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Abstract 

Thin films of azobenzene-polymer material show unique photo-responsive 

behavior under irradiation with two interfering laser beams. That leads to generate 

surface inscription pattering known as Surface Relief Grating (SRG). Moreover, 

two different types of polymers were used in this research, and we used them with 

new series of azobenzene compounds. In fact, the H-bonding between donor and 

acceptor system was applied to create the link between the polymer and the 

azobenzene materials. The chromophore units in the azobenzene were attached 

to the polymer backbone through hydrogen bonding. In this research, we 

determined the efficiency of hydrogen bond to form SRG on azo-polymer thin films. 

The UV-VIS absorption spectra of the azo-polymer film showed broad band 

extending from 400-700 nm with maximum occurring at 430-580 nm. The laser’s 

wavelength was selected within the absorption band. Azo-polymer thin film was 

irradiated with a 532 nm green laser at room temperature. The obtained grating 

was confirmed by AFM scanning method, and grating depth up to 86 nm was 

observed. 
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Chapter 1: The Photo-reactivity of Azobenzene Materials 

1.1. Introduction 

   

 Azobenzene-polymers films have become an interesting area because of efficient 

photoisomerization and photoinduced effects of the azobenzene groups. Since the 

discovery of their photo responsive properties, azobenzene moieties have been the subject 

of many studies. When these chromophores are irradiated with a laser beam at frequencies 

within their absorption band, the chromophores undergo photoisomerization, 

photoreorientation and mass movement 1. These photoinduced properties are essential to 

many technologies, including optical devices, nanoimaging, and optical data storage. In 

1995, two independent research groups reported an interesting phenomenon: 

morphological deformation due to the induced mass movement of azopolymer materials. 

When a thin film of azobenzene material is irradiated with a light interference pattern, a 

sinusoidally modulated surface is produced on the azobenzene polymer film which is 

known as Surface Relief Grating (SRG) 2,3,4. Light polarization and intensity modulations 

are recorded on the thin film as microscopic morphological changes. These SRGs are stable 

at room temperature and can be erased by heating the sample to its glass transition 

temperature (Tg) 5,6. 
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 Many studies have focused on understanding the process and the factors that 

influence the formation of SRGs. SRG formation depends on light polarization, the 

chemical structure of the material, and photoinduced phenomena. However, a 

comprehensive understanding of the process and its mechanisms is still needed. 

 My research aims at studying the ability of forming surface relief gratings (SRGs) 

based as prospective materials in the fields of optoelectronic and photonic devices. 

Supramolecular films were built based on hydrogen bonds between the functional groups 

of the polymers that are chitosan (Chi) and poly 4-vinyl pyridine (P4VP) with the 

functional groups of the as-prepared azobenzene compounds. The first compound belongs 

to the family of imidazoles, including dicyanoimidazole (DCI) derivative 1 and benzo [d] 

imidazole (BI). The second compound belongs to the family of thiazoles, including benzo 

[d] thiazole (BT) derivative 3 and (6nitro-benzo[d]thiazole (NBT) derivative 4. The last 

compound belongs to the family of pyridines (P) derivative 5, and the other derivative 

contains N-methylpyridinium salt (NMP) derivative 6. These derivatives were synthesized 

by Filip Bures. A green laser 532 nm was used as light source to irradiate the sample of 

azobenzene-polymer film to obtain grating. In the first part of this study, SRGs were 

formed in hydrogen-bonded supramolecular system by using a natural polymer (chitosan) 

as a polymer source and caused it to interact with an azobenzene compound to form grating. 

The surface relief grating is then inscribed by using polarized beams to create and apply an 

interference pattern with the green laser. The surface relief grating formations were 

measured in the prepared polymer-chromophore assembly films by using an Atomic Force 

Microscope (AFM). The second part of the research focuses on studying six different 

azobenzene derivatives (1-6) with the polymer (P4VP). The grating successfully forms in 
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four of the azobenzene derivative based polymers. The azobenzene molecule is attached to 

the backbone chain of the polymer through hydrogen bonding. The chromophore units in 

the azopolymer film show photo-responsive behavior when the film is exposed to polarized 

light. That leads to photo-orientation and microscopic motion at the irradiated area. 

  Indeed, photo isomerization is the main cause of photo-orientation, as will be 

discussed later. Different concentrations of the polymer solutions were tested using the 

same laser power level. We compare the grating recording to emphasize the role of the 

chemical structure of the azobenzene molecule. The results obtained are similar to those of 

previous studies 2,3. 

 The research then focuses on obtaining gratings on thin film of azopolymer material 

containing materials based on H-bonding between the polymer and the azo-dyes. The 

photo-physical features of the azobenzene materials when exposed to polarized remains 

the key-ingredient to generated SRG. 

 

 

1.2. Azobenzene Chromophores  

Azobenzene, or commonly, azo, is a term referring to an aromatic molecule consisting 

of two phenyl rings linked by an inner azo group (-N=N-). The azo functional group has 

been under intense scientific investigation since it was discovered in 1834 4,5,6. It was then 

mostly used for coloring and dyeing purposes. Over 100 years later, in 1937, G. S. Hartley 

published his discovery of the photoreactive behavior of azobenzene response to light 

sources of certain intensities 5. Because of Hartley's discovery, azobenzene, and more 

specifically, the isomerization of the N=N double bond that is central to the azobenzene 
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compound gained much attention in science and industry. Azobenzene's unique 

photoreactive property is the main reason for its use in applications such as nonlinear 

optical devices, photoswitching 7, nanoimaging, and optical data storage 8. Though 

azobenzene compounds share many similar properties - particularly in the conjugated 𝜋- 

system for the absorbing light, their absorption spectra are considered the one major 

difference between all azobenzene materials 4. In addition, the azobenzene absorption 

spectra extend in the range between ultraviolet to visible red. Each azo compound is 

attached to a different functional group, resulting in chemical and physical differences from 

one another. 

