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Abstract 

 
Nanocomposites (NCs) have been widely studied in the past decades due to the 

promising properties that nanoparticles (NPs) offer to a polymer matrix, such as 

increased thermal stability and non-linear electrical resistivity. It has also been shown 

that the interphase between the two components is the key to achieving the desired 

improvements. In addition, polymer matrices are often hydrophobic while NPs are 

generally hydrophilic, leading to NP aggregation. To overcome these challenges, NPs 

can be surface-modified by adding specific molecules and polymers. In the present 

work, a range of organic and inorganic NPs have been surface-modified with polymers 

synthesized by atom transfer radical polymerization (ATRP) or surface-initiated 

ATRP (SI-ATRP).  

Cellulose nanofibrils (CNF) and cellulose nanocrystals (CNC) are highly crystalline 

NPs that can potentially increase the Young’s modulus of the NC. In this study, a 

matrix-free NC was prepared by physisorption of a block-copolymer containing a 

positively charged (quaternized poly(2-(dimethylamino)ethyl methacrylate), 

qPDMAEMA) and a thermo-responsive (poly di(ethylene glycol) methyl ether 

methacrylate, PDEGMA). The modified CNF exhibited a thermo-responsive, reversible 

behavior. CNCs were polymer-modified either via SI-ATRP or physisorbed with poly 

(butyl methacrylate) (PBMA) to improve the dispersion and interphase between them 

and a polycaprolactone (PCL) matrix during extrusion. The mechanical properties of 

the NCs containing CNC modified via SI-ATRP were superior to the reference and 

unmodified materials, even at a high relative humidity.  

Reduced graphene oxide (rGO) and aluminum oxide (Al2O3) are interesting for 

electrical and electronic applications. However, the matrices used for these 

applications, such as poly(ethylene-co-butyl acrylate) (EBA) and low density 

polyethylene (LDPE) are mainly hydrophobic, while the NPs are hydrophilic. rGO was 

modified via SI-ATRP using different chain lengths of PBMA and subsequently mixed 

with an EBA matrix. Al2O3 was modified with two lengths of poly(lauryl methacrylate) 

(PLMA), and added to LDPE prior to extrusion. Agglomeration and dispersion of the 

NCs were dependent on the lengths and miscibilities of the grafted polymers and the 

matrices. rGO-EBA NCs showed non-linear direct current (DC) resistivity upon 

modification, as the NP dispersion improved with increasing PBMA length. Al2O3-

LDPE systems improved the mechanical properties of the NCs when low amounts of 

NPs (0.5 to 1 wt%) were added, while decreasing power dissipation on the material.  

Finally, PLMA-grafted NPs with high polymer quantities and two grafting densities in 

Al2O3 and silicon oxide (SiO2) nanoparticles were synthesized by de-attaching some of 

the silane groups from the surfaces, either by hydrolysis or by a mild 

tetrabutylammonium fluoride (TBAF) cleavage. These compounds were 

characterized and compared to the bulk PLMA, and were found to have very 

interesting thermal properties. 

  



 

 
 

Sammanfattning 

 
Nanokompositer (NC) har studerats intensivt under de senaste decennierna på grund 

av de lovande egenskaper som nanopartiklar (NP) kan tillföra en polymermatris 

såsom ökad termisk stabilitet och icke-linjär elektrisk resistivitet .Det har också visat 

sig att gränsytan mellan de två komponenterna är nyckeln för att uppnå de önskade 

förbättringarna. Dessutom är polymermatriser ofta hydrofoba medan NP i allmänhet 

är hydrofila, vilket leder till att de-aggregerar. För att övervinna detta kan NPs-ytor 

modifieras genom att använda specifika molekyler eller polymerer. I det här arbetet 

har en rad organiska och oorganiska NP ytmodifierats med polymerer syntetiserade 

via ”atom transfer radical polymerization” (ATRP) eller ytinitierad ATRP (SI-ATRP). 

Cellulosa nanofibriller (CNF) och cellulosa nanokristaller (CNC) är högkristallina NP 

som potentiellt kan öka Youngs modul hos en NC. I denna studie framställdes en 

matrisfri NC genom fysisorption av en blocksampolymer innehållande en positivt 

laddad polymer (kvaterniserad poly (2- (dimetylamino) etylmetakrylat), 

qPDMAEMA) och en termo-responsiv polymer (poly-di (etylenglykol) 

metyletermetakrylat, PDEGMA). Det modifierade materialet uppvisade ett termo-

responsivt, reversibelt beteende. CNC ytmodifierades också, antingen via SI-ATRP 

eller fysisosorberades med poly (butylmetakrylat) (PBMA), för att förbättra 

dispersionen och gränsytan mellan dem och polykaprolakton (PCL) -matris under 

extrudering. De mekaniska egenskaperna hos de NC som innehöll CNC modifierad via 

SI-ATRP var överlägsna jämfört med omodifierade material, även vid hög relativ 

fuktighet. 

Reducerad grafenoxid (rGO) och aluminiumoxid (Al2O3) är intressanta för elektriska 

och elektroniska tillämpningar. Matriserna som används för dessa tillämpningar är 

emellertid huvudsakligen hydrofoba, såsom poly(eten-co-butylakrylat) (EBA) och 

lågdensitetspolyeten (LDPE). rGO modifierades via SI-ATRP med av olika 

kedjelängder av PBMA och blandades därefter med EBA-matrisen. Al203 modifierades 

med två längder av poly(laurylmetakrylat) (PLMA) och tillsattes till  LDPE före 

extrudering. Aggregering och dispersion av nanopartiklarna var beroende av längd 

och blandbarhet mellan de ympade polymererna och matrisen. rGO-EBA NCs 

uppvisade en  icke-linjär resistivitet i de fall då NP-dispersionen förbättrades med en 

ökande PBMA-längd. Al2O3-LDPE nanokompositer uppvisade förbättrade mekaniska 

egenskaper vid tillsats av låga mängder nanopartiklar (0,5 till 1 vikt%), samtidigt som 

materialets dielektriska förluster sänktes, jämfört med endast LDPE. 

Slutligen syntetiserades PLMA-ympade Al2O3 och kiseldioxid (SiO2) NP med höga 

polymermängder och två ympdensiteter, antingen genom hydrolys eller genom en 

mild tetrabutylammoniumfluorid (TBAF) klyvning för att fästa några av 

silangrupperna från ytorna. Dessa material karakteriserades och jämfördes med bulk 

PLMA, vilka visade mycket intressanta termiska egenskaper.  
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1. Purpose of the study 
 

Nanocomposites have been extensively studied in the last decades as new 

techniques for studying and manufacturing nanoparticles have been 

developed. Organic and inorganic fillers, such as nanocelluloses and metal 

oxide nanoparticles, not only improve the mechanical properties throughout 

the material but can also potentially affect other features, such as the thermal 

stability and electrical resistivity of the nanocomposites. However, 

nanoparticles are mostly hydrophilic whereas the matrices in which they are 

embedded are hydrophobic, and this hinders the mixing and dispersion of the 

nanofillers. In order to avoid nanoparticle aggregation and improve the 

interface within the matrix, surface modification of the nanoparticles is often 

required.  

The purpose of the present work was to study the final properties of 

nanocomposites prepared with surface-modified nanoparticles modified via 

controlled radical polymerization techniques. Two approaches, grafting-to by 

physical adsorption of block copolymers and grafting-from via anchoring of 

an initiator moiety on the nanoparticle surface, were investigated and further 

developed. Nanocelluloses were used as reinforcement agents, while various 

nanoparticulate metal oxides were modified in order to tailor the electrical 

properties of the materials when dispersed in a matrix. Matrix-free 

nanocomposites with high polymer-to-nanofiller ratios and different 

polymer grafting densities were studied and thermally characterize, 

obtaining polymer conformations for the grafting polymers different from 

those in the bulk.  
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2. Introduction 
 

2.1 Nanoparticles 

Nanoparticles (NPs) are particles with sizes between 1 and 100 nm in at least 

one dimension, and they can have a wide variety of shapes. 1, 2 and 3-

dimensional (1D, 2D and 3D) NPs exist for both organic and inorganic 

materials. Cellulose nanocrystals (CNC, 1D), reduced graphene oxide flakes 

(rGO, 2D) and metal oxide spheres (3D) are examples of shapes that can be 

found, figure 2-1. These features will define the field of application, ranging 

from cosmetics to concrete, including polymer nanocomposites and 

electronics.1-4 

 

 
Figure 2-1 a) and b) Transmission electron microscopy, and c) atomic force 

microscopy for Al2O3 spheres,5 rGO flakes 6 and CNC 7, reprinted with 

permission. a) Copyright © (2015), ACS Applied Materials and Interfaces. b) 

Copyright © (2017), Nanoscale. c) Copyright © (2017) ACS Applied Materials 

and Interfaces 

 

2.1.1 Cellulose-based nano-objects 

Cellulose can be found up to 90% in plants and in the wood cell wall and it is 

usually mixed with other similar biopolymers, such as hemicelluloses and 

lignin.8-9 It is mainly used to produce cardboard, paper and textiles.10 High 

purity cellulose can be produced by some bacteria, algae and cotton.11 

Cellulose is a linear polysaccharide consisting of by up to 15 000 -1,4-D-

glucosidic repeating units (degree of polymerization, DPn).11 The hydroxyl 

(OH) groups on carbon 6 (C6), C2 and C3 in the structure make cellulose 

hydrophilic but not soluble in water due to the strong hydrogen-bonding in 

its structure.  
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Cellulose forms a hierarchical structure, starting with the biosynthesis of six 

cellulose chains that co-crystallize into 3-5 nm wide nanofibrils. This semi-

crystalline material re-configures into 10-60 nm thick microfibrils and ends 

up in 10-30 µm cellulose fibers. The crystalline component in this structure 

leads to a high Young’s modulus with values up to 140 GPa, making cellulose 

comparable in strength to other glass and aramid synthetic fibers.11-12 In 

order to potentially obtain the highest reinforcement effect of cellulose, it has 

to be disintegrated to its nano-size to obtain nanocelluloses such as cellulose 

nanofibrils (CNF) and cellulose nanocrystals (CNC). 

CNF is produced by homogenization of wood pulp and the final product is a 

gel-like suspension in water at very low weight fractions. The cellulose fibers 

obtained after this process ranges in width between 5 and 60 nm and are 

several µm long. The surface of this material can be modified to make the 

defribrillation process more energy efficient. Oxidation with 2,2,6,6- 

tetramethylpiperidine-1-oxyl (TEMPO) introduces negative charges by  

adding carboxyl acid groups,13 and positively charged CNF can be obtained by 

a reaction with glycidyltrimethylammonium chloride.14  

CNC produced by sulfuric acid hydrolysis, in which the amorphous parts of 

the cellulose were removed was first reported by Rånby et al.15-17 This 

treatment introduces negatively charged sulfate groups which induce 

repulsion between the fibers and thus stability of the CNC in suspension. The 

final size of the CNC depends on the source, cotton and wood being the most 

frequently utilized raw materials from which 3-70 nm wide and 100-300 nm 

long CNC can be obtained.18 

 

2.1.2 Reduced graphene oxide 

Graphene, graphene oxide (GO) and reduced graphene oxide (rGO) belong to 

the same family of nanomaterials. Graphene is known to have exceptional 

electrical and thermal conductivity, and it is mechanically a tough, flexible 

material.4 On the other hand, GO possesses oxygen-rich groups such as 

carbonyl, hydroxyl and epoxy, causing repulsion of the flakes in solution, and 

at the same time disrupting the strong carbon lattice present in graphene.19 

In rGO the oxygen-containing groups are partially removed, recovering part 

of the graphene structure and thus its inherent properties. 

