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SOMMAIRE 

Les travaux de cette thèse ont porté sur le développement d’applications pour les Nanocristaux 

de Cellulose (NCC) sensibles au CO2. Les NCC en forme de bâtonnets sont modifiées 

chimiquement ou physiquement par des polymères sensibles au CO2 afin de concevoir de 

nouvelles applications. Ces polymères sont sensibles au CO2 dans un environnement aqueux, 

car le CO2 peut les protoner tandis qu’un gaz inerte peut les ramener à leur état neutre. Deux 

polymères, le poly(2-(diéthylamino)éthyle méthacrylate) (PDEAEMA) et le poly(2-

(diméthylamino)éthyle méthacrylate) (PDMAEMA), sont utilisés comme polymères 

sensibles au CO2 dans cette thèse. Ces deux polymères présentent des différences de 

comportement en milieu aqueux. Ainsi, le PDEAEMA est un polymère hydrophobe à l'état 

neutre, mais il devient hydrophile lorsque protoné par le CO2 en solution aqueuse. Cependant, 

PDMAEMA est un polymère hydrophile dans les deux états protoné ou non protoné. En 

greffant les polymères sur les NCC ou en les mélangeant dans la suspension de CNC, les 

charges de surface ou les interactions intermoléculaires changent sous l'effet des gaz. Ainsi, 

les NCC sensibles au gaz ouvrent un nouveau domaine d'applications. Les résultats obtenus 

dans cette thèse valident de nouvelles stratégies dans trois applications différentes et offrent 

des perspectives pour développer et explorer de nouveaux matériaux à base de NCC sensibles 

au CO2. 

Dans le premier chapitre (Chapitre 1), les méthodologies des projets sont expliquées. Les 

instruments utilisés dans les trois projets avec leur description détaillée et l'ensemble des 

parties expérimentales de la thèse sont décrits dans ce chapitre. 
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Dans le premier projet (chapitre 2), le but recherché est le développement de nanocomposites 

ayant des applications industrielles, employant les NCCs comme nanocharge dans d’autres 

polymères usuels. Dans cette approche, les NCCs sont greffés avec du PDEAEMA (CNC-g-

PDEAEMA-Py) pour concevoir une stratégie « universelle » de fabrication de 

nanocomposites (à base de polymères hydrophiles ou hydrophobes) sans additifs. En greffant 

le polymère sensible au CO2 à la surface des NCCs, leur polarité peut être modulée en fonction 

des gaz. Les NCCs greffés résultants sont des nanocharges compatibles avec un polymère 

hydrophile ou hydrophobe (lipophile). Les nanocomposites sont obtenus par un processus de 

transfert direct de la nanocharge sensible au CO2 à travers l’interface eau-solvant organique, 

en réponse au bullage de deux gaz (CO2 et N2), puis de leur dépôt en solution.  

Dans le deuxième projet (chapitre 3), l’application visée est la filtration pour l’industrie. De 

cette manière, les NCCs greffés avec du PDEAEMA sont utilisées pour fabriquer des filtres 

sensibles au CO2. Nous fabriquons des NCCs intelligents, couvrant une gamme allant de 

l'ultrafiltration à la nanofiltration, et dont la taille des pores peut être ajustée à quelques 

nanomètres juste en faisant barboter du CO2 et du N2 en solution aqueuse. Le PDEAEMA 

sensible au gaz contrôle l’espace libre entre les NCCs agencés en forme de bâtonnets et 

déposés de manière aléatoire sur une membrane de support. Les polymères écrasés à la surface 

des NCCs maintiennent l’espace entre les bâtonnets de NCC à leur capacité maximale (appelé 

« ouvert »), et les polymères érigés réduisent cet espace (appelé « fermé »). Ces membranes 

sont utilisées pour la filtration de matériaux non chargés ou chargés. 

Dans le troisième projet (chapitre 4), l'objectif est de contrôler la phase nématique chirale 

composée de NCCs pour la fabrication de cristaux liquides (CLs) sensibles au CO2. Pour y 

parvenir, des suspensions de NCCs et de PDMAEMA sont étudiées pour contrôler la couleur 
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structurelle provoquée par le libre maintien des NCCs dans ces suspensions. Le mélange de 

PDMAEMA et de NCC est sensible au CO2, montrant une transition de phase de chirale 

nématique à isotrope en présence de CO2. Comme le PDMAEMA protonné par le CO2 subit 

une attraction électrostatique des NCCs chargées négativement, les arrangements hélicoïdaux 

des NCCs sont donc influencés par le CO2. Cependant, les structures de cristaux liquides sont 

encore reproduites (transition de phase d’isotropique à nématique chirale) après l’élimination 

du CO2 par chauffage puis purge avec de l'Ar. Ce phénomène a été prouvé par les techniques 

de microscopie optique polarisé et de microscopie électronique à balayage. 

Mots-clés: Nanocristal de cellulose, NCC, Polymères sensibles au CO2, PDEAEMA, 

PDMAEMA, nanocomposite, membrane, cristaux liquides, CL 
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ABSTRACT 

The research in this thesis focus on the development of applications of CO2-responsive 

Cellulose Nanocrystal (CNC). The rod-like CNCs are modified by CO2-responsive polymers, 

either chemically or physically, to design the new applications. These polymers are sensitive 

to CO2 in an aqueous environment because CO2 can protonate them and recover their neutral 

state by an inert gas. Two polymers, poly (2-(dimethylamino) ethyl methacrylate) 

(PDEAEMA) and poly (2-(methylamino) ethyl methacrylate) (PDMAEMA), are employed 

as CO2-responsive polymers in this thesis. According to the difference between two polymers, 

PDEAEMA is a hydrophobic polymer in a neutral state, but it alters from hydrophobic to 

hydrophilic state when protonated by CO2 in a solution. However, PDMAEMA is a 

hydrophilic polymer in the two states, protonated or non-protonated. By grafting the polymers 

on the CNC or blending these polymers in the suspension of CNCs, the surface charges or 

intermolecular interactions are changed by gases. Thus, gas-responsive CNC provides a new 

field of applications. The obtained results confirm the validity of the three different 

applications and offer perspectives to develop and to explore new CO2-responsive CNCs, 

elucidated in this thesis. 

In the first chapter (Chapter 1), the methodologies of projects are explained. The instruments 

which have been used in the three projects with their detailed description and the whole 

experimental sections of the thesis are pointed out in this chapter.  

In the first project (Chapter 2), the goal is to develop nanocomposites for industry applications 

employing CNC as a nanofiller in common polymers. In this approach, CNCs are grafted with 

PDEAEMA (CNC-g-PDEAEMA-Py) to design a “universal” strategy for making 
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nanocomposites (with hydrophilic or hydrophobic polymers) without additives. By grafting 

the CO2-responsive polymer on the surface of CNCs, its polarity can be modulated by means 

of gases. The resulting grafted CNCs are compatible nanofillers with either a hydrophilic or a 

hydrophobic (lipophilic) polymer. The nanocomposites are primarily made by direct transfer 

of the CO2 responsive nanofillers through the water-organic solvent interface in response to 

the bubbling of two gases (CO2 and N2) followed by a solution casting method. 

In the second project (Chapter 3), the sought for application is basically filtration for the 

industry. In this way, the CNCs grafted with PDEAEMA are employed for making CO2-

responsive filters. We fabricate smart CNCs, ranging from ultrafiltration to nanofiltration, of 

which pore size can be tuned within nanometers just by bubbling CO2 and N2 in aqueous 

solution. Gas-responsive PDEAEMA controls the free-space between rod-like CNCs 

randomly formed by the CNC-g-PDEAEMA deposits on a support membrane. The collapsed 

polymers on the surface of CNCs keep the free-space between rod-like CNCs in its maximum 

capacity (so-called “open”), and the erected polymers decrease their free-space (so-called 

“close”). These membranes are used for the filtration of non-charged or charged materials.  

In the third project (Chapter 4), the objective is to control the chiral nematic phase of CNCs 

for making CO2-responsive liquid crystals (LC). To do so, aqueous suspensions of CNCs and 

PDMAEMA are investigated to control structural color driven by the free-standing of CNCs. 

The mix of PDMAEMA and CNCs is sensitive to CO2 showing the chiral nematic-to-isotropic 

phase transition in the presence of CO2. Since the CO2-protonated PDMAEMA experiences 

electrostatic attraction with negatively charged CNCs, the helical arrangements of CNCs are 

influenced by CO2. However, the liquid crystal structures are still reproduced (isotropic-to-

chiral nematic phase transition) after removing the CO2 by heating and purging with Ar. This 
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phenomenon is proved by polarized optical microscope and scanning electron microscope 

techniques.  

Keywords: Cellulose Nanocrystal, CNC, CO2-responsive polymers, PDEAEMA, 

PDMAEMA, nanocomposite, membrane, liquid crystal, LC 
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INTRODUCTION 

The production of human-made plastics has been increasing dramatically from 1.5 million 

tons in 1950 to 335 million tons in 20161. Most of them are disposable plastics made by 

synthetic procedures. As a consequence to their huge production, synthetic polymers have 

now become a big problem for the marine environment due to their long lifetime in 

comparison with natural polymers2. The pollution problem is considerably observed in coastal 

areas of developing countries, which have no appropriate waste management infrastructures; 

it is also present in whole oceans where microplastics (smaller than 1 to 5 mm) are dangerous 

to the health of different marine species3. The negative impact of this pollution finally reaches 

humans who consume seafood daily. To solve this problem, human-made polymers should be 

combined with or completely replaced by natural polymers such as silk, wool, DNA, cellulose 

and proteins for decreasing their lifetime and consequently diminishing their high pollution 

impacts4. 

 

Cellulose nanomaterials are a group of materials used in different fields because of their wide 

range of structures. The cellulose-based nanomaterials are divided into the groups of 

nanocrystals and nano-fibrils classified by their buildings of structures and dimensions5–10. 

Cellulose, as a homo-polysaccharide with β–D-anhydroglucopyranose units, is the most 

abundant organic compound in the world and, because it is a renewable and biocompatible, it 

is considered as a resource of the future for diverse purposes such as bio-based materials and 

biofuels11. Cellulose has different kinds of sources like higher plants, tunicates, algae, fungi, 
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amoeba, bacteria, and invertebrates and it is found in hierarchically structured materials with 

uniaxially ordered semicrystalline arrangements. Derivatives of cellulose, cellulose 

nanocrystals (CNC) and cellulose nanofibrils (CNF), have been used in polymers 

nanocomposites, liquid crystals, hydrogels, and multiresponsive materials10,12–16.  

 

Basically, nanomaterials have played a vital role in the research areas and researchers are 

more interested to use and investigate them for extending their applications in our life17. Due 

to their extraordinary properties such as mechanical, electrical and optical properties, 

nanomaterials are used in different applications. The unique features of nanomaterials are their 

specific structures and their high surface area which is not reachable in micro or macro 

materials18, and that is why they have attracted a lot of attention. Among nanomaterials, rod-

like CNCs are obtained by the isolation of renewable bio-sources with high crystallinity, 

which can be tuned in different aspect ratios. Besides, they are considered as compounds with 

high potential for various applications because of their high stiffness and strength. A typical 

dimension of CNC is 2-50 nm in width and 50 nm to 1 µm in length, depending on its source 

or procedure of production7,19. CNCs are physiologically benign while other nanorods show 

a toxicity20–22. The popular method for producing CNCs is the hydrolysis of crude cellulose 

by a strong acid, sulfuric acid being the most commonly used. The goal of the hydrolysis step 

is the selective elimination of amorphous regions of the cellulose fibers, while the crystalline 

domains remain intact. Also, the hydrolysis with sulfuric acid produces sulfate half-ester 

groups on CNCs’ surfaces, which are vital for electrostatic repulsions and colloidal stability 

in water. It is also crucial for their spontaneous assembly into a chiral nematic phase and 

making colloidal liquid crystal (LC)23–25. However, the acid hydrolysis by sulfuric acid 
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demonstrates limited thermal stability, and there is a significant coloration when the 

temperature increases, so it is a fact that there are degradations in biopolymer structures26,27. 

The utilization of phosphoric acid can solve this problem which produces CNCs with a low 

concentration of phosphate groups which is very useful for dispersion in the solvents, and 

there is no thermal degraded compounds26. CNCs are industrially produced in some countries 

such as Canada, the United States, and Sweden, and there are a considerable number of 

attempts for increasing the fields of uses28. 

 

The surface of CNCs is covered with hydroxyl groups, which offer the possibility for 

modifications of CNCs and changing their properties and also obtaining nanomaterials used 

in different fields such as stimuli-responsive and antimicrobial compounds10,14. Moreover, the 

chemical modifications provide the possibility of transferring of hydrophilic CNCs into 

hydrophobic environments and of using in the hydrophobic polymer matrix regarding the 

nanofiller role of CNC29–31. The preserving of CNC’s properties such as crystallinity, 

dimensions, and mechanical properties is a big challenge through chemical modifications 

which impacts the final results in nanocomposites or LCs9.  

 

As mentioned above, the physical and chemical properties can be favorably changed by 

surface modifications or graft polymerization, and it is a fascinating research area on 

CNCs6,32–34. There are two kinds of graft polymerization methods called “grafting to” and 

“grafting from” which are vastly used for attaching a polymer on the surface of CNCs. The 

“grafting to” is a procedure to connect a polymeric chain already prepared on the surface of 
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CNCs, while “grafting from” is a method where the polymer grows on the surface of CNCs 

from an initiated site. In the “grafting from”, presenting a surface-initiator is vital for growing 

polymer chain from the surface of CNCs. The efficiency of “grafting from” is higher than 

“grafting to” due to the steric hindrance of polymer chains in the nanomaterials, while the 

“grafting from” has an advantage for controlling the polymer graft length and the polymer 

density on CNCs18.  

 

In the following sections, the physicochemical characteristics of CNC, different chemical 

modifications of CNC and finally their applications will be pointed out. 

 

I.1 Morphology  

Cellulose is a natural semicrystalline compound which has strong inter-intra-molecular 

hydrogen bonds, and this is the main reason why the cellulose has a firm structure with unique 

mechanical properties. Cellulose builds the major structural component existing in cell walls 

of higher plants11, that is exactly why it has high mechanical strength. The semicrystalline 

structure of cellulose possesses the highly “crystalline” and “amorphous” regions and their 

disordered morphologies keep the structural information unknown35. The amorphous structure 

of cellulose which exists inherently to crystalline regions allows extracting the crystalline 

regions through the acid-catalyzed hydrolysis. Therefore, understanding the morphology and 

the structure of crystalline domains of cellulose is a more important point to be considered 

before explaining the grafting of polymers on CNC.  
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As shown in Figure 1, cellulose is a linear homopolysaccharide polymer made by β-D-

anhydrogluco-pyranose and linked by β(1-4’) glycosidic (ether) bonds. AGU is referred to the 

repeating anhydroglucopyranose unit36. Cellulose has a six-membered closed ring form of D-

glucose in the chair conformation which repeats in the chain with the anomeric carbons (C1 

and C4) in the β–position37.  

 

 

Figure 1: Molecular structure of cellulose with the anhydroglucose repeating unit (chair 

conformation), reducing and nonreducing chain ends and glycosidic bonds. Adapted with 

permission from Wertz37. 

 

The chair conformation is the ring structure of AGU with C-O bonds in the equatorial position, 

and there is free rotation around C5-C6 bond. The active hydrogen bonding patterns are due 

to the freedom of positioning of O6 which makes hydroxyl group rotate freely around the C5-

C6 bond38,39. Until now, there are seven different kinds of crystal allomorphs of cellulose: Iα, 
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Iβ, II, IIII, IIIII, IVI, and IVII. Among all, cellulose II is thermodynamically the most stable, 

and the most abundant cellulose exists in Iα structure (found in bacterial cellulose and algae) 

and Iβ structure (found in higher plants)40,41. Recent findings are shown by solid-state NMR 

explains seven unique sets of 13C chemical shifts showing the native plant cellulose is 

polymorphic and differs from Iα and Iβ
42,43. However, cellulose Iα is very stable, and it is 

possible to transform to Iβ partially by heating above 260 °C or by organic solvents and 

treatment with gases44,45. However, Cellulose II is obtained by recrystallization of cellulose I 

after dissolution, so it is thermodynamically more stable. Other structures are locally stabilized 

by a conventional hydrogen-bonded network of cellulose chains18. All structures besides 

having different alignments, parallel and antiparallel chain alignments, have a helical 

conformation of cellulose chain as a result of the intrachain O3H-O5' hydrogen bonding46. 

The amorphous regions can be produced by these disorientations or non-alignments of 

cellulose chains linked to the disruption of this intrachain hydrogen bond. Therefore, this is 

why these amorphous regions can be dissolved in acid hydrolysis18. The different celluloses 

show unique X-ray diffractions, so this is the fact that each cellulose has exceptional crystal 

arrangements 11. The different packing morphologies involving crystalline and amorphous 

sections give specific properties to cellulose like rigidity, thermal stability, solubility and 

reactivity47.  

 

CNCs are usually displayed as ribbons with parallelepiped or hexagonal cross-sections. Figure 

2 shows the different cellulose arrangements. The characteristics of the crystals of cellulose 

depend on the cellulose source. There is a disagreement about the number of repeating unites 

in cellulose. Native cellulose originating from plants and bacteria have 36 chains in their 
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repeating units, but the cellulose chains synthesized by cellulose synthase enzymes complex 

consists of 18 chains48. The cellulose made by enzymes are produced with a width 3-4 nm49. 

On the other hand, solid-state NMR spectroscopic experiments demonstrate that the cellulose 

has at least 24 chains42,50. However, the number of exact cellulose chains is still unknown and 

needs more investigation.  

  

 

Figure 2: Schematic representation of the cross-sections of the crystals of cellulose from a 

variety of sources. Each gray box represents the cross-section of the cellulose chain in the 

direction of its long axis. The cellulose sources are (a) wood, (b) tunicate, (c) Valonia, (d) 

Micrasterias, (e) Acetobacter, and (f) bacterial cellulose from Acetobacter. Adapted with 

permission from Moon9. 
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I.2. Surface Chemistry of CNC 

Chemical reactions may happen at the interface of solid-liquid, and they are obviously 

heterogeneous reaction which is an adsorption of reactants on the surface of CNC, but it has 

fewer degrees of freedom18. The morphology of crystals and the locations of –OH groups on 

CNCs constitute the factors which govern the chemistry taking place on their surface.  

The most common method, used for the extraction of CNCs, is the sulfuric acid hydrolysis 

from cellulosic raw materials7–9,12,51. The hydrolysis of native cellulose is achieved by heating 

it with 55-65 wt. % sulfuric acid solution for 30-60 min at temperatures ranging from 35 to 

70 °C. During the hydrolysis of cellulose, the sulfate half-ester groups appear on the surface 

of CNCs by the reaction of sulfuric acid and –OH groups. The concentration of these sulfate 

half-ester groups is in the range of 150-400 mmol/kg52. After the purification of CNCs by 

multiple cycles of centrifugation and dialysis with deionized water, these sulfate half-ester 

groups present negative charges, and this is the main reason why CNCs have a stable 

dispersion in water due to electrostatic repulsions. But as mentioned above, the sulfuric acid 

hydrolysis has limited thermal stability26,27. The dispersibility of CNCs owed to the sulfate 

half-ester groups can be diminished by removing these groups from the surface by hydrolytic 

or solvolytic desulfation procedures53,54.  

