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ABSTRACT 

Research of new sustainable and low cost materials, such as cellulose, is of high interest. 

Modifications of the cellulose can be performed in order to create a “smart” material which responds 

to external stimuli, such as variations in pH and temperature, by changing its properties. This “smart” 

behavior is observed in some polymers, however, for certain applications they exhibit too poor 

mechanical properties. These polymers can be bound by physical adsorption to cellulose, both in 

macro and nano scale, creating an improved “smart” composite material. 

In this project, thermoresponsive block-copolymers with different lengths of poly (diethylene glycol) 

methacrylate (PDEGMA) and poly N-(2-dimethylamino ethyl) methacrylate (PDMAEMA) in only one 

length, PDMAEMA-b-PDEGMA, were synthesized employing atom transfer radical polymerization 

(ATRP). 1H-NMR, SEC and DLS were used to characterize the block-copolymers. UV-Vis spectroscopy 

was employed to confirm the thermo-responsive behavior of the charged and uncharged block-

copolymers, being lower for the higher molecular weight ones due to the higher polymer-polymer 

interactions. In a second step, PDMAEMA was charged positively by quaternization of its amine 

group with ICH3. Polyelectrolyte titration was used to determine the total number of charges in the 

quaternized block-copolymers. In addition, TEMPO-oxidized nanofibrillated cellulose (NFC) was 

produced by procedures found in literature. Finally, adsorption of the cationic block-copolymers onto 

the anionic NFC in tris base at pH 8.3 was performed and purified by consecutive filtrations, creating 

a novel smart composite material with different PDEGMA lengths in the block-copolymer. FT-IR 

confirmed that the block-copolymers were successfully adsorbed to the NFC. TGA results showed a 

higher thermal stability for the composite than for the TEMPO-NFC and quaternized block-

copolymers. The block-copolymer modified NFC exhibited thermoresponsive behavior with LCST’s 

ranging from 30 to 44 °C, from higher to lower molecular weights, respectively.   

Adsorption of polyelectrolytes in modified cellulose could be a promising way to create smart 

improved materials in further research.    
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1 INTRODUCTION 

Research of new sustainable and low cost materials such as cellulose is of high interest. Furthermore, 

if these materials can be made “smart” or “intelligent”, the interest grows further. A “smart” 

material can be defined as one that responds to external stimuli by changing its properties. This 

stimulus can be a variation in pH, temperature, pressure, applied irradiation, or other factors that 

changes the environmental conditions in which the material functions. 

Some polymers are known to be smart materials and, furthermore, they can be tailored in order to 

get the response at a desired pH, temperature, pressure, etc.   On the other hand, and depending on 

the application, there are some drawbacks that must be taken into account related to the mechanical 

properties of some of these polymers. In order to overcome these disadvantages, polymers can be 

chemically bound or physically attached to a variety of surfaces by different binding techniques. In 

this way, a surface with higher mechanical properties than the polymer will give, thanks to this 

binding, an improvement in the properties of the material. 

Cellulose has high Young’s modulus and tensile strength. However, for certain applications, the 

properties of the cellulose need to be modified. One way to tailor the properties is to bind polymers 

onto the surface of the cellulose fibres. Different polymerization techniques can be utilized in order 

to tailor the polymer grafts. In this investigation, a composite material created from cellulose and 

thermoresponsive copolymers was created and characterized. The thermoresponsive behavior 

should remain in the material, together with an improvement of the mechanical properties when 

compared with the copolymer alone. Herein, block-copolymers composing of PDEGMA and cationic 

PDMAEMA were physically adsorbed onto NFC by electrostatic interactions.  In this way, a “smart” 

material with better mechanical properties was obtained. 

 

1.1 CELLULOSE AND ITS MODIFICATION 
Cellulose is one of the most common resources in the world and several investigations have been 

carried out in order to modify it and make it suitable for different applications. Furthermore, it is a 

renewable polymer with a unique hierarchical structure, leading to different properties depending on 

their origin [1, 2]. 

Cellulose is a homopolysaccharide of 6-D-glucopyranose segments linked linearly through β-(1,4)-

glycosidic bonds. Each glucose unit contains 3 hydroxyl groups, which means that hydrogen bonding 

will be highly present, creating a crystalline structure that will give good mechanical and physical 

properties to the material [1, 2]. 

Cellulose has a hierarchical structure starting with the polymer chains as the basic part, which 

bundles up into microfibrils with a diameter of about 2 to 20 nm. These microfibrils create fibrils, 

which are stabilized by hydrogen bonding, creating the crystalline cellulose I. However, this type of 

cellulose is not easy to utilize in some applications due to its packed structure. Consequently, 

different modifications are carried out in the cellulose in order to make it suitable for other 

applications [1, 2].  
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Cellulose II can be created from cellulose I when dissolved in alkali solutions. The difference between 

these two kinds of cellulose is a change in its structure, in which it is transformed to a different 

crystalline, more stable form. There are other different polymorphs of cellulose depending on the 

source and chemical treatment applied on them [1, 2]. 

Cellulose can be used at macro scale to create paper, boards and textile products. Also cotton, 

cellulose microspheres and other cellulose derivatives are widely studied in research fields [3]. 

Nanomaterials derived from cellulose are divided into two main types: cellulose nanocrystals and 

nanofibrillated cellulose (NFC) also called microfibrillated cellulose (MFC). However, there are still no 

standards regarding how to refer to each kind of nano-derivated material, which can be a problem 

when studying  this field [1, 2].  

Briefly, cellulose nanowhiskers are nanocrystalline cellulose created by acid hydrolysis, forming high-

purity single crystals of cellulose with a length of 100 to 500 nm, a 5 to 10 nm width, and a Young’s 

modulus of 130-250 GPa. NFC is created by mechanical processes combined with chemical 

pretreatment. Its diameter range is between 10 to 100 nm, going to micro scale in length, with a 

Young’s modulus of about 150 GPa. Further information about NFC is given in the next section [1, 2]. 

 

1.1.1 Nanofibrillated cellulose 

NFC is one of the most recent cellulose derivatives, and different pretreatments, including 

modifications to add negative charges or grafting of its surface, are still being developed. The interest 

of this nanomaterial resides in its high surface area and, in this case, the higher mechanical 

properties when compared to the polymers mentioned above [1]. 

The term microfibrillated cellulose was first used in 1983, thus referring to a material created by 

mechanical processing of wood. The term nanofibrillated cellulose was applied later, when the 

nanosize of the fiber diameter was discovered. Cellulose nanofibrils consists of alternatively mixed 

crystalline and amorphous zones, which give certain flexibility to the material due to the different 

stiffness found on those areas [1].  

Techniques to create this material are based on heat and mechanical action together with oxidation 

and other chemical processes. Normally the fibers pass through a homogenizer under high pressures 

and temperature of about 70-80 °C. The homogeneization process is repeated enough times so that 

the smallest fiber size possible is reached. Microfluidizers can be used instead of homogeneizers, in 

which higher velocities and pressure can be applied in order to create the fibers. Cryocrushing and 

grinding are also used for this matter. Due to its small size after all these treatments, NFC has a very 

large surface area [1, 2]. 

A big drawback when using only mechanical and heat treatments is the huge amount of energy spent 

during the process. Therefore, different kinds of pretreatments have been developed to overcome 

this problem, and three main types are used: alkaline, oxidation and enzymatic.  

In order to remove the lignin present in the raw material, alkaline pretreatments must be carried out 

carefully. Different kinds of cellulases are involved in the enzymatic process, leading to a less 

degraded structure than with the other types of pretreatments. There are also different oxidation 
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techniques and the one based on 2,2,6,6-tetramethylpiperidine-1-oxyl, known as TEMPO, is further 

explained in the next section [1]. 

 

1.1.2 TEMPO-Oxidation 

NFC is a good candidate to be used in different reinforcement and biomedical applications due to its 

mechanical and physical properties. However, as pointed out before, the mechanical treatments 

used to create it requires a lot of energy, making it expensive to produce. It is for that reason that 

different types of chemical and enzymatic pretreatments have been developed. 

One of the most important pretreatments is the one developed by Saito et al. [4], called TEMPO-

mediated oxidation. In this process, cellulose fibrils are separated through hydrolysis, saving energy 

needed in the mechanical treatment, and thereby making it more affordable. Furthermore, with this 

treatment, negative charges are created in the NFC, making it is suitable for a wide range of 

applications.  

A catalytic oxidation with TEMPO radical, NaClO, and NaClO2 at a high pH, will lead to negatively 

charged NFC. The reaction mechanisms are shown in the Figure 1: 

 

Figure 1 TEMPO-mediated oxidation mechanism 

  

Sodium chlorite, NaClO2, acts as the main oxidant for the aldehyde groups, creating new carboxylic 

groups through them. TEMPO is oxidized to N-oxoammonium by NaClO, oxidating again the present 

hydroxyl groups to aldehyde groups and to create hydroxylamine. These new aldehyde groups are 
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oxidized to carboxyl groups due to the effect of NaClO2, which is transformed to NaClO. Finally, this 

NaClO oxidizes the hydroxylamine to N-oxoammonium, which is a negatively charged group. After 

complexion of this process under neutral or slightly acidic conditions, aldehyde groups are expected 

to disappear from the material. Finally, crystalline fibrils with a width of about 5 nm and length in the 

microscale, are obtained after a softer mechanical and heat process. NFC is not degraded after this 

method, and its properties can be compared to the ones reached through mechanical and heat 

treatments with a much higher energy consumption[4, 5].  

 

1.2 THERMORESPONSIVE POLYMERS 
A thermoresponsive polymer is a polymer that changes its physical properties in response to a 

change in temperature. Most thermoresponsive polymers have a Lower Critical Solution 

Temperature (LCST), a temperature at which the behavior of the polymer changes from hydrophilic 

to hydrophobic, resulting in a change from being soluble to non-soluble in aqueous solutions. 

Different polymers show thermoresponsive behaviors, such as poly (ethylene glycol) methacrylates 

(PEGMAs) and poly (N-(2-dimethylamino ethyl)- methacrylate) (PDMAEMA), the latter one showing 

both thermo and pH responsiveness.  In addition, PDMAEMA has a tertiary amine that easily can be 

positively charged, which increases the interest of this polymer.  

 

1.2.1 Poly (ethylene glycol) methacrylates (PEGMAs) 

Nowadays, synthetic “smart” materials with different stimuli-response behaviors are being created. 

PEGMAs are part of this new synthetic world, being thermoresponsive. A switch in the solution from 

transparent to blurry can be observed at the LCST. PEGMAs family structure is shown in Figure 2: 

 

Figure 2  Family of the EGMAs [6] 

In Figure 2 it can be seen that the difference between the polymers within this family is the number 

of ethylene glycol segments in the side-chain of the molecule. The methacrylate part will give the 

molecule the hydrophobic behavior, due to the carbon chain, while the ethylene glycol part will show 
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a hydrophilic character, because of the hydrogen bonding to water caused by the oxygen atoms. This 

means, the longer ethylene glycol chain, the more hydrophilic and soluble in water the polymer will 

be. If this chain is short, the molecule will show a hydrophobic behavior, making it insoluble in water 

over a certain temperature. However, there is an intermediate behavior between these two limits, in 

which the thermoresponsive behaviour appears. The LCST is the switch between polymer-water and 

polymer-polymer interactions, which depends mostly on the structure of the polymer. If the ethylene 

glycol chain is longer, stronger interactions are found with water, resulting in a higher LCST. For 

example, DEGMA (2 ethylene glycol groups) have a LCST of around 27 °C, while OEGMA (4 or 5 

ethylene groups) shows a LCST of 73 °C [3, 6, 7]. One of the most interesting approaches in this 

matter is the capability of tailoring this LCST by copolymerization of different monomers from this 

family. For example, copolymerization of DEGMA and OEGMA can result in different LCST in between 

27 °C and 73 °C, which is quite interesting for various future applications, for instance in biomedical 

and industrial fields.  

