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Abstract 

The awareness of our need for a sustainable society has encouraged the search for renewable, high 

quality materials that can replace oil-based products. This, in combination with increased 

competition in the forest industry, has stimulated a lot of research into different types of wood-

based materials where cellulose-rich fibers are combined with different types of polymers. There is 

hence a great need to develop efficient fiber modification techniques by which the fibers can be 

tailored to obtain specific properties. A significant change in properties can be achieved by modifying 

only the surface of fibers although only a relatively small amount of the total fiber material is 

modified. In this thesis, several surface modification techniques are presented as new tools to design 

the properties of different cellulose-based materials. 

   In paper I, thermoresponsive nanocomposites have been assembled from specially designed 

thermoresponsive block copolymers and nanofibrillated cellulose. The block copolymers have one 

thermoresponsive block and one cationically charged block which can thus attach the polymer to an 

oppositely charged fiber/fibril surface. Multilayers were assembled with these block copolymers and 

nanofibrillated cellulose (NFC) utilizing the Layer-by-Layer (LbL) technique, resulting in thin films with 

a thermoresponsive behavior. 

   In papers II and III, amphiphilic block copolymers with one less polar high molecular weight block 

and one cationic block were synthesized for use as a compatibilizer between fibers/fibrils and less 

polar polymer matrices in composites. The less polar block consisted of polystyrene (PS) in paper II 

and poly(ɛ-caprolactone) (PCL) in paper III. These polymers self-assemble into cationic micelles in 

water which can adsorb to oppositely charged surfaces, such as cellulose-based fibers/fibrils, in 

water under mild conditions and decrease the surface energy of the surface. Atomic force 

microscopy (AFM) was used to evaluate the adhesive properties of surfaces treated with these 

compatibilizers which clearly showed the formation of physical entanglements across the interfaces, 

which are essential for improved interfacial adhesion in the final composites. This modification 

technique could probably be utilized to make fiber-based composites with better mechanical 

properties. To be able to better compare this physical modification technique with a more traditional 

covalent grafting-from approach a method to measure attached amounts of grafted PCL onto 

cellulose model surfaces was developed in paper IV using a quartz crystal microbalance (QCM). 

   In paper V, multilayers of poly(allylamine hydrochloride) (PAH) and hyaluronic acid (HA) were 

assembled using the LbL technique and surface structure, build-up and adhesive behavior of the 

multilayers were evaluated. AFM force measurements showed that a significant adhesion even at 

long separation distances between two surfaces treated with PAH/HA multilayers could be achieved 

due to extensive interdiffusion across the interface during contact, leading to significant 

disentanglement during separation. Fundamental parameters contributing to improved adhesion for 

this type of system have been evaluated and this knowledge could be used to improve cellulose-

based fiber networks and possibly also other types of cellulose-based materials. 

   In paper VI, click chemistry was used to covalently attach dendrons to cellulose surfaces and 

further modify them with mannose groups to obtain specific interactions with Concanavalin A. The 

protein interactions were studied at different protein concentrations with a QCM. The multivalent 

dendronized surface showed a 10-fold increase in sensitivity to the protein compared to a 

monovalent reference surface demonstrating greatly improved interfacial interactions. This approach 

could be used to improve interactions at different types of interfaces.  
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Sammanfattning 

Det finns idag en stor insikt av att vi behöver nya miljövänliga processer och produkter för att kunna 

skapa ett långsiktigt hållbart samhälle. Denna medvetenhet har stimulerat sökandet efter 

förnyelsebara, högkvalitativa material som kan ersätta oljebaserade produkter. I kombination med 

den ökande konkurrensen inom skogsindustrin har detta stimulerat forskning inom olika typer av 

träbaserade material där cellulosarika fibrer kombineras med olika typer av polymerer så att vi 

använder vår förnyelsebara skogsråvara i så kallade högvärdesprodukter. Det finns därför ett stort 

behov av utveckling av effektiva tekniker för fibermodifiering där fibrer kan skräddarsys för att 

erhålla specifika egenskaper. Genom att endast modifiera fibrernas yta kan dessutom en markant 

förändring i egenskaper erhållas genom att endast modifiera en relativt liten del av det totala 

fibermaterialet. I föreliggande avhandling presenteras flera olika typer av fibermodifiering som kan 

användas som nya redskap för att skräddarsy egenskaper hos nya cellulosabaserade material. 

   I artikel I har termoresponsiva nanokompositer byggts upp av specialtillverkade termoresponsiva 

blockpolymerer och nanofibrillerad cellulosa. Blockpolymererna har ett termoresponsivt block samt 

ett katjoniskt laddat block vilket kan fästa polymeren till en motsatt laddad fiber/fibrillyta. Multiskikt 

byggdes upp av dessa blockpolymerer och nanofibrillerad cellulosa genom att använda lager-på-lager 

tekniken, vilket resulterade i tunna filmer med termoresponsivt beteende. 

   I artikel II och III syntetiserades amfifila blockpolymerer med ett mindre polärt högmolekylärt block 

samt ett katjoniskt block för användning som kompabilisator mellan fibrer/fibriller och mindre polära 

polymermatriser i kompositer. Det mindre polära blocket bestod av polystyren (PS) i artikel II och 

poly(ɛ-caprolacton) (PCL) i artikel III. De här polymererna självorganiserar sig till katjoniska miceller i 

vatten vilka kan adsorbera till motsatt laddade ytor, t.ex. cellulosabaserade fibrer/fibriller, i vatten 

under milda betingelser och sänka ytans ytenergi. Atomkraftsmikroskopi (AFM) användes för att 

utvärdera de adhesiva egenskaperna av ytor behandlade med dessa kompabilisatorer vilket tydligt 

påvisade bildandet av fysikaliska intrasslingar över gränsytorna, vilket är viktigt för förbättrad 

adhesion vid gränsytor i de slutgiltiga kompositerna. Den här modifieringstekniken kan antagligen 

användas för att göra fiberbaserade kompositer med bättre mekaniska egenskaper. För att bättre 

kunna jämföra denna fysikaliska modifieringsmetoden med en mer traditionell kovalent ympning-

från metod utvecklades en metod att mäta massan av ympad PCL på cellulosamodellytor i artikel IV 

genom att använda en kvartskristallmikrovåg. 

   I artikel V byggdes multilager av poly(allylamin hydroklorid) (PAH) och hyaluronsyra (HA) upp 

genom att använda lager-på-lager tekniken och där yt-, uppbyggnads- och adhesiva beteenden 

undersöktes. AFM kraftmätningar visade på signifikant adhesion även vid höga separationsavstånd 

mellan två ytor behandlade med PAH/HA multilager tack vare omfattande intrasslingar över 

gränsytorna vilket ledde till omfattande uttrasslingar under separationen. Fundamentala parametrar 

som bidrog till förbättrad adhesion för den här typen av system utvärderades i detta arbete och 

denna kunskap kan användas för att förbättra cellulosabaserade fibernätverk och möjligtvis också 

andra typer av cellulosabaserade material. 

   I artikel VI användes klick-kemi för att kovalent fästa dendroner till cellulosaytor och vidare 

modifiera dem med mannosgrupper för att erhålla specifik växelverkan med Concanavalin A. 

Proteininteraktionerna studerades vid olika proteinkoncentrationer med hjälp av en 

kvartskristallmikrovåg. Den flervärda dendroniserade ytan visade en 10-faldig ökning i känslighet 

gentemot proteinet jämfört med den envärda referensytan vilket visar på mycket förbättrade 

interaktioner vid gränsytor. Detta skulle kunna användas för att förbättra interaktioner vid olika typer 

av gränsytor.  
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1. Objectives 
The main objective of the work described in this thesis was to create an expanded toolbox for how 

cellulose-based materials can be modified using different techniques, and to obtain a better 

fundamental understanding of these modification methods. Both physical and covalent modification 

methods were used and evaluated. A more detailed description of the objectives in the different 

papers is given below. 

   The objective in paper I was thermoresponsive cationic PNIPAAm-based block copolymers. Their 

properties were evaluated both in solution and at solid-liquid interfaces and a composite with 

nanofibrillated cellulose (NFC) was assembled using the LbL technique. By adjusting the composition 

of the block copolymers, they maintained thermoresponsive despite a significant cationic charge. The 

development of this type of block copolymer, which has one block that can physically adsorb to 

oppositely charged surfaces, such as cellulose-based fibers/fibrils, and another block carrying a 

functionality, provided the basis for the continuation presented in papers II and III. 

   The objective in papers II and III was a new type of cationic block copolymer that has one block that 

can physically adsorb onto oppositely charged surfaces, such as fibers/fibrils, and another block that 

has properties that both can decrease the surface energy of the surface to which it adsorbs and to be 

able to introduce polymer entanglements with a contacting surface, such as a less polar polymer 

matrix. This type of block copolymer should therefore both be able to improve the dispersion of the 

reinforcing agent to which it is adsorbed in a less polar polymer matrix, due to a lowering of its 

surface energy, and to improve the adhesion to the polymer matrix through polymer entanglements. 

To be able to compare the work reported in paper III, where a physical approach was used, with a 

more traditional covalent approach, a better knowledge of how this covalent grafting is proceeding 

on cellulose surfaces was needed, which led to paper IV. 

   The objective in paper IV was a method that can give a better understanding of how covalent 

grafting initiated from cellulose surfaces proceeds. Measuring this has been a great challenge in the 

polymer grafting society for a long time and this work have been one contribution on how to better 

measure and thereby better understand surface-initiated grafting.  

   The objective in paper V were improved methods to physically modify cellulose surfaces to tailor 

interfacial interactions. The LbL technique was used to modify surfaces and the focus in this work 

was to better understand how parameters such as electrolyte concentration, adsorbed amounts, 

surface structure and contact time influence the final interfacial properties of these systems. 

   The objective in paper VI was to achieve a better understanding of the covalent attachment of 

dendrons to cellulose surfaces and to investigate the effect of this type of surface modification on 

the properties of the resulting surface. Click chemistry was used to attach the dendrons to the 

cellulose surface and to further functionalize it. Interactions with a certain protein were then studied, 

and these showed a significant improvement in adsorption compared to a reference surface, 

demonstrating that this type of modification can improve the effects of functional groups at 

interfaces.  
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2. Introduction 

2.1 Surface modification of cellulose-based materials 

All materials, from macroscopic bodies to nanometer-sized particles, contain interfaces. An interface 

separates two materials, or two phases, from each other. Several different types of interactions, such 

as vdw-forces, H-bonding and electrostatic interactions, between solids of different sizes and their 

environment occur just at interfaces, which have a large influence on many properties of systems 

consisting of mixtures of different components.1 The smaller the particles, the higher is the specific 

surface area and the more important are the interfacial interactions for the properties of the 

material mixtures. Some examples of properties which to a large extent are influenced by interfacial 

forces are adhesion, friction, colloidal stability and mechanical properties of composites. Different 

types of surface modification could therefore lead to a significant change in properties although only 

a relatively small part of a material is modified. This could be used to improve existing properties of 

many materials or to introduce totally new properties. 

   A typical example of a material in which the final properties to a large extent are determined by 

interfacial interactions between its different components is wood. The fundamental building block in 

wood is cellulose, which is probably the most important and widely available biopolymer today.2 

Cellulose, the main component in wood, contributes to its strength through a highly sophisticated 

hierarchal assembly, illustrated in Figure 1. This assembly, which has a high interfacial area, is 

connected with the aid of lignin and a range of different hemicelluloses resulting in a composite 

material which can adapt to its environment in a remarkable way. However, the major advantages of 

wood, from an application point of view, are probably the fact that it is renewable and 

biodegradable, which are key factors in the aspiration for a more sustainable society.  

 

Figure 1.  Illustration of the hierarchical structure of wood (Isogai et al.).3 
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Today, numerous ongoing research activities are seeking to find new ways of increasing the value of 

this natural resource. Currently, the greater part of the wood raw material is used to produce sawn 

timber and fiber-based products of different kinds, for example communication papers or packaging 

board, by using cellulose-based fibers which have diameters in the micrometer range. The wood 

fibers can be disintegrated by different methods,4, 5 and the cellulose fibrils, usually called 

nanofibrillated cellulose (NFC), with diameters in the nanometer range can be liberated from the 

fibers. These fibrils can be used to make new materials with excellent mechanical properties such as 

nanopapers6 or aerogels7 or these materials can be modified to obtain new materials with magnetic8 

or conductive9 properties. Due to their small dimensions they have a much higher available surface 

area which further increases the importance of surface modification to obtain the desired properties 

of the final material. Covalent attachment of small molecules onto the surface of fibrils10 or grafting 

of polymer chains to or from surfaces11, 12 are routes that have earlier been used to modify cellulose-

based fiber/fibril surfaces. Physical modification using electrostatic interactions is another technique 

which is widely used to modify cellulose-based fibers,13 particularly in the pulp and paper industry. 

