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Abstract 

Novel water-soluble cellulose based graft copolymers (cellulose-g-copolymers) were 
successfully synthesized via controlled/living free radical polymerization (CRP) methods. 
In addition to unmodified cellulose (softwood dissolving pulp), cellulose ethers 
(carboxymethyl cellulose (CMC) and ethyl hydroxyethyl cellulose (EHEC)) were also 
used as starting materials i.e. as backbones for the cellulose-g-copolymers. Various 
monomers, including acrylamide (Aam), N,N-dimethyl acrylamide (DMAam), methyl 
methacrylate (MMA) and tert-butyl acrylate (t-BA) were utilized. Homogeneous reaction 
conditions were used to confirm as uniform a structure of the graft copolymers as possible. 
The influence of the side chain length and the grafting density on the aqueous solution and 
thermal properties of the graft copolymers were studied. 

Various CRP methods were exploited in cellulose-g-copolymer syntheses. Cellulose 
based macro chain transfer agents (macroCTA) with varying degrees of substitution of the 
CTA  units  (DSCTA) for the reversible addition-fragmentation chain transfer (RAFT) 
polymerization were prepared from CMC, EHEC and pretreated softwood dissolving pulp. 
These macroCTAs were then used in next step when cellulose-g-copolymers were 
polymerized via the RAFT method. Cellulose based initiators with varying degrees of 
substitution of the initiator moiety (DSBiB) were synthesized from unpretreated softwood 
dissolving pulp and utilized in atom transfer radical polymerization (ATRP) and single-
electron transfer-living radical polymerization (SET-LRP). The effect of catalyst systems 
and reaction conditions on the syntheses of cellulose-g-copolymers was studied. 

The thermal stabilities of cellulose-g-PMMA, cellulose-g-P(t-BA) and cellulose-g-
PAam copolymers were lower than in unmodified cellulose. The thermal stability of 
cellulose-g-PDMAam is enhanced when the length of the grafts (DPgraft) and/or grafting 
density is higher and the stability was better than that of unmodified cellulose when the 
amount of PDMAam grafts was high enough (fraction of PDMAam grafts > 76 wt-%).  

The aqueous solution properties of EHEC-g-PAam, cellulose-g-PAam and cellulose-g-
PDMAam copolymers were studied in more detail. We revealed that with higher grafting 
density these copolymers showed lower viscosity level. The high DPgraft level also 
decreases the viscosity level compared with copolymers with lower DPgraft. This indicates 
that longer side chains and higher grafting density allows cellulose-g-copolymers to take a 
more compact structure in water. This is also supported by dynamic light scattering 
measurements that show somewhat narrower hydrodynamic radius distribution when the 
side chain length is high in cellulose-g-PDMAam copolymer. Light scattering studies 
suggest a loose, solvent-draining architecture of cellulose-g-PDMAam copolymer 
particles in water. 
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1. Introduction 

Cellulose is the most abundant renewable polymer on Earth, with many attractive physical 
and chemical properties including biocompatibility, biodegradability, hydrophilicity, 
stereoregularity, reactive hydroxyl groups and ability to form suprastructures.1,2 It  is  a  
polydispersed linear homopolymer composed of D-glucopyranose units (so-called 
anhydroglucose units (AGUs) that are linked together by b-(1®4) glycosidic bonds 
(Scheme 1).  There are three main sources for cellulose (wood, cotton and aerobic 
bacteria), among which the most important raw material source for the processing of 
cellulose is wood pulp.2 Most wood pulp is utilized in the paper and cardboard industries. 
In addition, cellulose and its derivatives, mainly esters and ethers, have applications as 
fibres, films, coatings, laminates, optical films and sorption media, as well as property-
determining additives in building materials, pharmaceuticals, foodstuffs and cosmetics. 

 
Scheme 1. Molecular structure of cellulose, representing the cellobiose unit as a repeating 

unit, including numbering of the C atoms. 

The chain length (degree of polymerization, DP) of the cellulose polymer varies, 
depending on the origin and treatment of the raw material. Typical values for wood pulp 
are from 300 to 1700. Cotton and other plant fibres have DP values in the 800-10 000 
range; similar DP values are observed in bacterial cellulose.2 The polymer is insoluble in 
water as well as in common organic solvents, even at a rather low DP of 30, resulting from 
the very strong intra- and intermolecular hydrogen (H) bonds formed by the hydroxyl 
groups and the oxygens (O) of both the ring and the glycosidic linkage. Thus physical 
and/or chemical modification of cellulose is required before it can be further utilized.  

All commercially available cellulose derivatives are currently produced through 
heterogeneous reactions, i.e. reactions of cellulose in the solid, or more or less swollen 
state.2,3 However, the discovery of novel solvents of cellulose in recent decades has 
increased the use of homogeneous reaction conditions for cellulose modifications and 
more diverse synthesis pathways and derivative types can be achieved.1,4-6 Compared with 
heterogeneous cellulose modification, homogeneous cellulose modifications lead to better 
control of heat and mass transfer within the reaction mixture, the degree of substitution 
(DS) and the distribution pattern along the polymer chain.1,7 To  dissolve  cellulose,  the  
highly ordered H-bonding system surrounding the single cellulose chain needs to be 
destroyed to obtain a homogeneous solution.  

Cellulose solvents can be categorized into two groups: derivatizing and 
nonderivatizing solvents.1,7 Derivatizing solvent systems (e.g. CF3COOH, HCOOH and 
DMF/N2O4) dissolve cellulose via covalent modification, yielding a reactive and soluble 
cellulose intermediate. The major drawback of the derivatizing solvents is the occurrence 
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of side reactions during dissolution and the formation of undefined structures, which leads 
to fairly unreproducible products.1,4 Nonderivatizing solvent systems can be further 
divided into aqueous (e.g. cuprammonium hydroxide (Cuam) and melts of inorganic salt 
hydrates) and nonaqueous systems (e.g. organic liquid/inorganic salt).1 Ionic liquids (ILs) 
are also used as nonderivatizing solvents for cellulose.5,6  Nonderivatizing solvent systems 
consist  of  one  or  more  component(s)  and  dissolve  cellulose  without  any  chemical  
modifications  by  disrupting  the  H-bonding  within  the  polymer  structure.  The  number  of  
potential nonderivatizing solvent systems for cellulose is huge, but only a few are suitable 
for controllable and homogeneous chemical modification of cellulose.1,4,7 The limitations 
of use include the high reactivity of the solvent, leading to undesired side reactions, loss of 
solubility, resulting in nonhomogeneous reaction conditions and high toxicity.      

In the present study new water-soluble cellulose based graft copolymers were prepared 
via controlled/living free radical polymerization (CRP) methods. The homogeneous 
reaction conditions were used to ensure as uniform a structure of the copolymers as 
possible. The nonderivatizing solvent system N,N-dimethylacetamide/lithium chloride 
(DMAc/LiCl) has sparked interest in cellulose modification, resulting in a wide variety of 
derivatives.1,7 The dissolution of cellulose in DMAc/LiCl requires activation of cellulose 
before dissolution or refluxing during dissolution.8,9 One of the activation methods is the 
so-called solvent exchange method that consists of swelling of cellulose in H2O, followed 
by sequential solvent exchange with methanol (MeOH) or ethanol (EtOH) and DMAc. 
This  method  was  also  used  in  the  present  study  to  dissolve  cellulose.  In  this  thesis,  I  
focused on evaluating various CRP methods (atom transfer radical polymerization 
(ATRP), single-electron transfer-living radical polymerization (SET-LRP), and reversible 
addition-fragmentation chain transfer (RAFT) polymerization) on the cellulose based graft 
copolymer syntheses and to determine the dependence of the side chain length and the 
grafting density on the solution and thermal properties of the cellulose-g-copolymers.  

1.2 Background 

Modification by graft copolymerization provides one of the best ways to affect the 
physical and chemical properties of cellulose, to combine the advantages of both natural 
cellulose and synthetic polymers and to use cellulose for various purposes.10-13 There are 
three approaches to prepare cellulose based graft copolymers.11 The “grafting through” 
approach consists of copolymerization of premade vinyl-functionalized cellulose with a 
low molecular weight comonomer. In the “grafting to” method, a premade polymer chain 
with reactive end-functionality reacts with a hydroxyl group of cellulose. This method 
usually suffers from low grafting density, due to steric hindrance. The most commonly 
used procedure is the “grafting from” approach, in which polymer grafts are directly 
grown from the initiating sites along the cellulose backbone. One of the major advantages 
of this approach is that a high grafting density can be achieved due to the easy access of 
reactive monomers to the chain ends of the growing polymers.  

Various polymerization techniques have been used to prepare cellulose based graft 
copolymers from cellulose and its derivatives with a great variety of monomers. These 
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methods are generally classified into three major groups: (i) conventional free radical 
polymerization, (ii) ionic and ring opening polymerization (ROP) and (iii) 
controlled/living free radical polymerization (CRP).11 The main drawbacks of the 
conventional free radical polymerization are that the molecular weight and the molecular 
weight distribution of the grafts cannot be controlled and the formation of homopolymer, 
which needs to be removed from the product, can even predominate. The ionic 
polymerization in preparing cellulose based graft copolymers is challenging, since the 
experimental conditions needed for it are very demanding (e.g. low temperature, highly 
pure reagents, inert atmosphere, anhydrous conditions etc). The advances in CRP 
techniques, such as ATRP,14,15 SET-LRP,16,17 nitroxide mediated polymerization (NMP),18 
and RAFT polymerization,19-21 have enabled the tailoring of macromolecules with 
sophisticated architectures including block, graft, comb and star structures with 
predetermined molecular weights, terminal functionalities, and narrow molecular weight 
distributions. Growth of the synthetic polymer chain from a backbone has been the 
procedure most commonly used to prepare cellulose based graft copolymers by CRP 
techniques. The “grafting from” procedure involves the preliminary conversion of 
hydroxyl groups of cellulose or its derivative into CRP-relevant chemical groups such as 
nitroxides, haloesters or thiocarbonylthio derivatives.  

Control in CRP methods is based on dynamic equilibrium between dormant and active 
forms  of  the  propagating  chains.  Under  the  appropriate  reaction  conditions,  the  
concentration of the active propagating radicals is kept very low to reduce the irreversible 
termination reactions between them. Additionally, fast exchange between active and 
dormant species is required for good control over molecular weight, molecular weight 
distribution and chain architecture in all CRP systems.22 In an ideal case, propagating 
radicals should react with only a few monomer units within a few milliseconds before it is 
deactivated to a dormant state where it remains for several seconds.  

CRP (mainly RAFT and ATRP) methods have been successfully utilized to tune the 
surface properties of solid cellulose substrates in heterogeneous reaction media.11-13, 23-26 

However, a homogeneous reaction medium is needed to achieve a uniform structure at the 
molecular level.1,7,12 

This literature survey will focus on the cellulose based graft copolymers prepared via 
CRP methods, utilizing the “grafting from” approach under homogeneous reaction 
conditions. Most of these studies were carried out using soluble cellulose derivatives, but 
within recent years a few studies in which unmodified cellulose is used have also been 
reported. 

1.2.1 Cellulose grafting via NMP 

NMP is one of the stable free radical polymerization (SFRP) processes, based on the use 
of a stable nitroxide radical (e.g. most commonly used nitroxide is TEMPO (2,2,6,6-
tetramethyl-1-piperidinyloxy)).18,22 Control  in  NMP  is  achieved  with  dynamic  
equilibration between dormant alkoxyamines and actively propagating radicals (Scheme 
2).22,27 
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Scheme 2. Accepted mechanism of NMP. 

The first cellulose based graft copolymer prepared via the CRP method was reported 
by Daly et al. in  the  early  21st century.28 Authors prepared hydroxypropyl cellulose-g-
polystyrene (HPC-g-PSt)  using  NMP.  The  controlled  radical  grafting  from  HPC  was  
achieved using a TEMPO derivative formed from HPC-Barton carbonate derivative 1 
(Scheme 3).  The photolysis of 1 in the presence of styrene (St)  and TEMPO yielded the 
TEMPO-modified HPC derivative 2. Heating derivative 2 at 130 °C with St provided the 
HPC-g-PSt copolymer 3. An increase in the grafted polymer chain length with increasing 
polymerization time and the polydispersity of the grafts that ranged from 1.3 to 1.5 were 
observed, indicating that a certain degree of control was achieved. However, this is the 
only study published, so far as I know, in which cellulose based graft copolymers were 
prepared using NMP. The main reason for its scarce use is probably the limited range of 
monomers that can be polymerized by NMP in a controlled way and the elevated 
temperature required for the polymerization to proceed. 

 
Scheme 3. Controlled radical grafting from HPC via NMP. 
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1.2.2 Cellulose grafting via RAFT polymerization 

RAFT polymerization is the most versatile and successful CRP method, due to its 
applicability to a wide range of radically polymerizable monomers.19-22 RAFT 
polymerization is based on a degenerative transfer, a thermodynamically neutral transfer 
process, between a minute amount of growing radicals and dormant species present at 
much higher concentrations via addition-fragmentation chemistry (Scheme 4). Rapid 
exchange reactions will to well-controlled systems. RAFT polymerization can be 
conducted under reaction conditions similar to those of conventional free radical 
polymerization in the presence of suitable chain transfer agents (CTAs). Various 
dithioesters, dithiocarbamates, trithiocarbonates and xanthates have been effectively used 
as  CTAs,  to  control  molecular  weights,  molecular  weight  distributions,  and  even  the  
molecular architecture of growing polymers.19 

 
Scheme 4.  Mechanism of RAFT polymerization. 

