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ABSTRACT 

 

Preparation and Characterization of Iron 1,10-

Phenanthroline Complex Encapsulated  in Silica Sol-Gel  

Derived Thin Films 

 

Transparent sol-gel thin films immobilized with 1,10-phenanthroline  

were made via the acid catalyzed sol-gel reaction of tetraethoxysilane 

(TEOS) in presence of 1,10-phenanthroline. Different surfactants that 

include cationic cetyltrimethyl ammonium bromide (CTAB), anionic 

sodium dodecyl sulfate (SDS) and nonionic Triton X-100 (TX-100) were 

tested for the improvement of the host material mesostructure, increasing 

its porosity and well accommodation of the 1,10-phenanthroline within the 

silica matrix. The immobilized phen thin films show similar behavior in 

presence of SDS surfactant as their free counterpart in aqueous solution 

without any shift in the wavelength of UV absorption spectra. The 

immobilized 1,10-phenanthroline complex retained its activity toward Fe
2+

 

metal ions by immobilization and produced a stable complex without any 

shift in the wavelength of Vis absorption spectra comparing with its free 

counterpart. Different parameters include concentrations of 1,10-

phenanthroline, Fe
2+

 and surfactant, type of surfactant, life time and 

number of measurements were investigated. The 1,10-phenanthroline thin 

films sensor showed sensitivity, stability, repeatability, reproducibility and 

long life time behavior. Maximum stability of 1,10-phenanthroline thin 

films were achieved by drying at 80
o
C, whereas the range of the 
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temperature of the Fe
2+

 metal ion aqueous solutions  at 25 - 40 
o
C. The 

quantitative  measurements of iron using the prepared 1,10-phenanthroleine 

thin films validation of procedure was (~ 5%) comparing with the standard 

method. Accordingly this solid state thin films can be used as sensors for 

iron detection in versatile aqueous samples with different environmental 

matrices.  

 

 

Keywords: 1,10-Phenanthroline, Iron (II), Iron 1,10-phenanthroline 

complex, Silica thin films. 
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 ملخص

 سة خواص المعقذ المتكون مه تفاعلتحضير ودرا

أفالم رقيقة مه السيلكا باستخذام المىذمج في  فيىاوثروليه –01,0معالحذيذ 

 طريقة الصل جل

 

انسٛهٛكب انشقٛقخ انشفبفخ ٔانًحضشح  سقبئقفُٛبَضشٔنٍٛ فٙ  -01,0رى ديج يشكت 

فٙ ٔجٕد  (TEOS)ثطشٚقخ انصم جم ثبسزخذاو يبدح سثبعٙ االٚضٕكسٙ سٛالٌ 

حًض انٓٛذسٔكهٕسٚك كعبيم حفبص. ٔقذ رى اسزخذاو يجًٕعخ يٍ انًٕاد راد انفعبنٛخ 

 ٔاألَٕٚٙ، (CTAB)انًٕجت  األَٕٚٙ( شًهذ انُٕع Surfactantsانسطحٛخ )

ٔرنك الخزجبس يذٖ قذسرٓب عهٗ رحسٍٛ يبدح  (TX-100)، ٔانًزعبدل  (SDS)انسبنت

ٛش رحسٍٛ انزشكٛت انشجكٙ انذاخهٙ ٔصٚبدح عذد انسٛهٛكب انًضٛفخ نهفُٛبَضشٔنٍٛ يٍ ح

 اخزجبس ْزِٔيٍ صى  ب.انًسبيبد، ٔ االسزٛعبة انجٛذ نهفُٛبَضشٔنٍٛ خالل شجكخ انسٛهٛك

 رشكٛضِ. ٔرقذٚش ٔصإٌٔٚ انحذٚذ يع كفبءح رفبعهٓب نفحصفٙ يحبنٛم يخزهفخ  انشقبئق

انًحزٕٚخ عهٗ انًعقذ انًزكٌٕ يٍ انحذٚذ  انشقبئقيٍ خالل انذساسخ رجٍٛ أٌ  

رسهك سهٕكب يشبثٓب نهًعقذ   SDSًبدح راد انُشبط انسطحٙفُٛبَضشٔنٍٛ ٔيع ٔجٕد انٔان

يهحٕظخ عُذ ايزصبصٓب  إصاحخانحش انًُبظش فٙ يحهٕنّ انًبئٙ يع عذو حذٔس أ٘ 

 .انًشئٛخنطٛف األشعخ 

ضشٔنٍٛ ٔرشكٛض يحهٕل رى اخزجبس يجًٕعخ يٍ انعٕايم شًهذ: رشكٛض انفُٛبَ

، ًبدح راد انُشبط انسطحٙان، َٕع خانًسزخذي ًبدح راد انُشبط انسطحٙانانحذٚذ ٔ

 قئانشقب. ٔقذ ٔجذ أٌ انشقبئقنٓب  ذ، عذد انقٛبسبد انزٙ رعشضهشقبئقانعًش انضيُٙ ن

 إعبدحعُذ  ٔاسزقشاساانًحضشح ٔانًحزٕٚخ عهٗ انًعقذ انًزكٌٕ قذ أظٓشد صجبرب 
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انقٛبسبد أٚضب، ٔكزنك طٕل عًشْب انضيُٙ. كًب ٔجذ أٌ أفضم رحضٛشْب ٔفٙ 

دسجخ يئٕٚخ، ثًُٛب  01انًحضشح كبٌ عُذ انزجفٛف عهٗ دسجخ حشاسح  هشقبئقاسزقشاس ن

 – 52فٙ انًذٖ انحشاس٘ انًحزٕ٘ عهٗ انحذٚذٔص كبَذكبَذ أفضم دسجخ نهًحهٕل 

بط انحذٚذ ثبسزخذاو رى اخزجبس صحخ انزحهٛم انكًٙ نقٛ ٔ أخٛشا ، دسجخ يئٕٚخ 01

ٌ ْزِ انطشٚقخ أظٓشد َسجخ انًحضشح ٔانًحزٕٚخ عهٗ انفُٛبَضشٔنٍٛ فٕجذ أ انشقبئق

 .رقشٚجب %2أظٓشد َسجخ خطأ  ذقف انقٛبسٛخ يشضٙ عُٓب ثًقبسَزٓب ثبنطشٚقخ

نحذٚذ فٙ نزعٍٛٛ ا كًجسبدانصهجخ  شقبئقهٗ رنك فًٛكٍ اسزخذاو ْزِ انٔثُبء ع

 راد انًكَٕبد انجٛئٛخ انًخزهفخ. انًحبنٛم
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 1 

Aim of this research 

This research aims to encapsulate an active material; 1,10-

phenanthroline within silica matrix using sol-gel method in order to use for 

detection of Fe
2+

 as solid chemical sensor. Different parameters have been 

studied to investigate stability, activity, porosity , monolithity  of the silica 

thin film including amount of solvent type,concentration of added 

surfactant , temperature , life time and binding capacity towards ferrous ion 

. 
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CHAPTER ONE 

INTRODUCTION 
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1.1. Introduction                         

The catalytic properties of transition metal complexes encapsulated 

inside the sol-gel matrix have received a considerable attention in recent 

times. The well-defined and ordered structure of sol-gel provides an ideal 

environment to entrap active metal complexes or metal clusters. These 

modified systems can be exploited as catalysts. Inorganic complexes 

encapsulated in such porous systems can even mimic natural enzymes and 

can therefore be termed as zeozymes [1]. In biological systems, there are 

some enzymes which have Fe–O–Fe bridge as active centers. Methane 

mono-oxygenase catalyses the formation of methanol from methane. 