 

 

 

 

Fig 1. The chemical structure of three azobenzene molecule types: (a) azobenzene; 

(b) amino azobenzene; (c) pseudo-stilbenes 
 

With respect to these differences, as well as their idiosyncratic spectroscopic 

absorptions, azo molecules are grouped into three main classes: azobenzene-type, amino 

azobenzene type and pseudo-stilbenes (chemical structures are shown in Fig.1) 4. The 

absorption spectra of the above azo classes result in their colors: yellow, orange, and red, 

(a)         (b)                  (c) 
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respectively, as seen in Fig 2. Indeed, unsubstituted azobenzene shows a low-intensity n-

* absorption in the visible region, specifically in the range of 400-500 nm, and a -* 

band in the UV region. The azobenzene absorption spectrum is very sensitive to any 

changes in the chemical structure of azobenzene molecules, for instance, adding 

substituents to the molecules could give rise to a major change in the spectra, and leads to 

new azobenzene groups. Characteristically, attaching a donor group (commonly amino 

group –NH2) into the azobenzene ring at the ortho- or para- positions affects the 

azobenzene absorbance band. In the aminoazobenzene class, -* and n-* absorption 

bands are much closer. Clearly, n-* state is buried under the -* band. Furthermore, 

attaching additional substitutions such as those from electron donor and electron acceptor 

groups (NH2, and NO2) to the azobenzene molecule's rings at the 4- and 4′- positions results 

in a strong asymmetrical electron distribution (usually called a “push/pull” substitution 

pattern). The -* band shifts to lower energy in the azobenzene and amino azobenzene 

classes, as does n-* in the pseudo-stilbene class 4,5. Also, the azobenzene molecules are 

affected by the nature of the solvent's own polarity. That is, when a polar solvent is used 

with amino azobenzene, the absorption band appears at a higher energy, while the 

absorption band of amino azobenzene molecules in nonpolar media shifts towards a lower 

energy. A similar effect occurs in the case of the pseudo-stilbene class because of the push-

pull system in the same azo-compounds. That leads to symmetrical electron distribution 

due to its high sensitivity to its surrounding environment which make it suitable for many 

applications. 
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Fig 2. The optical absorbance spectra for all azobenzene classes. Azobenzene-type 

molecules (solid line) is absorbed strongly in the UV region, and low intensity in the UV-

VIS region. Amino azobenzene (dotted line) and pseudo-stilbenes (dashed line) have 

absorbance in the visible region 4. 

  

The second part of this work discusses the synthesized azobenzene derivatives with P4VP. 

These new azobenzene compounds were synthesized by Dr. Bures at University of 

Pardubice. The azobenzene derivatives were designed to be applied in photo-reactivity 

research. We used them with the polymer P4VP to examine their ability into SRG 

formation. All the compounds have -OH groups which we target to form H-bonding with 

the N atoms of P4VP.The chemical structures of the azobenzene compounds used are 

shown in Fig 3.     
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a) b)            

c)       d) 

  e)       f)   

     

Fig 3. The chemical structures of the synthesized azo benzene derivatives (1-6); a) DCI, 

b) BI, c) BT, d) NBT, e) P, and f) NMP. 

 

1.3 Photoinduced phenomena in polymeric azobenzene thin films  

  Azobenzene polymers display unique photosensitive behaviors under illumination 

that originate from cis-trans-cis isomerization 9. Even though photo-isomerization has been 

widely studied, the precise mechanism involved in the process of this photo-induced 

motion is still not completely explained.  
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1.3.1 Photo isomerization of azobenzene 

 Photo isomerization is the primary cause of interest in studying this material.  It is 

responsible for the chemical and physical changes in the azobenzene molecule's properties. 

So, azobenzene exists in two geometric isomers: thermodynamically stable trans (E) and 

metastable cis (Z). Both isomers can be interconverted to each other by light or heat 10,11,12. 

Azobenzene chromophore units under exposure to visible light and/or UV convert between 

trans (E)  cis (Z) isomers. In fact, the photo isomerization process occurs upon electronic 

excitation of an electron from the (n) or (π) orbital in the ground state to the exited state. 

The electron is excited by light which leads to moving the electron to a different level, 

either from the highest occupied non-bonded orbital (n) or the highest occupied orbital (π) 

to the lowest unoccupied π orbital (π*).  A non-radiative decay from the excited state is 

responsible for bringing the molecule back to its ground state, either the cis or trans state. 

The less stable state cis goes back to the more stable state trans by either the sample thermal 

back reaction or a reverse (E)  (Z) photo isomerization cycle (Fig. 4) 10,13,14,15. Moreover, 

at room temperature, azobenzene molecules exist in trans state. In this condition, the trans 

isomer is thermodynamically more stable; however, the cis isomer is nonstable, and it can 

turn to trans either through photochemical transition or through thermal relaxation. In the 

case of a photochemical transition, the isomers form in picoseconds, whereas thermal 

relaxation requires from  seconds or hours 16. 
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Fig 4. A) Photoisomerization of azobenzene; B) Photochemical transition between 

trans and cis states 16 
 

The major feature of Azobenzene compounds is that they undergo a reversible photo-

isomerization between two isomers which are cis and trans isomerization. This property 

has been used widely in photo-responsive organic thin films 17. Therefore, azobenzene 

compounds have potential to be used in several attractive applications such as optical 

switched and image storage devices 5,17. Many studies focused on understanding this 

interconversion process of the azobenzene isomers when they are irradiated with light at 

appropriate wavelengths, resulting in obtaining a trans to cis isomerization. Two 

mechanisms were proposed by which isomerization is occurred: first, the rotation of the 

phenyl ring around the -N=N- group occurs out of plane of the azo group angle. In this 

high electronic transition, the transition of π- π* takes place around –N=N- double bond. 

Second, the nonbonding electron pair of nitrogen atoms (-N=N-) might lead to n-π* 

electronic transition with inversion isomerization at the nitrogen atoms. In conclusion, the 

rotation and the inversion process results in the same confogration change of  the 

azobenzene molecules. Due to the reversibility of this reaction, the trans-isomer can be 

returned via irradiating the cis-isomer at a wavelength of 400–450 nm or via heat (Fig. 5) 4. 
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Fig 5. The rotation and inversion pathways of the trans-cis isomerization 17 

 

1.3.2 Photo-reorientation  

 Under polarized illumination, photo-orientation occurs when a cycle of the cis-trans 

photo isomerization process takes place in the chromophore units of the azobenzene 

molecules. In fact, absorption of the beam depends on the angle between the transition axis 

and the light polarization direction by square of the cosine of the angle 13. When an 

azobenzene thin film is irradiated with a polarized beam of a frequency within its 

absorption band, molecules fall into an alignment that is perpendicular to the direction of 

the polarized light 18,19. Clearly, the pump beam can control the motion of the chromophore 

unit to match its direction. Photo reorientation can be reversed by heating the sample above 

its glass transition temperature or by illuminating the sample with circularly polarized light 

(Fig 6). 
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Fig 6. The photo-reorientation of azobenzene molecules a) illustration of the 

 molecules aligned along the direction of polarized light, and b) under irradiation, 

 an isotropic sample leads to accumulation of chromophores in the direction of 

 the polarized light 20. 