 

Other acids (HCl and HBr) can be used for the acid hydrolysis of celluloses55,56. However, the 

resulting CNCs have a deficient surface charge of CNC due to low surface charges52. The 

produced CNCs by HCl and HBr have a low dispersibility in water due to the low electrostatic 
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repulsion between crystals then the intercrystallite hydrogen bonding makes accumulations. 

Another acid hydrolysis, using phosphoric acid, also can solve the problem of dispersibility 

by the presence of surface charges originating from phosphate groups (11 mmol/kg). The 

phosphate groups can combine with two acidic –OH groups resulting in good colloidal and 

thermal stabilities17,27.  

Other methods for producing CNCs are endoglucanase-mediated hydrolysis57, 

phosphotungstic acid hydrolysis58, ammonium persulfate (APS) oxidation59 and (2,2,6,6-

tetramethylpiperidine-1-yl)oxyl (TEMPO)-mediated oxidation. TEMPO produces a high ratio 

of surface carboxylate groups (1.12-1.74 mmol/g)60, it is also a good alternative for surface 

chemical modifications29,30.  

The negatively charged surface gives a good dispersibility of CNCs in water and polar aprotic 

solvents such as N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO)61. The 

good dispersibility helps to get the powder of CNC by freeze-drying and the hydroxyl groups 

can be used for the functionalization. Although the negative charge of CNCs helps to disperse 

in the solvent, ultrasonication is still needed to accelerate it due to the strong intermolecular 

hydrogen bonds between CNCs62,63.  

I.2.1. Pretreatments of CNCs for Surface Chemical Modification 

There are a variety of factors which can affect the result of surface functionalization and 

reproducibility of reactions on CNCs64–66. For the functionalization of –OH groups, it is 

necessary to do freeze-dry and use other solvents due to the difficulty of its reactions in 

water67–71. For freeze-drying, CNCs are washed with organic solvents such as ethanol65,66, 

acetone or n-pentane64 for removing impurities. The solvent exchange method consists in the 
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thorough removal of water from CNCs. This is achieved by adding a water-miscible organic 

solvent to an aqueous suspension of CNCs. This is then followed by centrifugation to 

recuparate purer CNCs. These two operations can be repeated several times until the desired 

dryness is reached72–78. The results found by Tian et al. showed that the solvent exchange 

procedure is more efficient than freeze-drying for the polymerization of  ε-caprolactone (ε-

CL) by ring opening polymerization on CNCs because the impurities could be removed well73. 

The contaminants are likely produced by the hydrolysis of residual hemicellulose or lignin or 

perhaps the acid-catalyzed dehydration which are not favorable for the modification of 

CNCs9,12.  

I.2.2 Controlled Radical Polymerization for Surface-Initiated CNCs 

In recent years, the modification of CNCs has gained a lot of attention, and many researchers 

have focused on chemical modification without changing their morphological integrity and 

crystallinity29,30,79. The crystallinity of CNCs should be retained after the chemical 

modification, and the crystallinity can be checked by X-ray diffraction and solid-state NMR 

studies18,29,69,72,73,80–82. The methods which have been mostly used for grafting polymers on 

CNCs are ring-opening polymerization, free-radical polymerization, and controlled radical 

polymerization (ATRP, RAFT, NMP), the latter being the most popular. 

Controlled radical polymerization is an excellent method for growing polymer with precise 

length and good polydispersity33. This polymerization technique employs certain catalysts 

which act by an initial deactivation step followed by an activation step of propagating chains. 

Since the polymerization follows first-order kinetics, the final product has low dispersity. 

Various methods of controlled radical polymerization exist depending upon the type of 
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catalysts. There are different kinds of controlled radical polymerization methods which 

depend on the type of catalysts also known as chain transfer agents (CTA), such as Cu-

mediated for atomic transfer radical polymerization (ATRP), reversible addition-

fragmentation chain transfer (RAFT) or nitroxide-mediated polymerization (NMP) (Figure 3). 

In this research work, we focused on ATRP explained with recent reports for the 

functionalization of CNC. 

 

Figure 3: Overview of three methods of controlled radical polymerization on CNC: ATRP of 

CNC-g-PolyStyrene83, RAFT of CNC-g-PNIPAM84 and NMP of CNC-g-PMA85. Adapted 

with permission from Wohlhauser 18. 
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ATRP is a frequently used method for grafting from CNCs and it involves all mediated 

polymerization by transition metal complexes, especially Cu. In general, ATRP functions by 

diminishing the concentration of radicals, which occurs due to the existence of a dynamic 

equilibrium between the termination and propagation of chains86. The mechanism of ATRP 

involves an exchange of a halogen atom (Br or Cl) between a metal catalyst (mostly Cu) and 

the propagating chains.  

 

ATRP initiation requires sites on the surface of CNC which are obtained by the reaction of 

hydroxyl groups with 2-bromoisobutyryl bromide (BiBB) in the presence of a base 

(triethylamine) and a catalyst (4-Dimethylaminopyridine) in a solvent system (THF or 

DMF)83,87,96,97,88–95. Utilization of ATRP for polymerization of CNC-g-p encounters a major 

problem of purification of the final product in order to eliminate the metal residues, therefore, 

limiting its use in medical applications. However, the advancement of technology in this field 

has reduced the required amount of catalyst to ppm by the regeneration and reactivation of the 

electron transfer agent in ATRP98–100. 

In general, ATRP on CNCs has been used for polymerization of different monomers such as 

methacrylic or acrylamide-based monomers (Figure 4). There is a possibility of controlling 

polymerization by optimizing the condition of solvents and pH of solution (acidic or basic)18. 

The polymers which have been synthesized on CNCs are: PSty83,93,97,101, poly(alkyl ((methyl) 

acrylate)94,102,103, poly(amino(alkyl)methacrylate/methacrylamide)90,104, 

polystyrenesulfonate104, Poly(acrylic acid) (PAA), Poly(tert-butyl acrylate)105,106, Poly(N-

isopropylacrylamide) (PNIPAM)89,90,104,107,108, poly(dimethylaminoethyl methacrylate) 
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(PDMAEMA)88,109–111 poly(N-vinylcaprolactam) (PNVC)97, and poly[(oligoethylene glycol) 

methyl ether acrylate] (POEGMEMA)95,96.  

 

Figure 4: Monomers which have been used for grafting from CNC macroinitiator: 

Sty84,93,101,112, 4-SS (sodium 4-vinylbenzenesulfonate)104, MA94,103, BA (butyl acrylate)102, 

tBA (tert-butyl acrylate)105,106, MMA (methyl methacrylate)102, AEM (2-aminoethyl 

methacrylate)91, METAC (2-(methacryloyloxy) ethyl]trimethylammonium chloride)104, 

OEGMEMA (oligoethylene glycol methyl ether methacrylate)95,96, NIPAM89,90,104,107,108 

DMAM (N,N-dimethylacrylamide)113, AEMA (2-aminoethyl methacrylamide)91, DMAEMA 

(dimethylaminoethyl methacrylate)88,109–111, DEAEMA (diethylaminoethyl methacrylate)111, 

EANI  (4-ethoxy-9-allyl-1,8-naphtalimide)90, SBAM (soybean amide methacrylate)92, NVC 

(N-vinylcaprolactam)97, MMAZO (6-[4-(4-methoxyphenylazo)phenoxy] hexyl 

methacrylate)114, and NpMA (naphtyl methacrylate)109. Adapted with permission from 

Wohlhauser18. 
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Generally, Cu-mediated ATRP leads to polymers with higher dispersity in higher polarity 

solvents such as water115. The high polydispersity is due to the high rate of termination in 

comparison with lower deactivated chains, hence, some chains are longer than others. 

Therefore, better polydispersity can be obtained by a high monomer concentration in less polar 

solvents or bulk polymerization (without solvent)101.  

 

After ATRP, dialysis is the most frequently used method of product purification for the 

removal of Cu residues116. However, before dialysis, CNC-g-PDMAEMA is centrifuged 

several times in various organic solvents such as methanol, DMF and dioxane for the initial 

removal of catalysts110. Despite using both methods, the complete removal of Cu residues 

from the surface of CNC is not achieved. Morandi et al., investigated another method utilizing 

two subsequent soxhlet extractions on freeze-dried samples and this treatment removed the 

blue color. However, there is no quantitative data to justify the traces of Cu on the grafted 

CNCs117. 

 

I.3. Recent Developments on Preparation, Properties, and 

Applications of Cellulose Nanocrystals 

Advancing research over the past few years has led to the discovery of new types of CNC 

further broadening its scope of applications. CNCs have gained immense attention, owing to 

their availability, renewability, lightweight, nanoscale dimensions, unique morphology and 

possibility for chemical modification 118,119. In the sections hereafter, the recent developments 

and applications of CNCs will be discussed.   
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I.3.1. Reinforcing Agent 

CNCs possess an excellent potential for use as reinforcing additives in different polymers 

which are used as nanofillers for the production of nanocomposites. Nanocomposites are 

compounds produced by two or more components: one matrix, and one or more filler. The 

filler(s) should be in nanoscale dimensions. There are numerous reports describing the use of 

CNCs in the polymer matrixes by different processing techniques such as solution casting, 

melt extrusion, compression molding, injection molding, ball milling or precipitation6,7,9,31. 

The reinforcement potential of CNCs is attributed to their high specific area. 

 

Nevertheless, experimental evidence has demonstrated that the intermolecular interactions 

between filler-matrix and filler-filler have significant effects on the final mechanical strength 

of nanocomposites51. Due to the hydrogen bonds present between filler-filler and the presence 

of hydroxyl (-OH) groups on the surface of CNCs, they are basically considered hydrophilic 

biopolymers creating a considerable challenge in order to disperse them in hydrophobic 

polymers.  Thus, addition of CNCs into the polymer matrix leads to a wide range of hurdles 

which include; high levels of water absorption, poor miscibility with nonpolar polymers, low 

thermal stability, and formation of irreversible aggregates in polymer matrices52. Henceforth, 

CNC nanocomposites with hydrophilic and hydrophobic polymers will be elucidated.   
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I.3.1.1. Nanocomposites of CNCs with Hydrophilic Polymers 

CNCs have improved the mechanical properties of several hydrophilic polymers without the 

necessity for modification or addition of any other compounds such as surfactants. For 

example, it has been reported that CNCs and PVA composites can improve the tensile strength 

by 140% with the addition of only 9% (wt. %) of CNCs extracted from high plant cell wall120. 

Additionally, the nanocomposites of CNC and PAA showed significant improvement of 

Young’s modulus and stress up to 35 and 16-fold, respectively121.  

 

I.3.1.2. Nanocomposites of CNCs with Hydrophobic Polymers 

Many efforts have been devoted to make nanocomposites of CNC with hydrophobic 

polymers. In order to overcome this challenge and enhance the interaction between filler and 

matrix, the modification of CNCs proved to be an effective approach. The first report 

indicating the production of nanocomposites of CNC-g-P included the polymer CNC-g-

Polycaprolactone (PCL) dispersed in a PCL matrix in order to improve mechanical 

properties72. Later, the same CNC-g-PCL was used in different nanocomposites of 

PCL67,72,75,122,123, poly(lactic acid) (PLA)68, PCL/PLA50/50w/w %124, poly(butylene 

succinate-coadipate) (PBSA)69, and segmented polyurethane (PCL/PU)125. Some exceptional 

examples of strong filler-matrix interactions include; incorporation of 2 wt % of CNC-g-PCL 

in polyamide 6 (PA6) matrix presented the enhancement of storage modulus from 1.95 to 2.6 

GPa and 0.52 to 0.74 GPa at 30 °C and 80 °C, respectively (Figure 5)122. 
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Figure 5: Nanocomposites of CNC-g-PCL and PA6. A) Images of pure PA6 (top) and 

nanocomposites of CNC-g-PCL(1%)/PA6 (bottom), B) Storage modulus of CNC-g-PCL/PA6 

in different wt. % of CNC-g-PCL. Adapted with permission from Kashani Rahimi 122. 

 

A recent study of CNC-g-PCL nanocomposites also demonstrated an increase in Young’s 

modulus (E) up to 140% when 2 wt. % or more of modified CNC was added to the mixture 

of PCL/PU matrix125. In another study, a diblock copolymer (PCL-block-PLA) was grafted 

on the CNC and its nanocomposites using a mixture of PCL/PLA. This study demonstrated 

better results at a low-frequency in the shear storage modulus (G’) making it superior to 

nanocomposites of unmodified CNCs124.  

 

B) 
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Another approach employed for the production of nanocomposites relies on the electrospun 

method. As depicted in Figure 6, the PCL matrix with CNC-g-PCL, by the electrospun 

method, demonstrated an enhancement in stiffness and strength from 4 to 7 GPa and 1.6 to 

2.3 MPa by adding 5 wt. % of modified CNC respectively (Figure 6)67. Due to the high 

molecular weight of the grafted polymer on the CNCs and its cocrystallization with PCL 

matrix, the mechanical behavior was improved.  

 

 

Figure 6: Scanning Electron Microscopy (SEM) images of a) pure PCL, b) the 

nanocomposites of CNC-g-PCL/PCL, c) Elastic modulus of 5 wt. % of CNC-g-PCL 

nanocomposite and d) tensile at break (σb) of nanocomposites. Adapted with permission from 

Bellani 67. 

 

a) 

d) 

c) 

b) 
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Apart from the improved mechanical properties, the thermal properties were also improved 

by CNC-g-P in certain cases of PLA nanocomposites75. Differential scanning calorimetry 

(DSC) results demonstrated that PLA reinforced by CNC-g-PLA presented a reduction 

between 3 to 5 °C in thermal stability after the addition of modified CNCs. The observed 

plasticizing effect of short-chain polymer in a host polymer75 or residual catalyst from the 

polymerization77,78 could be the reason to the reduction of thermal stability. However, this 

phenomenon was not observed again in the loaded CNC-g-PLA up to 5 wt. %  in a PLA matrix 

using D-LA monomers for grafting PLA on CNCs126.  

 

In another report, the nanocomposites of modified CNC with PLA in poly(3-hydroxybutyrate-

co-4-hydroxybutyrate) (P(3,4)HB) were made by the solution casting method; the 

crystallization temperature showed a reduction from 2 to 8 °C compared to the neat 

polymer127. CNC-g-PMMA-co-BA was synthesized from the surface of CNCs, and its self-

reinforced thermoplastic presented a 19 °C increase in the crystallization temperature due to 

the limited mobility of the copolymer brushes on the surface of CNCs with respect to non-

grafted copolymers102. 

 

A plethora of attempts have been made in order to produce nanocomposites of CNC with 

different polymers. In this approach, various polymers have been grafted on CNCs. For 

instance, PSty was synthesized on CNC, and used in PLA80 and PMMA93 matrices. In both 

cases, PSty chains increased the compatibility between nano-rods and polymer matrices, 

hence, mechanical properties and thermal stability were improved. However, amongst all the 
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examples of grafted CNCs, PLA-modified CNCs have gained a lot of attention due to their 

biodegradability, renewability, and nontoxicity. The grafted CNCs with PLA were used as 

homo-polymers75,77,78,124,126,128–130 or random copolymers131. It can therefore be concluded that 

a good interfacial adhesion between CNCs and the matrix, improves the mechanical properties 

due to the cocrystallization and also induces the nucleation effect of modified-CNCs.  

 

I.3.2. Membrane Application and Water Treatment  

Nowadays, due to the global economic growth and social development, the need for processes 

for water treatment is increasing very rapidly132. Further, the separation of macroscopic, 

microscopic and oil-spill materials has remained an enormous challenge which is also under 

consideration by the government and numerous researchers133,134. Taking a glance at the 

exciting properties of nanomaterials, they are being used in several membrane structures 

specifically in ultrafiltration membranes135–137. Graphene and carbon nanotubes are the 

predominantly used nanomaterials which have demonstrated excellent compatibility for the 

fabrication of membranes in the ultrafiltration range. However, Cheng et al., recently 

introduced a novel alternative nanomaterial by using CNCs obtained from tunicate138. They 

employed CNCs obtained by vacuum-assisted filtration method and the fabricated membranes 

had an approximate pore size of 48-70 nm. Also, the membranes were capable of purifying 

micro and nano emulsions of oil from water (Figure 7). 

Conjointly, the fabricated membranes showed cholesteric architecture representing the color 

films under crossed polarizers, as shown in Figure 7b. Due to the interactions between 



21 

 

nanorods and hydroxyl groups present on CNCs, the obtained film exhibits the orientation of 

rod-like CNCs into a helical structure (Figure 7e).  

 

Other reports have also proposed the use of CNCs in water treatment by adsorption, 

absorption, flocculation, catalyst degradation, and disinfection. The principle materials used 

for purification by CNCs include; heavy metals, organic dyes, pharmaceutics, pesticides, 

polycyclic aromatic hydrocarbons, and biomolecules14. 

 

 

Figure 7: CNCs obtained from Tunicate. a) Appearance and a photograph of CNCs 

membranes under crossed polarizers in a dry state; b) polarized Optical Microscopy image of 

the membrane; c) SEM image of CNC membrane; d) TEM image of the membrane; and e) 

the schematic describing the orientations of CNCs in the cholesteric structure of membranes 

by vacuum-assisted filtration. Adapted with permission from Cheng138. 
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I.3.3. Hybrid Colloidal Liquid Crystals and Optical Properties 

CNCs have an interesting property of making chiral nematic Liquid Crystal (LC) phase. This 

nematic phase has a relationship with several factors such as aspect ratio, surface charge 

density, external fields, solvent conditions, and ionic strength139. The dispersion of CNCs in 

the solvents depends on a critical concentration to have a chiral nematic phase. In the critical 

concentration, the isotropic phase undergoes a phase transition towards a chiral nematic 

(cholesteric) LC phase (Figure 8)140.  

 

 

Figure 8: Schematic representation of phase transition of CNCs suspension upon evaporation 

to create cholesteric phase from isotropic phase. a) An isotropic orientation of CNCs in the 

suspension; b) AFM image of the isotropic phase of CNCs; and c) POM image of a cholesteric 

phase of CNCs with a typical fingerprint pattern. Adapted with permission from Parker139.  
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Interestingly, CNCs form a specific alignment with each CNC taking a perpendicular helical 

axis. The vertical distance of one complete rotation of this helical structure is termed 

pitch141,142. For the preparation of a film from the suspension of CNCs, the sample is left to 

dry on a substrate and the pitch diminishes to submicron scale139. By controlling the drying 

condition and thickness, a homogeneous film with long-range order of the CNC can be 

obtained143. Therefore, the film becomes a photonic crystal through which the left-handed 

circularly polarized light is reflected141. This property of CNCs is so attractive for different 

applications such as optical encryption, sensors, mesoporous chiral nanotemplates, and 

security coatings141,142,144,145.  

The pitch can be affected by several parameters such as polymer grafting, affecting the 

assembly behavior of CNCs. The self-assembly of CNCs can be obtained in different solvents, 

so the dispersity and consequently self-assembly can be controlled by surface modification. 