Ribonucleotide reductase catalyses the formation of deoxyribonucleotide 

precursors for DNA bio-synthesis. Many studies have shown that well 

designed binuclear iron complexes can act as a model for these enzymes 

and function as efficient catalysts for the oxidation of various organic 

substrates [2]. However these biological catalysts lose their catalytic 

activities  due to cleavage of Fe–O–Fe bridge [3]. Recent studies show that 

it is possible to stabilize this Fe–O–Fe bridge like in biological enzymes by 

encapsulating in porous media [4]. 

Different complexes including metalloporphyrin based systems have 

also been capsulated by sol-gel processing to give hybride organic-

inorganic materials. Metalloporphyrinosilicas prepared by hydrolysis and 

polycondensation of tetraethoxysilane with iron porphyrins [5].   
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1.2. Sol–Gel Processing of Thin Films with Metal Salts. 

The first patent based on sol-gel processing was granted to Jenaer 

Glaswer Schott and Gen. in 1939 for silicate sol-gel films formed by dip 

coating [6]. Recently, sol-gel thin film coatings are used extensively for 

such diverse applications as protective and optical coatings, passivation and 

planarization layers, sensors, high or low dielectric constant films, 

inorganic membranes, electro-optic and nonlinear optical films, 

electrochromics, semiconducting anti-static coatings, superconducting 

films, strengthening layers and ferroelectrics [7]. 

Such methods are used primarily for the fabrication of materials 

starting from a chemical solution which act as the precursor for an 

integrated network (or gel) of either discrete particles or network polymers 

[8]. Typical precursor are metal alkoxides such as tetraethoxysilane 

(TEOS), which undergoes various forms of hydrolyses and 

polycondensation reactions. Sol-gel synthesis may be used to prepare 

materials with a variety of shapes, such as porous structures, thin fibers, 

dense powders and thin films. If the gel is dried by evaporation, then the 

capillary forces will result in shrinkage, the gel network will collapse and a 

xerogel is formed (Figure1.1) [9]. If drying is performed under supercritical 

conditions(high temperature and pressure), the network structure may be 

retained and a gel with large pores may be formed. This is called an 

aerogel. 
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Figure 1.1: Sol – Gel processing options[9] 

Sol–gel process is very useful for thin film deposition because of the 

capability to coat materials of various shapes and/or large area, to control 

the composition easily for obtaining solutions of homogeneity and 

controlled concentration without using expensive equipment. Historically, 

metal alkoxides have been employed in sol–gel process, which readily 

undergo acid or base catalyzed hydrolysis and condensation to form 

nanoscale oxide or hydroxide particles. Although, metal alkoxides are often 

used as raw materials in sol–gel process, many of the alkoxides are very 

difficult to be obtained and dealt with because of the high sensitivity to the 

atmospheric moisture [10]. 

The sol-gel process may be described as: Formation of an oxide 

network through polycondensation reactions of a molecular precursor in a 

liquid sol. 
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A sol is a stable dispersion of colloidal particles or polymers in a 

solvent. The particles may be amorphous or crystalline [11]. 

The incorporation of chelating groups onto polysiloxane matrices is 

finding its way into an increasing number of applications in areas such as 

extraction, recovery and separation of metal ions from aqueous solutions 

and organic solvents. Further applications of these systems are their use in 

chromatography and catalysis. Polysiloxane matrices are one of the most 

rapidly expanding areas of materials research and development. One of the 

widely current used methods for the preparation of the polysiloxane ligand 

systems is the sol–gel process. This process involves hydrolysis and 

polycondensation reaction of Si(OEt)4 and (MeO)3Si(CH2)3X (where X is 

an organic ligand group) leading to three dimensional cross linking silica-

like matrix bearing a chelating ligand group [12]. 

The partially hydrolyzed alkoxide molecules react with each other or 

with the un-hydrolyzed ones to undergo a condensation reaction and form a 

cross-linked matrix liberating water or alcohol.  

There are three steps for sol-gel processing (Figure 1.2), the first step 

is gelation of colloidal particles, the second is the hydrolysis and poly 

condensation reactions of alkoxide precursor followed by hypercritical 

drying, while the third step is similar to the second one: the only difference 

is in the drying process, which takes place at ambient temperatures [13]. 

Metal alkoxides are very famous precursors; as soon as they are exposed to 

water they are hydrolyzed. The partially hydrolyzed alkoxide molecules 

react with each other or with the un-hydrolyzed ones to undergo a 

condensation reaction and form a cross-linked matrix liberating water or 

alcohol [14]. 
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Figure 1.2: Step-wise description of the sol-gel process. 
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When the reaction is in progress, the viscosity of the matrix increases 

gradually depending upon the degree of cross linking and ultimately turns 

into an interconnected, homogenous and rigid material, which after aging, 

is dried at room temperature to obtain final product.The two-step sol-gel 

reactions largely depend on several parameters such as solution pH, type 

and concentration of the catalyst used for hydrolysis, reaction temperature, 

heating time, nature of the (R) group attached and the solvent used for this 

process. It has been noticed that these different variables have a large 

influence on the fundamental characteristics of sol-gel materials such as 

homogeneity, porosity, refractive index, surface area , mechanical and 

thermal properties. The physical and chemical principles involved in sol-

gel processing and its applications have been excellently addressed in many 

reviews [15-18]. [15-16-17-18]. 

The famous function of the sol-gel technique its use in the 

encapsulation of biomolecules of various kinds which have recently seen 

important developments. Since its first introduction over two decades ago, 

sol-gel encapsulation has opened new ways to immobilize biological 

materials that offer an immense potential for the design of a large variety of 

applications. Recently sol-gel thin films were useful to encapsulate many 

active molecules such as inorganic clusters, porphyrins, photochromic and 

laser dyes, rare earth complexes, bioactive molecules, and so forth, that 

were mainly obtained for sensing purposes [19]. 

In most sol-gel systems the creation of the gels (gelation), Figure 1.3, 

results in formation of covalent bonds and is irreversible. However, gel 

formation may be reversible due to the presence of other types of bonding 

during gelation [20]. 
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Very small solid particles are precipitated as a colloidal sol from an 

aqueous or alcoholic solution of suitable molecules. The particles in the sol 

agglomerate to a hydrogel or alcogel which can be shaped or processed. 

The gel can be dried to form a xerogel or the solvent can be supercritically 

evacuated to form an aerogel. The oxides of silicon, germanium, 

aluminum, and the other metals can be synthesized via this method [21]. 

Sol-gel synthesis may be used to prepare materials with a variety of 

shapes, such as porous structures, thin fibers, dense powders and thin films. 

1.3. Sol-Gel Applications. 

The materials formed under sol-gel technology have found numerous 

applications in various fields, such as the glass industry, ceramics, and thin 

films, different biological and chemical sensors. There are some inherent 

features of sol-gel materials that make them a promising tool for sensing 

applications [22]. 

1.3.1. Bioactive sol-gel materials. 

The sol-gel technique is a versatile method for embedding and 

immobilizing bioactive compounds within an inorganic oxide matrix and 

for the preparation of new bioactive coatings [23]. The sol-gel matrices can 

be transparent, inert, non-toxic, thermally stable, and forms stable coatings 

on such varied substrates as polymer foils, paper, tissue, metal or wood. 

Oily and highly viscous substances of pharmaceutical interest can also be 

incorporated . 
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1.3.2. Medical and environmental sensors. 