 

1.3.3 Mass movement  

 Mass motion is the third movement that azobenzene exhibits under light 

illumination. At that level, large scale motion occurs for azopolymer materials which is 

called microscopic motion 21. In fact, the photo isomerization process not only leads to 

mass movement for the chromophore in azobenzene but also a massive motion for polymer 

material. That motion can be up to several micrometers distance. So, interfering light and 

isomerization patterns create a driving force which pressures gradient. That motion 

produces grating on the surface of the film, and that pattern is visible by eye, without optical 

instruments. The height and spacing of the produced grating can be measured in the 

micrometer scale 19,22. Moreover, such type of motion usually requires strong bonding 

between the polymer and azobenzene chromophore.  
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1.4 Azo-polymer thin film 

  Azobenzene containing polymer for photo-fabrication of SRGs has been under 

investigation for optical researches. These systems are known as ‘guest-host’ systems 

which can be easily obtained by doping the azobenzene into the polymer materials. 

Usually, a solution of azo-polymer mixture is cast or spin-coated onto the glass substrates 

to form films. In fact, the advantages of attaching azobenzene molecules to polymer chains 

are many for enhancing the photo-induced motion of azo chromophores. The photo-

isomerization processes are involving the polymers chain as well that leads to migration in 

the polymer chain. Polymer chain migration maybe  is responsible for the large amplitude 

SRGs formation 11. Aside from that, it increases the stability of the resulting material 23. In 

addition, polymeric azobenzene films can be classified into two groups: azo dye doped 

polymer, and azo dye functionalized polymer. The second class also contains two classes: 

amorphous, and liquid crystalline polymer 24,25. In the case of an azo dye doped polymer, 

which we focus on in this research, the azobenzene is not covalently attached to the 

polymer chain, but forms a noncovalent bond, like H-bond, is more common in this type 

of azo-polymer film. Simply, the azo dye doped polymer film is prepared by dissolving 

both polymer and the azobenzene compound in the selected solvent, and then the mixture 

of both is deposited by using spin coating or a cast method onto glass substrates. The 

resulting films are usually dried under vacuum or heated below their glass transition 

temperature (Tg) 26. The film’s thickness is in the range of 100 nanometers to microns. 

Importantly, adjusting the concentration of the azobenzene content plays an important role 

in having a homogeneous solution. The guest-host system is preferred in the present study 

because the synthesis work can be avoided 27,28.  
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Chapter 2: Supramolecular Interaction in Side Chain Polymer 

 

2.1 Introduction  

 Supramolecular chemistry has achieved remarkable developments especially in the 

field of supramolecular polymer assemblies. Basically, supramolecular chemistry and 

polymer science together created an interesting area of research. The repeated association 

of the bifunctional monomers that are non-covalently linked to each other is known as 

supramolecular polymer. In supramolecular interactions, hydrogen bonding is considered 

as an important tool in the fabrication of supramolecular polymer that is due to its 

directionality and moderate intensity. In fact, the hydrogen bonding was applied to build 

side chain supramolecular azopolymers 29,30. Developing a complex of azobenzene and a 

supramolecular polymer linked through H-bonds as a side chain has been investigated for 

SRG formation and several nanometer depth profiles have been reported. Priimagi and his 

coworkers 11 have reported about the efficient SRGs formation  on thin films of 

supramolecular polymer and azobenzene complex, Poly(4-vinylpyridine) (P4VP) and 

Disperse Yellow 7 (DY7). In their study, it was confirmed that the hydrogen bonds link 

the chromophores azobenzene molecular with the supramolecular polymer backbone. The 

complex of supramolecular polymer and azobenzene exhibited stable SRGs and photo-

induced birefringence. The study determined that H-bonding is a useful tool in attaching 

the polymer to the azobenzene. Also, they studied the role of increasing the concentration 

of the azobenzene until every polymer repeated unit was associated with a chromophore 

31. There is another study that focused on the fabrication of a thin film containing 

supramolecular polymer-azobenzene, and the study displayed that hydrogen bonds  are 
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useful and sufficient in  the fabrication of SRG in azo-polymer thin films 24. Both studies 

demonstrated that the obtained SRGs on such films are stable under the polymer’s Tg. 

Indeed, using hydrogen bonding in fabrication of SRG is preferred for its flexibility, so the 

film’s content can possibly be adjusted. Once the SRG is observed on azo-polymer thin 

films, the concentration of azo-polymer contents can be increased until some saturation 

level is reached.     

 In this chapter, we discuss the supramolecular polymer that were used in this 

research. We used two polymers: the natural chitosan (Chi), and the polymer Poly(4-

vinylpyridine) (P4VP). More specifically, we studied the possibility of hydrogen bonding 

formation between these polymers and azobenzene.  

 

2.2 Chitosan  

 Natural polymer is a very interesting topic in scientific research. For instance, chitin 

and chitosan are two naturally occurring polymers. In fact, chitin does not exist in a pure 

form in nature. It is always mixed with other substances (proteins, lipids, minerals such as 

CaCO3, and some pigments) 32. Chitin, chitosan, and cellulose form the triumvirate of 

polysaccharide biopolymers structuring living organisms. They are within fungi and algae 

cell walls, in the arthropods, and insects’ exoskeletons as well as in the exoskeletons of 

cephalopods and mollusks. It is further important to note the chitin and chitosan exist in 

Cambrian’s, as well as in the Eocene’s fossils, that is, fossils from 25 million years ago 33.  

In 1811, a French chemist named Henri Braconnot was the first to isolate chitin from 

fungus. Surprisingly, chitin is the second naturally existing biopolymer in the earth after 

cellulose 34,35. However, in 1823, Auguste Odier successfully isolated the same insoluble 
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residue, which he named chitin. Chitin is a derivation from a Greek word that means 

"tunic". Later in 1859, Charles Rouget extracted a modified chitin version by treating it 

with a concentrated solution of potassium hydroxide (KOH). The new product of the 

deacetylated chitin is known as “chitosan”. In 1934, Rigby could obtained chitosan’s films 

and fiber 36. Recently, chitosan has been under scientific exploration as a functional 

polymer, and it could be applied into many technologies like  for instance: pharmaceuticals 

37, fiber formation 38 , and medical applications 39. 

  In fact, chitosan can be found in nature in some of fungi species whereas 

commercially it is the deacetylate from chitin. Among the various methods of 

deacetylation, the most common one involves sodium hydroxide (Fig 7). So, in this process 

chitosan is reacted with NaOH solution at 100°C for 30 mins. The purpose of this reaction 

is to hydrolyze the N-acetyl linkages. The degree of deacetylation depends on the 

concentration of the alkali, the temperature, and the reaction time. The degradation of the 

polymer chains is observed when the sodium hydroxide (NaOH) concentration increases 

40. At low concentrations of NaOH, deacetylation proceeds slowly. Also, the degree of 

deacetylation can be increased with the reaction time, but the increase in reaction time not 

only results in an increase in deacetylation yields, but also in the hydrolysis of the 

polysaccharide chain 32,41. 
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Fig 7. Illustration of the deacetylation of chitin and the production of chitosan 42 

  