 

1.2.2 N-(2-Dimethylamino ethyl)-methacrylate (DMAEMA) 

DMAEMA is a monomer that can be polymerized by different methods, for example by free and 

controlled radical polymerization, creating a pH and thermoresponsive polymer (PDMAEMA). One of 

the most important characteristics of this compound for this investigation is the tertiary amine that 

can be found in its structure. Through a process called quaternization, this amine can be charged 

positively by the addition of a methyl group. 

 

 

Figure 3 Structure of N-(2-Dimethylamino) ethyl)-methacrylate (DMAEMA), (left) and after 
quaternization, becoming N-(2-Trimethylamino) ethyl)-methacrylate (TMAEMA) (right) 

PDMAEMA shows a LCST range varying from 32 °C to 53 °C, depending on the molecular weight of 

the polymer, and pH- and salt concentration in the solution [8-10]. 

PTMAEMA shows both thermo and pH responsive behaviors, showing a pKa of 7.3, and a pH 

depending thermo responsive behaviour. Thus, between pH 7-10 PTMAEMA will show LCST at some 

point depending on its molecular weight, being nonexistent below 7.  Finally, PTMAEMA is known to 

be a good antibacterial material [11, 12].  

PTMAEMA is charged positively in its amine group, after quaternization with a halogenated 

compound, such as ICH3. In this investigation, PTMAEMA is interesting since it is cationically charged, 

which means that it can be bound physically by electrostatic forces to the negative charges that are 

found in TEMPO-NFC. 
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1.3 CONTROLLED RADICAL POLYMERIZATION TECHNIQUES 
Controlled radical polymerizations (CRPs) are efficient and simple polymerization techniques by 

which monomers containing a wide variation of available functional groups, such as hydroxyl, 

methacrylate and amine groups, can be polymerized. It also offers good control over molecular 

weight and molecular weight distribution. It is for these reasons that in the last decade there has 

been a big development in this field [13, 14]. There are three main types of CRPs: degenerative 

transfer processes (e.g. reversible addition-fragmentation chain-transfer, RAFT, polymerizations), 

atom transfer radical polymerization (ATRP) and nitroxide mediated polymerization (NMP). 

Three criteria must be taken into account in order to have a CRP: 

- A faster initiation than propagation, resulting in a constant growth rate of chains. 

- Concentration of the radicals must be low enough to control the termination rate but 

high enough so that the chains grow at the same time, meaning there is equilibrium 

between active radicals and dormant chains. 

- The degree of polymerization must follow the ratio [M]/[I]. 

All three methods have controlling abilities, but the mechanisms by which the polymerizations are 

performed are different. Depending on the degree of control of molecular weight, polydispersity 

index, functional groups and other possibilities, such as the introduction of catalysts and other 

reactive products, one CRP-method could be preferred over another one. 

In ATRP an atom or group of atoms are transferred from growing to dormant chains in the presence 

of a ligand and a catalyst. 

 

Figure 4 Schemes of the three times of CRPs, from up to down: NMP, ATRP and RAFT [15] 

ATRP is the chosen polymerization technique to be used in this investigation because it is known that 

is shows a nice control of the reaction for methacrylates [13].  
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1.3.1 Atom transfer radical polymerization (ATRP) 

ATRP is one of the most used and reliable methods for tailoring polymers. Some examples of active 

groups in initiators for ATRP are -bromoesters or -bromoamides. Furthermore, the chain-ends will 

keep their activity or “living” behavior, making it possible to create block-copolymerizations from a 

created polymer. 

ATRP mechanism is shown in Figure 5: 

 

Figure 5 Scheme for ATRP [15] 

In ATRP the polymer chain will react with a transition metal, which acts like the catalyst. There is also 

a ligand that activates the metal to attack the dormant polymer chain, transferring one atom or 

group of atoms to the metal, forming a Pn* radical and oxidizing the metal to a +1 state. This radical 

starts the polymerization reaction, by adding monomers. The radical can also react back with the 

transferred atom, thus forming a dormant state which cannot propagate. This equilibrium is highly 

shifted towards the dormant side. The complex formed by metal and ligand is controlling the 

polymerization. The polymerization will also be affected by the temperature of the reaction, the 

solvent used, monomer characteristics, etc [13, 16].  

One of the drawbacks with ATRP is that the radicals can get trapped by oxygen. Therefor the reaction 

has to be performed under inert atmosphere. There is also a high concentration of catalyst, normally 

copper, in both oxidation states so purification of the product after polymerization must be 

performed. 

 

1.3.2 Activators regenerated by electron transfer atom transfer radical polymerization 

(ARGET ATRP) 

 

Due to the high amounts of copper typically used in ATRP, variations of this method have been 

developed to lower this amount. In ARGET ATRP (atom regenerated electron transfer ATRP) the 

reaction is not so sensitive to the presence of oxygen and the need of catalyst is lower. The main 

difference to ATRP is the addition of a reducing agent which allows the reaction to be performed in a 

much more environmentally friendly way. Usually this agent is ascorbic acid in combination with 

metallic compounds based on copper or tin. The catalyst, normally an active Cu(II) compound, will be 

reduced to Cu(I) by the reducing agent, being oxidized again to Cu(II) in the presence of oxygen. Thus, 

when the oxygen is consumed the reaction starts, the period before the reaction starts is called 

induction period.  
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Figure 6 ATRP vs. ARGET ATRP schemes[15] 

The drawback with this method is how to calculate the quantity of reducing agent needed for a 

successful reaction. If there is too much reducing agent, all Cu(II) deactivator will react, leading to an 

uncontrolled polymerization due to the high presence of Cu(I). If the quantity is too low, it may not 

consume all the oxygen present in the reaction, meaning the reaction will not start. If the copper 

compound is very reactive, just a small amount of it together with a high amount of slow reactive 

reducing agent have turned out to be sufficient to perform a good reaction. This also means that the 

copper concentration will be much lower than in a normal ATRP reaction, being more 

environmentally friendly and easier to purify [10, 14].  

 

2 PURPOSE OF THE STUDY 

In this investigation, ATRP techniques will be used to synthesize thermo responsive block-copolymers 

of PDEGMA-b-PDMAEMA. These block-copolymers will be cationically charged and attached to the 

surface of anionically charged NFC by electrostatic forces. The resulting smart material will show 

thermo responsive behaviour, making it suitable for different applications, such as in industrial and 

biomedical fields.  

 

3 EXPERIMENTAL 

Materials: 

Ethyl-2-bromoisobutirate (EBiB) 98%, copper bromide (CuBr2) 99%, N, N, N’, N’, N’’-pentamethyl 

diethylentriamine (PMDETA) 99%, ascorbic acid (AsAc) >99% (Fluka), anisole 99%, hexamethyl 
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triethylene tetraamine (HMTETA) 97%, diethylene glycol methylether methacrylate (DEGMA) 95%, 

dimethylaminoethyl-methacrylate (DMAEMA) 98% with hydroquinone as stabilizer, copper chloride 

(I) 99%+, copper chloride (II) 97%, aluminum oxide activated basic, aluminum oxide activated neutral, 

sodium hypochlorite solution at 10%, sodium acetate >99%, sodium chlorite 80%, sodium hydroxide 

>98%, , TEMPO 99%, hydrochloric acid 1M, sodium hydroxide >98%, potassium phosphate 99,99% 

and trizma base >99,9% purity were purchased by Sigma-Aldrich. Seasand, tetrahydrofurane (THF), 

dichloromethane (DCM), n-hpetane, diethyl ether and dimethylformamide (DMF) were purchased 

from Merck. Technical acetone was purchased by VWR, Iodomethane by Riedel-de Haën and 

deuterium chloroform and water by Cambridge Isotope Laboratories, Inc. 38.8% dry cellulose pulp 

was purchased from Domsjö AB. Deionized water was also used. 

 

Instrumentation: 

Nuclear magnetic resonance, H-NMR: H-NMR spectra were recorded at room temperature on a 

Bruker Avance 400 MHz spectrometer using CDCl3 (Aldrich) solutions containing 0.03% of 

tetramethylsilane (TMS) as an internal standard, and also D2O. 

Size exclusion chromatography, SEC: Waters 6000A pump , a PL-EMD 960 light scattering evaporative 

detector , two PL gel 10 µm mixed-B columns from Polymer Labs, and one Ultrahydrogel linear 

column from Waters. Dimethylformamide (DMF) was used as solvent at a flow rate of 0.2 ml min−1. 

Poly(methyl methacrylate) was used as standard. 

Ultraviolet-visible spectroscopy, UV-Vis: Shimadzu UV-2550 UV-VIS Spectrophotometer (Kyoto, 

Japan), software UVProbe 2.0 (contains spectrum, photometric and kinetic modules). Temperature 

controller: S-1700 Thermoelectric Single Cell Holder. Method was the following: heating from 15-20 

C to 40- 45 C (depending on the sample) at a rate of 0.1 C/sec, and reverse cooling down. 

Fourier transformation infrared spectroscopy, FT-IR: Perkin-Elmer Spectrum 2000 FT-IR equipped 

with a MKII Golden Gate, single reflection ATR System (from Specac Ltd., London, U.K.). The ATR-

crystal was a MKII heated Diamond 45° ATR Top Plate. 

Dynamic light scattering, DLS: Malvern Zetasizer NanoZS. Temperature of the samples was set to 22 

C, using disposable cuvettes and a 0.45 m filter to avoid impurities from the sample into the 

instrument. 

Thermogravimetric analysis, TGA: Thermogravimetric analysis (TGA) was performed with a TA 

Instruments Hi-Res TGA 2950 analyzer under nitrogen flow at a heating rate of 10 C/min. Heating 

rate was 10 C/min and heating was performed from 40 to 600 C. 

Polyelectrolyte titration, PET: Same instrumentation as the one used by Horn D.[17], an optical two-

beam method (photoelectric Messkopf 2000 from BASF, with reference 2 to 1, green to red, to reach 

the color change)  with a glass sample holder and a stirrer (Metrohm 728 Stirrer) in which the sample 

is mixed with water. An injector (Metrohm 716 DMS Titrino) adds small volumes of a solution with a 

determined quantity of charges. In this case, potassium polyvinyl sulfate (KPVS) was used as this 

solution, with a concentration of charges of 3.04 x 10-7 per ml, and ortho-toluidine blue (OTB) was 

used as indicator.  

javascript:popupOBO('GO:0022804','b910481j')
javascript:popupOBO('CMO:0000166','b910481j')
javascript:popupOBO('CMO:0002244','b910481j')
javascript:popupOBO('GO:0047490','b910481j')
javascript:popupOBO('CHEBI:60027','b910481j')
http://www.chemspider.com/5993
http://www.chemspider.com/5993
javascript:popupOBO('CHEBI:46787','b910481j')
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3.1 SYNTHESIS  
 

3.1.1 ARGET ATRP of DEGMA 

The ratios of the reaction were [200:1] equivalents of DEGMA to EBiB, meaning a DP target of 60, 

with a conversion of 30 % and molecular weight 11000 g/mol. 

Polymerization of DEGMA is exemplified as followed:  

2.82 grams of anisole was added to a 10 ml round bottom flask containing a magnetic stirrer, 

together with 13 mg (0.075 mmol) of AsAc, was mixed for about 5 minutes and cooled on an ice-

bath. 2.82 g (15 mmol) of monomer (destabilized through an aluminum oxide column), 15.7 l (0.075 

mmol) of PMDETA and 11 l (0.075 mmol) of EBiB were added to the flask in the ice bath, which was 

then covered with a septum. An Argon purge with outlet and inlet needles was applied for 10 min. 

