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Abstract 

This thesis is focused on applying modification chemistry to already 
known cellulosic substrates from wood (i.e. cellulose nanofibrils, CNFs, 
and cellulose nanocrystals, CNCs). The modification is needed to 
overcome the drawbacks with the nanocellulosics alone, such as sensitivity 
to water (hydrophilicity) and the brittle material properties (however great 
stiffness). The first aim is to incorporate nanocellulosics into hydrophobic 
degradable materials of poly(ε-caprolactone) (PCL), resulting in 
aggregation if not modified. The challenge is to reach high fraction of 
nanocellulosics, whilst maintaining the flexibility of PCL and improving 
the properties of the resulting nanocomposite with the corresponding 
stiffness of the nanocellulosics. The second aim is to increase toughness 
and strain-at-break for nanocomposite materials of CNF-networks, to 
increase the plastic deformation equivalent of fossil-based polymeric 
materials such as polypropylene (PP). Aiming to achieve these goals, the 
thesis also includes new synthetic strategies of tailored-made set of block 
copolymers as modifying components. The modifying components, were 
synthesised by surfactant-free emulsion polymerisation and 
polymerisation induced self-assembly (PISA), so called PISA-latexes.  

Two types of cationic polyelectrolytes, (poly(2-dimethylaminoethy 
methacrylate) (PDMAEMA) and poly(N-[3-(dimethylamino)propyl] 
methacrylamide (PDMAPMA)), being the corona of the latex, were 
synthesised. Followed by chain-extension with different hydrophobic 
monomers such as methyl methacrylate and butyl methacrylate, making 
up the core polymer of the resulting PISA-latex. The cationic PISA-latexes 
show narrow size distributions and the glass transition (Tg) of the core 
polymer can be varied between -40 °C to 150 °C. The PISA-latexes show 
strong adhesion to silica and cellulose surfaces as assessed by quartz 
crystal microbalance (QCM-D). Results also indicate that latexes with Tg 
below room temperature, considered soft, behave different in the wet state 
than latexes with Tg above room temperature, considered rigid. The softer 
latexes form clusters (visualised by imaging with microscopy and atomic 
force measurements (AFM)) and undergo film formation in the wet state. 
The latter, shown by colloidal probe measurements using AFM resulting 
in very large work of adhesion and pull-off forces.  
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The PISA-latexes compatibilize CNCs and different CNFs with PCL as a 
matrix polymer, observed by a small increase in stiffness for the final 
nanocomposites, however not at a level expected by rule-of-mixtures. The 
promising wet feeding technique results in large increase in stiffness but 
maintain PCL’s flexibility, above 200% strain-at-break, which is rarely 
observed for CNF-reinforced nanocomposites. The, in this case, rigid latex 
facilitate the dispersion of CNFs in the matrix without aggregation, until 
finally coalescing after processing and possibly giving rise to improved 
adhesion between CNF and the latex in the matrix, indicated by rheology 
measurements. Lastly, new nanocomposite films consisting of 75wt% CNF 
and 25wt% of PISA-latexes were produced and evaluated. The results 
show that CNF and rigid 100 nm sized PISA-latex, with PMMA core, gives 
a very tough double network, with strain-at-break above 28%, stiffness of 
3.5 GPa and a strength of 110 MPa. These are impressive properties 
compared to commonly used fossil-based plastic materials. 
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Sammanfattning 

Denna avhandling fokuserar på användandet av modifikationskemi 
applicerat på redan kända cellulosasubstrat från trä (så kallade cellulosa 
nanofibriller, CNFs, och cellulosa nanokristaller, CNCs). Modifieringen är 
ett krav för att övervinna nackdelarna med nanocellulosa-material, såsom 
känslighet för vatten (hydrofilt) och spröda materialegenskaper (men 
väldigt styva). Ett av målen, med arbetet som beskrivs i denna avhandling, 
är att öka mängden nanocellulosa i hydrofoba nedbrytbara material av poly 
(e-kaprolakton) (PCL), vilket resulterar i aggregering om inte modifiering 
utförs. Utmaningen är att blanda in en stor del av nanocellulosa, samtidigt 
som flexibiliteten hos PCL upprätthålls och egenskaperna hos den bildade 
nanokompositen förbättras med motsvarande styvhet från nanocellulosan. 
Det andra målet är att öka segheten och förlänga brottspunkten för 
nanokompositer av CNF-nätverk, för att uppnå plastisk deformation 
motsvarande fossilbaserade polymermaterial som polypropen (PP). För att 
uppnå de nämnda målen inkluderar denna avhandling också utveckling 
och utvärdering av nya syntesstrategier av en grupp skräddarsydda block 
sampolymerer, som är tänka agera som modifieringskomponenter. 
Modifieringskomponenterna har producerats genom användning av 
tensidfri emulsionspolymerisation och polymeriserings-inducerad själv-
ansamling (PISA), vilket resulterar i så kallade PISA-latexar. 

Som en del i att skapa PISA-latexar har två typer av katjoniska 
polyelektrolyter av (poly(2-dimetylaminoetyl metakrylat) (PDMAEMA) 
och poly (N-[3-(dimetylamino)propyl] metakrylamid (PDMAPMA)), som 
bildar skalet på latexen, syntetiserades. Följt av en kedjeförlängning med 
olika hydrofoba monomerer såsom metylmetakrylat (MMA) och 
butylmetakrylat (BMA), vilket utgör kärnpolymeren av resulterande PISA-
latex. De katjoniska PISA-latexerna visar snäv fördelning av storlek och Tg 
hos kärnpolymeren kan varieras mellan -40 °C och 150 °C. De 
syntetiserade PISA-latexarna visar bra vidhäftning vid kiseldioxids- och 
cellulosaytor visualiserat med användning av en kvartskristalls-mikrovåg 
(QCM-D). Resultaten indikerar att latex med Tg under rumstemperatur, 
betraktade som mjuka, uppför sig annorlunda i våta stadiet än latex med 
Tg över rumstemperatur, som anses vara styva. De mjukare latexerna 
bildar kluster (visat genom avbildning med mikroskopi och 
atomkraftsmikroskopi (AFM)) och filmer i vått tillstånd på ytor, visat 
genom kolloidala prob mätningar med AFM och resulterar i stark 
vidhäftning. 
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PISA-latexerna kompatibiliserar CNCs och olika CNFs med PCL-
matrispolymerer, uppvisat genom en liten ökning i styvhet för de slutliga 
nanokompositerna, dock inte på en nivå som förväntas av 
blandningsregler för kompositer med styv fiberfyllnad. Den mest lovande 
tekniken för modifiering som framkommit i arbetet är blandning och 
matning vid extrudering i vått tillstånd. Det har resulterat i en stor ökning 
gällande styvhet och med bibehållen flexibilitet, över 200% töjning före 
brott, vilket sällan uppnås för liknande nanokompositer. I detta fall lyckas 
styv latex bibehålla dispersionen av CNFs, utan aggregering, till dess att de 
slutligen film-bildar efter bearbetning och skapar viss vidhäftning mellan 
CNFs och latex i PCL, uppvisat med reologimätningar. Slutligen skapades 
nya nanokompositfilmer med 75 vikt% CNF och 25 vikt% PISA-latex. 
Resultaten visar att CNF och styv PISA-latex med 100 nm i diameter 
(PMMA i kärnan) skapar ett mycket tufft dubbel-nätverk som kan klara en 
töjning på över 28 procent och spänning uppemot 110 MPa samt har en 
styvhet på 3.5 GPa. Egenskaperna får anses imponerande i jämförelse med 
vanligen använda fossilbaserade plastmaterial. 
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Purpose of the study 

Due to many alarming scientific findings and growing public awareness of 
environmental aspects and sustainability concepts, research activities 
need to be more focused on finding new solutions that are both sustainable 
and convenient for the benefit of both society and industry.[1-3] The use 
of non-degrading plastic materials and their persistence in the 
environment, such as in the oceans, is devastating to nature.[3, 4] In 
general plastic materials are non-degradable in the oceans, which leads to 
locally high doses of physisorbed toxic compounds and destructive effects 
on natural ecosystems.[4] Another, equally as important and urgent 
challenge, is the increased usage of fossil-based materials (global total 
demand for oil increased with 1.6% in 2017[1]) in all customer and 
industrial applications such as plastics, paint and consumables, 
contributing to increased global warming when burned. These and other 
related issues were discussed during the United Nations (UN) climate 
meeting in Paris 2015, leading to the formulation of 17 sustainable 
development goals (SDG) to be reached before year 2030, many of which 
relate to the increasing use of renewable resources[2] (Figure 1). 

 

Figure 1:  Seven of the in total 17 SDGs to be achieved before 2030, established by the 
United Nations meeting in Paris 2015. Image created based on picture from 
UN.[5] 

Therefore, one of the critical pathways to solve the above-mentioned 
challenges and support the work with the SDGs set up by the UN, is to 
undertake research on new materials based on renewable and sustainable 
resources. Research that would connect to a great number of the SDGs, 
some exemplified in Figure 1. 

Conducting research within the Wallenberg Wood Science Center at KTH 
Royal Institute of Technology, this thesis focuses not only on new 
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materials based on trees but also on functional materials from trees. The 
overall aim is to aid in exchanging fossil with renewable resources. The 
scope of the thesis is to utilise the main component of wood fibres, the 
hydrophilic nanocellulosics, and to overcome the large incompatibility 
issue with hydrophobic polymer matrices. The issue can possibly be 
overcome by altering the surface properties of nanocellulosics with 
modification, exemplified in Figure 2. The mentioned incompatibility and 
other structure-related properties of nanocellulosics can be summarised 
as; 

I. Insufficient compatibility and mixing between hydrophobic 
polymers and nanocellulose components – Causing aggregation  

II. Limited re-shapeability of materials at high cellulose content and 
dry state (RH above 50%)– Cellulose chains degrade before glass 
transition temperature. 

The purpose with this study is to suggest solutions to these two aspects, 
using surface modification with tailored polymers and to evaluate the 
synthesis of new tailored polymeric nanostructures. Structures that should 
compatibilise and aid with re-shapeability. Specifically, tailored polymeric 
structures from polymerisation induced self-assembly (PISA) and 
resulting PISA-latexes composing of amphiphilic block-copolymers was 
synthesised and evaluated. Successful modifications, should in theory also 
result in materials with superior properties compared to existing fossil-
based analogues used in industrial and consumer applications, towards 
more renewable, degradable and more sustainable plastic materials. 

 

Figure 2:  Visualise the purpose of this study as 1) synthesis of PISA-latexes for 
modification of 2) nanocellulosics, with aim solve incompatibility and give re-
shapeability to 3) nanocomposites with or without hydrophobic polymers. 
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Introduction 

Utilizing renewable resources, such as trees, for new materials is necessary 
for society to become more sustainable. Increasing global warming and 
plastic waste in nature are related consequences with materials from fossil 
resources we use today. In order to study and design materials from trees 
and other plant materials it is important to understand the materials 
bottom-up construction and components. Using renewable materials, 
examples in Figure 3, provides substantial opportunities for existing 
industries, especially those with connections to bio-economy. It can be 
seen as an opportunity to become leaders in the developing green economy, 
since bio-based can take market shares from today’s fossil-based. 
Examples with potential for great societal and economic impact include 
bio-based pulp and paper mills, bio-based and degradable plastic 
production, i.e. poly(lactic acid) (PLA)[6], or only degradable plastics such 
as poly(ε-caprolactone) (PCL)[7]. However, to this day, many protocols 
remain to be improved and further researched to reach high end 
applications where existing materials originate mainly from oil, as pointed 
out by for example Loizidou in a review in 2015.[8] In order to fully 
understand the details of how materials can be fabricated, and then 
degraded, one must study how they are constructed at the molecular level, 
starting with the raw materials and continuing with the targeted new 
materials. 

Renewable resources as sources for new materials 

From a sustainable point of view, non-edible biomass is promising since it 
does not compete with food production. Examples of such non-edible 
biomasses are shown in Figure 3. The benefit with non-edible sources is 
that they do not compete with agricultural food production for either 
humans nor domesticated animals. Some promising examples are cotton, 
wood, plant materials, shells of animals such as crustaceans and molluscs, 
and exoskeletons from food sources.[9-12] 



Introduction - 4 

 

Figure 3:  Examples of two major categories of sources of renewable biomass, in terms of 
sustainable usage and no competition with food source. Non-edible biomass to 
the left and edible biomass to the right, showing the target valorization. 

Most biomasses are constructed with natures large complexity and can be 
a source of many different material flows. Therefore, the successful use of 
the above-mentioned sources will be to combine polymer science with 
production of bio-based resources and extraction techniques. 

Cellulose materials and how it is used today 

One of Sweden’s largest industries, the forest industry, already has 
significant market share based on a non-edible renewable resources, with 
sawn wood, pulp and paper as some of the primary products. The forest 
industry in Sweden contributes to 10% of the total Swedish export 
value.[13] Therefore, it is not difficult to see the value of Sweden’s 
expanding research within new materials from trees, also since the area of 
Sweden is covered by up to 70% with forest.[14] Swedish forest industry 
focus on the two most common tree species in Sweden; spruce and pine. 
The three major polymeric components of wood are cellulose (glucose 
units connected via β-1,4-glycosidic bonds), hemicelluloses (copolymers of 
glucose and other monosaccharides for example mannose and/or 
galactose) and lignin (polymer of monolignols such as p-coumaryl, sinapyl- 
and coniferyl alcohol).[15] Depending on the species, both the 
hemicellulose and lignincomponent can be structurally different but in 
most species there is a clear distribution of around 40-50% cellulose, 25-
35% hemicellulose and around 18-35% lignin, depending on the amount of 
extraneous components (such as extractives and ash) in the tree, 
commonly 4-10%. [16]  
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There is already a large industry for these materials, nevertheless, the last 
20 years alternating usage and the digitalisation era has decreased the use 
of certain paper based materials, which instead increase the need for new 
material innovations and therefore research.[17]  

 

Figure 4:  Bottom-up design of a Norway spruce (Picea Abies), from crystalline cellulose 
chains into 4 nm wide CNF, arranged into 40 µm fibres in a wood matrix with 
lignin. To the top right, the use of fibres in networks, a) acid hydrolysis b) 
oxidation chemistry to produce nanocellulose (CNFs and CNCs) from fibres in 
pulp or cotton materials. The bottom right gives two of many examples of the 
crystal structures of cellulose chains within the elemental CNF and the structure 
of cellulose chemical structure of repeating unit, the cellobiose (β-1,4 glycosidic 
bond).[18-24] 

Nanocellulosics inside cellulose-rich wood fibres 

From a bottom-up approach, the cellulose chains in wood fibres are 
polymerised from a cellulose synthase enzyme in the cell wall[25], via self-
assembly into ordered (crystalline regions) and less ordered regions, and 
together with hemicelluloses constructing the smallest cellulosic 
component of wood fibres, the elemental cellulose nanofibril (CNF) that 
together form aggregates of cellulose nanofibrils (CNFs). The CNFs build-
up the wall of the cellulose-rich wood fibres, which in turn together with a 
matrix of lignin form the annual growth rings in the stem of for example 
the Norway Spruce (Picea Abies), Figure 4. 

From a surface chemistry point-of-view, the cellulose-based structures in 
Figure 4 shows both strengths and weaknesses. On the strong side, van 
der Waals interactions and hydrogen bonding, due to the hydroxyl groups 
along the backbone of cellulose, give rise to a strong and stiff materials 
(Elastic modulus, E-modulus, estimated as high as 130-157 GPa for the 
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cellulose crystals). [26-31] The cellulose crystal structure in the native tree 
fibres is still under investigation and debated within the community. 
However, two commonly reported models for cellulose chains packing are 
shown in Figure 4, also showing the packing of the elemental CNF into CNF 
aggregates. The CNFs are described individually with a width of 2.2-4.6 
nm, depending on number of chains (up to 36), and length of 500-1000 
nm depending on preparation and measurement techniques for example; 
SAXS, solid state NMR, AFM and TEM.[20, 23, 32-35] The aspect ratio 
(raspect) for CNFs is often between 125-250 nm, to be compared with the 
hydrolysed CNFs forming cellulose nanocrystals (CNCs) 6-10 nm wide and 
100-250 nm long or wood fibres 20-40 µm wide and length 1-3 mm, both 
resulting in raspect of 10-25.[18, 20, 22, 32, 36-38] The CNF aggregates 
inside the fibre cell wall can be liberated by using mechanical shear, 
preferably in combination with various pre-treatments, such as enzymatic 
pre-treatment or oxidation chemistry, to facilitate the liberation.[39]  

On the weak side, the cellulose structure show hydrophilic character and 
relatively high surface energy (for example measured on microcrystalline 
cellulose (MCC), γs~37-44 mJ m-2).[40] This, coupled with interactions 
with both mobile and immobile water, are the reasons for the natural 
occurring swelling of cellulose-based materials, increased by oxidation and 
introduction of more charges in the fibres.[41] Charged physisorbed 
hemicelluloses (with for example glucuronic acid groups) can give the 
native charge found in cellulose rich wood fibres in pulp. The charge 
density may vary between 50-200 µeq g-1 depending on the pulping 
methods and tree source.[42-44] The described stiff structure of cellulose 
chains with its inter- and intra-molecular hydrogen bonding also gives rise 
to low chain mobility and barely defined glass transition temperature (Tg), 
theoretically estimated to be between 220-250 °C, well above the 
degradation temperature at 200 °C.[45-48]  

Examples of methods used to introduce charged groups to facilitate 
production of nanocellulose, Figure 4, include TEMPO-oxidation[33, 49, 
50], carboxymethylation[51] and sulphuric acid treatments[18]. All 
methods introduce charged groups on the cellulose chains, resulting in an 
even increased swelling of water due to osmotic pressure but it also 
increases the colloidal stability of the nanocellulose.[32, 52-54] Not only 
does it increase stability due to electrostatic repulsion, it also decrease the 
energy input needed to mechanically liberate the individual CNFs.[19, 32, 
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39] There are other techniques used for production of CNFs with low 
charge, including enzymatic pre-treatment of wood pulp fibres prior to 
liberation of CNFs, thus resulting in little more aggregated form of CNFs 
compared to f0r example TEMPO-oxidation.[55-57]  

The nanocellulosic components of the wood fibres are nano-sized and as 
for the macro-scale, in networks, they are capable of swelling and de-
swelling in more or less three dimensions. The nanoscale/macroscale 
networks are commonly dominating and allow for strong water 
interactions, hence explaining why the sensitivity towards water when 
shaped into networks.[52-54]  

Cellulose surface modification 

Knowing the hydrophilic, stiff, and aggregating behaviour of the CNFs and 
CNCs when aiming to produce new materials from renewable resources, 
modification and functionalisation of the nanocellulosics becomes a 
necessity. Composite materials are defined as a material of two or more 
components with different properties, combined to give superior 
properties compared to the individual materials alone. When one of the 
components has at least one dimension in the nanoscale the resulting 
composites are so-called nanocomposites.[58, 59] As discussed, one of the 
objectives with modification is to enable a larger fraction of nanocellulose 
in a composite without aggregation, to improve the mechanical properties 
of composite materials.  

One pronounced advantage with fossil-based thermoplastic polymers, as 
compared to nanocellulose, is that they show Tg at convenient usage 
temperatures, such as a poly(ethylene terephthalate) with Tg at 67-
82°C.[61] Two disadvantages with nanocellulosics are; first the Tg is above 
200 °C why it degrades before its re-shapeable, and secondly its 
hydrophilic character and high surface energy (γs~37-44 mJ m-2). 
Compared to hydrophobic matrix polymers such as PLA ( γs~20-27 mJ m-

2) and PCL (γs~32-40 mJ m-2).[60, 61] The driving forces for aggregation 
of nanocellulose in polymeric matrices are partially explained by the 
incompatible wetting, and partially by the entropic driving force, shown 
for different type of nanoparticles.[62, 63] 

Some of the most studied and applied chemical modification techniques of 
cellulose include modification with; small molecules, larger molecules 
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(polymers) either grafting to or grafting from protocols, including also 
physisorption of components, schematic approaches shown in Figure 5a. 
[64-75] For the targeted application in composites the aggregation of 
nanomaterials and adhesion between components are the major issues, 
exemplified as large deviations from composite theoretical models or loss 
of matrix polymer properties (lowered flexibility and toughness). Using 
cellulose from trees, the most utilised nanocellulose materials are 
produced in water. Therefore, it is preferred to avoid modification concepts 
involving solvent exchange of either cellulose component to organic 
solvents or compatibilising component to water (such as micelle 
formation). Since most processes are aimed for large scale production, 
other aspects of modification are industrial applicability and up-scaling 
possibility.  