In addition, the deacetylation could be repeated, and 98% deacetylation can be 

obtained. Indeed, the deacetylation process typically removes acetyl groups in chitin which 

results in producing chitosan with the free amino group (–NH2) 33. Interestingly, the NH2 

group is the main reason of interest of chitosan because most of the chemical modification 

reactions are done through NH2. Indeed, the unique rigid crystalline structure of chitosan 

leads to the inter- and intra-molecular hydrogen bonding. Also, the NH2 group is 

responsible for producing chitosan derivatives that can obtained through other methods 43.    
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2.3 The physicochemical properties of chitosan  

2.3.1 Viscosity  

 Viscosity in chitosan is one of the most important properties of chitosan that 

influences its potential applications. In fact, the viscosity of chitosan solution is related to 

its molecular weight (Mw) and the concentration of chitosan. Also, it is possible to 

determine the viscosity average molar mass by the Mark-Houwink relation: 

([] = KM)  44 

 where  is intrinsic viscosity, K and  are constants, and the values of K depend on the 

nature of the solvent and polymer. M is average molecular weight. In fact, the viscosity of 

chitosan is increased as the molecular weight and the concentration increase. Also, the 

viscosity of chitosan is affected by the pH of the solution. the viscosity of chitosan is 

increased when the Mw and the concentration of chitosan are increased, while the viscosity 

of chitosan is increased with decrease in the pH in acetic acid solution. 

 The viscosity of chitosan is influenced by changing the temperature. No and Meyers 

studied the effect of temperature on chitosan viscosity such as heating, and freezing 45, and 

they determined that changing the temperature condition, affected chitosan’s viscosity, 

except for freezing which did not show any effect on the viscosity. 

2.3.2 Solubility  

Solubility is another important property of chitosan. It plays an important role in 

determining its commercial applications. In general, chitosan is soluble diluted organic and 

acidic medium by the protonation of free amino group at a pH of 6.5 or lower. For the 

chitosan application,  acetic acid is the most preferred solvent 46. Additionally, chitosan is 

soluble in dilute nitric acid, hydrochloric acid, phosphoric acid, and acetic acid. Among 
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them, acetic acid is the most commonly used solvent for chitosan. Also, the solubility of 

chitosan is influenced by other factors such as molecular weight and the degree of 

deacetylation 32.  

 In addition, the molecular weight (Mw) is another factor effecting the solubility of 

chitosan. When Mw of chitosan is increased, chitosan solubility is decreased. Since its 

average degree of acetylation (DA) is less than 0.5, the chitosan becomes soluble in an 

acidic medium. Generally, chitosan is dissolved in acetic acid, and lactic acid 39.  

 

 2.3.3 Molecular weight and color of chitosan 

The third important characteristic of chitosan is the average molecular mass or Mw. 

The molar mass distribution which will be obtained by steric exclusion chromatography. 

The molecular weight of chitosan is an effective property and is important to determine its 

potential applications. In fact, the different molecular weights of chitosan are related to 

their sources and the methods of preparation. For example, the Mw of a commercial 

chitosan is in the range of 1000 to 1200,000 Daltons 32.  

 As it was mentioned, chitosan is deacetylated from chitin which affects the 

physical properties of chitosan such as color. So, the color of chitin and chitosan is 

associated by chiton’s source. In fact, chitosan is naturally associated with carotenoid 

pigment which mainly contains astaxanthin. To determine the level of carotenoid, a few 

factors should be considered such as the crustacean size, dietary pigment availability, and 

its maturation. The pigment’s concentration value in the natural source of chitin such as 

crab and shrimp was 108 ppm 33.   
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2.3.4 Chemical structure and reactivity of chitosan  

 Chitosan is poly[-(1~4)-2-amino-2-deoxy-D-glucopyranose] or the alkaline 

deacetylation of chitin. The interesting chemical properties of chitosan that it is a linear 

polymer, has reactive amino groups, and has reactive hydroxyl groups. Interestingly, there 

is obvious similarity between cellulose, chitin, and chitosan.  However, hydroxyl groups 

in cellulose are replaced with an amino group in chitosan on C-2 positions. The chemical 

structure of chitin,  chitosan,  and cellulose are shown in Fig 8 47.  

 

 

Fig 8. The chemical structures of  the monomers chitin, chitosan and cellulose 42 

   

 Indeed, chitosan contains three function groups. The primary (C-6) and secondary 

(C-3) have hydroxyl group on each repeat unit, and amino group at C-2 position on each 

deacetylated unit. In fact, the existence of (-NH2) and (-OH) groups is responsible for its 

chemical modifiability and reactivity. For instance, in this work we targeted the OH group 

involved in forming a H-bond with another acceptor substance. On the other hand, 

reactions such as N-alkylation and N-acylation can be carried out by amino group. 

Moreover, the reactivity of the primary and secondary and the hydroxyl groups and the 

primary amino group allows many chemical reactions to prepare various derivatives of 

chitosan 43.  
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 In fact, there is lack of information in the literature regarding the hydrogen bonding 

in Chi. Most of published studies discussed Chi regarding its use in medical field or water 

waste treatment. Because of that we will discuss the hydrogen bonding in chitin which is 

the main source of Chi. Chitin is poly (-(1-4)-N-acetyl-d-glucosamine). Basically, chitin 

has similar chemical structure as cellules with the replacement of OH group at position C-

2 by an acetamido group. Low solubility of chitin is due to the highly extended hydrogen 

bonded semi-crystalline structure of chitin. The chitin chains are attached together by 

hydrogen bonding. The alkaline deacetylation of chitin results in producing Chi. The 

presence of NH2 in Chi increases the solubility of Chi with keeping the role of hydrogen 

bonding 47. 

   

2.4 Poly(4-vinylpyridine) P4VP polymer 

 Poly (4-vinylpyridine) (P4VP) is a polar polymer with excellent film-forming 

properties. In addition, P4VP is a strong electron donor due to the nitrogen atom of the 

pyridine ring (Fig 9) 48.  

 

Fig 9.  The chemical structure of Poly(4-vinylpyridine). 
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These features make P4PV an attractive material in several optical applications such as 

optical switching devices. Thus, P4PV can be used as a side chain polymer to obtain SRGs. 

Several studies have proven the formation of hydrogen bond between phenyl group of 

azobenzene and pyridine group in the P4PV 3,49. In such studies, P4VP was used as side 

chain supramolecular polymer with the azobenzene materials, and the obtained results 

displayed that P4VP formed hydrogen bonds with the azobenzene compounds and SRGs 

were reported 3,49. Comparisons between these studies and our work, in terms of the used 

azobenzene compounds, the laser types, and the concentrations, are seen in table1.  

 In this work, we use P4VP as side chain model polymer because its ability to form 

hydrogen bonding was already determined. So, to examine the key role of the new 

synthesized azobenzene derivatives (1-6), we selected P4VP as model polymer to interact 

with the new azo-materials provided by our collaborators.  
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Table 1.  Comparison between the previous studies and our work in using P4VP. 