 

2.1.3 Aluminum oxide, silicon oxide and zinc oxide NPs 

Aluminium oxide (Al2O3 or alumina) occurs naturally as α–Al2O3 and it can be 

found in ruby and sapphire.20 Both its hardness (the second hardest material 
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after diamond) and melting point (over 2000 °C) make Al2O3 the perfect 

material for abrasive and refractory uses. With a resistivity around 1012 Ωm 

it is used as an insulation material in high voltage applications.21-22 

Silicon dioxide (SiO2 or silica) NPs are widely used in a variety of applications 

due to their low toxicity, high thermal stability and versatility. Furthermore, 

they are found in different sizes at affordable prices, and have been used as 

model NP systems for in various studies.23-28  

These two types of NPs possess sufficient OH groups on the surface to be 

hydrophilic, and that further functionalization, such as the grafting of 

polymers, can be carried out on their surfaces. 

 

2.2 Nanocomposites and interface 

Nanocomposites from CNF, CNC and NPs in polymer matrices have been well 

described in literature during the last decades, and the interphase between 

the nanofiller and the matrix is one of the key factors to be taken into account 

in order to significantly improve the final properties of the material.1-2, 5-6, 10, 

12, 18, 29-46 It is expected to enhance the mechanical properties of the 

nanocomposites with the addition of nanofillers. However, CNF, CNC and NPs 

are hydrophilic, whereas most of the polymer matrices used for 

nanocomposites are hydrophobic. To potentially achieve the best 

performance of a nanocomposite, the nano-sized filler must be well-

dispersed within the matrix.1-2, 21, 25, 32-33, 36-37, 47-49 In this case, both enthalpic 

and entropic stabilization of the NPs in the matrix can be achieved. The 

addition into the NP’s surface of a molecule or polymer that matches the 

polarity of the matrix favors enthalpic stabilization, and the addition of a 

polymer can improve the wetting between the grafted polymer and the 

matrix, leading to entropic stabilization.25, 30-31, 34-35, 37, 40-41, 50-57 The length and 

grafting density of the polymer grafts and the shape and size of the NPs define 

the interactions of the polymer-grafted NPs within the matrix and can be 

tailored accordingly.25, 35, 38, 40, 58 

 

2.3 Modification of nanoparticles 

In order to achieve the full potential of the nanocomposite materials and aid 

the dispersion of the NPs in the matrix while improving the interphase, 

surface of NPs must be modified. For this purpose, polymers can be grafted-

from or grafted-to the NP surface, see scheme 2-1. In the grafting-from 

technique the polymer is formed, monomer by monomer, from an initiator 

moiety anchored to the surface of the NP. In contrast, a pre-formed polymer 
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is attached to the NP surface in the grafting technique-to. The main advantage 

of the grafting-to over the grafting-from technique is that the polymer can be 

fully characterized before it is grafted onto the surface. It is possible to detach 

the polymer grafted by grafting-from in order to analyze it, but it is usually 

done by very harsh hydrolysis in which the polymer may be degraded.59 

However, during grafting-to the inherent steric hindrance of the bulky moiety 

causes low diffusion of the polymer on the NP surface, leading to lower 

grafting densities than in the grafting-from case.59-64 

 

 
Scheme 2-1 Schematic illustration of grafting-to (left) and grafting-from 

(right) a planar substrate 

 

The nanoparticles CNC, Al2O3, rGO and SiO2 all have in common the presence 

of OH-groups in their surfaces to which of different molecules can be attached 

by covalent grafting.1-2, 5-6, 10, 12, 18, 21, 25, 29-49, 60, 65 Both grafting-from and 

grafting-to techniques are available for surface modification. 

During the production of CNC and CNF, negative charges can be added in their 

surface, opening the possibility of modification by grafting-to of a polymer by 

polyelectrolyte adsorption using a block copolymer. The block copolymer 

would then have one positively charged polymer that would anchor to the 

surface, while the other would give the specific functionality 

(hydrophobization or stimuli-responsiveness, for example) to the system.66-

72 

 

2.3.1 Silanization of nanoparticles 

Silanization by an alkoxy-silane has been extensively used to modify NPs.  

These compounds possess (Si-(OR)n) bonds with 1 to 4 OR groups, where R 
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is an alkyl group that can have a specific functionality. These molecules attach 

to the surface of the NPs covalently, to an extent which depends on the 

number of alkoxy groups present on the silane and the type of material that 

is surface-modified. These anchoring points are stable on SiO2 surfaces, but 

the Si-O-Al bonds on Al2O3 are weaker.73 (3-Aminopropyl)trietoxysilane 

(APTES), with three attachment groups is known to form a three dimensional 

siloxane network (“gooey” layer) on the surface of various NPs. 3-

Aminopropyl(diethoxy)methylsilane (APDMS) possesses two anchoring 

groups, and forms monolayers in Al2O3 which are less hydrolytically stable 

than APTES, on specific materials.27, 73-86 Both APTES and APDMS possess an 

amino-group in the alkyl group (see figure 2-2) which can be further 

functionalized. 

 

 
Figure 2-2 Chemical structures of APTES (left) and APDMS (right) 

 

2.3.2 Grafting-from via Surface-Initiated Atom Transfer 

Radical Polymerization 

A polymer is defined as the formation of chains by putting together repeating 

units called monomers. This means that different lengths of polymer can 

coexist in a given sample. This means that in order to define or characterize 

the polymer, the molecular mass (Mn) and polydispersity index (ĐM) need to 

be measured. Mn gives the number mass value of the length of the chains, 

while ĐM defines the degree of similarity in length of those chains. A variety 

of methods can be used to synthesize polymers, but in the present study only 

reversible-deactivation radical polymerization (RDRPs), also referred as 

controlled polymerization, are of interest. With these methods, it is possible 

to control the length of the polymer and also to keep the ĐM value close to 

unity, where all the chains are very similar in length. These characteristics 

are of upmost importance to fully understand the effect on the nano-, micro- 

and macro-scales that the grafted NPs can have in the nanocomposites.  



 

7 
 

Atom Transfer Radical Polymerization (ATRP) has been widely studied 

during recent years. It was developed simultaneously by Matyjaszewski and 

by Sawamoto et al., as a development of the Kharash addition called atom 

transfer radical addition (ATRA). To carry out this reaction, a transition metal 

catalyst (normally copper bromide or chloride, Cu(I)Br or Cu(I)Cl), an alkyl 

halide initiator (R-X) and a ligand are required, as shown in scheme 2-2. The 

Cu(I)Br homolytically cleaves the R-X bond and the halogen atom is then 

transferred to the catalyst/ligand complex, Mt n/L, to form the deactivator X-

Mt n+1/L. At the same time, the radical R* is created and can react with a 

monomer to give Pn*, subsequently adding more monomers and creating a 

polymer. This radical can also react with the deactivator by back-transfer of 

the Br atom. The rate of deactivation is then higher than the rate of 

propagation, since the quantity of Mt n+1 increases as the reaction proceeds, 

shifting the equilibrium of the reaction to the dormant site and, subsequently, 

controlling over the polymerization. In order to perform SI-ATRP from 

surfaces or NPs the alkyl halide initiator is attached and the reaction then 

proceeds as indicated in scheme 2-2. 

 

 
Scheme 2-2 Reaction scheme for ATRP 

 

SI-ATRP is a very versatile method to polymerize a variety of monomers such 

as acrylates, methacrylates and styrene from different substrates. 30, 50, 87-91 

SiO2 NPs were first grafted by this technique by Werne and Patten,50 followed 

by Gu and Sen using Al2O330 and Lee at al. with GO.91 Cellulose was modified 

by SI-ATRP for the first time by Carlmark and Malmström, and this technique 

was applied to different cellulose-based materials.59, 62  

In order to perform SI-ATRP, a suitable initiator must be attached to the 

substrate prior to the polymerization. In some cases, a free initiator is added 

to the reaction to obtain a free polymer that can be further analyzed, and it 

has been shown that both grafted and free polymers possess very similar 

characteristics.41, 92-94 In this case the removal of free polymer from the final 

materials can be difficult, and the final purification steps must be carried out 

thoroughly. 
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2.3.3 Grafting-to via polyelectrolyte adsorption of block 

copolymers synthesized by Atom Transfer Radical 

Polymerization 

The adsorption of polyelectrolytes by electrostatic interactions onto the 

surface of organic and inorganic NPs has been reported in the literature.68-70 

A standard procedure is to synthesize a block copolymer in two steps, usually 

involving a charged polymer and another polymer that possesses the desired 

functionality. Depending on the chosen initiator, the block copolymers can 

form di- or triblocks. Positively charged polyelectrolytes are adsorbed onto a 

negatively charged surface or vice-versa. Quaternized poly (2-

(dimethylamino)ethyl methacrylate) (qPDMAEMA) has been used as a 

positively charged and poly (methacrylic acid) (PMAA) as a negatively 

charged electrolyte.95 Random copolymers with positively charged 

polyelectrolytes were created in a single step in order to modify rGO.66 

 

2.4  Thermo-responsive polymers 

Responsive polymers present a change in behavior as a result of a stimulus 

from the environment. Polymers that show a physical change when the 

temperature is changed are called thermo-responsive. In this case, the 

polymer often changes its hydrophobic/hydrophilic character, and a polymer 

that becomes hydrophobic when heated possesses a Lower Critical Solution 

Temperature (LCST), while a polymer that becomes hydrophilic with 

increasing temperature has an Upper Critical Solution Temperature (UCST).  

Poly (ethylene glycol) methacrylates (PEGMAs) are thermo-responsive 

polymers with an LCST that depends on the number of ethylene oxide 

segments in the side chain of the monomer, see figure 2-3. In this case, an 

increase in the number of ethylene glycol units leads to an increase in the 

hydrophilicity of the polymer, and subsequently an increase in the LCST. For 

example, PDEGMA with 2 ethylene glycol segments has an LCST of ca. 27 °C, 

while OEGMA with 4-5 segments has an LCST of 73 °C.  

PDMAEMA is both a thermo- and pH-responsive polymer, with a LCST 

ranging between 32 °C and 53 °C. It possesses a tertiary amine that can be 

quaternized to form qPDMAEMA and become positively charged.  
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Figure 2-3 DEGMA family with different ethylene glycol side chain lengths. LCST 
values increase from left to right 

 

2.5 Morphology and properties of grafted polymers 

Grafted polymers do not possess the same characteristics nor do they always 

behave in the same way as their bulk counterparts. One of the reasons is the 

loss of freedom because the grafts have one of their chain ends attached to a 

surface.96, 97-98 The concept of ‘grafting density’ is then defined as the number 

of molecules and/or polymer chains per surface area that can be found in the 

material. A higher grafting density gives rise to shorter distances between 

chains and vice-versa. This distance defines the polymer graft conformation 

on a planar surface. Traditionally, three different types of conformation are 

observed: concentrated polymer brush (CPB), semi-dilute polymer brush 

(SDPB) and ‘mushroom’ regimes. They can be calculated from the reduced 

tethered density ∑, which depends mainly on the distance between polymer 

grafts and the size of the coil. In this way, the mushroom, SDPB or CPB 

polymer-graft morphologies appear for ∑ values lower than, equal to or 

larger than one, respectively, for planar surfaces.  
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However, non-flat surfaces are not as easily defined. As can be seen in figure 

2-4, the curvature of the sphere changes the morphological regime as the 

polymer graft length increases, due to the increasing distance between grafts. 

This effect is mostly observed for the CPB regime, becoming SDPB and even 

mushroom regime given a sufficiently long distance. However, if the polymer 

graft is already found in the mushroom regime this behavior is not significant. 

Since the distance between chains increases with increasing polymer length, 

the Mn and quantity of the polymer can potentially lead to changes in the 

theoretically calculated regime. 

