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ABSTRACT 

The demand for environmentally friendly innovative materials and chemicals is driving 

research focused on utilizing renewable biopolymers. Cellulose is an abundant biopolymer, and is 

of particular interest due to its versatility and aptitude for chemical modification. 

Novel cellulosic materials were prepared by grafting thermoresponsive polymers, poly(N-

isopropylacrylamide) (PNIPAM) and poly(2-(2-methoxyethoxy)ethyl methacrylate-co-

oligo(ethyleneglycol) methacrylate) (P(DEGMA95-co-OEGMA5), from regioselectively substituted 

cellulosics and corresponding cellulosic honeycomb films using homogeneous and surface 

initiated atom transfer radical polymerization (ATRP/SI-ATRP). 

First, regioselective 6-O-(2-bromoisobutyryl)-TMS-O-cellulose was synthesized and used to 

produce a homogeneous honeycomb film. PNIPAM was then grafted from its surface via SI-

ATRP, and the successful modification was confirmed by attenuated total reflectance-Fourier 

transform-infra-red spectroscopy, atomic force microscopy-quantitative nanomechanical mapping 

and contact angle. 

Next, the role of regioselective substitution of cellulosics on the formation of homogeneous 

honeycomb films was investigated using 3-O-substituted cellulosics. 3-O-(2-bromoisobutyryl)-2,6-

TDMS-O-cellulose and 2,3-O-(2-bromoisobutyryl)-2,6-TDMS-O-cellulose were synthesized and 

their ability to form homogeneous honeycomb films tested. Unfortunately, the poor reactivity of 

the 2,6-O-TDMS-cellulose resulted in very low 3-O- modification. Regardless, both 3-O-(2-

bromoisobutyryl)-2,6-TDMS-O-cellulose and 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose 

formed honeycomb films, however, the latter produced more homogeneous films with smaller 

pore diameters. NIPAM was then successfully grafted from the surface of the 2,3-O-(2-

bromoisobutyryl)-2,6-O-TDMS-cellulose honeycomb films, dramatically changing their surface 

properties. 

Finally, an alternative synthetic protocol was developed to increase the initiator density of the 

regioselective 3-O-cellulosics. A new macroinitiator, 3-O-(3-O-(2-bromoisobutyryl)-

hydroxypropyl)-2,6-O-TDMS-cellulose was synthesized and the effect of regiochemistry on the 

ATRP reaction, specifically termination reactions between growing chains was studied. PNIPAM 

and P(DEGMA95-co-OEGMA5) were grafted from 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-

2,6-O-TDMS-cellulose and the effects of temperature, Cu(II), ligand, dilution, monomer 

concentration and initiator density were assessed through kinetic plots. The grafting of PNIPAM 

gave promising results; linear kinetic plots and copolymers with low polydispersity index However, 

the linear kinetic regime was short and the conversions were low. On the other hand, the grafting 

of P(DEGMA95-co-OEGMA5) was very challenging mainly due to the low solubility and, in some 

cases, insolubility of the copolymers. Nevertheless when a macroinitiator with a lower initiator 

density was used, a soluble copolymer with a lower PDI was obtained. 
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PREFACE 

 

A version of section 3.2 (Synthesis of 3-O-(2-Bromoisobutyryl)-2,6-O-TDMS-cellulose and 2,3-O-

(2-Bromoisobutyryl)-2,6-O-TDMS-cellulose for the Preparation of Thermoresponsive Honeycomb 

Patterned Films via ATRP) was published in: Xavier, A. F.; Kadla, J. F. In ACS Symposium 

Series-Functional Materials from Renewable Sources; ACS, Ed.; 2012; Vol. 1107, pp. 37–55.  

I conducted all the testing and wrote the manuscript. 
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1 INTRODUCTION 

 

Cellulose is an abundant natural, organic compound available in nature. The major sources of 

cellulose are plant fibres (cotton, jute, hemp, flax and bamboo) and wood. Cellulose was primarily 

used in the fabrication of cloth and paper but since it was first discovered by Anselme Payen in 

1834, cellulose’s chemical composition, structure and morphology have been extensively studied. 

Cellulose is a unique biopolymer with characteristic properties such as hydrophilicity, chirality, 

chain stiffness and three hydroxyl groups with distinct reactivity. Nowadays demand for innovative 

and environmentally friendly materials has driven the synthesis of new cellulose derivatives. 

However, this demand goes along with an increment in complexity when synthesizing new 

materials. Due to the constant innovation in various disciplines such as, organic chemistry, 

polymer chemistry and material science the expansion of cellulose into new fields is challenging 

but very promising. For example, developments in synthetic modification of cellulose using 

protecting group chemistry enabled the preparation of regioselectively substituted cellulose 

derivatives
1–3

 with special properties.
4–7

 On the other hand, modern techniques of controlled 

radical polymerization, such as atom transfer radical polymerization
8,9

 (ATRP), have allowed the 

grafting of synthetic polymers to obtain well-defined cellulose-based graft copolymers with unique 

properties. In addition stimuli responsive polymers have been grafted from cellulose derivatives to 

produce cellulosic smart materials.
10–13

 In the present work, it was attempted to “graft-from” 

cellulose-based materials thermoresponsive polymers. This same concept was applied to the 

surface of honeycomb films. These are highly attractive materials owing to the wide range of 

applications, such as: tissue engineering,
14–16

 micro-lens arrays,
17

 superhydrophobic surfaces
18

 

and solar cells
19

. 

The development of novel cellulose-based materials is becoming more demanding in terms of 

application and material performance. In order to keep up with the challenging requirements it is 

necessary to continue exploring new technologies in organic synthesis, controlled polymerization, 

polymer grafting, surface modification and material characterization. Subsequently, the acquired 

knowledge will enable the creation of innovative methods to obtain cellulose-based materials with 

the required set of properties. The introduction (Chapter 1) for the present work includes a 

literature review of cellulose and cellulose derivatives, polymer grafting and modern 

polymerization techniques, in particular atom transfer radical polymerization, thermoresponsive 

polymers and honeycomb films. 
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1.1 Cellulose 

 

Cellulose is a linear hydrophilic polymer consisting of β-(1→4)-D-anhydroglucopyranose units 

in the 
4
C1 conformation. As shown in Figure 1.1.1 cellulose is a polymer of cellobiose, two 

anhydroglucopyranose units (AGU) linked through a β-glycosidic bond wherein the two 

anhydroglucopyranose units have alternating orientation with respect to the bridging oxygen 

bond. The fully equatorial hydroxyl group conformation of the anhydroglucopyranose residues 

stabilizes the 
4
C1 chair structure. The number of constituent AGUs is expressed as the degree of 

polymerization (DP) and it depends on the origin and method of isolation. For example, native 

cotton has a DP of around 13,000
20

 and that of native wood cellulose is approximately 10,000
21

. 
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Figure 1.1.1. Structural representation of cellulose 

 

 

Each AGU contains three hydroxyl (OH) groups located at positions 2, 3 and 6. The 

numbering of the carbons in the AGU is shown in Figure 1.1.1. The C6 position is a "primary" 

hydroxyl group, while the hydroxyl groups at positions 2 (C2) and 3 (C3) are "secondary" hydroxyl 

groups. 

Native cellulose or Cellulose I has a highly ordered parallel cellulose chain structure consisting of 

crystalline and non-crystalline domains arising from extensive hydrogen bonding and van der 

Waals forces.
22

 Cellulose I exists as a composite of two sub-allomorphs Iα and Iβ. Depending on 

the source of the cellulose the proportions of sub-allomorph (Iα and Iβ) can vary. For example, 

cellulose derived from algae and bacteria is primarily composed of cellulose Iα, while that isolated 

from higher plants and tunicates is primarily cellulose Iβ.
23

 The latter, Iβ can be obtained from the 

thermal treatment of cellulose Iα, which is in a metastable state.
24

  

The linear structure of cellulose and the equatorial hydroxyl groups at the C2, C3 and C6 

positions of the AGU results in a complex system of inter- and intramolecular hydrogen bonds. 

Figure 1.1.2 illustrates the extensive intra- and intermolecular hydrogen bonding in cellulose. 

Two intramolecular hydrogen bonds in cellulose I are established between the O3-H---O5 and 

O2-H---O6 of adjoining AGUs, and one intermolecular hydrogen bond between the O6-H---O3’ of 
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adjacent cellulose chains. In cellulose I all hydrogen bonds exist within the same plane, i.e., no 

interplanar interaction, which gives cellulose I a rigid sheet-like structure. 
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Figure 1.1.2. Intra- (red wavy lines) and intermolecular (black dashed lines) hydrogen bonds 

between adjacent AGU molecules of cellulose I (a) and cellulose II (b).
25–28

 

 

 

Cellulose II is generated from cellulose I by both swelling in sodium hydroxide solution 

(mercerization) or dissolution and subsequent recovery (regeneration).
29

 This process alters the 

arrangement of the cellulose strands from parallel to anti-parallel with the C6-OH altering its 

orientation from trans-gauche (tg) to gauche-trans (gt), as described by Langan et al.
30

 As a 

result, the intra- and intermolecular hydrogen bonds between the O2-H---O6 and O6-H---O3, 

respectively, are disrupted although that between the O3-H---O5 is maintained (Figure 1.1.2). 

Two new intermolecular hydrogen bonds are formed, one between the O6-H---O2’ in the same 

plane and one between the O2-H---O2” in an adjacent plane establishing a 3-D network of 

hydrogen bonds.
30

 In addition, the regeneration of cellulose dramatically reduces the DP to 

values between 250-500.
31

 

As a result of the extensive hydrogen bonding, van der Waals and hydrophobic interactions 

cellulose is not soluble in most common solvents and is not melt-processable, and as such 

decomposes before it undergoes melt flow. However, regeneration or functionalization of the 

hydroxyl groups in cellulose (cellulose derivatives) facilitates its industrial processing. The 

average number of hydroxyl groups substituted per AGU is known as the degree of substitution 

(DS) which can be analyzed by nuclear magnetic resonance (NMR) spectroscopy, elemental 

analysis or hydrolysis and subsequent chromatography.
2,32,33

 Higher degrees of substitution, or 

reaction conditions which disrupt the crystalline regions, can be used to reduce intra- and 

intermolecular hydrogen bonding and facilitate the processing of cellulose. Furthermore, the 

distribution of these interactions within the AGU greatly affects the properties of the cellulosic 

materials; this matter will be further discussed in section 1.3. The primary purpose of cellulose 
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derivatization is to overcome some of celluloses inherent drawbacks, such as poor solubility in 

common solvents, poor dimensional stability, lack of thermoplasticity and absence of anti-

microbial properties.
34

 Therefore, improving the chemical/physical properties of cellulose allows 

one to produce materials that may be processed into various useful forms, such as three 

dimensional objects, fibres, and solutions to be used for coating or casting (of films or 

membranes, for example). 

 

1.2 Cellulose Derivatives 

 

Cellulose derivatives are synthesized through functionalization of the hydroxyl groups in the 

AGU. The properties of the new derivatives are primarily determined by the nature of the 

functional group, with a significant contribution from the degree of substitution and the degree of 

polymerization of the cellulose backbone.
35

 The most important cellulose derivatives from an 

application point-of-view are cellulose ethers and esters. The derivatization of cellulose follows 

standard commercial methods which are generally heterogeneous reactions and in the case of 

esters might include a subsequent deacylation reaction.
36

 Heterogeneous reactions lead to the 

random insertion of different substituents at the free hydroxyl groups available along the AGU. As 

the various hydroxyl groups have different reactivities
37,38

, and are found within the crystalline and 

noncrystalline regions, cellulosics with variable physicochemical properties are produced. On the 

other hand, the production of cellulose derivatives under homogeneous conditions allows one to 

obtain products with more reproducible properties.  

The dissolution of cellulose can be described in three steps: 1) breaking of solute-solute 

attractions (endothermic process); 2) breaking of solvent-solvent attractions (endothermic 

process); and 3) forming new solvent-solute attractions (exothermic process). Dissolution occurs 

if the dissolved state is in a lower energy state than the solid state, which translates into Gibbs 

free energy change on mixing as ΔGm = ΔHm – TΔSm (ΔG-Gibbs free energy change on mixing; 

ΔH-entalpy change on mixing; T-absolute temperature and ΔS-entropy change on mixing). When 

ΔG lower than zero the reaction is favoured, if equal to zero the reaction is under equilibrium and 

if higher than zero the reaction is not favoured. Apart from the thermodynamics of the 

solvent/solute system, it is also necessary to consider the kinetics involved in this process. For 

macromolecules like cellulose the diffusion rate is inversely proportional to the size of the 

molecules, thus the larger the molecule the slower the dissolution rate. In order to increase the 

diffusion rate heat may be applied causing a decrease in viscosity.
39

 The compatibility between 

the solute and the solvent may be predicted using Hansen solubility parameters.
40,41

 Hansen 

solubility parameters were developed based on “like dissolves like”. The solvent and solute can 

be characterized by three parameters, δd (energy from dispersion forces between molecules), δp 
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(energy from dipolar intermolecular force between molecules) and δh (energy from hydrogen 

bonds between molecules). The sum of the energy associated to each type of interaction 

corresponds to the cohesive energy, which is the increase in the internal energy per mole of the 

material if all of the intermolecular forces are eliminated. These three parameters define the 

Hansen space in which the closer the solvent and the solute are, in this three-dimensional space, 

the more likely they are to dissolve into each other.
41

 This methodology has been successfully 

used for some cellulose derivatives, which include some cellulose acetate with different DS,
42

 

cellulose actetate butyrate
43

 and commercial cellulose ethers
40

. Overall, the dissolution of 

macromolecules such as cellulose is a multidisciplinary subject requiring knowledge in both 

organic and inorganic chemistry as well as physical chemistry. 

Homogeneous derivatization consists of 3 stages: 1) cellulose activation, 2) dissolution and 3) 

functionalization of the solubilised cellulose. The objective of the activation step is to increase the 

accessibility of the cellulose’s hydroxyl groups to the reagents through inter- and intracrystalline 

penetration of the activating agent. The procedure used for this purpose depends on the cellulose 

structure (DP, purity and crystallinity) therefore, cellulose activation can be done thermally under 

reduced pressure (successfully used in heterogeneous carboxymethylation)
44

, through an alkali 

treatment
45

 (transforms cellulose I into its polymorph cellulose II, ideal for cellulose with high 

crystallinity and high DP), or through polar solvent displacement at room temperature
46,47

, which 

is suitable for most cellulose. The latter consists of washing the cellulose with a series of solvents 

from water to the solvent that will be employed in the dissolution/derivatization step.
45

 This 

procedure avoids extensive degradation of the cellulose backbone however, it is time consuming 

and requires different solvents.
46

 Another cellulose activation procedure is the thermal treatment 

of cellulose with the reaction solvent, typically dimethylacetamide (DMA). First proposed by 

Ekmanis, this process is based upon the fact that the vapor pressure of N,N-dimethyl acetamide 

(DMA), near its boiling point, is enough to provide swelling and hence an efficient penetration of 

the reagents.
48

 Cellulose dissolution occurs through physical interactions between cellulose and 

the solvent (non-derivatizing solvents) or through covalent bond formation between the solvent 

and the cellulose (derivatizing solvent). In the present work, cellulose dissolution was done via a 

non-aqueous non-derivatizing solvent, and for that reason only the latter will be addressed. The 

most highly investigated solvent systems involve the dissolution of LiCl in DMA, N-methyl-2-

pyrrolidinone, or 1,3-dimethyl-2-imidazolidinone, and tetra-n-butyl ammonium fluoride trihydrate in 

DMSO (TBAF/DMSO).
35,45

 Of these DMA/LiCl has been extensively used in the synthesis of large 

variety of cellulose derivatives, mainly due to the fact that this solvent system is colourless, less 

time- and labor-intensive. A detailed discussion of this matter can be found in the literature.
35,45

 

The development of solvent systems that disrupt the highly organized hydrogen bonding network 

within cellulose provides hydroxyl groups with greater reactivity, thus enabling reactions to be 
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carried out under milder conditions with higher selectivity. This results in better tailoring of 

physicochemical properties and the development of more homogeneous cellulosic structures.
49,50

 

 

1.2.1 Cellulose ethers 

 

Cellulose ethers are non-toxic, soluble in water and/or organic solvents and chemically 

stable. The processing of these derivatives can be done in a swollen or dissolved state, which is 

related, to a certain extent, to the nature of the substituents and respective DS. This typically 

leads to an increase in the viscosity of the solvent and the development of specific rheological 

profiles, very useful in applications which require a defined consistency in aqueous media and 

water containing systems.
31

 Some of the main cellulose ethers and their fields of application are 

shown in Figure 1.2.1 and listed in Table 1.2.1. 
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Figure 1.2.1. Representative structures of some of the commercially relevant cellulose ethers. 

 

Table 1.2.1. Commercially relevant cellulose ethers and their primary applications.
32

 

Carboxymethyl 

Cellulose 
Methyl cellulose 

Hydroxyethyl 

cellulose 

Hydroxypropyl 

cellulose 

Paper 

Detergents 

Pharmaceutical 

Cosmetics 

Textile industry 

Food 

Coatings 

Encapsulation 

Tile adhesives 

Pharmaceutical 

Cosmetics 

Wallpaper paste 

Polymerization 

Food 

Latex paints 

Plasters/renders 

Latex paints 

Adhesives 

Building materials 

Cosmetics 

Paper 

Agriculture 

Textile industry 

Synthetic resins 

Adhesives 

Ceramics 

Cosmetics 

Encapsulation 

Food 

Polymerization 

Films 
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Alkyl cellulose ethers are generally obtained in the presence of strong bases such as sodium 

hydride (NaH), which ionize (activate) the hydroxyl groups in cellulose and react with an alkyl 

halide by a nucleophilic substitution (SN2) mechanism, i.e., Williamson ether synthesis. The 

production of carboxymethylcellulose is also done following Williamson ether synthesis in which 

the cellulose is activated with an aqueous alkali hydroxide solution (e.g.,, sodium hydroxide) and 

converted with monochloroacetic acid or its alkali salt. Hydroxyalkyl ethers can be obtained under 

aqueous alkaline media and the addition of an epoxide.
31,51

 During this reaction there is a 

possibility of chain growth of the side chains by further addition of alkylene oxides; for that reason 

the macromolecular characterization of these derivatives (hydroxyethyl cellulose, hydroxypropyl 

cellulose, for example) includes the DS (average number of hydroxyl groups per AGU involved in 

the reaction) and molecular substitution (MS) which quantifies the average number of alkylene 

oxide molecules added per AGU. For example, the importance of these two parameters is 

reflected in the properties of hydroxypropyl cellulose (HPC); at a MS above 4 the HPC is soluble 

in cold water, gels at about 40°C and becomes insoluble (precipitates) at 45 °C.
52,53

  

 

1.2.2 Cellulose esters 

 

Cellulose esters are widely used in the industry due to their solubility in common organic 

solvents and processability into objects of various shapes, fibers, films and membranes, for 

example.
54

 Their properties can be controlled through the nature of the ester substituent and the 

DS. The continuing importance of cellulose esters is stated in the pertinent review paper by Edgar 

et al.
54

 In this review the main fields of application of cellulose esters are highlighted of which 

some of the general applications include coatings, controlled release devices, optical films and 

membrane structures. Some of the commercially relevant cellulose esters along with their primary 

applications are shown in Figure 1.2.2 and listed in Table 1.2.2. 
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Figure 1.2.2. Representative structures of some of the commercially relevant cellulose esters. 
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Table 1.2.2. Commercially relevant cellulose esters and their primary applications.
55

 

Cellulose acetate Cellulose acetate 
propionate 

Cellulose acetate 
butyrate Nitrocellulose 

Adhesive tape 

LCD displays 

Plastics 

Coating 

Drug delivery  

Membrane structures 

Microfiltration media 

Chiral separation 

Gas-phase separation 

Plastics 

Coating 

Nail care 

Printing inks 

Drug delivery 

Covers for television 

screens 

Plastic coating 

Metal coating 

Plastics 

Drug delivery 

Laminating with 

aluminum foil 

Goggles 

 

Coatings 

Explosives 

Printing inks 

Immobilization of 

proteins 

Drug delivery 

Lacquers  

Photographic film 

 

 

Esters of cellulose can be either organic (e.g., cellulose acetate) or inorganic (e.g., cellulose 

nitrate) if derived from an organic or inorganic acid, respectively. Homogeneous esterification of 

cellulose is usually done using acyl chlorides or carboxylic anhydrides in the presence of a base 

(e.g., pyridine, triethylamine and 4-N,N-dimethylaminopyridine) under homogeneous conditions. 

This allows for good control of the DS as well as a uniform distribution of the functional groups 

along the cellulose chains. The first step involves the activation by mild base to form the 

corresponding highly reactive acylammonium ion, followed by subsequent reaction with the 

cellulose hydroxyl groups. In the case of acyl chlorides, the base also acts as a scavenger of the 

formed hydrogen chloride to avoid excessive degradation of the cellulose backbone.
56,57

 On the 

other hand, industrial manufacturing of cellulose esters may be done under acidic conditions in a 

heterogeneous medium. The process usually involves the addition of an organic or inorganic acid 

and a catalyst (e.g., sulfuric acid). The mechanism consists of the activation of the carbonyl group 

by the catalyst followed by the nucleophilic attack of the cellulose hydroxyl group to form the 

corresponding cellulose ester a water molecule.
58,59

 

 

1.3 Regioselective Substitution of Cellulose  

 

The regioselective synthesis of cellulose ethers and esters requires the ability to control the 

position of the substituents in the AGU, as well as along the chain. It has been shown that the 

regioselective distribution of functional groups within the AGU of cellulose derivatives plays an 

influential role in the relative reactivity of hydroxyl groups 
60

 and resulting physical properties, 
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such as: solubility
60

, crystallization
60

, gel formation
61,62

, liquid crystallinity,
63

 and enzymatic 

degradation.
64,65

  

In order to understand the relationship between the chemical structure of these derivatives 

and their physical properties, 2,3-O and 6-O cellulose methyl ethers were synthesized as model 

compounds to display a specific inter- and intramolecular hydrogen bonding arrangement.
66,67

 As 

illustrated in Figure 1.3.1, 2,3-O-methylcellulose forms only one intramolecular hydrogen bond 

between the C6-OH of one AGU and the C2-OMe of an adjacent unit. The same C6-OH is also 

free to establish an intermolecular hydrogen bond. However, the C3-OMe is precluded from 

forming a hydrogen bond with the O-5 of the adjacent AGU. On the other hand, the 6-O-

methylcellulose derivative is still capable of forming the two intramolecular hydrogen bonds found 

in cellulose, one between the C3-OH of an AGU and the O-5 oxygen in the pyranose ring of an 

adjacent AGU, and the other between the C2-OH and adjacent C6-OMe. In this case complete 

methylation of the C6 position disrupts all intermolecular hydrogen bonding. 
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Figure 1.3.1. Inter- and intramolecular hydrogen bonding established in 2,3-O-methylcellulose 

(top) and 6-O-methylcellulose (bottom).
60

 

 

 

Kondo
60

 studied the correlation between the formation of intra- and intermolecular hydrogen 

bonds in cellulose and its derivatives and their physical properties such as solubility, hydroxyl 

reactivity and crystallinity. Solubility of cellulose derivatives is usually related to DP and DS. In 

general, lower DP and higher DS increases solubility, however, these are not the only factors. 

The distribution of the substituent groups along the cellulose backbone has been shown to play 

an important role in the solubility of the cellulose derivatives. It was found that 6-O-

methylcellulose with a DS = 1 showed higher solubility in organic solvents with different polarities 

than commercial methycelluloses with comparable DS, as well as 2,3-O-methylcellulose with a 

DS = 2. Thus, the presence/absence of intermolecular hydrogen bonding involving the C6 
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hydroxyl group is critical to the solubility of cellulose derivatives.
61,68

 In the same study by 

Kondo
60

 it was also found that 2,3-O-methyl cellulose was not soluble in water. However, when 

Kern et al.
69

 improved the regioselectivity of this same derivative they observed that the latter had 

become water-soluble. This shows how solubility can be further altered by small differences in the 

distribution of substituents within the AGUs. Furthermore, Kondo
60

 also studied films made from 

solubilised 6-O-methyl cellulose and 2,3-O-methylcellulose in DMA and CHCl3/MeOH (4:1 v/v) 

through X-ray diffraction. Regardless of the homogeneous distribution of the substituent group 

along the cellulose backbone of 6-O-methylcellulose, the X-ray patterns of the films made from 

both solvents did not show a crystalline pattern. This might be related to the presence of 

intramolecular hydrogen bonds. These may induce some chain stiffness in the cellulose 

backbone and lower the ability to rearrange cellulose chains in a more ordered manner. On the 

other hand the film obtained from 2,3-O-methyl cellulose showed a crystalline pattern when cast 

from DMA, but not in that cast from CHCl3/MeOH. This shows that crystallization depends not 

only on structural regularity, but also on chain flexibility and the interactions established between 

the solvent and the cellulose derivative to allow nucleation through molecular motion.
60

  

The distribution of substituents along the cellulose backbone might also affect the reactivity of 

the hydroxyl groups (C2-OH, C3-OH, C6-OH). Croon and Lindberg
70,71

 studied the synthesis of 

methyl cellulose from alkali cellulose in an aqueous solvent system and found that the relative 

reactivity of its free OH groups was: C2-OH > C6-OH > C3-OH. With this finding in mind, Kondo
60

 

analyzed the influence of intramolecular hydrogen bonds in the reactivity of C2-OH and C3-OH. 

Three cellulose derivatives were synthesized
72

: 6-O-methylcellulose, 6-O-benzylcellulose and 6-

O-trityl cellulose. It was assumed that the methylated cellulose had two intramolecular hydrogen 

bonds (O3-H
…

O5 and O2-H
…

O6) whereas the benzylated analogue had only one between the 

C3-OH and pyranosidic O5 from the adjacent AGU (O3-H
…

O5) as the intramolecular hydrogen 

bond between the C2-OH and C6-O-benzyl was disrupted, due to the bulky benzyl group. On the 

other hand, 6-O-trityl cellulose had the two intramolecular hydrogen bonds C2-OH and C6-O-trityl 

and C3-OH and pyranosidic O5 disrupted due to the pronounced bulkiness of this group. The 

three derivatives were then methylated in DMSO under homogeneous conditions and the DS at 

C2 and C3 determined. In the case of 6-O-methylcellulose the relative reactivities of C2-OH and 

C3-OH were very similar and the DS values at C2 and C3 were 0.46 and 0.51, respectively. The 

similar reactivity between both hydroxyl groups might be due to the existence of intramolecular 

hydrogen bonding in positions C2 and C3 of the AGU, which means that the 6-O-methylcellulose 

is not completely solvated in DMSO. By contrast, 6-O-benzyl and 6-O-trityl cellulose derivatives 

exhibited different relative reactivities in the order of C2-OH>C3-OH, with DS at C2/C3 of 

0.67/0.38 and 0.74/0.55 respectively. The increment in reactivity of the C2-OH is most likely due 

to the disruption of intramolecular hydrogen bonding involving that position. Furthermore, the DS 

in position C3 in 6-O-trityl cellulose was higher than that of the 6-O-benzylcellulose, 0.55 vs. 0.38, 
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respectively. This was explained as a consequence of the substituent effect, with bulkier 

functionalities such as the trityl group causing a change in the conformation of the cellulose 

backbone, disrupting the intramolecular hydrogen bond at C3 and increasing its reactivity. 

Thus, substituent distribution has a significant impact on the final properties of the 

synthesized cellulose derivatives. Better control of these properties has became possible not only 

due to the development of new solvent systems for cellulose dissolution such as DMA/LiCl
49,73

 

(less time consuming and less labour-intensive procedure) and ionic liquids (1-buty-3-

methylimidazolium chloride ([Bmim]Cl)
74

 and 1-allyl-3-methylimidazolium ([Amim]Cl)
75

 for its 

environmentally friendly properties, but also due to advancements in synthetic modification of 

cellulose using protecting group chemistry, selective cleavage of primary substituents and 

activating groups which allowed for the preparation of regioselectively substituted cellulose 

derivatives with improved regioslectivity.
1–3

 These not only play an important role in better 

understanding the structure and property relationships of cellulose derivatives, but also are part of 

an industry with a demand for “tailor-made” materials.
3,4,6,7,13,50,76

 In the present work the focus will 

be on the regioselective functionalization of cellulose by a protecting group technique. The latter 

consists in blocking a specific hydroxyl site from further derivatization with a protecting group, 

leaving the remaining hydroxyl groups free for etherification/esterification reactions. Afterwards 

the protecting group can be removed. This strategy is based on the differences in reactivity (steric 

hindrance) of the three hydroxyl groups in the AGU and the higher acidity of the hydroxyl group at 

the C2 position.
77

  

In the regioselective modification of cellulose, “bulky” protecting groups such as the trityl 

derivatives (trityl and p-monomethoxytriphenylmethyl, a more reactive trityl derivative) and silyl 

derivatives (thexyldimethylsilyl and tert-butyl dimethyl silyl) are commonly used.
3
 The trityl 

derivatives react preferentially with the primary C6-OH rather than the secondary C2- or C3-OH, 

and are readily removed under mild acidic conditions.
78–81

 Using this approach the C2 and C3 

positions can be functionalized and the resulting substituents at positions 2,3-O
66,82

 and 6-O
67,83

 

will be different. In the present work, one of the synthetic strategies chosen for our synthesis was 

based on regioselective silylation. Therefore, this subject will be discussed in more detail. The 

development of silylation protecting chemistry has produced new regioselectively substituted 

cellulose derivatives. The use of either heterogeneous or homogeneous media has produced 6-

O-protected cellulose derivatives or 2,6-O-diprotected cellulose derivatives, respectively. The first 

one is produced from swollen cellulose in a mixture of ammonia and DMF or N-methylpyrrolidone 

at -15 or -25 °C, respectively, followed by the addition of thexyldimethylsilyl chloride to obtain the 

exclusive silylation of the primary hydroxyl group.
84,85

 2,6-O-Thexyldimethylsilyl cellulose is 

obtained under homogeneous conditions in DMA/LiCl with a DS of 1.8,
84

 if using pyridine as the 

base, and a DS of 2 when employing imidazole
2
. The higher effectiveness of imidazole is due to 

the formation of a highly reactive intermediate, TDMS imidazolide. After functionalizing the free 
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hydroxyl groups, deprotection of the silyl groups is performed by the addition of 

tetrabutylammonium fluoride (TBAF) to produce the corresponding 2,3-O- and 3-O- substituted 

cellulose derivatives. Etherification of the C3-OH in 2,6-O-thexyldimethylsilyl cellulose is typically 

done with a strong base (e.g., NaH) and an alkyl iodide, bromide or chloride, followed by the 

deprotection of the silyl protecting groups.
2,86–89

 This method has allowed the successful 

syntheses of numerous 3-O- derivatives, such as 3-O-hydroxyethyl
90

 and hydroxypropyl
91

 

cellulose with a DS of 1, both soluble in water. Similarly, Kadla et al.
4,92

 have synthesized 

amphiphilic regioselective 3-O-poly(ethylene glycol)-2,6-O-thexyldimethylsilyl cellulosics, which 

have been shown to self assemble into films with honeycomb-like structures. 

As with the cellulose ethers, the regioselectively substituted cellulose esters also produce 

materials with unique properties. For example, Hattori and Tsunashima
93

 found that the 

regioselective distribution of acetyl and trityl groups at the C2, C3 and C6 positions of the AGU 

play an important role with respect to chain conformation, solubility and associative properties 

and structures in solution. Furthermore, Tasaka
94

 found an improvement in the optical properties 

of cellulose ester films when producing regioselective cellulose acetate propionates vs. the 

randomly substituted ones. Following the same protecting group chemistry, regioselectively 

substituted cellulose esters have been synthesized by acylating 6-O-thexyldimethylsilyl, 2,6-O-

thexyldimethysilyl and 6-O-trityl protected celluloses. Finally, the deprotection of TDMS and trityl 

groups will produce compounds, such as 2,3-O-acetyl cellulose,
95

 2,3-O-acetyl-6-O-propyl 

cellulose
95

 6-O-acetyl-2,3-O-propyl cellulose
95

 6-O-acetyl cellulose
96

 2,6-O-acetyl cellulose,
96

 2,3-

O-methyl-6-O-acetyl cellulose
84

 3-O-methyl-2,3-O-acetyl cellulose
84

 and 3-O-allyl-2,6-acetyl 

cellulose
2
. Iwata et al. have studied the molecular and crystal structure of 2,3-O-acetyl-6-O-propyl 

cellulose
95,97

 and 6-O-acetyl-2,3-O-propyl cellulose,
95,98

 which has a significant impact on its solid 

state properties. Hsieh and Kadla
99

 synthesized regioselectively substituted 2,3-O-acetyl cellulose 

with different degrees of substitution (DS=2.4 and 2.8) and studied the effect of degree of 

acetylation and regioselectivity on the viscoelastic behaviour and properties of cellulose acetate 

gels. It was found that gels made from regioselectively substituted derivatives with DS=2.8 

exhibited higher viscoelastic properties than those made with lower DS and random substitution. 

Based on the data obtained the authors suggest that the C6-OH has a significant effect on the 

hydrogen bonding networks and therefore the viscoelastic properties of the gels. These studies 

further support the idea that the position of the substituents in cellulose esters plays a major role 

on the final properties of the materials formed. 

A traditional approach to the synthesis of regioselectively substituted cellulose esters 

comprises selective deacylation and acylation after protection. This is usually employed in the 

synthesis of 6-O ester cellulose derivatives. The procedure starts with the dissolution of cellulose 

in DMA/LiCl followed by the partial acetylation of cellulose with anhydrous pyridine/acetic 

anhydride; this yields a cellulose acetate preferentially acetylated at the C6. This is followed by 
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the partial deacetylation at 30 °C in DMSO with an 80 wt% aqueous solution of hydrazine 

monohydrate to produce the regioselectively substituted 6-O-acetyl cellulose with a DS = 0.6.
96

 

Another attempt to synthesize regioselectively substituted cellulose esters was studied by 

Edgar et al.
77

 in which bulky acid chlorides of pivalate, adamantate and 2,4,6-trimethybenzoate 

were reacted with cellulose in different solvent systems, DMA/LiCl, [Amim]Cl and DMSO/TBAF. 

The best solvent system was found to be DMA/LiCl, and the esterification was in most cases 

selective for the primary hydroxyl group, although some acylation was observed at the secondary 

hydroxyl groups (C2-OH and C3-OH). Interestingly, the DMSO/TBAF solvent system was found 

to be ineffective with the bulkier acylation reagents, adamantoyl chloride and 2,4,6-

trimethylbenzoate. Based on a recent study by Edgar and Xu
100

 the fluoride ion might not be 

strong enough to deprotonate the acyl moieties in the alpha position to the carbonyl group. The 

degrees of substitution obtained from the reactions in DMA/LiCl were determined for each of the 

acylating reagents. Pivaloyl chloride reacted with a maximum DS of 1.82 (DSC6 = 1 and DSC2,3 = 

0.82), adamantoyl chloride functionalized cellulose with a maximum DS of 1.74 (DSC6 = 1 and 

DSC2,3 =0.74), while 2,4,6-trimethylbenzoyl chloride only produced a DS of 0.63, which might be 

due to the steric hindrance and the electron withdrawing effect of the three methyl groups of the 

aromatic ring. The partial distribution of substituents was calculated for a sample with a DS of 

0.46 and found to be 0.4 at C6-OH and 0.06 at C2- and C3-OH. Surprisingly, this same reaction 

in [Amim]Cl gave a higher DS of 1.21 (DSC6 = 0.83 and DSC2,3 = 0.38).  

From the literature it is apparent that bulky ethers are more selective for C6-OH substitution 

than bulky esters. This was explained by Edgar et.al.
77

 as a consequence of the bulky ether being 

one atom closer to the cellulose backbone as well as the smaller bond angle of the sp
3
-hybridized 

ether bond (109.5°) compared to the sp
2
-hybridized ester bond (120°). 

Through the regioselective modification of cellulose a better understanding of the uniqueness 

of cellulose structure can be obtained. Regioselective modification leads to cellulose derivatives 

with improved properties by producing materials with a controlled pattern of substitution, and well-

defined supramolecular architecture. However, to further expand the application of cellulose into 

new fields other approaches in combination with regioselective modification are needed, e.g., 

polymer blending and/or the synthesis of regioselectively substituted copolymers. The 

introduction of active functionalities allows further modification of cellulose derivatives, in 

particular grafting from the cellulose backbone polymers with specific properties that will 

complement those of the initial cellulosic material. 
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1.4 Graft Copolymers 

 

The production of cellulose copolymers through graft polymerization provides an important 

route to modify physical and chemical properties, such as heat resistance, elasticity, resistance to 

abrasion and wear, oil and water repellency, ion-exchange capabilities, and antibacterial activity, 

without destroying the intrinsic properties of cellulose.
34,101–105

 The first reported cellulose graft 

copolymer was synthesized by Ushakov in 1943. He attached allyl or vinyl esters to cellulose and 

used these sites to initiate a copolymerization with maleic acid esters. However, the products 

were insoluble and therefore, its full characterization was not possible.
106

 Cellulose graft 

copolymers generally consist of a cellulose backbone to which one or more side chains are 

chemically linked through covalent bonds. Depending on the end-use, properties can be tailored 

by using specific polymers with varying degrees of polymerization, initiator density and 

distribution.
107

 The grafting process can be done by three different approaches: “graft-onto”, 

“graft-through” and “graft-from”. In the “graft-onto” method, a pre-formed polymer with a reactive 

end-group is coupled with active sites on the cellulose backbone. This approach is restricted, 

because the preformed polymer is sterically hindered and therefore has limited diffusion to the 

surface of the cellulose. As a result, the rate and the grafting density are usually low. In “graft-

through”, a macromonomer, usually a vinyl cellulose macromonomer, is copolymerized with a low 

molecular weight co-monomer. The main drawback of this approach is the required synthesis of 

the cellulose base macromonomer. The most commonly used grafting method is “graft-from” in 

which the grafted polymer grows from existing initiating sites along the cellulose backbone. The 

accessibility of the end-group to the reacting monomer allows higher graft densities.
108,109

  

Cellulose-based grafting copolymers have been synthesized through different polymerization 

methods such as free radical polymerization
101,110,111

, ionic
112–117

 and ring-opening 

polymerization
118,119

 and controlled/”living” radical polymerization
120–123

. Free radical 

polymerization is applicable to a large number of monomers such as (meth)acrylates,
124

 

(meth)acrylamides,
101,124

 styrene,
125

 vinyl actetate
126

 and acrylic acid
127

. It is also tolerant towards 

many solvents, functional groups (OH, NR2, COOH, CONR2), water and impurities. Furthermore, 

it can be run in bulk, solution, emulsion, mini-emulsion and suspension under mild reaction 

conditions. Radical polymerization takes place in three distinct steps: chain initiation, chain 

propagation and chain termination. The initiation step consists of the formation of cellulose 

derivative radicals, which can be obtained through chain transfer, directly on the cellulose 

derivative backbone via chemical activation and through radiation with ultraviolet light, -rays or 

plasma treatment. In the second step the monomer adds onto the propagating radical and chain 

growth occurs by successive addition of monomer units to the end of the growing chain. Finally, 
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termination occurs when propagating radicals react by combination, disproportionation and chain 

transfer to monomer, to initiator, to dead polymer, to additives and to impurities.
38,128

  

Initiation by chain transfer starts with the formation of a radical (R*) through the addition of an 

initiator, such as 2,2’-azobisisobutyronitrile or benzoyl peroxide. The newly formed R* will react 

with a monomer (M) to form a propagating radical (RMn*). This polymerization is then terminated 

through the abstraction of a hydrogen atom from the cellulose derivative to form the respective 

radical and initiate chain growth; however, the yields are low. In order to increase the yields, 

compounds with higher chain activity, such as thiol
110

 and xanthate ester
129

 groups, may be 

introduced into the cellulose derivatives before grafting. As a result, a lower amount of 

homopolymer is formed and higher polymer grafting is observed. On the other hand, initiation 

through potassium persulfate, also a chain transfer method, requires a swollen cellulose 

derivative backbone in a solution of potassium persulfate. 
130–132

 Acrylic acid and acrylamide 

monomers have been grafted onto carboxymethyl cellulose to produce a super-absorbent 

cellulose-based material.
127

 Redox reaction promoted by Fenton’s reagent has also been used in 

chain transfer free radical polymerization. It consists of a solution of hydrogen peroxide and Fe 

(II) which is adsorbed on the cellulose derivative substrate. A redox reaction between Fe(II) and 

hydrogen peroxide will produce hydroxyl radicals and Fe (III).
133

 The newly formed radicals will 

abstract a hydrogen atom from the cellulose derivative to form cellulose derivative radicals. The 

latter will then initiate polymerization in the presence of a monomer. Homopolymerization may 

occur but it may be minimized due to the proximity of the adsorbed Fe(III) and the hydroxyl 

radical to the cellulose derivative substrate.
132

  

As previously mentioned, radical formation in graft polymerization can also be done directly on 

the cellulose derivative backbone by chemical activation. Direct oxidation with ceric (IV) (Ce (IV)) 

offers many advantages because of its high grafting efficiency and lower amount of homopolymer 

formation. A simplified description of this mechanism consists of: i) oxidation of the cellulose by 

the ceric (IV) salts, such as cerium nitrate and cerium sulfate; ii) formation of an intermediate 

reversible complex between the Ce (IV) and cellulose and iii) formation of Ce (III) and cellulose 

radicals, which were created by hydrogen abstraction from the cellulose backbone.
102,124,128,134,135

 

Doba et al.
136

 have proposed that the grafting occurs preferentially at the reducing hemiacetal 

end-group and at C2 and C3 positions of the AGU rather than at the C6 position. Direct chemical 

activation can also be done in cellulose derivatives functionalized with peroxides
137

, Barton 

esters
138

 or diazonium salts
139

. These can be decomposed to form radicals and initiate a graft 

copolymerization. For example, Kubota and Kuawabara
137

, prepared percarboxymethyl cellulose 

by mixing carboxymethyl cellulose in a hydrogen peroxide and sulfuric acid solution. The radical 

formation was done through irradiation in the presence of monomer, acrylic acid or methacrylic 

acid. The synthesized copolymers may be used as cellulosic water absorbents. Finally, as part of 

the direct radical formation by chemical activation, functionalization of the cellulose backbone with 
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unsaturated groups such as, allyl and vinyl may also be used to form cellulosic radicals. The 

double bonds of these functional groups are activated by a free radical initiator enabling the graft 

copolymerization.
132,140

 However, the drawback of this method is the possibility of crosslinking 

reactions to occur between the double bonds, depending on the degree of substitution and 

monomer reactivity.
128

 

Radiation-induced grafting of cellulose is another method used in free radical polymerization and 

is usually done using ultraviolet light
125,131,141,142

gamma rays,
143,144

 or plasma ion beams
145

. 