Two promising modification routes targeting re-shapeability in dry state, 
have been demonstrated either by counter-ion exchange of CNF networks 
or periodate oxidation of cellulose-rich fibres prior to liberation of 
CNFs.[76-78] Another method to create flexible CNF networks, but in wet 
state, was shown with CNF-alginate double networks cross-linked with 
calcium chloride.[53]  

The hydrophilicity and aggregation issues of CNFs and CNCs, is 
thermodynamically driven to lower the surface energy, being pronounced 
due to their large surface area, but it also depends on the dispersing 
environment. If nanocellulosics are kept in water, repulsive forces may 
counteract the aggregation, analogous to spherical colloids with an electric 
double layer explained by DLVO-theory.[79, 80] However, DLVO-theory 
alone cannot describe nanocellulosics colloidal stability.[32] When 
nanocellulosics are allowed to dry they will aggregate, often irreversibly, 
due to the very strong secondary attractive interactions (i.e. hornification). 
Hence, there is a great need of surface modification to alter the 
nanocellulose surface, some examples of techniques in Figure 5a-b.  
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Figure 5:  a) shows physisorption of either particles or block copolymers as a tool for fibre 
modification, b) shows grafting from or to of molecules or polymers. c) and d) 
are comparison with or without compatibilisers between fibres and matrix, 
exemplifying adhesion as important parameter for composites. Eyoungs refer to 
Young’s Elastic modulus (E-modulus). Orange boxes symbolising the matrix 
polymer. 

Adhesion between components in a composite 

If one can reach a well-dispersed system where the nanocellulosic 
components are evenly distributed within a matrix polymer, the 
mechanical properties will be determined mostly by the surface interaction 
phenomena between the two components, so called adhesion. The 
adhesion between two components (a fibre with high stiffness in a flexible 
polymer matrix) in a composite, schematic examples in Figure 5c-d, will 
affect the stress transfer between the two components, i.e. therefore also 
the attained strength and stiffness of the composite. Adhesion, on a more 
mechanistic level, is defined as an interface bringing two surfaces together, 
usually referred to as an adhesive and its substrate that enables the 
interphase to resist separation under the application of an applied stress.  

Adhesion can result in an adhesive joint when bringing two surfaces 
together with an adhesive between. The force needed to separate either of 
the surfaces from the adhesive, by shear or uniaxial force, can be described 
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as the work of adhesion (often reported in J or N m-1). This is, for example, 
how one can describe the strength of the fibre joints between fibres in a 
paper material, discussed in a review by Gardner et al.[81] The different 
mechanism of adhesion are commonly described as; mechanical 
interlocking, diffusion theory, electronic theory and adsorption theory.[81, 
82]  

The adhesion between components can be measured using different 
techniques and work of adhesion can be related to surface energy of 
materials using contact angle measurements of liquids (such as water and 
diiodomethane) and applying Owens Wendt’s theory.[83, 84] On a micro- 
and macroscale, adhesion can be evaluated using peeling tests, de-
lamination tests, tensile testing and by force measurements using for 
example atomic force measurements (AFM) on a nanoscale.[81, 82, 85-90] 

Improvement of mechanical properties in nanocomposites 

The adhesion between the components will affect the mechanical 
properties of a composite. For a nanocomposite consisting of nanocellulose 
and a matrix polymer, the properties can be improved by increasing the 
interfacial adhesion between the components at usage conditions (for 
example below or above the Tg of the matrix polymer) or improving the 
dispersion (increase in E-modulus).[58, 59, 91, 92] The addition of 
nanofillers may alter the crystallinity of the matrix and/or affect the Tg, 
thus giving rise to improved properties simply by so called “nano-effects” 
by Paul et al. Instead of increased E-modulus from the nanofillers there are 
changes in the polymer matrix properties such as altered crystallinity and 
change in Tg that might increase the stiffness at usage conditions.[92] 
Deviations from suitable models aiming to describe mechanical properties 
for stiffness increase of nanocomposites is often related to an altered aspect 
ratio (raspect), due to aggregation, but still a strong contribution from the 
“nano-effects”.[58, 92]  

The importance of the surface properties scale quickly with surface area 
and increasing vol% for nanofillers[92], as also pointed out by Gardner et 
al. making the adhesion between the matrix and the cellulose surfaces even 
more important.[81] The micromechanics models of the E-modulus 
developed by Cox and Krenchel, looking at randomly distributed short 
fibres together with investigations by Halpin and Kardos does not fit for 
most reported nanocellulose composites, especially at loading above 10 
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vol%.[93] Therefore, attempts were made by Bismarck et al. to modify the 
otherwise applied rule-of-mixtures, Equation 2, for nanocellulosic 
compounds, primarily CNFs, resulting in another expression equating for 
composite stiffness and strength.  Using the E-modulus and the tensile 
strength of a CNF network instead, Equation 2*.[68, 93-96] 

𝐸 𝑣 ∗ 𝐸 1 𝑣 ∗ 𝐸   [2] 

where 𝐸  is the E-modulus of the fibre, 𝑣 , is the volume fraction of fibre 

and 𝐸  is the E-modulus of the matrix polymer. Following the same 
equation but instead replacing the 𝐸  with E-modulus from a network of 

CNFs, Equation 2*. 

 𝐸 𝑣 ∗ 𝐸 , 1 𝑣 ∗ 𝐸   [2*] 

where 𝐸 ,  is the E-modulus of cellulose nanopaper, 𝑣 , is the volume 

fraction of CNFs, and 𝐸  is the E-modulus of the matrix polymer. 

Many of these models focus on materials micro mechanic’s perspective 
with little influence from the interface between fibre and matrix. However, 
aggregation remains the major challenge, especially using nanocellulose in 
hydrophobic polymer matrices. Paul and Justice discuss the importance 
and effect of the following relation between nanoparticle aspect ratio and 

E-modulus;  2 ∗ 𝑟 : , aspect ratio for nanoparticles being either much 

larger or much lower than the modulus ratio, . This give rise to on the 

one hand; a simplification of the Halpin-Tsai model if (2 ∗ 𝑟 ≪ ) 

thus resulting in Equation 3 below, where modulus enhancement, 𝐸

, taking into account a random oriented fibres with angular factor 

𝐶  = 0.2[97] becomes: 

𝐸 1 0.4 ∗ 𝑟 ∗ 𝑣   [3] 

On the other hand; the equation turns into rule-of-mixtures if (2 ∗ 𝑟 ≫

). The increase in E-modulus is, however, still perceived as the most 

prominent additional mechanistic property when adding nanoparticles of 
high stiffness such as nanocellulose to a composite. Which can be further 
highlighted when varying the value for 𝑟 ∗ 𝑣 , the enhancement is 
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changing drastically, thus highlighting the importance of non-aggregated 
state. An example is the change from dispersed CNCs having 𝑟 ~25 

into aggregates of 250-300 nm length and 100 nm width resulting in an 
𝑟 ~3. It is important to point out that equation 3 is most accurate at 

low 𝑣 < 1% for non-spherical nanofillers due to their large surface area at 

low volume fractions.[58] 

Mixing modified or un-modified CNFs or CNCs in hydrophobic matrices 
(Figure 5) according to rule-of-mixture (Eq. 2) results in increased stiffness 
and maintained strength and flexibility (of the matrix polymer) if there is 
good adhesion between components.[65, 67, 69] 

This thesis is focused on the use of a new approaches for modification of 
CNFs and CNCs to improve the adhesion between thermoplastic polymers 
and the nanocellulosics. The new approaches include the use of emulsion 
polymerisation, to form so called latexes (colloidal polymer particles in 
water), schematics in Figure 5a and Figure 5d. 

Development of latex production 

There are several incentives for using and further developing the use of 
emulsion polymerisation and formation of latexes as a functional tool for 
cellulose modification. The industrial production of latex is large and 
worldwide and the first latexes have been known for a long time with 
applications ranging from paintings and glue to papermaking. Further, 
latex commonly consists of high molecular weight polymer chains. Despite 
its high concentration of particles, the dispersion has a relatively low 
viscosity, which is advantageous in many applications. However, when it 
comes to tailoring of the latex towards cellulose adsorption and to provide 
functionality to nanocellulosics and compatibilisation applications more 
research is needed.  

Some of the early findings of latexes were poly(cis- 1,4-polyisoprene) inside 
particles, synthesised in nature in the tree named Hevea brasiliensis. later 
to be used in rubber. Liquid dispersions can be collected by making a cut 
in the tree under the bark and collecting the latex of different sizes (above 
200 nm). The latexes (colloids) are stabilised, thus hindered to aggregate, 
by proteins and are of negative charge (Figure 6). These latexes have been 
used for many hundred years and applications range from coatings to 
rubber materials.[98-102] The development of latexes rapidly shifted 
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towards use of fossil-based monomers instead of extracts from trees. The 
development of free-radical polymerisation of vinyl functional monomers 
such as styrene (St), methyl methacrylate (MMA), butyl acrylate (BA) and 
butadiene applied in emulsions created a very versatile tool for synthetic 
polymers in latex form.[103-106] 

A typical conventional latex as produced by emulsion polymerisation, ab 
initio or seeded, typically consists of four major components namely;  

I. Water (as emulsifying medium). 
II. Monomer/s of low solubility in water e.g. styrene ( 0.05 g L-1) or 

MMA (15 g L-1).[107, 108]  
III. Emulsifier/surfactant, either charged or uncharged, for example 

anionic sodium lauryl sulphate (SDS) or cationic 
cetyltrimethylammonium chloride (CTAC). 

IV. Water-soluble initiator (e.g. potassium persulphate (KPS) or 
cationic 2,2′-azobis(2-methylpropionamidine (AIBA). 

The reactions often reach full conversion within 24 hours, to result in a 
latex.[103] The stabilising component can be either covalently attached to 
the core polymers of the latexes by reaction with the monomers, called 
surfmer, or physisorbed to the latexes, see Figure 6a-b. [109-115] 

The stability of latexes, can be further described by DLVO-theory, Figure 
6c-d. The schematics of the electric double layer (blue dotted line), Figure 
6c, can be used with electrophoretic mobility to estimate colloidal stability, 
owing to the Smolokowski models and the resulting zeta potential (ξ).[116] 
The potential energies of the interactions, Figure 6d, are deduced to 
attractive (Va) and repulsive components V(r), resulting in either a stable 
V(1), or an instable V(2), colloidal dispersion, Figure 6.[116, 117]  
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Figure 6:  a) conventional emulsion polymerisation using CTAC and AIBA. b) Similar latex 
as in a) but stabilised also with physisorbed polymeric PDMAEMA together with 
CTAC. c) electric double layer and d) stability of colloids showing equations from 
Wennerström et al. [117] and Kontogeorgis et al. [118] in relation to DLVO-
theory and applied in for example dynamic light scattering to characterise 
colloids. 

There are several reports in the literature studying the mechanisms and 
kinetics of latex formation and the following film formation. [118-123] 
Focusing on the latex film formation during drying into a solid film, the 
first step is to allow for particles to become close-packed. The second step 
is to allow adjacent particles to coalesce and polymers to form chain-
entanglements. Lastly, the polymers can diffuse inside the formed 
continuous film, if allowed by for example the Tg of the latex. The 
dominating driving force is, however, still debates; some explanations 
relate to the air-polymer surface tension or the capillary forces in the wet 
state.[118-121, 124] During film formation, latexes are expected to change 
from spherical shape and form clusters and start to coalescence. This will 
happen at different stage of an application process depending on latex 
properties (core Tg) and the applied temperature. If no structural change, 
the particle stays rigid and keep its spherical shape and functionality of 
hydrophobicity from the core components are not utilised. Some of the 
challenges for latex applications and potential improvements are the 
properties of the formed film in both dry and wet conditions together with 
migration of surfactants in the latex film. 
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Despite its extensive usage, latexes made by free-radical emulsion 
polymerisation show commonly no control of the distribution of molecular 
weight of the polymers in the core (dispersity (Ð) often above 2). New 
possibilities arose with the development of controlled radical 
polymerisation (CRP) for example using so-called reversible-addition 
fragmentation chain-transfer (RAFT) polymerisation.[125-130] Adding 
chain-transfer agents, RAFT agents, commonly dithio- or trithio 
compounds, capable of transferring the propagating chain ends to an 
equilibrium imposed control, see Figure 7. The RAFT-equilibrium allows 
for controlled growth of the chains in the system, which in turn allows for 
much greater control of molecular weight. With RAFT, it is possible to 
target degree of polymerisation (DP) and to decrease the otherwise 
commonly wide distribution of molecular weights (Mw and Mn) and Ð.[126, 
131] The RAFT agents provide control to the system but also allows for 
formation of block copolymers.  

 

Figure 7:  RAFT-mechanism according to presentation by Moad et al.[125, 132] Example 
is given using a trithio-functional RAFT agent CTPPA (yellow and blue parts), 
and thermal azo-initiator AIBA (black circle). 

The techniques of CRP and RAFT in emulsion polymerisations, were 
further developed to eliminate the use of surfactants and instead apply 
surfactant-free emulsion polymerisation, a concept developed by Charleux, 
Lansalot and D’Agosto.[130, 133-136] The concept of polymerisation-
induced self-assembly (PISA) was further expanded and investigated by 
Armes et al. mostly in dispersion polymerisations.[137, 138] The 
development of PISA and RAFT in emulsion polymerisations creates a very 
versatile tool to create not only latexes with low Ð but also block copolymer 
latexes (PISA-latexes). Block copolymers with one hydrophilic and one 
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hydrophobic part, which is an interesting property for cellulose 
modifications aiming to increase the adhesion between hydrophobic 
matrix polymers. 

RAFT and PISA for latex production 

There are many examples in the literature of applying PISA to the 
formation of block copolymers in different media (organic solvents and/or 
water) using different polymerisation techniques. The advantage of RAFT 
compared to for example atom-transfer radical polymerisation (ATRP) is 
the versatile tool-box of monomers for block copolymers, both 
methacrylates, methacrylamides, acrylates and acrylamides are highly 
functional for some of the more versatile RAFT agents with good control. 
Trithio-functional RAFT agents, such as CTPPA shown in Figure 7, have 
been useful for controlled polymerisation of methacrylates (such as MMA 
or DMAEMA), methacrylamides (DMAPMA) as well as acrylates 
(BA).[128, 139-142]  

The application of PISA and RAFT in surfactant-free emulsion 
polymerisation to produce latexes should be considered as a complex 
system. The process is performed by either grafting a RAFT agent to a 
hydrophilic polymer or by first polymerising a hydrophilic polymer using 
a hydrophilic monomer and a RAFT agent, making up the so called 
macroRAFT, Figure 8a. The macroRAFT can be subsequently and 
effectively chain-extended in water with hydrophobic monomer B, 
building from macroRAFT agent. At critical chain length of block B on 
macroRAFT agent polymerisation-induced self-assembly (PISA) occurs. 
After nucleation of particles the residual monomer diffuses into particles 
to polymerise further often to high conversions. The PISA and chain-
extension to form latexes (PISA-latexes), can be summarised into four 
steps, see Figure 8, [130, 134, 143, 144]; 

I. Formation of radicals due to pre-initiation - initiation of small 
soluble fraction of monomer B in water phase (largest fraction in 
monomer droplets) 

II. Chain propagation of B prior to reversible addition to macroRAFT 
agent 

III. MacroRAFT-co-polymerB reach sufficient critical length – self-
assembly occur and nucleation of particles (micelles) 

IV. Monomers from droplets diffuse into particles and polymerise  
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Figure 8:  a) Latex stabilised with cationic polyelectrolyte produced by steps mentioned 
above in I-IV; after formation of hydrophilic macroRAFT agent (blue part) the 
chain-extension with hydrophobic monomers B (red part) is performed in water 
until b) PISA occurs to form particles and the final latex. c) conventional latex 
stabilised with cationic low molecular weight surfactant CTAC also using AIBA 
as initiator. The surfactant-free emulsion polymerisation as described without 
the added surfactant and only targeting covalently bonded stabilising polymer. 
Adapted from protocols presented by Carlsson et al.[145] 

The final product is a latex constituting of mainly block copolymers of 
macroRAFT-co-polymerB. The RAFT polymerisation uses a molar ratio 
between the initiator and the RAFT agent (typically between 1:3-10) and 
the DP the both blocks are determined by the simplified relation [M0] 
[RAFT]-1, using the concentrations of monomer and RAFT agent. As a 
result of the stoichiometry between initiator and RAFT agent there is a risk 
of creating a small fraction of polymer chains that has no RAFT agent at 
the chain end. In a subsequent chain-extension these polymers will not be 
effective in the formation of block copolymer during PISA. 

The possibilities to create different nano-objects and to tailor their 
properties are large, creating not only spherical shapes but also worms and 
vesicles are commonly reported for PISA systems.[137] The latexes formed 
from these systems can be described as a particle having a stabilizing 
corona and a core that determines the macroscopic properties. The corona 
can be tailored to adsorb to cellulose whereas the core can either be tailored 
towards cellulose adhesion or to compatibilise with hydrophobic matrix 
polymers, or both. The Tg of the core is easily varied by the choice of 
monomer (compare BA and PBA with Tg at -40 °C to MMA and PMMA with 
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Tg at 120 °C) but particle structural rigidity can also be tailored by the 
choice of corona i.e. Tg of the applied macroRAFT agent.  

Nanocellulosics are commonly anionic in the natural and produced forms 
and therefore a cationic polymer would be the natural choice of 
macroRAFT. Therefore, the initial study conducted by Carlsson et al. using 
surfactant-free emulsion polymerisation to target cellulose modification 
was performed using chain-extension with MMA from RAFT-polymerised 
PDMAEMA.[145] PDMAEMA is known to adhere to cellulose of different 
charges and form micelles in water when copolymerised with PMMA.[86, 
113, 146-151] The latexes were shown to alter the surface properties of 
cellulose substrates successfully, giving rise to hydrophobic surfaces after 
the adsorption of a thin layer. The PDMAEMA, being a cationic polymer, 
show great adhesion to cellulose give great stability in water, due to the 
strong repulsive forces between particles, zeta potentials > ± 30 mV 
measured by dynamic light scattering (DLS). [28, 145, 152-155] 

Other examples of monomers of interest for the corona of a PISA-latex is 
the use of hydrolytically more stable, methacrylamide analogue, DMAPMA 
instead of DMAEMA to lower the hydrolysis during water synthesis.[156] 
PDMAPMA has also been studied for RAFT-polymerisations and as 
macroRAFT in water by McCormick et al., however; never before studied 
with surfactant-free emulsion polymerisation, Figure 8.[157-162] 

Hatton et al. recently reported RAFT-mediated surfactant-free latexes 
using biopolymer xyloglucan from tamarind seeds as the corona, to result 
in good adhesion to cellulose surfaces.[163] There is an increasing use of 
bio-based monomers or building blocks for latexes, the challenge is to 
attach sufficient acrylic structures using green chemistry and yet to keep 
possibilities for the targeted polymerisations. Some recent studies exist on 
making use of methacrylation, acrylation or methacrylamidation of 
structures derived from nature (such as sobrerol) but few studies has been 
done aiming for tailored cellulose interactions and latexes, using polymeric 
stabilisers.[164-168] 

PISA-latex with polyelectrolyte corona 

PISA-latexes are of block copolymer type, where the core is supposedly 
covalently connected to the corona. Using a polyelectrolyte polymer as in 
Figure 8, will increase the colloidal stability of the system since the corona 
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polymers need to re-conform when getting in close contact, compare PISA-
latex in Figure 8b and conventional latex with low Mw surfactant in Figure 
8c.  

Cationic PDMAEMA, Figure 8a, show strong adhesion and adsorption on 
anionic surfaces, utilised for; latexes, micelles formed by solvent exchange 
to water and water soluble block copolymers.[86, 145, 151] In water, a 
cationic polyelectrolyte adsorb through entropic gain of the systems when 
counterions release from the surface after charge neutralisation.[169-172] 
Polymers that can interact in water with colloidal dispersions (such as 
fibres or clay) through flocculation or coagulation, see Figure 9a, have very 
strong interactions with surfaces, either by charge neutralisation, as for 
polyelectrolytes, or other entropy driven mechanisms as for non-ionic 
polymers.  

 

Figure 9:  Schematic illustrations of; a) stabilisation of colloids and flocculation and b) 
adsorption mechanisms of polyelectrolyte on an oppositely charged surface, 
such as cationic PDMAEMA on anionic cellulose surface. 

The flocculation, caused by insufficient stabilisation, can be either; chaotic 
type, bridging type more or less irreversible or depletion type. The latter 
type can result in interacting particles forming a less precipitated not solid 
instead liquid phase, called coacervate, with loose interactions. The 
formation of coacervate is much dependent on electrolyte type and 
concentration together with fraction of components and their chemical 
nature. [173, 174] Flocculation has been used industrially for a long time 
for applications such as waste-water purification, retention additives in 
pulp and paper industry and for coagulation of clay, silica or even 
latexes.[175-178] Flocculation can also occur when mixing two oppositely 
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charged polymers, but then it is usually referred to as formation of a 
polyelectrolyte complex (PECs).[179, 180] Two of the important 
parameters of the flocculation process as brought up by Stenius et al.; 
adsorption kinetics of the polyelectrolytes and the structure of the initial 
layer of polyelectrolytes on the substrate.[181] There are several 
parameters controlling the flocculation of polyelectrolytes or their 
adsorption to surfaces[82, 155, 171, 172, 175, 178, 180-183]: 

I. Type of charge (cationic, anionic or neutral) and charge density 
II. Electrolyte concentration 

III. Charge mixing ratio anionic: cationic and order of mixing  

Using latexes with polyelectrolyte corona to interact with anionic cellulose 
surfaces is therefore very complex, and even more complex with 
nanocellulosics, since it is a systems comprising of two nano- to 
macroscopic particles and there is often something in between mixing of 
PEC or colloids.  