After that, 1.7 mg  (7.5 mol) of CuBr2 were added to the flask, covering it again with the septum and 

applying the argon purge for 15 min. The flask was then removed from the ice bath and placed in an 

oil bath at 40 C. Aliquots of 0.10 ml were withdrawn during polymerization for analysis of 

conversion and Mn by H-NMR and DMF SEC every 30 minutes. Finally, the reaction was stopped at a 

30 % conversion by opening the septum and adding THF. To remove the copper from the reaction 

solution, it was passed through a neutral activated alumina column.  

Separation of the product from unreacted DEGMA monomer, initiator and other reaction products 

was done through 2 consecutive precipitations in diethyl ether and decanting. A new H-NMR sample 

was taken in order to check if there was any monomer left in the product. If there is monomer, 

another precipitation must be done. Final samples were route-evaporated and vacuum dried 

overnight. The polymer was characterized by H-NMR and SEC. 

 

3.1.2 ATRP of DEGMA 

The ratios of the reaction were [200:1] equivalents of DEGMA to EBiB, meaning DP target of 60, with 

a conversion of 30% and molecular weight 4000 g/mol. 

Polymerization of DEGMA is exemplified as followed: 

5.98 g of acetone where poured into a 25 ml round bottom flask equipped with a magnetic stirrer. 

230.6 l (0.848 mmol) of HMTETA and 62.2 l (0.424 mmol) of EBiB with a micropipette where 

added, letting them mix for about 5 minutes and was then cooled on an ice-bath. 5.985 g (31.8 

mmol) of DEGMA were added to the flask, which was then covered with a septum. Vacuum was 

applied for 5 minutes with a needle, followed by 5 minutes of argon with an outlet needle. 41.9 mg 

(0.424 mmol) of CuCl were added to the flask, covering it again with the septum and applying two 

cycles of vacuum and argon alternatively. The flask was then removed from the ice bath and placed 

in an oil bath at 50 C. Aliquots of 0.10 ml were taken during polymerization for analysis of 

conversion and Mn trough H-NMR and DMF SEC every 30 minutes. This reaction was running for 1.5 

h, in which a last sample was taken. In the final stages of the reaction, 56 mg of CuCl2 were added to 
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the flask. Finally, the reaction was stopped at a 30% conversion by exposing it to oxygen when 

opening the septum and adding THF.   

The solution was passed through a neutral activated alumina column.  

Separation of the product from unreacted DEGMA monomer, initiator and other reaction products 

was done through 2 consecutive precipitations in diethyl ether and decanting. A new H-NMR sample 

was taken in order to check if there was any monomer left in the product. If there is monomer, 

another precipitation must be done. Final samples were route-evaporated and vacuum dried 

overnight. The polymers were analyzed by H-NMR and SEC. 

 

3.1.3 ATRP of DMAEMA macroinitiator  

The ratios of the reaction were [75:1] equivalents of DMAEMA to  EBiB, meaning a DP target of 22.5, 

with a conversion of 30 % and molecular weight 3500 g/mol. 

Polymerization of DMAEMA is exemplified as followed: 

45 g of acetone were put in a 100 ml round bottom flask equipped with a magnetic stirrer, together 

with 2.076 ml (7.63 mmol) of HMTETA and 560.1 l (3.82 mmol) of EBiB, letting them mix  for about 

5 minutes and then placed on an ice-bath. 45 g (286.24 mmol) of DMAEMA (destabilized through a 

column of neutral aluminum oxide) were added to the flask, which was covered with a septum. 

Vacuum was applied for 5 minutes with a needle, followed by another 5 minutes of argon with an 

outlet needle too. 41.3 mg (3.81 mmol) of CuCl were added to the flask, covering it again with the 

septum followed by two cycles of vacuum and argon alternatively. The flask was then removed from 

the ice bath and placed in an oil bath at 50 C. Aliquots of 0.10 ml were taken during polymerization 

for analysis of conversion and Mn by H-NMR and DMF SEC every 15 minutes.  The reaction was run 

for 1 hour. The reaction was terminated by the addition of 150 mg of CuCl2, followed again by 

vacuum-argon addition. Finally, the reaction was stopped at a 30% conversion by exposing it to 

oxygen when opening the septum and adding THF.    

The solution was passed through a neutral activated alumina column.  

Separation of the product from unreacted DMAEMA monomer, initiator and other reaction products 

was done through 2 consecutive precipitations in n-heptane and decanting. THF and after DCM were 

used to regulate viscosity. A new H-NMR sample was taken in order to check if there was any 

monomer left in the product. If there is monomer, another precipitation must be done. Final samples 

were route-evaporated and vacuum dried overnight. The polymers were analyzed by H-NMR and 

SEC. 

 

3.1.4 ATRP of DEGMA from PDMAEMA macroinitiator 

The ratios of DEGMA varies depending on the molecular weight of the block-copolymer, but the 

ratios of CuCl, PDMAEMA , HMTETA and acetone were kept as in the DMAEMA polymerization (1 eq, 

1 eq, 2 eq and 50 wt%). PDMAEMA in this case will work as the macroinitiator, replacing the EBiB. 

The target conversion was 30 %, with target DPs of 80, 265, 531, 55 and 265 respectively and the 

molecular weights were set as 10000, 15000, 50000 and 100000 g/mol. 
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Polymerization of DEGMA from PDMAEMA macroinitiator is exemplified as followed: 

840 mg (0.12 mmol) of PDMAEMA were placed in a 50 ml round bottom flask. 20 g of acetone were 

poured with a pipette into the flask equipped with a magnetic stirrer, letting them mix for 10 

minutes. 65.28 l (0.24 mmol) of HMTETA were then added with a micropipette, letting them mix for 

about 5 minutes and then pacing the flask on an ice-bath. 20 g (106.26 mmol) of DEGMA 

(destabilized through a column of neutral aluminum oxide) were added with a pipette to the flask in 

the ice bath, which was covered with a septum. Vacuum was applied for 5 minutes with a needle, 

followed by another 5 minutes of argon with an outlet needle. 41.33 mg (0.12 mmol) of CuCl were 

added to the flask, covering it again with the septum and applying two cycles of vacuum and argon 

alternatively. The flask was then removed from the ice bath and placed in an oil bath at 50 C. 

Aliquots of 0.10 ml were taken during polymerization for analysis of conversion and Mn by H-NMR 

and DMF SEC every 30 minutes or longer, depending in the reaction time. Reaction times varies 

depending on the size of the block-copolymers, being longer for higher molecular weight ones than 

for the shorter ones. Finally, the reaction was stopped at a 30% conversion by exposing it to oxygen 

when opening the septum and adding THF.   

The reaction solution was passed through a neutral activated alumina column.  

Separation of the product from unreacted DEGMA monomer, macroinitiator and other reaction 

products was done through 2 consecutive precipitations in diethyl ether and decanting. DCM for the 

block-copolymers was used to regulate viscosity. A new H-NMR sample was taken in order to check if 

there was any monomer left in the product. If there is monomer, another precipitation must be 

done. Final samples were route-evaporated and vacuum dried overnight. The products were 

analyzed by H-NMR, SEC, FT-IR, UV-VIS and DLS. 

 

3.1.5 Quaternization of PDMAEMA block-copolymer 

14 ml of THF with 178.39 l (2.87 mmol) of ICH3 were poured into 2.29 g (0.053 mmol) of block 

copolymer 1 dissolved in 23 ml of THF. The reaction was left overnight. Lower molecular weight 

block-copolymers were precipitated in cold heptane, while the ones with higher molecular weights 

were mixed with water and freeze dried for 24 hr, due to their swelling in THF.  The precipitate was 

filtered off and vacuum dried overnight. The quaternized polymers were characterized by H-NMR, 

FT-IR, UV-VIS and DLS. 

 

3.1.6 TEMPO-mediated oxidation of pulp cellulose 

The method for TEMPO-oxidation of cellulose was adopted from  Saito et al [4]., with only one 

variation related to the latest washing of the product. 

Preparation of acetate buffer, pH 4.6: 408 ml of acetic acid 0.1 M (2.33 ml and complete with 

deionized water) and 392 ml of sodium acetate 0.1 M (3.22 g of product) was dissolved in deionized 

water. 

Preparation of the phosphate buffer, pH 6.8: 1243 ml of potassium phosphate 0.1 M (16.9 g) and 557 

ml of NaOH 0.1 M (2.23 g) were dissolved in deionized water. 
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Purification and TEMPO-oxidation: 

- 20 g of dry pulp were dissolved in 49 ml of water. 800 ml of the acetate buffer was 

heated to 60 °C during stirring. The pulp was added and left until the material appeared 

dispersed. 2.4 g of NaClO2 are added to the solution which was left to stir for 1 hour. 

Finally, the material was filtered with deionized water at least three time its volume, 

until the pulp was clean. 

- 1800 ml of the phosphate buffer was heated to 60 °C and the all the pulp from the step 

before added and stirred until a complete dispersion was formed. 22.61 g of NaClO2 

were then added, together with 12 ml of NaClO and 312.5 mg of TEMPO, and was left to 

stir for 3 hours. Finally, the pulp was washed again with at least 3 times its volume in 

deionized water. Dry content of the pulp was measure after this final step.  

The material was dissolved to 1 % dry content in deionized water. It was then run through a 

homogenizer, 3 times at 200 m and 3 more times at 100 m. The NFC was analyzed by total charge 

measurement, in order to know the charges per gram in the material. 

 

3.1.7 Adsorption of charged block-copolymers onto TEMPO-NFC  

Tris base solution 0.01 M was prepared prior to the adsorption, and the pH was adjusted to 8.3 by 

the addition of HCl [18]. 2.423 gr of tris base were dissolved in 400 ml of water with a stirrer during 

10 min. HCl 0.01 M was used to adjust the pH from 9 to 8.3, adding 100 ml more of water at the end. 

10 gr of 0.87 % TEMPO-NFC corresponding to a number of charges of 62.64 eq was dispersed in 80 

ml of tris base and ultrasonicated with an ultraturrax twice during 3 min with a pulse of 3-5 on-off 

respectively, in which the instrument ultrasonicates for 3 seconds and stops the next 5, at 30 % 

amplitude, while the sample was cooled on an ice bath. Each block-copolymer was added in the 

quantities so that the charges on the block-copolymer were double the amount of charges on the 

NFC. Each block-copolymer was dissolved in 10 ml of tris base in the fridge overnight. 0.1 M NaCl 

(58.44 mg) were added to the dispersion, which was left under stirring on an ice bath. The block-

copolymer was added drop wise with a pipette and left to stir for one hour. Once the adsorption was 

complete, the solution was again ultrasonicated 4 times for 1:30 min with the same pulse as before, 

in order to detach possible polymer aggregations between the copolymer and the TEMPO-NFC. 

Ultrasonication with ultraturrax was performed between filtrations and/or centrifugations, 2 times 

for 1:30 with 3-5 pulse on an ice bath, to detach possible polymer agglomerations. 50 ml of MilliQ 

water were used for each washing. After each filtration/centrifugation, the collected fractions were 

measured and characterized by PET, in order to know the quantity of polymer that was not attached.  

Final product was characterized through TGA and DSC, together with its thermo responsive behavior 

in an oil bath and with a heating gun. 