When cellulose is grafted via the RAFT polymerization method, the cellulose based 
macroCTA needs to be prepared first. The CTA moiety could be attached to the cellulose 
backbone, either via a fragmentation bond (R-group approach) or a nonfragmenting bond 
(Z-group approach) (Scheme 5).29 The choice of synthetic method can lead to different 
molecular weight distributions. In both cases, after the initiation the growing macroradical 
undergoes transfer to the CTA connected to the backbone. If the CTA moiety is attached 
via the leaving group (R-group approach), the radical is located on the backbone after the 
first  addition-fragmentation  step  and  the  graft  chains  are  grown  directly  from  the  
backbone. This may lead to termination reactions via combination of the two growing 
radicals, resulting in some broadening of the molecular weight distribution especially at 
higher conversions. This undesirable coupling may be avoided if the Z-group approach is 
used.  Even  so,  the  CTA  unit  in  this  approach  remains  attached  at  the  nexus  of  the  
backbone and the grafts after the transfer process, and propagation occurs extrinsic to the 
graft copolymer.  The growing macroradical then needs to be added again to the CTA unit 
on the backbone to achieve the classical RAFT equilibria. Therefore, as the side chain 
length increases, the steric hindrance around the CTA unit, due to the shielding effect of 
the grafts, may influence the control of the polymerization.29,30  
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Scheme 5. Graft polymerization through the Z- and R-approaches via RAFT polymerization. 

The  first  example  of  the  synthesis  of  cellulose  based  graft  copolymer  via  RAFT  
polymerization in a homogeneous solution was reported by Stenzel et al.29,31 They 
prepared HPC-g-PSt copolymer utilizing the Z-group approach. Trithiocarbonate-
functionalized HPC-macroCTAs with different DS values were produced through 
esterification from HPC. It was then utilized in St polymerization with pseudo-first order 
kinetics (Scheme 6). The molecular weight of the PSt grafts cleaved from the backbone 
showed a deviation from the theoretical molecular weight, due to reduced accessibility of 
the CTA unit with increasing conversion. The propagating radical was not able to reach 
the CTA unit and therefore terminated in preference. 

 
Scheme 6. Synthetic route to HPC-g-PSt via the soluble cellulose based macroCTA (Z-group 

approach). 

Fleet et al.32 utilized the viscose process to introduce CTA moieties into HPC and 
methyl cellulose (MC) via the Z-group approach in an aqueous medium (Scheme 7). 
These thiocarbonylthio (xanthate) CTAs were used in graft copolymerizations of vinyl 
acetate (VAc). The cleaved PVAc grafts exhibited unexpectedly high molecular weight 
and molecular weight distribution. The broadness of the molecular weight distributions 
was attributed to the steric congestion around the CTA functionality, restricting access of 
the growing macroradical to the thiocarbonylthio functions, while the difference between 
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the experimental and the theoretical values was explained such that not all of the xanthate 
CTA units were activated. Thermogravimetric analysis (TGA) revealed that the grafted 
cellulosic materials have better thermal stability than the physical blends of PVAc and 
modified cellulosic materials. 

  
Scheme 7. Synthetic route to xanthate functionalized cellulose. 

Semsarilar et al.33 reported preparation of the trithiocarbonate based HPC-macroCTA 
(with average DS of 1.5) via the R-group approach in a homogeneous phase (Scheme 8). 
These macroCTAs were used to mediate the RAFT polymerizations of ethyl acrylate (EA) 
and N-isopropylacrylamide (NIPAam). They determined that without free CTA only 
unbonded polymeric chains (not attached to the HPC backbone) with broad molecular 
weight distribution were observed, suggesting that the polymer chains grow in solution via 
free radical polymerization. With the free CTA PNIPAam and PEA grafts were 
successfully grown from the cellulosic backbone, but molecular weight distributions of the 
grafts and the control of the polymerizations were not analysed. The authors pointed out 
that the grafted polymer chains may show relatively broad molecular weight distribution, 
due to the potential termination reaction between radicals presence either in solution or in 
the HPC.  

 
Scheme 8. Synthetic route to cellulose based macroCTA via the R-group approach.  

The first illustration for the cellulose grafting via RAFT polymerization in IL (1-N-
butyl-3-methylimidazolium chloride, BMIMCl) solution was reported just recently by Lin 
et al.34 The authors first prepared a cellulose based ATRP initiator (cellulose 
chloroacetate, cell-ClAc) from cotton linter fibres in BMIMCl, which was converted to 
cellulose based macroCTA yielding a DS = 0.96 (Scheme 9). This macroCTA was then 
utilized for graft copolymerization of methyl methacrylate (MMA) in BMIMCl. The 
controlled/living polymerization character was proven by first-order kinetics of the 
copolymerization, linear increase in molecular weight with conversion and quite narrow 
molecular weight distributions of the grafts (Mw/Mn,graft ~ 1.3) were achieved. Compared 
with the graft copolymerization of MMA via ATRP initiated by cell-ClAc in BMIMCl,35 
polymerization via the RAFT method was more controlled, since narrower Mw/Mn,graft 
were produced. The static contact angle measurements revealed that cellulose-g-PMMA 
copolymers showed increase in hydrophobicity of the modified cellulose surface.  
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Scheme 9. Synthetic route to cellulose based macroCTA (cell-CTA) via cellulose based ATRP 

initiator (Cell-ClAc). 

1.2.3 Cellulose grafting via ATRP and SET-LRP 

ATRP is based on reversible cleavage of the terminal carbon-halide bond in the 
dormant species via a redox process catalysed by a transition metal complex. The key step 
in controlling the polymerization is an atom transfer between the growing chains and a 
catalyst.27 A general mechanism of ATRP is shown in Scheme 10. ATRP has been 
successfully catalysed by a variety of metals, including ruthenium (Ru), copper (Cu), iron 
(Fe) and other transition metals in combination with various types of ligands such as 
amines and phosphines.14,15,22 Complexes of Cu and multidentate nitrogen (N) based 
ligands are the most efficient catalysts in the ATRP of a broad range of monomers in 
diverse media.22   ATRP can be used on a wide variety of vinyl and acrylic monomers over 
a wide temperature range. The initiators used in ATRP are typically alkyl halides.  

 
Scheme 10. Mechanism of ATRP.  

One advantage of ATRP over other CRP processes is the commercial availability of all 
necessary ATRP reagents (alkyl halides, ligands and transition metals). However, most of 
the transition metal catalysts used in ATRP are expensive and toxic and cause some 
colouring of the polymer products. Removal of the catalyst from the polymer involves 
expensive and time-consuming techniques. Several methodologies based on ATRP have 
been developed to reduce the amount of catalyst needed in these systems. The lower 
catalyst amount can be used by continuously regenerating the Cu(I)/ligand species by 
reducing excess X-Cu(II)/ligand deactivator complex. This can be achieved, using a 
reducing agent, as in activators regenerated by electron transfer (ARGET) ATRP,36 by 
decomposition of free radical initiators, as in initiator for continuous activator regeneration 
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(ICAR) ATRP36 or using zero-valent transition metals or mixed transition metal catalysts, 
as in supplemental activator and reducing agent (SARA) ATRP37,38 and SET-LRP.16,17  

During recent years, there has been lively debate between protagonists of ATRP and 
SET-LRP  about  which  species  [Cu(I)  versus  Cu(0)]  is  responsible  for  activation  of  the  
dormant species and the role of Cu(I) disproportionation. Percec et al. proposed the SET-
LRP mechanism, which is based on the premise that Cu(I)X should instantaneously 
disproportionate into Cu(0) (activating species) and Cu(II)X2 (deactivating species) in 
polar aprotic solvents such as DMSO in the presence of an N-containing ligand. This 
facilitates LRP, in which the free radicals are generated by the nascent Cu(0) atomic 
species, while their deactivation is mediated by the nascent Cu(II)X2 species and both 
steps proceed via an outer-sphere electron transfer (OSET) mechanism.16,17,39 However, 
Matyjaszewski et al.  stated  that  Cu(0)-mediated  CRP  is  a  form  of  ARGET  or  SARA  
ATRP, in which Cu(0) acts as a supplemental and reducing agent.38,40 The mechanisms 
proposed for Cu-catalysed SET-LRP and (ARGET) ATRP are shown in Scheme 11.  

 
Scheme 11. Proposed mechanisms of Cu-catalysed SET-LRP and (ARGET) ATRP. 

To prepare cellulose-g-copolymer via ATRP or SET-LRP utilizing the “grafting from” 
approach, a cellulose based macroinitiator needs to be synthesized first (Scheme 12). 
Haloester based initiating sites can be straightforwardly attached to the cellulose backbone 
through esterification of the hydroxyl groups with commercially available reagents, such 
as 2-bromoisobutyryl bromide (BiB) or 2-chloropropionyl chloride.12 ATRP has been the 
method most used to prepare cellulose-g-copolymers via CRP, since the first example 
reported by Carlmark and Malmström in 2002.41 Most  of  the  studies  were  carried  out  
using soluble cellulose derivatives (cellulose esters and ethers) as starting material or 
grafting was conducted in a heterogeneous reaction medium via surface initiated ATRP 
(SI-ATRP).13 The experimental results reported for the cellulose grafting via ATRP and 
SET-LRP in a homogeneous reaction medium are gathered in Tables 1 and 2, respectively. 
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Scheme 12. Synthetic route to cellulose-g-copolymer via ATRP or SET-LRP. 

As can be seen from Tables 1 and 2 a wide variety of cellulose based graft copolymers 
has  been  prepared  via  ATRP or  SET-LRP.  In  most  of  the  studies,  kinetic  analyses  have  
confirmed living and controllable reactions that enable varying of the lengths of the grafts 
over a wide range when the reaction conditions are chosen properly. However, the 
monomer conversions need to be kept low to avoid intermolecular coupling reactions 
between  the  growing  graft  copolymers  and  loss  of  the  control.  Analysis  of  the  real  
molecular  weight  distributions  of  the  grafts  (Mw/Mn,graft) requires cleaving off the grafts 
from the backbone, e.g. by acid or alkaline hydrolysis. This has turned out to be 
challenging, since degradation of the polymer grafts and backbone in addition to 
hydrolysis of the ester linkage between the graft and the backbone could also occur or the 
graft copolymer could form an acid resistance product, due to a huge polymer graft layer 
wrapped around the cellulose backbone.46,49,58,60 Nevertheless, when the polymer grafts 
were successfully isolated from the backbone the Mw/Mn,graft have been quite narrow (1.1-
1.5) in most cases. When metallic Cu was used alone to mediate the CRP of cellulose-g-
copolymer, the Mw/Mn,graft have been somewhat higher (Table 2). 
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Table 1. Experimental results reported for the ATRP grafting of cellulose and cellulose 
derivatives in homogeneous reaction media. 

 
aBr and Cl refer to bromo and chloro functionalized initiator moieties, respectively. 

CDA = cellulose diacetate, CDA-Br-g-PCL = bromo functionalized cellulose diacetate 
grafted with e-caprolactone via ring opening polymerization, CA = cellulose acetate, HPC 

Ref. macroinitiatora DS monomer catalyst Mw/Mn,grafts
b solvent T (°C) maximum conversion

42 CDA-Br 0.43 MMA CuBr/PMDETA 1.12 dioxane 70 5.4 % (8h)

43 CDA-Br 0.12 St CuCl/CuCl2/HMTETA nr dioxane 110 14 % (12h)

0.52 St CuCl/CuCl2/HMTETA nr dioxane 110 13 % (9h)

0.12 BuA CuCl/Cu/PMDETA nr acetone 70 25 % (5h)

0.52 BuA CuCl/Cu/PMDETA nr acetone 60 15 % (8.5h)

CDA-Cl 0.10 MMA CuCl/CuCl2/HMTETA nr dioxane 90 21 % (2.5h)

0.41 MMA CuCl/CuCl2/bPy nr dioxane 75 7 % (18h)

44 CDA-Br-g -PCL 0.50 St CuCl/CuCl2/HMTETA nr dioxane 110 7 % (8h)

BuA CuCl/PMDETA nr anisole 70 10 % (8h)

MMA CuCl/CuCl2/HMTETA nr dioxane 70 6 % (8h)

45 CA-Br 0.01 MDEGMA CuCl/PMDETA 1.39 cyclopentanone 40 18 % (?)

0.06 MDEGMA CuCl/PMDETA >1.5 cyclopentanone 40 19 % (?)

46 HPC-Br 2.26 MMA CuBr/CuBr2/PMDETA nr toluene 80 39 % (19h)

HPC-g -PMMA-Br t -BA CuBr/CuBr2/PMDETA nr toluene 70 3.5 % (22h)

HPC-G1-Br 0.88 MMA CuBr/CuBr2/PMDETA nr toluene 70 22.8 % (20h)

HDMA CuBr/CuBr2/PMDETA nr toluene 70 18 % (2h)