The properties of the used polyelectrolytes are very important regarding 
how the polymer behave during adsorption on the surface. A polymer chain 
of high charge density adsorbs in a flat conformation at low electrolyte 
concentrations, but when increasing electrolyte concentration, it will 
interact creating loops and freely pointing chains in the solution. The 
behaviour is kinetic and not at thermodynamic equilibrium, meaning that 
first a polyelectrolyte will adsorb in one state and then re-conform on the 
surfaces to a more energetically stable state. Therefore, parameters such as 
kinetics of adsorption and the following re-conformation of polymer on the 
surface together with particle collision rate will all affect the flocculation in 
water dispersions.[171, 181, 184] Naturally, when performing adsorption 
on a flat surface of silica or a paper, only the two first steps are important. 
However, the mixing and flocculation of polyelectrolyte with the substrate 
(particle) in dispersions, and formation of flocs, is influenced with respect 
to; particle concentrations and shear rate. High loading of particles in 
dispersion when adding the flocculants will lead to fast kinetics and 
perhaps instant bridging between particles and if interactions between 
particles are not strong enough, shear force can break up the formed 
flocs.[181, 182] 

Increasing the electrolyte concentrations during the adsorption has been 
well studied, potentially increasing the adsorbed amounts of polymer but 
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also increasing risk or possibility of flocculation. At low to intermediate 
concentrations (below around 10-50 mM salt depending on the system) the 
adsorption will be increased by salt addition, screening charges within the 
polyelectrolyte to be able to pack denser on the surfaces. Screening cause 
less intermolecular repulsion, hence the polymer can adsorb in a more 
coiled up conformation in the initial phase or with more loops and tails, 
See Figure 9.[171, 172, 181, 184, 185] 

PISA-latex as a functional additive 

Latexes have been since long produced to interact with cellulose surfaces, 
as already mentioned for retention aids in papermaking or to give 
properties to the produced papers of microfibres or even  
nanocellulosics.[112, 181, 186-192] However, when it comes to using PISA-
latexes few studies exist in the literature on the fundamental studies of 
adsorption and interactions with cellulose surfaces in either wet or dry 
state. Therefore, it is a necessity to investigate further, to fully utilise these 
latexes for compatibilisation of nanocellulosics with matrix polymers, such 
as PCL. Primarily, because the adhesion between components will be 
dependent on the interactions in both wet and dry state. The latexes can 
simply be mixed in water and then applied, weather its compatibilisation 
or simple filtration of the formed colloidal dispersion mixture, see Figure 
9. 

When mixing the latex with cellulose materials or nanocellulosics the 
consequence could be following: 

I. Flocculation of the system – heterogeneity in dry state 
II. Formation of a coacervate – homogeneity in dry state 

III. No flocculation – sedimentation decide particles in dry state 

Which of the above effects that is dominating will also affect how the final 
materials appear when brought to the dry state after; casting, filtration 
over a membrane, freeze-drying or centrifuged to a pellet, see Figure 9. It 
is therefore important to understand how the Tg of the latex effect the 
mixtures with nanocellulosics, whether latex film forms or stay spherical 
in wet state. Also, the effect of heat treatments after drying, have been used 
as a tool, but it is not the natural state after formation of the materials, as 
seen for PLA latexes combined with cellulose networks.[191, 193] 
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Analysis using synchrotron beamline SAXS 

Tailoring of surface topographies and monolayer coatings is a growing 
industrial interest and field of research, relating to bottom-up design of 
polymeric materials. The more unique latexes produced, the more 
possibilities, but also more characterisation is needed due to the complex 
nanostructures. A promising tool for detailed surface analysis is the 
development of the synchrotron beam line SAXS with grazing incidence 
(GI), see Figure 10, by which one can analyse monolayers of particles on a 
surface in situ during measurements or treatments, shown for both 
poly(methyl methacrylate) (PMMA) and poly(styrene) (PS)  by Roth et al. 
and Chen et al.[194, 195] The structural change can be monitored in the 
SAXS-scattering pattern (Figure 10b) by integrating over scattering-
patterns, creating an I(q)-plot, at different temperature or after different 
time, Figure 10. The analysis of the data can be made from integrations 
along the axis at different angles 0-365° commonly for transmission SAXS, 
or as for GISAXS over a region at the Yoneda peak, where the maximum 
scattering occurs, commonly around 0.4-0.5° relative to the direct 
beam.[196] 

The pro with SAXS and GISAXS at beamlines, other than the large 
temporal resolution and nanoscale (e.g. q-range down to 0.1 nm-1), is that 
treatments of samples can be done during measurements at the beamline 
(ex situ) or in situ during scans. Roth et al. showed the possibilities of 
GISAXS when analysing the movement of particles during drying and 
structural changes by increasing the temperature, however; for surfactant 
stabilised high Tg latexes such as PS and PMMA. Chen et al. also focused 
on conventional latex systems and techniques such as Langmuir-Blodgett 
formation of monolayer. Prior to the particle analysis there are mainly two 
ways to proceed with the build-up of monolayers, in situ or ex situ. Using 
Langmuir-Blodgett formation of a layer or simply deposition of particle 
dispersion on the substrate are two common mechanistically relatively 
simple techniques to form layers. However, the most interesting technique 
with large industrial scale-up and applicability is the use of spraying 
devices in situ, developed for analysis of colloidal dispersions of inorganic 
particles[197] and latexes, exemplified for PISA-latexes in Figure 10.[198, 
199] 
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Investigating latexes drying procedures and dependence on treatments by 
increasing temperature give fundamental understanding of the role of the 
polymeric stabiliser for PISA-latexes. The use of high-resolution 
techniques such as synchrotron SAXS with large temporal resolution and 
possibility to follow nanoscale size arrangements in situ non-destructively. 
This also makes it possible to study the behaviour of latexes in material 
applications more mechanistically and fundamentally, and follow for 
example adhesion between components inside networks. One example 
being nano-sized latexes placed in a network of polymers or for example 
CNFs. Performing tensile testing and measure SAXS in situ on latexes have 
been performed recently and since 10 years back, however, the structural 
change of latexes in CNF networks has never been reported.[200] 

 

Figure 10:  The method of GISAXS to analyse a) PISA-latexes stabilised by polyelectrolyte 
and the core polymers with either high or low Tg. Spraying on silica surface using 
an airbrush to form thin films. In b) the resulting SAXS-pattern on the detector, 
used for analysis and formation of I(q)-plot.
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Experimental details 

The following sections include the summary and short descriptions of 
both synthetic and analytical methods within the scope of this thesis. 
Described in an order of appearance; materials, synthesis strategies and 
instruments used for characterizations. 

Materials  

The materials described below are materials either special and crucial for 
the thesis or less commonly used. All other conventional chemicals and 
solvents are listed in the appended papers where used. However, chemicals 
were primarily from Sigma-Aldrich AB, VWR and Merck, used as received. 

Three types of Poly(ε-caprolactone) (PCL) were used; PCL grade Capa™ 
6506 in powder form (supplier: Mn 50 000 g mol-1, melt flow index 5.3-11.3 
g 10 min-1 at 160°C 2.16 kg-1) (kindly provided by ©Perstorp Holding AB, 
Sweden) and two types of PCL in pellet form from Sigma-Aldrich (info 
from supplier); either Mn 80 000 g mol-1, >99% (melt flow index 2.01-4.03 
g 10 min-1 at 160°C 5.o kg-1) or Mn at 45 000 g mol-1 (melt flow index of 1.8 
g 10 min-1 (80 ºC, 44 psi)). N,N-Dimethylaminoethyl methacrylate 
(DMAEMA, Aldrich, 98%), N-[3-(Dimethylamino)propyl] 
methacrylamide (DMAPMA, Aldrich, 98 %), methyl methacrylate (MMA, 
Aldrich, 99%), n-butyl methacrylate (BMA, Aldrich, 99%), n-butyl acrylate 
(BA, Aldrich, 99%), 2,2′-azobis(2-methylpropionamidine) 
dihydrochloride (AIBA, Aldrich, 97%), 1,3,5-trioxane (Aldrich, ≥99%), 
cetyltrimethylammonium chloride (CTAC) (25 wt% water solution), 
Poly(ethylene imine) (PEI, Acros, Mn = 60 000 g mol−1) were used as 
received if nothing else stated. The monomer sobrerol methacrylate 
(SobMA) was synthesized by methacrylation of trans-sobrerol (made from 
bio-transformation of α-pinene) using DMAP in DMF in analogy to 
previously published protocols.[164]Water was deionised prior to use as 
deionized water or Milli-Q Water grade (Milli-Q Water purification system, 
Millipore). The RAFT agent, 4-cyano-4-thiothiopropylsulfanyl pentanoic 
acid (CTPPA), was synthesised according to previous published 
procedures.[135, 139, 201] Munktell filter paper grade 3 was used for 
adsorption on filter paper (Ahlstrom, Munktell). The QCM-D crystals used 
were AT-cut crystals (5 MHz resonance frequency) with an active surface 
of sputtered silica (50 nm thickness) supplied by Q-sense AB. Silica wafers 
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were supplied from Addison Engineering Inc. (San Jose, CA, US, single-
side polished). Microscopy slides (Diameter 30 mm, Menzel Gläser, 
Thermo Scientific) were used for contact angle measurements. The 
surfaces were cleaned with sodium dodecyl sulphate solution (2 wt% in 
water) for 12 h and left in a sonication bath for 10 min followed by the 
careful rinsing sequence Milli-Q water, acetone and Milli-Q water prior to 
adsorption methods.  

Four different nanocellulose materials, either cellulose nanofibrils (CNFs) 
or cellulose nanocrystals (CNCs), were used in this study; 
carboxymethylated CNFs, TEMO-oxidised CNFs, enzymatic CNFs and 
CNCs from sulphuric acid treatments, for more details see appended 
papers. 

The pulp used for preparation of CNFs (Figure 11) by 
carboxymethylation (CNF(CARBOX) ~600 ueq g-1) protocols[51] 
and TEMPO-oxidation (CNF(TEMPO) ~600 ueq g-1) following 
protocols from Saito et al.[33, 202] was a dissolving pulp from Domsjö 
Fabriker AB (Aditya Birla), Sweden. Charge densities after oxidations were 
measured on the pulp fibres following procedures from Katz et al.[42] An 
already made carboxymethylated CNF gel was kindly received by RISE 
Bioeconomy (Formerly Innventia AB, Sweden).[51] The gel with a solids 
content around 2 wt% was treated with one passage through a 
Microfluidizer (Microfluidizer M-110EH, MicrofluidicsCorp) using 1650 
bar, 200 and 100 µm chambers in series. The TEMPO-oxidation of pulp 
fibres was performed at pH 6.8 in phosphate buffer to ease the liberation 
of the fibrils from the fibres. The oxidised fibres were passed through the 
same high-pressure homogenizer (two passes through 400 µm and 200 µm 
chambers at 1000 bar and four passes through 200 µm and 100 µm at 1650 
bar) to produce a gel at 0.89 wt% dry content, similarly to the method used 
by Cervin et al.[203]  
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Figure 11:  The AFM image of CNF(TEMPO) as adsorbed on a silica surface in QCM-D, 
with an anchoring layer of PEI. SEM on same type of surface but CNF(CARBOX) 
and after annealing at 160 °C for 10 hours. Left image: Polymer Chemistry, 2017, 
8, 1061 - Published by The Royal Society of Chemistry. 

CNFs prepared by enzymatic pre-treatment (CNF(Enz)) was 
performed on a never-dried pulp containing 13.8% hemicelluloses and 
0.7% lignin (supplied by Nordic Paper, Sweden) according to Henriksson 
et al.[55] Including enzymatic (Novozyme 476) pre-treatment of the pulp 
followed by eight passes through the high-pressure homogenizer. After 
disintegration, CNFs was obtained as a viscous gel with ∼1.6% dry weight 
content, size analysed by TEM, Figure 12. 

CNCs (CNC) were prepared according to the method described in the 
literature with slight modification.[18] Briefly, ground filter paper (20 g) 
was added to a round-bottomed flask equipped with a magnetic stirrer and 
reacted with sulfuric acid (64 wt%, 175 mL) for 45 min, immersed in a 
preheated oil bath at 45 °C. The cellulose suspension was diluted 10-fold 
with deionized water and washed by repeated centrifugation and 
dispersion. The CNCs were dialyzed (12-14 KD cut-off (Spectrum 
Spectra/Por) against deionized water for 10 days, until pH remained 
constant around 6, size analysed by SEM in Figure 12. The CNC suspension 
was sonicated for 30 min at an amplitude of 28 % and 5 s pulse, and finally 
filtered over a pore 1 glass filter. The charge density of the CNCs measured 
by PET was determined to be 263 ± 6 μeq g-1 and the estimated size by DLS 
was 229 ± 5 nm and by AFM 112 ± 57 nm in length, 12.5 ± 7.5 nm in width.  
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Figure 12:  To the left, TEM image of CNF(Enz) as deposited on the surface of the TEM 

grid. There are more or less aggregates of CNFs. The average width of the fibrils 
was estimated to 11.6 ± 4.1 nm (see size distribution as inset). To the right, SEM 
image of CNCs as adsorbed on a silica surface in QCM-D, with an anchoring 
layer of PEI, ImageJ indicate length and width of 170 ± 24 nm and 18 ± 4 nm, 
respectively, as measured on 10 CNCs though including sputtering coating of 3 
nm Pd/Pt. Left image: Reprinted with permission from ACS APPLIED NANO 
MATERIALS 2018, 1 (6), pp 2669–2677. Copyright 2018 American Chemical 
Society. 

Polymerisation techniques 

Two major polymerisation techniques were used in this study; reversible 
addition-fragmentation chain-transfer (RAFT) and emulsion 
polymerisation. Using the concept of polymerisation-induced self-
assembly (PISA) in combination with the emulsion polymerisation 
technique lead to the use of so called surfactant-free emulsion 
polymerisation. Following procedures describe the methods of synthesis 
exemplified for block copolymers in emulsion polymerisation by formation 
of hydrophilic block (macroRAFT) and subsequent chain-extension of 
hydrophobic monomer using PISA in water, for more details on each 
different polymerisation technique see listing of appended papers. 
Summary of synthesis procedure in Figure 8. 

Polymerisation of macroRAFT in water using CTPPA 

The synthesis of macroRAFT agents P(DMAEMA-co-MAA) or PDMAPMA 
were performed in water, acidified to pH 6 using concentrated 
hydrochloric acid (HCl). In a typical experiment, RAFT agent (CTPPA) 
(60-85 mM) was added to a 50 mL round bottom flask. De-stabilised 
DMAEMA or DMAPMA (~1.6-2M) monomer was added to the flask and 
the RAFT agent was allowed to dissolve in the monomer before addition of 
deionised water, targeting a degree of polymerisation (DPn) of 25 (for both 
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DMAEMA and DMAPMA). The reaction mixture was left stirring for 10 
min in an ice-water bath. Addition of HCl was conducted carefully while 
monitoring the pH to reach pH = 6. The radical initiator AIBA 
(concentration ratios CTPPA:AIBA 8.25:1 or CTPPA:AIBA of 5:1, 
DMAEMA and DMAPMA, respectively) was added subsequently together 
with trioxane (internal reference for NMR (0.272 g)). The reaction mixture 
was degassed for 30 min under argon, and the polymerisation was then 
started by immersing the flask in an oil bath pre-heated to 70 °C. Aliquots 
were taken for 1H-NMR analysis every 20 min and full conversion was 
reached after 60 min. The polymer was precipitated from water into ice 
cold acetone 2-3 times, dried with a rotavapor and finally dried in vacuum 
oven for 24 h at 50 °C.  The precipitated polymers were analysed MALDI-
ToF and 1H-NMR in D2O, for PDMAPMA with SEC in DMSO and in water 
(0.3 M sodium acetate/acetic acid buffer), and glass transition 
temperature was determined using DSC. The final polymers were analysed 
for adsorption dynamics with QCM-D on silica surfaces at neutral pH and 
0.1 g L-1. Charge density (µeq g-1) of the polymers in solution at neutral pH 
was analysed using polyelectrolyte titration (PET). Determining unknown 
concentrations of PDMAPMA in the latex aqueous phase, was performed 
using an established calibration curve. 

Surfactant-free emulsion polymerisation using PISA 

Surfactant-free emulsion polymerisation by chain-extension of previously 
formed macroRAFT agents (P(DMAEMA-co-MAA) and PDMAPMA) 
resulted in cationic latexes with different hydrophobic polymers in the 
core; PMMA, PnBMA, PBA, copolymers of P(BA-co-MMA), PSobMA, 
summary in Figure 8. In a typical experiment the macroRAFT agent (0.150 
g, 36.3 µmol) was added to a 50 mL round bottom flask equipped with a 
magnetic stirring bar followed by addition of deionized water (37.1 mL) 
targeting a total final dry content of 15-17.3 wt%. The monomers, nBMA 
(7.27 g, 51.1 mmol, target DP 176-1410) was added dropwise during 
stirring. An aqueous solution of the initiator 2,2′-azobis(2-
methylpropionamidine) dihydrochloride (AIBA) (3.4 g L-1) was added to 
the reaction mixture (1.19 mg, 4.4 µmol in 1:8.25 molar ratios to the 
macroRAFT). The flask was placed in a water/ice bath and the reaction 
mixture was degassed with argon for 30 minutes and thereafter immersed 
into an oil bath pre-heated to 70 °C.  All reactions were performed for 120 
minutes. The conversion of monomer was monitored by gravimetric 
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analysis of the dry content by withdrawing samples during the reaction. 
The same procedure was followed for the synthesis of the two other PnBMA 
latexes, and the three PMMA latexes (see Table 1 and ESI Table S2). All 
formed latexes were analysed by 1H-NMR and SEC. Two reference latexes 
were synthesised using AIBA as initiator and MMA as the monomer; one 
without macroRAFT or any surfactant (abbreviated PMMAAIBA), and the 
second one using a commercial cationic surfactant (CTAC) (latex 
abbreviated PMMACTAC). Both latexes were produced using the same 
procedure as described above. 

Material production strategies 

Mixing of nanocellulose with latexes for composite materials 

Different approaches were used to mix the latexes with the different 
nanocellulosics. As described in Figure 13 below, the main differences 
either than the actual type of nanocellulose (CNC, CNF(TEMPO) or 
CNF(Enz) was either concentrations of latexes or time of addition of 
dispersions. In a typical mixing protocol, the crude latex dispersions at 
150-175 g L-1 were either diluted to 0.1, 3 or 10 g L-1 using Milli-Q water, 
salt solution (10 mM NaCl) or buffer solution (5 mM sodium/potassium 
phosphate) or used at crude concentrations. Added to a dispersion of 
nanocellulose components at 2 g L-1 diluted with Milli-Q water or at gel 
concentration 20 g L-1. After the dropwise addition of latex dispersion to 
the nanocellulose dispersions, the materials were used for the different 
applications, Figure 13. Other than PCL-composites, the formation of CNF-
latex nanocomposite is described in following section with more details. 
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Figure 13:  Procedures used for mixing of the different latexes and nanocellulosics before 
melt processing and film formation. Indicating the different latexes added, the 
mixing technique, drying of components and the formation of materials. CNFs 
and CNCs not drawn to scale in this figure, all components changed with a factor 
3-10 for schematic reasons.  

Formation of PCL composites with latex-modified nanocellulose  

The modified nanocellulosics were mixed with matrix polymer PCL with 
three different protocols; centrifugation/solvent exchange/wet addition, 
lyophilisation/dry addition and the high concentration wet feeding, see 
Figure 13. The different methods were applied using latexes of PMMA and 
PnBMA to analyse the effect of compatibilisation, comparing grafting from 
with physisorption and latex core polymer rigidity. The PCL used for all the 
studies were of different molecular weight within 45 000 – 80 000 g mol-

1.  

Formation of CNF nanomaterials 

A CNF dispersion at 0.26 wt% in Milli-Q water was disintegrated with an 
ultra-turrax at 10 000 rpm for 20 min in a 500 mL flask before addition of 
latexes (PMMA and PnBMA), see Figure 13. The CNF dispersion was 
degassed for 30 min under vacuum to remove air bubbles. Mixing of latex 
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dispersions (3 g L-1, 5 mM sodium/potassium phosphate) with CNFs was 
performed dropwise aiming for a total dry mass of 396 mg and a CNFs 
content of 75 wt%. The latex and CNF dispersions were left under slow 
magnetic stirring for one hour to ensure adsorption to the surfaces. The 
CNF and latex dispersion were vacuum filtered through a glass filter funnel 
(7.2 cm in diameter) using a 0.65 µm PVDF membrane, DVPP Millipore, 
USA in analogy to previous CNF films [56, 204], with a targeted thickness 
of around 80 µm and gram per area of 100 g m-2. After filtration, the films 
were left to dry in a petri dish in the fume hood prior to being placed in a 
conditioned room at 23 °C and 50% RH for 24 hours for further 
characterisations. Annealing of films was performed in an oven pre-heated 
to 150 °C for 4 h. 