Until now, the pitch tuning of CNCs has not been widely explored. However, the CNCs 

modified with polyetheramine showed self-assembly into chiral nematic phases but in a lower 

critical concentration in comparison to neat CNCs146. Zhang et al. investigated thermo-

responsive and lyotropic LC phase behavior of several modified CNCs such as CNC-g-

PMMAZO87, CNC-g-PSty83, and CNC-g-PDMAEMA88 (Figure 9). The CNC-g-PMMAZO 

represented a transition of smectic to nematic at 95 °C and nematic to isotropic at 135 °C 

without solvent87. Thermotropic state of chiral nematic liquid crystalline of CNC-g-PSty was 

observed upon cooling to 163 °C in DMF, representing the potential of thermo-responsive LC 

phases based on grafted CNCs. CNC-g-PDMAEMA showed a fingerprint pattern in the 

anisotropic phase further illustrating chiral nematic phases in aqueous media88. PDMAEMA 

is a thermo-responsive polymer which exhibits a lower critical solution temperature (LCST). 
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CNC-g-PDMAEMA has thermo-responsive brushes soluble in water below LCST. By 

extending the polymer brushes the pitches of CNCs increase while, by increasing the 

temperature above LCST the space decreases.  

These attempts open up new horizons to develop the colloidal analogs of stimuli-responsive 

molecular mesogens. Controlling the optical properties of CNCs by external stimuli is of great 

importance in templating chiral 3D nanostructures145, optical sensors139, nanocomposites LC 

elastomers147, and multiresponsive supercollodial systems148.  

 

 

Figure 9: POM images a) the fingerprint patterns of pure CNC in water (3.1 wt. %)83. b) CNC-

g-PMMAZO in chlorobenzene (5.1 wt. %)87, c) CNC-g-PSty in DMF (5.7 wt. %)88 and d) 

CNC-g-PDMAEMA in water (4.7 wt. %)88. Adapted with permission from Wohlhauser18. 
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I.3.4. Other Applications 

I.3.4.1. Biological Applications 

In general, CNCs are widely used in biomedical applications. By surface modification of 

CNCs, they have been employed in tissue engineering, scaffolds, biomarkers or sensors, 

antibacterial and antiviral agents, gene vectors, drug delivery systems, and biocatalyst 

scaffolds. Although CNCs can typically cause critical utilization condition when being inhaled 

into lungs and taken up at the cellular level, their toxicity has been tested and it was confirmed 

that they neither exhibit cytotoxicity in their cationic form nor do they show any significant 

cell internalization due to the negative surface charge. Thus, this could be an ultimate rationale 

for the use of CNCs in the biomedical sector20,149. The most recent research pointed out 

promising applications of CNCs in different areas. For instance, CNCs after surface 

modifications with silver nanoparticles150,151, polymers152, rosins153, porphyrins154, lectins155 

and other functional groups combined with viruses110, can be used as antimicrobial and 

antiviral agents.  

 

CNCs have also been investigated in tissue engineering applications. The interesting 

mechanical properties of CNCs make them excellent candidates to use in scaffolds156. CNCs 

have applications in various fields such as injectable tissue scaffolds, vascular grafts, bone 

tissue regeneration and improvement of bone implant adhesion14. For example, Yang et al. 

injected the hydrogels of aldehyde-modified CNCs, adipic acid dihydrazide-modified 

carboxymethyl cellulose and aldehyde-modified dextran. The samples which contained 

CNCs, showed 140% higher moduli compared to other samples without CNCs. 
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CNCs have also been explored in the field of drug delivery where they have been utilized for 

the capsulation and delivery of biomolecules. The drug delivery of CNCs was investigated by 

pH-responsive polymers157,158. 

 

 I.3.4.2. Energy and Electronic Sector 

CNCs have also been employed in organic electronics and energy storage159–161. Although 

CNCs are electrically insulated, they have piezoelectric properties and a strong dipole that 

aligns CNCs in the presence of a robust electric field162. Due to enormous surface area, ability 

to strengthen matrices, and optical properties, CNCs have been used in sensors, substrate in 

electrical devices, as conductive films, in supercapacitors, and separators in energy storage 

devices14. Moreover, conductive polymers, such as polypyrrole, suffer from poor 

processability and mechanical properties163,164. Due to this reason, their coating on CNCs has 

created compounds with moderate conductivity, lower thermal expansion coefficient, and 

high strength.  

 

Additionally, CNCs have been investigated as substrates in electronic devices due to their 

lightweight and flexible properties. It was discovered that CNC with a plasticizer could be 

dissolved and then solution-casted to form a flexible film as a substrate for a device assembly. 

The formed CNCs were employed for the fabrication of solar cells, organic LEDs and organic 

field effect transistors165. CNCs were mixed with glycerol to fabricate a film with MoO3/Ag 

as a top layer and Ag as the bottom layer (Figure 10).  
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Figure 10: Fabrication of solar cell with CNC blended with glycerol substrate. a) Schematic 

of a solar cell with CNC substrate, b) chemical structure of PBDTTT-c and PCBM, c) 

fabricated solar cell. Adapted with permission from Zhou165. 

 

I.3.4.3. Applications as an emulsifier 

Various efforts have been made to extend the applications of CNCs in other sectors such as 

oil and gas, personal care, food additives, and packaging. They can be used as rheological 

modifiers, Pickering emulsion stabilizers, free radical scavengers, and reinforced food 

packaging films.  

 

In the oil and gas sector, CNCs are excellent candidates to be used as pickering emulsifiers 

for enhanced oil recovery or rheology modification in drilling fluids due to their 

biocompatibility and biodegradability. In some reports, CNCs have been modified by stimuli-

responsive polymers to respond to different stimulus, employing stabilizer/destabilizer for 

emulsion extraction in water-based drilling fluids. For instance, PNIAPAM, as a temperature 
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responsive polymer166, and PDMAEMA as a pH and temperature responsive polymer167,168 

have been grafted from CNCs to stabilize oil in water emulsions. 

 

I.4. Brief Explanation on Stimuli-Responsive Polymers 

Stimuli-responsive polymers are a range of materials that can show chemical and/or physical 

changes in the presence of different environmental irritants169,170. These environmental 

elements can be light171–173, pH174, gas175–179, ultrasound180, temperature181,182, ion strength183, 

enzyme184,185, redox186, magnetic field187, and mechanical force188, etc. (Figure 11). Also, the 

response to the stimuli can be presented in different ways including shape, solubility, 

wettability, etc. The intensity of response to the stimuli can also be controlled by the degree 

of the applied element. Since the primary objective of this thesis is to specifically develop 

applications of CO2-responsive polymers, we will put more focus on this category of stimuli-

responsive polymers compared to others.  

 

Figure 11: The whole classification of stimuli-responsive polymers. Adapted with 

permission from Ganesh169. 
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I.4.1. CO2-responsive Polymers 

CO2-responsive polymers have gained immense attention in the recent years owing to their 

numerous advantages such as abundant availability, low cost, energy-saving, environment-

friendly, non-toxic, and reversibility. Among all the stimuli-responsive polymers described 

above, CO2-responsive polymers have been used in many fields as the “green” stimulus.  

 

I.4.1.1 CO2-responsive Functional Groups 

The CO2-responsive polymers have functional groups with CO2-sensitive properties. These 

functional groups are amidines, amines, and guanidines which can react with CO2 in water or 

wet solvents176 (Figure 12). CO2-responsive functional groups do not require an alternative 

addition of acid and base needed in pH-responsive systems. Also, the reversibility of CO2-

responsive systems does not produce by-products which deteriorate the sensitivity of the 

functional groups after several cycles.  

 

Figure 12: Different functional groups of CO2-responsive systems. Adapted with permission 

from Liu176. 
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The first report of using CO2 as a trigger was a switchable surfactant of amidine group189. 

Later, the first discovery of CO2-responsiveness of polymers with tertiary amines PDMAEMA 

and poly(N,N-diethylaminoethyl methacrylate) (PDEAEMA) was performed by our 

group179,190. The pKa of these polymers is approximately 6, hence, they possess exquisite 

sensitivity to CO2 due to the ease of protonation and excellent reversibility. DEAEMA is a 

commercially available monomer, and it can be polymerized by a tedious synthesis procedure 

to produce PDEAEMA which has a perfect CO2-switchable polymer with a wide range of 

applications177.   

 

I.4.1.2. CO2-responsive Polymers Applications  

The applications of CO2-responsive polymers are categorized into five types, based on their 

structures (Figure 13). The first category is CO2-responsive polymers for CO2 capturing. This 

application is used for the efficient capturing of CO2 from wastewater gases to decrease the 

greenhouse effect in the industry. The second application which has been designed for CO2-

responsive polymers is CO2-responsive gels. These kinds of gels can capture CO2 and release 

it several times, producing controllable gels with gases. The third category is CO2-responsive 

latex by which the coagulable/ re-dispersible properties of CO2-responsive polymers could be 

easily investigated. The switchable polymers are employed in order to avoid the accumulation 

of electrolyte by bubbling CO2. CO2 has an advantage over the use of acids due to the absence 

of salt formation as a byproduct and cleanliness in biomedical and pharmaceutical 

applications191. The fourth application of CO2-responsive compounds consists in using them 

on the surface of particles. By grafting a CO2-responsive polymer on the surface of a 
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nanoparticle, it is possible to control the dispersity of nanoparticles in water. For example, 

PDEAEMA was grafted on gold nanoparticles for controlling the dispersion with alternating 

bubbling of N2/CO2
192. Finally, CO2-responsive polymers were employed to produce CO2-

responsive vesicles. The copolymers were provided by one block CO2-responsive polymer 

and another hydrophilic polymer, which produced vesicles in aqueous solutions. After cross-

linking of the copolymers, the vesicles were not destroyed post CO2 bubbling. The CO2/N2 

gases can change the size of the vesicles. This application is useful for drug delivery purposes 

by “breathing” of vesicles in order to release the drug in the presence of CO2
177.  

 

Figure 13: Five categories of CO2-responsive polymers application. Adapted with permission 

from Lin177. 
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I.5. Research Objectives 

Considering the aforementioned CO2-responsive properties, the primary aim of this thesis is 

the development of CNC applications by CO2-responsive polymers. Hence, we modified 

CNCs by grafting a CO2-responsive polymer, PDEAEMA, by ATRP. The grafted CNCs 

responded to CO2 and N2, and its surface polarity was changed by bubbling the gases. CNC-

g-PDEAEMA was lipophilic in its neutral form whereas it became hydrophilic after being 

charged by bubbling CO2. This phenomenon was reversible and the grafted CNCs could 

become lipophilic after bubbling N2. 

 

Simultaneously, we also used PDMAEMA as a CO2-responsive polymer for presenting CO2-

responsive CNCs, but, in this case, the CNCs were used as a mixture with PDMAEMA. As a 

result, there was no chemical bond between PDMAEMA and CNCs. Indeed, we intended to 

discover new potential applications for the CO2-responsive LC of CNCs. Thus, we designed 

three projects to utilize CO2-responsive CNCs in three practical applications of CNCs. The 

results presented in this thesis can lead to further development of the existing applications of 

CNCs. Our accomplished research work can be divided into three parts elucidated in the 

following four chapters. 

 

In Chapter 1, we would introduce the methodology and the detailed synthesis which have been 

used in this thesis. The instruments employed for the characterization of the synthesized 

compounds is also described in this chapter.  
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In Chapter 2, we will focus on the major limitation of using CNCs in hydrophobic polymers 

as reinforcement agents due to their surface polarity. Due to the hydrophilic properties of 

CNCs, there is no substantial interaction between nanoparticles of CNCs and polymer 

matrixes. To resolve this issue, we have used a switchable polymer, PDEAEMA, on the 

surface of CNCs. CNC-g-PDEAEMA-Py is dispersed in nonpolar solvents such as toluene in 

the neutral state. While it was capable to disperse in water by bubbling CO2 in a charged state. 

This switchability of rod-like CNCs can resolve the problem of making nanocomposites with 

hydrophobic polymers. This does not destroy the hydrophilicity of the CNCs, and this process 

can be reversed by CO2. In this project, the transfer of CNC-g-PDEAEMA-Py, between 

aqueous and lipophilic phase, are demonstrated. Then their nanocomposites of Polyvinyl 

Alcohol (PVA), as a hydrophilic polymer, and Styrene-Butadiene-Styrene (SBS), as a 

hydrophobic polymer, are fabricated by dissolving in the solvents and solution casting the 

films. The synthesized films demonstrated an improvement in mechanical properties of SBS. 

The shape memory of the PVA nanocomposites was investigated as well. 

 

In Chapter 3, we will present our results for a fabricated switchable membrane suitable for 

nanomaterial separation purposes in water. We have successfully fabricated gas-responsive 

membranes, in the range of ultrafiltration and nanofiltration, by synthesized CNC-g-

PDEAEMA functionalized in the first project. The membrane gates “open” and “close” by 

bubbling N2 and CO2, respectively. Because of the extended posture of PDEAEMA in 

protonated state, the gates “close”, while by bubbling N2 in the water, PDEAEMA comes back 

to its neutral state and the gates “open” because of the collapsing posture. The fabricated 

membranes are used as ultrafiltration and nanofiltration membranes to separate nanomaterials 
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such as polyethylene glycol (PEG), bovine serum albumin (BSA) and rhodamine B. The pore 

size range for gate “opening” and “closing” is approximately 3-50 nm. 

 

In Chapter 4, we will exhibit our results for a CO2-sensitive chiral nematic phase of CNCs. 

We will discuss how the mixture of PDMAEMA and CNCs absorb CO2 and destroy the helix 

structure of CNCs. However, by removing the CO2, the helix orientations of CNCs are 

recovered. We also removed CO2 by heating and replacing the gas from the container by Ar. 

The viscosity is significantly affected by CO2, such that, it is increased in the presence of CO2 

and decreased by the elimination of CO2. The cholesteric phase of CNCs is destroyed since 

the rod-like CNCs are unable to make a helical structure in the protonated state of 

PDMAEMA. Moreover, the coffee-stain effect of CNCs droplets has CO2-responsive 

properties, and it exhibits anti-coffee-stain properties in the presence of atmospheric CO2.  

 

In the last part, an overall discussion on the major achievements and significance of the results 

is presented. Also, we propose some outlooks and future work to further advance the research 

presented in this thesis. 

 

 

 



35 

 

CHAPTER 1. METHODOLOGY AND SYNTHESIS 

1.1. Materials 

CNC was obtained from Celluforce Inc., cellulose acetate support membrane (pore size 220 

nm) was prepared from Shanghai Xingya purification material, monomer 2-(diethylamino) 

ethyl methacrylate (DEAEMA), lipophilic SBS triblock copolymer (30% polystyrene, 

molecular weight 140,000 g/mol), hydrophilic PVA (molecular weight 89,000-98,000 g/mol, 

98% hydrolyzed vinyl acetate groups), N,N,N’,N’,N”-Pentamethyldiethylenetriamine 

(PMDETA, 99+%), copper(I) bromide (99.99%), BSA, Rhodamine B, PEGs (molecular 

weights 1000, 2000, 6000 and 20000 g/mol), monomer 2-(dimethyl amino) ethyl methacrylate 

(DMAEMA) and Azobisisobutyronitrile (AIBN) were purchased from Sigma-Aldrich and 

used without any further purification. Pyrene-containing comonomer (1-pyrene) methyl-2-

methyl-2-propenonate (PyMPN) and 2-Cyano-2-propyl benzodithioate (CPDB) were 

synthesized as previously described193,194. All other reagents and solvents were of analytical 

grade were purchased from Sigma Aldrich. 

 

1.2. Instruments and Measurements.  

In this section, we will describe the various techniques used for characterization of samples. 

1H NMR spectra were obtained on a JEOL JNM-ECA 300 NMR spectrometer with d8-toluene 

as the solvent. Using an Alpha-Platinum ATR Bruker, diamond crystal; 64 scans of Fourier-

transform infrared spectra (FTIR) spectra were recorded in the range 3800-800 cm-1 for each 
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spectrum and the baseline was corrected. Solid-state NMR (SSNMR) spectra were 

investigated on a 400 MHz Varian VNMRS spectrometer using a 4 mm double-resonance 

Varian Chemagnetics T3 probe operating at 100.53 MHz for 13C. Approximately 35 mg of 

samples were centre-packed into rotors. Samples were spun at 13 kHz using the multiCP 

sequence of Johnson and Schmidt-Rohr.195 MultiCP parameters were adopted as per the 

literature196 with a recycle delay of 2 s and 10 contact periods of 0.95s each using a spin-lock 

field of approximately 60 kHz each separated by 0.9. 1024 scans were acquired for the CNC 

sample, 2680 scans for the CNC-Br sample and 8708 scans for the CNC-g-PDEAEMA-Py 

sample. The fluorescent images of the nanocomposites were obtained by a Zeiss Axio 

Observer Z1 fluorescence microscope equipped with an Axiocam 506 mono camera. For this 

project, transmitted images were taken using differential interference contrast (DIC) and 

fluorescence images were taken using a DAPI filter (365/100 excitation and 445/50 emission 

filters). The test of polymer chain relaxation under constant strain was performed by using the 

Instron 5965 series (universal testing system equipped with a controlled temperature chamber 

oven and managed by Bluehill 3 software, UK). The chamber oven was set at 50 °C and 300% 

elongation was performed for stress monitoring. Fluorescence spectra of CNC-g-PDEAEMA-

Py were recorded using Varian Cary Eclipse spectrofluorometer. The excitation wavelength 

was 345 nm and the recorded emission wavelength range was 365-650 nm. Excitation and 

emission slit openings were both 10 nm. The Malvern Zetasizer Nano ZS ZEN3600 system 

was used to measure the ζ-potential with the aid of a helium-neon laser (λ = 633 nm). To 

investigate the performance of the membranes (in Chapter 3), variations in PEG concentration 

were monitored by size exclusion chromatography (SEC) on a Tosoh EcoSEC GPC system, 

equipped with three TSK-GEL Super AWM-H columns (6 × 150 mm). The measurements 
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were performed at room temperature using dimethylsulfoxide (DMSO) and poly(methyl 

methacrylate) (PMMA) as standards containing 1.25 mg mL−1 of LiBr as the eluent (flow rate: 

0.3 mL min−1). An automatic injection system was used to inject PEGs dissolved in DMSO. 

Also, the morphology and thickness of the membranes were investigated by utilizing a Hitachi 

S-4700 field-emission-gun scanning electron microscope (SEM) operating at 1.0 kV to10.0 

kV with an elegant platinum coating layer (a few nm) deposited on the sample surface for 1-

2 min using a K550 sputter coater. The membranes were primarily frozen in liquid nitrogen, 

immediately fractured followed by drying. SEM was used for the characterization and the 

observation of the pitch of CNCs. For SEM analysis, samples were prepared employing a 

platinum coating layer (a few nm) on the sample surface using a K550 sputter coater for 1-2 

min. The samples were sonicated using Sonics Vibra-Cell instrument (130 Watt and 20 KHz) 

with 70% amplitude. For monitoring BSA and Rhodamine B concentrations, UV spectra were 

recorded using a UV-Vis-NIR spectrophotometer (Agilent Cary 50 Bio). POM images were 

captured using a Leitz DMR-P microscope. A stress-controlled rheometer AR 550 (TA 

Instruments) equipped with a 40 mm steel cone was used to study the rheology for the 

compositions with different amounts of injected CO2. For the temperature regulation, a Peltier 

plate was used in the rheology instrument, and all the tests were carried out at 25 °C. 

