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Resumo 
 

 A auto-organização de nanocristais de celulose (NCC) em suspensão, retida da evaporação do 

solvente, tende a formar filmes estruturalmente coloridos, que apresentam anisotropia ótica visto que 

conseguem seletivamente refletir luz circularmente polarizada à esquerda e transmitir luz circularmente 

polarizada à direita. No entanto, devido à heterogeneidade do arranjo nemático quiral, originando dife-

rentes valores de passo no filme, uma resposta ótica sem a transmissão total de luz no canal de luz 

circularmente polarizada à direita é observada. O objetivo desta dissertação é melhorar esta resposta 

ótica em ambos os canais de luz. 

Foram obtidos filmes sólidos de NCC (com espessuras de ~100 μm) com diferentes valores de 

passo, que apresentam uma largura espectral de 200 nm, por sua vez atribuído a variações no passo 

helicoidal. De forma a reduzir estas heterogeneidades, um filme fino de NCC em forma de gota (12 μm) 

foi produzido usando uma taxa de evaporação controlada, resultando em melhor transmissão de luz 

circularmente polarizada à direita. Quando a auto-organização de uma suspensão de NCC é sujeita a 

um campo magnético forte (7.05 T), um filme fino homogéneo (16 μm) é produzido, com uma largura 

espectral mais estreita (100 nm) e uma transmissão de luz circularmente polarizada direita quase total. 

Este último filme, se impregnado com um cristal líquido nemático (5CB, que converte a fase da luz 

polarizada de esquerda para direita, ao funcionar como uma lâmina de retardação de meia onda), mos-

tra uma resposta ótica refletiva extensivamente homogénea em ambos os canais de luz. Este trabalho 

mostra que a resposta ótica de filmes finos de NCC estruturalmente coloridos pode ser melhorada pela 

aplicação de um campo magnético forte, abrindo assim novas possibilidades para o seu uso em dispo-

sitivos eletro-óticos. 

Palavras-chave: Filmes de NCC estruturalmente coloridos, luz circularmente polarizada, campo 

magnético, dispositivo eletro-ótico, cristais líquidos 
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Abstract 
 

The self-assembly of cellulose nanocrystals (CNC) in suspension can, upon solvent drying, form 

structurally colourful films presenting optical anisotropy, since they selectively reflect left circular polar-

ised (LCP) light and transmit right circular polarised (RCP) light. However, due to the films’ heterogene-

ous chiral nematic arrangement, which leads to different pitch sizes, an optical response without full 

RCP light transmission is observed. The goal of this dissertation is to improve this optical response in 

both light channels.  

Freestanding CNC films (~100 μm in thickness) with different pitch sizes were obtained, presenting 

a spectral width of 200 nm, attributed to variations in the helical pitch. To reduce these heterogeneities, 

a thin (12 μm) drop-cast CNC film was produced using a controlled evaporation rate, with increased 

RCP light transmission. When the self-assembly of a CNC suspension is subjected to a strong magnetic 

field (7.05 T), a homogeneous thin film (16 μm) is produced, with a narrower spectral width (100 nm) 

and a quasi-total RCP transmission. 

This latter film, if impregnated with a nematic liquid crystal (5CB, acting as a half-wave retardation 

plate which converts the handedness of the polarised light from left to right), shows an area-wide ho-

mogeneous optical reflection response in both light channels. This work shows that the optical response 

of structurally colored thin CNC films can be improved by application of a strong magnetic field, which 

opens new possibilities for its use in electro-optical devices. 

Keywords: Structurally coloured CNC films, circularly polarised light, magnetic field, electro-optical de-

vice, liquid crystals 
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1 Introduction 

 Liquid crystals 

It was Otto Lehmann who first reported the existence of these “mesomorphic states of matter”, in 

1889, as he coined the terms “crystalline fluids” or “liquid crystals”. More than thirty years went by for 

these findings to be regarded as more than meets the eye by Georges Friedel. [1] Today, liquid crystals 

are present in various modern applications, but most prevalently in flat panel displays, commonly known 

as Liquid Crystal Displays (LCDs). 

Liquid crystals were established as an intermediate state of matter, between isotropic liquids and 

crystals, separated by well-defined phase boundaries. Crystalline phase molecules tend to display pre-

cise spatial and orientational structuring, which might extend to a long range periodicity, in all three 

dimensions, whereas isotropic phase structures don’t display long-range organization at all. [1] 

A defining feature of liquid crystals is their optical anisotropy, visible in the liquid crystalline state, 

which is manifested as birefringence. While an isotropic material (an isotropic fluid, for example) pos-

sesses only one refraction index, in an anisotropic medium (such as a solid crystal or a liquid crystal) it 

displays different refraction indexes depending on the direction of transmitted light. [2] 

Different liquid crystalline compounds showcase varying degrees of positional order, which are sub-

divided into three main mesophases: the nematic phase is associated with no positional order, the 

smectic phase presents one dimensional positional order, and the columnar phase corresponds to a 

bidimensional positional order. [3] One other mesophase is acknowledged: the cholesteric phase, or 

chiral nematic phase, which is a subdivision of the nematic phase. [4] Depictions of these mesophases 

are presented in Figure 1.1. 

Figure 1.1 –  a), b),  c)  Schematics depict ing the molecular order of 
a crystal l ine structure (sol id) ,  a l iquid crystal and an isotropic struc-
ture ( l iquid),  respect ively. d), e),  f)  Dif ferent l iquid crystal molecu-
lar shapes: calamit ic,  discot ic,  and bent -core, respect ively.  
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Liquid crystalline materials are also subdivided into thermotropic, lyotropic and barotropic natures, 

which determine the way they change phases. Regarding thermotropic substances, a transition between 

phases depends on a temperature variation, while lyotropic and barotropic phase shifts rely on concen-

tration and pressure changes, respectively. [4], [5] The mesogenic molecules themselves also come in 

a variety of geometric shapes, the main ones being calamitic (rod-like), discotic (disc-shaped) and ba-

nana-shaped (with bent-cores), illustrated in Figure 1.1. [6]  

In a liquid crystalline medium (as exemplified in Figure 1.1), the director n is defined as the vector 

indicating the average direction of the aligned elongated or flat molecules. Since, in reality, not all mol-

ecules point in the exact same direction, we can establish an arbitrary angle θ as the angle between the 

long axis of a single molecule and the director n. Thus, the observed orientational order can be de-

scribed by a one order parameter 〈S〉: 

〈𝑆〉 = 〈1
2

([3 𝑐𝑜𝑠2 𝜃] − 1)〉 (1) 

For a perfectly ordered state, with all molecules being completely aligned with each other and the 

director n (θ = 0 º), the equation resolves to 〈S〉=1. On the other hand, since in an isotropic medium all 

molecules are randomly oriented (each molecular axis points in all directions with equal probability), we 

end up with 〈S〉=0. [2] 

1.1.1 Nematic liquid crystals 

In nematic substances, though each molecule’s centre of gravity is randomly positioned, a relative 

orientational order can be found among them. A single molecule’s long range axis is strongly correlated 

with that of its neighbours which, in turn, is oriented on average with the mesophase’s director n (Figure 

1.2). This preferential alignment results in the optical anisotropy in a nematic: a light beam travelling 

perpendicularly to the director moves at a slower pace than one propagating parallel to the director. [4] 

In the absence of external stimuli or specific anchoring from surfaces, the orientation of a nematic’s 

director is randomly distributed. A surface alignment can be induced with a certain kind of anchoring 

(the main ones being planar, homeotropic and oblique anchoring) in order to produce a preferential 

direction of the nematic’s director. Due to the broadness of the subject at hand, only planar anchoring 

regarding nematic liquid crystals will be approached, because of its relevance in this work. [1] 

By using surfactants or physically rubbing a surface (under certain conditions), it is possible to induce 

a planar anchoring. When the liquid crystal molecules come into contact with this surface, they align 

tangentially to it. Additionally, due to the nematic’s capabilities for long-range orientation, the alignment 

induced by the surface can, theoretically, propagate throughout the rest of the nematic liquid crystal. [1] 

1.1.2 Chiral nematic liquid crystals 

The cholesteric phase (or chiral nematic phase) is commonly formed by adding chiral dopants to a 

nematic liquid crystalline material. Its physical characteristics are mostly similar to the nematic phase, 

except for the fact that the molecules tend to align themselves in a helical shape, perpendicular to the 

director, as illustrated in Figure 1.2 b). The length of a full rotation of the helix (360 º) is denominated as 
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the helical pitch (P). [7] These helical structures are responsible for a cholesteric material’s iridescence, 

and its selective reflection depending on the incident light’s wavelength and circular polarisation (irides-

cence is defined as variation of reflected wavelength based on the angle of incident light). [8] Similar 

structures have been described in multiple natural examples, such as in the exo-cuticles of certain spe-

cies of beetles (Plusiotis batesi). [9] 

 

Observation of a cholesteric structure reveals a reflected wavelength value (λ) which is dependent 

on the length of the helical pitch (P) and the average refraction index (n) according to de Vries expres-

sion (2) [10]: 

𝜆 = 𝑛𝑃(𝑠𝑖𝑛 𝜃) (2) 

with θ being the angle between the incident light and the cholesteric layers. Therefore, at a normal 

angle of observation, the reflected light’s wavelength is proportional to the cholesteric helical pitch. [11] 

The pitch length has been shown to be tuneable by external factors such as temperature and concen-

tration. [12] 

A chiral nematic material’s intrinsic selective reflection depends on the handedness of the helix, as 

it can be either left-handed or right-handed. Assuming normal incidence, circularly polarised light with 

the same handedness of the helix is completely reflected, while an opposite handed circularly polarised 

light is completely transmitted. [7] 

Cholesteric liquid crystals structures can be found in nature as in bacterial nucleoids, algae, cuticles 

of crustaceans and insects, bone, tendon, cornea, fish scales and scutes, plant cells walls and silk 

produced by spiders, just to name a few examples. [9], [13] If the cholesteric pitch is in the range of the 

wavelength of the visible light, vibrant colours can be observed. This so called structural coloration can 

generate a collection of complex optical effects ranging from iridescent and metallic colours, to brilliant 

white or black. [9] 

Figure 1.2 –  a)  Schematic representat ion of a nematic 
phase, with i ts director n  point ing upward; b)  Schematic 
depict ion of a cholesteric phase, where P/2 is half  the 
length of the structure’s pitch.  
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 Cellulose and its derivatives 

Cellulose is the most abundant of all naturally occurring polymers and can be found in plant cell walls 

(in fibrillary form), some bacteria, algae and fungi. [14] Its monomer, cellobiose, is composed of two 

anhydroglucopyranose units twisted 180 º around a β-1,4 linkage (Figure 1.3 a)). Its versatility and out-

standing bio-sustainability make it one of the most promising organic compounds in a wide variety of 

research and industrial areas. [14] There are at least four polymorphs (supramolecular arrangements) 

of crystalline cellulose, types I through IV. This thesis will focus on cellulose type I, which is naturally 

obtained from a multitude of organisms (tree, plants, bacteria). Its relevance to this work resides in the 

fact that, among its various derivatives, cellulose nanocrystals (CNC) can self-assemble into a choles-

teric liquid crystalline phase, while suspended in water. 

 

Structurally, cellulose is constituted by a linear chain of cellobiose units, which are aggregated into 

larger microfibrils (5 – 20 μm of diameter). Within these microfibrils, formed from a bundle of nanofibrils 

(3 – 20 nm of diameter), the cellulose chains are regionally divided into either crystalline or amorphous 

domains (Figure 1.3 b)). The extraction of these crystalline regions, through chemical methods such as 

acid hydrolysis (which dissolves most of the amorphous regions), results in rod-like cellulose nanocrys-

tals (Figure 1.3 c)). [15], [16] The exact dimensions of these crystals depend on the source of the cellu-

lose and the reaction’s conditions; a longer reaction time or increased acid concentrations lead to a 

decrease in both size and sample distribution. [17]  

When suspended in water at low concentrations, CNCs form a left-handed lyotropic cholesteric 

phase. This mesophase is conjectured to be due to electrostatic stabilization conveyed by the CNC 

surface’s negative charges introduced (after acid hydrolysis) by the sulphate ester groups. [9] A solid 

film can be produced from the suspension’s full evaporation, in which the resulting pitch length can be 

short enough for the resulting photonic structure to reflect light in the visible spectrum. [18] This property 

enables the cholesteric suspension to be used as a template to produce structures with unique optical 

properties including iridescence and selective circularly polarised light reflection. Normally, this re-

sponse is achieved in a so-called evaporation-induced self-assembly process. [9], [16] At a larger scale, 

Figure 1.3 –  a ) Schematic representat ion of the chemical structure of  cel lobiose, which const i tutes 
the cel lulose monomer cel lulose. I t  is divided into two anhydroglucopyranose units,  connected by 
the shown  β-1,4 l inkage. b)  An i l lustrat ion of a cel lulose microf ibri l ,  divided into amorphous and 
crystal l ine regions. c)  Result ing cel lulose nanocrystals after an acid hydrolysis process completely 
dissolves amorphous regions. Adapted from [15] with permission of The Royal Society of Chemistry.  