Formation of Latex-modified filter papers 

Cut pieces of Munktell cellulose filter paper grade 3 (2x3 cm2) were 
immersed into latexes diluted in Milli-Q water or 10 mM NaCl at 3 or 0.1 g 
L-1 in a 10 mL vial. The mixtures were left on a shaking table overnight to 
ensure complete adsorption. The papers were thoroughly rinsed with Milli-
Q water and left in vials filled with Milli-Q water overnight. The latex 
adsorbed papers were then rinsed again with Milli-Q water and left in a 
conditioned room at 23 °C and 50% RH for 24 hours before any further 
treatments or characterisations. The filter papers were annealed either at 
140, 150 or 160°C for 1-12 h. 

Adsorption of latexes ex situ on silica wafers 

The adsorption of latexes onto silica wafer surfaces was also performed ex 
situ by simply saturating the surface with each component. The CNF 
surfaces were formed by a two-step process. The first step was the 
introduction of an anchoring layer of PEI at 0.1 g L-1 (set to pH 10 with 10 
mM NaOH) and 10 mM NaCl for 10 min, followed by rinsing step with 
Milli-Q. In the second step, a layer of a CNF dispersion was adsorbed at 
neutral pH 7, at a concentration 0.1 g L-1, and was left to adsorb for 20 min, 
followed by rinsing with Milli-Q water, in accordance to previous 
procedures. [205, 206] After rinsing with Milli-Q water, the latexes were 
adsorbed to the CNF coated wafer at a concentration of 0.5 g L-1 for 30 min, 
followed by a rinsing step with Milli-Q. A reference wafer with only the pre-
formed PEI and CNF layer was also produced with the same procedure.  
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Characterisation methods  

The characterisation of synthesised macroRAFT agents, the as formed 
latexes and the modification of cellulose for composite applications and 
network films were performed using different analytical tools. For the most 
conventional instrumentation methods, see appended papers for more 
details. The techniques reported in attached articles are; NMR, Maldi-ToF 
MS, Gravimetric analysis (conversion during latex synthesis), SEC, DSC, 
PET, TGA, FTIR, CAM, Centrifugation treatments, Ultra-turrax 
disintegration, Water uptake tests, Ultraviolet-visible spectroscopy (UV-
Vis. Following sections describes the most contributing techniques for as 
included in this thesis. 

Particle size and morphology 

Surfactant-free emulsion polymerisation of a hydrophobic monomer such 
as MMA or BA should result in the formation of latexes. Latexes are in 
general spherical colloidal particles in water, but for some systems when 
applying chain-extension of macroRAFT agent and PISA, formation of 
worm-like, vesicles or big aggregates occur.[136, 138] Therefore, detailed 
morphology characterisation is a necessity, using: 

Dynamic light scattering (DLS): The hydrodynamic diameter (DH) 
given as Z-average, polydispersity index (PdI) and electrophoretic mobility 
(zeta potential (ζ)) of the latex particles were determined using a Malvern 
Zetasizer NanoZS at 25 °C. 

Transmission electron microscopy (TEM): For cryo-TEM, thin 
liquid films of the latex suspension were deposited onto 300 mesh holey 
carbon films (AgarScientific, UK) and quenched in liquid ethane using a 
cryo-plunge workstation (LPS Orsay). The specimens were then mounted 
on a precooled Gatan 626 specimen holder, transferred into the Philips 
CM120 microscope operating at an accelerating voltage of 120 kV (Centre 
Technologique des Microstructures (CTμ), platform of the Claude Bernard 
Lyon 1 University, Villeurbanne, France). TEM of dry mixtures of 
CNF(Enz) and latexes were performed using a Hitachi HT7700 TEM at 100 
kV accelerating voltage. Mixture of CNF(Enz) and latex was deposited onto 
holey carbon-coated 400 mesh copper grids (TED PELLA, USA) and 
examined in the microscope after drying. Then the same sample were 
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analysed after annealing at 120 °C for around 20 min to mimic the thermal 
conditions in the processing. 

Atomic force microscopy (AFM): A MultiMode 8 (Bruker, Santa 
Barbara, CA) was used to acquire images of the adsorbed latex 
nanoparticles on a silica wafer in the dried state, using SCANASYST 
liquid+ cantilevers.  

Field emission scanning electron microscope (FE-SEM): Latex 
saturated QCM-D crystals, silica wafers, filter papers, latex-CNF mixtures 
and PCL composite materials were analysed with FE-SEM performed with 
a Hitachi S-4800 microscope to investigate the surfaces. The FE-SEM was 
conducted at 1.0 kV or 3.0 kV acceleration voltage if nothing else was stated 
and images were acquired at different magnifications, as stated in each 
image. The samples were mounted on a metal stub with carbon tape and 
coated with a 5 nm layer of Pt/Pd with a Cressington 208HR sputter coater. 

Spraying of latexes on silica surfaces: Latexes were diluted into 10 
mM NaCl dispersions at 0.1 vol% for spray deposition in situ and ex situ 
for analysis, Figure 1. Latex dispersions were left in sonication bath for 10 
minutes before surface analysis. Spraying was performed with an airbrush 
device (D55500, Spray Systems, Germany) using always a spray sequence 
of 50 ms and 1 mL min-1 flow rate for either one, two or three spray cycles. 
Where nothing else is stated, 1 spraying sequence of 50 ms was used. The 
nozzle-to-substrate distance was 200 mm in the very dilute spray regime 
where the droplet size is very homogeneous and about 4.5 µm in diameter 
(as stated by manufacturer). Silicon substrates were temperature 
controlled using a heating stage (DHS 1100, Anton Paar GmbH, Austria), 
in situ during or after GISAXS measurements. Before each measurement a 
waiting time of 5 min yielded temperature equilibrium. 

GISAXS measurements: Grazing incidence small-angle X-ray 
scattering (GISAXS) measurements were performed at the microfocus 
beamline MiNaXs/P03 at PETRA III of the Deutsches Elektronen-
Synchrotron (DESY), Germany. The X-ray wavelength and the beam size 
were 0.1088 nm and (28 × 24) μm2 (horizontal × vertical), respectively. 
The Pilatus 1M detector (Dectris Ltd., Switzerland) with a pixel size of (172 
× 172) µm2 was employed to collect in situ 2D GISAXS patterns. The 
sample-to-detector distance was (4720 ± 1) mm. The incident wave vector 
ki is scattered in the direction of kf; αi and αf represent incident and exit 
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angles, respectively as seen in Figure 1. The αi was set to 0.42°, which is 
above the critical angles for total reflection of polymer and silicon substrate 
and allow full penetration of the applied thin film. The integration time for 
the in situ measurement were set to 100 ms for all measurements. To avoid 
beam damage during the X-ray experiments lateral scanning along the 
surface is performed to distribute the dose. 

In situ tensile testing and SAXS measurements: Ex situ SAXS 
measurements on CNF-latex nanocomposites were performed at the 
Columbia University Soft Matter Laboratory (USA) on a SAXSLAB 
scattering instrument equipped with a Cu K-α source and variable sample 
to detector distances providing a q range of ~0.0048− 0.2 Å-1. The in situ 
SAXS measurements performed during tensile testing with high temporal 
resolution was performed on beamline 11-BM at NSLS-II (Brookhaven 
National Laboratories, USA) using a photon energy of 13.5 keV and a 
detector distance of 5.06 m, leading to a q range of ~0.003−0.52 Å-1 (the 
beam size was 200 μm × 200 μm and the detector a Pilatus 2M). The 
controlled tensile testing was performed using a Linkam TST 350 tensile 
stage (200 N load cell) in a closed chamber at 19% RH and 26 °C using 1% 
strain min-1 and gauge length of 15 mm; at least three samples of each 
material were analysed for statistics. 

Adsorption properties 

Silica wafers: The silica wafers, used for adsorption coverage analysis 
and colloidal probe measurements were first oxidized in an oven at 1000 
°C for 180 min, followed by activation in 10 wt% NaOH solution for 30 
seconds and then rinsed with Milli-Q/ethanol/Milli-Q before treatment in 
an air plasma cleaner (Model PDC 002, Harrick Scientific Corporation, NY, 
USA) under vacuum for 120 s at 30 W. 

Silica coated quartz crystals: The silica coated quartz crystals, used as 
both reference silica and in situ preparation of CNF surfaces, were first 
rinsed with Milli-Q water, ethanol and finally again with Milli-Q water and 
thereafter dried under N2. The crystals were then placed in air plasma 
cleaner (Model PDC 002, Harrick Scientific Corporation, NY, USA) under 
reduced air pressure for 120 s at 30 W.  

Quartz crystal microbalance with dissipation (QCM-D): A QCM-
E4 from Q-sense AB with a continuous flow rate of 0.15 mL min-1 was used. 
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This instrument measures the change in resonance frequency of the 
crystal, corresponding to a change in mass attached to the surface. To 
convert the change in frequency to the corresponding change in adsorbed 
mass per area unit, the Sauerbrey model[207] can be used for firmly 
anchored adsorbed layers: 

  𝑚 𝐶
∆

    [4] 

where C is a sensitivity constant, −0.177 ((mg m-2) x Hz−1), Δf the change in 
resonance frequency (Hz), and n the overtone number. The so calculated 
mass includes both the solid adsorbed amount and the immobilised solvent 
in the adsorbed layer. 

The QCM-D also detects the energy dissipation in the adsorbed layer which 
is related to the viscoelastic properties of the adsorbed layer. A thin, rigid 
film results in a low change in dissipation while a water-rich and 
viscoelastic film results in a larger change in dissipation. The dissipation 
factor, D, is defined as: 

 𝐷     [5] 

where Edissipated is the energy dissipated during one oscillation period, and 
Estored, the energy stored in the oscillating system. Earlier investigations 
have shown that Sauerbrey model is also valid for layers with higher 
dissipations and comparable to the results achieved with more advanced 
models.[206] 

The adsorption of latexes in the QCM-D chambers were performed using a 
flow of 0.15 mL min-1. The latexes were introduced as dispersions at a 
concentration of 0.1 g L-1, diluted in either Milli-Q water or 10 mM NaCl, 
and adsorbed until saturation, followed by rinsing with Milli-Q water. After 
the adsorption experiment the crystals were removed from the chamber 
and left to dry under in a petri dish with an added wet tissue to supply 
humidity during drying, hence decreasing the rate of water evaporation to 
prevent the development of the “coffee ring” effect on the crystals. The 
effect of drying conditions was investigated by SEM (ESI Figures S9-S10). 

PMMA and PnBMA latexes were also adsorbed onto cellulose model 
surfaces in the QCM-D, according to a previously described method for 
PMMA latexes.[145] A stable baseline was first achieved with Milli-Q water 
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before introducing the latexes dispersed in Milli-Q water at concentration 
of 0.1 g L-1 with a flow rate of 0.15 mL min-1 until equilibrium was achieved, 
followed by a rinsing step with Milli-Q water. 

The adsorption of latexes onto CNF surfaces was monitored by QCM-D at 
flow rate 0.15 mL min-1. The CNF surfaces were formed in situ by a two-
step process. In the first step an anchoring layer of of poly(ethylene imine) 
(PEI) at 0.1 g L-1 (set to pH 10 with 10 mM NaOH in 10 mM NaCl) was 
adsorbed until saturation, followed by rinsing with Milli-Q water. In the 
second step, a layer of a CNF dispersion (0.1 g L-1  ) was adsorbed at pH 7, 
followed by rinsing with Milli-Q water in accordance to previous 
procedures.[205, 206] The latex (Milli-Q water, 10 mM salt solution or 5 
mM buffer solution, 0.1 g L-1) was thereafter introduced until saturation 
adsorption, followed by rinsing with Milli-Q water. Also a reference crystal 
with only PEI and CNF layers were analysed without the adsorption of 
latexes.[208]  

Adhesion and mechanical properties 

The wet adhesion and mechanical properties of the latex particles 
were investigated with the AFM colloidal probe technique using a 
MultiMode IIIa AFM (Veeco Instruments Inc. Santa Barbara, CA) with a 
PicoForce extension. Borosilicate microspheres with the radius 4.7 – 5.2 
μm (Duke Standards, Thermo Scientific) were attached to tipless 
rectangular cantilevers (CLFC-NOCAL, Bruker) using a melting glue 
(Epikote 1001, Shell Chemical Co.) and a manual micromanipulator (HS 6 
Manuell, Marzhauser Wetzlar GmbH & Co. KG). Each AFM probe had two 
cantilevers with spring constants of roughly 1.3 N m-1 and 10 N m-1 
respectively, which were determined using AFM Tune IT version 2.7 (Force 
IT, Sweden). The different cantilevers were used to investigate how the 
applied load and the deflection sensitivity affected the adhesive properties. 
The latex particles (1 wt% in 10 mM NaCl solution) were adsorbed onto 
oxidized silicon wafers and the silica probe in situ for 1 h. The force-curves 
were measured in Milli-Q with or without 120 s surface delay and were 
further analysed using the software AFM force IT version 2.6 (Force IT, 
Sweden).  

The mechanical properties of nanocomposites comprising of latex and 
modified cellulose materials in PCL matrix and CNF-latex nanocomposites 
were analysed using tensile testing with two different machines; Instron 



Experimental details -  37 

 
 

5944 (500N load cell or 2kN load cell (ASTM standard D638-14)) and 
Instron 5564 (10kN load cell). The Instron 5564 was used for the PCL-
CNF-(TEMPO) and 5944 for the CNCs and CNFs(Enz) using 500N and 
2kN load cell, respectively. Nanocomposites of CNF(TEMPO)-latex using 
500N load cell on 5944. All composites films were stored and tested in 
conditioned room at 23 °C and 50% RH after drying in fume hood if 
nothing else stated. The strain was measured by grip displacement for all 
samples.  

PCL-CNC-composites; films at 130 µm thickness and cut to 5 mm width 
was performed using a gauge length of 25 mm and a strain rate of 80% min-

1 (20 mm min-1) on 4 or more specimens. Tests was also done on samples 
stored at 98% RH for one week before testing. 

PCL-CNF-(TEMPO)-composites; dog-bone samples from injection 
molding was used as produced and test was performed using a strain rate 
of 10 mm min-1 on 5 or more specimens.  

PCL-CNF-(Enz)-composites; dog-bone samples from injection molding 
was used as produced and test was performed using a gauge length of 30 
mm and a deformation rate of 100% strain min.1 (30 mm min-1) on 5 or 
more specimens. The data scattering was in range of 9% of the standard 
error. 

CNF(TEMPO)-latex nanocomposites; Strips, 5 mm in width and with a 
known thickness (85-111 µm), were clamped with a gauge length of 15 mm 
and strained at a rate of 10% min-1. 

Dynamical Mechanical Analysis (DMA): of the PCL-based 
biocomposites was performed on samples conditioned for 100 h at 23 °C 
and 50% RH using a Q800 DMA apparatus from TA Instruments, 
accordingly with the ASTM standard D5023-07. The DMA measurements 
were carried out in three-point bending mode, at a constant frequency (1 
Hz), amplitude of 40 microns, a temperature range from -80 to 50 °C, and 
with a heating rate of 2 °C min-1. Three replicates were performed for each 
nanocomposite formulation and the data scattering was in the range of 5 
% of the standard error. 

Dynamic oscillatory rheometer in the molten state: Viscoelastic 
behavior and the adhesion between components of the PCL composites 
with added latex-modified CNFs(Enz) were analysed by a dynamic 
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oscillatory rheometer in the melt state. A controlled strain rheometer 
(DHR-2 rheometer, TA Instruments) equipped with 25 mm diameter 
parallel plate geometry was used for the rheological tests. Disk shaped 
smaples from injection moulding were directly loaded between the plates 
and rheological tests were carried out at 120 °C with a gap distance of 1.5-
2 mm under nitrogen atmosphere. First, oscillatory amplitude stress and 
strain sweep test were performed from the initial stress value of 10 to 1200 
Pa and strain value of 1*10-5 to a final strain value of 2 rad, with the 
frequency of 0.628 rad s-1 to determine the linear viscoelastic region of the 
samples. Complex modulus (G*), storage modulus (G′) and loss modulus 
(G″) were recorded as a function of stress () and shear strain (γ), 
respectively, and value of 0 = 200 Pa and γ0 = 0.1 rad were applied in the 
frequency sweep tests. In frequency sweep test, a small oscillatory 
amplitude strain,  = 0sin(t) was applied to the samples. Resulting shear 
stress was recorded as:  

𝜎 𝑡  𝛾0 𝐺 𝜔 sin 𝜔𝑡 𝐺′′ cos 𝜔𝑡   (5) 

G*and G′, G″, complex viscosity (*) and phase angle () were measured 
as a function of angular frequency (ω) in the range of 0.01–100 rad s-1 at 0 
and γ0, stress and strain values in the linear viscoelastic region. 
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Results and Discussion 

This thesis includes the investigation of tailor-made PISA-latexes for 
modification of nanocellulosics, including functionalisation of the core for 
drug delivery of an anti-cancer drug or fluorescent dye. The polymers 
synthesised, and latexes made by surfactant-free emulsion polymerisation 
using RAFT and PISA, were characterised using different techniques such 
as 1H-NMR, SEC (several solvents), Maldi-ToF-MS, PET, QCM-D, DSC 
and TGA to mention a few of importance. However, the results will be 
presented in five different parts including; 

I. Production of PISA-latexes 
a. Comparing DMAEMA and DMAPMA 
b. Varying core polymer for varying Tg  

II. Latex analysis 
a. Structure profiles and adhesion in wet or dry state 

III. Mixing of latexes with nanocellulosics 
IV. PCL composites with latex-modified nanocellulose 

a. Improving adhesion of nanocellulose to PCL matrix 
V. CNF nanocomposites with latexes 

a. Toughening of CNF-networks 
b. In situ SAXS analysis of latex deformation in CNF 

networks during tensile testing 

Production of PISA-latexes 

Latex production starts with the RAFT-synthesis (Figure 7) of hydrophilic 
water-soluble methacrylate or methacrylamide using CTPPA as RAFT 
agent (formation of macroRAFT agent). Followed by chain-extension in 
water of the formed macroRAFT with hydrophobic monomers such as 
MMA or BMA using PISA results in latexes without the use of surfactants 
(Figure 8). Hence, the description; RAFT-mediated surfactant-free 
emulsion polymerization. 

RAFT polymerisation of DMAEMA and DMAPMA in water 

The successful synthesis of macroRAFT agent from DMAEMA and 
DMAPMA was accomplished using CTPPA, reaction set up in Figure 14a. 
The protocols were inspired by recent work from Carlsson et al. and from 
amongst others, earlier work from Xiong et al. and McCormick et al.[145, 
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148-150, 158, 209] The major motivation for the two monomers of choice 
being their cationic nature the polymers known affinity to cellulose 
materials, as visualized, by QCM-D even at very low electrolyte 
concentration in Milli-Q, Figure 14b.  

 

Figure 14:  a) synthesis of DMAEMA or DMAPMA in water using RAFT and CTTPA as 
chain-transfer agent, showing also hydrolysis of DMAEMA to MAA to ca 4%. b) 
the adsorption behaviour as assessed by QCM-D for the P(DMAEMA-co-MAA) 
and PDMAPMA polyelectrolytes (0.1 g L-.1 in Milli-Q) on the oppositely charged 
silica surface on the crystal. 

The use of DMAEMA for the RAFT-synthesis includes risk of hydrolysis 
into methacrylic acid (MAA) due the relatively sensitive methacrylate bond 
in the side-chain. The hydrolysis can be followed by NMR giving rise to 
between 4-7% hydrolysis of DMAEMA to MAA during 2 h RAFT in 
water.[145, 208] This is compared to the DMAPMA with higher stability 
thanks to methacrylamide bond giving rise to no apparent hydrolysis 
during same reaction conditions.[156] Both monomers reach up to 100% 
conversion within 1-2 h (1H-NMR) which is relatively fast kinetics, 
targeting a final DP of 25 for both polymers. The resulting Ð, as measured 
by SEC in water with buffer or DMSO, but also with Maldi-ToF-MS, is 
below 1.3 for both polymers. The SEC shows great dependence on solvent 
and calibrants, relating to the high cationic charge (3.5-4.2 meq g-1 for 
P(DMAEMA-co-MAA) and 5.6 meq g-1 for PDMAPMA). Analysing 
PDMAPMA macroRAFT with water SEC running on 0.3 M sodium 
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acetate/acetic acid buffer gave Mn 2400 g mol-1 of and a Ð of 1.13 (PEG 
standards). The theoretical maximum charge density for the 
homopolymers with all repeating units protonated is at 6.3 and 5.9 meq g-

1 for PDMAEMA and PDMAPMA respectively. Since both polymers are 
supposed to act as macroRAFT in a PISA, it is important to evaluate the 
chain end functionality or rather the “livingness” of the polymers, looking 
at kinetics and control of polymerisation. The kinetics of conversion 
follows what is expected from of a living radical polymerisation (1 (1-
ln[Mt])-1) and together with relatively low Ð (below 1.3), control is 
seemingly decent, however the importance of the active RAFT chain end is 
worth highlighting further. The RAFT chain end (trithiocarbonate for 
CTPPA) show risk of hydrolysis to create a thiol chain end at non-neutral 
pH, polymers shifting from living to dead chain ends. Consequences are 
perhaps low for using the homopolymers PDMAPMA or PDMAEMA alone, 
but the presence of polymers without active RAFT moiety will affect the 
subsequent chain-extension to large extent. Thus, giving rise to free 
polymers in the aqueous phase and a discrepancy in the calculation of 
target and experimental DP of the block copolymer. The free polymers, 
compared to for example block copolymers in a PISA-latex, would 
neutralize charges quickly during adsorption to an anionic surface due to 
their high charge density and small size, even when latex is diluted to as 
low concentration as 0.1 g L-1. Schematics for the mentioned procedure 
shown in Figure 15. 

