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ABSTRACT 
In this study, dendronization and grafting via controlled polymerization 
techniques, atom transfer radical polymerization (ATRP) and ring-opening 
polymerization (ROP), have been explored. Modification of surfaces and 
cellulose using these techniques, which enable grafting of well-defined polymer 
architectures, has been investigated. The interest in using cellulose stems from its 
renewability, biocompatibility, high molecular weight, and versatile 
functionalization possibilities. 
Dendronization was performed using disulfide-cored didendrons of 2,2-
bis(methylol)propionic acid (bis-MPA) on gold surfaces, for the formation of self-
assembled monolayers. It was found that the height of the monolayer increased 
with increasing dendron generation and that the end-group functionality 
controlled the wettability of the modified surface. 
Superhydrophobic cellulose surfaces could be obtained when a ‘graft-on-graft’ 
architecture was obtained using ATRP from filter paper after subsequent post-
functionalized using a perfluorinated compound. The low wettability could be 
explained by a combination of a high surface roughness and the chemical 
composition. 
Biobased dendronized polymers were synthesized through the ‘attach to’ route 
employing dendronization of soluble cellulose, in the form of hydroxypropyl 
cellulose (HPC). The dendronized polymers were studied as nanosized objects 
using atomic force microscopy (AFM) and it was found that the dendron end-
group functionality had a large effect on the molecular conformation on surfaces 
of spun cast molecules. 
ATRP of vinyl monomers was conducted from an initiator-functionalized HPC 
and an initiator-functionalized first generation dendron, which was attached to 
HPC. The produced comb polymers showed high molecular weight and their 
sizes could be estimated via AFM of spun cast molecules on mica and from 
dynamic light scattering in solution, to around 100-200 nm. The comb polymers 
formed isoporous membranes, exhibiting pores of a few micrometers, when drop 
cast from a volatile solvent in a humid environment. HPC was also used to 
initiate ROP of ε-caprolactone, which was chain extended using ATRP to achieve 
amphiphilic comb block copolymers. These polymers could be suspended in 
water, cross-linked and were able to solubilize a hydrophobic compound. 



 

SAMMANFATTNING 
I denna studie har dendronisering och kontrollerade polymerisationstekniker, 
’atom transfer radical polymerization’ (ATRP) och ringöppningspolymerisation 
(ROP), använts. Dessa tekniker har använts för modifiering av ytor och cellulosa 
eftersom de möjliggör ympning av väldefinierade polymera arkitekturer. Intresset 
för att använda cellulosa härstammar från materialets förnyelsebarhet, 
biokompatibilitet, höga molekylvikt och många funktionaliseringsmöjligheter. 
Dendronisering utfördes med didendroner av 2,2-dimetylolpropansyra (bis-MPA) 
med disulfidkärna på guldytor för att skapa självorganiserade monolager. 
Resultaten visade att monolagrens höjd ökade med ökad dendrongeneration och 
att vätbarheten påverkades av dendronändgruppens funktionalitet. 
Superhydrofoba cellulosaytor kunde framställas när en ’ymp-på-ymp-arkitektur’ 
producerades m. h. a. ATRP, vilken sedan post-funktionaliserades med en 
perfluorerad förening. Den låga vätbarheten gick att förklara med kombinationen 
av en hög ytråhet och ytans kemiska sammansättning. 
Biobaserade dendroniserade polymerer syntetiserades med ’ympning-till- 
metoden’, genom att dendronisera löslig cellulosa, i formen 
hydroxypropylcellulosa (HPC). De dendroniserade polymererna kunde studeras 
som objekt i nanoskala, efter att ha spunnits till tunna filmer på ytor, m. h. a. 
atomkraftmikroskop (AFM) och det upptäcktes att dendronens 
ändgruppsfunktionalitet hade stor påverkan på den dendroniserade polymerens 
konformation.  
ATRP av vinylmonomerer utfördes från initiatormodifierad HPC och från en 
initiatormodifierad första generationens dendron, vilken hade ympats till HPC. 
De framställda kampolymererna uppvisade hög molekylvikt och deras storlekar 
kunde uppskattas med AFM av tunna filmer spunna på glimmerytor och med 
dynamisk ljusspridning i lösning till ca 100-200 nm. Kampolymererna resulterade 
i isoporösa filmer, med porstorlekar på några mikrometer, när de göts från 
flyktiga lösningsmedel i en fuktig miljö. HPC användes också som initiator för 
ROP av ε-kaprolakton, vilken sedan kedjeförlängdes med ATRP för att framställa 
amfifila kam-block-sampolymerer. Dessa polymerer kunde suspenderas i vatten, 
tvärbindas och visade förmåga att solubilisera ett hydrofobt ämne i vatten. 
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1 PURPOSE OF THE STUDY 

The demand for well-defined polymers in advanced applications is constantly 
increasing. However, the synthetic techniques used to construct these 
macromolecules are not by far fully developed. One group of techniques used to 
synthesize well-defined macromolecules is the controlled polymerization methods, 
which offer the possibility to tailor molecular weight, achieve a narrow molecular 
weight distribution, and obtain good control of the end-groups. The synthesis of 
dendrimers and dendronized polymers is another way to achieve sophisticated 
polymers with defined structures and controlled properties. 
 
The purpose of this work was to explore the use of dendrimers, dendronized 
polymers and controlled polymerization techniques for the grafting of macroscopic- 
and nanoscale objects. By first applying these techniques onto macroscopic objects, 
such as surfaces, and study the resulting properties, the application of the 
techniques onto the nanoscopic objects, such as large biopolymers, is facilitated. The 
grafting reactions produce new macromolecules with complex architectures and a 
sub-goal was to accurately characterize these new materials. 
 
Another goal within this work was to use cellulose as a starting molecule, from 
which grafting could be performed. Both cellulose as a solid substrate and as soluble 
molecules have been explored for grafting reactions. The interest in using cellulose 
in advanced applications is not only due to the fact that it is a renewable material, 
since cellulose contributes with other desired properties, such as reactivity, 
mechanical strength, and biocompatibility. 
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2 INTRODUCTION 

The preparation of molecular nanoscale objects, well-defined macromolecules 
obtained by grafting of an existing macromolecule, is a challenge. It requires good 
knowledge and skills in a multitude of techniques, such as grafting techniques, 
dendrimer synthesis, controlled polymerization techniques, and a range of 
characterization techniques. Within this study, several methods have been used 
during the course of the work and the introducing chapter of this thesis will 
summarize them. 
 

2.1 CONTROLLED POLYMERIZATION TECHNIQUES 

Almost half of all polymers produced worldwide are synthesized using free radical 
polymerization and the formed polymers normally fulfill the industrial product 
demands.1 However, for more specialized applications, e.g. in nanotechnology, it is 
important that the molecular weight and molecular weight distribution of the 
polymer are controlled and the end-groups are well-defined. The true living 
polymerization techniques (anionic and cationic) show these desired outcomes, but 
require ultrapure reactants and absence of functional groups. Controlled 
polymerization techniques are known to produce polymers with tailored molecular 
weight, narrow molecular weight distribution and defined end-groups, but are 
more tolerant than living systems. These techniques are not living systems by 
definition, since living systems completely lack termination reactions; however by 
achieving most of the characteristics of living systems, they are accepted as 
‘living’/controlled polymerization techniques. Within the controlled polymerization 
techniques, there exist different ways of obtaining well-defined polymers, 
depending mainly of the type of monomer that is used.  
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The fundamental ideas of controlled radical polymerization (CRP) are lowering of 
the concentration of propagating radicals by reversible termination and suppression 
of irreversible termination reactions (Scheme 1). Currently, three CRP techniques are 
dominating the field: Nitroxide-Mediated radical Polymerization (NMP), Reversible 
Addition Fragmentation chain Transfer polymerization (RAFT) and Atom Transfer 
Radical Polymerization (ATRP).2 NMP was the first successful radical-scavenging 
CRP method and the technique takes advantage of a nitroxide compound that 
reversibly terminates the propagating radicals.3 In RAFT polymerization, the 
number of propagating radicals is lowered due to a chain transfer agent, which 
captures and releases propagating radicals reversibly in a controlled manner.4, 5  
ATRP, which will be described in detail in the next paragraph, utilizes the transfer 
of an atom between a transition metal-ligand complex and the propagating chains. 
These techniques show disparate ability to polymerize different monomers and all 
exhibit advantages and disadvantages. 
 
Scheme 1. Fundamental equilibrium in controlled radical polymerization. 
 

 
 
2.1.1 Atom Transfer Radical Polymerization 

Atom Transfer Radical Polymerization (ATRP) is the most explored CRP technique, 
due to its versatility and compatibility with a range of monomers and solvents. 
ATRP was independently discovered by Sawamoto and co-workers6 and Wang and 
Matyjaszewski7, 8 in 1995, by expanding the work of Kharasch et al.9 on atom transfer 
radical addition to polymerization reactions.  
 
ATRP is based on the reduction of propagating radicals through conversion of a 
large fraction of these to dormant species, to which no monomer addition can occur. 
The conversion to dormant species, or deactivation, is achieved through transfer of a 
halogen atom from a metal complex to a propagating chain end. The propagating 
chain is thereby temporarily terminated due to the fact that the labile carbon-
halogen bond and the metal undergoes a redox reaction, increasing its oxidation 
number.  
 



Introduction 

4 

2.1.1.1 Components in ATRP 

ATRP is a multicomponent method that requires accurate matching of all the 
components in order to achieve a successful result. The most elementary system 
consists of initiator, monomer, and a catalyst, which is a metal/ligand complex. The 
initiator is commonly an alkyl-halide, and the most frequently used are bromide or 
chloride ones.10 Initiation is achieved through homolytic cleavage of a labile bond on 
the initiator, thus creating a free radical that can initiate polymerization. The 
chemical structure of the initiator is usually matched with the monomer, e.g. an 
aromatic halide is used for the ATRP of styrene;11 however, it has been shown that 
this is not necessary for a successful ATRP. The theoretical degree of polymerization 
(DP) can be calculated by the ratio of monomer to initiator ([M]/[I]) as for other 
living polymerization techniques.12 It is important that the rate of initiation is faster 
than the rate of propagation in order to achieve a well-controlled polymerization,12 
since a fast initiation ensures that all the chains start growing at the same time. The 
transition metal should exhibit at least two available oxidation states, show affinity 
to halides but low affinity to alkyl radicals. The ability to enter into coordination by 
ligands is also an important property. The most frequently used transition metal is 
copper, thanks to its low cost, availability and versatility in ATRP.12 However, other 
transition metals, such as ruthenium,6, 13, 14 rhodium,15 rhenium,16 molybdenum,17, 18 
nickel,19, 20 iron,21 palladium,22 and cobalt23 have also shown successful catalytic 
activity in ATRP. The most common ligands used in ATRP are nitrogen- or 
phosphorous-based ones. The role of the ligand is to solubilize the transition metal, 
to regulate its redox activity, and to prevent side-reactions to occur.12, 24 A range of 
solvents can be used in ATRP, but they are only indispensable if the polymer is 
insoluble in its monomer.12 
 
The ATRP system is capable of polymerizing most vinyl monomers, such as 
(meth)acrylates,11, 24-27 (meth)acrylamides,28, 29 and styrenes11 and is tolerant to several 
functional groups, such as hydroxyl groups, amines, and cyanides.12 However, 
monomers containing carboxylic acids can not be polymerized using ATRP due to 
reactions with the catalyst complex.10, 30  
 

2.1.1.2 Suggested Mechanisms and Kinetics of ATRP 

The original ATRP mechanism, suggested by Matyjaszewski, has been widely  
accepted;10 however, for certain transition metal mediated CRP systems it was 
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recently questioned by Percec et al.31, 32 Both views will be explained, but the focus 
will be on the former. 
 
Since copper is the dominating transition metal in ATRP, the following mechanistic 
description will include copper halides (CuX). The ATRP mechanism consists of two 
steps: initiation and propagation, since termination is practically avoided (Scheme 
2).10 The rate of initiation must be fast and the initiation quantitative so that the 
equilibrium is reached quickly. Due to the persistent radical effect, the initial 
termination of propagating radicals by recombination causing the formation of 
excess of Cu(II)X2, the equilibrium is shifted to the dormant side.33 The equilibrium 
must favor the left side in order to retain control.10 The rate of deactivation should 
be faster than or equal to the rate of propagation.34 
 
Scheme 2. Suggested mechanism for copper-mediated ATRP. 
 