47 HPC-g -PCL-Br nr t -BA CuBr/CuBr2/PMDETA nr toluene 70 32 % (14h)

48 HPC-Br 0.05 4VP CuCl/Me6TREN nr 2-propanol 30 60 % (12h)

49 HPC-Br 0.10 DMAEMA CuCl/HMTETA nr MeOH/H2O 30 34.5% (12h) 

50 MC-Br 0.98 NIPAm CuBr/PMDETA nr DMF/H2O RT 17.5 % (12h)

51 HEC-Br nr Aam CuBr/CuBr2/Me6[14]aneN4 nr DMF/THF 30 40.5 % (72h)

52 EC-Br 0.50 St CuBr/PMDETA <1.35 toluene 110 20 % (21.5h)

MMA CuBr/PMDETA <1.35 toluene 70 29 % (48h)

53 EC-Br 0.04 t -BA CuBr/PMDETA 1.16 toluene/cyclohexanone 80 60 % (5h)

0.25 t -BA CuBr/PMDETA 1.20 toluene/cyclohexanone 80 45 % (2.5h)

54 EC-Br 0.04 St CuBr/PMDETA <1.20 toluene 110 10 % (10.5h)

55 EC-Br 0.52 MMAzo CuBr/PMDETA nr anisole 85 18 % (24h)

56 EC-Br 0.04 HEMA CuCl/CuCl2/bPy nr MeOH 40 8.3 % (10h)

0.09 HEMA CuCl/CuCl2/bPy nr MeOH 40 13.3 % (12h)

57 EC-Br 0.02 PEGMA CuCl/CuCl2/dNbpy nr toluene 60 61.7 % (14h)

0.20 PEGMA CuCl/CuCl2/dNbpy nr toluene 60 55.6 % (8h)

58 EC-Br 0.10 DEAEMA CuBr/bPy nr DMF 20 28 % (5h)

0.20 DEAEMA CuBr/bPy nr DMF 20 41.7 % (6.5h)

0.06 DEAEMA CuBr/bPy nr DMF 20 24.1 % (4h)

59 EC-Br-g-PCL nr DMAEMA CuBr/PMDETA nr THF 60 nr

60 Pulp-Br 0.70 DMAEMA CuBr/PMDETA nr DMF 60 34.7 % (1h)

61 MCC-Br 0.20 DMAam CuBr/bPy < 1.5 DMSO 100 55 % (7h)

62 Cotton-Br 0.72 MPC CuBr/bPy 1.25 DMSO/MeOH 20 55 % (3h)

35 Cotton-Cl 1.11 MMA CuBr/bPy 1.52 BMIMCl 70 15.5 % (5h)

63 Cell-Br 0.74 MMA CuBr/PMDETA 1.40 DMF 60 37.8 % (3h)

64 MCC-Br 0.72 MMA CuCl/bpy 1.44 butanone 70 28.4 % (3h)

0.93 St CuCl/bpy 1.48 dioxane 110 14.1 % (2h)

65 Cell-Cl 0.76 MMA CuBr2/TEMED/AsAc 1.40 DMAc 50 13 % (3.2h)

66 MCC-Br 0.52 St CuCl/CuCl2/PMDETA 1.24 DMSO 100 21 % (nr)

0.11 MMA CuCl/CuCl2/HMTETA 1.35 DMSO 70 32 % (nr)

1.04 MMA CuCl/CuCl2/HMTETA 1.28 DMAc 70 37 % (1h)
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= hydroxypropyl cellulose, HPC-g-PMMA-Br = HPC-graft-PMMA macroinitiator 
prepared from HPC-Br macroinitiator, HPC-G1-Br = first generation dendronized HPC 
macroinitiator, HPC-g-PCL-Br = end groups of PCL grafts converted into Br containing 
initiating sites, MC = 2,3-di-O-methyl cellulose, HEC = hydroxyethyl cellulose, EC = 
ethyl cellulose, EC-Br-g-PCL = bromo functionalized ethyl cellulose grafted with e-
caprolactone via ring opening polymerization, Pulp = wood pulp, MCC = microcrystalline 
cellulose, Cotton = cotton linter, Cell = type of cellulose unknown. bThe  Mw/Mn of  the  
grafts cleaved off from the backbone by hydrolysis. nr = not reported. 

Table 2. Experimental results reported for the SET-LRP grafting of cellulose and cellulose 
derivatives in homogeneous reaction media. 

 
a,bSee Table 1. 

1.2.4 Tailored properties and possible applications of cellulose based graft 
copolymers 

Many of these cellulose-g-copolymers have self-assembling and stimuli-responsive 
properties that can be tuned by tailoring the length, density and composition of the grafts. 
Cellulose-g-copolymers with tunable stimuli responsive properties have potential 
applications as biomedical or smart materials. Ma et al. prepared HPC-g-poly(4-vinyl 
pyridine) (HPC-g-P4VP) copolymers that have reversible thermo- and pH-induced core-
shell micellization properties in aqueous solutions.48 For pH-induced micellization, the 
P4VP side chains collapse to form the core of the micelles, and the HPC backbones 
remain in the shell to stabilize the micelles. In the thermoinduced micelles, the HPC 
backbone collapsed to form the core of the micelles upon heating and the P4VP grafts 
stabilized  the  micelles  as  the  shell.  The  cloud  point  (Tcp)  of  HPC-g-P4VP was tuned by 
changing the length of the P4VP grafts or the pH values. The longer the P4VP grafts, the 
higher  the  Tcp and  in  the  case  of  very  short  P4VP  grafts  (DPP4VP =  3)  the  Tcp is also 
dependent on the pH, showing higher Tcp at lower pH. 

Dual  pH-  and  thermosensitivity  of  HPC-g-poly(N,N-dimethyl aminoethyl 
methacrylate) (HPC-g-PDMAEMA) in aqueous solution were also been detected by Ma et 
al.49 The lower critical solution temperature (LCST) of HPC0.1-g-PDMAEMA20 shifts to 
the lower temperature with increase in pH values, due to deprotonation of the PDMAEMA 
grafts at higher pH value. Sui et al. showed that cellulose-g-PDMAEMA also has pH- and 
thermoresponsive properties in H2O similar to the expected stimuli responses by 
PDMAEMA.60 The copolymer formed discrete spherical particles with diameters in the 
range of 40-80 nm in H2O (2 mg/ml at pH = 7), which were observed by transmission 
electron microscopy (TEM) and tapping mode atomic force microscopy (AFM). The 
dynamic light scattering (DLS) studies revealed that the aggregates had hydrodynamic 

Ref. macroinitiatora DS monomer catalyst Mw/Mn,grafts
b solvent T (°C) maximum conversion

66 MCC-Br 1.04 St Cu/Me6TREN 1.79 DMSO 25 4.8 % (21h)

MMA Cu/Me6TREN 1.58 DMSO 25 9 % (24h)

67 CDA-Cl 0.25 MMA Cu/PMDETA 1.74 DMAc 60 38 % (5h)

CDA-Br 0.19 BuA Cu/Me6TREN nr DMSO 60 86 % (4.5h)
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radius (Rh) values ranging from 50 to 350 nm with increase in concentration (from 0.02 
mg/ml to 0.2 mg/ml), indicating the interchain association of cellulose-g-PDMAEMA in 
solution.  

Ethyl cellulose-g-poly(2-(diethylamino)ethyl methacrylate) (EC-g-PDEAEMA) 
copolymers can self-assemble into micelles in acidic aqueous solutions.58 The critical 
micelle concentration (cmc) decreases with increase in grafting density (DSBiB of  EC  =  
0.06, 0.1 or 0.2) at similar side chain lengths and also with increase in the side chain 
length  at  the  same  grafting  density.  The  Rh of the resultant micelles increases with 
increasing side chain length and is independent of the grafting density at similar side chain 
lengths. The EC-g-PDEAEMA micelles showed reversible pH-sensitivity, starting to 
shrink at pH 6.0 and aggregating at pH > 6.9. 

The EC-g-poly(poly(ethylene glycol) methyl ether methacrylate) EC-g-PPEGMA 
copolymers formed spherical micelles in H2O, showing thermoresponsive properties with 
an LCST of app. 65 °C, which was almost independent of the grafting density and the side 
chain length.57 The size of the micelles (Rh) was higher (app. 130 nm) when the grafting 
density was higher (EC0.2-g-PPEGMA),  whereas  the  Rh of  the  micelles  of  the  sparsely  
grafted copolymers (EC0.02-g-PPEGMA) was lower (app. 60 nm). Moreover, the Rh 
increased slightly with increase in the side chain length. 

Huang et al. have studied the self-assembly of densely grafted EC-g-PSt (DSBiB of EC 
= 0.5) in acetone.52,54,68 They found that EC-g-PSt copolymer formed spherical core-shell 
micelles in acetone with the EC backbone in the shell and PSt grafts in the core of the 
micelles. The copolymer could self-assemble into multimolecular micelles at relatively 
high polymer concentration, while unimolecular micelles were formed at low 
concentration. The size of the micelles increased with increasing copolymer concentration 
and PSt side chain length. Cellulose-g-PMMA also tended to aggregate and self-assemble 
into spherical particles with a diameter range of 100-500 nm, depending on concentration 
in the good solvent DMF and with a diameter range of 50-100 nm in the selective solvent 
acetone.35,63,64 

Huang et al. prepared amphiphilic EC-g-poly(acrylic acid) (EC-g-PAA) copolymers 
with two different grafting densities (DSBiB of EC = 0.5 or 0.3) by hydrolysing the tert-
butyl group on the poly(tert-butyl  acrylate)  side  chains  of  the  EC-g-PtBA 
copolymers.53,69,70 The side chain lengths also varied from short (DPPAA = 21 or 28) to 
long (DPPAA =  43  or  53).  The  influences  of  solvent  and  side  chain  length  on  the  self-
assembly behaviour were studied by DLS and TEM. In THF/H2O systems the copolymers 
with longer side chains were intra-molecularly self-assembled to form unimolecular small 
spherical structures that could further form larger network structures and those with short 
side chains formed multimolecular large spherical aggregates by inter-molecular 
association. The grafting density did not distinctly influence the self-assembled structures. 
No micelles were formed in MeOH/H2O and DMF/ H2O systems. The chain conformation 
and individual chain structures of the same copolymers in MeOH were studied by static 
light  scattering  (SLS),  DLS and  AFM.70 The single-chain disclike and rodlike structures 
were obtained from sparse and dense graft copolymers, respectively. It was concluded that 
the various conformations originated from the differing side chain density rather than the 
side chain length. The single-chain rods from the denser graft copolymers originated from 
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the extended rod conformation of the backbone, whereas the unimolecular disclike 
structures from the relatively sparse graft copolymers resulted from the coil conformation 
of the backbone. 

Graft copolymerization of cellulose derivatives via combination of the ATRP and ROP 
approaches has also been used to modify the properties of cellulosic graft copolymers. 
Östmark et al. used HPC as a macroinitiator to grow polycaprolactone (PCL) side chains 
(Scheme 13).47 The  PCL  end  groups  were  further  functionalized  with  BiB  and  chain  
extended with t-BA by  ATRP.  Deprotection  of  the  tert-butyl groups by acidic treatment 
yielded water-suspendable amphiphilic HPC-g-(PCL-b-PAA) comb block copolymers that 
formed unimolecular micelles with an outer PAA block. The unimolecular nanocontainers 
(diameter = 89-320 nm) with hydrogel-like shell were obtained after cross-linking the 
copolymer in dilute water solution via amidation. Somewhat different approaches were 
used in two other studies in which cellulose derivatives (CDA44 or  EC59) were first 
functionalized with suitable ATRP initiator groups, followed by ROP of e-caprolactone 
and  finally  ATRP  of  a  vinyl  monomer  (St,  tBA,  MMA  or  DMAEMA),  yielding  a  dual  
graft molecular brush copolymer (Scheme 14). The biocompatible EC-g-PDMAEMA-g-
PCL copolymers self-assembled into micelles in aqueous solution.59 Upon pH change, the 
single micelles further assembled into micellar aggregates. The chain length of the 
PDMAEMA grafts could be tailored to control and adjust the extent of PCL crystallinity 
over a broad range. These types of nanocontainers and dual graft molecular brushes may 
be useful in biomedical applications, such as controlled drug release applications. 

 

 
Scheme 13. Synthetic route to HPC-g-(PCL-b-PtBA) via combination of ROP and ATRP.47 
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Scheme 14. Synthetic route to dual graft molecular brush copolymer EC-g-PDMAEMA-g-PCL 

via combination of ROP and ATRP.59 

The cellulose-g-copolymers have various potential applications over a wide range of 
areas, such as sensor matrices, recognition devices, selective membranes, organic-
inorganic complex materials, and bioactive and biocompatible materials. For example, 
cellulose acetate-g-poly(methyl diethylene glycol methacrylate) (CA-g-PMDEGMA) is a 
very good film-forming material that may be used to form membranes for the separation 
of alcohol/ether mixtures by pervaporation.45,71 The hydroxyethyl cellulose-g-
polyacrylamide (HEC-g-PAam) copolymer has shown high sieving ability when used in 
capillary electrophoresis for double-stranded DNA fragment separation.51 The  graft  
copolymers of ethyl cellulose with azobenzene containing polymethacrylates (EC-g-
MMAzo) have potential applications in sensors and optical materials.55  Silica capillaries 
coated with hydroxyethyl cellulose-g-poly(dimethyl acrylamide) (HEC-g-PDMAam) or 
with hydroxyethyl cellulose-g-poly(ethyl glycol) (HEC-g-PEG) and used in capillary 
electrophoresis have shown great potential for use in proteomic applications.72,73 
Similarly, cellulose-g-PDMAam and cellulose-g-poly(2-methacryloyloxyethyl 
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phosphorylcholine) (cell-g-MPC) used as coatings for commercial cellulose membranes 
resulted in good haemocompatibility and protein adsorption resistance.61,62 
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1.3 Objectives of the study 

The main objective of this research was to utilize the new CRP methods on various 
cellulosic materials, yielding new soluble cellulose based graft copolymers. The purpose 
was to achieve as uniform a structure as possible that could be ensured by conducting 
modifications in a homogeneous reaction medium. We expected that the use of CRP 
methods  would  enable  us  to  tailor  the  side  chain  lengths  and  grafting  density  of  the  
cellulose-g-copolymers so that a controlled structure of the copolymers could be achieved. 

