
HAL Id: tel-04076004
https://theses.hal.science/tel-04076004

Submitted on 20 Apr 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Electrospinning des polysaccharides photo-activables :
vers des nanomatériaux verts intelligents entraînés par

la lumière du soleil
Hamed Ahmadi-Nohadani

To cite this version:
Hamed Ahmadi-Nohadani. Electrospinning des polysaccharides photo-activables : vers des
nanomatériaux verts intelligents entraînés par la lumière du soleil. Polymères. Université Greno-
ble Alpes [2020-..], 2022. Français. �NNT : 2022GRALV087�. �tel-04076004�

https://theses.hal.science/tel-04076004
https://hal.archives-ouvertes.fr


 



 
 

 

2 
 

  



 
 

 

3 
 

 

 

 

 

To Mom : 

 

Now I understand why you always encouraged me to be strong. 

You knew the day would come where I would need the strength to bear your loss… 
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List of abbreviations 

 

[AMIM]Cl 1-Allyl-3-methylimidazolium chloride 

[BMIM]Cl 1-butyl-3-methylimidazolium chloride 

AB Azobenzene 

AGU Anhydroglucose unit 

ATR-FTIR Attenuated Total Reflectance-Fourier Transform InfraRed 

Azo dye 4-(Phenylazo)benzoyl chloride 

Azo-Cel (2,3,6-O-tri-p-phenylazobenzoyl)cellulose 

bp Boiling point 

CA Cellulose acetate 

CD Cyclodextrin 

DCM Dichloromethane 

DMAc N,N-Dimethylacetamide 

DMF N,N-Dimethylformamide 

DSC Differential Scanning Calorimetry 

ES Electrospinning 

EtOH Ethanol 

MeOH Methanol 

NMR Nuclear Magnetic Resonance 

r.t. Room temperature 



 
 

 

9 
 

SEM Scanning Electron Microscopy 

TA Thermally annealed 

TGA Thermogravimetry Analysis 

THF Tetrahydrofuran 

UGA Université Grenoble Alpes 

UV-Vis Ultraviolet-visible 

vp Vapor pressure 

w.p. Wood pulp 

WCA Water Contact Angle 

XRD X-Ray Diffraction 
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Chapter I : General Introduction 
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I.1. State of the Art 

 Scientists have always aspired to produce high-tech structures to be used in optoelectronics, 

sensor technology, catalysis, filtration, and medicine. This has focused more recent attention to 

electrospinning2–5, a well-established method of nanofibrous textile fabrication. The high specific 

surface area of electrospun nanofibrous textiles arising from the nanoscale interstitial spaces 

between the nanofibers makes them a promising scaffold to filter micro-scale biological and 

chemical contaminants. In addition to this effect of nano-size structure, a very important 

characteristic of the electrospun fabrics is that their morphology (e.g. the diameter and orientation 

of the fibers) can be controlled simply by adjusting technical electrospinning parameters such as 

solvent, concentration, solution feed rate, electric field, etc. and by using special electrodes (e.g., 

a program-moving rotative electrode). Thanks to this feature, electrospun fabrics possessing 

superior mechanical resistance, i.e., high tensile strength and Young’s modulus, have been 

obtained by optimizing the diameter of the fibers and aligning them in desirable directions.6–8 

 Currently, raw materials of electrospun fabrics include bio-based polymers and are not 

limited to fossil fuel-based polymers,9,10 and electrospun fabrics made of polysaccharides and their 

derivatives are one of the most rapidly growing product markets for various biomedical 

applications such as drug delivery, tissue engineering, wound dressing, biosensors, etc.11–13 In 

addition, polysaccharides, notably cellulose, can offer robust scaffolds of smart materials thanks 

to their inherently superior mechanical properties.14–18 

 In this context, we are developing new types of smart cellulosic fabrics via electrospinning, 

aimed at diverse applications including membrane filters for efficient resolution of biologically 

essential chiral molecules,19 as well as photo-responsive materials,20 that are the main targets of 

this study. Among various stimuli-responses of photo-responsive materials,21–23 special attention 
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has been paid to their light-driven deformation. This photo-actuation behavior can be precisely 

and remotely controlled without any physical connections such as electrical cables that are 

necessary for other types of actuation, for instance, with piezoelectrics. Azobenzene (AB) -

contained polymeric materials 24–26 have been widely studied for their photo-actuation behavior 

that originates from the cis/trans geometric photo-isomerizations of the AB moiety at the 

molecular level, that can be amplified cooperatively to induce macroscopic deformations of the 

materials. Notably, liquid crystal polymers (LCPs) containing AB derivatives as their mesogenic 

pendant groups have demonstrated fast stimuli-response speeds and large deformation extents, 

which are enhanced by the cooperative nature of liquid crystal ordering.27–32 In principle, the trans 

isomer of AB having a rod-like shape stabilizes the structure of liquid crystal phase, while the cis 

isomer having a bent-shape tends to destabilize the phase. 

  

I.2. Photo-responsive materials 

 The desire to create materials and devices that replicate the skills and flexibility of living 

organisms has its roots in appreciation of nature's beauty. Animals have evolved to be extremely 

efficient and useful, making use of external conditions to initiate lifeforms activities. For example, 

it is worthy to note how ants can move while transporting goods and how soft aquatic creatures 

can move in a wide range of ways. Soft robotics aids mankind to achieve this dream. As opposed 

to hard robots, which have rigid components that restrict the flexibility and variety of devices, soft 

robots, which are entirely made of responsive polymers, more closely resemble living, soft-bodied 

animals and are more suited for interacting with people33. Stimuli-responsive polymers that 

undergo macroscopic deformations in response to external stimuli are of high-relevance for 

relieving soft robots of dependence on external and remote on-board control systems34. Magnetic 
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fields and light have mainly shown to be the most widely used stimuli for regulating such 

mechanical motions by providing distant, precise, and undamaging actuation techniques, with light 

having the benefit of not requiring large external magnetic configurations35. 

 Researchers have dedicated significant amount of time and energy into developing novel 

materials with custom-designed molecular configurations. Liquid crystalline polymers (LCPs) are 

potentially the best candidate to develop light-controllable soft robotics because they demonstrate 

photo-deformation and allow creation of light–driven soft actuators by combining the entropic 

elasticity of polymeric elastomers with the potential to undergo reversible structure change 

behavior of liquid crystals (LCs)36,37. They are also ideal because of their ability of light-induced 

actuation in both wet and dry environments, as well as their ability to create molecular alignments 

inside the LC-matrix38. A foundation was established through numerous studies for the use of 

comb-shaped LCPs as new photoactive materials for optics, optoelectronics, photonics, 

holography, display technology, and telecommunication systems through the further development 

of such studies, which led to the commercial production of high-strength fibers and self-reinforced 

plastics based on LCPs with main-chain mesogenic groups39–43. Mesogens are substances with 

liquid crystal characteristics that when gathered together, they construct a liquid-crystalline 

network44. The physical properties of LC materials are similar to those of ordered crystalline solids 

and isotropic liquids. These materials retain a fluid-like capacity to flow while retaining a degree 

of molecular order when in the LC state, as illustrated in Figure I.1. 
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Figure I.1. Three states of a typical LCP. 

 

 LCPs can also include photochromic compounds. A photochromic compound is a chemical 

that when exposed to different wavelengths of light, undergoes a reversible change between two 

states of A and B. This effect is called photochromism45. Figure I.2 illustrates this effect. 

 

Figure I.2. Absorption spectra of the two states of A and B for a photo-switch45. 
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 Depending on the respective thermal stabilities of the two isomers, there are two different 

types of evaluating photo-switches. The first group defined as T-type photochromic compounds, 

are photos-witches with low thermal threshold that are able to be thermally isomerized from the 

metastable to the stable state; meaning that the thermally unstable isomer frequently transforms 

back into the thermodynamically stable state over a period of time that could be ranging from a 

milliseconds to several minutes. The second group is defined as P-type photo-switches whose both 

isomers are kinetically stable and their thermal threshold is relatively high. Therefore, only light 

irradiation can interconvert them46,47. 

 

I.3. Photochromic compounds 

 Apart from AB, there are other photochromic molecules that demonstrate 

photoresponsivity. Diarylethene, spiropyran48, iminothioindoxyls, indigos, hemithioindigos, 

hydrazones, stilbene49, and fulgides47 are some of the most widely known photochromic 

molecules. Scheme I.4 illustrates the photo-isomerization mechanisms of these mesogenic 

molecules. 
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Scheme I.4. Some of the most renowned photochromic molecules that demonstrate photo-responsive behavior: (a) 

diarylethene, (b) spiropyran48, (c) iminothioindoxyl, (d) indigos, (e) hemithioindigo, (f) hydrazones, (g) stilbene49, and 

(h) fulgides47. 

 

 Currently, some of these photo-switches are being studied for medicinal applications, and 

the researchers aspire to maximize the behavioral difference between the two isomers of the 

desired compound, i.e. the irradiated and non-irradiated states47. As AB is the most studied 

photochromic compound, in this study the main focus will be on its behaviors and the potentials 

that this compound offers, e.g. the development of artificial muscles50, once it is functionalized 

with cellulose. 
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I.4. Azobenzene 

 One of the most renowned mesogenic structures that counts as a photochromic compound 

is AB. AB is an aromatic compound where two phenyl rings are connected together by an azo 

bond (-N=N-). By functionalizing the aromatic rings with different compounds, it is possible to 

vary the geometry and the properties of electron withdrawing/donating of a vast class of 

compounds. This class of compound is often referred to as "ABs" or simply "azos"51. Scheme I.1 

presents some examples of ABs. 

 

 

Scheme I.1. Different classes of AB compounds: a) the AB class, b) the aminoazobenzene class, c) the pseudo-stilbene 

class51. 

 

 ABs hold various spectroscopic features, yet it is helpful to examine them in broad terms 

based on their photochemistry. The π-conjugated system particularly produces significant 

electronic absorption in the UV and/or visible sections of the light spectrum. This spectrum may 

be adjusted using the ring-functionalization pattern, i.e. functionalizing AB derivatives onto 

polymer backbones and creating photo-responsive materials. ABs can display LC phases in both 

polymeric and small-molecule forms 52,53. ABs share a common behavior, that is the efficient and 

reversible photo-isomerization, which happens when a photon in absorbed within the absorption 

band. Scheme I.2 presents this photo-isomerization mechanism. 
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Scheme I.2. Photo-isomerization mechanism of AB 51. 

 

 AB is usually consisted of trans isomers at a stable state and under the visible light (t-AB). 

The molecule undergoes trans-to-cis photo-isomerization upon photon absorption and emerges as 

c-AB. The c-AB restores back to trans state by either thermal interference or irradiation of visible 

light 51. There are 4 proposed possible theories for the photo-isomerization mechanism of AB, i.e. 

inversion, rotation, inversion-assisted rotation, and concerted inversion. The inversion process 

causes one N=N-C angle to grow to 180°, whereas the C-N=N-C dihedral angle remains constant 

at 0°, resulting in a transition state containing one sp hybridized azo-nitrogen atom. For the 

rotational theory to take place, the π bond of N=N linkage must break to permit the existence of 

N-N bond, which allows an increase of C-N-N-C dihedral angle while the N-N-C angle remains 

constant at 120°. Large changes in the C-N=N-C dihedral angle and lesser but still considerable 

changes in the N=N-C angles occur concurrently in inversion-assisted rotation. At last, for photo-

isomerization by way of concerted inversion, both N=N-C bond angles must rise to 180 degrees 

in order for isomerization to take place that creates a linear transition state. It is imperative to note 

that while the other three theories include polar transition states, the transition state created by 

concerted inversion has no net dipole moment 54–57. Scheme I.3 summarizes all 4 pathways.  
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Scheme I.3. Possible theories of photo-isomerization mechanism of AB. a) Inversion, b) rotation, c) inversion-assisted 

rotation, and d) concerted inversion 58. 

 

 AB was first discovered and discussed in 1834 ,59 and later in 1937, G. S. Hartley presented 

a research about the effects of light irradiation on the conformation of N=N linkage60,61. He noted 

an inconsistency in absorbance measurements of AB when it was irradiated by light, and reported 

the result of this finding as an evidence of the existence of c-AB. Hartley was able to extract and 

isolate c-AB by employing solvent extraction methods, notably acetone. From that point forward, 

a significant number of research has elevated AB one of the most renowned photo-switches 62–66. 

As described above, AB demonstrates photochromism and in consequence, a shift of absorbance 

in regard to wavelength takes place. 
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Figure I.3. (a) The trans and cis isomers of AB. (b) Computer-modelled t-AB and c-AB. Space-filling models are 

colored by electrostatic potential (red is negative and blue is positive). (c) Electronic absorption spectra of the trans 

and cis isomers of AB dissolved in EtOH66. Copyright 2011, Chemical Society Reviews. 

 

 As illustrated in Figure I.3, the t-AB isomer exhibits a significant absorption band 

corresponding to π-π* electron transition of Azo bond around 320 nm, while demonstrating a weak 

absorption band corresponding to n-π* transition band of Azo bond around 440 nm. Once 

irradiated by UV light and undergoing trans-to-cis photo-isomerization, the c-AB isomer then 

shows a stronger n-π* electron transition around 440 nm, but a weaker π-π* transition band at 280 

nm, and a new peak at 250 nm. In the absence of light, the t-AB isomer predominates over the c-

AB by 99.99 % 65 because its enthalpy of isomerization is at 49.1 ± 1.0 kJ/mol 67 (This is the 

enthalpy of isomerization, aka the difference between t-AB and c-AB that shows the t-AB 

predominates over the c-AB). 

 There are several important points that must be taken into account when discussing the 

photoresponsivity of AB-functionalized materials. Firstly, it is essential that the AB-functionalized 

material must be connected to AB molecules, in a way that this connection alters its functionality. 

This effect can rely on a number of variables, including the location and the kind of material that 
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the AB molecule is linked to (for example, to a protein), as well as the AB derivative employed. 

Secondly, irradiation results in a photo-stationary state with a maximum of about 80% cis or about 

95% trans because the absorption spectra of the trans and cis isomers heavily overlap. However, 

almost 100% of the trans isomer is produced by thermal cis-to-trans relaxation. Therefore, if one 

wants to induce more significant fold-changes in the cis isomer, it could be desirable to utilize 

thermal relaxation to reset the switch. At last, the light wavelength at which the photo-

isomerization occurs must be compatible with cells and tissues, if the photo-responsive behavior 

is sought to be developed in vivo. Longer wavelengths of light are less absorbed by other 

biomolecules in the cell, allowing them to more readily pass through cells and tissues (for example, 

Nicotinamide Adenine Dinucleotide + Hydrogen (NADH)). The absorption wavelength may need 

to be red-shifted since unaltered AB photo-isomerizes in the near UV area66. 

 ABs are robust compounds that can be incorporated into a diverse range of different 

materials. They are notable known for their ability to be implanted inside a matrix for increased 

stability and control, or form covalent bonds with polymers. Numerous studies has been conducted 

with a focus on both amorphous and LC systems of AB materials, and they show beneficial 

applications for self-assembled superlattices and monolayers, sol-gel silica glasses, and 

biomaterials. Because the AB is adequately non-reactive, it can be incorporated into a variety of 

synthesis techniques with different other compounds, including CDs, proteins, crown ethers, and 

3D polycyclics51,68–78. As mentioned above, AB chromophores can either be incorporated into 

LCPs (by crosslinking), or be functionalized onto the main chain. This will allow the LCP to 

demonstrate photoresponsivity and become a photoactuator. Figure I.4 presents an example of an 

LCP film undergoing trans-to-cis photo-isomerization upon UV light irradiation. 
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Figure I.4. A schematic representation of the shape deformation of an LCP film produced by AB chromophores 

undergoing trans-to-cis photo-isomerization, hence destroying the LCN 79. Copyright 2009, Macromolecular rapid 

communications. 

 

I.5. Applications of AB 

 ABs can be utilized in a wide range of applications, naming biological imaging80, cell 

attachment/cell adsorption81, photo-pharmacology82, controlled release/drug delivery83, and bio-

macromolecule regulation 84. 

 In 2018, Zhao and colleagues 80 proposed a successful control technique for NIR 

modulation on the host-guest interaction between AB-modified lanthanide upconversion 
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nanoparticles (UCNP@Azo) and β-cyclodextrin (β-CD)-modified down-conversion nanoprobes 

(DCNM@ β-CD) that allows assembly and disassembly of nanoparticles in the body of mice. 

When exposed to 980 nm NIR light, UCNPs can transform NIR into UV and blue light, resulting 

AB molecules to isomerize. Due to a tissue penetration depth of a few centimeters, DCNP may 

reach an effective emission of 1060 nm in the second NIR region (NIR-II, 1000-1700 nm) under 

808 nm NIR irradiation.  

 

Figure I.5. Nanoparticle assembly caused by supramolecular recognition and disassembly modulated by 980 nm NIR. 

Copyright 2018 Advanced Materials 80. 

 

 As a result, auto-fluorescence imaging with a resolution of 10 m beneath tissue is projected 

to be used for in vivo fluorescence imaging. To achieve in vivo nanoparticle formation and NIR 

light-regulated breakdown, the Azo/β-CD host-guest supramolecular engineering technique was 

employed and this strategy allowed for an increase of approximately four times greater of the 

buildup contrast agent at the tumor, comparing to the single-injection approach. 
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 Zhang et al., in 2017 85 developed photo-switchable self-assembled monolayers (SAMs) 

on gold electrodes using sugar (galactose/mannose)-decorated AB derivative ligands, presented in 

Figure I.6. AB was utilized to link the monosaccharides together, one of which was galactose, that 

could be preferentially coupled with peanut agglutinin (PNA) to engage with the 

asialoglycoprotein receptor (ASGPr) of Hep-G2 cells. The other employed monosaccharide, 

mannose, was used to exclusively connect conconavalin A (Con A) and eventually engage with 

the mannose receptor (MR) on the macrophage cells. It is worthy of noting that gold electrodes 

were modified using the resultant galactosyl-mannosyl-tethered AB ligands.  

 

Figure I.6. Schematic representation of photo-switchable self-assembled monolayers (SAMs) on gold electrodes 

using sugar (galactose/mannose)-decorated AB derivative ligands. Copyright 2017 American Chemical Society 85. 