Ultraviolet radiation induced grafting requires a photoinitiator that has the ability to form a radical 

by hydrogen abstraction when exposed to UV radiation.
146

 The newly formed radicals abstract 

hydrogen from the cellulose to form cellulose radicals to initiate the graft polymerization in the 

presence of vinyl or acrylic monomers. Examples of photoinitiators include uranyl nitrate, ceric 

(IV) ammonium nitrate and benzoin ethyl ether.
131,133,141

 The lower energy of this radiation 

prevents the degradation of the cellulose backbone and therefore a better control of the 

polymerization in comparison to the higher energy, -radiation method.
125,141

 -Irradiation of 

cellulose derivatives may be performed by two different methods, pre-irradiation and mutual. In 

the first method, the irradiation of cellulose is done separately and it is followed by the addition of 

the monomer. One of the advantages of this method is the formation of considerably less 

homopolymer when comparing to the mutual method.
147

 However, the degradation of the 

cellulose backbone is significantly higher especially in the presence of oxygen.
132,148

 On the other 

hand, in the mutual method the irradiation is done simultaneously on the cellulose backbone and 

monomer. As previously mentioned, the formation of homopolymer is significantly higher but the 

degradation of the cellulose fibre is lower.
132,149

 The use of high energy radiation in the grafting of 

cellulose copolymers presents some advantages such as the simplicity of the method and its 

efficiency, because the modification of cellulose is not required prior to polymerization.
133

 

Nevertheless, it also presents some disadvantages, for instance the cellulose degradation via the 

splitting of the glycosidic bond
150

 causes loss of mechanical strength
151

 and the radical formation 

is unselective because it is dependent on the path of the incident radiation beam.
133

  

In conclusion, free radical polymerization presents some advantages and it is one of the most 

important commercial processes.
128,152

 However, the drawbacks such as degradation of the 

cellulosic backbone, limited control over the molecular weights, high polydispersities, low initiator 

density associated with high degree of polymerization and potential homopolymerization preclude 

the use of this method for the synthesis of controlled polymers. Furthermore, the absence of 

reactive end-groups in the grafted chains excludes the synthesis of block copolymers.
153–156

 

Cellulose graft copolymers may also be synthesized through ionic (cationic and anionic) and 

ring opening polymerization. In general, ionic polymerizations are time- and labour-intensive and 

require rigorous conditions (low temperature, highly pure reagents, inert atmosphere, anhydrous 

conditions). Nevertheless, cationic and anionic polymerization methods were successfully used to 
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obtain well-defined cellulose graft copolymers.
112,114,156–159

 However, these methods rely on the 

“graft-onto” technique and therefore cellulose graft copolymers with limited rate and graft density 

are obtained. Furthermore, the use of carbanions for grafting requires complete protection of the 

hydroxyl groups of the cellulose, and the homopolymerization may dominate over graft 

polymerization.
115,160,161

 In the method of ring opening polymerization a reactive centre located in 

the cellulose reacts with a cyclic monomer, resulting in ring-opening and the formation of a new 

reactive centre, which can proceed to react with a second monomer, etc. (propagation). If the 

reactive centre is a cation or an anion the process is called cationic or anionic ring opening 

polymerization, respectively. If the monomer is a strained cyclic olefinic in the presence of a metal 

catalyst the process is called ring opening metathesis polymerization. The reaction between 

these two compounds forms a metal carbene which then attacks the double bond of the strained 

cyclic olefin. Afterwards a highly strained intermediate is formed favouring the ring opening. As a 

result, a linear chain with a double bond linked to the metal will react with another monomer 

(propagation). Ionic and ring opening graft polymerizations are out of the scope of this study and 

therefore these subjects will not be discussed further. In the present work, controlled/”living” 

radical polymerization (CRP), in particular atom transfer radical polymerization (ATRP) was used 

to do the graft copolymerization. 
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1.4.1 Controlled/“living” radical polymerization 

 

Living polymerization was first demonstrated by M. Szwarc in 1956 
162,163

 using an anionic 

polymerization of styrene with an alkali/metal and naphthalene system in THF. According to 

Szwarc et al.
164

 the definition of a “living polymer” is that it “retains its ability to propagate for a 

long time, and grows to a desired maximum size while the degree of termination or chain transfer 

is still negligible”. Szwarc observed that, for processes in which termination and chain transfer are 

eliminated, and initiation is fast, polymers of narrow molecular weight distribution could be 

synthesized.
163

 This can be accomplished because the rate of chain initiation is higher than that 

of chain propagation, and chain termination/chain transfer reactions are negligible. Thus, the 

polymer chains grow at a more constant rate than seen in traditional chain polymerization, and 

the chain lengths remain very similar, hence polydispersity indexes (PDI) are low. Overall, living 

polymerization mechanisms offer advantages that include the ability to control molecular weight, 

PDI, architecture (e.g., block, graft copolymers), and end group functionalization.
165,166

 However, 

this method is incompatible with a number of functionalities
167

 and requires stringent reaction 

conditions, such as the complete absence of oxygen and water impurities, as well as ultra-pure 

solvents and reactants. As a consequence, the commercial application of living chain 

polymerization has been limited to a few systems. On the other hand free radical polymerization 

is a very versatile and convenient method, however, its products exhibit poor control of DP, end 

functionalities, chain architectures and compositions. Therefore, the desire to combine the virtues 

of living polymerization and free radical polymerization led to the development of 

controlled/”living” radical polymerization (CRP) techniques.
108,168–170

 CRP employs the principle of 

dynamic equilibration between growing free radicals and various types of dormant species. There 

are three main methods: 1) stable free radical polymerization (SFRP), best represented by 

nitroxide mediated polymerization (NMP),
171–174

 2) reversible addition-fragmentation chain 

transfer (RAFT) polymerization,
167,175,176

 and 3) reversible termination by ligand transfer to a metal 

complex, or atom transfer radical polymerization (ATRP).
8,170,177

  

ATRP is known for its many advantages such as the wide range of commercially available 

monomers and (macro)initiators. Its large equilibrium constant means faster polymerization and 

milder experimental conditions (temperatures range from room temperature to 120 °C). The 

equilibrium constant can be tuned by altering the initiator, transition metal and ligands. Catalytic 

amounts of transition metal complexes are used and end-functionalization is possible. Some of 

the main disadvantages of ATRP include the impossibility of polymerizing acidic monomers and 

the necessity to remove the transition metal complexes and the green colour of the (co)polymers. 

This can be done by extraction with water or by treating the reaction mixture with 
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alumina.
170,178,179

 The advantages of NMP over ATRP include the fact that purely organic systems 

can be employed, and it is applicable to many monomers (including acidic monomers). However, 

the main disadvantages of NMP are the lower equilibrium constants, which require higher 

reaction temperatures (125-145 °C) and longer reaction times (1 - 3 days). The reagents are 

expensive, are used in stoichiometric amounts relative to the number of polymer chains, and can 

include toxic transition metal compounds. Therefore, an extra step is required to remove the 

transition metal complex after completion of the reaction. As well, the introduction of end 

functionality to the polymer is challenging.
178,179

 As compared to ATRP and NMP the RAFT 

process has been used with a wider range of monomers, and the systems are frequently 

mediated by purely organic reagents. However, these processes require a constant supply of 

radical initiators, which create new polymer chains and may cause termination reactions. Some of 

the main limitations of RAFT are the lack of commercially available transfer agents, the necessity 

to remove dithioesters and end groups due to their colour, toxicity and potential odour, and the 

difficulty associated with end-functionalization.
179

 Based on this we chose to proceed with the 

copolymerization via ATRP. 
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1.4.1.1 Atom Transfer Radical Polymerization (ATRP) 

 

Atom transfer radical polymerization (ATRP) was developed, independently, by Wang and 

Matyjaszewsky
8
 and Kato et al.

9
 and is described in Scheme 1.4.1. 

 

Pn - X    +   Mtn-Y/L

kdeact

kact

Pn* + X-Mtn+1-Y / L

kp

kt

Mtn-Y/L
kET

Mtn+1-Y/L+  +  e

X  + Mtn+1-Y/L+
kX

X-Mtn+1-Y/L

X* + e
kEA

-

-

- X
-

kBD
Pn*    +   X*Pn-X

KATRP=kact/kdeact = KETKXKEAKBD

Rp=kpKeq [I]o[Y]/[XY*]

DP=[M]/[I]o

Contributing Reactions:

 

Scheme 1.4.1. General reaction scheme of ATRP and contributing reactions. KET - equilibrium 

constant for electron transfer; KX - equilibrium constant for the heterolytic cleavage of the Mt
n+1 

-X 

bond; KEA - equilibrium constant for electron affinity of the halogen; KBD - equilibrium constant for 

bond dissociation of the alkyl halide. 

 

 

The ATRP process consists of a transition metal species (Mt
n
), with the ability of increasing 

its oxidation number, a complexing ligand (L), and a counterion (Y) that can form a covalent bond 

with the metal centre. The complex formed by these species, Mt
n
-Y/L is responsible for the 

homolytic cleavage of an alkyl halogen bond (Pn-X) generating the corresponding higher 

oxidation state metal halide complex X-Mt
n+1

-Y/L (with a rate constant kact) and an organic radical 

Pn
*
. The latter can propagate (kp) with the monomer, terminate as in conventional free radical 

polymerization (kt), or be reversibly deactivated (kdeact) in this equilibrium by X-Mt
n+1

-Y/L to form a 

halide-capped dormant polymer chain. The propagating radicals can be terminated by either 

radical coupling or disproportionation (kt). Termination is suppressed in ATRP as a result of a 
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persistent radical effect (PRE).
180

 Consequently, the equilibrium is strongly shifted toward the 

dormant species, higher kdeact, thus the radical concentration is low and termination is 

suppressed. KATRP can be expressed as the product of the equilibrium constants for electron 

transfer between metal complexes (KET), electron affinity of the halogen (KEA), bond dissociation 

energy of the alkyl halide (KBD) and the equilibrium constant for the heterolytic cleavage of Mt
n+1

-X 

bond (Kx). The latter is a measure of the “halidophilicity” of the deactivating species, which means 

that the activity of the catalyst in ATRP depends not only on the redox potential, but also on the 

halidophilicity of the transition metal complex. For a given catalytic system in the same solvent, 

KET, KEA and KX are constant, which means that KATRP should vary upon the energy for the bond 

dissociation of the alkyl halide to occur (KBD).
181,182

 

An efficient ATRP catalyst should ensure that all polymer chains start to grow simultaneously 

through a fast and quantitative initiation. The initiation step should not be too fast otherwise a high 

concentration of radicals is generated causing an increase in radical termination and a decrease 

in the efficiency of the initiator. When the equilibrium is shifted towards the deactivated species 

the radical concentration decreases, and the proportion of radical termination reactions is lower in 

the overall polymerization. A fast deactivation of the radicals by halogen transfer assures that all 

polymer chains are growing at similar rates producing polymers with a low PDI. The activation of 

the polymer chains should be done relatively fast in order to provide a reasonable polymerization 

rate and thus, side reactions such as β-H abstraction or reduction/oxidation of the radical should 

not occur. Therefore, to prove that a certain system is controlled one should provide a kinetic plot 

in semilogarithmic coordinates (ln[M]0/[M] vs. time) in which a first order reaction with respect to 

monomer is verified. If acceleration is observed it may indicate slow initiation, on the other hand 

deceleration might be caused by termination or deactivation of the catalyst. As well a linear 

progression of molecular weight with conversion should be observed; molecular weights lower 

than that predetermined by DP may be indicative of chain transfer, while those that are higher 

indicate inefficient initiation or chain coupling. Finally, PDI should decrease with conversion. 

ATRP has been successfully mediated by different transition metals, such as: Ti
183

, Mo
184

, 

Re
185

, Fe
186

, Ru
9
, Os

179
, Rh 

187
, Co 

188
, Ni

189
, Pd

190
, and Cu

170
. Copper complexes were found to 

be the most efficient catalysts, and are reportedly superior in terms of cost and versatility. 

Styrenes, meth(acrylates), meth(acrylamides) and acrylonitrile have all been successfully 

polymerized using copper-mediated ATRP.
191–194

 Classes of monomers which are not amenable 

to ATRP include acid monomers (carboxylic acid side groups react with the metal complexes to 

form carboxylate salts which are inefficient catalysts for ATRP) olefins, halogenated alkenes, and 

vinyl acetate (due to their low intrinsic reactivity toward radical polymerization).
170

  

The transition metal and the choice of the complexing ligand are critical to the ATRP process. 

Nitrogen ligands have been widely used in Cu
195

 and Fe
186

 mediated ATRP, working particularly 

well for Cu. The role of the ligand is to solubilise the transition-metal salt in the organic medium 
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and to adjust the redox potential of the metal centre for appropriate reactivity and dynamics for 

the atom transfer.
170,195

 Excessive steric hindrance or the presence of strongly electron-

withdrawing substituents around the metal centre or the ligand have a negative effect on the 

catalytic activity or efficiency.
170,195

 Nitrogen based ligands typically used in conjunction with 

copper include: bidentate bipyridine
196

 (bpy), tridentate N,N,N,N,N’-

pentamethyldiethylenetriamine
197

 (PMDETA), tetradentate tris[2-dimethylamino)ethyl]amine
198

 

(Me6TREN) and tetraazacyclotetradecane
199

 (CYCLAM), among other multidentate ligands
200

 

(Figure 1.4.1). 

 

 

N Nbpy

N

N

N
PMDETA

N

N

N

N

Me6TREN

N N

N N

Me4CYCLAM

2,2'-Bipyridine N,N,N',N'',N''-Pentamethyldiethylenetriamine

Tris[2-(dimethylamino)ethyl]amine 1,4,8,11-Tetraaza-1,4,8,11-tetramethylcyclotetradecane 

Figure 1.4.1. Examples of nitrogen based ligands used in ATRP in conjunction with copper. 

 

 

The activity of N-based ligands in ATRP decreases as the number of coordinating sites 

decreases (N4>N3>N2>>N1) and the number of linking C-atoms increases (C2>C3>>C4). The 

nature of the nitrogen substituent also impacts activity with R2N- > R-N= > Ph-N= > Ph-NR-. 

Bridged and cyclic systems are also more active than the linear analogues.
170

 Branched 

tetradentate ligands, such as Me6TREN, provide the most strongly reducing ATRP catalysts.
198,200

 

Cu(I) prefers a tetrahedral or square planar configuration, which can be achieved in the cationic 

complexes with tetradentate ligands, or with two bidentate ligands. Tridentate ligands, such as 

PMDETA; presumably form tetrahedral neutral complexes. On the other hand, Cu(II) forms 

cationic trigonal bipyramidal structures with tetradentate ligands or two bidentate ligands, 

whereas tridentate ligands form square pyramidal neutral complexes.
170,201

  

The main advantages of ATRP over other CRP processes are: the commercial availability of 

all reagents (alkyl halides, ligands and transition metals); the remarkable tolerance of functional 

groups; the milder polymerization conditions, and the fact that the dynamic equilibrium between 
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dormant species and propagating radicals can be easily adjusted by modifying the complexing 

ligand of the catalyst. It is the most robust CRP method, having been carried out in bulk, solution, 

suspension, dispersion and emulsion conditions at temperatures ranging from -20 
o
C to 130 

o
C.

170
 However, despite the potential of the materials synthesized with this technique, the 

production on an industrial scale is very limited. This has been attributed to: 1) the special 

handling procedures required to remove all oxygen and oxidants from the systems, 2) catalyst 

concentrations required by ATRP can approach 0.1M in bulk monomer, and extensive post-

polymerization purification of the product is often necessary and expensive,
202

 and 3) most of the 

transition metal species used in this technique are generally considered mildly toxic, which means 

that the removal/disposal of large quantities of these catalysts may be environmentally harmful.
203

 

To surpass these limitations several recent ATRP initiation systems have been developed. One is 

the simultaneous reverse and normal initiation (SR&NI) procedure; it consists of the addition of a 

larger amount of alkyl halide initiator (normal ATRP) simultaneously with a small amount of 

radical initiators such as AIBN and the transition metal in its higher oxidation state (reverse 

ATRP). This procedure allows the use of a higher amount of active catalyst complexes. However, 

the free radical initiator will form only a small fraction of new polymer chains. Thus, it is not 

suitable for the preparation of pure block copolymers or systems with a more complex 

architecture.
204

 Another recent development is the initiator for continuous activator regeneration 

process, ICAR. In this process, the active catalyst is produced by an in-situ reduction of a very 

small amount of deactivated catalyst (higher oxidation state transition metal) with a thermal 

radical initiator such as azobis(isobutyronitrile) (AIBN).
205–207

 An improvement to SR&NI employs 

organic reducing agents to considerably lower the amount of required catalyst, and is referred to 

as AGET
208

 (activators generated by electron transfer) and ARGET
209

 (activators regenerated by 

electron transfer). In both systems the Cu(I) activator is quickly generated from the oxidatively 

stable Cu(II) catalyst precursors with the addition of non-radical generating reducing agents of 

which zero-valence metals (Cu
0
),

210
 and tin(II) 2-ethylhexanoate (Sn(EH)2),

211,212
 glucose,

209,212
 

and ascorbic acid
213

 are some examples. Moreover, the reducing agents may also behave as 

oxygen and radical inhibitor scavengers.
209

 AGET/ATRP requires a higher concentration of 

oxidatively stable Cu(II) catalyst, nearly stoichiometric amounts to the reducing agent.
210,214

 On 

the other hand, ARGET/ATRP uses a reduced amount of Cu catalyst and an excess of reducing 

agent.
209

 In these systems, many of the side reactions between the catalyst and chain ends 

(outer sphere electron transfer or β-hydrogen elimination) that can affect polymer molecular 

weights and chain end functionality are minimized.
215

 Another important process is the addition or 

formation of a small amount of Cu(II) species at the beginning of the reaction. This enables the 

deactivation process to occur immediately without requiring its spontaneous formation by 

termination reactions, thereby providing both higher initiator efficiency and instantaneous 

control.
216
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1.4.1.2 Cellulose graft copolymers via ATRP 

 

Atom transfer radical polymerization has received increasing interest for its use in the 

synthesis of cellulose-based graft copolymers under homogeneous or heterogeneous reaction 

conditions. Homogeneous graft polymerization has been performed in underivatized
11,217

 and 

derivatized cellulosics such as cellulose acetate,
123,218

 ethyl cellulose,
122,161,219,220

 hydroxypropyl 

cellulose,
120,221

 and of particular interest, in regioselectively substituted cellulose
13

. In order to 

synthesize cellulose graft copolymers through ATRP it is necessary to synthesize a cellulose-

based macroinitiator. For example, underivatized cellulose reacted with 2-bromoisobutyryl 

bromide under homogeneous conditions in 1-allyl-3-methylimidazolium chloride ([Amim]Cl) to 

obtain an ATRP macroinitiator, 2-bromoisobutyryl-O-cellulose. The cellulose derivatives, DS2-

bromoisobutyryl = 0.72 and 0.93, were used to “graft-from” methyl methacrylate (MMA) in a 

CuCl/bpy/DMF system, and styrene in a CuCl/bpy/1,4-dioxane system, respectively. Monomer 

conversion was determined gravimetrically, which is not accurate, and a kinetic plot was built 

based on these results. An initial curvature was observed in both systems, likely related to the 

decrease of radical concentration due to partial termination. A linear kinetic regime was verified 

between 25 and 200 minutes (min) with conversions varying between 3.5 and 18.6% for MMA 

polymerization and 14.1% for styrene polymerization. The molecular weights of hydrolyzed 

poly(methyl methacrylate) (PMMA) and polystyrene (PSt) were found to increase linearly with 

conversion. Polydispersities of the different experiments varied between 1.2 and 1.5 for PMMA 

and 1.5 for PSt, and in both cases the PDIs decreased with conversion, as expected. These 

results suggest that both copolymerizations were done under controlled conditions. The authors 

also found that cellulose-g-PMMA had the ability to aggregate and self-assemble in solution.
217

  

In another system Shen et al.,
122

 synthesized ethyl cellulose-g-PSt and ethylcellulose-g-

PMMA in the presence of CuBr/PMDETA/toluene. Ethylcellulose (DSethyl = 2.1) was functionalized 

with 2-bromoisobutyryl bromide to achieve a DS2-bromoisobutyryl of 0.5. Conversions of 20% and PDIs 

of 1.4 were achieved in both cases. PSt and PMMA were hydrolyzed from ethylcellulose and the 

respective number average molecular weight (Mn) and PDI were plotted against conversion. As 

expected in a controlled copolymerization, the Mn increased linearly with conversion and the PDI 

decreased. In a different study done by the same author
161

, ethylcellulose (DSethyl = 2.1) based 

macroinitiators with DS2-bromoisobutyryl of 0.04 and 0.5 were used to produce EC-g-PSt 

(CuBr/PMDETA/toluene) with conversions of 10 and 20% and PDIs of 1.3 and 1.4, respectively. 

Linear kinetic plots confirmed first order reactions with respect to monomer concentration. The 

PSt side chains were hydrolyzed and the respective Mn and PDI plotted against conversion. In 

both cases the Mn increased linearly with conversion and the PDI decreased to values below 

1.25 confirming the controlled character of the ATRP. The authors found that the copolymer 
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EC0.5-g-PSt self-assembled in acetone to form micelles, wherein the micellar diameter and shape 

regularity increased with increasing concentration. 

Shen et al.
123

 also produced cellulose diacetate-g-PMMA (CuBr/PMDETA:1,4-dioxane) from 

a cellulose diacetate with a DS2-bromoisobutyryl of 0.43. Conversions were very low (about 5%) and 

PDI varied between 1.4 and 2, under different experimental conditions. The kinetic plot confirmed 

a first order reaction. On the other hand, the authors were not able to obtain a linear relation 

between the Mn of the cellulose base copolymers and the respective conversions. In an attempt 

to prove that the copolymerization was done under controlled conditions, the authors hydrolyzed 

the side chains to obtain a low PDI of 1.12, after GPC analysis. Therefore, the authors concluded 

that the copolymerization was controlled. Although the PDI of the hydrolyzed side chains was low, 

there was no further confirmation by looking at the plot of Mn vs. conversion to confirm that the 

polymerization was controlled. Another caveat is that the conversion was too low to produce 

meaningful conclusions. 

Vlček et al.
218

 acylated cellulose diacetate (CDA) with 2-bromoisobutyryl bromide to obtain a 

DS of 0.12 and 0.52. The grafting of styrene was performed from both CDA-Br macroinitiators 

and as expected, the first led to copolymers with low grafting densities and higher DP (DP = 25), 

whereas the macroinitiator with higher DS produced densely grafted copolymers with lower DP 

(DP = 16). Conversions obtained from high and low DS2-bromoisobutyryl were found to be similar, 7 

and 9%, respectively. PDIs were 1.93 for the lower DS2-bromoisobutyryl and 1.74 for the higher DS2-

bromoisobutyryl. The controlled character of the copolymerization was monitored, and a first order 

reaction was verified which means that the concentration of active chains was virtually constant 

within a certain period of time. However, a graph illustrating the relation between Mn/PDI and 

conversion was not presented. This means that the controlled character of the copolymerization 

through ATRP was not completely assessed. The authors presented SEC elugrams 

corresponding to the copolymerization of CDA-Br (DS2-bromoisobutyryl = 0.12) at 6, 12 and 20 hours. 

The copolymer molecular weight increased with time and unimodal traces were observed for the 

samples measured at 6 and 12 hours. However, the copolymer obtained after 20 hours displayed 

a bimodal molecular weight distribution, which may have resulted from intermolecular 

recombination of the growing grafts. Thus, it is important to keep conversions low in order to 

avoid a possible recombination of the growing grafts. Furthermore, it was interesting to observe 

that a higher graft density copolymer, obtained from the macroinitiator with DS2-bromisobutyryl of 0.52, 

generates side chains with a lower DP (DP = 16), compared with the DP (DP = 25) obtained from 

lower graft density copolymers (DS2-bromisobutyryl = 0.12). On the other hand, conversions from 

these two experiments were very similar. 

Ostmärk et al.,
120

 synthesized a densely grafted PMMA from a commercially available 

hydroxypropyl cellulose (molar substitution of 2.9) substituted with 2-bromoisobutyryl groups 

(DS2-bromoisobutyryl = 2.26). Under typical ATRP conditions (Cu(I)Br:Cu(II)Br:PMDETA:toluene) the 
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high initiator density, due to the high DS2-bromoisobutyryl and the high concentration of radicals lead to 

radical coupling between growing polymer chains causing gelation. The authors found that by 

diluting the samples with at least 50 wt% solvent and by decreasing the ratio of Cu(I)/Cu(II) they 

were able to avoid gelation. Although the highest conversion obtained was 39%, the resulting 

copolymer PDI was very high (PDI = 3.7). Reducing the initiator DS to 1.13 (e.g., initiator density 

reduced to half) caused the PDI to increase even further to 4.1 and also decreased the 

conversion to 10%. The authors also investigated a dendronized hydroxypropyl cellulose (DS = 

0.88) with a 2-bromoisobutyryl DS of 1.76. ATRP graft copolymerization resulted in a maximum 

conversion of 23% and a PDI of 1.2. Again, reducing the initiating sites to approximately half 

caused a decrease in the conversion to 14.5% and an increment in the PDI to 2. The authors 

concluded that the ATRP was more efficient when using the dendronized HPC due perhaps to a 

less crowded macroinitiator. Nevertheless, no detailed assessment of the controlled character of 

these reactions was provided, i.e., no kinetic or Mn vs. conversion plots were presented. Contrary 

to what was observed by Vlček et al.
218

 conversions decreased substantially when lower graft 

density copolymers were synthesized. Overall, this work has demonstrated the importance of the 

reaction mixture concentration and Cu(I)/Cu(II) in gel formation in the synthesis of high graft 

density copolymers.  

 

1.4.1.2.1 Surface initiated ATRP (SI-ATRP) 

 

Surface initiated ATRP (SI-ATRP) is an efficient and versatile technique that allows one to 

produce well-defined polymers under different experimental conditions, monomers and 

surfaces.
222–224

 Various surfaces, such as gold
223,225

, silicon
226,227

, silica particles
228

, glass
229

, 

polyvinyl chloride
230

, and latex particles
191

 have been functionalized by SI-ATRP. Cellulosic 

substrates such as cellulose powder and filter paper have also been modified using SI-ATRP. 

Coskun and Temüz functionalized the surface of cellulose powder with chloroacetyl groups and 

its surface grafted with styrene, MMA, methacrylamide and 4-acryloylmorpholine through surface 

initiated ATRP. These products were studied for thermal stability, water and dye absorption.
231

  

Typically, the grafting of polymers from surfaces requires the immobilization of an initiator 

onto the solid surface. However, in order to conduct a controlled polymer chain growth it is 

recommended a small initiator, also called sacrificial initiator, is added to the reaction mixture. 

This allows the generation of a sufficient concentration of deactivator in solution, which 

contributes to a controlled initiation from the surface.
226

 Furthermore, the presence of a soluble 

initiator allows the reaction to be followed through the monitoring of the homogeneous 

polymerization of the homopolymer/copolymer from the sacrificial initiator. Although it is not 

representative of the surface initiated ATRP, it allows one to verify whether the conditions for a 

controlled polymerization are met or not by analysing the respective products.
154,227,232
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Alternatively, a certain amount of Cu(II) can be added to the reaction mixture to achieve the 

necessary concentration of deactivator species.
226

 The controlled character of the reaction can be 

assessed through the molecular weight of the polymer cleaved from the grafted surface. On the 

other hand, if the surface is flat the thickness of the film may also be monitored and it should also 

increase linearly with time.
233

  

Carlmark and Malmström
154

 prepared cellulose fibres (filter paper) and surface-grafted with 

methyl acrylate (MA) by surface initiated ATRP. The polymerization was initiated with the 

anchored 2-bromoisobutyryl groups and the complex catalyst/ligand Cu(I)Cl/bpy along with the 

addition of Cu(II)Cl. The halogen-terminated grafts were further copolymerized with 2-

hydroxyethyl methacrylate (HEMA), to produce cellulose fibres with amphiphilic poly(MA-b-

HEMA) surface grafts. This work demonstrated that hydrophilic/hydrophobic behavior of a 

cellulose surface could be tailored by ATRP. 

Lindqvist et al.
234

 produced dual responsive polymer brushes from filter paper as the 

cellulosic surface. The strategy was to first immobilize the initiator on the filter paper and then 

proceed with the surface initiated ATRP. The dual response was obtained via “grafting-from” 

block copolymers: poly(N-isopropylacrylamide)-b-poly(4-vinylpyridine) (PNIPAM-b-P4VP) and 

P4VP-b-PNIPAM. Dual-responsive cellulose surfaces were obtained and found to be reversibly 

responsive to temperature (PNIPAM) and pH (P4VP). Such materials are part of a wider class of 

polymers referred to as stimulus-responsive or “smart” polymers which can be classified 

according to the stimuli they respond to, as: thermo-
101

, pH-
235

, light or radiation-
236

, electric
237

 - 

and magnetic field-
238

 responsive. The uniqueness of these materials lies not only in the fast 

macroscopic reversible changes occurring in their structure, but also the reversible changes in 

the microstructure from a hydrophilic to a hydrophobic state. The responses are manifested as 

changes in: shape, surface characteristics, solubility, formation of an intricate molecular assembly 

such as sol-gel transition and others.
 

These properties have attracted much interest for 

application in the fields of medicine and biotechnology,
239

 for their use as drug delivery 

systems,
240,241

 and for the immobilization of enzymes
242

 and cells
243

. 

 

1.5 Thermoresponsive Polymers 

 

As previously mentioned, polymers that have the ability to respond to external temperature 

changes are known as thermoresponsive polymers. Temperature-sensitive polymers may exhibit 

upper or lower critical solution temperature (UCST or LCST, respectively) behaviour where phase 

separation is induced by surpassing a certain temperature threshold. In the present work we will 

be focusing our discussion on thermoresponsive polymers with LCST behaviour. This type of 

polymer undergoes a thermally induced, reversible phase transition; they are commonly soluble 
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in a solvent (water) at low temperatures becoming insoluble as the temperature rises above the 

lower critical solution temperature.
244

 Thermoresponsive polymers can be classified into different 

groups: a) poly(vinyl ether)s, of which poly(vinyl methylether) (PVME) is an example with a LCST 

around 36 °C. It is usually synthesized by living polymerization techniques which require 

demanding experimental conditions;
245

 b) poly(N-alkyl substituted acrylamides) e.g., poly(N-

isopropylacrylamide) PNIPAM with a LCST of 32 °C,
246

 it has been synthesized via free radical
247

 

as well as the advantageous controlled radical polymerization
248

; and c) poly(N-vinylalkylamides) 

e.g., poly(N-vinylcaprolactam) has a LCST of 32-35 °C and has been prepared through free 

radical polymerization.
249

 There are other types of thermoresponsive polymers such as 

hydroxypropylcellulose (HPC), with a LCST of 42 °C as a result of a hydrophilic/hydrophobic 

interaction
250–252

 and poly(ethylene oxide)106-poly(propylene oxide)70-poly(ethylene oxide)106 co-

polymer,
253

 with the trade name of Pluronic® F127; a solution with 25% (w/v) concentration 

shows a sol–gel transition around 20 °C. Recent studies have also investigated the potential of 

non-linear poly(ethylene glycol) analogues as thermoresponsive materials.
254

  

One of the most studied thermoresponsive polymers is PNIPAM which exhibits 

thermoresponsive behaviour close to body temperature in aqueous solution; the insensitivity of its 

LCST to environmental conditions has attracted much attention. In fact, slight variations of pH, 

concentration or chemical environment generally affect the LCST by only a few degrees.
247

 

PNIPAM hydrogels have been explored for biomedical applications,
255,256

 including controlled 

sorption and release of solutes,
240,241,257 

 control of enzyme activity,
258

 and protein 

separation.
259,260

 

PNIPAM typically adopts a hydrated random coil structure when dissolved in water at room 

temperature. As the temperature rises and approaches the phase transition point, the 

intermolecular hydrogen bonds formed around the polymer coil between water molecules and the 

N-H or C=O groups of the polymer are disrupted and intramolecular hydrogen bonding becomes 

predominant. Simultaneously, the hydrophobic isopropyl groups are also exposed to the outer 

layer forming a hydrophobic globule. These interactions may be responsible for the molecular 

structure of PNIPAM in water below and above the LCST (Figure 1.5.1).
261–264
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Figure 1.5.1. a) Molecular structure of PNIPAM and identification of the hydrophilic and 

hydrophobic groups; b) Thermoresponsive behaviour of PNIPAM below and above the LCST
265

. 

 

 

The first attempts to polymerize meth/acrylamides such as NIPAM by ATRP were 

challenging, as polymerizations were not controlled and/or conversions were too low.
266

 The use 

of Me4CYCLAM as a ligand produced polymers with a higher conversion but the polymerization 

was not controlled, which was attributed to the slow deactivation rate of the catalytic system. 

When using ligands with lower catalytic activity, such as unsubstituted bipyridines and the linear 

ligand, PMDETA, the conversions were too low (< 10%), which might have been due to slow 

activation in conjunction with fast deactivation. The poor control in the polymerizations was 

studied in detail and a combination of three plausible reasons has been discussed in the 

literature:
266

 1) complexation of copper by the amide group
267,268

 in the forming polymer of 

meth(acrylamide) may slow down or even stop the polymerization. However, if the ligand 

employed has a high complexation constant for copper, such as 1,4,8,11-tetraaza-1,4,8,11-

tetramethylcyclotetradecane (Me4CYCLAM) for example, then it will compete against the 

formation of the polymer-copper complex; 2) establishment of a strong bond between the terminal 

meth(acrylamide) unit in the growing polymer and the bromine atom which might cause a slower 

activation in conjunction with a fast deactivation. However, this does not explain the occurrence of 

termination reactions; and finally 3) nucleophilic displacement of the terminal bromine atom by the 

amide group, which will lead to the loss of initiating sites, hence irreversible deactivation of the 
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initiator. These consist of cyclization reactions and are accelerated in the presence of bromine, 

polar solvents and higher temperatures.  

Teodorescu and Matyjaszewski reported the controlled polymerization of (meth)acrylamides 

by ATRP using Me6TREN as ligand in conjunction with CuCl and methyl 2-chloropropionate as 

the initiator.
248

 The kinetic plot showed a fast rate of initiation followed by the loss of linearity, 

which is indicative of termination reactions. Limited conversion was also observed and it was 

found that the higher the ratio of catalyst: initiator the higher the conversion. Incomplete 

conversion might be caused by deactivation of the growing polymer chains. However, the low 

polydispersities (< 1.3) show that the deactivation is not extensive. Therefore, the loss of linearity 

in the kinetic plots might be due to deactivation of the catalyst rather than loss of initiating sites. 

Furthermore, the use of a bromine-based initiating system caused a significant decrease in 

conversion. 

In 2005 Masci et al.
269

 successfully polymerized NIPAM by ATRP using a solvent system of 

dimethyl formamide (DMF): water (75:25), Me6TREN as the ligand and ethyl 2-chloropropionate 

as the initiator. A linear kinetic plot was obtained at 92% conversion in only 35 min. This is 

indicative of a constant number of radicals and therefore, negligible termination and side 

reactions. Furthermore, the Mn increased linearly with conversion and a final PDI of 1.2 was 

obtained. Similarly, Xia et al.
270

 also successfully polymerized NIPAM in different alcohols 

(methanol, ethanol, n-propanol, i-propanol and t-butanol) using methyl 2-chloropropionate and 

Me6TREN as the ligand. Polymerization in methanol (MeOH) turned blue with the addition of 

initiator indicating high concentration of Cu(II). A plateau was reached after 2 hours with a 

conversion of 32% and a low PDI of 1.13. On the other hand, ATRP in ethanol and n-propanol 

achieved higher conversions, ~ 65% where after 6 hours a plateau was reached. The final 

products revealed low PDIs (~ 1.1), which means that the curvature might be related to loss of 

catalyst and not initiating sites. In t-butanol the polymerization had a similar behaviour; however, 

the conversion further increased to 76% although the PDI was slightly higher (PDI ~ 1.2). The 

highest conversion was obtained from the branched alcohol i-propanol with 91% conversion in 7 

hours and a PDI of 1.1. The dependence of Mn and conversion was found to be linear for 

polymerizations in i-propanol and t-butanol. In conclusion, Xia et al.
270

 showed that by using the 

right combination of solvent, ligand and catalyst it was possible to polymerize an acrylamide like 

NIPAM under controlled polymerization conditions. 

The adjustment of LCST is possible through the addition of additives. When saccharides 

were added to an aqueous PNIPAM solution a decrease in the LCST was observed, likely 

because of the increment in hydrophobic interactions between the polymer chains.
271

 This 

behaviour was also observed with the addition of sodium chloride (NaCl), which was explained as 

a consequence of the salting-out effect, the water-structuring ability of salt ions decreasing the 

temperature at which phase separation occurs. On the other hand, surfactants contribute to a 
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better solubilisation of PNIPAM in water, resulting in an increase in the phase separation 

temperature.
272

  

Another method used to adjust the LCST of PNIPAM is copolymerization. Virtanen et al.
273

 

grafted PNIPAM with varying amounts of poly(ethylene oxide) (PNIPAM-g-PEO) and found that 

the LCST increased with the number of PEO grafts as well as the dilution of the solution. Ifuku 

and Kadla,
13

 developed a regioselectively substituted thermoresponsive 6-O-poly(N-

isopropylacrylamide)-g-2,3-O-methylcellulose prepared via ATRP. The copolymers with DPs of 

PNIPAM of 19 and 29 displayed LCSTs of 27.8 and 28.5 °C, respectively. As expected, these 

were lower than the homopolymer’s LCST of 32 °C, due to the hydrophobicity of the cellulose-

based macroinitiator. However, for the copolymer with higher DP we would have expected a 

lower LCST compared to the LCST of the copolymer with lower DP, as demonstrated in work by 

Lutz et al.
274

 

Some of the most interesting applications of PNIPAM are found in the biomedical field, 

therefore it is critically important to evaluate the toxicity of PNIPAM and its derivatives to cells 

(cytotoxicity).
275–277

 Hsiue et al.
275,276

 have used PNIPAM in eye drop preparations and no in vitro 

cytotoxicity was found. PNIPAM has also been used as a new embolic material in neurosurgery 

and no acute toxicity in mice was observed.
277

 Vihola et al.
278

 tested the cytotoxicity (cell viability 

and membrane integrity) of PNIPAM in intestinal and pulmonary cells and found the polymers to 

be relatively non-toxic during short exposure times. However, the monomer N-isopropyl 

acrylamide (NIPAM) was found to be highly cytotoxic.
278–280

 As a result, considerable efforts have 

been made in search of non-toxic and biocompatible thermoresponsive materials.  

