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ABSTRACT 
The potential use of renewable, bio-based polymers in high-technological 

applications has attracted great interest due to increased environmental concern. 
Cellulose is the most abundant biopolymer resource in the world, and it has 
great potential to be modified to suit new application areas. The development of 
controlled polymerization techniques, such as atom transfer radical 
polymerization (ATRP), has made it possible to graft well-defined polymers from 
cellulose surfaces. In this study, graft-modification of cellulose substrates by 
ATRP was explored as a tool for tailoring surface properties and for the 
fabrication of functional cellulose surfaces. 

Various native and regenerated cellulose substrates were successfully graft-
modified to investigate the effect of surface morphology on the grafting 
reactions. It was found that significantly denser polymer brushes were grafted 
from the native than from the regenerated cellulose substrates, most likely due to 
differences in surface area.  

A method for detaching the grafted polymer from the substrate was 
developed, based on the selective cleavage of silyl ether bonds with 
tetrabutylammonium fluoride. The results from the performed kinetic study 
suggest that the surface-initiated polymerization of methyl methacrylate from 
cellulose proceeds faster than the concurrent solution polymerization at low 
monomer conversions, but slows down to match the kinetics of the solution 
polymerization at higher conversions. 

Superhydrophobic and self-cleaning bio-fiber surfaces were obtained by 
grafting of glycidyl methacrylate using a branched graft-on-graft architecture, 
followed by post-functionalization to obtain fluorinated polymer brushes. AFM 
analysis showed that the surface had a micro-nano-binary structure. It was also 
found that superhydrophobic surfaces could be achieved by post-
functionalization with an alkyl chain, with no use of fluorine.    

Thermo-responsive cellulose surfaces have been prepared by graft-
modification with the stimuli responsive polymer poly(N-isopropylacrylamide) 
(PNIPAAm). Brushes of poly(4-vinylpyridine) (P4VP) rendered a pH-responsive 
cellulose surface. Dual-responsive cellulose surfaces were achieved by grafting 
block-copolymers of PNIPAAm and P4VP.  



SAMMANFATTNING 
Den potentiella användningen av förnyelsebara, biobaserade polymerer i 

högteknologiska tillämpningar har tilldragit sig stort intresse på grund av ökad 
miljömedvetenhet. Cellulosa är den rikligast förekommande biopolymerresursen 
i världen, och den har stor potential att kunna modifieras för att passa nya 
tillämpningsområden. Utvecklandet av kontrollerade polymerisationstekniker, 
såsom atom transfer radical polymerization (ATRP), har gjort det möjligt att 
ympa väldefinierade polymerer från cellulosaytor. I den här studien har 
ympmodifiering av cellulosasubstrat via ATRP utforskats som ett verktyg för att 
skräddarsy ytegenskaper, samt för framställandet av funktionella cellulosaytor. 

Olika slags naturliga och regenererade cellulosasubstrat ympmodifierades 
för att undersöka effekten av ytmorfologi på ympreaktionerna. Det framgick att 
signifikant tätare polymerborst kunde ympas från de naturliga, jämfört med de 
regenererade cellulosaytorna, troligtvis på grund av skillnader i ytarea. 

En metod för att avskilja den ympade polymeren från substratet utvecklades, 
baserad på den selektiva klyvningen av silyleterbindningar med 
tetrabutylammoniumfluorid. Resultaten från den genomförda kinetikstudien 
talar för att den ytinitierade polymerisationen av metylmetakrylat från cellulosa 
sker snabbare än den jämlöpande lösningspolymerisationen vid låga 
monomeromsättningar, men saktar ner till att bli jämförbar med 
polymerisationen i lösningen vid högre omsättningar. 

Superhydrofoba och självrengörande biofiberytor erhölls genom ympning av 
glycidylmetakrylat under användande av en grenad ymp-på-ymp-arkitektur, 
följd av post-funktionalisering för att erhålla fluorinerade polymerborst. AFM-
analys visade att ytan hade en mikro-nano-binär struktur. Det framgick även att 
superhydrofoba ytor kunde framställas genom post-funktionalisering med en 
alkylkedja, utan användning av fluor. 

Termoresponsiva cellulosaytor har framställts genom ympmodifiering med 
den stimuliresponsiva polymeren poly(N-isopropylakrylamid) (PNIPAAm). 
Borst av poly(4-vinylpyridin) (P4VP) frambringade en pH-responsiv 
cellulosayta. Dubbelresponsiva cellulosaytor framställdes genom ympning av 
block-sampolymerer av PNIPAAm och P4VP.    
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1 PURPOSE OF THE STUDY 
The interest in using cellulose in high-technological products is constantly 

increasing. Cellulose is the most abundant renewable polymer resource in the 
world, and it has the potential to be modified to further improve its properties. 
The development of controlled radical polymerization techniques has made it 
possible to graft well-defined polymers from a cellulose-based surface, in order 
to tailor the surface properties for specific functions. The ability to create 
functional cellulose surfaces opens up for a new range of possible applications 
for bio-based materials as sensors, membranes, in electronics and biomedical 
applications. 

This study was conducted to explore the use of atom transfer radical 
polymerization (ATRP) of vinyl monomers as a versatile tool to tailor the surface 
properties of bio-fibers and to investigate how the surface-initiated 
polymerization is affected by the morphology of the cellulose-based substrate. In 
order to achieve this, various cellulose-based substrates had to be investigated 
and compared. To fully characterize and understand the surface-initiated 
polymerizations from cellulose, it was necessary to develop a method to cleave 
the polymer brushes from the substrate. The following aim was to explore the 
ability to achieve functional cellulose surfaces using ATRP. 
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2 INTRODUCTION 
2.1 CONTROLLED RADICAL POLYMERIZATION 

Free radical polymerization is the most widely used industrial 
polymerization method. The advantages over other techniques are primarily the 
low requirements on reactant purity, and the wide range of monomers that can 
be used. The main drawback is, however, the lack of control over molecular 
weight, molecular weight distribution and chain end-groups. Over the last 
fifteen years the development of controlled radical polymerization techniques 
has opened up for achieving well-defined polymer structures and functionalities 
using vinyl monomers. The three most studied controlled radical polymerization 
techniques are nitroxide mediated polymerization (NMP),1 atom transfer radical 
polymerization (ATRP)2-4 and reversible addition-fragmentation chain transfer 
(RAFT) polymerization.5,6 These methods are all based on suppressing 
termination and other unwanted side-reactions by maintaining a low 
concentration of active propagating species. This is accomplished by establishing 
a dynamic equilibrium between active species and end-capped (dormant) chains 
which are unable to propagate or terminate (Scheme 1). The exchange between 
active and dormant species should be fast relative to propagation, and the 
equilibrium should be shifted towards the dormant species. 

2.1.1 Atom transfer radical polymerization (ATRP) 

ATRP was first reported independently by Wang and Matyjaszewski2,3 and 
Sawamoto and coworkers4 in 1995, and has since then been the most studied of 
the controlled radical polymerization techniques. It was derived from atom 

Dormant species Active species + Capping agent

Monomer

activation

deactivation

Scheme 1. General CRP equilibrium between active and dormant species.
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transfer radical addition (ATRA), initially developed by Kharasch.7 ATRA 
involves atom transfer of a halogen atom from an organic halide to a metal 
complex, followed by addition of the formed organic radical to an alkene, and 
finally back-transfer of the halogen atom. In ATRP, the addition product is able 
to re-activate into a radical and undergo propagation with available monomer as 
an equilibrium is established between the dormant halogen capped chains and 
the active radical species. A successful ATRP has a small proportion of 
terminated chains, and a uniform chain growth which is accomplished by a fast 
and quantitative initiation and rapid reversible deactivation.8 

The ATRP system is composed of monomer, initiator and a catalyst 
consisting of a transition metal halide complexed with a ligand. A variety of 
monomers, such as styrenes,2,9 (meth)acrylates,2,10-15 (meth)acrylamides16,17 and 
acrylonitrile18,19 can be utilized and the choice of monomer determines the type of 
initiator and catalyst that can be employed.20 The initiator is usually an alkyl 
halide, typically a bromide or chloride. The initiation should proceed faster than, 
or at least equal to the propagation, why the reactivity of the initiator towards 
the monomer must be at least comparable to that of the growing polymer chain. 
The initiators are therefore often chosen to match the structure of the polymer 
analogue.8 The catalyst is an important component of the ATRP system as it 
determines the dynamics of the equilibrium between dormant and active species. 
The most frequently studied transition metal is copper, due to its synthetic 
versatility and low cost. However, ATRP has also been successfully mediated by 
a number of other metals, including iron,21-23 ruthenium,4,24 osmium,25 
molybdenum,26-28 rhenium,29 nickel,30,31 palladium,32 rhodium,33,34 cobalt35 and 
titanium.36 A wide variety of mostly nitrogen-,3,10,37-39 but also phospine-
based4,21,22,24 ligands has been used to complex the transition metal. 