However, in the area of fiber-based composites, this type of surface modification is rare in the public 

literature and this opens the way to the exploration of new modification techniques. 

   A thorough understanding of interfacial forces is crucial when designing new materials. Many 

systems today are highly complex, especially in nature,14 which is why more fundamental knowledge 

of interfacial interactions is needed to better understand the behavior of existing materials and to be 

able to tailor materials with improved or new properties. Hopefully the work reported in this thesis 

may give some new insight to this field and lead to new ideas for how to modify cellulose-based 

materials. 

2.1.1 Thermoresponsive cellulose-based materials 

Materials based on polymers and/or nanoparticles that in a controlled way can change certain 

properties when subjected to an external stimulus such as light, electricity or a change in pH are 

often referred to as smart materials.15-18 A thermoresponsive polymer can change its physical form 

when subjected to a change in temperature. The most studied thermoresponsive polymer is 

probably poly(N-isopropylacrylamide) (PNIPAAm) which has a lower critical solution temperature 

(LCST), about 32 °C in water, and a thermo-reversible behavior.19, 20 Below this temperature, the 

polymer is soluble in water but above this temperature the polymer changes its character to a less 

hydrophilic, or less polar, state due to changed intra- and intermolecular interactions which lead to a 

collapse of the polymer chains and the formation of aggregates in water.20 By attaching this type of 

polymer to a surface, for example a cellulose-based surface, new properties of this surface can be 

obtained leading to what is commonly termed smart surfaces.21 Earlier work has shown that by 

randomly cationizing PNIPPAm, in order to physically adsorb it to an oppositely charged surface, the 

LCST behavior of the polymer was suppressed.22 This issue has been addressed in this work and also 

the potential to assemble thin films with NFC utilizing the LbL-technique. PNIPAAm-based polymers 

can be utilized in many different areas such as for drug delivery systems, membranes or other 

applications where the triggering of a specific response using a specific stimuli is desired. 
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2.1.2 Improving fiber-matrix interactions  

There are different definitions of a composite material, but one common definition is a material 

consisting of at least two different, macroscopically separable, components that together give a 

material with better properties than can be achieved by the different components separately. 

Usually composites are made of some kind of reinforcing material with good mechanical properties, 

such as high stiffness, and a surrounding matrix with good viscoelastic properties which holds the 

material together.23 However, one critical issue to obtain a composite with good final properties is to 

have good interfaces between the different components i.e. to have similar surface energies of the 

components facilitating a homogeneous dispersion and to have components that can form physical 

and/or covalent links at the interface leading to a better interfacial adhesion. Problems usually occur 

when there is a large difference in surface properties between the different components leading to 

poorly dispersed systems with bad stress-transfer between the different components. These 

problems occur in many cellulose-based composites since cellulose is a relatively polar material while 

many polymer matrices used today are significantly less polar.24-26 This is a major issue for these kinds 

of materials and a lot of effort has been made both in the industry and in academia to find different 

solutions to this problem.27-29 Different approaches have been made to modify the interface between 

the different components but there is still a lot of room for improvement. One common approach is 

to modify the cellulose surface with shorter non-polar segments to decrease its surface energy and 

thereby allow a better mixing in the matrix, leading to a more homogeneous dispersion with better 

final mechanical properties of the composite. Another approach is to attach longer polymer 

segments30 to the cellulose surface that can both decrease its surface energy and migrate into the 

polymer matrix and thereby introduce polymer entanglements at the interface, which have been 

shown to improve the adhesion between the different components of the composite.31, 32 This latter 

approach has been investigated in this work using specially designed block copolymers that can 

attach to cellulose-based materials through physical adsorption. The main advantage of this 

approach compared to more traditional covalent grafting is that the attachment of the block 

copolymer to the cellulose-based material can be done in water under mild conditions utilizing 

electrostatic interactions, a technique widely utilized in for example the paper industry. This could 

lead to a more convenient modification route which hopefully could increase the utilization of 

cellulose-based materials in composites. To be able to better compare this physical approach with 

the more traditional covalent approach, it is important to determine attached amounts on the 

surface after the modification step, which is dependant on both the molecular weight and the 

surface concentration of the grafted polymers on the surface. However, when using the grafting-

from approach there are no good standard methods to measure what is grafted on the surface. A 

method was therefore developed where a polymer was grafted from a cellulose model surface and 

the increase in mass was monitored using a QCM. The development of this method was one 

important step to better be able to follow the grafting procedure from cellulose surfaces and thereby 

to be able to obtain a better comparison with the physical adsorption approach. 

2.1.3 Improving fiber-fiber interactions 

Adhesion at interfaces is a wide and complex field where many different parameters affect the final 

properties of these systems. Depending on the nature of the different phases and the final properties 

of the resulting material that are aimed for, the interface must be tailored so that these criteria are 
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met. The different modification techniques must hence be adjusted to the certain end-use 

application of the fiber material. An approach which is suitable for fiber-reinforced composites might 

therefore not be suitable for paper products, due both to the different components involved in the 

different materials and to the different manufacturing methods that are used to produce the 

materials. In papermaking, individual fibers are drawn together during a drying process to form a 

fibrous network, i.e. a paper. The resulting fiber-fiber joints can be improved using different 

approaches, where chemical modification of the fiber surfaces is one widely used approach to 

improve interfacial properties, and thereby overall properties of the paper.33 Cationic 

polyelectrolytes are usually adsorbed to the fibers to improve the interfacial interactions between 

the fibers. However, this can be extended to the formation of LbL structures, which are described in 

the section “physical modification” below. This is a versatile method to attach thin layers, usually in 

the nanometer range, to different substrates such as cellulose fibers, and this has been done earlier 

using many different combinations of components.34-37 Different LbL components give significantly 

different properties to the resulting LbL layers and thus significantly different properties in the 

resulting papers. However, exactly which properties of the LbL components that affect which 

properties of the final materials, and especially in which way, has not been fully investigated 

although a lot of work has been conducted to better understand this.38-40 Some properties of the LbL 

layers which probably have a significant role in the interfacial adhesion are the mobility of the 

polymers within the LbL films, and the mechanical properties and thickness of the resulting LbL films 

which, in turn, are affected by properties of the components such as molecular weight, charge 

density and type of repeating unit. An effort has been made in this work to obtain some more 

knowledge about those polymer and layer properties that may be of central importance for these 

types of systems in order to optimize the adhesive interactions between assembled LbL films. 

2.1.4 Dendronized cellulose surfaces 

A dendrimer is a very well-defined, repeatedly branched, monodisperse macromolecule with a large 

number of end-groups on its surface.41-43 Dendrimers are assembled in steps from a core and each 

branching point leads to a new generation of the dendrimer. The large number of end-groups can be 

further modified to a wide range of functional groups that can interact strongly with their 

surroundings. One arm of a dendrimer is called a dendron, and this can be attached to a surface and 

introduce a large number of end-groups to it, as illustrated in Figure 2.  

 

Figure 2. Illustration of a monovalent (left) and a multivalent (right) dendronized surface. 
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These can then be used for further functionalization of the surface which could significantly enhance 

various effects, such as polarity, adhesion, responsive behavior or specific interactions, at the surface 

compared to direct modification of the surface without the use of dendrons. Due to the large 

amount of OH groups on cellulose, a wide range of chemical reactions can be used to covalently 

attach dendrons to cellulose-based materials. It is also possible to modify the dendron structure so 

that a physical attachment is possible. Dendrimers, dendrons or other macromolecules with similar 

structures, such as hyperbranched polymers, could also be interesting in composite applications due 

to their possibility to highly increase interactions at interfaces due to their large numbers of end-

groups. The branched structure could also lead to favorable viscoelastic properties at the interface 

leading to a more ductile behavior. One of the main drawbacks of dendrons today is their high price, 

due to the very well-defined structure, which limits the window of applications. However, similar, 

less defined hyperbranched structures could be a cheaper alternative to broaden the window for 

potential applications.  

 

2.2 Surface modification techniques 

There are a lot of different techniques, both physical and covalent, for modifying surfaces. A 

summary of the central concepts used in this thesis is given below. 

2.2.1 Physical modification  

Physical adsorption is a very convenient way of attaching compounds, such as polymers or 

nanomaterials, to surfaces. One type of physical adsorption is electrostatic adsorption where a 

charged compound is attracted to, and adsorbed onto, an oppositely charged surface. This leads to a 

release of counterions and thus a gain in entropy, which is the main driving force for the adsorption 

of polyelectrolytes to oppositely charged surfaces.44 One major advantage using this type of 

adsorption is that it is usually conducted in water under mild conditions which is a benefit when 

considering environmental aspects and upscaling. This way of attaching compounds to a surface can 

be seen as an attractive alternative to attachment using covalent chemistry. However, it is important 

that the interactions with the surface are strong enough to attach the compound to the surface and 

to keep it attached under the conditions to which the material is exposed. 

   Attaching a single layer of a compound onto a surface is the most basic and probably most common 

type of adsorption utilizing electrostatic interactions. However, more advanced structures can be 

assembled using electrostatic interactions, for example by the Layer-by-Layer (LbL) technique, which 

was first introduced in the early 1990s.45, 46 The basic principle of this technique, illustrated in Figure 

3, is to sequentially treat a charged surface with solutions or dispersions containing oppositely 

charged polyelectrolytes or colloids. This leads to a build-up of alternating cationic and anionic layers 

on the surface which can be controlled down to the nanometer level, depending on treatment 

conditions. This is a versatile method of surface modification to assemble thin films on surfaces for a 

wide range of applications from drug delivery and special coatings to the modification of cellulose-

based materials.40  
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Figure 3. Illustration of the basic principle of multilayer assembly at the solid-liquid interface using 

the LbL technique. The image is adapted from Decher et al.46 

 

2.2.2 Covalent modification 

There are several different types of covalent modification techniques that can be applied to surfaces 

including both attachment of compounds using chemical reactions and polymerization methods.47-50  

   The two most common approaches to covalently attach polymers to surfaces are the grafting-from 

and grafting-to techniques,11, 12 where polymers are respectively initiated and grown directly from a 

surface or synthesized separately and then covalently linked to the surface. Both techniques have 

different advantages and disadvantages and are therefore more or less suitable for different 

applications. In this work, the grafting-from technique has been used, mainly due to the advantages 

that more polymer can typically be attached to the surface and that fewer steps are usually needed 

to obtain the final product. The main disadvantage of this technique, especially from a scientific point 

of view, is that it is a great challenge to obtain good measurements of how the resulting polymer 

layer is formed in terms of graft density and molecular mass of the grafted polymers. A 

determination of these parameters remains a challenge although various approaches have been used 

to find new methods to solve this problem.51-53 An effort has been made in this work to provide some 

new insight into what happens during the grafting-from procedure from cellulose model surfaces. 

   Click chemistry is another covalent modification technique developed during the last decade with 

the basic principle that small molecules in a modular way are “clicked” together using specific 

chemistries.54, 55 This way of assembling small molecules to macromolecules in a very specific and 

controlled way, and it can be seen extensively in nature for example in protein synthesis from amino 

acid units.  
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The use of click chemistry has grown significantly in recent years and today very well-defined 

dendrons can be assembled, covalently attached to surfaces and further functionalized using this 

technique, which is illustrated in Figure 4. This has been applied to cellulose-based materials in this 

work where cellulose model surfaces have been modified and the covalent surface modifications 

have been followed in-situ leading to a better understanding of the reaction procedure. 

 

 

Figure 4. Illustration of the modular assembly that can be achieved using click chemistry. 
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3. Experimental 

3.1 Materials 

A large variety of different materials and chemicals have been used in this work. The details can be 

found in the separate articles. However, a short summary of some central materials is given below. 