The  overall  study  can  be  divided  into  three  sections:  i)  utilization  of  RAFT  
polymerization in cellulose-g-copolymer synthesisI,V,VI, ii) utilization of ATRP/SET-LRP 
in cellulose-g-copolymer synthesisII,III,IV and iii) the aqueous solutionI-IV and thermalII,V 

properties of cellulose-g-copolymer. 
The key objectives of the first section were the syntheses of cellulose based 

macroCTAs from CMC, EHEC and pretreated softwood dissolving pulp and utilization of 
these in syntheses of cellulose-g-copolymers via RAFT polymerization. Various vinyl 
monomers (Aam, DMAam, MMA, t-BA) and reaction conditions were employed.  

The aims of the second section were the syntheses of water-soluble cellulose-g-
copolymers with tunable properties via ATRP/SET-LRP from untreated softwood 
dissolving pulp using Aam and DMAam monomers. The degree of substitution of BiB 
(DSBiB) in cellulose macroinitiator and the side chain lengths in the copolymers were 
varied utilizing various reaction conditions. The effects of various Cu-based catalyst 
systems on polymerizations were also evaluated. 

Finally,  in  the  third  section  the  aims  were  to  determine  the  influences  of  grafting  
density and side chain lengths (DPgraft) on the aqueous solution and thermal behaviour of 
cellulose-g-copolymers. 
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2. Experimental 

2.1 Materials 

2.1.1 Cellulosic starting materials 

Three different starting materials (i.e. backbones for the cellulose based graft copolymers) 
were  used  in  this  study.  Cotton  linters  based  CMC  with  DS  =  0.38  was  obtained  from  
Noviant, Äänekoski, Finland (currently CP Kelco). EHEC was received from Akzo Nobel 
Surface Chemistry AB, Stenungsund, Sweden. The molar degree of the hydroxyethyl 
substitution, MSEO = 1.6, the degree of ethyl substitution, DSethyl = 0.9, and the molecular 
weight, M = 250 000 g/mol, were given by the manufacturer. The values given (MSEO and 
DSethyl) correspond to the average numbers of EO and ethyl groups per glucose unit, 
respectively. Two different cellulose materials obtained from Domsjö Fabriker AB, 
Örnsköldsvik, Sweden were used. Unmodified cellulose material (V450) was softwood 
dissolving pulp at a viscosity of 450 ml/g. Another cellulose material (V405) was 
softwood dissolving pulp at a viscosity of 405 ml/g pretreated with 5h mechanical 
treatment followed by 9% NaOH alkali treatment. The pretreatments were conducted at 
Tampere University of Technology. The schematic structures of starting materials are 
shown in Scheme 15. 

 
Scheme 15. Schematic structures of CMC, EHEC and cellulose. 

2.1.2 Grafting via the RAFT polymerization methodI, V, VI 

2.1.2.1 Syntheses of CTAs 

Two  different  CTAs,  4-cyanopentanoic  acid  dithiobenzoate  (CTA-1)  and  3-
benzylsulphanylthiocarbonylsulphanyl propionic acid (CTA-2), were synthesized 
according to the literature.31,74 CTA-1 was prepared via a multistep procedure involving 
the synthesis of unstable dithiobenzoic acid (DTBA), which was immediately oxidized to 
di(thiobenzoyl) disulphide, before reaction with 4,4’-azobis(4-cyanopentanoic acid) 

CMC: R= H or CH2COO- Na+
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(ACPA) to yield the target compound. CTA-2 was prepared as follows: 3-
mercaptopropionic acid was added slowly to aqueous potassium hydroxide (KOH) 
solution, followed by adding carbon disulphide dropwise. The reaction solution was 
allowed to stir overnight, after which benzyl bromide was slowly added and the mixture 
was refluxed for 12 h and further left to stir overnight at RT. Details on CTA syntheses, 
purification procedures and characterizations can be found from papers I and VI. The 
structures of the CTAs are shown in Scheme 16. 

  
Scheme 16. Schematic structure of CTAs. 

2.1.2.2 Syntheses of cellulose based macroCTAs 

Procedures for various cellulose based macroCTAs are briefly described below and 
schematically illustrated in Scheme 17. A summary of all macroCTA syntheses and the 
characteristics of the products are listed in Table 3.  

CMC-macroCTA was prepared as follows: CMC was dissolved in DMSO in the 
presence of para-toluenesulphonic acid (p-TsOH). After dissolution N,N’-
dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP) and the CTA-1 
were added. The reaction mixture was stirred at 60 °C for 120 h. The product was purified 
by dialysis against water with a cellulose tubular membrane. 

EHEC-macroCTAs  with  different  degrees  of  substitution  of  the  CTA  (DSCTA) were 
prepared by changing the feed ratio of the CTA-2 to EHEC. The synthesis procedure was 
as follows: EHEC was dissolved in dry DMF at 80 °C under an nitrogen atmosphere. Then 
the CTA-2 and N,N’-diisopropylcarbodiimide (DIC) in dry dimethylformamide (DMF) 
were added through an addition funnel. After 70 h the product was precipitated into 
diethyl ether (Et2O) and purified by extraction with EtOH in a Soxhlet apparatus. 

Cellulose-macroCTAs with different DSCTA were prepared by changing the feed ratio 
of  the  CTA-2  to  the  AGU  of  the  cellulose.  The  cellulose  stock  solution  (2.5  wt-%  of  
pretreated cellulose V405) in 8% LiCl/DMAc was prepared after a swelling procedure 
followed by solvent exchange (H2O, EtOH, DMAc) according to McCormick et al.8 An 
appropriate amount of cellulose stock solution was diluted with dry DMAc at 80 °C under 
an nitrogen atmosphere.  Then the CTA-2 and DIC in dry DMAc were added through an 
addition funnel. After 72 h the product was precipitated into EtOH and purified by 
extraction with EtOH in a Soxhlet apparatus. 

S
OH

S CH3

CN O
S S OH

S O

CTA-1 CTA-2
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Scheme 17. Synthetic routes to cellulose based macroCTAs. 

Table 3. Summary of macroCTA syntheses and characteristics of the products. 

 
aCalculated from sulphur content detected by elemental analysis. DSCTA value 0.003 
means that there are 3 CTA units per 1000 glucose units of cellulose. 
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CMCmCTA CMC CTA-1 p-TsOH/DMSO - no yes

EmCTA003 EHEC CTA-2 DMF 0.003 yes yes

EmCTA008 EHEC CTA-2 DMF 0.008 yes yes

EmCTA023 EHEC CTA-2 DMF 0.023 yes yes

EmCTA025 EHEC CTA-2 DMF 0.025 swells swells

EmCTA039 EHEC CTA-2 DMF 0.039 swells no

EmCTA124 EHEC CTA-2 DMF 0.124 swells no

CmCTA001 Cellulose CTA-2 LiCl/DMAc 0.001 no no

CmCTA002 Cellulose CTA-2 LiCl/DMAc 0.002 no no

CmCTA017 Cellulose CTA-2 LiCl/DMAc 0.017 no no

CmCTA062 Cellulose CTA-2 LiCl/DMAc 0.062 no no

Solubility in
Code Starting mat. CTA Solvent DSCTA

a
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2.1.2.3 Polymerizations via the RAFT method 

Typical graft copolymerization procedures via the RAFT method are described below and 
schematically presented in Scheme 18. The summary of the polymerization reactions is 
collected in Table 4. 

CMC-g-PDMAam copolymer was synthesized as follows: the CMC-macroCTA, the 
initiator (4,4’-azobis(4-cyanopentanoic acid), ACPA), and the monomer (DMAam) were 
dissolved in water. Oxygen was removed by a freeze-thaw evacuation procedure and 
back-filled with nitrogen four times. The reaction was conducted at 70 °C for 115 h. The 
product was isolated by dialysis against water with a cellulose tubular membrane and 
further purified by washing with THF to separate the homopolymer and the copolymer. 

EHEC-g-PAam copolymers with different grafting densities were prepared using 
EHEC-macroCTAs with different DSCTA. EHEC-macroCTA was dissolved in dry DMSO 
at 70 °C and after  the  solution  was  clear,  the  monomer  (Aam)  and  the  initiator  (ACPA) 
dissolved in dry DMSO were added and oxygen was replaced with nitrogen. The 
polymerization was conducted for 2 h at 70 °C under nitrogen flow and the product was 
precipitated into Et2O. The product was purified by extraction with morpholine in a 
Soxhlet apparatus. The product with high DSCTA (EHEC-g-PAam(023)) was soluble in 
morpholine and was therefore purified by ultrafiltration in water using regenerated 
cellulose membrane (MWCO: 10000, Millipore). 

Cellulose-macroCTAs with two different DSCTA were used to copolymerize MMA and 
t-BA side chains from cellulose. Cellulose-macroCTA was dissolved in 8% LiCl/DMAc 
according to the same method that cellulose was dissolved, as described above. The 
solution  of  the  monomer  (either  MMA  or  t-BA) and the initiator (2,2’-Azo-bis-
isobutyronitrile, AIBN) in dry DMAc as deoxygenated by passing nitrogen flow through 
it. The solution of the monomer and the initiator was added to the cellulose-macroCTA 
solution via syringe under nitrogen atmosphere. The polymerization was conducted for 4 
hours at 60 °C and the product was precipitated into EtOH. The products were purified by 
extraction with acetone in a Soxhlet apparatus. 
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Scheme 18. Synthetic routes to cellulose-g-copolymers via RAFT polymerization. 

Table 4. Summary of graft copolymerization conditions via RAFT polymerization. 
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Copolymer macroCTA Initiator Solvent [mon]/[CTA]/[I] T (°C) time (h)

CMC-g -PDMAam CMCmCTA ACPA H2O 2000/5/1 70 115

EHEC-g -PAam(003) EmCTA003 ACPA DMSO 3000/5/1 70 2

EHEC-g -PAam(008) EmCTA008 ACPA DMSO 3000/5/1 70 2

EHEC-g -PAam(023) EmCTA023 ACPA DMSO 3000/5/1 70 2

Cell-g -PMMA(001) CmCTA001 AIBN LiCl/DMAc 3000/5/1 60 4

Cell-g -PMMA(062) CmCTA062 AIBN LiCl/DMAc 3000/5/1 60 4

Cell-g -P(t -BA)(001) CmCTA001 AIBN LiCl/DMAc 3000/5/1 60 4

Cell-g -P(t -BA)(062) CmCTA062 AIBN LiCl/DMAc 3000/5/1 60 4
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2.1.3 Grafting via the ATRP/SET-LRP methodII, III, IV 

Cellulose-g-copolymers prepared via the ATRP/SET-LRP method were synthesized in 
two steps as described in Scheme 19. Typical procedures for both steps are given in their 
own chapters below. 

 
Scheme 19. Synthetic route to cellulose-g-copolymers via ATRP/SET-LRP. 

2.1.3.1 Syntheses of cellulose based macroinitiators  

The cellulose based macroinitiators (V450-BiBs) with varying degree of substitution 
(DSBiB)  were  prepared  in  homogeneous  8%  LiCl/DMAc  solution  by  partial  acylation  of  
the hydroxyl groups of the cellulose with 2-bromoisobutyryl bromide (BiB) in the 
presence of pyridine. Cellulose was dissolved in fresh 8% LiCl/DMAc after a swelling 
procedure and solvent exchange (H2O, EtOH, DMAc) according to McCormick et al.8, 

and pyridine was added to the clear solution followed by the dropwise addition of BiB in 
an ice/water bath. The reaction was allowed to proceed for an appropriate time at RT, after 
which the product was precipitated into H2O. The product was purified by washing with 
H2O. The DSBiB was adjusted by changing the reagent ratios and reaction times. Details of 
all cellulose macroinitiator syntheses and the characteristics of the products are presented 
in Table 5. 

Table 5. Summary of the reaction conditions and characteristic of the cellulose based 
macroinitiators. 

 
aCalculated from bromine content detected by elemental analysis. bCalculated from the 
ratio of the protons of the methyl groups of the BiB to the protons of the cellulose. 
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Table 6. Summary of graft copolymerization conditions via ATRP/SET-LRP and characteristics of the products. 

 

Entry DSBiB Monomer
[M]0/[I]0

a/[Cu(I)]0/

[Cu(II)]0/[Lig]0

[M]0

(mol/l)
Time

(h)
Temp.