1.3.2.1. Sol-gel optodes for fiber optic sensors. 

Construction of the optode for optical biosensor requires 

immobilization of sensitive compounds in the host matrix. There are 

several methods enabling molecules entrapment. One can use gels, 

polymers of various meshes and membranes [24]. 

1.3.2.2. Biological sensors. 

The major achievement in sol-gel sensor technology is the successful 

induction of several biological recognition elements such as enzymes, 

bacteria, proteins and even whole cells. The exciting feature of this strategy 

is that the encapsulated biological recognition element does not lose its 

structural functionality and retains original characteristics. Thin and 

transparent sol-gel films provide suitable platforms for the detection of 

several biological species with enhanced sensitivity and selectivity 

[11].The conventional sol-gel route is not feasible for the encapsulation of 

different biological agents, as the low pH value and presence of alcohols 

denature different proteins, which is a serious issue concerning the 

functional and structural integrity of that particular specie. The problem can 

be solved by modifying the synthetic route. For example, a suitable buffer 

solution is used after an acid or base catalyzed hydrolysis reaction and the 

typical quantity of alcohols is reduced. This allows successful 

encapsulation of biological species in thin sol-gel films without losing their 

activity, which ensures the development of a promising biosensor. The first 

application of the sol-gel biosensor was based on interactions between 

hemoglobin, myoglobin with CO and NO [25,26]. 
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1.3.2.3. Gas sensors. 

Sol-Gel porous materials may be exploited for construction of gas 

sensors. The specially designed porous network of SnO2 nanoparticles for 

an optical detection of gaseous CO was proposed [27]. The Japanese 

scientists tested the fiber optical carbon dioxide sensor, prepared by dip-

coating method [28]. The sol-gel film containing indicator dye, thymolblue, 

was deposited on unclad fiber and the fiber optic NO2 sensors based upon 

dye encapsulation in the silica sol-gel [29]. 

1.3.2.4. Metal sensors. 

Various agents sensitive to selected analytes may be immobilized in 

monolithic xerogel blocks. By monitoring of the characteristic color 

changes in the doped materials, it is possible to detect the metal cations 

(Fe
2+

, Al
3+

, Co
2+

, Ni
2+

, Cu
2+

, Pb
2+

), the  anions (e.g. SO4
-2

) ,organic 

molecules (e.g.orthophenanthrolin)and pH  indication [30]. 

1.4. Advantages and Disadvantages of Sol – Gel Technique. 

1.4.1. Sol – gel advantage. 

1) The process takes place at low temperature [31]. 

2) Its reaction can be controlled easily by chemical methods. 

3) It allows introducing permanent organic groups to form inorganic – 

organic hybrid materials [32]. 

4) High porous material prepared. 

5) The matrix is chemically inert and low poisoning [33]. 

6) Ability to be functionalized before or after polymerization. 

7) The process provides good flexibility during polymerization 

steps[34]. 

8) It has exultant optical low intrinsic fluorescence [35]. 
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9) The major advantage of sol-gel materials is in formation of thin films 

of extremely small layer heights in the nanometer range. These thin 

layers are produced by spin coating or dip coating methods [34]. 

1.4.2. Sol – gel disadvantage. 

1) Long processing time. 

2) Large shrinkage during process. 

3) At high pH value Si-O-Si bond undergoes breaking [36]. 

1.5. Sol-Gel Coating. 

Sol-gel coatings generally consist of thin films deposited on solid 

substrates from a liquid solution. These thin films find applications in 

modifying the reflectivity of the substrate's surface, altering its rigidity, or 

modifying its surface chemistry. They are generally deposited by dip 

coating, but may also be deposited using spin coating or other thin film 

deposition techniques [14]. To achieve uniform, defect free deposition, the 

substrate must be free of dust and other particles and it must be uniformly 

wetting to the sol-gel solution. The most common application is to deposit 

the film on a substrate that is completely wetting to the solution [37]. 

Among the available deposition techniques, spin coating is the most 

widely used for industrial and especially laboratory applications which is 

essentially founded on the simple processing, the low cost and the high 

coating quality. Nevertheless, other techniques like dip coating, spraying or 

meniscus coating are practical as will for some applications [37]. 

The thickness of sol-gel coating is dependent on sol viscosity, 

surface tension and velocity of spinning [38].   

1.5.1. Dip coating technique. 

Dip coating designates the deposition of a wet liquid film by 

withdrawal of a substrate from a liquid coating medium. The process of 

film formation in total implies several technical stages [37]. Starting with 
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the immersion of the substrate, a coherent liquid film is entrained on 

withdrawal of the substrate from the coating fluid, which is then 

consolidatedby drying and accompanying chemical reactions. To obtain the 

final coating material, normally a further curing or sintering step (post-

treatment) is then necessary. 

 

 

1.5.2. Spin coating technique. 

Generally the spin-coating process described as follows: it is a 

method of placing a small drop of coating material, in liquid form, on the 

center of a disc, which is then spun rapidly about its axis. The drop is then 

driven by two competing forces: centrifugal forces cause the liquid to be 

thrown radially outwards, whereas surface tension forces will work against 

this spreading. As the  thin film, the solvent evaporates and the solution 

viscosity increases, reducing the radial flow. Eventually, the viscosity 

becomes so large that relative motion virtually ceases and the process is 

completed by evaporating the residual solvent. Spin-coating has many 

applications. The process is used, for example, in manufacturing 

microelectronic devices or magnetic storage discs. In all cases a uniform 

layer is required and essential [39]. 

1.5.2.1. Spin coating properties [42-44].[40,41,42]. 

1) Spin coating will result in a relatively uniform thin film of a 

specific thickness. 

2) Spin coating is an important way of creating thin films in the 

microelectronics industry. 
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1.5.2.2. Spin coating stages, Figure 1.3[43]. 

1) Deposition of the coating fluid onto the glass or a flat substrate. 

2) The substrate is accelerated up to its final, desired, rotation speed. 

3) The substrate is spinning at a constant rate and fluid viscous forces 

dominate the fluid thinning behavior. 

4) The substrate is spinning at a constant rate and solvent evaporation 

dominates the coating thinning behavior. After evaporation of the 

whole solvent, a solid film is generated. 

The coating thickness is inversely proportional to the square root of 

the rotation speed: thickness α [1/speed]
1/2

. In addition, the coating solution 

properties (such as viscosity and liquid density) also affect the coating 

thickness[43]. Some spin coating systems are specifically designed for 

depositing scratch resistant coatings on ophthalmic lenses. These systems 

have multiple functions, including cleaning, providing the solution, spin 

coating and curing (either thermal or ultraviolet). The temperature and 

atmosphere in the chamber environment can be precisely controlled to 

ensure high quality results. 

    Pouring    rotation        spinning   evaporation 

Figure 1.3: Stages of Spin Coating technique [11]. 
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To get homogeneous films, several  factors are important and have to be 

considered such as: 

 Evaporation rate of the solvent. 

 Viscosity of the fluid. 

 Concentration of the solution. 

 Angular velocity (rotating speed). 

 Spinning time. 

1.5.2.3. Spin coating advantages[14]. 

1) A small quantity of fluid is used for large substrates. 

2) The process is very rapid. 

3) It used for multilayer thin film. 

4) All commercial equipments are available. 

5) It is really good for circular substrate 

1.5.2.4. Spin coating disadvantages [14]. 

1) Requires stringent solvent properties. 

2) Difficult to keep clean. 

3) Large substrates are difficult to coated uniformly. 