3.1.1 NFC  

Nanofibrillated cellulose (NFC) was prepared at Innventia AB, Stockholm. The procedure was similar 

to an earlier described high-pressure homogenizer technique56, 57 but with a different high-pressure 

homogenizer and a new pre-treatment of the wood fibers.58 The pulp was produced from a 

commercial sulfite softwood dissolving pulp (Domsjö Dissolving Plus; Domsjö Fabriker AB, Domsjö, 

Sweden) and the fibrils were used in their never-dried form. The fibrils are approximately 5 nm wide,  

300–1000 nm long and have a surface charge about 500 µeq/g.59, 60 

3.1.2 Silicon oxide surfaces  

Silicon wafers, with naturally occurring silicon oxide surfaces, were used as substrates for several 

measurements and were cleaned as follows. A silicon wafer (p-type, MEMC Electronics Materials, 

Novara, Italy) was rinsed with Milli-Q water, ethanol and Milli-Q water and then blown dry with N2. 

The silicon wafer was then placed in an air plasma cleaner (Model PDC 002, Harrick Scientific 

Corporation, NY, USA) under reduced air pressure for 120 s at high effect (30 W), after which the 

wafer were ready for use.  

3.1.3 Cellulose model surfaces 

Two different kinds of cellulose model surfaces were used in this work, one spin coated surface from 

dissolved cellulose and one cellulose surface onto which NFC was adsorbed. 

   The preparation of the spin coated cellulose model surfaces was based on an earlier described 

method.61 0.25 g of acetone-extracted dissolving pulp was dissolved in 12.5 g N-Methylmorpholine-

N-oxide (NMMO) under stirring at 125 °C. After dissolution, 37.5 g dimethyl sulfoxide (DMSO) was 

added drop-wise. This solution was spin coated onto polyvinylamine (PVAm) modified silicon wafers 

treated as described earlier and then precipitated and cleaned in Milli-Q water. PVAm was used as an 

anchoring layer and adsorbed to the substrate before the cellulose modification. 

   The preparation of the adsorbed NFC-based cellulose model surface was also based on an earlier 

method.62 A silicon wafer prepared in the same way as described earlier was used to assemble the 

cellulose model surface using the LbL technique. Two bilayers were assembled using 100 mg/L 

solution/dispersion of polyethyleneimine (PEI)/NFC respectively. 

3.2 Methods 

A wide range of instruments were used in this work and more detailed descriptions of these can be 

found in the individual papers. However, a short description of the three most central methods, AFM, 

QCM and light scattering, are given below. 
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3.2.1 QCM 

Quartz crystal microbalance with dissipation monitoring (QCM) is a gravimetric method used to 

measure mass and viscoelastic properties of compounds attached to or in other ways coupled to a 

surface.63 A QCM-E4 and D-300, both from Q-Sense AB (Västra Frölunda, Sweden), were used for 

these studies. The D-300 was used in the batch mode and the E4 with a continuous flow of 100 

µl/min in all experiments. The QCM crystals used were AT-cut quartz crystals (5 MHz resonant 

frequency) with an active surface of silicon oxide cleaned as follows. They were rinsed with Milli-Q 

water, ethanol and Milli-Q water and were subsequently blown dry with N2, before being placed in 

an air plasma cleaner (Model PDC 002, Harrick Scientific Corporation, NY, USA) under reduced air 

pressure for 120 s at high effect (30 W). A relationship often utilized to convert a change in frequency 

into an attached mass per area unit is the Sauerbrey equation.64  

n

f
Cm


     eq. [1] 

where 

m Adsorbed mass per area [mg/m2] 

C  Sensitivity constant, -0.177 [mg/(m2·Hz)] 

f Change in resonant frequency [Hz] 

n Overtone number 

This model assumes rigidly attached layers and the attached amounts determined contain both the 

attached compounds and water/solvent coupled to this layer. However, earlier work has shown that 

this model is comparable to more advanced models also for layers with higher dissipation.65 In 

addition to the change in frequency, the energy dissipation of the crystal is measured as the decay in 

resonance amplitude that occurs when the driving voltage is switched off. The theoretical definition 

of the dissipation factor D is shown below and it is a measure of the viscoelastic properties of the 

attached compounds.66 

stored

dissipated

E

E
D

2
    eq. [2] 

where 

dissipatedE Energy dissipated during one oscillation period 

storedE Energy stored in the oscillating system 

3.2.2 AFM 

An atomic force microscope (AFM) is an instrument for measuring small interaction forces utilizing a 

nanometer-sized tip or some other kind of probe attached to a cantilever to interact and collect 

information about surface interactions at the nanometer level.67, 68 High resolution force 

measurements can be performed at single points, and force, height or phase images of different 

resolutions can be obtained by scanning a surface with a tip or probe. An AFM MultiMode IIIa (Veeco 

Instruments Inc. Santa Barbara, CA) was used both for imaging and adhesion measurements. For 
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tapping mode imaging in air, an EV scanner was employed using standard non-contact mode silicon 

cantilevers. The adhesion measurements were made by capturing normal force curves in air or liquid 

where temperature and contact time could be varied. For the force curves, tipless rectangular 

cantilevers (NSC12, MicroMasch, Madrid, Spain) were used and the exact values of normal spring 

constants were determined by a method based on thermal noise with hydrodynamic damping69. The 

thermal frequency spectra of the cantilevers were measured at room temperature without any 

particles attached.70 

3.2.3 Light scattering 

Dynamic light scattering (DLS) and static light scattering (SLS) has been used in this work to obtain 

information about the synthesized block copolymers in water. DLS was mainly used to determine the 

hydrodynamic radius (Rh) of block copolymer micelles in aqueous media. SLS was used to determine 

radius of gyration (Rg) of block copolymer micelles as well as their molecular weight which make 

determination of number of polymers per micelle possible. DLS and SLS data can also be combined to 

obtain information about the structure of the micelles by examining the ratio between Rh and Rg. 

Furthermore, DLS was used to measure the molecular weight of the PNIPAAm-based block 

copolymers in water solutions by relating Rh to the molecular weight of the polymers. 

3.3 General overview of block copolymer preparation 

In this work several different polymers with different compositions were synthesized and the details 

can again be found in the individual papers. However, a brief introduction to the polymerization 

methods used and descriptions of the general approaches that were used to prepare these polymers 

is given below. 

   The area of polymer synthesis is a wide field that has been around for many decades, both in 

academia and in the industry. Polymerization methods to synthesize these polymers have improved 

rapidly, especially during the last two decades, which has opened new routes to the synthesis of 

different polymer architectures in a controlled way.71, 72 Atom Transfer Radical Polymerization 

(ATRP)73, which is a controlled or “living” polymerization technique, was used in the synthesis of all 

the different block copolymers. The main advantage of this polymerization technique is that, due to 

the controlled or “living” character, block copolymers can relatively easily be assembled. This is 

because one block can first be polymerized in one step, and then a new monomer can be added in a 

second step to continue the growth and polymerize a second block and so on. A wide range of 

monomers can be used in this polymerization technique, which makes it versatile and definitely has 

helped to improve its popularity. Ring Opening Polymerization (ROP)74 is another polymerization 

technique used in two of the papers to polymerize poly(-caprolactone) (PCL). This technique can 

also be used together with ATRP to further extend possibilities to synthesize different structures.  

   In this work, block copolymers with two different blocks were synthesized since the aim was to 

evaluate the properties of this type of structure before more advanced architectures were 

investigated. ATRP and ROP were used for the synthesis, which will give control over the structure 

and result in low dispersity of the block copolymers which is essential in this kind of study. The 

special feature of block copolymers compared to homopolymers or many types of random 

copolymers is that two distinct blocks with distinct properties can be obtained within one 

macromolecule. This generally gives this type of polymer unique properties in bulk, in liquids and 



12 

 

especially at interfaces. By controlling the structure of block copolymers, interactions at the 

nanometer range can be controlled, and this of course will affect the final behavior of these 

polymers. Tailoring block copolymers for specific applications could therefore lead to properties of 

materials that it has not been able to obtain with other, more basic types of polymers, which opens 

up new possibilities for many different applications.  

   In paper I block copolymers were synthesized with one thermoresponsive PNIPAAm block and a 

second cationic block which can electrostatically adsorb to oppositely charged surfaces, such as 

fibers/fibrils. By adding the charges on a second block instead of synthesizing a random copolymer 

with random charges within the entire polymer, the thermoresponsivity of the polymers was 

significantly less affected. However, due to repulsion between the charged monomers during the 

polymerization the charge density on the cationic block seemed to have an upper limit under the 

polymerization conditions that were used. In papers II and III, another approach was used where a 

block with tertiary amide groups was synthesized which in a final step was quaternized to obtain a 

strongly charged cationic block. In paper II, the functional block was changed to a high molecular 

weight polystyrene (PS) block which should be able to both decrease the surface energy of the 

surface to which it adsorbs and be able to form molecular entanglements to a polymer matrix with 

which it is in contact to increase the adhesion to this surface. In paper III, this work was continued 

where the PS block was changed to PCL. The idea was to further investigate this type of system and 

to initiate a larger study where modification using this type of block copolymers should also be 

compared to modification using the more traditional covalent grafting-from approach.  
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4. Results and discussion 

4.1 Thermoresponsive cellulose-based materials 

Thermoresponsive NIPAAm-based polymers were synthesized and evaluated in solution and at solid-

liquid interfaces. The LbL technique was used to combine these NIPAAm-based polymers with NFC to 

assemble nanocomposites, and their thermoresponsive properties at interfaces were evaluated. 

4.1.1 Polymer preparation and characterization 

The main purpose of synthesizing the thermoresponsive polymers was to introduce charged groups 

to PNIPAAm-based polymers while maintaining their thermoresponsivity. This enables electrostatic 

adsorption of the polymers to oppositely charged surfaces resulting in single layers, but it also 

facilitates incorporation into more advanced structures such as LbL stratified layers. To obtain such 

properties, block copolymers were synthesized where the charged groups were separated from the 

thermoresponsive part. 

 

Scheme 1. Polymerization of a thermoresponsive block copolymer: i) polymerization of 

thermoresponsive PNIPAAm block ii) subsequent polymerization of a charged NIPAAm/APTAC block. 

 

Polymers were synthesized according to Scheme 1 and Table 1 and the block copolymers are 

denoted P(B30/30), P(B60/20) and P(B20/60). The block lengths of the two blocks were varied, as 

well as the target charge densities of the charged blocks. A random copolymer of NIPAAm and 

APTAC, denoted P(R15), was also synthesized as a reference. All solutions had a pH of about 6, and 5 

mM NaCl was added to all the solutions used for multilayer assembly. 

 

Table 1. Target molecular weights and target charge densities of the synthesized polymers. 

Polymer Target Mw, block 1 

(NIPAAm) 

[g/mol] 

Target Mw, block 2 

(NIPAAm/APTAC) 

[g/mol] 

Target 

APTAC/NIPAAm 

ratio, block 2 

P(R15) -  15 000b 1/10 

P(B30/30) 30 000 30 000 1/6 

P(B60/20) 60 000 20 000 1/6 

P(B20/60) 20 000 60 000 1/6 
bRandom copolymer corresponding to charged block of block copolymers 
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The block copolymers were analyzed with 1H-NMR spectroscopy, which showed that the polymers 

contained both NIPAAm and APTAC units. Molecular weights were measured by SEC and DLS and the 

values were reasonably close to the targeted values. PDI values of the different PNIPAAm blocks 

were also obtained from the SEC measurements and all PNIPAAm blocks had values of about 1.2. 

   LCST was measured with DLS for all the synthesized polymers. As expected, the random copolymer 

P(R15) had a highly suppressed LCST, and did not exhibit a LCST below 80 °C at salt concentrations 

below 0.1 M NaCl. All the block copolymers had a LCST slightly higher than that of pure PNIPAAm. 

This is probably because the cationic block is more hydrophilic than the PNIPAAm block, which 

increases the solubility of the entire block copolymer. Figure 5 shows the LCST for the block 

copolymers and a literature value for PNIPAAm19, 20 plotted against their average charge densities 

determined by polyelectrolyte titration, and a clearly increasing trend is observed. 

 

Figure 5. LCST in water as a function of the mean charge density of PNIPAAm(♦) and the block 

copolymers P(B60/20)(▲), P(B30/30)(■) and P(B20/60)(●). The error bars show the 95 % confidence 

levels and the line is included merely as a guide to the eye. 

 

4.1.2 Multilayer assembly 

Single layers of the different PNIPAAm-based polymers were first adsorbed onto silicon oxide 

surfaces to establish their adsorption behavior. Thereafter, two types of multilayers with different 

compositions were formed. In the first type, the NIPAAm-based block copolymers were combined 

with anionic NFC, and in the second type the NIPAM-based block copolymers and NFC were 

combined with polyethyleneimine (PEI) in alternate cationic layers. 