(°C)
Conv.b

(%)
DPgraft

c

(Th.)
DPgraft

d

(Exp.)
Mw/Mn,graft

e Mw,copol
f

(x 105g/mol)
Mw/Mn,copol

f

1 2.64 Aam 50/1/1/0/2 0.33 3.5 80 8.5 4 8 1.12 0.4 2.86

2 2.09 Aam 50/1/1/0/2 0.33 3.5 80 9.2 5 8 1.10 3.0 7.57

3 0.44 Aam 50/1/1/0/2 0.33 3.5 80 4.6 2 6 - 1.7 3.21

4 0.27 Aam 50/1/1/0/2 0.33 3.5 80 10.8 5 5 - - -

5 2.64 DMAam 50/1/1/0/2 0.33 3.5 80 18.2 9 13 1.10 3.2 4.47

6 2.09 DMAam 50/1/1/0/2 0.33 3.5 80 19.6 10 12 1.10 2.8 3.63

7 2.09 DMAam 50/1/1/0/2 0.33 5 80 35.1 18 15 1.28 9.9 6.78

8 2.09 DMAam 150/1/1/0/2 0.33 5 80 23.4 35 27 1.46 10.5 6.23

9 2.09 DMAam 250/1/1/0/2 0.33 5 80 7.7 19 23 1.34 2.8 2.67

10 0.44 DMAam 50/1/1/0/2 0.33 3.5 80 8.7 4 5 1.06 1.9 3.18
11 0.44 DMAam 150/1/1/0/2 0.33 5 80 11.4 17 18 - 2.5 3.15
12 0.44 DMAam 150/1/1/0/2 0.33 3 50 12.5 19 17 1.39 7.6 5.34
13 0.44 DMAam 150/1/1/0/2 0.33 3 30 17.2 26 24 1.44 9.4 3.87

14 0.44 DMAam 150/1/0.8/0.2/2 0.33 3 50 10.7 16 13 1.29 7.9 5.25

15 0.44 DMAam 1000/1/1/0/2 2 3 50 9.4 94 97 1.40 12.7 3.30

16 0.44 DMAam 1000/1/1/0/2 2 3 30 3.2 32 58 1.39 6.3 4.53
17 0.44 DMAam 1000/1/0.8/0.2/2 2 3 50 3.4 33 45 1.4 7.5 2.4
18 0.44 DMAam 1000/1/0.8/0.2/2 2 3 30 1.3 13 40 1.34 4.7 3.53
19 0.27 DMAam 50/1/1/0/2 0.33 3.5 80 9.6 5 7 1.06 3.1 3.69
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a[I]0 = mol of bromine at beginning, calculated from elemental analysis. bCalculated from 
the yield of the copolymer. cTheoretical DP of grafts (DP = [M]0/[I]0 x conv.). dThe DP of 
PAam grafts was determined from 500 MHz 1H NMR spectra of the corresponding 
copolymer. The DP of the cleaved PDMAam grafts was determined from the 1H NMR 
spectra of the hydrolysed sample. eMw/Mn of the cleaved grafts was determined from the 
SEC result of the hydrolysed sample, using PEO standards. fMw and  Mw/Mn of  the  
copolymer were determined from the SEC result of the cellulose-g-copolymer, using PEO 
standards. 

2.1.3.2 Polymerizations via the ATRP/SET-LRP method 

The cellulose macroinitiators (V450-BiBs) with different DSBiB were used to initiate the 
polymerization of Aam and DMAam by ATRP/SET-LRP with Cu(I)Cl/N,N,N’,N’,N’-
pentamethyldiethylenetriamine (PMDETA) as the catalyst system with or without the 
deactivator Cu(II)Cl2 in DMSO solution. In general, the cellulose macroinitiator was 
dissolved  in  DMSO,  after  which  the  monomer  (Aam  or  DMAam),  PMDETA,  Cu(I)Cl,  
and Cu(II)Cl2 (if used), were added into a reaction flask under nitrogen flow. The 
reactions were carried out under continuous nitrogen flow at the desired temperature. 
After the desired time elapsed, the reaction solution was exposed to air and poured into 
Et2O. The precipitate was collected by filtration and purified by dialysis against distilled 
H2O through a regenerated cellulose tubular membrane (MWCO 12-14000, Cellu Sep T4). 
The kinetic studies were conducted either by several similar polymerizations carried out 
for different times or by taking small samples for 1H NMR measurements from the 
reaction  flask.  Details  of  the  ATRP/SET-LRP  graft  copolymerizations  and  the  
characteristics of the selected products are presented in Table 6. 
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2.2 Characterization 

The experimental details of the characterization and experimental methods can be found in 
the original articles as follows: 
 
FTIR spectra were measured using a Perkin Elmer Spectrum One FTIR spectrometer with 
Universal ATR sampling accessory.I-VI 

 
The 1H and 13C NMR measurements were conducted either with a 200 MHz Varian 
Gemini 2000 spectrometerI,V,VI or a 300 MHz Varian UNITYINOVA NMR spectrometerI,II,III 
or a 500 MHz Bruker UltrashieldTM 500 plus spectrometerII,III,IV. 13C CPMAS NMR 
measurements were done with a 300 MHz Varian UNITYINOVA NMR spectrometer.V,VI 

 
Molecular weights (Mw and  Mn)  and  molecular  weight  distributions  (Mw/Mn) were 
measured using Waters SEC equipment. This equipment consisted of an auto injector, 
Waters Ultrahydrogel 120, 250 and 2000 columns and Waters 2410 refractive index 
detector. The eluent was 0.1 M aqueous NaNO3 (0.8  ml/min),  and  the  calibration  was  
carried out either with polyethyleneoxide (PEO)I-IV standards (Polymer Laboratories) or 
with pullulan standardsVI (Showa Denko). 

 
The  sulphur  contents  of  EmCTAs  and  CmCTAs  were  analysed  with  a  CE  Instruments  
elemental analyser EA 1110 at the Division of Pharmaceutical Biology, University of 
Helsinki.I,V The nitrogen contents of the EHEC-g-PAam copolymers were analysed with a 
Elementare Analysensysteme Vario Micro Cube elemental analyser at the Department of 
Geography, University of Helsinki.I The bromine contents of the cellulose macroinitiators 
were measured with a Thermoquest EA 1112 elemental analyser at the Technical 
University Braunschweig, Germany.II,III 

 
Thermogravimetric analyses (TGA) were performed using Mettler Toledo STARe system 
equipped with a TGA850 thermobalance.II,V 

 
The  clouding  behaviour  of  EHEC,  EmCTAs and  EHEC-g-PAam aqueous solutions was 
studied with a Shimadzu UV-1601PC spectrophotometer.I 

 
The association of the aqueuos solution of the EHEC, EmCTAs and EHEC-g-PAams was 
evaluated with pyrene probe measurements recorded with a Horiba Jobin Yvon Fluoromax 
4 spectrofluorometer.I 

 
The steady-shear viscosity measurements were carried out using a TA Instruments 
AR2000 stress controlled rheometer equipped with an aluminium cone-and-plate 
geometry with a cone angle of 2° and diameter of 40 mm.I,III,IV 
 



 
 
 
 

27

Dynamic and static light scattering (DLS, SLS) experiments were conducted with a 
Brookhaven Instruments BIC-200SM goniometer, a BIC-TurboCorr digital 
auto/crosscorrelator, and a BIC-CrossCorr detector equipped with two BIC–DS1 
detectors. A Sapphire 488–100 CDRH laser from Coherent GmbH, with a wavelength of 
l0 = 488 nm (vertically polarized) was a light source. Pseudo cross-correlation functions of 
the scattered light intensity, G2(t), were collected using the self-beating method. Time-
correlation functions were analysed using an inverse Laplace transform program CONTIN 
(BIC software).II,III,IV 

 
The specific refractive index increments (dn/dc) values needed for the SLS measurements 
were determined with a Wyatt Optilab rEX differential refractometer.III 
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3. Results and discussion 

3.1 Cellulose based graft copolymers via RAFT polymerization 

The first part of this work was to utilize RAFT polymerization to prepare cellulose based 
graft copolymers in a homogeneous phase. Soluble cellulose ether derivatives were used 
as starting material in addition to unmodified cellulose. In the first step cellulose based 
macroCTA was synthesized in a homogeneous reaction medium to confirm as uniform a 
structure as possible. In the second step, RAFT polymerizations using these macroCTAs 
were conducted in a solution phase. 

3.1.1 CMC-g-PDMAam copolymerVI 

To achieve as homogeneous a substitution of the CTA as possible, the CMC based 
macroCTA needs to be prepared in a solution phase. Due to the insolubility and low 
swelling capacity of CMC in organic solvents, various preactivations of the polymer were 
tested. DMF or DMSO was added to an aqueous CMC solution, after which water was 
removed under reduced pressure. This led to a swollen gel. However, water could not be 
totally removed and, thus, this method was not suitable for esterification. Another way 
was to convert  the sodium salt  form of CMC to an acid form with HCl and purify it  by 
precipitating into acetone or dialysing against water with cellulose tubular membranes and 
drying it in a vacuum. A sample containing acetone could be dissolved in DMSO (~1 wt-
%), but not a dry sample. The most promising preactivation method was the activation of 
CMC with p-TsOH. CMC could be dissolved in DMSO in the presence of p-TsOH, and 
this solvent system was used for the esterification of CMC with the CTA-1. 

CMC-g-PDMAam copolymer was prepared in water via RAFT polymerization using 
CMC-macroCTA as a CTA. The structure of the CMC-g-PDMAam was comprehensively 
characterized by 1H NMR, ATR-FTIR and SEC measurements. The SEC chromatograms 
of  the  CMC,  CMC-macroCTA  and  CMC-g-PDMAam  are  presented  in  Figure  1.  It  was  
found out that molecular weight of CMC-macroCTA was lower than that of CMC. This 
may have been due to some degradation of the CMC backbone during the reaction at 
elevated temperature. Another possible reason for the decreased molecular weight is that 
the sodium salt form of CMC may be more aggregated than the acid form, since the 
precence of p-TsOH in the reaction causes a partial conversion of the carboxy groups of 
sodium  salt  of  CMC  to  the  free  carboxylic  acid  groups  during  the  synthesis  of  CMC-
macroCTA. The molecular weight of CMC-macroCTA was slightly increased after the 
polymerization, which was due to the building of the side chains in CMC-g-PDMAam.  
CMC-g-PDMAam shows a dramatic increase in its water solubility, compared with CMC 
and CMC-macroCTA. 
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Figure 1. SEC traces of CMC (____), CMC-macroCTA (----) and CMC-g-PDMAam (····). 

3.1.2 EHEC-g-PAam copolymerI 

Three EHEC-macroCTAs with the lowest DSCTA were chosen for polymerization with 
Aam,  due  to  their  good  solubility  in  DMSO.  The  EHEC-g-PAam copolymers were 
characterized with ATR-FTIR, 1H NMR and SEC measurements. The results of the SEC 
presented in Figure 2 show that molecular weight of EHEC-g-PAam(023) copolymer is 
lower  than  that  of  the  other  EHEC-g-PAam copolymers  with  lower  DSCTA. This reveals 
that the hydrodynamic volume of EHEC-g-PAam(023) is smaller, which we believe is 
caused by the strong hydrophobic association between the benzyl groups of the CTA units 
at the end of the PAam grafts.  

 
Figure 2. SEC traces of EHEC (____), EHEC-g-PAam(003) (-¨-),  EHEC-g-PAam(008) (····) 

and EHEC-g-PAam(023) (----). 
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The  DP  and  Mn of  the  PAam  side  chains  for  the  EHEC-g-PAam copolymers were 
estimated  from  the  elemental  analyses  (E.A.)  by  assuming  that  all  the  CTA  units  had  
reacted. These results are listed in Table 7. The Mn of the PAam side chains in EHEC-g-
PAam(003) and EHEC-g-PAam(008) are app. 2000 g/mol and that of the side chains in 
EHEC-g-PAam(023) is 3770 g/mol. Estimation of the molecular weight of the grafted 
PAam side chain could also be based on the free PAam formed during polymerization. 
Barsbay et al.26 observed that the molecular weight and polydispersity of the PSt grafted 
from cellulose are almost identical to the molecular weight and polydispersity of the free 
PSt formed. However, in our study the free PAam formed was separated from the 
copolymer by extraction with morpholine. The morpholine solutions in the case of EHEC-
g-PAam(003) and EHEC-g-PAam(008) were purified by dialysing them against distilled 
H2O. Unfortunately no free PAam was left after the dialyses. In the case of the EHEC-g-
PAam(023), the copolymer was soluble into morpholine and the copolymer and free 
PAam were separated by the ultrafiltration method. The free PAam isolated was analysed 
with  SEC  and  it  show  Mn of 4200 g/mol and Mw/Mn of  1.6.  This  result  is  close  to  the  
molecular weight value estimated from elemental analysis. 

Table 7. Estimated values of the degree of polymerization (DP) and the molecular weight 
(Mn) of the PAam grafts for EHEC-g-PAam copolymers.  

 

3.1.3 Cellulose-g-PMMA and cellulose-g-P(t-BA) copolymersV 

It turned out that only cellulose-macroCTAs (CmCTAs) with relatively low DSCTA could 
be prepared, despite high excess of CTA reagent and the cellulose-macroCTA have poor 
solubility in common solvents. Two CmCTAs, one with the highest and the other with the 
lowest DSCTA, were chosen for polymerization with MMA and t-BA in LiCl/DMAc 
solution.  The  solubility  of  the  purified  copolymers  was  also  poor  and  they  were  
characterized with ATR-FTIR and 13C CPMAS NMR. From the yield, it was possible to 
estimate the amount of the grafts (wt-%) in the cellulose-g-copolymer, assuming that the 
amount of the CmCTA remained as it was in feed during the synthesis and purification 
(see Table 8). The theoretical molecular weight of the grafts (Mn,Th) was calculated 
according to Mn,Th = ([mon]/[CTA]) x M(mon) x conv. To analyse the real molecular 
weight and the molecular weight distributions of the grafts,  several  trials to cleave them 
from the cellulose backbone by hydrolysis with 12 M H2SO4 or 1 M KOH were carried 
out without any success. This could have resulted from the graft copolymers forming acid 
and alkali resistance products, due to a polymer graft layer wrapped around the cellulose 
backbone.60 Polymerization with CmCTA062 (highest  DSCTA) yielded graft copolymers 

Copolymer
wt-% 
of N 

(E.A.)