ATRP can be conducted in a range of solvents, such as toluene, diphenyl 
ether, ethyl acetate, acetone, methanol, water and supercritical carbon dioxide.8 
Aqueous ATRP has received significant attention, due to increased 
environmental concern and also the possible biomedical applications for 
hydrophilic polymers.11,12,40-47 

The main drawback of ATRP is the relatively large amount of catalyst used, 
which needs to be removed from the final polymer. To overcome this problem, 
methods to decrease the amount of catalyst in the system, and to remove the 
catalyst in the final polymer, have been investigated.47,48 

2.1.1.1 Mechanism and kinetics of ATRP 

The mechanism of copper-mediated ATRP, adapted from that of ATRA as 
proposed by Matyjazewski et al.,49 is shown in Scheme 2. It involves initiation by 
homolytic cleavage of an alkyl halide bond by a copper halide complex to 
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generate the corresponding higher oxidation state copper halide complex and an 
alkyl radical. The active radical species can then propagate with available 
monomer, or be deactivated by back-transfer of the halogen in the reversible 
redox reaction. The rate of deactivation must be higher than the rate of activation 
to suppress termination reactions and thus ensure a controlled polymerization. 
In the initial stages of the polymerization, equal amounts of active species and 
Cu(II) are formed during the activation, and the rates of activation and 
deactivation are similar. Termination by radical recombination then occurs at this 
stage, as the rate of termination is higher than the rate of deactivation. However, 
for every termination reaction, the concentration of Cu(II) increases, shifting the 
equilibrium gradually to the dormant side of the reaction, resulting in a lower 
rate of polymerization and less termination. This self-adjustment of the system is 
known as the persistent radical effect.50 

From the reactions in Scheme 2, using the assumption that termination can be 
neglected due to the persistent radical effect and a fast pre-equilibrium 
approximation, the kinetics of ATRP can be described by the following 
equations:49 

 

R-X     +     Cu(I)X/ligand
K'eq

Initiation

R     +     Cu(II)X2/ligand

(X = Cl, Br)

R     +     monomer
k'p P1

Propagation

Pn-X     +     Cu(I)X/ligand
Keq

Pn     +     Cu(II)X2/ligand

Pn     +     monomer Pn+1
kp

Termination

Pn     +     Pm

kt
Pn+m

Scheme 2. Mechanism of copper-mediated ATRP.
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K      (1) 
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][Cu(II)X

[Cu(I)X][RX]][M][P[M]
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In equation 2, the propagation rate (Rp) is described as first-order in respect 

to monomer concentration [M], initiator concentration [RX] and activator 
concentration [Cu(I)X], and negatively first order in respect to deactivator 
concentration [Cu(II)X2]. However, since the concentration of Cu(II)X2 increases 
with occurring termination reactions due to the persistent radical effect, the 
actual kinetics may be more complex.8,50  

It has been shown that the rate of polymerization is accelerated in polar 
solvents.42,45,51 This has led to the proposal of other theories on the polymerization 
mechanism of ATRP. Haddleton and co-workers suggested that the active 
propagating species is a caged radical, associated to the metal complex, rather 
than a free radical.52 More recently, Percec et al. suggested that the copper-
mediated polymerization in polar solvents, and with most commonly used 
ligands, proceeds via a single electron transfer mechanism rather than atom 
transfer, as the Cu(I)X dissociates into Cu(0) and Cu(II) in these solvents, where 
after the Cu(0) mediates the activation of the dormant chain via an ion cage 
intermediate.53    

2.2 POLYMER BRUSHES 

Modification of surfaces with covalently linked polymer films can be used to 
tailor the surface properties of solid substrates. The modification can be 
conducted by attaching polymers by one end to the surface, yielding polymer 
brushes.54 This can be performed either by physisorption of the polymer or by 
covalent attachment. The latter of these two methods is preferred as it renders 
the brushes more thermally and solvolytically stable.55 Covalently bound 
polymer brushes can be achieved by ‘grafting to’ or ‘grafting from’ techniques. 
The ‘grafting to’ method involves attachment of pre-synthesized, end-
functionalized polymer chains to reactive groups on the surface (Figure 1). The 
polymers can be fully characterized before the attachment to the surface, offering 
the possibility to control the properties of the resulting material. However, steric 
hindrance for the attachment increases during the reaction as the polymer chains 
have to diffuse through the layer of already attached brushes to reach the 
reactive sites on the surface. Thus, it is very difficult to achieve high grafting 
densities using the ‘grafting to’ method.55 In the ‘grafting from’ technique, the 
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polymer brushes are formed by in situ surface-initiated polymerization from 
immobilized initiators on the substrate (Figure 2). Using this method, it is 
possible to obtain thicker polymer films and higher grafting densities.55 In order 
to tailor the properties of the grafts, it is highly desirable to use of a controlled 
technique to conduct the surface-initiated polymerization. Over the last years, all 
the major controlled polymerization techniques have been used to fabricate 
polymer brushes. Of these, ATRP has become the most popular route due to its 
compatibility with a wide range of functional monomers, and the experimental 
accessibility compared to other techniques.  

2.2.1 Surface-initiated ATRP 

Surface-initiated ATRP has proven to be a versatile technique for the 
fabrication of well-defined polymer brushes from a variety of solid substrates.56-65 

ATRP offers the possibility to further tailor the properties of the brushes by 
grafting of block-copolymers from the surface, as first reported by Matyjaszewski 
and coworkers.59  

The surface-initiated ATRP from smooth, planar substrates is, however, 
complicated by the low concentration of initiator in the system, yielding a very 

Figure 1. Schematic representation of the ‘grafting-to’ technique.

Figure 2. Schematic representation of the ‘grafting-from’ technique.
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small amount of Cu(II) species formed after the halogen transfer. The amount 
may be too low to effectively deactivate the propagating radicals, causing 
uncontrolled chain-growth.66 To overcome this challenge, deactivating Cu(II) 
halide can be added to the system in the beginning of the reaction to effectively 
shift the equilibrium to the dormant side.59 An additional method to control the 
surface-initiated polymerization is to add a free ‘sacrificial’ initiator to the 
system, allowing sufficient concentrations of the deactivating Cu(II) species to be 
generated via the initial termination of radicals formed in the solution.56,57 The 
sacrificial initiator, however, yields free polymer which is necessary to separate 
from the grafted polymer, resulting in a tedious work-up process. On the other 
hand, the free polymer can be analyzed by conventional techniques, and the 
length of the brushes can be tailored by adjusting the monomer-to-free initiator 
ratio. However, pre-determination of the brush length assumes that the kinetics 
of the surface-initiated polymerization and the solution polymerization is 
similar. In order to study this, and to fully characterize the grafted polymer 
brushes it is necessary to cleave them from the surface.67 Comparison of free and 
cleaved polymer showing similar kinetics has been reported by Fukuda et al., 
using a porous glass filter68 and silica particles69 as substrate, and by Fontaine et 
al. using Wang resin.70  

2.2.2 Functional surfaces  

The ability to fabricate well-defined polymer brushes with controlled 
properties has led to the increasing interest in producing functional surfaces, 
such as superhydrophobic71, antibacterial,72 non-fouling,73 and stimuli 
responsive74 materials. These kind of materials have potential use in a wide 
variety of applications, including microfluidic devices, sensors, actuators, drug 
delivery, and bioseparation.75-77 Two groups of functional surfaces that have been 
widely studied over the last years are superhydrophobic and stimuli responsive 
surfaces.  

2.2.2.1 Superhydrophobic surfaces 

Superhydrophobic surfaces have attracted increasing interest over the last 
years due to their water repellency, self-cleaning and anti-fouling properties that 
will offer potential use in various applications.78-80 The hydrophobicity can be 
characterized by depositing a water droplet on the surface and measuring the 
water contact angle, which is the angle between the solid-water and water-air 
interfaces. For a flat solid surface, the contact angle (θ) can be described with 
Young’s equation: 
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lv

slsv

γ
γγθ −

=cos        (3) 

  
where γ is the surface tension of the solid-vapor (sv), solid-liquid (sl), and 

liquid-vapor (lv) interfaces, respectively. 
However, both the surface chemistry and the roughness affect the 

hydrophobicity of the material. The contact angle for a rough surface (θ*) can be 
described with different modifications of Young’s equation developed by 
Wenzel81 and Cassie and Baxter.82  

In the Wenzel state, the water droplet is in contact with the entire surface 
area, making the droplet stick to the surface (Figure 3a). This results in a high 
hysteresis (the difference between advancing and receding contact angle). The 
surface roughness (r) is the ratio of the actual contact area to the apparent surface 
area, and the contact angle for the rough surface can be described in terms of the 
Young contact angle as: 

 
θθ cos*cos r=         (4) 

 
In the Cassie-Baxter state, the water droplet does not penetrate into the 

cavities on the surface, but instead rests on top of these, thus creating air pockets 
(Figure 3b). The contact angle θ* can then be described as: 

 
1cos*cos −+= ss φθφθ       (5) 

 
where φs is the fraction of the area under the water droplet that is in contact 

with water. The Cassie-Baxter state has a low hysteresis and sliding angle (the tilt 
angle at which a water droplet on a surface starts to move), as the water droplet 
can roll off easily when it rests on air pockets. This state is therefore necessary for 
self-cleaning applications. 

Figure 3. Effects of roughness on hydrophobicity according to a)
Wenzel and b) Cassie and Baxter. 
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Superhydrophobic surfaces should exhibit water contact angles higher than 
150° in combination with low sliding angles.83,84 These kind of surfaces cannot be 
produced only by lowering the surface free energy of a flat surface, without 
adding the effect of surface roughness. The most well-known example of a 
superhydrophobic material in nature is the Lotus leaf, where a hydrophobic 
waxy material is combined with a binary structure of micro- and nano-sized 
texture.85 Synthetic superhydrophobic surfaces are usually fabricated by 
increasing the roughness of a hydrophobic material, or by modifying a rough 
substrate with hydrophobic compounds.80,86-93 

2.2.2.2 Stimuli-responsive surfaces 

Stimuli-responsive surfaces change properties upon an external trigger, such 
as temperature, pH, electric field, radiation or ionic strength.94,95 The reversible 
switch in surface properties can be used for selective adhesion/detachment, 
controlled uptake and release, and transduction of chemical energy into 
mechanical work.75,76 Stimuli-responsive surfaces can be accomplished by graft-
modification with a stimuli-responsive polymer.75,96 The grafted polymer brush 
will then reversibly change its conformation in contact with the external stimuli.  