 

 
Figure 2-4 Schematic illustration of the different brush regimes on flat (left) and on 
spherical surfaces (right). CPB: concentrated polymer brush; SDPB: semi-diluted 
polymer brush  

 

Understanding the inherent properties of these nano-hybrids had become a 

challenge, and different approaches have been studied. Overall, a certain 

degree of conformational order can be calculated in systems with a 

sufficiently high polymer to nanoparticle volume ratio, i.e. with a sufficiently 

large amount of polymer distributed in a small number of chains.99 Koerner 

et al. grafted polystyrene with different grafting densities onto silica NPs in 

order to obtain ∑ values corresponding to the SDPB and CPB regimes, and 

they observed an increasing interaction between matrix, solvent and 

neighboring grafts at lower grafting densities.100  Kim and Archer showed that 

the crystallinity and crystalline sites of the grafted polymer were larger than 

those of the bulk PEG.98 Choudhury et al. deduced that the spaces between 

grafts tend to be filled up to lower the entropy of the system, so that 

decreasing the grafting density should enhance this behavior.101 These 

interactions and entropy gains lead to a decrease in chain relaxation for the 

grafted polymers, as intermolecular entanglements of the grafts occurs.102 
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Thus, instead of forming individual brushes, the chains interact with each 

other reducing the free volume per chain of the grafts and becoming stiffer 

than expected.103 In addition, simulations on high grafting density models 

indicate that if crystallization may occur in amorphous polymers, starting 

from the surface of the nanoparticle and extending along the brush to the 

polymer chain ends, and leading to even long-range orientational order in 

solution.104-105 Finally, Meng et al. have developed a molecular dynamic 

simulation method by which polymer grafts with an increasing volume 

polymer-to-colloid ratios, can give structures ranging from long range order 

to “open” disordered ones.106  

 

2.6 Electrical properties of nanocomposites 

The dielectric loss and non-linear resistivity of insulating materials are often 

measured in order to study their potential applications. 

The dielectric loss measures the interaction of the nanocomposite with an 

electric field (E-Field). The permittivity of electrons through a material placed 

between two electrodes is compared to the same measurement in vacuum 

and the ratio gives the relative permittivity, also known as the material’s 

dielectric constant. The energy loss measured under alternating current (AC) 

is the dielectric loss (tan δ), which is divided into conduction and polarization 

losses. The polarization loss is calculated from the ratio of the real to the 

imaginary component and it is due to dipolar, distortional and interfacial 

losses. The conduction loss arises from the direct current (DC) conductivity 

as the charges travel through the material. Both polarization and conduction 

losses are frequency-dependent. Finally, the dielectric constant of a metal 

oxide is in general significantly larger than that of most polymers (9.3-11.5 

for Al2O3 and 2-4 for the matrix). NPs have also been attributed to trap 

charges travelling in the bulk material, but the explanation of this behavior is 

still unknown.83, 107-114 For this reason, adding a metal oxide NP to a polymer 

matrix is a good way of increasing the dielectric constant of the material. 

The resistivity of the material under DC fields is described by Ohm’s law, 

where insulation materials typically exhibit very low currents when a high 

electric field is applied.  Usually a linear relation between resistivity and 

electric field is observed, if the resistivity changes they are no longer to be 

considered insulating, but instead field-grading materials (FGMs). In practice, 

the material is insulating in a low E-field and conductive in a high E-field. 

FGMs are used in high-voltage (HV) cable accessories in order to decrease the 

electrical stress throughout the device. 115 This effect can be attained by 

adding NP to the polymer matrix in order to form conductive paths.116-117 The 
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volume fraction of NP added to the FGM can be up to 40 vol%, but it is 

detrimental to the mechanical properties of the material as the brittleness 

increases.118-119   
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3. Experimental methods 
The experimental procedures used are concisely explained in this chapter. 

Further information can be found in the respective papers. 

 

3.1 Materials 

Low-density polyethylene (LDPE) (Mn = 14 kDa and Mw = 75 kDa (SEC), 1.4 

branches (ethyl: 0.3; butyl: 0.7; pentyl: 0.1; hexyl and longer: 0.3) per 100 

backbone carbon atoms as specified by Borealis AB was used. Irganox 1076 

(octadecyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)-propionate)) was 

provided by Ciba Specialty Chemicals Inc., Switzerland, and poly(ethylene-co-

butyl acrylate) (EBA) (Mn = 29 KDa, Mw = 205 KDa, with 27% of butyl 

acrylate) was supplied by Borealis AB. Poly(ε-caprolactone) (PCL, Mn  = 80 

000 g mol-1, ĐM < 2, 99%) was purchased from Sigma Aldrich. 

Al2O3 with an average diameter of 40-50 nm, 99.5% pure, was purchase from 

Nanodur 99.5%, and graphene oxide (GO), freeze-dried, was purchased from 

Abalonyx (Oslo, Norway). All these NPs were purified before use.  SiO2, 

40wt% in H2O, with a diameter of 20 nm was purchased from Alfa Aesar™. 

The cellulose fibres were supplied by Domsjö Fabriker, Örnsköldsvik, 

Sweden, based on spruce (60%) and Scots pine with a hemicellulose content 

less than 5wt%. CNF was produced according to a method published by  

Isogai et al. 120  

Chemicals were used as received from Sigma-Aldrich. (3-

aminopropyl)triethoxysilane (APTES, 98%), 3-aminopropyl 

(diethoxy)methylsilane (APDMS, 97%), 2-bromoisobutyryl bromide (α-BiB, 

98%), copper(I) bromide (Cu(I)Br, 98%), copper(II) bromide (Cu(II)Br2, 

99%), copper (I) chloride (Cu(I)Cl, 99%), copper(II) chloride (Cu(II)Cl, 97%), 

4-(dimethylamino) pyridine (DMAP, 99%), triethylamine (TEA, 99%), 

1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA, 97%), tetrabutyl-

ammonium fluoride in tetrahydrofuran (TBAF, 1 M), 2,2′-azobis(2-

methylpropionamidine) dihydrochloride (AIBA, 97%), sulfuric acid (H2SO4, 

pure), hydrochloric acid (HCl, 37%), and filter paper (Whatman No. 1), 

iodomethane (99%, MeI), 2-bromoisobutyryl bromide (98%, α-BiB) and 

ethyl α–bromoisobutyrate (98%, EBiB).  

Di(ethylene glycol)methyl ether methacrylate (DEGMA, 95%), 2-

(dimethylamino)ethyl methacrylate (DMAEMA, 98%), lauryl methacrylate 

(LMA, 96%) and butyl methacrylate (BMA, 99%)  were destabilized prior to 

use by passing them through a Al2O3 column (neutral). Deionized water 

(H2O), milliQ water, ethanol (EtOH, 96%), tetrahydrofuran (THF, analytical 
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grade), dichloromethane (DCM, analytical grade), methanol (HPLC-grade), 

N,N-dimethylformamide (DMF, HPLC grade),  diethyl ether (ether, HPLC-

grade) and toluene (HPLC-grade) were used without further purification. 

  

3.2 Instrumentation and methods 

The instruments and methods used in this study are briefly mentioned here. 

More detailed descriptions of the methods can be found in the appended 

papers. 

 
1H-NMR (Nuclear magnetic resonance)  
1H-NMR was performed with a Bruker Avance 400 MHz spectrometer using 

CDCl3 or D2O, respectively, as solvent. 

AFM (Atomic force microscopy) 

A Multimode 8 AFM with a 2 nm radius tip cantilever with 70 kHz resonance 

frequency (Bruker, USA) in air with ScanAsyst mode was used. 

CAM (Contact-angle measurements) 

A CAM200 contact-angle meter (KSV Instruments Ltd.) was used to measure 

the static water contact angle with a 5 μL drop of Milli-Q water. 

Dielectric spectroscopy measurements 

A Megger IDAX300 was utilized to measure the dielectric loss-tangent at 100 

V at frequencies from 150 to 0.05 Hz. 

DLS (Dynamic light scattering) 

A Malvern Zetasizer NanoZS was used to measure the size of micelles, latexes 

and NPs at concentrations of around 0.1 g/L, and to determine the LCST of 

thermo-responsive polymers. 

DMTA (Dynamic mechanical thermal analysis) 

A film fixture for tensile testing in a Q800 instrument from TA Instruments in 

the strain mode was used between 25 and 95°C. 

DSC (Differential scanning calorimetry) 

A DSC 1 from Metler-Toledo was used to measure the samples in heating-

cooling-heating cycles at a rate of 10°C/min in order to assess the crystallinity 

and Tg of the samples. 

FT-IR (Fourier transform infrared spectroscopy) 

A Perkin-Elmer Spectrum 2000 FT-IR equipped with a MKII Golden Gate, 

single reflection ATR system (CPecac Ltd., London (UK)) equipped with a 
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MKII heated Diamond 45_ATR was used to record the spectra using 32 scans 

per sample. 

Polyelectrolyte titration 

A 716 Titrino from Metrohm (Switzerland) with potassium polyvinyl sulfate 

(KPVS) as titrant and orthotoluidine blue (OTB) as indicator equipped with a 

Fotoelektrischer Messkopf 2000 (BASF) was utilized to measure the charges 

in the block copolymer polyeletrolytes. 

QCM-D (Quartz crystal microbalance with dissipation monitoring) 

A QCM-D from Q-sense AB (Sweden) with AT-cut quartz crystals in which the 

CNF was placed were used to assess the quantity of polyelectrolyte adsorbed 

at concentrations of 100 mg/L.   

Resistivity measurements 

A FuG Elektronik (Germany), HCP-35-12500 HV-supply and a 6517B 

Electrometer (USA) to measure the conduction current were used to measure 

the sample resistivity with the help of a flat and polished HV electrode.  

SEC (Size exclusion chromatography) 

A Verotech PLGPC 50 Plus system with a PL-RI detector (Varian) and 

polystyrene standards was used to determine the molecular weights of 

PLMA. 

A TOSOH EcoSEC HLC-8320GPC system using DMF as solvent and equipped 

with an EcoSEC RI detector calibrated with PMMA standards was used for the 

other polymers. 

SEM (Scanning electron microscopy) 

A Hitachi S-4800 field emission scanning electron microscope was used to 

characterize the morphology of the samples.  

TEM (Transmission electron microscopy) 

A Hitachi HT7700 transmission electron microscope with holey carbon 400 

mesh copper grids (Ted Pella, Inc., USA) was used to study the NPs. 

Tensile testing 

An Instron 5944 tensile tester equipped with a 50 N load cell was used to 

determine the mechanical properties of the nanocomposites at 23 ± 1 °C and 

50% relative humidity. 

TGA (Thermogravimetric analysis) 

A TA Instruments Hi-Res TGA 2950 was used to characterize the NPs and 

nanocomposites using a 10 °C/min rate from 40 to 700 °C.  

UV-Vis (Ultraviolet-visible spectroscopy) 
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A Shimadzu UV-2550 UV−vis Spectrophotometer (Kyoto, Japan), software 

UVProbe 2.0 was used to characterize the nanocomposite films. 

XRD (X-ray powder diffraction) 

A ARL X’TRA Powder diffractometer (Thermo Fisher Scientific Inc., USA) 

operated at 45 kV and 40 mA was used to characterize the CNC. 

 

3.3 Synthetic procedures 

The synthetic procedures are described briefly in this section. More detailed 

descriptions for these procedures can be found in the respective papers and 

in schemes 3-1 and 3-2. 

 

3.3.1 Polymerization by Atom Transfer Radical 

Polymerization to create block copolymers and 

quaternization to obtain polyelectrolytes 

In a general procedure, a PDMAEMA block was first synthesized and the 

functional blocks (PDEGMA, see scheme 3-1, step a, or PBMA) were added in 

a second step. Quaternization of the PDMAEMA block was performed in the 

final product. 