 
 
If assuming a quick and quantitative initiation and no termination, a constant 
concentration of radicals is maintained and the kinetics can be described as:34 
 

[ ][ ]
[ ][ ]Cu(I)X PX

Cu(II)X P 2•==
deact

act
eq k

kK                                      (1) 

 
However, the concentration of propagating radicals is difficult to measure and: 
 



Introduction 

6 

[ ][ ] [ ][ ][ ]
[ ]2Cu(II)X

PX Cu(I)X MM P eqppp KkkR == •                (2) 

 
According to equation (2), the rate of propagation, Rp, is first order with respect to 
monomer concentration [M], activator concentration [Cu(I)X], and initiator 
concentration [PX]. Due to the persistent radical effect,33 the equation is not strictly 
negatively first order with respect to deactivator concentration [Cu(II)X2] because of 
the excess that is built up during the initial combination of propagating radicals.  
 
According to Percec and co-workers,31, 32 the mechanism is different if polar solvents, 
such as H2O, alcohols, DMSO, ionic liquids or the like, are used for the 
polymerization. The mechanism is called Single Electron Transfer mediated Living 
Radical Polymerization (SET-LRP) and occur through an outer-sphere single-
electron transfer (c.f. ATRP mechanism, an inner-sphere electron transfer, i.e. atom 
transfer).35 They claim that Cu(I)X is inactive in the CRP, since it spontaneously 
transforms to Cu(0) and Cu(II)X2 through disproportionation in these solvents. 
Atomic Cu(0) is the highly reactive activator and Cu(II)X2 is the deactivator and the 
disproportionation makes the persistent radical effect unnecessary. This implies that 
much lower concentration of copper can be used, due to the high activity of Cu(0), 
which speaks for a wide use of SET-LRP in large scale applications.  
 
2.1.2 Ring-Opening Polymerization 

Ring-opening polymerization (ROP) is a controlled polymerization technique used 
to polymerize cyclic monomers, such as lactones, lactams, and cyclic carbonates.36 
The high efficiency of ROP makes it superior to traditional polycondensation 
reactions in the synthesis of high molecular weight polymers.37 ROP can either be 
performed with living mechanisms, e.g. living ionic ROP, or with controlled 
mechanism, depending on what monomer and initiator/catalyst system that is used 
and the occurrence of termination reactions. The reactivity of smaller lactones (< 8- 
membered rings) is greatly affected by ring-strain.38 The most commonly used 
system is that of alcohol/tin(II) 2-ethylhexanoate (initiator/catalyst), which is capable 
of producing narrow polydispersity polymers, with predictable molecular weight 
and end-groups.39 The mechanism of this system has been thoroughly studied40 and 
the general coordination-insertion mechanism was recently accepted, although the 
exact mechanism still is under investigation (Scheme 3). 
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Scheme 3. General mechanism for alkoxide/metal ROP of lactones. 
 

 
 
Compounds containing hydroxyl groups, such as alcohols or water, may initiate 
ROP and it is therefore necessary to use water-free reagents and glass-ware to avoid 
unwanted water-initiation. The use of multifunctional initiators, containing more 
than one hydroxyl group, such as branched41 and dendritic polymers42-44 have 
recently successfully been used for the ring-opening polymerization of various 
cyclic monomers. 

2.2 MACROMOLECULAR ARCHITECTURE 

In the past, the most common way to tailor a specific property of a polymer was by 
varying the choice of (co)monomer, and the option of addition of a cross-linker. 
However, due to the emergence of the living polymerizations and CRP it is also 
possible to tailor the molecular architecture, i.e. how the monomers or polymer 
chains are linked together. When combining CRP, dendrimer synthesis, and grafting 
techniques, numerous possibilities for new tailored macromolecular architectures 
arise.45, 46 These architectures usually show other properties than those of their linear 
analogs.47, 48  Moreover, fine-tuning of the properties, to suit a specific demand is 
another possibility existing when using these techniques. Some of the possible 
architectures are displayed in Figure 1. 
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Figure 1. Macromolecular architectures: a) block copolymer b) comb polymer c) star polymer d) 
dendrimer e) hyperbranched polymer, and f) dendronized polymer. 
 
2.2.1 Block-, Comb-, and Star Polymers 

From the defined end-groups of a polymer synthesized using living or controlled 
polymerizations, the polymer can be chain extended by the addition of another 
monomer, to create a block copolymer (Figure 1a). By combining monomers that 
generate polymers with differing properties, a block copolymer can be tailored to a 
specific function. If a water-soluble polymer is chain extended to form a diblock 
copolymer with a water-insoluble polymer, an amphiphilic block copolymer is 
created, which has the ability to form micelles in an appropriate solvent mixture or 
phase separate into controlled, nanosized, ordered domains in thin films on 
surfaces.49 In the environment formed inside a micelle, it is possible to encapsulate a 
compound and thereby solubilize it in a ‘bad solvent,’ and such systems are finding 
acceptance as drug delivery vehicles and the interest for these systems are 
increasing.50  The extension with a third monomer produces a triblock copolymer, 
which has the possibility to form more complicated morphologies, such as Janus 
micelles,51 worm-like micelles, or vesicles if immersed into a block-selective 
solvent.52  
 
A comb polymer is produced when a monomer is grafted from several sites on the 
back-bone of another polymer (Figure 1b).53 In contrast, star polymers constitute 
linear chains emanating from a multifunctional core (Figure 1c).53 When using 
controlled radical polymerization, star polymers are commonly synthesized using 
the ‘core first’ approach, in which the core is a multifunctional CRP initiator. The 
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interest in star polymers is mainly due to the increased number of end-groups and 
their differing rheological behavior compared to linear polymers.54  
 
Combinations of these architectures, such as comb block copolymers, star comb 
polymers, and star block copolymers, open up for materials with new properties. By 
choosing a block of functional- or cross-linkable polymers, the macromolecule can 
be assigned to a specific function. For instance, they can be tailored to function as 
unimolecular micelles, exhibiting a more robust nature than micelles from the 
assembled block copolymers.55, 56 
 
2.2.2 Dendritic Polymers 

Dendritic polymers comprise dendrimers and hyperbranched polymers. 
Dendrimers are repeatedly branched, monodisperse, spherical molecules, which 
demand synthetic precision in order to achieve their perfect architecture (Figure 1d). 
This globular architecture, arising from a core molecule, from which layers, or 
generations of ABx monomers (x ≥ 2) are attached, gives dendrimers special physical 
properties, such as lower viscosity than linear polymers at equal molecular weight.57 
The large number of end-groups forming the surface layer of the dendrimer, 
provides solubility, and functionalization possibilities.58 These properties and their 
precise nanoscale dimensions, make dendrimers possible candidates for 
nanotechnology applications.59  Dendrimers were  first synthesized in 1985 by 
Tomalia et al.60 and were followed by Newkome et al.61 with the development of 
poly(amido amine) (PAMAM) dendrimers. During the following decade a range of 
dendrimers was synthesized using both the divergent-62, 63 and the convergent 
route64, 65 and the synthetic approaches are still developing.66 However, the high cost 
of synthesizing dendrimers still makes the less perfect hyperbranched polymers 
(Figure 1e), which exhibit most of the properties of dendrimers, better alternatives 
for most large scale applications.67 
 
2.2.3 Linear-Dendritic Hybrids 

A linear-dendritic hybrid material consists of a macromolecule with a linear and a 
dendritic contribution, which in turn can constitute a dendron, dendrimer, or 
hyperbranched polymer. Linear polymers, grafted from the end-groups of a 
dendritic polymer, produce a dense star polymer. Other combinations, resulting in 
bar-bell shaped and kite-shaped hybrids68 have also been synthesized. 
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2.2.3.1 Dendronized Polymers 

Dendronized polymers represent a sub-class of comb polymers where the linear 
graft is replaced by a dendron (Figure 1f).69-71 These polymers are of special interest 
due to the properties they can achieve if dendrons are attached in high density, 
resulting in an extended chain conformation. Dendronized polymers can be 
obtained by using two main synthetic routes: the ‘macromonomer-‘ and the ‘attach 
to’ routes.71, 72 The macromonomer route takes advantage of preformed dendrons, 
containing a polymerizable group at the focal point, which is used in the 
preparation of the dendronized polymer. In the attach to-route, dendrons are 
grafted to an existing backbone (Figure 2). Combinations of the two main routes 
with divergent dendrimer synthesis enable many synthetic varieties. 
 

 
Figure 2. Synthesis of dendronized polymers using a) the macromonomer route and b) the attach to route. 
 
Dendronized polymers have been widely studied as molecular nanoobjects using 
microscopic techniques, such as scanning probe microscopy (SPM) and atomic force 
microscopy (AFM), since single molecules can be visualized. Covalent modifications 
of the dendronized polymers in situ have recently been achieved.73, 74  
 
2.2.4 Architectural Effect - Isoporous Membranes 

Complex macromolecular architectures, such as block copolymers, star polymers, 
and comb polymers have the potential ability to organize into isoporous 
membranes.75, 76 These isoporous membranes, also known as honeycomb structured 
films, are microstructured films, which, due to their ease of formation, see a wide 
variety of possible applications such as in tissue engineering,77 as arrays for 
microscale chemical reactions,78 as superhydrophobic surfaces,79 in biotechnology80 
and microelectronical applications.81 The commonly used method to fabricate 
isoporous membranes was discovered by François and co-workers in 1994,82 when 
they produced highly regular microporous films through drop casting of a star-
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shaped polystyrene dissolved in CS2 in a humid environment. They observed that 
water droplets condensing onto the film acted as templates for porosity as the 
solvent evaporated and that the precipitation of polymer in the water/polymer 
solution interface had a stabilizing effect on the droplets so that coalescence of the 
water droplets was prevented. Since this pioneering work, the ability to control the 
pore sizes in the porous membrane and the mechanism of honeycomb membrane 
formation have been widely studied.83-85 The proposed mechanism of formation of 
isoporous films is displayed in Figure 3. 
 

 
 
Figure 3. Proposed mechanism for the formation of isoporous films:75 I) Polymer dissolved in a volatile 
solvent is cast onto a flat surface in a humid environment. II) Condensation of water droplets onto the 
solution occur due to the evaporation of solvent, which cools down the surface. The water droplets 
arrange into a hexagonally ordered pattern, stabilized by the functional polymers in the interfaces. III)-IV) 
Evaporation is completed and an opaque isoporous polymer film is obtained. 

2.3 COVALENT SURFACE-MODIFICATION 

Within nano- and biotechnology, there is an increasing need for functional 
surfaces.86 Surface-modification can be achieved through physi- or chemisorption of 
the surface-active material, and the latter is often preferred due to the stability and 
robustness of the layer. Surface properties commonly desired include wettability, 
adhesion, antifouling properties, antibacterial activity, and biocompatibility. 
Superhydrophobic surfaces, having a water contact angle larger than 150°, are of 
interest due to their water repellency and self-cleaning ability.87 These can be 
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fabricated through the combination of a microstructured surface topography and 
the modification with low energy compounds (c.f. the Lotus leaf), such as fluorine 
containing polymers. The combination of (soft) lithographic techniques and covalent 
surface-modification methods can yield micro-88, 89 and nanostructured materials,90, 91 
with a diversity of promising advanced applications.86 
 
2.3.1 Self-Assembled Monolayers 

A self-assembled monolayer (SAM) is an organized monomolecular layer, which 
forms spontaneously if a substrate is exposed to a surface-active compound (Figure 
4). The pioneering work on SAMs was performed by Nuzzo and Allara during 
1983,92 when they found that a range of disulfides formed ordered monolayers on 
gold substrates, simply by being immersed into the dissolved adsorbate. The 
formation of a relatively stable covalent gold-thiolate bond and the interchain 
attraction are the driving forces behind the adsorption. Due to the simplicity of the 
technique, the method has been widely studied,93 expanding the use from gold and 
organosulfur-based adsorption to different anchoring groups and substrates.94 The 
possibility to choose an appropriate terminal group on the adsorbate, makes SAMs 
interesting for further grafting reactions.94 
 

 
 
Figure 4. Mechanism for the formation of a self-assembled monolayer. 
 

2.3.2 Grafting of Polymers  

On account of the CRP techniques, it is possible to graft dense layers of functional 
monomers to solid substrates. There exist two different strategies for covalent 
grafting of polymers: the ‘grafting to’ and the ‘grafting from’ techniques (Figure 5).95 
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Figure 5. Idealized drawing of polymers grafted to a surface using a) the grafting to technique and b) the 
grafting from technique. 
 