DP of 
PAam 
(E.A.)

Mn of 
PAam 
(E.A)

Mn of 
homoPAam 

(SEC)
EHEC-g -PAam(003) 0.44 28 1990 -

EHEC-g -PAam(008) 1.25 31 2200 -

EHEC-g -PAam(023) 4.86 53 3770 4200



 
 
 
 

31

(C2 and C4) with much higher contents of side chains but lower conversion of the 
monomer than polymerizations with CmCTA001 within  the  same  reaction  time.  The  
cellulose-g-copolymers were not soluble in common organic solvents, which indicates that 
the amount of the grafts is not enough to break down the prevailing hydrogen bond 
network between the cellulose chains.  

Table 8. Characteristics of cellulose-g-copolymers prepared via RAFT polymerization. 

 
 
In general, cellulose based graft copolymer preparation via the RAFT polymerization 

method  suffers  from  some  drawbacks,  such  as  the  use  of  carbon  disulphide  in  the  
syntheses of CTAs, and the final graft copolymers may be slightly coloured and smelly, 
due  to  the  presence  of  sulphur  atoms.  The  DSCTA remained very low, which resulted in 
difficulties in characterization and low solubility of products. During the polymerization, 
free homopolymer was also formed which led to tedious purification processes. 

3.2 Cellulose based graft copolymers via ATRP/SET-LRPII,III,IV 

In  addition  to  the  RAFT  polymerization  method,  ATRP/SET-LRP  was  also  utilized  to  
prepare cellulose-g-copolymers in a homogeneous reaction phase. In the first step, the 
cellulose macroinitiator was prepared and then utilized as an initiator in the second step. 

Cellulose macroinitiators with varying DSBiB were prepared in a homogeneous 
LiCl/DMAc solution by partial acylation of the hydroxyl groups of the cellulose with BiB 
in the presence of pyridine.  The macroinitiators were comprehensively characterized 
using ATR-FTIR, 1H and 13C NMR and the bromine contents were analysed by elemental 
analysis. The DSBiB values obtained from the 1H NMR studies and elemental analyses 
were in good agreement with each other. The 13C NMR studies of the macroinitiators of 
the  two  highest  DSBiB (DSBiB = 2.09 and 2.67) revealed that every primary hydroxyl 
groups at the C6 carbon of cellulose reacted with BiB and the hydroxyl groups at the C2 
and C3 carbons reacted to some extent. The macroinitiators showed increasing solubility 
in organic solvent with increasing DSBiB. 

Graft copolymerizations of Aam and DMAam with the cellulose macroinitiators using 
mainly the Cu(I)Cl/PMDETA catalyst system were conducted. DMSO was selected as  the 
solvent for the polymerizations, owning to good solubility of all the cellulose 
macroinitiators in it. Very dilute reaction conditions (DMSO concentrations over 80 wt-
%) were used to avoid undesirable intra- or intermolecular recombination reactions. The 
mechanism of this polymerization was assumed to be that of ATRP, which proceeds by an 

Copolomer DSCTA
wt-% 

of grafts
conv.
(%)

Mn,Th

C1: Cell-g -PMMA 0.001 7 24.5 14700

C2: Cell-g -PMMA 0.062 57.8 6.5 3900

C3: Cell-g -P(t -BA) 0.001 4.8 12.8 9800

C4: Cell-g -P(t-BA) 0.062 56.9 4.9 3700
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inner-sphere electron-transfer mechanism and is catalysed by Cu(I)X salts and N-
containing ligands.14 However, Percec et al. demonstrated that Cu(I)X disproportionate 
into Cu(0) and Cu(II)X2 species in polar aprotic solvents in the presence of N-containing 
ligands. This disproportionation leads to rapid living radical polymerization via the outer-
sphere single-electron-transfer mechanism (SET-LRP).16,39 Thus, it is reasonable to expect 
that SET-LRP plays an important role in these polymerizations. It would be rather difficult 
to determine the exact polymerization mechanism in each specific case, and this was not 
the aim of this study. 

Cellulose-g-PAam copolymers (entries 1-4 in Table 6) with varying grafting densities 
were synthesized using cellulose macroinitiators with different DSBiB. Despite the highly 
diluted reaction conditions, some of these copolymers formed water-insoluble fractions or 
gels in water, which probably arose from intra- or intermolecular recombination of 
growing chains during the polymerization. The water-soluble fraction was collected and 
studied further. We determined that the experimental DPgraft calculated from the 1H NMR 
spectra deviated somewhat from the theoretical DPgraft when DSBiB is 0.44 or higher, 
which indicates that initiator efficiency is poor when the DSBiB is high and not all initiator 
sites along the cellulose backbone initiate polymerization or polymerization does not 
continue in a uniform way, due to steric hindrance between initiating sites at the C2 and 
C3  carbons  of  cellulose.  The  molecular  weight  distributions  of  the  PAam  grafts  
(Mw/Mn,graft) cleaved by hydrolysis from the cellulose backbone were narrow (1.10-1.12), 
which indicated controlled polymerization. 

Using DMAam as a monomer enabled us to prepare graft copolymers that are water-
soluble.  In  the  synthesis  of  the  cellulose-g-PDMAam copolymers, the influence of 
different reaction parameters (reagent ratios, temperature and catalyst systems) on the 
product were studied (entries 5-19 in Table 6). 

Cu(0) has been used as the sole CRP catalyst (without addition of Cu(I) or Cu(II)) in 
polar solvents, achieving ultrafast polymerization and effective control over molecular 
weight.16 The use of Cu(0) as a catalyst is attractive, since it is cheaper and easier to 
handle than Cu(I) or Cu(II) complexes and the purifying process of the product would thus 
be easier. Using Cu(0) without Cu(I)Cl in graft copolymerization of DMAam with the 
cellulose macroinitiator proved challenging. Several trials to graft copolymerize DMAam 
with the cellulose macroinitiator having DSBiB = 0.44 were performed using the 
Cu(0)/PMDETA or Cu(0)/Me6TREN catalyst  systems with  or  without  small  amounts  of  
Cu(II)Cl2 additive varying the [M]0/[I]0 as  well  as  [I]0/[ligand]0 ratios, temperature and 
reaction time. Unfortunately, none of the trials succeeded in producing cellulose-g-
PDMAam copolymer, since no traces of PDMAam could be detected from the ATR-FTIR 
spectra of the products. 

When Cu(I)Cl/Me6TREN was used as a catalyst system, the graft copolymerizations of 
DMAam resulted in higher conversions and higher DPgraft than  did  graft  
copolymerizations conducted with the Cu(I)Cl/PMDETA catalyst system, but the products 
formed gel in water. This indicates that some crosslinking occured during polymerizations 
through intermolecular recombination of the growing radicals when Me6TREN was used 
as ligand. Adding the deactivator Cu(II)Cl2 in the polymerizations resulted in lower 
conversion, but surprisingly had no distinct impact on the polydispersity of the PDMAam 



 
 
 
 

33

graft (entries 13 vs. 14, 15 vs. 17 and 16 vs. 18). Increasing the [M]0/[I]0 ratio enabled us 
to produce cellulose-g-PDMAam copolymers with longer side chains (higher DPgraft) but 
the conversions remained lower than the polymerizations conducted with a lower [M]0. 
When a low [M]0/[I]0 ratio (150/1) and low initial monomer concentration ([M]0 = 0.33) 
were used, decreasing the reaction temperature from 80 °C to 50 °C and further to 30 °C 
enhances the conversion and longer side chains on the cellulose are produced (entries 11-
13). When high [M]0/[I]0 (1000/1) ratio and high initial monomer concentration ([M]0 = 2)  
is used, higher conversion and longer side chains were achieved at 50 °C than at 30 °C 
(entries 15-18). In general, the theoretical DPgraft values based on the yield of the 
copolymer and experimental DPgraft values calculated from the 1H NMR of the hydrolysed 
samples were in good agreement with each other, indicating good initiator efficiency of 
the cellulose macroinitiators in the graft copolymerizations with DMAam. However, in 
polymerizations where high [M]0/[I]0 ratio (1000/1) and high initial monomer 
concentration ([M]0 =  2)  was  used,  the  experimental  DPgraft of the products were 
somewhat higher than theoretical DPgraft indicating poorer initiator efficiency. The 
molecular weight distributions (Mw/Mn,graft) of the PDMAam grafts cleaved by hydrolysis 
from the cellulose backbone were relatively narrow (1.06-1.46), indicating controlled 
polymerizations. 

The polymerization kinetics of grafting DMAam to the cellulose were studied by 
taking small samples from the reaction solutions at different times and determining the 
monomer conversions via 1H NMR or by conducting several similar polymerizations for 
different length of time and determining the conversion by weighing the samples. 
Determining the monomer conversions via 1H NMR was challenging since integration of 
methyl group (–N(CH3)2)  protons  between  2.8  –  3.1  ppm  and  comparing  them  with  the  
protons from carbon double bond (CH2=CH-)  between  5.5  and  7  ppm  was  difficult,  
especially when a lower [M]0/[I]0 ratio  and  thus  higher  amounts  of  solvent  were  used,  
since the broad peak from DMSO at 2.5 ppm interfered with the results. The increased 
viscosity and thus a nonrepresentative sampling at high conversion could also explain the 
points that deviated greatly from the conversion level achieved. Typical first-order time-
conversion kinetic plots are presented in Figures 3 and 4. Kinetic studies of 
Cu(I)Cl/PMDETA- and Cu(I)Cl/Cu(II)Cl2/PMDETA-mediated polymerizations 
confirmed the controlled/living radical nature of the polymerization up to a certain 
limiting conversion, after which stagnation of the reaction occurred. This indicates the 
occurrence of termination reactions or loss in the activity of the catalyst. Similar 
observations  were  made  by  others  when  ATRP  of  DMAam  or  grafting  of  NIPAam  or  
Aam from hemicellulose based macroinitiator via SET-LRP was carried out.75,76 
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Figure 3. Semilogarithmic dependence of the monomer consumption versus time for 

DMAam graft copolymerization in DMSO initiated by cellulose macroinitiator 
with DS = 2.[M]0/[I]0/[Cu(I)]0/[PMDETA]0 = 50:1:1:2, polymerization 
temperature is 80 °C. Conversion detected gravimetrically. 

 
Figure 4. Semilogarithmic dependences of the monomer consumptions versus time for 

DMAam graft copolymerization in DMSO initiated by cellulose macroinitiator 
with DS = 0.44 at 50°C (■) and 30°C (○)[M]0/[I]0/[Cu(I)]0/[PMDETA]0 = 
150:1:1:2. Conversions detected from 1H NMR spectra. 

In general, preparing cellulose-g-copolymers via the ATRP/SET-LRP methods was 
somewhat simpler than with the RAFT method, since the reagent (BiB) needed in the first 
step is commercially available. The substitution level (DSBiB) was also easy to adjust from 
low to high by varying the reagent ratios and reaction conditions. In polymerizations, very 
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dilute reaction conditions need to be used to suppress undesirable intra- or intermolecular 
recombination reactions yielding nonsoluble products. The polymerizations can be 
conducted only to low conversions to avoid the occurrence of termination reactions or loss 
in the activity of the catalyst. 

3.3 Aqueous solution properties of cellulose based copolymers 

One aim of this study was to determine the influences of grafting density and side chain 
lengths (DPgraft) on the aqueous solution behaviour of cellulose based copolymers. The 
aqueous solutions of cellulose based copolymers were studied by UV-vis and fluorescence 
spectroscopies, steady-shear viscosity and light scattering measurements. 

3.3.1 Cloud point measurementsI 

EHEC is a nonionic water-soluble cellulose ether that exhibits a lower critical solution 
temperature (LCST). The clouding behaviour of EHEC, EmCTAs and EHEC-g-PAams in 
10 mg/ml aqueous solutions was studied by UV-vis spectroscopy, using transmittance 
measurements with heating from 40 °C to 75 °C  (25  °C  to  65  °C  in  EmCTA023) at a 
heating rate of 0.1 °C/min. Measurements conducted several times for the same sample 
were repeatable. The solutions were cloudy at the end of the measurements but became 
clear  when  cooled  to  room  temperature.   The  cloud  point  (Tcp)  is  defined  as  the  
temperature at which transmittance is 50% and it can be seen from Figure 5 and Table 9 
that the values of Tcp change as the degree of substitution (DSCTA) is increased. EmCTA003 
shows clouding behaviour similar to that of EHEC, but clouding starts at a lower 
temperature and a lower Tcp could be detected when DSCTA was increased. This may have 
been attributed to the hydrophobic association of the benzyl groups of the attached CTA 
groups, since the hydrophobic modification is known to decrease the Tcp of EHEC.77 After 
polymerization of the PAam grafts to these EmCTAs, clouding starts and Tcp is at a higher 
temperature than that of the corresponding EmCTA, which is attributed to the 
hydrophilicity of the PAam grafts. 
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Figure 5. Clouding curves of 10 mg/ml aqueous solutions of EHEC (___), EmCTA003 (---), 

EHEC-g-PAam(003) (___), EmCTA008 (---), EHEC-g-PAam(008) (___), 
EmCTA023(---) and EHEC-g-PAam(023) (___). 