 

 
Scheme 3-1 Reaction scheme to synthesize qPDMAEMA-b-PDEGMA, starting with (a) 
the PDMAEMA block, (b) addition of PDEGMA blocks of different lengths and (c) 
quaternization of the tertiary amine in the PDMAEMA to obtained the thermo-
responsive polyelectrolyte. Reprinted with permission. Copyright © (2013) European 
Polymer Journal 

 

In order to synthesize the PDMAEMA (and PDEGMA from PDMAEMA to form 

the PDEGMA-co-PDMAEMA block copolymer), acetone, DMAEMA, HMTETA 

and EBiB were added to a round bottomed flask equipped with a magnetic 

stirrer and placed in an ice/water bath. The flask was sealed and one 

vacuum/argon cycle was applied prior to the addition of Cu(I)Cl, followed by 
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another two additional vacuum/argon cycles. The flask was placed in an oil 

bath at 50 °C and aliquots were taken at different times to further analyze the 

polymer obtained. The reaction was terminated by opening the flask to air 

and the product was purified by evaporating the acetone by rota-evaporation, 

re-dispersion in THF and copper removal by passing the product through an 

Al2O3 column. In order to remove monomer, the product was precipitated in 

cold heptane and re-dispersed twice in THF. The pure polymer obtained was 

finally dried under vacuum. This polymer was subsequently used as initiator 

from which the PDEGMA and PBMA blocks were synthesized to form 

PDMAEMA-co-PDEGMA and PDMAEMA-co-PBMA block copolymers, instead 

of using EBiB, see scheme 3-1, step b. The same procedure was used to grow 

the PEDGMA and PBMA blocks, changing the solvent to toluene and the 

temperature to 100 °C for the latter. The PDMAEMA-co-PBMA obtained was 

purified by precipitation in cold ether after being dissolved in DMF. 

In order to quaternize the PDMAEMA block (see scheme 3-1, step c) a certain 

amount of block copolymer and THF were placed in a round bottomed flask 

and an excess of iodomethane dissolved in THF was added under stirring. The 

reaction proceeded overnight, followed by evaporation of THF and dialysis of 

the product against water. The final product was freeze-dried to remove the 

water.   

 

3.3.2 Physical adsorption of polyelectrolytes onto CNF and 

CNC 

A low-concentration CNF dispersion in water (0.87 wt%) was ultrasonicated 

with a rod to avoid aggregation while immersed in an ice-water bath. A 

certain amount of quaternized PDMAEMA-co-PDEGMA block copolymer was 

added in order to match the number of CNF charges and dissolved in water 

and stirred for 1 hour. The CNF was then purified by two cycles of water and 

centrifugation at 4500 rpm. All the water used in this experiment was Milli-Q 

water with a TRIS base as a buffer at pH 8.3. 

The physical adsorption of the PDMAEMA-co-PBMA block onto CNC was 

carried out in a similar manner. The main difference was in the concentration 

of nanofibers, in this case 0.01 wt%, and the use of deionized water during 

the procedure. Both pure and modified CNC were dried by freeze-drying 

overnight. 
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3.3.3 Silanization and attachment of initiator on NP 

The rGO was modified with APTES, while Al2O3 and SiO2 were silanized with 

APDMS (see scheme 3-2, step 1). Prior to silanization, Al2O3 NPs were dried 

under vacuum at 150 °C and rGO was obtained from re-dispersed, freeze-

dried and thermally reduced GO (120 °C overnight). The NPs were re-

dispersed in a mixture of EtOH:water (1:1) and an excess of the chosen silane 

was added dropwise. The NPs were then cleaned by re-dispersion and 

centrifugation cycles in different solvents, depending on the initial NP, and 

finally dispersed in THF for the next step.  

The alkoxy groups in APTES and APDMS can either self-condense or attach to 

the metal oxide NPs through the OH groups present in their surfaces. One of 

the challenges in this work was to determine which silane was more prone to 

react to form a monolayer, and to study its sensitivity to hydrolysis. 

A base-catalyst amidation reaction of the amino group present in the silanes 

and α-BiB in the presence of TEA and DMAP and dissolved in THF was the 

standard procedure to attach the initiator onto the NPs surface (see scheme 

3-2, step 2). The reaction was carried out at room temperature overnight. 

Several re-dispersion and homogenization cycles with different solvents 

(THF, DCM and twice in toluene) were carried out in order to purify the NPs. 

The final product was re-dispersed in toluene and stored for use in the next 

step. 

 

3.3.4 Surface-initiated Atom Transfer Radical 

Polymerization from NP 

SI-ATRP was performed in a manner similar to a standard ATRP, but using 

the initiated NPs instead of an initiator (see scheme 3-2, step 3). In the case 

of rGO, a sacrificial initiator was added in order to characterize the grafted 

polymer. 

A certain quantity of initiated NPs was dispersed in toluene and added to a 

round bottomed flask. The selected monomer and HMTETA were added and 

the flask sealed, after which a vacuum/argon cycle was applied. Cu(I)Br and 

Cu(II)Br were then added afterwards, and two more vacuum/argon cycles 

were carried out on the reaction vessel. The round bottomed flask was then 

placed in an oil bath at 60 °C or 100 °C (to obtain PBMA and PLMA, 

respectively) and run for different times, longer polymer grafts being achieve 

with longer times. The grafted NPs obtained were purified by two 

centrifugation/ultrasonication cycles in THF and two in diethyl ether and 

dried under vacuum overnight. This last drying procedure was not applied on 
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the SiO2 NPs because it was necessary to avoid nanoparticle aggregation since 

re-dispersion after drying was difficult.   

 

 
Scheme 3-2 Three-step reaction scheme to synthesize NP-PLMAs: (1) silanization, (2) 
initiation and (3) SI-ATRP of LMA. Reprinted with permission. Copyright © (2015) 
ACS Applied Materials and Interfaces 

 

3.3.5 Cleavage of polymer grafts from the surface 

Grafted polymers from SiO2 and Al2O3 were cleaved in different ways in order 

to measure the polymer length or decrease the grafting density of the nano-

hybrids. 

3.3.5.1 TBAF Cleavage 

Around 100 mg of the NP-grafted material were added to a vial together with 

a 5 mL THF solution containing a 0.1 M concentration of TBAF, and left on the 

shaking table for 1-3 days. NPs and grafted polymer were centrifuged, the 

dissolved polymer being obtained in the supernatant and the NPs in the 

precipitate. The supernatant was dried and diethyl ether was added in order 

to eliminate the TBAF by precipitation. The resultant liquid phase was 

recovered and evaporated, and the polymer residue was characterized by 

SEC. 

3.3.5.2 Cleavage by hydrolysis 

The product obtained from the SI-ATRP of PLMA from the Al2O3 NPs was 

subjected to two centrifugation/ultrasonication cycles in MeOH.  

SiO2 NPs modified with PLMA were subjected to a mild TBAF cleavage 

treatment using a 0.1 M solution of the chemical in THF for 2 hours.    

In both cases, the procedure continued with the standard purification 

procedure for NPs (centrifugation/ultrasonication) in THF and diethyl ether. 

 

 

 

 



 

20 
 

3.4  Nanocomposite formation 

In the worked described in this thesis three different matrices have been used 

in order to prepare the nanocomposites. A brief explanation of the methods 

used is given in this section. 

 

3.4.1 PCL and LDPE: extrusion and melt-processing 

PCL (5 g) pellets together with set CNC content (modified and unmodified) 

were mixed in a twin-screw miniextruder (100 rpm, 110 °C) for 6 minutes. 

The NCs obtained were melt-processed into 130 µm thick films (200 kN, 80 

°C, 10 min).  

LDPE was ground after being frozen in liquid nitrogen for 1 hour. Irgacure 

1072 (200 ppm) and the desired amount of Al2O3 and grafted Al2O3 NPs were 

dissolved and dispersed in heptane by ultrasonication. Subsequently, 5 g of 

LDPE powder was added to the dispersion and mixed with the aid of a vortex 

(30 min). Finally, the heptane was removed by vacuum-drying overnight at 

50 °C and the dried mixture was introduced into the miniextruder for 

extrusion (100 rpm, 150 °C, 6 min). The nanocomposites were hot-pressed 

into 75 µm thick films (200KN, 130 °C, 10 min) and used for further 

characterization.  

 

3.4.2 EBA: solvent casting and melt processing 

rGO and modified rGO were dispersed in p-xylene by ultrasonication, and 

added to 200 mg of EBA matrix in a vial equipped with a magnetic stirrer. The 

vial was placed in an oil bath at 115 °C and stirred for 1 h. The mixture was 

then poured in a flask and dried (90 °C overnight and 60 °C for two days). The 

resulting nanocomposites were hot-pressed (145 kN, 150 °C, 20 min) to 

obtain 200 µm films for characterization. 
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4. Results and discussion 
The aim of this work was to study how different modifications of the surface 

of nanoparticles, such as grafting-to and grafting-from, graft lengths and 

grafting densities affect the properties of nanocomposites, when used either 

as nanofillers in a different matrix or as matrix-free materials. In papers I and 

V, matrix-free nanocomposites were assessed, while in papers II, III and IV, 

different polymer matrices were reinforced with nanofillers and 

characterized (see scheme 4-1). 

 

 
Scheme 4-1 Schematic overview of the worked performed in this thesis. 

 

In the first part, a block copolymer bearing a positively charged and a thermo-

responsive block were used to modify negatively charged TEMPO CNF by 

physisorption to obtain a thermo-responsive CNF showing LCST (paper I). 

CNC were hydrophobically modified, using PBMA, in order to improve the 

dispersion of the nanocellulose filler and its compatibility with a PCL matrix 
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and mixed by extrusion (paper II). In this study, both grafting-from and 

grafting-to techniques (by SI-ATRP and physisorption, respectively) were 

used and the results obtained were compared.  

In the second part, rGO and Al2O3 were modified by SI-ATRP of PBMA and 

PLMA, respectively, and nanocomposites with EBA or LDPE were prepared 

(papers III and IV) and explored for potential electrical applications. 

In the last part, nanoparticles of Al2O3 and SiO2 were modified with PLMA 

using two different grafting densities, characterized and investigated in 

matrix-free nanocomposites due to their high polymer content (paper V). 

For all the ATRP and SI-ATRP syntheses, molecular weights (Mn) in g/mol and 

polydispersity indices (ĐM) are indicated for each sample. In all cases the 

reactions occurred in a reasonably controlled manner, as the Mn were 

checked as function of time and the ĐM showed values between 1.1 and 1.4. 

 

4.1 Block copolymer synthesis and physisorption onto CNF: 

thermo-responsive behavior (Paper I) 

In order to synthesize the qPDMAEMA-b-PDEGMA block copolymers, a three-

step synthesis was used (see scheme 3-1). First, the PDMAEMA block was 

prepared by ATRP and purified as described in the experimental section in 

order for use in the second step, in which the PDEGMA block was added. After 

this block copolymer had been purified, the PDMAEMA block was 

quaternized to obtain qPDMAEMA using MeI.  
1H-NMR and SEC were used to characterize both the individual PDMAEMA 

block and the block copolymers. The quaternization of PDMAEMA-b-

PDEGMA into qPDMAEMA-b-PDEGMA was confirmed by 1H-NMR and 

quantified by PET (see table 4-1). Both blocks were polymerized with 

reasonable control, as shown by the low polydispersity index. The 

quaternization of the PDMAEMA block was confirmed qualitatively by 1H-

NMR, but, the Mn of the quaternized blocks could not be assessed by SEC due 

to interactions with the column. The yield of the reactions ranged between 88 

and 97%, with charge densities between 600 and 350 microequivalents per 

gram (µeq/g).  
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Table 4-1 Molecular weight (Mn), polydispersity index (ĐM), lower critical solution 
temperature (LCST), charge density and degree of quaternization (Quarter. yield) of 
the different block copolymers 

Polymer 
Mn a (g/ 

mol) 
ĐMa 

LCSTb 
(°C) 

Charge 
densityc 
(µeq/g) 

Quater. 
yieldd 

(%) 

PDMAEMA 6 100 1.19 - - - 

PDMAEMA-b-PDEGMA234 50 400 1.11 - - - 

PDMAEMA-b-PDEGMA409 83 200 1.22 - - - 

PDMAEMA-b-PDEGMA489 97 800 1.43 - - - 

qPDMAEMA-b-PDEGMA234 - - 27 598 88 

qPDMAEMA-b-PDEGMA409 - - 23 380 88 

qPDMAEMA-b-PDEGMA489 - - 23 356 97 
a Measured by DMF SEC b Determined by DLS c Measured by PET e Calculated from PET 

and the total number of quaternizable repeating units in each block 

 

Three different lengths of the PDEGMA-block (DP 234, 409 and 489) were 

synthesized, see table 4-1. The thermo-responsive behavior was investigated 

by DLS at different temperatures ad LCST values between 23 °C for the longer 

blocks and 27 °C for the shortest blocks were obtained. The increase in LCST 

for the shortest PDEGMA block may be related to the strong repulsive forces 

from the charges, as the qPDMAEMA:PDEGMA ratio was much higher in this 

sample. 