 

1.6. Thin Film Technique. 

A thin film is a layer or multilayers of material ranging from 

fractions of a nanometer (monolayer) to several micrometers in thickness. 

Electronics semiconductor devices and optical coating are the main 

applications benefiting from thin film construction [44]. 

The thickness of Polymer films depends on different factors: 

 Viscosity and concentration of the solution, 

 The evaporation rate of the solvent, 
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 Rotational speed, 

 Rotation time. 

1.6.1. Deposition of  a thin film. 

Recently the thin film technology is a modern tool advanced 

technology because of their vast application in various fields. The thin film 

properties depend on source of material purity, substrate, deposition 

technique and deposition parameters, treatments given to thin film and 

ambient air exposure effect after deposition. the deposition technique is the 

most important. The optical and mechanical properties of deposited thin 

films depend on it. There are two types of thin film deposition techniques 

physical and chemical deposition techniques. [11] represents the various 

streams of thin film deposition techniques.)[11] 

"Thin" is a relative term, but most deposition techniques control 

layer thickness within a few tens of nanometer. Deposition techniques fall 

into two broad categories, depending on whether the process is primarily 

chemical or physical. 

1.6.2. Types of thin film deposition. 

The sol-gel process is used primarily for the fabrication of materials 

(typically a metal oxide) starting from a chemical solution which acts as the 

precursor for an integrated network (or gel) of either discrete particles or 

network polymers. Typical precursors are metal alkoxides and metal 

chlorides, which undergo various forms of hydrolysis and 

polycondensation reactions. The formation of a metal oxide involves 

connecting the metal centers with oxo (M-OM) or hydroxo (M-OH-M) 

bridges.Therefore generating metal-oxo or metalhydroxo polymers in 

solution. Thus, the sol evolves towards the formation of a gel-like diphasic 

system containing both a liquid phase and solid phase whose morphologies 
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range from discrete particles to continuous polymer networks. Sol gel 

deposition technique is widely used in the fields of material science and 

ceramic engineering. 

1.6.2.1. Physical deposition technique. 

In this technique the deposition process has to take place in vacuum 

environment. 

 Advantages of vacuum evaporation: 

 Vacuum in deposition chamber is the key to reduce the 

contamination level. 

 High-purity films can be deposited from high-purity source material. 

 Source of material to be vaporized may be a solid in any form. 

 The line-of-sight trajectory and "limited-area sources" allow the use 

of masks to define areas of deposition on the substrate. 

 Deposition rate monitoring and control are relatively easy. 

The physical deposition techniques include: 

 Resistive Heating [45, 46]. 

 Sputter Deposition [49-51].[47-48-49]. 

 Vacuum Arc Vapour Deposition [50]. 

 Ion Plating [51]. 

 Electron Beam Evaporation [52,53]. 

 Laser Ablation Evaporation [54,55]. 

1.6.2.2. Chemical deposition technique. 

These techniques include: 

 Chemical bath deposition (CBD) [56,57]. 

 Chemical vapor deposition (CVD) [58,59]. 

 Electrodeposition technique [60]. 

 Spray pyrolysis. 

 Sol – Gel thin film deposition technique [61]. 
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1.7. Iron Chemistry. 

Most  living cell, whether plant or animal, contains iron. Iron is 

essential to most life forms and to normal human physiology. Iron is an 

integral part of many proteins and enzymes that maintain good health. In 

humans, iron is an essential component of proteins involved in oxygen 

transport. It is also essential for the regulation of cell growth and 

differentiation. A deficiency of iron limits oxygen delivery to cells, 

resulting in fatigue, poor work performance, and decreased immunity. On 

the other hand, excess amounts of iron can result in toxicity and even 

death.[62,63]. 

About 65% to 75% of the body’s iron is in the blood in the form of 

hemoglobin. Hemoglobin is a protein in red blood cells that transports 

oxygen to tissues in the body. And about 5% to 10% is found in 

myoglobin, the compound that carries oxygen to the muscle cells, When 

bound to normal hemoglobin and myoglobin, iron is in the ferrous form 

(Fe
+2

), also requires iron. In addition, iron is involved in reactions within 

the body that produce energy. Any excess iron is stored in the body as a 

reserve in ferric form (Fe
+3

) and its about 25% of iron in the body. If iron is 

lacking in the diet, iron reserves in the body are used. Once this supply is 

depleted the formation of hemoglobin is affected. This means the red blood 

cells cannot carry oxygen needed by the cells. When this happens, iron 

deficiency occurs and anemia results[64]. 

 

Pure iron is a fairly soft silver/white ductile and malleable 

moderately dense (7.87 g cm
3
) metalmelting at 1535

ᴏ
C. It exists in three 

allotropic forms: body-centered cubic (alpha), face-centered cubic  

(gamma), and a high temperature body-centered cubic (delta).The physical 
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properties of iron markedly depend on the presence of low levels of carbon 

or silicon. The magnetic properties are sensitive to the presence of low 

levels of these elements, and at room temperature pure iron is 

ferromagnetic, but above the Curie point (768 ºC), it is paramagnetic [65]. 

Iron is the sixth most abundant element in the universe and the most 

abundant metal. It has been calculated that there are large amounts of iron 

on the moon's surface (0.5%) in the lunar soil. Iron is also known to occur 

in Martian soils. In the earth's crust it is the fourth most common element 

and the second most common metal after aluminum. [66]. 

There are four naturally occurring isotopes of iron (
54

Fe 5.82%, 
 

56
Fe 91.66%, 

57
Fe 2.19%, 

58
Fe 0.33%), and nine others are known. The 

most abundant isotope (
56

Fe) is the most stable nuclear configuration of all 

the elements in terms of nuclear binding energy per nucleon. [67]. 

1.7.1. Oxidation states. 

Although the vast majority of coordination complexes of iron 

contain the metal in oxidation state two or three , the lower oxidation states 

of (I) and zero are uncommon, especially in areas bordering on 

organometallic chemistry. Oxidation state four is of relevance to 

bioinorganic electron transfer systems, while oxidation state six is 

represented by the ferrate(VI) anion, well known but rather little studied. 

There is often ambiguity in assigning oxidation states for complexes 

of ligands with strong π-interactions. Thus the substitution-inertness of the 

1-, 2-, and 3-electron reduction products of [Fe(diimine)3]2 , diimine=bipy, 

phen, or bipym, and their spectroscopic properties, argue for their 

representation as iron(II) complexes containing one, two, or three anion 

radical ligands rather than as complexes of iron(1), iron(0), and iron(-1). 

Whereas in many metalloprotein redox systems the oxidation states  2,  3, 
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and  4 are involved, horseradish peroxidase catalysis appears to involve five 

oxidation states [65]. 

According to the theory of coordination, atoms or ions, particularly 

the atoms of transition elements can be bound or coordinate in a certain 

number or they create a spatial distribution of atoms, ions or molecules thus 

forming complex (coordination) compounds.Complex compounds consist 

of the central atom ion (builder of the complex) around which two or more 

ligands are coordinated. The number of ligands that are directly linked to 

the central ion in the complex is observed as the coordination number. It 

depends on the nature of the central atom, its electronic configuration and 

size, as well as a coordination ability of the ligand [68]. Polyatomic ligands 

can be bound to the central ion with one or more atoms; therefore we can 

distinguish between monodentate, bidentate, three-dentate or polydentate 

ligands. The coordination number can be 2,3, 4, 5, 6, 7 and 8, but the most 

common are 4 and 6.The achieved coordination results in changes, both in 

the properties of the central atom and the properties of ligand. 