A widely studied thermo-responsive polymer is poly(N-
isopropylacrylamide) (PNIPAAm) which exhibits a lower critical solution 
temperature (LCST) around 32 °C.97,98 PNIPAAm is water soluble below LCST, 
due to hydrogen-bonding between the polymer chains and water molecules. At 
temperatures above LCST, intramolecular hydrogen-bonding results in a water 
insoluble polymer.99 Thus, PNIPAAm brushes grafted from a surface changes 
conformation from extended hydrophilic below LCST to collapsed hydrophobic 
at temperatures above LCST, causing the wettability of the surface to change 
from hydrophilic to hydrophobic (Figure 4).74,100-107 Furthermore, PNIPAAm-

Figure 4. Conformation of PNIPAAm brushes
below (left), and above (right) LSCT. 
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modified surfaces have proven useful for controlling cell adhesion and 
detachment by the switch in wettability.74,108-110  

To produce surfaces that respond to variations in pH, poly(acrylic acid) 
(PAA) or poly(4-vinylpyridine) (P4VP) can be grafted from the substrate. A 
PAA-grafted surface is hydrophobic with collapsed polymer brushes below pH 
4, and becomes hydrophilic at higher pH values as the PAA chains assume an 
extended conformation due to deprotonation of the acid groups.111 P4VP, on the 
other hand, is water soluble below pH 5, due to protonation of the pyridyl 
groups, and water insoluble in the deprotonated state.112 Brittain and co-workers 
prepared a pH-responsive silicon surface by graft-modification of block-
copolymers comprising of PAA and P4VP.113 Copolymer brushes with different 
kinds of responsive polymers allow adjustable surface properties using multiple 
external triggers. Jiang and co-workers reported on the fabrication of a dual-
responsive silicon surface by grafting copolymers of PAA and PNIPAAm.114   

2.3 CELLULOSE 

Cellulose is the most abundant biopolymer in the world. It is the main 
component of the cell wall in a majority of the higher plants, but is also produced 
by certain bacteria, algae and fungi.115 Cellulose is a linear polysaccharide made 
up of β-D-glucopyranose units liked together by (1 4)-glycosidic bonds (Figure 
5). Every second glucopyranose unit is rotated 180°, why the repeating unit of 
cellulose, cellobiose, is considered to be a dimer of glucopyranose units.115 The 

many hydroxyl groups and the linear structure of cellulose result in the 
formation of intra- and intermolecular hydrogen bonding, causing the cellulose 
chains to aggregate into three-dimensional, highly crystalline structures.115 
Cellulose exists in different crystalline forms, the most common known as 
cellulose I-IV. Cellulose I is the native form of cellulose, in which the crystal 
structure consists of parallel cellulose chains.116 If the cellulose is treated with 
strong base (mercerization) or regenerated by dissolution and recrystallization, 
the crystal structure is converted into cellulose II. This crystal structure has 
antiparallel chains and is more thermodynamically stable than cellulose I.117 

Figure 5. Structure of cellulose.
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2.3.1 Bio-fibers 

A plant fiber is mainly built up by cellulose, hemicelluloses and lignin. The 
cellulose molecules form sheets, held together by hydrogen bonds, which stack 
together to form highly crystalline microfibrils.117 The microfibrils form bundles 
to make up the fibrils, which in turn build up the different layers of the fiber wall 
together with hemicelluloses and lignin. The orientation of the fibrils differs 
between the different layers of the cell wall, improving the mechanical properties 
of the fiber.117 A schematic structure of a wood fiber can be seen in Figure 6. 

The fibers are extracted from wood by different pulping techniques. During 
chemical pulping, much of the lignin and hemicelluloses are removed, resulting 
in a more compact fiber structure. Fibers from some other plants, such as cotton, 
naturally have higher cellulose content than wood.115 

Natural cellulose fibers find use in many important applications due to their 
useful properties, such as a high modulus combined with low specific weight.   

2.3.2 Graft-modification of cellulose 

Cellulose is already used in a wide variety of applications, and the interest in 
expanding the field of possible applications is constantly increasing. Due to its 
many hydroxyl groups, cellulose is, however, very hydrophilic and adsorbs 
water easily. This complicates the use of cellulose in applications such as 
reinforcing agent in composites where adhesion to the often hydrophobic 

Figure 6. Schematic structure of a wood fiber.
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polymer matrix is necessary. On the other hand, the hydroxyl groups can also 
serve as reactive sites, providing the cellulose with great potential for 
modification to improve and/or tailor the properties to a certain function. Surface 
modification of cellulose by graft-copolymerization provides an important 
method for altering chemical and physical properties.118 Grafting of a 
hydrophobic polymer to cellulose fibers can for example provide the increased 
hydrophobicity needed to solve the adhesion problem for the use in 
composites.119,120  Graft-modification of cellulose has been widely studied for 
several decades.118,121-132 Various techniques have been employed, most of them 
based on the ‘grafting from’ method where radicals are generated along the 
cellulose backbone, followed by conventional free radical polymerization of 
vinyl monomers. Grafting of cellulose via controlled polymerization techniques 
has been accomplished using the ‘grafting to’ method, usually by pre-forming 
the polymers via anionic or cationic polymerization, followed by coupling to the 
cellulose backbone.133-135 Daly et al. reported the first controlled grafting from 
cellulose via NMP.136 Grafting from cellulose has since then also been achieved 
via ATRP64 and RAFT.137 The use of ATRP to graft-copolymerize cellulose has 
made it possible to accurately tailor properties such as wettability138 and 
antimicrobial activity.139  
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3 EXPERIMENTAL 
The following section briefly describes the performed experimental 

procedures. Full details can be found in the appended papers.  

3.1 MATERIALS 

Native cellulose (cellulose I) substrates were used in planar form in terms of 
Whatman 1 filter paper, and as a powder in terms of microcrystalline cellulose 
(MCC, Aldrich). Regenerated cellulose substrates were used in planar form in 
terms of dialysis membrane (Spectra/Por®3, MWCO 3500), and as fibers in terms 
of Lyocell (kindly supplied by Professor Lars Wågberg, manufactured by 
Lenzing). Chitosan films were used as a planar polysaccharide substrate (kindly 
supplied by Dr. Mikael Gällstedt at STFI-Packforsk). 

Methyl acrylate (MA, 99%, Aldrich), methyl methacrylate (MMA, 99%, 
Aldrich), styrene (99%, Acros) and glycidyl methacrylate (GMA, 97%, Acros) 
were passed through a column of neutral aluminum oxide prior to use. 4-
Vinylpyridine (4VP, 95%, Aldrich) was passed through a column of basic 
aluminum oxide prior to use. N-isopropylacrylamide (NIPAAm, 97%, Aldrich) 
was recrystallized twice from hexane. Tris(2-(dimethylamino)ethyl)amine (Me6-
TREN) was prepared similar to the procedure by Ciampolini and Nardi140 from 
tris(2-aminoethyl)amine (98% Aldrich). All other chemicals and solvents were 
used as received.  

3.2 CHARACTERIZATION 

Infrared spectra were recorded on a Perkin-Elmer Spectrum 2000 FT-IR 
equipped with a MKII Golden Gate, Single Reflection ATR System from Specac 
Ltd, London, U.K. The ATR crystal was a MKII heated Diamond 45 ° ATR Top 
Plate.  

Size Exclusion Chromatography (SEC) 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.). A universal 
calibration method was created using broad and narrow linear polystyrenes 
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standards. Corrections for the flow rate fluctuations were made using THF as an 
internal standard. Viscotek Trisec 2000 version 1.0.2 software was used to 
process data. A conventional calibration method was created using narrow linear 
polystyrenes standards. Corrections for the flow rate fluctuations were made 
using toluene as an internal standard. Viscotek OmniSEC version 4.0 software 
was used to process data.  

1H NMR spectra were recorded on a Bruker Avance 400 MHz NMR 
instrument using CDCl3 as solvent. The solvent residual signal was used as 
internal standard. 

Static water contact angles were measured with a Rame-Hart goniometer 
using MilliQ water at ambient temperature and humidity. Static and dynamic 
contact angle measurements were also conducted on a KSV instruments CAM 
200 equipped with a Basler A602f camera, using 5 µL droplets of MilliQ water or 
pH buffer. The contact angles were determined using the CAM software. 

Scanning Electron Microscopy (SEM) was conducted on a JEOL JSM-5400. 
The samples were sputtered with Au/Cd (60%/40%) in a Desk II from Denton 
Vacuum.  

Imaging of the surfaces was performed in tapping-mode on a NanoScope IIIa 
Multimode AFM, using silicon tips (supplied by Veeco) with resonance 
frequencies of 303-344 kHz (according to the manufacturer).  

3.3 SURFACE MODIFICATION OF BIO-FIBERS 

3.3.1 Immobilization of initiator on cellulose surface 

To enable the grafting reaction, the hydroxyl groups on the surface of the 
substrates were first esterified by reaction with 2-bromoisobutyryl bromide or 2-
chloroproionyl chloride, yielding covalently bound ATRP initiators on the 
surface as shown in Scheme 3. The procedure for immobilization of initiator on 
the surface was adopted from Carlmark and Malmström.138 The cellulose 
substrates were washed and ultrasonicated in tetrahydrofuran and acetone prior 
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Scheme 3. Immobilization of initiator on cellulose.
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to the modification. The hydroxyl groups on the surface were then reacted by 
immersing the substrate in a solution containing 2-bromoisobuturyl bromide or 
2-chloropropionyl chloride, triethylamine (TEA) and a catalytic amount of 4-
dimethyl aminopyridine (DMAP) in tetrahydrofuran (THF). The reaction was 
allowed to proceed at room temperature for 4-24 h. The substrates were 
thereafter thoroughly washed with THF and ethanol and dried in a vacuum oven 
at 50 °C.  