The grafting to technique (Figure 5a) utilizes preformed polymer chains with one 
reactive end that tethers the polymer to the surface. The result is limited by the 
diffusion of the incoming polymer through the viscous polymer layer near the 
surface, resulting in thin films with low grafting density. However, it is possible to 
characterize the polymer prior to grafting. The grafting from technique (Figure 5b) is 
often favored, since it enables denser polymer brushes and subsequently thicker 
polymer films. The controlled polymerization techniques offer the possibility to 
tailor the thickness, end-groups and thereby the ability to form block copolymers 
and this has been used to different extents.95 The in situ controlled polymerization 
proceeds from the immobilized initiator, preferably attached by a SAM on gold,96, 97 
or other covalent techniques onto silicon wafers,98, 99 silica100, or cellulose surfaces101-

103 

2.4 CELLULOSE 

Cellulose is the major component in the cell wall of plants and represents the most 
common natural polymer.104 The monomer is the sugar β-D-glucose, which forms 
the repeating unit cellobiose, a disaccharide with 180° rotation of the second glucose 
unit, through a 1→4 glycosidic bond. When more than approx. 20-30 
anhydroglucose units (AGU) are linked together, the polymer is called cellulose: a 
linear, hydrophilic polymer, with one primary and two secondary hydroxyl groups 
on each AGU (Figure 6).104 However, a normal DP value for wood cellulose is 10 000 
and for cotton cellulose 15 000 AGU.105 During the biosynthesis of cellulose, the 
cellulose molecules crystallize to form rigid, high tensile strength sheets, providing 
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stability in the cell walls. These native crystal forms of cellulose are parallel cellulose  
Iα (triclinic) and Iβ (monoclinic) and their ratio differ depending on the cellulose 
origin.106  
 

 

 
 

Figure 6. Molecular structure of cellulose. 
 
Using the hydroxyl groups as reactive sites, cellulose can be modified to different 
products, such as viscose, cellophane, cellulose acetate, cellulose ethers etc. The 
process is initiated by mercerization, treatment with alkali, to increase the reactivity 
and swell the native cellulose.107 During this process, the native crystal form is lost 
and the mercerized cellulose will crystallize into the more thermodynamically 
favored, antiparallel, cellulose II crystal structure.105  
 
2.4.1 Natural Fibers 

The cellulose molecules order into crystalline sheets during the biosynthesis, via 
intra- and intermolecular hydrogen bonding. These sheets layer up to form three 
dimensional microfibrils,105 in which secondary forces hold the sheets together.107  
The microfibrils form bundles, fibrils and lamellae, in between which hemicelluloses 
and lignin fill the spaces. These bundles form the cell walls of plants (Figure 7).105 A 
typical wood cell wall consists of several layers of fibrils, oriented at certain angles, 
which increases the tensile strength of the wall. The size of the wood fiber is species-
dependent, e.g. the birch fiber is approx. 1 mm and the spruce fiber 2-4 mm.105 The 
wood fibers ensure the mechanical stability of the tree, together with lignin and 
other extractives in wood, building up the natural wood composite. 
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Figure 7. Structure of cellulose and the hierarchical levels in a natural fiber. 
 
The main interest for wood fibers originates from the pulp and papermaking 
industry. During the pulping process, the wood fibers are separated from the other 
components, mainly lignin and hemicelluloses, using either chemical or mechanical 
treatment (or the combination thereof). Paper and cardboard are major products of 
pulp, and many of their properties, e.g. strength and wettability, are owed from the 
inherent cellulose molecule. 
 
2.4.2 Grafting from Cellulose 

Polymer grafting of cellulose has traditionally been performed through irradiation-
initiation, which generates free radicals along the cellulose backbone. If vinyl 
monomers are added during the process, free radical polymerization occurs, 
producing ill-defined grafts.108 However, the controlled polymerization techniques 
enable tailoring of the polymers and the possible production of block copolymers. 
Controlled grafting from solid cellulose: filter paper, microcrystalline cellulose,  
regenerated cellulose, or jute fibers have successfully been performed using 
ATRP,101, 103, 109-113 RAFT polymerization,102, 114-116 and ROP.117-120 Controlled 
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polymerization techniques have also been employed to graft polymers from soluble 
cellulose producing comb polymers. To date, NMP from  carboxymethyl- and 
hydroxypropyl cellulose,121 ATRP from cellulose diacetate,122, 123 ethyl cellulose,124-126 
and hydroxypropyl cellulose,127 RAFT polymerization from hydroxypropyl 
cellulose,128 and ROP from ethyl cellulose129 and hydroxypropyl cellulose129, 130 have 
been successful.  
 
Grafting of dendrons onto cellulose to produce dendronized cellulose, has been 
performed using regioselective isocyanate functionalization on cellulose,131, 132 
through attaching a first generation aminoamide dendron to cellulose,133 and by 
attaching the first-third generations aliphatic ester dendrons (bis-MPA dendrons) 
onto hydroxypropyl cellulose.127, 134 
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3 EXPERIMENTAL 

This experimental section will only describe the experimental procedures briefly. 
The appended papers give a more detailed description.127, 134-136  

3.1 MATERIALS 

2,2-Bis(methylol)propionic acid (bis-MPA) was kindly supplied by Perstorp AB, 
Sweden, from which benzyl-2,2-bis(methylol)propionate, acetonide-2,2-
bis(methylol)propionic acid and its corresponding anhydride were synthesized 
according to literature procedures.137-140 Palmitic acid (99 %) was purchased from 
Aldrich and 2,2-bis(methyl palmitate)propanoic acid was synthesized according to a 
literature procedure.141 Whatman 1 filter paper and hydroxypropyl cellulose (Mn = 
10 000, Mw = 80 000 g mol-1) were purchased from Aldrich. 3-(2-Bromo-2-
methylpropanoyloxy)-2-((2-bromo-2-methylpropanoyloxy)-methyl)-2-
methylpropanoic acid was prepared according to a literature procedure.142 All vinyl 
monomers: glycidyl metchacrylate (GMA), methyl methacrylate (MMA), tert-butyl 
acrylate (t-BA), hexadecyl methacrylate (HDMA; Scientific Polymer Products, Inc.) 
and styrene were purified by being passed through a column of activated neutral 
alumina (Merck). All other chemicals and solvents were used as received. 

3.2 CHARACTERIZATION METHODS 

1H- and 13C NMR spectra were recorded on a Bruker AM 400 MHz NMR using 
CDCl3, MeOH-d4, DMSO-d6, THF-d8 or D2O as solvent. The solvent signals were 
used as internal standards. 
 
Infrared spectra were collected by employing a Perkin-Elmer Spectrum 2000 FT-IR 
equipped with a MKII Golden Gate,TM single reflection ATR System from Specac 
Ltd., London, U.K (16 scans). The ATR crystal was a MKII heated diamond 45° ATR 
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top plate. The spectra of the dendritic monolayers on gold surfaces were collected 
using a Balzers IFS 66 system, equipped with a N2-purged sample compartment, 
operating in reflection adsorption mode with a grazing angle of 85° (2000 scans).  
 
Size exclusion chromatography using THF (1.0 mL min-1) as the mobile phase was 
performed at 35 °C using a Viscotek TDA model 301 equipped with two GMHHR-M 
columns with TSK-gel (mixed bed, MW resolving range: 300-100 000) from Tosoh 
Biosep, a VE 5200 GPC autosampler, a VE 1121 GPC solvent pump, and a VE 5710 
GPC degasser (all from Viscotek corp.). Universal and conventional calibration 
methods were created using narrow linear PS standards. Corrections for the flow 
rate fluctuations were made using toluene or THF as internal standards. Viscotek 
Trisec 2000 version 1.0.2 or OmniSEC version 4.0 softwares were used to process 
data.  
 
Ellipsometrical thicknesses of adsorbed layers were determined with Optrel 
Multiscope equipped with Nd:YAG laser operating at 532.0 nm in air. The angle of 
incidence was 67.370°. Two well-separated points were examined for each sample. 
The data fitting was performed employing a three-layer model (gold, adsorbate, air), 
assuming uniform, horizontal layers and a refractive index of 1.45 for all adsorbates. 
 
MALDI-TOF was run on a Bruker Reflex III MALDI-MS instrument, equipped with 
a N2 laser, 337 nm (Bruker Daltonik GmbH, Bremen, Germany). All mass spectra 
were obtained in reflection mode with delayed extraction. External calibration was 
performed with compounds suitable for the mass range of the samples. The samples 
were prepared as solutions of 1.5-7.5 mg mL-1 in THF. The matrix used for all 
samples was 2,5-dihydroxybenzoic acid, which was dissolved in THF (0.18 M). The 
preparation included mixing of 1.0 µL of sample with 10 µL of matrix solution. 
Thereafter, 0.2-0.4 µL of the mixture was spotted on the MALDI target and was left 
to crystallize in room temperature. 
 
Dynamic water contact angles were measured using MilliQ water and a manual 
Ramé-Hart goniometer at ambient temperature and humidity. Static water contact 
angles were obtained using a KSV instruments CAM 200 equipped with a Basler 
A602f camera, using 5 µL droplets of MilliQ water. The water contact angles were 
determined using the CAM software. 
 
AFM was performed using a Nanoscope III-a system (Digital Instruments) 
equipped with a J- or EV-type vertically engaged piezoelectric scanner operating in 
tapping mode in air. Silicon AFM probes from Veeco (Nanosensors) were used with 



Experimental 

19 

a resonance frequency of 275-348 kHz. Drop- or spin casting was performed of 
dilute polymer solutions onto mica or HOPG (ZYA quality, MicroMasch). 
 
Dynamic light scattering was performed on a Brookhaven Instruments Co. DLS 
system, consisting of a model BI-9000T digital goniometer, a model EMI-9865 
photomultiplier, and a model 95-2 Ar laser (Lexel Corp.) operating at 514.5 nm. 
Measurements were made at 20 °C. Scattered light was collected at a fixed angle of 
90° and the calculations were performed using the ISDA software package 
(Brookhaven Instruments Co.). Dynamic light scattering was also performed on a 
Malvern ZEN 3600 Zetasizer Nano ZS instrument operating a 632.8 nm. The Z-
average was determined using the scattering light at 173° angle at 25 °C. Prior to 
analysis, all samples were centrifuged (3500 rpm, 4 min). Certain samples were 
filtered through 0.45 µm Teflon or sulfone filters. 
 
UV/Vis absorbance was measured using a WPA Lightwave UV/Vis Diode Array 
Spectrophotometer in the range 200-825 nm at ambient temperature. Quartz-
cyvettes (l = 10 mm) was used of samples in deionized water or THF. 
 
Thermogravimetric analysis was performed on a Mettler Toledo TGA/SDTA851 
TGA module and evaluated using STARe software, version 8.10. Heating was 
performed at 10 °C min-1 with an O2 or N2 flow. 
 
Differential scanning calorimetry thermograms were collected using a Mettler 
Toledo DSC820 and a heating/cooling rate of 10 °C min-1 under N2 atmosphere. 
STARe software, version 8.10, was used to evaluate data. The DSC was calibrated 
according to standard procedures. 
 
Rheological properties were investigated using an ARES Rheometer (TA 
Instruments). The tests were performed in dynamic mode using a parallel plate 
configuration (d = 8 mm). The sample was first melted between the plates at 160 °C, 
to ensure good contact between the plates and a uniform thickness. Dynamic 
frequency sweep tests were performed between 1 and 102 rad s-1 in a temperature 
range of 125-150 °C, at intervals of 5 °C with a strain of approximately 0.5%. Master 
curves, showing the frequency dependence of the shear modulii G’ and G’’ or 
complex viscosities Eta*, with Tref =135 °C, over the frequency range of ca 10-2 to 104 
rad s-1 were created. 
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3.3 EXPERIMENTAL PROCEDURES 

3.3.1 SAMs of Disulfide-Cored Didendrons 

Disulfide-cored didendrons were synthesized and their ability to form SAMs on 
gold substrates was investigated.135 

3.3.1.1 Synthesis of didendrons 

Synthesis of 1st to 3rd generations disulfide-cored didendrons (S2-(Gn-Ac)2 (n=1-3)) 
was conducted using the divergent route, including esterification of 2-hydroxyethyl 
disulfide with acetonide-protected bis-MPA anhydride (Scheme 4). The 
esterification was followed using 13C NMR.139 Deprotection of the acetonide 
protecting groups was performed using the acidic resin DOWEX. 
 
Scheme 4. Synthesis of disulfide-cored didendrons (1st-3rd generations). 
 

 
 

3.3.1.2 Immobilization on gold surface 

SAMs of the disulfide-cored dendrons on gold were formed through immersing 
pre-cleaned gold substrates in 0.5 mM ethanol solutions of S2-(Gn-Ac)2 (n=1-3) 
during 3-4 days (Scheme 5) to form covalent anchoring to gold, Au-S-Gn-Ac (n=1-3). 
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Scheme 5. Monolayer formation, exemplified using S2-(G2-Ac)2, on gold producing Au-S-G2-Ac. Reaction 
conditions from Scheme 4, B) DOWEX, MeOH, 50 °C. 
 

 
 
The modified gold substrates were thereafter ultrasonicated and rinsed with clean 
ethanol to remove any physisorbed material. The acetonide protecting groups were 
removed in situ on Au-S-G2-Ac using the DOWEX resin, forming a hydroxyl-
terminated SAM, Au-S-G2-OHsurf (Scheme 5). A hydroxyl-terminated 2nd generation 
didendron, S2-(G2-OH)2, deprotected in solution, was also allowed to form a SAM 
on gold (Au-S-G2-OHsol). 
 