Frequency sweep experiments were conducted from 1 to 100 rad/s within the linear 

viscoelastic region (5% strain amplitude), and the visco-elastic moduli (storage modulus G' 

and the loss modulus G") were performed. The viscosity of the samples was measured by 

continuous shear ramps in the range of shear rates from 2.85 to 100 s-1. SEC was conducted 

on a GPC Infinity II from Agilent attached with refractive index and viscometer detectors for 

the characterization of PDMAEMA in water using 2 x PL Aquagel-OH Mixed-M 8µm, 250 
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x 4.6 mm (Agilent) column. The flow was 0.4 mL/min for 50 min run; the column and the 

detector temperatures were maintained at 30 °C. The eluent was an acetate buffer, which pH 

was set at 4.45 with 1 mM NaN3, and the sample concentration was 4 mg/mL using 100 µL 

sample volume.  

 

1.3. Synthesis Section 

1.3.1. Synthesis of the Macroinitiator CNC-Br 

Surface-initiated ATRP was used to grow pyrene-containing CO2-switchable PDEAEMA 

onto CNCs. Hereafter, the polymer grafts are termed PDEAEMA-Py. Initially, an α-bromo 

cellulose-ester (CNC-Br) was synthesized in DMF using a procedure adapted from a previous 

report112. The reaction was carried out with a mixture of CNCs (1 g) and triethylamine (33 

mL) in DMF (100 mL) under nitrogen atmosphere followed by dropwise addition of 2-

bromoisobutyryl bromide (26 mL) with continuous stirring at 70 ºC for 24 h. After 24 h, the 

reaction mixture was filtered and washed with methanol and deionized water. Finally, the 

product was vacuum dried at 50 °C for 24 h.  

 

1.3.2. Synthesis of CNC-g-PDEAEMA-Py and CNC-g-PDEAEMA 

CNC-Br was employed as a macroinitiator for copolymerization of DEAEMA and PyMPN, 

using CuBr/PMDETA as an ATRP catalyst system. CNC-Br (45 mg, 0.1 mmol of Br), 

DEAEMA (3.46 g, 22.0 mmol), PyMPN (0.064 g, 0.22 mmol) (for CNC-g-PDEAEMA-Py), 
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PMDETA (22 µL, 0.1 mmol), and DMF (15.0 g) were mixed into a dry flask with a magnetic 

stirrer. Once the macroinitiator was completely dissolved, Cu(I)Br (14 mg, 0.1 mmol) was 

added into the flask and the reaction mixture was de-oxygenized via three freeze-evacuate-

thaw cycles. Then, the container was plunged into an oil bath at 60 °C for 70 min. Following 

this, polymerization was terminated by air exposure and dilution with distilled water. The 

reaction mixture was finally purified in a dialysis bag (molecular weight cut off: 14000 g/mol) 

against distilled water for 72 h for the removal of the non-reacted monomers. The pH of water 

in the dialysis bag was maintained at 4 for better purification and to ensure the solubility of 

PDEAEMA chains grafted on the CNC surface. It was refreshed at an interval of 5 h. 

 

1.3.3. Synthesizing of Poly[(2-dimethylamino) ethyl methacrylate] 

(PDMAEMA) 

The synthesis was conducted using the same proportion of reagents as per a previously 

mentioned protocol by Sahnoun et al.197. For RAFT polymerization of PDMAEMA, the 

synthesis was carried out at 90 °C for 7h. The number average molar mass (Mn), mass average 

molar mass (Mw) and PDI of PDMAEMA were measured using a SEC instrument. 

1.3.4. Characterizations of Synthesized Compounds  

1.3.4.1. FT-IR characterization of CNC-Br, CNC-g-PDEAEMA-Py (CNC-g-

PDEAEMA) 

The synthesized CNC-Br was confirmed by FT-IR. Figure 14 illustrates the FT-IR spectra for 

the underivatized CNC (black), CNC-Br (red) and CNC-g-PDEAEMA-Py (blue). The FT-IR 
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spectrum shows the stretching vibration of C-H bonds in the backbone of polymers which 

appeared at a wide range between 2800-2900 cm-1 and the sharp peak at 1741 cm-1 for ester 

groups in the backbone of polymers. The stretching vibration of carbonyl groups of esters in 

the 2-bromopropionyl group appeared at 1741 cm-1 showing the presence of carbonyl groups 

on CNC-Br. The hydroxyl peaks of CNC have very low intensity the reason may be the grafted 

polymers on the CNC surface cover them extremely well. 

 

Figure 14: FT-IR Spectra of CNC, CNC-Br, CNC-g-PDEAEMA-Py (CNC-g-PDEAEMA).  

1.3.4.2. SSNMR Characterization of CNC-Br, CNC-g-PDEAEMA-Py (CNC-g-

PDEAEMA) 

The SSNMR spectrum of CNC-Br shows peaks at 167, 36, 31 and 18 ppm (in the 13C NMR 

spectra) indicating the successful attachment of the ester group on the CNCs (Figure 15). The 

degree of substitution (DS) for macroinitiator and the degree of polymerization (DP) were 
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approximately calculated by the integral of peaks in SSNMR. By the integral ratio at 167 and 

105 ppm (eq. 1.1), the bromine content was approximately calculated as 11 initiators sites 

with Br for every 100 glucose units. Moreover, by comparing peaks of C4 in CNC and CNC-

Br, it can be concluded that the crystallinity of CNC remained fairly unchanged after making 

macrointiator198. DP was estimated by the carbons of PDEAEMA, the sharp peaks at 15, 45 

and 175 ppm, and in the small intensity carbons of pyrene, 150 ppm. DP was obtained 

approximately 78.5, and the ratio of random polymerization of Py to PDEAEMA was 1.6 %. 

The eq. 1 was utilized for the calculations of bromine content in CNC-Br (DS) from solid-

state 13C NMR and eq. 2 explains DP of PDEAEMA on CNC.  

𝐷𝑆 =
𝐴′167

𝐴′105
⁄                                                                                                                 [1.1] 

𝐷𝑃 = (
𝐴175/𝐴105−𝐴′

167/𝐴′
105

𝐴′
167/𝐴′

105
)                                                                                                    [1.2] 

In SSNMR of CNC-Br spectra, A'105 and A'167 indicate integrals at 105 ppm and 167 ppm, 

respectively, while in SSNMR of CNC-g-PDEAEMA-Py spectrum, A105 and A175 indicate 

integrals at 105 ppm and 175 ppm, respectively. 
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Figure 15: 13C-SSNMR Spectra of unmodified CNCs, Macroinitiator CNC-Br, and Polymer 

surface-grafted CNC-g-PDEAEMA-Py 

 

1.3.4.3. Characterization of Synthesized PDMAEMA 

The PDMAEMA was synthesized by RAFT polymerization. Mw, Mn and PDI were calculated 

by using a GPC instrument operated in water which was 2975 g/mol, 3099 g/mol and 1.042, 

respectively (Figure 16).  
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Figure 16: SEC spectrum of PDMAEMA 
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CHAPTER 2. A “UNIVERSAL” STRATEGY FOR MAKING 

NANOCOMPOSITES OF CELLULOSE NANOCRYSTALS WITH 

HYDROPHILIC AND HYDROPHOBIC POLYMERS  

2.1. Introduction 

As previously described, the current use of biopolymers as green nanofillers is rapidly 

advancing in the composite industry. In recent years, CNCs, an example of such biopolymers, 

have gained immense attention due to their sustainability, biodegradability, non-toxicity, ease 

of chemical modification, low density, high specific surface area, liquid crystal formation, and 

superior mechanical properties8,30,51,199. Among other applications of CNCs, it has also been 

used in the synthesis of nanocomposites with other polymers, while, most nanocomposites 

were previously prepared by the physical incorporation of CNCs in a polymer matrix200. The 

absence of strong intermolecular interactions between two components in some composites 

and lack of solubility of CNCs in several common solvents weakens the mechanical property 

of CNCs and renders the preparation of nanocomposites through a solution-based process. 

CNCs are hydrophilic biopolymers owing to the presence of hydroxyl groups which further 

simplifies its mixture with hydrophilic polymers such as PVA, PAA, and 

poly(acrylamide)121,201–204. Since CNCs cannot be homogeneously mixed with hydrophobic 

polymers in organic solvents, the preparation of hydrophobic nanocomposites is more 

difficult. However, hydroxyl groups on each repeating unit render CNCs easy to functionalize 

and solubilize in a given organic solvent with hydrophobic polymers205. Recently, several 

attempts have been made by grafting a polymer on the surface of CNCs. Grafting of a polymer 
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improves the compatibility between CNCs and the polymer matrix. It also solves the problem 

of solubility which occurred due to the aggregation of nanofillers in the nanocomposites 

prepared either from solution or by a direct blend of CNCs with the polymer in the melt state. 

For instance, polyoxyethylene (PEO)206 and polyethylene (PE)207 were grafted onto CNCs for 

compatibility with a PE matrix. Other hydrophobic polymers grafted to CNCs include PS112, 

poly(oligoethylene glycol) methacrylate (POEGMA), poly(methyl acrylate) (PMA)85, 

PMMA103 and poly(methacrylic acid) (PMAA)208, and some stimuli-responsive polymers209. 

In another study, nanocomposites of CNC were prepared using polystyrene-butadiene as the 

hydrophobic polymer in the presence and absence of certain additives such as resorcinol and 

hexamethylene tetraamine in extrusion210. 

 

The aim of the present study is to introduce a sort of “universal” CNC nanofiller that could 

easily switch its solubility between water and an organic solvent under a mild and 

environment-friendly stimulation. We aim to produce nanocomposites with either hydrophilic 

or lipophilic polymer matrix eliminating the necessity of further CNC surface 

functionalization with different polymers. In this approach, we designed the grafting of a CO2-

switchable polymer, namely, PDEAEMA, onto the surface of CNCs. We previously reported 

that lipophilic PDEAEMA becomes hydrophilic upon CO2 bubbling in aqueous medium under 

ambient conditions due to the protonation of tertiary amine groups in the polymer. The 

resulting hydrophilic polymer retrieves the lipophilic state upon subsequent bubbling of an 

inert gas, like Ar or N2, as a result of deprotonation of the amine groups211. The strategy of 

using the gas-switchable water-solubility of PDEAEMA, which is useful, contamination-free 

and robust, has been the basis for showcasing a wide range of potential applications of CO2-
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switchable polymers and hybrid materials175–177,212–218. More specifically, we describe the 

synthesis of CNCs functionalized with PDEAEMA containing pyrene as a fluorescent probe. 

We also determine the evidence of transfer of the CNC nanofillers through the solution 

interface from toluene to water and vice versa under CO2 and N2 stimulation, respectively. 

Finally, the in-situ preparation of nanocomposites using water-soluble PVA and toluene-

soluble styrene-butadiene-styrene (SBS) triblock copolymer has been elucidated.  

 

2.2. Experimental Section  

2.2.1. Reversible Transfer of CNCs through Water-Toluene Interface under 

Gas Treatments 

Primarily, CNC-g-PDEAEMA-Py was dispersed in toluene followed by addition of water. 

Simultaneously, the two distinct phases, owing to the immiscibility of water and toluene, were 

vigorously stirred with bubbling gases. Consequently, the nanofillers migrated to water while 

the CNC-g-PDEAEMA-Py transferred to toluene. In both cases of bubbling CO2 an N2, the 

two phases equilibrated and separated after the stirring was halted after 5 min.  

 

2.2.2. “In-situ” Preparation of Polymer Nanocomposites.  

After the gas-controlled transfer of CNCs into one phase of the demixed solution, the nanorod 

nanocomposites with both water-soluble PVA and toluene-soluble SBS were prepared by 

dissolving the respective polymer either in water or the organic solvent, respectively (Figure 
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17). After bubbling N2 under vigorous stirring and equilibrated demixing, an amount of the 

grafted CNC, corresponding to 5% or 10% concerning SBS, was dissolved in the toluene 

solution of 8% SBS. The organic solution was then casted on a glass, and the nanocomposite 

film was obtained. Subsequently, the same nanofiller, CNC-g-PDEAEMA-Py was used for 

making PVA nanocomposites. The water-toluene mixture containing 5 and 10% of CNC-g-

PDEAEMA-Py was subjected to CO2 bubbling and demixing before PVA (6%) was dissolved 

in the separated water phase; the composite film was also prepared by casting the solution on 

the glass. In both cases, the nanocomposite films were initially dried under ambient conditions 

for 6 h in order to gently remove the solvents and avoid producing air bubbles in the films. 

The films were then vacuum dried at room temperature for 3 days. 

 

Figure 17: Utilization of the transfer strategy for making the nanocomposites of PVA and SBS 
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2.3. Results and Discussion 

2.3.1. Thermal Properties of the Grafted CNCs 

Thermal Investigation by DSC is shown in Figure 18; it is evident that Tg remained unchanged 

by addition of CNC-g-PDEAEMA-Py.  

 

Figure 18: a) DSC curves of pure SBS and its nanocomposites with 10% CNC-g-PDEAEMA-

Py, b) DSC curves of pure PVA and its nanocomposites with 10% CNC-g-PDEAEMA-Py. 

(red color for nanocomposites and black color for pure polymer) 

 

2.3.2. ζ-Potential of Nanoparticles 

In Table 1, the ζ-Potential of CNC-g-PDEAEMA-Py was illustrated in three steps as follows; 

in the neutral state, after bubbling CO2 in water and after bubbling N2 at 4.96 mV, 48.95 mV, 

and 14.3 mV, respectively. The Zeta-Potential shows the stability of particles in water219. The 
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formation of quaternary ammonium cations and the increase of the ζ-Potential led to a stable 

aqueous solution. Also, ζ-potential fluctuations were reversible by each step of CO2/N2, it 

increased to 48 mV and decreased to 14.3 mV by bubbling CO2 and N2, respectively.  

 

Table 1: ζ-Potential data of unmodified CNC and CNC-g-PDEAEMA-Py in different 

situations 
 

Average of 6 repeats 

CNC -56.15 (sulfate ester groups) 

CNC-g-PDEAEMA-b-Py 4.96 

CNC-g-PDEAEMA-Py-Bubbling CO2 Stimulation 48.95 

CNC-g-PDEAEMA-Py-Bubbling N2 Stimulation 14.3 

 

2.3.3. Gas-controlled Reversible Transfers of CNCs through Water-

Toluene Interface in Demixed Solution  

The gas-controlled switch between the hydrophilicity and lipophilicity of CNC-g-

PDEAEMA-Py in aqueous solution is depicted in figure 19. As mentioned above, the rod-like 

nanocrystals of cellulose, after being grafted with the tertiary amine groups of CO2-responsive 

polymer (PDEAEMA), can be protonated under CO2 bubbling. The protonated amine renders 

the polymer grafts on CNCs soluble in water at room temperature and as a result, CNC-g-

PDEAEMA-Py is well dispersed in water. However, the tertiary amine groups are 

deprotonated under N2 bubbling and return to their neutral form making the polymer grafts 

insoluble in water at room temperature. Consequently, the functionalized nanocrystals of 

CNC-g-PDEAEMA-Py agglomerate in water. Due to the easier locating CNC-g-PDEAEMA-
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Py in solution or nanocomposites, pyrene groups on the polymer grafts were used as a 

fluorescent probe for the fluorescence emission.  

 

In a mixture of water and an organic solvent, the nanofillers should be able to preferentially 

dissolve or partition in the aqueous phase or the organic phase under CO2 and N2 bubbling, 

respectively, considering that CNC-g-PDEAEMA-Py can effectively switch between the 

hydrophilic and lipophilic states under gas stimulation. To observe this property, a completely 

immiscible binary mixture of water and toluene was used to disperse the grafted CNC-g-

PDEAEMA-Py under gas stimulation. Under vigorous stirring for a particular time, a gas, 

either CO2 or N2, was bubbled into the mixture and the mixture was then allowed to equilibrate 

until the toluene phase was completely separated from the aqueous phase and ascended to the 

top of the mixture. We have also shown the direct transfer of CNC-g-PDEAEMA-Py from 

water to toluene upon N2 bubbling or vice versa under CO2 stimulation as a result of the gas-

switchable hydrophilicity and lipophilicity. A series of representative results are discussed 

below.   
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Figure 19: Charged and non-charged states of CNC-g-PDEAEMA-Py by CO2 and N2 

 

The direct transfer of CNC-g-PDEAEMA-Py through the water-toluene interface under 

stimulation of CO2 and N2 was visible. As seen from the images in Figure 20a, grafted CNC 

was initially dissolved in toluene followed by addition of the mixture to water under vigorous 

stirring. After the mixture was separated at equilibrium, CNC-g-PDEAEMA-Py remained in 

the upper toluene phase, indicating the absence of nano-rods. Nevertheless, CNC-g-

PDEAEMA-Py was transferred and well dispersed in the water phase after CO2 bubbling, 

while the toluene phase became transparent. It was visible that the nanofillers were relocated 

in toluene as the aqueous phase turned clear after N2 bubbling. This reversible CNC transfer 

phenomenon could be repeated for many cycles with the same efficiency. The images in 

Figure 20b represent the same solution before and after CO2 as well as N2 bubbling under UV 

light irradiation. The blue color due to the emission of fluorescence by the pyrene groups in 
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CNC-g-PDEAEMA-Py, is observed in the respective phase and confirms the reversible 

transfer of CNCs as previously described. 

 

 

Figure 20: Images illustrating CNC-g-PDEAEMA-Py transfers through the water-toluene 

interface under stimulation of CO2 and N2 by visual observation under visible light (a), and 

UV light (b).  
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Several quantitative characterizations of the gas-controlled partition of the grafted CNC 

between water and toluene were also performed. In order to monitor the quantitative transfer 

process, one experiment was designed to allow the use of 1H NMR spectroscopy. Alternating 

CO2 and N2 bubbling were carried out for three consecutive cycles and following each gas 

treatment, the 1H NMR spectrum of the upper deuterated toluene phase was recorded (Figure 

21).  The results clearly demonstrated that all the resonance peaks of the polymer grafts were 

prominent, since PDEAEMA was insoluble in water before CO2 or after N2 bubbling. 

However, the resonance signals were extensively reduced after CO2 bubbling indicating the 

movement of CNCs from toluene to the water phase. A comparison of the integral of the main 

peaks of PDEAEMA (1.2 to 1.5 ppm) infers that, under CO2 bubbling, approximately 85% of 

CNC-g-PDEAEMA-Py was relocated from toluene to water. After CO2 stimulation, the 

remaining CNC-g-PDEAEMA-Py in toluene can be explained by the fact that the protonated 

PDEAEMA grafts are not completely soluble in water and possess partial solubility in toluene. 