 

Figure 15:  a) show the synthesis of a PDMAPMA macroRAFT agent in water using RAFT 
and CTTPA as chain-transfer agent, initiating with AIBA. b) show the chain 
extension with monomer that will first create some residual free polymer from 
step a) and also decrease the charge density per polymer (µeq g-1) for the ones 
chain-extended. This is highlighted with the anionic surface to be quickly 
neutralised by charges from small amount of “free polymer” in solution. 

However, the free polymer in the aqueous phase can efficiently be 
decreased and removed by different work-up protocols (examples are 
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dialysis or centrifugation), to justify the use of these macroRAFT agents for 
the latex production. 

The structures of the used cationic polymers (PDMAEMA and 
PDMAPMA), as indicated in Figure 14, are structurally very similar except 
one being a methacrylate and the other a methacrylamide, thus leading to 
different Tg’s and possibly adsorption differences due to one more spacer 
carbon in the repeating unit side chain and the hydrogen donor group in 
the amide (DMAPMA). The difference in structure is shown to give a Tg for 
PDMAPMA above 137 °C compare to PDMAEMA measured to be between 
10-19 °C as assessed by DSC.[86, 210, 211] 

Surfactant-free emulsion polymerisation and PISA 

The two macroRAFT agents, P(DMAEMA-co-MAA) or PDMAPMA, were 
utilised for the formation of block copolymers during RAFT-mediated 
surfactant-free emulsion polymerisation and self-assembly by PISA, see 
Table 1. Two conventional latexes of MMA or SobMA using cationic 
surfactant CTAC, together with surfactant-free AIBA stabilised latex, were 
also synthesized, Table 1. To function in a surfactant-free polymerisation, 
the monomer of the core polymer should fulfil at least these parameters; 

I. Monomer partially soluble in water (commonly above 0.05 g L-1 
such as for styrene but not necessarily higher than 15 g L-1 as for 
MMA)[107, 108] 

II. Monomer capable of sufficient addition-fragmentation with chain-
transfer agent on macroRAFT 

a. Difference for acrylamides and methacrylamides etc. 
III. Chain-extended polymer having low water solubility  

Based on these parameters using macroRAFT from trithiocarbonate 
(CTPPA, see Figure 7) the monomers could be methacrylates (MMA and 
BMA), acrylates (BA) and methacrylamides. The chosen hydrophobic 
monomers of MMA, BMA and BA were based on Tg of the core ranging 
from -40°C to 120°C.[212, 213] Using Fox-equation one can estimate and 
tailor the copolymers for the formation of P(BA-co-MMA) and tailor the Tg 
of the hydrophobic segment in the latex. The notation for all produced 
latexes in this study is the following core-polymermacroRAFT-typeDPXX, where 
XX is the core polymer target DP, see Table 1. 
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Table 1 – Synthesized P(DMAEMA-co-MAA)- or PDMAPMA-stabilised latexes using 
monomers, MMA, BMA, BA or SobMA. Common for all synthesis is the use of AIBA as 
initiator and conducting synthesis for 2 h in water at 70°C. The dry content in the final latexes 
vary between the different monomers, but are at 15-18 wt% for latexes based on MMA, BMA 
and BA and for SobMA at 10-15%, Nile red/DOX at 10wt%. The conventional latexes of 
PMMA and PSobMA were produced using 11% and 1% of the monomer weight, respectively. 
The 11% in mass relation to monomer is based on using the same mass as for surfactant-
free emulsion polymerisation with for example P(DMAEMA-co-MAA). 

Target DP for 
PISAa 

DH (PdI)b 
[nm]  

Zeta pot.c 
[mV]  

Mn (Ð)d 
[kg mol-1]  

Tg e 
[°C]  

Surfactant-free emulsion polymerisation 
PMMADMAEMA 

176 36 (0.07) +41 42 (1.5) 128 
705 74 (0.02) +40 215 (1.4) 128 
1410 120 (0.03) +40 340 (1.7) 129 

PBMADMAEMA 
176 42 (0.09) +43 48 (1.8) 36 
705 79 (0.05) +38 223 (1.4) 35 
1410 96 (0.05) +40 351 (1.4) 32 

PMMADMAPMA 
400 218 (0.04) +70 260 (1.5) 120 

P(BA-co-MMA) PDMAPMA 
400 164 (0.03) +76 217 (1.6) 3 

PBADMAPMA 
400 90 (0.08) +75 240 (1.5) -40 

PSobMADMAEMA 
176 44 (0.10) +42 26 (1.4) - 

1000 73 (0.09) +40 104 (1.4) 122 
PMMADMAPMA (in situ encapsulation) 

400 (Nile red) 173 (0.01) +40 260 (1.5) 122 
400 (DOX) 243 (0.02) - - - 

PMMAAIBA 
Only AIBA 299 (>0.2) N.A. 295 (2.5) - 

Conventional emulsion polymerisation 
PMMACTAC11wt% 58 (0.04) +41 917 (3.0) - 
PSobMACTAC1wt% 40 (0.25) +41 155 (2.5) 125 

a as calculated from [M0] [RAFT]-1, b DLS in de-ionized water, c DLS in 10 mM NaCl, d 

measured with SEC in DMF, e measured with DSC at 10 °C min-1 
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The PISA-latexes show good stability with zeta potential values well above 
30 mV and narrow size distributions of particles, PdI below 0.10. The 
polymers show expected properties based on the targeted core polymers in 
terms of Tg. 

Using PISA in emulsion polymerisation, allows for somewhat large scale 
synthesis using more than 10-gram total dry weight of polymer for one 
reaction, whilst having dry contents ranging between 10-18 wt%. This 
result in particles with tailored DH and DP’s of the core polymers up to 1410 
and as low as 176. Ð typically range between 1.3-1.7, depending on the 
monomer used, which is data values from SEC analysis in DMF, which is a 
semi-good solvent for the used water-synthesised cationic macroRAFT 
agents (PDMAEMA and PDMAPMA). Solubility in SEC solvents together 
with the inefficient chain-extension of macroRAFT (below 100%) may 
explain why molecular weight and Ð are larger than expected from RAFT-
polymerisation. The evaluation of chain-extension efficiency using SEC 
data after the full reaction time does not show why or when control is lost. 
One should separate the control of polymerisation before and after 
nucleation of particles during PISA. The initial chain-extension before 
nucleation will be affected on for example the kinetics of addition-
fragmentation for these cationic polymers (difference between starting 
from methacrylate or methacrylamide). Due to the repulsion of the 
polymers in water, it can be more difficult to control the addition of 
growing macro-radicals to the trithio-group. Whereas, after nucleation the 
control in the core is dependent more on number of active radicals in the 
core and livingness of RAFT chain ends. Due to the compartmentalisation 
effect in the particles there is fast kinetics and the loss of control could be 
due to radicals entering the particles (causing side reactions) or that equal 
distribution of the RAFT-equilibrium between the chains is hindered by 
low mobility of the growing chains at high conversions leading to higher 
dispersity, see Figure 16a. 

For applications purposes, the low chain-extension efficiency and perhaps 
loss of control before nucleation gives implications for adsorption and need 
of removal of free polymers for many target usages. Whereas the loss of 
control after nucleation leads to discrepancy of target and experimental 
DP of the core polymers, which might even be a pro for many applications, 
whilst maintaining narrow dispersity of the formed nano-objects. 
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The complex nanostructure of PISA-latexes, with corona and core, is 
described in Figure 16 for PDMAPMA-stabilised latexes. The macroRAFT 
agent’s packing inside the corona depends on the radius of gyration (Rg) of 
the PDMAPMA in this case, depending on the electrolyte concentration 
and possibly the core stiffness. The structure can be theoretically 
described, assuming persistent stretched out chains of cylindrical tube 
shape and packed on the surface of the core. These, from above, formed 
disk shaped tubes can be related to the two-dimensional maximum 
packing of disks on the surface of a sphere (the latex core), Figure 16b, to 
be 91% coverage. Therefore, it is possible to model the packing of 
PDMAPMA-chains on latexes with ratios of macroRAFT per particle. The 
amount of macroRAFT and particles are known from reaction conditions 
for PISA. Using information from synthesis of PMMADMAPMADP400 and 
the model of disks, results show bad fit thus indicating either non-
persistent tubes or tubes entering each other’s volumes (coverage ca 7 
times larger than 0.91 %). In order to give significant values, SAXS-analysis 
would be needed to achieve the correct Rg of macroRAFT at different 
electrolyte concentrations and perhaps grafted to a surface. Otherwise the 
ratios will be depending on too many parameters, such as chain-packing 
volume (neighbouring tubes might enter each other’s tubes) and chain-
extension efficiency for the PISA. 

 
 Figure 16:  a) PDMAPMA-stabilised (blue part) latex in water. The chain extension with 

hydrophobic monomers (red circles) will at critical length (PISA) result in 
nucleation of particles indicated by the black arrow. b) packing of tubes in disk 
shapes on the surface, maximum area coverage (0.91). 

For application purposes, the PDMAPMA-stabilised latexes were treated 
with centrifugation cycles to remove free PDMAPMA-chains in the 
aqueous phase, which was detected by 1H-NMR analysis using a calibration 
curve. The sufficient work-up applied for 3 rounds of centrifugation and 
re-dispersion in water shows that the efficiency is somewhere between 70-
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80% for all latexes, indicating impedance of the chain-extension. The 
centrifugation works sufficient to remove any free polymers (less than 1 g 
L-1) and also demonstrate the stability of the latexes, being able to re-
disperse well after removal of supernatant in centrifuge tubes. Further, the 
PMMAPDMAPMADP400 was possible to re-disperse even after drying in 
room temperature, which is a very remarkable result indicating a benefit 
with PISA-latexes.  

Encapsulation during PISA-latex formation 

PISA-latexes can be tailored in many different ways looking at the block 
copolymer constituents (corona and core polymers), but it is also possible 
to attach specific molecules to the corona or inside the core to give latex a 
functionality during synthesis, see chemical possibilities in Figure 8 and 
15. One inspiring example reported in the literature was the in situ 
encapsulation of a fluorescent dye, Nile Red, during PISA shown by Davis 
et al., performed using organic solvents and need of solvent-
exchange.[214] Despite solvent exchange, this shows a great potential for 
drug delivery systems where the latex could act as a nano-carrier of a drug 
or a fluorescent dye as pointed out already in the 1990’s in a review by 
Tarcha.[215] For conventional latexes much has been shown already in 
terms of for example fluorescence-functionality.[216-218] Using a water 
dispersion (latex) of a fluorescent or drug loaded nano-sized carrier is 
convenient as compared to other tedious protocols such as solvent 
exchange/micelle formation or sequenced polymerisations to form 
hyperbranched structures.[219, 220] With the many tailoring possibilities 
brought into latex production with PISA, together with low amount of 
surfactant that can diffuse freely in the body, the combination of in situ 
loading during PISA in an emulsion polymerisation instead of dispersion 
polymerisation would be state-of-the-art. [136] 

Despite challenges of hydrophilicity and solubility, the PDMAPMA show 
great possibilities in an in situ encapsulation of fluorescent dye Nile red, 
PMMADMAPMADP400 (Nile red), or the anti-cancer drug Doxorubicin 
(DOX) PMMADMAPMADP400 (DOX), Table 1. The PMMADMAPMADP400 was 
analysed, as a reference nano-carrier, for its cell viability to show the 
toxicity decrease against all cell lines with successive removal of unreacted 
PDMAPMA in the aqueous phase, confirming the importance of clean 
systems, Figure 17. The latex after 3rd times centrifugation cycles show very 
good cell viability and low toxicity at up to 1 mg mL-1, tested towards 
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mammal cell-line Raw264,7. Crude latex also show some anti-cancer cell 
activity without DOX, seen as low cell viability at 10 mg mL.1 for non-
centrifuged samples. 

 

Figure 17:  Cell viability study of two cell lines (Raw264,7 and MCF-7) of the 
PMMADMAPMADP400, comparing the crude latex to the centrifuged samples at 
four concentrations from left to right; 0.01 (grey fill), 0.1 (vertical line fill), 1 
(horizontal line fill) and 10 (black fill) mg mL-1  

The latex with Nile Red exhibits fluorescent properties and pink colour in 
visible light, Figure 18a-c, also analysed by fluorescence microscopy at 
SciLife Laboratory in Stockholm, corroborating the successful loading of 
Nile Red, Figure 18. 

 

Figure 18:  Shows the a) image obtained by high-resolution fluorescent microscopy of the 
dry latex PMMADMAPMADP400 (Nile red) on a glass slide, scale bar measuring 
particle size in red is 0.2 µm and big scale bar is 2 µm, b) Nile red loaded 
PMMADMAPMADP400 (Nile red) and c) the PMMADMAPMADP400 (DOX) latex 
immediately after completed reactions. 
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A promising finding for the in situ encapsulation of DOX during PISA is 
that the loading efficiency was found to be up to 30%. Utilizing dialysis to 
compare the release profiles of free DOX and PMMADMAPMADP400 (DOX), 
the latter show substantially prolonged profile, Figure 19. 

 

Figure 19:  Shows the DOX release profile analysed with dialysis in PBS at pH 7.4 for free 
DOX as a control and PMMADMAPMADP400 (DOX) latex at 37 °C.   

Latex analysis 

Particle size and morphology 

Latexes were not only characterised by their hydrodynamic volume (DH) as 
measured by DLS it was also measured for size and morphology with SEM, 
AFM and TEM imaging for morphology analysis together with the high-
resolution technique of SAXS and GISAXS. For a successful production of 
spherical PISA-latexes, the size distribution should be narrow, PdI from 
DLS below 0.1. It is also important to confirm the spherical shape not only 
using DLS. The first indication of a monodisperse distribution is given 
from DLS-analysis, PdI values preferably below 0.1. However, some 
discrepancy can be found using Stokes-Einstein equation of diffusion and 
average of distributions in DLS, limited to fit mostly spherical objects.[221] 
Therefore, either SEM, AFM, SAXS and TEM (preferably cryogenic) can be 
added to confirm both shape and size of the latexes. Techniques can also 
indicate differences between swollen state of particles probing the state in 
water (cryo-TEM) compared to dried particles on a surface in SEM. The 
low Tg latexes are preferably analysed in cryo-TEM since the spherical 
shape and size vary a lot when in water compared to dried on a surface. For 
latexes of many types, not exclusively to these new type of PISA-latexes, 
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the structural evolution upon drying and interaction with surfaces needs 
further analysis.  

Cryo-TEM imaging reveals the spherical latex morphology for both 
PDMAEMA-stabilised, Figure 20, and PDMAPMA-stabilised latexes, 
Figure 21. This technique being non-disruptive and accurately maintain 
the latex to mimic its shape when in water.  

 

Figure 20:  Cryo-TEM images for P(DMAEMA-co-MAA)-stabilised PBMA latex targeting DP; 
a) 176, b) 705 and c) 1410, scale bar is 100 nm. Polymer Chemistry, 2017, 8, 
1061 - Published by The Royal Society of Chemistry. 

 

Figure 21:  Cryo-TEM images for PDMAPMA-stabilised latex of; a) PMMATg120 b) P(BA-co-
MMA)Tg3 c) PBATg-40, scale bar is 100 nm. Nanoscale, DOI: 10.1039/c8nr08057g, 
2019 - Published by The Royal Society of Chemistry. 

The film formation temperature and Tg of the latex, dominated by the core-
polymer, will affect how efficient SEM and AFM is to measure size and 
study morphology when in dry state as compared to wet state. Latex with 
Tg below room temperature, or close to, will be more or less accurate 
moving from wet to dry state, allowing for film formation, compare Figure 
22a and c. Where the latex surface made by adsorption of monolayers on 
silica or cellulose is by far the best technique to analyse individual particles, 
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especially dried slowly in a humid chamber to decrease the amount of 
particle aggregation and coffee-ring effects, Figure 22 d-f. 

 
Figure 22:  SEM images of latexes all dried at room temperature; a) PMMADMAEMADP1410, 

b) PMMADMAEMADP705 and c) PBMADMAEMADP1410. PDMAPMA-stabilised 
latexes made on CNF-layers inside QCM-D; d) PMMADMAPMADP400 and e) P(BA-
co-MMA)DMAPMADP400 and f) PBADMAPMADP400. White scale bar is 500 nm. 

Figure 22 represent how PMMA-latexes stay rigid on the substrate and one 
can distinguish the spherical shape, whereas latex with Tg below room 
temperature shows film formation and other patterns, seen in Figure 22c 
and f. Figure 23 show all rigid spherical latexes on the surfaces after drying, 
expected since all have PMMA or PSobMA in the core of the latex, both 
having a Tg > 120 °C. 

 
Figure 23:  SEM images of latexes dried at room temperature; a) and b) PMMADMAPMADP400 

at different zoom, c) PMMADMAPMANile red in situ encapsulation. d) 
PSobMADMAEMADP1000, e) PSobMADMAEMADP176 and f) the conventional latex 
PMMACTAC using the surfactant CTAC. White scale bar is 500 nm. 
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Adsorption dynamics to anionic surfaces   

The latexes with different coronas (P(DMAEMA-co-MAA) or PDMAPMA) 
and cores (MMA, BMA, BA and BA-co-MMA) were analysed with respect 
to their adsorption mechanisms and kinetics, to anionic surfaces and 
substrates (silica or cellulosic materials). In this study, one important 
parameter for adsorption analysis was surface roughness. Therefore, 
different substrates were utilised; silica wafers < 3 nm, cellulose model 
surface and CNF-layer made in situ with QCM-D 3-100 nm, and macro-
scale filter paper. The following parameters were investigated; 

I. Effect of the polyelectrolyte corona – comparing P(DMAEMA-co-
MAA) and PDMAPMA (Figure 14). 

II. The addition of salt on the adsorption – polyelectrolyte effect 
a. Milli-Q dilution of latexes – low salt 
b. Dilution into 5 mM buffer or 10 Mm NaCl – salt  

III. Effect of the Tg of the core polymer (-40 up to 128°C) 
IV. Effect of the particle size on the adsorption 

Nanoscale quartz crystal microbalance with dissipation monitoring (QCM-
D) is an excellent tool to obtain detailed adsorption kinetics and behaviour. 
Adsorption of latexes to many anionic surfaces can be formed, such as; 
silica coated crystals, cellulose model surfaces from dissolved sulphite pulp 
or the in situ in the QCM-D chamber built-up CNF-layer.[51, 206, 222] 
With the QCM-D it is possible to monitor the adsorbed mass on the applied 
surface via a frequency shift for the overtones, where negative values 
indicate added mass on the crystal surface. By applying Sauerbrey-model 
(Equation 4) on the frequency shift data it is possible to estimate the mass 
adsorbed per m2. It is also possible to monitor the viscoelastic properties, 
through the dissipation monitoring, Equation 5. One can also normalize 
the dissipation with frequency, resulting in the dissipation ratio for an 
adsorbed layer which gives a more comparable value between layers and to 
see if the model of Sauerbrey is within reach. However, a deviating value 
can be due to a layer more strongly attached to the surface. 

Together with the initial kinetics the change in frequency and the 
dissipation of the layer are the major parameters focused on in this study. 
A summary of the latexes’ adsorption (change in frequency and 
dissipation) to silica surfaces is shown in Figure 24 and the adsorption to 
CNF-layers in situ in Figure 25. 
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Figure 24:  QCM-D results for change in frequency (top) and dissipation (bottom), by the 
introduction to silica surfaces (at 0.1 g L-1) of the different latexes: 
PBMADMAEMADP705 (blue), PBMADMAEMADP176 (green), PMMADMAPMADP400 
(teal), P(BA-co-MMA)DMAPMADP400 (pink), PBADMAPMADP400 (purple). Latexes 
are dispersed in either Milli-Q (solid lines) or in 10 mM NaCl as supporting 
electrolyte (dashed lines). 
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Using the Sauerbrey model to calculate the corresponding mass on the 
silica surfaces are shown in Table 2. Increasing electrolyte concentration, 
from dilution in Milli-Q, to 5 mM buffer for PDMAEMA-stabilised and 10 
mM NaCl for PDMAPMA-stabilised latexes increases the adsorbed mass, 
Figure 24 and Table 2. The addition of salt increases the amount of 
adsorbed latexes most probably caused by the polyelectrolyte effect, as 
expected from a PDMAEMA- or PDMAPMA-stabilised latex. Together 
with the dissipation values. The dissipation can be further analysed for the 
different latexes, comparing the dissipation ratio to frequency indicates a 
large difference between PMMA-latexes and the low Tg-latexes indicating 
difference in the wet state interactions with the surface, between the 
latexes, creating soft or rigid layers, see Table 2. The “rigid” PMMA-latexes 
showing dissipation ratio above 2.4 and the other “softer” latexes below 
0.1. 