 

3.2 CHARACTERIZATION METHODS 
Different methods have been mentioned during the experimental part. In this section their basic 

working principles will be described. 
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3.2.1 Nuclear magnetic resonance (H-NMR) 

This method is based on the behavior of the atoms’ nuclei, since they have different spin properties, 

which depends on the quantum number. This spin reacts to magnetic fields, orienting them when it 

is applied. This movement can be tracked and plotted through H-NMR getting the information about 

the desired molecule. 

In this paper only hydrogen H-NMR (1H-NMR) is used, in which it is possible to see the hydrogen 

atoms in the molecule. Among other things, the conversion during polymerization reactions can be 

monitored and the structure of the molecule can be decided.  For this reason, the solvents utilized 

for NMR needs to be deuterated, so that the sample signal can be seen. 

In this investigation H-NMR samples are withdrawn from the reactions and from the final products, 

to analyze conversion and purity of the products. Quantities are lower than 0.1 ml of sample 

dissolved in the desired solvent. There must be enough product to get a good signal and so be able to 

see the results properly. 

 

3.2.2 Size exclusion chromatography (SEC) 

This method is based in the separation of polymers by size in solution, hence the hydrodynamic 

volume is measured. The main principle is that the solution with the desired molecule passes through 

a porous column. The smallest particles get stuck in these pores, while the bigger ones pass through 

the column easily. This means that the first polymers reaching the end of the column will be the 

bigger ones, and the smaller ones will take longer. In this way, the molecular weights of the polymers 

can be measured by size, giving also the polydispersity index (PDI) of the molecule, in this case by an 

IR detector. 

Different diluents and materials can be used for SEC but it must be taken into account that the 

column should not interact with any of them. It is also important to use a standard that is similar to 

the ones measured, to get a better approximation of the molecular weight and PDI of the sample. 

The most common diluents used in SEC are DMF, THF and chloroform. 

In this investigation there are two different types of SEC samples, depending if they were taken 

during reaction (crude samples) or after work-up. From the ongoing reaction, approximately 0.1 ml 

of sample was taken and dried to remove the solvent, adding 3 ml of DMF. When the product is 

purified and dry, a last SEC to verify the Mn and PDI of the polymer is made, preparing a 

concentration of 3 mg/ml of product in DMF. The sample must be filtered before running in the 

instrument. 

 

3.2.3 Ultraviolet-visible spectroscopy (UV-Vis) 

This method is based on the absorption or reflectance of the material at a determined wavelength 

that is being measured through the ultraviolet-visible spectra. A light passes through the sample and 

separate into different rays until they reach the detector. In this case, the instrument also has a 

temperature controller enabling measurements of the LCST of thermo responsive polymers. When 

the polymer is totally soluble in water, the solution placed in the instrument will be transparent, 
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giving no absorption at all. While rising the temperature, the hydrophobic behavior will appear, 

making the solution cloudy and getting a determined absorption from a certain temperature. 

For this characterization, samples of 3 and 5 mg/ml where prepared. 

 

3.2.4 Fourier transform infrared spectroscopy (FT-IR) 

FT-IR measures the absorption of the material in the infrared spectra, a lower wavelength than the 

ultraviolet and visible one. The principle is that a light passes through the sample to the detector, in 

which the data is converted through a Fourier transformation to the original results we know 

nowadays. Dispersive spectroscopy is one of the most used methods for FT-IR, in which the light has 

only one color and it gives a wide range of possibilities to measure different materials.  

Certain bonds in the samples can be determined by this method, for example the quaternization of 

the block-copolymers and the bonding of the TEMPO-NFC with the quaternized materials.  

 

3.2.5 Dynamic light scattering (DLS) 

DLS is used to measure the size of the particles of a polymer in a suspension or solution, giving a 

statistical distribution of the different sizes. There are three different kinds of size measurements, 

with are called volume, number or intensity of the scattering of the light. 

The principle is based in a beam that will send a ray of light through the sample, being scattered in 

different ways depending on the size of the particles it hits. It can be controlled at different 

temperatures to check the different size of the particles and thus thermo responsive behavior of a 

sample. 

Samples of 0.5 mg/ml for each block-copolymer unquaternized and quaternized were prepared for 

DLS. TEMPO-NFC with the adsorbed polymer was not measured by this technique due to its big size, 

which is out of the resolution of the instrument. 

 

3.2.6 Thermogravimetric analysis (TGA) 

With this technique, the mass of the sample can be measured in a controlled atmosphere. Normally 

the sample is heated in oxygen or nitrogen in an oven, and the instrument measures the weight loss 

of the material while the temperature is gradually increased. With this method it is possible to see 

the composition of a material and at which temperatures they degrade.  

This instrument was used to characterize the final composite material, in which TEMPO-NFC and 

charged block-copolymer were adsorbed together.  

 

3.2.7 Polyelectrolyte titration (PET) 

PET is one of the oldest methods to measure the charges in a determined solution. First, a solution 

with a determined concentration of charges must be prepared, and from this a determined volume 

of the desired material with a defined concentration can be measured. The charges between both 



18 
 

solutions must be contrary to each other. To know when the charges are neutralized an indicator is 

used, which will turn from one color to another when this happens.  In the most modern PET 

measurements a spectroscope working with the same principle as UV-Vis is used and controlled by a 

software, in which when the spectroscope finds a difference in absorbance the injection of the 

solution can be stopped. 

This method was used in this thesis work to measure the charges in the quaternized block-

copolymers, and also to measure the quantity of block-copolymer that has not been able to be 

adsorbed by the negative charges of the TEMPO-NFC. 

 

3.2.8 Total charge measurement (TCM) 

This test was performed on the TEMPO-NFC to check the number of charges in the final product. The 

procedure is adopted from Katz et al [19]. Initially, the NFC was dispersed in water, having a 1.5 g/L 

dry NFC in a 250 ml beaker with deionized water and the pH was adjusted to 2 with HCl. After 30 

min., the pH was measured again and if it was different, it was adjusted to 2 again. The dispersion 

was then washed with deionized water until a lower conductivity in the filtrate than 5 S/cm was 

reached. This first step was done in order to make sure that only the carboxylic content of the NFC is 

measured. 

To make sure that the conductivity measurement is reliable, pH must be controlled to avoid any ions 

of interfering during this process. In this case, the fibers will be dispersed in 100 ml of 0.1 M NaHCO2, 

to reach the same concentration as in the first step. 0.1 M NaOH was used after 10 min stirring to 

adjust the pH to 9, waiting 30 minutes and correcting if needed and washing with deionized water till 

the conductivity in the filtrate was under 5 S/cm. Finally, the same method applied for pH 2 in the 

first place is repeated. This process is necessary in order to get fully protonated NFC, since its 

deprotonation will give the number of charges present on it. 

NFC was prepared by dispersion of 0.1 g dry weight with 1 ml 0.01 NaCl, 0.5 ml 0.01 HCl and 98.5 ml 

deionized water, correcting the pH to 4 with 1 M HCl to ensure extra protons in the dispersion. NaCl 

was added to balance the ion concentration between the NFC and the solution. 

A conductometer is used for this measurement, together with N2 flow to remove the oxygen from 

the beaker in which the sample is going to be measured under stirring. Then, NaOH 0.01 M is added 

to the suspension by 0.5 ml every 30 seconds, and the conductivity is measured before each 

addition.  
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Figure 7 Total charge measurement example[19]  

In Figure 7, phase 1 and 2 corresponds to the total amount of acidic groups in the dispersion, which 

matches the carboxylic content that is found in the TEMPO-NFC, and it is indicated by the 2nd 

intersection point in the curve 

 

4 RESULTS AND DISCUSSION 

In this investigation different block-copolymers of PDMAEMA-co-PDEGMA were synthesized through 

ATRP and characterized by H-NMR, DMF SEC, UV-Vis and DLS. Initially, ARGET-ATRP was going to be 

the method of choice since the needed copper content is lower, but after several trials no reliable 

results about this polymerization were shown. Therefore, normal ATRP was used for the synthesis. 

The synthesized block-copolymers were quaternized with ICH3 in order to introduce cationic charges, 

enabling the block-copolymers to be subsequently adsorbed to anionically charged NFC by 

electrostatic interactions. H-NMR, UV-Vis, TGA, DLS and FT-IR were used to characterize the charged 

block-copolymers. TCM was used to characterize the TEMPO-NFC. The composite material created by 

adsorption of the different block-copolymers in the negatively charged TEMPO-NFC required several 

purification processes in order to remove then non adsorbed block-copolymer. The characterization 

of the material was done through PET, TGA, FT-IR and heating tests. 

 

4.1 TRIAL SYNTHESIS 

4.1.1 ARGET ATRP of PDEGMA  

ARGET ATRPs of DEGMA with different reaction conditions were made according to Table 1. 
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Table 1 Results of the experiments of ARGET ATRP of DEGMA 

First of all it was observed that no polymerization during the first 2-3 hours was achieved in the first 

attempts. The next trials were performed in order to check if this problem was about the quantity of 

oxygen in the beginning of the reaction, which could be too high and so would need more time for 

the reaction to occur, or just a matter of reaction temperature. As it can be seen, there is a time in 

which some of the reactions do not show any conversion, but there were other ones in which the 

reaction did not even work with higher temperatures. Thus, ARGET ATRP was discarded because the 

method did not seem repeatable enough nor reliable to control the polymerization. 

 

Figure 8  Scheme of DEGMA synthesized by ARGET ATRP, using EBiB, PMDETA, CuBr2, and 
ascorbic acid in anisole 

H-NMR was used to calculate the conversion of the polymerization. In Figure 9 it can be seen that 

peaks between 4 and 4.5 ppm originates from the monomer that is being consumed and polymer 

that is being created, from left to right. From their integrals, the relationship between synthesized 

polymer and monomer can be made, in this case for CCS04 after 1 hour and 35 min reaction at 50 °C 

the conversion was 0.78/1.78x100 = 43.82%. This method was used for both reactions and 

monomers, being slightly different for the block-copolymers. H-NMR’s of some of the reactions are 

shown in appendix 6.1.1. 

Reaction T0
Reaction 

time T0
Tf

Reaction 

time Tf
Conversion

Theoretical 

Mn

DMF SEC 

Mn
PDI

CCS01 40 3 hr 30 50 Overnight 100% 36700 30000 1.24

CCS04 40 2 hr 30 50 5 hr 10 46.8% 11000 19800 1.1

CCS05 45 3 hr 30 50 5 hr 10 0 11000 - -

CCS07 50 2 hr 50 - 0 11000 - -
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Figure 9 H-NMR of DEGMA synthesized by ARGET ATRP 

 

4.1.2 ATRP of DMAEMA & DEGMA 

After the failed attempts to carry out ARGET-ATRP in the DEGMA monomer, normal ATRP was 

decided to be used instead. Both monomers were polymerized in different trials, which are shown in 

this headline. 

DMAEMA and DEGMA results for Mn and conversion were the following: 

 

Table 2 Results of DEGMA and DMAEMA synthesized by ATRP 

 

Monomer
Theoretical 

Mn g/mol
DP Conversion

DMF SEC 

Mn 

g/mol

PDI
Reaction 

time

DMAEMA 4700 22,5 40% 5800 1.1 1 hr

DEGMA 14500 60 38.6% 20000 1.1 1 hr 45

A B 

B mono 

C 

E 

F 

E 

D 

B 

F 
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Figure 10 Scheme of DMAEMA synthesized by ATRP, using EBiB, CuCl & HMTETA in acetone 

 

Figure 11 Scheme of DEGMA synthesized by ATRP, using EBiB, CuCl & HMTETA in acetone 

 

Relationships between conversion and time into a kinetic function and evolution of the molecular 

weight with the conversion are showed in Figure 12: 
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Figure 12 Characterization of first DMAEMA and DEGMA synthesized by ATRP, kinetics, Mn & 
PDI values 

There is a linear function which shows the polymerizations are kinetically controlled. Also PDI results 

show a good value, since it should be close to 1 to have an equal distribution of molecular weights in 

the sample. H-NMR and SEC results for these reactions can be found in the appendix 6.1.2-6.1.3, and 

6.2. 