 

Azobenzene 

compounds 

 

Laser type and 

wavelength 

(nm) 

 

The chemical 

structures of azo 

used in the studies 

 

Modulations 

depth (nm) 

 

Concentration 

 

 

The 

work 

names 

2 types of 

azobenzene 

compounds, one 

is synthesized 

(2NH), and 

another is 

commercially 

available (DY7). 

The used azo-

compounds have 

2 azo groups 

 

405, 514, and 

633 

 

 

250 

 

Several complexes 

concentrations were 

used to study the role 

of increasing the 

complexes’ 

concentrations 

 

 

 

Ref 3 

One azobenzene 

compound (DY7) 

which has 2 azo 

groups 

457 

 
652 

Different 

concentrations were 

applied to 

emphasized the role 

of complexation’s 

degree 

 

Ref 

54 

Six different 

synthesized 

azobenzene 

derivatives (1-6). 

Each azobenzene 

derivative has 

one azo group 

only 

YAG green laser 

with wavelength 

of 523 

 

 

87  

Constant 

concentration for all 

the P4VP 

(azo- derivatives 1-

6). 

 

Our 

work 

 

So, in our study approved that H-bonding between the polymer and the 

azobenzene molecules that have single N=N group form sufficient SRG.  
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Chapter 3: Characterization Techniques and Experimental Section  

 

3.1 Characterization techniques   

  Characterization of Surface Relief Gratings requires and involves many methods 

and techniques. So, the deposition method comes first. In this work, spin coating was used 

to deposit a mixture of polymer-azobenzene on glass substrates. After that, characterization 

techniques were applied to form a surface relief grating obtained by applying ultraviolet or 

visible light (UV). The purpose of using the UV-VIS spectroscopy is to find out the 

maximum absorbance of azobenzene-polymer film as well as the absorbance range because 

that is related to selecting the wavelength of the laser in the following step. Next, the solid 

film of the azobenzene film is irradiated with Yttrium Aluminum Garnet (YAG) green laser 

with a wavelength of 532 nm while adjusting the power lever, time of irritation, and grating 

spacing. Finally, the Atomic Force Microscopy (AFM) scanning method was used to 

confirm the formation of a surface relief grating. In the first part of this chapter we will 

discuss in more details the characterization technique and method.  

 

3.1.1 Spin coating deposition method  

 Spin coating is considered as one of the oldest and most traditional fabrication 

methods for thin film deposition. Spin coating is commonly used to deposit polymeric 

azobenzene material onto flat substrates. Basically, the spin coating is a procedure used to 

deposit certain amounts of polymer-azobenzene mixture onto the center of the flat glass 
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substrate while the substrate is fixed on the substrate holder in the spin coater. The substrate 

is rotated at high speed to spread the coating materials by centrifugal force. The force ejects 

most of the solution, so only the thin solid material forms a layer on the surface of the flat 

substrate, which process is known as radial liquid flow 50. 

 

 

 

 

 

 

 

 

 

Fig 10. The process of the deposition of the azobenzene polymer thin films 

 

 The second process is the evaporation of the solvent. In this step, the applied solvent 

usually is volatile, and simultaneously evaporates from the chemical, so that results in 

cooling the chemical and increasing the viscosity of the chemical. In addition, the film 

thickness was affected by many factors such as the spinning rates, the concentration of the 

deposited solution, and the viscosity (Fig 10) 46. For example, at lower speed, the film 

thickness would be thicker, while high speed would produce a thin film. In this work the 

typical spinning rate was 1000 rpm for 40 seconds 50. 
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3.1.2 Ultraviolet-Visible Spectroscopy 

Ultraviolet-Visible spectroscopy (UV-VIS) or “electronic spectroscopy” is a tool 

for measuring the attenuation of a beam of light after it passes through a sample or reflects 

from a sample surface. The absorption spectroscopy measurement is recorded in                  

the ultraviolet-visible region as a single wavelength or an extended spectral range. UV-VIS 

spectroscopy is widely used in several fields such as chemistry, pharmacy, and          

medicine 51. UV-VIS is commonly used in different fields. For instance, in chemistry UV-

VIS is a beneficial tool in detecting the functional group, multiple bonds and/or aromatic 

conjugation in molecules as well as detection of impurities. Also, it is  important in 

qualitative and quantitative analysis 51. The principle of UV-VIS is dependent on the 

electromagnetic spectrum. Thus, the ultraviolet region extends from 100-400 nm whereas 

the visible region extends from 400-800 nm (Fig 11). When the chemical material or 

sample is exposed to UV light, the electron moves from the electron ground state or “low-

energy” to the excited state or “high energy” (n- π* and π- π*) (Fig. 12) 51.  
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Fig 11.  The electromagnetic spectrum 51. 
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 𝜎       Bonding 

   

   Fig 12. Electronic energy levels 
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In addition, the electromagnetic radiation in the ultraviolet and visible regions 

passes through chemical compound that contains several bonds. The chemical compound 

absorbs a certain amount of the radiation. This absorbed amount is determined by 

wavelength of the radiation and the compound’s structure. The reported absorption of 

maximum wavelength is calculated through the Beer-Lambert law: 

 

A=log10(Io/I) = ϵ.l.c 

 

where (Io) is the intensity of passing light through the reference sample, I refers to light 

transmitted through the sample, log10 (Io/I) is the absorbance, ϵ is molar absorptivity, l is 

the path length of the sample in cm, and c is the concentration of the sample in M 52,53.    

 

3.1.3 Yttrium Aluminum Garnet (YAG) green laser used in the experimental set up 

 The formation of a surface relief grating (SRG) is an optical process that is 

dependent on several factors. One important factor is the incident light on the polymeric 

azobenzene thin film sample. In this work, an SRG was fabricated using Yttrium Aluminum 

Garnet (YAG) green laser with an intensity of 532 nm. The light interference patterns were 

obtained by adjusting the incident beam to split equally into two half beams. The first half 

of the beam will be directly send to the surface of the film, while another half will be 

reflected from the mirror to the film’s surface. Both beams meet at the film’s surface. The 

wavelength Λ of the resulting grating can be calculated from:      

Λ = λ/ 2 sin(θ) 
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where λ is the wavelength of the incident light. The laser setup is illustrated in Fig.13. As 

it can be seen S refers to the sample of polymer-azobenzene thin film, M is the mirror, D 

is the detector for the diffraction of the beam, and WP is wave plate 3,20. A photo of the 

laser used is shown in Fig 14.   