3.3.2 Synthesis of Dendronized Hydroxypropyl Cellulose 

Synthesis of dendronized hydroxypropyl cellulose (HPC) was performed using the 
‘attach to’ route with pre-formed acetonide- or palmitate-protected dendrons.134 

3.3.2.1 Synthesis of focal-acid dendrons 

Focal–acid acetonide-protected dendrons were synthesized using the benzyl ester of 
bis-MPA and the divergent route (Scheme 6) and subsequent deprotection of the 
benzyl group to achieve focal acid groups (COOH-G2-Ac and COOH-G3-Ac).65, 140 
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Scheme 6. Synthesis of focal-acid acetonide-protected dendrons of generation 2 and 3. 
 

 
 

3.3.2.2 Dendronization of hydroxypropyl cellulose 

The focal acid dendrons were reacted with the hydroxyl groups of HPC. Synthesis 
of the first generation, acetonide-protected dendronized HPC (HPC-G1-Ac) was 
performed using esterification with the acetonide-protected bis-MPA anhydride 
(Scheme 7). Hydroxyl-terminated 1st generation dendronized HPC (HPC-G1-OH) 
was obtained with deprotection using DOWEX (Scheme 7). 
 
Scheme 7. Synthesis of first generation acetonide-protected and hydroxyl-terminated HPC (HPC-G1-Ac 
and HPC-G1-OH) (functionalization of 3 units/AGU is theoretically possible). 
 

 
 
The 2nd and 3rd generations acetonide-protected, and 1st generation palmitate-
protected dendronized HPCs (HPC-G2-Ac, HPC-G3-Ac, and HPC-G1-C16) were 
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obtained by esterification of HPC, mediated by N,N’-dicyclohecylcarbodiimde/4-
(dimethylamino)pyridinium p-toluenesulfonate (DCC/DPTS; Scheme 8). 
 
Scheme 8. General conditions for synthesis of dendronized HPCs using DCC/DPTS and focal-acid 
dendrons. The scheme shows preparation of 1st generation palmitate-protected dendronized HPC (HPC-
G1-C16). 
 

 
 
3.3.3 Surface-Confined ATRP 

ATRP was performed on filter paper, due to the high cellulose content, using the 
‘grafting from’ technique. The methods were adopted from Malmström and co-
workers.101, 103, 109 To alter the wettability of the cellulose substrate, the grafted 
polymers were post-functionalized with a perfluorinated acid chloride.136 

3.3.3.1 ATRP of glycidyl methacrylate 

The filter paper was cut into pieces, washed, ultrasonicated, and dried, prior to use. 
The ATRP initiator 2-bromoisobutyryl bromide was anchored to the filter paper 
according to an established method (Scheme 9).101 The reaction was allowed to 
proceed at ambient temperature over night. The filter paper was thereafter 
thoroughly washed to remove any physisorbed initiator. The functional monomer 
glycidyl methacrylate (GMA) was grafted from the initiating groups on the filter 
paper using N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA) and 
Cu(I)Cl/Cu(II)Br2 as catalyst complex (Scheme 9). 
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Scheme 9. Immobilization of ATRP initiator on filter paper and grafting of glycidyl methacrylate from the 
initiator-modified filter paper. 
 

 
 
The polymerization was allowed to proceed during 1-6 h at 30 °C, after which the 
PGMA-grafted filter paper was washed in organic solvents and dried. 

3.3.3.2 Post-functionalization 

The epoxide rings in the grafted PGMA were opened using acidic hydrolysis and 
the formed OH groups could be converted into new initiating sites through reaction 
with 2-bromoisobutyryl bromide (Scheme 10). GMA was grafted from the initiating 
sites on the hydrolyzed PGMA to create a ‘graft-on-graft’ architecture (Scheme 10). 
The epoxide rings were opened on the second grafted layer, as described earlier. 
 
Scheme 10. Post-functionalization of PGMA-grafted filter paper for the production of a ‘graft-on-graft’ 
architecture. The hydrolyzed PGMA grafts were functionalized with a perfluorinated acid chloride. 
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The hydrolyzed PGMA-grafted filter paper, the hydrolyzed ‘graft-on-graft’ PGMA, 
and the unmodified filter paper were reacted with a perfluorinated acid chloride 
(pentadecafluorooctanoyl chloride) to alter the wettability of the substrates (Scheme 
10). 
 
3.3.4 Controlled Polymerization from Hydroxypropyl Cellulose 

Hydroxypropyl cellulose (HPC) was used as a macroinitiator, for controlled 
polymerization of vinyl monomers and ε-caprolactone, in the synthesis of comb 
polymers.127  

3.3.4.1 Synthesis of ATRP macroinitiators 

HPC was modified with 2-bromoisobutyric anhydride and bis-MPA functionalized 
with 2-bromoisobutyryl bromide to create macroinitiators for ATRP: HPC-I and 
HPC-G1-I (Scheme 11). 
 
Scheme 11. Synthesis of ATRP macroinitiators (HPC-I and HPC-G1-I) from hydroxypropyl cellulose. 
 

 
 

3.3.4.2 ATRP from the macroinitiators 

The macroinitiators were used for the ATRP of various monomers, including methyl 
methacrylate (MMA), hexadecyl methacrylate (HDMA), and styrene. The DPs were 
controlled by varying the polymerization time (1-48 h) and the option of addition of 
deactivator, Cu(II)Br2, as showed in Scheme 12. 
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Scheme 12. ATRP of methyl methacrylate, hexadecyl methacrylate and styrene from one of the HPC 
macroinitiators (HPC-I) producing comb polymers. 
 

 
 
ATRP from the first generation dendronized macroinitiator, HPC-G1-I, was 
performed using MMA and HDMA, producing HPC-G1-PMMA and HPC-G1-
PHDMA, with similar reaction conditions as those showed in Scheme 12. Chain 
extension of HPC-PMMA, from the PMMA end-groups, was performed to form a 
comb block copolymer, using ATRP of tert-butyl acrylate (t-BA). The reaction 
conditions are outlined in Scheme 13. 
 
Scheme 13. Chain extension of HPC-PMMA using ATRP of tert-butyl acrylate for the synthesis of the 
comb block copolymer HPC-PMMA-PtBA. 
 

 
 
The tert-butyl groups were removed, to form a poly(acrylic acid) block (PAA), 
generating an amphiphilic comb block copolymer (HPC-PMMA-PAA). The reaction 
conditions were the same as those showed in Scheme 16. 
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3.3.4.3 ROP of ε-caprolactone from hydroxypropyl cellulose 

The OH groups of HPC were used as initiators for ROP of ε-caprolactone, catalyzed 
by Sn(Oct)2 in toluene, as showed in Scheme 14. 
 
Scheme 14. ROP of ε-caprolactone from the OH groups of HPC producing a comb polymer (HPC-PCL). 
 

 
 
The comb polymer was separated from homopolymer through dialysis in THF 
during 3 days. 

3.3.4.4 ATRP of tert-butyl acrylate from HPC-PCL macroinitiator 

The OH groups of HPC-PCL were converted to initiators for ATRP by reacting them 
with 2-bromoisobutyryl bromide (Scheme 15). ATRP of t-BA was conducted from 
the initiating groups, varying polymerization time (1-17 h) to obtain different DPs 
and addition of deactivator, Cu(II)Br2, to achieve control of the polymerization, as 
showed in Scheme 15. 
 
Scheme 15. Conversion of the HPC-PCL OH groups into ATRP initiators and subsequent ATRP of t-BA, 
for the synthesis of the comb block copolymer HPC-PCL-PtBA. 
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3.3.4.5 Deprotection of PtBA 

PtBA was deprotected to yield a poly(acrylic acid) (PAA) outer block, by exposing 
HPC-PCL-PtBA to trifluoroacetic acid (TFA) (Scheme 16). 
 
Scheme 16. Deprotection of the tert-butyl moieties in PtBA using trifluoroacetic acid. 
  

 
 
The amphiphilic comb block copolymer, HPC-PCL-PAA, was dissolved in 
THF/H2O, dialyzed against deionized water, and freeze-dried after deprotection. 

3.3.4.6 Cross-linking of HPC-PCL-PAA 

The water-suspendable amphiphilic comb block copolymers HPC-PCL-PAA were 
cross-linked in water using different attempted degrees of cross-linking: 25, 50, and 
100%, calculated from the DP of the PAA block.  
 
Scheme 17. Cross-linking of HPC-PCL-PAA, using (1) a carbodiimide and (2) a water soluble diamine. 
 

 
 
The cross-linked polymer was separated from by-products through dialysis against 
deionized water during 1 day. 
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3.3.4.7 Solubilization of pyrene by HPC-PCL-PAA 

The ability of the amphiphilic comb block copolymers to solubilize a hydrophobic 
model compound, pyrene, was examined. Two different routes were used, one 
included liquid-liquid transfer of pyrene from dichloromethane into a water phase 
containing HPC-PCL-PAA. The other route included cross-linking of amphiphilic 
HPC-PCL-PAA in H2O/THF, which was first allowed to solubilize pyrene in the 
nonpolar regions of the amphiphilic polymer and subsequently dialyzed against 
water after cross-linking. The UV absorbance of pyrene (λ=337 nm) was used to 
estimate the pyrene content of the amphiphilic polymers in both routes. 

3.3.4.8 Casting of isoporous membranes 

A solution of the comb polymer, HPC-PMMA, HPC-PS, or HPC-PCL in CS2 or 
CHCl3 (approx. 10 mg mL-1) was applied to a glass or polypropylene substrate. A 
water-saturated airflow was passed above the solution to generate appropriate 
humid conditions. After 1 min, the solvent had evaporated and an opaque film 
surface was obtained. The film was dried in ambient humidity to remove the 
condensed water. 
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4 RESULTS AND DISCUSSION 

4.1 SAMS OF DISULFIDE-CORED DIDENDRONS 

In order to characterize the size and properties of 2,2-bis(hydroxymethyl)propionic 
acid (bis-MPA) dendrons, disulfide-cored didendrons were synthesized and 
characterized in bulk and as self-assembled monolayers on gold substrates.135 
  
4.1.1 Characterization of Didendrons 

The disulfide-cored didendrons of generation 1-3 were synthesized using the 
divergent route, starting from the core molecule 2-hydroxyethyl disulfide. Addition 
of generations was performed by successive esterification, utilizing the acetonide-
protected anhydride of bis-MPA, and deprotection, using the acidic resin DOWEX. 
The esterifications were followed using 13C NMR139 and the crude products were 
purified employing MPLC. The chemical structures were confirmed using 1H- and 
13C NMR, FT-IR, SEC and MALDI-TOF MS. The molecular weights obtained by 
universal calibration SEC and MALDI-TOF are displayed in Table 1. 
 
Table 1. Calculated molecular weights and molecular weights obtained using SEC and MALDI-TOF MS 
for 1st -3rd generation disulfide-cored didendrons. 

 

SECa MALDI-TOFb 
Sample Mcalc (g mol-1) Mn (g mol-1) PDI (-) M (g mol-1) 

S2-(G1-Ac)2 466.62 615 1.03 467.19 
S2-(G1-OH)2 386.49 - - 387.12 
S2-(G2-Ac)2 1011.22 1199 1.02 1011.39 
S2-(G2-OH)2 850.69 - - 851.33 
S2-(G3-Ac)2 2100.42 2543 1.00 2101.02 

a Obtained in THF, employing universal calibration, b The table lists the [M] = [M + Na]+ - MNa 
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The molecular weight values obtained using universal calibration SEC are all 
somewhat higher than the calculated values (25% higher for S2-(G1-Ac)2), which 
might depend on their low molecular weight and the reliance on the calibration 
curve at such low molecular weights. The agreement was better the higher the 
expected molecular weight. However, the PDIs show nearly monodisperse samples 
(1.00-1.03), which is expected for dendrimers. The results from MALDI-TOF showed 
better agreement, since the sodium cation adduct was observed for all didendrons. 
Fragmentation of the didendrons was observed during the MALDI-TOF analysis, 
which has been observed earlier for acetonide-protected dendrimers analyzed in a 
DHB matrix.143  
 
4.1.2 SAMs on Gold of the Didendrons 

The SAMs of the 1st-3rd generation didendron (Au-S-Gn-Ac, n=1-3) proved to be 
stable after ultrasonication and were analyzed shortly after. The heights of the SAMs 
were estimated by measuring their ellipsometric thicknesses, and for comparison 
the heights of 2-hydroxyethyl disulfide (Au-S-ethyl-OH) and hexadecanethiol (Au-
S-C16H33) SAMs were also analyzed (Figure 8). 
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Figure 8. Ellipsometric thicknesses of the SAMs formed from acetonide-protected dendrons and of the 
SAMs of the reference samples 2-hydroxyethyl disulfide and hexadecanethiol. 
 