Table 2 – Adsorption of latexes onto silica crystals using QCM-D. Dispersions in 
Milli-Q or 10 mM NaCl. 

Latex 
Freq. shift  

[ΔHz] 
Mass  

[mg m-2] 

Dissip-
ation 

 [x 10-6] 

Dissip.x 
Freq.-1 

PBMADMAEMADP705 -178 31.5 12 0.067 
PBMADMAEMADP176 -60 10.6 4 0.067 

PMMADMAPMADP400 -62 11.0 17 0.274 
PMMADMAPMADP400 (salt) -73 12.9 18 0.247 

P(BA-co-
MMA)DMAPMADP400 

-88 15.6 8 0.091 

P(BA-co-
MMA)DMAPMADP400 (salt) 

-105 18.6 9 0.086 

PBADMAPMADP400 -39 6.9 3 0.077 
PBADMAPMADP400 (salt) -115 20.4 6 0.052 

The same comparison using Sauerbrey model but instead on cellulose 
model surfaces (made ex situ) was performed for PBMA- and PMMA-
latexes stabilised by PDMAEMA, Table 3. There is an increase in adsorbed 
mass with increasing size of the latex. However, the relation between size 
and mass is less pronounced for PBMA-latexes with Tg close to room 
temperature, once again indicating that wet state interactions are 
dependent on the stiffness of the core. However, the trend with increasing 
adsorption with increasing size is not observed for the PDMAPMA-
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stabilised latexes. The dissipation factor, same as for silica surfaces, is 
larger for PMMA- than PBMA-latex. PMMADMAEMADP176 show deviating 
negative values, possibly due to the high ratio of PDMAEMA, with strong 
adhesion to the surface, also PBMADMAEMADP176 adsorb with low 
dissipation, 0.017. 

Table 3 – show the results from adsorption of latexes, dispersed in Milli-Q, with 
QCM-D on ex situ formed cellulose models surfaces. 

Latex 
Frequency  

shift  
[ΔHz]a 

Mass  
[mg m-2] 

a 

Dissip-
ation 

 [x 10-6] a 

Dissip.x 
Freq.-1 

PBMADMAEMADP1410 -251 44.4 13 0.052 
PBMADMAEMADP705 -200 35.4 7 0.035 
PBMADMAEMADP176 -59 10.5 1 0.017 

PMMADMAEMADP1410 -221 39.1 26 0.177 
PMMADMAEMADP705 -123 21.8 11 0.090 
PMMADMAEMADP176 -24 4.3 -3 -0.127 

a Values from previous study made by Carlsson et al.[145] 

Looking at the adsorbed mass in mg m-2 for silica and cellulose model 
surface in Table 2 and 3, comparing their roughness, it seems as the 
smoother surface of silica gives rise to slightly larger mass. The trend is 
however not that distinct since PBMADMAEMADP176 show only 0.1 mg larger 
mass.  

The increasing adsorption from increasing electrolyte concentration was 
utilised for adsorption on CNF-layers made in situ in QCM-D, by first 
adsorbing an anchoring layer made of PEI for the CNFs. The CNF-layer is 
made up of either CNFs(TEMPO) or CNFs(CARBOX), both 600 µeq g-1, 
and difference between the two types is assumed to be relatively low. The 
PDMAEMA-stabilised latexes introduced in 5 mM buffer dispersions and 
PDMAPMA-stabilised in 10 mM NaCl dispersions, see Figure 25.  
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Figure 25:  QCM-D results for change in frequency (top) and dissipation (bottom), by the 
introduction on CNF-surfaces made in situ using PEI anchoring layer (at o.1 g L-

1 in 5mM phosphate buffer (DMAEMA-stabilised) or 10 mM NaCl (DMAPMA-
stabilised) of the different latexes: PBMADMAEMADP1410 (red), 
PBMADMAEMADP176 (blue) PBMADMAEMADP176 (green), PMMADMAEMADP1410 
(brown), PMMADMAEMADP176 (light blue) PBMADMAEMADP176 (dark green),  
PMMADMAPMADP400 (teal), P(BA-co-MMA)DMAPMADP400 (pink), 
PBADMAPMADP400 (purple). 
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The corresponding calculation of adsorbed mass and dissipation can be 
shown in Table 4. 

Table 4 – QCM-D analysis of latex adsorption on the in situ formed CNF-layer by 
using an anchoring layer of PEI. Either using CNFs(TEMPO) or CNFs(CARBOX). 

Latex 
Freq. 
shift 

[ΔHz] 

ΔHzlatex 
ΔHzCNF-1 

Mass 
[mg m-2] 

Dissip-
ation 

[x 10-6] 

Dissip.
x 

Freq.-1 

PBMADMAEMA 

DP1410(buffer) 
-402 18.3a 71.2 33 

0.082 

PBMADMAEMADP705 
(buffer) 

-413 18.0a 73.1 42 
0.102 

PBMADMAEMADP176 
(buffer) 

-271 15.1a 48.0 29 
0.107 

PMMADMAEMA 

DP1410(buffer) 
-438 25.8a 77.5 42 

0.096 

PMMADMAEMADP705 
(buffer) 

-310 17.2a 54.9 18 
0.058 

PMMADMAEMADP176(
buffer) 

-117 7.3a 20.7 3 
0.026 

PMMADMAPMADP400 
(salt) 

-316 
4.3b 

55.9 84 
0.266 

P(BA-co-
MMA)DMAPMADP400 

(salt) 
-319 

5.3b 
56.5 24 

0.075 

PBADMAPMADP400 
(salt) 

-204 
2.7b 

36.1 7 
0.034 

aCNF(TEMPO) bCNF(CARBOX). 

The adsorbed mass of latex on in situ CNF-layer increases with the size, 
similar to the adsorption on silica and cellulose model surfaces. The latex 
adsorbed on in situ CNF-layer gives a dissipation factor deviating from the 
other surfaces for the PDMAEMA-stabilised latexes, with PBMA showing 
larger factor than PMMA, but not as high as 0.24 rather ~1 and not 
changing with size. The PMMADMAPMADP400 result in the same factor as 
PMMA-latexes on the silica surface above 0.24. It seems as even though 
the adsorption is larger on CNF-layer, the dissipation factor remains below 
0.5 for PBADMAPMADP400, compared to silica, indicating that the wet state 
interactions for this latex creates a stiff rigidly adsorbed layer, possible if 
the latex spheres are able to deform in the wet state or even film form. 
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The data from QCM-D analysis reveals no distinct effect from the different 
corona-polymers, when comparing PDMAEMA and PDMAPMA, both 
showing strong adhesion to the anionic surfaces. However, there is a clear 
polyelectrolyte effect using these PISA-latexes, showing large increase in 
adsorption when adding salt. The expected lower repulsion within the 
corona and between chains, makes them coil up more and can induce 
stronger adhesion to the anionic surface, as shown in QCM-D.  

The effect on adsorption from the different Tg of the core of the latexes is 
also shown from the different dissipation factor, despite larger adsorbed 
mass being low at 0.075 for “softer” P(BA-co-MMA)DMAPMADP400 and as 
high as 0.266 for “rigid” PMMADMAPMADP400. The dissipation factor for 
PBMA-latexes on CNF-layers indicate no effect of size which might be due 
to the possible deformation in wet state, while maintaining in range with 
PMMADMAEMADP1410 at 0.1. The latex size dependency on adsorption was 
visualized further by normalising the frequency shift with the size from 
DLS, resulting in linear increasing value for PDMAPMA-latexes and 
PBMADMAEMA-latexes with decreasing size, but for PMMADMAEMA-latexes it 
stays relatively same with no clear effect of size. Comparing PDMAEMA-
stabilised latexes there is much larger frequency shift for PBMA- than 
PMMA-latex. This indicate that the core (Tg) of the latex is affecting the 
adsorption and interactions in the wet state. The size is also important but 
mostly show lower adsorption when the Tg increase.  

 

Figure 26:  The frequency shifts on CNF-layers in QCM-D normalized to their DH as 
assessed by DLS.  

The QCM-D data, Figure 24-25, indicates that the adsorption kinetics is 
controlled primarily by diffusion, i.e. size-dependent. The smaller latexes 
adsorb faster to equilibrium than the larger latexes. 

PBADMAPMADP400 (salt)
P(BA-co-MMA)DMAPMADP400 (salt)

PMMADMAPMADP400 (salt)
PMMADMAEMADP1410 (buffer)
PMMADMAEMADP705 (buffer)
PMMADMAEMADP176 (buffer)

PBMADMAEMADP1410 (buffer)
PBMADMAEMADP705(buffer)
PBMADMAEMADP176 (buffer)
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The roughness of the substrate seems to increase the adsorption and 
coverage for these latexes, shown by QCM-D analysis comparing for 
example PMMADMAPMADP400 on silica and CNF-layers, 12.9 and 55.9 
respectively. To further show the effect of all mention parameters, the 
latexes were adsorbed on filter papers. The adsorption of latexes was 
performed for 24 h from dilute dispersions (either 3 or 0.1 g L-1). The filter 
papers are convenient and easy to use as substrates, yet clean and resulting 
in reproducible results. The adsorption of latex on filter paper as a low-
charge substrate was evaluated using FTIR. PMMADMAEMA- latexes show a 
clear absorbance around the carbonyl-region (~1700 cm-1 see inset), Figure 
27. When increasing the DP of the PMMA-core the absorbance increase. 

The PDMAPMA-stabilised latexes also show strong absorbance in the 
same region from FTIR spectroscopy, results are relatively unaffected by 
monomer type, Figure 28. Adsorption to these substrates is therefore 
seemingly less affected by size, and charge density, as expected from a 
rougher surface (filter paper being a very porous structure compared to for 
example surfaces in QCM-D). The possibility to compare with the CTAC-
stabilised latex, PMMACTAC, (red solid line) show much less adsorption 
than the PDMAPMA-stabilised counterpart, suggesting that the 
adsorption is increased by the polyelectrolyte corona, Figure 28. 

 

Figure 27:  FTIR spectra of filter papers adsorbed latexes at 0.1 g L-1 for 24 h, followed by 
a rinsing step in MilliQ for another 24 h. PMMADMAEMADP1410 (brown), 
PMMADMAEMADP705 (Light blue) and PMMADMAEMADP176 (green). Reproduced 
data from Polymer Chemistry, 2017, 8, 1061 - Published by The Royal Society 
of Chemistry. 
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Figure 28:  FTIR spectra of the filter papers with adsorbed latexes at 0.1 g L-1 for 24 h, 
followed by a rinsing step in MilliQ for another 24 h. PMMADMAPMADP400 (teal 
blue), P(BA-co-MMA)DMAPMADP400 (pink) and PBADMAPMADP400 (purple), were 
introduced in MilliQ (dashed lines) or 10 mM NaCl (solid lines). Red solid line 
shows the reference latex PMMACTAC in 10 mM NaCl. Nanoscale, DOI: 
10.1039/c8nr08057g, 2019 - Published by The Royal Society of Chemistry. 

The surface modified filter papers were also characterized by SEM-imaging 
to assess coverage and CAM for surface properties. 

Surface modification and wet state interactions 

The major difference between the sets of PISA-latexes, are the Tg of the 
core polymers and the applied macroRAFT agent, either PDMAEMA- or 
PDMAPMA-based. The effect of the core has been shown by adsorption 
studies using QCM-D. The latexes should give rise to hydrophobic 
properties of anionic surfaces to render compatibilisation with a 
hydrophobic matrix. It is interesting for the material build-up to 
understand what stimuli is needed and how strong the adhesion between 
components can become in wet state. Therefore, surface analysis of latex-
coated silica and cellulose surfaces was performed using CAM. Together 
with high-resolution techniques such as AFM and SEM, directly on QCM-
crystals or silica wafers, and complemented with GISAXS-analysis during 
temperature treatments 

AFM can be used for both imaging and colloidal probe force 
measurements, which makes it possible to evaluate the latex wet-adhesion 
to a silica surface and image it afterwards. This part of the work aims at 
investigating if latexes deform upon adsorption and/or under applied force 
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for example in the wet state, despite the repulsive forces from the cationic 
corona 

The AFM imaging on QCM-crystals after adsorption of 
PMMADMAEMADP1410 and PBMADMAEMADP1410 and subsequent CAM 
analysis of the same surface after drying at room temperature is shown in 
Figure 29. The dry film of PMMADMAEMADP1410 (Fig 29a) show particles 
with structural integrity, as compared to the image of PBMADMAEMADP1410 
which shows clusters and traces of coalescence, indicated by the higher CA 
>90°. The height profiles indicate collapsed particles for 
PBMADMAEMADP1410 (96 nm) as compared to the wet diameter assessed by 
DLS, while PMMADMAEMADP1410 is very close to the DLS diameter (120 
nm). 

  

Figure 29:  AFM images of QCM-D crystals covered with PDMAEMA-stabilised latexes (0.1 
g L-1, 5 mM Buffer); To the left PMMADMAEMADP1410 and to the right 
PBMADMAEMADP1410. The CAM images in inset was made on the same surface 
as analysed in AFM. Published in Polymer Chemistry, 2017, 8, 1061 - Published 
by The Royal Society of Chemistry. 

The PDMAPMA-stabilised latexes show a similar trend when imaged by 
AFM (on silica wafers, 10 mM NaCl dispersions), Figure 30. More 
pronounced coalescence, i.e. film forming, was exhibited by these latexes, 
due to the lower Tg of the core; P(BA-co-MMA)DMAPMADP400 (3°C) and 
PBADMAPMADP400 (-40°C). Neither of P(BA-co-MMA)DMAPMADP400 or 
PBADMAPMADP400 in Figure 30b and c show heights close to DLS diameter, 
140 and 80 nm respectively. 
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Figure 30:  AFM images of Silica wafers covered with PDMAPMA-stabilised latexes (0.1 g 
L-1, 10 mM NaCl); a) PMMADMAPMADP400, b) P(BA-co-MMA)DMAPMADP400 and 
c) PBAPDMAPMADP400. The CAM inset images were made adsorbing the latexes 
on cleaned microscopy glass slides. AFM images from Nanoscale, DOI: 
10.1039/c8nr08057g, 2019 - Published by The Royal Society of Chemistry. 

The CAM-analysis corroborate strongly to the height analysis and show the 
film formation for P(BA-co-MMA)DMAPMADP400 and PBADMAPMADP400 as 
CA’s >90°C, whereas PMMADMAPMADP400 remains “rigid” and give rise to 
a very hydrophilic surface.  

From the colloidal probe measurements on latex-adsorbed silica surfaces 
in water, there is a clear dependence on the core Tg, corroborating the 
results from QCM-D which indicates a possibility for the latexes to deform 
upon adsorption and film form in wet state, Figure 31. Comparing curves 
in Figure 31a-c with decreasing Tg left to right. The PBADMAPMADP400 even 
show negative force curve upon approach (Figure 31). 

 
Figure 31:  AFM colloidal probe wet-adhesion measurements between a latex-coated silicon 

probe and a latex-coated silica wafer. The force curves from the measurements 
(a-c) shows i) an approach curve ii) separation curves without surface delay and 
iii) separation curve after 120 seconds surface delay. The presented curves from 
measurements using softer spring constants (< 1.4 N m-1). Nanoscale, DOI: 
10.1039/c8nr08057g, 2019 - Published by The Royal Society of Chemistry. 

For the two analysed latexes with Tg below room temperature (P(BA-co-
MMA)DMAPMADP400 and PBADMAPMADP400) a very strong interfacial 
adhesion was observed between the probe and the surface, Figure 31, as 
large area under graph in Figure 31b-c. The area under the graph during 
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separation curves for PMMADPMAPMADP400 is very small, and even show 
repulsion during approach curve, Figure 31a. Note the approach curve for 
PBADMAPMADP400 in Figure 31c showing even how the probe and surface 
are drawn together upon approach.  

The work of adhesion calculated from the pull-off forces, were found to be 
very high, when compared to previously published strong interactions at 
nanoscale, Figure 32. Triblock copolymers adsorbed by layer-by-layer 
techniques have shown values as high as 180 mN m-1 and 15 mN m-1 for 
poly(allylamine hydrochloride) with no delay, the reported latexes in this 
study show 100 mN m-1, however the work of adhesion is more than one 
magnitude larger around 0.1 pJ. [87, 88]  

 

Figure 32:  AFM colloidal probe wet-adhesion measurements calculated as a) pull-off force 
and b) work of adhesion. Measurements correspond to latex-coated silicon 
probes and latex-coated wafers (1 h, 10 g L-1, 10 mM NaCl). Data for both soft 
spring constants (< 1.4 N m-1), in red and black, and stiff spring constants (> 9.5 
N m-1), in blue and purple, is shown. Error bars showing 95% confidence 
intervals. Nanoscale, DOI: 10.1039/c8nr08057g, 2019 - Published by The Royal 
Society of Chemistry. 

Looking at the SEM images of the PDMAPMA-latexes instead adsorbed on 
CNF(CARBOX)-layers in situ reveals a very different nanostructure of the 
surfaces, Figure 33. The spherical shape is maintained for 
PMMADMAPMADP400 and somewhat maintained for P(BA-co-
MMA)DMAPMADP400, but for PBADMAPMADP400 the particles have formed 
assemblies, correlating with the observed stiff layers in QCM-D despite 
similar mass adsorbed.  This observation indicates further some type of wet 
state interactions for the low Tg latexes (below or around RT).  Annealing 
PMMADMAEMADP1410 at 140°C for 3 h resulted in coalescence whereas 
PMMADMAPMADP400 remained essentially unaffected. This is hypothesized 
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to be due to the higher Tg of PDMAPMA (144 °C) which renders the 
particles large thermal stability and therefor remain re-dispersible even 
after drying at room temperature, an effect not seen for PDMAEMA-
stabilised latexes. 

 

Figure 33:  SEM images of QCM-D crystals covered with PDMAPMA-stabilised latexes (0.1 
g L-1, 10 mM NaCl); a) PMMADMAPMADP400, b) P(BA-co-MMA)DMAPMADP400, c) 
PMMADMAPMADP400 (annealed at 140 °C for 3 h) d) PBADMAPMADP400. The insets 
in a) and b) are for the same surfaces but at higher magnification 25k and 50k, 
respectively and scale bar show 150 nm. Nanoscale, DOI: 10.1039/c8nr08057g, 
2019 - Published by The Royal Society of Chemistry 

FTIR analysis of filter papers with adsorbed latexes indicates great 
adsorption despite the low surface charge of the substrate, Figures 27-28. 
The filter papers attain hydrophobic properties at room temperature when 
the Tg of the core polymer is low enough to allow for film formation, 
(PBMA, PBA, and P(BA-co-MMA), Figure 34-35 and Table 5. The 
summary of CAM results, Table 5, shows how PMMA-latexes require 
annealing at different times and temperatures, depending on whether it is 
stabilized by PDMAEMA or PDMAPMA. 
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Figure 34:  SEM images and contact angle measurements (inset) of filter paper adsorbed 
with a) PMMADMAEMADP1410 and b) PBMADMAEMADP1410. Polymer Chemistry, 
2017, 8, 1061 - Published by The Royal Society of Chemistry. 

Comparing the effect of different thermal treatments on PDMAPMA-
stabilised latexes, shown in Figure 35, it was found that 
PMMADMAPMADP400 require annealing at a higher temperature to become 
hydrophobic (insets i and iv still showing hydrophilic properties) whereas 
the P(BA-co-MMA)- and PBA- counterparts exhibit high CA’s and 
hydrophobic properties without any heat treatments. 

 

Figure 35:  SEM images of filter papers covered with; a) PMMADMAPMADP400, b) P(BA-co-
MMA)DMAPMADP400, c) water CA measurements prior to annealing: i) 
PMMADMAPMADP400 ii) P(BA-co-MMA)DMAPMADP400 and iii) PBADMAPMDP400. 
Inset iv) filter paper with PMMADMAPMADP400 after annealing at 140 °C for 3 h 
and lastly d) PBADMAPMADP400 Nanoscale, DOI: 10.1039/c8nr08057g, 2019 - 
Published by The Royal Society of Chemistry. 
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Table 5 - Contact angle measurement (CAM) on filter papers after adsorption of 
latex. 

Sample CA no 
annealing 

(°) 

CA after 
annealing 140 

°C 3h 

CA after 
annealing 160 
°C, over night 

No latex reference - a) - a) - a) 
PBMADMAEMADP705 128 131 Not performed 

PMMADMAEMADP705 - a) 118 Not performed 
PMMADMAPMADP400 - a) - a) 93 

P(BA-co-
MMA)DMAPMADP400 

113 113 113 

PBADMAPMADP400 137 137 137 
PMMACTAC  - a) 124 124 

a) Full absorption of the water droplet 

The CAM analysis, summarised for the latexes of either PDMAEMA or 
PDMAPMA stabiliser, clearly show difference between the latexes before 
any treatments. PDMAPMA giving rise to much thermal stability 
compared with PDMAEMA and PMMACTAC, possibly much related to their 
difference in Tg and the polyelectrolyte corona as described earlier. 

