1) and solute (2), Eqn. 2.10 

becomes 

 2211 mmg ddd G+G=-  (2.11) 

Figure 2.11 illustrates how concentrations of solute and solvent might vary across a 

liquid/vapor interface. The dividing plane is drawn so that the two areas shaded in full strokes 

are equal, and the surface excess of solvent is thus zero, �1 = 0. The area shaded with dashed 

strokes, which lies to the right of the dividing plane minus the smaller area which lies to the left 

of the dividing plane gives positive surface excess values for the solute. 
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Figure 2.11: Schematic illustration of surface excess. c is the concentration of the solvent (top) 

or solute (bottom) at a liquid interface, and z0 is the position along the surface normal. 

 

Therefore, choosing the position of the dividing plane, z0, in a place that �1 = 0, converts 

Eqn. 2.11 into 

 
2

2 m

g

d

d
-=G  (2.12) 

where �2 corresponds to the surface excess or surface concentration of the solute. We can 

substitute the activity for chemical potential of the solute through 
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 2222 lnln gm xRTdaRTdd ==  (2.13)                                                                                                                                                                                                                                                                              

where a2 is the activity of the solute in the solvent, x2 is the mole fraction of the solute in the 

solvent, and �2 is the activity coefficient of the solute in the solvent. This substitution yields   
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d

RT
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Finally, for ideal (dilute) solutions, the activity coefficient (�2) approaches unity, such that the 

mole fraction of the solute (x2) can be replaced by the molar concentration of the solute (c2) to 

obtain  
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2 ln
1

cd

d

RT

g
-=G  (2.15) 

Eqn. 2.15 is the relationship between the experimentally measurable quantities (e.g �, c2 and T) 

to the surface concentration or surface excess of the solute (�2).
57-60 Later, in Chapter 6, we will 

use Eqn. 2.15 to estimate the surface excess of hydroxypropyl xylans at the air/water interface.  

2.2.2 Adsorption onto Solid Surfaces 

 In the previous section, the Gibbs adsorption isotherm permited the calculation of the 

adsorbed amount at liquid/vapor interfaces from surface tension measurements. For adsorption 

onto solid surfaces, this experimental advantage is missing, however, a thermodynamic 

explanation for the driving force for adsorption also exists. The surface excesses or adsorbed 

amounts for solid surfaces must be obtained from other measurements.58 The fundamental 

concept in adsorption science is the adsorption isotherm. It is the equilibrium relationship 

between the amount of adsorbate and the pressure or concentration of the bulk fluid phase at 

constant temperature.56  

A simple model describing the adsorption of gas molecules onto planar surfaces was 

introduced by Langmuir in 1918.61 The key assumptions of the Langmuir adsorption isotherm 
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are non-interacting, equivalent adsorption sites, a homogeneous surface that lacked dislocations 

or any other structural nonidealities that might induce preferential adsorption, and the maximal 

adsorption of a single monolayer, whereby an equilibrium constant (KL) was the ratio of the 

adsorption rate constant (kads) to the desorption rate constant (kdes).
60 These assumptions were 

most often valid for gas adsorption onto solid surfaces. The mathematical expression of the 

Langmuir isotherm for adsorption from dilute solutions is 

 
CK

CK

L

Lm

•+

••G
=G

1
 (2.16)                                     

where KL is the Langmuir constant, C was the bulk concentration of the adsorbate in solution, 

and �m is the limiting surface concentration at infinite bulk concentration.62 The linearized form 

of the Langmuir adsorption isotherm is 

 
CK Lmm ••G

+
G

=
G

111  (2.17)  

Therefore, plots of 1/� versus 1/C should be linear and values of the Langmuir constant (KL) and 

limiting surface concentration at infinite bulk concentration (�m) can be deduced from the slope 

and intercept. If the plot is not linear, the model is inappropriate for describing the adsorption 

process.57 

Even though it is not explicitly stated, the Langmuir adsorption isotherm assumes a 

homogeneous surface, otherwise KL values in Eqn. (2.16) would be different for various places 

of the surface. Attempts to explain surface heterogeneity through theoretical adsorption 

isotherms have been more successful for the adsorption of gas molecules onto solid surfaces than 

the adsorption of solutes onto solids from dilute solutions. One probable reason for this 

difference is that fewer interactions must be considered for a gas than a solution.58 The 

Freundlich adsorption isotherm represents an empirical attempt to describe adsorption for 
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heterogeneous systems.63 It is possible to derive the Freundlich isotherm by using a model which 

assumes exponentially increasing heats of adsorption as surface coverage increases.57 The 

Freundlich isotherm is given as 

 Fn

F CK
/1•=G  (2.18) 

where KF is the adsorbent capacity, C is the bulk concentration, and 1/nF is the adsorption 

affinity constant.64 A Freundlich adsorption isotherm can describe adsorption behavior in excess 

of monolayer coverage. A linear form of the Freundlich adsorption isotherm can be obtained 

from Eqn. 2.18:  

 C
n

K
F

F ln
1

lnln •+=G  (2.19) 

where adsorbent capacity, KF, and the adsorption affinity constant, 1/nF, can be obtained from 

the intercept and slope, respectively. In reality, the Freundlich isotherm does not explain surface 

heterogeneity, and it is commonly observed that the Langmuir adsorption isotherm can 

adequately fit experimental data for surfaces where surface heterogeneity is known to be present. 

In fact, the two isotherms are the same in the limit where KLC � 0 and nF � 1. The reason for 

the failings of the Freundlich isotherm are that its derivation assumes highly specific adsorption 

site energies which may not properly account for surface heterogeneity.58 Nonetheless, the 

Freundlich isotherm is still commonly used to fit experimental isotherms that deviate from 

Langmuir behavior.  

2.3 Polymer Adsorption onto Solid Surfaces 

 Polymer conformations are usually treated as a random walk in a continuous space or 

lattice. The conformation of a polymer chain for � solvent conditions can be represented as an 

unrestricted random walk. Near an impenetrable surface, half of the region which corresponds to 

these polymer conformations is restricted. This restriction leads to lower conformational entropy 
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near the surface. If the polymer does not have an affinity for the surface, a depletion layer occurs 

in the surface region. However, polymers usually accumulate in the surface region despite 

entropic restrictions.55 Adsorption takes place only if there are sufficient interactions between 

polymer segments and the surface to compensate for the loss of conformational entropy. The 

critical Gibbs free energy for adsorption to occur spontaneously is typically on the order of a few 

tenths of a kT unit per adsorbed segment. Even if the critical Gibbs free energy for adsorption is 

slightly exceeded, polymer adsorption occurs tenaciously, and irreversibly. The reason for this 

behavior is the combined contribution of each segment to the total Gibbs free energy of 

adsorption for the entire polymer chain.65 Silberberg66 et al. introduced the concept of an 

adsorption energy parameter which is the negative of internal energy change associated with 

replacing a solvent molecule adsorbed at the surface by a polymer segment. The dimensionless 

adsorption energy parameter (	s) is 

 
kT

uu aa

s

)( 21 -
=c  (2.20) 

where au1  is adsorption energy of a solvent molecule, and au2  is adsorption of a polymer segment. 

Normally, au1  and au2  are negative. Negative values of 	s mean solvent molecules preferentially 

remain at the surface.67  



 31 

� �!

� �!

��

��

��

��

�

�

 �!

 �!� �!

� �!

��

��

��

��

�

�

 �!

 �!

 

Figure 2.12: Schematic depictions of volume fractions of a solute as a function of distance from 

a flat substrate for (a) adsorption and (b) depletion. �Reprinted from Physics Reports, 380, 

Roland R. Netz and David Andelman, Neutral and charged polymers at interfaces, 1-95, 

Copyright (2003), with permission from Elsevier.� 

    

  Figure 2.12 demonstrates the volume fraction profile 
(z) of monomers as a function 

distance from the surface. In the bulk, far away from the surface, the volume fraction of the 

monomer is 
b, whereas near the surface it is 
s. Theoretical models try to address questions 

about the conformations of polymer chains near the surface, the local concentration of polymer 

chains, and the total amount of adsorbed chains. Figure 2.12 also illustrates the opposite case, 

depletion, when surface-segment interactions are less favorable than solvent-surface interactions. 

The concentration in the surface layer is smaller than the bulk concentration (
b > 
s).
68 For 
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example, polystyrene forms a depletion layer at silanized glass (covered with short aliphatic tails, 

terminally attached by an Si-O bond to glass) from organic solvents even though it adsorbs to 

glass.69 

  Figure 2.13 illustrates a widely accepted depiction of polymer chain conformations 

adsorbed at a surface. Only a small portion of polymer chain segments actually contact the 

surface, while a substantial fraction of the segments extend into the bulk solution. The different 

segments of a polymer chain adsorbed at a surface are referred to as trains, loops, and tails. 

Trains correspond to the consecutive attachment of segments to the surface, loops correspond to 

the polymer segments which have no contact to the surface, but connect two trains, and tails 

correspond to the non-adsorbed chain ends and thus extend into the bulk solution. The way in 

which polymer segments distribute through trains, loops, and tails determine the physical 

properties of the system.70 
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Figure 2.13: Schematic representation of an adsorbed polymer layer where loops, trains, and 

tails are indicated.  

2.3.1 Theoretical Predictions for Polymer Adsorption  

 Early theoretical treatments of polymer adsorption involved statistical mechanical analyses 

of random walks of isolated chains near a surface.71-75 In these treatments, interactions between 

polymer segments were neglected, an important failing as segment concentration near the surface 

could be very high, even for adsorption from dilute solutions.76 Later, de Gennes77, 78 

investigated the adsorption of a flexible polymer onto a planar surface using scaling theory. 
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Scheutjens and Fleer70, 76 first attempted to calculate  how the distribution of  loops, tails, and 

trains affected adsorbed layer properties through a quasi-crystalline lattice model. Monte Carlo 

simulations79, 80 were also applied to polymer adsorption for comparison to both statistical 

mechanical theories and experimental observations. 

2.3.1.1 Mean (Self-consistent) Field Approaches  

The most versatile model used for the theoretical study of polymer adsorption was the 

Scheutjens-Fleer self-consistent field lattice model.81 The Scheutjens and Fleer (SF) theory was 

based on a lattice model and space was divided into layers of lattice sites parallel to the planar 

surface. Each lattice site was occupied by a polymer segment or solvent molecule which were 

assumed to have equal sizes. Attractions between polymer segments and solvent molecules 

(characterized by a Flory-Huggins interaction parameter, 	) mediated site exclusion (repulsion). 

The use of a random mixing approximation within each layer represented a mean-field attempt to 

account for interactions of segments separated by great distances along the contour of the chain, 

that still lied in close spatial proximity. Segments in the first layer contacted with the surface 

received an additional energy increment of 	s�kT which characterized the adsorption strength of 

segments relative to solvent molecules.82 In most cases, the grand canonical partition function 

was calculated for large numbers of conformations of each adsorbed polymer chain. By 

maximization of the partition function, the free segment weighting factor for a segment in a 

given layer could be derived through its potential energy. This potential energy arose from the 

entropy of mixing, the tendency of segments to accumulate in layers of high segment 

concentration, and the preferential adsorption of one segment over a solvent molecule. 

Therefore, the segment density profile in the adsorbed polymer was calculated from the volume 

fraction in a given layer, which resulted from the contributions of the chain segments.83 
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On the other hand, SF theory bore some limitations. The model equations were cast in a 

finite difference form that facilitated a numerical solution but failed to explain some of the 

underlying physics. The division of space into discrete lattice layers, which necessitated the 

selection of a particular lattice geometry, was an artificial approximation that may not have 

accurately reflected the reality of continuous space. The consequences may have been the most 

severe near the surface, where segment-surface interactions happened on a length scale 

comparable to the spacing between lattice layers.82 In order to overcome these limitations, Russel 

and co-workers82, 84 introduced an analytical formulation based on a self-consistent field (SCF) 

approach originally developed by Edwards85 for polymer solutions. In the SCF approach, 

polymer walks in a potential field that depended on local concentrations were considered. It was 

called self-consistent because the potential field depended on the local concentration and these 

local concentrations depended on the potential field. Self-consistent equations could be solved if 

a suitable relationship between the field and local concentration was formulated.55 Next, some of 

the predicted results for homopolymer adsorption obtained from theoretical calculations based on 

Scheutjens and Fleer (SF) theory will be discussed.  

The volume fraction profile predicted by SF theory was demonstrated in Figure 2.14. The 

parameters for the calculations were provided in the figure legend. The loops were located in the 

inner region, while segments of tails dominated the outer region. The hydrodynamic layer 

thickness, the ellipsometric layer thickness, the average length of tails and loops as well as the 

total adsorbed amount of polymer expressed by volume fraction (
ads) were calculated from the 

corresponding volume fraction profile (
(z)) where z was the distance from the surface along the 

surface normal. Comparison of adsorbed amount and ellipsometric thickness yielded good 

qualitative agreement between theoretical calculations and experimental measurements.83    
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Figure 2.14: Segment density profiles predicted by SF theory for r = 104, 	s = 1, 	 = 0.5, and 
b 

= 10-4. The logarithmic y-axis was scaled with respect to 
b, whereas the x-axis was scaled with 

respect to the radius of gyration of an ideal chain, Rg. �Reprinted from Advances in Colloid and 

Interface, 37, Masami Kawaguchi and Akira Takahashi, Polymer adsorption at solid-liquid 

interfaces, 219-317, Copyright (1992), with permission from Elsevier.�  

  

Adsorbed amount (�) is one of the basic parameters for characterizing polymer 

adsorption. However, its measurement is often ambiguous and its determination over a wide 

concentration range is scare. Figure 2.15a demonstrates the dependence of �, expressed in 

equivalent monolayers, on bulk volume fraction, 
b, theoretically predicted by SF theory. 

Theoretical curves show typical high-affinity isotherms with nearly flat plateaus over a wide 

concentration range. In � solvents, � at this pseudo-plateau depends on chain length (r). In good 

solvents, the dependence of � on r is weaker than in poor solvents. Stronger adsorption from 

poor solvents arises from polymer segments that can accumulate in the surface region more 

easily because of effectively weaker repulsions between segments.55 Figure 2.15b demonstrates 

the experimental observations for the dependence of � on equilibrium concentration (cb) for 
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dextran adsorption onto silver iodide at different molecular weights. The plateau values increases 

with the molecular weight of the dextran which is in qualitative agreement with theoretical 

predictions.86      

The dependence of � on chain length for the pseudo-plateau region is presented in Figure 

2.16. The solid curves represent the theoretical predictions of SF theory for three adsorption 

energies (	s=0.6, 1, and 3) in a �-solvent (	 = 0.5) and two curves for better solvents (	=0.4 and 

0). In good solvents (	 = 0), � is small and independent of chain length at longer chain lengths. 

In a poorer solvent (	 = 0.4), � is larger because of weaker repulsions between segments and 

increases with chain length. In a �-solvent, � linearly depends on chain length (r > 100) for all 	s. 

Increasing adsorption energies cause � to increase and shift the linear sections of Figure 2.16 to 

smaller chain lengths. This increase in � is more pronounced in the unsaturated regime.55    
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Figure 2.15: Theoretical and experimental adsorption isotherms for polymers of different 

molecular weight. Graph (a) shows �, expressed in equivalent monolayers, predicted by SF 

theory at various r values versus bulk volume fraction. Solid lines correspond to theta solvent 

conditions (	 = 0.5) and dashed lines correspond to good solvent conditions (	 = 0). For both 

calculations, 	s = 1. Graph (b) corresponds to experimental data for dextran adsorption onto 

silver iodide.86 Adapted from Fleer et al.55 
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Figure 2.16: Adsorbed amount, �, expressed in equivalent monolayers, versus chain length, r, on 

a semilogarithmic scale. Solid curves are predicted by SF theory for 
b = 10-3 at various 	 and 	s 

values. Adapted from Fleer et al.55  

2.3.1.2 Scaling Theory Approaches 

 By using scaling theory, de Gennes87 predicted that long, linear, flexible chains strongly 

adsorbed onto a solid wall in a good solvent in the semi-dilute concentration regime to form a 

self-similar diffuse adsorbed layer. The concentration profile in the adsorbed layer could be 

divided into three distinct regions. In the proximal region, the short-range forces between the 

segments and the wall were important and the segment density profile (
(z)) did not vary 

significantly with concentration. Eisenriegler et al.79, 88 showed that in the proximal region, 
(z) 

decayed as a power law 
(z) ~z-m, where the critical exponent was m � 1/3, a value that reflected 

the competition between the adsorption energy parameter, chain entropy, and excluded-volume 
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interactions. In the central region, 
(z) was universal and did not depend on the bulk polymer 

concentration (
b). In this region, 
(z) decayed as a power law 
(z) ~z-m where the critical 

exponent was m � 4/3. This relationship arose from the fact that the correlation length (� (z)), the 

local mesh size of the semi-dilute polymer solution, scaled with distance from the surface (z), 

with only one relevant length scale, � (z) ~ z.68, 89 Experimentally this relationship was confirmed 

by neutron scattering experiments for the adsorption of monodisperse poly(dimethylsiloxane) 

(PDMS) onto mesoporous silica90 and at the liquid/air interface.91, 92 In the distal region, the 

excess polymer concentration decayed exponentially to the bulk value: 

 )/2exp()(4)( b

b zzz xfff -»-  (2.21) 

where �b was the bulk correlation length.   