   When multilayers of the first type were formed with the NIPAM-based block copolymers and NFC, 

all the multilayers showed a similar adsorption behavior, as shown in Figure 6. The cationic NIPAM-

based polymer was first adsorbed to the QCM-crystal in region 1, followed by a subsequent rinsing. 

After equilibration, the anionic NFC was adsorbed in region 2, followed by a subsequent rinsing, and 

this adsorption cycle was then repeated through the multilayer build-up. 
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Figure 6. QCM results from the third overtone of a typical adsorption experiment with cationic 

P(B30/30) and anionic NFC forming multilayer films. The left y-axis shows the normalized frequency 

change and the right y-axis shows the change in dissipation. 

 

In the build-up of the first bilayer, a large decrease in frequency was observed indicating a large 

amount adsorbed to the surface without any tendency for desorption on rinsing. In the build-up of 

the following bilayers, the frequency continued to decrease but a partial desorption was observed 

during rinsing of the polymer steps. After the formation of 5-6 bilayers, the addition of NFC started to 

give an increase in frequency, indicating desorption from the surface and after this point it was 

difficult to add any significant amount of material. One reason for this could be that the charge 

densities of the components were not high enough to give a stable build-up.75 The NIPAAM segments 

could also probably hinder the adsorption between the charged parts, leading to an even lower 

electrostatic interaction.  

   A multilayer of the second type was formed using NFC and the block copolymer P(B30/30), where 

this cationic polyelectrolyte was replaced with PEI in every second layer. This was done in order to 

clarify whether it would be possible to form a more stable LbL build-up resulting in thicker layers of 

P(B30/30) and NFC and to clarify whether these layers would still display thermoresponsive 

properties. This led to the formation of stable multilayers with no sign of desorption upon rinsing, as 

can be seen in Figure 7. On the contrary, there was apparently an accelerating growth of the 

multilayers at higher layer numbers. The PEI apparently stabilized the multilayer and made it possible 

to form layers with large amounts of adsorbed polyelectrolyte and NFC.  
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Figure 7. Adsorption of multilayers composed of P(B30/30)/PEI and NFC as shown by QCM 

measurements from the third overtone. The left y-axis shows the normalized frequency change and 

the right y-axis shows the change in dissipation.  

 

In order to further characterize the adsorbed layers, AFM images of multilayers of P(B30/30)/NFC 

and of P(B30/30)/PEI/NFC were collected, and the results are shown in Figure 8. There was already a 

high coverage of the fibrils on the surface when four layers had been adsorbed, both with and 

without PEI. When the number of layers was further increased to 20 layers in the PEI system, much 

thicker films were formed and this is seen in the lower AFM images as a much denser fibril layer. The 

thickness was measured with AFM by scratching the surface and then measuring the cross-section 

and this gave a mean thickness of 27.3±0.9 nm. 

4.1.3 Thermoresponsivity of the adsorbed layers  

All the synthesized block copolymers were shown to be thermoresponsive in solution and they could 

also form multilayer assemblies together with NFC. However, it still remained to be clarified whether 

they were thermoresponsive when adsorbed at solid-liquid interfaces and when incorporated in the 

multilayers, which was one of the main objectives of the work. To study the thermoresponsive 

properties of the adsorbed polymers, the adsorbed single layers of the polyelectrolytes on the quartz 

crystals were subjected to a gradually increasing temperature in the QCM and the change in 

dissipation was studied as a function of temperature, i.e.      . This corresponds to a change in 

viscoelastic properties of the film with temperature due to a change in conformation of the adsorbed 

polymer, in the present case a collapse of the polymer.  
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Figure 8. AFM tapping-mode images with height images to the left, phase images in the middle and 

typical height profiles across the images to the right. The images shows 4 layers of P(B30/30)/NFC 

(upper), 4 layers of P(B30/30)/PEI/NFC (middle) and 20 layers of P(B30/30)/PEI/NFC (lower). 

Standard non-contact silicon cantilevers with spring constants of 40 N/m were used. The z range of 

the images is 25 nm and the images are 2 x 2 μm2. Experiments were performed at 50 % RH and 23 

°C. 

 

The results in Figure 9 show a clear difference between the polymers that did have and those that 

did not have an LCST in bulk solution at low salt concentrations. All the materials showed a specific 

response to a temperature change, but because these thermoresponsive polymers transform from a 

random coil kind of structure to a dense globular structure, i.e. they collapse and release water, they 

exhibit a much greater response when the temperature is changed. The polymer layer then has a 

more compact structure that affects the viscoelastic properties in such a way that the dissipation 

decreases. The change in the viscoelastic properties seemed to be linear over the measured 

temperature interval between 24 °C and 40 °C and no abrupt change, as for the polymers in solution, 

was observed. When the temperature was decreased, the dissipation increased, i.e. the layer re-

swelled showing that the thermoresponsivity of the block copolymers was reversible even when they 

were adsorbed at the solid-liquid interface. 

 

 

 

 

-15

-10

-5

0

5

10

15

n
m

-15

-10

-5

0

5

10

15

n
m

-15

-10

-5

0

5

10

15
n

m



18 

 

 

Figure 9. The thermoresponsivity, measured as      , for single layers of different polymers is 

shown in a linear interval between approximately 24 °C and 40 °C. The values are mean values of two 

experiments and the largest difference between the two replicates was 0.068 K-1. 

 

To investigate whether the polymers could also collapse when incorporated in multilayers, such 

layers were assembled with all three block copolymers together with PEI and NFC in the same way as 

described previously. They all showed a significant thermoresponsivity and the dD/dT values for the 

multilayers with P(B30/30), P(B60/20) and P(B20/60) were -0.89·10-6 K-1, -1.07·10-6 K-1 and -0.71·10-6 

K-1 respectively, which are high values compared with those of the single layers. This shows that the 

polymers are able to reconform even when they are combined with other layers in a multilayer, and 

thus that the assembled nanocomposites are thermoresponsive. 

   By measuring and evaluating the changes in frequency in the same way as for the dissipation, it was 

possible to estimate the release of water from the adsorbed layers. The reductions in adsorbed mass 

on the crystals were 2.6 wt%K-1, 2.3 wt%K-1 and 2.1 wt%K-1 of the total adsorbed mass for the single 

layers of P(B30/30), P(B60/20) and P(B20/60) respectively.  Since the temperature response was 

linear, the total amount of water released from these layers when the temperature was changed 

from 24 °C to 40 °C was 42 wt%, 37 wt% and 33 wt% for P(B30/30), P(B60/20) and P(B20/60) 

respectively, which are clearly significant amounts. 

4.2 Improving fiber-matrix interactions 

As was described earlier, cationic amphiphilic block copolymers were synthesized with the aim of 

being used as compatibilizers between cellulose-based fibers/fibrils and a polymer matrix. The main 

advantage of these compatibilizers compared to more conventional covalent grafting is that they can 

be physically adsorbed onto cellulose-based fibers/fibrils in water under mild conditions. In paper II, 

a block copolymer based on PS was synthesized and evaluated in water, at solid-liquid interfaces and 

on dry surfaces for adhesion measurements. This project was continued in paper III where PS was 

exchanged to PCL and three different block copolymers with different lengths of the PCL blocks were 

synthesized and their properties in water, at solid-liquid interfaces and on dry surfaces were 
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evaluated. The block copolymers form cationic micelles in water which can physically adsorb to 

oppositely charged surfaces such as cellulose-based fibers/fibrils. When adsorbed to these surfaces 

they both decrease the surface energy, which could facilitate a more homogeneous dispersion of the 

fibers/fibrils in a matrix, and allow for physical entanglements across interfaces, which can improve 

the interfacial adhesion and thereby the mechanical properties in the final biocomposites. To be able 

to better compare this physical approach with a covalent grafting approach in future projects, a 

method was developed in paper IV to measure the mass of grafted PCL attached to a cellulose model 

surface, since the measurement of attached mass has always been a challenge for the grafting-from 

method. 

4.2.1 Compatibilizer block copolymers based on PS 

The non-polar polymer chosen in this work was PS, which favorably interacts with a PS matrix. This 

was chosen since it is a well studied polymer suitable as a model to show the principles of this type of 

compatibilizer. To obtain effective entanglements with a non-polar matrix, the attached non-polar 

polymer should also be of sufficiently high molecular weight.30 However, non-polar polymers are 

usually not water-soluble, and a hydrophilic cationic block consisting of quaternized PDMAEMA was 

therefore added to the PS polymer, creating a cationic amphiphilic block copolymer. This promotes 

dispersibility in aqueous media in the form of self-assembled micelles where the non-polar PS blocks 

make up the core while the cationic polar blocks make up the shell.76, 77 Due to the charges, the 

micelles also have the ability to electrostatically adsorb to oppositely charged surfaces such as 

cellulose-based fibers/fibrils. A reaction scheme for the polymerization and quaternization is 

presented in Scheme 2.  

 

Scheme 2. Polymerization and quaternization of block copolymer: (i) EBiB, Cu(I)Br, PMDETA, 110 °C; 

(ii) DMAEMA, Cu(I)Cl, PMDETA, 70 °C; (iii) MeI, DMF, room temperature. 

 

SEC showed a weight average molecular weight (Mw) of the PS block of 130 kDa and a dispersity (ĐM) 

of 1.5. From the SEC measurements of PS and the relationship between the different blocks assessed 

by 1H-NMR, the molecular weight of the PDMAEMA block was calculated to be 100 kDa.  

   The charge density of the cationic micelles was determined with polyelectrolyte titration (PET) to 

be 2.4 meq/g. Dynamic light scattering (DLS) was used to determine the hydrodynamic radius (Rh) of 

the micelles in solution. An average Rh of 71 nm was measured, which probably indicates a compact 

core of PS and a stretched out shell of PDMAEMA-q due to electrostatic repulsion between the highly 

charged blocks. SLS measurements were performed for the block copolymer micelles and a radius of 

gyration (Rg) of 60 nm and an apparent molecular weight (Mapp) of 10.7·106 g/mol were calculated. 

From Mapp, the average number of polymers in each micelle was calculated by dividing by the 

molecular weight of the polymer, resulting in an average value of 33 polymers/micelle.  
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   In this work and the PCL compatibilizer work, both silicon oxide surfaces and cellulose model 

surfaces were utilized as substrates. The silicon oxide surfaces were used since they are anionically 

charged, smooth, homogeneous and well characterized78, 79. Cellulose model surfaces were used as a 

complement to obtain a link to a cellulosic material which was one of the main objectives of this 

work. 

   The adsorption of the micelles onto the silicon oxide surfaces and cellulose model surfaces was 

studied in-situ using the QCM with a concentration of 100 mg/L and pH 7 with and without added 

electrolyte. The data in Figure 10 show a change of about 5 Hz in normalized frequency recalculated 

from the third overtone, corresponding to an adsorbed amount of 0.9 mg/m2, both for the silicon 

oxide surface and for the cellulose model surface. This relatively low amount was probably a result of 

the high charge density of the polymers and a low electrolyte concentration.78 When 10 mM NaCl 

was added, the difference in normalized frequency increased to 25 Hz, corresponding to an adsorbed 

amount of 4.4 mg/m2, both for the silicon oxide surface and for the cellulose model surface. This 

significantly greater amount was probably a result of the screening of charges due to increased 

electrolyte concentration which allowed a closer packing on the surface. 

 

 

 

Figure 10. Adsorption of cationic micelles on a silicon oxide surface with no added NaCl (a, upper 

left), on a cellulose model surface with no added NaCl (b, upper right), on a silicon oxide surface with 

10 mM added NaCl (c, lower left) and on a cellulose model surface with 10 mM added NaCl (d, lower 

right) studied with QCM from the third overtone. The left y-axis shows the normalized frequency 

change (black lines) and the right y-axis the change in dissipation (grey lines). 
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Both SEM and AFM images of micelles adsorbed to silicon oxide surfaces, Figure 11, showed a 

homogeneous distribution and size of the micelles on the surfaces. The diameter of the micelles, 

measured in the dry form, was about 30 nm with both techniques, and tip broadening effects has 

been considered in the AFM measurements. The AFM measurements also showed a height of the 

micelles of about 7 nm, which indicates that the micelles are not perfectly spherical after adsorption 

onto the surface. Instead, the shell spreads out on the surface through a process that is dependent 

on both the repulsive electrostatic interactions between the different PDMAEMA-q blocks and the 

attracting electrostatic forces between the PDMAEMA-q chains and the charged silicon oxide surface. 