 

 Regarding the photo-pharmacological application of AB-containing materials, 

Broichhagen and colleagues in 2015 86 reported their results of a study on a novel incretin mimetic 

with photo-switching properties, made of glucagon-like peptide-1 receptor (GLP-1R) agonist 

liraglutide. They employ LirAzo, a peptidic substance that has an AB molecule inside of it. The 

trans-LirAzo is primarily engaged in calcium influx, whereas the cis-LirAzo promotes the 

synthesis of cAMP. LirAzo may also enable photo-control of insulin secretion, which is why it 
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was incubated with mouse islets before they were either exposed to darkness or light ( = 350 nm). 

The cis-LirAzo isomer increased the amount of insulin secreted in response to glucose in a way 

similar to Lira (approximately 2.5-fold), while trans-LirAzo was far less efficient (almost 1.4-

fold). As a result, LirAzo achieves optical control of insulin secretion and survival of the cells. 

Figure I.7 presents an overall scheme of this procedure. 

 

Figure I.7. Design and primary structure of LirAzo. a) The liraglutide NMR structure served as template for the 

synthesis of LirAzo, which differs in the placement of AMPP (red) between the helices. b) cis-AMPP and trans-AMPP 

manifest upon UV and blue light irradiations respectiveley. Copyright 2015 Angewandte Chemie International, 

published by Wiley-VSH 86. 

 

 The control of drug release is of utmost importance to insure a patient receives a more 

appropriate medical service. The main objective of a drug controlled release system's therapeutic 

use is to sustain a medication's effective concentration within the body even after inconsistent drug 

administration. This is accomplished via continuous release of a controlled release system, where 
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the drug can be locally administered to the ill organ or cells, thanks to a well-established drug 

delivery system. ABs have proven to be good candidates for drug delivery purposes, since the 

changes in their structures caused by UV/vis light irradiations, lead to eventual structural changes 

of the controlled drug delivery system 86. Chi and colleagues in 2015 83 reported their results on 

the water-soluble thermally-responsive pillar[7]arene (WP7) which acts as host and interacts with 

the AB derivatives as guest. 

 

Figure I.8. Controlled release mechanism of dual-responsive assembly and disassembly of host-guest interaction of 

WP7 with AB 83. Copyright 2015 Journal of the American Chemical Society. 

 

 The AB derivative can enter the cavity of WP7 when the temperature is below the Lower 

Critical Solution Temperature (LCST) of 60 °C, thus permitting the formation of hydrogen bonds. 
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This well-structured molecule can self-assemble when it comes in contact with water, resulting in 

a formation of a vesicle. The hydrogen bond is broken when the temperature exceeds LCST, which 

causes the vesicle molecules to disintegrate. The AB derivative undergoes a trans-to-cis photo-

isomerization when exposed to UV light ( = 365 nm), which leads to the disassembly of the 

vesicle molecules and a release of chemicals that were within. This thermal treatment causes an 

explosive release of calcein molecules. It is reported that a total amount of 90 % of calcein 

molecules are released after 10 h of thermal treatment. However, this release of calcein molecules 

is rather slower (at 70 % release rate) when the system is exposed to UV light for 10 h. Figure I.8 

illustrates an overall scheme of this process. 

 The development of methods to create stimuli-responsive nano-devices based on bio-

macromolecules, such oligonucleotides, peptides, and macromolecules containing carbohydrates, 

has attracted a lot of interest in light of recent developments in the field of bio-macromolecule 

regulation. AB particularly exhibits exceptional application potential in light-driven structural 

modulation of bio-macromolecules as a photo-responsive compound, which is why the bio-

macromolecules that are functionalized with AB can show changes in physical and chemical 

properties, caused by the demonstrate stimuli-responsive behavior of functionalized AB87. For 

example, AB is regarded as one of the most prevalent molecular switches designed to regulate the 

DNA and oligonucleotides. The construction or disassembly of the hairpin structure created by the 

self-complementary sequence can be controlled by switching between the cis/trans isomers of AB 

inserted into the phosphate backbone84. Wang and colleagues in 2019 88 proposed a model of 

allosteric (i.e. relating to a change in the shape and/or activity of a protein89) light-responsive nano-

switch and employed AB to alter the conformation of two DNA hairpins. In their study they 

revealed that It is possible for a DNA hairpin (designated as H#1) to link with a thrombin DNA 
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aptamer when it exhibits a stem-loop shape and comprises a single-stranded DNA aptamer 

sequence. The unpaired portion of H#1 becomes more stiff as a result of the repression sequence 

(RES) joining with one of the DNA hairpins (designated as H#2), making it impossible for H#1 to 

maintain the stem-loop shape necessary to bind the thrombin target. When a PTG molecule (a 

particular photosensitive AB derivative) is introduced into RES, the PTG undergoes trans-to-cis 

photo-isomerization in response to UV light irradiation, which separates RES from H#2, resulting 

in a binding of H#1 to thrombin. A decrease in the enzyme activity marks the end of the process. 

Figure I.9 represents an overall mechanism of this process. 

 

Figure I.9. A model of allosteric light-responsive nano-switch and employed AB to alter the conformation of two 

DNA hairpins 88. Copyright 2019 American Chemical Society. 

 

 Apart from the abovementioned applications of AB-containing materials, AB can be 

employed to develop photo-mechanical azo materials, notably azo monolayers and coatings, 

amorphous azo polymers, and azo-LCPs51. Ikeda and colleagues developed a model of stimuli-

responsive LC elastomers (LCEs) and LC gels (LCGs) in solution over a course of numerous 

studies27,28,90. They demonstrate that AB-containing materials not only can show one-dimensional 

movements, but two dimensional movements as well. 
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Figure I.10. Bending and unbending behavior of LCG films in toluene. a) Pictures taken during bending and 

unbending processes. b) Polarized pictures observed during bending and unbending processes. c) Overall schematic 

illustration of anisotropic bending and unbending behavior of the LCG film 27. Copyright 2003 Wiley Online Library. 

 

 As illustrated in Figure I.10, The LCE film was seen to bend in the direction of the 

incoming UV light's irradiation along the rubbing direction, and upon exposure to visible light, the 

bent film returned to its original unbent condition. Essentially, altering the wavelength of the 
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irradiated light was sufficient to reverse this bending and unbending behavior. The bending once 

again occurred when the film was rotated 90 °, showing that the bending can be anisotropically 

prompted, as long as it is along the alignment layers’ rubbing direction. Due to the fact that the 

attenuation coefficient of the AB moiety at around  = 360 nm is high, more than 99 % of the light 

photons are absorbed within 1 µm of the surface of the product, resulting in a trans-to-cis photo-

isomerization of the AB moieties on the surface, while the t-AB moieties in the bulk of the film 

stay untouched. Consequently, only the surface layer experiences a change of volume, which leads 

to a far from ideal bending of the material in the direction of the incoming light's irradiation. This 

phenomenon is called the anisotropic bending behavior27. 

 In 2003, Li and colleagues 91 reported their results on the use of initiator to photo-

polymerize monodomain nematic AB side-on elastomers, where the Mesogens were parallel to the 

long axis of the film. When aligned nematic AB monomers were used for the photopolymerization 

process in standard LC cells, thin films of these LCEs displayed rapid photo-chemical contraction 

in less than a minute, up to 18% under UV light irradiation, and a stagnant thermal reverse reaction 

in the dark. Figure I.11 displays their result. 

 

Figure I.11. Images of the photo-deformation of Li and colleagues’ AB-CLCP: (a) before UV irradiation, and (b) 

under UV irradiation 91. Copyright 2003 Wiley Online Library. 
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 Camacho-Lopez and colleagues in 2004 92 showed that an LCE sample’s mechanical 

deformation responding to uneven irradiation by visible light increases significantly, when AB 

dyes are dissolved into it and a bending of over 60 ° was observed. Such a dye-doped LCE sample 

floating on water responds to an overhead laser beam by "swimming" away from it in a manner 

similar to a flatfish (Figure I.12). 

       

Figure I.11. a) Chemical structures of the nematic LCE and dye. b) Photo-mechanical response of the swimming 

CLCP sample. c) The shape deformation of a CLCP sample after exposure to  = 514 nm light. d) Schematic 

presentation of the mechanism showing the locomotion of the dye-doped CLCP sample 92. Copyright 2003 Wiley 

Online Library. 

 

 In a more recent study, Wang and colleagues in 2020 93 succeeded in creating a photo-

responsive LCP organogel that contains and AB group in its main polymer chain and could be 

created via π-π interactions of AB with hydrogen bonds of the pendant amide group. Under un 

extremely low intensity UV irradiation, the Azo-mLCP gelator exhibited rapid trans-to-cis 

transformation in solution. Additionally, when approximately half of t-AB converted to c-AB, the 



 
 

 

35 
 

effectively reversible gel-to-sol transition could be initiated. While the effective photo-mechanical 

effect was attributable to the imperfect trans-to-cis conversion method, the good mechanical 

characteristic of the organogel was strongly associated to the insertion of the main-chain LCP 

gelator. 

 

 

Figure I.12. a) Chemical structure of Azo-mLCP. b) Dual stimuli-responsive behaviors of the organogel with 8 wt% 

Azo-mLCP in dioxane 93. 

 

 Previously, the synthesis, the cis/trans geometric photo-isomerizations of the AB moiety 

in solution state, and the electrospinnability (under specific conditions) of Azo-Cel was reported 

20. The AB-functionalized cellulose (Azo-Cel) reported by Otsuka&Barrett, demonstrates 

reversible photo-responsivity upon UV and visible light irradiations and their rates of conversion 

(Figure I.13). 
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Figure I.13. Reversible photo-responsivity of Azo-Cel upon UV and visible light irradiations. a) Azo-Cel in THF 

upon UV light irradiation. b) Azo-Cel stored in the dark at r.t. after UV light irradiation 20. Copyright 2019 Cellulose. 

 

 In this thesis, the electrospinning conditions of Azo-Cel are optimized to form a strong 

self-standing fabric that exhibits both light-driven wettability changes and asymmetric photo-

mechanical bending deformations. Then, the regioselectively-functionalized Azo-Cel is 

synthesized and its electrospinnability as well as photo-responsivity is studied. Current knowledge 

of photo-actuators does not propose a clear way of producing more robust photo-actuator and how 

to mass-produce such products. The self-standing Azo-Cel textile is one of the very few types of 

photo-actuators that is made of micro/nanofibers, making it more robust than thin films (the 

conventional material in literature). 
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Chapter II : Synthesis and Material Characterization of 

Azo-Cel 
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II.1. Introduction 

 The synthesis, manipulation, and modification of nanomaterials with clearly defined 

structures and applications have attracted considerable interest in nanoscience and 

nanotechnology, due to the numerous potential uses they have 90,91. One of these applications is 

functionalization of polymers that contain photochromic moieties such as AB, spiropyran, and 

stilbene 96–98. One of the most prevalent basic materials produced from biomass and renewable 

forestry resources is cellulose, which is a polysaccharide constituted of a linear chain of a few 

hundred to several thousands of β (1→4) connected D-anhydroglucose units 99,100. The focus has 

been on their superior qualities as biocompatible, biodegradable, and bioactive101 natural materials 

as well as their potential as petrochemical substitutes 102. Cellulose-based polymers are ideally 

suited to develop stimuli-responsive materials and researchers have dedicated a lot of attention to 

them for their ability to demonstrate stimuli-responsive and more precisely, photo-responsive 

changes attributed to their physical properties by changing their surrounding environment 103. 

 In this chapter the synthesis and characterization of AB-functionalized cellulose: (2,3,6-O-

tri-p-phenylazobenzoyl)cellulose (Azo-Cel) is thoroughly discussed, which is the main utilized 

product of this PhD project. This section firstly focuses on the background and introduction of 

utilized materials, as well as the analysis of the product. The methods of analysis and 

measurements for Azo-Cel polymer powder include: Attenuated Total Reflection Fourier 

Transform Infrared Spectroscopy (ATR-FTIR), Ultraviolet-visible (UV-vis) spectral analysis, 

solid state and liquid state Nuclear Magnetic Resonance spectroscopy (NMR), X-ray diffraction 

(XRD), Thermogravimetry analysis (TGA), and Differential Scanning Calorimetry (DSC). 
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II.2. Experimental 

Materials 

 Microcrystalline cellulose (MCC: Avicel PH-105; derived from wood pulp; ~20 μm 

particle size) was purchased from FMC BioPolymer Co. and vacuum dried for 24 h at 60 °C prior 

to use; same procedure was applied to MCC Avicel PH-101 that was purchased from Serva Co. 

(derived from wood pulp; ~50 μm particle size). 4-(Phenylazo)benzoyl chloride (≥ 98.0%) was 

purchased from Tokyo Chemical Industry Co. and used as received. Cellulose acetate (CA: Mn ≈ 

30,000; calculated DS ≈ 2.5), 1-butyl-3-methylimidazolium chloride ([BMIM]Cl: 98%), N,N-

dimethylacetamide (DMAc: ≥ 99.8%) and polyethylene oxide (PEO: Mv ≈ 400,000) were 

purchased from Sigma Aldrich Co. and used as received. Acetone (≥ 99.8%), tetrahydrofuran 

(THF: ≥ 99.8%), dichloromethane (DCM: ≥ 99.8%), N,N-dimethylformamide (DMF: ≥ 99.8%), 

and anhydrous pyridine  (≥ 99.8%) were purchased from BioSolve Chimie Co. and used as 

received. Anhydrous pyridine and [BMIM]Cl were kept in MBRAUN® Workstation LABstar Eco 

glovebox that is filled with nitrogen gas (Gas purifier MB10G) to avoid moisture absorption 

(Figure II.1). A MedlineScientific® Jeio Tech OV-11 28 Litre vacuum oven was also utilized to 

dry polymer powders and fabrics overnight at temperatures ranging from 60 to 100 °C. 

 

Figure II.1. MBRAUN® Workstation LABstar Eco glovebox. 
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Methods 

 Azo-Cel was synthesized according to previously reported methods 104,105 with minor 

modifications via esterification of MCC and 4-(phenylazo)benzoyl chloride (Scheme II.1). 1.12 g 

of MCC (Avicel PH-105 from FMC) was dispersed and dissolved into 100 mL of anhydrous 

pyridine at 100 °C. 5.00 g of 4-Phenylazobenzoyl chloride (3.3 mol equiv. to 1 mol anhydroglucose 

units (AGU) of cellulose) was dissolved into 100 mL of anhydrous pyridine at 100 °C as well, and 

then it was poured in one portion into the mixture of cellulose in pyridine. The reaction was carried 

out at 100 °C for 48 h at constant stirring, after which the reaction was stopped and the mixture 

was precipitated into an excess amount of ethanol and the precipitate was filtered. The product 

was purified using Soxhlet extractor with acetone for 48 h at 70 °C and vacuum dried at 70 °C for 

24 h to yield a dark red-colored solid (4.21 g, 79.0% yield calculated based on the starting MCC). 

  

Scheme II.1. Synthesis of Azo-Cel via esterification of MCC and 4-phenylazobenzoyl chloride. 

 

 The ATR-FTIR spectra were obtained using a PerkinElmer ‘Spectrum Two’ spectrometer 

(Figure II.2). For each measurement either the polymer powder or the fabric would be placed in 

such a way that the surface of the product and the ATR crystal faced each other. The infrared light 

first goes through a crystal, then reflects at the crystal-sample interface and then it travels to the 

ATR-FTIR detector. Part of the infrared light goes through the sample and gets absorbed during 

this process of internal reflection, becoming the evanescent wave. The refractive index difference 
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between the sample and the ATR crystal determines the penetration depth of the evanescent wave 

into the sample 106. The absorbance curves were acquired by PerkinElmer Spectrum software. 

 

Figure II.2. ATR-FTIR spectrometer PerkinElmer ‘Spectrum Two’. 

 

 The 1H and 13C spectra were recorded on Bruker Ultrashield 400 MHz instrument. The 13C 

Cross-polarization/Magic angle spinning (CP/MAS) experiments were performed with a Bruker 

Avance III 400 MHz spectrometer that operated at 100.6 MHz. Each specimen was packed into a 

zirconia specimen rotor, which would spin at 12 kHz at 2 ms cross-polarization contact time Figure 

II.3 illustrates the instruments.  

 (a)  (b) 

Figure II.3. a) Bruker Ultrashield 400MHz NMR instrument used for liquid-state characterizations, and b) Bruker 

Avance III 400 MHz NMR instrument used for solid-state characterizations. 
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 For 1H NMR analysis, 5 mg of the sample was dissolved into 600 µL of a deuterated solvent 

suited for the analysis. The measurements were carried out at room temperature or at 80 °C (in 

case of trityl cellulose in DMSO-d6) at 256 scans. For 13C NMR analysis, 40 mg of the sample was 

dissolved into 600 µL of a deuterated solvent sited for the analysis. The measurements were carried 

out at room temperature or 80 °C (in case of trityl cellulose in DMSO-d6) at 12,000 scans. Both 

1H and 13C NMR spectra were acquired and treated on Bruker TopSpin® software. 

 The UV-vis adsorption spectra of Azo-Cel and Azo dye solutions in THF were measured 

by Varian® Cary 50 bio spectrophotometer (Figure II.4) at room temperature. For Azo dye, 

solutions of 0.015 g/L in THF were prepared; yet Azo-Cel solutions were prepared with the 

concentration of 0.03 g/L in THF. The UV-vis absorption spectra of the samples in a quartz cell 

with 1 mm path length were then measured by using Varian® Cary 50 bio spectrophotometer and 

the data was treated using Varian® Scan software. 

   
Figure II.4. Varian® Cary 50 bio spectrophotometer 107. 

 



 
 

 

43 
 

 TGA analysis was carried out by Setaram® TGA 92-12 thermogravimeter (Figure II.5). 

For each experiment, 20 mg of the sample (pre-dried at 70 °C under vacuum overnight) was placed 

inside a ceramic beaker and placed inside the thermogravimeter. The product would be conditioned 

at 20 °C for 300 s, and then heated to 500 °C under N2 atmosphere at 10 °C/min heating speed. 

The data was analyzed via KaleidaGraph software. 

 

Figure II.5. Setaram® TGA 92-12 instrument. 