2.4 Polyelectrolyte Adsorption 

 Polyelectrolytes can be defined as linear macromolecular chains bearing a large number of 

ionic or ionizable groups upon dissolution in a suitable polar solvent, generally water.93, 94 Well 

known examples of such systems include proteins, nucleic acids, and synthetic sytems such as 

polyacrylic acid and sulfonated polystyrene.93 Polyelectrolytes exhibit solution properties that 

differ from uncharged macromolecules and low molar mass electrolytes. The origin of this 

behavior comes from the interplay of high molecular weight chains and electrostatic 

interactions.94 Both long-range (Coulombic) interactions and short-ranged (excluded volume) 

interactions are present in polyelectrolyte solutions. The presence of these long-range 

interactions makes it difficult to apply theoretical models such as scaling concepts and 

renormalization group theories to polyelectrolytes in contrast to neutral polymers.93 Here, a brief 

discussion of the solution behavior of polyelectrolytes will be discussed as it is important for 

understanding polyelectrolyte adsorption. 
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2.4.1 Dilute Solution Behavior of Polyelectrolytes 

Extensive knowledge has been accumulated for the dilute solution behavior of 

polyelectrolytes in aqueous solutions.95 Forster et al. looked at the dependence of electrostatic 

persistence length (lpc) on the ionic strength of aqueous solutions of poly (2-vinylpyridinium 

benzylbromide) (PVP) by using static and dynamic light scattering. It was observed that 

electrostatic persistence length, which is a measure of chain stiffness, increased with decreasing 

salt concentration.96 Extended chain conformations at low salt concentrations were also observed 

for DNA and sodium poly(styrenesulfonate).97 Previously mentioned long-range electrostatic 

interactions have led to the clustering of polyelectrolytes as determined by small angle x-ray 

scattering for sodium polyacrylates98 which has made it difficult to visualize single chain 

behavior for polyelectrolytes. Authors claimed that these clusters formed through electrostatic 

attractions between polyelectrolytes mediated by counterions (gegenions) that sat between the 

polyelectrolyte chains.98  

If an inert salt like NaCl was added to a polyelectrolyte solution, strong electrostatic 

interactions were screened and highly expanded polyelectrolyte chains started to shrink.95 

Electrostatic interactions were exponentially screened on length scales larger than the Debye 

screening length (�-1): 

 � •
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where � was the dielectric constant of the medium, kB was the Boltzman constant, T was the 

absolute temperature, e was the elementary charge on an electron, cS was the concentration of the 

small ions of type s, and qs was their valence. In a dilute, salt-free solution, the concentration of 

counterions was very low, and the Debye screening length was larger than the size of the chain. 

Therefore, ionic groups on a polyelectrolyte chain could interact with each other through an 
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unscreened Coulombic potential.99 The unperturbed dimensions were reached if a large enough 

concentration of inert salt was added to the polyelectrolyte solution.100, 101 Therefore, variation of 

the salt concentration provided a mechanism for the achievement of good and �-solvent 

conditions for polyelectrolyte chains. Recently, Scweins et al.102 investigated the coil size as a 

function of molar mass for dilute aqueous solutions of sodium poly (acrylate) at two salt 

concentrations (0.1 M NaCl and 1.5 M NaCl) by static and dynamic light scattering. In 0.1 M 

NaCl, the polyelectrolyte was in a good solvent (Rg~Mw
0.60), while 1.5 M NaCl was close to a �-

solvent for the polyelectrolyte (Rg~Mw
0.52). A further increase in the salt concentration led to 

phase separation.103, 104 The latter phase separation was called salting-out and was also called H-

type precipitation, because the amount of salt required for polyelectrolyte precipitation was high 

and independent of polymer concentration.105  

2.4.2 General Features of Polyelectrolyte Adsorption 

 When charges are present on a macromolecule near a surface, adsorption is strongly 

affected by electrostatic interactions. When the polymer is charged, electrostatic repulsion 

between polymer segments at the surface oppose the accumulation of segments near the surface. 

On the other hand, if the surface is charged, electrostatic contributions to the adsorption energy 

parameter increase or decrease the adsorption depending on the sign and magnitude. Because salt 

groups screen electrostatic forces, the salt concentration of a polyelectrolyte solution becomes an 

important parameter for controlling adsorption. pH is also an important parameter if the ionized 

groups of the polyelectrolyte and surface are weak electrolytes.55 In summary, the main factors 

that govern polyelectrolyte adsorption are salt concentration (cs), surface charge density (�0), 

linear charge density of the polyelectrolyte (�), and nonelectrostatic interactions between the 

surface and the polyelectrolyte.106  
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2.4.3 Theoretical Predictions and Experimental Observations for Polyelectrolyte 

Adsorption 

 Most early polyelectrolyte adsorption theories have used nonionic polymer adsorption 

theories as a foundation for the partition function and then added electrostatic interactions. 

Hesselink et al.107 developed a polyelectrolyte adsorption theory through the extension of the 

theory of Hoeve108, 109 for the adsorption of uncharged polymers. The predicted adsorption 

isotherm had a high-affinity character where the adsorbed amount rose very steeply and saturated 

at very low polyelectrolyte concentrations. Hesselink�s theory predicted that increasing salt 

concentration generally increased the adsorption, however, increased salt concentration actually 

decreased the adsorption if electrostatic interactions were the main driving force for adsorption. 

Lyklema and Van der Schee110 extended the polymer adsorption theories of Roe67 and 

Scheutjens and Fleer70, 76 to polyelectrolyte adsorption. This approach predicted that fully 

charged polyelectrolytes formed thin adsorbate layers on oppositely charged surfaces at low 

ionic strengths and that the dependence of the adsorbed amount on the chain length was minimal. 

In a subsequent study, Papenhuijzen et al.111 predicted that at high salt concentrations, the 

adsorbed amount increased more strongly with ionic strength and molecular weight than it did at 

low salt concentrations. Furthermore, their work predicted the nonelectrostatic segment-solvent 

interaction parameter (	) became more important for adsorption at high salt concentrations, and 

the nonelectrostatic adsorption energy parameter (	s) was important over the entire salt 

concentration regime.111  

The theory of Lyklema and Van der Schee110 has been applied to the case of weak 

polyelectrolytes.112-114 Evers et al.112 calculated the adsorbed amount as a function of solution pH 

for the adsorption of a weak polyacid onto a surface that had different amounts of constant 
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surface charge. If the polyelectrolyte and the surface were oppositely charged, a maximum in the 

adsorbed amount occurred around the pKa where the degree of dissociation (�) of the acidic 

protons varied strongly. This maximum was situated slightly below the pKa of the polyacid and 

occurred only if 	s was not too large.112 At the maximum, the surface charge density was about 

the same as the charge density of the polyelectrolyte. The overall charge of the polyelectrolyte 

and the lateral repulsion between segments was small.113 The existence of this maximum in 

adsorbed amount was later tested experimentally by Blaakmeer et al.115 for poly(acryclic acid) 

(PAA) adsorption onto a positively charged cationic polystyrene latex. The polystyrene latex 

contained quarternary amine groups which made the surface charge density (�0) constant over 

the studied pH range. At high pH, where PAA was fully charged, the adsorbed amount was low. 

With decreasing pH, the adsorbed amount increased and passed through a maximum at about one 

pH unit below the pKa of the carboxylic acid groups of PAA. The ionic strength effects on the 

adsorbed amount for weak polyelectrolytes was small compared to strong polyelectrolytes.115 

Van de Steeg et al.116 defined two regimes for the dependence of polyelectrolyte 

adsorption on salt concentration: screening-enhanced adsorption and screening-reduced 

adsorption. In order to grasp this distinction, �0 was the adsorbed amount at very low salt 

concentration where electrostatic screening was negligible, and �� was the adsorbed amount at 

very high salt concentrations where electrostatic interactions were virtually eliminated. For the 

screening-reduced adsorption regime (�0 > ��), electrostatic attractions between the segment and 

surface were dominant. � decreased with increasing salt concentration because the salt screened 

the electrostatic attraction and reduced the adsorption. In the screening-enhanced adsorption 

regime (�0 < ��), nonelectrostatic interactions between the segment and the surface were 

dominant. � increased with increasing salt concentration because the salt screened the repulsion 
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between segments and enhanced adsorption. SF theoretical predictions for polyelectrolyte 

adsorption onto oppositely charged surfaces, where nonelectrostatic interactions between the 

surface and the polymer segment were omitted (	 s= 0) were provided in Figure 2.17. Figure 

2.17a illustrated that for all linear charge densities, (�), screening-reduced adsorption was 

observed. Figure 2.17b and 2.17c showed adsorbed amount (�) increased from � = 0 to � = 0.015 

and then decreased if � increased further for different salt concentrations. The sharpest peak 

occurred at low salt concentrations.116  

Experimentally, screening-reduced adsorption was observed for the adsorption of cationic 

derivatives of polyacrylamide onto cellulose fibers,117, 118 cationic copolymers of acrylamide 

onto silica,119, 120 and poly-L-lysine onto mica powder.121 Screening-enhanced adsorption was 

observed for the adsorption of poly(4-vinyl-N-n-propylpyridinium bromide) (PVPP) with 

complete quaternization adsorption onto silica at pH = 4. Durand et al.122 observed both 

screening-reduced adsorption and screening-enhanced adsorption for the adsorption of 

copolymers of acrylamide and an acrylate with a quarternary ammonium group onto 

montmorillonite (clay). With a cationic monomer content of just 1%, the adsorbed amount 

decreased with increasing salt concentration. At intermediate cationic monomer contents (5%), 

the adsorbed amount did not vary with salt concentration. However, at even higher cationic 

monomer content (13% and 30%) the adsorbed amount actually increased with increasing salt 

concentration.122 
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Figure 2.17: SF theoretical predictions for the adsorption of a polyelectrolyte of 100 segments 

onto an oppositely charged surface (�0=-0.01 C�m-2). Adsorbed amount (�) is represented in 

equivalent monolayers. (a) The dependence of � on electrolyte concentration for different linear 

charge densities of the polyelectrolyte. (b) and (c) The dependence of � on linear charge 

densities of the polyelectrolyte at different salt concentrations. The only difference between (b) 

and (c) is the scale. Dashed curves in (b) and (c) represent the adsorbed amount needed for 

charge compensation. Reprinted with permission from Langmuir 1992, 8, 2538-2546. Copyright 

[1992] American Chemical Society.116  

 

 Recent theoretical interest in polyelectrolyte adsorption stems from the importance of 

understanding and controlling the formation of polyelectrolyte multilayers through successive 

deposition of positively and negatively charged particles.99 Shklovskii123, 124 argued that mean 
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field Poisson-Boltzman theory provided inadequate explanation for the self-assembly of many 

rod-like polyelectrolytes into bundles of parallel densely packed rods. The reason for this 

problem was that Poisson-Boltzman theory predicted that polyelectrolytes should repel each 

other. Therefore, the Wigner crystal (WCR) model was proposed where polyelectrolyte rods 

could be considered as a uniform, negatively charged background onto which condensed ions 

formed the WCR. The cohesive energy of the crystal was the main reason why polyelecrolyte 

rods attracted each other.123 Newer theoretical predictions of polyelectrolyte adsorption divided 

the adsorbed layer into Wigner-Seitz cells (Figure 2.18) surrounded by each polyelectrolyte 

chain.125-129 Dobrynin et al.126 developed a scaling theory for polyelectrolyte adsorption onto 

oppositely charged surfaces. He predicted two dimensional (2D) adsorbed layers at low surface 

charge densities and three dimensional (3D) adsorbed layers at high surface charge densities. 2D 

adsorbed layers were caused by the balance between the energy gained through electrostatic 

attractions between charged monomers and the surface and a loss of confinement entropy that 

arose from chain localization at low surface charge densities. In contrast, 3D adsorbed layers 

were caused by a balance of electrostatic attractions between charged monomers and the surface 

and short-range monomer-monomer repulsion at high surface charge densities. The crossover 

between 2D adsorbed layers and 3D adsorbed layers occurred at �e � fa-2 where f was the fraction 

of charged monomers and a was the bond length.126  
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Figure 2.18: Schematic depiction of an adsorbed layer in the dilute 2D Wigner liquid regime (D 

< R). R is the Wigner-Seitz unit cell size and D is the thickness of the adsorbed layer. Reprinted 

with permission from Macromolecules 2001, 34, 3421-3436. Copyright [2001] American 

Chemical Society.  
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Figure 2.19: Dependence of � on ionic strength for a semilogarithmic scale. Predicted scaling 

exponents are illustrated for 2D and 3D adsorbed layers. �Reprinted from Progress in Polymer 

Science, 30, Andrey V. Dobrynin and Michael Rubinstein, Theory of polyelectrolytes in 

solutions and at surfaces, 1049-1118, Copyright (2005), with permission from Elsevier.�  
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 The previously mentioned screening reduced adsorption regime and screening enhanced 

adsorption regime could also be seen in Dobrynin�s polyelecrolyte adsorption theory. For a 2D 

adsorbed layer, added salt screened the repulsion between segments and largely 

overcompensated the surface charge that led to screening enhanced adsorption. At higher salt 

concentrations, the adsorbed amount was independent of surface charge, depended on the linear 

charge density of polyelectrolyte chains (�), and increased with the square root of the ionic 

strength (Figure 2.19). For a 3D adsorbed layer, polyelectrolyte adsorption increased at low salt 

concentrations (screening enhanced adsorption), decreased at higher salt concentrations 

(screening-reduced adsorption), and exhibited a maximum in the adsorbed amount at 

intermediate salt concentrations.99 The previuosly discussed results of Durand et al.122 for the 

adsorption of copolymers of acrylamide and an acrylate with a quarternary ammonium group 

onto montmorillonite could also be explained by Dobrynin�s model for polyelectrolyte 

adsorption. With an increasing fraction of charged monomers (f), the crossover value �e � fa-2 

shifted  to higher surface charge densities. Therefore, the adsorbed polyelectrolye formed a 3D 

adsorbed layer for f < 0.05, and a screening reduced adsorption regime was observed. At f = 

0.05, the adsorbed amount was independent of salt concentration which indicated that � � �e. For  

f > 0.05, adsorbed polyelectrolyte formed a 2D layer and a screening enhanced adsorption 

regime was observed.126        

2.5 Surface Analysis Techniques 

2.5.1 Surface Tension Measurements  

Many kinds of molecules will orient themselves at the interface between a gas and a 

liquid in order to minimize their free energy. The resulting surface films are nominally a 

monolayer thick and are called monomolecular layers or monolayers.130 Monolayers formed by a 
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substance that is insoluble in the liquid subphase are called Langmuir monolayers, whereas 

substances that are soluble in bulk liquids may preferentially adsorb to an interface to form 

Gibbs monolayers.58 Most of the early studies dealing with Langmuir monolayers were carried 

out with long chain carboxylic acids such as steraic acid at varying pH.131, 132 The molecules had 

to be amphiphilic in order to form Langmuir monolayers on the water surface. These amphiphilic 

molecules consisted of two dissimilar parts, one part was hydrophilic (usually polar) and is 

commonly referred to as the �head�, and the rest of the molecule was generally hydrophobic, e.g. 

one or more saturated alkane chains (�tail�). Such asymmetric molecules naturally preferred to 

stay at the surface of water. If the hydrophobic groups were long enough, the material was 

insoluble and the molecules on the surface formed an isolated �two-dimensional system�, where 

the hydrophilic head groups stuck into the water, and the hydrophobic tail groups oriented 

towards the air.133 We have previously discussed Gibbs thermodynamic treatment of adsorbed 

layers at interfaces and its relationship to surface tension. Various techniques have been 

developed for the measurement of the the surface tension of liquids. These were the pendant drop 

method, maximum-bubble-pressure method, drop weight method, Du-Noüy ring tensiometer, 

and Wilhelmy plate technique, etc.134 Here, the Wilhelmy plate method for surface tension 

measurements of liquids will be discussed. 