The observed topography was probably a result of a stiff polystyrene core with a diameter of about 7 

nm and surrounding PDMAEMA-q chains. 

 

 

Figure 11. SEM (left), AFM height (middle) and AFM phase (right) images of adsorbed micelles on 

silicon oxide surfaces before (upper images) and after heat treatment (lower images) at 160 °C for 2 

h. The AFM images are 1x1 µm, the height images have a z-range of 50 nm and a phase angle of 100°. 

Experiments were performed at 50 % RH and 23 °C. 

 

When the micelles are adsorbed to surfaces directly from water, the hydrophobic PS blocks are 

situated in the core of the micelles while the hydrophilic charged blocks are surrounding it. To make 

the PS blocks available on the surface, which is desirable if the polymer is to interact with a 

hydrophobic matrix in a composite, they have to be liberated from the core of the micelles. This was 

achieved using a heat treatment at 160 °C for 2 h, which is well above the glass transition 

temperature (Tg) of PS which is about 95 °C.80 This increases the mobility of the PS in the core of the 

micelles and allows their spreading on the surface to minimize the surface energy. This can clearly be 

seen in both SEM and AFM images, showing that the structure of the initially defined micelles is no 

longer present and that the polymers instead are evenly spread out on the surface. 
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Contact angle measurements, Figure 12, were performed with water on silicon oxide and cellulose 

model surfaces with adsorbed micelles before and after heat treatment. After adsorption of the 

micelles on the silicon oxide surface, the contact angle for water was 18° which indicates a relatively 

hydrophilic surface, probably due to the charged hydrophilic parts of the adsorbed micelles which 

were still exposed on the surface. However, after the heat treatment, the contact angle increased to 

70° which is close to values earlier reported for thin films of pure PS.81 This indicates that the PS 

blocks had been liberated and were exposed on the surface decreasing its surface energy. After 

adsorption of the micelles on the cellulose model surface, the contact angle was 16° which is also a 

relatively hydrophilic surface, probably due to the charged hydrophilic parts of the adsorbed micelles 

and the hydrophilic cellulose surface which were also here still exposed on the surface. However, 

after the heat treatment, the contact angle increased to 56° which is much higher than before heat 

treatment although not as high as that on the silicon oxide surface. This might indicate that the PS 

blocks do not fully cover the more complex structure of the cellulose model surface as much as the 

much smoother silicon oxide surface. 

 

 

Figure 12. Contact angles of water on a silicon oxide surface with adsorbed micelles before heat 

treatment (a, top left), a silicon oxide surface with adsorbed micelles after heat treatment (b, top 

right), a cellulose model surface with adsorbed micelles before heat treatment (c, bottom left), and a 

cellulose model surface with adsorbed micelles after heat treatment (d, bottom right). Experiments 

were performed at 50 % RH and 23 °C. 

 

AFM force measurements were performed to investigate the adhesive properties of the 

compatibilizer. A PS particle glued to a cantilever was used as a colloidal probe for these 

measurements.82, 83 The block copolymer was adsorbed onto a silicon oxide surface and heat treated 

at 160 °C for 2 h in order to liberate the PS blocks. A pure silicon oxide surface was used as a 

reference surface and the measurements were performed at 160 °C and room temperature. At each 

temperature, six different contact times were investigated between 0 s and 100 s and data are 

shown in Figure 13.  
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Figure 13. Data from the AFM force measurements showing adhesion as a function of contact time at 

room temperature (left) and 160 °C (right) for a surface with compatabilizer (squares) and for a 

reference surface (diamonds). The error bars are standard deviations and the lines are merely 

included as guides for the eye. 

 

The surface with the adsorbed compatibilizer at room temperature showed an initially relatively high 

increase in adhesion with contact time up to approximately 20 s. This was probably due to 

entanglements between PS blocks at the surface and the probe, which has earlier been shown for PS 

surfaces at room temperature.84 Entanglement between polymers from different surfaces below the 

bulk Tg of PS is possible due to the increased mobility of amorphous polymers at surfaces which 

results in a depressed Tg.
80, 85-87 After approximately 20 s contact time, no further increase was 

observed, showing that a longer contact time does not affect the adhesion between these surfaces. 

The reference surface, without compatibilizer, at room temperature showed only a very small 

increase in adhesion with increasing contact time. 

   At 160 °C, the surface with the compatibilizer also showed an initial increase in adhesion. This was 

followed by a smaller increase in adhesion up to a contact time of 100 s. Also here the adhesion was 

probably due to entanglements between the PS chains at the surface and the probe. The further 

increase in adhesion at longer contact times could reflect the ongoing entangling of chains due to the 

greater mobility at the higher temperature of both the chains at the surface and the probe. Both the 

reference surface and the surface with the compatibilizer showed higher absolute adhesion values at 

160 °C than at room temperature. This could be due to a larger molecular contact area due to a 

softening of the probe and an increased mobility of the polymers in the systems at the higher 

temperature. However, there was no permanent deformation of the PS probe, which was observed 

with SEM performed on the probe attached to the cantilever after the AFM force measurements.  It 

could then be expected that there would be a greater increase in adhesion with contact time 

compared to the measurements made at room temperature, due to the higher contact area, but the 

higher mobility in the system also makes it easier to separate the surfaces.88 However, if the surfaces 

were to be cooled down while still in contact, the mobility would decrease and the adhesion should 

increase dramatically, especially if effective entanglements have been obtained.30  
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4.2.2 Compatibilizer block copolymers based on PCL 

In this work, three PCL-based cationic block copolymers were synthesized where the length of the 

PCL blocks was varied to investigate the influence of PCL block length on the surface energy of the 

modified surfaces and on the adhesion of block copolymer modified surfaces to a PCL matrix. All 

three PCL blocks were polymerized from the same PDMAEMA macroinitiator, leading to three 

different PDMAEMA-block-PCL polymers with increasing PCL length denoted PDMAEMA-block-PCL-s, 

PDMAEMA-block-PCL-m and PDMAEMA-block-PCL-l. The PDMAEMA blocks were thereafter 

quaternized using MeI, leading to a charged block, with a charge that is less sensitive to changes in 

pH and electrolyte concentration, and a non-charged PCL block. The purpose of the charged block is 

to facilitate water dispersibility and physical adsorption to oppositely charged surfaces, such as 

cellulose-based fibers/fibrils. All reaction steps are shown in Scheme 3. 

 

 

Scheme 3. Polymerization and quaternization of the block copolymers: (i) Synthesis of PDMAEMA; 

DMAEMA, Cu(I)Cl, HMTETA, acetone, 50 °C; (ii) Synthesis of PCL blocks from PDMAEMA 

macroinitiator; -CL, Sn(Oct)2, toluene, 85 °C; (iii) Quaternization of PDMAEMA block; MeI, THF, RT. 

 

SEC was performed to measure molecular weight (Mn) and dispersity (ĐM) of the synthesized 

polymers, and the results are shown in Table 2. As can be seen, ĐM-values are all close to one, which 

is expected since both ATRP and ROP are controlled polymerization techniques yielding uniform 

polymers. The molecular weight of all PCL blocks were significantly lower than that of the PS block in 

paper II. However, the repeating unit in PCL is significantly longer than the repeating unit in the PS 

block which should result in blocks long enough to facilitate significant entanglements to a PCL 

surface. The molecular weight of the PDMAEMA block was designed to be significantly lower than 

that in paper II since it was anticipated that this length should be sufficient for the polymer to be 

able to anchor to an oppositely charged surface and create a strong enough interaction to this 

surface. 
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Table 2. The total Mn, Mn for PCL-blocks, ĐM, Tg, Tm and Xc for the different synthesized polymers. 

Sample  Mn, Total
a 

(g/mol) 

Mn, PCL-block
a 

(g/mol) 

ĐM
a Tg

 b (°C) Tm
 b (°C) Xc

 b (%) 

PDMAEMA  3 800 - 1.24 10.1 - - 

PDMAEMA-block-PCL-s 11 900 8100 1.14 - 51.4 49.0 

PDMAEMA-block-PCL-m  17 300 13 500 1.13 - 54.5 53.6 

PDMAEMA-block-PCL-l 34 900 31 100 1.28 - 56.0 51.6 
a Measured with SEC  
b Measured with DSC 

 

Since quaternized PDMAEMA is easily soluble in water, but pure PCL is insoluble in water, the block 

copolymers were expected to form cationic micelles89 in water under certain conditions. Cryo-TEM 

images were captured to clarify that the block copolymers did form micelles in water, as shown in 

Figure 14. The size of the dark grey areas in the images, which probably corresponds to the dense 

PCL core of the block copolymer micelles, were mostly in the range of 30-45 nm in diameter. 

However, small coronas around these dark grey areas were also observed, probably due to the less 

dense PDMAEMAq shell surrounding the PCL core. The thickness of this corona was about 10 nm, 

which is in good agreement with theoretical estimations of fully stretched PDMAEMAq polymers 

from SEC data. This would add 20 nm in diameter to the micelle diameter leading to an estimation of 

the micelle diameter in the range of 50-65 nm, which is in reasonable agreement with DLS data 

shown in Table 3. Since DLS measures the hydrated size of the micelles, and the shell of the formed 

micelles were expected to be hydrated due to the charged blocks, it was expected to show a larger 

size than observed in the cryo-TEM images. 

 

 

Figure 14. Cryo-TEM images of the dispersions in water of micelles from the different block 

copolymers. 

 

PDMAEMAq-block-PCL-s PDMAEMAq-block-PCL-m PDMAEMAq-block-PCL-l
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The hydrodynamic radius (Rg) of the micelles, as measured with DLS, are shown in Table 3. The 

measurements show single peaks and the values presented are peak values of measurements 

performed at room temperature. The Rh for the micelles assembled from the block copolymers 

appear to be relatively constant and no clear increasing or decreasing trend is observed with 

increasing length of the PCL block. Depending on the balance between the attractive forces in the 

core of the micelles and the repulsive forces between the charged polyelectrolytes in the charged 

shell, the total force keeping these micelles together will probably vary, and this will in turn affect the 

behavior of the micelles at interfaces.  

 

Table 3. Measured charge density, theoretical ratio of quaternized groups in PDMAEMA blocks and 

hydrodynamic radius of the micelles of the block copolymers in water. 

Sample  Charge density, 

measured (meq/g)a 

Ratio, 
quaternized 

groupsb 

Rh (nm)c 

PDMAEMAq-block-PCL-s 0.30 0.17 48±1.1 

PDMAEMAq-block-PCL-m  0.19 0.27 49±0.6 

PDMAEMAq-block-PCL-l 0.10 0.27 42±0.6 

a Measured with PET  
b Calculated from added amounts of PDMAEMA-block-PCL and MeI in quaternization step 
c Measured with DLS  

 

Charge densities of the block copolymer micelles were measured in water using PET and the results 

are shown in Table 3 together with calculated values of the degree of quaternization. The block 

copolymers consist of a charged, but relatively short, cationic block and a non-charged PCL block. A 

longer non-charged PCL block then results in a lower total charge density of the entire polymer since 

the charge is normalized with respect to the total molecular weight of the polymer. The correlation 

between the length of the different blocks and the charge density of the block copolymers is rather 

good, i.e. a longer non-charged PCL block leads to a proportionally lower measured charge density of 

the whole block copolymer. A higher total charge density leads to more electrostatic contact points 

per polymer and this probably leads to a stronger attachment to a surface. However, a higher total 

charge density will also lead to a lower adsorbed amount since there will be more charges per mass 

of the polymers. Therefore, the balance between strong attachment and adsorbed amount needs to 

be considered when designing these kinds of polymers. The resulting charge densities are 

significantly lower than those of the PS-based block copolymer in paper II both because the 

PDMAEMA blocks have significantly lower molecular weights than the other blocks and because of 

the lower degree of quaternization.  

   The adsorption of the three block copolymers was investigated both to silicon oxide surfaces and to 

cellulose model surfaces. All measurements were performed using concentrations of 100 mg/L of the 

block copolymers in water without any added salt, and the results are shown in Figure 15. As can be 

seen, there was a clear trend for the block copolymers with longer PCL blocks to lead to a higher 

adsorption on both types of surfaces. One reason for this behavior is probably that the block 
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copolymers with longer PCL blocks have lower overall charge density which leads to higher 

adsorption since the polymers then have more mass per unit charge and the balance of charges 

between the surface and the polyelectrolyte is probably the main driving force for the adsorption. 