 

 

Fig 13. Laser setup for inscription of surface relief grating on polymer-azobenzene thin 

film 20 

 

 

Fig 14. Photography of the YAG 532 nm green laser at RMC lab that was used to 

produce the grating on azopolymer thin film. 
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3.2 Chemicals and materials 

Dicyanoimidazole (DCI) derivative 1, benzo[d]imidazole (BIM), benzo[d]thiazole (BT) 

derivative 3, (6 nitro-benzo[d]thiazole (NBT) derivative 4, pyridines (P) derivative 5, the 

N-methylpyridinium salt (NMP) derivative 6. All of these azobenzene derivatives were 

synthesized by Dr. Filip Bures at University of Padubice. Poly(4-vinylpyridine) (average 

Mw 600,000, Aldrich), N,N-Dimethylformamide (DMF) (≥99.5%, Fisher Scientific), 

dichloromethane (DCM) (99+%, Fisher Scientific), chitosan (Sigma-Aldrich), N,N-

dimethyl-4-(2-pyridylazo) (PADA) (98%, Aesar), acetic acid (≥99.5%, Sigma-Aldrich) 

were used without any purification. The utilized instruments were YAG 532 nm  green 

laser (Verdi V5, 5W, Coherent), spin coater (Model Ws-400B-6NPP/LITE), U.V.-Visible 

spectra were recorded with A Hewlett Packard 8452A Diode Array Spectrophotometer. 

Atomic Force Microscopy (AFM) Ambios Technology (Model No. EIU, 0927401). 

 

3.3. Sample preparations and procedures  

 First, glass substrates were cut to suitable sizes. The substrates were washed with 

water, soap, and then distilled water, isopropanol, and finally in acetone in an ultra-

sonication bath for 10-15 mins. The substrates were dried by an air dryer. For the first part 

of this work, 1:2 mole of chitosan with N,N-dimethyl-4-(2-pyridylazo) aniline were 

separately dissolved in 3 mL of acetic acid with a pH  2.3. Both solutions were stirred for 

48 hours, then they were mixed and stirred for an additional 24 hours. Therefore, 0.2 M of 

P4VP was measured, calculated amount was prepared 6 times to mix it with each amount 

with each azo compound (1-6), and individually mixed with the calculated amount of 

azobenzene compounds (1-6), and then they were dissolved in 2 mL of organic solvents as 
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it can be seen in Table 1. Each solution was stirred for 24 hours, and then each polymer 

solution was mixed with azobenzene derivative solutions. The resulting solutions were 

stirred for an additional 24 hours. The colors of the azobenzene derivatives are shown in 

Fig 15. 

    DCI   BI    BT    NBT      P NMP 

 

Fig 15. The colors of the six azobenzene derivatives that were mixed with P4VP to form 

thin films. 
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Table 2. The amount of P4VP used to form six different solutions with azobenzene 

derivatives1-6. Resulting solutions were coated onto the glass substrates to form thin films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

No. of 

experiments 

Azo 

derivative 

Weight 

(g) 

Molarity 

(M) 

Organic 

Solvent 

# 1 DCI  0.063 0.2 DMF 

# 2 BI 0.00618 0.2 DMF 

# 3 BT 0.0596 0.2 DCM 

# 4 NBT 0.0618 0.2 DMF 

# 5 P 0.0315 0.1 DCM 

# 6 NMP 0.056 0.2 DMF 
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3.3.1 Deposition method 
  

 The spin coater was used to deposit the azopolymer solutions on the glass 

substrates. Different films were deposited with different time intervals as well as different 

speeds, especially at 1000 rpm in 40 seconds. Afterwards, the films were thermally treated 

at 125 oC (Tg) for 10 minutes (Fig 16). 

 

 

 

Fig 16. Picture of coated glass with a thin layer film of Chi (PADA) 
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Table 3. Irradiation parameters of the thin films with YAG green light 532 nm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Samples of thin films Time (sec) Space (nm) 

Chi (PADA) 600 500 

P4VP (DCI) 500 500 

P4VP (BI) 500 550 

P4VP (BT) 700 500 

P4VP (NBT) 500 550 

P4VP (P) 500 500 

P4VP(NMP) 500 500 
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3.3.2 The grating formation 

 

  The resulting films were exposed to the green laser (532 nm) with a 1.5 W/cm2 

power level (Fig 14). The films were irradiated for different amounts of time between 350 

to 700 seconds. Table 2 illustrates the power, time, and selected spacing for each sample. 

To confirm the grating formation AFM was used as a scanning method (Fig 17)      

 

 

Fig 17. The scanning process to conform the formation of SRG on azo-polymer thin films 

by using the AFM. 
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Chapter 4: Results and Discussion 

 

The first part of this work was focused on studying SRG in thin films containing 

Chi (PADA), and with a H-bond between Chi and PADA. Also, we studied the ability of 

films containing P4VP (azo derivatives 1-6) to form the diffraction gratings. This polymer 

was mixed with functionalized designated azobenzene derivatives (1-6). The experiments 

were repeated several times using different concentrations, solvents, laser wavelength, and 

irradiation times. The reported experiments were repeated 3 times. We reported the 

optimum concentrations as well as the laser power level and irradiation time. The obtained 

results showed that there might be an intermolecular interaction between the dyes and the 

polymer, and the gratings were formed in most of the films. The grating on film of  Chi 

(PADA) is new finding whereas grating in P4VP in which the novelty is the use of azo 

derivatives 1-6 are well matched with published works, Vapaavuori and Wang 3,54. The 

reported works studied SRG on supramolecular polymer-azobenzene thin films linked by 

H-bonding. In their studies they obtained SRG with high depth up to 250 nm. The polymer 

used in both studies was P4VP, and their results indicated that the supramolecular polymer 

can be applied for optical and photo-reactive field. The obtained gratings were stable below 

the polymer’s Tg.        
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4.1 UV-VIS absorption spectra 

 4.1.1 Chitosan (N,N-dimethyl-4-(2-pyridylazo) aniline) 

 We studied side-chain azobenzene supramolecular polymers that were formed by 

attaching the azobenzene to the polymer chain backbone through H-bonds. In the first part 

of this work, we successfully obtained SRG on a thin film of the natural polymer chitosan 

with N,N-dimethyl-4-(2-pyridylazo) aniline. The complex of Chi (PADA) was deposited 

on glass substrates, and the resulting film was characterized by UV-VIS spectroscopy. It 

was exposed to 532 nm green laser light. The irradiated area was scanned by using AFM. 

  The Chi (PADA) complex was prepared in 1: 2 concentration, 1 M of Chi to 2 M 

of PADA. In term of UV-VIS spectra of the Chi (PADA) film, the UV-VIS spectrum 

absorption shows a λmax at 428 nm which might be attributed to the n- π* and π-π* transition 

(Fig 18). The UV-VIS spectrum for Chi (PADA) was not recorded after the irradiation of 

the film by the green laser light due to the aggregation that occurred into the film. 