For the Wilhemy plate technique, absolute forces acting on the plate, usually made of 

platinum or filter paper and partially immersed in the subphase, are measured (Figure 2.20). 

Downward forces working on the plate such as gravity and surface tension are balanced by 

upward forces, buoyancy which results from the displacement of the water by the plate and the 

pressure sensor itself. These forces are usually measured with a sensitive electrobalance.135 The 

surface tension and surface pressure can be calculated from the following equations: 
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where Fobs,0 is the force measured by the wet Wilhelmy plate when there is no film on the 

surface, Fobs,film is the force measured by the Wilhelmy plate when there is film on the surface, W 

is the gravitational force, L is the width of plate and t is thickness of the plate, which is so small 

compared to L that it can often be ignored. q is the contact angle between the liquid subphase 

and the plate at the interface. The measured surface tension depends on the contact angle of the 

liquid with the plate, and it is assumed to remain constant at all � for the calculation of �. 

Normally, the plate is completely wetted by the subphase leading to a contact angle value of 

zero.130 One important drawback of Wilhelmy plate method is under increasing surface pressure, 

monolayers may be deposited onto the plate, thereby changing the contact angle. The wetting 

problem may be avoided by using freshly cleaned filter paper for each monolayer experiment.135
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Figure 2.20: Wilhelmy plate technique for measuring surface tension (�) and surface pressure (�) 

at the air/water (A/W) interface. 
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2.5.2 Model Cellulose Surfaces 

 In order to study the adsorption of polysaccharides onto the cellulose surfaces, a well-

defined cellulose film must be prepared. Schaub et al.136 were the first group to transfer a 

cellulose derivative, trimethylsilylcellulose (TMSC), onto a hydrophobized silicon substrate by 

the Langmuir-Blodgett (LB) technique. TMSC was a cellulose compound with short, 

hydrophobic side chains. TMSC did not have an amphiphile structure that was comparable to 

conventional LB-materials, however, it formed homogeneous films and several hundred LB 

layers of TMSC could be transferred onto hydrophobic substrates. After LB transfer, the in situ 

conversion of TMSC thin films on silicon substrates to a film of regenerated cellulose film was 

carried out by short exposure (30 seconds) of the films to the atmosphere above a 10% aqueous 

HCl solution at room temperature (Figure 2.21).136 The regeneration process could be followed 

by  a variety of techniques including polarized transmission infrared spectroscopy and X-ray 

reflectometry (XRR),136 X-ray photoelectron spectroscopy (XPS),137, 138 ellipsometry,139  and 

contact angle measurements.139, 140  XRR results showed that the thickness of the film decreased 

by 60% after desilylation.136    
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Figure 2.21: Desilylation reaction of TMSC.  

  

Geffroy et al.141 first applied spincoating technique to produce TMSC thin films on 

silicon wafers with subsequent hydrolysis to cellulose. Prior to spincoating, the silicon wafers 
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were treated with an anchoring polymer, polyvinylpyridine-polystyrene block copolymer, in 

order to promote the the physisorption of the coating to the substrate. Kontturi et al.142, 143 

systematically studied spincoating of TMSC onto different substrates as a function of spincoating 

parameters such as spinning speed, concentration of the coating solution and the nature of 

solvent. They found that it was not necessary to pretreat the substrates (silicon or gold substrate) 

with anchoring polymers to adhere TMSC onto the substrate. After the regeneration process, the 

chemical structure of the resulting cellulose thin film was close to theoretical values for cellulose 

as revealed by XPS and attenuated total reflectance infrared spectroscopy (ATR-IR). Atomic 

force microscopy (AFM) of these films revealed that smoother films could be obtained by 

spincoating from a nonvolatile solvent (e.g. toluene) compared to a more volatile one (e.g. 

chloroform). ATR-IR studies of spincoated films on gold also revealed that the resulting 

cellulose films were largely in an amorphous state142 which was also previously reported for LB-

films.136      

2.5.3 Self-Assembled Monolayers (SAMs) 

 Self-assembled monolayers (SAMs) are ordered molecular assemblies that form 

spontaneously through the chemisorption of surfactants to a solid substrate with specific affinity 

of the head group to the substrate.144, 145 Figure 2.22 shows a schematic, including the 

constituents of a SAM-molecule (head group, alkyl chain spacer or backbone, and tail group). 

Examples of SAM forming molecules include fatty acids adsorbed onto metal oxides,146-149 

organosilicons adsorbed onto hydroxylated surfaces,150-155 and organosulfurs adsorbed onto 

metals.156-160 The most studied and versatile of these systems are the organosulfur compounds 

adsorbed onto metals, specifically alkanethiols adsorbed onto gold. Adsorbates offer control over 

head and tail groups, as well as the overall thickness (i.e. length of the alkyl chain) of the SAM. 
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SAMs offer well-ordered and highly reproducible thin films that serve as model surfaces for 

studying organic surface properties. 
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Figure 2.22: Schematic representation of the three components of a SAM. X corresponds to the 

chemisorbing head group and Y indicates the tail group which can be of widely varying chemical 

functionality.   
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Figure 2.23: Oxidative addition of an alkanethiol to gold with subsequent reductive elimination 

of H2.   

 

The strong binding of the head group of the SAM forming molecule to the substrate (e.g., 

S-Au) allows for the preparation of SAMs from the gas phase or from solution.145 It is believed 

that the reaction occurs by oxidative addition of the S-H bond to the gold surface, followed by a 

reductive elimination of hydrogen (Figure 2.23). The protons released combine to form H2 

molecules.144 This mechanism is consistent with the fact that monolayers can be formed from the 

gas phase in the absence of oxygen.161, 162 The adsorbing species is the thiolate (R-S�) group 

which has been observed by XPS,163, 164 Fourier transform infrared (FTIR) spectroscopy,165 

Fourier transform mass spectrometry,166 electrochemistry,167 and Raman spectroscopy.168 The 
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bonding of the thiolate group to the gold surface is very strong (homolytic bond strength of ~ 44 

kcal�mol-1).169   

 The ease of preparation and low cost of solution deposition make SAMs a common 

approach for surface modification. If the substrate is clean, the substrate should be dipped into 

the corresponding solution for a period of time, and the monolayer will self-assemble.  

Alkanethiols in ethanol solution are a good example for the preparation of SAMs from 

solution.145 SAM formation on the substrate in a laboratory atmosphere is basically an exchange 

process between the desired adsorbate and adventitious materials that have adsorbed onto the 

substrate prior to immersion of the substrate in a thiol solution. Displacement with thiols requires 

desorption of contaminants and impurities on the surface, thus desorption processes affect the 

kinetics of SAM formation. SAMs have reproducible material properties if the substrates are put 

into thiol solution within ~ 1h after substrate preparation or cleaning the substrate with strong 

oxidizing chemicals (e.g. piranha solution: H2SO4:H2O2) or oxygen plasmas. Prolonged exposure 

of the substrates to ambient conditions prior to immersion in a thiol solution slows the desorption 

of adsorbates from the substrate and essentially prevents SAM formation in the normal time 

frame.170 Self-assembled monolayers are relevant for this work, because they can make gold 

slides hydrophobic or hydrophilic, thereby allowing us to evaluate the relative importance of 

different functional groups to polysaccharide adsorption onto regenerated cellulose surfaces. 

 Nuzzo and Allara first demonstrated the adsorption of bifunctional organic disulfides (RS-

SR) onto Au (111) surfaces and characterized the structure of the monolayers formed on the gold 

surface by reflection absorption infrared spectroscopy.156 This development was crucial for 

surface studies, because gold did not have a stable oxide and therefore could be handled in 

ambient conditions. In contrast, silver and copper readily formed oxides that adsorb polar 
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contaminants. The monolayers formed on all three metals are stable against physical 

manipulation and washing with polar solvents. However, the monolayers on copper and silver 

exhibited limited stability in air. Therefore, gold was preferred over other transition metals for 

the preparation of SAMs from thiols and disulfides.171 

 Porter et al.157 investigated the adsorption of n-alkyl thiols, CH3(CH2)nSH, where n = 1 to 

21 (odd integers) onto gold surfaces in ethanol and hexane solutions by ellipsometry, infrared 

spectroscopy, and electrochemistry. All three techniques showed that there were structural 

differences between the short-chain and long-chain sulfides. They found that long-chain thiols 

formed a densely packed crystalline structure and the long alkyl chains were tilted 20 to 30o from 

the surface normal (Figure 2.24a). As the chain length of the thiol decreased, the structure 

became disordered with lower packing densities.157 The most important step of the adsorption 

process was chemisorption, where alkanethiols bound to the gold surface. As a result of strong 

interactions between the head group and the substrate, the molecules tried to bind at every 

available binding site. After all binding sites were occupied, the alkyl chains assembled into a 

more energetically favorable conformation. The alkyl chains had a tilted structure in order to 

minimize the steric repulsions and maximize van der Waal�s interactions between the 

neighboring chains.172 In a later study, Nuzzo and coworkers studied a number of SAMs with 

different terminal (tail) groups (-CH3, -CH2OH, -CO2H, -CO2CH3, and -CONH2) on gold 

surfaces. Infrared data showed that these SAM molecules, regardless of terminal group, formed 

densely packed crystalline structures and the alkyl chains were tilted in the range of 28 to 40° from 

the surface normal.159 

Electron diffraction173, 174 and scanning tunneling microscopy (STM)167, 175 studies of 

thiol SAMs on gold revealed that the monolayer had a (�3×�3)R30° overlayer (R=Rotated) 

structure (Figure 2.24b) and surface order extended over areas of hundreds of square nanometers. 
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The spacing between adjacent sulfur atoms in this structure (4.99 ¯) was nearly three times that 

of the van der Waals diameter of a sulfur atom (1.85 ¯); thus sulfur-sulfur interactions were 

thought to be minimal. This distance was also greater than the distance of closest approach of the 

alky chains (4.24 ¯) which resulted from the previously mentioned tilting of chains with respect 

to the surface normal that maximized van der Waal�s interactions.169 
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Figure 2.24: Schematic diagram of the structure of alkanethiols adsorbed on Au (111). (a) 

Depiction of the tilt angle of an adsorbed dodecanethiol monolayer on Au (111). Adapted from 

Porter et al.157 (b) The overlayer structure formed by an alkanethiol monolayer on Au (111). The 

lattice has dimensions of (�3×�3) and is rotated 30° relative to the substrate lattice. Adapted 

from Dubois et al.169 

2.5.4 Surface Plasmon Resonance 

 Surface plasmon resonance (SPR) is a unique optical surface technique which is 

commonly used in the fields of chemistry and biochemistry to characterize surfaces and monitor 
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binding events.176 SPR is an attractive technique in the biosensing field because it is capable of 

measuring real time interactions between the analyte and an immobilized, functionalized 

surface.177 The success of SPR comes from three factors: (a) real time measurement of the 

biomolecular interactions, (b) adsorption of unlabeled analyte molecules can be monitored, and 

(c) SPR has a high degree of surface sensitivity which allows one to monitor weak binding 

sytems.176 These interactions take place in a fluid medium which can be tailored to mimic 

interactions encountered in vivo,178 such as DNA-DNA,179-181 antibody-antigen,182, 183 and DNA-

protein184, 185 interactions.   
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Figure 2.25: Kretschmann prism arrangement. Adapted from Earp et al.186 

 

 The most frequently used SPR apparatus is the Kretschmann prism arrangement (Figure 

2.25), which operates on the principle of total internal reflection.187 The Kretschmann prism 

arrangement is a structure where a light ray is coupled into a surface plasmon (SP) mode that can 

exist on the surface of a thin metal film. Thin gold or silver films are generally used as SP 

support materials because of the optical qualities and relative ease of deposition of these 

materials onto a substrate with accurately controlled thicknesses. The metal film is deposited 

onto a glass substrate that will be optically coupled to a waveguide. For the case of gold, a 
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chromium layer is deposited between the glass and gold layers to ensure adhesion of the gold to 

the glass. The main criterion for a material to support SP waves is that the real part of the 

dielectric permittivity of the material must be negative. Dielectric permittivity is a measurable 

physical parameter that is related to the optical properties of the material.186 
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Figure 2.26: Schematic of the Kretschmann prism configuration. Adapted from Liedberg et 

al.188 

 

Although silver exhibits better optical properties for coupling light into the SP mode, it is 

not always best for SPR sensing applications. Silver is more reactive than gold and care must be 

taken to ensure that none of the materials to be studied degrade or destroy the material surface. 

Silver also may not be optimal when functionalization of the SP support metal is planned. Many 

SAMs with different functionalities can be adsorbed onto gold and silver surfaces. Modification 
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of surface by such monolayers forms the basis for linking strategies for the immobilization of 

biomolecules. Gold can accept these modifications quite readily, whereas silver is also amenable 

to modification but suffers degradation in the process. Therefore, gold is typically used in SPR 

sensing applications.189   

As shown in Figure 2.26, the light originates from the source, passes through the 

polarizer and travels through the glass medium which acts as a waveguide. A waveguide is a 

physical medium which guides the light in much the same way that a conductor can guide an 

electrical current. Figure 2.27 illustrates the waveguiding nature of optical waveguides by total 

internal reflection. When this phenomenon occurs, the light is confined inside the waveguide 

without significant leakage into the surroundings. For any waveguide, the refractive index of the 

waveguide medium must be greater than the surroundings. Total internal reflection can occur at a 

boundary between two media provided that the angle matches or exceeds the critical angle of 

reflection.186 Snell�s law describes the critical angle of reflection for light incident upon the 

interface between two media. According to Snell�s law,190  

 2211 sinsin qq nn =  (2.25)                                                                

where n1 is the refractive index of medium 1 and n2 is the refractive index of medium 2.  Figure 

2.28 illustrates the propagation of the light through the two media, and shows the angles defined 

in Eqn. 2.25. Total internal reflection occurs when the incident angle (�1) is greater than or equal 

to the critical angle (�c).
186 The critical angle is the incident angle where the refracted angle (�2) 

equals 90°. Therefore, the critical angle can be expressed as190   
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Figure 2.27: Total internal reflection. 

C'

7�������	
��5� *�8
�����	
��5�

��

�'

C'D

C�

�'B��

*�8������	
��5�

C'

7�������	
��5� *�8
�����	
��5�

��

�'

C'D

C�

�'B��

*�8������	
��5�

 

 Figure 2.28: Schematic depiction of Snell�s Law. 