The adsorbed amounts are generally significantly higher than the amounts of the PS-based block 

copolymer adsorbed on both silicon oxide and cellulose model surfaces without added salt in paper 

II. This is probably mainly due to the lower charge densities of these block copolymer micelles which 

are low enough to reach high adsorbed amounts but high enough to give electrostatic adsorption. 

 

 

Figure 15. QCM data from the third overtone showing the adsorption behavior of the three block 

copolymers on silicon oxide surfaces (upper) and on cellulose model surfaces (lower). The left y-axis 

shows the normalized frequency change (black lines) and the right y-axis shows the change in 

dissipation (grey lines). 

 

AFM images were captured on silicon oxide surfaces before and after heat treatment at 160 °C for 2 

h and the results are shown in Figure 16. PCL has a Tg of about -60 °C and a Tm of about 60 °C90 so 

heat treatment was performed to enable the block copolymers to properly melt/soften and spread 

out on the surface in order to minimize the surface energy. These images of the three block 

copolymers adsorbed to silicon oxide substrates show that different surface structures were 

obtained. PDMAEMAq-block-PCL-s and PDMAEMAq-block-PCL-m showed a very subtle structure 

when adsorbed onto the substrates before heat treatment, but no structure of micelles could be 

detected as found in the cryo-TEM and DLS measurements. One plausible explanation for this is that 

these micelles in water are internally weakly held together due to balance between the osmotic 

pressure created by the counterions in the charged shell and the association forces created by the 

water insoluble PCL core. It is suggested that upon contact with the surface this weak micellar 

structure spontaneously unfolds due to a disruption from the attractive forces on the surface, 

leading to a relatively smooth surface. When these surfaces are heat treated, this subtle structure 

disappears completely and an even smoother surface appears. However, PDMAEMAq-block-PCL-l 
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showed a structure of clear micelles also when adsorbed onto the surface. An explanation of this 

could be that the PCL block was long enough in this case, leading to stronger attractive 

intermolecular forces within the micelles compared to the osmotic repulsive forces in the charged 

shell of the micelles. The size of the PDMAEMAq-block-PCL-l micelles were mostly about 80 nm in 

diameter, which is in reasonable agreement with both DLS and cryo-TEM data. After heat treatment 

a clear melting/softening and subsequent spreading of the micelles was observed. This was expected 

since the melting point of PCL is about 60 °C, i.e. significantly below the temperature used for the 

heat treatment.  

 

 

Figure 16. AFM height images of silicon oxide surfaces treated with the three block copolymer 

dispersions before (upper) and after (lower) heat treatment. The length of the PCL blocks increase 

from left to right. Images are 2x2 µm and the z-range is 50 nm. 

 

Contact angles were measured after heat treatment for water on both silicon oxide surfaces and 

cellulose model surfaces and the results are shown in Figure 17. The general trend was that the 

surfaces treated with block copolymers with longer PCL blocks exhibit larger contact angles. One 

factor contributing to the difference in contact angle is possibly the difference in length of the PCL 

blocks where a block copolymer with longer PCL block should be able to increase the contact angle 

more than one with shorter PCL block, provided that the block copolymers are able to spread at the 

interface. Another factor that has a large influence on the final contact angle is the amount of block 

copolymer that is attached to the surface, since a large attached amount should lead to a better 

coverage of PCL blocks on the surface and thereby a higher contact angle. The modified cellulose 

model surfaces generally show lower contact angles than the silicon oxide surfaces, and this seems to 

correlate quite well with the lower amounts that are adsorbed to these surfaces according to the 

QCM measurements. The smaller contact angle with less adsorbed amounts was especially 

pronounced for the two cellulose model surfaces modified with PDMAEMAq-block-PCL-s and 

PDMAEMAq-block-PCL-m, while the surface treated with PDMAEMAq-block-PCL-l still had a relatively 
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high adsorption leading to a relatively large contact angle. There also seemed to be an upper limit of 

contact angle that was possible to reach, close to 70°, which is quite close to the contact angle of 

water on pure PCL.91, 92 This indicate that an almost fully covered surface of PCL blocks was obtained 

on these surfaces, mainly due to a minimization of surface energy during the heat treatment. The 

contact angle for PDMAEMAq-block-PCL-l was slightly lower than that for the PS-based block 

copolymer on the silicon oxide surface in paper II. However, for the cellulose model surface 

PDMAEMAq-block-PCL-l showed a larger contact angle than the PS-based block copolymer which was 

probably due to the significantly greater adsorbed amount of PDMAEMAq-block-PCL-l which could 

more easily cover the cellulose substrate. 

 

 

Figure 17. Contact angle of water on block copolymer modified silicon oxide surfaces (upper) and 

cellulose model surfaces (lower) after heat treatment. The length of the PCL blocks increases from 

left to right and the measurements were performed at 50 % RH and 23 °C. 

 

AFM force measurements were performed in order to investigate the adhesive properties of the 

three different block copolymers i.e. to clarify whether the block copolymers can act to improve the 

adhesive behavior between a silica probe and a PCL surface. The measurements were performed 

between a PCL surface prepared by spin coating PCL on a silicon wafer and silica probes modified 

with the different block copolymers. A non-modified silica probe was used as a reference in the 

measurements. The force measurements were performed at different temperatures between 30 °C 

and 80 °C with 10 degrees between the steps, leaving the surfaces for 10 s in contact before 

retraction. Different temperatures were used in this range since pure PCL is a semi-crystalline 

polymer with a Tm of about 60 °C. 
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All the force-separation curves at the different temperatures and for the different probes are shown 

in Figure 18. There are two main parameters that should affect the adhesion in these measurements, 

besides the molecular contact area. The first is the surface energy where a high surface energy 

should lead to a higher adhesion.30 The second is physical entanglements between the PCL blocks on 

the probe and the PCL on the surface, where more and stronger entanglements should lead to a 

higher adhesion. During modification, the surface energy is decreased and this should lead to a lower 

adhesion, but the contributions from physical entanglement should increase the adhesion. The total 

adhesion should therefore mainly be a balance between these two parameters and the molecular 

contact area, which is assumed to be similar in the different experiments with the different block 

copolymers.  

   For the non-modified silica probe the results showed significant adhesion at all different 

temperatures. Furthermore, there is an increasing trend with increasing temperature which was 

probably a result of a softening of the PCL surface, resulting in a higher molecular contact area, as 

the melting point was approached, and a continuing softening above the melting point which 

increased the interactions between the surfaces. 

   The silica probe modified with PDMAEMAq-block-PCL-s showed relatively low pull-off forces up to 

50 °C, which could partly be due to a lower surface energy. The pull-off force was significantly 

increased at 60 °C and some entangling behavior was observed as a small tail in the force-separation 

curves in all the measurements. Both the pull-off force and the entangling behavior continued to 

increase slightly at 70 °C and 80 °C and at these temperatures the maximum separation distance was 

approximately 500 nm. The block copolymer in its most extended form is significantly shorter than 

this distance, indicating that not only do PCL blocks from the modified probe reach into the PCL 

surface but that some kind of deformation of the PCL surface also occurs during the separation 

process. 

   For the silica probe modified with PDMAEMAq-block-PCL-m, relatively high pull-off forces were 

measured, similar to those with the non-modified silica probe, up to 60 °C. Thereafter, at 70 °C and 

80 °C, the pull-off force increased significantly more than for the non-modified silica probe, indicating 

a stronger joint being formed, presumably due mainly to physical entanglements between the 

surfaces. In the force-separation curves, minor entanglements where observed at 50 °C. The 

entangling behavior was significantly enhanced at 60 °C, where a clear disentanglement process is 

observed during separation out to approximately 2 µm. However, at 70 °C and 80 °C no 

disentanglement was observed. This may be due both to a higher pull-off force leading to a stronger 

initial dissociation event of the surfaces and to a greater mobility of the polymers at the higher 

temperatures leading to a faster and easier disentanglement. All entanglements that were formed in 

the joint during the contact may therefore be disentangled very rapidly during this dissociation event 

and they may therefore not be visible in the force-separation curves, as also observed for PMMA 

surfaces.88 
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Figure 18. Force-separation curves at different temperatures for a reference silica probe (a), a silica 

probe modified with PDMAEMAq-block-PCL-s (b), a silica probe modified with PDMAEMAq-block-

PCL-m (c) and a silica probe modified with PDMAEMAq-block-PCL-l (d). 

 

For the silica probe modified with PDMAEMAq-block-PCL-l, relatively high pull-off forces were 

measured, similar to those with the non-modified silica probe, up to 60 °C. Thereafter, at 70 °C and 

80 °C, the pull-off force increased significantly more than for the non-modified silica probe, indicating 

a stronger joint, probably due mainly to physical entanglements between the surfaces, as in the case 

of PDMAEMAq-block-PCL-m. The entangling behavior of the force curves i.e. the remaining force at 

high separation distances, can be observed already at 40 °C. This behavior was enhanced at 50 °C and 

even more enhanced at 60 °C, where a clear disentanglement process was observed during 

separation out to approximately 2 µm. At 60 °C the forces during this disentangling process were 

significantly higher than with PDMAEMAq-block-PCL-m and much higher than with PDMAEMAq-

block-PCL-s. The strength of the entanglements clearly increased with increasing molecular weight of 

the PCL block.30 A similar entangling behavior has been shown earlier for PCL grafted onto cellulose 

spheres.93 At 70 °C and 80 °C, no disentanglements were observed, probably for the same reason as 

that suggested for PDMAEMAq-block-PCL-m. It is also very interesting to note that the physical 

adsorption was strong enough to improve the adhesion between the surfaces under these 

conditions. 

PDMAEMAq-block-PCL-sReference silica probe

PDMAEMAq-block-PCL-lPDMAEMAq-block-PCL-m
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These measurements were performed mainly to clarify whether this type of block copolymer could 

introduce entanglements to a PCL matrix. The absolute values give some information about the 

adhesive behavior but are less significant in a real system since the system should be cooled down 

after the entanglements had been formed at a higher temperature and this would increase the 

adhesion significantly. If the material was used in room temperature, which is below the melting 

temperature, the entangled PCL blocks would probably co-crystallize with the PCL matrix and this 

would significantly increase the adhesion. 

   An illustration of how the block copolymer micelles adsorb to a cellulose-based fiber/fibril surface 

and how it is envisioned to act as a compatibilizer between cellulose-based fibers/fibrils and a PCL 

matrix in a biocomposite is shown in Figure 19. As indicated the action is twofold, both decreasing 

the surface energy of the fiber/fibril surface and introducing polymer entanglements into the PCL 

matrix. 

 

 

Figure 19. Illustration of how the block copolymer micelles adsorb onto a cellulose-based fiber/fibril 

surface and is envisioned to improve interactions between cellulose-based fibers/fibrils and PCL in a 

biocomposite. 

 



33 

 

4.2.3 Grafting of PCL from cellulose model surfaces in QCM 

The aim of this study was to investigate the in-situ surface-initiated ring-opening polymerization (si-

ROP) of ɛ-CL from a cellulose model surface in order to better understand this type of system i.e. to 

be able to measure grafted amounts of PCL onto the surface. QCM was used to monitor the reaction 

on cellulose model surfaces, and a reaction set-up is described in Figure 20. Polymerization was 

initiated by the hydroxyl-groups on the cellulose surface, and PCL was grown from the surfaces by 

ROP catalyzed by 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD). A reference gold crystal was coupled in 

series with the cellulose crystal, and the reaction solution also passed over this crystal. 

 

 

Figure 20.  Reaction set-up for performing surface-initiated ROP in the QCM. 

 

The results of the QCM trials are shown in Figure 21. In Figure 21a, the change in frequency is plotted 

as a function of the reaction time for two different cellulose model surfaces that have been reacted 

separately in two runs, one where 1 mol % of catalyst was used (black line) and another where 0.5 

mol % of catalyst was used (grey line). In Figure 21b, the QCM response from a polymerization using 

1 mol % of catalyst is shown, and the change in frequency is plotted as a function of reaction time for 

the cellulose surface (black line) for a reference gold surface (grey line). 