As previously mentioned, one class of compounds of particular interest for biocompatible 

thermoresponsive materials are the ethylene glycol methacrylate analogues. Like the linear 

polyethylene glycol (PEG) macromolecules which are known for being highly soluble, uncharged, 

non-toxic and can be completely removed from the body,
281,282

 the non-linear PEG analogues 

retain many of these desirable properties.
283–285

 These macromolecules are built from 

oligo(ethyleneglycol) macromonomers and could become a viable thermoresponsive material for 

biomedical applications.
274

 In a recent work developed by Lutz et al.
286

, random copolymers of 2-

(2-methoxyethoxy)ethyl methacrylate (DEGMA) and oligo(ethyleneglycol) methacrylate (OEGMA, 

Mn = 475 g/mol) were prepared by ATRP and exhibited thermoresponsive behaviour with an 

LCST adjustable between 26 and 90 °C by simply varying the co-monomer composition, Table 

1.5.1. 
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Table 1.5.1. LCST of poly(OEGMA-co-DEGMA] prepared by ATRP. 

[DEGMA]/[OEGMA] LCST (°C)
a
 

0:100 90 

70:30 59 

80:20 49 

85:15 44 

90:10 39 

92:8 37 

95:5 32 

100:0 28 

a)
 LCST observed in pure water with a concentration of 3 mg/mL. 

 

 

In a study by Lutz et al.
274

 PNIPAM and P(DEGMA95-co-OEGMA5) samples were prepared by 

ATRP with similar DPs and LCSTs. The PNIPAM samples exhibited a very sharp phase transition 

when heated, followed by a broad hysteresis in the cooling process; attributed to an irreversible 

coil-to-globule transition.
274

 On the other hand P(DEGMA95-co-OEGMA5) showed comparable 

heating and cooling cycles. The cloud point of both polymers was decreased by 3 °C when 

placed in physiological medium at a polymer concentration of 3 mg/mL. Likewise, varying the 

polymer concentration between 1-10 mg/mL affected the LCST of the two polymers 

simultaneously, both increasing a few degrees with dilution. However, altering the DP only 

affected significantly the phase transition of PNIPAM; PNIPAM samples (3 mg/mL aqueous 

solutions) with long and short polymer chains displayed differences in LCST of 7 °C, the higher 

the DP the lower the LCST.
270,287

 On the other hand, little influence of DP on the phase transition 

of P(DEGMA95-co-OEGMA5) samples was found. These novel P(DEGMA-co-OEGMA) 

copolymers have the potential to produce thermoresponsive materials with tailored LCSTs. 

However, to extend their use in biomedical applications more studies are necessary to 

systematically evaluate their properties. 

The growing interest of grafting stimuli-responsive polymers from cellulose is widening the 

field of application of this biodegradable and biocompatible polysaccharide.
128,288

 In particular, the 

synthesis of thermoresponsive cellulose-based graft-copolymers with well-defined architecture by 

ATRP is one of the current topics in biomaterials research. For example, Li et al.
10

 successfully 

grafted OEGMA (Mn = 300 g/mol) through ATRP, from commercially available ethyl cellulose (DS 

= 2.1) functionalized with 2-bromoisobutyryl (DS of 0.02 and 0.2). Kinetic plots confirmed a first 

order reaction with respect to monomer, as well as a constant concentration of active species 

during the polymerization. The variation of Mn vs. conversion was found to be linear.  
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The macroinitiator with a low degree of substitution (DS2-bromoisobutyryl = 0.02) attained a slightly 

higher final conversion when compared to the higher DS2-bromoisobutyryl (0.2) macroinitiator, 62% vs. 

56%, respectively. Moreover, the low DS2-bromoisobutyryl (0.02) macroinitiator took almost twice as 

long to reach a similar conversion (62%) to that of the higher DS2-bromosobutyryl (0.2) sample, 14 

hours vs. 8 hours, respectively. Nevertheless, both polymerizations were controlled. As expected, 

the DP of the copolymer with lower graft density (DS2-bromoisobutyryl = 0.02) was significantly higher 

(DP = 185) than the DP of the copolymer with higher graft density (DS2-bromoisobutyryl = 0.2) (DP = 

28). The LCST values were also determined through plots of transmittance vs. temperature and 

found to be 64 (DS2-bromoisobutyryl = 0.2) and 67 °C (DS2-bromoisobutyryl = 0.02), showing that DS and DP 

had only a small effect on the LCST values. The LCST plots showed no hysteresis which is in 

accordance with Lutz’s work.
286

 Interestingly, the EC-g-P(OEGMA) graft copolymers were found 

to self-assemble into thermoresponsive spherical micelles in water. 

In another study by Porsch et al
221

, ATRP-ARGET was used to polymerize DEGMA and 

OEGMA (Mn = 300 g/mol) individually and as a copolymer, from a hydroxypropylcellulose (HPC) 

macroinitiator with a DS of initiator (2-bromoisobutyryl) of 0.6. HPC0.6-g-P(DEGMA) was obtained 

with 21% conversion, HPC0.6-g-P(OEGMA) with 35% conversion and HPC0.6-g-P(DEGMA48-co-

OEGMA52) with 28% conversion. When the DS of 2-bromoisobutyryl in HPC was increased to 1.4 

the OEGMA and P(DEGMA-co-OEGMA) could not be successfully grafted from the 

macroinitiator; this might have been caused by the higher density of initiators causing termination 

reactions. However, DEGMA could be grafted from the HPC (HPC1.4-g-P(DEGMA)) with a 

conversion of 20%. No kinetic or Mn vs. conversion plots were given, nor were the respective 

PDIs reported. Therefore, the authors did no real assessment of the controlled character of the 

ATRP. Regardless, some interesting observations were done in this work. The decrease in the 

DS of 2-bromoisobutyryl from 1.4 to 0.6 in the HPC caused only a 1 °C increase in the LCST, 

which is not a significant increment. Micelles were formed using the HPC1.4-g-DEGMA and 

HPC0.6-g-DEGMA copolymers and it was found that the critical micelle concentration decreased 

with the higher grafting density. 
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1.6 Honeycomb Films 

 

Ordered porous films are of great interest in areas such as chemical sensors,
289

 tissue 

engineering,
14–16

 photonic crystals,
290

 microreactors or microarray chips
291

 and catalyst supports 

for fuel cells.
292

 The honeycomb patterning of surfaces has been widely studied and several 

methods have been developed, of which, lithography, microcontact printing, bottom-up 

technologies have been studied.
293,294

 Lithography is complicated and expensive, while 

microcontact printing is a simple method, the combination of molecular self-assembly and 

photolithography.
295

 Finally, the bottom-up technique mimics biological self-assembly and self-

organization to produce patterned structures.
293

 Included in the latter is the “breath-figures” 

method, based on the findings of Aitken
296,297

 and Rayleigh
298,299

, it is one the most simple and 

robust methods available.
300–302

 

François et al.
303–305

 first reported self-assembled honeycomb morphologies from star 

polystyrene and poly(para-phenyl-ene)-b-poly(styrene) when a drop of the respective solutions in 

carbon disulfide was exposed to a flow of moist air. Although a single mechanism explaining the 

formation of “breath figures” does not exist, it is generally recognized that the formation and 

subsequent “crystallization” of the “breath-figures” is the basic cause for the hexagonal arrays in 

polymer films.
298,299,306

 François et al.
303

 stated that the formation of “breath-figure arrays” is due 

to a Marangoni convection of condensed water droplets. Marangoni convection is fluid motion 

caused by a surface tension gradient arising from a temperature gradient within the polymer 

solution. If the temperature gradient is sufficiently large the water droplets will not coalesce.
307

 

Under a humid air-flow the surface temperature of an evaporating polymer solution can reach - 6 

°C.
306,308–310

 Water droplets condense on the surface of the polymer solution. The droplets start to 

nucleate and subsequently grow which can either coalesce or organize on the surface into a 

highly ordered and mobile hexagonal array. The ordered array of water droplets starts to sink into 

the polymer solution and according to Pitois and François
304,305

 an interfacial polymer layer keeps 

them from coalescing. The process starts again with a second layer of water droplets nucleating 

again on the surface of the polymer solution. The final step consists of the evaporation of the 

solvent and water droplets leaving behind highly ordered porous 2D (monolayer) or 3D (multi-

layer) polymeric films. 

Srinivasarao et al.
306

 explained the formation of “breath-figure” arrays as a combination of 

Marangoni convection and thermocapillary effects. Thermocapillary effects arise from the motion 

of droplets of liquid A (water) in a bulk liquid B (water immiscible solvent) to the free surface due 

to a temperature gradient in liquid B. The water droplets are stabilized on or at the polymer 

solution surface and will eventually sink into solution at a later stage.
306,311

 Similarly Shimomura et 
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al.
310

 proposed a mechanism in which Marangoni convection and thermocapillary effect cause the 

water droplets to submerge into the organic solution adopting a hexagonal array. 

The detailed mechanism for the formation of “breath-figure” arrays is not fully known and may 

be in fact a combination of different mechanisms depending on the particular system. Bunz
311

 has 

discussed in detail the proposed mechanisms and has conducted a critical review on the 

effectiveness of the “breath-figure” method to produce highly ordered honeycomb arrays. A 

simplified mechanism is shown in Figure 1.6.1. 
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Figure 1.6.1. Simplified mechanism for the formation of honeycomb films through “breath-figure” 

method; a) nucleation of water droplets; b) water droplets in close packed array; c) water droplets 

in close packed array sink into solution; d) nucleation of new water droplets; e) formation of a 

close packed array of water droplets; f) solvent and water evaporation with simultaneous 

precipitation of polymer around water droplets and formation of honeycomb film.
306

 

 

 
To form honeycomb films with high regularity it is reported that it is essential for the polymer 

to adopt a spherical shape in solution.
303,312

 This could be a star-shaped polymer such as 

poly(styrene), a block copolymer which is able to aggregate in the solution, or polymers that 

contain an insoluble block, polar head groups, or polar side chains and are, therefore, capable of 

association into a spherical shape in the solvent.
303,304,309,312,313

 Additionally, in this process, a fast 

nucleation of the water dropets combined with a slow growth rate contribute to a smaller and 

more uniform pore size distribution. Processing conditions such as air flow, humidity and 

concentration may contribute to attain this equilibrium between nucleation and growth rate. For 

example, increasing humidity and reducing air-flow causes growth rate to increase forming larger 

pore-sizes.
306,310

 On the other hand, as the humid air flow is applied on the surface, water 
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droplets start to nucleate at a certain rate on the surface of the polymer solution. Simultaneously, 

the solvent starts to evaporate as well forming a gradient of temperature and an increase in 

polymer concentration, which decreases the growth rate of water droplets, thus smaller pore size. 

At a certain point the solubility will pass the saturation point and the process of phase-inversion 

from liquid to solid is accelerated and, ideally, a honeycomb film will be formed.
314,315

 

Nevertheless, it has also been found that star polymers are less sensitive to concentration.
312

 

The surface tension of the organic polymer solution is a function of the amphiphilic nature of 

the polymer; hence a small modification of the polymer should affect honeycomb formation. An 

increment in the hydrophilic character of the polymer could correspond to smaller pore sizes 

within the honeycomb.
312

 Amphiphilic block copolymers with hydrophilic and hydrophobic blocks 

are known to form inverse structures in organic solvents. Upon contact with water, these inverse 

micelles start interacting with water, leading to the rearrangement of the block copolymer around 

the water droplets. With the evaporation of the solvent and water, the formation of pores enriched 

with hydrophilic functionality is expected. On the other hand, the surface of the film should remain 

hydrophobic.
316

 Nygard et al.
317

 tested this hypothesis by synthesizing a temperature-responsive 

block copolymer, polystyrene-block-poly(N-isopropylacrylamide) (PSt-b-PNIPAM). The authors 

measured the contact angle of the honeycomb surface and the underlying honeycomb structure, 

after careful surface removal, at temperatures between 25 and 45 °C. The underlying honeycomb 

structure showed an arrangement of bowls (bowl structure) where PNIPAM enrichment was 

expected, due to the interaction between the hydrophilic polymer and the water droplets during 

the casting process. The contact angle measurements made on the honeycomb surface revealed 

no thermoresponsive behaviour remaining at ~ 90°. On the other hand, the bowl structure with 

nanometer-sized walls revealed, according to the authors, thermoresponsive behaviour as the 

contact angle increased from ~ 87 to 91° when the temperature increased from 25 to 45°C.  

More recently, Xu and Kadla
318

 were able to produce honeycomb films with site specific-

functionalization in the pores. A regioselectively substituted amphiphilic cellulose azide, 3-O-

azidopropoxypoly(ethylene glycol)-2,6-O-thexyldimethylsilyl cellulose
319

 was used to prepare the 

honeycomb structures. These films were functionalized with biotin followed by the addition of 

fluorescent avidin. Confocal fluorescence microscopy images of the honeycomb films showed 

that avidin was mainly located inside the pores. To further confirm the preferential allocation of 

the azido groups inside the pores, quantum dots were linked to the honeycomb films. Once again, 

confocal fluorescence microscopy images of the honeycomb films showed clearly the fluorescent 

quantum dots located inside the pores.  

Since the discovery of breath figures by Aitken
296,297

 and Rayleigh
298,299

 and the production of 

honeycomb films from star polystyrene and, rod-coil block copolymers, poly(para-phenyl-ene)-

block-poly(styrene),
303–305

 different polymers have also shown the ability to form regular 

structured films, such as poly(l-lactide),
320

 polystyrene-b-poly(dimethylmethylacrylamide),
321
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poly[dodecylacrylamide-b-(ω-carboxyhexylacrylamide)],
322

 among others. Cellulose derivatives 

have been used to fabricate honeycomb-patterned materials. For example, honeycomb-shaped 

films were reported using cellulose acetates,
323,324

 but again the corresponding films were 

extremely irregular with pore sizes varying between 1 to 100 µm.  

Kadla et al.,
4
 have reported the formation of uniform honeycomb films from regioselectively 

modified 3-O-poly(ethyleneglycol)n-2,6-thexylmethyldimethylsilyl cellulose (3-EGn-2,6-TDMS 

cellulose). It was found that altering the amphipilicity of the polymer, by increasing the length of 

the ethylene glycol segments from 3 to 16, improved significantly the pore uniformity however, no 

significant change in pore size was observed. This was contrary to what had been described by 

Stenzel et al.
325

 wherein side chains with a higher DP led to an increase in pore size. The 

discrepancy of results was explained by the authors as potentially due to the low DS of the 

cellulose derivative, the hydrophilic nature of the side chain and its relatively low molecular weight 

and/or the regioselectivity of substitution.  

Xu and Kadla
318

 and Xu et al.
319

 prepared uniform honeycomb films from 3-O-

azidopropoxypoly(ethylene glycol)-2,6-O-thexyldimethylsilyl cellulose with different DS (0.07 to 

0.47) and DP of polyethylene glycol (PEG) (4 to 22). Unlike the observations of Stenzel,
325

 pore 

size decreased with increasing DPPEG in polymers with similar DS. As well, polymers with lower 

DPPEG formed porous films in which the pore size increased with increasing DS. Therefore, 

polymers with a higher DPPEG formed porous films wherein the pore size decreased slightly with 

increasing DS. Furthermore, the surface of this cellulosic honeycomb film was modified via 

biotinylation through a heterogeneous surface “click reaction”. ATR-FTIR analysis of the films 

before and after confirmed a successful reaction in particular with the films produced with the 

longer PEG22 side chains. 

Honeycomb films have also been successfully obtained from graft copolymers with well-

defined architectures synthesized through well known controlled radical polymerization 

techniques such as RAFT and ATRP. One of the first reports was using polystyrene comb 

polymers built on hydroxyisopropyl cellulose.
325,326

 It was found that the regularity of the porous 

films increased with the density of branches and with the increasing length of each branch; 

however, poor quality films were obtained. Stenzel et al
325

 synthesized a cellulose-based 

polystyrene copolymer via RAFT polymerization, [hydroxyisopropylcellulose-co-(3-

benzylsulfanylthiocarbonylsulfanylpropionyloxy) isopropylcellulose)]-g-polystyrene, and claimed it 

suitable to prepare porous films with regular arrays, however, no images of the films were given 

by the authors. The effect of concentration of the casting solution (from 2.5 to 20 mg/mL) was 

also studied for this particular copolymer and found to have little effect, pore size varied from 0.3 

to ~ 1 µm, respectively. The latter is not in accordance with what was found in the same work with 

other carbohydrate based polymers as well as from what is reported in the literature,
312,327–329

 in 
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which the increment of concentration causes a significant decrease of the pore size, in particular 

for amphiphilic polymers or other polymers that tend to form aggregates in solution. 

Liu et al.
329

 employed ATRP to synthesize cellulose-based copolymers ethylcellulose-g-

polystyrene (EC0.5-g-PSt) with different chain lengths and ethylcellulose-g-poly(poly(ethylene 

glycol) methyl ether) (EC0.02-g-P(OEGMA4.5)57). The effect of relative humidity, concentration, 

chain length and type of side chain on the formation of honeycomb films was studied. EC-g-PSt 

was shown to form honeycomb-like ordered porous films. Increasing the relative humidity during 

casting increased the pore size, likely due to the formation of larger water droplets with increasing 

relative humidity. At the lowest polymer concentration (1 mg/mL) the water droplets were not 

stabilized due to the low concentration/viscosity, coalescing and forming a poor quality film. As 

the concentration increased the pore size decreased and the films became relatively ordered; the 

best honeycomb films were obtained at 10 mg/mL. The films formed at a polymer concentration 

of 20 mg/mL revealed shallow pores, indicating the water droplets stayed at the surface of the 

solution due to the high concentration/viscosity. The copolymer with the longest PSt chain length, 

EC0.5-g-PSt256 produced very poor quality honeycomb films, while those prepared from EC0.5-g-

PSt162 and EC0.5-g-PSt20 were well ordered, with the pore size decreasing with increasing side-

chain length. As previously mentioned Liu et al.
329

 also synthesized EC0.02-g-P(OEGMA4.5)57 

through ATRP to study the effect of the side-chain on the rate of precipitation. The authors claim 

that due to the long hydrophilic side-chain (DPOEGMA=57) the rate of precipitation is slow. 

Therefore, the ability of the side chain to stabilize the water droplets is very poor. The honeycomb 

films had no ordered porous structure and the pores were very large. 

The preparation of honeycomb films by the “breath-figures” method is still very challenging. 

Experimental parameters such as, air flow, humidity and polymer concentration, play an important 

role in whether or not a certain polymer is able to form uniform honeycomb films. Additionally, the 

nature of the backbone polymer, the hydrophilic/hydrophobic character of the side chain and its 

respective length, add extra complexity to the whole process. Therefore, a more in depth study of 

these properties would allow designing polymers with the ability of forming uniform honeycomb 

films. 

Wong et al.
316

 studied the ability of amphiphilic copolymers to form honeycomb films and 

determine how the hydrophilic block can interfere with condensing water droplets affecting the 

rate of precipitation. An optimal balance between the hydrophilic and hydrophobic block is 

essential in the formation of a well structured honeycomb film. Amphiphilic copolymers are 

interesting materials for the formation of honeycomb films because the pores are hydrophilic and 

the remaining surface is mostly hydrophobic.
316,330

 This special arrangement has been confirmed 

by X-ray photoelectron spectroscopy (XPS)
331

, contact angle measurements
317

 and bacterial 

studies.
328

 However, if an ideal balance cannot be achieved a honeycomb film will not be formed. 

A potential alternative is to have a honeycomb film made from the hydrophobic block, e.g., 
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cellulose-based macroinitiator, and then graft-from the surface the hydrophilic polymer. In work 

developed by Stenzel et al.
332

 PNIPAM was grafted-from a honeycomb surface made from comb-

PSt and a random copolymer made from polystyrene and 2-hydroxyethyl methacrylate (PSt-ran-

PHEMA) through RAFT polymerization. Mild reaction conditions were used (aqueous media at 

room temperature) allowing for surface modification without damaging the honeycomb surface. 

The successful grafting of PNIPAM to the honeycomb surface was confirmed by contact angle 

measurements. Fibroblast cells were then attached to the surface. The authors suggested that 

these materials might be used as switchable thermoresponsive surfaces with hydrophilic and 

hydrophobic properties below and above PNIPAM’s LCST, respectively. Furthermore, these 

properties might be particularly interesting for the control of protein adsorption and cell growth 

studies.
332

 

The use of honeycomb films for tissue growth has also been the focus of recent studies. 

These films provide tissue growth without affecting adhesion and proliferation of the 

cells.
14,16,333,334

 Furthermore, it was found that cell morphology is affected by the architecture of 

the films. Flattened films produced flat chondrocyte and hepatocyte cells, which makes them 

unsuitable for use in tissue engineering. On the other hand, macropatterned films form cells with 

spherical shape, making them potentially suitable for use in tissue engineering, as illustrated in 

Figure 1.6.2.
14,334

 

 

 

 

Figure 1.6.2. SEM images of hepatocytes 72 h after culture on (a) flat film and (b) honeycomb 

film.
334

 

Note: Reprinted from Colloids and Surfaces A: Physicochemical and Engineering Aspects, 284-285, 

Tanaka, M.; Nishikawa, K.; Okubo, H.; Kamachi, H.; Kawai, T.; Matsushita, M.; Todo, S.; Shimomura, 

Control of hepatocyte adhesion and function on self-organized honeycomb-patterned polymer film, 464-469, 

Copyright (2006), with permission from Elsevier. 
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1.7 Hypothesis/Goals 

 

1.7.1 Synthesis of 6-O-(2-bromoisobutyryl) TMS-O-cellulose for the 

preparation of thermoresponsive honeycomb patterned films via 

surface initiated ATRP 

 

The use of regioselectively and non-regioselectively substituted cellulose derivatives for the 

production of honeycomb films has been studied (Section 1.6). To the best of my knowledge the 

grafting of polymers from these surfaces through ATRP has not yet been reported. 

It is hypothesized that the films made from the regioselectively substituted derivatives form 

homogeneous honeycomb patterned films and would be able to keep a homogeneous pore 

distribution after ATRP. An ordered allocation of initiating sites on the surface of the honeycomb 

film may allow a uniform distribution of the newly grafted polymers and potentially a more 

controlled polymerization. 

As given in section 3.1 the objectives are: 1) to synthesize, for the first time, regioselectively 

and non-regioselectively substituted cellulose derivatives, 6-O-(2-bromoisobutyryl) TMS-O-

cellulose and (2-bromoisobutyryl) TMS-O-cellulose, respectively; 2) to study the ability of these 

derivatives to form honeycomb films; 3) to study the effect of some of the experimental 

parameters as well as the role of regioselectivity and DS of 2-bromoisobutyryl in the formation of 

honeycomb patterned films; 4) to “graft-from” a uniform honeycomb film a thermoresponsive 

polymer (PNIPAM); 5) to characterize the films. 

The goal is to produce a uniform honeycomb patterned film to be used as an ATRP active 

film for design of “stimuli-responsive” surfaces. 
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1.7.2 Synthesis of 3-O-(2-bromoisobutyryl) 2,6-O-TDMS cellulose and 2,3-

O-(2-bromoisobutyryl) 2,6-O-TDMS cellulose for the preparation of 

thermoresponsive honeycomb patterned films via ATRP 

 

Regioselectively substituted 3-O-poly(ethyleneglycol)n-2,6-thexylmethyldimethylsilyl cellulose 

and 3-O-azidopropoxypoly(ethylene glycol)-2,6-O-thexyldimethylsilyl 3-O-cellulose derivatives 

have been used to produce homogeneous honeycomb films.
4,318,319

  

It is hypothesized that the films made from the regioselectively substituted derivatives form 

homogeneous honeycomb films regardless of the position of 2-bromoisobutyryl group in the 

cellulose backbone (C6 vs. C3). The ordered structure of 3-O-(2-bromoisobutyryl) 2,6-O-TDMS 

cellulose favours the formation of homogeneous honeycomb films. Thus, it is expected the non-

regioselectively substituted 2,3-O-(2-bromoisobutyryl) 2,6-O-TDMS cellulose to not form 

homogeneous honeycomb films. 

In section 3.2 the objectives are: 1) to synthesize for the first time regioselectively and non-

regioselectively substituted cellulose derivatives 3-O-(2-bromoisobutyryl) 2,6-O-TDMS cellulose 

and 2,3-O-(2-bromoisobutyryl) 2,6-O-TDMS cellulose, respectively; 2) to verify the ability for both 

compounds to form homogeneous honeycomb films; 3) to “graft-from” a homogeneous 

honeycomb film thermoresponsive polymer (PNIPAM); 4) to characterize the films. 

The goal is to verify the effect of regioselectivity in the formation of honeycomb films and to 

modify the properties of those surfaces through the grafting of a polymer via surface initiated 

ATRP. 

 

1.7.3 Homogeneous ATRP of thermoresponsive copolymers from 3-O-(3-

O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose 

 

Homogeneous ATRP of homopolymers or copolymers grafted from small initiators have been 

obtained through controlled polymerization with high conversions, as discussed in section 1.4.1.1. 

However, when “grafting-from” homopolymers or copolymers from macromolecules such as 

cellulose, the results vary and a controlled polymerization is not always achieved. For example, 

polymers have been successfully grafted from cellulose
217

 and ethyl-cellulose
122,161

 however, the 

successful grafting of polymers from other cellulose derivatives such as cellulose diacetate
218

 and 

commercially available hydroxypropyl cellulose
120,221

 by homogenous ATRP has not yet been fully 

proven. 



43 

 

It is hypothesized, that the regioselective allocation of initiating sites in a hydroxypropyl 

cellulose derivative macroinitiator may minimize termination reactions, even in cellulose based 

macroinitiators with high initiator density. Therefore, a controlled polymerization may be attained. 

In section 3.3 the objectives are: 1) to synthesize regioselectively substituted 3-O-(3-O-(2-

bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose with different degrees of substitution of 2-

bromoisobutyryl; 2) to run homogeneous ATRP reactions of these derivatives based on the linear 

kinetic regime and conversion; 3) to test the effect of DS of 2-bromoisobutyryl in the ATRP; 4) to 

characterize the cellulose-based copolymers. 

The goal is to synthesize regioselectively modified thermoresponsive cellulose-based 

copolymer via homogeneous ATRP. 
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2 EXPERIMENTAL 

2.1 Materials 

Cellulose diacetate (Mw=30K, 39.8 wt% acetyl content (DS=2.5), anhydrous lithium chloride 

(LiCl), anhydrous pyridine (Py), triethylamine (TEA), imidazole, sodium hydride (NaH), 60% 

dispersion in mineral oil), 2-bromoisobutyryl bromide, hexamethyldisilazane (HMDS), allyl 

chloride, bromooctane, isopropanol, 9-borabicyclo (3.3.1) nonane (9-BBN), hydrogen peroxide 

(H2O2) 30%, N-isopropylacrylamide (NIPAM), di(ethylene glycol) methyl ether methacrylate 

(DEGMA) and oligo(ethylene glycol) methyl ether methacrylate (OEGMA), copper (I) chloride 

(CuCl), copper (II) chloride (CuCl2), copper (Cu) and tris[2-(aminoethyl) amine] (TREN) were 

purchased from Sigma-Aldrich. Anhydrous lithium chloride was dried under vacuum for 2 hours 

prior to use. NIPAM was recrystallized from a mixture of hexane and toluene (35:65). DEGMA 

and OEGMA were filtered through alumina to remove inhibitors. CuCl was washed with glacial 

acetic acid and then washed 3 times with ethanol to remove CuCl2, according to previous work.
335

 

Tris[2-(dimethylamino)ethyl]amine (Me6TREN) was synthesized based on a procedure described 

in the literature from commercially available TREN.
336

 The remaining reagents were used as 

received. Potassium hydroxide, anhydrous N,N-dimethyl acetamide (DMA), chloroform (CHCl3), 

MeOH, hydrochloric acid (37%), ethyl ether, tetrahydrofuran (THF), potassium phosphate 

monobasic (KH2PO4), potassium phosphate dibasic (K2HPO4), and sodium hydroxide (NaOH) 

were purchased from Fisher Scientific and used as received with the exception of THF which was 

dried in a mixture of sodium metal and benzophenone under nitrogen atmosphere, prior to use. 

NMR solvents were purchased from Cambridge Isotope Laboratories. 

 

2.2 Methods 

Fourier-Transform Infrared (FTIR) spectra were recorded on a Perkin Elmer Spectrum One 

FTIR spectrometer. For CHCl3 soluble polymers films were deposited on zinc selenium (ZnSe) 

plates using 2-3 drops of 5% w/w CHCl3 solutions. The wavenumber range was 4000-600 cm
-1

 at 

a resolution of 4 cm
-1

 and a minimum of 16 scans recorded. For solid samples attenuated total 

reflectance (ATR) FTIR was used and 32 scans recorded.  

1
H-, 

13
C- and quantitative 

13
C nuclear magnetic resonance (NMR) spectra were recorded 

using a 300 MHz Bruker Avance Ultrashield NMR spectrometer (300.13 and 75.03 MHz, 

respectively) at 25 °C in deuterated chloroform and acetone and 40 °C in deuterated benzene 
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and dimethylsulfoxide (DMSO). Chemical shifts were referenced to tetramethyl silane (TMS; 0 

ppm). The 
1
H-NMR spectra were recorded with a 7 s relaxation delay (d1) to ensure complete 

relaxation of TDMS protons and a total of 64 scans were recorded. The quantitative
13

C-NMR 

analyses were done in the presence of relaxation agent chromium (III) acetylacetonate 

(Cr(III)acac) at a concentration of 0.1 M, a relaxation delay of 11 s, based on the methine proton 

of TDMS group and a total of thirty thousand scans were recorded.
92

 

Gel permeation chromatography (GPC) - multiangle light scattering (MALS) analyses were 

performed using an Agilent 1100 Series GPC Analysis System equipped with a Wyatt Dawn 

Heleos-II multiangle light scattering (MALS) detector to determine number average and weight 

average molecular weight (Mn, Mw) and polydispersity index (PDI). Styragel HR-1, HR-2 and HR-

5E column (Waters Corp., Milford, USA) were used with THF as the eluting solvent at a flow rate 

of 0.5 ml/min at 35 °C. The injection volume was 100 μL, and polymers were dissolved in HPLC-

grade THF at concentrations of 1.5 mg/ml. 

Contact angles were measured in triplicate using a KSV CAM 101 instrument (KSV 

Instruments Ltd., Finland). A 5 μL droplet of distilled water was placed on the surface of the 

honeycomb film and the contact angle was measured after 60 seconds. The average and 

respective standard deviation of the triplicates were calculated. 

Turbidity measurements were done through ultra violet-visible (UV-Vis) spectroscopy (Varian-

Cary 4000) to measure the lower critical solution temperature temperatures of the various 

copolymers. The turbidities of the aqueous solutions (3 mg/mL) were obtained at 670 nm with 

heat/cool cycles from 15 to 70 °C at 1 °C/min and expressed as absorbance curves. 

Surface morphology of the honeycomb films was observed with optical microscopy (Olympus 

BX41 microscope), scanning electron microscopy (SEM) using a Hitachi S-2600N variable 

pressure scanning electron microscope (VPSEM) as well as atomic force microscopy (AFM); 

Veeco Multimode coupled with a Nanoscope V Controller. The moduli of the honeycomb film 

surfaces were measured in triplicate using the AFM PeakForce QNM (Quantitative 

NanoMechanics mapping) mode. The spring constant (0.44 N/m) and deflection sensitivity (40.5 

nm/V) of a Scanasyst-Air silicon tip on nitride cantilever were calibrated with a Sapphire-15M 

standard (Veeco). 

Thermal gravimetric analyses (TGA) were carried out using a TA Instruments Q500 TGA. A 

typical procedure consisted of weighing approximately 4 mg of sample in a calibrated platinum 

pan and measuring the weight loss as the sample was subjected to a temperature ramp from 25-

600 °C at 10 °C/min under nitrogen. The decomposition temperatures were then taken from the 

peak maxima of the derivative of the weight loss curve (DTGA). Differential scanning calorimetry 

(DSC) measurements were carried out on a TA Instruments Q1000 DSC calibrated against 

indium. All experiments were run with approximately 3 mg of sample in sealed aluminum hermetic 

pans using a heat/cool/heat method at a heating/cooling rate of 10 °C/min; samples were heated 
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from room temperature to 200 °C, cooled to – 90 °C and subsequently heat to 200 °C. TGA and 

DSC measurements were done in duplicate. 

For all synthesized compounds purity was evaluated qualitatively by FTIR and NMR by the 

observed absence/presence of impurity peaks. 

 

2.3 Synthesis 

2.3.1 Regenerated cellulose 

In the present work, regenerated cellulose was prepared from a commercial cellulose acetate 

to obtain a starting material with a more homogeneous molecular weight and polydispersity. The 

more homogeneous starting material helps assure a valid comparison between the different 

cellulose derivatives synthesized and contributes to a final product with more consistent 

properties. 

Cellulose diacetate (60 g; 0.22 mol) was suspended in a solution of MeOH (1.4 L) and 

potassium hydroxide (84 g, 1.5 mol) and stirred overnight at room temperature. The alkaline 

mixture was then neutralized with 70 mL (0.85 mol) of hydrochloric acid and filtered through 

Whatmann qualitative filter paper. The regenerated cellulose residue was washed with water (1.5 

L) and MeOH (2 × 500 mL), stirred in MeOH (1 L) for 30 min and washed with 500 mL of ethyl 

ether. The residue was dried under vacuum (1 mmHg) at 40 °C overnight. 

 

2.3.2 Synthesis of 6-O-(2-bromoisobutyryl) cellulose 

In this study, when dissolving the cellulose by heat activation
2
 we could not get a reproducible 

dissolution of cellulose. Therefore, based on work described elsewhere
99

, we decided to add a 

polar medium exchange
46

 step to the cellulose dissolution. The objective was to have the polymer 

chains adopt a more relaxed conformation allowing the diffusion of solvent into the less 

accessible crystalline regions. Therefore, the first solvent to be used was water which swells the 

polymer and disrupts the hydrogen bonding between the AGU protons. The second was 

methanol, a more non-polar solvent; it removes residual water from the system and finally DMA 

which prevents the re-establishment of hydrogen bonding. The heat activation
46

 was done at 120 

°C creating enough vapour pressure to swell the polymer further assuring complete dissolution. A 

detailed description of the dissolution procedure is described as follows. Regenerated cellulose (1 

g, 6 mmol) in 40 mL deionized water, which was mixed at room temperature for 1 min. The 

suspension was then centrifuged (15 min and 3,000 g), the water decanted off and replaced by 



47 

 

MeOH (40 mL). The MeOH/cellulose suspension was mixed for 1 min, centrifuged and repeated 

a second time with fresh MeOH (40 mL). This was followed by repeated washing with N,N-

dimethyl acetamide (DMA) (4 x 40 mL). Finally, 25 mL of DMA were added to cellulose and left 

stirring overnight under an argon atmosphere. The following day cellulose was dissolved as per 

the synthesis of 2,6-O-TDMS cellulose.
2
 Cellulose/DMA suspension was heated to 120 °C and 

stirred for 2 hours. The reaction was then cooled to 100 °C, and 1.5 g (35.4 mmol) of lithium 

chloride (LiCl) was added. The reaction was stirred for 10 min and then cooled to room 

temperature and left stirring overnight under an argon atmosphere to completely dissolve the 

cellulose. The next day 0.32 mL (3.7 mmol) of pyridine was added to the cellulose solution and it 

was stirred for 10 min. The reaction was then placed in an ice/water bath and stirred for 5 min at 

which point 0.38 mL (3.1 mmol) of 2-bromoisobutyryl bromide was added dropwise over a period 

of 3 min. The reaction proceeded at room temperature for 19 hours at which point the product 

was precipitated from the reaction mixture by slow addition to excess of acetone (100 mL). The 

precipitate was filtered through Whatmann qualitative filter paper and dried in a vacuum oven (1 

mmHg) at 40 °C overnight. Unpurified yield: 1.86 g (> 132%). FTIR (CHCl3, cm
-1

), 3510 (O-H), 

2956, 2901 (CH3, CH2), 1747 (C=O), 1460, 1375 (CH3), 1248 (C-O-C, ester), 1122, 1084 (C-O-C, 

ether). 
1
H-NMR (10% in DMSO-d6, ppm, 313 K): δ = 1.76 (C(CH3)2Br), δ = 3.1 (OH), δ = 3.4 (H6), 

δ = 3.5-3.8 (H2, H3, H5), δ = 4.34 (H6 if 2-bromoisobutyryl at C6, H4), δ = 4.53 (H1). 
13

C-NMR 

(10% in DMSO-d6, ppm, 313 K): δ = 29.8 (C(CH3)2Br), δ = 60.7 (C6), 64.9 (C(CH3)2Br), δ = 73.0-

81.0 (C5, C4, C3, C2), δ = 103.2 (C1), δ = 170.8 (C=O). 

 

2.3.3 Synthesis of 6-O-(2-bromoisobutyryl)-acetyl-O-cellulose 

6-O-(2-bromoisobutyryl) cellulose (0.5 g, 2.2 mmol) was dissolved in anhydrous pyridine (9.8 

g, 124 mmol) and acetic anhydride (1.4 g, 13.7 mmol) of acetic anhydride was added dropwise, 

under argon atmosphere. The reaction proceeded at 90 °C for 48 hours. The brown reaction 

mixture was then precipitated in 300 mL of methanol and stirred for 5 minutes. The solution was 

filtered and a brown precipitate was obtained and dried in a vacuum oven (1 mmHg) at 40 °C 

overnight. The crude product was purified by dissolving in CHCl3 (200 mL), filtering through 

Whatman qualitative filter paper and reprecipitating from MeOH (700 mL). The purified compound 

was recovered by filtration and dried as previously described. Purified yield: 0.39 g (65%), DSacetyl 

= 1.7. 
1
H-NMR (10% in CDCl3, ppm, 313 K): δ = 1.76 (C(CH3)2Br), δ = 1.9, 2.0, 2.1 (CH3(C=O)O if 

acetyl in positions C2, C3 and C6), δ = 3.52 (H5); δ = 3.73 (H5), δ = 4.04 and 4.35 (H6α,β if acetyl 

at C6), δ = 4.2 and 4.4 (H6α,β if 2-bromoisobutyryl at C6), δ = 4.46 (H1), δ = 4.8 (H2 if acetyl at C2 

group), δ = 5.1 (H3 if 2-bromoisobutyryl or acetyl at C3). 
13

C-NMR (10% in CDCl3, ppm, 313 K). δ 

= 23.8 (CH3 acetyl), δ = 29.8 (C(CH3)2Br), δ=60.7 and 63.6 (C6 of the AGU if acetyl and 2-

bromoisobutyryl at C6); δ = 62.9 (C(CH3)2Br), δ = 73.4 (C2, C3), δ = 78.4 (C4, C5), δ = 101.2 
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(C1), δ = 169.2 (CH3C(C=O) at C2), δ = 169.5 (CH3C(C=O) at C3), δ = 170.2 (CH3C(C=O) at C6), 

δ = 170.8 (CH3C(C=O) at C2). 

 

2.3.4 Synthesis of 6-O-(2-bromoisobutyryl)-trimethylsilyl-O-cellulose 

6-O-(2-bromoisobutyryl) cellulose (1 g, 44 mmol) was dissolved in 40 mL of anhydrous DMA 

and 5.8 mL (0.66 mol) of anhydrous pyridine was added under an argon atmosphere. The mixture 

was stirred for 10 min and then cooled in an ice/water bath. After 5 min of cooling 1,1,1,3,3,3-

hexamethyldisilazane (0.132 mol, 2.8mL) was added dropwise over 10 min. The mixture was left 

stirring in the ice/water bath for 10 min and then heated to 90 °C and left stirring for 24 hours. The 

reaction mixture was cooled and the product precipitated from acetone (500 mL); MeOH (500 mL) 

was used for the higher DS products. The filtered precipitate was dried in a vacuum oven (1 

mmHg) at 40
o
C overnight. The crude product was purified by dissolving in CHCl3 (200 mL), 

filtering through Whatman qualitative filter paper and reprecipitating from MeOH (1L). The purified 

compound was recovered by filtration and dried as previously described. Purified yield: 0.93 g 

(70%), DSBr-isobutyryl = 0.5 FTIR (CHCl3, cm
-1

), 3510 (O-H); 2956, 2901 (CH3, CH2); 1747 (C=O); 

1460, 1375 (CH3, CH2); 1248 (Si-C, C-O-C, ester); 1122, 1084 (C-O-C, ether); 746 (Si-CH3). 
1
H-NMR 

(10% in CHCl3, ppm, 313 K): δ = 0.16 (Si(CH3)3); δ = 1.82 (C(CH3)2Br), δ = 3.3 (OH), δ = 3.4 (H6 

if OH at C6 of the AGU is free), δ = 3.7-3.9 (H2, H3, H5), δ = 4.21 (H4), δ = 4.4 (H6 if OH group 

at C6 of the AGU has been functionalized with a bromoisobutyryl group), δ = 4.6 (H1). 
13

C-NMR 

(10% in CHCl3, ppm, 313 K): δ = 0.49 (Si(CH3)3), δ = 29.8 (C(CH3)2Br), δ = 60.7 (C6); 64.5 

(C(CH3)2Br), δ = 73.0-81.0 (C5, C4, C3, C2), δ = 102.9 (C1), δ = 170.9 (C=O). 