Most techniques applied for the structural analysis does not give 
information of the latex structural shape during drying on a surface, but 
rather at the dry state or frozen (cryo-TEM). In order to fully understand 
these systems, the drying need to be further investigated since a PISA-
latex, having a polyelectrolyte corona, possibly behave differently than 
frequently analysed conventional latexes. Therefore, the effect of drying 
and annealing of latexes were analysed in situ by GISAXS-analysis thanks 
to a set-up with industrial spraying device and a heating stage, used before 
on conventional latexes.[198] With this set-up it is possible to follow the 
structural evolution of the latexes in thin films on the surface while 
ramping the heat of the stage. First the sprayed mono-layers of latexes at 
room temperature are visualized by SEM imaging, Figure 36. Figure 36a, 
show the rigid PMMADMAEMADP1410 and Figure 36b show the soft already 
cluster forming and less PBMADMAEMADP1410 particles forming more 
clusters already at room temperature.  
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Figure 36:  Showing the surfaces formed after spray deposition of latexes onto silica wafers 
for GISAXS-analysis. SEM imaging of a) PMMADMAEMADP1410 and b) 
PBMADMAEMADP1410. 

Figure 37 show the intensity distribution along the q-axis from the 
GISAXS-analysis, integrated at the Yoneda region at different 
temperatures, PMMADMAEMADP1410 in Figure 37a and 
PBMADMAEMADP1410 in Figure 37b. The change in curvature is due to a 
change in structure of the surfaces, indicating structural evolution when 
increasing from room temperature up to 140 °C. The wet latex film needs 
sufficient drying until latex starts to deform and form larger scattering 
domains. However, there is a clear difference at what temperature the size 
of the domains occurs, at room temperature for PBMADMAEMADP1410 and 
above 70 °C for PMMADMAEMADP1410, despite the high Tg at 128 °C. The 
transition from more distinct individual particles on the surface at room 
temperature, indicated by the peak at 0.1 nm-1. 

 
Figure 37:  One-dimensional intensity distribution along qy-axis integrated at the 

corresponding Yoneda region for latex a) PMMADMAEMADP1410 and b) 
PBMADMAEMADP1410). All samples were step-wise annealed: 20°C (black), 40°C 
(red), 70°C (blue), 100°C (green), 140°C (purple).  
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Mixing of latexes with nanocellulosics 

In order to make nanocellulose-reinforced nanocomposite materials the 
critical step is mixing of the components.[58, 68, 92] The majority of 
previous examples on nanocellulose composite materials for example 
conducted by pioneering groups (Yano, Berglund and Dufresne and co-
workers), comprise multi-step production protocols, not necessarily 
involving all steps[65, 69, 84, 223-227]: 

I. Production of nanocellulosics; nano-sized or micron-sized 
II. Modification and compatibilisation of nanocellulosics 

a. Grafting to or from often in organic solvents 
b. Physisorption after mixing in organic solvents or water 

III. Solvent exchange or drying of compatibilised nanocellulosics 
IV. Mixing 0f compatibilised nanocellulosics with matrix polymers 
V. Processing of nanocomposites  

No matter the focus of the study, for most nanocomposites the mixing is 
easy to bypass and put little effort in. To perform an efficient material 
bottom-up design, some of these steps needs to be changed or simplified, 
especially for convenient scale-up. This is one of the reasons why this thesis 
has been focused on PISA-latexes since it is possible to perform direct 
mixing in water.[208, 226, 228, 229] However, the use of latexes was also 
compared specifically with the use of micelles from organic solvent 
exchange and grafting-from protocol using controlled radical 
polymerisation (CRP) to investigate the effect from “simple” protocols on 
compatibilisation.[228]  

A couple of approaches were evaluated in this study for producing latex-
nanocellulose mixtures, before introduced into melt extrusion or 
formation of one-pot nanocomposites. The different mixtures were for dry 
feeding; freeze-drying[228] and centrifugation-solvent exchange[229] but 
for wet feeding; crude mixing after drying to ~50% dry content still in water 
dispersions[226]. For the one-pot nanocomposites without matrix, the 
loading of CNFs(TEMPO) was up to 75wt%, otherwise the nanocellulosics 
loading was target 1, 2.5, 7.5, 10 and 20wt% with respect to the total weight 
of the nanocomposites. The loading of latex was varied between the 
systems, targeting either the same weight fraction as the grafted polymer 
(PBMA-modification of CNCs), charge ratio 1:9 latex:CNF(600 µeq g-1) for 
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comparison of PBMA and PMMA latex, or 1:1 mass ratio CNF:latex when 
using wet feeding. 

Since the composite components mixing and treatment before melt 
processing varies between all composites, the treatment effect on the latex 
is first presented in Figures 38-42.  

Looking at the mixtures of CNCs and PBMADMAEMADP705 latex, compared 
to grafted and micelles from organic solvents, AFM showed some 
aggregated structures of the mixtures before any heat treatment, Figure 38.  

 

Figure 38:  Height (left) and phase (right) AFM images 5 ×5 µm of unmodified CNCs and 

modified CNCs with micelles (CNC-Micelle), PBMADMAEMADP705 (CNC-

Latex) and grafted CNCs (CNC-Graft). Reprinted with permission from ACS 
APPLIED MATERIALS & INTERFACES 2017, 9 (40), pp 35305–35318. 
Copyright 2017 American Chemical Society. 

The micelles lump together, grafted more of coated CNC-aggregates. Latex 
however, less clustered and rather maintain still its spherical shape. 
Weather this affects the adhesion between matrix and the nanocellulosics 
or moreover affect the dispersion of the nanocomponents was shown more 
fruitfully from the mechanical properties. 

The effect of adding acetone to the latexes after drying, to mimic doing 
solvent-exchange, was investigated with SEM-imaging. 
PMMADMAEMADP1410 was first dried and re-dispersed in acetone and then 
dried again on gold coated silica surface, Figure 39a-b. There is a change 
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in the structure, to less spherical and somewhat aggregated assembled 
structures. 

  

Figure 39:  The image in a) and b) show the non-spherical PMMADMAEMADP1410 after 
being dried in room temperature and then treated with acetone and dried on a 
gold surface before SEM-imaging a zoom out of the formed objects to the right. 

The crude mixture between high concentration PMMADMAEMADP1410 and 
CNFs(Enz) together with PCL pellets was dried on silica surface for SEM-
analysis, showing a clear interaction between latex and CNFs(Enz) as 
maintained spherical shape of latex and distributed CNFs(Enz), Figure 40. 

 

Figure 40:  Showing in a) the PCL particle coated with latex-CNF mixture. from sample 
targeting 10wt% latex and 10wt% CNF(Enz) and in b) same mixtures but without 
visible PCL particle. Reprinted with permission from ACS APPLIED NANO 
MATERIALS 2018, 1 (6), pp 2669–2677. Copyright 2018 American Chemical 
Society. 

The surface energies of the components used for nanocomposites with 10-
20 wt% loading of CNFs(Enz) in PCL are shown in Table 6 and were used 
to further correlate some surface interactions observed in these mixtures. 
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The matching of surface energies for solid materials is one important 
parameter to create a good interface, allowing for strong adhesion between 
the components. The CAM analysis allows for the solid surface energy 
analysis of component blends, using the Oscar-Wendt relationships using 
diiodomethane and water as liquids.[83, 84, 226] 

Table 6 – The surface analysis of reference film of PCL, the components after heat 
treatment  

Sample 𝜽𝑯𝟐𝑶 𝜽𝑰𝟐𝑪𝑯 𝜸𝒔
𝑷  𝜸𝒔

𝑫  𝜸𝒔
𝒕𝒐𝒕𝒂𝒍

PCL 79 39 4 40 44 
PCL latex 90 37 1 41 42 
CNF(Enz) 58 58 18 30 48 

PMMADMAEMADP1410 60 27 11 45 56 
PMMADMAEMADP1410 latex - 

CNF(Enz) mix 
70 44 8 38 46 

 
The closer the value of surface energy comes to the PCL matrix the better 
in terms of “compatibility”, shown for the latex-CNF blend. As seen on 
silica and cellulose surfaces the PMMADMAEMA DP1410 show very 
hydrophilic properties before any annealing, due to the hydrophilic 
PDMAEMA-based corona that is still active on the surface of the particles. 
Not until the treatment is facilitated by interactions with CNFs(Enz) the 
core dominates over the corona, this relates also to the nanostructure 
analysis trying to mimic processing in melt extrusion made on CNFs(Enz) 
and latex mixtures for TEM-imaging, Figure 41. 
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Figure 41:  Morphology of the latex-CNF water dispersion used for the wet feeding 
approach, prepared at and dried at room temperature: SEM image (a), and TEM 
image (b) of the latex-CNF premix, dried at room temperature prior observation. 
A simulation or the thermal treatment during the melt processing (compounding 
+ injection moulding) on the TEM grid have been performed to follow the melting 
of the PCL and latex in mixture with CNF(Enz). A schematic of the simulation is 
reported in (c), and (d) shows the morphology of latex-CNF/PCL after annealing. 
Reprinted with permission from ACS APPLIED NANO MATERIALS 2018, 1 (6), 
pp 2669–2677. Copyright 2018 American Chemical Society. 

After this thorough heat treatment procedures, the spherical latex mixed 
with CNF(Enz), Figure 41a and b, result in something more coalesced, 
Figure 41d. 

PCL composites with latex-modified nanocellulosics 

The following section present the results from melt processing of above-
mentioned latex-nanocellulosics blends for dry feeding or wet feeding 
using CNCs, CNF(TEMPO) and CNF(Enz). A summary of samples is made 
in the following section, Table 7.  
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Processing and formation of nanocomposites 

The different composites made by PCL and added nanocellulosics (CNCs, 
CNFs(TEMPO) and CNFs(Enz)) is summarised with the components and 
varying loading wt%, Table 7. With possibility to compare the 
compatibilising system, nanocellulosic filler, and wt% loading. 

Table 7 – All nanocomposites of PCL and fillers. Filler wt% loading of 
nanocellulosics in abbreviation, such as CNC0.5 = 0.5 wt% CNCs in the composites. 

 
PCL composite CNC/CNFx, 

x=wt% 

Nanocell
ulose 
wt% 

Latex 
wt% 

C
N

C
 

CNC0.5 0.5 0 
CNC0.5-PBMADMAEMADP705 0.5 0.14 
CNC0.5-PBMADMAEMADP176 0.5 0.02 

CNC1 1 0 
CNC1-PBMADMAEMADP705 1 0.23 
CNC1-PBMADMAEMADP176 1 0.04 

CNC3 3 0 
CNC3-PBMADMAEMADP705 3 0.84 
CNC3-PBMADMAEMADP176 3 0.12 

C
N

F
(T

E
M

P
O

) 

CNF1(TEMPO) 1 0 
CNF1-PBMADMAEMADP705 0.6 0.4 
CNF1-PBMADMAEMADP176 0.9 0.1 

CNF1-PMMADMAEMADP1410 0.5 0.5 
CNF1-PMMADMAEMADP705 0.7 0.3 
CNF1-PMMADMAEMADP176 0.9 0.1 

CNF5(TEMPO) 5.0 0.0 
CNF5-PBMADMAEMADP705 4.8 0.2 
CNF5-PBMADMAEMADP176 4.3 0.7 

CNF5-PMMADMAEMADP1410 2.3 2.7 
CNF5-PMMADMAEMADP705 3.5 1.5 
CNF5-PMMADMAEMADP176 4.7 0.3 

CNF7.5(TEMPO) 7.5 0.0 
CNF7.5-PBMADMAEMADP705 4.3 3.2 
CNF7.5-PBMADMAEMADP176 6.5 1.0 

CNF7.5-PMMADMAEMADP1410 3.4 4.1 
CNF7.5-PMMADMAEMADP705 5.3 2.3 
CNF7.5-PMMADMAEMADP176 7.1 0.5 
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C
N

F
(E

n
z)

 CNF10(Enz) 10 0 
CNF10(Enz)dry feeding 10 0 

PMMADP1410 0 10 
CNF10-PMMADP1410 10 10 
CNF20-PMMADP1410 20 10 

 

The cellulose content in the PCL nanocomposites was varied between 
0.5wt% to 20wt%, Table 7. Processing is most convenient with fewer 
treatments and easy mixing, as for the CNF(Enz) nanocomposites with 10-
20 wt% total loading of cellulose, where mixtures are made very crude by 
blending high concentration dispersions (CNF(Enz) gel and latex at 
production concentration). The use of small amounts of water is ok, despite 
risk of hydrolysis of PCL chains, since the subsequent steps include 
removal of water. For the other two systems (CNCs and CNF(TEMPO)) 
dewatering was accomplished using freeze-drying and solvent-exchange, 
whereas for the composites from high concentration mixing and wet 
feeding, the dry content was down to 50wt% (CNF(Enz) at 2% and latex at 
15%) by drying at ambient temperatures before melt-mixing with PCL. The 
water is supposedly hydrolysing the PCL during processing but using SEC 
in THF on the matrix PCL showed no change in molecular weight or 
dispersity, indicating stable processing with water present. After 
processing the mixtures samples for Instron were either cut or shaped by 
injection moulding for analysis of mechanical properties. For high loading 
CNF(Enz) samples made into round disks for rheology tests. All 
nanocomposites were analysed for their thermal degradation and the 
CNF(TEMPO) nanocomposites were also analysed for their chemical 
enzymatic degradation. 

Improved dispersion or interfacial adhesion between components  

If a nanocellulose is to achieve improved dispersion within a PCL matrix, 
the clearest indication would be increase in the mechanical properties such 
as stiffness, i.e. the Young’s Modulus (E-Modulus). The data acquired 
during mechanical testing of all the PCL nanocomposites, is summarized 
in Table 8. The PCL matrix polymers used for the different nanocomposites 
were; CNC 80 000 g mol-1, CNFs(TEMPO) 45 000 g mol-1 and CNFs(Enz) 
50 000 g mol-1. 
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Table 8 – mechanical properties of the studied PCL nanocomposites of either 
unmodified or latex-modified CNCs, CNFs from TEMPO-oxidation 
(CNF(TEMPO)) and CNFs from enzymatic pre-treatments (CNF(Enz)) at different 
filler wt% and ratio latex to nanocellulosic filler. Nanocellulose and PCL reference 
written in bold. Results are presented without statistics; statistic data can be 
accessed in the specific references.[226, 228, 229] 

 
PCL composite CNCx or 

CNFx, x=wt% 

E-Modulus 
[MPa] 

Ultimate 
strength 

[MPa] 

Strain-at-
break  

[%] 

C
N

C
 

Matrix PCL using CNC 270 26 1200 
CNC0.5 330 33 1000 

CNC0.5-PBMADMAEMADP705 340 26 850 
CNC0.5-PBMADMAEMADP176 300 30 900 

CNC1 310 26 900 
CNC1-PBMADMAEMADP705 300 28 900 
CNC1-PBMADMAEMADP176 340 27 110 

CNC3 345 4.0 100 
CNC3-PBMADMAEMADP705 320 16 850 
CNC3-PBMADMAEMADP176 325 8.0 550 

C
N

F
(T

E
M

P
O

) 

Matrix PCL using CNF(TEMPO) 41 1.9 303 
CNF1(TEMPO) 42 1.9 30 

CNF1-PBMADMAEMADP705 47 2.0 27 
CNF1-PBMADMAEMADP176 46 2.0 26 

CNF1-PMMADMAEMADP1410 48 2.0 25 
CNF1-PMMADMAEMADP705 45 2.0 23 
CNF1-PMMADMAEMADP176 43 2.0 20 

CNF5(TEMPO) 43 1.9 30 
CNF5-PBMADMAEMADP705 50 2.1 27 
CNF5-PBMADMAEMADP176 47 2.0 25 

CNF5-PMMADMAEMADP1410 50 2.2 13 
CNF5-PMMADMAEMADP705 48 2.1 11 
CNF5-PMMADMAEMADP176 47 2.0 10 

CNF7.5(TEMPO) 46 2.0 29 
CNF7.5-PBMADMAEMADP705 53 2.2 20 
CNF7.5-PBMADMAEMADP176 50 2.1 10 

CNF7.5-PMMADMAEMADP1410 53 2.2 10 
CNF7.5-PMMADMAEMADP705 51 2.1 6 
CNF7.5-PMMADMAEMADP176 49 2.1 5 

C
N

F
(E

n
z)

 

Matrix PCL using CNF(Enz) 240 16.3 1470 
CNF10(Enz) 350 17.2 40 

CNF10(Enz)dry feeding 280 15.7 7 
PMMADMAEMADP1410 310 17.2 1150 

CNF10-PMMADMAEMADP1410 620 23.2 280 
CNF20-PMMADMAEMADP1410 840 27.2 13 
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Following Equation 2 for rule-of-mixture between a matrix (Em) and a filler 

(Ef), 𝐸 𝑣 ∗ 𝐸 1 𝑣 ∗ 𝐸 , the increase in E-modulus with 

filler content should follow a linear trend, rarely observed for 
nanocellulosic filled composites.[67, 69] Equation 2, as discussed by 
Bismarck et al., can be used by either applying the E-modulus for a network 
of the filler or the actual E-modulus for the nanofillers, around 150 000 
MPa for nanocellulosics. Which of the two that fits best depend on the 
analysed system.  

The applied nanocellulosics should due to their stiffness, even at very low 
volume fractions (relating wt% to vol%) give rise to large increases in E-
modulus when well dispersed. This is, if the aspect ratio is fully utilised, 
looking at simplified Equation 3 for random oriented fibres in the matrix 
where increase in stiffness is given by;  𝐸 1 0.4 ∗ 𝑟 ∗ 𝑣 . Using 

these two equations, and either network or individual filler E-modulus, 
together with modelling the aspect ratio, the following results are obtained 
for the nanocomposites reported in this thesis, table 9.  

The PCL nanocomposites with CNF(TEMPO) or CNF(Enz) can be further 
assessed using models of Halpin-Tsai and rule-of-mixtures, together with 
simplified models of Bismarck et al. and Justice et al.[58, 68, 93, 96], see 
data in Table 9. CNC film network data presented by Youngblood et al., 
CNF(Enz) network from Henriksson et al. and CNF(TEMPO) network 
reported in this study, see Table 10.[56, 208, 230]  

Table 9 – Show the calculations performed of the herein studied PCL 
nanocomposites, shown in Table 8, of either unmodified or latex-modified CNCs, 
CNFs(TEMPO) CNFs(Enz) at different filler vol%. 

 CNCs or CNFs 
Calculation and 
sample [MPa] 

CNC 
0.4a 

CNC 
0.8 a 

CNC 
2.3 a 

CNF
0.8b 

CNF
3.8 b 

CNF
5.7 b 

CNF
8c 

CNF
15c 

Theoretical E-modulus MPa] using Eq. 2. or 2* 

Eq. 2 Ef 150 GPa 840 1150 3440 1190 5770 
863

0 
1167

0 
2310

0 
Eq. 2*  

CNC 14.9 GPa  
CNF 5.9 GPa 
[208, 230]   

330 380 600 90 270 380 680 1110 

Eq. 2* 
CNF 13.2 GPa[56]  

N.A. N.A. N.A. 140 540 790 1230 
220

0 
 



Results and Discussion - 76 

Continuation Table 9 
Experimental E-modulus MPa 

No latex 330 310 345 42 43 46 350 - 
PBMADMAEMADP705 340 300 320 47 50 53   
PBMADMAEMADP176 300 340 325 46 47 50   

PMMADMAEMADP1410    48 50 53 620 840 
PMMADMAEMADP705    45 48 51   
PMMADMAEMADP176    43 47 49   

Theoretical E-modulus using Eq. 3 
CNC raspect 25 

CNF raspect 250 
280 290 330 70 200 280 2070 

390
0 

Active aspect ratio using Ecomposite, Eq. 3 
No latex 146 49 30 7 3 5 15 3 

PBMADMAEMADP705 170 36 20 47 14 12   
PBMADMAEMADP176 73 170 22 39 9 9   

PMMADMAEMADP1410    51 14 12 52 41 
PMMADMAEMADP705    31 11 11   
PMMADMAEMADP176    15 9 8   

Ratio equation 3 over expected aspect ratio (CNC25 and CNF250) 
No latex 5.82 1.94 1.21 0.03 0.01 0.02 0.06 0.02 

PBMADMAEMADP705 6.79 1.46 0.81 - - -   
PBMADMAEMADP176 2.91 6.79 0.89 0.19 0.06 0.05   

PMMADMAEMADP1410    0.16 0.04 0.04 0.21 0.33 
PMMADMAEMADP705    0.20 0.06 0.05   
PMMADMAEMADP176    0.12 0.04 0.04   

a Equivalent to PCl-CNCx, where x varies between 0,5, 1 and 3 wt%. b Equivalent to PCl-

CNFx(TEMPO), where x varies from 1, 5 and 7.5 wt%. c Equivalent to PCl-CNF10(Enz). All 
wt% here roughly re-calculated to vol% using the density ratio for Cellulose/PCL=1.5 1.145-1. 

dCNF TEMPO film from this study is measured with no treatments with temperature or 
pressure, which is commonly used in other literature.  