In order to incorporate a cleavable linker on the surface, the substrates were 
reacted with 3-aminopropyl-trimethoxysilane by refluxing for 48 h in a THF 
solution to yield silyl ether bonds (Scheme 4). The silane-functionalization was 
followed by immobilization of initiator as previously described.  

3.3.2 Grafting from initiator-modified cellulose 

The grafting reactions were generally conducted by immersing the initiator-
modified cellulose substrate into a reaction mixture containing monomer, copper 
salt, ligand and solvent. In order to achieve control over the reactions, either 
sacrificial initiator or deactivator was added to the solution. The reaction mixture 
was then evacuated and back-filled with argon gas three times to remove 
oxygen. 

3.3.2.1 Grafting of MA from intiator-modified cellulose 

The grafting of MA from the initiator-modified substrates was performed at 
room temperature, catalyzed by Cu(I)Br/Me6-TREN, similarly to the procedure 
developed by Carlmark and Malmström64 (Scheme 5).  
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Scheme 4. Silane-functionalization, and subsequent immobilization of
initiator on cellulose. 



Experimental 

16 

In order to achieve control over the reaction, the grafting was performed 
either with the addition of sacrificial initiator, ethyl 2-bromoisobutyrate, or by 
the addition of the deactivator, Cu(II)Br2. When sacrificial initiator was used, the 
grafts were targeted to different degrees of polymerization (DP) by adjusting the 
ratio of monomer to free initiator, and the reaction was allowed to proceed for 18 
h. In the case when deactivator was added, the reaction was performed for 1-8 h. 
The PMA-grafted cellulose substrates were thereafter subjected to intense 
washing in THF, THF:water, water, dichloromethane, methanol and ethanol. The 
free polymer formed from the sacrificial initiator was dissolved in THF and 
passed through a column of aluminum oxide to remove the copper complex. The 
polymer was then dried under vacuum to remove solvent and remains of 
monomer. 

3.3.2.2 Grafting of styrene from initiator-modified cellulose 

The grafting of styrene from cellulose was performed in toluene, catalyzed 
by Cu(I)Br/N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDETA) at 90 °C 
according to Scheme 6. The polymerization was allowed to proceed for 18 h 
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when the sacrificial initiator 1-phenyl ethyl bromide was added, and the DP was 
targeted to 100 and 300 respectively. Alternatively, the deactivator Cu(II)Br2 was 
added to the reaction mixture, and the grafting reaction was performed for 1-8 h. 
The grafted-modified substrates were thereafter washed as previously described. 
The free polystyrene (PS) formed from the sacrificial initiator was dissolved in 
dichloromethane and passed through a column of aluminum oxide to remove 
the copper complex. The polymer was then precipitated in cold methanol and 
dried.  

3.3.2.3 Grafting of MMA from initiator-modified cellulose  

The grafting of MMA from initiator-modified cellulose was performed in 
toluene at 80 °C, catalyzed by Cu(I)Br/PMDETA as shown in Scheme 7.  

When sacrificial initiator ethyl 2-bromoisobutyrate was added, the DP was 
targeted to 600 and the reaction was conducted for 1-18 h. When instead the 
deactivator, CuBr2, was added to the reaction mixture, the polymerization was 
allowed to proceed for 2-4 h. The PMMA-grafted cellulose substrates were 
thereafter washed as previously described, and finally dried under vacuum. The 
free polymer formed from the sacrificial initiator was dissolved in 
dichloromethane and passed through a column of aluminum oxide to remove 
the copper complex. The polymer was then precipitated in cold methanol and 
dried. 
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Scheme 7. Grafting of MMA from initiator-modified cellulose.
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3.3.2.4 Grafting of GMA from initiator-modified cellulose 

The grafting of GMA from the initiator-modified cellulose substrates was 
conducted in toluene at 30 °C, catalyzed by Cu(I)Cl/PMDETA (Scheme 8). 
Cu(II)Br2 was added to achieve control over the reaction and the polymerization 
was allowed to proceed for 1-6 h. After the polymerization was completed, the 
PGMA-grafted cellulose substrate was thoroughly washed in THF, 
dichloromethane (DCM), methanol, THF/water and finally dried under vacuum. 

3.3.2.5 Grafting of NIPAAm from initiator-modified cellulose 

The grafting of NIPAAm from initiator-modified cellulose substrate was 
conducted in MeOH/H2O at room temperature, catalyzed by Cu(I)Cl/ Me6-TREN 
(Scheme 9).  Deactivator, Cu(II)Cl2, was added to achieve control over the 
reaction, and the polymerization was allowed to proceed for 15-60 min. The 
PNIPAAm-grafted substrates were thereafter washed as previously described, 
and finally dried under vacuum 
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3.3.2.6 Grafting of 4VP from initiator-modified cellulose 

The grafting of 4VP from initiator-modified cellulose substrates was 
conducted in 2-propanol at 50 °C, catalyzed by Cu(I)Cl/ Me6-TREN according to 
Scheme 10. Deactivator, Cu(II)Cl2, was added to achieve control over the 
reaction, and the polymerization was allowed to proceed for 2-6 h. The P4VP-
grafted cellulose substrates were thereafter washed as previously described and 
finally dried under vacuum. 

3.3.3 Cleavage of grafted polymer brushes.  

Cleavage of grafted PMMA from a cellulose substrate was performed by 
treating the graft-modified substrates with tetrabutylammounium fluoride 
(TBAF) in a THF solution, in order to break the silyl ether linkages as shown in 
Scheme 11. The reaction was typically stirred for 5 h after which the cellulose 
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substrate was removed from the solution. The polymer-containing solution was 
concentrated and the polymer was precipitated in cold methanol over night. The 
precipitation was washed with methanol and centrifuged to isolate the polymer 
which was finally dried under vacuum. 

3.3.4 Post-functionalization of grafted PGMA brushes 

The epoxide groups in the PGMA-brushes are possible to react with a variety 
of compounds, and can thus be used for postfunctionalization of the graft-
modified cellulose surfaces. 

PDMS-functionalized PGMA-grafts were achieved by reacting the epoxide 
groups with bis(3-aminopropyl)-terminated PDMS in a solution of toluene 
according to Scheme 12. The reaction was allowed to proceed at 100 °C over 
night. The PDMS-functionalized cellulose surface was thereafter washed in 
toluene, THF, DCM and MeOH, and finally dried under vacuum.  

In order to obtain hydroxyl groups available for further modification, the 
epoxide groups in the PGMA-grafted cellulose substrate were hydrolyzed using 
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hydrochloric acid as shown in Scheme 13. The reaction was allowed to proceed 
for 45 minutes after which the cellulose substrate was washed in THF, methanol 
and ethanol and finally dried under vacuum. To enable a branched grafting 
architecture, the obtained hydroxyl groups were reacted as previously described, 
with 2-bromoisobutyryl bromide or 2-chloropropionyl chloride, to yield 
covalently bound ATRP initiators along the PGMA-brushes. 

To obtain highly hydrophobic surfaces, the hydroxyl groups on the 
hydrolyzed PGMA-grafted cellulose substrate were reacted by immersing the 
substrate into a solution containing TEA and a catalytic amount of DMAP in 
DCM, followed by addition of pentadecafluorooctanoyl chloride, 
heptafluorobutyryl chloride or palmitoyl chloride (Scheme 14). The acylation 
was allowed to proceed at room temperature over night. The modified cellulose 
substrate was thereafter washed in DCM, THF and ethanol and finally dried 
under vacuum. 
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4 RESULTS AND DISCUSSION 
4.1 SURFACE-INITIATED ATRP FROM BIO-FIBERS 

The first aim of this study was to investigate the surface-initiated ATRP from 
a variety of different bio-fiber surfaces, and to study the influence of the 
substrate on the grafting. In order to fully characterize the grafted polymers, and 
to study the kinetics of the grafting reaction, it was necessary to develop a 
method for detaching the polymer brushes from the surface.  

4.1.1 Preparation of graft-modified cellulose substrates 

In order to enable the graft-modification of cellulose via ATRP, the hydroxyl 
groups on the surface of the substrate had to be converted into initiating sites. 
This was conducted by reaction of the hydroxyl groups with either 2-
bromoisobuturyl bromide or 2-chloropropionyl chloride yielding covalently 
bound ATRP initiators on the surface, utilizing the procedure adopted from 
Carlmark and Malmström.138 Attempts were made to analyze the initiator-
modified substrates by FT-IR, but the low amount of ester group was 
undetectable with this method. 

The grafting of various monomers from the initiator-modified substrates was 
conducted by immersion of the substrates into a reaction mixture containing 
monomer, ligand, copper halide and usually a solvent. To achieve control over 
the reaction, either sacrificial initiator or deactivator was added to the reaction 
mixture. Addition of a free sacrificial initiator allows for the possibility to pre-
determine the graft lengths. The amount of initiating sites on the substrates is 
assumed to be negligible compared to the amount of free initiator, and the 
kinetics of the surface-initiated polymerization is assumed to be similar to that of 
the polymerization in the solution. Thus, the grafted polymers were targeted to 
different DP’s by adjusting the monomer-to-free initiator ratio. Since the 
sacrificial initiator also initiates polymerization, a free polymer was formed 
simultaneously to the surface grafting. Analysis of the free polymer provides an 
indication of the molecular weight and polydispersity of the grafted polymer, 
assuming similar kinetics. However, it is necessary to separate the bulk polymer  
from the substrate resulting in a tedious work-up process. The grafted substrates 
were subjected to extensive washing and ultrasonication in various solvents to 
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assure complete removal of the bulk polymer. To ensure that the polymer was 
covalently attached to the substrates and not just physisorbed to the surface, 
blank samples were also prepared. In the blank samples the substrates were not 
reacted with initiator, but were otherwise treated in the same way as the 
initiator-modified samples. The blank samples were also used to determine when 
sufficient washing had been achieved.  