Table 9. Cloud points (Tcp) of the aqueous solutions of EHEC, EmCTAs and EHEC-g-
PAam copolymers. 

 

3.3.2 Fluorescence spectroscopyI 

The association of the aqueuos solution of the EHEC, EmCTAs and EHEC-g-PAams 
was evaluated with pyrene probe measurements. The emission of pyrene shows changes in 
its vibrational fine structure as the polarity of its microenvironment changes.78 Monitoring 
the  ratio  (I1/I3)  of  the  intensities  of  the  first  and  third  bands  enables  detection  of  the  
changes in the polarity of the microenvironment of pyrene. This ratio ranges from 1.87 in 
water to 0.6 in aliphatic hydrocarbon solvents.79 The method has been used to study 
aqueous solutions of hydrophobically modified polysaccharides.80-83 We found that the 
ratio I1/I3 of the emission of pyrene in aqueous solutions of hydrophobically modified 
polysaccharide decreased with increase in polymer concentration, indicating that 
hydrophobic microdomains are formed in aqueous solutions of the polymer.  

The same phenomenon has been observed for pyrene saturated aqueous solutions of 
EHEC, EmCTAs and EHEC-g-PAams. Plots of the changes in ratio I1/I3 as a function of 
polymer concentration are presented in Figure 6 for solutions of EHEC, EmCTA003 and 
EHEC-g-PAam(003). The lines are fitted using the sigmoidal fit. The ratio I1/I3 remained 
constant (~1.8) until the hydrophobically associating aggregates begin to form and the 
poorly water soluble pyrene is able to be solubilized within the hydrophobic 
microdomains formed. The critical association concentrations (cac) of the aqueous 
solution of the polymers shown in Table 10 were estimated from the onset of the decrease 
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in I1/I3 ratio. The cac of the EHEC solution is 1.05 mg/ml, above which assembly of the 
ethyl  groups  starts.  For  the  three  EmCTAs  and  the  three  corresponding  EHEC-g-PAam 
copolymers, the cac was lower than that of unmodified EHEC. This reveals that 
introducing the CTA unit with the benzyl group to the EHEC decreases the cac value. 
Although EHEC-g-PAam copolymers have hydrophilic grafts, the hydrophobic 
microdomains are formed still at lower concentrations than in the case of pure EHEC 
polymer. 

 
Figure 6. Change in ratio I1/I3 of the intensity of the first and third bands of pyrene as a 

function of polymer concentration for solutions of EHEC (a,■), EmCTA003 (b,·), 
EHEC-g-PAam(003) (c,▲) samples at room temperature. 

Table 10. Critical association concentrations (cac) of the aqueous solutions of EHEC, 
EmCTAs and EHEC-g-PAam copolymers. 

 

3.3.3 Viscosity measurementsI,III,IV 

3.3.3.1 EHEC-g-PAam copolymers 

The  flow  behaviour  of  the  EHEC  and  EHEC-g-PAam copolymer solution above the 
cac was studied by steady-shear measurements. The flow viscosities (happ)  of  the  40  
mg/ml solutions of EHEC and EHEC-g-PAam copolymers at 25 °C are displayed in 
Figure 7. The EHEC-g-PAam(023) showed Newtonian behaviour throughout the shear 
rate range and very low viscosity compared with the other polymers. The EHEC-g-
PAam(003) had slightly lower viscosity than EHEC throughout the shear rate range. Both 
polymers (EHEC-g-PAam(003) and EHEC) exhibited shear thinning behaviour. The flow 
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curve of the EHEC-g-PAam(008) showed shear thinning behaviour throughout the shear 
rate range and the viscosity was higher than that of EHEC. These results indicate that 
EHEC-g-PAam(023),  the  copolymer  with  the  highest  number  of  PAam  grafts  and  
hydrophobic benzyl groups at the ends of the grafts, forms compact structures via 
intramolecular physical entanglements, due to hydrophobic association of benzyl groups 
in water. This intramolecular hydrophobic association is assumed to be so strong that 
intermolecular association is suppressed. On the other hand, EHEC-g-PAam(003) has low 
amount PAam grafts and thus forms a looser structure than EHEC-g-PAam(023), but more 
compact than that of EHEC. The number of hydrophobic units in EHEC-g-PAam(003) is 
so low that intermolecular association does not enhance the viscosity significantly. 
However EHEC-g-PAam(008) seems to have both inter- and intramolecular physical 
entanglements via hydrophobic associations, which explain the higher viscosity of this 
copolymer than that of the others. 

 
Figure 7. Steady shear viscosity of the 40 mg/ml aqueous solutions of the EHEC and EHEC-

g-PAam copolymers at 25 °C. 

The effect  of temperature on the flow behaviour of solutions of EHEC and EHEC-g-
PAam(008) at different temperatures is shown in Figure 8. The viscosity of the EHEC-g-
PAam(008) was clearly higher than that of EHEC at low shear rates at all temperatures 
examined. At temperatures below Tcp, the EHEC-g-PAam(008) showed strong shear 
thinning, and the value of the viscosity approached that of the EHEC at high shear rates. 
At 65 °C EHEC showed nearly Newtonian flow behaviour, whereas strong shear thinning 
was observed for EHEC-g-PAam(008). However, hysteresis in the flow behaviour of 
EHEC-g-PAam(008) when lower shear rates were approached (data not shown) indicated 
aggregation and precipitation of EHEC-g-PAam(008) at temperatures above Tcp. Thus, the 
flow behaviour of EHEC-g-PAam(008) cannot be reliably measured at 65 °C. The effect 
of temperature on the zero shear viscosities (h0)for  the  40  mg/ml  EHEC  and  EHEC-g-
PAam copolymer solutions is shown in Figure 9. The h0 values of the polymer solutions 
decreased as the temperature increased as expected. The data show that there were only 
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minor differences between the temperature dependence of EHEC and EHEC-g-PAam 
copolymers. EHEC and EHEC-g-PAam(003) exhibited change in the slope of the line, 
which indicated aggregation behaviour when Tcp was approached, while EHEC-g-
PAam(023) showed no such sign of aggregation. 

 
Figure 8. Steady shear viscosity of the 40 mg/ml aqueous solutions of the EHEC (filled 

symbols) and the EHEC-g-PAam(008) (open symbols) copolymers at different 
temperatures. 

 
Figure 9. Temperature dependence of the zero shear viscosity for the 40 mg/ml EHEC and 

EHEC-g-PAam copolymer solutions. Lines are to guide the eye. 
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3.3.3.2 Cellulose-g-PDMAam copolymer 

The flow behaviour of the aqueous solutions of the cellulose-g-PDMAam copolymers 
was studied using steady-shear measurements with a rheometer. The flow viscosities 
(happ) of the 30 mg/ml aqueous solutions are shown in Figure 10. The solutions of 
cellulose-g-PDMAam copolymers with high molecular weight of the whole copolymer 
(Mw,copol >  7.9  x  105 g/mol)  and  short  side  chains  (DPgraft = 13-27) showed weak shear-
thinning behaviour, while other copolymers having lower Mw,copol or long side chains 
(DPgraft > 58) behaved as Newtonian liquid throughout the shear rate range studied. The 
flow viscosities of the cellulose-g-PDMAam copolymers with two different grafting 
densities (DSBiB =  0.44  or  2)  evidently  showed  the  presence  of  two  different  families  
based on viscosity level. When the grafting density is higher, cellulose-g-PDMAam 
copolymers showed lower viscosity. As expected, the solutions of the copolymer with 
lower Mw,copol showed a lower viscosity levels when DPgraft was the same. When Mw,copol 
was similar but DPgraft was slightly higher, the viscosity level of the solutions was slightly 
lower. When DPgraft was much higher (DPgraft = 97), the viscosity level of the solution was 
lower,  despite the high Mw,copol.  When DPgraft was high enough, the copolymer showed a 
more compact structure in water due to intramolecular association, which was assumed to 
be so strong that the higher molecular weight enhancing effect on viscosity was 
suppressed. 

 
Figure 10. Flow curves of the 30 mg/ml aqueous solutions of the selected cellulose-g-

PDMAam copolymers at 25 °C. The DS value reveals the degree of substitution of 
the cellulose macroinitiator used in the polymerizations. The DP value is the 
degree of polymerization of the grafts cleaved from the cellulose backbone by 
hydrolysis. 
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3.3.4 Light scattering measurementsII,III,IV 

The aqueous solutions of two cellulose-g-PDMAam copolymers (entries 6 and 9 in Table 
6)  with  similar  grafting  density  (DSBiB = 2.09) and molecular weight of the copolymer 
(Mw,copol = 2.8 x 105 g/mol) were studied by LS and the results are gathered in Table 11. 
We determined that the second virial coefficient (A2) was positive for the solutions of both 
copolymers, which indicates that H2O is a good solvent for these copolymers. The weight 
average molecular weight of the copolymer obtained from SLS was about four or five 
times higher than that determined with SEC. This may have originated from the fact that 
LS is very sensitive to aggregates, while the hydrodynamic field inside a SEC column 
could destroy aggregates. The critical overlap concentration (c*LS) was higher when 
DPgraft was higher. The Rg/Rh ratios of cellulose-g-PDMAam copolymers (entry 6: Rg/Rh = 
1.71 and entry 9: Rg/Rh = 1.83) along with the low packing density (r = c*LS) suggest a 
loose, solvent-draining architecture of the cellulose-g-PDMAam copolymer particles in 
H2O.84 

Table 11. Parameters obtained from the LS measurements of cellulose-g-PDMAam 
copolymers in H2O. 

 
aEstimated from SLS results according to ∗ = ,   

The size distributions of the cellulose-g-PDMAam and cellulose-g-PAam copolymers 
in  H2O  at  dilute  concentrations  (0.1  –  2  mg/ml)  were  measured  using  DLS.  The  Rh 

distributions were broad ranging from a few to several hundred nanometres for the all 
copolymers indicating occurrence of some intra- and interchain associations. The Rh 
distributions were probably not explicitly dependent on the grafting density. The Rh 
distributions of cellulose-g-PDMAam copolymers that have similar side chain lengths 
(DPgraft = 12-13) but varying grafting density showed quite identical broad Rh distributions 
(Figure  11).  Similar  results  were  shown  with  EC-g-PDEAEMA.58 When  the  grafting  
density remained the same (DSBiB = 0.44) and the side chain length varied we found that 
the  Rh distribution was somewhat narrower when the side chain length is high (DPgraft = 
97)  (Figure  12).  The  relative  amount  of  small  particles  was  dimished  and  the  portion  of  
larger aggregates also decreased slightly when the side chain length was increased. This 
supports the results obtained from the viscosity measurements when we proposed that 
longer side chains allow cellulose-g-PDMAam copolymers to assume more compact 
structures in water. 

Entry 
in Table 4

dn/dc
(cm3/g)

Mw,SLS

(x 106 g/mol)

Rh

(nm)
Rg

(nm)
Rg/Rh

A2

(cm3mol/g2)
c*LS

a

(mg/ml)

6 0.162 1.03 35 60 1.71 1.3 x 10-3 1.9

9 0.168 1.40 23 42 1.83 1.4 x 10-4 7.5
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Figure 11. Hydrodynamic radius distribution of the selected cellulose-g-PDMAam 

copolymers having similar DPgraft but different grafting densities in H2O at a 
concentration of 0.1 mg/ml detected at a 90 ° scattering angle. (Entries in Table 4 
are 5,6 and 14). 

 
Figure 12. Hydrodynamic radius distribution of the selected cellulose-g-PDMAam 

copolymers having similar grafting density in H2O at a concentration of 0.1 mg/ml 
detected at a 90° scattering angle. (Entries in Table 4 are 10 and 13-15). 

1 10 100 1000
0

20

40

60

80

100

In
te

ns
ity

 (%
)

Hydrodynamic radius, Rh (nm)

 DSBiB=2.64, DPgraft=13, Mw,copol=3.2x105g/mol

 DSBiB=2.09, DPgraft=12, Mw,copol=2.8x105g/mol

 DSBiB=0.44, DPgraft=13, Mw,copol=7.9x105g/mol

1 10 100 1000
0

20

40

60

80

100

In
te

ns
ity

 (%
)

Hydrodynamic radius, Rh (nm)

 DPgraft=5, Mw,copol=1.9x105g/mol

 DPgraft=13, Mw,copol=7.9x105g/mol

 DP
graft

=24, M
w,copol

=9.4x105g/mol

 DPgraft=97, Mw,copol=12.7x105g/mol 



 
 
 
 

43

3.4 Thermogravimetric analysis of cellulose based copolymers 

The  thermal  stability  of  cellulose-graft-copolymers  was  studied  by  TGA  in  an  N2 
atmosphere and the results are discussed below. 