 

Fig 18. The UV-VIS spectrum of the thin film of Chi (PADA) 

4.1.2 UV-VIS for thin film of P4VP (azo drevatives1-6)  
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 P4VP polymer was used in this part of the work as a model polymer because of its 

ability to form a H-bond with azobenzene derivatives has determined 3. Thin films of P4VP 

azobenzene derivatives 1-6 were exposed to 532 nm green laser with power of 1.5 W in 

range of time between 350-700 seconds, and the space of 500-700 nm. The UV-VIS 

spectrum was measured for each P4VP (Azo derivative) before and after exposing the 

films. 

The UV-VIS spectrum of P4VP (DCI) before irradiation showed an absorption 

band which extends from 400-600 nm. After the irradiation of the film, a red shift to longer 

wavelength occurred 450-700 nm (Fig. 19). In the case of P4VP (BI) (Fig. 19), before 

irradiation the absorbance spectrum showed an absorbance band extended from 400-650 

nm, while after the irradiation a red shift of 72 nm was recorded. This shift can be occurred 

due to some local reorganization of the host following the repeated isomerization process. 

The UV-VIS spectrum of the thin film of P4VP (BT) (Fig. 19) indicated an absorbance 

maximum about 516 nm before irradiation with the laser, whereas after irradiation 

absorbance showed a red shift about 102 nm. We obtained inscribed SRGs on the thin films 

of P4VP (DCI, BI, and BT). The UV-VIS spectra of P4VP (Azo derivatives 1-6) were 

recorded to examine the change in the absorption. We noticed that a red shift occurred for 

the films that formed gratings. The change could be two reasons: first, the electronic 

transition happens when the films are exposed to the light, and the photo-isomerization 

from trans to cis takes place. Second, we noticed a bleaching on some of the irradiated 

films that formed gratings. The bleaching of the dyes could be another possibility.      
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Fig 19. The UV-VIS spectra of the thin films of P4VP (azo derivatives 1-6) before laser 

irradiation is illustrated by the blue line while after irradiation is shown by the red line.  
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measured as it can be seen in (Fig19). The measured spectrum of P4VP (NBT) 

before and after irradiation were identical. Both absorbance peaks are extended from 400 

to 700 nm with a maximum of 544 nm, which makes it very well matched the wavelength 

of the irradiated light. Interestingly, we could not record grating on this film. That result 

could be associated to the absence of photo-reorientation  into the films 54.      

  On the other hand, the UV-VIS spectrum of the thin film of P4VP (P) was 

measured, and the absorption band before irradiation was extended from 402 nm to 590 

nm with a maximum of 478 nm whereas after irradiation it was extended from 450 nm to 

662 nm. The band was shifted to longer wavelength after the irradiation (Fig 19). Finally, 

the UV-VIS spectrum for thin film of P4VP (NMP) was measured before and after 

irradiation exposing to the polarized light. The recorded spectra were very similar and no 

shift was noticed. This result is very much similar to the result of UV-VIS spectrum of the 

thin film of P4VP (NBT). Similarly, NBT and NMP derivatives are similar in their colors, 

both are purple. In fact, azobenzene compounds that are purple in color have not been 

reported as photoactive material, and no grating was inscribed onto thin film containing 

purple azobenzene materials, as can be seen in table 4.  

The UV-VIS absorption spectrum of P4VP (azo derivatives 1-6) showed two 

characteristic absorption bands that might be π-π* and n-π* electronic transitions. In fact, 

the transitions appeared at very long wavelength which might include other transitions. 

Usually, the π-π* and n- π* transition are the most common transitions in the azobenzene 

compounds. In fact, trans and cis isomers differ in their absorption bands as well as their 

molar extinction coefficient. These differences allow photochemical interconversion under 

illumination condition 11.         
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Table 4. The UV-VIS spectrum maximum for the thin films for both before and after 

irradiation with polarized light of P4VP (azo derivatives 1-6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Film 

 

λ max   before 

irradiation 

nm 

 

λ max after 

irradiation 

nm 

P4VP (DCI) 478 566 

P4VP (BI) 498 570 

P4VP (BT) 522 614 

P4VP (NBT) 552 552 

P4VP (P) 454 508 

P4VP (NMP) 548 548 
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4.2 Hydrogen bond & chemical structures  

4.2.1 Chi (PADA)  

 The chemical structure of both Chi and (PADA) is shown in Fig 20. One can see 

that chitosan has many functional groups. These functional groups can be mainly used to 

modify chitosan in term of improving its solubility. Thus, the chemical structure of Chi 

consists in linked N-acetyl glucosamine and glucosamine units. The units are linked 

together by β-1, 4-glucosidic bonds. It presents good ability for hydrogen bonding 

interactions. The blending of Chi with the azobenzene (PADA) in solid thin films could 

form hydrogen bonding. The OH group in Chi with the N atom in pyridine ring could form 

H-bonding, and both functional group can work as donor-acceptor system. Other studies 

have reported hydrogen bonding interaction in another field especially in medicine. 

Importantly, the study demonstrated the ability of Chi to form hydrogen bonding with other 

materials. Chi was used in fabrication of multilayer thin films based on hydrogen bonding 

55. In the optical field, Chi as natural polymer is still new material and more research should 

focus on applying this polymer to optical studies.  

Fig 20. The chemical structures of Chi (PADA) complex and the possible H-bonding  
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4.2.2 P4VP and azo compound (derivatives 1-6) 

P4VP was mixed with all azobenzene derivatives 1-6. P4VP was selected as a 

reference polymer because of its ability to form a hydrogen bond and the SRG has been 

reported in many researches 3,11. In both studies P4VP was applied with azobenzene 

compounds to study the photo-induced phenomena in thin films and the effect on SRG. 

P4VP showed its ability as hydrogen acceptor to form H-bonding with the azo-materials. 

The obtained grating was up to hundreds of nanometers. In fact, P4VP contains a pyridine 

ring, and the N atom can act as electronic donor. All the tested azobenzene derivatives have 

OH groups at the end of the molecule, and these groups may act as H-bond acceptor. 

Possible hydrogen bonds in P4VP (Azo derivatives1-6) are illustrated in Fig 21.  

 The H-bond in donor-acceptor systems has some advantages. In this system, it is 

easy to adjust chromophore content by changing the molarity ratio, and if the bond between 

the polymer and the chromophore is strong enough, chromophore content could be 

increased until each repeat unit gets occupied by a chromophore unit. Furthermore, it is 

well established that efficient formation of SRG in thin films requires sufficient bonding 

between the azo molecules and the polymer. That bonding is not necessarily a covalent 

bond, but it can be H-bonding. The formation of H-bonding exhibits sufficient ability for 

the formation of SRG 56.     
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P4VP (DCI)                               P4VP (BI)                               P4VP (BT) 

 

P4VP (NBT)   P4VP (P)    P4VP (NMP) 

Fig 21. The potential hydrogen bonds that form between P4VP and azobenzene 

derivative compounds 1-6 
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4.3 AFM images  
 

 

 All the azo polymers studied in this work can form SRGs under interferential beam 

irradiation. To study the topography of the azo polymers which were used to photo 

fabricate SRGs, all deposited films were scanned by Atomic Force Microscopy (AFM) in 

the tapping mode. 