FT-IR has proven to be a useful technique to characterize the grafted 
substrates. The spectra were normalized against a peak (typically around 1400 
cm-1) unaffected by the grafted polymer to make comparisons possible. Figure 7 
displays the FT-IR spectra of MCC grafted with MA, targeting the DP to 100 and 
300 respectively, compared to the blank sample and unmodified MCC. The 
grafting could be confirmed by the appearance of a carbonyl stretch peak at 1730 
cm-1. There is a significant increase in the peak intensity between DP 100 and 300, 
indicating that the graft lengths can be adjusted by varying the ratio of monomer 
to sacrificial initiator. 

When deactivator was added to achieve control over the reaction, the lengths 
of the grafts could only be controlled by the reaction time. The advantage with 
this method is that no free polymer is formed, and thus, the work-up procedure 
is straightforward.   

Figure 7. FT-IR spectra of PMA-grafted MCC to targeted DP 100 and 300.
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4.1.2 Comparison between different substrates 

Several types of polysaccharide substrates were chosen for this study to 
explore the feasibility of the grafting. Moreover, the purpose was to investigate 
how differences, in for instance surface area, between the substrates would 
influence the grafting. Native cellulose (filter paper and microcrystalline 
cellulose (MCC)), regenerated cellulose (dialysis membrane, and Lyocell fibers) 
and chitosan films were used as substrates.  

Drying of polysaccharide substrates greatly affects the surface area and 
properties like swelling and solvent uptake. To reduce the differences between 
samples caused by drying, all the substrates were dried in a vacuum oven at 
30°C over night prior to modification. 

The substrates were grafted with MA using sacrificial initiator with targeted 
DP of 100. As can be seen in Figure 8, FT-IR analysis showed differences between 
the PMA-grafted substrates in the intensity of the carbonyl peak at 1730 cm-1. The 
highest peak intensity is seen for MCC, which could be explained by the large 
surface area of this native cellulose substrate rendering dense grafts. The 
carbonyl peak is also high for filter paper, which also has a comparatively large 
surface area due to its fibrillar structure. The peaks are significantly lower for 
dialysis membrane and Lyocell fibers. These are both regenerated cellulose 
substrates, made by recrystallization of dissolved cellulose, which results in 
significantly lower surface areas than native cellulose substrates, affecting the 

Figure 8. FT-IR spectra of PMA-grafted MCC, filter paper, dialysis 
tubing, lyocell and chitosan. 
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amount of grafted polymer on the surface. The hydroxyl groups are also less 
available for modification in these substrates, due to the irreversible drying, 
hornification, of the cellulose. As can be seen in Table 1, SEC analysis showed no 
significant difference in the molecular weight of the free polymers formed 
concurrently with the surface-initiated polymerizations from the different 
substrates, further indicating that the differences seen by FT-IR is due to grafting 
density and not graft lengths. The spectrum for the modified chitosan looks 
somewhat different from those of the cellulosic substrates, and therefore the 
baseline is different. In view of this, the carbonyl peak seems to be somewhere 
between the native and the regenerated cellulose substrates, even though the 
surface of the chitosan films is smooth. This indicates that the amino groups that 
structurally separate the chitosan from cellulose are more reactive than the 
hydroxyl groups. On the other hand, the bulk polymer formed when grafting 
from chitosan shows a higher molecular weight than the bulk polymers 
corresponding to the other substrates, which could explain at least some of the 
increased amount of grafted polymer in that sample. 

 
 
 
 
 

Substrate Mn (g mol-1) DPa PDI 
Filter Paper 6600 76 1.10 
Dialysis membrane 6700 77 1.02 
MCC 6700 77 1.15 
Lyocell 6700 77 1.08 
Chitosan 7800 90 1.03 

 aThe degree of polymerization was calculated from the SEC data. 

 

Table 1. SEC results for free polymer formed during PMA-
grafting of different substrates. 
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PMA-grafted MCC and Lyocell fibers were also characterized by SEM. 
Figure 9 shows the SEM-images of unmodified MCC and MCC grafted with MA 
for 8 h without sacrificial initiator, but with addition of deactivator. The modified 
MCC have aggregated into much larger particles than seen for the unmodified 
MCC. SEM-images of the corresponding unmodified and PMA-grafted Lyocell 
are shown in Figure 10. The surface of the unmodified fibers is very smooth 
compared with the modified fibers. The modified fiber surface seems to be partly 
covered with polymer and looks slightly more uneven.  

 
 

Figure 9. SEM images of a) unmodified and b) PMA-grafted MCC.

Figure 10. SEM images of a) unmodified and b) PMA-grafted Lyocell fibers.
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4.1.3 Cleavage of grafted polymer  

To study the surface-initiated polymerizations from cellulose, it is necessary 
to cleave the grafted polymer from the substrate. A few examples can be found in 
the literature on the cleavage of polymer brushes from a cellulose surface using 
acid- or base-catalyzed hydrolysis.137,139,141 However, isolation of the detached 
polymer has shown to be difficult. The sensitivity of cellulose towards hydrolysis 
complicates the attempt to cleave polymers by the specific hydrolysis of ester 
bonds only at the initiating sites. The method of instead degenerating the 
cellulose by hydrolysis is a tedious process, and it is difficult to completely 
hydrolyze the cellulose chains and to isolate the polymer from the resulting 
solution. Furthermore, when attempting to cleave (meth)acrylates in this manner, 
there is a risk that also the grafted polymer is subjected to hydrolysis as it also 
contains ester linkages. To facilitate the cleavage, it was therefore decided to 
attach a functional group to the surface that could be cleaved selectively under 
conditions that left the cellulose and the polymer unaffected. A silyl group was 
attached to the filter paper, by reacting 3-aminopropyltrimethoxysilane with the 
hydroxyl groups on the cellulose surface according to Scheme 15, yielding silyl 
ether bonds which can be selectively cleaved using tetrabutylammonium 
fluoride (TBAF). The amine groups attached to the cellulose surface during the 
silane functionalization were thereafter reacted with 2-bromoisobutyrylbromide 
to yield covalently bound ATRP initiators on the surface (Scheme 15).  

aConditions: i) 3-aminopropyltrimethoxysilane, THF, reflux; ii) 2-bromoisobutyryl bromide, TEA, DMAP, 
THF, room temperature; iii) MMA, CuBr, CuBr2, PMDETA, toluene, 80 °C; iv) TBAF, THF, room 
temperature. 

Graft-modification of the cellulose substrates with MMA was performed at 
80 °C, targeting the DP to 600 for all grafting reactions, by adjusting the ratio of 
monomer to sacrificial free initiator. However, to study the kinetics of the 
polymerization the reaction time was varied between 1-18 h to allow the 
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polymerization to proceed to different monomer conversions as determined by 
1H NMR. Graft-modification of the cellulose with MMA was also performed 
without sacrificial initiator. The deactivator Cu(II)Br2 was then added to the 
reaction mixture to control the reaction, and the length of the grafts was 
controlled by varying the reaction time.  

The grafted PMMA was cleaved from the substrate using TBAF to break the 
silyl ether bond, as shown in Scheme 15. To obtain a sufficient amount of cleaved 
polymer for SEC analysis, the reaction was repeated and could be followed and 
confirmed by FT-IR analysis by the decrease in the carbonyl peak at 1730 cm-1 for 
each cleavage reaction, as can be seen in Figure 11. After stopping the reaction, 

Figure 11. FT-IR spectra of PMMA-grafted cellulose before and
after the first, second and third cleavage reaction.

Figure 12. SEC trace of cleaved PMMA; targeted DP = 600, 44% 
monomer conversion, Mn = 25 500 g mol-1, PDI = 1.08.
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the filter paper was removed from the flask and the cleaved polymer was 
precipitated in MeOH to remove the excess of TBAF, and analyzed by SEC and 
1H NMR. SEC analysis of cleaved PMMA grafted from filter paper to a monomer 
conversion of 44% showed Mn = 25 500 g mol-1 and PDI = 1.09 indicating a 
controlled polymerization, Figure 12. The molecular weight of the cleaved 
polymer was very similar to that of the corresponding free polymer of 25 100 g 
mol-1 with PDI = 1.16.  

The cleavage reaction is stoichiometric, and it is important not to use a too 
large excess of TBAF as the cellulose then was found to be deteriorated. This has 
previously been reported for the treatment of cellulose with hydrogen fluoride.142 
Using a moderate excess of TBAF in THF, however, seems to cleave the polymer 
without affecting the cellulose. Analyzing the cleaved PMMA with 1H NMR 
showed that the methyl esters in the polymer had not been affected by the TBAF 
treatment, Figure 13. This makes the technique advantageous to the hydrolysis 
methods by which it is difficult to cleave only the ester bond between the surface 
and the grafts without cleaving hydrolysis-sensitive bonds present in the grafted 
polymer. A sample of free PMMA was also analyzed with SEC before and after 
treatment with TBAF, showing no effect on molecular weight and PDI. To ensure 
that no fractionation of the cleaved polymers had occurred due to the 
precipitation, cleaved polymer samples were also analyzed by SEC without 
previous precipitation, showing controlled polymerizations also for these 
samples.  

 FT-IR analysis of the cellulose surface showed a significant decrease in 
carbonyl peak intensity after the cleavage reactions; however, it was not possible 
to cleave off the total amount of grafted polymer from the surface. This could be 
due to the fact that the silane reagent might be less reactive towards the hydroxyl 
groups on the surface than the acyl bromide attached to create ATRP initiators. 