 

2.3.5 Preparation of honeycomb films 

Honeycomb films were prepared by dissolving the macroinitiators in toluene at a 

concentration of 2mg/mL and then applying 10 μL of the solution onto a clean glass slide under a 

flow of humid air at a defined flow and relative humidity (flow: 0.3-0.8 g/l; relative humidity: 70-

80%) and temperature (20 ± 1 °C). The films were left to dry before microscopic observation. The 

humidity was measured with a humidity temperature pen (Thermo-Hygrometer, Fisher Scientific). 

The surface morphology of the cast films was observed by optical microscopy (BX41, Olympus) 

and scanning electron microscopy (SEM; JEOL JSM-5900LV). Pore size, respective average and 

standard deviation were measured from the SEM images at 4 K magnification (n = 11). An 

illustration of the casting apparatus is given in Figure 3.1.7. 
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2.3.6 Surface initiated ATRP of NIPAM from honeycomb films made from 

6-O-(2-bromoisobutyryl)-trimenthylsilyl-O-cellulose 

A 100 mL Schlenk flask was charged with 10 mL of a 10 wt% NIPAM/H2O solution and 

degassed through four freeze-pump-thaw (FPT) cycles (the reaction flask was sealed and 

submerged in liquid nitrogen until the solution was visibly frozen. A vacuum of 0.02 mmHg was 

then pulled on the system. The reaction flask was then removed from the liquid nitrogen and 

thawed. The cycle was repeated three more times). In the fourth cycle, while frozen, the reaction 

flask was opened and CuCl (3.6 mg, 2.5 µmol/mL), CuCl2 (8.3 mg, 3.7 µmol/mL), Cu (0.95 mg, 

1.5 µmol/mL) and Me6TREN (40 mg, 0.17 mmol) and the honeycomb film previously cast on top 

of a glass slide were added. During this process special care was taken to keep the reaction 

solution frozen. The Schlenk flask was sealed again and another four FPT cycles were 

completed. In the last cycle, the thawed reaction solution was blanketed with argon. The reaction 

proceeded at room temperature overnight under an argon atmosphere. The reaction was 

terminated by exposure to air; the film was removed, thoroughly washed (3 x 100 mL) with 

distilled water and dried in a vacuum oven (1 mmHg) overnight. 

 

2.3.7 Synthesis of 2,6-O-thexyldimethylsilyl cellulose 

Regenerated cellulose was first activated by solvent exchange as described in section 2.3.2. 

The synthesis of 2,6-O-TDMS cellulose was done according to the procedure of Koschella et al.
2
 

A suspension of cellulose/DMA (1 g/25 mL) was heated to 120 
o
C and stirred for 2 hours. The 

reaction was then cooled to 100 °C, and 1.5 g (35.4 mmol) of lithium chloride (LiCl) was added. 

The reaction was stirred for 10 min and then cooled to room temperature and left stirring 

overnight under an argon atmosphere to completely dissolve the cellulose. Imidazole (2.0 g, 30 

mmol) was then added to the cellulose/DMA/LiCl solution and stirred for 15 min under argon, 

followed by the addition of 4.7 mL (24 mmol) of thexyldimethylsilyl chloride (TDMS-Cl). The 

reaction mixture was heated to 100 °C for 24 hours under an argon atmosphere and constant 

stirring. The reaction mixture was then poured into buffer solution (7.14 g K2HPO4 and 3.54 g 

KH2PO4 in 1000 mL of distilled water). The precipitate was then collected by filtration, washed 

with distilled water (3 x 250 mL) and ethanol (3 x 250 mL) and dried under vacuum (1 mmHg) at 

30 °C. The crude product was purified by dissolving it in CHCl3 (300 mL) and then filtered through 

Whatman qualitative filter paper. The filtrate was precipitated from MeOH (1 L). The purified 

colorless compound was recovered by filtration and dried as previously described. Purified yield: 

2.5g (91%). DS ~ 2.1. FTIR (CHCl3, cm
-1

), 3517 (O-H); 2957, 2871 (CH3, CH2); 1465, 1377 (CH3, 

CH2); 1251 (Si-C), 1116, 1078 (C-O-C, ether); 835 (Si-C); 777 (Si-CH3). 
1
H-NMR (10% in CDCl3, 
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ppm, 313 K): δ = 0.15 (Si-CH3), δ = 0.89 (Si-C(CH3)2CH(CH3)2), δ = 1.66 (Si-C(CH3)2CH(CH3)2), 

δ=3.34 (OH), δ = 3.71 (H-6), δ = 3.8 (H-2), δ = 3.9 (H-5,4,3), δ = 4.4 (H-1). 
13

C-NMR (10% in 

CDCl3, ppm, 313 K): δ = - 2.5 (Si-(CH3)2), δ = 18.6 (Si-C(CH3)2CH(CH3)2), δ = 20.4 (Si-

C(CH3)2CH(CH3)2), 25.2 (Si-C(CH3)2CH(CH3)2), δ = 34.3 (Si-C(CH3)2CH(CH3)2), δ = 60.3 (C6), δ 

= 75.02 (C4), δ = 101.9 (C1). 

 

2.3.8 Synthesis of 3-O-(propanoyl)-2,6-O-TDMS cellulose 

This procedure was based in a procedure to esterify polysaccharides developed by Biswas et al. 

337
 2,6-O-TDMS cellulose (0.2 g, 0.44 mmol) and iodine (0.012 g, 0.044 mmol) were suspended 

in propionic anhydride (6.12 g, 47 mmol) and stirred at 40 °C for 64 hours under argon 

atmosphere. Afterwards 9 mL of a saturated aqueous solution of sodium thiosulfate was added to 

the reaction mixture and stirred for 15 minutes. The mixture colour changed from dark brown to 

colourless, indicating the transformation of iodine to iodide. The mixture was then filtered and the 

precipitate washed 3 times with 125 mL of water. The precipitate was resuspended in 200 mL of 

methanol and stirred for 5 minutes. Finally the mixture was filtered and the white precipitate dried 

under vacuum (1 mmHg, 30 °C). The crude product was purified by dissolving it in CHCl3 (100 

mL) and then filtered through Whatman qualitative filter paper. The filtrate was precipitated from 

MeOH (500 mL). The purified colorless compound was recovered by filtration and dried as 

previously described. Purified yield: 0.18 g (80%). DSpropyl = 0.6. 
1
H-NMR (10% in CDCl3, ppm, 

313 K): δ = 0.15 (Si-CH3), δ = 0.89 (Si-C(CH3)2CH(CH3)2), δ = 1.2 (CH3CH2(C=O)O), δ = 1.66 (Si-

C(CH3)2CH(CH3)2), δ = 2.32 (CH3CH2(C=O)O), δ = 3 – 4.8 (AGU protons), δ = 5 (H-3 if propyl in 

position C3). 
13

C-NMR (10% in CDCl3, ppm, 313 K): δ = - 2.5 (Si-(CH3)2), δ = 9.6 

(CH3CH2(C=O)O), δ = 18.6 (Si-C(CH3)2CH(CH3)2), δ = 20.4 (Si-C(CH3)2CH(CH3)2), 25.2 (Si-

C(CH3)2CH(CH3)2), δ = 27.4 (CH3CH2(C=O)O), δ = 34.3 (Si-C(CH3)2CH(CH3)2), δ = 60.3 (C6), δ = 

70 – 83 (AGU carbons), δ = 101.9 (C1), δ = 173.5 (CH3CH2(C=O)O). 

 

2.3.9 Synthesis of 3-O-(2-bromoisobutyryl)-2,6-O-TDMS cellulose 

2,6-O-TDMS cellulose (1 g, 2.2 mmol) was suspended in 25 mL of freshly distilled THF and 

3.7 mL (46.2 mmol) of anhydrous pyridine under argon atmosphere. The reaction solution was 

cooled to 0 °C with an ice/water bath and 2.9 mL (44 mmol) of 2-bromoisobutyryl bromide was 

added dropwise over 15 min. The ice/water bath was removed and the reaction mixture was 

allowed to react for 19 hours at room temperature under argon atmosphere. The reaction mixture 

was precipitated from MeOH (300 mL), filtered and dried in a vacuum oven (1 mmHg) at 40 °C. 

The crude product was purified by dissolving it in CHCl3
 
(300 mL) and filtered through a Whatman 
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qualitative filter paper. The product was precipitated from MeOH (1 L) and filtered through 

Whatman filter paper and dried under vacuum (1 mmHg, 30 °C). The crude product was purified 

by dissolving it in CHCl3 (300 mL) and then filtered through Whatman qualitative filter paper. The 

filtrate was precipitated from MeOH (1 L). The purified colorless compound was recovered by 

filtration and dried as previously described. Purified yield: 1.25 g (82%). DS = 0.3. FTIR (CHCl3, 

cm
-1

), 3530 (O-H); 2957, 2871 (CH3, CH2); 1751 (C=O); 1465, 1377 (CH3, CH2); 1252 (Si-C, C-O-C, 

ester); 1117, 1075 (C-O-C, ether); 835 (Si-C); 777 (Si-CH3). 
1
H-NMR (10% in CDCl3, ppm, 313 K): δ 

= 0.15 (Si-CH3), δ = 0.89 (Si-C(CH3)2CH(CH3)2), δ = 1.66 (Si-C(CH3)2CH(CH3)2), δ = 1.95 

(C(CH3)2Br), δ = 3.3 (OH), δ = 3.7 (H-6), δ = 3.8 (H-2, 5), δ = 4.0 (H-4), δ = 4.4 (H-1, 3). 
13

C-NMR 

(10% in CDCl3, ppm, 313 K): δ = - 2.5 (Si-(CH3)2), δ = 18.6 (Si-C(CH3)2CH(CH3)2), δ = 20.4 (Si-

C(CH3)2CH(CH3)2), 25.2 (Si-C(CH3)2CH(CH3)2), δ = 34.3 (Si-C(CH3)2CH(CH3)2), δ = 60.3 (C6), δ 

= 75.02 (C4), δ = 101.9 (C1). 

 

2.3.10 Synthesis of 3-O-octyl-2,6-O-TDMS cellulose 

First, 188 mg (7.8 mmol) of NaH (60% dispersion in mineral oil) was washed with 20 mL of 

freshly distilled THF. The process was done in the reaction flask under argon atmosphere. The 

mixture of THF and NaH was stirred for 15 min. Once the two components were separated (30 

min) the THF layer was removed with a syringe and any NaH present in it destroyed in MeOH. 

This procedure was repeated four times. Then 10 mL of freshly distilled THF were added to the 

washed NaH together with 0.25 g (0.55 mmol) of 2,6-O-TDMS cellulose and left stirring for 30 min 

under an argon atmosphere at room temperature. Bromooctane (1.1 mL, 5.5 mmol) was then 

added dropwise to the reaction mixture in an ice bath. The mixture was stirred for 1 day at room 

temperature and 3 more days at 50 °C. The reaction was quenched by addition of isopropanol 

(10 mL) and poured into 100 mL of phosphate buffer solution (714 mg K2HPO4 and 354 mg 

KH2PO4 in 100 mL of distilled water). The precipitate was collected by filtration with Whatman 

qualitative paper filter. The precipitate was washed with 50 mL of distilled water and 50 mL of 

MeOH and dried in a vacuum oven (1 mmHg) overnight at 40 °C. DS ~ 1. FTIR (CHCl3, cm
-1

), 

2923, 2857 (CH3, CH2); 1462, 1378 (CH3, CH2); 1252 (Si-C); 1140, 1030 (C-O-C, ether); 831 (Si-

C); 777 (Si-CH3). 
1
H-NMR (10% in CDCl3, ppm, 313 K): δ = 0.14 (Si-CH3), δ = 0.89 (Si-

C(CH3)2CH(CH3)2), δ = 1.3 (Si-C(CH3)2CH(CH3)2) (O-CH2CH2 (CH2)5CH3), δ = 1.6 (O-CH2CH2 

(CH2)5CH3), δ = 2.8-4.4 AGU protons and (O-CH2CH2 (CH2)5CH3). (H-6), δ = 3.8 (H-2), δ = 3.9 (H-

5,4,3), δ = 4.4 (H-1). 

 



52 

 

2.3.11 Synthesis of 3-O-acetyl-2,6-O-TDMS cellulose 

2,6-O-TDMS cellulose (0.25 g, 0.55 mmol) was weighed into a reaction flask to which 5 mL 

(62 mmol) of anhydrous pyridine was added and stirred until dissolved. The solution was then 

cooled in an ice bath for 5 min followed by the slow dropwise addition of acetyl bromide (0.42 mL; 

5.5 mmol). The reaction mixture was left stirring under an argon atmosphere at room temperature 

(RT) for 1 day. The reaction mixture was then poured into MeOH (100 mL) and the product 

recovered as a precipitate. The final product was purified by dissolving it in CHCl3 (20 mL) and 

filtering the solution through a Whatman qualitative paper filter. The solution was poured into 100 

mL of MeOH and the precipitate recovered by filtration (Whatman qualitative paper filter), washed 

with MeOH (50 mL) and dried in a vacuum oven (1 mmHg) overnight at 40 °C. DS = 0.3. FTIR 

(CHCl3, cm
-1

), 3514 (O-H); 2956, 2868 (CH3, CH2); 1752 (C=O); 1463, 1375 (CH3, CH2); 1251 (Si-

C, C-O-C, ester); 1150, 1037 (C-O-C, ether); 832 (Si-C); 777 (Si-CH3). 
1
H-NMR (10% in CDCl3, ppm, 

313 K): δ = 0.13 (Si-CH3), δ = 0.89 (Si-C(CH3)2CH(CH3)2), δ = 1.64 (Si-C(CH3)2CH(CH3)2), δ = 

2.27 (CH3CO), δ = 2.82-4.6 AGU protons. 

 

2.3.12 Synthesis of 3-O-(2-bromo-2-methylpropyl)-2,6-O-TDMS cellulose 

NaH (188 mg, 7.8 mmol) was washed four times with 20 mL of freshly distilled THF, as per 

the synthesis of 3-O-octyl-2,6-O-TDMS cellulose (section 2.3.10). Then 10 mL of THF was added 

to the washed NaH together with 0.25 g (0.55 mmol) of 2,6-O-TDMS cellulose and left stirring for 

30 min under an argon atmosphere. 1,2-Dibromo-2-methylpropane (0.7 mL, 5.5 mmol) was then 

slowly added dropwise over 5 min to the stirring mixture at room temperature. The reaction 

mixture was stirred for 1 day at room temperature and 3 more days at 50 °C. The reaction was 

quenched by addition of isopropanol (10 mL) and poured into 100 mL of phosphate buffer 

solution (714 mg K2HPO4 and 354 mg KH2PO4 in 100 mL of distilled water). The precipitate was 

collected by filtration (Whatman qualitative paper filter), washed with 50 mL of distilled water and 

50 mL of MeOH, and dried in a vacuum oven (1 mmHg) overnight at 40 °C. FTIR (CHCl3, cm
-1

), 

3500 (O-H); 2956, 2868 (CH3, CH2); 1462, 1380 (CH3, CH2); 1251 (Si-C); 1149, 1034 (C-O-C, 

ether); 831 (Si-C); 777 (Si-CH3). 
1
H-NMR (10% in CDCl3, ppm, 313 K): δ = 0.14 (Si-CH3), δ = 0.89 

(Si-C(CH3)2CH(CH3)2), δ = 1.66 (Si-C(CH3)2CH(CH3)2), δ = 1.94 (CBr(CH3)2, δ = 2.98-4.7 AGU 

protons and (C(CH2)-O). 
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2.3.13 Synthesis of 2,3-O-(2-bromoisobutyryl)-2,6-O-(thexyldimethylsilyl) 

cellulose 

2,6-O-TDMS-cellulose (1 g, 2.2 mmol) with a total DS of 1.3 was suspended in 25 mL of 

freshly distilled THF and 3.7 mL (46.2 mmol) of anhydrous pyridine under an argon atmosphere. 

The reaction solution was cooled to 0 °C with an ice/water bath and 2.9 mL (44 mmol) of 2-

bromoisobutyryl bromide was added dropwise over 15 min. The ice/water bath was removed and 

the reaction mixture was allowed to react for 19 hours at room temperature. The reaction mixture 

was precipitated into MeOH (300 mL), filtered (Whatman qualitative filter paper) and dried in a 

vacuum oven (1 mmHg) at 40 °C. The crude product was purified by dissolving it in 300 mL of 

CHCl3, and filtered through Whatman qualitative filter paper. The filtrate was then poured into 

MeOH (1 L) and the precipitate dried under vacuum (1 mmHg, 40 °C). Purified yield: 1.25 g 

(82%). FTIR (CHCl3, cm
-1

), 3530 (O-H); 2957, 2871 (CH3, CH2); 1751 (C=O); 1465, 1377 (CH3, 

CH2); 1252 (Si-C, C-O-C, ester); 1117, 1075 (C-O-C, ether); 835 (Si-C); 777 (Si-CH3). 
1
H-NMR (10% 

in CDCl3, ppm, 313 K): δ = 0.15 (Si-CH3), δ = 0.89 (Si-C(CH3)2CH(CH3)2), δ = 1.66 (Si-

C(CH3)2CH(CH3)2), δ = 1.95 (C(CH3)2Br), δ = 3.3 (OH), δ = 3.7 (H-6), δ = 3.8 (H-2, 5), δ = 4.0 (H-

4), δ = 4.3 (H-3 if TDMS in C2 and 2-bromoisobutyryl in C3), δ = 4.7 (H-1 if 2-bromoisobutyryl in 

position C2), δ = 4.8 (H-1 if TDMS in position C2), δ = 5.0 (H2 if 2-bromoisobutyryl in position 

C2), δ = 5.2 (H3 if 2-bromoisobutyryl in position C2). 
13

C-NMR (10% in CDCl3, ppm, 313 K): δ = - 

2.5 (Si-(CH3)2), δ = 18.6 (Si-C(CH3)2CH(CH3)2), δ = 20.4 (Si-C(CH3)2CH(CH3)2), 25.2 (Si-

C(CH3)2CH(CH3)2), δ = 34.3 (Si-C(CH3)2CH(CH3)2), δ = 60.3 (C6), δ = 75.02 (C4), δ = 101.9 (C1), 

δ = 169.6 (C13, if 2-bromoisobutyryl in position C2), δ = 170.8 (C13, if 2-bromoisobutyryl in 

position C3). 

 

2.3.14 Synthesis of 3-O-allyl-2,6-O-TDMS cellulose 

The synthesis of 3-O-allyl-2,6-O-TDMS cellulose was executed according to the procedure of 

Koschella et al.
2
 NaH (0.753 g, 24 mmol, or 10 mol/mol modified AGU) was washed four times 

with 80 mL of freshly distilled THF, as per the synthesis of 3-O-octyl-2,6-O-TDMS cellulose 

(section 2.3.10). Then 40 mL of freshly distilled THF was added along with 1.0 g (24 mmol) of 

2,6-O-TDMS cellulose and the reaction was stirred for 30 min. The flask was then placed in an 

ice bath and 1.84 mL (24 mmol) of allyl chloride was added dropwise over 5 min, under vigorous 

stirring. The mixture was stirred for 1 day at room temperature and 3 more days at 50 °C. The 

reaction was quenched by addition of isopropanol (40 mL) and poured into 300 mL of phosphate 

buffer solution (2.14 g K2HPO4 and 1.1 g KH2PO4 in 300 mL of distilled water). The precipitate 

was collected by filtration (Whatman qualitative filter paper) and washed with 200 mL of distilled 
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water and 150 mL of MeOH and dried in a vacuum oven (1 mmHg) overnight at 40 °C. Crude 

yield: 1.25 g (80%). FTIR (CHCl3, cm
-1

), 3513 (O-H); 3078 (=CH); 2957, 2871 (CH3, CH2); 1647 

(C=C); 1465, 1379 (CH3, CH2); 1252 (Si-C); 1119, 1086 (C-O-C, ether); 835 (Si-C); 777 (Si-CH3). 
1
H-

NMR (10% in CDCl3, ppm, 313 K) δ = 0.15 (Si-CH3), δ = 0.89 (Si-C(CH3)2CH(CH3)2), δ = 1.68 (Si-

C(CH3)2CH(CH3)2), δ = 3.2 (H-6), δ = 3.9 (H-2, 5), δ = 4 (H-4), δ = 4.5 (O-CH2-CH=CH2), δ = 5.2 

(O-CH2-CH=CH2), δ = 6.0 (O-CH2-CH=CH2). 
13

C-NMR (10% in CDCl3, ppm, 313 K): δ = - 2.5 (Si-

(CH3)2), δ = 18.6 (Si-C(CH3)2CH(CH3)2), δ = 20.4 (Si-C(CH3)2CH(CH3)2), 25.2 (Si-

C(CH3)2CH(CH3)2), δ = 34.3 (Si-C(CH3)2CH(CH3)2), δ = 61.5 (C6), δ = 68.1 (O-CH2-CH=CH2), δ = 

72-74.4 (C2, C4, C5, O-CH2-CH=CH2), δ = 82.3 (C3), δ = 101.6 (C1), δ = 116 (O-CH2-CH=CH2), 

δ = 135.8 (O-CH2-CH=CH2). 

 

2.3.15 Synthesis of 3-O-(3-hydroxypropyl)-2,6-O-TDMS cellulose  

The synthesis of 3-O-(3-hydroxypropyl)-2,6-O-TDMS cellulose performed as described by 

Schumann et al.
91

 3-O-allyl-2,6-O-TDMS cellulose (1 g, 2.1 mmol) was dissolved in 40 mL of 

freshly distilled THF, once dissolved the flask was cooled in an ice bath and 42 mL (0.5 M 

solution in THF; 21 mmol) of 9-borabicyclo (3.3.1) nonane (9-BBN) were slowly added dropwise 

over 20 min under an argon atmosphere. The reaction mixture was left stirring for 10 min, 

removed from the ice bath, warmed to room temperature and then heated to 80 °C and stirred for 

5 hours. The reaction was then cooled to 0 °C and excess 9-BBN was hydrolyzed by the addition 

of 16.5 mL of water, followed by 40.9 mL of a 3 M aqueous solution of NaOH and 35 mL of H2O2 

(30%). The reaction mixture was left stirring at room temperature, overnight. THF was then 

removed by rotary evaporation causing the product to precipitate, which was recovered by 

filtration (Whatman qualitative filter paper) and washed with water (100 mL) and MeOH (150 mL). 

The isolated product was dried overnight in a vacuum oven (1 mmHg) at 40 °C. Recovered yield: 

0.73 g (70%). FTIR (CHCl3, cm
-1

), 3465 (OH); 2957, 2871 (CH3, CH2); 1465, 1379 (CH3, CH2); 

1251 (Si-C); 1117, 1081 (C-O-C, ether); 835 (Si-C); 777 (Si-CH3). 
1
H-NMR (10% in CDCl3, ppm, 313 

K) δ = 0.17 (Si-CH3), δ = 0.89 (Si-C(CH3)2CH(CH3)2), δ = 1.67-1.78 (Si-C(CH3)2CH(CH3)2, 

OCH2CH2CH2OH), δ = 3.1-4.5 (H-1-H-6, OCH2CH2CH2OH). 
13

C-NMR (10% in CDCl3, ppm, 313 

K) δ = - 2.37 (Si-(CH3)2), δ = 18.6 (Si-C(CH3)2CH(CH3)2), δ = 20.5 (Si-C(CH3)2CH(CH3)2), 24.8 

(Si-C(CH3)2CH(CH3)2), δ = 32.7 (OCH2CH2CH2OH), δ = 33.8 (Si-C(CH3)2CH(CH3)2), δ = 59.3 (O-

CH2CH2CH2OH), δ = 61.5 (O-CH2-CH2CH2OH), δ = 69.8 (C6), δ = 73-79 (C2, C5, C4), δ = 84.1 

(C3), δ = 101.5 (C1). 
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2.3.16 Synthesis of 3-O-propyl-(2-bromoisobutyryl)-2,6-O-TDMS cellulose  

3-O-(3-hydroxypropyl-2,6-O-TDMS cellulose (1 g, 1.98 mmol) was dissolved in 30 mL of 

freshly distilled THF to which 0.45 g (6.6 mmol) of imidazole was added. The reaction was cooled 

to 0 °C under an argon atmosphere and 0.54 mL (4.4 mmol) of 2-bromoisobutyryl bromide was 

added under constant stirring. The reaction was warmed to room temperature and left to proceed 

overnight. The reaction was precipitated into MeOH (200 mL), filtrated (Whatman qualitative filter 

paper) and washed with MeOH (3 x 50 mL). The product was dried overnight in a vacuum oven 

(1 mmHg) at 40 °C. Recovered Yield: 0.73 g (70%). FTIR (CHCl3, cm
-1

), 3465 (O-H); 2957, 2871 

(CH3, CH2); 1738 (C=O); 1465, 1379 (CH3, CH2); 1251 (Si-C, C-O-C, ester); 1117, 1082 (C-O-C, 

ether); 835 (Si-C); 777 (Si-CH3). 
1
H-NMR (10% in CDCl3, 313 K) δ = 0.16 (Si-CH3), δ = 0.88 (Si-

C(CH3)2CH(CH3)2), δ = 1.67 (Si-C(CH3)2CH(CH3)2), δ = 1.93 (OCH2CH2CH2OCOC(CH3)Br), δ = 

3.1-4.25 (H-1-H-6, OCH2CH2CH2OCOC(CH3)2Br). 
13

C-NMR (10% in CDCl3, ppm, 313 K): δ = - 

2.37 (Si-(CH3)2), δ = 18.6 (Si-C(CH3)2CH(CH3)2), δ = 20.4 (Si-C(CH3)2CH(CH3)2), δ = 25.1 (Si-

C(CH3)2CH(CH3)2), δ = 29.2 (OCH2CH2CH2), δ = 30.9 (O(CO)CBr(CH3)2), δ = 33.8 (Si-

C(CH3)2CH(CH3)2), δ = 55.7 (O(CO)CBr(CH3)2), δ = 63.6 (O-CH2-CH2CH2OH), δ = 70.5 (C6), δ = 

73-79 (C2, C5, C4), δ = 84.3 (C3), δ = 101.4 (C1), δ = 171.4 (O(CO)CBr(CH3)2). 

 

2.3.17 Homogeneous polymerization of NIPAM from 3-O-propyl-(2-

bromoisobutyryl)-2,6-O-TDMS cellulose through ATRP 

3-O-propyl-(2-bromoisobutyryl)-2,6-O-TDMS cellulose (100 mg; 0.15 mmol) and NIPAM (1.7 

g, 15 mmol) were dissolved in 10 mL of freshly distilled THF in a 50 mL Schlenk flask (mixture 1). 

The mixture was degassed by four FPT as per the surface initiated ATRP of NIPAM from 

honeycomb films made from 6-O-(2-bromoisobutyryl) trimethylsilyl-O-cellulose (section 2.3.6). In 

a second 50 mL Schlenk flask 1.2 g of dimethyl formamide (DMF; 16 mmol) as an internal 

standard and 0.5 mL of MeOH (12.3 mmol) were added and degassed (four FPT cycles) (mixture 

2). Then CuCl (14.85 mg, 0.15 mmol), Cu(II)Cl2 (1 mg, 0.0075 mmol), and Me6TREN (41.4 mg, 

0.18 mmol) were added to the degassed MeOH/DMF mixture while frozen. The mixture was then 

subjected to further degassing by four FPT cycles (as described in section 2.3.6). The reaction 

was started by adding the initiator in mixture 1 through a degassed syringe under argon to the 50 

mL Schlenk flask containing the catalyst (mixture 2). The reaction proceeded at room 

temperature, under an argon atmosphere with constant stirring. During the course of the reaction, 

aliquots were withdrawn at specific time intervals. The reaction was terminated by exposure to 

air. The reaction mixture was precipitated in water (100 mL), which was heated above the LCST 

of PNIPAM to remove unreacted NIPAM and catalyst, and was repeated four times. The final 
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product was dried in a vacuum oven (1 mmHg) at 40 °C overnight and purified by dissolving the 

crude product (50 mg) in THF (20 mL) and precipitating it in water (100 mL). Again the precipitate 

was washed with water (3 x 50 mL) and finally freeze-dried. FTIR (ATR, cm
-1

), 3302 (N-H); 3064 

(=CH); 2966, 2868 (CH3, CH2); 1724 (C=O); 1644 (C=O, PNIPAM); 1538 (N-H); 1458 (CH3, CH2); 

1385 and 1365 (CH3, PNIPAM); 1251 (Si-C, C-O-C, ester); 1168 and 1042 (C-O-C, ether); 832 (Si-

C); 776 (Si-CH3). 
1
H-NMR (10% in CDCl3, 313 K) δ = 0.08 (Si-CH3); δ = 0.87 (Si-

C(CH3)2CH(CH3)2), δ = 1.16 (CH3)2-CH-NH); δ = 1.3-2.4 (CH2CHCH2)(CH)Br), (Si-

C(CH3)2CH(CH3)2) OCH2CH2CH2OCOC(CH3)2); δ = 2.9-4.6 (AGU protons, 

(OCH2CH2CH2OCOC(CH3)2) ((CH3)2-CH-NH); δ = 6.3 (N-H). 
13

C-NMR (10% in CDCl3, ppm, 313 

K): δ = 18.7 (Si-C(CH3)2CH(CH3)2), δ = 20.6 (Si-C(CH3)2CH(CH3)2), δ = 22.6 (CH3)2-CH-NH); δ = 

24.8 (O(CO)CBr(CH3)2), δ = 30.3 (OCH2CH2CH2O), δ = 34.2 (Si-C(CH3)2CH(CH3)2), δ = 41.3 

(CH3)2-CH-NH), δ = 174 (HN-(CO)CH). 

 

2.3.18 Homogeneous copolymerization of DEGMA and OEGMA from 3-O-

propyl-(2-bromoisobutyryl)-2,6-O-TDMS cellulose 

3-O-propyl-(2-bromoisobutyryl)-2,6-O-TDMS cellulose (49 mg, 0.075 mmol) was dissolved in 

5 mL of freshly distilled THF in a 50 mL Schlenk flask (mixture 1). In a second 100 mL Schlenk 

flask a mixture of OEGMA (0.178 mg, 0.375 mmol), DEGMA (1.3 g, 7.125 mmol), Me6TREN 

(20.7 mg, 0.09 mmol) and DMF (1.2 g, 16 mmol) as internal standard were mixed with 5 mL of 

freshly distilled THF (mixture 2). Both mixtures were degassed by four FPT cycles and blanketed 

with argon, as per the surface initiated ATRP of NIPAM from honeycomb films made from 6-O-(2-

bromoisobutyryl) trimethylsilyl-O-cellulose (section 2.3.6). CuCl (7.425 mg, 0.075 mmol) and 

CuCl2 (2.0 mg, 0.015 mmol) were introduced in the DEGMA and OEGMA mixture, while frozen, 

and again degassed (four FPT cycles). The reaction was started by adding the initiator mixture 1 

using a degassed syringe under argon. The reaction mixture was placed in an oil bath at 55 °C 

and stirred under argon. During the reaction aliquots were withdrawn at specific time intervals. 

The reaction was terminated by exposure to air and the catalyst was removed by passing the 

reaction mixture through a short alumina column, followed by dialysis (membrane cut off 3,500 

g/mol) in water for 72 hours. The product was then obtained as a dry powder after lyophilization. 

FTIR (ATR, cm
-1

), 2915, 2873 (CH3, CH2); 1726 (C=O); 1470 (CH2), 1452 (CH3); 1246 (Si-C, C-O-

C, ester); 1106 (C-O-C, ether); 835 (Si-C); 777 (Si-CH3). 
1
H-NMR (10% in CDCl3, 313 K) δ = 0.08 

(Si-CH3), δ = 1.0 CH3-C(CO)(CH2)2); δ = 1.9 (CH2(C(CO)CH3)2); δ = 3.4 ((CH2)OCH3); δ = 3.6-3.7 

((CH2)OCH3); δ = 4.1 ((CO)OCH2CH2). 
13

C-NMR (10% in CDCl3, ppm, 313 K): δ = 17.3 (CH3-

C(CO)(CH2)2), δ = 44.8 (CH2(C(CO)CH3)2); δ = 54.1 (CH3CH2C(CO)); δ = 59.0 (OCH3), δ = 63.9 

((CO)OCH2CH2); δ = 68.5-77.1 (O(CH2)2), δ = 176.5, 177.2, 177.6 (C(CO)O(CH2)2). 
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3 RESULTS AND DISCUSSION 

3.1 Synthesis of 6-O-(2-Bromoisobutyryl)-TMS-O-Cellulose for 

Preparation of Thermoresponsive Honeycomb Patterned 

Films via Surface Initiated ATRP 

 

Regioselectively substituted 6-O-(2-bromoisobutyryl)-TMS-O-cellulose was synthesized with 

different DS, and its structure confirmed by FTIR, 
1
H- and 

13
C-NMR. The ability of the newly 

synthesized cellulose derivative to form honeycomb patterned films was evaluated. The effect of 

parameters, such as concentration, flow/humidity, DS and regioselectivity in the film formation 

was studied. This ATRP active honeycomb film surface was modified through the grafting of 

thermoresponsive PNIPAM and its surface morphology and properties evaluated by SEM, AFM 

and contact angle measurements. The ability of 6-O-(2-bromoisobutyryl)-TMS-O-cellulose to form 

honeycomb patterned films makes it a very interesting material which provides the opportunity to 

tailor its surface properties to meet the requirements of specified end-use applications. 

 

3.1.1 Synthesis and characterization of 6-O-(2-bromoisobutyryl)-2,3-O-TMS 

cellulose 
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Scheme 3.1.1. Proposed synthetic scheme to synthesize 6-O-(2-bromoisobutyryl)-TMS-O-

cellulose: a. DMA-LiCl, TDMS-Cl, imidazole; b. 2-bromoisobutyryl bromide, anhydrous pyridine; c. 

DMA, anhydrous pyridine, HMDS-Cl. 
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The regioselectively substituted cellulose derivatives were synthesized by introducing a 2-

bromoisobutyryl group at position 6 according to Scheme 3.1.1. The selective modification of the 

C6 position was based on the preferential reactivity of the hydroxyl group in this position
96

 and 

through control of reaction stoichiometry. The solubility of these derivatives varied according to 

DS, which was calculated through quantitative 
13

C-NMR as described below. The low (0.26) and 

medium (0.52) DS derivatives were soluble in DMA, but not soluble in water, acetone, THF or 

CHCl3. The high (0.80) DS derivative was soluble in CHCl3, THF and DMA, but not in water or 

acetone. Therefore, to improve the solubility of the cellulose derivatives the unreacted hydroxyl 

groups in positions 2, 3 and 6 were silylated with trimethyl silyl (TMS) groups. In Table 3.1.1 the 

experimental conditions used to obtain these derivatives is described along with the respective 

DS of 2-bromoisobutyryl, Mn and PDIs. The Mn was determined by GPC-MALS to monitor the 

degradation of the cellulose backbone. Mn and DSs analyses were conducted in duplicate, 

respective relative percent differences (RPDs%) were determined as per Equation 3.1.1 and 

found to be no higher than 4%. A table with respective duplicate values and RPDs is presented in 

APPENDIX-Duplicates and respective RPDs%. 

 

 

RPD (%) = [(x1 – x2)/ xavg] x 100  Equation 3.1.1 

x1, x2– measured values 

xavg – average of measured values 

 

 

Table 3.1.1. Effect of molar equivalents of 2-bromoisobutyryl bromide (BribuBr) on the degree of 

substitution (DS), Mn and PDI of 6-O-(2-bromoisobutyryl)-TMS-O-cellulose derivatives. 

C6 derivative Molar equivalents BribuBr DS2-bromoisobutyryl
(a)

 Mn
 
(g/mol)

(b)
 PDI

(b)
 

L 0.4 0.26 5.5*10
4
 1.1 

M 0.6 0.52 5.9*10
4
 1.2 

H 0.8 0.80 5.9*10
4
 1.2 

Non-regioselective 6 2.24 7.0*10
4
 1.2 

(a) 
DS determined from quantitative 

13
C-NMR. 

(b)
 Mn and PDI determined by GPC-MALS. 
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Figure 3.1.1. Comparison of FTIR spectra of 6-O-(2-bromoisobutyryl) TMS-O-cellulose with 

different DS; a) low DS (0.24); b) medium DS (0.50); c) high DS (0.80). 

 

 

FTIR spectra of the C6 derivatives (Figure 3.1.1) confirmed the introduction of functional 

group 2-bromoisobutyryl in the cellulose backbone (detection of C=O peak at 1740 cm
-1

 (C=O), C-

O-C ester peak at 1248 cm
-1

 (C-O-C)and C-O-C ether at 1122 and 1084 cm
-1 

(C-O-C)). The 

existence of TMS was also confirmed by the presence of a peak at 746 cm
-1

 (Si-C)  

The molecular structure of 6-O-(2-bromoisobutyryl) cellulose with a DS of 0.26 and the 

regioselective substitution in position C6 was done by two dimensional NMR (2D-NMR). In order 

to obtain well resolved spectra, 6-O-(2-bromoisobutyryl) cellulose was first acetylated with acetic 

anhydride in anhydrous pyridine to avoid the peak broadening caused by inter- and 

intramolecular interactions.
2
 Signals assignments were determined by crosspeak correlations 

using heteronuclear single-quantum correlation (HSQC, Figure 3.1.2), homonuclear correlation 

spectroscopy (COSY, Figure 3.1.3) and heteronuclear multiple-bond correlation spectroscopy 

(HMBC, Figure 3.1.4). 
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Figure 3.1.2. 
1
H/

13
H heteronuclear single-quantum correlation spectroscopy (HSQC) of 6-O-(2-

bromoisobutyryl)-2,3,6-O-acetyl cellulose. 
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Figure 3.1.3. 
1
H/

1
H homonuclear correlation spectroscopy (COSY) of 6-O-(2-bromoisobutyryl)-

2,3,6-O-acetyl cellulose. 
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Figure 3.1.4. 
1
H/

13
H heteronuclear multiple-bond correlation spectroscopy (HMBC) of 6-O-(2-

bromoisobutyryl)-2,3,6-O-acetyl cellulose. 

 

 

Accordingly, H1, H6 were assigned by correlations in the HSQC spectrum (Figure 3.1.2) 

H/C; H1/C1 ~ 4.5/102; H6acetate/2-bromoisobutyryl/C6acetate/2-bromoisobutyryl ~ 4.1-4.4/61-64. COSY 

spectrum (Figure 3.1.3) correlations assigned H2 (~ 4.8 ppm), H3 (~ 5.1 ppm), H4 (~ 3.7 ppm) 

and H5 (~ 3.55 ppm) by crosspeak correlation with H1, H2, H3 and H(4 and 6), respectively. 

Once the protons were identified, it was possible to assign the remaining carbons by correlations 

in the HSQC spectrum H/C; H2/C2 ~4.8/70-73; H3/C3 ~ 5.1/70-73; H4/C4 ~ 3.7/75-78; H5/C5 

~ 3.55/75-78. As the DS of 2-bromoisobutyryl was 0.26 the acetylated product produced two 

signals for H6/C6 which were identified through correlations in the HMBC spectrum (Figure 3.1.4) 

H/C; H6acetate/C6acetate ~ 4.1-4.35/170 H62-bromoisobutyryl/C62-bromoisobutyryl ~ 4.2-4.4/171. Furthermore, 

the remaining carbonyl peaks were assigned as follows:  = 169.5 ppm (C3(C=O) and  = 169 

ppm (C2(C=O). All peaks and correlations found from 2D NMR techniques HSQC, COSY and 

HMBC are in agreement with the structure 6-O-(2-bromoisobutyryl) 2,3,6-O-acetyl cellulose (DS = 

0.26). Therefore, to verify the regioselective substitution of 6-O-(2-bromoisobutyryl) TMS-O-

cellulose with DS of 0.52 (medium DS) and 0.80 (high DS) a comparison between the different 
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1
H- and 

13
C-NMR spectra, Figure 3.1.5 and Figure 3.1.6, respectively, was done against the 

regioselectively substituted cellulose derivative with a DS = 0.26 (low DS) and a non-

regioselectively substituted 2,3,6-O-(2-bromoisobutyryl) TMS cellulose, synthesized for this 

purpose. 
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Figure 3.1.5. Comparison of 
1
H-NMR spectrum of 6-O-(2-bromoisobutyryl)-TMS-O-cellulose; a) 

low DS, b) medium DS, c) high DS, d) non-regioselectively substituted 2,3,6-O-(2-

bromoisobutyryl)-TMS-O-cellulose. 