The adsorption of qPDMAEMA-b-PDEGMAs onto model CNF surfaces was 

assessed by QCM-D, as shown in figure 4-1. A change in dissipation was 

observed when of qPDMAEMA-b-PDEGMAs was adsorbed onto CNF and it 

remained constant after rinsing, confirming that physisorption had occurred.  
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Figure 4-1 QCM-D graph, fundamental frequency change (left) and change in energy 
dissipation (right) as function of time. PEI adsorption t=400 s. Washing t=750 s. CNF 
adsorption t=1100 s. 2nd washing with tris base t=1800 s. Adsorption of qPDMAEMA-
b-PDEGMAs t= 2250s. 3rd washing with tris base t=2800 s. Reprinted with permission. 
Copyright © (2013) European Polymer Journal 

 

The block copolymers were subsequently dissolved in milliQ water and the 

solution was added drop-wise to a negatively charged TEMPO-CNF 

dispersion in an amount such that all the charges were theoretically 

neutralized. The product was centrifuged and rinsed with water to remove 

any residual free block copolymer. The dispersed samples were heated above 

LCST, and aggregation of the modified CNF occurred as shown in figure 4-2, 

confirming the success of the grafting-to of the block copolymer to the CNF.  
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Figure 4-2 CNF fibers modified by polyelectrolyte adsorption (from left to right, 
qPDMAEMA-b-PDEGMA234, qPDMAEMA-b-PDEGMA409, qPDMAEMA-b-PDEGMA489) 
dispersed in water at room temperature (left) and after heating the vials to a 
temperature above the LCST (right) 

 

The modified CNF was vacuum filtered in order to produce thin films, and 

characterized by FT-IR, TGA and SEM. A carbonyl peak appeared at around 

1723 cm-1 in the FT-IR spectra of the modified samples, and the peak intensity 

increased with increasing length of the PDEGMA-block. In addition, a slight 

increase in thermal stability between 100 and 250 °C, which corresponds to 

the degradation of CNF by thermal cracking, was observed in the TGA for the 

grafted CNF, suggesting that the thermal stability was improved by the 

grafting-to process. 

SEM cross-sections of the CNF films are shown in figure 4-3. The micrograph 

of pristine CNF (a and c) shows a more compact structure than those of the 

qPDMAEMA-b-PDEGMA234 modified film (b and d). Since the 

CNF:polyelectrolyte ratios ranged from ca. 1:1 for the qPDMAEMA-b-

PDEGMA234 to ca. 1:2 for the qPDMAEMA-b-PDEGMA489, it was expected that 

the polymer would impede a CNF close-packed structure of the modified 

fibers.  
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Figure 4-3 SEM micrographs of unmodified CNF paper (a and c) and qPDMAEMA-b-
PDEGMA489 fibers (b and d) at different magnifications. Reprinted with permission. 
Copyright © (2013) European Polymer Journal 

 

4.2 Block copolymer synthesis and physisorption onto CNC: 

PCL nanocomposites (Paper II) 

In paper II, CNC was modified in two different ways: by physisorption of 

diblock copolymers containing PDMAEMA and PBMA, and by covalent 

grafting of poly(butyl methacrylate) (PBMA) through SI-ATRP. PBMA was 

chosen to hydrophobize the CNC and make it more suitable for mixing in a 

PCL matrix. In order to investigate the effects of the amount of CNC, grafting 

method, and polymer length, respectively, the modified CNC was mixed in 

PCL by extrusion, and films were hot-pressed for further characterization. 

The scope of the study was to investigate the effect that both grafting method 

and polymer length had on the properties of the final PCL nanocomposite. 

CNC was modified by SI-ATRP, by physisorption of PDMAEMA-b-PBMA 

micelles synthesized by ATRP and by the same polyelectrolyte created by 

reversible addition-fragmentation chain-transfer polymerization-induced 

self-assembly (RAFT-PISA) in the latex form, table 4-2. The details of the SI-

ATRP of the CNC with a sacrificial initiator and the RAFT-PISA synthesized 
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latex particles are given in paper II. The procedures to synthesize the 

PDMAEMA-b-PBMA block copolymers and to form micelles with two PBMA 

lengths by ATRP were similar to procedures described in paper I, except that 

toluene was used instead of acetone in the second step to chain extend with 

the PBMA block. The reactions to form the different blocks for both the ATRP 

and the RAFT-PISA systems were followed by 1H-NMR and SEC. Two different 

PBMA lengths (<25 000 and >80 000 g/mol) were used in the three surface 

modifications in order to investigate how the polymer length affected the 

final characteristics of the nanocomposites. The purification of the CNC 

modified by SI-ATRP was carried out carefully by soxhlet extraction for 

several days to remove unreacted monomer and unattached polymer. The 

PDMAEMA blocks from the block copolymers of both the micelle and latex 

systems were quaternized by first dissolving them in THF and adding MeI in 

THF drop-wise under vigorous stirring. The charge density was determined 

by PET and the micelle and latex sizes were determined by DLS.  

 

Table 4-2 Type of surface modification, name, molecular weights (Mn), polydispersity 
index (ĐM) and charge density of the polymers and block copolymers 

Method Polymer 
Mn,tha 

(g/mol) 

Mnb 
(g/mol) 

ĐMb 
chargec 
(meq/g) 

SI-ATRP 
PBMAshort 15 600 17 480 1.11 - 

PBMAlong 69 200 80 260 1.09 - 

Phys.-
adsorp. 

Micelles 

PDMAEMA27  3 900 4 220 1.14 - 

PDMAEMA27-
b-PBMAshort 

17 100 28 500 1.06 1.23 

PDMAEMA27-
b-PBMAlong 

78 600 89 000 1.20 0.22 

Phys.-
adsorp. 

Latex 

P(DMAEMA-
co-MAA)25 

4 200    

P(DMAEMA-
co-MAA)25-b-

PBMAshort 
25 900 48 400 1.8  

P(DMAEMA-
co-MAA)25-b-

PBMAlong 
101 400 223 100 1.39  

a Estimated by 1H-NMR conversion b Determined by DMF SEC c Assessed by 

PET  
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The final PDMAEMA-b-PBMAs were dissolved in THF and the solution was 

added drop-wise to a CNC-water dispersion, again under vigorous stirring, 

and the modified CNC was obtained after freeze-drying. The quantity of block 

copolymer added to the CNC suspension was 4 and 20 wt% for the short and 

long PBMA lengths, respectively, in accordance with the quantity of PBMA 

determined gravimetrically from the covalently grafted CNC. The comparison 

between the samples thus relies solely on the type of modification and not on 

the amount of polymer, since the variables relative to grafting density and Mn 

can be ignored. The resulting modified CNCs were characterized by FT-IR, 

AFM, XRD, contact angle measurements and TGA. The covalently grafted 

micelles and latex physisorbed samples were denoted CNC-Graft(S), CNC-

Graft(L), CNC-Micelle(S), CNC-Micelle(L), CNC-Latex(S) and CNC-Latex(L), 

where the notations (s) and (K) indicate short and long PBMA chains, 

respectively, and the unmodified CNC simply denoted CNC. 

FT-IR confirmed the presence of polymer grafted onto the CNC by the 

appearance of a carbonyl peak in the 1760-1680 cm-1 region (see paper II, 

figure 4). The intensity of this peak increased with increasing quantity and/or 

length of PBMA in the samples. Pellets made from the PBMA-modified CNC 

also showed an increase in the contact angle of water on the surface with 

increasing PBMA quantity, indicating that the hydrophobization of the CNC 

was successful. This hydrophobization was more pronounced for the CNC-

Grafts, followed by the CNC-Micelles and, finally the CNC-Latexes, the contact 

angle being 89, 73 and 54 degrees respectively for the longer PBMA chains 

(CNC reference 35 degrees, see paper II, figure 2).  

Figure 4-4 shows the TGA thermograms for the different samples. There was 

a remarkable increase in thermal stability in the case of the most hydrophobic 

samples, CNC-Grafts. In these samples, the thermal stability at 235 °C 

increased, as the weight loss decreased from 40% to 4% upon modification, 

indicating that the fibers have been homogeneously covered with PBMA upon 

covalent bonding. A similar behavior was observed in the CNC-Micelle(L). 

Since the glass transition temperatures (Tg) of the block-copolymers that 

formed the micelles were slightly lower than the Tg found on the latex-based 

ones and close to room temperature, a better coverage of the CNC with PBMA 

micelles could be expected.    
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Figure 4-4 TGA thermograms of the CNC-modified materials. Reprinted with 
permission. Copyright © (2017) ACS Applied Materials and Interfaces 

 

After modification of the CNC, the PCL nanocomposites containing 0.5, 1 and 

3 wt% of CNC were first extruded and subsequently hot-pressed into films 

that were characterized by UV-Vis, TGA, DSC, SEM and tensile testing. These 

nanocomposites were denoted PCL-CNC, PCL-CNC-Graft(S), PCL-CNC-

Graft(L), etc. The appearance of the films showed the existence of 

black/brownish aggregates in the PCL-CNC, PCL-CNC-Latexes and PCL-CNC-

Micelle(S) presumably related to the lower thermal stability of the modified 

CNC assessed by TGA, as reported in the supporting information in paper II. 

In contrast, the PCL-CNC-Grafts and PCL-CNC-Micelle(L) samples had white 

aggregates, indicating that they did not degrade during the extrusion process 

at 110 °C. A slight increase in transparency was observed in all the 

nanocomposites containing modified PCL-CNC, regardless of the quantity of 

PBMA or grafting/modification methods, which indicates an improved 

interphase between the nanofiller and the matrix. The transparency 

decreased when of CNC was added due to the formation of aggregates and to 

an increase in aggregate size in the matrix. No significant differences in 

thermal stability, crystallinity, nucleation or melting temperature were seen 

in the TGA and DSC measurements. 
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In order to assess the morphology of the films, SEM images of the annealed 

nanocomposites were acquired, as shown in figure 4-5. All polymer-modified 

CNC with longer PBMA chains were more homogeneous than the PCL-CNC 

(e). This was even more evident in for the PCL-CNC-graft samples, and it 

confirms that longer polymer grafts are needed to improve the compatibility 

between filler and matrix in physisorbed-modified CNC, while covalent 

grafting shows a greater overall compatibility, due probably to a more 

homogeneous polymer distribution in the CNC surface.  

 

 
Figure 4-5 SEM images of PCL-CNC nanocomposites with 3 wt% CNC, PCL(a), PCL-
CNC-Graft(S)(b), PCL-CNC-Micelle(S)(c), PCL-CNC-Latex(S)(d), PCL-CNC (e), PCL-
CNC-Graft(L)(f), PCL-CNC-Micelle(L)(g), PCL-CNC-Latex(L)(h), PCL Reprinted with 
permission. Copyright © (2017) ACS Applied Materials and Interfaces 
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The tensile stress and strain at break are shown in figure 4-6. The tensile 

stress at break of the 0.5 wt% samples is higher than that of the unmodified 

CNC and is more significant for the CNC-Graft based nanocomposites. The 

decrease in tensile strength with increasing content of CNC suggests that 

aggregates are starting to form. This also applied to the strain at break. 