 5 

 

thin CNC films tend to display vast chromatic gradients, however, microscopically, their surface is pop-

ulated by small and distinctly coloured domains, which are tied to different periodicities in cholesteric 

layering and pitch. [10] 

The production of CNC films with uniform and controlled optical properties has been proven itself a 

notable challenge, due to the critical nature of controlling the liquid crystalline phase and its order across 

the drying process. In this process, the CNCs in suspension are initially in an isotropic (or biphasic) 

state, self-assembles to a fully cholesteric phase and finally to the solid state, via a glassy state or the 

kinetically arrested gel. In this glassy state, and due to the increased CNC concentration in the medium, 

the nanocrystals become sufficiently restricted in their ability to further relax, thus preventing any further 

cholesteric organization from occurring. [18] Regardless of the phase transition mechanism, should a 

sufficient amount of time be allocated the cholesteric phase can relax and reduce the probability of 

structural defects, giving rise to larger domains bearing uniform orientations. [16] From the numerous 

studies found in literature directed towards the control of optical properties of the CNC films, interesting 

results were ascertained relating to the fact that the morphology of the final solid structure is influenced 

by the suspension parameters and the conditions used in the solvent-casting method. These parameters 

include the CNC concentration on the suspension, the ionic strength of the CNCs, the suspension’s 

exposure to magnetic field or electric field or shear fields, the drying rate of the solvent; the handedness 

to the LC mesophase correlated with the energy given to the system from using ultrasonic treatment, 

and the addition of another compound like glucose, PEG, or electrolytes.[9], [16], [19]–[29] Despite this 

myriad of studies around the production of CNC films, a consistent degree of control over its optical 

response and structure has still yet to be fully achieved. 

 Electro-optical devices and interactions with liquid crystals 

Electro-optical devices span a plethora of different components and designs, all of which serving 

their own specific purpose. These devices can be used as high efficiency light shutters or as privacy 

windows since they can be electrically controlled to scatter light (off state) or to transmit it (on state). 

[30] This section will mostly focus on the introduction and functioning principles of electro-optical devices 

derived from cellulose-based systems, most like the one approached in this thesis. 

In 1982, cellulose derivatives composites in electro-optical applications were initially introduced by 

Craighead et al. [31], followed a few years later by a different type of cellulose derivative electro-optical 

cell, called cellulose-based polymer dispersed liquid crystal (CPDLC). [32], [33] Due to the convenient 

match of both the nematic liquid crystal (E7) and HPC’s refraction indexes (1.51 and 1.49, respectively), 

a very clear ON state is obtained when applying an electric field. The CPDLC cell was composed of a 

cellulose derivative polymeric film surrounded by two nematic layers sandwiched between two transpar-

ent electrically conductive substrates. These cells showed high transmission coefficients values (around 

0.8) in the ON state, but their application capabilities suffered greatly from a high turn on field of around 

1.5 V/μm, which led to exceedingly high turn-on voltages. [34] 
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More recently, a new type of electro-optical device with improved electro-optical properties was pre-

sented, while taking advantage of the high surface area of CNCs. Regarding this later technology, cel-

lulose-based electro-optical devices were prepared by stacking, between two transparent conductive 

glass substrates, two layers of a nematic liquid crystal surrounding a thin CNC film. [35] This type of 

device allows for a major step forward in its functioning limitations by significantly reducing the turn on 

electric field and response time. 

In the scope of the present work, the assembled electro-optical cell consists of a solid cholesteric 

CNC film sandwiched between two transparent electrodes. The electrodes are rubbed beforehand (as 

to induce a planar alignment in the nematic liquid crystal), and the device is filled with 4-pentyl-4′-cya-

nobiphenyl (5CB) and sealed. Should a micrometric gap form inside the CNC film during the evaporation 

process (as reported by Fernandes et al. [11]), the 5CB will infiltrate this space. This way, at an optical 

trajectory perpendicular to the substrates (and collinear with the CNC film’s cholesteric helicoidal axis), 

it acts as a half-wave retardation plate, converting the handedness of the polarised light from left to right 

(Figure 1.4 b)). This mechanism allows for the device to reflect both LCP and RCP light. In the presence 

of an electric field, applied normally to the substrates, the nematic substance’s director reorients itself 

to match the electric field’s direction, thus reverting the electro-optical cell’s optical properties to those 

of the CNC film, as is portrayed in Figure 1.4 c). [11]  

 

The formed nematic layer within the film should only behave as a half-wave retardation plate, when 

the phase difference produced between the ordinary and extraordinary rays (ΔΦ) is equal to π in the 

following equation (3): 

ΔΦ = Δ𝑛 𝑑
𝜆

 2𝜋   (3) 

Figure 1.4 –  Schematic of how l ight interacts with: a)  a CNC f i lm with no impregnated 5CB 
in i ts microgap; b)  a CNC f i lm with 5CB impregnated into i ts microgap, with a horizontal  
nematic director;  c)  a CNC f i lm with 5CB impregnated into i ts microgap and an electric f ield 
point ing upward. Adapted from [11] with permission of John Wiley & Sons Inc, the Wiley 
Companies. 
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Where Δn is the nematic crystal’s birefringence value (equal to 0.3 for 5CB), d is the microgap’s 

height, and λ is the wavelength of the incident light beam. [11] 

A change in the nematic director’s orientation is only observed above a certain applied external field 

threshold, beyond which, the transmissivity of the device gradually increases with the electric field. It is 

only at this point that the liquid crystal’s elastic forces (strengthened by each substrate’s induced planar 

anchoring) are overpowered by the external electric forces. This shift in orientation by an external elec-

tric field is called a Fréedericksz transition (depicted in Erro! A origem da referência não foi encon-
trada.). [36]  

 

It is only due the 5CB’s dielectric anisotropy that its director aligns parallel to the applied electric 

field’s direction. Dielectric anisotropy can be either positive or negative, depending on the liquid crystal’s 

molecular chemical structure. When these molecules have polar groups in their extremities, they carry 

permanent electric dipoles; when they don’t, the molecules can rearrange themselves in order to origi-

nate induced dipoles. Depending on whether the dipole moment is either parallel or perpendicular to the 

molecule’s most structurally organized axis, the molecules tend to align parallel or perpendicularly to 

the electric field’s direction, respectively. A substance’s dielectric anisotropy is positive when its director 

aligns with the electric field’s direction (which is the case for 5CB); it’s negative when its director is 

perpendicular to the applied field’s orientation. [37]  

The main focus of this dissertation was to explore, study and, ultimately, improve the optical response 

of CNC-based thin films, for further application in cellulose-based electro-optical devices. Multiple vari-

ables linked to the production of these CNC films were investigated as to increase LCP light reflectivity 

and extinguish RCP light reflectivity, while simultaneously aiming to control chromatic and structural 

homogeneity. 

Figure 1.5 –  A diagram of the Fréedericksz transit ion occurring in a 
nematic l iquid crystal with posit ive dielectric anisotropy.  As the elec-
tr ic f ield is turned on, di rected upward, the nematic director al igns 
upward as well .  Adapted from [60]. 
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2 Materials and Methods 

 Production of CNC freestanding films and droplets 

2.1.1 CNC production 

Microcrystalline Cellulose (MCC; Avicel®, ~50 μm particle size, lot #BCBJ0229V), derived from cot-

ton, was purchased from Sigma-Aldrich and sulfuric acid (95 %–97 % purity, Sigma-Aldrich) were used 

without further treatment.  

The preparation of CNC particles was based on the documented method by Gray et al. [38], with 

small adaptations by Fernandes et al. [11]. Microcrystalline cellulose was hydrolysed in sulfuric acid (95 

%, Sigma-Aldrich) with an acid/solid ratio of 8.5:1, at 45 ºC, for 130 minutes, while under continuous 

stirring. The resulting suspension was washed with ultrapure water in alternating stages of dilution and 

centrifugation (at 12 000 rpm for 20 minutes, using a Thermo Scientific Heraeus Multifuge X1R Centri-

fuge Series) until pH was raised to approximately 1.9–3.9, at which point the supernatant achieves 

turbidity and the suspension is collected. This resulting suspension was, in turn, placed into cellulose 

membranes (Spectrum Spectra/Por® 4 dialysis membranes) and dialyzed against ultrapure water (re-

placed daily for at least a month) until a constant pH was attained. The suspension was prepared with 

3 consecutive cycles of 20 min of sonication over an ice bath using a Hielscher UP400S ultrasonic 

homogenizer (460 W, 24 kHz, at 0.85 of the cycle and 80% amplitude). Ultrapure water used in the 

process was purified using a Millipore Elix Advantage 3 water purification system. 

The produced suspension was centrifuged and concentrated into an 11 % (w/w) aqueous CNC sus-

pension, which in turn, was diluted into 4 other aqueous CNC suspensions, under different concentra-

tions: 2.8 % (w/w), 4.6 % (w/w), 7.5 % (w/w), and 9.1 % (w/w). 

2.1.2 CNC film production 

Freestanding CNC films were produced by solvent evaporation method by depositing CNC suspen-

sion (at varying concentrations) onto polystyrene Petri dishes with 35 mm in diameter, under constant 

ambient conditions, until all the solvent evaporated (verified by constant weight). One freestanding CNC 

film was produced in the centre of a Bruker AVANCE III 300 MHz widebore solid state NMR with a 

continuous 7.05 T magnetic field applied perpendicular to the film’s surface for the duration of the evap-

oration process. 

CNC droplets were cast from a 2.8 % (w/w) aqueous CNC suspension with Easy 40+ micropipettes 

onto 100 Ω/□ Indium Tin Oxide (ITO)-coated square glass substrates (15x15x0.7 mm). Two replicas for 

each sample were produced and studied alongside the ones presented in this work. UV exposure of 

glass substrates was, when applicable, performed inside a Vilber Lourmat BLX-E254 UV-Crosslinker.  

 Electro-optical device assembly 

Electro-optical cells were prepared by casting 40 μL of water/ethanol solution of polyvinyl alcohol 

(PVA) onto ITO-coated glass substrates’ conductive side as to cover as much surface area as possible. 
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In order to induce a planar orientation onto the substrate, the PVA was carefully rubbed with broad, 

linear strokes, in a single direction (150 times for each substrate) using a velvet rag. An epoxy glue 

(Araldite ®) was mixed according to product instructions and a small portion was applied to four corners 

of one of the substrates. At this point, a small piece of CNC film was placed in the centre of the bottom 

substrate, and the top substrate was carefully set and lightly pressured on top of the glue drops. The 

substrates were overlapped in such a way that both substrates’ planar orientations match in direction. 

The electro-optical devices were filled by capillarity with 4-pentyl-4′-cyanobiphenyl (5CB, K15 Licristal®, 

supplied by Merck). Electro-optical cells were sealed on all four sides with epoxy glue. 

 Characterisation 

2.3.1 Chemical characterisation 

Chemical characterisation via Fourier Transform Infrared (FTIR) spectroscopy was conducted on 

samples of microcrystalline and nanocrystalline cellulose. FTIR spectra were obtained using an attenu-

ated total reflectance (ATR) sampling accessory (Smart iTR) equipped with a single-bounce diamond 

crystal on a Thermo Nicolet 6700 spectrometer. Spectra were acquired at 20 ºC, with data ranging from 

4000 to 650 cm-1, with a 4 cm-1 resolution. 32 scans were done, with an incident angle of 45 º. 