 

 

1
H-NMR spectra of 6-O-(2-bromoisobutyryl) TMS-O-cellulose with different DS (Figure 3.1.5 

a), b) and c)) were compared against the respective non-regioselectively substituted derivative 

(Figure 3.1.5 d)). The synthesis of a random C6 derivative with a DS = 1 was attempted but 

positions C6 and C2 were preferentially functionalized. We also considered using protecting 

group chemistry but it was extremely difficult because the 2-bromoisobutyryl group is sensitive to 

the deprotection conditions of TMS, TDMS and trityl. Therefore, it was decided to synthesize a 
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non-regioselectively substituted 2,3,6-O-(2-bromoisobutyryl)-O-TMS cellulose for comparison. 

The latter was synthesized following the same procedure as described for the regioselectively 

substituted derivatives, employing an excess of 6 mole equivalents of 2-bromoisobutyryl bromide. 

The identification of the peaks was done based on what was found earlier for 6-O-(2-

bromosiobutyryl)-2,3,6-O-acetyl-O-cellulose and from work by Heinze et al.
338

 and Iwata et al.
95

. 

The AGU region of the 6-O-(2-bromosiobutyryl)-TMS-O-cellulose with a medium DS in Figure 

3.1.5 b) is very similar to the AGU region of the low DS cellulose derivative confirming the 

regioselective substitution of the C6 position with a calculated DS of 0.52. In the 
1
H-NMR

 

spectrum of the cellulose derivative with high DS (Figure 3.1.5 c)) a new peak was detected at 

5.1 ppm which could potentially be due to the presence of 2-bromoisobutyryl in position C2. If 

confirmed, this would mean that the high DS derivative might not have been regioselectively 

substituted exclusively in position C6. Furthermore, the AGU region shows a slight alteration 

when compared against the AGU regions of the cellulose derivatives with medium and low DS. 

This difference might be due to the increment of the DS in position C6. Based on these 

observations it is not possible to determine whether this cellulose derivative with high DS has 

been regioselectively substituted or not. The 
13

C-NMR analysis might bring some more 

information on this matter. On the other hand, the 
1
H-NMR spectrum of the non-regioselective 

cellulose derivative (Figure 3.1.5 d)) clearly shows two peaks at 5.4 and 4.7 ppm which were 

assigned as H3 and H2 when 2-bromoisobutyryl is present at positions C2 and C3 of the AGU. In 

order to confirm the structure of these cellulose derivatives and the respective DS isobutyryl 

quantitative 
13

C-NMR was performed (Figure 3.1.6). 
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Figure 3.1.6. 1: Comparison of 
13

C-NMR spectrum of 6-O-(2-bromoisobutyryl)-TMS-O-cellulose; 

a) low DS, b) medium DS, c) high DS, d) non-regioselectively substituted with high DS; 2: Zoom-

in of respective carbonyl region. 

 

 

The comparison of 
13

C-NMR spectra further confirmed the synthesis of the regioselectively 

substituted derivatives with low and medium DS (Figure 3.1.6 a) and b)) in which, a single 

carbonyl peak at 170.8 ppm was detected. In the spectrum of the high DS derivative (Figure 

3.1.6 c)) one single carbonyl peak at 170.8 ppm was detected, and not the two peaks that would 

have been expected if 2-bromoisobutyryl had been in positions C6 and C2. The absence of a 

second carbonyl peak might be due to the low DS at C2 position, confirmed by the low intensity of 

peak at 5.1 ppm, Figure 3.1.5 c). Therefore, for the present study, derivative 6-O-(2-

bromoisobutyryl) TMS-O-cellulose with high DS (DS = 0.8) will be treated as regioselectively 

substituted and the DS of 2-bromoisobutyryl in C2 position considered negligible. On the other 

hand, the spectrum of the non-regioselectively substituted derivative (Figure 3.1.6 d)) exhibited 

three carbonyl peaks at 170.8, 170.2 and 169.4 ppm, confirming the isobutyrylation at positions 

C6, C3 and C2 of the AGU. As expected peak 9, which corresponds to the methyl groups of 2-

bromoisobutyryl, increased as the DS increased. Similarly, peak 10, from the methyl groups in the 
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TMS groups, decreased as the DS of 2-bromoisobutyryl increased. The degree of substitution of 

2-bromoisobutyryl was determined by setting the integral value for C1 carbon of the AGU to 1.0 

and compared against peak 7 (carbonyl group from the 2-bromoisobutyryl), see Table 3.1.1. 

In the following section, the newly synthesized 6-O-(2-bromoisobutyryl) TMS-O-cellulose with 

different DS was used to produce honeycomb films and the different parameters studied in order 

to obtain good quality films. 

 

3.1.2 Preparation of honeycomb films from 6-O-(2-bromoisobutyryl) TMS-

O-cellulose derivatives with different DS 

 

The experimental work done in this section was part of a preliminary study with the objective 

to prepare uniform honeycomb films with homogeneous distribution of pore sizes. Therefore, 

experimental parameters were varied, such as flow/humidity, concentration of the polymer 

solution and DS2-bromoisobutyryl, which are known to influence the formation of uniform honeycomb 

films. Ideally a statistically designed study to obtain the optimal experimental conditions for 

honeycomb formation would have been desired; however time and equipment limitations 

prevented this study from being executed. Nevertheless, this has been proposed as future work. 

 

Regioselectively substituted 6-O-(2-bromoisobutyryl) TMS-O-cellulose with high, medium and 

low DS were solubilised in toluene, which was previously shown to be a very good solvent for 

honeycomb film formation from cellulose derivatives.
4,319

 Figure 3.1.7 is a cartoon describing the 

experimental set up for the film formation. 
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Figure 3.1.7. Experimental setup for formation of honeycomb films. 

 



67 

 

In short, a stream of air, with a known flow rate, was passed through water to produce a flow 

of humid air. The humidity was found to be directly proportional to the flow rate. Accordingly, a 10 

µL drop of polymer solution, with a specific concentration was cast on top of a glass slide and 

exposed to the humid airflow. As the solvent evaporated a film was produced; whether or not it 

was a honeycomb film was dependent on the conditions used. 6-O-(2-Bromoisobutyryl) TMS-O-

cellulose solutions with different concentration and DS were tested under different flow 

rate/humidity conditions for the production of honeycomb films. 

 

Flow rate/Humidity 

In Table 3.1.2, 6-O-(2-bromoisobutyryl) TMS-O-cellulose derivatives with low (0.26) and 

medium (0.52) DS were used at a concentration of 2 mg/mL but different flow rates. As previously 

mentioned, increasing the flow rate causes an increase in the humidity. From previous 

work,
306,310,314

 it was found that the higher the flow rates the smaller the pores, however in our 

case the accompanying increase in humidity resulted in an increase in the pore size. Therefore, 

in this particular experimental set up, flow rate and humidity have an opposite effect in the pore 

size. The chosen flow rates correspond to the minimum humidity required for honeycomb 

formation, about 50%,
312

 and a medium and a high value, of 70 and 90% (Table 3.1.2, Figure 

3.1.8 and Figure 3.1.9) 

 

 

Table 3.1.2. Experimental conditions used in the production of honeycomb films from 6-O-(2-

bromoisobutyryl) TMS-O-cellulose with low and medium DS and different flow/humidity. 

Expt # DS H(%) C(mg/ml) F(L/min) Pore size 

1 0.26 50 2 0.5 3.1 ± 1.0 µm 

2 0.26 88 2 0.9 2.4 ± 0.4 µm 

3 0.52 69 2 0.7 3.3 ± 0.2 µm 

4 0.52 90 2 0.9 2.5 ±0.5 µm 

Note: The Expt #s correspond to the numbers in Figure 3.1.8 and Figure 3.1.9. Pore size 

measurements, n = 11. 

 

 

Honeycomb films formed from the low (0.26) DS derivative at 0.5 L/min were not uniform, and 

evidence of coalescence was observed at 1 K and 4 K magnification (Figure 3.1.8). The large 

pore size (3.1 ± 1.0 µm) observed was possibly due to the slower rate of solvent evaporation. 

Increasing the flow rate to 0.9 L/min narrowed and decreased the pore size distribution to 2.4 ± 

0.4 µm. This behaviour might be related to the higher rate of solvent evaporation and not higher 
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humidity as no increase in pore size was observed. However, the pore shape was not as uniform 

as at the lower flow rate. In order to improve the quality of these films an intermediate flow rate of 

0.7 L/min was tested. Unfortunately, the corresponding films showed a similar pattern to the ones 

prepared at the lower flow rate (0.5 L/min) when observed under the optical microscope 

(APPENDIX-Selected optical micrograph). As a result the SEM analysis was not performed on 

this sample. 

 

 

 

Figure 3.1.8. SEM images of honeycomb films from 6-O-(2-bromoisobutyryl) TMS-O-cellulose 

with low (0.26) DS at different flow/humidity: 1) 0.5 L/min and 2) 0.9 L/min. 

 

 

The effect of flow rate on honeycomb film formation using the medium (0.52) DS 6-O-(2-

bromoisobutyryl) TMS-O-cellulose derivatives was also studied (Figure 3.1.9).  
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Figure 3.1.9. SEM images of honeycomb films from 6-O-(2-bromoisobutyryl) TMS-O-cellulose 

with medium DS (0.52) at different flow/humidity; 3) 0.7 L/min; 4) 0.9 L/min. 

 

 

Unlike those prepared using the low (0.26) DS derivative, the medium (0.52) DS 6-O-(2-

bromoisobutyryl) TMS-O-cellulose formed honeycomb films with higher uniformity. At a flow rate 

of 0.7 L/min films were formed with a pore size of 3.3 ± 0.2 µm. Increasing the flow rate to 0.9 

L/min decreased the pore size to 2.5 ± 0.5 µm, but also increased the pore size distribution with 

small pores being formed on the walls of the larger pores. 

 

Concentration 

Concentration is another parameter that allows the pore size to be controlled. Generally, the 

higher the concentration, the smaller the pores.
314

 Stenzel observed a correlation between 

concentration (c) and pore size (ps) which is close to ps = k/c, where k is a constant dependent 

upon the material employed.
312

 This has been observed in amphiphilic polymers or other 

polymers that tend to form aggregates in solution, such as star shaped PSt.
312,327–329

 On the other 

hand, star polymers are not as sensitive to a variation in concentration.
312,314,325,328

 Based on the 

aforementioned results a flow rate of 0.7 L/min was used and the concentration of the solutions 

was varied between 3-8 mg/mL; 2-5 mg/mL and 2-4 mg/mL for the low (0.26), medium (0.52) and 

high (0.8) DS derivatives, respectively (Table 3.1.3). 
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Table 3.1.3. Experimental conditions used in the production of honeycomb films from 6-O-(2-

bromoisobutyryl) TMS-O-cellulose with different DS and concentration. 

Expt # DS H(%) C(mg/mL) F(L/min) Pore size 

5 0.24 68 3 0.7 3.4 ± 0.4 µm 

6 0.24 68 4 0.7 3.6 ± 0.4 µm 

7 0.24 68 8 0.7 N/A 

8 0.5 69 2 0.7 3.3 ± 0.2 µm 

9 0.5 69 3 0.7 3.9 ± 0.3 µm 

10 0.5 69 4 0.7 4.3 ± 0.1 µm 

11 0.5 67 5 0.7 1.7 ± 0.1 µm 

12 0.8 69 2 0.7 1.1 ± 0.5 µm 

13 0.8 68 3 0.7 1.8 ± 0.5 µm  

14 0.8 68 4 0.7 1.2 ± 0.4 µm 

Note: The Expt #s correspond to the numbers in Figure 3.1.10-Figure 3.1.12. Pore size measurements, n = 

11. 
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Figure 3.1.10. SEM images of honeycomb films from 6-O-(2-bromoisobutyryl) TMS-O-cellulose 

with low (0.26) DS at different concentrations: 5) 3mg/mL; 6) 4 mg/mL and ;7) 8 mg/mL. 

 

 

The concentration of solutions made from the cellulose derivative with low (0.26) DS was 

increased from 3 to 4 mg/mL and better film formation was observed. However, the pore size did 

not decrease, as expected. As a matter of fact, the pore size did not change significantly, 3.4 ± 

0.4 µm and 3.6 ± 0.4 µm, respectively. The further increase in concentration from 4 to 8 mg/mL 

caused a substantial decrease in the quality of the films formed (Figure 3.1.10 - 7). These 

unexpected observations might be related to the low DS of the polymer and its interactions with 

the solvent used.  
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In Figure 3.1.11 the effect of the concentration of the polymer solution on film formation was 

studied in C6 derivatives with medium (0.52) DS. 
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Figure 3.1.11. SEM images of honeycomb films from 6-O-(2-bromoisobutyryl) TMS-O-cellulose 

with medium (0.52) DS at different concentrations; 8) 2 mg/mL; 9) 3 mg/mL; 10) 4 mg/mL; 11) 5 

mg/mL. 

 

 

In general, the films exhibited a uniform pore distribution. Increasing the concentration from 2 

to 4 mg/mL for the medium (0.52) DS derivative did not cause a decrease in pore size, as 

expected from Stenzel’s equation
312

, and in fact the pore size increased from 3.3±0.2 µm to 
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4.3±0.1 µm. As previously mentioned, the concentration effect on the pore size was mainly 

verified in amphiphilic polymers or other polymers, such as star shaped PSt, which tend to 

aggregate in solution. This was not the case for the cellulose derivatives used in this study at 2-4 

mg/mL. However, when increasing the concentration from 4 to 5 mg/mL (Figure 3.1.11 - 11) the 

pore size decreased dramatically (from 4.3 ± 0.1 µm to 1.7 ± 0.1 µm). This might be indicative of 

polymer chain aggregation above a certain polymer concentration. As mentioned above, an 

increase in the concentration of polymer solutions that tend to form aggregates causes a 

decrease in the pore size. In order to confirm the occurrence of aggregation or not, a 

measurement of the size particles would be necessary. This could be done by dynamic light 

scattering but due to lack of time, it was not possible to do it. The formation of honeycomb films 

from 6-O-(2-bromoisobutyryl) TMS-O-cellulose with high (0.80) DS at different concentrations 

was also studied (Figure 3.1.12). 
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Figure 3.1.12. SEM images of honeycomb films from 6-O-(2-bromoisobutyryl) TMS-O-cellulose 

with high (0.80) DS at different concentrations. 12) 2 mg/mL; 13) 3 mg/mL; 14) 4 mg/mL. 
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The 6-O-(2-bromoisobutyryl) TMS-O-cellulose with high (0.80) DS formed relatively uniform 

honeycomb films at a concentration of 2 mg/mL with an average pore size of 1.1 ± 0.5 µm. 

Increasing the concentration to 3 mg/mL caused a small increase in pore size from 1.1 ± 0.5 µm 

to 1.8 ± 0.5 µm. A further increase to 4 mg/mL caused a decrease in pore size to 1.2 ± 0.4 µm 

however; the uniformity of the honeycomb film was lost. Additionally, a multi-layered honeycomb 

film was clearly observed in the SEM images (Figure 3.1.12). 

 

Degree of substitution 

The DS of the 2-bromoisobutyryl groups and its effect on honeycomb film formation was 

assessed. Regioselectively substituted 6-O-(2-bromoisobutyryl) TMS-O-cellulose samples with 

DS of 0.26 (low), 0.52 (medium) and 0.8 (high) as well as a non-regioselectively substituted 

derivative with a DS of 2.2 were studied (Table 3.1.4 and Figure 3.1.13). 

 

Table 3.1.4. Experimental conditions used in the production of honeycomb films from 6-O-(2-

bromoisobutyryl) TMS-O-cellulose with different DS. 

Expt # DS Solvent H(%) C(mg/ml) F(L/min) Pore size 

5 0.26 Toluene 68 3 0.7 3.4 ± 0.4 µm 

9 0.52 Toluene 69 3 0.7 3.9 ± 0.3 µm 

13 0.8 Toluene 68 3 0.7 1.8 ± 0.5 µm 

15 2.2
 

CHCl3:Toluene
(a)

 70 3 0.7 0.5 ± 0.2 µm 

(a)
 Ratio = 2:1 (CHCl3:Toluene)  

Note: The Expt #s correspond to the numbers in Figure 3.1.13. Pore size measurements, n = 11.  
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Figure 3.1.13. SEM images of honeycomb films from 6-O-(2-bromoisobutyryl) TMS-O-cellulose 

with different DS at a concentration of 3mg/mL. 5) DS = 0.26; 9) DS = 0.52; 13) DS = 0.8; 15) 

DS=2.2. 

 

 

The DS of the 2-bromoisobutyryl moiety showed a significant influence on the pore size. A 

significant decrease in pore size from 3.4 ± 0.4 µm to 1.8 ± 0.5 µm was observed with an 

increase in DS from 0.26 to 0.8 (Table 3.1.4). At the higher DS of 2.2 the film obtained from the 

non-regioselectively substituted derivative showed a substantial decrease in pore size (0.5 ± 0.2 

µm) and uniformity of the pores. This observation could be related to the insolubility of the latter in 

toluene; which required a mixture of CHCl3 and toluene (2:1) to be used. It is known that different 

solvent systems evaporate at different rates, influence the molecular shape adopted by a polymer 

in solution, and therefore affect the uniformity of film formation.
329

 The addition of CHCl3 
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increased the vapor pressure of the solvent system and consequently the rate of evaporation, 

and ultimately to a rapid cooling of the surface of the polymer solution. As a result, the 

condensation of water vapor increases forming larger water droplets and an increase in pore 

size.
329

 However, that was not observed, the pore size was the smallest obtained so far for these 

derivatives. Therefore, the lower pore size and lack of uniformity could be due to a combination of 

factors such as the significantly higher DS, the non-regioselective derivative and the molecular 

interactions between the cellulose derivative and the solvent system. Furthermore, the increased 

hydrophilic character of the non-regioselectively substituted cellulose derivative, due to the lower 

amount of TMS groups and higher amount of 2-bromoisobutyryl groups, might also contribute to 

the observed behaviour.
318

 

 

3.1.3 Surface modification of honeycomb films made from regioselectively 

substituted cellulose derivative via surface initiated ATRP 

 

Hérnandez-Guerrero et al.
332

 modified the surface of honeycomb films made from PSt and 

polystyrene-ran-poly(hydroxyethyl methacrylate) (PSt-ran-PHEMA) by “grafting-from” PNIPAM 

through RAFT polymerization. To the best of our knowledge, surface modification of cellulosic 

honeycomb films through ATRP polymerization has not been done. In the present work, PNIPAM 

was “grafted-from” the surface of the honeycomb film made from 6-O-(2-bromoisobutyryl)-TMS-

O-cellulose, with medium (0.52) DS (section 3.1.2) through surface initiated ATRP. The choice of 

this honeycomb film was based on the uniform pore size distribution and the lower density of 

initiator on the surface. A lower distribution of initiators on the surface would minimize potential 

interactions between growing chains, which could lead to termination. The polymerization was 

performed in aqueous media and Me6TREN/CuCl was used as a catalyst; experimental 

conditions were based on previous work
230

 (Table 3.1.5). 

 

 

Table 3.1.5. Experimental conditions used in surface initiated ATRP of NIPAM from the surface of 

honeycomb film. 

NIPAM:Solvent Solvent 
Cu(I)Br 

mmol/mL 

Cu(II)Br 

mmol/mL 

Cu(0) 

mmol/mL 

Me6TREN 

mmol/mL 

1:100 H2O 2.5 3.7 1.5 8.7 

Note: The final product was washed 3 times with distilled water and then dried in a vacuum oven overnight. 
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Figure 3.1.14. Comparison of ATR-FTIR spectra of PNIPAM (bottom), 6-O-(2-bromoisobutyryl) 

TMS-O-cellulose (middle) and honeycomb film from 6-O-(2-bromoisobutyryl)-TMS-O-cellulose 

medium DS (top) after surface initiated ATRP. 

 

 

After surface initiated ATRP the film was extensively washed with water to remove any 

adsorbed homopolymer of PNIPAM from the surface. The successful grafting of PNIPAM from 

the surface of the honeycomb film was confirmed by ATR-FTIR (Figure 3.1.14). The film made 

from 6-O-(2-bromoisobutyryl)-TMS-O-cellulose (middle spectrum Figure 3.1.14) clearly shows 

the carbonyl stretching band (C=O) at 1734 cm
-1

 associated with isobutyryl moieties, and that of 

the TMS groups (Si-C) at 746 cm
-1

. The corresponding spectrum after PNIPAM was grafted-from 

the honeycomb film surface and thoroughly washed, displayed the appearance of new peaks at 

3302 cm
-1

 (N-H) and 1644 cm
-1

 (C=O) associated with the PNIPAM side-chain. This result 

confirms that the peaks detected from PNIPAM are grafted from the cellulose-based 

macroinitiator. 

The effect of SI-ATRP of NIPAM on the honeycomb film surface was analyzed by optical 

microscopy (Figure 3.1.15) and AFM (Figure 3.1.16). From the optical micrographs, it is clear 

that the grafting of PNIPAM from the surface of the films did not dramatically affect the 

morphology of the pores. The two images appear virtually identical. 
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Figure 3.1.15. Optical micrographs of honeycomb films from 6-O-(2-bromoisobutyryl) TMS-O-

cellulose with medium DS before (left) and after (right) surface initiated ATRP.  

 

 

AFM analysis of the films before and after ATRP appears to show some difference between 

the two 3D images (Figure 3.1.16). The surface of the films may have been modified, however, 

the width of the pores before (3.0 ± 0.3 µm) and after (2.9 ± 0.3 µm) ATRP did not change. 

Likewise, pore depth did not increase significantly (from 2.2 ± 0.1 µm to 2.3 ± 0.08 µm). 
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Figure 3.1.16. AFM 3D height images of the honeycomb film from 6-O-(2-bromoisobutyryl) TMS-

O-cellulose with medium DS before (left) and after (right) surface initiated ATRP. Pore depth and 

width measurements, n = 4. 
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The surface properties were further studied by AFM in peak force/quantitative 

nanomechanical mapping mode (QNM) to determine the elastic modulus of the honeycomb films 

before and after surface initiated ATRP (Figure 3.1.17). 
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Figure 3.1.17. AFM 2D modulus images of the honeycomb film from 6-O-(2-bromoisobutyryl) 

TMS-O-cellulose with medium DS before (left) and after (right) surface initiated ATRP. Modulus 

measurements, n = 5. 

 

 

The elastic modulus of the honeycomb film surface before surface initiated ATRP was 

measured to be 824 ± 162 MPa, but after ATRP the elastic modulus of the surface decreased 

dramatically to 202 ± 15 MPa, Figure 3.1.17. This observation is consistent with the ATR-FTIR 

results and confirm the modification of the surface. 

Further confirmation of the surface modification and grafting of PNIPAM via surface initiated 

ATRP can be seen from overlaying the 3D AFM elastic modulus image on top of the 3D height 

image (Figure 3.1.18). The overlaid images clearly showed the PNIPAM modification of the 

surface of the film, wherein the grafting occurred consistently across the surface between the 

pores and not preferentially in or around the edges of the pores. This is consistent with the 

distribution of the initiator evenly throughout the film and not around the pores, as observed for 

other amphiphilic copolymers
316–318

. Furthermore, the pore size distribution of the honeycomb 

films made from 6-O-(2-bromoisobutyryl)-TMS-O-cellulose remained homogeneous after surface 

initiated ATRP. 
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Figure 3.1.18. AFM 3D image of elastic modulus overlaid on top of height, before (left) and after 

(right) ATRP. 

 

 

The surface modification was also assessed by contact angle measurements (Figure 3.1.19). 

In general, a surface with a contact angle above 90° is considered more hydrophobic and below 

90° more hydrophilic.
339

 The contact angle of the honeycomb surface changed dramatically from 

105 ± 3°, before surface initiated ATRP, to 66 ± 1°, after PNIPAM modification. This implies that 

the surface became more hydrophilic, confirming the successful grafting of PNIPAM from the 

honeycomb film surface. 

 

 

 

Figure 3.1.19. Contact angle analysis of honeycomb film surface from 6-O-(2-bromoisobutyryl) 

TMS-O-cellulose with medium DS before (left) and after (right) surface initiated ATRP. 

Measurements were done in triplicate. 
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3.1.4 Conclusions 

 

Regioselectively substituted 6-O-(2-bromoisobutyryl) TMS-O-cellulose, an ATRP 

macroinitiator, was successfully synthesized with different DS, which was confirmed by FTIR, 
1
H- 

and 
13

C-NMR. This derivative was found to form honeycomb patterned films by the breadth-

figures method. Film casting parameters such as air flow/humidity, polymer concentration and the 

DS of the 2-bromoisobutyryl moiety influenced honeycomb film structure. Air flow/humidity 

affected pore size and uniformity. Three different air flow/humidity values were tested and 0.7 L 

min
-1

 / 70% RH was found to be the best. The effect of concentration was found to vary 

depending on the DS of the 2-bromoisobutyryl moieties in the cellulose derivative. For example, 

the low (0.24) DS derivative did not appear to change in pore size at concentrations of 3 or 4 

mg/mL, but lost its ability to form good quality honeycomb films when the concentration was 

increased to 8 mg/mL. On the other hand, the honeycomb films made from the derivative with 

medium (0.5) DS had increased pore size (3.3 ± 0.2 µm to 4.3 ± 0.1 µm), when increasing the 

concentration from 2 to 4 mg/mL. Further increasing the polymer concentration to 5 mg/mL 

caused a dramatic decrease in pore size to 1.7 ± 0.1 µm. Finally, the high (0.8) DS macroinitiator 

required much lower concentrations and produced the smallest pore diameter films. Increasing 

the concentration from 2 to 3 mg/mL caused a small increment in pore size (1.1 ± 0.5 µm to 1.8 ± 

0.5 µm). On the other hand, a further increase in concentration to 4 mg/mL decreased the pore 

size to 1.2 ±0.4 µm, resulting in a loss of the honeycomb film uniformity. Increasing the DS to 2.2 

(non-regioselectively substituted derivative) decreased the pore-diameter to 0.5 ± 0.2 µm, 

however; the honeycomb pattern distribution was not uniform. This could be due to the 

significantly higher DS, the non-regioselectivity of the cellulose derivative and/or to the fact that a 

different solvent system (CHCl3:toluene (2:1)), needed to be used because of solubility issues. 

The solvent system affects the rate of evaporation, and hence film formation.
329

  

The surface modification of the honeycomb films was achieved by grafting the PNIPAM via 

surface initiated ATRP. The film was analyzed by ATR-FTIR, which confirmed successful grafting. 

Contact angle analysis indicated a change in the surface’s properties from more hydrophobic to 

more hydrophilic, consistent with the grafting of PNIPAM. Optical and atomic force microscopy 

(AFM) confirmed that the honeycomb pattern was preserved after the surface modification. 

Although AFM height analysis revealed the pore size remained the same after grafting, AFM 

quantitative nanomechanical mapping (AFM/QNM) analysis showed that the elastic modulus of 

the surface was dramatically altered (824 ± 162 MPa to 202 ± 15 MPa). The AFM results also 

demonstrated that the initiators were distributed throughout the surface of the film and not 

exclusively around the pores as observed in amphiphilic copolymers.
316,317

 Finally, the pore size 

distribution remained homogeneous after ATRP. Unfortunately, it was not possible to assess the 
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thermoresponsiveness of the PNIPAM modified films in the present study due to the absence of 

adequate instrumentation.  
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3.2 Synthesis of 3-O-(2-Bromoisobutyryl)-2,6-O-TDMS-cellulose 

and 2,3-O-(2-Bromoisobutyryl)-2,6-O-TDMS-cellulose for the 

Preparation of Thermoresponsive Honeycomb Patterned 

Films via ATRP 

 

In the previous section it was demonstrated that 6-O-(2-bromoisobutyryl)-2,6-O-TDMS 

cellulose, an ATRP cellulose based macroinitiator, forms homogeneous honeycomb films. Herein, 

it is hypothesized that this ability might be related to the regioselective substitution of the cellulose 

derivative. Therefore, 3-O-(2-bromoisobutyryl)-2,6-O-TDMS cellulose (regioselectively 

substituted) and 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS cellulose (non-regioselectively 

substituted), also ATRP cellulose based macroinitiators, were synthesized and their aptitude to 

form homogeneous honeycomb films tested. The conditions used in this study were based on the 

results obtained from the preceding section. The final objective of the present section is to modify 

the surface of a homogeneous honeycomb film by “grafting-from” a thermoresponsive polymer 

(PNIPAM) through ATRP while maintaining the honeycomb pattern. 

 

3.2.1 Synthesis of 3-O-(2-bromoisobutyryl)-2,6-O-TDMS cellulose 
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Scheme 3.2.1. Synthetic scheme for the synthesis of 3-O-(2-bromoisobutyryl)-2,6-O-TDMS 

cellulose; a) DMA/LiCl, TDMS-Cl, imidazole b) anhydrous pyridine, 2-bromoisobutyryl bromide, 

THF. 
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In the present study, macroinitiator 3-O-(2-bromoisobutyryl)-2,6-O-TDMS cellulose was 

prepared by reacting 2-bromoisobutyryl bromide with 2,6-O-TDMS-cellulose in the presence of a 

base (imidazole) and THF (Scheme 3.2.1). The regioselective modification of cellulose was 

performed according to Koschella et al.
2
 Cellulose was reacted with TDMS-Cl and imidazole in 

DMA/LiCl. The resulting 2,6-O-TDMS cellulose was analyzed by quantitative 
13

C-NMR and is 

shown in Figure 3.2.1. The degree of substitution of the TDMS group was determined by setting 

the integral value for peak 1, C1 of the AGU, to 1.00. The corresponding TDMS carbon integrals 

at 7 (Si-CH3), 8 and 9 (C-CH3) were 4.07, 4.46 and 4.31, respectively and 2.02 and 2.11 for 

carbons 11 and 12, corresponding to a TDMS DS of ~ 2.1. It is acknowledged that the spectrum 

is rather noisy and signal intensity rather weak, but all efforts were made to analyze each 

spectrum in the same manner as to provide consistency and some level of accuracy 
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Figure 3.2.1. Quantitative 
13

C-NMR of 2,6-O-TDMS cellulose with DS ~ 2.1. 
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As previously mentioned, the synthesis of 2,6-O-TDMS cellulose was based on well 

established experimental procedures found in the literature.
2,91

 The effectiveness of this 

procedure has been extensively proven through 2D-NMR (COSY, HSQC and HMBC).
2,87,90,92,340

 

To assure that the precursor 2,6-O-TDMS cellulose with DS ~ 2.1, had been regioselectively 

substituted, the procedure described in the literature
2
 was followed and the latter propionylated, 

based on procedure described elsewhere
337

. The 
1
H- and 

13
C-NMR of the propionylated 

precursor were compared against a propionylated non-regioselectively substituted 2,6-O-TDMS 

cellulose (Figure 3.2.2 and Figure 3.2.3). 
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Figure 3.2.2. Comparison of 
1
H-NMR of 3-O-propanoyl-2,6-O-TDMS cellulose (bottom) and 2,3-

O-propanoyl-2,6-O-TDMS cellulose (top). 

 

 

The 
1
H-NMR spectrum of the propionylated non-regioselective 2,6-O-TDMS cellulose (Figure 

3.2.2, top spectrum) shows clearly 2 peaks identified as 3’ (5 ppm) and 2’ (5.2 ppm) which 

correspond to protons in positions C3 and C2 when functionalized with 2-bromoisobutyrate, 

respectively. On the other hand, the spectrum of the propionylated regioselectively substituted 

precursor shows only one peak in the 5 ppm region confirming the exclusive functionalization with 
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2-bromoisobutyryl in position C3 (Figure 3.2.2, bottom spectrum). This observation was also 

confirmed by 
13

C-NMR (Figure 3.2.3). 
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Figure 3.2.3. Comparison of 
13

C-NMR of 3-O-propanoyl-2,6-O-TDMS cellulose (bottom) and 2,3-

O-propanoyl-2,6-O-TDMS cellulose (top). 

 

 

The comparison of 
13

C-NMR spectra (Figure 3.2.3) confirms the regioselective substitution of 

2,6-O-TDMS cellulose previously synthesized with a DS of ~2.1 as it can be observed by the 

existence of one single carbonyl peak against 2 peaks from the C=O groups in positions C2 and 

C3 in 2,3-O-propanoyl-2,6-O-TDMS cellulose. 

After confirming the regioselective substitution of the precursor the next step was to 

functionalize position C3 with 2-bromoisobutyryl group. Different reaction conditions were 

attempted in order to maximize the 2-bromoisobutyryl DS while minimizing the extent of 

degradation of the cellulose backbone. Table 3.2.1 lists the different experimental conditions, 

which included the ratio of base and 2-bromoisobutyryl bromide, as well as temperature, time, 

and base. The Mn were determined by GPC-MALS, and used to monitor the degradation of the 

cellulose backbone. The refractive index increment (dn/dc) was calculated for 3-O-(2-

bromoisobutyryl) 2,6-O-TDMS cellulose and found to be 0.083 mL/g. The Mn, DS and dn/dc 
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measurements were done in duplicate. The RPDs% (Equation 3.1.1) for the Mn and DS were no 

higher than 7% and the RPD% for dn/dc was 1%. A table with respective duplicate values and 

RPDs is presented in APPENDIX-Duplicates and respective RPDs%. 

 

 

Table 3.2.1. Experimental conditions used in the synthesis of 3-O-(2-bromoisobutyryl) 2,6-O-

TDMS cellulose. 

T (
o
C) Time (h) Base Ratio DS Mn (g/mol)

 
PDI DP 

2,6-O-TDMS cellulose   3.9*10
4
 2.5 88 

RT 19 Py 1:11:10:0 0.16 3.3*10
4
 1.2 70 

RT 19 Py 1:21:20:0 0.21 3.0*10
4
 1.2 63 

Refl 19 Pyr 1:11:10:0 0.22 2.6*10
4
 1.3 55 

RT 48 Py 1:11:10:0 0.28 3.0*10
4
 1.3 61 

RT 19 Im 1:11:10:0 <0.1 3.1*10
4
 1.2 67 

RT 19 NaH 1:10:10:0 <0.1 N/A N/A N/A 

Refl 19 Pyr 1:20:20:0.05 0.26 N/A N/A N/A 

RT = room temperature; Refl = Reflux; Py=anhydrous pyridine; Im=imidazole; Ratio= 2,6-O-TDMS-

cellulose:base:2-bromoisobutyryl bromide: N,N-dimethyl-4-aminopyridine 

 

 

The degree of 2-bromoisobutyryl substitution (DS) was calculated based on the 
1
H-NMR 

spectrum by comparing the integral areas of the signals for the methyl protons of the isobutyryl 

group (~2.0 ppm) with the area of the AGU protons (3.0-5.5 ppm) calibrated to 7. Figure 3.2.5 

shows a representative 
1
H NMR spectrum for a 3-O-(2-bromoisobutyryl)-2,6-O-TDMS cellulose 

macroinitiator. Despite varying the reaction parameters and conditions, the highest DS was found 

to be ~ 0.3, substantially lower than anticipated. The use of a stronger base such as NaH did not 

improve the DS which was lower than 0.1. N,N-dimethylaminopyridine, also a strong base, was 

used under extreme conditions: 1:20:20:0.05 (2,6-O-TDMS cellulose:2-bromoisobutyryl bromide: 

anhydrous pyridine:N,N-dimethyl-4-aminopyridine), reflux for 19 hours but no improvement was 

observed ( DS = 0.26). 
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Figure 3.2.4. 
1
H-NMR spectrum of 3-O-(2-bromoisobutyryl)-2,6-O-TDMS cellulose. 

 

 

The unexpectedly poor reactivity of the 2,6-O-TDMS cellulose may be a result of steric and 

electronic effects arising from the bulky thexyldimethylsilyl protecting groups, particularly that at 

position C2 of the AGU. The results obtained in this set of experiments (Table 3.2.1) were very 

similar to those presented in Figure 3.2.4. The reactivities of the AGU’s hydroxyl groups in 

positions C2, C3 and C6 are influenced by pKa (10, 12, 14, respectively),
37,38

 steric hindrance, 

electronic effects and experimental conditions. The primary OH in the C6 position is the most 

reactive due to its steric availability, followed by the C2 position and then the C3 position. It is 

believed that the steric hindrance and electronic interactions between the different species 

involved in the reaction play an important role in the DS at the C3 position.  

In order to verify and try to understand why such low DS were obtained in the C3 position 

when 2,6-O-TDMS cellulose reacts with 2-bromoisobutyryl bromide, another set of experiments 

was performed using linear and branched alkyl halides as well as short chain and branched 

bromo esters (Table 3.2.2). 
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Table 3.2.2. Functional groups used to synthesize 3-O-2,6-O-TDMS cellulose derivatives. 

Reagent Ratio Base DS 
(a) 

 Br

6  
1:10:10 NaH ~1 

 

Br

O

 
1:10:10 Pyridine 0.3 

 

Br

Br

O

 

1:10:10 Pyridine 0.3 

 
Br

Br

 

1:10:10 NaH < 0.1 

(a)
 Determined by 

1
H-NMR. Ratio - 2,6-O-TDMS cellulose:base:reagent. The pyridine used in this study was 

anhydrous 
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Figure 3.2.5. Comparison of 
1
H-NMR spectra of a) 3-O-octyl-2,6-O-TDMS cellulose, b) 3-O-

acetyl-2,6-O-TDMS cellulose, c) 3-O-(2-bromoisobutyryl)-2,6-O-TDMS cellulose and d) 3-O-(2-

bromo-2-methylpropyl-2,6-O-TDMS cellulose. 
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The DS (Table 3.2.2) of each compound was calculated by integrating specific peaks 

(marked with a * in Figure 3.2.5) against the peak corresponding to the Si-(CH3), calibrated to 12 

protons. The peak used to calculate the DS of 3-O-octyl-2,6-O-TDMS cellulose overlaps with the 

proton from the methine in TDMS which was taken into consideration. As one can see the linear 

ether, 3-O-octyl-2,6-O-TDMS cellulose, was successfully obtained with a high DS ~ 1. It was 

hypothesized that, in the presence of NaH, the functionalization of 2-bromooctane in position C3 

of the AGU occurs preferentially via a SN2 mechanism.
341

 RO
-
, a strong nucleophile, attacks the 

less sterically hindered sp
3
 primary carbon centre of bromooctane, followed by the release of 

bromine as the leaving group to finally achieve a DS of ~ 1. When reacting 2,6-O-TDMS cellulose 

with acetyl bromide a DS of 0.3 was obtained. This substrate is not sterically hindered, but does 

have a C=O group with the ability to establish electronic interactions between the different 

species involved in the reaction which may lower its reactivity. Based on the latter, we would have 

expected to observe a further decrease in the DS of the branched ester, 2-bromoisobutyryl due to 

the added steric hindrance of this compound. However, the DS at the C3 position was the same 

(DS = 0.3). In this particular case, the larger angle established by the sp
2
-hybridized linkage 

(120°) might have minimized the effect of the bulkier 2-bromoisobutyryl group. On the other hand, 

the functionalization of the C3-OH with branched ether, 1,2-dibromo-2-methylpropane, in the 

presence of NaH produced 3-O-(2-bromo-2-methylpropyl)-2,6-O-TDMS cellulose with a very low 

DS (DS < 0.1). In this case, the occurrence of a nucleophilic substitution via a two step SN1 

mechanism might have been favoured.
341

 The first step comprises the formation of a tertiary 

carbocation, formed by the loss of leaving group bromine, and the second step the nucleophilic 

attack to the carbocation. Therefore, the effect of the steric hindrance caused by the bulkiness of 

1,2-dibromo-2-methylpropane and the lower angle of the sp
3
-hybridized ether bond (109.5°) may 

not favour this reaction. Additionally, it was also hypothesized that the presence of a fully 

substituted C2 position in the cellulose backbone with a bulky TDMS group might have also 

contributed to the low DS. Therefore, we attempted to reduce the impact of the latter by 

decreasing the DS of the TDMS group at the C2 position (see section 3.2.2). 
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3.2.2 Synthesis of 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose 

 

To synthesize 2,3-O-(2-bromoisobutyryl) 2,6-O-TDMS cellulose we first had to decrease the 

DS at the C2 position of the 2,6-O-TDMS cellulose precursor. The experimental procedure 

followed that described in the synthesis of 2,6-O-TDMS cellulose (section 2.3.7) with some 

modifications: lower equivalents of TDMS-Cl (ratio of TDMS-Cl:imidazole:cellulose 2:3:1) and 

lower temperature, 90 °C. 
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Figure 3.2.6. Quantitative 
13

C-NMR of 2,6-O-TDMS cellulose with DS = 1.3. 
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A 2,6-O-TDMS cellulose with lower DS was obtained and analyzed by quantitative 
13

C-NMR 

analysis (Figure 3.2.6). The DS of TDMS was determined by setting the integral value for peak 1 

(C1 of the AGU) to 1.00. The corresponding TDMS carbon integrals at 7 (Si-CH3), 8 and 9 (C-

CH3) were 2.63, 2.62 and 2.63, respectively and 1.32 for 11 and 12, corresponding to a TDMS 

DS of 1.3. It is acknowledged that the spectrum is rather noisy, but all efforts were made to 

analyze each spectrum in the same manner as to provide consistency and some level of 

accuracy. This lower DS 2,6-O-TDMS cellulose was then subjected to acylation by reacting with 

2-bromoisobutyryl bromide as per that of the 3-O-(2-bromoisobutyryl)-2,6-O-TDMS cellulose 

(section 2.3.9). 