However, there was, in both cases, a general improvement in mechanical 

properties of the nanocomposites compared to the PCL-CNC. This confirms 

that regardless of the method, the modification leads to an improvement in 

the CNC dispersion and improves the overall compatibility between the 

modified CNC and the PCL matrix. When 1wt% samples with a short PBMA 

chain length were treated at 50 and 98% relative humidity, (see paper II) it 

was found that the physisorbed samples resulted in an overall decrease in 

mechanical properties. This was probably due to the hydrophilic character of 

the PDMAEMA block, which could absorb water more efficiently than its 

covalently grafted counterparts, and disturbing the overall compatibility 

between nanofiller and matrix. It was also observed that the tensile stress and 

strain behavior of the PCL nanocomposites was improved when CNC-Grafts 

were added.  
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Figure 4-6 Tensile stress at break (top) and tensile strain at break (below) for the 0.5 
wt%(left), 1 wt% (center) and 3 wt% (right) nanocomposites (PCL reference on the 
far left). Reprinted with permission. Copyright © (2017) ACS Applied Materials and 
Interfaces 
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4.3 Surface modification of rGO, SiO2 and Al2O3  

 

4.3.1 Silanization and addition of initiator 

In order to perform SI-ATRP from the surfaces of rGO, Al2O3 and SiO2 NPs, an 

alkoxysilane was added, followed by the attachment of an ATRP initiator 

moiety. APDMS, an alkoxysilane containing a primary amine and two 

anchoring groups, was used. Subsequently, α-BiB was attached to the surface 

as ATRP initiator by reacting it with the primary amine.  

FT-IR and TGA tests were carried out on the modified nanoparticles after 

APDMS and α-BiB had been attached. Figures 4-7 and 4-8 show the results for 

Al2O3 and rGO respectively. In both cases, the presence of an N-H peak at 

around 1550 cm-1 confirms the attachment of the silane to the surface. In the 

case of rGO, the absence of C=O and C-C peaks at 1700-1600 cm-1 indicates 

that the reduction and modification of the rGO were successful. When the 

ATRP initiator was added, the N-H peak diminished and, in the case of the 

Al2O3, a slight increase on intensity of the C=O at 1640 cm-1 suggests that this 

modification was achieved. 

 
Figure 4-7 FT-IR absorbance spectrum for Al2O3 silanized with APDMS and post-
functionalized with ATRP initiator, Redrawn with permission. Copyright © (2015) 
ACS Applied Materials and Interfaces 
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Figure 4-8 FT-IR absorbance spectrum for rGO silanized with APDMS and post-
functionalized with ATRP initiator  

 

Al2O3 was also modified with APTES, which contains three alkoxysilane 

anchoring groups, and subsequently immobilized with the ATRP initiator 

(paper III). Two different silanes were used to modify the Al2O3 in order to 

quantify the existence of a single or “gooey” multi-silane layer in the surface 

of the NPs. The character of the nanocomposite was expected to change as the 

result of grafting the polymer from the nanoparticle surface, and the larger 

amount of silane created in multilayer than in a mono-layer could interfere 

with the results. The silane/initiator molar ratios were calculated from the 

weight loss of the volatiles by TGA. This value was close to unity in the case 

of APDMS, meaning that a monolayer was more prone to occur in this case 

than with APTES, in which the proportion was 2 moles of silane per added 

mol of initiator. The stability of the APDMS silane layer towards hydrolysis 

was studied further and reported, paper V. 

 

4.3.2 SI-ATRP of rGO-PBMA and NP-PLMA for polymer 

nanocomposites (Papers III and IV)  

After attachment of the ATRP initiator, PBMA or poly(lauryl methacrylate) 

(PLMA) was grafted from the nanoparticles. Alumina nanoparticles modified 

with PLMA are denoted as NP-PLMA-X, and the rGO modified with PBMA is 

denoted rGO-PBMA-X, where the X stands for the polymer length in kg/mol. 
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PBMA was grafted from rGO to increase the compatibility of the rGO with a 

polyethylene-co-butyl acrylate (EBA) matrix. Semi-crystalline PLMA was 

chosen due to its long alkyl side chain, similar to the molecular structure of 

low density polyethylene (LDPE). The aim was to modify the particles with 

different polymer lengths as shown in table 4-3, and to study the interactions 

within the different matrices. 

 

Table 4-3 Reaction time, temperature (T), molecular weight (Mn), polydispersity index 
(ĐM), polymer quantity (wt%) and grafting density (ρ) of rGO-PBMAs and NP-PLMAs 

NP-Monomer 
Reaction 

time 
(min) 

T 
(°C) 

Mn 
(g/mol) 

ĐM 
wt % 

PLMAc 

ρd (chains 

/nm2) 

rGO-PBMA-3K 120 

60 

3 000a 1.17a - - 

rGO-PBMA-4.5K 210 4 500a 1.15a - - 

rGO-PBMA-9K 360 9 200a 1.09a - - 

NP-PLMA-23K 20 

100 

22 800b 1.42b 7.7 0.05 

NP-PLMA-42K 40 41 700b 1.37b 13.5 0.05 

NP-PLMA-83K 60 82 850b 1.21b 24.4 0.05 
a Determined by DMF SEC from the free polymer formed from the sacrificial initiator 
b Determined by CHCl3 SEC on the cleaved polymer c Determined by TGA from the 

weight loss of the volatiles d Calculated from the Mn and TGA weight loss. 

 

In the case of the rGO-PBMAs, a sacrificial initiator was added to the reaction 

in order to control the molecular weight of the grafted polymer, however for 

NP-PLMAs, no sacrificial initiator was required since the amount of attached 

polymer was sufficient to selectively cleave the Si-O bonds with TBAF and to 

analyze it by SEC. FT-IR and TGA were also used to characterize the materials, 

as shown in figures 4-9 and 4-10. The metal oxide nanoparticles showed a 

weight loss at around 350 °C directly related to the quantity of volatiles 

present in the material and presented in figure 4-9-b as the wt % of the total 

sample. At the same time, a carbonyl peak at 1730 cm-1 appeared in the FT-IR 

spectra, the size of which increased with increasing amount of PLMA. 

However, since rGO showed thermal degradation at around 180 °C and total 

degradation of the sample occurs at 700 °C, the total quantity of PBMA 

present in the sample could not be assessed by TGA. Instead, the thermal 

stability of the nanoparticles increased substantially (from 160 to 250-300 

°C) upon silanization and addition of PBMA, as shown in figure 4-10. This 

observation confirmed that PBMA has been successfully attached to the rGO 
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surface, since the total PBMA quantity was too low for any significant 

difference in peak intensity to be observed by FT-IR.   

 

 
Figure 4-9 (a) FT-IR spectra and (b) TGA thermograms of the NP-PLMA. Reprinted 
with permission. Copyright © (2015) ACS Applied Materials and Interfaces 
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Figure 4-10 TGA thermograms of the rGO-PBMA, rGO and silanized rGO 

 

4.4 Properties of rGO-PBMA-EBA nanocomposites (Paper 

III) 

Nanocomposites of EBA with 2, 3 and 4 vol% (4, 6 and 8 wt%) rGO were 

prepared by solvent casting from p-xylene and hot-pressed into films that 

were characterized by DSC, TGA, SEM and resistivity measurements. The 

nanocomposites are denoted rGO-PBMA-X-Yvol%, where X denotes the 

length of the polymer in kg/mol and Y the vol% of rGO in the material. 

Nanocomposites containing naked rGO are denoted rGO-Yvol%.  

SEM micrographs for the 2 and 4 vol% materials are shown in figure 4-11. 

Directionality was observed in almost all the samples as the flakes were 

oriented parallel to the pressing direction of the films, as indicated by the 

arrows in the figure, but the rGO-PBMA-9K-4vol% sample had a more 

random structure. This indicates that the flakes and clusters are entropically 

mixed within the matrix and are thus not affected by the applied force or 

temperature, and that the rGO is better dispersed in the matrix.  
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Figure 4-11 SEM micrographs for the different rGO-PBMA-EBA nanocomposites, all 
scale bars are 20 µm. The arrows are placed parallel to the pressing direction 
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Resistivity measurements were performed on all the rGO-nanocomposites, 

and the result for the 2 and 4vol% materials are shown in figure 4-12. rGO-

2vol% exhibits a slightly higher resistivity than the EBA reference, attributed 

to the trapping of charges due to the presence of polar groups in the rGO 

surface. A decrease in resistivity was observed in the 2vol% nanocomposites 

when the rGO was modified with PBMA, as the number of polar groups on the 

rGO flakes decreased. A field-dependent resistivity was observed for the rGO-

4vol% and rGO-PBMA-Y-4vol% nanocomposites. All the 4 vol% 

nanocomposites showed a gradual decrease in resistivity with increasing 

electrical field. This behavior can be compared using the equation 𝜎 ∝ 𝐸(1+𝛼), 
where σ is the conductivity of the material, E is field strength and α a non-linear 

coefficient measured above the onset value at which the decrease in resistivity 

begin. Both the onset of the non-linear behavior and the resistivity decreased when 

PBMA chains were grafted onto the rGO surface, being more significant with 

increasing polymer graft length. The onset values for rGO-4vol%, rGO-PBMA-

3K-4vol%, rGO-PBMA-4.5K-4vol% and rGO-PBMA-9K-4vol% were 2, 1, 0.5 

and <0.2 kV mm-1, and the corresponding slopes were 6, 4, 4 and 3. This decrease 

on onset values may be a consequence of the distribution of the rGO NPs within 

the matrix, since the increasing compatibility with the PBMA grafts hinders the 

agglomeration of nanofillers. The resulting larger number of available rGO would 

lead to a larger number of connections between flakes, from which the electrons 

could travel more efficiently.  
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Figure 4-12 Resistivity measurements for the 2vol% (top) and 4vol% (bottom) EBA-
rGO-PBMA nanocomposites 
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4.5 Properties of LDPE-NP nanocomposites (Paper IV) 

NP-PLMA-23K and NP-PLMA-83K were chosen as nanofillers (0.5 and 1 wt%) 

to prepare LDPE-based nanocomposites through extrusion, films being 

produced from the extrudates by hot-pressing. The films were characterized 

using DMA, tensile testing, DSC, contact angle measurements, UV-Vis, SEM 

and dielectrical loss measurements.  

SEM was used to investigate the morphologies of the nanocomposites, figure 

4-13a and 4-13b. Aggregated NP-PLMAs were observed in the 1wt% 

nanocomposites (annealed, figure 4-13a, a1 and a2), being more significant 

for the LDPE-1-NP-PLMA-83K sample, indicating that increasing the PLMA 

length promotes aggregation of the NPs, possible due to PLMA-PLMA 

interactions. However, it was seen in the fractured samples (figure 4-13b), 

that the NP-PLMAs appear to be embedded in the matrix, supporting the 

hypothesis that PLMA acts as a compatibilizer between the NPs and the 

matrix. PLMA improves the interphase between NPs and LDPE, but an 

increase in the length of the grafted polymer induces aggregation. Therefore, 

shorter PLMA chains give the best interphase/dispersion ratio for this 

system.  

 



 

42 
 

 
Figure 4-13-a SEM micrographs of surfaces on (a1 and a2) annealed of the LDPE-NP 
and LDPE-NP-PLMA nanocomposites. All scale bars are 1 μm. Reprinted with 
permission. Copyright © (2015) ACS Applied Materials and Interfaces 
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Figure 4-13-b SEM micrographs of surfaces on fractured samples of the LDPE-NP and 
LDPE-NP-PLMA nanocomposites. All scale bars are 1 μm. Reprinted with permission. 
Copyright © (2015) ACS Applied Materials and Interfaces 

 

DSC was used to assess the degree of crystallinity and the various phase 

transitions in the nanocomposites, but no significant differences were 

observed, table 4-4. The LDPE-NP-PLMAs showed a greater hydrophobicity 

as measured by the contact angle of water on the surface, which increased 

with the PLMA quantity in the nanocomposites. UV-Vis spectrometry was 

used to assess the transparency of the films (see table 4-4). Nanocomposites 

containing NP-PLMAs were more transparent than films of neat LDPE, and 

the films containing unmodified NPs were the most opaque. This can be 

explained by considering the refractive indices (η) of the components in each 

sample. The η values of the species present in the nanocomposites are: air =1, 

LDPE = 1.51, PLMA = 1.51 and alumina = 1.774. If air is present in the 
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interphase between the NP and the matrix, the total refractive index in the 

sample decreases. This increases the scattering of light in the nanocomposite, 

and the film becomes less transparent. When PLMA is added to the surface of 

the NPs, the total refractive index changes only slightly and the transparency 

of the film is not affected. When NPs and NP-PLMA are added, the 

transparency decreases, probably because aggregates start to form in the 

sample, as shown by the SEM images.  