 

 DSC analysis was carried out using a TA Instruments Q200 apparatus (Figure II.6). For 

each experiment, ca. 20 mg of the sample (pre-dried at 70 °C under vacuum overnight) was put 

inside an aluminum pan and sealed. The sample was firstly conditioned at 25 °C for 300 s  then 

heated at 10 °C/min heating speed to a temperature slightly below the degradation temperature 

(Td) determined by the TGA analysis, then kept for 60 s. After that, the sample was cooled down 

to 25 °C at 10 °C/min cooling speed. The same cycle of heating and cooling was repeated as the 
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second heating/cooling processes. The DSC chamber was filled with N2 gas throughout the entire 

analysis. The data was analyzed by using TA Data Analysis software. 

 

Figure II.6. TA Instruments Q200 DSC apparatus. 

 

II.3. Results and Discussion 

 The chemical structure of Azo-Cel was characterized by ATR-FTIR and NMR analyses. 

Figure II.7 represents the ATR-FTIR spectra of Azo-Cel (shown in blue) and MCC (shown in red) 

for comparison. A broad absorption signal between 3500 and 3000 cm-1 for MCC corresponds to 

the stretching vibration of –OH groups. The absence of this signal at the same region on the 

spectrum of Azo-Cel, as well as the presence of three new signals for the absorption bands of C=O 

(1723 cm-1), C=C (1603 cm-1), and C–O (1258 cm-1) that are corresponding to stretching vibrations 

of ester linkage (C=O and C–O) and aromatic group, strongly suggest the successful 

functionalization of cellulose with AB group via esterification. 
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Figure II.7. ATR-FTIR spectra of Azo-Cel (orange) and MCC Avicel PH-105 (blue). 

 

 Azo-Cel was then characterized by NMR spectroscopy. For 1H and 13C liquid state NMR 

characterizations, respective solutions in CDCl3 were prepared according to the previous sub-

chapter. Figure II.8 represents the 1H, 13C, and 13C CP/MAS spectra of Azo-Cel. 

 (a) 
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 (b) 

 (c) 

Figure II.8. a) 1H NMR and b) 13C NMR spectra of Azo-Cel in CDCl3. c) 13C CP/MAS solid-state NMR spectrum of 

Azo-Cel. 
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 As shown in Figure II.8 a, the broad signal between 8.1 – 7.1 ppm corresponds to the 

aromatic protons of the AB moiety of Azo-Cel, accompanied by a broad signal around 5.8 – 2.7 

ppm corresponding to the cellulose backbone protons. Results of 13C NMR spectrum are in line 

with the reported results by Otsuka&Barrett 20, meaning new signals corresponding to Azo side 

groups have appeared on the NMR spectrum. On the 13C CP/MAS NMR spectrum presented in 

Figure II.8 c, the broad band between 150 and 160 ppm belongs to the azo double bond, while the 

band between 160 and 168 ppm represents the ester linkage. From these results which are in good 

agreement with our previous Azo-Cel sample 20, the obtained product (IOC 1-260) was identified 

as Azo-Cel. 

 Azo-Cel product has almost 3 Azo side groups to 1 AGU (DS = 2.83 calculated by 

elemental analysis), that are chromophores and should respond to light stimuli. Therefore, the UV 

absorption spectral behaviors of Azo dye (4-(phenylazo)benzoyl chloride) and Azo-Cel in THF 

were studied by UV-vis spectral analysis (Figure II.9). 

  

Figure II.9. UV-vis spectra of Azo dye and Azo-Cel. 
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 The strong absorption bands between 300 and 380 nm corresponds to the π-π* electron 

transition of AB functional groups (max = 324 nm for Azo-Cel and max = 331 nm for Azo dye); 

whereas the weak broad absorption bands between 400 and 500 nm belongs to the n-π* electron 

transition of the AB moiety in the compound (max = 445 nm for Azo-Cel and max = 449 nm for 

Azo dye). A subtle shift in wavelength was observed between the two spectra of Azo-Cel and azo 

dye and the shift is more visible around 340 nm region where the π-π* electron transition of AB 

functional groups appear. It was estimated that this hypsochromic effect was due to the state of 

AB groups neighboring each other alongside the cellulose backbone, therefore resulting in a π-π 

stacking interaction that increases the electron density of the AB groups 20. 

 Td of Azo-Cel was determined from the TGA curve shown in Figure II.10 with that of 

MCC for comparison.  

 

Figure II.10. TGA traces of MCC Avicel PH-105 (blue) and Azo-Cel (orange). 

Temperature (°C) 
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 Td of Azo-Cel was determined to be 286 °C, which was the temperature at which the 

polymer chains start to degrade, whereas the Td of MCC was found to be 247 °C. This increase of 

Td is due to the incapacity of Azo-Cel polymer chains to form inter/intramolecular hydrogen bonds 

that influence the thermal properties 108–113. 

 Figure II.11 illustrates the DSC profile of Azo-Cel. The graph shows a Tg at around 175 

°C for Azo-Cel during the second cycle of heating, but no change of Heat Flow for cellulose. 

 

Figure II.11. DSC trace of Azo-Cel during the second heating cycle compared to starting cellulose. 

 

II.4. Conclusion 

 Azo-Cel was successfully synthesized and its chemical structure was identified via ATR-

FTIR and NMR analyses. UV-vis analysis of Azo-Cel showed that the AB moieties in the product 

are mostly consisted of trans isomers and a blue shift occurred after functionalizing MCC with 

azo dye. Td and Tg of Azo-Cel were found by TGA and DSC methods, respectively. 
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Chapter III : Electrospinning of Azo-Cel 
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III.1. Introduction  

 Electrospinning is a versatile and simple method of continuous fiber production that uses 

strong electric fields to draw polymer solutions or melts with nano/micro scale diameters 114. With 

this method, even complex structures such as core-shell, hollow, and porous nanofibers can be 

obtained 115. A suitable solution that is able to fully solubilize the polymer must be chosen to 

electrospin micro/nanofibers from polymer solutions. A fine polymer-jet stretches from a droplet 

of polymer solution where the high voltage is applied. The jet is then collected on an electrode that 

is placed at a certain distance below, when the charge at the droplet surface overcomes the surface 

tension of the droplet. Hence, the solution is separated from the polymer because of the high 

tension caused by electrical charge, and the polymer threads are superimposed on the collector. It 

has been demonstrated that all electrospinning process variables, including the solution 

composition (polymer concentration and solvent ratios), applied voltage, tip-to-collector distance, 

and collector type, have an impact on the diameter and morphology of the resultant fiber 116. This 

technique can also be used to develop advanced fibers for click chemistry, bioelectrochemical, and 

other various applications 117–119.  

 An electrospinning instrument is usually constructed of the following components: 

1. Polymer placement compartment, a syringe, where the polymer solution is placed. Syringes 

come in various types; they can be made either of glass or polypropylene. To ensure the 

cleanness and precision of the polymer injection, a gas-tight syringe may be employed. 

2. Tip of the needle placed right onto the syringe, where the solution is pushed out and electrical. 

The feed-rate explains the speed at which a certain volume of the polymer is fed to the system 

during a certain period of time. Feed-rate values are generally expressed by mL/h or µL/min. 
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3. Electricity generated that provides an electrical charge to the polymer solution, helping charge 

the solution and separating it from the polymer by the tension that it created, leading to 

evaporation and superimposition of the polymer threads on the substrate. 

4. A collector (electrode) that can be flat or rotary. The flat electrode is utilized to obtain un-

oriented fiber-mat, whereas the rotary electrode may be employed for better fiber alignment. 

5. Other optional instruments such as a camera and a computer can be attached and inserted to 

the machine so that the supervision of the process could become easier. Scheme III.1 

illustrates a general setup of an electrospinning apparatus. 

 

Scheme III.1. General setup of an electrospinning apparatus. 

 

 In this chapter the optimization of the electrospinning parameters such as feed rate, voltage, 

tip-to-collector distance, and most importantly polymer concentration and solvent ratios are 

discussed. The morphology of the products are studied by optical microscopy and SEM. The self-

standing Azo-Cel textile was then produced by implementing the optimized parameters that are 
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obtained through our studies. In the same context, a self-standing textile of CA is produced and 

the fabric is used for a control experiment during UV-induced photo-actuation analysis. 

 

III.2. Experimental 

Materials 

For this study, electrospinning was carried out by using a Fuence ‘Esprayer ES-2000S2A’ 

apparatus (Figure III.1) at room temperature (ca. 25 °C) and humidity (ca. 30%). The electrospun 

products were collected on two different types of metallic electrodes, namely a flat plate (20 cm × 

20 cm) and a cylinder-shaped rotating drum (diameter: 10 cm; length: 15 cm) covered with Al foil. 

The electrodes were placed 15 cm below the tip of needle electrodes (Nordson stainless steel tips 

18 GA (inner diameter = 0.84 mm) or 20 GA (inner diameter = 0.61 mm)). A high electric field 

(20-25 kV) was applied between the electrodes to draw polymer threads from the tip of the needle 

where polymer solutions were fed at various solution feed-rates (6.0-16.7 µL/min). The cylinder-

shaped drum electrode was rotated at 1500 rpm to fabricate unidirectionally-aligned polymer fibers 

and their fabrics. To review solvents’ characteristics used for electrospinning, refer to chapter II.2 

Materials section. 

 

Figure III.1. Electrospinning apparatus Fuence Esprayer ES-2000S2A. All functions are maneuvered by a computer 

that is connected to the instrument. 
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Methods 

 Self-standing Azo-Cel textile was fabricated via electrospinning of its polymer solution on 

a PEO transitory layer, on an Al foil. For this purpose, 10 mL of a PEO solution (4.5 wt% in 

deionized water) was first electrospun using a 20 GA needle under a 20 kV electric field at a 16.7 

μL/min solution feed rate on a rotating drum electrode covered with Al foil. Then, 6 mL of an 

Azo-Cel solution (17 wt% in acetone/DMAc = 3/2 (v/v)) was electrospun on the same Al foil 

coated with the PEO textile using a 18 GA needle under 25 kV at 10 μL/min solution feed rate. 

Afterward, the Al foil coated with the double-layered “Azo-Cel on PEO” textile was removed from 

the drum electrode and cut into small pieces. The specimen was then immersed in deionized water, 

which is a good solvent of PEO but a non-solvent of Azo-Cel, to solubilize the PEO layer and 

detach the Azo-Cel layer from the Al foil without any physical pressure on the textile. After half 

a day, the PEO layer was completely dissolved and the Azo-Cel layer was detached from the Al 

foil as a floating textile that was dried under vacuum at 70 °C overnight to obtain a self-standing 

Azo-Cel fabric. 

 (a)  (b) 

Figure III.2. a) Azo-Cel textile on PEO on Al foil. b) Self-standing Azo-Cel membrane separated and prepared for 

UV-induced photo-actuation analysis. The thickness of the Azo-Cel fabric (compressed form: ≈ 11 μm) was measured 

with a Mitutoyo Digital Vernier scale IP65. 
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 In order to prepare self-standing CA textile for the UV-induced photo-actuation control 

experiment, CA was directly electrospun onto an Al foil because the electrospun CA textile did 

not strongly adhere to the Al foil and was easily detachable from the foil without damaging it. 

Therefore, 6 mL of a CA solution (17 wt% in acetone/DMAc = 2/1 (v/v)) was electrospun using a 

20 GA needle 15 cm above a drum collector that would rotate at 1500 rpm covered with Al foil, 

under 20 kV at 10 μL/min solution feed rate. The Al foil coated with CA textile was removed from 

the drum electrode and cut into small pieces. The CA textile was carefully peeled-off from the Al 

foil using tweezers to obtain a self-standing CA fabric. 

 (a)  (b) 

Figure III.3. a) CA textile on Al foil on rotary drum collector. b) Self-standing CA membrane prepared for UV-

induced photo-actuation analysis. 

 

III.3. Results and Discussion 

 During this study, over 200 electrospinning tests have been conducted in order to optimize 

the process parameters for Azo-Cel. During all these processes, change of parameters that can 

affect the morphology of the products have been investigated. These parameters include feed-rate, 

electrical charge, polymer concentration, the choice of solvent systems and ratios of different 
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solvents. For each process, a glass slide was inserted right down of the tip of the needle and on the 

Al foil for the optical microscopic analysis. 

 In a similar case, and at the beginning of this project, studied the electrospinning of CA 

(similar polymer as Azo-Cel, having AGUs as polymer backbone and acetyl side groups) in 

different solvent systems was studied to acquire a basic understanding of the process, as well as 

the effects of solvent systems on the morphology of products. Table III.1 describes the CA 

solutions prepared in detail. 

 

Table III.1. CA solutions for electrospinning and study of solvent systems. 

Number Solvent system Solvent ratio 

Polymer concentration 

(wt%) 

Reference 

1 DCM/MeOH 4/1 v/v 12 Celebioglu et al., 2014 120 

2 Acetone/DMSO/Acetic acid 62/31/7 wt% 18 Nicosia et al., 2016 121 

3 Acetone/DMAc 3/2 wt/wt 20 Inukai et al., 2018 122 

4 Acetone/DMAc 2/1 v/v 17 Tidjarat et al., 2014 123 

5 DCM/Acetone 3/1 v/v 7.5 Ma et al., 2017 124 

6 DCM/DMF 9/1 v/v 10 Otsuka & Barrett 2019 20 * 

7 DCM/DMF 7.5/2.5 v/v 10 Otsuka & Barrett 2019 20 * 

* Originally the electrospinning of “Azo-Cel” in DCM/DMF was discussed in this source, but in the current study CA replaced Azo-Cel to compare 

solvent systems together regarding a single polymer. 

 

 Electrospinning of each product was carried out according to its literature reference. 

Product number 1 was prepared by injecting the solution from a 20GA needle gauge at 15 kV 

electrical field, and at 16.7 µL/min (1 mL/h) feed-rate 10 cm above a flat collector covered with 

Al foil, presented in Figure III.4 a. Using a rotary drum collector showed an improvement of fiber 

alignment as described in Figure III.4 b. 
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 (a)  (b) 

Figure III.4. Optical micrographs of CA electrospun product no.1. a) randomly-assembled fibers collected on a flat 

electrode and b) fibers gathered on a drum rotary electrode with 3000 rpm rotational speed. (Scale bar for both images 

= 200 µm). 

 During both electrospinning processes the polymer was aggregated at the tip of the needle, 

and after a while the aggregates were projected onto the surface of the collector due to the high 

electric field. Therefore, the DCM/MeOH solvent system was considered an unstable system for 

the future of the study. Additionally, employing a rotary drum collector for a better aligned fiber 

assembly was shown to be an effective technique. Product number 2 was prepared by injecting the 

solution from a 20GA needle gauge at 18 kV electrical field, and at 16.7 µL/min (1 mL/h) feed-

rate 15 cm above a flat collector covered with Al foil, presented in Figure III.5. Same phenomenon 

of aggregation at the tip of the needle and projection onto the surface of the collector occurred to 

product no. 2 as it did to the previous sample. 

(a)  (b) 

Figure III.5. Optical micrographs of CA electrospun product no.2. a) Scale bar = 50 µm, and b) Scale bar = 10 µm. 
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 Product number 3 was prepared by injecting the solution from a 21GA needle gauge at 18 

kV electrical field, and at 10 µL/min feed-rate 10 cm above a flat collector covered with Al foil, 

presented in Figure III.6 a. In retrospect, product number 4 was electrospun by injecting the 

solution from a 21GA needle gauge at 18 kV electrical field, and at 10 µL/min feed-rate 10 cm 

above a flat collector covered with Al foil, presented in Figure III.6 b. Both processes showed 

good electrospinnability, process stability and no aggregation at the tip of the needle. 

 (a)  (b) 

Figure III.6. Optical micrographs of CA electrospun products: a) product no 3. b) product no 4. Scale bars = 50 µm. 

 

 Product number 5 was prepared by injecting the solution from a 20GA needle gauge at 25 

kV electrical field, and at 50 µL/min (3 mL/h) feed-rate 15 cm above a flat collector covered with 

Al foil, presented in Figure III.7. The solution aggregated at the tip of the needle and whenever the 

aggregate was heavy enough, it was projected onto the surface of the product because of the high 

tension caused by the electric field. 
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 (a)  (b) 

Figure III.7 Optical micrographs of CA electrospun product no.5. a) Scale bar = 50 µm, and b) Scale bar = 10 µm. 

 

 Products number 6 and 7 were electrospun by injecting their respective solutions from a 

20GA needle gauge at 20 kV electrical field, and at 50 µL/min (3 mL/h) feed-rate 15 cm above a 

flat collector covered with Al foil. Figure III.8 a and b present optical micrographs of products 

number 6 and 7 respectively. 

 (a)  (b) 

Figure III.8. Optical micrographs of CA electrospun products: a) product no. 6, and b) product no. 7. Scale bar = 50 

µm. 

 

 As it occurred to the previous solvent systems, products 6 and 7 produced aggregates at the 

tip of the needle. It appears that the acetone/DMAc solvent system was the most reliable system 

that gave the best electrospinning stability and less aggregation, perhaps because of the vapor 
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pressure of each solvent and the use of “high volatile & poor solvent mixed with low volatile but 

good solvent”. Therefore it was chosen as a candidate for the electrospinning of Azo-Cel. Yet other 

solvents could be tried to ensure that Azo-Cel reacts the same was as CA in a chosen solvent 

system. 

 The effect of tip-to-collector distance on the morphology of the products was studied as 

well. A solution of 17 wt% Azo-Cel in acetone/DMAc 1/1 v/v was prepared and electrospun by 

injection from an 18GA needle gauge at 25 kV electrical field, and at 50 µL/min (3 mL/h) feed-

rate on a flat collector covered with Al foil. The first product (labelled ES-31-2) was prepared at 

10 cm tip-to-collector distance, while the second product (ES-32-1) was electrospun at 15cm. 

Figure III.9 presents the optical micrographs of the two products. 

 (a)  (b) 

Figure III.9. Optical micrographs of a) ES-31-2 (at 10 cm) and b) ES-32-1 (at 15 cm). The scale bar for both images 

is 10 µm. 