Three different bases were investigated: pyridine, imidazole and triethylamine, and the effect 

on the DS of the 2-bromoisobutyryl moiety as well as polymer Mn are shown in Table 3.2.3. The 

DS and Mn were determined in duplicate and the respective RPDs% calculated as per Equation 

3.1.1. A table with respective duplicate values and RPDs is presented in APPENDIX-Duplicates 

and respective RPDs%. The RPDs% found for the DS and Mn duplicates were no higher than 

8%. 

 

 

Table 3.2.3. Effect of base on the synthesis of 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS cellulose. 

Exp# Base Ratio DS Mn(g/mol) PDI DP 

2,6-O-TDMS-cellulose  5.4*10
4 

2.4 121 

1 Pyridine 1:5:5 0.30 4.6*10
4
 2.4 94 

2 Imidazole 1:5:5 0.10 5.3*10
4
 2.2 115 

3 Triethylamine 1:5:5 0.13 4.6*10
4
 2.2 99 

4 Pyridine 1:5:10 0.35 5.3*10
4
 1.9 115 

Experimental conditions: room temperature (RT) for 19 hours; Ratio= 2,6-O-TDMS 

cellulose:base:2-bromoisobutyryl bromide. The pyridine used in this study was anhydrous. 

 

 

Reactions run with anhydrous pyridine showed the highest 2-bromoisobutyryl DS (0.35), 

accompanied with a slight decrease in molecular mass. Imidazole and triethylamine produced 

products with very low DS of 2-bromoisobutyryl, 0.10 and 0.13, respectively. The molecular 

weight did not significantly decrease in the reaction with imidazole, whereas that in TEA caused a 

drop in molecular weight. Increasing the ratio of base:2-bromoisobutyryl bromide (Exp # 1 vs. 4) 

did not significantly improve DS (0.3 vs. 0.35), but slightly reduced cellulose degradation, as 

measured by Mn analysis. 
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Table 3.2.4. Effect of time and temperature on the synthesis of 2,3-O-(2-bromoisobutyryl) 2,6-O-

TDMS cellulose. 

Exp# Temp (° C) Time (h) Ratio DS Mn (g/mol) PDI DP 

4 RT 19 1:5:10 0.35 5.3*10
4 

1.9 115 

5 Reflux 6 1:5:10 0.43 3.1*10
4
 2.2 61 

6 Reflux 19 1:5:10 0.53 2.7*10
4
 2.4 51 

7 Reflux 48 1:5:10 0.83 2.1*10
4
 3.4 37 

8 Reflux 19 1:5:10 0.53 2.7*10
4
 2.4 51 

RT = room temperature; Ratio = 2,6-O-TDMS cellulose:base:2-bromoisobutyryl bromide).  

 

 

Increasing the reaction temperature resulted in a substantial increase in DS, but a 

significant drop in Mn was observed (Table 3.2.4). Refluxing the reaction mixture for 48 

hours produced a 2,3-O-(2-bromoisobutyryl) 2,6-O-TDMS cellulose with the highest DS 

(0.83), but also the lowest Mn. The decrease of the Mn at a higher temperature and 

longer reaction times was caused by the harsh conditions, which caused degradation of 

the cellulosic backbone. The GPC-MALS and DS analyses were done in duplicate and 

the different RPDs% were calculated (Equation 3.1.1) and found to be below 5%. A 

table with respective duplicate values and RPDs is presented in APPENDIX-Duplicates 

and respective RPDs%. 

The impact of the various reaction parameters was further investigated by varying 

the equivalents of 2-bromoisobutyryl bromide to 2,6-O-TDMS cellulose from 1 to 20 

equivalents (Table 3.2.5). The GPC-MALS and DS analyses were done in duplicate and 

the different RPDs% were calculated (Equation 3.1.1) and found to be below 8%. A 

table with respective duplicate values and RPDs is presented in APPENDIX-Duplicates 

and respective RPDs%. 
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Table 3.2.5. Effect of changing the mole equivalents of 2-bromoisobutyryl bromide and 

anhydrous pyridine in the synthesis of 2,3-O-(2-bromoisobutyryl) 2,6-O-TDMS cellulose. 

Exp# Base Ratio DS Mn (g/mol) PDI DP 

9 Pyridine 1:10:1 0.39 5.4*10
4
 2.6 107 

10 Pyridine 1:10:5 0.35 5.3*10
4
 2.4 106 

11 Pyridine 1:10:10 0.58 5.1*10
4
 2.6 96 

12 Pyridine 1:10:20 0.67 4.2*10
4
 2.8 77 

13 Pyridine 1:20:20 0.78 3.7*10
4
 2.1 66 

Temperature – room temperature for 19 hours; Ratio = 2,6-O-TDMS cellulose:base:2-

bromoisobutyryl bromide). The pyridine used in this study was anhydrous. 

 

 

Increasing the molar equivalents increased the DS (Exps # 9 to 12). Exp # 12 showed the 

best results with regards to DS, however, again a decrease in Mn was observed. A further 

increase in DS was observed when the molar equivalents of anhydrous pyridine was increased to 

20 molar equivalents relative to 2,6-O-TDMS cellulose (Exp #13). This resulted in a DS of 0.8 and 

a PDI of 2.1 with a further drop in Mn to 3.7*10
4
 g/mol. Once again, the harsh conditions used in 

this study (excess of base and 2-bromoisobutyryl bromide) might have been the cause for the 

decrease in Mn. Although the DS obtained using the 2,6-O-TDMS cellulose:base:2-

bromoisobutyryl bromide of 1:20:20 increased the DS (~0.8), a significant number of hydroxyl 

groups were still unreacted (~0.9 based on a 2,6-O-TDMS cellulose with a DS of ~1.3). 

Therefore, the effect of sequential reaction cycles on the DS was evaluated, and the results 

obtained are presented in Table 3.2.6. The GPC-MALS and DS analyses were done in duplicate 

and the different RPDs% were calculated as per Equation 3.1.1, and found to be below 10%. A 

table with respective duplicate values and RPDs is presented in APPENDIX-Duplicates and 

respective RPDs%. 

 

 

Table 3.2.6. Effect of 2
nd

 reaction cycle in the synthesis of 2,3-O-(2-bromoisobutyryl) 2,6-O-

TDMS cellulose. 

Exp# 1
st

 cycle 2
nd

 cycle DS Mn (g/mol) PDI DP 

14 19h,RT 19h,RT 0.84 2.4*10
4 

2.6 42 

15 19h,RT 3h, reflux 0.82 2.3*10
4
 1.9 40 

RT = room temperature; Ratios= 2,6-O-TDMS cellulose : base : 2-bromoisobutyryl bromide, 

1:20:20). 
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The addition of a second reaction cycle, whether at room temperature (RT) or at reflux did not 

improve the DS, but dramatically decreased the Mn. Thus, the highest DS (~ 0.8) of 2,3-O-(2-

bromoisobutyryl) 2,6-O-TDMS cellulose with a Mn of 3.7*10
4
 g/mol was obtained by reacting 2,6-

O-TDMS cellulose with 2-bromoisobutyryl bromide for 19 hours in the presence of anhydrous 

pyridine, at room temperature with a 2,6-O-TDMS cellulose:anhydrous pyridine:2-bromoisobutyryl 

bromide ratio of 1:20:20 (Table 3.2.6). 

As mentioned above, 50% of the available hydroxyl groups (DSfreeOH~0.9) were not 

derivatized, even under the most extreme conditions investigated; high temperature, base and 

time. In the 3-O-(2-bromoisobutyryl) 2,6-O-TDMS cellulose a maximum DS of 0.3 or 30% 

conversion was obtained. Therefore, the allocation of the 2-bromoisobutyryl groups at the C2 and 

C3 positions of the AGU were analyzed to see if there was an increase in DS at the C3 position 

by decreasing the DS of TDMS at the C2 position of the AGU. Figure 3.2.7 shows the 
1
H-NMR of 

2,3-O-(2-bromoisobutyryl) 2,6-O-TDMS cellulose. 
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Figure 3.2.7. 
1
H-NMR spectrum of 2,3-O-(2-bromoisobutyryl)2,6-O-TDMS cellulose in CDCl3. 

 

 

In addition to the various signals associated with the 2,6-O-TDMS cellulose and the methyl 

protons from 2-bromoisobutyryl moiety, two new signals were detected at 5 and 5.2 ppm. Based 
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on work by Heinze et al.
338

 and Iwata et al.
95

 we have assigned these signals as the protons at 

C2 and C3 positions when respective C-OH is functionalized with 2-bromoisobutyryl groups. 

 

 

 

Figure 3.2.8. Quantitative 
13

C-NMR spectrum of 2,3-O-(2-bromoisobutyryl)2,6-O-TDMS-cellulose 

in benzene. 

 

 

The quantitative 
13

C-NMR spectrum (Figure 3.2.8) clearly showed the two different carbonyl 

peaks associated with 2-bromoisobutyryl substitution at the C2 and C3 positions (peak 13). The 

DS of the 2-bromoisobutyryl at the C2 and C3 positions were calculated by calibrating the integral 

value of C1 to 1.0 against the integral value of the respective carbonyl peaks. It is acknowledged 

that the spectrum is rather noisy and signal intensity rather weak but all efforts were made to 

analyze each spectrum in the same manner as to provide consistency and some level of 

accuracy. The results obtained for C2 (0.5) and C3 (0.3) showed that an increase in DS was 

completely due to substitution at the C2 position. Thus steric and electronic effects arising from 

the C2 position are not responsible for the low DS attained at the C3 position. 
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3.2.3 Honeycomb Film Formation 

 

Honeycomb films were prepared from 3-O-(2-bromoisobutyryl)-2,6-O-TDMS cellulose and 

2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS cellulose. It should be noted that both polymers have the 

same C3 DS ~ 0.3; the 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS cellulose has a total 2-

bromoisobutyryl DS ~ 0.8 (DSC3 ~ 0.3, DSC2 ~ 0.5). As with the previously reported 

ethyleneglycol-modified 2,6-O-TDMS cellulosics both 3-O-(2-bromoisobutyryl)-2,6-O-TDMS 

cellulose and 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS cellulose were soluble in toluene.
4
 

Figure 3.2.9 shows optical microscope images of the films obtained from 3-O-(2-

bromoisobutyryl)-2,6-O-TDMS-cellulose and 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS cellulose 

using the conditions found for honeycomb film formation: 3 mg/mL in toluene, 75% humidity, air 

flow of 0.7 L/min. Unlike the 2,6-O-TDMS cellulose which did not form honeycomb patterned 

films,
4
 both 3-O-(2-bromoisobutyryl)- and 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS cellulosics did 

form patterned films. However, despite our best efforts, the regioselectively substituted 3-O-(2-

bromoisobutyryl)-2,6-O-TDMS cellulose did not produce a uniform honeycomb like structure. 

 

 

500x 500x
 

Figure 3.2.9. Optical microscope images of honeycomb films formed from  3-O-(2-

bromoisobutyryl)-2,6-O-TDMS-cellulose (left) and 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS 

cellulose (right). 

 

 

In 2,6-O-TDMS cellulose the hydroxyl group at the C3 position is available to interact through 

hydrogen bonding with the pyranose ring C5 oxygen, thereby affecting the rigidity and perhaps 

the ability to form the necessary spherical shape required for honeycomb film formation.
342

 By 

substituting the C3 position these intramolecular interactions may be reduced and honeycomb-

like structures thus produced. However, the limiting DS may preclude uniform film formation. By 
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contrast the 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose formed more regular honeycomb-

structured films. Perhaps changing the substitution pattern at the C2 from TDMS to 2-

bromoisobutyryl further impacted the intra- and intermolecular interactions and thus molecular 

shape, resulting in better pattern formation. 

Figure 3.2.10 shows the SEM images of 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose 

honeycomb films; the pores are approximately 1.1 ± 0.3 µm in diameter. 

 

 

 

Figure 3.2.10. SEM images of the 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose honeycomb 

films. 
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3.2.4 Surface initiated ATRP 

 

The 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose honeycomb patterned films were 

modified by surface initiated ATRP of NIPAM. The experimental conditions were based on 

previous work,
230

 and are described in Table 3.2.7. 

 

 

Table 3.2.7. Experimental conditions used in the surface initiated ATRP. 

NIPAM/H2O CuBr CuBr2 Cu 
o
 Me6TREN 

1:10 2.5µmol/mL 3.7µmol/mL 1.5µmol/mL 8.7µmol/mL 

0.1:10 2.5µmol/mL 3.7µmol/mL 1.5µmol/mL 8.7µmol/mL 

 

 

Figure 3.2.11 shows the SEM images of the 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-

cellulose honeycomb patterned films before and after surface initiated ATRP using 1 wt% and 10 

wt% NIPAM/H2O solutions. At the higher monomer concentration (10 wt%), the grafted PNIPAM 

chains covered the honeycomb film surface, completely obscuring the honeycomb film pattern 

(Figure 3.2.11 bottom-right). On the other hand, after surface initiated ATRP with 1 wt% 

NIPAM:H2O (Figure 3.2.11 top-right) the honeycomb film was able to keep a porous pattern but 

the uniformity was lost . The pore size decreased from 1.1 ± 0.3 µm, before ATRP, to 0.7 ± 0.4 

µm (after ATRP), see Figure 3.2.11 left.  
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Figure 3.2.11. SEM images of honeycomb films from 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS 

cellulose before (left) and after surface initiated ATRP (right) with 1 wt% (top) and 10 wt% 

(bottom) NIPAM/H2O solutions. 

 

 

In addition to SEM analysis, the effect of PNIPAM on surface hydrophilicity was measured by 

contact angle (Figure 3.2.12). As expected, the originally hydrophobic 2,3-O-(2-bromoisobutyryl) 

2,6-O-TDMS-cellulose honeycomb surfaces became more hydrophilic after surface initiated 

ATRP with NIPAM, as the contact angle changed from 100 ± 4 ° to 73 ± 4 °. Again, increasing the 

amount of PNIPAM on the surface dramatically changed the surface energy, resulting in a contact 

angle of 55 ± 2 °. Although the surface was successfully modified, the lack of uniformity in the 

pore size distribution might have a negative impact in the final properties of the honeycomb films 

and therefore should be improved. Further studies are necessary in order to understand this 

phenomenon and improve the uniformity of these films after ATRP. 
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Figure 3.2.12. Contact angle measurements of honeycomb films from 2,3-O-(2-bromoisobutyryl)-

2,6-O-TDMS-cellulose before (left) and after SI ATRP (right) with 1 wt% (top) and 10 wt% 

(bottom) of NIPAM/H2O (see Table 3.2.7 for details). Measurements were done in triplicate. 

 

3.2.5 Conclusions 

 

The synthesis of 3-O-(2-bromoisobutyryl) 2,6-O-TDMS-cellulose was successfully 

accomplished with a maximum DS of 2-bromoisobutyryl in position C3 of 0.3. By decreasing the 

TDMS substitution at the C2 position of the 2,6-O-TDMS-cellulose, 2,3-O-(2-bromoisobutyryl)-

2,6-O-TDMS-cellulose with a higher 2-bromoisobutyryl DS values (max ~ 0.8) was produced. 

However, the increase in DS was only due to the substitution of the free hydroxyl groups at the 

C2 position.  

Honeycomb patterned films were produced from both the regio- and non-regioselectively 

substituted cellulose derivatives. The film obtained from the non-regioselectively substituted 

cellulose-based macroinitiator was much more uniform than that produced from the regioselective 

derivative. Therefore, surface-initiated ATRP was performed on the non-regioselectively 

substituted 2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS-cellulose honeycomb film. PNIPAM polymer 

chains were effectively grafted from the honeycomb surface, the properties of which depended on 
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the monomer concentration used. At higher NIPAM concentration (10 wt% NIPAM/H2O) the 

porous honeycomb structure was lost, and a rough continuous hydrophilic surface was formed. At 

much lower NIPAM concentration (1 wt% NIPAM/H2O) the honeycomb structure was maintained, 

albeit much less regular in structure, which might be due to lack of control during ATRP. Surface 

initiated ATRP of NIPAM decreased the contact angle of the 2,3-O-(2-bromoisobutyryl)-2,6-O-

TDMS-cellulose films from 100 ± 4 ° to 73 ± 4 ° (1 wt% NIPAM/H2O) to 55 ± 2 ° (10 wt% 

NIPAM/H2O). The thermoresponsiveness of the films was not tested due to the absence of 

adequate instrumentation. 

 

 



103 

 

3.3 Homogeneous ATRP of Thermoresponsive Copolymers 

from Regioselectively Substituted 3-O-(3-O-(2-

Bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose 

 

As discussed in section 3.2 and to the best of our knowledge, it is not possible to synthesize 

macroinitiator, 3-O-(2-bromoisobutyryl)-2,6-O-TDMS with a high initiator density due to the low 2-

bromoisobutyryl DS. Therefore an alternative synthetic path has been developed allowing the 

grafting of thermoresponsive copolymers from a macroinitiator with high and low initiating site 

density. We have synthesized, for the first time, 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-

O-TDMS cellulose-g-PNIPAM, a regioselectively substituted cellulose-based macroinitiator for 

ATRP with high, medium and low degrees of substitution. Thermoresponsive copolymers, 

PNIPAM and poly(di(ethylene glycol) methyl ether methacrylate-co-oligo(ethylene glycol) methyl 

ether methacrylate) (P(DEGMA95-co-OEGMA5) were “grafted-from” the newly synthesized 

cellulosic macroinitiators via homogeneous ATRP. Regioselective functionalization and the 

degree of substitution (DS) of the initiator in the cellulose backbone on ATRP were investigated 

with these new cellulosic macroinitiators. The effects of parameters such as solvent, addition of 

Cu(II), temperature, ligand, halogen and monomer concentration on ATRP were also studied. The 

results were discussed based on the respective conversion and kinetic plots. 

 

3.3.1 Synthesis of 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-

TDMS cellulose 

 

As discussed in section 3.2, as well as elsewhere
343

 the functionalization of the C3-OH with 

2-bromoisobutyryl moieties could only be done with a maximum DS of 0.3. As one of our 

objectives in this thesis was to produce an ATRP macroinitiator with a flexible range of DS to 

enable the synthesis of high or low densely grafted cellulose-based copolymers, a new approach 

was needed. Although esterification of the C3 position appears to be limited, etherification is not. 

Therefore, to achieve complete substitution of the C3 position, i.e., a DS of 1, we would first 

introduce a spacer in position 3. This was achieved by C3 allylation followed by the oxidation of 

the double bond to form an anti-Markovnikov alcohol, as described by Heinze et al.,
91

 followed by 

functionalization of the latter to the corresponding 2-bromoisobutyryl (Scheme 3.3.1). 
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Scheme 3.3.1. Synthetic scheme to synthesize 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-

O-TDMS cellulose: a. DMA-LiCl, TDMS-Cl, imidazole; b. Allyl-Cl; NaH; c. i) 9-BBN; ii) NaOH, 

H2O2; d. 2-bromoisobutyryl bromide, anhydrous pyridine. 

 

 

As per Scheme 3.3.1 synthesis of the 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-

TDMS cellulose-g-PNIPAM was initiated by the regioselective protection of the C2 and C6 

positions of the AGU with bulky TDMS protecting groups. The resulting 2,6-O-TDMS cellulose 

was then reacted with allyl chloride to form the corresponding 3-O-allyl-2,6-O-TDMS cellulose. 

From the 
1
H-NMR the peaks corresponding to the TDMS groups, 7, 8, 9 and 10 as well as those 

associated with the allyl group, 13, 14, and 15 are clearly evident (Figure 3.3.1 a)). Peak 13 

corresponds to the allyl methylene group (overlaps with the AGU region (peaks 1-6)) while peaks 

14 and 15 correspond to the vinyl protons (Figure 3.3.1 a)) which now overlap with the protons 

linked to the tertiary carbon of the TDMS groups (peak 10) and the protons in the AGU region, 

respectively (Figure 3.3.1 b)). Functionalization of the newly formed primary OH group with a 2-

bromoisobutyryl group introduces peak 18 associated with the protons of the isobutyryl methyl 

groups (Figure 3.3.1 c)). 
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Figure 3.3.1. Comparison of 
1
H-NMR spectra of a) 3-O-allyl-2,6-O-TDMS cellulose, b) 3-hydroxy-

propyl 2,6-O-TDMS cellulose and c) 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS 

cellulose-g-PNIPAM, see Scheme 3.3.1. 

 

 

13
C-NMR analysis (Figure 3.3.2) further confirmed the successful synthesis of the 

intermediates and final product as described in Scheme 3.3.1. Allylation produced two peaks 14 

and 15 at lower field corresponding to the carbons involved in the double bond. The peak from 

the methylene carbon of the allyl group (peak 13) was not very visible, but it should be found 

between 60 and 70 ppm. Oxidation of the double bond caused a shift to higher field of carbons 14 

and 15 overlapping with peak 10 (TDMS) and peak 6 (C6 AGU), respectively. 2-

Bromoisobutyrylation of the newly formed OH group introduced 3 new peaks, peak 16 (the 

carbonyl group), peak 17 (the tertiary carbon of the isobutyryl group) and peak 18 (the carbons of 

the isobutyryl methyl groups). 
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Figure 3.3.2. Comparison of quantitative 
13

C-NMR spectra of a) 3-O-allyl-2,6-O-TDMS cellulose, 

b) 3-O-hydroxypropyl-2,6-O-TDMS cellulose and c) 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-

2,6-O-TDMS cellulose, see Figure 3.3.1 for peak identification. 

 

 

Varying the number of molar equivalents of allyl chloride enables different degrees of 

substitution to be obtained (Table 3.3.1). Our objective was to obtain C3 derivatives with low, 

medium and high DS. The DS was calculated from quantitative 
13

C-NMR of the macroinitiator in 

which the carbonyl peak 16 was integrated against the C1 carbon peak 1 of the AGU, which was 

calibrated to 1.0. TDMS deprotection of the macroinitiator was not performed because the fluoride 

ion associated with the deprotecting agent tetra-n-butylammonium fluoride (TBAF) causes the 

elimination of the bromine from the 2-bromoisobutyryl, deactivating the ATRP initiator.
100
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Table 3.3.1. Molar equivalents of allyl chloride used in the synthesis of macroinitiator 3-O-(3-O-

(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose (Scheme 3.3.1, step b) with different 

DS. 

 2,6-O-TDMS Cellulose 

(molar equivalents) 

Allyl-Cl 

(molar equivalents) 

DS 

macroinitiator 

Low DS 1 1 0.2 

Medium DS 1 3 0.6 

High DS 1 10 1 

Note: DSs were determined in duplicate and respective RPD% calculated as per Equation 3.1.1. RPDs% 

were no higher than 9%. Duplicate and RPD% values are presented in APPENDIX-Duplicates and 

respective RPDs%. 
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3.3.2 Homogeneous polymerization of NIPAM from 3-O-(3-O-(2-

bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose 

 

The homogeneous polymerization of NIPAM from 3-O-(3-O-(2-bromoisobutyryl)-

hydroxypropyl)-2,6-O-TDMS cellulose was attempted as per Scheme 3.3.2. 
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Scheme 3.3.2. Schematic illustration of the polymerization of NIPAM from 3-O-(3-O-(2-

bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose. 
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To assess the success of the different ATRP reactions, it is necessary to prove that the 

copolymerization occurred in a controlled manner. The main conditions to be verified were: i) the 

reaction is first order relative to monomer concentration; ii) the molecular weight increases 

linearly with conversion, and iii) a narrow distribution of molecular weight, which decreases with 

conversion.
170

 The effects of the concentration of macroinitiator, temperature, Cu(II), ATRP 

through activator regenerated by electron transfer (ARGET) and degree of substitution in the 

ATRP reactions were assessed (Table 3.3.2). 

 

 

Table 3.3.2. Experimental conditions used in the ATRP of NIPAM from 3-O-(3-O-(2-

bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose and respective conversions. 

Exp# MI Cu
I
Cl Cu

II
Cl2 Me6TREN T(°C) Time

(a)
 Conv

(b)
 

 
Molar equivalents based on MI   % 

I
(c)

 1 1 0.05 1.2 RT 30 min 7 

II
(d)

 1 1 0.05 1.2 RT 30 min 8 

III
(d)

 1 1 0.05 1.2 55 30 min 6 

IV
(d)

 1 1 0.2 1.2 RT 60 min 19 

V
(d),(e)

 1 0 0.01 0.1 RT 90 min 4 

VI
(d),(f)

 1 1 0.2 1.2 RT 60 min 19 

Experimental conditions: MI:NIPAM:Me6TREN:CuCl:CuCl2 = (1:100:x:y:z) molar equivalents for exp# I 

(0.15:15:0.18:0.15:0.0075) mmol; solvent – THF/MeOH; MI – Exp# I to V macroinitiator with high DS and 

Exp#VI macroinitiator with low DS; RT-room temperature. 
(a)

 Time within linear kinetic regime was observed; 

(b)
 Conv. (%) = Δ[M]/[M] (calculated from kinetic plots) – maximum conversion attained within the linear 

kinetic regime; 
(c)

 MI/solvent = 0.1 wt%; 
(d)

 MI/solvent = 0.05 wt%; 
(e)

 ARGET – Sn(EH)2 0.1 equivalent; 
(f)

 MI 

with low DS. For further information see section 2.3.17. 

 

 

In this study, the kinetic plots (ln([M]0/[M]) vs. time, where [M]0 is the initial concentration of 

monomer and [M] is the monomer concentration at time t) were used to assess the effect of the 

different parameters. Accordingly, aliquots were collected from the reaction mixture at different 

reaction intervals and then diluted in acetone and analyzed by 
1
H-NMR (Figure 3.3.3). The 

objective was to obtain the highest conversion and the longest linear kinetic regime possible.  
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Figure 3.3.3. 
1
H-NMR spectrum of 30 min aliquot obtained from homogeneous polymerization of 

NIPAM from the macroinitiator with high DS, see Scheme 3.3.2 for identification of the peaks. 

 

 

To determine the initial concentration of monomer ([M]0) and the concentration of monomer 

consumed ([M]), a known concentration of DMF was used as an internal standard. The integral 

for the peak from the proton in the alpha position relative to the carbonyl group of DMF at 8 ppm 

was set to 1.0 and compared to the integral areas of the signals for the protons in the double 

bond of the unreacted NIPAM monomer at 5.5 (peak 19*) and 6.2 ppm (peaks 19**, 20*). The 

kinetic plots for each experimental condition (Figure 3.3.4) were in general very similar to what 

was observed previously for NIPAM
269,270

 as well as other meth(acrylamides).
248,266

 Plots from 

Exps # I to III formed a plateau after only 30 min of reaction. On the other hand, a linear kinetic 

regime was observed in Exps # IV to VI (as illustrated by dashed line in Figure 3.3.4 c)) after 

which a plateau was formed. The latter suggests that the concentration of radicals in solution is 

not constant throughout the polymerization, or the catalytic sites have been deactivated.
270
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a) b)

c) d)

 

e)

 

Figure 3.3.4. Semi-logarithmic plots of NIPAM polymerization under different experimental 

conditions, using the cellulose-based macroinitiator with high DS. 

MI:NIPA:Me6TREN:Cu(I)Cl:Cu(II)Cl2 - 1:100:x:y:z; solvent: THF/MeOH; [MeOH] = 5 wt%; MI – macroinitiator 

with high DS. (a) Concentration of MI wt%, I – 0.1; II – 0.05.; (b) Temperature, II – RT; III – 55 °C. (c) Molar 

equivalents of Cu(II), II – 0.05 ; IV – 0.2. (d) Effect of ARGET, II – ATRP; V – ATRP-ARGET, tin
II
 2-

ethylhexanoate (Sn(EH)2) = 0.1 molar equivalents and Cu(II) = 0.1 molar equivalents; (e) MI with low DS, IV 

– MI DS = 1; VI – MI DS = 0.2.  

 

 

The decrease in macroinitiator (MI) concentration from 0.1 to 0.05 wt%, (Figure 3.3.4 a)) did 

not affect the rate of polymerization or conversion (7 vs. 8%). On the other hand, an increase in 

temperature from RT to 55 °C, (Figure 3.3.4 b)) caused a slight decrease in the conversion from 

8 to 6%. This might be due to a higher concentration of radicals being produced at the higher 

temperature. The addition of a higher amount of Cu(II), (Figure 3.3.4 c)) extended the linear 
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kinetic regime, from 30 min to 1 hour. Thus, the conversion of NIPAM was also higher 19% 

compared to 8% (Exp # II). The increase in Cu(II) might have increased the deactivation constant, 

which caused the concentration of radicals to decrease, resulting in less termination reactions. In 

Exp # V (Figure 3.3.4 d)) ATRP-ARGET was applied and the reducing agent Sn(EH)2 was used 

to regenerate the deactivator. The rate decreased substantially, but the linear kinetic regime was 

prolonged from 30 to 90 min. Unfortunately, the conversion remained very low, reaching a 

maximum value of only 4%. Finally, in Exp # VI (Figure 3.3.4 e)) a macroinitiator with lower DS 

was used under comparable conditions to Exp # IV (macroinitiator with high DS). The rate of 

polymerization was maintained, as well as the period of linear kinetic regime, 60 min, and the 

conversion remained at 19%. Considering the lower initiator density of this macroinitiator, the 

PNIPAM DP should be considerably higher than the one with the higher initiator density.  

Overall, the ATRP reactions were not complete, only achieving conversions within the linear 

kinetic regime of between 4 and 19%. These values are considered low compared to the 

homopolymerization of NIPAM, which can be as high as ~ 90%.
269,270

 The observed behaviour in 

this system could be attributed to: i) the size of the macroinitiator, the initiator was a bulky 

macromolecule and/or ii) the solvent system used. The homopolymerization of NIPAM was found 

to be successful in DMF:water
269

 (75:25) or 2-propanol,
270

 however, the cellulose-based 

macroinitiator was not soluble in any of these solvents. Therefore, an alternative solvent system 

had to be used (THF) which might not be ideal.  

To verify whether NIPAM polymerizes by itself an ATRP polymerization was done in the 

absence of macroinitiator under the exact same conditions as Exp # IV. The reaction mixture was 

analyzed by 
1
H-NMR, which showed exclusively unreacted NIPAM, the spectrum can be found in 

APPENDIX-Selected NMR spectra.  

To confirm the successful grafting of PNIPAM from the cellulose-based macroinitiator the 

copolymers were analyzed after 3 hours of reaction by FTIR and 
1
H-NMR. The spectra obtained 

were similar therefore representative FTIR (Figure 3.3.5) and 
1
H-NMR (Figure 3.3.6) spectra are 

shown. 
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Figure 3.3.5. Comparison of FTIR spectra of PNIPAM (bottom), cellulose-based macroinitiator 

with high DS (middle) and the synthesized 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-

TDMS cellulose-g-PNIPAM (top). 

 

 
The FTIR spectrum of the synthesized cellulose-based copolymer showed clearly peaks from 

the macroinitiator, C=O peak at 1724 cm
-1

 and both peaks from the TDMS groups (Si-Cat 832 

and Si-CH3 at 776 cm
-1

), as well as those from PNIPAM: N-H at 3302 cm
-1

, C=O at 1644 cm
-1

, and 

CH2 and CH3 bending peaks at 1538 and 1385 cm
-1

. The cellulose-based copolymer was also 

analyzed by 
1
H-NMR, Figure 3.3.6. 
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Figure 3.3.6. Comparison of 
1
H-NMR spectra of cellulose-based macroinitiator with high DS 

(bottom) and the synthesized 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS 

cellulose-g-PNIPAM (top). 

 

 

The spectrum of the cellulose-based copolymer (Figure 3.3.6-top) showed peaks from the 

macroinitiator and PNIPAM. In particular, note the AGU protons, the TDMS CH3 proton peaks at 

0.08 and 0.87 ppm (peaks 7-9) and a peak at 1.16 ppm from the two CH3 protons from the 

PNIPAM isopropyl groups. Additionally, the N-H peak of PNIPAM was also detected at 6.3 ppm. 

The remaining PNIPAM peaks overlapped with those from the macroinitiator. These results are 

indicative of a successful grafting of PNIPAM from the cellulose-based macroinitiator. However, 

to prove that the PNIPAM peaks detected by FTIR and 
1
H-NMR are from the grafted polymer and 

not from PNIPAM associated to the cellulose-based macroinitiator, we dissolved the latter and 

PNIPAM in THF and added water causing the formation of a white precipitate which was isolated 

and analyzed by 
1
H-NMR. The spectrum (see APPENDIX-Selected NMR spectra) showed 

exclusively the cellulose-based macroinitiator. Therefore, the PNIPAM detected earlier is grafted 

to the cellulose-based macroinitiator. 
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The dn/dc of the macroinitiator and copolymer III were determined in duplicate and found to 

be 0.0873 and 0.091 mL/g, respectively. The copolymers were analyzed by GPC-MALS to 

determine number Mn and PDI (Table 3.3.3). The dn/dc and GPC-MALS analyses were done in 

duplicate and the RPDs% of the dn/dc and Mn were calculated as per Equation 3.1.1, and found 

to be below 1% and 10%, respectively. A table with the values of the duplicates and respective 

RPDs% can be found in APPENDIX-Duplicates and respective RPDs%.  

 

 

Table 3.3.3. Mn(th), Mn(GPC-MALS), PDI, conversion and DP of macroinitiators and respective 

cellulose-based graft copolymers after 3 hours of reaction. 

Exp# Mn(th)
(a) 

Mn(GPC-MALS).(g/mol)
 

PDI Conv%
(b)

 DP
(c)

 

MI-High DS  4.4*10
4 

1.5   

MI-Low DS  4.3*10
4 

1.3   

I 1.1*10
5 

1.3*10
5 

1.2 9 9 

II 1.3*10
5 

1.6*10
5 

1.1 12 12 

III 1.4*10
5 

1.3*10
5 

1.1 12 13 

IV 2.7*10
5 

1.1*10
5 

1.1 26 28 

V
(d)

 7.7*10
4 

N/A
(e)

 N/A 4 4 

VI
(f)

 2.4*10
5 

1.7*10
7
 

4.3*10
4 

1.8 

1.2 
25 130 

(a)
 Mn(th) after 3 hours = Mn(MI) + (MMNIPAM * DP * I.S); MI = macroinitiator, MM = molar mass, DP 

after 3 hours = degree of polymerization = Δ[M] / ([MI] * DS), I.S. = initiating sites = Mn(MI) / 

MM(Repeating unit) * DS; 
(b)

 Conv. (%) after 3 hours = Δ[M] / [M], calculated from kinetic plots; 
(c)

 DP 

after 3hours = Δ[M]/([MI]*DS, base on conversion obtained from kinetic plots; 
(d)

 ATRP-ARGET; 
(e)

 

sample not soluble in THF; 
(f)

 MI with low DS. See Table 3.3.2 for information on the 

experimental conditions. 

Note: To facilitate the discussion, the copolymers obtained from experiments I-VI will be called 

copolymers # I-VI. 

 

 

The theoretical number average molecular weight (Mn(th)) of copolymers # I, II and III were 

not very close to the number average molecular weight obtained from GPC-MALS (Mn(GPC-MALS)) 

but presented low polydispersities suggesting a controlled polymerization. The slight discrepancy 

might have been caused by the loss of catalytic sites before termination reactions became 

predominant.
270

 As previously discussed elsewhere
266

 and in section 1.5, the side reactions 
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observed in the ATRP of (meth)acrylamides could be responsible for the loss of catalytic sites. 

The Mn(th) of copolymer # IV is substantially higher than that determined by GPC-MALS, which 

may be indicative of chain transfer that occurred outside the linear kinetic regime. In the kinetic 

plot of copolymer # VI (Figure 3.3.4 e)), the initial rate of polymerization is relatively high and very 

close to the rate of polymerization of copolymer # IV. The GPC-MALS analysis of copolymer # VI 

revealed two distinct peaks. The first had an extremely high Mn (1.7*10
7
 g/mol) and high PDI 

(1.8), which might be due to radical coupling reactions between growing polymer chains. The 

second peak (Mn = 4.3*10
4
 g/mol and PDI = 1.2) likely corresponds to unreacted macroinitiator. 

Copolymer # V was not soluble in THF and therefore no GPC-MALS analysis was conducted. 

Overall, the polymerization of NIPAM from the cellulose-based macroinitiator produced 

copolymers with low conversions. As previously discussed, the use of PNIPAM presents some 

drawbacks which include a challenging ATRP due to the loss of catalytic sites
344

 caused by 

certain side reactions
266

. Recently, P(DEGMA95-co-OEGMA5) a new thermoresponsive copolymer 

was discovered, with a similar LCST as PNIPAM and with some advantages over the latter, as 

previously discussed in section 1.5.
254,274,345

 Therefore, homogeneous copolymerization of 

P(DEGMA95-co-OEGMA5) from 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS 

cellulose was attempted. 
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3.3.3 Homogeneous copolymerization of DEGMA and OEGMA from 3-O-(3-

O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose 

 

The macroinitiator with high DS (1.0) was used for the homogeneous ATRP under different 

experimental conditions. This study was based solely on the kinetic plots with the following 

objectives: higher conversion and longer linear kinetic regime. After the synthesis selected 

copolymers were isolated from the linear kinetic regime and characterized by ATR-FTIR, TGA 

and DSC. Copolymers that were soluble in CHCl3 were analyzed by 
1
H- and 

13
C-NMR, and those 

soluble in THF were analyzed by GPC-MALS to determine Mn and PDI. Additionally, a 

macroinitiator with low DS (0.2) was used to study the effect of initiating sites/graft density on the 

ATRP and respective properties. 

The copolymer P(DEGMA95-co-OEGMA5) was grafted from the C3 position of a 

regioselectively substituted cellulose-based macroinitiator via ATRP (Scheme 3.3.3). 
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Scheme 3.3.3. Schematic illustration of the copolymerization of P(DEGMA95-co-OEGMA5) from 

3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose. 

 

 

In one set of experiments (Table 3.3.4) the effects of parameters such as solvent, ratio 

Cu(I)/Cu(II), temperature, absence of Cu(II), ligand, catalyst and dilution were studied. In another 

set of experiments (Table 3.3.5), the impact of DEGMA and OEGMA concentration was studied. 
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Table 3.3.4. Experimental conditions used in the ATRP of P(DEGMA95-co-OEGMA5) from 3-O-(3-

O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose and the resulting conversions. 

Exp# [MI] CuX CuCl2 Solv T(°C) Lig Time
(a)

 Conv
(b)

 

 
Molar equivalents based on MI 

   
 % 

1 1 Cl 0.2 THF/MeOH RT Me
6
TREN 5 min 13 

2 1 Cl 0.2 THF RT Me
6
TREN 30 min 26 

3 1 Cl 0.1 THF RT Me
6
TREN 30 min 26 

4 1 Cl 0.1 THF 55 Me
6
TREN 1 h 44 

5
(c)

 1 Cl 0 THF 55 Me
6
TREN 1 h 45 

6 1 Cl 0 THF RT Me
6
TREN 1 h 29 

7 1 Cl 0 THF 55 PMDETA 2 h 23 

8
(c)

 1 Br 0 THF 55 Me
6
TREN 30 min 36 

9
(d) 

1 Cl 0 THF 55 Me
6
TREN 1 h 38 

10
(e)

 1 Cl 0 THF 55 Me
6
TREN 30 min 10 

Experimental conditions: MI:(DEGMA+OEGMA):Ligand:CuX:CuCl2 = (1:100:1.2:1) molar equivalents, for 

Exp # 1 (0.075:7.5:0.09:0.075:) mmol; MI/solvent = 0.5 wt% in Exp # 1-8, 0.25 wt% in Exp # 9 and 0.125 

wt% in Exp # 10; MI – macroinitiator with high DS, DMEO2MA:OEGMA = 95:5. 
(a)

 Time within linear kinetic 

regime was observed;
 (b)

 Conv. (%) = Δ[M] / [M], maximum monomer conversion attained within linear kinetic 

regime, calculated from kinetic plots; 
(c)

 gel formation; 
(d)

 MI/solvent = 0.25 wt%; 
(e)

 MI/solvent = 0.125 wt%. 

For further information see section 2.3.18. 
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Table 3.3.5. Experimental conditions used in the ATRP of P(DEGMA95-co-OEGMA5) from 3-O-(3-

O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose and respective conversions. 

Exps# [MI]wt% MI “M”
(a)

 Time
(b)

 Conv
(c)

 

 
 Molar equivalents relative to MI 

 
% 

11 0.5 1 50 30min 32 

12 0.5 1 25 1h 30 

13 0.5 1 10 1h 24 

Experimental conditions: MI:(OEGMA+DMEO2MA):Ligand:CuX = (1:100:1.2:1); MI – macroinitiator, 

DEGMA:OEGMA = 95:5; 
(a) 
“M” – DEGMA (95%) and OEGMA (5%) 

(b)
 Time within linear kinetic regime was 

observed; 
(c)

 Conv.% = Δ[M] / [M], maximum monomer conversion attained within linear kinetic regime, 

calculated from kinetic plots. For further information see section 2.3.18. 