The heights of the dendron SAMs were in good agreement with expected values, 
resulting in Au-S-Gn-Ac (n=1-3) heights of 7.3, 9.9, and 12.9 Å, respectively, and 
were in between the heights of the reference samples. The increase with approx. 2.8 
Å per added bis-MPA generation is expected and in accordance with earlier 
results.137 The water contact angles (CA) of the SAMs were measured and it was 
found that the dendron SAMs showed advancing CAs of 66-69° and receding of 
approx. 50°, indicating that hydrophobic surfaces were obtained. The reference 
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samples, Au-S-ethyl-OH and Au-S-C16H33, exhibited 31°, < 5° and 111°, 95° (adv., 
rec.), respectively. The latter, HS-C16H33, is known to form stable close-packed SAMs 
thanks to crystallization of neighboring chains and the high CA is expected from the 
methyl end-groups. The SAMs of the didendrons are unable to close-pack, due to 
the bulky structure of the dendrons, which have no possibility to crystallize. This is 
reflected in the CAs, since the values are lower than if only the acetonide methyl 
groups would be present at the surface. 
 
In situ deprotection of the acetonide protecting group on the 2nd generation SAM 
resulting in Au-S-G2-OHsurf was characterized by a small decrease of the 
ellipsometric thickness (9.9 to 9.6 Å), however, a significant drop in CA was 
observed, from 66°, 50° to 37°, 7° (adv., rec.), implying that the SAM was more 
hydrophilic (Table 2). The adsorption of S2-(G2-OH)2 to form Au-S-G2-OHsol 
resulted in a comparable ellipsometric height of 9.4 Å. The CAs indicated that there 
was a difference in the adsorption, since more hydrophobic values were obtained 
when S2-(G2-OH)2 was adsorbed onto gold. This difference could be due to 
interactions of the OH-groups with the gold surface during adsorption. 
 
Table 2. Ellipsometric thicknesses and water contact angles of Au-S-G2-Ac and Au-S-G2-OH, deprotected 
on the surface (surf) and deprotected prior to monolayer formation (sol). 
 

Sample Thickness (Å) CA advancing CA receding CA hysteresis 
Au-S-G2-Ac 9.9 ± 1.0 66° 50° 16° 

Au-S-G2-OHsurf 9.6 ± 2.0 37° 7° 30° 
Au-S-G2-OHsol 9.4 ± 1.0 45° 14° 31° 

 
FT-IR spectroscopy of the 2nd generation SAMs was performed and was compared 
to the spectra of the bulk samples. The spectra are displayed in Figure 9 and the 
peak assignments are showed in Table 3. It was clear that the SAMs consisted of the 
adsorbed molecules due to the similarity of the bulk spectra and those of the 
adsorbed molecules. A carbonyl stretch at 1721-1740 cm-1, originating from the ester 
functionalities in the bis-MPA dendrons, was prominent for all samples. 
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Figure 9. FT-IR spectra of 2nd generation dendrons in bulk and as SAMs. The spectra to the left show the 
absorbance region of 3700-2750 cm-1 and the spectra to the right show 1800-900 cm-1. 
 
It was noticed that the adsorbed molecules shift to somewhat higher wavenumbers 
compared to the corresponding bulk sample, which has been observed earlier for 
SAMs.144 The deprotection reaction on surface resulted in OH-terminated SAMs, 
since the OH stretch at 3100-3600 cm-1 appeared for Au-S-G2-OHsurf. The 
disappearance of the acetonide protecting group CH3 stretch at 2990 cm-1 (2998 cm-1 
on surface) and ether stretch at 1080 cm-1 (1087 cm-1 on surface) further confirmed 
the deprotection.  
 
Table 3. Peak assignment for FT-IR spectra of 2nd generation dendrons in bulk and on surface. 
 

Bulk absorption (cm-1) Surface absorption (cm-1) 
S2-(G2-

Ac)2 
S2-(G2-
OH)2 Assignment 

Au-S-G2-
Ac 

Au-S-G2-
OHsurf 

Au-S-G2-
OHsol 

- 3600-3100 OH stretch - 3600-3100 3600-3100 

2990 - CH3 stretch 
acetonide 

2998 - - 

2875 2883 CH2 stretch 2880 2885 2885 
1731 1721 C=O stretch 1740 1740 1740 

1080 - C-O-C-O-C 
stretch ac. 

1087 - - 

1042 1040 C-O stretch 
ether, alcohol 

1047 1047 1047 
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This result suggests a relatively good stability of the SAMs, since the deprotection 
reaction was carried out at 50 °C in during 1 h. Au-S-G2-Ac showed a small 
absorbance in the OH stretch region, which could depend on partial deprotection of 
the acetonide groups. It could also be seen that the Au-S-G2-OHsol formation was 
successful, although a difference was noticed in the OH stretching, showing a 
slightly bimodal peak. This could be due to interactions with the OH groups and the 
gold surface, which would lower the stretching energy of the bond and shift the 
peak absorption. 

4.2 DENDRONIZED HYDROXYPROPYL CELLULOSE 

Hydroxypropyl cellulose (HPC) is a cellulose derivative obtained by modifying 
cellulose with propylene oxide, and it exhibits increased solubility in organic 
solvents and maintained hydroxyl groups compared to native cellulose. The HPC 
used throughout this study had reported Mn = 10 000 and Mw = 80 000 g mol-1; 
however, molecular weight averages obtained using SEC in THF resulted in Mn = 25 
150 and Mw = 63 610 g mol-1. The molar substitution of propoxy groups (MSHP) was 
calculated to 2.9127 and titrations using acetic anhydride gave an approximate 
hydroxyl content of 5.9 mmol/g HPC. 
 
4.2.1 Synthesis of Dendronized HPC 

Dendronized HPCs were synthesized using an ‘attach to’ approach with pre-formed 
acetonide-protected bis-MPA dendrons of generation 1-3 (Schemes 7-8). The 
grafting reactions could be monitored using 1H NMR, following the formation of a 
peak from the methine protons of the esterified propoxy groups.130 The work-up 
procedures, extractions with aqueous acid and base and precipitations in n-heptane, 
resulted in low overall yields, approximately 20%. The low yields may be due to 
partial solubility of the dendronized HPCs in water, which also might be 
responsible for some fractionation. The 1H NMR spectra of HPC and HPC-G1-Ac 
are showed in Figure 10. 
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Figure 10. 1H NMR spectra of HPC (left) and HPC-G1-Ac (right) (both obtained in CDCl3). 
 
As can be seen in Figure 10, peaks from both HPC and the acetonide-protected bis-
MPA unit are present in the HPC-G1-Ac spectrum and in addition, the methine 
peak (peak C), confirming the grafting. From the 1H NMR spectra of HPC-Gn-Ac 
(n=1-3), the grafting densities were calculated, for simplicity, assuming that only 
propoxy-substituted OH groups had reacted, which probably underestimates the 
true grafting density (Table 4). The resulting grafting densities suggested an average 
of 0.7 dendrons/AGU for HPC-G1-Ac and approx. 0.9 dendrons/AGU for HPC-G2-
Ac and HPC-G3-Ac.  
 
Table 4. Molecular weight averages, obtained using SEC in THF, and the calculated dendron grafting 
densities for the dendronized HPCs. 
 

Sample Mn (g mol-1) Mw (g mol-1) PDI (-) No. of dendrons/AGU 
HPC 25 150 63 610 2.5 - 

HPC-G1-Ac 39 440 190 880 4.8 0.7 
HPC-G2-Ac 49 520 153 180 3.1 0.9 
HPC-G3-Ac 41 970 129 270 3.1 0.9 
HPC-G1-C16 43 400 141 000 3.3 - 

 
The molecular weights of the dendronized HPCs were estimated using SEC in THF, 
calibrated using linear polystyrene standards (Table 4). The ‘polystyrene-equivalent 
molecular weights’ of the dendronized HPCs were significantly larger than that of 
the unmodified HPC, increasing with increasing generation up to the 2nd (Mn = 50 kg 
mol-1). The 3rd generation dendronized HPC showed somewhat lower molecular 
weight averages than the 2nd, which might be due to the fact that the SEC calibration 
method is underestimating the molecular weight of the dendronized polymers.72 
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HPC-G1-Ac shows a wide molecular weight distribution (PDI = 4.8), which might 
depend on a slightly better solubility of this polymer compared to unmodified HPC. 
The PDIs for HPC-G2-Ac and HPC-G3-Ac were narrower (PDIs = 3.1) and that 
could be because of a higher grafting density of the lower molecular weight HPC 
chains. 
 
The dendronized HPCs were analyzed using FT-IR spectroscopy and the spectra 
were normalized against the specific absorption of the ATR crystal to be able to 
compare their absorption (Figure 11).  
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Figure 11. FT-IR spectra of HPC and the dendronized HPCs (HPC-Gn-Ac, n=1-3). The insertion shows the 
absorbances in the carbonyl stretch region (ca 1730 cm-1). 
 
It can be seen from the FT-IR analysis that there is a reduction of the OH absorbance 
at ca 3100-3600 cm-1 when HPC is converted to dendronized HPC. This is seen 
because a fraction of the OH groups are converted to ester groups, and the 
formation of ester can be observed at ca 1730 cm-1. The carbonyl stretch is smallest 
for HPC-G1-Ac and the intensity increases with increasing generation. The ester 
carbonyl of HPC-G1-Ac resonates at 1725 cm-1, whereas the carbonyls of the 2nd and 
3rd generations are broader, with the peak value at approx. 1730 cm-1. This is 
probably due to the different types of esters present in the two higher generations. 
The peak at 830 cm-1 originates from the acetonide protecting group, and was 
present in all the dendronized HPCs. 
 
The 1st generation dendronized HPC was end-group functionalized to explore the 
effect of end-groups with different polarity, alkyl chains and OH groups (Schemes 
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7-8). The OH-functional HPC-G1-OH was obtained by deprotecting HPC-G1-Ac 
using the DOWEX resin. The resulting polymer showed low solubility in organic 
solvents (no SEC characterization could be performed due to the low solubility), but 
some solubility in water and thus, 1H NMR could be run in D2O. From the NMR 
characterization it was clear that the acetonide protecting groups had nearly 
disappeared but the resonances of the methylol groups and the methine protons 
were still visible. The FT-IR spectrum of HPC-G1-OH, together with that of its 
precursor, is showed in Figure 12. As can be seen, there is an increase in the OH 
group absorbance at 3100-3600 cm-1 and a large decrease in the acetonide group 
absorbance at 830 cm-1, which confirms the deprotection. 
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Figure 12. FT-IR spectra of HPC-G1-Ac, HPC-G1-OH, and HPC-G1-C16. 
 
Alkyl-terminated 1st generation dendronized HPC was synthesized by attaching 
C16-functionalized bis-MPA to HPC. The esterification could be followed as earlier, 
using 1H NMR, and a prolonged reaction time was applied (72 h) because of the 
lower accessibility of the focal acid. SEC characterization showed that HPC-G1-C16 
had similar molecular weights as HPC-G1-Ac (Table 4), but a small peak of 
unreacted G1-C16 was observed, although several precipitations in n-heptane had 
been performed. The grafting density could not be estimated, due to the large peaks 
from the methylene protons, which reduce the integral value of the methine peak, 
making the estimation too unreliable. In the FT-IR spectrum of HPC-G1-C16 (Figure 
12), the carbonyl peak at 1740 cm-1 is present and an increased absorbance of the 
methylene peaks around 2900 cm-1 is observed. 
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4.2.2 Characterization using Atomic Force Microscopy (AFM) 

Dilute solutions (0.01-1.0 mg mL-1) of the dendronized polymers in THF were spun 
cast on two distinctly different, flat surfaces: mica and highly oriented pyrolytic 
graphite (HOPG). The surfaces were analyzed using tapping-mode AFM (TM-AFM) 
and it could be observed that the acetonide-protected HPCs formed spherical 
features both on mica and HOPG (Figure 13). The sizes of the features were 
measured and their diameters were estimated to 30-70 nm. 
 

 
 
Figure 13. Tapping-mode AFM height images of a) HPC-G1-Ac on mica (5x5 µm), b) HPC-G3-Ac on mica 
(2x2 µm), and c) HPC-G3-Ac on HOPG (2x2 µm). 
 