The partition of 1H NMR peaks after CO2/N2 bubbling in toluene reflects the different 

solubility towards the two solvents. Upon deprotonation of PDEAEMA due to N2 treatment, 

CNC-g-PDEAEMA-Py becomes insoluble in water, and its transfer from water to toluene is 

overwhelming. Subsequently, after protonation of PDEAEMA due to CO2 bubbling, most 

nanoparticles transfer to the water phase. It should be considered that the removal of CNC-g-

PDEAEMA-Py from toluene to water is not complete due to the specific solubility of the 

functionalized CNCs in the organic solvent. Similar spectral changes indicate that the gas-

driven reversible transfer of CNC-g-PDEAEMA-Py between water and toluene is an effective, 

robust and well-repeatable process, although only three cycles of CO2/N2 bubbling were 

realized in this experiment. 
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Figure 21: The recorded 1H NMR spectra from the upper toluene phase after each period of 

CO2/N2 stimulation. 

 

The emission spectrum of the chromophore can further provide evidence of the phenomenon 

between water and toluene with the pyrene fluorescence probe in the polymer grafts on CNCs. 

The fluorescence emission spectra of both toluene and aqueous solutions were recorded over 

the three cycles of CO2/N2 bubbling and reported in Figure 22. The overall emission intensity 

is proportional to the amount of CNC-g-PDEAEMA-Py which increases in the toluene phase 

and decreases in the aqueous phase after each N2 bubbling and vice versa after each CO2 

bubbling. Upon alternative CO2/N2 bubbling, the spectral change in pyrene emission basically 

confirms the 1H NMR results and is an indication of the gas-driven CNC transfer as discussed 

above. Consequently, the variation of emission intensity due to the alternating CO2/N2 

bubbling is considerable and the almost quenched pyrene fluorescence after N2 bubbling 

implies that residual CNC-g-PDEAEMA-Py remained in water due to the lipophilic nature of 
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the PDEAEMA grafts. In contrast, the change in the emission intensity of pyrene in toluene 

after CO2 bubbling, is relatively small due to the specific solubility of CNC-g-PDEAEMA-

Py. 

 

 

Figure 22: Fluorescent emission spectra of solutions taken from water (a), and toluene (b) 

after each cycle of CO2/N2 stimulation. 

 

2.3.4. “In-situ” Fabrication of Nanocomposites from Both Hydrophilic and 

Lipophilic Polymers 

As previously discussed, CNC-g-PDEAEMA-Py is well dispersed in an organic solvent like 

toluene due to the lipophilic nature of the polymer grafts. However, when CO2 is bubbled in 

water, it turns the polymer grafts hydrophilic, hence, CNC-g-PDEAEMA-Py becomes well 

dispersed in the aqueous solution. This suggests that the cellulose nanofillers are dispersible 
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in either water or toluene without changing the polymer on the CNC surface simply by gas 

treatment. Therefore, the PDEAEMA grafts act as a kind of “universal” dispersing agent to 

stabilize the dispersion of CNCs in both organic solvent or water. This is a promising feature 

because it offers compatibility of the polymer-grafted CNC with both hydrophilic and 

hydrophobic polymers. Consequently, there is no need to graft different polymers on CNC to 

make nanocomposites with hydrophilic or hydrophobic polymers for the preparation of CNC 

based polymer nanocomposites. In order to demonstrate this, we designed the following 

experiment. The same batch of CNC-g-PDEAEMA-Py was utilized to prepare two 

nanocomposites with a hydrophilic and a lipophilic polymer, in an “in-situ” manner by 

transferring CNCs from water to toluene, or vice versa, using gases for changing polymer 

matrix without a drying and redispersion process.  

 

In order to obtain the initial CNC dispersion, we bubbled CO2 in the aqueous phase and 

obtained 85% CNC-g-PDEAEMA-Py dispersed in water. Initially, an aliquot of the dispersed 

CNC was used to make nanocomposite with water-soluble PVA matrix. In this approach, a 

specific amount of PVA was dissolved in water at 80 °C to produce a homogenous solution 

followed by preparation of PVA/CNC nanocomposites by solution casting with 5% or 10% 

nanofillers and the final product was finally dried. Simultaneously, another aliquot of the 

CNC-g-PDEAEMA-Py dispersion was utilized to make nanocomposites with hydrophobic 

SBS matrix (not soluble in water). In this experiment, toluene was added to the CNC 

dispersion in water and the mixture was subjected to N2 bubbling under vigorous stirring to 

allow CNCs to transfer into the toluene phase. The CNC dispersion in toluene was separated 

from the water phase after equilibrium, and SBS was directly dissolved in the toluene solution 
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to make SBS/CNC nanocomposite by solution-casting (5% or 10% CNCs) followed by 

drying. Therefore, two different CNC nanocomposites with a hydrophilic and lipophilic 

polymer were prepared simply by gas treatment using the same batch of CNC-g-PDEAEMA-

Py. In the following section, we investigated the above prepared nanocomposites, and their 

selected properties confirmed the stable dispersion of CNCs in the respective polymer matrix 

in both cases.  

 

2.3.4.1. The nanocomposites of SBS with CNC-g-PDEAEMA-Py 

The image of a 10% SBS-CNC nanocomposite film is shown in figure 23a. It is relatively 

transparent indicating the absence of aggregations or large-scale phase separation. Figure 23b 

is an image of the same film recorded with a fluorescence microscope with X5 magnification. 

The blue colored spots, which present the areas rich in CNC-g-PDEAEMA-Py, are 

homogeneously distributed. This result also indicates a good dispersion of the grafted CNC in 

the SBS matrix. Owing to the microphase-separated PS nanodomains in PB matrix, which act 

as crosslinkers and sustain the extension of rubbery PB chains upon elongation of the triblock 

copolymer, SBS is a thermoplastic elastomer. A neat SBS along with two SBS-CNC 

nanocomposites containing 5% and 10% CNC-g-PDEAEMA-Py, respectively, were 

subjected to the stress relaxation measurements under the same conditions in order to check 

the effect of CNC nanofillers on SBS. For this purpose, three films of the samples with a 

similar dimension (10 mm, 10 mm and 0.15 mm representing width, length, and thickness, 

respectively) were stretched to 300% elongation and the stress fluctuation under strain, as a 

function of time, was monitored. As shown in figure 23c, the initial stress required by the 
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nanocomposites to reach 300% strain was more significant than the pure SBS which clearly 

indicates that the nanocomposites are mechanically stronger. Consequently, although the 

apparent stress relaxation curve looks similar for all samples in the non-normalized value, a 

difference is observed by normalizing the stress plot which further indicates the highest value 

in each curve (Figure 23d). Therefore, the presence of CNC-g-PDEAEMA-Py also slows 

down the decrease in stress to a certain amount. This result implies that the CNC nanofillers 

hamper the polymer chain relaxation or structural rearrangement under strain.  

 

The tensile tests (stress-strain curves, not shown) corroborate the strengthening effect of the 

polymer-grafted CNC on the elastomeric SBS. The Young’s modulus, which was 

approximately 3.55 MPa for pure SBS, increased to 4.4 MPa for the nanocomposite with 5% 

CNC and to 7.14 MPa with 10% CNC in SBS, under the same conditions at 50 °C. Moreover, 

the yield strength increased from 0.46 MPa for pure SBS to 0.71 MPa for the 5% CNC 

nanocomposite and to 0.96 MPa for the nanocomposite containing 10% CNC-g-PDEAEMA-

Py. Finally, there was no significant change observed in Tg for the nanocomposites concerning 

neat SBS (Fig. 18-a). 
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Figure 23: Images of the nanocomposites of SBS with 10% CNC-g-PDEAEMA-Py observed 

visually (a) taken by a fluorescent microscope (b), stress-relaxation of pure SBS and 

nanocomposites of 5% and 10% CNC-g-PDEAEMA-Py at 50 ºC in raw value (c), and 

normalized value (d). 

 

 

2.3.4.2. The nanocomposites of PVA with CNC-g-PDEAEMA-Py 

Later, the PVA/CNC nanocomposite was prepared by casting aqueous solution of the polymer 

with CNC-g-PDEAEMA-Py. The nanofillers showed good compatibility with the hydrophilic 

polymer observed by a fairly good dispersion throughout the sample 10% CNC shown in 

Figure 24a and 24b. The effect of grafted CNC on the shape memory property of PVA was 

investigated as follows. Films of pure PVA and the nanocomposite prepared with 10% CNC-
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g-PDEAEMA-Py were heated to 82 °C (above Tg), bent by 90° and cooled to room 

temperature under deformation to allow the temporary folded shape to be maintained. Later, 

they were subjected to the shape recovery process by heating again to a temperature above Tg. 

Figure 24c shows the unfolding of the two films for better monitoring and comparing the 

shape memory. It was seen that the speed of shape recovery was different for the 

nanocomposite and pure PVA. Indeed, the recovery speed was higher for the nanocomposite 

concerning pure PVA. The reason for these different behaviors could be due to the difference 

in their heat conductivity since their Tg was found to be similar (Fig. 18-b). In fact, the heat 

transfer of CNC is much higher than PVA. As reported in the literature, the heat conductivity 

of CNC and PVA is 0.72-5.7 W.m-1.K-1 and 0.31 W.m-1.K-1, respectively220,221. A better heat 

transfer raises the temperature of the film faster due to the presence of CNC upon heating, 

thus increasing the speed of chain relaxation.  
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Figure 24: The photos, taken by a typical camera (a), and fluorescent microscope (b), of 10% 

CNC-g-PDEAEMA-Py nanocomposite of PVA, and the shape-memory of pure PVA and 10% 

CNC-g-PDEAEMA-Py in PVA matrix (c) (Neat PVA is the left, and the nanocomposite is 

the right side of pictures). 
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2.4. Conclusions 

The preparation of a kind of “universal” method for making nanocomposites by rod-like 

CNCs with either hydrophilic or lipophilic polymers was demonstrated. The grafted CNC, 

CNC-g-PDEAEMA-Py, can be solubilized or dispersed in both water and organic solvents as 

a result of gas-switchable solubility of the polymer grafts. The direct transfer of the polymer-

grafted CNC through the water-toluene interface was evidenced from visual observations, 1H 

NMR and fluorescence spectroscopy. It was also shown that dispersion of CNCs either in 

water or toluene can be achieved through simple CO2 or N2 bubbling. Eventually, 

nanocomposites containing the CNC nanofillers could be fabricated by solution casting with 

either hydrophilic or lipophilic polymers, using SBS and PVA. The CNC surface grafted gas-

switchable polymer compatibilizer allows for proper dispersion of the nanofillers in the both 

hydrophilic and lipophilic polymer matrix, and it enabled CNC for a better impact on their 

mechanical properties. This study constitutes a showcase of a novel application for CO2 

switchable polymers. 
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CHAPITRE 3. GAS-TUNABLE CELLULOSE NANOCRYSTALS 

MEMBRANE FOR PRECISE SEPARATION 

3.1. Introduction 

In recent years, much effort has been devoted to the fabrication of highly efficient separation 

processes and the development of membrane industry for water purification and small 

molecules seperation222,223. The membranes can be divided into several categories, more 

challenging in the small pore size fabrication such as ultra-filtration (UF) and nano-filtration 

(NF). The effective pore sizes for UF and NF membranes are in the range of 10-100 nm and 

1-10 nm, respectively, for filtration of charge or non-charged species in the solvents. 

Typically, the membranes can retain higher molecular weight substances than their pore sizes; 

while small molecules, like low molecular-weight organic compounds and ions, can pass 

through224. Membrane efficiency is usually defined by nominal molecular weight cut-off 

(MWCO), which is the smallest molecular weight substance that the membrane is able to 

reject by more than 90% rejection225. In the membrane studies, non-ionized poly(ethylene 

glycols) (PEGs) are often used for testing because of their excellent solubility in water and 

narrow molecular weight distributions to evaluate or define MWCO226. Among different kinds 

of materials which have been used for the fabrication of UF and NF, nanomaterials, due to 

their physical and chemical unrivaled structures, have been used to construct the 

membranes135–137,227. The development of UF and NF from nanomaterials such as graphene 

and carbon nanotubes has been significant. Nevertheless, the CNC, which is a sustainable 

replacement for these nanomaterials for water purification, has got less attention228. The 

anisotropic, rod-like shape of CNC is a suitable compound to make a nanoscale porous 
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structure for membranes. For instance, a membrane, made from tunicate CNC, used for the 

purification of micro- and nano-emulsions of oil in water with the pore size selection for the 

range of about 48-70 nm138.  

Besides the conventional membranes with unalterable pore sizes, stimuli-responsive 

membranes have been increasingly studied due to their tunable pore size. The chemical or 

physical environment signals, such as light, pH, magnetic fields, specific ions/molecules, 

temperature, and gases, can change the gate size of stimuli-responsive membranes, varying 

their permeability and selectivity229. In response to the environmental signals, the channels of 

membrane perform as a smart “door”, in two states of “opening” or “closing”. Among the 

many stimuli, the application of carbon dioxide (CO2) has gained interest due to its advantages 

over other stimuli175–177,212–218. For example, the contamination-free property is one of the 

benefits, concerned in the membrane application. It does not affect the switchability of 

membranes over repeated cycles, since CO2 produces no chemical contamination, in contrary 

to pH change that produces salt accumulation upon addition of acids and bases. Not only is it 

contamination-free, but also it does not damage the membranes unlike light exposure or 

temperature change which may impact the membrane system to a certain extent230–232. 

Therefore, CO2 is a cheap and environmentally friendly stimulus which can be developed to 

stimuli-responsive membranes. As demonstrated in Chapter 3, PDEAEMA is an efficient 

CO2-responsive polymer, whose tertiary amine groups can be reversibly protonated upon CO2 

bubbling, making the polymer hydrophilic, and deprotonated upon N2 bubbling that removes 

CO2, which brings the polymer back to the lipophilic state. In a previous study conducted by 

our group232, the gas switchability mechanism has been proved useful for making gas-tunable 

membranes, as PDEAEMA chains can extend to decrease the pore size of the membrane under 
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CO2 stimulation and collapse upon themselves to increase the pore size under N2 stimulation. 

The gas switchability can be used for many cycles without any reduction in efficiency. 

In our pursuit of valorizing CO2-responsive CNCs, we carried out studies on membranes. In 

this chapter, we report, for the first time, a novel CNC-based membrane with gas-tunable pore 

size. The membrane effectively separates PEGs of different molecular weights by size 

selectivity. Moreover, we show the switchability of our membrane on filtration of a positively 

charged dye (Rhodamine B), and a protein, Bovine Serum Albumin (BSA). We show that 

grafting PDEAEMA onto CNC makes it CO2-responsive (referred to as CNC-g-PDEAEMA 

hereafter), and that CNC-g-PDEAEMA can be readily deposited on a cellulose acetate support 

membrane. To the best of our knowledge, this is the first report on CO2-responsive CNC 

membrane capable of reversible tuning of small pore sizes in the UF and NF range and 

exhibiting molecular weight-selective separation. 

 

3.2. EXPERIMENTAL SECTION 

3.2.1. Membrane Preparation 

CNC-g-PDEAEMA was synthesized and purified by the methods explained in the previous 

chapters. Figure 24 illustrates the steps for membrane preparation. CNC-g-PDEAEMA has 

formed an opaque suspension in water (0.05 wt.%), presenting a non-solubilized dispersion 

in water (Figure 25a); upon CO2 bubbling, protonated PDEAEMA chains on CNC make 

CNC-g-PDEAEMA soluble in water, and the solution turned completely transparent (Figure 

25b). Three CNC-g-PDEAEMA membranes with different thicknesses on a supporting 
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cellulose acetate membrane, referred as M1, M2 and M3, were obtained by filtration of 10, 15 

and 20 mL of this solution, respectively (Figure 25c). The filtration was done under vacuum 

in an effective filtration area around 10.74 cm2. The active layer, gas-responsive CNC-g-

PDEAEMA, were then covered by another cellulose acetate support membrane to be 

sandwiched (Figure 25d). After applying a glue around the edge of the circular membrane 

(ineffective region), the membranes were then pressed under 2 Mbar pressure to yield a 

uniform membrane. 

 

Figure 25: Preparation Steps of the CO2-switchable membranes. a) the dispersed suspension 

of 0.05% w/w CNC-g-PDEAEMA, b) transparent suspension after bubbling CO2, c) the 

uniform randomly deposition of CNC-g-PDEAEMA on support membrane, d) the 

sandwiched active layer between two support membranes, and e) final membrane after 

pressing under 2 Mbar mechanical pressure.  
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In the preparation process, mechanical pressing was employed for getting highly stable 

membrane. Figure 26 illustrates the effect of a mechanical pressing on the support membrane 

of cellulose acetate. The pressure caused a reduction in water permeability due to increased 

density of the support membrane and declined pore sizes. The used pressure for the CNC-

based membranes was 2 Mbar, under which the flux of the support membrane dropped to 

around 4000 L/m2.bar.h, which remains much greater than the flux of the active layer, CNC-

g-PDEAEMA. Therefore, the pressing has no impact on the flux of the CO2-responsive 

membranes. 

 

Figure 26: Influence of mechanical pressing impact on water permeability (flux) on the 

support membrane (cellulose acetate) 
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3.2.2. Characterizations of Filtration Process 

A schematic diagram of the experimental filtration set-up is shown in Figure 27. The gear 

pump rammed one liter of the feed into the filtration cell, with an active area of 10 cm2 for the 

rejection area. An outlet valve was used for controlling the experiment pressure which was 

constant for all the experiments (2 bar). The concentration of solute, in the feed tank, was held 

essentially constant at around 200 ppm due to a small amount of sample taken after filtration, 

and all the experiments were conducted at room temperature. 

 

Figure 27: Filtration set-up: a pump is used for circulation of water in the system, the 

membranes are installed in the membrane cell, the valve controls the pressure in the membrane 

cell, and the CO2/N2 bubbling is made in the feed tank. 

 



69 

 

The average pure water flux (L/m2 h) was calculated by every 5 min bubbling of N2 and 2 min 

bubbling of CO2. A pressure of 2 bar was applied for all the experiments (pure water, PEG, 

BSA, and Rhodamine B) on water flux. The flux was determined by equation (1):  

J = 
𝑉(𝐿)

𝐴(𝑚2).𝑡(ℎ).𝑃(𝑏𝑎𝑟)
                                                                                                                         (1) 

where, A, V, t and P stand for the area, volume, time and pressure, respectively. 

For all the tests of PEG, BSA or Rhodamine B, the rejection ratio (R%) was calculated using 

equation (2): 

R (%) = (1- Cp/Cf).100                                                                                                                 (2) 

in which, Cp and Cf are the PEG, BSA or Rhodamine B concentrations in the permeate and 

feed solutions, respectively. 

 

3.3. Results and Discussion 

3.3.1. Characterization of Membranes 

The CNC membranes, made by vacuum, are gas-responsive and effective for separation in the 

UF and NF ranges. The CNCs made an anisotropic structure in an active layer owing to an 

exclusive feature of CNCs (2-10 nm width and 100 to 200 nm length) on a support membrane. 

The random arrangement of CNC has a considerable free volume between rod-like CNCs. 

These free volumes define the pore size of membranes in the active layer, which can allow 

solutes to permeate or retained according to their sizes. Therefore, the solute size, which needs 
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to pass across the free volume of randomly heaped CNCs, defines the pore size of a membrane. 