 

As mentioned before, the Kretschmann prism configuration relies on total internal 

reflection. Total internal reflection occurs when light traveling through an optically dense 

medium (e.g. glass) reaches an interface between this medium and a medium of lower optical 

density (e.g. air) and is reflected to the dense medium. Although the incident light is totally 

reflected, a component of this light, the evanescent wave or field, penetrates into the less dense 

medium to a distance on the order of one wavelength. In SPR, a monochromatic, p-polarized 

light source is used and the interface between two media coated with a thin metal film that has a 

thickness less than the wavelength of the light.178 The wavevector of the evanescent field is given 

by 

 gk e
l

p2
=  (2.27) 
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where 
 is the wavelength of the incident light and �g is the dielectric permittivity of the glass 

prism. The component of the wavevector parallel to the surface is defined by 

 qsin•= kkx  (2.28) 

where � is the the angle of the incident light.  Substitution of Eqn. 2.27 into Eqn. 2.28 yields186 

 qe
l

p
sin

2
gxk =  (2.29) 

  A surface plasmon is a longitudinal charge density wave that propagates along the 

interface of a metal and a dielectric.178 The theoretical understanding of surface plasmons 

originates from Maxwell�s theory, in which free electrons of a metal are treated as a high density 

electron liquid (plasma). Surface plasmons, then, are the density fluctuations occurring on the 

surface of such a liquid.191 The wavevector of a surface plasmon is described by 
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spk
ee

ee

l

p

+
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2
 (2.30) 

where �m is the dielectric permittivity of the metal and �s is the dielectric permittivity of the 

sample, or the ambient medium.186 

 The evanescent wave of the incident light will couple with the free oscillating electrons 

(plasmons) in the metal film at a specific angle of incidence. At this specific angle of incidence, 

kx = ksp is satisfied and the surface plasmon is resonantly excited. As a consequence, energy from 

the incident light is lost to the metal film and the intensity of the reflected light detected by a 

two-dimensional array of photodiodes or charged coupled detectors (CCD) is reduced.178 

Recalling that, n= e  for a non-polar insulator or any material for high frequency 

electromagnetic radiation such as light, allows Eqn. 2.30 to be expressed in terms of refractive 
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indices.192 By varying the angle of the incident light, the condition of  kx = ksp is satisfied at a 

particular angle:186 
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where nm and ns are the refractive index of the metal and sample, respectively. Examination of 

Eqn. 2.31 shows that �sp is dependent on the refractive index of the medium above the metal 

surface up to a thickness of approximately 300 nm above the metal film. This range defines the 

detection zone for SPR. When the refractive index in this zone above the metal surface changes, 

either by a change in the refractive index of the solution or through the adsorption of a film on 

the surface of the sensor, the angle of incidence that excites the surface plasmon changes.178 

Figure 2.29 illustrates the change in the resonant angle, �sp, associated with the adsorption of an 

analyte onto the surface.  
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Figure 2.29: Change in the resonant angle due to adsorption. �sp,1 corresponds to the resonant 

angle prior to analyte adsorption and �sp,2 corresponds to the resonant angle after analyte 

adsorption. 
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 It is possible to calculate the surface concentration (also known as the surface excess) of 

adsorbed molecule on the sensor surface from the change in refractive index due to adsorption 

through the relationship of de Feijter et al.:193  

 
)/( dcdn

nL aD•
=G  (2.32) 

where L is the thickness of the adsorbed layer, ( dcdn / ) is the refractive index increment of the 

adsorbed material with respect to the concentration of the analyte, and anD is the refractive index 

difference between the adsorbed material and the solvent. The refractive index increment of the 

adsorbed material can be obtained from a differential refractometer measurements performed at 

the same wavelength used for SPR measurements. The thickness of the adsorbed material, L, can 

be calculated by first correcting the observed resonance angle (��sp) for changes in the bulk 

refractive index of the solution:194 
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where (d�sp/dc) is the change in the resonant angle with changing bulk analyte concentration 

(c).194 Next, the relationship between the change in the resonant angle and the thickness of the 

film (dL/d�a) is obtained from Fresnel simulations.195, 196 This quantity along with the result of 

Eqn. 2.33 can be used to deduce the thickness of the film:194, 195, 197 
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By substituting Eqn. 2.34 into Eqn. 2.32, the surface excess becomes 
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CHAPTER 3 

Materials and Experimental Techniques 

3.1 Materials 

Ultrapure water (Millipore, Milli-Q Gradient A-10, 18.2 MW�cm, < 5 ppb organic 

impurities) was used in all aqueous systems. Trimethylsilyl cellulose (DS = 2.71) was 

synthesized and kindly provided by Prof. Thomas Heinze�s group at the Friedrich-Schiller-

University in Jena, Germany. 11-mercapto-1-undecanol (SAM-OH), 1-dodecanethiol (SAM-

CH3), 11-mercapto-undecanoic acid (SAM-COOH), and methyl trans-cinnamate, 99% (Me-

Cinn) were purchased from Aldrich. Dimethyl sulfoxide, spectrophotometric grade, 99.9+% 

(DMSO), pyridine, 99+% (Py), cinnamic acid, 98+% (CA) and N, N�-carbonyl diimidazole, 98% 

(CDI) were purchased from Alfa Aesar. Pullulan, from Aurebasidium pullulans and N, N-

dimethylacetamide, 99% (DMAc) were purchased from Sigma. NaCl (>= 99%, ACS reagent) 

was purchased from Sigma-Aldrich. N, N-Dimethyl formamide, 99.9% (DMF) was purchased 

from Fischer Scientific and distilled under reduced pressure with anhydrous magnesium sulfate 

as a drying agent. Absolute ethanol was purchased from Decon Lab, Inc. Dry formamide was 

purchased from Riedel-de Ha�n. Acetic anhydride,    99% was purchased from Fluka. All other 

reagents, H2O2 (30% by volume), H2SO4 (conc.), and NH4OH (28% by volume) were purchased 

from EM Science, VWR International, and Fisher Scientific, respectively. 

3.1.1 Synthesis and Characterization of Pullulan Cinnamates (PC)  

Pullulan cinnamates were synthesized by the reaction of pullulan with cinnamic acid in the 

presence of CDI as a coupling agent (Figure 3.1). The carbonyl group in cinnamic acid was 

activated by CDI. CDI and cinnamic acid were dissolved in 10 mL anhydrous DMF. The mixture 

was stirred for 24 hours at room temperature. 1.0 g of pullulan (6 mmol of glucose) was 

dissolved in 20 mL DMAc at 70 
C and magnetically stirred for ~1 h. The activated cinnamic 
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acid was added to the reaction flask. The mixture was stirred for 24 hours at 70 °C. The product 

was precipitated in absolute ethanol and dried under vacuum at 40 °C for 24 hours. The DS of 

pullulan cinnamate derivatives were determined by 1H NMR and UV-Vis measurements. DS was 

defined as the number of cinnamate groups per AGU throughout this thesis. DS of PC samples 

and their weight average molar masses (Mw) and polydispersity indices (Mw/Mn) obtained by 

aqueous size exclusion chromatography (SEC, Waters size exclusion chromatograph) were 

summarized in Table 3.1. The mobile phase, 0.7 M NaNO3, 0.1 M Tris, and 200 ppm NaN3 at 

pH = 6, was equilibrated at 30 °C with a flow rate of 0.8 mL�min-1. The SEC instrument was 

equipped with 2× Waters Ultrahydrogel linear columns and 1× Waters Ultrahydrogel 250 

column (all columns measuring 7.8 × 300 mm), a Waters 1515 isocratic HPLC pump, Waters 

717plus autosampler, a Wyatt miniDAWN multiangle laser light scattering (MALLS) detector 

with a He-Ne laser operated at 690 nm, a Viscotek 270 viscosity detector, and a Waters 2414 

differential refractive index detector operated at 880 nm and 35 °C. Reported weight average 

molar masses (Mw) and polydispersity indices (Mw/Mn) were based upon absolute measurements 

from the MALLS detector. 

 



 66 

O

HO
OH

O +

COOH

O
(1) DMF, CDI

(1) 24 h, RT
(2) 24 h, 70 °C

O(2) DMAc, DMF

O

HO

OH

O

O

HO

OH

OH

OH

O

HO

O

HO

OH
O

O

HO

OH

O

O

HO

OH

OH

O

HO

 

Figure 3.1: Reaction scheme for the synthesized pullulan cinnamates. 

 

Table 3.1:  Pullulan and pullulan cinnamate samples used for SPR experiments. 

 DSa DSb 
Mw

c 
(kg�mol-1) 

Mw/Mn
c (dn/dc)d 

(mL�g-1) 

P 0 0 112 1.38 0.146 – 0.002 

PC003 0.033 0.036 111 1.35 0.145 – 0.001 

PC006 0.057 0.058 118 1.30 0.147 – 0.001 

PC008 0.078 0.080 100 1.10 0.145 – 0.001 

a. Degree of substitution determined by 1H NMR. 
b. Degree of substitution determined by UV spectroscopy. 
c. SEC in 0.7 M NaNO3, 0.1 M Tris, and 200 ppm NaN3, at pH = 6. 
d. Measured with a differential refractometer in water at 
 = 690 nm at 20 ”C. 
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3.1.1.1
 1

H NMR Characterization of Pullulan Cinnamates  

1H NMR spectra were obtained on a 500 MHz JEOL Eclipse spectrometer. Unmodified 

pullulan consisted of linear chains of anhydroglucose units that alternated regularly between one 

�-(1�6) linkage and two �-(1�4) linkages, or stated another way, maltotriosyl repeating units 

(MTU) connected by �-(1�6) linkages.198 1H NMR spectra for pullulan cinnamates in D2O were 

provided in Figure 3.2. Peaks between chemical shifts of � = 3.3 and � = 4.2 ppm corresponded 

to protons of the AGUs. The integrated area around � = 4.98 ppm originated from anomeric 

protons of �-(1�6) linkages between MTUs, whereas the integrated area around � = 5.38 and � 

= 5.41 ppm originated from anomeric protons of �-(1�4) linkages of the MTUs. The ratio of �-

(1�4) linkages to �-(1�6) linkages was 2 which was consistent with the previously reported 

value.199 The integrated area between � = 6.4 and � = 8.0 ppm corresponded to the seven protons 

of the cinnamate groups. If each AGU unit was substituted with a single cinnamate group, DS 

would be equal to 1 and the integrated area between � = 6.4 and � = 8.0 ppm would be equal 21. 

Therefore, division of the integrated area between � = 6.4 and � = 8.0 ppm by 21 gave the DS of 

the pullulan cinnamate. Hence, the DS was defined as the number of cinnamate groups per 

anhydroglucose unit. DS values deduced from the 1H NMR spectra in Figure 3.2 were 

summarized in Table 3.1. 

�������������������������������������������������������������������
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Figure 3.2: 1H NMR spectra of (A) pullulan (P), (B) PC003, (C) PC006, and (D) PC008 in D2O. 
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3.1.1.2 UV Spectroscopic Characterization of Pullulan Cinnamates  

UV spectra for methyl trans-cinnamate at different concentrations and a spectrum for 

pullulan cinnamate at a single concentration in DMSO were provided in Figure 3.3. As seen in 

Figure 3.3, all spectra showed an absorbance maximum at a wavelength of 
max = 281 nm. A 

methyl cinnamate calibration curve was used for the DS determination for pullulan cinnamates 

because all spectra had the same shape and 
max.   
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Figure 3.3: UV spectra of PC008 and methyl trans-cinnamate in DMSO. Symbols corresponded 

to (!) 50.7 mg�L-1 PC008 in DMSO, and (�) 4.76 �M, (�) 9.52 �M, (�) 14.3 �M, (�) 19.0 �M, 

(") 23.8 �M, (#) 28.6 �M, and (+) 33.3 �M methyl trans-cinnamate solutions in DMSO.  

 

A calibration curve for methyl trans-cinnamate at 
max = 281 nm in DMSO (Figure 3.4) had a 

slope of (19.02 – 0.22) × 103 M-1•cm-1 and a y-intercept of 0.015 – 0.005. As such, the curve in 

Figure 3.4 was consistent with Beer�s Law, A = �$b$c where A was absorbance, � was the molar 

extinction coefficient, b was the path length, and c was the molar concentration. Hence, a value 
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of �max,281 nm = (19.02 – 0.22) × 103 M-1•cm-1 was obtained. The observed values of �max,281 nm and 


max for methyl trans-cinnamate differed somewhat from octyl-p-methoxy-trans-cinnamate in 

hexane (�max = 24×103  M-1•cm-1 and 
max =310 nm).200 Compared to methyl trans-cinnamate, 

methoxy (-OCH3) substitution of the benzene ring caused a bathochromic shift (the absorption 

maximum moved to higher wavelength) and increased absorbance.  
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Figure 3.4: UV-Vis absorbance calibration curve for methyl trans-cinnamate in DMSO at 
max = 

281 nm. The molar extinction coefficient was �max, 281nm = (19.02 – 0.22) × 103 M-1•cm-1 for 

methyl trans-cinnamate.  
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Figure 3.5: UV spectra of pullulan and pullulan cinnamates in DMSO. Symbols corresponded to 

(�) 100 mg�L-1 P, (%) 106.7 mg�L-1 PC003, (Ñ) 88 mg�L-1 PC006, and (!) 50.7 mg�L-1 PC008 in 

DMSO.  

 

UV spectra for pullulan and pullulan cinnamates were shown in Figure 3.5. The absorbances 

of PC003 (106.7 mg�L-1), PC006 (88.0 mg�L-1), and PC008 (50.7 mg�L-1) in DMSO at 
max = 281 

nm were 0.462, 0.608, and 0.456, respectively. The absence of strong absorbance for pullulan at 

a concentration of 100 mg�L-1 indicated the absence of strong chromophores in the molecule. 

However, weak UV absorbance was observed for pullulan at higher concentrations (Figure 3.6). 

Due to weak UV absorbance by pullulan at 
 = 281 nm, an UV absorbance calibration curve was 

also established for pullulan in Figure 3.7. As seen in Figure 3.7, a calibration curve for pullulan 

at 
 = 281 nm in DMSO yielded a slope of 23 – 2 M-1•cm-1 with a y-intercept of -0.0078 – 

0.0089. As such, the curve in Figure 3.7 was also consistent with Beer�s Law. Hence, �281 nm was 
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equal to 23 – 2 M-1•cm-1. The weak UV absorbance along the pullulan chain was likely caused 

by the carbonyl groups (C=O) at the reducing end of the linear chain. Linear polysaccharides 

have generally been characterized by one reducing end (the residue containing the free anomeric 

carbon) and one non-reducing end, where reducing ends have been hemiacetals in equilibrium 

with their open-chain forms (characterized by a carbonyl group). The internal residues were all 

acetals that were not in equilibrium with their open-chain forms and thus did not contain 

carbonyl groups.201 
max = 279.5 nm and �max,279.5 nm = 23 – 2 M-1•cm-1 values agreed with 

reported values for the UV absorbance of the carbonyl group (270 nm < 
max < 285 nm and 18 

M-1•cm-1 < �max < 30 M-1•cm-1 ).202  
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Figure 3.6: UV spectra of pullulan in DMSO. Symbols corresponded to pullulan with AGU 

concentrations of (�) 1.54 mM, (�) 3.08 mM, (�) 4.57 mM, and (�) 6.12 mM in DMSO. 
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Figure 3.7: UV absorbance calibration curve for pullulan in DMSO at 
 = 281 nm. The molar 

extinction coefficient for pullulan was �281nm = 23 – 2 M-1•cm-1. 

 

DS for pullulan cinnamate was formulated as 

 AGUCinn CCDS /=  (3.1) 

where CCinn was the molar concentration of cinnamate groups and CAGU was the molar 

concentration of anhydroglucose units (AGU). DS for pullulan cinnamate was calculated from 

Eqns. 3.2 and 3.3: 

 )()( AGUAGUCinnCinn MWVCMWVCm ··+··=  (3.2) 

�
)()( AGUAGUCinnCinn CbCbA ··+··= ee
� (3.3)�����������������������������

where m was the mass of the pullulan cinnamate, MWCinn was the molecular weight of a 

cinnamate group, MWAGU was the molecular weight of an anhydroglucose unit, V was the 

volume of the polymer solution, and �Cinn and �AGU  were the molar extinction coefficients for 
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cinnamate and AGU units, respectively. Simultaneous solution of Eqns. 3.2 and 3.3 yielded CCinn 

and CAGU. Results for the pullulan cinnamates used in this thesis were summarized in Table 3.1. 

3.1.2 Characterization of 2-Hydroxypropyltrimethylammonium Xylans (HPMAXs) 

HPMAXs were provided by Prof. Thomas Heinze�s group at the Friedrich-Schiller-

University in Jena, Germany. HPMAXs were synthesized by the reaction of birch xylan (BX) 

with 2,3-epoxypropytrimethylammonium chloride (EPTA) (Figure 3.8). The BX contained 0.1 4-

O-methylglucuronic  acid (MeGA) groups per anhydroxylose unit (AXU). Details of the 

HPMAX synthesis were described elsewhere.203 DS was defined as the number of 2-

hydroxypropyltrimethylammonium (HPMA) groups per AXU. The DS of HPMAX samples and 

their refractive index increments in water at different salt concentrations (1 mM, 10 mM, and 

100 mM NaCl in water) were summarized in Table 3.2. 
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Figure 3.8: Reaction scheme for the cationization of GX with EPTA to yield HPMAX. MeGA 

DS was ~0.1/AXU. 
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Table 3.2:  Refractive index increments of HPMAXs used in SPR experiments. 