1.8. 1,10-Phenanthroline. 

1,10-Phenantroline is an organic reagent (molar mass = 198.22 g/mol). It is 

used for photometric determination of the following elements: Cu (II) at 

wavelength of 272 nm; Cu(I) (435 nm); Co(226 and 270 nm); Cd (226 and 

270 nm); Fe(II ) 508 nm); Mn (226 and 268 nm); Ru (448 nm); Ni (228) 

and 270 nm) and Zn (226 and 270 nm). 1,10-Phenantroline react with Fe
+2

 

forms a stable complex of red color, which is called Ferrand [68]. 

Phenanthroline (phen) is a heterocyclic organic compound. It is a 

white solid that is soluble in organic solvents. The 1,10-Phenanthroline 

(C12H8N2, ortho-phenanthroline or o-Phen) is a tricyclic nitrogen 

heterocyclic compound that reacts with metals such as iron, nickel, 

ruthenium, and silver to form  strongly colored complexes. This property 
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provides an excellent and sensitive method for determining these metal 

ions in aqueous solution. For example, o-Phen reacts with ferrous ion to 

produce a deeply colored red complex (Equation 1.1).  

 

 

 

 

 

 

 

 

Equation 1.1. Iron-phen complex formation. 

 

It is used as a ligand in coordination chemistry, it forms strong 

complexes with most metal ions. 1,10-Phenanthroline (Figure 1.4) is the 

parent of an important class of chelating agents. Compared to the more 

common 2,2'-Bipyridine (Figure 1.5), 1,10-Phenanthroline has several 

distinct properties: the rigid structure imposed by the central ring, means 

that the two nitrogen atoms are always held in juxtaposition. This entropic 

advantage for 1,10-Phenanthroline means that complexes with metal ions 

can form more rapidly. These structural features determine its coordination 

ability toward metal ions [69].Metal complexes of 1,10-Phenanthroline 

(phen) and its derivatives are of increasing interest because of their 

versatile roles in many fields such as analytical chemistry, catalysis, 

electrochemical polymerization and biochemistry [70], by its ability to 

participate as either an intercalating or groove-binding species with DNA 

and RNA. One other important property of the phenanthroline nucleus is its 
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ability to act as a triplet-state photosensitizer especially in complexes with 

lanthanides such as europium [69]. 
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2.1. Chemicals and Reagents. 

All starting materials were purchased either from Merck or Aldrich 

as listed in (Table 2.1) and used as received without further purification. 

Table 2.1:  Chemical and Reagents. 

Chemicals Chemical formula Supplier 

1,10-Phenanthroline C12H8N2 Merck 

Ammonium chloride NH4Cl Merck 

Ammonium ferrous sulfate (NH4)2SO4.FeSO4.6H2O Merck 

Ammonium sulfate (NH4)2SO4 Merck 

Acetyl trimethyl ammonium 

bromide (CTAB) 

(C16H33)N(CH3)3Br Aldrich 

Dimethylglyoxime(DMG) C4H8N2O2 Aldrich 

Ethylenediaminetetraacetic acid 

(EDTA) 

C10H16N2O8 Aldrich 

Ethanol (EtOH) C2H5OH Merck 

Hydrochloric acid HCl Merck 

Hydroxyl amine or 

Hydroxylamine hydrochloride 

 

H3NO 

NH2OH.HCl 

 

Merck 

Potassium chloride KCl Merck 

Sodium dodecyl sulfate (SDS) CnH2n+1SO4Na Aldrich 

Sodium hydroxide NaOH Merck 

Sodium sulfate Na2SO4 Aldrich 

Tetraethylorthosilicate (TEOS) (C2H5O)4Si Aldrich 

Triton X-100 (TX-100) C14H22O(C2H4O)n Aldrich 
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2.2. Material Synthesis. 

2.2.1. Preparation of hydrolyzed TEOS  

A volume of 5 ml of TEOS was mixed with 0.5 ml of HCl (0.1M) as 

a catalyst and 2.5 ml of absolute ethanol (96%) was added as solvent, then 

2.5 ml of distilled water was added. The mixture was stirred for 40-60 min 

at ambient temperature (25ºC) until a clear, colorless and monophasic 

solution was obtained. The solution was aged at least for 24 hours before 

used in the coating process. The hydrolyzed TEOS solution (Sol) was used 

as a host matrix for 1,10-Phenanthroline.[19]. 

2.2.2. Preparation of different concentrations of 1,10-Phenanthroline. 

Different concentrations of phen (0.01M – 1M) were prepared by 

using ethanol as a solvent in order to investigate the effect of phen 

concentration on the binding capacity of the films toward Fe
2+

 (0.1M) in 

aqueous solution. 

2.2.3. Preparation of different concentrations of Fe
2+

 in aqueous 

solution. 

Ammonium ferrous sulfate was used to prepare different 

concentrations of Fe
2+

 (0.5M - 1×10
-5

M) using distilled water as a solvent. 

Hydroxyl amine was added to reduce  all Fe
+3

 to Fe
+2

 which may exist in 

the solution. 

2.2.4. Preparation of surfactant solutions. 

Different concentrations (5×10
-2

 M, 1×10
-2

 M, 5×10
-3

 M, 1×10
-3

 M, 

1×10
-4

 M and 1×10
-5

 M) of cationic CTAB, anionic SDS and non-ionic 

TX-100 surfactants were prepared by using absolute ethanol as a solvent. 
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2.2.5. Spin coating technique. 

2.2.5.1 Blank solutions. 

The blank samples solutions were prepared by mixing the 

hydrolyzed TEOS (sol) and surfactant concentration0.05Mof (CTAB, SDS, 

or TX-100), in 2:1 volume ratio respectively. 

2.2.5.2. Thin film deposition. 

A glass microscope slides (2.5 cm   0.8 cm   1mm) were pre-treated 

before film deposition. The glass slides were treated with concentrated 

nitric acid for 2 hours, washed with water and ethanol then dried at 120
o
C 

for two hours. All thin films layers prepared were done by spraying  

a 100 µL of the mention coating solutions(TEOS ,surfactant and 1,10-

Phenanthroline) onto the clean glass slides. The coating process was 

performed using the spin coater machine at 1900 rpm spinning speed and 

30 seconds time period. The obtained wet coated layers were let to dry 

gradually at 50
o
C for 24 hours followed by drying at 80

o
C for 10 days, then 

stored in the desiccator. Characterization was investigated using UV/Vis 

spectrophotometer. 

2.2.6. Preparation of  different electrolytic solutions. 

To study the interference effect of phen/SDS thin film, it was 

immersed in different electrolytic solutions of 1M concentration including: 

potassium chloride, ammonium chloride, sodium sulfate, ammonium 

sulfate, hydrochloric acid, and sodium hydroxide containing 0.1M Fe
2+

 

metal ion. 
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2.2.7. Preparation of aqueous solution containing different metal 

ions. 

To investigate the interference effect of various metal ions on the 

binding of Fe
2+

 with phen/SDS thin film, the film was immersed in an 

aqueous solution containing Fe
2+

, Cr
3+

, Co
3+

 and Ni
3+

 metal ions each of 

1M concentration. 