Figure 13. 1H NMR spectrum of cleaved PMMA.
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The acyl bromide could react not only with the amine groups on the silane-
functionalized surface, but also with hydroxyl groups that are unavailable for the 
silane. This would leave ATRP initiators attached also directly to the surface, and 
not only to the silanes. Polymer grafted from these initiating sites would not be 
possible to cleave off using TBAF, which would explain the observed uncleaved 
part of the grafted polymer sample.  

4.1.4 Kinetics of the grafting reaction  

To study the kinetics of the surface-initiated polymerization, the PMMA 
grafted from the cellulose surfaces to different monomer conversions was 
cleaved for all samples, and the molecular weights of grafted and free PMMA 
could be compared (Figure 14, Table 2). As can be seen, the PDI values are below 
1.4 for all the samples, indicating controlled polymerizations.  

 
 

Conv.a (%) Mn,cleaved 
(g mol-1) 

Mn,free 
(g mol-1) 

PDIcleaved PDIfree 

29 26 200 17 300 1.13 1.12 
30 24 600 13 000 1.14 1.12 
44 25 500 25 100 1.11 1.09 
58 34 400 32 800 1.08 1.14 
75 42 800 40 100 1.20 1.10 
87 46 300 42 300 1.27 1.13 

 aMonomer conversion calculated from 1H NMR 

 
The molecular weights of the grafted polymers are similar to the free 

polymers at higher monomer conversions. However, at monomer conversions 
below 40% the molecular weights of the cleaved polymers are higher than the 
free polymers, indicating that the reaction in the beginning proceeds faster from 
the surface than in the solution and then slows down. In the beginning of the 
grafting reaction the copper complex appears to be drawn to the filter paper 
surface and a green precipitation can be observed on the surface. This suggests 
that the concentration of the catalyst then is higher at the surface, causing the 
reaction to proceed faster there than in the solution. After some time, the 
polymer grafts are long enough to cover the cellulose surface and the 
environment for the propagating chain ends then become more similar to those 
of the growing polymer chains in the solution, which causes the kinetics of the 

Table 2. Molecular weight and PDI for cleaved and free polymer at 
different monomer conversions. 
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solution polymerization and the surface-initiated polymerization to become 
comparable. The molecular weight of the grafted and free polymer is still similar 
but no longer increasing linearly at monomer conversions of 75% and above. SEC 
analysis of cleaved polymer grafted to monomer conversion of 75% and above 
showed increasingly bimodal traces. The molecular weight corresponding to the 
second peak is about twice of the molecular weight for the main part of the 
sample indicating that parts of the polymer grafts have been terminated by inter-
chain coupling during the polymerization. At high monomer conversions the 
reaction mixture becomes increasingly viscous, increasing the probability of 
termination via recombination. Furthermore, it could be observed that the 

Figure 14. Relationship of molecular weight between cleaved
PMMA and free PMMA formed by sacrificial initiator (a), and
dependence of molecular weight and PDI on monomer
conversion for cleaved and free PMMA (b). Solid lines are 
theoretical values. 
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viscosity was higher in the close proximity to the substrates than in the solution, 
as the free polymer was sedimented there. The polymerization from the surface 
therefore becomes diffusion controlled at lower monomer conversions than the 
polymerization in the solution. This, in combination with the already short 
distance between the chain ends of grafted polymers could explain the increased 
amount of termination of the surface-initiated polymerization compared to the 
solution polymerization.  

SEC analysis of cleaved polymer from separate cleavage reactions on the 
same sample showed increasingly bimodal traces, indicating that it is more 
difficult to cleave off the terminated chains. This could be due to the fact that the 
recombined chains are attached in two ends, generating more bonds that need to 
be cleaved to effectively detach the polymer chain. This implies that the 
termination occurs via inter-chain coupling between grafts on the surface rather 
than between grafted and free polymer.  

4.2 FUNCTIONAL CELLULOSE SURFACES 

4.2.1 Superhydrophobic cellulose  

Superhydrophobic surfaces can be obtained by modification of a rough 
material with low energy compounds, such as fluorine. The first attempt to 
create a superhydrophobic cellulose surface was therefore to attach a fluoroalkyl 

Figure 15. FT-IR spectra of a) unmodified cellulose, b) fluorinated
cellulose, c) fluorinated PGMA-grafted cellulose, and d) 
fluorinated “graft-on-graft”-modified cellulose.
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chain to a filter paper with high inherent roughness. This was accomplished by 
reacting the hydroxyl groups on the surface with pentadecafluorooctanoyl 
chloride. FT-IR analysis could confirm the acylation reaction by the appearance 
of a carbonyl peak at 1800 cm-1, not seen for unmodified cellulose (Figure 15a-b). 

Static water contact angle measurements revealed a hydrophobic surface 
after modification. However, the exact contact angle (CA) is somewhat difficult 
to determine due to the inherent roughness of the cellulose surface. The modified 
surface first seemed to be superhydrophobic, as the obtained CA was around 
150°. However, it was observed that the water droplet was gradually adsorbed 
into the surface over time, suggesting an insufficient surface-coverage.  

aConditions: i) pentadecafluorooctanoyl chloride, TEA, DMAP, DCM, RT; ii) 2-bromoisobutyryl bromide, 
TEA, DMAP, THF, RT; iii) GMA, CuCl, CuBr2, PMDETA, toluene, 30 °C; iv) HCl(aq), THF, RT. 
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In order to improve the surface-coverage and thereby the hydrophobicity, 
the functional monomer glycidyl methacrylate (GMA) was grafted from the 
cellulose substrate to enable attachment of an increased amount of fluorine 
groups. The grafting of GMA from the cellulose substrate was conducted in 
toluene at 30 °C, catalyzed by Cu(I)Cl/Cu(II)Br2/PMDETA, and could be 
confirmed from FT-IR analysis by the appearance of a carbonyl stretch at 1730 
cm-1 (Figure 15c) The pendant epoxide groups in the PGMA-grafts were 
hydrolyzed under acidic conditions to obtain hydroxyl functional polymer 
brushes. The hydrolysis was confirmed by the increased wettability of the 
surface, and also via FT-IR analysis, where a shift in the carbonyl stretch could be 
observed. Fluorination of the hydroxyl functional grafts was accomplished by 
reaction with pentadecafluorooctanoyl chloride. FT-IR analysis showed a second 
carbonyl stretch at 1800 cm-1, confirming the attachment of fluorine groups, as 
can be seen in Figure 15c. A CA of 161° was observed for the fluorinated PGMA-
grafted filter paper, which is an improvement compared to the direct 
fluorination route. Furthermore, the stability over time for the CA was improved, 
suggesting that an increased surface coverage was obtained from the graft-
modification. The CA decreased from 161° to 138° during 1 h, meaning that the 
surface was still highly hydrophobic, however not superhydrophobic, after that 
time. The improvement in CA by the graft-modification is, however, small 
compared to the increase in the number of fluorine groups attached to the 

surface, as can be seen in the FT-IR spectra in Figure 15a-c. This could be 
explained by the fact that the hydrophobicity of a surface is dependent not only 
on its chemical composition, but also on the topography. The surface roughness 
of the substrates prepared by the two modification routes was analyzed with 
tapping-mode AFM (Figure 16). The fibrillar structure resembling that of an 
unmodified surface can still be seen for both substrates. For the sample where 

Figure 16. AFM amplitude images (5 x 5 µm) of a) fluorinated 
cellulose substrate, and b) fluorinated PGMA-grafted cellulose 
substrate.
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the fluorine groups were attached directly, the surface appears more compact. 
When GMA was grafted from the substrate and subsequently ring-opened and 
fluorinated, the surface appears less dense. This might indicate that the grafting 
process affects the interfibrillar interactions, giving rise to exposure of non-
modified regions, which could explain the relatively low increase in CA for this 
surface. 

In order to further increase the CA and to obtain a stable superhydrophobic 
surface, a new route that generated higher surface roughness and enabled the 
attachment of larger amounts of hydrophobic compounds was explored. 
Immobilization of 2-bromoisobutyryl bromide was conducted on the 
hydrolyzed, hydroxyl functional PGMA-brushes, to generate polymer grafts 
containing a multitude of initiators along the back-bone of each chain. A “graft-
on-graft” architecture was obtained when GMA was polymerized from the 
initiating sites on each graft (Scheme 16). Post-functionalization of the “graft-on-
graft”-modified cellulose surface was carried out thereafter, and FT-IR confirmed 
the attachment of a very high number of fluorine groups (Figure 15). The 
resulting surface showed extremely high CA, reaching a maximum of 172°. The 
hysteresis was below 5°, thus indicating a Cassie-Baxter hydrophobic state in 
which a non-sticky surface is expected. (Table 3). The CA remained almost 
constant over time and the surface was still superhydrophobic after 1 h. 

According to AFM analysis, the fluorinated “graft-on-graft”-modified 
substrates show a rough surface structure, as can be seen in Figure 17. The 
surface is clearly covered by the polymer; however, the fibrils are still visible 
providing a micro structure. Overlaying the fibrillar structure, nano-sized 
features are distinguished, demonstrating that the surface exhibits a micro-nano-
binary structure. This kind of surface structure, in combination with a 
hydrophobic waxy material, has been proposed to explain the superhydrophobic 
and self-cleaning effects of the Lotus leaf.  

Figure 17. AFM amplitude image, 5 x 5 µm (left), and mixed surface plot (right)
of fluorinated “graft-on-graft”-modified cellulose surface.