 

4.3.1 Chi (PAPA) 

   

  The AFM image of Chi (PADA) thin film showed the formation of SRG. The 

grating was formed on the film surface under irradiation with 532 nm green laser for 500 

seconds. The laser power was 1.5 W/cm2. Thus, the AFM observation indicated that 

sinusoidal grating with about 500 nm regular spacing and a depth of +/-49 nm was obtained 

(Fig 22). The experiment was repeated for many times with different irradiation times, 

selected spacing, and power level. The reported results are the largest grating that we 

obtained in the films. 

 

 

a 

 

b 

 

 

Fig 22.  2D and 3D AFM images for the thin film of Chi (PADA) 

(a) 3D and (b) 2D 
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4.3.2 P4VP (Azo derivatives 1-6)  

 

 

  The AFM observation of the P4VP (DCI) coated film indicates that a grating with 

a depth of +/- 30 nm and spacing of 500 nm was formed (Fig 23). In the case of P4VP (BI), 

the inscribed grating with a depth of +/- 87 nm and spacing of 500 nm was formed (Fig 

24). The grating inscription of P4VP (BI) showed larger depth than that of P4VP (DCI). 

Also, gratings were inscribed on both P4VP (BT and P). The grating of P4VP (BT) has 

spacing of 500 nm and depth of +/- 90 nm while recorded grating on P4VP (P) was about 

+/- 38 nm in depth and 500 nm spacing (Fig 25, 26). If we compare the obtained SRG 

formation in thin films of P4VP (BT) and P4VP (P), we can see that grating formed in 

P4VP (BT) is deeper. Furthermore, gratings were on inscribed in thin films of P4VP (NPT 

and NMP) (Fig 27, 28). 

 

 

(a) 

 
 

(b) 

 

 

Fig 23.  2D and 3D AFM images for thin film of P4VP (DCI) 

(a) 2D and (b) 3D. 
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(a) (b) 

 

Fig 24.  2D and 3D AFM images for thin film of P4VP (BI) 

(a) 2D and (b) 3D. 

 

  

(a) (b) 

 

Fig 25.  2D and 3D AFM images for thin film of P4VP (BT) 

(a) 2D and (b) 3D. 
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(a) (b) 

 

Fig 26.  2D and 3D AFM images for thin film of P4VP (P) 

(a) 3D and (b) 2D. 
 

 

 

 

(a) 

 

(b) 

Fig 27: AFM image for thin film of P4VP (NBT) 

(a) 2D and (b) 3D. 
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(a) (b) 

Fig 28: AFM image for thin film of P4VP (NMP). 

(a) 2D and (b) 3D. 

  

The AFM images showed that gratings were observed in most of the studied azopolymer 

films. Different grating depths were observed. Efficient trans-cis isomerizations play a role 

in the grating formation and thermal lifetime of the grating. To examine the stability of the 

grating, 6 months later we rescanned the films of P4VP (azo derivatives 1-6) by the AFM. 

The gratings are stable, and still can be seen by eyes. 

 

4.4 Evidence of hydrogen bonding between the polymer and azo-compound 

  

4.4.1 IR spectra for Chi and PADA 

 FTIR spectroscopy was used to appreciate the existence of hydrogen bonding in 

Chi (PADA) thin films containing the azopolymer materials. The FTIR was individually 

measured by using KBr pellets method for Chi and PADA, and then it was measured for 

mixture of Chi (PADA) (Fig 29). The broad band at 3316 cm-1 in pure Chi can be assigned 

to the intermolecular interactions of hydrogen bonding including the OH groups. Pure 
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PADA was also measured. The absorbance peak at 949 cm-1 could be attributed to the 

vibration of the C-N bond in pyridine ring in PADA.  The absorbance of Chi (PADA) 

complex showed a smaller stretching of the peak at 3100 cm-1 to 2733 cm-1. This change is 

possibly attributed to the formation of the H-bonding between OH group in Chi and the N 

in the pyridine ring at PADA (Fig 29).    

 

Fig 29. The FTIR spectrum of a thin film of Chi (PADA) 
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Chapter 5: Conclusion and Future work 

 

 To conclude, we studied the Surface Relief Grating (SRG) formation in new 

azopolymer thin films. More specifically, we studied the ability of hydrogen bonding to 

create strong linkage between the polymer and the azobenzene, and that bonding should be 

strong enough to attach the azobenzene molecules to the polymer backbone.  In the first 

part of this work, we worked on obtaining smooth films of the natural polymer (chitosan) 

and the azobenzene compound (N,N-dimethyl-4-(2-pyridylazo) aniline). The resulting film 

was exposed to polarized 532 nm green light, and the grating was induced with spacing of 

550 nm. There was a possibility to form hydrogen bonding between the =N- in the pyridine 

ring of PADA and OH of Chi which led to a sufficient link to inscribe the SRG.  

 The second part of this work was focusing on studying new series of azobenzene 

molecules (azobenzene derivatives) that have different chemical and physical properties. 

These new azobenzene materials were individually used with one model polymer “Poly(4-

vinylpyridine)”. P4VP was widely investigated as H-bonding electronic donor 3. 

Interaction complexes of P4VP with the six different newly synthesized azobenzene 

derivatives resulting in creating six different thin films. All the studied azobenzene 

compounds share the same hydrogen donor moieties. The H-bond possibly formed between 

the free N in pyridine ring of P4VP and the OH group in the azobenzene compound. All 

the resulting films were smoothly formed with no observation of phase separation. They 

were exposed to 532 nm polarized light with 1.5 W/cm2 for different times.  Interestingly, 
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gratings were inscribed in four azopolymer films whereas in the other two no gratings were 

observed.  

 In the future, more research should focus on studying chitosan as a natural polymer 

in optical field, for example fabricating thin films of chitosan and different azobenzene 

compounds to study SRG. Chi as natural polymer can be studied with natural azo dyes such 

as Saffron, the chemical structure of Saffron can be seen in Fig. 30 57.   

 

 

  

 

Fig. 30. The chemical structure of Saffron 57 

   

 Aside from that metallic nanorods can be added to the complexes of P4VP 

(azobenzene derivatives 1-6), and the resulting films irradiated with 532 nm green light. 

This is going to help studying the role of metallic nanorods on SRG formation. The addition 

of the nanorods, ether gold or silver, can enhance light absorbance, which could improve 

the formation of SRG. Aside from that, more studies could focus on replacing the 

azobenzene molecules by other photo-reactive materials.  
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