2.3.2 Structural and dimensional characterisation 

X-Ray Diffraction (XRD) curves were obtained using a PANalytical X’pert PRO model diffractometer, 

with Bragg-Brentano (θ/2θ coupled) geometry with graphite monochromated Cu KR (1.54 Å) radiation. 

Data was collected at a scanning step of 2θ=0.00334 º, from 10 º to 40 º. 

Thermogravimetric analysis measurements (TGA) were performed using a Netzsch 449 F3 Jupiter® 

simultaneous thermal analyser. Each sample was heated from 25 to 550 ºC, at a heating rate of                   

5 ºC/min. 

In order to topographically characterize the CNC films’ surface, and measure the CNC particles’ 

average length and width, Atomic Force Microscopy (AFM) data was acquired using an Asylum Re-

search MFP-3D standalone system in tapping mode, with commercially available silicon AFM probes 

(scanning frequency of 300 kHz, k=26 N/m). The analysed CNC particles were prepared by casting 1 

μL droplets of an ultra-diluted suspension of CNC in water (0.01 % w/w) onto a mica substrate (Musco-

vite Mica, V-5 from Electronic Microscopy Sciences). Immediately before deposition, the suspension 

was sonicated for two consecutive periods of 10 minutes (at 0.85 of the cycle and 80% amplitude). 

Captured AFM images were analysed in Gwyddion software (version 2.50, http://gwyddion.net). The 

process of average dimensional distribution analysis consisted of 100 individual CNC particles’ length 

and width manual measurements, while average surface roughness distribution was calculated auto-

matically by the aforementioned software. 

The thickness of freestanding CNC films, films from droplet casted onto glass substrate and electro-

optical cells were estimated from at least 10 measurements (if possible) using a Mitutoyo digital microm-

eter. 
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Profilometry was used to map the surface of solid CNC films derived from droplets using a KLA 

Tencor D-600 stylus profilometer. Scanning speed was 0.05 mm/s, while stylus weight applied was 2 

mg.  

Further surface roughness analysis was performed on the CNC films, by means of total reflection 

and diffuse reflection, both obtained using a PerkinElmer Lambda 950 UV/VIS/NIR spectrometer. Spec-

ular reflection was extrapolated from these results.  

Scanning Electron Microscopy (SEM) images of CNC films were acquired with a Carl Zeiss Auriga 

crossbeam (SEMFIB) workstation instrument equipped with an Oxford energy dispersive x-ray spec-

trometer. SEM images were captured in in-lens mode, with an acceleration voltage of 2 kV and an 

aperture size of 30 μm. Samples were glued onto aluminium substrates using a double-sided carbon 

tape and were coated with a thin carbon layer (<20 nm) using a Q300T D Quorum sputter coater. 

2.3.3 Optical characterisation 

All samples’ photographs were taken with a Canon EOS 550D camera, equipped with a Canon EF-

S 60mm Macro Lens.  

Polarised Optical Microscopy (POM) images were observed using an Olympus BX-51 polarised op-

tical microscope connected to an Olympus KL2500 LCD cold light source. LCP and RCP light images 

were observed using a quarter wave plate along with a linear polariser in the reflection’s optical path. 

An equipped camera (Olympus DP73) and Olympus Stream Basic 1.9 software were used for image 

capture. 

Spectrometer analysis of the produced CNC films and solid CNC films derived from droplets was 

measured with a Jobin Yvon H10 VIS monochromator mounted onto an Olympus BH2 optical micro-

scope connected to an Olympus TH3 light source. 

It is important to note that the POM images (from Olympus BX-51) and reflectance spectra (obtained 

while using the Olympus BH2) might not coincide exactly since it was not possible to guarantee that the 

same point of observation is used in both measures. 

Contact angle characterisation was performed with a Dataphysics OCA 20 contact angle system 

supported by a dosing system with an attached needle measuring 0.69 mm in external diameter. Each 

substrate’s water contact angle (static mode) was measured 10 times in non-overlapping regions, at 

room temperature, with each H2O sessile drop being 5 μL in volume. Contact angle measurements were 

registered 5 seconds after each droplet deposition defined as the settled time. 
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3 Results and discussion 
 

This dissertation’s main goal was to optimize and reliably control distinguishing optical properties 

associated with thin solid films, obtained from solvent casting and evaporated of sessile cast droplets, 

prepared from anisotropic suspension of cellulose nanocrystals. The film’s optical properties focused on 

this work are iridescence, selective reflection of left circularly polarised (LCP) light, and transmission of 

right circularly polarised (RCP) light. As such, several variables in the film production process were 

studied and correlated with the CNC films’ optical features. 

The studied factors include preparation of films from CNC suspensions with different CNC concen-

trations, evaporation temperatures of CNC droplets cast onto ITO-coated glass substrates, variation of 

ITO-coated substrate hydrophobicity and production of thin films while under the effect of a strong mag-

netic field. These points of study, mostly applied to CNC evaporated droplets used as a model, aimed 

to make CNC films thinner, more topographically homogeneous, and displaying improved optical re-

sponses. The film with the best optical properties was then impregnated with a nematic liquid crystal, 4-

pentyl-4′-cyanobiphenyl (5CB), and assembled in an electro-optical cell. By application of electric field 

or temperature variation the birefringence of the liquid crystal could be tuned, and the reflected RCP 

light channel response observed. 

 CNC characterisation 

CNC films, as well as the precursor CNC particles used in this work, were optically, chemically, 

morphologically, and structurally characterised. The films were studied using their respective central 

regions, unless otherwise noted. Assembled electro-optical cells were optically characterised. 

Two FTIR spectra are shown in Figure 3.1, associated with MCC and an aqueous 2.5 % (w/w) CNC 

suspension.  

 

 

Figure 3.1 –  FTIR spectra of  the two dif ferent samples: MCC and a CNC f i lm. 
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Both samples’ spectra show the same cellulose characteristic peaks (O–H, C–H, and C–O stretching 

vibrations, at 3400 cm-1, 2900 cm-1, and 1060 cm-1, respectively). Another peak, assigned to S–O bonds 

stretching, can be seen due to the presence of sulphate groups on the CNC sample at 817 cm-1; this 

specific peak is absent on the MCC curve, since this sample did not suffer a hydrolysis process. [39] 

In Figure 3.2, the two x-ray diffraction patterns belonging to MCC and CNC samples can be ob-

served. 

From the obtained diffractograms, one can identify the main peak (002) at around 2θ = 22.6 º, along 

with smaller overlapping peaks (101) and (101̅), at 2θ = 14.7 º and 16.8 º, respectively; these are char-

acteristic peaks associated with cellulose type I, which confirms that the hydrolytic process does not 

affect the structural organization of the cellulose within the cellulose nanocrystals. The CNC diffracto-

gram displays narrower and sharper peaks, due to its increased crystallinity, a consequence of the acid 

hydrolysis treatment. [40] 

 

 

The crystallinity index (IC) was determined using the documented empirical method presented by 

Segal et al.. [41] Information extracted from Figure 3.2 can be used in the following equation (3): 

𝐼𝑐 =
𝐼(002)−𝐼𝑎𝑚

𝐼(002)
× 100 (3) 

where I(002) is the maximum diffraction intensity of the (002) lattice peak at a 2θ angle between 21 º 

and 23 º. It represents the crystalline counterpart. I(am) is the intensity of diffraction of the amorphous 

material, taken at a 2θ angle between 18 º and 20 º, where the intensity is minimal. This calculation 

method is only valid as a comparison basis between samples. 

Figure 3.2 –  XRD dif fractograms of MCC and CNC samples.  

(101) (101̅) 
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MCC and CNC crystallinity indexes were calculated to be 76.19 % and 88.94 %, respectively. These 

values are in good accordance with literature [42], [43] 

CNC particles were dimensionally characterised using Atomic Force Microscopy. Figure 3.3, below, 

shows an AFM-captured topographic image of dispersed CNC prepared from a 0.01 % (w/w) aqueous 

solution, after it has dried, where a rice-like shape can be observed.  

 

CNC particle dimensions were obtained from 150 individual particle measurements on the AFM im-

ages and calculated to be, on average, 158 ± 37 nm long and 37 ± 10 nm wide. This equates to an 

approximate aspect ratio of 4.3:1. All registered measurements are presented in Supporting Information 

1. While the average measured length of the particles is coherent with literature as reported by Gaspar 

et al. [42] (under similar hydrolysis conditions), the calculated width is marginally larger than what is 

expected (reported from 10 measurements from high-resolution SEM images) that might be related with 

the technique used in this study. Nevertheless, these results showed that the nanoparticles are obtained 

from the acid hydrolysis of microcrystalline cellulose (~ 50 μm as reported by the supplier). 

Figure 3.4 shows the thermogravimetric and DSC curves (along with respective TGA curves) of two 

samples: the microcrystalline cellulose (MCC) Avicel� and the CNC produced by acid hydrolysis of 

MCC and CNC.  

The MCC’s TG curve shows the typical first-order reaction pyrolysis process of the cellulose [44] 

while the CNC’s TG curve can be subdivided into two main events, as temperature rises. The first weight 

loss is observed from 50 ºC to 130 ºC and is attributed to a slight loss of mass that occurs in both 

samples, due to the evaporation of residual water contained in the samples. During the second event, 

from 150 ºC to 350 ºC, various degradation processes take place, including decomposition, dehydration 

Figure 3.3 –  An AFM-captured image, in ampli tude re-
trace mode, displaying a large amount of scattered 
CNC part ic les.  
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and depolymerisation of glycoside units. The CNC sample goes through this mass loss in two stages, 

since it underwent a hydrolysis process performed with H2SO4. The first stage (up to ~ 250 ºC) is asso-

ciated with the degradation of regions more accessible to the sulphate groups, while the second one is 

understood to be the breakdown of the more crystalline regions of the sample, less affected by the 

hydrolysis process. On the other hand, the MCC sample’s mass percentage takes an abrupt dive to-

wards the end of this thermal interval. The final event, from 350 ºC onward, is linked to the oxidation 

and breakdown of the samples’ carbon-based residues [42], [45]. Similar curves have been previously 

obtained by Morais et al.. [39]  

 

When CNC, obtained from acid hydrolysis, are suspended in a dilute aqueous solution, a single 

isotropic phase is formed due to the electrostatic repulsion experienced by the CNCs’ overall negative 

charge density. If the concentration of CNC in suspension is increased, phase separation is observed 

and the sample is divided in two phases: cholesteric liquid crystal or anisotropic and isotropic. [46]. This 

macroscopic phase separation can be observed (Figure 3.5 a)) in our aqueous CNC suspensions with 

different content of nanocrystals. 

Above a certain critical mass fraction (yet below the tested minimum of 2.8 % (w/w)), a small visible 

volume fraction of cholesteric liquid phase should begin to form at the bottom of the container, due to 

its higher density when compared to the isotropic phase. This volume fraction ()) of anisotropic phase 

(plotted in Figure 3.5 b)) rises gradually, but not linearly, as verified by Lagerwall et al. [22], until the 

observed fraction’s phase becomes completely cholesteric, at a certain mass fraction between 7.5 and 

9.1 % (w/w). 

The POM image relating to the 2.8 % (w/w) suspension (Figure 3.5 c)) reveals a largely isotropic 

phase, identifiable by the visible black area of which the image is mostly comprised. Some cholesteric 

fingerprint textures can also be seen. The second sample, with a significantly higher CNC concentration 

(7.5 % (w/w)), showcases a great amount of tactoids and a visible decrease in isotropic regions (Figure 

Figure 3.4 –  Thermal analysis of microcrystal l ine cel l ulose and crystal l ine 
nanocellulose samples.  

exo. 
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3.5 d)). The third and final sample (9.1 % (w/w), Figure 3.5 e)), while previously shown to be completely 

cholesteric at a macroscopic level, still exhibits minimal isotropic regions alongside more fingerprint 

textures. This should be attributed to the fact that, since the substance isn’t perfectly homogeneous, a 

completely anisotropic phase is only attainable at relatively higher concentrations. 

 

 

 Freestanding CNC films 

By loosely following the presented phase diagram, aqueous CNC suspensions with varying concen-

trations of 2.8 %, 4.6 % and 6.1 % (w/w) were evaporated in polystyrene Petri dishes with 35 mm in 

diameter, at a constant temperature of 18 ºC, for approximately 15 days. The evaporation of this aque-

ous suspension give rise to iridescent chiral nematic films that reflect colours in the visible region of the 

electromagnetic spectra. The resulting freestanding films, referred to as F1, F2, and F3, respectively, 

are shown in Figure 3.6. Is important to note that the presented films evaporated from different volumes 

of suspension which consequently, varied their respective thickness. Physical data regarding the pro-

duced films is showcased in Table 1. 