Based on these results, the PDI, which are close to 1 and the kinetics of the reaction, shows that the 

polymerization is controlled, even though the Mn is a little bit higher than expected.  

 

4.1.3 Polymerization of PDMAEMA macroinitiator by ATRP 

In the block-copolymers, the thermo responsive PDEGMA part was varied in terms of molecular 

weight, but it was desirable to do all the PDEGMA polymerizations from the same batch of PDEGMA 

macroinitiator, so that the cationic block-copolymer would have the same length and the same 

number of charges in all synthesized block-copolymers. For this reason, the next trials consisted in 

creating a bigger batch of PDMAEMA through ATRP (CCS09, CCS11, CCS13, CCS19). These were the 

theoretical initial data and the results for conversion, Mn, PDI and yield: 
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Table 3 Data of DMAEMA synthesized by ATRP for different reactions 

PDI values were close to one, which means the distribution is narrow enough conclude thatthe 

polymerization was controlled. Yields of the final product were around 18-22% being lower for the 

first attempt, 8.6%. Molecular weights values were twice as high as expected theoretically. Reaction 

times between one and two hours gave conversions between 21 and 35%. There seemed to be no 

correlation between reaction times, monomer concentration or conversion of the different reactions. 

However, the lower yield in CCS09 could be due to a bad precipitation of the polymer, since it was 

done first with the same solvent as used for PDEGMA and had to be re-precipitated in diethyl ether. 

 

Figure 13 Example of kinetics followed by DMAEMA synthesized by ATRP 

 

4.1.4 ATRP of DEGMA from PDMAEMA macroinitiator – trial synthesis 

In the last trial a block-copolymer of PDMAEMA-b-PDEGMA (CCS10, CCS14) was synthesized. 

Theoretical Mn was around 21000 g/mol for 26 % conversion for CCS14. Measured Mn value and PDI 

were 35000 g/mol and 1.06, respectively, according to SEC. Kinetics and Mn/PDI results are shown in 

Figure 14. 

CCS09 CCS11 CCS13 CCS19

Theoretical Mn 2433.01 3714.89 3602.73 4183.81

Mn SEC 4086 6360 6287 6844

PDI 1.15 1.16 1.1 1.09

Conversion 20.63 31.51 30.56 35.48

Initial weight 20 30 5 45

Final weight 1.72 6.89 1.02 8.1

Yield 8.6 22.97 20.4 18

Reaction time 1 hr 1 hr 50 1 hr 15 1 hr
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Figure 14 Characterization of DEGMA synthesized from PDMAEMA macroinitiator by ATRP, 
kinetics, Mn & PDI values 

 

 

Figure 15 Scheme of DEGMA synthesized from PDMAEMA macroinitiator by ATRP 

 

The yield was low, 180 mg of product from 2 g of DEGMA monomer, which is about 9 %. However, 

the reaction resulted in a low PDI value and showed good kinetics, especially taking into account that 

a block-copolymer is more difficult to control than a homopolymer reaction. The low yield can be 

explained because of the low molecular weight of the block-copolymer, since precipitations of a 

block-copolymer with Mn around 20000 g/mol was impossible to precipitate, while one of around 

45000 g/mol precipitated without any problems. H-NMR and SEC results can be found in the 

appendix 6.1.4 and 6.2. 

 



26 
 

 

Figure 16 H-NMR for DEGMA synthesized from PDMAEMA macroinitiator by ATRP, indicating 
the number of protons in each peak 

H-NMR was used to calculate the conversion of the polymerization. In this case, it can be seen in 

Figure 16 the protons in C and E are overlapped, and peaks regarding protons in positions G and D 

can be observed. To calculate the conversion of the DEGMA part, it can be concluded that since E 

and G contains the same number of protons, G’s integral can be removed from the integral C+E. 

Again, this peak related to the peak around 4.3, which is related to the monomer, will lead to the 

conversion. From their integrals, the relationship between synthesized product and total product can 

be made, in this case for this block-copolymer (CCS10) was of (1-021)/(1+2.3) =23.9%. This method 

was used for all block-copolymer reactions. 

Dialysis was performed in sample CCS10 to try to remove the monomer from the polymer, since its 

precipitation in diethyl ether was unsuccessful.  However, this method did not seem to work properly 

and the block-copolymer was somehow destroyed or it disappeared through the dialysis tubing.  
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Figure 17 H-NMR of the block-copolymer CCS10 before and after dialysis (up and down)  

 

In Figure 17 it can be seen that the double peak at around 4.2 and 2.5 from the DMAEMA part have 

disappeared, indicating that the PDMAEMA block degraded or disappeared during the separation 

process. 

 

4.2 Polymerization OF DEGMA FROM PDMAEMA MACROINITIATOR: 

PDEGMA-co-PDMAEMA 

4.2.1 ATRP of different lengths of DEGMA from PDMAEMA macroinitiator 

After studying all the results properly, it was decided to conduct the block copolymerization 

reactions through ATRP. First, calculations had to be made in order to be sure that the quantity of 

product was going to be enough to continue with the adsorptions. This macroinitiator, PDMAEMA, is 

used as an initiator for the polymerization of DEGMA to different molecular weights, creating in this 

case five different PDMAEMA-b-PDEGMA block-copolymers. Gathered data related to their reaction 

characterization is shown below: 
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Table 4 Data of DEGMA synthesized from PDMAEMA macroinitiator by ATRP for different 
DEGMA lengths 

 

 

Figure 18 Characterization of PDMAEMA-b-PDEGMA block-copolymers, kinetics values for 
different block-copolymers, zooming in on the right plot 

 

Samples CCS20, CCS21, CCS25 and CCS22 will be referred as samples 1 to 4 from this point (lower to 

higher molecular weight). CCS23, having the lowest Mn, was impossible to precipitate of purify.  It 

can be seen that final Mn of the block-copolymers was higher than expected. It can be seen also that, 

as expected, the higher the Mn, the longer time the reaction needed to completion. It is interesting 

to point out that in order to get a PDEGMA with a Mn of around 20000 g/mol, and almost 40 % 

conversion 1 hour and 45 min were needed, while for the block-copolymer CCS23 it took 1 hour and 

15 min and a conversion of 30 % to reach a Mn of about 14000 g/mol in the PDEGMA part, so it can 

be said the kinetics for both reactions are pretty similar, at least at low molecular weights. PDIs 

increased with Mn and conversion values, which is the reason the reaction has to be kept at a low 

conversion (around 40 %). As expected, the yield increased with increased conversion. Finally, there 

is no yield for block-copolymer CCS23 due to the impossibility of purifying the product by any means, 

neither precipitation nor THF dialysis, probably due to its small molecular weight. H-NMR and SEC 

results can be found in the appendix 6.1.5-6.1.9 and 6.2. 

CCS20 CCS21 CCS22 CCS23 CCS25

Theoretical Mn 21028.78 34777.78 87808.08 14517.48 86406.63

Mn SEC 41082 62981 214490 21638 125970

PDI 1.04 1.13 1.5 1.06 1.3

Conversion 28.06 16.67 24.24 30.07 47.64

Initial weight 19150 20000 20000 10000 20000

Final weight 3870 2090 3080 - 8700

Yield 20.21 10.45 15.4 - 43.5

Reaction time 2 hr 10 6 hr 30 22 hr 10 1 hr 15 16 hr 5
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Figure 19 SEC for PDEMGA-co-PDMAEMA block-copolymers (left), and sample 2 (right) at 
different conversions 

In Figure 19 it can be seen that a higher Mn would lead to a shorter elution time, as expected. On the 

right it can be seen the evolution of sample 2 with conversion, in which the PDMAEMA unreacted 

block-copolymer is present as a small second population on the right of the curve. In this case, 

elution time also gets lower with a higher conversion, which means also a higher Mn, as it was 

pointed out before. It also can be observed that with high conversions and/or Mn the curves show 

shoulders, meaning PDIs would be also higher, leading to an uncontrolled polymerization 

 

4.2.2 Quaternization  

The PDMAEMA-block was quaternized in order to introduce cationic charges into the structure. This 

was done by reaction with ICH3. For the higher molecular weight block-copolymers, the solution 

turned into a very viscous material. Calculations are shown below: 

 

Table 5 Calculations for quaternization of the block-copolymers 1 to 4 

In order to check if the block-copolymers quaternized properly through ICH3 to create poly(N-(2-

triethylaminoethyl)-methacrylate), D2O H-NMR analysis were performed after the reactions in all 

four block-copolymers. In Figure 20 an example of both H-NMRs of CCS20 before and after 

quaternization is shown:  

sample 

mg

PDMAEMA 

mg

PDMAEMA 

mmol

ICH3 

mmol

mg 

ICH3

ml ICH3 

(2.28 

g/l)

Sample 1 2290 375.41 2.39 2.87 406.73 178.39

Sample 2 1090 117.75 0.75 0.90 127.57 55.95

Sample 3 4900 257.95 1.64 1.97 279.48 122.58

Sample 4 2080 86.02 0.55 0.66 93.19 40.87

PDMAEMA 300 300,00 1.91 2.29 325.03 142.56
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Figure 20 D2O H-NMR of sample 1, before and after quaternization 

As it is explain by Sanjuan et al. [20], it can be seen that the peaks corresponding with A and B 

becomes shorter. Also the peaks at 2.5 ppm and 2.25 ppm disappear, appearing as switched in a 

peak around 3.4 ppm for the quaternized material. So through H-NMR it can be said that 

quaternization was a success for all block-copolymers. H-NMR results for all block-copolymers can be 

found in the appendix 6.1.10. 

 

Figure 21 Scheme of quaternization reaction 
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Finally, FT-IR spectroscopy was performed in which it can be seen the difference between 

quaternized and unquaternized material, Figure 22 and 23: 

 

Figure 22 PDMAEMA before and after quaternization (blue and red, respectively). 

 

 

Figure 23 Samples 1 to 4 before and after quaternization (blue and red lines, respectively) 

First, FT-IR on PDMAEMA and PTMAEMA was performed to check if quaternization took place (see 

Figure 22). There is a new peak for the quaternized material at around 3500 cm-1, that shows the OH 

groups observed when a polyelectrolyte is created, and the peaks around 2500 cm-1 have 

disappeared. After this, the rest of the samples were analyzed, as it can be seen in Figure 23, 

observing a peak at 3500 cm-1. There are also some differences seen in the spectra which are 

probably caused by a difference in contact with the sensor in the instrument. Unquaternized material 

is a liquid, viscous material, while the quaternized one is rubbery, making it easier to squeeze it 
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against the crystal and thus get a better signal. This can be observed in figure 23, where the signal for 

the quaternized material shows a higher absorbance than the unquaternized one. There is, however, 

an exception with sample 3, in which this better contact was not achieved. This could also explain 

why the OH peak is difficult to detect in that sample, meaning the contact was so low that no signal 

could be created in the spectra. Finally, normalization in another range of the spectra, such as 

carbonyl groups, could be done in all samples, since these values are not supposed to vary from 

unquaternized to quaternized material. Furthermore, this normalization would lead to similar, non-

contact dependent spectra.  

To quantify the number of charges in the block-copolymers, polyelectrolyte titration was performed 

on all block-copolymers for different sample concentrations (see appendix 6.5.1). The results can be 

seen in Table 6. 