(dn/dc)b 
(mL�g-1) Acronym 

Degree of 
Substitution 

(DS)a Water 1 mM NaCl 10 mM NaCl 100 mM NaCl 
HPMAX006 0.06 0.105 – 0.002 � � � 
HPMAX010 0.10 0.130 – 0.002 0.131 – 0.002 0.135 – 0.002 0.147 – 0.003 

HPMAX014 0.14 0.146 – 0.002 � � � 

HPMAX019 0.19 0.149 – 0.002 � � � 

HPMAX034 0.34 0.146 – 0.002 0.145 – 0.002 0.138 – 0.002 0.137 – 0.003 

a. HPMA DS determined by elemental analysis, all samples have a MeGA DS = 0.1. 
b. Measured with a differential refractometer in the corresponding medium at 
 = 690 nm at 

20 ”C. 
 
3.1.3 Characterization of Hydroxypropyl Xylans (HPXs) 

HPX samples were provided by Prof. Wolfgang Glasser�s group at Virginia Tech. They 

were synthesized by the reaction of barley husk xylan with propylene oxide (PO) in aqueous 

alkali conditions (Figure 3.9a). Details of the HPX synthesis were provided elsewhere.204 In this 

study, HPX derivatives were named according to the pH of the aqueous solution used for the 

hydroxypropylation of xylan. HPX120, HPX125, HPX127, and HPX130 corresponded to pH = 

12.0, 12.5, 12.7, and 13.0, respectively.  In general, the DS increased with pH.204 For DS 

determinations, HPX was acetylated with acetic anhydride in accordance with the method of 

Carson and Maclay with minor modification (Figure 3.9b).205 HPX (0.5 g) was dissolved in 10 

mL of dry formamide at 45 to 50 ”C and was vigorously stirred for 30 minutes. Next, 5 mL of 

pyridine was added at 45 to 50 ”C and the mixture was stirred for 30 minutes. Afterwards, the 

reaction mixture was cooled to 30 ”C, and 5 mL of acetic anhydride was added. Following 

overnight stirring, the reaction mixture was precipitated in 200 mL of a cold aqueous 2 wt% HCl 

solution. Finally, the precipitated solids were filtered and rinsed with copious amounts of cold 

aqueous 0.5 wt% HCl solution and cold ultrapure water. The resulting product was dried 

overnight at 35 ”C under vacuum. For 1H NMR analysis, 3 to 5 mg of acetylated HPXs were 
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dissolved in 5 mL of CDCl3. 
1H NMR spectra were obtained on a 400 MHz Varian Inova 

spectrometer.  
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Figure 3.9: Reaction schemes for the synthesis of (a) hydroxypropyl xylan (HPX) and (b) 

acetoxypropyl xylan (APX). 

3.2 Characterization Techniques and Film Preparation 

3.2.1 Preparation of Model Cellulose Films  

Smooth, uniform films of regenerated cellulose were prepared on 12.4 mm x 12.4 mm x 

0.9 mm sensor slides from trimethylsilylcellulose (TMSC). Sensor slides consisted of a glass 

slide covered with 20 ¯ of chromium and 480 ¯ of gold. Sensor slides were obtained by initial 

deposition of the chromium layer and then the gold layer onto precleaned soda lime float glass 

(Specialty Glass Products, Inc.) at 3×10-6 Torr with an electron beam evaporator system 

(Thermionic Vacuum Products). Spincoating was used to prepare TMSC surfaces. Each sensor 

slide was cleaned by immersion in a 7:3 by volume solution of sulfuric acid:hydrogen peroxide 

(piranha solution) for 1 h and rinsed exhaustively with Millipore water prior to spincoating. 
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TMSC was spincoated onto cleaned sensor slides with a spinning speed of 4000 rpm from 10 

g�L-1 TMSC solutions in toluene.142 TMSC coated sensor slides were hydrophobic, and had a 

water contact angle of 91 – 1°. Trimethylsilyl groups of TMSC were cleaved by exposure of the 

gold slide to the vapor of an aqueous 10 wt% HCl solution for 2 minutes. This process yielded a 

regenerated cellulose surface.136 The regenerated cellulose surface was hydrophilic and had a 

water contact angle of 29 – 2°. The extent of the desilylation reaction was followed by X-ray 

photoelectron spectroscopy (XPS). 

3.2.2 Preparation of Self-Assembled Monolayers (SAMs)  

The sensor slides underwent the same cleaning procedure described for the preparation of 

model cellulose films. Once dried, the sensor slides were placed in a 1 mM solution of the 

appropriate SAM forming molecule [(1-mercapto-1-undecanol (SAM-OH), or 1-dodecanethiol 

(SAM-CH3), or 11-mercapto-undecanoic acid (SAM-COOH)] in absolute ethanol for at least 24 

hours.158 Once the SAM sensor was needed, the slide was removed from the 1 mM ethanolic 

solution, rinsed with absolute ethanol for the removal of excess SAM forming molecules, and 

dried with nitrogen. Finally, the SAM sensor slide was washed with ultrapure water and dried 

with nitrogen. The SAM sensor slides were either hydrophilic or hydrophobic, a function of the 

SAM forming molecule used. Surfaces prepared from SAM-OH had a water contact angle of 20 

– 2°, whereas surfaces prepared from 1-dodecanethiol had a water contact angle of 100 – 1°. 

3.2.3 X-ray Photoelectron Spectroscopy (XPS) 

XPS (PHI 5400, Perkin-Elmer, Mg-Ka radiation) was performed with a magnesium 

anode operated at 250 W with a background pressure of 5×10-7 Torr. The spectra were recorded 

with an 89.45 eV pass energy, 0.1 eV step and 25 ms dwelling time. The angle between the X-
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ray beam and surface normal was 15°. Each surface was examined with both a survey scan, that 

encompassed the region 0 to 1100 eV, and a multiplex of carbon, oxygen, silicon, and gold. 

Relative elemental compositions for spincoated cellulose surfaces before and after 

desilylation were provided in Table 3.3. The absence of the Si 2p peaks after desilylation with 

wet HCl vapor confirmed that trimethylsilyl groups were removed. The experimental elemental 

composition for TMSC was in reasonable agreement with the theoretical elemental composition 

calculated on the basis of a DS = 2.71.  Likewise, the experimental C:O ratio for the regenerated 

cellulose also exhibited reasonable agreement with the experimental value. 

Table 3.3:  Elemental compositions of spin-coated TMSC surfaces before and after desilylation. 

  Au 4fa C 1sa O 1sa Si 2pa 
Expt.b 0 65.4 22.6 12.0 TMSC 

Surface Theo.c 0 62.8 25.7 11.5 
Expt.b 0.1 59.7 40.2 0 After 

Desilylation Theo.c 0 54.6 45.4 0 
a. Atomic percentages. 
b. Experimental results from XPS measurements. 
c. Theoretical percentages on the basis of the molecular structure. 

 
3.2.4 Characterization of Regenerated Cellulose by Reflection Absorption Infrared 

Spectroscopy (RAIRS) and Electron Diffraction 

3.2.4.1 Reflection Absorption Infrared Spectroscopy (RAIRS)   

Regenerated cellulose films on gold substrates were prepared as described previously.  

RAIRS spectra were collected in a fashion similar to the approach used for for poly(L-lactic 

acid) films.206 RAIRS was performed with a Bruker Vertex 80v FTIR spectrometer, equipped 

with a liquid nitrogen cooled mercury cadmium telluride (MCT) detector. The measurements 

were executed at an angle of incidence of ~86° with p-polarized light. 200 scans at a resolution 

of 2 cm-1 were averaged, and clean gold substrates were used as background references. 
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3.2.4.2 Electron Diffraction 

 Regenerated cellulose samples were prepared on carbon-coated TEM grids in a process 

analogous to the process used for TMSC films as described previously. TMSC was first 

deposited onto the TEM grid from an 1 g�L-1 TMSC solution in toluene. Cellulose was 

regenerated by exposure of the grid to the vapor of an aqueous 10 wt% HCl solution for 2 

minutes. After the films were dried with nitrogen was complete, the sample was studied using a 

Philips EM 420 electron microscope operated at 120 kV. 

Regenerated cellulose hydrolyzed from TMSC has been found largely in the amorphous 

state. Conversely, native cellulose is normally composed of both amorphous and crystalline 

cellulose I (parallel chains) regions.207 Electron diffraction and reflection absorption infrared 

spectroscopy (RAIRS) experiments206 confirmed that the regeneration process used in this study 

yielded amorphous bulk and film samples, respectively.  In the RAIRS spectrum of a regenerated 

cellulose film, the absorption band at about 1430 cm-1, assigned to the CH2 scissoring motion, 

was very weak in regenerated cellulose samples and indicated that breakage of the 

intramolecular hydrogen bond associated with O6 in the glucose unit had occurred. In addition, 

the band at about 895 cm-1, assigned as C�O�C stretching at the b-(1-4)-glycosidic linkage, was 

intense due to the amorphous character of the sample. The O-H stretching band of the hydroxyl 

groups on regenerated cellulose surfaces was shifted to 3421 cm-1 and was slightly broadened as 

a result of regeneration. This observation confirmed weaker intra- and intermolecular hydrogen 

bonding, i.e., lower crystallinity. Furthermore, the model regenerated cellulose surfaces exhibited 

no features characteristic of crystalline cellulose II (anti-parallel chains) structures. All of these 

observations were in line with a previous study.142 Likewise, electron diffraction of regenerated 

cellulose yielded no crystalline reflections, while the circular halo of the diffraction pattern 
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indicated the regenerated cellulose samples were unoriented and amorphous. Hence, conclusions 

drawn in this study should be consistent with adsorption onto the amorphous regions of the 

native cellulose I structure.   

�

 

Figure 3.10: A RAIRS spectrum of a regenerated cellulose film. The inset shows an electron 

diffraction pattern for regenerated cellulose. 

3.2.5 Surface Tension Measurements 

The surface tension measurements of aqueous polymer solutions were determined by the 

Wilhemy plate method using a paper plate attached to a Cahn 2000 electrobalance. In general, 

polymer solutions were placed in a specially designed glass jar that consisted of an inner cup 

containing the solution and an outer jacket that contained 20.0 ”C flowed water from a 

thermostated circulating bath. The sample cell was inside a PlexiglassTM box for the 

minimization of water evaporation and the maintainence of a constant relative humidity (~ 75%). 

For surface tension measurements of aqueous P and PC solutions, a fixed volume of 10 mL of 1 

g•L�1 polymer solution was placed in the specially designed jar. Surface tension values were 
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recorded for a period of 10 hours at fixed time intervals. For surface tension measurements of 

aqueous HPX solutions, a fixed volume of 20 mL of water was placed in the specially designed 

glass jar. Next, HPX stock solution (~ 150 mg•L�1) was added to the pure water incrementally 

with a digital variable volume pipettor that controlled the HPX solution concentration.  

3.2.6 Pyrene Dye Fluorescence Measurements 

The aggregation of pullulan derivatives was investigated by fluorescence spectroscopy 

(Perkin-Elmer LS 50 Spectrometer) with a fluorescent pyrene probe.208 Aliquots of pyrene in 

methanol were initially transferred into empty vials until the methanol evaporated.  Next, test 

solutions of known concentration were added to the vials. All of the mixtures were shaken mildly 

on an Orbit Shaker for at least 24 h. Next, test solutions of known concentration were added to 

the vials. All of the mixtures were shaken mildly on an Orbit Shaker for at least 24 hours. The 

resulting solutions contained 10-6 M pyrene.  Emission fluorescence spectra of pyrene were 

recorded with an excitation wavelength of 334 nm, an excitation bandpass of 5 nm, and an 

emission bandpass of 2.5 nm. The ratios of the emission intensities of the first (I1 = 373 nm) and 

third (I3 = 384 nm) vibronic peaks in the emission spectra were sensitive to the polarity of the 

pyrene microenvironment. 

3.2.7 Contact Angle Measurements 

Static contact angle measurements were made with a FTA125 Contact Angle Analyzer 

(First Ten Angstroms). All data were collected at room temperature. The surfaces were kept 

inside an environmental chamber that minimized evaporation of the sessile drop with time and 

maintained a constant relative humidity (~ 75%). The static contact angles of drops of ultrapure 

water on a given surface were measured. A minimum of three different samples for each surface 

were recorded and averaged with one standard deviation error bars.  
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3.2.8 Refractive Index Increment Measurements 

 The refractive index increments (dn/dc) of polymer solutions were determined with a 

Wyatt Optilab rEX differential refractometer. The experiments were carried out at 
 = 690 nm at 

20 ”C. Samples were flowed at 0.25 mL�min-1 into the differential refractometer using a syringe 

pump and a syringe affixed with a 0.80 �m cellulose acetate (CA) syringe filter. The (dn/dc) 

values were determined using the Wyatt Astra V software package. For aqueous P and PC 

solutions, dn/dc values were evaluated over the concentration range of 0 to 2.5 g�L-1, whereas for 

aqueous HPMAX, and HPX solutions, dn/dc values were evaluated over the concentration range 

of 0 to 150 mg�L-1. For polymer solutions at higher salt concentration (100 mM NaCl), the 

refractive index increments were measured at a constant chemical potential for the counterions in 

the solution and the environment of the polymer coil through the two-step procedure of Hunkeler 

et al.209 First, 150 mg�L-1 of HPMAX010 or HPMAX034 stock solutions were prepared in 100 

mM NaCl and these stock solutions were dialyzed with SpectraPor 6 membranes (MWCO 8kD) 

against 100 mM NaCl for 24 hours. Second, the stock solutions were diluted with dialysate and 

refractive index increments were determined for the HPMAX solutions against the dialysates 

with the differential refractometer. 

3.2.9 In Situ AFM Measurements   

Template stripped gold surfaces were prepared for AFM imaging.210 Gold films, 100 nm 

thick were first evaporated onto freshly cleaved mica surfaces at a rate of 1 ¯�s-1 at 3×10-6 Torr 

with an electron beam evaporator system (Thermionic Vacuum Products). Silicon wafers were 

glued to the gold-deposited mica sheets by Epo-tek 377. The epoxy glue was cured at 150° C for 

two hours. Prior to use, the multilayer was soaked in THF until the gold surface detached from 

the mica substrate. Regenerated cellulose and SAM surfaces were prepared as described above. 
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A Nanoscope III atomic force microscope (Dimension 3000 scope with a Nanoscope IIIa 

controller, Digital Instruments) imaged the samples in tapping mode. The probes, standard 

silicon nitride tips, had a nominal radius of 20 nm and a spring constant of 0.12 N�m-1. 

Cantilevers were exposed to ultraviolet irradiation for at least 30 minutes for the removal of 

organic contaminants. After the fluid cell was installed, ultrapure water was flowed over the 

surface. Images of the reference surface were taken after an equilibration flow time of 1 hour. 

Next, 1 g�L-1 polysaccharide solution was injected into the liquid cell for at least 2 hours. Prior to 

collection of the post-adsorption images, a large excess of ultrapure water was flowed over the 

surface for 1 hour. 

3.2.10 Surface Plasmon Resonance (SPR) Spectroscopy  

Polymer adsorption onto regenerated cellulose and SAM surfaces was investigated by 

SPR spectroscopy. After preparing the desired film (cellulose or SAM) was prepared on the 

sensor slide, the slide was refractive index-matched to the prism of a Reichert SR 7000 SPR 

refractometer using immersion oil (nD = 1.5150). This system used a laser diode with an emission 

wavelength of 780 nm. The flow cell body was equipped with a Viton gasket (Dupont Dow 

Elastomers, LLC) and was mounted on top of the sensor slide. Solutions were pumped into the 

flow cell at a flow rate of 0.25 mL�min-1 via Teflon tubing connected to a cartridge pump 

(Masterflex) at 20.0°C. The pump was linked to a switch valve that allowed the polymer 

solutions and ultrapure water to be switched without the introduction of air bubbles into the 

system. For SPR experiments, polymer stock solutions were prepared by dissolution of the 

polymer in Millipore water to ~ 1 g�L-1 for P and PCs and ~ 150 mg�L-1 for HPXs and HPMAXs. 

It should be mentioned that BX did not completely dissolve in ultrapure water and formed a 

suspension which was clearly visible by the naked eye. Nevertheless, SPR experiments with BX 
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suspensions were performed for the elucidation of the effect of ionic groups on xylan adsorption. 