2.2.8. Preparation of extracted natural samples. 

Different kinds of natural samples (Lentils, White Beans, Spinach, 

Tap water) were examined to investigate the existence of iron in these 

samples using the prepared phen/SDS thin film. Samples of 100g of 

Lentils, White Beans and Spinach, was washed thoroughly with distilled 

water and then air dried. The dried samples were cut off and boils with 

distilled water for 45 min then cooled to room temperature and then 

filtered. The filtrate was diluted to 100 ml volume.  A definite volume was 

tested for Fe
2+

 by adding of 3mL of hydroxylamine and 2 mL buffered at 

pH 7. The phen/SDS thin film was immersed in the solution and 

absorbance was measured at 𝜆max = 510 nm. Concentration of Fe
2+

 content 

was calculated from a calibration curve in mol/L. Tap water was measured 

in the same procedure. 

2.2.9. Test the phen/Fe
2+ 

complex stability toward other strong 

chelating ligands. 

To show if the formation of Fe
2+

 phen complex is a reversible 

process, the film containing this complex was treated with an aqueous 

solution (1.0 M) of ethylenediaminetetraacetic acid (EDTA) and 

dimethylglyoxime (DMG), Figure 2.1 to investigate the process is 

reversible or irreversible. 
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Figure 2.1: structure for EDTA and DMG. 

 

2.3. UV / vis Spectrophotometer Technique. 

The optical absorption of the coating solutions and the deposited 

films were obtained by using (a single beam GENESYS 10 UV Scanning 

Spectrophotometer) in the range (190 – 1100 nm) of automatically rotation. 

Slide containing encapsulated phen/SDS was placed diagonally in the 

cuvette previously filled with Fe
2+

 solution to measure the absorbance of 

Fe
2+

 phen complex formed. 

2.4. Polarization Light Microscopy. 

The surface morphology of the films were characterized by using a 

Zeiss Standards – polarization microscope model BX50 equipped with an 

Olympus Dp-100 camera attachment. 
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3.1. UV/vis spectra of free and immobilized phen and their 

(phen)3Fe
2+ 

complexes . 

The electronic spectra for the spectra of free phen, free (phen)3Fe
2+

, 

immobilized phen/SDS thin film and immobilized (phen)3Fe
2+

thin film a 

the range 250-700 nm, are given in Figure 3.2. The electronic spectrum of 

the free phen in aqueous solution shows two absorption bands at 290 nm 

and at 325 nm (λ max) due to - * and n -* transitions. The spectrum of 

the phen  thin film exhibits an absorption peak at 290 nm without any shift 

in wavelength compared with the free phen. This implies that the phen 

molecules are probably physically interacted with the silica network 

(Figure 3.1). The (phen)3Fe
2+ 

 free and immobilized complexes are shown 

in Figures 3.2 b and d. It is clear that the two spectra show a characteristic 

absorption band at λ max = 510 nm due to charge transfer, without any shift 

of wave length. This implies that the phen chelating ligand retained its 

structural properties upon encapsulation within silica thin film matrix.   
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Figure 3.1: Synthesis of Silica-immobilized phen and SDS thin film 

2 
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Figure 3.2: Absorption spectra of: (a) free phen, (b) free (phen)3Fe
2+

complex, (c) 

phen/SDS thin film (d) encapsulated (phen)3Fe
2+

thin film complex. 
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3.2. Effect of phen concentration. 

Different concentrations of phen (0.01M – 1M) were used to 

investigate the effect of phen concentration on binding capacity of the film 

toward Fe
2+

 (0.1M) in aqueous solution. Figure 3.3 shows that the 

absorption of  (phen)3Fe
2+

 thin film at λmax = 510 nm increases as the 

concentration of phen increases. The absorption reaches its maximum value 

at 1M concentration of phen. This implies that, the binding sites for phen 

increases with increasing concentration.  

Figure 3.3: Absorption spectra of immobilized (phen)3Fe
2+

complex at λmax=510 nm  at 

different concentrations of phen: (a) 0.01 M, (b) 0.05 M,(c) 0.1 M (d) 0.25 M, (e) 0.5 M 

and (f) 1 M. 
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3.3. Effect of concentration of Fe
2+

 solution. 

The phen/SDS thin films at the optimum concentration  

(1M phen) were immersed in different concentrations of Fe
2+

 aqueous 

solutions (1×10
-5

 M, 1×10
-4

 M,  1×10
-3

 M, 0.05 M,  0.1 M, 0.2 M, 0.3 M, 

0.4 M and 0.5 M) in order to examine the effect of iron concentration on 

the absorption signal. As shown in Figure 3.4 the absorption signal at 

λmax510 nm is directly proportional to Fe
2+

 concentration and reach it 

maximum value at 0.2 M which is considered as a higher value of detection 

limit range. The absorbance above the concentration of 0.2 M Fe
2+

 is nearly 

unchanged which is attributed to complete binding of phen with Fe
2+

. 

Figure 3.5 shows the relation between concentration of Fe
2+

 and the 

absorbance at λmax 510 nm. 

Figure 3.4: Absorption spectra of immobilized (phen)3Fe
2+

complex at λmax=510 nm  at 

different concentrations of Fe
2+

: (a) 0.5 M, (b) 0.4 M, (c) 0.3 M (d) 0.2  M, (e) 0.1  M, 

(f) 0.05  M, (g) 1×10
-3

 M, (h) 1×10
-4

 M, (i) 1×10
-5

M. 
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Figure 3.5: Relation between concentration of Fe
2+

 and the absorbance of immobilized 

(phen)3Fe
2+

complex at λmax510 nm. 
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3.4. Effect of concentration of surfactants. 

Different concentrations of SDS (1×10
-5 

M– 5×10
-2 

M) were used in 

order to improve trapping of phen within thin films and tested towards Fe
2+

 

aqueous solution. The UV-Vis spectra of the (phen)3Fe
2+

 complex were 

measured in the range of  250-600 nm (Figure 3.6). It was found that the 

absorbance at λmax = 510 nm was increased with increasing concentration 

of surfactant and reaches its maximum at 5×10
-2 

M. These results imply 

that the number of binding sites available for the surfactants increases with 

concentration. Surfactant concentration that higher than 5×10
-2 

M lead to 

cracking in the films. 

Figure 3.6: Absorption spectra of immobilized (phen)3Fe
2+

complex at λmax=510 nm at 

different concentrations of SDS (a) 1×10
-5

M, (b) 1×10
-4

M, (c) 1×10
-3

M (d) 5×10
-3

M, 

(e) 1×10
-2

M. and (f) 5×10
-2

M. 
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The relation between the concentration of surfactant and  

the absorbance of the complex (phen)3Fe
2+

 at λmax = 510 nm  is given in 

Figure 3.7 It is clear that absorbance of the complex become constant after 

0.01 M of surfactant. 

Figure 3.7:Relation between the concentration of SDS and the absorbance of the 

complex (phen)3Fe
2+

 at λmax 510 nm. 
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3.5. Comparison between surfactants. 

Three kinds of surfactant (anionic SDS, cationic CTAB or non-ionic 

T-X 100) [0.05M concentration] were tested to modify the structure of gel 

matrix. Generally surfactant increases the surface area by increasing the 

number of pores in silica thin films so more phen molecules can penetrate 

this matrix which allow a high number of Fe
2+

 metal ions to bind to phen. 

Figure 3.8 shows the UV-Vis absorption spectra of the (phen)3Fe
2+

 

complex thin films in presence of  the different kinds of surfactants. It is 

observed that SDS surfactant shows significant effect on the silica matrix, 

where the highest absorbance at λmax290 nm  was observed due to phen 

entrapment. This is probably due to modification of silica structure and 

increasing of the porosity, and therefore increasing the host capacity of the 

silica network for loading phen. 
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Figure 3.8: Absorption spectra of immobilized (phen)3Fe
2+

 thin films at λmax = 510 

nmin presence of 0.05Mdifferent surfactants:- (a)immobilized phen/SDS (b) 

immobilized phen/CTAB (c) immobilized phen/TX-100 (d) immobilized phen/without 

surfactant. 
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3.6. Effect of temperature change on the formation of (phen)3Fe
2+

thin 

film complex. 