 

 Judging by the optical micrographs presented in Figure III.9, it appears that an increase of 

tip-to-collector distance led to fibers that are more continuous. This is because of the fact that the 

high tension caused by electrical field has a direct effect with the tip-to-collector distance; meaning 

that by increasing the tip-to-collector distance, the electrical charge must increase as well to keep 
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the quality of the nanofibers the same 125. In another term, the polymer threads travel a longer 

distance and have more time to transform into continuous fibers at a constant electrical charge. 

 To study the effect of feed-rate on the stability of the electrospinning process as well as the 

morphology of the final product, a solution of 17 wt% Azo-Cel in acetone/DMAc 1/1 v/v was 

prepared and electrospun by injection from an 18GA needle gauge at 25 kV electrical field 15 cm 

above a flat collector covered with Al foil. The first product (labelled ES-34-3) was injected at 75 

µL/min, while the second product (labelled ES-34-4) was injected at 30 µL/min. Figure III.10 

presents the optical micrographs of these two products. 

 (a)  (b) 

Figure III.10. Optical micrographs of a) ES-34-3 (at 75 µL/min) and b) ES-34-4 (at 30 µL/min). The scale bar for 

both images is 10 µm. 

 

 Interestingly, when the polymer was injected at high feed-rate of 75 µL/min, there was an 

enormous amount of polymer droplets and agglomerates that were injected alongside the fibers on 

the Al foil. However, once the feed-rate was decreased to 30 µL/min, the electrospinning process 

became more stable, meaning there were by far fewer droplets and aggregates/agglomerates 

projected on the surface of the product. This is because of the fact that at a constant electric field, 

higher feed-rate results in a higher quantity of polymer solution to come in contact with the high 
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tension of electric field, resulting in a higher portion of the polymer not being impacted by the 

electric field, hence droplets of polymer solution being drawn onto the surface of the product. 

 Additionally, the effect of electric field was studied on the electrospinnability of Azo-Cel. 

A solution of 17 wt% Azo-Cel in acetone/DMAc 1/1 v/v was prepared and electrospun by injection 

from an 18GA needle gauge at 30 µL/min feed-rate 15 cm above a flat collector covered with Al 

foil. The first product (labelled ES-33-2) was injected at 20 kV electric field, while the second 

product (labelled ES-34-1) was injected at 25 kV and the third product (labelled ES-34-2) was 

injected at 30 kV electric field. Figure III.11 presents the optical micrographs of these three 

products. 

   

Figure III.11. Optical micrographs of 17 wt% Azo-Cel products in acetone/DMAc 1/1 v/v, applied at 20 kV (left), 

25 kV (middle), and 30 kV (right). The scale bars for all three images are 10 µm. 

 

 As presented in Figure III.11, insufficient electric field results in more polymer droplets 

injected onto the surface of the product. In contrast, an increase of the electrical charge from 20 to 

25 kV results in more polymer threads to form fibers and a decrease of beads and droplets (Figure 

III.11 middle). A further increase of electrical charge from 25 to 30 kV results in even fewer beads 

and more fibers to emerge (Figure III.11 right). Although an increase of electrical charge might be 

beneficial for a particular solvent system and product, an excess of electric field could result in an 

imbalanced surface of the product and thickness variation for the product. 
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 SEM observations were required to characterize the morphology of the electrospun 

products in high resolution. Figure III.12 presents the SEM images of the electrospun products 

from Azo-Cel solutions in DCM/DMF solvent system with different polymer concentrations and 

solvent ratios. Previously, Otsuka and Barrett reported the effect of the solvent ratio of DCM/DMF 

at fixed polymer concentration (10 wt%) on the morphology of the fibers 19.  Hence, we have 

studied the effect of the polymer concentration at different solvent ratio of DCM/DMF, as well as 

the acetone/DMAc solvent system. As it is clearly observable in the images the electrospun 

products from the 8 wt% solutions (Figure III.12 a, b, c) show bead-like structure regardless of 

their solvent ratio probably due to their low viscoelasticity. Low viscosity leads to a quicker 

evaporation of the solvent while the polymer threads are being drawn by electrical charge, and a 

quicker evaporation of the solvent means polymer threads will not have enough time to form fiber 

and eventually they are drawn as beads on the surface of the collector. 

 By increasing the polymer concentration to 10 wt%, fine fibrous structure was observed 

with a small amount of beads for the solvent ratio of DCM/DMF = 1/1 (v/v) (Figure III.12 d) and 

without beads for that of DCM/DMF = 3/1 (Figure III.12 e) and 9/1 (v/v) (Figure III.12 f). Further 

increase of the concentration to 12 wt% gave, however, a negative effect for electrospinnability, 

i.e. the solutions tended to be agglomerated at the tip of the needle and consequently, the solutions 

stuck within the needle and form some beads (DCM/DMF = 1/1) (Figure III.12 g) or less amount 

of fibers (DCM/DMF = 3/1) (Figure III.12 h) were gathered on the substrates. At higher ratio of 

volatile DCM (DCM/DMF = 9/1), the solution was quickly stuck within the needle prior to 

applying high tension and nothing was gathered on the substrates. 
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Figure III.12. SEM observations of the electrospun products from the Azo-Cel solutions in DCM/DMF solvent 

system with different polymer concentrations and solvent ratios. 

 

 Previously, Otsuka and Barrett reported the synthesis of Azo-Cel, its photo-responsive 

properties in solution, and a preliminary exploration of its successful electrospinning 19. In the 

previous study, they found that a mixture of high-volatile and low-volatile good solvents at a 

certain ratio, i.e., a mixture of dichloromethane (DCM: boiling point (bp) = 39.6 °C, vapor pressure 

(vp) = 47.1 kPa at 20 °C) and N,N-dimethylformamide (DMF: bp = 153 °C, vp = 0.516 kPa at 20 

°C) with the volume ratio of DCM/DMF = 3/1, provided a stable electrospinning process of Azo-

Cel to form continuous nanofibers when the polymer concentration was fixed to 10 wt%. However, 
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this solvent system was not optimal for longer duration electrospinning processes to from self-

standing thick fabrics, because the polymer solution tended to agglomerate on the tip of the needle 

electrodes and impeded the polymer feed. Therefore, we explored other solvent systems to avoid 

this problem. Interestingly, mixing high-volatile poor solvents with low-volatile good solvents 

successfully prevented the agglomeration of Azo-Cel on the tip of the needle electrodes. Among 

various combination of the solvents, a mixture of high-volatile acetone (bp = 56.0 °C, vp = 30.0 

kPa at 20 °C), a poor solvent of Azo-Cel, and a low-volatile N,N-dimethylacetamide (DMAc: bp 

= 165 °C, vp = 0.33 kPa at 20 °C), a good solvent of Azo-Cel, provided a consistently stable 

electrospinning process without agglomeration. 

 

Figure III.13. SEM images of the electrospun products obtained from the Azo-Cel solutions in mixtures of acetone 

and DMAc with different volume ratios and concentrations: the products from (upper row) acetone/DMAc = 1/1 (v/v) 

solutions with a) 13 wt%, b), 15 wt%, and c) 17 wt%, and (lower row) acetone/DMAc = 3/2 (v/v) solutions with d) 

13 wt%, e), 15 wt%, and f) 17 wt%. 

 

 Figure III.13 presents SEM images of the electrospun products from Azo-Cel solutions in 

the mixture of acetone and DMAc with volume ratios of acetone/DMAc = 1/1 and 3/2 and 
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concentrations 13, 15, and 17 wt%. As presented in Figure III.13 a,d, the electrospun products 

from the 13 wt% solutions displayed spherical beadlike structures regardless of their solvent 

volume ratios, probably because the viscosities and/or the surface tensions of the polymer solutions 

were insufficient against the applied electrostatic force so that the polymer solutions quickly 

sprayed away from the tip of the needle in the form of spherical droplets. By increasing the 

concentration to 15 wt %, a number of fibers coexisting with spherical beads were formed as shown 

in Figure III.13 b,e. One notes that increasing the volume ratio of acetone/DMAc from 1/1 to 3/2 

tended to suppress the formation of spherical beads. A further increase of the concentration to 17 

wt% (above this concentration, the polymer solution coagulates) fostered the formation of 

continuous fibers as presented in Figure III.13 c,f although some spherical and spindle beads still 

existed. Consequently, we chose acetone/DMAc = 3/2 (v/v) and 17 wt% as the optimal condition 

for the preparation of the self-standing Azo-Cel fabric.  

 One of the key steps to obtain self-standing fabrics via electrospinning is the process of 

detaching the textile from the substrate (aluminum (Al) foil in most cases). A preliminary test of 

electrospinning Azo-Cel directly on an Al foil showed that the resulting Azo-Cel textile strongly 

adheres to the Al foil, making it difficult to detach the textile without damaging it. To avoid this 

technical problem, a water soluble polymer, polyethylene oxide (PEO), was first electrospun on 

an Al foil followed by Azo-Cel to prepare a double-layered “Azo-Cel on PEO” textile on the Al 

foil. As Azo-Cel is not soluble in water, this double-layered textile on the Al foil was immersed in 

water to selectively solubilize the PEO layer that serves as a form of adhesion promotion layer 

between the Al foil and the Azo Cel textile. In this way, the Azo-Cel layer was successfully 

detached from the Al foil without damage as a floating textile on the water. 
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III.4. Conclusion 

 Electrospinnability of Azo-Cel has been studied in this chapter. Firstly, electrospinning of 

CA was studied and the effects of using a flat or rotary collector, as well as electrical charge, 

solution feed-rate, and tip-to-collector distance were thoroughly discussed. Then, the 

electrospinning of Azo-Cel was studied in two chosen systems of DCM/DMF and acetone/DMAc 

with various solvent ratios and polymer concentrations. The reason for which the electrospinning 

of CA was studied prior to that of Azo-Cel and the same solvent systems were applied is the fact 

that both polymers share the same cellulosic backbone with a slightly different side groups. 

Therefore they would be somewhat similar in terms of electrospinning. Further results have proven 

this statement to be correct and the solvent systems to be viable for the electrospinning of Azo-

Cel. 

The solvent system of acetone/DMAc was chosen to produce self-standing textile because 

it ensured the stability of the electrospinning process more than DCM/DMF. At last, the self-

standing Azo-Cel textile was produced by electrospinning of a solution of 17 wt% Azo-Cel in 

acetone/DMAc 3/2 (v/v) on a rotary drum collector. It was electrospun on a layer of already 

prepared PEO on Al foil in order to avoid damaging the fabric and to facilitated the removal of the 

self-standing textiles by immersing it into water and dissolving PEO.  Based on the result found 

during this project, varying the DP of the polymer can lead to a change in electrospinnability. The 

higher the DP of the polymer, the less stable the electrospinning and more difficult the acquisition 

of micro/nanofibers. 
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Chapter IV : Physical and Thermal Characterization of 

Azo-Cel Textile 

 

 

 

 

 

Setup of Shimadzu “AGS-X” tensile machine. 
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IV.1. Introduction 

 Electrospun nanofibers, and specially those that are polysaccharide-based, demonstrate 

notable capabilities in a variety of scientific and technological domains including mechanics, 

thermodynamics, optics, etc, due to their increased surface area, as well as efficient porosity for 

energy storage applications 19,126–129. In spite of polysaccharides’ distinctive properties, 

electrospinning them has proven to be a difficult task because of their complex macromolecular 

structures and relatively low solubility in common organic solvents. Chemical and structural 

alterations can be used to tailor the porosity, mechanical durability, oxygen permeability, and 

hydrophilicity of fibrous membranes to meet practical requirements 130. 

 Modern high-tech sector utilizes fiber-reinforced polymer composites to develop various 

kinds of structures, including pressure tanks, vehicle body panels, and floor assembly, where the 

composite must endure a variety of static and dynamic tensions 131. These tensions may be 

categorized as tensile, impact, ballistic, or fatigue loads 132. This is why studying the tensile 

strength of Azo-Cel is a key component to a better understanding of the product. Xie and 

colleagues 185 report that implementing a rotative electrode and acquiring more aligned fibers 

increases the tensile properties of the fabric. As this difference of tensile properties between 

random and aligned fibers have already been studied, current results focus on the properties of the 

self-standing Azo-Cel textile that is consisted of aligned fibers. 

 In this chapter, the physical and thermal properties of Azo-Cel are discussed. These 

subjects include tensile strength, thermal annealing, X-ray diffraction, and confirmation of the 

chemical structure of Azo-Cel self-standing fabric by ATR-FTIR.  
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IV.2. Experimental 

 The mechanical properties in terms of the tensile strength and the strain at maximum of the 

self-standing fabrics were investigated using a Shimadzu “AGS-X” tensile testing machine (Figure 

IV.1 a) with a load cell of 20 N at a gauge length of 2 cm and a clamp moving speed of 0.2 mm/min 

according to the “ISO 13934-1” procedure133. The Azo-Cel fabric (DS ≈ 2.83, electrospun from 

acetone/DMAc 3/2 v/v at 25 kV, 18GA needle gauge, 15 cm distance and 10 µL/min feed-rate) 

was cut into a rectangular shape (3 × 0.5 cm2) in such a way that the long axis is parallel to the 

orientation of the principal fiber axis. As the Azo-Cel fabric was too thin to hold tightly on the 

clamp, the fabric was sandwiched between two paper frames as a sample holder being clamped for 

testing. Both sides of the sample holder were then cut with scissors before starting measurements 

(Figure IV.1 b). Experiments were monitored and the data are acquired through TrapeziumX 

software. 

 (a) 
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(b) 

Figure IV.1. a) Shimadzu “AGS-X” tensile testing machine (with an Azo-Cel fabric between the clamps). b) 

Schematic illustration of the self-standing Azo-Cel fabric sandwiched with the paper frames as the sample holder 

being clamped for tensile testing. 

 

The tensile strength of the Azo-Cel fabric was calculated according to the following 

equation: 

 

𝛿 =  
𝐹

𝐴
 

 

where 𝛿 is the tensile stress (MPa), F is the stretching force (N) applied to the fabric in vertical 

sense, and A is the cross-section area (mm2) of the specimen. Here, A was determined by 

multiplying the thickness to the width (0.5 cm) of the specimen assuming that the cross-section of 

the fabric is a rectangle. Thickness of each textile would be measured both by SEM to measure the 

uncompressed value, as well as the Vernier scale to measure the compressed values (Figure IV.2). 
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Figure IV.2. Thickness of the compressed textile was manually measured by Mitutoyo Digital Micrometer IP65 

Vernier scale. 

 

 Azo-Cel fabrics were thermally annealed in MedlineScientific® Jeio Tech OV-11 28 Litre 

vacuum oven presented in Figure IV.3, from 12 to 24 hours from 180 to 200 °C. 

 

Figure IV.3. MedlineScientific® Jeio Tech OV-11 28Litre vacuum oven. 

 

 XRD profiles of the products were acquired by irradiating X-ray to the specimens in a 

Warhus vacuum chamber Philips PW3830 X-ray generator (Figure IV.4 a) operating at 30 kV and 

20 mA (Ni-filtered CuKα radiation, λ = 0.1542 nm). For each X-ray analysis, a specimen of 5 mm 

 7 mm  40 µm of Azo-Cel would be prepared and the two heads of the specimen would be 
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attached to the sides of the collimator using a double-side duct-tape, resulting in a firm attachment 

so that the high pressure caused by vacuum inside the chamber would not blow the fabric astray. 

A Fujifilm imaging plate was placed on position 2 (It’s the positioning of the XRD film inside the 

chamber that determines whether the final profiles will be SAXS or WAXS) and the chamber was 

sealed with lead barrier and the sample was irradiated by X-ray for 6 h. Two-dimensional 

diffraction patterns recorded on the imaging plate were read offline via a Fujifilm BAS 1800-II 

bio imaging analyzer (Figure IV.4 b). The acquired circular patters were averaged radially by 

Gnuplot software to get diffraction profiles. 

 (a)  (b) 

Figure IV.4. a) Warhus vacuum chamber Philips PW3830 X-ray generator. b) Fujifilm BAS 1800-II bio imaging 

analyzer. 

 

IV.3. Results and discussion 

 Previous studies revealed that alignment of electrospun fibers in a uniaxial direction 

improves the mechanical properties of the resulting fabrics, including the tensile strength along 

the principal fiber axis and the Young’s modulus, compared to non-aligned fibrous fabrics.6,7,9,134 

Therefore, in this study, we employed a cylinder-shaped rotating drum electrode as a collector of 

the electrospun textile to fabricate an uniaxially aligned nanofibrous Azo-Cel fabric and the details 
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are fully discussed in the previous chapter. The obtained self-standing Azo-Cel fabric was vacuum 

dried and used for the following physical property analyses: ATR-FTIR, diameter determination, 

tensile properties, and XRD. Figure IV.5 presents ATR-FTIR spectra of the self-standing Azo-Cel 

fabric and the PEO textile for comparison. 

 

 

Figure IV.5. ATR-FTIR spectra of a) the self-standing Azo-Cel fabric and b) the PEO textile. 

 

 In the spectrum of the self-standing Azo-Cel fabric (Figure IV.5 a), a characteristic 

absorption band of the C-H stretching vibrations in the PEO backbone observed around 2880 cm−1 

in Figure 2b disappeared, indicating a successful elimination of the PEO layer in the fabric. 

Secondly, Figure IV.6 shows a SEM image of the self-standing Azo-Cel fabric and a histogram of 

the constituent fiber diameter distribution. 
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Figure IV.6. a) A SEM image of the self-standing Azo-Cel fabric (with an inserted photo) and b) a histogram of the 

diameter distribution of the fibers in the fabric determined from the SEM image by ImageJ open-source software. 

 

 By using a cylinder-shaped rotary electrode, formations of such spherical and spindle beads 

were reduced (as shown in Figure IV.6) thanks to the effect of high-speed rotation of the electrode, 

i.e., the fibers are taken up on the rotating surface of the cylinder resulting in the alignment and 

stretching of the electrospun fibers 7. As presented, the self-standing Azo-Cel fabric consisted of 

almost uniaxially aligned nanofibers with the mean diameter of 207 nm. Thirdly, Figure IV.7 

presents stress-strain curves of the Azo Cel fabric. The stress (MPa) was calculated based on the 

“uncompressed” thickness (40 μm) determined by the SEM image (Figure IV.8) and the 

“compressed” thickness (11 μm) measured with a digital Vernier scale as detailed in the IV.2 

Experimental section. If one considers that the Azo-Cel fabric maintains its thickness 

(uncompressed form: 40 μm) during the tensile testing, the maximum tensile strength of the fabric 

is calculated to be 1.2 MPa at breaking point with 0.64% tensile strain as shown in the red curve, 

while the maximum tensile strength can be calculated to be higher value (4.4 MPa) with the 

compressed thickness (11 μm) as shown in the black curve if one assumes that the fabric shrinks 

by reducing the voids between the nanofibers via stretching during the tensile testing. 
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Figure IV.7. Stress-strain curves of the self-standing Azo-Cel fabric: the black and red curves respectively represent 

the stress (MPa) calculated based on the compressed thickness (11 μm) and the unpressed thickness (40 μm) of the 

fabric versus strain (%). 