 

 

Figure 3.5 –  a)  Photograph of phase separat ion observed between cross polarisers  
in suspensions of cel lulose nanocrystals with CNC content,  f rom left  to right,  2.8, 
4.6, 7.5 and 9.1 % (w/w); b)  Volume fract ion )  of  cholesteric plotted as a funct ion 
of the CNC concentrat ion; POM images of textures obtained in tr ansmission mode 
for CNC suspension samples with c) 2.8 % (w/w), d) 7.5% (w/w), and 9.1 % 
(w/w).Scale bars : a)  1 cm  c)  100 μm; d)  50 μm; e)  20 μm.   

a) 

c) d) e) 

b) 
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Table 1 –  Concentrations, f i lm thickness, and suspension volumes associated with each of the 
studied samples F1, F2 and F3.  

Sample [CNC] (% w/w) Film thickness (µm) Suspension volume (ml) 
F1 2.8 147 ± 7 10 
F2 4.6 43 ± 3 2 
F3 6.1 72 ± 6 2 

 

 

Each film’s superficial features can be linked to the amount and concentration of suspension used 

to produce it. F1, comparatively to both its counterparts F2 and F3, exhibits the opaquest structure due 

to its thickness. Likewise, F2 and F3, using 2 ml of suspension, display a more translucid surface, with 

the former using a less concentrated suspension, which evidently leads to a smoother exterior. This is 

further illustrated in the comparison between F2 and F3’s RCP channels (Figure 3.6, e) and f)): while 

both extinguish some percentage of reflected RCP light, the former does so more consistently and ef-

fectively.  

 

 

Another noteworthy aspect to denote is each film’s structural coloration. F1 displays vibrant yel-

low/red reflections, along with bright blue tones around its edges whereas, the remaining samples show-

case a mostly blue surface. So, the film’s reflection maximum wavelengths were shown to decrease as 

the CNC concentration in the precursor suspension increases, leading to a smaller average pitch length 

within the film’s cholesteric layers. Similar correlation of cellulosic derivative concentration and reflecting 

Figure 3.6 –  Photographs obtained through a), b),  c)  LCP l ight channel  of F1, F2, and F3, re-
spect ively and d), e),  f )  RCP channel l ight,  and F3, respect ively. Photographs were captured at 
an 8 º angle perpendicularly to the substrate. Scale bars:  2 mm. 
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coloration has already been demonstrated by Fernandes et al. [47] for other cellulosic derivatives such 

as hydroxypropyl cellulose (HPC) while in aqueous solution. The authors demonstrated that HPC/H2O 

solutions with 60 % (w/w) of HPC present a red wavelength reflection that is shifted to lower wavelengths 

as the concentration increases, resulting in a solution with a purple coloration at 65 % (w/w). The ob-

servation of F1 – F3 by optical microscopy with circularly polarised light and the spectra obtained for 

each observation (showed in Figure 3.7) are in good agreement to what is macroscopically observed. 

Assuming an ideal cholesteric structure along the entire vertical extension of the film, the RCP channel 

image should be perfectly black. All three samples, however, do reflect RCP light, as pictured in Figure 

3.7, d) – f), which is a main indicator of poorly organized cholesteric layers, both spatially and orienta-

tionally [48]. The films also display a vast array of colours in their LCP channel, further evidenced by 

large calculated spectral widths of ~ 200 nm for F2 and F3, and 158 nm for F1. 

 

 

The spectral width of a LCP reflectivity curve is merely the Full Width at Half Maximum (FWHM) 

value for each peak. [48] A narrower FWHM value signifies a smaller spectral width, which in turn is 

Figure 3.7 –  a), b),  c)  POM ref lect ion images of the LCP l ight channel at the centre of F1, F2, 
and F3, respect ively; d), e),  f)  POM ref lect ion images of the RCP l ight channel at  the centre 
of F1, F2, and F3, respect ively; g), h),  i )  LCP and RCP ref lect ivi ty spectra, measured for 
wavelengths from 350 to 800 nm, of samples F1, F2, and F3, respect ively. Scale bars for a) –  
f) :  100 μm. 
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associated with a short amount of chromatic variance in the analysed reflected light. As such, a region 

with a narrow spectral width is expected to demonstrate a better cholesteric arrangement, with less 

physical and optical defects.  

In the end, due to its low spectral width and vibrant macroscopic colours, an aqueous CNC concen-

tration of 2.8 % (w/w) was determined to potentially provide optimal results in the future. Since a large 

amount of cellulose nanocrystals suspension is necessary to produced films, like the ones presented 

above, the study of different experimental conditions on films preparation was ascertained with sessile 

droplets cast onto the ITO-coated substrates, which are used in electro-optical cells.  

 Varying the evaporation rate of drop-cast CNC films 

The solid films presented in Figure 3.8 were produced from 10 μL droplets of aqueous CNC suspen-

sion (2.8 % w/w) cast onto an ITO-coated glass substrate, which underwent complete evaporation at 

three different temperatures: 3 ºC, 22 ºC, and 60 ºC. From this point on, the films shall be denominated 

as T1, T2, and T3, respectively. 

 

At a macroscopic scale, a heterogeneous colour pattern between the three samples can be identi-

fied, becoming more prevalent as the evaporation temperature increases (Figure 3.8 a) versus c)). T1’s 

T1 T2 T3 

Figure 3.8 –  Photographs of CNC f i lms a), b),  c)  T1, T2, and T3 observed through unpolarised white l ight,  
respect ively; d), e)  T1 observed through LCP and RCP l ight channels, respect ively; f),  g) T2 observed 
through LCP and RCP l ight channels, respect ively; h), i)  T3 observed through LCP and RCP l ight channels,  
respect ively. Pictures from d) to i) were cropped in half ,  as to better inspect the difference between each 
channel.  Scale bars:  1 mm. 



 21 

 

central surface presents bright orange, which increases in wavelength to a deep red, as we move to-

wards the film’s edge. In sample T2, a similar pattern can be seen, but starting at the blue end of the 

spectrum, in the centre, and reaching red tones at the perimeter, where hints of uncoloured regions also 

begin to show. The remaining film, T3, displays a consistently blue central area, but the formed outer 

ring doesn’t seem to reflect colour this time around. 

Films produced from the evaporation of the sessile droplets at higher temperatures (T2 and T3) 

display what has been reported as the “coffee stain” effect. [19] This phenomenon, occurring in similarly 

cast CNC aqueous suspensions, consists of the appearance of a concentric ring along the outer edge 

of the circular droplet, chromatically and topologically different. 

The coffee stain effect, first coined by Deegan et al. [49], is described as the migration of solids in a 

drying drop directed towards its outer edge, known as the contact line, thus forming a solid ring after full 

evaporation (Figure 3.9 c)). This occurs due to the existence of a pinned contact line, making the fluid 

flow outwards in order to compensate for evaporative losses. This way, evaporation rate at a point closer 

to the contact line is greater than that at the centre of the droplet (Figure 3.9 a), b)). [49] 

 

In this specific experiment, the concentric ring observed in T2 and T3 appears to increase in radius 

with temperature. Additionally, the film’s iridescent properties falter in the mentioned region, as well as 

its reflective response to right circularly polarised light, both of which are potential symptoms of an un-

organized chiral nematic structure. [48]  

Each of the samples’ different regions was analysed under a polarised optical microscope (Figure 

3.10 a) – f)), in reflection mode. Captured images (Figure 3.10, a) – f)) are of each solid droplet’s central 

region.  

It was previously confirmed that, at a macroscopic level, T1 shows the most consistent optical re-

sponse throughout its surface area (Figure 3.8 a)). However, T3’s centre region does a better job at 

extinguishing RCP reflected light (Figure 3.10 f)), when compared to the same area in other samples 

(Figure 3.10 d) and e)). Additional evidence to support this comes from the region’s LCP and RCP 

spectra (Figure 3.10 i)), where the RCP reflectivity band stands lower than the other samples’ RCP 

peaks. 

Figure 3.9 –  Process of evaporat ion of a drop of aqueous suspension. Adapted by permission from 
Nature,  Larson, R. G. In Retrospect:  Twenty years of drying droplets. Nature, 550(7677), 466 -467.,  
2017.  

a) b) c) 
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T3’s LCP optical response (exclusively in its centre) is also noteworthy, as it is associated with the 

lesser of the three samples’ spectral width (153 nm), implying that the measured region displays the 

most chromatically homogeneous reflection, nevertheless a dimmer colour is observed.  

 

 

Observed optical responses, which vary with film region and evaporation temperature, can be linked 

back to the “coffee-stain” effect. Although the cause for the coffee stain effect observed in droplets has 

yet to be correlated with thermal conditions during evaporation process, this demonstrated behaviour 

suggests that the coffee ring effect is lessened at lower temperatures of evaporation. One should stress 

that this correlation should not be necessarily related to the temperature of evaporation itself, but instead 

might be linked to the duration of the evaporation process, which is maximized at lower temperatures. 

In other words, as we decrease a droplet’s temperature of evaporation, which in turn lowers its rate of 

evaporation, the droplet vaporizes at a more homogeneous pace, allowing for an even more flawless 

assembly along the cholesteric layers and fully dissipating the “coffee stain” effect. Alongside this ex-

periment, a study on evaporation rate was performed for the three tested temperatures. From 50 μl 

droplets, average evaporation rate at 60 ºC was approximately 10 times faster than the rate at 3 ºC 

Figure 3.10 –  a), b),  c)  POM ref lect ion images of the LCP l ight channel at the centre of 
T1, T2, and T3, respect ively;  d), e),  f )  POM ref lect ion images of the RCP channel at the 
centre of T1, T2, and T3, respect ively; g), h),  i )  LCP and RCP ref lect ivi ty spectra, meas-
ured for wavelengths from 350 to 800 nm, of samples T 1, T2, and T3, respect ively. Scale 
bars for a) –  f) :  50 μm. 
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(approximate rates of-1 mg/min vs. -0.1 mg/min). More details are available in Supporting Information 

2. 

Observed topography (Figure 3.11) matches reported results in literature [19] for T2 film, and afore-

mentioned optical results. While T1 demonstrates a round surface, the other droplets show a concave 

surface (associated with the “coffee stain” effect). This physical manifestation becomes more prevalent 

at a higher evaporation rate (T3), and the particle build-up gradient between the centre and edges of 

the film becomes quite noticeable. In fact, the film thickness at the centre of T1 nearly quadruples relative 

to T3’s central section (40 μm vs. 10 μm). As such, one can argue that T3’s favourable LCP and RCP 

responses in its centre region might be merely linked to the evaporation process itself. An outward flow 

during the evaporation process should imply that the suspended particles at the centre of the evaporat-

ing drop-cast film are more still, while the ones closer to the contact line have a harder time relaxing. 

This way, cholesteric arrangement at the edges might be negatively affected; at the centre, on the other 

hand, it may be enhanced.  

 

With that, the next step to optimize a CNC film’s optical response is to combine a slow evaporation 

process, which could grant the film its homogeneous colour and superficial structure, with a method to 

thin it even further. 

 Improving the substrate’s hydrophilicity 

Results reviewed thus far indicate that CNC droplets evaporating at lower temperatures display bet-

ter reflective and structural properties than those at higher temperatures. From this point forward, the 

variables were explored optimal droplet using an evaporation temperature of around 3 ºC, as established 

from previous conclusions. 

Work focus shifted onto other potential film optimizations: reducing film thickness (while still aiming 

for a homogeneous surface) and further extinguishing of RCP reflected light. As such, in the interest of 

reducing film thickness, the substrate’s hydrophobic properties were investigated. In order to increase 

droplet spread on the ITO-coated glass substrate, which demonstrates high intrinsic hydrophobicity (with 

an average contact angle of ~ 107 ± 3 º was measured), the effects of prolonged exposure to ultraviolet 

(UV) radiation were tested with varying exposure intervals.  