Results and Discussion 

36 

The self-cleaning ability of the modified cellulose substrates was also 
investigated. After contamination of the surface with carbon black powder, the 
water droplets applied to the surface collected the powder. The “dirt-containing” 
water droplets rolled off the surface as soon as the filter paper was tilted, leaving 
a clean surface, as can be seen in Figure 18. To further verify the 
superhydrophobic nature of the surface, a water droplet was allowed to fall onto 
the surface. The droplet was observed to bounce back up after impact with the 
surface, meaning that the surface acts as a spring for the droplet (Figure 19).  

 

Figure 18. Demonstration of self-cleaning 
ability of the fluorinated “graft-on-graft”-
modified cellulose substrate.

Figure 19. Water droplet bouncing back up from fluorinated “graft-on-
graft”-modified cellulose surface after impact (approximately 10 ms
between each image).
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4.2.1.1 Post-functionalization to yield reduced fluorine amounts 

Since fluorine-containing compounds are expensive, and also known to affect 
the nature negatively, the possibility to obtain highly hydrophobic materials 
using reduced amounts, or even complete removal of fluorine groups was 
investigated.  

Reduction of the fluorine amount was achieved by attachment of a shorter 
fluoroalkyl chain to the “graft-on-graft”-modified substrates by post-
functionalization using heptafluorobutyryl chloride. The resulting surface 
showed similar characteristics as the surface post-functionalized with the longer 
fluoroalkyl chains (Table 3).   

 

 
Contact Angle Surface functionalization 

Static Adv. Rec. Hysteresis 
PGMA-g-PGMA-PDMS 162° 164° 154° 10° 
PGMA-g-PGMA-C15H31 165° 167° 162° 5° 
PGMA-g-PGMA-C3F7 162° 164° 156° 9° 
PGMA-g-PGMA-C7F15 172° 173° 168° 5° 

 
 
To fabricate a superhydrophobic bio-fiber surface completely without 

fluorinated compounds, the use of biocompatible and hydrophobic 
polydimethylsiloxane (PDMS) was investigated. Bis(3-aminopropyl) terminated 
PDMS was reacted directly with the epoxide groups in the branched PGMA-
grafts, and the reaction could be confirmed by FT-IR from the appearance of a 
peak at 805 cm-1 corresponding to the siloxane groups. The PDMS-modified 
surface had a CA of 162°, showing that superhydrophobic surfaces could also be 
obtained without the use of fluorine (Table 3). AFM analysis revealed that the 
PDMS-functionalized surfaces showed a smoother surface topography as 
compared to the surface functionalized with the fluoroalkyl chain. Furthermore, 
no nano-sized features could be observed for this surface. The smoother surface 
structure could be explained by the high molecular weight of PDMS compared to 
the fluorinated acyl chloride. In addition, each amine in the PDMS end groups 
may react with two epoxide groups, forming a cross-linked network which will 
contribute to the smooth surface structure.  

Table 3. Results from contact angle measurements for different post-functionalizations on 
“graft-on-graft”-modified cellulose surfaces. 
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Post-functionalization with long alkyl chains (C15H31) was also conducted by 
reaction of the hydroxyl functional branched PGMA-brushes with palmitoyl 
chloride. FT-IR analysis of the alkyl-functionalized surfaces showed an increase 
in intensity of the carbonyl peak at 1730 cm-1 The CA was measured to 165° and 

showed stability over time, and low hysteresis (Table 3). AFM-analysis of the 
alkyl-functionalized cellulose substrate showed a similar surface structure to the 
fluoroalkyl-functionalized surface. The fibrils are almost completely coverered 
and both micro- and nano-sized features can be observed (Figure 20) The nano-
sized features were even more pronounced in the AFM phase image of this 
sample compared to the fluoroalkyl-functionalized surface, which might be 
explained by the difference in modulus between the polymers in the “graft-on-
graft” structure and the attached alkyl chains (Figure 20b).  

4.2.2 Stimuli-responsive cellulose surfaces 

Stimuli-responsive cellulose surfaces were obtained by graft-modification of 
filter paper with N-isopropylacrylamide (NIPAAm) and 4-vinylpyridine (4VP) to 
yield thermo- and pH-responsive polymer brushes, respectively. Block-
copolymer brushes of PNIPAAm and P4VP grafted from bio-fiber substrates 
rendered dual-responsive surfaces. 

4.2.2.1 Thermo-responsive bio-fiber surfaces  

The surface-initiated ATRP of NIPAAm to produce thermo-responsive 
polymer brushes was performed in a solution of MeOH/H2O and catalyzed by 
Cu(I)Cl/Cu(II)Cl2/Me6-TREN. The grafting reactions were conducted at ambient 
temperature for 15-60 min. Swelling of the substrate was observed for longer 

Figure 20. AFM images of alkyl-functionalized “graft-on-graft”-
modified cellulose surface (5x5 µm); a) amplitude, and b) phase
image.
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reaction times. This can be explained by the formation of hydrogen bonds 
between PNIPAAm and cellulose, breaking up the interfibrillar structure that is 
also held together by hydrogen bonding, causing the cellulose fibrils to separate 

from each other. FT-IR analysis of the PNIPAAm-grafted cellulose surfaces 
showed the amide I-II peaks at 1650 cm-1 and 1540 cm-1 confirming the reaction, 
Figure 21b.  

The PNIPAAm-grafted cellulose surface exhibited wettability variations in 
response to changes in temperature due to the LCST of the polymer at 32 °C 
according to Figure 22. Below LCST, the PNIPAAm brushes assume a stretched 
conformation due to inter-molecular hydrogen-bonding with water, resulting in 
a hydrophilic behavior. However, above LCST the brushes undergo a phase-
transition resulting in a collapsed conformation due to intra-molecular hydrogen 
bonding, resulting in reduced wettability of the surface.  

The wettability of the PNIPAAm-grafted cellulose surfaces was characterized 
by static contact angle (CA) measurements at different temperatures. The 
modified bio-fiber surface was hydrophilic below LCST and, as expected, the 
applied water droplet was adsorbed into the surface. At temperatures above 
LCST, a water droplet applied to the surface had a CA of 110°; however, it was 
gradually adsorbed into the surface. The stability of the CA decreased with 

Figure 21. FT-IR spectra of cellulose substrate; a)
unmodified, b) PNIPAAm-grafted, c) P4VP-grafted, 
and d) P4VP-b-PNIPAAm-grafted.
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increasing graft length, indicating that the effect of the NIPAAm grafting on the 
interfibrillar structure is causing unmodified areas to be exposed. 

In order to avoid the exposure of hydrophilic unmodified areas and to obtain 
higher grafting density, PNIPAAm was grafted from iniator-functionalized 
PGMA brushes, resulting in a branched “graft-on-graft” architecture on the bio-
fiber surface. The resulting surface was hydrophilic under LCST; however, above 
LCST, the modified bio-fiber surface was hydrophobic with a stable CA of 130°, 
thus indicating a less affected interfibrillar structure from the NIPAAm grafting 
due to a protecting PGMA layer. Furthermore, this suggests that the PGMA layer 
is not affecting the thermo-responsivity of the surface. 

4.2.2.2 pH-responsive bio-fiber surfaces  

The grafting of 4VP from the initiator modified cellulose surface to produce 
pH-responsive brushes was performed in 2-propanol catalyzed by 
Cu(I)Cl/Cu(II)Cl2/Me6-TREN as this system has been shown to reduce 
coordination of the copper halide to the pyridyl groups and minimize unwanted 
side-reactions.143,144 The grafting reactions were performed at 50 °C for 2-6 h. FT-
IR analysis confirmed the success of the grafting of P4VP from cellulose by the 
appearance of peaks at 1597 and 1556 cm-1, corresponding to the pyridyl ring-
stretching, Figure 21c. 

The P4VP-grafted cellulose surfaces responded to changes in pH due to the 
protonation and deprotonation of the pyridyl group, Figure 23. In the protonated 
state, the brushes exhibit an extended coil conformation due to electrostatic 

Figure 22. Wettability changes of the PNIPAAm-
grafted cellulose surface due to conformation
changes of the brushes below and above LCST.
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repulsion of the charged pyridinium segments. However, a collapse of the 
brushes occurs with de-protonation at pH ≥5 (pKa~5.2). This transition is 
reflected by changes in the wettability of the surface. The P4VP-modified 
cellulose surfaces were characterized by static CA measurements at pH 3, 7 and 
9, respectively. At pH 3, the P4VP-modified cellulose surface is hydrophilic, and 
the applied water droplet is adsorbed into the surface within a couple of seconds. 
Protonation of the pyridine ring was confirmed by FT-IR measurements and 
resulted in a shift of the peaks corresponding to the pyridyl group to 1638 and 
1605 cm-1, respectively, as earlier reported by Ruokolainen et al. and Li and co-
workers.145,146 The hydrophobic character is greatly enhanced in the deprotonated 
state at pH 9 resulting in CA of 125°. However, the cellulose surface with longer 

P4VP brushes showed a decreased CA of about 103°. This could be explained by 
the fact that longer polymer grafts result in a smoother surface, which would 
decrease the CA as the surface roughness is an important parameter for 
hydrophobicity.  

At pH 7, the P4VP-grafted substrates overall exhibit lower CA’s (90-100°) 
than at pH 9. The CA’s were, however, not stable at this pH, and different values 
were obtained at different measurements for the same sample. This suggests that 
the deprotonation of the pyridyl group is incomplete at this pH, resulting in 
regions of more hydrophilic and hydrophobic character, respectively.  