However, alkyl-chain-terminated dendronized HPC, HPC-G1-C16, showed 
different conformations on mica and on HOPG, disc-like and extended, respectively. 
The amphiphilic molecules are probably forming micellar aggregates, either in 
solution or during the spin casting on mica (Figure 14). The aggregates exhibit a 
uniform diameter of ca 300 nm, but have different heights, ranging from a few 
Ångströms to about 1 nm, probably depending on the number of molecules forming 
the aggregate. This aggregation is probably due to the molecules trying to minimize 
the energy through exposing the polar parts to the polar surface and directing the 
nonpolar alkyl chains away from the surface.  
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Figure 14. Tapping-mode AFM height images of HPC-G1-C16 spun cast from a 0.01 mg mL-1  THF 
solution on mica a) 5x5 µm and b) 2x2 µm. 
 
When the same solution was spun cast on HOPG and annealed during 1 h at 50 °C, 
a more extended conformation was favored (Figure 15). 
 

 
 
Figure 15. Tapping-mode AFM height images of HPC-G1-C16 spun cast from a 0.01 mg mL-1  THF 
solution on HOPG a) 2x2 µm and b) 1x1 µm. The samples were annealed during 1 h at 50 °C. 
 
As can be seen in Figure 15, the molecules are extended to a certain extent and it is 
possible that single molecules can be observed; however, they are probably 
interacting with each other to some extent. The conformation is expected since the 
substrate and the molecules are both nonpolar. From Figure 15 a, the lengths of the 
molecules were estimated to ca 300 nm through measuring a number of them that 
seem to be single molecules. In Figure 15 b, it is probably possible to observe single 
molecules to a certain extent. The partial orientation according to the crystal lattice 
of HOPG, with 60° bends, which can be observed, was seen earlier when 
dendronized polymers were end-group functionalized with alkyl chains.145  
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4.3 SURFACE-CONFINED ATRP  

The aim for this part of the work was to create superhydrophobic cellulose surfaces, 
using filter paper, due to its high cellulose content and inherent surface 
roughness.136 
 
4.3.1 Tailoring the Hydrophobicity of Cellulose 

The first route was simply to react the perfluorinated reagent, pentadeca-
fluorooctanoyl chloride, with the filter paper OH groups (Scheme 18, lower left). 
The acylation reaction could be followed using FT-IR, since the reaction produces 
ester groups, not present in the unmodified cellulose. The small peak at 1800 cm-1, 
originating from the carbonyl stretch, appears after the reaction, which can be 
compared to the unmodified cellulose (Figure 16, A-B). The static water CA of the 
modified filter paper showed that a hydrophobic surface was created, since the 
value was approx. 150° (Figure 17a). However, measuring the CA of filter papers is 
troublesome because of the uneven surface, and thus, the exact CA is hard to obtain. 
The modified filter paper adsorbed the applied water droplet over time and was 
hydrophilic after approx. 50 min (CA < 90°), indicating that the surface coverage 
was insufficient.  
 

 
 
Figure 16. Normalized FT-IR spectra of A) unmodified filter paper, B) fluorinated filter paper, C) PGMA-
grafted fluorinated filter paper, and D) PGMA graft-on-graft fluorinated filter paper. 
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To increase the surface coverage, the functional monomer GMA was grafted from 
the initiator-modified filter paper.101 The epoxide groups were opened through 
hydrolysis using aqueous HCl and the resulting OH groups were subsequently 
functionalized with pentadecafluorooctanoyl chloride (Scheme 18, upper row). As 
can be seen in Figure 16 C, a peak at 1730 cm-1 appears, which is originating from 
the ester groups in the grafted PGMA. A large increase in the peak at 1800 cm-1, 
associated with the fluorinated ester, can be observed, which confirms the increased 
amount of fluorine. The increase in CA for the PGMA-grafted fluorinated filter 
paper was smaller than expected, judging from the FT-IR spectra. The result showed 
a CA of 154° (Figure 17b), which indeed is superhydrophobic. Characterization of 
the filter paper surfaces using tapping mode AFM revealed that the fibrillar 
structure of the filter paper was clearly visible after the PGMA-modification, which 
implies that the thickness of the grafted layer was low (Figure 18b). 
 
Scheme 18. Synthetic routes to fluorinated filter papers. Conditions: (i) pentadecafluorooctanoyl chloride, 
TEA, DMAP, DCM, rt (ii) 2-bromoisobutyryl bromide, TEA, DMAP, THF, rt (iii) GMA, PMDETA, 
Cu(I)Cl, Cu(II)Br2, toluene, 30 °C (iv) HCl (aq), THF, rt 
 

 
 
A third approach to obtain superhydrophobic filter paper, which would be more 
stable with time, was attempted. This approach was conducted through grafting a 
second layer of GMA from the hydrolyzed epoxide groups, which were first 
converted to ATRP initiators, creating a ‘graft-on-graft’ architecture. Hydrolyzing 
the epoxide groups of the new PGMA grafts and again functionalizing with 
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pentadecafluorooctanoyl chloride would produce an increased surface coverage 
having a higher fluorine content (Scheme 18, lower right). A large increase of the 
PGMA ester could be observed in the FT-IR spectra, when comparing the carbonyl 
peaks at 1730 cm-1 (Figure 16, C-D), which confirms the grafting. An increase in the 
fluorinated ester can also be seen, when comparing the absorbances for these same 
samples, at 1800 cm-1. The CA for this modified filter paper was 172° (Figure 17c), 
which undoubtedly is superhydrophobic. This superhydrophobicity could easily be 
observed since a water droplet that was allowed to fall on the surface bounced back 
up again. 
 

 
 

Figure 17. Static water contact angles of a) fluorinated filter paper, b) PGMA-grafted fluorinated filter 
paper, and c) PGMA graft-on-graft fluorinated filter paper. 
 
This route created a superhydrophobic cellulose surface that was more stable with 
time. When leaving a water droplet on the surface for 50 min, only a small decrease 
in the CA was observed, from 172° to 166°. The reason for this high CA is not only 
due to the increased amount of fluorine. The hydrophobicity of a surface depends 
both on the chemical composition and the surface topography.87 A rough substrate 
contributes with a surface topography that increases the hydrophobicity, since air 
can be trapped in between a water droplet and the surface. This makes the water 
droplet roll off easily, when low tilting angles are used.  
 
TM-AFM amplitude images of the fluorinated surfaces are showed in Figure 18. 
From the images, it is clear that the fibrillar structure in the cellulose substrate was 
not significantly affected when attaching pentadecafluorooctanoyl chloride directly 
to the surface (Figure 18a). The second route seems to produce a less dense fibrillar 
structure, which might be due to penetration of the PGMA grafts into the substrate 
(Figure 18b). The less dense structure and exposure of non-modified areas could 
explain the low increase in CA. 
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Figure 18. Tapping-mode AFM amplitude images (5x5 µm) of a) fluorinated filter paper, b) PGMA-
grafted fluorinated filter paper, and c) PGMA graft-on-graft fluorinated filter paper. 
 
The amplitude image of the graft-on-graft-modified filter paper (Figure 18c) shows a 
denser polymer layer, which to a large extent covers the fibrils. The fibrillar 
structure is; however, still breaking through the polymer layer, creating a micro-
nano-binary surface topography. This change in topography and the large amount 
of fluorine are probably responsible for the large increase in CA. The surface also 
proved to have self-cleaning properties, as carbon black powder could be removed 
from the surface by applying a water droplet and letting it slide over the tilted 
surface. 
 
Attempts to substitute pentadecafluorooctanoyl chloride with a more inexpensive 
and less toxic compound have been performed. Preliminary results show that stable, 
superhydrophobic cellulose surfaces with CA of 165° can be obtained using the 
graft-on-graft architecture and an alkyl chain, palmitoyl chloride (C15H31). When 
analyzing the TM-AFM image of this surface, it was found that it exhibited a micro-
nano-binary surface topography, similar to that of the fluorinated sample.  

4.4 CONTROLLED POLYMERIZATIONS FROM HPC 

HPC was used as a backbone for the production of comb polymers using ATRP of 
vinyl monomers127 or ROP of ε-caprolactone. HPC was chosen as the backbone, 
because it provides high molecular weight, reactivity, and solubility. 
 
4.4.1 Synthesis of ATRP Macroinitiators 

The synthesis of macroinitators was conducted by reacting HPC with the anhydride 
of 2-bromoisobutyric acid or with the first generation initiator-functionalized bis-
MPA (Scheme 11). The reactions could be followed using 1H NMR and the 
appearance of a methine peak, from the esterified propoxy groups directly 
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connected to initiating moieties.130 FT-IR spectra of the macroinitiators (HPC-I and 
HPC-G1-I) and unmodified HPC clearly show that the reactions were successful 
(Figure 19) by the observation of a large reduction in absorbance of the OH stretch at 
approximately 3400 cm-1 and the carbonyl stretch of the formed esters at 1730 cm-1. 
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Figure 19. FT-IR of unmodified HPC (lower) and the ATRP initiator-modified HPCs: HPC-I (middle) and 
HPC-G1-I (upper). 
 
An increase in molecular weight of the initiator-modified HPCs compared to 
unmodified HPC was observed through analysis using SEC in THF. Elemental 
analysis confirmed the bromine content to 27.2 wt% and 20.3 wt% for HPC-I and 
HPC-G1-I, respectively. These values were used to calculate the degrees of 
substitution (DSs) to 2.26 and 0.88, giving approx. 2.3 initiating sites/AGU for HPC-I 
and 1.8 initiating sites/AGU for HPC-G1-I. 
 
4.4.2 ATRP from the Macroinitiators 

The methods for conducting ATRP from the macroinitiators were adopted from 
Carlmark and Malmström101, 109 and Lindqvist and Malmström103 for solid cellulose 
surfaces and were further modified to suit soluble cellulose. When performing 
ATRP from the macroinitiators, it was found that at least 50 wt% solvent (toluene) 
was needed to avoid comb-comb coupling, during the ATRP of MMA (Scheme 12). 
Lowering of the polymerization temperature, addition of deactivating Cu(II)Br2 
(Cu(II):Cu(I) 1:4) and monomer conversions below 40 % were also used to achieve 
control (Table 5). 
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Table 5. Reaction conditions used during ATRP of MMA from the macroinitiators. 
 

Sample [M]:[I]a:[Cu(I)]b:[Cu(II)]c:[L] Initiator Temp. (°C) Time (h) Conv. (%) 
1 100 : 0.28 : 0.80 : 0.20 : 1 HPC-I 70 48 24.8 
2 100 : 0.28 : 0.80 : 0.20 : 1 HPC-I 80 19 39.0 
3 100 : 0.28 : 0.90 : 0.10 : 1 HPC-I 70 21 Gelled 
4 100 : 0.14 : 0.80 : 0.20 : 1 HPC-I 70 20 10.0 
5 100 : 0.14 : 0.80 : 0.20 : 1 HPC-I 70 19 2.9 
6 100 : 0.085 : 0.80 : 0.20 : 1 HPC-G1-I 70 24 19.4 
7 100 : 0.085 : 0.80 : 0.20 : 1 HPC-G1-I 70 20 22.8 
8 100 : 0.085 : 0.90 : 0.10 : 1 HPC-G1-I 70 20 8.3 
9 100 : 0.13 : 0.80 : 0.20 : 1 HPC-G1-I 70 20 14.5 
10 100 : 0.085 : 0.80 : 0.20 : 1 HPC-G1-I 70 19 5.7 

a [I] = mol bromine, calculated from elemental analysis, b [Cu(I)Br], c [Cu(II)Br2] 

 
The reactions were analyzed using 1H NMR and FT-IR spectroscopies to be able to 
calculate the monomer conversion and to confirm the chemical structure of the 
comb polymers. SEC was used to characterize just four of the comb polymers, due 
to the fact that most of them were difficult to filter through 0.45 µm filters, which 
was part of the sample preparation. Only a small portion of radical-radical coupling 
would lead to comb polymers with extremely high molecular weight, which would 
be fractionated when filtered, or clog the SEC columns. However, dynamic light 
scattering (DLS) could be used for estimating the comb polymer size in solution and 
in the dry state using AFM of spin cast samples of dilute polymer solutions upon 
mica. These techniques were used for the size determinations. The results of the 
characterization are showed in Table 6. 
 
Table 6. Size characterization of the comb polymers using SEC, DLS and tapping-mode AFM. 
 