The formation of (phen)3Fe
2+

 complex thin films were tested versus 

the temperature of  Fe
2+

 aqueous solution in the range  of 10-100 
o
C in 

order to investigate the stability of the complex formed due to temperature 

(Figure 3.9). It is found that the optimum temperature range was the room 

temperature. Higher temperature leads to slight leaching of the complex 

from the films. When the temperature is higher than 100
o
C it leads to film 

breaking. 

Figure 3.9: Absorption spectra of immobilized (phen)3Fe
2+

complex at λmax = 510 nm at 

different temperature of Fe
2+

 solution: (a) 25 ºC, (b) 40 ºC, (c) 10 ºC (d) 60  ºC, (e) 80 

ºC. and (f) 100 ºC. 
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Figure 3.10 shows the relation between the complex absorbance at  

λmax 510 nm and temperature. It is found that the optimum temperature falls 

in range of  25-40 ºC.  This could be due to better diffusion of the metal ion 

in case of shaked samples, as the ligand groups become more accessible for 

the metal ions. In addition; a stable (phen)3Fe
2+

 complex is formed in this 

range of temperature [71].The absorbance decreases at temperature higher 

than 40
o
Cdue to degradation and leaching of (phen)3Fe

2+
 complex. 

Figure 3.10:Relation between the (phen)3Fe
2+

complex absorbance at  λmax 510 nm and 

temperature 
o
Cof Fe

2+
 solution. 
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3.7. Effect of drying temperature. 

The immobilized phen/SDS thin films have been dried at different 

temperatures (25-90 ºC). Upon treatment with Fe
2+

, it was found that the 

highest absorption occurred for samples that dried at 80 ºC (Figure 3.11). 

This can be explained as, most of the physically absorbed water and 

alcohol molecules were evaporated from the pores of silica matrix when the 

films dried at 80 ºC. This allows phen to accommodate well within the 

silica pores and strongly interacted within the silica matrix. At temperatures 

higher than 80 ºC the absorption decreases due to cracking of the film 

formed. 

Figure 3.11: Effect of temperature on silica-immobilized phen thin films  on absorption 

spectra of its iron complex:- (a) 25 
º
C (b) 40 

º
C (c) 60 

º
C(d) 70 

º
C (e) 80 

º
C (f) 90 

º
C. 
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Figure 3.12 shows absorbance of (phen)3Fe
2+

 complex versus drying 

temperature of the phen thin films. It is  clear that the optimum temperature 

for thin film drying is at 80
o
C.  

 

 

Figure 3.12:Relation between absorbance of (phen)3Fe
2+

 complex at λmax  510 nm and 

drying temperature of the phen. 
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3.8. Effect of electrolytic solution on formation (phen)3Fe
2+

 complex. 

The phen/SDS thin films were immersed in different solutions of 1M 

concentration  each including: potassium chloride, ammonium chloride, 

sodium sulfate, ammonium sulfate, hydrochloric acid, and sodium 

hydroxide  containing Fe
2+

 metal ion in order to study the interference 

effect (Figure 3.13).  The UV/Vis spectra show the variation in absorption 

extent in the range of 250-600 nm  due to these solutions which reflect the 

stability of thin film in these solutions. The least stable film found in case 

of sodium hydroxide solution due to degradation of silica network and 

leaching of the (phen)Fe
2+

 complex. 

Figure 3.13: Effect of electrolytic solution on the formation (phen)3Fe
2+

complex:-  

(a) Distilled Water (b) Potassium Chloride (c) Ammonium Chloride (d) Sodium Sulfate 

(e) Ammonium Sulfate (f) Hydrochloric Acid and (g) Sodium Hydroxide. 
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3.9. Effect of life time on thin film efficiency.  

The lifetime of (phen)3Fe
2+

complex thin films were studied at four-

months' time period. The films were stored at ambient temperature in dried 

conditions. Almost, neither leaching nor significant change in absorbance 

response was shown for these films (Figure 3.14). So these films are 

considered to be very stable at long time period. 

 

Figure 3.14: Absorption spectra of immobilized (phen)3Fe
2+

thin films within four-

months’ time period for two measurement each month. 
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Figure 3.15 shows that there was slightly leaching in the first month 

but after that the film shows a significant stability when saved in ambient 

temperature up to 120 days. 

Figure 3.15: Relation between absorbance of  (phen)3Fe
2+

 complex thin films at λmax = 

510 nm and time of saving thin films (in Days) at  ambient temperature. 
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3.10. Response time of the formation of (phen)3Fe
2+

thin films complex. 

The relation between absorbance intensity at max = 510 nm and time 

for (phen)3Fe
2+

complex formed when thin films were immersed in Fe
2+

 (0.1 

M) solution is given in Figure 3.16. It is observed that the absorbance 

approximately become constant after 130 seconds (Figure 3.17) which 

indicates the complete reaction between phen doped ligand with Fe
2+ 

metal 

ion. This behavior is explained by the availability of phen to detect Fe
2+ 

and 

immobilization of phen within the porous silica matrix in presence of 

surfactant molecules that do not diminish the activity of phen molecules. 

 

Figure 3.16: Absorbance of (phen)3Fe
2+

 complex thin films at λmax = 510 nm at 

different time intervals. 
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Figure 3.17: Relation between absorbance of (phen)3Fe
2+

complex thin films formed at 

λmax 510 nm andtime formation. 
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3.11. Stability of formation of (phen)3Fe
2+

 thin film. 

Stability of the formation of (phen)3Fe
2+

 thin film complex was 

studied by conducting five cycles measurement. The cycles were repeated 

within 24 hours to check stability of the (phen)3Fe
2+

 complex thin film on 

repeating measurements. Absorbance measurement was performed at 250-

600 nm. Figure 3.18 shows the absorbance versus wavelength for the  

measurements. It was found that the first measurement is higher in 

absorbance than the other measurements; this is due to loss of a little 

amount of the complex molecules after the first washing, while the 

absorbance after each measurement remains almost unchanged. 

Figure 3.18: Absorption spectra of immobilized (phen)3Fe
2+

 complex at λmax = 510 nm 

for five measurements. 
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3.12. Reproducibility of formation of (phen)3Fe
2+

 thin films.  

The reproducibility was also studied by performing six independent 

preparations of (phen)3Fe
2+

complex  thin films using the same method of 

preparation and testing their absorption at 𝜆max 510 nm. Figure 3.19 showed 

good agreement and stability for all prepared thin films. 

Figure 3.19:  Absorption spectra of six different (phen)3Fe
2+

 complex thin films at  

λmax 510 nm. 
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3.13. The selectivity of 1,10-Phenanthroline/SDS thin film towards 

Fe
2+

 in presence of  other metal ion. 

The effect of metal ions interferences on selective binding of Fe
2+

 by 

phen/SDS thin films was investigated by immersing the thin film in 

different  aqueous solutions containing metal ions such as: (Fe
2+

, Cr
3+

, Co
3+

 

and Ni
3+

) of concentration 1M each given in Figure 3.20. The spectrum 

shows a specific peak for (phen)3Fe
2+

 thin film complex at 𝜆max 510 nm, 

while no signals were observed for the complexion of the other metal ions.  