 

 

To verify when the reactions follow a first order kinetic regime with respect to monomer 

concentration it is necessary to build kinetic plots of Ln([M0]/[M]) vs. time. In order to calculate the 

concentration of “monomer” (DEGMA and OEGMA) aliquots of reactions were collected from the 

reaction mixture at defined times and analyzed by 
1
H-NMR. 
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Figure 3.3.7. 
1
H-NMR spectra of different aliquots collected at 0, 10, 30 and 60 min, obtained 

from experiment 5. See Scheme 3.3.3 for the identification of the peaks. 

 

 

A comparison of 
1
H-NMR spectra of the different aliquots are shown in Figure 3.3.7. As 

expected, a decrease in the intensity of the peaks corresponding to DEGMA and OEGMA (in 

particular the two peaks at 5.6 and 6.1 ppm) identified as protons 19* and 19** were apparent. 

“Monomer” consumption was quantified by integrating the peaks at 5.6 and 6.1 ppm against the 

peak at 8 ppm, calibrated as 1.0 proton. The latter is the alpha proton relative to the carbonyl 

group of DMF (internal standard). Figure 3.3.8 shows the corresponding kinetic plots obtained for 

the copolymerization of DEGMA and OEGMA under the different experimental conditions used. 
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a) b)

d)c)

 

Figure 3.3.8. Semi-logarithmic plots of copolymerization of DEGMA and OEGMA, under different 

experimental conditions, from cellulose-based macroinitiator with high DS. 

(MI:(DEGMA+OEGMA):Ligand:CuX - 1:100:1.2:1, DEGMA:OEGMA=95:5; solvent: THF) a) Effect 

of Solvent: Exp # 1: THF/MeOH, Exp # 2: THF; b) Molar equivalents of Cu(II) at RT: Exp # 2: 

Cu(II)=0.2; Exp # 3: 0.1; c) Effect of Temperature using 0.1 molar equivalents of Cu(II): Exp # 3: 

RT, Exp # 4: 55 °C; d) Effect of Molar equivalents of Cu(II) at 55 °C: Exp # 4: Cu(II) = 0.1, Exp # 

5: Cu(II) = 0. 

 

 

When using the THF/MeOH (Exp # 1) solvent system a plateau began to form after just 5 min 

of reaction and a conversion of 13%. The plateau is indicative of termination, which can occur via 

radical coupling reactions. Removing MeOH and using only THF as the solvent (Exp # 2) 

dramatically affected the reaction kinetics; a first order reaction was observed for almost 30 min, 

and the conversion was increased to 26% (Figure 3.3.8 a)). Decreasing the amount of Cu(II) 

from 0.2 to 0.1 molar equivalents (Exp # 3) did not affect the kinetics or conversion, remaining 

identical to that of Exp # 2 (Figure 3.3.8 b)). An increase in temperature from RT to 55 °C (Exp # 

4) extended the linear kinetic regime from 30 min to 1 hour. Additionally, monomer conversion 

increased from 26 to 44% (Figure 3.3.8 c)). In the absence of Cu(II) (Exp # 5) the kinetic plot 

(Figure 3.3.8 d)) showed a similar behaviour to the one with Cu(II) (Exp # 4). However, gel 

formation was observed, which might be indicative of coupling reactions between propagating 
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polymer chains. The presence of Cu(II) may have contributed to an increase in the deactivation 

constant which decreased the concentration of radicals in solution avoiding gel formation. Studies 

have shown
226,346,347

 that gelation may be prevented via the addition of a deactivator or the use of 

lower reaction temperature. This contributes to a decrease in the rate of polymerization, and thus, 

a lower concentration of propagating radicals.  

 

 

a) b)

d)
c)

 

Figure 3.3.9. Semi-logarithmic plot of copolymerization of DEGMA and OEGMA, under different 

experimental conditions, from cellulose-based macroinitiator with high DS. 

(MI:(DEGMA:OEGMA):Lig:CuX - 1:100:1.2:1; DEGMA:OEGMA = 95:5; solvent: THF). a) Effect of 

Temperature: Exp # 5: 55°C, Exp # 6: RT; b) Effect of Ligand: Exp # 5: Me6TREN; Exp # 7: 

PMDETA; c) Effect of Halogen: Exp # 5: CuCl, Exp # 8: CuBr; d) [MI] wt%: Exp # 5: 0.5, Exp # 9: 

0.25, Exp # 10: 0.125. 

Note: Exps # 5 and 9 were done in duplicate. 

 

 

The effect of gel formation on reaction kinetics and conversion was studied by running 

reactions at 55 °C (Exp # 5) and RT (Exp # 6) (Figure 3.3.9 a)). The objective was to decrease 

the rate of polymerization and avoid gelation, hence lowering the activation constant while 

increasing the deactivation constant. As expected, lowering the temperature avoided gel 
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formation, however, monomer conversion decreased from 45 to 29%. Likewise, changing the 

ligand to PMDETA (Exp # 7), known for its lower activation constant, and hence lower KATRP
170

, 

also avoided gelation (Figure 3.3.9 b)). Although the linear kinetic regime extended to more than 

2 hours using PMDETA, the rate of polymerization decreased substantially and monomer 

conversion was only 23%. The effect of the halogen in the catalytic system was also tested; CuCl 

was replaced by CuBr (Exp # 8). As expected, the rate of polymerization with CuBr increased due 

to the higher reactivity of C-Br as compared to C-Cl (Figure 3.3.9 c)). A linear kinetic regime was 

observed for only 30 min with a conversion of 36%, after which a plateau formed. The higher 

reactivity of the C-Br present in the propagating chain might have increased the rate of 

polymerization causing an increment in the radical species and therefore, termination and gel 

formation.  

Dilution is also known as an alternative to decrease the rate of polymerization and therefore 

avoid termination reactions which might lead to radical coupling between growing polymer chains, 

and gel formation.
170

 Therefore, the reaction mixture was diluted two times (Exp # 9) and 4 times 

(Exp # 10). As expected, dilution decreased the rate of polymerization. A two-fold dilution (Exp # 

9) increased the linear kinetic regime to almost 2 hours with a conversion of 38% and no gel 

formation was observed (Figure 3.3.9 d)). Further dilution, Exp # 10, decreased the rate of 

polymerization even further, but also decreased the linear kinetic regime to approximately 30 min 

and only 10% conversion (Figure 3.3.9 d)). Diluting the system decreases the concentration of 

monomer, which causes the rate of polymerization to decrease. However, termination and other 

side reactions may still occur at the same rate,
170

 thus explaining the low conversion and shorter 

linear kinetic regime. In this particular system there seems to be an optimal relationship between 

dilution and monomer concentration, and their impact on the overall conversion and 

polymerization kinetics. 

The number of molar equivalents of monomer, with respect to molar equivalents of MI, was 

also varied from 100, 50, 25 and 10 equivalents. As illustrated in Figure 3.3.10 the rate of 

polymerization (Rp) increased as the concentration of monomer (DEGMA+OEGMA) increased. 

However, the increase was not proportional, as shown in Equation 3.3.1.
170

 

 

 

Rp = Kp [M] [P
*
]   Equation 3.3.1 

Rp-rate of polymerization; Kp-propagation constant; [M]-monomer concentration and [P*]-propagating polymer chain 

 

 

If the concentration of monomer is too high it will cause the Rp to increase, which manifests 

in the [P*] also being too high. The higher concentration of radicals causes radical coupling 

reactions between the propagating species (termination), and therefore gelation, as seen in the 

case of Exp # 5. This might explain why the monomer concentration is not directly proportional to 
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Rp in this particular case. At lower monomer concentrations, the rate of polymerization was lower 

and so was the conversion (Figure 3.3.10 and Table 3.3.5). 
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Figure 3.3.10. Semi-logarithmic plot of copolymerization of DEGMA and OEGMA from cellulose-

based macroinitiator with high DS and with different monomer concentrations. MI:(DEGMA + 

OEGMA):Lig:CuX: Exp # 5 – 1:100:1.2:1; Exp # 11 - 1:50:1.2:1; Exp # 12 - 1:25:1.2:1; Exp # 13 - 

1:10:1.2:1. Ratios were given in molar equivalents with respect to molar equivalents of MI. 

DEGMA:OEGMA = 95:5; solvent - THF. Exp # 5 was done in duplicate (error bars correspond to 

n = 2) 

 

 

Overall, it was shown the conversion was not complete and the concentration of growing 

radicals was not constant throughout the chosen reaction time (3 h). Based on the information 

from the kinetic plots an optimal reaction time was determined in order to generate copolymers 

within the linear kinetic regime and with similar conversions. Therefore, Exps # 4 to 10 and 13 

were run again and final products isolated, purified, as previously described in section 2.3.18 and 

analyzed by ATR-FTIR, 
1
H-, 

13
C-NMR, TGA, DSC, and GPC/MALS; according to their solubility 

(Table 3.3.6). The solubility of the copolymers was tested by preparing solutions with a 

concentration of 30 wt% copolymer. Common solvents such as, THF, CHCl3, water, DMSO, DMA 

and DMF were tested however, only THF, CHCl3 and water were able to solubilise some of the 

synthesized copolymers.  
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Table 3.3.6. Set of selected experiments and respective time of reaction, conversion, DP and 

solubility in THF, CHCl3 and H2O at 0.3 wt% copolymer. 

Exp# Time Conv%
(a)

 DP
(b)

 THF
(c) 

CHCl3
(c) 

H2O
(c) 

4 25min 28% 31 yes yes no 

5 25min 26% 26 no no no 

6 45min 26% 25 no no no 

7 2h 25% 26 yes yes yes 

8 10min 21% 21 no no no 

9 1h 26% 26 yes yes yes* 

10 20min 7% 8 yes yes no 

13 50min 23% 2 no no no 

(a)
 Conv.% = Δ[M] / [M] (calculated from kinetic plots); 

(b)
 DP = Δ[M] / ([MI] * DS) (based on conversion 

obtained from kinetic plots); 
(*)

 ~ 90% of the copolymer was dissolved. See Table 3.3.4 and Table 3.3.5 for 

experimental conditions. 
(c)

 Solubility of the copolymers was tested at 0.3 wt% of the copolymer in respective 

solvents. 

Note: To facilitate the discussion, the copolymers obtained from experiments 4-9, 10 and 13 will be called 

copolymers # 4-9, 10 and 13. 

 

 

As previously mentioned, copolymers were collected in the linear kinetic regime at similar 

conversions. In Exp # 10 the copolymer was collected at 7% conversion of monomer due to the 

limited conversion of DEGMA and OEGMA into P(DEGMA-co-OEGMA). The reproducibility of 

this set of experiments was verified and all the results were found to fit the original kinetic plots 

previously presented, as shown in APPENDIX-Selected kinetic graphs. The solubility of the 

new cellulose-based copolymers was tested in THF, CHCl3 and water at 0.3 wt% concentration 

(Table 3.3.6). Copolymers # 5, 6, 8 and 13 were not soluble in any of these solvents. On the 

other hand, copolymers # 4, 9 and 10 were found to be soluble in CHCl3 and THF. Copolymers # 

4 and 10 were not water soluble; however, copolymer # 9 was partially soluble in water (~ 90% in 

a 3 mg/mL aqueous solution). Finally, copolymer # 7 was soluble in CHCl3, THF and water. 

Similar solubility was observed between copolymers with different DP (copolymers # 9 and 10) 

and different solubility was observed between copolymers with the same DP (copolymers # 5 and 

7). This means that no relation was found between solubility and DP. 

To verify whether DEGMA and OEGMA polymerize by itself an ATRP polymerization was 

done in the absence of macroinitiator under the exact same conditions as Exp # 9. The reaction 

mixture was analyzed by 
1
H-NMR which showed exclusively unreacted DEGMA and OEGMA, the 

spectrum can be found in APPENDIX-Selected NMR spectra. 
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The materials were characterized by ATR-FTIR (Figure 3.3.11), 1
H- and 

13
C-NMR (Figure 

3.3.12 and Figure 3.3.13, respectively). The spectra obtained from the different samples were 

similar and therefore here are shown representative spectra. 
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Figure 3.3.11. Comparison of ATR-FTIR spectra of cellulose-based macroinitiator with high (DS 

= 1) DS (bottom), P(DEGMA90-co-OEGMA10) (middle) and the synthesized 3-O-(3-O-(2-

bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose-g-P(DEGMA95-co-OEGMA5) (top). 

 

 

The ATR-FTIR spectrum of the macroinitiator showed typical C=O stretching peak (C=O) at 

1735 cm
-1

 from the initiator 2-bromoisobutyryl moiety. However, when grafting the copolymer 

(DEGMA5-co-OEGMA95) from the cellulose-based macroinitiator the appearance of a new C=O 

stretching peak (C=O) at 1726 cm
-1

 was observed and corresponds to the ester bond of the 

grafted copolymer, as described in the literature.
10,221

 This observation was supported by the 

FTIR of poly(DEGMA90-co-OEGMA10), previously synthesized for reference purposes (Figure 

3.3.11 middle). 

The successful grafting of P(DEGMA95-co-OEGMA5) from the regioselectively substituted 

cellulose-based macroinitiator through ATRP was evaluated by 
1
H- and 

13
C-NMR (Figure 3.3.12) 

and Figure 3.3.13). Considering that the methylene groups and the methoxy group of the 

ethylene glycol fraction of P(DEGMA95-co-OEGMA5) overlap with the AGU protons of the 

cellulose macroinitiator, it was not expected to see those peaks in the 
1
H-NMR spectra.

221
 The 
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partial hydrolysis of the grafted P(DEGMA95-co-OEGMA5) would have been ideal to detect the 

latter’s protons as well as the AGU protons, however the attempts made to hydrolyze the 

copolymer grafts were unsuccessful. Therefore, to confirm the successful grafting, the peaks from 

the functional groups of the cellulose-based macroinitiator, TDMS and propyl, were used. This 

approach has been used for other cellulose derivatives where the AGU protons were not visible 

and the functional groups from the cellulose-based macroinitiator, such as methyl
13

 and ethyl
10,161

 

were used to verify the successful graft copolymerization. The ratio of DEGMA:OEGMA present 

in the synthesized copolymers was calculated from the 
1
H-NMR, as described elsewhere.

221
 The 

ratios of DEGMA:OEGMA were found to be 90:10 for P(DEGMA-co-OEGMA) and 95:5 for the 

cellulose-based copolymers soluble in CHCl3.  
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Figure 3.3.12. Comparison of 
1
H-NMR spectra of cellulose-based macroinitiator with high DS 

(bottom) and the synthesized 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS 

cellulose-g-(P(DEGMA95-co-OEGMA5) with lower (middle) and higher (top) DP of P(DEGMA95-co-

OEGMA5), see Scheme 3.3.3. 

 

 

The 
1
H-NMR spectrum obtained from the cellulose-based copolymer with a higher DP 

(Figure 3.3.12 top) exhibited peaks mainly from the grafted copolymer (P(DEGMA95-co-

OEGMA5)). Peaks 19 and 20 correspond to the methylene and methyl protons in the backbone of 

the methyl ether methacrylate, respectively, while peak 27 is due to methyl protons in the 
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ethylene glycol chain, peak 23 the methylene protons linked to the ester group of the ethylene 

glycol chain, and finally peaks 24 to 26 are associated with the methylene groups from the same 

chain. The only signals from the macroinitiator are peaks 7, 9 and 8 however, peak 7 has a very 

low intensity and peaks 9 and 8 overlap with peak 20. On the other hand, the 
1
H-NMR spectrum 

of the cellulose-based copolymer with a lower DP (Figure 3.3.12 middle) clearly shows peak 7 

as well as peaks 9 and 8. As mentioned above the protons from the AGU were not detected 

because they overlap with the protons from P(DEGMA95-co-OEGMA5). The DP could not be 

calculated from the 
1
H-NMR spectra because the peaks from the macroinitiator and the grafted 

copolymer overlap. The graft copolymers 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-

TDMS-cellulose-g-(P(DEGMA95-co-OEGMA5) with higher and lower DP of P(DEGMA95-co-

OEGMA5) were also analyzed by 
13

C-NMR, Figure 3.3.13. 
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Figure 3.3.13. Comparison of 
13

C-NMR spectra of cellulose-based macroinitiator with high DS 

(bottom) and the synthesized 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS 

cellulose-g-(P(DEGMA95-co-OEGMA5) with a lower (middle) and higher (top) DP of P(DEGMA95-

co-OEGMA5). See Scheme 3.3.3 and Figure 3.3.12 for the identification of the peaks. 
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The 
13

C-NMR of the cellulose-based copolymer in Figure 3.3.13 top, clearly shows the peaks 

associated with the P(DEGMA95-co-OEGMA5); the methylene (peak 19) and methyl (peak 20) 

carbons from the methacrylate backbone, as well as those from the ethylene glycol side chains 

(peaks 21, 23, 24-27), including the C=O group (peak 22). However, no peaks from the cellulose-

based macroinitiator were detected, to the exception of TDMS peaks 8 and 9 which overlap with 

peak 20. On the other hand, the 
13

C-NMR of 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-

TDMS-cellulose-g-(P(DEGMA95-co-OEGMA5) with a lower DP, Figure 3.3.13 middle, clearly 

shows carbon peaks from TDMS (7, 8, 9, 10 and 11) and propyl (14), both functional groups of 

the cellulose-based macroinitiator. Therefore, the successful grafting of P(DEGMA95-co-

OEGMA5) from 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose was 

confirmed through the detection of the cellulose-based macroinitiator functional groups TDMS 

and propyl through 
1
H- and 

13
C-NMR analyses. 

The cellulose-based copolymers were also subjected to thermal analysis by TGA and DSC to 

determine the decomposition temperature (Td) and glass transition temperature (Tg), 

respectively. The objective was to correlate thermal properties with DP and solubility. 

 

 

 

Figure 3.3.14. Comparison of TGA thermograms of P(DEGMA90-co-OEGMA10), MI 

(macroinitiator) and copolymers # 5, 7 and 9. 
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Figure 3.3.14 shows the weight loss curves obtained from copolymers # 5, 9 and 7 along 

with that of the macroinitiator (MI) and P(DEGMA90-co-OEGMA10). The cellulose-based 

copolymers were selected based on solubility; copolymer # 5 was not soluble in water, THF or 

CHCl3, copolymer # 9 was partially soluble in water (~ 90% in a 3 mg/mL aqueous solution) and 

soluble in CHCl3 and THF, and copolymer # 7 was soluble in CHCl3, THF and water (Table 

3.3.6). The TGA measurements were done in duplicate and respective RPDs% were calculated 

as per Equation 3.1.1 and found not to exceed 3%. A table with the values of the duplicates and 

respective RPDs% can be found in APPENDIX-Duplicates and respective RPDs%. The 

primary decomposition temperatures were determined based on the first derivative of the weight 

loss curve and weight losses below 5% were not considered, see APPENDIX-Selected first 

derivative of TGA thermograms and Table 3.3.7. Thermograms showed that the macroinitiator 

and P(DEGMA90-co-OEGMA10) had similar decomposition profiles (Figure 3.3.14 and Table 

3.3.7). The macroinitiator had two Tds at 271 °C and 349 °C as did the synthesized copolymer, 

P(DEGMA90-co-OEGMA10), at 269 °C and 333 °C. Although P(DEGMA90-co-OEGMA10) did not 

have the same ratio as the grafted copolymer (P(DEGMA95-co-OEGMA5)), the components were 

the same. Therefore, in this study P(DEGMA90-co-OEGMA10) was used as a reference. 

 

 

Table 3.3.7. Decomposition temperature of macroinitiator, P(DEGMA90-co-OEGMA10) and 

cellulose-based graft copolymers and complementing information concerning DP. 

Copolymer DP
(a)

 Td1(°C) Td2(°C) Td3(°C) Td4(°C) 

Macroinitiator N/A 271 349 - - 

P(DEGMA90-co-OEGMA10) 81 269 333 - - 

4 31 288 301 - - 

9 26 277 370 - - 

10 8 290 374 - - 

13 2 319 368  - 

5 26 245 303 363 - 

8 21 234 274 368  

6 25 300 316 357 - 

7 26 290 310 326 340 
(a)

 DP = Δ[M] / ([MI] * DS) (based on conversion obtained from kinetic plots). See Table 3.3.4 and Table 

3.3.5 for experimental conditions. The copolymer numbers refer to the experiment numbers as described in 

Table 3.3.4 and Table 3.3.5. 

Note: The Td analyses were done in duplicate and RPDs% found to be not higher than 3%. A table with 

duplicate values and respective RPDs% can be found in APPENDIX-Duplicates and respective RPDs%. 
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Td values of the macroinitiator and P(DEGMA90-co-OEGMA10) were within the range of Tds 

found for the cellulose-based copolymers (234-374 °C), Table 3.3.7. The different cellulose-

based copolymers showed different numbers of Tds. For that reason they were grouped 

accordingly: copolymers # 4, 9, 10 and 13 exhibited two Tds; copolymers # 5, 6 and 8 three Tds 

and copolymer # 7 four Tds (Table 3.3.7). We tried to establish a correlation between the number 

of Tds and solubility. Copolymers with two Tds (# 4, 9, 10 and 13) were soluble in THF and CHCl3 

with the exception of copolymer # 13 which was insoluble in water, THF and CHCl3, the same 

behaviour found for copolymers # 5, 6 and 8. Copolymer # 7, which had four Tds, was soluble in 

water, THF and CHCl3. Unfortunately, no correlation was established between the Td values 

within the three groups. Likewise, no clear correlation was established between Tds and DPs. 
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Figure 3.3.15. Comparison of DSC thermograms of P(DEGMA90-co-OEGMA10), MI 

(macroinitiator) and copolymers # 5, 7 and 9. 



133 

 

 

Table 3.3.8. Glass transition temperature of macroinitiator, P(DEGMA90-co-OEGMA10) and 

cellulose-based graft copolymers and complementing information concerning DP and solubility. 

Copolymer DP
(a) 

THF CHCl3 H2O Tg (°C) 

MI N/A yes yes no 129 

P(DEGMA90-co-OEGMA10) 81 no yes no -43 

4 31 yes yes no -40 

5 26 no no no -39 

6 25 no no no -36 

7 26 yes yes yes -40 

8 21 no no no -39 

9 26 yes yes yes* -51 

10 8 yes yes no -35 

13 2 no no no -25 

(a)
 DP = Δ[M] / ([MI]*DS) (based on conversion calculated from kinetic plots); 

(*)
 ~ 90% soluble in a 3 

mg/mL aqueous solution. See Table 3.3.4 and Table 3.3.5 for experimental conditions. DSC measurements 

were done in duplicate and the respective RPDs% were calculated as per Equation 3.1.1 and did not 

exceed 2%, APPENDIX-Duplicates and respective RPDs%. 

 

 

Figure 3.3.15 shows representative DSC thermograms of the isolated cellulose-based 

copolymers and respective Tgs in Table 3.3.8. The DSC thermograms of the residual cellulose-

based copolymers, as well as the duplicate values and respective RPDs% can be found in 

APPENDIX-Selected DSC thermograms and Duplicates and respective RPDs. The Tg of 

P(DEGMA90-co-OEGMA10) was determined to be - 43 °C, which is very close to the – 45 °C value 

reported in the literature for the same copolymer.
348

 Thus, the Tg of copolymer P(DEGMA95-co-

OEGMA5) is expected to be slightly higher, because of the higher fraction of DEGMA, which 

decreases the mobility of the methacrylate backbone as a result of the shorter side chains.
348

 The 

Tg of the cellulose-based macroinitiator was determined to be 129 °C, substantially higher than 

the one found for P(DEGMA90-co-OEGMA10). This difference would be attributed to the rigidity of 

the backbone of the macroinitiator compared to the more flexible P(DEGMA90-co-OEGMA10). 

Therefore, the Tg values for the newly synthesized cellulose-based copolymers are expected to 

be between the Tgs of the two components. Copolymers # 4 to 8 (DP = 31-21) exhibited Tgs 

between - 40 and - 36 °C. These values are higher than the Tg of P(DEGMA90-co-OEGMA10) (- 

43 °C) and might be due to the cellulose-based macroinitiator component. However, the Tg of 

copolymer # 9 (DP = 26) was - 51 °C, lower than anticipated. Copolymer # 10, which had a DP of 

8 had a Tg of - 35 °C and copolymer # 13 (DP = 2) had a Tg of - 25 °C. With the exception of 

copolymer # 9, there appears to be a trend in which Tg increases with decreasing P(DEGMA95-
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co-OEGMA5) DP as shown in Figure 3.3.16. The odd behaviour of copolymer # 9 could be 

explained by an increment in chain mobility which would cause the lower Tg. As mentioned in the 

literature, this could be achieved with an increment of OEGMA component in the P(DEGMAx-co-

OEGMAy) as compared to P(DEGMA95-co-OEGMA5).
348

 Further studies are necessary in order to 

fully understand this behaviour. 
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Figure 3.3.16. Chart illustrating relation between Tg (°C) and DP of P(DEGMA90-co-OEGMA10), 

macroinitiator and cellulose-based graft copolymers 
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Table 3.3.9. DP, Mn(th), Mn(GPC-MALS) and PDI of macroinitiator and respective cellulose-based 

graft copolymers. 

Exp# DP
(a)

 
Mn(th)

(b)
 

(g/mol) 

Mn(GPC/MALS) 

(g/mol) 
PDI(GPC/MALS) 

MI
(c)

   4.4*10
4 

1.5 

4 31 4.3*10
5 

1.3*10
6
 4.2 

7 26 4.0*10
5
 6.1*10

5
 4.3 

9 26 4.0*10
5
 8.6*10

6
 1.8 

10
(d)

 8 1.5*10
5
 2.3*10

5
 2.4 

(a)
 DP = Δ[M] / ([MI]*DS) (based on conversion calculated from kinetic plots); 

(b)
 Mn(th) = Mn(MI) + 

[(0.95 * MMDEGMA + 0.05 * MMOEGMA) * DP * I.S.]; MI = macroinitiator, MM = molar mass, DP = 

degree of polymerization; Initiating sites(I.S.) = Mn(MI) / MM(Repeating unit) * DS; 
(c)

 C3 macroinitiator 

with DS = 1; 
(d)

 bimodal. See Table 3.3.4 and Table 3.3.5 for experimental conditions. The GPC-

MALS analysis were done in duplicate and the different RPDs% were calculated as per Equation 

3.1.1, and found to be below 9%. 

 

 

Cellulose-based copolymers soluble in THF were analyzed in duplicate by GPC-MALS to 

determine the Mn and PDI. A table with the duplicate values and respective RPDs% can be found 

in APPENDIX-Duplicates and respective RPDs%. Overall, the Mn theoretical values of the 

cellulose-based copolymers were considerably lower than the Mn determined by GPC-MALS, 

which might be due to radical coupling reactions between the growing polymer chains. 

Furthermore, the high values of the PDIs (1.8 to 4.3) revealed polydisperse copolymers (Table 

3.3.9). These results are indicative of a lack of control during ATRP and may explain the 

unexpected solubility/insolubility of these copolymers. In Exp # 4, Cu(II) was used and the 

resulting copolymer (copolymer # 4) was found to be polydisperse (PDI = 4.2). This behaviour 

might be due to the higher temperature (55 °C) used in this reaction which caused an increment 

in the rate of polymerization when compared to the same reaction at room temperature (Exp # 3 

vs. Exp # 4, Figure 3.3.8 c)). In Exp # 7 PMDETA, a lower activity ligand, was used at 55 °C. 

Although the rate of polymerization decreased (Figure 3.3.9 b)) the obtained PDI was also higher 

than desired. When diluting the system two times (Exp # 9, Figure 3.3.9 d)) the PDI decreased 

substantially due to a potential decrease in termination reactions. However, when the dilution was 

increased by a factor of four the PDI increased from 1.8 to 2.4. 
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The chromatograms obtained from light scattering and RID were found to be dramatically 

different, Figure 3.3.17. 

 

 

 

Figure 3.3.17. MALS (left) and RID (right) chromatograms of cellulose-based graft copolymers. 

 

 

Light scattering chromatograms in Figure 3.3.17 showed a bimodal peak for copolymer # 10 

and a peak with a shoulder for copolymer # 7. On the other hand, copolymers from exps # 4 and 

9 appear to be more homogeneous. However, when analysing the RID signal of the 

chromatograms, all the copolymers had a multi-modal molecular weight distribution. The intensity 

of these peaks was low and it might be reflective of sample loss during the processing. This was 

confirmed by calculating the percentage of mass recovery: 33, 33, 51 and 48% for copolymers # 

4, 9, 10 and 7, respectively. Sample loss might have occurred while filtering the solution prior to 

analysis or a fraction of the sample was retained on the GPC column. Therefore, the values 

obtained through light scattering and RID were not representative of the entire material. 

Furthermore, it was not possible to calculate the dn/dc of the cellulose-based copolymers 

because the unfiltered samples displayed a high signal to noise ratio compromising the final 

results. Therefore, the dn/dc was calculated based on the dn/dc of the individual components and 

their weight fraction (Wx) according to Equation 3.3.2.
349

 

 

 

  Equation 3.3.2 
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The cellulose-based copolymers are composed of the macroinitiator (dn/dc was previously 

calculated and found to be 0.0873 mL/g), POEGMA475 with a dn/dc of 0.1146 mL/g
350

 in THF and 

PDEGMA. The dn/dc of PDEGMA was not found in the literature, however, the dn/dc of 

poly(methoxyethyl methacrylate) in THF has been reported to be 0.077 mL/g.
349

 The only 

difference between these two copolymers is the number of ethylene oxide groups, DEGMA has 2 

and methoxyethyl methacrylate has one. Therefore, the dn/dc for PDEGMA was approximated at 

0.077 mL/g. The weight composition of the DEGMA and OEGMA components of the P(DEGMA-

co-OEGMA) was calculated based on the 
1
H-NMR of the cellulose-based copolymers as 

described elsewhere.
221

 The dn/dc of P(DEGMA95-co-OEGMA5) was first determined as 

described above, and found to be ~ 0.079 mL/g. The weight fraction of the cellulose 

macroinitiator was calculated based on the integration peak of TDMS at 0.08 ppm (12 protons) 

and the peak at 4.1 ppm which corresponds to P(DEGMA-co-OEGMA) (2 protons), Figure 

3.3.12. Considering the low intensity of the TDMS peak these dn/dc values should be considered 

an approximation (Table 3.3.10). 

 

 

Table 3.3.10. dn/dc values of the different cellulose-based graft copolymers 

AXV dn/dc (mL/g)
 

4 0.079 

7 0.079 

9 0.079 

10 0.080 

 

 

In light of the discussion above, the Mn determined by GPC-MALS is not representative of 

the entire sample. Furthermore, in work developed elsewhere
351–353

 it was found that the 

determination of the molecular weight of copolymers through GPC-MALS is very challenging. The 

heterogeneity in chemical composition of the copolymer, means the dn/dc will often vary along 

the chromatogram and introduce errors in the calculation of the molecular weight. Another 

alternative would be to hydrolyze the grafted copolymer chains. However, this was not possible 

due to the presence of multiple ester linkages in the grafted copolymer. Although, completely 

hydrolyzed from the cellulose backbone P(DEGMA95-co-OEGMA5) grafts would also be 

fragmented generating a variety of small fragments and a very complex GPC profile. Despite this 

multiple attempts were made to hydrolyze the grafted P(DEGMA95-co-OEGMA5) but unfortunately 

were not successful; producing many insoluble fragments making GPC analysis impossible. The 

thermoresponsive behaviour of the cellulose-based copolymers was also assessed. Water 
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soluble copolymers # 7 and 9 had their lower critical solution temperatures (LCSTs) determined. 

Aqueous solutions (3 mg/mL) were prepared and the increment in turbidity with temperature was 

measured by UV-Vis spectroscopy and expressed as absorbance curves. The temperature was 

controlled through an immersed probe on top of the solutions. The LCST of P(DEGMA95-co-

OEGMA5) is expected to be 32 °C,
286

 however, with the introduction of a hydrophobic component 

and a decrease in the mobility of the copolymer grafts, a decrease in LCST was anticipated.
10,221

 

The LCST in water was measured based on the highest peak of the first derivative of the 

absorbance curve, see APPENDIX-Selected first derivative of the absorbance curves from 

UV-Vis spectra/LCST. The analyses were done in duplicate and a RPD% (Equation 3.1.1) of 

less than 3% was obtained. A table with the duplicate values and respective RPDs% is available 

in APPENDIX-Duplicates and respective RPDs%. 

 

 

 

Figure 3.3.18. Absorbance vs. temperature plot illustrating the LCST of cellulose-based graft 

copolymers # 7 (left) and 9 (right) at a wavelength of 670 nm. 

 

 

The LCST of copolymer # 7 (Figure 3.3.18 (left)) was determined to be 28 °C in the heating 

cycle and 26 °C in the cooling cycle. The transition observed in the heating cycle was sharp. 

However, a broad hysteresis was observed in the cooling cycle. This behaviour might have been 

caused by slow rehydration, formation of H-bonded network or crystallization during the phase 

separation.
354

 On the other hand, the absence of a stirring system did not allow a homogeneous 

distribution of the temperature throughout the solution. As mentioned above, a LCST below 32 °C 

was anticipated due to the presence of the hydrophobic cellulose-based macroinitiator. 

Copolymer # 9 had a LCST at 36 °C in the heating cycle and 37 °C in the cooling cycle and in 

comparison to copolymer # 7, it exhibited a more uniform thermal profile. The LCST of 36 / 37 °C 

was higher than anticipated. This might be due to the presence of a higher amount of OEGMA in 

the P(DEGMAx-co-OEGMAy) component of copolymer # 9 as compared to P(DEGMA5-co-
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OEGMA95).
286

 This observation is in accordance to the lower Tg previously determined for 

copolymer # 9 (Table 3.3.8). 

The remaining cellulose-based copolymers were not water soluble and therefore their LCST 

could not be determined by turbidity measurements. As described elsewhere, DSC would have 

been a good alternative,
13

 however, we were not able to detect any transition for our cellulose-

based copolymers by DSC. Thus the thermoresponsive behaviour of the water insoluble 

copolymers was visually observed using 3 mg/mL aqueous suspensions that were heated to 60 

°C (Figure 3.3.19 and Figure 3.3.20). Although the copolymers were not water-soluble it was 

possible to visually observe whether or not an alteration in the appearance occurred for the 

different materials. 

 

 

 

Figure 3.3.19. Thermoresponsive behaviour of cellulose-based graft copolymers. From left to 

right, copolymers # 4, 5, 6, at RT (top) and at 60 °C (bottom). 

 

 

The insoluble copolymers # 4, 5 and 6 (Figure 3.3.19 top, from left to right) were translucent 

in water at room temperature. However, when the temperature increased to 60 °C the materials 

became opaque demonstrating the thermoresponsive behaviour (Figure 3.3.19 bottom). 
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Figure 3.3.20. Thermoresponsive behaviour of cellulose-based graft copolymers. From left to 

right, copolymers # 8, 10 and 13 at RT (top) and at 60 °C (bottom). 

 

 

The same procedure was followed for copolymers # 8, 10 and 13 (left to right in Figure 

3.3.20). The three materials were opaque at RT (Figure 3.3.20 top) and no visual alteration was 

observed when the temperature was increased to 60 °C (Figure 3.3.20 bottom). This does not 

mean that the materials are not thermoresponsive; it may be that their DPs are not high enough 

to yield a visual response to temperature. 

After fully characterizing the cellulose-based copolymers it was decided to choose copolymer 

# 9 to study the evolution of Mn with conversion. This decision was based on the PDI, the lowest 

obtained for these cellulose-based copolymers (PDI = 1.8). This value is considered high for 

ATRP but expected, taking into account the high molecular weight of copolymer # 9, the 

polydisperse nature of the macroinitiator, and the difficulty in the analysis by GPC-MALS. In 

Figure 3.3.21 the respective kinetic plot is presented as well as the fractions collected at different 

reaction times, 5, 15 min and 1 hour. 
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Figure 3.3.21. Semi-logarithmic plot of copolymerization of DEGMA and OEGMA from cellulose-

based macroinitiator (Exp # 9) and respective data collected at different reaction times. 

MI:(DEGMA:OEGMA):Lig:CuX - 1:100:1.2:1; DEGMA:OEGMA = 95:5; solvent: THF, room 

temperature. Experiment # 9 (diamond) was done in duplicate. 

 

 

The individual kinetic points collected at 5, 15 min and 1 hour fit the original curve obtained 

for Exp # 9. The collected copolymers were then characterized by GPC-MALS to determine their 

respective Mn and PDI values (Table 3.3.11). The duplicate values of each Mn and respective 

RPDs% can be found in APPENDIX-Duplicates and respective RPDs%. 
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Table 3.3.11. Characterization of cellulose-based graft copolymers at different reaction times. 

Exp# Time
(a)

 Conv(%)
(b)

 DP
(c) 

Mn(th)
(d) 

Mn(GPC/MALS) PDI(GPC/MALS) 

9-5min 5 min 6 7 1.3*10
5
 8.4*10

5
 2.4 

9-15min 15 min 10 10 1.8*10
5
 2.7*10

6
 2.1 

9-1h 1h 26 26 4.0*10
5
 8.6*10

6
 1.8 

(a)
 Time within linear kinetic regime was observed

 (b)
 Δ[M]/[M]; 

(c)
 DP = Δ[M]/([MI]*DS) (based on 

conversion obtained from kinetic plots); 
(d) 

Mn(th) = Mn(MI) + [(0.95*MMDEGMA + 0.05*MMOEGMA) * DP 

* I.S] MI = macroinitiator, MM = molar mass, DP = degree of polymerization = Δ[M] / ([MI]*DS), I.S. 

= initiating sites = Mn(MI) / MM(Repeating unit) * DS. The GPC-MALS analyses were done in duplicate 

and the different RPDs% were calculated as per Equation 3.1.1 and found to be below 6%. 

 

 

There was significant discrepancy between the theoretical values for Mn and those obtained 

from GPC-MALS. Once again, this could be due to radical coupling between growing chains, 

sample loss during filtration of the solution prior to analysis, column adsorption or due to 

inaccurate dn/dc values. This means that the Mn values obtained by GPC-MALS may not be 

representative of the entire sample. Therefore, the Mn and PDI vs. conversion graphs were not 

here presented. 

The solubility of the synthesized cellulose-based copolymers is a complex matter as we have 

a graft-copolymer which is a random copolymer (P(DEGMA-co-OEGMA)). As suggested by 

Mark
355

 the solubility of block and graft copolymers results in the overlapping of solubilities of both 

homopolymers. The solubility parameters seem to play an important role; hence if this difference 

is small the copolymer will show an intermediate solubility similar to that of the random 

copolymers. On the other hand, if the difference is large, the graft copolymer will show the 

solubility of both homopolymers and may also have insoluble domains if the molecular weights of 

each homopolymers are large enough.
356

 The latter scenario was observed for copolymers # 7 

and 9, which were soluble in chloroform and water. However, this was not observed for the 

remaining products; some were soluble in chloroform and others were insoluble in common 

organic solvents. The insolubility might be due to the establishment of cross-linking reactions 

between growing chains of DEGMA and OEGMA or to the formation of very large molecular 

weight copolymer (DEGMA-co-OEGMA).  

In order to obtain a representative analysis of the samples, ATR-FTIR was used to analyze 

the solid materials. ATR-FTIR spectra of cellulose-based copolymers isolated after 5 and 15 min 

and 1 hour are shown in Figure 3.3.22. The objective was to confirm the increase in the C=O 

peak through time. The peaks from the grafted copolymer overlaid with most of the peaks from 

the cellulose-based macroinitiator, with exception of the C-Si peak from the TDMS group at 833 
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cm
-1

. The latter was visible in the spectrum of the sample taken at 5 min. However, that peak 

overlapped with another one associated with the copolymer, and became less visible as the DP 

increased, appearing as a shoulder in the samples taken at 15 and 60 min, as shown in the inset 

of Figure 3.3.22. Therefore, it was not possible to normalize the spectra. Nonetheless, the ATR-

FTIR spectra confirmed the presence of P(DEGMA95-co-OEGMA5) in the cellulose-based 

copolymer. The lack of solubility of some of our products and the broad distribution of molecular 

weights obtained from the GPC-MALS may be demonstrating that the regioselective allocation of 

the ATRP initiator in the cellulose backbone was not enough to avoid radical coupling reactions 

between growing chains. Therefore, to minimize these reactions the use of a cellulose-based 

macroinitiator with a lower initiator density might be essential to obtain a controlled ATRP. 
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Figure 3.3.22. Comparison of ATR-FTIR spectra of copolymers # 9 at 5min (green), 15min (red) 

and 60min (black). 
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3.3.4 Effect of the degree of substitution on the homogeneous ATRP of 

DEGMA and OEGMA from 3-O-(3-O-(2-bromoisobutyryl)-

hydroxypropyl)-2,6-O-TDMS cellulose 

 

As previously mentioned (sections 1.4.1.2 and 1.5), the high degree of substitution of 2-

bromoisobutyryl groups increases the number of initiating sites. This may contribute to higher 

concentrations of radicals that could increase the probability of radical coupling, i.e., termination 

reactions. The effect of different degree of substitution (DS) in non-regioselectively substituted 

cellulose-based macroinitiators was briefly discussed in section 1.4.1.2. In general, 

macroinitiators with lower DS produced copolymers with lower conversions.
120,161

 However, 

similar conversions were also reported for macroinitiators with high and low DS.
10,218

 

Furthermore, an increment in DP
218

 and slower rate of polymerization
10

 were also observed when 

using macroinitiators with low DS. 