From stock solutions, polymer solutions were prepared by dilution with ultrapure water and were 

degassed before SPR experiments. Prior to data acquisition, the cellulose surfaces were allowed 

to reach equilibrium swelling as ultrapure water was flowed through the system. Once a stable 

baseline was established, polymer solutions were pumped into the flow cell. Each solution 

flowed over the sensor until adsorption ceased and was followed by a switch to water via the 

solvent selection valve. Key parameters extracted from SPR experiments were schematically 

depicted in Figure 3.11. Once a new baseline was achieved after water flowed through the flow 

cell, a solution with the next higher concentration was flowed over the sensor. This process was 

repeated in succession from the lowest to the highest concentration. The same procedure was 

followed for SPR experiments with SAM surfaces. For PC adsorption onto SAM-CH3 surfaces, 

substantially longer equilibration times were required for each solution concentration. Therefore, 

separate SPR experiments were run for each PC solution concentration with freshly prepared 

SAM-CH3 surfaces. Each SPR experiment was performed three times, and data points on the 

adsorption isotherms represented the average value with one standard deviation error bars. 

For HPMAX adsorption onto SAM-COOH surfaces at different salt concentrations, salt 

solutions were flowed through the flow cell until a stable baseline was achieved. Next, a polymer 

solution with the same salt concentration was flowed through the flow cell. Polymer solution 

concentrations were 100 mg�L-1 and 20 mg�L-1 for HPMAX010 and HPMAX034, respectively. 

At these concentrations, the adsorbed amount corresponded to the plateau on the adsorption 

isotherms. 
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Figure 3.11: A schematic depiction of raw SPR data for the case where water was used to 

establish a baseline value for �qsp. A solution containing adsorbate produced a total change in 

�qsp (�qtot).  Switching from adsorbate solution to water eliminated the bulk contribution 

(�qbulk), removed reversibly bound adsorbate (�qrev), and yielded irreversibly bound adsorbate 

(�qirr). 

3.2.10.1 Analysis of SPR Data  

Refractive index changes in the vicinity of the gold surface were detected through 

changes in the resonant angle (qsp), the incident angle at which reflected light intensity was at a 

minimum.211 qsp was sensitive to changes that occurred within ~200 nm of the surface, i.e. both 

adsorbed molecules and bulk concentration changes. This latter effect (bulk effect) produced a 

displacement in qsp with respect to analyte concentration. A schematic depiction of how qsp 

changed as analyte adsorbed onto the sensor surface and partially desorbed from the sensor 

surface after water flowed over the surface was provided as Figure 3.11. As shown in Figure 

3.11, the total increase in the resonant angle (�qtot) corresponded to the observed change in the 

resonant angle (�qsp) caused by reversible adsorption (�qrev), irreversible adsorption (�qirr), and 
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the bulk effect (�qbulk). The decrease in �qsp after water flowed over the surface corresponded to 

�qsp caused by the desorption of some analyte molecules (�qrev) and elimination of �qbulk. The 

residual �qsp corresponded to �qirr.
194  

�qtot and �qirr values were deduced for each solution concentration as depicted in Figure 

3.11. Next, Eqns. 3.4 and 3.5 were used to obtain the change in the resonant angle associated 

with adsorption (�qa = �qrev + �qirr) was deduced by subtraction of the contribution of bulk 

refractive index changes in the dielectric medium from �qtot:   
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where (dqsp/dn) = 61.5° was an instrument specific parameter obtained by calibration of the 

instrument with ethylene glycol standards. The surface excess (�) was calculated from �qa for 

each concentration with the equation of de Feijter et al.:193 
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where, nf was the refractive index of the film which was assumed to be 1.45, and n � 1.32813 

was the refractive index of the solvent (water).212 The other constant in Eq 3.6, (dq/dL), was 

obtained from Fresnel calculations. Theoretical Fresnel calculations were carried out with a 

computer simulation program written in Matlab. The values of n and the thickness of the six 

layers used in the Fresnel calculations were summarized in Table 3.4. (dq/dL) values for model 

cellulose and SAM surfaces were (4.2 – 0.2) × 10-3 and (3.9 – 0.2) × 10-3 deg�¯-1, respectively. 
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The SAM value was in good agreement with the value of 4 × 10-3 deg�¯-1 previously reported by 

Tulpar et al. 195 dq/dL values did not change with increasing NaCl concentration values.      

 Table 3.4: Layer parameters for SPR studies of polysaccharides. 

Layer 
Thickness 

¯ 
Refractive Index 

n 

Absorption 
Coefficient 

& 

L1 Sapphire prism 5×106 1.76074213 0 
L2 Chromium 20 4.1106214 4.3492214 

L3 Gold 480 0.174214 4.86214 

L4 
Cellulose or SAM 

195142 
16215 

1.44137 
1.45215 

0 
0 

L5 Adsorbed 
Polymer Film 

Variable 1.45a 0 

L6 
Water 

1 mM NaCl 
10 mM NaCl 

100 mM NaCl 

500 

1.32813212 
1.32814b  
1.32823 b  
1.32910 b 

0 

a. Assumed to be 1.45 which has generally been a good assumption for organic materials. 
b. Refractive index increments of aqueous NaCl solutions at concentrations ranging from 0 

to 1 M were calculated from data taken from CRC Handbook of Chemistry and 
Physics216 and were found to be (dn/dc) = (9.65 – 0.09) × 10-3 M-1. The refractive index 
for L6 was computed by multiplying (dn/dc) by the salt concentration and adding this 
product to n for water at 20 °C (780 nm, n = 1.32813).212 
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CHAPTER 4 

Surface Plasmon Resonance Studies of Pullulan and Pullulan Cinnamate 

Adsorption onto Cellulose 

 

This chapter has been published in Biomacromolecules: "Surface Plasmon Resonance Studies of 

Pullulan and Pullulan Cinnamate Adsorption onto Cellulose," A. Kaya, X. Du, Z. Liu, J. W. Lu, 

J. R. Morris, W. G. Glasser, T. Heinze, and A. R. Esker, Biomacromolecules 2009, (Accepted). 

 

4.1 Abstract 

Surface plasmon resonance studies showed pullulan cinnamates (PCs) with varying 

degrees of substitution (DS) adsorbed onto regenerated cellulose surfaces from aqueous solutions 

below their critical aggregation concentrations. Results on cellulose were compared to PC 

adsorption onto hydrophilic and hydrophobic self-assembled thiol monolayers (SAMs) on gold 

to probe how different interactions affected PC adsorption. PC adsorbed onto methyl-terminated 

SAMs (SAM-CH3) > cellulose > hydroxyl-terminated SAMs (SAM-OH) for high DS and 

increased with DS for each surface. Data for PC adsorption onto cellulose and SAM-OH surfaces 

were effectively fit by Langmuir isotherms; however, Freundlich isotherms were required to fit 

PC adsorption isotherms for SAM-CH3 surfaces. Atomic force microscopy images from the 

solid/liquid interfaces revealed PC coatings were uniform with surface roughnesses < 2 nm for 

all surfaces. This study revealed hydrogen bonding alone could not explain PC adsorption onto 

cellulose and hydrophobic modification of water soluble polysaccharides was a facile strategy 

for their conversion into surface modifying agents. 
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4.2 Introduction 

Bone and wood, as biological structural materials, have been classical examples of 

complex composite materials.217 In consideration of the relatively poor properties of the basic 

building blocks, the resulting composites demonstrated remarkable mechanical properties 

required for their function.217, 218 These natural composites consisted of a polymer matrix 

reinforced with either crystallites or fibers, were hierarchically organized on different scales 

from nano to micron levels, and were sources of inspiration for the design of new materials.219-221 

These factors along with increased environmental consciousness and legislative mandates have 

driven interest in materials with the focus on renewable raw materials which mimicked natural 

composites.220, 222  

Cellulose fibers have received greater attention for use in biocomposites, with 

substitution of one or more man-made materials in composite materials with a biologically 

derived component. However, the natural fiber-polymer interfaces have presented a formidable 

challenge for cellulose based biocomposites. Because of the presence of hydroxyl groups and 

other polar substances in various natural fibers, moisture absorption in biocomposites has led to 

poor interfacial bonding between polyhydroxyl fiber surfaces and the hydrophobic matrix 

component.222, 223 Hence, modification of wood fiber surfaces has been a significant challenge 

for the production of novel biocomposites. Bonding between components could often be 

increased through derivatization of cellulosic fibers with hydrophobic moieties via an ester 

linkage. This process yielded improved compatibility between the cellulosic fibers and 

thermoplastics; however, derivatization of cellulose cleaved the glucan chain and disrupted the 

extensive hydrogen bonded network. As a consequence, derivatization undermined two 

important contributors to the strength of native cellulose materials. Since the successful 
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utilization of cellulose materials in many biocomposite applications required the retention of the 

crystalline character of the cellulose, more gentle modification of cellulose was required.224 In 

this context, surface modification of cellulose fibers with adsorbed molecules has been an 

attractive option for the creation of better interfaces between cellulose and thermoplastics. 

The self-aggregation of hydrophobically modified pullulan (HMP) has been previously 

studied in aqueous solutions,225-233 as has HMP adsorption at the air/liquid,231, 232, 234, 235 and 

solid/liquid interfaces.236, 237 Akiyoshi et al. observed that chloresterol bearing pullulan (CHP) 

self-aggregated in aqueous solutions and formed stable nanoparticle hydrogels. The aggregation 

numbers calculated from the molecular weights of the aggregates corresponded to 10 to 12 for all 

CHPs regardless of their degrees of substitution (DS) by cholesterol groups.229 In another study, 

HMP modified with dodecanoic acid showed a more compact conformation than the starting 

pullulan, and reduced the contact of alkyl groups with water.232 When amphiphilic HMPs were 

monitored at the air/water interface by surface tension measurements, longer equilibration times 

were observed for the formation of the adsorbed layer.232, 235, 238 Deme et al.238 attributed the slow 

kinetics of the surface tension change to the reorganization of the adsorbed polymer chains at the 

air/water interface. Studies concerning HMP adsorption onto polystyrene at the solid/liquid 

interface involved hydrophobically modified 6-carboxypullulan236 and carboxymethylpullulan.237 

Both of these studies revealed strong adsorption originated from hydrophobic interactions 

between the polymer and polystyrene.236, 237 Nonetheless, systematic studies of HMP adsorption 

at solid/liquid interfaces, where the solid surfaces were both hydrophilic and hydrophobic, have 

largely been absent. 

This study systematically probed HMP adsorption from aqueous solution onto both 

hydrophilic and hydrophobic solid surfaces. Modification of a water soluble polysaccharide, 
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pullulan (P), through esterification with cinnamic acid as depicted in Figure 3.1 yielded a series 

of pullulan cinnamate (PC) derivatives with controlled DS.  In general, the DS of these samples 

were low [< 1 cinnamate group per 12 anhydroglucose units (AGUs)] to ensure the PC 

derivatives remained soluble in water.  Pullulan was chosen as a water-soluble model for a 

hemicellulose, while cinnamic acid was chosen for derivatization because of its structural 

similarity to lignin.  Thus, the resulting PCs were structurally similar to a lignin-carbohydrate 

complex.  Aggregate formation of PCs in aqueous solution was probed by surface tension and 

pyrene dye fluorescence measurements.  Surface plasmon resonance (SPR) and in situ atomic 

force microscopy (AFM) experiments explored PC adsorption onto alkane thiol self-assembled 

monolayers (SAMs) and regenerated cellulose surfaces at concentrations well below the critical 

aggregation concentrations (CACs) of the PC derivatives.  The regenerated cellulose films were 

easily prepared models for the amorphous portion of cellulose I surfaces.  Collectively, these 

studies revealed the relative contributions of hydrophilic and hydrophobic interactions to PC 

adsorption from solution, an important starting point for future studies of interactions that might 

be relevant to cell wall biogenesis. 

4.3 Experimental  

 Synthesis and characterization of pullulan cinnamates was described in Section 3.1.1. 

Procedures for surface tension measurements and pyrene dye fluorescence measurements were 

described in Section 3.2.5 and Section 3.2.6, respectively. Finally, procedures for in-situ AFM 

measurements and SPR experiments were described in Sections 3.2.9 and 3.2.10, respectively. 
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4.4 Results and Discussion 

4.4.1 Surface Tension Measurements 

Surface tension measurements and pyrene dye fluorscence measurements discussed in 

Section 4.3.2 probed pullulan cinnamate aggregation in aqueous solution. Unmodified pullulan 

exhibited no surface activity at the air/water interface as previously reported,231, 238 and in 

contrast to pullulan modified with chloresterol groups,235 dodecanoic acid,232 and abietic acid,239 

and carboxymethyl pullulan modified with dodecyl, decyl, and hexyl groups.231 These HMPs 

usually decreased the surface tension of water through progressive polymer adsorption at the 

air/water interface.231 A plot of surface tension (�) versus time for 1 g�L-1 P and PC solutions was 

provided as Figure 4.1. The surface tension of P and the lowest DS PC (PC003) were the same as 

the surface tension of water (�water).However, higher DS PC derivatives caused a slight 

depression of the surface tension, �� = �water � �PC(aq), where �PC(aq) was the surface tension of 

the pullulan cinnamate solution. The maximum change in surface tension (��max = �� after 1000 

min) was ~ 1.5 mN�m-1 and ~ 2.8 mN�m-1 for PC006 and PC008, respectively. These ��max 

values were relatively small compared to other HMP derivatives.231, 232, 235, 239 These small 

surface tension changes were consistent with cinnamate groups in PC molecules that were too 

short for the formation of ordered structures at the air/water interface.  It was also consistent with 

very high CACs for PCs. As discussed later in this chapter, the meager surface activity of PCs at 

the air/water interface was not correlated with a lack of PC surface activity at the cellulose/water 

interface. 
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Figure 4.1: � versus time for P and PC adsorption from a 1 g�L-1 solution at the air/water 

interface at 20.0 ”C. Symbols corresponded to (�) P, (�) PC003, (�) PC006, and (�) PC008. 

4.4.2 Pyrene Dye Fluorescence Measurements  

A plot of I1/I3 for solutions that contained a fixed concentration of pyrene and variable 

concentrations of P and PCs was provided as Figure 4.2. The ratio I1/I3 decreased as the local 

environment for the pyrene probe became more hydrophobic. As seen in Figure 4.2, the I1/I3 

ratio was constant for P and PC at concentrations below ~ 3 g�L-1 (approximately 3X larger than 

the highest concentration used for SPR and AFM adsorption studies). For P and PC003, the I1/I3 

ratio only decreased slightly for concentrations > ~ 10 g�L-1. In contrast, I1/I3 decreased sharply 

with increasing concentration from ~ 10 and ~3 g�L-1 for PC006 and PC008, respectively. The 

addition of cinnamate groups to pullulan induced aggregation, however, the CACs were > 3 g�L-

1 for all PC derivatives used in this study. The surface tension experiments along with the pyrene 
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dye fluorescence measurements indicated that all SPR and AFM adsorption studies were carried 

out at concentrations at least a factor of three below the CAC. 
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Figure 4.2: I1/I3 ratios as a function of bulk solution concentration for (�) P, (�) PC003, (�) 

PC006, and (�) PC008. All samples contained 10-6 M pyrene dye. The solid lines were the 

sigmodial fits to the experimental data. 

4.4.3 PC Adsorption onto Regenerated Cellulose Surfaces  

Representative raw SPR data for the adsorption of P and the three PCs onto regenerated 

cellulose surfaces were provided in Figure 4.3. Each individual experiment was carried out three 

times and values for ��tot and ��irr for each concentration were extracted from the SPR raw data 

as depicted in Figure 3.11. ��tot (A) and ��irr (B) as a function of concentration for each polymer 

with one standard deviation error bars were shown in Figure 4.4. There was no significant 

adsorption of P onto regenerated cellulose surfaces. There was a slight increase in the amount of 

PC003 that adsorbed onto cellulose relative to P, while PC006 and PC008 adsorbed even more 
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strongly onto cellulose from aqueous solution. The amount of PC006 adsorbed onto cellulose 

from an aqueous solution was almost 3 times greater than PC003, whereas the amount of PC008 

adsorbed onto regenerated cellulose was almost 6 times greater. These results suggested that PC 

adsorption onto regenerated cellulose surfaces was facilitated by cinnamate groups of the PCs in 

a hydrophobically driven process. As seen in Figure 4.4, most of the adsorbed polymer was 

irreversibly bound for all polymers. 
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Figure 4.3: Representative SPR data for P and PC adsorbed onto cellulose regenerated from 

spin-coated TMSC films at 20.0 °C. Graphs A through D correspond to P, PC003, PC006, and 

PC008, respectively. Solution concentrations in units of mg�L-1 correspond to the numbers on A-

D. Water was flowed through the SPR instrument before and after each new adsorbate solution. 
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Figure 4.4: (A) ��tot and (B) ��irr versus concentration for P and PCs adsorbed onto regenerated 

cellulose surfaces at 20.0 °C. Symbols correspond to (�) P, (�) PC003, (�) PC006, and (�) 

PC008 with one standard deviation error bars. 