 

Figure IV.8. A SEM observation of the cross-section of the self-standing Azo-Cel fabric (scale bar = 40 µm). 

 

 The Azo-Cel textile exhibits a maximum Young’s Modulus (E=δ/ε, where E is the Young’s 

Modulus, δ the tensile stress and ε the tensile strain values) at breakage point equal to 6.87 GPa 

for compressed thickness and 1.87 GPa for unpressed thickness. Although it should be noted that 
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the researchers in the textile field are mostly interested in the study of stress-strain behavior of the 

textile, especially for soft matters. On the other hand, most polysaccharides demonstrate a bi-linear 

behavior under tension (most possible hypothesis is the movement of macromolecular polymeric 

chains upon each other and a change in molecular angles), which makes the study of Young’s 

modulus tricky. Therefore, studying the stress-strain profiles appear to be more reliable to discuss 

mechanical behavior of polysaccharide-based textiles 184. 

 It was studied that the Azo-Cel fabric improved its crystallinity by thermal annealing at 

200 °C (higher temperature than the Tg of Azo-Cel: 175 °C) under vacuum for 24 hours followed 

by cooling down naturally at room temperature. Figure IV.9 presents the XRD patterns of as-spun 

and AC-200-24 products that are obtained by characterizing the two products at European 

Synchrotron Radiation Facility (ESRF). 

 

Figure IV.9. XRD patterns of as-spun and thermally annealed Azo-Cel (AC-200-24). 
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 To further investigate the effect of thermal annealing on the crystallinity of the Azo-Cel 

fabrics, XRD of as-spun and thermally annealed Azo-Cel fabrics under various conditions 

(different temperatures and different time periods) was studied. Thermal annealing of the Azo-Cel 

fabric above 200 °C and for longer time than 24 hours resulted in visible degradation of the 

specimen, observed as a change of colour and shape. Therefore, Azo-Cel specimens were annealed 

at slightly over the Tg, i.e. 180 °C, and 200 °C, for 12 and 24 hours, making 4 annealed specimens 

overall. The samples were labelled as follows: as-spun, AC-180-12, AC-180-24, AC-200-12, AC-

200-24. The first three digits indicate the temperature of annealing, and the last two digits stand 

for the time period under which the specimen was annealed. 

 

Figure IV.10. XRD profiles of as-spun and thermally annealed Azo-Cel specimens. 
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 Figure IV.9 presents the XRD profiles of the 5 specimens. At both 180 and 200 °C, the 

specimens annealed for longer time (24 hours) show clearer diffraction peaks around 2θ = 18° 

comparing to those annealed for shorter time (12 hours), indicating that the Azo-Cel improves its 

crystallinity in proportion to the annealing time at these temperatures. However, extending the 

annealing time more than 24 hours did not change the XRD patterns. Thus far, thermally annealing 

the Azo-Cel fabric at 180 and 200 °C for 24 h proved to be the best options to improve the 

crystallinity. The XRD profiles illustrated in Figure IV.10 are results of short time of irradiation 

(1 hour). Increasing the irradiation time would solve the problem and homogenize the profiles. 

It is primordial to note that the sample AC-200-24 was more brittle than AC-180-24 

probably due to slight thermal degradation of the polymer that could not be visually observed. 

Therefore, AC-180-24 was used as the thermally annealed Azo-Cel sample for the UV-induced 

photo-actuation analysis described in the next two sections. 

 

IV.4. Conclusion 

 The obtained self-standing Azo-Cel textile was characterized by ATR-FTIR after removal 

of PEO layer and vacuum drying. It’s been shown through the IR spectra that the PEO was 

completely removed and no residues were found on the product. The Azo-Cel textile has a mean 

dimeter of 207 nm, estimated by statistical analysis using ImageJ software. The tensile properties 

of Azo-Cel showed a maximum stress of 4.4 MPa for an uncompressed Azo-Cel textile (Thickness 

= 40 μm) and 1.2 MPa for a compressed Azo-Cel textile (Thickness = 11 μm). This is because the 

Azo-Cel textile is considered to be a porous nanofibrous material, therefore the real thickness is in 

an uncompressed state. However, if we remove these pores and consequently decrease the 
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thickness, according to the tensile strength formula (described in the experimental section), a 

higher tensile resistance may be achieved.  

 At last, the XRD profiles of as-spun and four different thermally annealed products were 

studied and it was found that increasing the temperature and time of annealing may increase the 

crystallinity. However, this can affect the flexibility of the Azo-Cel membrane and render it more 

rigid. Therefore it was found that annealing the Azo-Cel textile at 180 °C for 24 hours may be the 

suitable candidate for further investigations. 
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Chapter V : Photo-responsivity Properties of Azo-Cel 

Textile 
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V.1. Introduction 

 AB polymers belong to a category of photo-deformable smart functional polymers. They 

are able to produce photo-actuators; the sort of material that convert light energy into mechanical 

movement 135–140. AB units can undergo trans-to-cis photo-isomerization once irradiated by UV 

light, and cis-to-trans photo-isomerization when irradiated by visible light. Specifically, the photo-

isomerization of an azo compound from the linear trans form to the bent cis-form can prompt its 

large size (or length) adjustment from 0.9 to 0.55 nm, which can cause significant changes in the 

arrangement order of azo mesogens and the conformation of their encompassing polymer chains, 

consequently leading to the creation of microscopic force within azo polymers and their 

photomechanical impacts. AB-contained materials exhibit a variety of macroscopic photo-

responsive behavior once irradiated by proper light. These behaviors include twisting, bending, 

oscillation, rotation, and contraction. They also demonstrate significant promise in a variety of 

actuation applications, including soft robotics and artificial muscles 90,141,142. Recently, photo-

actuation of non-liquid-crystalline polymers containing AB under specific conditions has been also 

reported 143–145. Although these AB-containing polymers possess great photo-deformable effects 

in the form of their cross-linked or networked gels or films, there are some fundamental drawbacks 

for practical applications such as artificial muscles in soft robotics because of their weak 

mechanical strength and thermal resistance. Therefore, designing polymeric photo actuators in 

other forms than gels or films is of great importance. Our approach to tackle this challenging task 

is the electrospinning of a photo-responsive cellulose 4-phenyl azobenzoate (Azo-Cel) to form 

robust and flexible photo-responsive fabrics. 
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V.2. Experimental 

 The WCA of Azo-Cel fabrics was measured using an I.T. Concept “Tracker” Tensiometer 

at room temperature, illustrated in Figure V.1 a. Following procedure describes the general 

pathway of each measurement: a 5 μL of deionized water was dropped on a piece of the fabric that 

is already fixed on a glass slide using a double-sided tape. The contact angle was measured when 

the angle became stable after 90 s. The water droplet was wiped out from the specimen with a 

piece of tissue paper (Kimberly Clark “Kimwipes”) after each measurement. Then, the specimen 

was irradiated with UV light ( = 355–375 nm) via a SPOT UV Hamamatsu LC8 L9588 Hg-Xe 

lamp equipped with an A9616-07 filter at a light intensity of 60 mW/cm2 for 15 min in a darkened 

room, illustrated in Figure V.1 b. The WCA was measured after the UV irradiation in the same 

manner as described above in a darkened room. The water droplet was then wiped out, and a white 

fluorescent room light was turned on and the specimen was left for 30 min under visible light 

before measuring the WCA again. The above-mentioned process was repeated over 5 cycles for 4 

different pieces of Azo-Cel fabrics. 

 (a)  (b) 

Figure V.1. a) I.T. Concept “Tracker” Tensiometer. b) SPOT UV Hamamatsu LC8 L9588 Hg-Xe lamp. 
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 For each WCA experiment, either on Azo-Cel derivative fabrics or on CA fabrics, a 4 × 20 

mm2 fabric would be prepared in a way that the long side of the rectangle would be parallel to the 

principal axis of the aligned fibers. The fabric would be anchored with tweezers and placed at three 

different distances away from the UV light ( = 280–400 nm) source (Ushio UXM-200H, Hg/Xe 

200W lamp equipped with a LOT-ORIEL 66216 dichroic mirror and a 59060 IR blocking filter), 

i.e., at 1, 2, and 4 cm, leading to different surface light intensities of 60, 45, and 25 mW/cm2, 

respectively. Figure V.2 illustrates the UV irradiation setup. 

 (a) (b) 

Figure V.2. a) Ushio UXM-200H, Hg/Xe 200W lamp. b) An example of a self-standing Azo-Cel fabric just at the 

start of the irradiation process, placed 1 cm away from the UV light. 

 

 Azo-Cel, and CA fabrics were irradiated by UV light in a dark room for 30 min and the 

whole process was monitored using a Fujifilm X30 digital camera. The UV-induced photo-

actuation behavior (angular movement) of the fabrics was characterized by measuring the 

difference between the angle of the UV-irradiated fabrics at the end of 30 min, and the initial angle 

of the non-irradiated fabrics using a printed protractor sheet placed behind the specimens, 

illustrated in Figure V.2 b. 
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V.3. Results and discussion 

 Under light irradiation, photo-responsive materials can change their molecular geometric 

structures, which is frequently accompanied by variations of molecular polarity and surface free 

energy, leading to an induced transition of surface wettability 146. In the case of AB-functionalized 

materials, photo-isomerization of the AB moiety between its trans and cis isomers causes a change 

in dipole moment, resulting in a change of surface wettability. The trans isomer with a smaller 

dipole moment has a lower surface free energy, and the cis isomer with a larger dipole moment 

has a higher surface free energy 147,148. Therefore, the materials having the trans isomer generally 

show greater Water Contact Angle (WCA) than those having the cis isomer 149,150. A similar 

phenomenon was observed for the Azo-Cel fabric. One notes that the photo-isomerization of the 

AB moiety in Azo-Cel from the trans to the cis isomers under UV irradiation and vice versa under 

visible light irradiation in the solution state was reported by Otsuka and Barrett 19. A WCA of an 

Azo-Cel fabric was first measured as it was obtained (a picture of a water droplet on the as-spun 

Azo-Cel fabric is shown in Figure V.3 a), then the same Azo-Cel fabric was irradiated with UV 

for 15 min followed by its WCA measurement (Figure V.3 b). The specimen was left for 30 min 

under visible light before measuring its WCA again (Figure V.3 c). The above-mentioned 

procedure was repeated for 5 cycles and variation of the WCA was plotted in Figure V.3 d, where 

the WCA values are the mean values of 4 sets of the measurements using different pieces of Azo-

Cel fabric, and the error bars represent their maximum and minimum values. It should be noted 

that the small hysteresis and range of the WCA values are probably due to rough surfaces of the 

Azo-Cel fabric because the surface nano/microstructure is one of the important factors of the 

surface wettability.  
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Figure V.3. Photos of water droplets on a) an as-spun Azo-Cel fabric (trans isomer): WCA = 120°, b) the same fabric 

after UV radiation (cis isomer): WCA = 108°, and c) the same fabric after visible light irradiation (trans isomer): 

WCA = 118°. d) The WCA changes of the Azo-Cel fabric over 5 cycles of UV/visible light irradiations. The plotted 

WCA values are the mean values of 4 sets of the measurements using 4 different pieces of the Azo-Cel fabric, and the 

error bars represent their maximum and minimum values. 
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 As presented in the Figure V.3 d, the WCA was reversibly changed by the UV and visible 

light irradiations (averaged angle change was 8.7°), indicating that the photo-isomerization of the 

AB moiety in the Azo-Cel fabric induced the changes of its surface wettability. Many of the AB-

functionalized materials that have been reported have the potential to convert photo-stimuli into 

mechanical deformations, in other words, a photo-actuation property 26. Among them, a pioneering 

work of UV-driven azomaterial bending toward the light source was reported by Ikeda et al. on 

AB-functionalized LCP films 27. The key of this asymmetric bending deformation of the film was 

that the photo-isomerization from the rod-like trans isomer to the bent-shape cis isomer of the AB 

moiety occurred only in the surface region of the film facing the UV light source, but not in the 

bulk of the film because most of the incident photons are absorbed near the surface, within a 

thickness of less than 1 μm due to the large molar extinction coefficient of the AB moiety (2.6 × 

104 L mol-1 cm-1). The resulting gradient distributions of the bent-shape cis isomers in the thickness 

direction of the film led to a stress gradient, which induced the bending of the film toward the light 

source. 

 Figure V.4 shows the stability of the water droplet after its exposure to the surface of the 

self-standing Azo-Cel textile. It is clear that after 90 seconds, the WCA is stable and the product 

shows a good fatigue towards the water droplet. 
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Figure V.4. An overall scheme of the WCA of water droplet over 90 s after being in contact with the surface of self-

standing Azo-Cel textile. a) The plot of WCA vs time of the water droplet, b) Superimposed droplet vs final droplet. 

Estimated WCA is at 108°. 

 

 We here observed a similar UV-driven asymmetric bending deformation of the Azo-Cel 

fabric toward the light source (Figure V.5). Figure V.5 b shows a series of photographs of a piece 

of the Azo-Cel fabric placed 2 cm away from the UV light source (at the left-side in the photos) 

over the time of irradiation with light intensity = 45 mW/cm2. As presented in the Figure, the Azo-

Cel fabric clearly bent toward the UV light source over time, and the bending angle from the initial 

state became about 15° after a 30 min irradiation. As a control experiment, an electrospun fabric 

made of CA, which consists of the same cellulosic backbone as Azo-Cel yet a non-photo-

responsive acetyl group as the pendant group, was irradiated by UV under the same conditions 

(Figure V.5 d). In stark contrast to the Azo-Cel fabric, the CA fabric did not bend at all under the 

UV irradiation, suggesting that the bending deformation of the Azo-Cel fabric was induced by the 
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photo-isomerization of the AB moiety in the Azo-Cel. One notes that co-electrospinning of CA 

with free AB did not produce homogeneous fibrous fabrics because the CA and the AB molecules 

were phase separated during the spinning process and formed huge aggregates of AB in the CA 

fabric as shown in Figure V.6. Therefore, chemical modification of cellulose with AB groups is 

confirmed essential to electrospin such a photo-responsive cellulosic fabric. 

 

 

Figure V.5. Series of pictures of Azo-Cel and CA fabrics irradiated by UV over time of the irradiation: a) Azo-Cel 

placed at 4 cm away (the light intensity = 25 mW/cm2), b) Azo-Cel placed at 2 cm away (45 mW/cm2), c) Azo-Cel 

placed at 1 cm away (60 mW/cm2), and d) CA placed at 2 cm away (45 mW/cm2) from the UV light source (at the 

left-side in the pictures). 
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Figure V.6. A picture of the co-electrospun product from the mixture of CA and AB (molar ratio: glucose unit of 

CA/AB = 1/3) in acetone/DMAc = 2/1 (v/v) (concentration of CA: 17 wt%) collected on the cylinder-shaped drum 

electrode. 

 

 UV irradiation of the Azo-Cel fabric from longer and shorter distances also supports the 

UV-driven bending mechanism. Figure V.5 a and d respectively present bending behaviors over 

time of 2 pieces of the Azo Cel fabric placed at 4 cm (25 mW/cm2) and 1 cm (60 mW/cm2) away 

from the light source. As can be seen in Figure 5a, the UV irradiation from a longer distance (4 

cm) barely bent the Azo-Cel fabric, and the bending angle after 30 min irradiation was not clearly 

detected, while that observed at a medium distance (2 cm) shown in Figure V.5 b was evident. 

This can be explained by the lower light intensity (25 mW/cm2) from the longer distance not being 

sufficient to photo-isomerize the AB moiety in the surface region of the Azo-Cel fabric from the 

trans to the cis isomers, which must be the driving force of the asymmetric bending. On the other 

hand, the UV irradiation from a shorter distance (1 cm) clearly induced an asymmetric bending of 

the Azo-Cel fabric toward the light source, while the bending angle (≈ 10°) was smaller than that 
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observed in the Azo-Cel fabric irradiated from the medium distance (≈ 15°) shown in Figure V.5 

b. Such a decrease of the bending angle (-5°) was possibly due to deeper penetration of photons 

from the shorter distance (1 cm) with higher light intensity (60 mW/cm2) compared to those from 

the medium distance (2 cm) with medium light intensity (45 mW/cm2), which decreases the 

gradient distributions of the cis isomers in the thickness direction of the fabric, and thereby leads 

to the less asymmetric deformation (i.e., smaller bending angle). Such intermediate irradiation 

optimization conditions have been observed previously for azo-photomechanical materials 25, 

balancing higher driving input power, with confinement to the near-surface region only. 

 

V.4. Conclusion 

 The self-standing Azo-Cel fabric clearly demonstrated strong photo-actuation behavior at 

optimal irradiation conditions. Azo-Cel demonstrates photo-responsive WCA changes upon UV 

and visible light irradiations thanks to the presence of Azo side groups. It also exhibits photo-

responsive movements toward UV light. To put this novel polysaccharidic photo-actuator to 

practical use, for instance as an artificial muscle, photo-deformable performance parameters such 

as stimuli-response speed, and deformation extent, still must be improved. Previous studies on 

AB-functionalized materials have shown that regularly aligned AB units can cooperatively amplify 

nanoscopic geometric variations of an individual AB molecule into macroscopic deformations. 