 

Table 4-4, Crystallinity (X), contact angle, transmittance (T) at 350 nm, 2nd yield strain, 
strain at break and increase in storage modulus of LDPE, LDPE-NP and LDPE-NP-
PLMA nanocomposites 

Sample 
NP/ 

PLMA 
vol% 

X 
(%) 

Contact 
angle 
(deg) 

T 
(%) 

Strain 
2nd yield 

(%) 

Strain at 
break 

(%) 

ΔG’ 
(%) 

LDPE - 48±0 82.9±1.0 27 68±8 240±82 - 

LDPE-0.5-NP 
0.01 / 

-  
44±0 91.6±3.7 22 - - 9 

LDPE-1-NP 
0.02 / 

- 
41±5 91.2±2.1 16 50±11 685±26 19 

LDPE-0.5-NP-
PLMA-23K 

0.01/ 
0.004 

45±0 98.8±1.7 27 - - 41 

LDPE-1-NP-
PLMA-23K 

0.02/ 
0.008 

47±0 97.6±0.3 12 100±12 674±4 36 

LDPE-0.5-NP-
PLMA-83K 

0.01/ 
0.012 

48±0 96.8±1.3 43 - - 13 

LDPE-1-NP-
PLMA-83K 

0.02/ 
0.024 

49±2 102.8±0.2 30 85±2 716±74 9 

 

DMA and tensile testing were used to determine the mechanical properties of 

the nanocomposites (see table 4-4). An increase in storage modulus (G’) 

compared with the LDPE-NP was observed for the LDPE-0.5-NP, and it was 

greater for the LDPE-0.5-NP-PLMA-23K and for the LDPE-0.5-NP-PLMA-83K. 

However, the addition of a higher loading of NPs in LDPE-1-NP-PLMAs 

decreased G’, probably because of the formation of aggregates in the samples 

as indicated by the SEM study. The strain at break increased by 200%, when 

NPs was added, regardless of the type of NP. However, the second yield point 

increased when the NP was modified with PLMA, possibly due to an increase 

in interfacial adhesion between the NPs and the matrix. In contrast, the 

second yield point was lower for nanocomposites containing unmodified NPs, 

as the presence of air impedes the adhesion between the NPs and the matrix, 

Figure 4-14 show tan δ as a function of frequency for the various films. The 

dielectric loss of the LDPE-1-NP was greater over the whole frequency range 
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than that of the LDPE reference and LDPE-NP-PLMAs, showing that the PLMA 

in the grafted-NPs significantly hindered an increase in power dissipation.   

 

 
Figure 4-14 Tan δ values vs frequency for LDPE, LDPE-1-NP, LDPE-1-NP-PLMA-23K, 
and LDPE-1-NP-PLMA-83K. Reprinted with permission. Copyright © (2015) ACS 
Applied Materials and Interfaces 

 

4.6 Matrix-free SiO2-PLMA and Al2O3 PLMA (Paper V) 

Initially, NP-PLMA nano-hybrids with similar PLMA quantities were 

synthesized with two grafting densities in order to study the impact of both 

Mn and quantity of PLMA on the systems. To investigate whether the results 

depended on the size or the size distribution of the alumina nanoparticles 

(⁓45 nm diameter) a second system, with smaller and more regularly sized 

silica nanoparticles (⁓20 nm diameter), was also developed. The molecular 

weight and grafting density of the PLMA grafts were varied, and the matrix-

free nanoparticles obtained were characterized by SEC, TGA, FT-IR, DSC and 

TEM. 

Table 4-5 presents data for the nano-hybrids obtained and the different 

synthetic routes are shown in scheme 4-2. The samples were named X-PLMA-

Y-Z, were X denotes the nanoparticle type, NP for alumina and Si for Silica, Y 

the grafting density, L for low and H for high grafting density, and Z denotes 

the wt % of PLMA grafted from the surface as determined by TGA from the 

weight loss the samples when volatiles were released. 
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SI-ATRP was performed on all samples to obtain the corresponding X-PLMA-

L/H nano-hybrids. The overall grafting density of the NP-PLMA-H was found 

to be 0.055 chains/nm2, with values up to 0.242 for the Si-PLMA-H. This 

significant difference in grafting density can be due to the difference in 

specific surface area (SSA, 41 m2/g for alumina and 200 m2/g for silica) and 

in the radius of curvature of the nanoparticles. The radius of curvature is 

smaller for larger particle sizes, and it is then difficult to achieve high grafting 

densities as less volume is available for the next polymer to grow from. SSA 

values depend partially on the size of the object, and the value increases as 

the nanoparticle size decreases.  

A mild hydrolysis of the Al-O-Si bonds after polymerization, using MeOH for 

10 min, was sufficient to decrease the grafting density of the NP-PLMA-H 

from 0.055 to ca. 0.015 chains/nm2 and to form NP-PLMA-L. A mild 2 hours 

TBAF cleavage of the PLMA grafts from the Si-PLMA-H systems to obtain Si-

PLMA-L reduced the grafting densities by 20-40%, corresponding to the 

lower values of the nano-hybrids with higher PLMA contents and longer 

chain lengths. Cleavage of the Al-O-Si bonds by hydrolysis gave similar 

grafting densities, whereas the result for the Si-PLMA-H was strongly 

dependent on PLMA quantity and on the Mn. It can be understood that due to 

the shorter distances between PLMA grafts in these systems associated with 

the higher grafting densities, the accessibility of the Si-O-Si bonds decreased 

with increasing molecular weight, and fewer chains were available to be 

cleaved off.  
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Table 4-5 Reaction times, molecular weight (Mn), polydispersity index (ĐM), PLMA 
weight %, grafting density (ρ), PLMA volume % and brush regime of the graphs 
(M=mushroom, SDPB=semi-dispersed polymer brushed, CPB=concentrated polymer 
brush) of Al2O3 and SiO2 NPs modified with PLMA 

sample 
time 

(min) 
Mna  

Đ
Ma 

PLMA 
wt%b 

ρc 
(chain
s/nm2) 

PLMA 
vol% 

∑/ brush 
regimed 

PLMA** - 131 000 1.4 - - 100 - 

NP-PLMA-L-4 20 53 000 1.1 3.5 0.01 13.3 0.07/M 

NP-PLMA-L-7 40 50 000 1.5 7.1 0.012 24.5 0.08 /M 

NP-PLMA-L-10 60 91 000 1.2 9.6 0.013 31.1 0.15/M 

NP-PLMA-L-16 180 165 000 1.3 16.5 0.018 45.6 0.39/M 

NP-PLMA-L-26 360 225 000 1.2 26.5 0.024 60.5 0.71/M 

NP-PLMA-H-4 10 - - 3.9 - 14.7 - 

NP-PLMA-H-8 20 23 000 1.4 7.7 0.054 26.2 0.16/M 

NP-PLMA-H-13 40 42 000 1.3 13.5 0.054 39.9 0.30/M 

NP-PLMA-H-24 60 83 000 1.2 24.5 0.056 58.0 0.61/M 

Si-PLMA-L-7 60 23 000 1.1 6.9 0.103 17.4 0.31/M 

Si-PLMA-L-17 120 42 000 1.1 17.2 0.158 37.2 0.87/M 

Si-PLMA-L-27 120 80 000 1.0 26.6 0.145 50.8 1.52/ CPB 

Si-PLMA-L-33 180 170 000 1.1 33 0.093 58.4 2.06/CPB 

Si-PLMA-L-54 240 285 000 1.1 53.6 0.13 76.7 4.85/CPB 

Si-PLMA-H-11 60 23 000 1.1 11.1 0.173 26.2 0.52/M 

Si-PLMA-H-23 120 42 000 1.1 23.2 0.23 46.3 1.27/CPB 

Si-PLMA-H-38 120 80 000 1.0 37.7 0.242 63.3 2.54/ CPB 

Si-PLMA-H-41 180 170 000 1.1 41.1 0.132 66.5 2.93/CPB 

Si-PLMA-H-59 240 285 000 1.1 58.6 0.159 80.1 5.93/CPB 

a Determined by chloroform SEC on the cleaved polymer c Determined by TGA from 

the weight loss of the volatiles d Calculated from the Mn and TGA weight loss % d 

Calculated from the radius of gyration and the grafting density 
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Scheme 4-2 Schematic overview of the different synthetic steps to obtain the X-PLMA-
Y-Z nano-hybrids 

 

It is important to point out that the purification and work-up of the X-PLMA-

L was the key to making sure that the free polymer was completely removed 

from the final NPs. Nanoparticles without free polymer, indeed, could be 

obtained, but Si-PLMA-L NPs were partially trapped within the free polymer 

in the PLMA-rich hybrids. 

FT-IR spectra and TGA thermograms of the NP-PLMA nano-hybrids are 

presented in figure 4-15. The amount of PLMA was assessed from the % loss 

of weight due to the release of volatiles measured by TGA. The signals 

detected by FT-IR correspond to the carbonyl and PLMA side chains at ca. 

1680 and 3000 cm-1 and the intensity was similar for all the samples 

containing similar amounts of PLMA. It was then confirmed that the SI-ATRP 

of PLMA and the post-treatment with MeOH was successful. The molecular 

weights estimated by SEC were between 23 000 and 83 000 g/mol for the NP-

PLMA-H and between 50 000 and 225 000 for NP-PLMA-L. The wt% of PLMA 

found in the NP-PLMAs ranged between 4 and 26%, which corresponds to 

13.3 and 60.5 vol%. The FT-IR spectra of the Si-PLMA-H and TGA 

thermograms for Si-PLMA-H and Si-PLMA-L are depicted in figure 4-16. The 

same conclusions can be drawn for the Si-PLMAs except that the quantity of 

PLMA cleaved from the Si-PLMA-H was not large enough for any difference in 

intensity of the corresponding peaks to be seen in the FT-IR spectra. The 

molecular weights of the Si-PLMAs ranged between 23 000 and 285 000 

g/mol, and the wt% of PLMA in the systems ranged between 7% and 59%, 

which corresponds to 17.4 and 80.1 vol%. The larger amount of PLMA 

observed in the Si-PLMAs than in the NP-PLMAs is a consequence of the 

greater grafting densities associated with the smaller nanoparticle. 
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Figure 4-15 FT-IR spectra (top) and TGA thermograms (bottom) for the NP-PLMAs 
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Figure 4-16 FT-IR spectra (top) and TGA thermograms (bottom) for the Si-PLMAs 

 

Table 4-6 show the results of DSC measurements to characterize the thermal 

behavior of the material between -60 °C and 220 °C, and thermograms for the 

NP-PLMAs from the second heating and from the cooling are shown in figures 

4-17 and 4-18, respectively.  