The theoretical E-modulus calculated in Table 9, first row, compared to 
experimental values, indicates that no samples fit to the models of well 
distributed nanofillers with the inherent E-modulus of 150 GPa. Seemingly 
the fillers are in contact (aggregated), why basically no values are within 
what is expected from any of the models. Dispersion of the filler in the 
matrix would be the first parameter to evaluate, the second would be the 
adhesion between components. However, for the two batches of CNCs and 
CNF(Enz) the latex-modified seemingly facilitates larger values of E-
modulus than un-modified and some samples reach well above the 
network model. Solvent-exchange shows little effect of compatibilisation 
or improved dispersion of nanofiller. The adhesion between the 
components will be further described below for the system using high 
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loading of CNF(Enz). Despite the deviation from rule-of-mixtures the 
nanocomposites of 10% loading of latex-modified CNF(Enz), show great 
mechanical properties and promising adhesion between components since 
strength is fruitfully increased by 34% while maintaining strain-at-break 
up to 240%. Thus, these data set give rise to interesting values, especially 
regarding aspect ratio in terms of active ratio compared to expected, where 
no samples except CNC composites with low vol% show close to expected 
ratios.  

However, the compatibilisers give rise to maintained flexibility of the PCL 
(ref 1200%), with strain-at-break > 600% for all systems (grafting from, 
micelle and latex) compared to CNC reference as low as < 100% for 3wt% 
loading. In order to exclude the nanoparticle giving rise to so called matrix-
effects, as in for example increased crystallinity of a semi-crystalline 
polymer matrix, it is good to correlate change in DSC measurements. 
However, no latex-modified show much larger increase in crystallinity 
when compared to reference nanocellulose composites (all composites 
show maximum increase of 1.2% for CNCs and 5% for CNF(TEMPO) within 
standard deviation). The wet feeding composites even show decrease in 
crystallinity from 53 down to 47%. All values calculated using a 𝛥𝐻   for 
100% crystalline PCL to be 136 kJ mol-1.[231, 232] There are deviating 
numbers used in the literature, however since the change is most 
interesting in this study this value was applied. 

The discussion on the nanofillers greatest improvement to be seen in 
increased E-modulus and the need of dispersion and non-aggregated 
structures with kept raspect was also well described by Blattmann et al. in a 
recent review as well as Paul et al. and Shaefer et al. earlier.[58, 92, 233] 
Blattmann show the importance of size and shape of the filler when 
comparing vol% and wt% as well as how the number of particles in a 
percolating network is much dependent on these parameters. One can 
apply simple calculations on the amount of nanocellulosics filler in vol% at 
which they can be packed into a matrix until they form a percolating 
network, also discussed by Toll to be in the region of 1-4 vol% at raspect of 
100-10.[234] Using a spherical matrix volume creates the presented 
relationship y = 500X, where y is the raspect and x is the vol% of filler, similar 
to reported from crowding factor for fibres in pulp dispersions. 
Nanocellulose with raspect at 250 will show 0.5 contact points per fibre at 0.5 
vol%.[235] This means that at “well dispersed” state above 1 vol%, the 
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nanocellulose is a percolated network, hence give rise to very different 
behaviour both during processing and when used as nanocomposites. 

On a general note, these results indicate that the use of nanocellulosics 
should more commonly be divided into two main targets: 

I. Increase the E-modulus 
a. Volume fraction must be low, around 0.1-1 vol% - 

(efficient aspect ratio shown for < 0.76vol%) 
II. Increase only the nanocellulose loading - aggregation  

a. E-modulus increase is limited 

Main challenge would be to achieve these two targets at the same time. 
However, it is worth pointing out that the grafted CNCs show somewhat 
promising data, at least when comparing the increase of E-modulus to 360 
MPa, compare to latex maximum not even larger than un-modified 345 
MPa.  

Using rheology measurements, it was possible to evaluate the adhesion 
between the latex-modified CNFs(Enz)10-20% in the PCL matrix, Figure 
42. This technique can give information on the interactions in melt 
dispersions, in this study analysed at 80C. Performing a frequency sweep 
show clear difference between the samples, where the latex-modified 
CNFs(Enz)10-20% show a very different behaviour with the PCL matrix, 
compared to reference samples such as latex mixed with PCL. 
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Figure 42:  Complex viscosity (a), viscoelastic storage modulus G′ (b), viscoelastic loss 

modulus G′′ (c), and the van Gurp-Palmen plot as a function of the angular 
frequency ω (d), recorded during the frequency sweep tests in the molten state 
(T = 120 °C) for the different composites of PCL and PMMADMAEMADP1410 
(Abbr. PMMADP1410. Reprinted with new legend with permission from ACS 
APPLIED NANO MATERIALS 2018, 1 (6), pp 2669–2677. Copyright 2018 
American Chemical Society. 

The major argument for the application of latexes as compatibilisers of 
nanocellulose in hydrophobic matrices, is whether they improve the 
adhesion to the matrix polymer or act as dispersion agent to improve 
nanocellulose dispersion and lower the aggregation of the cellulosics. As 
discussed before, the combination of the two targets are not easily 
combined or achieved. Latexes with interacting corona helps to attach to 
cellulose, thus increase risk for flocculation however not nanocellulose-
nanocellulose necessarily but nanocellulose-latex-nanocellulose. Core 
stiffness upon interaction with nanocellulose, for example PMMA or PBA, 
will drastically alter where and when that stabilised nanocellulose-latex 
structure turns into rather polymer-miscibility phenomenon when in 
contact with matrix polymer during for example extrusion. The longer the 
latex can maintain distribution of nanocellulose by maintaining its 
spherical structure, the better. This is seen as the large increase of modulus 
for PCL CNF(Enz)10-PMMADP1410, since the effect of addition is much 
larger due to the maintained rigidity. The increase to 20wt% was also 
further increasing the E-modulus of the composite, indicating further good 
dispersion of CNFs inside PCL.  
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The adhesion between PMMADMAEMADP1410 and the CNF(Enz) shown to 
be very effective in both dispersion and compatibility terms, and the 
properties given in the molten state is visualised by the rheology data, 
Figure 42. The increasing storage and loss modulus upon the latex-
modified CNF added to PCL is orders of magnitudes for lower frequency 
shifts, Figure 42a-c. It cannot be excluded that some of the effect on the 
rheological properties are given by the increased added amount of 
nanofillers (from 10wt% to 20wt%). However, the increase is much larger 
between PCL CNF10(Enz)-PMMADP1410 and PCL either latex or CNF(Enz) 
alone, than moving up from 10% to 20% CNF, indicating an inherent 
property for the mixture of CNF-latex, less depending on addition of more 
nanofiller. Plotting the complex shear modulus against phase to create a 
van Gurp-Palmen plot, Figure 42d, indicates specific interactions between 
latex and CNF within the melt. The CNFs are somewhat distributed within 
the melt with latex contact points and the behaviour of the van Gurp-
Palmen plot is similar to adding long chain branched polymers to melts 
with linear polymers. The increasing CNF content shift the graph to the 
right, correlating with adding more long chain branched polymers to a 
linear polymer melt.[236, 237] 

Thermal and chemical degradation 

Introducing modified CNCs into PCL gives increased thermal stability 
especially when looking at what temperature the materials degrade to 20 
% degradation, with lower weight-loss compared to PCL-CNC reference. It 
was possible to compare the PCL CNC3PBMADMAEMADP705 and PCL 
CNC3PBMADMAEMADP176 with the other different modification techniques 
(grafting from and micelle adsorption both using ATRP for polymerisation 
of BMA). Results show that grafting of PBMA chains with long DP, around 
500-700 for all systems, were most stable against degradation, Figure 43.  
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Figure 43:  TGA thermograms of PCL composites with 3 wt% loading of either unmodified 

CNCs, grafted CNCs, latex-adsorbed CNCs and micelle-adsorbed CNCs. 
Reprinted with new legend with permission from ACS APPLIED MATERIALS & 
INTERFACES 2017, 9 (40), pp 35305–35318. Copyright 2017 American 
Chemical Society. 

The thermal degradation of the PCL-CNF(TEMPO) samples show no clear 
change in thermal degradation, perhaps related to the low loading of CNFs. 
They were instead analysed by weight-loss during in vitro enzymatic 
degradation using porcine pancreatic (PP) lipase in phosphate buffer 
solution (PBS, pH 7.4, 0.026 M of NaH2PO4, 0.20 M of Na2HPO4 for 10 
weeks. The degradation shows changes when incorporating 
CNFs(TEMPO) into the PCL matrix, moreover a decrease in degradation 
rate, Figure 44. 
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Figure 44:  Weight loss profile during enzymatic degradation of pure PCl and PCL-

CNFs(TEMPO) nanocomposites; the values are the mean of three replicates 
and the standard deviations (not shown) are <12%. Reprinted with new legend 
with permission from POLYMER COMPOSITES 2018 doi:10.1002/pc.24865. 
Copyright 2018 John Wiley and Sons. 

The degradation of PCL-CNF(Enz) composites was performed using TGA 
and showed that the composites filled with CNFs both unmodified and 
latex-modified show no large increase in the degradation temperature still 
at 411 C for 1st derivative maximum, but the 5wt% degradation 
temperature shifts downwards from 373 C for PCL to 336 with 10%CNF, 
244 latex-CNF and 316 C for 20% latex-CNF, respectively. The separate 
components were also analysed to see their processing stability and none 
of the components degrade more than 5wt% until 244 C, i.e. much higher 
than processing temperatures. 

CNF nanocomposites with latexes 

Not only were the PDMAEMA-stabilised latexes analysed for their 
utilization as compatibilisers or dispersion agents in PCL matrices, they 
were also used as functional fillers in double networks with 
CNFs(TEMPO). The one-pot nanocomposites were made with filling up to 
75wt% CNFs and 25wt% latex and varying the latex Tg. The 
PMMAPDMAEMADP1410 latex shows great toughness increase in dry state, 
compared to all the others analysed (small DP176 and large DP1410 size of 
both PMMA and PBMA type), see Table 10. 
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Table 10 – Tensile testing of CNF-film and CNF-latex nanocomposites. Polymer 
Chemistry, 2017, 8, 1061 - Published by The Royal Society of Chemistry 

Nanocomposite 
E-Modulus 

[MPa] 
Tensile strength 

[MPa] 
Strain-at-
break [%] 

CNF reference 5950 ± 590 173 ± 32 13.6 ± 4.0 
CNF-PMMADMAEMADP176 4550 ± 430 120 ± 9.1 14.8 ± 3.1 

CNF-PMMADMAEMADP1410 3520 ± 310 117 ± 3.0 28.2 ± 1.5 
CNF-PBMADMAEMADP176 4230 ± 190 116 ± 14 12.9 ± 3.3 

CNF-PBMADMAEMADP1410 3870 ± 270 114 ± 19 16.1 ± 5.4 
CNF-PMMADMAEMADP1410 

Annealed @150 °C 3540 ± 385 101 ± 7.8 16.7 ± 3.2 

During the initial step of the formation of these nanocomposite, the mixing 
of latex with the CNF(TEMPO), there is a large risk of flocculation, shown 
in Figure 9. The nanostructures mixing procedures were judged by visual 
inspection upon mixing. Aggregates can occur in size range between 200 
nm to 40 µm without being visualized. Therefore, the resulting dry film 
nanostructure cross-section for the nanocomposite indicate how the 
nanostructures aggregate in dispersions before film formation. Looking at 
the cross sections of film with PMMADMAEMADP1410 25wt% and 
CNF(TEMPO) at 75wt% in Figure 45, the latex is well distributed within 
the dominating CNF network. The herein reported nanocomposites 
materials should be compared to other systems where polymeric 
nanoparticles (micelle or latex) were mixed with CNFs to achieve 
maintained strong properties, but most materials show little to no synergy 
between components or within the nanomaterials (such as increased 
strain-at-break).[188, 238] 

 

Figure 45:  CNF reference film in a) and the CNF-latex nanocomposites using 25wt% 
loading of PMMADMAEMADP1410 in b). 
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In situ SAXS analysis during tensile testing 

The mechanism of the shown toughness increase for the 
PMMADMAEMADP1410 latex by 28% strain-at-break and remaining stiffness 
of 3.5 GPa was further analysed by using the in situ measurements at BNL 
synchrotron beamline using a Linkam Tensile stage while performing 
SAXS-measurements, Figure 46a-b. Tensile testing at 1% strain min-1 give 
rise to reproducible stress-strain curves while following the structural 
evolution inside the CNF-latex double network. The CNF-
PMMADMAEMADP1410 show domains corroborating with spherical particles 
in expected q-range (relative sizes of ~100-200 nm). The integration and 
resulting I(q)-plot at different strain % indicates alternating anisotropy 
during elongation for the CNF-latex double network compared to rather 
maintained structure for the CNF reference, Figure 46a. This result 
indicates that the latex-CNF at this loading making a 3D network where 
CNF needs to be pulled from and around latexes, still interacting with the 
CNFs due to their corona polymer. This give rise to an increased plastic 
deformation of the nanocomposites, becoming more flexible. To confirm 
the dispersion of the latexes within the CNF-latex double networks with 
SEM images, Figure 45, microtomed cross-sections from TEM were 
produced, Figure 46c. The cross-section indicates further a very nice 
distributed PMMADMAEMADP1410 latex within the CNF network. 

 

Figure 46:  SAXS curves measured during in situ tensile strain measurements – increasing 
arbitrarily shifted intensities indicate 0, 25, 50, and 95% of the time until critical 
failure. Nanocomposites measured with a) no latex filler (CNF Reference) and 
b) 25 wt% latex (CNF-PMMADMAEMADP1410). SAXS curves were integrated 
isotropically around the image (black dashed line), horizontally (red), and 
vertically (blue) to demonstrate the appearance of anisotropy with increasing 
strain time. Insets: 2D SAXS patterns for 0 (left) and 95% (right), again 
demonstrating the apparent anisotropy. TEM image of CNF-
PMMADMAEMADP1410 in c).
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Conclusions 

Cellulose materials (such as CNFs or CNCs) often require surface 
modification to be successfully used in blends with hydrophobic polymer 
and to reach material properties comparable to fossil-based plastics. 
Focusing on aqueous nanocellulose dispersions as main material, the 
herein reported PISA-latexes show great promises. Using macroRAFT 
agents of P(DMAEMA-co-MAA) or PDMAPMA it is possible to form 
cationic PISA-latexes with strong adhesion and large affinity to cellulose 
and other anionic surfaces, such as silica wafers.  

RAFT-mediated surfactant-free emulsion polymerisation and PISA gives 
rise to tailoring possibilities of the size of the nano-objects (ranging 
between 36 to 230 nm in DH) and the core Tg between -40 to 160 °C using 
different monomers (MMA, BMA, BA and SobMA). The bio-based 
sobrerol-derived renewable monomer, SobMA was successfully utilized in 
the synthesis of PISA-latexes This is a very promising tool for the increased 
use of renewable materials within latex production. The PISA-latexes show 
significant colloidal stability (> +40 mV) and the PMMAPDMAPMADP400 
latex is even re-dispersable after drying at room temperature.  

Due to the applied chemistry for PISA-latexes high molecular weights, 
above 300 000 g mol-1 can be reached with a relatively low Ð (<1.7). The 
PISA-latexes allows for in situ loading of hydrophobic cargo such as 
fluorescent dye Nile red or drugs such as DOX, with slow release profiles.  

One of the pre-requisites for modification of nanocellulosics is the 
adhesion in wet state, and all the herein investigated PISA-latexes adsorb 
readily on anionic surfaces. Adsorption kinetics are driven by diffusion and 
therefore size-dependent, however the entropy gain promotes adhesion to 
the surfaces due to the polyelectrolyte corona. The adsorption can to be 
tailored with electrolyte concentrations and possibly pH. The PISA-latexes 
show all characteristics to give rise to feasible adhesion to CNFs and CNCs. 
After film formation the surfaces become hydrophobic (measured with 
CAM) and the spherical topography is altered as shown SEM and AFM and 
GISAXS analysis of surfaces. 

The two major challenges with nanocellulosics addressed in this thesis 
were; 

I. Compatibility with hydrophobic matrices 
II. Re-shapeability of networks  
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Targeting the compatibility, PISA-latexes and nanocellulose were mixed in 
water dispersions and subsequently dried either with freeze-drying or 
solvent-exchange then extruded. Or simply mixed in water and just 
partially dried before extrusion, in so called wet feeding. All procedures 
used to produce PCL-based composites with different dispersed 
nanocellulosics (CNCs, CNFs(TEMPO) and CNFs(Enz)).  

Freeze-drying and hot press (CNC-composites) show a slightly improved 
E-modulus for PCL-composites, especially at loadings below 1 vol%, where 
grafting from of PBMA and latex (PBMADMAEMADP176 and DP705) show 
some improvements. A large improvement was not fully achieved by 
addition of latex as compatibiliser, these procedures, also shown for the 
solvent exchange protocols using CNF(TEMPO) instead of CNCs. Neither 
of the PDMAEMA-stabilised latexes (PMMA or PBMA) as compatibiliser 
was sufficient when using solvent exchange, the stiffness increased almost 
negligible compared to what is predicted by rule-of-mixtures. However, the 
direct mixing of PMMADMAEMADP1410 and CNF(Enz) using wet feeding at 
high loadings of CNF (10-25 wt%) show increasing E-modulus. The 
composites also indicate that there is strong adhesion between latex and 
CNFs, observed by rheology measurements. Without losing too much 
flexibility of the matrix polymer (strain-at-break > 200%). None of the 
applied PISA-latexes as compatibilisers give rise to composite properties 
expected from models of a well-dispersed nanocellulose filler. However, 
some of the composites fit relatively well to rule-of-mixtures applying 
percolating network models, shown especially for latex-modified CNCs in 
PCL, but only below 1 vol%. There seems to be a challenge to target both, 
high loading of nanocellulose and correlation with rule-of-mixtures. 
However, it is important to point out that for phasing out fossil-based 
materials it may not be required. Instead, it is interesting to maintain the 
properties of the matrix polymer as much as possible so at high loading the 
materials remain re-shapeable. 

The high Tg PMMA-latexes, PMMADMAEMADP1410, show great properties, 
both as compatibiliser but also as a toughening agent. They seem to act as 
dispersion agents for CNF(Enz), as discussed, but they also give rise to 
interesting interactions in double networks with CNFs. The 
PMMADMAEMADP1410 latex increase the toughness and re-shapeability 
(strain-at-break > 28%) of a CNF network. This was in contrary to what 
was expected from a latex with a stiff core polymer (Tg above 120 °C) 
compared to the PBMA-latex with Tg below 33 °C. The tough nanomaterial 
(CNF(TEMPO) and PMMADMAEMADP1410) seem to be due to the well 
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dispersed latexes within the double network, forming more of a three-
dimensional network of CNFs instead of otherwise commonly more two-
dimensional, shown by TEM and SEM of the cross-sections. The 
interaction stems from strong adhesion between the corona of latex 
particles and the CNFs, shown by adsorption of latex on CNF-layers in 
QCM-D. The correlation between the mechanical properties and 
hypothesize mechanism of toughening was made by in situ SAXS-analysis 
during tensile testing of the nanocomposite films. The results indicate that 
the three-dimensional distribution of CNFs in the film prolongs the plastic 
deformation. The PMMA-latexes remains mostly spherical and facilitates 
an interaction with CNFs distributed within the network in several 
directions. The different 3D structure was also indicated by the altering 
anisotropy during tensile testing, as compared to the CNF reference and 
PBMA film. The results indicate the possibilities of using tailored PISA-
latexes and nanoscale build-up for production of re-shapeable CNF-based 
nanocomposites.  
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Future work 

There are many possible directions to take regarding the future work 
around PISA-latexes for cellulose modification and new materials using 
CNFs and CNCs. However, these are some of the most interesting future 
projects. 

 Monitoring polymerisation of cationic PDMAEMA- or 
PDMAPMA-stabilised latexes during self-assembly to attain 
further knowledge on the structural evolution of the corona during 
polymerization in wet state by probing the radius of gyration and 
kinetic resolution of the structural shape of block copolymers 
formed during PISA. The use of in situ high temporal resolution 
SANS by effectively contrasting the corona from the core with 
deuterated water. 

 Investigating further the effect of DP of MacroRAFT agents of 
PDMAEMA and PDMAPMA for the reported protocols of PISA, to 
elucidate if it is possible to make other than spherical objects, such 
as worms. 

o Using electrolytes and pH to control the hydrophilicity of 
the macroRAFT 

 Performing same protocols as reported herein but instead using 
quaternized macroRAFT agents to obtain latexes with much 
higher stability towards change in pH and electrolyte. 

On the aspects of nanocomposites, continuing to analyse the mechanism 
of toughening for PMMA-latex inside CNF network using SAXS and high 
resolution techniques, to understand if the property is tailorable to greater 
extent and if strain-at-break could be even higher. Based on the 
assumption that corona is active in the mechanism, the DP of stabiliser is 
of very large interest. 

Regarding use of renewable resources, even more focus on the use of 
monomers from renewable sources such as wood or other non-edible 
biomass. Develop mostly the use of renewable resources for new 
macroRAFT agents, having low Ð from the starting point, to help with the 
characterisation of PISA-efficiancy.
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