Figure 3.11 –  Prof i lometer scans across the T1, T2 and T3 sol id f i lms obtained from 2.8 
% (w/w) CNC suspension droplets on ITO-coated glass substrates obtained at 3 ºC,  22 
ºC, and 60 ºC, respect ively.  
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Extended exposure of UV light to hydrophilize various different solid surfaces has been extensively 

documented [51], [52]. Although specific research on the hydrophilization of ITO-coated glass substrates 

was not found, a simple 1 hour exposure test on such a substrate showed coherent results. UV radiation 

was chosen as a valid functionalization option since it does not measurably affect the ITO layer’s elec-

trical conductivity.  

Static water contact angle analysis was performed on ITO-coated glass substrates exposed to UV 

radiation under differing amounts of time, from 0 to 8 hours. Results are displayed in Figure 3.12. 

 

It becomes clear that as exposure time increases, contact angle and (by extension) surface hydro-

phobicity both quickly decrease. This procedure seems to be most effective using exposure times of up 

to 2 hours (corresponding to a contact angle of ~ 60º), after which the average measured contact angle 

lowered only slightly, with up to 6 hours of additional exposure. Considering these results, three 10 μL 

droplets of CNC suspension were cast onto ITO-coated glass substrates, which were exposed to UV 

radiation for 1, 2, and 4 hours beforehand, and left to dry at 3 ºC. These samples will be referred to as 

U1, U2, and U3, respectively (Figure 3.13).  

The films’ reflected colours grow progressively fainter as UV exposure increases, since the same 

volume of material spreads along a larger area; however, for that same reason, RCP reflectivity tends 

to extinguish better as the hydrophobicity of the substrate decreases. Additionally, although a colour 

gradient is seen on all three samples, the profilometry data shows that this “coffee stain” effect does not 

extend to a topographic level. Sample U1 displays the most uniform of surfaces (Figure 3.13 j)), yet a 

clear change in reflected hues can be observed, gradually increasing in wavelength from its centre (blue) 

to its edges (red).  

POM images (Figure 3.14) still feature a blend of blue, green and yellow colours (loosely comparable 

to T2 and T3’s POM images in the same region (Figure 3.10 b), c)), derived from various spatial domains 

in the cholesteric layers. And even though U3 shows the best RCP response of the three samples 

(Figure 3.14 f)), by consistently reflecting very little light in that channel, it’s suggested that this is (again) 

Figure 3.12 –  Plotted results of average stat ic con-
tact angle measurements using sessi le water drop-
lets on ITO-coated glass substrates for each corre-
sponding amount of exposure t ime.  
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linked to the lack of material in the observed area. This hypothesis is further supported by its abnormally 

high RCP reflectivity curve, in Figure 3.14 i), which should indicate an already low LCP reflectance, in 

absolute terms. 

 

 

Out of these studied samples, U1 demonstrates the lowest relative reflectivity RCP light spectra 

(approximately 22 %), as well as the narrowest spectral width in the LCP light channel (162 nm), only 

slightly wider than that of T3 (153 nm). All while maintaining a reasonably homogenous superficial to-

pography (Figure 3.13 j)).  

In conclusion, a droplet of a CNC aqueous suspension, undergoing a very slow evaporation process 

on a hydrophilic surface, yields a solid film bearing significant optical and morphological improvements. 

However, although the original intent of forming CNC films from a sessile droplet was to significantly 

reduce material resource usage, as well as preparation time, these results showcase the limitations of 

the method itself. The final, optimized film still features a prominently round surface and a noticeable 

colour gradient, both of which disrupt a necessary degree of superficial homogeneity at such a small 

scale. Nonetheless, an attempt was made at incorporating a similarly produced drop-cast CNC film into 

an electro-optical device. 

Figure 3.13 –  a),  b),  c) Photographs of U1, U2, and U3 observed under white l ight;  
d), e) Photographs of U1’s LCP and RCP l ight channels, respect ively; f),  g) Photo-
graphs of U2’s LCP and RCP l ight channels, respect i vely; h),  i ) Photographs of  
U3’s LCP and RCP l ight channels, respect ively; j),  k),  l ) Prof i lometer scans ob-
tained across the three f i lms samples. Pictures from d) to i) were cropped in half ,  
as to better inspect the dif ference between each channel .  Scale b ars: 1 mm. 
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3.4.1 Electro-optical cell assembly using a drop-cast CNC film 

A CNC aqueous suspension droplet (50 μL) was drop-cast onto an ITO-coated glass substrate (pre-

viously treated with 1 hour of UV exposure) and fully evaporated at 3° C. The rest of the device was 

subsequently assembled as described in the Materials and Methods section. 

The electro-optical device’s optical response in the LCP and RCP light channels was observed mac-

roscopically. When viewed perpendicular to the substrates, directly looking at the top side of the film, 

the cell reflects both LCP and RCP light (Figure 3.15 a)). However, when viewed from the opposite side, 

the cell reflects only LCP light; RCP light is transmitted (Figure 3.15 d)). 

Observation of a cross-section of an identical drop-cast CNC film, by means of SEM, yielded no 

images of a visible microscopic gap within its cholesteric layers. However, the top section of the film 

was slightly damaged, as can be seen in Supporting Information 4, Figure 6.3. Nevertheless, the film’s 

Figure 3.14 –  a), b),  c)  POM ref lect ion images of the LCP channel at the centre of U1,  U2, 
and U3, respect ively; d), e),  f)  POM ref lect ion images of the RCP l ight channel at  the 
centre of U1, U2, and U3, respect ively; g), h),  i )  LCP and RCP ref lect ivi ty spectra, meas-
ured for wavelengths from 350 to 800 nm, of samples U1, U2, and U3, respect ively. Scale 
bars for a) –  f) :  50 μm.  
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reflection of both LCP and RCP light, as illustrated in Figure 3.15 a), may only be occur when the nematic 

LC (5CB) infiltrates the film’s microgap and acts as a half-wave retardation plate. Thus, it is possible 

that the expected microgap is indeed present, but situated very close to the top side of the drop-cast 

film. This way, when incident light hits the device from the film’s top side (Figure 3.15 a)), the thinner 

upper layer and the thicker lower layers both reflect LCP and RCP light; however, when considering the 

other side, only the thicker upper layer reflects LCP light, while the thinner lower layer transmits RCP 

light. 

 

Due to the lack of evidence of a microgap’s existence, the production process of larger freestanding 

films was reapproached, focusing on reducing film thickness and optimizing cholesteric organization. 

 Strong magnetic field application in CNC film production 

Two thin CNC membranes were produced from the deposition of 1 ml of 2.8 % (w/w) CNC aqueous 

suspension into polystyrene Petri dishes (diameter 35 mm). This amount was found to be the minimum 

required to keep the cast suspensions’ surface tensions from breaking up, due to the substrates’ hydro-

phobic properties, as one of the goals of this study is to minimize the resulting films’ thickness. 

While both films evaporated at 18 ºC, one of them did so while a continuous 7.05 T magnetic field 

was applied, perpendicular to the film’s surface (Figure 3.16). This film will be referred to as R2, while 

Figure 3.15 –  a)  Schematic of the l ight ’s course when the cel l  is viewed from the top of the drop -cast 
f i lm. Both LCP and RCP l ight are ref lected. b), c)  LCP and RCP l ight channel photographs, respec-
t ively. d)  Schematic of the l ight ’s course when the cel l  is viewed from the base of the drop -cast f i lm. 
LCP l ight is ref lected and RCP l ight is transmitted. e), f)  LCP and RCP l ight channel photographs, 
respect ively. Scale bars for b), c),  e),  f ) :  5 mm. 
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the other one will be designated as R1. These freestanding films’ thickness values were found to be 

outstandingly thin, and measured to be 14 ± 3 μm and 16 ± 2 μm, respectively, for R1 and R2. 

 

The application of a relatively low (~ 0.5 – 1.2 T) external magnetic field to successfully influence the 

orientation of a CNC film’s cholesteric domains, as it evaporates, has previously been reported by Frka‐

Petesic et al. [24]. In the presented study, a film assembled in the presence of a vertical magnetic field 

displayed a strong specular reflection in the direction perpendicular to the film’s surface, indicating good 

alignment of the cholesteric structure according to the external field’s directing vector.  

R1 displays a vast array of colours, from blue to orange, depending on the observed region, while 

observed through LCP light (Figure 3.18 a). The film transmits RCP light relatively well, but this behav-

iour is gradually weakened as observation progresses towards its edges (Figure 3.18 c)). Its surface 

seems smoother than its predecessor (F1, Figure 3.6 a)), especially in its central region, as the edges 

are visibly rougher. A series of small dark spots populate its surface, although microscopic observation 

might determine their cause.  

R2, unlike its counterpart, reflects a majority of red and orange hues along its surface while observed 

through LCP light (Figure 3.18 b)). Its RCP response is near-perfect, at a macroscopic level, only dwin-

dling slightly around the very edge of the film (Figure 3.18 d)). Surface-wise, even though it is hard to 

tell from the captured images, R2 has a very polished metal-like surface unlike any other of the films 

produced so far. Unfortunately, as evidenced in Figure 3.18 d), a small amount of dust settled into the 

suspension as it evaporated. Comparing its LCP and RCP light channel photographs, we can conclude 

that these specs of dust may be responsible for some of the film’s chromatic disparities. 

At a microscopic level, a significant difference can be ascertained between the two samples’ central 

regions (Figure 3.17 a), b)). R1’s LCP light channel displays a multitude of different colours (Figure 3.17 

a)), as it did macroscopically, along what can be described as a flowing pattern, which may be linked to 

evaporation process as observed by Dumanli et al. [10]. On the other hand, R2’s LCP channel exhibits 

remarkably consistent colour patterns (Figure 3.17 b)), varying only between few shades of orange. 

Albeit, their differences end there, as both films reflect little to no RCP light (Figure 3.17 c) and d)).  

 

Figure 3.16 –  Schematic of how the cholesteric layers are al igned in 
the CNC f i lm, in relat ion to the applied magnetic f ield. The magnetic 
f ield’s vector (B) is col l inear with the cholesteric axis (Z) ;  both are di-
rected upward.  
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Figure 3.17 –  a), b)  POM ref lect ion images of the LCP l ight channel at the centre 
of R1 and R2, respect ively; c), d) POM ref lect ion images of the RCP l ight channel  
at the centre of R1 and R2, respect ively; e), f)  LCP and RCP l ight ref lect ivi ty 
spectra, measured for wavelengths from 350 to 800 nm, of samples R1, R2, re-
spect ively. Scale bars for a) –  d) :  50 μm.  

Figure 3.18 –  a), b)  LCP l ight channel photographs of R1 and 
R2, respect ively; c), d) RCP l ight channel photographs of R1 
and R2, respect ively. Glass substrates are present in the pic-
tures, as to prevent the f i lms from curl ing up. Photographs were 
taken at a 15º angle perpendicular ly to the substrate. Scale 
bars: 2 mm. 
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The change in texture, from one sample to the other, suggests a direct correlation to the strong 

magnetic field’s influence during R2’s evaporation process. The orientation of cholesteric suspensions 

while under the influence of magnetic fields is owed to the individual CNCs’ characteristic anisotropic 

diamagnetic susceptibility [53], an intrinsic property that leads to a cooperative effort in their cholesteric 

assembly process. [54] Due to the magnetic field’s effects, the film’s cholesteric helix axis tends to align 

vertically (with the external field’s directing vector), perpendicularly to the substrate. Thus, during evap-

oration, the resulting cholesteric layers freeze with little to no visible tactoids, which lead to a more 

consistent colour scheme.  

Reflectance analysis ((Figure 3.19, e) and f)) reveals a very narrow LCP spectral width measured 

on R2’s surface (105 nm), along with R1’s significantly larger spectral width of 142 nm. This is a funda-

mentally expected result, mainly due to R2’s outstanding lack of optical defects and vibrant orange 

tones, which in turn are consistent with the measured maximum wavelength reflection peak at ~ 600 

nm.  

 

 

In order to try understanding the origin of the metallic-like optical property observed specially in R2, 

the surface roughness of each film was analysed by two different characterisation techniques. Specu-

lar/diffuse reflectance analysis should quantify the membranes’ long-range asperity, while AFM was 

used to fully assess their short-range average roughness. 