In other words, the size separation membrane was achieved by free volumes. The water 

permeability and the rejection efficiency of membranes depend on not only the free volume 

but also the thickness of the active layer. Qualitatively, the thinner one is able just to stop the 

biggest solutes but is less effective to smaller size solutes. However, the thicker active layer 

performs better due to a longer route to pass through and more pact CNC to filter small size 

molecules. 

However, the main novelty of this work is the application of gas-responsive polymers like 

PDEAEMA on CNCs. As shown in Figure 28, the effect of grafted PDEAEMA on CNCs is 

the control of the free volume in the active layer by gases. When the protonated PDEAEMA 

chains fully extends in response to CO2, the free volume decreases, or the pore is blocked by 

the polymer. Conversely, the deprotonated PDEAEMA is converted to its neutral state by an 

inert gas, Ar or N2, so the PDEAEMA chains collapse on themselves near the surface of CNCs, 

thus allowing the free space to be recovered and the pore reopened. Therefore, the reversible 

hydrophilic-to-hydrophobic transition of PDEAEMA can have a practical impact on the 

membrane pore size, which is small when polymer chains are fully extended under CO2 

stimulation (gate close) and becomes large when polymer chains are collapsed upon removal 

of CO2 by N2 (gate open). An important feature is that the pore size can be varied between the 

“gate close” and “gate open” state, since the extent of PDEAEMA chain extension is governed 

by the protonation degree of the tertiary amine groups, which, in turn, is determined by the 

amount of injected and solubilized CO2 in aqueous solution. 
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Figure 28: Surface-view of a typical CO2-responsive membrane whose pore size can be 

reversibly varied under CO2/N2 stimulation 

 

Figure 29 shows SEM images taken from the cross-section of the membrane comprising an 

active CNC-g-PDEAEMA layer deposited on the passive support membrane. According to 

the fabrication method, different volumes of CNC-g-PDEAEMA suspension were used for 

the membrane fabrication, resulting in different thicknesses. For M1, M2 and M3, 10, 15 and 

20 mL (0.05 wt. % in CNC-g-PDEAEMA) of the suspension were utilized, respectively. The 

thicknesses were estimated to be about 1.5 µm for M1, 3 µm for M2 and 5.5 µm for M3 from 

the SEM photographs. The layer of CNC-g-PDEAEMA, observed in Figure 29, is a compact, 

glue-like layer, being formed from a good packing of nanoparticles by enhanced by 

PDEAEMA, which is the main reason of the highly sustainable membrane under high 

pressure. The amounts of CNC-g-PDEAEMA for M1, M2, and M3 were 4.65, 6.97 and 9.3 

gr/m2, respectively, and the active area for filters was 10.74 cm2. One of the privileges of the 

project is that the excellent performance of the made membranes was achieved by using such 

a small amount of the active materials (CNC-g-PDEAEMA). 
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Figure 29: SEM cross-section images of the membranes M1, M2 and M3 that have different 

thicknesses of PDEAEMA grafted CNCs (the upper layer) deposited on the supporting 

membrane (bottom layer). 

 

3.3.2. Pure Water Flux Performance 

Figure 30 presents results of the water permeability of the membrane. The membranes show 

evidence of accuracy, reversibility and reproducibility over many cycles of CO2/N2 

stimulation. The grafted PDEAEMA chains cover the surface of CNCs; at room temperature 

and upon CO2 bubbling, PDEAEMA chains become soluble due to the protonated tertiary 

amines213, adopting extended conformation and filling the gates between CNCs, which 



73 

 

resultes in decreased water flux due to closed pores. Subsequently, by passing N2 in the 

solution, to remove CO2, at pH 7, deprotonated PDEAEMA chains return to the insoluble state 

in water, collapsing on themselves near to the surface of CNCs, which makes the gates 

between rod-like CNCs “open” so that the water flux increases. The reversible change in water 

permeability under alternating CO2 and N2 bubbling can be repeated for many cycles. 

In the process of water flux test, the initial water flux was lower, about 76, 30 and 24 L.m-2.h-

1 for M1, M2, and M3, respectively, than the flux became much higher under N2 stimulation 

during the five cycles (Figure 30). The reason is as follows. Owing to the pressing effect in 

the preparation step which decreases the free volume between CNCs and consequently 

diminishes the water flux. However, the free volume increases after one cycle passing CO2 

because the active layer swells, and this phenomenon is irreversible. The expanded structure 

retains its structure for the next cycles, and the membranes show good water flux reversibility 

over the five periods of tests. The water flux of the membrane switches between about 40 and 

10 L.m-2.h-1 for M3, 80 and 24 L.m-2.h-1 for M2, and 210 and 40 L.m-2.h-1 for M1 upon 

bubbling N2 and CO2, respectively. All the experiments were performed at a pressure 2 bars. 

Due to the longer path traversed by water molecules in a thicker membrane, the water 

permeability decreases with increasing the membrane thickness. Water can pass through the 

thinner membranes easily because of not only shorter pathway in width but also lower gates 

rather than the higher thickness. They are the most efficient impacts on the filtration 

performance of membranes and their size selectivity applications. 
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Figure 30: Water flux tests for the membranes of different thicknesses (cubic: M1, circle: 

M2, and triangle: M3) subjected to five cycles of alternating CO2 and N2 bubbling 

 

3.3.3. Size-Selective Filtration of Non-Charged Molecules 

Figure 31 depicts the mechanism of gas-responsiveness of the membrane at the maximal pore 

size variations and its use for separation of PEGs of different molar masses. In this way, the 

size selectivity for filtration of our membranes was investigated using uncharged, water-

soluble PEG. As mentioned above, the grafted PDEAEMA affects the free volume between 

CNCs in two states, with bubbled CO2 and N2. On the one hand, the protonated PDEAEMA 
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adopt their fully extended conformation under CO2, and they progressively fill the space 

between the CNCs. Consequently, there was a smaller free volume to pass by solute in this 

state, and the gates are in “close” state, and only small molecules could pass through. On the 

other hand, the PDEAEMA retrieved themselves to a neutral state at pH 7 by under N2. The 

neutral PDEAEMA collapsed unto themselves close to the surface of CNCs. Therefore, the 

high free volume gave more space the big molecules to cross the membrane. 

 

 

Figure 31: Cross-section view of a typical CO2-responsive membrane and illustration of its 

size-selective filtration of PEGs 

 

In this experiment, the concentration of 200 ppm of four PEG samples (MW 1,000, 2,000, 

6,000 and 20,000 gr/mol with a hydrodynamic diameter of about 0.74, 1.07, 1.94 and 3.72nm, 

respectively)233 were used as solutes in the feed solutions for each PEG under pressure of 2 

bars. For each set of experiment, two PEG samples were selected which had higher and lower 

molecular weights. According to the gas-tunability of the membrane pore size, the high 
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molecular weight PEG cannot pass through the pores after bubbling CO2 due to the expansion 

of PDEAEMA chains (pore closure state); while it can go through the membrane after 

bubbling N2 that opens the pores. By contrast, owing to the small hydrodynamic diameter of 

lower molecular weight PEG, it can pass the pores even under CO2 stimulation. To investigate 

the size-selectivity of the membranes, the mixtures of PEGs with high and low molecular 

weight were tested to observe the separation efficiency of the membrane. For example, the 

SEC results using the membrane M3 for the mixture of PEG 1,000 gr/mol and PEG 20,000 

gr/mol are shown in Figure 32a. For PEG 20,000 gr/mol, the membrane exhibits a low 

rejection rate of 17.6% under N2; while it shows a good rejection around 91.4% under CO2. 

When the mixture is filtered using M3 under CO2 bubbling, due to the size-dependency of 

membranes, most PEG 1,000 gr/mol passes through while most PEG 20,000 gr/mol is retained 

by the membrane, realizing size-selective separation with the distinction between 

hydrodynamic diameters of about 0.74 and 3.76 nm. The SEC results for M1, M2, and M3 

with PEGs of different molecular weights are presented in Figure 33, 34 and 35, respectively. 

Finally, all data of gas-switchable rejection for the four PEGs using the three membranes are 

summarized in Table 2. 

Moreover, the gas-tunability of pore size has another advantage which allows the membrane 

to be cleaned and reused for many times. As shown by the results in Figure 32b, the flux of 

PEG solutions for each membrane was monitored during CO2 and N2 stimulation for three 

cycles. Since the membrane gates were open and the residual species in the pores could be 

washed away, the membranes were able to recover their initial flux after rinsing with pure 

water for 30 min and bubbling N2. It is a cost-saving advantage for the gas-tunable membranes 

which could recover their water flux by rinsing with pure water. In other words, the residual 
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contaminations remained in the membranes, can be removed after opening the gates. 

Therefore, after washing with pure water, the membranes can be used repeatedly for filtration, 

so they are reusable. The other membranes, M1 and M2, due to thinner active layers of CNC-

g-PDEAEMA in the pathway, show higher flux in the tests.  

 

 

Figure 32: The results obtained by M1, a) SEC spectra of PEG 1,000 gr/mol and 20,000 gr/mol 

before filtration, feed (cubic), after filtration by CO2 (circle) and by N2 (tringle). b) Flux of 

PEG solutions in three cycles under CO2 and N2 stimulation. 
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Figure 33: SEC spectra showing the effect of PEG molecular weight on the gas-responsive 

filtration by the membrane M1: (a) mixture of 20,000 and 6,000, (b) mixture of 20,000 and 

2,000, and (c) mixture of 20,000 and 1,000. 
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Figure 34: SEC spectra showing the effect of PEG molecular weight on the gas-responsive 

filtration by the membrane M2: (a) mixture of 20,000 and 6,000, (b) mixture of 20,000 and 

2,000, and (c) mixture of 20,000 and 1,000. 

 



80 

 

 

Figure 35: SEC spectra showing the effect of PEG molecular weight on the gas-responsive 

filtration by the membrane M3: (a) mixture of 20,000 and 6,000, and (b) mixture of 20,000 

and 2,000. 

 

Table 2: Rejection efficiency (in percentage) for PEGs of different molar masses for the 

membranes M1, M2 and M3 under CO2 and N2 stimulations 
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3.3.4. Filtration of Charged Molecules 

The electrostatic interactions between molecules or materials in solution may play an 

important role in the filtration process. The solutes are filtered by not only their sizes but also 

by their intermolecular interactions with the pore surfaces that may be electrically charged. 

The acidic or basic functional groups can be charged in different pHs, so that their surface 

charges alter. There is a broad range of charged molecules or compounds whose filtration is 

influenced by the electrostatic interactions with charged pore surfaces of the membrane. Since 

our gas-responsive membranes are also pH sensitive due to grafted PDEAEMA chains, their 

filtration performance for charged solutes was investigated. In these experiments, Bovine 

Serum Albumin (BSA) and Rhodamine B were used for the tests. These two compounds have 

different behaviors with respect to pH in water. BSA is a protein which, due to carboxylic 

acid and amine groups in its structure, has different charged states in different pHs. At pH 

below the isoelectric point, its amine groups are protonated to quaternary structures giving 

rise to positive charges, while at pHs above it, its carboxylic groups lose their H+ and produce 

negative charges. By contrast, Rhodamine B is a positively charged molecule in different pHs. 

Figure 36 depicts the different situations in using the gas-responsive membrane to filter 

charged solutes like BSA and Rhodamine B.  On the one hand, BSA is a protein with an 

isoelectric point around 4.8 which means that the BSA has a positive charge at pH below 4.8, 

while it has a negative charge at pH above 4.8 (Figure 36a). As PDEAEMA chains are 

positively charged in response to CO2 bubbling, which brings the solution pH to about 4.3, it 

produces the electrostatic repulsion that acts between BSA and PDEAEMA, that hampers the 

passage of BSA through the pores between CNCs. Bubbling N2, as the solution pH is back to 
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about 7, BSA is negatively charged, and PDEAEMA is in a neutral state. Therefore, there are 

no electrostatic interactions between BSA and PDEAEMA, although the passage of BSA may 

be affected by the negative charges of CNCs. Therefore, these charge interactions can 

influence the rejection results, as in the pHs under 4.8 (under CO2 stimulation), the rejection 

should be higher than at pHs above 4.8 (under N2 stimulation). 

 

On the other hand, Rhodamine B remains positively in the pH range (Figure 36b). In this case, 

the positively charged Rhodamine B is electrostatically rejected by positively charged 

PDEAEMA chains when the membrane is subjected CO2 stimulation. The repulsion between 

PDEAEMA and Rhodamine B favors the rejection of the dye molecules. By contrast, under 

N2 bubbling, PDEAEMA is neutral with some negative charges on CNCs, Rhodamine B, 

which has a constant positively charged, should be attracted to the membrane. 
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Figure 36: Schematic illustration of the filtration of charged solutes by the gas-responsive 

membrane whose pore surface swicthes between postively charged and neutral under CO2 and 

N2 stimulation respectively: (a) for BSA that switches between posyively and negatively 

charged state, and (b) for Rhodamine B that remains positively charged 

3.3.4.1. Protein (BSA) Filtration  

The rejection efficiency of the gas-responsive membranes for BSA was investigated by 

monitoring the absorption of BSA at the wavelengths around 280 nm in the permeate solution. 

Figure 37 shows the UV absorption spectra for feed solution, after filtration under CO2 and 

after filtration under N2 for the three membranes. For M1, after bubbling CO2, about 40% of 

BSA was retained by the membrane, while after N2 bubbling, only a small fraction of BSA 

could be rejected and the membrane essentially recovered the initial state. For M2 and M3, 
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with increasing the membrane thickness, the rejection degree under CO2 stimulation 

increased, but the recovery of the membrane to the initial state became more difficult. The 

rejection gap, between under CO2 and N2 bubbling decreased due to the reduced pore size by 

increasing the thickness of the membrane from M1 to M3. Two factors influence on the 

rejection efficiency of the membrane: pore size and surface charge. The pore size factor affects 

the rejection efficiency more than the surface charge changes by increasing thickness from 

M1 to M3, particularly in M3.  

Furthermore, the flux of filtration for the protein solution by M3 after alternating bubbling 

CO2 and N2 in three cycles, after recovering by washing with pure water, is shown in Figure 

37d. In this way, under the stimulation of CO2, the filtration of M3 shows the increase in the 

rejection of BSA without lowering the water flux of the membrane. As a conclusion, the flux 

did not change significantly owing to repulsion between BSA and the membrane under CO2 

stimulation. They make a cake layer, which does not allow the proteins to block the pores of 

the membrane234 since the charged PDEAEMA grafts repulse the BSA molecules. The flux 

test was conducted with M3, for which the flux after N2 stimulation was greatly reduced to 

below that under CO2. However, it acts in different manner for M1 and M2, for instance, the 

flux of M1 had no change during filtration under N2, because its pore size is bigger than BSA 

molecules, and the flux is so high to make a cake layer in the top of M1 (Figure 38). In the 

case of M2, the cake layer is not made and the water flux, in CO2 stimulation, dropped to 

which under N2 stimulation.  

To recover and remove the contaminations, M2 and M3 needed to be washed by pure water 

with one cycle of passing CO2 and N2; while M1 was recovered without the cycle of gases. 

The reason for one-time bubbling CO2 is probably due to the repulsion between PDEAEMA 
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and the positive charged BSA. Also, the pore size increase can be another reason for removing 

the residual of BSA retained in the interspace of CNCs. Therefore, the water flux was 

recovered to the initial state by removing BSA from the membranes. As mentioned in the 

previous section, the removal of contaminations is a significant characteristic of the 

membranes which gives the possibility to re-use the membranes repeatedly for BSA filtration. 

In this section, we used the membranes for three cycles to filter BSA.  

 

Figure 37: (a)-(c) UV absorption spectra of BSA in the permeate solution: feed (cubic), after 

bubbling CO2 (triangle) and after bubbling N2 (circle) for the three membranes M1-M3. (d) 

Flux of filtration by M3 after bubbling CO2 and N2 in three cycles after recovering 
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Figure 38: BSA Flux of filtration by M1 and M2 after under CO2/N2 stimulations in three 

periods after recovering 

 

3.3.4.2. Dye (Rhodamine B) Filtration 

In the evaluation of Rhodamine B, its absorption spectrum in the visible region was recorded 

with the permeate solution before and after CO2 or N2 bubbling to monitor the change in the 

rejection of the dye by the membranes. The results obtained with the three membranes are 

shown in Figures 39. The interactions between membrane and Rhodamine B play a key role 

in the rejection. The protonated membranes, under CO2, block the positively charged solutes, 

obtaining high rejection about 82%, 83% and 85% for M1, M2 and M3, respectively. 
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However, the Rhodamine B is well rejected by the membranes under N2, which was rejected 

about 73%, 79% and 85% for M1, M2 and M3, respectively. Although the membranes show 

high rejection, due to the increase in the thickness of M2 and M3, the filtration of Rhodamine 

B shows a reduction in the gap between after CO2 and N2 bubbling, like BSA. Probably, the 

positively charged dyes had the best chance to be adsorbed by the negatively charged CNCs, 

as M3 has the longest route to pass through for Rhodamine B molecules. The red color 

contamination in the active layer of the membrane supports the above analysis.  

The flux test of Rhodamine B filtration supports the mechanism of gas-tunability and charge 

changes of the membrane by gases. In this approach, the membranes were contaminated in 

the neutral state, while the flux did not show significant differences for M1, M2, and M3 in a 

charged state (Figure 38d and Figure 40). The membranes, in the neutral state, experienced 

high contamination and the flux significantly diminished in the filtration process. As 

mentioned above, the Rhodamine B is a positively charged molecule so that it can adsorb on 

negatively charged surfaces like CNC. It should be pointed out that the grafted CNC with 

PDEAEMA, in the N2 stimulation, is mostly in a neutral state; but the sulfonic groups of CNCs 

possibly could absorb Rhodamine B. In addition to the negative sulfonic groups, the hydroxyl 

groups of CNCs can also have an attractive interaction with the dye molecules. Indeed, there 

are plenty of hydroxyl groups on the surface of CNCs, which can attract the Rhodamine B by 

hydrogen bonding and cause the contaminations in the membranes. It can be concluded that 

the membranes can be used for the filtration of charged molecules, like BSA and Rhodamine 

B, because of the enhancement of rejection performance under CO2 stimulation without 

contaminating in the membranes. In Table 3, the rejection results of BSA and Rhodamine B 

are summarized. As it can be seen in the table, the gap between CO2 and N2 stimulation 
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decreases from M1 to M3 due to increasing the effect of pore size rather than the interactions 

by charges. 

 

 

Figure 39: UV-Vis absorption spectra of Rhodamine B in the feed (cubic) after filtration by 

passing CO2 (circle) and N2 (triangle) for M1 (a), M2 (b) and M3 (c), and flux filtration of 

Rhodamine B by M3 under CO2/N2 stimulation in three cycles (d) 
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Figure 40: Rhodamine B Flux filtration of M1 and M2 after under CO2/N2 stimulations in 

three cycles after recovering 

 

Table 3: Rejection rate (in percentage) for BSA and Rhodamine B by the membranes of 

different thicknesses under CO2 and N2 stimulation 
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3.4. Conclusions 

Gas-Switchable CNC-based membranes for ultrafiltration and nanofiltration proposes were 

successfully made for the first time, using a straightforward and reproducible method using 

vacuum-assisted filtration. Under N2 and CO2 stimulation, the membranes could reversibly 

switch between pore-open and pore-closure states, respectively, and they are capable of 

separating the mixture of PEGs of different molecular weights with hydrodynamic diameters. 