In the present work 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose with 

medium (0.6) and low (0.2) initiator (2-bromoisobutyryl) DS were synthesized and “grafted-from” 

P(DEGMA95-co-OEGMA5) with the aim of studying the effect of lower initiator density on the 

controlled character of the polymerization. Table 3.3.12 outlines the conditions used and 

corresponding monomer conversions. 

 

 

Table 3.3.12. Experimental conditions used in the ATRP of P(DEGMA95-co-OEGMA5) from 3-O-

(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose with different DS of 2-

bromoisobutyryl and respective conversions. 

Exp# DS MI “M”
(a)

 Time
(b)

 Conv
(c)

 

 
 

Molar equivalents relative to MI 

initiating sites  
% 

5
(d)

 1 (High DS) 0.5 100 1h 45 

14 0.6 (Medium DS) 0.5 100 30min 19 

15 0.2 (Low DS) 0.5 100 30min 13 

Experimental conditions: MI/(OEGMA+DMEO2MA)/Ligand/CuCl = (1:x:1.2:1); solvent=THF; Temperature = 

55 
o
C; [MI] = 0.5 wt%; olig = oligomers; DEGMA/OEGMA = 95:5; 

(a)
 “M” – DEGMA (95%) and OEGMA (5%)

 

(b) 
Time within linear kinetic regime was observed; 

(c)
 Conv.% = Δ[M] / [M], maximum monomer conversion 

attained within linear kinetic regime, calculated from kinetic plots; 
(d)

 gel formation was observed. For further 

information see section 2.3.18. 
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Figure 3.3.23. Semi-logarithmic plot of copolymerization of DEGMA and OEGMA from cellulose-

based macroinitiator with different DS. Experiment # 5 (square) was done in duplicate. 

 

 

The kinetic plots of the copolymerization from macroinitiators with high, medium and low DS 

are presented in Figure 3.3.23. It is evident that there is a considerably lower rate of 

polymerization for macroinitiators with medium and low DS (Exps # 14 and 15). The linear kinetic 

regime observed for these two copolymerizations was also shorter, 30 min vs. 1 hour for the 

macroinitiator with high DS (Exp # 5). As a result, the conversions for Exps # 14 and 15 were only 

19 and 13%, respectively. These values were substantially lower than the 45%, conversion for 

Exp # 5. This might be related to the existence of a higher amount of free hydroxyl groups in the 

C3 position of the AGU. Kondo
60

 found that intramolecular hydrogen bonds affect the ability of 

methylated cellulose derivatives to form or not a crystalline pattern. Based on these findings, the 

free hydroxyl groups may cause a change in the conformation of the cellulose backbone. The 

latter, may potentially bring the growing chains into closer contact enabling radical coupling, thus 

termination. On the other hand, a macroinitiator with higher initiator density (higher DS2-

bromoisobutyryl) might allow the cellulose backbone to adopt a more flexible conformation, which may 

minimize the interactions between growing chains. In order to confirm this hypothesis, further 

investigation is necessary. 

Similarly to what was done in section 3.3.3, Exp # 15 was repeated in order to generate a 

copolymer within the linear kinetic regime. The reproducibility of this experiment was confirmed 

and found to fit the original kinetic plot, as shown in APPENDIX-Selected kinetic graphs. The 

final product (copolymer # 15) was isolated as previously described in section 2.3.18 and 

compared with copolymer # 5. The latter was previously produced and characterized from the 

macroinitiator with high DS (Exp # 5, Table 3.3.6). Table 3.3.13 summarizes the properties of the 
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two copolymers. As anticipated the DP of copolymer # 15 (DP = 78) was substantially higher than 

copolymer # 5. The solubility of these two copolymers was also very different; copolymer # 5 was 

not soluble in any of the attempted solvents, while copolymer # 15 was soluble in THF and CHCl3 

but not in water. 

 

 

Table 3.3.13. Cellulose-based graft copolymers with high and low initiator density and respective 

conversion, DP and solubility in THF, CHCl3 and H2O. 

Copolymer Time Conv
(a)

 DP
(b)

 THF CHCl3 H2O 

5
(c)

 25 min 26% 26 no no no 

15
(d)

 40 min 15% 78 yes yes no 

(a)
 Conv.% = Δ[M] / [M], (calculated from kinetic plots); 

(b)
 DP = Δ[M] / ([MI] * DS) (calculated from kinetic 

plots); 
(c)

 Macroinitiator with DS = 1; 
(d)

 Macroinitiator with DS = 0.2. Solubility was tested by preparing 

solutions in THF, CHCl3 and water with a concentration of 0.3 wt% of copolymer. Experimental conditions as 

described in Table 3.3.12. The copolymers numbers correspond to the respective experiment number as 

described in Table 3.3.12. 

Note: To facilitate the discussion, the copolymers obtained from experiments 5, 14 and 15 will be called 

copolymers # 5, 14 and 15. 
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Figure 3.3.24. Comparison of ATR-FTIR spectra of cellulose-based macroinitiator with low DS 

(bottom) and the synthesized 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS 

cellulose-g-(P(DEGMA95-co-OEGMA5) (top). 
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The ATR-FTIR spectrum (Figure 3.3.24) of the newly synthesized cellulose-based copolymer 

clearly shows peaks from the grafted P(DEGMA95-co-OEGMA5) copolymer. Again there is the 

shift in the C=O stretching band from 1737 to 1729 cm
-1

 associated with the grafting, as well as a 

change in the shape of bands associated with CH3, CH2 moieties and the various C-O stretching 

bands of the ether and ester bonds. Unlike the high DS macroinitiator-based copolymers, the Si-

C stretching bands associated with the TDMS groups of the cellulose-based macroinitiator 

remained quite well resolved. The 
1
H- and 

13
C-NMR spectra further substantiate the successful 

grafting of P(DEGMA95-co-OEGMA5), Figure 3.3.25 and Figure 3.3.26 confirming the success of 

the grafting. 
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Figure 3.3.25. Comparison of 
1
H-NMR spectra of cellulose-based macroinitiator with low DS 

(bottom) and the synthesized 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose 

-g-(P(DEGMA95-co-OEGMA5) (top). 

 

 

The 
1
H-NMR spectrum (Figure 3.3.25) of copolymer # 15 clearly shows peaks associated 

with the cellulose-based macroinitiator in particular, the TDMS group (peaks 7 to 10) and the 

initiator, 2-bromoisobutyryl, (peak 18). The grafting of P(DEGMA95-co-OEGMA5) was confirmed 

by the presence of peak 20, which overlapped with the methyl groups of the TDMS group, as well 
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as peaks 23 - 27, which overlapped with the peaks (1 - 6) of the cellulose backbone (AGU). The 

DP of the copolymer was not calculated due to the overlapping peaks between the AGU protons 

and the grafted P(DEGMA-co-OEGMA). 
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Figure 3.3.26. Comparison of 
13

C-NMR spectra of cellulose-based macroinitiator with low DS 

(bottom) and the synthesized 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS 

cellulose-g-(P(DEGMA95-co-OEGMA5) (top). See Figure 3.3.25 for peak number assignments. 

 

 

Similar results were obtained from the 
13

C-NMR spectrum. Once again, the peaks from both 

components are present in the cellulose-based graft copolymer in particular the peaks from the 

TDMS groups (peaks 7 to 11) as well as peak 1 corresponding to C1 from the AGU of the 

cellulosic backbone. Therefore, successful grafting was confirmed by ATR-FTIR, 
1
H- and 

13
C-

NMR. 

The thermal properties of the new material (low density grafted cellulose-based copolymer) 

were determined by TGA and DSC and compared against the densely grafted cellulose-based 

copolymer (copolymer # 5). The primary decomposition temperatures were determined based on 

the first derivative of the weight loss curve and weight losses below 5% were not considered, see 

APPENDIX-Selected first derivative of TGA thermograms. The TGA measurements were 

done in duplicate and respective RPDs% were calculated as per Equation 3.1.1 and found not to 
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exceed 2%. A table with the values of the duplicates and respective RPDs% can be found in 

APPENDIX-Duplicates and respective RPDs%. 

 

 

-10

10

30

50

70

90

110

40 140 240 340 440 540

W
e

ig
h

t 
(%

) 

Temperature ( C)

MI-Low DS

MI-High DS

P(DEGMA90-co-OEGMA10)

5

15

 

Figure 3.3.27. Comparison of TGA thermograms of P(DEGMA90-co-OEGMA10), MI 

(macroinitiator) and copolymers 5, and 15. 

 

 

As compared to its higher DS counterpart, low DS macroinitiator (MI-Low DS) showed 3 Tds 

at 293 °C, 324 °C and 370 °C (the high DS macroinitiator Tds were 271 °C and 349 °C). The 

higher decomposition temperatures of the macroinitiator with low DS were due to the milder 

experimental conditions used in this synthesis. Furthermore, the potential establishment of 

intramolecular hydrogen bonds by the free OH groups in the C3 position might have also 

contributed to the higher Td. Copolymer # 5 displayed 3 Tds at 245 °C, 303 °C and 363 °C, 

whereas copolymer # 15 exhibited only two at 275 °C and 380 °C. The latter Tds were both 

higher than the Tds of copolymer # 5, but within the range found for the Tds of the residual 

copolymers listed in Table 3.3.7. In both cases, the grafting of P(DEGMA95-co-OEGMA5) from 

both macroinitiators caused an increment of the respective Tds (Figure 3.3.27). 
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Figure 3.3.28. Comparison of DSC thermograms of P(DEGMA90-co-OEGMA10), MI 

(macroinitiator) and copolymers 5, and 15. 

 

 

DSC thermograms of copolymer # 15 (low initiator density cellulose-based macroinitiator) and 

copolymer # 5 (high initiator density cellulose-based macroinitiator) are presented in Figure 

3.3.28. The DSC measurements were done in duplicate and respective RPDs% were calculated 

as per Equation 3.1.1 and found not to exceed 5%. A table with the values of the duplicates and 

respective RPDs% can be found in APPENDIX. The DSC thermogram of the cellulose-based 

macroinitiator with low DS did not show a clear Tg. Copolymer # 15 had a Tg higher than the Tg 

of copolymer # 5, - 23 vs. - 38 °C, respectively. One possible explanation might be related to the 

existence of a higher fraction of cellulose-based macroinitiator in copolymer # 15 considering the 

high intensity of the TDMS peak in the 
1
H-NMR spectrum (Figure 3.3.25). 
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The molecular weight and PDI of copolymer # 15 were determined by GPC-MALS (Table 

3.3.14). However, no comparison against the high initiator density cellulose-based copolymer 

(copolymer # 5) was conducted due to its insolubility in THF. The GPC-MALS measurements 

were done in duplicate and respective RPDs% were calculated as per Equation 3.1.1 and found 

not to exceed 4%. A table with the values of the duplicates and respective RPDs% can be found 

in APPENDIX-Duplicates and respective RPDs%. 

 

 

Table 3.3.14. DP, Mn(th), Mn(GPC-MALS), PDI of macroinitiator and respective cellulose-based graft 

copolymers. 

Exp# DP
(a)

 Mn(th)
(b) 

Mn(GPC/MALS)
 

DP(GPC-MALS)
 (c)

 PDI(GPC-MALS) 

 
 g/mol g/mol  

 

MI-Low DS
(a)

   4.3*10
4
  1.3 

15-40min 78 3.2*10
5
 6.1*10

4
 8 1.8 

(a)
 DP = Δ[M] / ([MI] * DS) (calculated from kinetic plots); 

(b)
 Mn(th) = Mn(MI) + [(0.95 * MMDEGMA + 

0.05*MMOEGMA) * DP * I.S] MI = macroinitiator, MM = molar mass, DP = degree of polymerization 

= Δ[M] / ([MI] * DS), I.S. = initiating sites = Mn(MI) / MM(Repeating unit) * DS; 
(c)

 DP = Mn(GPC-MALS) - 

Mn(MI) / [(0.95 * MMDEGMA + 0.05*MMOEGMA) * DP * I.S] MI = macroinitiator, MM = molar mass, I.S. 

= initiating sites = Mn(MI) / MM(Repeating unit) * DS, DS = 0.2; The GPC-MALS analyses were done in 

duplicate and the different RPDs% were calculated (Equation 3.1.1) and found to be below 4%. 

 

 

The molecular weight of the copolymer was determined by GPC-MALS and based on dn/dc, 

determined as previously described and calculated to be 0.082 mL/g (Equation 3.3.2). The 

chromatograms obtained from RID and MALS detectors are presented in Figure 3.3.29. 

 

 



152 

 

0.06

0.07

0.08

0.09

0.1

0.05

0.055

0.06

0.065

0.07

20 25 30 35 40 45 50

Time (min)

MALS

RID

 

Figure 3.3.29. MALS and RID chromatograms of copolymer # 15. 

 

 

Copolymer # 15 showed high solubility in THF as confirmed by a 93% mass recovery. 

Therefore, the value obtained from this analysis should be representative of the entire sample. 

The Mn(GPC-MALS) (6.1 * 10
4
 g/mol) was substantially lower than the Mn(th) (3.2 * 10

5
 g/mol). 

Therefore, the DP calculated from the GPC-MALS (DP = 8) is also dramatically different from the 

DP calculated from the kinetic plots (DP = 78). This dramatic difference in Mn and DP might be 

indicative of low initiation efficiency, 20% (initiation efficiency = Mn(th)/Mn(GPC-MALS)) and chain 

transfer. 

The LCST of copolymer # 15 could not be determined by DSC and due to the lack of 

solubility in water, turbidity measurements could not be done. The dissolution of the copolymer in 

a minimal amount of THF was done, but when water was added the solution turned cloudy. An 

attempt to visualize the thermoresponsive behaviour was made by preparing aqueous solutions 

with a concentration of 3 mg/mL and heating to 60 °C. A thermoresponsive behaviour was not 

observed however, this does not prove that the co-polymer is not thermoresponsive. The low DP 

of P(DEGMA95-co-OEGMA5) could be the cause for the lack of a visual phase transition. 
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3.3.5 Conclusions 

 

A regioselectively substituted ATRP macroinitiator, 3-O-(3-O-(2-bromoisobutyryl)-

hydroxypropyl)-2,6-O-TDMS cellulose was synthesized with different degrees of substitution (DS 

of 0.2, 0.6, 1.0) of 2-bromoisobutyryl initiator groups, through the introduction of a hydroxypropyl 

spacer at the C3 position of the AGU. The structure, DS and regiochemistry were confirmed by 

FTIR, 
1
H- and 

13
C-NMR spectroscopy. Thermoresponsive polymers, PNIPAM and P(DEGMA95-

co-OEGMA5) were “grafting-from” the newly synthesized macroinitiators by ATRP and the 

resulting copolymers analyzed by FTIR, 
1
H-NMR and GPC-MALS. The effect of various reaction 

parameters on reaction kinetics was studied in order to extend the linear kinetic regime and 

obtain maximum conversions. In the reactions involving NIPAM and the high DS macroinitiator, 

decreasing the macroinitiator concentration (MI/solvent wt%) from 0.1 wt% to 0.05 wt% or 

increasing reaction temperature to 55 °C did not affect the linear kinetic regime or conversion, 

which remained at 30 min and ~ 7%, respectively. Increasing the amount of Cu(II) extended the 

linear kinetic regime from 30 min to 1 hour, and increased monomer conversion to 19%. ATRP-

ARGET was also tested, but despite the linear kinetic regime being extended to more than 90 

min, the rate of polymerization decreased substantially and only 4% conversion was obtained. 

Decreasing the initiator density (low DS (0.2) macroinitiator) did not impact the linear kinetic 

regime or conversion; remaining at 60 min and 25%, respectively after 3 hours. However, as 

expected the low initiator density copolymer had a substantially higher DP of 130 as compared to 

28 for the high initiator density copolymer. 

Copolymers # I, II and III had their Mn(GPC-MALS) close to their respective Mn(th) and PDIs were 

low, outside of the linear kinetic regime. This was attributed to a potential loss of catalytic sites 

before termination reactions became predominant, as frequently observed in the ATRP of 

(meth)acrylamides. Copolymer # IV presented a Mn(th) higher than the respective Mn(GPC-MALS) but 

the its PDI was low. The difference observed between Mn(th) and Mn(GPC-MALS) might be related to 

the increase in the rate of polymerization which caused the loss of active catalytic sites at an 

earlier stage of the ATRP. The use of a macroinitiator with a lower initiator density did not show 

any improvement in achieving a controlled ATRP with higher conversions. Furthermore, the 

chromatogram obtained from GPC-MALS showed two distinct peaks, suggesting a non-controlled 

ATRP. 

In the reactions involving the homogeneous copolymerization of DEGMA and OEGMA from 

the cellulose-based macroinitiator with high and low DS of 2-bromoisobutyryl it was found that 

removing MeOH from the solvent system (THF) increased the conversion from 13% to 26%. 

Unlike in the PNIPAM experiments changing the ratio Cu(I)/Cu(II) did not impact the kinetic plots 

or conversion. However, increasing temperature did result in an increase in conversion from 26 to 
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44%. The elimination of Cu(II) from the reaction mixture caused the system to gel, but the 

conversion remained the same (45%). Gel formation could be avoided by using lower 

temperature, a lower activity ligand (PMDETA) or dilution of the reaction mixture, but the 

conversion decreased substantially. Decreasing the initiator site density (low DS (0.2) 

macroinitiator) decreased the rate of polymerization and linear kinetic regime to 30 min and 

lowered the conversion to 13%, vs. 45% for the high DS (1.0) macroinitiator. Copolymers 

obtained within the linear kinetic regime were found to have different solubilities depending on the 

reaction conditions used. However, chemical (ATR-FTIR, 
1
H- and 

13
C-NMR spectroscopy) and 

thermal analysis (TGA and DSC) did not indicate any major differences between the copolymers, 

thus no correlation could be made between chemical structure, physical properties or solubilities. 

This may be due to the inaccuracy of the NMR analyses caused by an incomplete solubilisation 

of the copolymers in the NMR solvent. Water soluble copolymers showed thermoresponsive 

properties with LCSTs of 27 and 37 °C, respectively. It was not possible to measure the LCST of 

water-insoluble co-polymers. 
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4 CONCLUSIONS 

 

The overall objective of the present work was to prepare well-defined thermoresponsive 

materials from regioselectively substituted cellulose. Ordered porous materials such as 

honeycomb films are of great interest due to its wide range of applications
14–16,289–292

, as 

described in section 1.6. The use of randomly and regioselectively substituted cellulose 

derivatives in the preparation of such films has been the subject of scientific articles.
4,318,319,323–

326,329
 To the best of our knowledge, the use of SI-ATRP to graft polymers from the surface of 

honeycomb films made from cellulose derivatives regioselectively substituted in position C6, has 

not been reported. The present work (section 3.1) was initiated with the preparation of 

homogeneous honeycomb films from regioselectively substituted 6-O-(2-bromoisobutyryl)-TMS-

O-cellulose, an ATRP macroinitiator. The surface of this film was then modified by grafting 

thermoresponsive polymer, PNIPAM via SI-ATRP. After ATRP, the homogeneous porous 

structure was kept and the properties of the surface altered due to the grafting of PNIPAM, as 

confirmed by ATR-FTIR, contact angle and AFM/QNM analysis. Unfortunately, the absence of 

adequate instrumentation did not allow observing the thermoresponsive behaviour of this grafted 

surface. In section 3.2, another cellulose-based ATRP macroinitiator, regioselectively substituted 

was synthesized as 3-O-(2-bromoisobutyryl)-2,6-O-TDMS cellulose. Unexpectedly, this derivative 

did not form homogeneous honeycomb films but its non-regioselectively substituted counter-part 

(2,3-O-(2-bromoisobutyryl)-2,6-O-TDMS cellulose) did form an ordered porous film. Interestingly, 

after surface grafting the film lost its homogeneous distribution of honeycomb pores. The 

preparation of homogeneous honeycomb films from cellulose based ATRP macroinitiators is a 

contribution for the advancement in the research of well-defined ATRP active surfaces. Polymers 

with specific properties can be grafted from these surfaces via SI-ATRP providing honeycomb 

films with tailored properties. 

The homogeneous ATRP from cellulose derivatives as macroinitiators has been reported in 

the literature.
11,13,120,122,123,161,217–221

 However, when using high initiator density macroinitiators 

termination reactions and gelation may occur and consequently cause the loss of the controlled 

character of the polymerization.
120,221

 In order to overcome this drawback it was hypothesized that 

the ordered distribution of initiators throughout the cellulose backbone may minimize termination 

reactions between growing chains. In section 3.3, 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-

2,6-O-TDMS cellulose, a regioselectively substituted cellulose derivative with a higher initiator 

density was synthesized and used as the macroinitiator. The grafting of PNIPAM from the 

cellulose based macroinitiator yielded copolymers with low PDI and the MnGPC/MALS close to their 

respective Mnth. However, the linear kinetic regime was short and conversions were relatively 
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low. To extend the linear kinetic regime and increase the conversion, the same macroinitiator with 

a lower initiator density was used but with no significant improvement. It was decided to proceed 

in this study with P(DEGMA95-co-OEGMA5), a biocompatible and thermoresponsive copolymer 

with the same LCST as PNIPAM. Longer linear kinetic regimes and slightly higher conversions 

were obtained in some of the experiments. However, due to the low solubility and in some cases, 

insolubility of the cellulose based copolymers it was not possible to fully characterize the ATRP 

copolymerizations. Unfortunately, no correlation was found between this behaviour and the 

experimental conditions or the TGA and DSC results. To minimize potential termination reactions 

between growing chains, 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose 

with a lower initiator density was used. The final copolymer was soluble, the MnGPC-MALS was 

closer to Mnth and the respective PDI improved; however, the linear kinetic regime was not 

extended and the conversion decreased. Based on the results obtained in this last section a 

controlled copolymerization of DEGMA and OEGMA from 3-O-(3-O-(2-bromoisobutyryl)-

hydroxypropyl)-2,6-O-TDMS cellulose was not achieved, probably due to undesirable termination 

reactions between the growing chains which may have been the cause for the high Mn. On the 

other hand, the polymerization of NIPAM from the same cellulose-based macroinitiator was more 

promising. Nonetheless, further studies are required in order to claim a controlled polymerization. 

Graft copolymerization from macromolecules such as cellulose derivatives by ATRP is still a 

major challenge. It is essential to understand the role of each experimental parameter and is 

crucial to choose the most favourable combination of the cellulose ATRP macroinitiator, the 

monomer to be grafted and the solvent used. Once these questions have been addressed 

adequately, it will be possible to prepare well-defined cellulosic copolymers consistently. 
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5 FUTURE WORK 

 

Synthesis of non-regioselectively substituted (2-bromoisobutyryl) TMS-O-cellulose DS ~ 1 

A significant difference was observed in the pore size of honeycomb films derived from 

regioselectively substituted 6-O-(2-bromoisobutyryl) TMS cellulose and non-regioselectively 

substituted (2-bromoisobutyryl) TMS-O-cellulose. This behaviour could be due to the 

regioselective character of the derivative, the DS or the use of a different solvent system (toluene 

vs. CHCl3:toluene). Therefore, as future work, it is proposed to synthesize a non-regioselectively 

substituted 2-bromoisobutyryl TMS-O-cellulose, with a DS closer to 1 and soluble in toluene. This 

experiment would allow a better understanding of the effect of DS and regioselectivity in the 

formation of honeycomb films from these derivatives. 

 

Preparation of honeycomb films from 6-O-(2-bromoisobutyryl)-TMS-O-cellulose 

It was demonstrated that 6-O-(2-bromoisobutyryl)-TMS-O-cellulose has the ability to form 

homogeneous honeycomb films. In order to find the optimal experimental conditions and to clarify 

the influence of each parameter in the film formation, it is proposed to statistically design an 

experiment with the objective to obtain the optimal honeycomb film with a homogeneous pore 

size distribution. 

 

Test the thermoresponsiveness of substituted honeycomb patterned films  

The thermoresponsive behaviour in these honeycomb films is expected to change the 

hydrophilicity of the surface above/below the LCST. A contact angle instrument equipped with a 

heating plate would permit determining the thermoresponsiveness of the ensuing films. On the 

other hand, pore morphology would be expected to change above/below the LCST and could be 

monitored by AFM equipped with a fluid cell (water) and temperature controller. 

 

Preliminary study to test the viability of using the honeycomb patterned film from 6-O-(2-

bromoisobutyryl) TMS cellulose for cell tissue growth 

Recent studies on the use of honeycomb films for tissue growth have shown that the 

adhesion and proliferation of the cells are not affected.
14,16,333,334

 Fukuhira et al.
14

 and Tanaka et 

al.
334

also found that the architecture of honeycomb films provides cells with spherical shape, 

necessary for use in tissue engineering, and not flat like the ones formed on flat films. Therefore, 

the ordered porosity of our films may allow cell tissue growth. Furthermore, these surfaces might 

also be modified through surface initiated ATRP. For example, the grafting of PNIPAM from the 

honeycomb films may allow the preparation of switchable thermoresponsive surfaces for tissue 
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growth. The hydrophilic and hydrophobic properties of PNIPAM, below and above the LCST, 

might be very effective for reversing cell attachment and detachment without cell damage.
357

 

In order to initiate a preliminary study about the use of the honeycomb films prepared in this 

work for cell tissue growth it would be necessary to execute preliminary studies which include: 1) 

test the thermoresponsiveness of these films; 2) verify the biocompatibility of the modified 

honeycomb surfaces, 3) optimize the preparation of larger honeycomb films and 4) test viability of 

cell tissue growth. 

 

 

Homogeneous polymerization of PNIPAM from 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-

2,6-O-TDMS cellulose 

The results obtained for this polymerization are promising considering the low PDIs obtained, in 

particular Exp # III, which has a Mn(th) close to Mn(GPC-MALS), low PDI and DP that is not too low. 

Future work would include establishing Mn vs. conversion graphs and verifying if a linear relation 

is established or not. It would also be interesting to study the role of regioselectivity in this 

polymerization. Thus, we propose the synthesis of 2,3-O-(3-O-(2-bromoisobutyryl)-

hydroxypropyl)-2,6-O-TDMS cellulose, based on the synthesis of 2,6-O-TDMS cellulose with a 

DS of approximately 1.3 (as described in section 3.2.2) and 3-O-(3-O-(2-bromoisobutyryl)-

hydroxypropyl)-2,6-O-TDMS cellulose (as described in section 3.3.1), and then running a 

homogeneous polymerization of PNIPAM from 2,3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-

2,6-O-TDMS cellulose.  

 

Homogeneous copolymerization of P(DEGMA95-co-OEGMA5) from 3-O-(3-O-(2-

bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose 

This copolymerization requires further study. The insolubility of the synthesized copolymers 

may be caused by radical coupling reactions between growing chains, resulting in termination 

and potentially causing crosslinking. Therefore, experimental conditions need to be further 

optimized. In order to minimize these reactions, the use of a less reactive ligand like PMDETA in 

the presence of Cu(II) might be beneficial. Another possibility would include decreasing the 

initiator density, which can be done by using a low DS 3-O-(3-O-(2-bromoisobutyryl)-

hydroxypropyl)-2,6-O-TDMS cellulose in combination with a lower activity ligand like PMDETA in 

the presence or absence of Cu(II). 

Similarly to what was proposed for the future work in the homogeneous polymerization of 

PNIPAM, the role of regioselectivity in this reaction should be further studied. Thus, as future 

work we propose to run a homogeneous copolymerization of P(DEGMA95-co-OEGMA5) from 2,3-

O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose. 
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APPENDIX 

 

Selected optical micrographs 

 

 

a) b)

 

Optical micrographs, 500x magnification, of honeycomb films from 6-O-(2-bromoisobutyryl) TMS-

O-cellulose with low DS at different flow/humidity; a) 0.5 L/min and b) 0.7 L/min. 
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Selected NMR spectra 
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Comparison of 
1
H-NMR spectra of 2,6-O-TDMS cellulose with DS=1.3 (top) and DS~2.1 (bottom). 
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Comparison of 
13

C-NMR spectra of 2,6-O-TDMS cellulose with DS=1.3 (top) and DS~2.1 

(bottom). 
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Comparison of 
13

C-NMR spectra of 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS 

cellulose (bottom) and 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose-g-

PNIPAM (top). 
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1
H-NMR spectra of NIPAM (in red) and the reaction mixture of NIPAM homopolymerization in the 

absence of cellulose-based macroinitiator (in blue). 
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1
H-NMR spectra of DEGMA (in red), OEGMA475 (in green) and the reaction mixture of DEGMA 

and OEGMA copolymerization in the absence of cellulose-based macroinitiator (in blue). 
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1
H-NMR spectra of 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose (bottom) 

and the precipitate obtained after adding water to a solution in THF of 3-O-(3-O-(2-

bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose and PNIPAM. 
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Comparison of 
1
H-NMR spectra of 3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS 

cellulose-g-P(DEGMA95-co-OEGMA5) copolymers. 
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Duplicates and respective RPDs% 

 

 

Duplicate values of DS of 2-bromoisobutyryl and Mn obtained from synthesized 6-O-(2-

bromoisobutyryl) TMS-O-cellulose derivatives and respective RPDs%. 

C6 derivative DS2-bromoisobutyryl RPD% Mn
 
(g/mol) RPD% 

L 
0.24 

0.23 
4.3 

5.4*10
4 

5.6*10
4 

4.0 

M 
0.50 

0.5 
0 

5.9*10
4 

6.0*10
4 

2.5 

H 
0.80 

0.8 
0 

6.0*10
4 

5.8*10
4 

3.4 

Non-regioselective 
2.2 

2.2 
0 

7.1*10
4 

6.9*10
4 

2.9 

 

 

Duplicate values of DS of 2-bromoisobutyryl and Mn obtained from the study of the synthesis of 

3-O-(3-O-(2-bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose derivatives and respective 

RPDs%. 

T (
o
C) Time (h) Base Ratio DS RPD% Mn (g/mol)

 
RPD% 

2,6-O-TDMS cellulose    

3.9*10
4 

4.0*10
4 

2.0 

RT 19 Pyr 1:11:10:0 
0.16 

0.17 
1.25 

3.3*10
4 

3.5*10
4
 

5.9 

RT 19 Pyr 1:21:20:0 
0.21 

0.20 
0.2 

3.1*10
4 

3.0*10
4
 

3.6 

Refl 19 Pyr 1:11:10:0 
0.22 

0.22 
0 

2.5*10
4 

2.7*10
4
 

6.9 

RT 48 Pyr 1:11:10:0 
0.28 

0.27 
0.28 

3.0*10
4 

3.1*10
4 

2.0 

RT 19 Im 1:11:10:0 <0.1  
3.2*10

4 

3.0*10
4
 

5.3 

Refl 19 Pyr 1:20:20:0.05 
0.26 

0.27 
2.7 N/A  
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Duplicate values of DS of 2-bromoisobutyryl and Mn obtained from the study of the effect of base 

in the synthesis of 2,3-O-(2-bromoisobutyryl) 2,6-O-TDMS cellulose and respective RPDs%. 

Exp# DS RPD% Mn(g/mol) RPD% 

2,6 TDMS-O-cellulose 
5.5*10

4 

5.4*10
4 

1.1 

1 
0.31 

0.29 
6.7 

4.8*10
4 

4.5*10
4 

5.2 

2 
0.10 

0.10 
1 

5.5*10
4 

5.2*10
4 

4.1 

3 
0.10 

0.09 
8.3 

4.7*10
4 

4.5*10
4 

4.6 

4 
0.35

0.35 
2.3 

5.2*10
4 

5.4*10
4 

3.2 

 

 

Duplicate values of DS of 2-bromoisobutyryl and Mn obtained from the study of the effect of time 

and temperature in the synthesis of 2,3-O-(2-bromoisobutyryl) 2,6-O-TDMS cellulose and 

respective RPDs%. 

Exp# DS RPD% Mn(g/mol) RPD% 

5 0.43  
3.0*10

4 

3.2*10
4 

4.2 

6 
0.51 

0.54 
4.9 

2.7*10
4 

2.8*10
4 

4.4 

7 
0.84 

0.81 
3.6 

2.1*10
4 

2.2*10
4 

5.2 

8 
0.53 

0.53 
0.4 

2.7*10
4 

2.7*10
4 

0.7 
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Duplicate values of DS of 2-bromoisobutyryl and Mn obtained from the study of the effect of the 

mole equivalents of 2-bromoisobutyryl bromide and anhydrous pyridine in the synthesis of 2,3-O-

(2-bromoisobutyryl) 2,6-O-TDMS cellulose and respective RPDs%. 

Exp# DS RPD% Mn(g/mol) RPD% 

9 
0.38 

0.39 
3.1 

5.4*10
4 

5.4*10
4 

1 

10 
0.34 

0.36 
5.7 

5.3*10
4 

5.4*10
4 

2.2 

11 
0.57 

0.53 
7.7 

5.0*10
4 

5.3*10
4 

5.8 

12 
0.65 

0.69 
6.0 

4.1*10
4 

4.4*10
4 

7.1 

13 
0.79 

0.76 
3.9 

3.7*10
4 

3.6*10
4
 

3.8 

 

 

Duplicate values of DS of 2-bromoisobutyryl and Mn obtained from the study of the effect of the 

addition of a 2
nd

 reaction cycle in the synthesis of 2,3-O-(2-bromoisobutyryl) 2,6-O-TDMS 

cellulose and respective RPDs%. 

Exp# DS RPD% Mn(g/mol) RPD% 

14 
0.86 

0.82 
4.8 

2.3*10
4 

2.5*10
4 

8.3 

15 
0.76 

0.84 
10 

2.4*10
4 

2.3*10
4 

3.4 

 

 

Duplicate values of DS of 2-bromoisobutyryl obtained from synthesized 3-O-(3-O-(2-

bromoisobutyryl)-hydroxypropyl)-2,6-O-TDMS cellulose derivatives and respective RPDs%. 

 DS2-bromoisobutyryl RPD% 

Low DS 
0.21 

0.23 
9.1 

Medium DS 
0.63 

0.61 
3.2 

High DS 
1.0 

1.0 
0 

 

 

 



185 

 

Duplicate values of Mn(GPC-MALS) obtained from synthesized 3-O-(3-O-(2-bromoisobutyryl)-

hydroxypropyl)-2,6-O-TDMS cellulose (high and low DS) and cellulose-based graft PNIPAM 

copolymers and respective RPDs%. 

Exp# Mn(GPC-MALS).(g/mol)
 RPD% 

MI-High DS 
4.6*10

4 

4.2*10
4 

9.1 

MI-Low DS 
4.2*10

4 

4.4*10
4 

4.7 

I 
1.3*10

5 

1.2*10
5 

6.5 

II 
1.7*10

5 

1.5*10
5 

9.2 

III 
1.3*10

5 

1.3*10
5 

1.6 

IV 
1.1*10

5 

1.1*10
5 

1.8 

V N/A  

VI (1
st
 peak) 

1.8*10
7 

1.6*10
7 

9.9 

VI (2
nd

 peak) 
4.3*10

4 

4.4*10
4
 

2.3 
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Duplicate values and respective RPDs% of decomposition temperature of macroinitiator, 

P(DEGMA90-co-OEGMA10) and cellulose-based graft copolymers. 

 Td1(°C) RPD% Td2(°C) RPD% Td3(°C) RPD% Td4(°C) RPD% 

Macroinitiator 

High DS 

262 

271 
3.4 

353 

349 
1.1 -  -  

Macroinitiator 

Low DS 

292 

294 
0.7 

320 

326 
1.9 

369 

373 
1.9   

P(DEGMA90-co-

OEGMA10) 

274 

274 
0 

332 

332 
0.2 -  -  

4 
261 

270 
3.1 

376 

372 
0.9 -  -  

9 
277 

278 
0.3 

368 

366 
0.4 -  -  

10 
290 

290 
0.2 

374 

376 
0.4 -  -  

13 
292 

292 
0 

366 

362 
1.0   -  

15 
273 

277 
1.5 

378 

382 
1.1     

5 
247 

245 
0.9 

302 

303 
0.5 

358 

363 
1.4 -  

8 
235 

234 
0.6 

277 

274 
1.1 

367 

369 
0.6   

6 
300 

298 
0.5 

316 

326 
3.4 

357 

358 
0.2 -  

7 
194 

190 
2.3 

295 

290 
1.7 

311 

310 
0.5 

350 

399 
2.9 
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Duplicate values and respective RPDs% of glass transition temperature of macroinitiator, 

P(DEGMA90-co-OEGMA10) and cellulose-based graft copolymers. 

Copolymer Tg (°C) RPD% 

MI 

High DS 

128.6 

129.3 
0.5 

MI 

Low DS 
N/A  

P(DEGMA90-co-OEGMA10) 
-43.8 

-43.0 
1.8 

4 
-39.8 

-39.4 
1.0 

5 
-39.5 

-39.0 
1.3 

6 
-36 

-36.8 
2.2 

7 
-40.2 

-40.7 
1.2 

8 
-39.1 

-39.6 
1.3 

9 
-51.2 

-50.2 
2.0 

10 
-35.2 

-35.7 
1.4 

13 
-25.3 

-24.8 
2.0 

15 
-22.3 

-23.4 
4.8 
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Duplicate values of Mn(GPC-MALS) obtained from synthesized 3-O-(3-O-(2-bromoisobutyryl)-

hydroxypropyl)-2,6-O-TDMS cellulose (high and low DS) and cellulose-based graft P(DEGMA-co-

OEGMA) copolymers and respective RPDs%. 

Exp# 
Mn(GPC/MALS) 

(g/mol) 
RPD% 

MI 

High DS 

4.6*10
4 

4.2*10
4 

9.1 

MI 

Low DS 

4.3*10
4 

4.2*10
4
 

2.3 

4 
1.3*10

6 

1.2*10
6
 

8 

7 
5.9*10

5 

6.3*10
5 

6.6 

9 

8.7*10
6 

8.4*10
6 

1.3*10
6
 

3.5 

10 
2.4*10

5 

2.2*10
5
 

8.7 

15 
6.2*10

5 

5.9*10
5
 

4.1 

 

 

Duplicate values of LCST from copolymers # 7 and 9 and respective RPDs%. 

Copolymer LCST(°C)
 RPD% 

# 7-cooling 
25.9 

26.1
 

0.4 

# 7-heating 
27.1 

28.0 
3.4 

# 9-cooling 
36.9 

36.8
 

0.3 

# 9-heating 
36.0 

36.2 
0.4 
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Duplicate values of Mn(GPC-MALS) obtained from cellulose-based graft P(DEGMA-co-OEGMA) 

copolymers and respective RPDs%. 

Exp# Mn(GPC/MALS) RPDs% 

9-5min 
8.2*10

5 

8.6*10
5
 

4.8 

9-15min 
2.7*10

6 

2.6*10
6
 

6.4 

9-1h 
8.7*10

6 

8.4*10
6
 

3.5 
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Selected kinetic graphs 

 

 

 

Fitting of single point collected for selected copolymers (red-square) in the respective kinetic plots 

of experiments (blue-diamond). 
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Fitting of single point collected for selected copolymers (red-square) in the respective kinetic plots 

of experiments (blue-diamond). 
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Selected first derivative of TGA thermograms 
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First derivative of TGA thermograms from copolymers # 4, 9, 10 and 13, respective macroinitiator 

and P(DEGMA90-co-OEGMA10). 
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First derivative of TGA thermograms from copolymers # 5, 8, and 6, respective macroinitiator and 

P(DEGMA90-co-OEGMA10). 
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First derivative of TGA thermograms from copolymer # 7, respective macroinitiator and 

P(DEGMA90-co-OEGMA10). 
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First derivative of TGA thermograms from copolymers # 5 and 15, respective macroinitiator and 

P(DEGMA90-co-OEGMA10). 
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Selected DSC thermograms 
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Comparison of DSC thermograms of copolymers # 4 to 10 and 13, respective macroinitiator and 

P(DEGMA90-co-OEGMA10). 
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Selected first derivative of the absorbance curves from UV-Vis 

spectra/LCST 
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First derivative of absorbance vs. temperature plot illustrating the LCST of cellulose-based graft 

copolymer # 7 at 670nm. 
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First derivative of absorbance vs. temperature plot illustrating the LCST of cellulose-based graft 

copolymer # 9 at 670nm. 