Therefore, further studies on structural ordering of AB moieties in Azo-Cel by regioselective 

functionalization of cellulose and thermal annealing of the fabric are under investigation with a 

view to optimize crystallinity of the Azo-Cel fabric to obtain better photo-deformable performance 

and mechanical properties. 
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Chapter VI : Regioselective Functionalization of di-Azo-

Cel 
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VI.1. Introduction 

 Physical properties of cellulose and its derivatives, such as crystallinity and the solubility, 

are greatly influenced by their intra-/intermolecular interactions, e.g. hydrogen bonding, ionic 

bonding, and π–π stacking, between their pendant groups 109. Regioselective substitution of the 

hydroxyl groups of cellulose with Azo group is thus investigated in order to study the effect of 

these intra-/intermolecular interactions on the physical properties of Azo-Cel that must be one of 

the key aspects affecting the photoresponsivity of the fabrics. As a first attempt, the primary 

hydroxyl group of the carbon-6 (C6) of the AGU is selectively protected with triphenylmethyl 

group (or so-called trityl group) 151 that will be deprotected after regioselective substitutions of the 

secondary hydroxyl groups of C2 and C3 with Azo group. 

 The dissolution of cellulose in DMAc/LiCl 152, and most importantly its tritylation in 

DMAc/LiCl/pyridine has been the focus of researchers 153,154 before the discovery of ionic liquids 

(ILs). However, it has been proven that the synthesis of cellulose derivatives in ILs as reaction 

media would be more effective than DMAc/LiCl 155. ILs are basically molten organic salts having 

low melting points. Early ILs were based on alkylpyridinium cations 156, but they demonstrated 

facile reduction. Consequently, more durable salts have been introduced based on 1-alkyl-3-

methylimidazolium 157. In 2002, Swatloski and colleagues reported the dissolution of cellulose 

with ILs and its applications 158. They state that ILs can be utilized as non-derivatizing solvents 

for cellulose. In contrast, ILs containing 'non-coordinating' anions, such as [BF4]⁻ and [PF6]⁻, were 

considered non-solvents, whereas ILs including anions that are strong hydrogen bond acceptors 

were most successful, especially when microwave heating was incorporated. The most efficient 

solvents are ILs that contain chlorides, where cellulose is likely to be dissolved by hydrogen 
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bonding between hydroxyl groups and the anions. Scheme VI.1 presents some examples of ILs 

based on imidazolium, pyridinium, and ammonium salts. 

 

Scheme VI.1. ILs based on imidazolium, pyridinium, and ammonium salts. a-d) Imidazolium salts, e) pyridinium salt, 

f) Ammonium salt 159. 

 

 It is interesting to note that the length of the alkyl chain directly correlates with the 

solubility of cellulose in 1-alkyl-3-methylimidazolium type ILs, meaning that ILs with even-

numbered alkyl chains are able to dissolve the polymer more efficiently than those with odd-

numbered alkyl chains 151. The intrinsic viscosity of cellulose in ILs decreases as the temperature 

rises, which could be a sign of degrading solvent’s thermodynamic properties 160,161. In an 

experimental condition, [BMIM]Cl gave the best results out of all ILs with even-numbered alkyl 

chains, with up to 25 wt% dissolved cellulose by microwave heating; but it is easier to make 

solutions ranging 5 to 10 wt% of cellulose 158. Hence, [BMIM]Cl was selected as the IL of choice 

for this study. 
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VI.2. Experimental 

Synthesis of di-Azo-Cel 

 Synthesis of regioselective di-Azo-Cel is conducted in three main steps. First, primary 

alcohol groups (C6) of AGUs in cellulose are functionalized with trimethylphenyl radicals (trityl 

group) to produce regioselectively functionalized 6-O-trityl cellulose (6OTC). Remaining free 

alcohol groups of AGUs in 6OTC at C2 and C3 are then functionalized with 4-phenylazobenzoate 

to procure 2,3-O-di-Azo-6-O-trityl cellulose (di-Azo-monoTC). At last, C6 groups are deprotected 

from trityl groups to produce 2,3-O-di-Azo-Cel (di-Azo-Cel). Further details are discussed in 

below-mentioned sub-sections. To review materials’ details, refer to chapter II.2 Materials section. 

 To synthesize 6OTC (Scheme VI.2), 1.0 g of dried MCC (Avicel PH-101 Serva Co. w.p) 

was dissolved into 10.0 g of [BMIM]Cl (9.3 mol equiv. to 1 mol AGU) at 80 °C. This process took 

a full day of magnetic stirring and ultrasonication. Then, 6.84 g of trityl chloride (4 mol equiv. to 

1 mol AGU) was dissolved into 5 mL of anhydrous pyridine (10 mol equiv. to 1 mol AGU) at 80 

°C. 

 

Scheme VI.2. Synthesis pathway of 6OTC. 
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The mixture of trityl chloride in pyridine was then poured in one portion into the melt of 

cellulose in [BMIM]Cl and the reaction was carried out for 6 h at 80 °C. After 6 h the reaction was 

stopped and the mixture was precipitated into a system of MeOH/deionized water, filtered, and 

washed several times with MeOH to extract pure 6OTC (Yield = 94.91 %). 

 To synthesis di-Azo-monoTC, 1.0 g of 6OTC was firstly dissolved into 100 mL of 

anhydrous pyridine. 1.4 g of Azo dye (2.2 mol equiv. per 1 mol AGU) was dissolved in 100 mL 

of anhydrous pyridine and then was poured in one portion to the mixture of 6OTC in pyridine. The 

reaction (Scheme VI.3) was carried out for 48 h at 100 °C, after which the mixture was precipitated 

in an excess amount of ethanol and filtered. The product was placed inside a Soxhlet extractor to 

be purified by continuous reflux with acetone at 70 °C for 24 h in order to remove the residual 

unreacted Azo dye. Afterwards, the product was vacuum dried overnight at 70 °C to yield di-Azo-

monoTC as an orange-colored solid powder. Yield = 77.22 % 

 

Scheme VI.3. Synthesis pathway of di-Azo-monoTC. 

 

 To obtain di-Azo-Cel, 2.0 g of dry di-Azo-monoTC was dissolved into 50 mL of THF at 

60 °C. Once the product was fully dissolved, then 6 mL of concentrated HCl (37 %) was added to 

the mixture and the detritylation reaction was carried out for 72 h at 60 °C, after which the mixture 

was precipitated in acetone and filtered. The product was purified by soxhlet extractor with acetone 
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at 70 °C for 24 h and then vacuum dried at 70 °C for 24 h to yield 84 % of an orange-colored solid 

powder (considering a theoretical mass of 1.41 g for 100 % yield di-Azo-Cel). Scheme VI.4 

illustrates the synthesis path to obtain di-Azo-Cel from di-Azo-monoTC. 

 

Scheme VI.4. Synthesis pathway of di-Azo-Cel. 

 

Elemental Analysis 

 Elemental Analysis (EA) of di-Azo-monoTC and di-Azo-Cel products was performed at 

Spectropole center of chemical analysis at Aix-Marseille University. The applied method is called 

CHNS, during which the amounts of carbon (C), hydrogen (H), nitrogen (N), and sulfur (S) are 

determined in a sample. The products were analyzed by a Flash EA 1112 series Thermo Finnigan 

instrument and the results are obtained via Eager Xperience software. During each experiment, the 

temperature is set to 970 °C and helium gas is injected to the system at 140 mL/min. Afterward, 

the chromatographic column of the instrument converts the compound and elutes it in the form of 

CO2, H2O, NO2, and SO2, which are then detected with the aid of Thermal Conductivity Detector 

(Katharometer). 

Electrospinning of di-Azo-Cel 

 10 mL of a PEO solution (4.5 wt% in deionized water) was first electrospun using a 20 GA 

needle (inner diameter = 0.61 mm) under a 20 kV electric field at a 16.7 μL/min solution feed rate 
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on a rotating drum electrode covered with Al foil. Then, 10 mL of a di-Azo-Cel solution (10 wt% 

in DCM/DMF = 3/1 (v/v)) was electrospun on the same Al foil coated with the PEO textile using 

a 20 GA needle under 25 kV at 10 μL/min solution feed rate. Electrospinning was carried out at 

room temperature (ca. 25 °C) and ca. 30% humidity. The electrospun products were collected on 

two different types of metallic electrodes placed 15 cm below, namely a flat plate (20 cm × 20 cm) 

and a cylinder-shaped rotating drum (diameter: 10 cm; length: 15 cm) covered with Al foil. 

 

VI.3. Results and Discussion 

Characterization of di-Azo-Cel 

 6OTC has been characterized by ATR-FTIR spectroscopy method and its spectrum is 

compared to that of MCC, as presented in Figure VI.1. 

 

Figure VI.1. ATR-FTIR spectra of 6OTC (blue) and MCC Avicel PH-101 w.p. (orange). 

 

 The trityl side groups are manifested between 600 and 770 cm-1 and at 3100 cm-1 as well 

as the –OH stretching band at around 3450 cm-1. The reason behind the massive difference in the 
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intensity of –OH stretching bands between cellulose and 6OTC is that in cellulose, the C6 is freer 

and more available due to reduced stereo-hindrance in that region, compared to C2 and C6. Once 

this region is functionalized, this intensity fades away 109. 

 6OTC is soluble in DMSO and THF. Respective solution of 6OTC in DMSO-d6 were 

prepared according to the same procedure described in chapter II.3 and characterized through 

NMR platform at CERMAV-CNRS at 80 °C. Figure VI.2 presents both 1H and 13C NMR spectra 

of 6OTC. 

 (a) 

 (b) 

Figure VI.2. a) 1H NMR and b) 13C NMR spectra of 6OTC in DMSO-d6 at 80 °C. 
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As shown in Figure VI.2 a, the broad signal between 7.5 – 6.8 ppm corresponds to the 

aromatic protons of the trityl side groups of 6OTC that are attached to the C6 of AGU, 

accompanied by a broad signal around 5.8 – 2.7 ppm corresponding to the cellulose backbone 

protons. Moreover, sharp peaks at 2.1 and 3.3 ppm correspond to acetone and water, respectively. 

This is due to the fact that the product was first precipitated in a mixture of MeOH/water and then 

extracted by acetone in a Soxhlet extractor. According to the 13C NMR spectrum of 6OTC 

illustrated in Figure VI.2 b, the product exhibits a clear signal at around 62 ppm, which corresponds 

to the functionalized C6 of the AGU, and no peak at 60 ppm that stands for the unfunctionalized 

C6. The signals for cellulose backbone can be found between 70 and 100 ppm. The signal around 

85 ppm, and between 126 and 143 ppm correspond to the functionalized trityl side groups at C6 

position. The results are in agreement with what has been previously reported by Erdmenger and 

colleagues 151. The absence of interfering peaks, as well as the signal that presents the 

unfunctionalized C6 at 60 ppm, suggest that the DS of the 6OTC product should be around 1. 

 Electrospinning of 6OTC in solvent systems of DMSO and DMSO/acetone was conducted 

as a preliminary test to study the electrospinnability of 6-O functionalized cellulose derivatives 

and to compare the results with a possible future 6-O-Azo-Cel product. Solutions of 10 wt% 6OTC 

were prepared in 1 mL of the following solvent systems: DMSO; DMSO/acetone 7.5/2.5 v/v; 

DMSO/acetone 5/5 v/v; DMSO/acetone 2.5/7.5 v/v. Each solution was injected from a gas-tight 

syringe by 20 kV electrical charge at 10 µL min-1 through an 18GA needle gauge (inner diameter 

= 0.84 mm), 15 cm above a flat collector covered with Al foil to gather fiber-mats. Figure 9 

presents the results at two different magnifications.  
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Figure VI.3. Optical micrographs of 6OTC electrospun products in different solvent systems. 
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 As illustrated in Figure VI.3, the quality of fibers along with the possibility of bead 

transforming into fibers increases with the decrease of DMSO. 6OTC is soluble in DMSO and 

insoluble in acetone. Therefore, it was perfectly expected that a lower portion of good solvent, 

which means higher concentration of the polymer, would favor the fiber formation. These trials 

also showed that a regioselectively 6-O functionalized cellulose derivative that can form hydrogen 

bonds at C2 and C3 of AGU is still electrospinnable, which is a positive finding for the future of 

this study. 

 Electrospinning of 6OTC seems to be a success. These tests demonstrated that a 

regioselectively-functionalized cellulose derivative that can form hydrogen bonds at C2 and C3 of 

AGU (in this case 6OTC) is still electrospinnable, which is a positive finding for the future of this 

study and the future product of 6-O-Azo-Cel. After characterizing 6OTC by IR and NMR 

spectroscopy methods, it was esterified with Azo dye and 2,3-O-di-Azo-6-O-Trityl cellulose (di-

Azo-monoTC) was produced. Di-Azo-monoTC was then characterized by IR and NMR 

spectroscopy methods to study the integrity of the chemical structure of the product. Figure VI.4 

presents the ATR-FTIR spectrum of di-Azo-monoTC. 

 

Figure VI.4. ATR-FTIR spectrum of di-Azo-monoTC. 
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 The di-Azo-monoTC product exhibits signals of both side groups on its IR spectrum, i.e. 

Azo at 1723 cm-1 for C=O, 1603 cm-1 for C=C, 1258 cm-1 for C–O, as well as trityl between 600 

and 770 cm-1 and at 3100 cm-1. The absence of the band at around 3450 cm-1 that represents 

stretching band of –OH is an indication that the free hydroxyl groups of AGU in 6OTC are now 

functionalized with azo side groups. 

 Figure VI.5a presents the 1H NMR spectrum of di-Azo-monoTC product. The broad signal 

between 7.3 – 6.7 ppm corresponds to the aromatic protons of the trityl side groups of the product 

that are attached to the C6, while the peaks between 8.1-7.4 ppm belong the Azo protons that are 

attached to C2 and C3 of AGU. The broad signal around 5.5 – 2.7 ppm corresponds to the cellulose 

backbone protons. Moreover, sharp peaks at 2.12 and 1.52 ppm represent acetone and water, 

respectively. On the 13C NMR spectrum of di-Azo-monoTC product illustrated in Figure VI.4 b, 

the product exhibits clear signals that belong to both trityl and Azo side groups (see Figures II.8b 

for Azo and VI.2b for trityl signals). 

 (a) 
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  (b) 

Figure VI.5. a) 1H NMR spectrum of di-Azo-monoTC in CD2Cl2 at r.t. b) 13C NMR spectrum of di-Azo-monoTC in 

CD2Cl2 at r.t (For more details refer to Figures II.8 b and VI.11 b).  

 

 Theoretical values of di-Azo-monoTC are as follows: 74.62% C, 4.91% H, and 6.83% N 

(theoretical value for DSazo = 2, or 4 atoms of N per AGU). EA of the di-Azo-monoTC product 

gave the following percentages for each component of the product: 75.16% C, 5.10% H, and 6.10% 

N. According to these results, each AGU block of the di-Azo-monoTC polymer must contain about 

3.55 atoms of N in average; therefore, it is estimated that the DS of the azo group in the product is 

1.77. 

 Judging by the absence of free C6 signal (unfunctionalized primary hydroxyl group of 

AGU) on the 13C NMR spectrum, as well as the absence of –OH stretching band on the IR spectrum 

and the solubility of the product in common organic solvent, as well as the EA results, we conclude 

that the product is 2,3-O-di-Azo-6-O-trityl cellulose. 
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 According to literature, treating with concentrated HCl at room temperature can selectively 

deprotect 162–166 the ether linkage between the trityl group and C6 carbon. Therefore, we followed 

the reported method and tried the detritylation of di-Azo-monoTC  in THF with 300 µL of 

concentrated HCl (37%) at room temperature over 72 h. Figure VI.6 presents the evolution of 

detritylation reaction over 72 h. 

 

Figure VI.6. IR spectra of di-Azo-monoTC product being detritylated over 72 h. Comparative spectra (right) vs 

zoomed spectra of –OH bands (left). 

 

 It seems that by allowing the detritylation continue over time, the stretching band of –OH 

groups at 3450 cm-1 becomes stronger and the assigned trityl peaks (3059 cm-1, 1065 cm-1, and 

703 cm-1)151 weaker. The final product of this step (we call it HA-2-14) was vacuum dried 

overnight at 70 °C and characterized through 1H NMR spectroscopy (Figure VI.7).  
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Figure VI.7. 1H NMR spectrum of detritylated product (HA-2-14) in CD2Cl2 at r.t. Trityl peaks still appear between 

6.9 and 7.3 ppm. 

 

 Trityl-corresponding signals still appear on the 1H NMR spectrum, meaning that probably 

the amount of added acid was not sufficient to completely deprotect the trityl side groups. For the 

next step, 300 µL of concentrated HCl was added to the reaction at the beginning, and every 3 

hours 100 µL was added and after sampling several drops of the reaction moiety, the IR spectrum 

was acquired. Figure VI.8 illustrates the evolution of detritylation process (product HA-2-16) after 

consistent addition of acid. 
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Figure VI.8. IR spectra of di-Azo-monoTC product (HA-2-16) being detritylated over 72 h and consistent addition 

of acid. 

 

 Again, it seems that by allowing the detritylation continue over time, the stretching band 

of –OH groups at 3450 cm-1 becomes stronger and the assigned signals weaker. Yet strong signals 

attributed to trityl side groups still appear on the 1H NMR spectrum of the product HA-2-16 

between 6.9 and 7.3 ppm (Figure VI.9). 
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Figure VI.9. 1H NMR spectrum of detritylated product (HA-2-16) in THF-d8 at r.t. 

 

 Judging by the reduced intensity of the assigned trityl signals on the 1H NMR spectrum, 

one can assume that the addition of acid helps with the detritylation process, but it is not the 

ultimate and effective approach as there are still side groups on the AGUs of the product that are 

not deprotected. It has been studied that raising the temperature of a reaction moiety may accelerate 

the reaction or increase the efficiency 167–170. Hence, another detritylation reaction was launched, 

but this time with 600 µL of concentrated HCl in THF at 60 °C. The reaction continued for 72 h 

at the mentioned conditions, after which the product (labelled HA-2-49) was extracted, dried, and 

characterized by ATR-FTIR spectroscopy (Figure VI.10). The broad signal at around 3450 cm-1 

belongs to the reappeared –OH stretching bands of AGU in the di-Azo-Cel product, and almost all 

the manifested trityl signals between 600 and 770 cm-1 and at 3045 cm-1, disappeared. 
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Figure VI.10. IR spectrum of the product HA-2-29. 