The working range of the new membranes was in UF and NF, involving tiny pore sizes in the 

order of a few nanometers. Moreover, the grafted PDEAEMA chains on the CNC surface can 

be used for gas-switchable rejection of charged proteins like BSA and charged dyes like 

Rhodamine B.  

The membranes were fabricated by an easy method and thus cost-effective, which have a high 

potential for smart membrane applications involving easily tunable, size-selective or the 

charge-selective separation of nanoparticles or molecular species in aqueous solution. The 

membranes have an excellent possibility to be utilized in the industry of water treatment and 

the separation of nanomaterials in the water, and they are also made by the eco-friendly 

compound, CNCs, and biocompatible stimuli, CO2, with no toxicity. 
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CHAPTER 4. CO2-RESPONSIVE LIQUID CRYSTALS OF 

CELLULOSE NANOCRYSTALS IN DRIED FILMS AND 

SUSPENSIONS 

4.1. Introduction 

Nature is an outstanding teacher to design beautiful structural color, developed in some 

insects, bird feathers, fish scales, plant fruits, and leaves. The structural color is generated 

from the light diffraction in nanoscale on their multilayer structures235,236. Interestingly, In 

some animals, such as the tortoise beetle Charidotella egregia and the freshwater aquarium 

fish Paracheirodon innesi, the structural color is changed by changing the multilayer 

structures in different environments237. The structural color has considerable advantages in 

comparison to pigment colors owing to exceptional stability under cyclic stimulation238. The 

mimicking of natural nanostructures for structural color is a promising research area that aims 

to develop new materials responsive to external or chemical stimulus. By dispersing colloidal 

inorganic or polymer microspheres239,240 or having polymer networks of cholesteric liquid 

crystalline phase241, the development of stimuli-responsive materials into photonic self-

assembled structures has generated much interest. Also, a typical chiral nematic structure is 

generally made by a natural building blocks of some compounds capable of forming a helical 

structure, such as CNCs144,242–245. As it was explained in the introduction of this thesis, CNCs 

are able to form a chiral nematic structure in dispersed state in the solvents. Nevertheless, the 

production of stimuli-responsive cholesteric photonic structures is still challenging owing to 

difficulties in precise control of the pitch size of self-assembled multilayer structures of CNCs. 



92 

 

To tune the pitch of multilayers at large scale within the visible light wavelength, and increase 

the uniformity of the films, plenty of attempts have been done141,246,247. 

As discussed in the introduction, CNCs, produced by hydrolysis of semicrystalline cellulose 

with sulfuric acid, present sulfate ester groups on their surfaces159. The colloidal suspensions 

of CNCs are stable in water, and they can form a chiral nematic phase, referred to cholesteric 

liquid crystalline phase, due to the surface charges of CNCs142,248. After drying the suspension, 

the solid film with left-handed helical structure displays the optical properties of a chiral 

nematic liquid crystal242-244. Through different treatments, such as ultrasound treatment or the 

addition of electrolytes in the CNC suspension249–251, or by slow desulfation of CNCs in 

suspension at 70 °C, a blue-shift could be observed252,253, and the reflected light from solid 

CNC films can be adjusted by changing the chiral nematic pitch. Generally, there are some 

factors which can affect the helical pith of self-assembled CNCs, which include substrate 

variation, vacuum-assisted self-assembly, differential heating, evaporation rate254–257, and 

applied external electromagnetic fields258–260. 

Moreover, the variation in the helical pitch takes place by addition of some water-soluble 

polymers, such as polyethylene glycol, anionic polyacrylate, poly(vinyl alcohol), 

hydroxypropyl cellulose and copolymers based on poly(oligoethylene glycol methacrylate), 

leading to color changes261–265. The environment conditions, such as the relative humidity, can 

also result in change in the reflected light by affecting the pitch, but the color change is usually 

not uniform in the case246. 

In other cases, CNCs were employed as a chiral template for in situ polymerization giving rise 

to stimuli-responsive polymers that show changes in iridescence in response to solvents, pH 

or temperature variations266. Furthermore, an alkaline treated chiral nematic film of CNCs, 
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and a urea-formaldehyde resin were fabricated to show the effect of other stimuli, such as 

pressure and solvent polarity, on the optical properties267. However, the multidomain colors 

are mostly observed in solid CNC films due to the competition between the surface and 

nematic energy141,143,267,242–244,246,247,255,261,262. To fabricate structural color, the controlling 

pitch and chiral nematic phase by the external stimulus is a significant work for advanced 

optical applications.  

As our continuing effort on exploring the applications of CO2-responsive CNCs, the project 

described in this chapter aimed to investigate the possibility of using the gas to adjust the 

chiral nematic phase formed in dried CNC films. We show that when prepared from a 

suspension, the liquid crystalline order in a free-standing film of CNCs can be disrupted by 

the presence of CO2, and the order can be recovered upon removing CO2. As schematically 

illustrated in Figure 41, adding PDMAEMA in the CNC suspension and the injection of CO2, 

positively charged polymer chains interest with negatively charged CNCs, which disrupt the 

chiral nematic phase of CNCs. The effect is very sensitive and even a small amount of gas, 

can make the liquid crystal structure disappear. This phenomenon is reversible by removing 

CO2, with the chiral nematic phase recovered after heating and purging Ar. Moreover, as will 

be detailed below, the intermolecular interactions were investigated through the coffee-stain 

effect. Due to the attraction between CNCs and the polymer chains, the suspension showed 

an anti-coffee-stain property. Interestingly, the observed CO2-responsive coffee-stain effect 

of the CNC suspension implies the migration of CNCs by the presence of CO2 in the 

atmosphere. This phenomenon can be explored for making smart CNC-based inks for 

advanced applications. 
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Figure 41: Illustration of the mechanism for the reversible CO2-responsive chiral nematic 

phase of CNCs in aqueous suspension. The ordered state remains in dried CNC films 

 

4.2. Experimental Section 

4.2.1. Preparation of CNC Suspensions 

Four suspensions, in different concentrations of CNCs in water, were made, containing 2.5 

wt. % (2.5% CNC), 5 wt. % (5% CNC), 7.5 wt. % (7.5% CNC) and 9 wt. % CNC (9% CNC), 

respectively, with respect to water. The sonication, within 3 min with 70% amplitude, led to 

complete dispersion of CNCs without visible aggregation. Also, 2 wt. %, 6 wt. % and 12 wt. % 
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of PDMAEMA with respect to CNC (2%, 6% and 12% PDMAEMA) just in the concentration 

of 7.5% CNC were made. To prepare the samples for SEM, the suspension of 7.5% CNC with 

2% PDMAEMA was first freeze-dried and then further dried in a vacuum oven at 50 °C for 

three days. This procedure was used for suspensions before and after CO2 injection. Then, the 

dried samples, in the form of foam, were cut to observe their cross-sections. The concentration 

of injected CO2 was calculated with respect to PDMAEMA moles in the solutions.  

4.2.2. Preparation of CNC Films 

The dried films were made by dropping CNC suspensions on a glass slide, and a cover glass 

was put on the drop, adopted from the method used by Gray et al.268 for observing cholesteric 

structures on a polarizing optical microscope (POM). The samples were dried in ambient 

conditions for one day, then in a vacuum oven at 50 °C for two days. The samples were taken 

from the suspensions before/after CO2 and after heating with Ar. To prepare samples for SEM, 

the films made for POM tests were cut to take their cross-section images.  

 

4.3. Results and Discussion 

4.3.1. Optimization of Condition for Obtaining the Cholesteric Phase 

To optimize the condition for getting CO2-responsive chiral nematic phase of CNCs, other 

concentrations of CNC suspension with PDMAEMA in water, were also investigated. The 

main purpose was the optimization in the concentration of CNC and PDMAEMA to adjust 



96 

 

the pitch of the cholesteric phase in the range of visible light under POM, then to see the 

impact of CO2 on the ordered structures.  

4.3.1.1. Optimizing the CNC Concentration 

In general, the CO2-sensitivity was observed in different concentrations of CNCs. Some of 

the suspensions showed harder gel due to the high concentration of CNCs; while others with 

low CNC concentrations were softer. Although, 2.5%, 5% and 9% CNCs with 2% 

PDMAEMA in water showed CO2-sensitive properties (Figure 42), 7.5% CNC was used for 

further studies of the gas-sensitive cholesteric phase. The reasons for choosing 7.5% CNC 

will be pointed out below. 

 

Figure 42: Photos showing the apparent state of the suspension (fluid or gel) before and after 

100% CO2 injection with respect to PDMAEMA moles in the suspensions of 2.5%, 5%, and 

9% CNCs, respectively, with 2% PDMAEMA. 
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The main factor for controlling the pitch of the cholesteric phase formed by CNCs is the 

concentration of CNCs in water. To produce a colorful film after drying, Gray268 reported for 

the first time the optimized concentration, which was around 8 wt. % with respect to water. 

Their observation was confirmed by our study. Indeed, the films made from the suspensions 

of CNCs produced the cholesteric phase just at 7.5% CNCs, due to the compatible pitch size 

to the visible wavelengths (Figure 43). By contrast, at other concentrations, 2.5%, 5%, and 

9% CNC, the films were colorless. The reason of getting critical concentration is the distance 

between CNCs to diffract the photons. It means that CNCs are close enough to diffract the 

visible light in this concentration. In fact, the diffracted wavelengths are out of visible lights 

in the other concentrations.  

 

Figure 43: POM images of neat CNCs in different concentrations (2.5%, 5%, 7.5%, and 9% 

CNC) between a glass slide and cover glass after drying for 3 days in a vacuum and 50 °C. 
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4.3.1.2. Optimizing the PDMAEMA Concentration 

Unlike other water-soluble polymers, such as PEG265 or glycerol269 mixed with CNCs, the 

concentration of PDMAEMA has an impact on the pitch of the cholesteric phase in CNCs. 

The glycerol, and PEG had no significant effect on organized free-standing of CNC 

suspension, and the chiral nematic pitch was observed in any concentrations of polymers. 

However, at higher concentrations of PDMAEMA, 6%, and 12 %, the polymer destroyed the 

color domains of chiral nematic phases in the dried films (Figure 44). Thus, 2% PDMAEMA 

was used for all the experiments in this project. 

 

Figure 44: POM images for 7.5% CNC suspension with different concentrations of 

PDMAEMA (2%, 6%, and 12%). 

 

4.3.2. Gas Penetration in the Composition 

CO2 penetration inside the suspension is another essential factor. This was investigated by 

using the suspension with 7.5% CNCs and 12% PDMAEMA. Due to the destroying of helical 

structures by stirring, CO2 gas was merely injected into the container without any agitation. 

The suspension gradually absorbed the gas due to CO2 consumption inside the gels, and 
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according to the equilibrium between the top atmosphere and inside the suspension, CO2 

diffuses into the inside of the suspension of CNC and PDMAEMA. In order to make the 

process easier to follow visually, a high concentration of PDMAEMA was used in the 

suspension (Figure 45). The turbidity, presenting the seizing by CO2 in the suspension, was 

slowly increased from top to bottom and reached all the sample eventually. After 100% CO2 

injection in 1 hour, the sample started to be turbid, and after one day the whole sample was 

uniform and turned to opaque. 

 

 

Figure 45: Photos showing the process of CO2 penetration and diffusion inside the suspension 

of 7.5% CNC with 12% PDMAEMA 

 

4.3.3. Mechanism of CO2-sensitive formation of cholesteric phase by CNCs  

Some parameters, such as the size of CNCs, surface charge density and ionic strength, can 

influence the self-assembled CNCs in the suspension to produce the chiral nematic pitch142,248. 
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Any changes can affect the cholesteric phase of suspensions and dried films in the pitch and 

the orientation of CNCs. On the one hand, PDMAEMA is a CO2-responsive polymer which 

reacts with carbonic acid made by CO2 in water and being either protonated in the presence 

of CO2 or neutral upon removal of CO2 from the water. On the other hand, CNCs have 

negative sulfated groups on the surface owing to acid hydrolysis. As shown in Figure 39, the 

protonated PDMAEMA, positively charged, is adsorbed by CNC because of electrostatic 

attraction between them, and eventually, the suspension makes a strong gel. By the adsorption, 

the orientations of CNCs are also destroyed. In a similar case, Oechsle et al.270 used the same 

mechanism of CO2-responsive CNC hydrogels with small molecules for producing positive 

charges in the presence of CO2. In this project, the suspensions were so sensitive to the small 

amount of carbon dioxide in the atmosphere. The viscosity of suspension considerably 

increased even by injection of 5 mol. % of CO2 (5% CO2) with respect to the tertiary amine 

groups in PDMAEMA moles in the sealed container by the rubbery cap. A small amount of 

CO2 drived the sol-gel transition, and the suspension gradually became stiffer by the injection 

of 10 mol. % CO2 (10% CO2), 25 mol. % CO2 (25% CO2). Interestingly, at 50 mol. % of CO2 

(50% CO2), the mixture was very viscous, and finally at 100 % mol. CO2, it became a  stiff 

gel (Figure 46). By heating to 75 °C and replacing upper gas by Ar in each 15 min for 3 hours 

(Ar+Δ), the stiff hydrogels turned to softer. Although the hydrogel lost its viscosity by 

combined Ar gas and heating, the gel to solution transition was not completed due to residual 

of a small quantity of CO2 inside the viscous suspension. Totally removing all the CO2 from 

stiff gels is so difficult, and it needs a longer heating time which causes evaporation of water.  
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Figure 46: Photos showing the suspension of 7.5% CNC with 2 wt. % PDMAEMA upon 

injection of different amounts of CO2 after one day (the percentages are molar % with respect 

to the molar content of the tertiary amine groups in PDMAEMA). 
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4.3.4. Pitch Investigations of Non-Dried Suspensions 

As mentioned above, the cholesteric phase was only produced by a concentration of 7.5% 

CNC in sandwiched between a microscope slide and cover glass (Figure 43). According to 

Gray et al.268, the only way for the evaporation of water from suspension, in the preparation 

of samples between two glasses, is through the space between two glasses. Therefore, the 

concentration gradient, as a result of different speed of evaporation, can affect the orientation 

of CNCs and generate different colors due to the variety of textures. Although the pitch of 

CNCs in suspension is much larger than that in the dried state, around 3-5 micron, the 

concentration of 7.5% CNC produces the pitch to match visible light after drying. There was 

no significant effect on the self-assembled CNC structures by adding PDMAEMA, in a neutral 

state, while due to charged PDMAEMA, the oriented structure of chiral nematic phase was 

disrupted by intermolecular interactions upon the injection of CO2. For monitoring pitch 

changes in the presence or absence of CO2, the suspension was also observed by POM. The 

suspension of 7.5% CNC with 2% PDMAEMA, between two glasses, exhibits the fingerprint 

texture, characteristic of the twisted alignment or helical structures of CNCs in water (Figure 

47a). By injection of 100% CO2, the alignments were disappeared because of electrostatic 

interactions between PDMAEMA and CNCs (Figure 47b). The organized self-assembled 

CNCs was recovered again by heating and purging Ar (Figure 46c). Due to capturing the gas 

between CNC and PDMAEMA, the removal of CO2 from hardened hydrogel was difficult, 

but the viscosity reduction was enough for reorientation and packing of CNCs to make helical 

structure. In this case, it was required to heat the sample to 75 °C for 3 hours and replace the 

upper gas by Ar at an interval of 15 min. The container was remained sealed by the rubbery 

cap all the time to diminish the evaporation of water. Moreover, the SEM images taken from 
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freeze-dried 7.5% CNC suspension with 2% PDMAEMA presented fingerprint textures 

before CO2 injection (Figure 46d), but the fingerprint textures vanished in the presence of 

100% CO2 (Figure 46e). 

 

Figure 47: POM images of the suspension of 7.5% CNC with 2% PDMAEMA without CO2 

(a), with 100% CO2 (b), and after 3 hours of heating at 75 °C and replacing upper gas of gel 

by Ar every 15 min (c) (scale bar is 650 µm). Crossed-section SEM images of freeze-dried 

suspension of 7.5% CNC with 2% PDMAEMA before CO2 injection (d), and with 100 % CO2 

injection (e). 

 

4.3.5. POM Investigation of Dried Films 

The films, made by drying after one day in ambient condition and two days in the vacuum, 

showed complex textures. Multidomain structures with a mixture of different colors, enlarged 
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towards the center, were generated at the edge of samples. The films, cast from the solution 

after each step of CO2 injection, showed a diminishing cholesteric phase by augmenting CO2 

(Figure 48). The samples were made by the different suspensions of non-injected CO2, CO2 

contained samples (from 5% to 100% CO2) and removed CO2 by Ar and heating. Although 

the CNCs could align and make chiral nematic phase below 10% CO2, the color vanished by 

reaching 25% CO2, then it turned to dark with micro-aggregates of self-assembled CNC 

structures. These microscale-oriented structures, which are birefringent in POM images, could 

be residual of liquid crystals of CNC suspension which was frozen by CO2 and then transferred 

onto glass in the process of film formation. However, the cholesteric phase was recovered 

again by removing CO2. The main reason for these color changes is due to viscosity changes 

of the suspension after adding CO2. In the absence of CO2, the suspension presented a strong 

birefringence and multi-domains owing to the lack of any force to hamper the helix orientation 

during evaporation of water. By contrast, after CO2 injection, the protonated PDMAEMA 

produces positive charges, and the negative charged CNC adsorbs them, so that they are 

restraint to re-orient to make the helical structure. This loss of freedom in alignment and 

twisted packing increased gradually by injecting more CO2 and can be adjusted by the amount 

of injected CO2. Nevertheless, this phenomenon is reversible, and freedom increases again by 

removing the gas through heating and Ar. In fact, CNCs need longer times for healing the 

defects in the chiral structure by increasing the viscosity271. Thus, at the higher concentrations 

of CO2, the CNCs were fully frozen, and it was impossible for them to align.  
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Figure 48: POM images for films made by CNC suspensions after each step of increase in the 

amount of injected CO2, and after subsequently removing CO2 by heating and Ar purge 

between two glasses. (Scale bar is 650 µm) 

 

4.3.6. SEM Observation of Dried Films 

SEM was also used to investigate the films with helical structures (Figure 49). The films used 

to POM was cut to observe their cross sections. The distance between layers illustrates the 

half of a pitch of the helix. The helical pitch, estimated to be around 200-300 nm, altered from 

one place to another due to the existence of multi-domains of chiral nematic phases. In the 
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POM image, different colors were observed which also proved the multi-domains with 

different helical pitches. By increasing the amount of CO2, the pseudo-layered helical 

structure was gradually destroyed due to the disruption of the helix by polymer chains. The 

helical structures were perished entirely at high concentrations of CO2, above 50%. In the 

free-standing films of CNCs, there are two forces which are in a competition, the interaction 

between CNCs for making liquid crystal structures, and the interaction between PDMAEMA 

and CNCs that hinders the ordered structure. The amount of CO2 determines to which side the 

equilibrium goes, creating an oriented structure or not. Consequently, by increasing the 

amount of CO2, the interaction between CNCs and the polymer increasingly dominates the 

interaction between CNCs, so that the chiral nematic phase cannot retain. 