4.4.4 PC Adsorption onto SAM-OH Surfaces   

Representative raw SPR data for the adsorption of P and PCs onto SAM-OH surfaces 

were provided as Figure 4.5. Each individual experiment was carried out three times and the 

values for ��tot and ��irr for each concentration were extracted from the SPR raw data. ��tot and 

��irr versus the concentration of each polymer with one standard deviation error bars were 

provided as Figure 4.6. There was no significant adsorption of P onto SAM-OH surfaces, just as 

there was no significant P adsorption onto regenerated cellulose. Qualitatively, a similar trend 

was observed for PC adsorption onto the SAM-OH surfaces as for PC adsorption onto cellulose. 
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PC adsorption onto the SAM-OH surfaces increased as cinnamate DS increased. Quantitatively, 

there was an interesting difference for all PCs. PC003 actually adsorbed onto regenerated 

cellulose to a lesser extent than onto the SAM-OH surface. PC006 adsorbed at approximately the 

same level onto the cellulose and SAM-OH surfaces. In contrast, substantially less PC008 

adsorbed onto the SAM-OH surface than onto cellulose. Different trends for PC adsorption onto 

SAM-OH and cellulose surfaces indicated that interactions between polar groups such as 

hydrogen bonding were not the only factors involved with PC adsorption onto cellulose. 
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Figure 4.5: Representative SPR data for P and PC adsorbed onto SAM-OH surfaces at 20.0 °C. 

Graphs A through D correspond to P, PC003, PC006, and PC008, respectively. Solution 

concentrations in units of mg�L-1 correspond to the numbers on A through D. Water was flowed 

through the SPR instrument before and after each new adsorbate solution. 
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Figure 4.6: (A) ��tot and (B) ��irr versus concentration for P and PCs adsorbed onto SAM-OH 

surfaces at 20.0 °C. Symbols correspond to (�) P, (�) PC003, (�) PC006, and (�) PC008 with 

one standard deviation error bars. Note that the axis ranges are one-half the range of the 

analogous plot in Figure 4.4. 

4.4.5 PC Adsorption onto SAM-CH3 Surfaces 

Representative raw SPR data for the adsorption of P and PCs onto SAM-CH3 surfaces 

were provided as Figure 4.7.  Preliminary experiments, analogous to Figure 4.4, revealed that the 

adsorption kinetics were slow and adsorption nearly saturated by a solution concentration of ~ 

200 mg�L-1 for PC adsorption onto SAM-CH3 surfaces. As a consequence of the slow adsorption 

kinetics, SPR experiments for PC adsorption onto SAM-CH3 surfaces were run for each 

concentration on freshly prepared surfaces. High levels of adsorption occurred even at extremely 
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low concentrations because of the high affinity of the cinnamate groups for the SAM-CH3 

surfaces. The observed ��tot for the lowest PC concentration studied, ~ 0.04 mg�L-1, was 

approximately 40% of ��tot observed for the highest PC concentration studied, ~ 200 mg�L-1. 

Each individual experiment was carried out three times and the values for ��tot and ��irr for each 

concentration were extracted from the raw SPR data. ��tot and ��irr versus the solution 

concentration for each polymer with one standard deviation error bars were provided as Figure 

4.8. As seen in Figure 4.8, adsorption onto SAM-CH3 surfaces increased as cinnamate DS 

increased. This behavior was analogous to results obtained for the adsorption of hydrophobically 

modified 6-carboxypullulans onto polystyrene thin films236 and hydrophobically modified 

carboxymethylpullulan onto polystyrene latex particles.237 Moreover, P and PC adsorption onto 

the hydrophobic SAM-CH3 surface was even stronger than onto the cellulose and SAM-OH 

surfaces. 
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Figure 4.7: Representative SPR data for P and PC adsorbed onto SAM-CH3 surfaces at 20.0 °C. 

Graphs A through D correspond to P, PC003, PC006, and PC008, respectively. Solution 

concentrations in units of mg�L-1 correspond to the numbers on (A), where water was flowed 

through the SPR instrument before and after each new adsorbate solution. Symbols on (B) 

through (D) correspond to different solution concentrations: (�) 0.04, (+) 0.2, (�) 0.8, (#) 4, 

(") 20, (�) 80, and (�) 200 mg�L-1. 
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Figure 4.8: (A) ��tot and (B) ��irr versus concentration for the adsorption of P and PCs onto 

SAM-CH3 surfaces at 20.0 °C. Symbols correspond to (�) P, (�) PC003, (�) PC006, and (�) 

PC008 with one standard deviation error bars. Note that the y-axis ranges are approximately 

twice the range of the analogous plot in Figure 4.4.  

4.4.6 AFM Studies of P and PC Adsorption onto Regenerated Cellulose and SAM Surfaces   

Representative in situ AFM images of the solid/liquid interface for regenerated cellulose, 

SAM-OH, and SAM-CH3 surfaces on template stripped gold surfaces prior to adsorption studies 

and the same surfaces after exposure to 1 g�L-1 polymer (P and PC derivatives) solutions for 2 h 

and water for another hour were provided in Figures 4.9, 4.10 and 4.11, respectively. Table 4.1 

summarized the root-mean-square (RMS) roughnesses obtained from the images in Figures 4.9 - 

4.11. The small surface roughnesses (< 2 nm) and the surface morphologies were consistent with 
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generally uniform coverage of the model surfaces by high DS PC derivatives and insignificant 

adsorption by P and low DS PC derivatives. 

Table 4.1: RMS surface roughnesses at the solid/liquid interface before and after P and PC 

adsorption onto regenerated cellulose, SAM-OH, and SAM-CH3 surfaces from 1 g�L-1 aqueous 

solutions. 

Adsorbed 
Polymer 

Regenerated 
Cellulose 

SAM-OH SAM-CH3 

(nm) (nm) (nm) 

 

Before After Before After Before After 

P 0.83 0.94 0.73 0.87 0.63 0.72 

PC003 0.74 0.92 0.61 0.76 0.71 0.87 

PC006 0.74 1.08 0.67 1.18 0.83 1.17 

PC008 0.79 1.53 0.63 1.29 0.79 1.43 
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4.4.7 Surface Excess (�) Values 

 Values of the adsorbed surface excess or surface concentration (�) were deduced from the 

values of ��tot in Figures 4.4, 4.6 and 4.8 using Eqs. 3.4 through 3.6. These deduced values were 

plotted in Figure 4.12 for all three surfaces. As expected from Figures 4.4, 4.6 and 4.8, there 

were large differences in the maximum adsorbed amounts (�max) for P and PC adsorption onto 

different surfaces.  

Additional information about the adsorption isotherms came from fits with the Langmuir 

isotherm: 

 
CK1
CK

L

Lm
•+

••G
=G  (4.1) 

where KL was the Langmuir constant, C was the bulk concentration of the adsorbate, and �m was 

the maximum surface concentration at infinite bulk concentration.62 The Langmuir isotherm was 

developed for equilibrium adsorption onto homogeneous surfaces. The key assumptions of the 

Langmuir adsorption isotherm were non-interacting, equivalent adsorption sites, a homogeneous 

surface that lacked dislocations or any other structural non-idealities that induced preferential 

adsorption, and maximal adsorption of a single monolayer, whereby KL was effectively the 

equilibrium constant which was equal to the ratio of the adsorption rate constant (kads) to the 

desorption rate constant (kdes).
60 Hence, Langmuir isotherms have frequently been applied to gas 

adsorption onto solid surfaces. In contrast, most cases for polymer adsorption onto solid surfaces 

have been irreversible with multilayer formation, even at very low solution concentrations. As 

such, polymer adsorption isotherms have been called high affinity isotherms. While the 

phenomenological bases for gas and polymer adsorption isotherms differed, the shapes of high 

affinity isotherms have been found to be similar to a Langmuir adsorption isotherm. For cases 
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where �max has exceeded monolayer coverage and failed to plateau, an empirical Freundlich 

isotherm has provided reasonable fits of experimental data.64  

All isotherms in Figure 4.12 were initially fit with the Langmuir and Freundlich models. 

Fitting parameters for both approaches were summarized in Table 4.2. For the cases of the 

regenerated cellulose and SAM-OH surfaces, the Langmuir model provided a superior fit. As 

seen in Figures 4.12B and 4.12C, PC adsorption onto the regenerated cellulose and SAM-OH 

surfaces was well described by the Langmuir model. Estimated KL values for cellulose surfaces 

(0.012 – 0.002) and SAM-OH surfaces (0.029 – 0.008) did not show any correlation with PC 

DS, while �max = �m systematically increased with DS. As Figures 4.9 and 4.10 showed that the 

adsorbed layers on regenerated cellulose and SAM-OH surfaces were uniform and smooth, the 

parameters from the Langmuir model were deemed a reasonable representation of the adsorption 

isotherm. 

 In contrast to regenerated cellulose and SAM-OH surfaces, PC adsorption onto SAM-CH3 

surfaces did not plateau at large bulk solution concentrations and as a consequence, the 

Langmuir model did not adequately fit the experimental data (Figure 4.12). Another adsorption 

isotherm, the Freundlich isotherm:64  

 Fn/1
F CK •=G  (4.2) 

where KF was the adsorbent capacity, C was the bulk concentration, and 1/nF was the adsorption 

affinity constant, provided reasonable fits in these situations. Empirical Freundlich adsorption 

isotherms have described heterogeneous systems63 and its derivation assumed exponentially 

increasing heats of adsorption as surface coverage increased.57 Hence, Freundlich adsorption 

isotherms have described cases where adsorption continually increased beyond monolayer 

coverage with increased polymer solution concentration. As seen in Figure 4.12, the Freundlich 
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isotherm provided a good fit of the adsorption isotherms for PC adsorption onto SAM-CH3 

surfaces. For fitting results summarized in Table 4.2, KF increased with DS as a reflection of the 

increasingly hydrophobic character of the PC derivatives. In contrast, 1/nF was relatively 

independent of PC DS and was on the order of 0.10. Nonetheless, AFM images in Figure 4.11 

showed these thicker layers were still fairly uniform and smooth and suggested utilization of the 

Freundlich isotherm as a description of the adsorption isotherm was reasonable.  
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Figure 4.12: Adsorption isotherms for the adsorption of P and PCs onto (A) SAM-CH3, (B) 

regenerated cellulose, and (C) SAM-OH surfaces at 20.0 °C. Symbols correspond to (�) P, (�) 

PC003, (�) PC006, and (�) PC008 with one standard deviation error bars. The inset of (C) 

simply expands the relevant y-axis range to more clearly show the trend. The solid lines in (A) 

represent fits with Freundlich isotherms, whereas solid lines in (B) and (C) represent fits with 

Langmuir isotherms. 
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Figure 4.13: Adsorption isotherms for P and PC adsorption onto (A) and (B) SAM-CH3, (C) and 

(D) regenerated cellulose, and (E) and (F) SAM-OH surfaces at 20.0 °C. Symbols correspond to 

P (�), PC003 (�), PC006 (�), and PC008 (�) with one standard deviation error bars. The solid 

lines in (A), (C), and (E) represent fits with Langmuir isotherms, whereas the dashed lines in (B), 

(D), and (F) represent fits with Freundlich isotherms. (A) and (B) use a semi-logarithmic scale to 

better show the fitting curves at low surface concentrations. 
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 The key observed parameters for P and PC adsorption onto the different surfaces, �max and 

the maximum film thickness (dmax) obtained with the assumption that the film had nf = 1.45, 

were summarized in Table 4.3. For PC adsorption onto cellulose and SAM-OH surfaces, �max 

were simply �m obtained from Langmuir adsorption isotherm fits. For the case of the SAM-CH3 

surface, ��a at the highest studied bulk concentration (200 mg�L-1) was used to calculate �max. 

dmax values were then calculated from �max. Key parameters for the calculation of dmax were 

summarized in Table 4.2. 

As seen in Table 4.3, �max systematically increased with cinnamate DS for all surfaces. 

For adsorption onto SAM-OH and cellulose surfaces, �max values followed a similar trend. 

However, weaker adsorption of PC003 onto cellulose than onto SAM-OH, and the higher 

adsorption of PC008 onto cellulose than onto SAM-OH surfaces indicated that hydrophobic 

interactions played a significant role in the mechanism for PC adsorption onto cellulose surfaces. 

The latter comparison was somewhat analogous to the adsorption of poly(ethylene oxide) alkyl 

ethers onto cellulose surfaces, where adsorption onto cellulose was stronger than onto 

hydrophilic silica surfaces.240 A comparison of PC adsorption onto cellulose and SAM-CH3 

surfaces revealed, �max values for hydrophobic SAM-CH3 surfaces were substantially greater 

than �max values for cellulose surfaces. This result was interesting because the trend was the 

opposite of a previous study with hexadecyltrimethylammonium bromide (C16TAB), where only 

enough C16TAB adsorbed onto hydrophobic surfaces to form a monolayer,241 but greater 

amounts adsorbed onto cellulose.240, 241 The observation that PC adsorbed more strongly onto 

SAM-CH3 surfaces than cellulose likely meant strong hydrophobic interactions between 

cinnamate groups and SAM-CH3 molecules promoted the formation of thicker, highly looped PC 

aggregates on SAM-CH3 surfaces. 
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Table 4.3: Observed �max values for P and PC adsorption onto various surfaces.a 

Cellulose SAM-OH SAM-CH3 

Polymer �max
b 

(mg�m-2) 
dmax 

(¯) 
�max

b 
(mg�m-2) 

dmax 

(¯) 

�max
c 

(mg�m-2) 
dmax 

(¯) 

P 0.06–0.03c 0.8–0.4 0.11–0.03c 1.3–0.4 0.93–0.08 11–1 

PC003 0.27–0.03 3.2–0.4 0.70–0.05 8–1 4.36–0.14 52–2 

PC006 1.41–0.05 17–1 1.26–0.05 15–1 4.79–0.24 58–3 

PC008 3.11–0.26 37–3 1.40–0.05 17–1 6.28–0.23 75–3 

a. Assumed nf ~ 1.45.   
b. �max = �m for Langmuir isotherm fits.   
c. �max was calculated from ��a observed at 200 mg�L-1. 
 

 4.4.8 Discussion 

4.4.8.1 Relationship Between �max and Molecular Dimensions 

 The values of �max in Table 4.3 were interesting when compared to the value of a 

polysaccharide monolayer adsorbed flat on a surface. For a flat polysaccharide monolayer, �max 

~ 0.45 mg�m-2 with a cross-sectional area of ~60 ¯2�molecule-1 and hence a thickness of dmax ~ 

5.4 ¯.242 �max values in Table 4.3 showed that P did not adsorb onto regenerated cellulose or 

SAM-OH surfaces at even the monolayer level (i.e. submonolayer coverage), whereas thicker 

films (> monolayer coverage) were observed for P adsorption onto SAM-CH3 surfaces. With the 

exception of PC003, PC adsorption onto cellulose was greater than onto SAM-OH surfaces and 

increased with DS. For the case of PC003, adsorption onto cellulose and SAM-OH surfaces 

yielded films on the order of monolayer coverage. For the higher DS samples, PC006 and PC008 

adsorbed onto SAM-OH surfaces in comparable amounts (~ 3 "monolayers"). On the basis of 

these observations, it could be concluded that hydrogen bonding to the homogeneous SAM-OH 

and cellulose surfaces was important for PC adsorption onto hydrophilic surfaces. While PC006 

also adsorbed onto cellulose to a similar extent as onto SAM-OH surfaces (~3 "monolayers"), 
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PC008 adsorbed more strongly onto cellulose (~7 "monolayers") than onto SAM-OH surfaces 

(~3 "monolayers"). The latter observation showed that PC adsorption onto cellulose could not 

arise solely from hydrogen bonding and that enhanced interactions between hydrophobes with 

higher DS enhanced adsorption onto cellulose. Adsorption of P and PC onto SAM-CH3 surfaces 

clearly yielded films several monolayers thick. Furthermore, PC adsorption onto the SAM-CH3 

surfaces was a factor of 2 stronger than PC adsorption onto regenenerated cellulose for the 

highest DS. For PC008 adsorption onto cellulose, the thickness was ~7 �monolayers,� whereas 

the thickness was on the order of ~14 �monolayers� for the SAM-CH3 surface. The fact that P 

adsorbed onto SAM-CH3 surfaces clearly indicated that hydrophobic interactions, such as van 

der Waals interactions, were also present for AGUs and may have provided a minor contribution 

to polysaccharide adsorption onto the hydrophilic surfaces. Likewise, hindered hydrogen 

bonding and aggregation of cinnamate groups through van der Waals interactions likely 

enhanced PC adsorption onto cellulose as DS increased. 