 

Table 6 Information about the charges per gram in each block-copolymer 

The block-copolymers are charged, even though not completely. Sample 3 had a lower charge than 

the other block-copolymers but no explanation for this was found in this study. However, it could be 

due to an error in the molecular weight calculations, which would then translate into lower degree of 

quaternion in this case.  

 

4.2.3 Particle size and DSC results 

The results for number and volume particle size for samples 1 to 4, both unquaternized and 

quaternized, are shown below: 

 

Sample 1 Sample 2 Sample 3 Sample 4 CCS19

Mn total block 44920 65220 128220 217220 9220

PTMAEMA block 9220 9220 9220 9220 9220

PDEGMA block 35700 57800 119000 208000 -

Expected charges 44.52 44.52 44.52 44.52 44.52

PET charges 33.12 33.43 24.25 33.12 29.71

Yield 74.4 75.1 54.47 74.4 66.74

Charges eq/g 737.37 512.64 189.11 152.48 3222.54
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Figure 24 Particles sizes of samples 1 to 4, volume and number results from left to right 
respectively 

Theoretically, a bigger size of particles for the higher molecular weight samples can be expected, 

since the higher mass means also a higher volume, which the results also show for the uncharged 

polymers. However, once the polyelectrolytes are formed, size of the molecules decreases, showing 

a higher change in proportion for samples 2 and 4. This can be explained by the higher hydrophilicity 

showed by the polyelectrolytes, which would lead to a lower particle formation. Particles would form 

naturally in water when the repulsion between the solvent and the polymer is high enough, but 

being more hydrophilic would mean the contrary effect.  

 

4.2.4 Thermo responsive behavior of the block-copolymers 

Since PDEGMA is a thermo responsive polymer, the block-copolymers are expected to show a 

thermo responsive behavior as well. In order to measure this, samples were exposed to UV-Vis with a 

change in temperature from 15-20 C to 40-50 °C, depending on the block-copolymers, and both 

heating and cooling were applied, in order to measure the LCST of the block-copolymers. An example 

of the results obtained is shown in Figure 25 (see more in appendix 6.3): 

 

Figure 25 UV-Vis results with control of temperature for sample 1 

It is seen that at a certain temperature the transmittance of the unquaternized sample approaches 

zero, which means it became insoluble in water and blurry (called cloud point), not letting the light 

pass through the sensor. This also happens with quaternized samples 1 and 3. A difference between 

heating and cooling the block-copolymer was also observed, showing a higher LCST during heating 

than cooling for both unquaternized and quaternized block-copolymers, in which is called hysteresis. 

This hysteresis means in this case that the polymer does not have enough time to rearrange itself as 

it was in the beginning, so the LCST is lower in this case when cooled after heating. To decide a value 

for the LCST, a 10 % of transmittance should be lowered down in 4 temperature measurements in 

the heating experiment. 
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Figure 26 UV-Vis results for heating rates of unquaternized and quaternized material, 
respectively 

 

The effect of the copolymer can be observed in both low molecular weight samples 1 and 2, maybe 

due to the higher ratio PDMAEMA/PDEGMA, in which two ”bumps” can be seen in both heating and 

cooling experiments. It can also be seen that this occurs in both quaternized and unquaternized 

samples. It could be explained because the different block-copolymers in the PDMAEMA/PTMAEMA 

have different LCSTs, giving a first cloud point and thus lowering the transmittance. In samples 3 and 

4 this behaviour could not be observed, since ratio PDMAEMA/PDEGMA is much lower. 

Even if all the samples showed LCST at some point, there is a difference between the reached 

transmittance of some of the samples. As a general rule, the cloud point at a certain LCST would 

make the transmittance go down approach zero, but in quaternized samples 2 and 4 this did not 

happen and they only reached 0.8-0.9 of transmittance. A reason for this behaviour could be the 

concentration of the sample. If the concentration is too low the cloud will not be dark or ”dense” 

enough, and the transmittance will be higher. More tests were performed on the quaternized 

materials and also on the unquaternized ones, however, the results were still not reliable, which may 

be due to a problem with the instrument. A thermo responsive behavior with hysteresis can also be 

observed, and in this case the standard to decide the value was a 1 % of transmittance lowered in 4 

temperature measurements. LCST values for each sample are shown in Figure 27.  
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Figure 27 Lower critical solution temperature for PDEGMA-co-PDMAEMA, uncharged and 
charged 

The range of temperatures in which the uncharged block-copolymers are thermo responsive varies 

between 28 and 24 °C which is expected taking into account that PDEGMA should have 27 °C alone 

and PDMAEMA LCST would vary with pH between 32 and 53 °C. It can be also observed that the LCST 

is lower when increasing the molecular weight, which is expected since a higher molecular weight 

would lead to more polymer-polymer interactions, making a more hydrophobic block-copolymer. 

However, sample 1 and 2 do not show a large difference in LCST, with a value around 27.5 °C, and it 

could be due to their similar Mn when compared with the other samples.  

Finally, in all cases but sample 1 the LCSTs are higher for the polyelectrolytes, since they are expected 

to have a higher hydrophilicity, having values between 29.5 to 24.5 °C.  

 

4.3 ADSORPTION EXPERIMENTS OF TEMPO-NFC AND PTMAEMA-co-

PDEGMA 
 

The polyelectrolyte block-copolymers were synthesized in order to be adsorbed onto NFC. The 

positively charged block-copolymer of the polyelectrolytes will function as an anchor, attaching the 

block-copolymers to the negatively charged NFC. 

Data gathered from the total charge measurement performed in the TEMPO-NFC gave a value of 720 

eq/g of dry product. Taking this value into account, it was decided to try to do these experiments in 

solution, having double charges of the block-copolymers dissolved in the solution than to the 

dispersed TEMPO-NFC. The first trials were made with sample 1, since it has the higher charge per 

gram and it would require less quantity of polymer to carry out the experiments. 10 g of wet pulp 

and 169.9 mg of block-copolymer were used in these experiments. 
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4.3.1 Purification and solvent effect 

After the adsorption, the non-adsorbed block-copolymers needed to be separated from the NFC. 

Different separation methods were evaluated; centrifugation and filtration. 169.9 mg of sample 1 in 

10 mg wet sample of TEMPO-NFC in a total of 100 ml of solvent were used for all experiments. 

Solvents used were water and tris base with a pH of 8.3. Samples from the purification are shown in 

Table 7: 

 

Table 7 Description of the different purification trials 

 

Centrifugation was done for 10 min at 4500 rpm after a quick trial in which it could be seen that the 

water and the material were separated, and thus easy to decantate. The values of non-adsorbed 

block-copolymer were measured through PET (see appendix 6.5.2) for every fraction, shown in Figure 

28: 

  

Figure 28 Results of adsorption experiments, total percentage (left) and from each purification 
fraction (right) 

 

On the left it is shown the sum in percentage related to the initial quantity of the block-copolymer 

washed out of the sample, and in the right the quantity measured in each fraction. Since the charges 

of the block-copolymers are double that of the NFC, it should be expected to remove at least 50 % of 

the polymer from the product, i.e. since the block-copolymers are added in 200 % excess. Sample 

NFC-2 is the one that shows a higher percentage of polymer washed out of the sample, around a 

Sample name
Purification 

method

Number of 

fractions
Solvent

3-5 On-off 

pulse

Ultrasonication 

time

%Block 

washed out

NFC-1 Centrifugation 3 Water No 3 x 3 min 25

NFC-2

1 x 

centrifugation, 

5 x filtration

6 Water No 3 x 3 min 38

NFC-3 Filtration 2 Tris base Yes 2 x 45 sec 10

NFC-4 Filtration 5 Tris base Yes 2 x 1:30 min 22

NFC-5 Filtration 3 Water Yes 2 x 1:30 min 25
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45%, due to the longer ultrasonication step and the higher number of filtrations done on it. It seems 

to be no difference in block loss between water experiments NFC-1 and NFC-5 performed with each 

separation technique, reaching a 25 % of washed block-copolymer. However, there is a difference 

between tris base experiments NFC-3 and NFC-4, in which it can be seen that there is a higher block-

copolymer loss with the higher ultrasonication, having a difference of 10 to 16 % of polymer washed 

away after the 2nd filtration. It can also be seen that the adsorption of block-copolymer in the 

product is higher with tris base than with water, samples NFC-4 and NFC-5, being the values of 22 

and 25 % of washed block-copolymer respectively, meaning there is a better attachment with tris 

base. Finally, in all experiments but in the NFC-2 and NFC-3 it can be observed that the quantity of 

block-copolymer that is removed from the solution is smaller in each fraction, so it could be assumed 

that at a concrete number of filtrations, this value would be zero.  

FT-IR was used to characterize this material and to investigate if the block-copolymers had been 

adsorbed onto the NFC. Results of the spectra are shown in Figure 29: 

 

Figure 29 FT-IR results for trial adsorptions 

 

Peaks at around 1600 cm-1, 2900 cm-1 and 3300 cm-1 correspond to carboxyl, C-H and hydroxyl groups 

in the TEMPO-NFC, respectively. In all samples but sample NFC-2 these peaks are clearly visible. The 

peak at around 1700 cm-1, which is related to the carbonyl in the block-copolymer, is a little bit lower 

in this case. A difference can also be seen in the sample after drying, in which this second one looked 

more like a powder and the other ones more like a film-like fragile materials. Thus, since the contact 

with the instrument could be lower due to its physical state and shape, the sensor could have not 
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measured properly the product.  It could also be that, since the ultrasonication was performed 

without pulse, the material could have been somehow degraded. A good solution to prove which of 

these theories are correct, could be using KBr to compact the power-like sample into a pellet that 

would not have any problem about its proper contact with the instrument. However, in all the 

samples the peak that corresponds to the polymer can be observed, so it can be concluded that the 

physical adsorption of TEMPO-NFC and PTMAEMA-co-PDEGMA was successful. 

After all these trials, it was decided that the solvent to continue with this experiments would be tris 

base, and filtration as the separation technique, washing the product three times as a standard with 

MilliQ water. Even if filtration is really slow when compared with centrifugation, it had the advantage 

that the material would not have to suffer the higher temperatures reached during centrifugation, 

which could degrade both NFC and block-copolymer. Tris base is supposed to give a better 

adsorption of the block-copolymer in the NFC [21], but it could also be that the block-copolymer is 

more entangled at a higher pH, making it more difficult to remove the aggregates that could have 

been formed during adsorption over the NFC. In order to have a good answer for this question, water 

at the same pH as tris base could be used in further experiments. Also quartz crystal microbalance 

(QCM) experiments could be carried out with tris base and water to check in with solvent the 

TEMPO-NFC adsorbs more block-copolymer. 

 

4.3.2 Adsorption experiments: PET, FT-IR & TGA 

Adsorption experiments for the different block-copolymers were performed with a ratio of 1:2 

charges of TEMPO-NFC to charges of each block-copolymer in a pH 8.3 tris base. Values are shown in 

table 8: 

 

Table 8 Quantities of block-copolymer used for adsorption experiments 

Several separation methods to get the higher purity product without the excess of block-copolymer 

were performed depending on the initial Mn. For the product obtained from NFC-Block40 and NFC-

Block60, three filtrations were made in order to wash out the polymer.  A Millipore pore 4 filter and 

MilliQ water were used for this. For NFC-Block120 and NFC-Block215, the separation method was 

more complicated due to the high viscosity presented in the solution. The first two fractions of NFC-

Block120 were obtained through filtration in the same way as NFC-Block40 and NFC-Block60, but the 

3rd fraction was impossible to filter, so centrifugation was done. The centrifuge was set to 5500 rpm 

for 10 minutes, in which the product got stuck in the bottom of the centrifugation tube, making it 

Composite 

sample

Block-

copolymer 

adsorbed

Charges 

eq/g

Weight 

mg

Total 

charges 

eq

TEMPO-NFC - 720 87 62.6

NFC-Block40 Sample 1 737 169.9 125.3

NFC-Block60 Sample 2 513 244.4 125.3

NFC-Block120 Sample 3 189 662.4 125.3

NFC-Block215 Sample 4 152 821.6 125.3
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easy toremove the supernantant. For NFC-Block120, the 1st filtration through a pore 3 Millipore filter 

was possible, but next ones had to be done through centrifugation at 4500 rpm for 5 minutes. 