Total reflectance is mainly divided into two components: specular and diffuse reflectance (SR and 

DR, respectively). The amount of diffused light, as it reflects off a sample’s surface, should rise as its 

surface roughness increases; the opposite happens with the amount of specularly reflected light: it di-

minishes as surface roughness increases. Adapting this concept, by shining a light off a flat CNC film 

and measuring its total and diffuse reflection, one can extrapolate the amount of specularly reflected 

light, along a wide interval of wavelengths. Thus, when comparing each sample’s specular and diffuse 

spectra, one can estimate a relative roughness index among tested films. 

Figure 3.19 –  a), b)  Specular and dif fuse ref lect ivi ty spectra for R1 and R2, respect ively. SR 
stands for specular ref lect ivi ty,  while DR stands for dif fuse ref lect ivi ty.  
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Both R1 and R2’s diffuse reflection curves are well below their specular counterparts (Figure 3.19), 

indicating very low roughness. However, R2’s diffuse reflectivity spectrum shows a slight peak, which is 

nearly undetectable in the former sample’s spectrum. This could possibly be associated with the specs 

of dust embedded within R2, which may artificially increase the reflected light’s diffuse component. The 

same characterisation process was performed on previously produced films (F1, F2, F3), and all of 

which showcased a significantly higher diffuse reflectivity spectrum. A summary of all results is pre-

sented in Supporting Information 3. 

The study on surface roughness was expanded at a smaller scale, by means of AFM analysis. Both 

R1 and R2’s mapped surface images are presented in Figure 3.20. 

R1 and R2’s RMS (Root Mean Square) roughness values were measured from a single 20x20 μm 

area on each sample’s surface. Unfortunately, both films reveal highly similar RMS roughness values, 

of 1.097 nm and 1.088 nm respectively, and results are regarded as inconclusive. Although these results 

are significantly lower, they are in the same order of magnitude as ones reported by Lefebvre et al..[55].  

Having shown outstanding optical and physical features, a small piece of R2’s central region was 

broken off and later used in an assembled electro-optical cell, which was thoroughly studied.  

 

 

 Electro-optical cell assembly using a freestanding CNC film 

An electro-optical device was assembled where a portion from the R2 CNC film was inserted be-

tween two ITO-coated glasses and the cell was filled up with 5CB, as described previously in this thesis’s 

Materials and Methods section. Photographical evidence, while observing the cell under left and right 

circularly polarised light, was captured and is shown in Figure 3.21 a) and b). 

The captured photographs now show no major change in the film’s reflection, when comparing the 

LCP and RCP light channel images, as a reflection can be observed for both light channels. Observation 

of the POM images (Figure 3.21 c) and d)) reveals small changes in colour in certain domains of the 

Figure 3.20 – AFM-captured images of a 20x20 μm surface area of R1 and R2, in ampli-
tude ret race mode. 
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image (mainly shifting between green and red hues). RCP light is now mostly reflected, instead of being 

transmitted. In order to verify the CNC film’s optical response while uninfluenced by the 5CB, tempera-

ture was raised up to 37 ºC, above the 5CB’s nematic/isotropic phase transition threshold of 35 ºC. [56] 

As expected, RCP light reflection (Figure 3.21 f) is similar to that of previously presented experiments. 

At this point, the 5CB ceases to act as a half-wave retardation plate (see Figure 3.17 d)), confirming 

that the presence of 5CB effectively influences the CNC/5CB system optical behaviour, and that by 

temperature variation one can tune the 5CB birefringence.  

 

A similar optical response has been reported by Fernandes et al. [11], who attributed its cause to the 

formation of a microscopic gap inside the film’s cross-section, within which the 5CB was infiltrated. This 

way, the gap is filled with a nematic layer, functioning as a half-wave retardation plate between two CNC 

cholesteric layers. 

The presence of a physical gap within the thin film R2 was investigated by observing a cross-section 

of an adjacent film section by SEM (Figure 3.22). 

The cross-section image reveals a long transversal opening or microgap (604 ± 56 nm wide, aver-

aged from 20 measurements) dividing the film into two separate cholesteric layers having different hel-

icoidal pitches. It is noteworthy to mention that the microgap edges look slightly slanted, in relation to 

the observer’s point of view, so the real microgap height may be marginally larger than the registered 

average value. From the obtained images, the average pitch lengths on either side of the gap were 

Figure 3.21 –  a), b)  LCP and RCP l ight channel photographs of the electro -opt ical cel l ,  respect ively;  
c), d)  LCP and RCP l ight channel POM ref lect ion images, respect ively, while the 5CB is in the nematic 
phase; e) ,  f)  LCP and RCP l ight channel POM ref lect ion images, respect ively, while the 5CB is in the 
isotropic phase. Scale bars for a) ,  b) :  2 mm. Scale bars for c)  –  f) .  
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unable to be measured and had to be deduced from the electro-optical cell’s LCP and RCP channel 

reflectivity spectra (Figure 3.22 b)) by using the de Vries expression. The thickness values of the layers 

above and below the microgap were measured from a different SEM image, presented in Supporting 

Information 4. [10] Relevant data is shown in Table 2. 

 

 
Table 2 –  Data acquired from Figure 3.22 b) .  The wavelength peak is the wavelength value associated with 
each spectrum’s maximum ref lect ivi ty value, the calculated pitch length is  the ext rapolated cholesteric pitch 
size from each respect ive wavelength peak (using the de Vries expression) , and the spectral width is equiv-
alent to FWHM value of each spectrum.  

Polarised 
light channel 

Wavelength 
peak (nm) 

Calculated pitch 
length (nm) 

Spectral width 
(nm) 

Layer thickness 
(μm) 

LCP 533 341 123 7.6 
RCP 580 371 111 3.6 

 

When comparing the exhibited data to the previously shown work of Fernandes et al [11], we can 

see their device reflects LCP and RCP light in similar magnitudes, while the one studied in this thesis 

demonstrates better reflectivity in the RCP light channel. Their obtained spectral peaks are very close 

to ours, both for the LCP light channel (reported wavelength of 520 nm vs. 533 nm) and the RCP light 

channel (reported wavelength of 600 nm vs. 580 nm). Lastly, spectral width values are also in good 

accordance with the ones presented by the authors. 

Additional reflectance spectra were numerically simulated by means of a 4 × 4 Berreman matrix. [57] 

The simulations accounted for various physical values: the nematic 5CB birefringence, the pitch sizes 

and thickness values of the cholesteric domains above and below the film’s microgap, and the mi-

crogap’s height. Multiple simulations were carried out with these fixed values, varying only the mi-

crogap’s height, from 500 to 1100 nm, in multiples of 100 nm. The simulated spectra, where a gap size 

equal to 800 nm was used, are shown in Figure 3.23.  

Figure 3.22 –  a)  SEM image of the microgap inside the CNC f i lm. The gap extends far beyond the 
sides of the image, in real i ty,  with varying gap widths along the way. b)  LCP and RCP l ight ref lec-
t ivi ty spectra, measured for wavelengths from 350 to 800 nm, of  the centre of the electro-opt ical 
device. Spectra were normal ized around the RCP l ight spectrum. Scale bar for a) :  500 nm. 
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Out of the obtained simulated spectra, for different gap sizes, the reflectance curves coinciding best 

with the experimental ones were the ones presented in Figure 3.23, suggesting that the CNC film’s 

actual microgap height is, in fact, closer to 800 nm. Both spectra’s peak wavelength values coincide 

similarly with the experimental reflectance curves (Figure 3.22 b)), however the simulated spectral width 

values are much thinner. This can be linked to the CNC film’s heterogeneities, which are manifested as 

variations in pitch size and gap thickness values. 

The electro-optical device’s optical response to the application of an electric field was tested. POM 

images of the film’s LCP and RCP light reflection were captured while an electric current was applied to 

each electrode and switched on and off (Figure 3.24 a) – d)). A real-time video recording of multiple 

on/off cycles is available in Supporting Information 5.  

Prior to the images taken, the applied electric field was gradually intensified, up to 1.67 V/μm. With 

each increase, this led to a gradual improvement in the observed transmission, while in the on state. 

This value is in good accordance with reported results in literature (~ 1.6 V/μm) [11]. The effect of a 

larger amount of electric field was not tested, as not to risk damaging the embedded CNC film.  

Optical response matches conclusions found in literature, as well. While in the off state, a large 

chromatic gradient is visible, more so in the RCP light channel image (Figure 3.24 b)). This can be 

attributed to an optical side effect due to the presence of 5CB in front of the film. In the on state, both 

channel images respond as expected: (Figure 3.24 c)) displays only the film’s surface, with little to no 

visible nematic layer on top due to the electric field’s influence; and (Figure 3.24 d)) exhibits a near-

black reflection of the film, since all RCP light is transmitted. It should be noted that this outstanding 

response was observed to be similar throughout the extension of the CNC film. 

  

Gap = 800 nm 

Figure 3.23 –  Simulated ref lectance spectra by means of a 4 × 
4 Berreman matrix,  for the LCP and RCP l ight channels, re-
spect ively.  
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Figure 3.24 –  a), b)  POM ref lect ion images of the LCP 
and RCP l ight channels of the electro-opt ical cel l ,  respec-
t ively, while in the off  state. The wide chromatic gradient 
in b)  can be attr ibuted to opt ical interference from the 
5CB; c), d)  POM images of the LCP and RCP l ight chan-
nels of the electro-opt ical cel l ,  respect ively, while in the 
on state. Scale bars:50 μm   
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4 Conclusion and future perspectives 
This work’s main objective was to optimize a CNC film’s characteristic optical properties, by mainly 

improving its selective LCP light reflectivity and RCP light transmission, while aiming for the production 

of a structurally and chromatically uniform thin membrane. The number of variables explored, along with 

the variety of characterisation methods employed, allows us to assert that a significant amount of pro-

gress was made on the subject. 

Cellulose nanocrystals were successfully obtained from the acid hydrolysis of microcrystalline cellu-

lose. Starting from a particle size of ~50 mm it was possible to obtain cellulose nanocrystals with an 

average length of ~158 nm bearing a rice-like shape. The CNC’s diffraction patterns show the presence 

of a cellulose type I structure, as observed in the original MCC fibres, however the CNC presents a 

higher crystalline index (IC = 88.94 %) than MCC (IC = 76.19 %). This result can be ascribed to the 

removal of the amorphous regions of the cellulose during the chemical treatment without disrupting its 

initial structure. Cellulose nanocrystals were suspended in water at different concentrations ranging from 

2.8 % to 9.1 % (w/w). In all suspensions, a phase separation could be observed and the fraction of the 

anisotropic phase (bottom layer) increased as the CNC content in the suspension rose. This singular 

bright or birefringent layer, when observed between cross-polarisers, is attributed to the self-assembly 

of CNC into a cholesteric liquid crystalline phase.  

The initial production of freestanding films, derived from the suspensions with varying CNC concen-

trations, allowed for various observations which fundamentally led this work’s development process. 

Three films, from suspensions with CNC content of 2.8 %, 4.6% and 6.1% (w/w), were obtained display-

ing vibrant structural colours. A correlation was made between the increasing concentration values and 

the main reflected colour of each film’s surface, suggesting that the reflected wavelength of the film’s 

cholesteric structure decreases as CNC concentration rises in the precursor suspension. Despite the 

films’ bright reflected colours, their spectral width is still large (ranging from 158 to ~ 200 nm), which can 

be attributed to a non-uniform arrangement of the cholesteric layers, both spatially and orientationally.  

In an attempt to replicate the films’ optical behaviour at a smaller scale, as to attenuate material and 

time resources, drop-cast CNC films were evaporated at different temperatures (3 ºC, 20 ºC and 60 ºC). 

A noticeable topographic difference was perceived with decreasing temperature of evaporation, show-

ing a clear dissipation of the already reported “coffee stain” effect. It was suggested that this correlation 

is, in fact, linked to the rate of evaporation of each droplet, as a slower evaporation process should be 

tied to a weaker capillary flow within the droplet. This way, since a lesser amount of particles is trans-

ferred in the direction of the droplet’s edges, a more uniform film can be obtained. If the films are ob-

served at the same central point, one can see that a higher RCP light transmission is obtained from the 

droplet on the higher end of the evaporation temperature spectrum. Less RCP light is reflected at the 

centre of the film, where it is relatively thinner, so a link between the film thickness and its RCP light 

response may be possible. 