4.4.8.2 Possible Conformations of PC on Different SAMs 

 In recognition of the fact that P adsorption onto regenerated cellulose and SAM-OH 

surfaces was at submonolayer levels, a schematic depiction of how PC molecules may adsorb 

onto different surfaces was provided in Figure 4.14. In Figure 4.14A, PC003 adsorption onto 

SAM-OH and cellulose surfaces was depicted as flat (train-like structures), one to two 

monolayers thick. With increasing DS, intramolecular and intermolecular aggregates of 

hydrophobic cinnamate esters likely facilitated short, looped structures that enhanced adsorption 

as depicted in Figure 4.14B for PC006 and PC008 adsorption onto SAM-OH surfaces. For the 

case of the SAM-CH3 surfaces (Figure 4.14C), a layer enriched with cinnamate groups probably 

formed directly at the interface and served as stronger anchoring points for the formation of 
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relatively long loops stabilized by both intramolecular and intermolecular aggregation of 

hydrophobic cinnamate groups. 

 The enhanced adsorption of PC008 onto cellulose likely arose from behavior depicted in 

Figure 4.14B and C. For SAMs formed from alkanethiols on gold, linear spacings between 

adjacent SAM molecules of ~ 5 ¯, or one hydroxyl group per ~ 25 ¯2 have been reported.169 

Likewise, reported values for the length of an AGU were also ~5 ¯; however, cross-sectional 

areas of ~ 60 ¯2 per AGU yielded ~ 20 ¯2 per hydroxyl group.243 As a consequence of the 

stereochemistry of the AGUs, hydroxyl group surface densities between SAM-OH and cellulose 

surfaces were not as close as indicated by these numbers. For any given AGU on the surface, 

some of the hydroxyl groups must be oriented back into the film and were thus unavailable for 

hydrogen bonding with the adsorbate. In essence, part of the cellulose surface was hydrophobic, 

a factor that likely contributed to the greater adsorption of PC008 onto regenerated cellulose than 

onto the SAM-OH surface. Hence, some cinnamate groups may have interacted directly with the 

cellulose surface as depicted in Figure 4.14C for SAM-CH3 surfaces and with each other in 

looped structures as depicted in Figure 4.14B and C. While the conformations depicted in Figure 

4.14 were speculative, they were consistent with the small RMS surface roughnesses observed 

by AFM, the thicknesses of the films deduced from SPR experiments, and the probable roles 

hydrophobes played in the adsorption process. 
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Figure 4.14: Schematic depiction of possible chain conformations for (A) PC003 adsorption 

onto SAM-OH surfaces, (B) PC006 and PC008 adsorption onto SAM-OH surfaces, and (C) 

PC008 adsorption onto SAM-CH3 surfaces. Open circles represent AGUs and filled circles 

represent cinnamate groups which are attached to a polymer chain. 

4.4.8.3 Relationship Between Regenerated and Native Cellulose Surfaces 

 Until this point, cellulose has been referred to as a model surface. In general, regenerated 

cellulose hydrolyzed from TMSC has been found largely in the amorphous state. Conversely, 
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native cellulose is normally composed of both amorphous and crystalline cellulose I (parallel 

chains) regions.207 Electron diffraction and reflection absorption infrared spectroscopy (RAIRS) 

experiments206 confirmed that the regeneration process used in this study yielded amorphous 

bulk and film samples, respectively. Furthermore, the model regenerated cellulose surfaces 

exhibited no features characteristic of crystalline cellulose II (anti-parallel chains) structures. All 

of these observations were in line with a previous study.142 Hence, conclusions drawn in this 

study should be consistent with adsorption onto the amorphous regions of the native cellulose I 

structure. Future studies will explore the role of surface crystallinity on the adsorption process. 

4.5 Conclusions 

This study demonstrated that pullulan cinnamates adsorbed onto regenerated cellulose 

surfaces at levels far greater than pullulan. The resulting layers were uniform, smooth, and the 

adsorbed amount increased with DS. Similar studies on hydroxyl-terminated self-assembled 

monolayers showed that hydrogen bonding alone was not the sole driving force for enhanced PC 

adsorption onto cellulose. Likewise, studies on hydrophobic, methyl-terminated self-assembled 

monolayers provided insight into how hydrophobic modification enhanced adsorption onto 

cellulose. These results suggested that the hydrophobic modification of water-soluble 

polysaccharides was a good strategy for promoting adsorption onto the amorphous regenerated 

cellulose surfaces. Future work will probe the role crystallinity of the cellulose surface plays in 

this process and if this strategy is generally applicable to other polysaccharides, especially xylans 

(hemicelluloses), using other lignin-like hydrophobic substituents. If this approach is general, 

new classes of surface modifying agents for cellulosic and even synthetic materials could be 

created from sustainable natural materials.  
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CHAPTER 5 

Adsorption of 2-Hydroxypropyltrimethylammonium Xylan onto Self-

assembled Monolayers and Model Cellulose Surfaces 

 

5.1 Abstract 

Adsorption of cationic 2-hydroxypropyltrimethylammonium (HPMA) xylans (HPMAXs) 

with different degrees of substitution (DS) onto self-assembled monolayers (SAMs) and 

regenerated cellulose surfaces was investigated by surface plasmon resonance (SPR) 

spectroscopy. Maximal HPMAX adsorption onto carboxyl-terminated SAMs (SAM-COOH) 

occured at an intermediate HPMA DS of 0.10. This observation was ascribed to relatively flat 

conformations for adsorbed HPMAX at higher HPMA DS values because of higher linear charge 

densities. In contrast to SAM-COOH surfaces, there was submonolayer adsorption of any 

HPMAX onto hydrophilic hydroxyl-terminated SAMs with slightly greater adsorption onto 

methyl-terminated SAMs (SAM-CH3). HPMAX adsorption onto regenerated cellulose surfaces 

was also at submonolayer levels. Unlike the SAM-COOH surfaces, HPMAX adsorption onto 

SAM-CH3 surfaces increased as HPMA DS decreased, a correlation which tracked HPMAX 

solubility in water. These studies showed polysaccharide polyelectrolytes could be prepared 

where adsorption onto various model surfaces was controlled by electrostatic interactions. 

 

 5.2 Introduction 

Diminished reserves and price pressures for fossil fuels have created growing urgency for 

the development of novel bio-based products and innovative technologies. Bio-based materials, 

made from renewable agricultural and forestry feed stocks, including wood wastes and residues, 
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grasses, crops, and crop by-products, are required for high volume industrial applications.244 

Cellulosic and lignocellulosic fibers have attracted the greatest interest. Recent results have 

suggested that lignocellulosic fibers will be a viable alternative to inorganic/mineral based 

reinforcing fibers in commodity fiber-thermoplastic composite materials.223 Some of the 

advantages of these natural fibers relative to traditional reinforcing fibers were low cost, low 

density, high toughness, acceptable specific strength properties, good thermal properties, ease of 

separation, enhanced energy recovery, and biodegradability.245 However, chemical 

incompatibilities between lignocellulosic fibers and synthetic matrices have yielded poor 

interfacial stability for natural fiber-thermoplastic composite materials.222, 223 Surface 

modification of cellulose fibers with polyelectrolytes has been explored as an attractive option 

for the creation of better interfaces between cellulose and thermoplastics. In this context, the 

adsorption of polyelectrolytes onto both hydrophobic surfaces (thermoplastic surfaces) and 

hydrophilic or charged surfaces (cellulose fibers) has been identified as a crucial factor for better 

engineered interfaces. 

General agreement throughout the chemical literature has identified salt concentration (cs), 

surface charge density (�0), linear charge density of the polyelectrolyte (�), and nonelectrostatic 

interactions between the surface and the polyelectrolyte as the main governing factors for 

polyelectrolyte adsorption onto surfaces.106 Some of these factors have been extensively 

explored. Polyelectrolyte adsorption theories predicted decreased adsorption with increasing salt 

concentration when electrostatic interactions were the primary reason for adsorption.55, 107 Van 

de Steeg et al.116 defined two regimes for salt-dependent polyelectrolyte adsorption: screening-

enhanced adsorption and screening-reduced adsorption. For the screening-reduced adsorption 

regime, electrostatic attractions between polyelectrolyte chain segments and the surface were 
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dominant and adsorption decreased as salt concentration increased because the salt screened the 

electrostatic attraction between the surface and the adsorbate. In contrast, the screening-enhanced 

adsorption regime was characterized by dominant, nonelectrostatic interactions between the 

segment and the surface that caused increased adsorption with increased salt concentration 

because the salt screened electrostatic repulsions between the segments and the surface.116 A 

scaling approach for polyelectrolyte adsorption by Dobrynin and Rubinstein126 predicted a two-

dimensional (2D) adsorbed layer formed at low surface charge densities, and a three-dimensional 

(3D) adsorbed layer occurred at higher surface charge densities. 2D adsorbed layers were caused 

by the balance between the energy gained through electrostatic attraction between charged 

monomers and the surface and the loss of confinement entropy that arose from chain localization 

at low surface charge densities. In contrast, 3D adsorbed layers resulted from the balance of 

electrostatic attractions between charged monomers and the surface, and short-range monomer-

monomer repulsions at high surface charge densities. The crossover between a 2D adsorbed layer 

and a 3D adsorbed layers occured at �e � fa-2 where f was the fraction of charged monomers and 

�a� was the bond length.126 For a 2D adsorbed layer, screening enhanced adsorption arose when 

added salt screened the repulsion between segments and largely overcompensated for the surface 

charge. At higher salt concentrations, the adsorbed amount was independent of surface charge, 

depended on the linear charge density of the polyelectrolyte chains, and increased with the 

square root of the ionic strength. For a 3D adsorbed layer, polyelectrolyte adsorption increased at 

low salt concentrations (screening-enhanced adsorption) and decreased at higher salt 

concentrations (screening-reduced adsorption). These competing effects yielded a maximum in 

the adsorbed amount at intermediate salt concentrations.99  
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Polyelectrolyte adsorption onto model cellulose surfaces has been quantitatively studied 

with surface plasmon resonance (SPR) spectroscopy,140 reflectometry,141 X-ray photoelectron 

spectroscopy,246 and the quartz crystal microbalance with dissipation monitoring.243, 247, 248 

Geffroy et al.141 studied poly(vinylamine) (PVAm) adsorption onto model cellulose surfaces as a 

function of pH and ionic strength. At pH = 10.6, they observed a maximum in the adsorbed 

amount which was attributed to a subtle balance between an increased linear charge density of 

the polymer as pH decreased and increased surface charge density for the cellulose surface as the 

pH of the system increased. They also observed a decrease in adsorbed amount with increased 

ionic strength which demonstrated the significance of electrostatic interactions on the adsorption 

process. Rojas et al.246 investigated the adsorption of random copolymers of uncharged 

acrylamide (AM) and positively charged [3-(2-methylpropionamido)propyl] trimethylammonium 

chloride (MAPTAC) with different linear charge densities onto mica and Langmuir-Blodgett 

(LB) cellulose surfaces. It was observed that adsorption onto highly negatively charged mica 

surfaces was considerably greater than onto a nearly uncharged cellulose surface. It was also 

demonstrated that adsorbed amounts of AM-MAPTAC polyelectrolytes onto cellulose decreased 

as the linear charge density of the polyelectrolytes increased. Tammelin et al.247 investigated the 

adsorption of cationic poly(acrylamide) (C-PAM) and poly(diallydimethyammonium chloride) 

(PDADMAC) onto LB cellulose surfaces. It was observed that an increase in ionic strength 

caused increased adsorption onto LB cellulose for polyelectrolytes with higher linear charge 

densities, whereas increased ionic strength did not have a pronounced effect on the adsorption of 

polyelectrolytes with lower linear charge densities. Recently, Kontturi et al.243 investigated the 

adsorption of cationically modified starch (CS) onto a LB cellulose surface and silica at different 

ionic strengths. They observed that the adsorption of CS with higher linear charge density 
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increased as soon as NaCl (1 mM) was added to the system, but did not increase further with 

additional NaCl (100 mM). 

For the study performed here, exploitation of xylans as biopolymer sources for 

polysaccharide-based polyelectrolytes was considered. Xylans were chosen as they were 

representative of the most common hemicelluloses found in wood and other plants such as 

grasses, cereals, and herbs.37 The parent xylan used for this study was from a hardwood species, 

birch, where the principal hemicellulose was a glucuronoxylan (GX) with a �-(1�4) linked 

xylose backbone and 4-O-methylglucuronic  acid (MeGA) substituents attached at various 

positions along the polysaccharide chain.249 Previous studies of birch showed, the GX contained 

approximately one MeGA linked to the xylan chain per ten xylose residues.250 As such every 

xylan used in this study contained ~0.1 MeGA per anhydroxylose unit (AXU) in addition to 2-

hydroxypropyltrimethylammonium (HPMA) groups covalently added to the birch xylan (BX) as 

depicted in Figure 3.8 to form 2-hydroxypropyltrimethylammonium xylans (HPMAXs) with 

controlled degrees of substitution (DS). This study concentrated on the adsorption of HPMAX 

with variable HPMA DS onto negatively charged, hydrophilic, and hydrophobic self-assembled 

monolayers (SAMs), and regenerated cellulose. 

5.3 Experimental  

 HPMAXs were provided by Prof. Thomas Heinze�s group at the Friedrich-Schiller-

University in Jena, Germany. Refractive index increments and DS of HPMAXs were provided in 

Section 3.1.2. The procedure for SPR experiments was described in Section 3.2.10. 
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5.4 Results and Discussion 

5.4.1 HPMAX Adsorption onto SAM-COOH Surfaces 

Representative SPR data for HPMAX010 adsorption onto a SAM-COOH surface was 

provided in Figure 5.1. The saw-tooth pattern observed in Figure 5.1 arose from the sequential 

pattern of sensor exposure to water, analyte solution, water, analyte solution of a higher 

concentration, water, etc. Extraction of ��tot and ��irr from the SPR data was systematically 

depicted in the inset of Figure 5.1. Similar data for other HPMAX samples were provided as 

Figure 5.2. From Figure 5.1, it was readily apparent that there were no significant differences 

between ��tot and ��irr (also provided as Figure 5.3), an indication of completely irreversible 

adsorption. Analysis of the data in Figure 5.3 to obtain adsorption isotherms revealed that the 

maximum HPMAX surface concentration on the SAM-COOH surface occurred for an 

intermediate HPMA DS of 0.10 as shown in Figure 5.4A, and was ~ 3X larger than HPMAX006 

and HPMAX034 adsorption onto SAM-COOH surfaces. 
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Figure 5.1: Representative SPR data for HPMAX010 adsorption onto a SAM-COOH surface at 

20.0 °C. Solution concentrations in mg�L-1 correspond to the numbers on the graph. Water was 

flowed through the SPR instrument before and after each new adsorbate solution. The inset 

shows a schematic depiction of raw SPR data for the case where water was used to establish a 

baseline value for ��sp. A solution containing adsorbate produced a total change in ��sp (��tot).  

Switching from adsorbate solution to water eliminated the bulk contribution (��bulk), removed 

reversibly bound adsorbate (��rev), and yielded irreversibly bound adsorbate (��irr). 