 

Figure 30 Scheme of the adsorption of all the block-copolymers, from lower to higher Mn, in 
the TEMPO-NFC 

A scheme of how the attachment of the block-copolymers in the TEMPO-NFC related to the micelle 

size occurs is shown in Figure 30. It can be observed that sample 4 has almost same length but 

double mass than NFC-Block120, being a denser block-copolymer and therefore heavier. NFC-

Block40, 60 and 120 show a correlation between particle size and molecular weight.  

In order to characterize the adsorption ratio between block-copolymers and TEMPO-NFC, 

polyelectrolyte titrations were carried out for each one of the three washed fraction in the 

purification process. In this way, the charged block-copolymers not adsorbed can be measured and it 

is supposed that the rest of the polymer is attached into the TEMPO-NFC surface. 

Results of the quantity of block-copolymer washed out of the product measured by PET (see 

appendix 6.5.2) are shown in Figure 31: 

 

Figure 31 Block-copolymer washed after physical adsorption with TEMPO-NFC 

 

As a general rule, the quantity of block-copolymer washed during filtrations decreases with the 

filtration number, so it can be assumed that after a determined number of purifications it would be 

zero. An exception can be observed for NFC-Mn120, in which the third separation method (in this 
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case centrifugation due to its high viscosity) gave a higher quantity of washed block-copolymer than 

the second one. A similar behavior can be seen in the first experiments (Figure 28, right plot, sample 

NFC-2), in which the filtration at high ultrasonication shows the same trend. In both experiments, a 

change in the separation method was performed and also both were let overnight between these 

purifications. Thus, since they were left for a longer time, more block-copolymer could be desorbed 

from the TEMPO-NFC. 

It is also interesting to point out that the samples with the higher molecular weight have lower 

amounts of block-copolymer washed during purification, going from NFC-Block60 to 215 by 24 %, 23 

% and 17 %, respectively. However, NFC-Block40 showed a 19 % of polymer washed out, this value 

being lower than for NFC-Block60 & Block120. It could be expected that with a higher molecular 

weight, it would be easier to form aggregates during adsorption, since there are more interactions 

between the hydrophobic parts of the polymers. It is important not to forget that the mass of block-

copolymer added to the adsorption experiments also increased with the molecular weight, making it 

even easier to form aggregates, and thus removing less block-copolymer during the washings.  

New experiments with same molecular weights of the different block-copolymers could be carried 

out in order to know the effect that this could have during the physical adsorption. As a suggestion, 

maybe it would be better if the experiments could be carried out following the same time ratios 

between filtrations, to make sure they all have passed by the same method and have the same 

characteristics. Finally, new separation methods must be investigated, being centrifugation the 

fastest to continue with, always being carefully about the warming of the sample in the centrifuge. 

 

Figure 32 FT-IR for the four different block-copolymers adsorbed in TEMPO-NFC compared 
with NFC 
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Finally, by FT-IR it could be observed that there are typical polymer (at around 1700 cm-1) and 

TEMPO-NFC peaks corresponding to carboxyl, C-H and hydroxyl content in the NFC (1600, 1900 & 

3300 cm-1, respectively). It is also shown that the carboxylic and hydroxyl peaks are a little bit lower 

for the samples with the higher Mn, which were also the ones in which centrifugation was used for 

purification. This could have happened due to the more film-like appearance of the material, which 

could also be a consequence of the higher water content in the sample after this separation when 

compared to filtration. It can also be observed that with the higher block-copolymer content, the 

carbonyl peak also increases.  

 

4.3.3 TGA results 

Thermogravimetric analysis is widely used method to analyze materials degradation. In the 

characterization of a composite it is useful to see the thermo resistance of the different materials 

that the composite is composed of. In this investigation, TGA under oxygen atmosphere were carried 

out on the quaternized block-copolymers and in the composite materials. Also, a TEMPO-NFC test 

was run as reference to know its degradation rate. Results are shown in Figure 33. 

 

 

Figure 33 TGA results for quaternized block-copolymers (top figure) and composite materials 
(bottom figure) 
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It can be seen that all charged block-copolymers starts degrading at similar temperatures, at around 

270-300 °C, being slightly higher for the ones with a higher Mn, and all of them plateaus at around 

300 °C. TEMPO-NFC starts to degrade at around 250 °C, but the weight loss changes from a regular 

curve to a straight loss of weight at around 380 °C, losing more than the 30 % of its weight during the 

process. This two steps are known in literature as thermal cracking and carbonization of the NFC [22].  

In the composites it can be seen that all samples have two different slopes in their curves, because of 

the different materials that form them. The first degradation occurs at around 270 – 300 °C, and the 

change in the slope is observed at around 320 °C for all samples, being a much slower degradation 

than for NFC and the block-copolymers. Taking into account the TGA reference tests in the charged 

block-copolymers and in the TEMPO-NFC, it can be concluded that the first degradation slope 

corresponds to the block-copolymers and the second one to the NFC. It is also interesting that all the 

composite materials show the thermal cracking and carbonization step seen in NFC at around 420 – 

470 °C. This step was almost inexistent for NFC-Block215, maybe due to the higher mass of block-

copolymer in the sample compared to NFC.  

Finally, it is important to point out that none of the composite samples were burnt completely as the 

constituents alone did. NFC-Block60 was only degraded to a 60 % of its initial weight, and NFC-

Block60, 120 & 215 were degraded to a 20 %. Pictures of the composite samples after the tests are 

shown in Figure 34, showing a clear ash residue: 

 

Figure 34 Pictures of composite materials NFC-Block40, NFC-Block60, NFC-Block120 & NFC-
Block215 (from left to right), after TGA testing in O2  

A suggestion could be to repeat the test for NFC-Block40 with smaller pieces of the product, to see 

which effect it would have in the weight loss. Either way, it can be concluded that these composites 

show a higher thermo resistance than NFC and the block-copolymers alone, which could made them 

suitable for other kinds of applications than the ones already mentioned. Finally, further TGA tests 

must be carried out in order to confirm this property. 

 

4.3.4 Thermo responsive behavior 

In order to check if the modified NFC material had the same thermo responsive behavior as the 

block-copolymers alone, tests with  heating the vial carrying the solution of modified NFC where 

heated either directly by a heating gun or in an oil bath, to get the approximate LCST,  performed for 

all samples. It was already pointed out that PDMAEMA is pH and thermo responsive, and so with the 

unadjusted pH of the sample (around 6) no thermo responsivity was observed. However, when the 

NFC- Block40  NFC-Block60               NFC-Block120       NFC-Block215 
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pH was changed as the literature suggested [18] (over 7, in this case 8.3 approx.), the material 

showed its thermo responsive behavior: 

 

Figure 35 Samples NFC-Block40 to Block215 before heating (upper picture), after heating with 
the gun (lower left picture) and after heating in an oil bath (lower right picture) 

The materials were ultrasonicated for 1 min at pulse 3-5 on-off in order to disperse the material in 

the solution properly. It could be observed that with the higher molecular weight, the material would 

form an aggregate easier and faster than the lower molecular weight ones, appearing boiling-like 

bubbles during the process. This could be due to the higher mass of those samples when compared 

to the other ones, which would form, as explained before, aggregates more easily. However, the 

samples had to be stirred to make the aggregate appear, which means the application of the heat 

was not regular enough to make the compound aggregate just by this experiment. Finally, when left 

at room temperature for a couple of days, the aggregate does not disappear, being easier to see with 

the higher molecular weight samples than with the other ones. 

Experiments in an oil bath in which the dispersed samples were heated from 22 till 45°C were 

performed in order to get an approximate idea of the LCST of the composite material. In this case, 

the heating is much more regular, and a change from liquid to viscous could be observed when the 

LCST is reached. If the sample was left at room temperature for some hours, it agglomerated but in 

this case the hydrophobic phase was sinking instead of floating. Since the heating was more regular, 

it could be expected that the whole material would try to aggregate together, being heavier and thus 

not able to float to the surface.  

Finally, the temperatures at which the LCST roughly could be seen were 44, 41, 31 and 30°C, from 

lower to higher molecular weight (NFC-Block40, NFC-Block60, NFC-Block120 & NFC-Block215, 

respectively). Still it seems NFC-Block120 could have been heated up a little bit more, since the water 

phase was not as clear as in the other samples. This experiment also shows that, as it happened with 

NFC- Block40  NFC-Block120   

NFC-Block60                           NFC-Block215 

          

 NFC- Block40               NFC-Block120 

  

                       NFC-Block60          NFC-Block215 

          

NFC- Block40               NFC-Block120 

  

                       NFC-Block60          NFC-Block215 
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the heating gun and the UV-Vis results, the higher LCST corresponds to the lower molecular weight 

sample, since it means lower polymer-polymer interactions and making the composite more 

hydrophilic. 

 

5 CONCLUSIONS 

 ARGET ATRP was not possible to perform in a repetitive manner, and the reasons for this are 

a bit unclear. Some experiments were repeated with new starting materials, but the behavior 

was similar. 

 ATRP seemed to be a reliable way to polymerize DEGMA, DMAEMA and PDMAEMA-co-

PDEGMA, resulting in polymers with low PDI values. The molecular weights showed higher 

values than expected. When varying the values of initiator, initial monomer, reaction time 

and conversion, Mn could be tailored.  

 Block-copolymers of PDMAEMA-co-PDEGMA with a molecular weight of 9 200 g/mol for the 

PDMAEMA block for all polymers and with varying molecular weights of the PDEGMA block  

of 21600, 41000, 62000, 126000 and 214500 g/mol were successfully synthesized.  

 Quaternization reactions of the materials were successfully performed. The block-

copolymers reached a charge of about 55-70 % of its maximal value. One reason why the 

block-copolymers did not charge completely could be the higher hydrophobic interactions 

due to the increasing of the chain length with the higher Mn samples. It could also be due to 

difficulties in calculating the molecular weight. 

 The higher molecular weight block-copolymers formed bigger particles than the lower 

molecular weight ones, as measured by DLS. Values varied between 4 and 16 nm, having 

almost no difference between the samples with the higher Mn. However, particles size was 

lower in the charged block-copolymers than in the uncharged ones, due to its more 

hydrophilic behavior that would lead to a lower micelle formation, and thus to smaller 

particles. 

 A successful adsorption of the block-copolymers to the NFC was confirmed by FT-IR. 

 Filtration and centrifugation were acceptable separation methods to purify the final product. 

However, QCM tests are needed to know the exact quantity of polyelectrolyte that can be 

attached to the TEMPO-NFC. 

 Thermo responsive behavior was successfully proved through UV-Vis in the case of charged 

and uncharged block-copolymers, having values between 24 and 28 °C and following the 

trend that the higher molecular weight block-copolymers would lead to a lower LCST due to 

higher polymer-polymer interactions within the block-copolymer. However, LCST was 

generally higher for the charged block-copolymers than for the uncharged ones because of 

the higher hydrophilicity found in the polyelectrolytes.  

 The final composite materials showed LCST’s between 44 and 30 °C at pH 8.3, and following 

the trend showed by the UV-Vis tests for the block-copolymers.  