Investigations using the drop-cast template resumed by exploring substrate hydrophobicity as a way 

to improve the film’s structural homogeneity. An additional set of drop-cast films were evaporated at 3 
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ºC, with varying amounts of UV radiation applied to each substrate, resulting in thinner, more dispersed 

solid films. RCP light transmission in all samples was found to be vastly improved upon previous at-

tempts, solidifying the hypothesis of optical response being tied to lesser thickness. 

Studies progressed towards the production of even thinner freestanding films, while also exploring 

the possibility of an applied strong magnetic field during the evaporation process. Two very thin films 

were obtained, one was evaporated under the influence of a 7.05 T magnetic field (R2), the other was 

not (R1). The samples displayed surprisingly vibrant superficial colouring, along with a low degree of 

roughness (determined by AFM, and specular and diffuse reflectance spectroscopy). Microscopically, 

both presented a very good response in the RCP channel, demonstrating near-black tones. However, 

the magnetically influenced film stood out by showing a very consistent chromatic scheme, microscop-

ically. This is further evidenced by its outstandingly low spectral width (105 nm), measured from its LCP 

light reflectivity spectrum.  

A piece of R2 was implemented into an electro-optical device, by placing it between two ITO-coated 

glass substrates and impregnating it with a nematic liquid crystal (5CB). The device was optically tested, 

and results were in good agreement with literature [11], suggesting the existence of a microgap within 

the film’s cholesteric layering. The presence of this physical gap was confirmed by SEM observation, 

and the electro-response was established by application of an electric field. The defined electric field 

value necessary for an optically responsive on state, 1.67 V/μm, was in good agreement with literature.  

In the RCP channel, at a microscopic level, the device exhibits red and green hues in the off state and 

shows near perfect transmission in the on state. 

Although interesting results were obtained from the studies presented above, it can be seen that a 

full RCP transmission and low spectral width (in the order of tens of nanometers) of the structurally 

coloured CNC film is yet to be obtained. Along with the full control of the microgap’s dimensions that 

arises from this cholesteric suspension of CNC. In order to be able to use these films in this type of 

electro-optical devices, further control of the aforementioned parameters is of paramount importance 

and one can envision some experiments that must be performed. 

1) We can further delay the onset of the glassy state using the demonstrated way of slowing down a 

film’s evaporation rate due to a low temperature, with a method recently proposed by Tran et al. [58]  

where the suspension’s evaporation process is stalled by temporarily covering the system with a lid. 

Implementing both procedures should slow down the evaporation process as to enhance the uniformity 

of the film’s helical orientation. 

2) An attempt to mimic and control the CNC film’s naturally assembled microgap may be explored 

by means of a stacking procedure inspired by the method presented by Hyunhee et al. [59] where the 

authors used a PVA layer to separate multiple thermotropic cholesteric liquid crystals into different pitch 

sizes  
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3) Production of new electro-optical devices, impregnated with different liquid crystalline substances, 

such as a cholesteric liquid crystal bearing a different handedness and a pitch reflecting light in the 

visible spectrum (hundreds of nanometers). 
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6 Supporting information 

 AFM measurements of length and width of individual CNC particles 

 

Parameter Measurement a b c d e f g h i j 

le
ng

th
 (n

m
) 

1 158.26 163.24 95.01 164.39 123.59 153.43 217.01 198.57 150.45 135.25 

2 207.93 228.22 121.31 140.21 127.39 184.03 120.33 92.46 146.83 157.68 

3 157.60 175.93 156.19 217.27 138.11 162.20 125.79 201.81 166.09 83.12 

4 213.19 120.25 172.13 220.80 265.41 197.45 131.12 179.06 198.51 156.93 

5 125.22 187.26 128.79 181.10 164.19 164.25 120.97 178.81 139.14 168.62 

6 138.69 196.36 152.19 112.26 185.35 162.63 278.23 139.92 165.94 163.70 

7 158.89 280.47 116.62 149.24 130.94 143.50 237.72 165.35 149.45 134.06 

8 112.52 99.15 141.71 163.88 136.81 169.40 180.19 150.81 109.88 97.85 

9 116.31 132.82 156.32 180.97 158.71 151.96 209.83 136.85 133.17 162.33 

10 104.21 90.69 126.07 202.05 174.96 143.82 177.86 200.45 126.36 132.19 

11 113.03 148.26 120.62 138.96 170.98 130.23 191.59 201.15 178.53 176.78 

12 243.66 134.25 171.21 149.71 161.58 144.51 121.40 101.69 162.04 176.78 

13 180.93 195.09 118.28 148.65 102.20 148.46 136.97 147.88 179.68 141.87 

14 171.98 158.34 190.17 157.47 163.53 272.80 148.85 117.90 141.00 134.81 

15 199.01 141.53 158.25 136.57 141.23 138.06 144.16 147.12 131.98 214.94 

w
id

th
 (n

m
) 

1 28.64 31.47 24.83 41.70 40.51 57.32 41.29 28.04 45.55 56.31 

2 25.08 30.65 37.17 29.52 45.26 37.17 43.49 41.70 47.95 44.12 

3 31.40 21.03 23.05 49.87 30.99 42.05 57.28 49.56 56.73 48.88 

4 16.62 30.92 20.62 35.11 39.17 47.46 53.61 35.05 36.53 48.09 

5 27.12 21.23 16.62 37.84 30.93 38.01 46.33 42.05 47.60 36.01 

6 18.56 29.16 35.11 32.20 50.92 43.35 39.17 45.22 55.71 40.03 

7 32.60 31.54 23.51 32.27 36.06 42.50 34.31 44.60 40.03 36.71 

8 35.23 30.99 28.04 34.99 35.05 50.54 32.60 44.41 38.90 39.66 

9 19.56 42.30 27.74 42.30 29.52 48.09 47.01 39.66 24.83 47.01 

10 23.51 28.94 28.04 37.17 29.73 29.16 37.17 53.76 43.35 31.47 

11 27.66 30.99 30.44 45.21 32.20 40.92 37.11 45.26 22.30 39.65 

12 15.70 35.05 22.68 45.78 36.71 43.34 46.10 53.76 30.65 35.11 

13 26.80 32.60 24.13 53.96 37.11 35.29 33.05 49.91 35.23 37.17 

14 34.56 28.04 21.52 33.24 35.05 40.61 37.62 52.80 25.50 32.60 

15 23.32 20.62 54.89 21.52 41.29 36.47 39.23 52.48 37.34 32.00 
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 Evaporation rate depending on temperature 

For each graph, the evaporation rate was calculated by averaging the slopes extrapolated from linear 
regressions for each sample. The linear regressions for each sample were fit using all points from its 
starting evaporation time to the first point where total mass reached 10% of the initial mass. 

  

Figure 6.1 –  a).  b),  c) Evaporat ion rate graphs for 
samples evaporated at 3 ºC, 20 ºC, and 60 ºC, re-
spect ively. Each dif ferent symbol represents a dif-
ferent arbit rary sample, out of a total of 5 for each 
tested temperature.  
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 Specular and diffuse reflectance spectra for remaining films 

  

Figure 6.2 –  a), b),  c) Specular and dif fuse ref lect ivi ty spectra for 
F1, F2, and F3, respect ively . I t is c lear that,  when compared to sam-
ples R1 and R2, these f i lms showcase a much higher dif fuse ref lec-
t ivi ty relat ive to their specular ref lect ivi ty.  SR stands for specular 
ref lect ivi ty,  while DR stands for dif fuse ref lect ivi ty.  
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 SEM images used in the measuring of additional physical features 

 

The upper and lower cholesteric layer measurements were taken from Figure 6.4, below. A total of 
20 measurements for each layer was registered. 

 

 

 Videos displaying on and off cycles for the electro-optical cell  

Two separate videos of the electro-optical cell switching between the ON and OFF states. The ap-
plied electric field value in the ON state was 1.67 V/μm. Each video corresponds to the LCP and RCP 
light channel, respectively, and are hosted online at: 

Reversible electric field effect, LCP channel: https://youtu.be/dN5OvhtDc7g ; 

Reversible electric field effect, RCP channel: https://youtu.be/DFYdbLIRVNY . 

  

Figure 6.4 –  SEM image of the ful l  extension of the  freestanding CNC 
f i lm’s cross -sect ion. One can ident i fy the microgap as the small  open-
ing near the centre. The upper and lower cholesteric layers are above 
and below it ,  respect ively. Scale bar: 2 μm.  

Figure 6.3 –  SEM image of the ful l  extension of the drop-cast f i lm’s cross-
sect ion.  Scale bar: 5 μm. 

https://youtu.be/dN5OvhtDc7g
https://youtu.be/DFYdbLIRVNY


ROYAL SOCIETY OF CHEMISTRY LICENSE
TERMS AND CONDITIONS
Jun 22, 2018

This Agreement between Faculdade de Ciências e Tecnologia -- Diogo Saraiva ("You") and
Royal Society of Chemistry ("Royal Society of Chemistry") consists of your license details
and the terms and conditions provided by Royal Society of Chemistry and Copyright
Clearance Center.

License Number 4372440585759
License date Jun 19, 2018
Licensed Content Publisher Royal Society of Chemistry
Licensed Content
Publication Chemical Society Reviews

Licensed Content Title Cellulose nanomaterials review: structure, properties and
nanocomposites

Licensed Content Author Robert J. Moon,Ashlie Martini,John Nairn,John Simonsen,Jeff
Youngblood

Licensed Content Date May 12, 2011
Licensed Content Volume 40
Licensed Content Issue 7
Type of Use Thesis/Dissertation
Requestor type academic/educational
Portion figures/tables/images
Number of
figures/tables/images 1

Format electronic
Distribution quantity 10
Will you be translating? no
Order reference number
Title of the
thesis/dissertation Electro-optical devices based on cellulose nanocrystals

Expected completion date Jun 2018
Estimated size 55

Requestor Location

Faculdade de Ciências e Tecnologia
Rua 25 de Novembro de 1975, Nr 2, 10A
Miraflores

Algés, Lisboa 1495-156
Portugal
Attn: Diogo Saraiva

Billing Type Invoice

Billing Address

Faculdade de Ciências e Tecnologia
Rua 25 de Novembro de 1975, Nr 2, 10A
Miraflores

Algés, Portugal 1495-156
Attn: Diogo Saraiva



Attn: Diogo Saraiva
Total 0.00 EUR
Terms and Conditions
This License Agreement is between {Requestor Name} (“You”) and The Royal Society of
Chemistry (“RSC”) provided by the Copyright Clearance Center (“CCC”). The license
consists of your order details, the terms and conditions provided by the Royal Society of
Chemistry, and the payment terms and conditions.

RSC / TERMS AND CONDITIONS

INTRODUCTION
The publisher for this copyrighted material is The Royal Society of Chemistry. By clicking
“accept” in connection with completing this licensing transaction, you agree that the
following terms and conditions apply to this transaction (along with the Billing and Payment
terms and conditions established by CCC, at the time that you opened your RightsLink
account and that are available at any time at .

LICENSE GRANTED
The RSC hereby grants you a non-exclusive license to use the aforementioned material
anywhere in the world subject to the terms and conditions indicated herein. Reproduction of
the material is confined to the purpose and/or media for which permission is hereby given.

RESERVATION OF RIGHTS 
The RSC reserves all rights not specifically granted in the combination of (i) the license
details provided by your and accepted in the course of this licensing transaction; (ii) these
terms and conditions; and (iii) CCC’s Billing and Payment terms and conditions.

REVOCATION
The RSC reserves the right to revoke this license for any reason, including, but not limited
to, advertising and promotional uses of RSC content, third party usage, and incorrect source
figure attribution.

THIRD-PARTY MATERIAL DISCLAIMER
If part of the material to be used (for example, a figure) has appeared in the RSC publication
with credit to another source, permission must also be sought from that source. If the other
source is another RSC publication these details should be included in your RightsLink
request. If the other source is a third party, permission must be obtained from the third party.
The RSC disclaims any responsibility for the reproduction you make of items owned by a
third party.

PAYMENT OF FEE
If the permission fee for the requested material is waived in this instance, please be advised
that any future requests for the reproduction of RSC materials may attract a fee.

ACKNOWLEDGEMENT
The reproduction of the licensed material must be accompanied by the following
acknowledgement:

Reproduced (“Adapted” or “in part”) from {Reference Citation} (or Ref XX) with
permission of The Royal Society of Chemistry.