 

 On the 1H NMR spectrum of di-Azo-Cel (HA-2-49) illustrated in Figure VI.11a, it is 

observable that the broad signal which used to appear between 7.3-6.8 ppm disappeared, while the 

azo signals between 8.2-7.5 ppm still appear on the spectrum. Same observation was witnessed on 

the 13C NMR spectrum of di-Azo-Cel (Figure VI.11b). 

 (a) 
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 (b) 

Figure VI.11. a) 1H NMR and b) 13C NMR spectra of the product HA-2-29 in DMF-d7 at r.t. 

 

 The signal that appears at 60 ppm corresponds to the free –OH group at C6, while no signal 

emerges at 62 ppm that would present the functionalized C6 of the AGU. In addition, signals at 

around 85, 126, and 143 ppm that corresponded to the functionalized trityl side groups at C6 

position disappeared from the spectrum of this product, yet the signals that represent azo bonds 

(see Figure II.8b) remain on the spectrum. 

 Theoretical EA values of di-Azo-Cel product are as follows: 66.43% C, 4.53% H, and 

9.68% N (theoretical value for DSazo = 2 or 4 atoms of N per AGU). EA of the HA-2-29 product 

gave the following percentages for each component of the product: 60.24% C, 4.91% H, and 7.24% 
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N. According to these results, each AGU block of the product HA-2-29 must contain about 3.34 

atoms of N in average; therefore, it is estimated that the DS of the azo group in the product is 1.67. 

This slight decrease of the Azo group after the detritylation could be due to a combination of 

reaction circumstances, i.e. the product being in contact with highly concentrated HCl at high 

temperature over an extended amount of time breaks some of the ester linkage with the Azo group.  

 Td of di-Azo-Cel product (HA-2-29) was measured by TGA by applying the same protocol 

as Azo-Cel (See chapter II). As presented in Figure VI.12 the slope of the TGA curve starts to 

dramatically drop at around 281 °C, which is determined to be the Td of di-Azo-Cel. The Td of di-

Azo-Cel is lower than that of Azo-Cel (286 °C), one hypothesis  ̶  that can be extrapolated from 

literature108  ̶  is that that having free –OH groups that are able to form hydrogen bonds is the reason 

for this drop of Td value. 

 

Figure VI.12. TGA curves of di-Azo-Cel (blue) and Azo-Cel (orange). 

Temperature (°C) 
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Figure VI.13. DSC traces of di-Azo-monoTC (blue) and di-Azo-Cel (orange). 

 

 Figure VI.13 illustrates the DSC traces of the second heating cycle of both di-Azo-monoTC 

and di-Azo-Cel products by comparing heat flow vs temperature. As it is visible, di-Azo-Cel shows 

no clear thermal flow change, probably because of the presence of hydrogen bonds between 

polymer chains. The di-Azo-Cel product shows a Tg of around 185 °C. This is a higher value 

compared to Azo-Cel (Tg = 176 °C) and in line with what has been stated in literature. In 2003 

Gomez-Carracedo and colleagues reported that by increasing the DS  ̶  for non-Ionic cellulose 

ether products  ̶  the Tg decreases 108. In this case, Azo-Cel, which has a higher DS, shows a lower 

Tg compared to di-Azo-Cel with lower DS. 

 UV-vis of di-Azo-monoTC and di-Azo-Cel was carried out in solutions of THF with equal 

concentration for both solutions. Figure VI.14 presents the results. 
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Figure VI.14. UV-vis measurement of di-Azo-monoTC and di-Azo-Cel in THF. 

 

 As illustrated in Figure VI.14, there is an almost clear peak at around 330 nm that is 

attributed to the π-π* electron transition of AB functional groups, whereas the weak absorption 

band at around 450 nm belongs to the n-π* electron transition of the AB moiety in the compound. 

It seems that the n-π* absorption band in both di-Azo-monoTC and di-Azo-Cel is weakened 

compared to that of Azo-Cel (see Figure II.9), probably due to the lower molar ratio of Azo side 

groups. Additionally, di-Azo-Cel shows a weaker π-π* absorption band compared to di-Azo-

monoTC. One hypothesis is the slightly lower DSazo of di-Azo-Cel after detritylation. 

 The di-Azo-Cel product has been solubilized in the following organic solvents to study its 

solubility for electrospinning: DMSO, DCM, DMAc, THF, DMF, Toluene, acetone, and 

Chloroform. Figure VI.15 presents the state of solubility of the solutions. 
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Figure VI.15. Solubility of di-Azo-Cel in several organic solvents after 8 h of stirring. 

 

Table VI.1. Summary of solubility check tests for di-Azo-Cel. 

Solvent Solubility * Remarks 

DMSO + Perfectly soluble and clear solution. 

Chloroform  Partially soluble. Shady solution. Better than DCM. 

DMAc + Perfectly soluble and clear solution. 

THF + Partially soluble. Shady solution. But better than chloroform. 

DMF + Perfectly soluble and clear solution. 

Toluene - Insoluble. 

DCM  Partially soluble. Shady solution. Swollen polymer powder. 

Acetone - Insoluble. 

* Soluble (+). Partially soluble (). Insoluble (-). 
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 Table 1 summarizes the solubility of di-Azo-Cel in common organic solvents. To prepare 

solutions, 5 mg of di-Azo-Cel was first introduced to the respective test solvent, magnetic stirred 

for 8 h, and then rested overnight at dark. The day after they were examined and each solution 

demonstrated different solubility. Judging by the state of solutions, i.e. clarity and presence of 

precipitates, the solubility of di-Azo-Cel in organic solvents is classed as follows: DMF  DMAc 

 DMSO  THF  Chloroform  DCM  Toluene  Acetone. 

 The di-Azo-Cel polymer in DMF and DMAc gives perfectly clear solutions with no 

precipitates or swollen polymer at all, while it is mostly soluble in DMSO and THF, leaving mild 

to moderate precipitates in the solvent. The polymer is partially soluble in chloroform with 

moderate precipitation, less soluble in DCM with heavy precipitate and swollen polymer, and 

insoluble in toluene and acetone. 

 

Electrospinning of di-Azo-Cel 

 During the electrospinning of Azo-Cel (DS = 2.83), it was found that a solvent system of 

acetone/DMAc provided a stable electrospinning process of Azo-Cel to form continuous 

nanofibers when the polymer concentration was fixed to 17 wt% (see chapter III.3). Therefore, di-

Azo-Cel was solubilized at the same concentration in the same solvent system and then electrospun 

at optimized electrospinning conditions. Figure VI.16 presents the optical micrographs of the 

results. 
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 (a)  (b) 

Figure VI.16. Optical micrographs of di-Azo-Cel electrospun product 17 wt% in acetone/DMAc 3/2 (v/v). a) x10 (50 

µm) and b) x40 (10 µm) magnifications. 

 

 As it appears in Figure VI.16, the product did not manage to produce fibers in 

acetone/DMAc solvent system. Thus, various solvent systems were utilized to find an optimum 

moiety for fiber production of di-Azo-Cel, such as acetone/DMF, THF/DMAc, THF/DMF, 

acetone/DMSO, and 100% DMAc, with different concentrations and solvent ratios. 

Electrospinning at 25 kV, by 10 µL/min through 20GA needle 15 cm away from the collector 

showed to be the most stable condition for all systems. However, no solvent system produced 

fibers. Figure IV.15 presents the optical micrographs of electrospun products in the above-

mentioned solvent systems. As Figure VI.17 illustrates, none of the mentioned solvent systems 

managed to produce neither stable electrospinning and polymer jet, nor continuous fiber 

production because every time the solution was agglomerated at the tip of the needle and impeded 

the electrospinning process. 
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Figure VI.17. Optical micrographs of 2,3-O-Azo-Cel electrospun products in different solvent systems. Note: the 

solvent 20 wt% in acetone/DMAc 3/2 v/v was so viscous that it could not be drawn into the syringe to be electrospun. 

 

 

Figure VI.18. SEM observations of di-Azo-Cel products in a solvent system of DCM/DMF 3/1 (v/v) with 6, 8, and 

10 wt% polymer concentrations and different magnifications. 
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 After confronting unproductive results, a solution of di-Azo-Cel in DCM/DMF 3/1 (v/v) 

was prepared, as it had previously managed to procure continuous fibers, albeit unstable 

electrospinning conditions. Samples of three different polymer concentrations of 6, 8, and 10 wt% 

were and electrospun using a 20 GA needle gauge under 25 kV electrical charge at 10 μL/min on 

a flat collector that had been covered with Al foil and placed 15 cm below the gas-tight syringe, 

filled with the polymer solution. Figure VI.18 presents the SEM observations of these trials.  

 As presented in Figure VI.18 a,b the electrospun products from the 6 wt% solutions 

displayed spherical beadlike structures probably because the viscosities and/or the surface tensions 

of the polymer solutions were insufficient against the applied electrostatic force so that the polymer 

solutions quickly sprayed away from the tip of the needle in the form of spherical droplets. By 

increasing the concentration to 8 wt %, a number of fibers coexisting with spherical beads were 

formed as shown in Figure VI.18 c,d. Further increase of the concentration to 10 wt% fostered the 

formation of continuous fibers as presented in Figure VI.18 e,f although some spherical and 

spindle beads still existed. Increasing the concentration above 10 wt% led to the coagulation of the 

polymer solution at the tip of the needle during electrospinning. 

 For the preparation of the self-standing di-Azo-Cel fabric, first a layer of PEO was 

electrospun on a rotary drum collector, covered with Al foil, then di-Azo-Cel was electrospun on 

PEO on Al foil. Afterward, the Al foil coated with the double-layered “di-Azo-Cel on PEO” textile 

was removed from the drum electrode and cut into small pieces. The specimen was then immersed 

in deionized water, which is a good solvent of PEO but a non-solvent of di-Azo-Cel, to solubilize 

the PEO layer and detach the di-Azo-Cel layer from the Al foil without any physical pressure on 

the textile. After half a day, the PEO layer was completely dissolved and the di-Azo-Cel layer was 
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detached from the Al foil as a floating textile that was dried under vacuum at 70 °C overnight to 

obtain a self-standing Azo-Cel fabric. 

 (a)  (b) 

Figure VI.19. a)  Self-standing di-Azo-Cel textile on PEO on Al foil. Visibly, di-Azo-Cel has a lighter shade of orange 

than Azo-Cel. This is because of the reduced quantity of azo side groups in the product. b) di-Azo-Cel membrane 

separated and prepared for analysis. The membrane appears to have a brighter shade of orange compared to Azo-Cel 

due to a decreased amount of azo side groups present in the product. 

 

 Employing a rotary drum electrode for the fabrication of the self-standing di-Azo-Cel 

textile has led to two major ameliorations; a decrease in number of beads and an alignment of 

fibers in the direction of rotational force, thanks to the effect of high-speed rotation of the electrode, 

i.e. the fibers are taken up on the rotating surface of the cylinder resulting in the alignment and 

stretching of the electrospun fibers 7. Figure VI.20 presents the results. 

(a)  (b) 

Figure VI.20. SEM observations of a) randomly assembled and b) uniaxially aligned di-Azo-Cel fabrics. It appears 

that the overall number of beads diminished after introducing rotary force to the electrospinning process. 
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 The di-Azo-Cel self-standing textile is consisted of somewhat uniaxially aligned fibers. 

The fibers in this product seem to be less aligned than those in Azo-Cel. One can assume that the 

presence of more free –OH groups that are able to form intramolecular hydrogen bonds is the 

reason behind this phenomenon; meaning that the backbone polymer chains in di-Azo-Cel have 

less capacity of moving freely, therefore showing more resistance to high tension caused by the 

electric field of the electrospinning machine and less alignment.  

 

Figure VI.21. a) Alignment direction of fibers in self-standing di-Azo-Cel fabric. 

 

 The tensile strength of the self-standing di-Azo-Cel fabric was characterized with a similar 

method as described in chapter IV.2. The fabric shows a maximum of 1.48 MPa stress at breakage 

point with a total strain of 1.8 %. The presence of–OH groups that form intramolecular hydrogen 

bonds could be the reason behind the elevated tensile strain (almost three times compared to that 

of Azo-Cel) of di-Azo-Cel. Because of the hydrogen bonds, the polymer chains do not break easily 
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and move upon each other more freely (because of the fewer Azo side groups), causing a lower 

amount of force required to break the chains, and higher deformation. Figure VI.22 illustrates the 

stress-strain curve of the di-Azo-Cel fabric. 

  

Figure VI.22. Stress-strain curve of di-Azo-Cel fabric (Compressed thickness of the fabric is at 39 µm, measured by 

IP65 Vernier scale). 

 

VI.3.3. Photo-responsivity of di-Azo-Cel Textile 

 Photo-responsivity of di-Azo-Cel textile was studied through the same two methods of 

wettability characterization by WCA and UV-induced photo-actuation analysis, as described in 

chapter V.3. Same parameters are applied herein and the di-Azo-Cel is characterized according to 

the same procedures. WCA of a di-Azo-Cel fabric was first measured under the visible light of the 

room as it was obtained, then the same di-Azo-Cel fabric was irradiated with UV light ( = 355–

375 nm) for 15 min followed by its WCA measurement. Afterward, the specimen was exposed to 
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visible light for 30 min followed by measuring its WCA again. This procedure was repeated for 5 

cycles and variation of the WCA was plotted in Figure VI.23, where the diagram represents the 

values of 4 sets of the measurements using different pieces of di-Azo-Cel fabric, and the error bars 

represent their maximum and minimum values for each point. 

 

Figure VI.23. WCA changes of the di-Azo-Cel fabric over 5 cycles of UV/visible light irradiations. The plotted WCA 

values are the mean values of 4 sets of the measurements using 4 different pieces of the di-Azo-Cel fabric, and the 

error bars represent their maximum and minimum values. 

 

 The WCA plot of di-Azo-Cel textile shows a more uniform change in wettability upon UV 

and visible light irradiations, probably because of the fact that the surface of the di-Azo-Cel fabric 

was smoother than the surface of Azo-Cel textile. The WCA of di-Azo-Cel was reversibly changed 
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by UV and visible light irradiations, with an averaged angle change of 8.6°, indicating that even a 

reduction in the molar ratio of Azo side groups in di-Azo-Cel compared to Azo-Cel, did not 

dampen the wettability properties and the AB moiety in the di-Azo-Cel fabric still managed to 

induce the changes of its surface wettability. 

 UV-induced photo-actuation analysis of the di-Azo-Cel fabrics was conducted in 

accordance with the same protocol as Azo-Cel fabrics (see chapter V.3). Similarly to Azo-Cel, a 

UV-driven asymmetric bending deformation was observed toward the light source for di-Azo-Cel 

(Figure VI.24). 

 

Figure VI.24. Series of pictures of as-spun and thermally annealed di-Azo-Cel fabrics irradiated by UV over time of 

the irradiation: a) di-Azo-Cel placed at 4 cm away (I = 25 mW/cm2), b) di-Azo-Cel placed at 2 cm away (45 mW/cm2), 

c) di-Azo-Cel placed at 1 cm away (60 mW/cm2), d) Thermally annealed di-Azo-Cel placed at 2 cm away (45 

mW/cm2), and e) Thermally annealed di-Azo-Cel placed at 1 cm away (60 mW/cm2) from the UV light source (at the 

left-side in the pictures). 
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 It was already discussed that the CA fabric did not show bending toward the source of UV 

light, proving that the movements of Azo-Cel were induced by the photo-isomerization of the AB 

moiety in the Azo-Cel. Figure VI.24 a-e present bending behaviors over time of 5 pieces of the as-

spun (a-s) and thermally annealed (TA) di-Azo-Cel fabrics placed at 4 cm (25 mW/cm2), 2 cm (45 

mW/cm2), and 1 cm (60 mW/cm2) away from the UV light source. The di-Azo-Cel fabric barely 

bent toward the UV irradiation from a longer distance of 4 cm, as presented in Figure VI.24 a, 

whereas the bending was visible at a medium distance of 2 cm, illustrated in Figure VI.24 b. The 

same explanation as the case of Azo-Cel stands true: The lower light intensity (25 mW/cm2) from 

the longer distance is not sufficient to photo-isomerize the AB moiety in the surface region of the 

di-Azo-Cel fabric from the trans to the cis isomers, which must be the driving force of the 

asymmetric bending. Furthermore, the UV irradiation from a shorter distance (1 cm) clearly 

induced an asymmetric bending of the di-Azo-Cel fabric toward the light source. In addition, it 

appears that the bending behavior of di-Azo-Cel has dampened compared to Azo-Cel, probably 

due to the reduced amount of AB pendants that undergo trans to cis photo-isomerization once 

irradiated by UV light and induce anisotropic bending. Interestingly, thermal annealing of the di-

Azo-Cel did not favor the photo-actuation (Figure VI.24 d,e) It seems that thermal annealing may 

have crystallized the polymer backbone of the fibers, thus rendering them more rigid and therefore 

more difficult to react to light stimuli. As stated by Zhuang and colleagues in 2015 171, thermal 

annealing incites a rearrangement of the molecular structure of the polymer matrix, thus the crystal 

region of the annealed polymer matrix increases. 

 Regarding the tensile properties of the annealed Azo-Cel and di-Azo-Cel fabrics, it was 

impossible to measure their tensile strength due to the fact that both products became so rigid that 
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would break inside the tensile holders before starting measurements, but were flexible enough to 

be tested for photo-responsivity properties. 

 

VI.4. Conclusion 

 Regioselectively Azo-functionalized cellulose was synthesized through protection of C6 

of AGU by tritylation, then esterifying the C2 and C3 regions, then eventually deprotecting the C6 

regions to obtain di-Azo-Cel. A self-standing di-Azo-Cel fabric was produced via electrospinning 

of its 10 wt% solution in a system of DCM/DMF 3/1 v/v. di-Azo-Cel shows no change in WCA 

of the new product compared to Azo-Cel, yet the photo-responsive bending is heavily impacted 

and dampened due to a decrease in molar ratio of functionalized Azo side groups. 

 It appears that regioselectively Azo-functionalized cellulose demonstrates different 

thermal/mechanical/photo-responsive behavior compared to the conventional Azo-Cel (DS ≈ 

2.83). The change in the molarity of Azo side groups between the two products had a direct effect 

in those behaviors. It should be noted that although the photo-responsive bending of di-Azo-Cel 

was slower and less intense that Azo-Cel, the wettability measurements demonstrated no change 

in terms of WCA changes that are derived from a collective cis/trans photo-isomerization of the 

Azo moieties. Therefore further measurements are required to have a clearer understanding of this 

process.  