Figure 3.20:  Absorption spectra of (phen)3Fe
2+

 complex thin films at λmax 510 nm 

compared with other metals. 
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3.14. Detection of iron in tap water and natural samples. 

Different kinds of natural samples (Lentils, White Beans, Spinach, 

Tap water) were examined to investigate the existence of iron in these 

samples. Figure 3.21 shows the absorption spectra of thin films complexes 

at 𝜆max 510 nm after immersing in the treated solution of the mentioned 

natural samples. It is observed the thin film has the ability to detect iron in 

these samples. The intensity of the absorption signal reflects the 

concentration of iron in these samples. The calculated amount of Fe
2+ 

samples was agreed with the reported iron in World Health Organization 

(WHO) such as indicated in table 3.1 [70-72].[72,73,74]. 

Figure 3.21:  Absorption spectra of (phen)3Fe
2+

 thin films complexes at λmax  510 nm. 

after treatment of different natural samples. 
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Table 3.1: concentration of  Fe
+2

 in different samples using phen/SDS thin 

films compared with reported values. 

Sample name 

Concentration of 

measured sample 

in ppm 

Concentration of 

tabulated sample 

in ppm 

White Beans 37.13 37 

Lentil 31.4 33.3 

Spinach 25.6 20 – 40 

Water Tap 2.69 0.3 – 3 
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3.15. Stability study of (phen)3Fe
2+

 thin film complex toward other 

chelating ligands. 

The (phen)3Fe
2+

 thin film was immersed in a solution of EDTA (1M) 

for (2min) to investigate the stability of the thin film complex toward this 

strong chelating ligand (Figure 3.22). The UV/Vis spectra showed that the 

film remains very stable and the absorption signal at 𝜆max 510 nm is almost 

unchanged. This behavior investigates the strong stability of (phen)3Fe
2+

 

thin film complex toward strong chelating agents. 

Figure 3.22: Absorption spectra (phen)3Fe
2+

 complex thin films at λmax = 510 nm after 

immersing in EDTA solution (1M).  
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Figure 3.23 shows the effect of  dimethylglyoxime as a chelating 

ligand on stability of (phen)3Fe
2+

  thin film complex . It is observed that the 

thin film complex shows a strong stability toward this chelating ligand also. 

 

Figure 3.23: Absorption spectra of (phen)3Fe
2+

 thin films at λmax = 510 nm after 

immersing in DMG solution (1M).  
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3.16. Measurement of Fe
2+

 in real samples compared with standard 

method (validation of procedure). 

To  validate quantification of Fe
2+ 

using the prepared phen thin films. 

The proposed new method was compared with the standard method. 

determination was based on Beer’s law using linear calibration curves. 

Data are presented in Table 3.2 while calibration curves are depicted in 

Figure 3.24  for the standard and proposed procedures respectively. 

Table 3.2. Absorbance data of standards for both aqueous and immobilized  

(phen)3Fe
2+

complexes at different concentrations. 

Sample 

No. 

Molarity of 

Fe
2+

 

Absorbance* Absorbance** 

1 1 × 10
-4

 0.05 0.112 

2 2 × 10
-4

 0.18 0.231 

3 3 × 10
-4

 0.27 0.335 

4 4 × 10
-4

 0.4 0.455 

5 5 × 10
-4

 0.51 0.575 

6 6 × 10
-4

 0.68 0.678 

Absorbance* refer to standard method. 
Absorbance** refer to proposed method (thin film method). 

The tabulated results were graphed in Figures 3.24 

and the amount of Fe
2+

 in real samples were calculated from the  

calibration curves after measuring the absorbance referring to the  

standard and thin film methods. The iron content Spinach sample was 

5.6×10
-4

 M = 31.25ppm and  5.3×10
-4

 M = 29.7 ppm according to the 

standard and thin film methods respectively. Comparing these results with 

the standard value of Fe
2+

 in Spinach, it is found that there is an agreement 

of our proposed phen immobilized thin films for determination of Fe
2+

 with 

the standard value (20-50ppm) [75]. 
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The concentration of Fe
+2

 in Spinach sample in case of standard 

method was 31.25 ppm. 

 

The calculation to determine the concentration of Fe
+2

 of Spinach 

sample in case of thin film was 29.7 ppm. 

So, the validation error between standard and thin film method was        

 

 

 

 

 

 

 

 

 

 

 

Figure 3.24: Calibration graph: relation between concentration  and the absorbance of  

(phen)3Fe
2+

 complex at λmax 510 nm where 

        a: refer to standard method. 

       b: refer to proposed method (thin film method). 
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3.17. Polarized Light Microscopy (PLM). 

Optical photographs for thin films of free silica, silica/SDS, 

immobilized 1,10-phenanthroline/SDS and immobilized (phen)3Fe
2+

 

complex were obtained in order to examine the of interaction behavior of 

SDS, phen and  (phen)3Fe
2+

 complex with silica network and surfactant. 

Photographs 3.26, 3.27, 3.28 and 3.29 involve the free silica, silica/SDS, 

immobilized phen/SDS and immobilized (phen)3Fe
2+

 complex respectively. 

From these photographs, it is clear that the particle size distribution is 

wider in case of the free silica (Figure 3.26), while in the presence of SDS 

surfactant the modified particles become more uniform and smaller in size 

(Figure 3.27). In case of entrapment of phen molecules; an obvious 

modification and formation of vehicles is shown which is attributed to 

interactions between the SDS, phen and silica network (Fig. 3.28). The 

photograph of the thin film after complexation with Fe
2+

 is given in Fig 

3.29 which shows the uniform distribution of pores filled with (phen)3Fe
2+ 

complex molecules.  This was supported by the appearance of a strong 

absorption signal at λmax  510 nm (Figure 3.3). 
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Figure 3.25: PLM photograph of sol- gel silica free thin film . 

 

 

 

 

 

 

 

 

 

Figure 3.26:  PLM photograph of Silica/SDS thin film. 

 



 59 

 

 

 

 

 

 

 

 

 

Figure 3.27:  PLM photograph of Silica-immobilized phen/SDS thin film. 

 

 

 

 

 

 

 

 

Figure 3.28:  PLM photograph of Silica-immobilized (phen)3Fe
2+ 

thin film. 
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Conclusion. 

A monolithic 1,10-phenanthroline immobilized thin films were 

prepared by spin coating technique in the presence of cationic CTAB, 

anionic SDS, and non-ionic TX-100 surfactants. The sol gel process was 

used to prepare encapsulated 1,10-phenanthroline thin films deposited on 

glass slides, which involves hydrolysis and polycondensation of TEOS in 

presence of HCl as a catalyst, and surfactant. The 1,10-phenanthroline 

molecules were properly accommodated within silica network pores when 

the thin films were dried at 80 
o
C and well interacted when SDS surfactant 

was used. The immobilized 1,10-phenanthroline retained its activity 

towards Fe
2+

 metal ion and formed a stable (phen)3Fe
2+

  complex. The 

(phen)3Fe
2+

  thin film showed high stability at long time intervals, repeating 

measurements and toward different aqueous media with variable matrices. 

The 1,10-phenanthroleine thin films used for the quantitative  

measurements of iron and shows an acceptable results. Accordingly these 

solid state thin films are promised to be used as chemical sensors for iron 

detection in versatile aqueous samples. The polarized light microscopy 

photograph of the thin film (phen)3Fe
2+

  complex showed a uniform 

distribution of pores filled with (phen)3Fe
2+ 

complex molecules.   
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