3.4.1 Thermal properties of cellulose-g-PMMA and cellulose-g-P(t-BA) 
copolymersV 

The thermogravimetric (TG) and derivated TG (DTG) curves of pretreated cellulose 
(V405), cellulose-macroCTAs (CmCTAs) and cellulose-g-PMMA are shown in Figure 13 
and the onset temperature of thermal decomposition (Tonset) together with the maximum 
thermal decomposition temperature (Tmax) are gathered in Table 12. TGA showed that the 
V405 starts  to  lose  weight  slowly  right  after  beginning  of  the  measurements,  as  also  for  
the cellulose-g-copolymer samples C1-C3. Clearly, the evaporation of absorbed water at 
low temperatures caused the weight loss and it was difficult to detect the Tonset of  the  
samples  from  the  TG  curve,  so  it  was  determined  from  the  first  clear  drop  in  the  DTG  
curve. The major decomposition of the cellulose occurs in one step with the Tmax at 295 
°C, as detected from the peak height in the DTG curve. When the amount of CTA attached 
to the cellulose backbone was low (CmCTA001), the thermal stability was slightly 
increased  and  the  major  decomposition  step  was  at  320  ºC.  While  the  amount  of  CTA  
attached to the cellulose backbone was higher (CmCTA062), the thermal stability was 
somewhat decreased, showing the major decomposition step at 260 ºC. The PMMA 
showed three decomposition stages with three Tmax values at 180 °C, 265 °C and 365 °C. 
The third decomposition stage predominated showing 83% weight loss. When the amount 
of  the  grafted  MMA  was  low  (7  wt-%  in  C1),  the  thermal  stability  of  the  cellulose-g-
PMMA copolymer was decreased, compared with the cellulose displaying the major 
decomposition at 250 ºC. Since the amount of the grafted MMA was high (57.8 wt-% in 
C2), the thermal stability was slightly better and the cellulose-g-PMMA showed two 
decomposition stages with two Tmax values at 270 ºC and 420 ºC. Nishioka et al. observed 
similar results for cellulose-g-PMMA  containing  about  35  wt-%  of  PMMA.85 The first 
decomposition step was assumed to come mainly from the decomposition of the cellulose 
backbone and the second step from decomposition of the PMMA side chains. 
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Figure 13. a) TG and b) DTG curves of pretreated cellulose (V405), cellulose macroCTAs 

and cellulose-g-PMMA copolymers. 

Table 12. Thermal properties of pretreated cellulose (V405), cellulose macroCTAs and 
cellulose-g-copolymers prepared via the RAFT method detected by TGA. 

 
aEstimated from the polymerization yield, assuming that the amount of the CmCTA 
remained as it was in feed during the synthesis and purification. bThe onset temperature of 
thermal decomposition detected from the DTG curve. cThe maximum thermal 
decomposition temperature detected from the DTG curve. 

The  decomposition  of  P(t-BA) starts at 85 °C and occured in three steps with major 
weight  loss  (48%) at  Tmax 175 °C.  The  two other  Tmax values were 290 °C and 395 °C. 
When cellulose was grafted with low amounts of t-BA (4.8 wt-% in C3) the Tmax of the 
cellulose-g-P(t-BA) is at 250 ºC. When the amount of the grafted t-BA was high (56.9 wt-
% in C4), the thermal decomposition starts at 185 °C and occured in three steps, showing 
major decomposition at 235 °C and two other Tmax values at 300 °C and 395 °C.  These 
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results revealed that the thermal stability of the cellulose decreased when it was grafted 
with t-BA. 

 
Figure 14. a) TG and b) DTG curves of pretreated cellulose (V405), cellulose macroCTAs 

and cellulose-g-PtBA copolymers. 

3.4.2 Thermal properties of cellulose-g-PAam and cellulose-g-PDMAam 
copolymersII and unpublished data 

The TG and DTG curves of cellulose, cellulose macroinitiator and cellulose-g-PDMAam 
and cellulose-g-PAam copolymers are shown in Figures 15-17 and the results are 
summarized in Table 13. As can be seen, the thermal decomposition of unmodified 
cellulose (V450) starts at 240 °C and reached the Tmax at 360 °C. When cellulose was 
modified with BiB, the thermal stability was lowered, perhaps because the bromoalkyl 
group released HBr upon heating, which catalysed further degradation.86 

The  effect  of  DPgraft on the thermal stability is shown in Figure 15, where thermal 
decomposition of cellulose-g-PDMAam copolymers with similar grafting densities (i.e. 
cellulose macroinitiator with DSBiB = 0.44 was used in polymerizations) but different 
DPgraft are presented. We revealed that the Tonset and  Tmax decrease when the DPgraft is 
decreased. When DPgraft was 13 or higher and the amount of PDMAam grafts was over 76 
wt-%, cellulose-g-PDMAam copolymers exhibited similar or higher Tonset (Tonset = 230-
260 °C) and higher Tmax  (Tmax = 380-425 °C) values than unmodified cellulose. When the 
side  chains  were  short  (DPgraft = 5), the thermal decomposition occurred over a broad 
temperature range and degradation starts at a lower temperature (Tonset = 180 °C) than that 
of the unmodified cellulose. However, even the cellulose-g-PDMAam with short 
PDMAam grafts showed better thermal stability than did the cellulose macroinitiator. 
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Figure 15. a) TG and b) DTG curves of cellulose (V450) , cellulose macroinitiator (DSBiB = 

0.44) and cellulose-g-PDMAam copolymers with similar grafting densities and 
varying DPgraft (see Table 6 for details of copolymers).  

The influence of grafting density on the thermal stability of cellulose-g-PDMAam 
copolymer is illustrated in Figure 16, in which decomposition of cellulose-g-PDMAam 
copolymers with different grafting densities (i.e. cellulose macroinitiator with different 
DSBiB were used in polymerizations) and DPgraft = 12-13 (except for entry 19 DPgraft = 7) 
are shown. When grafting density was high (DSBiB = 2.64 or 2.09) and the amount of the 
PDMAam grafts was 81 wt-%, cellulose-g-PDMAam copolymers exhibited better thermal 
stability than did unmodified cellulose. When the grafting density was lower (DSBiB = 
0.44) thermal decomposition started at a slightly lower temperature (Tonset = 230 °C) and 
occurred over a broad temperature range, reaching Tmax at 380 °C. The cellulose-g-
PDMAam copolymer with the lowest grafting density and shortest side chains within 
these copolymers (entry 19) began to degrade at the same temperature as unmodified 
cellulose (Tonset = 240 °C), but reached the maximum decomposition temperature at a 
lower temperature (Tmax = 320 °C). 
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Figure 16. a) TG and b) DTG curves of cellulose and cellulose-g-PDMAam copolymers with 

varying grafting densities and similar DPgraft = 12-13, except for entry 19 DPgraft = 
7.(See Table 6 for details of copolymers, DSBiB values refer to DS value of the 
cellulose macroinitiator used in polymerizations). 

 
Figure 17. a) TG and b) DTG curves of cellulose and cellulose-g-PAam copolymers with 

varying grafting densities and similar short DPgraft = 5-8 (see Table 6 for details of 
copolymers, DSBiB values refer to the DS value of the cellulose macroinitiators 
used in the polymerizations). 

The TG and DTG curves of the cellulose-g-PAam copolymers with different grafting 
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polymerizations)  and  short  side  chain  (DPgraft =  5-8)  are  shown in  Figure  17.  As  can  be  
seen, all cellulose-g-PAam copolymers begin to decompose at lower temperatures (Tonset = 
180-190 °C) than did unmodified cellulose (Tonset = 240 °C). All four copolymers 
decomposed over a broad temperature range, showing two maximum decomposition 
temperatures. The cellulose-g-PAam copolymers with high grafting density (DSBiB = 2.64 
or  2.09)  and  high  amount  of  PAam  grafts  (59  wt-%)  showed  slightly  lower  first  Tmax 
values than did the other cellulose-g-PAam  copolymers  with  lower  amounts  of  PAam  
grafts. These results revealed that when cellulose is grafted with short PAam side chains, 
its thermal stability is decreased, despite the very dense grafting. Similar weakened 
thermal stability was observed for cellulose grafted with methyl methacrylate, 
methacrylamide and acryloylmorpholine with weight fraction of vinyl monomers below 
55 wt-%.87 

Table 13. Thermal properties of cellulose (V450), cellulose macroinitiators and cellulose-
graft-copolymers prepared via the ATRP/SET-LRP method detected by TGA. 

 
aNumber  refers  to  Table  6  entries.  bEstimated from the polymerization yield, assuming 
that the amount of the cellulose macroinitiator remained as it was in feed during the 
synthesis and purification. cThe onset temperature of thermal decomposition detected from 
the DTG curve. dThe maximum thermal decomposition temperature detected from the 
DTG curve. 

1° 2°

15 0.44 97 95 % 260 425

16 0.44 58 86 % 230 410

13 0.44 24 83 % 230 400

14 0.44 13 76 % 230 380 440

10 0.44 5 45 % 180 310

19 0.27 7 39 % 240 320

6 2.09 12 81 % 260 395

5 2.64 13 81 % 260 400

1 2.64 8 59 % 180 300 380

2 2.09 8 59 % 180 300 385

3 0.44 6 24 % 180 310 380

4 0.27 5 34 % 180 305 380

V450 - - - 240 360

V450-BiB-1 2.64 - - 180 310

V450-BiB-2 2.09 - - 220 310

V450-BiB-3 0.44 - - 210 260

V450-BiB-4 0.27 - - 230 290

Tmax
d (°C)

Polymera DSBiB DPgraft
wt-% of 
graftsb

Tonset
c

(°C)
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4. Conclusion 

The main objectives of the present research were the synthesis of new soluble cellulose 
based graft copolymers utilizing CRP methods, and to study the effect of the grafting 
density and side chain lengths on the properties of these copolymers. The aim was to 
obtain as uniform a structure as possible and good control over the DS. Thus, the reactions 
were performed under homogeneous conditions. The cellulose-g-copolymers have various 
potential applications over a wide range of areas, such as sensor matrices, recognition 
devices, selective membranes, organic-inorganic complex materials, coatings, adhesives, 
and bioactive and biocompatible materials. In the present study, the ability of cellulose-g-
Aam and cellulose-g-PDMAam copolymers to form spherical nanoparticles were 
demonstrated.II 

With the RAFT polymerization method, various cellulose based graft copolymers were 
successfully prepared using CMC, EHEC and softwood dissolving pulp as starting 
materials. We revealed that only macroCTAs with relatively low DSCTA could be 
prepared, despite the high excess CTA used in macroCTA synthesis. So the grafting 
density and the amount of grafted side chains in cellulose-g-copolymers prepared by the 
RAFT method was not enough to prevent the hydrogen bonding interactions between the 
cellulose chains and the solubility of cellulose was not altered. 

Cellulose macroinitiators with varying DSBiB (DSBiB = 0.27-2.64) for ATRP/SET-LRP 
were successfully prepared using different reaction times and reagent ratios. With these 
macroinitiators, it was possible to prepare cellulose-g-copolymers with good solubility in 
water, i.e the grafting density and the amount of grafted side chains in the copolymers 
were enough to suppress the hydrogen bonding between cellulose chains. Relatively 
narrow molecular weight distributions (Mw/Mn = 1.10-1.46) of grafts were obtained, 
which indicates controlled polymerization. Kinetic studies of ATRP/SET-LRP confirmed 
the controlled/living radical nature of the polymerization up to a certain limiting 
conversion, after which stagnation of the reaction occurred. 

Turbidity  measurements  revealed  that  depending  on  the  amount  of  CTA  units  
substituted to the EHEC dramatically changes its clouding behaviour in aqueous solution. 
The Tcp decreases as the DSCTA increases. However, after polymerizing PAam grafts with 
these  EmCTAs  the  Tcp is again increased. The fluorescence study shows that EmCTAs 
and EHEC-g-PAam copolymers have lower critical association concentration in water 
than does pure EHEC. 

The steady-shear measurements revealed that grafting density and side chain lengths 
(DPgraft) influence the flow behaviour of aqueous solutions of EHEC-g-PAam and 
cellulose-g-PDMAam. When the grafting density is significantly higher, these copolymers 
show lower viscosity levels. High DPgraft also decrease the viscosity level, compared with 
copolymers with lower DPgraft. This indicates that longer side chains and higher grafting 
density allow cellulose-g-copolymers to take a more compact structure in water. This was 
also  supported  by  DLS  measurements  that  showed  somewhat  narrower  Rh distributions 
when the side chain length is high in cellulose-g-PDMAam copolymer. LS studies suggest 
a loose, solvent-draining architecture of cellulose-g-PDMAam copolymer particles in 
water. 
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Cellulose-g-PMMA, cellulose-g-P(t-BA) and cellulose-g-PAam showed lower thermal 
stability than unmodified cellulose when Tmax was taken as the measure of stability.  The 
thermal stability of cellulose-g-PDMAam was enhanced when DPgraft and/or grafting 
density was higher and the stability was better than in unmodified cellulose when the 
amount of PDMAam grafts was high enough (fraction of PDMAam grafts > 76 wt-%). 

In general, tools for preparing new cellulosic material that have well-defined polymer 
grafts with controlled structure, molecular weight, polydispersity and functionalities are 
now available. The CRP methods, after optimization of reaction conditions, allow 
synthesising of soluble cellulose based graft copolymers with adjustable properties, which 
was realized in the present work utilizing unmodified softwood dissolving pulp as starting 
material in addition to cellulose ethers. This will open possibilities to construct new 
sophisticated cellulose derivatives for a wide range of applications. 
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