If the licensed material is being reproduced from New Journal of Chemistry (NJC),
Photochemical & Photobiological Sciences (PPS) or Physical Chemistry Chemical Physics
(PCCP) you must include one of the following acknowledgements:



For figures originally published in NJC:

Reproduced (“Adapted” or “in part”) from {Reference Citation} (or Ref XX) with
permission of The Royal Society of Chemistry (RSC) on behalf of the European Society for
Photobiology, the European Photochemistry Association and the RSC.

For figures originally published in PPS:

Reproduced (“Adapted” or “in part”) from {Reference Citation} (or Ref XX) with
permission of The Royal Society of Chemistry (RSC) on behalf of the Centre National de la
Recherche Scientifique (CNRS) and the RSC.

For figures originally published in PCCP:

Reproduced (“Adapted” or “in part”) from {Reference Citation} (or Ref XX) with
permission of the PCCP Owner Societies.

HYPERTEXT LINKS
With any material which is being reproduced in electronic form, you must include a
hypertext link to the original RSC article on the RSC’s website. The recommended form for
the hyperlink is http://dx.doi.org/10.1039/DOI suffix, for example in the link
http://dx.doi.org/10.1039/b110420a the DOI suffix is ‘b110420a’. To find the relevant DOI
suffix for the RSC article in question, go to the Journals section of the website and locate the
article in the list of papers for the volume and issue of your specific journal. You will find
the DOI suffix quoted there.

LICENSE CONTINGENT ON PAYMENT
While you may exercise the rights licensed immediately upon issuance of the license at the
end of the licensing process for the transaction, provided that you have disclosed complete
and accurate details of your proposed use, no license is finally effective unless and until full
payment is received from you (by CCC) as provided in CCC's Billing and Payment terms
and conditions. If full payment is not received on a timely basis, then any license
preliminarily granted shall be deemed automatically revoked and shall be void as if never
granted. Further, in the event that you breach any of these terms and conditions or any of
CCC's Billing and Payment terms and conditions, the license is automatically revoked and
shall be void as if never granted. Use of materials as described in a revoked license, as well
as any use of the materials beyond the scope of an unrevoked license, may constitute
copyright infringement and the RSC reserves the right to take any and all action to protect its
copyright in the materials.

WARRANTIES
The RSC makes no representations or warranties with respect to the licensed material.

INDEMNITY
You hereby indemnify and agree to hold harmless the RSC and the CCC, and their
respective officers, directors, trustees, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this licence.

NO TRANSFER OF LICENSE
This license is personal to you or your publisher and may not be sublicensed, assigned, or
transferred by you to any other person without the RSC's written permission.

NO AMENDMENT EXCEPT IN WRITING 
This license may not be amended except in a writing signed by both parties (or, in the case
of “Other Conditions, v1.2”, by CCC on the RSC's behalf).



OBJECTION TO CONTRARY TERMS 
You hereby acknowledge and agree that these terms and conditions, together with CCC's
Billing and Payment terms and conditions (which are incorporated herein), comprise the
entire agreement between you and the RSC (and CCC) concerning this licensing transaction,
to the exclusion of all other terms and conditions, written or verbal, express or implied
(including any terms contained in any purchase order, acknowledgment, check endorsement
or other writing prepared by you). In the event of any conflict between your obligations
established by these terms and conditions and those established by CCC's Billing and
Payment terms and conditions, these terms and conditions shall control.

JURISDICTION 
This license transaction shall be governed by and construed in accordance with the laws of
the District of Columbia. You hereby agree to submit to the jurisdiction of the courts located
in the District of Columbia for purposes of resolving any disputes that may arise in
connection with this licensing transaction.

LIMITED LICENSE
The following terms and conditions apply to specific license types:

Translation
This permission is granted for non-exclusive world English rights only unless your license
was granted for translation rights. If you licensed translation rights you may only translate
this content into the languages you requested. A professional translator must perform all
translations and reproduce the content word for word preserving the integrity of the article.

Intranet
If the licensed material is being posted on an Intranet, the Intranet is to be password-
protected and made available only to bona fide students or employees only. All content
posted to the Intranet must maintain the copyright information line on the bottom of each
image. You must also fully reference the material and include a hypertext link as specified
above.

Copies of Whole Articles
All copies of whole articles must maintain, if available, the copyright information line on the
bottom of each page.

Other Conditions 
v1.2

Gratis licenses (referencing $0 in the Total field) are free. Please retain this printable license
for your reference. No payment is required.

If you would like to pay for this license now, please remit this license along with
yourpayment made payable to "COPYRIGHT CLEARANCE CENTER" otherwise you will
be invoiced within 48 hours of the license date. Payment should be in the form of a check or
money order referencing your account number and this invoice number {Invoice Number}.

Once you receive your invoice for this order, you may pay your invoice by credit card.

Please follow instructions provided at that time.

Make Payment To:
Copyright Clearance Center
29118 Network Place
Chicago, IL 60673-1291



For suggestions or comments regarding this order, contact Rightslink Customer Support:
customercare@copyright.com or +1-855-239-3415 (toll free in the US) or +1-978-646-2777.
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.

mailto:customercare@copyright.com


JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS
Jun 22, 2018

This Agreement between Faculdade de Ciências e Tecnologia -- Diogo Saraiva ("You") and
John Wiley and Sons ("John Wiley and Sons") consists of your license details and the terms
and conditions provided by John Wiley and Sons and Copyright Clearance Center.

License Number 4373910327277
License date Jun 21, 2018
Licensed Content Publisher John Wiley and Sons
Licensed Content Publication Advanced Materials

Licensed Content Title Mind the Microgap in Iridescent Cellulose Nanocrystal
Films

Licensed Content Author Susete N. Fernandes, Pedro L. Almeida, Nuno Monge, et
al

Licensed Content Date Nov 9, 2016
Licensed Content Volume 29
Licensed Content Issue 2
Licensed Content Pages 7
Type of use Dissertation/Thesis
Requestor type University/Academic
Format Electronic
Portion Figure/table
Number of figures/tables 1
Original Wiley figure/table
number(s) Figure 2

Will you be translating? No
Title of your thesis / dissertation Electro-optical devices based on cellulose nanocrystals
Expected completion date Jul 2018
Expected size (number of pages) 1

Requestor Location

Faculdade de Ciências e Tecnologia
Rua 25 de Novembro de 1975, Nr 2, 10A
Miraflores

Algés, Lisboa 1495-156
Portugal
Attn: Diogo Saraiva

Publisher Tax ID EU826007151
Total 0.00 EUR
Terms and Conditions

TERMS AND CONDITIONS

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc. or
one of its group companies (each a"Wiley Company") or handled on behalf of a society with
which a Wiley Company has exclusive publishing rights in relation to a particular work



(collectively "WILEY"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).

Terms and Conditions

The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright. 

You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license. The
first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.

With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

http://myaccount.copyright.com/
http://www.stm-assoc.org/copyright-legal-affairs/permissions/permissions-guidelines/


NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU. 

WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN. 

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby. 

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party. 

This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and



conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns. 

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/


made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.

http://olabout.wiley.com/WileyCDA/Section/id-410895.html
mailto:customercare@copyright.com


SPRINGER NATURE LICENSE
TERMS AND CONDITIONS
Jun 22, 2018

This Agreement between Faculdade de Ciências e Tecnologia -- Diogo Saraiva ("You") and
Springer Nature ("Springer Nature") consists of your license details and the terms and
conditions provided by Springer Nature and Copyright Clearance Center.

License Number 4373360164497
License date Jun 20, 2018
Licensed Content Publisher Springer Nature
Licensed Content Publication Nature
Licensed Content Title In Retrospect: Twenty years of drying droplets
Licensed Content Author Ronald G. Larson
Licensed Content Date Oct 25, 2017
Licensed Content Volume 550
Licensed Content Issue 7677
Type of Use Thesis/Dissertation
Requestor type academic/university or research institute
Format electronic
Portion figures/tables/illustrations
Number of figures/tables/illustrations 1
High-res required no
Will you be translating? no
Circulation/distribution <501
Author of this Springer Nature
content no

Title Electro-optical devices based on cellulose
nanocrystals

Instructor name Susete Fernandes
Institution name Faculdade de Ciências e Tecnologia
Expected presentation date Jul 2018
Portions Figure 1

Requestor Location

Faculdade de Ciências e Tecnologia
Rua 25 de Novembro de 1975, Nr 2, 10A
Miraflores

Algés, Lisboa 1495-156
Portugal
Attn: Diogo Saraiva

Billing Type Invoice

Billing Address

Faculdade de Ciências e Tecnologia
Rua 25 de Novembro de 1975, Nr 2, 10A
Miraflores

Algés, Portugal 1495-156
Attn: Diogo Saraiva



Attn: Diogo Saraiva
Total 0.00 EUR
Terms and Conditions

Springer Nature Terms and Conditions for RightsLink Permissions

Springer Customer Service Centre GmbH (the Licensor) hereby grants you a non-
exclusive, world-wide licence to reproduce the material and for the purpose and
requirements specified in the attached copy of your order form, and for no other use, subject
to the conditions below:

1. The Licensor warrants that it has, to the best of its knowledge, the rights to license
reuse of this material. However, you should ensure that the material you are requesting
is original to the Licensor and does not carry the copyright of another entity (as
credited in the published version).

If the credit line on any part of the material you have requested indicates that it was
reprinted or adapted with permission from another source, then you should also seek
permission from that source to reuse the material.

2. Where print only permission has been granted for a fee, separate permission must be
obtained for any additional electronic re-use. 

3. Permission granted free of charge for material in print is also usually granted for any
electronic version of that work, provided that the material is incidental to your work as
a whole and that the electronic version is essentially equivalent to, or substitutes for,
the print version.

4. A licence for 'post on a website' is valid for 12 months from the licence date. This
licence does not cover use of full text articles on websites.

5. Where 'reuse in a dissertation/thesis' has been selected the following terms apply:
Print rights for up to 100 copies, electronic rights for use only on a personal website or
institutional repository as defined by the Sherpa guideline (www.sherpa.ac.uk/romeo/).

6. Permission granted for books and journals is granted for the lifetime of the first edition
and does not apply to second and subsequent editions (except where the first edition
permission was granted free of charge or for signatories to the STM Permissions
Guidelines http://www.stm-assoc.org/copyright-legal-affairs/permissions/permissions-
guidelines/), and does not apply for editions in other languages unless additional
translation rights have been granted separately in the licence.

7. Rights for additional components such as custom editions and derivatives require
additional permission and may be subject to an additional fee. Please apply to
Journalpermissions@springernature.com/bookpermissions@springernature.com for
these rights.

8. The Licensor's permission must be acknowledged next to the licensed material in
print. In electronic form, this acknowledgement must be visible at the same time as the
figures/tables/illustrations or abstract, and must be hyperlinked to the journal/book's
homepage. Our required acknowledgement format is in the Appendix below.

9. Use of the material for incidental promotional use, minor editing privileges (this does
not include cropping, adapting, omitting material or any other changes that affect the
meaning, intention or moral rights of the author) and copies for the disabled are



permitted under this licence.

10. Minor adaptations of single figures (changes of format, colour and style) do not
require the Licensor's approval. However, the adaptation should be credited as shown
in Appendix below.

Appendix — Acknowledgements:

For Journal Content:
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (year of publication)

For Advance Online Publication papers:
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (year of publication), advance
online publication, day month year (doi: 10.1038/sj.[JOURNAL ACRONYM].)

For Adaptations/Translations:
Adapted/Translated by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (year of publication)

Note: For any republication from the British Journal of Cancer, the following
credit line style applies:

Reprinted/adapted/translated by permission from [the Licensor]: on behalf of Cancer
Research UK: : [Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL
NAME] [REFERENCE CITATION (Article name, Author(s) Name),
[COPYRIGHT] (year of publication)

For Advance Online Publication papers:
Reprinted by permission from The [the Licensor]: on behalf of Cancer Research UK:
[Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL NAME]
[REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT] (year
of publication), advance online publication, day month year (doi: 10.1038/sj.
[JOURNAL ACRONYM])

For Book content:
Reprinted/adapted by permission from [the Licensor]: [Book Publisher (e.g.
Palgrave Macmillan, Springer etc) [Book Title] by [Book author(s)]
[COPYRIGHT] (year of publication)

Other Conditions:

Version  1.0

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.

mailto:customercare@copyright.com


 49 

 

 