Sample No. Mnb   
(g mol-1) 

Mwb   
(g mol-1) 

PDIb 

(-) 

Davc 
(nm) 

Rel. 
var.c 

Davd 
(nm) 

STD 

HPC-PMMA 2a 83 700 308 100 3.7 96e 0.80 91 11 
HPC-PMMA 4a 76 500 313 700 4.1 - - - - 
HPC-PMMA-

PtBA 
 - - - 280 0.07 189 20 

HPC-G1-PMMA 7a 758 900 908 500 1.2 195 0.68 110 18 
HPC-G1-PMMA 9a 39 100 78 000 2.0 - - - - 

HPC-G1-PHDMA  - - - 183 0.14 99 16 
a Sample number from Table 5, b Obtained by SEC in THF, calibrated with linear polystyrene standards, c Number 
average diameter measured by DLS in toluene, dAverage diameter measured by TM-AFM, eObtained in THF. Three 
outlying samples left out 
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A correlation between the values obtained for HPC-PMMA and HPC-G1-PMMA 
using SEC and DLS was observed, i.e., the higher molecular weight obtained for 
HPC-G1-PMMA was confirmed by the larger diameter in solution, which was 
obtained using DLS. The broader PDI for HPC-PMMA obtained using SEC was 
reflected in a few outlying samples and larger variance when using DLS. A 
crystallizable monomer, hexadecyl methacrylate (HDMA), was also used for ATRP 
from the macroinitiators. The polymerizations resulted in gels within 2 hours when 
a temperature higher than 50 °C, combined with a too high radical concentration, 
was used. However, conducting the polymerization at 70 °C with a lower radical 
concentration ([HDMA] : [HPC-G1-I] : [Cu(I)] : [Cu(II)] : [PMDETA] = 100 : 0.19 : 
0.80 : 0.20 : 1) resulted in a soluble comb polymer. The results from DLS and AFM 
characterization for this polymer (HPC-G1-PHDMA) are displayed in Table 6. The 
living character of HPC-PMMA (entry 1, Table 6) was investigated through grafting 
of a second block from the bromine end-groups of the PMMA. It could be seen that 
the chain extension was successful from analyzing the size of one of the molecules, 
since the DLS and AFM size averages for the comb block copolymers increased from 
96 to 280 nm and 91 to 110, respectively (Table 6), when HPC-PMMA was chain 
extended to HPC-PMMA-PtBA. The tert-butyl moieties of this polymer were 
deprotected using TFA to produce an amphiphilic comb block copolymer. The 
success of the reaction could be seen with characterization using FT-IR and an 
increased solubility of the polymer in H2O. 
 

4.4.2.1 Characterization using AFM 

The size and shape of the comb polymers was analyzed using TM-AFM of samples 
spun cast on mica from toluene solutions (0.01-1.0 mg mL-1). The diameters in the 
dry state were obtained by measuring 10 of the molecules, which seemed to be 
single molecules, from top to bottom on a representative AFM height image (Table 
6). In Figure 20, spun cast samples of 0.01 mg mL-1 solutions of HPC-PMMA and 
HPC-G1-PMMA (No. 2 and 7, Table 6) on mica are showed. 
 

 
 
Figure 20. Tapping-mode AFM height images of a) HPC-PMMA on mica (2x2 µm) and b) HPC-G1-
PMMA on mica (0.50x0.50 µm). 
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As can be seen in Figure 20, the molecules form spherical features when spun cast 
on mica and the sizes within a sample are uniform. However, the sizes obtained in 
the dry state are smaller than those obtained from DLS, which is probably due to the 
drying step, which makes the comb polymers collapse on the surface. 
 

4.4.2.2 Thermal analysis 

A selection of the comb polymers and their precursors was analyzed using DSC and 
TGA. Unmodified HPC did not show any Tg in the analyzed temperature range (-20 
– 140 °C), whereas the macroinitiators showed principal glass transitions at ca 0 and 
5 °C, respectively. The onset decomposition temperatures for HPC-I and HPC-G1-I 
of 200 °C were significantly lower than that of HPC of ca 300 °C.  From two of the 
PMMA-grafted HPCs, Tg:s at ca 125 °C were observed, which is due to the transition 
of the PMMA side chains. Chain extension with PtBA resulted in a block copolymer 
showing a Tg at ca 30 °C; however, no transition of the PMMA block could be 
observed, which might be due to a non phase separated morphology. From the TGA 
thermogram of HPC-PMMA-PtBA the weight fraction of PtBA could be calculated 
to ca 30 wt%.  HPC-G1-PHDMA showed a melting transition at 18 °C, indicating 
that the polymer is molten at ambient temperature. 
 

4.4.2.3 Rheological characterization 

The rheological properties of HPC-PMMA and HPC-G1-PMMA (No. 2 and 7, Table 
6) were analyzed using viscosity and shear modulii master curves, created at 135 °C. 
HPC and a linear low molecular weight homopolymer of PMMA were also 
analyzed for comparison (Figure 21).  
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Figure 21.  Rheological behavior of HPC-(G1)-PMMA: a) complex viscosities (Eta*) of HPC, HPC-PMMA, 
and HPC-G1-PMMA and b) shear modulii, storage (G’) and loss modulii (G’’) of HPC-PMMA, HPC-G1-
PMMA and linear PMMA. 
 
As can be seen in Figure 21a, HPC is shear-thinning and shows a lower viscosity 
than HPC-PMMA and HPC-G1-PMMA (No. 2 and 7, Table 6), which is expected. 
The comb polymers exhibit a very similar viscosity behavior over the entire 
frequency region, showing a non-Newtonian shear-thinning rheology. The HPC 
comb architecture has a softening effect on the PMMA, since the G’ and G’’ show 
lower values over the entire frequency region (Figure 21b). The shear modulii of 
HPC-PMMA and HPC-G1-PMMA, are very similar, despite the large difference in 
molecular weight (Table 6). They both show two G’-G’’ cross-overs, one in the high 
frequency region, ca 20 s-1, which also is present in the linear PMMA and is due to a 
rubbery behavior above the glass transition temperature. The other cross-over, in 
the low frequency region (0.1 s-1), is only seen in the comb architecture and is 
associated with chain entanglements only present in high molecular weight or 
lightly cross-linked polymers. 
 
4.4.3 Ring-Opening Polymerization from HPC 

HPC was used as a macroinitiator for the ROP of ε-CL, utilizing the OH groups on 
the HPC backbone for the initiation (Scheme 14). The polymerization was conducted 
in 80 wt% toluene, catalyzed by Sn(Oct)2 and was terminated when the stir bar was 
unable to move, due to the high viscosity (2.5 h). The conversion of ε-CL was 
calculated to 84 % using 1H NMR. The HPC-PCL was dialyzed against THF to 
separate the product from linear PCL, since SEC characterization showed presence 
of the homopolymer. A reduction of the low molecular weight fraction was seen; 
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however, the removal was not complete. The molecular weight averages obtained 
for HPC-PCL employing SEC and DLS in THF are displayed in Table 7.  
 
Table 7. Molecular weight averages obtained using SEC and DLS in THF of HPC, HPC-PCL, and HPC-
PCL-I.  
 

SECa DLSb Sample No. 
Mn (g mol-1) Mw (g mol-1) PDI (-) Z-av. (nm) PDI (-) 

HPC  25 150 63 610 2.5 - - 
HPC-PCL 1 158 700 365 300 2.3 67.6 0.53 

HPC-PCL-I 2 142 400 348 000 2.4 58.8 0.40 
a Obtained by using SEC in THF, 1.0 mL min-1, calibrated using linear polystyrene standards, b Z-average obtained 
in THF 

 
The DP of HPC-PCL was 11 according to 1H NMR (Figure 22, left spectrum), which 
was close to the aimed DP of 10. The somewhat higher DP can be explained by the 
fact that almost all OH groups on HPC initiated polymerization. The success of the 
grafting can be observed by the appearance of the methine resonance at ca 5.0 ppm 
(Figure 22, left spectrum, peak G) adjacent to a ε-CL unit.130 
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Figure 22. 1H NMR spectra (obtained in CDCl3) of HPC-PCL (left) and the ATRP initiator-modified HPC-
PCL-I (right). 
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Conversion of the HPC-PCL end-groups into ATRP initiators was conducted 
according to Scheme 15 (top row). The conversion appeared quantitative, since the 
peak of the methylene end-group at 3.64 ppm (Figure 22, peak F) shifted to 4.17 
ppm and the methyl resonance of the initiating groups at 1.92 ppm (right spectrum, 
peak G) was observed after the reaction. SEC characterization of HPC-PCL-I 
revealed that the comb polymer was intact after the reaction (Table 7) since the 
obtained molecular weights were similar to those obtained for HPC-PCL. An even 
larger reduction of the linear PCL fraction during the reaction made it hard to 
observe in the SEC trace. The reduction is probably due to fractionation during the 
precipitation step, removing initiator-functionalized lower molecular weight PCL. 
From DSC analysis, both HPC-PCL and HPC-PCL-I were found to be 
semicrystalline, since they showed melting peaks in their thermograms at 41 and 33 
°C (2nd heating), respectively. The lowering of the melting temperature is probably 
due to the formation of a more flexible polymer exhibiting less hydrogen bonding, 
when the initiating moieties are attached to HPC-PCL. 
 
4.4.4 Block Copolymers from HPC-PCL 

HPC-PCL-I was used to initiate ATRP of t-BA (Scheme 15, right part), terminating 
the polymerizations at certain time intervals yielding PtBA blocks with different 
DPs. The monomer conversions were calculated using 1H NMR after the elapsed 
time and were kept below 35 % in order to suppress comb-comb coupling reactions. 
The ATRP of t-BA was found to follow first order kinetics, as the ln([M0]/[M]) 
against time showed a linear dependence (c.f. eq. 2), indicating limited termination 
reactions and a constant radical concentration (Figure 23). 
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Figure 23. Semi-logaritmic plot of ln([M0]/[M]) versus time for the ATRP of t-BA from HPC-PCL-I. 
 
The DPs of PtBA blocks were calculated from 1H NMR and the size of the molecular 
coils in solution were estimated using the Z-average, obtained from DLS in THF 
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(Table 8). SEC was only used to characterize the comb block copolymer with the 
shortest PtBA block, due to their expected high molecular weight, which fall outside 
the calibration range and might clog the columns. 
 
Table 8. Results for HPC-PCL-PtBA produced by ATRP of t-BA from initiator-modified HPC-PCL. 
 

SECa 1H NMR DLSb 

No. 

Pol. 
time 
(h) 

Mn 
(g mol-1) 

Mw 
(g mol-1) 

PDI 
(-) 

Mn 
(g mol-1) DP 

Z-av. 
(nm) 

PDI
(-) 

wt% 
PtBAc 

3 1 166 700 314 300 1.9 1 900 15 73.2 0.44 51 
4 2 - - - 3 200 25 67.6 0.43 66 
5 5 - - - 17 100 133 69.6 0.24 98 
6 14 - - - 34 100 266 86.3 0.19 ~100 
7 17 - - - 66 400 518 90.2 0.19 ~100 

a Obtained by using SEC in THF, 1.0 mL min-1, calibrated using linear polystyrene standards, b Z-average obtained 
in THF, cwt% PtBA calculated from TGA, from the first weight loss 

 
It was observed that the Z-averages generally increased with increasing PtBA block 
length. FT-IR was used to characterize HPC-PCL-PtBA, and a spectrum of sample 7 
is displayed in Figure 24 (lower spectrum). TGA was used to calculate the PtBA 
content in the comb block copolymers, thanks to the complete release of isobutene at 
ca 250 °C.146 An excellent agreement with the expected PtBA contents, obtained via 
TGA of a PtBA homopolymer, was obtained. DSC analysis of sample 3 and 4, 
having the shortest PtBA blocks, did not show any thermal transitions in the 
measured temperature range (-20 - 160 °C), which might depend on a non phase-
separated morphology. It is possible that the two blocks are too short to show 
separate thermal transitions, thus affecting each other. However, sample 5 showed a 
clear PCL melting peak at 41 °C, sample 6 and 7 showed significant PtBA glass 
transitions at 37 and 33 °C, respectively. The dominating glass transitions are very 
close to the PCL melting temperatures and are probably covering the melting peaks 
of the PCL blocks. This suggests a phase separated morphology in samples 5-7. 
 
4.4.5 Amphiphilic Comb Block Copolymers 

Deprotection of HPC-PCL-PtBA using TFA146 was performed to obtain amphiphilic 
comb block copolymers, having an outer poly(acrylic acid) block (PAA; Scheme 16). 
The reactions were successful for the samples exhibiting longer PtBA blocks, 
(samples 5-7), whereas sample 3 and 4 were reluctant to deprotection. The 
deprotection was easily followed using FT-IR, since the peaks originating from the 
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tert-butyl group deformation mode, at 1366 and 1392 cm-1, respectively, disappear 
after a successful deprotection reaction (Figure 24). 
 

80012001600200024002800320036004000

ν/cm-1

HPC-PCL-PtBA (7)

HPC-PCL-PAA (10)

ester and
acid carbonyls

carboxylic acid

ester carbonyls

tert-butyl group 
deformationmethyl groups

 
Figure 24. FT-IR spectra of HPC-PCL-PtBA (lower) and HPC-PCL-PAA (upper). 
 