  



 
 

 

130 
 

  



 
 

 

131 
 

Chapter VII : General Conclusion 
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 Microcrystalline cellulose was functionalized with Azo group with a high DS (DSazo = 

2.83) to obtain Azo-Cel. The chemical characteristics of the product were verified by ATR-FTIR, 

NMR, UV-Vis, TGA, and DSC. The electrospinning of Azo-Cel was studied in various solvent 

systems, notably in mixtures of DCM/DMF and acetone/DMAc, with different solvent ratios and 

polymer concentrations. It was found that regardless of the solvent system, an increase of polymer 

concentration, as well as the ratio of volatile solvent, favors the production of micro/nanofibers 

and eliminates beads. The self-standing Azo-Cel fabric was produced after stabilizing the 

electrospinning process by favoring a mixed solvent system consisting of the highly volatile poor 

solvent: acetone, and the low-volatile good solvent: DMAc. The self-standing fabric was consisted 

of uniaxially aligned microfibers that were gathered on a rotary drum collector. The Azo-Cel fabric 

demonstrated clear photo-responsive properties, i.e. (I) the light-driven wettability changes 

supported by the photo-isomerization of the less polar trans azo isomers to the more polar cis azo 

isomers under UV light and vice versa under visible light, and (II) the UV-induced actuation 

behavior observed as the asymmetric bending deformation toward a light source. 

 There are different methods to improve the photo-responsive response of polymer-based 

photo-actuators. Annealing and regioselective functionalization of the photo-responsive 

chromophores in the polymer are considered effective methods for the improvement of photo-

responsive behavior 172–175. In our case study we have found that annealing the polymer not only 

orders the azo side groups ̶ which is desired to have faster response to light stimuli ̶ but it also 

orders the polymer backbone as well, which in hindsight dampens the photo-responsivity. Hence, 

the higher rigidity of the thermally annealed Azo-Cel and negligible movement toward UV light 

source. 
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 Regioselctively-functionalized di-Azo-Cel was produced by the means of the C6-

protection, i.e. tritylation of the primary alcohol group of glucose units of cellulose. The remaining 

free C2 and C3 were then esterified and after this step, the primary hydroxyl groups were 

deprotected. The obtained product was then characterized by the following methods: ATR-FTIR, 

NMR, UV-Vis, TGA, and DSC. It was found that this product had free hydroxyl groups and a 

reduced amount of AB side groups (DSazo = 1.66 for di-Azo-Cel compared to DSazo = 2.83 for 

Azo-Cel). In terms of mechanical resistance to the stretching force (tensile properties), this product 

shows more strain and deformation, yet lower force required to break the textile. This phenomenon 

can be due to two factors: (I) the existence of free –OH groups in the backbone polymer chains 

that are able to form hydrogen bonds, and (II) reduced steric hindrance caused by the neighboring 

AB side groups, hence making the polymer chains flow upon each other more easily up to a point 

where less force (=less stress) is required to break the more elongated textile (more strain). 

 Reduced amount of AB side groups however, did not appear to dampen the wettability of 

the product, compared to that of Azo-Cel. As the product has a smoother surface, the changes of 

WCA are more homogenous between trans (under Vis) and cis (under UV) states.  

 The di-Azo-Cel demonstrated weaker response to UV light stimulus under the conditions 

tired in this study. Compared to Azo-Cel, this product showed about half UV-stimulated 

movements (in terms of its varied angle, observed via the angle sheet placed behind the textiles 

during the measurements) towards the light source because of the reduced amount of AB side 

groups, and possibly the presence of –OH groups that form intramolecular hydrogen bonds. 

 The entirety of this thesis study revolved around the fact that the AB groups that react to 

light stimuli are located on the side groups and are not a part of the polymer backbone. Numerous 

studies report much quicker and higher photoresponsivity to UV and visible light stimuli whenever 
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the chromophore act as a link inside the backbone of the product 27,28,136. Interestingly, our study 

differs from its pioneering works because of several reasons, such as the fact that the very first 

electrospun polysaccharide-based photo-actuator was fabricated during this study, the light source 

is not optimized and can be improved, and other forms of regioselective-functionalized Azo-Cel 

could be produced to study their effects. 

For the continuity of this study, another regioselectively-functionalized Azo-Cel can be 

produced where the C6 regions are esterified with AB groups and the C2 and C3 regions are free 

to form hydrogen bonds. The electrospinnability and photo-responsivity properties may differ 

from the present case, as well as the anticipated thermal and mechanical behaviors. Another 

possibility would be to produce polymers where the monomers are connected to one another via 

Azo pendants, displacing the chromophores that react to light stimuli from the side groups to the 

main chain of the polymer in order to possibly intensify the photo-actuation. Apart from cellulose, 

other starting materials such as alginate, amylose, etc., could be used to study their respective 

impacts on the thermal/mechanical/photo-responsive behaviors. 

 At last, it is imperative to mention the scientific accomplishments and milestones during 

this work of PhD thesis: 

1) The author has validated 123 hours of various courses throughout this PhD thesis, naming 

Leadership et travail en équipe, Mobilisation vers l’emploi, Développer une posture de 

leader, Nanocellulose Winterschool 2019, Synchrotron X-ray and neutron applied to nano-

electronics, etc. 

2) During this thesis, the author has supervised an overall of 28 hours of lab courses in kinetics 

and thermodynamics of chemical reactions for bachelor students of Université Grenoble 

Alpes, (UGA). 
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3) The author has helped with the organization of the stand of Labex-Arcane during 30th 

anniversary of Fête de la Science at Minatec of Grenoble, and co-supervised two Master’s 

interns during his thesis, whose results of works were published in ACS Macro Letters in 

2021 19. 

4) The results of the first half of this work were published in Macromolecular Rapid 

Communication journal in March 2022 50. 

5) The author of this thesis has presented the results of this work as oral and poster 

presentations in several conferences, naming GFP2021 and DumBiop2022. 

6) The author has been the winner of Concours Vidéo du Labex arcane, during which a short 

movie was prepared to present the current work revolving around electrospinning 176. 

7) Furthermore, the author has been the representative of non-permanents at CERMAV-

CNRS, as well as the vice-treasurer of Glob’Alps non-profit organization during his thesis, 

which is an assembly of the PhD candidates of UGA doctoral college that aims to assist 

PhD candidates in their personal and professional lives. 
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Appendix 

 

 During this study, several measurements were conducted to characterize some specific 

behaviors of Azo-Cel and trityl cellulose. For example, spin-coating of Azo-Cel was carried out 

to distinguish the WCA behavior of an Azo-Cel spin-coated film from textile. In addition, 

perpropionylation of trityl cellulose was carried out in order to measure the DStrityl from the 1H 

NMR spectrum, but this attempt was fruitless as it was unable to produce reliable results. That is 

why this section discusses the procedure and results of these measurements. 

 

A.1. Spin-coating of Azo-Cel 

According to the literature, for the spin coating of azo-containing polymers, a variety of 5-

15 mg/mL solutions would be enough to study the effect of WCA 177,178. A final thickness of at 

least 300 nm is required for the tests 179. For the purpose of this study, two solutions of 5 mg/mL 

and 50 mg/mL Azo-Cel in dichloromethane (DCM) were prepared; the former was labelled S-1-

135-1 and the latter S-1-135-2. A Tournette SPIN150 spin-coater was used to prepare thin films 

of Azo-Cel on a silicon substrate by spinning at 2000 rpm for 60 seconds. 

 Once thin film from each solution was prepared (Sp-135-1 and Sp-135-2 respectively), 

their thickness were measured by Filmetrics F20-UV apparatus, noting 35.9 nm for Sp-135-1 and 

1157.3 ± 32.5 nm for Sp-135-2. WCAs of these two specimens were measured after each sample 

went through one full cycle of visible-UV-visible light irradiation. Firstly, WCA of each specimen 

was measured under visible light and before UV irradiation, the specimens were then placed inside 

the UV lamp at 60 mW/cm2 for 15 minutes and again their WCAs were measured in a dark room. 

To end the cycle, the specimens were exposed to visible white light of the room for 30 minutes 
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and again their WCAs were measured. The data presented in table 2 shows a significant difference 

of WCA (from 30 to 40 degrees) of these thin films and those of self-standing micro fiber-mats of 

Azo-Cel (generally around 120° at visible light and 110° after UV irradiation). 

According to Paik et al., 2007 178, thins films of AB-functionalized co-polymers, where AB 

acts as a junction group between two polymers, could demonstrate an angle of 110 to 125 degrees 

under visible light, and an angle of 105 to 120 degrees after UV irradiation. However, Abrakhi et 

al. in 2013 180 reported their results on the matter of AB acrylate-co-fluorinated acrylate, where 

they studied the water and diiodomethane contact angle of their polymers and how it changed 

when the molar proportion of AB side groups to fluorinated side groups changed. They argue that 

generally the contact angle (under visible light) decreased with the increase of the molar proportion 

of azo pendant to fluorinated side group. 

 

Table A.1. WCA values (°) of silicon substrate under the visible light, alongside Sp-135-1 and Sp-135-2 after going 

through a full cycle of visible-UV-visible light irradiation. 

                   Cycle 

Specimen 

Before UV UV Vis 

Silicon substrate 56 - - 

Sp-135-1 87 87 88 

Sp-135-2 81 83 88 

 

 As Figure 3 illustrates, there is a major difference of 25 to 31 degrees between the WCA 

of silicon and thin films, indicating that the water droplets are being superimposed on the surface 

of thin films, and not silicon substrate. Furthermore, each specimen reacted differently to the 

exposure of UV light. For Sp-135-1, having a finer thickness prevented the film from showing any 
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significant change of angle. In the case of Sp-135-2 however, a contact angle of 81° was noted 

before UV irradiation. After UV irradiation for 15 minutes, the angle increased to 83° whilst at the 

end of the cycle where the thin film has already been exposed for 30 minutes to visible light, an 

angle of 88° is recorded.  

 

 

Figure A.1. Shapes and contact angles of water drop for Sp-135-2 and silicon substrate. 

 

Moreover, the surface of Sp-135-2 was not homogenous because of the high concentration 

of the solution. Perhaps the concentration should be somewhere in between 5 and 50 mg mL-1. For 
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having thicker film, the polymer can be applied to the silicon substrate several times to keep the 

homogeneity. 

 

A.2. Determination of DStrityl of 6OTC by Perpropionylation 

 One of the means to calculate the DS of the functional groups on cellulose-esters and 

cellulose-ethers is perpropionylation of the product in a system of propionic anhydride/pyridine 

and DMAP as catalyst and then calculate the DS by comparing the integrals of the H bands of the 

propionyl groups to the H bands of anhydroglucose unit (AGU) on 1H NMR spectroscopy 181,182. 

  

Figure A.2. IR spectra of HA-121-P, 145-P, 148-P, 150-P, and 152-P. 
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 For our purpose we followed the procedure reported by Gräbner et al., 2002 182 for the 

preparation of peracylated trityl cellulose and determination of DS by 1H NMR spectroscopy. 

Prior to perpropionylation, each product was prepared with different proportions of reaction 

components to study their effects on the tritylation. Table A.2 presents the details for each product. 

 

Table A.2. Reaction parameters of the tritylated products. 

        Parameter 

Product 

Tr-Cl (mol 

equiv. per 1 

mol AGU) 

Reaction 

moiety 

Pyridine (mol 

equiv. per 1 

mol AGU) 

Time of 

reaction (h) 

Reaction’s 

temperature 

(°C) 

HA-1-121 6 [AMIM]Cl 10 6 80 

HA-1-145 6 [BMIM]Cl 10 6 80 

HA-1-148 6 [BMIM]Cl 10 3 80 

HA-1-150 4 [BMIM]Cl 10 6 80 

HA-1-152 6 [BMIM]Cl 10 6 100 

 

 0.3 g of each of the 5 trityl-cellulose products, i.e. HA-1-121 (synthesized in [AMIM]Cl), 

HA-1-145, HA-1-148, HA-1-150, and HA-1-152 (prepared in [BMIM]Cl), was added to a system 

of 6 mL propionic anhydride and 6 mL pyridine, with 50 mg of DMAP as catalyst. The reaction 

was carried out at 80 °C for 24, after which the mixture was precipitated into 50 mL of ethanol 

(EtOH) and filtered. For purification, each product was dissolved in chloroform and re-precipitated 

in EtOH and refiltered. Propionylated trityl-cellulose products were labelled HA-121-P, HA-145-

P, HA-148-P, HA-150-P, and HA-152-P respectively. Figure 3 describes the IR spectra of these 

products. Along with the trityl bands at 3091, 3057, 3000, 1596, 1491, 1449, 601, and 635 cm-1 it 

is clear that new peaks have emerged that belong to propionyl groups. The sharp absorbance band 

at 1748 cm-1 belongs to the –C=O of ester group, while the peaks at 2977, 2941, and 2880 cm-1 
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belong to the –CH of propionic. Furthermore, the absence of –OH stretching bands at 3464 cm-1 

suggests the propionylation reactions were complete. 

 The 1H NMR spectroscopy of all the five products were carried out in dichloromethane-d2 

(99.3% deuterium), by scanning the solution 128 times at room temperature. According to 

Erdmenger et al., 2007 151, the broad band between 7.86 and 6.86 ppm stands for protons’ chemical 

shifts of trityl, while the band between 5.24 and 2.65 ppm represents the protons’ chemical shift 

of AGU. The chemical shift of –CH2 of propionate can be observed between 2.49 to 1.49 ppm, 

alongside the band between 1.23 and 0.61 ppm, which represents the –CH3 chemical shift of 

propionate. Figure 4 to 8 represent the 1H NMR spectra of HA-121-p, 145-P, 148-P, 150-P, and 

152-P respectively. 

 (a) 

 (b) 
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 (c) 

 (d) 

 (e) 

Figure A.3. 1H NMR spectra of a) HA-121-P, b) HA-145-P, c) HA-148-P, d) HA-150-P, and e) HA-152-P. 
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 The DS of trityl groups on the original trityl cellulose for each propionylated product can 

be calculated from 1H NMR spectra by the following equation: 

 

DSTrityl = 3 −
7 × IPropyl

3 × IH,AGU
 

 

 Where IPropyl is the peak integral of methyl protons of propionyl moieties and IH,AGU 

represents the peak integral of all protons of AGU 181–183. The results obtained from 

perpropionylation differ from other methods of DS determination, i.e. ATR-FTIR and EA. Hence, 

EA of the products of the next steps were carried out to ensure the exactitude of the results. 
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Abstract 

 

 A polysaccharide-based smart photo-actuator is fabricated via electrospinning of cellulose 4-phenyl azobenzoate 

(Azo-Cel) from its organic solution in a mixture of high-volatile acetone, a poor solvent of Azo-Cel, and low-volatile N,N-

dimethylacetamide (DMAc), a good solvent of Azo-Cel. Stable electrified polymer jets are generated at an ideal polymer 

concentration (17 wt%) and solvent mixing ratio (acetone/DMAc = 3/2 (v/v)) so that continuous nanofibers can be drawn 

on a cylinder-shaped rotating drum electrode under a strong electric field (25 kV) and the non-woven fabric can be produced. 

The Azo-Cel fabric is confirmed to be made up of uniaxially aligned nanofibers via scanning electron microscopy. The 

water contact angle of the Azo-Cel fabric reversibly decreases and increases in response to alternate irradiation with UV and 

visible light to geometric deformation of the azobenzene moiety between the trans and cis isomers, resulting in lower and 

higher surface free energies, respectively. Furthermore, self-standing Azo-Cel fabric shows a photomechanical asymmetric 

bending deformation toward the light source caused by UV light. Regioselectively functionalized Azo-Cel was synthesized 

through protection of C6 of AGU by tritylation, then esterifying the C2 and C3 regions, then eventually deprotecting the C6 

regions to obtain di-Azo-Cel. Although this method shows no change in WCA of the new product compared to Azo-Cel, the 

photo-responsive bending is heavily impacted and dampened probably due to a molar decrease of functionalized Azo side 

groups and the presence of –OH groups that form intramolecular hydrogen bonds. 

 

 

Résumé 

 

 Un photo-actionneur intelligent à base de polysaccharide est fabriqué par électrofilage de 4-phényl azobenzoate de 

cellulose (Azo-Cel) à partir de sa solution organique dans un mélange d'acétone hautement volatile, qui est un solvant pauvre 

d'Azo-Cel, et de N,N-diméthylacétamide (DMAc), peu volatil mais bon solvant d'Azo-Cel. Des jets de polymère électrifiés 

stables sont générés à une concentration de polymère idéale (17 % en poids) et un rapport de mélange de solvants optimisé 

(acétone/DMAc = 3/2 (v/v)) afin que des nanofibres continues puissent être dessinées sur une électrode à tambour rotatif en 

forme de cylindre sous un fort champ électrique (25 kV), et ainsi un textile non-tissé peut être produit. Il est confirmé par 

microscopie électronique à balayage que le tissu à base d’Azo-Cel est composé de nanofibres uniaxialement alignées. L'angle 

de contact avec l'eau du tissu à base d’Azo-Cel diminue et augmente, de manière réversible, en réponse à une irradiation 

alternée avec la lumière UV et visible, comme suite à la déformation géométrique du motif azobenzène entre les isomères 

trans et cis, entraînant respectivement des énergies libres de surface basses et hautes. De plus, le tissu à base d’Azo-Cel 

autoportant présente une déformation de flexion asymétrique photomécanique en direction de la source lumineuse UV. De 

l’Azo-Cel régiosélectivement fonctionnalisée a été synthétisée par protection du C6 d'AGU par tritylation, puis estérification 

des régions C2 et C3, puis finalement déprotection du carbone C6 pour obtenir du di-Azo-Cel. Bien que cette espèce 

chimique ne montre aucun changement dans le WCA du nouveau produit par rapport à Azo-Cel, la flexion photosensible 

est fortement impactée et atténuée, possiblement en raison d'une diminution de masse molaire des groupes latéraux Azo 

fonctionnalisés, ainsi que de la présence des groupements –OH qui peuvent former des liaisons hydrogène intramoléculaires. 