 Thermal stability of the composite material was higher than the ones from the TEMPO-NFC 

and block-copolymers alone, degrading slower and at higher temperatures. 
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6 APPENDIX 

6.1 H-NMR 

6.1.1 ARGET ATRP DEGMA, conversion, CCS04 
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Evolution of the conversion of ARGET ATRP of DEGMA after the following reaction times: 30, 60, 110, 

128, 143, 158, 173, 188 and 203 min, respectively. From the last 3 samples it can be seen that the 

reaction stopped, since the conversion did not increase. 

 

6.1.2 ATRP of DMAEMA, conversion, CCS03 

 

 

 

 

Evolution of the conversion of ATRP of DMAEMA during one hour, samples withdrawn every 15 min. 
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6.1.3 ATRP of DEGMA, conversion, CCS06 

 

 

 

 

 

 

 

Evolution of the conversion of ATRP of DEGMA during 1 hr. 45 min, samples withdrawn every 15 min. 
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6.1.4 ATRP of PDMAEMA-b-PDEGMA, CCS12 

 

 

 

Evolution of the conversion of ATRP of PDMAEMA-b-PDEGMA during  4 hr, samples withdrawn after 

1 hr. 50 min., 3 and 4 hr., respectively.  

 

6.1.5 ATRP of PDMAEMA-b-PDEGMA, CCS20  

 

 

 

 

Evolution of the conversion of ATRP of PDMAEMA-b-PDEGMA of sample CCS20, Mn = 41000 g/mol, 

during  4 hr. and 10 min., samples withdrawn after 30 min., 90 min., 3 hr. 30 min. and 4 hr. 10 min. 

respectively.  
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6.1.6 ATRP of PDMAEMA-b-PDEGMA, CCS21 

 

 

 

 

Evolution of the conversion of ATRP of PDMAEMA-b-PDEGMA of sample CCS20, Mn = 63000 g/mol, 

during  6 hr. and 30 min., samples withdrawn after 30 min., 2 hr., 4 hr. 30 min. and 6 hr. 30 min. 

respectively.  

 

6.1.7 ATRP of PDMAEMA-b-PDEGMA, CCS22 

 

 

 

 

Evolution of the conversion of ATRP of DMAEMA-b-PDEGMA of sample CCS20, Mn = 214500 g/mol, 

during  22 hr. and 10 min., samples withdrawn after 1 hr., 4 hr., 6 hr. and 22 hr. 10 min. respectively.  
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6.1.8 ATRP of PDMAEMA-b-PDEGMA, CCS23 

 

 

Evolution of the conversion of ATRP of PDMAEMA-b-PDEGMA of sample CCS20, Mn = 21600 g/mol, 

during  1 hr. and 15 min., samples withdrawn after 30 min. and 1 hr. 15 min. respectively.  

 

6.1.9 ATRP of PDMAEMA-b-PDEGMA, CCS25 

 

 

Evolution of the conversion of ATRP of PDMAEMA-b-PDEGMA of sample CCS20, Mn = 126000 g/mol, 

during  16 hr. and 5 min., samples withdrawn after 35 min. and 16 hr. 5 min. respectively.  

 

 



51 
 

6.1.10 Quaternization of the block-copolymers 

 

 

 

 

Quaternization of block-copolymers CCS20, CCS21, CCS22 and CCS25 (samples 1, 2, 4 and 3) to 

samples CCS26, CCS27, CCS28 and CCS29, respectively 
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6.2 SEC 
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Examples of elution times related to the different conversions for ATRP of PDMAEMA, PDEGMA and 

block-copolymer. It can be seen that the higher molecular weight samples have lower elution times 

than the lower ones. In the block-copolymer, CCS14, the final sample has been purified and that is 

the reason why there is only one population in that curve. In samples 3 and 4 this second population 

is of so little importance and size compared (PDMAEMA to PDEGMA ratio around 0.05 and 0.03 

respectively) that it cannot be observed at higher conversions. There are no units in the Y-axis 

because the related volume particle values have been normalized. 

 

6.3 UV-VIS 

6.3.1 UV-Vis with temperature control for uncharged and charged block-copolymers 
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6.4 FT-IR 

6.4.1 Unquaternized and quaternized block-copolymers (blue and red colors 

respectively) 
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6.5 PET 

6.5.1 PET calculations and curves of charge characterization of PDMAEMA and the 

PDMAEMA-b-PDEGMA block-copolymers 

 

 

Mn
Mn 

mono
mg ml

Sample 

ml

Theor. 

Charges

/mol

mg/ml

Titr. 

Solution 

charges

Vol. 

titrated 

ml

Charge/

mg

Charges 

eq/mol

Charges 

eq/g

Block 44920 17,3 56,4563 1 0,30643 0,767 7,60E-07 34,1465 760,1625

PDMAEMA 9220 207,1 14,5 66,2464 1,4 0,21888 0,733 7,26E-07 32,63283 726,4656

PDEGMA 35700 188,22 14,1 92,027 2 0,15322 0,732 7,25E-07 32,58831 725,4745

Block Data

44,5196 3,04E-07

ResultsTitration solutionBlock sample
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Mn
Mn 

mono
mg ml

Sample 

ml

Theor. 

Charges

/mol

mg/ml

Titr. 

Solution 

charges

Vol. 

titrated 

ml

Charge/

mg

Charges 

eq/mol

Charges 

eq/g

Block 65220 24,9 55,966 1 0,44491 0,755 5,15E-07 33,6123 515,367

PDMAEMA 9220 207,1 22,2 69,8564 1,4 0,31779 0,758 3,70E-07 33,7458 517,415

PDEGMA 57800 188,22 22,2 99,7949 2 0,22246 0,74 2,53E-07 32,9445 505,128

Block Data Block sample Titration solution Results

8,00E-0144,5196

Mn
Mn 

mono
mg ml

Sample 

ml

Theor. 

Charges/

mol

mg/ml

Titr. 

Solution 

charges

Vol. 

titrated 

ml

Charge/

mg

Charges 

eq/mol

Charges 

eq/g

Block 128220 22,9 26,181 1 0,87468 0,569 1,98E-07 25,3316 197,564

PDMAEMA 9220 207,1 21,6 34,5726 1,4 0,62477 0,537 1,33E-07 23,907 186,453

PDEGMA 119000 188,22 24,2 55,3345 2 0,43734 0,528 9,17E-08 23,5063 183,328

Results

44,51956 3,04E-07

Block Data Block sample Titration solution
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It can be seen that the quantity of charges per gram gets lower with the higher PDEGMA/PDMAEMA 

ratio, and that the charges per mol has a value of around 30-33 for all the samples except for sample 

3, which is 7-10 units lower. The plots show linear behavior in the concentration/charges range, 

meaning the values are acceptable enough to work in the next step for those results. 

 

Mn
Mn 

mono
mg ml

Sample 

ml

Theor. 

Charges/

mol

mg/ml

Titr. 

Solution 

charges

Vol. 

titrated 

ml

Charge/

mg

Charges 

eq/mol

Charges 

eq/g

Block 217220 24,2 16,3313 1 1,48181 0,757 1,55E-07 33,7013 155,148

PDMAEMA 9220 207,1 25,3 23,9031 1,4 1,05844 0,744 1,09E-07 33,1225 152,484

PDEGMA 208000 188,22 21,4 28,8835 2 0,74091 0,731 7,49E-08 32,5438 149,82

Results

44,5196 3,04E-07

Block Data Block sample Titration solution

Mn
Mn 

mono
mg ml

Sample 

ml

Theor. 

Charges

/mol

mg/ml

Titr. 

Solution 

charges

Vol. 

titrated 

ml

Charge/

mg

Charges 

eq/mol

Charges 

eq/g

Block 9220 2E-07 0,67367 1 3E-07 0,67367 3,25E-06 29,9913 3252,86

PDMAEMA 9220 207,1 1,5E-07 0,6865 1,4 2,2E-07 0,6865 3,31E-06 30,5627 3314,82

PDEGMA 0 188,22 9,7E-08 0,642 2 1,5E-07 0,642 3,10E-06 28,5816 3099,95

Results

44,5196 3,04E-07

Block Data Block sample Titration solution
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6.5.2 PET calculations and results during separation/purification steps after adsorption 

of TEMPO-NFC and charged block-copolymers 

 

 

 

Titration calculations for the trial adsorptions up, and down for the different block-copolymers. 

 

 

 

 

 

Sample TO-NFC Block 1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

NFC-1 10000 169.90 737.37 0.242 0.206 1 - - - 83 85 85 - - - 0.144 0.093 0.172 - - -

NFC-2 10000 169.90 737.37 1 3 3 5 5 2 81 510 71 48 91 102 0.625 0.472 0.195 0.256 1.138 0.4575

NFC-3 10000 169.90 737.37 1 1 - - - - 83 48 - - - - 0.18 0.542 - - - -

NFC-4 10000 169.90 737.37 1 1 1 - - - 84 42 44 - - - 0.715 0.736 0.267 - - -

NFC-5 10000 169.90 737.37 1 1 1 1 2 - 78 42 40 42 43 - 0.534 0.595 0.285 0.171 0.224 -

Weight mg Charges 

eq/g

Sample ml / fraction Total vol ml / fraction Titration KPVS ml / fraction

Sample 1 2 3 4 5 6 H2O TO-NFC H2O TO-NFC

NFC-1 3.037E-07 1.50E-05 1.17E-05 4.45E-06 - - - 42.18 127.72 24.83 75.17

NFC-2 3.037E-07 1.53E-05 2.44E-05 1.40E-06 7.46E-07 6.29E-06 7.09E-06 65.19 104.71 38.37 61.63

NFC-3 3.037E-07 4.54E-06 7.89E-06 - - - - 16.86 153.04 9.92 90.08

NFC-4 3.037E-07 1.82E-05 9.39E-06 3.57E-06 - - - 42.30 127.60 24.90 75.10

NFC-5 3.037E-07 1.26E-05 7.58E-06 3.46E-06 2.18E-06 1.46E-06 - 37.08 132.82 21.82 78.18

Weight of 

block mg
%Total charges / fractionKPVS 

charges/ml

Sample TO-NFC Block 1 2 3 4 5 1 2 3 4 5 1 2 3 4 5

NFC-Block40 10000 169.90 737.3675 1 1 1 1 2 78 42 40 42 43 0.534 0.595 0.285 0.171 0.224

NFC-Block60 10000 244.38 512.637 1 1 1 - - 79 48.5 45 - - 0.688 0.684 0.326 - -

NFC-Block120 10000 662.45 189.1149 1 1 1 - - 90 48.5 33 - - 0.557 0.394 0.827 - -

NFC-Block215 10000 821.60 152.4839 1 1 1 - - 78 34 21 - - 0.496 0.589 0.482 - -

Weight mg
Sample ml 

/ fraction
Titration KPVS ml / fraction

Total vol ml / 

fractionCharges 

eq/g

Sample 1 2 3 4 5 H2O TO-NFC H2O TO-NFC

NFC-Block40 3.037E-07 1.265E-05 7.583E-06 3.462E-06 2.181E-06 1.465E-06 37.08 132.82 21.82 78.18

NFC-Block60 3.037E-07 1.651E-05 1.007E-05 4.455E-06 - - 60.53 183.85 24.77 75.23

NFC-Block120 3.037E-07 1.522E-05 5.796E-06 8.288E-06 - - 154.93 507.52 23.39 76.61

NFC-Block215 3.037E-07 1.176E-05 6.077E-06 3.074E-06 - - 137.12 684.48 16.69 83.31

Weight of 

block mg
%KPVS 

charges/ml

Total charges / fraction
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