   In the experiments, the liquid monomer, -CL, was initially pumped through the system under 

argon atmosphere, until a stable baseline was obtained. The reaction solution was then introduced, 

containing monomer and catalyst, also under argon atmosphere. It was noted that, as soon as the 

reaction solution was introduced, the frequency made a jump before the linear decrease started, 

shown in Figures 21a and 21b. The viscosity of the reaction solution increased during the 

polymerization, which was found to be due to the formation of free PCL in the bulk. A free polymer 

was thus formed in the bulk in parallel with the surface-initiated polymerization that took place from 

the hydroxyl groups of the cellulose in the QCM.  The decrease in frequency that took place after 

addition of the reaction solution is thus attributed to a combination of polymer chains growing from 

the cellulose surface and an increase in viscosity of the bulk solution.  
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Figure 21. ROP of ɛ-CL with TBD as catalyst in situ in the QCM.  a) Two different catalyst 

concentrations, 0.5 mol% (grey line) and 1 mol% (black line) are shown. b) 1 mol% TBD, showing gold 

as a reference surface (grey line) and a cellulose model surface (black line). 

 

After 30 min of reaction, the system was again rinsed with the monomer solution, without catalyst, 

and the viscosity in the bulk decreased to the same value as before the reaction. The system was 

rinsed until a stable baseline was obtained, showing that the polymer formed in the bulk had been 

successfully rinsed away from the system. When the system was rinsed, there was a sudden increase 

in frequency, seen in Figures 21a and 21b. However, the overall change in frequency after the rinsing 

still showed a large net decrease in frequency, which was attributed only to the grafted PCL chains 

from the cellulose surface and compounds associated with it, i.e. immobilized solvent.  

 

Figure 22. AFM height (upper) and AFM phase (lower) images of QCM crystals with cellulose model 

surfaces before and after grafting of PCL. The AFM images are 2x2 µm, the height images have a z-

range of 100 nm and the phase angle is 90°. The roughness (Rq) of the surfaces is shown below the 

images. Experiments were performed at 50 % RH and 23 °C. 

Cellulose 1 mol% TBD0.5 mol% TBD

Rq: 9.5 nm Rq: 6.1 nm Rq: 4.4 nm
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To follow the growth of the grafted PCL chains alone without any bulk effects, three cycles were 

performed with rinsing in between. From the decrease in frequency after these rinsing steps, shown 

as three plateaus in Figures 21a and 21b between 30-60 minutes, 90-120 minutes and 150-180 

minutes, the accumulated amounts of grafted PCL from the cellulose surfaces could be measured. 

Reinitiation of the grafted PCL chains clearly occurred after each cycle, which is characteristic of a 

living polymerization system. The chain ends thus remained active, under controlled conditions, 

showing that it was possible to continue to grow the grafted chains by adding more reaction solution. 

The increase in mass after rinsing was attributed to grafted PCL chains as well as to immobilized 

solvents on the surface. As can be seen, the mass of the grafted PCL chains increased with each cycle 

for the two cellulose surfaces while the gold surface showed very low attached amounts, which is 

probably a result of some physically attached PCL from the bulk as well as immobilized solvent. 

   AFM images of cellulose model surfaces before and after polymerization are shown in Figure 22. 

The upper and lower left images were obtained from a cellulose model surface prior to 

polymerization, as a reference.  The upper and lower middle images are of a cellulose model surface 

that has been polymerized with PCL in the QCM using 0.5 mol % TBD, and the right images are of 

polymerized surfaces using 1 mol % TBD. These images show a significant difference between the 

surface topography after the polymerizations and that of the neat cellulose reference surface. The 

cellulose surfaces show a more fibrillar structure prior to polymerization than afterwards, due to the 

grafting of the PCL from the cellulose substrate, which formed a layer on top of the original surface. 

The lower surface roughness after the grafting of PCL is typical when structured surfaces are used as 

substrates, due to a favorable collapse of the polymer chains towards the valleys, giving rise to a 

smoothing effect on the surface topography. When the two surfaces with different amounts of 

catalyst are compared, the surface with 1 mol% shows a lower roughness, presumably due to the fact 

that a larger amount of polymer has been grafted, according to the QCM measurements. 

   The contact angles of water were also measured for the different surfaces and the results are 

shown in Figure 23. The contact angles increased significantly after the grafting of PCL due to the 

new surfaces formed. This was expected due to the more non-polar character of PCL than of 

cellulose. The different surfaces after the grafting, with 0.5 mol % and 1 mol % catalyst, showed very 

similar contact angles for water, probably as a result of the similar composition they have in the 

outermost layer, i.e. they are both completely covered with PCL. 

 

Figure 23. Contact angle measurements for water on cellulose model surface (left), PCL-grafted 

cellulose model surface using 0.5 mol% TBD (middle) and PCL-grafted cellulose model surface using 1 

mol% TBD (right). Mean values are presented below the images. Experiments were performed at 50 

% RH and 23 °C.  

Cellulose 1 mol% TBD0.5 mol% TBD

82° 81°32°
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4.3 Improving fiber-fiber interactions using LbL tailoring of surfaces 

In this work, the LbL technique was used to physically assemble multilayers up to 10 layers of 

PAH/HA with 10 mM added salt (NaCl) and without added salt to investigate their build-up, surface 

structure and adhesive behavior. Earlier results had shown that this system can significantly increase 

the strength and strain of fiber networks94 and a more fundamental study was therefore undertaken 

in order to obtain a better understanding of the mechanisms behind these improved mechanical 

properties. This knowledge might also be important for tailoring adhesive interactions in other types 

of systems, such as in composites. 

4.3.1 Surface structure of multilayers 

AFM imaging was performed on LbL-treated silicon wafers assembled under wet conditions and then 

dried in the final steps. The AFM images, shown in Figure 24, showed a clear difference in structure 

between the systems with and without added salt. For the system without added salt, a trend with 

increasing amounts of nano-particles with increasing number of deposition steps was observed. 

However, the nano-particles seemed to be individual on the surface which might indicate relatively 

long-range repulsion between the polymers due to the relatively low ionic strength. The images also 

showed the existence of nano-particles of different sizes. Assuming that this is due to a surface-

induced structuring of the multilayers, it might be suggested that these particles simply contain 

different amounts of polymers. 

   When 10 mM salt was added, the screening of charges increased since the ionic strength in the 

solution increased. The first two layers showed a behavior similar to that without added salt i.e. no 

apparent nano-particles for 1 layer, corresponding to PAH, and only a small amount of nano-particles 

for 2 layers. However, at 3 layers a structure appeared, that it is suggested may be due to 

complexation between PAH and HA on the surface, similar to that observed by Kovacevic et al.95 

These authors suggested that the multilayer can be in a glassy state at low ionic strengths and that 

an increase in ionic strength would lead to a liquid state of the multilayer where the molecules are 

more free to diffuse in the layer to reach an equilibrium conformation that will naturally be very 

dependent on the constituting type of polyelectrolyte. At 4 layers significantly more nano-particles 

appeared on the surface, probably because it becomes possible to form more complexes as the 

amount of polelectrolytes at the interface is increased. For 5 layers, there was a significant change of 

structure due to coalescence of the nano-particles on the surface. This was not observed when no 

salt was added. At the higher layer numbers, the same type of coalesced structure was observed 

more and more clearly indicating a different adsorption behavior than in the case without added salt. 

Also an odd-even effect was observed possibly from 3 layers but more clearly from 5 layers, where 

the odd layer numbers with PAH in the outermost layer had a flattened out surface structure with a 

generally lower surface roughness and height differences while the even numbers with HA in the 

outermost layer had a clearer surface structure with larger height differences across the sample and 

thus a higher surface roughness. This may be due to a structural change during the build-up in wet 

conditions which is retained after drying. 
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Figure 24. AFM imaging of up to 10 layers, as indicated by numbers, without (upper 10 images) and 

with (lower 10 images) added salt. The images are 2x2 µm2 and the z-range is 30 nm. The imaging 

was performed in air under ambient conditions. 

4.3.2 Adsorption behavior during multilayer build-up 

To further study the build-up of the multilayers, DPI and QCM measurements were performed to give 

quantitative measures of respectively the thickness and the attached mass including associated liquid 

of the multilayers, shown in Figure 25. In the system without added salt there was a low screening 

leading to more extended polymer structures due to higher electrostatic repulsion within and 

between the charged polymers of the same kind, and this may be a reason for the low adsorbed 

amounts. When salt was added there was a much higher charge screening leading to more coiled 

structures, less repulsion between charged polymers of the same kind and a higher mobility of the 

polymers in the system.95 This could induce the phase behavior of the multilayers and hence the 

superlinear trend that was observed both in the DPI and QCM data, which was clearly induced by the 

addition of salt. Both the thickness and the frequency change, corresponding to the attached mass 

on the surface started to increase significantly after 3 to 5 layers and then continued with a 

superlinear trend. This is at the same layer numbers at which a significant structural change and 
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increasing trend in roughness was observed in the AFM imaging, showing a connection between the 

adsorption behavior and the structure of the surfaces. The molecular explanation of the superlinear 

growth has been debated over the years of LbL research and in a recent work it was suggested that 

the increase in surface roughness due to multilayer formation can explain the superlinear growth 

since the increase in surface roughness leads to a greater specific surface area of the layer in each 

consecutive step.96 The saw-tooth patterns of both the DPI and QCM measurements are more 

difficult to explain, but these results in combination with the AFM results indicate that the PAH has 

an evening out effect whereas the HA induces a roughening of the surface which increases with 

increasing layer number. 

   This also means that this odd-even effect is probably due not to adsorption and desorption, since 

there was a continuous build-up of the multilayer with increasing layer number, but rather to a 

structural change during the build-up. These detected differences are too large to be attributed 

solely to something occurring at the outermost layer but seem rather to be a result of something 

happening within the entire multilayer. The change in frequency from QCM data, which corresponds 

to the attached mass on the surface including coupled water, also showed a lower sensed mass when 

PAH was in the outermost layer than when HA was in the outermost layer. These data could be due 

to a smaller amount of immobilized water following PAH addition.  It must be realized that the 

immobilized water can be due to water inside the LbL structure and to water trapped in the nano-

roughness created at the interface.97 As the layers become more even, due to the addition of the 

PAH, the quantity of the second type of trapped water is reduced.  

 

 

Figure 25. DPI data showing thickness (left graph) and QCM data from third overtone showing 

normalized change in frequency (right graph) for 10 layers PAH/HA with and without added salt. 

 

4.3.3 Wet adhesion between LbL-treated surfaces 

AFM force measurements were performed to investigate the adhesive properties of the different 

multilayers and the results are shown in Figure 26. In order to characterize the adhesive interactions, 

the maximum pull-off force and the work of adhesion were extracted from the data, as shown in 

Figure 27. The work of adhesion was calculated by integration of the force-separation curves from 

the AFM measurements. There was a clear difference between the adhesive properties of the 
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multilayers assembled with and those assembled without added salt. The multilayers assembled 

without added salt showed low adhesion which only slightly increased with increasing layer number 

and contact time and this was consistent with the image of a glassy LbL structure and immobile 

polyelectrolytes for these types of multilayers, as suggested by Kovacevic.95 When salt was added 

during the multilayer build-up, the adhesion increased considerably, both with layer number and 

with contact time. This significant increase in adhesion was probably due to several different factors. 

One factor was probably the larger amount of polymers in the multilayers at a given layer number, 

which form multilayers on both surfaces enabling a greater degree of interdiffusion across the 

interface. However, the increased amount of polymer cannot be the only explanation since the 

thickness and mass after 5 layers with added salt was in the same region as the thickness and mass 

after 10 layers without added salt and, at the same time, the adhesion was approximately one order 

of magnitude higher for the multilayer with added salt than for the multilayer without added salt. 

The major factor was probably the changeover from a glassy state to a liquid state95 of the 

multilayers due to the addition of salt. This allows the polymers to interdiffuse across the interface 

between the two treated surfaces to a much greater extent and thereby allow an polymer 

interpenetration which will lead to a stronger adhesion between the surfaces30 provided that the 

initial layers are firmly anchored to the respective surfaces.  