The broadening of the carbonyl stretch, due to the formed acid carbonyls at ca 1700 
cm-1, and the appearance of a broad OH band (2400-3600 cm-1) are other signs of a 
successful deprotection. It was hard to achieve representative 1H NMR spectra of 
HPC-PCL-PAA, due to the amphiphilic nature of the polymers, showing only the 
resonances of the PAA block when the analysis was run in D2O. Addition of 50 vol-
% THF-d8 made the resonances of the PCL protons appear. TGA further confirmed 
the deprotection reaction, by the absence of the characteristic weight loss at ca 250 
°C. Furthermore, the remaining weight loss profile was very similar to that of its 
precursor, implying that the deprotection only affected the PtBA block (Figure 25). 
A loss of water at 100 °C could be seen in the amphiphilic polymer, which is due to 
its hygroscopic nature. 
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Figure 25. TGA of HPC-PCL-PtBA and amphiphilic HPC-PCL-PAA. 
 
Samples 8-10 (5-7 before deprotection) could be suspended in water, through 
dissolution in THF:water (4:1, v:v), followed by drop-wise addition of water and 
subsequent dialysis against water to remove the THF. The water-suspendable HPC-
PCL-PAA samples were characterized using DLS in water, but it was found that in 
addition to centrifugation and filtering of the samples, addition of a small amount of 
NaHCO3 was needed in order to reduce aggregation. The obtained Z-average 
diameters are displayed in Table 9. The two samples having longer PAA blocks (9 
and 10) exhibited larger molecular sizes than their precursors, whereas the shortest 
showed comparable sizes before and after deprotection. The PDIs of the water-
suspended amphiphilic polymers are larger than those of their precursors, which 
could be due to the new polymer–solvent combination or the possibility that they 
are interacting with each other, forming aggregates. 
 
Table 9.  Characteristics of amphiphilic HPC-PCL-PAA. 
 

No. DP PCLa DP PtBAa Sample Z-averageb (nm) PDIb (-) 
8 11 133 HPC-PCL-PAA 62.8 0.29 
9 11 266 HPC-PCL-PAA 129.5 0.31 
10 11 518 HPC-PCL-PAA 152.0 0.25 

a Obtained from 1H NMR of HPC-PCL-PtBA in CDCl3, b Obtained using DLS in water 
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4.4.6 Cross-linking of HPC-PCL-PAA 

The water-suspended amphiphilic polymers were cross-linked using a water-
soluble diamine (Scheme 17), employing different amphiphile concentrations and 
attempted cross-linking densities, based on the acrylic acid contents. The reaction 
could be followed using FT-IR on lyophilized samples since the peaks from the 
amide bands appear at 1636 and 1550 cm-1 (Figure 26). 
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Figure 26. FT-IR of HPC-PCL-PAA (9) before (lower) and after cross-linking (upper). 
 
The sizes of the cross-linked amphiphilic comb polymers were analyzed using DLS. 
It was found that the diameters (Z-average) were in the range 89-320 nm (Table 10). 
The higher PDIs indicated that most of the samples had aggregated during cross-
linking or were cross-linked intermolecularly. No significant differences in the FT-IR 
spectra of the samples with different attempted cross-linking could be observed, 
which might depend on the possibility that the outer shell of the amphiphilic 
polymer had a higher cross-link density and the diffusion of the diamine to the 
interior regions was lowered because of this. 
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Table 10. Characteristics of the cross-linked amphiphilic polymers 
 

Amphi-
philic 

polymer 

Extent of 
cross-

linking 
DP 

PAAa 

Z-av.  
precursorb 

(nm) 
PDIb 

(-) 

Conc. 
cross-

linking 
(mg mL-1) 

Z-av. 
cross-

linkedb 
(nm) 

PDIb 
(-) 

8 100 % 133 62.8 0.29 0.31 320.0 0.54 
9a 100 % 266 129.5 0.31 0.37 196.8 0.29 
9b 100 % 266 129.5 0.31 0.26 235.3 0.32 
10a 100 % 518 152.0 0.25 0.38 197.5 0.27 
10b 100 % 518 152.0 0.25 0.23 132.3 0.25 
10c 50 % 518 152.0 0.25 0.23 208.3 0.44 
10d 25 % 518 152.0 0.25 0.21 89.3 0.40 

a DP for the HPC-PCL-PtBA precursor, obtained from 1H NMR in CDCl3, b Obtained in water 

 
Analysis using TM-AFM of one of the cross-linked amphiphilic polymers showed 
that the nanoparticles collapse during drying onto mica (entry 10a, Table 10; Figure 
27). The height image shows features exhibiting a center, probably the collapsed 
HPC-PCL part, surrounded by a lower height corona, which could be the cross-
linked PAA spreading out on the surface. However, the sizes of the features are 
polydisperse, which implies that they are aggregating, probably both during cross-
linking and drying onto mica. The smaller features could be single amphiphilic 
block copolymers, since the size is approx. equal to that of the swollen nanoparticles 
in solution (ca 200 nm).  
 

 
 
Figure 27. Tapping-mode AFM height image of cross-linked HPC-PCL-PAA drop cast onto mica (0.01 mg 
mL-1) and dried 30 min under vacuum at 50 °C. 
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The ability of the amphiphilic comb block copolymers to solubilize pyrene was 
investigated. The liquid-liquid transfer method supported the theory that the 
amphiphilic polymers could solubilize pyrene, since the UV absorption spectra 
containing amphiphilic polymer was much more detailed than that obtained from 
the water phase containing no amphiphilic polymer. The other method, where 
cross-linking was performed on the amphiphilic polymer containing pyrene, 
showed that pyrene was released slowly from the cross-linked containers. UV 
absorption of pyrene (λ = 337 nm) could be detected after 48 h of dialysis against 
water. 
 

4.4.7 Isoporous Membranes  

Three comb polymers based on HPC: HPC-PS, HPC-PMMA, and HPC-PCL, were 
used to cast porous membranes. The casting was performed from a solution of 
HPC-PS in CS2 (10 mg mL-1) in a chamber with high humidity (50-80%). When a 
humidity of ca 70% was employed, the HPC-PS solution produced porous films 
with pore sizes in the range of 3-5 µm (Figure 28a). It has been shown that the 
addition of up to 30 wt% linear polymer can aid the organization into highly regular 
membrane domains during the film formation.147, 148 When using the same casting 
conditions, addition of 20 wt% linear PS (MW 12 000 g mol-1) a total polymer 
concentration 10 mg mL-1 in CS2 and a relative humidity of 70%, the regularity of the 
films increased and highly regular isoporous membranes were formed (Figure 28b). 
The pore size was uniform, ca 4 µm. 
 

 
 
Figure 28. Optical microscope images (100X magnification) of isoporous membranes cast from solutions 
of a) HPC-PS in CS2 (10 mg mL-1) and b) with addition of 20 wt% linear PS.  
 
Static water CA of the HPC-PS isoporous membrane was 128°, which is higher than 
the CA of a solid HPC-PS film of 105°. Even more hydrophobic surfaces can be 
obtained if the top layer is removed, using adhesive tape, due to the pin-cushion 
topography which can be formed. The quality of the resulting surface varied, since 
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the measured CA varied from 130-149°. HPC-PMMA did not form any regular 
porous films when using CHCl3, different polymer concentrations and varying 
humidity. It has been observed in our laboratory that acrylates are less apt to form 
isoporous films. HPC-PCL was also used for casting of porous membranes from 
solutions in CHCl3 (10 mg mL-1), since the polymer showed acceptable solubility in 
this solvent. Regular porous domains were formed; however, they were not 
isoporous, when using a humidity of 70% (Figure 29). The membranes proved to be 
uneven, which is usually obtained when CHCl3 is used as casting solvent. 
 
 

 
 

Figure 29. Optical microscope images of porous membranes cast from solutions of HPC-PCL in CHCl3 (10 
mg mL-1), a) 100X magnification and b) 20X magnification. 
 
These membranes consist of biocompatible and biodegradable HPC-PCL. Stenzel 
and co-workers used an amphiphilic block copolymer to demonstrate that the 
hydrophilic groups will be enriched inside the pores.149 The porous film based on 
HPC-PCL can therefore be seen as a surface with micro-sized reactors enriched with 
hydroxyl groups acting as reactive sites for further derivatization.  
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5 CONCLUSIONS 

Dendronization and controlled polymerization techniques, atom transfer radical 
polymerization (ATRP) and ring-opening polymerization ROP, have successfully 
been used to tailor the properties of surfaces and nanoscopic objects. 
 
Three generations of disulfide-cored bis-MPA didendrons have been synthesized 
and adsorbed onto gold substrates. The monolayers were stable and their heights 
were in accordance with expected results and found to increase with increasing 
dendron generation. In situ deprotection of the acetonide end-groups formed OH-
terminated SAMs and the selectiveness of the deprotection was confirmed with FT-
IR. The wettabilities of the substrates were changed with the dendron adsorption, 
reflecting the properties of the dendron end-group functionality. 
 
Dendronization of hydroxypropyl cellulose (HPC) with acetonide-protected 
dendrons of generation 1-3 resulted in biobased dendronized polymers with 
increasing molecular weights, obtained using SEC, up to the second generation (Mn 
= 50 kg mol-1). The grafting densities could be estimated using 1H NMR and resulted 
in 0.7-0.9 dendrons/AGU. End-group functionalization of the first generation 
dendronized polymer, with OH groups or alkyl chains, resulted in dendronized 
polymers with different properties. The alkyl-terminated dendronized HPC was 
found to form aggregating- and extended conformations when characterized using 
AFM of samples spun cast onto mica and HOPG, respectively. 
 
Superhydrophobic cellulose surfaces with self-cleaning properties could be 
fabricated when a filter paper was grafted using ATRP of glycidyl methacrylate and 
post-functionalized with a perfluorinated alkyl chain. When a ‘graft-on-graft’ 
architecture of the polymer was employed, utilizing the epoxide group in the first 
layer for the grafting of a second, superhydrophobic cellulose surfaces exhibiting a 
water contact angle larger than 170°, which showed stability over time, were 
obtained. It was clear from AFM characterization that the graft-on-graft 
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functionalization produced a micro-nano-binary surface topography, responsible for 
the low wettability. 
 
HPC was converted to ATRP macroinitiators, through the reaction with 2-
bromoisobutyric anhydride or a bis-MPA unit functionalized with 2-
bromoisobutyryl bromide. Comb polymers based on MMA were grown from the 
macroinitiators and it was found that high dilution, addition of deactivating Cu(II) 
and low monomer conversions (below 40%) were needed in order to obtain soluble 
comb polymers. The comb polymers showed very high molecular weights (>300 kg 
mol-1) and the dendronized macroinitiator gave lower PDIs than the other 
macroinitiator, which could depend on the fact that the initiator grafting density 
was lower for the dendronized macroinitiator. Comb block copolymers were 
obtained via chain extension of HPC-g-PMMA with tert-butyl acrylate. The comb 
polymers were analyzed using AFM and could be observed as spherical objects with 
radii around 100-200 nm when spun cast from dilute solutions onto mica.  
 
It is possible to cast isoporous membranes, exhibiting uniform pore sizes of a few 
micrometers, from solutions of HPC comb polymers with polystyrene or poly(ε-
caprolactone) teeth. Furthermore, functional porous membranes could be obtained 
when HPC-PCL was used for casting. 
 
HPC was used as a macroinitiator for ROP of ε-caprolactone, and the PCL end 
groups were converted to ATRP initiators through reacting them with 2-
bromoisobutyryl bromide. Water-suspendable amphiphilic comb block copolymers 
were formed by ATRP of tert-butyl acrylate followed by deprotection of the tert-
butyl moieties. These carboxylic acid functional unimolecular micelles could be shell 
cross-linked with a diamine to form hydrogel-coated nanoparticles, which were 
found to solubilize a hydrophobic model compound, pyrene, in water. 
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6 FUTURE WORK 

It would be interesting to investigate the properties of dendronized cellulose, 
containing a cross-linkable group in the dendritic part. The cross-linking could be 
used to preserve the conformation of the dendronized polymer, either through 
cross-linking in dilute solution or as single molecules cast onto surfaces. Attempts to 
excavate the interior region, to produce a tubular architecture, would also be 
desired. Other chemistries for the dendron ‘attach to’ reaction, such as ‘click 
chemistry’ should be explored. Synthesis of a cellulose-based hyperbranched 
dendronized polymer would be an interesting alternative. 
 
Controlled polymerizations from soluble cellulose need to be further developed and 
possible applications were graft-modified cellulose could replace an oil-based raw 
material should be in focus. The benefits from cellulose, such as high molecular 
weight, tensile strength and reactivity could be advantageous for use in 
nanocomposites or as reinforcing component in coatings. The biocompatibility and 
degradability of cellulose should further be utilized for biomedical applications and 
tailoring of the grafted polymer to assign a specific function in a drug delivery 
process could be used. 
 
The aggregation behavior in different solvents of amphiphilic comb block 
copolymers should be studied. The possibility to incorporate biopolymer backbones 
into the amphiphilic polymer should also be further explored. 
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