 
 
 

Figure 23. Wettability changes of the P4VP-grafted 
cellulose surface due to protonation and
deprotonation of the pyridyl group.
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4.2.2.3 Dual-responsive bio-fiber surfaces  

In order to create surfaces that respond to two different separate triggers (pH 
and temperature), PNIPAAM-b-P4VP and P4VP-b-PNIPAAM block-copolymer 
brushes were grafted from the cellulose substrates. The appearance of the amide 
peaks at 1650 cm-1 and 1540 cm-1, and the pyridyl peaks at 1597 cm-1 and 1556 cm-

1 from FT-IR analysis confirmed the formation of block copolymer brushes, 
Figure 21d. The successful polymerization of a second block, using the graft-
modified cellulose surfaces as macro-initiators, furthermore proofs the presence 
of living chain ends in the first block, and thus a controlled polymerization of 
NIPAAm and 4VP, respectively. 

Table 4 displays the results from the CA measurements on the block 
copolymer modified cellulose surface at pH 3 and 9, at temperature below and 
above the LCST of PNIPAAm. At room temperature, the PNIPAAm block 
exhibits an extended conformation due to intermolecular hydrogen bonding with 
water, and the P4VP block changes conformation with variations in pH, as 
illustrated in Figure 24. At pH 3 and room temperature, the pyridine segments in 
the P4VP block are protonated, and both of the blocks exhibits extended 
conformation. Under these conditions, all the surfaces are hydrophilic, and the 

Figure 24. Conformation of dual-responsive block-
copolymer brushes at different pH and temperature.
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applied droplet is rapidly adsorbed into the substrate. At pH 9 and room 
temperature, the P4VP block becomes deprotonated resulting in a collapsed 
conformation, whereas the PNIPAAm block is extended. As can be seen in Table 
4, the surfaces grafted with PNIPAAm-b-P4VP are hydrophilic when the 
PNIPAAm block is long and the P4VP block is short. This could be due to 
incomplete surface coverage of the relatively short P4VP block in combination 
with disrupted interfibrillar structure caused by the PNIPAAm grafting. 
Alternatively, the hydrophilic character of the surface may be caused by 
rearrangement of the brushes to expose the hydrophilic PNIPAAm block. When 
the PNIPAAm block is short and the P4VP block long, the surface is 
hydrophobic, indicating a more complete coverage of the surface with the P4VP 
block. In the case when P4VP is grafted as the first block from the cellulose 
substrate (P4VP-b-PNIPAAm), the CA is about 100° independently of block 
lengths. It is suggested that the grafting of P4VP results in a less affected fibrillar 
structure of the bio-fiber surface compared to PNIPAAm, which swells the 
substrate exposing unmodified regions. This increased surface coverage could 
explain the increased hydrophobicity of P4VP-b-PNIPAAm compared to the 
reverse order of the blocks.  

 

 

CA Brush type tR1a  
(min) 

tR2b  
(min) pH 3  pH 3 

T>LCST 
 pH 9  pH 9 

T>LCST 
PNIPAAm-b-P4VP 15 360 0 0 100° 115° 
PNIPAAm-b-P4VP 30 120 0 85° 0 120° 
PNIPAAm-b-P4VP 60 120 0 65° 0 115° 
P4VP-b-PNIPAAm 120 30 0 0 100° 115° 
P4VP-b-PNIPAAm 360 15 0 0 100° 115° 

aReaction time for the polymerization of the first block. bReaction time for the polymerization of the second block. 

 
When the temperature is increased to above the LCST of PNIPAAm, the 

PNIPAAm block exhibits a collapsed conformation due to intramolecular 
hydrogen bonding, and the P4VP block changes conformation with changes in 
pH, as can be seen in Figure 24. At pH 3, and above LCST, the P4VP block is 
extended and the PNIPAAm block is collapsed. The substrate grafted with 
PNIPAAm-b-P4VP with a short PNIPAAm block and a long P4VP block is 
hydrophilic under these conditions, indicating that the hydrophilic character of 
P4VP is dominant in this case. The longer PNIPAAm blocks, combined with a 

Table 4. Contact angles at different pH for graft-modified cellulose at room temperature (below 
LCST) and at elevated temperature (above LCST).  
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short P4VP block, result in a reduced wettability of the surface; however, the 
resulting CA’s are lower than 90°, indicating that the surfaces are hydrophilic. 
This suggests competing influence from both blocks over the surface wettability. 
When instead P4VP was grafted as the first block from the substrate (P4VP-b-
PNIPAAm), the surfaces are hydrophilic at high temperatures at pH 3, indicating 
that the P4VP block is longer than the PNIPAAm block in these cases, resulting 
in a dominant hydrophilic effect. This could also be explained by a 
rearrangement of the brushes to expose the hydrophilic P4VP block. At pH 9, 
and above LCST, both blocks are supposed to be in the collapsed conformation 
and as expected, all the surfaces were hydrophobic. However, the PNIPAAm-b-
P4VP modified samples showed less stable CA’s than for the surfaces with P4VP 
as the first block. This is probably also an effect of the affected interfibrillar 
structure caused by the PNIPAAm grafting.  

The reversibility of the wettability for the P4VP-b-PNIPAAm modified 
surfaces was demonstrated by cycling between pH 3 at room temperature and 
pH 9 at elevated temperature several times, showing similar CA, Figure 25. 

 
 

Figure 25. Contact angles at different temperature
and pH for a P4VP-b-PNIPAAm-modified 
cellulose surface. Half cycles: T < LCST, pH 3; and
integral cycles: T > LCST, pH 9.         
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5 CONCLUSIONS  
Surface-initiated ATRP has been explored as a tool for surface modification 

of various bio-based substrates. A variety of hydrophobic and hydrophilic 
monomers have been grafted from the substrates. It has been shown that the 
surface area and morphology significantly affects the amount of grafted polymer. 
Native cellulose substrates have a higher surface area, making it possible to graft 
denser brushes than from a smooth regenerated cellulose surface. 

The kinetics of the surface-initiated polymerization of methyl methacrylate 
from cellulose have been studied by the successful cleavage of PMMA from the 
surface. Detachment of the polymer was enabled by the incorporation of a 
selectively cleavable silyl ether bond. SEC analysis showed PDI values as low as 
1.08 for the detached polymer, indicating that the grafting of MMA from 
cellulose is controlled. The cleaved polymer brushes were compared to the 
concurrently formed polymer in the solution, and it was found that the surface-
initiated polymerization proceeds faster than the solution polymerization at 
monomer conversion below 40%, but that the kinetics of the two concurrent 
reactions is comparable at higher conversions. At monomer conversions above 
75%, the amount of termination via recombination increases, resulting in 
bimodal SEC traces. 

The ability to tailor surface properties via ATRP from cellulose substrates has 
been demonstrated by the fabrication of functional bio-fiber surfaces. 
Superhydrophobic and self-cleaning cellulose surfaces have been produced via 
post-functionalization of PGMA-brushes. GMA was grafted from the surface, 
and the epoxide groups were utilized to create a branched “graft-on-graft” 
architecture of the polymer brushes. Post-functionalization with a fluoroalkyl 
chain yielded a surface with an extremely high water contact angle of above 170°. 
Interestingly, the modified cellulose substrate was also found to be self-cleaning. 
It was evident from AFM characterization that the surface possessed a micro-
nano-binary structure, arising from a combination of the inherent roughness of 
the substrate and the grafting architecture. It was also found that 
superhydrophobic and self-cleaning cellulose surfaces with a water contact angle 
of around 165° could be achieved by post-functionalization with an alkyl chain, 
with no use of fluorine.  

Stimuli-responsive bio-fiber surfaces have been achieved via grafting of 
NIPAAm and 4VP from a cellulose substrate. The PNIPAAm-grafted cellulose 
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surface showed hydrophilic character below the LCST, and hydrophobic above. 
It was found that large amounts of grafted PNIPAAm breaks up the interfibrillar 
structure in the cellulose substrate, resulting in increased wettability even at high 
temperatures. Employing a branched “graft-on-graft” architecture of the brushes 
by grafting NIPAAm from initiator-modified PGMA brushes, the CA above 
LCST could be increased by 20°. Also, the stability of the CA was increased by 
this method. The P4VP-grafted cellulose surfaces exhibited a pH-responsive 
behavior, with changes in surface wettability from hydrophilic at pH 3 to 
hydrophobic at pH 9. Dual-responsive bio-fiber surfaces were achieved via 
grafting of PNIPAAm-b-P4VP, and P4VP-b-PNIPAAm. The surfaces respond to 
changes both in temperature and pH. The length and position of the different 
blocks affects the surface properties, and allows further tailoring of the 
responsivity of the material.  
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6 FUTURE WORK 
Surface-modification of cellulose via ATRP is an interesting route to bio-

fibers with tailored surface properties, and further studies could increase the 
understanding of the field, and explore the possible applications. 

The methodology for cleaving grafted polymer from a cellulose surface needs 
to be further investigated in terms of functional polymers, such as PGMA, which 
could be cleaved without affecting the functional group. Adopting the cleavage 
technique for other types of cellulose substrates would allow for a more detailed 
study on the effect of substrate differences on the graft-modification. 
Furthermore, by using a celluose substrate with larger surface area, such as 
MCC, larger amounts of polymer would be grafted and thereby facilitate 
the isolation of cleaved polymer.  

The use of bio-fiber substrates as base for the preparation of functional 
surfaces is an interesting field as it could lead to new application areas for 
cellulose. Stimuli-responsive cellulose could be explored for the possible use in 
biomedical applications, such as drug delivery systems. It would be interesting 
to perform in vitro studies of protein adsorption and cell adhesion/detachment on 
these surfaces. Graft-modification using a combination of ATRP and ROP would 
allow for the synthesis of polymer brushes with bio-degradable segments 
combined with functional groups that could be used for conjugation of a drug or 
other biomedical molecules. 

The use of surface-modified pulp fibers with tailored properties in 
papermaking or as reinforcing agents in composites is also interesting and 
should be explored.   
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