   The adhesion clearly increased significantly with increasing number of deposited layers for the 

system with added salt at 10 s contact time. The adhesion was close to zero when only PAH was 

adsorbed but it clearly increased when the first HA layer was deposited in a way that was not 

observed in the system without added salt. Both the pull-off force and the work of adhesion 

increased significantly but it is even more interesting that the maximum separation distance 

increased from a few nanometers without added salt to approximately 2 µm when salt was added, 

which is an increase by orders of magnitude. Apparently the adhesive properties of PAH/HA 

multilayers are significantly affected by the presence of salt and this leads to molecular 

disentanglement at orders of magnitude greater than the thickness of the multilayer itself. Probably 

HA molecules attach to opposite surfaces during contact and are then stretched out during 

separation until they are pulled off at a certain point. This seems a plausible explanation since the HA 

used in this work has a high molecular weight of 1.6 MDa and should therefore in its most extended 

form have a length of the order of several micrometers. When the layer number was further 

increased to 5 or 6 layers both the pull-off force and work of adhesion increase significantly, probably 

due to a much more extensive interdiffusion between the multilayers leading to much stronger and 

tougher joints. When the layer number was further increased to 9 or 10 layers, the pull-off force 

increases slightly more but the work of adhesion continues to increase significantly, probably 

because of extensive entanglements due to significantly thicker layers and possibly also a structural 

effect leading to a ductile joint with a lot of disentanglements in the multilayers during separation. 

The maximum separation distance also increased significantly and adhesive forces were measured 

for 10 layers up to a separation of approximately 10 µm indicating a high degree of polymer 

entanglement between the surfaces.  
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Figure 26. Typical force-separation curves. Graphs (a) and (b) shows the influence of layer number at 

10 s contact time for the systems without and with added salt respectively. Graphs (c) and (d) shows 

the influence of contact time on 5 layers for the systems without and with added salt respectively. 

Graphs (e) and (f) shows the influence of contact time on 6 layers for the systems without and with 

added salt respectively. All measurements were made in aqueous media.  

 

 

No added salt Added salt
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Figure 27. Pull-off force (upper left graph) and work of adhesion (upper right graph) as a function of 

layer number for 10 s contact time with and without added salt as well as pull-off force (lower left 

graph) and work of adhesion (lower right graph) as functions of contact time for 5 and 6 layers with 

and without added salt. 

 

There was also a very clear relationship between adhesion and contact time for the system with 

added salt. When 1 layer of PAH was adsorbed the pull-off force increased slightly from 0 s to 1 s but 

was then stable up to 10 s. However when HA was added, the pull-off force clearly increased with 

increasing contact time from 0 s up to 10 s with a pull-off force an order of magnitude higher at 10 s 

than at 0 s. This clearly shows that HA is involved in a dynamic process leading to stronger adhesion 

between the surfaces. At both 5 and 6 layers, this trend of significantly higher adhesion with longer 

contact times continued, probably due both to reorganization of the multilayers to achieve maximum 

contact area and to interdiffusion between the layers. The pull-off values were higher at all contact 

times for 5 layers than for 6 layers showing that the adhesive behavior did not only correspond to the 

amount of polymers in the multilayers but was also affected somewhat by the outermost layer. The 

work of adhesion did not show the same trend between 5 and 6 layers as the pull-off force but 

showed similar values up to 5 s in contact time. At 10 s however, the work of adhesion increase 

significantly for 6 layers compared to that for 5 layers. For 9 and 10 layers, there was still a significant 

increase in adhesion with contact time, about one order of magnitude for the pull-off force and close 

to two orders of magnitude for the work of adhesion, from 0 s to 10 s in contact time.  
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Considering these latter results and the AFM measurements for the PAH/HA multilayers, it is 

reasonable to suggest that the high work of adhesion for the 10 layer PAH/HA LbL system is due to an 

interaction at two structural levels. First, the nanoscopic rough surfaces must be compressed 

towards each other to achieve good contact between the two surfaces. Once this has been achieved 

there is a large contact zone between the two surfaces over which the polymers can diffuse to create 

an interpenetrating network. This contact between two opposing surfaces on two different structural 

levels is probably the explanation of why the work of adhesion increases so much with no 

concomitant increase in the pull-off force between the surfaces. A schematic description of the two 

structural levels of the LbL-treated surfaces is shown in Figure 28. 

 

Figure 28. A schematic description of the ordering on two structural levels of a LbL from PAH/HA 

formed at 10 mM NaCl. This ordering is probably one important explanation of the high work of 

adhesion between two LbL-treated surfaces.  

 

4.4 Dendronized cellulose surfaces 

In this work, dendrons were covalently attached to a cellulose model surface using click chemistry 

and then further functionalized to improve the specific protein interactions compared to those of a 

corresponding monovalent surface. 

4.4.1 Surface modification with dendrons 

Two different surfaces were prepared, one functionalized multivalent dendronized surface and one 

functionalized monovalent reference surface. Both methodologies are outlined in Scheme 4, and the 

cellulose model surface was prepared by spin coating from NMMO solution. For the dendronized 

surface, the cellulose-coated quartz crystal was first functionalized outside the chamber with azide 

groups (a). The click reaction with the fourth generation dendron was then performed in the QCM 

with water as solvent (b). The covalent bonding was monitored by measuring the decrease in 

frequency corresponding to the increase in sensed mass on the surface. The next steps were 

performed in the same way for both the monovalent and the multivalent surfaces. Both were 

modified outside the chamber by reaction with an anhydride with further deprotection of acetonide 

(c, d). The final functionalization of the surfaces consisted of a click reaction with mannose acetylene, 

which was performed in the QCM with water as solvent (e). The results show a frequency decrease in 

both cases after injection of the reagents. The fundamental frequency decreased by about 16 Hz and 

120 Hz for the monovalent and the multivalent surfaces respectively, indicating that the multivalent 

surface contains 7.5-times more mannose ligands than the monovalent surface after the reaction. 
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Scheme 4. Surface modification of cellulose-coated quartz crystals resulting in mono- and multivalent 

surfaces. Dotted arrows indicate that the reaction was carried out outside the QCM.  

 

4.4.2 Protein interaction 

The biorecognition properties of the surfaces were evaluated by the adsorption of Concanavalin A 

(Con A) onto the surfaces.  Figure 29 shows frequency-response graphs recorded for Con A-binding 

studied with different concentrations of the protein on the functionalized monovalent and 

multivalent mannose surfaces. When a solution of Con A in Hepes buffer was injected, the frequency 

dropped immediately as a consequence of the molecular recognition process, and the adsorption 

proceeded for approximately 60 minutes. After the adsorption had been stopped, the surface was 

rinsed with a highly concentrated mannose solution in buffer followed by a rinsing with a pure buffer 

solution. The frequency increased to a level close to that of the baseline before the protein 

adsorption, indicating an almost complete desorption of protein from the surface and thus a 

regeneration of the surface. Desorption of protein from the surface when the mannose solution was 

introduced showed that the interaction of protein with the surface was a specific effect.  
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Figure 29. QCM response during Con A adsorption using different concentrations onto different 

mannose functionalized surfaces: A) monovalent  B) multivalent dendronized. 

 

The change in frequency, Δf, associated with the protein binding increased with increasing mannose 

concentration on the surface. The concentration of protein on the monovalent surface needed to be 

increased by more than an order of magnitude to reach the same Δf response as for the dendronized 

surface. Furthermore, the detection limit was found at 0.05 µM for the monovalent surface, showing 

a very small but significant adsorption, whereas the lower detection for the multivalent mannose 

surface was found at 0.005 µM, indicating that the dendronized surface was sensitive to a 10-fold 

more dilute protein solution than the monovalent surface.  
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5. Conclusions 
Cationic NIPAAm-based block copolymers were synthesized with thermoresponsive properties 

similar to those of pure PNIPAAm, which was achieved by locating the charges in a separate block. 

Single layers were adsorbed and multilayers were assembled with these block copolymers and NFC. 

The viscoelastic properties of these layers, measured with QCM, changed linearly (i.e. the layers 

collapsed) with temperature in a interval from 24 °C to 40 °C, showing a significant thermoresponsive 

effect. Estimations also showed that the release of water when the adsorbed layers were heated 

from 24 °C to 40 °C was 30–40 wt% of the single layers. These results thus show that 

thermoresponsive nanocomposites can be assembled with the prepared polymers and NFC using the 

LbL technique.  

   An amphiphilic block copolymer with a non-polar PS block with a molecular weight of 130 kDa and 

a PDMAEMA block with a molecular weight of 100 kDa was synthesized and quaternized in a final 

step to obtain cationic charges. These polymers self-organized into micelles in water with Rh = 71 nm 

and Rg = 60 nm and a charge density of 2.4 meq/g. Due to the cationic charges, the micelles adsorb to 

oppositely charged surfaces, such as cellulose-based fibers/fibrils. Heat treatment activates the 

surfaces due to a softening and spreading of the micelles, leading to liberation of the PS blocks from 

the core of the micelles. This decreases the surface energy due to the exposed PS blocks on the new 

surface. AFM force measurements were performed with a PS probe at both 160 °C and room 

temperature with different contact times between 0 s and 100 s. The surface modified with the 

compatibilizer showed an increase in adhesion with increasing contact time both at room 

temperature and at 160 °C, indicating diffusion between the PS blocks at the interface and the PS 

probe leading to physical entanglements. 

   In a continuation of this project, three new amphiphilic block copolymers were synthesized where 

the PS block was exchanged to PCL blocks of different lengths in the range of 8.1-31.1 kDa. Also here, 

cationic micelles were formed in water shown by cryo-TEM images with diameters between 50 and 

65 nm. DLS data showed that the micelles had Rh of about 45 nm, and charge densities between 0.1 

and 0.3 meq/g were measured with PET. Contact angle measurements showed significantly larger 

contact angles for water on the different modified silicon oxide and cellulose model surfaces due to 

lower surface energies. AFM force measurements were performed with 10 s contact time at different 

temperatures to investigate the adhesive properties of the block copolymers. Molecular 

entanglements were formed across the interfaces for all three block copolymers with a clear 

increasing trend for entanglement with increasing PCL block length. These results demonstrate that 

this type of block copolymer could be used to improve the compatibility between charged reinforcing 

materials and less polar matrices in composite materials. 

   A method was developed to quantify the attached amounts of grafted PCL on cellulose model 

surfaces with a QCM. This was done in order to be able to compare the physical modification 

approach with a more conventional covalent grafting approach.  

   Multilayers of PAH/HA were assembled with and without added salt using the LbL technique and 

their surface structures, build-up and adhesive behavior were evaluated. Phase separation was 

observed from AFM imaging at higher layer numbers when 10 mM salt was added during the build-

up, which probably significantly affects the properties of this system. DPI and QCM measurements 

showed a superlinear growth of this system, which greatly speeds up the adsorbed mass of these 
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multilayers. AFM force measurements showed that a significant adhesion even at long separation 

distances between two surfaces treated with PAH/HA multilayers could be achieved due to extensive 

interdiffusion across the interface during contact leading to significant disentanglement during 

separation.  

   Dendrons were covalently attached to cellulose surfaces and then further functionalized to improve 

specific protein interactions compared to those of corresponding monovalent surfaces. The 

biorecognition properties of the surfaces were evaluated by adsorption of Con A onto the surfaces 

with different concentrations of the protein. The concentration of protein used in the monovalent 

surface needed to be increased by more than an order of magnitude to reach the same frequency 

response as that of the multivalent dendronized surface. Furthermore, the dendronized surface was 

sensitive to a 10 times more dilute protein solution than the monovalent surface. This could be used 

to design new sophisticated biosensors, with advantages such as low detection limit, versatility and 

suppression of non-specific interactions. 

   The modification techniques developed in this work expand the toolbox for surface modification of 

cellulose-based materials, such as cellulose-based fibers/fibrils, which could lead to new materials 

and expand the use of cellulose-based materials in a range of applications. 
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7. Abbrevations 
AFM  Atomic force microscope 

APTAC (3-acrylamidopropyl)trimethylammonium chloride 

ATRP Atom transfer radical polymerization 

Con A Concanavalin A 

DLS Dynamic light scattering 

DMF Dimethylformamide 

DPI Dual polarization interferometry 

HA Hyaluronic acid 

LbL Layer-by-Layer 

LCST Lower critical solution temperature 

MeI Methyl iodide 

NFC Nanofibrillated cellulose 

NMR Nuclear magnetic resonance 

PAH Poly(allylamine hydrochloride) 

PCL Poly(ɛ-caprolactone) 

PDMAEMA Poly(dimethylamino)ethyl methacrylate 

PEI Polyethyleneimine 

PET Polyelectrolyte titration 

PNIPAAM Poly(N-isopropylacrylamide) 

PS Polystyrene 

QCM Quartz crystal microbalance 

RH Relative humidity 

ROP Ring opening polymerization 

SEC Size exclusion chromatography 

SEM Scanning electron microscope 

SLS Static light scattering 

SPAR Stagnation point adsorption reflectometer 

THF Tetrahydrofuran 
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