The melting temperature, Tm of the PLMA obtained during the second heating 

was around -35 °C, and the crystallization peak, Tc was also observed. These 

peaks were be observed for the NP-PLMA-L-26, NP-PLMA-H-24 and NP-

PLMA-H-13 which had 60.5, 58 and 40 PLMA vol%, respectively, as well as in 

almost all Si-PLMA-Hs and SI-PLMA-Ls with PLMA volume fractions over 
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58%. This means that large volume fractions of PLMA are required to obtain 

the melting and cooling temperatures of the bulk polymer. However, two 

small melting peaks, denoted Tm1 and Tm2 and a related Tc upon cooling, were 

present for samples NP-PLMA-L-10 and NP-PLMA-L-16. They were also 

observed in all the Si-PLMA-Ls and in the Si-PLMA-H with lower PLMA 

contents and grafting densities, as reported in the supporting information in 

paper V. In the case of Si-PLMA, Tm1 and Tc were wider and the peaks were 

less defined than for the NP-PLMAs. The values of Tm1 and Tc for the NP-

PLMAs were ca. 142 °C and 108 °C, respectively, whereas for the Si-PLMAs, 

Tm1 ranged between 73 °C and 190 °C, and Tc between 87 °C to 106 °C. Tm2 

ranged between 184 °C and 190 °C for NP-PLMAs, but it was between 200 °C 

and 211 °C for Si-PLMAs. All these temperatures increased with increasing 

PLMA content and the related integral values increased slightly up to those of 

the samples containing more than 50 vol% of PLMA. At higher PLMA vol%, 

the peaks disappeared. 
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Table 4-6 Data obtained from DSC measurements for NP-PLMAs and Si-PLMAs, 
temperature peaks (Tm from the bulk polymer, and Tm1 and Tm2 from polymer change 
entanglements) and the integral values, grafting density (ρ ) and PLMA vol% 

sample 
Tm / 
H(°C)

/ (J/g) 

Tm1 
(°C)/ 
(J/g) 

Tm2 
(°C)/ 
(J/g) 

Tc (°C)/ 
(J/g) 

ρ 

(molec.
/nm2) 

Vol% 
PLMA 

PLMA** 
-36.4/ 

9.0 
-/- -/- -/- - 100 

NP-PLMA-L-7 -/- -/- 
183/ 
0.1 

-/- 0.012 24.5 

NP-PLMA-L-10 -/- 
142/ 
0.2 

184/ 
0.1 

109/ 
0.3 

0.013 31.1 

NP-PLMA-L-16 -/- 
143/ 
0.3 

189/ 
0.2 

108/ 
0.4 

0.018 45.6 

NP-PLMA-L-26 
-36.2/ 

1.4 
-/- 

188/ 
0.1 

-/- 0.024 60.5 

NP-PLMA-H-8 -/- -/- 
191/ 
⁓0.01 

-/- 0.054 26.2 

NP-PLMA-H-13 
-34.6/ 

0.4 
-/- 

184/ 
⁓0.01 

106/ 
⁓0.01 

0.054 39.9 

NP-PLMA-H-24 
-34.9/ 

1.2 
-/- -/- -/- 0.056 58.0 

Si-PLMA-L-7 -/- 
73.2/ 
0.29 

202.6/ 
0.07 

86.2/ 
0.15 

0.103 17.4 

Si-PLMA-L-17 -/- 
73.0/ 
0.32 

203.0/ 
0.04 

88.9/ 
0.29 

0.158 37.2 

Si-PLMA-L-27 -/- 
102.8/ 

0.46 
199.7/ 

0.03 
86.7/ 
0.25 

0.145 50.8 

Si-PLMA-L-33 
-42.0/ 
0.11 

164.9/ 
0.13 

208.9/ 
⁓0.01  

100.9/ 
⁓0.01 

0.093 58.4 

Si-PLMA-L-54 
-38.4/ 
0.57 

196.1/ 
⁓0.01 

205.8/ 
⁓0.01 

- / - 0.13 76.7 

Si-PLMA-H-11 -/- 
70.7/ 

0.2 
203.2/ 
⁓0.01 

70.8/ 
0.19 

0.173 26.2 

Si-PLMA-H-23 
-39.2/ 
0.11 

80.2/ 
0.18 

204.5/ 
0.18 

89.2/ 
0.2 

0.23 46.3 

Si-PLMA-H-38 
-36.5/ 

0.3 
93.5/ 
0.23  

-/- 
103.4/ 

0.14 
0.242 63.3 

Si-PLMA-H-41 
-37.0/ 
0.54 

189.7/ 
⁓0.01 

211.4/ 
⁓0.01 

91.9/ 
0.16 

0.132 66.5 

Si-PLMA-H-59 
-36.6/ 
0.74 

115.0/ 
0.2 

-/- 
106.1/ 

0.3 
0.159 80.1 
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Figure 4-17 DSC thermograms during the second heating for the NP-PLMA systems 

 

 
Figure 4-18 DSC thermograms during the cooling for the NP-PLMA systems 

 

Meng et al. 106 suggested that Tm1 and Tm2 define an  intermediate behavior in 

which the PLMA chains interact and/or reorganize between grafts, with 

chains  from the same nanoparticle or a neighboring nanoparticle. In their 
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simulations, they found two structures in polymer-grafted nanoparticles 

determined by the quantity of polymer. The structures appear to be a 

consequence of long-range order interactions in which the chains try to 

occupy the voids between chains to form slightly organized crystal-like 

structures. This could explain why the systems with a lower grafting density 

systems appear to possess this behavior, since the polymer chains could 

organize more easily with larger voids between the grafts. In addition, Tm1 

may be related to interactions of the polymer grafts with neighboring 

nanoparticles, while Tm2 may be related to the interactions of polymer grafts 

within the same nanoparticle, since closer interactions would be more 

energetic and would require higher temperatures to melt them. With a large 

amount of polymer, a disordered “open” structure would arise for all samples 

with PLMA volumes over 50%, related to the Tm from the bulk polymer. 

Tm2 was also present in some of the NP-PLMA-H materials, probably due to 

closer polymer interactions in the same nanoparticle as an effect of the 

shorter distances between grafts. Tm1 was also observed in the Si-PLMA-H 

systems with the highest vol% of polymer, which may be interpreted as 

indicating the existence of a larger number of interactions between 

neighboring nanoparticles due to the smaller and more regular size of the 

silica than of the alumina. The overall interactions in the Si-PLMA systems 

would then be more like an “interaction cloud”, which would explain the 

wider Tm1 peak, whereas the interactions in the NP-PLMA systems would be 

more localized being hindered by the different nanoparticle sizes.   

Figure 4-19 summarizes the results for all the samples. The shaded area on 

the right of the upper diagram shows to the samples with PLMA bulk 

behavior, and the read area shows the samples possessing Tm1 and Tm2. In 

these PLMA systems, grafted polymer volumes over 40% are needed to 

obtain a morphology giving rise to a Tm. Not only does the volume fraction of 

PLMA give rise to different melting behaviors, but the grafting density also 

plays an important role. Thus, the intermediate behavior between grafts 

requires a lower grafting density and high PLMA volumes. This can be 

achieved by grafting longer polymer grafts from the surface of the 

nanoparticles. In the lower part of figure 4-19, the same diagram is related to 

the molecular weight of PLMA. In summary, Mn, grafting density and PLMA 

vol% can be tailored to obtain the desired behavior in the nano-hybrid 

system. 
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Figure 4-19 (Top) relationship between DSC data, vol% PLMA and polymer chains per 
gram. The shaded, black area on the right shows to the samples showing Tm from the 
bulk polymer, and the red area indicates the samples showingTm1 and Tm2. (Bottom) 
relationship between molecular weight, vol% PLMA and polymer chains per gram, 
with results separated by the critical chain length of PLMA at around 80 000 g/mol. 

 

TEM was used to characterize the NP-PLMAs, as shown in figure 4-20. NP-

PLMA-L (top) and NP-PLMA-H (bottom) images of the nano-hybrids are 

shown with increasing PLMA quantity from left to right. The polymer is 

observed as a lighter aura round the darker NP, and the size or length of this 
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aura indicates the PLMA quantity and/or chain length. No significant 

difference in the size of this aura was observed for the NP-PLMA-Ls, but the 

size of the aura in the NP-PLMA-Hs decreased dramatically from the 8 wt% 

sample. In the case of NP-PLMA-Ls, the large distances between grafts led to 

mainly “mushroom” polymer brush regimes, see table 4-5, which did not give 

any great difference in graft morphology, as the polymer lies on the NP 

surface. A mushroom regime was also calculated for all the NP-PLMA-Hs, so 

the increase in grafting density and/or polymer length might be the reason 

for the decrease of size in the aura. The bulk behavior of the PLMA in these 

samples appears, giving rise to a more packed and semi-crystalline structure, 

and thus might lead to a decrease in the polymer aura. TEM images related to 

the Si-PLMAs were also taken and can be found in the supporting information 

to paper V. The polymer could be observed around the silica, but the aura 

could not be defined and no further conclusions could be drawn from them.   

 

 
Figure 4-20. TEM images of NP-PLMA-L (top, 4, 7, 10 and 26 PLMA wt%) and NP-
PLMA-H (bottom, 4, 8, 13 and 24 PLMA wt%), from left to right (scale bar 50 nm)  
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5. Conclusions  
ATRP of block copolymers and polymers by SI-ATRP to modify organic 

and inorganic nanoparticles via grafting-to and grafting-from techniques 

have been shown to be a promising tool that could be tailored to obtain 

an array of nano-hybrids with different polymer chain lengths under 

controlled conditions. After modification, the thermal stability of the CNC 

and rGO nano-hybrids modified by SI-ATRP increased significantly, 

probably due to uniform coverage of the polymer on the NP surface. 

Matrix-free nanocomposites were formed when CNF was modified via 

grafting-to with thermo-responsive block copolymers formed by a 

positively charged PDMAEMA and a PDEGMA block, and a thermo-

responsive CNF gel was obtained showing LCST behavior that varied 

with PDEGMA length. 

An extensive DSC study of the matrix-free nanocomposites with different 

PLMA quantities, grafting densities and Mn was carried out to elucidate 

the thermal characteristics of the grafted polymer, regardless of NP type 

and size. Two intermediate melting transitions, related to interactions of 

the PLMA grafts in the same NP and within neighboring NPs, were 

observed and related to the systems with a lower grafting density. It also 

showed that the thermal characteristics of the bulk PLMA are obtained 

when the quantity of PLMA was over ca. 40 vol%. 

Overall, the matrix-based nanocomposites with polymer-modified NPs 

had a better interphase between matrix and filler, and the mechanical, 

optical and/or electrical properties of the systems changed and/or were 

improved upon addition of low particle loadings:  

 In PCL-CNC nanocomposites, the CNC modified with PBMA via 

grafting-from showed a more efficient nanoparticle dispersion 

and a greater thermal stability with stronger mechanical 

properties than their grafted-to counterparts.  

 In the rGO-EBA systems, entropically mixed nanoparticles in the 

matrix were successfully obtained in the rGO modified with the 

longest PBMA chains. These changes in morphology 

transformed the nanocomposites from purely resistive to non-

linear resistive materials when they E-filed was increased due to 

interconnections and shorter distances between efficiently 

dispersed rGO NPs. 

 Finally, in addition to the increase in transparency and the 

improved mechanical properties of the LDPE nanocomposites 
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with modified alumina NPs, dielectric-loss tangent 

measurements confirmed that the power dissipation decreased, 

which makes this a promising material for dielectrical 

applications. 
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6. Future work 

 
The properties of different nanocomposite materials prepared with polymer-

modified nanoparticles have been studied, either as parts of a matrix or as 

matrix-free materials. 

It may be of interest to study the wear of mechanical equipment during 

extrusion with the addition of surface-modified nanoparticles, since it is 

known that on an industrial scale NPs are quite abrasive and able to degrade 

the machinery.  The addition of polymer might result in a softer coverage of 

the NPs that might help to solve this problem. 

rGO was modified with PBMA lengths up to 9 000 g/mol, but it would be 

interesting to synthesize longer polymer grafts and to study the effect on the 

morphology within the matrix and the related changes in electrical 

properties.  

CNF and CNC were modified by polyelectrolyte adsorption to obtain a 

thermo-responsive functionality and hydrophobicity, respectively. It would 

be interesting to repeat this with polymers having other functionalities and 

to try different charge ratios of polymer to NP which would lead to different 

grafting densities. In this way, the extra step when obtaining different 

grafting densities by SI-ATRP by cleavage and removal of free polymer would 

be avoided and the overall process conducted in a more simple way.  

Silica and alumina nanoparticles were modified with PLMA, which is a semi-

crystalline polymer and the observed behavior could be related to this. The 

use of a different type of monomer, such as PBMA, could be of interest in 

order to confirm that the findings rely solely on the decrease in the degree of 

freedom of the polymer grafts. The use of other characterization techniques 

such as WAXS, SAXS and XRD would make it easier to understand the results 

obtained by DSC.  
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