 

Figure 49: SEM cross-section images of the films made with 7.5% CNC and 2% PDMAEMA 

at different amounts of injected CO2.  
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4.3.7. Viscoelastic Properties 

4.3.7.1. Rheology Tests 

Viscoelastic properties were also investigated by using a rheology instrument. The storage 

modulus (G') and loss modulus (G'') were calculated by dynamic frequency sweeps and 5% 

strain amplituide. The composition, 7.5% CNC and 2% PDMAEMA without CO2, showed 

gel-like (soft solid) properties; although it was softer than CO2 injected suspensions (Figure 

50a). As G' was greater than G'', and both of them were independent to frequency, it can be 

concluded that the mixture is gel-like with a high concentration of CNC270. After injection of 

100% CO2, the G' and G'' increased significantly, and the mixture remained as gel but became 

harder. Under the same conditions, the mixtures with a lower concentration of CNC (2.5% 

and 5%) and the same amount of PDMAEMA (2%), showed liquid-like properties before CO2 

injection, while the presence of CO2 turned them to gel-like (Figure 51-a, and 51-b). The 

cross-over in G’ and G” can be due to the hydrogen bonding interactions between PDMAEMA 

and CNCs in high angular frequencies. By contrast, 9% CNC had similar properties to that 

with 7.5% CNC, being gel-like without CO2 and becoming stiffer after CO2 injection (Figure 

51-c).  

Figure 50b shows the gradually increasing of the stiffness of the hydrogel upon the CO2 

injection for the sample with 7.5% CNC and 2% PDMAEMA. The storage modulus showed 

that the composition preserves its gel-like by gradually increasing of CO2. Finally, it became 

much stiffer after one-day of the injection of 100% CO2. The lack of freedom in CNC by the 

positive charged PDMAEMA increased G'; while the reversibility of phenomenon was more 

difficult due to capturing produced carbonic acid by CO2 inside the stiff hydrogels. Therefore, 
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it required more energy for removing all the CO2 from the composition. The cholesteric films 

after 3 hours heating at 75 °C were obtained; although there was residual of acidity in the 

suspension (its G' was similar to 5% CO2). 

 

Figure 50: Storage modulus and loss modulus vs. frequency for the samples prepared with 

7.5% CNC with 2% PDMAEMA, at 25 °C: a) before and after 100% CO2 injection; and b) 

data showing the effect of the injected amount of CO2 injection (after one-day penetration of 

the gas inside the suspension). 
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Figure 51: Viscoelastic properties of the samples with 2.5%, 5%, and 9% CNC with 2% 

PDMAEMA in water without and with 100% CO2 injection after one day (black cubic: G’ 

without CO2, red circle: G” without CO2, blue triangle: G’ after CO2 and green triangle: G” 

after CO2). 

 

4.3.7.2. Viscosity Investigation 

The viscosity tests were performed by continuous shear ramps. The viscosity changes of 7.5% 

CNC with 2% PDMAEMA shows the CO2 treatment after each percentage of the gas (Figure 

52). The viscosity increased gradually by adding more CO2, and it is a star witness to the fact 

that there was a strong interaction between rod-like CNC and PDMAEMA. In high 

concentration of CO2, this loss of freedom to move for rearrangement the helix structures in 
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is the main reason that there is no cholesteric phase. Moreover, the hydrogels showed a shear 

thinning property as the viscosity drops upon increasing the shear rate. However, the 

elimination of CO2, by heat and Ar, declined the viscosity to around that level for the samples 

with 5-10% CO2. As the viscosity of 0% CO2 was out of the range of the instrument, it is not 

shown here. The viscosity variation of other compositions, 2.5%, 5%, and 9% CNC, was also 

investigated, and the significant changes of viscosity after 100% CO2 injection was observed 

for all of them (Figure 53). 

 
Figure 52: Viscosity tests by the continuous shear ramp of CO2-sensitive CNC hydrogels 

composed of 7.5% CNC with 2% PDMAEMA at 25 °C. 
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Figure 53: Viscosity tests of 2.5%, 5%, and 9% CNC with 2% PDMAEMA in water. (with 

and without 100% CO2). 

 

4.3.8. CO2-responsive Coffee-Stain Effect 

The coffee-stain effect is another phenomenon investigated to show strong interactions 

between CNC and PDMAEMA in the presence of CO2. The images, in Figure 54, were taken 

in five parts of drops with the same magnification (right-up, right-down, left-up, left-down 

and center). Mu et al.272 reported the coffee-stain effect of CNC for the first time. They 

investigated the sample across the rings, made by neat CNC on the glass, without cover glass 
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on the top of droplets, and it was observed that the outer edge of the films was much thicker 

than the center. This phenomenon was ascribed to the migration of CNCs to the side of drops 

during evaporation due to not only a stronger capillary force in comparison to attractions 

between CNCs but also strong repulsions of negative charged rod-like CNCs. The gradient of 

concentration resulted in a color gradient in the cross of the dried droplet. More samples on 

the edge showed more colors owing to the greater possibility of CNC chiral nematic 

formation. On the one hand, the mixture of 7.5% CNC and 2% PDMAEMA displays the 

coffee-stain effect after putting the drop on the glass when the drop dried in the ambient 

condition without CO2 (Figure 54a). In this case, the capillary force was stronger than the 

interactions between the polymer and CNCs, so that more CNCs transported to the edge of 

the drop. The colorful side in the images, taken by POM, implies more samples in the border 

of the film. On the other hand, the drops showed the opposite behavior, anti-coffee-stain 

effect, when they were put inside a chamber full of CO2 for 1 hour and then dried in ambient 

conditions (Figure 54b). In this case, CO2 penetrates to the drop from the atmosphere, and it 

protonates PDMAEMA, and because of the electrostatic attraction force, they migrated to the 

center of the drop. The more colorful center indicates the presence of better developed CNC 

chiral nematic phase. The different concentrations and thickness gradients during drying in 

both stages gave a range of iridescent colors. In this work, the radius of the droplets remained 

constant during the observation of droplets and formation of the dried films.  
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Figure 54: Coffee-stain effect investigation images from the droplet of dried suspension of 

7.5% CNC with 2% PDMAEMA in water. a) the coffee-ring effect of dried suspension in the 

ambient condition, leading to thickening of the film at the edge and more colorful in the 

surrounding of the film, and b) anti-coffee-stain effect after placing the drop inside CO2 

chamber for 3 hours then drying in the ambient condition, leading to migration of CNCs to 

the center and more colorful regions due to the chiral nematic formation (Scale bar is 1 mm). 

 

4.4. Conclusions 

In conclusion, we have reported CO2-sensitive chiral nematic phase of CNCs by the addition 

of PDMAEMA. The mixture of CNC and PDMAEMA shows a very sensitive feature to CO2 

so that its presence disrupts the chiral nematic phase of CNC and its removal recovers the 

helical structure. On the one hand, the helical structure of negatively charged CNCs is affected 

by protonated PDMAEMA, so that the alignment and twisted packing of CNCs are hindered. 
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On the other hand, the irradiant cholesteric phase of CNCs can be recovered by heating and 

Ar purge that remove CO2. The viscoelastic properties, which reveal the change of 

intermolecular interactions in the suspension upon the presence of CO2, proved the strong 

attraction between CNCs and PDMAEMA. The intermolecular interactions are the main 

reason for increasing the viscosity of the mixture, and finally preventing the formation of the 

helical structure of CNCs. Moreover, an anti-coffee-stain effect was obtained by CO2 control. 

In the lack of CO2 in the environment, the CNC and PDMAEMA mixture displays the coffee-

stain effect, while it has different behavior inside a CO2 chamber. With the approach 

demonstrated in this chapter, we show that it is possible to alter the helical structure of CNCs 

not only without chemical functionalization but also by using just a mild gas, CO2. This project 

thus demonstrates a potential application for making gas-sensitive chiral nematic phase of 

CNC.  
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CONCLUSIONS 

In the whole body of this thesis, using CO2 as a trigger, which is green and free of 

contamination for the system, we designed three projects to develop the applications of CNC. 

We prepared CO2-responsive CNC by grafting PDEAEMA from CNCs or by blending 

PDMAEMA with CNC. PDEAEMA and PDMAEMA are CO2-responsive polymers which 

can be protonated by the presence of CO2 to possess positive charges or lose their charges 

upon removal of CO2 by N2 or Ar, coming back to the neutral state. By using CO2-responsive 

polymers, we successfully demonstrated new applications of CNCs.  

In the first project (Chapter 2), we successfully synthesized CNC-g-PDEAEMA-Py by ATRP 

reaction. CNC-g-PDEAEMA-Py was employed as a “universal” reinforcement agent in the 

polymer matrix. This project developed the application of CNCs to be used as an additive in 

either hydrophilic or hydrophobic polymers. It is more effective than synthesizing different 

kinds of polymers on CNCs to increase the compatibility between CNC and polymer matrix. 

In this approach, just by bubbling CO2, CNC-g-PDEAEMA-Py is dispersible in water for 

making hydrophilic nanocomposites, while N2 bubbling enhances its compatibility with 

hydrophobic polymers.  This technique is a more effective way of reducing the final cost of 

CNC as a reinforcement agent. It solves the limitation of utilization of CNCs, which is 

dispersibility in different solvents and compatibility with varying matrixes of polymer, just by 

alternating bubbling of CO2/N2. This project proposes an extent use of CNC in 

nanocomposites industry. 

In the second project (Chapter 3), we designed a new application for CNC to fabricate CO2-

responsive membranes. CNC-g-PDEAEMA, synthesized by ATRP, was employed to 
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fabricate the membranes using a vacuum-assisted procedure. This project integrated CO2-

responsive CNCs in porous membranes for size separation in water. The gates of the 

membrane were controlled by CO2 and N2. Three kinds of membranes with different 

thicknesses were made for the size separation of PEGs. The pore size of membranes had 

different molecular weight cut-off with bubbling CO2 or N2. By bubbling CO2 and N2, the 

obtained gates of membranes were smaller or bigger, respectively. The phenomenon is 

reversible and allows the use of membranes for the separation of different molecules. The 

advantages of this technique include low price of the membranes due to the utilization of a 

simplified method for the production of membranes using biocompatible compounds (CNC) 

and green stimuli (CO2/N2), the reduction of the number of membranes to be acquired by 

having adjustable pore size, ease of membrane recovery due to opening of gates to remove 

contaminations with pure water at PH=7, and low amount of materials used (9 gr/m2 CNC-g-

PDEAEMA). This project has outstanding potential for industrialization. The perspectives are 

the water permeability control by gases, the separation of nanoparticles in water, and self-

cleanable membranes.  

In the third project (Chapter 4), we successfully introduced CO2-sensitive polymers in the 

suspension of CNC. By mixing CNC and PDMAEMA in water, it was shown that the chiral 

nematic phase of CNCs, formed in suspension and free-standing films, is influenced by CO2. 

The liquid crystals of CNC, which produce structural colors in nature by animals or planets 

are controlled by the gaseous CO2. In this project, it was shown that PDMAEMA does not 

have any impact on the arrangement of CNC alone in low concentrations (around 2 mol. %). 

Evidently, the hydrolyzed CNC with sulfuric acid has numerous negative charges on its 

surface. Subsequently, PDMAEMA is protonated to a have positive charges by CO2 in water. 
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Hence, due to the attraction interaction between these two compounds, the helical structure of 

CNC can be disrupted, and it cannot diffract light for the production of the structural colors. 

Therefore, the coffee-stain effect was investigated in the presence and absence of CO2 in the 

environment. Finally, it was observed that the drops showed an anti-coffee-stain effect in the 

presence of CO2; while it showed normal behavior without CO2. This project shows that CO2-

responsive suspension of CNCs has the potential to be used as smart security ink.  

Conjointly, we successfully developed three new applications for CNC by employing green 

and clean stimulus via. CO2/inert gas. A natural and universal method for making 

nanocomposites of CNC, tunable pore size membrane, and gas-adjustable chiral nematic 

phase of CNCs. These methods offer extensive use of CNC as a biocompatible compound in 

different industries. 
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PERESPECTIVES 

Although we have shown three projects to develop the applications of CNCs in the industry, 

it is not the end but could be the beginning of this research area whereby these developments 

could be extended to other fields or improved in order to obtain high-quality products. To 

conclude this thesis, two examples of future work are described in the following section. 

Making Nanocomposites of CO2-responsive CNCs in Emulsions 

In the first project, we introduced a CNC with the capability to switch between hydrophilic 

and hydrophobic state. This CNC can be transferred from toluene to water by CO2, and vice 

versa by N2. Later, the CNC was taken from each solution and used for the preparation of 

nanocomposites of PVA and SBS. To develop this project, we propose to use CNC-g-

PDEAEMA-Py in an emulsion system. By controlling the position of nanoparticles in the 

emulsion, it is possible to produce in situ nanocomposites. Recently, Kedzior et al.273 reported 

a method for making a poly(methyl methacrylate) (PMMA)/CNC nanocomposite latex. As 

shown in Figure 55, the CNC-g-poly(butyl acrylate) was synthesized by the ATRP reaction. 

Poly(butyl acrylate) is a hydrophobic polymer which, when grafted on the surface of CNC, 

renders CNC hydrophobic. The hydrophobic properties of nanoparticles increase the 

compatibility of CNC and its host, further avoiding aggregations. In this report, the grafted 

nanoparticles were dissolved in MMA monomer phase before emulsification, followed by 

emulsification of the mixture of MMA and CNC-g-PMMA in water. During emulsification, 

CNC remained inside the droplets of MMA due to hydrophobic properties of the grafted CNC 

before the polymerization of MMA was commenced. The grafted CNC was captured by the 
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chains of PMMA, hence, the nanocomposites were produced in situ. The final product showed 

an improvement in mechanical strength. 

 

 

Figure 55: Grafting of poly(butyl acrylate) on CNC and the miniemulsion polymerization of 

PMMA latex containing CNC-g-poly(butyl acrylate). Adapted with permission from 

Kedzior273. 

In our proposed method, CNC-g-PDEAEMA-Py is utilized in the system instead of CNC-g-

poly(butyl acrylate). As shown in Figure 56, different kinds of monomer droplets can be used 

for polymerization. As an example, styrene is hydrophobic monomer which can be used here. 

The monomer droplets are stabilized by a surfactant followed by the addition of CNC-g-

PDEAEMA-Py to water. The CNC is protonated by CO2 and solubilized in water as it enters 

into droplets of styrene by bubbling N2. In this approach, pyrene is used as a probe to reveal 

the position of CNCs either inside or outside the droplets. As shown in the first project, the 
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fluorescent intensity of pyrene is different in water or toluene, and it is a witness for locating 

nanoparticles in the emulsion. Also, a fluorescent microscope is an instrument that can show 

the droplet of monomer with CNC-g-PDEAEMA-Py with blue coloration. The advantages of 

this method include: easy to control by gases for locating nanoparticles, easy to prepare with 

addition of CO2 saturated water followed by preparation of the emulsion system, feasibility 

of reverse emulsion with hydrophilic monomer droplets in a hydrophobic solution and a 

proper in situ polymerization of nanocomposites due to a suitable dispersion of nanoparticles 

in the monomer matrix.  

 

 

Figure 56: Gas-switchable CNC in the emulsion polymerization of styrene. Styrene droplets 

represent the hydrophobic phase in water. By CO2 bubbling, CNC-g-PDEAEMA-Py goes 

outside of the droplets. For in situ polymerization of styrene, it needs to place CNC-g-

PDEAEMA-Py by bubbling N2. 
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Light-responsive Liquid Crystals of CNCs 

As described in the third project, we introduced a CO2-sensitive chiral nematic phase of CNC 

in water. The cholesteric state, made by a mixture with PDMAEMA, was destroyed in the 

presence of CO2, yielding a transition between ordered liquid crystalline phase to isotropic 

state. However, the main challenge in this area is the control of pitch and average refractive 

index in free-standing films of CNCs in order to produce either red-shift or blue shift of the 

reflected light by some stimulus. As MacLachlan group reported, new methods to obtain high 

surface area mesoporous silica144, organosilica274 and carbon275 films with chiral nematic 

structures, using CNC as a template, were developed, being based on removal of CNC by an 

acid-catalyzed hydrolysis. As an example, in order to make mesoporous organosilica, CNC 

was used to template free-standing films of ethylene-bridged organosilica with a chiral 

nematic structure. In their study, the incorporation of an ethylene bridge into the mesoporous 

organosilica films improved mechanical properties and flexibility compared to pure silica. 

Also, the mesoporous chiral nematic structure was used as a host with other compounds as a 

guest to control the refractive index contrast. As shown in equation 1, besides the pitch, the 

navg which is the average refractive index contrast of host-guest combination, influences the 

refracted light. 

𝑒𝑞(1)                                                                                                                             𝜆𝑚𝑎𝑥 = 𝑛𝑎𝑣𝑔𝑃 

As shown in Figure 57, the guest compounds were used as the second LC to tune the refractive 

index contrast for changing the color. However, in these reports, the primary purpose of 

determining what is responsible for controlling the color has not yet been evidenced, hence, 

more research and attempts remain to be done.  
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Figure 57: Synthesis of the thermo/photochromic composites made by CNC template. CNC 

is employed as a template for chiral nematic organosilica composites. The model under acidic 

conditions mesoporous organosilica films is obtained upon removal of the CNC, which are 

infiltrated by hydrogen-bonded liquid crystals to tune the photonic properties of these novel 

composites. Adapted with permission Giese276 
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Here we propose a new method for controlling the refractive index contrast by a photo-

responsive agent. By introducing a water-soluble azobenzene inside the mesoporous 

organosilica films made by a template of CNC, the trans-cis photoisomerization can change 

the refractive index contrast between the host and the guest. Therefore, we design a new 

compound with the azo group in the center with polyethylene oxide chains in its surroundings 

(Figure 58). In this compound, by optimizing the length of polyethylene oxides, it is possible 

to control the diffraction colors. We can make a control not only by the length of polyethylene 

oxide but also by the concentration of the azo group. Therefore, UV irradiation can induce a 

red-shift or blue-shift in light diffraction depending upon the average diffractive index contrast 

of host and guest or the difference of pith; while visible light irritation or heating could show 

an opposite behavior. It is not clear whether UV irritation could have an impact on the pitch 

or the average diffractive index. There is a possibility that the LCs of azobenzene are 

destroyed after UV irritation, however, it is difficult to explain whether the entire host-guest 

mesoporous organosilica films still possess any LC property. Evidently, all the objectives can 

be investigated in this project in order to learn more about the mesoporous organosilica films. 

The films with the red-shift or blue-shift properties by UV irritation could have many 

applications in the smart packaging industry or manufacture of sensors.  
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Figure 58: Water-soluble azobenzene-containing polymer. The azo group, as a photo-

responsive agent, in the center and polyethylene oxide as a hydrophilic agent. 

 

Finally, two projects are proposed here. However, CNC is a new compound, hence, requires 

more attention for further research. The present studies require in-depth optimization, and 

have a possibility to develop more applications.   
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